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Summary

Whenever a crime is committed, there is always a unity of time, place and
action that forensic experts will aim to demonstrate throughout the
investigation. Determining the succession, simultaneity, frequency or
duration of criminal activities as well as the age of objects, persons and
traces is therefore one of the most important goals of forensics in
reconstructing the crime scene or in finding and understanding the
connections between the evidence and the suspects involved therein.
However, time has been largely unexplored due to the complexity of the
overall challenge at hand, not yet successfully overcome by single cutting-
edge techniques. The coupling of such techniques with chemometrics,
more specifically with multivariate regression methods, could turn this
situation upside down thanks to the development of age quantitation
methodologies based on the modelling of the modifications experienced by
the evidence in its properties with respect to time. The potential
applicability of these chemometric tools, however, remains poorly
understood and underexploited due to their recent introduction into
forensic dating research and the statistical background required for their
optimal application. That is why this thesis focuses on highlighting the
usefulness of multivariate regression methods in several forensic fields,
such as questioned documents, art forgery and medico-legal death
investigation, through the development and validation of dating
methodologies in which non-destructive and micro-destructive techniques
are applied together with the (orthogonal) partial least squares regression
((O)PLSR) method.

Chapter 1 presents a general introduction, covering the main aspects of
forensic dating and the application of multivariate regression methods
thereto. A theoretical framework is also included in which the methodology

to be adopted in forensic dating and how to overcome the most common
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drawbacks are presented, starting with the pre-processing of data,
followed by chemometric modelling and validation and ending with the

external validation of the methodology developed.

Chapter 2 presents two complementary approaches, direct and indirect,
to estimate the age of relatively old documents through micro-destructive
analysis of the paper support by pyrolysis-gas chromatography/mass
spectrometry (Py-GC/MS). The applicability of both approaches was
evaluated by studying several office documents under police custody. On
the one hand, the direct approach, based on a multivariate regression
model built from pyrolytic profiles of artificially aged paper samples,
successfully estimated the age of relatively old documents (up to 30 years
old) and established the equivalence of 5 h in a combined climatic test
chamber with one natural year under police custody conditions, for further
studies. This approach could be applied to paper supports with the same
or similar composition and stored under storage conditions comparable to
those of the study. On the other hand, the indirect approach, based on the
identification of compounds characteristic of the time of production of the
paper support, was a valuable complementary tool to ratify the age of the
documents estimated by the direct approach. Both approaches could be a
promising alternative and/or complementary methodologies to those used
to estimate the age of a questioned document based on the ink strokes
found on it, especially when no ink entry is present or when the documents
are between 5 and 30 years old, exceeding the scope of application of such

methodologies.

Chapter 3 explores the feasibility of dating ballpoint pen ink brushstrokes
by monitoring the modifications in the UV-Vis-NIR diffuse reflectance
spectra of artificially aged Inoxcrom® brand inks and their subsequent
modelling with respect to time using the PLSR method. The PLS model

was applied to five brands and predicted accurate dates with a 25% error
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for two of the studied brands, while for the other three, there was a lack of
fit to the model due to the different chromatographic profile they showed
with respect to that of the Inoxcrom® ink brand. It was also possible to
define the region of the UV-Vis-NIR spectrum directly related to the ink
ageing processes. Moreover, one hour of artificial ageing was established
to be equivalent to approximately 143 hours of natural ageing under the
conditions studied, so the methodology could have applicability in the non-
destructive dating of ballpoint pen inks up to 5 years old, sharing a common
chromatographic profile with the Inoxcrom® ink brand. Advantage would
be gained over existing methods that rely on solvent analysis for ink age
estimation, as they are destructive and, for the most part, with a temporal

scope of up to two years.

Chapter 4 presents a non-invasive methodology for dating ink strokes on
handwritten documents made with different ballpoint pen and gel pen
brands by applying Vis-microspectrophotometry (Vis-MSP) combined with
OPLSR. The methodology was externally validated against blind samples
provided by the Forensic Science Unit of the Basque Country Police
Department, reinforcing the strength and reliability of the methodology. The
methodology was able to predict the age with an error of less than 25% for
handwritten documents made with different pen ink brands and exposed
to the same or slightly different storage conditions than those applied in the
study, whenever the established pre-requirements were met. In addition,
the methodology was able to detect those documents above or below its
temporal application range. This methodology is a breakthrough in the field
of ink dating, as it is applicable to cases of document falsification of up to
at least 2 years when kept under regular police custody conditions.
Furthermore, the method provides micro-level analysis of ink strokes
without damaging the integrity of the document, ensuring accurate
predictions of the ink age with 95% confidence with which to make firm

decisions in court.
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Chapter 5 is devoted to contemporary artistic paint dating with a scope on
forgery detection. It describes the development of multivariate OPLS
regressions from Fourier transform infrared-attenuated total reflectance
(FTIR-ATR) spectra of artificially aged Liquitex® and Hyplar® brand paints
for application to contemporary artwork dating. In spite of the fact that the
OPLS models of both paint brands were characterised throughout the
ageing process by the maodifications of the same paint components, it was
not possible to develop a universal OPLS model due to the different ageing
trends that each one presented, thus requiring the development of
individual models for each brand. The applicability of the OPLS model of
the Liquitex® paint brand was tested in artworks provided by internationally
recognised contemporary Basque artists. Approximately 50 hours of
accelerated ageing under the applied conditions were equivalent to one
natural year. By means of this correlation, artworks up to at least 22 years
old preserved under comparable conditions and created with the same
paint formulation could be dated. This methodology sets a precedent in the
potential application of multivariate regression methods to the dating of
contemporary artworks, in addition to providing valuable information on the
processes involved in the ageing of acrylic paints, fundamental for the

development of conservation and restoration strategies.

Chapter 6 presents an extension study on the robustness and applicability
of multivariate regression models, built for the Liquitex® brand, to the age
estimation of three colours of acrylic paints from two different
manufacturers, subjected to accelerated ageing. The influence of the
pigment in the ageing process of the paints, the type and quantity of
additives present in them as well as the ageing conditions to which they
were subjected were decisive in the short-term model, which resulted in a
lack of fit of the samples to the model and, therefore, high inaccuracies in
the predicted age values. But, on the other hand, the slower degradation

processes and the stabilisation of the paints at higher stages of ageing
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made the long-term model robust and applicable to the estimation of the
age of different colours of the same brand of acrylic paint as well as of
acrylic paints of different brands that were artificially long-term aged under
slightly different conditions. We concluded that the long-term model could
be applied to the dating of contemporary artworks from 14 to at least 22
years of age with an error of less than 23%, created with any acrylic paint
regardless of the brand or paint colour used by the artist or the conditions

under which they were preserved.

Chapter 7 focuses on the field of medico-legal death investigation and
describes the OPLS modelling of Raman spectral modifications
experienced by human skeletal remains with respect to the post-mortem
interval (PMI). The proposed methodology aims to provide a reliable
quantification of the PMI as well as an invaluable tool for the identification
and characterisation of the most influential spectral regions during the
burial period, which in turn would provide additional important information
for the estimation of the PMI. In order to fulfil these scopes and be
applicable in real scenarios, the OPLS model was externally validated with
bone samples coming from cemetery niches with a large inter-individual
variability. The coupling of Raman spectroscopy with multivariate
regression methods had previously demonstrated its effectiveness in
synthetic laboratory samples and now it has done so with real human
skeletons, presenting itself as an additional and/or complementary tool to
those already existing for the determination of the PMI. Moreover, the great
inter-individual variability of the skeletons and the large number of external
and internal factors that influence their diagenesis have been decisive to
fail in the construction of an OPLS model capable of estimating with
acceptable accuracy the PMI of all the samples in the validation set.
Nevertheless, the estimates were highly promising for those samples to
which the OPLS model was able to respond, opening up the possibility of

determining the PMI of human skeletal remains (15 years < PMI < 87 years)
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that have been buried in similar or equal conditions to those of the
cemetery niches and in a geographic location with a Mediterranean

climate.

Chapter 8 presents a general discussion of the work developed in this
thesis as well as the prospects for the implementation of emerging imaging
techniques together with multivariate regression methods to forensic

dating.

Finally, Chapter 9 draws the main conclusions from the results of this

thesis.



Resumen

Siempre que se comete un delito, existe una unidad de tiempo, lugar y
accion cuya demostracion sera el objetivo de los peritos forenses a lo largo
de la investigacion correspondiente. Determinar la sucesion, la
simultaneidad, la frecuencia o la duracion de las actividades delictivas, asi
como la antigiedad de los objetos, las personas y los rastros es, por lo
tanto, uno de los propédsitos mas importantes de la ciencia forense.
Estas revelaciones permitiran la reconstruccion del lugar del delito
0 el descubrimiento y la comprension de las conexiones entre las
pruebas y los sospechosos implicados en el mismo. Sin embargo, el
tiempo ha permanecido practicamente inexplorado debido a la
complejidad del reto global que plantea, ain no superado con éxito
mediante la utilizacion individual de técnicas analiticas de vanguardia.
El acoplamiento de dichas técnicas con la quimiometria, mas
especificamente, con los métodos de regresion multivariante, podria
revertir esta situacion gracias al desarrollo de metodologias de
estimacion de edad basadas en la modelizacion de las modificaciones
temporales experimentadas por las propiedades de las evidencias. No
obstante, la aplicabilidad potencial de estas herramientas quimiométricas
sigue siendo poco conocida y explotada debido a su reciente
introduccion en el campo de la datacion forense y a la relativa
complejidad de los conocimientos estadisticos necesarios para su
aplicacién éptima. Por ello, la investigacion descrita en esta tesis se ha
centrado en poner de relieve la utilidad de los métodos de regresién
multivariante (regresion de minimos cuadrados parciales (ortogonales),
(O)PLSR) en diferentes campos forenses, como el de los documentos
cuestionados, las falsificaciones en el arte y las investigaciones médico-
legales, con el fin de realizar dataciones mediante la aplicacion de

técnicas no destructivas y/o microdestructivas.
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En el capitulo 1 se presenta una introduccion general que abarca los
principales aspectos de la datacion forense y la aplicacién de los métodos
de regresion multivariante a la misma. También se incluye un marco
tedrico en el que se presenta la metodologia que se ha de seguir en la
datacion forense y como superar los inconvenientes mas comunes,
comenzando por el pretratamiento de los datos, seguido de la
modelizacion y validacion quimiométrica y finalizando con la validaciéon

externa de la metodologia desarrollada.

En el capitulo 2 se presentan dos enfoques complementarios, directo e
indirecto, para estimar la edad de documentos relativamente antiguos
mediante el andlisis microdestructivo del papel por pirélisis-cromatografia
de gases/espectrometria de masas (Py-GC/MS). La aplicabilidad de
ambos enfoques se evalud estudiando varios documentos bajo custodia
policial. Por una parte, el enfoque directo, basado en un modelo de
regresién multivariante construido a partir de perfiles piroliticos de
muestras de papel envejecidas artificialmente, estimé con éxito la edad de
documentos relativamente antiguos (hasta 30 afios de edad) y establecio
para su aplicacién en estudios posteriores la equivalencia de 5 h en
camara climatica de ensayo combinado respecto a un afio natural bajo
condiciones de custodia policial. Este enfoque podria aplicarse a los
soportes de papel de composicion igual o similar y almacenados en
condiciones de almacenamiento comparables a las del estudio. Por otra
parte, el enfoque indirecto, basado en la identificacion de los compuestos
caracteristicos y distintivos del momento de la produccién del papel,
constituyd una valiosa herramienta complementaria para ratificar la edad
de los documentos. Ambos enfoques podrian ser una alternativa
prometedora y/o complementaria a las metodologias utilizadas
habitualmente para estimar la edad de un documento cuestionado,
basadas en el andlisis de los trazos de tinta realizados en el mismo. Las

metodologias propuestas resultarian de especial interés cuando el
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documento no presente entradas de tinta o tenga una antigliedad de entre
5 y 30 afos, excediendo el alcance de aplicacién de las metodologias

tradicionales.

El capitulo 3 explora la viabilidad de la datacion de tintas viscosas
mediante la monitorizacién de las modificaciones en los espectros de
reflectancia difusa UV-Vis-NIR de las tintas de la marca Inoxcrom®
envejecidas artificialmente y su posterior modelizacién con respecto al
tiempo mediante el método PLSR. El modelo PLS estimé el tiempo de
envejecimiento con un error del 25% para dos de las cinco marcas de tinta
de boligrafo estudiadas. Para las otras tres marcas de tinta de boligrafo,
hubo una falta de ajuste al modelo debido al diferente perfil cromatografico
gue mostraron con respecto al de la marca de tinta Inoxcrom®. También
fue posible delimitar la region del espectro UV-Vis-NIR relacionada con el
proceso de envejecimiento de la tinta. Ademas, se establecié que una hora
de envejecimiento artificial equivalia a aproximadamente 143 horas de
envejecimiento natural bajo las condiciones estudiadas, de modo que la
metodologia podria tener aplicabilidad en la datacién no destructiva de
tintas de boligrafo de hasta 5 afios de edad que compartan un perfil
cromatografico comun con la marca de tinta Inoxcrom®. Las ventajas
sobre los métodos existentes basados en el andlisis de disolventes para
la estimacion de la edad de la tinta son evitar la destruccion de la muestra

y un mayor alcance temporal superando la barrera de los dos afios.

En el capitulo 4 se presenta una metodologia no invasiva para datar los
trazos de tinta en documentos manuscritos realizados con diferentes
marcas de boligrafo de tinta viscosa y gel mediante la aplicacion de la
técnica microespectrofotometria visible (Vis-MSP) combinada con el
método OPLSR. La metodologia fue validada externamente frente a
muestras ciegas proporcionadas por la Unidad de Ciencias Forenses del

Departamento de Policia del Pais Vasco, reforzando asi su solidez y
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fiabilidad. EI método desarrollado fue capaz de estimar la edad con un
error inferior al 25% en documentos manuscritos realizados con diferentes
marcas de tinta de boligrafo y expuestos a condiciones de
almacenamiento iguales o ligeramente diferentes a las empleadas en el
estudio, siempre y cuando se cumplieran los requisitos previos
establecidos. Ademas, se pudo detectar aquellos documentos por encima
o por debajo del rango de aplicacién temporal del método, pudiéndose asi
establecer limites inferiores y superiores respecto a la posible datacién de
dichos documentos. Esta metodologia constituye un gran avance en el
campo de la datacion de tintas, ya que es aplicable a los casos de
falsificacion de documentos de hasta, por lo menos, 2 afios de edad
cuando son conservados bajo condiciones normales de custodia policial.
Ademas, el método proporciona un analisis a nivel micro de los trazos de
tinta sin dafar la integridad del documento, garantizando predicciones
exactas de la edad de la tinta con un 95% de confianza, constituyendo asi

un respaldo importante en la toma de decisiones judiciales.

El capitulo 5 estd dedicado a la dataciébn de la pintura artistica
contemporanea con proyeccion a la deteccion de falsificaciones. Describe
el desarrollo de regresiones multivariantes OPLS a partir de espectros
obtenidos por espectroscopia infrarroja con transformada de Fourier-
reflectancia total atenuada (FTIR-ATR) de pinturas de la marca Liquitex®
e Hyplar® envejecidas artificialmente, para su aplicacién a la datacion de
obras de arte contemporaneo. A pesar de que los modelos OPLS de
ambas marcas de pintura se caracterizaron a lo largo del proceso de
envejecimiento por las modificaciones de componentes comunes en la
pintura, no fue posible desarrollar un modelo OPLS universal debido a las
diferentes tendencias de envejecimiento que presentd cada una de ellas,
requiriendo por tanto el desarrollo de modelos individuales para cada
marca. La aplicabilidad del modelo OPLS de la marca de pintura Liquitex®

se puso a prueba en obras de arte proporcionadas por artistas vascos
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contemporaneos de renombre internacional. Aproximadamente 50 horas
de envejecimiento acelerado bajo las condiciones aplicadas fueron
equivalentes a un afio natural. Por medio de esta correlacion, se podrian
datar obras de arte de al menos 22 afios de antigiiedad conservadas en
condiciones comparables y creadas con la misma formulacion de pintura.
Esta metodologia sienta un precedente en la posible aplicacién de
métodos de regresién multivariante a la datacién de obras de arte
contemporaneo, ademas de proporcionar una valiosa informacién sobre
los procesos que intervienen en el envejecimiento de las pinturas acrilicas,
fundamental para el desarrollo de estrategias de conservacion y

restauracion.

En el capitulo 6 se presenta un estudio ampliado sobre la robustez y
aplicabilidad de los modelos de regresion multivariante construidos a partir
de la marca Liquitex® a la estimacion de la edad de tres colores de
pinturas acrilicas de dos fabricantes diferentes, sometidas a
envejecimiento acelerado. La influencia del pigmento en el proceso de
envejecimiento de las pinturas, el tipo y la cantidad de aditivos presentes
en ellas, asi como las condiciones de envejecimiento a las que fueron
sometidas, fueron decisivas en el modelo a corto plazo, lo que dio lugar a
una falta de ajuste de las muestras al modelo y, por consiguiente, a
elevadas imprecisiones en los valores de edad predichos. Sin embargo,
los procesos de degradacién mas lentos y la estabilizacion de las pinturas
en etapas mas avanzadas de envejecimiento hicieron que el modelo a
largo plazo fuera robusto y aplicable a la estimacion de la edad de
diferentes colores de la misma marca de pintura acrilica, asi como de
pinturas acrilicas de diferentes marcas que fueron envejecidas
artificialmente a largo plazo en condiciones ligeramente diferentes.
Concluimos que el modelo a largo plazo es robusto y podria aplicarse a la

datacién de obras de arte contemporaneo de edades iguales o superiores
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a los 14-22 afios, con un error inferior al 23%, con independencia de la

marca empleada, los colores y las condiciones de almacenamiento.

El capitulo 7 se centra en el campo de la investigacion médico-legal de
restos mortales y describe el modelado OPLS de las modificaciones
espectrales Raman experimentadas por restos 6seos humanos en
relacién al intervalo post-mortem (PMI). La metodologia propuesta tiene
por objeto proporcionar una cuantificacién fiable del PMI, asi como
constituir una herramienta inestimable para la identificacién y
caracterizacion de las regiones espectrales mas influyentes durante el
periodo de enterramiento, lo que a su vez proporcionaria informacion
adicional importante para la estimacion del PMI. Para cumplir estos
objetivos y ser aplicable en escenarios reales, el modelo OPLS fue
validado externamente con muestras 0seas procedentes de nichos de
cementerio con una gran variabilidad interindividual. El acoplamiento de la
espectroscopia Raman con los métodos de regresién multivariante ya
habia demostrado anteriormente su eficacia en muestras sintéticas de
laboratorio y ahora lo ha hecho con esqueletos humanos reales,
presentadndose como una herramienta adicional y/o complementaria a las
ya existentes para la determinacion del PMI. Por otra parte, la gran
variabilidad interindividual de los esqueletos y el gran numero de factores
externos e internos que influyen en su diagénesis han sido decisivos para
fracasar en la construccion de un modelo OPLS capaz de estimar con una
precisibn aceptable el PMI de todas las muestras del conjunto de
validacion. Sin embargo, las estimaciones fueron altamente prometedoras
para aquellas muestras a las que el modelo OPLS pudo responder,
abriendo la posibilidad de determinar el PMI de restos 6seos humanos (15
anos < PMI < 87 anos) que han sido enterrados en condiciones similares
0 iguales a las de nichos y en una ubicaciéon geografica con clima

mediterraneo.
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En el capitulo 8 se presenta una discusién general de los trabajos
realizados y descritos en esta tesis, asi como las perspectivas que
presentan las técnicas de imagen emergentes junto a los métodos de

regresion multivariante para la datacion forense.

Finalmente, en el capitulo 9 se extraen las principales conclusiones de

los resultados de esta tesis.






List of abbreviations

AART

ANN
CMYK

E
FTIR-ATR
HCA
HPLC-DAD

HSI

IR

kNN

LDA
LS-SVM

LV

MCR

MLR

MSC

NIR
(O)PLS-DA
(O)PLSR
PB29

PCA

PCR
p(EA-MMA)
PEO

PG7

PMI
p(nBA-MMA)

Automatic adjustment of retention time

Artificial neural networks

Cyan, magenta, yellow and key

Predictive accuracy error

Fourier transform infrared-attenuated total reflectance
Hierarchical cluster analysis

High-performance liquid chromatography-diode-array
detector

Hyperspectral imaging

Infrared

k-nearest neighbour

Linear discriminant analysis

Least squares-support vector machine

Latent variable

Multivariate curve resolution

Multiple linear regression

Multiplicative scatter correction

Near-infrared

(Orthogonal) partial least squares-discriminant analysis
(Orthogonal) partial least squares regression
Ultramarine blue

Principal component analysis

Principal component regression

poly(ethyl acrylate-methyl methacrylate)

Poly(ethylene oxide)

Chlorinated copper phthalocyanine green

Post-mortem interval

poly(n-butyl acrylate-methyl methacrylate)
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PY3 Hansa yellow 10G

Py-GC/MS Pyrolysis-gas chromatography/mass spectrometry
Q? Goodness-of-prediction

R? CV Coefficient of determination of cross-validation
R? P Coefficient of determination of prediction
R2X/Y Goodness-of-fit

RGB Red, green and blue

RMSECV Root mean square error of cross-validation
RMSEE Root mean square error of estimation

RMSEP Root mean square error of prediction

RT Retention time

RTL Retention time locking

SG Savitzky-Golay

SIMCA Soft independent modelling of class analogy
SNV Standard normal variate

SVM Support vector machines

uv Ultraviolet

uv Unit variance

Vis Visible

Vis-MSP Vis-microspectrophotometry



Objectives

The role that state-of-the-art techniques along with multivariate regression
methods play in the estimation of the age of forensic evidence remains
largely unexplored. Therefore, the main objective of this thesis was to
highlight their usefulness in the field of questioned documents, art forgery
and medico-legal death investigation through the development and
validation of dating methodologies applying non-destructive and micro-
destructive techniques together with the (O)PLSR method. The specific

objectives undertaken to achieve this goal were:

I: Selection and setting up of sampling and artificial ageing procedures in
combined climatic test chambers under controlled conditions with which to

cover wide intervals of time.

Il: Direct dating by building (O)PLS models that correlate the
spectral/chromatographic modifications undergone by the different
samples with their age as well as indirect dating by identifying compounds

within the samples that are characteristic of specific time periods.

III: Optimisation of (O)PLS models and development of a guideline for the

fine-tuning of multivariate regression methods in forensic dating.

IV: Optimisation of different analytical techniques according to the

objectives pursued.

V: Application of the chemometric-based methodologies developed in this
work to real-life scenarios by collaborating with artists, scientific police units
and academic institutions in order to establish reliable correlations
between accelerated ageing and their natural equivalents as well as to

conduct external validation.
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VI: Extraction of supplementary time-related information from chemometric
tools with which to study and understand the modifications that the different

samples undergo throughout the ageing process.



Thesis structure

This thesis is structured in nine chapters.

Chapter 1, which is a part of a scientific paper, presents a general
introduction that includes the main aspects of forensic dating and the
application of multivariate regression methods thereto. This chapter also
covers the theoretical framework, outlining the methodological approach
followed throughout this thesis for the optimal use of multivariate
regression methods in forensic dating as well as describing how to
overcome the most frequent drawbacks found in each work, which will be

further developed in the corresponding chapters.

Chapters 2 to 7 present six scientific papers in the area of questioned
documents, art forgery and medico-legal death investigation that gather
the experimental work and results of this thesis. Chapter 2 deals with the
development of two complementary approaches, direct and indirect, to
estimate the age of the paper support in handwritten documents using Py-
GC/MS. Chapter 3 addresses a non-destructive methodology for pen ink
brushstroke dating by applying the PLS regression method to UV-Vis-NIR
reflectance spectra. One drawback is that the large size of the ink samples
used in the work reported in this chapter is not representative of the
handwritten strokes present in real-life document examinations. Therefore,
Chapter 4 presents the transition from this methodology to real-life
scenarios using the Vis-MSP technique. Chapter 5 deals with
counterfeiting in contemporary painting and describes the development of
multivariate OPLS regressions from FTIR-ATR spectra of acrylic paints for
age estimation of contemporary artworks. Chapter 6 is an extension study
in which the robustness and applicability of such multivariate regressions
are proved by applying them to acrylic paints from various manufacturers

containing different pigments and exposed to slightly varying preservation
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conditions. Chapter 7 deals with the medico-legal death investigation field
and covers a post-mortem interval estimation methodology using Raman

spectroscopy together with OPLS regression.

Chapter 8 presents a general discussion of the work developed and
described in this thesis as well as the prospects for the implementation of
emerging imaging techniques together with multivariate regression
methods to forensic dating.

In Chapter 9, the main conclusions are drawn from the results of this

thesis.

The annex contains the list and the cover of the scientific publications

included in this thesis.
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1.1 General introduction

1.1.1 Forensic dating

The aim of forensics is to provide all persons involved in an investigation
and criminal proceedings with the scientific evidence and tools necessary
to reconstruct a crime and deliver a fair sentence. Thus, forensic chemistry
may be defined as the chemistry exercised in the service of the law.
Although analytical chemistry is the ground discipline of forensic chemistry,
other chemical disciplines, auxiliary sciences and forensic science
disciplines are increasingly applied to overcome scientific and legal
constraints 1, e.g. questioned documents, art forgery, medico-legal death
investigation, bloodstain pattern analysis, firearms and tool marks, fire and
arson investigation, impression and pattern evidence, trace evidence, etc..
In this regard, dating is widely applied and reported in the aforementioned

forensic science disciplines (Figure 1) 28],

Questioned | h

Trace documents g e

evidence and pattern
evidence

N

<

Medico-legal
death )
Forensic
- dating
investigation
Fire and Bloodstain
arson pattern
investigation analysis
Firearms X
\d/ and tool N
marks
N 4

Figure 1. The most common forensic science disciplines in which dating is
reported.
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When a crime is committed, there is always a unity of time, place and action
that the investigation will aim to demonstrate. Situating criminal activities,
objects, persons and traces in time is therefore one of the most important
goals of forensics. Succession, simultaneity, frequency, duration and age
are highlighted as important aspects of time. On this basis, forensics
reconstructs the crime scene through the dating of evidence of a physical
nature that is indicative of or associated with the criminal event .. Thus,
estimating the age of the bloodstains found at the crime scene could help
determine the approximate period in which the crime was committed as
well as link the suspect to the criminal act & 19, |n addition, with the
knowledge of the victim's post-mortem interval (PMI), an accurate
chronology of events could be established with respect to the victim, which
would be useful in narrowing the search for missing persons, identifying or
eliminating a suspect and directing the investigation 11, While fingermarks
deposited at the crime scene have been widely used for identification
purposes, the estimation of their age could determine the time of their
transfer, i.e. whether or not the suspect left them during the crime and,
therefore, be crucial to the resolution of the case [Bl. Moreover, the analysis
of evidence from the remains of an arson attack could provide critical
information when the deliberate use of flammable liquids to start a fire is
suspected. Estimating the length of time an ignitable liquid has been
exposed to the effects of weather prior to a fire may help determine its
cause and intent . In firearms-related crimes, the estimation of the time
that has elapsed since the last discharge or expenditure of ammunition
elements could be aimed at identifying the elements most likely to have
been used to commit the crime or at situating the discharge of the various
firearms-related elements in time in order to reconstruct the course of
events Bl In the case of fraud offences, the legitimacy of an ink entry is
often an important issue during the forensic examination of questioned
documents. Estimating the approximate time that the ink was deposited on

the support could help solve this problem [6. Likewise, counterfeit or
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misattributed artworks could be detected by characterising and estimating
the age of the paint used, since its knowledge would make it possible to
determine when the artwork was made and whether or not the paint used
is representative of the artist's period [8l. Each of these cases highlights the
importance of situating an evidence in time across multiple disciplines of
forensic science, being of significant added value to the criminal
investigation and providing supporting information to investigators and
solid evidence to reach unequivocal conclusions in a trial. However, time
has been largely unexplored due to the complexity of the overall challenge.
Furthermore, the time period studied in forensics is usually considerably
short and, therefore, errors of similar size have a greater impact ¥l. Thanks
to the intrinsic adaptability of forensic chemistry and its continuous
innovation and advancement with the support of science, technology and
instrumentation, new state-of-the-art analytical techniques are being
introduced with which to address the aforementioned drawbacks [M.
Nevertheless, the increasing amount of complex and multi-dimensional
data that these techniques generate has made their coupling with

chemometrics indispensable in forensic dating 121,

1.1.2 Chemometrics applied to forensic dating

Chemometrics in forensic dating uses mathematical and statistical
operations to provide additional information in complex crime cases and to
improve the processes of handling and interpreting high-dimensional data
12 Moreover, the implementation of chemometric tools enables the
achievement of more objective and significant results in a fast time domain,
while decreasing human error for subsequent decision-making 3. That is
why chemometrics is not a minor tool in forensics and its use is dynamically
increasing over the last few years [ 121, The most widely used

chemometric methods in forensics are shown in Figure 2. The choice of
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method to be applied will depend on the objective pursued at each crime
scene under investigation [12-14],

PCA
Exploratory ~|: —
I, MCR

Linear ((O)PLSR, MLR, PCR,...)
Quantitative predictive modelling—l:

Non-linear (ANN, LS-SVM,...)

Multivariate data analysis

Modelling Linear (HCA,...)
R —, Unsupervised ~|:—

Non-linear (K-mean,...)

Classification/Discrimination

Linear (LDA, (O)PLS-DA, SIMCA,...)
Supervised ~|:

Non-linear (kNN, ANN, SVM,...)

* ANN, artificial neural networks; HCA, hierarchical cluster analysis; kNN, k-nearest neighbour; LDA, linear
discriminant analysis; LS-SVM, least squares-support vector machine; MCR, multivariate curve resolution;
MLR, multiple linear regression; (O)PLS-DA, (orthogonal) partial least squares-discriminant analysis;
(O)PLSR, (orthogonal) partial least squares regression; PCA, principal component analysis; PCR, principal
component regression; SIMCA, soft independent modelling of class analogy; SVM, support vector
machines.

Figure 2. Chemometric methods used in forensics.

Regression methods model one or several dependent variables
(responses, Y) through a set of predictor variables (X) 5. Multiple studies
have employed these methods to relate Y = the characteristics of the
samples [24.68.10,11,16,17] "the circumstances related to the forensic cases
[5.18] or the quantity of compounds 19261 to X = the analytical response. The
aim of multivariate regression methods is therefore to replace the
measurement of the property of interest (Y), which is often expensive,
difficult, time consuming, dangerous, ethically undesirable, etc., by an
experimentally measurable signal which, in turn, can be cheaper, faster
and more accurately measured by analytical techniques applied to the
forensic evidence found at the crime scene [27. 28], |n spite of the various
regression methods available, PLSR has been one of the most
predominant in forensics. PLSR is a quantitative multivariate analysis
method, which uses the two-block predictive PLS model to model the linear

relation between two data matrices, X and Y. It also models the structure
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of X and Y. The usefulness of the PLSR is its ability to analyse data with
many, noisy, strongly collinear (correlated) and incomplete X and Y
variables. Moreover, the greater the number of significant variables and
observations, the more accurate the model parameters are 3. Thus, the
PLSR enables the investigation of complex forensic issues and the
analysis of the collected data in an objective manner. In recent years, it
has undergone several extensions and improvements to cope with
nonlinearities, multiple variables and systematic but Y-irrelevant
regularities in the X data [?°l. OPLSR is a modification of the PLSR method,
which separates the systematic variation in X into two parts, one that is
linearly related (predictive) to Y and another that is not related (orthogonal)
to Y. The OPLSR method can therefore be considered as a modelling and
pre-processing method, reducing the complexity of the model and thus
improving its interpretation and predictive power. For a single Y variable,
the OPLS model will always be reduced to a single predictive component
(2931 Furthermore, the PLS and its extensions can be adapted for

classification purposes, such as the (O)PLS-DA [15,

Ageing is a characteristic of all individuals and materials, i.e. their
components and, consequently, their properties are altered as a function
of time. The monitoring of such modifications with subsequent modelling
with respect to time under controlled conditions would allow the evidence
found at crime scenes to be situated in time. The (O)PLSR method has
been widely and successfully applied in the construction of these age
estimation models [28.16.171_ Despite the potential that this chemometric tool
has in dating as well as chemometric methods in general in forensics, the
development of standard operating procedures of these methods and their
application to real caseworks are still very recent 16 32, In short, their
implementation in forensic laboratories is still limited. Due to the need for
statistical background and the challenge of developing robust, fast and

reliable models applicable to real scenarios, forensic experts are reluctant
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to use chemometrics on a daily basis. Although this situation is expected
to change over the years thanks to the growing number of publications in
this field and the collaboration between academic institutions and scientific

police units 3. 141,

1.2 Theoretical framework

Throughout this section we will address the methodological approach to be
adopted in forensic dating, starting with the pre-treatment of the data,
followed by the construction and validation of the (O)PLS models and
ending with the external validation of the developed methodology. In
addition, the most common difficulties encountered throughout the
chapters of this thesis and in recent studies in which the (O)PLSR method
has been applied to forensic dating will be presented, as well as how to
overcome them. Finally, this approach will be outlined in a flow chart that
will serve as an aid and guide on how and what the forensic expert does
step-by-step to optimally pre-process the data and use the (O)PLSR
method in forensic dating and that will also set the methodological basis

for Chapters 2 to 7 of this thesis.

1.2.1 Pre-processing of analytical signals

Evidence taken from crime scenes that need to be dated can range from
questioned documents and artworks to explosives and gunshot residues,
body fluids, skeletal remains, etc. The wide range of materials encountered
at the crime scenes is therefore diverse, complex and often of an unknown
nature. In addition, since maintaining material integrity is a legal
requirement for counterproof analysis, the insufficient quantity of evidence
often available to perform multiple analyses is a major drawback 4. Due
to the limited availability and legal implications of forensic evidence, the

analytical techniques applied to forensic dating are mainly characterised
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as being micro-destructive or non-destructive [. Spectroscopy and
chromatography are the most commonly used analytical techniques 24 ¢
810,11, 17, 33] Their choice will depend on the questions posed. Moreover,
the technique selected must cover the selectivity, specificity, reproducibility
and robustness required for that purpose. Thus, the variety of chemical
data with which forensics works when attempting to date evidence is
extremely large. These data usually consist of measurements over a
continuous range, e.g., spectroscopic data in which the spectrum of a
forensic sample is measured over a range of wavelengths or wavenumbers
[6.8] and chromatographic signals in which measurements are made over
retention time [171. They are made up of multiple X variables, each of which
represents a measurement point in one of the continuous domain
mentioned above. These X variables are strongly correlated, but do not in
themselves represent any defined feature of the measured sample.
Information about the composition of the forensic sample, which is usually
a mixture of components, and the modifications that these compounds
undergo over time is contained in the correlations between these X
variables. The response of the individual compounds and the ageing
processes experienced by each of them is therefore not isolated, as the
data include the contributions of all the components present in the forensic
sample and the modifications they undergo throughout the ageing process
22 All this information is used in multivariate modelling for dating
purposes. However, irrelevant information from instrumental variation,
scattering or spurious radiation and even irrelevant variations from
samples can also be found in the high-dimensional data that mask and
diminish the weight of time-related X variables in the modelling stage, thus
causing inaccurate predictions for new samples and affecting the
robustness of the model. These data must therefore be pre-processed
prior to multivariate modelling to eliminate systematic variation in X
unrelated to the Y vector, in this case the time, while enhancing what is

relevant to its prediction 14 27. 311 Although data pre-processing is a critical




30 |

stage for the achievement of robust and simple models, it is impossible to
establish some preliminary rules that guarantee the suitability of a pre-
processing for specific data. Which pre-processing is applied will depend
on the objective set, the type of data collected and the previous experience
of the researcher [27.34.3%, |n addition, data pre-processing must be applied
with caution, as there is a risk of losing relevant time-related information
and thus worsening model performance if inappropriate methods are used
821, Therefore, although the previous search and exhaustive evaluation of
the impact of a wide range of pre-processing methods on the data at hand
is time-consuming and computationally intensive, it opens up the possibility
of finding the most appropriate ones for subsequent optimal modelling [,
These pre-processing methods are divided into four groups: spectral signal
transformation methods, scaling and data distribution transformation
methods, variable selection and dimensionality reduction methods, and

alignment methods.

1.2.1.1 Spectral signal transformation methods

Spectral signal transformation methods remove unwanted physical
phenomena. These methods are specifically designed to process the data
gathered by means of spectroscopic technigques [6-8. 16l even though a few
cases of their application to chromatographic data have been reported
171, Two subgroups are distinguished within this group. The first subgroup
is that of normalisation methods, which correct for shifts and trends in
baseline and curvilinearity as well as for multiplicative effects, all of which
are mainly caused by scattering. Standard normal variate (SNV) and
multiplicative scatter correction (MSC) are normalisation methods included
in this subgroup. These methods give equal weight to all X variables. The
SNV normalises each spectrum by subtracting the mean and dividing it by
the standard deviation. In contrast, the MSC normalises each spectrum by

regressing it against the average spectrum. Thus, while the SNV is applied
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individually to each spectrum, the MSC considers the spectra of the whole
data set at once to compute the correction factors. Both methods are
linearly related and tend to give similar results in data pre-processing [27: 28.
31,34,36] A case study could be that of Ortiz-Herrero et al. [¢], who used the
SNV and MSC normalisation methods to correct the scattering effects in
the visible spectra of pen ink samples, thus minimising non-Y-related
spectral variations and reinforcing those linked to the modifications of the
ink dyes throughout the ageing process (Figure 3). In this way, the
robustness and performance of the OPLS models were improved.
Information on this pre-processing will be expanded in Chapter 4 of this

thesis.
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Figure 3. Raw and SNV-treated visible spectra of Bic® brand pen inks.
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Itis worth noting that the SNV normalisation method has succeeded in pre-
processing various analytical signals, such as pyrograms, UV-Vis-NIR
spectra and visible spectra, unlike other spectral signal transformation
methods in which unsatisfactory statistical values and high predictive
inaccuracies have been obtained at the modelling and validation stage.
The ability of this spectral signal transformation method to efficiently pre-
process various analytical signals was demonstrated in forensic
applications through Table 1, in which the statistical values obtained when
applying the SNV normalisation method and the smoothing and
differentiation methods to the data collected in Chapters 2, 3 and 4 of this

thesis were compared.

The second subgroup is that of smoothing and differentiation methods.
Smoothing methods reduce noise, whereas differentiation methods, such
as first and second derivatives, resolve peak overlap and remove constant
or linear baseline drift [27. 28,31, 34,36 A case study could be that of Ortiz-
Herrero et al. 8], who used the first derivative to process the IR spectra of
acrylic paint samples, thus eliminating baseline variations, while improving
the spectral resolution by making the position of the bands more accurate
(Figure 4). In this way, the modelling of the modifications given in the IR
spectra of the acrylic paint samples over time was improved. Chapter 5 of

this thesis will provide further information on this pre-processing.
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Raw IR spectra
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Figure 4. Raw and 1st derivate-treated IR spectra of short-term aged Liguitex®
paints.

The application of differentiation methods could, however, decrease the
signal-to-noise ratio. In order to cope with this drawback, the Savitzky-
Golay (SG) smoothing and differentiation filter is used, which is based on
the fitting of a piecewise low degree polynomial function (quadratic or cubic
degree) to the data, followed by the calculation of the first derivative or the
second derivative from the resulting polynomial at the defined points 371,
Thus, the SG filter supresses amplified high-frequency noise by a
smoothing operation, while simultaneously removing the additive (offset)
and linear baseline in the low-frequency region of the spectrum by
differentiation 1271, It is worth noting that both the first- and second-order
derivative filters and the SG smoothing and differentiation filter have
successfully processed FTIR spectra of a wide range of forensic evidence,
including bloodstains, fingermarks, human skeletal remains and counterfeit
artworks [2 3.8 111 Al the spectral signal transformation methods that have
been mentioned can be used individually or in combination, in addition to

the possibility of modifying the order in which they are applied [34.
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1.2.1.2 Scaling methods and X and Y variable distribution

transformation methods

Scaling, although not directly related to the elimination of signal artefacts,
unifies the statistical scale of the variables by making them equally
important, thus preventing one variable from dominating another in the
modelling due to its greater numerical range, i.e. due to its higher variance.
This is called auto-scaling, which is based on centring each variable by
subtracting the average and scaling it to the unit variance by dividing it by
the standard deviation. All scaled variables therefore have equal variance
and a mean value of zero. Auto-scaling is the most objective approach and
is applied when no prior information on the data is available [15 381, as is the
case with forensic dating. Due to the fact that it is often unknown which X
variables are the most informative for time modelling, the data tend to be
auto-scaled so that no variable is highlighted nor overshadowed by its
weight [ 6.8 16,33 |n addition to auto-scaling, there is the Pareto scaling,
which differs from the former in that each variable is scaled to the Pareto
variance by dividing it by the square root of the standard deviation. The
scaled data are less modified with respect to the raw data than in auto-
scaling 371, Since the magnitude of the scaling effect can be reduced after
the application of the spectral signal transformation methods, it must be
used in the last stage of pre-processing [34. The variables can also be
centred but not scaled 71, This is called centring, which is based on
subtracting the mean of the data from each variable so that the new
variables have a mean of zero. This way the interpretability of the model is

improved.

Furthermore, the X and Y variables may have a highly skewed and non-
normal distribution due to the presence of outliers, the combination of
multimodal distributions in the data or the insufficient sample size available

871, Throughout the work on this thesis, we have come across these non-
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normal distributions in the data, negatively impacting the modelling. An
example is that of Figure 5 which shows the Y distribution of the human
skeleton samples from Chapter 7. This is often due to the limited number
of samples available for the construction of the model, which will be further
discussed in section 1.2.2. Therefore, the Y variable is transformed into a
logarithmic function to fit a normal distribution and thus minimise the

accuracy error of (O)PLS models (6816, 17],
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Figure 5. Normal probability plots for the untransformed Y variable (PMI) and for
the Y variable transformed into a logarithmic function.

1.2.1.3 Variable selection and dimensionality reduction

methods

Variable selection and dimensionality reduction methods provide simpler
interpretation and improve the predictive performance of multivariate
regression models [38, Dimensionality reduction methods replace the
original high-dimensional X variable space by a low-dimensional space
containing Y-related variations. This way, in the data set there are various
combinations of variables that are strongly correlated to each other and by

capturing these underlying correlation patterns, the data can be
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represented in a smaller dimensional space with fewer variables that are
linear combinations of the original ones 271, Projection methods, such as
the (O)PLSR, are dimensionality reduction methods. The PLSR method
extracts from the predictors a set of orthogonal factors called LVs that
account for the maximum possible covariance between X and Y, thus
having the best predictive power 29, The complexity of the model is defined
by the number of these LVs. The OPLSR method, on the other hand, filters
out the structured noise in the data set by separately modelling the
variation in X that is correlated and uncorrelated to Y. That is, the first LV
explains the maximum covariance and the rest of the LVs captures the
variance in X that is orthogonal to Y. In this way, the complexity of the
model is reduced by decreasing the number of LVs needed to fit it [28-30,
We can find multiple case studies focused on forensic dating in which the
PLSR and OPLSR methods have enabled the reduction of hundreds or
thousands of X variables of the data set to one or a few LVs, thus

overcoming the problem of high dimensionality [6-8. 171,

Moreover, variable selection methods aim to select a subset of Y-related
variables by eliminating non-informative (noise) and interfering variables,
but without increasing the predictive error due to the enhancement of the
importance of irrelevant variables, the elimination of interference correcting
variables or the elimination of useless variables that when taken with
others improve the model's performance [12 28.35.38] They are classified into
filter-, wrapper- and embedded-methods. Yun et al. 138, Zeaiter et al. [28]
and Mehmood et al. [*% reported on the basis and the most widely used
examples of each of these methods in the multivariate regressions. They
are fundamental in the pre-processing of high-dimensional data used in the
construction of (O)PLS models focused on forensic dating, since the
variables that constitute them are intended to be related to time, eliminating
all those that are not or that could interfere detrimentally with them [7- 111,

The loading weight vectors (w*) is an example of filter-methods used for
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the selection of variables in PLSR. The PLS analysis outputs model
coefficients for the variables, called PLS-weights or loadings. While the
loadings for the X variables (w) represent the importance of these
variables, i.e. their contribution to the modelling of Y, the loadings for the
Y variables (c) indicate which Y variables are modelled in the respective
dimensions of the PLS model. These coefficients are represented in a w*c
plot, which shows the relationships between X and Y, the most important
X variables or which Y variables are related to which X. X variables with
large positive or negative values in w* are highly correlated with U (Y) 37,
Thus, the w* can be used as a measure of importance to select the X
variables. To do this, an absolute threshold value is set for the loading
weight that the variables must exceed in order to be selected [l The
OPLSR, on the contrary, plots the predictive and orthogonal in X loading
vectors. The predictive loading vectors are p for the X block and g for the
Y block. X loading weight p and Y loading weight g are combined into a pq
vector. The orthogonal in X loading vectors are po for the X block and so
for the Y block. Orthogonal loading po of the X part and the projection of
to onto Y, so, are combined into a poso vector. The predictive loading
vector for the X block, p, accounts for the variation in X related to Y.
Therefore, the X variables that have a high positive or negative value of p
will be those selected for the construction of the model [, A case study
could be that of Ortiz-Herrero et al. [], who used this filter-method to select
which Raman shifts accounted for the maximum variation related to the
PMI of human skeletons. An absolute threshold value of 0.04 was set for
the X-Y-loading vector pq[1] of the predictive component and for the X
loading vector poso[1] of the orthogonal in X component, eliminating
the X variables that were below this threshold. The data set was thus
reduced from 1651 X variables to 295. The elimination of the non-

informative and noisy variables enable an improvement in the robustness
and performance of the OPLS model. Information on the application of this

filter-method will be expanded in Chapter 7 of this thesis.



1.2.1.4 Chromatographic signal alignment methods

Unlike spectroscopic techniques, an additional problem of the application
of chromatographic techniques coupled with chemometrics is that when
working with the whole chromatographic profile of forensic samples the
possibility of small run-to-run variations in the retention times of the
analytes is high, which, if not corrected, can have a negative effect on the
multivariate model built up. In these cases, the time axes must be precisely
aligned prior to modelling so that the signal of each analyte is recorded at
the same coordinates in the data matrix for all the forensic samples
analysed [0, Sinkov et al. 9! and Goicoechea et al. ! reported on the
basis and the pros and cons of various pre-processing methods of time
shift alignment. Moreover, Agilent Technologies’ and Shimadzu Scientific
Intruments' gas chromatography (GC) equipment has a retention time
locking (RTL) or automatic adjustment of retention time (AART) software
installed to fix retention times, which could be used alternatively to the
above-mentioned computationally time-consuming and statistically
complex alignment algorithms. This software is used when changes are
made to the chromatographic system, a transfer is made to an entirely
different GC unit or a degradation in chromatographic performance is
detected. Its ability to block retention times of chromatographic peaks
displaced from one run to another makes it possible to optimise laboratory
resources and still provide a reproducible response that saves time and
money, in addition to increasing productivity 2. However, when working
in the pyrolysis injection mode, neither RTL nor AART can be used, so as
a fast and simple alternative means, the chromatographic experimental
conditions are optimised to overcome measurement reproducibility
problems. A case study could be that of Ortiz-Herrero et al. 71, who used
pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) together
with PLSR to develop a paper dating methodology based on two

approaches. Due to the coupling of a pyrolyser to the chromatographic
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equipment, the injection mode affected the pneumatic control of the
chromatographic system, causing a shift of the chromatographic peaks
with a low retention time, as shown in Figure 6A. Using a chromatographic
column offering greater retention for polar compounds could delay their
elution, thus increasing chromatographic reproducibility (Figure 6B).
Chapter 2 of this thesis will deepen on the optimisation of the

chromatographic experimental conditions.
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Figure 6. Run-to-run shifts of the chromatographic peak of 1-hydroxy-2-propanone
obtained from paper pyrolysis using an HP-5 column (A) and a ZB-WAX column
(B). Pyrolysis temperature of 400 °C.

1.2.2 Construction and validation of multivariate regression

models

Having sets of samples representative of the characteristics and variability
of the evidence than can be found in forensic scenarios is one of the main
constraints for the implementation of robust and high predictive
performance models. It is important to note that forensic police units,
medical-legal and academic institutions, artists, etc., have access to large
collections of real samples, so their collaboration is indispensable to give
greater credibility and practicality to the models to be built and validated [¢-
8.171, However, although the availability or access to large collections and
sample providers could overcome the problem of representativeness,

forensic dating has an added drawback related to the wide temporal ageing
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intervals of the samples needed in order to be able to build models that
cover any required dating interval in a specific forensic case, thus making
sampling much more complex. In view of this situation, a set of own
samples are artificially made by the researchers by storing them under
controlled environmental conditions for defined time periods that imitate
those at the scene of the crime or by exposing them to scheduled
accelerated ageing in chambers to immediately achieve longer aged
samples [26. 8 10, 11, 16, 17 Even so, the size of the sample set is usually
limited in both sample preparation methods, either because the former is
extremely time-consuming, or because the latter can provide a number of

samples restricted by the dimensions of the chamber used.

In any case, once the data collected from the analysis of these sample sets
is pre-processed, modelling and subsequent validation is carried out. To
do this, the entire sample set is split into two sets, training set (calibration
samples) and test set (validation samples). Although random split is
commonly applied, it has the drawbacks that the models are modifiable
according to the split chosen and that an optimal split representing the
whole sample set is not guaranteed. That is why sample split algorithms,
such as the Kennard-Stone, are used. The Kennard-Stone algorithm
allows selecting samples with a uniform distribution over the entire set. To
this end, the algorithm finds the two most separated samples at a
Euclidean distance in the sample set and adds them to the training set. For
each candidate sample, it finds the smallest distance to any sample
already selected and chooses the sample that has the largest of these
smallest distances by adding it to the training set. These steps are
repeated until the desired number of samples is reached in the training set,
whereas the remaining samples will constitute the test set [3l. The test set
is generally composed of fewer samples than the training set, representing
in various forensic dating studies from 20% to 40% of the total samples

(Table 2). This percentage, though, must be high enough to be able to
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optimally evaluate the model’'s performance metrics. The importance of
having validation samples independent from those used in the construction
of the model must be emphasised, since it allows the performance of the
model to be evaluated more reliably, thus avoiding overestimation and
optimistic assessments that could be provided by the samples used both
for the construction and for the validation of the model. However, as stated
above, a representative and independent test set is not always possible
due to the difficulty often encountered in forensics in achieving a large

enough number of samples 1432,

A further issue to be considered in the construction of (O)PLS models
focused on forensic dating is that when modelling the modifications of the
sample components over time there is a possibility that short-term aged
samples will behave differently than long-term aged ones, as is the case
of paints and hydrocarbon compound mixtures. The consequence would
be a non-linear trend over time that the (O)PLS model by itself is not able
to model successfully, so individual models need to be built for the short-
and long-term aged samples [ 8. The (O)PLS score scatter graph plotted
from the whole sample set enables the visualisation of sample behaviours
and trends over time, making it possible to decide whether or not to perform
multiple models in order to achieve greater linearity in the data trend. It is
therefore recommended to perform it prior to the splitting of the entire data
set. A case study could be that of Ortiz-Herrero et al. 8, who saw a
displacement of the acrylic paint samples over the accelerated ageing time
in the OPLS score scatter plot, resulting in two groups: one consisting of
short-term aged paint samples that moved to the right in the predictive
component and another consisting of long-term aged paint samples that
moved down in the orthogonal component. Therefore, an OPLS model was
built for each group. Information on the observation of such multimodal
distributions and the consequent need to build multiple models will be
further developed in Chapter 5 of this thesis.
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After splitting the whole sample set into training and test sets, the former
is used to build the multivariate regression model. One of the arising
questions is whether to use the PLSR method instead of the OPLSR
method or vice versa for its construction. The dimensionality of the model
may give some hint. To this end, a study was conducted in which the
dimensionality and performance statistics of the models from Chapters 4,
5 and 7 of this thesis built using the OPLSR method were compared with
those that would have been obtained if the models had been built using
the PLSR method. The data from this study, in addition to the reduction of
the number of X variables to one or a few LVs mentioned in section 1.2.1.3,
are shown in Table 3. It has been theoretically discussed that PLS models
with more LVs than the true rank of Y, in this case a single Y variable,
which is the time, would benefit from using the OPLSR method so that the
orthogonal variation in X could be filtered out, thus decreasing the
complexity of the model to a single LV [29 30 Nevertheless, the OPLS
models from various research studies in Table 3 had to be fitted to more
than one LV for optimal time modelling. The number of LVs was in fact the
same or slightly higher when the OPLSR method was used than when the
PLSR method was applied. Theoretically, the construction of PLS and
OPLS models with a single Y variable using the SIMCA 15.0.2 Umetrics®
software (Umed, Sweden) results in the same total number of LVs.
However, due to the fact that the PLSR method is based on sequential
cross-validation and the OPLSR method on full cross-validation, slight
differences in the Q2 values may occur and, therefore, a different number
of components may be considered significant 371 In spite of this, both the
OPLSR and the PLSR methods showed almost identical performance
statistics and, therefore, provided similar predictions for each of the various

research studies listed in Table 3.
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On the other hand, theoretically when a single LV constitutes the PLS
model, there is no need to apply the OPLSR method, as there is no
disturbing latent orthogonal variation present [2% 30, However, this is not
always the case in practise, as the PLSR may not have enough fitting and
predictive capacity to incorporate more LVs than one, as shown in Table 3
of the research study conducted by Ortiz-Herrero et al. (6 for the PLS model
of the Bic® ballpoint pen brand from France. In this case, it is imperative
to check the operation of the OPLSR method, since although its use may
imply that the model is fitted with a higher number of LVs, the statistical
values can be improved, thus obtaining a robust and well-performing

model.

Due to discrepancies between theory and practice, it is impossible to know
in advance which of the two multivariate regression methods would work
best for forensic dating. That is why the PLSR method is first used for the
construction of the model. The assessment of its complexity and the
performance statistics provided will determine whether it is suitable or
whether the use of the OPLSR method is required. To do this, the first step
is to set the number of LVs that will make up the model. The amount of
variance explained by a LV indicates its importance in predicting Y,
although it will only be relevant if it improves the prediction of Y for new
forensic samples. This opens up a new problem about how many LVs the
model needs to be built to achieve optimal predictions for new real
caseworks B9, It must be emphasised that when working with a large
amount of data there is a risk of over-fitting, i.e. a well-fitted model but with
low or no predictive ability [*51. This is the case when as the number of LVs
increases the quality of the prediction decreases, thus the model would be
over-fitting the data 39, The selection of the optimal dimensionality of the
model would avoid an over-fitting that would be detrimental to the
performance of the model, since it would not only be incorporating the

predictive features of the data, but also the noise #4. The number of LVs
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is optimised by internal cross-validation method, which is performed by
dividing the training set data into various groups and then building several
parallel models from the reduced data with one of the omitted groups. Once
a model is built, the omitted data are used as a test set and the differences
between the real and predicted values are calculated for the test set 37,
The statistical parameters used to evaluate this step are the RMSECV and
the R2 CV. RMSECV is calculated using the following Eq. 1:

RMSECY = [E=0i0” (Eq. 1)

Where y; is the real value, y; is the value predicted by the model fitted to a
certain number of LVs and n is the total number of samples used in the
training set 18], Each model fitted to a certain number of LVs will result in an
RMSECYV value. Thus, the minimum RMSECV value will determine the
optimum dimensionality of the model. It must be emphasised that a small
decrease in the RMSECYV value resulting from the fit of an additional LV
must be thoroughly studied to determine whether it is worthwhile or not,
since the greater the dimensionality of the model, the less robust it is [,
Two additional statistical parameters used to optimise the number of LVs
are R2X/Y and Q2. A model with a defined dimensionality will have a RZX/Y
value, which indicates its fithess and which varies from 1 to 0 according to
whether it fits perfectly or not, and a Q2 value, which indicates its
robustness and predictive ability, being good when Q2 > 0.5 and excellent
when Q2 > 0.9 [8l. A model with a low or negative value of R2X/Y and Q?is
indicative of inhomogeneity in the data, in addition to being poor and not

predicting better than chance 1131,
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Moreover, due to factors such as instrumental artifacts, variations in the
samples, etc., the recorded spectra or chromatographic profiles of some of
the forensic samples may differ significantly from the whole set. These
samples are considered outliers and impact negatively on the robustness
and performance of the model, so they must be identified and removed. To
this end, the Hotelling’'s T2 and distance-to-model tests with 95%
confidence level are used. Any samples that exceed the critical limits (level
0.05) are potential outliers. It must be taken into account that the processes
of variable selection and outlier detection influence each other, in addition
to the fact that their conduction orders influence the results of the modeling
[27.38], Emphasising on forensic dating, PLS models have been found to
perform worse in the shortest time periods, obtaining high inaccuracies in
the estimates. This may be due to the non-linear trend of some forensic
samples in the initial stage of ageing, which is inappropriately modeled by
the PLS algorithm [3, Furthermore, the limited number of samples
available at this initial stage may reinforce this trend and make them
outliers 18, A case study could be that of Ortiz-Herrero et al. 161, who
detected three outliers using the Hotelling's T2 control chart with 95%
confidence (Figure 7). These were the pen ink samples with the lower
accelerated ageing times. Their UV-Vis-NIR spectra showed visual
modifications in the UV range, unlike the older pen inks, due to the
evaporation of the volatile components in the initial period of the ageing
process. These madifications in the initial ageing period of the pen inks, in
addition to the low number of samples available, distorted the PLS model,
resulting in high accuracy errors in the estimates, so the youngest samples
had to be eliminated to improve its performance. Information on the

elimination of these outliers will be expanded in Chapter 3 of this thesis.
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Figure 7. UV-Vis-NIR spectra of the three pen ink samples detected as outliers by
the Hotelling’s T2 chart with 95% confidence (marked in red).

The built model is subsequently validated externally using the samples
from the test set. The model's predictive ability is assessed by the RMSEP
and the R2 P. The RMSEP is calculated using Eq. 2:

N2
Z?L (ve,i=9ei)
ne

RMSEP = (Eq. 2)

Where y, ; is the real value, ¥, ; is the value predicted by the model fitted to
a certain number of LVs and n; is the total number of samples in the test
set. RMSEP is a measure of the average error expected in future
predictions when the regression model is applied to unknown samples, so

the robustness of the model can be evaluated by this statistical parameter.
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A robust model will have a high predictive accuracy and, therefore, a
minimum RMSEP value . The number of LVs that make up the model
could also be optimised by means of the RMSEP. Thus, the lowest RMSEP
value calculated among the models fitted to different LVs tested will
determine the optimal dimensionality of the model 4. Moreover, it is worth
noting that when the selection of variables is performed during data pre-
processing, the risk of over-fitting is extremely high, thus, the validation
stage is indispensable as a final evaluation of the selected variables 33,
An additional statistical parameter is the accuracy error made by the model

in the prediction, which is calculated by Eq. 3:
Error (%) = (@)x 100 (Eqg. 3)

Where, y, is the real value and y, is the value predicted by the model fitted

to a certain number of LVs for that sample.

The entire modelling and validation process is performed on data to which
a certain pre-processing method is previously applied. However, the pre-
processing method must also be optimised by evaluating the performance
and robustness of each model built from the data processed by various
pre-processing methods and from the raw data B¢, This is done by the trial
and error method. The optimal data pre-processing method selected will
be that which results in a model that have high R2X/Y and Q? values as
well as low RMSECV and RMSEP values and a small difference between
the last two statistical parameters. A large difference between RMSECV
and RMSEP would indicate the possibility that too many LVs are being
used in the model (over-fitting) and that the noise is being modelled. The

number of LVs is therefore intended to be as low as possible.
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Moreover, in the case of using accelerated ageing samples for the
construction of a multivariate regression model, an additional step is
required so that it can be applied to real forensic scenarios. Since the
model predicts Y in accelerated time units, its natural time equivalent must
be determined. To do this, the Y values of known forensic samples are
predicted from their X values. From the predicted Y values and the real Y
values of the samples a regression is performed from which an equation is
obtained that determines the correlation between the accelerated time and
the natural age. Thus, the predicted Y values of unknown new forensic
samples are transformed into natural time units taking into account this
correlation [8.16. 171 A case study could be that of Ortiz-Herrero et al. 18, who
built OPLS models for artwork dating based on artificially aged paint
samples. Various contemporary artists provided them with artworks dated
in different years, enabling the correlation between artificial ageing and its
natural equivalent. To this end, the OPLS models were used to predict the
equivalent accelerated age of the artworks. The predicted accelerated age
was plotted against the real age of the artworks, thus obtaining a
regression line. The correlation was determined by the equation of this
regression line, in which approximately 50 h of accelerated ageing were
equivalent to one natural year under the studied storage conditions. This
correlation would therefore make it possible to date artworks up to at least
22 years old, to be used for attribution purposes, for example, whenever
the questioned artworks have been preserved under comparable
conditions and created with the same paint formulation as that of the study,
in spite of the fact that the OPLS models have been constructed from
artificially aged paint samples. In Chapter 5 of this thesis, the information

on the establishment of this correlation will be expanded.
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1.2.3 External validation of the methodology for

implementation in real scenarios

When new analytical methodologies are implemented in laboratories, they
require multi-laboratory intercomparison and blind testing exercises to
provide them with an independent external evaluation. These international
intercomparison exercises have been widely used in classical analytical
methods to guarantee the quality and reliability of the results provided.
Following the same line, not only in forensic dating, but also in all forensic
areas, the developed chemometric-based methodology has to undergo
strict validation procedures prior to its implementation in forensic
laboratories for routine work, so such multi-laboratory intercomparison and
blind testing exercises can also be used for this purpose. In spite of the
fact that the multivariate regression model may have been externally
validated with samples independent from those of the construction set,
these samples are also prepared under controlled conditions, so the
performance of the methodology when applied to real caseworks is not
guaranteed. This uncertainty and lack of reliability can cause the results
presented by the forensic expert at the trial to be rejected by the judge. The
methodology should therefore be subjected to multi-laboratory
intercomparison and blind testing exercises in which a law enforcement
agency provides the forensic evidence through which to assess its
robustness and performance in real scenarios. A case study could be that
of Ortiz-Herrero et al. I8, who used blind pen ink samples from document
entries for method validation. In addition to setting out the pros and cons
of this methodology, the blind testing exercise enabled the researchers to
establish a procedure to be followed in order to obtain reliable results under
statistical criteria that would be defensible in court. Further information on

this intercomparison study will be provided in Chapter 4 of this thesis.
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1.2.4 Methodological proposal for the use of multivariate

regression methods in forensic dating

Taking into account the aforementioned sections, the steps that the
forensic expert follows to develop and validate any chemometric-base
dating methodology have been outlined in a flow chart (Figure 8), which
likewise is the methodological basis of Chapters 2 to 7 of this thesis. The
flow chart is structured in 3 main blocks: the first block represents the
scope of the method, the sampling and the choice of the analytical
technique, the second block is the data pre-processing and multivariate
regression analysis and the last block corresponds to the external

validation of the methodology.

The first question raised in the first block is the temporal scope that the
methodology must cover, which depends on the crime scene that the
forensic expert is dealing with. Once the objective has been set, real
samples of an equal or similar nature to that of the forensic evidence found
at the crime scene are sought. Having a large number of real samples
covering the required time interval is often complicated, so an alternative
of preparing synthetic samples and ageing them in a combined climatic
test chamber under controlled conditions should be considered. Analytical
technigues with advantages such as being non-destructive, fast, reliable,
cost-effective, reproducible and multi-element analysis are at the forefront
of forensics. That is why spectroscopic techniques are the first choice when
it comes to age estimation. However, the complexity of the forensic
samples that the expert deals with may require techniques that perform a
more thorough analysis even if they are destructive. In these cases,
chromatographic techniques need alignment methods, either as data
processing or already installed in the instrumental equipment, or the
optimisation of chromatographic experimental conditions to cope with run-

to-run reproducibility problems.
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After data acquisition, the forensic expert moves on to the second block,
related to data pre-processing and multivariate regression analysis. The
pre-processing of the data is the most arduous and time-consuming step,
since in spite of the fact that there are various methodologies that are more
suitable for processing certain data and fulfilling certain objectives, it is
impossible to establish beforehand those that guarantee optimal
processing of the set of data that the forensic expert has to deal with.
Different pre-processing methodologies are therefore selected and
evaluated by trial and error until that which improves the signal and
eliminates the largest non-time related systematic variation is found. As
guidance for the forensic expert, the SNV normalisation method has
successfully pre-processed a wide range of analytical signals, such as
pyrograms, visible spectra and UV-Vis-NIR spectra. However, SNV has
not provided optimal results for FTIR spectra, for which differentiation and
smoothing methods were more suitable. The next step is to visualise the
trend of the data set. (O)PLSR is a linear multivariate regression method,
so a non-linear trend in the data would impair its performance. Minor non-
linearities in data distribution are overcome by transforming the Y variable
into a logarithmic function or by eliminating outliers from the initial ageing
stage, for example. However, the various modifications that sample
components undergo throughout ageing can cause multimodal
distributions that require the construction of individual models for long- and
short-term ageing samples so that a clearer linear data distribution can be
achieved. The data set is subsequently split into two sets by using sample
split logarithms, whenever possible: a training set for the construction of
the (O)PLS model and a test set for its validation. The use of one
multivariate regression method or another for the construction of the model
depends on its complexity and the performance statistics it provides.
Although in practice it has been found that various models fit with an equal
or minimal difference in the number of LVs and have almost identical
performance statistics when the PLSR or OPLSR method is applied
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indistinctly, the latter is recommended for priority and optimal modelling of
systematic variation in X related to time, putting aside all orthogonal
variation. This predictive component also enables easier identification of
the most influential X variables and, therefore, the regions of the
chromatogram or spectrum that are modified over time and which in turn
correspond to certain components of the forensic evidence, providing
supplementary information to the criminal investigation. Moreover, the
main source of orthogonal variation can be subsequently identified and
analysed. A robust and well performing (O)PLS model has high R2X/Y and
Q2 values, low RMSECV and RMSEP values and a small difference
between these last two statistical parameters. Failure to meet these
statistical criteria returns the forensic expert to the data pre-processing
stage. Prior to moving on to the last block concerning the external
validation of the methodology and in the event that the forensic expert has
built the (O)PLS model from artificially aged samples, the expert
establishes the correlation between accelerated ageing and its natural

equivalent so that the model has real applicability.

Finally, the forensic expert participates in multi-laboratory intercomparison
and blind testing exercises with the aim of implementing the methodology
in the standardised work of forensic laboratories. By means of these
exercises, the expert validates the methodology developed through the
simulation of real forensic scenarios with which he/she sets the scope of

the methodology and evaluates the reliability of the results provided.
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Abstract

The age of a relatively old document is one of the outstanding issues in the
field of forensic document examination. Although several analytical
methodologies exist today that focus on the analysis of inks to estimate the
age of documents, paper analysis has received little attention. This study
aims to develop two complementary approaches to estimate the age of
documents based on paper analysis by pyrolysis coupled with gas
chromatography with mass spectrometry detection (Py-GC/MS): (i) a direct
approach using a multivariate regression model constructed from the
pyrolytic profiles of artificially aged samples, and (ii) an indirect approach
based on the identification of compounds characteristic of the document
period. The direct approach has successfully allowed the age estimation
of relatively old documents under police custody (up to 30 years of age)
and the determination of a correlation between the natural and the
accelerated ageing of paper under controlled conditions. This approach is
applicable to papers that have the same (or similar) composition and have
been stored under comparable storage conditions. Additionally, the indirect
approach is presented as an interesting perspective to ratify valuable

information of the document age.

Key words: Questioned document, paper, Py-GC/MS, age estimation,

multivariate regression.
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2.1 Introduction

The analysis of documents is a matter of great interest in the field of
forensic analysis. From handwritten texts and signatures to printed papers,
a broad range of document types may be subject to analysis (e.g. identity
cards, commercial documents or industrial and intellectual property
documents). These are commonly legal documents of mandatory
compliance and/or with economic, administrative, labour and social
implications. The wide variety and complexity of documents hinders their
analysis and, therefore, several aspects of the forensic science aimed to
study documents (so-called documentoscopy) remain so far unsolved.

Estimating the age of a document is one of these unresolved issues 1.

Although the body of a document may be made up of many different
materials—as for example granodiorite in the famous Rosetta Stone—for
many centuries paper has been the main component used in
documentation throughout the world . Since the first paper manufactured
in China before 105 CE, composed of fabric fragments or silk threads,
different materials have been used. In 751, Arabs varied and improved the
composition of paper to reduce the cost of manufacture, employing
mixtures of linen, hemp and cotton. In the tenth century, a mixture of linen
seeds was used in the Armenian paper Bl. In 1450, the supply problems
that arose with the invention of the printing press drove the production of
new types of paper, mainly based on the use of plants. Currently, paper is
made mainly from cellulose and hemicellulose fibres and from wood fibres
with various impurities, such as lignin, pectins, traces of resins, tannins,
carbohydrates and waxes 2431, In addition, small amounts of organic and
inorganic additives, such as inks, adhesives, fillers and bleaching agents,

are commonly added to improve the properties of the paper.
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By analysing the composition of the paper, it is possible to characterise its
origin through its trace elements, which may differ from one manufacturer
to another %1, This way, a unique chemical fingerprint can be identified for
each batch or sheet of paper 2. Therefore, the paper could provide crucial
information on the production of manuscripts that may not be found in any

other type of evidence 2 5 6],

Nevertheless, paper does not remain unaltered over time, as it deteriorates
through physicochemical and biological processes [7l. The severity of these
deterioration is influenced not only by the chemical composition of the
paper, but also by some environmental factors involved in its storage and
preservation (e.g. the presence of microorganisms and contaminants,

humidity, temperature and light) [ 4 810],

Moreover, components such as inks are generally found in documents.
The forensic examination of inks is mainly focused on the analysis of any
written entry that may be added or altered, and their study is one of the
most widespread tools for document dating [1-16. However, document
dating remains one of the most burdensome tasks in the field of forensic
document examination [12.13.17-19] |nk analysis presents several difficulties,
since not all documents under investigation have ink entries and the range
of application of the existing methods is quite limited (0 < x < 5 years) [16.
17,19, 201 |n this study, paper analysis is proposed as a possible alternative
to ink studies to estimate the age of relatively old documents (around 5-30

years).

Two main approaches can be applied when studying the age of a
questioned document: direct and indirect. The first approach follows the
degradation of known compounds over time, whereas the second one is
based on the analysis of the ink or paper composition by comparison with

other papers, ink strokes or inks of known age 1. In both approaches,
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artificial ageing treatments (using controlled UV radiation, temperature,
humidity and environmental contaminants) can be used to mimic the
degradation processes, providing reference materials similar to naturally

aged documents [21. 22,

Currently, several analytical techniques have been applied to estimate the
age of documents [, Spectroscopic techniques are one of the most
powerful tools used in this field due to their non-destructive nature. These
techniques can directly analyse the materials under investigation, without
requiring the collection of samples, and even portable instruments have
been developed ' 4, Due to their microscopic applications, Fourier
transform infrared spectroscopy (FTIR) [223.24] Raman spectroscopy [2 23],
X-ray spectroscopy (XRF) [2 24 and laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) 2 261 have been widely used.
However, despite their effectiveness in obtaining preliminary information,
their results often need to be confirmed or complemented with other

analyses.

The complexity of the samples under investigation and the interest in
obtaining more extensive information has led to the use of destructive
techniques. Gas chromatography coupled to mass spectrometry (GC/MS)
is widely recognised as the best approach to investigate organic materials
in artworks and archaeological objects [22. 27. 28] However, many of the
organic materials encountered in the cultural heritage or forensic field are
complex polar compounds with high molecular weight and low volatility that
cannot be analysed by this technique. In those cases, their analysis by
GC/MS can be achieved by coupling it to pyrolysis (Py-GC/MS) [&. 22, 27-31],
Py-GC/MS has been used for the characterisation and identification of
organic materials in cultural heritage, art, conservation and restoration and
archaeological fields with different purposes: to address attribution and

dating issues, to characterise materials used in different manufacturing



| 69

stages, to establish the various chemical and physical changes that take
place in materials as they age, to assess the best conditions for long-term

preservation and plan restoration, etc. [9 22 28.32],

Py-GC/MS is a micro-destructive technique that can be applied directly to
a solid or liquid sample, without any previous treatment 331, By applying
this technique, the chemical structures of the thermal decomposition
products can be identified with the aim of characterising the paper. This
information enables the determination of different organic materials, such
as waxes, resins, oils, binders, pigments and dyes [31. 34-3¢] The fragments
observed provide a characteristic fingerprint of each particular sample in
terms of the nature of the fragment and its relative distribution [+ 36, The
chemical composition of the original components of a sample can be
reconstructed by performing a detailed interpretation of the
chromatographic molecular profile of the thermal degradation products.
However, this can be an arduous task for complex matrices [22 27. 28, 30, 31,
331 Chemometric methods together with analytical techniques are powerful
tools that are increasingly being used to overcome these difficulties.
Principal component analysis (PCA), cluster analysis (CA) and
discriminant analysis (DA) have already been used in ink differentiation
and characterisation 187- 381, |n addition, multivariate regression methods,
such as partial least squares (PLS) regression, have attracted researchers’
attention for ink and paper dating purposes [23 39,401 as they can be used
to correlate spectral or chromatographic data with modifications in sample

composition over time.

In this work, Py-GC/MS is used to estimate the age of the document
through two different approaches based on paper analysis: (i) a direct
method using a multivariate regression of the pyrolytic profiles of synthetic
samples correlated with their ageing time in chamber, and (ii) an indirect

method for the identification of the characteristic components of the paper
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during different time periods. The applicability of these approaches was
assessed by studying several office-type documents held under police

custody and registered between 1986 and 2011.

2.2 Experimental procedure

2.2.1 Analytical method

2.2.1.1 Pyrolysis temperature

In order to study the influence of the pyrolysis temperature on the
fragmentation of the paper components and, consequently, the resolution
of the obtained pyrogram, 3, 5 and 10 micro-samples were taken. Fewer
micro-samples were not tested to avoid lack of representativeness of the
sampled document. A Harris Micro-Punch (1.00 mm in diameter) was used
for sampling white paper sheets (SelectOne, Australia, 100 g m2). 3, 5 and
10 micro-samples were pyrolysed at 280, 400, 600, 750 and 1000 °C and
analysed by GC/MS. The representativeness of the entire sample

(document) and the sensitivity of the analysis were examined.

2.2.1.2 Study of document age

Sheets of three types of paper were selected to construct and validate the
calibration model: white paper (SelectOne, Australia, 100 g m), recycled
paper (Steinbeis, Germany, 80 g m2) and notebook paper (Oxford-Optik
Paper, 90 g m2, 4 mm squared). Paper tests of 3 x 2 cm were artificially
aged using xenon light based Solarbox 1500 equipment
(CO.FO.ME.GRA,, ltaly). The spectral range between 300 and 850 nm was
used and the irradiance, temperature and relative humidity were set at 550
W m-2, 55 °C and 50%, respectively. The temperature was controlled by a

BST (Black Standard Thermometer) probe. The three types of paper were
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exposed to a maximum of 475 h of chamber ageing under controlled
conditions. 15 tests for each type of paper were aged following an
isochronous timetable (475, 411, 387, 363, 339, 315, 282, 256, 239, 219,
194, 163, 89, 48 and 2 h). A vial with 3 micro-samples of each aged paper
was analysed by Py-GC/MS applying a pyrolysis temperature of 400 °C. A
quality control sample (QC) made up of 3 micro-samples of white paper

(100 g m-2) was added after every 6 samples.

2.2.1.3 Py-GC/MS analysis

The analysis of the micro-samples was carried out in a microfurnace
pyrolyser (5250 pyrolyser, CDS Analytical, United States (USA))
connected directly to the injector of a gas chromatograph coupled to the
mass spectrometer (5975C GC/MS system with Triple-Axis Detector,
Agilent Technologies, USA). A ZB-WAX capillary column (30 m x 0.25 mm
x 0.25 ym) was used for the chromatographic separation. The carrier gas
was helium (99.999%) with a constant flow of 1.7 mL min! and a pressure
of 13.7 psi. The injector and transfer line temperatures were set at 300 °C.
The injector operated in split mode (split ratio 1:10) and a solvent delay of
2.10 min was set. The oven temperature program started at 40 °C, keeping
this temperature for 2 min, and then increased at 12 °C min* up to 250 °C,
temperature that was held for 1 min. The operation conditions for the
electron impact (EI) mass spectrometer were: an ionising voltage of 70 eV
and a SCAN range from m/z 40 to m/z 550. The structural identification of
the fragments was performed by comparison with the NIST 11 mass

spectra library.
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2.2.1.4 Documents studied

The Documentoscopy section of the Spanish General Commissary of
Scientific Police (Madrid) provided 6 report documents under police
custody registered in 1986, 1991, 1996, 2002, 2006 and 2011. Each of
them was made up of 5 sheets stapled at the top left, with the exception of
the document from 1991, which consisted of 2 stapled sheets. The sheets
employed were white commercial paper of 90 g m2 in A4 size, typical of
office stationery. It was not possible to ensure the same manufacturer for
all of them. Each report was printed in black ink on a single face. The logo
of the Ministry of the Interior was placed on the upper left side of each
sheet. On the left margin of the pages and on the bottom of the last sheet
of the documents, the stamp of this department and the signatures of the
head of section and the experts (made with black and blue ink writing tools)
were located. The storage conditions from printing to analysis were similar
for all the documents. After a brief period under office conditions, the
reports were all kept together in classification boxes for several weeks.
Afterwards, they were stored in files for about 6 years on shelves in an
archive with controlled humidity, temperature and lighting conditions. In
2012, documents from 2000 onwards were kept in the archive, while those
from earlier dates were moved to a basement warehouse in dark and low
temperature conditions. The documents were delivered to the laboratory in
transparent plastic covers. A micro-sample was taken from each of the top,
middle and bottom pages of each document. A total of 15 micro-samples
(5 sheets x 3 micro-samples per page) were taken per document, except
for the one from 1991 (2 sheets x 3 micro-samples per page). They were
stored and transported to another laboratory in closed glass vials until their
subsequent analysis. A vial with 3 micro-samples of each page of the
document was analysed by Py-GC/MS applying a pyrolysis temperature of
400 and 600 °C, which were the optimal ones in terms of chromatographic

resolution. QC samples were also added for every 6 samples. The
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documents were used to test the regression models developed and to

identify the characteristic compounds of each of the dates studied.

2.2.2 Data pre-processing and multivariate statistical analysis

In order to examine the differences between each type of artificially aged
paper, an unsupervised exploratory analysis of the chromatographic data
was performed by means of a PCA using SIMCA 13.0 software (Umetrics,
Umed, Sweden). The intensities of the chromatographic signals recorded
at each retention time were used as X variables. The best grouping of
quality control samples was the criterion used for the choice of data
processing. Data were centred prior to analysis and no scaling or

transformation algorithm was applied.

A predictive model was built by applying PLS regression after examining
the data through PCA. Retention times from 7 to 19.5 min were used, since
the direct injection of volatile fragments obtained in the pyrolyser affects
the pneumatic control of the chromatographic system, causing a lack of
reproducibility in early retention times (2 min < RT < 7 min). The pyrograms
were treated as spectra. A calibration set consisting of 45 micro-samples
(3 micro-samples of white paper for each artificial ageing time, n = 15) was
used for the construction of the model. The ageing time in chamber (as
dependent Y variable) was regressed against the intensities of the
chromatographic signals of each retention time recorded in the pyrograms
(as independent X variables). A leave-one-out cross-validation was
performed to internally validate the PLS model. The chromatographic data
of one sample of the calibration set was removed from this set and a model
was constructed with the remaining chromatographic data of the calibration
set. The deleted sample was predicted with this model and the procedure
was repeated leaving each sample out of the calibration set. The PLS

model was also externally validated using a validation set of 18 micro-
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samples (3 micro-samples for each notebook and recycled paper with
accelerated ageing of 475, 282 and 2 h). Different mathematical pre-
treatments of the chromatographic data, including mean centering, unit
variance (UV) and Pareto scaling as well as logarithm and power
transformations, were tested. Spectral filters, such as first and second
derivative transformations, multiplicative scatter correction (MSC),
Savitzky-Golay, standard normal variate (SNV), row center, exponentially
weighted moving average (EWMA) and combinations thereof, were also
applied in order to minimise baseline noise and maximise the differences
found in the chromatographic signals. A logarithmic transformation was
applied to the Y variable, resulting in a significant decrease in the root
mean square error of estimation (RMSEE) and cross-validation (RMSECV)
values. No outliers were detected in the Hotelling's T2 control graph for
95% confidence in any PLS model. Although two samples (2 and 475 h)
were detected in the distance-to-model graph as possible moderate
outliers, they were not excluded to avoid the lack of information of the

extreme times.

2.3 Results and discussion

In the chromatograms obtained using the HP-5 capillary column several
compounds were eluted within the first minutes of analysis, while for the
ZB-WAX column fewer chromatographic signals were detected before 7
min. The pyrolysis injection mode caused a displacement of the
chromatographic signals of poorly retained compounds, therefore, the ZB-
WAX capillary column was selected, increasing the chromatographic

resolution and reproducibility.

No improvement in chromatographic sensitivity was achieved with 5 or 10
micro-samples. Thus, 3 micro-samples of each aged paper and each page

of the documents were analysed.
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Among the different pyrolysis temperatures studied, the temperature of
280 °C resulted in a pyrogram with weak chromatographic signals and few
pyrolytic products. According to previous research in which temperatures
above 300 °C are recommended [ 4, the application of 400 °C increased
the intensity of the chromatographic signals and produced new compounds
due to the decomposition of cellulose, whereas at a temperature of 600 °C
a greater number of pyrolysis products were created. Most intensities of
the chromatographic signals increased at higher pyrolysis temperatures
(750 and 1000 °C), but a large number of small and non-specific products
were formed, causing a drastic decrease in chromatographic resolution.
Based on the good chromatographic resolution and sensitivity obtained at
a pyrolysis temperature of 400 °C, such temperature was applied to carry
out the multivariate regression analysis (direct approach). For the indirect

approach, pyrolysis temperatures of 400 °C and 600 °C were used.

The reproducibility of the sampling was tested to ensure that all analyses
were carried out by taking the same amount of micro-samples. In this test,
the Micro-Punch tool used always extracted an equal quantity of paper (4%
in terms of relative standard deviation (RSD) by testing 10 replicas by

weighing).

The pyrograms of each type of paper (white, recycled and notebook paper)
were visually examined prior to carrying out the multivariate regression
study. The pyrograms and the main compounds identified on each type of
paper after an accelerated ageing of 475, 282 and 2 h and at a pyrolysis
temperature of 400 °C are shown in Figure 1 and Table 1.
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Figure 1. Pyrolysis products identified in the pyrograms of white paper (A),
notebook paper (B) and recycled paper (C) after an accelerated ageing of 475
(green line), 282 (red line) and 2 (blue line) h. Pyrolysis temperature of 400 °C.
GC/MS conditions: ZB-WAX column (30 m x 0.25 mm x 0.25 ym), split injection
(1:10), injection temperature of 300 °C, temperature gradient: 40 °C kept for 2 min,
12 °C min‘! to 250 °C and 250 °C hold for 1 min.
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The chromatographic profiles of white paper and notebook paper were
practically identical. In general, the older was the paper, the higher was the
intensity of the chromatographic signals. This may be due to the fact that
the breakage of the cellulose chains of the paper made up of 3-D-glucose
molecules increases with age, releasing a greater number of compounds
and thus obtaining chromatographic signals of greater intensity. In
contrast, the pyrogram of recycled paper was completely different to that
of white paper and notebook paper, the increase in the intensity of the
chromatographic signals with artificial ageing being less evident. It was
possible to identify characteristic compounds of the recycled paper known
as 4-substituted-2-methoxyphenols formed by the acid-base and redox
reactions of lignin and sugars, for example, levoglucosone and 1,4:3,6-
dianhydro-a-d-glucopyranose created by the decomposition of

hemicellulose and cellulose ¥4,

The recycled paper differed strongly from the white paper and notebook
paper in the first component of the PCA model’s scores plot (Figure 2A), in
agreement with the large difference already detected by visual inspection
of the chromatographic profiles. The white paper and notebook paper
samples were separated from each other along the second component.
Moreover, the X variables (RT) corresponding to furfural and 5-
hidroxymethylfurfural with retention times of 9.60 and 19.20 min,
respectively, were positively correlated with the first component in the
loadings plot (Figure 2B), having a great influence on the differentiation of
white, recycled and notebook paper according to the intensity of the
chromatographic signals that such compounds show on each type of
paper. The chromatographic signals of furfural and 5-hidroxymehtylfurfural

were found to be more intense in the samples of the recycled paper.
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Figure 2. A - Scores plot of the first two components of the PCA model with the
Hotelling’s T2 control ellipse (95% confidence). B - Loadings plot of the PCA model.
The points represent the X variables (RT). The variables corresponding to furfural
and 5-hidroxymethylfurfural are coloured in blue and red, respectively.

The optimal PLS models were obtained by applying SNV, EWMA and row
center filters (Table 2). The models were established with 3 components
(PCs), explaining a variation of 88-92% (R2X) and 80-93% (RZ2Y) in the data
with predictive properties of 37-53% (Q?). The fit of the PLS models was
perfect with acceptable predictive capabilities. The RMSECV and RMSEE
values of the PLS model with SNV filter were 0.51 and 0.18, respectively,
indicative of the model's good predictive accuracy. Likewise, the RMSE of
prediction (RMSEP) value was 0.28, implying that its predictive ability was
valid. The RMSECV, RMSEE and RMSEP values were much larger for the

PLS models in which EWMA and row center filters were applied.
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The predictions for the white paper were similar in terms of precision in the
three models. In terms of accuracy, the PLS model with SNV filter got a
higher accuracy (30% relative error) compared to the results obtained with
the EWMA and row center filters (35% relative error), as shown in Table 3.
Therefore, the application of the SNV filter was optimal for the white paper
(the most commonly used in questioned documents). The predictions for
notebook paper, on the contrary, were more accurate when applying the
PLS models with EWMA and row center filters, with identical precisions
(Table 3). The recycled paper was excluded from the analysis, since the
differences in the chemical composition of this type of paper made it

impossible to predict a date with an acceptable error (results not shown).

The Y variable (logarithm of accelerated ageing time) and the X variables
(RT) corresponding to 2-furanmethanol and n-methyl-1,3-propanediamine
with retention times of 11.80 and 16.04 min, respectively, had a large
contribution and were positively correlated with the first component of the
loadings plot of the PLS model with SNV filter (Figure 3), while 1-hydroxy-
2-propanone with a retention time of 7.65 min was negatively correlated
with age. This indicates that the intensities of the chromatographic signals
of 2-furanmethanol and n-methyl-1,3-propanediamine increase with age,
whereas the intensity of 1-hydroxy-2-propanone decreases. The
monitoring of the behaviour and influence of these compounds on the
ageing process of white paper would be strongly recommended in further

analyses.
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Figure 3. Loadings plot of the PLS model with SNV filter. The first component (R2X
21%) was plotted against the second component (R?X 62%). The green and black
points represent the X and Y variables, respectively. The X variables (RT)
corresponding to 2-furanmethanol and N-methyl-1,3-propanediamine are coloured
in yellow and blue, respectively, while 1-hidroxy-2-propanone is coloured in red.

In order to determine the correlation between artificial ageing and its
equivalent in real ageing under police custody conditions, the PLS model
with SNV filter was used. Throughout this study, a great variability between
the different pages of the same document was observed. The abundances
of some of the compounds obtained from the different pages that make up
the document of the same year had a dispersion measured as RSD of 21-
54% for the document of 1986, 5-44% for the document of 1991, 7-16%
for the document of 2006 and 17-22% for the document of 2011. This
variability was not a consequence of the technique applied, since the same
test performed on the control samples showed a RSD of 6-8%, but of the
environmental conditions to which they may have been exposed. Due to
this variability, the fourth sheet of each document whose ageing process

was the most uniform was chosen to construct the regression line (Figure
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4). The documents of 2011, 2006, 2002 and 1986 showed a good fit,
whereas the documents of 1996 and 1991 displayed a greater deviation.
This may be due to the different preservation environments that during their
custody they passed through, as explained in the description of the
documents. The correlation between the natural ageing and the
accelerated ageing of the selected papers was determined by the equation
in Figure 4, in which 5 h in chamber under the conditions studied were
equivalent to one natural year under police custody conditions. From this
regression model, other documents kept under the same conditions and
made with a similar type of paper could have been dated. Currently, given
the impossibility of having more samples for this study from the Spanish
General Commissary of Scientific Police, each of the samples used to build
the regression was taken as a real sample. To do this, the age of each of
the samples was estimated from the regression obtained with the data set
(n = 3), leaving out the test sample. An acceptable estimation date was
calculated (red triangle) with accuracy error values between 1.8% and
7.4%, as shown in Figure 4.

200 - 1986
180 |
160 -
140 -
120 -
100 -
80 -
60
40 |
20 1 2011

Predicted ageing time (h)

2 7 12 17 22 27 32
Real time (year)

Figure 4. Graph of real time (year) versus predicted ageing time (h) from the PLS
model with SNV filter. Equation Y = 7.43 X - 37.25, R?= 0.99. The red triangle
represents the predicted date from the regression obtained with the data set (n =
3), leaving out the test sample.
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Finally, an indirect approach based on the identification of compounds
characteristic of the period of the document was explored. In a visual
examination of the pyrograms at a pyrolysis temperature of 400 °C, a
similar profile was observed in all the documents (Figure 5). In general, the
greater the ageing, the greater the intensity of the chromatographic
signals, as was also observed in the study of artificial ageing. The main
compounds identified in the pyrograms of each document are listed in
Table 4. 4-hydroxybutanoic acid and 2-hydroxy-3,4-dimethyl-2-
cyclopenten-1-one were detected in all the documents analysed, exceptin
the sample from 1986. The absence of these compounds in the oldest
document may be due to a change in paper manufacture - 24, If confirmed,
the targeted analysis of these compounds could help to determine the age
of the document indirectly. In addition, propanoic acid was found at a
pyrolysis temperature of 600 °C in all the oldest documents: 1986, 1991
and 1996. 4-hydroperoxy-1-phenyl-1-cyclohexene, 2-methyl benzofuran
and naphthalene, formed by the thermal decomposition of cellulose [41],
were also detected in all the sheets constituting the document from 1986,

but not in the rest of the documents (Table 4).
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Figure 5. Pyrograms of the documents under police custody: 2011 (blue line), 2006
(yellow line), 2002 (green line), 1996 (purple line), 1991 (black line) and 1986 (red
line). Pyrolytic and chromatographic conditions as in Figure 1.
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2.4 Conclusions

The estimation of the document age based on the analysis of paper
applying Py-GC/MS has proven to be a promising approach to be taken
into account for forensic purposes. It is a micro-destructive approach,
requiring a small portion of document and no sample treatment prior to the

pyrolysis stage.

The direct approach by means of a PLS model with SNV filter obtained
acceptable accuracy and precision values of ageing estimation for white
paper samples. However, this method presented difficulties in finding a
universal model for samples with a completely different profile and
composition. This direct approach requires that the compared documents
were kept under similar conservation conditions. From this direct
approach, a correlation between the natural and artificial ageing was
established, in which 5 h in the ageing chamber were equivalent to one

natural year under policy custody conditions.

Moreover, this chemometric treatment enabled to obtain interesting
information about the transformations that the paper matrix undergoes
during the ageing process. The abundance of the chromatographic signals
increased with ageing (both natural and accelerated). In addition, it was
possible to identify the paper components that most influenced this ageing
process: 2-furanmethanol, n-methyl-1,3-propanediamine and 1-hydroxy-2-

propanone.

Complementarily, although further studies will be necessary, the indirect
approach allowed to identify some characteristic compounds of the
different dates studied. The presence or absence of some identified
compounds (4-hydroxybutanoic acid, 2-hydroxy-3,4-dimethyl-2-

cyclopenten-1-one, propanoic acid, 4-hydroperoxy-1-phenyl-1-
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cyclohexene, 2-methyl benzofuran and naphthalene) may be related with

the age estimation determined by the direct approach.

The two methodologies for estimating the age of documents based on
paper analysis here presented can be considered as promising alternative
and/or complementary tools to the more commonly used ink analyses.
Although the two proposed approaches lack of universal applicability due
to the influence of relevant factors, such as the type of paper and the
conservation conditions, they open a promising horizon for dating

moderately old documents.
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Abstract

The main methods for dating ballpoint pen inks in questioned documents
used up to day are based on the analysis of ink volatile components. These
methods have some limitations still unresolved, such as the impossibility
of dating documents older than two to five years and the partial or total
destruction of the questioned document after analysis. This study aims to
overcome these drawbacks by exploring the feasibility of dating inks based
on the monitoring of their UV-Vis-NIR diffuse reflectance spectra combined
with a partial least squares (PLS) multivariate modelling. Inoxcrom® ink
samples were exposed to accelerated ageing, their reflectance spectra
were measured and a multivariate regression was applied. The
spectroscopic data were pre-processed to improve the model’s predictive
ability and the characterisation of the spectra. The optimal model was the
one obtained with the SNV filter. Accurate predictions with 25% error were
obtained for two of the five ballpoint pen inks studied and a correlation
between natural and artificial ageing could be established. Moreover, the
region of the spectrum most closely related to the ink ageing process could
be delimited. Young inks were characterised by modifications in the region
of the visible and NIR spectra, while after ageing the most influential region
was the NIR spectrum. The mismatch with the other three ballpoint pen
inks studied could be attributed to consistent differences in the
formulations of the inks. Inks sharing a common chromatographic profile
proved to fit correctly into the predictive model, indicating that the
methodology has great potential for future applications in the field of

questioned document dating.

Key words: Ballpoint pen ink, ink dating, UV-Vis-NIR spectroscopy,

diffuse reflectance, PLS.
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3.1 Introduction

The proofs received in document examination cases are often on paper
with ink entries. Hence, studies are carried out on both the printing system
and the writing tool to look for signs of alteration and falsification and to
determine or discard authorship. A way to determine the legitimacy of a
document is to date it [1l. Most of the analytical methods used so far are
destructive, being the widest used methodology the one based on the
analysis of the volatile components of inks (2-phenoxyethanol) by gas
chromatography coupled to mass spectrometry (GC/MS) 271, However,
this methodology has several drawbacks, such as the total or partial loss
of the sample, which is a major problem in court cases, since it requires
that the documents analysed be kept for a certain period of time. The scope
of the method is also limited, as it can only establish an approximate date
for the inks that have been deposited in the document for a maximum of
two years [, An exception is the DATINK method, which dates ballpoint
pen inks up to five years with a mean relative error of 21% using multiple
headspace solid-phase microextraction (MHS-SPME) coupled to GC/MS
(20 Moreover, the methodology is based on the ageing kinetics of the
volatile components, which varies according to the initial composition of
the ink, the support on which it is deposited and the storage conditions to
which it has been exposed BB 4 8 9 111 Another disadvantage is the mass
dependency, since the method depends on the amount of ink sampled,
which can vary due to the heterogeneity of the ink stroke and the writing
pressure applied. Therefore, the result of the analysis is dependent on
these variations, which can sometimes lead to erroneous conclusions [& 91,
The aforementioned issues have led researchers to employ other
analytical techniques, such as UV-Vis-NIR spectroscopy, to address the
great challenge of ink dating. This technique focuses on the study of the
resins that make up the inks, in particular on the polymerisation and

degradation processes linked to them and related to the age and/or drying
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time of the ink. The resins deposited on the paper, once dry, create
chemical bonds between the ink and the paper. They undergo degradation
processes over time that result in the polymerisation and cross-linking of
these bonds, causing changes in the structure and properties of the resins.
Some of these modifications cause variations in the optical properties of
the molecules, which can be measured by diffuse reflectance and
absorbance. In addition, the dyes that make up the inks also undergo these
processes and contribute to the signal detected. In summary, the UV-Vis-
NIR spectroscopy technique measures the variations in the refractive index
due to a greater or lesser polymerisation, a factor highly related to the

degradation processes and, therefore, to the age of the ink 12,

The combination of analytical techniques with chemometrics has been
widely used in recent years to extract the maximum and most meaningful
information from the acquired data in an interpretable way. In the field of
ink characterisation, differentiation and classification, several applications
of exploratory analysis methods (principal component analysis (PCA) 13-
171y and classification and discrimination methods (hierarchical cluster
analysis (HCA) [13], partial least squares-discriminant analysis (PLS-DA) [13.
18] and linear discriminant analysis (LDA) 15 17. 191) have been reported.
Furthermore, although still limited, it is increasingly common to find
scientific papers that have used chemometrics for ink dating. Senior et al.
16l used UV-Vis spectroscopy and high-performance thin layer
chromatography (HPTLC) combined with PCA to characterise and date
ballpoint pen inks. Ink lines extracted from the paper at different times were
applied to a PCA, displaying different PCA loadings that were correlated
over time by multiple linear correlation analysis. The equations obtained
could be used to estimate the time at which a document of up to 4 months
was written with accurate predictions within 10 days. Sharma et al. [0
subsequently reported the use of UV-Vis spectroscopy in conjunction with

multiple linear regression (MLR) to model the fading of dyes in inks of a
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particular ballpoint pen brand of up to approximately one year old. The
model was able to estimate the age of the ink with an accuracy of + 10
days. Diaz-Santana et al. [?1 also applied gas chromatography-mass
spectrometry and high performance liquid chromatography-diode array
detection (HPLC-DAD) together with MLR. The maodifications in the
concentration of solvents and dyes in Montblanc® ballpoint pen inks of up
to 4 years old were modelled, obtaining a maximum error estimate of 4 to
7 months. The above-mentioned research studies highlight the potential
applicability of chemometrics to ink dating, however, several drawbacks
still need to be resolved. Most methodologies require the extraction of the
ink in a solvent, rather than an in-situ analysis on the paper support.
Moreover, they have a limited scope, as they are applied either to inks of
a particular pen brand or to inks that have been deposited in the document

for a few months.

The aim of this study was to develop a universal and non-destructive ink
dating method (DATUVINK) based on the monitoring of diffuse reflectance
modifications in writing inks as they age. In order to do this, a chemometric
model was performed using artificially aged black ink samples, based on a
multivariate regression of the gathered diffuse reflectance data. The UV-
Vis-NIR reflectance analysis allowed determining the refractive index
variations occurred due to changes in the ink components as they age (loss
of volatile components, fading of dyes and/or polymerisation of resins).
Factors related to the ink degradation processes and, therefore, to the age
of the ink. In this way, a predictive model capable of determining the age
of the ink was developed. However, the model was carried out using
artificially aged ink samples, so in order to improve applicability it was
necessary to establish a previous correlation between natural and

accelerated ageing.
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3.2 Materials and methods

3.2.1 Chemicals and materials

Ethanol (EtOH) was purchased from Scharlab (Scharlab Chemie S.A.,
Barcelona, Spain). Methanol (MeOH) was acquired from Romil Pure
Chemistry (Cambridge, England, United Kingdom (UK)). Ammonium
acetate (AmAc) was from Merck (Darmstadt, Germany). Milli-Q water from
a Millipore filtration system (Millipore, Bedford, MA, United States (USA))
was used. A bottle of Inoxcrom® brand black ink supplied by the company
was used for the multivariate regression model. Four different black
ballpoint pens and one blue ballpoint pen from different brands were used
for method validation: Milan® P1 Touch black pen (Spain), Paper Mate®
Write Bros.® black pen (USA), Staedtler® Ball 432F black pen (Germany),
Sierra IB-B® Fine black pen (Spain) and Bic® Cristal Medium blue pen
(France). Inks were sampled using individual paint brushes (da Vinci,
Germany). Many trademarks manufacture their own inks under patent, so
the exact composition is unknown. Ink brushstrokes were made on wood

and chlorine-free paper from Inacopia® (80 g m2, DINA4 format, Portugal).

3.2.2 Accelerated and natural ageing procedures

A total of 48 samples of a commercial ink (Inoxcrom®) were exposed to
artificial ageing in a time range from 1 to 257 h and their reflectance
measurements were applied to the multivariate regression (Table 1). The
samples were previously prepared by spreading a thin film of ink, with the
help of a paint brush, on a piece of white paper (80 g m-2). All training and
test samples were prepared with the same paint brush and Inoxcrom® ink.
For the subsequent UV-Vis-NIR reflectance analysis, a minimum area
equivalentto 0.79 cm? (a circle of 1 cm diameter) was required. All samples

were prepared just at the time of introduction into the accelerated ageing
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chamber in order to prevent previous natural ageing. On the other hand,
blank samples (pieces of paper without ink application) were introduced to
determine the contribution of the ageing of the blank paper to the model.
For the validation of the method, the ink was extracted from four different
black ballpoint pens and one blue ballpoint pen, applied on paper and
subjected to four ageing intervals (211, 98, 48 and 16 h), as shown in Table
1. To extract the ink from the pens, the cartridges were cut at one end and
spread on white paper using a different paint brush for each ink. The paint
brushes were cleaned with EtOH and air-dried to avoid the contamination

between inks of different ageing intervals.

The ink samples were fixed in the climate chamber with adhesive tape,
leaving a small space between them. A Solarbox 1500e RH purchased
from Neurtek Instruments (Spain) was used to artificially accelerate the
ageing of the ink samples. The parameters were controlled and
programmed as follows: 40% relative humidity, 600 W m-2irradiance with
a xenon lamp, an indoor light filter to simulate indirect exposure to sunlight
and 50 °C temperature controlled by a BST (Black Standard Thermometer)
probe.

In addition, a sample of each black ballpoint pen ink was exposed to natural
ageing during 216, 264 and 1080 h (Table 2) and subsequently analysed
by UV-Vis-NIR spectroscopy in order to establish a correlation between
natural and artificial ageing. The ink-impregnated pieces of paper, in the
same way as it was explained above, were left on a free surface,
uncovered and under general local room conditions (70% humidity, 20 °C).

The room was located in the ground floor without direct sunlight.
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Ink sample Natural ageing time (h)
InoxcromN1 1080
InoxcromN2 264
MilanN 216
Paper MateN 216
StaedtlerN 216
Sierra IB-BN 216

Table 2. Natural ageing time of each Inoxcrom®, Milan®, Paper Mate®,
Staedtler®, Sierra IB-B® and Bic® brand ink samples.

3.2.3 Reflectance measurements

After the accelerated ageing, ink samples were analysed at the same time
using a Cary 5000 UV-Vis-NIR spectrophotometer (Varian, Inc., Palo Alto,
Canada) coupled to an integrating sphere (DRA-CA-5500, Labsphere, Inc.,
Brossard, Qc, Canada) to measure diffuse reflectance. All spectra
recorded from 200 to 2500 nm with a resolution of 0.1 nm (600 nm min-!
scanning speed) were smoothed (1:50) and transformed to absorbance by

means of Kubelka-Munk function (Eg. 1).

_ (1 -Reflectance) x 2
2 x Reflectance

A (Eq. 1)

A baseline sample of polytetrafluoroethene (PTFE) and blank paper were
used to obtain the optical reference standard for the system. In order to
stabilise the light sources (deuterium and tungsten) of the
spectrophotometer, they were warmed up for a period of 30 min prior to
any reflectance measurement. In addition, an internal diagnosis of the
instrument in terms of wavelength accuracy, repeatability and noise
characteristics was performed according to manufacturer’s specifications

prior to analysis.
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3.2.4 Chemometrics

SIMCA 13.0 Umetrics® (Umed, Sweden) was used for statistical analysis.
Partial least squares (PLS) relate two data matrices, X and Y, to each other
using a multivariate linear model. It is capable of analysing data with many
variables, noisy, collinear and even incomplete on both X and Y. That is
why PLS was used in this study for multivariate regression. X (predictors)
contained N UV-Vis-NIR spectra at K wavelengths, and Y (response) the

value of the accelerated ageing time of N samples in the set [22],

All artificially aged Inoxcrom® ink samples (ID1 to 1D48, Table 1) were
used for preliminary studies. Different mathematical pre-treatments of the
spectroscopic data, such as mean centering, scaling (unit variance (UV)
and Pareto), logarithm and power transformations and spectral filters (first
and second derivative transformations, multiplicative scatter correction
(MSC), Savitzky-Golay, standard normal variate (SNV), row center,
exponentially weighted moving average (EWMA) and combinations
thereof), were tested to optimise the predictive ability of the model and
improve the characterisation of the spectra. The Hotelling’'s T2 and
distance-to-model tests with a 95% confidence level were applied to check

for outliers.

After selecting the best pre-treatments for the optimisation of the PLS
model, the entire set of artificially aged Inoxcrom® ink samples was split
into two sets: 35 training samples and 10 test samples (ID3, ID7, ID12,
ID13, ID18, ID29, ID31, ID33, ID43 and 1D45), selected by the Kennard-
Stone algorithm 231, The training set was used for the construction of the
model. The number of latent variables (LVs) was selected by internal
validation with the cross-validation method. The main statistical
parameters used for evaluating this step were the root mean square error

of cross-validation (RMSECV) and the coefficient of determination of
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cross-validation (R? CV). External validation of the model was performed
with the test set. The RMSE of prediction (RMSEP) and the R? of prediction
(R? P) were used as statistical measures to assess the model’s predictive
ability. RMSEP expresses the average error to be expected in future
predictions when the model is applied to unknown samples 224, The
predictive performance in terms of accuracy was thus evaluated by the
RMSECV and RMSEP parameters and calculated using the Eq. (2):

n . 2
RMSECV, RMSEP = |2z Ori= Yp” (Eq. 2)

n

Where, y;jand y,, are the reference and predicted values for the total ink
samples (n) used in the training and test sets, respectively. The robustness
of the model was established by applying it to an independent predictive
set of samples (artificially and naturally aged inks from five different brands
of black and blue ballpoint pens) that were not used in the construction or

validation of the model.

Taking into account the above statistical parameters, the optimal model
would have high determination coefficient (R%) and predictive square
correlation coefficient (Q?) values as well as low RMSECV and RMSEP
values and a small difference between the last two statistical parameters.
A large difference between RMSECV and RMSEP indicates the possibility
that too many LVs are used in the model (over-fitting) and noise is
modelled. The number of LVs is intended to be as low as possible, as
larger number of LVs may include some irrelevant information. The R2
parameter varies from 0 to 1, indicating the degree of adjustment to perfect
fitting, and the Q2 parameter shows the robustness and predictive capacity

of the model, being good when Q2 > 0.5 and excellent when Q2 > 0.9 [22],
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3.2.5 HPLC-DAD analysis

In order to characterise the inks and identify possible differences in
composition between them, a chromatographic analysis was performed.
0.1 mg of fresh ink from each ballpoint pen were weighed (Sartorius
CP2245 Analytical balance, Gottingen, Germany) and 1 ml MeOH was
added. For complete extraction of dyes, they were vigorously shaken for 1
min, and then sonicated in an ultrasonic bath (Elmasonic S 60 H, Elma
Ultrasonic, Singen, Germany) for 5-10 min at room temperature. They were
filtered through a 0.45 pm PTFE filter and an aliquot of 10 ul of the solutions
was injected into the HPLC. In the case of the naturally and artificially aged
inks, 7 micro-samples were extracted from each with a Harris Micro-Punch
(1.20 mm diameter, Sigma-Aldrich, USA), and then the previous steps
were followed. All HPLC work was carried out on a Waters™ 2690
separations module with a Waters™ 996 PDA detector (Milford, MA, USA).
The data acquisition software was Empower 3. The chromatographic
separation was achieved with a Waters™ Atlantis dC18 column (100 x 3.9
mm, 3 um) operating at 30 °C. A gradient elution was run for 14 min at a
flow rate of 0.8 ml min-! (Table 3). Prior to the ink analysis, the column was
eluted with the initial composition of the mobile phases for at least 10 min
until a stable pressure and background signal was achieved. The
chromatograms as well as the UV spectra (200-800 nm) of the eluted

analytes along the whole run were recorded.

Time (min) % A (10 mM AmAc) % B (MeOH)
0 80 20
1 80 20
3 30 70
5.9 19 81
6 19 81
8 10 90
12 10 90
12.1 80 20
14 80 20

Table 3. Elution gradient for HPLC-DAD analysis.
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3.3 Results and Discussion
3.3.1 UV-Vis-NIR spectrum characterisation

Although no significant differences in the NIR region (720-2500 nm) of the
spectra of the artificially aged Inoxcrom® ink samples were visualised, the

main NIR bands characteristic of the resins could be identified (Figure 1).
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Figure 1. Smoothed UV-Vis-NIR absorption spectra of artificially aged Inoxcrom®
inks.

The bands at 1240-1450 nm attributed to the young inks may be due to the
C-H second overtone, O-H and N-H first overtones and C-H first overtone
combinations. The bands at 1575-1895 nm could be assigned to the C-H
first overtone and C=0O second overtone. The bands at 715-950 nm
attributed to the old inks could be characteristic of the N-H, O-H and C-H
third overtones, C-H fourth overtone and O-H second overtone. The bands
at 2130-2150 nm and 2435-2488 nm may be due to N-H and O-H
combinations and C-H and C-C combinations, respectively. Moreover, the
young inks (ID48, 1D47 and ID46) showed a different UV-Vis spectral
profile (200-780 nm). It is known that after depositing ink on a substrate,

changes in composition can occur rapidly due to loss of solvents and/or
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fading of dyes. These processes could be the cause of changes in the UV-

Vis profile.

3.3.2 Data pre-processing and multivariate statistical analysis

The entire sample set (artificially aged Inoxcrom® inks (ID1 to ID 48)) was
first used to select the combination of pre-processing strategies that would
yield the lowest RMSECV value with which to optimise the PLS model. The
RMSECV value was reduced with the application of the logarithmic
function to the Y variable (accelerated ageing time). Therefore, the Y
variable was transformed to a logarithmic function in the following tested
models. Three outliers were found using Hotelling's T2 control graph for
95% of confidence. The outliers were the ink samples with fewer ageing
hours, i.e. ID48, ID47 and ID46. As shown in Figure 1, the impact of the
evaporation of the volatile components of the ink manifested itself in the
initial period of the ink ageing process (in the first 5 h of accelerated ageing)
with significant modifications in the UV region. This phenomenon could
distort the PLS model due to the low number of ink samples used in this
period, so the youngest samples were eliminated. In any case, a larger
sampling within the initial time range could perhaps overcome it. Testing
different pre-processings (Table 4), the best PLS model was obtained by
applying the UV scaling and the SNV spectral filter transformation. The
SNV filter is applied to reduce from the spectra most of the variability that
may be caused by the effects of scattering. The spectral transformation
was carried out from the smoothed spectrum. In order to remove non-
informative regions and minimise the influence of spectral noise, the UV-
Vis-NIR spectra were examined. The RMSECYV value worsened as non-
significant UV-Vis-NIR regions were eliminated. The entire spectrum was

therefore used for the optimisation of the PLS model.
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These selected treatments were applied to a new PLS model using the
training and test sets separately. The model was built using the training set
and the RMSECYV statistical parameter was used to evaluate its predictive
accuracy. The optimised PLS model with SNV filter was thus established
with 2 LVs, explaining 73% (R?X) and 95% (R?Y) variation in the data with
predictive properties of 94% (Q?), indicating that the fit of the PLS model
was quite good with excellent predictability. The RMSECV and RMSEE
values were 0.09 and 0.07, respectively, with a R? CV value of 0.95,
indicative of the model's high predictive accuracy. The PLS model was
subsequently validated externally using the test set. The value of the
RMSEP statistical parameter was taken into account to establish the
expected prediction error when applying the model to unknown samples.
The RMSEP value was 0.09 with a R? P value of 0.95, implying that its
predictive capacity was valid according to the predictive accuracy required
in potential real samples. The non-discrepancy between the RMSECV and

RMSEP values indicates a no over-fitted model within the training set.

In addition, the accuracy error of the predicted values for the test set was

calculated according to the following equation (Eq. 3):
Error (%) = (@) x 100 (Eqg. 3)

Where, y, is the accelerated ageing value predicted by the model and y;
the real age of the ink sample. The predicted values were fairly accurate

with a 17% error for the entire time range studied, as shown in Table 5.
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Table 5. Predicted artificial ageing time and deviation values obtained by the PLS
model for the test set.

Ink sample Real accelerated ageing time (h) Predicted accelerated ageing time (h)
D45 16 23+1
1D43 22 26+1
ID33 70 74+1
D31 74 73+1
ID29 91 94+1
ID18 168 111+2
ID13 192 234+1
ID12 194 158+ 1
ID7 218 236 £1
ID3 240 285+1

Moreover, the influence of the X variables (the wavelengths recorded in
the spectrum) on the ink ageing process was studied based on the
information obtained from the PLS model. The ink samples followed a
spatial distribution from left to right in the first component of the scores plot
according to their artificial ageing time. The youngest inks were on the left
of the plot, whereas the oldest were on the right. The loadings plot of the
PLS model was also studied. The Y variable (the logarithmic function of
the artificial ageing time) was found on the right side of the graph with a
value of 0.03. On the left side of the loadings plot, linked to the youngest
inks, the spectrum ranges between 405-670 nm, 1240-1450 nm and 1575-
1895 nm were placed, while on the right side, associated to the oldest inks,
the most influential ranges of the spectrum were between 715-950 nm,
2435-2488 nm and 2130-2150 nm. In order to explain this behaviour, a
colour scale based on the values of the loadings plot was made. The
different spectrum ranges were strongly related to the different ages of the
inks, as shown in Figure 2. The NIR region (1240-1450 and 1575-1895 nm,
light blue) had the greatest influence on the youngest ink samples. It must
be taken into account that a large impact of the UV region was also found
on them. The most influential region for the medium-term aged inks was in
the visible range (405-670 and 715-950 nm, blue), whereas the oldest inks
were influenced by the NIR region (2130-2150 and 2435-2488 nm, dark
blue). The young inks were therefore characterised by the first and second

overtone regions of the NIR spectrum, while the old inks by those of the
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third overtone and combination band regions. This change in the influence
of the spectrum over time can be explained by the ageing processes that
the different components of the ink undergo. The main ink components
(solvents, dyes and resins) have different degradation mechanisms and
rates. While the evaporation of the volatile components takes place
practically in the first moments immediately after the ink has been
deposited on the paper, the changes undergone by the dyes and resins
take place in the medium- and long-term [24. 251, This phenomenon could be
observed in the significant impact of the UV region on the youngest ink
samples due to solvent evaporation, followed by the influence of the visible
and NIR regions on medium- and long-term aged inks due to dye fading

and resin hardening.

UV Vis NIR

Absorbance Units (AU) pre-processed
by SNV

S

iy . ! . . . . .
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Wavelength (nm)

Young ink Old ink

-0.020 -0.019 -0.018 0.022 0.023 0.025

Figure 2. The influence of the X (wavelengths (nm) recorded in the SNV pre-
processed spectrum) and Y (logarithmic function of the accelerated ageing time)
variables on the ageing process of young (green line) and old (black line) inks
in the first component. The row represents the values of the loadings plot. The
logarithmic function of the accelerated ageing time has a value of 0.03.
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3.3.3 PLS model application to artificially aged inks

The PLS model was applied to the age prediction of artificially aged
Inoxcrom® inks, different black ballpoint pen inks and a blue ballpoint pen
ink (Table 6). Accurate predictions were obtained for two of the five
commercial pens studied, Milan® and Paper Mate® black ink pens, with
16% and 29% error, respectively. The error was 48% for the oldest Sierra
IB-B® black pen ink samples, whereas the deviation increased significantly
for the youngest ones. The Staedtler® black pen ink also did not fit the
model well, obtaining high predictive deviations for both young and old ink
samples. In addition, the Bic® blue pen ink had a greater mismatch, so the
model did not give a good approximation. In these cases of mismatch,
other ink components could be affecting the reflectance of the ink and thus

increasing the deviation of the prediction.

Table 6. Ageing time values predicted by the PLS model for the predictive set.

Type of ageing Ink sample Real ageing time (h) Predicted ageing time (h)
Milan1 211 201
Paper Matel 211 175
Staedtlerl 211 680
Sierra IB-B1 211 340
Bicl 211 11803
Milan2 98 65
Paper Mate2 98 70
Staedtler2 98 345
Sierra IB-B2 98 142
e Bic2 98 13924
Atrtificial Milan3 18 13
Paper Mate3 48 35
Staedtler3 48 303
Sierra IB-B3 48 66
Bic3 48 6801
Milan4 16 13
Paper Mate4 16 9
Staedtler4 16 104
Sierra IB-B4 16 53
Bic4 16 2169
InoxcromN1 1080 16
InoxcromN2 264 4
Natural MilanN 216 2
Paper MateN 216 1
StaedtlerN 216 14
Sierra IB-BN 216 9
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The dyes were therefore analysed by HPLC to account for the differences
observed between the inks studied. The most mismatched inks, Staedtler®
black and Bic® blue pen inks, had a different HPLC profile and were easily
differentiated from other inks, as shown in the chromatograms in Figure 3.
Bic® blue pen ink was characterised by the chromatographic peaks at 4.1,
4.5, 5.0 and 5.2 min that the remaining inks did not show. Staedtler® and
Bic® pen inks had the same chromatographic peak at 7.4 min, while
Inoxcrom® and Bic® pen inks showed another one at 4.4 min. In addition,
the chromatographic peaks at 7.8, 8.2 and 8.8 min for Inoxcrom® black
pen ink gave a different ratio to Staedtler® and Bic® pen inks. The
differences in both the chromatographic peaks and the peak ratios
between the various inks highlighted the differences in their composition,

thus facilitating their discrimination.

Time (min)

Figure 3. Chromatograms of fresh pen inks from Bic® (blue line), Inoxcrom® (red
line) and Staedtler® (black line) at 200-800 nm. Sierra IB-B®, Milan® and Paper
Mate® pen inks showed an identical chromatogram to that of Inoxcrom®.
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These results were contrasted through research conducted by Adam et al.
28] who classified and discriminated black ballpoint pen inks using a PCA
from their UV-Vis absorption spectra. Differences in the dyes within each
pen brand were detected, enabling a questioned ink to be assigned to a
particular class of ink composition. Sierra®, Paper Mate® and Staedtler®
black pen inks were identified in different ink classes and were well

discriminated against each other.

This would mean that the methodology can be universal, but the PLS
model cannot be recognised as such and would only work with ballpoint
pens using Inoxcrom® type inks, such as Milan® and Paper Mate® brands.
Additional models would need to be developed for each ink class with a
similar chemical composition so that predictions can be obtained for each

of them.

3.3.4 Correlation between artificial and natural ageing

Naturally aged Inoxcrom® and black ballpoint pen inks were analysed to
establish the range of application of the PLS model. A regression line was
performed from the natural age and the predicted artificial age of the
Inoxcrom®, Milan® and Paper Mate® black pen inks in order to determine
the correlation between the artificial exposure time and its equivalent in
real time ageing (Table 6 and Figure 4), in which one hour in the artificial
ageing chamber would correlate with 143 h of natural ageing under the
conditions studied. The developed methodology could therefore be useful
for dating naturally aged inks up to approximately 5 years and may be
applicable as a multivariate regression model to samples with the same ink

typology analysed and exposed to the conditions studied.
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Figure 4. Graph of natural ageing time (h) versus predicted ageing time (h).
Equation Y = 0.02 X - 1.22, R? = 0.98.

3.4. Conclusions

UV-Vis-NIR spectroscopy together with PLS regression as ink dating
method reported in this paper, called DATUVINK, demonstrates that UV-
Vis-NIR diffuse reflectance spectroscopy combined with chemometrics is
a powerful tool for predicting the age of inks deposited on paper. In
addition, it is worth noting the advantage of this methodology in this type
of analysis, since it would be fast and non-destructive, needing little to no

sample treatment.

Despite the advantages of this method, the large ink surfaces prepared in
the study are unlikely to be representative of real samples, such as
handwriting strokes and thus in a casework scenario. Equivalent UV-Vis-
NIR reflectance spectra would need to be acquired using a

microspectrophotometer with a smaller sample aperture.
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The DATUVINK method can be universal, but the developed PLS model
cannot be recognised as such, since it cannot be applied to any ballpoint
pen brand. The predictions obtained for some of the different brands of
artificially aged ballpoint pen inks were not accurate enough. An example
was the predicted age of Sierra IB-B® black pen ink that shared the same
base as Inoxcrom® ink, but did not fit as well as the samples in the training
set. This could indicate that there are other factors, such as the
composition of the dyes, affecting the reflectance of the ink, as shown in
the HPLC-DAD analyses. Therefore, taking into account the differences
observed in the chemical composition of the inks and the previous research
studies that corroborate this fact, it would be necessary to develop new
individualised predictive models for each type of ink, while the model
developed would be effective for those inks that show affinity with the

chemical composition of Inoxcrom® inks.

Although predictive models based on naturally aged ink samples would be
more suitable, the correlation between natural and artificial ageing, in
which one hour of artificial ageing was correlated with approximately 143
h of natural ageing under the conditions studied, allowed for a faster and
more flexible method development. The methodology could be useful for
dating naturally aged Inoxcrom® type inks up to 5 years, giving us an
advantage over the existing ink dating methods, which are destructive and
limited to a maximum prediction time of 2 years, with the exception of the

DATINK method that reaches to date ink entries up to 5 years.

In addition, the method showed that the youngest inks were characterised
by modifications in the ranges of 405-670 nm of the visible spectrum and
1240-1450 nm and 1575-1895 nm of the NIR spectrum, whereas after
ageing the most influential regions were the ranges of 715-950 nm, 2435-
2488 nm and 2130-2150 nm of the NIR spectrum.
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In conclusion, there is great potential in the development of chemometric
models based on the variation of the optical properties of inks induced by
the degradation degree of their resins and dyes. However, it would be
necessary to know the chromatographic profile of the ink in order to assign
a valid predictive model to each type of ink. These new methods developed
from diffuse reflectance measurements could complement the existing ink
dating methods based on the analysis of volatile components, restricted to
ink samples with less than 2 years, with the exception of the DATINK
method, by extending the time prediction range and ensuring old and

young ink dating without destruction of the sample.
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Abstract

Blue ink strokes belonging to 11 types of writing tools from 7 different
brands were naturally aged in the darkness for 2 years and characterised
by Vis-microspectrophotometry (Vis-MSP). Ink clustering and classification
was performed by applying principal component analysis (PCA) and
hierarchical cluster analysis (HCA) in order to subsequently assign an
optimal orthogonal partial least squares (OPLS) model capable to predict
the age of different inks. This method was found applicable to the exact
dating of forged documents with ink strokes of up to 2 years old. The
method was tested with blind samples supplied by the Forensic Science
Unit of the Basque Country Police Department. Age predictions (p < 0.05)
with an accuracy error below 25% were obtained whenever: (i) the two ink
replicas were placed inside the ellipse of the predicted score graph, (ii) the
age of the ink was within the temporal application range of the OPLS
model, and (iii) the ink was found to fit correctly in any of the classifications
of the pen brands studied. The OPLS model was also able to detect those
inks out of its temporal application range, if the ink samples were correctly
clustered in the PCA model and/or classified in the HCA model with one of
the pen brands studied, but one of the two ink replicas was placed outside
the ellipse of the predicted score graph. Thus, these inks were temporarily
above or below the application limit of the OPLS model of the

corresponding pen brand.

Keywords: Ballpoint pen, gel pen, ink dating, dyes, Vis-
microspectrophotometry, OPLS, forensic chemistry, questioned

documents.
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4.1 Introduction

Forgery of documents and the fight against this type of illegal activity is an
everyday reality, which is increasing and can have serious and far-
reaching negative implications for companies, individuals and political
entities. This crime is not only for profit, but may also constitute a means
to other ends, such as terrorism, smuggling of migrants and trafficking in
persons. The different units of law enforcement agencies have therefore
been forced to collaborate and develop new methodologies to deal with

these crimes [,

Counterfeit material may consist of contracts, wills, titles and deeds, bank
checks, suicide notes, agreements, ID cards, handwritten correspondence,
etc. The study of these materials implies their chemical analysis as well as
the use of physical and optical techniques either to determine their
authorship, the alterations made to them or to date them. The dating of
documents is one of the most studied tasks, but also one of the most
challenging due to the great variety of pen brands and ink formulations on
the market. Moreover, the lack of knowledge of the conditions under which
the documents were exposed and the lack of inter-laboratory validation
and applicability assessment of the methodologies developed are also
critical issues in the reliability of the results [2¢l, and rightfully questioned

when presented in court cases [l.

The most commonly used writing tools are ballpoint pens, which contain
viscous oil-based inks, as well as rollerball pens, containing either water-
based liquid inks or gel inks. Ink is a complex homogeneous medium,
consisting of solvents, pigments and dyes, resins, lubricants, solubilisers,
surfactants, particulate matter, fluorescents and other materials. The

components contained in this mixture are implied in the colour, in
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controlling density or flow, in modifying the drying kinetics and in providing

the final appearance [8 9,

The ink undergoes modifications once deposited on the paper: (I) the ink
dries due to solvent evaporation, solvent absorption on the surface of the
support and solvent diffusion within it, immediately decreasing its quantity,
(1N the ink fades due to dye degradation when exposed to light, and (l11)
the ink solidifies due to the polymerisation of resins, decreasing their
solubility and making them more difficult to extract. These processes
achieve stability over time without further ink modifications [& °.This
dynamic ink profile has been studied using different techniques for ink

dating.

GC/MS is the predominant technique for quantifying 2-phenoxyethanol
solvent loss over time by using liquid extraction [3 4 10. 111 thermal
desorption 12 and SPME (Solid-phase Microextraction) 13 as sample
preparation methods. However, the methodologies developed have some
drawbacks. Most of the ink solvents evaporate within a few minutes after
depositing the ink in the support and the rest continues to evaporate
gradually over approximately 2 years . Thus, the temporal application
range of these methodologies is limited to recent documents except for the
DATINK methodology, which is applied to documents up to 5 years old with
a mean relative error of 21% [13l. Moreover, the initial ink quantity and
composition variation between the different pen brands, the writing
pressure applied and the paper support can modify the results of ink dating
analysis 25 11, Finally, the methodologies are based on mass-dependent
measurements, so the amount of ink extracted must always be almost the

same [13],
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In the last few years, research has focused on other ink components, such
as dyes 14, This is due to the fact that dyes are more stable over time, so
their degradation is much slower than that of other ink components 191,
Exposure to light is the main factor in the long-term degradation of dyes
1161, This process can last several years under natural conditions, making it
possible to date relatively old documents ['°l. However, a certain dispute
exists when attempting to date the ink by measuring dye degradation, as
ink ageing is highly dependent on the initial composition of the ink, storage
conditions and the type of support, and are generally unknown in case
investigations [18], Diaz-Santana et al. 171 proposed a combined method
applying GC-MS and HPLC-DAD for the quantitative analysis of solvents
and dyes over time, enabling the dating of Montblanc® ballpoint pen inks
up to 4 years with a maximum error of 4-7 months. For forensic application,
however, non-destructive methods are much better techniques, since the
analysis is carried out directly on the document without destroying part of
it, which guarantees the preservation of evidence in court and the
possibility of counterproof. Grechukha et al. 18 demonstrated the
possibility of using Raman spectroscopy separately or together with gas
chromatography as a technique to estimate the age of inks up to 10 years
by studying the ageing dynamics of solvents and dyes. Recent studies
have investigated the feasibility of ink dating using spectroscopic
techniques in combination with chemometrics. Sharma et al. [
demonstrated the application of UV-vis spectroscopy with multiple linear
regression (MLR) to date a blue ballpoint pen brand by measuring the ink
fade over time. The methodology is capable of dating inks up to
approximately 1 year with an accuracy of + 10 days. Sauzier et al. [20
subsequently developed individualised chemometric models for naturally
aged inks using in-situ visible spectroscopy with PLS regression. Age
estimation was effective on multiple ink types, such as ballpoint and gel
inks, up to 2 years with a maximum error of 6 months. However, an

unresolved issue is that the size of the ink sample used in this study does
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not reflect the real samples presented in document examination cases.
The transition from this approach to casework would imply the use of

micro-techniques.

In a previous study by Ortiz-Herrero et al. [21] a non-destructive ink dating
methodology (DATUVINK) was developed by applying partial least
squares (PLS) to the recorded UV-vis-NIR spectroscopic data of artificially
aged Inoxcrom® black ballpoint pen inks. The PLS model could be applied
to the dating of inks up to 5 years old that have a chromatographic dye
profile common to Inoxcrom® inks (Milan® and Paper Mate®) with an
accuracy error of about 25%. However, several limitations of the
methodology must be highlighted. The large size of the ink sample required
by this technique is not representative of real samples, such as handwriting
strokes in a casework scenario. In addition, the fact that the PLS model
was built with a particular brand of ballpoint pen ink made its application to

inks with a significantly different formulation impossible.

In this work, we present a non-invasive multipurpose methodology for
dating ink strokes by monitoring the modifications in the visible spectrum
of the dyes over time. Thus, an averaged visible reflectance spectrum was
acquired from each pen ink brand using a microspectrophotometer with a
smaller sample aperture than in our previous work and a subsequent ink
clustering and classification was carried out using PCA and HCA.
Moreover, the modifications undergone by the inks were related to natural
ageing under controlled conditions by applying multivariate regression
analysis. Predictive models capable of predicting the age of the ink from 7
different pen brands were built and validated. Finally, the methodology was
applied to real cases using blind samples supplied by the Forensic Science
Unit of the Basque Country Police Department in order to provide an

external assessment of the laboratory’s performance.
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4.2 Material and methods

4.2.1 Ink samples

Blue ink ballpoint pens of 6 different brands (Bic® Cristal Medium,
Staedtler® Stick 430 M, Paper Mate® Flex Grip Elite 1.4 M, Pilot® Super
Grip M, Faber-Castell® Medium and Uni-Ball® Jetstream Sport) and blue
liquid ink pens of 4 different brands (Uni-Ball® Signo Broad, Pilot® G-1,
Paper Mate® gel 0.7mm and Inoxcrom® TC Ball Stainless Steel Tip M)
were acquired in national and international markets. Bic® Cristal Medium
ballpoint pens were selected from the United States (USA) and France, as
they have been reported to have a different ink formulation 22, Thus, a total
of 11 types of writing tools from 7 different brands were studied. Four ink
strokes of each writing tool were made every month between 2017 and
2019 on white paper of A4 size and 80 g/m? (Inacopia® Elite, Portugal)
and left to age under local room conditions (60% humidity, 20 °C and in the
dark). A total of 20-30 ink samples were obtained for each writing tool,

achieving a maximum ageing of 27 natural months for the oldest one.

4.2.2 Vis-microspectrophotometry analysis

Ink strokes of each writing tool were fixed to a microscope base slide and
placed in the microscope stage within the microspectrophotometer
instrument. For the spectra acquisition, a TIDAS MSP-800
microspectrophotometer consisting of a microscope (Zeiss®, Axiotech
100) coupled to a spectrophotometer (J&M Tidas®) was used [23], The ink
strokes were analysed in the visible region between 400 and 800 nm in
reflectance mode. For each writing tool and age, as shown in Table 1, a

measurement was obtained for each of the 4 ink strokes.
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A diaphragm was used to select each measurement area under the
following conditions: for the microscope (Diaphragm dimensions 220.0 x
127.0 um, image resolution 640 x 80, objective with 20x magnification and
microscope light intensity 10) and for the spectrophotometer (Interpolation
yes, 1 nm resolution, absorbance representation (AU), single scan, 3
accumulations and 1 pixel bunching). A white area without ink from the
same sheets where the ink strokes were made was used as a reference.
The average of the 4 measurements recorded for each ink stroke type was

applied to the classification and dating study.

4.2.3 Chemometrics

For statistical analysis, SIMCA 15.0.2 Umetrics® (Umed, Sweden) was
used. The first stage of data analysis was conducted using PCA and HCA

for exploratory and classification analysis.

PCA is a multivariate projection method designed to extract and display
systematic variation in an X data matrix. The most important use of PCA is
to represent a multivariate data table as a low-dimensional plane so that
an overview of the data is obtained. This overview may uncover groups of
observations, trends, outliers and relationships between observations and

variables 24,

A PCA was performed using the absorbance values of the entire spectral
region acquired by microspectrophotometry as X variables. The data were
pre-treated by applying scaling and spectral filters to transform them so
that they could be analysed. The score plot was examined to observe

whether ink groupings between the different pen brands existed.
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There is a risk that grouping in a data set may not be fully observed using
PCA when the clusters are many, less distinct, partially overlapped or
captured by higher order latent variables. In these cases, HCA can detect
subtle and prominent groupings between observations and variables in
large and complex datasets. The distances between the observations (or
variables) are calculated and compared in HCA. When the distances
between observations are relatively small, this implies that the
observations are similar in some way, while when they are larger the
observations are significantly different. The aim is to organise the data
points into smaller and more homogeneous groups in which the variability
within the group is minimised and the variability between groups is
maximised. The HCA result will depend on the distance metric used and

the linkage criterion selected [24,

HCA was applied in the search for new clusters as well as to contrast those
detected by the PCA. To do this, the Euclidean distance method and the
Ward's linkage method, in which groups are formed so that the sum of the

squares within the group is minimised, were used.

Orthogonal partial least squares (OPLS) was applied after the
classification of the inks. OPLS is an extension of PLS that splits the
systematic variation in the X block into two parts, one that models the
correlation between X and Y (predictive) and another that shows the
systematic X variation not related (orthogonal) to Y. Orthogonalisation can
reduce the complexity of the model, as it eliminates the systematic
variation in the X matrix that is not correlated with the property to predict
(24, Thus, mathematical models were constructed for each writing tool in
which the spectroscopic data (X matrix) was related to the natural ageing
time (Y vector). The predictive models were used to predict the age of inks

in questioned documents from their spectroscopic data.
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The X matrix was made up of the spectroscopic data of the entire range of
the recorded visible spectrum of the aged inks of each writing tool. The
average of the absorbance values recorded at each wavelength of the four
ink strokes analysed was calculated for each ink sample. The X matrix was
split into two sets, calibration samples (training set) and validation samples
(test set), as shown in Table 1, using Kennard-Stone algorithm 231, The
training set was used for the construction of the OPLS model. Spectral pre-
processing techniques, such as Savitzky-Golay, multiplicative scatter
correction (MSC), standard normal variate (SNV), row center,
exponentially weighted moving average (EWMA) and first and second
derivatives, were applied in order to correct unwanted effects related to
noise and scattering. The Y variable was transformed to logarithmic
function. The number of latent variables (LVs) was optimised by internal
validation with cross-validation method. The main statistical parameters
used for evaluating this step were the root mean square error of cross-
validation (RMSECV) and the coefficient of determination of cross-
validation (R2 CV). RMSECYV is calculated using Eq. 1:

RMSECV = [H=0i30t (Eq. 1)

Where yiis the measured value (natural ageing), Ji is the value predicted
by the model and n is the total number of samples used in the training set.
The external validation of the model was carried out using the spectra of
the validation samples as a set, and then the predictive ability was
evaluated by the RMSE of prediction (RMSEP) and the R? of prediction (R?
P). The RMSEP was calculated using Eq. 2:

N2
Z?:tl (Ve,i=9ei)
ne

RMSEP = (Eq. 2)
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Where vy is the measured value, y:; is the age predicted by the model,
and n. is the number of samples in the test set. RMSEP expresses the
average error to be expected in future predictions when the calibration
model is applied to unknown samples. Moreover, the accuracy error of the
predictions obtained for the validation samples and questioned documents

was calculated according to Eq. 3:
Error (%) = (@)x 100 (Eqg. 3)

Where, y, is the age predicted by the OPLS model and y, the real age of
the ink sample. Taking into account the above statistical parameters, the
optimal model would have high R? and Q? values as well as low RMSECV
and RMSEP values and a small difference between the last two statistical
parameters. A large difference between RMSECV and RMSEP indicates
the possibility that too many LVs are used in the model (over-fitting) and
noise is modelled. The number of LVs is intended to be as low as possible,
as larger number of LVs may include some irrelevant information. The R?
parameter varies from 0 to 1, indicating the degree of adjustment to perfect
fitting, and the Q2 parameter shows the robustness and predictive capacity
of the model, being good when Q2 > 0.5 and excellent when Q2 > 0.9 [+
26 The Hotelling’s T2 and distance-to-model tests with a 95% confidence

level were applied to check for outliers.
4.2.4 Case documents

Samples of ink entries from blind documents were used for method
validation. The entries belonged to 4 documents provided by the
Documentoscopy and Graphistics Section of the Forensic Science Unit of
the Basque Country Police Department (Ertzaintza) and corresponded to
the period 2018-2019: a sheet with handwritten annotations (SDG-Q6), two
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Post-it® with handwritten annotations (SDG-Q7 and SDG-Q8) and a
handwritten telephone notice (SDG-Q9). Each document was transported
to the laboratory in individual folders and delivered according to the chain
of custody. All the documents showed single-sided ink entries made with
a blue ballpoint pen. The exact date on which the ink entries were made,
the conditions to which the documents were exposed and the pen brand
and paper manufacturer used were initially unknown for the laboratory.
Once the ink prediction for each case document was made, the police
disclosed the real date of the documents against which to contrast and

evaluate the OPLS models, thus assessing the applicability of the method.

Four invoices from 2017, 2018 and 2019 were also provided. The first
document from 2019 was made up of two stapled sheets printed in black
ink on one side with a signature made with a blue ink gel pen on the bottom
of each sheet (F12019 and F22019). The second document from 2018
consisted of two stapled sheets printed in black ink on one side with two
signatures made with a blue ink ballpoint pen (F12018 and F32018) and a
blue ink gel pen (F22018 and F42018) on the bottom of each sheet. The
last two documents were from 2017, out of the temporal application range
of the OPLS models. The first was made up of three stapled sheets printed
in black ink on one side with two signatures on the bottom of the first sheet
(F12017) and a signature on the other two sheets (F32017 and F42017)
made with a blue ink ballpoint pen. The second consisted of two stapled
sheets printed in black ink on one side with a signature made with a blue
ink gel pen on the bottom of the first sheet (F52017). The documents were
stored in folders under normal room conditions (60% humidity, 20 °C). The

pen brand and paper manufacturer used were unknown.

The analysis was carried out by Vis-microspectrophotometry following the
procedure described in section 4.2.2. Two replicas were taken for each

document.
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4.3 Results and discussion

4.3.1 Multipurpose and comprehensive method development

Ink clustering and classification was performed by applying PCA and HCA
in order to subsequently assign an optimal OPLS model that predicts the

age of a certain ink.

4.3.1.1 Ink clustering and classification by PCA and HCA

A PCA and an HCA were performed with the spectroscopic data of all the
ink samples of 11 types of writing tools from 7 different brands and aged
at different time intervals with the aim of classifying and discriminating them
(Table 1).

The PCA-X was built using all recorded wavelengths of the visible
spectrum as X variables. The absorbance values of each wavelength were
scaled with Pareto scaling and transformed into the first derivative to
highlight the maxima and minima of the visible spectra. The PCA-X was
set up with 3 PCs, accounting for 81.1% of total variation in the data. No
outliers were found in the distance-to-model graph or in the Hotelling’s T2

control graph with a 95% confidence level.

The PCA scores graph discriminated the writing tools into seven clusters
(Figure 1). This discrimination was mainly along the first and second
components, as they explained a total variance of 68%. The Inoxcrom®
gel pen brand was strongly differentiated from the others in the extreme
right area of the first component. The Uni-Ball® and Paper-Mate® gel pen
brands were grouped at the top end of the second component. The rest of
the pen ink brands were clustered in the central area of the graph with

more or less differentiation between them.
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Figure 1. PCA scores graph. Clusters of 11 writing tools from 7 different brands
along the first and second components.

The loadings graph of the PCA model was studied to establish which
wavelengths of the visible spectrum had the most influence along the first
and second components and, therefore, caused the discrimination of each
type of pen ink brand. The wavelengths ascribed to violet-blue in the range
423-465 nm and red-purple in the range 666-698 nm had a negative
influence on the first component, while the wavelength ranges
corresponding to violet at 407-411 nm, yellow-green at 538-568 nm and
purple at 718-746 nm influenced positively and, therefore, made the
Inoxcrom® gel pen brand discriminate from the others. Likewise, the
wavelength ranges attributed to blue in the range 446-458 nm and purple
in the range 749-793 nm had a negative influence on the second
component, whereas the wavelength ranges that influenced positively
were those ascribed to yellow-green at 521-552 nm and red-purple at 656-

719 nm, discriminating the ballpoint and gel pen brands from each other.
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This discrimination was contrasted by performing an HCA. Applying the
same data processing as in the PCA, the HCA dendogram (Figure 2)
classified the writing tools into four main groups at a Euclidean distance of
15.

Gel pen Ballpoint pen
15 [ 1 1
10
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5
0 L = .
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Figure 2. HCA dendogram. Classification of 11 writing tools from 7 different brands
into 4 clusters. Euclidean distance 15.

As was done in the case above, the wavelengths of the visible spectrum
that had the greatest influence on the classification of each pen brand
group were studied from the loadings graph. The first class included the
Inoxcrom® gel pen brand. The ink of this brand was characterised by the
absorption of yellow in the range of 555-574 nm, purple in the range of
732-752 nm and orange in the range of 593-620 nm. The second class
covered the Pilot®, Paper Mate® and Uni-Ball® gel pen brands. The
absorption of red-purple at 705-716 and 632-645 nm as well as violet at
416-422 nm distinguished these pen ink brands. The third class included
the Bic® from France, Uni-Ball® and Staedtler® ballpoint pen brands. The
inks of these brands were characterised by the absorption of red in the
range of 630-640 nm, blue-green in the range of 495-509 nm and violet in
the range of 414-420 nm. The fourth class covered the Paper Mate®,
Pilot®, Bic® from the USA and Faber-Castell® ballpoint pen brands. The
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absorption of red at 634-645 nm, blue-green at 470-505 nm and violet at
417-422 nm differentiated these pen ink brands.

No differences were observed with the naturally aged ink samples of each
writing tool and all of them were grouped with their corresponding brands.
This is consistent with the research carried out by Sauzier et al. 29, as they
observed that the overall classification of inks stored in dark and
polypropylene archive sleeves and those stored away from light but open
to air remained unchanged over time and thus the inks were grouped with

their fresh equivalents after 28 and 32 months.

Both PCA and HCA can be applied as complementary pre-clustering and
-classification tools to inks for which the writing tool used is unknown. While
the PCA makes it possible to visualise in which group of writing tools the
ink could be found, the HCA ratifies this clustering at a Euclidean distance
of 1. At this Euclidean distance, the 11 writing tools were separated from
each other, but classified with their corresponding group, and would

therefore allow an unknown ink to be classified in one of them.

4.3.1.2 OPLS models construction and validation

The RMSECV and R? values and the number of LVs in the calibration set
were evaluated to optimise and justify the type of spectral pre-treatment to
be applied. The model was applied to the validation set once the best pre-
treatment was chosen, in which the RMSEP value was assessed to
determine the expected prediction error when the model is applied to

unknown samples.
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The predictive model of the Bic® ballpoint pen brand from the USA was
made up of 30 samples split into 23 for the calibration set and 7 for the
validation set using the Kennard-Stone algorithm. The application of
centering and SNV filtering for the entire range of the visible spectrum
showed the best statistical parameters (Table 2). The model was set up
with 4 LVs, explaining 86% for R?Y and predicting 74% for Q? of the data
variation in the calibration set, which implies that the model has a high fit
and predictive capacity. No outliers were found in either the distance-to-
model graph or the Hotelling's T2 control graph with a 95% confidence
level. In addition, values of 0.10 (1.3 days) for RMSECV and 0.86 for R?
CV were obtained. The low RMSECYV value indicates the high accuracy of
the predictive model. It also showed an excellent predictive capacity,
achieving values of 0.05 (1.12 days) for RMSEP and 0.94 for R2 P in the

validation set. High predictive accuracy with 10% error was obtained.

The same procedure was followed for the remaining writing tools. The pre-
treatments applied and the statistical data obtained in the OPLS model for
each writing tool are shown in Table 2. The Q? values were above 50% for
the ballpoint pen brands, indicating a high predictive ability, whereas for
the gel pen brands it was around 30% and 45%. The models also showed
valid predictive accuracy and capacity on RMSECV and RMSEP terms to
be applied to real cases. Accuracy errors of less than 15% were obtained,
except for the Paper Mate® and Uni-Ball® ballpoint pen brands and Uni-
Ball® gel pen brand that were 20 to 25%.
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Moreover, the visible spectrum ranges that characterise young and old inks
in the predictive model of each writing tool were studied using the loadings
graph (Figure 3), as it was visually impossible to observe shifts or changes

in the absorption maxima of each pen ink brand over time.
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Figure 3. Spectra of young (solid line) and old (dashed line) ink of each writing tool.
The spectrum ranges that characterise the young (light blue area) and old (dark
blue area) ink are highlighted.

The young inks of the Bic®, Faber-Castell®, Staedtler® and Paper Mate®
ballpoint pen brands and the Paper Mate® and Inoxcrom® gel pen brands
were characterised by spectral modifications at 400 and 520 nm ascribed
to the absorption of violet, blue and green. The inks of the Bic® from the
USA, Faber-Castell® and Paper Mate® ballpoint pen brands and the
Pilot®, Paper Mate®, Uni-Ball® and Inoxcrom® gel pen brands were also
characterised by modifications in the red and purple region at 620-800 nm.
In addition, the Pilot®, Paper Mate® and Uni-Ball® ballpoint and Uni-Ball®
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gel inks were characterised by changes in the spectrum range between

440 and 580 nm attributed to the absorption of blue, green and yellow.

After ageing the inks of the Bic®, Faber-Castell®, Staedtler® and Paper
Mate® ballpoint pen brands and the Pilot®, Paper Mate®, Uni-Ball® and
Inoxcrom® gel pen brands were characterised by spectral changes in the
range between 520 and 620 nm ascribed to the absorption of yellow, green
and orange. The inks of the Bic®, Faber-Castell®, Staedtler®, Pilot®,
Paper Mate® and Uni-Ball® ballpoint pen brands and the Uni-Ball® gel
pen brands were also characterised by modifications in the orange, red
and purple region at 580-800 nm. The inks of the Bic® from the USA,
Faber-Castell® and Staedtler® ballpoint pen brands and the Pilot®, Paper
Mate®, Uni-Ball® and Inoxcrom® gel pen brands were characterised by
changes in the absorption of violet and blue in the range of 400-440 nm. In
addition, the Pilot® ballpoint pen brand was characterised by modifications
in the spectrum range between 580 and 680 nm attributed to the absorption

of yellow, orange and red.

To sum up, the inks of the Bic® from France, Staedtler®, Pilot®, Paper
Mate® and Uni-Ball ballpoint pen brands and the Inoxcrom® and Uni-Ball®
gel pen brands were characterised over time by spectral modifications that
shifted towards higher wavelengths, while those of the Pilot®, Paper
Mate® and Inoxcrom® gel pen brands shifted towards lower wavelengths.
The inks of the Bic® from the USA and Faber-Castell® ballpoint pen
brands were characterised over time by modifications in both the upper

and lower wavelengths of the visible spectrum.

The younger inks of all ballpoint pen brands except Staedtler® were
characterised by changes in the slopes of the absorption bands in the
range of 470 to 520 nm, whereas the older inks were characterised by

spectral modifications in the range between 580 and 610 nm. It is within
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and close to the latter range that triarylmethane dyes, the most commonly
used in ballpoint pens, have their maximum absorption bands €15,
Therefore, although the ink strokes were not exposed to light,
triarylmethane dyes can be unstable in the dark and can undergo oxidation
reactions with atmospheric oxygen to form diphenylmethane derivatives
and phenol 29, However, due to the fact that the ballpoint pen inks are
made up of a mixture of dyes, some of them could have their maximum
absorption band very close to each other and, therefore, the degradation
reactions that occurred in each of them could be suppressed due to
competitive absorption ('8, Moreover, the younger inks of all gel pen brands
except Uni-Ball® were characterised by spectral modifications in the range
from 630 to 750 nm ascribed to the absorption maxima of red and purple
absorbing components, while the older inks were characterised by those
in the range between 500 and 550 nm attributed to the absorption maxima
of green and yellow absorbing components. Although it was not possible
to determine to which dyes these modifications were associated, the inks
of the Paper Mate® and Uni-Ball® gel pen brands were known to be made
up of pigments. Previous research has shown that pigment-based inks are
more stable 29 and, therefore, the degradation of Paper Mate® and Uni-
Ball® gel inks may not have been as strong as that of other pen brands,

as pigments can act as degradation quenching agents [€l,

The ballpoint pen inks therefore underwent modifications in characteristic
ranges of the visible spectrum throughout ageing that differed from those
of the gel pen inks, with the exception of the Uni-Ball® gel ink, which had
similarities to ballpoint pen inks. This fact hinders the obtaining of a

universal OPLS model.
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4.3.2 Application to questioned documents

The feasibility of the method for dating case documents was assessed

following the steps indicated in the flow graph shown in Figure 4.

QUESTIONED DOCUMENT

RESULT
WITH 95%
CONFIDENCE
(5)

T Yes!

H-VIS
measurement

Figure 4. Flow graph used in the study of case documents.

The spectroscopic data recorded from the blind samples were applied to
the PCA and/or HCA model to determine the pen brand used in each of
them (step 1) and thus decide which predictive model to apply (step 2). In
cases where the samples were not classified nor clustered with their
respective pen brand, a random OPLS model was selected from the pen
brands with which they were closest classified and/or clustered (step 6). In
addition, the predicted score graph of the OPLS model was used (step 3),
which establishes with 95% confidence an accurate age prediction for the

ink samples within the ellipse.
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The precision error of the results obtained for the replicas of each
document was calculated by the relative standard deviation (RSD) using
the Eq. 4 (steps 4 and 5):

RSD (%) = >x 100 (Eq. 4)

Where, Sis the standard deviation and X the mean of the data. RSD values
that were less than the accuracy error obtained in the validation of the

OPLS models of each brand were taken as valid criteria.
4.3.2.1 Intercomparison study

The ink samples from documents F12018 and SDG-Q7 were clustered in
the PCA model with the Bic® ballpoint pen brand from the USA (step 1),
as shown in Figure 5A. The OPLS model of the Bic® ballpoint pen brand
placed the two replicas of each document within the ellipse of the predicted
score graph (steps 2 and 3), as illustrated in Figure 5B. An average age
prediction of 476 days with an accuracy error of 17% was obtained for the
document F12018, whereas that of the document SDG-Q7 was 622 days
with an accuracy error of 14% (steps 4 and 5), as indicated in Table 3.

M Paper Mate® gel MUni-ball® gel [Bic® France MBic® USA MFaber-Castell®  Inoxcrom® gel [ Paper Mate® [ Pilot® | Pilot® gel
[l Staedtier® M Uni-Ball® M F12018 M SDG-Q7 M Other documents

A B
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05 & ¢ e °
. Y QB% \ N o %0 @
&0 ° ‘e °
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1.23213 * toPS[1]

NO & &bk Son s
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Figure 5. A. Ink samples from documents F12018 and SDG-Q7 clustered with the
Bic® ballpoint pen brand in the scores graph of the PCA model. B. Two replicas of
the documents F12018 and SDG-Q?7 inside the ellipse of the predicted score graph
of the OPLS model of the Bic® ballpoint pen brand.
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Moreover, although the ink samples were classified within the Bic®
ballpoint pen brand, the Pilot® brand group was also found to be close to
the ink used in the SDG-Q7 document (steps 1 and 6). Therefore, the
OPLS model of the Pilot® ballpoint pen brand was also applied to the SDG-
Q7 document, giving an average prediction of 535 days with an accuracy
error of 2% (steps 4 and 5), as shown in Table 3. The ink samples from the
SDG-Q7 document in addition to being placed very close to the Pilot®
ballpoint pen brand in the PCA model, the two replicas were placed inside
the ellipse of the predicted score graph (step 3) and were within the

temporal application range of the OPLS model.

As can be observed, two OPLS models (Bic® USA and Pilot®) have
correctly predicted the age of the same ink brand used in the questioned
document (SDG-Q7). This implies that the same OPLS model of a pen ink
brand may respond not only to ink strokes of the same brand, but also to
other strokes made with a similar ink formulation. This finding could be
positive for the future universal applicability of this methodology. Thus,
OPLS models would not be needed for all commercial pen inks, but for the
most representative and/or those that fit the largest number of different
brands. The greater the number of different OPLS models, the greater the
possibility that the ink stroke of the document in question will fit one of
them. Likewise, OPLS models of other pen brands could be applied as a
cross-checking tool for predicting the age of inks with a formulation similar
to theirs, whenever the two ink replicas are placed inside the ellipse of the
predicted score graph, the age of the ink is within the temporal application
range of the OPLS model and the ink is close to any of the classes of the
pen brands studied. Moreover, although the conditions to which the
documents were exposed differed from those applied in the study,
accurate predictions could be obtained. Therefore, when these differences
are not large, the OPLS models are able to overcome them. In addition,

accurate predictions were obtained, despite the fact that the type of paper
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used in the documents was different from that used in the study, so the
background correction of the support made before the measurement of the

ink stroke was enough to eliminate its influence.

The ink samples from documents F22018 and F42018 were grouped with
the Pilot® gel pen brand in the PCA model (step 1). Although the 574-day
ink strokes were within the temporal application range of the OPLS model
(step 2), which was 8 months to 2 years, the two replicas of each document
were placed outside the ellipse of the predicted score graph (step 3) and
thus inaccurate predictions were obtained (steps 8 and 10). That was also
the case for the ink samples from document F32018 that were classified
with the Bic® ballpoint pen brand from the USA. The 574-day ink stroke
was within the temporal application range of the OPLS model, which was
5 months to 2 years, but the two replicas were placed outside the ellipse
of the predicted score graph, resulting in inaccurate predictions. Although
all the samples in the intercomparison study have been in the same
conservation conditions, it is possible that these samples have suffered
slight differences, which has led to inaccurate predictions. It must be
highlighted that these documents (invoices) have been consulted on
different occasions and, therefore, exposed in different ways and at

different times to the light.

The ink samples from documents SDG-Q6 and SDG-Q8 were not
classified in any of the pen brands studied (step 1). The Faber Castell®,
Bic® from the USA and Pilot® ballpoint pen brands were the closest to
them and thus their OPLS models were selected to carry out a trial
prediction of the ink samples (step 6). Although the ink strokes were within
the temporal application range of the OPLS models, neither of them placed
the two replicas of each document inside the ellipse of the predicted score
graph and, therefore, inaccurate predictions were obtained (step 7). This

may be due to the fact that the ink formulation in the writing tools studied
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differs from that used to make the ink strokes and, therefore, an exact age
of the ink samples cannot be established if the ink cannot be classified with
one of the pen brands studied. The lack of predictability due to this type of
mismatch could be minimised by increasing the number of ink prediction

OPLS models in the near future.

Another case was that of the ink samples from document SDG-Q9 which
were also not classified in any of the pen brand groups studied, so the
Faber Castell®, Bic® from the USA and Pilot® ballpoint pen brands which
were closest to them were selected (step 1 and 6). The ink stroke was 2
months old and did not fall within the temporal application range of any of
the OPLS models, so the two replicas were placed outside the ellipse and

inaccurate predictions were obtained (step 7).

4.3.2.2 Case documents out of time range

Due to the last case above, the feasibility of the OPLS models to detect
case documents out of their temporal application range was assessed,
since being able to determine the time ranges bellow or above which a ink

sample could be placed also provides very useful information.

The ink samples of all documents were well clustered with their respective
pen brands in the PCA model (step 1), as shown in Table 4. In all cases,
the two or one of the replicas of each document was placed outside the
ellipse of the predicted score graph of the OPLS model (steps 2 and 3),
resulting in inaccurate predictions as expected (steps 8 and 10). The OPLS
models were able to detect all the ink samples that were out of their
temporal application range, as at least one of the replicas placed it outside

the ellipse.
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A major problem could have been if the method had tried to estimate the
date of any ink stroke, irrespective of its age (over-fitting). The use of partial
least squares models could involve this risk 1271, In this methodology, this
would imply the impossibility of knowing if the analysed ink sample is within
the measurement range or not, in addition to obtaining poor results.
However, as noted above, the OPLS models were able to identify ink
samples that were not within their temporal application range with 95%
confidence, whenever the ink samples were correctly clustered in the PCA
model and/or classified in the HCA model with one of the pen brands
studied. In these cases, one of the two ink replicas was placed outside the
ellipse of the predicted score graph and thus the ink samples were
temporarily above or below the application limit of the OPLS model of the

corresponding pen brand.

4.3.3 Remarks

This study presents a non-invasive methodology for the dating of ink
strokes on paper made with both ballpoint pen and gel pen brands by
applying Vis-microspectrophotometry combined with orthogonal partial
least squares regression. Besides being a fast and non-invasive technique
that does not require any treatment of the sample, it was possible to apply
it to micro surfaces, such as ink strokes, and thus applicable to real cases
of document forgery, overcoming the disadvantage of the UV-Vis-NIR

spectrophotometric technique.

The OPLS models of each writing tool were achieved by trial-and-error
method until the optimal model was reached. First, different spectral filters
and scaling were applied and combined, possible non-informative X
variables were studied for their elimination and outlier detection was
performed. It was then checked that the values of the statistical parameters

(R?, Q2 and RMSE) obtained in the training and test sets applying these
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pre-treatments were within the established limits, achieving the minimum

accuracy error and the maximum predictive capacity.

Moreover, the classification of the inks enabled us to subsequently assign
an optimal OPLS model for age prediction in each case. The OPLS model
was able to predict an exact date with an accuracy error lower than 25%
whenever: (i) the two replicas were placed inside the ellipse of the
predicted score graph, (ii) the ink age was within the temporal application
range of the OPLS model, and (iii) the ink was well classified in one of the
groups of the pen brands studied. The intercomparison study showed that
the ink samples that met these requirements and an age prediction could
be obtained were those that (i) were made with an ink that fitted one of the
OPLS models and (ii) were stored under conditions not too different from
those applied in this study. These conditions will obviously not always be
met and, therefore, there will always be a ratio of samples of questioned
documents with no date estimate. What was promising is that it has been
demonstrated that the age prediction was always performed with a 95%
confidence rate and a high degree of accuracy and precision. Moreover,
the response ratio could increase considerably as new ink models are
added to the methodology, making it increasingly universal. Likewise, the
OPLS model was capable of detecting with 95% confidence those inks out
of its temporal application range, whenever the ink samples were correctly
clustered in the PCA model and/or classified in the HCA model with one of
the pen brands studied, but one of the two ink replicas was placed outside
the ellipse of the predicted score graph. Thus, the methodology used
cannot only accurately date the inks within its scope, but also determine
with 95% confidence which ink samples are temporarily placed above or
below the application limit of the OPLS model of the corresponding pen

brand, providing very useful information.
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Finally, the fact that the ink has a slower degradation kinetics in dark
conditions made it impossible to visually detect significant spectral
modifications in the dyes present within the inks. However, the
chemometric model was able to detect spectral modifications depending
on the age and brand of pen ink analysed. These modifications may be
due to oxidation reactions with atmospheric oxygen in which dyes and/or

pigments compete with each other [16.20],

4.4 Conclusions

Multivariate analysis was shown to be a powerful tool for monitoring the
spectral modifications during the ageing process of the dyes present in the
pen ink composition. The methodology is capable of predicting the age of
documents made with different pen ink brands and exposed to the same
or slightly different storage conditions than those applied in the study as
long as the established requirements are met, as well as detecting those
documents that are above or below its temporal application range.
Moreover, the method is a major advance in the field of ink dating, since it
is applicable to cases of document forgery of up to 2 years by analysing
the ink strokes kept in the darkness at a micro level without damaging the
integrity of the document and provides accurate ink age predictions with
95% reliability with which to make a firm decision in court cases. As noted,
with the current predictive models not all the ink samples analysed meet
the requirements for an accurate age prediction. The rejection rate will
decrease as the number of OPLS models increases with new inks, new ink

batches and/or new inks with different storage conditions.




158 |

Acknowledgments

The authors would like to thank Xabier Rementeria, Head of the
Documentoscopy and Graphistics Section of the Forensic Science Unit of
the Basque Country Police Department (Ertzaintza), for providing case
documents and related information. The authors also thank the University
of the Basque Country (UPV/EHU) (Project GIU16/04) for the financial
support and the Advanced Research Facilities (SGlker) of the UPV/EHU
for the human support in the development of this work. The Coimbra
Chemistry Centre (CQC) is supported by the Fundacédo para a Ciéncia e a
Tecnologia (FCT), through the Projects UIDB/00313/2020 and
UIDP/00313/2020. Finally, L. Ortiz-Herrero thanks UPV/EHU for the pre-

doctoral fellowship.



| 159

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

A.C.A Assis, End User Commentary on Emerging Approaches in the
Analysis of Inks on Questioned Documents, in: S. Francese (Eds.),
Emerging Technologies for the Analysis of Forensic Traces,
Advanced Sciences and Technologies for Security Applications,
Springer, Cham, 2019, pp. 179-182. https://doi.org/10.1007/978-3-
030-20542-3_12.

C. Weyermann, J. Almog, J. Bigler, A.A. Cantu, Minimum
requirements for application of ink dating methods based on solvent
analysis in casework, Forensic Sci. Int. 210 (1) (2011) 52-62.
https://doi.org/10.1016/j.forsciint.2011.01.034.

A. Koenig, S. Magnolon, C. Weyermann C, A comparative study of
ballpoint ink ageing parameters using GC/MS, Forensic Sci. Int. 252
(2015) 93-106. https://doi.org/10.1016/j.forsciint.2015.03.027.

C. Weyermann, D. Kirsch, C. Vera, B. Splenger, A GC/MS study of
the drying of ballpoint pen ink on paper, Forensic Sci. Int. 168 (2007)
119-127. https://doi.org/10.1016/j.forsciint.2006.06.076.

A. Koenig, J. Bugler, D. Kirsch, F. Kéhler, C. Weyermann, Ink dating
using thermal desorption and gas chromatography/mass
spectrometry: Comparison of results obtained in two laboratories, J.
Forensic Sci. 60 (2015) 52-61. https://doi.org/10.1111/1556-
4029.12603.

O. Diaz-Santana, F. Conde-Hardisson, D. Vega-Moreno, Comparison
of the main dating methods for six ballpoint pen inks, Microchem. J.
138 (2018) 550-561. https://doi.org/10.1016/j.microc.2018.01.045.

A. Koenig, C. Weyermann, Ink dating part Il: Interpretation of results
in a legal perspective, Sci. Justice 58 (2018) 31-46.
http://dx.doi.org/10.1016/j.scijus.2017.08.003.



https://doi.org/10.1016/j.forsciint.2015.03.027
https://doi.org/10.1016/j.forsciint.2006.06.076
https://doi.org/10.1111/1556-4029.12603
https://doi.org/10.1111/1556-4029.12603
https://doi.org/10.1016/j.microc.2018.01.045
http://dx.doi.org/10.1016/j.scijus.2017.08.003

160 |

[8] M. Calcerrada, C. Garcia-Ruiz, Analysis of questioned documents: A
review, Anal. Chim. Acta 853 (2015) 143-166.
https://doi.org/10.1016/j.aca.2014.10.057.

[9] R. Petry Gorziza, C.M. Bello de Carvalho, M. Gonzalez, L. Borba Leal,
T. Korndorfer, R. Scorsatto Ortiz, T. Trejos, R. Pereira Limberger,
Blue and black ballpoint pen inks: A systematic review for ink
characterization and dating analysis, Brazilian Journal of Forensic
Sciences, Medical Law and Bioethics 8 (3) (2019) 113-138.
http://dx.doi.org/10.17063/bjfs8(3)y2019113.

[10]A. Koenig, C. Weyermann, Ink dating, part |: Statistical distribution of
selected ageing parameters in a ballpoint inks reference population,
Sci. Justice 58 (2018) 17-30.
https://doi.org/10.1016/j.scijus.2017.08.002.

[11]C.M. Bello de Carvalho, R. Scorsatto Ortiz. R. Pereira Limberger,
Figures of merit evaluation of GC/MS method for quantification of 2-
phenoxyethanol from ballpoint pen ink lines and determination of the
influence of support paper on solvent extraction, Quim. Nova 42 (1)
(2019) 42-48. https://doi.org/10.21577/0100-4042.20170308.

[12]J. Bugler, H. Buchner, A. Dallmayer, Age determination of ballpoint
pen ink by thermal desorption and gas chromatography—mass
spectrometry, J. Forensic Sci. 53 (4) (2008) 982-988.
https://doi.org/10.1111/j.1556-4029.2008.00745.x.

[13]1. San Roman, L. Bartolomé, M.L. Alonso, R.M. Alonso, M. Ezcurra,
DATINK pilot study: An effective methodology for ballpoint pen ink
dating in questioned documents, Anal. Chim. Acta 892 (2015) 105-
114. http://dx.doi.org/10.1016/j.aca.2015.08.038.

[14]J.S. Seixas de Melo, The molecules of colour and Art. Molecules with
history and modern applications, in: A. Albini, S. Prodi (Eds.),
Photochemistry, RSC: London, 2020, Vol. 47, pp. 196-216.
https://doi.org/10.1039/9781788016520-00196.


https://doi.org/10.1016/j.aca.2014.10.057
http://dx.doi.org/10.17063/bjfs8(3)y2019113
https://doi.org/10.1016/j.scijus.2017.08.002
https://doi.org/10.21577/0100-4042.20170308
https://doi.org/10.1039/9781788016520-00196

| 161

[15]K.O. Gorshkova, I.I. Tumkin, L.A. Myund, A.S. Tverjanovich, A.S.
Mereshchenko, M.S. Panov, V.A. Kochemirovsky, The investigation
of dye ageing dynamics in writing inks using Raman spectroscopy,
Dyes Pigm. 131 (2016) 239-245.
http://dx.doi.org/10.1016/j.dyepig.2016.04.009.

[16]C. Weyermann, D. Kirsch, C. Costa Vera, B. Spengler, Evaluation of
the photodegradation of Crystal Violet upon light exposure by mass
spectrometric and spectroscopic methods, J. Forensic Sci. 54 (2)
(2009) 339-345. https://doi.org/10.1111/j.1556-4029.2008.00975.x.

[17]O. Diaz-Santana, D. Vega-Moreno, F. Conde-Hardisson, Gas
chromatography-mass spectrometry and high-performance liquid
chromatography-diode array detection for dating of paper ink, J.
Chromatogr. A 1515 (2017) 187-195.
https://doi.org/10.1016/j.chroma.2017.07.093.

[18]N.M. Grechukha, K.O. Gorshkova, M.S. Panov, l.I. Tumkin, E.O.
Kirillova, V.V. Lukianov, N.P. Kirillova, V.A. Kochemirovsky, Analysis
of the ageing processes of writing ink: Raman spectroscopy versus
gas chromatography aspects, Appl. Sci. 7 (10) (2017) 991.
https://doi.org/10.3390/app7100991.

[19]V. Sharma, R. Kumar, Dating of ballpoint pen writing inks via
spectroscopic and multiple linear regression analysis: A novel
approach, Microchem. J. 134 (2017) 104-113.
https://doi.org/10.1016/j.microc.2017.05.014.

[20]G. Sauzier, J. McGann, S.W. Lewis, W. van Bronswijk, A study into
the ageing and dating of blue ball tip inks on paper using in-situ visible
spectroscopy with chemometrics, Anal. Methods 10 (2018) 5613-
5621. https://doi.org/10.1039/c8ay01418c.

[21]L. Ortiz-Herrero, L. Bartolomé, I. Duran, I. Velasco, M.L. Alonso, M.I.
Maguregui, M. Ezcurra, DATUVINK pilot study: A potential non-
invasive methodology for dating ballpoint pen inks using multivariate

chemometrics based on their UV-Vis-NIR reflectance spectra,



http://dx.doi.org/10.1016/j.dyepig.2016.04.009
https://doi.org/10.1111/j.1556-4029.2008.00975.x
https://doi.org/10.1016/j.chroma.2017.07.093
https://doi.org/10.3390/app7100991
https://doi.org/10.1016/j.microc.2017.05.014
https://doi.org/10.1039/c8ay01418c

162 |

Microchem. J. 140 (2018) 158-166.
https://doi.org/10.1016/j.microc.2018.04.019.

[22] M. Ezcurra, I. Velasco, J.M.G. Géngora, M.l. Maguregui, R.M. Alonso,
Analysis of Bic Cristal Medium ballpoint pen inks, J. Am. Soc. Quest.
Doc. Exam. 12 (2) (2009) 57-68.

[23] A.C. de Almeida Assis, F.I. Romano Inacio, J.S. Seixas de Melo, C.
Farinha, Writing instruments inks: microspectrophotometry forensic
analysis and characterisation, European Police Science and
Research Bulletin 16 (2017) 187-207.

[24]L. Eriksson, T. Byrne, E. Johansson, J. Trygg, C. Vikstrém, Multi- and
megavariate data analysis. Basic principles and applications, 3rd ed.,
Umetrics Academy, 2013.

[25]R.W. Kennard, L.A. Stone, Computer aided design of experiments,
Technometrics 11 (1969) 137-148.
https://doi.org/10.1080/00401706.1969.10490666.

[26]L. Ortiz-Herrero, I. Cardaba, S. Setien, L. Bartolomé, M.L. Alonso, M.1.
Maguregui, OPLS multivariate regression of FTIR-ATR spectra of
acrylic paints for age estimation in contemporary artworks, Talanta
205 (2019) 120114. https://doi.org/10.1016/j.talanta.2019.120114.

[27]B.C. Deng, Y.H. Yun, Y.Z. Liang, D.S. Cao, Q.S. Xu, L.Z. Yi, X.
Huang, A new strategy to prevent over-fitting in partial least squares
models based on model population analysis, Anal. Chim. Acta 880
(2015) 32-41. http://dx.doi.org/10.1016/j.aca.2015.04.045.


https://doi.org/10.1016/j.microc.2018.04.019

CHAPTER

OPLS multivariate regression of
FTIR-ATR spectra of acrylic paints
for age estimation in contemporary

artworks

L. Ortiz-Herrero, I. Cardaba, S. Setien, L. Bartolomé,
M.L. Alonso, M.I. Maguregui

Talanta, 2019; 205: 120114

Q1, IF: 5.339, 11/86, Chemistry, Analytical






165

Abstract

In recent years the interest and demand for artworks has been increasing,
as they are an interesting commercial investment due to their growing
value in the market. This explains the increasing number of counterfeits
dealing with artworks that has led to the development of new
methodologies for their characterisation. The material characterisation of
these types of works can provide relevant information for both
authentication and conservation/restoration. Thus, in this study
multivariate chemometric methods were applied to FTIR-ATR
spectroscopic data for artwork dating purposes. To that end, ageing
prediction models were developed for Liquitex® and Hyplar® brands. Paint
samples containing the green synthetic organic pigment (PG7) were
exposed to artificial ageing and analysed with FTIR-ATR and Py-GC/MS
for characterisation and monitoring of the main components. Although the
OPLS ageing models were characterised primarily by the modifications
undergone by the binder and surfactants, a universal model could not be
developed due to differences in the modification trends of the different
brands. The applicability of the OPLS modelling for artwork dating
purposes was tested in artworks provided by internationally recognised
contemporary Basque artists. For Liquitex® a significant correlation (p <
0.05) between natural and accelerated ageing could be established, in
which approximately 50 h of accelerated ageing under the applied
conditions were equivalent to one natural year. This correlation might have
possible applications in the dating of artworks for up to at least 22 years.
Thus, the study demonstrates that FTIR-ATR combined with chemometrics
is a potential method for artwork dating and a valuable source of
information about the chemical processes involved in paint ageing, which

can be of great help in the conservation and restoration steps.

Keywords: Acrylic paint, artwork dating, FTIR-ATR, OPLS.
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5.1 Introduction

The contemporary art market is very dynamic and its increasing demand
involves hundreds of millions of dollars per year. However, several serious
problems given within the art market are intensifying fraud and limiting its
growth potential. lllicit art trade has become the third illegal market after
drugs and weapons [ 2, Today there are many counterfeits present in
museums and galleries that are sold, exchanged and exhibited among
collectors and art institutions BI; in fact, half of artworks currently in
circulation may be counterfeits ®. Hundred billions of dollars are spent
worldwide on art every year and a great part of that is tainted by illegal and
illicit activities causing damages in millions to museums, galleries and

collectors 5.

Forgers are mainly copying artworks dated from the early to mid-20th
century, as it is much easier to acquire authentic materials and modern
paintings have increased in value in recent years [6l. Artistic reasons are
also included that may affect the falsification. Contemporary art is easily
copied, since in many cases the “exclusivity” of the design is not available,
as many are serial works. In addition, the “manual dexterity” of the artists
is not always evident (unlike old masters), since many of them are
conceptual artworks. The massive production and short age of most of the
works mean a vast amount of works with similar characteristics difficult to
differentiate. Therefore, a correct material characterisation of these works
aimed to the identification and precise dating of the materials used, could

be of great help in detecting counterfeited or misattributed works.

The most widely used materials by contemporary artists are acrylic paints.
Introduced to the market in the mid-1950s, acrylic emulsion paints use a
synthetic resin dispersed in water as a binding medium. The acrylic

medium is a dispersion of methyl methacrylate-ethyl acrylate (MMA-EA)
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copolymer or methacrylate-n-butyl acrylate (MMA-nBA) copolymer. This
type of paint has a fast drying, high resistance to chemicals and weathering
and incredible flexibility ). Many brands of artist's acrylic paint are
available; each consists of binders, pigments, extenders and a range of
additives that will affect its performance and stability. In addition, the
absorption of UV radiation and the oxygen diffusion in the paint cause
photooxidation reactions, such as chain scission and cross-linking
reactions, of the polymeric binder in acrylic paints, which firstly affect the
uppermost layer of the paints. The polymer structure changes, and
consequently the physical and mechanical properties and the chemical
stability of the paints are modified. The additives and pigments added to
the paint formulation can interfere with the photooxidation reactions.
Therefore, by knowing the material composition of artworks and the
degradation processes they undergo, appropriate conservation and

restoration strategies can be developed and evaluated 8111,

Therefore, material characterisation has also a big relevance in issues
relating conservation strategies to be used with these contemporary works.
In this context, the detection of the existence of diverse amounts of
surfactants in the surface of acrylic paintings may determine the
effectiveness of some treatments, such as cleaning. For instance, if a great
lost in surfactants is identified in relation with the ageing process, an
increase in the rigidity of the painting could be predicted, thus becoming
more prone to crack in contact with humidity. On the contrary, in young
paints or paints with no tendency to lose surfactants as they age, the

surface may react differently when applying a cleaning solution.

In recent years, a number of techniques have been applied to deal with
cases of counterfeiting and assist in the conservation and restoration of
artworks. Non-destructive techniques, such as time resolved laser induced

fluorescence (TR-LIF), X-ray fluorescence (XRF) 12, proton induced X-ray
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emission (PIXE), neutron activation analysis (NAA), energy dispersive X-
ray spectroscopy (EDX) 13, Raman spectroscopy 1316, Fourier transform
infrared spectroscopy (FTIR) 13, IR-hyperspectral imaging (IR-HSI) 7. 18],
FTIR-attenuated total reflection (FTIR-ATR) 26 19 |R reflection 2% and
scanning electron microscopy-EDX (SEM-EDX) 6. 191 are used as a first
option, as they do not damage the piece of art. Among the techniques,
FTIR spectroscopy is widely used in the investigation of artworks, as it is a
fast technique and requires a very small sample quantity, the latter being
a very important factor when studying artwork constituents. There are now
portable FTIRs adapted to heritage that do not require sampling 1. In
addition, its different modes of operation, such as ATR, have made this
technique useful for the characterisation of artworks’ materials [16.19.22] as
well as for photostability studies and for the study of the influence of

pigments on the photodegradation of acrylic paints [8-10. 23],

In most cases, non-destructive techniques are not enough to authenticate
a work, so more invasive and destructive methods are required. These
techniques imply damaging the artwork under examination, which is often
restricted due to the high value and unique nature of the artworks. That is
why the use of micro-destructive techniques, such as laser ablation-
inductively coupled plasma/mass spectrometry (LA-ICP/MS) [4 and
pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS), is
expanding in this field. Py-GC/MS has been applied for photo-oxidative
ageing studies of artist's paints and for the characterisation and
identification of the paint components employed by artists and those used
in former restoration works in modern art materials, such as synthetic
organic pigments, polymeric binders, varnishes and additives 1% 25-28], This
information is necessary to propose an appropriate preventive
conservation treatment or assist during the restoration of an artwork [29. 30

and for authentication purposes 311,
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Analytical techniques combined with statistical methods, such as
multivariate chemometrics, have been widely used to extract the maximum
and most representative information from the acquired data in an
interpretable manner. Several applications of exploratory methods, such
as principal component analysis (PCA) and hierarchical cluster analysis
(HCA), have been reported in the conservation [32 331 and forensic [34 3%
fields of artworks. In spite of the applications of partial least squares (PLS)
for the guantification of paint components in the restoration of artworks [36:
371 as well as for the determination of their properties in quality control [38],
no studies are available that apply this method to the dating of artworks.
The applicability and effectiveness of this tool has been demonstrated in

other forensic fields, such as in questioned documents’ dating [3% 491,

In this study, FTIR-ATR and Py-GC/MS techniques were applied to the
characterisation of artificially aged acrylic paints from six different
manufacturers. The composition (binding medium, pigment and additives)
of the paints was identified and the modifications undergone after the
artificial ageing trials were studied. FTIR-ATR spectroscopic data of two of
this paint brands were applied to multivariate chemometric tools, obtaining
predictive models capable of dating paints. The applicability of the models
developed for one of the acrylic paints was tested in artworks provided by
the internationally well recognised contemporary Basque artists Jesus Mari

Lazkano and Luis Candaudap.
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5.2 Materials and methods

5.2.1 Reference paint samples and preparation

The acrylic paint was obtained from commercial paint tubes of six different
brands. Five of them were purchased in 2015-2016: Liquitex Acrylic Paint®
(United States (USA)), Royal Talens Van Gogh® (Netherlands), Titan Arts
— Acrilico Extrafino (Spain), Vallejo Acrylic Artist Color® (Spain) and
Golden Heavy Body® (USA). The last paint, Hyplar Acrylic Colors® (USA),
was obtained from a painting tube purchased in the 80°s. All of them
contained chlorinated copper phthalocyanine green (PG7) synthetic
organic pigment. The choice of colour and manufacturers was made on the
basis of interviews with artists and oral sources to identify the colours and

brands preferred by contemporary Basque artists.

0.6 um thick free paint films were applied over 180 um plastic sheets with
the help of a monitored film applicator (4340 Automatic Film Applicator,
Elcometer, United Kingdom (UK)), prior to drying at room conditions for
approximately 8 months. A paint sample set containing 48 samples of each
brand was gradually aged under controlled accelerated ageing conditions
and subsequently characterised by Py-GC/MS and FTIR-ATR and used
for carrying out the dating study.

5.2.2 Accelerated ageing

The ageing procedure consisted in exposing the reference paint films (1 x
2 cm) to artificial solar radiation under controlled temperature, humidity and
irradiance conditions, as reported in a previous work 39, A Solarbox 1500e
RH equipment (Neurtek Instruments, Spain) was used, with a Xenon
Lamp, which provided radiation with wavelengths between 300 and 800

nm and a nominal irradiance of 600 W m-2. The camera was equipped with
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an indoor 310 nm UV filter and set to a black panel temperature of 55 °C
and 50% humidity. The accelerated ageing was carried out under

isochronous sampling up to a maximum of 1426 h.

5.2.3 Py-GC/MS analysis

Py-GC/MS was performed to characterise the organic components, such
as binders, pigments and additives, present in the artificially aged

reference paint films of the six brands studied.

A 5250 pyrolyzer unit (CDS Analytical, USA) combined with a 5975C
GC/MSD System with Triple-Axis Detector (Agilent Technologies, USA)
equipped with a ZB-WAX capillary column (30 m x 0.25 mm x 0.25 pm)
(Agilent Technologies, USA) was used. The pyrolysis temperature was set
at 600 °C, since previous research studies have shown that this
temperature is effective for the analysis of acrylic emulsion paints by
achieving the fragmentation of the synthetic organic pigments and the
acrylic paint binder [19.28.30], The temperature of the pyrolysis interface was
300 °C and that of the injector 300 °C. The GC column temperature
program was: initial temperature of 40 °C, kept for 2 min, increased up to
250 °C with 12 °C mint heating rate and held for 10 min. The helium gas
flow was set at 1.7 mL min-l. Mass spectra were recorded under electron
impact (El) ionisation at 70 eV. The ion source temperature of the mass
spectrometer was 230 °C. The split ratio was 1:10 and the m/z spectrum
was fixed between 40 and 550. The identification of the compounds was
carried out using NIST 11 Mass Spectral Library and the similarity index

(SI) was as high as 90% for most compounds.

The paint samples were scratched from the plastic sheets with a scalpel

after artificial ageing. Approximately 10-20 pg (Sartorius SE2 Micro
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Balance, Sartorius Stedim Biotech, Germany) of each paint were used for

measurement. Blanks were run after every 5 samples.

5.2.4 FTIR-ATR analysis

FTIR-ATR was employed for the analysis of the samples obtained from the
selected artworks and for the characterisation of both organic and
inorganic paint components, including the binder, pigments and inorganic
fillers and extenders present in the artificially aged reference paint films of

Hyplar® and Liquitex® brands.

No sample preparation was required for ATR measurements. For the FTIR-
ATR investigations FT/IR-4100 instrument with an ATR-PRO ONE unit
(JASCO International Co., Ltd., Japan) equipped with a triglicine sulphate
(TGS) detector and a diamond crystal was used. Spectra were acquired
with 128 scans in the spectral range of 4000-400 cm?® at 2.0 cm?
resolution. Measurements were performed on one spot directly at the
surface of the paint films and artwork samples. A background of air was
recorded before every measurement and all spectra were corrected
against the background spectrum by using Spectra Manager Software v.2

prior to chemometric analysis.

5.2.5 Chemometrics

For statistical analysis, SIMCA 14.1 Umetrics® (Umed, Sweden) was
used. Orthogonal partial least squares (OPLS) was applied to construct
mathematical models for the two paint brands, Liquitex® and Hyplar®, that
relate the spectroscopic data (X matrix) to the accelerated ageing time (Y
vector). The models were used to predict the age of acrylic paints in
artworks. OPLS is an extension of PLS that splits the systematic variation

in the X block into two parts, one that models the correlation between X
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and Y (predictive) and another that shows the systematic X variation not
related (orthogonal) to Y. Orthogonalisation can reduce the complexity of
the model, as it eliminates the systematic variation in the X matrix that is

not correlated with the property to predict 111,

The X matrix was formed by spectroscopic data of the artificially aged
reference paint samples for each brand. In the first step, the full sample set
(48 samples per brand) was used for the development of each model
(Table 1). Pre-processing methodologies, such as Savitzky-Golay,
multiplicative scatter correction (MSC), standard normal variate (SNV), row
center, exponentially weighted moving average (EWMA) and first and
second derivatives, were tested to find models with better performance.
The X variables were scaled to unit variance and the Y variable was

transformed to logarithmic function.

Table 1. Accelerated ageing times applied to paint samples of Liquitex® and
Hyplar® brands.

Sample number Acceltteirna;t:c(ihz;lgemg Sample number Acceltteirna;t:c(ih:;lgemg
1 1426 25 427
2 1379 26 403
3 1331 27 379
4 1263 28 355
5 1216 29 331
6 1168 30 255
7 1097 31 236
8 1048 32 211
9 1000 33 184

10 929 34 165
11 905 35 140
12 881 36 116
13 859 37 93
14 833 38 88
15 762 39 84
16 738 40 71
17 714 41 65
18 682 42 60
19 666 43 46
20 594 44 42
21 571 45 37
22 546 46 22
23 519 47 18
24 499 48 12
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In the second step, two prediction models were developed for each brand,
based on the distribution of the paints as they age: one consisting of paint
samples with a short-term ageing and another one of samples with a long-
term ageing. The short-term ageing model for the Liquitex® brand
consisted of 31 samples (sample no. 18 to 48), while the long-term ageing
model was made up of 17 samples (no. 1 to 17). In the case of Hyplar®,
the short-term ageing model consisted of 28 samples (no. 21 to 48) and
the long-term one of 20 samples (no. 1 to 20). The X matrix was split into
two sets, calibration samples (training set) and validation samples (test
set), using Kennard-Stone algorithm 2, The training set was used for
building the OPLS model. The number of latent variables (LVs) was
optimised by internal validation with cross-validation method. The main
statistical parameters used for evaluating this step were the root mean
square error of cross-validation (RMSECV) and the coefficient of
determination of cross-validation (R2 CV). RMSECYV is calculated using Eq.
1:

RMSECV = [H=0i30t (Eq. 1)

Where yiis the measured value (accelerated ageing time), 9; is the value
predicted by the model, and n is the total number of samples used in the
training set. The external validation of the model was carried out using the
spectra of the validation samples as a set, and then the predictive ability
was evaluated by the RMSE of prediction (RMSEP) and the R? of
prediction (R? P). The RMSEP was calculated using Eq. 2:

N2
Z?:tl (Ve,i=9ei)
ne

RMSEP = (Eq. 2)
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Where vy is the measured value (accelerated ageing time), y:; is the age
predicted by the model, and n; is the number of samples in the test set.
RMSEP expresses the average error to be expected in future predictions

when the calibration model is applied to unknown samples 39 411,

Taking into account the above statistical parameters, the optimal model
would have high R? and Q? values as well as low RMSECV and RMSEP
values and a small difference between the last two statistical parameters.
A large difference between RMSECV and RMSEP indicates the possibility
that too many LVs are used in the model (over-fitting) and noise is
modelled. The number of LVs is intended to be as low as possible, as
larger number of LVs may include some irrelevant information. The RZ2
parameter varies from 0 to 1, indicating the degree of adjustment to perfect
fitting, and the Q2 parameter shows the robustness and predictive capacity
of the model, being good when Q2 > 0.5 and excellent when Q2 > 0.9 [
411, The Hotelling’s T2 and distance-to-model tests with a 95% confidence

level were applied to check for outliers.

5.2.6 Artwork description and sampling

The method developed needed to be tested on real artworks. The
complexity of contemporary works respond, among other reasons, to the
vast variety of materials and brands employed by contemporary painters.
Moreover, it is not always easy to know which are the exact products used
in a given artwork, since in many cases this is not relevant for the artist
itself. We can find both, artists who thoroughly and carefully select the
materials they use and artists whose experimental degree is higher in
terms of materiality. Thereby, we were granted access to the complete
collection of two well-known Basque painters who represent both cases
and who kindly provided the samples needed: Jesus Mari Lazkano and

Luis Candaudap. The former, characterised by its meticulous, detailed and
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impeccable figurative technique, who carefully selects and documents the
paints he uses [, On the other hand, Luis Candaudap is more
experimental in his artistic practice, but also keeps record of the paint

brands he has used throughout his artistic career.

Sampling was carried out over selected works painted by Jesus Mari
Lazkano and Luis Candaudap in different years (Appendix A Figure A.1
and A.2). The selection was made based on the colour and paint brands
used. The selected samples were analysed by FTIR-ATR and applied to
the dating study. A total of 9 samples were taken from four different
artworks. The first artwork was “Paisaje de Busturia” by Jesus Mari
Lazkano, dating from 1996. The paint sample (code LPBV) was taken by
manually scratching the surface of the green paint of the back of the
artwork with a scalpel. The second painting was “Marina” by J. M. Lazkano,
from 2015. 3 paint samples were obtained by scraping the green paint layer
of the back (code LMV1), the stretcher (code LMV2) and the border (code
LMV3) of the artwork. The third artwork was “Robin” by Luis Candaudap,
which dates from 1997. The paint sample (code LCRV) was removed by
scratching the layer of the green paint of the front of the artwork. The last
artwork was “Pequefia Dignidad” by L. Candaudap, dating from 1998.
Paint samples were taken by cutting with scissors the green (codes
LCPDV1, LCPDV2 and LCPDV3) and purple (code LCPVM) painted

canvas of the back of the artwork.
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5.3 Results and discussion

5.3.1 Characterisation by Py-GC/MS

Under the applied pyrolysis conditions, the acrylic resins undergo
depolymerisation reactions that cause the breakage of the polymer chain
in its constituent monomers. In Table 2, the main pyrolysis products
attributed to the binder of a recent paint sample of the Liquitex® brand are
shown. The most intense peaks observed in the pyrogram (Figure 1A)
were due to the polymer monomers. Methyl methacrylate (MMA) at RT
3.79 min (m/z 39, 41, 69 and 100) and n-butyl acrylate (nBA) at RT 6.15
min (m/z 55, 56 and 73) monomers were detected, with the corresponding
sesquimer, dimer and trimer fractions at higher RTs: nBA-MMA sesquimer,
nBA-MMA dimer, nBA sesquimer, nBA-nBA dimer, two isomers of nBA-
nBA-MMA trimer, nBA-MMA-nBA trimer and nBA-nBA-nBA trimer, what
would be in accordance with data reported by other authors ®4. The
masses at m/z 56 and 73 observed in the nBA mass spectrum indicate the
formation of butene and protonated acrylic acid, respectively 2. The
pyrograms of Talens®, Titan®, Vallejo® and Golden® brands were
dominated by the same polymer monomers as Liquitex® (Table 2 and
Appendix A Figure A.3).
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Figure 1. Pyrograms corresponding to a recent paint (red line) and to a paint with
330 h of accelerated ageing (black line) of Liquitex® (A) and Hyplar® (B) brands.
The abundances of the chromatographic peaks were normalised with the sample
mass.

In the Hyplar® brand, however, besides the characteristic peaks of MMA,
ethyl acrylate (EA) monomer at RT 3.63 min (m/z 27, 55 and 56) was
identified as a main peak (Figure 1B), while in the other brands only trace
amounts of EA were added. The mass spectra of EA is characterised by a
peak of m/z 55 that corresponds to the loss of an ethoxy (OC2Hs) group to
create a CH2CHCO* fragment ion 28], Ethyl methacrylate (EMA) at RT 4.33
min (m/z 39, 41 and 69) was observed as a pyrolysis product of EA 28], In
addition to the peaks of the polymer monomers, the pyrogram of the acrylic
binder is also characterised by the formation of sesquimers, dimmers and
trimers at higher RTs: EA-MMA sesquimer, EA-MMA dimer, EA sesquimer,
EA-EA dimer, two isomers of EA-EA-MMA trimer and EA-EA-EA trimer [*4
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451, Polyacrylates contain tertiary hydrogen atoms along their polymer
chain, which are prone to abstraction. If the polymer chain is not in a linear
arrangement tertiary hydrogen atoms can be abstracted and the formation
of free radicals not in the terminal carbon would initiate the formation of
oligomers 281, That is, sesquimers, dimers and trimers are recombinations
or fragments of the polymer backbone composed of its monomers in
different proportions 1€, The peak observed at RT 7.23 min was attributed
to styrene (Sty) (m/z 51, 78, 103 and 104). The area of this peak was
significantly less intense than that of the MMA, nBA and EA monomers,
indicating that a small quantity of styrene was added to paint formulations.
This may explain why no styrene oligomers were detected. The presence
of styrene is not linked to the pigment nor to any other additive present in
the paints 9. Thus, styrene comes from the binder. Styrene is used in
paint formulations to decrease the cost of the acrylic resin and improve
paint performance by enhancing its hardness and resistance to
weathering, water and alkali 19 29, Therefore, an acrylic styrene-n-butyl
acrylate-methyl methacrylate (sty-nBA-MMA) copolymer was used as
binder for Liquitex®, Talens®, Titan®, Vallejo® and Golden® paints,
whereas Hyplar® paint was characterised as an emulsion of poly(styrene-
ethyl acrylate-methyl methacrylate) (p(sty-EA-EMA)). Acrylic paint
formulations have been modified over the past few years, as styrene had
not been previously detected with nBA-MMA copolymer in either Liquitex®
nor Talens® paints [19 451, Other pyrolysis products related to nBA-MMA
copolymer were methyl acrylate (MA), n-butanol, n-butyl acetate, n-butyl
methacrylate (nBMA), trans butene and sec butyl cyclobutanecarboxylate
[19.29], The peaks with m/z 86 and 72 were attributed to methacrylic acid
and acrylic acid, respectively, detected in all paint brands (Table 2). These
acids are used in the polymerisation process to increase the mechanical

stability of the wet latex and reduce the surfactant content [29],
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In the pyrograms peaks attributed to the pyrolysis products of the additives
incorporated in the paints were detected, such as 1H-imidazole-4-
carboxilic acid, 2,3,5-trimethyl phenol and 4,5,7-trimethyl coumarine (Table
2). These pyrolysis fragments come from additives used as biocides and
antifouling agents, antioxidants and optical brighteners, respectively [19]. P-
tert-octylphenol associated with the pyrolysis of the non-ionic alkylaryl
poly(ethoxylated) type surfactant (octylphenyl-poly(ethylene oxide)
(octylphenyl-PEQ)) was identified in all paint brands. In the mass spectrum
the molecular ion (m/z 206) and the base peak [CoH110]" (m/z 135)

resulting from the benzylic bond cleavage of that ion were detected 491,

Toluene, xylene, 1-chlorobutane, ethyl benzene, benzenedicarbonitrile
and chlorobenzene characteristic of PG7 green pigment were also
detected (Table 2) 119 47, Some of the pigment fragments could not be
detected in all the paint brands, either because of the low concentration
added in the commercial paint formulations 8 or because it could not be
identified at the applied pyrolysis temperature, needing temperatures
above 700 °C [31. 471,

After the initial characterisation, the influence of the accelerated ageing
over the six paint brands was studied by analysing samples taken at the
end of the complete ageing cycle. An increase in monomers and oligomers
caused by side- and main-chain scission reactions of the acrylic binder as
photooxidation products was detected in Liquitex® and Titan® brands
(Figure 1A and Appendix A Figure A.3E). This indicates a decrease in the
thermal stability of the binder after exposure to accelerated ageing [l
Hyplar®, Golden®, Talens® and Vallejo® brands (Figure 1B and Appendix
A Figure A.3C, D and F) showed a decrease in the abundance of peaks
attributed to the binder. No changes were detected for the surfactant under
the applied accelerated ageing conditions in any of the brands studied. A

larger number of peaks related to the pigment were detected in all paint
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brands (Table 2), indicating a decrease in its thermal stability after
exposure to the ageing conditions used. The observed decrease in thermal
stability of this type of paintings as they age might imply extra care in their

conservation as well as in any restoration intervention.

5.3.2 Characterisation by FTIR-ATR

Liquitex® and Hyplar® paintings were further characterised by FTIR-ATR,
as they were representative of the two types of binders studied. In Figure
2A the FTIR-ATR spectrum of a non-aged Liquitex® paint is shown. The
characteristic IR absorption of acrylic resins is ascribed to the strong band
at 1725 cm-! corresponding to the carbonyl (-C=0) stretching vibration 11,
The absorption band at 2952 cm is attributed to C-H bond stretching
vibrations. Another band of acrylic copolymers was that of C-H bending at
1448 cm™. Bands at 2878 and 1095 cm! are characteristic of PEO-type
surfactant (9, No characteristic bands of styrene, such as the absorptions
in the range between 3100 and 2800 cm attributed to =C-H aromatic
stretching, the absorptions ascribed to C=C aromatic stretching between
1650 and 1450 cm? or the absorptions between 761 and 702 cm
attributed to C-H rocking of the aromatic ring 9, were detected in the FTIR-
ATR spectra. Bands of the phthalocyanine green pigment were present at

1391, 1306, 1211 and 1160 cm- corresponding to C-H in-plane vibrations
18, 19],

The FTIR-ATR spectrum of a non-aged paint of Hyplar® brand is shown in
Figure 2B. Two peaks characteristic of acrylic resins were identified: a
strong and sharp absorption at 1725 cm-! that corresponds to the carbonyl
(-C=0) stretching vibration, followed with a strong absorption at 1150 cm-
1, which is related to the stretching vibration of the ester groups (-C-C(=0)-
0O-) 4, The absorption band at 2954 cm? is attributed to C-H bond

stretching vibrations of EA-MMA resins. Other bands of the acrylic
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copolymer were those of C-H bending at 1448 and 1383 cm~! and C-O and
C-C stretching at 1237 and 1022 cm-. The spectrum indicates that there
is a high abundance of a PEO-type surfactant on the paint surface by the
bands at 1112 cm! and the C-H stretching region at 2895 cm-. The band
at 1344 cm-! is also ascribed to PEO type additive [*11. Neither extenders
nor characteristic bands of styrene were detected in the FTIR-ATR spectra
due to the low quantity in the binder. Bands of the phthalocyanine green
pigment were present at 1305 and 1211 cm-?, corresponding to C-H in-

plane vibrations [ 191,

A = - 0,6
C*O C-H, C-C and C-O
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Figure 2. FTIR-ATR spectra of a non-aged paint sample of Liquitex® (A) and
Hyplar® (B) brands. The characteristic IR bands assigned to the acrylic copolymer
(*), PG7 pigment (green ¢) and PEO surfactant (red ¢) are marked.
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The FTIR-ATR spectra of the aged acrylic paints were examined. The
changes detected in Liquitex® brand after exposure to accelerated ageing
are shown in Figure 3. The carbonyl absorption at 1725 cm? attributed to
nBA-MMA copolymer decreased and broadened with 1097 h of ageing due
to side-chain scission reactions that led to the loss and volatilisation of the
side butyl groups of the polymer and the formation of gamma-lactones &
10,11, 48], The C-H(CH?2) stretching band at 2952 cm decreased due to
main-chain scission reactions 8. Thus, the modifications in the spectra
indicate photooxidation instability of the binder under the applied artificial
ageing conditions. Besides, the increased presence of PEO type surfactant
was observed on the surface of the paint within 571 h of accelerated
ageing, as shown in the increase of the peak at 1095 cm ¥, The
absorptions at 2878 and 1095 cm attributed to PEO showed alterations
after 1097 h of ageing, with a tendency to decrease in intensity that may
be associated with the degradation of the hydrocarbon fraction and with
the oxidation of the PEO molecules that cause the excision of
poly(oxyethylene) chains, respectively 111, In addition, a decrease in the
absorptions attributed to the phtalocyanine green pigment was observed,
which indicates that the pigment is affected by light. The paint, however,
showed an increase in the absorption bands assigned to the binder, PEO
surfactant and PG7 pigment under the maximum conditions of accelerated
ageing applied. This can be explained by the rearrangement of the broken
bonds that may result in the recovery of the materials or in the creation of

new ones.
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Figure 3. FTIR-ATR spectrum of a non-aged paint sample of Liquitex® brand (A)
as well as samples with an accelerated ageing of 571 (B), 1097 (C) and 1426 (D)
h.

Hyplar® FTIR-ATR spectra obtained after the accelerated ageing trials are
shown in Figure 4. After an increase in the absorption band attributed to
the —C=0 stretching of the EA-MMA binder at 1725 cm in the first 12 h,
the band showed a moderate decrease as well as a broadening during the
rest of the ageing. As in the previous case, the reason could be chain-
breaking reactions that cause the loss and volatilisation of low molecular
weight compounds and the formation of gamma-lactones [ 48, The fact
that the carbonyl peak showed a slight decrease (almost remains constant)
may also be explained by the fact that the loss of part of the carbonyl ester
group is compensated by the formation of new oxidation products that
absorb in the same region 8. A limited increase in absorption ascribed to
the C-O stretching vibration of the ester group at 1237 cm was also
detected, while the -CH region at 3000-2800 cm was unaffected.
Therefore, the bands attributed to the binder remain almost unaltered,
indicating that p(EA-MMA) could have greater stability to light compared to
p(nBA-MMA) 291, The bands at 2895 and 1344 cm-! attributed to the PEO

surfactant could not be detected, while a decrease of the band at 1112 cm-
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1 was observed after the first hours of accelerated ageing. This can be
explained either by the thermal ageing that causes surface surfactant to
melt and migrate back into the bulk film or by the accelerated light ageing
that causes an enhanced photodegradation of the surface surfactant 9,
This last case may explain the increase in the absorption band of the EA-
MMA copolymer at 1725 cm, as the excision of the surfactant's
poly(oxyethylene) chains during oxidation may result in the formation of
short chains that may be compatible with the polymer, so they can diffuse
back into the polymer 59, The band at 1112 cm™ attributed to PEO
increased moderately with more hours of accelerated ageing due to the
increased coalescence of the film that enhances the mobility of the
surfactant within the film and brings it back to the paint surface 9. The
absorptions attributed to PG7 pigment showed a slight decrease under the

accelerated ageing conditions applied.
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Figure 4. FTIR-ATR spectrum of a non-aged paint sample of Hyplar® brand (A) as
well as samples with an accelerated ageing of 12 (B), 762 (C) and 1426 (D) h.
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5.3.3 OPLS model development

Reference Liquitex® and Hyplar® paint films applied over plastic and
artificially aged for 1426 h were isochronously sampled for the
development of OPLS models. A full sample set consisting of 48 samples
of Liquitex® brand paint films was first used for model development. The
unwanted contributions to FTIR-ATR spectra can be overcome by applying
different types of spectral pretreatments, such as Savitzky-Golay, MSC,
SNV, row center, EWMA and first and second derivatives. Using the values
of RMSECV and R? and the number of LVs to optimise and justify the type
of spectral pretreatment to be applied, different OPLS models were built
(Table 3). Tests were carried out using the full range and specific regions
of the IR spectrum to try to reduce the influence of spectral noise. The
application of the first derivative function with 15 points for the wavenumber
range 4000-400 cm™! showed the best statistical parameters. This is
observed in the high correlation obtained with a minimum number of LVs
and in the low values of RMSEE and RMSECYV, indicating this model has

a good fit to the data set.

The scores graph (Figure 5A) showed a displacement of the paint samples
over the accelerated ageing time, resulting in two groups: one consisting
of paint samples with a short-term ageing that moves to the right in the
predictive component and another one of samples with a long-term ageing
that moves down in the orthogonal component. Thus, the next step was to

develop an OPLS model for each group.
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Figure 5. Score graph of the first predictive (t1) and orthogonal (tol)
component, with Hotelling's T2 control ellipse (95% of confidence), for Liquitex®
(A) and Hyplar® (B) brands. Each sample (red points) is represented with its
accelerated ageing time in hours.

The model of short-term ageing consisted of 31 samples that were split
into 21 for the calibration set and 10 for the validation set by using the

Kennard-Stone algorithm. The model was selected with 4 LVs. No outliers
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were found in the distance-to-model graph or Hotelling's T2 control graph
with 95% confidence level. Besides, values of 0.28 for RMSECV and 0.99
for R2 CV were achieved. The small value of RMSECYV is indicative of the
model's good predictive accuracy. The model was then applied to the
validation set to check its prediction ability and its performance. A value of
0.19 for RMSEP was achieved using the external validation test set,
exhibiting an acceptable predictive capacity with R?2 P values higher than

0.85. Likewise, an accuracy error of 32% was obtained in the predictions.

The long-term ageing model was made up of 17 samples split into 12 for
the calibration set and 5 for the validation set using the Kennard-Stone
algorithm. The model was set with 5 LVs. No outliers were found in either
the distance-to-model graph or Hotelling's T2 control graph with a 95%
confidence level. In addition, values of 0.05 for RMSECV and 1 for R2 CV
were obtained that indicate the model's high predictive accuracy. The
model was then applied to the validation set, exhibiting excellent
predictability and performance with values of 0.04 for RMSEP and 0.89 for

R2 P. High prediction accuracy with 8% error was obtained.

The wavenumbers of the absorption bands attributed to the Liquitex® paint
components that define the prediction models were studied using the
loadings graph. The aim was to highlight the most relevant physico-
chemical processes under ageing. The younger paints of both models
were characterised by maodifications in the range between 2875-2805 cm-
1 attributed to the PEO surfactant. The paints showed a decrease in the
intensity of this band that may be associated with the degradation of the
hydrocarbon fraction of the PEO. The paints were also characterised
throughout the applied ageing trials by modifications in the range 1795-
1765 cm and 1680-1555 cm- attributed to the carbonyl group of the nBA-
MMA acrylic resin. As the paint ages in the model of short-term ageing, the

band widens due to formation of oxidised species, such as carboxyl acids,
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ketones and aldehydes, and also decreases due to chain-breaking
reactions that cause the loss and volatilisation of low molecular weight
compounds L. Particularly the progressive absorptions at 1773, 1600 and
1710 cm could indicate the formation of a y-lactone structure [0 111, |n
contrast, the long-term model paints undergo an increase and a
sharpening of the band as they age. That may indicate that oxidised
species disappear and that a rearrangement of the broken bonds takes
place that can lead to the recovery of the materials or the creation of new
ones. Recent studies showed that nBA-MMA formulation exhibits
prevailing cross-linking reactions in the long-term [ 111, Thus, the models
were established by the changes undergone by the binder and surfactant
as they age. These results are consistent with those observed visually in

the characterisation of the spectra of Liquitex® paints.

The same procedure was followed to develop the different models for the
Hyplar® brand. The full set of Hyplar® samples was first used to choose
the best pretreatments for model development. The 1st derivative function
with 15 points for the full range of FTIR-ATR spectra was used for model
optimisation. The model was set with 2 LVs, explaining 94% for R?Y and
predicting 87% for Q? of the data variation that indicates that the model has
a high fitting and prediction capacity (Table 3). Besides, low values of
RMSEE and RMSECV were obtained, indicating the good predictive

accuracy of the model.

As with the Liquitex® brand, the score graph (Figure 5B) showed two
different displacements of the paint samples over the accelerated ageing
time: short-term aged paints moved to the right in the predictive
component, while long-term aged paints moved down in the orthogonal

component. Thus, a model was developed for each group.
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The model of short-term ageing consisted of 28 samples split into 18
samples for training set that was used to construct the model and 10
samples for validation set that was used to validate it. The model was
established with 3 LVs. No outliers were found in either the distance-to-
model graph or Hotelling's T2 control graph with a 95% confidence level.
Besides, the model exhibited good predictive accuracy with values of 0.27
for RMSECV and 0.99 for R? CV. Values of 0.26 for RMSEP and 0.73 for
R2 P were obtained in the external validation, indicating an acceptable
predictive capacity. An accuracy error of 31% was obtained in the

predictions.

The long-term ageing model consisting of 20 samples was divided into 12
for the calibration set and 8 for the validation set using the Kennard-Stone
algorithm. The model was set with 4 LVs and no outliers were found in
either the distance-to-model graph or Hotelling's T2 control graph with a
95% confidence level. Values of 0.05 for RMSECV and 1 for R? CV were
obtained, indicating the high predictive accuracy of the model. The external
validation showed an excellent prediction ability and performance of the
model with values of 0.05 for RMSEP and 0.95 for R? P. High predictive
accuracy with 10% error was obtained. Thus, higher prediction accuracies

were achieved for both brands within the long-term ageing models.

The wavenumbers of the absorption bands attributed to the Hyplar® paint
compounds that define the prediction models were studied using the
loadings graph. As in Liquitex® models, the ageing of the paint films were
also characterised by modifications in the ranges 1790-1750 cm* and
1715-1590 cm™? attributed to EA-MMA acrylic resin. Unlike the previous
study, in the first hours of accelerated ageing the absorption band
increases. This may be explained by the excision of the surfactant's
poly(oxyethylene) chains during oxidation, leading to the formation of short

chains that can be compatible with the polymer, so they can diffuse back
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into the polymer 159, As the paint ages the band decreases moderately due
to chain-breaking reactions as well as broadens due to formation of further
oxidised species, as mentioned earlier. The paint films within short-term
ageing model were characterised by modifications in the range between
1100-1050 cm attributed to the PEO surfactant. Initially the band
decreased in intensity, and then started to grow up. This loading effect was
only found in Hyplar® prediction model paints. The initial decrease may be
associated with the oxidation of the PEO molecules that cause the excision
of poly(oxyethylene) chains. Moreover, some studies have confirmed that
substantial amounts of surfactants can be present on EA-MMA paintings
after natural and thermal ageing. Ageing initially seems to cause surface
surfactant to melt and migrate back into the bulk film; however, the
migration rate post-ageing appears to accelerate due to increased polymer
coalescence induced by ageing regime and/or increased mobility resulting
from thermal degradation of the surfactant within the bulk film 18 49 |n
addition, Hyplar® paint films within the long-term ageing model were also
characterised by modifications in the range between 1335-1295 cm
attributed to phtalocyanine green pigment. Thus, the models were
established by the changes suffered mainly by the surfactant and, to a

lesser extent, by the binder and the pigment.

From the study of the loadings of the OPLS models, relevant information
could be extracted. First, the models that fit to the ageing of the Liquitex®
brand paints (nBA-MMA copolymer) were mainly influenced by the ageing
processes of the binder, following by those of the surfactants to a much
lesser extent. In the case of Hyplar® (EA-MMA copolymer), the most
relevant influences were the degradation and migration of the surfactants
and, secondly, the degradation processes of the binder and pigments.
Moreover, although both brands’ models were characterised by
modifications of the same paint components, PEO type surfactants

underwent different reactions in its chemical structure in each brand. Thus,
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it was not possible to set a single OPLS prediction model for the two paint

brands.

Furthermore, two different OPLS models needed to be established for
each brand’s short and long term ageing predictions, as shown in Figure
5A and B. In the case of Liquitex® paints, the short-term model was mainly
influenced by the degradation of the binder, which induced modifications
(decreasing and broadening) in the characteristic band of the carbonyl
group (1725 cm) of the nBA-MMA acrylic resin. While, in the long-term
samples, the growth and narrowing (just the opposite) of the same band
was the main influence in the OPLS model due to prevalence of the cross-
linking reactions and the disappearance of the oxidised species. In the
case of Hyplar® acrylic paints, the change in the influence of the prediction
models was less obvious than for the Liquitex® samples. The influence in
the short-term model was related, among others, to the disappearance of
the surfactant on the paint film surface due to degradation/migration
processes, being just the opposite in the case of the long-term model

because of the migration of the surfactants back to the paint film surface.

Finally, as mentioned above, higher prediction accuracies were calculated
within the long-term ageing models (8-10% accuracy error) than within the
short-term ones (31-32%) for both paint brands. Once the different
influences and loadings weights in each of the models have been studied,
the improvement in estimation accuracy could be due to the decrease in
the number of influential ageing processes in the long-term models. For
example, while the short-term Liquitex® model was influenced by binder
and surfactant modifications, in the case of the long-term model, the cross-
linking process link to the binder ageing was only the most relevant
influence. Something similar was observed with Hyplar®, where the
migration of the surfactant back to the surface of the paint film became the

most influential process in the long-term model.
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5.3.4 Application of OPLS models to artwork dating

The predictive models developed for the Liquitex® brand were applied to
paint samples obtained from different artworks, dated from 1996 to 2015,
provided by the artists JesUs Mari Lazkano and Luis Candaudap. These
samples were used to determine the correlation between artificial ageing
and its equivalent to natural ageing. The model for short-term ageing was
used to predict the equivalent accelerated age of the most recent artworks
(LMV1, LMV2 and LMV3 codes), while the long-term ageing model was
used for the samples coming from the oldest artworks (LCPDM, LCPDV1,
LCPDV2, LCPDV3, LCRV and LPBV codes). The predicted age was
represented against the real age of the artworks by obtaining a regression
line. It must be mentioned that the prediction models were developed with
paints that already had undergone one year of natural drying. Thus, the
real age of the artworks was corrected by subtracting one natural year from
the predicted age. In most cases, the exact paint brand used by a given
artist is unknown, as they explore and experiment with different brands and
colour mixtures. In this case, only the artist Jesus Mari Lazkano was able
to confirm the use of Liquitex® brand in his artworks, while Luis Candaudap
sensed that he could have used it. Moreover, the storage conditions of the
artworks cannot be specified because of their multiple locations (studio,
exhibition halls, etc.). Some of the samples obtained from artworks by Luis
Candaudap, coded LCPDV1, LCPDV2 and LCPDV3, showed a large
deviation not matching the regression line, maybe due to the experimental
character of his artistic practice, which might have implied the use of
different acrylic paint brands as well as pigments and additives. Although
organic pigments have shown no influence on the Liquitex® model, the
influence of inorganic pigments must be taken into account, as other
studies have demonstrated their influence on the chemical behaviour and
stability of acrylic paints 0. The samples taken from the artworks by Jesus
Mari Lazkano fitted all except for those with LMV1 and LMV3 codes,
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corresponding to duplicate samples taken from 2 of the 4 artworks. Thus,
a sample from each artwork (LCPDM, LCRV, LPBV and LMV2) was
successfully applied to the regression line. The purple pigment sample
(LCPDM code) fitted well into the regression line, indicating that pigment
type and its modifications during ageing are not a determining factor in the
model, as shown in the study of the loadings graph (OPLS model
development section). The correlation was determined by the equation in
Figure 6, in which approximately 50 h of accelerated ageing under the
applied conditions are equivalent to one natural year. This regression could
be used to date artworks up to 22 years at least, preserved under
comparable conditions and created with the same Liquitex® paint
formulation. Due to the difficulty to obtain real samples from artworks made
exclusively with Liquitex®, each of the five samples used to construct the
regression line, which was obtained from long- and short-term ageing
models, was taken as a real sample. To this end, each sample was
excluded one by one and the age of these samples was predicted from the
regression equation obtained with the remaining four samples. As shown
in Figure 6, an acceptable predicted date (red triangle) was calculated with

accuracy error values between 1% and 4%.
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Figure 6. Graph of the real age (year) against the predicted ageing time (h) for
Liquitex® brand. Equation Y = 43.75 X + 58.46, R? = 0.99. The red triangle

represents the predicted date from the regression obtained with the dataset (n = 4)
leaving out the test sample.
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5.4 Conclusions

In this study, six commercial acrylic emulsion paints from different
manufacturers were characterised by Py-GC/MS and two of them further
studied by FTIR-ATR. Two different types of acrylic copolymer were
identified as the binding medium: p(hBA/MMA) in Liquitex®, Talens®,
Titan®, Golden® and Vallejo® brands and p(EA/MMA) in Hyplar® brand,
with low amounts of styrene in both formulations. This indicates that the
paint formulations have undergone modifications, as styrene had not been
previously detected in brands, such as Liquitex® and Talens®. Therefore,
the presence of styrene in a Liquitex® or Talens® acrylic binding medium
could provide an evidence for artwork dating within the last years. In
addition, all paint brands showed common constituents in their formulation,

such as a non-ionic PEO type surfactant.

The results of the accelerated ageing trials showed alterations in the paint
constituents as well as the formation of new photooxidation products. Py-
GC/MS analysis revealed a decrease in the thermal stability of the pigment
and acrylic binders after accelerated ageing, which could affect their

conservation and the treatments that can be applied for their restoration.

Prediction models were developed for two of the studied brands, Liquitex®
and Hyplar®, based on the distribution of the paints as they age. The
models for Liquitex® and Hyplar® brands were mainly characterised by
the modifications undergone by both the binder and the surfactant as they
aged and moderately by the pigment in the Hyplar® acrylic paints.
Although both brands’ models are characterised by modifications of the
same paint materials, PEO type surfactants undergo different reactions in
its chemical structure in each brand. Moreover, the two brands showed
different ageing trends that may be due to different binder composition and
surfactant content in their formulation. While Liquitex® paints (hBA-MMA
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copolymer) undergo surfactant modifications due to the excision of the
hydrocarbon chains, Hyplar® paints (EA-MMA copolymer) exhibit the
excision of the poly(oxyethylene) chain. Although this fact precludes the
possibility of finding a universal model, the OPLS models developed for the
Liquitex® acrylic paints could potentially be applied to other brands of
acrylic paints with the same copolymer (nBA-MMA), such as Talens®,
Titan®, Vallejo® or Golden®. This conclusion should be corroborated in
the near future with further studies. In any case, this information can
already be of great help for the development of appropriate conservation-

restoration methodologies for these types of paints.

A correlation between natural and accelerated ageing could be established
for the Liquitex® models, in which approximately 50 h of accelerated
ageing under the applied conditions were equivalent to one natural year.
This regression could be used to date artworks up to 22 years preserved
under comparable conditions and created with the same paint formulation.
Despite the lack of universality of the prediction models, they could be
applicable to different Liquitex® paint colours, since pigment modifications
during age seemed not to be a determining factor in the OPLS models. In
addition, it must be taken into account that not all the samples taken from
the same artwork fit into the models. This may be due to the use of paint
mixtures that the artist employs in his working method. In conclusion, this
methodology could be a first step to dating contemporary artworks by the

application of multivariate chemometrics to spectroscopic data.
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Appendix A. Supplementary data

Figure A.l. “Paisaje de Busturia” (A) and “Marina” (B) artworks by Jesus Mari
Lazkano from 1996 and 2015, respectively.
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Figure A.2. “Pequeiia Dignidad” (front (C) and back (D)) and “Robin” (E) artworks
by Luis Candaudap from 1998 and 1997, respectively.
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Figure A.3. Pyrograms corresponding to a recent paint (red line) and to a paint

with 330 hours of accelerated ageing (black line) of Golden® (C), Talens® (D),
Titan® (E) and Vallejo® (F) brands. The abundances of the chromatographic peaks

were normalised with the sample mass.
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Abstract

In this work, the robustness and potential applicability of statistical age
prediction models applied to the dating of different acrylic paints were
studied. The FTIR-ATR analysis of three acrylic colours (Hansa yellow,
phthalocyanine green and ultramarine blue) from two manufacturers
(Liquitex® and Vallejo®) subjected to accelerated ageing was carried out.
The acrylic paints were characterised and the modifications of their FTIR-
ATR spectra throughout ageing were studied. Predictive models
developed with the Liquitex® brand containing phthalocyanine green
(PG7) pigment were then applied to other colour and brands of acrylic
paints and their robustness and feasibility were studied based on
calculated accuracy error values. The influence of the pigment on the
ageing of the paint components, the type and quantity of additives present
in the acrylic paint as well as the ageing conditions to which it was
subjected were decisive in the short-term predictive model, which explains
the low accuracy values obtained for all the acrylic paints analysed.
However, the slower degradation processes taking place in the longer term
and the stabilisation of the acrylic paints at higher stages of ageing made
them fit successfully into the long-term model, obtaining an error of
between 14 and 23%. Thus, the predictive statistical model is robust and
feasible to be used for different colours of the same brand of acrylic paint
as well as for acrylic paints of different brands that have been long-term
aged under slightly different conditions of accelerated ageing. In
conclusion, this methodology could be a promising tool in the field of dating

contemporary artworks of a certain age.

Keywords: acrylic paint, dating, FTIR-ATR, OPLS.
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6.1 Introduction

The contemporary art market is experiencing an unprecedented level of
buying and selling activity that generates millions of dollars worldwide. As
art prices rise, art-related crime is on the increase, making counterfeiting a
multi-million dollar enterprise. The uncovering of fake artworks has a
negative impact on the entire art market. That is why new technologies are
being used to detect counterfeits that have already entered the art market

as well as to prevent their sale and acquisition - 21,

Non-destructive techniques, such as Raman spectroscopy [3€, Fourier
transform infrared spectroscopy (FTIR) B, IR-hyperspectral imaging (IR-
HSI) [7. 8, FTIR-attenuated total reflection (FTIR-ATR) 691, IR reflection 119
and scanning electron microscopy-energy dispersive X-ray spectroscopy
(SEM-EDX) 691, are usually used as first option, as they do not damage
the artwork [3:6.91, Among the techniques, FTIR-ATR spectroscopy is widely
used for the characterisation of artwork materials [¢ 9 111 and for the study

of the influence of pigments on the photodegradation of acrylic paints 12
15],

In some cases, non-destructive techniques are not enough, so analytical
techniques combined with statistical methods, such as multivariate
chemometrics, have been widely used to extract the maximum and most
representative information from the acquired data in an interpretable
manner. Partial least squares (PLS) is an X—Y regression methodology
typically used for either predictive purposes or control monitoring. Despite
the applications of PLS for the quantification of paint components in the
restoration of artworks ¢l as well as for the determination of their properties
in quality control 171, there are not many studies that apply this method to
the dating of artworks, although the applicability and effectiveness of this

tool has been demonstrated in other forensic fields 18 19, An important
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challenge that the PLS has to face is the eventual lack of robustness of the
models when they want to be used for universal applications [29. Since the
setup of an optimal FTIR-ATR multivariate model is costly, once it has been

developed it is expected to be valid for a long period of time.

In previous research by Ortiz-Herrero et al. 24, a non-destructive paint
dating methodology was developed for the authentication of acrylic paints
used in contemporary artworks. A multivariate chemometric method
(orthogonal partial least squares (OPLS)) was applied to FTIR-ATR
spectroscopic data acquired from aged Liquitex® brand paints containing
PG7 pigment in order to develop age prediction models split into two
temporal ranges (short- and long-term). The applicability of the predictive
models was tested in artworks created with the Liquitex® brand by
internationally recognised contemporary Basque artists. The correlation
obtained between natural ageing and its equivalent to the accelerated one
may have possible applications in the dating of artworks for up to at least
22 years, preserved under comparable conditions and created with the
same paint formulation as those in the study. In addition, the loadings
graph allows studying which variables influence the predictive models.
From this graph, the ageing processes of the paint constituents by which
the predictive models were characterised were studied. The short-term
model was influenced by the degradation of the acrylic binder due to chain-
scission reactions and oxidation phenomena as well as by the non-ionic
polyethylene oxide surfactant due to the excision of the hydrocarbon
chains. The long-term model was only characterised by the modifications
undergone by the acrylic binder due to the disappearance of oxidised
species and cross-linking reactions. Thus, it was concluded that the
predictive models could potentially be applied to other brands of acrylic
paints with the same n-butyl acrylate-methyl methacrylate (nBA-MMA)

copolymer as well as to different Liquitex® brand paint colours, as pigment
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modifications during ageing seemed not to be a determining factor in the

predictive models.

The aim of this work was to corroborate the above facts and to study the
robustness and potential applicability of the predictive models in different
acrylic paint colours and brands. For this purpose, three Liquitex® paint
colours and a Vallejo® paint that shared the same organic pigment and
acrylic resin as the paint used in the previous research were selected. The
paints were exposed to slightly modified conditions of accelerated ageing,
analysed by FTIR-ATR and subsequently applied to the predictive models
in order to determine their robustness and feasibility based on the accuracy
error values obtained for each paint sample. The acrylic paints were also
characterised and the evolution of their FTIR-ATR spectra throughout

ageing was studied.

6.2 Materials and methods

6.2.1 Paint samples and preparation

The choice of manufacturers and paint colours was made on the basis of
publications and interviews with contemporary artists to find out the most
studied and widely used materials. Different pigments were selected to
check whether the type and colour of the pigment influenced the chemical
behaviour and stability of the acrylic paints and, therefore, whether they
could affect the applicability of the predictive models. Commercial acrylic
paints from Liquitex Acrylic Paint® (United States (USA)) containing Hansa
Yellow 10G (PY3) and Phthalocyanine Green BS (PG7) organic pigments
and Ultramarine Blue (PB29) inorganic pigment were used. The selection
of this commercial brand was based on the fact that it is one of the most
widely used brands worldwide as well as being the brand used in almost

all the acrylic studies on which our research has been based [® 22, The
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predictive models were also tested to determine if they were applicable to
acrylic paint brands other than Liquitex® that shared the n-butyl acrylate-
methyl methacrylate (nBA-MMA) copolymer. Vallejo Acrylic Artist Colour®
brand paint (Spain) containing PG7 organic pigment was selected to that
end. This commercial brand is widely used by contemporary Basque

artists.

0.6 um thick free paint films were applied over 180 um plastic sheets with
the help of a monitored film applicator (4340 Automatic Film Applicator,
Elcometer, United Kingdom (UK)). The paint films were dried under room
conditions for approximately 24 months in order to ensure the curing of the
paint prior to being subjected to accelerated ageing. The paints used were
water-based in which the binder is a polymer dispersion in water. The
drying period applied to the paint allowed the water to evaporate and the
polymer particles to come together and intermingle to form a continuous
film. This way, the paint film coalesces. In addition, the natural cross-linking
of the polymer could be achieved, increasing the hardness, resistance and
mechanical properties of the paint film [23 24, After curing the paint, a
sample set containing 15 samples of each type of paint was gradually aged
under controlled accelerated ageing conditions and subsequently analysed
by FTIR-ATR.

6.2.2 Accelerated ageing

The ageing procedure consisted in exposing the paint films (1 x 2 cm) to
artificial solar radiation under controlled temperature, humidity and
irradiance conditions. A Solarbox 1500e RH equipment (Neurtek
Instruments, Spain) was used with a Xenon Lamp, which provided
radiation with wavelengths between 300 and 800 nm and a nominal
irradiance of 600 W m-2. The camera was equipped with an indoor 310 nm

UV filter and set to a black panel temperature of 50 °C and 40% humidity.
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These conditions were slightly different from the previous study (55 °C,
50% humidity and an old 310 nm UV filter was used) to check the
robustness and potential applicability of the predictive models 21, The
accelerated ageing was carried out under isochronous sampling up to a

maximum of 1232 h.

6.2.3 FTIR-ATR analysis

No sample preparation was required for ATR measurements. For the FTIR-
ATR investigations FT/IR-4100 instrument with an ATR-PRO ONE unit
(JASCO International Co., Ltd., Japan) equipped with a triglycine sulphate
(TGS) detector and a diamond crystal was used. Spectra were acquired
with 128 scans in the spectral range of 4000-400 cm? at 2.0 cm?
resolution. Measurements were performed on one spot directly at the
surface of the paint films on two different days. A background of air was
recorded before every measurement and all spectra were corrected
against the background spectrum by using Spectra Manager Software v.2

prior to chemometric analysis.

6.2.4 Chemometrics

SIMCA 14.1 Umetrics® (Umed, Sweden) was used for statistical analysis.
Two predictive models were previously developed and validated by Ortiz-
Herrero et al. 211 using OPLS regression to FTIR-ATR spectra of Liquitex®
brand paint samples containing PG7 pigment. The predictive models
correlated the spectroscopic data (X matrix) to the accelerated ageing time
(Y vector). The X variables were scaled to unit variance and the Y variable
was transformed to logarithmic function. The unwanted contributions to
FTIR-ATR spectra were overcome by applying the first derivative function
with 15 points for the entire spectrum range. The main characteristics of
both OPLS models are shown in Table 1.
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The two predictive models were applied to predict the accelerated age of
the paint samples and thus check its applicability and robustness in the
different brands and pigment colours. 10 paint samples coded 15 to 6 with
accelerated ageing of 24, 48, 132, 180, 227, 310, 322, 394, 536 and 680
h were applied to the short-term model and 5 paint samples coded 5 to 1
with accelerated ageing of 728, 868, 948, 1064 and 1232 h were used in
the long-term model. The paint films had a two-year drying period prior to
accelerated ageing, so the correlation obtained by Ortiz-Herrero et al. [21],
in which approximately 50 h of accelerated ageing under the applied
conditions was one natural year, was taken into account to correct the
deviation from the prediction. The average value of the predictions was
calculated for each paint analysed on the two different days. The accuracy

error was calculated according to the following equation (Eqg. 1):
Error (%) = (@) x 100 (Eq. 1)

Where, y, is the accelerated ageing value predicted by the model for the

paint sample and y, the real value.

6.3 Results and discussion

6.3.1 Characterisation by FTIR-ATR

The characterisation of FTIR-ATR spectra of Liquitex® paints containing
PY3 and PB29 pigments was performed (Figure 1). The characterisation
of Liquitex® paint with PG7 pigment was previously carried out by Ortiz-
Herrero et al. [211, The two Liquitex® paints gave a characteristic nBA-MMA
copolymer profile. A strong band at around 1727 cm™! ascribed to the
carbonyl stretching vibration was observed. The absorption bands at about
2955, 2934 and 2874 cm™ were attributed to C—H bond stretching
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vibrations. Another band of the acrylic copolymer was that of C-H bending
at around 1449 cm~1[% 25, The bands at around 1236, 1144 and 1159 cm-
1 were assigned to C-O stretching 2. The stretching vibrations of the
polyethoxylated non-ionic surfactant were observed at about 1112 cm™.
No characteristic styrene bands were detected in either of the spectra of
the two Liquitex® paints. This can be explained by the very low
concentration of styrene present in the paints and the consequent
overlapping of their absorption bands by the acrylic polymer, pigments and
fillers. The monoarylide yellow paint had a medium intensity carbonyl peak
at around 1671 cm consistent with the ketohydrazone structure with
strong intramolecular hydrogen bonding. The band at 1593 cm? was
attributed to the -C=N- bond and the bands at 1479 and 1338 cm* were
ascribed to the aromatic nitro group. An absorbance at 1036 cm! attributed
to the aromatic chloro group of PY3 was also observed [ 26 27, The
ultramarine blue pigment used in the Liquitex® paint masked in some
infrared regions the detection of the acrylic binding media with its strong
infrared absorption. The spectrum showed overlapping Al, Si-O4 stretching
bands between 850 and 1100 cm. These bands mask the C-O/C-C
skeletal vibrations of the acrylic binder (1200-900 cm-t). Moreover, weaker
absorption bands were observed at 688 and 656 cm™ [11.15.22] The paint
had a high blue pigment content compared to the intensity of the bands of

the other paint constituents.

The FTIR-ATR characterisation of the Vallejo® brand was also performed,
as shown in Figure 1. The characteristic IR absorptions of nBA-MMA
acrylic resin were identified. The strong and sharp absorption at 1725 cm~!
corresponded to the —C=0 stretching vibration and the bands at 2956,
2933 and 2874 cm~! were attributed to C—H stretching. Another band of
the acrylic copolymer was that of C—H bending at 1448 cm= 1 25, The
bands at 1236, 1143 and 1159 cm! were assigned to C-O stretching 12,
The band at 1112 cm was characteristic of polyethylene oxide (PEO)
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surfactant. Neither extenders nor characteristic bands of styrene were
detected in the FTIR-ATR spectrum. The phthalocyanine green pigment
showed an absorption band at 1564 cm attributed to C=N aromatic
stretching. The bands at 1391, 1306, 1277, 1211, 1093 and 948 cm were
ascribed to C-H in-plane vibrations. The band assigned to C-H out-of-

plane/C-N stretching vibrations at 748cm-! was also observed - 12,

Liquitex® PG7

Liquitex® PY3

A

Liquitex® PB29

L ]
o o = =20
o © N
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F 0.2
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0
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Figure 1. FTIR-ATR spectra of Liquitex® (PG7, PY3 and PB29) and Vallejo®
(PG7) with an accelerated ageing of 24 h. The characteristic IR bands assigned to

the acrylic copolymer (triangle), pigment (circle with different colours depending on
the pigment) and PEO surfactant (square) are marked.
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The FTIR-ATR spectra of aged acrylic paints were examined and their
evolution throughout the ageing trials was discussed. The FTIR-ATR
spectra of Liquitex® with PY3 pigment at different accelerated ageing
stages (Figure 2) showed the photodegradation processes of paint
constituents. The absorption bands exhibited an oscillating trend
throughout the 868 h of ageing. This oscillatory trend may be due to the
influence of PY3 pigment on the acrylic binder and surfactant 28, The
carbonyl band of the acrylic binder at 1726 cm- displayed a moderate
decreased with 948 h of ageing due to side-chain scission reactions that
cause the loss and volatilisation of low molecular weight compounds, such
as the side butyl ester groups of the nBA-MMA copolymer [12. 15, 22, 29],
Moreover, the band showed a widening attributed to oxidation processes
and formation of oxidised species, such as carboxyl acids, ketones,
aldehydes, open chain anhydrides and gamma-lactones 15 28 291 The
CH(CH?3) stretching bands at 2954, 2934 and 2875 cm-! exhibited a slight
decrease due to main-chain scission reactions that leads to formation of
volatile species ['2.13], The band at 1449 cm ascribed to C-H bending also
decreased moderately. This phenomenon may be caused by hydrogen
abstraction from backbone CH2 groups [?8l. Moreover, the bands at 1234
and 1159 cm assigned to the stretching vibration of the —C-C(=0)-O
bonds in the ester groups showed a limited decrease in their intensity. The
slight decrease of the non-ionic polyethylene oxide surfactant band at 1110
cm-1 may be associated with the oxidation of the PEO molecules that cause
the excision of poly(oxyethylene) chains 24 30, The absorption bands
assigned to the acrylic binder and PEO surfactant showed no change in
intensity and shape over the maximum applied ageing time. The bands
ascribed to the PY3 pigment displayed a decrease in intensity and

disappeared after 948 h of ageing.
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Figure 2. FTIR-ATR spectra of Liquitex® (PY3) with an accelerated ageing of 24,
680, 728 and 1232 h.
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The differences in the FTIR-ATR spectra recorded between the unaged
and aged Liquitex® paint containing PB29 pigment were also examined
(Figure 3). An oscillating trend was observed throughout the 536 h of
ageing. The bands assigned to the PB29 pigment became more
pronounced compared to those of the acrylic binder with 948 h of ageing.
This may be due to degradation of the organic part of the paint caused by
photooxidative reactions, such as chain excision and Norrish reactions,
which produce low molecular weight fractions volatilised from the acrylic
binder and make the paint surface relatively enriched in pigment content
(12,13, 151 The carbonyl band ascribed to the acrylic binder at 1728 cm-
showed a moderate increase that may be explained by the fact that the
loss of part of the carbonyl ester group is compensated by the formation of
new oxidation compounds that absorb in the same region 29, In addition,
a widening attributed to oxidation processes and the formation of oxidised
species was observed. The surface polyethoxylated non-ionic surfactant
also increased. Thermal ageing initially caused the surface surfactant to
melt and migrate to the bulk film. However, the migration rate post-ageing
accelerated significantly due to the increased polymer coalescence
induced by the ageing regime and/or the increased mobility resulting from
the thermal degradation of the surfactant within the bulk film that caused
the PEO surfactant to migrate back to the paint/air interface 3% 31, The
FTIR-ATR spectrum was significantly altered at 1064 h of aging with a
decrease in the C-O stretching bands at 1237, 1159, 1144 cm. These
modifications may suggest the loss of an ester group consistent with the
reduction of C=0 band and to the fast oxidative chain scission of the
polyethoxylated surfactant (15, The presence of PB29 pigment was also
decreased, either because it was degrading or because other species were
migrating to the surface and, therefore, the relative PB29 content was
reduced. In contrast, most of the principal absorptions increased when the

paint was exposed to the maximum accelerated ageing time.
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Figure 3. FTIR-ATR spectra of Liquitex® (PB29) with an accelerated ageing of 24,
680, 728 and 1232 h.
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The changes detected in Liquitex® paint containing PG7 pigment after
exposure to accelerated ageing are shown in Figure 4. The absorption
bands followed an oscillating trend throughout the 322 h of ageing. The
carbonyl absorption at 1725 cm™ attributed to the nBA-MMA copolymer
increased with 728 h of ageing due to the formation of oxidised species
absorbing in that region 1. 291, The C—H stretching, C-H bending and C-O
stretching bands also increased moderately. UV radiation induced PEO
surfactant to migrate from the inside of the film to the paint surface, causing
an increase in its absorption bands 24 30 An enrichment of the PG7
pigment was also observed. The absorption bands showed a new
oscillating trend in the FTIR-ATR spectrum up to the maximum ageing time

applied.

The modifications recorded in the FTIR-ATR spectrum of the Vallejo®
brand after accelerated ageing trials were discussed (Figure 5). The
absorption bands of the paint showed an increase in the first 48 h of
exposure. The carbonyl band ascribed to the acrylic binder at 1725 cm!
increased. As explained above, the loss of part of the carbonyl ester group
can be compensated by the formation of new oxidation compounds that
absorb in the same region 9. In addition, the bands assigned to C-O
stretching showed an increase in their intensity. The presence of the PEO
surfactant also became more prominent, as the increased coalescence of
the film enhances the mobility of the compound within the film and brings
it back to paint surface B%. An enrichment of the PG7 pigment reflected in
the increase of its band at 1093 cm was also observed. The absorption
bands showed slight oscillations up to the maximum of accelerated ageing

applied without remarkable modifications.
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Figure 4. FTIR-ATR spectra of Liquitex® (PG7) with an accelerated ageing of 24,
680, 728 and 1232 h.
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6.3.2 Application of OPLS models: Potential applicability and

robustness

In the previous research, the loadings graph of the predictive models was
studied from which relevant information was extracted . First, the
predictive models were influenced mainly by the ageing processes of the
acrylic binder and, to a lesser extent, by those of the PEO surfactant.
Moreover, two different predictive models needed to be established for
short- and long-term ageing predictions. The short-term model was mainly
influenced by the degradation of the acrylic binder that induced
modifications (decrease and widening) in the characteristic band of the
carbonyl group (1725 cm1) of the nBA-MMA copolymer. In the long-term
paint samples, however, the increase and narrowing of that band due to
cross-linking reactions and the disappearance of oxidised species was the

main influence on the predictive model.

The two OPLS models were used in the prediction of the analysed paint
samples in order to determine their potential applicability to other acrylic
paint brands and pigment colours as well as to study their robustness to

slightly different ageing conditions.

None of the paints aged between 24 and 680 h fitted the short-term model,
exhibiting a large deviation in the predictive results obtained (accuracy

error values above 50%, results not shown).

Each pigment in the Liquitex® paint influenced the degradation processes
of the pictorial film in a specific way, showing a different evolution of the
FTIR-ATR spectrum when exposed to accelerated ageing (Figure 2 and
Figure 3). For instance, the intensity of the carbonyl band was
characterised by an oscillatory trend for the paints containing PY3 and

PB29 pigments due to the simultaneity of side-chain loss and oxidation



| 231

phenomena [29 321 put with a different extent for the different pigments. In
the case of PY3 the band ended up increasing when the paint was exposed
to 680 h of ageing. For PB29 the trend was less clear, displaying ascending
and descending movements for each accelerated time tested. The PEO
surfactant was characterised by the same trend as that detected for the
acrylic polymer for each paint colour, driven by migration and oxidation
processes. Thus, the FTIR-ATR spectra show that the short-term model
cannot be applied to different colours of the same brand of acrylic paint,
since each particular pigment induces characteristic reactions with the
paint constituents under accelerated ageing exposure, displaying specific
spectral modifications for each acrylic paint and explaining the large
deviation obtained in the predictive results. This fact can be supported by
research that has demonstrated that the degradation processes in pictorial
films are influenced by the pigments, which may act as retarders or

promoters of the ageing processes of the paint constituents [12. 22, 28],

The short-term model also failed when applied to Vallejo® brand paint
samples. The spectral modifications upon exposure to accelerated ageing
were different from those observed with the Liquitex® brand, despite
sharing the same acrylic binder, surfactant and organic pigment (Figure 5).
The FTIR-ATR spectra showed mild oscillations with a slight trend towards
increased band intensities up to 680 h of ageing. The bands assigned to
the carbonyl group of the acrylic binder increased due to oxidation
processes as well as those of the PEO surfactant due to its migration
towards the paint surface. The variations in the ageing conditions to which
Vallejo® paints were exposed may be the reason why they show a different
ageing to that of the Liquitex® brand. In addition, the different modifications
of the FTIR-ATR spectra observed between the Vallejo® brand and the
one of Liquitex® with PG7 pigment analysed in this work may imply that
each acrylic paint brand has its characteristic ageing and depends on a

greater number of processes, being the type and quantity of components
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that make up the paint decisive in this first ageing stage. Thus, the short-

term model is not applicable to different brands of acrylic paint.

Moreover, the Liquitex® samples with phthalocyanine green pigment
belonging to the same brand with which the short-term model was
developed did not fit the model. This may be due to the fact that the
analysed paint samples and those used in the model showed different
spectral modifications under the exposure to slightly different accelerated
ageing conditions. While an oscillatory trend was observed in the samples
analysed, those used in the short-term model were characterised by a
constant downward trend. The model samples showed modifications
ascribed to the C=0 stretching of the nBA-MMA copolymer by a widening
of the band due to the formation of oxidised species and a decrease due
to chain excision reactions that cause the loss and volatilisation of low
molecular weight compounds. The model was also characterised by
changes in the C-H stretching band associated with the degradation of the
hydrocarbon fraction of the PEO surfactant [211. The discrepancies between
the two sets of samples, as mentioned above, may be due to the fact that
ageing was not conducted under exactly the same conditions as in the
previous case, which affected the short-term prediction results. Therefore,
the predictive model is not robust for predicting the age of acrylic paints

that have been exposed to uncontrolled ageing conditions.

In contrast, all acrylic paints aged between 728 and 1232 h fitted the long-
term model, obtaining an average error between 15 and 20% for each
brand (Table 2). Although the accuracy errors were slightly higher than that
obtained in the model validation (8% error) 21, they were still acceptable.
Some of the paint samples of Liquitex® brand containing the PB29 pigment
and Vallejo® brand showed an accuracy error greater than 20%, possibly
because they were at the lower and upper limits of the model's application

range and, therefore, did not fit the model well.
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The long-term ageing model was only characterised by modifications
associated with the carbonyl band of the acrylic binder caused by a
sharpening due to the disappearance of oxidised species and an increase
due to cross-linking reactions 24, The fact that the model was influenced
by fewer ageing processes may be the reason why all the acrylic paints
analysed fitted the model. Moreover, in the case of the Liquitex® yellow
paint, the FTIR-ATR spectrum showed a decrease in the absorption bands
from 948 h of ageing with a tendency to remain constant up to the
maximum applied ageing time (Figure 2). Vallejo® paint showed slight
modifications at this stage of ageing (Figure 5). These minor modifications
in the FTIR-ATR spectra indicate that the paints reach stability, which may
explain why the type of pigment and the brand of acrylic paint are not
decisive when using the long-term model. The fact that the accuracy error
values for the Liquitex® green paint samples aged under slightly different
conditions were acceptable may also suggest that the conditions to which
the acrylic paints are exposed at this stage of ageing are not determinant.
Thus, the statistical predictive model can be considered robust and
feasible to be used for different colours of the same brand of acrylic paint
as well as for acrylic paints of different brands that have been long-term

aged under not completely identical accelerated ageing conditions.

6.4 Conclusions

In this study, four commercial acrylic paints from two different
manufacturers were characterised by FTIR-ATR. Each acrylic paint
showed characteristic modifications of its FTIR-ATR spectra throughout
the accelerated ageing in spite of sharing the same paint constituents, such
as the acrylic binder, the surfactant and in two of the cases the organic

pigment.
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Pigments were found to influence the short-term stability of acrylic paints
when exposed to accelerated ageing, as they can act as promoters or
inhibitors of the degradation of binders and surfactants depending on their
chemical structure and colour. Furthermore, the formulation of each brand
of acrylic paint, i.e. the type and quantity of components that make up the
paint, have a significant importance in its ageing, as has been observed
among green paints of the Liquitex® and Vallejo® brands. This would
explain the non-fitting of the analysed paints to the short-term model,
making it impossible to obtain acceptable accuracy values. Thus, the short-
term model is not applicable to different pigments of the same brand of
acrylic paint nor to different brands of acrylic paint. This implies that if one
were to estimate the age of a contemporary artwork made with acrylic paint
less than 14 years old, one would have to use a specific model for each
brand and pigment. The accelerated ageing conditions to which the acrylic
paints were subjected were also decisive in this stage of ageing. Therefore,
it is concluded that the model is not robust and that the ageing conditions

must be set precisely in order to obtain reproducible predictive results.

However, the fewer processes occurring at higher stages of ageing as well
as the stabilisation of acrylic paints, such as the Liquitex® yellow paint and
the Vallejo® green paint, allowed acceptable accuracy error values to be
obtained with the long-term model. Thus, the predictive statistical model
can be feasible to be used for different colours of the same brand of acrylic
paint as well as for acrylic paints of different brands with the same
copolymer (nBA-MMA), such as Talens®, Titan®, Vallejo® or Golden®.
Moreover, the model is robust to predict the age of acrylic paints that have
been aged under slightly different conditions. This indicates that the long-
term model could be applied to the dating of contemporary artworks from
14 to at least 22 years old, created with acrylic paints without regard to the
brand or paint colour used by the artist or the conditions under which the

work has been preserved. Further studies would be needed to extend the
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range of application of the predictive model to artworks older than 22 years.
In conclusion, this study reaffirms the dating of relatively old contemporary
artworks by the application of multivariate chemometrics to spectroscopic

data.
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Abstract

An important demand exists in the field of forensic analysis to objectively
determine the post-mortem interval (PMI) when human skeletal remains
are discovered. It is widely known that bones undergo different chemical
and physical processes after death, mainly due to their interaction with the
environment in which they are found, although it is not known exactly what
these processes consist of. Multiple techniques have been used so far to
follow up these and other post-mortem changes and thus establish the time
elapsed since the individual’s death, but they present important drawbacks
in terms of reliability and accuracy. The aim of this research was to propose
an analytical methodology capable of determining the PMI by using non-
destructive Raman spectroscopy measurements of human skeletal
remains. The recorded Raman spectra provided valuable and potentially
useful information from which a multivariate study was performed by
means of orthogonal partial least squares regression (OPLSR) in order to
correlate the PMI with the detected spectral modifications. A collection of
53 real human skeletal remains with known PMI (15 years < PMI < 87
years) was analysed and used for building and validating the OPLS model.
The PMI of 10 out of 14 validation samples could be determined with an
accuracy error of less than 30%, demonstrating the adequate predictive
performance of the OPLS model even in spite of the large inter-individual
variability it handled. This opens up the possibility of applying the OPLS
model in combination with non-destructive techniques to the determination
of the PMI of human skeletal remains that have been buried in conditions
similar or equal to those of cemetery niches and in a geographic location
with a Mediterranean climate, which is an important achievement for

forensic medicine and anthropology.

Keywords: human bones, PMI, Raman spectroscopy, OPLSR.
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7.1 Introduction

Multiple studies have shown the importance of achieving a methodology
for establishing exactly how long the remains of a human body have been
buried. This aim, which is an important demand for many researchers in
the field of forensic science, is justified by anthropological and legal

interests.

The time for a case to be relevant (not legally prescribed) varies according
to each country's legal system. In the Spanish legal system, the knowledge
of the PMI is fundamental in criminal law, since the Organic Law 10/1995
of 23 November 1995 establishes a maximum of 20 years for the
prescription of a case, in which the judicial sentence is 15 years or more [
2, In Germany, the evidence is considered relevant when the PMI is less
than 30 to 50 years BB, whereas for the jurisdiction of England and Wales
the samples are legally valid if the human skeletal remains are not older

than 75 years 4.5,

Most of the studies carried out so far agree on the justification for the lack
of these methods, referring to the difficulty of establishing a reliable method
to accurately determine the PMI, as Nagy et al. cited in their research study
“Dating human skeletal remains is one of the most important and yet
unreliable aspects of forensic medicine” [¢l. The cause of this difficulty lies
in the complex degradation processes undergone by the bones. These
degradation processes known as diagenesis consists of a set of chemical,
physical and biological interaction processes between bones and the
environment in which they are found (water, soil, humidity, gases,
suspended particles, pH and/or bacteria). The complexity and variety of
these processes make this type of degradation not exactly known, in
addition to being complicated to simplify these degradation processes to a

few 71,
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Based on the characteristics and chemical composition of the bone, it is
important to note its different parts. Inside the bone, a medullary part called
the organic phase can be observed, in which components such as
collagen, lipids, proteins, etc. are found. The outer part, the cortical, is that
which contains organic elements and minerals, such as magnesium and
hydroxyapatite crystals, which provide hardness to the bone. The cortical
area is therefore made up of an inorganic phase embedded in an organic
one [ 8 9 This research will focus on this area, since it presents an
inorganic phase that will take longer to degrade and an organic phase that,
being the first to degrade, can potentially be more informative in forensic

contexts [71,

The factors mentioned above that influence degradation can be classified
as internal and external 1- 19, The internal factors are those specific to the
person, such as age, diseases suffered or the diet followed 1. The
externals are those factors related to the environment and the
surroundings, i.e. temperature, humidity, insects, and above all, the
characteristics of the soil where the body is buried 19, These processes
are called diagenetics and are not fully and accurately known, but affect
both the organic and mineral phases. They can be related to the loss of
collagen and, therefore, to a decrease in nitrogen and amino acids, among

many other phenomena 11,

In recent years, the forensic field has expanded rapidly as a branch of
analytical chemistry, both in research on PMI calculation and in the
different areas that this science raises [/l. Besides empirical principles
based on the examiner's experience and subjective comparisons 2,
multiple techniques have been applied to determine the time elapsed since
death of skeletal remains, such as luminol chemiluminescent reaction [ 3.
12-14] radioisotope measurements [512.15 proteomics [16: 171, metabarcoding

(15.18] high performance liquid chromatography-tandem mass spectrometry
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(HPLC/MS/MS) 19, X-ray diffraction (XRD) [, UV-Vis spectroscopy 8 20.
211 UV-Vis-induced fluorescence 22, stereomicroscopy and digital imaging
(231 Fourier transform infrared (FTIR) spectroscopy 6 2% 24-26] and Raman
spectroscopy [ 25 28], |n addition to the lack of objectivity of several of the
methods mentioned, some of them are of a destructive nature. For this
reason, among others, Raman spectroscopy has established itself as a
very versatile technigue for the analysis of bone tissue composition 271, The
Raman spectrum of skeletal remains not only provides us with extensive
information about the structure and composition of their minerals and
collagen, but also with a complete examination of their diagenesis [ 28-30],
Moreover, Raman spectroscopy has demonstrated its application in
determining the PMI of bones and teeth by studying their dynamic chemical
modifications and correlating them with the time of burial [- 25 26. 28] Further
advantages of Raman spectroscopy are that it is microscopic, fast and non-
destructive, which are of utmost importance in cases of forensic or

anthropological analysis 19, in addition to the fact that it can be portable [
9,27,31]

In spite of the use of Raman spectroscopy and a wide variety of other
analytical techniques in the determination of the PMI, only few research
studies have applied them in combination with chemometrics.
Chemometrics transforms the recorded data into more useful and
interpretable information with which a predictive model can be built. This
predictive model relates several variables or parameters allowing the
examination of the hidden information in a set of data related to each other
but influenced by numerous variables. With these chemometric treatments,
useful information is extracted from the trends in the multivariate data set
[27.32] Wang et al. 24 used FTIR spectroscopy together with chemometrics
to date human skeletal remains of up to 552 days. Predictions with a root
mean square error of 50.93 days for buried bones and 71.03 days for

unburied bones were obtained using the genetic algorithm combined with



| 249

partial least squares (GA-PLS). In addition, the modifications that occur in
the most significant FTIR regions and that are potentially applicable to the
estimation of the PMI were identified and interpreted. However, this study
did not take into account the influence of inter-individual differences on the
FTIR spectrum variations and, even more important, the mathematical
model was built from samples subjected to two controlled experimental
burial conditions, which will differ from the natural ones, so the prediction
set could have been giving by far over-optimistic results. Woess et al. [2¢]
tested the suitability of various IR and Raman microscopic imaging
techniques to draw conclusions about the PMI of human skeletal remains.
The techniques were combined with multivariate imaging analysis (MIA)
and principal component analysis (PCA) for a more sophisticated
characterisation of the bone material as well as to differentiate between
forensic and archaeological remains. Issues such as the impact of
environmental factors still need to be explored and future studies will have
to consider a larger sample size to further narrow down the PMI. Moreover,
Longato et al. 33 used micro-computed tomography (micro-CT), mid-
infrared (MIR) microscopic imaging and energy dispersive X-ray (EDS)
mapping to investigate bone density, analyse organic and mineral
components, determine elemental composition and, finally, apply and
compare the results obtained by these analytical techniques together with
PLSR to determine the PMI of human skeletal remains. The results
obtained proved to be usable to predict the Ca/C ratio and bone volume
(BV) over total volume (TV) for the estimation of the PMI. Future research
will have to consider more individuals in order to develop a PMI screening

tool based on the outcome of this multidimensional approach.

The aim of this research was to model the Raman spectral modifications
experienced by human skeletal remains in relation to the PMI (15 years <
PMI < 87 years) in order to provide a reliable method of quantifying the

PMI. Likewise, the methodology was intended to be an invaluable tool for
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the identification and characterisation of the most influential spectral
regions throughout the burial period, which could provide important
additional information for the dating of the PMI. Furthermore, in order to
fulfil these scopes and be applicable in real scenarios, the OPLS model
was externally validated with bone samples coming from cemetery niches

with a large inter-individual variability.

7.2 Materials and methods

7.2.1 Fieldwork

A collection of 53 human skeletal remains with known PMI (15 years < PMI
< 87 years) was used in this study. The sampling for the collection of
human skeletal remains with defined PMI was carried out from niches of
the San José (Granada, Andalucia, Spain) and Lucena (Coérdoba,
Andalucia, Spain) burial sites. The bone collection from the San José's
burial site began to be exhumed in 1991 and was completed in 2010, while
the collection from Lucena's burial site was fully gathered in 2018. The
skeletal remains were kept piled up in bags in a warehouse at the
cemetery. The exact date of their exhumation was unknown. It must be
emphasised that since the human skeletal remains were buried in niches,
they did not come into contact with the soil, nor were they exposed to
adverse climatic conditions, thus minimising the diagenetic processes that

occur after burial 191,

Both cities have a Mediterranean climate characterised by being warm and
temperate with higher precipitation in winter than in summer. The mean
annual temperature in Cdrdoba is 17.8 °C with a mean rainfall of 612 mm,
whereas in Granada, the mean annual temperature is 15.5 °C with a mean

rainfall of 450 mm [34],
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7.2.2 Sample pre-treatment

The chemical treatment applied to the bones was a water bath with sodium
hypochlorite and a brushing of each bone in order to eliminate the fungi
and bacteria that had or could attack them in their storage causing an
accelerated degradation of the bone. This treatment was carried out as a
way to preserve both the organic and inorganic properties of the bone,
avoiding bacterial growth and microbiological action. Once the pre-
treatment of the samples was carried out, they were kept at a constant
temperature (20-25 °C) inside wooden boxes for their conservation, being
only removed for analysis. The latency time until research was added to
the known PMI. It is worth noting that all procedures in this study meet the
requirements of local laws and institutional guidelines and were approved

and supervised by the Ethics Committee of the University of Granada.

7.2.3 Bone subsampling

Long bones are mainly selected for sampling due to their relative size and
strength as well as being more resistant to diagenesis [8:20. 251, The left tibias
of 37 individuals (50% male and 50% female) from Lucena’s burial site and
15 individuals (60% male and 40% female) from San José’s burial site with
age at death ranging between 32 and 100 years (mean 70 years; standard
deviation 18) were collected. The skeletal remains had a PMI ranging from
15 to 87 years (mean 37 years, standard deviation 14) at the time of
analysis. Anthropological data and burial sites of all measured human

skeletal remains are shown in Table 1.
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Sample code Sex Burial Site Age at death (year) PMI (year)
LU3 Male Lucena - 49
LU7 Male Lucena 46 27
LU11 Male Lucena 57 17
LU13 Male Lucena - 43
LU21 Female Lucena - 53
LU22 Male Lucena 71 29
LU24 Male Lucena 73 20
LU27 Male Lucena 74 15
LU29 Female Lucena 89 34
LU33 Female Lucena - 48
LU36 Male Lucena - 65
LU39 Male Lucena - 53
LU43 Male Lucena 71 25
LU44 Female Lucena 81 21
LU52 Female Lucena 82 31
LU54 Male Lucena 66 22
LU59 Male Lucena 81 33
LU6B5 Male Lucena 67 33
LU70 Male Lucena - 50
LU71 Female Lucena - 48
LU76 Female Lucena - 41
LU78 Male Lucena - 51
LU84 Male Lucena 54 38
LU89 Male Lucena 74 36
LU91 Male Lucena 77 35
LU101 Female Lucena 75 37
LU103 Female Lucena 75 33
LU105 Female Lucena - 42
LU111 Female Lucena 91 19
LU114 Female Lucena - 44
LU115 Female Lucena 100 15
LU136 Female Lucena 90 28
LU148 Female Lucena 81 26
LU161 Male Lucena - 45
LU186 Female Lucena - 57
LU193 Female Lucena - 39
LU197 Female Lucena 99 25

G14 Female San José 73 51

G15 Male San José 90 58

G56 Male San José 75 51

G64 Female San José 61 44

G67 Female San José 41 44

G69 Male San José 61 46
G170A Female San José - 87
G261 Female San José 81 22
G427 Male San José 94 20
G490 Male San José 32 18
G497 Female San José 68 31
G498 Male San José 33 31
G523 Male San José 41 30
G528 Male San José 65 24
G531 Male San José 34 29

Table 1. Description of the human skeletal remains sampled.
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The measurements were performed in the diaphysis of the tibia in an area
where the anthropometric measurements required by Anthropologists and
Forensic Doctors were unaffected. An electric drill (Dremel® MultiPro®,
United States (USA)) was used to scrape a region measuring
approximately 5 mm wide, 10 mm long and 1-2 mm deep from the cortical
surface of each bone. This way, any contaminants, such as the minerals
deposited superficially in the outer layers of the bone and the residual
haemoglobin in the bone tissue, which may be responsible for the emission
of fluorescence and thus make the Raman spectra qualitatively and
quantitatively unusable, could be removed quickly and in an almost non-

destructive manner [311,

7.2.4 Raman spectroscopy measurements

The measuring equipment was a NRS-5100 Dispersive Raman
Spectrometer (JASCO Analitica Spain S.L., Spain) equipped with a
confocal microscope, using an x100 objective, and a 785 nm excitation
wavelength laser, operating at 100% power. The scan range was 3200-
200 cml. The measurement conditions were set to 3 scans of 20 seconds
of acquisition per spectrum. Due to the high fluorescence radiated by the
bones, a 3-minute photobleaching was performed prior to recording the
spectrum, thus minimising the fluorescence background [ 351, Three
randomly selected points were measured in the scraped area of each
sample to overcome bone heterogeneity. Cosmic rays were removed and
the baseline was subtracted by applying a polynomial fit of order 3. The 3
recorded spectra were averaged to obtain a final Raman spectrum that
was representative of a wide part of the cortical zone of each bone. The
range of the Raman spectrum employed for the chemometric processing
was 2000-350 cmL. The software used for system control, data acquisition
and data analysis were the Spectra Manager Il and WIiRE 3 Renishaw®
(Gloucestershire, United Kingdom (UK)).
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7.2.5 Chemometrics

SIMCA 15.0.2 Umetrics® (Umed, Sweden) was used for multivariate
analysis. A preliminary exploratory analysis was performed by PCA using
the data of various ratios and mineral crystallinity calculated from the 53
samples of the set. PCA is a multivariate projection method designed to
extract and display systematic variation in an X data matrix. The most
important use of PCA is to represent a multivariate data table as a low-
dimensional plane so that an overview of the data is obtained. This
overview can uncover groups of observations, trends, relationships
between observations and variables and outliers 132, The detection of the
latter was the objective of this exploratory analysis. Once the potential
outliers were detected and eliminated, the modelling of the PMI was
performed by means of OPLSR. OPLS is an extension of PLS that splits
the systematic variation in the X block into two parts, one that models the
correlation between X and Y (predictive) and another that shows the
systematic variation in X not related to Y (orthogonal). Orthogonalisation
can reduce the complexity of the model, as it eliminates the systematic
variation in the X matrix that is not correlated with the property to predict
821, Therefore, an OPLS model was built correlating the Raman spectra of
the various bones (X matrix) with the known PMI of each of them (Y vector).
This model will be used to predict the unknown PMI of new human skeletal
remains from their spectroscopic data. To this end, the total sample set,
reduced to 47 samples after the elimination of outliers, was split into three
groups depending on their PMI: 15 years < PMI < 30 years (17 samples),
30 years < PMI < 50 years (23 samples) and 50 years < PMI < 87 years (7
samples). To construct the X matrix, the intensity values of the Raman
shifts of the entire spectrum range of each bone sample were used. The X
matrix was split into two sample sets using the Kennard-Stone algorithm
[36]: a training set (calibration samples) consisting of 70% of the samples

from each group and a test set (validation samples) consisting of 30% of
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them. The training set was used for the construction of the OPLS model.
For its optimisation, the X matrix was scaled and transformed by applying
different mathematical treatments, such as Savitzky-Golay, multiplicative
scatter correction (MSC), standard normal variate (SNV), row center,
exponentially weighted moving average (EWMA) and first and second
derivatives. The Y variable (PMI) was transformed to a logarithmic function
due to its non-normal distribution. In addition, the Raman spectrum was
examined for non-informative and noisy X variables responsible for
interfering with those that were determinant for the PMI modelling. The
number of latent variables (LVs) constituting the model was set by internal
validation with the cross-validation method. The statistical parameters
used for evaluating this step were the root mean square error of cross-
validation (RMSECV) and the coefficient of determination of cross-
validation (R2 CV). RMSECV was calculated using Eq. 1:

RMSECY = [E=0i0” (Eq. 1)

Where y; is the known PMI value, y; is the PMI value predicted by the
model and n is the total number of samples used in the training set. The
external validation of the OPLS model was subsequently performed using
the test set. To this end, the RMSE of prediction (RMSEP) and the R? of

prediction (R? P) were assessed. The RMSEP was calculated with Eq. 2:

N2
Z?:tl(yt,i_Yt,i)
ne

RMSEP = (Eq. 2)

Where y, ; is the known PMI value, J,; is the PMI value predicted by the
model and n, is the number of samples in the test set. The RMSEP

expresses the average error to be expected in future predictions when the
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OPLS model is applied to unknown human skeletal remains. In addition,

the predictive accuracy error was calculated for the test set using Eq. 3:
Error (%) = (@)x 100 (Eq. 3)

Where, y, is the PMI value predicted by the OPLS model and y, the known
PMI value of the bone. Taking into account the above statistical
parameters, the optimal model would have to have high R? and Q? values,
low RMSECV and RMSEP values as well as a small difference between
these last two statistical parameters. A large difference between RMSECV
and RMSEP would indicate the possibility that too many LVs were being
used in the model (over-fitting) and that the noise was being modelled. The
number of LVs was intended to be as low as possible, as larger number of
LVs might include some irrelevant information. The R? parameter varies
from 0O to 1, indicating the degree of adjustment to perfect fitting, and the
Q2 parameter shows the robustness and predictive capacity of the model,
being good when Q2 > 0.5 and excellent when Q2 > 0.9 [32.37]_|n this way,
it was possible to check which of the treatments obtained the best and

most reliable model with the lowest error rate to date the PMI.
7.3 Results and discussion
7.3.1 Characterisation of the Raman spectrum

Human skeletal remains are composite materials containing a 20-30 wt.%
organic fraction embedded in a 70-80 wt.% inorganic phase of
hydroxyapatite (Cai0(PO4)s(OH)x) partially substituted by carbonate
(approx. 7 wt.%) at both the hydroxyl (A-type) and phosphate (B-type) sites
[24.30], Taking this into account, the identified characteristic bands of the

Raman spectrum of a human bone are shown in Figure 1.
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Figure 1. Raman spectrum of the LU27 bone sample with the baseline subtracted
by applying a polynomial fit of order 3. The characteristic Raman bands are

identified.

The amide | band between 1605 and 1720 cm was mainly due to the C=0
stretching within the collagen polypeptide 1. The & N-H vibration of amide
Il within the protein a-helix was detected in the region between 1215 and
1360 cm, while the CH2 deformation of proteins was identified between
1410 and 1500 cm™ [7. 26. 381 The proline band assigned to the v C-C
vibrational mode was detected at 880 cm! and was surrounded by two
collagen bands attributed to the 8 CCH (855 cm) and v C-C (923 cm™)
vibrational modes [ 381, The phenylalaline band at 1003 cm may be due
to the breathing mode of the ring . In addition to the organic Raman
bands, those of the phosphate ions (PO4%) corresponding to
hydroxyapatite, which constitutes the inorganic phase of the bone, were
detected 25 29, The strongest and narrowest band at 925-992 cm was
assigned to the v: vibrational mode of PO4%, whereas the bands at 400-
490 cm™ and 550-615 cm-! were attributed to the vz and va vibrational
modes of PO43, respectively [ 26, The carbonate ion (CO3%) band in the
region between 1015 and 1095 cm-! was due to the vs vibrational mode
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and may result from the substitution of these ions into the phosphate
positions in the hydroxyapatite mineral lattice 1° 29, Furthermore, the bones
had a minimal fat composition with the & CH vibrations of phospholipids

being barely detectable at 1295 cm-1 [7],

7.3.2 Outliers detection through PCA

The carbonate-to-phosphate ratio (va CO3% band (1070 cm)/vi PO4*
band (960 cm-?)), the mineral-to-matrix ratio (vi1 PO4% band/amide | band
(1605-1720 cm-1)), the collagen crosslinking ratio (amide | band (1675 cm-
1)/amide | band (1645 cm-1)) and the mineral crystallinity (1/vi1 PO4% band
width) were calculated. Ratios and mineral crystallinity have previously
been used in other research studies to define bone quality. Such studies
have reported anomalies in bone composition and, consequently, in the
values of ratios and mineral crystallinity calculated from individuals with
genetic disorders, osteoporosis, fractures, etc. (6 10.38] 5o that exploratory
analysis of ratios and mineral crystallinity would allow us to detect outliers
in the data set available. The intensities of the corresponding bands of the
Raman spectrum of each bone sample were used to calculate the ratios
due to the fact that they were more reproducible and less influenced by
instrumental variations than those calculated from the integrated areas.
The calculated ratios and mineral crystallinity were used as X variables in
the PCA. Subsequent to being scaled to unit variance (UV), the Hotelling’s
T2 and distance-to-model plots at 95% confidence were used for outlier

detection.

The sample set consisted of 53 samples, 6 of which (LU36, LU186, LU21,
LU115, G69, G261) were detected as outliers, exceeding the critical limits
(level 0.05) of the Hotelling’s T2 and distance-to-model plots of the PCA
(Figure 2) and, therefore, eliminated from the set. Due to the large inter-

individual variability (sex, age, diet, body size, etc.) of the analysed human
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skeletal remains, it was not possible to establish the cause of the
anomalous and different behaviour of these outliers. This way, the training

set eventually included 33 samples, while the test set included 14.
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Figure 2. Outliers detected in the Hotelling's T2 and distance-to-model plots at 95%
confidence.

7.3.3 OPLS model construction and validation

The UV scaling and the second derivative transformation of the X matrix
were the mathematical treatments selected for the optimisation of the
OPLS model. The aim of the second derivative transformation was to
resolve the overlapping bands, which allowed for improved qualitative and
guantitative data (24, X variables with values between -0.04 and 0.04 in the
loadings plot were eliminated, which resulted in an X matrix consisting of
295 variables, thus improving the robustness and performance of the
OPLS model. The model was established with 3 LVs, explaining 43%
for R?X and 89% for R?Y and predicting 67% for Q2 of the variance of the
population data within the training set, which indicates that the OPLS
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model had a valid fit and predictive ability. In addition, values of 0.10 (1.25
years) for RMSECV and 0.89 for R2 CV were obtained. The low
RMSECV value as well as the R? CV value close to 1 highlight the high
predictive accuracy and the adequate fit of the OPLS model. It also had a
great predictability, obtaining a value of 0.17 (1.48 years) for the RMSEP
within the validation set. The RMSECV and RMSEP values were of the

same magnitude, which demonstrates the robustness of the model.

7.3.4 OPLS model application to PMI estimation

The OPLS model was used to determine the PMI of the 14 samples of the
test set. Predictions with an accuracy deviation of less than 30% were
obtained for 10 of the samples studied, as shown in Table 2. The fact that
it was possible to accurately predict 71% of the samples in the total set
demonstrated the adequate predictive performance of the OPLS model.
The large deviation of the remaining 29% of the bone samples (results not
shown) could be justified due to the high inter-individual variability
introduced, which could affect the chemical content of the bones and,
therefore, lead to variations in the Raman spectra characteristic of each
individual, thus not fitting well into the OPLS model. Nevertheless, the use
of human skeletal remains with large inter-individual variability and
exposed to uncontrolled burial conditions as calibration and validation
samples enabled the OPLS model to be applied to the identification and
determination of the PMI of skeletons encountered in real forensic
scenarios and to the potential distinction between these and the
archaeological ones, while ensuring the reliability and acceptable error rate
of the predictions provided. In addition, the optimistic predictions that would
have been obtained if the OPLS model had been built and validated with
bone samples of certain inter-individual characteristics, non-human or
buried under controlled experimental conditions are avoided. However,

future studies will have to check whether the OPLS model could be applied
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to human skeletal remains from another geographical location and

exposed to different burial conditions than those used in this study.

Sample code PMI (year) Predicted PMI (year) Accuracy error (%)
LU3 49 39 20
LU22 29 31 7
LU33 48 44 7
LU65 33 38 15
LU70 50 41 18
LU71 48 35 28
LU78 51 36 29
LU84 38 29 23
G497 31 30 2
G523 30 38 27

Table 2. PMI estimates and accuracy errors given in absolute value for the test set
samples using the OPLS model.

Moreover, the regions of the Raman spectra of human skeletal remains
that were most significantly modified as a function of their PMI and,
therefore, had the greatest contribution to the PMI modelling, were
examined using the loadings plot. To understand these modifications, in
addition to Raman studies, we have relied on those of FTIR performed on
bone, since Raman spectroscopy researchers are known to have used and
modified infrared correlations in order to be able to interpret Raman spectra

of bone 38,

The degradation of human skeletons is a complicated and multivariate
process that begins immediately after the death of the individual and is
highly dependent on the external conditions to which the body is exposed
29, It has been reported that the PO43- bands are not meaningfully modified
within the first few years of post-mortem [7- 24. 23], |n the present research
study, the human skeletal remains with a PMI greater than 15 years
underwent changes in the Raman bands assigned to the vz and vs
vibrational modes of PO4* (Figure 3), which may be due to the
environmental factors to which the skeletons have been exposed and
which have caused their inorganic phase to dissolve, leach, exchange

ions, precipitate minerals and/or recrystallize 4. In relation to the latter,
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modifications in the phosphate bands can be attributed to changes in the
crystallinity index (C.l.), as reported by Patonai et al. [¥9l. Such authors
found that forensic human skeletal remains had a poorly crystallised
apatite content, while at higher PMI the C.I. index increased, undergoing
modifications in the apatite and resulting in a more ordered and larger
crystal structure. Likewise, the loss of organic matter in the post-mortem
degradation process of the skeletons, as will be discussed below, can also
cause an increase in the degree of crystallinity of the hydroxyapatite 1. It
is worth recalling that the human skeletal remains from the present
research study had a PMI between 15 and 87 years and, therefore,
modifications in the vz PO4% and va4 PO4% bands were detected in
skeletons with up to the aforementioned PMI. Nevertheless, Woess et al.
1268 reported that such modifications (reduction in the intensity of Raman
bands) continue to be experienced in archaeological remains with a PMI
of up to 1260 years. Moreover, in the present research study the skeletal
remains with a PMI between 15 and 50 years underwent changes in the
PO4% Raman band attributed to the v vibrational mode, however, those
with a PMI greater than 50 years remained unchanged, as shown in Figure
3. It is worth mentioning that Woess et al. (28] reported that this phosphate
band was minimally modified in forensic samples with a PMI between 1
day and 85 years and in archaeological samples with a PMI between 650
and 1260 years. Nonetheless, King et al. 2%l observed changes in the
position and full width at half the maximum height (FWHM) of the primary
phosphate band (vi PO4%) of the Raman spectrum of prehistoric skeletal
remains due to the substitution of foreign ions from the soil in which they
were buried and the adverse climatic conditions to which they were
exposed. The human skeletons from the present research study were
buried in niches and, therefore, were less susceptible to foreign ion
substitutions into the mineral lattice, not undergoing such significant
modifications and shifts in the vi1 PO43- band. Furthermore, Woess et al. 28]

found that archaeological human skeletal remains had a more prominent
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and sharp IR band at 1042 cm-! compared to the forensic ones due to the
mineralisation of the bones. Although this band may be less obvious in
forensic remains, in the present research study, the OPLS model was able
to detect modifications in the Raman range from 1040 to 1048 cm-1, except
in those skeletons with a PMI between 30 and 50 years, as shown in Figure
3.
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Figure 3. Red-rounded regions of the second derivative Raman spectrum that
undergo modifications throughout the burial period and that most influence the
modelling of the PMIL.

Moreover, according to several scientific papers that report the alteration
of the organic matrix (decrease of IR and Raman bands) in the skeletal
remains with a PMI of up to a few years [7- 24 28] the modifications in the
Raman bands of the CH2 deformation of proteins and of the amide | and
Il continued to be observed in the present research study up to the 87
years of PMI (Figure 3). Due to the decay of human skeletal remains,

organic matter undergoes a complex process of disintegration, resulting in
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the formation of simple chemical substances 1. Therefore, forensic bone
samples would be expected to have more organic bands in their spectra
compared to archaeological ones [26:33.39], Amide | and Ill regions are highly
prone to changes in the secondary structure of proteins. More specifically,
alterations in the amide | band may be due to a structural change in
collagen "1, In this regard, it has been reported that skeletal remains buried
in the soil have suffered collagen loss with increasing PMI, either by
chemical breakdown or enzymatic digestion by bacteria followed by
leaching [7- 2324, Wang et al. ?4 observed large differences between the
FTIR spectra of bones buried in soil and those not buried and exposed to
air, with the former undergoing a higher rate of degradation. As mentioned
above, the human skeletal remains from the present research study were
buried in niches and, therefore, less prone to attack by bacteria and fungi
that could accelerate the removal of organic matter and weaken the
structural integrity of the bone. In spite of this, human skeletons
experienced modifications in the organic matrix consistent with those
reported by Pérez-Martinez et al. 19, who observed a loss of collagen in
the remains buried in niches, with a significant decrease in the number of
peptides of Collagen type | in those with a PMI equal to or greater than 20
years. All the modifications observed during the period of burial in the
present research study (15 years < PMI < 87 years) could be extrapolated
and applied as indicative information to real cases with circumstances
similar to those of human skeletons buried in niches, such as open-air

burials, e.g. coffins and bodies found in caves.

7.4 Conclusions

The combination of Raman spectroscopy with OPLSR has proved to
overcome the inefficiency of single analytical techniques in the study of the
diagenetic processes to which human skeletal remains are subjected

during burial by enabling the visualisation and interpretation of the
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modifications experienced in the spectra of human skeletons according to
their PMI. Moreover, even though the coupling of such techniques had
previously demonstrated its effectiveness in the determination of the PMI
from the modelling of the modifications experienced by synthetic laboratory
samples, it has also turned out to be successful when applied to real
human skeletal remains, presenting itself as an additional and/or
complementary tool to those already existing for the determination of the
PMI. In spite of a previous exploratory analysis for the detection of outliers
and a pre-processing of the analytical signals, the great inter-individual
variability of the skeletons and the large number of external and internal
factors that influence their diagenesis have been decisive to fail in the
construction of an OPLS model capable of estimating with acceptable
accuracy the PMI of all the samples in the validation set. Nevertheless, the
estimates were highly promising for those samples to which the OPLS
model was able to respond, opening up the possibility of determining the
PMI of human skeletal remains (15 years < PMI < 87 years) that have been
buried in similar or equal conditions to those of the cemetery niches and in
a geographic location with a Mediterranean climate. The results obtained
in this research could be improved by increasing in the future the number
of real skeleton samples with which the OPLS model is built and validated.
Therefore, the non-destructive and confirmatory nature, versatility,
portability, selectivity, accuracy and the ability to provide an estimated error
associated with the result provided via chemometrics, make Raman
spectroscopy in combination with the OPLSR method a promising
technique for determining the PMI in forensic settings where only human

skeletal remains are available for analysis.
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8.1 General discussion

Forensic laboratories are equipped with state-of-the-art techniques and
methodologies to meet the challenges posed by forensics, with special
emphasis on those in the field of dating. However, they may not be
sufficient to make a final decision due to the multidimensional and complex
data that forensic experts have to deal with. In recent years, multivariate
regression methods are revolutionising forensic dating by improving the
performance of laboratories through the rapid and optimal handling and
processing of such data with which meaningful and objective results on
which to rely are being achieved I 2. Their recent incorporation to this field,
the limited statistical knowledge of forensic experts and the lack of
standardised chemometric procedures, though, make their potential and
optimal use practically unknown and, therefore, their acceptance continues
to be a challenge with their implementation being available only in a few
forensic laboratories [2 3l. This thesis tries to reverse this situation by
focusing on the important applicability of a multivariate linear regression

method called PLSR to the field of forensic dating.

The major technological development undertaken in this thesis has been
the implementation of multiple chemometric-based dating methodologies
able to model the modifications experienced by the components of different
forensic evidences throughout the ageing process, i.e. direct dating.
Focusing on the field of questioned documents, Chapter 2 presents a
micro-destructive methodology for dating documents of up to 30 years old,
stored under comparable conditions and manufactured with the same or
similar type of paper as that of the study. Likewise, Chapters 3 and 4
describe various methodologies for dating questioned documents
containing handwritten ink strokes. With the first methodology, ballpoint
pen inks of up to 5 years old, preserved under conditions comparable to

those of the study and manufactured with the same ink formulation as
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Inoxcrom®, could be dated non-destructively. Thus, ballpoint pen inks with
a chromatographic profile equivalent to Inoxcrom®, such as Milan® and
Paper Mate® brand pens, could be dated with an accuracy error of 25%.
The second method made possible the non-invasive dating of counterfeit
documents of up to 2 years of age, written with different pen ink brands
and exposed to the same or slightly different storage conditions than those
of the study. These methodologies are a breakthrough within the field of
questioned document dating and constitute an outstanding alternative to
the current ink dating methodologies, based on the analysis of volatile
components, which are destructive and basically restricted to documents
of up to 2 years old #€. Referring to the field of art forgery, Chapter 5
presents a non-destructive methodology for dating paintings of up to at
least 22 years old, preserved under comparable conditions and created
with the same brand of paint as that of the study. Subsequently, the
extension study in Chapter 6 would demonstrate that 14 to 22 years old
paintings could be successfully dated with the long-term ageing OPLS
model of the Liquitex® paint brand, despite the brands used in those
paintings. However, artworks younger than 14 years would require
exclusively tailored OPLS models. This was due to the fact that the paints
underwent slower ageing processes at longer stages, which enabled them
to fit the long-term ageing OPLS model (14-23% error), in spite of the
differences in their formulation and the moderately different ageing
conditions to which they were exposed. It is worth noting that this
methodology represents an important technological progress, since until
now there was no chemometric-based methodology that could be applied
to the dating of contemporary artworks and that, therefore, it could provide
invaluable data for authentication purposes. With regard to the field of
medico-legal death investigation, Chapter 7 describes a non-destructive
methodology for estimating the PMI of human skeletons constrained at
present to situations with similar conditions to the studied ones. Those of

cemetery niches in a Mediterranean climate region. The implementation of
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such a more refined methodology could complement or replace PMI
determinations made on an empirical basis from the examiner's experience
and base on subjective comparisons with previously documented cases
showing similar characteristics and on morphological and histological

analyses [7- 8],

On the other hand, since in Chapters 2, 3 and 5 artificially aged samples
were used for the construction of the chemometric models, the correlation
between accelerated ageing and its equivalent to natural ageing had to be
established so that these methodologies could have real applicability.
Thus, it was possible to establish correlations for each matrix and temporal
range. Approximately 5 hours of artificially ageing a document's paper
under the set conditions were equivalent to one natural year under police
custody conditions. Besides, approximately one hour of artificially ageing
the ink deposited on a document under the established conditions proofed
to be equivalent to 143 hours of natural ageing. In the case of the paints
used in contemporary art, it was possible to determine an approximate
equivalence of one year of natural ageing to 50 hours of accelerated
ageing under the conditions studied. In addition to giving real applicability
to the methodologies, the correlations established are of utmost
importance for other purposes. For example, the latter would provide
important information in the field of preventive conservation in Cultural
Heritage with regard to addressing the durability and ageing performance
issues of Liquitex® like acrylic paints. Likewise, the effectiveness of the
materials used for the restoration and conservation of contemporary

paintings could be tested with that correlation.

While this thesis has focused mainly on direct dating, a further method
exists, which is indirect dating, based on the analysis of the composition of
forensic evidence and its subsequent comparison with reference samples

from collections ©l. Complementing both dating methods would add
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information and ratify the results obtained by direct dating. This goal was
reached in Chapter 2. 4-hydroxybutanoic acid and 2-hydroxy-3,4-
dimethyl-2-cyclopentane-1-one  were identified as characteristic
compounds for a set of documents with ages between 1991 and 2011,
except for that of 1986. Propanoic acid was detected in the three oldest
documents and 4-hydroperoxy-1-phenyl-1-cyclohexene, 2-methyl
benzofuran and naphthalene were characteristic of the 1986 document.
Monitoring the presence or absence of these compounds would indirectly
locate the questioned document within an approximate period of time, thus

confirming the results provided by direct dating.

A further important point to highlight is that all the chemometric-based
methodologies developed in the different chapters of the present thesis
have employed micro- or non-destructive techniques, with none or minimal
sampling and no sample pre-treatment. This underlines the ability of
multivariate regression methods to couple with any analytical technique
currently at the forefront of forensics. Great advantage since the
techniques to which they will be coupled must preserve the integrity of the
proof, often due to the legal relevance of forensic evidence and the need

for counter-analysis .

Moreover, state-of-the-art techniques applied together with multivariate
regression methods that have demonstrated great potential but lack of
practical applicability, have been adapted by coupling them to a
microscope, thus making them suitable for real forensic scenarios.
Chapters 3 and 4 reflect such flexibility of chemometrics. The former
presents a non-destructive methodology for dating ballpoint pen inks using
UV-Vis-NIR  spectroscopy together with PLSR. However, the
implementation of this methodology to real scenarios required adapting it
to a microspectrophotometric technique, which has a smaller sample

aperture and is therefore representative of handwritten strokes. Hence, the
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study in Chapter 4 refers to a non-invasive methodology for dating inks in
handwritten documents using Vis-MSP together with multivariate

classification and regression methods.

Likewise, in relation to Chapter 4, it is worth mentioning that thanks to the
statistical basis of multivariate regression methods, data handling and
processing has been done in such a way that prediction error has been
reduced to a minimum, thus providing reliable results with which to make
objective decisions. Indispensable, since forensic evidence is often legally
relevant, so inconsistencies in the results provided would have serious
social and economic consequences, among others. Furthermore, reliable
and firmly grounded results are a mandatory requirement for acceptance
in a trial 10111, |n this regard, the methodology was systematised with the
help of a flow chart, showing the various stages and statistical criteria to
be met in order to confidently make an accurate age prediction for a
questioned document with an error of less than 25%. The methodology
also allowed for an easy detection of any document out of its applicability
time range, thus out of the scope of the method. Whatever the case may

be, the methodology gives rise to reliable results with a 95% confidence.

An additional useful chemometric tool presented in this thesis is the
loadings plot, which has not only functioned as a filter-method for the
selection of variables in Chapter 7, but has also allowed to determine
which X variables are the most influential in the modelling of time
throughout all chapters of this thesis. The identification of these variables
has been facilitated when using the OPLSR method, since the horizontal
axis of the loadings plot is represented by the predictive component [12],
Each of the X \variables is associated with a certain
wavelength/wavenumber corresponding to an area of the band or with a
certain retention time corresponding to an area of the chromatographic

peak and, therefore, to a specific compound in the forensic sample that is
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modified during ageing. This knowledge is of utmost importance for a
thorough understanding of the physical-chemical modifications that sample
compounds undergo over time and which is of value to the criminal enquiry,
in addition to providing supplementary information for other areas outside
of forensics, as was the case in Chapter 5. From the loadings plot it was
found that the short- and long-term ageing OPLS models of the Liquitex®
paint brand were basically characterised by the modifications of the p(nBA-
MMA) copolymer over time, which constitutes the binder in this type of
paint formulation. The modifications of the PEO surfactant contributed to a
lesser extent. On the contrary, the OPLS models of the Hyplar® paint
brand were characterised by the degradation and migration of the PEO
surfactant and, to a lesser extent, by the modifications of the PG7 pigment
and the p(EA-MMA) copolymer which constitutes the binder. Knowing
these differences in formulations and modifications throughout ageing is
key to developing appropriate methodologies for the conservation and

restoration of contemporary works of art.

Furthermore, the crime scenes the forensic experts face on a daily basis
are widely diverse, so each of them will involve a specific type of evidence.
This implies the need to build robust chemometric models with wide
applicability. Since the majority of these methods are built from synthetic
tailor made laboratory samples aged under controlled conditions, one
would expect them to have a unique application and, therefore, each
forensic scenario would need its own custom-made chemometric model.
Chapters 4 and 6, however, have demonstrated that this is not always the
case and that the same OPLS model can respond not only to the same
sample nature used in its modelling, but also to those that meet certain
requirements. Thus, we would not need an OPLS model for each possible
evidence encountered at a crime scene, but for the most representative,

fitting a larger number of them.
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It is also worth noting the ability of coupling cutting-edge techniques with
multivariate regression methods in the modelling of the modifications
experienced by real case evidence throughout natural ageing, as it was the
case in Chapter 7. Human skeletons buried in niches with a large inter-
individual variability were used, enabling the construction of reliable age
quantification models. This demonstrates the great potential of such
models to cope with the complex and changeable conditions that real
forensic cases may present, despite the fact that these variable conditions
might affect the process of global physicochemical changes in forensic
samples. This is of great importance, since, as mentioned above, OPLS
models are often built under stable and controlled experimental conditions
that may not be equal to natural conditions, so the data may fit the

mathematical models too optimistically 131,

The results of each chapter in this thesis are presented as the basis to
justify and promote the need of the forensic community to continue
investigating the possibilities that chemometric tools may offer to forensics,
in addition to encouraging the implementation of these tools in forensic
laboratories in order to provide reliable answers to the questions posed to

forensic experts at crime scenes.

8.2 Prospects

As modern technology advances, researchers are pursuing new smaller,
portable, non-destructive and easy-to-use equipment. The popularity of
hyperspectral imaging (HSI) systems and smartphone cameras is
expected to increase rapidly in forensics in the near future. HSI combines
the advantages of conventional spectroscopic techniques with those of
imaging techniques, obtaining both spectral and spatial information, so
researchers can analyse the chemical composition of forensic evidence

and simultaneously visualise its spatial distribution. The HSI's fast
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scanning system enables a wide area of evidence to be recorded in a few
seconds, which addresses the representativeness issues that
spectroscopic techniques present. Moreover, the portability of both HSI
systems and smartphone cameras allows the forensic expert to transport
them to the crime scene, where forensic evidence can be analysed and
interpreted in the original context almost instantly. Thus, rapid data
acquisition, ease of automation, portability, high system resolution,
reduction of human error, non-destructiveness and non-contact analysis
make HSI and smartphone cameras the future frontier of forensics 4,
However, these technologies as such do not fully exploit the large amount
of data they provide, so these data will need to be chemometrically
processed to select useful chemical information and improve the visual
quality of the images with which to perform a detection, visualisation and
identification of forensic evidence or even provide temporal information
about it 0519 With regard to the latter utility, Thanakiatkrai et al. [
hypothesised that the colour change in bloodstains due to their decay
process could be quantitatively detectable by their digital images captured
from smartphone cameras. This digital image is formed when an image
sensor converts reflected light that has passed through three colour filters
— red, green and blue (RGB) — into digital signals. The intensity of the
RGB values determines the final colour of each pixel. These values and
their counterparts —cyan, magenta, yellow and key (CMYK) — could be
plotted against the time elapsed since the bloodstain was deposited to
generate a calibration curve. Just as for the age estimation of bloodstains,
this approach could be implemented similarly to other forensic evidence
encountered at crime scenes, thus directing forensic dating towards

emerging imaging techniques coupled with chemometrics.
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Conclusions
The most important conclusions of this thesis are summarised below.
1. Multivariate regression models built from both natural and
accelerated ageing samples have succeeded in being applied to

the dating of evidence from various forensic fields.

2. Multivariate regression methods can be successfully coupled with

any analytical technique that is at the forefront of forensics.

3. The preparation of synthetic tailor made laboratory samples aged

under accelerated conditions has enabled the building of (O)PLS

models in a field such as forensics where obtaining real samples
is extremely difficult. These samples have also allow for wider
dating time interval methods, which would be very time-consuming

and difficult to achieve by using naturally aged samples.

4. Several of the developed methodologies have improved and
overcome the disadvantages or objectives not reached by the

preceding methodologies.

5. The age estimation models built in this work can be easily updated
as new samples are added, rendering more robust and reliable
models.

6. The developed chemometric-based dating methodologies have
been able to respond to real-life claims that conventional
methodologies fail to cope with.
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The statistical basis of chemometrics has made it possible to
provide reliable and objective age estimates, indispensable for

acceptance and decision-making in the courts.

A clear guideline has been provided to the forensic community with
the steps to be followed for the optimal application of multivariate
regression methods to the dating of any forensic evidence that

may be encountered in future scenarios.

The testing for the applicability of the developed methodologies to
real-life scenarios has involved the participation of scientific police

units, academic institutions and artists, as it should be the case.
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Keywords: The age of a relatively old document is one of the pending issues to be resolved in the field of forensic doc-
Questioned document umentary examination. Although nowadays there are a variety of analytical methodologies focused in the
Paper analysis of inks for dating documents, the paper analysis has attained little attention. This work aims to develop
Py-GC/MS

two complementary approaches for estimating the age of documents based on paper analysis employing the
pyrolysis technique coupled to gas chromatography with detection by mass spectrometry (Py-GC/MS): (i) a
direct approach using the pyrolytic fingerprints and multivariate regression with artificially aged samples, and
(ii) an indirect approach based on the identification of istic of the document period. The
direct approach has successfully allowed the age estimation of relatively old documents under police custody (up
to 30 years of age) and the determination of a relation between the natural and the accelerated aging of paper
under the used conditions. This approach is applicable to papers that have the same (or similar) composition and
have been stored under storage diti it the indirect approach is presented as an
interesting perspective to ratify valuable information of the document age.

Age estimation
Multivariate regression

1. Introduction

The analysis of documents is a matter of great interest in the for-
ensic analysis field. From handwritten texts and signatures to printed
papers, a broad range of document types may be subject to analysis
(e.g. to identity certifying documents, commercial documents or in-
dustrial and intellectual property d These are 1
legal documents of mandatory compliance and/or with economic, ad-
ministrative, labour and social implications. The wide variety and
complexity of documents hinders their analysis and, therefore, several
aspects of the forensic science aimed to study documents (named as
documentoscopy) remain so far unsolved. The estimation of the age of a
document is one of these pending issues to be resolved [1-3].

Although the body of a document may be constituted of many dif-
ferent materials—as for example granodiorite in the famous Rosetta
Stone—for many centuries paper has been the principal component
used in documentation all over the world [4]. Since the first paper
made in China before the year 105 CE, composed of fragments of cloth
or silk threads, different materials have been used. In 751, Arabs varied
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and improved the composition of paper to reduce the cost of manu-
facture, employing mixtures of linen, hemp and cotton. In the 10th
century, a mixture of linen seeds was used in the Armenian paper [5]. In
1450, the supply problems that emerged with the invention of the
printing press spurred the production of new types of paper, mainly
based in the use of plants. Nowadays, paper is primarily manufactured
with fibres of cellulose and hemicelluloses and wood fibres, with sev-
eral impurities such as lignin, pectins, traces of resins, tannins, carbo-
hydrates and waxes [2,4,6,7]. In addition, small amounts of organic and
inorganic additives like inks, adhesives, fillers and bleaches are com-
monly added to improve the properties of the paper.

By analysing its composition, it is possible to characterize the origin
of a paper through their trace elements, which can differ from one
manufacturer to another [6,7]. By this way, a unique chemical finger-
print can be identified for each batch or sheet of paper [4]. Therefore,
paper could provide crucial information about the production of
manuscripts that may not be found in any other kind of evidence
[2,4,7-91.

Nevertheless, paper does not remain unchanged over time [10] as it
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‘The main methods for dating ballpoint pen inks in questioned documents used up to day are based mainly on the
analysis of ink volatile components. These methods have some limitations still unresolved, such as the im-
possibility for dating documents older than two to five years and the destruction in part or totally of the
questioned document after the analysis. This study aims to overcome these drawbacks by exploring the feasi-
bility of dating inks based on their spectroscopic UV-vis-NIR diffuse reflectance spectra monitoring combined
with a Partial Least-Squares (PLS) multivariate modelling. Inoxcrom® ink samples were exposed to artificial
aging, their reflectance spectra were measured and a multivariate calibration was applied. Mathematical pre-
treatments of the spectroscopic data were carried out to enhance the prediction ability of the models and the
qualitative interpretation of the spectra. The best PLS model was obtained after SNV spectral filter. Accurate
predictions (RSD of 25%) were obtained for two of the five pen inks analysed and a correlation between the
natural aging and the accelerated artificial aging could be established. Moreover, the spectra region more closely
related to the ink aging process could be delimited, in which younger inks were characterized by modifications
in the visible and NIR spectra region, while after aging the most influential region was the NIR spectrum. The
mismatch with the other three pen inks tested could be attributed to consistent differences in ink formulations.
Inks sharing a common chromatographic profile proved to fit correctly in the predictive model indicating that
the methodology shows a great potential for future applications in the field of questi dating.

1. Introduction now are destructive, removing total or partially the test sample

[10-15].

In the forensic field of documents, most of the analyses are focused
on documents made up of paper and ink. A huge number of studies have
been carried out both on the printing system and on the handwriting
tool [1,2]. One of the main arising problems is the need for dating
questioned documents, either by determining the time an ink has been
deposited on a paper or by comparing the relative dates of different
constituents within the document [1,3,4]. Currently, only partial solu-
tions have been found to this problem mainly due to the large number
of factors involved in the ink aging process [5-9]. In addition, an added
difficulty is that practically all of the dating methods developed until

* Corresponding author.

Most ink dating studies have been carried out with viscous ink
writing tools, like ballpoint pens. Ink is a complex homogeneous
medium, made up of solvents, pigments, dyes, resins, lubricants, solu-
bilizers, surfactants, particulate matters or fluorescers among other
constituents [1]. In the last decade, several methods for ink dating have
been developed based on different components of ink formulations.
However, nowadays the most used methods focus on the loss of ink
volatile components by applying Gas Chromatography/Mass Spectro-
metry (GC/MS) technique. These compounds diminish over time and
most of them will evaporate in a few minutes after being deposited on
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Keywords:
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In recent years the interest and demand for artworks has been increasing as they are an interesting commercial
investment due to their growing value in the market. This explains the increasing number of counterfeits dealing
with artworks that has led to the of new for their The material
characterization of these types of works can provide relevant information for both authentication and con-
servation/restoration. Thus, in this study multivariate chemometric methods were applied to FTIR-ATR spec-
troscopic data for artwork dating purposes. To that end, ageing prediction models were developed for Liquitex”
and Hyplar’ brands. Paint samples containing the green synthetic organic pigment (PG7), were exposed to
artificial ageing and analysed with FTIR-ATR and Py-GC/MS for characterization and monitorization of the main
components (binding medium, pigment and additives). Although the OPLS ageing models were mainly char-
acterized by the modifications suffered by both the binder and the surfactants, a universal model could not be
developed due to differences in the modification trends of the different brands. The applicability of the OPLS
modelling for artwork dating purposes was tested in artworks provided by internationally recognized con-
temporary Basque artsts. For Liquitex” a significant correlation (p < 0.05) between natural and accelerated
ageing could be in which 50h of ageing under the applied conditions
were equivalent to one natural year. This correlation might have possible applications in the dating of artworks
for up to at least 22 years. Thus, the study demonstrates that FTIR-ATR combined with chemometrics is a
potential method for artwork dating and a valuable source of information about the chemical processes involved
in paint ageing, which can be of great help in the conservation and restoration steps.

1. Introduction

20th century, as it is much easier to acquire authentic materials and
modern paintings have increased in value in recent years [6]. Artistic

The contemporary art market is very dynamic and its increasing
demand involves hundreds of millions of dollars per year. However,
several serious problems given within the art market are intensifying
fraud and limiting its growth potential. Illicit art trade has become the
third illegal market after drugs and weapons [1,2]. Today there are
many counterfeits present in museums and galleries that are sold, ex-
changed and exhibited among collectors and art institutions [3]; in fact,
half of artworks currently in circulation may be counterfeits [4].
Hundred billions of dollars are spent worldwide on art every year and a
great part of that is tainted by illegal and illicit activities causing da-
mages in millions to museums, galleries and collectors [5].

Forgers are mainly copying artworks dated from the early to mid-

" Corresponding author.

reasons are also included that may affect the falsification. Con-
temporary art is easily copied since in many cases the “exclusivity” of
the design is not available as many are serial works. In addition, the
“manual dexterity” of the artists is not always evident (unlike old
masters), since many of them are conceptual artworks. The massive
production and short age of most of the works mean a vast amount of
works with similar difficult to Therefore a
correct material characterization of these works aimed to the identifi-
cation and precise dating of the materials used, could be of great help in
detecting counterfeited or misattributed works.

The most widely used materials by contemporary artists are acrylic
paints. Introduced to the market in the mid-1950s, acrylic emulsion
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In this work, the robustness and potential applicability of statistical age prediction models applied to the
dating of different acrylic paints were studied. The FTIR-ATR analysis of three acrylic colours (Hansa
yellow, phthalocyanine green and ultramarine blue) from two manufacturers (Liquitex® and Vallejo®)
subjected to accelerated ageing was carried out. The acrylic paints were characterised and the modifi-
cations of their ATR spectra throughout ageing were studied. Predictive models developed with the
Liquitex® brand containing phthalocyanine green pigment were then applied to other colour and brands
of acrylic paints and their robustness and feasibility were studied based on calculated accuracy error
values. The influence of the pigment on the ageing of the paint components, the type and quantity of
additives present in the acrylic paint as well as the ageing conditions to which it was subjected were
decisive in the short-term predictive model, which explains the low accuracy values obtained for all the
acrylic paints analysed. However, the slower degradation processes taking place in the longer term and
the stabilisation of the acrylic paints at higher stages of ageing made them fit successfully into the long-
term model, obtaining an error of between 14 and 23%. Thus, the predictive statistical model is robust
and feasible to be used for different colours of the same brand of acrylic paint as well as for acrylic paints
of different brands that have been long-term aged under slightly different conditions of accelerated
ageing. In conclusion, this methodology could be a promising tool in the field of dating contemporary
artworks of a certain age.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

imaging (IR-HIS) [7,8], FTIR-attenuated total reflection (FTIR-ATR)
[6,9], IR reflection [10] and scanning electron microscopy-energy

The contemporary art market is experiencing an unprecedented
level of buying and selling activity that generates millions of dollars
worldwide. As art prices rise, art-related crime is on the increase,
making counterfeiting a multi-million dollar enterprise. The
uncovering of fake artworks has a negative impact on the entire art
market. That is why new technologies are being used to detect
counterfeits that have already entered the art market as well as to
prevent their sale and acquisition [1,2].

Non-destructive techniques such as Raman spectroscopy [3—6],
Fourier transform infrared spectroscopy (FTIR) [3], IR hyper spectral
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dispersive X-ray spectroscopy (SEM-EDX) [6,9] are usually used as
first option as they do not damage the work of art [3,6,9]. Among
the techniques, FTIR-ATR spectroscopy is widely used for the
characterisation of artwork materials [6,9,11] and for the study of
the influence of pigments on the photodegradation of acrylic paints
[12-15].

In some cases, non-invasive techniques are not enough, so
analytical techniques combined with statistical methods, such as
multivariate chemometrics, have been widely used to extract the
maximum and most representative information from the acquired
data in an interpretable manner. Partial Least Squares (PLS) is an
X—y regression methodology typically used for either predictive
purposes or control monitoring. Despite the applications of partial
least squares (PLS) for quantification of paint components in the
restoration of artworks [ 16] as well as for the determination of their
properties in quality control [17], there are not many studies that
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Blue ink strokes belonging to 11 types of writing tools from 7 different brands were naturally aged in the darkness
for 2 years and i is-mi (Vis-MSP). Ink clustering and classification was
performed by applying principal component analysis (PCA) and hierarchical cluster analysis (HCA) in order to

assign an optimal partial least squares (OPLS) model capable to predict the age of
different inks. This method was found applicable to the exact dating of forged documents with ink strokes of up to
2 years old. The method was tested with blind samples supplied by the Forensic Science Unit of the Basque
Country Police Department. Age predictions (p < 0.05) with an accuracy error below 25% were obtained
whenever: (i) the two ink replicas were placed inside the ellipse of the predicted score graph, (i) the age of the ink
was within the temporary application range of the OPLS model, and (iii) the ink was found o fit correctly in any
of the classifications of the pen brands studied. The OPLS model was also able to detect those inks out of its
temporary application range, if the ink samples were correctly clustered in the PCA model and/or classified in the
HCA model with one of the pen brands studied, but one of the two ink replicas was placed outside the ellipse of
the predicted score graph. Thus, these inks were temporarily above or below the application limit of the OPLS
model of the corresponding pen brand.

1. Introduction

correspondence, etc. The study of these materials implies their chemical
analysis as well as the use of physical and optical techniques either to

Forgery of documents and the fight against this type of illegal activity
is an everyday reality which is increasing and can have serious and far-
reaching negative implications for ies, individuals and political
entities. This crime is not only for profit, but may also constitute a means
to other ends, such as terrorism, smuggling of migrants and trafficking in
persons. The different units of law enforcement agencies have therefore
been forced to collaborate and develop new methodologies to deal with
these crimes [1].

Counterfeit material may consist of contracts, wills, titles and deeds,
bank checks, suicide notes, agreements, ID cards, handwritten
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determine their authorship, the alterations made to them or to date them.
The dating of documents is one of the most studied tasks, but also one of
the most challenging due to the great variety of pen brands and ink
formulations on the market. Moreover, the lack of knowledge of the
conditions under which the documents were exposed and the lack of
inter-laboratory validation and applicability assessment of the method-
ologies developed are also critical issues in the reliability of the results
[2-61, and rightfully questioned when presented in court cases [7].

The most commonly used writing tools are ballpoint pens, which
contain viscous oil-based inks, as well as rollerball pens, containi
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