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Abstract

The development of non-invasive analytical methods is of widespread interest to the field of conservation
science, providing chemical insight into the materials used to create painted works of art, which can, for example,
inform decisions about their restoration and preservation, or help discern original works from forgeries. A key
undertaking in this area is to develop practical methods for identifying and understanding the chemical processes
that occur in paint films under ageing. Furthermore, whereas a number of scientific studies have focussed on
model systems in which natural ageing processes are simulated in a short time by irradiation under ultraviolet
(UV) light, it remains to be established to what extent natural and accelerated ageing induce similar chemical
changes. In this work, we employ FT-Raman spectroscopy, together with a simple spectral-deconvolution
algorithm, to study in detail the spectral changes accompanying the natural and UV-accelerated ageing of
simulated medieval paint films. We find that the two processes differ significantly, and that spectroscopic
signatures, principally in the fluorescence background, can thus be used to differentiate the two modes of ageing
and hence possibly to identify attempted forgeries. Our studies also suggest that paints based on proteinaceous
binders are more stable to ageing than lipid-bound ones. Finally, we investigate the possibility of using our
chemometric deconvolution technique, in conjunction with multivariate analysis, for the semi-automated

characterisation of the degree or extent of ageing in unknown samples.
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Highlights

1) A heuristic spectral-deconvolution algorithm is presented and applied to the analysis of FT-Raman spectra
from simulated medieval paints.

2) UV-accelerated ageing differs from natural ageing processes, due principally to the apparent formation of
C-C triple bonds.

3) The fluorescence background of Raman spectra contains information that can help to identify the nature
of the ageing (e.g. natural or UV-accelerated).

4) Proteinaceous binders are more stable to ageing than are lipidic media.



Introduction

Understanding and identifying the colour palettes and painting techniques used in a piece of artwork can
be key to identifying the artist or studio responsible for its creation. Since most works of art have survived the
ravages of time, they will invariably show considerable signs of ageing. Understanding the nature of the ageing
processes can not only help conservators to develop methods to restore and preserve cultural-heritage objects, but

can also help to distinguish newly-forged copies and real old masterpieces.

Ageing encompasses a set of physiochemical process that paintings undergo within months to years of
their making. Initially, the paint, which is a mixture of pigments in a binder or a mixture of binders, undergoes
drying. During this process, the solvents from the paint binders evaporate, and the binding medium forms a
polymeric matrix[1]. Longer-term ageing leads to various different phenomena, and these have been studied
extensively for easel and panel paintings[2-5]. The most commonly-observed process is the oxidative degradation
of unsaturated fatty acids in lipidic binders, resulting in the formation of mono- and di-carboxylic acids with
varying chain lengths[6, 7]. The species found most commonly, e.g. through GC-MS and FTIR analyses, are
azelaic acid (C9), sebacic acid (C10), suberic acid (C8), acetic acid, oxalic acid and glycerol[7, 8]. The smaller
acids and glycerol evaporate from the surface of the paintings, while the longer-chain di-carboxylic acids form 3D
polymeric networks with the pigments, with the mono-carboxylic acids acting as terminal groups[9]. This

phenomenon of cross-linking strengthens the paint layer and prevents its breakdown[9].

However, depending on environmental conditions, the mono-carboxylic acids can form soaps with lead
pigments, which migrate to the top layer and frequently form protrusions. This phenomenon is known as the
“lead-white phenomenon”[8]. The hydrolysis of polysaturated triglycerides is known to happen over a time-span
of 50-100 years and, in the advanced stages of degradation, lead soaps form semi-crystalline structures which
eventually flake off[10]. Lead soaps with longer fatty acids behave like liquid crystals and, at higher
temperatures, become disordered, leading to solvent uptake and consequent swelling. This form of degradation is

frequently noticed in works that have undergone multiple hot-relining operations and exposure to solvents[11].

In 2005, Hoogland and Boon established that lead soaps form only in the presence of hydrolysed acids, as
their efforts directly to synthesize lead tripalmitate failed, whereas lead palmitate formed readily from lead
carbonate[9]. The formation of lead soaps has been shown to be accelerated at elevated temperatures and high
relative humidity[12]. The dynamic process of lead-soap formation has, however, not yet been studied
quantitatively, although Cotte et al. carried out a kinetic study of lead-soap formation and established that the
phenomenon requires only weeks, rather than centuries, to happen, and showed that increased water content

accelerates the ageing process[13].



Metal-soap formation was first noticed with lead paints, but many other metal ions also lead to
saponification of paint binders. For example, copper, zinc, iron, aluminium, calcium and potassium also form
metal carboxylates[14]. Potassium[15, 16] and aluminium[15, 16] ions form soaps which are water soluble and
hygroscopic, respectively, and which typically make oil paints unstable to moisture, whereas calcium soaps are
more rigid and act to stabilize the paints[17]. In general, degradation processes cause paint films to become
thinner and more transparent to light, which is then absorbed by the support layer, making the painting appear

darker[8].

Bonaduce et al. found that the ageing/hydrolysis pathways of binders were dependent more on the nature
of the bound pigment, and less on their pre-processing (e.g. cold pressing, water washing, etc.)[18]. It was noted
that, of various lead pigments in use, lead white (PbCO;) reacted most readily to form soaps, forming
hydrocerrusite nanocrystals, with lead chloride sometimes also being present[19]. Red lead (Pb;04) was found to
be the next most efficient at saponification, with the pigment initially converting to lead white, which then
subsequently forms lead soaps[20, 21]. Lead-tin yellow (Pb,SnQO,4), however, was found to react more slowly.
This pigment leaches out[21], forming a network surrounding the lead soaps, and this remineralisation leads to a
coarser-looking paint, sometimes found above the protective layer of varnish. Some artists deliberately made use

of this phenomenon to paint lemons[10].

Compared to their lipidic counterparts, ageing of proteinaceous binders is a lot less well understood.
Colombini et al. carried out extensive analysis on proteinaceous binders using HPLC and GC in conjunction with
UV-Visible or IR spectroscopy. They carried out hydrolysis of the samples to free the amino acids before
analysis, and used characteristic amino-acid ratios to identify the proteins initially present[22], finding that the
composition of the fresh and aged proteinaceous binders did not vary significantly. However, on ageing, these
binders form cross-linked polymers with the cations from the pigments, making the recovery of the amino acids
more challenging. Moreover, the need to subject the samples to hydrolysis under harsh acidic or basic conditions
before they can be analysed using HPLC or GC[22] means that this method is not well suited to analysing

cultural-heritage objects.

Ageing of paints can, in general, be affected by humidity, temperature and light conditions, and most
studies have been carried out on binders that are oils and other fatty acids, where the yellowing and cracking of
paints is apparent[23]. However, while proteinaceous binding media are observed to be relatively stable, not much
work has been done to understand their ageing. Manzano ef al. recently carried out studies on mixtures of lipidic
paint binders using Raman spectroscopy and chemometrics[24], during which they identified a need to study the
ageing of proteinaceous binders, but observed no systematic chemical changes under accelerated ageing with UV

light.



In terms of techniques, a lot of work has been done to investigate ageing processes using FT-IR[5, 25,
26], GC-MS[25, 27, 28], XRF[2, 5], synchrotron radiation (XRD and FTIR)[3] and Raman, both on samples aged
naturally for up to five years or longer, and on samples acceleratively aged under UV light[23]. However, little
work has yet been done to compare the differences in the nature of ageing under these two regimes. In this work,
we present a comprehensive study of the ageing of simulated medieval paint films under both conditions. We
make use of FT-Raman spectroscopy, together with a custom-written spectral-decomposition algorithm, to obtain
chemometric information on the chemical processes underpinning the ageing. This is backed by complementary
fibre-optic reflectance spectroscopy, which provides quantitative information about colour in addition to chemical
composition. With these techniques, we perform a detailed comparison of the two ageing methods, and, through
analysis of the processes involved, we show that the two leave distinct chemical “signatures”. Finally, building
on previous work[29], we also make use of multivariate analysis with different spectral information, to see

whether such techniques could be used automatically to differentiate between different ageing processes.

Experimental

Sample Preparation

Paints of three commonly-used lead pigments, viz. lead white (LW; PbCOs - anhydrous lead carbonate or
cerrusite), red lead (RL; Pb;O, - lead tetraoxide) and lead-tin yellow (LTY; Pb,SnO, - lead stannate), were
prepared using seven different binders, viz. egg yolk (EY), egg white (EW), whole egg (WE), gum arabic (GA),
linseed oil (LO), poppy oil (PO) and walnut oil (WO), and painted on microscope glass slides. We prepared two
sets of each paint sample close to the extremes of the workable-mixture ranges - one set with a high pigment-to-

binder ratio (i.e. ‘lean’ in binder), and another with a low pigment-to-binder ratio (‘rich’ in binder).

These were left exposed to sunlight indoors behind a window for one year to allow for natural ageing.
After collecting spectra from these samples, they were then subjected to accelerated ageing under a 254 nm ultra-
violet light (8W) in a home-made ageing chamber (see supporting information) for one week. The relative
humidity and temperature in the chamber were maintained at 34% and 18.8 °C, respectively, with less than 1%
variation (see supporting information). The use of 254 nm light is particularly harsh, but was chosen to represent a

“worst-case scenario”.

All the pigments used in this study were purchased from Kremer Pigments, Inc., and were used without
any further processing. The seven binder materials were purchased locally, except for gum arabic resin (Kordofan

Grade), which was imported from the Middle East via L. Cornelissen and Son, London. The GA binder was



prepared from this resin by dissolving it in water. EW, EY and WE binders were made from free-range eggs,

while LO, PO and WO were obtained as cold-pressed products.

Spectroscopy

FT-Raman spectra within the spectral range of 20-3600 cm™ were collected using a Bruker Ram II
instrument (1064 nm excitation wavelength, ~1 mm spot size, KBr beam splitter and Ge detector, 2.37 mm
penetration depth) at a resolution of 4 cm™. The spectra were acquired with an excitation power of 50 mW and
integrating 256 scans, as the previously optimised[29] 100 mW laser power was found in preliminary

measurements to cause burning of some samples, especially in areas of the films with ‘bubble-like’ protrusions.

Fibre-optic reflectance spectra were obtained using a FieldSpec 4 spectroradiometer (ASD Inc., USA) in
the wavelength range 350-2500 nm at a spectral resolution of 3 nm at 700 nm and 10 nm at 1400 nm and 2100
nm. The instrument was calibrated using a 99% reflective spectralon standard (Labsphere) before acquiring

sample spectra.

Spectral Decomposition

To aid the analysis of our FT-Raman spectra, we implemented a spectral-decomposition algorithm in the
Python 3 programming language[30], using the NumPy[31], SciPy[32] and Matplotlib[33] packages. The code
attempts to decompose input spectra into a sum of Lorentzian peak functions and a background polynomial,
which can then be analysed separately (e.g. treating the parameters of the Lorentzian functions as a peak table), or

combined to yield a smooth approximation of the original spectra.

In the first step, the algorithm attempts to fit the spectral background. Prior to the fitting, it is necessary to
exclude data points which are part of prominent peaks, since such features can significantly skew the fit. To do
this, the spectrum is divided into N segments (here 5), and the intensities within each fitted to a straight line,
y = mx + c. Data points lying above a threshold multiple (here 1.05) of this baseline are considered to form part
of peaks, and are excluded. The segments are then recombined, median filtered to remove spikes from peak bases,
and an n"-order polynomial fitted through the remaining data points. In this work, we used an 11-point median

filter, and fitted to a polynomial of degree 10.

In the second step, the algorithm attempts to detect peaks, and to fit them to (scaled) Lorentzian functions.
The polynomial obtained in the first step is subtracted from the input spectrum, yielding a background-corrected
set of intensities. The corrected spectrum is then analysed over user-defined regions of interest (ROIs), which can

optionally be interpolated onto a regularly-spaced grid. The spectra are smoothed using a triangle filter, for which



we found a filter size of 21 data points gave a good balance between reducing noise while preserving features. For
peak detection, a baseline slope is obtained from a linear fit, with bands whose intensity is less than a set multiple
of the mean (here 1.05) being excluded in a similar manner to the background fitting. Next, the locations of peak

centres are identified from maxima which lie at a user-defined multiple (here 1.75) above the baseline.

A sum of Lorentzian functions, one for each peak, is then constructed, with the peak centres and scaling
factors estimated based on the raw spectral intensity at the peak position, and the width set by a supplied initial
estimate (1 cm™ in the present work). The set of peaks are then optimised against the background-corrected (non-
smoothed) spectrum using a least-squares algorithm. To avoid the peak shapes being skewed by high levels of
background noise, the spectrum is “zeroed” prior to fitting by subtracting a third linear fit of points lying below a
multiple (1.1) of the mean. In some cases, it was found that peaks barely above the baseline produced, on
optimisation, spurious broad Lorentzians with centres outside the ROI, and sometimes, as a result of the zeroing,
with negative scale factors; therefore, the scale factors were constrained to be positive, and peaks with centres

outside the ROI were discarded after the fit.

Each of the stages in the complete algorithm is illustrated for a representative sample spectrum in Figure
1. The output is a peak table, containing the wavenumber, intensity and full width at half maximum (FWHM) of
each detected feature, plus the coefficients of the background polynomial. This information can be used to
construct various derivative spectra, including a background-corrected version of the original, and smooth pure
“background” and “peak” spectra, plus a smooth “chemometric spectrum” consisting of the peaks plus the

background function.

This algorithm is purely “heuristic” (i.e. implements a human-like approach), and requires several input
parameters to be tuned for optimal results, some of which could potentially be determined automatically or
assigned values based on other input parameters. However, we found that this algorithm fared significantly better
than arguably more elegant algorithms (e.g. [34]) when used with noisy spectra, such as are typically obtained
from complex mixtures like those analysed in the present study. The parameters listed in the above description
were found to work well across the broad range of samples we studied, generally successfully identifying and
fitting the major peaks and background while omitting spurious features close to the level of the background

noise.

Principal-Component Analysis

Multivariate analysis of spectral data was performed using the Matplotlib[33] principal-component

analysis (PCA) functionality, with pre-processing and data-handling routines implemented in Python 3. FT-



Raman spectra were first smoothed with a 21-point triangle filter and vector normalised, as described in our
previous study[29]. This filter and window width were selected to achieve a good balance between preserving
spectral features and removing noise. FT-Raman spectra, including the various processed spectra generated by the
spectral-decomposition routine, were analysed with fibre-optic reflectance data, again as described in Ref. [29].
The region of the FT-Raman spectra between 1100 and 3200 cm™, i.e. above the fingerprint region, was taken for
the Raman analyses, leaving out the prominent peaks from the pigments that arise in the low-wavenumber

regions, while the complete FORS spectra were used in the analyses.

Before the construction of PCA-training matrices, spectra were interpolated to a common set of bands; in
the composite Raman/FORS spectra, 500 data points from Raman and 1000 data points from FORS were used in
each data set. The choice of the numbers of data points was made based on the resolution of the input spectra and
on keeping the computational and memory requirements of the PCA manageable. While we found that using a
low number of data points (< 500 in total) adversely affected the quality of the PCA, at the interpolation
resolution adopted in this study adding additional data points had no visible effect[29].

Results and Discussion

FT-Raman Spectra

Representative FT-Raman spectra of the 42 paints analysed in the present study (three pigments with
seven binders in two concentrations), as prepared and following natural and UV-accelerated ageing, are shown in
Figs. S3-S8, and corresponding spectra recorded from paint-outs of the pure binders are compared in Fig. S9. The
quality of the spectra was found to depend on the pigment/binder combination, with some samples yielding
relatively smooth spectra with sharp features, while the spectra of others displayed high levels of background
noise. In many cases, we found that ageing led to a reduction in band intensity, often accompanied by the
broadening of weaker spectral features which, in some cases, led to their being barely visible above the
background noise. It was observed that some of the binder-rich paint samples peeled away from the substrate, and

some were notably darkened (see supporting information) on visual examination.

The peak-detection method and background-correction algorithms were used to identify prominent peaks,
which were verified by eye and then assigned to the corresponding functional groups[24, 35, 36]. Assignments
were restricted to the region between 1100 and 3200 cm™, as this is above the region where the phonon bands

from the pigments occur, and only peaks relating to changes induced by ageing are discussed here.

The most interesting feature found to arise from ageing was the appearance of peaks between 1900 and

2100 cm™', which are indicative of C=C and partial triple bonds. These were clearly noticeable in the spectra of



UV-aged samples of pure binders (both lipidic and proteinaceous), as exemplified in Figure 2, and also in spectra
of LW and LTY paints, but were less prominent in spectra of RL paints. They were not observed in the spectra of
naturally-aged paints, which suggests that the chemical changes induced by these two modes of ageing are
significantly different. On UV-accelerated ageing, it is probable that the top layer of paint undergoes oxidative
degradation, resulting in the formation of species containing double and triple C-C bonds. This is consistent with
reports of differential changes in the compositions of the top and bulk layers of paint on accelerated ageing, with

the absence of short-chain acids on the top layer identified using secondary ion mass spectrometry (SIMS)[37].

Another prominent spectral feature is the appearance of CH; rocking vibrations in both sets of aged
paints, which were not observed in the fresh paints analysed in our previous study[29]. Carbonyl peaks were also
found generally to have broadened so much as to be lost in the background noise, and were observed as clear
peaks in only a small subset of the spectra, e.g. in the PO- and LO-based paints. This has been reported in similar
studies using FTIR spectroscopy[38]. Similarly, the amide I and III bands between ~1280 and 1650 cm™ were
absent in the aged samples, possibly due to broadening, and were observed only in one or two spectra of EW- and

EY-based paints.

As observed in other studies[8], carboxylate peaks due to C-O-C bond vibrations were visible at ~1100
cm™ in the LW- and LTY-based paints made with lipidic binders. These features were not observed in the spectra
of paints based on aged proteinaceous binders, which have been observed to be much more stable to ageing than
lipidic binders, which typically degrade and form metal soaps. In a few of our LW and RL paints, the Raman
excitation laser caused visible degradation at some spots, resulting in the formation of PbO, indicated by the
appearance of characteristic phonon bands at 84 and 138 cm™'[39]. These also clustered separately in the PCA
score plots (see below), giving rise to multiple clusters for these paint samples, which suggests that the laser also

caused damage to the binding media and consequent changes to the higher-frequency regions of the spectrum.

Background Fluorescence

It is a common practice when processing Raman spectra to remove the background (generally assumed to
be principally due to fluorescence) in order to improve the clarity of the spectral features. However, it is quite
conceivable that the combination of processes contributing to the background fluorescence could itself act as a

signature of the material under study.



To investigate this, we compared the background polynomials extracted from the chemometric
decomposition of the spectra of our binder-rich LW paints (Figure 3). In the naturally-aged paints, the background
fluorescence is consistently centred around 1500 cm™. Accelerated ageing appears to lead to a general increase in
the height of the fluorescence background, particularly noticeable for the EW and WO spectra, and in some cases
also causes a shift to higher wavenumbers. It is noteworthy that the equivalent fresh samples analysed in our
previous study[29] generally did not display such prominent fluorescence backgrounds, and thus this appears to
arise to some extent as a result of ageing. The differences in features observed here between naturally- and
artificially-aged paints are quite similar to the observations of Osticioli ef al.[42] from fluorescence-spectroscopy
studies, although these were performed with a 230 nm excitation-laser wavelength, and the fluorescence was
observed at 380 nm (26,316 cm™, a response attributed to the amino acid tryptophan), i.e. far from the spectral

region being analysed in the present work.

The changes to the background fluorescence, particularly on accelerated ageing, appear to be a consistent
trend for the LW paints, bar the LW-WO combination, the reasons for which are not currently well understood.
The trends can be more clearly seen from a quantitative comparison of the positions of the maxima in, and areas
under, the fluorescence backgrounds (see supporting information), which further shows that the increase in the
fluorescence background on UV-accelerated ageing is more prominent in paints rich in binder than in paints lean
in binder. In the case of the latter, the lipidic binders produce more fluorescence than do the proteinaceous ones.
This suggests that the LW paints with lipidic binders undergo ageing faster than do proteinaceous ones. Similar
phenomena were also noticed in the RL- and LTY-based paints (see supporting information), although the effect

was not as prominent as with LW.

These findings, together with those in the previous section, suggest that an analysis of the spectral
background could potentially be used in conjunction with other spectral features to determine the conditions under
which a painting has been aged. The form of the background could thus contain vital clues for discerning century-
old masterpieces from newly-forged counterparts, even in challenging cases where the forgers succeed in

replicating the artists’ colour palette.

Fibre-Optic Reflectance Spectra

Representative FORS spectra of the fresh and aged paints and pure binders analysed in this work may be
found in Figs. S10-S16. As in the case of the Raman spectra, we discuss only those changes attributed to ageing;
an analysis of the spectra of the fresh samples may be found in Refs. [40, 41]. The FORS spectra from several of
the systems analysed in the present work display interesting contrasts between the as-prepared, naturally-aged and
UV-aged samples. The lipid-based binders were found to have lost peaks related to the overtone vibrations of -

CHs;,-CH,;- and -CH=CH- groups, which occur between 1725 to 1760 nm, and also those from -CH,- and -CHj;



combination bands at ~2350 nm. The band at 2305 nm, which is characteristic of the presence of lipidic species,
was present in the spectra of these samples, but in most cases was very weak. In contrast, spectra from paints
made up with proteinaceous binders and aged using the two different methods did not show any notable

differences in spectral features compared to one another.

Multivariate Analysis

In our previous work[29], we highlighted the utility of multivariate analysis for differentiating between
different binding media used to prepare paint samples. The main objectives of this section are to investigate to
what extent this is still possible in the presence of ageing, whether multivariate techniques can discriminate
between the binders, modes of ageing, and also whether the signal processing facilitated by the chemometric-
decomposition routine can improve sample classification. As in our previous study[29], we found that combined
FT-Raman and FORS spectra generally facilitated better classification when used with PCA, and thus these

spectra were used for all our analyses.

We first investigated whether PCA could differentiate different binders in different concentrations for
each pigment in the presence of natural and UV-accelerated ageing. Figure 4 compares analyses of the naturally
and UV-aged RL paints, with the FT-Raman data background corrected or converted to smooth chemometric
representations from the fitted background and peak functions. In the analyses of the naturally-aged samples, we
found that the different binders/concentrations formed fairly-well separated bands when background-corrected
Raman spectra were used, whereas using the chemometric spectra led to tighter and often overlapping clusters.
For the UV-aged samples, the background-corrected spectra likewise led to the most distinct clustering, although

unlike with the naturally-aged samples, these were generally less well separated.

The loading plots for these PCAs (Figure 5) generally show equal weights for FORS and Raman spectra
in the first two principal components (PCs). When the background-corrected FT-Raman data are used to analyse
the UV-aged paints (Fig. 4b), features between 2000 and 2500 cm™ in the Raman spectra, indicative of C-C
double and partial-triple bonds are weighted in both PCs, most notably PC2, whereas this is not apparent in the
analysis of the naturally-aged paints. This contrasts with a similar analysis of the naturally-aged LW paints (see
supporting information), where these features appear to be evident and can be used for discrimination, which
confirms that LW leads to faster ageing, as previously reported in the literature[8]. It has also been reported that
paints which have a lower lead content (i.e. as is the case with the binder-rich samples in the present work)
undergo faster ageing[9]. The loading plots for the analyses performed with the chemometric spectra, on the other

hand, do not appear to display any prominent features in the C-C multiple-bond region, which suggests that the



relatively poorer grouping of samples in the PCA plots may be due to the chemometric decomposition failing to

identify subtle peaks close to the background noise for samples where ageing leads to such poor-quality spectra.

When analysing cultural-heritage objects, a likely scenario is that the pigment and class of binder (e.g.
proteinaceous or lipidic) would be known, e.g. from provenance, visual inspection or other analytical techniques,
but the exact binding material and degree of ageing would not. We therefore performed separate PCAs on paints
made up with lipidic and proteinaceous binders separately (Figures 6a and 6b). Figure 6a analyses lipidic LW
paints, and shows that the multivariate analysis is able fairly well to separate out the different binders, modes of
ageing and paint/binder compositions. There is a visible tendency for the UV-aged samples to cluster close
together, suggesting that the processes induced by ageing (e.g. the formation of metal soaps) are similar for all
three oils, and are prominent in the spectra. The loading plots (see supporting information) show that PC1 gives
more weight to the FORS spectra, and PC2 more weight to the Raman spectra. In the Raman spectra, we found
that, aside from in the C-H stretch region, the bases of the peaks were invariably weighted more highly than the

peaks themselves, which is consistent with spectral broadening being a primary feature induced by ageing.

On the other hand, the analysis carried out on RL paints in proteinaceous binders (Figure 6b) shows well-
defined clusters for both the naturally aged and the UV-aged samples. Even though the WE, EW and GA paints
fall close to one another, they form distinguishable clusters. In keeping with the attribution of the similarity of
UV-aged lipidic LW paints to the chemical changes induced by the ageing processes, it has been previously
shown that proteinaceous binders are more stable to ageing than the lipidic ones[23], which could explain the

improved sample grouping in this analysis.

Finally, to further test the possibility of using the spectral-decomposition method for improving
classification in multivariate analyses, a PCA was performed on spectra of UV-aged LW paints composed solely
of smooth peak functions (Figure 6¢). We chose this set of paint samples as they have been shown to undergo the
most facile ageing[8], and thus should best display the chemical changes involved. As observed in Figure 6a, the
similar ageing of the lipidic binders led to close clustering, although, on expanding this region of the plot, they
were observed to form distinguishable clusters. Unlike the lipidic binders, the EW and WE points displayed a
large spread. The loading plots (see supporting information) show that, in this analysis, PC1 gives more weight to
the SWIR region of the FORS, with PC2 weighting the Raman spectra. The weights in the Raman spectra tend to
extend over the peak bases, again highlighting peak broadening as a key fingerprint in FT-Raman data, and,
interestingly, a lower weight is assigned to the C-H region in comparison to the other regions. The improved
ability of this analysis to differentiate between aged lipidic binders suggests that the information from the

chemometric decomposition could be useful for analysis in certain cases.






Conclusions

In summary, we have carried out a comprehensive spectroscopic study of the effects of natural and UV-
accelerated ageing on lead-based paints, made up with three widely-used Medieval pigments and seven binders,
using FT-Raman and fibre-optic reflectance spectroscopy. We have also developed a heuristic spectral-
decomposition algorithm, which is robust to moderate levels of background noise, and which was successfully
used to assist with the interpretation of the Raman spectra.

Our observations of the chemical effects of ageing are generally in line with the findings of other studies,
for example that the presence of lead white accelerates ageing, and that proteinaceous binders are more stable to
ageing than lipidic ones. We also found that the fluorescence background in FT-Raman spectra could potentially
act as a signature of the extent and type of ageing that a paint has undergone, and hence that this often-discarded
part of the spectrum may provide valuable information for the analysis and preservation of cultural-heritage
objects.

Finally, we also demonstrated that the multivariate analysis techniques developed in previous work, based
on principal-component analysis of combined FT-Raman and FORS spectra, can be applied to aged as well as
fresh samples. This highlights the robustness of this approach for the classification of paint samples using non-
invasive and portable spectroscopic techniques. The chemometric-decomposition algorithm, used to pre-process
the FT-Raman data (e.g. by removing the fluorescence background), can also in some cases be used to improve
the discrimination between sets of samples in these analyses.

Overall, this work highlights the utility of spectroscopy in conservation science, and illustrates how
combining data from complementary techniques with suitable analysis tools might in the future be used for the

automated characterisation of e.g. works of art against a database of references.
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Figure 1: Illustration of the different steps involved in the spectral-decomposition algorithm, applied to a representative
FT-Raman spectrum (lead white in linseed oil). (a) Detection and removal of the spectral background. A ten-power
polynomial was used as the background function. (b) Peak detection, with maxima above a set threshold value (indicated
by the blue line) in a smoothed approximation of the background-corrected spectrum in (a) being identified as peaks. (c)
Components of the deconvoluted spectrum, viz. the background polynomial detected in (a) plus a sum of scaled Lorentzian

peak functions. (d) The deconvoluted spectrum, i.e. the sum of the components in (c), compared against the original.

Figure 2: Representative FT-Raman spectra of UV-aged pure whole egg (a) and walnut oil (b). The peaks marked *
indicate those which were identified during the spectral decomposition. As noted in the Experimental section, both spectra

were acquired at 50 mW laser power and 4 cm™ resolution from the integration of 256 scans.

Figure 3: Representative background functions obtained from the chemometric decomposition of FT-Raman spectra of

binder-rich LW-based paints after (a) natural and (b) UV-accelerated ageing.

Figure 4: PCAs of combined FT-Raman and FORS spectra of RL paints in all seven binders aged naturally (a, ¢) and
under UV light (b, d). The analyses in (a) and (c) were performed with FT-Raman spectra with the background
fluorescence removed, while those in (b) and (d) were performed with the smooth “chemometric” spectra obtained from
the spectral-decomposition algorithm. In each plot, filled markers represent samples rich in binder, and hollow markers

the corresponding samples lean in binder.

Figure 5: Loading plots showing the weights assigned to the FT-Raman and FORS bands in the first two principal
components in the PCAs shown in Fig. 4 (a) - (d).

Figure 6: PCAs of combined FT-Raman and reflectance spectra from (a) naturally-aged and UV-aged LW paints made
up with lipidic binders, (b) naturally-aged and UV-aged RL paints made up with proteinaceous binders, and (c) UV-aged
LW paints with the seven binders investigated in this study. For analyses (a) and (b), the background-corrected FT-
Raman spectra were used, while for (c¢) a spectrum composed only of the peaks obtained from the chemometric
decomposition was used. The markers are coloured according to a two-tone shading scheme. The left-hand portion of the
markers corresponding to binder-rich samples are filled, whereas those indicating binder-lean samples are hollow. The

right-hand portion is coloured olive green or dark blue to indicate natural or UV ageing, respectively.
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