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1. Introduction

Much tangible Cultural Heritage is made of naturally occurring
polymeric materials. Over the last century synthetic materials were
introduced to the market and used for the creation of works of art,
industrial and household objects, offering new forms of expression
for artists, architects and designers [1,2]. Thus the degradation of
modern synthetic materials is of particular interest to curators and
collectors, archives and researchers — and understanding, pre-
venting and monitoring chemical modifications which may alter
the appearance and stability of plastics is crucial for the conser-
vation of historical design objects [3]. Extensive research has been
carried out to establish methods for analysis and characterisation of
plastic objects, including recent studies on non-invasive analytical
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techniques based on the detection of volatile organic compounds
(VOC) [4] and near infrared (NIR) [5,6] or terahertz (THz) imaging
[7]. However, little research has concentrated on the direct analysis
of the degradation of plastic objects and polymers using
fluorescence-based techniques [8—10]. This work focusses on the
application of non-invasive and advanced fluorescence spectros-
copy and imaging for assessing photodegradation of model samples
and a naturally degraded object made of acrylonitrile—butadiene—
styrene (ABS), a polymer which has received limited scientific study
in heritage collections [3].

While scientific analysis of historical objects made of ABS is
limited [11], significant research has been dedicated to the study of
the degradation and stability of the material which is widely used in
industry [12—14]. ABS is a copolymer made of an acrylonitrile—sty-
rene continuous phase (SAN) and partially grafted polybutadiene, the
mechanical properties of which can be fine-tuned by varying grafting
conditions and the proportions of components in the polymer. It is
well known that ABS is prone to photo-oxidative degradation which
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may lead to chemical modifications such as crosslinking and chain
scission and significant colour changes (yellowing) with the build-up
of oxidation products and changes in the free volume of the blend
[15,16]. The susceptibility of ABS to photo-oxidative degradation is
due to the instability of butadiene, and in particular to the presence of
residual double bonds along the polymer chains [17]. This degrada-
tion of ABS has been shown to involve an autocatalytic free radical
chain mechanism where allylic radicals react with oxygen to form
hydroperoxides products. Labile oxygen—oxygen bonds break to
form RO- radicals, precursors of oxidation products identified in ABS
such as aldehydes, esters, carboxylic acids and ketones [17—20)].

Because of difficulties in sampling important historical design
objects and the need for rapid methods for the assessment of
chemical changes, non-invasive analytical methods, which can
provide indications of the composition and degree of degradation
of an object without requiring the taking of samples, are desirable
[3]. Fluorescence spectroscopy is particularly suitable for the
analysis of plastics as changes in fluorescence may be related to
modifications in chemical composition; fluorescence spectroscopy,
and in some cases fluorescence lifetime measurements, have been
employed for the assessment of oxidation of polymers including
polyethylene [8], polystyrene [21], styrene butadiene copolymers
[22], and styrene ethylene butadiene styrene (SEBS) copolymers
[23,24].

With respect to point-like analysis, imaging techniques can
provide a rapid indication of the heterogeneous degradation and
condition of plastic objects. More in detail, both spectroscopy im-
aging methods, including those based on the analysis of the NIR
radiation reflected and absorbed by a surface [5,6], and structural
imaging methods, based on THz techniques [7], have proved to be
effective tools for monitoring degradation. In turn, fluorescence
imaging, based on the analysis of the spectral [25,26] and lifetime
[27] properties of the emission, has been used for the assessment of
the conditions of cultural heritage and specifically paintings and
sculptures, but has not been applied to the analysis of plastics or
historical objects. Large multispectral imaging datasets can benefit
from the application of supervised and unsupervised multivariate
statistical methods, which can allow the discrimination of regions
in an image on the basis of spectral differences, as has recently been
established during investigations by means of NIR hyperspectral
imaging [5,6,28].

In this work, standard samples of ABS were investigated under
accelerated degradation conditions in which the processes occur-
ring under natural conditions were provoked through accelerated
photodegradation. Samples were studied using excitation-emission
and time-resolved fluorescence spectroscopy to investigate
changes in emission and fluorescence lifetime which occur with
degradation. Non-invasive fluorescence spectroscopy, fluorescence
multispectral and fluorescence lifetime imaging (FLIM) were then
employed for the analysis of the complex three-dimensional (3D)
surfaces of a well-known historical object made in ABS dating from
1965 — the Grillo telephone. Multivariate analysis of data from
spectral images was applied to classify different areas of the object
studied. Results from fluorescence analysis were compared with
results from complementary analysis of micro-samples, collected
from standard samples and from the object studied, by Fourier
transform infrared spectroscopy (FTIR).

FTIR spectroscopy provides a method for identification of
changes in bulk material due to modifications in FTIR spectra.
However, the technique is inherently limited by its detection limit.
Fluorescence spectroscopy, in contrast, may detect fluorescent
oxidation products in trace concentrations before changes are
apparent in FTIR spectra, but the interpretation of fluorescence
spectra is less straightforward, as has been shown in another work
on other polymer matrices [9].

2. Experimental
2.1. Reference ABS model samples and photodegradation

ABS reference materials were supplied as extruded rectangular
blocks which were approximately 5 mm in thickness by Lanxess Srl,
Milan. Accelerated photo-oxidative degradation mimiced natural
degradation of ABS which has been shown to depend on the
wavelength of irradiation, with different photo-oxidation mecha-
nisms occurring below 300 nm [16]. For this reason, accelerated
degradation is relevant even for objects stored indoors, although
the comparison between accelerated degradation and natural
ageing indoors is not trivial. Accelerated photodegradation of
samples was carried out following the UNI 10925:2001 guidelines
for artificial solar light testing [29] with the aid of a high-speed
exposure unit (Suntest CPS+ apparatus, Heraeus, Germany),
equipped with a Xenon lamp having a constant emittance of
765 W/m?; a long-pass filter with cut-off wavelength at 295 nm
was used to exclude radiation more energetic than that of outdoor
solar exposure. The maximum temperature of the samples during
irradiation was 45°C in order to avoid any thermo-oxidative
degradation. Samples of ABS were subjected to accelerated degra-
dation with exposure to 5, 10, 50, 100, 200 500 and 1000 h.

2.2. Grillo telephone (1965)

An iconic design ABS object, the white Grillo folding telephone,
was analysed. The object, designed in 1965 by Marco Zanuso and
Richard Sapper and produced by Sit Siemens with a revolutionary
and modern shape, is a recognisable precursor to the folding mobile
telephone. Other telephones were also produced by Siemens in
different vibrant colours of ABS. The white Grillo telephone ana-
lysed in this work (Fig. 1) is from a private collection and is no
longer in use. The phone is made of four separate parts: the
microphone and the dial with the speaker inside the internal part of
the telephone and the two external encasing parts.

2.3. Fourier transform infrared spectroscopy (FTIR)

ABS reference samples and micro-samples taken from the Grillo
telephone were analysed by FTIR. Micro-samples of less than
1 x 1 mm were taken from the edges of the object (considering both
the internal and external sides of the telephone). Samples were
analysed using a microdiamond ATR cell by placing small fragments
under the objective, and bringing the sample stage in direct contact
with the diamond surface. Pressure was regulated with the pres-
sure sensor with which the Continuum microscope is equipped.

A Nicolet 6700 spectrophotometer equipped with a deuterated
triglycine sulphate (DTGS) detector (between 4000 and 400 cm™!
with 128 acquisitions and 4 cm™~! resolution) was coupled with an
attenuated total reflection diamond crystal accessory (ATR) or a
Nicolet Continuum FTIR microscope equipped with an HgCdTe
detector cooled with liquid nitrogen (acquired between 4000 and
700 cm™ L) Spectra were baseline corrected using Omnic software
and normalised on the basis of the intensity of the CN stretching
vibration (2240 cm™1).

2.4. Fluorescence excitation-emission spectroscopy

Fluorescence excitation-emission (EE) spectra were recorded
with a Jobin-Yvon Fluorolog-3 Spectrofluorometer (HORIBA Ltd)
equipped with a Xenon lamp, double excitation and single emission
monochromators and a photomultiplier tube (PMT) detector. For
this purpose, excitation was scanned between 250 and 500 nm and
emission recorded between 280 and 750 nm; slits were fixed to



1 nm for the excitation monochromators and 5 nm for the emission
monochromator. Maxima in fluorescence bands are listed as exci-
tation wavelength (nm)/emission wavelength (nm). The detected
signal was automatically corrected in order to obtain spectra in-
dependent from instrumental factors; for the purpose the spectral
efficiency of the PMT detector and the spectral irradiance of the
excitation lamp were taken into account. EE spectra are plotted as
contour maps with 20 different levels of intensity from the
maximum (red) to 10% of the minimum intensity (blue).

Measurements were performed on reference ABS samples
employing a front-face collection mode. Points of interest on the
surface of Grillo were analysed by using a custom-made fibre optic
probe, made of two silica optical fibres of 1 mm core diameter
(SFS1000 Fiberguide Industries) arranged in a 45°/0° configuration
geometry; this geometry was chosen to minimise specular reflec-
tance; moreover the position of fibres relative to the surface was
adjusted to maximise the fluorescence intensity.

2.5. Time-resolved fluorescence spectroscopy

A time-resolved photo-luminescence (TRPL) system has been
adapted to simultaneously measure the fluorescence lifetime at
different emission wavelengths. The system is schematically based
on a Streak camera detector, spectrometer and pulsed light source
[27]. The latter is provided by a tuneable (680—1080 nm) Ti:Sap-
phire laser (Chameleon Ultra II, Coherent), which emits light pulses
(pulse width of approximately 140fs at the repetition rate of
80 MHz; laser power = 0.2 mW). Part of the beam is split off and
directed to a photodiode in order to trigger the Streak camera. In
order to select the desired excitation wavelength of 355 nm the
laser beam is tuned to 710 nm and then frequency doubled by
focussing it into a type I B-barium borate crystal. Finally, the fre-
quency doubled optical signal is selected by means of short pass
filters (Schott) and focused on the sample. The fluorescence signal
is collected and focused on the entrance slit of the imaging spec-
trometer (focal length 300 mm, f/3.9, 50 lines/mm grating, Acton
SP2300, Princeton Instruments), by two lenses (f=75 mm and
f=200 mm, respectively; diameter = 50.8 mm). Between the two
lenses a long-pass filter with cut-off at 400 nm (Comar Optics Inc.)
is placed to select the fluorescence light. The spectrometer is
coupled to a Streak camera detector (C5680, Hamamatsu) which
works in synchroscan operation mode at 80 MHz. In this work we
adopted the longest time range available in synchroscan mode
(2 ns) which leads to a temporal resolution of about 20 ps. In order
to evaluate the fluorescence amplitudes and lifetimes the decay
profiles of interest have been fitted with a non-linear least square
interpolation by means of the Curve Fitting Tool cftool (Matlab™).
In this work a bi-exponential fitting function has been adopted.

2.6. Fluorescence imaging spectroscopy devices

Investigations on the Grillo telephone were conducted with two
different portable fluorescence imaging devices to measure the
spectral and temporal decay properties of the UV-induced fluo-
rescence emissions from the plastic surface. Details of the two
devices are described elsewhere [26,31] and are summarised here.

A multispectral camera, sensitive to the visible spectral range, is
used to record fluorescence spectral information. The detector is
made of a cooled monochrome CCD camera coupled with a band-
pass liquid crystal tuneable filter. Fluorescence excitation is pro-
vided by two properly filtered low-pressure Mercury lamps (exci-
tation wavelength = 365 nm) leading to a typical mean irradiance
0f 200 pW/cm? on the analysed surface. The measurement protocol
involves the acquisition of 33 luminescence images from 400 to
720 nm in 10 nm steps. After correction for the detector efficiency,

the spectral shape of the emitted light in each point of the field of
view can be estimated. As described elsewhere [26], refined ana-
lyses of spectral data include Principal Component Analysis (PCA)
followed by fuzzy C-means clustering [32] performed on the most
significant Principal Components (PCs).

Analysis of the temporal decay of the fluorescence emission is
performed employing a FLIM system [27]. The detector is based on
a nanosecond time-gated ICCD, whereas UV pulsed excitation is
provided by a frequency-tripled diode-pumped Q-switch Nd—Yag
laser, emitting 1 ns pulses at 355 nm. The laser beam is magnified
with suitable optics in order to uniformly illuminate a circular area
close to 25 cm in diameter, leading to a typical fluence per pulse
kept below 140 nJjcm? and to a typical mean irradiance below
14 pW/cm?. Analysis of fluorescence time-resolved data implies the
reconstruction of the effective lifetime map 7(x,y) in each point of
the field of view assuming a simple mono-exponential decay [26].

3. Analysis of ABS reference samples

ABS reference samples were analysed to assess changes in
fluorescence following photodegradation which resulted in visible
yellowing of the samples, as has been reported by others [18]. In
order to relate changes in fluorescence to molecular degradation,
FTIR analysis was carried out on the same samples and is presented
first. Detailed attributions of FTIR spectra are supplied in
Supplementary information.

3.1. FTIR spectroscopy

FTIR spectra of the reference samples of ABS show the typical
features of the constituting SAN (styrene—acrylonitrile) and PB
(polybutadiene) phases (Fig. 2) [16,17].

Photodegradation of ABS induces readily detectable chemical
modifications of the ABS. After 5h of exposure to UV radiation,
there is a decrease in the intensity of bands at 967 and 912 cm™!
ascribed to w — CH of PB, and an increase in the band 3436 cm™!
from OH stretching — evidence of the formation of carboxylic acids
and alcohols (see Table 1, Supplementary information). These are
ascribed to the generation of free radicals (R and ROO¢) following
degradation of the photo-labile PB phase which may induce the

Fig. 1. The Grillo phone where the earpiece has an outer part (A) and an inner part (B).
The microphone (C) is on the interior side of the folding phone which sits on the base
(D) when closed.
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Fig. 2. FTIR spectra acquired from the surface of model samples of ABS as a function of
the number of hours (0, 5, 25 and 500) of accelerated degradation; a significant in-
crease in bands from O—H and C=O0 stretching (marked with an *) is observed due to
the build-up of photo-oxidation products in the copolymer (see assignments and
frequencies in Table 1, Supplementary information).

photo-oxidation of the PS units in the SAN phase [15]. The photo-
oxidation of the PS leads to the formation of photo-oxidation
products (a,B-unsaturated aldehydes, saturated ketones, and satu-
rated aldehydes) that contribute to the broadening and increase in
the intensity of the band ascribed to C=O0 stretching centred at
1720 cm~! [33,34]. The examination of samples was irradiated for
longer periods revealed increased oxidation of ABS with changes in
intensity of the same bands.

3.2. Fluorescence excitation-emission spectroscopy

EE spectra highlight the presence of multiple fluorophores in
ABS. Their attribution is made with reference to spectra reported
for the analysis of polystyrene and other polystyrene copolymers
which have been studied in greater detail [34,35]. Commercial ABS
exhibits a principal band at 270—280/310 nm (Fig. 3(a)). While
studies of PS fluorescence in copolymers containing polystyrene
have suggested the formation of intramolecular excimers between
neighbouring styrene rings which give rise to fluorescence emis-
sions at 325—340 nm, the luminescence between 300 and 310 nm
has been related to residual styrene molecules [21,35], or isolated
styrene units or anomalous structures in the polymer [22,36,37]. It
is likely that contributions from both isolated aromatic molecules
and excimers give rise to the emission at 310 nm in ABS.

Fluorescence emissions from ABS following irradiation change
significantly (Fig. 3(b) and (c)) and are summarised below. Changes
in spectral shape reveal the formation of new fluorophores, and
suggest modifications of the microenvironment surrounding fluo-
rescent species in the material. Greatest modifications to fluores-
cence spectra occur following 5h of exposure (Fig. 3(b)) to
radiation of ABS which is accompanied by a slight yellowing of the
materials. While the band at 280/310 nm decreases in intensity,
another band appears at 310/350—450 nm, and a new, intense
emission is observed at 365/480 nm.

Bands which appear following photodegradation are ascribed to
photo-oxidation and the generation of degradation products which
accumulate in the samples (including aromatic ketones), as sup-
ported by changes in FTIR spectra (Fig. 2). However, concentrations
of fluorophores in ABS may be below the detection limit of FTIR

(which is approximately 2% [11]); therefore the assignment of EE
spectra proposed below is based on a comparison with emissions
reported in analogous copolymers.

The reduction of the band at 280/310 may be related to charge-
transfer from styrene to photo-oxidation products, as it has been
observed in styrene—butadiene—styrene copolymers [22], and in
the oxidation of other styrene copolymers [21]. Another competing
factor contributing to the decrease in the intensity of the band is the
reduction in the number of excimer sites due to chain scission and
disaggregation of the styrene units, as has been observed in photo-
oxidation of SEBS [23].

The band at 310/350—450 in ABS is more difficult to ascribe.
Styrene oxidation leads to the formation of acetophenone (detected
as a VOC) from ABS [4], a well-known fluorophore which Allen et al.
attribute to the emission at 230/400—450 nm in irradiated SEBS [24].
Thus the band observed in ABS could be due to trapped acetophe-
none. Another assignment of this band is the generation of stilbene-
like structures (with emissions at 370 nm, for example) [23].

Finally, the emission observed at 365/480 nm in ABS is similar to
that reported following the irradiation of styrene—butadiene—sty-
rene copolymers where the emission at 350/460 nm was ascribed
to the development of «,B-unsaturated aldehydes or «, diketones
from the oxidation of PB [22].

After 25 h (Fig. 3(c)), the intensity of the band ascribed to styrene
at280/310 nmdecreases and the intensity of the emission ascribed to
a,B-unsaturated aldehydes or o, diketones at 365/480 nm increases.
The band at 310/350—450 (ascribed to volatile acetophenone) is no
longer observed. With irradiation, and the generation of an
increasing number of oxidation products, an emission in the visible at
435/500 nm develops, and there is a progressive bathochromic shift
of the signal at 365/480 nm. A similar bathochromic shift in emission
occurs when samples are excited at 355 nm (with a shift in the
emission maximum from 435 (0 h) to 465 nm (after 25 h)).

3.3. Fluorescence lifetime spectroscopy

Time-resolved fluorescence spectroscopy provides additional
evidence of molecular changes in ABS with irradiation. Following
laser excitation at 355 nm the temporal properties of emissions
between 400 and 470 nm ascribed to «,B-unsaturated aldehydes
and o,f diketones were analysed and suggest that the fluorescence
lifetime of the emission decreases with increasing exposure to
radiation (see Table 2, Supplementary information). Specifically,
standard ABS exhibits a bi-exponential fluorescence with lifetimes
(and relative intensity) on order of 200 ps (27%) and 950 ps (75%).
With extensive photodegradation, the lifetime reduces to 71 ps
(38%) and 575 ps (62%). The shift in the picosecond fluorescence
lifetimes suggests changes in the microenvironment surrounding
the fluorophores and a modification of the fluorescent species
which are present in the blend. The decrease in fluorescence life-
time with irradiation between 400 and 470 nm is similar to that
reported in irradiated polyethylene films [8], which could be
related to a change in the average molecular weight which has
been shown to influence the lifetime of fluorophores in poly-
styrene [35].

4. Analysis of Grillo

The internal or unexposed surfaces of the Grillo telephone are
white, while a moderate yellowing is observed on all the exposed
surfaces (Fig. 1). The yellowing observed is ascribed to photo-
oxidation of the ABS [18]. Below we present fluorescence imaging
analyses followed by analysis using point-like fluorescence spec-
troscopy performed with fibre optics on points of interest of the
object and by FTIR analysis performed on samples from the phone.
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Fig. 3. EE spectra acquired from the surface of ABS exposed to (a) 0 h, (b) 5 h and (c) 25 h of irradiation. EE spectra are a matrix of emission spectra acquired at different excitation,
where the most intense bands are shown in red as a function of excitation and emission wavelength. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
4.1. Fluorescence multispectral imaging

As seen in the corrected RGB image, which represents the
fluorescence emission of the faces of the object following excitation
at 365 nm (Fig. 4), the internal and the external sides of the
mouthpiece are associated with a bluish emission (with a

maximum at 440 nm), while the other pieces of the phone have a
blue—green (in the web version) emission (peaked at 490 nm).
These spectral differences are ascribed to dissimilarities in the ABS
formulations used for the various pieces (possibly containing op-
tical brighteners, which are not present in the reference ABS ma-
terial). Moreover, the fluorescence from the inner face of the
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Fig. 4. (Left) Image of the colour of the emission following excitation at 365 nm reconstructed on the basis of the multispectral dataset of the different parts of the Grillo phone.
(Right) Fluorescence spectra registered in correspondence of a point on the microphone (black line) and on the external encasing of the dial (red line). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

earpiece appears slightly more blue than that observed from the
top and the external sides. This last observation can be explained
with reference to different exposure of the ABS plastic, the external
parts of the phone being more exposed to ambient light and hence
more affected by photodegradation.

For quantitative differentiation of areas of the object on the basis
of fluorescence spectra, multivariate analysis of the spectral cube
was carried out. Principal component analysis, performed on the
covariance matrix, highlights differences in the image, as shown in
the scatter plot of the first two PCs, which account for 99% of the
variance of the dataset (Fig. 5).

From Fig. 5(a), it can be seen that the first two PCs chiefly
separate the mouthpiece (subregions 1, 2 and 3) from the external
and internal parts of the dial (subregions 4, 5 and 6). Moreover, in
the scatter plot it is possible to observe a trend (highlighted by the
two arrows in figure) correlated with areas of the phone charac-
terised by increasing ambient exposure and hence greater degra-
dation, which occurs on the top part of the external earpiece
(subregion 4). Multivariate statistical analysis further suggests that
the external left side (subregion 5) of the object is different from
the right side (subregion 6), which we assume is a direct conse-
quence of different levels of photodegradation.

Cluster analysis, performed on the first two PCs, provides
another method for visualising the distribution of differences on
the object which is separated into three groups (Fig. 6): the internal

and external sides of the mouthpiece in green, surfaces from the
inside of the receiver (less exposed to irradiation over time) in red
(in the web version) and more exposed and likely more degraded
surfaces in blue (in the web version). Fluorescence spectra regis-
tered in this last cluster are characterised by an emission which is
bathochromically shifted with respect to spectra recorded in the
second cluster. It has to be finally noticed that the result of the
clustering method on the border of the phone is not trustworthy,
due the low fluorescence signal detected on these areas.

4.2. Fluorescence lifetime imaging

FLIM images acquired on the different faces of the object are
shown in a composite image in Fig. 7 and were calculated on the
basis of the mean lifetime of the emission registered in the first
15ns of decay in the visible spectral range between 400 and
700 nm. Roughly speaking, three different regions can be observed
on the surface of the object, corresponding to an average lifetimes
of 3.6 ns (the microphone in blue, in the web version), 4.1 ns (the
bottom unexposed area of the base and the right exposed area of
the earpiece, in yellow, in the web version), and 4.5 ns (the top and
left exposed area of the earpiece and the dial and the speaker in the
internal side, in red, in the web version). As inferred through pre-
vious multispectral fluorescence imaging analysis, the mouthpiece
and the rest of the object are made of different ABS formulations.

250
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Fig. 5. (Left) Scatter plot of the first two PCs following multivariate analysis of the mosaicked multispectral image recorded from Grillo. Different areas of the phone are represented
in different regions of the plot. Arrows indicate trends which are ascribed to areas of greater exposure to light. (Right) Loading functions and score maps of the first two PCs.



2500

2000

1500 )V

1000 1

Intensity/counts

500

0 N " " N n
400 450 500 550 600 650 700
Wavelength/nm

Fig. 6. (Left) Image of the Grillo phone subdivided into 3 clusters on the basis of fuzzy C-means clustering performed on the first two PCs of the multispectral dataset; black pixels
refers to areas not included in the analysis. (Right) Mean fluorescence spectra and related standard deviation registered in each cluster.

Fig. 7. Nanosecond fluorescence lifetime images of the different faces of the Grillo telephone.

These variations in formulation lead to the observation of different
lifetimes in the two parts of the object (the shortest lifetime, close
to 3.6 ns, on the internal side of the mouthpiece and the longest
one, close to 4.5 ns, on the top exposed area of the earpiece and on
the speaker in the internal side). Nevertheless, fluorescence life-
time seems to be even more sensitive than spectral emission
properties to modifications which occur in ABS and its additives
following degradation. For example, the mouthpiece is charac-
terised by different lifetime in the top and bottom sides, most
probably as a consequence of a different degradation of the poly-
mer. This higher sensitivity can be explained with the strong
dependence of emission lifetime to the microenvironment of flu-
orophores in ABS.

In other areas of the telephone (the earpiece and its external
encasing part, which are made of single pieces of ABS), differences
mapped with FLIM are again ascribed to the heterogeneous
chemical modifications and accumulation of degradation products
on the surface of the object. For example, in good agreement with
multispectral analysis, the left and right sides of the earpiece, made
of the same piece of ABS, are characterised by distinct lifetime
properties which we ascribe to different degrees of exposure
(4.5 ns and 4.1 ns for the left and right side, respectively).

With respect to lifetime analysis of reference ABS samples
(measured with a streak camera-based device), nanosecond time-
resolved fluorescence imaging suggests that more exposed areas
(as the top exposed surface of the earpiece) are associated with an
increase in the emission lifetime. The different results obtained
with the two time-resolved devices suggest that FLIM analysis,
performed on the first 15 ns of the decay emission kinetic, is more

sensitive to long-living fluorophores produced by degradation
phenomena. The lifetimes measured on reference ABS samples and
on the Grillo phone are indeed attributed to emissions from
different fluorescent species, including impurities and possibly
additives introduced in the Grillo blend which differ from the
reference ABS samples.

4.3. Fluorescence excitation-emission spectroscopy

EE spectra of model ABS samples (Fig. 3) and EE spectra acquired
with a fibre optic probe from the Grillo telephone (Fig. 8(a)—(c)) are
different, which confirms a difference in formulation, the presence
of impurities and possibly the introduction of additives in Grillo. EE
spectra collected from the internal sides and from the protected
areas of the object (the base of the telephone, Fig. 8(a)) are domi-
nated by an intense emission centred at 420/475—500 nm. The two
weak bands detected at 260/300 nm and at 260/440 nm are tenta-
tively ascribed to styrene molecules and acetophenone, respectively.

Significant differences in the shape of emissions are observed in
EE spectra acquired from exposed (Fig. 8(c)) and unexposed areas
(Fig. 8(b)). Indeed, the dominant broad fluorescence detected from
exposed areas of Grillo is centred at 435/500 nm, bathochromically
shifted with respect to the narrow emission observed in protected
areas inside the phone, and similar to the band in the same position
in photodegraded ABS which is ascribed to «,f-unsaturated alde-
hydes or o, diketones. Results from fibre optic fluorescence spec-
troscopy are well correlated with multispectral analysis of the
entire object and suggest that oxidation products are heteroge-
neously distributed on the object.
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Fig. 8. EE spectra acquired from the surface of the Grillo telephone - (a) the base of the telephone (see Fig. 1D), (b) the inner surface of the earpiece (Fig. 1B) and (c) the outer surface

of the earpiece (Fig. 1A).

In the specific case of Grillo, fluorescence imaging and fluo-
rescence spectroscopy suggest that this object may be a com-
posite re-assembled telephone: the mouthpiece is made of a
formulation of ABS which has a different fluorescence lifetime
and different fluorescence spectra from those observed on the

other surfaces of the phone. While the reassembly of composite
objects by dealers and in museums is common due to the prob-
lematic conservation of serial design objects, this practice com-
promises the integrity of these complex and culturally significant
objects.



4.4. FTIR analysis of micro-samples from Grillo

FTIR of micro-samples confirmed the presence of ABS in all areas
of the telephone, with main differences in samples related to the
degree of degradation of the polymer. It was not possible to identify
additives on the basis of the spectra acquired.

The photo-oxidative degradation of ABS in Grillo is apparent by
comparing FTIR spectra collected on samples taken from the
exposed left and right sides of the earpiece and unexposed surface
(Fig. 9). Exposed areas present bands related to the formation of
hydroxyl groups and significant accumulation of unsaturated and
saturated aldehydes and are similar in terms of the intensity of C=
0 vs. C—C stretching (at approximatively 1720 cm~' and 1640 cm ™,
respectively) to the ABS irradiated for 5 h. The complex shape of the
telephone and exposure to uneven sources of light (for example
exposure in a room where light is incident on one side of the
telephone instead of the other) lead to differences in the spatial
distribution and degree of degradation on the surface, as confirmed
by fluorescence multispectral imaging, FLIM and fluorescence
spectra collected from individual points; indeed FTIR from samples
collected from the surface of the right and left sides of the earpiece
of the phone suggest slight differences in the oxidation of the
polymer, with greater signal from C=0 and O—H stretching on left
side of the earpiece, indicating a relatively greater build-up of
degradation products. This result, with slight differences in the FTIR
spectra from the two sides of the earpiece, confirms the modifi-
cation observed with multispectral fluorescence imaging and FLIM
of variations in the fluorescence emission and lifetime on the
earpiece.

5. Conclusions

The integration of non-invasive fluorescence spectroscopy with
advanced imaging based on fluorescence spectra and lifetime
provides new insights into the photo-oxidation of ABS. Multivariate
analysis as well as fluorescence lifetime imaging is fundamental for
the visualisation of differences in fluorescence found on 3D objects.
These methods highlight heterogeneous degradation in ABS
models and in the historical Grillo telephone which can be related
to the accumulation of fluorescent photo-oxidation products.
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Fig. 9. FTIR spectra acquired from samples taken from three different areas from Grillo
— (a) from the internal surface of the phone (Fig. 1B), (b) from the right side and (c) left
side of the earpiece (Fig. 1A). Modifications in the C=O0 stretching are indicated with *
(see frequencies in Supplementary information Table 1).

Photodegradation and the build-up of chromophores may
compromise the appearance of the object and have significant
implications for the display of objects made in ABS in museum
collections: the yellowing of ABS due to photo-oxidation is indeed a
significant problem for the display of historical objects which have
not been stabilised with the UV stabilisers commonly used today.
Indeed the role of colourants and additives in ABS on changes on
the degradation of the material still require further research.
Because of the difficulty in the attribution of fluorescence spectra
and results from fluorescence lifetime images to specific molecular
changes, complementary analytical methods like FTIR spectroscopy
or non-invasive Raman Spectroscopy can be used to directly assess
the build-up of specific oxidation products. Our results demon-
strate that, despite the challenges in spectral and lifetime inter-
pretation, fluorescence spectroscopy and imaging can provide rapid
and sensitive methods for the assessment of the distribution of
changes in photo-oxidation.

Methods for the monitoring of the degradation of design objects
in ABS like Grillo are needed, and could be based on an integration
of results from point-like and imaging analyses. While practical
solutions for the display of ABS without UV irradiation could limit
the accumulation of photo-oxidation products, there are still no
cleaning methods available to remove the yellowing effects
observed in ABS without damage to the shiny surfaces. Therefore
future research should focus on the assessment of additives in
historical objects, the distribution of degradation products as a
function of depth, and the investigation of new methods for the
treatment of degraded objects.
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