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HIGHLIGHTS GRAPHICAL ABSTRACT

e We developed a novel sample
preparation method for ABS. Historic Acrylonitrile Butadiene Styrene sample

e We developed a novel characteriza- T o
tion of ABS degradation using
SR-FTIR mapping.

e We studied ABS degradation by high
resolution (3 x3 wm?) molecular
maps.

e We studied the spatial distribution of
microscopic additives within ABS.

e We identified inclusions of proteina-
ceous material in historic objects

FTIR chemical maps

made in ABS.
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Synchrotron-based Fourier transform infrared micro-spectroscopy (SR-wFTIR) was used to map photo-
oxidative degradation of acrylonitrile-butadiene-styrene (ABS) and to investigate the presence and the
migration of additives in historical samples from important Italian design objects. High resolution
(3 x 3 wm?) molecular maps were obtained by FTIR microspectroscopy in transmission mode, using a
new method for the preparation of polymer thin sections. The depth of photo-oxidation in samples was
evaluated and accompanied by the formation of ketones, aldehydes, esters, and unsaturated carbonyl
compounds. This study demonstrates selective surface oxidation and a probable passivation of material
against further degradation. In polymer fragments from design objects made of ABS from the 1960s,
UV-stabilizers were detected and mapped, and microscopic inclusions of proteinaceous material were
identified and mapped for the first time.

* Corresponding author. Tel.: +39 0223993143.

1. Introduction

Plastics are found everywhere in museums and private
collections of modern and contemporary artefacts. Since their
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possibilities for designers, architects and artists thanks to their
excellent properties as well as the great versatility and predispo-
sition for experimentation. Cellulose-based materials, plasticized
polyvinyl chlorides, polyether-based polyurethanes, polyvinyl
esters, polystyrene-based materials are among the most used
materials to create sculpture, design objects, architectural models,
decorative arts.

However, the conservation of these artefacts is complex and
challenging because of the short lifetime of plastics and their very
wide range of aging behaviors, display and storage requirements
[1]. Degradation mechanisms can involve both thermal and
oxidative processes as consequence of excessive exposure to light,
heat, moisture, chemicals, gaseous and particulate pollutant,
mechanical stress, migration and evaporation of additives [2].
Hence, before developing a conservation strategy, a complete
study of standard materials and an assessment of the chemical
conditions of case studies are needed. In this work we describe the
results of the study of one of the most important polymers used in
design, acrylonitrile-butadiene-styrene (ABS). ABS has found
important applications in design, and historical objects made in
ABS are today found in international museums and collections as
design objects or household items, such as telephones, domestic
appliances, rigid luggage and piping, as well as lamps and musical
instruments [3,4].

ABS is a graft copolymer made of an acrylonitrile-styrene
continuous phase (SAN) and partially grafted polybutadiene (PB)
that acts as an impact modifier, giving excellent mechanical
properties to the material (Fig. 1).

For over 50 years ABS has been widely used in industrial
applications due to its excellent mechanical, thermal, chemical,
and electrical properties that can be modified by changing grafting
conditions and monomer amount [5]. Nevertheless, ABS is
susceptible to photo-oxidative degradation. This instability often
leads to the alteration of its physical properties, chemical
modifications such as crosslinking and chain scission, color
changes and worsening of mechanical performance. The suscepti-
bility of ABS to photo-oxidative degradation is due to the
butadiene, and, in particular, to the presence of residual double
bonds along the polymer chains, which lead to molecular
modifications localized preferentially on material surface [6]. This
degradation generally involves an autocatalytic free radical chain
mechanism where the allylic radicals react with oxygen to form
hydroxide products. Labile oxygen-oxygen bonds break to form
RO® radicals, precursor of typical oxidation product such as
aldehydes, ester, carboxylic acids and ketones [7]. The penetration
of radiation and oxygen into the material will directly impact the
depth of the degradation.

Some research has been dedicated to understanding oxidation
as a function of depth and wavelength in ABS, which are important
for the suitable choice of stabilizers in the formulation of the
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Fig. 1. Repeating structural units in acrylonitrile-butadiene-styrene (ABS).

material, and for better understanding ways of limiting oxidation
as aresult of light exposure. Pioneering research was carried out by
Bokria and Schlick, in order to obtain primary in-depth information
about the photo-degradation of ABS [8]. For the study a microtome
was used to slice the irradiated block materials, along the sample
surface, with incremental steps of 50 and 150 wm. The thin
sections were then dissolved in chloroform and the solutions
analyzed with Fourier transform infrared (FTIR) spectroscopy in
attenuated total reflectance (ATR) mode [8]. FTIR is perfectly suited
for the chemical characterization of such molecular modifications:
through the vibrational excitation of most of the molecular groups,
it allows the simultaneous identification of reactive functions
(decreasing intensity), and degradation products (increasing
intensity). In this case, the depth-resolution was limited by the
slicing procedure. The authors demonstrated that the main
degradation occurs in the first 50 wm. They also noticed that, for
long exposure time, the irradiated surface causes embrittlement
and hardening of the polymer. Hence, microtoming of the first
slices was particularly difficult, and in some cases, the first sections
were sliced with a thickness of about 100 wm. In summary, this
work provides a major reference regarding the characterization of
the photo-degradation of ABS. It is a first attempt to combine an
in-depth approach to FTIR spectroscopy. It also demonstrates that
such samples require much higher in-depth resolution.

An alternative to the serial slicing of a polymer block along its
surface is the preparation of thin sections perpendicular to the
sample surface with a microtome. This approach can reveal the full
stratigraphy of the material in a single slice. Such thin sections can
be studied using FTIR microscopy where individual spectra are
acquired (consecutively in a raster mode, or simultaneously with a
2D detector) over a line or a 2D map. As an example, FTIR
microscopy was used to study the thermo-oxidative degradation of
hydroxyl-terminated polybutadiene/isophorone diisocyanate
polyurethane rubber [9]. In these experiments, the beam size
was set to 40 x 120 wm?. The degradation induced by oxygen was
found to penetrate the polymer over 2mm, accordingly a
resolution of 40 wm was sufficient to image the degradation
profile. Photo-oxidation of ABS exposed to UV radiation occurs only
to a depth of a few tens of microns below the surface and therefore
requires imaging techniques with high lateral resolution. Here, we
propose to tackle this problem by combining the sensitivity of FTIR
spectroscopy to high resolution microscopy provided by synchro-
tron radiation (SR) source for the analysis of thin-sections of ABS
from model and historical samples.

SR-FTIR is a powerful analytical tool that offers new
opportunities for the study of materials and is particularly suitable
for the analysis of micrometer-sized samples of polymers;
examples of SR-WFTIR analyses on reflectance mode of model
polymer samples demonstrate the potential of the technique for
the analysis of multi-layered materials at high spatial resolution
[10]. The synchrotron photon source is highly-coherent, collimat-
ed, and with an extended spectral distribution. This aspect is
essential for spectroscopic analysis. Compared to conventional
global sources, SR-FTIR has an excellent brightness thanks to a
smaller source size and narrow range of emission angles which
result in a signal/noise ratio 1000 times better [11,12]. By coupling
SR infrared radiation and FTIR micro-spectroscopy, mapping
analysis can be carried out with micrometric resolution. Images
can be obtained by two ways. In a conventional scanning way,
point-by-point spectra are recorded successively in a defined area
of a sample which is raster scanned by moving the sample stage.
Recently, a full-field approach was proposed, where the sample is
static, illuminated by the combination of 12 parallel collimated
beams and the images are obtained thanks to a 2D detector [13].
There are many examples of applications of SR-WFTIR in different
fields which range from the study of biology and biomaterials (cells



and tissues) [14,15] to inorganic materials (geological samples)
[16,17], from cultural heritage (paintings, archaeological samples)
[18,19] to materials engineering (high pressure materials and
ion-selective electrodes) [20,21], but there are fewer applications
for the analysis of polymers [13,22-26]. SR-FTIR microspectro-
scopy is particularly suited for the study of micro-patterned
biodegradable copolymers, oriented semi-crystalline polymers
and multilayered materials and is powerful for the analysis of
heterogeneities and inclusions within different kinds of materials
including polymers, minerals or biological samples [25,26]. Not
only the composition of polymeric materials can be assessed, but
also the molecular configuration, the conformation and the
orientational properties of polymer chains.

Sampling of historical objects is a critical issue; fragments are
generally small, with smooth, colored and delicate surfaces and, for
conservation purposes, only micro-sampling is allowed. The
analysis of micro-samples is a significant challenge and in this
context SR-WWFTIR microspectroscopy presents an additional asset
since it requires only micro-sampling [27]. In this work, two types
of samples were studied: a set of photo-aged standard ABS
specimen and fragments from two historical Italian design objects
from the 1960s. Accelerated photo-oxidative aging was performed
on standard samples of ABS in order to simulate, in a suitably short
time, the photo-oxidation of the material and to understand and
map the chemical reactions involved. The two design objects from
a private collection were studied: the Grillo telephone, designed by
Marco Zanuso and Richard Sapper for Siemens in 1967, and the E63
lamp designed by Umberto Riva for Francesconi in 1963 (Fig. 2).

Grillo was the first phone to be made in plastic, with the
receiver and the disc housed in the same small unit, and won
the “Compasso d’oro” prize in 1967. E63 was one of the first table
lamps made in plastic with swiveling cap and became a design icon
in the 1960s.

2. Materials and methods
2.1. Standard acrylonitrile-butadiene-styrene samples

Commercial uncolored acrylonitrile-butadiene-styrene (ABS)
beads (Lanxess Srl, Milano) were extruded in the laboratory of
CESAP, Centro Europeo Sviluppo Applicazioni Plastiche. The
specimens were prepared according to the normative ISO
527:2009 for tensile testing, nominally 4 mm thick with a gauge
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section 80 mm long and 10 mm wide. In the text, the abbreviation
ABS will be used in place of acrylonitrile-butadiene-styrene.

2.2. Artificial ageing of acrylonitrile-butadiene-styrene samples

Photo-oxidative aging of standard samples was carried out
following the normative Italian UNI 10925:2001 for artificial solar
light test. A Suntest CPS+ apparatus was used (Heraeus, Germany)
equipped with a xenon arc lamp source and a cut off filter for
wavelengths below 290nm. Irradiation was kept constant at
765Wm™2, at a distance of 20cm, and the temperature was
maintained at 53 °C. Different specimens were aged at different
intervals of time for up to 1000 h.

2.3. Colorimetric analysis

Colorimetry was carried out with a Konica Minolta CM-600D
Spectrophotometer, equipped with a pulsed xenon lamp (UV cut
filter) light source at 8° and automatic white balance correction on
model samples without sample preparation. Color data are
reported according to CIE Lab coordinate system. Color parameters
were measured in both the SCE (specular component excluded)
and SCI (specular component included) configurations.

2.4. Scanning electron microscopy (SEM)

SEM was carried out with a Zeiss EVO 50 EP environmental
scanningelectron microscope (ESEM), equipped with an Oxford INCA
200-Pentafet LZ4 spectrometer. Analyses were carried out directly on
the surface of fragments, without any specific sample preparation.

2.5. Samples from historical objects

Microscopic samples were taken from different areas of the
objects using a scalpel. The samples were taken from external sides
and from areas which would not compromise the conservation of
the objects

2.6. SR-FTIR mapping in transmission mode
2.6.1. Sample preparation

Sample preparation is usually a critical step for WFTIR analysis,
all the more so when working in transmission mode. In such a case,
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Fig. 2. Objects in acrylonitrile-butadiene-styrene. (left) Grillo (Marco Zanuso and Richard Saper for Siemens), 1965 (right) E63 (Umberto Riva for Francesconi) 1963, private

collection.
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it is necessary to obtain very thin sections (1-4 wm) of the sample
to avoid over-absorption of the transmitted beam. Cross-sections
and thin-sections of samples are generally prepared by embedding
the sample into a casting resin [13]. This can end into spectral
interferences, and alternative solutions have been investigated
[28,29]. Here, a four-step process was adopted and is described
below:

1. For ABS standard samples, small fragments of approximately
7mm x 7mm x 4mm were cut and placed in the sample
holder, with the photo aged surface oriented perpendicularly
to the microtome knife. For fragments from historical objects,
micro-samples were sliced and sandwiched between sacrifi-
cial polyethylene sheets and the sandwich was then placed in a
specific commercial sample holder before microtoming [29].

2. Slices were obtained using a motorized rotary microtome Leica
RM2265 combined to visible microscope, which allows
complementary optical observations. Carbide tungsten blades
were sufficient during the first trimming step.

3. In order to obtain homogeneous slices thinner than 2 or 3 um
the use of a diamond knife was required. A very slow rate of
automatic cutting was selected in order to obtain a good,
uniform and unbroken thin-section. For each sample of ABS
(standard and historical), thin-sections of different thickness
were obtained, ranging from 1 to 4 pm.

4. Curled samples were transferred to a glass slide and were
manually resized using a fine scalpel into small flat pieces
containing the full sample stratigraphy.

5. For WFTIR analyses, sections from artificially photo-aged ABS
were sandwiched and analyzed between two BaF, windows.

6. Sections made from historical objects were additionally
compressed between two diamond windows to yield flat
and thinner samples. For wFTIR analysis, the cell was opened,
and the flat samples were analyzed in transmission through
one diamond window.

2.6.2. SR-FTIR microscopy

SR-WFTIR analyses were performed at the ID21 FTIR end-station
at ESRF [30,31]. The beam line was designed to exploit the edge
radiation emitted from the short straight section (focusing electron
lenses) upstream of a bending magnet. A set of a tens of mirrors is
used to collect, to collimate, to transfer the beam, and finally to
provide a parallel source to the FTIR spectrometer (Nexus, from
Thermo). This spectrometer is coupled to a Thermo Continuum
microscope that uses reflecting Schwarzschild objectives and a set
of apertures to define the spot size. The signal coming from the
sample (in transmission or reflection) is detected by a liquid N,
cooled single element MCT detector. In the present experiments,
analyses were carried out in transmission, on thin sections and
various types of scans were acquired - point analysis, line scans
and maps of points. The line-scans and map-scans allow the
visualization of the distribution of the main functional groups, in
particular the formation and disappearance of some species in the
vicinity of the surface.

The beam size was reduced from 10 x10um? down to
3x3wum? In the present case, it was interesting to use an
asymmetric beam (10 x 3 wm?) in order to have a good balance
between flux (10 um in the direction parallel to the surface) and
lateral resolution (3 wm in the direction perpendicular to the
surface). Spectra were acquired as a sum of 10-25 scans depending
on the beam size, with a spectral resolution of 4cm™!, over the
4000-900 cm ™! range.

The microscope is equipped with a white light and a UV light
allowing the direct observation of samples in visible and
fluorescence modes.

No spectral processing, such as baseline correction and pre-
spectral treatment, was carried out.

2.6.3. Data analysis

Data analysis was carried out using the commercial software
OMNIC (Thermo) and the open source software PyMca (Python
multichannel analyzer) which is developed by the software group
of the European Synchrotron Radiation Facility (ESRF) [32]. It
allows the selection of regions of interest (ROI) for each functional
group and the creation of false color maps which describe the
intensity of specific absorption bands. Average spectra over user-
defined regions can be calculated, as can intensity profiles from 2D
maps. PyMca was also used for statistical analysis of multispectral
images and is reported in Supporting Information.

3. Results and discussion
3.1. Color measurements

In Table 1, L*, a*, b* values are reported only in SCI mode, as SCE
measurements gave similar results. Data demonstrate a strong
yellowing after 100 h of UV exposure which increases slightly after
1000 h. An increase in redness (the a* parameter), is observed in
samples from 100 to 1000 h exposure.

The yellowing of ABS exposed to UV-A irradiation in the
presence of oxygen is a consequence of photo-oxidation. Radical
species formed during oxidation of the PB component react with PS
in the SAN macrophase, leading to the formation of many highly
absorbing products [6,33].

3.2. Visible, UV and microscopy

Examination of microtomed samples under the visible and UV
fluorescence microscope demonstrated changes in the surface
morphology following accelerated aging. The outermost 10-40 wm
of aged samples are frayed in appearance, which is ascribed to the
formation of crazing and micro-cracking of the surface following
photo-oxidation [34]. A noticeable fluorescence of the uppermost
area of the microtomed aged reference samples under UV
excitation allows a primary localization of molecular changes
(cf. 4b, 5b, 7b and 8b).

Variable pressure secondary electron SEM images of samples of
ABS highlight the crazing of samples following exposure to
radiation (Fig. 3). While the unaged samples have a smooth
surface, significant crazing of the surface of artificially aged
samples is observed; a distribution of large fractures every ~30 pm
is apparent, with smaller cracks developing perpendicularly along
fractures. Crazing thus leads to a greater penetration of radiation
and oxygen from the air within the bulk materials.
standard

3.3. SR-uFTIR spectra and maps of unaged

acrylonitrile-butadiene-styrene samples

Thin sections samples of standard unaged ABS were analyzed as
a reference to assess the native oxidation level in the original

Table 1

L*, a* b* coordinates of acrylonitrile-butadiene-styrene (ABS in the table) as a
function of artificial ageing following exposure to 0, 100, 500 and 1000 h of UV
radiation.

L* a* b*
ABS Oh 85.6 -3.2 8.4
ABS 100h 83.7 -3.8 17.5
ABS 500h 79.1 -0.5 284
ABS 1000h 74.5 18 30.5




Fig. 3. Variable pressure secondary electron images acquired with scanning
electron microscopy of acrylonitrile-butadiene-styrene samples prior to (left) and
after 1000 h (right) photo-oxidative ageing, acquired at 20 kv, 200 pA at 69 Pa.

material and to evaluate the presence of some additives inside the
blend. A SR-WFTIR map was recorded. The FTIR spectra demon-
strate the homogeneity of the sample (from the outer edge to
inside) and three points were taken as reference at three different
depths: 15, 85 and 235 pm (Fig. 4). These spectra are single pixel
data, and show the very good signal to noise ratio obtained in the
present conditions.

The assignments of diagnostic bands in the ABS reference are
summarized in Table 2 [8,9,35-37].

The weak band at 1732cm™! observed in ABS is ascribed to
contributions from carbonyl stretching of an ester group. The ester
may indicate the presence of an additive in the ABS formulation
which could be a heat stabilizer belonging to the class of sterically
hindered phenolic antioxidants [6]; another possible explanation
is the slight but uniform oxidation of ABS during extrusion [38].
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Table 2
Assignment of the main bands in the acrylonitrile-butadiene-styrene FTIR
spectrum.

Peak (cm™1) Attribution Name and energy range of
the region of interest for
intensity mapping (cm™')

758-765 w CH, aromatic ring in styrene

911 w CH, in vinyl butadiene and b911: 899-926

v178(B2) mode in styrene

966 w CH in trans butadiene Trans: 950-984

994 ®CH invinylbutadiene

1029 v aromatic ring in styrene

1070 v aromatic ring in styrene

1156 v aromatic ring in styrene

1183 v aromatic ring in styrene

1313 § (=CH,) in trans butadiene

1364-1344 w CH,

1419 § (=CH,) in vinyl butadiene

1437 s CH; in trans butadiene

1453 8s CHy

1494 v aromatic ring in styrene

1583 v aromatic ring in styrene

1602 v aromatic ring in styrene styrene: 1595-1610

1640 v C=C in vinyl butadiene vinyl: 1633-1645

1668 v C=C trans butadiene

1734 v C=0 in carbonyl groups CO: 1696-1765

1803 Combination mode in styrene

1870 Combination mode in styrene

1949 Combination mode in styrene

2237 vs C=N acrylonitrile CN: 2220-2260

2848 vs CHy

2922 Vas CHy

2977 Vs (CH, =) in vinyl butadiene

3004 v CH aromatic ring in styrene

3027 v CH aromatic ring in styrene

3061 v CH aromatic ring in styrene

3083 v CH aromatic ring in styrene

3103 v CH aromatic ring in styrene

Many bands identified in FTIR spectra of ABS can be
attributed to more than one absorbing group. Therefore, a
few bands were chosen that can be attributed with a high
degree of confidence to a specific absorbing unit and were used
for mapping analysis. When several bands were attributed to
the same unit, the most intense one was chosen. Table 2
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Fig.4. Three FTIR spectra acquired at different positions, of a thin section of a unaged acrylonitrile-butadiene-styrene fragment (see Fig. 5a for localization). The peak value of

the main peaks is given (cf. Table 2 for assignment).
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Fig. 5. WFTIR analysis of a thin section of a unaged acrylonitrile-butadiene-styrene fragment. Pictures under (a) visible light and (b) UV light; (c-h) FTIR chemical maps of the
section, map size: 120 wm x 270 wm, beam size and step size: 10 wm x 10 wm; showing the false color maps of integrated net intensity of (c¢) CN band, (d) CO band,
(e) vinyl-butadiene band, (f) styrene band, (g) trans-butadiene and (h) band at 911 cm~".

indicates a list of ROI, which were used to map the net intensity
of these main bands. The following bands from FTIR spectra
were selected: the CN stretching at 2237 cm™! for acrylonitrile;
the stretching mode at 1602cm™! for styrene; the stretching
mode of CO in carbonyl containing groups at 1734cm™.
Polybutadiene is found in several configurations (cis, trans,
vinyl) which can be differentiated due to specific bands [35,39].

* To identify cis-PB the intense peak corresponding to
v (CH=CH) at 3004cm™! cannot be used since it interferes
with a v CH aromatic ring band from styrene. Instead, the
C=C stretching mode at 1659cm™" can be used to differenti-
ate cis from trans-butadiene since the trans isomer possesses a
dipole moment equal to zero and consequently does not show
C=C stretching [37]. In the present study, the peak of the
cis-butadiene at 1659 cm™~' was not detected while this peak is
rather intense in a pure cis-polybutadiene. This demonstrates
that the 1-4 butadiene is mainly present in the trans form in
the studied samples.

Trans-PB presents an intense band at 966 cm ™!, which does not
interfere with any of the other units of ABS [40].

Vinyl-PB has a set of characteristic bands: the most intense
band corresponds to the CH,— wagging mode at 911cm™!
and was used by Bokria to map the degradation of 1,2
butadiene wunits [8]. It is named here b911 (Table 2).
Additionally, less intense bands at 994, 1419, 1640 and
2977cm™! allow the assessment of vinyl isomers. The one at
1640 cm~! was chosen to calculate maps.

As seen from Fig. 5c¢-h, the bands characteristic of styrene,
acrylonitrile and butadiene are homogeneously distributed. CO
(Fig. 5d) is almost homogeneously distributed, with some slight
variations found in depth, but without a particular concentration
in the surface, showing the relatively uniform presence of ester
groups in the polymeric blend.

3.4. SR-{LFTIR spectra and maps of 100 h aged standard acrylonitrile—
butadiene-styrene samples

Fig. 6 summarizes the main results from the FTIR study of 100 h
aged standard ABS.

With the exception of the first 10 wm, the intensity of
acrylonitrile (Fig. 6d), styrene (Fig. 6f), trans (Fig. 6g) and vinyl
(Fig. 6h) butadiene are relatively constant. Conversely, the CO map
(Fig. 6¢) reveals some oxidation at the surface of the sample.

To better visualize the evolution of oxidation, chemical profiles
were calculated by averaging the map intensity along the width of
the map. For a better readability, intensities were normalized to

1 in the bulk region (Fig. 6i). This figure confirms the results
derived from the maps and highlights the fact that, after 100 h,
oxidation is limited to the first ~30 wm. The CO map was used to
select 10 points in the oxidized region (red spectrum in Fig. 6i) and
10 points in the bulk region (green spectrum in Fig. 6i). The main
chemical modifications concern the decrease of the bands related
to butadiene unsaturation (2977, 1640, 966 and 911 cm ') and the
increase of the CO band at 1735cm™".

A slight increase of the absorption in the hydroxyl stretching
domain (3600-3200 cm™!) can also be noted, and this band can be
ascribed to the formation of carboxylic acids and alcohols [8]. It
was mapped by calculating the net intensity in the region of
interest: 3162-3623 cm ™! (Fig. 6j). The integrated 1D profile of OH
intensity is plotted in Fig. 8. To calculate this profile, the intensity of
the hydroxyl band was normalized by the intensity of a band
unaffected by photo-aging. Bokria proposes to use the CN band [8];
Figs. 5¢c, 6d and 8e, indeed confirm that CN remain constant during
degradation. This normalization provides a means to correct for
signal differences due to variation of thickness from one sample to
another. Figs. 6¢c and 7 reveal that hydroxyls are specifically
localized in the first 20 m.

These two main results (CO and OH distribution) agree with the
observations made by Bokria et al. and by Nagle et al. during the
thermo-oxidative degradation of hydroxy-terminated polybutadi-
ene/isophorone diisocyanate polyurethane rubber [9].

In addition, a slight red shift of the signal relative to vs and v,
CH, groups (from 2848 to 2853 cm ! and from 2922 to 2924 cm !
respectively) was observed. This could reflect a disorganization of
the polymer chain and an increase in the inter-chain aliphatic
interactions [41].

3.5. SR-uFTIR spectra and maps of 500h aged standard
acrylonitrile-butadiene-styrene samples

Fig. 8 summarizes the main results from the FTIR study of
500h aged standard ABS. Results are very similar to those
obtained on the sample aged for 100 h. The CO map (Fig. 8f)
shows a photo-oxidation in the first 20 wm, slightly more
intense than after 100 h (maximum normalized intensity of 1.8
instead of 1.6 after 100 h; Fig. 8c). Maps and profiles confirm
that while butadiene’s unsaturation is reduced, styrene and
acrylonitrile functions remain unaltered (Fig. 8c). Oxidation is
observed with the increase in hydroxyl bands which can be
differentiated from the baseline variations (Fig. 8k) and can be
mapped (Figs. 7 and 8d).

A similar red shift of the CH, stretching bands is observed (from
2848 to 2853cm™! for the symmetric mode and from 2922 to
2925cm™! for the asymmetric one).
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Fig. 6. WFTIR analysis of a thin section of an acrylonitrile-butadiene-styrene fragment following 100 h of photo-oxidative ageing. Pictures under (a) visible light and (b) UV
light; (c-h) FTIR chemical maps of the section, map size: 320 wm x 190 m, beam size and step size: 10 wm x 10 wm; showing the integrated net intensity of (¢) CO band,
(d) CN band, (e) vinyl-butadiene band, (f) styrene band, (g) trans-butadiene band and (h) band at 911 cm™!; (i) average FTIR spectra on 10 points on the surface (red) and
10 points from the bulk (green), (j) average profiles of these intensities calculated as the average along the width of the map and normalized by the bulk value.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.6. SR-uFTIR spectra and maps of 1000h aged standard
acrylonitrile-butadiene-styrene samples

The 1000 h aged ABS presents a more irregular surface than that
seen in the 100 h and 500 h aged samples. The uppermost ~30 p.m
of the sample is discontinuous, ascribed to crazing in the material
as seen in SEM analysis (Fig. 3).

FTIR mapping confirms that the degradation layer is thicker
(~50 m), with a higher intensity of the CO and OH bands (by a
factor of five in comparison with the sample aged for 500h)

(Figs. 7 and 9c-j), and a maximum of oxidation at 30 pm from the
surface. The bulk composition is found after 80 jwm. Average
spectra were calculated over regions of 210 x 10 wm?, every 10 wm,
in depth and are plotted with the same scale in Fig. 9k.

Fig. 9c and i show that the b911 signal exhibits an intermediate
plateau in the degraded region while vinyl- (Fig. 9g) and
trans-butadiene signals (Fig. 9i) are almost undetected in this
region. Bokria and Schlick observed similar differences in evolution
of peak intensities during the photo-degradation of ABS [8].
They followed the relative intensity of the two peaks at 967
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Fig. 7. Profile of the OH band intensity, normalized by the averaged CN band
intensity in the bulk part of the sections, for acrylonitrile-butadiene-styrene aged
for 100, 500 and 1000 h.

(corresponding to the “trans” group in our ROI list) and 911 cm™!
and observed that the decrease in the intensity of the 911 cm™!
peak is less pronounced than for the peak at 967 cm . This result
was interpreted as the fact that “1,4 PB (trans or cis) is attacked
preferentially compared to 1,2 PB (vinyl)”, contrary to what was
reported in two previous publications. This conclusion relied on
the assignment of the peaks at 967 and 911 cm™! to 1,4 PB and 1,2
PB respectively. However, the authors did not take into account the
fact that PS also absorbs around 911 cm™~! (cf. Table 2), this band is
hence not specific to vinyl-PB. Even if its intensity is lower, the band
at 1640cm~! is a better alternative for the mapping of the
distribution of vinyl-butadiene units. The set of spectra (Fig. 9k) as
well as corresponding map (Fig. 9g) and profile (Fig. 9c) suggest
that, both trans and vinyl-butadiene are equally subject to
oxidation. By subtracting the spectrum of reference PS (data not
shown), it clearly appears that the remaining absorption band at
911 cm ™!, visible in the spectra from the most external regions
(Fig. 9k) is attributed only to the styrene unit. From our results, it is
clear that the band at 911cm™!, even if intense, should not be
considered as selective to vinyl-butadiene in samples containing
styrene units.

Fig. 10a and b focus on two particular energy domains:
CH stretching (2800-3100cm~') and CO stretching
(1620-1850cm™!), respectively. Fig. 11a shows that while
aromatic CH peaks are not affected by the photo-degradation,
the symmetric and asymmetric signal of aliphatic CH, are clearly
modified. This figure also shows the decrease of the vinyl
absorption at 2977 cm™ .

Fig. 10b focuses on the CO domain. The initial peak at
1731cm™! becomes more intense, larger and slightly shifted
to lower wavenumbers. The two main shoulders at 1775
and 1710cm™! can be attributed to C—O stretch in anhydride/
g-lactone/peracids, and in carboxylic acids, respectively (Table 3).
Additional bands at 1697 (aromatic ketones/acetophenone
groups) and 1685cm~! (a,B-unsaturated carbonyls) cannot be
excluded [41,42]. As shown in Fig. 9g, the vinyl peak (1640cm™1)
disappear in the surface region. A Gaussian fit of the bands using
three principal bands at 1710, 1731 and 1775 cm~! demonstrates
the contributions from (i) carboxylic acids and (ii) aliphatic esters,
aldehyde stretching and (iii) anhydride/g-lactone and peracids
respectively (Fig. 11).

In order to obtain a more detailed picture of the degradation
layer, an additional map was acquired on the same sample, with

beam size and step size of 10 x3um? over a region of
60 x 138 um?. Maps were calculated and integrated as profiles.
With this small aperture, the signal to noise ratio is poor below
1000 cm™' due to diffraction. The trans-butadiene profile shows a
jump, but is extremely noisy and was not included in Fig. 12 for
more readability. The OH profile is shown in Fig. 7. Two profiles
have been added to follow the red shift of v (CH,) during aging:
profiles with peaks at 2846 (ROI 2840-2852cm ™), and 2859 cm™!
(with ROI 2854-2865 cm™!). Figs. 11 and 12 show an interesting
result: the different degradation features do not follow the same
in-depth profile. All the modified species related to CH (peak 2846,
peak 2859), CC (vinyl) and OH show a sharp knife edge at ~70 .m,
as do the new formed species (peak 2859 and OH) which exhibit an
homogeneous distribution in the debased region. Contrarily, the
CO distribution, and more particularly the ester group, is peaked
after ~20 wm and then shows a smooth decrease over ~50 pm.
These results suggest differences in the formation and/or the
stability of the different degradation products. Additional analyses,
in particular with UV-vis micro-spectroscopy will be needed
to further investigate this different in-depth distribution of
components.

As a conclusion, these results confirm the data reported in the
literature [44]. There is a limit in the depth of maximum
oxidation corresponding to 70 um regardless of the time of
exposure. This strengthens the hypothesis that the layer of
oxidized material acts as a protective shield against further
photo-oxidative degradation processes (passivation) preventing
oxygen diffusion and further UV penetration into the material
[8,45]. However, crazing plays an important role in the formation
of the layer of oxidized material.

Principal component analysis of multispectral images yield
similar false color images based on spectral variations in the
sample, and allow a rapid identification of oxidation layers without
the need for the selection of specific spectral bands (see Supporting
Information)

3.7. Analysis of samples from historical
acrylonitrile-butadiene-styrene

objects made in

In addition to the analysis of standard unaged and aged
materials, fragments from two historical objects were examined in
order to assess both the composition (in particular presence and
distribution of additives) and the degradation of polymer.

As detailed below, fragments from the two objects show very
heterogeneous composition. In both case, it was possible to find
regions with a FTIR signature quite similar to the ABS reference.
Fig. 13 compares spectra acquired on thin sections of our unaged
ABS model, and of the two historical samples.

It confirms that ABS is the base constituent material of both
objects. The FTIR spectra of samples from the Grillo telephone
and the E63 lamp present characteristic peaks of ABS polymers,
with slight variation of relative intensity. The main differences
are the presence of two additional bands, one at 3301cm™!
(assigned to a secondary amine), and one smaller, at 1565cm™!
(assigned to a NH group); the peak at 1638cm~! is more
intense than in reference ABS. A contribution from a carbonyl
group, presumably an amide group, can be hypothesized,
overlapping with the signal from ABS vinyl group. These
features may indicate the presence of an additive (presumably
a light or heat stabilizer) within the polymeric blend of both
samples. For example reactive hindered amines are usually used
as light stabilizers for ABS [46]. Little information is currently
available regarding the specific history of stabilizers used in
historical objects and warrants further and dedicated investiga-
tion. The telephone and the lamp presented different features
which are described below.
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Fig. 8. WFTIR analysis of a thin section of a acrylonitrile-butadiene-styrene fragment following 500 h of photo-oxidative ageing. Pictures under (a) visible light and (b) UV
light; (c) profiles of the chemical maps calculated as the average along the width of the map and normalized by the bulk value. (d-j) FTIR chemical maps of the section, map
size: 80 wm x 180 wm, beamsize and step size: 10 wm x 10 pwm; showing the integrated net intensity of (d) OH band, (e) CN band, (f) CO band, (g) vinyl-butadiene band, (h)
styrene band, (i) trans-butadiene band and (j) band at 911 cm™!; (k) average FTIR spectra on 11 points on the surface (red) and 11 points from the bulk (green). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.7.1. Fragment from the E63 lamp

Analysis of samples of E63 does not suggest any gradient in the
degradation of the ABS in the sample. “OH map” (Fig. 14g) reveals a
large hot spot, in the middle of ABS matrix. As seen in Fig. 14i, this
does not correspond to photo-oxidation hydroxyls, the peak being
sharper, and centered at lower wavenumbers (3286cm™!),
corresponding to N—H stretching modes. An additional peak at
1656 cm ™! is also clearly noticed. These two peaks are attributed to
an inclusion in the polymeric blend. To obtain a clearer
identification of this additive, spectrum #1 (average spectrum in
the bulk part) was subtracted from spectrum #2 (average spectrum

in the inclusion). The result (spectrum #3 in Fig. 14i) is
characteristic of a proteinaceous compound with typical bands
associated with amide A, at ~3300cm ™!, amide I at 1650cm ™! and
amide II at 1550 cm~'. Comparison with library spectra gives zein
as the best-match. Zein is characterized by a band at 3286cm™!
from amide A, and in particular shows a strong signal at 1656 cm ™,
which is related to a high alpha-helix content. The signal at
1620cm~! is present only as a weak shoulder, revealing a
significantly lower percentage of 3 sheet structures [47,48]. Zein
is the major storage protein of maize and was proposed as a
possible base material for polymer applications in the early 20th
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Fig. 9. wFTIR analysis of a thin section of a acrylonitrile-butadiene-styrene fragment following 1000 h of photo-oxidative ageing. Pictures under (a) visible light and (b) UV
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(d) OH band, (e) CN band, (f) CO band, (g) vinyl-butadiene band, (h) styrene band, (i) trans-butadiene band and (j) band at 911 cm~'; (k) average FTIR spectra along an

horizontal line, at different depths.

century. [49]. Several patents and papers published in the
1950-1960s reported the use of zein as an inclusion in polymers
[47,50-52] and the first major commercial use of zein was for
coatings, principally for its high abrasion resistance. In the E63
lamp, which was produced in 1963, zein could have been used in a
protective coating, or could have been present directly in the ABS
formulation. There is no information about its use specifically as an
additive for these objects and its presence as an inclusion in E63 is
the first example of a proteinaceous compound identified in a
historical plastic design object.

3.7.2. Fragment from the Grillo telephone

FTIR results obtained on a thin section of a fragment from the
Grillo telephone are presented in Fig. 15.

The external part of the phone corresponds to the upper part of
the fragment. From the maps, different regions could be identified
and average spectra (5 pixels of 10 x 10 um?) were calculated and

are displayed in Fig. 15j. The spectrum from area 2 has been
discussed above. The peak at 3301 cm~! was mapped and shows a
rather homogenous distribution (Fig. 15c). Spectrum from area 1
corresponds to the upper part of the section, and shows two main
differences with spectrum 2: an increased intensity of OH
stretching and of carbonyl stretching bands together with the
characteristic shoulders of the oxidation products as described
above for reference samples.

OH and CO distributions are imaged in Fig. 15b and e,
respectively. These maps show that these two groups are also
concentrated in the lower part of the section, where two averaged
spectra were extracted: 3 and 4. An area #4, the signal is saturating,
this explains the hot spot observed, in almost all maps.

A profile was calculated for all maps, along a line plotted in
Fig. 15i (average on a width of 20 wm). Similarly to what was
observed on model samples, CN and styrene groups have quite
constant concentrations. The decrease on the upper side most
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Table 3
Oxidation products which contributed to the band between 1719 and 1735cm ™! in
03 the first 192 wm below the exposed surface [6,42,43].
Peak (cm™ 1) Attribution
e 1699 o,B-Unsaturated ketone
02 ° 1710 Carboxylic acids
n 1720 a,B-Unsaturated aldehyde
5 1720 Saturated ketone
8 - - B 1731 Saturated aldehyde
= - 1739 Ester group
:',,;; 0.1 . 1775 Anhydride/g-lactone/peracids
8 N .
[=
- A A [ ]
A ® L]
0.0+ A4 4 & & 1 probably reflects changes in the section thickness. Indeed,
fragments from historical objects are smaller, more precious,
- - o a0 - and more brittle than the model samples, therefore the prepara-
Depth from surface (micrometers) tion of thin sections with constant thickness was trickier. The
profile of CO, as well as FTIR spectra show that the degree of
Fig. 11. A Gaussian fit using three principal bands at 1710, 1731 and 1775cm . oxidation at the surface in the material is similar to that observed
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calculated as the average along the width of the map and normalized by the bulk value. For readability, the scale for the CO profile was divided by a factor 10. Map size:
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on the surface of artificially aged ABS samples. Even if no
quantitative information can be derived from so heterogeneous
samples, the ABS sample aged during 1000 h is the one presenting
the best match with the Grillo sample. Finally, the profile of vinyl
group is quite different from results obtained on photo-aged
samples. It is still present in area 1 and 3, while it completely
disappeared in most degraded areas of model photo-aged samples.
Here the residual peak may be attributed to the additional
presence of an amide group, from an additive, introduced in the
historical polymer, but not present in our model ABS.

4. Conclusions

SR-WFTIR microspectroscopy is an effective approach for the
assessment of degradation of polymers, in particular ABS. The 2D

Absorbance

microspectroscopy has allowed the high resolution mapping of
photo-oxidation both in ABS standard and historical samples,
providing means for the identification of different degradation
products, the detection of inclusions and the assessment of
in-depth degradation inside the material.

Correct sample preparation is of fundamental importance
and represents the critical point for the success of analysis.
Samples were prepared as free-resin thin-sections, avoiding
over-absorption problems, resin interferences and allowing the
fast registration of spectra with good SNR over large areas with
a very high spatial resolution, up to 3 wm. For ABS standard a
maximum level of oxidation was found in the first 70 pm in
depth. The intensity of the bands attributed to PB at 1639,
967 and 911cm™! decreases with depth, while the bands
attributed to C=O0 oxidation (1719-1735cm™') and the

3000 2500 2000 1500
Wavenumbers (cm™)

Fig. 14. wFTIR analysis of a thin section of a fragment from the E63 lamp. Pictures under (a) visible light and (b) UV light; (c-h) FTIR chemical maps of the section, map size:
117 wm x 42 pum, beamsize and step size: 3 um x 3 wm; showing the integrated net intensity of (c) styrene, (d) CO band, (e) CN band, (f) region 3291-3311 cm ', (g) OH band,
and (h) region 1618-1705cm™'; (i) average spectra on 20 points in area 1 (see map d), (2) average spectra on 20 points in area 2 (see map g), (3) spectrum 2-spectrum 3,

(4) reference spectrum of zein.
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Fig. 15. wFTIR analysis of a thin section of a fragment from the Grillo telephone. (a) Picture under visible light; (b-i) FTIR chemical maps of the section, map size:
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(k) profiles of the chemical maps calculated as the average along the line represented in (j) and normalized by the value in region 2.

hydroxyls (3200-3600cm™!) increase, as a consequence of the
formation of free radicals (R and ROO*®) or hydroperoxides. The
chemoselectivity for 14 over 12 C=—C of PB proposed by
Bokria and Schlick is not confirmed. The high resolution
mapping allowed revealing a different in-depth distribution
of degradation products (carbonyl and hydroxyls).
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