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Abstract:

A multimodal spectroscopic approach is proposed to correlate the
mechanical and chemical properties of plastic materials in art and design
objects, at both surface and sub-surface levels, to obtain information
about their conservation state and to monitor their degradation. The
approach was used to investigate the photooxidation of Acrylonitrile-
Butadiene-Styrene (ABS), a plastic commonly found in many artistic and
design applications, using ABS-based LEGO® bricks as model samples.
The modifications of the chemical and viscoelastic properties of ABS
during photoaging were monitored by correlative Brillouin and Raman
micro-spectroscopy (BRaMS), combined with portable and noninvasive
broad range external reflection IR spectroscopy and NMR relaxometry,
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directly applicable in museums.

BRaMS enabled combined measurements of Brillouin light scattering
(BLS) and Raman spectroscopy in a micro-spectroscopic setup, providing
for the coincident probe of the chemical and mechanical changes of ABS
at the sample surface. NMR relaxometry allowed for noninvasive
measurements of relaxation times and depth profiles which are directly
related to the molecular mobility of the material. Complementary
chemical information was acquired by external reflection IR spectroscopy.
The simultaneous probe of the chemical and mechanical properties by
this multimodal spectroscopic approach enabled us to define a decay
model of ABS in terms of compositional changes and variation of stiffness
and rigidity occurring with photodegradation.

The knowledge acquired on LEGO® samples has been used to rate the
conservation state of ABS design objects non-invasively investigated by
external reflection FTIR spectroscopy and NMR relaxometry offered by the
MOLAB platform of the European Research Infrastructure of Heritage
Science-ERIHS.

ONE™
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Abstract

A multimodal spectroscopic approach is proposed to correlate the mechanical and chemical
properties of plastic materials in art and design objects, at both surface and sub-surface levels, to
obtain information about their conservation state and to monitor their degradation. The approach
was used to investigate the photooxidation of acrylonitrile butadiene styrene (ABS), a plastic
commonly found in many artistic and design applications, using ABS-based LEGO bricks as
model samples. The modifications of the chemical and viscoelastic properties of ABS during
photoaging were monitored by correlative Brillouin and Raman microspectroscopy (BRaMS),
combined with portable and noninvasive broad range external reflection IR spectroscopy and
nuclear magnetic resonance (NMR) relaxometry, directly applicable in museums. BRaMS
enabled combined measurements of Brillouin light scattering (BLS) and Raman spectroscopy in
a micro-spectroscopic setup, providing for the coincident probe of the chemical and mechanical
changes of ABS at the sample surface. NMR relaxometry allowed for noninvasive measurements
of relaxation times and depth profiles which are directly related to the molecular mobility of the
material. Complementary chemical information was acquired by external reflection infrared (IR)
spectroscopy. The simultaneous probe of the chemical and mechanical properties by this
multimodal spectroscopic approach enabled us to define a decay model of ABS in terms of
compositional changes and variation of stiffness and rigidity occurring with photodegradation.
The knowledge acquired on LEGO samples has been used to rate the conservation state of ABS
design objects non-invasively investigated by external reflection Fourier transform infrared (FT-
IR) spectroscopy and NMR relaxometry offered by the MObile LABoratory (MOLAB) platform
of the European Research Infrastructure of Heritage Science (ERIHS).

Keywords

Brillouin microspectroscopy, Raman microspectroscopy, external reflection infrared

spectroscopy, nuclear magnetic resonance relaxometry, NMR relaxometry, photoaging

Introduction

Plastic was firmly established as an essential component of daily life in the 1960s. Due to its
unrivalled versatility, it has succeeded in a variety of sectors, from toys, automotive parts, and
food packaging to design and arts, providing a versatile medium for the artistic expression of

designers and artists akin.! Among the numerous materials encountered in the realm of art and
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design, acrylonitrile butadiene styrene (ABS) has gained popularity due to its extensive use in
crafting various artifacts.

ABS is composed of a continuous phase of acrylonitrile—styrene (SAN, the glassy matrix)
and a dispersed phase of partially grafted polybutadiene (PB, the rubbery phase).? This unique
configuration imparts distinctive properties to ABS, including high impact resistance,
mechanical strength, and excellent moldability. Due to its desirable characteristics, ABS has
become a preferred choice for artists and designers, leading to its extensive use in sculptures,
decorative pieces, and everyday objects®* as well as a rapid prototyping material. It is therefore
expected to remain present in museums and collections for many years to come.’

There is extensive literature on the degradation issues of ABS by exposure to heat or
light, which mainly induces radical oxidation of the PB component. This leads to a decrease in
the double bond content, followed by cross-linking of the PB oxidized phase. Prolonged aging
gives rise to further chain scission reactions with depolymerization of the SAN fraction. These
chemical modifications translate into significant alterations of the mechanical properties of the
materials.®"!! Over time, this can result in reduced strength, toughness, and flexibility of ABS. In
cultural heritage preservation, monitoring the degradation provides valuable insights into the
material's long-term durability. Early detection of degradation enables preventive conservation
measures to be aptly taken, such as adjusting display conditions or implementing protective
coatings. These actions slow down or prevent further deterioration, safeguarding the objects.
The availability of samples allows the exploitation of a wide range of techniques for polymer
analysis, both for compositional identification and the study of ABS stability.!? Techniques such
as thermogravimetric analysis (TGA) coupled with Fourier transform infrared (FT-IR) or mass
spectrometry (MS), differential scanning calorimetry (DSC), and evolved gas analysis coupled
with mass spectrometry (EGA-MS), as well as pyrolysis coupled with gas chromatography and
mass spectrometry (Py-GC-MS), and combinations have been employed.!!

Regarding spectroscopic techniques, the most used in polymer analysis is Fourier
transform infrared spectroscopy (FT-IR), particularly in the attenuated total reflection (ATR)
modality, which has been successful in identifying plastics and additives in collections.!3-16
However, in recent decades, cultural heritage analytical approaches have shifted towards entirely
non-invasive methodologies, recognizing the importance of preserving irreplaceable artifacts

avoiding sampling. Traditional micro-destructive techniques, although minimal, can still pose
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risks to these precious objects and have limited representativeness. Consequently, there is an
increasing demand for innovative approaches that enable the study of cultural heritage materials
without any contact with the object's surface.

External reflection infrared spectroscopy in the mid and near IR spectral ranges®!7-2!
(8000—400 cm™) is a powerful technique currently used for noninvasive and noncontact
chemical analysis of the surface and subsurface composition of heritage plastic materials. This
technique enables the identification of polymers estimating the relative monomer composition in
blends and provides spectral markers for plastic degradation.??>?> Raman spectroscopy is, also,
extensively exploited to these aims, as reported in recent literature.?4-26

Driven by the need to expand the understanding of the conservation status of plastic
design items, a noninvasive multimodal spectroscopic approach is proposed herein, capable of
correlating the chemical and mechanical changes that occur with aging, going beyond the
identification of plastics.

Specifically, in situ external reflection IR spectroscopy has been combined with portable
NMR-relaxometry (thus probing the surface and subsurface polymer composition and mobility)
and correlative Brillouin and Raman microspectroscopy (BRaMS, available as laboratory set up).

Nuclear magnetic resonance (NMR) relaxometry is a noninvasive inspection technique
well consolidated in heritage science that can be performed in situ. It provides information on
proton spin density and relaxation times (mobility) in function of depth, down to a few mm with
micrometric spatial resolution.?”-28

BRaMS is a novel technique that has only recently been applied in the field of heritage
science.? It enables combined measurements of Brillouin light scattering (BLS) and Raman
spectroscopy in a micro-spectroscopic setup, providing the simultaneous spatially resolved
monitoring of the chemical and mechanical changes occurring at the sample surface.3%-3!
Brillouin spectrum results from the interaction of light with thermally activated acoustic waves
(phonons) traveling in the sample and thus characterizes the collective modes of the material,
from which its longitudinal elastic modulus (M) can be derived. Moreover, it probes mechanical
properties without any external perturbations of the system and operates in the gigahertz range,
inaccessible by traditional tensile testing. BRaMS integrates the BLS analysis with
compositional information obtained through Raman simultaneously performed on the same

point.
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LEGO bricks made of ABS were chosen due to their low cost and availability and
subjected to photochemical aging through light exposure. The aims were twofold: (i) to correlate
chemical and viscoelastic (mechanical) changes due to photodegradation of ABS, and (ii) to
propose a multimodal approach for in situ assessment of the state of conservation of historical
plastic objects.

The mechanochemical correlation derived from the study of the photoaged LEGO was
employed to interpret noninvasive data obtained in situ by external reflection IR spectroscopy
and NMR relaxometry on plastic design items made of ABS conserved at the Italian Design
Museum and Kartell Museum and to evaluate their conservation state. The in situ noninvasive
investigations were performed within the access activity of the MObile LABoratory (MOLAB)
platform of the Italian node of the European Research Infrastructure for Heritage Science (E-

RIHS).»?

<COPYED/TYPESET>Please use title case ONLY for H3 headings, do not remove period
between heading and start of sentence. Please use the guidelines for formatting Heading #3
(<H3></H3>) as noted throughout and outlined in the ASP style sheet, e.g., '"Lightface,
italic, cap and lowercase, reverse italic used, text run-in; no semi-colon or colon".
</COPYED/TYPESET>

Experimental

Materials and Methods

<H3>Samples.</H3> A set of LEGO bricks (The Lego Group) in lime green colour was
purchased from a local store in Italy in July 2022 (batch number 11019). The samples contained
titanium dioxide (Ti0,) as filler and phthalocyanine pigments (Pigment Green 7-PG7 and
Pigment Green 36-PG36).!! A second set of LEGO bricks in lime green colour (ID element
4165967, ID design 3001) was bought online from the official LEGO website in February 2023.
The two sets of LEGO bricks were artificially aged using a Cermax filtered Xenon lamp (300 W,
A > 320 nm), placing the bricks at 50 cm from the light source. The temperature during the
irradiation was approximately 30<thinspace>°C, with variation below 10%.<AUTHOR>Please
note that all instances of "ca." were replaced with "approximately'" due to the fact that ca.
is applied only to time in the journal. Managing Editor</AUTHOR> The ABS chemical—-

physical properties were monitored at different stages of light aging, expressed in energy density
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units or dose (kJ/cm?) as calculated by spectro-radiometric measurements (irradiance, ®, = 60

W/m?2, and illuminance, Em, = 40.980 lux for the set 2022 and irradiance, ®;= 80 W/m?, and

illuminance, Emy= 54.64 lux for the set 2023) for a total time of 437 and 525 hours for the sets
of 2022 and 2023, respectively.

<H3>Historical Design Objects.</[H3> The studied objects were a selection of ABS plastic
artworks belonging to the Italian Design Museum and the Kartell Museum. The results presented
here refer to the objects depicted in Figure S1 (Supplemental Material), i.e., Grillo Phone-0061,
Divisumma-0336, and Componibile-4955.

<H3>EXxternal Reflection FT-IR Spectroscopy.</[H3> The Bruker Optics ALPHA-R
spectrophotometer is equipped with a SiC Globar infrared radiation source, a Michelson
interferometer (RockSolid design, Bruker Optics) and a room temperature deuterated L-alanine
doped tri-glycine sulfate (DLaTGS) detector. The optical layout is 22°/22°, collecting the
infrared radiation reflected from a surface located at about 1 cm distance from the external
reflection module and the probed area is about 6 mm in diameter. The investigated area is
visualized by the USB video camera. External reflection-mode spectra, expressed as pseudo-
absorbance A'= log(1/R); R= reflectance, were recorded in the range 8000—400 cm™! using a gold
mirror plate as background with a spectral resolution is 4 cm™! and acquiring 186 scans.

The photochemical aging was followed by monitoring the ratio of the integrated areas of
PB bands at 965 cm! 8(CH),pans and at 4480 cm™! (v+8)CH, performing three measurements for
each brick. The two selected bands allow to probe the consumption of the PB phase at the
surface of the sample with respect to the subsurface composition, exploiting the different
penetration depth of the IR light in the mid- and near IR-range for the two vibrational modes (the
first microns and the latter approximately hundreds of mm, respectively).?

Before integration, Kramers—Kronig transformation (available in the software IR-OPUS
Base Package) was applied in the range 1000-600 cm™! to correct the band of PB at 965 cm™!

when appearing as a derivative-like band due to Fresnel type reflection.?3
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Finally, the 965 cm™' to 4480 cm™! band ratio decrease with respect to the energy dose
was fitted using a one-phase exponential decay function, and its value was considered as a

surface degradation index (SDI) value (Eq. 1):

energy

SDI = 66e— (535 (1)

The SDI parameter is an estimation of the photodegradation progression acting on the

ABS surface and can be used to evaluate the energy per unit area that ran over the object.

<H3>Brillouin and Raman Microspectroscopy.</H3> The Brillouin and Raman
microspectroscopy experiment consists of a combined setup in which the light from a 532 nm
single-mode solid-state laser is focused on the sample surface by a microscope objective. The
backscattered light is then split in frequency and direction by an edge filter so that the Stokes
component (>30 cm™!) is sent to a Horiba iHR320 Triax Raman monochromator, and the quasi-
elastic and anti-Stokes components (<30 cm!) are sent to a high-contrast multipass tandem
Fabry—Perot interferometer (TFP-2 HC, JRS Scientific Instruments) for simultaneous Raman and
Brillouin analysis. The sample is mounted on an x,y,z translation stage for single-point and
mapping experiments, the details of which are discussed in Scarponi et al.3° Each Brillouin—
Raman spectrum was collected for approximately 2 x 60 s using a 600 lines/mm grating and a
100 pm slit aperture. Laser power at the sample was set to <1 mW to avoid local photodamage.
A microscope objective 20x (NA=0.42) was chosen for the analysis because its coupling with
the green laser source allows a very localized analysis of the sample surface (axial resolution of
about 10 um). Considering the optical setup and measuring conditions, each surface point was
exposed to an energy dose < 38.2 mJ/um?. The reported BRaMS profiles are an average of five

spectra acquired randomly on the samples surface.

<H3>Unilateral NMR.</H3> The NMR measurements were performed at 17.6 MHz 'H
resonance frequency (RF) using an NMR mobile universal surface explorer (NMR-MOUSE)
from Bruker Biospin interfaced with a single-sided sensor by Rheinisch Westfdlische Technische
Hochschule (RWTH), Aachen University (Germany).3* This sensor generates, in the probed area

(15 x 20 mm?) and 3 mm away from the radiofrequency (RF) coil, a magnetic field of around
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0.411 T, with an extremely uniform gradient G of 20 Tm™! along the depth direction and a 7/2
pulse of 4 ps to resolve the near surface structure of arbitrary large samples. Measurements of the
two processes of magnetization decay, described by the time constants T and T, respectively,
were recorded from the surface (0.2 mm) and extended up to 1.9 mm inside the sample at
intervals of 100 um, maintaining a spatial resolution of around 50 um. However, within the
range of 0 to 0.1 mm, the signal-to-noise ratio (S/N) was found to be too noisy to perform any
significant fit. Spin—spin or transverse relaxation decay, T,, was acquired using Carr—Purcell—-
Meiboom—Gill (CPMG) pulse sequence, with an echo-time (TE) of 34 s, an acquisition time of
6 us, 2048 echoes, and a recycle delay of 0.4 s to provide the optimum S/N and to optimize the
CPMG decay curve. The magnetic field of the NMR-MOUSE is highly inhomogeneous,
indicating that RF pulses are disrupted by resonance offsets within the selected volume. This also
leads to the echo decay from the CPMG sequence only approximating the decay in a uniform
magnetic field, and the T, relaxation times are in this instance referred to as Tye. The
distribution of T, was obtained by applying an UPEN algorithm (Matlab) to the echo train
recorded by the CPMG pulse sequence. Spin-lattice or longitudinal relaxation decay, T;, was
acquired by applying a saturation recovery pulse sequence. The experimental data of longitudinal

decay were fit according to the following equation (Eq. 2):
f(t) = Co + ZiL1 Wiexp ( —i) )
i=1"i Ty

where 7 is the number of components of the decay of the magnetization, W; is the weight of the
ith component, C is the offset value which accounts for the noise of the measurement, and Ty; is

the relaxation time of the ith component.

Results and Discussion
Mechanochemical Study of ABS-Based LEGO Bricks
Figure la depicts the three repeating units composing the ABS polymer: polyacrylonitrile (PAN)
and polystyrene (PS) forming a continuous styrene-acrylonitrile phase (SAN), and butadiene
constituting a dispersed polybutadiene rubber phase.

Figures 1b and ¢ and Figures 2a and b report the spectral data obtained on the unaged

LEGO by the multi-technique approach, here proposed, and aimed at probing the
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mechanochemical properties of the ABS plastic combining integrated Brillouin and Raman
microspectroscopy, noninvasive external IR reflection spectroscopy (Figures 1b and ¢), and
unilateral NMR relaxometry (Figures 2a and b).

[Insert Figure 1]

Raman and IR spectroscopies enable the selective identification of the three polymer
components: PB, PS, and PAN32? (Figures 1b and c). Notably, the external reflectance spectrum
of ABS is mainly characterized by derivative-like bands due to a predominant Fresnel-type
reflection.? In both mid-IR and Raman spectra, the predominant features are those of PS. In
Raman spectroscopy, PS is identified by the modes associated with the benzene ring: v{(C—C) at
1602 cm!, v,o(C—C) at 1587 cm™!, and 1449 cm™!. Additionally, two intense peaks can be
observed at 1002 and 1032 cm™!, due to the benzene ring breathing, and 3(CH) in-plane of
benzene, respectively. Similarly, in IR spectroscopy, PS is identified by the signals associated
with the aromatic moiety, i.e., the characteristic stretching of the aromatic group v(CH)a, above
3000 cm™!, the in-plane ring breathing modes (C=C stretching) at about 1600 cm™!, the C=C
stretching vibrations of the aromatic ring at 1450 and 1490 cm™!, the in-plane and out-of-plane
C-H bending at 1069 and 1028 cm™!, and at 706 and 760 cm™!, respectively. PB is identified in
the Raman spectrum by the band at around 1653 and 1668 cm™! due to the v(C=C) cis and
trans,>> respectively (that result in our profiles as a convoluted signal positioned at about 1670
cm™'), and in the IR spectrum by the band at 965 cm™! assigned to 8(CH)yns. The bands
associated to the 3(CH)yiny and 8(CH).;s of alkenes of PB at 911 and 736 cm™!, respectively,
overlap with PS bands and are not considered in the present study.” Finally, the nitrile group in
PAN can be clearly distinguished in both the Raman and IR spectra by the v(C=N) at about 2240
cm~!. The extended operative spectral range of external reflection IR spectroscopy, including the
near IR region (Figure 1¢), mainly SWIR 6500-4000 cm™'; 1500-2500 nm provides further
information through detection of the combination and overtone bands of the three ABS
components probed at the subsurface of the samples.> Within this range, notable bands
associated with PS are present, including the combination of the bending and stretching of the
aromatic C—H (v+8)CH,, in the range 4700—4500 cm™!, the first overtone of the aromatic C—H
stretching 2v(CH)4, at about 6000 cm™!, and the first overtone of the aliphatic C—H stretching

2v(CH) at approximately 5800 and 5700 cm™! (antisymmetric and symmetric, respectively). The
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nitrile group is distinctly identified by bands at 5246 and 5140 cm™! assigned to the combination
of the nitrile stretching with the antisymmetric and symmetric stretching of CH; v(C=N)+
Vas(CH) and v(C=N)+ v(CH), respectively. Finally, PB can be identified by the presence of a
band at 4480 cm™! assigned to the combination of the stretching and bending C—H (v+38)CH.3

The opposite side of the spectral range, at very low wavenumber values (below 5 cm™, in
the range of the GHz), BLS enables to probe ABS elasticity and local viscosity by analyzing the
frequency position and width of the Brillouin peak. The former is associated with the velocity of
acoustic waves propagation, while the latter determines their attenuation. BLS has been
extensively employed to monitor the viscoelastic behavior of various molecular liquids and
polymeric systems during physical and chemical vitrification.?°-3%3¢ Figure 1b shows the
averaged Brillouin spectrum of five—point measurements, simultaneously collected with the
Raman, on the surface of the control sample (unaged). The Brillouin spectrum shows the
presence of a mechanically homogeneous surface at the microscale, with a unique Brillouin peak
(Igs) centered around 14 GHz (0.47 cm™).

Unilateral NMR relaxometry can offer further insights into ABS mechanical properties
and relaxation within the millisecond temporal regime (Figure 2). By applying a low external
magnetic field to the magnet, profilometry and relaxation time measurements provide
information about the sample's molecular mobility. The study of spin-lattice (T,) and spin—spin
(T,) relaxation times reflects the dynamics of atomic nuclei within the material, providing
insights into its structural and mechanical properties.?” In Figures 2a and b, the longitudinal
NMR relaxation decay of magnetization (T;) and distributions of T, are reported. In ABS
samples for all the depths of acquisition, T; exhibits a bi-exponential pattern characterized by
two components: a component of approximately 40 ms and a slower one of roughly 300 ms
(Table I). According to previous literature data,’® the longest T, (Ty) reflects the relaxation of
the polystyrene component, while the shortest one (T;,) corresponds to the polybutadiene
component in the interphase formed by chemically bonded PS and PB chains.

[Insert Figure 2]

In polymers, it is well established that achieving a complete averaging of dipolar
interactions needs both high-frequency motions and long-range, low-frequency motions that
encompass substantial sections of the polymer molecules. It is widely acknowledged that T

constraints such as permanent chemical cross-links and molecular entanglements significantly
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influence these long-range motions and predominantly govern the spin—spin relaxation time T»,
making T, a valuable parameter for investigating network formation and its changes.?’ Following
this, in Figure 2b, the T, distributions obtained at depths of 0.4 mm and 1.7 mm in ABS are
reported. The T, distribution exhibits slight variation along the thickness of the sample. To obtain
representative values of the observable variations throughout the sample thickness, transverse
relaxation (T,) times were measured at various depths, ranging from 0.2 to 1.9 mm below the
surface with a step of 0.1 mm. T, values were extrapolated by fitting the transverse relaxation
decays, employing a third-degree exponential function characterized by the relaxation times T,,

T, and Ty, along with their respective normalized weights W,%, W%, W % (Eq. 3)

f(t) = Wae 722 + Wpe 720 + Wee 720 (3)

with ., W; = 100% n = 3

)

Consequently, the relaxation times and their corresponding relative weights were
averaged throughout the entire depth range (Table I). Three T, components were observed: a
faster component (T,,) with an average value of 0.15 ms, affecting most of the spins (55%); an
intermediate component, Ty, with a duration of 5 ms, impacting approximately 5% of protons;
and a slower component with an average of 13 ms (T,.), affecting around the 40% of protons.
The faster component can be ascribed to the rigid part (solid-like) of the polymer, which is
attributed to the polystyrene—butadiene interface or the inter-crosslinked units of the
polybutadiene.’*#? The presence of the intermediate (T,,) and longer (T,.) relaxation times can
be ascribed to the soft component (liquid-like) of the polybutadiene, mainly arising from the un-
crosslinked segments and the chain ends, which are more or less mobile.*! Pentimalli et al.
suggested that these two components might also reflect the heterogeneity in the ratio between
cis-1,4 and trans-1,4 isomers. Nevertheless, a precise contribution of the chain segments cannot
be easily defined, as the calculation of correlation times for motions and the degree of anisotropy
in segmental motion could only be directly performed through a theoretical analysis of the

magnetization decay curve obtained under a homogeneous magnetic field.
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1

2

2 Table I. Average T, and T, relaxation times (T;,, Tip, T2a, Top, and T,.) and relative weights

5 (W%, W%, and W %) extrapolated from the relaxation decay of longitudinal and transverse

6

7 magnetization of 'H from 0.2 to 1.9 mm depths for ABS in unaged LEGO samples.

8

9 Relative weights (%) | Relaxation time (ms)

10

1; W2,% 55 Ty | 0.15+0.02

13

14 W% 5 Ty | 20£1.1

15

16 W% 40 Toe | 13£2

17

18 )

19 Wi.% 65 T | 389

20

21 W% 35 Ty | 294 +88

22

23

24

25 Mechanochemical Monitoring of the Photochemical Ageing of ABS-Based LEGO Bricks

;? The proposed multimodal approach combines spectroscopic data exploring different

;g wavenumber ranges and probes different length-scale interaction, time-scale relaxation

30 dynamics, and different sample depths. The approach was used to investigate compositional and
31 .. . f >

32 mechanical variations resulting from ABS photooxidation.

g i The ABS samples were subjected to different times of light exposure by a xenon lamp
22 with an irradiance of ®, = 60 W/m? for a total time of 437 h (corresponding to a total dose of 390
37

38 kJ/cm?) and monitored through the previously described multimodal approach.

zg Figure 3a shows the BRaMS spectra collected on the surface of the samples subjected to
41 different doses (kJ/cm?). The BRaMS integrated approach clearly reveals that photodegradation
42

43 causes a shift of the ABS Brillouin peak to higher frequencies, from 14.27 GHz to 15.09 GHz.
44

45 This shift is consistent with an increase in the stiffness of the material and is associated with the
j? decrease of the Raman v(C=C) band at 1668 cm~! assigned to PB.

48 External reflection IR observes the same trend, indicating a decrease of the unsaturated
49

50 bond content of the PB fraction which is monitored by the band at 965 cm~! 3(CH) of PB.367

51 . . . .

57 The disappearance of this band corresponds to an abrupt shift of the BLS peak (Figures 3a and
;31 b). Notably, these changes are concurrent with an increase in the intensity of v(C=0O) band at

55

56

57

58
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approximately 1730 cm™' in the IR spectra (Figure 3b), indicative of a progressive oxidation of
the material.
[Insert Figure 3]

The mechanochemical correlation of the ABS photo-induced changes can be better
appreciated in Figure 4, where the frequency shift of the Brillouin peak (representing the changes
of the visco-elastic properties) is plotted as a function of the dose along with the Raman bands
ratio v(C=C)pp/vs(C—C)ps (Figure 3a) and the IR bands ratio d(CH)pp/v+6(CH)pg (Figure 3b),
both representing the consumption of PB unsaturation due to aging.

These results show a sudden increase of the BLS frequency shift between 11 and 40
kJ/cm? energy density values (green and light blue spectra in Figure 3). The values of the elastic
modulus (M) and the acoustic absorption per wavelength (al) were derived by traditional
acoustic analysis of BLS (SM) and illustrated in Figures 4c and d). It is evident that, for
exposures exceeding 60 kJ/cm?, the elastic modulus undergoes a sudden change, approaching a
saturation plateau. This change reflects an approximately 18% increase in the system's stiffness
when ABS undergoes photodegradation (Figure 4c). The correspondence between such a
variation and the observation of PB double bond consumption through oxidation, followed by
cross-linking, suggests that this process is responsible for the loss of elasticity in the material.
Furthermore, comparing the trend of aA(wg) during the aging of ABS to that found for PB during
a cooling process toward its arrested glassy state** (Figure 4d), a remarkable similarity can be
appreciated. This similar trend suggests that, on the picosecond timescale, the relaxation
behavior of PB as neat polymer and in polymer blends (as ABS) involves the same segment of
the molecule. In the PB cooling process, BLS was found to be sensitive to fast secondary
relaxations associated with local density fluctuations due to changes in the length scale induced
by conformational torsions of the -CH,—CH = bond of polybutadiene.*>* In ABS
photodegradation, the acoustic damping is likely due to the depletion of double bonds resulting
from the oxidation process and cross-linking of PB.

The correlated BLS and IR trend as a function of the aging was validated by repeating the
experiment on another set of LEGO bricks (ID element 4165967), as reported in Figure S2
(Supplemental Material), and the Brillouin frequency shift evaluated from the two different sets
of LEGO bricks were compared in Figure S3 (Supplemental Material).

[Insert Figure 4]
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The infrared study of aged ABS LEGO bricks enabled us to define a surface degradation
index (SDI) function (Figure 4b, black line) obtained using a one-phase exponential decay fitting
of the ratio between the integral values of the PB bands at 965 cm™! §(CH) and at approximately
4480 cm! (v+8)(CH) as a function of the photon flux.

Figure S4 (Supplemental Material) reports a closer view of the spectral changes during
aging of the two IR bands used to define the SDI function: the decreasing and disappearance of
the derivative-like peak at 965 cm™! which indicates the surface removal of the PB unsaturation
with photoaging, and the almost steady band in the NIR range of the unsaturated bonds of
unaffected PB in the bulk. At a dose of approximately 40 kJ/cm? the ABS surface is completely
depleted of the PB unsaturation (Figure 4b; Figure S4, orange line), whilst the NIR band is still
visible and almost unchanged after 115 kJ/cm? (200h) of exposure (Figure 4b; Figure S4). Only
at the maximum tested dose, namely 390 kJ/cm?, the (v+38)(CH) combination band is slightly
shifted indicating that the amount of photo-aged ABS has reached a depth impacting the NIR
profiles, also in agreement with the NMR results which indeed indicates an involved thickness of
the first approximately 400 mm (Figure 5).

In the millisecond temporal regime, as expected NMR relaxometry reveals that
photochemical aging does not appear to significantly affect T, suggesting that the aging
primarily influences low-frequency motions (Figure S5, Supplemental Material). Conversely, the
study of T, is particularly useful for investigating changes in the mechanical properties of
materials. After photodegradation, i.e., after a 390 kJ/cm? of dose, a variation in the degree of
mobility can be observed following the decays of the transverse component of magnetization,
which is more sensitive to variations in microstructure, particularly local changes at different
depths (Figure S6, Supplemental Material). As an example, the comparison between the
distributions of T, measured at 400 um depth before and after photochemical aging is reported in
Figure 5a. A slight decrease in the longer and intermediate T, relaxation times (T, and T) is
observed, accompanied by a net increasing of protons density (Wa%) in the solid-like domain of
mobility, and a reduction of protons density in the mobile domain of mobility related to the soft
part of the polymer. As the solid-like fraction corresponds to protons in the crosslinked units of
polybutadiene, an increase in this fraction consequently indicates an increase in the cross-linking.
To evaluate the effect of the photochemical degradation along the thickness of the ABS, the

average relaxation time 1/<1/T,> as a function of the measurement depth is shown in Figure 5b.
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Data show a reduction of the average relaxation times value after photoaging, evidencing a
difference until 600 um of depth. Comparing the weights of the fast and slow components of T,
(representing the fraction of solid-like domain of mobility-Wa% and the soft fraction of the
polymer-Wc%) as function of the measured depths, a significant reduction in the soft fraction
mostly at the surface is observed (Figures 5S¢ and d). The overall results suggest that after aging,
the majority of 'H protons at the surface are involved in inter-crosslinked unit motions
contributing to an increase of the rigidity of the system. Within the first 200 um of the sample,
data show that 98% of protons are in the solid-like domain of mobility, indicating that the mobile
fraction of the polymer is mostly lost. At deeper depths of 400 um, the mobile fraction
progressively returns to the value found before the photoaging.

[Insert Figure 5]

Extensive research in the literature has established that the photo-oxidation of ABS
begins with a proton loss on the allylic position of the methylene group triggering the formation
of radicals.” These radicals subsequently interact with oxygen, leading to the generation of oxo
and peroxy radicals within the polymer matrix. This oxidative process eventually results in the
introduction of carbonyl and hydroxyl functional groups into the polymer structure, attested by
the increase of the band in the v(C=0) region at approximately 1800—1600 cm™! in the IR spectra
(Figure 2b). The photo-oxidative reactions occur on the polybutadiene component, remarked by
the decrease of the PB bands in the IR and Raman spectra (Figure 2). The newly formed alkyl
radicals also promote cross-linking reactions among PB chains (through C—C bridges) which
explains the stiffening of the surface of the ABS aged samples as detected by probing both the
relaxations at the ps (BLS) and ms (NMR relaxometry) time-scales.

Mechanochemical Study of ABS-Based Design Objects
Knowledge and outcomes of the photochemical study on LEGO bricks were exploited to study
ABS-based objects conserved at the Kartell Museum and the Italian Design Museum.

A total of 65 items were noninvasively investigated by external reflection spectroscopy in
the mid- and near infrared range, ABS was found in eighteen objects revealing an occurrence of
almost 30%. Among the ABS-based items, the majority is characterized by the absence of the PB

band at 965 cm™!' 3(CH) indicating that the oxidative process has started and affected at least the
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near surface (first micrometers). <AUTHOR>Please note that the journal does not use
microns; micrometers was used instead.</AUTHOR>

Figure 6 reports the infrared spectra recorded on the ABS-based items of the Kartell
Museum compared with spectra recorded on two LEGO bricks exposed to 11.2 and 390 kJ/cm?
of light (light green lines). In the iconic object of the Kartell Museum collection, the
“Componibile” colored modular unit (the round variants introduced in 1969, no. 4955), the
identification of ABS is achieved by observing the combined presence of bands associated to PS,
PAN and PB (Figure 6, red line). The latter is represented by the weak band at approximately
4480 cm™!, indeed the signal at 965 cm™! is absent, suggesting a surface depleted of the
unsaturated PB moieties. These compositional details have been integrated with the mechanical
ones by NMR measurements on the same object. Relaxometry reveals an increased rigidity up to
800 um, with a trend similar to that observed in the photo-aged LEGO (at maximum dose,
Figures 5c and d) although with different offset values that are linked to an original different
ABS mobility/rigidity (connected to the ABS polymer blend composition, additives, pigments,
and original structural/morphological properties). In addition, there is a notable decrease in the
mobile fraction, reaching a low average value around 10% in contrast to the 40% observed in the
LEGO sample (Figures 5c¢ and d, gray line). The presence of a minor amount of the mobile
fraction in Componibile-4955 may be correlated with both differences of object intrinsic
properties (compositional, morphological) with respect to the bricks as well as a more
pronounced photodegradation.
[Insert Figure 6]

Assuming light as the main external factor of ABS degradation,®*%%1% and excluding
other intrinsic factors (not considered in the present model), the IR spectral data (Figure 6,
partially published in Rosi et al.?) were used to estimate the light dose received by two objects
conserved at the Italian Design Museum (Grillo Telephone, 0061, and Divisumma, 0331, Figure
S1) using the SDI function determined by the photo degradation model developed on the LEGO
bricks (Figure 4b, white circles and orange hexagons; Table II). These values were, then, used to
estimate the relative percentage variation of the Brillouin frequency shift (v) and the elastic
modulus (M), related to the viscoelastic properties of the two objects, using the fitting relation
reported in Figure 4a (red line). Results are detailed in Table II. In the Grillo Telephone, point
0061 M 01, lacking the PB band in the mid-IR (Figure 6, grey line), shows an SDI value of 0,

Applied Spectroscopy



oNOYTULT D WN =

Page 18 of 39

corresponding to a light dose higher than 50 kJ/cm? (the threshold above which PB is no more
visible at the near surface) with a percentage of elastic deformation (with respect to the unaged
LEGO bricks) higher than 19%. The other spectra recorded on the Grillo are instead
characterized by variable SDI values leading to a light dose ranging from approximately 27 to 20
kJ/cm? with a percentage of the elastic deformation of 7.5%—10.0%. Table II also shows the
results obtained for the historical calculator Divisumma characterized by a higher SDI (according
to IR results, Figure 6, olive-green line) corresponding to an elastic deformation percentage of

10.

Table II. IR spectral data used to estimate the light dose received by the two objects conserved
at the Italian Design Museum using the SDI function determined by the photo degradation model
developed on the LEGO bricks.<AUTHOR>Because there is not supplied title for Table II, a

shortened version of the paragraph above was used instead. Please correct, as

necessary.</AUTHOR>

Estimated total | BLS % of elastic deformation
Sample name | SDI | energy

(kJ/cm?) y M
0061 M 01 |O >50 appr 15.51 (9%) | appr 7.72(19%)
0061 M 02 | 1.69 |26.71 14.88 (4.69%) 7.10 (9.3%)
0061 M 03 |3.12|22.25 14.80 (4.11%) 7.02 (8.2%)
0061 M 05 |4.26|19.97 14.75 (3.78%) 6.98 (7.5%)
0061 M 06 |2.83|22.97 14.81 (4.21%) 7.03 (8.3%)
0331 M 03 | 1.25|2891 14.92 (4.96%) 7.14 (10%)

Conclusion

A multimodal spectroscopic approach based on external reflection IR spectroscopy and NMR
relaxometry combined with correlative Brillouin and Raman microspectroscopy is presented to
monitor the photodegradation of ABS, with the dual aim of: (i) correlating the mechanical and
chemical modifications occurring at the material surface and subsurface at the microscale, and

(11) increase the information we can provide from in situ noninvasive studies of museum objects
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beyond polymer identification using coupling techniques available only in laboratories with
portable ones.

To achieve this, we performed a systematic study on laboratory models, conceiving a
photoaging model constructed using a combined mechanochemical study, and then applied it to
data acquired non-invasively on site.

The mechanochemical analysis enabled to experimentally correlate the photo-oxidative
reactions occurring on polybutadiene phase to the stiffening of the surface of the ABS aged
samples observed both in the ms and ps temporal regime. We further showed that the secondary
relaxations of ABS, assigned to conformational changes of the -CH,—CH= bonds of the
polybutadiene backbone, are like that observed for neat polybutadiene. In the ps time scale, PB,
as pure polymer and in polymer blends (such as ABS), behaves similarly. Further investigations
are necessary to confirm this intriguing finding, which will enable us to extend the photo-aging
model here proposed to other PB-containing plastics.

The photo-aging model allowed us to define a surface degradation index function to
estimate the state of conservation of ABS and to relate it to an equivalent light dose exposure. In
turn, this corresponds to a percentage of elastic deformation change that can be estimated from
the data acquired non-invasively by IR and NMR applied on-site. This result greatly impacts the
increase of the information we can provide by coupling techniques available only in laboratories
with portable techniques for the study of unique artistic objects, not sampleable. Furthermore, the
sensitivity of the analytical methods employed here to the surface properties can reveal early
photodegradation conditions that otherwise may remain unobserved by conventional surveys.
This aspect is crucial in defining on-time conservation strategies and correct displaying

environments.
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Figure Captions

Figure 1. (a) Images of ABS-based LEGO bricks and repeating units of PS, PB, and PAN; (b)
BRaMS spectrum. (c) IR spectrum of ABS polymer along with peak assignments acquired from
the unaged brick.

Figure 2. Unilateral NMR relaxometry analysis performed on the unaged LEGO: (a)
Longitudinal relaxation decay of the 'H with a constant time T; and (b) T, distributions

measured at 0.4 and 1.7 mm depth.

Figure 3. (a) BRaMS and (b) IR spectra acquired from the LEGO samples during photoaging.
Bands associated to butadiene are indicated and highlighted (PB) as well as the carbonyl

stretching region v(C=0) to evidence the formation of oxidized species.

Figure 4. (a) Brillouin peak frequency shift values (red dots), v(C=C) pg/vs(C—C)ps Raman band
ratio (blue squares) and (b) 6(CH)pp/(v+0)(CH)pg IR band ratio corresponding to the superficial
and sub-superficial PB, respectively, as a function of the light dose. The black line represents the
SDI function modelled for the LEGO samples (black dots). White circles and orange hexagon
correspond to the plastic objects of the Italian Design Museum 0061 and 0331, respectively; (c)
longitudinal elastic modulus (M) and (d) acoustic dissipation (aA) derived from BLS spectra of
ABS, reported as a function of the photon flux (TE) normalized to the value corresponding to 60
kJ/cm? (TE*) (present study, blue spheres); aA for PB as a function of the temperature
normalized to the glass transition temperature as published in Huang and Wang** is also reported

(violet stars).

Figure 5. (a) Comparison between the distributions of T, measured at depths of 400 um before
and after photochemical aging; (b) average relaxation time 1/<1/T,> as a function of the depth of
measurement before and after the aging; (c) protons solid-like fraction (Wa%) as a function of
the depth of measurements within ABS (black and red) before and after photodegradation and in
the Kartell object Componibile-4955 (grey); (d) protons mobile fraction (Wc%) as a function of
the depth of measurements within ABS (black and red) before and after photochemical aging and
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in a Kartell object Componibile-4955 (grey). Dashed lines indicate the best-fitting of data

obtained by a sigmoidal function.

Figure 6. IR spectra recorded from the ABS items of the Kartell Museum and Italian Design
Museum compared with spectra recorded on two LEGO bricks exposed to 11.2 and 390 kJ/cm?
of light (blue lines). Componibile-4955 (red line); Grillo Telephone-0061 (point 03 black line,

point 01 grey line); Divisumma-0331 (olive-green line).
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Figure 3 a) BRaMS and b) IR spectra acquired on the LEGO® samples during photoaging. Bands associated
to butadiene are indicated and highlighted (PB) as well as the carbonyl stretching region v(C=0) to evidence
the formation of oxidized species.
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Figure 6. IR spectra recorded on ABS-items of the Kartell Museum and Italian Design Museum compared
with spectra recorded on two LEGO® bricks exposed to 11.2 and 390 kl/cm? of light (blue lines).
Componibile-4955 (red line); Grillo Telephone-0061 (point 03 black line, point 01 grey line); Divisumma-
0331 (olive-green line). PB=polybutadiene; PS=polystyrene, PAN=polyacrylonitrile
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HISTORICAL DESIGN OBJECTS

Figure S1 depicts the objects investigated in the present study, they belong to two internationally
renowned design museums: the Italian Design Museum and the Kartell Museum.

The Italian Design Museum, inaugurated in 2007, is the first Italian design museum. It houses a
wide collection of iconic objects (furniture, accessories, and electronics) dating from 1927 to the
present day and represents the history of Italian design. The results presented here refer to the
Grillo Phone-0061 and Divisumma-0336 (FigureS1).
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The Kartell Museum was established in 1999 on the company’s fiftieth anniversary by President
Claudio Luti to conserve, promote and enhance the company’s material and intangible cultural
heritage. The display includes iconic objects of Italian design produced from the year of foundation
of the company, 1949, to date. The results presented here refer to the Componibile-4955
(FigureS1).

TRADITIONAL ACOUSTIC ANALYSIS OF BLS DATA

The BLS spectra were analysed in the narrow region around the Brillouin peak following the
procedure described in Ref. 1. The intensity of BLS doublets, Iz, was modelled using a damped
harmonic oscillator (DHO) line shape (Eq. S1):

Ig (0)=lo/n (I's 0p>)/(0p>-0?)*+(w I'p)* (Eq. S1)

where Iy is an amplitude factor depending on the scattering cross-section, vg=wg/21 and I'g/21
denotes the frequency shift and the full width at half-maximum (FWHM) of the Brillouin peaks,
respectively.

Specifically, op and I'p are directly linked to the longitudinal elastic modulus, M=p ®g?/q?, and
the acoustic absorption, a=q I's/2mp, of the elastic wave propagating within the medium,
respectively related to the material's stiffness and the ability to dissipate acoustic energy through
relaxation channels. In the above, p is the mass density of the material, and q represents the
exchanged wavenumber related to the incident wavelength, A, the scattering angle 6, and the
refractive index n of the medium, through the relation q=(4nn/A) sin(6/2).

In the present experiment, vertically polarized scattered light was analysed in the backscattering
geometry, so that q=(4mn/A), with A=532 nm. In a previous work on linseed oil polymerization?,
we demonstrated how variations in density and refractive index have very little influence on the
overall trend of the moduli during the process of drying. Similarly, in this study, we calculated
M(wg) and oM(wg) considering values of n= 1.5383 and p =1.07 g/cm? # as constants assuming
negligible their changes in the overall moduli variation during the photochemical aging.

REPRODUCIBILITY ACROSS DIFFERENT LEGO SERIES

The reproducibility of the photochemical ageing trend was tested using a second set of Lego bricks
(ID element 4165967, see Materials and methods in the main paper). The Brillouin (left) and
external reflection IR (right) spectra in Figure S2a), plotted as a function of the increased photon
flux, show that photochemical ageing is again associated with an increase in the frequency shift of
the Brillouin peak. Figure S2b) shows that the blue shift in the frequency value of the BLS peak
(red) correlates with the decrease in the IR ratio between the 3(CH) at 965 cm™!/(v+38)(CH) at 4480
cm’! modes of PB. It is worth noting that the abrupt increase in the maximum of the BLS peak
occurs between energy density values of 14 and 42 kJ/cm?, confirming that the loss of elasticity in
the ABS plastic is due to the progressive degradation of the poly-butadiene rubber.

Notably, Figure S3 reports the Brillouin Frequency Shift from the two different sets of LEGO®
bricks (year 2022-batch number 11019 and year 2023- ID element 4165967) reported as a function
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of the light dose. The comparison clearly shows that not only the trend but also the absolute values
of the frequency shift can be reproduced between the different sets.
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Figure S1. Historical objects belonging to a-b) Italian Design Museum: Grillo Telephone-0061
and Divisumma-0331, c¢) Kartell Museum Componibile-4955
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Figure S2. (a) Brillouin and FT-IR spectra acquired on a different set of LEGO bricks in lime green
color samples (ID element 4165967), subjected to increasing photon flux. (b) Brillouin Frequency
Shift (red circles) and the relative ratio between IR bands (blue hexagons), corresponding to the
d(CH)pg at 965 cm™! and the (v+3)(CH)pp as a function of the light dose.
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54

and the (v+0)(CH)pg (sub-superficial PB)- considered for the definition of the surface degradation

index (SDI) function.
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Figure S5. Comparison of the decays in the longitudinal magnetization component, T, measured

at depths of 400 mm before and after photochemical aging.
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