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Abstract

Plastic materials are increasingly becoming part of private and public collections worldwide, either as
design objects or artistic sculptures. The preservation of these highly degradable materials requires
novel analytical approaches able to reveal their chemical composition to inform the tailoring of
appropriate conservation procedures. In this work Raman spectroscopy and Surface-enhanced
Raman Scattering (SERS) were proposed as methods for the characterization of ABS-based
contemporary and historical LEGO® objects. Twenty-three objects of twelve different colors were
analyzed by handheld and benchtop Raman instrumentation. In all cases clear identification of the
constituent polymer matrices (ABS, polycarbonate, poly(methyl metacrylate)) was obtained. In
addition, identification of major color components was achieved, such as copper phthalocyanines in
green and blue objects. Low cost handheld instrumentation provided acceptable sensitivity towards
polymers and coloring media, and was found suitable for initial screening of the objects. Benchtop
Raman was used to confirm and further extend identification, as well as for building background
information. Finally, SERS sensitivity was found comparable to the sensitivity achieved by benchtop
Raman instrumentation. However, the associated minimally-invasive sampling method made SERS a
valid alternative to direct Raman spectroscopy for the analysis of immovable and/or large-sized
objects. Overall, this work represents the first systematic investigation on the potential of Raman and
SERS spectroscopies as methods for minimal invasive and/or in situ analysis of historical and
contemporary plastic objects.

Keywords: ABS; LEGO; synthetic organic pigments (SOPs); Surface-enhanced Raman Scattering
(SERS), Raman spectroscopy; handheld Raman; contemporary art.
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1. Introduction

Since the end of the 19" century the versatility, good workability, easiness of coloration, and low cost
of plastic materials has been exploited by artists, designers and architects to create artworks and
objects today part of many museum collections [1,2]. Unfortunately, the chemical instability of plastic
towards air, moisture, light and heat causes degradation, resulting in deformation, shrinkage,
cracking, changes in color and gloss in few decades [3-5]. The development of appropriate
preservation strategies should start from the identification of the object constituent materials.
However, rarely heritage objects in collections have a complete set of information on chemical
composition and fabrication methods. Therefore, there is an increasing need of developing analytical
methods enabling fast and reliable analysis of polymeric materials [6]. Ideally such methods would
include tools to detect early degradation markers and allow clear identification of plastic components
such as pigments, dyes, additives, stabilizers and fillers [7, 8]. In fact, these components possess their
own chemical stability and degradation patterns, which can alter the overall weathering mechanism
of the object [9-11].

Acrylonitrile butadiene styrene (ABS) is a 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 [12]. ABS is the constituent polymer of many design and
collection objects [2, 13, 14], as well as contemporary artworks [15]. Furthermore, as ABS is a widely
used rapid prototyping material within the artistic community [16], it is expected that a large number
of 3D printed ABS artworks will be found in museums in the next decades. Among ABS objects, LEGO®
toys are increasingly becoming cult objects, being part of numerous private and museum collections.
The first LEGO® factory was funded by Christiansenin Denmark in 1932 [17, 18, 19]. Initially producing
wooden block toys, the factory switched to cellulose acetate (CA) in 1953, following Hilary Page’s
patent on self-locking building blocks toys made with injection molding machines filed in the United
Kingdom back in 1939 [20]. However, the turning point of LEGO® success was linked to Christiansen’s
patent (US/Denmark, 1958) introducing tubular self-clinching studs to connect objects [50, 51]. The
switch from CA to ABS started in 1962, motivated relatively low cost, easiness to mold accurately,
colorfastness and mechanical stability of ABS [21, 22]. Since then, the initial color palette has
considerably widened from the original seven colors (white, grey, black, red, blue, yellow and green)
to the fifty-seven colors used in contemporary formulations [23]. Unsupported data suggest that
MACROLEX® thermoplastic colorants are currently the constituents of twenty-five colors currently
being produced by LEGO® [24]. Elsewhere, Laxess Chemicals dyes and INEO Styrolution ABS pellets
[25, 26] are mentioned. However, to date no systematic scientific literature is available on the
chemical composition of contemporary and historical LEGO® objects.

Characterization of polymeric components in plastic objects is traditionally performed with a number
of analytical techniques, such as pyrolysis-gas chromatography mass spectrometry (Py-GC/MS) [27-
29], nuclear magnetic resonance (NMR) [30, 31], vibrational spectroscopies as infrared in mid and



near infrared region (MIR and NIR) [32-34] and Raman [35-37]. In the last decades, Raman and
Surface-enhanced Raman Scattering (SERS) have been extensively used in museum contexts to
identify pigments and dyes in paintings and paper media, but the application of such techniques for
identification of colorants in polymer matrices is largely underexplored [38-42]. Analytical evidence
from benchtop instrumentation is often considered more reliable than evidence acquired with
portable instrumentation to address object condition state, conservation treatments, ongoing
weathering mechanisms, and optimal preservation strategies [43]. However, benchtop
instrumentation is not suitable for in situ analysis of large-sized objects. Therefore, as conservation
scientists face the challenge to answer research questions on materials, while facing ethical
limitations on invasive sampling, the use of Raman handheld instrumentation with in situ
measurement capabilities could constitute a good compromise to preserve the integrity of objects
under examination [44, 45]. However, a systematic comparative study of the merits and limitations
of Raman handheld and benchtop instrumentations for analysis of plastic materials is to date largely
missing.

This paper constitutes the first example of systematic application of Raman and SERS spectroscopies
for the identification of plastic, constituent synthetic organic pigments (SOPs) and complex inorganic
colored pigments (CICPs) in contemporary and historical ABS objects. The aim of this pilot study was
to optimize a method for minimal-invasive sampling combined with non-invasive analysis of plastic
art and design objects in collections. LEGO® toys were selected as a model ABS material, due to the
easy access to contemporary and historical colored objects at low costs [23]. Moreover, given their
iconic cultural impact, LEGO® objects have been used by contemporary artists such as Nathan Sawaya
and Ai Wewei as an art medium [46-49]. Contemporary LEGO® objects were comparatively examined
with three instrumental settings: non-invasive handheld Raman spectrometer for initial screening,
non-invasive benchtop Raman spectrometer to obtain finer spectral features, and finally minimally
invasive SERS as method alternative to Raman handheld. Historical LEGO® objects were analyzed only
by non-destructive and non-invasive handheld and benchtop Raman instrumentation in order to
preserve their integrity, as it should be preferred by analysts in museum contexts [44].
Complementary ATR-FTIR was also performed to support obtained results in this exploratory phase.
The knowledge gained through this systematic study, both in terms of chemical composition and
assessment of technique/instrumentation capability, is highly relevant to support future wider
applications of minimally-invasive Raman and SERS techniques for the analysis of other ABS
contemporary and historical objects in museum and collection settings. The analysis of contemporary
and historical ABS objects revealed the ability of handheld Raman instrumentation to discriminate
major polymer and colorant components in situ and in a non-invasive manner for both contemporary
and historical objects. This capability is of key importance in museum settings to perform fast
screening of objects towards assessment of their chemical composition.

2. Materials and Methods



2.1 Materials

Contemporary LEGO® objects dated 2015 (The Lego Group, Billund, Denmark), were purchased from
a local store in Ireland. Historical objects were borrowed from a private collection purchased in
Ireland between 1972 and 1979. The sixteen contemporary LEGO® objects analyzed and the seven
historical objects analyzed are listed in Table 1. A commercial ABS film 100 um thick obtained by
extrusion from Magnum 3404 pellets was purchased from Dow Chemicals (Dow Chemical Company
Midland, MI, USA) and used as a reference material.

2.1.2 SERS substrates fabrication

SERS substrates were produced by a procedure described in detail elsewhere [50, 51]. Briefly,
ultraviolet nanoimprint soft lithography (UV-NIL) through a roll-to-roll procedure was used to
fabricate nanometric periodic structures then coated with 150 nm of Al by physical thermal vapor
deposition (PVD). Fluorolink MD700 was the UV curable fluorinated pre-polymer used in combination
with 2-methoxy-2-phenylacetophenone photo-initiator. The master replica mold was an elastomeric
silicone hollow (SYLGARD 184 by Dow Corning, INC, US) supporting a nanostructure with pillars in
hexagonal array with an approximate size of 220 nm diameter and 450 nm pitch (FleFimo™ tape by
Soken Mold Solution).

2.2 Spectral analysis
2.2.1 Colorimetric analysis

Color measurements were performed with a portable Konica Minolta CM 700d spectrophotometer
(Konica Minolta, INC., Tokyo, Japan). Color space was the CIE L*a*b* with D65 standard illuminant
and 10° observer, SAV 3/6 ¢ mm illumination area. SpectraMagic NX software was used for a
comprehensive color analysis. The coordinates reported in Table 1 refer to the diffuse reflectance
spectra (specular component excluded - SCE), correlating the aspect of the color observed to the
coordinates without gloss effects.

2.2.2 Raman spectroscopy

Handheld Raman spectra were obtained from a DeltaNu PharmalD spectrometer (Pharma-ID Ltd, UK)
with illumination at 785 nm, spectral range 300 -2400 cm™ and spectral resolution 10-12 cm™. The
laser power was 50 mW and typical acquisition time was between 0.2 and 10 s. An average of five
measurements was taken in different parts of the sample. Representative spectra were reported in
the main manuscript.

A Renishaw (Renishaw PLC, UK) benchtop InVia Flex with spectral range 100 -3200 cm™ and spectral

resolution 0.5 cm™, 1200 mm™ grating lines, CCD 576 x 400 pix detector, and equipped with a 785
nm laser was used to collect benchtop Raman and SERS spectra. Accumulation time was 10 sec and
laser powers spanned from 1 to 5% corresponding to 9-45 mW powers. A long working distance Leica
objective (model 5660036) operated with a 65 um slit opening. The same instrumentation was used
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to perform SERS measurements. Fragments of sub-micron size (ca 0,1 - 1 mg) were sampled with a
scalpel from the inner surface of LEGO® objects, then solubilized in glass vials with 2 mL of 2 99,8 %
anhydrous chloroform stabilized with 100 ppm of amylene to extract color components and polymer
[50, 51]. Lambda Plus Single Channel Pipettor (0,2-2 pL volumes) was employed to accumulate on the
SERS substrate approximately two drops, each of 0,75 pL, followed by complete solvent evaporation
for spectral acquisition. An average of five measurements was collected on the concentrated drop
deposited on the SERS substrate. Representative spectra were reported in the main manuscript.

Spectral libraries IRUG and Soprano were used as support for the identification of colorant
components in recorded experimental Raman and SERS spectra [52, 53].

2.2.3 FTIR spectroscopy

ATR-FTIR tests were carried out with a benchtop Thermo Nicolet 6700 (Thermo Fisher Scientific, US)
with Smart Endurance device with an Hg-Cd telluride (MCT) detector at 4 cm™ resolution for 128
scans. Samples (1 —4 mg) were removed from the inner part of the objects examined with a scalpel.
Ominic 7 and Origin 9.1 software were used to process and plot Raman and FTIR data.

3. Results and Discussion

Table 1 shows the list of twenty-three analyzed LEGO® objects, including sixteen contemporary and
seven historical objects. For all objects an identification name, description, size and L*a*b
coordinates are presented. The numbers in bracket in the “Type” column represent the numerical
classification based on number of studs (short side X long side). Figure 1 shows a photographic image
of all analyzed objects.

Table 1. List of analyzed LEGO® objects including name, dating, size and color coordinates.



Length X width X

Color coordinates (CIE)

Object Name Dating Type thickness (mm) L* a* b*
Blackl 2015 Brick (1 X 1) 15.5X7.5X11 13.28 -0.45 -2.37
White3 2015 Brick (1 X 1) 155X7.5X11 83.10 0.24 5.65

Pink1 2015 Brick (2 X 4) 32X16X12 75.57 26.31 -12.45
Grey2 2015 Brick (2 X 3) 23X 15X 10 57.48 1.18 1.25
Brownl 2015 Brick (2 X 3) 23X 15X 10 45.46 9.61 8.23
Winel 2015 Brick (2 X 2) 17.5X17.5X12 44.96 18.92 9.55
Bluel 2015 Plate (2 X 6) 33X16X5.5 39.89 -9.52 -41.32
Blue5 2015 Wedge (2 X 2) 17.5X17.5X12 67.94 -34.17 -19.87
Greenl 2015 Brick (2 X 2) 17.5X17.5X12 4273  -62.30 30.12
Green3 2015 Wedge(1 X 1) 155X7.5X11 69.18 -19.23 69.48
Colorless1 2015 Wedge (1X 1) 155X7.5X11 - - -
Black4 2015 Plate with wheels (2 X 2) 17.5X 18X 12 13.31 -0.20 -0.76
Yellow 2015 Cylinder (2 X 2) 16,5X 12 79,87 7,44 84,12
Red 2015 Brick (2 X 4) 23X 15X 10 51,69 26,62 14,81
Purple 2015 Brick (1 X 1) 155X 7.5X11 31,11 25,48 -41,36
Grey5 2015 Brick with propeller (2 X 4) 23X 15X5.5 57,48 -1,18 -1,25
Green7 1972- 1979 Brick (2 X 6) 69 X34 X 22 51.57 -42.22 18.54
Blue6 1972- 1979 Brick (2 X 4) 335X16X12 49.62 -20.14 -17.11
Grey3 1972- 1979 Plate (2 X 8) 65X16X5.5 64.16 -2.13 2.68
Whitel 1972- 1979 Brick (2 X 4) 335X16X12 87.48 2.45 18.65
Colorless 2 1972- 1979 Brick (2 X 2) 16.5X16.5X 12 - - -
Yellow 1972- 1979 Brick (2 X 2) 17.5X17.5X12 79,04 10,07 69,17
Red 1972- 1979 Brick (1 X 1) 155X 7.5X 11 44,71 47,19 27,82
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Figure 1. Photograph of analyzed contemporary and historical LEGO® objects.

Prior to analyses of ABS colored objects, Raman (handheld and benchtop instrumentations, Figure
1a,b) and SERS (benchtop instrumentation, Figure 1c) spectra of a commercial film were acquired as
reference spectra for subsequent measurements. All ABS Raman spectra were characterized by a
main band at 1003 cm, attributable to the benzene ring breathing vibration from the styrene
acrylonitrile (SAN) part of ABS. Additional bands attributable to vibrations of the aromatic ring were
found at 1005 and 1035 cm™. The complete list of bands and assignments of the spectrum recorded
with Raman benchtop instrumentation is shown in Table S1 and Figure S1.

As the use of Raman handheld instrumentation allows a rapid non-invasive screening of objects, a
low cost and light-weight handheld spectrometer was firstly employed to take Raman spectra of
colored ABS brick and to assess its diagnostic capabilities. Figure 2a shows Raman spectra recorded
with handheld instrumentation. The majority of spectra displayed good resolution. ABS bands

centered at 1005 and 1035 cm™! were visible in all objects, except for Blackl which showed a noisy

spectrum with unidentifiable features. In addition, other bands attributable to either CICPs or SOPs
used to achieve the desired coloration were observed in most spectra. Such features were marked
with an asterisk in the spectra to distinguish them from the ABS bands. Specifically, bands attributable
to the presence of TiO, were visible in White3, Pinkl and Grey2 spectra at ca. 412 and 620 cm™,
overlapping with ABS bands but showing more intense features. Brown1 and Winel displayed non-
ABS features at 409 and 505 cm?, attributable to Pigment Brown 29 (PBr29 - C.I. 77500), an inorganic
pigment of black mixed iron (1) oxide and chrome (I11) ((Cr,Fe),03) within an hematite structure [54].



In order to better assess merits and limitations of handheld instrumentation, an equivalent analysis
was performed with benchtop instrumentation and recorded spectra are shown in Figure 2b. All
analyzed objects displayed strong bands at 620, 1003, 1032, 1185, 1200, 1451 and 1603 cm
attributable to ABS. For these spectra also additional bands associated either to CICPs or SOPs were
observed for all objects. As in Figure 2a, such additional bands were marked with black asterisks to
distinguish them from the ABS bands. Specifically, Blackl and Grey2 objects showed bands
attributable to the presence of carbon black (CB) with a typical vibration centered at 1302 cm™ and
a broadened band at 1599 cm® overlapping with the symmetric stretching vibration of the benzene
ring from ABS. White3, Pink1 and Grey2 objects showed a shoulder at 610 cm™ and an additional
band at 445 cm™ associated to the presence of TiO,. For Pink1 the broad band at 445 cm™ showed a
higher relative intensity compared to the other spectra where TiO, was also detected. Bands centered
at 222, 292 and 411 cm™ in Brown1 and Winel were identified as the dark brown and the reddish
shades of Pigment Brown 29 (PBr29 - C.I. 77500), an inorganic pigment of black mixed iron (Ill) oxide
and chrome (lll) ((Cr,Fe),03), within an hematite structure [54, 55]. Direct comparison of spectra
taken by handheld and benchtop instrumentation showed that in spite of the lower spectral
resolution and smaller spectral window, handheld instrumentation performed satisfactory
characterization of ABS materials.

As an alternative method, also SERS measurements were performed to test its suitability for the
identification of coloring media in complex polymeric matrices, namely plastics used for
contemporary artworks and design objects. As shown in Figure 2c, clear spectral signals were
obtained for all objects analyzed. The position and intensity of bands obtained was ca. equivalent to
those obtained by Raman benchtop analysis, thus further confirming previous assignments. Bands
associated to the presence of TiOz at 443 cm™ and C black at 1301 and 1603 cm™ in Grey2 presented
enhanced features compared to features obtained by Raman benchtop. These data confirm the
capability of SERS to generate high intensity spectral features from sub-micrometric sampling
through a simple one-step procedure. Hence the method is suitable for museum collections analysis,
whereby instrumentation for in situ analysis might not always be available and sampling must be kept
minimal to preserve the integrity of the analyzed object. The ability to obtain high quality spectra
from minimal-invasive sampling is an important aspect. In fact, although the high sensitivity of SERS
for the characterization of colorant and colorant mixtures in objects has been widely reported, its
practical application is still limited by the need for extraction procedures, usually performed by
complex three/four steps procedures with hazardous chemicals [39, 41].
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Figure 2: Spectral analysis of contemporary colored ABS objects and reference ABS. a) Handheld
Raman spectra; b) Benchtop Raman spectra; c) SERS spectra recorded with benchtop Raman
instrumentation. All spectra were recorded with 785 nm wavelength illumination. Black asterisks
indicate colorant component bands.

Interestingly, Raman and SERS spectroscopies also proved effective in chemical differentiation of
pigments used to achieve similar color hues such as those used in dark and light blue- and green-
colored objects. Figure 3a shows handheld Raman spectra of such objects. The spectrum of Bluel
showed strong bands associated to the presence of Copper Phthalocyanine (CuPc) pigments centered
at 489, 680, 746, 1141, 1337, 1524 cm, likely Pigment Blue 15 (PB15, C.I. 74160). Such pigment
belongs to the family of green and blue copper phthalocyanine SOPs, commonly used in paint
formulations due to their high performance in stability, resistance to migration and good
transparency [56, 57]. The Raman spectrum of Blue5 showed bands at 685, 745, 1144, 1195, 1340
and 1529 cm, also associated to the presence of CuPc SOPs, likely PB15. The spectrum of Greenl
showed bands attributed to Pigment Green 7 (PG7, C.I. 74260), a chlorinated CuPc commonly used
in plastics for its excellent light fastness and dispersion properties at 682, 739, 779, 818, 1082, 1212,
1340 and 1538 cm™. Green3 also showed bands characteristics of the presence of PG7 at 1533, and
742 cm[52, 53]. Analogously to the analytical procedure showed in Figure 2, benchtop Raman and
SERS analyses were performed on these objects to assess limitations of handheld instrumentation.
The Raman benchtop spectrum of Bluel (Figure 3b) showed spectral features attributable to ABS at
1003 and 1032 cmL. In contrast to spectra of other colored objects shown in Figure 2b, whereby ABS
bands constituted the predominant features, ABS bands in Bluel showed relatively small intensity.
In fact, the Raman spectrum of Bluel was dominated by strong additional bands centered at 481,



677, 744, 777, 950, 1104, 1142, 1340 and 1529 cm™, confirming the presence of a blue copper
phthalocyanine dye (CuPc), likely Pigment Blue 15 (PB15, C.I. 74160) [52, 53; 56,57]. The Raman
spectrum of Blue5 showed strong similarities with the spectrum of Bluel. Specifically, in addition to
more pronounced ABS features, the following bands were observed, centered at 680, 747, 1142, 1340
and 1529 cm, also suggesting the presence of CuPc dyes. Initially the polymorph B-CuPc (PB15:3)
was identified in Blue5 from comparison with spectral databases and diagnostic spectral shifts [56,
57]. However, CuPc polymorphs present similar spectral features and in complex matrices where
contributions from other components are present, spectral shifts are not sufficient to support a
reliable discrimination. Band intensities also vary between CuPc polymorphs and therefore intensity
ratios are used as more reliable polymorphic markers [57]. Specifically, the presence of PB:15(0) and
PB:15:3 in Bluel and Blue5 might be confirmed by the calculation of intensity ratio of bands at 749
and 679 cm® which was equal to 1.5 and 1.1 for Bluel and Blue 5, respectively. These values are in
agreement with values reported by Defeyt et al. for Raman identification studies of CuPc used in
modern artist paints [57]. For clarity, bands attributed to CuPc pigments were marked with black
asterisks in the spectra. Similar analysis was also carried out for two shades of green, also shown in
Figure 3b. The spectrum of Greenl showed bands at 264, 288, 346, 644, 686, 738, 778 818, 1081,
1212, 1276, 1340, 1537and cm™ which were attributed to Pigment Green 7 (PG7, C.I. 74260) [52, 53].
On the other hand, the light green Green3 brick presented intense ABS features and also showed
bands characteristics of CuPc compounds at 660, 747, 1378, and 1537 cm™, which were attributed to
presence of Pigment Green 36 (PG36, C.I. 74265) [52, 53]. The identification of CuPc polymorphs was
obtained also by direct comparison of corresponding reference spectra from Raman spectral libraries
[52, 23]. Blue and green objects SERS spectra are shown in Figure 3c. SERS spectra of good intensity
were obtained for all colors, clearly showing presence of CuPc pigments in the objects formulations.
Compared to Raman spectra, the ratio between the intensity of ABS bands and the intensity of
colorant bands increased, showing that the ABS component was more easily extracted in CHCl3 than
the CuPc component, due to the latter poor solubility in organic solvents. However, clear presence
of the CuPc SOPs was still observed, as shown by the number of bands marked with black asterisks in
the spectra. It should also be mentioned that additional Raman (handheld and benchtop) and SERS
measurements were also carried out on red, purple and yellow colored objects (Figure S2). For all
samples ABS spectral contribution was evident, but no conclusive identification of SOPs was
obtained.
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Figure 3: Spectral analysis of contemporary green and blue colored ABS objects and reference ABS.
a) Handheld Raman spectra; b) Benchtop Raman spectra; c) SERS spectra recorded with benchtop
Raman instrumentation. All spectra were recorded with 785 nm wavelength illumination. Black
asterisks indicate colorant components bands.

Although it is known that ABS is the main polymer used in LEGO® objects formulations, the use of
Raman instrumentation allowed the identification of some cases in which alternative polymers or
polymer blends were used to enhance mechanical properties and color of the objects [23]. Figure 4
shows Raman and SERS spectra of Colorlessl and Black4 objects, in which different polymer
formulations have been found. Specifically, in Colorless1 the strongest contribution was given by the
presence of polycarbonate (PC) which characteristic bands were observed at 404, 636, 705, 734, 823,
887,919, 1111, 1178, 1184, 1237, 1448, 1463, 1603 and 1778 cm™ in both Raman and SERS spectra
[58]. For clarity, PC bands were marked by red asterisks in the Colorless1 Raman spectrum. PC
achieves superior transparency and presents lower yellowing with ageing [59]. In another example,
the Raman and SERS spectra of Black4 also showed Raman bands attributable to PC at 404, 634, 708,
732, 832, 890, 922, 1008, 1109, 1179, 1237, 1448, 1465, 1603 and 1773 cm™. Black4 also showed
broadened bands at 1603 and 1303 cm™ attributable to CB (marked by black asterisks). In this case it
has been hypothesized that the use of PC was intended to impart additional mechanical features to
the brick (e.g. tensile and flexural strength, elasticity, hardness), as the piece was built to support the
wheel attachment. This hypothesis was confirmed by the fact that the Raman spectrum of plain brick
Black1 shown in Figure 2a did not show any additional polymer to ABS. ATR-FTIR data for Blackl and
Black4 shown in Figure S3 confirmed the Raman attributions. The hypothesis related to enhanced
mechanical properties was also supported by the analysis of another grey brick, Grey5, built to allow
optional propeller attachment which Raman spectrum also showed presence of PC (Figure S4). As
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already observed for the previously analyzed colored ABS objects, spectra obtained by Raman and
SERS showed comparable band intensity and resolution.
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Figure 4: Raman and SERS spectra of Colorless1 and Black4 containing additional polymers to ABS.
Both spectra were taken with benchtop instrumentation at excitation wavelength 750 nm.

Finally, historical 1970’s LEGO® objects were also analyzed to test the reliability of Raman handheld
and benchtop instrumentation for polymer and colorants identification on naturally weathered
samples. Five historical objects were selected with colors corresponding to previously analyzed
contemporary objects (see Figure S2 for spectra of red and yellow historical objects). From an initial
visual inspection of the photographs shown in Figure 1, superficial scratches and dirt residues were
observed in all historical objects. Direct comparison with contemporary objects suggested photo-
oxidation induced color alterations, particularly evident in the yellowed Whitel and Colorless2
objects.

Handheld Raman spectra of historical objects are shown in Figure 5a. Green7 showed CuPc PG7 bands
already found in contemporary Greenl with diagnostic bands at 637, 820, 1212, 1397 and 1534 cm”
1, Also CuPc was identified in Blue6 from bands at 684, 1124, 1337, and 1528 cm. Presence of TiO»,
already found in contemporary White3 and Grey5, was confirmed for Whitel and Grey3 from the
bands at 442 and 617 cm™. Colorless2 brick showed the following bands attributable to
poly(methylmethacrylate) (PMMA), marked with red asterisks in Figure 5b: 484, 593, 707, 745, 815,
964, 992, 1186, 1274, 1303, 1448, and 1734 cm™ [60].

Benchtop Raman spectra of historical objects are shown in Figure 5b. Historical Green7 and Blue6
showed presence of CuPc PG7 and PB15, as previously found in contemporary objects. Similarly,
presence of TiO, previously detected in contemporary objects was confirmed for Whitel and Grey3
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from bands 440 and 615 cm™. Raman spectrum of the Colorless2 brick showed the following bands
attributable to PMMA) marked with red asterisks in Figure 5b: 484, 593, 707, 745, 815, 842,913, 964,
992, 1186, 1274, 1303, 1448, 1646 and 1734 cm™ [60]. To the best of our knowledge, there is no
published evidence that explains the technological choice to substitute the blend of ABS and PMMA
(historical brick, Figure 5) with plain PC (contemporary brick, Figure 4) for the fabrication of
transparent LEGO® objects during the last forty years. However, in both cases gloss and transparency
were the main features to achieve. Conclusive evidence on the oxidation of Colorless2 could not be
determined because of the overlap of PMMA bands with ABS diagnostic bands for potential
identification of oxidation [59, 60]. As no evidence of degradation can be discussed, the macroscopic
change in color/yellowing observed in the historical objects compared to the contemporary objects
was ascribed to the well-known poor yellowing performance of ABS reported in several publications
[7, 59, 61]. Further color identification in historical objects is provided by spectra collected with
handheld Raman instrumentation and comparison with spectral databases (Figure S2).

a) Handheld Raman b) Benchtop Raman
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Figure 5. Spectral analysis of historical colored ABS objects and reference ABS. a) Handheld Raman
spectra; b) Benchtop Raman spectra. All spectra were recorded with 785 nm wavelength illumination.
Black asterisks indicate colorant components bands. Red asterisks denote PMMA bands.

A summary of polymer and colorants identified in analyzed contemporary and historical objects is
reported in Table 2.

Table 2. List of analyzed contemporary and historical objects and identified polymer/colorant
components.
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Object Identified polymer/

Name color component
Contemporary
Blackl ABS, CB
White3 ABS, TiO2
Pink1 ABS, TiO2
Grey2 ABS, C black, TiO2
Brown1 ABS, PBr29, (Cr,Fe)203
Winel ABS, PBr29, (Cr,Fe)203
Bluel ABS, CuPc (PB15)
Blue5 ABS, CuPc (PB15:3)
Greenl ABS, CuPc (PG7)
Green3 ABS, CuPc (PG36)
Colorless1 ABS, PC
Historical
Black4 PC, CB
Green7 ABS, CuPc
Blue6b ABS, CuPc
Grey3 ABS, TiO2
Whitel ABS, TiO2
Colorless2 ABS, PMMA

4. Conclusions

This work represents the first example of systematic chemical characterization of contemporary and
historical LEGO® toys performed by Raman spectroscopy, combining Raman handheld and benchtop
instrumentation, as well as SERS optimized for minimal-invasive analysis. The aim of the work was to
provide the foundations for the spectroscopic interpretation of complex colored polymeric matrices,
assessing merits and limits of each technique and their potential for fast and reliable analysis of
museum objects. Benchtop Raman instrumentation was effective for the non-invasive and non-
destructive identification of the main polymer and pigments, proving enough sensitivity even to
identify subtle chemical compositional differences between similar color hues (green and blue
phthalocyanines). At a first glance SERS analysis showed sensitivity comparable to benchtop Raman
analysis. However, the great advantage of SERS relied on the use of a novel minimal-invasive sub-
micrometric sampling. This alternative approach is extremely desirable in museum settings and could
well replace conventional Raman spectroscopy, when portable instrumentation is not available
and/or does not provide reliable data. These results can be extended to historical plastic objects, not
sampled in this pilot study to preserve the integrity of the material. Experimental results and
methodological approach presented are recommended in real museum decision-making scenario:
the initial screening of the object examined should be performed by non-invasive handheld
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instrumentation; if the chemical identification of pigments and dyes dispersed in the polymeric
matrix is inconclusive, then minimal-invasive SERS should be performed.
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