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ABSTRACT

In this study a multi-analytical approach has been performed to characterise the constitutive materi-
als of an ancient painted barkcloth or Tapa. Originating from Wallis Island, Polynesia, this cloth likely
served utilitarian or ceremonial purposes and is part of the Felice Junck collection at the Pigorini, Muciv
museum of Rome. During a recent conservation project, some micro-samples were taken from the sup-
port, brown and black painted areas and were investigated using the complementarity of SEM-EDX,
FT-IR, Raman/SERS and solid-state 3C NMR and 'H HR-MAS spectroscopy. The combination of these
techniques allowed the chemical characterization of the constitutive materials, from distinguishing the
lignin and cellulose content of the support to the use of organic materials including condensed tannins
(catechin, anthocyanidins, alkaloids), phlobaphene and vegetal anthraquinone based Morinda genus dyes
for the decorations. A primary focus was placed on an understanding of its state of conservation where
data of alteration products collected, namely metal carboxylates and oxalates can serve to formulate apt

restoration efforts for this specific artefact.

© 2020 Elsevier Masson SAS. All rights reserved.

Introduction

The historical manufacture of decorated barkcloth, called Tapa
or Kappa, is based on ancient technologies and traditions typically
developed in tropical island regions of the Pacific Ocean such as
Tonga, Tahiti, Fiji and Hawaii. Barkcloth is made of fibrous materi-
als from the inner bark of trees according to the available sources in
the specific island of provenance namely, paper mulberry (Brous-
sonetia papyrifera, BP), candlenut (Aleurites moluccana) breadfruit
(Artocarpus altilis. AA), banyan (Ficus prolixa, FP) and mamaki (Pip-
turus albidus, PA) [1]. Pieces of bark were extracted and while wet,
beaten with mallets intermixing the fibres. The mechanical action
promotes the formation of strong paper-like sheets which are char-
acterized by a network of fibres markedly more flattened, twisted
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and directionless than that observable in paper and papyrus. Bark-
cloth sheets are folded and pressed several times and traditionally
decorated with stamped or painted symmetric patterns using dyes
from local plants, trees and earth pigments. The barkcloth produc-
tion across the islands involved undoubtedly similar methods of
manufacturing, however the decorative methods and designs of
the individual islands permitted them to be distinguished for trade
purposes. In the 19th century, the manufacture of barkcloth was
eventually affected by the direct use of imported textiles and dyes,
given to the growing trade with the West. Fortunately, the histori-
cal cloths held nowadays in museum collections were collected and
conserved by early missionaries and explorers together with raw
local materials and letters concerning their production providing a
key insight to the traditional practices which could well have been
lost.

In recent years, there have been a few analytical investiga-
tions on historical barkcloths such as those in collections from the
Bishop Museum, Hawaii [2], The Hunterian and Centre for Tex-


https://doi.org/10.1016/j.culher.2020.02.009
http://www.sciencedirect.com/science/journal/12962074
http://crossmark.crossref.org/dialog/?doi=10.1016/j.culher.2020.02.009&domain=pdf
mailto:valeria.ditullio@cnr.it
https://doi.org/10.1016/j.culher.2020.02.009

/"‘

A

brown (3) ] unpainted (4)

Fig. 1. Polynesian Tapa Barkcloth, Pigorini Museum.

tile Conservation and Technical Art History, University of Glasgow
and Economic Botany Collection, London [3,4], on an archaeolog-
ical barkcloth originating from the Gambier archipelago [5] and
more recently from the British Museum and the National Gallery
[6]. Therein, dedicated authors utilised spectroscopic (XRF, Raman,
FTIR), microscopic (SEM and SEM-EDX), chromatographic (HPLC)
and genetic sequencing techniques to provide a knowledge of the
material bark sources, red, yellow and brown dyes and execution
techniques synergic with surviving texts for a continuation and
preservation of the traditional cultural practice.

In this work, a multi-analytical approach was carried out to anal-
yse a historic barkcloth (Fig. 1) coming from Wallis island, one
of the two island groups known as Uvéa together with Futuna
and forming one French Overseas Territory. This barkcloth was
acquired in 1927, exhibited at the Pigorini museum (Muciv, the
Felice Junck collection, Rome), and it was investigated with a
multi-analytical approach after a recent restoration work. Specifi-
cally, micro-samples from the support, brown and black decorative
areas were examined by SEM-EDX, FT-IR, Raman/SERS and NMR
spectroscopy to elucidate information regarding its actual state of
conservation and to characterize the original materials.

Scanning electron microscopy (SEM) with EDX was used to
observe the morphology of the barkcloth fibres and to analyse the
metal elements content such us iron. In particular, iron could be
a strong catalyst for the oxidation of cellulosic materials and its
presence especially in brown and black area, is an important fac-
tor to be evaluated [7]. The use of vibrational spectroscopy, such as
ATR-FTIR and surface-enhanced Raman spectroscopy, was focused
towards understanding the presence of constituent fibres, natu-
ral dyes, binders and possibly products coming from degradation
processes [8].

High-resolution NMR spectroscopy is a powerful technique to
study complex materials both in solid and liquid state. In this
frame, solid-state NMR spectroscopy was used to characterize cel-
lulose and its degradation derivates, and other organic compounds
present in artworks. The 13C CPMAS spectrum of the barkcloth

may be actually considered as the “fingerprint” of cellulose-based
materials, allowing the recognition of the type of cellulose, the
determination of the crystalline/amorphous ratio, the detection of
the possible presence of hemicellulose, cellulose oligomers, and
non-cellulosic compounds such as binders and dyes [9-11]. By
NMR spectroscopy vegetable tannins extracts [12,13] and tanned
leathers [14] were extensively studied, in these studies the 13C
CPMAS NMR spectral region between 70 ppm-165 ppm has been
successfully analysed because it contains few signals from leather
collagen but numerous signals from tannins. On the contrary,
few studies have been reported to characterise vegetable tan-
nins on paper and papyrus. In this study 13C solid state NMR was
used to characterise condensed tannins and anthraquinone on a
cellulose-based material and to perform a comparison between
the model samples and the Polynesian barkcloth. In addition, 'H
high-resolution magic angle spinning (HR-MAS) NMR spectroscopy
was used to characterise the presence of low-molecular mass com-
pounds that could be derived by degradation process of cellulose
and other additives compounds present in the barkcloth. Recently,
this technique is causing a lot of interest in medicine, biology,
materials and food science because of its versatility, allowing the
investigation of semi-solid micro samples without pre-treatment
processes. In particular, the most important advantage of HRMAS
instead of solid-state NMR technique is the possibility to obtain
a well-resolved 'H NMR spectra on very small samples [15,16].
Because of strong dipolar interactions the proton nuclei produce
very large resonances and proton spectra cannot be used for a
microscopic chemical characterization of solid samples [17]. On
the contrary, by HR-MAS NMR spectroscopy, samples are anal-
ysed directly in contact with deuterated solvents or water in order
to increase the local mobility and thereby reducing the magni-
tude of the strong dipolar interactions. Furthermore, MAS control
permits to produce high-resolution NMR spectra even in dynami-
cally averaged or susceptibility broadened heterogeneous systems.
In cellulose-based materials, HR-MAS permits to analyse the low
molecular components that show a greater mobility at the inter-
face between water and the cellulose fibres, such as carboxylic
acids, more complex dicarboxylic and hydroxy-carboxylic acids,
and amino acids residues of additives used during the manufac-
turing [18]. Because these products can trigger further degradation
processes, their characterization is important in order to develop
novel and suitable ways of conservation.

Research aim

The main aim of the project was to investigate the unique
prospective provided by solid state NMR spectroscopy to charac-
terise natural dyes and other plant-based materials used in the
manufacturing of ancient tropical barkcloths. A multi-analytical
approach was carried out to analyse tannins and anthraquinone
dyes applied on a Polynesian ancient barkcloth. A wide database
of 13C CPMAS NMR spectra was also collected by comparing dif-
ferent polyflavonoid extracts and hydroxyanthraquinones, and on
specifically cellulose-base model samples. A further strength of this
approach lies in combining the NMR methodologies (solid state
NMR and HRMAS NMR) with ATR/FT-IR and Raman/SERS spectro-
scopies to provide for the characterization of dyes, binders and
surface products of deterioration in order to assess its current state
of conservation.

Materials and methods

The Polynesian Tapa backcloth, analysed in this study, is dated
back at early 1800 and is part of Felice Junck collection at the Pig-
orini Museum (Muciv) in Rome. The barkcloth was decorated with



black/red, black and brown areas. The black/red area was covered
by transparent shiny layer Fig. 7 following the pattern decoration.
Four micro-samples were collected from uniform colour areas of
the barkcloth. Sample (1) was collected from the shiny black/red
area; sample (2) was collected from a matte black area; samples
(3) and (4) from a brown and an unpainted area respectively, see
Fig. 1.

Four colorants model/samples made of quebracho, mimosa, gam-
bier tannins and pure alizarin (Carlo Erba reagents), were prepared
using woodpulp paper (WP) strips immersed in a solution of
distilled water and colorant (6% w/w) mixed for 4 h at room tem-
perature (25°C). In the case of alizarin, the immersion and mixing
were performed at 70 °C. The samples were then dried in an oven
at 40°C for three days.

SEM-EDX

Scanning Electron Microscopy images of the samples were
recorded with a FEDSEM LEO Supra 55V P microscope, combined
with a Carl Zeiss GEMINI column, and an Oxford EDX (Energy Dis-
persive X-ray spectroscopy) analytical instrument with a Peltier
cooler. The samples were not pre-treated or modified, and graphite
tape between the sample and the support was just used. All the
images were acquired at 5 and 15 keV, both in secondary electrons
and in-lens mode.

NMR spectroscopy

13C CPMAS NMR spectra were carried out on a Bruker Advance
Il spectrometer operating at the carbon frequency of 100 MHz on
samples (1), and (4). Because of the low amount, samples (2) and
(3) were not analysed. Samples, 1 mg, were packed into 4 mm zir-
conia rotors with an available volume reduced to 12 .l and sealed
with Kel-F caps. The spin rate was 12 kHz. The contact time for the
cross-polarization was 1.5 ms, the recycle delay was 3 s, and the 'H
/2 pulse width was 3.5 us. The cross-polarization was achieved
applying the variable spin-lock sequence RAMP-CPMAS [19,20],
the RAMP was applied on the 'H channel, and during the contact
time the amplitude of the RAMP was increased from 50 to 100% of
the maximum value. Spectra were acquired with 1024 data points
in time domain, zero-filled and Fourier transformed with a size of
4096 data points applying an exponential multiplication with a line
broadening of 8 Hz.

High Resolution Magic Angle Spinning (HR-MAS) proton spec-
tra were recorded using a Bruker AVII 600 MHz NMR spectrometer,
operated at proton frequency of 600.13 MHz. The spectrometer was
equipped with a high-resolution magic angle spinning (HR-MAS)
and triple-resonance 4-mm with built-in z-gradient probe head
from Bruker Biospin, which included a 2H lock channel. All mea-
surements were carried out at 300K. Samples (1) and (4) were
held with D, 0 in a zirconia rotor with a reduced volume of 12 pL,
spinning at 7 kHz to increase the spectral resolution.

Micro FT-IR and attenuated total reflection (ATR-FTIR)

FTIR analyses were carried out with a JASCO FTIR 470-plus spec-
trophotometer. Measurements were performed in reflection mode.

The ATR analyses were performed employing a monolithic crys-
tal diamond, fitted into a Nicolet iS50 FTIR spectrometer that has
a mercuric cadmium telluride (MCT) detector. The scan used a
resolution of 4cm~1 over 64 scans. The interpretation of the ATR
spectra was based on comparison with the internal spectral library
in Thermo Scientific™ OMNIC™ Spectra, software and published
data [21,22].

Surface-enhanced Raman spectroscopy (SERS)

SERS spectra were recorded using a laboratory Jasco Ventuno
spectrophotometer equipped with a confocal set-up and a CCD
cooled to —50°C. Measurements were performed with an argon
laser emitting at 785 nm over the range 150-1800 cm~! with expo-
sure times from 2 to 10 seconds and up to 10 accumulations. 20%
and 50% objective lens were utilized with a power of max5 mW
with an overall spectral resolution of 4-8 cm~!. Polystyrene was
used for instrument calibration.

Colloidal SERS was carried out utilizing citrate-reduced colloids
prepared according to a modified Lee and Meisel procedure [23].
The colloid showed an absorption maximum at 426 nm and FWHM
of 110 nm, as measured with a Hewlett Packard 8453 photodiode
array UV-vis spectrometer (following a 1:9 dilution with ultrapure
water to observe maximum absorbance within the instrumental
range). SERS measurements were carried out by adding a 10-pu.l
drop of colloid aggregated with magnesium sulphate directly onto
the Tapa samples, where spectra could be obtained after some
minutes with laser excitation at 785 nm that remained constant
in quality until the evaporation of the liquid.

Results and discussion
SEM-EDX

Painted samples (1), (2), and (3) were examined by SEM-EDX to
study the structure of the support and the nature of pigments. The
support morphology shows a paper-like dense weave with differ-
entlayers of fibres indicates the manufacturing technique, Fig. 2a-c.
As shown in Fig. 2d, a relative thick layer of painting covers the
upper layers of the sample. Many different particles in the painting
layer and the elemental analysis can be examined as reported in
Table 1, showing further traceable elements namely, silicon, alu-
minium, iron and copper, materials which could also indicate the
presence of inorganic substrates for the preparation of pigments by
precipitation or adsorption of an organic dyestuff [24].

ATR-FTIR spectroscopy

The high spatial resolution afforded by ATR-FTIR has been
exploited in the investigation of these samples. The cellulose
matrix, with main characteristic bands of vibration described else-
where [25], roughly dominates the spectrum collected from all the
samples, where main features are distinctive in the overall trace
observable in the unpainted sample (4) (Fig. 3). In the same spec-
trum, the presence of silicate materials is observed and the calcite
CO32~ stretching at 873 cm™! can be appreciated. The spectrum
collected on shiny black sample (1), provides ulterior information
regarding the use of a combination of proteinaceous and lipidic
materials although whole egg may be suspected as containing both
protein and lipid, given by the broad shoulder at 3065 cm™ due
to the N—H stretching component of the protein and the weak
shoulder at 1744cm™ (C=O0 stretching) of lipidic materials [26].
The sharp C-H stretchings at 2800—3000 cm! are highly indicative
of an egg together with the main amides I and Il at ~1640 cm™! and
~1540cm!. Historical data to this regard provides information of
oil possibly used as a varnish/binder as reported by Bisulca et al. [2]
where oil extracts from Kukui nuts were used in “oiled Tapa” to pro-
tect fibres from water damage. Ulteriorly annotations, collected in
the B. P. Bishop Museum of Honolulu museum’s archive, can be read
that beaten egg was applied by feather’s brush on barkcloth surface
by the Polynesians’ who were the first to introduce this practice in
the Hawaiian Islands [27]. Beyond such, the band at 1538 cm™!, as
well as at 1411 cm™!, are also indicative of the formation of metal
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Fig. 2. Fibres structure of sample (2) (a, b) and (3) (c) using secondary electrons view by SEM-EDX. In the image (d) is possible to see the thick painted layer on the fibres of

sample (2).
Table 1
Summarized results
Sample Image/color SEM/EDX FTIR Raman/SERS NMR
1 Black +red Main: C, Ca, O, Secondary: S, K, Na, Mg Oxalates Black-Tannin (possible Polycondensed Tannins
condensed), anthraquinone (possible prorobinetidin)
Cellulose Red-Morinda citrifolia, Cellulose, no lignin, no
phlobaphene hemicellulose.
Lipidic- material Alkaloids?
No lignin
No hemicellulose
2 Black Main: Cellulose Black-Tannin (possible -
condensed),
anthraquinone, alkaloid
G Ca,0, No lignin
Secondary: No hemicellulose
Fe, Al, Si, Mg.
3 Brown Main: Cellulose Anthraquinone possible -
Morinda genus, alkaloid
C Ca, 0, No lignin
Secondary: No hemicellulose
Cu, Al Si, S
4 Unpainted - Cellulose Cellulose, no lignin, no
hemicellulose, carboxylic
acids and di-carboxylic
acid, pyruvic, hexanoic
acid.
No lignin

No hemicellulose

carboxylates (stearate/palmate), attributed to the v;s and vs modes
of the COO-. Literature in the Heritage science field [28,29] has
highlighted that such a saponification process, can take place dur-

ing the aging of a lipidic constituent through the reaction of free
fatty acids and available metal cations (possibly Ca, Nain this case as
suggested by SEM-EDX) leading to the formation of metal carboxy-
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Fig. 3. a) ATRIR spectra of samples (1),(2),(3),(4) collected from painted and unpainted area of Polynesian barkcloth; b) b) Reflection mode spectrum obtained by micro-FTIR
on crystallized particles in sample (1) with relative calcium oxalates monohydrate reference.

lates. The occurrence of metal soaps as products of degradation, is
given to affect both the aesthetical and mechanical properties of an
artefact and is of important current interest to scientists and con-
servators alike. The surface of sample (1) by external reflectance
FTIR could also be investigated, where it was possible to further
observe the presence of calcium oxalates crystals, a further com-
mon alteration product as given in Fig. 3b, in comparison with its
reference. It has also been of interest, to investigate the presence of
vegetable tannin materials considering their complex and hetero-
geneous polyphenolic nature. In sample (2), undeniably hampered
by the matrix, the characteristic tannin fingerprint is barely distin-
guishable, although the bands at 992 cm™! and those at 827 cm™!
and 765 cm~! are observed possibly related to generic tannins [30].
These bands are not noticed in any other sample. In all samples, no
bands due to lignin or hemicelluloses were observed (1730cm~! or
810cm1). Usually, the intensity of these bands may decrease due
to degradation by sunlight or UV rays. Furthermore, the treatment
with alkali probably used in the manufacturing of Tapa in combina-
tion with the retting process, could cause the elimination of most
of the lignin content [2].

SERS

All samples were firstly investigated by Raman spectroscopy
leading to a high fluorescence output. Thus, the added sensitiv-
ity of colloidal SERS conditions were required, to simultaneously
quench the fluorescence and amplify signals relating to lowly con-
centrated organic constituent. In this way, a small piece of sample
was necessarily examined micro-destructively. Spectra collected

from the black samples (1) and (2), and brown sample (3) can
be observed in Fig. 4a. Polyphenolic constituents dominate by
observing the overall profile, that on a first glance are seemingly
anthraquinone related, although many of the characteristic bands
result particularly shifted. Given such, for black samples (1) and
(2) the especially pronounced 1501 cm~! band provides instead
for spectral similarities to epicatechin/catechin and anthocyanidins
materials. This together with the presence of a tentative v(C=C)
aromatic mode at 1631 cm!, a shifted v(C—0) at 1587 cm™!, the
and a inter-ring v(C—C) which is sensitive to changes in delocalized
m-electron density falling at a higher wavenumber ~1360 cm™!
and the y(CH) at 660 cm~!, support this hypothesis, see Fig. 4ai-ii.
This heterogeneity of materials could actually suggest the pres-
ence or indeed the co-presence of tannin-based materials therein
[31-33]. Tannin polyphenolic metabolites may be classified loosely
as hydrolysable (gallic/ellagic acid containing), condensed or com-
plex tannins, although these have up until now been scarcely
studied through SERS.

In these black samples, the presence of condensed tannins is
possibly suspected as those containing catechol, proanthocyani-
dins, related to flavonoid dyes and having polymeric flavan-3-ol
structures [34].

In brown sample (3), a more evident anthraquinone presence
was observed see Fig. 4aiii, with the location of bands relatively
characteristic suggesting at least a greater interaction of this main
constituent with the silver particles. In comparison with standard
anthraquinone references, a tentative identification of the genus
Morinda was provided by comparing the main bands highlighted
with those as reported in the recent literature [35].
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This dye has been characteristically associated with the manu-
facturing of barkcloth in the Pacific region [1-3]. However, to add a
further challenge, is the significance of the band at 733—737 cm™!,
observed in samples (2) and (3), which is characteristically found in
the SERS of alkaloid materials and attributed to the out of plane CH
deformations due to a suspected flat orientation of the component
to the metal surface [36].

Interestingly, in sample (1) in correspondence to red particles,
a further SER spectrum resulted which is given in Fig. 4b. Bands of
Morinda, are more apparent- and correspond to those from Morinda
citrifolia given by the further highly noticeable 1440 cm~! amongst
the others highlighted [30].

Furthermore, the pyridine nature of another component is evi-
dent due to the presence of marker bands at 1001cm~! and
1035cm~1. The 1379 cm~'band too is rather intense suggesting a
direct interaction with the silver surface.

It is here that we note from literature, that condensed tannins
on treatment with acids or enzymes may be converted into red
phlobaphenes, also known as “tanner red” indicating this man-
made process utilized in tanning. The natural analogue used in
dyeing, are tannins for example cinchotannic acid contained in
cinchona barks, through oxidation rapidly yields a dark-coloured
phlobaphene called cinchona red [37]. It is possible that here we
have some type of natural phlobaphene, whose alkaloids have not
yet been analysed through SERS, although we do seem to have some
positive correspondence with cinchona alkaloids bands vibra-
tionally analysed in aqueous solutions [38]. Given the wealth of
materials located here and qualitatively assigned, further accurate
investigations by chromatographic methods should be performed
to confirm the aforementioned hypotheses.

NMR spectroscopy

Samples (1) and (4) were investigated by 13C CPMAS NMR spec-
troscopy. The spectrum collected from the unpainted area (4),
showed the characteristic bands of the cellulose structure, observed
in Fig. 5. The resonance at 106.3 ppm is due to the anomeric car-
bon C1, resonances at 90.3 and 66.8 ppm are respectively from C4c
and C6c¢ in the crystalline domain, while resonances at 85.4 and
64.5 ppm are due to C4a and C6a in the amorphous domain. Because
resonance C1 gives information about the presence of microcrys-
talline polymorphous forms Iy and Ig of the cellulose [39,40], this
band can provide important information about the degree of crys-
tallinity in a paper material. In Fig. 5, the spectral region of C1
(102—-110 ppm) obtained in a pure cellulose sample was compared
with that found in samples (1) and (4). In both samples the band
resonances of the anomeric carbon C1 is poorly resolved indicat-
ing that the cellulose in the barkcloth shows a weak degree of
crystallinity, caused by both the manufacture and the state of con-
servation.

The weak signal of resonances in the range of 110—220 ppm and
20-40 ppm are due to non-cellulosic components. No resonance at
53 ppm due to —OCHj3 of lignin was found. In both samples, reso-
nances due to methyl groups of saturated aliphatic chains (35 ppm)
and carbonyl groups (170 ppm) were found. These resonances are
usually found in degraded papers due to photo-oxidation pro-
cesses. In the sample (4) no resonances of phenolic groups of lignin
(120-160 ppm) were found, indicating a complete loss of lignin
content. The lack of lignin peaks might be caused by the retting
method used to produce the barkcloth [2].
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In sample (1), the same band of resonances of cellulose were
found, in addition bands in the range of 130—150 ppm can be also
observed, see Fig. 5b. Considering that sample (1) was collected
in a painted area and the lignin content in this barkcloth seems
to be negligible, the contribution of other aromatic compounds
should be considered (i.e. colorants). It is well known that natu-
ral dyes have been used to decorate modern and ancient barkcloth,
consequently, the presence of natural colorants have to be taken
into account in particular of those able to give resonances in the
region of 130—180 ppm. Two types of colorants were considered:
vegetable tannins from three different sources such as quebra-
cho, mimosa and gambier and pure alizarin as anthraquinone-based
colorants. Polyflavonoids extract from mimosa and quebracho are
mostly composed of robinetinidin (resorcinol A-ring; pyrogallol B-
ring) and fisetinidin (resorcinol A-ring; cathecol B-ring) repeating
units linked each other C4-C6. Gambier, instead, is mostly composed
of catechin (phloroglucinol A-ring; cathechol B-ring) and gallocat-
echin (phloroglucinol A-ring, pyrogallol B-rig) C4-C8 linked units.
Liquid state 13C NMR spectra, collected on tannins extracts in solu-
tion, have showed characteristic fingerprints and chemical shift
that can be used to distinguish between different sources, structural
features and properties of phenolic polycondensates [14]. In this
study, on the contrary, solid-state 13C CP-MAS NMR spectroscopy
was used for the first type to analyse tannins colorants in an ancient
painted backcloth.

It is well known that the resonance bands between 70 ppm and
165 ppm are usually used to characterise the tannins in leather
and differentiate between their sources. In the case of tannins on
cellulose-based materials the diagnostic spectral region must be
reduced between 110 ppm and 165 ppm, due to the overlapping
between cellulose and tannins signals, see Fig. 6. Quebraco, mimosa
and gambier in woodpulp paper (WP) model/samples showed the
same fingerprinting - (bands at 154 ppm, 145 ppm, 132 ppm) with
some differences in signal intensity, furthermore the C7 and C8a

carbon resonances at 154 ppm of the flavonoid A-ring can be
observed in all samples, see Fig. 6a-c. The resonance at 117 ppm
is indicative of C2’, C5' and C6’ carbon atoms of B-ring that is a
diagnostic band for quebracho and gambier, whereas the diagnos-
tic band of mimosa tannin centred at 105 ppm (B-ring C2" and C6’)
cannot be observed in these samples due to their overlap with the
cellulose signals. 13C NMR spectrum of alizarin showed a very dif-
ferent fingerprint compared to those found in vegetables tannins,
see Fig. 6d. 13C CPMAS NMR spectrum of pure alizarin (1,2 dihy-
droxy anthraquinone), shows two distinct region of resonances:
one from carbon in the anthraquinone structure and the second
one from carbon in hydroxylic groups, see Fig. 6d.

13C CPMAS NMR spectrum acquired in alizarin on woodpulp
paper (WP) shows the same characteristics bands found in pure
alizarin, with some differences in chemical shift and intensity sig-
nal. The bands corresponding to C9 and C10 with a chemical shift
of 189 ppm and 180 ppm shift to not well-defined peak at approx-
imately 174 ppm (see the starred peak in Fig. 5d). As well known,
alizarin act as di-anionic tridentate ligand, involving the quinoid
9-oxygenand its neighboured deprotonated 1,2-oxygen atoms in
co-ordination with metals, that in case of cellulose-based materials,
can be found in the wooden pulp (i.e. iron, manganese, copper, alu-
minium, calcium and magnesium [41,42]). The formation of alizarin
complex and its effect on the chemical shift is quite difficult to be
evaluated, however several studies have reported that the interac-
tion between the anthraquinone and metal cations can influence
the chemical shift of the nearby atoms moving it towards upfield
region of the NMR spectrum [43].

In Fig. 6e, 13C CPMAS NMR spectra of tannins and alizarin in
model/samples with those obtained in Polynesian barkcloth were
reported (spectral region 100—200 ppm). The presence of well-
known diagnostic bands, centred at 154 ppm and 145 ppm, and the
absence of a strong resonance at 117 ppm, suggests the presence
of condensed polyflavonoid tannins mostly composed of prorobi-
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WP model samples and barkcloth sample (1).

netinidin. However, the band at 130 ppm shows a higher intensity
and a shifting forwards upfield region of NMR spectrum than that
found in tannins model/ samples. These results seem to imply the
presence of a sort of altered tannin-based compound, see Fig. Ge.
Unfortunately, as the amount of material collected from the art-
work was inadequate to obtain well-resolved NMR spectra and to
perform a semi-quantitative analysis, the presence of other col-
orants in minor concentration, that may cause a shifting of the band
at 130 ppm, cannot be neglected.

To evaluate the state of conservation of Polynesian barkcloth,
samples (1) and (4) were also analysed by 'H HR-MAS NMR spec-
troscopy in order to characterise low molecular mass degradation
products of cellulose, see Fig. 7.

TH HRMAS spectra show the characteristic resonances of com-
pounds arising from the hydrolytic and oxidative reactions of
cellulose. In sample (1), it can be observed the presence of sharp
peaks of pyruvic acid (resonances band centred at 2.4 ppm) and
hexanoic acid and other carboxylic acids of lower molecular mass
that can also occur with similar resonances at about 0.86, 1.30, and
1.54 ppmand 2.16 ppm. In the spectral region between 3 and 4 ppm,
the resonance bands of cellobiose are well evident. The fact that
the bands of carboxylic acids are sharper and more intense than
those found in a young cellulose [17] is due to the higher sensi-
tivity of TH HR-MAS NMR to amorphous region in comparison to
the crystalline region of cellulose. Furthermore, more sharp and
stronger intense peaks were observed in sample (1) as compared
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Fig. 7. "H HR-MAS NMR spectra of samples (1) and (4), in D,0. (HDO resonance at 4.7 ppm) Labelling: pyruvic acid (PA); hexanoic acid (HA) and carboxylic acids (CA).

to sample (4), indicating that the painted area showed a higher
degree of degradation. In this sample, the large resonance cen-
tred at 1.99 ppm was reduced to sharp peaks but less intense, this
could be explained by the consumption of cellulose fibres of amor-
phous region, depolymerization of cellulose and the formation of
carboxylic and dicarboxylic acids. These results are in accordance
with the findings reported in Ref. [17].

Discussion and conclusions

The Polynesian barkcloth (Wallis Island), at the Pigorini
Museum, is characterized by a geometric decoration coloured in
black-red and brown. In these area, the results showed the pres-
ence of organic colorants, summarized in Table 1. The vibrational
spectroscopic examination has led to the qualitative identifications
of bark material-based tannins, evidencing also to the presence
of alkaloids in the samples. In addition, FT-IR data suggested the
presence of a lipidic material, possibly an oil, or egg, that might be
applied as varnish to make some black/red area shinier than other
area of the artwork.

The various coloured plant extracts, used for dyeing and painting
barkcloths, come from barks, roots, fruits and leaves. Tannins-based
dyes mixed to coloured earths, and different plant-colorant extracts
were the most used materials in the objects from Fiji Islands, Tonga
and Samoa. Furthermore, the use of noni, Morinda citrifolia, was
found in red areas of the barkcloth together with phlobaphene
probably coming from the alteration of tannin compounds. The
noni (Morinda citrifolia) is a small tree better known for its super-
food fruits; the aerial bark and root of noni was used in several
Polynesian islands groups to produce yellow and red pigments
[44]. These dyes were mixed with iron and clay-based materi-
als. The presence of poly-condensed tannins was also confirmed
by NMR spectroscopy by comparing various type of tannins and
anthraquinone to those collected from the artwork NMR analy-
ses also showed that the barkcloth support is mostly constituted
by cellulose, with a severe depletion of lignin and hemicellulose.
The presence of calcium oxalates, characterized by FT-IR analy-
sis, might originate either from raw materials or from degradation

process. Oxalic acid is mainly formed as product of oxidative reac-
tion of lignin and hemicellulose, whereas calcium oxalate crystals
can be also readily found in the inner bark and in the sapwood
of trees [45,46]. Furthermore, the related presence of metal car-
boxylates and oxalates might be due to the saponification of the
fatty chains possibly coming from lipidic compounds used as
varnish/binder. However, several compounds could have been pro-
duced by chemical-mechanical processes of manufacturing and
could result barely discernible from other compounds produced by
aging processes [47,48]|. However, HR-MAS NMR examination has
led to identify degradation products coming from the amorphous
region of cellulose, such as hexanoic acid, pyruvic and dicarboxylic
acids, suggesting that photo-oxidation and hydrolytic mechanisms
occurred.

These findings enabled to improve the knowledge of the Tapa
constitutive materials, and the manufacturing of backcloths made
in Polynesia islands, and could be useful for further investigation
performed on similar artworks. Finally, for the first time, a set of
solid-state NMR spectra of dyes applied on cellulose-based mate-
rials were collected and analysed, these results could be useful for
further researches aimed at the analysis to other types of artworks
by NMR spectroscopy.
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