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Introduction

Cultural heritage is the expression and embodiment of the ways of
living specific to a community and passed on through successive generations
and that includes practices, customs, places, values, objects and artistic
expressions. Tangible Cultural Heritage consists of the extensive works
created by humankind that includes places of habitation, cities, town, villages,
structures, buildings, art works, documents, handicrafts, furniture, clothing,
musical instruments, jewelry, religious, funerary and ritual objects, tools,
equipment and industrial systems and machinery.

Paintings are two-dimensional representations of either real or
imaginary objects, places, people or abstract ideas that are created by the
application of paint on a flat surface. As their composition involves multiple
materials, paintings are susceptible to degradation from multiple factors
including light, temperature, humidity, air pollutants, mechanical shock and
the growth of growth of bacteria, algae, fungus and other microorganisms.
Ceramic artifacts of cultural and historical importance are clay and silica based
objects molded in a certain shape and afterwards fired to high temperatures.
While chemically very stable, ceramics do encounter degradation mostly due
to mechanical shock, the breakdown of metastable phases formed during
firing, the presence of soluble salts and the crystallization of water upon
freezing. The analysis of paintings and ceramics is very difficult due to very
heterogeneous nature of these items and, thus, requires complex
measurements. Generally, the application of a single spectroscopic method is
not enough and a combination of multiple techniques is required in order to
elucidate the various structural and compositional aspects of an artifact.

When talking about artifacts and museum objects, one does not only
mention objects with great spiritual, cultural and historic value but also of
objects that have existed for hundreds if not thousands of years and curators
and conservators would like to extend their life as much as possible. This
comes in direct contradiction with normal commercial products used for the
repairing and mending various objects because the timeframe for their service
life is ephemeral in comparison. For this reason, when talking about
conservation materials, conservationists do not talk about a product, but rather
a treatment [70] which follows a cycle encompassing the application, the
ageing and the removal of compounds that should not lead to any changes to
the protected object. The research into conservation materials for ceramics is
quite scarce [75,76] and many of the studies on ceramics only follow the
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investigation of a number of properties and do not try to analyze the chemistry
that rules the interactions between the conservation treatment and the protected
ceramics. Only when the preservation of specific items of significant cultural
importance was considered, such as Portuguese azulehos and heritage Chinese
ceramics were more in-depth studies undertaken [80,82,83].

Both locally and within the Moldavian region there are a number of
significant sites and museums of European and world interest, such as the
Moldova National Muzeum Complex and the University Museum in lasi, the
Cucuteni History and Archeology Museum and the Cucuteni Neolithic Art
Museum in Piatra Neamt that house items of great importance for Romanian
cultural heritage. Among the most important and wide-known Romanian
cultural heritage artifacts are Cucuteni pottery, which impress both in terms of
production quality and distinctive design. The unique shapes of decorations
and characteristic way that abstracts motifs are represented have fascinated
both archaeologists and the world at large and offer clues about how the
prehistoric people understood the universe around them. The Moldova
National Museum Complex also houses masterpieces by Romanian and
foreign artists, some which are an integral part of the Romanian treasury.
Among the most important artworks featured in the collection of the museum
are paintings by two of the most influential Romanian artists, Nicolae
Grigorescu and Stefan Luchian. The authors contributed greatly to the
development of Romanian painting both though the style and the themes they
approached and contributed to the creation of the Romanian identity and
culture as a whole. The study of Cucuteni pottery and of the paintings of
Nicolae Grigorescu and Stefan Luchian would be a great addition to the
current knowledge of Romanian cultural heritage.

The current thesis, “Interdisciplinary approaches for the analysis and
protection of cultural heritage items” is divided into 6 chapters that includes an
introductory and an original research section. The thesis is 170 pages long and
contains 47 figures, 14 tables and 225 references.

Chapter 1 presents important concepts regarding cultural heritage,
details the structure, importance and degradation phenomena that affect
paintings and ceramics, lists the most important analysis techniques employed
in the study of ceramics and paintings and the most recent studies on the topic,
introduces the requirements for conservation materials and summarizes the
most important articles on conservation materials for ceramic artifacts.
Chapter 2 details the scope and objectives of the thesis and highlights the
relevance of the current study for expanding the knowledge of Romanian
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cultural heritage. Chapter 3 presents the analysis of Cucuteni pottery from the
archaeological site of Hoisesti — la pod and details a multi-analytical
investigation that includes both the study of the likely raw materials and of the
prehistoric ceramics by means of SEM-EDS, XRD, FTIR, micro-Raman and
optical microscopy, and discusses various aspects of the production
technology employed by the specialized craftsmen. Chapter 4 details the
analysis of paintings by Nicolae Grigorescu and Stefan Luchian and includes
investigations performed on micro-samples, ATR, SEM-EDS, XPS and micro-
Raman, and portable non-invasive measurements, Raman, XRF and NIR. The
study is focused both on the pigments and materials used by the two masters
and the evolution of the techniques over the course of time and the current
state of degradation that affects the works of art. Chapter 5 presents the
synthesis of a new nanostructured material, AMF, and the evaluation of its
protection efficiency in comparison to the widely used Paraloid B-72 (PB-72).
The chapter focuses on the changes that occur to the structure of the two
materials both in bulk, by means of FTIR, and on the surface level, by nano-
FTIR, over the course of ageing showing the role of AMF as a chemically
active coating and highlighting the role of the nano-FTIR technique. At the
same time, the colour variation imparted to the ceramic substrate and the
evolution of the contact angle are discussed. Chapter 6 lists the conclusions of
the current thesis, highlighting the most important aspects derived from this
original research.

The current summary presents the main results of the original research
detailed in chapters 3, 4 and 5 and respects the names and numbering of the
chapters, figures, tables and references.

ORIGINAL RESEARCH

CHAPTER 3. Analysis of ceramic artifacts — the study of Hoisesti pottery

3.3. Characterization of raw materials

Initial granulometric analysis of soil samples collected from the
perimeter of the Cucuteni settlement revealed that they belong to either the
low or medium clay category. To determine if local raw materials were used in
the production of the pottery, 4 samples collected from the slope created by the
watercourse were subjected to structural analysis. The 4 soil samples were
collected at various depths and included alluvial soil with a greyish hue with
various degrees of pigmentation.



The XRD diffractograms of the raw clays (Fig. 1) revealed that
they have a similar mineral composition, the only differences being the
percent amount of each mineral phase [117]. The identified minerals are:
quartz, micas including illite/muscovite and biotite, K-feldspar,
plagioclase, kaolinite, dolomite and calcite. The results of the Rietveld
refinement showed that samples 2 and 3, most likely raw clays used for
pottery production have an average calcium oxide concentration of 7 %,
indicating that the raw materials fit into the calcareous clay category.

Figure 1. X-ray diffractograms of
glycolated raw clay samples: b — biotite, d
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Due to the low Raman scattering of most clay minerals, the only
silicate minerals encountered in the micro-Raman spectra were quartz
and albite alongside calcite and metal oxides such as the TiO;
polymorphs anatase and rutile and the MnO; pyrolusite. The FTIR
analysis relied on second order derivative spectra and identified minerals
include: illite/muscovite, quartz, biotite, kaolinite, dolomite, calcite,
chlorite, talc, montmorillonite, albite, orthoclase, anatase, rutile,
hydroxyapatite and pyrolusite.

3.4. Characterization of Hoisesti pottery samples

Over the course of the analysis, 9 samples from Hoisesti-la pod were
investigated, 3 belonging to each type of pottery, coarse, semifine and fine.
The categories were established based on the density of the matrix and the
number and size of inclusions, with fine ceramics presenting the most dense
matrix, with the lowest number of inclusions, while coarse ceramics had the
largest number of pores and largest and highest number of inclusions.



The SEM-EDS (Fig. 5) analysis investigated the morphology of the
ceramic paste and the composition of individual features. It was able to show
that all samples presented extensive vitrification which, in the case of ceramics
based on calcite rich raw materials, develops at temperatures of over 850° C.
At the same time, individual particles of metal oxides and different types of
minerals, such as feldspar and micas, were observed. Salt depositions and
bacteria associated with the degradation phenomena were also encountered. In
the case of sample 73, particles with the specific morphology of volcanic ash
of smooth facets with bubbles protruding the surface were found.

Figure 5. SEM images illustrating the
morphology of the ceramic fabric. The
numbers in the bottom left corner of each
image indicate the sample. Samples 40,
66 and 73 are coarse, 41, 42 and 44 are
semifine and 55, 57 and 59 are fine
ceramics [117].

The XRD analysis of the ceramic shards revealed a similar
mineralogical composition of the samples, with the exception of sample 73
(Fig. 7). In regard to silicate and alumino-silicate minerals, quartz, K-feldspar,
the wollastonite pyroxenoidinosilicate, plagioclase and the diopside
clinopyroxene were encountered in all samples. While present in all other
samples, illite/muscovite was noticeably absent in sample 57, while olivines
were encountered only in sample 73. As for the metal oxides, hematite was
found in all the samples, magnetite in samples 40, 41, 42, 66, wistite in
samples 42, 55, anatase in samples 44, 59, rutile - in sample 44 and ilmenite
in samples 55, 73. Sample 42 was the only one containing well crystallized
calcite, according to the XRD measurements.

Quartz, illite/muscovite and plagioclase are the silicate mineral phases
also encountered in the raw materials, while clinopyroxene, pyroxenoids as
well as high temperature plagioclase are formed during the firing.
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The compounds identified during Raman analysis are as follows:
quartz, anatase, rutile, pyrolusite, hematite, magnetite, amorphous carbon,
wastite, calcite, graphite, microcline, sanidine, hydroxyapatite, muscovite,
ilmenite, clinoenstatite, porphyrin and animal fats. The second order derivative
computations of the FTIR spectra allowed the identification of bands
characteristic to the following compounds: pyrolusite, muscovite, wollastonite,
orthoclase, rutile, anorthite, diopside, gehlenite, forsterite, fayalite, ilmenite,
clinoenstatite, hydroxyapatite, hematite, magnetite, wistite, anatase, quartz.

3.5. Production technology of Hoisesti pottery

One of the most important aspects of pottery production is the firing
temperature and determining it requires establishing the presence of the
following mineral phases (i) the primary mineral phases which were present in
the raw materials and that do not change during heating, (ii) the neo-formed
crystalline phases which result during the high temperature chemical reactions
of the various raw material components; (iii) secondary phases which refer to
the high temperature amorphous phases that result upon firing.In the current
study, the XRD analysis was able to determine the presence of the following
high temperature minerals: pyroxenes including diopside and wollastonite,
olivines such as forsterite and fayalite and plagioclase. Alongside these, the
FTIR investigation were able to also identify the characteristic bands of
anorthite, gehlenite, hydroxyapatite and clinoenstatite. The high temperature
compounds and minerals observed in the Raman spectroscopy spectra included
amorphous carbon, graphite, microcline, sanidine, and pyrolusite.



The main Si-O stretching band between 1100-1000 cm™ is strongly
influenced by the temperature reached during the firing of ceramic materials
[140-142]. The increase in temperature elevates the band to higher
wavenumbers due to the alteration of raw clays, the development of the
amorphous phases and the formation of high temperature minerals. The Si-O
band appears as a singlet in the 1084-1080 cm™ interval in the case of samples
41, 55, 57 and 59, while for 66 and 73 it lowers to 1064-1059 cm™. In contrast,
the stretching vibration appears as a doublet for samples 40, 42 and 44, with
the two maxima being present at 1040-1039 cm™ and at higher wavenumbers
between 1080-1076 cm™. Based on these values, we can ascertain that samples
41, 55, 57 and 59 were fired at the highest temperatures of at least 900°C,
while samples 66 and 73 were exposed to temperatures very close to 900°C.
The lowest firing temperatures, between 800-900°C, were encountered for
samples 40 and 42, 44.

The presence of plagioclase, wollastonite and diopside according to
the FTIR and XRD measurements and the presence of extensive vitrification
establishes that all the samples were exposed to temperatures in excess of
860°C. On the other hand, the absence of mullite in the XRD investigations
indicates, however, that the firing did not reach temperatures higher than
950°C. While the mineral has been identified via optical microscopy at
temperatures as low as 800°C [119], it appears in XRD measurements starting
from 950°C [120]. The XRD Rietveld refinement showed that only three
samples, 42, 44 and 40 contain lower amounts of quartz than the average value
determined for the raw materials, implying that the mineral was intentionally
used as temper in order to provide a higher resistance to the thermal shock.
The likely source is the deepest layer from which raw clays were collected as
it contains a much larger amount of quartz or perhaps another layer situated
beneath it. The use of organic based temper such as fibres, straw, manure a.s.o.
can only be suggested for the coarse ceramics as, upon firing, they lead to the
formation of large pores which were not observable in the case of the fine and
semifine shards with a dense matrix.

The results of the analyses are able to reveal that the craftsmen from
the Cucuteni settlement of Hoisesti had a good understanding of both the
suitable raw materials required for the production of quality pottery that
prevented the formation of defects during firing and the development of
cracks, and of technological knowledge necessary for the firing process. The
potters were, thus, able to reach high temperatures that were maintained in a
narrow interval ranging from 860 to 950°C, which is characteristic of the use
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of specialized kilns. The structural characterization of pottery revealed that the
craftsmen of Hoisesti had advanced technological knowledge and that locally
available raw materials allowed for the production of good quality pottery,
further reinforcing the conclusion that the settlement of Hoisesti-La Pod is the
first identified Cucuteni site specialized as a center of pottery production.

3.5. Exterior materials

The most striking feature of sample 73 is the use of volcanic ash as
temper, clearly identified on the basis of the SEM images. This is most
surprising, considering that the geology of the site of Hoisesti - La Pod shows
no presence of volcanic activity. This was the first encounter of volcanic ash
being used as temper in the production of Cucuteni pottery. Its use of temper
in antiquity is well known due to its good properties that allowed for the firing
of ceramic wares at much higher temperatures than calcite. The use of volcanic
ash in sample 73 is further reinforced by the identification of high temperature
minerals associated with volcanic activity including clinoenstatite, fayalite and
forsterite. As such, the distinct composition and morphology of the sample
indicates that it was not locally produced and that actually it originated in
another settlement. While at the time the production location of the fragment
has not been determined, it is likely a distant location considering that the
nearest geological features that contain volcanic ash are situated 60 km from
the site of Hoisesti.

Hematite and TiO, used for the decorations were found in low
concentrations in the raw materials and the lack of sources, where they could
be extracted at the archaeological site indicates that these too came from a
different location and were transported with the aim to produce pottery.

The presence of material from outside sources at Hoisesti - La Pod
further reinforces the idea that trade connections had developed between
different types of Cucuteni communities.

CHAPTER 4. Analysis of cultural heritage paintings — the study of
masterpieces by Nicolae Grigorescu and Stefan Luchian

4.3. Analysis of pigments and materials used by Nicolae Grigorescu

The current thesis focused on the identification and structural
characterization of the pigments and materials used by Nicolae Grigorescu in
three paintings, “Old Lady with Basket”, “The Young Shepherd” and “The
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Return from Fair”, which are part of the collection of the Art Museum of lasi,
Romania.

The XRF investigations revealed that lead was the most abundant
element in all analysis points, in both preparation areas with a white to grey
hue, as well as in areas with various colours indicate that the artist used lead
white, 2PbCO3*Pb(OH),, not only for the ground, but also for the development
of the different color tones. White lead was widely used by impressionists like
Grigorescu in the preparative layers due to its optical properties that allowed it
to infer opacity to “body” color and, as such, greatly enhance the luminosity of
other pigments. The pigment also improves the drying properties of paints
which allowed for artworks developed in the “en plein air” method, important
for impressionists, to be quickly completed. Analysis of “The Young
Shepherd” showed the presence of low amounts of Zn, which suggest that
Grigorescu did also use zinc white, ZnO, though only to a small extent. Other
pigments identified by XRF included chrome yellow, strontium yellow,
ochres, vermilion, red lead, red earths, mars colours and viridian. The SEM-
EDS analysis of blue grains observed by optical microscopy showed high
amounts of Si, S, Al and Na, characteristic to the sulfur rich alumino-silicate
composition of ultramarine. At the same time, the morphology of the grains
which presented sharp corners was indicative of natural ultramarine, as the
artificial pigment generally has rounded features. Unlike XRF, the EDS
analysis did identify As in the samples, characteristic of either orpiment or
realgar.

XPS measurements detected sulfur only in the fragments collected
from “Old Lady with Basket” and “The Return from Fair”. The deconvolution
of the signal curves (Fig. 13) indicated the presence of four types of groups
(sulfate, sulfite, elemental sulfur and polysulfides) at roughly the same binding
energies in both samples.

The presence of polysulfides, the chromophore responsible for the rich
blue color of ultramarine indicate that Grigorescu did in fact use this pigment.
While sulfate, sulfite and polysulfides are present, both in natural and artificial
ultramarine native elemental sulfur are encountered only in lapis lazuli [157-
159]. The identification of the S° in the analyzed samples indicates that
Grigorescu, as opposed to most impressionists, used natural ultramarine.
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Figure 13. XPS narrow scan spectra of a) C 1s, b) O 1s, ¢) Pb 4f d) Ca2pe) S 2p f) Si
2p regions for micro sample collected from “Old Lady with Basket” [144].

While FTIR and NIR were found to be useful in the identification of
the linseed oil used for the binder and of the animal skin glue and calcite and
gypsum used for the ground, in the case of the pigments they were somewhat
limited and only allowed for the discrimination of associated minerals and
materials.

4.4. Degradation processes in the paintings of Nicolae Grigorescu

Elemental analysis, XRF and EDS, revealed the presence of large
amounts of S in the masterpieces related to the decay of pigments such as lead
white, chrome yellow and vermilion due to sulfuration, which is a slow
process that occurs in the presence of sun light and hydrogen sulfide
[150,151,166-168]. In the case of lead white, the formation of the black lead
sulfide, galena, is encountered in all studied paintings and is particularly
evident in “Old Lady with Basket” [155]. The degradation process can also
help explain the great variety of yellow hues that are encountered in the
paintings, especially in the case of “Old Lady with Basket”, with chrome
yellow changing to darker shades, even brown, while lemon yellow going
greenish in oil paints. FTIR measurements showed the formation of metal
carboxylates which form upon the saponification reaction between the linseed
oil and the metal cations in the pigments. While in the case of “Old Lady with
Basket” and “The Young Shepherd” the intermediate esters and subsequent
acids that form upon hydrolysis of the triglycerides from oils are still visible,
they are completely gone in “The Return from Fair”, indicating greater
degradation.
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In the case of the other techniques, the Raman measurements were
able to highlight the degradation of white lead due to formation of new
carbonate species XPbCOzeyPbS under the influence of H,S from the
surrounding atmosphere, while NIR investigations were helpful in ascertaining
the alteration of linseed oil, with the formation of hydroperoxides and
alcohols.

4.5. Analysis of pigments and materials used by Stefan Luchian

The study of the technique and materials employed by Stefan Luchian
relied on the investigation of two representative paintings, namely
“Chrysanthemums” and “Roses” from the “Moldova” National Museum
Complex.

For the white pigments, EDS analysis found that Ba, Ca, Pb and Zn
were present in all areas of interest indicating that Luchian used a combination
of barium white, chalk, lead white and zinc white ZnO. Yellows shades, on the
other hand, were created using cadmium yellow, strontium yellow, and
ochres based on hematite and lepidocrocite. Purple grains observed by
optical microscopy were found to contain cobalt purple based on cobalt
phosphate, while red particles contained vermilion. In regard to green
areas, while the presence of Cr allowed for the identification of viridian,
the detection of Cu implied the use of either verdigris or copper resinate.
Only two blue grains were observed under optical microscopy and the
presence of significant amounts of Fe in both suggests that Luchian used
Prussian blue.

The most significant discovery in the EDS analysis was the
unexpected identification of indium in three distinct areas. Literature
[150] does point to the possible use of indium oxide as a yellow pigment
at the time when Luchian painted “Chrysanthemums”. The large
amounts of indium, over 20 %, in all three grains indicate that the metal
cannot be associated with any impurity of the various materials used for
the production of the painting and that it was intentionally applied, likely
for its bright yellow color. In order to confirm the finding by another
technique, the very laborious analysis of the grains by XPS was
undertaken and in the analysis point carbon, indium and oxygen were
detected. The broad bands of In 3ds2 and 3ds,; indicated the presence of
multiple contributions which included the signal from both In,O3 and
from In°. The O 1s spectrum contained, along with the C-O-C and O-
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C=0 groups, a large contribution from the In.O3 grain [172].The distinct
composition of the grain seems to be indicative of the production process
involved in the manufacture of the pigment. The absence of any other
elements except In, C and O suggests that In(OH)s was the likely
precursor, while the presence of metallic indium suggests that a
reduction reaction due to the photocatalytic activity of In(OH)3; occurred.
The other major contribution of the XPS technique to the current study
involves the identification of Co in one of the analysis points as it is
consistent with the cobalt-doped zinc oxide structure [176,177]. The
production of both Rinmann's green and cobalt green involve the
addition of minute quantities of cobalt to ZnO and their presence in areas
with different colors due to their low tinting power would be consistent
with the SEM/EDS and optical microscopy investigations.

The Raman technique was able to add a large number of
pigments to the known number of pigments in the composition of
Luchian’s pallet. For the development of red hues, Luchian used both
traditional materials such as ochres and vermilion, but also alizarin
crimson and azoic pigments such as PR 57:1. All the white pigments
identified by the EDS analysis, barium white, zinc white and lead white
were also confirmed in the Raman measurements. Alongside chromate
based yellows such as strontium yellow, the Raman measurements were
able to also identify the use of massicot. Although the EDS
investigations revealed that blue grains contained Prussian blue, the
Raman measurements showed that for blues and purples Luchian also
used ultramarine and cobalt purple. Darker pigments that were observed
included carbon black and cassiterite, while in regard to binders and
varnishes, the use of beeswax was identified.

The FTIR (Fig. 25) measurements were helpful in the analysis of
organic components such as the proteinaceous binder used in the
development of the ground layer, due to the characteristic amide I, amide
Il and amide |1l bands, and of the cellulose fibers in the canvas identified
by the stretching vibrations of glucose chains. The analysis showed that
the binder contained both beeswax and resins, which can be associated
with the painting technique first employed by impressionists by which
wax is used for the stabilization of paintings. The minerals identified in
the FTIR studies include preparation layer components like kaolinite,
chalk and gypsum and pigments including green earths, lead white,
goethite and cobalt purple.
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The use of a large number of pigments in similar colors is a
characteristic of Luchian, who embraced experimentation and relied on
the contrast between the different hues to obtain specific optical effects.
As such, the embrace of a large number of colors and his technique,
which relied on the contrast between different hues, guided Luchian to
use a wide array of pigments which ranged from traditional, such as lead
white, vermilion, carbon black, to new or recently discovered at the time,
such as azoic pigments (PR 57:1), to ones which, up to this point, were
not previously documented in heritage paintings, indium yellow.

4.6. Degradation processes in the paintings of Stefan Luchian

In the paintings of Luchian, the degradation of lead white, with the
formation of sulfites and lead soaps, is the most widespread phenomenon
being observed in both Raman and XPS measurements. While in the case of
Raman spectroscopy, this is observable by the lack of no splitting of the v1
Raman band indicating degradation due to the reaction with atmospheric H,S,
in the case of XPS spectroscopy we are able to observe the exact degradation
products. The deconvolution of the signal curve revealed the presence of
degradation products including PbO and/or Pb(OH),, PbS and PbSO..

The FTIR measurements revealed the presence of a large number of
metal soaps associated with the degradation of the binder and the subsequent
reactions that occur with the various metal cations. Zinc carboxylate was, by
far, the most widespread degradation product as it was identified in all FTIR
measurements. Copper, calcium, and cadmium based carboxylates were also
encountered and their identification relied on the symmetric and asymmetric
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stretching vibrations. Other metal salts that could be observed included
oxalates, with Na and Ca being the most widespread, on account of the high
reactivity of the two cations, while cadmium oxalate developed as a result of
the degradation of cadmium yellow. The degradation of the binders and other
organic materials was also highlighted by the presence of oxidation products
including alcohols, carboxylic acids and hydroperoxides. The FTIR spectra
were able to reveal the presence of the various stages of the degradation
starting from early cleavage, with the formation of double bonds, to the
advanced alteration, with the creation of aldehydes and acids.

4.7. Comparison of the painting methods of Nicolae Grigorescu and
Stefan Luchian

While clear contrasts between Grigorescu and Luchian can be
observed starting from the preferred color and hues they use in their paintings,
the differences continue to their choice of types of pigments. Grigorescu is
very conservative in the materials he uses, going to extreme lengths to only
employ traditional pigments and still using the very expensive natural
ultramarine in an age where most other impressionists employ the newly
discovered much cheaper synthetic alternative. Luchian, on the other hand,
uses a high variety of red and yellow pigments, which is quite characteristic of
post-impressionist painters, showing a great desire for experimentation. His
use of varied novel and unique pigments is impressive, as he even employs
very rare and previously unreported indium yellow in his “Chrysanthemums”
masterpiece. Luchian does, however, still embrace some of the methods his
predecessors utilized and the analysis of his paintings were able to show that
the painter continued to employ beeswax in the stabilization of the paint
surface, a technique pioneered by impressionists.

The optical effects that the two masters rely on in their artworks come
from two different painting methods. While Grigorescu brings brightness to
his paintings, many which are set in an exterior setting, and employs light
colors and a lot of white, using the lead white pigment, Luchian in his still lifes
relies on the contrast between the various colors to highlight differences.
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CHAPTER 5. Novel treatment for the conservation of ceramic artifacts

Synthesis and application of conservation materials

A new polymeric nanostructured material containing silsesquioxane,
methacrylate and fluorine units that present desirable properties for
conservation treatments, called AMF, was synthesized. The synthesis of AMF
aimed to develop a new chemically active coating with the capability to
operate, via specific photochemical transformations that take place at the level
of the coating-air interface that allows for the protection of ceramic artefacts. It
relied on the hydrolysis and polycondensation reaction between equimolar
amounts of 3-(trimethoxysilyl)propyl methacrylate (TMSPMA) and (3,3,3-
trifluoropropyl) trimethoxysilane (TFPTMS) in acidic conditions, with
dodecylamine as surfactant in isopropyl alcohol. The reaction was carried out
at a temperature of 40°C, with mechanical stirring, for a period of two weeks
until NMR measurements showed the complete hydrolysis of methoxy groups.

The protective capabilities of the novel AMF treatment was evaluated
as compared to the widely used commercial product Paraloid B-72 (PB-72),
which is a methylacrylate-ethylmethacrylate copolymer (PMA/PEMA) in a
30/70 weight percent ratio. The two polymers were applied on individual
square pieces cut from the ceramic samples from Hoisesti — la pod site
previously analyzed. The application involved immersing the ceramic samples
into 10 % solutions of the polymers for a period of 6 minutes until the
formation of bubbles could no longer be observed. Thin films of PB-72 and
AMF were developed by depositing 0.5 ml of the 10 % solutions on glass
plates. While for PB-72 drying was possible in ambiental conditions, for AMF
the samples had to be dried under vacuum for 60 days. The drying and storage
conditions were identical for the ceramics and thin films.

Characterization of conservation materials

The *H-NMR spectrum of AMF (Fig. 26) allowed the identification of
the different H atoms in the polymeric structure and can be assigned to the
trifluoropropyl, propyl methacrylate and silanol groups. The presence of the
silanol groups and the absence of the characteristic signal of methoxy groups
indicate the complete hydrolysis of the starting reagents. When considering
that the TMSPMA and TFPTMS precursors were added in equal
stoichiometric amounts and that the integral ratio of the CH3 to Si-OH signals
is of 3:1.8, we can establish that the degree of condensation is of 70 %.
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Figure 26. The 'H-NMR
spectrum of AMF, recorded in
CDCl; at 400.1 MHz. The signals
annotated with * are from
isopropanol, the reaction solvent.

The #Si-NMR spectrum of AMF (Fig. 28) evidenced the presence of
silanol units from constrained small cycles, linear and open chain groups, as
well as cages and polycages. The 'H and *C NMR spectra of PB-72 were
consistent with those presented in reference literature and the signals can be
attributed to the various PMA/PEMA groups.

| Figure 28. The 2°Si-NMR
1| spectrum of AMF, recorded in
L CDCl; at 79.5 MHz.

In the FTIR spectrum of AMF (Fig. 36), the main Si-O-Si band is
rather broad, indicating that the silsesquioxane network is mainly composed of
randomly oriented components and not highly ordered structures. The siloxane
bonds within the structure of AMF are arranged within small cycles, open
cages associated to the ladder-like structures, cage-like and poly-cage
structures. Among the different siloxane moieties, the absorption band
assigned to cage-like structures present the highest intensity.

The FTIR spectrum evidenced the presence of the specific absorption
bands of PB-72 (symmetric and asymmetric stretching vibrations of C-H
group from the ester methyl, methylene groups and the methyl groups situated
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in the a position to the main polymeric chain, CH deformation modes, free
carbonyl stretching vibrations), as well as the presence of C=C double bonds.
The presence of C=C double bonds before the ageing of the PB-72 thin film
samples can be attributed to an incipient degradation process that occurred
either during storage prior to deposition on the glass plates or to two days of
exposure to ambinetal conditions during the drying of the thin films.

200 h

4000 3600 3200 2800 2400 2000 1600 1200 800 400 4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm™) Wavenumber (cm™)

Figure 35. FTIR spectra of PB-72 thin Figure 36. FTIR spectra of AMF thin
film samples exposed to 0, 200 and 400 film samples exposed to 0, 200 and 400
hours of UV ageing. hours of UV ageing.

The Nano-FTIR analysis of the top layer of the AMF thin film (Fig.
38) revealed the presence of bands from silanol groups and silsesquioxane
moieties based on small cycles, open cages and cage-like structures. The main
carbonyl peak was shifted toward higher wavenumbers, most likely due to the
preferential arrangement of the silsesquioxanes with the lowest crystallinity, to
which the carbonyl groups are bound. Another major difference between the
bulk and surface measurements is related to the intensity of the main carbonyl
peak, which appears much weaker in the Nano-FTIR spectra. This behavior
could be explained by the orientation of the CF; moieties towards the surface
of the thin film, while the propyl groups migrate toward the interior of the
sample causing the methylene units from the polymeric backbone to be
arranged in a close-packed structure in the plane of the surface [211].

The Nano-FTIR spectrum of PB-72 (Fig. 37) is dominated by the
strong absorption band of the PMA carbonyl stretching mode. The presence of
carbonyl groups only from PMA fragments at the surface and the absence of
any PEMA carbonyls can be attributed to the preferential orientation of these
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groups with PMA migrating towards the surface, while PEMA tends to
accumulate in the bulk. The Nano-FTIR investigations were also helpful in
highlighting the incipient degradation process with the distinct signal of the
C=C double bonds associated with the loss of side chain moieties appearing at
1646 cm™,

SEM investigations showed that the application of AMF on the
ceramic samples did not lead to significant changes in surface morphology,
thus indicating that the AMF coating is very fine and does not obstruct the
pores of the substrate. In contrast, the PB-72 coating has the tendency to form
a much thicker layer that, in many areas, completely covers the features of the
underlying substrate.

W\/\/\ﬂl
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400 h
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Figure 37. Nano-FTIR spectra of PB-72  Figure 38. Nano-FTIR spectra of AMF
thin film samples exposed to 0, 200and  thin film samples exposed to 0, 200 and
400 hours of UV ageing. 400 hours of UV ageing.

UV ageing of conservation materials

After the first UV ageing cycle, the FTIR measurements of AMF
recorded a decrease for the intensity of OH peak (Fig. 36), which is usually
associated with the photo-oxidation reactions to the hydroxyl groups that allow
for the development of oxidation products with C=0 chromophores in their
structure [215]. The slight decrease of the bands in the fingerprint region and
of the peak at 2986 cm™ indicate the loss of volatile low molecular weight
compounds due to UV degradation, though the phenomenon seems to be quite
restricted. In the carbonyl region, the C=0 stretching band registered both a
lower intensity and a shift to higher wavenumbers, indicating the formation of
production of degradation products, including aldehydes and/or esters.
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After 400 h of UV exposure, the increase of the bands in the 2959-
2854 cm* interval can be attributed to the photo-polymerization of the double
bonds under the action of the UV light. While Si-O-Si stretching bands did not
register significant changes, a minor decrease of the rest of the peaks could be
observed, consistent with the loss of volatile small molecular weight
compounds. At the same time, the increase and broadening of the C=0
stretching band indicates a continued increase in the number of aldehyde
and/or ester moieties.

In regard to PB-72, the most important changes observed by FTIR
spectroscopy (Fig. 35) involve the -OH, CH, C=0 and C-O-C groups. After
the first ageing cycle, the bands of the OH region presented a great increase in
intensity. While the bands in the fingerprint region do present a slight
decrease, there is an obvious increase of the bands between 3000 - 2800 cm™,
with the exception of the absorption peak at 2986 cm™. This behavior can be
explained by the UV light induced photo-polymerization of the C=C double
bonds that are formed on the surface layer [214]. Differences also appear in
the carbonyl region, with the esteric C=0O stretching band presenting an
increase in intensity and broadening. At the same time, a small shoulder in the
spectral region of the y-lactones C=0 stretching begins to appear [211,213].
The weak band of the C=C stretching vibrations increases, suggesting the
formation of an ever increasing number of double bonds on the polymeric
chain.

After the second ageing cycle, the FTIR spectra of PB-72 register a
drop in the OH peak intensity which can be attributed to the photo-oxidation
reactions that involve hydroxyl units that lead to the formation of oxidation
products that contain C=0 chromophores [215]. The increase of the bands
from 2987 and 2955 cm™ is likely due to the photo-polymerization of C=C
double bonds, while the improvement of the bands in the 1500-990 cm™ can be
correlated with the formation of a large number of new types of oxidation
products. In the carbonyl region, a distinct broadening and increase of the C=0
stretching bands of esters and of y-lactones can be observed. The peak of the
C=C double bond, on the other hand, presents a significant decrease,
indicating a drop in the number of the double bonds on the polymeric chain.

The evolution of the carbonyl functionality was evaluated by
monitoring the value of the carbonyl index (C.l.), which is calculated by
normalizing the C=0 peak at 1723 cm™ to bands that reference literature
indicate do not present modifications due to UV ageing. While in the case of
PB-72 the C=0 peak was normalized to the stretching peak at 755 cm™ of the
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stable C-C bonds and the C.l. was calculated as Ai7zsem™ Azss om™, for the
AMF the stretching peak at 1269 cm™ of the strong C-F bond was used and the
C.l. was calculated as Ai72sem™ Aizs om™ Where A denominates peak
absorbance. In regard to PB-72, the sharp increase of the C.I. (from 2.34 to
5.01) indicated the continuous development of C=0 chromophores bearing
oxidation products as a result of chain scission [215]. In regard to AMF, the
constant decrease of the C.I. (from 1.86 to 0.87) indicates the C-O radicals
formed due to C=0 = bonds photo-destruction have a greater tendency to form
crosslinked networks than undergo chain scission.

Only a slight decrease of the bands in the fingerprint region was
observed in the nano-FTIR spectrum of AMF after the initial 200 h UV
irradiation (Fig. 38). Lower intensities of the bands corresponding to cage-like,
open-cages and small cycles were registered, while a new band at 1044 cm™
could be observed, indicating the formation of a Si-O-Si network structure
usually found in nano-SiO; films [216,217]. In the fingerprint region, a new
band attributed to the CH in plane deformation vibration of >C=CH- groups
indicates the formation of trisubstituted alkenes. In the carbonyl region, the
main carbonyl band shows a sharp decrease, while a shoulder located at 1718
cm™ appears, indicating the formation of saturated aliphatic ketones. At 400
hours of irradiation, the Si-O-Si asymmetric stretching of the nano-SiO, films
increases in intensity and shifts to higher wavenumbers, at 1047 cm™,
indicating a continued increase in the thickness of the film. Other changes to
Si-O-Si bands include the increase of the intensity of the signals corresponding
to small cycles and open cages (up to the initial intensity) and the continued
decrease of the one related to cage-like structures. The main C=0 stretching
band almost disappears and the formation of carboxylic acids was observed.

The nano-FTIR spectrum of PB-72 showed the complete collapse of
the bands in the fingerprint region after the first ageing cycle (Fig. 37). As
follows, the decrease of the PMA carbonyl stretching (by more than half), as
well as the development ofa, B-unsaturated y-lactones, carboxylic acid dimers,
trisubstituted alkenes and a,-unsaturated esters were observed.

In regard to the sample exposed to UV light, for the full 400 h the
nano-FTIR investigations revealed the perpetuation of the degradation process.
The characteristic carbonyl stretching band continued to decrease,
whilethecarbonyl doublet of the a, B-unsaturated y-lactone increased. At the
same time, new vinylene units and a,B-unsaturated esters are formed.

SEM investigations of the samples exposed to accelerated ageing
show a clear degradation of the polymeric coating in the case of PB-72, with
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the formation of micro-cracks, while no obvious differences could be observed
for the AMF.

AFM images recorded for the unaged thin films of the polymeric
coatings (Fig. 40) shows that both AMF and PB-72 create continuous smooth
thin films. The initial UV ageing cycle does not cause significant changes for
the AFM sample, with the general area of the thin film the coating is still
smooth. The thin film is not damaged at 400 hours of UV irradiation, though
the surface seems to be somewhat rougher likely due to the creation of
segregated microphase domains and of the nano SiO, layer at the surface of
the polymer.

Figure 40. AFM images of thin film
Figure 39. SEM images of samples 41a),  samples; a) unaged AMF thin film, b)
b) and 44 c) coated with PB-72 and of ~ ynaged PB-72 thin film, ¢) AMF thin film
41d), e) and 44 f) coated with AMF after  exposed to 200h of UV ageing, d) PB-72
400 h of UV ageing showing the thin film exposed to 200h of UV ageing

extensive damage due to crack formation  ¢) AMF thin film exposed to 400h of UV
observed in the case of the PB-72 coating. ageing, f) PB-72 thin film exposed to

400h of UV ageing.

As for the PB-72 samples, the situation is quite different and the
advanced degradation of the polymer is clear. At 200 hours, the UV irradiation
has caused flaking and cracking of the thin film layer, with large layers of the
polymer peeling away from the surface of the sample. These defects allow
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water and other degradation agents to penetrate deep within the substrate
indicating that, at this stage, the coating no longer presents protective
properties. After the second UV ageing cycle the situation is even more
dramatic, with the large damaged sections sustaining further cracking and the
whole polymeric surface appears as micrometer and nanometer sized
fragments.

Colorimetric measurements were performed on both glass and ceramic
substrates in order to establish the color changes that the two protective
treatments undergo as a result of exposure to UV light and to determine how
they influence the aspect of the coated ceramics. In regard to the AMF thin
film sample, the initial UV light exposure cycle caused a photochemical aging
confined to the top surface layer of the sample (slight decrease of AL*) and
C=0 moieties are generally involved in crosslinking reactions (decrease of
Aa* and Ab*). The decrease of AE* suggests that AMF is able to absorb UV
light and presents limited fading [221].

After 400 h of exposure to UV irradiation, a continuous decrease of
AL* was noticed, indicating a darker surface. The increase of Aa* and Ab*
shows that incipient degradation has started to affect the AMF polymer,
however the small variations indicate that the phenomenon is very restricted.
The continuous decrease of AE* seems to suggest that AMF presents a better
protective effect as the irradiation time increases. The decrease of both AL*
and AE* implies that only a minor degradation of AMF occurs, and the coating
is able to remove many of the free radicals that result due to UV degradation
and are responsible for the fading of the exterior surface.

The initial UV ageing cycle caused the PB-72 thin film to darken
(decrease of AL*) accompanied by a greater degree of greenness (decrease of
Aa*) and shift toward yellow (increase of Ab*). The color shift towards yellow
observed in the PB-72 thin film is likely due to an increase in the
concentration of C=0 bearing chromophores due tochain scission [215]. The
decrease of the Aa*, however, indicates that, while chain scission reactions
lead to a greater number of C=0 groups being created, they are consumed by
crosslinking reactions. The increase of AE* and decrease of AL* suggests that
the coating surface has partially faded areas due to polymeric chain scission.
As a result, stress forms within the thin film causing the formation of cracks
randomly oriented on the surface of the PB-72 coating responsible for
whitening of the film and water penetration. The greater values of AE* and
AL* after 400h of exposure to UV light reveals that the surface of the PB-72
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thin film has faded completely as it is covered with large cracks also
confirmed by SEM investigations.

The color variation inferred on the ceramic substrate by the two
polymeric coatings does not follow the evolution observed for the thin film
samples and various trends are observed among the different ceramic samples
themselves due to the great inhomogeneity of the samples. Overall, however,
the results clearly show that AMF has a better performance than PB-72
resulting in a lower color variation.

In order to properly establish the water repellant capabilities of both
polymers, contact angle measurements were recorded for the thin films and the
treated ceramic samples. Initial measurements recorded for the thin films
deposited on glass revealed that both coatings are hydrophobic with similar
values being recorded, 90° for PB-72 and 98.63° for AMF. The UV ageing
resulted in only a slight reduction of the values of the contact angle for AMF
(up to 82.13°), while for PB-72 a severe reduction of the contact angle (down
to 18.3°) was observed.

As for the ceramic samples, both polymeric coatings presented
different contact angle values as compared to the ones recorded for the glass
substrate, which is consistent with the previous analysis which indicated a
preferential orientation on the surface of certain groups. All ceramic samples
coated with AMF presented higher contact angle values as compared to the
ones recorded for the glass (up to 123.8°). In the case of PB-72, however, both
lower and higher values were encountered. This behavior can be directly
attributed to the different morphology and chemical composition of both
polymers and substrates, as well as the high inhomogeneity and roughness of
the ceramics.

After the initial UV exposure cycle, a sharp reduction in the values
recorded for the contact angles of PB-72 coated ceramics was observed. All
contact angle values decreased with over 50°, while in the case of the sample
that presented the highest initial hydrophobicity, the drop is of almost 90°.
This dramatic behavior of the PB-72 coated ceramics can be attributed to the
formation of cracks within the polymeric layer. In the case of AMF, a
completely different situation is encountered, where in 4 of the 7 coated
ceramics a definite increase of the contact angle values was registered, up to
126.6°. This phenomenon is likely caused by the crosslinking reactions
involving methacrylate groups that occur under the action of UV light and that
result in the formation of novel hydrophobic -CH2-CH,- moieties on the
surface of the samples. The lower values that were observed are, however,
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greater than the original values recorded for the samples coated with PB-72
and are likely due to the morphology and inhomogeneity of the ceramics.

At 400 h of UV exposure, the PB-72 coated samples present even
lower contact angle values, indicating that the cracks present on the surface
have begun to widen, allowing water to penetrate the polymeric layer and
reach the substrate. In the case of AMF, an overall decrease of the contact
angle values was also observed, though all values were greater than 90°.

Structural modifications of conservation treatments influenced by UV
ageing

The modifications that appear in the structure of the two polymers
during the UV ageing are intricately connected to the specific conditions they
were submitted to. In this study, both the thin film and the polymeric coated
ceramics were irradiated with a mercury lamp that emits light with a
wavelength in the 200 t0700 nm interval and kept in a 60 % humidity air
atmosphere. As such, the samples were exposed to a large number of ozone
molecules formed when the UV light with the wavelength lower than 242.4
nm interacted with oxygen molecules in the air atmosphere.

The main photodegradation phenomena of PB-72 observed after the
first UV ageing cycle included chain scission of macromolecular chains
followed by disproportionation, with the formation of C=C bonds. The FTIR
and nano-FTIR analyses were able to identify the presence of o, B-unsaturated
v-lactones, o, [B-unsaturated esters, vinylenes, trisubstituted alkenes and
carboxylic acids under the form of dimers as the main degradation products.
The degradation processes continued during the second ageing cycle, with
extensive chain scissions of the polymeric chain being observed alongside the
breakdown of the initial oxidation products. The different reactions involved in
the UV ageing of PB-72 are presented in Figure 43. The PEMA fragments are
much more stable and the main photodegradation phenomena that result in
changes to their structure involve the macroradicals disproportionation, with
the formation of double bonds that belong either to trisubstituted alkenes or to
a, B-unsaturated esters. The carboxylic acid moieties observed in the FTIR and
Nano-FTIR investigations likely form due to the oxidation of C=C double
bonds in the presence of ozone (Fig. 44).

The degradation mechanism of AMF is similar, to a certain degree, to
the one encountered for PB-72, and trisubstituted alkenes and a,B-unsaturated
esters are formed (Fig. 45). Ozone can attack the C=C double bond resulting
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inthe formation of ketones and aldehydes, which are further oxidized by H,0,
to carboxylic acid. The different behavior of the two compounds against UV
photodegradation and the higher stability that was observed in the case of
AMEF can be attributed to the structure of the polymer.

Figure 43. Photo-oxidative degradation
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Figure 44. Ozonolysis reaction of C=C  Figure 45. Photo-oxidative degradation
bonds. pathway of AMF

The radiations with a wavelength lower than 253.7 nm are energetic
enough to break the Si-O bond in silsesquioxane units. The conversion of
silsesquioxane moieties into SiO; is controlled by the diffusion of ozone and
atomic oxygen into the polymer [217]. After the first UV ageing cycle, the
decrease of all Si-O-Si stretching bands characteristic to the silsesquioxane
units in the nano-FTIR spectra indicates that all structures found on the surface
are transformed into the SiO, network. After the second cycle of ageing, the
only absorption band in the Si-O-Si region that continues to decrease is that of
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cage-like structures, while the open cages and small cycles increased and
returned to their original intensity. This implies that, aside from transforming
into units of the SiO; type network, the cage-like structures also have the
tendency to convert into more stable open cages and small cycles by reacting
with the newly formed silanol and Si and O bearing radical species. The nano-
SiO; network on the surface of the AMF material can act as a protective
barrier at the interface between the polymeric surface and the surrounding
atmosphere, providing additional functionality to the coating. At the same
time, the recovery of ladder like structures after the second UV ageing cycle
suggests that AMF presents “self-healing” capabilities.

While the energy dose was greater than the one required for the
complete conversion of silsesquioxane units into a SiO, framework only a
limited number of silsesquioxanes was altered. This behavior is likely due to
fluorine and open-cage silsesquioxane units being present on the surface of the
polymeric coating, which impeded the diffusion of ozone and atomic oxygen
inside the AMF film. The re-organization of the top surface layer also likely
resulted in fluoroalkyl side chains forming microphase-segregated domains
that act like a physical barrier that provided greater water repellency properties
and increased the UV ageing of resistance of AMF. The nano-SiOzlayer likely
inhibited the formation of peroxidic species, the most important reactive
species that are responsible in the fragmentation of the polymeric framework.
In the current study the protective properties of the SiO, coating layer were
also highlighted, especially considering the presence of terminal double
bondsthatusually leads to decreased UV stability [225].

Salt mist accelerated ageing of ceramic samples

As opposed to UV ageing, the damage to the polymeric coating comes
mainly from mechanical damage that results from the formation of salt crystals
in the pores and cracks of the pottery that leads to flaking and cracking. This
mechanical damage does not involve chemical modifications of the polymeric
component, only the eventual removal of any soluble molecules. The damage
inflicted by the salt mist is extensive and, during the course of the accelerated
ageing in the case of two PB-72 coated samples, resulted in the complete
detachment of portions from the outside layer of the ceramic.

After the salt mist cycles, significant weight loss was encountered in 7
of the 9 untreated pottery samples, highlighting the very destructive nature of
these ageing tests. All samples displayed various degrees of powdering, but
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only limited flaking. Four of the samples coated with PB-72 did not display
significant degradation and their behavior can be correlated to the dense matrix
resulting in increased toughness. Three other samples showed significant
weight loss, but performed better that the untreated samples, with flaking and
powdering being observed. The highest weight loss is observed in two samples
where entire portions of the surface layer was removed as a result of the
ageing test. Flaking seems to be the most prevalent behavior encountered in
degradation and can be explained by the fact that grains are not detached
individually from the ceramic matrix, but rather entire layers held together by
the PB-72 are removed.

In regard to the AMF treatment, a very good evolution of the samples
was observed, with only two samples showing weight loss and only in one
case the value was greater than 0.1 %. The samples do not display any signs of
flaking on the surface and only slight powdering was observed.

SEM investigations confirmed the extensive degradation encountered
in the case of the PB-72 samples, showing both the flaking of the surface layer
and the deposition of salt in exposed areas of the ceramic substrate.

CONCLUSIONS

The following conclusions can be drawn from the current study:
1. The multi-analytical archeometric study of Cucuteni pottery from the site of
Hoisesti — la pod revealed that the wares were fired in a restricted temperature
interval indicating that local craftsmen were able to precisely control the firing
process.
2. The potters had good technological knowledge about the production of
ceramics and raw materials were locally available for the production of good
quality wares.
3. The use of volcanic ash in the production of Cucuteni pottery was recorded
for the first time in the Moldavian region.
4. The presence at Hoisesti of ceramics of non-local provenance produced with
volcanic ash (while the source is unkown, the nearest site with volcanic ash is
60 km away) shows that the settlement interacted with other communities and
that trade connections were widespread and over large distances.
5. The investigation was able to corroborate other pedologic, geomorphologic,
archaeologic and bio-archaeologic findings and indicated that the Hoisesti-La
Pod site was a specialized pottery production center.
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6. The first in-depth studies into the composition of the pallet and the style of
by Nicolae Grigorescu was performed showing that the artist used only a few
pigments in his artworks.

7. Nicolae Grigorescu developed his colors using extensively lead white which
he combined with a limited number of pigments.

8. For the first time the use of natural ultramarine was observed in the case of
an impressionist painter at a time when the much more affordable artificial
version was widely available.

9. The first ever identification of natural ultramarine in a work of art using the
XPS technique was performed.

10. After more than 100 years after their creation the paintings of Nicolae
Grigorescu are degraded with the formation of metal soaps being the most
widespread degradation phenomenon.

11. The anlysis of the works by Stefan Luchian showed that the painter had a
very rich pallet which he used in his paintings in order to develop optical
effects based on the contrasts between different hues.

12. The first ever identification of the use of indium oxide as a pigment in a
cultural heritage painting was performed. While reference literature raise the
possibility of the compound being employed as a shade of yellow its use has
never been previously documented.

13. In the paintings of Luchian, the formation of zinc carboxylates and
different types of oxalates is widespread due to the chemical reactions between
the pigments and the aged binder.

14. The differences between the styles of the two painters, master and
apprentice, that belong to consecutive art movement were highlighted with
Grigorescu using only a few pigments and creating different colors with the
addition of lead white and carbon black while Luchian had a rich pallet which
he used to create specific contrasts.

15. The current reasearch highlighted the different problems associated with
the analysis of cultural heritage and the need to use multiple analytical
techniques and dedicated high performance equipment due to the complex
structure, and inhomogeneous matrix of the artifacts for which only micro-
sampling is generally desired.

16. A new polymeric nanostructured material containing silsesquioxane,
methacrylate and fluorine units, called AMF, that can act as a chemically
active coating was synthesized.

17. When compared to the widely used PB-72, AMF has a much better
performance providing better water repellency and lower color variation.
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18. UV and salt mist ageing tests were able to show that AMF is much more
stable that PB-72.

19. Through the photochemical transformations from the coating-air interface,
a nano-SiO; layer that provides improved protective properties is formed on
the surface of AMF.

20. The structural modifications of AMF and PB-72 that occur over the course
of UV ageing were analyzed and the mechanisms that govern the degradation
processes were established.

21. The nano-FTIR technique is uniquelly suited for the analysis of surface
phenomena such as the preferrential orientation of functional groups and the
formation of degradation products.

The original research presented in the current thesis has been
published in 2 articles in ISl indexed journals (cumulative impact factor
7.727), two other papers have been submitted for review and presented at 4
conferences (3 national, 1 international). A chapter accepted for publication by
Elsevier details the state of the art on silsesquixane nanostructured materials
for the protection of cultural heritage items.
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1. Oancea A.V., Bodi G., Nica V., Ursu L.E., Drobota M., Cotofana C.,
Vasiliu A.L., Simionescu B.C., Olaru M., Multi-analytical characterization of
Cucuteni pottery, Journal of the European Ceramic Society, 37 (15), 2017,
5079-5098, https://doi.org/10.1016/j.jeurceramsoc.2017.07.018

2. Rusu R.D., Simionescu B., Oancea A.V., Geba M., Stratulat L., Salajan D.,
Ursu L.E., Popescu M.C., Dobromir M., Murariu M., Cotofana C., Olaru M.,
Analysis and structural characterization of pigments and materials used in
Nicolae Grigorescu heritage paintings, Spectrochimica Acta Part A: Molecular
and Biomolecular Spectroscopy, 168, 2016, 218-229,
https://doi.org/10.1016/j.saa.2016.06.009

Book chapter:

1. M. Murariu, A. V. Oancea, C. Ursu, B. G. Rusu, C. Cotofana, B.
Simionescu, M. Olaru, Surface properties of POSS nanocomposites, accepted
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Nanocomposites book, Elsevier Publishing House
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