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GRAPHICAL ABSTRACT
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Background: This study explores the application of infrared scattering-type Scanning Mear-field Optical Micro-
scopy (IR s-SWNOM) to analyze zine white paint models at the nanosecale, focusing on the formation and erys-
tallization of zine carboxylates. Zine carboxvlates are eritical degradation preducts in il and tempera paintings,
causing brittleness, delamination, and color changes. Our research applies IR =-SNOM to paint samples preparsd
with oil and egg binders, subjected to both natural and artificial aging.

Result: The impact of environmental conditions and binding mediums on inter-sample varability waz high-
lighted using a chemometric approach. Notably, zine carboxylates form more rapidly in cil binders under arti-
ficial aging, while natural ageing results in more ordered crystalline structures in egz binders. While the analy=iz
of individual IR =-SNOM speetra Jdid not reveal an unambiguous correlation between morphology and chemistry
at the nanoscale, it allowed to disentangle the causez of intra-sample vanability. The surface sensitivity

guarantesd by [R =-SNOM was the ey element for dizclosing spectral features hidden by micro-approaches, such
as the identification of the broad band in the 1700-1500 em ' spectral region in the egg medium, which had
never been reported before.

Significance: This study highlights the eritical role that nanoseale analysiz may play in advancing the wder-
stanling of degradation mechanisms, offering valuable insights for art eonservation By transitioning from
average, bulk analvsis to naonoseale investigations, [R s-SNOM proved to be a powerful tool for developing
targeted conservation sirategies, ultimately enhancing the preservation of cultural heritage.



1. Introduction

Several research studies in the field of conservation science are
currently focused on the development and application of new advanced
instrumentations for the characterization of artworks. Pertable in-
struments enable in-situ analysis [1,2], often safeguarding the integrity
of precious objects under investigation. However, non-invasive spec-
troscopic tools typically provide results with lower sensitivity and
lateral resolution if compared to bench-top systems [2,3], and
frequently lack the capability for adequate stratigraphic characreriza-
tion of multi-layered samples (e.g. paintings). Consequently, due to the
complexity of cultural heritage items, investigations performed by
micro-invasive techniques are often mandatory to complement the
research for a comprehensive understanding of materials, degradation
processes and, ultimately, for the selection of appropriate conservaticn
strategies.

Fourier Transform Infrared (FTIR) microscopy in the mid-IR range
{4000-600 cm ') is one of the most widely used methods for the analysis
of cultural materials at the microscale. It is recognized as an essential
tool for the identification of both organic and inorganic components,
especially in multilayered samples [3-7]. The lateral resoluticn
achievable with FTIR microscopy is diffraction limited to a few microns.
This limit was surpassed only recently with the introduction of nano IR
instrumentation. Optical photo thermal InfraRed (O-PTIR), Atomic
Force Microscopy InfraRed (AFM-IR) and InfraRed scattering-type
scanning near-field optical microscopy (s-SNOM) are ameng the new-
est approaches that offer sub-micrometer to nanometer lateral resolu-
tion. Briefly, both AFM-IR [2] and O-PTIR [2] rely on the detection of
the thermal expansion induced by IR photons, employing AFM-based
mechanical and optical detection schemes, respectively. The exploita-
tion of both techniques has opened new scenarios in several research
fields, with a number of applications in material sciences [10], life sci-
ence and biology [11], pelymers science [12,13], and Cultural Heritage
(CH). Focusing on the CH field, AFM-IR and O-PTIR have been exploited
in conservation science research to characterize erganic pigments [14],
parchment degradation [15], UV-induced degradation of linseed oil in
titanium white painting layers [16], the coexistence of Al-stearate and
zine carboxylates [17], the distribution of zinc and lead soaps [12], and
the degradation processes in heritage glass-metal objects [19]. IR
5-SNOM has also been recently applied in few cases in the field of Cul-
tural Heritage: to reveal hidden traces of protein material on the woed
preparation layer used by Antonio Stradivari for the creation of its vi-
olins [20], for testing the efficiency of acrylic protective coating on ce-
ramics [21], and for identifying surface coating materials and inorganic
pigments in African wood sculptures [22]. Similarly to AFM-IR, the
5-SNOM combines the potentialities of AFM with infrared analysis to
simultaneously obtain morphological and chemical information on the
sample with nanometric lateral resolution. In the case of IR s-SNOM,
along with the mechanical phase, which provides information on the
morpho-mechanical properties of the sample, the IR scattered light at
the sample-metallic tip is interferometrically detected, correlated with
the refractive and absorptive features of the sample and, ultimately,
with its vibrational profile. It achieves lateral resolutions roughly com-
parable with the radius of curvature of the scanning tip, conventionally
in the range of a few tens of nanometers [23,24]. The surface sensitvity
of IR 5-8NOM is enhanced compared to AFM-IR and O-PTIR, as the

probing depth is typically in the range of a few hundreds of nanometers
or less, depending on the acquisition parameters and the refractive index
of the sampled materials, making it the optimal cheice for surface
analysis [25].

In the field of art conservation, the application of the aforementioned
sub-diffraction limited methods can play a crucial role in the evaluation
of various degradation phenomena originating at nanoscale, such as
those affecting the painting layers. In particular, the presence of car-
boxylates in oil and egg tempera paint layers still represents a critical
challenge in artworks conservation. Metal carboxylates are produced by
the interaction between the metal ions present in pigments, commonly
used in both ancient and medern paintings, and the binders, leading to
severe alterations of the paint stability, such as brittleness, delamination
of paint layers, and changes in the color appearance, Even though lead
white (hydrocerussite - (PbCO3)-ePb(OH);) and zinc white (zinc exide -
Zn0) are considered the most reactive pigments forming metal carbox-
ylates, other elements such as Al, K, Ca, Cu, Cd, and Mn can also form
these alteration products in artworks [16,26].

Several recent studies have investigated the formation, composition,
and distribution of metal soaps using a range of complementary
analytical techniques. Baij et al. (2018) employed time-resolved ATR-
FTIR spectroscopy to monitor the diffusion of free fatty acids and the in-
situ formation of metal soaps in model paint systems, providing insight
into the kinetics and mechanisms of soap formation [27]. Salvado et al.
(2019) used synchrotron-based techniques, including SR-FTIR, p-XRF,
and p-XANES, to identify and map the distribution of metal seaps and
oxalates in fifteenth-century altarpieces [20]. Koci et al. (2019) com-
bined X-ray powder diffraction (XRPD) and selid-state nuclear magnetic
resonance (ssMMR) to characterize the crystal structure and chemical
environment of mixed lead carboxylates [29]. Otero et al. (2014) used
Baman and FTIR spectroscopy to identify and distinguish various metal
carboxylates (including Pb, Zn, and Cu soaps) in artworks, demon-
strating the complementary capabilities of both techniques for molec-
ular characterization [30]. Hermans et al. (2018) employed electron
microscopies (SEM and TEM) to directly visualize the nucleation and
growth of zinc soap aggregates within the paint marrix, shedding light
on the microstructural changes asseciated with soap-related degrada-
ton [31].

FTIR spectroscopy has been recognized as a powerful technique for
the detection of metal carboxylates in paint layers [32,33] revealing
distinctive vibrational features of the carboxylate group, according to
the type of metal ion involved [34,35]. Particular attention has been
given to zinc saponification, which is considered one of the most
dangerous degradation phenomena in oil paintings. The drying of oils
involves the polyunsaturated fatty acid chains of oil wiglycerides
reacting with atmospheric oxygen. As a result of the polymerization and
subsequent aging, carboxylic acid groups may form due to chain scission
reacticns or hydrolysis of triglycerides. Zinc oxide can react with car-
boxylie acids forming carboxylate groups in the oil polymer netwerk. In
the ionomer state, a tetranuclear oxo-complex and a linear coordination
chain-complex have been identified. Moreover, zinc ions can further
react with free saturated fatty acids te form zinc soaps which have a
tendency to separate from the polymer medium and form erystallites
with two different structures: the first one optimizes zine carboxylate
coordination (type A) and is typical of short alkyl chains, while the
second structure optimizes fatty acid chain packing (type B) and is



dominant when alkyl chain length increases [36]. Bach of these four
possible coordination environments for zinc carboxylates in oil paint
exhibits distinct asymmetric carboxylate stretching wvibrations (v,
COQ~Zn) in IR spectra, The highly symmetric oxo-complex and type B
erystalline zine soap show a single v, COO-Zn band centered around
1590 and 1538 cm !, respectively, while the lower symmetry
chain-complex and type A zinc soap give rise to multiple v, COO-Zn
bands due to vibrational coupling between geometrically distinet
carboxylate groups [34]. Metal soaps have been widely recognized also
in tempera art masterpieces and their growth in egg binders seems to be
faster, and potentially more dangerous, than in eily matrices [26,20,37].
However, the mechanism of formation and crystallization eof the zine
carboxylates is still almost unexplored [35], even though the non-drying
behaviour of the lipid wiglycerides of egg tempera suggests a different
mechanism than that observed in oil paintings.

Herein, we present the application of IR s-SNOM for the study of zinc
white painting layer mock-ups prepared with both linseed oil and whole
egg, and submitted to natural or artificial aging, as a testing ground for
introducing the value of an analytical approach that focuses on nano-
scale investigation, The use of mock-ups represents an essential starting
point for investigating degradation mechanisms in a controlled and
reproducible way. They allowed us to isolate specific variables and
identify spectral and morphological trends that could, at a later time,
support the interpretation of data from real, aged samples.

The exceptional spatial resolution of approximately 20 nm, achiev-
able with IR s-SNOM, nearly two orders of magnitude better than con-
ventional pATR-FTIR, is crucial for detecting early-stage molecular
changes, such as the initial formation of degradation products occurring
at the nanoscale, These morphological and chemical details are often
undetectable with traditienal techniques, such as pATR-FTIR, pRaman
and microspot XRF spectroscopies.

Moreover, IR s-SNOM provides simultaneous morphological and
chemical information at the nanometric scale, enabling the cerrelation
between the shape of nano-aggregates and their chemical composition.
This has proven particularly useful for observing and interpreting the
formation of carboxylate-rich aggregates, demonstrating that IR s-
SNOM is an efficient analytical approach for more systematic studies
aimed at better understanding the parameters centributing to the for-
mation of proorusions, which may lead to mechanical damage (e.g.,
paint layer disruption). This information cannot be achieved with pATR
or other mobile/portable methods and justify the use of this technique
for rargeted, in-depth studies on micro-fragments, when sampling is
allowed.

The proposed methodology not only revealed nancscale heteroge-
neity and previously hidden chemical details influenced by the binder
type and ageing conditions, but also incorporates chemometric analysis
to ensure the statistical significance and reliability of the wide dataset
collected at the nanoscale, aiming to promote the integration of this
nano-vibrational analytical tool as an integral part of protocols thar rely
on more standard approaches for cultural heritage science.

2. Materials and methods
2.1. Zinc carboxylates synthesis

Zinc palmitate was prepared from two sclutions: an acid solution
obtained by dissolving 512 mg of palmitic acid in 12 mL of ethanol
(purity 96-97.2 %) and the second solution of 219.5 mg of Zinc acetate
(Zn{CH3CO0),) in 3 mL of water was prepared. The acid sclution was
heated in an oil bath at 50 °C. After heating, the salt solution was poured
slowly into the acid solution. The mixture has been kept at a constant
temperature (50 “C) for 3 h. The white precipitate was filtered and
subsequently re-suspended in benzyl aleohol (4.3 mg of zinc palmitate in
5 mL of benzyl alcohel).

2.2, Mock-up preparation

Zinc White (Zinc oxide, CAS. No. 1314-13-2) was purchased from
Carlo Erba, while Stand linseed oil with cobalt salts was purchased from
Zecchi. The egg tempera binder was obtained by mixing egg yolk and
egg white, All the preparation recipes were made by following Cennino
Cennini's “The book of the Art™ [35].

Two different sets of mock-ups, each consisting of three samples,

were prepared. The first set was prepared by mixing zinc white (ZnC)
with stand linseed oil binder, while the second set was prepared by
mixing zinc white with whole egg binder. The paint mixtures were
spread over glass slides. The first two samples named OIL-T1 and EGG-
T1 were cross-sectioned immediately after drying (see later) and left to
age under indoor environmental conditions for about two months. Other
two samples for each preparation, named OIL-NA (Naturally Aged ZnO
i linseed oil) and EGG-NA (Naturally Aged ZnO + whole egg) were
meated like T1 samples and left to age under indoor environmental
conditiens for about one year. The last two samples named OQIL-AA
(Artificially Aged ZnO + linseed oil) and EGG-AA (Artificially Aged
ZnO + whole egg) were first artificially aged for 30 weeks into a poly-
carbonate chamber with no light exposure, The polycarbonate chamber
was kept at a constant temperature of 40 °C and RH —99 % inside an
oven (BINDER GmbH). The ageing conditions were monitored
measuring the relative humidity at specific time intervals using a hy-
grometer (HD 8264 by Delta OHM). The samples were then cross-
sectioned before IR s-SNOM analysis.

2.3. Cross-section preparation

For each mock-up, a micro sample was sampled with a scalpel from
the glass slides and submitted for cross-section preparation. The cross-
section samples were prepared according to the method developed by
Prati et al. [32]. The sample was first embedded in KBr salt (FTIR grade,
Sigma Aldrich) and afterward embedded in polyester resin (Implexg).
After curing, the resin was polished at the sample using coarse (grinding
paper 500-800-1000 grit by Struers, from 15 to 9 pm) and fine
(Micro-mesh™ grit 6000-5000-12000, up to below 3 pm) abrasive pa-
pers. The polishing procedure was carried out employing a sample
polishing holder.

2.4, Preliminary characterization

Cross-section micrographs (shown in Fig. 51 in Supplementary Ma-
terials) were collected using a BX51 M microscope (Olympus Optical Co.
Led.) equipped with a digital camera Olympus& DP70, a 100-W halogen
projection lamp, and an Ushio Electric USH102D ultraviolet lamp (Ushio
Inc.). The images were acquired using the sofrware prime 32 at a
magnification of 50x, 100x, and 200x.

2.5, 5-SNOM measurements

Infrared s-SNOM measurements were performed at SISSI-Bio Beam-
line (Elettra Sincrotrone Trieste and IOM CNR, Basovizza, Trieste, Italy)
[40] by means of a NeaSNOM IR s-SNOM microscope (Neaspec GmbH,
Munich-Harr, Germany) coupled with a fiber-based broadband mid-IR
continuum laser source using a difference frequency generator, DFG
(Toptica Photonics AG, Grifelfing, Germany), using the D chip, emitting
in the 2170-1170 —em ' range, with a maximum peak of emission at
about 1500 cm”™', and operating at an average power of 1200 pW.
Metallic rtips (ARROW-NCPt from NanoWorld, Matterhorn,
Switzerland), with a radius of curvature of about 20 nm were used. All
the data were acquired in tapping mode at a tapping frequency of
arcund 260 kHz, setting the tapping amplitude at around 80 nm (with
the approach at 80 % of the free amplitude).

Fig. 51 (in Supplementary materials) shows the optical images of the
six analysed cross-sections. For each mock-up, three areas were



investigated, as marked in Fig. 51. Table 1 (in Supplementary materials)
clarifies the correlation between mock-up sampled areas and complete
sample’s area name. For each area, AFM images were scanned at 200 =
200 pixels resolution, with a scan size of 4 » 4 ym. 6 to 12 nano-FTIR
spectra have been cellected for each area using a MCT detector
(Infrared Associates Inc., Stuart, Florida), averaging 16 scans at a
spectral resolution of & cm ™', with a zero-filling factor of 4. The refer-
ence spectrum was measured on a small square of silicon wafer directly
mounted on the resin block of the cross-section. For the zine palmitate
standard, a drop of solution was deposited on a silicon wafer substrate
and dried under a gentle nitrogen flux. It was analysed in the same way
and used as reference sample. Results here presented have been ob-
tained from the analysis of 160 spectra.

All the nane-FTIR spectra presented here refer to the second har-
monic of the measured phase signals normalized to the reference. The
second harmonic was selected for reducing the background contribution
(i.e. far-filed-induced scateering) to the near-filed one. The phase signal
may be correlated to the absorbance in far-field absorption spectros-
copy. Fer more details, please refer to Hillenbrand et al. [25]. Raw
spectra were smoothed 8 points using moving average algorithm and
corrected for phase and offset by NeaPlotter sofrware (Ver. 1.8.270,
Attocube GmbH, Munich-Haar, Germany). Quasar open-source sofrware
was used for curting the spectra in the range 1770-1300 cm™ ', and to
apply rubberband baseline and vector normalization (VN). Finally, PCA
analyses have been performed on the second derivative of VN nano-FTIR
spectra of the whole dataset [41,42], applying 11 pt. of smoothing. The
average second derivative spectra are reported in Fig. 52. All the graphs
have been then plotted with OriginPro 9.7 (OriginLab Corperation,
Northampton, MA, USA). For AFM images, background correction and
morphological profiles were done with Gwyddion 2.55 open-source
software. The profiles calculation has been performed applying the
“Profile” tool by drawing 2 to 4 profile lines (thickness 35 pixels) for
each measured area.

3. Results and discussion

The present study aims to highlight the capabilities offered by IR s-
SNOM for the nanoscale morpho-chemical analysis of pictorial artworks.
As a test case, we focused on the study of zinc white paint layers in oil
and whole egg binders, under comparable ageing conditions in terms of
time and environment.

3.1. Reference sample characterization

Zinc palmitate was selected as reference crystalline metal soap
compound, being the most probable metal soap in siccative oil or
tempera paint layers containing zinc-based pigments. Indeed, palmitic
acid is the mest abundant fatty acid that can be saponified from both
dried siccative oil and egg tempera layers [43]. The 2D molecular
structure madel of the linear form of Zn-palmitate is shown in Fig. |
inset. An AFM height map collected by s-SNOM on zinc palmitate
standard is also shown in the inset of Fig. 1. Isolated hexagonal rubular
erystals with lateral dimensions ranging from 0.5 to 2 pm can be
observed. The IR s-SNOM spectra collected on the crystals (see sampled
points 1 to 5 in the AFM inset of Fig. 1) show well-resclved peaks at 1545
and 1400 em ', due to the COO~ asymmetric and symmetric stretching,
respectively, and at 1455 em ™', artributed to the CHa bending [30,44].

3.2. Mock-up samples analysis

0il and whole egg mock-ups, named QIL-T1 and EGG-T1 respec-
tively, were prepared, immediately cross-sectioned and then measured
two months after the exposure to environmental conditions of the pol-
ished surface. Using the same preparation strategy, OIL-NA and EGG-NA
samples have been measured 1 year after natural aging. According to the
sample preparation methodology, the entire sample area shown in
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Fig. 1. IR =-SNOM average specirum of zine palmitate stamdard. Insets: left - 3D
AFM height topography. The points measured by IR s-8NOM are indicated with
coloured spots and numbers (spatial resclution ~20 nm); right — melecular
structure of zine palmitate.
Fig. 51 for T1 and NA samples can be considered as directly exposed to
the environmental conditions. Finally, OIL-AA and EGG-AA samples
were first artificially aged for 30 weeks and then embedded in the resin
and cross-sectioned. For these samples, the surface directly exposed to
the ageing environment is the upper part of OIL-AA and EGG-AA cross-
sections in Fig. 51 (in Supplementary Materials), which also shows the
location of the areas scanned with IR s-SNOM.

Several sample areas, of 4 » 4 pm, have been analysed by IR s-SNOM,
a morphe-chemical sensitive approach that performs at the best on flat
surfaces, due to the limited Z-range excursion of the AFM microscope
stage (2 pm for the neaSNOM microscope used for the experiments here
presented). Therefore, polishing the sample is mandatory for successful
measurements. Figs, 53-50 in 81 show, for each mock-up: the acquired
AFM maps, pointing the location of the IR measured points (panels a—c);
the acquired nano-FTIR spectra (panels d-f); the average nano-FTIR
spectra for the considered area with associated standard dewviation
(panels g-i).

3.3. Morphological characterization

Fig. 2 shows some representative examples of the most characteristic
morphelegical patterns of the scanned areas (for more details, see
Figs, 53-50, panels a—c, in Supplementary materials). It is noteworthy
that the surface roughness possibly induced by pelishing may appear in
a groove-like texture with line spacing, line width and depth in the
micrometers range, as already reported by the authors [20]. The
morphelogical details discussed below refer to sample areas of a few
microns square and are in the nanometer range, Therefore, they may be
safely related to the intrinsic nature of the sample.

Isolated round-conical formations, broadly describable as a surface
granularity in the range of few hundreds of nanometers in height and
few hundreds of nanometers in lateral size, as shown in Fig. 2a-b, could
be mostly found in both OIL and EGG unaged samples. The scanned
areas of aged samples revealed a more uneven pattern, where both
smaller formations and larger cluster aggregates with lateral size up to
1-2 pm and heights of several hundred nanometers have been imaged,
as shown in Fig. 2e—d.

Using the identified morphological patterns as a guide, 155 nano-
FTIR spectra, with spatial resolution down to —20 nm, were collected
using the IR s-SNOM. All the measured points were intentionally
selected in different locations at the bases and on the apices of the



see Fig. 56a. Min = 0 nm, Max = 22] nm), c. OIL-AA_2R (Whole image: see Fig

Min.

Fig. 2. 3D AFM height maps. Zoomed regions of the scanned areas: a. OIL-T1.3 (Whole image: see Fiz. 53c. Min = 0 nm, Max = 489 nm), b. EGG-T1.1 (Whole image:

2. Min = 0 nm, Max = 217 nm), . EGG-AA.3 (Whole image: see Fig. 5Cb. Min = 0

nm, Max = 141 nm). Scalebars: the dark blue color highlights the topography level zero for the whole image (Min = 0 nm); the bright yellow/white color reprezents
the maximum height for each whole image. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

observed formations, (as indicated by coloured and numbered diamond-
shaped markers in the panels a-c of Figs. 53-58 in Supplementary ma-
terials), with the main goal to possibly detect different stages of zinc
carboxylates growth, crystallization and aggregation process.

3.4. Principal component data analysis

Due to the pronounced chemical and morphological heterogeneity
observed on all the sampled areas, Principal Component Analysis (PCA)
has been applied separately on the OIL and EGG samples within the
spectral range of 1770-1300 cm !, as an exploratory tool, in order to
evaluate whether the observed variability reflects random noise or
systematic, chemically meaningful trends, and allowing us to discrimi-
nate among the diverse aging conditions. The PCA scatter plots (Fig. 3a
and b) provided a reduced-dimensionality representation of the data,
allowing the visualization of a good separations among different sample
groups, and revealing a trend along PC1, corresponding to different
aging conditions in both datasets. In particular, the score plot for the OIL
samples shows a distinct cluster for sample T1, characterized by nega-
tive scores along PC1 (Fig. 3a). Negative PC] loadings (Fig. 3c) reveal
key variations in the carboxylate region (main spectral region of interest
—1600-1400 cm ') associated with changes in crystallinity. It is
important to note that the spectra were pre-processed using a second
derivative transformation (see Fig. 52), preventing the enhancement of
the noise by applying a Savitzky-Golay algorithm [45-47]. The
appearance of sharp features in the loadings at 1545, 1465, and 1400

em™ ', corresponds to incrensed curvarure in the original absorbance
bands, is indicative of more ordered, crystalline carboxylate
Environments.

Thus, it is possible to assume that the higher degree of erystallinity is
associated with the NA and AA OIL samples, placed toward the positive
quadrants. This finding is also visually supported by the burnished
appearance of the OIL-AA mock-up surface after artificial ageing, as
shown in Fig. 51c in the SI.

For the EGG samples, the score plot (Fig. 3b) shows a clear differ-
entiation along PC1 between the NA samples and those aged under T1

and AA conditions. Analysis of the PC1 loadings profile (Fig. 3d) reveals
that, as in the OIL samples, variables associated with the crystalline form
of zinc carboxylates (1545, 1465, and 1400 cm ') play a significant role
in this separation.

PC2, which accounts for 10 % of the total variance for OIL and for the
16 % for EGG samples, mostly contributes to describe the natural intra-
sample spectral variations, especially for samples OIL-NA and EGG-AA.
Compared to the PC1 loading, the PC2 loading (Fig. 3e-f) still shows the
three main peaks related to crystalline carboxylates, but these are
characterized by slight shifts. In addition, the main peak around 1550
cm ' displays a secondary peak at around 1530-1520 cm ' for both
EGG and OIL samples, respectively. Such additional features could
suggest the formation of zinc azelate, which occurs under conditions of
increased oxidation and hydrolysis [34]. These variations, likely related
to the co-presence of different amorphous complexes, are especially
pronounced in the OIL-NA and EGG-AA samples, which, among the aged
samples, are characterized by lower crystallinity and greater
heterogeneity.

The PCA results show an increase in the degree of crystallinity as a
function of ageing. This trend is well-documented in the literature [34,
42], although those studies employed different data processing methods,
namely multi-peak fitting analyses. The good agreement between our
results and those previously reported, despite the use of different
methodological approaches, provides indirect evidence that the two
methods can be considered complementary, and that the analysed
nano-points are representative of the ageing behaviour of the sample.

3.5. Point-by-point morpho-chemical evaluation

To understand whether there is a correlation between ageing con-
ditions and the sample morphology, particularly with regards to the
relative height of the examined points, requires a more careful, point-by-
point morpho-chemical analysis. In the following paragraphs both
average spectra and some representative single nano-points spectra will
be discussed, fer both OIL and EGG binder samples, It is important to
notice that the average spectra are reported, together with their
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Fig. 3. a-b. Scatter plots of the PCA for OIL and EGG samples, respectively (T1: unaged samples; NA: Naturally Aged sample; AA: Artificially Aged samples); c-d. PC]

loadings and e-f. PC2 loadings for OIL and EGG samples, respectively.

standard deviations (Figs. 4o and 5a), in order to further provide in-
formation on the general behaviour of each sample. The variability
obszerved in the standard deviations should be considered as largely
resulting from the sampling methed adopted (see paragraph 3.3). On the
other hand, the selected nano-points spectra (Fig. 4b-d and Sb-d) will
give an overview on some interesting spectral features, detectable at the
nanoscale, but barely distinguishable in the average spectra.

3.5.1. OIL binder
Fig. 4a shows the average spectra of the points collected within the
three selected areas for QOIL-T1, OIL-NA and OIL-AA samples, At a first

glance, the moderate standard deviation of the average spectrum of the
unaged sample OIL-T1 (Fig. 4a, light green) is evident. This spectrum
exhibits the typical broad band in the range 1700-1500 em !, which is
likely composed by several overlapped components associated to oxo-
and chain-complexes. As widely reported in the literature, these com-
plexes can co-exist in histerical oil paints containing zine white, and
slight shifts or variaticns in band position and shape can be attributed to
changes in zine carboxylate coordination [15,49]. In particular, the
oxo-complexes are tetranuclear zine structures with a central Oz ion,
forming in presence of water when the side chains of the carboxylate
ligands are in a bulky or disordered conformation [49]. They are
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characterized by the v, COO—Zn at about 1590 em™! [34], a feature that
is barely distinguishable in the average spectrum, but can be seen in
individual nano-FTIR spectra, such as at point 4 (pt. from here on) of
OIL-T1.3 sample area (Fig. 4b). The chain complexes, recognizable from
the bands at about 1550 and 1630 cm !, represent a more ordered linear
coordinated structure that can exist in free-water conditions [34,49].
While the contribution at about 1630 cm ™" may be inferred also from for
the average spectrum (shoulder at 1635 cru'1}, the one at about 1530
em™! is not evident. However, it may be appreciated at both pt.3 and
pt.4 in Fig. 4b (dark green and light green spectra, respectively). The
contribution at 1550 em ™' is especially prominent at pt.3, which was
collected at the apex of a pronounced conical formation, Interestingly,
ameng all the 22 nano-FTIR spectra collected on sample OIL-T1, this
point is the only one presenting such a prominent feature. Whether this
point can be considered a nucleation site for pseudo-crystalline zinc
carboxylates, already eccurring after only two months of natural aging,
requires further analyses with a finer temporal resolution. However, it is
noteworthy to mention that the peculiar nano-FTIR absorptions of this
isolated point would have been hidden if a conventional microscopic
approach had been applied.

According to PCA results, the aforementioned broad band is sill
present in the OIL-NA average spectrum (Fig. 4a, medium green), while
it is clearly reduced in OIL-AA sample (Fig. 4a, deep green). For the OIL-
NA sample, the broad band peaked at around 1600 cm ™ shows a slight
depletion of the component at 1635 cm ™', while a peak at 1545 cm ™,
along with the peaks at 1460 and 1400 cm !, due to crystalline car-
boxylates, begin to rise. Hermans et al. suggest that the decrease of the
absorption band at around 1630 cm ! and the increase of the band at

around 1550 cm ' could represent a chain-complex in its extended
conformation [49]. This can be indicative of an initial stage of formation
of erystalline carboxylates where the extended chain-complex could
represent a precursor characterized by a higher conformatienal order if
compared with the still present oxo-complexes. By examining both the
average and the individual spectra of each area of OIL-NA sample (See
Supplementary Materials, Fig. 54), a peint-by-point variation in the
proportion between the broad band and the crystalline band can be
appreciated. Interestingly, the higher crystallinity is observed for
sampled points within the NA.11 area (See Fig. 54), where the relative
intensity of the C—0 stretching absorption of triglycerides at around
1740 cm ! is on average decreased compared to the other sample areas.
Considering that the sampled volume by IR s-SNOM in the current
configuration is estimated to be in the range of about 20 nm in the lateral
dimension and around 100 nm in depth, this binder-to-pigment imbal-
ance may be due to an uneven lateral distribution of the pigment within
the binding medium, as well as a different penetration of it with respect
to the sampled surface. As a general cbservation, it is safe to say that
such imbalanece in the binder-ro-pigment ratio at this scale is unavoid-
ably associated to artisanal preparation of the mocl-ups. This effect has
never been reported before due to the much lower lateral resolution of
the conventional wvibrational sampling approaches and cannot be
directly linked to a chemical heterogeneity. Following this line of
reasoning, the spectral analysis of pt.5 and pt.9 in Fig. 4c reveals that
their spectral profiles are very similar, despite having been sampled at
different heights, therefore confirming that the observed spectral het-
erogeneity is not directly related to the morpheology at the nanoseale.
Finally, in the average specttum of sample OIL-AA (Fig. 4a, deep
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green), the intensity of the band at around 1545 cm ™! significantly in-
creases and narrows, giving a clear indication of the prevalence of
crystalline carboxylates. Accordingly, the broad band decreases in in-
tensity. Observing the single-point nanc-FTIR spectra in panels d-f of
Fig. 55, exemplified by pt.5 and pt.11 nano-FTIR spectra of OIL-AA.3L
area (Fig. 4d), it is possible to notice that almost all the scanned
points are well crystallized, independently from the surface
morphology. In addition, the comparative analysis of average spectra of
Fig. 4a, allows to highlight that C—0 band of triglycerides is on average
less intense for OIL-AA sample compared to OIL-NA one, providing
indication of the possible degradation processes of the binder which
leads to the formation of carboxylates.

3.5.2. EGG binder

For the EGG-T1 sample, the average infrared spectrum (Fig. 5a,
yellow) elearly shows the Amide I protein band, mainly due to C=0
stretching vibration and peaked at around 1650 cm ', indicating the
predominance of alpha-helix conformation. On the other hand, the
Amide II band, due to N-H bending and C-N stretching moieties, is
barely detectable at around 1555 cm ™! (see arrow in Fig. Sa) in the
average spectrum. However, both Amide I and II bands are well-
distinguishable for several point spectra of EGG-T1, collected at both
the base and apex of formations (i.e. Fig. 5b T1.1_pt7). In particular, the
shape of the Amide I band is quite well-defined in spectra collected on
the T1.3 area (see both individual and average nano-FTIR spectra in
Fig. 56, panels f and i}, possibly due to a less intense contribution of the
bread band. The comparable morphology of the sampled areas, partie-
ularly T1.2 and T1.3, supports to hypothesis that the observed spectral
variability is mostly due to an uneven distribution of pigment within the

egg binder, rather than being merphology related. Between the two
Amide bands, a broad band, possibly composed by overlapped compo-
nents and ascribable to amorphous zine carboxylates, is visible in the
average spectrum (Fig. 5 a, yellow line). This feature is also clearly
recognizable in all the measured nano-FTIR spectra shown in Fig. 56 and
exemplified here by pt.4 and pt.7 of EGG-T1.1 area (Fig. 5b, orange and
red lines). This evidence has been never reported before for egg models
or original tempera paintings studied by micro-FTIR spectroscopy,
highlighting the need of a nanoscale approach [26,35,57]. Moreover, in
the single-point spectrum n® 4 collected on the apex of one of the conical
formations, the appearance of a shoulder at 1535 and a peak at 1450
em ! (Fig. 5b, crange line) suggests, as in the ease of OIL-T1 sample, that
this spot may represent the nucleation site of pseudo-crystalline zine
carboxylates.

The average spectrum of the sample EGG-NA (Fig. 5a, orange line)
shows intense and narrow absorption peaks at 1545 em ™!, 1462 em ™!
and 1400 cm !, indicating of the formation of most ordered crystalline
carboxylates. By comparing the spectra collected on the three selected
surface sample areas in Fig. 56, it may be confidently stated that they
exhibit very similar spectral features, revealing comparable degree of
crystallinity for all the sampled points. Representative single-point
spectra collected at both the base and apex of the aggregates of the
scanned area EGG-NA.9 show very similar spectral profiles (Fig. Sc).

The EGG-AA sample displays characteristics that position it between
T1 and NA-EGG ones. In the average spectrum of the EGG-AA sample
(Fig. 5a, red line), the Amide I and the broad band contributions are less
defined than in EGG-T1 sample, while peaks at around 1550, 1460 and
1400 em ! can be also clearly recognized. These spectral features may
be attributed to an initial formation of ordered carboxylate complexes,



as previously observed in the OIL-NA sample. By observing the nano-
FTIR spectra collected at all selected points, a significant variability
can be appreciated, especially in the AA.1 area (see Fig. 50). The vari-
ability can be aseribed not only to a different crystallinity degree, as
clearly indicated by the diverse intensity of the band centered at about
1545 em™', bur also to a different egg protein content at the sampled
points, This effect may be clearly seen by comparing the selected pt. 1
and pt. 5 of EGG-AA.4 area, plotted in Fig. 5d.

Furthermore, both in the average and in the single-point spectra of
the naturally aged egg sample, the main peak of Amide I band, typically
associated with alpha-helix structures, is depleted, while two other
components, peaked around 1685 and 1635 cm ', start to arise. This
suggests that egg proteins could have undergone conformational
changes leading to f-sheets [50] or aggregated structures as a conse-
quence of the formation of intermolecular cross-linking and aging [35]
under environmental conditions. These conformational changes may be
due to the ageing conditions or be connected to interaction between the
proteinacecus component and the zine ions as previously reported [35].

4. Conclusions

This study highlights the potential of IR 5-SNOM, combined with
exploratory PCA analysis, as a powerful tool for investigating solid-state
degradation processes at the nanoscale, particularly those invelving
interactions between organic and inorganic components—such as the
formation of zine carboxylates in painting samples.

The high spatial resolution of IR 5-5NOM allowed the detection of
early-stage zine carboxylate formation features that are often unde-
tectable with conventional FTIR techniques due to spectral averaging
and matrix interference. In particular, the detection of a bread band in
the 1700-1500 cm ™' region in egg tempera, not previously observed
with standard IR microscopy, underscores the added value of nanoscale-
resolved approaches. Thanks to the extensive dataset, data analysis via
PCA provided further insights into the role of the binding medium and
ageing conditions. More crystalline structures were identified in OIL-AA
and EGG-NA samples, while OIL-NA and EGG-AA showed a prevalence
of disordered species. These differences suggest complex degradation
pathways, especially in proteinaceous media like egg tempera, which
merit further systematic investigation,

Wwhile IR 3-5NOM entalls longer acquisition nmes and the nsk of
under-sampling, it offers significant advantages such as the ability o
correlate chemical and morphological information. These features malke
it an ideal candidate for future time-dependent studies of degradation
processes in cultural heritage materials.

Developing dedicated analytical strategies is essential for exploring
these phenomena in their early stages and for informing effective pre-
VENtive CONSErvation measures.

In conclusion, by shifting the perspective from bulk or micrescale
analysis to the nanoseale, this work demonstrates how IR s-SNOM can
significantly enhance our understanding of the morpho-chemieal
complexity of painted surfaces. In particular, the proposed approach
appears suitable to more systematic studies aimed at elucidating the
parameters that influence the formation of carboxylates—especially in
the form of protrusions, in order to provide valuable insights into how
such phenomena might be prevented in historical artwork,
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