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Abstract: Paintings are complex multi-layered systems made of organic and inorganic materials.
Several factors can affect the degradation of paintings, such as environmental conditions, past
restoration works and, finally, the type of painting technique and the art materials used over the
centuries. The chemical–physical characterization of paintings is a constant challenge that requires
research into and the development of novel analytical methodologies and processes. In recent years,
solvents and water-related issues in paintings are attracting more attention, and several studies have
been focused on analyzing the interaction between water molecules and the constitutive materials.
In this study, recent applications applying different NMR methodologies were shown, highlighting the
weakness and the strength of the techniques in analyzing paintings. In particular, the study of water
and its diffusive interactions within wall and oil paintings was performed to prove how the portable
NMR can be used directly in museums for planning restoration work and to monitor the degradation
processes. Furthermore, some preliminary results on the analysis of varnishes and binders, such us
linseed oil, shellac, sandarac and colophony resins, were obtained by 1H HR-MAS NMR spectroscopy,
highlighting the weakness and strengths of this technique in the field of conservation science.

Keywords: unilateral NMR; HR-MAS NMR; humidity; painting; shellac; sandarac; colophony;
linseed oil

1. Introduction

Cultural heritage paintings are complex and heterogeneous materials composed by a mixture
of organic and inorganic compounds. From an analytical point of view, the characterization of the
molecular composition of paintings involves several methodologies from multiple disciplines including
materials science, chemistry, bioscience, and environmental sciences. Analytical methodologies are
applied not only to characterize the historical materials used by the artists, but also to investigate
their degradation states and processes, and finally to plan and monitor the best restoration practices.
The study of degradation processes and the characterization of chemical compounds in wall and
canvas paintings, represent fundamental steps for their conservation. Various organic compounds can
be present in paintings, such as egg, oil, synthetic, and natural resins mixed in a multilayered structure.
Wall painting is widely considered to involve a lime-based plaster usually painted by an aqueous
solution of inorganic pigments. However, organic binders have habitually used also in wall paintings
by the artists to provide protective layers or varnishes and as final touches. Furthermore, the presence
of organic compounds used in past restoration works can equally be found [1–3].

One of the most important degradation issues is the presence of moisture and its complex
interactions within the pores and the multi-layered structure of historical paintings. A significant
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amount of water can trigger several degradation processes, such as mechanical stress, the abundant
precipitation of mineral salts, microbiological attack, color change in pigments, and formation of
metal soaps [4–7]. Water uptake in paint can typically originate from the environment as well as
from water-based cleaning treatments, the use of which is mostly encouraged because of their lower
toxicity and safety with respect to the organic solvents. Because degradation processes may be typically
activated or driven by diffusion, the possible interaction of water and solvents, and the diffusion of
reacting species along the paint matrix must to be evaluated when studying the processes that underlie
the formation of the painting degradation of undefined compounds.

In recent years, the exploitation of Nuclear Magnetic Resonance (NMR) in conservation science
has been increasingly widespread, and several successful new studies have been reported in the
literature [8–14]. This paper describes some recent applications using portable NMR and high-resolution
Magic Angle Spinning (HR-MAS) NMR spectroscopy to help in the planning of restoration procedures
and to characterize the organic materials used in historical paintings.

The development of portable NMR probes was an outstanding innovation in the application
of NMR methodologies for cultural heritage analysis. Combining an open magnet and a surface
radio-frequency coil, a magnetic field was generated external to the sensor, enabling the analysis of
large objects without any sampling. Although the magnetic field generated by these sensors is strongly
inhomogeneous, it is possible to measure relevant parameters such as proton density, longitudinal (T1),
and transverse (T2) relaxation times, and the self-diffusion coefficient, and to collect T1-T2 correlation
maps. Furthermore, the signal can be detected on the surface as well as at different depths inside
the sample. Portable NMR (called single-sided NMR or unilateral NMR) may be considered one of
the most effective techniques to rigorously evaluate and monitor humidity and the effect of cleaning
treatments applied on paintings [3,15–17]. Unilateral NMR has been previously used to measure the
self-diffusion of water molecules in porous stone and in natural and synthetic polymers [18]. In the
case of paintings, portable NMR could encode the profile of the multilayered structure [19,20] in a fully
non-invasive way and map the work of art along its thickness by identifying possible locations where
a sampling may be carried out [21]. With unilateral NMR, it is possible to measure the hydrogen depth
profile, the relaxation times, and the self-diffusion coefficients of water and solvents within the paint
layer in a nondestructive way.

In this study, different NMR methodologies, such as portable NMR and HR-MAS NMR
spectroscopy, were applied to study art paintings.

Portable NMR was used to evaluate the water content of a wall painting in the Turkish room,
Villa Medici in Rome and to monitor the effects of water-based cleaning treatments applied on
modern oil paints exhibited at the National Gallery of Modern Art (GNAM) in Rome. Unlike the
more common NMR spectroscopy, unilateral NMR is a Time-Domain Nuclear Magnetic Resonance
(TD-NMR) relaxometry and diffusometry method that does not provide any information about the
chemical structure of molecules. The characterization of binders/varnishes in paintings by NMR
spectroscopy has been conducted in previous studies using mostly liquid-state NMR, and solid-state
NMR techniques [22–27]. Even if solid- and liquid-state NMR are powerful analytical techniques, they
showed some limitations compared to the most-used traditional techniques for analyzing painting
materials such as chromatography (GC/MS and HPLC) techniques and FT-IR spectroscopies. Actually,
NMR is a low-sensitivity spectroscopy that demanded rather large amounts of the sample to be
involved, from 20 to 100 mg, to perform a solid-state 13C NMR spectrum, and 1–2 mg to obtain a
liquid-state 1H NMR spectrum. These amounts of material are very difficult to obtain from precious
artworks, limiting the application of NMR spectroscopy to the painting’s characterization. Currently,
new NMR microprobes and technologies have been developed to further reduce the amount of the
sample analyzed. Among them, High Resolution Magic Angle Spinning (HR-MAS) NMR spectroscopy
allows the analysis of very small amount of soft-materials [28,29]. HR-MAS NMR has been used
to study chemical reactions at the liquid–solid interface in heterogenous materials, and non-liquid
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biological samples [30]; to study the mechanism of chromatographic separations [31], and to evaluate
the diffusion of hydrophobic drugs and water molecules in liposomes [32].

In the field of heritage science, HR-MAS spectroscopy was rarely applied, and to our knowledge
few papers have been published in the literature to date. HR-MAS has been used to study the
degradation of cellulose in the paper due to water [33,34]. More recently, we have used HR-MAS in
combination with unilateral NMR to analyze the diffusion of water in lead oil paintings [35]. In this
study, HR-MAS NMR spectroscopy was exploited to study linseed oil, shellac, colophony and sandarac
to chemically distinguish these compounds in paintings using a reduced amount of the sample.

2. Results

2.1. Unilateral NMR to Analyze the Water Content in Wall Paintings

Portable NMR was applied to monitor the distribution of moisture in the Turkish room vault
which was affected by rain percolation from the terrace located over the room. For this study, the NMR
probe was mounted on a mobile metal arm to analyse the vault surface along a vertical direction. As is
well known, the amplitude of the proton NMR signal is linearly proportional to the amount of water
uptake [20]. The matrix of obtained data were interpolated to achieve a contour plot, representing a
three-dimensional surface in which the x-y plane shows the dimension of matrix measured on the
vault surface, and the z-axis contains the amplitude values of the NMR proton signal. In such a map,
the distribution of water is pictured as a colormap in which the red areas reflect low water content,
and blue areas reflect high water content, see Figure 1.

To determine the water content (MC) in the vault, a calibration of the 1H NMR signal was
performed using model plaster samples which were prepared according to the original recipe, dating
from the 19th century. The calibration between the water content of the model samples, and the
NMR signal was performed using the imbibition coefficient (ic) according to the following equations,
as reported in [36]

MC(NMR) =
(
Api −Apmin

) ic

Aspw −Aspd

 ∗ 100 (1)

ic =
Psw− Psd

Psd
(2)

where Api is the amplitude of the NMR signal measured on the vault, Apmin is the lowest value of the
amplitude measured on the vault, Aspw and Aspd are the average values of the amplitude of the NMR
signal measured in the dried and water-saturated model plaster samples, respectively. Psd and Psw are
the weights of the model plaster samples in dried and water-saturated conditions.
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Figure 1. (a) NMR moisture, (MCNMR) distribution map of painted vault measured in the Turkish 
room. The water content is shown as a gradient of color. Red indicates the lowest content of absorbed 
water, and blue indicates the highest content. The legend shows the percentage of MC(NMR). (b) 
Temperature of the air and vault (°C), dew point temperature (°C) on the vault surface; (c) Relative 
humidity of air (RH%). The maximum error on MC(NMR) values was evaluated using the error 
propagation theory and it was found to be less 10% of the nominal value. 

As reported in Figure 1, the three regions with the highest water content (blue color) were 
observed in the colormap of the vault. Specifically, in the most humid region, a MC(NMR) values of 
about 35% were found. In fact, according to the calibration assessment, the maximum amplitude of 
the NMR proton signal, measured in model samples, corresponded to 35% of the water content 
absorbed by wall panting. Over the course of NMR measurements, a daily monitoring of the 
temperature and relative humidity of air in the Turkish room was carried out. Results showed that 
the air temperature was, on average, about 27.6 °C, with a maximum of 31.4 °C and a minimum of 23 
°C; see Figure 2b,c. In the figure, the temperature of the surface of the vault is also reported. 

The surface temperature of the north-east wall, in the proximity of the exit door, showed an 
average value of 26.9 °C, with a maximum of 30.5 °C and a minimum of 23.5 °C. The average value 
of the dew point was 16 °C. Both the air temperature (minimum temperature 23 °C), and the surface 
temperature (minimum temperature 23.5 °C) were always found to be higher than the dew point, 
therefore, at least during the monitoring period, the occurrence of superficial condensation 
phenomena on the vault can be excluded. On the other hand, surface evaporation phenomena, in 
regions with a high-water content, are favored. The average relative air humidity was found to be 

Figure 1. (a) NMR moisture, (MCNMR) distribution map of painted vault measured in the Turkish room.
The water content is shown as a gradient of color. Red indicates the lowest content of absorbed water,
and blue indicates the highest content. The legend shows the percentage of MC(NMR). (b) Temperature
of the air and vault (◦C), dew point temperature (◦C) on the vault surface; (c) Relative humidity of air
(RH%). The maximum error on MC(NMR) values was evaluated using the error propagation theory and
it was found to be less 10% of the nominal value.

As reported in Figure 1, the three regions with the highest water content (blue color) were observed
in the colormap of the vault. Specifically, in the most humid region, a MC(NMR) values of about 35%
were found. In fact, according to the calibration assessment, the maximum amplitude of the NMR
proton signal, measured in model samples, corresponded to 35% of the water content absorbed by wall
panting. Over the course of NMR measurements, a daily monitoring of the temperature and relative
humidity of air in the Turkish room was carried out. Results showed that the air temperature was,
on average, about 27.6 ◦C, with a maximum of 31.4 ◦C and a minimum of 23 ◦C; see Figure 2b,c. In the
figure, the temperature of the surface of the vault is also reported.

The surface temperature of the north-east wall, in the proximity of the exit door, showed an
average value of 26.9 ◦C, with a maximum of 30.5 ◦C and a minimum of 23.5 ◦C. The average value of
the dew point was 16 ◦C. Both the air temperature (minimum temperature 23 ◦C), and the surface
temperature (minimum temperature 23.5 ◦C) were always found to be higher than the dew point,
therefore, at least during the monitoring period, the occurrence of superficial condensation phenomena
on the vault can be excluded. On the other hand, surface evaporation phenomena, in regions with a
high-water content, are favored. The average relative air humidity was found to be 50% RH, with a



Magnetochemistry 2020, 6, 21 5 of 16

maximum of 67% and a minimum of 27%; see Figure 3. To summarize, the results obtained indicate
that the plaster of the wall is in a conservative environment with a low condensation risk and a rather
good degree of water vapor exchange between the walls and the air.
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scanning the painting at the National Gallery of Modern Art (GNAM) in Rome. Nr indicates a repainted
black area; NL indicates a shiny black area; N1 and N2 indicate two black areas with a similar
appearance. N indicates a black area; R indicates a red area; B1 and B2 indicate two white areas with a
similar appearance.
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2.2. Unilateral NMR to Evaluate Water-Based Cleaning Systems Applied on Oil Paintings

Humidity in the environment is not the only cause of degradation that can affect the surface of
paintings; water-based cleaning systems may also be important activating agents of degradation that
should be evaluated.

The cleaning of artworks is performed to remove undesired coatings that may degrade artefacts
such as efflorescences, oxidized metal layers, crusts, and naturally aged varnish layers. The cleaning
of painted surfaces is an irreversible operation that may be potentially harmful to the conservation
of the artefact [37]. To improve the selectivity and safety of this procedure, more efficient cleaning
products are demanded [38–40]. The water released, as well as its distribution and penetration within
a painting, strongly affect the performance of the cleaning treatment. Furthermore, both physical and
chemical properties of the cleaning systems and the properties of the support to which the system is
employed, should be carefully studied.

By 1H NMR depth profiles, the thickness of the painted layers and its variability on the whole
area of the painting can be evaluated during the cleaning treatment [15]. It is equally possible to
study the diffusivity of solvents and water-based cleaning system, and the thickness of residual layers
which were poorly solubilized by the cleaning formulation [3]. an NMR depth profile can detect,
non-invasively and in situ, the multi-layered structure of a painting. In recent years, Presciutti et al. [41]
reported the first NMR stratigraphy collected in a wooden painting dating from the 15th century. The
profile encodes the intensity of the 1H NMR signal as a function of the depth scanned, recognizing
layers according to their hydrogen content.

In this study, 1H NMR depth profiles were measured on nine regions of two paintings, namely
“Surface 538”, and “Surface 553”, made by Giuseppe Capogrossi in the 1960s. The NMR profiles
revealed the thickness of the painted layers and identified possible heterogeneities in black, red, and
white painted areas; see Figure 2.

As linseed oil is a material rich in hydrogen nuclei, it is possible to scan the proton density along
the entire thickness of a paint layer and determine its changes. The x-axis, in Figure 3a,b, corresponds
to the distance along the normal to the oil paint layer, where the zero value of the depth measured
corresponds to the top of the paint and the greatest value of scanned depth corresponds to the bottom.

The thickness of the paint film was calculated as the full width at the maximum amplitude of the
profile. In most of the analyzed area, the thickness of the paint was found to be about 300 µm; see
Figure 3. Only in two areas, namely Nr and NL, was a greater value of thickness found, indicating the
presence of additional coatings.

From a visual observation, these two areas were probably covered by a varnish coating and
a repainted black area, respectively. As multilayered objects, paintings can show a high degree of
heterogeneity due to the process of manufacturing, the degree of degradation and the presence of
non-original materials used in past restoration works. The obtained profiles were used to select those
regions with the highest NMR proton signal and similar values of thickness in which to perform
relaxation time measurements, T2eff . Two similar and comparable white areas, namely P1 and P3,
of the painting “Surface 553”, were selected and analyzed before and after the cleaning treatment.
Effective transverse relaxation times, T2eff , were collected to a depth of 100 µm from the surface;
see Figure 3b. The distribution of T2eff , collected before and after the application of the cleaning
treatment, was reported in Figure 4a,b. For both areas, the distribution of transverse relaxation shows
three components, indicating three different domains of proton mobility; see Table 1. It was found that
the shortest component, T2A, of about 0.1 ms, involves a majority of the protons (85% of the population);
an intermediate component, T2B, of about 0.5 ms, involves ~10% of the protons; and the longest
component, T2C, of about 1 ms, involves 3% of the protons. Interestingly, these results are remarkably
similar to those found in the model oil paintings studied and reported in [35]. In our samples, a slight
shortening of the T2 values was observed with respect to the model oil paints. This shortening of
T2eff values indicates that a more considerable degree of cross-link, due to the natural aging of the
pictorial layer, has decreased the relative motional freedom of protons in each domain of mobility.
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The shortest component, T2A, corresponds to the protons contained in relatively rigid skeletons of the
polymeric network. However, not all protons are bounded to the rigid network, e.g., terminal methyl
groups in the aliphatic chains. In fact, aliphatic chains may have regions showing relative motional
freedom [42]. As such, T2B may be assigned to the protons in a partially free domain of mobility.
The longest component, T2C, may be assigned to protons in saturated free fatty acids or in residual
fatty acids not completely cross-liked that have a higher degree of mobility than those connected to
the polymeric framework. These mobile proton domains may be due to the presence of plasticizers,
whose role in polymerized oil has been previously studied [43,44]. Furthermore, in paints subjected to
a high degree of hydrolysis of the ester bonds, the mobile protons fraction can also be attributed to
the presence of a higher amount of mono-, di-glycerides, glycerol, diacids and free fatty acids [22].
Furthermore, in modern oil paintings, the application of industrial common paint additives can be an
additional source of chemical species with a significant degree of mobility within the polymeric matrix.

Table 1. Values of T2eff (ms) measured in oil painting before and after the application of cleaning
treatments. W indicates the normalized population of proton density (%). * (b) = before the cleaning
treatment; (a) = after the cleaning treatment.

Area * WA T2A WB T2B WC T2C

P1 (b) 85% 0.10 12% 0.50 3% 1.2
P1 (a) 89% 0.12 10% 0.70 1% 5.0
P3 (b) 85% 0.10 12% 0.47 3% 1.0
P3 (a) 87% 0.11 12% 0.54 1% 1.6
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T2eff were measured, in P1 and P3, after the application of a buffer solution (pH 5.6) applied for
5 min, without and with a xantham gel (2%), respectively. The T2eff were measured in both areas 3 h
after the treatment; see Figure 4a,b. T2c, in P1, was found to be longer after the application of the water
buffer solution, achieving a value of 5 ms from an initial value of 1 ms. The observation that T2c in
P1 was much longer than T2c in P3 indicates that the water transport on the surface of paintings was



Magnetochemistry 2020, 6, 21 8 of 16

effectively controlled by the gel. Less diffusivity of water on the painting surface prevents an increase
in the mobility of those mobile fractions that are more sensitive to the water action and can freely move
within the painting.

These preliminary results are part of a wider joint project focused on the conservation problems
related to modern art, funded by the IPERION CH.IT.

2.3. HR-MAS to Characterize Organic Materials in Paintings: Linseed Oil, Shellac, Colophony, and Sandarac

Since ancient times, organic compounds of natural origin, such as dried vegetable oils and resins,
have been largely used as binders and varnishes of paints on canvas. Linseed oil is one of the most
used drying oils in paintings. In drying oils, the unsaturated triglycerides crosslink in a polymeric
matrix, stabilizing the pigments and solidifying the paint film. HR-MAS NMR spectroscopy is a
remarkable analytical technique for studying the mobile phase of an oil in contact with a solvent. Two
samples were analyzed by 1H HR-MAS spectroscopy; one sample was collected from an ancient oil
wall painting dating from the 17th century; and another one was collected from a model paint made of
linseed oil mixed to lead carbonate and naturally aged for 10 years. The 1H HR-MAS NMR spectra
of the two samples show the most intense signals in the spectral region from 0.85 to 1.2 ppm due to
protons of the aliphatic chains; see Figure 5. The resonances observed at 1.5 ppm was assigned to
the methylene ester groups; the protons in the aliphatic methylene chains give the sharp peaks at
1.2–1.4 ppm. Finally, protons in the terminal CH3 of all fatty acids give resonances at 0.85 ppm.

The broad peak at 2.3 ppm is related to the CH2 near the carbonyl groups of esterified free fatty
acids and diacids, and the allylic CH2 gives the resonance at 2.02 ppm. The weak and broad peak
in the spectral region at 3.3–3.9 ppm are likely related to the protons in -CHOH, and -CH2OH in
1-monoglycerides (δ = 3.3 ppm and δ = 3.7 ppm), and CHO oxo and hydroxy acids (δ = 3.9 ppm).
The multiple broad peaks at 4 ppm were assigned to the CH2 of triglycerides and diglycerides,
as reported in Table 1. The CH of the triglyceride moieties gives the resonance at 5.2 ppm, whereas
the resonance at 5.2 ppm was assigned to the unsaturated vinyl protons. Even if 1H spectra are very
similar in both samples, in the oil wall painting (17th) the peaks were sharper, indicating a higher
degree of solubility of the paint in DMSO. By HR-MAS spectroscopy, samples are analyzed directly in
contact with deuterated solvents in order to increment the local mobility and thereby to reduce the
contribution of the strong dipolar interactions. Given this, in cases of polymerized oil a different degree
of swelling can affect the resolution of the spectrum. We hypothesize that a considerable degree of
hydrolysis can affect the oil wall painting (17th), causing the presence of a larger amount of extractable
free fatty acids. The TOCSY 1H-1H 2D map showed both unsaturated and saturated fatty compounds
in the model paint, indicating that a not-completed process of polymerization occurred; see Figure 5c,d.
Even if lead is one of the most used driers for linseed oil, the polymerization is a very slow process that
can take even centuries to be completed. Furthermore, lead (II) is a metal ion that can easily coordinate
free fatty acids, forming insoluble metal soaps [45,46].
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(17th century); (c) 1H-1H TOCSY of the oil model paint sample; (d) 1H-1H TOCSY of the oil wall
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Table 2. Chemical Shifts (δ) assignment in 1H HR-MAS spectra reported in Figure 5.

δ (ppm) Group

1 0.85 -CH3
2 1.20–1.40 (CH2)x, CH2CH3CH2CH2CH3
3 1.50 CH2CH2COO-
4 2.02 CH2CH=
5 2.20 CH2COOH
6 2.30 CH2COOR
7 3.5 CH2OH
8 3.66 CH2OH
9 3.8 CHOH
10 3.98 CHOH, CHO-
11 4.3/4.1 CH2OCOR
12 5.20 CHOCOR
13 5.30 CH=CH

These results indicated that, the swelling degree is an important factor to be considered for
obtaining well-resolved HR-MAS spectrum in oil paintings. Furthermore, further paraments should
be considered, such us the type of pigment, solvent, cross-link degree, and degree of hydrolysis of
linseed oil for studying the interactions at the solid–solvent interface in the paint film.

Chemically, varnish is a very complex system made of a mixture of drying oils and natural
resins. In the conservation field, with special regards to easel paintings, the most employed resins are
sesquiterpenoids (shellac), diterpenoids (colophony, sandarac, and copal) and triterpenoids (mastic
and dammar) [47]. Varnishes have the tendency to change appearance, turning into a brittle film with
age. Yellowing is one of the main problems recognized in the field of painting conservation, because it
changes the solubility and the optical properties of the painting, e.g., obscuring the colors [48].

During cleaning treatment, the interaction of solvents and varnish layers remains a crucial aspect
to be evaluated because the more soluble compounds and those that have more freedom of movement
in the swollen painting can initiate further degradation processes. HR-MAS NMR spectroscopy
can provide important molecular information at the liquid–solid interface, evidencing, in a single
experiment, the interactions between polymerized varnishes and solvents.
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In this research, 1H HR-MAS NMR spectroscopy was used to analyze three types of natural
resins, namely shellac (sequiterpenoid resin), sandarac, and colophony (diterpenoids resins) swelled in
d6-DMSO; see Figure 6.

Magnetochemistry 2020, 6, x FOR PEER REVIEW 10 of 16 

 

In this research, 1H HR-MAS NMR spectroscopy was used to analyze three types of natural 
resins, namely shellac (sequiterpenoid resin), sandarac, and colophony (diterpenoids resins) swelled 
in d6-DMSO; see Figure 6. 

 
Figure 6. 1H HR-MAS spectroscopy spectra: (a) shellac; (b) sandarac and (c) colophony resin in d6-
DMSO (δ = 2.55 ppm). 

Shellac is a resinous secretion produced by Kerrie lacca bug, living in the branches of certain 
Indian and Thai trees. The resin is obtained from dried seed lac, following a process of purification 
and dissolution in ethyl alcohol. Shellac polymerizes in a long-lasting film that is primarily used as 
primer, wood finish, sealant, and odor blocker. The resin has a complex framework, primarily 
divided into a hard (70%) fraction and a soft (30%) fraction. Even if the chemical composition can 
vary depending on the type of insect, tress, and geographical region, the major compounds were 
recognized in mono and polyesters of hydroxy-aliphatic acids, such as aleuritic, and butolic, and 
sesquiterpenoid acids such as jalaric, and laccijalaric acids. In Figure 6a, the 1H HR-MAS spectrum, 
in DMSO, shows the most intense peaks assigned to the aleuritic acid. The peak at 1.2 ppm is due to 
protons CH2, the peak at 3.2 ppm is due to protons in CH2 near hydroxyl groups in the aliphatic 
chain, and the peak at 3.4 ppm is due to CH2OH terminal groups; see Figure 6a. 

Sandarac and colophony are resins naturally synthesized by certain conifers, typically 
Cupressacea and Pinacea. Their chemical composition depends on the family of trees from which they 
were produced. Both sandarac and colophony are constituted of acids with two terpene units 
containing 20 carbon atoms. 

Sandarac resin has been commonly used since the 16th century, as protective varnishes, 
additives, and fixatives for paintings on canvas [49,50]. The sandarac resin produces a rigid matrix 
following a process of polymerization and cross-linking of the diterpenoid acids. As constituted by 
hydrocarbons, the sandarac resin turns out to be insoluble in water and partially soluble in organic 
solvents. In Figure 6b, the 1H HR-MAS NMR spectroscopy of sandarac resin in DMSO was reported. 
The spectrum of the resin is dominated by the resonances, from 0.6 to 2.0 ppm, of saturated 
hydroсarbon alkanes. The presence of pimarane, labdane, and abietane alkanes shows an 
undifferentiated pattern from which various sharp peaks can be differentiated [51]. In the 1H HR-
MAS spectrum, the most intense and sharp peaks were assigned based on the resonances of 
sandaracopimaric, and communic acid. Protons H1–H7—see Figure 6b—show characteristic splitting 
patterns and more intense peaks in the region of 1.0–2.1 ppm. The sharper peak at 2.09 ppm is 
probably due to H11. Olefinic protons emerged in the 1H NMR spectrum at 5.4, 4.9, 4.8, and 4.5 ppm. 

Figure 6. 1H HR-MAS spectroscopy spectra: (a) shellac; (b) sandarac and (c) colophony resin in
d6-DMSO (δ = 2.55 ppm).

Shellac is a resinous secretion produced by Kerrie lacca bug, living in the branches of certain Indian
and Thai trees. The resin is obtained from dried seed lac, following a process of purification and
dissolution in ethyl alcohol. Shellac polymerizes in a long-lasting film that is primarily used as primer,
wood finish, sealant, and odor blocker. The resin has a complex framework, primarily divided into a
hard (70%) fraction and a soft (30%) fraction. Even if the chemical composition can vary depending on
the type of insect, tress, and geographical region, the major compounds were recognized in mono and
polyesters of hydroxy-aliphatic acids, such as aleuritic, and butolic, and sesquiterpenoid acids such
as jalaric, and laccijalaric acids. In Figure 6a, the 1H HR-MAS spectrum, in DMSO, shows the most
intense peaks assigned to the aleuritic acid. The peak at 1.2 ppm is due to protons CH2, the peak at
3.2 ppm is due to protons in CH2 near hydroxyl groups in the aliphatic chain, and the peak at 3.4 ppm
is due to CH2OH terminal groups; see Figure 6a.

Sandarac and colophony are resins naturally synthesized by certain conifers, typically Cupressacea
and Pinacea. Their chemical composition depends on the family of trees from which they were
produced. Both sandarac and colophony are constituted of acids with two terpene units containing 20
carbon atoms.

Sandarac resin has been commonly used since the 16th century, as protective varnishes, additives,
and fixatives for paintings on canvas [49,50]. The sandarac resin produces a rigid matrix following a
process of polymerization and cross-linking of the diterpenoid acids. As constituted by hydrocarbons,
the sandarac resin turns out to be insoluble in water and partially soluble in organic solvents. In Figure 6b,
the 1H HR-MAS NMR spectroscopy of sandarac resin in DMSO was reported. The spectrum of the resin
is dominated by the resonances, from 0.6 to 2.0 ppm, of saturated hydrocarbon alkanes. The presence
of pimarane, labdane, and abietane alkanes shows an undifferentiated pattern from which various
sharp peaks can be differentiated [51]. In the 1H HR-MAS spectrum, the most intense and sharp peaks
were assigned based on the resonances of sandaracopimaric, and communic acid. Protons H1–H7—see
Figure 6b—show characteristic splitting patterns and more intense peaks in the region of 1.0–2.1 ppm.
The sharper peak at 2.09 ppm is probably due to H11. Olefinic protons emerged in the 1H NMR
spectrum at 5.4, 4.9, 4.8, and 4.5 ppm.
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Due to a very fast drying process, and very good solubility and compatibility with oils and other
type of resins, colophony has been widely used as a primer and adhesive. Like sandarac, colophony
is a diterpenic resin, mostly composed of a complex mixture of mono-carboxylic acids of alkyl
hydro-phenanthrene, with higher concentrations of pimaric-, and abietic-type acids [52]. The 1H-NMR
spectrum of colophony, in DMSO, was reported in Figure 6c. The spectrum showed a fingerprint
similar to that found in sandarac. An extensive overlap can be observed in the saturated hydrocarbon
alkane region, caused mainly by proton–proton coupling interactions. The weak signals between 4.7
and 5.0 ppm were assigned to endo- and exocyclic double bonds of abietic acid. Furthermore, the
resonance bands of aromatic protons of abietic acid were also observed between 6.9 and 7.3 ppm [53].

The results showed that 1H HR-MAS NMR spectroscopy can be successfully applied for analyzing
binders/varnishes and to obtain well-resolved spectra, using small amounts of the sample (300 µg)
without performing any pretreatment of the sample. Even if GC/MS and FTIR spectroscopy remain
the most powerful analytical techniques to chemically characterize and identify organic molecules in
materials paintings, these preliminary results showed the potential of HR-MAS NMR spectroscopy in
analyzing paintings and their degradation process at the solid–liquid interface. In varnishes, HR-MAS
NMR showed a higher sensitivity in discriminating the soluble fraction of material from those less
solubilized. For instance, the presence of sharp peaks assigned to the aleuritic acids and abietic acids
indicates that these compounds are the most affected by the solvent action. Such information is essential
for the conservation and restoration of varnish in paintings; the less soluble species may remain on the
surface of the painting, triggering future degradation processes. On the contrary, the identification of
the soluble fraction may help restorers in selecting the more efficient formulations for removing aged
varnishes. Further studies will be performed to develop an analytical protocol for identifying the best
deuterated solvents, and the most useful experiments of spectral editing and pattern recognition [54].
With these experiments, it became possible to investigate in detail the change in molecular dynamics
due to the interactions at the surface of the polymerized materials.

3. Materials and Methods

3.1. Cases Studies and Model Oil Paints

Villa Medici is located on Pincio Hill in Rome, where the gardens of Lucius Lucinius Lucullus,
a Roman general, were built between 66 and 63 B.C. The major villa covered the entire area between
Salaria Vetus and the current northern area of Pincio. In 1576, Ferdinando de’ Medici, devoted to
Antiquity like many of his contemporaries, purchased the Villa to convert it in a museum. He conceived
of a large gallery to present his collection of antique masterpieces, inserting in the facade a cycle of
antique decorated bas-reliefs. After 1803, there was a radical change in the function of Villa Medici,
from a secondary residence for the Medici’s family was to an Academy. The Villa was thus destined
to lodge young French artists in a community of ideas and talent. The Turkish room is an unusual
boudoir, located in one of the towers of the Villa. The wall’s decoration, in the room, was realized in
neo-Moorish style, in 1833, by Director of the French Academy Horace Vernet, who had been influenced
by a journey in Algiers at the time of the French governance.

The oil paintings analyzed in this study were made by Giuseppe Capogrossi and are exhibited
at the National Gallery of Modern Art in Rome. Giuseppe Capogrossi was born on March 7, 1900,
in Rome. In 1933, he collaborated on the “Manifesto del primordialismo plastico” (Manifesto of plastic
primordialism). From the mid-1930s, Capogrossi adopted a darker palette, and between 1945 and 1948
his figurative tonal painting gave way to an increasingly abstract geometric style. A significant shift in
Capogrossi’s career took place in 1949, when he developed irregular fork-shaped signs. Capogrossi’s
singularity was recognized both in Italy and abroad, and he took part in group exhibitions at Galerie
Nina Dausset, Paris (1951); Guggenheim Museum (1953); Venice Biennale (1954, 1962); Documenta,
Kassel, West Germany (1955, 1959); Carnegie International, Pittsburgh (1958, 1961); and Tate Gallery,
London (1964). “Surface 553” and “Surface 538” paintings were made on canvas in the 1960s; the white



Magnetochemistry 2020, 6, 21 12 of 16

areas of the paintings were constituted by linseed oil, zinc white, and titanium white. The black areas
were constituted of carbon black pigment and linseed oil [55].

“L’Annunciazione” is an oil wall painting painted by Francesco Albani, said the Passignano.
The cycle of paintings is located in the Rivaldi Chapel, “Santa Maria della Pace” basilica in Rome.
This chapel was built in 1611 and all the ornaments were completed in 1614. The wall painting is
an example of late Mannerist decoration. Above the prepared wall support, an oil layer has been
applied, the thickness of which exceeds 200 µm, made of a pink-brown color and a very heterogeneous
composition: iron oxides, aluminosilicates (probably due to clay material), carbon black, calcium-based
pigments and white lead [56].

The model oil paint was made using drying linseed oil (Kramer) and lead carbonate (Sigma-Aldrich)
with a concentration of 1:1 (weight/weight). The pictorial layer was applied by brush on glass in 2006;
the sample was then stored in the laboratory under natural aging for 10 years. Sandarac, shellac and
colophony (Kramer) model paint were prepared, solubilizing the resins in ethyl acetate, and then
applying a thin layer on glass by brush. Samples were dried and cured in laboratory for 1 year.

3.2. Unilateral NMR

Measurements were performed on wall painting with an NMR probe from Bruker Biospin,
operating at 17 MHz. Measurements were carried out at a depth of 0.3 cm from the surface, with a π/2
pulse width of 3 µs. Because of the inhomogeneity of the magnetic field, the Free Induction Decay, (FID)
cannot be directly collected and must be recovered stroboscopically. Due to this limitation, by unilateral
NMR it is possible to measure the 1H NMR signal by applying a Hahn echo pulse sequence [57]. On the
vault, measurements were performed following a matrix of 40 points to cover the central area; see
Figure 7d. Each point corresponds to an area of 20 × 50 mm2. The unilateral NMR probe consists
of a U-shaped magnet constituted of an rf coil positioned in the gap of two anti-parallel permanent
magnets mounted on an iron yoke. Such a probe generates a magnetic field external to the device,
enabling large objects to be analyzed without any sampling. Since the inhomogeneous magnetic field
is a further source of relaxation, the transverse relaxation time is an effective relaxation time, T2eff ,
shorter than that measured in a homogeneous field. To analyze the distribution of water, experimental
data were interpolated, applying an algorithm for smoothing sharp variations in the proton NMR
signal within the 3D dataset. Details of the calibration procedure are given in [36].
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To analyze the 1H NMR depth profiles and relaxation times (T2eff ), in painting on canvas, a portable
NMR operating at 13.6 MHz was used. The probe was constituted of an electronic unit from Bruker
Biospin interfaced with a single-sided sensor ACT, developed by RWTH Aachen University, Aachen,
Germany [57]. This probe generates a magnetic field with an extremely uniform gradient which could
analyze the proton density at different depths of measurement (1, 3, 5, and 10 mm) For each selected
maximum depth of measurement, it is possible to obtain an 1H NMR profile with a micrometric
resolution. The intensity of the 1H NMR signal reported in the depth profile was obtained averaging
the amplitude of the first echoes of the decay, and applying a CPMG pulse sequence. A time domain
of 32 echoes, an echo time of 40 µs, and a nominal resolution of 50 µm were used. The NMR probe
was repositioned in steps of 100 µm for scanning the whole thickness of the paintings up to a depth of
2 mm. T2eff [57] were measured at 100 µm from the surface of the painting, a CPMG pulse sequence
using 512 echoes and an echo time (2τ) of 40 µs.

3.3. High Resolution NMR Spectroscopy

1H High Resolution Magic Angle Spinning (HR-MAS) spectra were collected using a Bruker AVIII
NMR spectrometer, operating at 600.13 MHz of proton frequency. The spectrometer was equipped with
a MAS probe (and triple-resonance 4-mm with built-in z-gradient probe head from Bruker Biospin,
which included a 2H lock channel. All measurements were carried out at 27 ◦C, 300 µg of the sample
was held with d6-DMSO in a rotor with a volume of 12 µL, using a spin rate of 6 kHz to increase the
spectral resolution.

4. Conclusions

In this paper, recent case studies were reported using different NMR techniques, such us portable
NMR and 1H HR-MAS spectroscopy for characterizing and monitoring paintings. The use of new
NMR techniques for analyzing paintings is still undervalued for the conservation of cultural heritage,
and our findings indicated the possibility of increasing knowledge, developing innovative methods,
and improving the uptake of research in the conservation of paintings. Since NMR probes and methods
are continuously undergoing new developments and improvements to increase the sensitivity of the
technique, a more widespread use in the field of cultural heritage and of NMR spectroscopy is probably
expected. In fact, portable NMR and HR-MAS NMR spectroscopy are important tools to study the
physical–chemical properties of both soluble and insoluble fractions of materials constituting artefacts
and to directly analyze the interactions that may occur in swollen-state paintings. Furthermore,
restorers can easily use these methodologies throughout the cleaning tests for shedding light on the
performance of cleaning formulations and their effects on the surface of paintings. NMR is also
an important analytical technique to study structural modifications that may occur by degradation
processes, e.g., oxidation, hydrolysis and depolymerization. Finally, the development of portable NMR
sensors has made the evaluation of the water content and its diffusivity possible in extended aeras of
wall-paintings in historical buildings.
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