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1. Introduction

In the last decades the interest of the scientific community in
characterizing, monitoring and conserving objects belonging to
Cultural Heritage has continuously increased. In fact there is an al-
ways growing understanding that the characterization of the state
of conservation, the knowledge of the causes of degradation of
materials, the development of new methods and materials aimed
at lengthening the life time of the artifacts, are mandatory in the
correct safeguard of Cultural Heritage. The monitoring and diagno-
sting of artifacts is of help in preventing or delaying the degrada-
tion. As a matter of fact, artworks are complex heterogeneous
systems whose analysis requires a multi-disciplinary approach
including physics, chemistry, biology, geology, computer sciences.
In addition, the number and the amount of samples collected from
precious artifacts to be analyzed must be reduced to a minimum.
As a consequence, a methodological approach where micro-
destructive, non-destructive, and possibly non-invasive techniques
are combined, is advisable.

Although for 50 years Nuclear Magnetic Resonance [1] has been
a very powerful tool in many fields, its application to Cultural Her-
itage is rather recent. One of the reasons is that during its initial
decades of existence NMR was mainly a tool for the analysis of
samples in the liquid phase, whereas materials of interest for Cul-
tural Heritage, such as paper, wood, stones, textiles, resins, parch-
ment, pottery, glass, leather cannot be solubilized without
definitely changing or even fully destroying their molecular struc-
ture. Nevertheless some NMR analysis in solution have been car-
ried out to characterize soluble organic residues found in ancient
artifacts. Usually in this field, liquid or gas chromatography fol-
lowed by mass spectroscopy have been applied to separate molec-
ular mixtures into their pure components. Nowadays these
techniques are preferred to NMR only when extremely low amount
of materials are available. In fact complex mixtures of organic com-
pounds may be successfully analyzed by NMR based on difference
in the molecular self diffusion coefficients. As is well known,
molecular self-diffusion can be encoded into NMR datasets by
means of pulsed-gradients of magnetic field (PFG-NMR) [2]. Diffu-
sion-ordered NMR spectroscopy (DOSY) [3] is a particularly conve-
nient way of displaying the molecular self-diffusion information,
organized in a bidimensional array with the NMR spectrum on
one dimension and the self-diffusion coefficient on the other one.
Mixtures of compounds of different molecular weight can be nicely
separated in the DOSY map. After recognizing the presence of dif-
ferent compounds in the analyzed residue, 2D NMR techniques [4]
may be applied to identify the structure of compounds.

The required amount of material to be analyzed by NMR in solu-
tion may be minimized through the use of the recently developed
cryogenically cooled NMR probes (cryoprobes) which take advan-
tage of the fact that the radio frequency electronics generates less
noise at low temperature. By reducing the temperature of the NMR
detection coil and the preamplifier signal to noise ratio, large
increases in NMR sensitivity have been achieved in the last few
decades. This net increase in sensitivity enables one to successfully
analyze an amount of sample that, just a few years ago, was simply
considered too low to be studied by NMR. Cryoprobes and microp-
robes [5,6] offer the chance to minimize the amount of material
needed to perform the NMR analysis down to the microgram scale,
making NMR spectroscopy in solution a suitable technique for the
analysis of a very low amount of soluble materials of interest for
Cultural Heritage.

With the development of high resolution 1D and 2D solid state
NMR techniques [7,8] such as high power decoupling, Magic Angle
Spinning and cross-polarization to enhance the sensitivity of rare
nuclei, and with the development of solid state bi-dimensional
techniques, NMR has become a powerful tool also in the character-
ization of solid materials belonging to Cultural Heritage. Nowa-
days, almost any element of the periodic table may be analyzed
in the liquid as well as in the solid state, the natural isotopic abun-
dance and the sensitivity to the NMR experiment being the only
limitation.

Many materials of interest for Cultural Heritage may be consid-
ered to be porous, such as porous stones, plaster, mortar, wood, pa-
per, wall painting, fired clays. Therefore, to investigate some
properties of these materials, NMR methods used to study porous
materials, are applied. The most common NMR methods to probe
the structures of porous media are based on the measurement of
relaxation times and diffusion coefficients of water inside the por-
ous system. In fact, relaxation times of fluids confined in porous
media are strictly related to the geometry of the structure, as water
in small pores relaxes rapidly, whereas water in large pores relaxes
more slowly. The presence of relaxation sinks at the surface of pore
grains and the inhomogeneity of pore dimensions, cause multi-
exponential decay of the magnetization and a reduction of relaxa-
tion times. In many cases the properties of porous systems may be
spatially resolved by means of Magnetic Resonance Imaging (MRI)
[9] of fluids introduced in the pores [10].

Since the early days of well-logging NMR, water-saturated nat-
ural rocks have been characterized by multi-exponential NMR
relaxation behaviour which may be analyzed in terms of distribu-
tions of relaxation times [11]. In the literature numerous experi-
ments on water-saturated rocks have shown that relaxation time
distributions are similar to pore size distributions obtained by
other techniques such as Mercury Intrusion Porosimetry (MIP).
For instance, in many sandstones, T2 distributions correlated well
with mercury capillary pressure curves [12]. Obviously, such a sim-
ilarity is not universal, as NMR measures the size of the pore
bodies, whereas MIP measures the size of the pore throat [13]. Be-
sides, the relationship between relaxation times and pore size dis-
tributions is actually more complex because of the diffusion
associated with internal gradients, such as those induced by mag-
netic susceptibility contrast between the pore fluid and solid ma-
trix [14].

The introduction of joint probability densities of relaxation
times and diffusion coefficients in terms of bi-dimensional distri-
butions [15–19], has been another important development. In fact,
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T1–T2 or diffusion–relaxation correlation maps have been exploited
to study fluids in porous materials [20].

An actual breakthrough for the NMR application to Cultural
Heritage has certainly been the development of unilateral NMR
sensors. These sensors allow one to study arbitrarily sized objects
non-invasively by combining open magnets and surface RF coils to
generate a sensitive volume external to the sensor and inside the
object under investigation [20–23], but the price to be paid is the
inhomogeneity of the magnetic field. The availability of this
instrumentation makes it nowadays possible to measure NMR
parameters such as proton density, relaxation times, diffusion
coefficients, and even to collect correlation maps of unmovable
and precious artifacts and monuments belonging to Cultural
Heritage. Usually, with these devices, to reach different depth of
measurements inside the investigated object, the tuning frequency
must be electronically switched. For instance, different probe-
heads, each one tuned at the proper frequency, are used to mea-
sure at selected depths.

Much work has been done to find relationships between NMR
signals obtained in homogeneous and inhomogeneous fields and
the geometrical and transport parameters of disordered media
[24]. The effect of relaxation which complicates the self-diffusion
measurements in the presence of a strong magnetic field gradient
has been overcome by constant relaxation methods [25]. These
methods are based on pulse sequences with a constant evolution
time to avoid encoding T2, any gradient that is on during the appli-
cation of an RF pulse must have a constant amplitude, any gradient
that is switched in the course of an experiment must always be
switched at the same time and at a constant time with respect to
all subsequent pulses, and, finally, the number of RF pulses must
be constant. An experiment that meets these criteria may consist
of an excitation pulse followed by two spin echoes with echo time
T1 and T2 respectively, during which a magnetic field gradient of
constant strength is applied. The total time 2(T1 + T2) must be con-
stant, thus keeping the extent of signal attenuation due to trans-
verse relaxation constant. By varying T1 and T2 while maintaining
the total time constant the extent of diffusion attenuation of the
observed signal is changed, and, consequently, the diffusion coeffi-
cient can be calculated. A constant relaxation method has been also
implemented for measuring the self diffusion coefficient in the
presence of strongly inhomogeneous magnetic fields generated
by single-sided NMR devices [26]. To investigate porous media,
the time-dependent self-diffusion coefficient, which is linked with
the mean squared displacement (MSD) of liquid molecules in a re-
stricted pore volume, is an important value, as it can help, along
with T1 and T2 relaxation times, to unambiguously characterize
the pore size. The strong magnetic field gradient which character-
izes single sided NMR devices was exploited to measure the MSD
of liquid molecules without using a gradient pulse-coil in the
probe. The experimentally obtained time dependence of the diffu-
sion coefficient was used to determine the surface-to-volume ratio,
the formation factor, and the permeability of porous media [27].

The inhomogeneous field associated with unilateral NMR de-
vices, causes problems in accurate measurements of transverse
relaxation times, nevertheless, provided that samples are com-
pared under identical experimental conditions, very reliable data
may be obtained. It was also demonstrated that if the spatial inho-
mogeneities of the static and radio frequency fields are matched,
then even spectroscopy is possible with unilateral NMR devices
[28,29]. More recently [30], it was shown that the field of an open
magnet can be shimmed to high homogeneity over a large volume
external to the sensor, making it possible to measure localized
high-resolution proton spectra outside a portable open magnet
with a spectral resolution of 0.25 part per million.

A recent development of single-sided NMR devices, is the
availability of sensors to produce depth profiles with microscopic
spatial resolution. The simple magnet geometry of this sensor, gen-
erates a magnetic field with a uniform gradient to resolve the near
surface structure of arbitrarily large samples [31]. The use of these
sensors to investigate Cultural Heritage has already opened a num-
ber of new possibilities [32–37].
2. Porous stones

Water plays an important role in the degradation of ancient and
modern inorganic porous materials such as stone, concrete, brick,
and mortar. The formation of deep holes with loss of granular
material is commonly observed in calcarenite where rainwater dis-
solves and weakens the bonds among granules, and wetting/drying
cycles favoured by the action of wind and solar radiation cause sol-
ubilization and recrystallization of salts inside the porous structure
inducing the breaking down of the structure itself. The capillary
rise of rainwater is a common cause of weathering of the stone
material constituting the base of urban monuments. Also water
supplied by condensation may cause dissolution of the stone ma-
trix. Condensation/evaporation cycles favour migration of solubi-
lized salts and, consequently, the occurrence of efflorescence and
subflorescence, therefore causing the weakening of the material
and the loss of the aesthetic value. Wet materials may have their
mechanical resistance diminished. When the temperature of the
stone drops below the freezing point the pressure exerted by the
ice crystals may have destructive effects. In some cases, such as
clay minerals, water may alter the structure of the material, caus-
ing expansion, stress, and fractures. Dampness favours biological
life and biological weathering, the longer the duration and/or the
frequency of the wetness, the heavier the damage. Besides, in
wet stones, chemical reactions may occur between the pollutant
deposited on the surface and the stone. Condensation may also in-
crease the deposition rate of airborne pollutants, in fact the parti-
cles and the hydrophilic gases that impact on a wet surface stick to
it rather than bouncing off, so that the capture efficiency of the sur-
face is increased. The condensation occurring near the wet surface
causes the transport of gases and particles towards the surface.
Capillary rise of water from the ground or collected rainfall is even
more efficient than condensation in causing dampness, as it occurs
with the progressive displacement of water and cannot be stopped
by pockets of air entrapped in pores and capillary systems [38].

The formation of crusts on monuments is also related to the
presence of water. The visual feature of the deterioration pattern
depends on the way the water wets or washes the surface. Run-
off is associated with the presence of white areas characterized
by crystals of reprecipitated calcite formed when water evaporates.
Condensation is associated with grey areas where the stone has
been previously covered by a layer of dust and particles. Damping
due to percolation near zones where run-off has previously oc-
curred, is associated with the presence of black gypsum crusts with
embedded carbonaceous particles. These particles originate from
combustion products containing sulphur compounds and catalysts
which, when wet, nucleate gypsum crystals [38].

The weathering of a stone also depends on the pore character-
istics. In fact stones are characterized by a wide variety of pores
differently interconnected, with different shape and size. In sub-
surface layers, where migration of salts, leaching, dissolution, ero-
sion, chemical and biological attack occur, the porosity may change
with the time.

An important field of research in Cultural Heritage is obviously
focused on the weathering of porous stones. Hydrophobic, protec-
tive and consolidating treatments are often mandatory to prevent
more extended damage to monuments and stone artifacts, how-
ever the choice of the treatment to be applied is not trivial as appli-
cation of unsuitable treatment may cause further damage to stone
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material. The pore size distribution of the stone, the variation
occurring in the pore size distribution with the ageing, the varia-
tion induced in the open porosity by an applied treatment, the
depth of penetration of a treatment inside a stone, the quantitative
evaluation of the dampness inside a stone, are all important and
difficult tasks to be assessed. In this framework NMR plays a major
role as this technique provides a powerful non-destructive and,
more recently, non-invasive tool for investigating porous materi-
als. Among porous media, our interest is focused on lapideous
materials largely employed in historical buildings, statues, monu-
ments and works of art.

It is well known that the hydrophobic treatment is one of the
most important interventions usually carried out in the conserva-
tion of stone artifacts and monuments. The choice of a hydrophobic
product and the method of application should be aimed at prevent-
ing the penetration of liquid water, allowing vapour leakage, delay-
ing degradation process, and avoiding modification in the optical
properties of the material. As a consequence, the study of water in-
gress and diffusion inside a stone, before and after a hydrophobic
treatment, is a very important task in stone preservation.

Conventional MRI gives the possibility of monitoring and visu-
alizing water infiltration in porous material specimens. In fact,
one of the most straightforward MRI applications is the measure-
ment of spin density maps of nuclear spins in fluids, provided that
the spin relaxation effects on the signal amplitude are taken into
account. However, while relaxation effects complicate the quanti-
tative interpretation of the signal amplitude, the sensitivity of NMR
signals to the molecular environment provides many opportuni-
ties. The availability of various contrast schemes enables the use
of methods to study fluids in porous media with MRI. Based on spin
relaxation contrasts arising from differences in molecular mobility
in different material environments, structural heterogeneities can
be mapped. The sensitivity of NMR signals to molecular transla-
tional motion may be exploited as a contrast to measure molecular
diffusion and fluid velocity. By imaging fluids introduced in pores,
the properties of porous systems can be spatially resolved. In the
literature, MRI applications to water-saturated porous stones be-
fore and after applying hydrophobic, protective, and consolidating
treatments, have been reported. MRI has been applied to investi-
gate the evolution of the hydrophobic activity of Paraloid B72
and Silirain 50 when a treated biocalcarenite, namely Lecce stone,
is exposed to liquid water [39,40]. It was shown that, by following
the height of the imbibition front by MRI, relevant parameters
characterizing the effect of the treatment and different methods
of application, can be obtained [41]. The efficacy of hydrophobic
treatments in preventing water absorption in Carrara and Condo-
glia marble, and in travertine, was monitored by MRI [42,43], fur-
thermore images showing water distribution at short absorption
times were reported to show the suitability of this technique for
monitoring the water absorption rate and diffusion within the por-
ous matrix. The pore filling process of a porous carbonate stone
widely used in monuments, sculptures and artifacts in the Veneto
district (Italy), has been studied during different absorption phases
by capillary rise [44]. Longitudinal magnetization decays were
measured at different absorption steps and, based on the Brown-
stein and Tarr model [45], the magnetization decay was related
to the pore geometry and dimension.

As is well known, 1H low resolution NMR has been also widely
used to characterize different types of water-saturated porous
stones, as relaxation times of the liquid phase are sensitive to the
pores size and to changes occurring in the porous structure after
a treatment. With the aim of better understanding the properties
of untreated and treated porous stones, combined MRI and 1H
low resolution NMR studies, have sometimes been carried out.

The effect of hydrophobic treatments with Wacker Polysiloxane
290 on travertine and pudding stone has been investigated by T1
and T2 relaxation time distributions measured in a homogeneous
low magnetic field [46]. In the case of travertine samples, after
the treatment, the amplitude of an intermediate component was
found to be greatly reduced whereas the amplitude of the longest
one remained almost unaffected. In the case of pudding stone sam-
ples, a loss of the amplitude of the long and intermediate compo-
nents, was observed.

MRI and 1H relaxometry were used for monitoring the effective-
ness of calcium hydroxide nanoparticles to consolidate dolostone,
a stone which was typically used in historic buildings of Madrid
(Spain) [47].

It must be noted that, conventional unmovable NMR instrumen-
tation requires taking a sample from the object. The development of
portable unilateral NMR devices allows one to overcome this diffi-
culty, for instance porous stones may be investigated non-inva-
sively in situ, the only drawback being the inhomogeneous field
generated by these devices. With unilateral NMR, relevant parame-
ters, such as the proton spin density, longitudinal and transverse
relaxation times, and diffusion coefficients can be measured [20].

The apparent NMR relaxation time distribution is affected in
different ways by wall relaxation and internal field gradients in
porous materials. Provided that the material is saturated by low-
viscosity fluids and the exponential signal decay is dominated by
wall relaxation, the decay curve associated with a single pore size
shows a single exponential trend, the decay constant (T1 or T2) is
proportional to the pore size, with small pores characterized by
relaxation times shorter than those measured in large pores.
Therefore the 1H NMR signal of water in porous media can be re-
lated to the porosity and the pore size distribution of the investi-
gated material.

In a homogeneous field the longitudinal and transverse relaxa-
tion rates in saturated porous media may be written as follows:

1
T1
¼ 1

T1b
þ q1

S
V
; ð1Þ

1
T2
¼ 1

T2b
þ q2

S
V
; ð2Þ

where T1b and T2b are the bulk relaxation times, q S
V originates from

the molecules in contact with the pore surface, q1 and q2 are the
relaxivities of the surface, and S

V is the surface to volume ratio. Bulk
contributions are often much smaller than those of surfaces and in
many cases may be neglected [10]. However, in the case of trans-
verse magnetization, in the presence of a magnetic field gradient
of strength G, attenuation due to molecular diffusion must be ac-
counted for. The gradient may originate from variations in the mag-
netic susceptibility associated with pore geometry or from
inhomogeneity in the applied magnetic field B0. As a consequence,
in strongly inhomogeneous polarization and RF fields such as the
case of unilateral NMR, the transverse spin–spin relaxation rate also
depends on the G strength:

1
T2
¼ 1

T2b
þ q2

S
V
þ DðcGtEÞ2

12
; ð3Þ

where D is the diffusion coefficient, c is the gyromagnetic ratio of
the nucleus observed, and tE is the echo time. The effect of diffusion
may be markedly reduced provided that CPMG sequence uses an
echo time as short as possible to measure T2 [23].

In the fast diffusion limit, in a porous material with a distribu-
tion of N different pore sizes, the transient variation of the trans-
verse magnetization Mx,y(t) is a sum of exponentials:

MxyðtÞ ¼
XN

i¼1

Mxy;ið0Þ � exp � T
T2;i

� �
; ð4Þ

In a homogeneous field the distribution of transverse relaxation times
is a map of the pore size distribution, whereas in an inhomogeneous
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field the magnetic field gradient does not vanish and the decay of the
echo envelope is affected by diffusion. As a consequence, T2 distribu-
tions measured in a strongly inhomogeneous field cannot be directly
related to pore size distributions. Nevertheless, a T2 distribution may
give a better resolving power than T1, although, in a strongly inhomo-
geneous field, it is affected by diffusion.

A Halbach magnet has been designed for measuring porosity
and pore size distributions of water-saturated cylindrical geologi-
cal cores with diameters up to 60 mm [48,49]. The main advantage
of an NMR scanner with Halbach geometry compared to conven-
tional NMR equipment is its small size, weight and mobility. A Hal-
bach magnet consists of a suitable number of identical rectangular
bar magnets. It provides a strong and sufficiently homogeneous
magnetic field in a large and accessible cylindrical volume, the field
direction is transverse to the cylinder axis, and solenoidal or sur-
face RF coils can be used. To built long cylinders with such field
characteristics, magnet rings are assembled and stacked using
threaded rods. The average flux and the inhomogeneity inside
the volume increases as the number of bar magnets decreases
[48,49]. In particular the Halbach magnet array used to investigate
water-saturated cylindrical geological cores, consists of 16 bar
magnets assembled to produce a ring with 70 mm inner diameter
and 155 mm outer diameter. Six rings have been stacked resulting
in a 165-mm tall magnet weighting about 8 kg [49]. Compared to
T2 distributions obtained with a Halbach core-scanner, distribu-
tions obtained with a unilateral NMR device, due to diffusion, were
found to be compressed towards shorter relaxation times [49].
However, in the case of the Halbach core-scanner, which generates
a homogeneous low magnetic field, full cylindrical and split semi-
cylindrical cores of porous stone to be investigated must fit within
the coil, whereas, with unilateral NMR, no particular geometry as
well as no sampling of the stone is required.

T2 relaxation times distribution in a series of water-saturated
limestone and sandstone specimens were obtained using unilateral
NMR [50]. Even though the relaxation time distributions at long
relaxation times were found to be compressed with respect to dis-
tributions measured in a homogeneous field, the amplitude of the
signals and the values of the corresponding distribution integrals
were directly related to the spin density in the sensitive volume
probed by the instrument. Absolute values of porosity were ob-
tained by calibrating the NMR measurements on pure water which
corresponds to 100% porosity, and the apparent relaxation time
distribution varied along the specimen so that porosity profiles
were mapped along the specimen.

In another paper [51], sandstone specimens untreated, partially
and fully consolidated with stone strengtheners, and also historical
brick materials, were analyzed by transverse NMR relaxometry and
MIP. To understand the relevance of unilateral NMR as a non-inva-
sive tool for investigating porous materials, transverse relaxation
time distributions of water in water-saturated specimens were
measured by low field NMR using both homogeneous and inhomo-
geneous fields. Measurements in inhomogeneous field were per-
formed with two different sensors, one with a field gradient of
2 T/m and the other one with an average field gradient of about
20 T/m. The T2 relaxation time distributions of water-saturated un-
treated sandstone specimens measured with the two inhomoge-
neous fields were found to be similar, albeit those measured
with the grossly inhomogeneous field showed a loss of signal at
long relaxation times. In all cases untreated specimens showed a
considerable signal at long relaxation times indicating the pres-
ence of large pores. Specimens partially and fully consolidated with
Tegovacon V100 and Funcosils 100 and 300, showed an overall
attenuation of relaxation time distributions, in particular for the
longest relaxation times. The attenuation was found to be stronger
in fully consolidated specimens, in a good agreement with filling
and size reduction of the pores by deposition of stone strengthener.
In comparison to untreated samples, the number of large pores was
reduced up to a depth of a few millimeters into the specimen.
However, in the case of specimens consolidated with Funcosil
300, the shape of the relaxation time distribution was found to
be very similar to the one measured in untreated specimens. In
contrast with sandstone, the historical brick materials contain dif-
ferent amount of paramagnetic impurities. Surprisingly, for these
materials the distributions measured by an unilateral NMR device
with a grossly inhomogeneous field, showed a better match with
the pore size distributions obtained by MIP, than those measured
in a homogeneous field. The hypothesized explanation is in the role
possibly played by the distribution of para- and ferromagnetic
impurities in bricks. A few, large agglomerates may be less likely
to be found in the thin sensitive volume of the unilateral NMR sen-
sor with a strong field gradient, than in the homogeneous field of a
conventional low-field NMR device where the signal is detected
from the entire sample [51].

In another paper, the distribution of relaxation times measured
in situ in a cryptoporticus at Colle Oppio in Rome, was reported
[52]. An ancient Roman fresco which appeared very wet, as well
as bricks in the surrounding wall, were investigated. Although
some signal loss occurred due to the translational diffusion in the
highly inhomogeneous field, the T2 distribution in the wet fresco
showed strong signals both at short and long T2 values, indicating
that small and large pores were filled with water. The brick wall
supporting the fresco gave similar results, whereas bricks in an-
other, apparently dryer part of a different wall of the cryptoporti-
cus showed a very attenuated signal at long T2, indicating the
presence of a very low amount of water in large pores [52].

The effect of consolidation treatments of Pale Finale stone,
widely used in the Liguria district (Italy), was monitored by unilat-
eral NMR [53]. Different slices of the specimens at different depths
were investigated. In order to consolidate the stone, a mixture of
butyl methacrylate and ethyl acrylate (BMA/EA), or a pure mono-
mer 1,6-hexanediole diacrylate (HDDA), was introduced into the
stone by capillarity, and thereafter it was frontally or in situ poly-
merized. The small size of the monomer molecule was expected
to produce a deeper penetration into the stone. A specimen treated
applying Paraloid B72 by brush was also investigated. Decays
obtained by applying saturation recovery and Carr–Purcell–
Meiboom–Gill (CPMG) sequences to measure T1 and T2 respectively,
on water-saturated untreated and consolidated specimens,
showed a trend which clearly matched the trend of the capillary
water absorption curves at the longest time of water uptake. As
an example, CPMG decays measured at a depth of 3 mm inside
specimens are shown in Fig. 1a. The slowest decays were observed
in the untreated specimen and in the specimen treated with Para-
loid B72, the fastest one being observed in the specimen after poly-
merization in situ, whereas the specimen frontally polymerized
showed an intermediate behaviour. The transverse relaxation
times in porous media decrease as the fluid saturation is lowered
[54] so that these data clearly indicate that the specimen treated
by in situ polymerization had the highest hydrophobic efficiency,
whereas the specimen treated with Paraloid B72 had no hydropho-
bic efficiency. In fact, in accordance with the trend of the capillary
absorption curve, see Fig. 1b, the stone treated with Paraloid B72
for long hydration times, fully lost its hydrophobic efficiency.
CPMG trends also clearly matched results obtained by the conven-
tional MRI technique, see Fig. 1c–f. In the images, bright areas indi-
cate areas filled with water, whereas dark areas indicate the
absence of water. Images of the untreated specimen and of the
specimen treated with Paraloid B72 (Fig. 1c and d respectively)
showed the brighter areas, whereas the specimen treated by
in situ polymerization (Fig. 1f) showed very few bright areas, and
the specimen treated by frontal polymerization showed an inter-
mediate behaviour (Fig. 1e). Unilateral NMR also allowed the



Fig. 1. (a) CPMG decays measured at a depth of 3 mm on untreated Pale Finale stone, stone treated with Paraloid B72, stone treated with HDDA frontally polymerized, and
treated with BMA/EA polymerized in situ. (b) Capillary water absorption curves of untreated Pale Finale stone, stone treated with Paraloid B72, with HDDA frontally
polymerized, and with BMA/EA polymerized in situ. MRI images (5 cm � 2 cm) of the untreated stone (c), treated with Paraloid (d), treated with HDDA (e), and treated with
BMA/EA (f). (Adapted from [53].)
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monitoring of the hydrophobic action as a function of the depth
inside the specimen. As an example, in the case of the specimen
polymerized in situ, the CPMG decay became faster with increasing
the depth of measurements indicating that the fluid saturation
lowered with the depth, see Fig. 2.

Bortolotti and coworkers studied the water absorption kinetics
in Lecce stone untreated and treated with Paraloid B72, by a com-
bined use of unilateral NMR and MRI [55]. The visualization of
Fig. 2. CPMG decays measured at different depths on Pale Finale stone treated with
BMA/EA. The solid lines were obtained by applying a best fit procedure to the
experimental data. (Adapted from [53].)
water and the quantitative data obtained by imaging at different
absorption times, supported the interpretation of the changes of
relaxation time distributions measured by unilateral NMR.

NMR relaxation time distributions obtained both with labora-
tory and portable NMR devices have been used for characterizing
the pore size distributions of building materials from the Roman
remains of the Greek–Roman Theatre of Taormina (Italy) [56].
The distribution of relaxation times obtained were compared with
pore size distributions measured by MIP. Whereas T1 distributions
measured both in homogeneous and inhomogeneous field, show a
substantial match with the distributions obtained by MIP, T2 distri-
butions measured in inhomogeneous field are influenced by
molecular diffusion.

The Profile NMR-MOUSE (Mobile Universal Surface Explorer)
device was used to investigate non-invasively, the hydrophobic ac-
tion of dimethylsiloxane on sandstone and calcarenite specimens,
as a function of the time of application of the treatment [36]. As
an example, depth profiles measured in water-saturated sandstone
specimens untreated and treated with the hydrophobic agent for
5 s, 600 s, and 1800 s, are reported in Fig. 3a. These profiles de-
scribe water absorption throughout specimens as amplitude (pro-
ton spin density) variations with a resolution of 20 lm. To
understand the meaning of depth profiles, it must be born in mind
that the amplitude is directly proportional to the amount of ab-
sorbed water. By comparing the amplitude of depth profiles
regarding untreated and treated specimens, it is possible to obtain
information about the amount of water absorbed by specimens,
and, consequently, to scale the hydrophobic action of treatments.



Fig. 3. (a) Depth profiles of proton spin density of sandstone untreated (UT) and treated with dimethylsiloxane for 5 s (T5), 600 s (T600), and 1800 s (T1800). Solid lines were
obtained by applying a best fit procedure to experimental data. (b) Depth profiles of sandstone encoding the compound absorption throughout the specimen due to the
hydrophobic treatment. Angle ai are defined according to Eq. (11). Note that the lower the angle ai the steeper the change in slope between the lines, on the contrary, the
higher the angle ai the smoother the change in slope. (Adapted from [36].)

D. Capitani et al. / Progress in Nuclear Magnetic Resonance Spectroscopy 64 (2012) 29–69 35
It is worth noting that each profile of treated specimens shows two
inflection points which are related to abrupt variations of the
amount of absorbed water, see Fig. 3a. Each inflection point indi-
cates the presence of a transition from a low to a high content of
water absorbed by the specimen. The first inflection point which
encodes the fast rising initial part of the profile, is affected by sur-
face effects being very close to the water–air-specimen interface.
The second inflection point encodes the penetration depth of the
applied treatment, in fact, at greater depths, the hydrophobic ac-
tion was found to be no longer effective because of the absence
of dimethylsiloxane at those depths [36].

To evaluate the penetration depth of treatments, the experi-
mental depth profiles f(x) were fitted [36] to the following
equation:

f ðxÞ ¼
XN

k¼1

wk

2
erf

xk � xffiffiffi
2
p

Dk

� �
þ q0; ð5Þ

where N is the number of inflection points, xk is the depth at which
the inflection point occurs, Dk is the half width of the transition of
the amplitude from low to high value of the spin density, wk is the
spin density, and q0 is the lowest spin density. The value of the
inflection point is the penetration depth of the treatment, as a con-
sequence a low xk value corresponds to a shallow penetration depth
of the treatment, and a high xk value corresponds to a great penetra-
tion depth of the treatment.
Slopes at inflection points were calculated according to the fol-
lowing equation:

bk ¼
f ðxk þ DkÞ � f ðxk � DkÞ

2Dk
k ¼ 1; . . . ;N; ð6Þ

where xk and Dk are the parameters obtained applying the best fit
procedure to Eq. (5). The parameter bk encodes the fastness of the
variation of the amplitude of the profile, therefore a high bk value
indicates a sharp variation of the amount of the absorbed water,
whereas a low bk value indicates a gradual variation of the amount
of the absorbed water.

Profiles of treated specimens reported in Fig. 3a showed an
amplitude reduced as a function of the duration of the treatment,
and the penetration depth of the treatment x2 increased with the
duration of the time of application of the hydrophobic agent. In fact
the greatest x2 value, i.e. 2.39 mm, was found in the specimen trea-
ted for 1800 s, and the smallest one, i.e. 1 mm, was found in the
specimen treated for 5 s, whereas an intermediate value of
1.63 mm, was found in the specimen treated for 600 s. In all trea-
ted specimens, at depths greater than x2, the amplitude of the pro-
file progressively increased up to values as high as those measured
in the untreated specimen, see Fig. 3a.

These profiles determine the penetration depth of the treatment
agent by showing that the amount of absorbed water is modulated
by the presence of the agent inside the specimen. In this case, the



Fig. 4. Transverse relation time distributions in sandstone treated for 1800 s,
measured at depths of 1 and 4 mm. (Adapted from [36].)
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depth profile encoding water absorption may be thought of as a
sort of negative image of the profile regarding the absorption of
the hydrophobic compound that penetrated the specimen. As a
consequence, the profile of the absorbed compound can be easily
calculated point by point [36]:

FðxiÞ ¼ Q � f ðxiÞ i ¼ 1; . . . ; L; ð7Þ

where L is the number of experimental points constituting the pro-
file, f(xi) is the value of function f(x) calculated at the point xi, and

Q ¼ q0 þ
XN

k¼1

wk ð8Þ

is the highest spin density.
Slopes at inflection points were also calculated:

Bk ¼ �bk k ¼ 1; . . . ;N; ð9Þ

where N is the number of inflection points, and used to define an
angle h as:

h ¼ arctg
Bk � Bkþ1

1þ BkBkþ1

����
����: ð10Þ

The absolute value in Eq. (10) was used to calculate the acute angle
h between the two lines, and the supplementary angle a between
the two straight lines was obtained as:

a ¼ 180
�
� h: ð11Þ

Note that the lower the angle ai the steeper the change in slope be-
tween two straight lines, on the contrary, the higher the angle ai the
smoother the change in slope. Changes in slope are closely related
to the occurrence of inhomogeneities in a treated stone, the steeper
the change in slope the sharper the inhomogeneity [36]. In the case
of two straight lines perpendicular to each other the denominator of
Eq. (10) is equal to zero, therefore the angle a must be directly set at
90�.

The depth profiles of the hydrophobic agent absorbed for 5 s,
600 s, and 1800 s were calculated from Eq. (7), see Fig. 3b. Slopes
at the inflection points give important information regarding the
dispersion of the treatment agent inside the specimen, as changes
in slope indicate a variation of the amount of the absorbed agent
inside the specimen. In particular, angles ai were found to be suit-
able analytical parameters which account for inhomogeneities
occurring inside a stone after a treatment. It is worth noting that
an important requirement in stone conservation is that the com-
pound absorbed in the stone should not give rise to regions where
sharp variations of the amount of the absorbed product occur. In
fact, under these circumstances, chemical and physical inhomoge-
neity occurs between the impregnated layers and the layers under-
neath. These layers might respond differently to changes in
thermo-hygrometric conditions, for instance the volume expansiv-
ities of adjacent layers might be different causing mechanical dam-
age to the porous structure of the stone [57]. Actually, the depth
profile along with the parameters obtained by the best fit proce-
dure of experimental data, constitute a fingerprinting of the action
of the hydrophobic treatment and of the porous network which
underwent the treatment. Fig. 4 shows T2 relaxation time distribu-
tions measured at depths of 1 mm and 4 mm in a sandstone trea-
ted for 1800 s. The distributions clearly show that, at a depth of
1 mm, the greatest amount of water was confined in small pores
and the remaining water was confined in medium pores, whereas
at 4 mm three T2 peaks corresponding to water in small, medium,
and large pores, were observed [36]. These results match those of
depth profiles which show that, at a depth of 1 mm the amount
of absorbed water is reduced due to the hydrophobic action,
whereas at 4 mm the hydrophobic action is no longer effective,
see Fig. 3a.
The Profile NMR-MOUSE has been used to monitor the penetra-
tion and the sublimation process of cyclododecane in Carrara mar-
ble, Lecce stone, and mortar [33]. Depending on the porous
structure and on the method of application, cyclododecane can
act as a suitable temporary consolidant and protective compound.
It can be used in cases of emergency or during transportation of ob-
jects to the restoration site. The suitable time of application of the
treatment may be chosen if its sublimation kinetics is known. The
kinetics can be monitored only by non-invasive techniques that do
not interfere with the sublimation process and that can be applied
in situ. Depth profiles clearly showed the different sublimation
kinetics and penetration occurring in the three selected materials.
In the same paper [33], the Profile NMR-MOUSE with 2.5 cm depth
access was used to investigate the moisture content of the world
Cultural Heritage mosaic of Neptune and Amphitrite at Herculane-
um. Depth profiles measured at two positions through the mosaic,
detected a large difference in moisture content of the two different
types of tesserae (ocre and blue tesserae), whereas the same mois-
ture profiles were detected for the mortar embedding the mosaic
stones.
3. Salts in porous stones

Although salt damage to buildings, monuments and stone arti-
facts has been extensively investigated, there is a scarcity of ade-
quate and reliable experimental data about the mechanism
responsible of the formation of salt crystals and the development
of damage by crystal growth.

To shed light on this task, Pel et al. [58,59] investigated salt
transport during the drying of NaCl contaminated fired clay bricks,
as this process induces salt crystallization at the surface of the
material. For this purpose, a home-built MRI device [60] was used
which allowed the investigation of cylindrical samples. With this
device a one-dimensional resolution of 1 mm was obtained. Sam-
ples were saturated with solutions at different NaCl concentra-
tions. The probehead detected 23Na signals as well as 1H making
possible the study of salt transport in the material. The duration
of the echo time used in the experiment was purposely chosen to
detect Na nuclei only in solution, excluding signals from NaCl crys-
tals. At initial drying times, the Na concentration profile clearly
showed that Na ions were advected at the top of the sample up
to a local concentration equal to the saturation value. Obviously,
at this point, additional advection would have caused white efflo-
rescence at the top of the sample. At longer times of drying, the
NaCl concentration profile of the sample, started levelling off until
the concentration in the whole sample was equal to the saturation
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value. Actually, the measured NaCl concentration profiles de-
scribed the competition between advection which transports Na
ions to the surface of the sample causing salt accumulation, and
diffusion which levels off any accumulation. To account also for
the crystallization process, Kopinga and Pel [60] represented the
measured moisture and NaCl concentration profiles in an efflores-
cence pathway diagram (EPD) where the amount of NaCl measured
by NMR, was plotted against the average saturation. Diagrams
indicated that crystallization at the surface usually cannot be
avoided, however the drying rate is a key parameter in the salt
crystallization process. It was suggested [60] that, in the case of
historical objects preserved indoors, where the environmental con-
ditions can be controlled, the relative humidity should be kept as
constant as possible and airflow in the proximity of the object
should be prevented to avoid wetting/drying cycles. In the case
of outdoor monuments which are frequently exposed to wind
and variations of the relative humidity, to attenuate the problem
of salt crystallization the source of salts should be eliminated by
avoiding flooding and rising damp, or partly prevented by the
use of a salt inhibitor [59].

Crystallization pressure of salt in porous materials is one of the
mechanisms that may induce serious damage to buildings and
monuments of interest for Cultural Heritage. Because this pressure
also causes the solubility of the salt inside a porous material to dif-
fer from the bulk solubility, it can be assessed experimentally by
measuring the solubility inside the pores. The size of a salt crystal
is limited in porous materials by the size of pores, and as a conse-
quence, the salt solubility is predicted to increase with decreasing
pore size. This increase is believed to be related to the stress gen-
erated by the crystallization process on the pore wall. Rijniers et al.
investigated the crystallization of salts in porous materials with
well defined pore sizes [61,62]. Samples were saturated with
Na2SO4 and Na2CO3 solutions, and then cooled and, after the nucle-
ation had occurred, they were heated slowly to guarantee thermo-
dynamic equilibrium. During the heating both 1H and 23Na
intensity profiles and relaxation times were measured. In the case
of sodium carbonate, the solubility inside the 30 nm pores was
found to be the same as that found for the bulk solution, with a
phase transition from the decahydrated phase to the monohy-
drated phase at 32 �C. The solubility inside smaller pore sizes,
namely 10 and 7 nm, was found to be definitely higher than that
for the bulk solution, with a large temperature shift of the phase
transition to lower values, see Fig. 5. Furthermore these authors
used the increase of solubility determined by NMR measurements
to calculate the excess of pressure p in a crystal [62]:
Fig. 5. Solubility of Na2CO3 in bulk and inside the pores of various dried silica gels
(Nucleosils) with a well known pores dimension. (Reproduced with permission
from [62].)
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where n is the number of ion moles in the salt, R is the gas constant,
T is the absolute temperature, vc

s is the molar volume of salt in the
crystal (m3/mol), v l

w is the molar volume of water in the liquid
(l/mol), vc

w is the molar volume of water in the crystal (l/mol), C
is the saturation concentration in the pore, C0 is the saturation
concentration in the bulk solution. The factor v (=1000) accounts
for the fact that the concentration C is given in mol/l instead of
mol/m3. It was found that crystallization pressures of about 9 and
13 MPa were actually developed in 10 and 7 nm pores respectively.
NMR intensity profiles collected for Na2SO4 bulk solution as well as
for solutions in pores with different sizes, showed that in all cases,
the solubility of this salt coincided with the solubility of a Na2SO4

heptahydrated metastable crystal phase known from the literature.
The solubility of this metastable phase was found to be independent
of the pore size, which means that the surface tension of this phase
is very small. Therefore no crystallization pressure is developed, and
consequently, no damage is induced in the porous structure [62].

The possibility of applying the Brownstein–Tarr model [63] to
the relaxation of Na nuclei of NaCl solutions in porous materials,
has been investigated by Rijniers et al. [64]. According to this mod-
el, the relaxation rate of the 1H NMR signal is inversely propor-
tional to the pore size. Results obtained on porous materials with
a well defined pore size and on porous building materials such as
calcium silicate brick and mortar, indicated that the ion distribu-
tion over the pores can be obtained from the analysis of the 23Na
NMR signal decay, provided that the pore sizes are approximately
below 1 lm.

Gombia and coworkers [65] investigated the kinetics of water
condensation and salt deliquescence inside the pore space of three
different lithotypes with a similar composition (carbonate rocks)
and a different pore space architecture, untreated and polluted
with calcium nitrate. Calcium nitrate is a deliquescent salt found
as a pollutant even in porous substrata not directly exposed to acid
rain, such as stone artifacts, wall paintings, and statues. Experi-
ments were performed in a homogeneous field following in time
the formation of liquid water inside pores by T1 and T2 relaxation
time distributions [66,67]. The distributions allowed the observa-
tion of the effects of both the salt concentration and pore space
structure on the amount of water vapour condensed and its kinet-
ics. It was found that, for a given lithotype, even with different
amounts of pollutant, the rate-average relaxation time (i.e. the re-
ciprocal of the average relaxation rate 1/T1) tends to increase
monotonically with the intensity of the NMR signal which is pro-
portional to the amount of liquid water. The authors found that
the rate-average relaxation time behaviour suggests a trend to-
ward the filling of larger pores as the amount of liquid water in-
creases, even if it does not indicate a strict sequential filling of
pores in order of size. Increased amounts of salt lead to both mark-
edly increased rates and markedly increased amounts of adsorbed
water [65].

MRI was used to monitor the drying process of water-saturated
unpainted and painted Portuguese calcitic calcareous stones, with
the aim of reaching a better understanding how paints influence
the drying of porous materials [68]. NMR images and 1D moisture
profiles showed that unpainted specimens dried faster than
painted ones. The difference was particularly significant during a
first step of drying when a lower drying rate was observed for
the painted than for the unpainted specimen. As a consequence,
the drying front receded earlier into the unpainted specimen,
and, therefore the surface of the painted specimen remained wet
for a longer time, and a higher amount of moisture was eliminated
by surface evaporation from the painted specimen. The monitoring
of the drying process may give important information about the
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evaporative crystallization processes, as soluble salts crystallize at
the drying front. The distribution of salts across the material de-
pends on the position of the drying front throughout the drying.
At the beginning of the drying, the wet front is located at the outer
surface and, therefore, efflorescence takes place. As the drying pro-
ceeds, the front recedes inside the material, and, therefore, subflo-
rescence occurs. Consequently, the authors found that worsening
of dampness problems and of surface damage by salt crystalliza-
tion may arise from the use of paints that reduce the evaporation
rate [68].
4. Wall paintings

The conservation of wall paintings requires specific methodolo-
gies and treatments that are related to their specific physical nat-
ure [69]. In fact wall paintings are constituted of materials
having a high and open porosity, resulting in an easy accessibility
of liquids and gases such as salt solutions, atmospheric pollutants,
dampness, and solutions of materials used for conservation treat-
ments. Wall paintings are part of an essentially open physical sys-
tem due to contact with contiguous structures (walls, ground,
roofs) that are dynamically involved in a series of physical and
chemical events. Additionally, in many cases the surrounding
microclimate cannot be controlled. Recently, the development of
portable NMR devices has allowed the investigation of these art-
works. These studies have been focused on the detection of the
dampness which affects wall painting causing heavy damage to
the surface and the porous structure of these precious and unmov-
able artworks. Other investigations have been devoted to detecting
the occurrence of detachment of the pictorial film from the plaster
and to monitor the effect of cleansing and consolidating
treatments.
Fig. 6. Quantitative moisture distribution map (125 cm � 100 cm) obtained for a
wall painting of Serra Chapel (Chiesa di Nostra Signora del Sacro Cuore, Piazza
Navona, Rome, Italy). The moisture distribution is shown as a colour gradient,
where red indicates a very low water content, while dark blue indicates the highest
water content. The scale of values of the moisture content in percentage measured
for the wall painting, is also reported. (Adapted from [73].)
4.1. Moisture in wall paintings

Water is a very widespread cause of decay to masonry materi-
als, and, in particular, to building masonry belonging to Cultural
Heritage [70]. When soluble salts are present in the soil or in the
mortar, they are drawn in solution into the porous network consti-
tuting the wall. As a consequence, salts crystallize causing fretting
and crumbling of the wall when the product of the salt concentra-
tion activities is greater than the equilibrium constant and/or when
the ambient relative humidity becomes lower than the equilibrium
relative humidity of the saturated solution of the particular salt
phase. An accurate diagnosis of the causes and extent of the mois-
ture, and an understanding of water transportation and distribu-
tion throughout the wall, is essential for determining the
mechanism by which water triggers and accelerates the damage
[71]. This is particularly true for wall paintings, where a number
of factors must be taken into account, such as the vulnerability
with respect to the thin painted surface, the surrounding environ-
ment, the difficulty in controlling moisture and pollution, and the
proximity of crowded areas. With respect to other painted arti-
facts, wall paintings show a special behaviour because of their high
and open porosity and because the pores may easily intercommu-
nicate among themselves, with the plaster and with the external
environment. The amount and the distribution of the moisture in
the plaster underneath the wall painting should be known before
performing any conservation and/or restoration treatment. How-
ever, the amount and the distribution of moisture within a wall
painting is difficult to determine: the methods currently used are
Infrared Thermography (IRT), electrical conductivity and gravimet-
ric tests. IRT does not allow a quantitative evaluation of the mois-
ture content and in some cases the use of IRT is impaired by the
environmental conditions [72]. Electrical conductivity may be
affected by the presence of salts, and gravimetric tests require
the drilling of solid cores, which is strictly forbidden in the case
of ancient and precious wall paintings.

More recently, unilateral NMR has been used for quantitatively
mapping the moisture distribution in wall paintings in a fully non-
invasive way [73]. The intensity of the signal detected by unilateral
NMR is directly proportional to the water content and by perform-
ing a suitable number of measurements and processing the exper-
imental data in a proper way, it is possible to obtain a precise map
of the moisture distribution in the wall painting under investiga-
tion. This method has been applied to monitor the moisture in
the 16th century wall paintings of Serra Chapel in the ‘‘Chiesa di
Nostra Signora del Sacro Cuore’’, Piazza Navona, Rome [73]. Wall
paintings on the left side of the Chapel, were affected by a marked
degradation with a loss of pictorial film, which had been ascribed
to the effects of moisture rising from the ground. Because the field
generated by unilateral NMR is inhomogeneous, the signal decays
very quickly and must be recovered stroboscopically [52]. As a con-
sequence, the moisture signal was collected after applying a Hahn
echo pulse sequence. To detect the moisture inside the wall paint-
ings, measurements were carried out choosing a matrix of points
on the painted surface. Each experimental point covered an area
of about 2 � 5 cm2 that corresponded to the area of the probehead.
Afterwards a contour plot was created after applying an algorithm
for smoothing sharp variations of the dependent variable values
within the 3D data set. As an example, the moisture distribution
map obtained in an area of the wall paintings of the Chapel, is re-
ported in Fig. 6. In this map the moisture distribution is shown as a
colour gradient, where red indicates a very low water content,
while dark blue indicates the highest water content. The map
clearly shows the dampness throughout the wall painting.
Although the map differentiates areas as a function of the moisture
content, a further step was necessary to establish the precise
amount of moisture in each area of the map. Thus, the calibration
of the integral of the NMR echo signal was carried out using four
specimens purposely made by restorers according to the ancient
original recipe to reproduce the same type of plaster and bricks
of the wall painting under investigation. The specimens were dried
until they reached a constant weight Psd and the integrals of the
NMR echo signal Asd were measured. Then the specimens were
fully saturated with water by capillary water absorption up to con-
stant weight Psw and the integrals of the NMR echo signal Asw were
measured.

The average values of the weights of the dry (Psd) and of the
water-saturated (Psw) specimens as well as the average values of
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the integrals of the NMR echo signal of the dry (Asd) and of the
water-saturated (Asw) specimens, were calculated.

The average values Psw and Psd were used to calculate the imbi-
bition coefficient (absorption), ic, which depends on the type of
porous material. It was calculated from the maximum amount of
water adsorbed by the specimen compared to its dry weight:

ic ¼ Psw � Psd

Psd

� 100: ð13Þ

For instance, in this study case ic was found to be 25%. Accordingly,
a scale ranging from 0% to 25% was used to calibrate the level of
moisture content in the wall painting. The relationship between
the integral of the NMR signal and the weight of the adsorbed water
is given by:

MCiðNMRÞ ¼ ðAi � AminÞ
ic

�Asw � �Asd

� �
; ð14Þ

where MCi(NMR) is the moisture content measured by NMR in each
area of the wall painting, Ai is the integral of the NMR signal mea-
sured on the wall painting, Amin is the lowest value of the integral
measured on the wall painting. According to this calibration proce-
dure, each area of the map corresponds to an accurate amount of
moisture with a maximum amount of water of 16% in the dark blue
areas, see Fig. 6.

A multi-techniques study of microclimate monitoring, IRT,
gravimetric tests and portable unilateral NMR was applied in the
framework of planning an emergency intervention on a very dete-
riorated wall painting in San Rocco church, Cornaredo (Milan, Italy)
[74,75]. The IRT investigation showed that the worst damage, due
to water infiltration, was localized on the wall painting of the
northern wall of the church. Unilateral NMR allowed a detailed
moisture distribution map at a depth of 0.5 cm in the plaster
underlying the wall painting, to be obtained. The map revealed
the presence of two wet areas separated by a dry area. The mois-
ture found in the lower area of the wall painting was ascribed to
the occurrence of rising damp from the bottom of the wall due
to the slope of the garden soil towards the northern exterior. The
moisture found in the upper area was ascribed to condensation
phenomena associated with the presence of considerable amounts
of soluble, hygroscopic salts. Most importantly, the moisture con-
tent measured by gravimetric tests performed on an unpainted
area of the northern wall, was found to be in very good agreement
with the moisture content measured on the same area by unilate-
ral NMR. These results of gravimetric tests validated portable NMR
as a new analytical tool for measuring, in situ and without any sam-
Fig. 7. Unilateral NMR instrument measuring the moisture content in the St.
Clement at mass and the legend of Sisinnius wall painting, St. Clement Basilica, Rome.
pling, the distribution and the amount of moisture in wall
paintings.

Unilateral NMR was also used to map the moisture distribution
in a medieval, very precious and markedly deteriorated wall paint-
ing located in the second hypogeous level of St. Clement Basilica,
Rome at a depth of about 6 m below the road level [76]. St. Clement
at mass and the legend of Sisinnius wall painting is one of the earliest
examples of the passage from Latin to the Italian language. Fig. 7
shows the unilateral NMR instrument in use while measuring
moisture in this wall painting that is rapidly deteriorating due to
the capillary rise of water from the ground below. The presence
of a watercourse flowing under the foundation of the Basilica is
the most important cause of the rising damp in the walls of this
archaeological site. The critical environmental conditions, i.e. very
high relative humidity and a low temperature during the whole
year, impaired the use of IRT, and, because of the preciousness of
the artifact, the drilling of solid cores for gravimetric tests, was
absolutely forbidden. The quantitative moisture distribution map
obtained by NMR, at a depth of about 0.1 cm showed a moisture
content up to 13%, see Fig. 8a. This map obtained for the first layer
of the wall painting was affected by the peculiar environmental
condition of the second hypogeous level of the Basilica and by
the presence of salt efflorescence and encrustations on the surface
of the wall painting. In contrast, the moisture distribution map ob-
tained at a depth of 0.5 cm, clearly showed the path of the capillary
rise from the ground and indicated a maximum moisture content
of 8%, see Fig. 8b [76].

In another step of work, unilateral NMR was used to monitor
the evolution of the level of the moisture in St. Clement at mass
and the legend of Sisinnius wall painting, after an intervention to re-
duce the capillary rise of water through the walls [77]. In fact, to
reduce the rising damp in the masonry, a horizontal cut was car-
ried out through the bricks of the wall just above the floor level,
and a hydrophobic mixture of polyester resin and marble powder
was introduced in the holes drilled into the wall. The moisture dis-
tribution maps at a depth of 0.5 cm obtained 4 and 7 months after
the intervention, clearly showed a lowering of the path of the rising
damp and a net reduction of wet areas. The maps at a depth of
0.1 cm were found to be heavily affected by the environmental
conditions of the hypogeum. In fact it was found that the map with
the lowest moisture content and the highest number of dry areas
was obtained after the intervention in presence of a scaffolding site
covered with plastic sheets in the proximity of the wall painting,
when the relative humidity measured inside the structure was,
on average, about 10% lower than outside the structure. After
removing the scaffolding site, the moisture distribution map at a
depth of 0.1 cm was found to be similar to that obtained before
the intervention [77].

Recently, a Profile NMR-MOUSE was employed in the non-
destructive characterization of the layer structure of historic walls
and wall paintings [78]. Different paint and mortar layers were
studied in situ in Villa Palagione built under the Medici dynasty
in 1598, and in the Seminario Vescovile di Sant’Andrea in Volterra,
Italy dated 1170. In the detached and restored fresco ‘‘La Madonna
della Carcere’’ from the Fortezza Medicea in Volterra, NMR depth
profiles allowed one to differentiate between paint and mortar
layers. Also, differences in the moisture content of the adhesive
that fix the detached wall painting to its support, were evidenced
by measuring depth profiles in both restored and original sections
[78].

4.2. Detection of detachment in wall paintings by unilateral NMR

Unilateral NMR has been used to monitor the state of conserva-
tion of wall paintings in Vasari’s house in Florence [79,80]. Hahn
echo measurements were performed in areas chosen by the



Fig. 8. Moisture distribution maps measured at depths of 0.1 cm (a) and 0.5 cm (b) in the St. Clement at mass and the legend of Sisinnius wall painting. (Reproduced with
permission from [76].)
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restorer on the basis of his knowledge of the different extent of
detachment observed with raking light or softly knocking on the
wall. In Fig. 9a regions are indicated where Hahn echo experiments
were performed. In Fig. 9b results obtained on the selected regions
in the first layers of the artifact (0.1 cm), are reported. A net de-
crease of the intensity of the Hahn echo was found in regions 3
and 4 where detachment occurred. A detectable decrease of the
intensity of the echo was also observed in region 2, which was lo-
cated near a detachment region, whereas in region 1, where no
detachment occurred, the highest NMR signal was observed. In a
well conserved fresco an exchange equilibrium between the wall
and air humidity is established. When detachment occurs this bal-
ance is no longer maintained and the cohesion strength between
the plaster and the painting layer weakens. Therefore, the weaker
the signal, the stronger the detachment. Hahn echo measurements
were also performed on the same regions at a depth of 0.3 cm,
disregarding the signal from the first layers, see Fig. 9c. In this case
the signal from the deeper layers of lime mortar (the inner part be-
hind the fresco), was detected. Obviously, in this case, in the pres-
ence or in the absence of detachment of the pictorial film from the
plaster, no difference in the intensity of the signal, was expected.
Accordingly, the measured areas did not show any difference in
the echo intensity. In fact, the simple measurement of a Hahn echo
gave direct information about the possible occurrence of detach-
ment of the pictorial film.

4.3. Monitoring of the effect of cleansing treatments in wall paintings
by unilateral NMR

In the past, a common procedure used to fix pigments and to
prevent crumbling of wall paintings consisted in the application
of a mixture of organic substances such as egg yolk, animal glue,
wax, or linseed oil. The degradation affecting these materials
sometimes even changed the appearance of the surface of the art-
works and constituted an optimum substrate for promoting biolog-
ical colonization. These materials are usually removed with water
and successively, when necessary, with a water solution containing
ammonium carbonate. An important piece of information useful to
the restorer, is the knowledge of the degree of moisture in the pic-
torial film after different cleansing treatments. The effect of the
cleansing procedure has been investigated by unilateral NMR
[79,80]. Note that the investigation has been carried out after



Fig. 9. (a) The wall painting where measurements were carried out: the numbers
indicate the measured regions. In regions 3 and 4 detachment has occurred, region
2 is near a detached region, whereas no detachment is present in region 1. Intensity
of NMR signal measured in the selected regions at depths of 0.1 cm (b) and 0.3 cm
(c). (Adapted from [80].)

Fig. 10. (a) The wall painting on which measurements were carried out: the
numbers indicate the measured regions. Region 9 was uncleaned, region 10 was
washed with water, and region 11 was washed with water and, successively, with
an ammonium carbonate solution. (b) CPMG decays measured on the selected
regions. (Adapted from [80].)
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1 year the cleansing had been performed. Fig. 10a shows regions on
which T2 measurements were performed. In Fig. 10b, the CPMG de-
cays measured in the regions indicated in Fig. 10a, are shown. The
shortest T2 value was obtained for the uncleaned region 9. In this
region the proteic substances used in a previous restoration did
not allow a proper exchange of moisture between the wall painting
and its environment, as a consequence that region was rather dry.
The longest T2 value was obtained for region 11 cleaned with
ammonium carbonate. This treatment removed the layer of proteic
substances allowing a good exchange of moisture between the wall
painting and its environment. Region 10, washed only with water
showed a T2 value which is intermediate between values measured
in regions 9 and 11. Actually, T2 measurements allowed one to ob-
serve the differentiation among uncleaned areas and areas cleaned
with different procedures.
5. Clays and fired clays

Investigations on clays used for manufacturing ceramic artifacts
in antiquity, either building materials or pottery, and on the possi-
ble areas of provenance of their supply, are of great interest for
archaeologists and art historians, in particular when no historical
witness is available. Therefore scientific effort is devoted to charac-
terizing ancient ceramic artifacts and to investigating the possible
sources of prime matter and the technology of production. To im-
prove the knowledge of the trade pathways and manufacturing
activities of ancient civilizations, many studies of ancient ceramics
concern the composition and firing, methods of manufacturing,
and technological variability. The firing process involves the break-
ing down of some phases and the formation of new ones. Conse-
quently clay artifacts are considered as artificial rocks formed in
a kiln. The growth of new phases, during and after firing, is related
both to the firing temperature and to the composition of microsites
in which the phases grow.

A multi-technique study of the firing process of an illite-rich
clay from Deruta was performed to study the modification induced
by firing as a preliminary step to obtain information about ancient
ceramic technology in this area [81]. Deruta has been for many
centuries one of the most important centers for the production of
ceramics in Italy, one of the reasons being the availability of suit-
able earth from which to form a clay. In particular, the hills around
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Deruta are rich in a pure strain of clay which also washes up along
the shores of the nearby Tiber river. In the framework of this study,
an Electron Spin Resonance (ESR) investigation was preliminary to
the NMR analysis with the aim of characterizing paramagnetic cen-
ters in the raw and fired clays. 29Si and 27Al MAS spectra revealed
the structural features of the raw material and structural modifica-
tions due to the firing. As an example, Fig. 11 shows the 27Al and
29Si spectra of the raw clay, (a) and (c) respectively, and of the clay
fired at 1100 �C, (b) and (d) respectively. 27Al Triple Quantum
Magic Angle Spinning (3Q MAS) NMR experiments [81] were carried
out to gain a better spectral resolution, as these experiments refo-
cus second order quadrupolar effects that broaden 27Al MAS spec-
tra [82,83]. The 2D maps of the raw clay and clay fired at 1100 �C
are shown in Fig. 11e and f respectively. In these maps the dotted
lines represent different orientations of the signals, ‘‘A’’ denotes the
anisotropic axis, ‘‘QIS’’ is the axis representing the direction of the
induced quadrupolar shift, and ‘‘CIS’’ axis gives the direction of iso-
tropic chemical shifts. The centers of gravity dG1 and dG2 of the two-
dimensional spectral ridges in the F1 and F2 frequency domains,
were used for estimating the isotropic chemical shift diso and the
second order quadrupolar effect Pq using:

diso ¼
ndG2 � dG1

n� jpj ; ð15Þ

PQ ¼ m0
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where n is the slope of the quadrupolar axis QIS.
The parameters obtained were used as initial guesses in a spec-

tral deconvolution procedure [84] from which the isotropic
Fig. 11. 27Al MAS NMR spectra at 52.15 MHz of (a) a raw clay, and (b) a clay fired at 11
1100 �C. The spectral deconvolutions are also reported for each spectrum. (e) Unsheared 2

[81].)
chemical shift and the Al quadrupolar coupling constants of each
sample, were obtained. The improved resolution obtained by mul-
tiple quantum MAS allowed the observation of three distinct sites
in the spectrum of the raw clay, two sites typical of Al in a tetrahe-
dral environment, and one site typical of Al in an octahedral envi-
ronment, see Fig. 11e and a. As the firing temperature is increased,
the illite structure breaks down and the signal due to 27Al in octa-
hedral environment is no longer observable, see Fig. 11f and b.
After the break down at about 850 �C, new phases were observed
containing only Al in tetrahedral environments. 29Si spectra of
the raw clay and of the clay fired at 1100 �C are also indicative of
marked structural modifications due to the firing process, see
Fig. 11c and d. The 29Si chemical shifts and relative peak intensities
were obtained by deconvoluting the spectra. Actually, a careful 29Si
and 27Al MAS and 3Q MAS analysis along with spectral deconvolu-
tion, allowed several parameters to be obtained which characterize
each sample. Furthermore, a careful analysis of the shape and ori-
entation of spectral ridges in 3Q MAS maps with respect to signif-
icant orientations, such as CIS, A, and QIS, might possibly
contribute to work out a fingerprinting of clays and fired clays.
Obtaining a large set of experimental data on clays and fired clays
from different areas of provenance and different firing technolo-
gies, along with the use of suitable methods of statistical analysis,
is mandatory in order to find criteria based on NMR analysis, for
possibly determining a fingerprints of the raw materials and
artifacts.

The water absorption process in fired clay bricks was investi-
gated by Pel et al. [85]. In these materials, a serious complication
arises because of the presence of considerable amounts of para-
magnetic ions which impair the use of the standard NMR imaging
00 �C. (c) 29Si MAS NMR spectra at 39.76 MHz of a raw clay, and (d) a clay fired at
7Al 3Q MAS NMR spectra of a raw clay, and (f) a clay fired at 1100 �C. (Adapted from
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technique. The study was carried out with a home-built NMR
imaging. The instrument allowed quantitative one dimensional
moisture concentration profiles in the brick to be obtained [60].
The transport of moisture was monitored during water absorption,
and modelled by a diffusion equation. The moisture diffusivity for
absorption was approximated by an exponential function for the
various types of fired-clay brick investigated.

A further development in the study of fluids confined in porous
materials, was the possibility to acquire T1–T2 correlation maps, in
homogeneous, as well as in inhomogeneous magnetic fields of por-
table NMR devices [86–88]. A constant T1/T2 ratio in relaxation
time distributions of porous media indicates a uniform pore envi-
ronment for small and large pores [89]. The measurement of T1, un-
like that of T2, is not affected by an error due to signal attenuation
from diffusion, and so the correlation maps reveal the effect of dif-
fusion on T2 distributions even in the presence of the internal gra-
dient rising from para- and ferromagnetic attributes of the pore
walls. Diffusion–relaxation correlation maps provide a direct tool
to study magnetic susceptibility in porous media.

T1–T2 correlation maps have been reported for water saturated
sandstone measured with a mobile Halbach scanner. The constant
T1/T2 ratio for all values of relaxation times revealed an uniform
pore environment for small and large pores [88].

T1–T2 correlation maps were employed to study water-satu-
rated archaeological ceramics from archaeological sites of Miseno
and Cuma (Naples, Italy) [90,91]. These studies investigated the
paramagnetic composition and the pore-size evolution with ther-
mal treatment. T1–T2 correlation maps [15,16] were analyzed in
terms of signal displacement and shape over the (T1,T2) plane. Basi-
cally, these two-dimensional relaxation maps correlate the distri-
bution of longitudinal and transverse relaxation times of a spin
system, or, in other words, generate maps of the spin populations
distribution on the basis of their relaxation times coordinates. It
was suggested that the obtained T1–T2 maps might represent a sort
of NMR fingerprinting of the composition and manufacturing tech-
nology of ceramic objects, as the maps summarized the correlation
between the pore size distribution and the magnetic composition
of the matrix. In further work [92], T1–T2 correlation maps were
collected on pottery objects found at the ancient Latin city of Prae-
neste, dated between third and second century BC and attributed
to two different Roman families. The authors identified a marker
which possibly distinguishes with respect the different firing tech-
niques of these two families.
Fig. 12. Volcanic tuffs from the Etruscan Necropolis of Norchia. Experimental and
deconvoluted 27Al MAS NMR spectra at 52.15 MHz of (a) a lithified tuff, and (b) a
welded tuff. 27Al 3Q MAS NMR spectra of the same volcanic tuffs are reported in (c)
and (d) respectively. (Adapted from [94].)

Fig. 13. Volcanic tuffs from Necropolis of Norchia. Experimental and deconvoluted
29Si MAS NMR spectra at 39.76 MHz of (a) a lithified tuff, and (b) a welded tuff. 1H
NMR spectra at 200.13 MHz of the same tuffs are reported in (c) and (d)
respectively. (Adapted from [94].)
6. Characterization of volcanic tuffs from ancient monuments

Volcanic tuffs are rocks composed of a consolidated ash matrix
made of small particles containing lithic, vitric, and crystal clasts in
different amounts [93]. In addition to the relative content of clasts,
the nature of the matrix is also different and a broad distinction is
made between welded and lithified tuffs. The term ‘‘welded tuffs’’
identifies rocks bonded by sintering and compaction of glass in the
matrix. The welding process occurs when the deposit is still hot
and plastic which leads to large vitric scoriae being often present
in these tuffs. The term ‘‘lithified tuffs’’ identifies rocks whose ori-
ginal ash matrix has undergone chemical alteration so that authi-
genic minerals, mainly composed of zeolites, act as binding
agents for the material.

Both welded and lithified tuffs have been extensively used as
building materials since BC times, mainly because they are light,
easy to cut and shape and have a good resistance to fire. Their wide
use is testified by the large number of ancient monuments, sculp-
tures, and artifacts that have been accumulated in some countries
rich in volcanic deposits, such as Italy, Turkey, Mexico, Germany,
and Japan.
Recently, a multi-technique study was carried out to character-
ize five tuffs from different sources [94]. Two of these tuffs were
sampled from monument structures dated between the 4th and
2nd century BC belonging to the Etruscan Necropolis of Norchia,
Viterbo, Italy. Samples were investigated by 29Si, 27Al, and 1H
MAS NMR. The relative content of Al in the crystal and amorphous
phase was determined from the relative integrals of the two phases
by deconvoluting 27Al MAS spectra [84]. 3Q MAS maps allowed the
isotropic chemical shift and the second order quadrupolar effect to
be obtained, which were used as initial guesses in the procedure
used to deconvolute experimental MAS spectra. As an example,
27Al MAS spectra of two different tuffs from the Necropolis, one
lithified (cemented with chabazite) [95] and another one welded
[96], are shown in Fig. 12a and b, the corresponding 3Q MAS maps
are also shown in Fig. 12c and d. The MAS spectra of the two mate-
rials are very different to each other: that from the lithified tuff has
a rather sharp resonance centred about 50 ppm, which is from
chabazite, and a definitely broader resonance due to Al in a disor-
dered, amorphous environment, whereas the spectrum of the
welded tuff has only one broad resonance of Al in an amorphous
phase, as expected in a welded tuff. The shapes of the spectral
ridges in the 3Q MAS maps are also very different from each other.
Particularly, the shape observed in the map of the welded tuff is
characteristic of a distribution of chemical shift and quadrupolar
coupling constant as expected for a very disordered material. The
prevalent zeolitic or glassy nature of the matrix can be assessed
by 29Si MAS NMR: in the zeolite cemented tuff the intense peaks
of zeolite are prominent in the spectrum, see Fig. 13a, whereas
broad and unresolved peaks are observed in that of the welded tuff,
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see Fig. 13b. Furthermore the deconvolution of the spectra allowed
relative integrals of all peaks to be obtained. In zeolite cemented
tuffs the Si/Al ratio [97] was determined from:

Si
Al
¼

P4
n¼1nISiðnAlÞ

0:25�
P4

n¼1nISiðnAlÞ
; ð17Þ

where Si(nAl) indicates all the bands generated by Si-tetrahedral
sites (SiO4) linked to a different number of Al atoms, and ISi(nAl) indi-
cates the integral of each resonance. Si/Al is a very important
parameter, as it differentiates between well preserved tuffs and
tuffs in which natural weathering occurred. For instance in the lith-
ified tuff, Si/Al was found to be 2.42, whereas a definitely lower va-
lue of 1.98 was found for the naturally weathered lithified tuff,
showing that Si–Al substitutions had occurred in the zeolithic com-
ponent of the weathered tuff.

1H MAS spectra give a direct measurement of the mobile and
adsorbed water in the lithified and in the welded tuff, see
Fig. 13c and d respectively. The total amount of adsorbed water
measured by NMR was found to correlate well with Thermo Gravi-
metric Analysis (TGA)–Differential Thermal Gravimetry (DTG)
analysis, however the NMR determination is a direct measurement
of the mobile and adsorbed water, and, unlikely TGA–DTG, is not
affected by phase transitions other than dehydration of glass and
zeolites.

To summarize, despite the presence of paramagnetic ions up to
3–3.5% w/w, satisfactory results were obtained by applying multi-
nuclear solid state NMR to characterize tuffs from ancient monu-
ments and to differentiate between unaffected material and
material which has experienced natural weathering.
7. Solid state NMR of building material from historical
monuments

Solid state 29Si and 27Al MAS NMR has been applied to investi-
gate building stones [98] from Guanajuato City Main Church, (Cen-
tral Mexico), designated a ‘‘World Heritage Site’’ by UNESCO, to
obtain information about the degradation and to observe the
changes in the consolidated material after consolidating treatment
with tetraethoxysilane (TEOS). Guanajuato historical monuments
are built with quartz and feldspar-based materials, called pink
quarry. These materials have been extensively used since the
17th century to construct the main buildings of the city. 29Si and
27Al MAS NMR spectra of non degraded pink quarry stone were
also collected for comparison [98]. The 29Si MAS spectrum of the
non degraded material shows a rather broad signal between �80
and �100 ppm indicating the presence of albite and other silicates.
A weak peak due to quartz is present at �107 ppm from tetrameth-
ylsilane (TMS). The 27Al MAS spectrum has a rather sharp signal at
about 59 ppm from Al(NO3)3 indicative of aluminium in a tetrahe-
dral environment, possibly accounting for the presence of feldspar,
in particular albite, as also revealed by X-ray Diffraction Analysis
(XRD). Another weak peak is present at about 0 ppm indicative of
aluminium in an octahedral environment and ascribed to the pres-
ence of clays. The 29Si spectrum of degraded material clearly shows
a very marked loss of the feldspar signal possibly due to albite deg-
radation, whereas the 27Al NMR spectrum shows intense signals
representative of Al in tetrahedral and octahedral environments
[98]. These data are in accordance with the known mechanism of
degradation of these materials, as feldspars are usually degraded
to clay materials by kaolinization. A very marked change was ob-
served in the spectra from the stones after they were treated with
TEOS when compared with those of untreated, degraded material.
After the treatment, samples tended to recover the original 29Si and
27Al spectral pattern of the non degraded material, the degree of
recovery depending on the state of degradation of the material be-
fore the treatment [98].

27Al and 29Si MAS NMR have also been applied to characterize
the masonry of the pyramid of Cheops at Giza (Egypt) [99]. The
NMR spectra of the modern synthetic materials used as a reference
were compared with spectra of several samples from the pyramid.
A small amount of Al in a tetrahedral environment was found in
the spectra of ancient samples.
8. Paints

A paint consists of pigments in the form of a fine powder of
inorganic or organic coloured material dispersed in a matrix which
is usually called the binding medium and enables the pigment to
be dispersed and applied with a paint-brush. The binder may be
a vegetable gum, a drying oil, a proteinaceous material such as
egg or casein, a natural wax, a synthetic polymer or a mixture of
these materials. The surface on which the paint must be applied
needs to be prepared with a ground layer. For instance, paintings
were often coated with a varnish containing oils and/or plant res-
ins, a mixture of animal glue and gypsum was used over centuries
as a ground for canvas and wooden panels [100]. The chemical
characterization of organic components is obviously of great inter-
est to gain information on the painting techniques employed. Fur-
thermore, the organic component of the paint layer undergoes
degradation, and a knowledge of its composition is mandatory in
order to assess the suitable conservation and display conditions,
to prevent or slow the decay process, and to plan the restoration.
Macroscopic degradation, such as yellowing and loss of cohesion,
is related to chemical alteration of the organic media, namely oxi-
dation, hydrolysis, crosslinking, depolymerization and biological
colonization. In addition, chemical reactions between pigments
and organic materials may cause the occurrence of colour alter-
ation or, even, discolouration [100].
8.1. Drying oils

Since ancient times, drying oils of natural origin such as poppy-
seed, walnut and linseed oil, have been largely used as the binding
media of oil paints. During drying, the trygliceride unsaturated
fatty acids crosslink solidifying the paint and, therefore, trapping
and stabilizing the pigments. The mobile phase of an oil paint
may be easily separated by solvent extraction from the insoluble
highly crosslinked solid phase and pigment grains. High field
NMR spectroscopy in solution is a very powerful analytical tool
for obtaining information on the levels of hydrolysis and oxidation
resulting from the ageing of an oil painting. As an example, the 1H
NMR spectrum of a sample of linseed oil which is used as a refer-
ence, is reported in Fig. 14a, along with the assignment [101,102]
of some resonances, and the spectrum of an oil painting extract
is reported in Fig. 14b. By comparing the spectra, it was deduced
that there is a net reduction of polyunsaturated fatty chains in
the oil painting extract. In fact, a marked reduction of intensity
of all resonances related to linolenic and linoleic fatty chains oc-
curs in the spectrum of the extract, see for instance signals D and
H (diallylic protons of linolenic and linoleic chains), signal A (allylic
protons bonded to carbon C8 of linolenic and linoleic chains), sig-
nal Y (methyl of linolenic fatty chains), see Fig. 14. In Fig. 15a and b,
the regions between 3 and 5 ppm of the 1H spectra of the two sam-
ples, are shown. Resonances due to monoglycerides (MG) and
diglyceride (DG) moieties and to other degradation products are
present in the spectra. It is worth noting that in the reference sam-
ple the amount of these compounds does not exceed 2.5%, whereas
in the extract these compounds are present in a considerable
amount, about 16%. Furthermore, DOSY maps of the reference



Fig. 15. Expanded spectral regions (3–5 ppm) of the 600.13 MHz 1H NMR spectra
shown in Fig. 14 of (a) linseed oil and (b) an oil painting extract. (Assignement from
[101,102], L Mannina, F. Presciutti, N. Proietti, D. Capitani, A. Sgamellotti, B.B.
Brunetti, unpublished data.)

Fig. 14. 1H NMR spectra at 600.13 MHz of (a) linseed oil and (b) an oil painting
extract. Y = methyl of linolenic fatty chains; X = part of the triplet of linoleic fatty
chain; Z = methyl of saturated and oleic fatty chains; S = methylenic protons of
saturated chains; E = methylenic protons bonded to C3 of all fatty chains; A = allylic
protons bonded to C8 of linolenic fatty chain and allylic protons of linoleic chain;
B = allylic protons of oleic fatty chain; D = diallylic proton of linolenic fatty chain;
H = diallylic proton of linoleic fatty chain; F = methylenic protons bonded to C2 of
all fatty chains; G = glycerol moiety; O = double bonds. (Assignement from
[101,102], L Mannina, F. Presciutti, N. Proietti, D. Capitani, A. Sgamellotti, B.B.
Brunetti, unpublished data.)
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and extract showed that the diffusion coefficient of the extract is
definitely smaller than that of the reference sample, clearly evi-
dencing an increase in the molecular weight of the extract due to
crosslinking [103].

Spyros and Anglos applied high resolution 1D and gradient en-
hanced 2D NMR spectroscopy to investigate the binding medium
from two original oil paintings dated from the early 20th (Portrait
of Young Men) and the late 17th century (The Duhe) [104]. The
binding medium was collected by carefully removing a small quan-
tity of paint from the side of the painted canvas to avoid interven-
tion with the top surface of the painting and to minimize the
sampling. The collected material was dissolved in deuterated ace-
tone and extracted by sonication. Before analyzing the two original
paintings, a systematic study of the solvent-extractable component
from model samples of drying oils, namely raw oil paints, and aged
oil paints, was carried out. The authors reported the 1H and 13C
NMR chemical shift assignments of the main resonances of
trygliceride (TG), diglyceride (DG) and monoglyceride (MG), free
fatty acids (FA), diacids (DA), and hydroxy (or oxo) acid (HA) moi-
eties that contribute to the spectra of the aged paint, whereas in
the spectra of the fresh paint the signals mainly of TG and few
1,3-diglycerides were observed. Most importantly, molecular
markers based on the ratios of signal integrals of chemical species
in proton and carbon spectra, were defined. In accordance with the
notation reported in the paper, the authors found relevant molec-
ular markers such as Bf/B, the ratio of free to total carboxyl groups,
HFA (HFA = (2DG + 4MG)/6(TG + DG + MG) where TG, DG, MG are
the molar ratios of each type of glyceride) indicating the extent
of triglyceride hydrolysis, and HA/FA which measures the amount
of hydroxyacids. The marker that best differentiates the two old
original paintings from the younger ones appeared to be the ratio
TG/FA, which has a much smaller value in the old paintings. The
low TG/FA values, combined with high values of Bf/B and HFA ap-
pear to be indicative of oil paintings of significant age. Further-
more, the marker that best differentiates the two original
paintings was found to be TG/FA. Moreover, during the ageing,
the TG content of a paint extract decreases. However, the concen-
tration of DG and MG components reached a maximum in the
extract, followed by a slow decrease with further ageing, as these
compounds suffer further hydrolysis to glycerol and free fatty
acids.

In another paper Spyros and Anglos [105] investigated aged
binding media used in painting, namely egg tempera, linseed oil,
and an acrylic medium. The previously defined set of markers
[104] was used to establish the state of hydrolysis and oxidation
of the linseed and egg tempera binders after 5 years of ageing. Ace-
tone extracts of lipid-containing binders were found to contain
molecules characteristic of the ongoing processes of TG hydrolysis
and oxidation, such as MG and DG, FA and DA. For similar ageing
conditions, the linseed binder seems to suffer greater lipid hydro-
lysis and degradation than the egg tempera binder. Furthermore,
1D and gradient enhanced 2D NMR were successfully applied to
identify both the polymeric constituents of the acrylic medium,
and a surfactant used to prevent association of acrylic particles be-
fore drying.

Cipriani et al. investigated samples of aged films obtained from
three drying oils, namely linseed, walnut, and poppyseed oil [106].
The soluble fraction of aged films used as reference samples, was
studied by high resolution 1H NMR spectroscopy, whereas the
insoluble fraction was swollen in CDCl3 and investigated by 1H
High Resolution Magic Angle Spinning (HRMAS) NMR using a
nanoprobe which allowed the collection of spectra from a very
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low amount of material. However, the spectra of the soluble and
insoluble fractions were not found to be substantially different.
In all cases the intensity of signals for protons involved with double
bonds and in the groups adjacent to them, were found to decrease
with respect to that intensity recorded for oils which had not been
aged. However, whereas in the HRMAS spectrum this decrease can
be attributed to polymerization and oxidation reactions involving
double bonds, the spectra of the soluble fraction show the presence
of unreacted, saturated, and partially mono-unsaturated triglycer-
ides. After studying the reference films, both the soluble and insol-
uble swollen fractions of real painting films containing drying oils
as binders, were analyzed using the same NMR technique, and the
signals of the drying oils were identified separately from those
from other organic compounds acting as binding agents, such as
waxes or egg-yolk media. In fact, triglycerides contained in egg-
yolk are completely soluble and no fatty components can remain
after swelling. Besides, if waxes are used, no glyceride signals are
expected in the 1H NMR spectrum.
8.2. NMR depth profiles of painting layers

Paintings are constituted of multiple layers, such as preparation,
underdrawing, paint, varnish, and so on. The knowledge of the
layer structure, or stratigraphy, allows information on the working
practices and techniques of the artist to be obtained, and, even
more importantly, helps in selecting correct and suitable conserva-
tion and restoration procedures. Nowadays, the common practice
to get information about the stratigraphy, is to cut small cross-sec-
tions from the painting, which can then be analyzed by Optical
Microscopy, Scanning Electron Microscopy, micro-Raman, micro
Fourier Transform Infrared Spectroscopy, and other techniques.
These techniques allow the visualization of the sequence of layers
in the paint under investigation and the possible identification of
binders and pigments, the primer, repaintings if any, and also the
detection of the presence of incamottatura, a textile used to cover
and join the wood panels of the support as a base for the primer.

Presciutti et al. [32] used the Profile NMR-MOUSE to reveal the
stratigraphy of paintings and other non transparent objects span-
ning several millimeters in depth with a resolution of 50 lm. With
this method, the thickness of proton-rich layers in paintings was
measured non-invasively and in situ, and the binder ageing was
also investigated. In particular, two depth profiles were measured
in different regions of an ancient oil painting, the ‘‘Adorazione dei
Magi’’, by Pietro Vannucci ‘‘Il Perugino’’, dated about 1470, and
are shown in Fig. 16. The profiles revealed four different layers
ascribed to the wood, the incamottatura, the primer and the paint
layer. It was also possible to measure the thickness of each layer
with an accuracy of 10–15 lm.
Fig. 16. (a) The position A1 and A2 in the painting the Adorazione dei Magi by il Perugino (
(b). The labels in (b) refer to 1: paint layer; 2: primer; 3: canvas and glue; 4: the wood
Contemporary art employs a wide variety of materials of differ-
ent vulnerability and complexity that challenge the NMR analysis.
NMR depth profiles [33] were collected on a contemporary paint-
ing ‘‘Bianco e Nero’’ dated 1971, by Alberto Burri who used
synthetic poly(vinyl acetate) as binder instead of conventional oil
or tempera. The NMR depth profile through the painting revealed
that the same binder was used for both the paint and the primer.
9. Paper

Paper is one of the oldest, and sometimes precious of man-
made materials. For many centuries paper was the support for
recording cultural achievements all over the world. Historical pa-
per differs in many ways from contemporary paper. In fact the
quality of ancient paper was particularly good, as it was manufac-
tured from carefully selected cotton rags with only a few impuri-
ties. After 1850, the quality of paper changed for the worse as a
consequence of being produced by industrial manufacturing pro-
cesses. Low quality modern paper is derived from the stem of wood
or wood pulp and, in addition to cellulose, it contains a consider-
able amount of hemicelluloses, lignin, and non-fibrous compo-
nents including various colouring agents, fillers, coatings. The
amount of these components varies according to the papermaking
process, the type of paper and the period of production. Originally
animal glue was used for sizing, subsequently the animal glue was
substituted by rosin and alum, and, more recently, by other syn-
thetic products. Therefore, modern paper is usually more vulnera-
ble to degradation than the older one.

The degradation of paper is a complex phenomenon with differ-
ent causes among which the more common ones include biologi-
cal, physical and chemical processes. Moreover, a common risk
factor is inadequate storage and careless handling which can accel-
erate the degradation process. Generally, the protection and pres-
ervation of paper-based artworks poses a serious problem for
numerous libraries, archives, and museums. This is the reason
why in recent years several studies have been focused on the
monitoring of paper weathering and the development of appropri-
ate and long-term resistance treatments to protect valuable
documents.

High quality paper may be considered as a bi-components
material consisting of cellulose and water in an almost equimolar
amount, plus a small amount of impurities. Cellulose, is a linear
polysaccharide of b-D-anhydroglucopyranose units linked by 1-4-
glycosidic bonds. Paper may also be considered as a porous mate-
rial with water pools embedded into the rigid cellulose matrix. The
removal of even a small amount of water may cause an irreversible
destruction of the material.

In order to understand and explain the degradation processes
occurring in paper, several NMR studies aimed at clarifying the paper
�1470) used to obtain the depth profiles with a spatial resolution of 50 lm shown in
of the panel. (Reproduced with permission from [32].)
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structure and morphology were carried out in recent decades. These
studies were mainly focused on the water–cellulose interaction in
paper and on the monitoring of degradation processes.

The cellulose component of paper was studied by 13C CPMAS
NMR spectroscopy [107], whereas the water–cellulose interaction
in paper was investigated using low field 1H NMR relaxometry
[108,109]. ESR was applied to identify the type and the stereo-
chemical environment of paramagnetic impurities present in paper
[110,111].

The 13C CPMAS spectrum may be considered as the ‘‘finger-
print’’ of the solid component of the paper. As an example, the
spectrum of Linters paper is reported in Fig. 17a. The sharp reso-
nances are due to the long fibres of cellulose in crystalline domains,
while the broad ones are due to cellulose in amorphous domains.
In particular the resonance at 106.3 ppm is that of the anomeric
carbon atom C1, resonances at 90.3 and 66.8 ppm are respectively
from C4c and C6c in crystalline domains, while resonances at 85.4
and 64.5 ppm are respectively due to C4a and C6a in amorphous do-
mains. The shape of resonance C1 clearly indicates the presence of
amounts of microcrystalline polymorphous forms of type Ia and Ib
[112,113].

The Free Induction Decay (FID) of paper shows always two com-
ponents, see Fig. 17b: a fast decaying component from the poly-
meric matrix, and a slow decaying one from the confined water.
After a Fourier transformation, see Fig. 17c, the cellulose compo-
nent appears as a broad hump on top of which a rather sharp res-
onance due to water is observed. A best fit procedure may be
applied to the FID of a piece of paper to obtain the molar ratio be-
tween the water component and the polymeric component [108].
The function used to fit the FID intensity, Y, is a sum of a gaussian
function G(t), accounting for the cellulose component, and an
exponential function E(t), accounting for the water component:
Fig. 17. Linters paper. (a) 13C CPMAS NMR spectrum at 50.13 MHz along with resonance a
the slow decaying one is due to water. (c) 1H proton wide line spectrum, the broad line is
bound water (line width at half height about 1.5 kHz). (Adapted from [115].)
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where Wcell is the cellulose signal intensity, and Ww is that of water,
C0 is the average value of the noise, and Ew ¼ T�2. In the case of the
gaussian function G(t), a characteristic decay time can be defined as
the time T2 required for G(t) to decay to 1/e of its starting value G(0),
as a consequence Gcell = T2. The water/cellulose molar ratio was
found to be characteristic of different types of well preserved paper
[108]. As an example, in good quality paper this ratio was found to
be about 0.9, whereas in low quality paper this ratio was about 1.7.

Pulsed low resolution 1H T1 measurements on high and low
quality modern paper, were performed separately on the cellulose
and on the water component [108,109]. The spin–lattice relaxation
time of both components shows a multi-exponential behaviour.
The faster relaxation times measured on cellulose and water com-
ponents, do not show any correlation. This component is possibly
related to the presence of domains rich in paramagnetic impurities
as detected by ESR analysis. In contrast, the longest T1 relaxation
times of water and cellulose were found to be equal, which corre-
sponds to their being dominated by spin-diffusion. The longest T1

relaxation times measured as a function of the temperature, al-
lowed the calculation of the activation energy (Arrhenius term)
which is related to motions of the cellulose–water system. In this
system many motions may contribute to the relaxation. In cellu-
lose the chain motion is dominated by rotations around the glyco-
sidic bonds. It may be reasonably assumed that the higher the
energy, the higher the order and the orientation of macromolecules
in cellulose fibres. The other factor which affects the relaxation of
the system is the water motion, the water being in spin-diffusion
with the cellulose. Again, a high activation energy of the water
indicates a water tightly bound to the cellulose, whereas a low
ssignments. (b) Free Induction Decay, the fast decaying component is from cellulose,
from cellulose (line width at half height about 64 kHz), and the sharp line is due to
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energy may indicate a water loosely bound the cellulose. To sum-
marize, it was hypothesized that the higher the activation energy,
the higher the physical ‘‘quality’’ of the paper. Accordingly, in the
case of high quality modern paper (Linter paper), the activation en-
ergy was found to be about 31 kJ/mole, in Kraft pulp it was found
to be about 27 kJ/mole, and in the lowest quality modern paper the
activation energy was 22 kJ/mole [108].

At room temperature, the water resonance in paper is a sharp
peak on the top of the broad cellulose component. By lowering
the temperature, the water resonance progressively broadens,
however, at 213 K the water resonance is still observable, see
Fig. 18. Therefore, the freezing point of the bound water, or con-
fined water, was found to be lower than 213 K [108,109]. Obvi-
ously the freezing point is related to the nature of hydrogen
bonds existing between the water and the cellulose. In general,
the physical properties of a liquid confined within pores are differ-
ent than those for the bulk liquid, in particular the melting temper-
ature of the confined liquid is depressed by an amount related to
the pore size [114]. Therefore paper was treated as a porous system
with a mobile species, the water, embedded into a rigid polymeric
matrix [115]. The intensity of the water resonance was measured
as a function of the temperature. The curve obtained, known as
an Intensity–Temperature Plot (IT plot), was modelled by assuming
that paper is a porous network without requiring any model of the
shape of the pores, but with a pore size distribution which was ob-
tained to be strongly asymmetric with a well-defined maximum at
about 1.4 nm. This method did not give any information about the
type of cellulose surrounding the water pools, and the question ar-
ose about the water pools proximity to the crystalline or to the
amorphous polymeric domains. Since the line width of an 1H wide
line spectrum characterizes the strength of dipolar couplings
among protons, and, therefore, the molecular mobility, the marked
difference previously observed in the line width of cellulose and
water suggested the use of the dipolar filter technique for 13C
Fig. 18. 1H wide line NMR spectra at 80 MHz of paper collected at different
temperatures. The sharp water peak progressively broadens as the temperature
decreases. (Adapted from [109].)
CPMAS [116]. By applying the dipolar filter sequence, the selection
of the 13C magnetization of the mobile component of the paper,
was achieved. At very short mixing times s, the carbon signals cor-
responding to the broad component in the 1H spectrum of the cel-
lulose are partly removed. At long mixing times, when the spin
diffusion process is complete, the conventional 13C CPMAS spec-
trum is obtained. Fig. 19 shows the dipolar filtered 13C CPMAS
spectra obtained at increasing mixing times. Note that at the short-
est mixing time (s = 0.5 ms) the resonance at 66.8 ppm from C6c is
very weak, while the resonance at 64.5 ppm due to C6a is well ob-
servable. The same trend was observed for the intensity of reso-
nances of C4c and C4a. At the longest mixing time (s = 40 ms),
when the spin diffusion process is complete, the conventional 13C
CPMAS spectrum is obtained, with C4c and C6c resonances being
very intense and sharp with respect to the resonances of their
amorphous counterpart. Therefore, at very short mixing times, a
polarization transfer from the 1H signal of the water pool to the
13C signals of the cellulose domains has occurred, allowing an indi-
rect selection of the amorphous domain in the cellulose matrix. Gi-
ven the marked difference in mobility between water and
cellulose, also WIdeline SEparation (WISE) [8,117] experiments
were carried out to study the water–cellulose interaction. With a
series of these experiments, the build-up of the intensity of the
water resonance from the 1H projection corresponding in the 13C
dimension to the resonances due to C6c and C6a, was obtained.
The build-up of the intensity of the water resonance observed for
crystalline and amorphous cellulose domains, led to the space rela-
tionship between these domains and the water pools. It was found
that the build-up of the magnetization of the water resonance was
complete after different times for C6a and C6c respectively. Water
pool dimensions were calculated from results obtained by dipolar
filtered and WISE experiments. Calculation was carried out accord-
ing to the theory developed by Spiess et al. [118]. Based on this
theory, a model was obtained in which water pools, with an
Fig. 19. Linters paper: dipolar filtered 13C CPMAS NMR spectra at 50.13 MHz
obtained at various mixing times. (Reproduced with permission from [115].)



Fig. 20. T2 intermediate component measured in Linters paper used as a control
(circles) and treated with the enzyme (squares). (Adapted from [120].)
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average dimension of about 1.5 nm, are surrounded by amorphous
cellulose domains, and the crystalline domains are surrounded by
amorphous domains which included the water pools [115].

Several other researches have focused on the study of paper
deterioration. In chemical terms, the degradation of paper is essen-
tially the conversion of fibrous and highly crystalline cellulose into
a largely amorphous degraded material. Besides, in ancient and
modern paper, a measurable loss of bound water is always found
in degraded paper [111]. Also paramagnetic impurities play an
important role in the degradation of paper, as they may act as cat-
alysts and initiators of hydrolytic and/or oxidation reactions. Fur-
thermore paramagnetic centers undergo profound changes upon
thermal or photochemical ageing of paper [108,111].

The fungal growth on paper is one among the causes responsi-
ble for paper deterioration often occurring in archives and libraries.
It is well known that many fungi active on paper produce different
hydrolytic enzymes such as cellulases and ligninases [119]. This
enzymatic activity has different operating mechanisms in the sol-
ubilization of different paper components. Thus cellulose degrada-
tion arising from different types of fungi, involves the synergic
action of enzymes such as esoglucanases, endoglucanases, and b-
glucosidases. However, the biodeterioration of lignin, which is
present in most papers manufactured after 1850, needs a complex
of enzyme activities such as lignin peroxidases, Mn-peroxidase and
laccase. Ligninase and cellulase act in synergism to achieve a com-
plete solubilization of paper components. In order to study the ef-
fect of fungal attack on historical documents, a purified enzyme,
namely endoglucanase, with a well defined activity, was used on
model samples of paper. 1H pulsed low resolution relaxometry
proved valuable in assessing the paper degradation with regard
to the detection of an early enzymatic attack not observable with
any other methods [120]. Three series of samples were incubated
with 5 and 10 units of cellulase of Aspergillus niger in citrate–
phosphate buffer pH 4.0, 5.0, and 6.0 solutions. Three paper strips
were also soaked in the buffered solutions without the enzyme and
used as a control. After soaking, all samples were dried at 60 �C for
24 h.

Before submitting the paper to the enzymatic attack by Aspergil-
lus Niger, the enzymatic activity of this enzyme was tested on car-
boxymethylcellulose (CMC). It was found that 1 unit of enzyme
releases 1.0 mol of glucose from CMC in 1 h at pH 5 and 37 �C. Gen-
erally the activity of this enzyme decreases as pH increases, and, at
pH greater than 6, the enzyme tends to be no longer effective. The
most sensitive parameter to monitor the effect of the enzymatic
attack by NMR was found to be the transverse relaxation time T2.
Before and after the enzymatic attack of paper (Linters and
woodpulp), three T2 components contribute to the CPMG decay,
namely a slow, an intermediate and a fast relaxing one. The slow
relaxing component was found to be (9.0 ± 0.5) ms, the intermedi-
ate one ranged between 0.1 and 0.5 ms and the fast relaxing one
ranged between 0.05 and 0.1 ms. The fastest component is due to
tightly bound water, this water is either involved in a spin-diffu-
sion process with the polymers (cellulose, hemicellulose and lig-
nin) or is close to paramagnetic centers [108]. The slowest
component found in all samples, is never present in samples not
soaked [108]. Thus this component was ascribed to a very small
amount of residual free water after soaking. Both the fastest and
the slowest components are not affected by the enzymatic attack.
The intermediate component is the only one markedly shortened
after the enzymatic attack, see Fig. 20. In fact T2 values were found
to be about 0.3–0.4 ms in control samples, whereas they shortened
to about 0.1 ms in paper attacked by the enzyme. Additionally,
whereas in samples used as a control, the intermediate component
clearly lengthens with increasing pH, in samples incubated with
the enzyme, this component was found to be not affected by pH,
see Fig. 20.

Recently, research has been focused on developing appropriate
and long term resistance treatments to protect valuable docu-
ments. The protective efficacy of commercial waterborne polyure-
thanes against enzymatic attack has been tested on several types of
paper [121]. The evolution of structural and physical–chemical
characteristics of both uncoated and coated paper samples before
and after biodegradation, was monitored by several techniques,
including 13C CPMAS NMR spectroscopy. 13C solid state NMR al-
lowed the detection of the structural modification occurring in
the cellulose matrix at different times of incubation with the enzy-
matic complexes (cellulosomes), both in uncoated paper and in pa-
per coated with polyurethanes. In the uncoated paper, after 2 and
5 days of incubation, the cellulose structure was found to be essen-
tially unchanged, however, after 10 days of incubation, evident
damage in the cellulose matrix occurred, see Fig. 21, left side. In
fact all resonances are markedly broadened, with the ratio between
the intensity of C4a and C4c clearly increased, thus indicating a net
increase of the amorphous cellulose fraction. Moreover, broad
shoulders between 93 and 100 ppm possibly due to cellulose olig-
omers, were observed. After 15 days of incubation, the uncoated
paper was fully destroyed and no solid sample could be recovered
from the aqueous solution where the paper had been soaked dur-
ing the enzymatic treatment. However, the paper coated with
polyurethane showed a prolonged resistance to the biodegrada-
tion. In fact the 13C CPMAS spectrum of coated paper incubated
for 10 days showed only a slight increase of the amorphous frac-
tion. This effect was more evident after 15 and 30 days of incuba-
tion, see Fig. 21, right side. Actually, the NMR spectra show that
after 30 days of incubation, even if affected by a loss of crystallin-
ity, the cellulose matrix of coated paper still exists, whereas in the
case of uncoated paper, at incubation times longer than 10 days,
the cellulose structure is fully destroyed [121]. It is evident that
the use of waterborne polyurethanes in the protection of paper-
based materials, when submitted to the enzymatic attack, is able
to delay the destruction of cellulose matrix.

Another cause of paper deterioration in archives and libraries is
because oxidation occurs in the cellulose matrix. As an example,
the 13C CPMAS spectrum of a sample of paper from a book dated
1665, is shown in Fig. 22. The paper appeared browned and fragile.
In the 60–110 ppm range the resonances characteristic of cellulose
with a good degree of crystallinity are observed, however, the
broad signal at about 175 ppm shows that there are a number of
different sites for the carboxyl carbons which indicates the occur-
rence of oxidation in the cellulose matrix [122]. Oxidation reac-
tions in cellulose involve the primary and secondary hydroxyl
groups of the pyranose ring leading to carbonyl and carboxyl
groups which are able to absorb UV and visible radiation. Both



Fig. 21. 13C CPMAS NMR spectra at 50.13 MHz of, on the left, uncoated paper before (0 days) and after 2, 5, and 10 days of enzymatic attack, and on the right, spectra of paper
coated with polyurethane before (0 days) and after 2, 5, 10, 15, and 30 days of enzymatic attack. (Adapted from [121].)

Fig. 22. 13C CPMAS NMR spectrum at 100.13 MHz of a sample of ancient
deteriorated paper from a book dated 1662. In the insert the resonance of carboxyl
carbons is shown with a vertical multiplication. (D. Capitani, N. Proietti, V. Di Tullio,
unpublished data.)
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carbonyl and carboxyl groups are chromophores and their forma-
tion is responsible for the yellowing of paper [122]. The oxidation
reaction may also be accompanied by the opening of the pyranose
ring. In both cases, the glycosidic bond becomes weaker and the
eventual formation of the carboxylic acids increases the acidity
of the paper. Therefore, the depolymerization of cellulose occurs
along with a general worsening of physical and mechanical
properties.

Studies have been carried out on the use of polymeric materials
to consolidate and protect oxidized paper [123]. In particular, a
grafting reaction was carried out on paper using vapourised acrylic
monomers, namely ethylacrylate (EA), methylacrylate (MA) and
methylmethacrylate (MMA). In order to simulate the ageing of pa-
per, before the grafting, chemical oxidation was performed with
NaIO4, a specific oxidizing agent. The oxidation process was needed
to obtain dialdehydic groups where acrylic monomers could be
grafted. 13C CPMAS NMR spectroscopy was used to follow the oxi-
dation process in paper and also to confirm the occurrence of the
grafting reaction on the oxidized paper. At short times of oxidation,
the 13C CPMAS spectra show the presence of a weak resonance at
about 202 ppm which is attributed to dialdehydic groups [123].
After prolonged oxidation, the spectrum shows a general broaden-
ing of all resonances of cellulose, along with a consistent increase
of resonances due to oligomers. By spectral deconvolution it was
possible to evaluate the relative amount of oligomers and the crys-
talline/amorphous ratio as a function of the oxidation time.

13C CPMAS spectra also allow one to demonstrate the grafting of
EA, MA and MMA on oxidized cellulose chains. As an example, the
spectrum of paper grafted with MMA is reported in Fig. 23. It is
worth noting that the monomer insertion did not alter the appear-
ance of the grafted paper, as this aspect is very important in Cul-
tural Heritage material. A semi-quantitative evaluation of the
grafting was performed by studying the cross-polarization dy-
namic process [124]. Parameters obtained from the best fit of the
equation describing the kinetics of the cross-polarization process,
allowed the evaluation of the grafting yield. It was found that the
grafting with MMA gave the best result with the highest number
of acrylic monomers grafted on cellulose chains.

The cross polarization dynamics also give information on the
morphology of grafted chains with respect to the bulk cellulose.
As an example, Fig. 24 shows the correlation between the intensity
of C1 (cellulose) and C30 (grafted monomer) with the contact time t



Fig. 24. The intensity as a function of contact time, t, of the anomeric carbon
resonance C1 (empty circles), and the carbonyl carbon 30 of MMA (filled circles) in
the 50.13 MHz 13C CPMAS spectra from (a) methyl acrylate and (b) methyl
metacrylate. (Adapted from [123].)

Fig. 23. 13C CPMAS NMR spectrum at 50.13 MHz of oxidized paper grafted with
MMA along with resonances assignment. (Adapted from [123].)
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in paper grafted with (a) MA and (b) MMA. A value for T1qH may be
evaluated from the slope of the downward part of curves shown in
Fig. 24a and b [123]. The spin diffusion process is fully active in
equalising T1qH values of cellulose and of the grafted monomer
in paper grafted with MMA, but in paper grafted with MA the spin
diffusion process from cellulose to the grafted monomer is inter-
rupted. Thus it was hypothesized [123] that in paper grafted with
MMA the grafted chains possibly lie on the cellulose surface or in-
side, whereas in paper grafted with MA, the grafted chains might
lie outside the cellulose surface.

Recently, the development of non-invasive mobile NMR equip-
ment has allowed the non-invasive study of historical documents
for which the sampling of an even small amount of paper must
be strictly avoided. The first application of unilateral NMR to inves-
tigate non-invasively the degradation of historical documents and
books was reported by Blümich et al. [125]. Historical books dating
from the 17th century were measured by positioning the probe-
head directly on pages showing a different degree of deterioration.
The values obtained for transverse relaxation times can be used to
discriminate among pages of the same book showing degradation
to different extents, as the longest T2 values were obtained in the
case of paper with a low degradation, and the shortest for in-
creased levels of degradation. Although the magnetic field gener-
ated by the unilateral NMR device is strongly inhomogeneous, it
was shown that the quality of the experimental data is sufficient
for discriminating among different states of paper degradation in
the investigated books [125].

A further advance was made by a systematic study of paper arti-
ficially aged by oxidation to reproduce one of the common causes
of paper degradation [126]. The artificial ageing was monitored
invasively by 13C solid state NMR and conventional 1H NMR relax-
ometry, and non-invasively by using the unilateral NMR technique.
Both conventional and unilateral NMR devices operated at approx-
imately the same 1H carrier frequency (about 18 MHz). It is worth
noting that the use of artificially oxidized paper samples allowed a
direct comparison between transverse T2 relaxation times mea-
sured by unilateral NMR and those obtained in a homogeneous
field. Results from both devices showed that increasing exposure
to the oxidising agent resulted in an increased shortening of the
T2 relaxation time of the confined water. Even very low concentra-
tions of oxidizing agent (NaIO4) and short exposure times provided
a noticeably reduced relaxation time, even when the damage was
not visible, and not detectable by 13C CPMAS NMR analysis, sug-
gesting that T2 values are extremely sensitive to paper degradation.
The T2 values obtained by conventional and unilateral NMR were
found to be equal within the experimental error, as is clearly obser-
vable in Fig. 25 where T2 distributions obtained from CMPG decays
measured with both devices, are compared. Also, in both cases, the
centre of the distributions shifts down to shorter T2 values as the
degradation of samples increases. A strong field gradient is applied
in the unilateral NMR experiment and if molecular diffusion is
present this will affect the T2 values obtained. The absence of this
effect shows that diffusion is weak, which reflects the small aver-
age size (�1.4 nm) of water filled pools [115].

A study has been made on Papyrus, Whatman, and Newsprint
paper before and after physical and/or chemical ageing [127]. Ana-
lytical techniques were applied to characterize the samples and to
monitor the damage, including 13C CPMAS NMR spectroscopy, and
conventional and unilateral NMR. Fig. 26a shows the 13C CPMAS
spectrum of papyrus which is an early type of writing material,
produced from the Cyperus papyrus plant. In newsprint and papy-
rus a considerable amount of lignin is present in addition to cellu-
lose. Note that in these materials, the presence of lignin enhances
the effect of weathering processes. It was found that the chemical
ageing mostly affects the cellulose matrix, whereas physical ageing
in a solar box mostly affects the lignin matrix. The deconvolution of
spectra collected before and after ageing, allowed a quantitative
evaluation of the modifications occurring in the cellulose and lig-
nin matrix to be made, such as the amount of oligomers, the vari-
ation of the crystalline to amorphous ratio, the increase of carboxyl
carbons, and variation in the aromatic and methoxyl regions [127].
The 13C CPMAS spectra of papyrus before and after ageing in a solar
box, reveal modifications in the aromatic region, and also that the
intensity of the resonance of OCH3 groups of lignin has decreased,
see Fig. 26b and c. In Fig. 26d, the spectrum of an ancient papyrus
from the archaeological site of Antinoe, Egypt, is also reported. In
this ancient sample, the degradation of the lignin is evident, with
all resonances markedly broadened, whereas the cellulose compo-
nent is in a rather good state of conservation. The effect of physical
and chemical ageing processes was also monitored by 1H low
resolution relaxometry, with both conventional and unilateral



Fig. 25. T2 distributions obtained (a) in a homogeneous magnetic field with a
conventional relaxometer, and with (b) unilateral NMR. A: Untreated paper. B:
Paper oxidized with NaIO4 0.1 M. C: Paper oxidized with NaIO4 0.4 M. (Adapted
from [126].)

Fig. 26. 13C CPMAS NMR spectra of papyrus at 50.13 MHz. (a) Modern papyrus, and
(b and c) before and after treatment in a solar box reported on a vertical expanded
scale. (d) Ancient papyrus from the archaeological site of Antinoe, Egypt, the sample
was a kind gift from the Antiquity Science Department, Sapienza University of
Rome. (Adapted from [127].)
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devices. In all samples, as the degradation occurred, the maximum
in the T2 distributions shifted to shorter values, further confirming
that the T2 relaxation time is a suitable index of degradation in cel-
lulose based materials. As an example, T2 distributions of untreated
and aged papyrus obtained by conventional relaxometry, and
therefore with a homogeneous field as well as with an unilateral
device, which has an inhomogeneous field, are reported in
Fig. 27a and b respectively. The most pronounced shift to short val-
ues was found in the sample weathered in a solar box. Once again,
the results obtained with conventional and unilateral devices, were
found to be in accordance.

Based on these results, unilateral NMR has been employed to
study precious old books and ancient documents. The state of con-
servation of ancient maps from the 17th and 18th century
[128,129] was investigated by a non-destructive and non-invasive
multi-analytical approach. In particular, unilateral NMR was used
to measure T1 and T2 relaxation times in different areas of the
maps. T1 measurements discriminated between areas showing fox-
ing (discolouration with brown spots) and areas in a good state of
conservation, as shorter T1 values being found for areas with fox-
ing. T1 also detected the presence of paramagnetic ions in areas
with green ink where shorter T1 values were measured. This result
was confirmed by non-invasive X-ray Fluorescence (XRF) analysis
which revealed the presence of Cu and Fe ions in these areas. T2

transverse relaxation times detected the presence of organic sub-
stances used in a previous undocumented restoration: T2 values
in unrestored areas were found to be very similar to those of
	0.3 ms measured for well preserved paper, whereas the T2 values
were definitely longer, 0.6/0.8 ms, in restored areas, see Fig. 28,
bottom.
Recently, a novel application of unilateral NMR to paper, was re-
ported in which micrometer thick oil stains on paper were differ-
entiated and characterized [130]. Oils can stain works of art on
paper such as manuscripts, photographs, drawings and so on.
When the stains are visually disruptive and the damage is not con-
sidered part of the history of the object, art conservators remove
them by applying a suitable conservation treatment that ideally re-
duces the stain without affecting the paper support, the pigment,
or other media present. The degree of cross-linking of the oil is a
good guide for determining the choice of the treatment, but is
not the sole identifying factor of the type of oil. The degree of cross-
linking of oils was assessed non-invasively by tracking changes in
the T2 transverse relaxation time: T2 decreased as the degree of
crosslinking of the oil increased. The value of the longest T2 compo-
nent measured on oil stains on paper can be used to determine
whether an oil stain was caused by a drying, a semi-drying, or a
non-drying oil, and to follow up the treatment to remove the
stains, as, after removing the stain, the longest T2 component con-
verged to the T2 value characteristic of the paper substrata [130].

Unilateral NMR has also been used to monitor the degradation
of Codex Major, a 17th century musical anthology manuscript
belonging to the library of the Palazzo Altaemps, Rome [131,132].
The analysis of different areas of the same document allowed
information to be obtained about the state of preservation of the
paper. NMR relaxation measurements indicated the good state of
preservation of the pages of the Codex, as most of the investigated
areas of the manuscript have relaxation properties similar to those
found in well-preserved paper. Furthermore, the average dimen-
sion of water pools in the paper was estimated from T2 values,
and was found to be in a very good agreement with previously



Fig. 27. (a) T2 distributions of papyrus obtained with a conventional relaxometer,
and (b) with unilateral NMR. Untreated papyrus (short dashed line), papyrus
oxidized with NaIO4 (solid line), papyrus weathered in oven (long dashed line),
papyrus weathered in solar box (dash dotted line). (Adapted from [127].)

Fig. 28. Top: picture of an ancient map dated 17th century. Bottom: T2 relaxation
times vs the position of measurement on the map. The longest T2 values were
obtained for the middle of the map, where a previous undocumented restoration
had been carried out. (Adapted from [128].)
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published data [115], indicating a well-preserved paper structure.
Damaged areas seem to be mostly related to the acid iron-gall ink
action, in fact, the shortest relaxation times were measured for
these areas, possibly indicating the presence of a considerable con-
centration of paramagnetic impurities from the ink.
10. Wood

Wood is a complex natural composite material made of cellu-
lose, hemicelluloses, lignin and water. Hemicelluloses are rela-
tively short-branched homo- and heteropolymers made up of
pentose and hexose sugars and their uronic acid derivatives. Hemi-
celluloses constitute the alkali-soluble carbohydrate fraction of
wood. Lignin is a complex three-dimensional amorphous polymer
synthesized by enzymatic polymerization of p-coumaryl, coniferyl
and synapyl alcohols being the respective precursors of p-hydroxy-
phenyl (H), guaiacyl (G) and syringyl (S) phenylpropanoid units
linked by C–C and ether bonds. The most complex HGS lignins
are typical of grasses, whereas hardwoods contain GS lignins, and
G lignins are characteristic of softwoods.

Cellulose is present mainly in the secondary wall layer in the
form of microfibrils, hemicelluloses are present in all cell wall lay-
ers, whereas lignin is primarily found in cell wall corners, middle
lamella and primary cell walls. Hemicelluloses and lignin interact
with cellulose microfibrils [133,134] creating a rigid structure that
strengthens the cell wall. The structure and molecular organization
of wood cells in a living plant modulate the mechanical strength,
the action of the water-conducting elements and the function as
storage cells. Cell wall structure gives rise to chemical and anatom-
ical properties which are very variable and strongly dependent on
the plant species and on the plant age as well.

Degradation of any of the components of wood decreases its
mechanical strength and modifies its morphology. Degradation
changes the properties of wood, and information on the original
state of an ancient wood is obscured. Evaluation of the degree of
deterioration of ancient wooden artifact belonging to Cultural Her-
itage is of interest for archaeology, archaeometry and conservation
science. An assessment of the degree of deterioration of wood,
characterized by its morphological, chemical and physical proper-
ties, is mandatory in order to design an appropriate conservation
approach.

13C CPMAS NMR spectroscopy is a very powerful technique for
studying structural changes in wood [135,136]. The position and
the integral of resonances in the carbon spectrum give valuable
information on the type of wood, namely hardwood or softwood,
and on its state of degradation. As an example, a marked degradation
Fig. 29. 13C CPMAS NMR spectrum at 100.13 MHz of wood from the Dunarobba
Fossile Forest (Terni, Italy). In the spectrum, the carbohydrates depletion is
particularly evident by comparing the relative amount of cellulose with respect
to lignin. (D. Capitani, N. Proietti, V. Di Tullio, unpublished data.)
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due to a significant carbohydrate depletion in wood, may be clearly
observed in the 13C CPMAS spectrum of a sample from the
Dunarobba fossile forest (Terni, Italy), see Fig. 29. However the
residual cellulose has rather sharp well resolved resonances charac-
teristic of cellulose with a still good degree of crystallinity.

The 13C CPMAS spectrum acts as a fingerprint of the wood, and a
qualitative analysis of such a spectrum is the first step in the inves-
tigation of structural changes occurring in ancient wood. The most
common strategy is to compare NMR spectra of ancient wood sam-
ples with a similar modern wood sample used as control. Obvi-
ously such a comparison is only meaningful provided that the
spectrum of the reference sample has been already assigned. The
assignment of carbon resonances is aided by the large amount of
available data from previous, pioneering studies. These studies in-
volved the NMR characterization of purposely synthesized com-
pounds to model the different basic units of wood components
and the inter-unit bonds in wood [137,138], the NMR characteriza-
tion of compounds extracted from wood with different extractive
procedures, and, finally, the application of basic and advanced
mono e two-dimensional NMR experiments to assign the carbon
resonances in wood [139,140].

13C CPMAS NMR spectroscopy has been used to evaluate the
state of conservation of an ancient wooden panel of an Egyptian
sarcophagus (XXV–XXVI dynasty, Third Intermediate Period) [35].
In Fig. 30 the 13C CPMAS spectra of samples from the outer and
the inner sides of the sarcophagus are compared with a seasoned
yew wood sample used as control. The assignment of the reso-
nances is reported in the caption of Fig. 30. The weak signal at
21 ppm (1) is due to the CH3 carbon of the acetyl group in hemicel-
luloses. The signal at 55.6 ppm (2) is assigned to methoxyl groups
Fig. 30. 13C CPMAS NMR spectra at 100.13 MHz of wood samples. (a) Sample from
the outer side of the panel of an ancient Egyptian sarcophagus. (b) Sample from the
inner side of the panel. (c) Seasoned yew wood. Assignment from [141]. 1:carbo-
hydrates, CH3COO–; 2: lignin OCH3; 3: lignin Cc; 4: carbohydrates C6; 5:
carbohydrates C2, C3, C5; 6: lignin Ca, carbohydrates C2, C3, C5; 7: lignin Cb,
carbohydrates C4; 8: carbohydrates C4; 9: carbohydrates C1; 10: lignin G5, G6, S2,
S6; 11: lignin G6; 12: lignin S1(ne), S4(ne), G1(e); 13: lignin S1(e), S4(e), G1(e); 14:
lignin S3(ne), S5(ne), G1, G4; 15: lignin S3(e), S5(e); 16: carbohydrates COO–R–,
CH3–COO–. (Adapted from [35].)
of aromatic units of lignin. The region between 60 and 105 ppm is
dominated by signals mostly assigned to cellulose, whereas the re-
gion between 105 and 160 ppm is specific to the aromatic carbons
of lignin. The signal at 172 ppm arises from carbonyls in acetoxy
groups of hemicelluloses and to acid groups possibly present in
wood. According to the literature [141], the resonance at
152.6 ppm (15) is assigned to carbon atoms C3 and C5 of S (syring-
yl) units in etherified arylglycerol b-aryl ethers, namely S3(e) and
S5(e), and the resonance at 147 ppm (14) is assigned to carbon
atoms C3 and C5 of S units in non-etherified arylglycerol b-aryl
ethers, namely S3(ne) and S5(ne) and to carbon atoms C1 and C4
of G (guaiacyl) units, namely G1 and G4. The integrals of all reso-
nances were obtained by applying a deconvolution procedure. It
is worth noting that the resonance at 21 ppm (acetyl groups of
hemicelluloses) which is clearly observed in seasoned yew wood
is absent from the spectra of samples obtained from the sarcopha-
gus, clearly indicating the occurrence of hemicelluloses depletion.
According to the literature [141], the relative amount of carbohy-
drates and lignin was evaluated from the integral I(9) of resonance
9 at 104.8 ppm of the anomeric carbon of cellulose as a reference,
and the integral I(2) of resonance 2 at 55.6 ppm of the methoxyl
groups of lignin. The ratio between I(9) and I(2) is found to be
2.17 in seasoned yew wood, whereas it is 1.58 in the sample col-
lected from the inner side and 0.87 in the sample from the outer
side of the sarcophagus. These results clearly indicate that both
samples from the inner and the outer side of the sarcophagus show
a depletion of carbohydrates, however the depletion is definitely
higher in the sample from the outer than in the sample from the
inner side. The relative intensities of signals 15 and 14 allowed
the evaluation of the depletion of the b-O-4 linkages in lignin.
The ratio I(15)/I(14) is 0.51 in seasoned yew wood, 0.48 in the sam-
ple from the inner side and 0.25 in the sample from the outer side
of the sarcophagus. These results indicate that the inner side is
only slightly affected, whereas in the outer side a depletion of
b-O-4 linkages inside lignin has occurred. However, in spectra of
ancient samples the linewidths of carbon resonances are not signif-
icantly different from those observed in the spectrum of seasoned
yew wood, indicating that, while ageing has induced a depletion
of carbohydrates, no chemical rearrangements inside the bio-poly-
meric network have occurred. The effects of such rearrangements
are commonly observed in carbon spectra of wood samples after
pulping processes [141].

The state of conservation of the sarcophagus was also investi-
gated by unilateral NMR [35], which allowed measurements to
be performed in situ and in a fully non-invasive way. Transverse
relaxation times measured on the inner and outer sides of the woo-
den panel of the sarcophagus were found to be shorter with respect
to those measured in a sample of seasoned yew wood, indicating a
loss of lumen water [142] because of the ageing. The shortening is
more evident in areas on the outer side than in those on the inner
side, indicating a more pronounced degradation in the outer than
in the inner side of the panel of the sarcophagus, in accordance
with results obtained by 13C CPMAS NMR spectroscopy. In
Fig. 31a, T2 distributions obtained by inverting CPMG decays mea-
sured on seasoned yew wood, on the inner side and the outer side
of the panel, are compared. In seasoned yew wood the distribution
has three peaks resulting from cell water and lumen water in two
different environments, whereas in the inner and in the outer side
of the panel the peak centred at the longest T2 value is missing. The
longest T2 component measured in the outer side is clearly shifted
to a value shorter than that measured in the inner side. This result
is in agreement with a previous observation indicating the trans-
verse relaxation time as a suitable parameter for evaluating the
state of degradation in cellulose based materials [120]. This study
of the wooden Egyptian sarcophagus enabled an analytical proto-
col to be established for detecting, fully non-invasively, the



Fig. 31. (a) T2 distributions obtained for seasoned yew wood (squares), for an area
of the inner side of the panel of the sarcophagus (triangles), and for an area of the
outer side of the panel (circles). (b) Comparison between NMR depth profiles
measured in two different areas (A1, A2) of the outer side of the sarcophagus. (c) 13C
CPMAS NMR spectrum at 100.13 MHz, of a sample from an area of the outer side of
the panel. (Adapted from [35].)
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presence of organic substances on the surface and/or embedded
into the wood matrix constituting the panel. According to this pro-
tocol, proton density maps of the outer side of the wooden panel
were obtained in the first layers of the wood and at a depth of
0.5 cm inside the wood. In these maps, unexplained intense proton
densities were found in many areas of the outer side of the panel of
the sarcophagus. This finding was further confirmed after measur-
ing NMR depth profiles spanning from 0 to 0.5 cm inside the wood.
As an example, depth profiles measured in two areas of the outer
side of the panel of the sarcophagus are shown in Fig. 31b. A net
difference in the amplitude of the profiles, is observed. In order
to clarify the source of the anomalous proton density, 13C CPMAS
spectra were recorded on samples taken from a few selected areas
with the aim of investigating their structural composition. The car-
bon spectra of these samples, in addition to showing the typical
resonances of wood, clearly feature 18 intense and very sharp res-
onances typical of molecules in a crystalline environment [35], see
Fig. 31c. The analysis of these spectra also revealed the presence of
an organic substance with a basically aromatic structure possibly
used in an undocumented restoration.

Pournou has used 13C CPMAS NMR spectroscopy to investigate
the chemical composition of an archaeological oak wood found in
a 16th century site in Zakynthos [143]. The most relevant feature
found in the spectra of archaeological wood samples compared
with a modern oak, is the absence of resonances at 21 and
172 ppm ascribed respectively to methyl carbons and carboxyl car-
bons of hemicelluloses. The preferential loss of hemicelluloses vs
cellulose was reported to be mainly due to the hydrolysis of wood
at a non advanced stage of decay. This is because the archaeologi-
cal oak was recovered from a restricted-oxygen marine environ-
ment, where the presence of brown and white rot which cause
decay was excluded. The disappearance of hemicellulose reso-
nances in the carbon spectrum was interpreted as being caused
by hydrolysis of the material rather than biodeterioration [143].

13C CPMAS NMR spectroscopy has been employed to character-
ize archaeological beech wood samples from an 11th century site
in Paladru lake at Chravines, France [144]. The aim was to investi-
gate the degradation of wood after ageing in a water environment.
To obtain the required quantitative intensities the polarization
dynamics were carefully investigated. Thus, the intensity of each
13C resonance was obtained vs the contact time t. The data were
fitted to the equation:

MðtÞ ¼ M0 1� exp � t
TCH
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where M(t) is the measured intensity for a contact time t, M0 is the
initial intensity of magnetization, TCH is the cross-relaxation time
between protons and carbons, and T1qH is the proton spin–lattice
relaxation time in the rotating frame. It is worth noting that M0,
which is proportional to the spin density, may be used for quantita-
tive analysis. In order to reduce the number of parameters in Eq.
(19), T1qH may be measured with a separate experiment. Bardet et
al. [144] showed that, at a spinning rate of 5 kHz, a contact time
of 1 ms was a suitable time to obtain the maximum polarization
for all the wood carbon resonances, with a maximum expected er-
ror for the signal intensities below 5%, and without applying any
correction to the measured intensities. 13C CPMAS spectra of
archaeological beech wood samples showing a different degree of
degradation were compared with a modern beech wood sample.
It was found that, a marked carbohydrate depletion occurs in mod-
ern beech wood which has been aged in water, whereas the overall
structure of lignin is not affected. Possibly, the presence of water fa-
vours the leaching of cellulose oligomers and hemicelluloses from
the wood to the environment. Integrals measured from 13C CPMAS
spectra were used to calculate the percentages either in carbons or
in weight of lignin and carbohydrates using the average empirical
formula proposed for hardwood lignin [136], namely C9H7.72O2.75

(OMe)01.53 with a molecular mass 207 g mol�1, and using the
average formula of sugars C6H10O5 with a molecular mass of
183 g mol�1.

13C CPMAS NMR spectroscopy was also used to characterize
archaeological oak wood samples from three Portuguese medieval
dugout canoes [145], two of these were in a rather good state of
conservation, whereas the third one appeared to be heavily de-
graded and fragile. A wood sample is considered to be slightly de-
graded if the water content obtained by weighing the wood sample
before and after oven drying at 105 �C, ranges between 100% and
200%, whereas it is considered to be heavily degraded if the water
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content is higher than 400%. The water content was found to be
about 190% and 200% in the well preserved canoe samples, and
800% in the badly degraded sample. The NMR spectra of samples
in a good state of conservation were found to be very similar to
the spectrum of modern wood, as indicated by the presence of cel-
lulose and lignin. However, the spectrum of the very degraded
sample shows a strong decrease of carbohydrates, with a complete
disappearance of hemicelluloses, whereas the lignin structure is
unaffected. Furthermore, spectra of samples collected from bot-
tom, medium, and internal parts of the same canoe clearly indicate
some differences in the relative proportion of lignin and cellulose.
All these results indicate that the marked degradation of hemicel-
luloses and the leaching out of their degradation products is the
possible origin of the weakness of the dugout canoes. These results
correlated well with the increase in the water content measured in
the samples, as the water entered the wood in the free space pre-
viously occupied by cellulose fibrils [145].

Wooden archaeological samples from excavations in the Vesu-
vian area of Pompei have been studied by Alesiani et al. [146].
The wood samples belonged to a building in the Murecine country-
side which was buried after the earthquake in 62 BC, and the sam-
ples were waterlogged until their discovery in 1999. All the
samples were equilibrated in a moist environment for 1 month be-
fore the analysis. Spectra of archaeological samples were compared
with modern wood samples obtained from poplar, oak, and silver
fir. By considering the signal of methoxyl carbons of lignin as a ref-
erence, it was deduced that the relative amounts of carbohydrates
and lignins differ in the archaeological wood compared with a
modern wood. Again, archaeological waterlogged wood samples
show a strong carbohydrate depletion.

Anaerobic bacteria are mostly responsible for the depletion of
wood carbohydrates in an aquatic environment, leaving an unsta-
ble residual structure mainly made of lignin which easily collapses
during drying. To reinforce the structure requires a specific consol-
idating treatment. The most commonly used conservation treat-
ment for waterlogged wood is impregnation with polyethylene
glycol (PEG) which relies on the formation of hydrogen bonds be-
tween PEG and the carbohydrates of wood. Bardet et al. [147] stud-
ied the molecular interactions between the wood and PEG in
treated archaeological wood samples. Samples were obtained from
a fragment of a halyard slade excavated from an Italian 17th cen-
tury shipwreck ‘‘La Lomellina’’ in the Mediterranean sea. Because
of strong degradation, the samples had almost lost their entire cel-
lulose component and most of their initial volume had become
occupied by water. Therefore a large volume inside the wood fibres
was available for PEG polymers. In addition to signals characteris-
tic of wood the 13C CPMAS spectra of treated wood have new sig-
nals ascribed to PEG, i.e. an intense signal at 72 ppm due to carbons
of CH2O groups and a weak signal at 61.7 ppm assigned to terminal
CH2 bound to an hydroxyl group. Choosing a proper contact time
(3–5 ms) for which the PEG component gives only a small residual
NMR signal in the spectrum, it is possible to edit selectively the
spectra of the wood components. Bardet et al. also showed that
by editing the spectrum, the degradation extent of the archaeolog-
ical wood is apparent from the NMR spectrum even after applying
the conservation process with PEG. The cross-polarization dynam-
ics in pure PEG and in the very deteriorated archaeological wood
samples treated with PEG were carefully investigated by monitor-
ing the build up of magnetization of different carbon signals. The
slope of the downward part of these curves is proportional to
T1qH, whereas the slope of the rising part of the curve gives the
cross relaxation time TCH: both of these dynamic parameters give
information on molecular motions. To obtain M0, T1qH and TCH in
the case of a single component system, the experimental data were
fitted to Eq. (19), whereas, in the case of a two-components system
the experimental data were fitted to:
MðtÞ ¼
X2
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In particular the build up of the magnetization of the intense reso-
nance of PEG, both in pure PEG and in PEG treated wood samples,
was investigated. It was found that the PEG moiety, either inside
wood or as pure product exists in two domains characterized by
separate values T1

1qH and T2
1qH. The relative size of the domains is gi-

ven by M1
0 and M2

0, which reveal that, on average, in all samples,
about 70% of protons in PEG are in a disordered domain, with short
T1qH and long TCH, and the remaining protons, about 30% are in a
more ordered or even crystalline domain as indicated by long
T1qH and short TCH values. It was also found that, in the case of
PEG in treated wood, T1qH values of the ordered phase are always
longer than values assigned to crystalline domains in pure PEG,
clearly indicating that the protons of the treated wood affected
the dynamics of PEG protons. However, the T1qH values for the dis-
ordered phase are the same in pure PEG and in PEG treated wood.
Furthermore, the T1qH values of some of the carbon signals in lignin
match well the values measured for the slow relaxing component of
PEG in treated wood. To summarize, by investigating the cross-
polarization dynamics in PEG treated wood, it was found that only
about 30% of PEG is in close molecular interaction with wood com-
ponents, whereas about 70% of PEG does not interact. This may ex-
plain the weakness of the PEG treated wood, particularly when the
wood is heavily degraded. It is worth noting that most intense PEG
resonance at 72 ppm overlaps with the resonances C2, C3 and C5 of
cellulose, and spectral deconvolution was mandatory in order to
measure the integrals of the various carbon signals. With the decon-
volution the integrals of resonances of woods and those of CH2 as-
signed to PEG were measured in untreated wood and in wood
impregnated by PEG aqueous solutions with increasing concentra-
tion of PEG, and this enabled the carbon ratio between PEG and
wood components to be obtained [147].

High and low resolution NMR methods were applied to investi-
gate ancient and very degraded larch and fir wood samples from
the trussed rafter of the Valentino Castle, 15th century, Turin (Italy)
[148]. 1H wideline NMR spectra at 300 K show the presence of a
broad and a sharp line. The former, arising from the polymeric ma-
trix of wood (cellulose, hemicelluloses and lignin) is as broad as
50 kHz, whereas the latter, arising from bound water, has a line
width of about 1.5 kHz. On lowering the temperature, the water
resonance progressively broadens, and fully collapses into a broad
resonance at about 200 K, indicating that, at this temperature, the
water confined into the polymeric wood structure is fully frozen.
This lowering of the melting point is associated with confinement
in small cavities or pores. Bearing this in mind, wood may be trea-
ted as a porous system containing a mobile species, the water,
embedded into a rigid polymeric matrix, and the pore size distribu-
tion was obtained by measuring the intensity of the water reso-
nance as a function of the temperature. The marked difference in
the line widths observed in the 1H wideline spectrum allowed
the use of the 13C CPMAS Dipolar Filter technique [115]. At a very
short mixing time, the carbon signals corresponding to the broad
1H component were filtered, whereas, at long mixing times, when
the spin diffusion process is complete, the conventional 13C CP
MAS spectrum was obtained. 1H dipolar filtered 13C CPMAS spectra
obtained on deteriorated wood samples show that, at very short
mixing times, an indirect selection of the amorphous phase can
be achieved. Even at very short mixing times the 13C resonances
of lignin have intensities which are very similar to those observed
for long mixing times. To explain this result, a model was proposed
[148] in which water pools are surrounded by thin layers of amor-
phous cellulose and lignin, while the crystalline domains of cellu-
lose surround layers of amorphous cellulose. The degraded wood
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samples were also analysed by non-invasive unilateral NMR. In
particular T2 relaxation times were measured and compared with
values measured for seasoned modern larch and fir samples. In
accordance with results obtained for other cellulose-based materi-
als [35,120,126,127], the T2 relaxation times were found to be
markedly shorter in degraded than in modern seasoned wood, as,
due to degradation, the T2 shortening reflects a net loss of bound
water, or a loss of water confined in pores.

1D and 2D high resolution NMR spectroscopy in solution was
applied in order to investigate in detail changes occurring in lignin
structure of archaeological wood samples. Salanti et al. [149] char-
acterized waterlogged wood from the site of the Ancient Ships of
San Rossore (Pisa, Italy), where many shipwrecks dating from
2nd century BC to 5th century AD, have been discovered. This
study was focused on obtaining a detailed picture of lignin chem-
ical features in the archaeological wood samples and in modern
samples used as a reference, and involved examining lignin ex-
tracted from archaeological and from reference samples by using
high resolution NMR spectroscopy in solution. Quantitative 13C
spectra and inverse detected 1H–13C correlation 2D maps (HSQC)
[4] were used to evaluate any significant changes in the polyphenol
chemical structure, and to identify the principal inter-monomeric
bonds. All the investigated samples were found to be rich in aryl-
glycerol-b-arylether units (b-O-4). Cross peaks due to other princi-
pal inter-monomeric bonds (b-5, b–b) were also observed. It is
worth noting that the results obtained confirmed that in ancient
waterlogged woods the chemical structure of lignin has not been
heavily modified by the ageing process, and the principal inter-
monomeric linkages are still present [144].

Crestini et al. [150] applied high resolution NMR in solution to
study lignin degradation processes in a sample extracted from an
ancient Egyptian cypress coffin. A qualitative evaluation of the kind
of lignin inter-unit bonding of soluble samples was obtained from
2D homo-correlated NMR spectroscopy (HOHAHA) [151,152] In
the HOHAHA map of the aliphatic region of the lignin it was possi-
ble to identify some substructures. The lignin backbone was found
to be still intact with the presence of signals representative of par-
tially oxidized b-O-4 inter-unit bondings as the main binding pat-
tern. A 31P NMR analysis of the ancient lignin sample and of a
recent reference wood after phosphytylation, allowed the charac-
terization of the modifications induced by ageing on the distribu-
tion of the aliphatic and phenolic OH groups. The lower amount
of aliphatic OH groups found in the decayed wood with respect
to that found in modern wood, was ascribed [150] to the occur-
rence of side-chain oxidation reactions, oxidative coupling pro-
cesses, and/or to the occurrence of reduction steps during overall
lignin oxidations (disproportionation processes). Furthermore,
the lower amount of phenolic guaiacyl and p-OH groups found in
the decayed wood compared to that found in the reference sample,
was ascribed to the occurrence of oxidative coupling reactions,
and/or aromatic ring cleavage processes. To summarize, it was sug-
gested that the degradation of the original lignin structure led to a
residual lignin with a substantial lower content of phenolic and ali-
phatic OH groups, and that side-chain oxidation occurred, yielding
the formation of diphenylmethane and aliphatic subunits.

An important step in the treatment of archaeological wood is
the period of time necessary to impregnate the artefact with con-
solidating solutions, as the permeability of wood is extensively
modified by degradation processes. Robertson and Packer investi-
gated the diffusion of deuterated water in plugs obtained from
archaeological wood by determining 1-D profile images [153].
Plugs were sampled at different depths, reflecting different degrees
of degradation and orientation with respect to the wood structure
of an oak timber from the Mary Rose Trust, Portsmouth, UK. The
profiles were recorded as a function of diffusion times to sample
the ingress of D2O to its completion. The diffusion was found to
be highest in the longitudinal orientation with respect to the wood
structure and successively smaller in the tangential and radial
directions, however these differences became less pronounced as
the wood decay increased. The more porous outer layer has larger
diffusion coefficients and fluid contents than the core. The authors
developed a mathematical model capable of reproducing experi-
mental data and able to predict the ingress of D2O into a full-sized
archaeological timber.

The ability of MRI to obtain non-destructive images from water-
logged wood samples, both prior to conservation and during con-
solidation, has been assessed by Cole-Hamilton et al. [154]. Good
quality T2-contrasted images were obtained in the case of an ash
sample free from iron salts from an Armada warship La Trinidad
Valencera which was excavated in the 1970s. In contrast, the in-
gress of paramagnetic iron salts into wooden artifacts from the
water in the burial environment made the images of samples of
waterlogged birch wood poorly resolved, and the presence of iron
salts was found to be associated with the most degraded portion of
the wood. Unfortunately, iron is a rather common contaminant in
waterlogged conditions as it is often associated with organic re-
mains and/or with the dissolution of nails buried with artifacts.
Although the presence of iron salts may prevent obtaining of high
quality images, these authors suggested that this drawback might
be turned to advantage as a diagnostic probe for the presence of
iron in a sample to be conserved, and to monitor the effectiveness
of processes aimed at removing iron from the artifact. Cole-Hamil-
ton and coworkers also followed the ingress of consolidating poly-
mers in balsawood [154], using selective proton imaging after
masking the protons of water by isotopic substitution with deuter-
ated water. Using this strategy, it was shown that the conductive
vessels which constitute the channels available to water move-
ment in wood, are the preferred access route for PEGs with molec-
ular weights up to 1500 Da. By inspecting polymer selective NMR
images it was noted that the polymers do not penetrate the wood
uniformly: the image appeared as blotchy, with high concentration
patches around the most easily accessible routes.

An interesting application of portable Profile NMR-MOUSE to
investigate Stradivari violins, in a fully non invasive way, was re-
cently published by Blümich et al. [33]. The interest of this study
lies in that part of the sound quality of these violins is ascribed
both to the selection of wood and to the wood treatment. The
depth profiles collected on a selection of violins detected the signal
from the wood and the presence of one or more varnish layers as
well. The signal shown in these depth profiles derives mostly from
the wood density. Plots of the signal amplitude measured at
0.7 mm depth against the reported fabrication year of the violins
showed that there is an increase of the wood density with the
age of the violin for most of the violins investigated.

Nagyvary et al. [155] have used 13C CPMAS NMR and infrared
spectroscopy to analyze wood taken from antique instruments
made by Stradivari and Guarneri. They compared 13C CPMAS
NMR spectra of maple wood samples, obtained as thin shavings
during the repair of cracks in ancient violins, with samples of re-
cent woods from Bosnia and central Europe. Differences observed
in the spectra concern the weak peaks at 18 and 170 ppm of hemi-
celluloses, the weak peak due to methoxyl carbons, and the main
lignin peaks at 135 and 155 ppm. In particular, in samples from
Guarneri violins, a net decrease of these peaks was observed, and
in samples from Stradivari violins, the decrease also occurred at a
minor extent. In contrast, spectra of modern maple wood were
found to be very similar to spectra of wood samples obtained from
old French and English instruments. The authors hypothesized that
these results, along with results obtained by infrared spectroscopy,
support the idea that chemical treatments, such as oxidation or
hydrolysis might have been used in the past in making Guarneri
and also, to a lesser extent, Stradivari violins.



Fig. 33. 13C CPMAS NMR spectrum at 50.13 MHz of naturally aged historical cotton
reinforced with MMA. (Adapted from [160].)
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11. Textiles

Historical textiles represent a source of information about the
history and development of science and technology of people over
time. Textiles made with natural fibres and vegetables or animal
dyes, tend to easily degrade.

A study has been carried out by 13C CPMAS NMR spectroscopy
on three silk pieces from the 12th century sampled from three cof-
fins in north-eastern Japan [156]. The analysis focused on the car-
bonyl carbon resonances in the region 170–174 ppm assigned to
C@O of the peptide bonds in fibroin molecules and ascribed to
the differences in constituent amino acid residues, such as alanine
and glycine as well as those of secondary structure. In particular,
resonances were ascribed to alanine in Silk I, alanine in Silk II, gly-
cine in Silk I and glycine in Silk II respectively for fibroin from Bom-
byx Mori. Silk I is close to being in random coil whereas Silk II is
essentially anti-parallel ß sheet [157]. As a first approximation,
the C@O peaks observed were deconvoluted in two peaks, one res-
onating at lower and one at higher field. In each sample, the frac-
tion of glycine residues was calculated from the intensity ratio of
the higher field peak to the sum of the intensity of both peaks.

As an example of such an analysis, Fig. 32 shows the 13C CPMAS
spectrum of a sample of Bombyx Mori silk, the reported assign-
ment being obtained from the literature [158].

Chûiô and co-workers have made [159] a detailed study of
archaeological and contemporary silk in which the values of T1

spin–lattice relaxation times were correlated with the mechanical
properties of the samples. These correlations were used to estimate
the physical properties of archaeological silk samples. The effect of
degradation and paramagnetic impurities was also addressed in
this paper.

Other studies have focused on the strengthening of the cellulose
matrix in degraded textiles [160,161] by using in situ polymeriza-
tion as a method for protecting and consolidating cellulose based
textiles. The method was tested both on modern linen and cotton
samples previously oxidized to induce the formation of carboxyl
and carbonyl groups used as photosensitive agents. 13C CPMAS
NMR spectra clearly show that the oxidation process affects linen
more than cotton. Then, using low energy ultraviolet radiation
for a short time, the grafting of EA or MMA, was carried out. The
grafting was also performed on a naturally aged historical cotton
sample. In this case, carboxyl and carbonyl groups due to the nat-
ural ageing, were used as photosensitive agents. A semi-quantita-
tive evaluation of the degree of grafting was performed either by
studying the cross-polarization dynamic process, or by direct inte-
gration of resonances in 13C single pulse excitation spectra. As an
example, in Fig. 33 the 13C CPMAS spectrum of the naturally aged
historical cotton sample grafted with MMA along with resonance
Fig. 32. 13C CPMAS NMR spectrum at 100.13 MHz of Bombyx Mori silk, assignment
from [158]. (D. Capitani, N. Proietti, V. Di Tullio, unpublished data.)
assignments, is reported. In this case, the degree of grafting deter-
mined by NMR, was found to be about 7%.
12. Parchment and leather artifacts

Parchment was used for bookbindings, manuscripts, codices,
scrolls and maps. The Dead Sea Scrolls found in Qumran dated be-
tween 250 BC and 65 AD, are, until now, the oldest known parch-
ments. The heyday of parchment use was during the medieval
period. Although parchment never stopped being used, primarily
for official documents, it ceased to be a primary choice for artists
by the end of the 15th century when it was largely replaced by pa-
per. Parchment is made from goatskin, sheepskin or calfskin. It is
prepared from wet, unhaired, and limed skin by drying on a stretch-
ing frame. After being flayed, the skin is soaked in water to remove
blood and grime. Powders and pastes based on calcium compounds
are also used to remove grease. It is distinct from leather in that
parchment is limed but not tanned. As a consequence, parchment
is very sensitive to changes in relative humidity. Because of its
source and its method of preparation, parchment is mostly made
of collagen. The structure of collagen contains a right-handed tri-
ple-helix with the three individual protein strands in the left-
handed polyproline-II helix conformation [162]. The three strands
of the helices are staggered by one residue, allowing for interchain
hydrogen bonds. Gly–Pro–Hyp is the most common repeating se-
quence involved in the formation of the triple-helix conformation.

Gelatinization of parchment may occur spontaneously even
during normal storage conditions, and this leads to the loss of
the ordered triple-helix structure. Gelatin is considered to be a
more disordered state of collagen as it is the product of collagen
denaturation. Gelatine may further degrade because of hydrolysis
of peptide bonds and crosslinks.

Aliev applied solid state NMR to characterize parchment and to
evaluate the extent of degradation of historical parchments [163].
In this study wideline 1H NMR was used to obtain information on
the role of bound water in parchments and 13C CPMAS NMR to
evaluate the structure and dynamics of collagen in parchments.
The 1H wideline NMR spectrum of parchment was found to be
the superposition of two peaks with very different linewidths, a
broad component from collagen, and a narrow one due to bound
water. The lineshape fitting was carried out assuming a pure
Gaussian lineshape for the broad component and a mixed Lorentz-
ian/Gaussian lineshape for the narrow component. Integrals ob-
tained from the best fit procedure allowed the evaluation of the
relative amount of collagen and water, PW/PC. This ratio was nor-
malized to the number of protons of the water and of the collagen
component respectively. In the case of the collagen component the
average amount of protons was calculated from the amino acid
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distribution obtained by High-Performance Liquid Chromatogra-
phy (HPLC). In this way, the water content in each parchment sam-
ple, in gelatine, and in hydrolyzed collagen was evaluated. It was
found that the water content in parchment decreases with the
age of the sample and this was related to the partial hydrolysis
of peptide bonds in collagen. The assignment of the 13C CPMAS
NMR spectra of historical and modern parchments was carried
out on the basis of the assignments of amino acids, peptides and
proteins reported in the literature [164,165]. It is worth noting that
in the spectra of some historical parchments additional peaks
assigned to calcite and aragonite were observed at 168.7 and
171 ppm (relative to TMS). In all samples a peak at 33 ppm as-
signed to Val C-3 was observed as a shoulder, however some
samples showed an additional strong peak at the same chemical
shift. This peak was assigned to chain carbons of fatty acids. The
intensity ratio between the peaks at 33 ppm and 43 ppm, which
were assigned to Gly C-2 and Arg C-5, was proposed for obtaining
a semi-quantitative comparison of the lipid content in parchment
samples. These peaks are the most intense signals of lipid and col-
lagen respectively. It was found that chemical shifts are not af-
fected by ageing, whereas a significant line broadening occurs on
gelatinization. Most importantly, based on the linewidths, Aliev
[163] introduced a disordered ranking parameter defined as:

Rd ¼
Dm1=2 � DmC

1=2

DmG
1=2 � DmC

1=2

; ð21Þ

where Dm1/2 is the linewidth of the peak at 71 ppm, ascribed to Hyp
C-4, DmC

1=2 and DmG
1=2 are the line widths measured for collagen in

new parchment and gelatin respectively. By definition Rd ranges be-
tween 0 and 1 in the case of historical parchments in their pre-gela-
tion state, with higher Rd values corresponding to a higher level of
degradation. Hydrolyzed collagen is a mixture of smaller molecular
weight polypeptides than in gelatin and it can be considered as de-
graded gelatin. In this case values of Rd > 1 are possible depending
on the extent of degradation of gelatin. The Rd parameter was pro-
posed as an index for evaluating the extent of degradation in parch-
ment. As an example, the 13C CPMAS NMR spectrum of a 17th
century parchment, is shown in Fig. 34. In this case Rd was found
to be 0.4, indicating an intermediate state of degradation of the
parchment. Furthermore, the intensity ratio between the peaks at
33 ppm and 43 ppm was found to be 0.59 indicating a detectable
amount of lipids.

It was found [163] that Dm1/2 increased as the relative water
content decreased. To summarize, the decrease of water content,
Fig. 34. 13C CPMAS NMR spectrum at 100.13 MHz of a 17th century parchment
from a private collection, assignment from [163]. (D. Capitani, N. Proietti, V. Di
Tullio unpublished data.)
correlated with the broadening of the carbon linewidth which re-
flects the level of structural order in parchment.

Odlyha and coworkers [166] carried out a multi-technique
study to characterize some modern and historical parchments.
13C solid state NMR provided information on the amino and imino
acid residues, and variations in their calculated ratios were mea-
sured in modern and naturally aged samples. These differences
were compared with differences in glass transition temperatures
and in shrinkage behaviour measured by Dynamic Mechanical
Analysis (DMA).

Badea et al. [167] used unilateral NMR together with other tech-
niques to investigate historical parchments in a fully non invasive
way. In particular, proton spin–lattice relaxation times T1 were
measured, and were found to vary in accordance with deteriora-
tion pathways suggested by other techniques, such as Differential
Scanning Calorimetry, Infrared analysis and Scanning Electron
Microscopy. It was found that gelatinization produces disordered
structures that can be associated with shorter T1 values, whereas
the occurrence of hydrolytic processes produces longer T1 values.

Archaeological excavations in lake and seabeds, terrestrial lev-
els and submerged areas in desert regions, often find a large num-
ber of leather artifacts, including harnesses, shoes and boots,
clothes, and other objects of daily use. The preservation in situ crit-
ically depends on the environmental conditions at the excavation
site, such as the depth of the layer and the dampness. Historical
and archaeological leathers are a part of our Cultural Heritage,
however their preservation is challenging, as it is a difficult mate-
rial to conserve. The difficulty is due both to the nature of the raw
hide and to the different processes applied for transforming it into
leather. The macroscopic properties of the leather are mostly
caused by the tanning process which may involve either organic
compounds or mineral tannins. Oils or fats may be also introduced
into the leather as tanning agents or at the end of the tanning pro-
cess to increase the flexibility and the softness of the material, and
to reduce water absorption.

13C solid state NMR is a suitable technique for investigating
both modern and archaeological leather samples. As an example,
the 13C CPMAS spectrum of a sample from an ancient leather shoe
from the archaeological site of Antinoe, Egypt, is shown in Fig. 35.

13C solid state NMR and ESR have been applied [168] to investi-
gate the structural properties of waterlogged archaeological leath-
ers and to follow their changes on ageing. Samples were collected
from an excavation in Lyon, France. They were identified as being
soles of shoes and dated from the 13th to 18th century. To facilitate
the interpretation of archaeological samples, Bardet et al. [168] first
characterized modern leathers tanned with vegetable tannins and
Fig. 35. 13C CPMAS NMR spectrum at 100.13 MHz of a sample of an ancient leather
shoe from the archaeological site of Antinoe, Egypt, the sample was a kind gift from
Antiquity Science Department, Sapienza University of Rome. 1: Ala, Met; 2: Leu,
Lys; 3: Pro; 4: Gly; 5: Hyp. Assignment from Ref. [168]. (D. Capitani, N. Proietti, V. Di
Tullio unpublished data.)



Fig. 36. 13C CPMAS NMR spectrum at 100.13 MHz of an untreated ancient animal
bone from an archaeological excavation site in Southern Italy. (D. Capitani, N.
Proietti, V. Di Tullio, unpublished data.)
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to which lubricant has been applied. By comparing the 13C CPMAS
NMR spectra of leathers and tannins, it was possible to assign sig-
nals of tannin and collagen respectively. Tannins are aromatic com-
pounds, and their 13C spectra do not overlap with signals from
collagen. The high degree of mobility of the molecules in the oils
and fats in leather means that their 13C resonances can be selec-
tively edited by using direct carbon excitation with Magic Angle
Spinning and a short recycle delay. The high mobility of the mole-
cules in lubricants made it possible to apply the DEPT sequence
[4] commonly used in solution NMR to discriminate methine,
methylene and methyl carbon atoms of the lubricant in the leather.
Despite a relatively broad range of ages, the 13C CPMAS NMR spec-
tra of archaeological samples were found to be similar to each other
as all main peaks appear at the same chemical shift, however the
intensity of some signals, in particular those at 70, 59, and
43 ppm from TMS, are slightly different in spectra of different sam-
ples. However all the leather artifacts were well conserved, show-
ing 13C CPMAS spectra typical of pure collagen. No traces of
tannins or lubricants were found in the archaeological samples,
possibly indicating that ageing in the water environment fully lea-
ched out both tannins and lubricants. ESR spectra detected a signif-
icant accumulation of iron and manganese oxides. To explain the
surprising good state of conservation of the leather artifacts, the
authors hypothesized a possible stabilization effect of the collagen
moiety by metal oxides under those specific ageing conditions
[168].
13. Archaeological bones and ancient mummies

Understanding the chemical and physical alteration in archaeo-
logical bones, which occurs after burial, is another subject of inter-
est in Cultural Heritage.

Bones and dentine are composite materials made of inorganic
and organic compounds. In particular, dentine is a calcified tissue
of the body that, along with enamel, cementum, and pulp, is one
of the four major components of teeth. The organic fraction con-
sists of proteins (mainly collagen) and lipids, while the inorganic
one is primarily semi-crystalline hydroxyapatite Ca10(PO4)6(OH)2.
The crystallites of natural bone are extremely small (<50 nm) and
for this reason X-ray information to date has been insufficient for
a complete structural determination. Many researches have been
carried out on the inorganic component of bone [169–171], how-
ever less is known about the mineral nature of the archaeological
bone and changes occurring after burial (diagenesis). The term dia-
genesis describes the whole post-mortem chemical–physical pro-
cess that produces alterations both in inorganic phases and in
biological hard tissues after burial [172].

Solid-state NMR can be a helpful adjunct to other conventional
techniques such as XRD in ascertaining the state of diagenesis of
archaeological bones. An important advantage of solid state NMR
is the ability to observe directly the environment of a phosphorus
or carbon atom in a crystalline as well as in an amorphous phase,
and to determine if the atom occupies a position in a hydroxyapa-
tite lattice or a lattice type in which it is disordered around a lattice
position [173]. Moreover solid-state NMR can give information
about the presence and the mobility of hydrogen atoms which
are not detectable by XRD. An example of the 13C CPMAS spectrum
of an archaeological bone is shown in Fig. 36, which is of a bone
found during excavation in a site in Southern Italy.

Lee et al. [174] carried out one of the first studies in which 13C
solid state NMR results obtained on archaeological bones, were
compared with XRD results. A single sample was examined de-
scribed as a bovine knuckle aged about 15,000 years, from La Riera
Cave in Asturias, Spain. XRD analysis suggested that the bone con-
tained, in addition to hydroxyapatite, some calcium phosphate
hydrate (Ca3(PO4)2�(H2O)x) and calcite (a crystalline form of cal-
cium carbonate), and only about 0.5% of carbonate ion (the carbon-
ate content of modern bone is 3–5%). The carbonate component is
of interest because of the possible use of carbon-14 dating and in
dietary analysis from carbon isotope ratios. Changes occurring dur-
ing bone diagenesis, can alter conclusions concerning dating and
diet. The 13C CPMAS spectrum of the bone has a strong signal at
168 ppm characteristic of calcite. A rough estimate based on com-
parison with a standard calcite sample, indicates that calcite con-
stitutes about 10% of the total. There is not a clear signal from
normal carbonate in the hydroxyapatite matrix, in agreement with
the low amount found by XRD analysis. The only other signals
found are in the 0–50 ppm region, and are from organic material.
NMR and XRD results were found to be in a good agreement, how-
ever the diffraction data gives no indication of the considerable
amount of organic material present. NMR and XRD combined tech-
niques indicated that the diagenesis process involved the produc-
tion of calcite and calcium phosphate hydrate and diminished
amounts of normal bone carbonate.

A later study on the diagenetic alteration of archaeological
bones was carried out by combining complementary spectroscopy
techniques such as solid state 1H and 13C NMR, IR spectroscopy and
XRD [175]. Four archaeological human bones found in three Nec-
ropolises of Poseidonia (Paestum, Italy) were studied. Before the
analysis, each archaeological bone fragment was cleaned by abra-
sion to remove any surface mineral, dried to remove surface hydra-
tion water, and treated with an acetic acid solution to evaluate the
diagenetic alteration. The 1H MAS NMR spectrum of an archaeolog-
ical bone after the mechanical cleaning shows a rather broad reso-
nance, centred at about 5 ppm, resulting from the presence of a
considerable amount of hydration water. After drying, the hydra-
tion water was partially removed and an intense signal at
4.8 ppm, typical of CaCO3� nH2O and NaHCO3 was observed. This
signal can be assigned to the absorbed calcite which was deposited
on the bone by groundwater during the burial. After the acid treat-
ment, the signal at 4.8 ppm disappeared, confirming the elimina-
tion of the absorbed carbonate and bicarbonate salts by
acidification. The 13C MAS NMR spectrum has signals between 0
and 70 ppm ascribed to amino acidic residues in collagen, and
two signals at 170 ppm and 174 ppm. After treatment with acetic
acid, the signal at 170 ppm disappeared, suggesting that this signal
is from adsorbed calcite, whereas the signal at 174 ppm is from
structural CO2�

3 and organic carbonyls. This information was
also correlated with the relative content of carbonate in the
lattice of bone obtained by measuring the CO3/PO4 ratio by FTIR
measurements. The 1H MAS NMR spectrum of a contemporaneous
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human bone has several signals ascribable to type 1 collagen. The
comparison between the spectra of archaeological human bones
and those from a contemporaneous bone, indicated a strong reduc-
tion of the organic fraction in buried bones, mainly due to natural
degradation of proteins and lipids. In particular the intensity of the
signal at 1.7 ppm seems to be correlated to collagen degradation. In
the same paper 1H and 13C NMR spectroscopy was also used to
characterize a sample of dentine after a drying process. In particu-
lar the 1H NMR MAS spectrum has a narrow peak from the hydro-
xyl group, corresponding to highly crystalline material, associated
with the absence of the characteristic signals of adsorbed carbon-
ate and bicarbonate salts and the low amount of hydration water.
This result was confirmed by 13C CPMAS NMR analysis since the
characteristic signal at 170 ppm of adsorbed carbonate is absent.
These data confirmed that tooth enamel is more resistant to dia-
genesis alteration than bone.

Historical mummies and skeletons have also been studied.
Ancient mummies have long been fascinating subjects of scientific
researches, and it is not surprising that non-invasive diagnostic
imaging has been widely applied to study them. Since the late
1970s computed tomography has been established as the most
useful non-invasive method in this field. However, MRI which de-
tects water protons, has met with only partial success with a lim-
ited subset of mummified samples. In the early reports of mummy
MRI, no signal or image was obtained from a variety of pulse se-
quences unless there was an invasive re-hydration by acetone in
water to increase NMR signal intensity [176]. It is worth noting
Fig. 37. Modern and historic (ca. 1100 AD) skulls and mummy head (top) with point
permission from [37].)
that different type of mummies, reflecting various mummification
processes, have been found in the world. Some were artificially
mummified by well-trained embalmers (i.e. Egyptian mummies),
whereas others were naturally mummified in dry (i.e. Taklimakan
or northen Chile) permafrost (i.e. 15th century Greenland and Otzi
the Iceman) or waterlogged conditions (i.e. bog bodies) [177].
Some of these types of mummies, such as Otzi the Iceman or bog
bodies, belong to the so-called hydrated mummy category, as their
tissue retained humidity. The MRI technique, which produces par-
ticularly clear images when applied to relatively well-hydrated tis-
sue, can be a better diagnostic option for investigating the
hydrated mummy category, as reported in the case of an MRI study
on a hydrated mummy of medieval Korea [177]. In this study
excellent MRI images of tissue and of well preserved internal or-
gans were obtained, pointing out that MRI can be considered a
powerful and non invasive tool for the investigation of hydrated
mummies.

Nevertheless, recently some papers have reported successful
MRI applications to dehydrated Egyptian mummies without artifi-
cial re-hydration, using newly available pulse sequences [178,179].
A non invasive 1H and 23Na MRI study of a mummified right first
digit of an Egyptian human adult, was reported by Munnemann
et al. [179]. In this study the feasibility of spatial 1H and 23Na imag-
ing to visualize archaeological dry human tissue was demon-
strated. The artificial mummification was done in ancient Egypt
by dehydrating the corpse in Natron (e.g. a blend of NaCl and
NaCO3�10H2O), and the authors expected 23Na as a main component
s of measurements and corresponding depth profiles (bottom). (Reproduced with
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of Natron to be found in the mummified tissues. In the collected
images, protons were visualized primarily in the skin and soft tis-
sue of the digit, whereas sodium accumulated inside the bone of
the finger.

Although MRI is a non-destructive and non invasive technique,
it cannot be used when mummies cannot leave the museum or
need to be chilled as the case of Otzi The Iceman. Portable Profile
NMR-MOUSE was used to analyze Otzi directly in the museum
[37]. NMR depth profiles allowed the differentiation of various
anatomical layers such as extra-corporal ice, skin, subcutaneous
layers and skull bone compartments in both wet and dry tissues,
see Fig. 37. In the same figure the depth profiles of a model frozen
cadaver, an Egyptian mummy, a modern and an old skull, and a liv-
ing human being (one of the authors), are also reported for com-
parison. The bone profiles of the model frozen cadaver and the
modern skull overlap perfectly. The intensity of the NMR profiles
of the Egyptian mummy and an old skull are lower than the inten-
sity measured in Otzi and in the living human being profiles. It is
worth noting that NMR depth profiles were also used to discrimi-
nate between textile wrapping from tissue and bone in Egyptian
mummies [20,37]. In the case of the Otzi mummy the authors pro-
posed a new NMR protocol for assessing the state of conservation
by measuring the change of the signal of the water contained in
frozen bone over time.
Fig. 38. 13C CPMAS NMR spectrum at 100.13 MHz of a sample of amber.
Assignment from [181]. (D. Capitani, N. Proietti, V. Di Tullio unpublished data.)
14. Plant exudates

Since ancient times plant exudates, including resins, gums, and
gum resins, have been widely used in objects which are of interest
to Cultural Heritage because of their artistic and/or historic value.
Exudates have been used as jewelry, for religious purposes, as con-
struction materials, for imparting luster to paper and textiles, as
adhesives, lubricants, as bow rosin for some musical instruments.
The most frequently used resins are colophony, Burgundy pitch,
Venice and Strasbourg turpentine, sandarac and copals. Vegetable
gums were used by the Egyptians, Greeks, and Romans and
throughout the Middle Age as a binder for wall decorations. Water
colours were also prepared from pigments tempered with water-
soluble gums. Pigments were mixed with Arabic gum to paint
motifs on an ivory surface. Rubber, turpentine, perfumes, paint
solvents and cosmetics contain exudates. Plant exudates are
produced by epithelial derivative cells adjacent to parenchymatous
cells, whose content is released into elongated resin canals (gym-
nosperms) or into more globular resin pockets or blisters (angio-
sperms). These materials may be picked or scraped from the
surface of plants. Resins are water–insoluble mixtures mostly of
terpenes, and the fossilization process makes them extremely
resistant to dissolution. These materials are usually referred to as
fossil resins, or, inappropriately, as amber. Gums are water soluble
or water-dispersible mixtures of polysaccharides. Gum resins such
as myrrh and frankincense contain both terpenoid and carbohy-
drate components. Latexes are usually milky fluids consisting of
droplets of organic compounds suspended or dispersed in an aque-
ous medium. The naturally occurring latex material called gum
elastic, from the plant Castilla elastica, was firstly processed in
pre-Hispanic South America. Note that latexes are easily identified
by their characteristic carbon NMR spectrum of polyisoprene. The
identification of these materials allows one to obtain information
on the technology employed by artists and to understand the dete-
rioration processes occurring in the object as well as the nature of
alteration products. Exudates may have a very similar physical
appearance and properties although they may have a very different
molecular structures.

Lambert et al. [180] used solid state 13C CPMAS NMR to
investigate exudates collected from 65 species of gymnosperms
and angiosperms. They developed a valuable library of spectral
signatures for distinguishing types of exudates by NMR spectros-
copy. The spectral signatures also provide a way of proving the
authenticity of resinous materials of unknown provenance. In fact,
the spectra of resins and gums are distinct from those of synthetic
polymers that in appearance resemble natural materials but are
fakes. Nuclear Magnetic Resonance applied to investigate bulk exu-
dates, readily identified the materials as resins, gums, and gum res-
ins. Lambert and coworkers [180] defined nine grouping of resins,
each with a unique spectral signature, including dammars and
many Bursera incense species. In particular these species are small
to medium-sized trees frequently with a highly aromatic sap, the
trunk and branches exude fragrant oleoresins used for incense by
native Americans. For instance the Protium copal that belongs to
this family, has probably been the main source of copal incense
used by the Maya of Guatemala Highlands. The complex mixture
of terpenes found in all resins varies across many families of plants,
however they are characterized by specific fingerprints reflecting
the specific terpene constituents. Taxonomically related genera
tend to have similar or identical spectra. Gums have fully different
NMR spectra from resins, such that resonances of saturated car-
bons are absent, but those from carbons characteristic of sugars
are well observable. The spectra of gums, unlike those of resins,
are very similar to each other, nevertheless they show defining fea-
tures. Gum resins have characteristics of both resins and gums, as
shown by their spectra which contain peaks from both saturated
hydrocarbons and sugars. The investigated gum resins include
mastic, myrrh, frankincense and Mexican mesquito.
14.1. Amber

Amber is a fossilized form of terpenoid resin found in many
parts of the world and used by people of many different cultures
as a raw material for decorative objects over several millennia.
Amber samples have been associated with burials, and as a
consequence the question arises as to the provenance of the mate-
rial. A knowledge of the chemical structure of a sample of amber
may allow one to associate a given object with its geographical
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origin and to draw maps of cultural and trade networks, and pro-
vides information on the authenticity of artifacts. The chemical
characteristics of amber depend on both its biological origin and
geological environment. The non crystalline nature of amber and
its poor solubility in most solvents have prevented the use of many
characterization techniques. In 1982 Lambert and Frye published
the 13C CPMAS NMR spectrum of Baltic amber with the assigned
carbon functionalities [181]: the spectrum shows signals in the ali-
phatic, olefinic and carbonyl regions. Baltic amber samples have
essentially identical spectra, characterized by three weak peaks
in the carbonyl region (carboxylate ion, carboxylate acid and car-
boxylate ester), exomethyelene resonances at 110 and 150 ppm
from TMS, di and tri-substituted alkene resonances at 128 and
140 ppm, oxygen-substituted carbons at about 60 and 70 ppm,
and a saturated carbon region with three major resonances. As
an example, the 13C CPMAS NMR spectrum of a sample of amber,
is shown in Fig. 38.

The analysis of a large number of European ambers [182] al-
lowed the samples to be assigned to two sets: one grouping mate-
rials from the northern European regions, including Baltic amber,
and the other grouping materials from the southern European re-
gions. The latter set was characterized by weaker carboxyl reso-
nances than those found in the former group, by an alkene
region with peaks at 127 and 138 ppm and the absence of exo-
methylene resonances, variable oxygen-substituted regions, and
a saturated carbon region often showing only two major peaks.

Lambert et al. [183] also investigated Domenican ambers which
have a significant variability of carbon functionalities. In particular,
the intensity of the methylene carbon resonance at 30 ppm from
TMS, varies from insignificant in most samples to quite appreciable
in others. The intensities of ether/ester peaks between 45 and
75 ppm were found to be also rather variable, and there are small
variations in the carboxyl resonances between 170 and 190 ppm.
However the most variable region is that containing alkene car-
bons between 110 and 150 ppm, with different spectral patterns
for almost every investigated sample.

Mexican amber was characterized and compared with Baltic
and Domenican amber [184]. The 13C CPMAS analysis of ambers
from two sites in the state of Chiapas, Mexico established that sam-
ples from these sites are essentially identical, suggesting that Mex-
ican amber might be a relatively homogeneous family of materials
with a common paleobotanical source. Mexican and Baltic ambers
have distinguishable spectra, with the latter having stronger car-
boxyl resonances, a dominant ester peak at 173 ppm (–CO2R),
and a peak at 180 ppm (–COOH) of acids compounds and their
derivatives, along with stronger exomethylene resonances at 110
and 150 ppm, a strong methylene resonance between 28 and
30 ppm, and a weak peak at 67 ppm of methylene carbons next
to an OH group. Spectral editing with dipolar dephasing experi-
ments [8] which preferentially select quaternary and methyl car-
bons, accentuate the differences between the spectra of Mexican
and Baltic ambers [185]. The spectra of Mexican and Domenican
amber have different intensities of the exomethylene peaks that,
in the spectra of Domenican amber varied in intensity but were al-
ways stronger than those of Mexican amber. There is also an ether
peak (methylene carbons next to OC) at 75 ppm in the spectra of
Domenican amber which is always very weak in the spectra of
Mexican amber [184]. The spectra of Mexican and Domenican am-
ber are very similar in the saturated region between 10 and
50 ppm.

The 13C CPMAS NMR spectra of a wide variety of North Ameri-
can ambers can be used to distinguish these samples from those
obtained from other locations in Mexico, the Domenican Republic
and Europe [185]. The spectra of samples from Arkansas strongly
contrast with those of other amber samples: the exomethylene
resonances and a sharp resonance at 145 ppm are absent in amber
from Arkansas, whereas a strong, diagnostic peak is located at
150 ppm, and the carbonyl region is of almost negligible intensity.

Lambert and coworkers [186] have compared the 13C CPMAS
NMR spectra of fossil resins from New Zealand and Australia with
those of modern and semi-fossilized materials. Most of the spectra
of the fossilized samples have strong similarities to those from
modern Agathis resins, and to North American fossil resins. The
spectra of a few samples dated from Late Cretaceous period from
Australia and Papua New Guinea, indicate a different botanical
source and have strong similarities to amber from Arkansas. In this
paper the authors also proposed to use the intensity of resonances
of exomethylene carbons to provide an approximate evaluation of
the geological age of Agathis-related fossil resins.

A large number of fossil resins dated to the Cretaceous period
have been investigated by 13C CPMAS NMR spectroscopy [187].
Samples from Alaska, Canada, regions of United States, Greenland,
France, Switzerland, Lebanon, Jordan and Israel have very similar
spectra, which is consistent with their having a common, paleobo-
tanical source related to Agathis that had a broad geographical dis-
tribution during Triassic, Cretaceous, and Early Tertiary times.
Spectra from samples belonging to this group have a variation in
spectral linewidths which suggests differences in sample age or
maturity.

Copal is a hardened non-fossilized version of amber which dif-
fers from fossilized amber in its physical properties such as colour
and its resistance to heat and organic solvents. Copals are young
resins aged for only centuries or millennia. Martinez-Richa et al.
[188] used 13C CPMAS NMR spectroscopy to investigate Colombian
copalite and commercial ambers from Chiapas, Domenican Repub-
lic and Poland. It was found that the spectrum of Colombian copa-
lite is very similar to that of the resin obtained from the genus of
the African species H. Verrucosa and to the spectra of ambers from
other Hymenea species. In the same paper, the spectral features of
the other samples were also reported and discussed.

Jet is probably the most important organic gemstone after am-
ber, and it has been investigated by 13C CPMAS NMR spectroscopy
[189]. Its attractive black colour and ease of working made it a pop-
ular material for ornamentation in the past, even back to the Palae-
olithic period. The 13C CPMAS NMR spectra of jet samples from
England and Spain resemble those of carbonaceous materials from
lignitic and sub-bituminous ranks of coal. Coal is an organic sedi-
mentary rock originating from the accumulation and preservation
of plant materials usually in a swamp environment. As plant debris
is exposed to the heat and pressure of burial it changes in compo-
sition and properties. The rank of a coal is a measure of how much
change has occurred. In particular lignite is the lowest rank of coal
with a carbon content ranging between 60% and 70% on a dry ash-
free basis. Sub-bituminous coal is a lignite with an increased level
of organic metamorphism, with a carbon content ranging between
71% and 77% on a dry ash-free basis. NMR has become a preferred
method for the assessment of coal rank from the relative amount of
aromatic and aliphatic resonances.

The spectra of jet samples from England and Spain [189] have
aliphatic and aromatic carbon resonances in an roughly equal rel-
ative amount with maximum intensities at about 40 ppm, and
130 ppm respectively. The most characteristic resolved peaks of
the jet spectra are the phenolic-like resonances at 155 and
120 ppm in the aromatic region and the methyl resonances at
10–20 ppm in the aliphatic region. Under conditions of dipolar
dephasing, the entire aliphatic region disappears for Spanish jet,
whereas for English jet a significant signal from rapidly moving
methyl groups remains in the aliphatic region.

A 13C CPMAS NMR investigation allowed the determination of
the origin of two jet beads found in association with the burial of
children in a Christian cemetery at Tipu, a colonial-period Maya
site in Belize, Central America, and the determination of the origin
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of an amber bead found in a midden from the early years of Span-
ish occupation. The analysis indicated that these materials are of
European origin, more specifically the amber is clearly of Baltic ori-
gin and the jet spectrum is consistent with a Spanish origin [190].

14.2. Rubber

Ancient Mesoamerican people made solid rubber artifacts, used
liquid rubber for medicine and painted with it. A ball game played
with a solid rubber ball was a key event in ancient Mesoamerican
society. The raw material for most Mesoamerican rubber artifacts
was a latex obtained from the Castilla elastica tree which is indige-
nous to tropical lowland Mexico and Central America. Sixteenth
century historical documents report that to improve the elastic
properties, the ancient Mesoamerican people processed the raw
material by mixing the latex with the juice obtained from Ipomoea
alba, a species of morning glory vine, and then heated the pro-
cessed rubber when forming it. Hosler et al. [191] analyzed sam-
ples obtained from unprocessed latex, processed according to the
ancient technology, and ancient samples obtained from artifacts
recovered from the Manati archaeological site at Veracruz, Mexico.
The mechanical properties of unprocessed and processed latex
were investigated by mechanical analysis, whereas solid state 13C
MAS and 13C CPMAS NMR spectroscopy were applied to investigate
the chemical structure of the samples. All 13C MAS spectra show
the five resonances characteristic of cis-1,4-polyisoprene which is
the polymer component of natural rubber and latex, and in the
case of the ancient sample a small amount of trans-1,4-polyiso-
prene was also detected. The 13C CPMAS spectrum of unprocessed
latex shows additional resonances, not detectable in the 13C MAS
spectrum, which suggests the presence of other carbon compo-
nents, including proteins. These additional components are not
present in the 13C CPMAS spectrum of the latex processed with Ipo-
moea alba, indicating that the ancient processing of latex was pos-
sibly, in part, a purification process. Hosler and co-workers [191]
have suggested that the elastic behaviour of latex processed with
Ipomoea alba extract, originated from a combination of two pro-
cesses, namely the purification of cis-1,4-polyisoprene by separa-
tion of the aqueous phase and dissolution of organic agents
acting as plasticizers that impaired the interaction between poly-
meric chains, and an increase of interchain interactions favoured
by reactions with sulfonyl chloride and sulfonic acid moieties
found in Ipomoea alba. In contrast, simple drying of latex produces
a brittle material without elastic behaviour.

14.3. Oriental lacquer

13C CPMAS NMR spectroscopy has been applied to characterize
oriental lacquer used as a decorative and protective coating for
artifacts found in China and Japan [192]. This coating has been
used in China for about the last 4000 years and in Japan since the
9th century AD. Oriental lacquer has a low solubility in almost
all solvents except in a destructive sense with turpentine, and
therefore analytical techniques which require the solubilization
of samples are excluded. The raw lacquer contains up to 65–70%
of urushiol, which is composed of catechols (ortho-dihyroxybenz-
enes substituted with a 15 carbon side chain containing from zero
to three double bonds). The curing process of oriental lacquer, has
been suggested to be a mechanism involving oxidation and poly-
merization to form certain oligomeric units [193], and this mecha-
nism is supported by the observed 13C CPMAS spectra. The most
diagnostic carbon resonance is that at about 75 ppm from TMS,
indicative of a carbon with an attached oxygen. Such a C–O group
is not present in the starting urushiol, but is present in the oligo-
mers. As a consequence, the intensity of this resonance was pro-
posed as a marker indicating variation in the degree of
polymerization. One of the historic samples analyzed by Lambert
et al. [192] was found to have a spectrum remarkably different
from the others, with the lowest intensity of the resonance at
75 ppm and the highest intensity of resonances due to unsaturated
carbons, possibly indicating a lower degree of oligomerization and
a higher proportion of the more unsaturated starting material.
15. Synthetic resins

Unsaturated polyester resins (UPR) have been widely used as
contemporary art materials. Unfortunately, these materials age
faster than traditional craft materials. Even objects in museums
stored under controlled thermo-hygrometric conditions degrade
very fast. The chemical composition and the manufacturing pro-
cess play an important role in the degradation of these materials.
A powerful analytical technique such as NMR can be successfully
used to identify the materials constituting modern art objects
and to investigate the degradation processes occurring in UPR-
based materials. Stamatakis et al. [194] studied soluble acetone ex-
tracts by sonication of UPR resins obtained from two contemporary
art installations. The surface of these artifacts was exposed to
weathering and was therefore continuously subject to chemical
alteration by environmental factors. At the same time the surface
was the interface through which volatile chemicals components
formed during the ageing escaped from the polymer matrix. UPR
oligomers were identified by high resolution 1D and 2D NMR
analysis as a main component of the acetone extracts, and are
comprised of esterified phthalate or isophthalate, and esterified
1,2-propylene glycol units. Propylene glycol units bearing a hydroxyl
end group, e.g. either primary or secondary propylene glycol, were
also identified. Low molecular weight compounds were also iden-
tified such as styrene, dimethylphthalate, benzaldehyde, benzoic
acid, and 2-hydroxy-4-methoxy-benzophenone. The presence of
significant amounts of residual styrene in the resin indicates that
a complete curing had not been achieved by the procedure applied
by the artist when creating the art installation. Statistical analysis
applied to the compositional data obtained by NMR showed that
the styrene and benzaldehyde contents can be used to differentiate
between fresh and aged UPR samples. Also, the detection of the
phthalate and propylene glycol units in the extracts, along with
the use of suitable reference samples, provided evidence of the
commercial resin used to realize the art installations.
16. Identification of various organic residues in archaeological
samples

The identification of the nature and composition of organic res-
idues in archaeological samples can provide direct evidence of an-
cient activities and can help in determining their provenance.
These compounds were of importance in everyday life, and, when
extracted from archaeological findings and identified, enable
archaeologists to shed light into the lives of ancient people and
on their practices, such as diet, food processing and storage. In par-
ticular, pottery assemblages are often studied by archaeologists to
obtain information about different aspects of ancient societies,
such as the organization of production, trade and exchange, social
complexity, and technological evolution. The archaeological infor-
mation stored in any assemblage of artifacts may be interpreted
only if the past use of the object is known. The most direct way
of identifying the use of an original vessel is by detecting altera-
tions resulting from use of the vessel. The chemical characteriza-
tion of organic remains found in direct association with vessels is
therefore considered to be a useful method in the functional study
of ceramics.
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One of the first published paper on the use of NMR spectroscopy
in solution to identify a sample obtained from an archaeological
finding, dates back to 1974 [195]. A liquid contained in a flask
found in Syria, dated sixth–fourth century BC, was investigated
by 1H NMR spectroscopy. The spectrum clearly indicates that the
substance is mainly oleic acid together with some saturated ana-
logues. The NMR spectrum matches that of oleic acid and those
of calcium and potassium oleate, whereas signals of the glycerol
unit characteristic of olive oil are missing, indicating that, if the ori-
ginal sample had been olive oil, it underwent hydrolysis. However,
despite the age of the sample complete polymerization or oxida-
tion had not occurred.

During excavations to recover the relic of an ancient boat
wrecked in 1629 AD in the Abrolhos Islands, a majolica jar contain-
ing a solid lump of resin was found. The NMR analysis of the mate-
rial indicated the presence of unsaturated fatty esters, wax esters
and a small amount of pine resin showing signals corresponding
to those observed in spectra of modern pine rosins [196].

One of the first archaeological applications of 13C NMR spectros-
copy in solution to the analysis of organic material investigated the
composition of non-metallic seals stored in collections in Britain
[197]. The interest in the composition of these seals arose out of
the desire to use materials which should closely match the original
components in restoration works. The carbon spectrum of the chlo-
roform soluble fraction of three seals matched the spectrum of
modern beeswax except in the region at about 130 ppm where loss
of the signal indicated loss of unsaturation through oxidation. The
spectrum of the fourth seal shows only traces of beeswax, and the
intense signals in the 130–150 ppm region indicate the presence of
aromatic compounds similar to those present in rosin.

The combination of 13C MAS and CPMAS NMR spectroscopy and
isotopic analysis has been applied to characterize black encrusta-
tions from two forms of a late prehistoric pottery, flat plates and
round pots, found in archaeological sites in Manitoba and southern
Ontario, Canada [198]. These encrustations were presumed to be
remains of prehistoric meals. The principal resonances observed
in the spectra of encrustations from round pots are similar to those
in spectra of samples produced by charring of meat and fish, and
differ significantly from the spectra of uncharred foods. As a conse-
quence, the interpretation of the aliphatic region of the solid state
carbon spectra of these encrustations indicates that either meat or
fish had been cooked in those pots, and that no significant amount
of plant material is present in the residues. NMR spectra of encrus-
tations from flat plates clearly indicate the presence of a greater
amount of fat with respect to encrustations from round pots, pos-
sibly indicating that flat plates could have been used as frying pans
or fat burning lamps.

13C CPMAS NMR spectroscopy and FTIR have been applied [199]
to characterize organic residues in ceramic vessels recovered from
the settlement of Uitgeest-Groot Dorregeest, The Netherlands,
which dates back to the Roman period. According to NMR spectra,
three groups of residues can be defined on the basis of the extent of
aromatization, i.e. aromatic charred residues, mildly condensed
and highly condensed, non-aromatic residues, and soot residues
containing polyaromatic hydrocarbons. The spectra of mildly con-
densed charred residues contain characteristics peaks of lipids and
proteins, whereas those of highly condensed charred residues have
a minimal number of lipid signals and, sometimes, carbohydrate
peaks. Spectra of non-charred residues show only aliphatic and
carboxylic resonances.
17. Conclusion

Many applications of various NMR methods to characterize and
monitor Cultural Heritage have been reported. The various cases
reported clearly show how NMR is not confined to a few specific
applications, but its use can be successfully extended to a wide
number of different issues regarding Cultural Heritage. In fact
NMR is a very powerful tool in the chemical characterization of
materials which allows light to be shed on the techniques used
by artists, and can provide knowledge about the materials consti-
tuting artifacts. A knowledge of the causes of degradation of arti-
facts may also be achieved by NMR through the study of the
chemical–physical transformation and structural modifications
caused by ageing. NMR investigations may also help in planning
proper restoration works. The reported investigations on archaeo-
logical bones, mummies, amber, and the identification of residues
in archaeological findings, clearly show how NMR can also play an
important role in a specific field of Cultural Heritage known as
archaeometry which concerns the application of scientific tech-
niques to the analysis of archaeological materials. NMR has not
yet been widely used in this field. However, in the view of the pos-
sibility of using ever lower amounts of sample for the analysis of
solutions, swollen samples and solids, NMR will probably become
more and more competitive with other conventional analytical
techniques.

An actual breakthrough has surely been the availability of por-
table NMR instrumentation which allows one to investigate large
objects in situ without any sampling. Successful NMR applications
to monitor in situ the state of degradation of artifacts and the effec-
tiveness of restoration treatments show the real potentialities of
portable NMR devices.

A number of experiments have already been developed and
adapted for use in inhomogeneous magnetic field generated by
portable NMR devices. Mobile instruments are already available
for performing bi- and tri-dimensional imaging, and for obtaining
high resolution depth profiles as well as for chemical-shift resolved
spectroscopy. The technology may be further refined and focused
on studies involving many new NMR applications, and possibly ex-
tended to include ESR in situ. The building of new sensors to inves-
tigate ever deeper depths inside the object with portable devices,
and, maybe, the availability of sensors with enhanced sensitivity
capable of successful detection of nuclei other than hydrogen with
mobile instruments, will be possible future developments.
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