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Abstract
Solid state NMR methods permit the examination of the bulk material of objects
of importance to cultural heritage, without differential sampling characteristic of
liquid- and gas-phase techniques. Solid state 13C and 1H methods, primarily using
magic angle spinning to enhance resolution and cross polarization (only with 13C)
to enhance sensitivity (CP/MAS), permit analysis of organic components in a
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wide variety of historical and archaeological materials, including gemstones
(amber, jet), wood, asphalt, food residues, rubber, lacquer, textiles, leather,
parchment, paper, bone, and paintings. Heretofore the main drawback of the
technique is that sample sizes are relatively large, 50–200 mg. Recent results,
however, demonstrate that the use of a small sample chamber with very high
spinning speeds can permit acquisition of data on <5 mg of sample.

Keywords
Amber • asphalt • bone • jet • lacquer • leather • paintings • paper • parchment •
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Introduction

Although nuclear magnetic resonance (NMR) spectroscopy established itself as the
leading method for structural determination of materials in solution by the 1960s
[1, 2], solid materials remained unapproachable at the level of high resolution
because of interactions between nuclei that are not averaged by the rapid motions
present in solution. In particular, dipolar and quadrupolar coupling and chemical
shielding anisotropy lead to strong interactions, rapid relaxation, and broad signals.
In the 1970s John S. Waugh and others developed methods involving rapid spinning
of the sample to remove the effects of shielding anisotropy, along with strong
irradiation to ameliorate the effects of dipolar interactions, thus achieving nearly
high-resolution results, for which he was awarded the Wolf Prize in 1983/4.

Rotation is carried out at the strategic angle of 54�44’, corresponding to the angle
between the edge of a cube and the adjacent solid diagonal, referred to as the magic
angle, and resulting in averaging of the Cartesian axes analogous to the process of
tumbling in solution [3, 4]. Such procedures are particularly effective with spin-½
nuclei such as 13C, 31P, and 29Si, and supplemental methodologies have been
developed for quadrupolar nuclei such as 27Al [5]. Since strong irradiation is
effective only when the irradiated nucleus (1H) has a larger gyromagnetic ratio
than and is different from the observed nucleus, these procedures fail with observa-
tion of 1H, for which specific but less effective methodologies have been developed
[6]. In popular usage, the procedure of rapid rotation has been called magic angle
spinning (MAS) or rotation (MAR), and the particular type of strong irradiation has
been called cross polarization (CP), a process that minimizes dipolar coupling,
eliminates scalar (J ) coupling, and enhances spin polarization of the low-
gyromagnetic-ratio nucleus (13C, 29Si, etc.) by thermodynamic interaction with the
high-gyromagnetic-ratio nucleus (1H). In this chapter, we focus primarily on the
carbon nuclide and occasionally the hydrogen nuclide of organic materials, as
inorganic materials, including carbonate and phosphate, are considered elsewhere
in this volume by Spyros [7].

Early applications of CP/MAS procedures focused on materials of practical
importance, such as coal and high polymers, but practitioners soon widened the
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field to include solid organic, inorganic, and biochemical materials of all types [3,
4]. Applications to materials of importance to cultural heritage began in the early
1980s [8] and have slowly increased, limited primarily by the availability of appro-
priate instrumentation as well as the often valuable nature of the material being
analyzed and the large sample size required. This review examines solid organic
cultural materials, organized by composition. In the archaeological context, the
material usually is termed an artifact; in the art and historical contexts, simply an
object. We will use the latter term for generality and comprehension.

Organic Gemstones

Amber. Although almost all gemstones are inorganic, there are at least two organic
gemstones. By far the most famous such material is amber, which is produced
through geological maturation, or fossilization, of plant resins. Such a process may
take as long as a million years [9], with the result being the attractive, translucent,
yellow/orange/red/brown material that has been used as jewelry throughout history
and extending into prehistory. The material is hard and chemically robust. In
contrast, resin that is incompletely fossilized may be equally attractive but is less
robust. Such materials have been called copals.

Because amber is found throughout the world, a primary desideratum of scientific
examination is to provide provenance attribution. Unfortunately, such has not proved
to be the case in the general sense. Ambers from a variety of localities have been
found to give very similar NMR spectra. Unlike many inorganic materials, for which
characteristics such as trace element fingerprints or isotope ratios are geographically
dependent, the main determinants for the NMR spectra of amber appear to be the
paleobotanical origin and the extent of maturation, that is, the specific type of plant
from which the original resin came and the extent of molecular alteration as the result
of oxidation, polymerization, and other processes over geological periods of time.

Examination of amber from worldwide sources has identified four distinct paleo-
botanical compositions [10]. Baltic amber (NMR Group C), found in countries
around the Baltic Sea, has a conifer source related to pines and cypresses (plant
families Pinaceae and Cupressaceae) [9]. Its 13C NMR spectrum is dominated by a
characteristic pattern of resonances from saturated carbons (δ 10–65), the presence of
clear peaks at δ 110 and 150 from exomethylene unsaturated carbons (>C==CH2),
and the carbonyl resonance of succinic acid (HO2CCH2CH2CO2OH, δ 173) (Fig. 1,
lower), from which the mineralogical name succinite derives. Closely related is a
worldwide wide set of ambers (NMR Group A), also from conifer sources, mostly
likely the plant family Araucariaceae, found in Europe (often with mineralogical
names such as walchowite and simetite), Southwest Asia, Siberia, Japan, North
America, and Greenland. The typical 13C spectrum of a Group A amber resembles
that of Group C, but typically lacks resonances from succinic acid and exomethylene
carbons (Fig. 2, of a sample from Spain). The lower spectra in the figures were
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recorded with normal decoupling of all proton frequencies, whereas the upper spectra
were recorded with an interruption of the decoupling (dipolar dephasing), which
yields a spectrum of selected resonances, primarily quaternary carbons.

Fig. 1 The solid state 13C spectrum of Baltic amber representing Group A, with (upper) and
without dipolar dephasing

Fig. 2 The solid state 13C spectrum of fossilized resin from Valdáliga, Cantabria, Spain, provided
by Teruhisa Ueno, Fukuoka, Japan, sample no. 1540 in the Trinity University collection, with
(upper) and without dipolar dephasing. The humps at δ ca. 75 and 175 are spinning sidebands of the
peaks at δ ca. 125
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NMR Groups B and D represent amber that is derived from angiosperms or
flowering plants. Group B is nearly worldwide, with concentrations in South Asia,
Southeast Asia, and Japan but also the United States. It is never found in Europe,
Southwest Asia, or South America. Figure 3 (a sample from Indonesia) exhibits the
characteristic saturated pattern as well as a few unsaturated peaks (δ 120–140)
without exomethylene resonances. These ambers have been related to the
Dipterocarpaceae [11]. Group D is found in Latin America, the Caribbean, and
Africa and derives from the Fabaceae or legume family [12, 13]. In addition to the
characteristic saturated region, these ambers exhibit unsaturated resonances that
include exomethylene groups (Fig. 4, of a sample from Uruguay). Parallel distinc-
tions of Groups A-D have been found with proton spectra [14].

Although the four groupings of amber have overlapping geographical origins,
distinctions sometimes can be made for archaeological amber. Lambert and
co-workers [15] examined amber beads found in post-contact Maya burials exca-
vated in Tipu, Belize. The beads produced Group C spectra, whereas indigenous
amber would have been Group D. The beads thus were examples of Baltic amber,
which presumably arrived with the Spanish. In contrast, amber found in earlier
archaeological contexts (100–1000 AD) at the sites of Punta Candelero in Puerto
Rico, Bayamón in Puerto Rico, and Nahuage in the Colombia state of Magdalena
proved to be from Group D, the expected botanical type for Latin America [13]. The
Puerto Rican samples matched particularly well with mining sites in the Dominican
Republican. The Colombian samples had been heated, a process that alters the NMR
spectra, which still were consistent with sources in Venezuela, the Dominican
Republic, or Mexico. All these ambers clearly were not of European origin.

Jet, Stantienite, and Oltu Stone. The maturation of the woody part of plants can
produce materials that have been valued for their shiny black appearance and used as
jewelry and decorative objects. In Europe, such materials are called jet, a word that

Fig. 3 The solid state 13C spectrum of fossilized from South Sumatra, Indonesia, provided by
Teruhisa Ueno, Fukuoka, Japan, sample no. 1537 in the Trinity collection, with (upper) and without
dipolar dephasing
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as an adjective refers to the deep black color. Jet is formed in the same process as
coal, whereby plants are successively transformed into peat, lignite, sub-bituminous
coal, bituminous coal, anthracite, and graphite by geological processes involving
high temperatures and pressure over time. In terms of NMR spectroscopy, the higher
ranked coals exhibit decreasing aliphatic and carbohydrate resonances and increas-
ing alkenic and aromatic resonances. The first examination of jet by solid state 13C
NMR spectroscopy, necessary because the material is entirely insoluble in all
solvents, revealed that the coal rank is between lignites and sub-bituminous coals
[16]. These materials were selected for their cleanliness to touch, in contrast with
coal, and their abilities to be carved and polished, in order to achieve appropriate
shapes with a high sheen. The spectra of jet from English and Spanish sources
revealed similarities in the approximate equality of the saturated and unsaturated
resonances (Fig. 5). Both shared distinctive phenolic peaks at δ 120 and 155.
Differences were observed between the English and Spanish jets, particularly
under conditions of dipolar dephasing [16]. Examination of jet samples excavated
in the post-contact, Maya site of Tipu in Belize indicated they resembled Spanish jet
and presumably were trade items, like the amber found at the same site [15].

Similar materials have been found in other parts of world, such as the Caribbean
(Trinidad in particular) and Asia Minor (the Anatolian Peninsula in Southwest Asia).
In the Baltic Sea region, such materials were termed stantienite and, in Turkey, they
have been called Oltu stone, after the Turkish town of that name [17]. Oltu stone has
been used there for decorative objects, in a similar role to jet in Europe. Interestingly,
the English word jet derives from the Old French word jaiet (modern French jais),
which in turn derives from Gagas, said to refer to a city and river in Asia Minor. The
solid state 13C spectra of stantienite and of Oltu stone are distinctive but similar to
those of jet (Fig. 6). Both materials are products of coalification but of slightly
different levels of maturation.

Fig. 4 The solid state 13C spectrum of fossilized resin from Uruguay, provided by Crystal Triad
and Patrick Craig, Guerneville, CA, sample no. 1427 in the Trinity collection, with (upper) and
without dipolar dephasing
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Wood

Although wood was used possibly a million years ago by early humans as a fuel,
cultural functions began with its use as worked building material and as a medium
for decorative objects. It is prone to rapid decomposition, but under favorable
conditions can survive. The chemical makeup of wood comprises three groups of
polymers: 40–45 % cellulose, 20–30 % hemicellulose, and 20–30 % lignin.

250 200 150 100
ppm

50 0

Fig. 5 The solid state 13C
spectrum of jet from Whitby,
England. The peak at δ 230 is
a spinning sideband

Fig. 6 Oltu stone. The solid state 13C spectrum of Oltu stone from Erzurum, Turkey, provided by
Serap Mutun, Abant Izzet Baysal University, Bolu, Turkey, with (upper) and without dipolar
dephasing
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Whereas lignin is composed predominately of aromatics and alkenes, cellulose is a
carbohydrate with only saturated carbons, and hemicellulose is a smaller carbohy-
drate. Wood is insoluble in solvents for the most part, so examination of the total
content had to await the development of magic angle spinning and cross polarization
methods. NMR spectra of wood as a powder contain resonances from aromatics/
alkenes (from the lignin) and aliphatics (from the sugars). In their classic paper on
the early application of these techniques [18], Schaefer and Stejskal at Monsanto
included studies of wood and established that the technique might be able to
distinguish various species, such as maple and pine. Figure 7 displays the
CP/MAS spectrum of a modern willow, Salix sp., examined as drillings [19]. The
aliphatic resonances from the sugars occur in the region δ 50–90, as almost every
carbon atom is attached to an oxygen atom. In addition, the anomeric carbons,
attached to two oxygen atoms, resonate at δ 105. The lignin peaks, both aromatic
and alkenic, resonate in the region δ 110–160. There also is a small carboxyl
resonance at δ 173, and resonances of methyl groups not attached to oxygen in the
hemicelluloses component are at δ 21.

Hatcher and co-workers [20, 21] carried out early studies of ancient wood by
solid state 13C methods. Samples from the Miocene (Poland) and the Eocene
(Germany), when compared with modern samples, exhibit loss of the carbohydrate
component and preservation of the lignin. In a separate study of wood fragments
buried in anaerobic sediments from 450 years ago to 8 Ma ago, they also found the
steady loss of carbohydrates and retention of lignin. They interpreted the results in
terms of the classical process of coalification, whereby woody tissue progresses to
lignite and higher stages of coal, with the result that coal contains more of the highly
condensed lignin. They characterized a Miocene sample of brown coal as having
approximately 75 % lignin and 25 % cellulose and representing a poorly matured
form of coal. Attalla and co-workers [22] carried out a more targeted study of wood

200 150 100
ppm

50 0

Fig. 7 The solid state 13C
spectrum of drillings from the
willow tree, Salix
sp. (Reproduced with
permission from Ref. [19])
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from the species Phyllocladus trichomanoides that had been buried in a volcanic
eruption in New Zealand some 200 years ago. They found that the fossilized
sapwood had a greater carbohydrate content than did the fossilized heartwood
from the interior of the wood, indicating differential fossilization in various parts
of the wood. Although ratios of unsaturated (lignin) to saturated (carbohydrate)
resonances are rough measures of the age of the wood, these studies indicate that
several factors affect the results, including conditions of burial, age, and specific
woody part.

Bardet et al. obtained similar results with archaeological wood from the eleventh
century from Lake Paladru, Charavines, France [23], and on wood from three canoes
currently undergoing conservation in Lisbon, Portugal [24]. They found complete
loss of the hemicellulose signals but maintenance of the lignin signals. They also
demonstrated the feasibility of obtaining good spectra on 4–6 mg of material with a
microrotor with a volume of only 11 μL.

Pournou [25] examined oak wood from a sixteenth century Greek shipwreck
from near the Ionian island of Zakynthos and provided parallel information on
residues of hazelnuts (from the same wreck) and olive pits (from the Macedonian
site of Pella, 300 BC), grouping the artifacts as lignocellulosic materials. Near
absence of the peaks at δ ca. 20 and 173 again indicate the loss of hemicellulose,
whereas maintenance of other peaks indicates the continued presence of lignins and
cellulose. The two types of seeds were differentially decomposed, the hazelnuts
retaining only the outer pericarp and seed coat (no seed) and the olive pits retaining
the endocarp (the innermost part of the pericarp) and the seed coat. Nonetheless, all
materials exhibited the similar loss of hemicellulose.

Conservation of archaeological woods often utilizes polyethylene glycol (PEG)
to provide stability to the materials. Its presence can make the later analysis of 13C
spectra difficult because of the simultaneous presence of ancient and recent organics.
Bardet et al. [26] demonstrated that editing procedures can nearly eliminate the PEG
signals through the choice of the contact time in the cross polarization experiment.
The authors also found that archaeological wood from a seventeenth-century Italian
shipwreck in the Mediterranean (La Lomellina) treated with PEG exhibits the same
two phases (ordered and disordered) as commercial PEG and that PEG is interacting
with the lignin in the archaeological materials.

Bardet and Pournou [27] in a study of fossil Miocene wood from Bükkábrány,
Hungary, reported a more nuanced view of diagenesis or fossilization. They distin-
guished the processes coalification (as already described, slow conversion of woody
materials to lignitic aromatics through loss of carbohydrates), complete petrification
or mineralization (replacement of wood by inorganics), partial or permineralization
(addition of inorganics to the woody matrix), and mummification (maintenance of
micro- and macroscopic molecular components). The authors compared samples of
the Bükkábrány wood with modern wood and older (Oligocene) wood from a site in
the Porrentruy region of Switzerland. The Bükkábrány spectra indicated loss of
carbohydrate resonances and maintenance of lignitic resonances, but microscopic
examination of the materials indicated that molecular components had been largely
retained, despite extensive morphological degradation. The Swiss samples exhibited
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more traditional degradation, by which the lignitic matrix degraded to smaller
molecules, even while maintaining macroscopic morphology. The mechanistic
causes of these subtle diagenetic differences are not well understood.

Asphalt

Asphalt, or bitumen, is a petroleum product, either refined or found naturally. It is
composed of saturated hydrocarbons, aromatics, and asphaltenes (complex mixtures
of high molecular-weight aromatics and heterocycles). Like petroleum, asphalt
ultimately derived from algae, diatoms, and other living matter, deposited millions
of years ago and subjected to heat and pressure. Asphalts occur naturally in North
America (La Brea Tar Pits in Los Angeles), Venezuela (Lake Bermudez), the
Caribbean (Trinidad), South Asia (Indus Valley), and Southwest Asia (Turkey,
Iraq, and the Dead Sea – known to the Romans as the Asphalt Lake). Throughout
the ancient world, asphalt found many uses, including to serve as mortar between
bricks, to attach pieces to statuary, to repair materials, to caulk ships, to waterproof
various objects, and to embalm mummies (the Persian word for asphalt is moom,
related to the English world mummy) [28, 29]. Solid state NMR methods have been
used to characterize natural asphalt [30, 31], and solution NMR methods have been
used to characterize archaeological asphalt [32], but to our knowledge solid state
NMR methods have yet to be applied to archaeological asphalt.

Food Residues

Material found on the surface of or penetrating the fabric of vessels for cooking,
storage, or transport of food or drink can provide important information on diet and
trade. Mass spectrometric analysis can indicate specific molecules present and can
infer the type of food or beverage involved. Carbon and nitrogen isotope ratios of
bone and teeth probably provide the most important information, as they refer clearly
to food consumed. Solid state NMR also can yield important information, although
not the identity of specific molecules. Its primary advantage is that the information
refers to the bulk material, and food classes often can be identified.

Oudemans and co-workers reported the earliest study of food residues on ceramic
vessels from the Roman site of Uitgeest-Groot Dorresgeest in the Netherlands
[33]. Soot residues comprising polyaromatic hydrocarbons provided little useful
information. Lipids and proteins could be identified in mildly charred residues.
Carbohydrate peaks could be identified in more highly charred materials, including
the peak at δ 105, diagnostic for the anomeric carbon (attached to two oxygen
atoms). In her thesis [34], Oudemans described the multivariate analysis of the data
from all analytical methods, in which she characterized several chemotypes found in
the residues: A from starch rich foods, C from protein-rich charred animal products,
and D from protein rich but lipid-free foods or non-food materials (chemotype B was
char from wood fire).
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Canadian workers examined black residues found on plates and pots from the
Kame Hills complex on Southern Indian Lake in subarctic, northern Manitoba and
from “prehistoric pottery from southern Ontario” [35]. They carried out control
experiments by recording the spectra of burned wild rice, tubers, pickerel, and
moose fat. The spectra of the archaeological samples from Manitoba round pots
and Ontario shards resembled those of meat and fish, but they lacked the anomeric
carbon of carbohydrates at δ ca. 105 found even with charred rice and tubers. Such
materials either were not cooked or had disappeared over time. Residues from the
Manitoba flat plates exhibited peaks at δ 30 and 65–70 attributed to fats. They
concluded that the pots were used to cook fish and the plates were used for frying or
possibly as fat-burning lamps. Thus NMR can distinguish types of food and assess
extent of charring.

Styring et al. [36] reported a limited study, as part of a larger investigation, of the
solid state 13C spectra of modern einkorn wheat grains, heated einkorn grains, and
archaeological einkorn samples from Assiros, a Bronze Age site in Greek Macedo-
nia, and Vaihingen an der Enz, a Neolithic site in southwest Germany. The unheated
modern samples contained carbohydrate peaks almost exclusively (C—O and O—
C—O). With heating at 230 �C progressively for up to 24 h, the carbohydrate peaks
made way to aliphatic peaks at δ 0–50 and to unsaturated peaks predominately at δ
100–140, attributed by the authors to products from the Maillard reaction between
proteins and starch to form melanoidins. The archaeological samples exhibited
almost complete loss of the aliphatic signals, the spectra containing only resonances
in the unsaturated region. By elemental analysis, however, the samples contained a
similar amount of nitrogen to the modern samples heated for 24 h. The ancient
samples thus retained amino acids in the predominantly aromatic melanoidins,
which are resistant to further degradation.

Rubber

Rubber is a polymer of the five-carbon monomer isopropene (2-methyl-1,3-
butadiene), formed biologically in trees such as Castilla elastica, originally
found only in Mexico, Central America, and northern South America. Indigenous
people exploited its properties for at least 4000 years [37]. Artifacts extracted
from water-filled sinkholes in Yucatan, called cenotes, include rubber balls,
rubber figurines, and a stone tool hafted with a rubber band. The Nahuatl name
for the Olmecs of southwest Mexico, who were responsible for the earliest major
civilization in Mexico, olmecatl came from the two Olmec words olli (rubber)
and mecatl (people), so the Aztecs called them “the rubber people.” Hosler
et al. in 1999 reported analysis by solid state 13C NMR spectroscopy of a cache
of rubber balls found at the Olmec site of Manatí in the Mexican state of
Veracruz, with dates in the range 1600–1200 BC [38]. The balls were used in
the ancient religious and sporting activity called pelota by the Spanish, for which
ball courts have been found all over Mesoamerica and some Caribbean islands.
Such polymers are insoluble and consequently could be studied only by solid
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state methods. The authors found the characteristic five-carbon spectrum of cis-
polyisopropene in the Olmec balls as well as in the spectra of pure modern rubber
latex.

The rubber from pure rubber latex becomes brittle over time. It has been known
since the time of the conquistadores that the Mesoamerica rubber ball was produced
by heating latex from the rubber tree with a small amount of the juice from the
morning glory vine (Ipomoea alba), which conveniently grows on the rubber tree.
Thus the Olmecs and their cultural descendants were engaged in chemical
manufacturing, without which the important cultural activity of the ball game
could not have developed. Hosler et al. further found that unprocessed modern
latex gives spectra with peaks not found in the ancient rubber, indicating that there
was an element of purification in the ancient process. They further hypothesized that
the morning glory juice encouraged cross-linking or chain entanglement, which
would increase elasticity and reduce brittleness.

Lacquer

Like rubber and amber, oriental lacquer is a product derived from a plant exudate.
Also like rubber, it requires processing by humans in order to create the material of
cultural importance. The hard, easily polished product has been known for 4000
years in China. It resists analysis because of its extreme insolubility. The plant
exudate (raw lacquer) contains 20–25 % water, 10 % carbohydrates, and 65–70 %
urushiol. Urushiol also is the active ingredient in poison ivy, poison oak, and poison
sumac. Urushiols all are ortho-dihydroxybenzenes (catechols) with a third substit-
uent on the benzene ring, a hydrocarbon chain of variable length. The various
allergens differ from each other and from the sap of the lacquer tree (Toxicodendron
vernicifluum, formerly Rhus vernicifera) in the length of the hydrocarbon chain and
the extent of unsaturation. The curing process brings about oxidation and, particu-
larly, polymerization, by which the phenolic functionalities condense with the side-
chain double bonds. Lambert et al. [39] examined four samples of modern Chinese
and Japanese lacquer by solid state carbon NMR methods. The spectra (Fig. 8)
exhibited expected aromatic resonances from the catecholic structures and alkenic
resonances from the unsaturations in the side chains in the region δ 100–160,
saturated resonances from the methylene and methyl groups in the side chains at δ
20–50, small carboxy resonances at δ 175 presumably from oxidation products, and
a resonance at δ 75. This last resonance corresponds to structures containing a
saturated C—O bond. Raw urushiol lacks such a structure, which is formed on
condensation of the phenolic groups with the unsaturated side chains. The peak thus
confirms the mechanism of polymerization and provides a measure of the extent of
polymerization. The Chinese sample, for example, exhibited a smaller resonance at δ
75 than the Japanese samples. The result may not be general, because there was only
a single sample from China.
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Textiles

The term textile refers to any manmade network of spun fibers, including both plant
fibers such as cotton and linen and animal fibers such as wool and silk. Such
materials date back at least 30,000 years [40]. Because of the high potential for
degradation under archaeological conditions, surviving textiles normally are too
precious to submit to the conditions for 13C NMR solid state analysis. A few studies
of historical materials have been carried out, but for the most part this technique has
been applied to modern materials of no commercial value.

The term cotton refers to the plant (various species of the genus Gossypium), the
fiber, and the fabric. It consists almost entirely of the plant polymer cellulose, a
polysaccharide composed of linked glucose units. There apparently were indepen-
dent domestications of cotton in the Old and New Worlds: in Mexico by about 3000
BC and in the Indus River Valley possibly as early as 1000 BC, although in both
hemispheres cotton fabrics from wild species were produced at earlier dates
[41]. Adebajo and Frost [42] examined by solid state 13C methods the structural
effects of acetylation of commercial cotton to improve its absorbant properties.

More relevant to conservation science, Princi and co-workers [43] examined the
structural effects of in situ polymerization on the strength of degraded textiles.
Natural aging produces carboxyl and other carbonyl functionalities, which provide
a locus for copolymerization with acrylate monomers. The experiments were carried
out on both naturally and artificially aged cotton. Aging could be simulated by
treatment of cotton with iodate to produce carboxyl groups. Cross-linking of the
copolymer, it was hoped, would enhance mechanical strength and thermal stability.
The authors used solid state 13C NMR methods to assess the degree of grafting.

Taylor et al. [44] examined cotton fiber from G. barbadense using solid state
MAS spectroscopy for both 1H and 13C in order to understand the dynamics of the
interactions between water and the cellulose matrix. Moisture content influences the
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Fig. 8 The solid state 13C
NMR spectrum of the black
portion of a Japanese sample
of lacquer. (Reproduced with
permission from Ref. [39])
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strength of the fiber, the speed the fiber can be spun into yarn, and even the
perception of comfort of the fabric to the wearer. The authors used 1H experiments
primarily to assess relaxation effects. They found a range of relaxation times,
including distinct responses from relatively free water and water within the cellulose.
Combined 1H/13C experiments indicated that the cellulose carbons are correlated
with the broader water peak, confirming its assignment to the water molecules within
the polymer. Such experiments would be useful with historical fabrics, to determine
the extent and range of water content over time.

Linen is derived from flax fibers of the plant Linum usitatissimum, known for at
least 30,000 years and developed to an industrial stage in Mesopotamia and Egypt
more than 4000 years ago [40]. It has the reputation to be an upscale fabric, more
expensive to manufacture than cotton, used for table and bed coverings, undergar-
ments, and clothing in general. Princi and co-workers [43] included linen samples in
their investigation of cross-linking to enhance fabric strength and stability.

Textiles from animal fibers include primarily wool and silk. Wool has been
produced from numerous animals, such as goats, sheep, camelids (camel, alpaca,
etc.), rabbits (angora), and muskoxen. Solid state NMR studies to our knowledge
have been restricted to modern wool samples [45] and not to historical or archaeo-
logical samples. Silk, originally an exotic material to the Western world, is produced
for the most part from fibers exuded by the Bombyx silkworm larvae (Bombyx mori).
The fibers themselves have been studied extensively by solid state NMR methods
[46], most commonly on the spider silk itself [47]. Archaeological silk has been
examined by Chûiô et al. from twelfth-century mummy wrappings from members of
the Fujiwara clan in Hiraizumi in northeastern Japan [48, 49]. The carbonyl (amide)
region at δ 170 from fibroin molecules enabled the authors to estimate proportions of
specific amino acids, such as glycine and alanine, and to draw conclusions regarding
the secondary structure (anti-parallel β sheets).

Leather

For millennia, humans have been treating animal hides to avoid brittleness, partic-
ularly with infusions of tannin-rich bark. In the archaeological context, leather is
subject to decomposition and often is too precious for examination by NMR. Bardet
et al. [50] examined the soles of shoes found in the excavation of an area intended for
a parking lot in the St-Georges area of Lyon, France. The rich site provided leather
from the soles of shoes dating from the thirteenth to the eighteenth century. They
established the pattern expected for the solid state 13C spectra of modern leather,
tanned with vegetable tannins and lubricated. Resonances of the amino acid side
chains of collagen from the hide appear in the region δ 15–75, and those from the
aromatic tannin residues in the region δ 80–160. In addition, there is a single broad
carbonyl band at δ 175. The archaeological samples exhibited consistent spectra that
contained the carbonyl resonance and the collagen resonance but entirely lacked
aromatic resonances from tannins (Fig. 9). Either the tannins had leached out or the
material had not been tanned. The authors preferred the leaching hypothesis. A
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similar spectrum of leather from an Egyptian site (Antinoe) from an unpublished
project was reported in the review by Capitani et al. [51]. Bardet et al. [50] also
examined mobile domains within the materials with selectively edited spectra by
combining the MAS method either with single pulse excitation (SP/MAS) or with
distortionless enhancement with polarization transfer (DEPT/MAS). Although these
experiments provided no significant additional information, they suggest possible
directions for many other types of culturally important materials.

Popescu et al. [52] examined the wideline, solid state 1H spectra of historical
leather samples from the fifteenth to the seventeenth century from Romania. Primar-
ily, the authors could assess water mobility. Historic leathers should have lower
mobility and larger linewidths than do modern leather. One leather sample exhibited
NMR patterns similar to those of parchment rather than leather, leading the authors
to suggest that age-related cross-linking had transformed the leather into a material
resembling parchment.

Parchment and Paper

The use of animal hides as a writing surface goes back at least to the Egyptian Old
Kingdom, but its processed form as parchment dates about to the second century BC
to the Greek city of Pergamon, located in western Turkey, from which the word
parchment derives [53]. Hides of goat, calf, or sheep are unhaired, limed, and dried
under tension but not tanned.

Aliev [54] examined 18 historical parchments, mostly undated but one as early as
the seventeenth century, and compared the results with two recent parchments. From
wideline 1H experiments, the water content was found to decrease with the age of the
sample as the result of partial hydrolysis of peptide bonds in the collagen. The water
content correlated linearly with 13C MAS linewidths, indicating that structural water
molecules stabilize the collagen structures. From linewidth ratios, the author pro-
posed a disordered ranking parameter that likely is related to the extent of degrada-
tion. Odlyha et al. [55] used solid state 13C NMR methods peripherally in their study
of modern and historical parchments, mostly from Denmark, to identify and quantify
the amino acid residues in the polypeptide chains (Fig. 10). Popescu et al. [52]
included one historic parchment in their study, a seventeenth century religious book
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Fig. 9 The CP-MAS 13C spectrum of waterlogged leather from the thirteenth century, from Lyon,
France (Reproduced from Ref. [50])
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from Romania. The solid state 1H spectra indicated lower water mobility compared
with modern sheep and kid parchments. The characteristics of the historic parchment
were consistent with sheep skin.

In contrast to parchment, paper is a plant product, composed of pressed fibers of
cellulose pulp from wood, rags, or grasses. Cellulose is a polysaccharide that is
largely insoluble in organic solvents and water. Bastone et al. [56] used solid state
13C NMRmethods to examine the structure of paper in a sixteenth century book. The
objective of their analysis was to assess the need for conservation and to define the
necessary approach. The authors included assessment of the degradation of two
parchment samples taken from the cover of the book.

Corsaro et al. [57] have demonstrated, with the use of a 700 MHz NMR spec-
trometer, that high resolution 1H spectra of solids, both 1D and 2D, can provide
important information on delicate materials of cultural importance, providing a
direction for many possible applications. They examined small pieces of paper
from fifteenth century Perpignan, France, and Milan, Italy. These samples came
from the end leaves, carried no printing, and had already been examined in previous
studies. Their spectra identified the major collagen degradation products, including
choline and hexanoic acid, as well as minor products such as pyruvic acid, the likely
products of the degradation of cellulose to cellobiose and thence to smaller molecules.
COSY spectra were particularly useful in identifying the peaks of lactic acid and
TOCSY spectra the presence of adipic acid. The authors also identified peaks they
attributed to several common amino acids, which may imply the use of animal
products such as gelatin in the manufacture process. The ability to obtain the high
resolution 1H spectra from archaeological and historical solids and to identify specific
small molecules will permit new approaches to many other types of materials.

Fig. 10 The 13C CP/MAS of a modern parchment (Reproduced with permission from Ref. [55])
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Bone

Calcium hydroxyapatite constitutes the inorganic structural material of bone, which
also contains the elastic protein collagen to improve fracture resistance. Solid state
NMR methods have been applied to bone from the biomedical perspective for many
years [58–61]. Lee et al. [62] examined a 15,000 year old fossil bone from Riera
Cave in Spain by these methods. X-ray diffraction (XRD) demonstrated the presence
of calcium phosphate hydrate, calcite, and very small amounts of hydroxyapatite, but
XRD cannot detect organic material. The 13C solid state CP/MAS spectrum
contained the calcite peak at δ 168 and broad peaks in the range δ 0–60 presumably
from collagen peptide side chains. Although the authors said that the latter peaks
were present “in very small quantities,” the apparent integral of the peaks exceeded
that of the calcite peak, although relaxation differences vitiate any direct comparison.
Thus NMR can detect organic residues in extremely old bone. The authors also
performed 1H MAS experiments, which yielded apparent peaks from hydroxyl and
from organics.

Alfano et al. [63] used 1H and 13C solid state spectra to similar effect to assess the
process of diagenesis on one tooth and four bone samples from Poseidonia (Paestum),
Italy, dating from the seventh century BC to the second century AD. Their progressive
procedure for cleaning included physical abrasion, pulverization, drying, oxidation
with hypochlorite, and treatment with acetic acid. Like Lee et al. [62], they found
strong signals from remnant organic materials from collagen. In the 13C spectra, the
carbonyl region contained two peaks of similar intensity, attributed to diagenetic
calcite at δ 170, which disappeared after acid treatment, and to collagen carbonyl
and structural carbonate at δ 174, which remained after acid treatment (Fig. 11).

Selasse et al. [64] reported a similar study of bone cleaning procedures, compar-
ing treatment with 0.1 M and 1 M acetic acid, using ten samples with different
preservation states from the Catacombs of Saints Peter and Marcellinus (first to third
century AD Rome) and the cemetery of St. Benedict (Eighteenth century AD
Prague). Exogenous carbonate was removed differently by the two techniques.
Turcu et al. [65] reported MAS 1H studies of 2000-year-old bone from archaeolog-
ical sites from highland Transylvania, Romania, and failed to find signals attributable
to collagen.

Paintings

Unilateral NMRmethods have been used extensively in the examination of paintings
[66], but traditional solid state NMR spectroscopy has not been useful because it
requires a sample of >50 mg, prohibitive in the study of precious materials with
limited sampling opportunities. Kehlet et al. [67] recently have demonstrated the
ability to use a smaller sample chamber (1.3 mm rather than the standard 4 mm) and
obtained results on a sample weighing only 4.7 mg from the 1945 oil paintingMaske
by Danish, avant-garde artist Asger Jorn. The study object was a small yellow flake
that had become dislodged from the eye region of the figure. X-ray fluorescence
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analysis of the flake indicated the presence of cadmium and zinc and suggested that
the pigment was a mixture of cadmium yellow and zinc white. Consequently, the
authors included examination of a sample of zinc white as a reference material. As
the Jorn sample weighted <5 mg, data acquisition required 87 h and a very rapid
rotor speed of 40 kHz (MAS normally is 3–5 kHz). The field strength was 75 MHz
for 13C (300 MHz for 1H); shorter acquisition times should be available from higher
field instrumentation. The resulting CP/MAS 13C spectrum (Fig. 12) indicated that
the major organic material resembled linseed oil, as represented by resonances for
triglycerides and fatty acids, also present in the reference zinc white. The carbonyl
resonances indicate that about half the esters had hydrolyzed to the carboxylate ion.
The authors also obtained T2-filtered

1H spectra with ultra-high spinning speeds of
60 kHz. The resulting spectra are expected to be of the mobile fraction of the oil
paint, consisting of molecules that are not cross-linked, possibly acting as a plasti-
cizer. Comparison of the Jorn sample with the reference sample indicates less mobile
fraction in the former. These results confirmed those of Bardet et al. [23] and
demonstrated that solid state NMR spectra in the future can be obtained successfully
with much smaller samples and less intrusive sampling of the art object than has
been previously possible.

The authors thank the Welch Foundation (Departmental Grant No. W-0031), the
Camille and Henry Dreyfus Senior Scientist Mentor Program, and The Pennsylvania
State University, York Campus for financial support of this work.
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Fig. 11 The 13C CP/MAS spectrum of bone from a tomb dated to the first to second century AD at
Poseidonia, Italy, (a) untreated and (b) after treatment with acetic acid (Reproduced with permission
from Ref. [63])
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