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Abstract

 

Natural triterpenoid resins, dammar and mastic, are widely used as varnishes on paintings.

Unfortunately, these varnishes are not stable, but oxidize and yellow with time. The latter is

of major importance since yellowing obscures a painting and can considerably change its

appearance. As a consequence, varnishes have to be removed and replaced rather often, a

harsh treatment that can damage the painting. It is therefore desirable to find ways to

improve the performance of varnishes with respect to oxidation and, especially, yellowing.

This would reduce the number of varnish replacements necessary, and valuable and unique

works of art could be protected. This thesis studies the aging of triterpenoid resins with the

aim to improve their stability and performance.

Conventionally, the aging of resin varnishes was described with a model that postulated

very different aging pathways in light and darkness. Aging in light meant oxidation

proceeding by radical chain reactions. The light was believed to be necessary for the

initiation of these reactions, that would stop during dark storage due to recombination of

the radicals. Aging in darkness, therefore, was considered to proceed by non-oxidative

thermal reactions, such as aldol condensation. Yellowing was regarded as a typical

consequence of these dark reactions, since yellowing is more pronounced in darkness.

This thesis, however, shows that commercial resins, usually considered “fresh”, are in an

advanced stage of oxidation, and high amounts of radicals are abundant even in darkness.

These results were obtained by two analytical methods newly introduced to the field of

conservation science: electron paramagnetic resonance spectroscopy, and graphite-assisted

laser desorption/ionization mass spectrometry. Consequently, several natural and artificial

aging studies were performed to study the aging pathways in light and darkness in more

detail. Mastic resin was harvested under protection from sunlight on the island of Chios,

Greece. The idea was to suppress the formation of radicals in the fresh resin and obtain a

more stable material for varnishes. The factors influencing the resins’ properties and aging

behavior are discussed.

In contrast to the conventional view it was found that aging processes in light and darkness

are actually very similar. Large amounts of radicals are abundant in triterpenoid resins

under all storage conditions. Thus, oxidation proceeds by radical chain reactions also in

darkness. Varnishes oxidize very quickly, most of the initial triterpenoids are oxidized after
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a few months, not years or decades. A kinetic study revealed that the radical concentrations

change considerably within hours after change of illumination conditions. It is concluded

that radicals are abundant not because of insufficient termination, but rather strong

initiation reactions, also in darkness. This explains the rapid oxidation of varnishes and

proves that aging reactions are very dynamic and vigorous.

A consequence of the same aging processes taking place in light and darkness is the

occurrence of the same aging products, as identified by GC-MS. No photoreaction products

were found in all naturally aged samples, even when aged under harsh conditions (direct

sunlight irradiation in a window). Thus, the influence of light on aging mainly consists in

the enhanced formation of radicals. Aging then proceeds by the same pathways in both

light and darkness, although rates may differ.

Oxidative radical reactions taking place in darkness give a straightforward explanation for

yellowing. Allylic oxidation results in formation of unsaturated ketones from double bonds.

In addition, formation of ketone and hydroxy functional groups enhance the possibilities

for aldol condensation and enlargement of preexisting unsaturated systems by elimination

of water. Thus, it is concluded that more compounds responsible for yellowing are formed

in light than in darkness, but are bleached simultaneously. In darkness they accumulate, and

yellowing seems more pronounced, although it is not a dark reaction.

Protection from any light during harvest was found to dramatically suppress radical

formation and prevent polymerization of monoterpenes in fresh mastic. Dark harvested

mastic contains no polymer, and yellowed significantly less during aging. However, radical

formation and oxidation during aging could not be prevented, and radicals develop even in

resins that are protected from any light during harvest, storage and aging. The reason of the

reduced yellowing predisposition of dark harvested mastic is not completely clear at that

point. It might be connected with the absence of mastic polymer, that is found to act as a

natural radical stabilizer, reducing oxidation, but enhancing yellowing. Thus, the aging

properties of a varnish can be influenced by the resin composition, which opens up new

possibilities for improving the performance of natural resin varnishes.
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Zusammenfassung

 

Dammar und Mastix, zwei Triterpen-Naturharze, sind als Firnisse auf Gemälden weit

verbreitet. Diese Materialien sind leider nicht stabil, sondern sie oxidieren und gilben mit

zunehmendem Alter. Insbesondere die Gilbung beeinträchtigt die Wirkung des Gemäldes.

Stark gegilbte Firnisse werden in der Folge entfernt und ersetzt, was für das Gemälde eine

grosse Belastung darstellt. Es ist daher von grossem Interesse, verbesserte Firnismaterialien

zu entwickeln, die weniger oder langsamer gilben und entsprechend seltener ersetzt werden

müssen. Wertvolle und einzigartige Kunstwerke könnten so besser geschützt und erhalten

werden. Diese Dissertation untersucht die Alterungsprozesse in Triterpenharzen mit dem

Ziel, ihre Eigenschaften zu verbessern und bessere Firnismaterialien zu entwickeln.

Bisher wurde die Alterung von Harzfirnissen durch ein Modell beschrieben, welches sehr

unterschiedliche Mechanismen postuliert für die Alterung im Licht und Dunkeln.

Lichtalterung bedeutet demzufolge Oxidation, welche über  radikalische Kettenreaktionen

abläuft. Ohne die stetige Bildung neuer Radikale durch das Licht würde die Kettenreaktion

durch Rekombination schnell zusammenbrechen. Die Alterung ohne Licht verläuft in

diesem Modell daher über nicht-oxidative Reaktionen wie z.B. die Aldolkondensation.

Gilbung wurde als typische Dunkelreaktion angesehen, da sie bekanntlich im Dunkeln

stärker ausgeprägt ist und mittels der postulierten Reaktionen erklärt werden kann.

Die vorliegende Arbeit zeigt, dass die kommerziell erhältlichen Harze nicht frisch sind, wie

häufig angenommen, sondern im Gegenteil deutlich oxidiert und gealtert. Sie enthalten

grössere Mengen an Radikalen, auch wenn sie jahrelang im Dunkeln aufbewahrt wurden.

Mehrere natürliche und künstliche Alterungsreihen wurden durchgeführt, um die

Alterungsprozesse im Licht und Dunkeln zu untersuchen. Um die Bildung der Radikale im

frischen Harz bereits während der Ernte zu verhindern, wurde Mastix auf der griechischen

Insel Chios so geerntet, dass jegliche Bestrahlung durch Sonnenlicht dabei vermieden

wurde. Die Idee war, auf diese Weise ein stabileres Firnismaterial zu erhalten. In der Folge

werden die Faktoren diskutiert, die die (Alterungs-)Eigenschaften des Harzes beeinflussen.

Es zeigte sich, dass die Alterung im Licht und Dunkeln sehr ähnlich verläuft. Grössere

Mengen von Radikalen konnten in allen Harzen nachgewiesen werden, unabhängig von Art

und Dauer der Aufbewahrung. Oxidation läuft also auch im Dunkeln über radikalische

Kettenreaktionen ab, da genügend Radikale vorhanden sind. Die Harze oxidieren sehr
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schnell. Auch im Dunkeln sind schon nach wenigen Monaten die meisten ursprünglichen

Triterpene eines Firnisses oxidiert, es sind nicht Jahre oder Jahrzehnte erforderlich. Eine

Untersuchung der Kinetik ergab, dass sich die Radikalkonzentrationen innerhalb weniger

Stunden stark verändern, wenn ein Firnis nach Lagerung im Dunkeln ins Licht gebracht

wird oder umgekehrt. Dies zeigt, dass die im Dunkeln vorliegenden Radikale nicht

aufgrund unzureichender Rekombination (d.h. grosser Stabilität) vorhanden sind, sondern

aufgrund stetiger Neubildung, auch ohne Licht. Dies erklärt auch die rasche Oxidation der

Firnisse und beweist, dass die Alterungsprozesse sehr dynamisch und heftig sind.

Mittels GC-MS wurden dieselben Alterungsprodukte in licht- und dunkel gealterten Proben

nachgewiesen, was ein weiterer Hinweis ist, dass unter beiden Bedingungen dieselben

Prozesse ablaufen. Auch unter extremen Alterungsbedingungen in einem Fenster, d.h. bei

direkter Sonnenbestrahlung, liessen sich keine für die Alterung mit hohem UV-Lichtanteil

sonst typischen Norrishprodukte nachweisen. Dies zeigt, dass das Licht unter natürlichen

Bedingungen die Alterungsprozesse an sich nicht verändert, sondern nur die Initiationsrate

der radikalischen Kettenreaktionen erhöht. Die Alterung verläuft dann unter allen

Bedingungen gleich, im Licht ist lediglich die Rate höher.

Mit radikalischer Oxidation im Dunkeln lässt sich die Gilbung sehr einfach erklären.

Ungesättigte Ketone können durch allylische Oxidation von Doppelbindungen entstehen.

Die oxidative Bildung von Ketonen und Alkoholen fördert Aldolkondensationen und die

Vergrösserung von ungesättigten Systemen durch Wasserelimination. Aufgrund dieses

Modelles kann angenommen werden, dass im Licht mehr Gilbungsprodukte gebildet

werden als im Dunkeln. Da diese aber teilweise sogleich wieder ausbleichen, akkumulieren

sie nur im Dunkeln. Die Gilbung ist also keine Dunkelreaktion, obwohl es so aussieht.

Lichtgeschützt geernteter Mastix enthält praktisch keine Radikale, was die (radikalische)

Polymerisation von Monoterpenen verhindert. Dieser Mastix enthält deshalb kein Polymer

und zeigte eine wesentlich schwächere Gilbungsneigung. Oxidation und Radikalbildung

konnte dennoch nicht verhindert werden, auch nicht in Firnissen, die während der Ernte

und Alterung nie dem Licht ausgesetzt waren. Die Ursache der geringeren

Gilbungsneigung ist im Moment nicht klar, hängt aber wahrscheinlich mit dem Fehlen des

Polymers zusammen. Dieses erwies sich als natürlicher Stabilisator; es reduziert die

Oxidation, verstärkt aber die Gilbung. Zusammenfassend kann gesagt werden, dass die

Alterungseigenschaften eines Harzes über seine Zusammensetzung beeinflusst werden

können, was vielversprechende Wege der Verbesserung dieser Firnismaterialien eröffnet.
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1 Introduction

 

1.1 The varnish problem

 

Paintings are traditionally covered with a layer of varnish, a transparent coating. This

varnish has protective and esthetic functions. It protects the painting from dust, light and

oxygen or pollutants in the atmosphere. More important, however, are its optical properties:

it saturates the colors, enhances contrast and gives an even gloss to the painting. It makes a

painting look clear with more visible details, especially in dark regions 

 

[1-3]

 

. Varnishes have

been used until the late 19th century, when artists began to try out new techniques and

materials to find ways to express their thoughts.

In the beginning, oils or mixtures of oils with resins were used as varnish materials, but

since the 17th century, they were gradually replaced by “spirit varnishes”, solutions of

natural resins in a volatile solvent, usually oil of terpentine 

 

[2, 4, 5]

 

. Today, the most

frequently used natural resin varnishes consist of dammar (a resin from trees in

Indonesia 

 

[6, 7]

 

) and mastic (from trees in Greece, see Chapter 5). Unfortunately, these

varnish materials decompose rather quickly and the films become brittle, crack and

yellow. Yellowing is often the main degradation phenomenon, and a yellowed varnish

can considerably obscure a painting, especially if it consist of many layers and is

relatively thick.

A strongly yellowed varnish also considerably changes the appearance of a painting. Not

only the underlying colors change, but also contrast and balance between the colors, since

not all colors change to the same extent (see Figure 1.1, Figure 1.2). For this reason, the

yellowed varnish has to be removed and replaced to restore the initial colors and

appearance of the painting.

Varnishes are usually removed by the mechanical and chemical action of a cotton swab

drenched in organic solvents. Quite polar solvents are needed to remove an old and

oxidized varnish, and this treatment may damage a painting: swelling and deswelling of the

paint layers leads to mechanical stress, and soluble components can be leached out of the

paint 

 

[8]

 

. These effects are even more pronounced when the new varnish is applied, which is

not surprising since amount and residence time of the solvent is even greater 

 

[9]

 

.

Consequently, the solvent of a new varnish should be as apolar as possible to minimize

these effects.
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1.1 The varnish problem

 

Figure 1.1:

 

Painting before (left) and after (right) replacement of its strongly yellowed
varnish. With the yellowed varnish, the colors are brownish and the painting appears flat.
With a clear varnish, the contrast between the pale walls and the now blue sky leads to a
much more vivid, plastic, and 3-dimensional painting. (Wilhelm Meyer, Duel scene in front
of church ruin, 1831. © Swiss Institute for Art Research.)

 

Figure 1.2:

 

Color array with two overlying yellow stripes of different intensities. It can
be seen that some colors show almost no change (e.g. red), but others change considerably
(e.g. grey, light blue).
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1 Introduction

 

It is obvious that the renewal of a painting’s varnish is a severe intervention and should be

avoided as far as possible. Thus, an ideal varnish should be apolar and stable, and it should

not oxidize or yellow. Unfortunately, the opposite is true: the commonly used varnish

materials, natural resins, are very unstable, oxidize very quickly and yellow considerably.

Thus they need to be replaced regularly.

 

1.2 The solution of the varnish problem: synthetic 
resins ?

 

In the last fifty years, many attempts have been made to find new (synthetic) materials for

varnishes 

 

[4, 10-15]

 

. The booming market for synthetic polymers produced a broad range of

industrial products that seemed very promising for applications in the field of conservation:

the polymers are very stable, not prone to yellowing, and their composition should be much

more defined and less variable as in natural products such as resins. 

 

1.2.1 High molecular weight polymers

 

However, initial practical experience with naturally aged high molecular weight polymer

varnishes (e.g. polyvinyl acetate, polyesters, acryloid polymers) was rather disappointing.

The coatings were found to be less stable than expected 

 

[2, 10]

 

. Crosslinking led to aged

varnishes that were very difficult to dissolve or were even completely insoluble in any

solvents. Such varnishes are often very difficult to remove without severely damaging the

painting. In some cases, these varnishes form a solid film that can be peeled off the

painting 

 

[10, 16]

 

. However, if the painting is not stable enough, parts of the paint are

removed with the film.

The optical properties of initial high molecular weight polymers were found to be inferior

to those of natural resins. They do not produce the same gloss and color saturation as

traditional varnishes. Several reasons for this phenomenon have been discussed 

 

[1-3, 17]

 

:

light scattering and reflection due to the difference in refractive index of varnishes and

paint layers (low in synthetic polymers but high in natural resins and drying oils used as

binding media), mechanical stress (due to aging alterations) leading to flaking from the

substrate 

 

[10]

 

, and surface roughness.
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1.2 The solution of the varnish problem: synthetic resins ?

 

Why does a painting appear matte or glossy? For extensive information see Refs. 

 

[1-3, 17]

 

;

only a short explanation shall be given here. The colored painting is illuminated with

(more or less) white light from above. In a perfect painting, some light would be absorbed

by the paint, and only the desired color would be reflected to the eye of the observer. In a

real painting, however, also a certain amount of the white light is reflected or scattered and

adds to the color of the paint. Thus, the color information is “diluted”, as if a translucent

layer of titanium white covers the whole painting. Both the chroma (i.e. color saturation)

and contrast decrease (for a nice graphical illustration of this phenomenon see Figure 2 of

Ref. 

 

[3]

 

). This is most noticeable in dark areas, because the amount of scattered light is

proportionally high.

To give a good varnish, a material needs to reflect a minimal amount of white light.

Reflection and scattering occur at the interface of two materials with different refractive

indices, e.g. air/varnish, varnish/binding media and binding media/pigment 

 

[1]

 

. Thus a

material with a similar refractive index as the binding medium (high for oil paints) and

making good contact to the paint should be best due to minimal reflection at the varnish/

binding media interface. However, several authors found that surface roughness is more

important than refractive index 

 

[3, 17]

 

. Rough surfaces reflect a much higher amount of light

than smooth surfaces 

 

[1, 3, 18]

 

.

The surface roughness of a coating can be ascribed to the intrinsic viscosity of the material.

High molecular weight polymers form viscous solutions that lead to rough surfaces upon

drying 

 

[1, 17, 18]

 

. The polymer network becomes immobile when still containing a large

amount of solvent. From this point (“no-flow point”), the coating is not able to level out the

loss of the remaining solvent and will reproduce the texture of the substrate beneath it to a

large extent. The more solvent present at this stage, the more pronounced the reproduction

of the substrate’s roughness (see Figure 2 in Ref. 

 

[1]

 

). This seems to be the main

explanation for the rather poor optical qualities of high molecular weight polymer

varnishes.

 

1.2.2 Low molecular weight resins

 

Many problems discussed above for high molecular weight polymers can be avoided by

using low molecular weight synthetic resins, such as ketone resins (mainly AW2, MS2A,

Laropal K80), aldehyde resins (Laropal A) or hydrocarbon resins (e.g. Arkon, Regalrez).

Due to the lower molecular weights, these varnishes normally form smooth glossy surfaces
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and stay soluble during aging. They have many good characteristics and are frequently used

in North America 

 

[13, 15, 19-21]

 

.

In contrast, synthetic resins are not very popular in Europe. This may be explained by

European conservators being more conservative in the use of modern materials; on the

other hand, according to Koller et al. 

 

[11]

 

, there are several reasons to be so: 

• The initially used synthetic materials did not fulfill all the high expectations (see

above). Conservators lack empirical knowledge of their aging behavior, and artificial

aging tests do not necessarily reflect the aging behavior on paintings. Long term experi-

ence with new materials is needed to evaluate their usefulness.

• The market for conservation applications is too small for industrial companies to pro-

duce custom-made products; it is therefore always possible that production parameters

or even complete production processes are changed or varied without notification of the

customer, as happened in the case of AW2 resins (Ref. 

 

[11]

 

 p. 29, 32). This means that

once the aging qualities of a material are evaluated, it is not clear whether the same

material bought a few years later will behave the same way. This may well be irrelevant

in most cases, if the changes are small 

 

[15]

 

, but such an attribute is certainly disturbing,

and serious problems may suddenly arise.

• Although synthetic resin varnishes do not yellow considerably, the optical properties

after aging are inferior. Blanching seems to be a characteristic aging phenomenon of

synthetic resin varnishes (Ref. 

 

[11]

 

, p. 35).

Beside these disadvantages, synthetic resins undoubtedly have their qualities; they are very

stable and stay soluble in apolar solvents (except the ketone resins 

 

[14]

 

), and they do not

yellow. Their ability to stay clear is so pronounced, that, very confusingly, it might be

considered as a disadvantage again: if a painting is about to be varnished with a synthetic

resin, it needs to be totally cleaned before, i.e. the varnish needs to be completely removed,

which can be very problematic if a painting contains residual traces of oil varnishes or

glazes. These remains that can be unnoted with a yellowed varnish, will strongly yellow

when not protected anymore by the colored varnish. Thus, specks or whole parts of the

painting can still show yellowing and disfigure the appearance of a painting 

 

[11]

 

.

From this point of view, it is not even necessary that a varnish stays completely clear; a

slightly yellow color is maybe even favored. A thin layer of a moderately yellowing

material will not disturb or disrupt the appearance of a painting as described in Chapter 1.1,

but rather add a bit of warmth to the colors.
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This thesis does not deal with synthetic resin varnishes, and no recommendation to

restorers whether to use synthetic or natural products will be made here. It is obvious that

all available materials have individual advantages and drawbacks. Thus, there is room for

improvement, and that is the topic of this thesis.

 

1.3 Aim of this thesis

 

Due to the problems encountered with synthetic resin varnishes described above, this thesis

focuses on natural triterpenoid resins commonly used for varnishes on paintings, dammar

and mastic. Since their main drawback is their sensitivity to oxidation and yellowing, this

thesis studies the processes of oxidation and yellowing, and their linkage. Strategies are

developed to influence the resin’s aging behavior and obtain more stable natural resin

varnishes with improved performance.

 

1.4 Aging of triterpenoid resin varnishes: the 
conventional model

 

The most frequently used natural resin varnishes consist of dammar and mastic. Dammar

originates from trees in indonesia 

 

[6, 7]

 

, and mastic from trees in the Mediterranean coastal

regions, mainly Greece 

 

[22, 23]

 

. Dammar and mastic consist mainly of triterpenoids, with

lesser amounts of hydrocarbon polymers and sesquiterpenoids 

 

[2, 6, 24, 25]

 

.

Important fundamental studies of aging processes in triterpenoid resins have been reported

by de la Rie 

 

[26, 27]

 

 and van der Doelen et al. 

 

[24, 28-31]

 

. Mass spectrometry work by

Zumbühl et al. 

 

[32, 33]

 

 emphasized light-induced aging and the consequences for

mechanical behavior of dammar and mastic varnishes. These studies have led to a working

model of the main processes occurring in aging of natural resin films, but important aspects

like yellowing and aging in darkness remained incompletely understood.
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1.4.1 Autoxidation

 

Aging of triterpenoid resins results in oxidation, polymerization and decomposition of the

initial compounds 

 

[24, 26, 28]

 

. Oxidation proceeds via autoxidative radical chain reactions,

some of which are summarized here 

 

[33-35]

 

:

Initiation: initiator  

 

→

 

R˙ (1)

Propagation: R˙ + O

 

2

 

 

 

→

 

ROO˙ (2)

ROO˙ + RH  

 

→

 

ROOH + R˙ (3)

Branching: ROOH  

 

→

 

RO˙ + ˙OH (4)

Termination: 2 radicals  

 

→

 

non-radical products (5)

Once the radicals are formed (1), they rapidly react with oxygen (2). The resulting peroxyl

radicals are relatively stable, thus step (3) is rate determining. Hydroperoxides can be

homolytically cleaved by heat or light (4), and the chain is branched and propagated. This

simple model describes the main radical oxidation pathways for organic compounds. There

are, however, other reactions that proceed in parallel. Alkoxy radicals RO˙, for example,

can react to alcohols, ethers or ketones. Addition to double bonds may compete with

abstraction in step (3) 

 

[34, 35]

 

. Oxidation products like hydroperoxides also undergo non-

radical reactions. As a result, many of the known aging products of dammar and mastic

varnishes are not expected to form directly by reactions (1) - (5), but are nevertheless a

consequence of these primary events 

 

[29, 30]

 

.

 

1.4.2 Yellowing

 

Yellowing occurs predominantly in darkness; yellowed varnishes are bleached when

exposed to light even for short time 

 

[26, 28]

 

. The processes leading to yellowing and bleaching

are not well understood, and no chromophores have been clearly identified 

 

[26, 28, 35]

 

. A

straightforward hypothesis for varnish yellowing is the formation of unsaturated ketones.

Some indication for this was found using infrared spectroscopy: absorption in the region of

unsaturated carbonyl compounds is enhanced after aging of varnishes, especially after heat

aging 

 

[26]

 

.

However, it was not clear how these ketones should be formed in darkness because

oxidation was believed not to occur without light. Also, it was shown that previously
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photoaged varnishes undergo strong yellowing when thermally aged in an oxygen free

atmosphere or even in vacuo 

 

[26, 36]

 

. Thus, yellowing is a process proceeding in two steps:

oxidation to colorless precursors, which react further to yellow compounds in a non-

oxidative second step. Aldol addition followed by elimination of the resulting hydroxy

group as water was postulated as the non-oxidative reaction, as supported by evidence for

dehydration reactions being involved in the yellowing process 

 

[26]

 

. As an example, quinoid

structures could arise by condensation of two diketone molecules 

 

[37]

 

.

 

1.5 Thesis outline

 

Many of the new insights in the aging processes arose from the use of two analytical

methods newly introduced in the field of conservation science: graphite-assisted laser

desorption/ionization mass spectrometry (GALDI-MS) and electron paramagnetic

resonance spectroscopy (EPR). In 

 

Chapter 2

 

, these two analytical tools are presented.

 

Chapter 3

 

 deals with the aging of pure triterpenes. These serve as simplified reference

systems for the more complex triterpenoid resins. Some of the triterpenes are main

components of such natural resins, others were chosen for their particular functional groups

or carbon skeleton to evaluate specific influences on the aging process.

Application of the analytical methods described in Chapter 2 gave insight into the aging

processes in dammar and mastic varnishes. Radicals, intermediates of the autoxidation, are

measured by EPR and allow monitoring of these reaction pathways in light and darkness.

GALDI-MS allows the monitoring of the overall oxidation of the initial triterpenoids.

Conclusions about aging of dammar and mastic bulk resins as well as varnishes aging in

light and darkness are drawn in 

 

Chapter 4

 

.

Harvesting conditions of dammar and mastic, as well as processing prior to sale, are often

not known to restorers. Also the time span between harvest and acquisition of the resin is

often not precisely known. Since this period in the life of resins was found to be crucial for

the understanding of their aging, mastic harvesting on the island of Chios, Greece, is

described in 

 

Chapter 5

 

. Harvesting under protection from sunlight irradiation and its

consequences on resin properties and aging behavior are also studied.
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After general aspects of aging in light and darkness have been described in Chapter 4,

aspects of aging under different illumination conditions are followed more closely in

 

Chapter 6

 

 with a broad variety of analytical methods: EPR, FTIR, GALDI-MS, GC-MS,

and UV/VIS spectroscopy. The influence of the resin composition on crucial aging

parameters like oxidation and yellowing is studied in order to find ways of improving the

performance of these materials. The dynamics of radical formation/termination processes

are investigated by a kinetic study.
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Abstract

 

Many of the new insights in the aging processes arose from the use of two analytical

methods newly introduced in the field of conservation science: graphite-assisted laser

desorption/ionization mass spectrometry (GALDI-MS) and electron paramagnetic

resonance spectroscopy (EPR). These two analytical tools are presented in some detail in

this Chapter.

 

2.1 Mass spectrometry

 

Mass spectrometry is an analytical method that separates the components (analytes) of a

sample by their molecular masses. To do so, the analytes are brought into the gas phase and

ionized. Subsequently, the analytes are separated by their mass and detected. Thus, a mass

spectrometer consists of three steps:

1. Ionization (analyte vaporization and ionization)

2. Mass separation

3. Ion detection

There are many different ways to accomplish each step, and most of them can be combined

according to requirements. However, only the few methods relevant for this thesis will be

discussed here, matrix-assisted laser desorption/ionization (MALDI) and graphite-assisted

laser desorption/ionization time-of-flight mass spectrometry (GALDI-TOF-MS). Graphite-

assisted laser desorption/ionization is the ionization technique, the first part of the mass

analysis. Time-of-flight (TOF) denotes the mass separation method, the second part.

 

2.1.1 Time-of-flight mass separation

 

Time-of-flight (TOF) mass separation works as follows: after desorption of the ions into the

vacuum, they are accelerated by an electric field. The kinetic energy 

 

E

 

kin

 

, of the ions only

depends on the acceleration voltage 

 

U

 

, thus it is the same for all ions with the same charge

 

z

 

.
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kin
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U

 

 = 

 

constant

 

(2)

Formula (2) is formula (1) divided by the charge 

 

z

 

 of the ion; 

 

m

 

 is the mass, and 

 

v

 

 the

velocity of the ion. From formula (2) it is obvious that the velocity of ions is different for

different masses (resp. m/z). Consequently, the flight time for a fixed drift distance depends

on the m/z value of the ion. Heavy ions need more time than small ions. A time-of-flight

mass spectrometer simply measures the ion flight time, and molecular masses can be

calculated using calibration methods. This method is very straightforward and

advantageous for high molecular weight analytes since there is no theoretical upper

limitation in the ion mass.

 

2.1.2 Soft desorption/ionization mass spectrometry

 

In the early days of mass spectrometry, analytes were normally evaporated by heating, and

ionized by electron impact (EI) 

 

[1]

 

. Large nonvolatile molecules could not be analyzed with

that method because they would thermally decompose before evaporation. 

EI ionization conditions lead to strong fragmentation of the analytes during ionization. This

is desired for pure compounds, since fragments give structural information and are useful

for identification of unknown compounds, e.g. in GC-MS. In mixtures of compounds, the

individual fragments superpose and cannot be easily assigned to individual parent ions.

Spectral interpretation is complicated or impossible.

For analysis of complex mixtures of thermally labile, nonvolatile components, a method is

desirable that allows their desorption and ionization without fragmentation. In that case,

each signal can be attributed to a single intact compound without spectral confusion.

Although great progress was made in developing such techniques in the 1960s, two real

“soft” desorption/ionization techniques, characterized by little fragmentation, were only

developed since the late 1980s: electrospray ionization (ESI) and matrix-assisted laser

desorption/ionization (MALDI).
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In electrospray ionization (ESI), the sample is dissolved in a solvent and introduced into the

ion source through a capillary 

 

[2]

 

. A strong electrical field is applied to the capillary which

ionizes the sprayed droplets. The solvent evaporates in the vacuum of the spectrometer, and

the charges remain on the analytes. In MALDI-MS, the analytes are incorporated into a

matrix which assists their desorption and ionization during irradiation with laser pulses.

Two slightly different laser desorption/ionization methods were invented simultaneously by

Karas and Hillenkamp 

 

[3]

 

 and Tanaka et al. 

 

[4]

 

. While Karas and Hillenkamp used small

organic molecules to assist and facilitate desorption and ionization of analytes (MALDI),

Tanaka used ultra fine metal powders and glycerol.

The soft ionization techniques allowed the successful analysis of large biomolecules, and

allowed major progress in the field of proteomics, for example. Consequently the Nobel

Prize for chemistry was awarded to J.B. Fenn and K. Tanaka in 2002, alhough Karas’ and

Hillenkamp’s method is much more widely used today. The method used in this thesis is a

variation of Tanaka’s particle method.

 

2.1.3 MALDI-MS

 

The first step in MALDI analysis is the co-crystallization of the analyte with a large excess

of matrix. A drop of the matrix/analyte mixture is usually deposited on the sample holder

and allowed to dry. The sample is then introduced into a spectrometer and irradiated with

short laser pulses. The matrix molecules absorb the laser energy, volatilize explosively and

liberate the analytes. A fraction of the desorbed molecules are ionized during the process.

Ionization can be protonation/deprotonation of the analytes by the matrix or metal ion

adduct formation.

The matrix has to satisfy several requirements:

1. it should incorporate the analyte during crystallization

2. it must be capable to absorb the laser energy

3. it should ionize the analytes, e.g. by protonation.

MALDI works because the analyte is co-desorbed with the matrix. The analyte itself is not

heated extensively if it has no absorption at the wavelength of the laser. The complex

processes in the MALDI plume, primary and secondary reactions between matrix and
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analytes, are still not completely understood, although much progress has been made in

recent years 

 

[5-9]

 

. As a consequence, it is still unpredictable which matrix is best suited for

a specific analyte. The ideal matrix has to be found empirically by screening a range of

possible compounds. An overview of the matrices used for different classes of analytes is

given in 

 

[6]

 

. Ca. 20-30 compounds are used as MALDI matrices, but only few matrices are

used for most applications (Figure 2.1). However, it is always possible that a so far

unknown compound is better suited as a matrix for a specific analyte.

 

Figure 2.1:

 

Some of the most common (UV-)MALDI matrices.
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Problematic steps in MALDI include not only the desorption/ionization process, but also

the cocrystallization of matrix and analyte. Insufficient compatibility can result in differing

concentrations of matrix, analyte or metal ions in a crystallized sample. This leads to

different ratios of protonated or sodiated analyte and matrix ions in the mass spectrum. The

consequence is the “hot spot” phenomenon, which is often observed in MALDI: the

intensity of an analyte signal fluctuates depending on the spot irradiated by the laser. Some

spots give very nice signals (“hot” or “sweet” spots), whereas others give almost no signal.

Suppression effects can further change the signal intensities of the components 

 

[10, 11]

 

. As a

consequence, MALDI is not necessarily quantitative, and care has to be taken when

interpreting the relative intensities of different signals within the same spectrum.

 

2.1.4 Particle-assisted laser desorption/ionization mass spectrometry

 

Some of the problems occurring with small, solid organic matrices in MALDI can be

avoided by using low vapor pressure liquid matrices and ultrafine particles, as

demonstrated by Tanaka 

 

[4]

 

. This method can be regarded as a variation of MALDI (or vice

versa), since the properties required for a matrix in Chapter 2.1.3 are also fulfilled by this

system, but separated to two phases. The small particles absorb the laser energy and heat

the liquid matrix containing the analyte. The heating is very fast due to the large surface of

the ultrafine particles 

 

[12]

 

, and desorption is achieved without excessive heating of the

liquid.

Materials for the particles range from cobalt 

 

[4]

 

, silicon 

 

[13]

 

, and titanium nitride 

 

[12]

 

 to

graphite 

 

[14-16]

 

. Particle diameters are in the low nanometer to the low micrometer range.

Often liquid matrices with a low vapor pressure are added, usually glycerol. This improves

the reproducibility of the spectra since inhomogeneities due to crystallization are avoided.

The addition of a liquid matrix was found in some cases to enhance signal intensity and

resolution, but is not strictly necessary, since analytes can also be desorbed from dry

surfaces 

 

[14-16]

 

. The advantage of only small amounts of liquid matrices is in the higher

analyte concentrations on the particle surface, which was found to be crucial for the

desorption process. To emphasize the importance of the surface in the desorption process,

this method was called surface-assisted laser desorption/ionization mass spectrometry

(SALDI-MS) by Sunner et al. 

 

[14]

 

.
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2.1 Mass spectrometry

 

Although Tanaka et al. were able to detect proteins with masses > 100 kDa 

 

[4]

 

, Schürenberg

et al. found that sensitivity and resolution greatly decreased with proteins larger than 30

kDa 

 

[12]

 

. Generally, particle suspension methods are considered being less sensitive, less

soft and being accompanied by a higher degree of analyte fragmentation in comparison

with MALDI-MS 

 

[5]

 

. However, these conclusions were drawn from peptide and protein

analysis and might be different for other types of analytes.

 

2.1.5 Mass spectrometry of resins

 

For the analysis of triterpenoid resins and varnishes, graphite-assisted laser desorption/

ionization (GALDI-MS) was found to be the method of choice by Zumbühl et al. 

 

[17]

 

.

Interpretation of MALDI mass spectra obtained with conventional matrices was found to

be difficult due to very weak signals, and matrix and matrix adduct signals complicating the

spectra. Particle-assisted laser desorption/ionization was found to be superior since no

 

Figure 2.2:

 

Principle of graphite-assisted laser desorption/ionization mass spectrometry
(GALDI-MS). The analyte is deposited on ultrafine graphite powder spiked with NaCl
(left). Irradiation with a laser results in desorption of the analytes (middle). Due to very
rapid heating of the large particle surface, thermal fragmentation is minimal. The sodium
adducts formed in the gas phase are accelerated into a time-of-flight (TOF) mass
spectrometer by high voltage (right). Dimensions are not displayed correctly.
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2 Instrumental

 

matrix signals were found in the mass range of the triterpenoids. The addition of a liquid

matrix to the graphite particles was found to be unnecessary for this type of analyte.

Analysis of several pure triterpenes showed that fragmentation did not take place under

these conditions (cf. Chapter 3).

The samples are prepared as follows: A suspension of 2-

 

µ

 

m graphite particles in methanol

is allowed to dry on the sample tip. A THF solution of the resin is pipetted onto the graphite

and also allowed to dry. The sample quantity was varied empirically for best signal and

resolution. If too much sample was applied, the graphite appeared glossy, and no signal was

obtained at all. The analytes are detected as alkali metal adducts. To avoid spectral

confusion resulting from the occurrence of both Na

 

+

 

 and K

 

+

 

 adducts, Na

 

+

 

 adduct formation

is enhanced by addition of a small amount of NaCl to the graphite/methanol slurry. A

scheme of the principle of GALDI analysis is given in Figure 2.2.

It should be noted that the use of graphite as a matrix can lead to contamination of the

MALDI source and disruption in the operation of the turbomolecular pumps, if placed

below the ion source. In this study it was found that the use of low laser powers and

application of thin graphite films minimizes the amount of sputtering in the ion source.

However, care should be taken in the use of this methodology.

 

2.2 Electron paramagnetic resonance spectroscopy

 

Autoxidation, the main deterioration pathway of organic compounds in light, is a radical

chain reaction. To study these aging processes, it is useful to obtain information about the

amount of radicals abundant in samples aged under different conditions. Quantitative

determination of radical contents in resin samples was achieved by electron paramagnetic

resonance spectroscopy (EPR).

EPR is a spectroscopic method employing microwave radiation in the frequency range

between 1 and 500 GHz to study materials and molecules with unpaired electrons such as

radicals 

 

[18]

 

. Similar to nuclear magnetic resonance spectroscopy (NMR), EPR is based on

the fact that unpaired electrons give rise to spin states that can be separated by Zeeman

splitting in a magnetic field. The radio frequency field induces transitions between these

states. EPR is successful not only in obtaining quantitative, but also structural information

on radicals and molecules. For example, it is applied for the study of transition metal
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2.2 Electron paramagnetic resonance spectroscopy

 

complexes, e.g. in bioactive enzymes. EPR and its derived methods can be applied both to

solutions and solid samples (crystals, frozen solutions, etc.).

Since its first discovery in 1946 by the Russian scientist Zavoisky, EPR methods have

steadily proliferated. They are divided in two main categories: continuous-wave (cw) and

pulsed EPR. In pulsed EPR, microwave is applied in very short and high-power pulses. In

cw-EPR, samples are irradiated continuously by low-power microwaves. 

cw-EPR was used in this study to determine radical concentrations in resin samples aged

under different conditions. The sample is introduced into a magnetic field, and its

absorption is measured as a function of frequency. Unfortunately, this can only be done

with the necessary sensitivity for a very narrow frequency band. This problem is overcome

by leaving the frequency fixed, and sweeping the magnetic field. To enhance sensitivity, the

static magnetic field is modulated, which leads to a derivative shape of the spectrum (cf.

Figure 4.5). Integration leads to the corresponding absorption spectrum. After a

background correction, the absorption signal is integrated again to obtain quantitative

information about the number of unpaired spins (radicals) in the sample.

 

2.2.1 Quantitative cw-EPR measurements

 

Calibration was performed with the linear regression of a series of four to six standard

samples with known spin concentrations. The standard was the fourth line in the spectrum

of bis(2,4-pentanedionato-O,O’)oxovanadium(IV) (VO(acac)

 

2

 

), dissolved in water-free

toluene. To avoid oxidation of the reference standards, the solutions were prepared in a

glove box under N

 

2

 

 atmosphere. This procedure is crucial since the oxidation of V

 

(IV)

 

 to

V

 

(V)

 

 is not apparent in the spectrum, but standard concentrations are lower than considered.

Quantitative interpretations of EPR spectra are often believed to be rather error-prone due

to the dependence of the signal intensity on a large number of parameters. But since EPR

spectroscopy has a very high sensitivity and is often the only method providing the required

information, quantitative studies are nevertheless necessary. When the experimental

conditions are properly chosen and the data is carefully processed, results with an

uncertainty of a few percent can be achieved.
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2 Instrumental

 

To reduce sources of errors, the same geometry (sample position in the microwave cavity),

identical filling height, solvent and temperature should be used for both sample and

reference 

 

[19, 20]

 

. The microwave power should be below saturation. Ideally it should be the

same for all experiments. 

To suppress systematic errors, experimental conditions for reference and resin samples

were kept as identical as possible. Identical positions of the sample tubes (quartz glass, 3.8

mm outer diameter) were ensured by a fixed teflon finger inserted from the bottom of the

cavity. Toluene was chosen as a solvent for its low polarity, thus not influencing the quality

factor of the cavity. Due to differences between the calibration standard (toluene solution)

and the resin samples (powder), the remaining spin concentration uncertainty is estimated

to be ±20%. This error is composed of a systematic bias due to calibration, and a random

error due to sample inhomogeneities and small geometric variations despite the precautions

described above. Results obtained in this study show that precision is usually within 10%

(e.g. Chapter 6.2.1), but can reach 20% for single values.
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3 Triterpenoid Reference Systems

 

Abstract

 

Seven triterpenes were selected for study of their photoaging behavior, using graphite-

assisted laser desorption/ionization mass spectrometry as the primary analytical tool. The

triterpenes serve as simplified reference systems for complex triterpenoid resins which are

used as varnishes on paintings. Some of the triterpenes are main components of such

natural resins, others were chosen for their particular functional groups or carbon skeleton

to evaluate specific influences on the aging process. Progressive aging resulted in

incorporation of oxygen and simultaneous loss of hydrogen, recognizable in the mass

spectra by the appearance of signals with mass increments of 14 and 16 Da. Degradation of

aging products also led to compounds with lower masses than the initial triterpenes. The

general aging behavior of the triterpenes studied was found to be rather similar, although

differences in reactivity, and therefore in the extent of oxidation, were found, depending on

the functional groups. Compounds with aliphatic ketone groups were much more reactive

under the test conditions than others. A mixture of five triterpenes showed the highest

reactivity. Yellowing, an important aspect of aging with regard to varnishes on paintings,

was found to be related to a general breakdown of the initial triterpenes and was not caused

by a single compound.

 

3.1 Introduction

 

Natural resins are very complex mixtures of different compounds, mostly terpenoids 

 

[1-3]

 

.

With aging, the complexity increases even more. In order to understand the aging behavior

of such complex mixtures, it is helpful to first study the aging behavior of individual

components. In this work, several pure triterpenes were artificially aged to investigate the

changes occurring during aging. For direct comparison with natural resins, some of the

main components of dammar and mastic were chosen as reference triterpenes (Figure 3.1).

Others were chosen for their particular functional groups to evaluate specific influences on

the aging process.

Aging of triterpenoid resins results in oxidation, polymerization and decomposition of the

initial compounds, as described in Chapter 1.4. Oxidation proceeds via autoxidative radical

chain reactions initiated by light (autoxidation). However, many of the known aging

products of dammar and mastic varnishes are not expected to form directly from
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3.1 Introduction

 

autoxidation 

 

[4, 5]

 

. Secondary reactions proceed in parallel, but are nevertheless a

consequence of these primary events.

Aging of the pure triterpenes hydroxydammarenone (dipterocarpol) 

 

1

 

 and oleanolic acid

 

 2

 

was investigated by van der Doelen 

 

[6]

 

. Solutions of the triterpenes spiked with

photosensitizers were photoaged and studied by gas chromatography-mass spectrometry

(GC-MS) and direct temperature-resolved mass spectrometry (DTMS). Only a small

number of aging products was found to be abundant. The products identified were similar

or identical to those found in naturally aged varnishes removed from paintings.

The goal of the present work was to expand the base of reference compounds, and to

evaluate the influence of different functional groups or carbon skeletons on the aging

behavior of pure triterpenes. The samples were analyzed primarily using graphite-assisted

laser desorption/ionization time-of-flight mass spectrometry (GALDI-MS). This method

has been found to be uniquely suitable for direct analysis of complex mixtures such as

varnishes 

 

[7, 8]

 

, providing excellent spectra of starting materials, as well as oxidation,

polymerization and degradation products. It requires no special sample preparation or

derivatization, and yields intact molecular (cationized) ions. It therefore provides a detailed

and informative picture of the composition of fresh and aged triterpene or varnish samples.

In contrast to van der Doelen’s work 

 

[6]

 

, triterpenes were aged as solids and without

addition of photosensitizers.

 

Figure 3.1:

 

Structures of the studied triterpenes: hydroxydammarenone (dipterocarpol,

 

1

 

), oleanolic acid 

 

2

 

, oleanonic acid 

 

3

 

, 18

 

β

 

-glycyrrhetinic acid 

 

4

 

, uvaol 

 

5

 

, ursolic acid 

 

6

 

and ursonic acid 

 

7

 

. 

 

1

 

 – 

 

3

 

 are known components of dammar and mastic resins, 

 

6

 

 and 

 

7

 

 are
components of dammar.
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3.2 Aging of pure triterpenoids

 

3.2.1 General progress of aging

 

Graphite-assisted laser desorption/ionization (GALDI-MS) results in intact desorption of

the triterpenoids. Fragmentation in the spectrometer was found to be insignificant for all

triterpene reference substances, thus each signal in the mass spectrum of natural or aged

samples is believed to correspond to one (or several) intact component(s). Carboxylic acid

protons can sometimes be exchanged for sodium, leading to additional signals at (M + 2 Na

- H)

 

+

 

. While reproducibility of spectra sometimes is a problem in MALDI-MS in general,

results obtained by GALDI-MS are always highly reproducible.

Aging of a single triterpene results in a remarkably wide variety of products, indicating

multiple radical attack points and progressive reaction of initial products (Figure 3.2).

Hydrogen abstraction by attacking peroxyl radicals will preferentially produce the most

stable radicals in tertiary, allylic, or oxygenated positions, first leading to a relatively small

number of abundant products. With progressive oxidation, a triterpenoid will be oxidized in

many different locations, since abstraction is not completely specific. A large number of

oxygen atoms can therefore be incorporated and a large variety of aging products is

expected. Such a complex MS pattern was found for all artificially aged triterpenes

measured by GALDI-MS, differing mainly in extent of oxidation. As the signal intensity of

the initial triterpene decreases, groups of signals with mass increments of 16 or 14 Da

develop (Figures 3.2 - 3.6). Different numbers of oxygen atoms are incorporated, leading to

signals with a mass difference of 16 Da. Simultaneous loss of hydrogen (e.g. by allylic

oxidation or oxidation from alcohols to acids) leads to mass increases of 14 Da. Different

combinations of 14 and 16 Da increments lead to signal groups becoming broader and less

distinct with increasing mass.

Aged dammar and mastic resin show the same grouped pattern (Ref. 

 

[9]

 

, Chapter 4), but

due to the complex composition of fresh resins, interpretation of the spectra is not clear.

Since aging of a single triterpene already leads to a surprisingly large distribution of

products, the complex composition of aged varnishes is not due to the formation of a few

aging products from a large number of initial compounds (as could be expected by the

results of van der Doelen and Boon 

 

[3, 6]

 

), but rather the complexity of the aging products

of each single component.
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3.2 Aging of pure triterpenoids

 

As mentioned above, the primary radical oxidation reactions are followed by various

secondary reactions. The most important among them are condensation reactions leading to

polymers, rearrangement reactions 

 

[10]

 

, and cleavage reactions, e.g. oxidative skeletal

cleavage 

 

[4, 11]

 

 or retro-Diels-Alder reactions 

 

[12]

 

, leading to products with lower molecular

weights than the starting material. Although not all of these reactions have been shown to

occur in aging of terpenes, their occurrence is very likely, and low mass products can

clearly be seen in the mass spectra, for example in that of aged hydroxydammarenone

 

Figure 3.2:

 

Graphite-assisted laser desorption/ionization mass spectra of fresh (upper)
and aged hydroxydammarenone (lower). The sodium adduct (M+Na)

 

+

 

 of
hydroxydammarenone appears at m/z 465. A small amount of (M+Na+16)

 

+

 

 at m/z 481 is
visible in the unaged sample. Photoaging for 300 h results in oxidation and degradation of
the initial compound. See text for more details. Signals marked with crosses are
contaminants in the spectrometer (m/z 413, 469, 483 and 507). Signals with crosses at m/z
<460 may have small contributions from contaminants.
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(Figure 3.2). Polymerization of the triterpenes also occurred during aging, but was not

studied in detail.

 

3.2.2 Aging of triterpenes with aliphatic ketone groups

 

The oxidation pattern is generally the same in all triterpenes, differing only in extent.

However, especially strong oxidation occurred in all saturated ketones

(hydroxydammarenone, oleanonic acid, and ursonic acid). This was expected because the

light used for aging was filtered with a cutoff of about 315 nm (simulated daylight through

window glass), and ketone absorption bands extend to about 330 nm. Photoexcitation of

ketones is followed by alpha cleavage (Norrish Type I), radicals are formed, and

autoxidative radical chain reactions are initiated. This reaction was considered to be the

most important source of radicals in degradation of varnishes 

 

[7, 13]

 

. However, van der

Doelen et al. showed evidence that naturally aged varnishes from paintings only contain

small amounts of Norrish reaction products 

 

[11]

 

. Since radicals are also present in varnishes

stored in darkness, and autoxidation takes place without any light (cf. Chapter 4), it was

concluded that ketone cleavage is not the only source for radicals, and oxidation proceeds

in a UV-free environment or even in darkness. Nevertheless, the strong oxidation of all

ketones studied here strongly suggests that Norrish reactions are important in initiating the

degradation of varnishes on paintings when they are exposed to indoor daylight.

Presumably the much lower light intensity in natural aging merely leads to small

concentrations of Norrish products which then react to a large variety of different

compounds with progressive oxidation, i.e. detection of a single Norrish product with GC-

MS is difficult. Moreover, ketones formed by autoxidation and not contained in the original

resins also can undergo Norrish cleavage. Closer inspection of the gas chromatograms in

Ref. 

 

[11]

 

 in fact reveals numerous unresolved and unidentified signals which could be

Norrish products. However, in natural aging the Norrish reaction is only the source of the

radicals for the autoxidative chain reactions, which is the main aging pathway. It is not

necessarily an important aging reaction itself, thus no high amounts of Norrish products

have to be expected necessarily. Formation of radicals is certainly more crucial in pure

triterpenes than in a resin with numerous minor components and impurities that can also

include non-terpenes (cf. Chapter 5). Thus, the role of the Norrish reaction in aging of pure

triterpenes might be more important than in resins.
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3.2.3 Aging of triterpenes without ketone groups

 

Uvaol, oleanolic acid and ursolic acid show weak oxidation after photoaging (Figure 3.3)

although they do not absorb at wavelengths >315 nm. Since the triterpenes were not

purified, they may contain traces of absorbing compounds (e.g. ketones) which act as

sensitizers, either by direct formation of radicals or by energy transfer to other compounds

which then decompose 

 

[14]

 

. Once oxidation is started, new ketones probably develop and

propagate the oxidation as described above. This model explains why the triterpenes

 

Figure 3.3:

 

Graphite-assisted laser desorption/ionization mass spectra of fresh (upper)
and aged oleanolic acid (lower). The sodium adduct (M+Na)

 

+

 

 of oleanolic acid appears at
m/z 479. A small amount of (M+Na+16)

 

+

 

 at m/z 495 is visible in the unaged sample,
together with the sodium adduct of the carboxylic acid at m/z 501 (M + 2 Na - H)

 

+

 

.
Photoaging results in basically the same oxidation pattern as for hydroxydammarenone,
but the oxidation is not as advanced, since autoxidation cannot be initiated by oleanolic
acid itself. See text for more details. Signals marked with crosses are contaminants in the
spectrometer.
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without ketone group are also oxidized with time, but to a lesser extent compared to the

ketones. It would also explain why the general oxidation pattern is the same.

 

3.2.4 Aging of 18

  

ββββ

 

-glycyrrhetinic acid

 

The structure of 18

 

β

 

-glycyrrhetinic acid contains an unsaturated ketone which absorbs

beyond 350 nm, thus even stronger oxidation is expected than for the ketones.

Nevertheless, this compound was only weakly oxidized when irradiated (Figure 3.4),

 

Figure 3.4:

 

Graphite-assisted laser desorption/ionization mass spectra of fresh (upper)
and aged 18

 

β

 

-glycyrrhetinic acid (lower). The sodium adduct (M+Na)

 

+

 

 appears at m/z
493. A small amount of (M+Na+16)

 

+

 

 at m/z 509 is visible in the unaged sample, together
with the sodium adduct of the carboxylic acid at m/z 515 (M + 2 Na - H)

 

+

 

. Photoaging
leads to a slightly different oxidation pattern as for the other triterpenes (signals connected
by dashed lines). See text for more details. Signals marked with crosses are contaminants in
the spectrometer.
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3.2 Aging of pure triterpenoids

 

comparable to compounds without ketone groups (e.g. oleanolic acid, Figure 3.3). It seems

that irradiated 18

 

β

 

-glycyrrhetinic acid does not undergo the same reactions. This is also

indicated by an aging pattern differing from those of the other triterpenes: relatively intense

signals appear at m/z 449 (M + Na – 44) and m/z 565, 579 and 595 (M + Na + 72, + 86, +

102). The signal at m/z 449 (M + Na – 44) could be explained by loss of CO

 

2

 

, but this is in

contrast to the aging behavior of all other triterpenes with carboxylic acid groups, which

showed no decarboxylation. It seems therefore probable that the C=C-C=O group is

involved in the processes leading to the special aging pattern of glycyrrhetinic acid,

although the signals cannot yet be assigned unambiguously.

 

3.2.5 Aging of oleanonic and ursonic acid

 

Artificial aging of oleanonic acid led to very informative results. This was the only

triterpene studied which showed pronounced yellowing. Orange and brown spots of

different sizes appeared, and white crystals were found in the center of the brown spots.

Mass spectra of samples from the different colored regions are depicted in Figure 3.5. The

white crystals are pure oleanonic acid, while the yellow regions consist of both oxidized

and unoxidized oleanonic acid. The acid is totally broken down in the brown spots. Thus,

the discoloration is related to a general breakdown of the oleanonic acid. This is also

suggested by the UV/VIS-spectrum of the aged oleanonic acid which reveals no structure

above 320 nm, only a steadily decreasing tail is visible up to wavelengths >400 nm. The

broadness and lack of structure is probably due to the presence of a variety of compounds.

Similar behavior was observed for aged dammar resin 

 

[13]

 

 and is a result of unspecific

oxidation pathways 

 

[1, 13, 15]

 

.

All triterpenes were aged without further purification since mass spectra revealed only

small amounts of impurities and there was no indication that they lead to a different aging

behavior than in resins. It must be kept in mind that resins are complex mixtures of many

compounds which can influence each other, e.g. by sensitization (see Chapter 3.2.3). Aged

oleanonic acid, however, showed a very strong and inhomogenous discoloration and

oxidation. Since oleanonic acid was synthesized by oxidation of oleanolic acid with

chromic acid, and was first aged without special purification, the inhomogenities were

presumably initiated by traces of catalytic or sensitizing residues from the synthesis which

may not be representative for natural resins. The potential catalysts fall into two categories:
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Figure 3.5:

 

Graphite-assisted laser desorption/ionization mass spectra of aged
oleanonic acid. The sodium adduct of oleanonic acid appears at m/z 477. Strong yellowing
occurred during aging, and brown spots with white crystals in their centers developed.
Samples were taken from white crystals (upper), yellow region (middle) and brown spots
(lower). Degradation proceeds in two steps: first oxygen is incorporated (middle), and then
cleavage reactions of oxidized intermediates lead to compounds with masses smaller than
that of oleanonic acid (lower). The discoloration is related to a general breakdown of the
initial oleanonic acid.
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3.2 Aging of pure triterpenoids

 

oxidized organic by-products, or traces of chromium compounds. To evaluate these

possibilities, comparative aging experiments were carried out. Oleanonic acid was purified

by crystallization or by HPLC. In order to have a second system for comparison with

oleanonic acid, ursonic acid was synthesized from ursolic acid (these substances have very

similar structures, cf. Figure 3.1). This synthesis was carried out analogously to that of

oleanonic acid, under the same conditions and with the same reagents. Thus, similar by-

products should be formed, and aging results should be directly comparable. Ursonic acid

was also purified by crystallization.

Semiquantitative determination of chromium concentrations in the oleanonic and ursonic

acid samples was performed by inductively coupled plasma optical emission spectroscopy

(ICP-OES). A concentration of 12 ppm chromium was found in the unpurified oleanonic

acid. In the crystallized acid the concentration was 2 ppm. Unpurified ursonic acid had a

chromium concentration about 9 times higher (105 ppm) than unpurified oleanonic acid.

Crystallized oleanonic acid was less oxidized by aging than unpurified oleanonic acid,

although oxidation was still strong. Oleanonic acid purified by HPLC only showed weak

oxidation. No yellowing occurred in both samples. The crystallized ursonic acid also

showed weaker oxidation than the unpurified, but the degree of oxidation in ursonic acid

was generally much lower compared to oleanonic acid. No yellowing occurred in aging of

ursonic acid. These results imply that traces of chromium are not the only important factors

for oxidation, not only because chromium concentrations were very low, but also because

oxidation of ursonic acid was weaker than that of oleanonic acid despite a much higher

chromium concentration. Since purity does matter, other minor by-products probably play

a sensitizing role. It is therefore surprising that differences in reactivity of oleanonic and

ursonic acid are that large although similar oxidation by-products from the synthesis are

expected. The role of impurities is an aspect in aging which needs to be further

investigated.

 

3.2.6 Aging of a mixture of five triterpenes

 

To simulate a simplified “resin“, equimolar amounts of hydroxydammarenone, uvaol,

oleanonic, oleanolic and glycyrrhetinic acid were mixed and artificially aged.

Hydroxydammarenone, oleanolic and oleanonic acid are components of dammar and

mastic. Results are depicted in Figure 3.6. The different triterpenes show different signal
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intensities in the mass spectrum of the unaged mixture, although they all were present in

the same concentrations. This is not surprising since sensitivity is related to the strength of

sodium adducts, which is generally greater for more polar compounds. This can clearly be

seen in Figure 3.6: the combined signal of hydroxydammarenone and uvaol at m/z 465 has

the same intensity as oleanonic acid, although it is caused by two substances. Oleanonic

and oleanolic acid have similar intensities, thus there is no big difference between an

alcohol and a carbonyl group with respect to mass spectral sensitivity. Glycyrrhetinic acid

reveals the most intense signal. It is not clear whether this is a polarity effect of the

 

Figure 3.6:

 

Graphite-assisted laser desorption/ionization mass spectra of fresh (upper)
and aged (lower) equimolar mixture of hydroxydammarenone (D, m/z 465), uvaol (U, m/z
465), oleanonic acid (On, m/z 477), oleanolic acid (Ol, m/z 479) and glycyrrhetinic acid
(G, m/z 493). Different signal intensities indicate different efficiencies of sodium adduct
formation. Photoaging leads to the same oxidation pattern as observed for the single
triterpenes. See text for more details. Signals marked with crosses are contaminants in the
spectrometer.
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3.3 Conclusions

 

additional oxygen atom, or is specific to the unsaturated keto group. The different location

of the acid group in the structure could also lead to different sodium adduct formation

efficiencies due to different steric factors.

Artificial aging of the mixture of the triterpenes led to very strong oxidation and yellowing.

The initial triterpenes are almost totally broken down and a large variety of compounds is

formed. The signal groups with 14/16 Da mass increments observed in aged pure

triterpenes are nevertheless preserved in the mixture. Substances with masses up to more

than 700 Da are formed. The same reactive species as in oleanonic acid probably also

induce the strong oxidation and yellowing in the mixture, since oleanonic acid is contained

in the mixture. Nevertheless it is evident that the mixture is more reactive than the single

components alone. This is presumably because the mixture contains more different

functional groups and more combinations of groups in proximity which can react with each

other. Natural resins like dammar or mastic are much more complex mixtures, and their

reactivity is presumably even higher.

 

3.3 Conclusions

 

Artificial aging of individual triterpenes with simulated window-filtered daylight results in

strong oxidation of compounds with saturated ketone groups while compounds without

such a group are only weakly oxidized. It is therefore concluded that ketones are the main

initiators of autoxidation (via Norrish cleavage) under these conditions, at least in pure

triterpenes. Surprisingly, the one unsaturated ketone studied did not react in the same way

and was only weakly oxidized.

The general pattern of oxidation is almost the same in all the studied triterpenes: different

numbers of oxygen atoms are incorporated while hydrogen is eliminated. This results in a

large number of compounds with mass increments of 14 or 16 Da. Seven oxygen atoms or

more can be incorporated. Cleavage reactions also lead to a broad distribution of

compounds with smaller masses than the initial compounds.

Oleanonic acid was found to be very reactive, but this is highly dependent on purity.

Energy-rich by-products from the synthesis could be responsible for this effect. Traces of

chromium left from the synthesis do not act as catalysts. Ursonic acid generally showed
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significantly weaker reactivity than oleanonic acid, although their structures are very

similar. It is not obvious why this difference in reactivity is so large.

With regard to varnishes on paintings, a major aspect of aging is yellowing. Unpurified

oleanonic acid and its mixture with the other triterpenes strongly yellowed during aging.

This yellowing is related to a general breakdown of the initial compounds and is not caused

by a single compound formed in a well defined reaction.

Comparison of the aging behavior of single triterpenes, a mixture of five triterpenes, and

the complex natural triterpenoid resins (Ref. 

 

[9]

 

, Chapter 4) reveals the same basic

processes: oxidation and degradation. With increasing compositional complexity the

reactivity of the reference substances increases, thus even greater reactivity is then

expected in natural resins.

In pure triterpenes, all aging products must evolve from a single compound. Since

photoaging of even a single triterpene results in a remarkably complex pattern of many

different products, it is obvious that the complex composition of aged varnishes is not only

caused by the complexity of the fresh resin, but even more by the complexity of the aging

product formation of each individual component.

 

3.4 Experimental

 

The triterpene reference substances were obtained from Fluka (dipterocarpol, No. 43610,

>97%; 18

 

β

 

-glycyrrhetinic acid, No. 50510, >97%), Sigma (oleanolic acid, No. O 5504,

>97%; uvaol, No. U 6628, approx. 95%) and from Aldrich (ursolic acid, No. 30,172-8,

90+%). They were aged without further purification.

 

Synthesis of oleanonic and ursonic acid:

 

 A 0.54 M Jones reagent solution was made 

 

[16]

 

:

CrO3 (54 g, 0.1 mol) were dissolved in conc. H2SO4 (46.5 mL), keeping the temperature at

0ºC, and this solution diluted to 1000 mL with H2O. The acid (0.199 g, 0.44 mmol) was

dissolved in acetone (4 mL). Dropwise addition of Jones reagent (0.25 mL) turned the color

of the solution from white to green-blue, indicating the formation of Cr(III). Further

addition of acetone (4 mL) and dropwise addition of Jones reagent (0.34 mL) resulted in a

green-blue fine precipitate in a yellowish solution, indicating unreacted Cr(VI). After
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several minutes the solution clarified. After 40 minutes the reaction was quenched by

addition of H2O (5 mL) and aq. Na2S2O3 solution (1 M, 5 mL) and exctracted with Et2O

(3x 20 mL). The organic phase was washed with HCl (1 M, 2x 20 mL) and dried over

MgSO4. Removal of the solvent at reduced pressure gave 0.230 g product. For further

investigations, the product was purified by either crystallization from Et2O or HPLC

(Vydac reverse phase C18 column (201TP1022) at room temperature, with CH3CN/H2O

(5/1) as eluent, using a flow rate of 0.8 mL/min, UV detection at 240 nm).

13C-NMR of oleanonic acid (CDCl3, 75 MHz): 14.91 (s), 16.88 (s), 19.46 (d), 21.34 (s),

22.82 (d), 23.40, 23.45 (s, d), 25.73 (s), 26.36 (s), 27.59 (d), 30.57 (q), 32.07 (d), 32.31 (d),

32.94 (s), 33.71 (d), 34.03 (d), 36.71 (q), 39.01 (d), 39.19 (q), 40.69 (t), 41.65 (q), 45.73

(d), 46.49 (q), 46.80 (t), 47.33 (q), 55.23 (t), 122.32 (t), 143.54 (q), 183.61 (q), 216 (q).

Aging procedure: All triterpenes were dissolved in freshly distilled THF, spread on glass

microscope slides and allowed to dry. Artificial aging was carried out under daylight-

simulating lamps (Power Twist True Lite, “Duro Test“ 20TH12 TXC). The samples were

aged for 300 h behind window glass.

Instrumentation: The graphite-assisted laser desorption/ionization experiments were

performed on a home-built 2 m linear time-of-flight mass spectrometer. Mass resolution

was improved by delayed extraction [17] to ca. 600 at mass 500 Da. Ions were extracted

using a 21 kV acceleration voltage and an empirically optimized delay time of 180 ns.

Desorption was performed using the 337 nm output from a nitrogen laser (VSL-337ND-T,

Laser Science Inc., Franklin, MA/USA). ICP-OES measurements were performed on a

IRIS instrument (Thermo Jarell Ash, Germany).

Sample preparation for MS measurements: A suspension of 2-µm graphite particles

(Aldrich) in methanol was allowed to dry on the sample tip. A THF solution of the

triterpene was pipetted onto the graphite and also allowed to dry. The sample quantity was

varied empirically for best signal and resolution. The analytes were detected as alkali metal

adducts. To avoid spectral confusion resulting from the occurrence of both Na+ and K+

adducts, Na+ adduct formation was enhanced by addition of a small amount of NaCl to the

graphite/methanol slurry. Contamination of the spectrometer with diffusion pump oil led to

signals at m/z 413, 469, 483 and 507 which interfered with the signals of the triterpenes.

These signals appeared immediately after sample insertion and grew with time.
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4 Aging of Triterpenoid Resin Varnishes - Part I

 

Abstract

 

Photochemical and thermal aging of triterpenoid dammar and mastic resins used as

varnishes on paintings were studied using graphite-assisted laser desorption/ionization

mass spectrometry. This extends an earlier study of similar materials (Zumbühl et al., 

 

Anal.

Chem.

 

 1998, 

 

70

 

, 707-715) that focused on photoaging only. Progressive aging results in

development of groups of signals with mass increments of 14 and 16 Da, indicating

incorporation of oxygen and simultaneous loss of hydrogen. Oligomers up to tetramers are

formed, while cleavage reactions lead to increased signal intensities in the mass ranges

between the oligomers and below the monomers. No major differences were found

between the mass spectra of samples aged in light or darkness, except that deterioration

was faster in light. Electron paramagnetic resonance spectroscopy revealed similar and

significant amounts of radicals in films of dammar stored either in light or in darkness. It is

concluded that oxidative radical reactions also take place in darkness, and that differences

in light and dark aging pathways are minor, although rates may differ. These findings give a

straightforward explanation for yellowing of natural resin varnishes, one of the major

degenerative changes in the appearance of paintings. It is also shown that the commercially

available, fresh resins are already in an advanced stage of oxidation and degradation.

Energy rich substances are formed upon irradiation with sunlight and presumably can

restart the autoxidative chain reactions regardless of storage conditions. As a result,

varnishes are oxidized quite quickly (months) even when kept in darkness.

 

4.1 Introduction

 

Naturally occurring triterpenoid resins are widely used as varnishes on paintings 

 

[1]

 

.

Varnishes saturate the colors, add gloss and protect the paintings. With time, they yellow,

crack, become brittle, and have to be removed and replaced. Because removal can damage

the painting 

 

[2-4]

 

, it is desirable to understand the processes occurring during aging, in hope

of devising methods to stop or slow the deterioration.

Important fundamental studies of aging processes in triterpenoid resins have been reported

by de la Rie 

 

[5, 6]

 

 and van der Doelen et al. 

 

[7-11]

 

. These authors have described the main

processes occurring in aging of natural resin films (cf. Chapter 1.4), but many aspects, such

as yellowing and aging in darkness, remain incompletely understood.
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4.1 Introduction

 

Aging in light and darkness of two frequently used natural triterpenoid resins, dammar and

mastic, are compared here. Previous work using similar methods 

 

[12, 13]

 

 emphasized light-

induced aging and the consequences for the mechanical behavior of these varnishes. The

commercial resins were found to be partially oxidized. Light-induced polymerization was

found to have occurred with subsequent decomposition of the polymers. These results are

confirmed here and compared with samples aged in darkness. Due to improved resolution

of the mass spectrometer, more precise conclusions about the aging processes can now be

drawn. The main analytical tool is graphite-assisted laser desorption/ionization time-of-

flight mass spectrometry (GALDI-MS). This has been found to be uniquely suitable for

direct analysis of triterpenoid varnishes, as well as their oxidation, polymerization and

decomposition products (Refs. 

 

[12, 13]

 

, Chapter 3). It requires no special sample preparation

or derivatization, and yields intact molecular (cationized) ions. It therefore provides a

detailed and informative picture of the composition of a fresh or aged varnish sample.

Dark autoxidation is a known phenomenon in general (e.g. drying of oils or synthetic

polymers). Absence of light does not alter the propagation pathways of the radical chain

reaction, but decreases the initiation rate 

 

[14]

 

. Radical oxidation in darkness was believed to

be of minor importance in varnishes because of rapid termination and insufficient initiation

rates 

 

[5]

 

 (further termed “conventional view”). While intuitively reasonable, evidence for

this was marginal. One indication was the solubility of photoaged varnishes in polar

solvents, versus that of thermally aged varnishes in less polar solvents 

 

[6]

 

. The trend was

believed to correlate with degree of autoxidation 

 

[5, 15]

 

, but this assumes that oxidation

always leads to strongly polar products that are insoluble in apolar solvents. This is not

necessarily true because photoaging might result in enhanced formation of acids compared

to thermal aging 

 

[5]

 

, which would strongly decrease solubility in apolar solvents. Moreover,

thermal secondary reactions (e.g. elimination of hydroxy groups as water) can decrease the

polarity of aging products again.

Questions have arisen regarding the initiation and extent of radical reactions and the nature

of oxidation of triterpenoid varnishes in darkness. Oxidation also proceeds rapidly when

UV light is excluded 

 

[10, 15]

 

, although this is not to be expected from the conventional view.

Products of Norrish reactions were detected in samples artificially aged with UV light, but

were not abundant in naturally aged varnishes 

 

[10]

 

, suggesting that Norrish initiation is not

so important. Since the “UV” aging products were not identified in varnishes from

paintings, the authors concluded that artificial photoaging only simulates natural aging
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when UV is excluded 

 

[10]

 

. Unfortunately, xenon-arc light sources with a borosilicate and

soda lime filters, as used by van der Doelen et al., still emit a large amount of UV

irradiation. Less UV-rich light sources, such as the fluorescence tubes used in this study or

in that of Carlyle and van der Doelen et al. 

 

[16]

 

, seem to simulate daylight through window

glass much more reliably, and do not support such extensive differences in realistic dark,

light or “UV” initiation mechanisms.

Another photo-initiated initiation process is absorption of long-wavelength light by

impurities which transfer the energy to other compounds (e.g. peroxides, ketones), which

then initiate the radical reactions of autoxidation 

 

[14, 17]

 

. Air pollutants such as NO

 

x

 

 have

been suggested as another source of initiation 

 

[18, 19]

 

 and require further study.

With GC-MS or HPLC-MS, individual compounds were identified in fresh or aged resins,

from which detailed molecular level models for aging processes were developed 

 

[10, 11]

 

.

However, it is very important to note that these conclusions were drawn from only 10-20

identified compounds out of a mixture consisting of hundreds or thousands of components.

Among the reasons for this are the sample derivatization or other preparation steps

necessary, leading to bias or selectivity in the overall method. For example, it is striking

how different GC-MS or HPLC-MS traces of the same varnish appear 

 

[8, 9]

 

. This detailed

but very selective view of the aging process must be kept in mind when considering the

conclusions drawn by these authors.

GALDI-MS does not involve separation, derivatization or other selective preparation steps,

and provides a good overview of the resins as a whole. Instead of observing < 20 species

after long preparation, hundreds or thousands are observed in an aged resin with GALDI-

MS, in minutes. This overview capability allows certain aspects of aging like oxidation to

be globally studied in a manner that is otherwise not possible.

Individual compounds contributing to signals at each m/z were not identified in this study.

However, in spectra of unaged resins, signals are observed at all the m/z values expected

from the literature. In addition, reference studies on individual triterpenes shows that

fragmentation is very minimal, each substance yields only one signal in the mass spectrum

(Chapter 3).
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Considerable chemical information regarding aging is directly available from the mass

increments observed without full compound identification. For example, the main

hydroxydammarenone (M+Na

 

+ 

 

= 465) aging products identified by van der Doelen et al.

should appear at m/z = 483 (M+Na+18)

 

+

 

 and m/z = 481 (M+Na+16)

 

+

 

, depending on the

reaction mechanism. In our artificially and naturally aged dammar samples the ion signal at

m/z 483 is much weaker than that at m/z = 481, suggesting that one mechanism is

prevalent, and not the other.

Interpretation of mass spectra in terms of possible aging pathways is also greatly assisted

by comparison with aging results obtained with pure triterpenes (Chapter 3), and with GC-

and HPLC-MS data from other authors 

 

[6-8]

 

. Thus, GALDI-MS and other methods such as

GC-MS or HPLC-MS are complementary. In addition, this study reports the first

measurement of radical concentrations in aged and fresh varnishes, and this is found to be

strongly correlated with the changes observed in the mass spectra.

 

4.2 Dammar

 

Fragmentation in the mass spectrometer was found to be insignificant for all triterpenoid

reference substances (cf. Chapter 3), thus each signal in the mass spectrum is believed to

correspond to genuine components of the resin. Carboxylic acid protons can sometimes be

exchanged for sodium, leading to small additional signals at (M + 2 Na - H)

 

+

 

. While

reproducibility is sometimes a problem in MALDI-MS, the results obtained by GALDI-

MS were highly reproducible.

 

4.2.1 Unaged dammar

 

Figure 4.1 shows the triterpenoid mass range of a GALDI mass spectrum of a typical

dammar. A list of the known triterpenoid components of dammar is given in Table 4.1. The

signals in the mass spectrum can be readily assigned to known components. In previous

work 

 

[12]

 

, the signal groups at higher masses (m/z 493, 509, 525) were interpreted as

oxidation products of major dammar components known from GC-MS studies 

 

[6]

 

. Thanks

to improved mass resolution it is now clear that most signals of these groups correspond to

known unoxidized minor components (cf. Table 4.1).
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Dammars obtained from different sources showed the same patterns, differing only in

relative concentrations of the compounds. This moderate degree of heterogeneity was also

found by other researchers with other methods 

 

[6, 7, 20]

 

. The signals at m/z 465, 481, 497

and 511 showed the largest variations, which is not surprising since they are oxidation

products. Quantitative comparison of relative concentrations should not be made using

relative signal intensities in GALDI-MS, GC-MS or HPLC-MS because detection

efficiencies differ for different compounds. As a result, the characteristic resin pattern is

different with each method 

 

[6, 8, 9]

 

 (cf. Table 4.1).

 

Table 4.1:

 

List of compounds identified in commercial dammar resin by de la Rie, van
der Doelen and others (Refs. 

 

[6-8]

 

 and references cited therein) with corresponding m/z
values.

MW m/z 
a)

[Da] (M+Na)+

410 C29H46O 433 Nor-amyrone

424 C30H48O 447 Dammaradienone
426 C30H50O 449 Dammaradienol
438 C30H46O2 461 Oleanonic aldehyde,  ursonic aldehyde
440 C30H48O2 463 Oleanolic aldehyde, ursolic aldehyde

442 C30H50O2 465 Hydroxydammarenone,  hydroxyhopanone

444 C30H52O2 467 Dammarenediol
454 C30H46O3 477 Oleanonic acid,  ursonic acid
456 C30H48O3 479 Oleanolic acid, ursolic acid

458 C30H50O3 481 Dammarenolic acid,  20,24-epoxy-25-hydroxy- 

dammaran-3-one

470 C30H46O4 493 Hydroxyoleanonic lactone

474 C30H50O4 497 Shoreic acid, eichlerianic acid

486 C30H54O3 509 3-Acetoxy-22-hydroxy-hopanone

488 C30H48O5 511 Asiatic acid

500 C30H44O6 523 23-Hydroxy-2,3-secours-12-ene-2,3,28-trioic acid (2 

→23)-lactone

a) m/z-values corresponding to prominent signals in GALDI-MS are in bold print.
b) Compounds printed italic are found to be main components by GC-MS or HPLC-APCI-MS.

Formula Components
 b)
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4.2.2 Aging of dammar in sunlight

 

As seen in Chapter 3, artificial photoaging of various pure triterpenes resulted in formation

of a multitude of aging products out of each single triterpene. Aging resulted in oxidation,

polymerization and decomposition. The remarkably wide variety of products indicates

 

Figure 4.1:

 

Graphite-assisted laser desorption/ionization mass spectra of films of
commercial and naturally aged dammar. Unaged dammar (a), aged for 2 months (b) and 5
months (c) with daylight behind window glass, and 5 months aged in darkness (d).
Progressive oxidation even in darkness can be observed, most obviously m/z 465, 481, 497,
513 and 527 (see text for more details). Signals marked with crosses are contaminants in
the spectrometer (m/z 413, 469, 483, 507).
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multiple radical attack points and progressive reaction of initial products. A large number

of oxygen atoms can therefore be incorporated. Incorporation of oxygen leads to signals

with mass differences of 16 Da. Simultaneous loss of hydrogen (e.g. by allylic oxidation or

oxidation from alcohols to acids) leads to increments of 14 Da. Different combinations of

14 and 16 Da increments give signal groups that are broader and less distinct with

increasing mass.

The same pattern of aged pure triterpenes can be found in aged dammar. Parts b and c of

Figure 4.1 show the progressive oxidation of dammar films aged in sunlight behind

window glass. The oxidation pattern of dammar is clearly very similar to that of

hydroxydammarenone, taking into account the larger number of starting compounds. The

most abundant signals are the same as hydroxydammarenone and its corresponding

oxidation products at m/z 465, 481, 497, 513, 527 and 541 (see Figure 3.2). Progressive

oxidation leads to a shift of the base peak from m/z 465 to m/z 481 (M+Na+16, 2 months)

and 497 (M+Na+32, 5 months). The ratios of more highly oxidized components to starting

materials (e.g. m/z 513/511; m/z 527/525) increase with time, and compounds with m/z >

530 develop. Decomposition leads to a relatively uniform distribution of products with

masses lower than the original triterpenes (Figure 4.1b and c).

Van der Doelen et al. found different aging products for varnishes artificially photoaged

with or without UV light: Ketones are efficiently oxidized to acids via Norrish cleavage

with UV light, while without UV the side chain of dammaranes is oxidized instead 

 

[10]

 

. In

the case of hydroxydammarenone, the main aging products identified by van der Doelen et

al. should appear in the MS at m/z 483 with and at m/z 481 without UV light. We find very

little signal at m/z 483 under all (artificial and natural) aging conditions used in this study,

also in dammar naturally aged in a window with considerable UV. It is concluded that

oxidation takes place without extensive Norrish initiation, and natural aging can be well

simulated with appropriate choice of artificial illumination. This topic will be discussed in

more detail in Chapter 6.

 

4.2.3 Aging of dammar in darkness

 

Dammar films of the same series as above were stored in darkness for 5 months. A

representative mass spectrum is shown in Figure 4.1d. Significant oxidation has taken place
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in this relatively short time, even though the only light exposure was during the one week

drying period, in normal room conditions with no direct sunlight. After 2 months, no

significant change was found, thus oxidation occurred in darkness and not while drying. Air

pollutants like nitrous oxide, ozone or sulfur oxides are known to influence deterioration of

art objects 

 

[18, 19]

 

. However, the storage conditions used in this study certainly did not

expose the samples to atypically contaminated air. In fact, the conditions may even be

considered too mild, with less exposure to circulated pollutants than in most museum

environments. The spectrum in Figure 4.1d is remarkably similar to that of dammar aged in

daylight through window glass for 2 months: the relative intensities of the signals

indicating the extent of oxidation (m/z 465, 481, 497, 511/513, 525/527) are almost the

same. The similarity is so strong that the question arises whether the main oxidation

mechanisms in darkness could be the same as with exposure to light, only slower. 

 

4.2.4 Artificial aging of dammar

 

The nature of light and dark aging pathways were also studied using artificially aged films

of dammar. These were samples of the same series studied by Zumbühl et al. 

 

[12, 13]

 

, but

stored in darkness for 3 years afterwards. These naturally aged samples were then further

photoaged for 300 h. Some of the photoaged samples were subsequently aged at 80°C (and

at 40 or 60°C, results not shown) for 200 h in an oven (see Figure 4.2). This thermal

treatment was intended to enhance dark reactions that would otherwise take place over a

long period of time. 80°C is a rather high temperature for artificial aging of dammar, but

qualitative changes in aging behavior have only be found above 100°C 

 

[5]

 

. Qualitatively,

the aging characteristics obtained at 80°C and discussed in this paper were the same as

those observed at 40 and 60°C, but to a lesser extent.

A mass spectrum of commercial dammar is presented in Figure 4.2a. Natural aging in

darkness for 3 years results in strong oxidation and decomposition, see Figure 4.2b. Signals

of oxidation products (e.g. m/z 481, 497, 513 and m/z > 525) are strong and those of

unoxidized triterpenes are low (e.g. m/z 447, 465). Additionally, decomposition products

are visible at all m/z < 460, similar to aging with daylight.

Further photoaging of these naturally pre-aged varnishes does not lead to a general and

major shift to higher masses, as observed between panels a and b of Figure 4.2; however,
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changes are observed for m/z 481 and 497, which decrease in intensity. New substances fill

in the regions between the main signal groups, which nevertheless remain well separated.

Additional thermal aging of the photoaged samples at 80°C for 200 h also does not change

the appearance of the mass spectra. In the conventional view, photooxidation products

would be expected to decompose in darkness, leading to a general shift toward lower

 

Figure 4.2:

 

Graphite-assisted laser desorption/ionization mass spectra of commercial
and artificially aged dammar. No general mass shift due to incorporation of oxygen is
visible in the spectra (except signals at m/z 481 and 497). See text for more details. Signals
marked with crosses are contaminants in the spectrometer.
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masses. This is not observed, even though the spectrum does fill in slightly. Therefore it is

probable that both mass-increasing and mass-decreasing reactions are operative in

darkness. This supports the hypothesis that the main reactions are similar to those in

photoaging, i.e. radical oxidation.

Similarity between light and dark reactions is also found in the polymeric portion of the

mass spectrum, as shown in Figure 4.3. For semiquantitative comparison of the degree of

 

Figure 4.3:

 

Oligomeric mass range of the GALDI mass spectra of Figure 4.2. The
dashed lines are referenced to the integrated intensity of the triterpene region, and facilitate
comparison of the relative amounts of polymers. See text for more details.
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polymerization, the spectra were normalized to the integrated signal in the mass range m/z

474 – 560 (monomeric triterpenes). Both artificial light and dark aging further increased

the proportion of polymers somewhat, but did not change the detectable distribution.

Dammar contains di-, tri- and tetramers of triterpenoids, but the regions between the

oligomers are well filled in, indicating substantial cleavage of smaller units off the

polymers. Quasi-specific cleavage reactions leads to increased formation of substances

with masses about 1.5, 2.5 and 3.5 times the masses of the triterpenoids. As for the

monomeric triterpenoids, varying amounts of incorporated oxygen are indicated by signal

groups with mass differences of about 14 Da, which also broaden and become less distinct

with progressive aging.

Half-integer oligomers could be formed by oxidative rearrangement of substances with

oleanane or ursane skeletons, which results in formation of taraxarenes (Figure 4.4,

 

Figure 4.4:

 

Reactions proposed to take place during aging of dammar and mastic.
Oxidative rearrangement II

 

→Ι

 

V was demonstrated to occur in aging of solutions of 

 

β

 

-
amyrin with sunlight by Agata et al. 

 

[21]

 

. Structures of type IV can very easily undergo a
retro-Diels-Alder-reaction (demonstrated for a derivative by Melera et al. 

 

[22]

 

). Reactions
of these types could occur in aging of dammar and mastic components with oleanane and
ursane skeleton. The peroxide II is an intermediate formed by autoxidation of oleanonic
acid (I) that can also be oxidized to III. Structure III was found in naturally aged varnishes
from paintings 

 

[8]
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structures I

 

→

 

II

 

→Ι

 

V). This reaction was observed to occur in solutions of amyrin in

sunlight [21]. In Figure 4.4 the reaction is adapted to oleanonic acid (structure I).

Substances with taraxarene skeletons can easily undergo retro-Diels-Alder-reaction

(Figure 4.4, as demonstrated for a amyrin derivative by Melera et al. [22]). Addition of the

resulting fragments to another triterpenoid would lead to compounds in the appropriate

mass range. Taraxarenes have not yet been detected in aged varnishes, but their formation

seems likely since intermediate II is expected to be easily formed by autoxidation.

Moreover, it is an intermediate in formation of 11-oxo-oleanonic acid (structure III), which

is a known component of aged varnishes [8, 9].

4.2.5 Determination of radical concentrations in dammar

The results presented to this point all point to strong similarity of light and dark aging

processes, as noted also by Feller [14]. Since aging with light proceeds largely via radical

mechanisms, dark-aged samples should also contain radicals in substantial quantities.

Significant amounts of radicals were indeed found in all tested dammar samples, see Table 4.2

and the representative EPR spectrum of Figure 4.5. (The values published earlier [23] were too

high by a factor of 5 due to calibration problems.)

Dammar recently exposed to light contained the most radicals, as expected from

mechanisms such as homolytic cleavage of peroxides or ketones (Norrish). Commercial

bulk dammar and films stored in darkness contained about 1/3 as many radicals. A steady-

state concentration apparently develops, independent of aging history. The most oxidized,

Table 4.2: Radical concentrations in samples of commercial and aged dammar,
determined by cw-EPR.

radical conc.a) in

nmol / g resin

A  commercial dammar (stored in darkness) 5.2 2.6

B  6 months naturally aged in daylight 14.4 7.2

C  6 months naturally aged in darkness 4.8 2.4

 Artificially photoaged for 600 h,

 stored in darkness for 1 year

a) The estimated uncertainty is ± 20%.

 Aging conditions
radical conca). in ppm 

(assuming MW=500 g/mol)

D 5.0 2.5
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photoaged sample D did not show a significantly higher concentration of radicals than the

less oxidized samples A and C.

Especially the radical concentrations in dark-aged samples are remarkably high. Contrary

to the conventional view, storage in darkness does not lead to extensive termination

reactions and radical quenching. Autoxidation therefore will continue in darkness.

Assuming first order kinetics, the rate of autoxidation in these samples will be 1/3 that of

the light-exposed sample, as is qualitatively observed in the mass spectra of Figure 4.1.

Unfortunately, the peak positions (g-values between 2.0053 and 2.0067) were between the

typical values for peroxyl (ca. 2.015) and carbon-centered radicals (2.0025 – 2.0030) [24].

The nature of the active species is therefore not immediately clear.

4.3 Mastic

4.3.1 Fresh vs. commercial mastic

The mass spectrum of very fresh, colorless mastic is depicted in Figure 4.6a. Like dammar,

mastic consists of triterpenoids and some polymeric hydrocarbons [7, 20, 25]. Some

components of mastic are the same as in dammar. A list of the known triterpenoid mastic

Figure 4.5: EPR spectrum of a dammar sample (g-value 2.0053), aged as a film in
sunlight behind window glass for six months. Experimental parameters: Microwave
frequency 9.43040 GHz, modulation amplitude 0.5 mT, modulation frequency 100 kHz,
microwave power 2 mW.

340338336334332
magnetic field  B0/mT
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components is given in Table 4.3. This fresh mastic consists mainly of components with

masses from 438 to 444 Da (m/z 461 – 467) and 454 Da (m/z 477). Components with

smaller masses have only low signal intensities. The signal at m/z 499 is probably caused

by the di-sodium adducts of the carboxylic acids of m/z 477 (see Chapter 3).

A spectrum of commercially available mastic is depicted in Figure 4.6b. This mastic is

made up of many more compounds than fresh mastic, most of them oxidized and appearing

at higher masses than the nominal primary components. Also in the oligomer mass range,

the distribution is much broader and less distinct in commercial mastic. In fresh mastic, the

dimers are more pronounced (Figure 4.7a and b). This spectrum is representative for

commercially available mastic, which is obviously in an advanced stage of oxidation

(compare also the artificially aged samples below), although nominally and for

conservation purposes, it is considered “fresh”. One reason may be that the resins are

irradiated with daylight and the autoxidation is started when still on the tree. This is true for

dammar, but especially so for mastic which is washed and sometimes dried in the sun after

harvest [26]. After the washing and drying process it is already yellow, while truly fresh

mastic is colorless. This topic will be discussed in more detail in Chapter 5.

4.3.2 Artificial aging of mastic

Three years of natural dark aging results in strong oxidation and decomposition, as in

dammar, see Figures 4.6c and 4.2b. Signals of oxidation products (m/z > 510) are strong

and those of unoxidized triterpenes are low (e.g. m/z 447, 461 - 467, 477). Especially

prominent in mastic are decomposition products at m/z < 460. If the mass spectrum of this

3 year old varnish is compared to fresh mastic resin (Figure 4.6a), it is obvious that these

are two different materials from a chemical point of view.

As for dammar, photoaging of these naturally pre-aged mastic varnishes does not have a

large effect on the mass spectrum, nor does thermal aging at 80°C of the photoaged

samples for 200 hours (see Figures 4.6 and 4.7). This is true for the triterpenoid and the

polymeric regions. This all points again to strong similarities of dark and light reactions.

Artificial aging clearly continues the trend from fresh to commercial mastic in all aspects of

oxidation, polymerization, and degradation. Compared to aged dammar, the signal groups

of the monomeric triterpenoids of aged mastic are broader and less distinct (Figures 4.2d
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Figure 4.6: Graphite-assisted laser desorption/ionization mass spectra of fresh,
colorless mastic direct from Chios (a), commercially available mastic (b), and artificially
aged mastic (parts c – e). Commercially available mastic, nominally fresh, largely consists
of oxidized compounds that are not contained in the initial resin. The artificially aged
samples are from the same series, and the same changes as in dammar occur during aging.
See text for more details. Signals marked with crosses are contaminants in the
spectrometer.
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and 4.6e). The polymeric part of mastic is surprisingly different from dammar, since hardly

any tri- or tetramers are visible in the spectra (Figures 4.3 and 4.7).

4.4 Old naturally aged varnishes

The mass spectra of 25 year old dammar and mastic varnishes, naturally aged on a glass

plate, are depicted in Figure 4.8. The characteristic processes observed above in short term

natural and artificial aging are also found here: oxidation, polymerization and

decomposition of the triterpenoids. The spectra look very similar to the artificially aged

samples, although the general degree of decomposition seems to be lower. The space

between the initial signal groups is well filled in, as in artificial aging (insets Figure 4.8).

Compared to dammar, the signal groups of the monomeric triterpenoids are again broader

and less distinct in mastic. The dominant signals at m/z 481 and 497 are slightly more

Table 4.3: List of compounds identified in mastic resin by van der Doelen and others
(Refs. [7, 8] and references cited therein) with corresponding m/z values.

MW m/z a)

[Da] (M+Na)+

410 C29H46O 433 Nor-β-amyrone, nor-lupeone

412 C29H48O 435 Nor-β-amyrin

424 C30H48O 447 Dammaradienone, β-amyrone, 3-oxo-malabarica-

426 C30H50O 449 Tirucallol, β-amyrin, germanicol, lupeol, 3-hydroxy-

malabarica-14(26),17E,21-triene

438 C30H46O2 461 Oleanonic aldehyde
440 C30H48O2 463 28-Hydroxy-β-amyrone

442 C30H50O2 465 Hydroxydammarenone,  (8R)-3-oxo-8-
hydroxypolypoda-13E,17E,21-triene

444 C30H52O2 467 (3L,8R)-3,8-Dihydroxypolypoda-13E,17E,21-triene
454 C30H46O3 477 Oleanonic acid,  moronic acid,  masticadienonic acid, 

isomasticadienonic acid,  18αH-oleanonic acid

456 C30H48O3 479 Oleanolic acid, 3-epi-masticadienolic acid, 3-epi-

isomasticadienolic acid

486 C32H54O3 509 3-Acetoxy-hydroxydammarenone

498 C32H50O4 521 3-O-acetyl-2-epi-masticadienolic acid, 3-O-acetyl-2-

epi-isomasticadienolic acid

a) m/z-values corresponding to prominent signals in GALDI-MS are in bold print.
b) Compounds printed italic are found to be main components by GC-MS or HPLC-APCI-MS.

Formula Components b)
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Figure 4.7: Oligomeric mass range of the GALDI mass spectra of Figure 4.6. The
dashed lines are referenced to the integrated intensity of the triterpene region, and facilitate
comparison of the relative amounts of polymers. See text for more details.
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prominent in dammar after 25 years of natural aging than after artificial aging. The

molecular weight of most of the visible compounds is below 1500 Da.

Polymerization is not more extensive than in the artificially aged samples, again indicating

the coexistence of simultaneous polymerization and decomposition processes. The mass

Figure 4.8: Graphite-assisted laser desorption/ionization mass spectra of 25 year old
naturally aged dammar (upper) and mastic (lower) varnishes. The insets show the mass
range of the monomeric triterpenes (cf. Figure 4.2 and 4.6). The same changes as observed
for short term natural and artificial aging can be seen: broad distribution of compounds
with indistinct signal groups in the monomeric mass range, and decreasing amounts of
oligomers up to tetramers.
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distribution of oligomers in mastic is comparable with the short term naturally and

artificially aged samples, but in dammar an interesting phenomenon is observed: the

number of signal maxima in the oligomeric mass range is doubled. It is not yet clear which

differences in the dammar resin and/or aging history of a varnish lead to one or the other

pattern. In naturally aged varnishes from paintings, both patterns have been found, but

since the age and aging history of these varnishes is not known, no conclusions can be

drawn yet from the samples we have studied.

4.5 Varnish yellowing

Yellowing occurs predominantly in darkness; yellowed varnishes are bleached when

exposed to light even for short time [5, 7]. The processes leading to yellowing and bleaching

are not well understood, and no chromophores have been clearly identified [5, 7, 14]. A

straightforward explanation for varnish yellowing is the formation of unsaturated ketones.

Some indication for this was found using infrared spectroscopy: absorption in the region of

unsaturated carbonyl compounds is enhanced after aging of varnishes, especially after heat

aging [5].

However, it was not clear how these ketones should be formed in darkness because

oxidation was believed not to occur without light. Also, it was shown that previously

photoaged varnishes undergo strong yellowing when thermally aged in an oxygen free

atmosphere or even in vacuo [5, 27]. Thus, yellowing is a process proceeding in two steps:

oxidation to colorless precursors, which react further to yellow compounds in a non-

oxidative second step. Aldol addition followed by elimination of the resulting hydroxy

group as water was postulated as the non-oxidative reaction, as supported by evidence for

dehydration reactions being involved in the yellowing process [5]. As an example, quinoid

structures could arise by condensation of two diketone molecules [28].

Radical oxidation reactions taking place in darkness, as found here, support the hypothesis

of unsaturated ketones being a major cause of yellowing. Alternating autoxidation and

condensation reactions lead directly to the expected products (Figure 4.9). Autoxidative

allylic oxidation and elimination of water, as shown by de la Rie [5], could lead to diketones

with several conjugated double bonds (Figure 4.9a) which absorb in the blue, giving a

yellow cast to the material. Elimination of water is favored adjacent to unsaturated systems,
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and hydroxy groups could also be introduced by autoxidation. Formation of quinones, as

suggested by Formo [28], seems reasonable, since the radical intermediates are stabilized by

double bonds, and the 1,2-diketone is formed in the right position needed for cyclization

(Figure 4.9b). This explanation of yellowing through condensation (dimerization of two

ketones) is also consistent with the fact that the polymeric fraction of aged triterpenoid

varnishes shows a stronger absorption at 400 nm than the monomeric fraction [5, 11].

This theory of autoxidation as a contributor to yellowing is consistent with prior results.

In light, oxidation is much stronger than in darkness, but new yellow compounds are

Figure 4.9: Autoxidation (AO) occurring in darkness gives a straightforward
explanation for yellowing. Unsaturated ketones are formed from C=C bonds via allylic
oxidation, and elimination of hydroxy groups enlarges the unsaturated system. Subsequent
autoxidation could lead to conjugated diketones which are yellow (a). Combination of
condensation reactions with autoxidation can also lead to unsaturated diketones or
quinones (b).
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simultaneously bleached. Therefore yellowing in light is not as evident as in darkness,

even if the absolute rate of oxidation is higher. Yellowing in non-oxidative environments

could be a result of condensation reactions and enlargement of the pre-formed unsaturated

ketone systems by water elimination without formation of new ketones, as suggested by

de la Rie [5].

As mentioned in Chapter 4.2.4, aging of amyrin with sunlight resulted in the formation of a

taraxarene product (structure IV in Figure 4.4). The taraxarene skeleton was shown to be

unstable relative to the amyrin skeleton [21]. Thus, the energy of the initial peroxide was to

some extent stored in the structure of the product. This opens up an explanation for fast

oxidation and degradation of triterpenoid varnishes on paintings: Exposure of the resins to

light induces formation of energy rich substances (e.g. peroxides) which decompose and

presumably initiate autoxidation even without light. Since commercially available “fresh“

resins are in an advanced stage of oxidation, especially mastic, they could contain enough

of such compounds. Thus, oxidation is apparently initiated by daylight while the resin is

still on the tree or during harvesting and processing. When the varnish is applied to the

painting, autoxidation continues quite quickly because the induction period is already over.

4.6 Conclusions

Films of dammar and mastic were naturally aged in light or darkness. These were

compared with films artificially aged by light and/or heat, using GALDI-MS and EPR

spectrometry. Comparison with 25 years old naturally aged varnishes revealed essentially

the same aging processes in both natural and artificial aging, differing only in extent of

deterioration. The triterpenoids oxidize, polymerize, and decompose.

The mass spectra obtained from dammar and mastic samples aged in light or darkness were

surprisingly similar. Oxidation takes place very easily and on a short time scale. Dammar is

oxidized to a significant extent even after five months. Oxidation also proceeds in darkness

without photoinitiation of the oxidative radical chain reaction, but at a lower rate. This is

supported by quantitative EPR measurements showing that the radical concentration in

commercial dammar and dammar films stored in darkness is 1/3 the concentration of films

recently exposed to light, which is rather high. The dark radical concentration was the same

in all samples, regardless of extent of prior aging.
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Radical oxidation chain reactions proceeding in darkness supports the hypothesis of

unsaturated ketones being the cause of yellowing. Formation of yellow compounds can

plausibly be explained by these reactions. Although oxidation occurs at a higher rate in

light, yellowing is thought to be stronger in darkness only because the colored compounds

are photobleached.

The results shown here as well as earlier studies lead to the conclusion that radical

initiation in dammar and mastic resins very probably occurs during harvesting and

processing. As a result autoxidation can no longer be stopped, and natural resin varnishes

deteriorate relatively quickly on paintings regardless of the care taken in storing or

exhibiting them. A practical implication is that such resins should be harvested with as little

exposure to light as possible, and processed in ways that do not initiate radicals or radical

precursors. They should then be far less susceptible to autoxidative aging. Studies to verify

this hypothesis are reported in Chapter 5.

4.7 Experimental

“Batavia” dammar was obtained from Farbmühle Kremer (Aichstetten, Germany), the

“Chios” mastic from A. Grogg Chemie (Bern, Switzerland). The fresh mastic resin was

harvested close Pyrgi in Chios, Greece. The branch of the tree was wrapped in aluminum

foil to protect the resin from sunshine. Naturally aged (25 years) dammar and mastic

varnishes were provided by the Swiss Institute for Art Research (SIK) in Zürich.

For natural aging, dammar was dissolved in turpentine (1:3 wt%) and brushed on glass

microscope slides. Film thickness was 15-25 µm. The photoaged samples were exposed to

sunlight in a south-facing window. The dark aged samples were kept in a closed box in a

drawer, thus air circulation can be neglected.

The preparation of the samples for artificial aging is described in Ref [12]. Artificial aging

of dipterocarpol and dammar or mastic films was carried out under daylight-simulating

lamps (Power Twist True Lite, “Duro Test“ 20TH12 TXC). The samples were aged for 300

h behind window glass. Subsequent thermal aging of the resin films was carried out in an

oven for 200 h at 40, 60 or 80°C.
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The graphite-assisted laser desorption/ionization experiments were performed on a home-

built 2 m linear time-of-flight mass spectrometer. Resolution was improved by delayed

extraction [29] to ca. 600 at 500 Da. Ions were extracted using a 21 kV acceleration voltage

and an empirically determined delay time of 180 ns. Desorption was performed using the

337 nm output from a nitrogen laser (VSL-337ND-T, Laser Science Inc., Franklin, MA/

USA).

The samples were prepared as follows: A suspension of 2-µm graphite particles (Aldrich,

Buchs, Switzerland) in methanol was allowed to dry on the sample tip. A THF solution of

the resin was pipetted onto the graphite and also allowed to dry. The sample quantity was

varied empirically for best signal and resolution. If too much sample was applied, the

graphite appeared glossy, and no signal was obtained at all. The analytes were detected as

alkali metal adducts. To avoid spectral confusion resulting from the occurrence of both Na+

and K+ adducts, Na+ adduct formation was enhanced by addition of a small amount of

NaCl to the graphite/methanol slurry. Contamination of the spectrometer with diffusion

pump oil led to signals at m/z 413, 469, 483 and 507 (in figures marked with crosses) which

interfered with the signals of the triterpenes. These signals appeared immediately after

sample insertion, and grew with time.

The cw-EPR spectra were recorded on a spectrometer from Bruker (ESP 300 E, microwave

frequency 9.4 GHz). The magnetic field was determined by a NMR Gaussmeter (ER 035

M, Bruker, Fällanden Switzerland). All spectra were obtained at room temperature. The

concentration of radicals in the pulverized resin samples were determined by comparing

the integral of the absorption line with the linear regression of a series of four standard

samples with known spin concentrations. The standard was the fourth line in the spectrum

of VO(acac)2 (Acros Organics, Basel, Switzerland, purity: 99%), dissolved in water-free

toluene.

To avoid systematic errors, the usual recommendations for EPR signal area measurements

were taken into account (identical filling height, sample position in the resonator,

measurement parameters [30, 31]). Due to differences between the calibration standard

(toluene solution) and the dammar samples (powder), the remaining spin concentration

uncertainty is estimated to be ±20%.
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5 Chios Gum Mastic - Fresh Material vs. Commercial Resin

 

Abstract

 

Commercial mastic is usually considered more or less fresh, but was actually shown to be

in advanced stage of oxidation and deterioration in Chapter 4. This raised the question

whether the resin properties could be influenced by harvesting conditions, and initiation of

oxidative radical reactions avoided by protecting the fresh resin from any sunlight

irradiation during harvest. The aim was to obtain a more stable material for varnishes with

suppressed yellowing. This study reports the harvesting of mastic under controlled

conditions during two visits to the island of Chios, Greece. Traditional and protected

harvesting conditions and their influence on resin properties and aging behavior is

discussed. Oxidation and amount of radicals were found to depend on the extent of light

exposure during harvest, size of mastic tears, mastic quality and recent storage conditions.

Avoiding sunlight irradiation during harvest results in a drastic decrease in radical

formation in the fresh resin. Oxidation is suppressed and formation of the mastic polymer

by radical polymerization prevented. The yellowing of dark harvested mastic was found to

be much less pronounced than in commercial resin, comparable to dammar. Oxidation and

strong increase in radical content during aging as a thin film cannot be avoided, however.

The reason for the lower predisposition for yellowing of dark harvested mastic is not

immediately clear. It might be connected with the composition of the mastic, for example

the lack of mastic polymer, or different amounts of specific triterpenoids which were found

to fluctuate considerably in amount.

 

5.1 Introduction

 

The resins used by restorers for application on paintings have often been bought years (if

not decades) ago and stored in a cupboard ever since. These materials obviously have had

enough time to oxidize and deteriorate once initiation of the oxidative radical chain

reactions has taken place (cf. Chapter 4). This leads to the question what the really fresh

resins are like, where they can be bought, and whether it is possible to avoid subsequent

oxidation by protecting the exuding resin from sunlight irradiation during harvest. 

The mastic tree, 

 

Pistacia lentiscus 

 

L., grows along the coastal regions of the whole

Mediterranean 

 

[1, 2]

 

. The mastic resin used as varnish material originates from the sub-

species 

 

Pistacia lentiscus 

 

L.

 

 var Chia

 

, growing on the island of Chios, Greece. The island
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5.2 Mastic harvest on Chios, Greece

 

has been known for its superior resin since ancient times, and mastic was always an

important factor for Chios’ economy. Mastic is used mainly as chewing gum, but also for

medicine, cosmetics and groceries. Balms used for mummification in Egypt also contained

mastic 

 

[3, 4]

 

.

During two visits to Chios in 2000 and 2001, it was possible to learn about the harvesting

of mastic and collect resin under controlled conditions. Mastic harvest is described in detail

in the literature 

 

[1, 2]

 

, thus only an overview will be given here.

Mastic is harvested between June and September/October by mastic farmers in the mastic

villages in the southern part of Chios. It is cleaned by hand, washed and brought to the

Chios’ Gum Mastic Growers Association, which sells the resin for the farmers. At the

factory of the association, the pieces of resin (called “tears”) are cleaned and washed again,

and then sorted by size and purity. The mastic can be bought 

 

[5]

 

 in different qualities:

Large Tears No. 1 Small Tears No. 1

No. 3 No. 3

No. 4 No. 5

The number refers to the purity: No. 1 is the best, No. 4 contains inclusions (bark, insects,

dirt) or can be discolored. Small Tears No. 5 is almost a powder. 

The mastic resin commonly found in restorer’s cabinets is Small Tears No.1. Large Tears

No. 1 are much bigger; the diameter can be up to a few centimeters. These pieces are

normally flat since they originate from mastic resin dropping or flowing to the ground and

merging before solidifying (see large pieces of fresh mastic in Figure 5.7). For use as

varnish material, Large Tears No. 1 should be preferred to Small Tears No. 1, since they

have a smaller surface to volume ratio and thus are less oxidized. Besides, Large Tears are

cheaper than Small Tears. 

 

5.2 Mastic harvest on Chios, Greece

 

To obtain the freshest possible unoxidized resin, mastic was collected directly on Chios

under protection from sunlight to avoid any radical formation and subsequent oxidation.

Although conventional mastic harvest was described in the literature before 

 

[1, 2]

 

, a short
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and illustrative summary will be given here to discuss aspects of harvesting conditions and

their supposable influence on the mastic’s properties.

 

5.2.1 Conventional mastic harvesting

 

Prior to mastic collection, the ground under the tree has to be prepared. First, stones and

grass or other plants growing near the tree are removed. Subsequently, the ground is swept

with a broom or freshly collected small branches to obtain a smooth surface (Figure 5.2).

The leveling is finished by putting limestone powder on the ground.

 

Figure 5.1:

 

Mastic trees in front of a watch tower ruin, near Pyrgi, Chios (bottom left).
Many mastic trees in this region look like shrubs rather than trees, but they can grow up to
3 meters high. The resin exuding from the tree is very liquid and can form long drops,
called “tears” (upper left). The tree is evergreen (right).
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5.2 Mastic harvest on Chios, Greece

 

After the preparation of the ground, incisions are made in the bark of the tree (cutting,

“hurting”; Figure 5.2 bottom). The cuts are 1-2 cm long and rather deep (Figure 5.3). The

mastic exudes within minutes and is surprisingly liquid. It runs down the whole trunk and

forms “tears” that slowly congeal and sometimes form rather long drops (Figure 5.1).

Drying time is between 10 and 20 days, depending on the weather and temperature.

After the coagulation of the resin, the pieces on the trunk are removed with special tools,

and the large beads are collected by hand (Figure 5.4). The mastic remaining on the ground

is swept with a broom, together with soil, leaves and little branches, and is brought to the

villages in big bags. There, the women sit in front of their houses and pick out the mastic

beads from the collected material, a tremendous work, since the mastic is only a minor part

(Figure 5.5).

 

Figure 5.2:

 

Mr. Siderakis preparing the mastic harvest: Cleaning of the ground (top
left), leveling with limestone (top right) and cutting of the bark (bottom).
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The collected mastic is cleaned manually, thus the leaves, soil, and insects sticking to the

resin are removed as far as possible, usually with knives. The purified mastic is then

washed with water, sometimes with addition of salt, and with “green soap” (a natural

product). Drying usually takes place indoors, and the mastic is stored in fridges until it is

sold to the Chios’ Gum Mastic Growers Association in winter. In the factory of the

association, the mastic is cleaned again by hand, washed and stored until beginning of sale,

usually around May. Thus, the freshest commercial mastic available can be obtained at the

association’s factory in spring. The mastic is then 7-10 months old.

 

5.2.2 Mastic harvesting under protection from sunlight

 

To avoid initiation of oxidative radical reactions, mastic was harvested under protection

from sunlight. The material obtained was expected to contain fewer radicals and, as a

consequence, fewer unstable precursors (e.g. peroxides) to accelerate the autocatalytic

oxidation of the resin. Since yellowing is a consequence of oxidation, the mastic harvested

without sunlight was also expected to yellow less than conventionally harvested resin.

 

Figure 5.3:

 

Mastic resin exuding from cuts in the bark, forming “tears” (left). The whole
trunk is usually full of cuts (right). It can clearly be seen that the resin is colorless when it
is fresh. The yellow color of commercially available mastic is a consequence of aging.
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5.2 Mastic harvest on Chios, Greece

 

Figure 5.4:

 

The mastic solidifies while drying in the sun for 2-3 weeks. The hard and
brittle resin is removed from the tree with special tools (top left). The big pieces lying on the
ground are collected by hand (white plate, top right; bottom). The small pieces are swept
with a broom, together with dirt, leaves and little branches (top right). The dirt is removed
by sieving, and the rest collected in big bags for further cleaning (top right; Figure 5.5).



 

96

 

5 Chios Gum Mastic - Fresh Material vs. Commercial Resin

 

Some of the branches were wrapped in aluminum foil right after cutting, as depicted in

Figure 5.6. Since the resin is very liquid in the beginning, only horizontal branches are

suited; otherwise the mastic will flow out of the foil and drop to the ground. Therefore it is

recommended that the lowest point of the aluminum foil (where the resin will flow) is not

the point where the foil is bound to the branch with a string (see Figure 5.6, bottom right).

 

5.2.3 Comments to conventional harvesting methods

 

It is interesting to note that the mastic producers mostly do everything possible to keep the

resin fresh. It is dried inside after washing, thus additional sunlight irradiation is avoided,

and it is usually stored in fridges by the farmers and also by the Chios’ Gum Mastic

Growers Association, which keeps it at temperatures around 7-9°C. The producers thus try

to suppress aging processes as far as possible to preserve the resin’s quality. This suggests

that resin quality might be connected with oxidation state, although it is not clear whether

quality in this regard means taste or just color. The discoloration of mastic becomes notable

within one year (see Figure 5.7), and fresh mastic can be easily distinguished from old.

 

Figure 5.5:

 

Mastic pieces as collected under the tree. The mastic beads have to be
picked out by hand in an elaborate cleaning step.
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5.2 Mastic harvest on Chios, Greece

 

Another point that needs to be mentioned is the use of limestone to level the ground. The

literature is inconsistent about the material used. Perikos writes that “white clay” is spread

on the ground and is “pressed well so it becomes flat” (Ref. 

 

[1]

 

, p. 30). And then: “... when

Gum Mastic drops, it gets brilliancy and dries more easily, since white clay is limestone

(carbonic calcium)”. Even more confusing is the comment of Schmid (Ref. 

 

[2]

 

, p. 350): in

the caption of figure 7, she writes “mit weissem Sand bedeckten Boden”, which is rather

inaccurately translated with “sandy ground” (instead of: ground, 

 

covered with white

 

 sand).

Thus it is not clear whether limestone or sand (SiO

 

2

 

) is used. 

 

Figure 5.6:

 

Mastic harvest under protection from sunlight. After cutting, the branches
are wrapped in aluminum foil to avoid sunlight irradiation. The resin was collected from
the foil after 4 days at dusk or dawn to minimize exposure to light.
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The white powder used during this harvest study on Chios in 2000 was in fact limestone.

The material visible in Figure 5.2 definitely had the consistency of limestone powder and

not sand. Also white particles sticking to unwashed mastic tears were determined to consist

of calcium carbonate by FTIR. However, the parallel use of sand cannot be excluded.

The main reason for the use of limestone is to level the ground. If the ground is not flat, the

mastic dropping from the trees will flow and fuse. Instead of small tears, large tears will

form (see large pieces of fresh mastic in Figure 5.7). Since small tears are sold at a higher

price, formation of large tears is disadvantageous for the farmer and is avoided by leveling.

But the limestone powder might have another effect: during the visit on Chios it was

observed that tears dropping to the limestone ground became covered with a layer of very

fine limestone powder. Little beads protected like that did not fuse, even if they touched

each other. This leads again to well shaped, pearl-like small tears. As mentioned by Perikos

 

Figure 5.7:

 

Mastic resin from Chios, fresh and commercial (Small Tears No. 1). The
uncleaned resin has not been washed or processed. Progressive yellowing can be
correlated with age: Fresh resin is colorless, while after even one year, a distinct
discoloration is visible. After two years, the color is still almost the same, and enhanced
yellowing is only observed after several years.
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in his statement above, the tears may get a brilliant appearance, once the limestone is

removed during washing, since they are also very clear and clean (the limestone layer

protects the resin from the dirty ground). This might be another reason to prefer limestone

powder over sand.

However, the central question concerning the use of mastic as a varnish material is whether

the harvest and cleaning methods influence its aging behavior. Schmid states that “the

originally colourless and almost crystal clear mastic teardrops (...) can become yellow and

cloudy through the handling [particularly the soap treatment]”, and the “tendency of

commercially available mastic to become yellow, rather than being a characteristic inherent

to the material, is a phenomenon which is catalysed by the treatment with alkalines

(soaps)” (Ref. 

 

[2]

 

, p. 351). This alkaline treatment could also include the limestone sticking

to the resin. 

Yellowing of the fresh mastic due to washing was not observed in this study, but not studied

in detail. The uncleaned fresh mastic depicted in Figure 5.7 yellowed although it was not

washed. It is also not obvious how an alkaline treatment might influence the resin in terms

of changing its inherent aging behavior. Treatment of oxidized mastic with base may result

in yellow compounds, but with a mastic tear this will be restricted to its surface. The

yellowing of even fresh mastic tears within a few months can more easily be explained by

oxidation initiated by sunlight irradiation during harvest, as described in Chapter 4. This

oxidation will, since it is an autocatalytic process, accelerate itself. As soon as the resin is

dissolved for application as a varnish, the instable oxidized compounds responsible for

autocatalysis will “infect” the whole resin and accelerate the oxidation of the (bulk)

material. Such an acceleration and “infection” necessary to change the intrinsic properties

of mastic cannot easily be explained by base catalysed processes.

 

5.3 Influence of harvesting conditions on resin 
properties

 

Mastic resin harvested without sunlight exposure as described in Chapter 5.2.2 is an

awfully sticky viscous liquid. Surprisingly it is not colorless but greenish yellow. Mastic

exuding from the tree immediately after cutting is in fact colorless, and also the

conventionally harvested mastic collected from the same branches of the same trees was
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colorless. Thus, there seem to be some changes in the fresh resin when it is not irradiated

by the sun. It was not possible to measure any absorption above 400 nm in the dark

harvested resin by UV/VIS spectroscopy, although the color was visible by eye. This

suggests that the colorants are very light-sensitive and bleached immediately. It is

important to note that the greenish yellow of the dark harvested mastic has a color quality

which is very different from the yellow of aged mastic, which tends towards orange.

Mastic harvested in darkness was analyzed and characterized by different analytical

methods and compared to mastic exposed to sunlight for 4 days or 2-3 weeks, respectively.

These fresh resins (few weeks old) were compared with relatively fresh commercially

available mastic (1-2 years old) to learn about the changes induced by sunlight irradiation

during harvest and short-term aging.

 

5.3.1 EPR analysis

 

Electron paramagnetic resonance spectroscopy was applied to determine the radical

concentrations in mastic harvested under different conditions as well as in commercial

mastic. The amount of radicals was found to depend on the extent of light exposure during

harvest, size of mastic tears, mastic quality and recent storage conditions. 

Protection from sunlight drastically reduces the amount of radicals. Already 4 days of

daylight exposure doubles the radical concentration, and mastic conventionally dried for

about 2-3 weeks contains about 10 times more radicals.

Radical concentrations in commercial mastic depend on the size and quality of the tears. In

Figure 5.8 it can be seen that Large Tears always contain less radicals than Small Tears of

the same quality (same number). Small Tears contain about the same amount of radicals as

Large Tears of the next inferior quality. Impurities in the resin thus seem to enhance radical

formation. However, also the recent aging conditions influence the radical content: the

conventionally harvested mastic (3rd from left in Figure 5.8) was basically the same

material as Large Tears No.1 (LT#1 in Figure 5.8), the only difference being the one year

storage period for the commercial mastic. The radical content is thus variable and decreases

again after light exposure when kept in darkness, although it does not drop to zero. This

finding is in accordance with the results of Chapter 4.
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This EPR study shows that

• radical formation is mainly caused by light exposure, but also by impurities in the resin.

By protecting the mastic from sunlight during harvest, it is possible to drastically

reduce the radicals, although they cannot be completely suppressed: even mastic with

no light exposure at all contains a certain amount of radicals.

• radical content is generally dependent on surface to volume ratio. This applies to bulk

mastic as well as varnishes: it has to be kept in mind that a thin film contains much

more radicals than the samples analyzed in Figure 5.8 (ca. 5 nmol/g in darkness, around

20 nmol/g in light). Radical formation thus is mainly a surface phenomenon.

• radical formation and termination are very dynamic processes, and radical content

therefore is strongly dependent on recent aging conditions. However, even when fresh

and kept in darkness, radical concentration of bulk mastic does not drop to zero.

 

Figure 5.8:

 

Radical concentrations in mastic harvested under different conditions and
commercial mastic which is one year old. Protection from sunlight drastically reduces
radical content (left). In commercial mastic the amount of radicals depends on quality (# 1-
5) and size of the beads (LT: Large Tears, ST: Small Tears). Estimated error is 20%.
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5.3.2 UV/VIS analysis

 

Comparison of the UV/VIS absorbencies of equimolal solutions allows a determination of

the oxidation state of the different mastic samples. As found by EPR, UV/VIS shows that

oxidation depends mainly on the extent of light exposure during harvest, size of the tears,

and mastic quality.

Mastic harvested in darkness is clearly less oxidized than conventionally harvested (few

weeks old) mastic, see Figure 5.9. Large Tears No.1 show a similar absorption after one

year, the low surface to volume ratio obviously preventing too much oxidation within that

time span. Small Tears No.1 are slightly more oxidized than Large Tears, and Small Tears

No. 5 finally show a much stronger absorption than all other qualities.

The similarity between oxidation determined by UV/VIS spectroscopy and amount of

radicals determined by EPR is obvious. In the beginning, oxidation is more or less

 

Figure 5.9:

 

UV/VIS spectra of fresh mastic resin. The absorption and oxidation is
dependent on light exposure, quality and size of the tears.
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5.3 Influence of harvesting conditions on resin properties

 

proportional to radical concentrations, and therefore is a function of surface to volume ratio

and purity of the resin.

 

5.3.3 GPC analysis

 

Gel permeation chromatography analysis revealed the absence of a polymer fraction in

dark harvested mastic, and a smaller amount of triterpenoid dimerization products

compared to conventionally harvested mastic. Both phenomena can be related to the

reduced radical formation in light protected samples.

Already when the structure of the mastic polymer was studied by van den Berg et al. 

 

[6]

 

, the

authors assumed that it is not a component of the initial resin but is only formed after

exudation from the plant, by (radical) polymerization of 

 

β

 

-myrcene (Figure 5.11). The

absence of polymer in dark harvested mastic is a proof of that assumption: if the formation

of radicals is suppressed, the polymerization is hindered. Light exposure at a later date will

not lead to polymerization since the monoterpenes will have evaporated in the meantime.

Thus, drying of mastic involves not only the evaporation of monoterpenes, but also a

chemical process, polymerization. 

The absence of polymer in dark harvested mastic presumably influences its aging behavior.

Mechanical characteristics like cracking and crazing might be different without the high

molecular weight compounds since they may render the mastic more elastic 

 

[7, 8]

 

. The

polymer might even be an explanation for the mastic’s pronounced tendency to yellow

compared to dammar. From a chemical point of view it is not immediately understandable

why dammar yellows so much less than mastic, since the triterpenoid components are very

similar and many of them can be found in both resins. The structure of the dammar

polymer, however, is quite different from the mastic’s, which reveals a higher degree of

unsaturation. It might be possible that allylic oxidation and delocalization of the double

bonds 

 

[9]

 

 lead to extended systems of unsaturated ketones with absorbencies far over 400

nm, thus causing yellowing. In dammar, the situation is different. The dammar polymer’s

degree of unsaturation is much lower, and oxidation is expected to proceed rather by

tertiary C-H abstraction than by allylic oxidation (see Figure 5.11). An important difference

might also be the quarternary carbon atoms (marked by stars in Figure 5.11) that divide the

subunits of the dammar polymer and prevent conjugation of double bonds or unsaturated
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Figure 5.10:

 

Gel permeation chromatograms with refractive index detection of light
protected (a) and conventionally harvested mastic (b). Sunlight exposure results in
formation of a polymer and triterpenoid dimerization products with molecular weights
around 900 Da. Analytes with MW > 50 kDa are not resolved on the column and appear as
a hump at 11 min. elution time.

 

Figure 5.11:

 

Formation of mastic polymer by radical polymerization from 

 

β

 

-myrcene, as
suggested in 

 

[6]

 

. The resulting polymer can easily be oxidized due to its high degree of
unsaturation. In contrast to the dammar polymer, the double bonds might become
conjugated over more than one monomer unit. This might be an explanation for the
mastic’s tendency for pronounced yellowing (see text for more details).
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ketones, which is still possible in mastic. However, the influence of the mastic polymer on

aging behavior will be studied in more detail in Chapter 6.

 

5.3.4 GALDI-MS and GC-MS analysis

 

Large differences in oxidation state of fresh and commercial mastic as used by restorers

have been demonstrated by GALDI-MS in Chapter 4. Differences between freshly

harvested mastic (few weeks old) and fresh commercial resin (one year old) are detectable

but rather small when analyzed by this method. As seen before, early oxidation does not

lead to a small number of oxidation products that diversify to many different aging

products within years. Instead, the initially oxidized species undergo subsequent reactions

almost immediately, leading to many signals emerging at the same time in a broad mass

range in GALDI-MS. As a consequence, signal intensity at a given mass is rather small in

weakly oxidized mastic, and differences are sometimes difficult to see. Nevertheless, the

order of oxidation state found by UV/VIS and EPR spectroscopy is also confirmed by

GALDI-MS. Small Tears are more strongly oxidized than Large Tears, and low qualities

more than high qualities.

More interesting than the oxidation state are the differences in composition of fresh mastic.

Two different patterns were found with GALDI-MS: high signal intensities at m/z 465/467

vs. low signal intensity at m/z 477, and vice versa (Figure 5.13 and Figure 5.12). The

signals at m/z 465 and 467 correspond to compounds with masses of 442 and 444 Da, m/z

477 with 454 Da. However, it is not possible to directly assign the changes in signal

intensities to differences in amount of specific compounds, since a signal in GALDI-MS is

usually caused by more than one compound. It was therefore decided to use GC-MS for

accurate determination of mastic composition.

In collaboration with the National Gallery London, GC-MS analysis was carried out by Dr.

Raymond White. 19 compounds were identified (Table 5.1). Compound 

 

12

 

 (structure

Figure 5.15) was not a known component of mastic and is first identified within this study.

The largest variations in the composition of fresh mastic, as determined by GC-MS, were

the relative amounts of the dicyclic polypoda-triene components 

 

4

 

 and 

 

7

 

. Although all

components show fluctuations to some degree, changes were much more pronounced with

these two compounds. In some samples, they even were the main components. 

 

7

 

 was first
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identified in mastic by Boar et al. 

 

[10]

 

, and it was found to be the “third most abundant

[neutral] component (ca. 1.3% of the total resin)”. 

 

4

 

 was first found by Marner et al. [11]

with an abundance of ca. 1.6%. In this study, compounds 4 and 7 each made up to 12% of

the total triterpenoids in mastic in some cases, in others they were around 2-5%. Due to the

unsaturated side chain of the polypodatriene structures (Figure 5.15), these compounds are

expected to be oxidized quickly, as demonstrated for the side chain of

Figure 5.12: GALDI-MS of fresh commercial mastic (one year old). Again oxidation
correlates with size and quality of mastic tears. Oxidation products appear mainly around
m/z 491-499 and m/z 507-515.
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hydroxydammarenone (13) [12, 13]. Advanced oxidation in commercial mastic may explain

the generally lower values in the literature, but large fluctuations in composition of the

initial resin are more likely. Mastic analysis by van der Doelen et al., for example, revealed

a very low amount of polypodatrienes in a GC-MS study [14], but rather high amounts by

HPLC-MS [15]. These differences are almost certainly due to different mastic composition

in the fresh resin, as found in this study (Figure 5.14).

The fluctuations of polypodatriene concentrations found by GC-MS correspond to the

different patterns in GALDI-MS. Figure 5.13 and Figure 5.14 originate from the same

samples of mastic harvested in darkness. Samples with higher amount of the

polypodatrienes had higher signal intensities at the compounds’ sodium adduct m/z values

465 and 467 in GALDI-MS.

Figure 5.13: Two different patterns observed with GALDI-MS indicating varying
composition of fresh mastic. Resin from old trees (upper) with enhanced signal intensities
at m/z 465/467, and young trees with more signal at m/z 477 (lower).
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Why the composition of mastic resin varies is not completely clear. Possible reasons are:

• seasonal variations

• environmental conditions (weather, soil etc.)

• individual tree’s secretion

It might be that the mastic composition depends on the age of the trees. The mastic samples

harvested from old trees in 2000 and 2001 both contained a high amount of

polypodatrienes, while the concentrations were very low in mastic from young trees

harvested in 2001. This was even more striking since mastic from a young tree growing

next to the old trees was also found to contain a low amount of polypodatrienes. Thus,

external factors possibly influencing the resin composition, like location, weather

conditions, temperature or soil composition, can probably be ruled out in this case. It seems

that old mastic trees produce more polypodatrienes than young trees, but this was not

studied systematically as part of this thesis.

In general, correlation of GC-MS with GALDI mass spectra is problematic; rather, the two

methods are complementary. While in GC the components are separated by their retention

time on the column, they are only distinguished by their mass in GALDI-MS, so

compounds with the same molecular mass are indistinguishable. Quantification of main

components of a mixture is possible with GC-MS due to the separation, but a significant

fraction of the large variety of compounds, each with very low abundance, can be missed,

since the different compounds are spread over the whole chromatogram. With GALDI-MS,

in contrast, quantification of single components is not possible, but minor components with

the same mass may add and therefore still be detected. Another problem of GC-MS with

respect to analysis of oxidized materials is the decreasing volatility of its compounds with

progressive oxidation. Derivatization is necessary, and this may result in the loss of polar

compounds due to the sample preparation procedure or insufficient derivatization [16].

Particularly compounds with more than two hydroxy groups are problematic. In GALDI-

MS, again, the situation is the other way around. Since analytes are detected as sodium

adducts, strongly oxidized compounds are detected more easily due to higher sodium

affinity, and compounds containing no electronegative atoms, like hydrocarbons, are not

detected at all with this method1.

1. Although that problem can sometimes be solved, e.g. by complexation of unsatur-
ated systems with silver- or copper-ions, but this is not a topic of this thesis.
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Despite these expected problems, a correlation of GC-MS and GALDI-MS spectra was

performed to evaluate the reliability of the methods. The procedure was as follows:

• The mass spectra and chromatograms were integrated over the whole triterpenoid mass/

elution time range and normalized to 1.

• In GC-MS, integrals of selected peaks of compounds with a MW of 426 Da (3, 5, 8 and

9), 438 Da (15), 442 Da (4 and 13), 444 Da (7), 454 Da (10, 11, 12, 16 and 17) and 498

Da (18 and 19) were summed up for each mass.

• Evaluation of the GALDI/GC ratio: the GALDI-MS integral at a specific m/z value was

divided by the sum of the corresponding summed GC-MS integrals.

This leads to a GALDI/GC ratio being equal 1 if the relative concentrations of all

compounds with a certain mass are correctly evaluated with both GALDI-MS and GC-MS.

It is obvious that there are many reasons for a bias of that value.

Figure 5.14: Gas chromatograms of the samples investigated by GALDI-MS in
Figure 5.13. The main changes can be attributed to the polypoda-triene structures 4 and 7.
The labels correspond to Table 5.1.
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Table 5.1: Compounds identified in fresh mastic resin by GC-MS. Most abundant
compounds are in bold print. Compounds marked with * were methylated prior to analysis. 

Figure 5.15: Structures of (8R)-3-oxo-8-hydroxy-polypoda-13E,17E,21-triene (4),
(3L,8R)-3,8-dihydroxy-polypoda-13E,17E,21-triene (7) and 3-oxo-lup-20(29)-en-28-oic
acid (12), which was identified to be a component of mastic resin for the first time.

No.  Name MW [Da] m/z        

(M+Na)+

1 Lanoster-3-one 424 447

2 Tirucall-3-one 424 447

3 Lanosterol 426 449

4 ( 8 R ) - 3 - O x o - 8 - h y d r o x y - p o l y p o d a - 1 3 E , 1 7 E , 2 1 - t r i e n e 4 4 2 4 6 5

5 Tirucallol 426 449

6 nor -β-Amyrone 410 433

7 ( 3 L , 8 R ) - 3 , 8 - D i h y d r o x y - p o l y p o d a - 1 3 E , 1 7 E , 2 1 - t r i e n e 4 4 4 4 6 7

8 β-Amyr in 426 449

9 1 7β-Hydroxy-28-norolean-12-en-3-one 426 449

1 0 Moronic acid* 4 5 4 4 7 7

1 1 Oleanonic acid* 4 5 4 4 7 7

1 2 3-Oxo-lup-20(29)-en-28-oic acid* 454 477

1 3 Hydroxydammarenone 4 4 2 4 6 5

1 4 3-O-acetyl-oleanonic acid* 498 521

1 5 Oleanonic aldehyde 4 3 8 4 6 1

1 6 Isomasticadienonic acid* 4 5 4 4 7 7

1 7 Masticadienonic acid* 4 5 4 4 7 7

1 8 3-O-acetyl-3-epiisomasticadienolic acid* 498 521

1 9 3-O-acetyl-3-epimasticadienolic acid* 498 521

R

OH

4    R = O

7    R = OH,H

O

O

OH

12
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In GC-MS:

1. not all compounds with a certain mass are identified in a chromatogram, and the

sum is too small

2. compounds with other masses co-elute with a certain compound, making the inte-

gral too big

In GALDI-MS:

3. ionization efficiency (i.e. sodium affinity) is not constant for different compo-

nents, thus the signal integral is not proportional to the concentration of com-

pounds causing the signal

In addition to these reasons, it has to be kept in mind that with both methods, recovery of

many components may not be 100%.

In spite of the possible differences, the correlation of GC-MS with GALDI-MS gave

surprisingly good results, indicating that both methods are well suited for the analysis of

fresh mastic:

m/z value in GALDI-MS: GALDI/GC ratio:

449 0.4 - 0.6

461 0.7 - 1.0

465 0.7 - 1.2

467 1.0 - 2.0

477 0.3 - 0.5

421 0.5 - 1.6

The GALDI/GC ratio values range between 0.3 and 2, and the discrepancy between both

methods lies within a maximal factor of 7. In most cases the differences are much smaller;

72% of the determined GALDI/GC ratios lie between 0.4 and 1.2, and only 14% each lie

above and below these values. Thus the error made in determining the concentrations of

compounds by the two methods is within the range of a factor of 3 in most cases. This error

is rather small considering the very complementary nature of the two analytical methods.

The sum of all integrals of the 6 different corresponding masses added up to 75-80% of all

triterpenoids detected in GC-MS, but only to 45-60% detected in GALDI-MS. This

discrepancy shows that a significant amount of components are not detected in GC-MS, but

are in GALDI-MS. This might also explain why the GALDI/GC ratio is generally smaller

than 1. 
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However, if polar components are preferentially observed in GALDI-MS due to higher

sodium affinities, the percentage of the rather nonpolar compounds would be lowered too.

This could also explain the low GALDI/GC ratios of the unoxidized initial triterpenoids

presented here. A closer examination of the data, however, does not support this hypothesis.

There is no pronounced tendency to enhanced signal intensities with compounds containing

more oxygen within that mass range, as could be expected and was seen in Chapter 3.2.6. If

sodium affinities increased, the GALDI/GC ratios would increase within m/z 449, 461-467,

477 and 421, which is not the case. Thus, the differences in sodium adduct formation are

not very important in moderately oxidized compounds as studied here, and the differences

in GALDI/GC ratio are due to other factors. The most likely reason is that many minor

components are not resolved or identified in the GC-MS procedure, and the sum of

integrals therefore is not correct. For example the signal at m/z 467 is certainly not only

caused by compound 7, and for other large signals, like m/z 463, no compound was

identified in this study at all. Only fractionation of mastic (and thus concentration of single

compounds) can lead to identification of such minor compounds [11, 17].

5.4 Aging of dark harvested mastic

The reason for harvesting mastic in darkness was to avoid radical formation in the fresh

resin and consequently to suppress and slow down oxidation. Since yellowing is a result of

oxidation, these dark harvested resins were expected to yellow less. As described above,

harvesting in darkness did reduce the amount of radicals significantly. The next step was to

show whether or not yellowing during aging is also reduced.

Films of mastic harvested in darkness in the year 2000 were artificially aged for 300 h. They

yellowed considerably less than mastic conventionally dried for 2-3 weeks obtained from

the same place and the same year. The differences were easily seen by the naked eye. A later

study of the same material carried out by Weilhammer at the Fachhochschule Bern [18]

reproduced this result and showed that the yellowing of dark harvested mastic was in the

same range as dammar which is well known to yellow considerably less than commercial

mastic.

Figure 5.16 shows the development of the absorption of the mastic films at 300 nm during

aging. It is obvious that not only the absorption of the dark harvested mastic is lower prior
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Figure 5.16: UV absorption at 300 nm of artificially aged mastic films. The mastic
protected from sunlight during harvest yellowed considerably less, and the absorption at
300 nm is also lower during the whole aging period of 300 h. Harvesting conditions appear
to be much more important than aging conditions.

Table 5.2: b* values of varnishes (thickness 20 µm) on white ceramic plates aged
under artificial and natural conditions. The mastic harvested without sunlight yellowed as
little as dammar, while commercial mastic yellowed noticeably more. Data from
Weilhammer [18].
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Figure 5.17: GALDI-MS of mastic harvested in darkness, artificially aged for 300 h.
Despite the low radical content in the fresh resin, strong oxidation takes place within short
time, when aged as a film.
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to aging, but also stays lower during the whole aging period and under all aging conditions

(without light, light with and without UV). Thus the harvesting conditions proved to be

much more important for the aging behavior than the aging conditions.

The study by Weilhammer (Table 5.2) showed that dark harvested mastic yellows even less

than dammar. By the naked eye, however, this difference was not visible, but the contrast to

conventional mastic was evident. The b* values give a quantitative measure for the yellow

component of a color (L*a*b*-system, CIE 1976, DIN 6174 [18]). The samples were aged

under artificial conditions in an oven with (λ > 320 nm) and without UV light (λ > 400

nm), as well as under natural conditions (λ > 320 nm, in window).

Although protection from sunlight during harvest proved to be successful in suppressing

the yellowing of mastic, GALDI-MS analysis showed that strong oxidation took place

nevertheless (Figure 5.17). Also radical formation during aging could be suppressed in this

study, but not avoided (Table 5.3). Thus, the weaker yellowing cannot easily be explained

by suppressed oxidation. Other factors, e.g., the missing polymer part or the higher content

of polypodatriene structures have to be taken into account and may explain the changes in

yellowing behavior. Whatever the explanation, the mastic collected in darkness in 2000

does yellow less. The aging and yellowing of mastic, as well as the influence of resin

composition and aging conditions on aging behavior will be studied in more detail in

Chapter 6.

Table 5.3: Radical content [nmol/g] in artificially aged mastic films, harvested under
protection from or exposure to sunlight. Aging took place without light (dark), as well as
with light with and without UV.

Aging time
0 h 50 h 300 h

protected, dark - 2.4 4.8
protected, no UV - 3.3 8.8
protected, UV - 4.0 NAa)

exposed, dark 5.3 4.8 7.2
exposed, no UV " 3.3 10.2
exposed, UV " 7.2 17.9

a) not analyzed
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5.5 Conclusions

Mastic resin was harvested on the island of Chios, Greece, and the harvest procedure is

described. In parallel mastic was harvested under protection from sunlight irradiation. The

fresh mastic is compared with commercially available resin, and the influence of harvesting

conditions on resin properties studied.

Avoiding sunlight irradiation during harvest results in a drastic decrease in radical

formation in the fresh resin. Oxidation is suppressed and formation of the mastic polymer

by radical polymerization prevented.

The yellowing of dark harvested mastic was found to be much less pronounced than in

commercial resin, comparable to dammar. Oxidation and strong increase in radical content

during aging cannot be avoided, however. The reason for the lower predisposition for

yellowing of dark harvested mastic is not immediately clear. It might be connected with the

composition of the mastic, for example the lack of mastic polymer, or different amounts of

certain triterpenoids, e.g. with polypoda-triene structures. These aspects will be discussed

in more detail in Chapter 6.

It is interesting to note, that mastic is extremely unstable towards radical formation and

oxidation, and even elaborate protection from any light exposure cannot prevent radical

formation. Even absolutely fresh mastic resin that was never exposed to any light during

harvest or aging contains a significant amount of radicals. It might well be that this is not an

accident: after a plant is hurt, the formation of radicals leads to polymerization of the

monoterpenes, thus helps closing the injury and minimizes loss of resin. It might therefore

be possible that the plant is interested in producing a very unstable resin and enhances

radical formation.

Of course this is only a hypothesis, but another finding may support this assumption: in

mastic samples (mainly of low quality), the signal of Mn2+ was visible in EPR. It was

known before, that mastic contains ca. 1 ppm of Mn [1]. Manganese is used for oxidation of

water within the photosynthesis process. It is not clear whether Mn in mastic is only an

impurity from that process, or whether it fulfills a purpose within the drying process after

exudation of the resin. It might act as a catalyst for radical formation, as it does as drying

additive in oil paints used by artists [19]. A recent EPR study [20] hints that the Mn found in
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mastic is present as aqua complex of Mn2+. As a conclusion, it might be that mastic resin is

“designed” by the plant to be unstable, and radical formation and oxidation can be

suppressed, but not avoided completely.

5.6 Experimental

During two visits on the island of Chios in September 2000 and October 2001, mastic was

harvested near Pyrgi. The branches of the trees were wrapped in aluminum foil to protect

the resin from sunshine. The resin was collected for several days, and transferred to sealed

containers during early morning or evening, so as to avoid any exposure to direct sunlight.

Fresh commercial mastic was obtained directly from the Chios’ Gum Mastic Growers

Association (Chios, Greece).

The samples for artificial aging were prepared as follows: the resin was dissolved in a

commercial hydrocarbon solvent (Dottisol D40, 1:3 wt %) and filtered. Aliquots were

pipetted onto glass microscope slides. Artificial aging was carried out under daylight-

simulating lamps (Power Twist True Lite, “Duro Test” 20TH12 TXC) in an oven at 60°C.

The samples were protected from direct irradiation by the glass window of the oven.

Illuminance was at 7500 lux with 200 µW/lm. For aging without UV, an additional

commercial UV-filter (cut-off at 410 nm) was placed between the lamps and the samples.

For a description of the he cw-EPR and graphite-assisted laser desorption/ionization

experiments see Chapter 4.7.

UV/VIS spectroscopy: samples were solved in Tetrahydrofuran (THF) for UV-spectroscopy

(Fluka, switzerland), or in freshly distilled THF (also Fluka). Concentrations were 5 mg/ml

for the fresh resins and ca. 2mg/ml for the aged samples. Spectra were measured in quartz

cuvettes with a Uvikon 940 spectrophotometer (a 2-beam instrument), Kontron Instruments

(Watford, Herts, UK).

GPC analysis was carried out using a Merck-Hitachi HPLC Pump L-7100, a Merck-

Hitachi Column Oven L-7360, a Merck-Hitachi UV-Detector L-7400, a Merck-Hitachi RI

Detector L-7490 and two coupled columns Shodex GPC KF-802.5 and Shodex GPC KF-

803L. Data was read out by a Merck-Hitachi D-7000 Chromatography Data Station
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Software. The samples were solved in THF for HPLC (Fluka, switzerland) and analyzed

with a flow rate of 1 ml/min. Oven temperature was 40¡C. Analytes with masses > 50 kDa

are not resolved on the column and appear as a hump at 11 min. elution time. Conversion of

elution time to molecular mass was made by polystyrene standards.

GC-MS analysis was carried out by Raymond White at the National Gallery London. A

small sample of resin or varnish was taken up in a mixture of DCM/MeOH (9:1) and then

(Trimethylsilyl)diazomethane (2M in hexanes) was added in excess (i.e. until there was a

persistent yellow color to the solution). The vial was then sealed and the sample warmed at

~70 ºC for a few minutes and then left to stand for ~10 mins. The sample was then gently

taken to dryness by warming at 70 ºC under a gentle nitrogen stream. This removed volatile

silyl by-products. The sample was then redissolved in DCM/MeOH (9:1) prior to injection.

The samples were prepared just prior to injection. 

Gas chromatography-mass spectrometry: The sample was centrifuged before injection and

1 µl aliquot was injected. Analysis was carried out on a Trio 2000 quadrupole mass

spectrometer, coupled to a Hewlett-Packard 5890 Series II gas chromatograph. 30 m x 0.32

mm bore BPX5 coated silica capillary column with 1 µm film thickness (5% phenyl

(equiv.) polysilphenylene-siloxane stationary phase). GC conditions: injector temperature

270 ºC, helium carrier, column head pressure 7 psi, column programme: 70 ºC (for 1

minute) and then rise at 10ºC per minute to 290 ºC (held for 60 minutes), line temperature

290 ºC. GC operated in splitless mode (with injector purge stopped for 2 mins during

injection). MS conditions: 70eV electron impact (EI+), source temperature 210 ºC, scan

range 40 to 600 Da, scan time 1 second, interscan time 0.1 second.
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6 Aging of Triterpenoid Resin Varnishes - Part II

 

Abstract

 

This study shows evidence that aging processes in dammar and mastic varnishes are much

more vigorous and dramatic than generally believed. Radical concentrations in aged

varnishes change considerably within few hours after change of illumination conditions. In

unaged resins, large amounts of radicals develop within weeks after application as a

varnish, due to the greatly increased surface to volume ratio. This is true for all aging

conditions, including aging in darkness. Considerable oxidation takes place within a very

short time. After a few months, most of the initial triterpenoids are oxidized. Even the

composition of few weeks old mastic varnishes is considerably changed compared to bulk

mastic. The influence of aging conditions, light and its wavelength distribution, as well as

resin composition, are considered. Changes are studied by a broad variety of analytical

methods, EPR, GC-MS, GALDI-MS, FTIR, and UV/VIS spectroscopy. Natural aging in

light and darkness leads to the same main aging products, differing mainly in total amount

of oxidation, and more low molecular weight products at high light intensities. The lack of

mastic polymer enhances oxidation, but reduces yellowing. It is concluded that the polymer

acts as a natural radical stabilizer and contributes to the pronounced intrinsic yellowing

predisposition of mastic. The manipulation of resin composition appears to be a promising

way to improve the aging properties of triterpenoid resin varnishes.

 

6.1 Overview

 

Some general aspects of aging of triterpenes and triterpenoid resins were described in

Chapters 3 and 4. Here, the aging processes will be considered more closely. Five different

analytical methods were used: EPR, UV/VIS, GALDI-MS, GC-MS, and FTIR

spectroscopy. The aim is not only to monitor the very beginning of natural aging under

different conditions, but also to elucidate the influence of resin composition on aging

properties, as anticipated in Chapter 5.

A kinetic EPR study sheds light on the processes of radical formation/termination in

dammar and mastic films as well as in pulverized samples. It allows conclusions about the

rate and dynamics of the rise of radical concentrations as a function of illumination

conditions. 
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6.1 Overview

 

Dammar and five different mastic resins were naturally aged under different conditions, in

darkness, under museum conditions (low amounts of light without UV) and in a window

(high amounts of light with UV, 

 

λ

 

 > 330 nm). The influence of these aging conditions on

radical formation, oxidation and yellowing of the different resins in the very beginning of

aging was studied.

It is not clear whether the reduced yellowing of the mastic harvested in darkness reported in

Chapter 5 is due to the missing mastic polymer, or rather the high abundance of

polypodatriene components. Two artificial aging studies are designed to evaluate the

influence of resin composition on long-term aging behavior of mastic, beyond the results of

the two aging series reported in the previous chapter. The polymer part of mastic was

removed by precipitation with methanol. To the polymer-free material, the separated

polymer was added again at ca. 20 wt% and 40 wt%, respectively. This procedure allowed

comparison of mastic polymer content on aging properties. An overview of aging

conditions and materials tested is given in Table 6.1.

 

Table 6.1:

 

Overview of natural and artificial aging studies discussed in this Chapter.

Natural Aging Artificial Aging 1 Artificial Aging 2

Types of Resin 
(Year of harvest)

Dammar Dammar Dammar

commercial mastic     
(Kremer)

commercial mastic      
(Grogg)

harvested in darkness 
old trees 2001

harvested in darkness 
young trees 2001

harvested in darkness 
2000                

young trees 2001
4 days of sunlight      

harvest 2000
Large Tears #1       
harvest 1999

Small Tears #1        
harvest 2000

Large Tears #3        
harvest 2000

without Polymer     
(Large Tears #3)   

harvest 2000

without Polymer     
(Small Tears #1)   

harvest 2000

without Polymer     
(Large Tears #3)   

harvest 2000
Small Tears #1        

with added polymer
Large Tears #3        

with added polymer

Aging conditions natural conditions  
dark/museum/daylight

fluorescence lamps     
with glass filter       

60°C

fluorescence lamps     
with glass filter       

40°C, then 60°C dark

film thickness 4 ± 1 µm variable 20-25 µm
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6.2 Natural aging series of dammar and mastic

 

To monitor the changes in the beginning of aging of triterpenoid resin varnishes, thin films

were prepared from six different resins:

1.  

 

Dk:

 

 Mastic, harvested in 

 

d

 

ar

 

k

 

ness

2.  

 

Cm:

 

 

 

C

 

o

 

m

 

mercial mastic (several years old)

3.  

 

Dm: D

 

a

 

m

 

mar

4.  

 

Li:

 

Mastic, harvested after 4 days in sun

 

li

 

ght

5.  

 

LT

 

: Best commercially available mastic, 

 

L

 

arge 

 

T

 

ears #1 (only 2 years old)

6. 

 

WP:

 

Mastic 

 

w

 

ithout 

 

p

 

olymer

The varnishes were aged in darkness, under museum conditions (low amounts of UV-free

light, Art Museum Zurich) or in a window (high amounts of light with UV, 

 

λ

 

 > 330 nm),

respectively. Samples were taken after 0, 1, 3, 7, 12, 19, 24 and 42 weeks of natural aging.

The changes in the dammar and different mastic varnishes were monitored using EPR,

GPC, UV/VIS, GALDI-MS, GC-MS and FTIR spectroscopy.

In this chapter, the kind of resin as well as the aging conditions are abbreviated as follows:

The two-letter code (Dk, Cm, Dm, Li, LT and WP, see above) corresponds to the kind/

composition of the resin, and the aging conditions are indicated by 

 

D

 

 (aged in 

 

d

 

arkness), 

 

M

 

(aged under 

 

m

 

useum conditions) or 

 

L

 

 (aged in 

 

l

 

ight, in window), respectively.

Examples: Dk D is mastic harvested in darkness and aged in darkness.

Dk L is mastic harvested in darkness and aged in a window (with light).

Dm M is dammar aged under museum conditions.

Li D is mastic harvested after 4 days in sunlight and aged in darkness.

 

6.2.1 Kinetics of radical formation/termination in resin samples

 

Unfortunately, the EPR measurements show a rather high (estimated) error of 20%. This

can partly be explained by sample inhomogenities or instrumental parameters and

geometry (see Chapter 2). However, it is also obvious that the amount of radicals in a

sample decreases with time after sampling. Since the time between sampling and EPR

measurement could not be neglected with the varnishes aged in the Art Museum Zurich,
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these results needed to be corrected. Therefore it was necessary to determine the short-term

kinetics of radical formation/termination in dammar and mastic, both as a varnish and as a

(pulverized) sample for EPR analysis.

From this kinetic study, the following conclusions can be drawn:

• Aged dammar and mastic varnishes react within few hours to changes in illumination

conditions, and corresponding changes in radical concentrations can be observed.

• The stability and thus the nature of radicals abundant in darkness seems not to be very

different from the radicals abundant in light. A portion of the radicals is terminated with

a very similar rate (lifetime 

 

τ

 

 = 3-5 h). This phenomenon would not be observed if most

of the radicals formed in light were very reactive, and only the stable radicals would

survive in dark storage. The abundance of large amounts of radicals is rather explained

by large formation rates from precursors such as peroxides, exceeding the termination

rates. Thus the fast decrease in radical content within a few hours reveals a very

dynamic and vigorous nature of the aging processes. This conclusion is further sup-

ported by the fact that the oxidation is very strong even in darkness and over a short

time (see below, and Chapter 4). The radicals must be very reactive to incorporate these

large amounts of oxygen into the resin components.

• The decrease in radical content of light aged varnishes put into darkness depends on the

surface/volume ratio: it is higher in a pulverized than in an intact varnish. Thus, the

decrease seems not only to depend on recombination reactions of two radicals, but also

on more complex surface processes.

Table 6.2 shows a very strong increase within the first 1.5 h of the radical concentration in a

dammar varnish kept in darkness for 3 years and exposed to artificial indoor light. Light

intensity was rather low, 270 lux with 60 

 

µ

 

W/lm. Although the amount of radicals still

increases during a few days of continuous light exposure, the main increase definitely takes

place very quickly, within few hours.

In the light exposed varnishes put in darkness, the radical concentrations decrease notably

in the first few hours as well, but stay at a high level even after several days of dark storage.

Samples of varnishes placed in an EPR tube in 

 

pulverized

 

 form show a stronger decay of

radical contents in Figure 6.1. While for each measurement in Table 6.2, a new sample had

to be taken and measured immediately by EPR, the six samples (Dk D, L; Cm D, L; Dm D,

L) studied in Figure 6.1 were only taken once and measured repeatedly. The EPR tubes
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Table 6.2:

 

Development of radical content [nmol/g] 

 

in films

 

 of dammar (film thickness
ca. 6

 

µ

 

m) after change of the illumination conditions. Films stored for 3 years in darkness
were exposed to artificial indoor light (fluorescence tubes), and films of the same series,
aged for 3 years in a window, were put into darkness.

 

time [h] darkness --> light light --> darkness

0

 

8.8

 

20.9

1.5

 

16.9

 

16.4

3.5 17.3 17.3

7 15.8 14.2

24 21.6 15.3

101 24.8 17.5

 

Figure 6.1:

 

Decay of radical content 

 

in pulverized

 

 dammar and mastic samples in EPR
tubes. Samples were taken from varnishes aged for 12 weeks in sunlight (solid symbols) or
darkness (open symbols) and subsequently stored in darkness. For comparison with the
situation in an intact varnish, the data of the last column in Table 6.2 is also depicted.
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were wrapped in aluminum foil for protection of the samples from light between

measurements.

From Figure 6.1 we can learn several things:

• The amount of radicals in samples aged in light is 2-3 times higher than in samples

aged in darkness, as seen in Chapter 4.

• Dammar contains more radicals than dark harvested mastic, and commercial mastic

contains even less, for both aging conditions.

• In the beginning, the decrease in radical content is exponential with a lifetime 

 

τ

 

 of 3 to

5 h. During the following months, the radical concentrations decrease at a much lower

rate (data not shown).

• The initial decrease is larger in the pulverized samples than in an intact varnish when

put into darkness.

Although the data suffers from an error of 10 - 20% (cf. Chapter 2.2.1), the fits display a

very similar behavior for all samples, with exception of dammar aged in darkness (Dm D).

Thus, as a first approximation, the behavior of the radicals formed in darkness is not too

different from the radicals formed in light, e.g. a somewhat smaller portion of the radicals

is terminated with the same rate. Thus, the stability and reactivity seems to be quite similar.

As mentioned above, the radicals remaining after few hours are probably not stable radicals

with low termination rates, because in that case, the strong oxidation of triterpenoids in

darkness (cf. Chapter 4) could not be explained. Rather the formation rate of radicals is

large enough to maintain a significant amount of radicals in darkness, e.g. by decay of

peroxides or other radical precursors. The lower initiation rate after transfer of the varnish

from light to darkness reduces the amount of radicals within 3 - 5 hours. The slow

subsequent decrease in amount of radicals observed in the samples of Figure 6.1 during the

following months (data not shown) could be explained by the depletion of the radical

precursors. Since the remaining radicals still form new peroxides, the radical concentration

never reaches zero. The initial decrease in dark aged samples is probably due to the higher

surface to volume ratio in the powder, and radicals are terminated more efficiently with the

larger surface.

It is not completely clear whether the pulverization of varnishes significantly increases the

amount of radicals. However, there is no hint that this would significantly bias the results.



 

128

 

6 Aging of Triterpenoid Resin Varnishes - Part II

 

The bias would probably be more or less constant and just add to the actual value. The data

presented here does not support such a conclusion, since a relatively high amount of

radicals explains the rapid oxidation of triterpenoids presented later in this chapter, and in

Chapter 4. Additionally, the aged varnish “D” in Table 4.2 was not pulverized prior to

analysis, but one year earlier, and it revealed the same amount of radicals as the freshly

pulverized sample.

Another important consequence of Figure 6.1 is the extrapolation of the fits to correct the

EPR measurements for the delay between sampling and data acquisition. This was

necessary for the results of the natural aging series (Table B.1 in Appendix).

 

6.2.2 Illumination conditions for natural aging series

 

For the aging of organic compounds in light, both the amount and wavelength distribution

of the light are crucial (Ref. 

 

[1]

 

, pp. 63-89). Van der Doelen et al. demonstrated that ketones

are almost quantitatively degraded to acids by Norrish reaction in xenon arc

weatherometers, where the amount of UV light (

 

λ

 

 > 320 nm) is high 

 

[2]

 

. In contrast, these

degradation products were not found in samples aged with fluorescence tubes and in

naturally aged varnishes from paintings. Therefore, a quantitative description of the

illumination conditions is necessary for the interpretation of the results of the natural aging

series.

The spectrum of sunlight in the window at ETH Zurich, where the samples were naturally

aged, is depicted in Figure 6.2. It can be seen that the window glass protects the varnishes

from UV light with wavelengths shorter than 340 nm, and significantly reduces the amount

of light up to 400 nm. Surprisingly, the natural sunlight measured in Zurich in March

contained no light with wavelengths shorter than 305 nm, although sunlight is usually

considered to contain light down to 295 nm (Ref. 

 

[3]

 

, p 130). On the other hand, this data is

true for a zenith angle of 0°, which the sun in Zurich can never reach. If the zenith angle is

larger due to latitude or time of day, the short-wavelength light is scattered more efficiently,

and the spectral irradiance is changed accordingly. This factor can explain the spectra of

Figure 6.2. As a consequence, the UV part of sunlight through window glass is actually

lower than usually expected, and its influence in natural aging overestimated, as found by

van der Doelen et al. 

 

[2].
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It is important to note that light intensities in a window are extremely high, from a few

thousand lux up to ca. 30’000 lux. In the window at ETH Zurich, 5’000-7’000 lux were

measured under a clear sky with indirect illumination, at the beginning of June, with ca.

200 µW/lm UV. Direct illumination by the sun resulted in over 27’000 lux. It is obvious

Figure 6.2: Solar spectral irradiance of sunlight through window glass (upper) relevant
for this study’s natural aging in light. The filter effect of the glass in the UV range of the
spectrum is depicted in the lower graph.
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that these illumination conditions are more similar to artificial aging than natural indoor

aging relevant for paintings (recommended 150-200 lux, Ref. [4] p. 23).

The aging under museum conditions took place in an exhibition room of the Art Museum

Zurich. The light is composed of sunlight and light from fluorescence tubes. Both light

sources enter the exhibition room through windows in the ceiling equipped with a UV filter.

The illumination is rather low but variable due to the changing amount of natural sunlight

(max. 300 lux). The spectrum of light measured at the aging location at the Art Museum

Zurich is depicted in Figure 6.3. The spectrum of the fluorescence tubes alone are also

depicted to estimate the fraction of the sunlight. It can be seen that the UV filter efficiently

cuts off all the light with wavelengths shorter than 390-400 nm.

Figure 6.3: Spectral irradiance relevant for the natural aging under museum conditions,
measured at the Art Museum Zurich (dotted line). The light is composed of artificial light
from fluorescence tubes (solid line) and daylight. The light is UV-free due to filters with a
cut-off around 390 - 400 nm.

[W
 m

-2
 n

m
-1

]

800700600500400300
wavelength [nm]



131

6.2 Natural aging series of dammar and mastic

6.2.3 EPR analysis of natural aging series

Six different triterpenoid resins were naturally aged without light, with UV-free light

(museum conditions) and sunlight with UV (see above). The influence of the light

conditions are crucial for the amount of radicals found in a varnish (Figure 6.4). The

differences between the aging conditions are larger than the differences between the

varnish materials.

After a 10 week period, the radical concentrations have reached a high level in samples

aged in the window. The increase is probably also due to the increase in seasonal

illumination, since the aging was started in January. The decrease at the end of the 42 week

evaluation period can presumably also be attributed to declining solar irradiance in the fall.

Generally, the varying illumination due to changing weather conditions can greatly

Figure 6.4: Radical concentrations in naturally aged varnishes. Samples were aged in a
window (red), under museum conditions (UV-free light, green), and in darkness (black).
The dotted lines indicate dates of measurement. With exception of the last measurement
after 42 weeks, the amount of radicals is doubled in UV-free light compared to darkness,
and tripled in light with UV. The radical concentrations in the window are also influenced
by the amount of sunlight, i.e. time of the year (top of graph).
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influence the results of a specific measurement and explain fluctuations, which are larger

for the samples aging in a window.

Figure 6.5: Radical concentrations in varnishes naturally aged in darkness (upper),
museum conditions (middle) and window (lower). The information is identical with
Figure 6.4, but differentiated by varnish material. Error bars indicate 20% estimated error
for selected data. (Abbreviations: cf. beginning of Chapter 6.2.)
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In the varnishes aging in darkness, an increase in radical contents is visible within 12

weeks. Due to the limited precision of the method it is not clear, whether or not there is a

further increase after this initiation period. The same was found for varnishes aging under

museum conditions: a clear increase within 12 weeks, followed by a slight growth that may

or may not be significant. As with the samples aged in the window, the increasing seasonal

illumination probably contributed to the initial increase of the first 12 weeks, since the

samples aging under museum conditions are also partly illuminated by (UV filtered)

sunlight. The additional constant illumination with artificial light may explain why the

radical concentrations did not decrease in fall, as observed for the samples in the window.

In comparison with data presented in Chapters 4, 5.4 and 6.3, the radical contents in the

samples aged in darkness and under museum conditions after 42 weeks seem unusually

high. Presumably, this is the result of the very low varnish thickness of only ca. 4 µm. Since

the radical content clearly depends on the surface/volume ratio, a varnish with a thickness

of 20 µm will have a lower amount of radicals per volume. The high surface/volume ratio

may also explain the unexpectedly small differences in radical contents of samples aged at

high (window), and low (museum) light intensities. Due to the 10 to 100 fold higher

amount of light, even more radicals would be expected in the window. However, quenching

reactions at the surface might explain the lower values found.

Figure 6.5 displays the data of Figure 6.4, differentiated by varnish material. Again the

fluctuations are rather large, but in general the materials without mastic polymer (dammar

Dm, mastic harvested in darkness Dk, and mastic without polymer WP) tend to contain

more radicals than the other mastics, and dammar often contains the most radicals. These

differences are least pronounced in the varnishes aged in sunlight, thus in the samples with

the largest fluctuations.

6.2.4 FTIR analysis

FTIR measurements reveal considerable oxidation in darkness after 42 weeks, being only

moderately stronger when aged in a museum, but much stronger when aged in a window

(Figure 6.6). An increase of absorbance is observed in the O-H, C=O and C-O region. The

small amounts of light without UV under museum conditions do not enhance oxidation

very strongly compared to darkness. Not surprisingly, however, oxidation is strongly
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increased by the much larger amounts of light, with UV, when aged in a window. This is in

agreement with the expectations, despite the rather small differences in radical contents.

Thus, at very high radical concentrations, oxidation is not proportional to the amount of

radicals anymore, as it was found in the very beginning of aging for low concentrations

(Chapter 4).

Figure 6.6: FTIR spectra of mastic harvested in darkness (Dk, upper), commercial
mastic (Cm, middle) and dammar (Dm, lower), unaged and aged for 42 weeks in darkness
(D), under museum conditions (M) and in a window (L). Similar degree of oxidation can be
seen in varnishes aged in darkness and museum, aging in light with UV considerably
enhances oxidation. Differences between the mastic materials are rather small for the same
aging conditions. Spectra were normalized to an absorbance of 1.0 at the C-H stretching
vibration band (2950 cm-1).
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Subtraction of the unaged varnishes’ spectra and integration over the area 1900-1500 cm-1

(C=O vibration) and 1500-1000 cm-1 (C-O vibration, among others) allowed an estimation

of oxidation (Figure 6.7). No quantitative conclusions are drawn from the O-H vibration

domain due to background correction difficulties. In FTIR instruments, the background is

often not a straight line, but uneven due to interferences that depend on the morphology of

the solid sample. The broad bumps in the background are impossible to separate from

broad real absorption bands like the O-H stretching vibration. Unstable background might

also influence the absorbance in the C-O vibration domain.

The differences in oxidation state of the materials studied are still relatively small, and

problems with background, sample inhomogenities, superposition of absorptions of other

Figure 6.7: Changes in absorbance of the C=O (1900-1500 cm-1, upper) and the C-O
bands (1500-1000 cm-1, lower). The absorbance is integrated, and the absorbance of the
unaged varnishes subtracted. Oxidation in darkness and museum are similar, but much
stronger in light with UV.
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IR-active species and differences in sensitivity of analytical methods toward a broad range

of compounds contribute to a remaining uncertainty. For example Large Tears #1 (LT)

shows a relatively large increase in integrated absorbance in the C-O vibration domain, but

a low increase in the C=O domain. Further aging is needed to draw accurate conclusions

from FTIR data.

6.2.5 GALDI-MS analysis

The complete set of GALDI mass spectra of the natural aging series is depicted in the

Appendix. When comparing the spectra, it must be kept in mind that the composition of the

initial resins was different, thus the distribution of aging products is different as well. The

resins Dk and Li contained larger amounts of triterpenoids appearing at m/z 465/467 in the

mass spectra, but Cm, LT and WP contained more triterpenoids appearing at m/z 477, thus

with one oxygen atom more in the fresh, unoxidized compounds. Consequently, the

oxidation products will have slightly different masses: for m/z 465 mainly m/z 481,497,

513 etc., but m/z 493, 509 etc. for m/z 477, see Chapter 3.

As could be expected, and seen with FTIR, very fast and very strong oxidation occurred in

all materials and under all aging conditions, also in darkness (Figure 6.8). Again it is

confirmed that aging pathways are similar with and without light, since mass spectra of

dark aged varnishes are not different from varnishes aged in a window, if the oxidation state

is more or less the same. However, it is also obvious that differences in dark and light aging

exist and accumulate with time. For example the large amounts of decomposition products

with masses lower than the initial triterpenoids, as seen in the varnishes aged for 42 weeks

in light, might be a consequence of light aging. It is not clear whether these low molecular

weight components ever develop to the same degree in darkness. Comparison with 16 year

old naturally aged samples, kept in darkness for a long time and kindly provided by the

Swiss Institute for Art Research, suggests that this might not be the case, i.e. that large

amounts of decomposition products are specific for light aging. However, since the

accurate aging history of these samples is not known, conclusions are difficult to draw.

The general conclusion found by FTIR is confirmed by GALDI-MS: after 42 weeks of

aging, oxidation under museum conditions is only moderately stronger than in darkness,

but much weaker than in light with UV. This is not surprising, since it is well known that
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the UV part of light causes the strongest damage, and light intensities are much higher in a

window than in a museum in general. On the other hand, this finding is surprising

compared to the EPR results, where the amounts of radicals in the window were found to

be lower than expected for the amount of light.

Figure 6.8: GALDI mass spectra of dammar varnishes: fresh (upper), naturally aged for
7 weeks in a window (2nd), and aged for 31 weeks in darkness (3rd) and window (lower).
The oxidation state is similar after 7 weeks in light and 31 weeks in darkness. The
resemblance of the spectra suggests that aging pathways are similar in light and darkness.
This was found for all tested materials (cf. Appendix). However, large amounts of
degradation products (m/z < 460) might be characteristic for light aging. (The signal at
m/z 413 is a contaminant in the spectrometer.)
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Comparison of the different resins revealed a stronger and faster oxidation in the materials

without mastic polymer (WP, Dk and Dm). Differences are observed over the whole aging

period and under all aging conditions, but are not always as distinct as in Figure 6.9. In

general, progressive oxidation is in the order of LT < Li < Cm, Dk < WP. Interestingly, this

correlates well with the EPR data, although EPR is not as accurate as GALDI-MS. As a

conclusion, the mastic polymer acts as a natural radical stabilizer; it reduces the amount of

radicals and oxidation.

6.2.6 GC-MS analysis

Four of the varnishes (Dk, Cm, WP and Dm) were analyzed by GC-MS at the National

Gallery London. Samples were taken after 1 and 42 weeks of aging in darkness and in a

window.

Several conclusions can be drawn from the chromatograms:

• In accordance with GALDI-MS and EPR measurements, dramatic changes in the com-

position of dammar and mastic varnishes are found to occur on a very short time scale,

within the first few months or even weeks of aging, in both light and darkness. Large

changes are also observed between bulk resins and fresh varnishes.

• Determination of composition of aged resins with GC-MS is problematic since not all

aging products are visible to the same extent. The main oxidation products detectable

by GC-MS degrade further and are not accumulated. As a consequence, the ratio of ini-

tial triterpenoids and main oxidation products is not subject to major changes after

beginning of oxidation, and gas chromatograms of aged resins look similar after few

months or decades, differing mainly by absolute intensities.

• Changes between fresh and aged resins observed by GC-MS correspond well with

changes in GALDI-MS, both whether selected compounds or the resin as a whole are

considered. This is true although direct conclusions are problematic since more than

one compound can contribute to a signal in GALDI-MS.

• Even large amounts of direct natural sunlight through window glass do not lead to any

detectable A-ring cleavage products of triterpenoids. These are found in large concen-

trations in artificially xenon arc aged samples [2]. Hence, xenon arc aging does not sim-

ulate even harsh natural aging. These aging devices contain far too much UV, and do

not simulate natural sunlight, as often believed.
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Figure 6.9: GALDI mass spectra of mastic with polymer (Large Tears #1) and without,
naturally aged for 42 weeks in darkness or in a museum. In both cases, mastic without
polymer is more strongly oxidized.
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Figure 6.10: Gas chromatograms of dammar, naturally aged for 1 (upper) and 42 weeks
(middle) in darkness, and 42 weeks in a window (lower, inset: magnification). The initial
triterpenoids are oxidized to a large extent even after 42 weeks of dark aging. After 42
weeks of natural aging in a window, even the primary oxidation products are further
decomposed. The labels refer to Table 6.3 (Oct: ocotillone type oxidation products).
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Figure 6.11: Gas chromatograms of dark harvested mastic, naturally aged for 1 (upper)
and 42 weeks (middle) in darkness, and 42 weeks in a window (lower). The labels refer to
Table 6.3 (Oct: ocotillone type oxidation products, TNL: trisnorlactone type dammarane
oxidation product).
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Table 6.3: List of compounds identified by GC-MS. Approximate retention times and
masses of the base peak (B+) and molecular ion (M+) are also given. Labels F stand for
initial compounds in fresh resin, OP for oxidation product.

Approx 
r.t. [min.]

Label Fig. 
6.10, 6.11 

Compound B+/M+

33.9 OP1 Hexakisnor-dammaran-3,20-dione 95, 358
43.3 F2 Tirucallone 69, 424
43.7 F3 (8R)-3-Oxo-8-hydroxy-polypoda-13E,17E,21-triene 81, 442
44.4 F4 Dammaradienone 109, 424
44.7 F5 Tirucallol 69, 426
45.4 F6 nor-β-Amyrone 204, 410
45.5 F7 (3L,8R)-3,8-Dihydroxy-polypoda-13E,17E,21-triene 69, 444
45.8 F8 β-Amyrone 218, 424
45.9 F9 Dammaradienol 109, 426
47 10 28-Norolean-17-en-3-one 163, 410

47.3 F11 β-Amyrin 216, 426
47.3 F12 nor-α-Amyrone 204, 410
48.4 OP13 20,24-Epoxy-25-hydroxy-3,4-seco-4(28)-dammaren-3-

oic acid, Me ester
143, 473

49.1 F14 Dammarenolic acid, Me ester 109, 454
50 F15 α-Amyrin 216, 426

53.9 F16 17β-Hydroxy-28-norolean-12-en-3-one 202, 408 [426]
53.9 OP17 3,4-Seco-2-carboxy-25,26,27-trisnor-4(28)-dammareno-

24,20-lactone, Me ester
99, 444

55 F18 Moronic acid, Me ester 189, 468
56.5 F19 Oleanonic acid, Me ester 203, 468

56.5+ OP20 20,24-Epoxy-25-hydroxy-dammaran-3-one 143, 443
57 F21 3-Oxolup-20(29)-en-28-oic acid, Me ester 189, 468

57.5 F22 Hydroxydammarenone 109, 424
58.8 OP23 20,24-Epoxy-25-hydroxy-dammaran-3-ol 143, 401 [460]
58.9 F24 Oleanonic aldehyde 203, 438
59.9 F25 Dammarenediol 109, 426
60.9 F26 Ursonic acid, Me ester 203, 468
61.7 F27 Isomasticadienonic acid, Me ester 95(453), 468
63.5 F28 Ursonic aldehyde 203, 438
63.8 OP29 3-Oxo-25,26,27-trisnordammarano-24,20-lactone 99, 414
68.4 F30 Masticadienonic acid, Me ester 95(453), 468
70 F31 3-O-acetyl-3epiisomasticadienolic acid, Me ester 95(437), 512

72.8 OP32 17-Hydroxy-11-oxo-nor-β-amyrone 216, 440
75.3 F33 11-Oxo-oleanonic acid, Me ester 217, 482
76.7 OP34 3,12-dioxo-olean-28-oic acid, Me ester 218, 484
77.2 OP35 17-Hydroxy-11-oxo-nor-α-amyrone 275, 440
79 F36 3-O-acetyl-3epimasticadienolic acid, Me ester 95(437), 512

81.1 F37 Hydroxyhopanone 149, 442
81.3 OP38 11-Oxo-ursonic acid, Me ester 317, 482
95.1 OP39 Oxidised oleanane type 95(233), 468
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The gas chromatograms of dammar (Figure 6.10) show that after only 42 weeks of dark

aging, the main part of the initial triterpenoids is oxidized. Oxidation can easily be

followed since the main components with dammarane structures in fresh dammar (F14,

F25, Table 6.3) have one main (ocotillone type) oxidation product (OP13, OP20). After 42

weeks of aging in a window at high light intensities, even the oxidation products have

degraded further. The very fast oxidation of dammar and mastic varnishes was also

confirmed by an independent GC-MS study in the meantime [5].

The oxidation products found in the samples aged for 1 week probably did not only

develop during the 1 week aging time, but also during the storage period until the GC-MS

analysis was performed together with the samples aged for 42 weeks. Samples were stored

in a fridge for most of this time.

The gas chromatograms of mastic show a picture different from dammar (Figure 6.11).

After 42 weeks of dark aging, the chromatograms of all three studied mastic types (Dk, Cm

and WP) look still very similar to the 1 week old samples. Nevertheless it is clear that aging

is as progressed as in dammar, which is confirmed by all other analytical methods. Thus,

interpretation of oxidation state with GC-MS is problematic. From Chapter 3 it is obvious

that aging of a single triterpene results in hundreds of oxidation products. Nevertheless,

only few of them are actually known (Ref. [6], Table 6.3), and unidentified trisnorlactone-

dammaranes and ocotillone type aging products can be found in the chromatograms. While

for dammarane structures, only a few aging products are predominant, this seems not to be

the case for the mastic main components, euphanes and oleananes. Their aging seem to

result in several oxidation products with individually lower concentrations than the few

dammarane oxidation products. As a consequence, they are not yet identified in GC-MS.

Since only the initial euphane and oleanane structures are apparent in the chromatogram,

the oxidation state is easily underestimated. The oxidation products can easily be seen in

GALDI-MS, however.

It is most remarkable that the GC-MS of the 1 week old mastic varnishes studied (Dk, Cm,

WP) are all very similar to each other, although the initial bulk mastic differed

considerably, as seen in Chapter 5. This can be explained by fast oxidation of the most

susceptible components during the one week aging period and storage time between

sampling and GC analysis (see above), leaving only the more stable compounds. Thus,

initial differences in composition are quickly leveled out, and GC-MS traces look similar.
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For example the gas chromatogram of the dark harvested mastic varnish (Figure 6.11,

upper) is very different from the initial bulk resin (Figure 5.14, upper) in Chapter 5,

although it is the same material. Polypodatriene compounds F3 and F7,

hydroxydammarenone F22 and oleanonic aldehyde F24 are greatly diminished in the

slightly oxidized varnish compared to the bulk resin. Indeed these are the compounds that

are expected to be most prone to oxidation due to the vulnerable unsaturated side-chain or

aldehyde functional group, respectively, which is well known to oxidize quickly [7].

GALDI mass spectra of the fresh, unaged varnish still show the expected, unchanged

pattern (Figure 6.12, upper) with large amounts of the mentioned components (m/z 461 for

F24; m/z 465 for F3, F22; m/z 467 for F7). After 7 weeks of dark aging, these signals have

diminished more than average compared to e.g. m/z 449, 463 or 477, as expected by the gas

chromatograms after 1 week. Additionally, the chromatograms are dominated by the signal

of moronic acid (F7), which is particularly stable toward aging [5, 6, 8, 9]. This behavior can

also be seen in GALDI-MS (Figure 6.12), where the signal intensity at m/z 477

(corresponding to the mass of moronic acid) is always higher than that of the corresponding

oxidation product (m/z 491/493). It can easily be seen that this is not the case for the signal

corresponding to hydroxydammarenone (m/z 465). Even after short aging in darkness, the

signal intensity at the main aging product (m/z 481) is clearly higher. However, other

components contribute to the signals in GALDI-MS, and clear quantitative conclusions

cannot be drawn without GC-MS analysis.

It is most important to note that e.g. the polypodatriene compounds F3 and F7 have almost

completely disappeared after very short time, and no known oxidation products can be

identified in the gas chromatograms. This means that from the chromatograms in

Figure 6.11, no conclusions can be drawn about the initial amounts of these compounds.

The same may be true for other components.

Once the oxidation has started, the gas chromatograms of varnishes aged for only few

months (Figure 6.10, Figure 6.11) look very similar to chromatograms from varnishes aged

for many decades on paintings [2, 5, 9-11]. This shows that initial triterpenoids and primary

oxidation products degrade continuously with similar rates, thus there is no pronounced

accumulation of oxidation products, and initial triterpenes are found in similar relative

amounts in varnishes of all ages. Instead of accumulation of single compounds, the

diversity of compounds greatly increases. These are not resolved by GC-MS, but are seen

only as an increased background and decreased absolute intensities in strongly aged
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samples (light aged sample chromatograms Figure 6.10, Figure 6.11, and Ref. [10]). This

again correlates very well with the GALDI-MS results.

Advanced oxidation can explain the rapid decrease in total amount of triterpenoids

analyzable by GC-MS. To date, this was explained by polymerization [10, 12]. This study,

however, gives evidence that oxidation is clearly fast and extensive enough to explain why

Figure 6.12: GALDI-MS of mastic harvested in darkness: fresh varnish (upper), aged for
7 weeks (middle) and 42 weeks in darkness (lower). The signal intensities at m/z 461/467
decrease over average compared to e.g. m/z 463, 477, which correlates well with changes
observed by GC-MS. The ratio of m/z 465/481, and m/z 477/493 can also be explained by
variable stabilities of single compounds, although most signals are caused by more than
one compound, and signal assignments are therefore ambiguous.
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the main part of aged triterpenoids cannot be analyzed by GC-MS. Considering that up to

seven oxygen atoms or more can be incorporated into a single molecule (Chapter 3),

polarity of the strongly oxidized compounds is too high for analysis. Derivatization of these

compounds may be insufficient if, for example, they contain too many hydroxy groups [13]. 

Polymerization, on the other hand, is actually rather oligomerization of the triterpenoids,

since only a minor part of aged resin components exceed masses of 3000 Da, as can be seen

by size exclusion chromatography [6, 14] (SEC, p. 72 of Ref. [6]). Most non-

monotriterpenoids are actually only dimers with masses around 1000 Da. Thus,

polymerization is not the formation of high molecular weight polymer, but di- and

oligomerization. Of course these components are also heavily oxidized with time, which

might reduce their volatility sufficiently to be detected only after pyrolysis in EI-DTMS

analysis [6, 10]. Actually, the study by Chiantore and co-workers gives evidence itself that

polymerization in dammar and mastic is not extensive under relevant fluorescence tube

aging conditions. The polymer part in the DTMS total ion currents is overestimated

considering the off-set and even more the normalization to 100 %, which distorts the

proportions because broadening of the peaks decreases their heights [12].

The same aging products are identified by GC-MS after natural aging in darkness and in a

window. This supports the hypothesis that natural aging in sunlight (with moderate

amounts of UV) and darkness are similar. The very high UV light intensities of direct

natural sunlight behind window glass did not lead to detectable A-ring cleavage products,

as reported to occur in artificial xenon arc aging by van der Doelen et al. [2], and confirmed

within this study (data not shown). It can be concluded that artificial aging with xenon arc

weatherometers does not simulate natural aging, and these devices do not simulate natural

sunlight, as often believed. Even large amounts of natural sunlight through window glass

do not result in large amounts of direct photochemical aging products, but rather accelerate

other aging pathways, which might be relevant also in darkness. For example, light could

enhance formation of radicals by unspecific pathways, such as cleavage of peroxides.

Oxidation would then proceed by light-independent radical chain reactions. However, it is

again problematic to draw conclusions from GC-MS results alone. The fact that the amount

of radicals is not as dependent on the amount of light as expected, and the high amounts of

low molecular weight components in light aged samples might suggest that there are

differences between dark and light aging which accumulate with time.



147

6.2 Natural aging series of dammar and mastic

In summary, the GC-MS analysis confirms that strong oxidation takes place within few

weeks of aging in darkness and light. The composition of fresh bulk mastic is considerably

changed within short time when applied as a varnish. The initial triterpenoids and the

primary oxidation products reach a steady state of continuous decomposition and

diversification of the aging product distribution, after months, rather than decades.

6.2.7 UV/VIS analysis

UV/VIS absorbencies of varnish films can be used as a measure for oxidation, since

incorporation of oxygen often leads to chromophores which absorb in the UV and visible.

However, absorption is not strictly proportional to oxidation, because alcohols, ethers,

saturated acids and esters do not absorb light with λ > 250 nm [15]. More interesting for the

study of yellowing is the absorption at λ > 400 nm.

As seen in Chapter 4, yellowing is a complicated phenomenon due to the immense variety

of the processes leading to yellow compounds. Oxidation of the initial triterpenoids is

necessary for a build-up of colored compounds, but at least some of these are bleached

again in light [14]. 

As can be concluded from Figure 6.13, yellowing at the beginning of aging is limited by

oxidation. Absorption at 400 nm is higher in samples aged in light, although it is well

known that yellowing is more pronounced in varnishes and binding media stored in

darkness [11, 14, 16]. Thus, in light oxidation is advanced enough to produce more yellow

compounds than in darkness, despite the simultaneous bleaching. For the varnishes studied

here, the samples aging in darkness are expected to exceed the yellowing of the samples

aging in light at some future time.

It is most interesting to note that the varnish materials without mastic polymer have a

weaker absorption at λ > 350 nm (Figure 6.13). Differences are more pronounced at 350

nm and in the samples aged in darkness and under museum conditions (see Appendix). This

is true although oxidation in these resins was found to be stronger by GALDI-MS and

FTIR. The conventional model predicts that stronger oxidation should result in stronger

yellowing at the same illumination conditions. The fact that this is found to be untrue

strongly suggests that the polymer actually does play an important role in the yellowing of
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mastic, although differences are still small after 42 weeks of aging and are not yet visible

by eye (varnish thickness only 4 µm). 

The differences in absorbencies in the light aged samples are less distinct than in darkness

and under museum conditions. Since light-favored oxidation and dark reactions are

necessary for yellowing, it might be that aging at high light intensities, as in a window, do

not result in the same yellowing pattern as at low amounts of light, due to the altered

balance of the dark and light reactions. The EPR and GALDI-MS results showing

surprisingly low amounts of radicals and more low molecular weight compounds at high

light intensities could also be interpreted similarly. Further studies are needed to shed more

light on these correlations.

Figure 6.13: UV/VIS absorbencies at 400 nm of varnishes aged for 42 weeks in a window
and in darkness. Yellowing is more pronounced in light aged samples at this stage of aging.
Despite stronger oxidation, the samples without mastic polymer are clearly less discolored,
although differences are still relatively small after 42 weeks.
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6.3 Artificial aging series

To obtain more insight into long-term aging behavior of mastic, two more artificial aging

series were performed, in addition to the two aging series reported in Chapter 5. The

polymer part of the mastic was removed by precipitation with methanol, and added again to

the initial (aging series 1) or the polymer-free mastic (aging series 2). This procedure

allowed comparison of matched samples with varying amount of polymer. Results of the

new aging series were inconsistent to some extent, thus some questions cannot be answered

at this point, and more work needs to be done. It appears that varnish application of resins

is very delicate and small influences, e.g. from air pollutants in the atmosphere, may largely

influence the rate of oxidation of the fresh varnish. It is confirmed, however, that the mastic

polymer acts as a radical stabilizer and reduces oxidation. At the same time, yellowing is

enhanced slightly, despite weaker oxidation.

Peculiar behavior in both artificial aging series was found by GALDI-MS and EPR. The

unaged films of all resins of both artificial aging series were heavily oxidized after drying.

Usually triterpenoids are not oxidized during drying after application as a varnish (see e.g.

natural aging series, or artificial aging series Chapter 5, Figure 5.17). It is completely

unclear what led to this phenomenon. Comparison with the still unoxidized stock solutions

showed that the oxidation must have taken place during the drying period and not in

solution before varnish application. Among the reasons for this spontaneous oxidation may

be catalytically active impurities on the glass supports, in a solvent used for polymer

removal or solvation of the resin, as well as environmental influences. The influence of air

pollutants such as NOx or SO2 is still not well understood [17, 18].

One possible explanation for the spontaneous oxidation might be that ethers were involved

as solvents in both cases. Ethers are well known to oxidize very quickly. On the other hand,

this is a rather unlikely reason for the observed oxidation of the resins during drying, since

the THF used as solvent in the first artificial aging series was freshly distilled, thus is

expected to contain no impurities or oxidation precursors. Tertbutyl-methyl-ether, as used

for removal of the polymer in the second artificial aging series, is not prone to oxidation,

since it contains no abstractable H atom next to the ether function.

EPR study of the first artificial aging series showed surprisingly low radical contents

around 7-12 nmol/g after 880 h of aging in light with UV. In the artificial aging series
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reported in Chapter 5 (Table 5.3), values were significantly higher even after 300 h of aging

(18 nmol/g) under the same conditions. Compared to natural aging, even higher amounts of

radicals might be expected. However, the influence of artificial aging conditions on radical

contents was not studied systematically, since the emphasis was placed on yellowing

behavior. Unfortunately, no conclusions can be drawn from the artificial aging EPR data

available at the present.

Figure 6.14: GALDI-MS of mastic with variable amounts of polymer, artificially aged for
880 h. Oxidation and decomposition is enhanced with lower amounts of polymer, thus the
mastic polymer retards oxidation of the triterpenoids.
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UV/VIS analysis of the first artificial aging series revealed a low amount of oxidation

compared with the other aging studies, which is consistent with the low amounts of radicals

found by EPR. The reason for this peculiar behavior, as well as the spontaneous oxidation

before the beginning of aging, is not known, and consequently the results of both artificial

aging series have to be considered with care. However, despite the problems with

interpretation, relative amounts of oxidation and yellowing within a single aging series are

considered useful, since aberrations found were the same for all samples. Therefore,

important conclusions about the role of the mastic polymer in yellowing and oxidation can

be drawn.

Figure 6.14 depicts the GALDI mass spectra of samples aged for 880 h. Oxidation and

decomposition is much more advanced in mastic without polymer and retarded in mastic

with added polymer, compared to commercial mastic. Moreover, traces of triterpenoids

remaining in the separated polymer showed a remarkable resistance to oxidation during

aging of the pure polymer. This shows clearly that the mastic polymer slows down

deterioration of triterpenoids.

Mastic harvested in darkness was shown to yellow significantly less than conventional

mastic in Chapter 5. To evaluate whether this phenomenon is due to the missing polymer,

the yellowing of samples with different amounts of polymer was studied. The expected

influence of the polymer on yellowing was indeed found in the artificial aging studies. Pure

polymer revealed a fast and strong yellowing when aged (Figure 6.15). Polymer-free

mastic yellowed less than mastic with added polymer, although the opposite should be true

if yellowing was correlated with total oxidation. However, differences were small and not

always visible by eye (Figure 6.15, Figure 6.16).

The yellowing of dark harvested mastic was found to be in the same range as mastic

without polymer, but not significantly reduced compared to commercial mastic. This is in

contrast to the results of the two earlier aging studies presented in Chapter 5.

Assuming that the problem leading to oxidation during drying also led to the much smaller

differences in yellowing behavior in the aging studies described here, all data could be

explained. If this was true, the polymer might effectively be the reason for the enhanced

yellowing predisposition of mastic compared to dammar. The dammar polymer has a very

different structure and cannot act in an analogous manner. However, the data is not
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Figure 6.15: Development of UV/VIS absorbencies at 450 nm in varnishes artificially
aged in light (series 1). Red lines correspond to samples with mastic polymer, black lines to
resins without polymer.

Figure 6.16: UV/VIS spectra of varnishes artificially aged for 1300 h in light followed by
150 h in darkness at 60°C (aging series 2). An increase in absorbance can be seen with
increasing amount of polymer. Dark harvested mastic is in the range of polymer-free
mastic, and dammar absorbs significantly less. However, differences are small and not
visible by eye (see text for more details).
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completely clear at this point, and more work is needed. Despite the problem with data

interpretation, the mastic polymer is considered to be a radical stabilizer that reduces

oxidation and amount of radicals in a varnish during aging, and enhances yellowing at the

same time.

6.4 Conclusions

Changes in composition of dammar and five different mastic varnishes in the beginning of

aging were monitored by a broad range of analytical methods. Aging processes are found to

be much more vigorous and dramatic than generally believed. Radical concentrations in

aged varnishes change considerably within few hours after change of illumination

conditions. In fresh resins, large amounts of radicals develop within weeks after application

as a varnish due to the greatly increased surface to volume ratio. This is true for all aging

conditions, even for darkness. As a consequence, considerable oxidation takes place within

a very short time. After few weeks, the most sensitive compounds are oxidized, and the

composition of the varnish considerably changed compared to fresh bulk mastic. After few

months, most of the initial triterpenoids are oxidized. The initial triterpenoids and the

primary oxidation products react further with similar rates, resulting in a very diverse and

broad distribution of aging products without pronounced accumulation of single

compounds. Several reasons may explain why the rapid oxidation and aging were

underestimated until recently. First, there were no really fresh resins available, and the

commercial resins, considered fresh, are actually in advanced stage of oxidation. Also, only

commercial resins or extensively aged samples were usually analyzed for their

composition. In addition, the suitability of GC-MS as a usually very powerful tool is

limited for the analysis of such excessively oxidized materials. Most of the diverse products

of progressive aging cannot be seen with this method, and this explains the decreasing

amount of analyzable compounds.

6.4.1 Influence of aging conditions

Differences in light and dark aging were overestimated in the past. Radical oxidation

without initiation by light was considered to not take place. This study shows that high

amounts of radicals are abundant even in darkness, and oxidation progresses rapidly. The
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illumination conditions are crucial for the amount of oxidation, but do not alter the main

pathways of natural aging. Samples irradiated by large amounts of direct sunlight through

window glass (with UV) revealed strongly enhanced oxidation, but the same main aging

products as in darkness were found. A-ring cleavage products abundant in xenon arc aged

samples were not detected in these samples. The results of van der Doelen et al. [2] are thus

confirmed: xenon arc aging does not simulate natural indoor aging, not even under extreme

conditions. It is concluded that aging in light and darkness are similar. Light basically

increases the initiation of the radical chain reactions, and oxidation proceeds mainly by

light independent pathways. While this is considered true for the main part of the

components, it is clear that there are differences in light and dark aging, which accumulate

with time. A larger amount of low molecular weight cleavage products seems to be

characteristic for light aging, although they are also formed in darkness.

Large amounts of light as applied for artificial aging or during direct sunlight irradiation

seem not to correctly simulate the natural aging under moderate conditions. The amount of

radicals found in these samples is lower than expected by the amount of light and

oxidation. Presumably, non-radical oxidation pathways become relevant at these high light

intensities. Thus, also high amounts of natural sunlight through window glass does not

necessarily simulate the aging of painting varnishes at low light intensities, since the

proportions of light and dark reactions are not balanced in the same way.

6.4.2 Radicals give insight into aging processes

Aged varnishes react to changes in illumination conditions with significant changes in

radical contents within hours. This fast response reveals the very dynamic and vigorous

nature of the aging processes. Taking into account the very fast oxidation of the

triterpenoids even in darkness, it is obvious that the radicals found by EPR are not

unreactive stable radicals, but rather highly reactive species with a high reaction rate. In

other words, the relatively high amount of radicals in darkness cannot be explained by

accumulation of unreactive species, but rather by very dynamic radical formation and

termination processes resulting in a steady state concentration of radicals at any time.

Bleaching of dark aged yellow varnishes after transfer into light is usually explained by

activation of the colorants by light and subsequent reaction with oxygen. On the one hand,
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these reactions give a possible explanation for the very fast increase in radical contents of

dark aged varnishes after exposure to light. On the other hand, the fast increase of radicals

could also give an explanation for bleaching: the yellow compounds, presumably

unsaturated ketones, are likely to be attacked by radicals due to the delocalization of the

resulting radical. A sudden increase of radicals might result in widespread disruption of

delocalized systems, and thus bleaching. The data of this study does not prove this

hypothesis, but since the time scale for the radical formation (few hours) is faster than for

bleaching (one day), this is a realistic and probable new scenario for bleaching.

6.4.3 Influence of resin composition

Resin composition was found to influence aging behavior. Evidence is shown for the mastic

polymer acting as a natural radical scavenger: increasing amounts of polymer reduce the

amount of radicals and oxidation. At the same time, yellowing is more pronounced, despite

weaker oxidation. This is in contrast to the conventional view that weaker oxidation should

result in reduced yellowing. Thus it is concluded that the polymer plays a role in the well

known yellowing predisposition of mastic. However, differences are rather small after 42

weeks of natural aging, and accelerated aging studies gave inconsistent results. It may be

that not only the mastic polymer, but also other compounds may play a role. For example

the high amounts of polypodatriene compounds found in the dark harvested mastic from

Chios (Chapter 5) may have a connection with its substantially suppressed yellowing

predisposition. More work is clearly needed to understand the influences of specific

compounds in the fresh resin on aging and yellowing behavior.

If the mastic polymer is responsible for the pronounced yellowing of mastic, its removal

would be a very simple and straightforward way to obtain an improved varnish material for

paintings. However, other problems with this kind of material have to be expected. It is

obvious that polymer removal with methanol is not practicable on a daily basis due to its

toxicity. Ethanol is not an alternative, since a part of the polymer was found to be soluble in

ethanol. Preliminary polymer removal of large batches of mastic with methanol may be a

solution. The methanol should be evaporated at the end, and the polymer-free mastic

distributed in large beads. This has many advantages: oxidation, being a surface

phenomenon, would be reduced during storage, as in dammar. For varnish application, a

traditional solvent could then be used. However, other problems are likely to arise, e.g.
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changes in mechanical properties. Low molecular weight materials are often brittle, which

is undesirable for varnish materials. More pronounced oxidation without polymer is also

disadvantageous, since more polar solvents have to be applied for varnish removal. Thus,

there will be further problems on the way to the perfect varnish material.

However, this study shows that the aging behavior of triterpenoid resin varnishes can be

influenced by changing the composition of the initial resin, and there is a big potential for

improving the properties of natural resin varnishes, although not all influences on aging are

sufficiently understood at the moment.

6.5 Experimental

During two visits to the island of Chios in September 2000 and October 2001, mastic was

harvested near Pyrgi. The branches of the trees were wrapped in aluminum foil to protect

the resin from sunshine. The resin was collected for several days, and transferred to sealed

containers during early morning or evening, so as to avoid any exposure to direct sunlight.

Fresh commercial mastic (Large Tears #1, #3, Small Tears #1) was obtained directly from

the Chios’ Gum Mastic Growers Association (Chios, Greece). Conventional commercial

mastic was obtained from Kremer Pigmente (Aichstetten, D) or Grogg Chemie (Bern, CH),

respectively. Batavia dammar was also obtained from Kremer Pigmente.

6.5.1 Natural aging

Sample preparation for natural aging: 15 g of each resin were solved in 1.5 dl Shellsol T/

Ethanol (20 vol%) mixture. Since all resins were completely soluble in this solvent

mixture, the solutions can be considered equimolal (10 g/dl). Shellsol T was obtained from

Kremer Pigmente (Aichstetten, D), Ethanol puriss. p.a. from Fluka (Buchs, CH). The

equimolal solutions were sprayed on anodized aluminum plates (22 x 27 cm) with a

compressed-air pistol used for varnishing paintings at the Swiss Institute for Art Research.

The plates were coated 4 times each, and the varnishes left to dry for 10 min. in between.

This resulted in uniformly coated plates with a varnish thickness of 4 ± 1 µm (calculated by

mass/area, see below). The varnishes were dried for 19 days in a room without artificial

light and only a low amount of UV free daylight prior to aging.
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Natural aging was carried out simultaneously in darkness (in a drawer) and in daylight

through window glass at ETH Zurich, as well as under museum conditions at the Art

Museum Zurich. The aging under daylight conditions took place in a window facing

northwest, but with a large glass facade 20 m opposite the window, reflecting sunlight

during the whole day. Light intensities were around a few thousand lux during the day with

indirect illumination, and up to 30’000 lux during direct sunlight irradiation in summer.

Measuring procedure: Samples from the varnishes were taken by scraping an area of ca. 50

cm2, which resulted in about 20 mg of sample, thus varnish thickness was around 4 µm.

The ca. 20 mg powder was filled in an EPR tube, and the EPR analysis carried out as soon

as possible. The content of the tube was then dissolved in 5 ml freshly distilled THF (Fluka,

CH), and UV/VIS and GPC analysis was carried out simultaneously (sample conc. 4 mg/

ml). A part of the solution was further diluted to 0.08 mg/ml for more accurate

determination of UV absorption at λ < 350 nm. Special care was taken to use freshly

distilled THF and collect spectra without any delay after preparation of the solutions. Since

all solutions were more or less of the same concentration, UV/VIS and GPC spectra were

normalized to a concentration of 4.0 mg/ml (0.080 mg/ml, resp.) for direct comparison.

UV/VIS absorption is believed to follow the Lambert-Beer law (proportional to

concentration) within the narrow range of concentrations used.

Scraping the resin from the support sometimes led to strong static electrification that made

it virtually impossible to fill the fine powder into the narrow EPR tubes. In these cases, the

powder was treated with an anti-static gun (Aldrich, Milwaukee, USA). Care was taken to

not alter the intact varnish, but only the powder. Problems encountered with static

electrification seem to be connected with size of the powder particles rather than material.

Only very fine powders were problematic. Probably the larger pieces also have static

electrification, but the Coulomb repulsion is too weak to cause problems in filling the

powder in a narrow tube.

The static charges do not appear to influence the EPR measurements. Static electrification

and treatment with the anti-static gun was noted and EPR results compared. No evidence

for a bias of the determined radical concentrations was found.
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6.5.2 Removal of polymer

In order to find the optimal way of removing the mastic’s polymer, different solvents were

used:

natural aging: Large Tears #3 (harvest 2000) dichloromethane

artificial aging 1: Small Tears #1 (harvest 2000) ethyl acetate

artificial aging 2: Large Tears #3 (harvest 2000) tertbutylmethylether

The mastic was dissolved in a small amount of the respective solvent, the polymer

precipitated with methanol, and filtered. This procedure was repeated three times. The

remaining triterpenoid fraction was dissolved in pure methanol. The use of ethanol instead

of methanol lead to unsatisfactory results, since a portion of polymer was found to be

soluble in ethanol. 

In the first artificial aging series, a mastic solution was divided into 3 aliquots. The polymer

of one aliquot was removed and added to the second aliquot. This procedure resulted in 3

samples of the same mastic with different amounts of polymer. In the second artificial

aging series, the polymer of a mastic portion was removed and added again to aliquots of

the polymer-free material with ca. 20 wt% and 40 wt%, respectively. This procedure

allowed even better comparison of equivalent samples to study the influence of the mastic

polymer on aging properties.

6.5.3 Artificial aging

Resins were dissolved in freshly distilled THF and equal amounts pipetted onto glass

microscopic slides for artificial aging series 1. For artificial aging series 2, the resins were

dissolved in small amounts of Shellsol T (Kremer Pigmente) with 20 vol% ethanol,

respectively Shellsol T with 20 vol% Shellsol A (also Kremer Pigmente) in case of

commercial Grogg mastic. These viscous solutions were spread on glass microscopic slides

to a thickness of 50 µm, using a model 360 13-mm drawing knife from Erichsen GmbH

(Hemer, D). Film thickness was determined to be 20-25 µm after drying. Details about

artificial aging conditions are given in Table 6.1. The setup was identical with Chapter 5.6.
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6.5.4 Instrumental

Details of EPR, UV/VIS spectroscopy, GPC, GC-MS and GALDI-MS are given in Chapter

5.6.

FTIR spectroscopy was performed with a Perkin-Elmer System 2000 equipped with an i-

Series IR/VIS microscope.

Solar spectra: Measurements were performed with an Ocean Optics CHEM2000-UV/VIS

instrument (Duiven, NL). Light was collected with a pure fused silica fiber, 200 µm

diameter, operating down to 200 nm.
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7.1 Methods

 

New information about aging processes in light and darkness became accessible by the

introduction of two analytical methods into the field of conservation science, electron

paramagnetic resonance (EPR) spectroscopy, and graphite-assisted laser desorption/

ionization mass spectrometry (GALDI-MS), a modified MALDI-MS technique.

EPR allows the determination of radical contents of resins or varnishes. Radicals are

important intermediates in the aging processes, since main oxidation pathways proceed by

autocatalytic radical chain reactions (autoxidation). As a consequence, EPR allowed the

monitoring of these aging pathways and revealed that radicals are also abundant in

darkness.

GALDI-MS allows the determination of the oxidation state of triterpenoids and

triterpenoid resins. Irradiation of the small graphite particles with a laser results in intact

(so called “soft”) desorption and ionization of analytes, i.e. the molecules do not

decompose in the evaporation step. For example, loss of hydroxy groups by elimination of

water, as often observed under EI (electron impact) or CI (chemical ionization) conditions,

do not take place in GALDI-MS. Progressive oxidation can therefore easily be followed by

the appearance of new signals with mass increments due to incorporated oxygen. 

GALDI-MS demonstrated that oxidation of triterpenoids is excessive, and also proceeds in

darkness, without initiation by light. In combination with EPR, the two methods gave

evidence that oxidation in darkness proceeds by autoxidation pathways, as in light, and

differences in light and dark aging are minor, in contrast to the conventional view. 

 

7.2 Stages in the life of a varnish

 

The life of a varnish does not begin with a restorer buying a resin and applying it as a

varnish. In fact, the life of a varnish starts much earlier, with the resin oozing out of a tree

and being irradiated by the sun. This sunlight irradiation largely influences the properties of

the resin, since radicals are formed (Figure 7.1).

These radicals start the oxidative radical chain reactions, and oxidation cannot be prevented

afterwards, regardless of the care taken in storing the resins. As a consequence, commercial
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Figure 7.1:

 

Stages in the life of a mastic varnish. The ratios of components in the pie
charts are rough estimations and should not be considered precise.
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resins are in advanced stage of oxidation, although often considered fresh. The yellow color

is also an effect of aging, at least in the case of mastic, since fresh mastic is absolutely

colorless. In mastic, the abundance of radicals has another consequence. Its polymer is only

formed after exudation by radical polymerization of monoterpenes present in the fresh

resin. As a consequence, harvesting without sunlight irradiation suppresses radical

formation and polymerization of the monoterpenes.

Due to the large amounts of radicals and oxidized compounds acting as precursors for

autoxidation, it is not surprising that oxidation proceeds very rapidly and on short time

scale, as soon as the resin is applied as a varnish. The most sensitive compounds in mastic

virtually disappear within the first few weeks of aging, and after few months of dark aging,

most of the initial triterpenoids are oxidized. Thus, in a thin varnish, large changes in

composition and oxidation state take place rapidly within the first few weeks and months,

and not years and decades.

 

7.3 Oxidation and yellowing

 

Extensive oxidation does not only take place in light, but also in darkness, as shown by

GALDI-MS and GC-MS. EPR data revealed that radical formation processes in dammar

and mastic resins are vigorous enough to maintain a relatively high level of radicals in these

materials even in the absence of light. As a consequence, resins and varnishes are oxidized

quickly regardless of the care taken in storing or exhibiting them.

No major differences were found between samples aged in light or darkness, except that

deterioration is faster in light. Taking into account the abundance of radicals in darkness, it

is concluded that oxidative radical reactions take place under all aging conditions, and that

differences in light and dark aging pathways are minor, although rates may differ. GALDI-

MS data suggests that aging at high light intensities results in more low molecular weight

compounds. However, GC-MS revealed that the main oxidation products are the same in

both light and darkness. A-ring cleavage products, as characteristic for xenon arc aging, are

not found in samples aged under extreme, but natural conditions (direct irradiation by the

sun in a window). Aging at high light intensities did not in all cases reproduce natural aging

at low light intensities.
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Triterpenoids can be heavily oxidized. Up to seven oxygen atoms or more can be

incorporated into a single molecule. Since radical pathways are very unspecific, a large

number (hundreds or even thousands) of aging products arise from a single triterpene. In

resins, the situation is even more complex due to its many components and the possibilities

for cross-reactions. As shown by GALDI-MS, aging does not result in large amounts of few

aging products, but a very broad distribution of very diverse compounds. This large variety

is not reflected in GC-MS, but rather leads to an increased background of unresolved peaks.

Strongly oxidized compounds, visible in GALDI-MS, are probably not derivatized

sufficiently for GC-MS analysis, and may well explain the observed decrease in signal

intensity with progressive aging. Previously, this decrease was mainly explained by

polymerization.

Radical oxidation reactions taking place in darkness support the hypothesis of unsaturated

ketones being a major cause of yellowing. Alternating autoxidation and condensation

reactions lead directly to the expected products. Autoxidative allylic oxidation of double

bonds results in unsaturated ketones. Elimination of hydroxy groups introduced by

autoxidation could enlarge the unsaturated systems. Aldol condensations are likely to be

enhanced by autoxidation, and quinones could be formed by cyclization of 1,2-diketones.

This explanation of yellowing through condensation (dimerization of two ketones) is also

consistent with the fact that the polymeric fraction of aged triterpenoid varnishes shows a

stronger absorption at 400 nm than the monomeric fraction.

.

This theory that autoxidation contributes to yellowing is consistent with prior results. In

light, oxidation is much stronger than in darkness, but new compounds responsible for

yellowing are simultaneously bleached. These compounds accumulate in darkness, and

yellowing seems more pronounced, although it is not a dark reaction. Thus yellowing is

thought to be stronger in darkness only because the colored compounds are photobleached

in light.
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7.4 Towards stable natural resin varnishes: Outlook

 

Natural triterpenoid resins are unstable and prone to oxidation and yellowing. Even

avoidance of any light from harvest to application as a varnish can not prevent oxidation.

Harvesting in darkness does significantly reduce the amount of oxidation in the bulk resin,

but as soon as a thin film is formed, radicals develop quickly, and the resin is oxidized.

However, it could be shown that manipulation of the resin’s composition can change the

intrinsic ratios of oxidation and yellowing. This opens up possibilities for natural resins

with improved performance.

Mastic harvested in darkness revealed a reduced tendency for yellowing. This phenomenon

is most likely due to the missing polymer, but the abundance or lack of other components

may also contribute. However, the mastic polymer slows down oxidation and enhances

yellowing. Removal of the polymer consequently reduces the yellowing of mastic, but

oxidation proceeds more rapidly, which is undesirable and neutralizes to some extent the

positive effect of reduced yellowing.

However, on the basis of the results obtained in this thesis, an idea presented by de la Rie et

al. 

 

[1]

 

 has to be reconsidered. Addition of hindered amine light stabilizers (HALS) to

dammar resulted in excellent stabilization of the varnishes, as long as UV was excluded

during aging. The study was considered unsuccessful by its authors, since the stabilizers

were unable to persist under aging with UV, and irradiation with UV light can impossibly

be totally avoided in the life of a painting. These results were confirmed by a study of

Carlyle et al. 

 

[2]

 

. In light of the results presented here, it can be stated that the artificial

studies of de la Rie and Carlyle et al. do not represent natural aging with UV. A-ring

cleavage products are abundant in the samples of de la Rie and also Carlyle et al. (Ref. 

 

[3]

 

,

p. 102), but not in samples naturally aged (with UV) in this study. It seems logical

therefore, to test the radical stabilizers again under natural aging conditions. According to

Carlyle et al. (Ref. 

 

[2]

 

, p. 123), this worked quite well for a four year natural aging period.

Removal of the mastic polymer with addition of stabilizers might well result in stable

varnishes with suppressed oxidation and yellowing.

This study shows that the possibilities of developing natural resin varnishes with improved

performance are only starting to be explored. Further study of the influence of single resin

components may lead to significantly improved natural resin varnishes for paintings.
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 Appendix

 

A.  Abbreviations

 

Da Daltons

EPR electron paramagnetic resonance spectroscopy

FTIR Fourier-transform infrared spectroscopy

GALDI graphite-assisted laser desorption/ionization

GC gas chromatography

GPC gel permeation chromatography

IR infrared (light)

kV kilovolts

MS mass spectrometry

MALDI matrix-assisted laser desorption/ionization

MW molecular weight

(M+Na)

 

+

 

sodium adduct of molecule

m/z mass-to-charge ratio

RI refractive index

THF tetrahydrofuran

TOF time-of-flight

UV ultraviolet (light)

VIS visible (light)
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B.  Table of corrections for EPR measurements of 
natural aging series

 

Table B.1:

 

Time dependent corrections for EPR measurements.

12 W 19 W 24 W 42 W

a) b) c ) a) b) c ) a) b) c ) a) b) c )

Dk D 9.8 0.20 10.0 6.9 0.10 6.9 6.3 0.30 6.5 10.5 0.55 11.1
Dk M 10.6 5.25 16.5 10.6 3.40 14.7 10.0 3.10 13.1 14.3 2.45 19.2

Dk L 23.6 0.15 24.0 19.3 0.55 21.3 15.3 1.00 17.2 16.9 0.15 17.3
Cm D 8.2 0.10 8.2 5.7 0.40 5.8 6.7 0.25 6.9 8.7 1.00 9.3

Cm M 8.4 4.45 11.5 7.7 4.45 10.2 7.6 3.30 9.3 12.8 2.35 16.7
Cm L 19.5 0.10 20.0 17.5 0.20 18.3 17.3 1.30 20.4 15.6 0.20 16.3

Dm D 9.4 0.15 9.5 9.6 0.10 9.7 7.3 1.10 7.7 10.7 0.20 10.9

Dm M 11.1 5.25 17.3 12.2 4.00 17.8 13.5 2.55 18.1 16.2 2.20 20.8
Dm L 29.7 0.20 30.5 22.9 1.55 26.3 22.9 1.35 26.1 18.4 0.20 19.2

Li D 8.4 0.50 9.0 5.5 1.10 5.6 5.3 0.45 5.4 10.2 0.20 10.5
Li M 9.5 3.50 12.7 8.9 3.15 11.0 8.6 4.45 11.8 11.3 3.30 15.6

Li L 16.5 3.15 21.8 18.8 0.25 19.7 21.3 0.50 23.2 16.6 0.35 18.0
LT D 6.2 1.45 6.6 6.0 0.30 6.1 6.8 0.20 6.9 10.6 0.15 10.8

LT M 11.2 4.00 16.2 9.7 4.00 13.5 8.4 5.25 11.8 13.0 3.55 18.8
LT L 18.3 2.40 23.3 19.3 1.00 21.5 27.6 0.20 28.3 18.7 0.20 19.3

WP D 7.9 2.45 9.4 7.0 0.20 7.1 6.8 0.15 6.9 10.4 0.15 10.6
WP M 11.7 4.15 17.1 7.0 4.15 8.4 9.4 4.25 13.1 14.0 2.55 19.0

WP L 18.9 0.15 19.4 16.1 1.30 19.1 19.0 0.40 20.6 14.5 0.25 15.1

a) measured [nmol/g]

b) time [h.min] between sample colletion and measurement
c) corrected [nmol/g]
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C.  GALDI-MS of natural aging series
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m/z

Dammar  Dm

433

447

465 481

497

511

525

541

650600550500450400

Commercial  Cm

433

449

465

477

493

509
525

539

650600550500450400

Dark  Dk

447

465

477

521
509433

493

Natural Aging Series
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D.  Changes in UV/VIS absorbencies of natural aging 
series
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