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________________________________________

3. Aged triterpenoid varnishes from paintings1

Abstract

A large number of naturally aged yellowed varnishes taken from paintings from
several museum collections were analysed by GCMS and HPLC-MS in order to
identify oxidised triterpenoids, which are formed during the natural ageing
processes. Discrimination between the different types of aged varnishes was
achieved by Direct Temperature-resolved Mass Spectrometry (DTMS).
Quantitative GCMS and HPLC-MS further showed that the triterpenoid fraction
strongly decreases during ageing. It is likely that in addition to degradation,
higher molecular weight fractions are being formed. DTMS analysis demonstrated
that cross-linking takes place during ageing. Identification of the yellowing
compounds of aged triterpenoid varnishes was attempted with HPLC-UV/VIS,
showing that absorption between 390 and 430 nm was observed for compounds
with a relatively low molecular weight. Analysis by SEC-UV/VIS demonstrated that
an unidentified, but possibly cross-linked or highly oxidised, fraction (900/1000
Da) exhibits a higher absorption in the blue region than the triterpenoid fraction
(400 Da). In a few samples strongly light-absorbing compounds were found, which
are not stable in daylight. It is inferred that these compounds accumulate when
varnish samples are stored in the dark, after removal from the painting.

3.1. Introduction

The chemical composition of triterpenoid resins is already complicated
when it is freshly applied to the painting, as discussed in the previous chapter. The
                                               
1 This chapter is based on the publications: Van der Doelen, G.A., van den Berg, K.J. and Boon,
J.J., Comparative chromatographic and mass spectrometric studies of triterpenoid varnishes: fresh
material and aged samples from paintings, Studies in Conservation 43 (4) (1998), 249-264, and Van
der Doelen, G.A., Van den Berg, K.J., Boon, J.J., Shibayama, N., De la Rie and E.R., Genuit,
W.J.L., Analysis of fresh triterpenoid resins and aged triterpenoid varnishes by HPLC-APCI-
MS(/MS), Journal of Chromatography A, 809 (1998), 21-37.
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ageing process on the painting increases the complexity of the varnish even more.
Not much is known about the chemical composition of triterpenoid varnishes that
have aged on paintings. However, it has been investigated whether it is possible to
distinguish between dammar and mastic varnishes, once they have aged on a
painting. Three methods of discriminating between aged dammar and mastic
varnishes are described in literature. According to Mills et al. [1], it is possible to
identify an aged mastic varnish by gas chromatography/mass spectrometry
(GCMS) after methylation using the presence of moronic acid or tirucallol as
marker compounds. Koller et al. [2] identified an aged mastic varnish by GCMS
without prior derivatisation by the presence of noroleanenone. Both moronic acid,
tirucallol and noroleanenone are absent in dammar resin. However, as was
discussed in the previous chapter, we could not demonstrate noroleanenone in the
different batches of fresh mastic resin from different suppliers. The third method of
discriminating between aged dammar and mastic resin has been described by
Halpine [3]. It is based on the presence of different trace amino acids in dammar
and mastic resin, which can be successfully identified by amino acid analysis. The
main difference between dammar and mastic is the presence or absence of
hydroxyproline. Hydroxyproline is only present in mastic resin, not in dammar
resin.

The degradation of dammar films, which were artificially aged, has been
studied by De la Rie [4]. Surprisingly, it has not been investigated, whether
artificial ageing simulates the same degradation processes that occur on paintings.
The research approach of this thesis is to analyse varnishes from paintings, which
have aged ‘naturally’ and compare the ageing processes to those occurring during
artificial ageing. This chapter investigates aged varnishes from paintings and the
next chapter will describe the analytical results of a number of artificially aged
triterpenoid varnishes.

When investigating aged varnishes from paintings, many unknown factors
are involved. Of all aged varnishes sampled here, it was not known what type of
varnish was applied originally. The biological origin of especially dammar resin
probably determines the chemical composition of the fresh resin and Wenders [5]
reported that that older dammar resins contained more oxidised compounds. The
kind of recipe used to prepare the varnish probably varied from studio to studio.
Different solvents may have been used and in some cases the polymeric fraction
may have been included in the varnish, whereas in other cases it could have been
left out. Thus the chemical composition of varnish prior to application may have
differed from painting to painting. Other unknown factors are the year of varnish
application and thus the age of the varnish. The exact environmental conditions of
the varnished paintings probably have a major effect on the ageing of the varnish
layer, but can usually not be reconstructed. In most cases it was not known whether
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the varnish comprised a single layer or multiple layers. Another uncertainty is in
the method of varnish sampling. It is not clear whether varnishes were completely
removed by conventional methods using solvents. Certain parts of varnishes, like
polymeric material, may be left behind on the painting, because of a lower
solubility in the used solvent. However, mechanical action will aid in the removal
of the varnish. The different solvents used for varnish removal probably have
different abilities to dissolve the components of aged varnish films. Due to these
unknown factors the interpretation of the analytical results of the aged varnishes is
very complex, since it is possible that certain molecular structures are only formed
under specific conditions. It is also possible that some of the unknown factors just
mentioned only have an effect on the distribution of the ageing products and not on
the kind of ageing products formed.

Therefore, a large number of aged varnishes were collected from more than
70 paintings of about 15 different museum collections and private collections from
the Netherlands and the United Kingdom. They were analysed by several
techniques in order to obtain a general idea about what components are present in
aged varnishes. Because the varnishes were taken from paintings from a number of
different environments, this broad collection of aged varnishes is considered to be
representative of varnishes aged on paintings. The majority of the samples
analysed were removed from paintings that were under restoration. In the opinion
of the painting restorers involved, these degraded varnishes obscured the painted
image underneath, and therefore can be considered to have aged considerably. The
majority of the samples were removed using a swab and a suitable solvent. The
choice for a specific solvent or specific solvent combination for varnish removal
was made by the individual painting restorers involved. By using this sampling
method we tried to stay as close as possible to the most common procedure of
varnish removal. Scrapings of aged varnishes were also analysed in some cases.

This chapter deals with the analysis of this large number of aged varnishes
taken from paintings. Direct temperature-resolved mass spectrometry (DTMS) was
used as fingerprinting technique to make a survey of and to classify the different
types of aged varnishes. Several chromatographic and mass spectrometric
techniques, such as gas chromatography-mass spectrometry (GCMS), high
performance liquid chromatography-mass spectrometry (HPLC-MS) and DTMS,
were used to determine the chemical composition of the aged triterpenoid
varnishes. Subsequently, conclusions about the ageing processes that occur on
paintings, such as oxidation and cross-linking, are drawn. High performance liquid
chromatography (HPLC) and size exclusion chromatography (SEC), both coupled
with a UV/VIS absorption detector, were used to obtain information about the
spectroscopic characteristics. Finally, some implications concerning the removal of
a varnish from a painting will be described.
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3.2. Discrimination between several types of aged varnishes from
paintings by DTMS

Direct Temperature-resolved Mass Spectrometry (DTMS) (Chapter 2) was
applied to determine the nature of the 70 naturally aged varnishes. Figure 1 shows
examples of the DTMS summation spectra of three different types of aged painting
varnishes: an aged triterpenoid (a), diterpenoid (b) and synthetic cyclohexanone (c)
varnish. The DTMS spectra of the different types of varnishes show several
characteristic features. Aged triterpenoid varnishes (Figure 1(a)) are recognised by
a high peak at m/z 143, which corresponds to the side chain of ocotillone-type
molecules [6], and by the molecular ion region around m/z 410-460. At this point it
is difficult to make a distinction between aged mastic and dammar varnishes, since
their DTMS spectra are very similar. In order to identify the molecular fragments
present in the DTMS spectrum, GCMS can be used to achieve molecular
separation. Aged diterpenoid varnishes (Figure 1(b)) have a molecular ion region
around m/z 300-330 [1] and show some characteristic peaks such as those at m/z
315, 253 and 299, indicative of the presence of 7-oxo-dehydroabietic acid (m/z
253, 299) and 7-oxo-15-OH-dehydroabietic acid (m/z 315) [7]. The DTMS spectra
of synthetic varnishes (Figure 1(c)) are characterised by clusters of specific
monomers. This specific varnish was identified as a synthetic cyclohexanone
varnish, possibly Laropal K80 [8].

The DTMS data of the 70 aged varnish samples of unknown composition
showed that 57 were of triterpenoid origin, 5 of diterpenoid origin, and 8 varnishes
were identified as synthetic varnishes. Some of the aged varnish samples are not
pure samples, since varnish layers can consist of different types of aged varnishes
on top of each other. The presence of other compounds added during restoration is
also possible. Those aged varnish samples which did not contain large amounts of
‘contaminating’ substances, such as waxes and fatty acids, were used for
multivariate analysis, since these ‘contaminations’ hinder the separation of the
varnishes by this technique. Multivariate analysis can be performed on a set of
DTMS spectra, in order to deconvolute compositional differences between the
individual spectra of the set. This method classifies the spectra and describes the
similarity and dissimilarity of the samples. The output of this mathematical
technique is a multivariate map, such as the one depicted in Figure 2. The
geometric distances between the samples in the map point to differences in the
distribution of mass peaks in the DTMS spectra, which in turn point to differences
in chemical composition of the samples. The concept of this numerical treatment
applied to sets of mass spectra has been outlined by Hoogerbrugge et al. [9], and
Windig et al. [10]. In Figure 2, the relative distribution of the samples is plotted in
a F1/F2 map (factor score map). The position in the F3 space is marked by an open
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symbol (positive score in F3) or a solid symbol (negative score in F3). The mass
peaks responsible for the separate position of the synthetic varnishes,
cyclohexanone (open up-triangle) and methylcyclohexanone (solid down-triangle)
resin, are respectively m/z 192 and 204, and m/z 112, 206 and 220. Aged
diterpenoid varnishes (open circles) are localised in the F2-, F3+ direction and are
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Figure 1  Mass spectra of naturally aged triterpenoid (a), diterpenoid (b) and
synthetic (cyclohexanone) (c) varnish, obtained by summation of all spectra of the
DTMS dataset.
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characterised by mass peaks 315 and 253. Aged triterpenoid varnishes (open and
solid squares) are predominantly present in the F1- direction. The difference
between aged dammar and mastic varnishes is not sufficient to achieve a separate
clustering in the score plot of Figure 2. The mass peaks responsible for
discrimination of the triterpenoids in the direction F1- are plotted in Figure 3. Both
aged dammar and mastic varnishes are characterised by a peak at m/z 143 and a
molecular ion region between approximately m/z 400 and 470.

The aged triterpenoid varnishes were subjected to other analytical methods
in order to determine their chemical composition. The ageing of diterpenoid
varnishes has been studied by Van den Berg et al. [7]. A further study of the aged
synthetic varnishes is outside of the scope of this thesis.

When the spectra of an aged dammar varnish is compared to the spectrum
of fresh dammar resin (Chapter 2, Figure 11), it is evident that ageing alters the
molecular composition of the triterpenoids significantly. One of the usual
approaches in the identification of aged painting materials is to compare the aged
material with “standards” prepared from fresh painting materials. The fact that the
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Figure 2  Multivariate map resulting from principal component analysis of the
DTMS fingerprints of aged cyclohexanone (open up-triangles), methylcyclo-
hexanone (solid down-triangles), diterpenoid (open circles) and triterpenoid
(open and solid squares) varnishes.
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DTMS spectra of the fresh resins do not resemble the DTMS spectra of the 57 aged
triterpenoid varnishes from several museum collections, indicates that
identification of aged painting materials on the basis of resemblance with fresh
painting materials requires caution. It can be concluded that the differences
between the several aged triterpenoid varnishes, due to factors such as the age or
the preparation of the varnish, are small relative to the differences between fresh
and aged resins.

3.3. Oxidative changes in varnish composition

3.3.1. Analysis by GCMS

The GCMS results of five methylated aged triterpenoid varnishes, which
were representative of the whole triterpenoid sample set, are shown in Figure 4.
The molecular identification of the peaks is given in Table I and is based on mass
spectrometric literature [11-14]. Compound 25 is tentatively assigned by its mass
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Figure 3  Reconstructed mass spectrum of the negative first principal component
(F1-) which discriminates triterpenoid varnishes from all other varnishes
analysed.
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spectrum and relatively short retention time. For easy comparison, the peak labels
used in this table correspond to those of other figures of this thesis. The
components of aged triterpenoid varnishes are not well resolved when analysed by
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Figure 4  Gas chromatograms of five methylated aged triterpenoid varnishes.
Peak labels refer to the identified compounds of table I. Sample codes A to E refer
to the codes that are used in the experimental section.
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GCMS, indicating that the complexity of the resin has increased during ageing.
Increase in polarity also gives rise to broader peaks in gas chromatography.
Trimethylsilylation is often performed prior to GCMS analysis to shield the polar

Label Compound name MW
1 Dammaradienone (3-oxo-dammara-20(21),24-diene) 424
2 Nor-α-amyrone (3-oxo-28-nor-urs-12-ene) 410
3 Dammaradienol (3β-hydroxy-dammara-20,24-diene) 426
4 20,24-Epoxy-25-hydroxy-3,4-seco-4(28)dammaren-3-oic acid1 474
5 Dammarenolic acid (20-hydroxy-3,4-seco-4(28),24-dammaradien-3-oic

acid2)
458

6 Oleanonic acid (3-oxo-olean-12-en-28-oic acid) 454
7 20,24-Epoxy-25-hydroxy-dammaran-3-one1 458
8 Hydroxydammarenone (20-hydroxy-24-dammaren-3-one2) 442
9 Oleanonic aldehyde (3-oxo-olean-12-en-28-al) 438
10 Ursonic acid (3-oxo-12-ursen-28-oic acid) 454
11 Ursonic aldehyde (3-oxo-urs-12-en-28-al) 438
12 Hydroxyhopanone (21β,22-hydroxy-3-hopanone) 442
13 (8R)-3-Oxo-8-hydroxy-polypoda-13E,17E,21-triene 442
14 Nor-β-amyrone (3-oxo-28-nor-olean-12-ene) 410
15 β-Amyrone (3-oxo-olean-12-ene) 424
16 (3L,8R)-3,8-Dihydroxy-polypoda-13E,17E,21-triene 444
17 Moronic acid (3-oxo-olean-18-en-28-oic acid) 454
18 (Iso)masticadienonic acid (3-oxo-13α,14β,17βH,20αH-lanosta-8,24-dien-

26-oic acid or 3-oxo-13α,14β,17βH,20αH-lanosta-7,24-dien-26-oic acid)
454

19 Idem 454
20 3-O-Acetyl-3epi(iso)masticadienolic acid (3α-acetoxy-

13α,14β,17βH,20αH-lanosta-8,24-dien-26-oic acid or 3α-Acetoxy-
13α,14β,17βH,20αH-lanosta-7,24-dien-26-oic acid)

498

21 Idem 498
22 Dammarenediol (20-dammar-24-ene-3β,20-diol2) 444
23 Oleanolic aldehyde (3-hydroxy-olean-12-en-28-al) 440
24 Ursolic aldehyde (3-hydroxy-urs-12-en-28-al) 440
25 Hexakisnor-dammaran-3,20-dione 358
26 3-Oxo-25,26,27-trisnor-dammarano-24,20-lactone2 414
27 11-Oxo-oleanonic acid (3,11-dioxo-olean-12-en-28-oic acid) 468
28 Oxidised oleanane type molecule ?
29 20,24-Epoxy-25-hydroxy-dammaran-3-ol1 460
30 17-Hydroxy-11-oxo-nor-β-amyrone (3,11-dioxo-17-hydroxy-28-nor-

olean-12-ene)
440

31 17-Hydroxy-11-oxo-nor-α-amyrone (3,11-dioxo-17-hydroxy-28-nor-urs-
12-ene)

440

32 11-Oxo-ursonic acid (3,11-dioxo-urs-12-en-28-oic acid) 468
33 Oxidised ursane type molecule ?

1 The configuration at C-20 and C-24 was not determined.
2 The configuration at C-20 was not determined.

Table I  List of compounds, with their corresponding molecular weights (MW),
identified in fresh and aged triterpenoid varnishes. Peak labels correspond to
those used in other chapters.
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carboxyl and hydroxyl groups, which results in narrower GC peaks [15]. This
derivatisation technique was not used here, because the unknown silylated
compounds of aged varnishes could not be identified by comparison with
literature, which mainly consists of mass spectrometric investigations of
methylated triterpenoids [11-14, 16]. Despite the poor separation by GC, the mass
spectra of the majority of the components could be interpreted. The aged
triterpenoid varnishes consisted of similar compounds. The distribution of these
compounds differs slightly probably caused by the age of the varnish, the
composition of the fresh material, remains of older varnishes and possibly other
factors, which affect ageing. Some of the compounds are also present in the fresh
resins, like 2, 5, 6, 8, 9, 10, 12, 14, 17 and 19 (Chapter 2) and are thus relatively
stable. Compounds 4 and 7 were already present in fresh dammar resin, but are
relatively more abundant in the aged varnishes. The triterpenoids 25-33 have not
been reported before to occur in aged varnishes. The structures of the peaks labeled
28 and 33 in Figure 4 could not yet be determined unambiguously. Their mass
spectra indicate strongly oxidised oleanane/ursane skeletons.

Figure 4 shows that varnishes A and B show similarities in their chemical
composition. The main constituent of both varnishes is moronic acid, which was
found to be a characteristic marker of mastic resin [1] (Chapter 2). Fresh mastic
resin also contains some compounds with the dammarane skeleton. A small
amount of oxidised triterpenoids with the dammarane skeleton (4, 5, 7, 8, 25, 26
and 29) was found in the aged varnishes A and B. Furthermore, compounds with
an oleanane skeleton (6, 27 and 28) are present in this aged varnish. The oxidised
species with the oleanane skeleton, 27 and 28, are present in varnish A and B,
whereas their corresponding isomers with the ursane skeleton, 32 and 33, are not
present. As discussed in the previous chapter, fresh mastic resin consists of
molecules with the oleanane skeleton, whereas fresh dammar resin consists of both
oleanane compounds and the isomeric ursane compounds. The presence or absence
of compounds with the ursane skeleton can therefore be used for discriminating
between aged dammar and mastic varnish. These observations were used to
conclude that varnishes A and B are mainly composed of aged mastic resin. It is
known that varnish A was applied in 1915 and is therefore more than 80 years old
at the time of analysis. A small amount of ursonic acid is present in varnish B. This
could either indicate the presence of some dammar resin or could be an indication
that a certain degree of isomerisation occurs during ageing. Isomerisation would
clearly obscure the distinction between aged dammar and mastic varnish.
Tirucallol, which is present in fresh mastic resin and therefore was used as a
marker for aged mastic varnishes [1], is not found in varnishes A and B. It is likely
that this molecule oxidises during ageing, as will be explained below, and is only
present in fresh mastic resin.
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The other varnishes (C, D and E) exhibit an important similar feature in
that the peak labeled 7 (ocotillone type molecules) is the highest of all total ion
currents. As discussed in the previous chapter, molecules with the dammarane
skeleton are present in both resins, but are more abundant in dammar resin.
Ocotillone-type molecules, which have a dammarane skeleton, are therefore more
abundant in aged dammar resin than in aged mastic resin. Varnish E contains a
relatively large amount of the highly oxidised lactone with the dammarane skeleton
(26) and large amounts of the oxidised oleanane and ursane skeleton type
molecules (27, 30-32). The presence of these compounds and the absence of
moronic acid were used to conclude that varnishes C, D and E are probably aged
dammar varnishes. There are other carbon skeletal types, which are specific for
either dammar or mastic, but these are either hard to distinguish by their mass
spectrum or only present in low amounts. Varnish E seems to be oxidised to a
larger degree than the other aged dammar varnishes, because the oxidised
compounds, such as 7, 25-27, 29-33, are relatively abundant.

3.3.2. Analysis by HPLC-APCI-MS

As discussed in the previous section, GCMS after methylation does not
resolve the constituents of aged varnishes very well. Since it is likely that more
polar compounds are formed during the ageing process, GCMS is not the most
appropriate method for the elucidation of all ageing products. HPLC-MS is
suitable for the analysis of a much broader range of compounds. A number of aged
varnishes from paintings were analysed by HPLC-APCI-MS. The reversed phase
HPLC-APCI-MS total ion currents (TICs) of an aged dammar varnish and an aged
mastic varnish (which also contains some components of another type of varnish
made from diterpenoid resin) are shown in Figure 5(a) (dammar varnish D) and
Figure 5(b) (mastic varnish B). The peak labels correspond to those used in Table I
and in the other chapters. Since more polar compounds are expected to be formed
by ageing, a more polar eluent is used to start the HPLC gradient in the analysis of
the aged varnishes, compared to the eluents used to analyse the fresh resins
(Chapter 2). The main constituents of the aged varnishes are well resolved by
reversed phase HPLC, compared to the separation achieved by GCMS (Figure 4).

The mass spectrometric information provided by the APCI-MS spectra is
often insufficient to identify unknown molecules (Chapter 6). APCI is a relatively
mild ionisation technique, which mainly provides molecular weight information. In
order to determine the chemical structure of the compounds separated by HPLC,
HPLC fractions can be collected and subsequently analysed with GCMS. This
experimental approach was not possible in the case of the aged varnishes, because
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the amount of material that could be analysed by HPLC-MS was very low, as will
be discussed below. With GCMS a number of constituents of these aged
triterpenoid varnishes were already identified. Most of the constituents separated
by HPLC could be tentatively identified, as listed in table I, with this GCMS
information, the HPLC retention times, and the information obtained from the
APCI-MS spectra, like the molecular mass information and the occurrence of some
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useful fragment ions. GCMS analysis indicated that ocotillone type molecules are
the most abundant compounds of aged dammar varnishes. Since ocotillone type
molecules contain two epimeric centers (C20 and C24), it is likely that a number of
stereoisomers are present. In contrast to the GC separation, these stereoisomers
were well separated by HPLC. Molecules of the ocotillone type could be traced by
HPLC-APCI-MS by generating a mass chromatogram of their characteristic
fragment ion of m/z 143, which corresponds to the oxidised side chain in
ocotillone (Figure 6). Other oxidised stereoisomers with the dammarane skeleton
(4 and 26) were also well resolved, whereas some isomeric compounds with the
ursane/oleanane skeleton, such as 27/32 and 6/10/17, were not separated by
reversed phase HPLC. Since these compounds are well separated by GC, the
HPLC fractions could be identified by off-line HPLC-GCMS. The aged mastic
varnish of Figure 5(b) also contains two compounds which are indicative of the
presence of an aged diterpenoid varnish (conifer resin), 15-hydroxy-7-
oxodehydroabietic acid (15-OH-7-oxo-DHA) and 7-oxodehydroabietic acid (7-
oxo-DHA) [7, 17]. It is probable that residues of older varnish layers were present
on the painting from which this sample was taken. The components with a
relatively short retention time, particularly present in Figure 5(b), could not be
identified by their APCI-MS spectrum. It is possible that these compounds are
smaller degradation products. Other unidentified peaks with longer retention times
in Figure 5 were probably too large to be analysed by GC. These compounds could
not be identified solely on the basis of their APCI-MS spectra. It is clear that the
base line of the chromatogram is not straight. This base line was found to contain a
large number of unresolved peaks over the total elution range, which could not be

Figure 6  Mass chromatogram of m/z 143, corresponding to compounds
containing a hydroxyisopropylmethyltetrahydrofuran side chain (HPLC-APCI-
MS analysis of the aged dammar varnish D).
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identified. It can be concluded from the HPLC-APCI-MS analysis of a number of
aged varnishes from paintings that diversification during ageing leads to the
formation of a large number of different species. The first twenty minutes of the
chromatogram consists mainly of compounds with a relatively low molecular
weight (150-300 Da), whereas the rest of the chromatogram mainly consists of
compounds with molecular weights in the range of the molecular weight of
triterpenoids. It is therefore likely that degradation of triterpenoids takes place
during ageing.

As discussed before, moronic acid, which is only present in mastic resin
and can be used as a marker to discriminate between aged dammar and mastic
varnishes [1], is easily separated from the other components by GCMS. Under the
HPLC conditions that were used here, moronic acid (17) co-elutes with two of its
isomers, oleanonic (6) and ursonic acid (10), which show similar mass spectra
under APCI conditions as moronic acid (see Chapter 6). The inability to separate
these isomers excludes discrimination between dammar and mastic varnish by
HPLC-APCI-MS on the basis of the occurrence of moronic acid. However, other
molecular markers may be used for this discrimination. Since fresh dammar resin
contains both compounds with the oleanane and ursane skeleton, whereas fresh
mastic contains only the oleanane skeleton [1], this fact can also be used to make
the distinction between the two types of varnishes. Two specific oxidised isomeric
compounds, with either an oleanane or ursane skeleton, which could not be
identified yet by their EI spectra, are often found in aged varnishes. Under APCI
conditions these molecules are recognised by the protonated molecule, represented
by a peak at m/z 469, and the characteristic fragment ion of m/z 233 (28 and 33)
(Chapter 6). The two isomers with the oleanane and ursane skeleton are well
resolved by HPLC-APCI-MS using acetonitrile and water as eluents and can be
traced by generating mass chromatograms. Figure 7 shows that an aged dammar
varnish (a) contains both isomers, whereas an aged mastic varnish (b) contains
only the compound with the oleanane skeleton. HPLC-APCI-MS can thus be used
for the discrimination between aged dammar and mastic varnish. There are other
notable differences between the TICs of aged dammar and mastic varnish (Figure
5), such as the presence of peaks at lower retention times, around 27 and 68
minutes, which could not be identified. However, these differences are probably
due to other factors, for example the number of years the varnishes have aged on
the paintings, the environmental conditions, or the possible additions by painting
restorers.
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3.3.3. Molecular changes during ageing on a painting

The chemical reactions that have taken place in the ageing process can be
rationalised on the basis of the molecules identified in fresh triterpenoid resins
(Chapter 2) and aged triterpenoid varnishes (this chapter). Oxidation of the side
chain appears to be a very important theme in the ageing of dammarane skeleton
type molecules, leading to a side chain of the ocotillone-type (5, 7, 29) and to a γ-
lactone in the side chain (26), as is shown in Figure 8 [18]. A compound with a
short retention time (25) was identified tentatively by its mass spectrum. As is
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Figure 7  Selected ion current profiles at m/z 469 and m/z 233 during the HPLC-
APCI-MS analysis of aged dammar varnish (a) and aged mastic varnish (b).
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illustrated in Figure 8, this compound has a relatively short side chain compared to
the other dammarane type molecules. According to Mills et al. [19] a compound
with this same side chain, 3β-acetoxyhexakisnordammaran-20-one, is formed after
either dehydration followed by ozonolysis, or direct oxidation of dammaranediol II
monoacetate. The presence of this compound 25 indicates that, in addition to
oxidation reactions, cleavage reactions take place during ageing, leading to
compounds with a lower molecular weight. In principle, many more compounds
can be formed with an appreciable vapor pressure and mobility, which will not be
retained in the varnish film. These compounds are easily lost during the GCMS
derivatisation procedure, due to the evaporation step. HPLC-MS lacks this
derivatisation step, which implies that these compounds should be detected. As
discussed above, HPLC-MS indeed shows a large envelope of unresolved peaks
over the total elution range. A similar unoxidised side chain as the dammarane
compounds is present in tirucallol. Therefore, the side chain of tirucallol is also
likely to be oxidised during ageing, which explains why this compound was not
found as such in aged mastic varnishes.

In the oleanane and ursane skeleton types, oxidation of C28 occurs readily,
leading to an alcohol, an aldehyde (9) and finally a carboxylic acid group (6, 27),
as shown in Figure 9 for an oleanane type molecule. Subsequent decarboxylation

Figure 8  Different stages of side chain oxidation occurring in dammarane type
molecules.
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leads to the loss of this carboxylic acid group (14) [20]. Oxidation of the C17 can
then lead to a hydroxyl group at this site, as found in triterpenoids 30 and 31.
Furthermore, C11 can be oxidised to a conjugated keto group, as found in 27, 30,
31 and 32.

The previous experiments by GCMS and HPLC-MS have demonstrated
that both oxidation and chain cleavage processes take place during ageing on a
painting. Chain cleavage is often regarded in the polymer field as the main cause
for polymer degradation, leading to embrittlement. The formation of oxidised
species during ageing will increase the polarity of the varnish, requiring a more
polar solvent to remove an aged varnish. The formation of species with increased
polarities is also likely to have an effect on the mechanical behaviour of a varnish,
since the interaction between polar molecules is stronger. This intermolecular
attraction in the varnish is increased by hydrogen bonding, which can be disrupted
in the presence of moisture, leading to environmental stress cracking [21]. This last
phenomenon is an important example of degradation by physical rather than
chemical change. In contrast, Zumbühl et al. [22, 23] state that water acts as a
plasticiser for oxidised triterpenoid varnishes. However, this conclusion was based
on the investigation of artificially light aged varnishes, which may have other
mechanical properties than varnishes aged ‘naturally’ on paintings. The chemical
composition of artificially light aged varnishes will be discussed in the next
chapter.
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Figure 9  Oxidation of an oleanane type molecule.
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3.3.4. Structural interpretation of the DTMS data

Compared to a quick fingerprinting technique such as DTMS, GCMS after
methylation is a rather time consuming method. In a DTMS experiment, all
volatile triterpenoids are ionised and fragmented in the ion source at the same time,
whereas during GCMS the different volatile triterpenoids are separated by a GC
column before entering the ion source. The molecular identification of the different
components of aged dammar and mastic varnish by GCMS makes it possible to
identify mass fragments of the DTMS spectra of aged triterpenoid varnishes and
explore whether it is possible to discriminate between aged dammar and mastic
varnish by DTMS. Figure 10(a) and (b) show the DTMS spectra of the volatile
parts of an aged dammar and mastic varnish  (varnishes E and A, figure 4). The
spectra of the volatile parts of the samples are depicted specifically in order to
make comparisons with the GCMS data. It is important to realise that the acidic
groups in the molecules are methylated prior to the GCMS experiments in order to
render the acidic compounds more volatile, whereas in DTMS the sample is not
derivatised. Naturally, samples can be derivatised prior to DTMS analysis, but this
is not necessary. As has been pointed out before, dammar contains a relatively
large amount of molecules with the dammarane skeleton. A large amount of
ocotillone-type molecules, such as 7, is characterised by peaks at m/z 143, which
corresponds to the hydroxyisopropylmethyltetrahydrofuran side chain, and at m/z
399. The oxidised dammarane species with the lactonised side chain (25) is
recognised by a peak at m/z 414. Thus, the intensity of peaks at m/z 143, 399 and
414 is relatively low in the DTMS spectra of aged mastic varnishes. As stated
above, aged mastic varnish is recognised easily with GCMS by the presence of
moronic acid (17). Unfortunately, oleanonic (6) and ursonic acid (10), which are
also found in dammar resin, have the same molecular mass as moronic acid (454
Da). Methylation of the acid group is unlikely to have an effect on the ring C
cleavage resulting in the characteristic peak at m/z 249 (methylated compound) or
the peak at m/z 235 (underivatised compound). The peak at m/z 235 is only
slightly present in the DTMS spectrum. Therefore, identification of moronic acid is
not easy to achieve by DTMS, unless MS-MS is applied. The peaks in the
molecular ion region of the aged dammar and mastic varnish are very similar.
Their distribution probably depends on the age of the varnish and its environmental
conditions during ageing. The same applies to the region between m/z 150 and m/z
250. A number of peaks, such as m/z 189, 205 and 248, are present in the spectra
of both dammar and mastic varnish. Only the peak at m/z 163 may serve as a
marker for aged mastic varnish. This peak probably represents a characteristic
fragment ion of 28-norolean-17-en-3-one [11], which is formed by pyrolytic
degradation of oleanonic acid [24] (Chapter 2). It is inferred that pyrolytic
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degradation of moronic acid, which is highly abundant in aged mastic varnish, also
gives rise to the formation of this compound represented by m/z 163. It can be
concluded that DTMS gives some indications whether the aged varnish is a
dammar or a mastic varnish. In the case of mixtures of these varnishes,
interpretation of the DTMS spectrum becomes very complicated. Therefore, in
order to get a conclusive answer on whether an aged varnish is of a mastic or
dammar origin GCMS has to be performed.

Figure 10  DTMS spectra of the volatile part of an aged dammar varnish (varnish
E) (a) and of an aged mastic varnish (varnish A) (b).
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3.4. Cross-linking

In the course of the GCMS analysis of a large number of aged triterpenoid
varnishes, it was observed that the relative abundance of the compounds, expressed
as TIC, is relatively low compared to that of fresh resins. To determine whether the
amount of triterpenoids in varnishes decreases during ageing, the triterpenoid
fractions of varnish B and D (Figure 4) were quantified by GCMS using an internal
standard and were compared to those of fresh dammar and mastic resin. Figure 11
shows the gas chromatograms of these four samples. The methanol soluble
constituents of the fresh resins and of varnish B and a solution of varnish D in
isopropanol were used for analysis, since this latter solvent was used to remove the
varnish from the painting. Figure 11 clearly demonstrates that the amount of
triterpenoids has decreased dramatically as a result of ageing. It has to be realised
that exact quantification of triterpenoids in the aged varnishes is difficult to
achieve for a number of reasons. First, there is uncertainty about the percentage of
triterpenoid material versus polymeric material in the fresh varnish. Besides the
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Figure 11  Quantification of the triterpenoid fraction present in fresh dammar
(a), mastic (b), aged dammar varnish D (c) and aged mastic varnish B (d) by
GCMS using hexadecane as the internal standard (I.S.).
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biological variation, different varnish recipes will also have an effect. In some
cases much effort is made to dissolve the complete resin, whereas in other cases
the relatively insoluble part of the resin is discarded [5]. Secondly, the ageing
process on a painting results in a number of different processes. Oxidation alters
the molecular weight of the constituents of the resin. Degradation may lead to
small volatile compounds and cross-linking also alters the molecular weight of the
constituents. Thirdly, sampling of the aged varnish may have an effect on the
percentage of triterpenoids in the total varnish sampled. When a degraded varnish
is being removed from the painting, it is likely that some varnish residues are left
behind on the painting, whereas other materials may be leached from the painting,
for example, lipid material. Traces of lipid material were often present in the
DTMS spectra of the aged varnishes. However, it is not clear whether this lipid
material was intentionally added to the varnish or leached from the paint layer.
Finally, the occurrence of different types of varnishes on top of each other and the
addition of other materials during restoration are obviously complicating the exact
quantification of the triterpenoids that are present in aged varnishes.

Despite the difficulties just described in achieving an exact quantification,
Figure 11 clearly shows that the amount of triterpenoids is effected to a large
extent by the ageing process. This may be partly explained by the phenomenon of
chain cleavage, which occurs during ageing and gives rise to compounds with a
lower molecular weight. GCMS analysis did not demonstrate the presence of large
quantities of small compounds, but these may be lost during the derivatisation step.
As discussed above, HPLC-MS of aged varnishes indicated that low molecular
weight compounds are present. In addition to degradation processes, cross-linking
may play a role during ageing. Loss of the triterpenoid fraction and formation of
oligomers were previously demonstrated by SEC analysis of dammar films that
were artificially aged in a weatherometer [4]. Loss of the triterpenoid fraction is
also seen with HPLC-MS analysis of aged varnishes. When comparing the signal-
to-noise ratio of the HPLC-MS results of the aged varnishes (Figure 5) to that of
similar amounts of fresh resins (Chapter 2), it is clear that only a small part of the
aged varnishes can be made visible by this technique. It is likely that the ‘humps’
in the baseline are either caused by the presence of numerous oxidised species and
degradation products or the presence of a cross-linked fraction. It is also very well
possible that compounds with a high molecular weight do not elute from the HPLC
column or show a relatively long retention time. In addition, they may be difficult
to ionise with APCI-MS and therefore difficult to detect.

Information on the occurrence of a cross-linked fraction as a result of
ageing was obtained by DTMS. Figure 12 depicts the total ion currents of fresh
mastic resin and the aged mastic varnish A. The shift towards higher scans (around
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scan no. 40), and thus higher temperature, after ageing on the painting indicates the
formation of a more polar fraction, which is probably the result of the oxidation
processes. In addition, this figure clearly demonstrates that the presence of a high
molecular weight fraction (around scan no. 60) likely to have formed as a result of
ageing. The same phenomenon was found in case of aged dammar varnishes. The
MS data of the high molecular weight material (not shown) is very different from
the spectrum of the dammar polycadinene polymer [25] and that of the mastic
poly-β-myrcene polymer [26]. Fragment ions represented by peaks at m/z 91, 105
and 119 from branched benzenes are especially present in the high molecular
weight fraction of aged mastic varnish, which suggests that aromatic rings may be
present. At this point more research is necessary to identify these polymeric
fractions. Chapter 5 will describe a method to prepare large quantities of this
polymeric material needed for further investigations.
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Figure 12  DTMS total ion currents of fresh mastic resin (a) and aged mastic
varnish A (b).
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3.5. Light absorbing characteristics of aged triterpenoid
varnishes

Yellowing is one of the problems related to the ageing of triterpenoid
varnishes. It would be interesting to identify the specific compounds responsible
for the yellow appearance of an aged triterpenoid varnish. The molecular
separation technique HPLC coupled with a diode array UV/VIS detector, was used
for this purpose. In general, a compound will appear yellow to the eye, if an
absorption band is present in the short wavelength part of the visible spectrum
(400-430 nm) [27]. However, the solvent, in which the compound is dissolved
when analysed by HPLC, can bring about a shift in the absorption exhibited by the
compound, either to a longer or to a shorter wavelength [28]. Therefore, one has to
keep in mind that the light absorption exhibited by constituents of varnishes on
paintings can differ from the absorption seen by analysis of the constituents in
dissolved state by HPLC-UV/VIS. In order to elucidate the spectroscopic changes
of varnishes that occur during ageing, both fresh dammar and mastic resin were
analysed and compared to aged triterpenoid varnishes. Methanolic extracts of fresh
dammar and mastic resin were analysed by HPLC-UV/VIS. As discussed in the
previous chapter, identification of the different compounds of fresh dammar and
mastic resin, separated by reversed phase HPLC, was already achieved by
collection of the HPLC fractions and subsequent analysis by GCMS. Figure 13
shows the absorption at 200 nm and the identification of the peaks is given in
Table I. No absorption in the blue light region from 390 to 430 nm could be seen.
The triterpenoid constituents of dammar and mastic show UV/VIS absorption
spectra with absorbance maxima around 190-200 nm, due to isolated ethylenic
bonds, and in most cases an additional absorption around 295 nm, due to ketone or
aldehyde carbonyl groups [29]. GCMS already indicated that two compounds of
mastic resin, 13 and 16, are only present in very low abundance (Chapter 2, figure
7). Due to the presence of three isolated double bonds in the bicyclic diol (16) and
its corresponding ketone (13), the absorption at 200 nm is much higher compared
to that of the other triterpenoids of mastic resin.

Painting restorers often investigate the presence of natural resin varnishes
by testing the fluorescence of the varnish layer. In our experiments, a scanning
fluorescence detector was also used as a HPLC detector. The HPLC column was
removed, so that the constituents of the samples were not separated prior to
detection. For both the fresh resins and the aged varnishes, it was found that the
excitation spectra were sensitive to a change in emission wavelength and that the
emission spectra were sensitive to a change in excitation wavelength, which
indicates the presence of several fluorescing chromophores. This latter
phenomenon was also found by De la Rie to occur in artificially aged dammar
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varnishes [30]. The fluorescent behaviour of the individual constituents of
triterpenoid varnishes was not investigated further, because this would entail an
enormous amount of work with the experimental equipment available. For every
compound represented by an HPLC peak, both the excitation and the emission
wavelength would have to be scanned. For this purpose, a diode array fluorescent
detector should be used, which simultaneously measures a large number of
emission wavelengths for one specific excitation wavelength. In addition, stop-
flow experiments should be carried out to scan the excitation wavelength.

Figure 14 shows the separation of the constituents of the aged dammar
varnish E. The absorption at 200 nm is shown, together with an insert depicting the
absorption in the range from 390 to 430 nm. The other aged varnishes were
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Figure 13  HPLC-UV traces (200 nm) of methanolic extracts (5 mg/ml) of fresh
dammar (a) and mastic resin (b) (peak labels refer to table I).
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analysed by the same technique, which resulted in similar chromatograms.
Subsequent analysis of the HPLC fractions by GCMS showed that the oxidised
triterpenoid compounds identified by GCMS eluted between 19 and 45 minutes.
These compounds do not absorb light between 390 and 430 nm, so it can be
concluded that they do not contribute to the yellow colour of an aged varnish.
Figure 14 shows that mainly components with a very short retention time exhibit
light absorbance both at 200 nm and in the range from 390 to 430 nm. The UV/VIS
spectrum of these compounds has a maximum around 200 nm, but has a tail
extending to much longer wavelengths exceeding 400 nm. Therefore, these
components may induce a yellow colour. They also exhibit a fluorescence
(excitation wavelength 337 nm and emission wavelength 411 nm). Because these
compounds contribute both to the overall fluorescence and the yellow colour of an
aged triterpenoid varnish, they may be important compounds from the restorer’s
point of view. Molecules that exhibit a short retention time are either relatively
small and/or relatively polar. It was not possible to identify these light-absorbing
components by the GCMS method used here. Either the compounds were too polar
to be analysed by the experimental GC conditions used or the compounds were too
low in abundance and therefore below the GCMS detection threshold. It is known
that trace amounts of highly light absorbing compounds can bring about a
pronounced colour. It is possible that these components are small degradation
products of triterpenoids. Previous HPLC-MS experiments already indicated that
relatively small molecules elute at short retention times (Figure 5).
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Figure 14  HPLC-UV trace (200 nm) of a solution (5 mg/ml in ethanol/isooctane
(75/25)) of aged varnish E, together with an insert showing the corresponding
absorption in the range from 390 to 430 nm.
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HPLC analysis of all aged triterpenoid varnishes produced chromatograms
similar to the one that is shown in figure 14, except for three varnishes (Figure
15(a)). The absorbance at 200 nm is shown, for the maximum absorbance of all
major peaks is around this wavelength. The UV trace of these three varnishes
showed strongly light absorbing components eluting between 19 and 26 minutes. It
was hypothesised that these compounds were accumulate in the dark, since these
varnishes were the only ones that were (unintentionally) stored in the dark, for
about one year at least, prior to analysis. Unfortunately, the changes that can take
place in samples, after they have been taken from paintings, are often not
considered during research. To check the light-stability of the strongly light-
absorbing components a layer of one of these ‘dark stored’ varnishes (Figure
15(a)) was applied to a polyester film (Melinex®) and subjected to daylight
through window glass. Figure 15(b) shows the results of the HPLC analysis of the
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Figure 15  HPLC-UV (trace at 200 nm and an insert of the trace at 365 nm) of an
aged triterpenoid varnish, which was stored in the dark prior to analysis (a), and
HPLC-UV trace (200 nm) of the same varnish sample after 6 hours of day light
exposure (b).
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sample after 6 hours of exposure. The results clearly show that the strongly light
absorbing compounds are not stable in daylight through window glass. Therefore,
it is possible that these light absorbing compounds can also be formed under light
conditions, but they will react away quickly under the influence of light. It was
very difficult to analyse these components by other molecular identification
techniques, such as HPLC-MS, because the amount of material seemed to be very
low. It is likely that their absorption coefficients are very high, which may be
related to their instability. The strongly UV-light absorbing compounds of Figure
15(a) exhibit similar absorption spectra. Besides a maximum at 195-205 nm, a
shoulder at 210-215 nm and a smaller maximum at 260-270 nm, they show a very
small maximum around 365 nm. The HPLC-UV trace at 365 nm is also shown in
Figure 15(a). The main absorbance at 195-205 nm indicates that the compounds
probably contain isolated double bonds [29]. As was mentioned before, the polarity
of the solvent of the analyte can produce a shift in the exact position of the
absorption maxima. Therefore, it is not clear whether the absorbance at 365 nm
exhibited by these components gives rise to a yellow colour.

Accelerated ageing experiments performed by De la Rie shows that
yellowing occurs during heat ageing, especially when this is preceded by light
ageing. This yellowing is easily reversed by exposure to (visible) light. It is
possible that this yellowing caused by heat ageing is similar to the products formed
by dark ageing found here. According to De la Rie it is likely that bleaching of the
yellow films of dammar is the result of direct dissociation of double bonds by light
[4].

As mentioned above, a yellow appearance is caused by light absorption
around 400-430 nm. Size Exclusion Chromatography (SEC) was used to determine
the molecular weights of the compounds of aged triterpenoid varnishes that absorb
in this wavelength range. Figure 16 shows the SEC traces of a scraping of the aged
mastic varnish B at 240 nm (solid line) and at 400 nm (dashed line). The trace at
240 nm shows that mainly two peaks are present, which are not well resolved. The
peak at 400/500 Da represents the triterpenoid fraction. The peak with a maximum
around 900/1000 Da can be attributed either to cross-linked dimerised triterpenoids
or to highly oxidised triterpenoids, as already discussed in the appendix of Chapter
2. However, the presence of dimerised triterpenoids could not be confirmed by a
number of mass spectrometric techniques, such as field desorption (FD), ammonia
chemical ionisation (NH3/CI) and matrix-assisted laser desorption/ionisation
(MALDI). The SEC trace at 400 nm clearly shows that the SEC fraction around
900/1000 Da absorbs more light at 400 nm than the triterpenoid fraction. This may
indicate that higher molecular weight fractions are relatively more responsible for
the yellow appearance of an aged varnish.
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3.6. Aspects of cleaning

All techniques used here for the analysis of the aged varnishes showed that,
in addition to oxidation and chain cleavage reactions, cross-linking reactions may
occur during ageing of triterpenoid molecules on a painting. This observation has
implications for the varnish removal practice, since it is obvious that it is relatively
difficult to take higher molecular weight material into solution. Mechanical action
may be necessary to remove certain parts of the varnish that are not easy to
dissolve and it is feasible that a selectivity in the cleaning process can take place,
leaving behind some high molecular weight residues. This also implies that there
are unfortunate limitations to analysis of varnish samples that have been removed
from paintings by means of a swab with solvent. It is likely that certain parts of the
aged varnish are less soluble in the traditional solvents, as a result of possible
oxidation and cross-linking reactions. Mechanical action will certainly aid in the
removal of such parts, but it is not clear whether the complete varnish layer is
removed or whether some residues are left behind. For analysis, the swabs were
soaked in the same solvent, as was used for varnish removal. It is likely that those
parts of the aged varnish, which were not soluble in the solvent, but were removed
by means of mechanical action, cannot be retrieved for analysis, but remain in the
swab. Removing the varnish by scraping will likely remove more of the insoluble
fraction from the painting. Figure 17 shows the DTMS total ion currents of an aged
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Figure 16  SEC traces of the aged mastic varnish (labeled B) at 240 nm (solid
line) and at 400 nm (dashed line).
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varnish, which was removed both by the swab method (a) and by scraping (b). It is
clear that certain parts of the aged varnish, probably those of relatively high
molecular weight, are not soluble in the solvent used, ethanol, and can therefore
not be analysed by using the swab method. Furthermore, Figure 17 demonstrates
that mechanical action may be essential in the removal of aged triterpenoid
varnishes from paintings. Therefore the analysis of scrapings gives a more
complete view of the chemical composition of aged varnishes from paintings. The
fact that one part of an aged varnish is still soluble in a frequently used solvent,
whereas another part is not, implies that varnish removal can be quite a selective
process. In this respect, the practice of thinning down a varnish layer may therefore
selectively remove the soluble parts of an aged varnish, whereas the less soluble
and probably higher molecular weight fractions may be concentrated on the
painting. Clearly, more research is needed to elucidate the details of the varnish
removal process on a microscopic level.

Figure 17  DTMS total ion currents of an aged varnish that was removed by the
swab method (a) and by scraping (b).
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3.7. Conclusions

Direct Temperature-resolved Mass Spectrometry (DTMS) was
demonstrated to be a very useful method to discriminate between ‘naturally’ aged
diterpenoid, triterpenoid and synthetic varnishes. Peaks occurring in DTMS spectra
that represent fragment ions of compounds with a dammarane skeleton were
identified. Since these latter compounds are relatively more abundant in dammar
than in mastic, the corresponding peaks can be used to (tentatively) identify the
aged dammar or mastic varnish. GCMS and HPLC-MS analysis demonstrated that
ageing leads to complex mixtures. The aged varnishes were found to contain
similar oxidised triterpenoid compounds in varying relative distributions. The
positions in the molecules where oxygen is incorporated and molecules are cleaved
during natural ageing could be identified. GCMS, HPLC-MS and DTMS all
suggest that, in addition to oxidation and chain cleavage reactions, cross-linking
reactions are likely to occur during ageing on a painting. All these processes give
rise to the formation of specific fractions in aged varnishes, which may have
different solubility characteristics. Especially the cross-linked fraction was found
to be less soluble in a common solvent used by painting restorers for varnish
removal.

HPLC-UV/VIS shows that the oxidised triterpenoids do not contribute to
the yellow colour of an aged varnish. Absorption between 390 and 430 nm is only
exhibited by compounds that elute at short retention times. These components are
probably relatively small molecules, which could not be identified as yet. SEC
analysis shows that an unidentified, but possibly cross-linked or highly oxidised,
fraction (900/1000 Da) exhibits a higher absorption in the blue region than the
triterpenoid fraction (400 Da). Identification of compounds responsible for the
yellow colour of a substance can be very difficult, since it is known that colour can
be induced by the presence of only trace amounts of highly light absorbing
compounds. Three samples of aged varnishes were found which showed strongly
light absorbing species, which are not stable in daylight. It is inferred that these
compounds accumulate in the dark, after the sample has been taken from the
painting.
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3.8. Experimental

3.8.1. Samples

Methanolic extracts were prepared of Dammar (A.J. van der Linde,
Amsterdam) and Mastic (H. Schmincke & Co., Erkrath). Aged varnishes from
paintings were kindly provided by the following persons: Mr. R. Hoppenbrouwers
(SRAL, Maastricht, NL), Mr. P. Dik (private restorer, Laren, NL), Dr. J. Townsend
(Tate Gallery, London, UK), Ms. E. Hendriks and Ms. E. Reissner (Frans
Halsmuseum, Haarlem, NL), Ms. C. Perez and Mr. R. Boitelle (Van Gogh
Museum, Amsterdam, NL), Ms. A.M. Roorda Boersma-Pappenheim (private
restorer, Rotterdam, NL), Ms. M. Zeldenrust and Mr. L. Sozzani (Rijksmuseum,
Amsterdam, NL), Ms. L. Struick van der Loeff (Kröller-Müller Museum, Otterlo,
NL) and Ms. L. Abraham (Restauratoren Kollektief, Amsterdam, NL). The aged
varnishes were removed from paintings using a cotton swab wetted with a suitable
solvent (solvents that are commonly used for varnish removal, such as propan-2-ol
(isopropanol), ethanol, acetone and combinations of propan-2-ol and 2,2,4-
trimethylpentane (isooctane)). Before use the cotton swabs were extracted with
both hexane and acetone. The varnish, labeled A, was scraped off from the
painting. One varnish, which is labeled B, was removed by applying a mixture of
acetone and mineral spirits (70/30) to the varnish layer. After pressing down a
sheet of polyester film on the surface, the varnish was removed mechanically
(‘peeled off’). Varnish B was scraped off from the polyester film and dissolved in
methanol for analysis.

For analysis the other varnishes were dissolved in the same solvents as
were used for removal from the paintings using an ultrasonic bath. These solutions
were directly subjected to DTMS and HPLC-MS experiments. GCMS experiments
were performed after methylation. Varnishes A to E were studied in more detail.
They were taken from the following paintings:

A. “Painswick Beacon” by Philip Wilson Steer (Tate Gallery, N03884). It was
documented that a varnish was applied in 1915 (personal communication, Dr. J.
Townsend, Tate Gallery, London).

B. “Supper at Emmaus” by Jan Steen (Rijksmuseum, inv. no. SK-A-1932).

C. “De zeeslag bij Nieuwpoort” by Willem Van der Velde de Oude (Nederlands
Scheepvaartmuseum Amsterdam, inv. no. 1990.0949, in permanent loan (het
Vaderlandsch Fonds ter Aanmoediging van ‘s Lands Zeedienst).

D. “Stadsgezicht” by Metzelaar (private ownership).
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E. “De Heliaden bewenen de dode Phaëthon”, by Nicolaes de Helt alias Stocade
(Frans Halsmuseum, inv. no. 81-369b).

For the DTMS experiment of which the results are shown in Figure 17, a
varnish scraping of the painting “Deel van de triomfstoet met gevangenen,
meegevoerde oorlogsbuit” by Pieter de Grebber (Oranjezaal, Huis ten Bosch) was
used. An additional varnish sample was removed from this painting using a swab
wetted with ethanol.

3.8.2. DTMS

About 50-100 µg of the aged varnish scrapings and fresh mastic resin were
homogenised in approximately 100-200 µl of ethanol. An aliquot (about 2 µl) of
the resulting suspensions was applied to the DTMS probe by using a syringe (SGE,
5 µl). The solutions containing aged varnishes were applied directly to the probe.
DTMS analysis (16 eV) was performed as described in Chapter 2.

3.8.3. Multivariate analysis

Principal component analysis (PCA) of the DTMS spectra was performed
on a SUN/SPARC workstation using a modified ARTHUR package (1978 version,
Infometrix, Seattle) [31]. The concept of this numerical treatment applied to sets of
mass spectra has been outlined by Hoogerbrugge et al. [9], and Windig et al. [10].

3.8.4. GCMS

For methylation the samples were first evaporated to dryness
(approximately 0.5 mg). Aliquots of 250 µl of methanol, 25 µl of benzene and 10
µl of TMSdiazomethane were added [32]. This mixture was left at room
temperature for 30 minutes. After evaporation to dryness, the sample was dissolved
in 20 µl of dichloromethane (1 µl injection). For the quantification experiments,
0.12 mg of both fresh and aged varnishes was methylated and dissolved in 1 ml
dichloromethane containing hexadecane (4 µg/ml) as an internal standard. On-
column GCMS data were obtained with a fused silica BPX5 column (SGE) (25 m
× 0.32 mm i.d., 0.25 µm film thickness) in a gas chromatograph (Fisons
Instruments, series 8565 HRGC MEGA 2) coupled directly to the ion source of a
JEOL DX-303 double focusing mass spectrometer (E/B). Some samples, of which
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the gas chromatograms are shown in Figure 11, were introduced on the GC
column, in quantities of 50 µl, by a Fisons/Carlo Erba Cold On-Column Large
Volume Injection System in combination with a Fisons/Carlo Erba AS800
autosampler. Helium was used as the carrier gas with a linear velocity of
approximately 26 cm/s. The temperature was programmed for 2 minutes at 50 °C,
subsequently to 250 °C with a rate of 8 °C/min and from 250 °C to 350 °C with a
rate of 3 °C/min. A JEOL MP-7000 data system was used for data acquisition and
processing. The mass spectrometer was scanned from m/z 40-700 with a 1 second
cycle time. Ions were generated by electron impact (70 eV) and accelerated to 10
kV. The mass spectra were interpreted and compared with spectra available in the
literature.

3.8.5. HPLC

HPLC-UV/VIS
The aged varnish solutions with concentrations in the order of a few

micrograms per milliliter were analysed by HPLC-MS. The HPLC equipment
consisted of a solvent-delivery system (HP1090, Hewlett-Packard) and a Rheodyne
7125 injection valve equipped with a 20 µl loop, connected to a C18 column
(Merck: LiChrospher 100 RP-18, 5 µm, 250 x 4 mm I.D.), which was kept at 35
°C, a diode-array UV/VIS detector (Waters Model 996) (190-800 nm wavelength
range) and a scanning fluorescence detector (Waters Model 474). For the analysis
of the fresh resins, eluent A consisted of a mixture of 20% water and 80%
acetonitrile, eluent B was a mixture of 2% water and 98% acetonitrile and eluent C
was acetonitrile. Separation was achieved with a linear gradient from A to B in 30
min, followed by an isocratic period of 9 min, going to eluent C in 1 minute,
followed by an second isocratic period of 10 minutes using a flow rate of 0.8
ml/min. For the HPLC-UV/VIS analysis of aged triterpenoid varnishes, eluent A
was a mixture of 50% water and 50% acetonitrile, eluent B was a mixture of 2%
water and 98% acetonitrile and eluent C was acetonitrile. Separation was achieved
with a linear gradient from A to B in 30 min, followed by an isocratic period of 14
minutes, going to eluent C in 1 minute, followed by a second isocratic period of 5
minutes using a flow rate of 0.8 ml/min.

HPLC-APCI-MS(-MS)
For the HPLC-MS analysis of the aged varnishes, eluent A was a mixture

of 80% water and 20% acetonitrile, eluent B was acetonitrile. Separation was
achieved with a linear gradient from A to B in 60 min, followed by an isocratic
period of 15 minutes, using a flow rate of 0.8 ml/min. The HPLC fractions of the
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aged varnishes were collected and subsequently analysed after methylation by
GCMS in order to identify the HPLC separated compounds. HPLC-APCI-MS
analysis was performed as described in Chapter 2.

3.8.6. SEC

The SEC equipment consisted of a solvent delivery system (LDC/Milton
Roy Model CM4000), a 20 µl valve loop injector (Applied Biosystems Model 480)
and a diode-array UV/VIS detector (Waters Model 996). Samples were dissolved
in stabilised THF and chromatographed with stabilised THF as eluent at 1 ml/min
on a 30 cm PLgel 5 µm MIXED-D column (7.5 mm I.D.) (Polymer Laboratories).
For the calibration of the system molecular weight standards of polystyrene
(Polymer Laboratories) were used.
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