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4. Artificially light aged varnishes1

Abstract

The chemical composition of a number of artificially light aged triterpenoid
varnishes was investigated by direct temperature-resolved mass spectrometry
(DTMS) and gas chromatography-mass spectrometry (GCMS). The chemical
composition of varnish samples that had been irradiated in a xenon-arc lighting
device by UV-free light is similar to that of aged varnishes from paintings.
Samples, which had been xenon-arc light aged by light with a UV component,
predominantly consist of compounds, which have not been found in aged
triterpenoid varnishes from paintings. These compounds were identified by their
electron impact fragmentation patterns, which indicated the presence of oxidised
A-rings. Therefore, exposure to xenon-arc light simulates the oxidation and cross-
linking processes as  found on paintings, only when irradiation by UV light is
excluded. The amount of UV light is also important for the fluorescent tube light
ageing of triterpenoid varnishes. Under low UV conditions the ageing processes as
found on paintings are simulated, whereas under higher UV conditions the A-ring
oxidation take place as well.

4.1. Introduction

As discussed in the previous chapter, more than 50 degraded dammar and
mastic varnishes from paintings from about 15 different museum collections and
private collections in the Netherlands and the United Kingdom were analysed in
order to determine their chemical composition. These aged varnishes were found to

                                               
1 This chapter is partly based on the publications: Van der Doelen, G.A., Van den Berg, K.J. and
Boon, J.J., “A comparison of weatherometer aged dammar varnishes and varnishes aged naturally
on paintings”, submitted to Techne, and Carlyle, L., Binnie, N., Van der Doelen, G. A., Boon, J. J.,
McLean, B., and Ruggles, A., “Traditional painting varnishes project: preliminary report on natural
and artificial aging and a note on the preparation of cross-sections” in the Postprints of Firnis,
Material Aesthetik Geschichte, International Kolloquium, Braunschweig, 15-17 June 1998, in press.
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contain similar oxidation products in varying relative distributions. The
investigation of the ageing of varnish by sampling from actual paintings is
complicated because of the many unknown factors, such as environmental effects
and the varnish recipes used [1], which may be important. This seems a serious
problem so a complementary approach is often developed in which varnishes are
subjected to various forms of artificial ageing, in order to control these factors.

Numerous pessimistic statements concerning the use of artificial ageing can
be cited [2], for example the paper by Brown [3], who states that “the majority of
users do not believe that they properly simulate or predict service”. To the best of
my knowledge, it has never been investigated whether the various methods of
artificial ageing available today simulate the molecular ageing processes as found
on paintings2. This chapter therefore investigates the chemical composition of
artificially light aged varnishes and compares it to our earlier data on aged
varnishes from paintings.

Most commercially available ageing devices, such as weatherometers and
fadeometers use xenon-arc light sources. According to Feller [2] xenon arc
radiation, filtered to resemble sunlight or daylight through window glass, has
become the most widely accepted source in tests of general photochemical
stability. Examples of the use of this ageing technique in conservation science are
the investigation of the long term stability of synthetic resins [4], the influence of
light stabilisers [5, 6] and the investigation of the effects of solvents on artificially
aged egg tempera films [7]. A commercially available artificial ageing technique
has the advantage that the ageing conditions, such as relative humidity and
temperature, are accurately regulated and known. It could be argued that they
create ageing conditions that are too severe for the ageing of relatively vulnerable
organic painting materials. Therefore, there is a trend in conservation science to
use a ‘milder’ form of artificial ageing by using fluorescent tubes and lower
illuminances [8-10, 26]. Ordinary fluorescent tubes have the added advantage that
they emit very little infrared and thus the test samples do not experience
temperatures much above 25-28ºC [2]. Artificial ageing setups, which use
fluorescent tubes, are usually self-constructed in the different laboratories.
Consequently, the experimental ageing conditions may vary among laboratories,
which unfortunately may complicate the interlaboratory comparison of the
analytical results.

                                               
2 We choose to use the term “artificial ageing” instead of the term “accelerated ageing”.
“Accelerated ageing” implies that processes are only accelerated. In many ageing studies it has not
been investigated whether the processes that are induced by the ageing device are similar to the
processes that one attempts to simulate.  We believe that in those cases where it is demonstrated
that the same processes are simulated, it is valid to use the term “accelerated ageing”. In other cases
the term “artificial ageing” is more appropriate.
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This chapter evaluates four different artificial ageing conditions by
comparing the chemical composition of artificially aged dammar and mastic
varnishes to that of ‘naturally’ aged varnishes (as discussed in the previous
chapter). The question whether a varnish undergoes the same oxidation and cross-
linking reactions when exposed to these different methods of ageing is
investigated. Dammar and mastic varnishes were subjected to the different types of
artificial ageing conditions that are frequently used in conservation science using a
commercially available xenon-arc lighting device with or without an additional UV
filter, and two fluorescent tube lighting devices developed at the Canadian
Conservation Institute (CCI). Direct temperature-resolved mass spectrometry
(DTMS) and on column capillary gas chromatography-mass spectrometry (GCMS)
were used to identify the constituents of the aged varnish samples.

4.2. Xenon-arc light ageing of varnish resins

4.2.1. Introduction

Dammar varnish has been xenon-arc light aged in the past in order to
investigate the changes in chemical composition and in physical properties such as
solubility, yellowness, gloss and surface roughness [11, 12]. In these
investigations, daylight through window glass was simulated using a combination
of filters. Another investigation on the ageing of dammar and mastic varnishes uses
a filter which simulates daylight [13, 14]. The xenon-arc light ageing studies by De
la Rie et al. pointed out that dammar and mastic varnishes can be stabilised by the
addition of hindered amine light stabilisers (HALS) [5, 6]. This stabilisation is only
successful in an ageing environment free of ultraviolet (UV) light. This was
achieved with an additional UV-absorbing filter (Acrylite OP-2) (plexiglass) added
to the filters used for simulating daylight through window glass.

For our investigation, triterpenoid varnishes, which had been artificially
light aged in a xenon-arc lighting device, were kindly provided by Prof. Dr. De la
Rie of the National Gallery of Art (Washington DC, USA). Two experimental light
ageing conditions were tested. The first setup simulated daylight through window
glass, which has been commonly used for the study of dammar varnish and uses a
combination of a borosilicate inner and a sodalime outer filter, which transmits
light down to about 315 nm [2]. The second setup utilised the Acrylite OP-2 filter
(plexiglass), in addition to the two filters just mentioned, which results in the
filtering of all light below approximately 380 nm [5].
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4.2.2. Ageing of dammar and mastic

Figure 1 shows the total ion currents (TICs) and their corresponding total
summation spectra of the direct temperature-resolved mass spectrometry (DTMS)
analysis of two dammar varnishes, which were aged for 370 hours without (Figure
(a)) or with (Figure (b)) the additional plexiglass UV-filter. For comparison, the
DTMS results of fresh dammar resin are shown in Figure 1(c). The internal
standard perylene, which is represented by a molecular ion peak at m/z 252, was
added to the samples. The single ion currents of the ions with a mass of 252 and
253 dalton are subtracted from the TICs of Figure 1. Two peaks are present in the
TICs. As described in the previous chapters, the first peak represents volatile
(triterpenoid) material. At higher scan numbers and thus higher temperature the
cross-linked fraction pyrolyses, which is represented by the second peak. When
comparing the TICs of the artificially aged varnishes (Figure 1(a) and (b)) and of
the fresh dammar varnish (Figure 1(c)), it is observed that, especially in the case of
the varnish aged without the additional UV-filter, the cross-linked fraction has
increased relative to the triterpenoid fraction during the artificial ageing process.
When the spectra of Figure 1 are compared, it is obvious that the peak ratio
internal standard/analyte has increased after artificial ageing. Compared to the
fresh resins, less material is analysed. Cross-linking may result in the formation of
a three-dimensional covalently bonded macromolecular system, which is difficult
to desorb with DTMS, because more than one chemical bond has to be broken
[15]. Furthermore, the pyrolysis yield of high molecular weight material is often
much less than a hundred percent, because reactive pyrolysis fragments may
recombine to form thermally stable material, which does not desorb from the
DTMS probe. Zumbühl et al. and De la Rie, who used matrix–assisted laser
desorption/ionisation (MALDI-MS) [13, 14] and size exclusion chromatography
(SEC) [11] respectively, found that higher molecular weight material with a mass
up to 1500 dalton [13] is formed after xenon-arc light ageing.

When comparing the total summation spectra of the dammar varnishes,
aged without or with the additional filter (Figure 1(a) and (b)), a difference in the
ion distribution is observed. The spectrum of the varnish that was aged without the
additional UV filter (Figure 1(a)) is different from that of a varnish aged on a
painting (Chapter 3, Figure 1(a)). The peak at m/z 143 is relatively small and the
abundant peaks at m/z 396, m/z 410 and m/z 426 in the molecular ion region of
Figure 1(a) (this chapter) are not abundant in the spectra of aged varnishes from
paintings (Figure 1(a) of Chapter 3). The spectrum of the varnish that was aged
with the additional UV filter (Figure 1(b)) clearly resembles the spectrum of an
aged varnish from a painting, such as a base peak at m/z 143 and a similar
distribution of ions in the molecular ion region. These DTMS data indicate that
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there are differences in the chemical composition of the two xenon-arc light aged
varnishes. GCMS analysis was applied for the molecular identification of the
constituents of these varnishes.
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Figure 1  The DTMS TICs and total average mass spectra (scan no. 20-60) of
dammar varnishes, which were xenon-arc light aged for 370 hrs without (a) or
with an additional UV filter (b). In addition, the DTMS results of fresh dammar
resin (c) are depicted. The internal standard perylene was added to all samples,
which is recognised by the molecular ion peak at m/z 252. The single ion currents
of the ions with a mass of 252 and 253 dalton are subtracted from the TICs.
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GCMS was carried out in order to separate and identify the oxidation
products, which are formed after ageing in the xenon-arc lighting device. Samples
were methylated prior to GCMS analysis in order to render the acidic triterpenoids
more volatile. Trimethylsilylation was not used for derivatisation, because the
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Figure 2  Gas chromatograms of dammar varnishes xenon-arc light aged for 370
hrs without (a) or with an additional UV filter (b). In addition, the gas chroma-
tograms of a ‘naturally’ aged dammar varnish (c) (which was labeled C in
Chapter 3) and of fresh dammar resin (d) are depicted. Peak labels refer to those
of Table I and II.
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unknown silylated compounds of artificially light aged varnishes could not be
identified by comparison with literature, which mainly consists of mass

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 ?
34 3,4-seco-28-nor-olean-12-en-3-oic acid 428
35 3,4-seco-28-nor-urs-12-en-3-oic acid 428
36 3,4-seco-olean-12-en-3,28-dioic acid 472
37 20,24-Epoxy-25-hydroxy-3,4-seco-dammaran-3-oic acid1 476
38 Dihydro-dammarenolic acid (20-hydroxy-3,4-seco-24-dammaren-3-oic acid2) 460
39 3,4-seco-urs-12-en-3,28-dioic acid 472
40 3,4-seco-3-carboxy-25,26,27-trisnor-dammarano-24,20-lactone2 432

____________________
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 triterpenoid varnish samples. Peak labels correspond to those used in
other figures of this thesis.
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spectrometric investigations of methylated triterpenoids [16-20]. Figure 2 depicts
the chromatograms of the dammar varnishes, which were aged for 370 hours
without (a) or with (b) the additional plexiglass filter. For comparison, the
chromatograms of an aged dammar varnish from a painting (varnish C as described

Label of
com-

pounds
listed in
Table I

Fresh
dammar

resin

Dammar
varnishes
aged on
paintings
(Chapter

3)

Dammar
varnish:

xenon-arc
light aged
with UV

Dammar
varnish:

xenon-arc
light aged
without

UV

Dammar
varnish:

fluorescent
tube light

aged
(Biltz)1

Dammar
varnish:

fluorescent
tube light

aged
(Down)2

1 •
2 • • • •
3 •
4 • • • • • •
5 • • • •
6 • •
7 • • • • • •
8 • • • •
9 • •
10 • • • • • •
11 • •
12 • • • • • •
13
14 • •
26 • • •
27 • • •
28
29 • •
30 • •
31 • •
32 • • • •
33
34 • •
35 • •
36 • •
37 • •
38 •
39 • •
40 •

___________________
1 This dammar varnish was prepared by dissolution of dammar resin in turpentine.
2 This dammar varnish was prepared by dissolution of dammar resin in 50% xylene/50% mineral spirits
(18% aromatic) with the addition of Tinuvin 292 (3%).

Table II  List of triterpenoid compounds found in fresh dammar resin, aged dammar
varnishes from paintings and dammar varnishes aged with four different artificial
light ageing methods. Labels correspond to those used in Table I.
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in Chapter 3) and a fresh dammar resin are shown in Figure 2(c) and (d)
respectively. Table I lists the compounds identified on the basis of their electron
impact (EI) fragmentation patterns [16-21], and their molecular weight (MW).
Table II summarises the occurrence of the triterpenoid compounds identified in
fresh dammar resin (Chapter 2), in aged dammar varnishes from paintings (Chapter
3) and in the dammar varnishes aged with the different artificial light ageing
methods.

A major difference between the chemical composition of the varnish that
was xenon light aged with some UV present (Figure 2(a)) and the varnish aged on
a painting (Figure 2(c)), is the degree of oxidation of the side chain of the
dammarane type compounds. Aged varnishes from paintings mainly contain
dammarane compounds with the hydroxyisopropylmethyltetrahydrofuran side
chain or the lactonised side chain (see Figure 3(a)) (4, 7, 26 and 2). In case of the
varnish, which was aged in the xenon-arc lighting device with some UV light
present, the non-oxidised form of this dammarane side chain (5, 8 and 38) is much
more abundant than the hydroxyisopropylmethyltetrahydrofuran side chain (4, 7
and 37). The compound with the lactonised side chain (26) is not present at all in
Figure 2(a). During ‘natural’ ageing, oleanane type molecules are oxidised at C11
and at C28 (27, 30, 31 and 32) as discussed in the previous chapter3. These
oxidation products were not present in the varnish, which was aged in the xenon-
arc lighting device with some UV light present.

Another major difference is the presence of a number of abundant
compounds in the xenon-arc light aged material (Figure 2(a)) (34, 35, 36, 37, 38
and 39), which have not been found to occur in aged varnishes from paintings. The
identification of these compounds is based on their GC retention times and mass
spectra. The molecular structures and mass spectra of a number of these newly
found compounds are depicted in Figure 4. Strikingly, all of these compounds have
an oxidised A-ring with a carboxylic acid group at C2. The mass spectra of
compounds 34, 35, 36 and 39 show peaks which are representative of
oleanane/ursane type molecules with either a hydrogen (m/z 204 for 34 and 35) or
a carboxylic acid group (m/z 262 and m/z 203 for 36 and 39) at C17 (see Chapter
6). Compounds with these characteristic fragment ions are also present in the fresh
resin (2, 6, 10 and 14). Compounds 34, 35, 36 and 39 all have molecular ion peaks,
which are 32 mass units higher than the compounds found in the fresh resin.
Furthermore, the presence of the peaks at m/z 355 (34 and 35) and at m/z 413 (36
and 39) indicates (M-87)+. ions. As will be discussed in Chapter 6, a methylated
carboxylic group at C2 gives rise to this fragment under electron impact conditions
[21]. The mass spectra of compounds 37 and 38 were very similar to those of 4 and

                                               
3 We define these oxidation processes of oleanane/ursane type and dammarane type molecules as
the typical processes occurring during varnish ageing on paintings.
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5, which are found in fresh dammar resin (Figure 2(d)). The main difference is that
a number of peaks present in the spectra of 37 (m/z 413 and m/z 431) and 38 (m/z
387 and m/z 456) are 2 mass units higher than those of 4 (m/z 411 and m/z 429)
and 5 (m/z 385 and m/z 354). The difference between the dammarane type
compounds 37/38 and 4/5 is the presence of an isopropyl group (37 and 38) instead
of an isopropenyl group (4 and 5) at C5. Compounds 4, 5, 37 and 38 all contain an
oxidised A-ring. The dammar varnish, which was aged without the additional UV
filter (Figure 2(a)) also contains compounds 4 and 5. These compounds however
are already present in fresh dammar resin (Figure 2(d)). This latter type of A-ring
opening, which results in an oxidised A-ring with an isopropenyl group at C5,
probably takes place during biosynthesis or after excretion by exposure to outdoor
conditions. The UV exposed dammar varnish contains only small amounts of
triterpenoids that do not have an oxidised A-ring (6, 7, 8, 10 and 12). In contrast,
the majority of the triterpenoid constituents of the ‘naturally’ aged dammar varnish
(Figure 2(c)) contains a keto group on C3 (2, 7, 8, 9, 10, 12, 14, 26, 27, 30, 31 and
32).

Arigoni et al. [22] and Rao et al. [23] investigated the photochemical
cleavage of a number of triterpenoid compounds, such as α- and β-amyrone, 3-
oxo-25,26,27-trinordammarano-24,20-lactone and cabraleone. It was found that
irradiation with UV light in either aqueous acetic acid [22] or methanol [23]
resulted in the cleavage of the ketone group at C3 into a carboxylic acid, as
illustrated in Figure 3(b). This type of photochemical reaction also takes place
during xenon-arc light ageing in the presence of UV light. Carbonyl groups are

Figure 3  Oxidation processes of triterpenoids. Side chain oxidation of
dammarane compounds, as found to occur during ageing on paintings (a).
Oxidation of the A-ring, as found to occur in triterpenoid samples during
irradiation with UV light in aqueous acetic acid or in methanol and during
artifical light ageing in the presence of UV light (b).
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known to undergo scission reactions, such as the Norris type I reaction, under the
influence of UV light [24]. For example, compound 38 is abundantly present in
Figure 2(a). It is inferred that this compound is formed by oxidation of one of the
most abundant compounds of fresh dammar, hydroxydammarenone (8). This same
observation holds for compounds with an oleanane or ursane skeleton. All
oleanane and ursane type triterpenoids found in the dammar varnish, which was
aged in the xenon-arc lighting device with some UV light present, contain an
oxidised A-ring (34, 35, 36 and 39). Other experiments (not shown here)
demonstrate that this A-ring oxidation has already taken place even after 100 hours
of weatherometer ageing. After 2000 hours of weatherometer ageing, these A-ring
oxidised compounds are still the main constituents of the weatherometer aged
material.

Because UV light seems to be generating this specific type of A-ring
oxidation, it is interesting to investigate the chemical composition of the varnish
that was aged by xenon-arc light with the additional UV filter. Figure 2(b) shows
that the oxidised triterpenoid constituents of the UV filtered xenon-arc light aged
dammar (4, 7 and 32) resemble those found in ‘naturally’ aged varnishes. In
addition, a number of unoxidised triterpenoids are present, which are also
constituents of fresh dammar resin (2, 5, 8, 10, 11 and 12). This implies that the
specific type of A-ring oxidation, which gives rise to an oxidised A-ring with an
isopropyl group, only occurs during xenon-arc light ageing when UV light is
present. Feller [2] provides many examples, which illustrate that the type of
compounds formed during ageing depends on the wavelengths of the light source
used. The increased temperature in the xenon-arc lighting device may also have an
effect on the reaction kinetics. In order to determine the exact role of UV light and
temperature on the formation of different oxidation products, additional
experiments have to be carried out.

We have investigated whether the above findings, as described for dammar
resin also apply to the xenon-arc light ageing of mastic varnish. Figure 5 shows the
gas chromatogram of a mastic varnish, which was aged for 600 hours with an
additional plexiglass filter (a), and that of an aged mastic varnish from a painting
(varnish A as described in Chapter 3) (b). Peak labels refer to those of Table I. The
constituents of the xenon-arc light aged mastic varnish clearly resemble those
formed during ageing on a painting. It can be concluded that xenon-arc light
ageing with the exclusion of UV light by means of a plexiglass filter simulates the
molecular ageing processes as found on paintings.
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The A-ring oxidation, which results in a carboxylic acid group at C2 and an
isopropyl group at C5, was not found in the more than 50 aged triterpenoid
varnishes from paintings. The conditions under which these varnishes from
paintings were aged are not exactly known. For some years, some of the aged
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Figure 4  Molecular structures and mass spectra (70 eV) of a number of
triterpenoid compounds, which were identified in a varnish sample aged in a
xenon-arc lighting device with some UV light present.
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varnishes may have been protected from UV light by filters. However, many
museums and probably a number of private collectors do not use these UV filters.
Some paintings may have been lit by daylight through window glass, whereas
others have been lit by other sources of light. This collection of more than 50 aged
triterpenoid varnishes from paintings from about 15 museum and private
collections in the Netherlands and the United Kingdom can therefore be regarded
as representative of a large number of display conditions. Even in the case of a
severely degraded varnish that was taken from a painting, which was hung next to
a window and consequently was lit directly by the sun for several hours per day
without any UV filtering, products of this specific A-ring oxidation were not
found.
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Figure 5  Gas chromatograms of two mastic varnishes. A represents the TIC of a
mastic varnish aged for 600 hours in a xenon-arc lighting device with an
additional plexiglass filter. B represents the TIC of a ‘naturally’ aged mastic
varnish from a painting. Peak labels refer to those of Table I.
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4.2.3. Interpretations of earlier research

Earlier investigations on the degradation process of dammar varnish
applied xenon-arc light ageing simulating daylight through window glass [11, 13,
14]. Analysis by infrared spectroscopy (IR) and determination of acid numbers
pointed out that a large amount of acid groups were formed during xenon-arc light
ageing [11, 13, 14]. Nuclear magnetic resonance (NMR) measurements also
indicated that ageing leads to complete disappearance of the ketones [13, 14]. The
investigations did not use additional UV filtering. These analytical results agree
with our findings that all triterpenoid keto groups at C3 are oxidised to acid groups
(Figure 3(b)) after ageing in a xenon-arc lighting device in the presence of UV
light. Therefore, compared to the ageing processes found on paintings, much more
carboxylic acid groups are formed during this type of xenon-arc light ageing, due
to extensive A-ring opening reactions. The formation of a large number of acid
groups is likely to have implications for the solubility behaviour and the
mechanical properties of a film of dammar varnish. Carboxylic acids are polar
groups, which will cause a change in solubility towards more polar solvents.
Furthermore, the presence of these polar groups will cause the resin to be more
sensitive towards moisture. Acid groups will also give rise to stronger
intermolecular forces in the film, which can lead to cracking. Physical changes,
such as solubility change, increased sensitivity towards moisture, and cracking are
also known to occur during “natural” ageing of triterpenoid varnishes. We believe
that these physical changes are more pronounced when all A-rings are oxidised.
Furthermore, the extensive A-ring opening may also result in relatively more
flexible structures compared to the rigid multiring units, which are still found in
aged varnishes from paintings [13]. It is therefore almost certain that dammar and
mastic varnishes, which are aged in the xenon-arc lighting device in the presence
of UV light, result in varnish films that are not comparable to aged varnish films
from paintings.

4.3. Fluorescent tube light ageing of varnish resins

4.3.1. Introduction

A large number of historical sources have been analysed by Carlyle [1] in
order to study traditional recipes for artists’ oil painting materials. These sources
included recipes for binding media and varnishes. Carlyle and coworkers
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subsequently started an investigation of the effect of different varnish preparation
methods on the appearance of the varnish [25]. For this purpose, a large number of
varnishes, made according to different traditional recipes, were artificially aged at
the Canadian Conservation Institute (CCI) in two self-constructed fluorescent tube
lighting devices. These devices were developed in order to subject materials to
relatively mild light ageing regimes compared to that of xenon-arc light ageing.
Consequently, the exposure times were in the order of a few years, which is
relatively long compared to those of xenon-arc light ageing, which are usually in
the order of a number of weeks. Two different devices were used for artificial light
ageing. Both were equipped with banks of fluorescent light tubes kept on for
twenty-four hours a day, but the light levels and UV content differed considerably.
The device that was developed by Biltz et al. [26] produces relatively high light
levels (2300 lux) and negligible UV (15 µW/l). The device that was developed by
Down [9] contains substantially lower light levels (750 lux) and a higher level of
UV (190 µW/l). The majority of the samples were aged for about two and a half
years in the Biltz apparatus. Tinuvin 292 was added to some varnishes in order to
investigate its stabilizing ability. These latter varnishes were light aged for about
one year in the Down apparatus. Half of the varnishes were covered with
aluminum foil in order to obtain a set of light-protected, i.e. dark aged, control
samples.

4.3.2. Ageing of dammar and mastic varnishes

Figure 6 shows the DTMS total ion currents (TICs) and total summation
spectra of a dammar (a) and mastic varnish (b) that were aged in the Biltz
apparatus. Comparable to aged varnishes from paintings (Chapter 3), a cross-
linked fraction (around scan 50) is formed during this type of fluorescent tube
ageing. Both DTMS spectra resemble those of aged dammar and mastic varnish
from paintings (Chapter 3). The aged dammar varnish shows the specific marker
peaks for the oxidised dammarane triterpenoids, such as m/z 143, m/z 399 and m/z
414. The molecular ion region of the DTMS spectrum of the artificially aged
mastic varnish is similar to that of the ‘naturally’ aged mastic varnish. In addition,
the possible marker for mastic varnish, the peak at m/z 163, is present. In order to
investigate the oxidation products formed during ageing in the Biltz apparatus,
GCMS was carried out on an artificially aged dammar and mastic varnish as shown
in Figure 7(a) and (b). Labels correspond to those used in Table I and II. When
comparing these chromatograms to those of aged varnishes from paintings as
depicted in Figure 2(c) and 5(b), it is clear that the artificial light ageing in the
Biltz apparatus has induced similar oxidation reactions as those occurring on
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paintings. The specific type of A-ring oxidation, which was found to occur during
xenon-arc light ageing with some UV light present, does not take place in the Biltz
apparatus.
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Figure 6  The DTMS TICs and total summation mass spectra (scan no. 20-60) of
a dammar (a) and mastic varnish (b), which were light aged in the Biltz
fluorescent tube lighting device.
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The control samples, covered from the fluorescent tube light of the Biltz
apparatus, can be considered to be artificially aged in the dark. Figure 8 shows the
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Figure 8  The DTMS TIC and total average mass spectrum (scan no. 20-60) of a
light-protected control sample of dammar (Biltz apparatus).
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DTMS TIC and total summation spectrum of the light-protected control sample of
dammar. When this TIC is compared to that of the corresponding light aged
dammar varnish (Figure 6(a)), it is clear that the light aged varnish contains a
higher relative amount of cross-linked material. The light-protected control sample
(Figure 8) contains a relatively large amount of ocotillone type molecules and a
relatively small amount of the lactonised molecules compared to the corresponding
light aged dammar varnish (Figure 6(a)). During ageing, hydroxydammarenone is
first oxidised to an ocotillone type molecule (with its characteristic mass
spectrometric markers m/z 143 and 399) and subsequently to a molecule with a
lactonised side chain (corresponding to the marker m/z 414) (figure 3(a)). Thus,
oxidation has also taken place in the light-protected controls, although the light
exposed material is clearly oxidised to a larger degree. We conclude that ageing
processes do take place in the dark as well, but to a minor extent than when placed
in the light. It can be argued that light induced reactive species in the atmosphere
in the lighting device are the cause of the oxidation of the light-protected control
samples.

4.3.3. Effect of the light stabiliser (Tinuvin 292) in fluorescent tube

light aged dammar varnish

Carlyle and coworkers had also prepared varnishes, which contain the light
stabiliser Tinuvin 292, to investigate its effect on the appearance of the varnish
[25].  The varnishes had been artificially light aged in the Down lighting apparatus,
which emits a higher proportion of UV light than the Biltz lighting apparatus. This
provided us with the opportunity to investigate the stabilizing capability of Tinuvin
292 in a dammar varnish. DTMS and GCMS were used for analysis. Figure 9
shows the DTMS TIC and the total summation spectrum of the Tinuvin 292
containing dammar varnish. The TIC shows a large peak around scan 53, which
indicates that Tinuvin 292 does not inhibit the cross-linking processes. The DTMS
spectrum is very complex, showing a large number of peaks. Some mass
spectrometric markers, which are found in aged varnishes from paintings, such as
the peaks at m/z 399 and 414, are present. GCMS was performed in order to
identify the triterpenoid fraction (Figure 10). The labels used in Figure 10
correspond to those used in Table I and II. This sample consists of a large number
of oxidised compounds. Oxidised triterpenoids such as those found in aged
varnishes from paintings (7, 26, 27 and 32) are present. In addition, the A-ring
oxidised triterpenoids (35, 36, 37 and 39) were identified. The previous section
demonstrated that predominantly A-ring oxidised compounds are formed during
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xenon-arc light ageing with UV light present, instead of the oxidation products
found in aged varnishes from paintings. During ageing in the Down apparatus
(Figure 10), both the specific type of A-ring oxidation and the oxidation processes
occurring on paintings are generated (see footnote in section 4.2.2.). For example,
compound 40, which has both an oxidised A-ring and a lactonised side chain, is a
product of both types of oxidation reactions. This specific type of A-ring oxidation
did not occur during light ageing in the Biltz apparatus although this machine has a
substantially higher light level. The Down apparatus emits a higher proportion of
UV light. Therefore it can be concluded that the presence of this UV light is the
cause of the A-ring oxidation. Additional experiments have to be carried out to
determine the exact effects of UV light of specific wavelengths on the oxidation of
triterpenoid varnishes. As with xenon-arc light ageing in the presence of UV light
[5], Tinuvin 292 is not capable of inhibiting the oxidation processes generated by
light exposure in the Down apparatus (Figure 10).

Figure 11 shows the DTMS TIC and total summation spectrum of the
corresponding light-protected control sample of the Tinuvin 292 containing
dammar varnish. When the spectrum is compared to that of fresh dammar resin
(Figure 1(c)), it is clear that oxidation and cross-linking reactions are completely
blocked in the dark when Tinuvin 292 is present. As discussed before, without the
addition of Tinuvin 292, oxidation reactions proceed in the dark but to a lower
extent than when placed in the light (figure 8).
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4.3.4. Effects of different methods of preparation of the varnish

A large number of varnishes were prepared at the CCI according to several
recipes. A selection of these varnishes, which were aged in the Biltz apparatus [26]
were analysed by DTMS [25]. DTMS indicated that ageing in the bottle for a year
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Figure 10  Gas chromatogram of the Tinuvin 292 containing dammar varnish
that was aged in the Down apparatus. Peak labels refer to those of Table I and II.
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prior to varnish application did not seem to have any effect on the chemical
composition of these varnishes after artificial light ageing. The chemical
composition of a set of varnishes where the resin remained the same, but the
solvents were varied (turpentine versus the modern solvents, mineral spirits and
xylene), was almost identical, which indicates that the different solvents do not
have a substantial effect on the type of oxidation processes that occur during
ageing.

4.4. Conclusions

Four different light ageing conditions were applied for the artificial ageing
of dammar and mastic varnish, in order to determine whether similar oxidation and
cross-linking products are formed compared to those found in aged varnishes from
paintings. The absence of UV light was found to be essential for the simulation of
the molecular changes that were found to occur during ‘natural’ ageing. Analysis
by DTMS and GCMS showed that two experimental ageing setups, a xenon-arc
lighting device equipped with an additional UV filter (plexiglass) and the
fluorescent tube lighting device (negligible UV) developed by Biltz et al. (CCI),
can generate molecular ageing processes which simulate those of ‘natural’ ageing.
The other two artificial light ageing setups, a xenon-arc lighting device without the
additional UV filter and the fluorescent tube lighting device developed by Down
(CCI), emit light with some UV light present. Irradiation by light with a UV
component gives rise to the formation of A-ring oxidised compounds. This specific
type of A-ring oxidation was not found to occur during ageing on paintings. Table
II summarises which compounds are formed during these different methods of
ageing. Both the A-ring oxidation and the oxidation reactions that are commonly
found to take place on paintings occur during light ageing in the fluorescent tube
lighting device developed by Down. Tinuvin 292 is not able to inhibit these
oxidation processes generated by light exposure in the Down apparatus. Xenon-arc
light ageing without the additional UV filter predominantly gives rise to A-ring
oxidation. Extensive A-ring oxidation of triterpenoid varnishes will probably have
an impact on the solubility and mechanical behaviour of the artificially aged
varnishes. It is therefore advisable to exclude UV light for the artificial light ageing
of triterpenoid varnishes. The exact effect of UV light of specific wavelengths on
the oxidation processes in triterpenoid varnishes needs further research.
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4.5. Experimental

4.5.1. Xenon-arc light ageing

The dammar and mastic resins used for xenon-arc light ageing were
purchased from Kremer. The resins were dissolved in toluene (40 w/w%). Glass
plates were used as substrates for the varnish films. An Atlas Ci65A xenon arc
Weather-ometer with a borosilicate inner and soda lime outer filter glass was used.
In some cases the UV component was removed from the light hitting the films by
mounting Acrylite OP2 UV absorption filters (plexiglass) in front of the samples.
The xenon arc output was controlled at 420 nm and was maintained at an
irradiance of 0.90 W/m2. Other settings were: black panel temperature 50-55°C,
dry bulb temperature 30-35°C, relative humidity 44%. The dammar varnishes were
aged for 370 hours both with or without the additional UV filter. The mastic
varnish was aged for 600 hours with the additional UV filter. After ageing, samples
were scraped from the glass plates.

4.5.2. Fluorescent tube light ageing

Dammar and mastic resin were purchased from O.J. Innes Corporation
(New York, "Singapore No.1") and Cornelissen (London) respectively. Different
recipes were used to prepare the varnishes. The dammar varnish, of which the
results are depicted in Figures 6, 8 and 9, were prepared by dissolution in 50%
xylene/50% mineral spirits (18% aromatic) (31 wt/vol% resin concentration). The
Tinuvin 292 containing dammar samples (3% by weight of the resin) were
prepared similarly. The dammar and mastic varnishes, of which the results are
depicted in Figure 6(b) and 7, are prepared by dissolution in turpentine (31
wt/vol% resin concentration). These latter samples were aged in the bottle for one
year. Glazed white ceramic tiles were used as substrates for the varnish films.
Elemental analysis showed that there is no titanium white present in the tiles.

Both the Biltz apparatus and the Down apparatus were equipped with banks
of fluorescent lights (40 W, Duro-Test #1157 Vita-lite). The experimental ageing
conditions are described in the publications by Biltz et al. [26] and Down et al. [9].
The Tinuvin containing samples were aged for 7920 hours in the Down apparatus
(750 Lux, 190 µW/l). The other samples were aged for 20184 hours in the Biltz
apparatus (2300 lux, 15 µW/l). Following light exposure, all samples were stored
in the dark for a few years (ambient temperature, normal atmosphere).
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4.5.3. DTMS

A 12.8 ng/µl solution of the internal standard perylene (Aldrich, 99+%) in
tetrahydrofuran was prepared. The xenon-arc light aged dammar varnishes and
fresh dammar resin were subsequently dissolved in the internal standard solution
(0.5 µg/µl). An aliquot of 2 µl was applied to the DTMS probe by using a syringe
(SGE, 5 µl). About 50-100 µg of the fluorescent tube light aged varnishes was
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). DTMS analysis (16 eV) was performed as described in Chapter 2.

4.5.4. GCMS

The GCMS analysis of fresh resins and the aged varnishes is described in
Chapter 2 and 3 respectively. For methylation, according to the method of
Hashimoto et al. [27], aliquots of 250 µl of methanol, 25 µl of benzene and 10 µl
of TMSdiazomethane were added to approximately 0.2 mg of the sample. 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). 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 (Carlo Erba, series 8565
HRGC MEGA 2) coupled directly to the ion source of a JEOL DX-303 double
focusing mass spectrometer (E/B). 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 at a rate of 8 °C/min and from 250 °C to
320 °C at a rate of 3 °C/min, at which temperature it remained for another 10 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.
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