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Abstract

The conservation of artworks is a key issue in cultural heritage. The alterations of the varnish could be
linked mainly to the photopolymerization of the natural resin. The photodegradation of sandarac and rosin
under simulated solar light was studied using a multianalytical approach using a second derivative FT-IR
spectroscopy and gas chromatography coupled to mass spectroscopy.

In all resins, main terpene molecules underwent esterification and perestererifications via the formation of
hydroperoxides preferentially formed on tertiary carbons. This polymerization could be associated with the
advice of important art manuals and treatises recommending exposing varnishes to the sunlight while
drying. In a second step, these esters and perester bonds underwent photoscissions by Norrish I and II
reactions, leading to the production of free terpenes in the varnishes. In sandarac varnishes, the vinyl bonds
showed a strong reactivity associated with the formation of frans and cis secondary alkenes. These
photochemical reactions could explain an important part of the problem of conservation of the varnish
layers experienced by museums all over the world.



1 Introduction

The conservation of artworks is a key issue in cultural heritage. In many cases, varnishes have a primordial
function in the preservation and the visual improvement of the aesthetic layer, like the pictorial layer, of
paintings. They are considered as a constitutive part of the artwork as they participate to it by their color or
their thickness which can give depth.!! Since the 12" century at least, artists have been trying to find the
“perfect” varnish and many recipes and advice can be found in manuscripts and books from middle age to
nowadays.> ' In particular, the VERNIX database created by the Cité de la musique in Paris,!'”! already
made an inventory of more than 250 varnishes from the 14™ to the 18™ centuries.

Varnishes are constantly exposed to light and undergo photochemical reactions altering their
physicochemical properties. Moreover, they are the principal material in contact with the environment and
therefore can react with its oxidative chemical species. The alteration of varnishes has important
consequences on the visual aspect of the artworks. Yellowing, crackling, chanci, blueing, or clogging are
some of the effects encountered on this protective layer after ageing.'® Among all possible causes,
photodegradation is one of the most important possible causes of alteration among pollutants,!'*2*

23,4

biodegradation,** and temperature.'*”!

Therefore, the understanding of the chemical processes and the associated kinetic evolution is primordial
to predict the behavior of the varnishes. It enables to make preservation campaign as it was carried out in
several museums (change of lamps, protection of the artworks, etc.). In the literature, we can distinguish
two different objectives that are to: (i) describe the natural degradation of the material, or/and (ii)
understand the mechanisms of degradation. To be able to understand the mechanism in such complex
media, it can be useful to simplify (solvent, phase, irradiation wavelengths, etc.) the physicochemical
system. As photochemical reactions are extremely dependent on the chemical environment,*! such
changes or simplifications always have to be taken into account in the extrapolation of model conditions to
the natural conditions. In this publication, we will use the term natural degradation for the studies describing
the global degradation of varnishes without differentiating thermic or photochemical reactions.

Natural varnishes are complex chemical matrixes based on natural resins diluted in a medium (alcohol, oil

or turpentine spirit for example).””? Techniques used to prepare such layer are complex and extremely

[3,7,15,28,29

different over human history, ] which sometimes resulted in the loss of their secrets of

(3032 Natural resins are constituted of terpenes and,”** as most biomaterials, they vary in their

3437 ecological and conservation parameters.”> This

fabrication.
chemical composition in function of taxonomic,
problem of chemical reproducibility makes the understanding of key photochemical reactions a critical
objective to be able to understand the chemical and physical parameters driving the degradation patterns of
the varnishes. In this work, we focused on two diterpenic resins: Tetraclinis articulata resin (sandarac) and
Pinus resins (the different turpentines and the distillation product colophony or rosin).

Diterpenic resins are mostly composed of diterpenoids, mostly pimaranes, abietanes and labdanes (cf Figure
1). Rosin and turpentine resins are produced by conifers from the Pinaceae family. They are composed of
abietanes (abietic, neoabietic, palustric, dehydroabietic (DHA) acids and various hydroxylated derivatives
of DHA), pimaranes (pimaric, sandaracopimaric and isopimaric acids) and sometimes labdanes (larixol) in
different proportions.**3*3]

The sandarac resin chemical composition consists in a polymeric fraction and free diterpernoids. The
polymeric fraction was identified as polycommunic acid.?'*”! The low molecular weight fraction is
generally composed of sandaracopimaric, hydroxy-sandaracopimaric, isopimaric, (iso)agathic,
dihydroagathic, dihydroagathalic, pinifolic, and cis- and trans-communic acids, and phenols (manool,
totarol, sugiol and ferruginol).[2'30-3%41:42]
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Figure 1 - Structures of the main diterpenes present in rosin and sandarac resins.

The photodegradation of alcoholic varnishes of Pinus resin was studied upon different irradiation devices
(Suntest,** with Aexe > 295 nm Solar Box,* with Aexe > 290 nm, fluorescence tubes,* with Aexe > 330
nm and Aexe > 390 nm, UV light,* at Aee = 365 nm). Pure Pinus resins were generally reported as
undergoing photochemical polymerization, oxidation and dehydrogenation which undergo the formation
of aromatic, hydroxy- and oxo- compounds. Most authors described the natural degradation or the
photodegradation of abietane, pimarane and labdane compounds of rosin and Venice turpentine alcoholic
varnishes into hydroxylated and ketonic compounds, with a large formation of dehydroabietic acid (DHA)
and a formation of unknown high molecular weight molecules.®®**#’#¥] Nevertheless, the importance and
the mechanism of the polymerization process remain unclear and need further studies as it could be a key
to understanding varnish behavior. Oil varnishes were shown to induce the formation of conjugated and
non-conjugated hydroperoxides and cross-linking.[*! For the sandarac, Kononenko and co-authors nicely
showed the importance of the polymerization of the communic acid in the photoreactivity of the sandarac
resin.'*?! Cross-linking, cleavage reactions were also mentioned by Scalarone and co-authors.?" Until now,
no study took into account the influence of the formulation of varnishes (oil, alcoholic) on the
photochemical mechanisms.

In this article, the photodegradation of the extractable fraction of diterpenic varnishes is studied by infrared
(FT-IR) and gas chromatography coupled to mass spectrometry (GC-MS). The three main goals of this
paper are (i) to identify the principal photodegradation mechanism taking place in varnishes, (ii) to assess,
for the first time, the effect of the formulation on the photochemical reactions, (iii) to understand the
formation of polymeric network in the varnishes. Thus, the specificity of the reactions toward the family
of compound and the type of varnish was also elucidated using a multianalytical approach on a mechanistic
and kinetic point of view. In order to describe the chemical photodegradation of varnish compounds, we
used a second derivative and fine smoothing of infrared spectra, which allow a fast deconvolution of the
infrared signal. It was combined with gas chromatography coupled to mass spectrometry (GC-MS and GC-
MS/MS) analysis of the extractable fraction to study the reproducible kinetics.



2 Results & discussion

2.1  Photodegradation of rosin and rosin varnishes
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Figure 2 — GC-MS chromatograms of oil (O) and alcoholic(A) varnishes with 0 and 300h of irradiation in Suntest (765 W.m?2,
35°C). Identified compounds: Pim= Pimaric acid, SandP= Sandaracopimaric acid, IsoP= Isopimaric acid, Pal= Palustric acid,
DHA= Dehydroabietic acid, Abiet= Abietic acid, 30H DHA= 3-hydroxy-DHA, 70H DHA= 7-hydroxy-DHA, 150H DHA= 15-
hydroxy-DHA, DH-DHA= Dehydro-DHA, Acetoxy-abietic acid, 7-oxo-DHA, Nor- = 18-nor-terpene (H replaces the C18
group), FA18:0 = palmitic acid, FA18:1 = oleic acid, FA18:2 = linoleic acid, FA18:0= stearic acid.

The photodegradation of turpentine resin and rosin at 35 °C and under simulated solar light was studied. In
all experiments, they showed a very similar photochemical behavior, in accordance with literature.[3%437]
In this publication, we will thus present the results for rosin photodegradation only but the conclusions can
be extended to both materials.

First, all observed reactions were photochemically induced and followed by infrared spectrometry and GC-
MS analyses of the extractable fraction. Indeed, no significant change in the chemical compositions of
varnishes change was noticed after 1 month in the dark at ambient temperature (20-25 °C) or in an oven at
40°C (data not shown).

GC-MS chromatograms of all fresh rosin varnishes were principally composed of pimaranes and abietanes,
most particularly (iso)pimaric, sandaracopimaric, palustric, abietic, dehydroabietic acids (DHA), several
hydroxy-DHA, 7-oxo-DHA and dehydro-DHA. The chromatograms of fresh and photodegraded varnishes
are given in Figure 2. The identifications were made thanks to the literature and to an advanced study of
the MS and MS/MS fragmentation, as already presented in our previous publication.*]

In all varnishes, the irradiation provokes important evolutions of infrared spectra and extractable fraction
chromatograms. Many observed kinetics (evolution of different infrared bands, terpenes and other
derivatives concentrations) showed a 2-step process that can be described as follows: (i) phase 1 in the first
100 hours, (ii) phase 2 from 100 to 300 hours. In order to understand the chemical process, we studied
independently the photoreactivities of the different chemical groups and discussed the GC-MS data all

along the text. All infrared bands attribution were made according to the literature,!*>#7:48-50-33]



2.1.1 Photoreactivity of rosin alcoholic varnishes
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Figure 3 - Evolution of the second derivative infrared spectra of oil (O) and alcoholic (A) rosin varnishes between 3150 and 2450
cm! (1) and 2000 and 1550 cm! (2) during the irradiation in Suntest (765 W.m2, 35°C).

1e+05
0.1) 0.2) Compounds
1 g v 18-nor-7-hydroxy-DHA
80000 | X} 18-nor-abietic acid
: + A 18-nor-DHA
@ 18-nor-isopimaradiene
60000 | Bl 18-nor-pimaradiene
:F( + e + [7] 18-nor-sandaracopimaradiene
40000 | S/ 7-hydroxy-DHA
A <> 7-ox0-DHA
: SN N % avieti acid
02| 20000 S A s
AW m-- - B Seees -m X Palustric acid
0 hsx_y_?‘!— BH----- '@‘ -r=- E‘ -------- > @ Pimarane (mean)
A.2) +
4e+05 -
3e+05 |
: 4
3 A
< 26405 | .
1e+05 |
0 T T T T T T - =
0 50 100 150 200 250 300 100 150
Time (min) Time (min)

Figure 4 - Evolution of the relative concentrations of principal terpenes (1, on the left column) and their observed nor byproducts
(2, on the right) in alcoholic (A) and oil (O) rosin varnishes during the irradiation in Suntest (765 W.m2, 35°C). All
quantifications were made by GC-MS after trimethylsilylation. Pimaranes (sandaracopimaric, pimaric, isopimaric acids) kinetics



have similar evolutions mostly depending on the type of varnish, only the mean of relative concentrations of the 3 pimarane are
represented.

In alcoholic varnishes, the photoreactivities of the carboxylic groups of abietane and pimarane compounds
were crucial in their degradation mechanism and led to the formation of dimers and polymers. Indeed, we
could follow the infrared evolution of most characteristic bands of -COOH during the irradiation (cf Figure
3), with a special attention at the wavenumbers: (i) 2647 and 2535 cm™ for their O—H stretching, overtone
and combination bands,***”! (ii) 1695 cm™ for their ketonic group,'*! (iii) 1276 cm™ for the stretching of
the OH group.l*** Such effect can be correlated to the huge loss of all free abietianes (72% for palustric
and abietic acid, 53% for DHA) and pimaranes (52% for pimaric acid, 64% and 69% for sandaracopimaric
and isopimaric acids) detected by GC-MS during the phase 1 of the irradiation (cf Figure 4) with no major
photoproducts detected. These two results clearly show that the main photochemical reactions in phase 1
are photochemical polymerization and cross-linking leading to the formation of high weight molecules.
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Figure 5 - Evolution the maximum of the infrared bands at 1730 and 1180 cm™' during the irradiation of rosin varnishes in
Suntest (765 W.m2, 35°C).

During the photolysis, carboxylic acid undergoes esterification reactions as shown by the important
formation of infrared bands of esters around 1730 cm™,***2% and of peresters at 1780 cm™,[5*361.62] (cf
Figure 3 and Figure 5) during the first 100 h of irradiation. Moreover, the global increase of absorbance
between 1250 and 950 cm' is notably attributed to the presence of esters and peresters C-O bonds,* as
shown on Figure 6. The band at 1780 cm™ is usually attributed either to y-lactones or peresters,!

nevertheless, in our conditions, no lactone was detected by GC-MS. Finally, these two absorption bands

50,52,53]



cannot be attributed to the formation of 7-oxo-DHA as the pure compound exhibits a carbonyl absorption
around 1701 cm™ (data not shown) and as free 7-oxo-DHA was not significantly formed in our conditions
of irradiation (see Figure 4).
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Figure 6 — Evolution of subtraction spectra (infrared spectra after various irradiation duration minus infrared spectra at t0) of oil
(O) and alcoholic (A) rosin varnishes between 1600 and 400 cm™' during the irradiation in Suntest (765 W.m?, 35°C).

Thus, abietane and pimarane can undergo photochemical condensation between carboxylic groups of
pimaranes and abietanes and any alcohol group from other carboxylic acid or hydroxylated DHA. They
also can react with peroxide radicals to form peresters. Such reactive species can be formed from any radical
formed by autoxidation of natural resins,”” or photochemical process (R® + O, — R-0-0°*). The proposed
mechanisms are given in Scheme 1.
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Scheme 1: Photochemical condensation of abietane and pimarane molecules.

The formation of hydroperoxides was noticed as evidenced by the formation of a broad band centered at
3425 cm™ (cf Figure 7) that can be related to the process of formation of the esters in the varnish. Moreover,
no significant increase of infrared absorption was noticed at 3470 cm™, maximum of absorption of the
broad band of alcohol function. Such result is in good accordance with other studies that prove the
importance of the formation of peresters in the photochemical process.! "]
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Figure 7 - Formation of the infrared band of hyperoxides (the 3425 cm™) in alcoholic and oil rosin varnishes during first hours of

irradiation.



Moreover, the tertiary CH (2890 and 1047 ¢cm™) exhibit an important decrease as they are the most
susceptible to form peroxide because of their lower energy of bond dissociation in regard of all other types
of C-H bond,"** as proposed on Scheme 2. It is also noticeable that in position C9, the energy of CH bond
is lowered by the presence of an unsaturation on the beta carbon C8. The high reactivity of all tertiary CH
was detected by NMR during the irradiation of pure abietic acid in other publication.*”! Besides, IR
characteristic doublets of quaternary C-C (Figure 6), around 1397 and 1373 cm™,"**! increased all over
irradiation, most probably because of the reactivity of terpenes tertiary carbons C5, C9 and CI15. Such
peroxides easily induce the homolytic breakdown of the O—O bonds in radicals. Moreover, such peroxides
in tertiary carbon were detected during the irradiation of levopimaric, palustric and neoabietic acids in
solution.>”**$ Non aromatic secondary CH (3012 cm™) also suffer an important decrease, probably related
to the peroxidation of the carbon 7, as shown in Scheme 2.

HOO

COOH

2890 and 1047 cm! 3425 cmr! hyperoxide
tertiary CH 1397 and 1373 cm! quatenary C-C
'OH%
RO 0
<P

COOH COOH

1730-35 cm'! ester
1780 cm! peresters

Scheme 2: Photoreactivity of abietane tertiary carbons.

Main reactions detected in phase 1 can involve different terpenes and lead to an increase of the molecular
mass of the polymeric fraction. It fits nicely to previous results obtained by size exclusion chromatography
showing the important formation of high molecular weight compounds during the photodegradation in rosin
alcoholic varnishes.*® Other chemical pathways could lead to homolytic cleavage, intermolecular C-C or
ether bonds formation or terpene oxidations.

After 100 h of irradiation (in phase 2) a slight decrease of esters and peresters bonds is observed (Figure 5)
as the different abietane and pimarane started to be photochemically produced and detected by GC-MS
(Figure 4). At the same time, there is a predominance of the formation of DHA and its 18-nor degradation
products (Figure 4), possibly related to the slight augmentation of infrared bands around 1499 (C=C
stretching of aromatic rings) and 1612 cm™ (C=C stretching of conjugated double bonds). It is worth noting
that different hydroxylated DHA, with notably 7-hydroxy-DHA, are also formed in phase 2.

Thus, the polymeric fraction most probably begins to significantly absorb light and undergoes a secondary
mechanism of photodegradation in phase 2. Such mechanism highly depends on the chemical environment



of the ester bond. We can propose a Norrish II reaction which notably leads to the formation of DHA with
a dimer that contains abietic acid (cf Scheme 3).

R,
Ry
‘ COOR ‘
hv
o 3 +
Norrish 2
COOH COOH
(0]
H

Abietane or pimarane Dehydroabietic acid (DHA)
Scheme 3: Photodegradation of an abietic acid dimer via a Norrish II reaction.
The degradation of esters can also involve a Norrish I reaction followed by different radical oxidations

and recombinations as proposed for a dimer terpene — DHA in Scheme 4. Such mechanism can notably
explain the formation 7-hydroxy-acid and derivatives in phase 2 of the photolysis.
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Scheme 4 : Photodegradation of ester dimers by Norrish I reaction
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Norrish I and II reactions could explain the degradation of esters and the formation of carboxylic acids in
phase 2. However, we cannot exclude the possibility of other homolytic cleavage, notably from peroxide
bonds (R-O-O-R — 2 R-0°). The direct photooxidation of abietane and pimarane can also occur but is
clearly not the main mechanism involved in the photochemistry of rosin alcoholic varnishes.

Low concentrations of 18-nor-abietane and 18-nor-pimarane compounds were also formed all along
irradiation (cf Figure 4) and seem to be formed by direct photolysis leading to decarboxylation of free
terpenes present in varnishes as proposed in Scheme 5: Photochemical decarboxylation of terpenes.

Such compounds could play a minor role in the decrease of COOH infrared bands and different abietane
and pimarane concentrations. Nevertheless, their kinetics of formation suggests that they are generated



from direct photolysis of the free abietane and primarane compounds. Such decarboxylation reactions were
already reported in the direct photolysis of pure alcoholic solutions of abietic acid,'®"! and other terpenes.*”

OH
O

Scheme 5: Photochemical decarboxylation of terpenes.

The evolution of second derivative of infrared spectra between 3150 and 2750 cm™! pointed out an important
decrease of CH, (2925 cm™*, 3077 and 2829 cm™ for vinyl), CH; (2958 and 2867 cm™) and CH (3012 cm’
for non-aromatic, 2890 cm™' for tertiary) bands. Such effect can be attributed to all chemical reactions taking
place in varnishes involving carbons and possible molecule and fragment volatilizations. This explanation
fits very well with the observed loss of mass of 8%, in 800 h in good accordance with other study.®® The
results also fit well the decrease of the concentrations of the main abietanes (abietic acid, DHA) of rosin in
the phase 1 of the irradiation observed by GC-MS (Figure 4). The decrease of absorption of CH> in vinyl
bands at 3077 and 2829 cm™ shows that the pimarane vinyl function exhibits a special reactivity, most
probably by oxidation of the double bond principally leading to other cross-linking as no hydroxy-pimarane
was detected by GC-MS. The decrease of absorption of CH, in vinyl bands also comes from different
intermolecular C-C cross-linking.

A part of CH»/CH3 bonds underwent a photooxidation in ether traduced by the increase of H-HCO and H-
CH,O bond characterized by an absorption band around 2844 cm™,*¥ as clearly noticed on Figure 3. This
2844 cm™! band is not present on the fresh resin spectrum and appears during the photochemical process. It
could reflect the reactivity of some of the secondary carbons of abietane and pimarane (as the C7), ester,
perester or ether bond formation or oxidations.



2.1.2  Photoreactivity of rosin oil varnishes

During the fabrication (heating at 60-70 °C) and drying of oil varnishes, the concentrations of different
terpenes suffered important variations as shown in Figure 2. The concentrations of all chemicals strongly
decreased with an almost complete disappearance of palustric, neoabietic and abietic acid. Moreover, the
fatty acids, present in pure linseed oil, were very low in the extractable fraction of dry oil varnishes. Such
effect was attributed to different cross-linking reactions between fatty acids, glycerides and terpenes of
different types: esters, ethers, C-C and/or peroxy.”"*%4 Nevertheless, as we previously described,'**! non-
irradiated dry oil varnishes present infrared spectra similar to linseed oil, showing an important preservation
of main oil chemical functions in the polymeric fraction. The dry oil varnishes presented an extractable
fraction with chemical markers of rosin, saturated and unsaturated fatty acids (palmitic, stearic and oleic
acids). Carboxylic function bands (2647, 2535 and 1276 cm™) are very low after fabrication and drying of
the varnish, most probably due to the efficiency of the polymerization process taking place during the
heating of the mix of oil and rosin.[*”

During the irradiation, the carbonyl bands of terpenes, clearly identified at 1695 cm™, and of glycerides
(1745 ecm™)P rapidly decreased in the first 100 hours of irradiation (phase 1) showing that those
compounds rapidly polymerized. Also, all relative concentrations of abietane and pimarane rapidly
decreased (around 50% of initial concentrations, Figure 4) without GC-MS detection of any major
photoproducts. Alkyl IR bands at 1465, and 725 cm™ and the unsaturation on alkyl IR band at 975 cm™
strongly decrease during the first 100h of irradiation. Thus, glycerides suffered reaction involving the
photodegradation of esters, unsaturation and alkyl chains. In this way, oleic acid concentration decreased
while azelaic acid is formed in varnishes, most probably due to the photooxidation of the unsaturation as
proposed in annex A. Moreover, we observed differences in the kinetics of this reaction with (Aexc>300 nm)
or without (Aexc> 290 nm) the indoor filter as shown in annexe A. When the indoor filter is used, azelaic
acid is produced only during the first 100 hours of irradiation. Instead, when the filter is not present, the
acid is formed all along the exposure time. On the other hand, the oleic acid shows a slight reformation
after 100 h. This effect could be related to the formation of fatty acids from glycerides during the irradiation
with outdoor filter. Such interpretation is strengthened by the fact that the ester bonds of glycerides do not
photochemically react at A > 300 nm as other aliphatic polyesters.[*’!

The apparition of peresters (1780 cm™) and esters (C=0 stretching 1735 cm™, C-O stretching around 1250
1150 and 1020 cm™)**% increased during the phase 1 of irradiation. Such evolution indicates similar
reactions to those described for alcoholic varnishes with MAG, DAG, fatty acids as possible reactive
alcohols or carboxylic acids and classical photolysis of glycerides.”” Moreover, the increase of C-C-O
alcohols (Figure 6, 1050-110 cm™)* and the amount of the broad band around 3465 cm™ after 10 h of
irradiation (data not shown) indicate the formation of alcohol in the medium, most probably linked to the
photolysis of polymerized glycerides.

The IR spectra showed a rapid augmentation of the broad hydroperoxide alcohol band at 3430 cm™ in the
first hours of irradiation as shown in Figure 7. This result confirmed the great importance of hydroperoxides
in oil varnishes photoreactivity, in good accordance with the literature.**¢” Such reaction involving tertiary
carbons was shown to be effective even during the thermic degradations taking place at 60-70 °C in the
preparation of the varnish.!**

In phase two, oil varnishes show reactions similar to those observed in alcoholic varnishes, leading to the
formation of esters and peresters (namely Norrish I and II reactions, with production of radicals and
consequent recombination). As for alcoholic varnishes, 18-nor abietane and pimarane are formed all along



the irradiation (cf Figure 4). The nor derivative of abietic acid, the 18-nor abietadiene, was not formed
during the irradiation of oil varnishes.

The evolution of second derivative of infrared spectra between 3150 and 2750 cm™ pointed out a global
decrease of all CH infrared bands (Figure 3). Such effect could notably be attributed to the different
reactions taking place in oil varnishes involving hydrogenated carbons. Moreover, the increase of non-
aromatic-secondary carbon CH band at 2968 cm™ could be related to the photodegradation of glycerides
esters via a Norrish II reaction as proposed on Scheme 6 and already identified as an important
photochemical pathway of poly(vinyl esters).[”) Such mechanism fits well the formation of oleic acid
observed during irradiation with outdoor filter.

H H
Ri—C——C—R3;
I
h H
,L 0 — ™ 5 R—CT——C—Rj;+R,— COOH
Norrish 2 H
o 2968 cm-!
R, secondary CH

Scheme 6 : photodegradation of glycerides esters via a Norrish II reaction.



2.1.3  Considerations on the formation of highly oxidized abietanes

Abietanes are known to undergo natural degradation in highly oxidized components (DHA, hydroxylated-
DHA, 7-oxo-DHA, hydroxylated 7-oxo-DHA) most probably formed by radical autoxidation, [3840-48:48.70]
According to our results, these previous reactions are not photochemical mechanisms of rosin varnishes.
Moreover, we can strongly hypothesize that the polymerization process is mainly due to photochemical
reactivity of the varnishes which promotes esterifications and peresterifications reactions and an increase
of radical recombination.

Interestingly, some authors showed that the yellowing was more important if a painting was kept in dark
after a light exposure.!”! Such effect could be linked to an enhancement of radical oxidative processes by
photochemically formed radical species.

It is also worth noticing that many important art manuals and treatises.[2~6%!13:2%.74776]

recommend exposing
varnishes to the sun during their drying. Such fabrication step actually promotes the polymerization and the

formation of a high mass molecular network.



2.2 Photodegradation of sandarac varnishes

The photodegradation of sandarac alcohol varnishes at 35 °C and under simulated solar light was studied.
As for rosin varnishes, all observed reactions were photochemically induced and followed by infrared
spectrometry and GC-MS analyses of the extractable fraction. Indeed, no significant change in the chemical
compositions of varnishes change was noticed after 1 month in the dark at ambient temperature (20-25°C)
or in an oven at 40°C (data not shown).

GC-MS chromatograms of all fresh sandarac varnishes were principally composed of pimaranes and
labdanes, most particularly communic (trans and cis), sandaracopimaric, hydroxy-sandaracopimaric, 3
hydroxy-eperuic, agathic and pinifolic acids, sugiol and ferruginol. The GC-MS and infrared
characterization of sandarac were already published by our team.[***]

First of all, dry sandarac varnishes most probably included a polymeric fraction as shown by the low
concentrations of communic acids by GC-MS and the presence of non vinylic —C=C- bonds detected by

FT-IR spectroscopy. The other specificities of the fresh sandarac chemical composition were studied by
GC-MS and FT-IR in previous published works.[***

Sandarac varnishes showed a strong reactivity of the vinyl bonds with a strong decrease of all associated
infrared absorption bands at 3077 cm™ (vinyl CH,)", 3027 cm™ (vinyl CH), 2987 cm™ (=CH>), 2829 (vinyl
CH,), 1643 (vinyl C=C), 1409 (vinyl CH>), 887 (vinyl CH,) as shown in Figure 8. Such result fits well the
decrease of 50 to 80% in 300h (GC-MS, cf Annex B) of communic (trans and cis), sandaracopimaric,
hydroxy-sandaracopimaric, 3-hydroxy-eperuic, agathic and pinifolic acids, which contain such chemical
function. It is worth noting that such vinyl function commonly reacts through hyperoxidation and
polymerization.

The formation of trans and cis secondary alkenes, with characteristic bands at 1662, 1423, 1295 and 981
cm™, could probably be related to the formation of high mass photoproducts of vinyl compounds. This
result shows the importance of the vinyl functions in the photochemistry of sandarac resin in good
accordance with the augmentation of high weight molecules previously described in various
publications.2'="

These vinyl reactivities could be caused by the reaction of the double bond with oxygen, as already
described in the photochemistry of vinyl compounds,”’ 7" leading to the formation of dialkyl ketones, ester
or peroxy rings as proposed in Scheme 7. Such reactions lead to the augmentation of CH> infrared bands at
2925, 2968 and 1460 cm™ and diakyl ketone bands at 1714 cm™,5% and the decrease of CH acyclic alkane
band at 1442 cm™ .5

779 HO gz He
hv R ~ (6] C
Y— )—l —Rey \( R, _hv Rs
R 0, R
R R
CH, 2925, 2968 1714 cm! Diakyl ketone
H,C and 1460 cm-!
H 0 o, HOO O o5 RO o
Y= =T

R R R

1730-35 cm™! ester

Scheme 7: Photodegradation pathways of vinyl terpene in sandarac varnishes.



Moreover, photochemical esterification and peresterification similar to rosin varnishes could explain the
similar behavior of sandarac terpenes regarding carboxylic acid, ester, perester, quaternary carbon, alcohol
infrared bands (cf 2.1.1). Indeed, the majority of sandarac terpenes present similar carboxylic function on
cycle A and similar position of tertiary carbons as rosin terpenes. One main difference for sandarac
varnishes is the predominance of ester infrared band which could be related to the formation of an ester
linked to vinyl reactivity. We also observe the formation of nor-pimarane and lower molecular weight
labdanes by GC-MS, and the photo-isomerization of agathic acid in isoagathic acid (cf Annex C). For the
phenols, the sugiol was completely degraded while the ferruginol stays stable during the whole irradiation.

Infrared bands characteristics of aldehydes at 2860 and 2726 cm™ constantly decreased during the whole
irradiation, probably caused by aldehyde oxidation in carboxylic acid as proposed by Kononenko et al.**
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Figure 8 — (1) and (2) Evolution of the second derivative infrared spectra of sandarac varnishes between 3150 and 2450 cm™! and
2000 and 1550 cm™ during the irradiation in Suntest (765 W.m2, 35°C). (3) Evolution of subtraction spectra (infrared spectra
after various irradiation duration minus infrared spectra at t0) of sandarac alcoholic varnishes between 1600 and 400 cm™!' during

the irradiation in Suntest (765 W.m, 35°C).



3  Conclusion

The photodegradation of sandarac and rosin (oil and alcoholic) at 35 °C and under simulated solar light
allowed to identify the principal photochemical mechanisms. We showed that the carboxylic groups of
abietane and pimarane compounds underwent the formation of esters and peresters dimers and polymers in
the first 100 h of irradiation. The formation of hydroperoxyde was shown to take place preferentially on
tertiary carbons. After 100 h of irradiation, the degradation of esters and peresters bonds, most probably by
Norrish I and II reaction, lead to the production of free abietane and pimarane in the rosin varnishes. This
second phase of photodegradation is probably related to the photochemical formation of crackling in the
varnish. Low concentrations of 18-nor-abietane and 18-nor-pimarane compounds were also formed all
along irradiation probably by direct photolysis of free terpenes. In oil varnishes, a strong effect of the
formulation was shown, and glycerides and fatty acids were mainly responsible for the condensation of
terpenes. We also identify many reactions that are specific to the oil photochemistry. In order to explain
the differences with the natural degradation (formation of hydroxyl and keto abietane byproducts), we
hypothesized that such oxidations products of abietanes could become important byproducts in absence of
light, mainly driven by terpene autoxidation.

In the case of sandarac alcoholic varnishes, the vinyl bonds showed a strong reactivity associated with the
formation of #rans and cis secondary alkenes. This vinyl reactivity could be induced by the reaction of the
double bond with oxygen leading to the formation of dialkyl ketones, ester or peroxy rings. Moreover,
photochemical esterification and peresterification similar to rosin varnishes could explain the similar
behavior of carboxylic acid of sandarac terpenes.

In this publication we provided a critic description of the photochemical mechanisms taking place in the
varnishes. We showed that, firstly, the light helps the polymerization of the terpenes and, lastly,
photodegrades the formed macromolecular network. The first step of this reaction can be related to the
techniques of varnish application mentioned in many important art manuals and treatises that recommend
exposing varnishes to the sun during their drying. Finally, the second step described is an important part of
the problem of conservation of the varnish layers experienced by museum all over the world as it most
probably leads to the crackling of the varnish.



Supporting Information Summary

Supporting information include the experimental section, the annex A on the evolution of the relative
concentrations of oleic and azelaic acids in oil rosin varnishes, the annex B on the evolution of the relative
concentrations of the principal molecules composing sandarac and the annex C on the evolution of the
relative concentrations of agathic and isoagathic acids compounds in sandarac spirit varnishes.
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The photodegradation of sandarac and rosin under simulated solar light undergo a two steps reaction. In a
first step, main terpene molecules underwent esterification and perestererifications via the formation of
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underwent photoscissions by Norrish I and II reactions, leading to the production of free terpenes in the
varnishes.
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