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Abstract

A derivatisation method that combines the formation of ethyl esters from the carboxylic groups and trimethylsilyl ethers from hydroxyl
groups of the components of diterpenic resins is presented in this paper. This methodology involves two experimental steps: (1) formation of
ethyl esters using ethyl chloroformate; and (2) the esterified compounds are lead to react with trimethylsilylimidazole to form the corresponding
trimethylsilyl ethers. The main advantage of the proposed method is the possibility of performing simultaneously the analysis of amino acids
from proteins, fatty acids from drying oils, and diterpenic compounds from natural resins usually found in works of art. This methodology is
of considerable interest due to the requirements of minimum sampling that usually involves the analysis of works of art. A chemometric study
has been developed to adjust the optimal working conditions of the proposed derivatisation method in which chromatographic peak areas of
the larixyl acetate derivative and the abietic acid derivative referredhiexadecane as internal standard have been compared. Samples of
Venetian turpentine naturally aged have been used in this study. Finally, the efficiency of the proposed derivatisation method has been tested
on other diterpenic resins and pigments commonly used in fine arts such as Strasbourg turpentine, Canada balsam, colophony, copper resinat
and a sample from a Renaissance Altarpiece.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction methylation[1-5]. Other methods based on the formation
of trimethylsilyl ethers of the carboxylic group—8] have
Characterisation of painting varnishes is of interest in the been proposed. Finally, a third category of methods based
field of conservation and restoration of works of art due to on the simultaneous formation of trimethylsilyl ethers of
the rapid alteration that involves them because of the com- carboxylic and hydroxyl groups of the compounds using
bined action of different environmental agents (humidity, bis(trimethylsilyl)trifluoroacetamide (BSTFA) as derivati-
temperature, light, atmospheric pollutants, micro-organisms, sation agenf9,10] have been developed.
etc.). Identification of the main components of the varnish A derivatisation method that combines the formation of
is essential for the establishment of the suitable restorationethyl esters from the carboxylic groups and trimethylsilyl
treatment. ethers from hydroxyl groups of the components of diterpenic
Studies dealing with the gas chromatography (GC) analy- resins is presented in this paper that provides a rapid method
sis of terpenic compounds are, in general, based on the for-of analysis in which the information obtained on the chem-
mation of methyl esters, from the carboxylic groups in the ical composition of the diterpenic resin is increased. This
compounds, using different types of derivatisation agents methodology is based on the previously one developed by
such as diazomethane, methyl chloroformate and directthe author$l1-13]and involves two experimental steps: (1)
formation of ethyl esters using ethyl chloroformate (ECF) in
?resented at the Second Meeting of the Spanish Society of Chro- ethanol-pyridine medl-um; and_(Z) the esterified compounds
matography and Related Techniques, Barcelona, 26—-29 November 2002.are lead to reacF Wlth_mmethy,lsny"mldaZde (TM,SI) to form
* Corresponding author. Tek:34-96-3877310; fax:-34-96-3877319. the corresponding trimethylsilyl ethers. The main advantage
E-mail address: tdomenec@crbc.upv.es (M.T. Démech-Carb). of the proposed method is the possibility of simultaneously
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performing the analysis of amino acids from proteins, fatty on glass slides. Then the test specimens were dried at room
acids from drying oils, and diterpenic compounds from temperature (during 15 days) and kept in the fridge until
natural resins using only a sample of a few microgram. the analysis. A second series of samples were prepared as
This methodology is of considerable interest due to the re- mentioned earlier mixing linseed oil (75%) and Venetian
quirements of minimum sampling that usually involves the turpentine (25%).
analysis of works of art. In particular, in the cases in which ~ With the purpose of simulating the ageing conditions in
there is disposal of only a sample due to the difficulty in the which works of art samples are found, a series of test spec-
separation of the different pictorial strata, a fem width. imens of Venetian turpentine, prepared as mentioned earlier
Accuracy in the identification and quantitation of these in 1994, were used to perform the chemometric study.
compounds is achieved by means of the separation of
amino acids from fatty acids and diterpenic compounds 2.3. Experimental procedure
from natural resins that is included as a first step in the ECF
derivatisation process. In this way, two chromatograms are Resin samples (5mg) are dissolved in (80of an
finally obtained in which proteins are resolved separately ethanol—pyridine mixture (4:1). Then, % of ECF are
from the fatty acids and diterpenic compounds avoiding added. The reaction mixture is shaken for about 10 s and the
overlapping problems. Additionally, fatty acids and terpenic derivatives are extracted in p0 of chloroform. After that,
compounds are also perfectly resolved due to their different 50l of a saturated solution of NaHGCare added and the
retention time exhibited at the working conditions selected mixture is shaken carefully. The organic phase is extracted
in the GC—mass spectrometry (MS) system. and evaporated to dryness on a heating-block under N
A chemometric study has been developed to adjust theatmosphere. The residue is treated directly with 1.42.8
optimal working conditions of the proposed derivatisation of TMSI under N atmosphere at 40-8C for 10—-30 min.
method in which chromatographic peak areas of the larixyl The excess of derivatisating reagent is eliminated adding
acetate derivative and the abietic acid derivative referred 100l of water and the derivatives are extracted withuy$0
to n-hexadecane as internal standard have been comparedf chloroform containingr-hexadecane as internal standard.
Samples of Venetian turpentine naturally aged have beenAfter shaking the mixture by ultrasons for 15 min, aull
used in this study. Finally, the efficiency of the proposed aliquot of the organic phase is injected for GC analysis.
derivatisation method has been tested on other diterpenic
resins and pigments commonly used in fine arts such as2.4. Instrumentation
Strasbourg turpentine, Canada balsam, colophony, copper
resinate and a sample from a Renaissance Altarpiece. An Agilent 5973N mass spectrometer coupled to an
Agilent 6890N gas chromatograph (Agilent Instruments,
USA) was used. Agilent Chemstation software (MSD) was
2. Experimental used for the integration of peaks and for the mass spectra
evaluation.
GC separation was achieved in a chemically bonded

The following reagents were used to treat the samples:fuse‘,j'siIica capillary column HP-5-MS (Agilent, !JSA)’
ECF (purity >98%) and absolute pyridine (Fluka, Buchs, (stationary phasg 5% phe”Y'—95% methylpolysiloxane,
Switzerland). Hydrochloric acid at 37% for analysis (Schar- 30m x 0.2_5mm 'd 0.29um film thlckness_)._ The chro-
lau, Barcelona, Spain). Chloroform (purity >98%) for GC matographic conditions were: temperature initial of the gas
(Acros, NJ, USA). Absolute ethanol aneéhexane for analy- chromatogr:_aph 100C. Ovep tfmperature was programmed
sis (Fisher, Loughboruogh, UK) and sodium hydrogenocar- With @ gradient of 260Cmin™= up to 295°C. The carmer
bonate for analysis was purchased from Panreac (Barcelonagatc' was He with mlet pressure of 72.5kPa and 1:20 split
Spain). n-Hexadecane (minimum 99%) as internal stan- ratio. The el'ectronlc pressure conj[rol was set to constant
dard andN-trimethylsilylimidazole (TMSI) (98%) (Sigma, ~ floW mode with vacuum compensation. lons were generated
Steinheim, Germany). Strasbourg turpentine, Canada bal—by electron ionisation (70eV) in the ionisation chamber.
sam, copper resinate and linseed oil (Kremer, Farbmuhle,The mass spectrometer was scanned ingr20-800, with
D-88317 Aichstten/Allgau, Germany) were supplied by & Cycle timeof 1s.

AP Fitzpatrick (London, UK). Colophony and Venetian
turpentine (Talens), were supplied by RCM (Productos de
Conservacion, Barcelona, Spain).

2.1. Solvents and reagents

3. Results and discussion

2.2. Test specimens 3.1. Characterisation of Venetian turpentine components:
preliminary probes
A series of test specimens were prepared in which Vene-
tian turpentine, Strasbourg turpentine, Canada balsam, Stoichiometric calculations based on the results of Van
colophony and copper resinate were spread as a thin layeden Berg and Pastorod4], which indicate that natural
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Table 1
Retention time and mass fragmentations of the different derivatives formed from the Venetian turpentine applying the proposed derivatisation meth
Diterpenic acid Derivative tr (min) mz
Pimaric acid Ethyl ether 9.34 330, 31%7, 194,121

Trimethylsilyl ether 9.37 374, 35957, 241,121, 73
Sandaracopimaric acid Ethyl ether 9.41 330, 3%, 194,121

Trimethylsilyl ether 9.43 374, 35957, 241,121, 73
Isopimaric acid Trimethylsilyl ether 9.49 374, 35266, 241

Ethyl ether 9.55 330315, 301, 257, 241
Levopimaric/palustric acids Trimethylsilyl ether 9.56 3BBY, 241, 73

Ethyl ether 9.59 330315, 257,241
Dehydro-dehydroabietic acid Ethyl ether 9.65 326, 252,237, 197
Dehydroabietic acid Trimethylsilyl ether 9.68 372, 3289, 73

Ethyl ether 9.71 328, 313,239
Larixyl acetate Trimethylsilyl ether 9.86 270, 25843, 73, 43
Abietic acid Trimethylsilyl ether 9.80 374, 35956, 241

Ethyl ether 9.90 330256, 241, 213, 185
Abietatetraenoic acid Ethyl ether 10.14 326, 311,237
Neoabietic acid Ethyl ether 10.23 330, 239, 1485, 121
7-Oxodehydroabietic acid Ethyl ether 10.75 342, 298, Z&33, 187
15-Hydroxy-7-oxodehydroabietic acid Ethyl ether 11.01 401, 385, 73

aged diterpenic resins have a content of hydroxylated resinicthe main compounds found in the chromatograiable 1
acids between 20 and 40%, led firstly to establish the amountsummarises the retention time and maive values cor-
of ECF and TMSI ranged between 5 and 8, and 1.4 and responding to the different derivatives of diterpenic com-
2.8ul, respectively, for accomplishing the derivatisation pro- pounds found. It should be noted that different derivatives
cess of 5mg of sample. Time of the silylation reaction of are found for the main diterpenic components (i.e. pimaric
10-30 min and silylation temperature of 40<8were also ethyl ester at 9.34 min and TMS derivative of dehydroabi-
determined on the basis of the previous results found in theetic acid at 9.68 min) evidencing that a competition between
literature[15-18] the two derivatisation reactions is taking place. These re-
A preliminary study focused on the estimate of the optimal sults suggest that an accurate optimisation of the variables
values of physical parameters in the GC system was devel-directly influencing on the derivatisation reactions used in
oped in which several samples consisting in binary systemsthe proposed method is required.
drying oil-diterpenic resin, that reproduce the traditional  Fig. 1 shows the chromatogram corresponding to the
recipes of art varnishes, were checked in order to assess th&CF and TMS derivatives of a binary sample of linseed
possible interference of fatty acids from the drying oils on oil (75%)—Venetian turpentine (25%) in which a previous
the analysis of diterpenic compounds. The experimental con-hydrolysis step, adding 1QQ of 3M HCI to the sample
ditions in this study were established as mentioned earlier.for 30 min at 110°C under inert atmosphere, was included.
Two series of experiences were carried out differing in the Peaks corresponding to ECF derivatives of palmitic, oleic
inclusion of a previous step of hydrolysis. Different initial and stearic fatty acids from linseed oil appear in the range
and final oven temperature and temperature ramp were alsdrom 5 to 8 min. Diterpenic components of the Venetian
tested. Final value ramp was fixed at°ZDmin—1, thus the turpentine appear, in the same way that the non-hydrolysed
chromatographic separation can be accomplished in 16 min.sample, after 9 min and only a significant decreasing in the
The analysis of a binary sample of linseed oil (75%)— peak area of larixyl acetate is observed in agreement with
Venetian turpentine (25%) without previous hydrolysis the bibliography{9]. No difference is observed in the peak
step showed that the components of the Venetian tur- area of other characteristic diterpenic compounds such as
pentine appear at two different time intervals in the pimaric, isopimaric, sandaracopimaric, dehydroabietic, abi-
chromatogram. ECF and TMSI derivatives of sesquiter- etic and neoabietic acids, among others, that usually are
penic compounds such aspinene, camphene, limonene, found in diterpenic resins as main components. These pre-
jupinene,a-terpinolene andv-terpineol, among others, are liminary experiences indicate that a satisfactory separation
found from 2 to 6 min. Peaks corresponding to ECF deriva- of the components from linseed oil and Venetian turpentine
tives of palmitic, oleic and stearic fatty acids from linseed can be obtained and this result could be extended to the
oil can be observed in the range from 5 to 8 min. ECF other diterpenic resins. The results obtained suggest that the
derivatives of diterpenic components from Venetian turpen- proposed method can be used for studying more complex
tine, which appear in the time range from 9 to 12 min, are systems composed by drying oils and diterpenic resins,
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Fig. 1. Gas chromatogram of ECF and TMS derivatives of a binary sample linseed oil (75%)—Venetian turpentine (25%) of the series prepared with
previous hydrolysis step. Peaks: (1) ethyl palmitate; (2) ethyl oleate; (3) diterpenic fraction; (3a) TMS derivative of larixyl acetate. Timensoale

which are commonly used in the preparation of traditional molecular structure of their selected derivatives are depicted

paint varnishes. in Table 2

The main effect of each variable was defined as the aver-
3.2. Chemometric experimental design for optimising the age change in the response value from the GC-MS when the
derivatisation procedure design variable goes from its low to its high levéable 3

shows the results obtained for the four parameters consid-

A chemometric experimental design has been carried outered in this study. As can be seen in the diagram depicted,
in order to optimise the proposed analytical method. This the amount of ECF is the only variable displaying negative
procedure enables the examination and optimisation of eachmain effect on the larixyl acetate response and silylation
parameter in a predefined range by performing a series oftemperature is the variable with most significant positive
experiments in each of which the values of the different
parameters are changed at the same time.

A screening factorial design has been carried out with the Table 2
aim of detecting the variables having the highest influence Molecular structure of the larixyl acetate and abietic acid derivatives
on the yield of both derivatisation reactions. The four vari- Se!ected for the screening design
ables that have been included in the proposed design areCompound  Molecular structure Derivative
the amount of ECF\Mgcp), TMSI (V1msi), temperatureT)
and time of silylation §). The selected ranges are 548
for the amount of ECF, 1.4-2,8 for the amount of TMSI,
40-80°C for the silylation temperature and 10-30 min for CH, .
the silylation time. Thus, in the two-level design, 16 experi- Larixyl acetate 2/ N \e—CH2 Larixyl acetate

ments (three replicates each) were performed. GC responses ’ : ‘ ”tihmethylsny'
used for studying the effect of each screened parameter on 3\4/2\6/7 ener

the derivatisation reaction were the peak area ratios of the S\ H |

TMS derivative of larixyl acetate and the abietic ethyl ester HaC CHa  OAc

to then-hexadecane. This last compound was selected as in- CHq

ternal standard in both cases. Response of these two compo- i :2

nents of the Venetian turpentine was considered necessary 1 1 e,

for assess accurately the effect of the different parameters CHa ‘ H "

influencing the derivatisation procedure. The first one was ppietic acid 2/1\10/2\8/“ Abietic acid
selected as the most representative compound found in the ‘ ‘ H H ethyl ester

chromatogram that exhibits a hydroxyl group able to react 3 5 7

with TMSI. The second one was also selected due to its N E N

high signal and the carboxylic group in its molecule that is

: HaC. COOEt
able to react with ECF and TMSI. Both compounds and the 1819
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Table 3 (v) Four-variable interaction effect exhibits positive value

Values of main effect and different interaction effects of the four screened on both derivatisation products studied.

variables for the abietic acid and larixyl acetate GC-MS responses

Variable Effect on abietic Effect on larixyl The_ results ob_tained in thg experimental design lead to

acid response acetate response establish that optimum conditions can be allowed if a larger

Vece 0.14 _0.12 amount of ECF is selected and the silylation temperature is

Vrumsi —0.06 0.07 fixed at the higher value of 8. Thus, the reaction time

t —0.09 0.04 could be set at lower value of 10 min, taking into account the

T —0.12 0.20 highly positive interaction effect of those two first variables.

VecEVrusi 0 90 Similarl tof TMSI is maintained in the lowest val

Veert —0.10 _0.04 imilarly, amount o is maintained in the lowest value.

Vecr-T 0.11 0.07

Vrmsi—t —0.03 0.04 3.3. Minimisation of secondary derivatisation effects

VTMSI_T 0 0.02

t-T —0.04 0 . . .
g ~ _ The chemometric study carried out enables for the opti-

Vec—V1msi—t 0.03 0.02 . : . X .

Vecp—-T 0.09 0.02 misation of the proposed method of derivatisation and the

Vrmsi—t=T —-0.03 0.07 results obtained can be considered highly satisfactory. Nev-

VecrVrmsi—=T 0.07 0.03 ertheless, the presence of secondary derivatisation products,

as result of the use of two derivatisation reactives, is not
completely avoided by applying the selected experimental
conditions. For instance, two derivatisation products are
formed from the pimaric acid, in which a carboxylic group
is found, corresponding to the ECF and TMS derivatives
(retention times: 9.34 and 9.36 min). Comparison of the
peak area responses of both derivatisation products indicates
that, in the experimental conditions proposed as result of the
chemometric study, a notable decreasing in the analytical
signal of pimaric ethyl ester is caused as result of the forma-
Sion of the TMS derivative in a significant amount. Similar
behaviour was observed in other diterpenic compounds.
Attempting to reduce the formation of these secondary
erivatisation products a further step in the performed
erivatisation method has been proposed. This final step
consists in the extraction of the products of derivatisation
with chloroform in which a small amount of ECF was
added. Thus, an increasing in the ECF derivative response
on that from the TMS derivative is achieved. The addition
of 30l of 5% ECF solution in chloroform permits a re-
duction between 95% (for the pimaric acid TMS derivative)
and 60% (for the dehydroabietic acid TMS derivative).

main effect on this compound. Opposed results in the main
effects for abietic acid response were found.
The two-variable interaction is also illustratedTiable 3

The interaction effect is defined as the average change in
the response value from the GC-MS when the design vari-
able goes from its low to its high level. The amount of
ECF-silylation temperature has a significant positive effect
on the yield of both selected derivatised larixyl acetate and
abietic acid. This means that, in order to get the best respons
of the larixyl acetate TMS derivative and the abietic ethyl
ester, both variables should be set to their higher or lower
levels. In the same way, amount of ECF—silylation time have
the highest negative effect, thus these variables should be seg
to opposite levels to obtain the best results. Similarly, inter-
action of three variables diagram indicates that amount of
ECF-temperature—time of silylation is the only case in which
positive effect is obtained in both response variables and they
promote the highest change in the peak of abietic ethyl es-
ter and a positive change on larixyl acetate TMS derivative.
Finally, the four variables interaction indicates that those
variables have positive effect on both products of reaction.

The results of the screening design can be summarised as . _ ) .
follows: 3.4. Analysis of diterpenic resins

(i) Allvariables studied have opposite main effect on both  Fig. 2 show the gas chromatograms of colophony (A),
abietic ethyl ester and TMS—larixyl acetate derivatives. Strasbourg turpentine (B), Canada balsam (C) and cop-
(i) Amount of ECF and silylation temperature are the vari- per resinate (D). Significant peaks of sandaracopimaric
ables that exhibit the highest main effect. ethyl ester (retention time: 9.44 min), isopimaric ethyl es-
(i) Amount of ECF-silylation temperature and amount of ter (retention time: 9.54 min), levopimaric/palustric ethyl
ECF-silylation time exhibit, respectively, the highest ester (retention time: 9.57 min), dehydro-dehydroabietic
positive and negative two-variable interaction effect. It ethyl ester (retention time: 9.63 min), dehydroabietic ethyl
suggests that best results should be obtained if ECFester (retention time: 9.71min), abietic ethyl ester (re-
amount and silylation temperature is set to high values tention time: 9.92min), abietatetraenoic ethyl ester (re-
and silylation time is fixed to the lowest value. tention time: 10.14 min), neoabietic ethyl ester (retention
(iv) Three-variable interaction effect of amount of time: 10.23 min), 7-oxodehydrobietic ethyl ester (retention
ECF-silylation temperature—silylation time is the only time: 10.75min) and 15-OH-7-oxodehydroabietic ethyl
one that exhibits positive value on the both derivatisa- ester—TMS ether (retention time: 11.01 min) are found in all
tion products studied. of them. Peak of larixyl acetate TMS ether was found only
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Fig. 2. Gas chromatogram of ECF and TMS derivatives of diterpenic compounds from: (A) Venetian turpentine; (B) Canada balsam; (C) colophony;
(D) copper resinate; (E) Strasbourg turpentine. Peaks: (1) pimaric ethyl ester; (2) sandaracopimaric ethyl ester; (3) isopimaric ethyl egipr; (4) |
maric/palustric ethyl esters; (5) dehydro-dehydroabietic ethyl ester; (6) dehydroabietic trimethylsilyl ether; (7) dehydroabietic eth{d) datesyl

acetate trimethylsilyl ether; (9) abietic ethyl ester; (10) abietatetraenoic ethyl ester; (11) neoabietic ethyl ester; (12) 7-oxodehyeltogbéstier; (13)
15-hydroxy-7-oxodehydroabietic ethyl ester—trimethylsilyl ether. Time scale in min.

in Venetian turpentine, which is in good agreement with the sation products referred to the abietic ethyl ester (pimaric
results obtained by other authd® and enables the accu- ethyl ester, isopimaric ethyl ester, dehydroabietic ethyl es-
rate differentiation of this diterpenic resin from those others. ter and neoabietic ethyl ester) have been used as variables.
A statistical study has been performed using principal With PCA, it is possible to reduce the data obtained to two
component analysis (PCA). Four quotients of the derivati- or three principal components that account for, at least, 99%
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Fig. 3. Discrimination by principal component analysis (PCA). Diagram of colophony (COL); Strasbourg turpentine (ST); Canada balsam (CB); copper
resinate (CUR); Venetian turpentine (VT).

of the varianceFig. 3 shows a two-dimensional drawing 3.5. Analysis of real samples

of the principal components, where the different types of

diterpenic resins can be seen grouped, according to their A panel painting sample has been analysed using the pro-
botanical characteristics, in four main categories: colophony posed method in order to assess its capability for identifying
and copper resinate (froRinus species) that exhibits a high  and discriminating the type of diterpenic resin. The sample
ethyl pimarate/ethyl abietate and an ethyl isopimarate/ethyl analysed was taken from a dark spot on the central panel of
abietate ratios, Canada balsam (fra¥hies species) that  the St. Michel Altarpiece painted by Vicente Magip in 1523.
exhibits the lowest ethyl pimarate/ethyl abietate ratio, Stras- Analysis of this sample has been carried out in order to
bourg turpentine (fromAbies species) that exhibits the identify the chemical composition of this product deposed
highest ethyl neoabietate/ethyl abietate ratio and Venetianon the surfacerig. 4 shows the gas chromatogram obtained
turpentine (fromLarix species) that exhibits a high larixyl in which significant peaks appear that are assigned to pi-
acetate TMS derivative/ethyl abietate ratio. These results en-maric, dehydro-dehydroabietic and dehydroabietic acids.
able an adequate discrimination of these natural resins andt evidences that a panacea resin, probably coming from
pigment. the wood support, is the main component of this deposed
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Fig. 4. Gas chromatogram of sample from a dark spot from St. Michel Altarpiece (1523) painted by Vicente Magip (Valencia, Spain). Peaks: (1)
pimaric ethyl ester; (2) sandaracopimaric ethyl ester; (3) isopimaric ethyl ester; (4) dehydro-dehydroabietic ethyl ester; (5) dehydtodtaeter;ef6)
neoabietic ethyl ester; (7) 7-oxodehydroabietic ethyl ester. Time scale in min.
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product. Absence of larixyl acetate is consistent with the Spanish “k-D+I MCYT” Project BQU2001-2776-C03-01
hypothesis mentioned earlier. The high content in dehydroa-is gratefully acknowledged.

bietic acid and the absence of abietic acid indicate a notable

ageing and these results are in good agreement with these
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