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5 5 FTI RR STUDIES OF THE EFFECT OF 
PIGMENTSS IN THE AGEING OF OIL 

ThisThis Chapter describes the changes in the infrared spectra of paint as a result of ageing. The 

focusfocus is on the influence of a pigment on the long-term changes in the oil binding medium, a 

poorlvpoorlv covered topic in literature. Several naturally aged paints made with different pigments 

werewere analysed by FTIR. One of the most pronounced effects obsen>ed in the infrared spectra of 

ageingageing paint is the shifting and btvadening of the carbonyl band due to the formation ofcar-

boxylicboxylic acids. The different carbonyl absorptions (ester, carboxylic acid) could well be resolved 

bvbv taking the second order derivative of the spectra. The carboxylic acids are hardly observed in 

paintspaints where metal carboxylates have been formed, as is the case for paints containing Naples 

vellow,vellow, minium (red lead), lead white, and zinc white. Another effect of pigments on the oil 

bindingbinding medium is the catalysis of the hydrolysis of triglycerides, as indicated by the decreasing 

intensity-intensity- of the ester absorption. This effect is most pronounced for minium and zinc white. 

Finally,Finally, the nature of the included pigment has a profound effect on the Cf I stretch absorptions. 

TheseThese differences were assigned to a varying level of oxidation, and can be rather large: the 

maximummaximum of the symmetric CH stretch vibration in red lead pigmented paint (which is similar to 

freshfresh oil), differs more than 15 cm~! for paints pigmented with ultramarine. Naples yellow, Cad-

miummium red and Ochres. From these results it is clear that pigments can significantly alter the 

infraredinfrared spectra of drying oil, and should therefore be identified for a correct assessment of the 

infraredinfrared spectra of drying oil. 
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5.11 Introductio n 

Oill  is a natural product that can be pressed out of a variety of plant seeds. Some types of oils, 
e.g.. linseed, walnut or poppy seed oil, chemically dry to form a solid film on exposure to air. 
Thesee so-called drying oils have good working properties when used as binding medium in 
paint.122,1-33 These properties made vegetable drying oils the common binding medium in paints 
fromm the 15th until the 20th century, when they were mostly replaced by alkyd and acrylic media. 

Thee drying of oil has been investigated thoroughly over the past 130 years, and a detailed 
descriptionn of the involved mechanisms can be found in literature.2*  M -m -|:"M27 It appears to be a 
veryy complicated process, in which a number of different mechanisms are occurring simulta-
neously.. However, it is not clear to what extent the developed models are a valid description of 
aa normal ageing paint, as important differences exist between paint and the model compounds, 
whichh were investigated to formulate the mechanism. Most of the drying studies have been 
performedd using chemically pure esterified fatty acids, instead of the triglycerides that make up 
normall  drying oil. Furthermore, the time scale of most chemical studies is very short; the changes 
onn a longer time scale are simulated by using thermally or light accelerated ageing.28--12,37"™ The 
assumptionn that this accelerated ageing does not change the ageing processes is however not 
easilyy verified. The most important restriction of the majority of ageing studies is the absence of 
pigments,, which is a crucial and potentially reactive compound in paint. The presence of pig-
mentss or other additives might very well influence the ageing process of paint. This long-term 
influencee of pigments on paint has long been recognised on a macroscopic level,12*  but the 
underlyingg chemistry is largely unknown. 

Thiss Chapter presents a study on aged oil paints. The paints were investigated by FTIR spec-
troscopy,, which has proven to be a very useful tool in the analysis of the drying of oil and the 
investigationn of traditional paint. A mechanism of early reactions in the drying of oil is presented 
andd illustrated by a study, in which the effects of the drying on the infrared spectra are followed 
inn a time resolved-series of measurements. Subsequently, infrared spectra of several tradition-
allyy made and naturally aged paints will be presented and discussed. 

5.1.11 Mechanism of the dryin g process 
Fig.. 5.1 presents a simplified model of the reactions that take place during the chemical 

dryingg of oil. The initial process in the drying of oil is the formation of free radicals. This is 
possiblee by elimination of a hydrogen atom from an unsaturated fatty acid. The formation of 
reactivee free radicals is energetically unfavourable, and only occurs when the formed radical can 
bee stabilised by resonance.1"4,124''26 This stabilisation is possible when the hydrogen is removed 
fromm a methylene group on an a-position to a double bound, or from methylene group between 
twoo unsaturations. The latter case is shown as the initial reaction in Fig.5.1. 

Thee formed radicals are trapped effectively by antioxidants that are naturally present in dry-
ingg oil. Trapping of radicals inhibits the drying of oils, but inactivates the antioxidant. The dry-
ingg of oil does not start until this inactivation process is completed. The delocalised radical can 
inn principle attach to a double bond in an adjacent fatty acid. The free radical is not consumed 
duringg the attachment, and the process and might repeat itself, leading to a higher molecular 
weightt fraction. Addition of a free radical to a double bond in the same fatty acid leads to 
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Fig.Fig. 5.1. Simplified model of the early reactions taking place during the drying of oil. This scheme is based on the 
mechanismsmechanisms presented by IVexler"" and Porter.'-' 'y' 

intramolecularr cyclisation.129 However, these reactions are slow, and only take place when the 
oill  is heated in the absence of oxygen, e.g. during the anaerobic heat bodying of oil.10**  The 
formationn of carbon-carbon bonds is thought to be rare in the presence of oxygen. In this case, 
additionn of oxygen usually leads to the formation of peroxides. The hydro-peroxide normally 
bindss to one of the terminal atoms of the delocalised radical, resulting in the formation of ener-
geticallyy favourable conjugated double bonds.1'" The free peroxyl radical (ROO) can react with 
anotherr free radical and so lead to dimerisation of two fatty acids. However, a more likely pro-
cesss is the addition of a hydrogen atom, leading to the formation of a hydro-peroxide. Addition 
off  oxygen to an unsaturated fatty acid can result in a shift of one of the double bonds from the 
originall  position. The newly formed double bond is normally in a trans-configuration. Further-
more,, the addition of oxygen enables the free rotation around the C-C bond adjacent to the 
attachedd peroxide, as rotation is no longer restricted by resonance. Elimination of oxygen after 
rotationn of the C-C bond results in a transformation of the original cis double bond into an 
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energeticallyy favourable trans double bond."A2fl Addition and elimination of oxygen can occur 
severall  times and lead to a more or less complete transformation of the as to trans double bonds. 

Hydro-peroxidess formed by oxygen addition are not stable and will be cleaved in the course 
off  time. This cleavage again results in the formation of free radicals. Both peroxyl (ROO) and 
alkoxyy (RO) radicals can be formed in this process, the latter being shown in Fig. 5.1. These 
radicalss give rise to different types of reactions, i.e. polymerisation, termination or degradation 
reactions,, as shown in Fig. 5.1. In a polymerisation reaction, a nearby double bond is attacked 
andd the corresponding fatty acid is chemically linked to the fatty acid where the radical was 
present.. This reaction consumes the attacked double bond, but the free radical is still available 
afterwardss and can propagate the polymerisation reaction, eventually resulting in a high molecu-
larr weight fraction. Reaction with a double bond in the same fatty acid leads to the formation of 
epoxidess or larger ring structures. Condensation of two radicals terminates the polymerisation 
reaction.. A further important reaction that can be caused by a free radical is the degradation of 
thee fatty acid on which the radical resides. This process leads to the formation of smaller alcohols 
andd aldehydes,111 which may eventually oxidise to volatile carboxylic acids. 

Thee several mechanisms that play a role in ageing of oil paint arc certainly more complicated 
thann can be explained in a single figure. Fig. 5.1 therefore focuses on the most general aspects. 
Thiss figure ignores the presence of different types of fatty acids, the important role of catalysts in 
thee different steps, the cis-trans trans formations as a result of successive oxygen additions, the 
rolee of photoxidation in the formation of hydro-peroxides,130 and several other reactions that 
takee place on heat-bodying of oil.1 *-  However, the cited publications provide a detailed overview 
off  these effects. In general, the research carried out during the past 130 years has resulted in an 
accuratee description of the possible reaction pathways. The main hiatus in the analysis of dried 
oilss is the accurate description of the polymer network. This fraction is normally insoluble and 
involatile,, which complicates the separation and investigation of intact molecules by methods 
basedd on gas chromatography, liquid chromatography, and mass spectrometry. Other analytical 
techniquess (infrared spectroscopy, DSC (Differential Scanning Calorimetry), Raman spectro-
scopy)) can directly be applied to investigate the intact solids, but do not yield very specific 
informationn on the network. SEC (Size Exclusion Chromatography) and mass spectrometry 
usingg soft ionisation techniques recently enabled the observation of isolated oligomers up to 
hexamers.MII but an accurate description of the higher molecular weight fraction is a challenge for 
futuree research. 

Meanwhile,, analysis of the smaller molecules present in aged oils has proven very informa-
tive.. Several researchers isolated the soluble fraction from aged paint by solvent extractions. 
Thesee extractions have been used to identify the drying oil and its preparation method.1643 Ex-
tractionss have also been applied in the sample preparation for infrared spectroscopy, mainly to 
avoidd the disturbing influence of inorganic pigments.4- Extractions are normally combined with 
chemicall  derivatisation techniques to improve the volatility of the extracted material. Recently. 
Vann den Berg etaL used an elegant two-step derivatisation to determine the degree of hydrolysis 
off  the ester bond between the fatty acid and glycerol." It was concluded that hydrolysis, ne-
glectedd or denied1-' in older literature, is a relatively slow process compared to the initial drying 
off  oil (~10s of years). 

Itt is generally assumed that the role of pigments in the initial stages of drying is catalytic or 
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inhibitive,, influencing the activation of oxygen or the breakdown of hydro-peroxides.IJ4 How-
ever,, there are indications that several pigments undergo chemical alteration during the ageing 
off  paint. Discoloration of the paint is the most obvious indication of such a process. Another 
indicationn is the physical change of the paint layer to a hardened, brittle system. This hardened 
systemm has been described as a poly-anionic network, in which the several carboxylic acid groups 
aree stabilised by metal ions.mti Pigments are the most probable source of these metal ions. Unfor-
tunately,, studies on the long-term behaviour of artist's pigments in paint are scarce. Rasti and 
Scottt quantified oxygen absorption, weight loss, hydro-peroxide formation, and degradation 
productss in paint films with different pigments. Vermillion pigmented paint films showed a 
relativelyy high weight loss, high hydro-peroxide concentration, and high relative amounts of 
degradationn products. Surprisingly, heavy metal containing pigments like lead white and verdi-
griss were found to have an inhibitive effect on these effects. It is likely that at least part of the 
resultss can be explained by the rather untraditional samples used in these experiments (1 % w/w 
mixturess of pigment in oil, layer thickness 2 mm, UV illumination ageing). Especially the effect 
off  lead white might be reduced by scattering and absorption of the UV light. 

Meilunass et al. have compared spectra of fresh paint with a similar paint after accelerated 
ageing,, and 50-years-old paint on test panels.r This article provides a good overview of the 
changess in infrared spectra upon ageing of linseed oil and lead white pigmented linseed oil. It 
showss several indications for the influence of the pigment on the ageing mechanism. According 
too Meilunas et al., the presence of lead reduces the number of carbonyl products by catalysis of 
thee hydrolysis of ester linkages. Instead, metal carboxylates were observed. Luxan and Dorrego31' 
investigatedd the reactivity of several pigments to form metal carboxylates under unrealistic age-
ingg conditions. However, their study seems to be based on poorly founded presumptions. It is 
e.g.. presumed that metals can only catalyse the drying of oil in the form of metal soaps. Further-
more,, metal carboxylates are assumed to be soluble, as the spectra are recorded from solvent 
extracts. . 

Thiss small number of studies clearly indicates that pigments have an influence the long-term 
ageingg process of paint. However, the results are not complete and sometimes even contradic-
tory.. One of these contradictions concerns the catalytic behaviour of lead white on the drying of 
oil.. Meilunas et al. conclude that lead white acts as a catalyst/7 while Rasti and Scott indicate 
thatt lead white inhibits ageing.-8 The contradictory results might very well be due to a different 
ageingg procedure followed by these authors: Meilunas et al. investigated thermally and naturally 
agedd samples, while Rasti and Scott used UV illumination for accelerated ageing. It is known 
thatt lead white efficiently absorbs UV light117 and this absorption is a more likely explanation for 
thee inhibitive effect than any chemical effect. The controversy illustrates that the ageing proce-
duree may significantly influence the chemical ageing of the paint in a complex way. 

5.1.22 Outlin e 
Thiss Chapter continues with the infrared spectra of several aged paints to further investigate 

thee long-term changes of paint. Only naturally aged paints were investigated, to minimise the 
biass due to the ageing method. Furthermore, the composition of these paints is typical for tradi-
tionall  paints. The paints were taken from different collections of test panels. The test panels 
fromm the Von Imhoff collection are 30-years-old. Still older reconstructions are obtained from 
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thee Doerncr collection, which contains a number of 60-years-old test panels as well as some 80-
years-oldd test panels. The oil medium in several aged samples from the Von Imhoff collection 
hass earlier been investigated by GC-MS.1CJ 

5.22 Experimental 

5.2.11 Samples 
Thee drying of oil study was performed on a cold pressed linseed oil, to which 0.06% cobalt 

wass added as a catalyst. The oil was prepared by Wim Muizebelt {FOM AMOLF). The old 
linseedd oil that had been kept in a closed vial was taken from the paint materials collection of 
aboutt 50 years old, which belonged to a sales representative of Sikkens, a Dutch paint manufac-
turerr and was kindly provided by Martin Paans. The naturally aged linseed oil paints were taken 
fromm different collections. Paints containing vermilion, iron oxide, ultramarine, indigo and lead 
whitee were taken from the Von Imhoff collection, which was prepared by H.C. von ImhofTin 
19733 with cold-pressed linseed oil (Muhifellner-Rupf, Zurich, Switzerland). The oil was al-
lowedd to stand in flat dishes of 4 mm height for 3 weeks, after which the skin was removed. The 
oill  was mixed with pigments until a workable paint was obtained. The different paints were 
appliedd on primed linden wood panels and hung under natural light conditions in the Canadian 
Conservationn Institute (CCI, Ottawa). The samples were carefully scraped off the paint layer. 
Paintss containing cadmium red, red lead, Naples yellow, yellow ochre, gold ochre, green earth. 
Kasseii  earth, zinc white, and lead white were taken from the Doerner collection. The test panels 
inn this collection were made by between 1912and 1941. The early test panels (until 1938) have 
beenn made by Professor Alexander Eibner. Later panels were produced by his (former) pupils. 
Thee paints were initially stored under normal conditions. However, it was found in a closed 
cupboardd when the sample was taken. An overview of the analysed paints is presented in Table 
5.2. . 

5.2.22 FTI R 
Thee fluid samples were applied on a ZnSe disc for infrared transmission experiments. The 

solidd paints were squeezed in a P/N 2550 diamond cell (Graseby Specac, Orpington, Kent, UK) 
beforee measurement. The FTIR spectra presented are acquired using a Bio-Rad FTS-6000 FTIR 
spectrometerr (currently Digilab, Cambridge, MA. USA), connected to an IR microscope (Bio-
Radd UMA-500) and a MCT detector. The resulting spectra were processed using the Bio-Rad 
Win-IRR Pro software. Base-line correction and subtraction of a water vapour spectrum were 
appliedd to improve the spectral quality. Every scaling mark on the vertical axes in Figs, 5.5-5.21 
wass set to 0.2 absorbance units, to allow an easy comparison of the absolute value of the spectra. 
Thee apparent spectral resolution of the FTIR spectra was increased taking the second derivative 
off  the spectra.115 The use of spectral deconvolution1-'*' was thought inappropriate as the different 
materialss present in paint might contain absorption peaks of largely varying width. The second 
derivativee spectra were inversed to make the absorption peaks positive. Infrared spectra of oil 
duringg the drying process were acquired using the kinetics mode, embedded in the Win-IR Pro 
software.. In this mode, the spectrometer measures continuously. The spectra are averaged dur-
ingg periods of 10 minutes and a single spectrum is stored for each of these periods. Selected 
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spectraa of this series were processed using Matlab 5.2 (The Mathworks Inc., Natick, MA, USA) 
too form Figs. 5.3A and B. Fig. 5.22 compares the height and area of the peak around 2930 cm-1 

inn all of the spectra presented in Figs. 5.5-5.21. The presented values for height and area were 
calculatedd using the Win-IR Pro software. The applied peak-definitions are (all values in cm-1): 
Heightt of peak: baseline (3030, 2800), centre: extreme in region (2970, 2910). Area of peak: 
baselinee (3030, 2800), edges (2968, 2901), centre irrelevant. 

5.33 Results 

5.3.11 Earl y reactions durin g the dryin g of oil 
Thee drying of oil was followed by FT1R to study the involved mechanisms. A thin film of oil 

wass applied to an infrared transparent disc to enable transmission FTIR measurements and to 
improvee the oxygen supply via diffusion. An infrared spectrum of the fresh linseed oil is dis-
playedd in Fig. 5.2. The various absorption peaks in this spectrum are assigned in Table 5.1. 
Subsequently,, the film was analysed at fixed time intervals. Selected spectra from the data-set 
obtainedd in this way are presented in Figs. 5.3A and B. These figures only display selected parts 
off  the spectra to visualise the changes more clearly. The time passed since the start of the experi-
mentt is indicated on the left side of the spectra. 

Thee left part of the spectrum in the fresh oil is dominated by a series of aliphatic vibrations 
aroundd 3000 cm1, caused by the large amount of CH, and CH, groups in the fatty acids. Stretch 
vibrationn of CH bonds lead to high absorptions at 2926 and 2855 cm-1 with a shoulder at 2958 
cm1.. Bending vibrations of these moieties are present at 1460 cm-1 and 1374 crrr'(CH,). These 
peakss do not show much variation in time. On the other hand, the smaller peak at 3009 cm1, 
assignedd to the m-type unsaturated CH group (C=C-H),117 disappears in about 5 hours. The 
samee group absorbs at 726 cm', and the intensity of this peak also decreases. The simultaneous 
increasee of the absorption at 980 cm-1 suggests that the cis double bonds are isomerised to the 
transtrans configuration.-0106 The presence of unsaturations also leads to the small peak at 1653 
cm1,, caused by C=C double bonds in the fatty acids. 

Anotherr clearly changing feature on the left hand side of the infrared spectrum is the forma-
tionn of a new absorption band at 3440 cm'. The spectral position and broad appearance of this 
bandd indicates that it should be assigned to alcohol and/or hydro-peroxide vibrations, both prod-
uctss of oxidation. A further distinction between alcohols and hydro-peroxides cannot be made, 
ass the difference in their peak maxima is small. Discrimination only becomes possible after 
specificc derivatisation of the oil.2*-2"-'-*  These studies have indicated that hydro-peroxides formed 
inn the early stages are subsequently replaced by alcohols and ethers. The uppermost spectrum in 
Fig.. 5.3A shows an increased absorption in the spectral region of 3000-3200 cm-1 (between the 
peakss at 2926 and 3440. arrow in Fig. 5.3a). These absorptions are probably caused by carboxy-
licc acid moieties, as is confirmed by the formation of an absorption band at 1414 cm' and the 
broadeningg of the carbonyl band. This intense carbonyl peak at 1744 cm-1 is originally due to 
esterr bonds between glycerol and fatty acids, but the carboxylic acids absorption at about 1710 
cmm ' is normally not resolved from this peak and partly explains the broadening.r|IJt> The forma-
tionn of carboxylic acids is a generally recognised degradation reaction in drying oil, and the 
associatedd increase of the acidity is confirmed by titration studies.1- However, other types of 
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Right-handRight-hand image: Fig. 5.3. ITIR study of the drying of linseed oil. showing the infrared spectra of linseed oil at 
differentdifferent periods after its application as a thin film. The time since application is indicated on the left sides of the 
spectra,spectra, (a) Spectral region 2600-3600 cm '. (h) Spectral region 700-1 SIX) cm . 
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Fig.Fig. 5.2. Infrared spectrum of fresh linseed oil. 

Wavenumberr (cm1) Moiety y Source e 

3009 9 

2958(s) ) 

2926 6 

2855 5 

1744 4 

1653 3 

1460 0 

1374 4 

1238 8 

1163 3 

1099 9 

720 0 

726 6 

C=C-HH (cis) stretch 

CH33 stretch 

CH22 stretch 

CH22 stretch 

C=0 0 

C=C C 

CH33 (asymm. bend) 
CH22 (scissors) 

CH33 "umbrella mode" 

C -0 0 

C -0 0 

C -0 0 

CmCm rock 

C=C-HH (cis) bend 

Fattyy acid 

Fattyy acid 

Fattyy acid 

Fattyy acid 

Eisterr bond 

Fattyy acid 

Fattyy acid 

Fattyy acid 

Esterr bond 

Esterr bond 

Esterr bond 

Fattyy acid 

Fattyy acid 

TableTable 5.1. Assignment of the absorption bands in the spectrum of fresh linseed oil. shown in Fig. 5.2. 
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Pigment t 

Vermilion n 

Cadmiumm red 

Ironn oxide 

Redd lead 

Napless yellow 

Yelloww ochre 

Goldd ochre 

Greenn earth 

Kasseii  earth 

Ultramarine e 

Indigo o 

Zincc white 

Leadd white 

Colourr  index 

PRR 106 

PR108 8 

PR101 1 

PR105 5 

PY41 1 

PY43 3 

PY43 3 

PG23 3 

Natural l 
Brownn 8 

PB29 9 

Vatt blue 1 

PW4 4 

PW1 1 

Sourcee (a) 

1 1 

D D 

I I 

D D 

D D 

D D 

D D 

D D 

D D 
I I 

I I 

I I 

D D 

D D 
D D 
D D 
D D 
I I 

Year r 

1973 3 

1937 7 

1973 3 

1916 6 

1939 9 

1939 9 

1939 9 

1973 3 
1939 9 

1973 3 

1973 3 

1941 1 

1912 2 
1941 1 
1941 1 
1941 1 
1973 3 

Oil l 

Linseed d 

Linseed d 

Linseed d 

Poppy y 

Linseed d 

Linseed d 

Linseed d 

Linseed d 

Linseed d 
Linseed d 

Linseed d 

Linseed d 

Linseed d 

Linseed d 
Linseed d 
Linseed d 
Linseed d 
Linseed d 

Support t 

Panel l 

Panel l 

Panel l 

Canvas s 

Canvas s 

Canvas s 

Canvas s 

Canvas s 

Canvas s 
Panel l 

Panel l 

Panel l 

Panel l 

Panel l 
Panel l 
Panel l 
Panel l 
Panel l 

Fig. . 

5.5 5 

5.6 6 

5.7 7 

5.8 8 

5.9 9 

5.10 0 

5.11 1 

5.12 2 

(b) ) 
5.13 3 

5.14 4 

5.15 5 

5.16 6 

5.17 7 
5.18 8 
5.19 9 
5.20 0 
5.21 1 

TableTable 5.2. Overview oj'the aged paints investigated in this Chapter 
(a)(a) The paints were taken from the collections prepared by H. C. Von Imhoff (I) or from the collection kept at the 
DoernerDoerner Institute (D). 
(b)(b) Results not shown. 

carbonyls,, e.g. ketones, aldehydes, lactones and anhydrides, might also play a role in the ob-
servedd broadening of the carbonyl band. 

Thee drying studies presented in Figs. 5.3A and B show the extensive changes of the infrared 
spectraa of oil upon drying. Infrared spectroscopy has therefore been one of the most important 
techniquess in the elucidation of the mechanism shown in Fig. 5.1. 

5.3.22 Infrare d spectra of unpigmented aged oils 
Fig.. 5.4 shows spectra of two different unpigmented aged oil samples. These provide a refer-

encee for the spectra of various pigmented paints presented in the next section. The aim of this 
comparisonn is the evaluation of the influence of pigments on the ageing of oil. Spectrum 4A 
representss a thin linseed oil layer cured for 90h (equal to the uppermost spectrum in Figs. 5.3A 
andd B). This spectrum is remarkably similar to the spectrum of the 50-years-old unpigmented oil 
filmfilm  presented by Meilunas el a/.1" This suggests that the cross-linked oil system is relatively 
stablee after an initial drying period, at least, as far as infrared spectroscopy can observe. The 
claimm that a thermal treatment (24h at 120°C) faithfully reproduces a 50-years-old paint1' should 
thereforee be taken with a pinch of salt. The lower spectrum in Fig. 5.4 represents a 50-years-old 
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Fig.Fig. 5.4. infrared spectra of aged, impiginented linseed oil. (a) 91) hours after application as a thin film; (b) 50 
yearsyears after production. This oil has heen kept in a closed container. 

standd oil. which was taken from the promotion material of a sales representative of a Dutch paint 

manufacturer.. This oil has been kept in a closed container during most of its lifetime, and has 

onlyy been prepared as a thin film until at the time of the infrared measurement. Therefore, the 

oxygenn supply to this oil has been restricted, and a low amount of oxidation is expected. Absorp-

tionn peaks of oxidation products are indeed small (OH at 3440 cm ', C -0 background at 900-

14000 cm '). Theester peak at 1740 cm ' is accompanied by a distinct peak at 1712 cm '.These 

aree assigned to fatty acids formed by hydrolysis of the glycerol esters, as the formation due to 

degradation,, as shown in Fig. 5.1. is limited by the oxygen supply. Indications for this are the 

relativelyy low intensity of the ester band at 1740 cm ' and the deformation of the ester triplet 

(-1246,, 1174 and 1110 cm1) . The peak at -1712 cm ' is also seen in library spectra of glycerol 

1.22 distearate and glycerol 1.3 dilaurin (SDBS refs 34789 and 7719. Integrated Spectral Data 

Basee System for Organic Compounds, www.aist.go.jp/RIODB/SDBS/menu-e.html). Similar 

molecules,, i.e. diacylglycerols. can also be formed due to hydrolysis. However the presence of a 

fattyy acid impurity in the samples measured for this database seems a more likely explanation 

forr this absorption than an absorption by diacylglycerols. 

Ann absorption at about 1710 cm-1 is also present in Fig. 5.4A and the spectrum provided by 

Meilunass et al. However, in these cases it is poorly resolved from the absorption at 1740 cm-1, 

andd is only visible as a shoulder. A similar loss of resolution is seen in the CH stretch vibration 

peaks,, which seem much narrower in spectrum 4B. The broadening seems to be typical for 

http://www.aist.go.jp/RIODB/SDBS/menu-e.html
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naturall  ageing, and the spectrum in Fig. 5.4A is therefore considered a good reference for the 
spectraa of the pigmented films presented in the next section. 

5.3.33 Infrare d spectroscopy of naturall y aged oil paints 
Severall  naturally aged paints have been analysed. Their infrared spectra, as well as the sec-

ondd derivatives of these spectra are presented in Figs. 5.5-5.21 and discussed in the following 
sections. . 

5.3.3.11 Vermilio n paint 
Thee spectrum of a 30-year-old vermilion containing paint is shown in Fig. 5.5. The corre-

spondingg second derivative spectrum is displayed to the right of this spectrum. Vermilion does 
nott absorb in the MIR (mid infrared) region, but causes extensive scattering. The intensity of the 
transmittedd light therefore decreases with the wavelength. The corresponding slope in the baseline 
wass removed by a baseline correction, but the low transmittance causes the low S/N (Signal-to-
Noisee ratio) on the left side of the spectrum. Vermilion does not seem to induce the formation of 
detectablee amounts of products that are not present in unpigmentcd aged paint, as its spectrum 
closelyy resembles Fig. 5.4A. The carbonyl moieties lead to a broad absorption at 1734 cm ' 
{17444 cm-1 in fresh oil, Fig. 5.2). Increasing of the spectral resolution by means of the second 
derivativee spectrum reveals the presence of clearly distinct carbonyl peaks (1740, 1708, and a 
smallerr absorption at 1781 cm1). The clear triplet of peaks at 1247, 1183 and 1102 cm l in the 
raww spectrum shows the presence of intact esters in the dried oil. 

5.3.3.22 Cadmium red paint 
Thee infrared spectrum of a 60-years-old cadmium red paint is presented in Fig. 5.6. CdS does 

nott absorb infrared light, and the scattering is low, compared to vermilion. Therefore, the S/N on 
thee left side of the spectrum is higher. Otherwise, the spectrum is very similar to that of vermil-
ionn paint. Even the carbonyl absorption pattern observed in the second derivative spectra (1782, 
17399 and 1707 cm') is very similar. Cadmium red is therefore concluded not to influence the 
dryingg paint to a large extent. 

5*3'3*33 Iro n oxide paint 
Thee absorption spectrum of an iron oxide containing paint is displayed in Fig. 5.7. This 

spectrum,, which is clearly different from the spectra of vermilion and cadmium red paint, as it 
showss a strong absorption at 1100 cm ' as well as an absorption at the right side of the spectrum 
(<< 700 cm1). These absorptions can be assigned to the pigment, as they arc also found in pure 
ironn oxide pigment used in this test panel. The absorption at 1177 cm ' is not due to this pigment, 
andd should be assigned to ester groups. The presence of esters is confirmed by the carbonyl 
absorptionn at 1738 cm ' (second derivative). Carbonyl absorptions at 1708 and 1782 cm ' (sec-
ondd derivative spectrum) have appeared in the spectrum. The intensity of the 1709 cm'' peak is 
relativelyy high and results in the low wavenumber of the carbonyl absorption in the raw spec-
trumm (1720 cm"1)- The absorptions at 3200-2500, 1414, and 921 enr1 indicate that the 1709 
cmm ' should be assigned to carboxylic acids. The abundant presence of carboxylic acids in this 
paintt is confirmed by mass spectrometry.1" 
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Fig.Fig. 5.5-fig. 5.21. Infrared spectra of aged paints. The figures on the left show the normal infrared spectra. Their 
secondsecond order derivatives are partly (700- MOO cnr!') shown in the figures on the right. The pigment used in the paint 
isis mentioned in the Figures. An oven'iew of the included pigments is provided in Table 5.1. 

5'3'3' 44 Miniu m (red lead) paint 
Thee main features in the spectrum of the minium-containing paint in Fig. 5.8 are peaks at 

1177/1117,, 1090 (truncated in this figure) and 984 cm"1. The peaks 1185, 1123 and 1072, and 
9844 (see second derivative) exactly coincide with the absorptions of BaS04 (SDBS-no.40201). 
Thee presence of Ba has been confirmed by EDX, but the source of BaS04 is not known. It can be 
duee to an imperfect sampling of the red lead paint layer or a filler introduced with the pigment. 
Thee relatively strong peaks at 1526 and 1404 cm-1 can be attributed to lead soaps.It)f> The inten-
sityy of the carbonyl peak at 1743 cm-1 is lower than the C H stretch vibration at 2924 cm1, 
unlikee the pigmented paints discussed so far. This suggests that the amount of carbonyl moieties 
iss relatively low and accordingly that the presence of minium as a pigment increases the hydroly-
siss of the triglycerides. The second derivative spectrum shows the mere absence of carboxyiic 
acidss evidenced by the minute absorption at 1707 cm'1. The absence of carboxyiic acids is 
confirmedd by the low intensities at -3200-2600 cm-1 (raw spectrum), and 1414 cm1. 

5'3'3' 55 Naples yellow paint 
Thee infrared spectrum of an aged paint containing Naples yellow is presented in Fig. 5.9. 

Thiss spectrum shows strong peaks at 1548 and 1413 cm1, which are not present in the pure 
pigmentt (spectrum of pure pigment has been reported beforel3g). The peaks are assigned to metal 
carboxylatess that were formed during ageing. The presence of intact ester bonds is clear from 
absorptionss at 1740 cm1, and the glycerol ester triplet at 1251, 1178 and 1099 cm1. The second 
derivativee spectrum shows that the carbonyl peak mainly consists of ester absorption at 1740 
cmm ' with only a small contribution of carboxyiic acids at 1709 cm-1. Both red lead and Naples 
yelloww pigmented paints (Figs. 5.8 and 5.9) show that pigments that mediate the formation of 
metall  carboxylates simultaneously reduce the number of carboxyiic acids, which can readily be 
explainedd by the consumption of carboxyiic acids during the formation of metal carboxylates. 

5.3.3.66 Yellow ochre paint 
Thee absorptions of ochre are highly dominating in the infrared spectrum of a 65-years-old 

yelloww ochre paint. The most pronounced features (Fig. 5.10) are the intense truncated silicate 
absorptionss at 1200-980 cm-1,918, 806, and 701 cm"'. The presence of quartz in these samples 
hass been confirmed by XRD (by I.N.M Wainwright, CCI). Crystal water in the pigment gives 
risee to the sharp peaks at 3695 and 3619 cm1 and might also contribute to the absorptions at 
aboutt 1622 cm'. Finally, the characteristic absorption pattern between 2600 and 3500 cm"1 is 
partlyy assigned to hydroxyl groups in or on the pigment particles, as the observed maximum (as 
loww as 3114 cm-1) is uncommon for organic materials. The aliphatic moieties in this sample lead 
too broad absorption bands at 2944, 2864, 1453. and 1382 cm-1. The carbonyl absorptions (1724 
cm"1)) are resolved by the second derivatisation in peaks at 1738 and 1705 cm-1. Unfortunately. 
thee ester triplet around 1170 cm ' is completely masked by the strong Si-0 absorptions. 
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5.3.3.77 Gold ochre paint 
Thee spectrum of the aged linseed oil paint containing gold ochre (Fig. 5.11) is very similar to 

thee spectrum obtained from the yellow ochre. The second derivative spectrum shows a higher 
relativee intensity of the 1707 cm"1 carbonyl absorption. This subtle intensity change led to the 
significantt shift of the carbonyl peak in the raw spectrum: from 1724 to 1710 cm1. 

5.3.3.88 Green earth paint 
Thee spectrum of green earth pigmented paint film is presented in Fig. 5.12. The green earth 

pigmentt used in the reconstructions was found to contain silicates (1039, 915, 801 cm"1) with 
crystall  water (3697, 3619 cm1), and calcium carbonate (2522. 1799 (small), 1416, 875 cm'). 
Greenn earth reference spectra140 are clearly different from the pigments in the test panel. The 
definitionn of green earth is not unambiguous. The inorganic materials mask many of the organic 
featuress in the spectrum. The remaining organic features include aliphatic peaks at 2938 and 
28677 cm"' as well as 1464 cm-1 in the second derivative spectrum. The second order derivatisation 
againn resolves the carbonyl band into distinct absorptions at 1779, 1738 and 1708 cm '. The 
absorptionn at 1624 cm ' is well resolved from the carbonyl peak (1717 cm-1), contrary to the 
spectraa of the ochre-pigmented paints (Figs. 5.10-5.11). The assignment of this peak (1624 
cm-1)) to crystal water (as suggested in the discussion of the ochre paints) is contradicted by this 
spectrum,, as the amount of crystal water in this paint (3697 and 3619 cm'1) is very low. Abetter 
assignmentt might be the presence of metal carboxylates. However, no further indications could 
bee found to confirm this attribution. 

5*3'3* 99 Kassei earth (Van Dyke Brown) paint 
Thee infrared spectrum (Fig. 5.13) represents an aged paint prepared with Kassei earth, a 

fossill  of mainly organic subbituminous coal fossil,141 regularly used as a brown pigment. The 
organicc absorption at 1611 cm-1 is the most intense absorption in the infrared spectrum. This 
peakk is caused by the pigment itself, and has been assigned tentatively to iron carboxylates.l4: 

Assignmentt to a carboxylate or metal carboxylate is confirmed by the presence of an almost 
equallyy intense and broad absorption at 1416 cm '. which can be assigned to the symmetric 
carboxylatee stretch. The absorption at 1611 cm ' has a very noisy appearance in the second 
derivativee spectrum, However, the fine-structure (including peaks at 1626. 1567, 1587. 1608, 
andd 1645 cm-1) is reproducible: the same absorptions have been found in the Kassei earth pig-
mentedd paint taken from the Von Imhoff collection (results not shown). These various peaks 
shouldd be assigned to different chemical surroundings of the carboxylates, but a detailed identi-
ficationfication of these absorptions has not been established and is left for further research. Second 
derivativee analysis of the broad absorption band at 1416 cm-' also reveals a number of underly-
ingg absorptions, including those at 1383 (CFF), 1464 (CHJ, and 1413 cm ' (COOH). The pres-
encee of carboxylic acids is confirmed by absorptions at 915, 3200-2600, and at 1709 cm '. 
Especiallyy this spectrum clearly illustrates the increment in information that can be derived after 
secondd derivatisation, as two broad peaks can reproducibly be resolved into a number of narrow 
absorptions. . 

Onlyy a trace of inorganic materials can be observed as a relatively sharp peak at 1099 cm'. 
Thiss peak is not part of the glycerol triplet, as its intensity is too high compared to the connected 
peakss (-1170 and 1240 cm1). Small amounts of glycerol-esters are however indicated by the 



FT/RFT/R studies of the effect of pigments in the ageing of oil 89 89 

modestt absorption at 1736 cm"' (second derivative spectrum). The second derivative of the 
carbonyll  peaks resolves the two absorptions (1736 and 1709 cm-1), but the resolution is worse 
thann in other cases observed so far. This might very well be due to the presence of carbonyl 
moietiess in the Kassei earth pigment. Unfortunately, the presence of the several related func-
tionall  groups in the oil and pigment fraction makes a detailed evaluation of the oil fraction 
impossible. . 

5.3.3.100 Ultramarin e paint 
Thee strongest absorption in the spectrum of artificial ultramarine pigmented paint (Fig. 5.14) 

iss the truncated silicate absorption at 1001 cm-1 (SDBS, ref 3143). Other pigment absorptions 
aree present at 714 and 680 cm'. The absorptions due to the binding medium are rather broad and 
featureless.. In fact, the CH bend absorption (1466 cm') can only be distinguished in the second 
derivativee spectrum. The broad CH stretch absorptions have their maxima at 2945 and 2873 
cm1,, compared to 2926 and 2855 cm-1 for the fresh oil (see Fig. 5.2). The exact positions of 
thesee absorptions appear to be very unstable, and values of the naturally aged paints vary be-
tweenn 2924 (red lead in Fig. 5.8) and 2945 (ultramarine paint in Fig. 5.14). The shift to higher 
wavenumberr normally seems to accompany a broader appearance of the peaks."*  A broad shoul-
derr is present at 1640 cm"1. This peak again gives the impression of a metal carboxylate, as it is 
accompaniedd by a broad absorption at 1414 cm'. 

5.3.3.111 Indig o paint 
Thee indigo pigment in the 35-years-old paint is well preserved, as indicated by its intense 

bluee colour. The many indigo absorptions are clearly present in spectrum 15 (3239, 3064, 1627, 
1612,, 1588, 1485, 1392, 1321, 1300, 1200, 1173, 1130, 1077, 1014, 882, 861, and 752 cm"1). 
Thesee peaks mask most of the binding medium peaks in the fingerprint region. In fact, only the 
carbonyll  band (1728) and the CH stretch vibrations (2940 and 2865 cm1) can be assigned un-
ambiguously. . 

Secondd order derivatisation does not improve the interpretation of the spectral data, as aro-
maticc structures like indigo normally have many narrow absorption bands. These sharp peaks 
aree prominently present in the second derivative spectrum. The well-resolved bands for esters 
(1737)) and carboxylic acids (1707 cm"') are seen as minor features in this spectrum. 

5.3.3.122 Zin c whit e paint 
Thee spectrum of zinc white pigmented paint (Fig. 5.16) shows intense CH vibrational peaks 

att 2933 and 2858 cm-1. The narrow carbonyl peak (1740 cm1) is lower than the CH stretch 
vibrationn at 2933 cm', indicating that the amount of intact ester bonds is relatively low. The 
secondd derivative spectrum shows the absence of carboxylic acids by the negligible absorption 
att 1709 cm1. The clear and broad carboxylate absorption (1589 cm') consists of several sepa-
ratee peaks (second derivative, 1620, 1586. 1540 cm1). The absorption peak at 1460-1418 cm-1 

resolvess into the CH bend vibration (1467 cm-1) as well as peaks at 1415 and 1376 cm'. A 
minorr addition of whiting (CaCO.)to the zinc white is suggested by the combination of peaks at 
1418,, 876 and 778 cm-1 (second derivative). The 1150 cm-1 absorption indicates the abundant 
presencee of alcohol groups in the oil. This peak is not due to a silicate or sulphate adulteration, 
ass these moieties normally show a series of absorbances in this spectral region. Lead sulphate 
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Fie.Fie. 5.11. Gold Och Fig.Fig. 5.12. Green Earth Fig.Fig. 5.13. Kassei Earth 
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Fig.Fig. 5.14. Ultramarine Fig.Fig. 5.15. Indigo Fig.Fig. 5.16. Zinc White 
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impuritiesww would further have a different maximum absorption (1060 cm '). The assignment 
too alcohols is confirmed by the relatively strong absorption at 3410 cm '. The presented spec-
trumm suggests that zinc white influences the ageing of oil in different ways: it stimulates the 
formationn of alcohol groups, catalyses the hydrolysis of glycerol-esters. and forms metal car-
boxylatess with the present carboxylic acids. 

S'3-3^133 Lead whit e paint 
Leadd white is probably the most commonly used pigment in the history of panel painting. 

Thereforee it has been included in many test panel series, e.g. the painting by Gettens. which has 
beenn analysed and reported by Meilunas et a!.-" The Doemer test scries even contains several 
leadd white paints, with a number of different lead white types, oils, and additions. The infrared 
spectrumm of a paint prepared in 1912 is shown in Fig. 5.17. Spectra of other paints from this 
series,, made in 1941, are shown in Figs. 5.18-5.20. The lead white paint from the CCI test scries 
iss shown in Fig. 5.21. 

Thee most intense absorption in spectrum 5.17 is due to the carbonates present in the lead 
whitee pigment (truncated, 1300 to 1450 cm-1). Less intense pigment absorptions are seen at 
35399 cnr1 (OH stretch), 1048 cm"1, 776 cnr' and 681 cm1. The absorption at 838 cm' is due to 
neutrall  lead carbonate (PbCO,), which is a common component of lead white.1'7 The most in-
tensee organic features are present at 2933 and 2875 cm-1 <CH stretch) and 1740 cm-1 (carbonyl). 
Thee second derivative of the carbonyll  region shows the presence ester moieties at 1740 cm-1, but 
thee almost complete absence of carboxylic acids. The ester C-0 triplet (1169, 1248 and 1100 
cm"!)) confirms the presence of esters. The shoulder on the short wavelength side of the intense 
carbonatee band should be assigned to the absorption of lead carboxylates,-7 but it is masked by 
thee adjacent very intense carbonate absorption. Nevertheless, spectral subtraction of a pure lead 
whitee spectrum revealed a clear absorption at 1540 cnr1 (results not shown). Second derivative 
analysiss of the absorption spectrum of lead white paint (Fig. 5.17) reveals the presence of sev-
erall  small absorption maxima (1533, 1543, 1551, 1625 cnr1). These peaks look like noise, but 
theirr relevance is indicated by their presence in the other lead white pigmented oil paints, sec 
Figs.. 5.18-5.21. The several peaks in this region are probably due to different co-ordination 
structuress of the lead carboxylates, comparable to the situation observed for fine structure on top 
off  the carboxylate absorption peak in the Kassei earth pigmented paint, be it that the exact 
spectrall  locations have altered. An even clearer fine pattern is seen in the region between 1365 
andd 1480 cm ' with peaks at 1364, 1386, 1410. 1428. 1447, 1466 (CH bend). 1474, and 1481 
cnr1.. All these small absorption peaks appear in the various lead white spectra that were inves-
tigated,, which stresses their significance. The absorption at 1410 cnr1 has been assigned to 
carboxylicc acids in the preceding part of this Chapter. However, this seems not valid here, as 
carboxylicc acids should give rise to an absorption band at 1707 cm '. which is clearly not present. 
Thee same has been observed in the spectrum of the zinc white paint, but a valid alternative 
assignmentt for the 1415 cnr' absorption has not yet been found. 

AA remarkable difference between the several lead white pigmented paint films is the different 
intensityy observed for the OH stretch vibration at -3535 cnr'. The intensity of this absorption 
variess in intensity between strong (Figs. 5.17. 5.18. 5.21) and negligible (Fig. 5.19). The same 
intensityy differences are found for the OH bend vibration (775-780 cm '). The absence of these 
peakss (3535 and 778 cm ') correlates with the presence of peaks at 838 and 2420 cnr'. and leads 
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Fig.Fig. 5.22. Comparison of the height and area of the CH-stretch vibration band at 2950-2920 cm ' in all spectra 
presentedpresented in Figs. 5.5-5.21. See experimental (section 5.2) for parameters. 

too a small shift in the intense lead white absorption around 680 cm-1: from 681 to 678 cm"1. 

Thesee intensity changes and peak shift are explained by the content of neutral lead carbonate in 

leadd white. Reference spectra ( l p l 44 and SDBS) show that basic lead carbonate absorbs at 3535, 

7788 and 681 cm '. while neutral lead carbonate, which is a normal constituent of lead white, 

absorbss at 2420, and 838 cm '. This indicates that the composition oflead white from different 

sourcess can be markedly different, which would be consistent with historic documentary sources.2 

Thee differences between the spectra presented here and the results of the 50-years-old natu-

rallyy aged lead white paint reported by Meilunas et al. are remarkable, especially when the 

stabilityy of the spectra presented in Figs. 5.17-5.21 is considered. The most important difference 

iss the relatively low carbonate absorption in the paint analysed by Meilunas el al., indicating that 

thiss paint has a much lower pigment concentration. It is indeed stated that the analysed paint had 

beenn made of a 1:1 mixture oflead white and oil. The lower amount oflead white resulted in a 

higherr amount of oxidation products with absoqitions at 3411 and 1715 cm ', as well as to an 

overalll  absorption increase in the spectral region between 1650 and 1000 c m ' .A further differ-

encee is the better resolution of the peaks at 1622 and 1545 cm '. It is likely that these differences 

arcc caused by the pigment concentration in the paint. 
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5.44 Discussion 

Thee large number of spectra that have been shown in this Chapter allow a classification of the 
differentt effects that pigments can have on the ageing processes in oil. A number of characteris-
ticss will be highlighted below. The broadening of the carbonyl band, which had been observed in 
aa number of earlier studies, was shown to be due to the formation of a new carbonyl bands at 
1705-17099 cm' and around 1780 cm-1. The spectral location of this triplet appears to be very 
reproducible,, but their relative intensities are dependent on the pigment present in the paint film. 
Anotherr effect that can be assigned to the presence of pigments is the shift of the CH absorption 
bandss around 3000 cm1. The most obvious effect observed in a number of paints is the forma-
tionn of metal carboxylates. 

5.4.11 Carbonyl bands 
Thee carbonyl bands observed in the different spectra vary in peak width and position of the 

maximumm absorption. Both Meilunas17 and Hartshorn51 have explained this by the formation of 
ann extra, unresolved absorption peak at 1730-1700 cm-1 upon the drying of oil. Resolution 
enhancementt through second derivative spectra indicates that both effects arc caused by the 
formationn of extra absorptions at 1707 and 1780 cm '. These peaks are well resolved in the 
secondd order derivative spectrum, even when no shoulders or fine structure can be seen in the 
raww spectra, e.g. in Figs. 5.10-5.15. Furthermore, the carbonyl peak is not hindered by masking 
duee to absorptions of the common traditional pigments, which forms a major annoyance in 
traditionall  paint research by FTIR. Only one of the investigated pigments (Kassei earth) did 
disturbb the analysis of the oil absorptions in the spectral region between 1700 and 1800 cm1. 
Therefore,, this reproducible triplet may be very useful in the classification of binding media. 

Thee absorption at 1740 cm ' can be assigned to esters10""16 that are still abundantly present in 
thee fresh oil medium. This is confirmed by the presence of other ester peaks (1170, 1240, 1100 
cm-1)) whenever these are not masked by pigment absorptions (Figs. 5.5-5.7, 5.9, 5.17-5.21). 
Thee intensity of this ester peak is variable, which must be related to the number of remaining 
esterr bonds in the paint. However, a thorough quantification of the intensity would require an 
accuratee determination of the layer thickness and the pigment content, and is not straightfor-
ward.. A general impression of the intensity of the ester peak can be obtained by comparison with 
thee asymmetric CH, stretch vibration at -2930 cm '. The quantitative accuracy of this approach 
iss however also questionable as the intensity of the CH stretch vibration might not be linearly 
relatedd to on the amount of organic materials (see discussion below). 

Thee 1707 cm1 absorption has been assigned to the carboxylic acids, which are formed upon 
oxidation.. This assignment seems to be confirmed by spectra (vermilion, cadmium red, iron 
oxide,, yellow ochre, gold ochre), in which the 1707 enr' is accompanied by absorptions at 
3200-2600,, 1415 and 915 cm"1."1" The mere absence of the 1707 cm"1 peak in some of the metal 
soapp producing pigments. (Naples yellow (Fig. 5.9), lead white (Figs. 5.17-5.21), zinc white 
(Fig.. 5.16) and red lead (Fig. 5.8)), wrherethe carboxylic acids obviously have reacted further to 
metall  carboxylates. nicely confirms this assignment. No indications were found for the presence 
off  other carbonyl groups that also absorb at -1707 cm'. Further proof might be obtained by 
chemicall  derivatisation of aged paint material, e.g. using the method described by Mallegol.:*  If 
thee absorption at 1707 cm' is to be assigned exclusively to carboxylic acids, it is remarkable 
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thatt is resoked from the ester absorption {1740cm') in only one of the spectra presented in the 
currentt study: the stand oil that has never been prepared as a paint. In all other cases, the two 
carbonyll  peaks were not resolved in the normal infrared spectra. This suggests that the extensive 
changess that take place upon oil drying induces a broadening of the carbonyl peaks, obviously 
byy the formation of several different chemical and physical environments for the carbonyl groups. 

Thee rather small peak at 1780 cm'1, which is observed in most of the presented second de-
rivativee infrared spectra, has been assigned to lactones or anhydrides. This absorption is thought 
too be specific for a drying oil.17 A further carbonyl absorption at 1680 cm-1 is observed in the 
zincc white paint. This absorption has been assigned to conjugated carbonyl groups.11 

5.4.22 Metal Carboxylates 
Severall  complex spectral differences can be seen in the region between 1650 and 1500 cm '. 

Manyy of these can be explained by the presence of metal carboxylates. The absorption spectra of 
carboxylatess containing long chain fatty acids and several metal ions have been accurately re-
ported.1455 The reported value for zinc carboxylates is -1540 cm ' and a small peak at 1540 
cm11 is indeed found in the spectrum of zinc white paint (Fig. 5.16). However, the carboxylate 
absorptionn at 1590 cm1 is much more intense. The values reported for long chain fatty acids 
mayy therefore not be correct for every type of zinc carboxylate. A number of selected reference 
spectraa indeed illustrate that the nature of the carboxylic acid influences the spectral absorption 
characteristicss of the metal carboxylate; Zn-stearate and palmitate (-1540 cm1),145 Zn-lactate 
(15977 cm'), and Zn-oxalate (1631 cm"1) (SDBS, refs. 3130,12800 and 17155). A very interest-
ingg comparison for these absorptions is provided in the literature on ionomers, which are car-
boxylicc acid containing polymers, normally formed by copolymerisation of ethylene and meth-
acrylicc acid. Ionomers can be neutralised by metal ions,,4h which form metal carboxylates with 
thee carboxylic acids. Neutralisation of ionomer with lead acetate has been reported to result in 
infraredd absorptions at 1560 cm-1.14" In another study, ionomers have been neutralised by zinc 
oxide,, which induced infrared absorptions at 1624, 1585 and 1638 cm'. The relative intensities 
weree found to be dependent on the amount of water absorption14'1 M*  and on the pressure applied 
too the sample.'4^ Kutsumizut3/a/.14') mention that the different absorption bandscan be related to 
differentt co-ordination states of the carboxylic acids around the zinc atom, but a full assignment 
hass unfortunately not been established yet. A better identification would not only lead to a better 
understandingg of ionomers, but is expected to be directly applicable in aged paint, a system 
whichh is related to ionomers. This would lead to a better chemical classification of the variety of 
absorptionss that are nowadays summarised as metal carboxylates, 

5.4.33 CH stretch vibratio n 
Thee intensity of the CH stretch vibrations is commonly seen as a quantitative measure of the 

oill  content in a sample. The decreasing intensities of these peaks are interpreted accordingly as 
aa decrease in aliphatic moieties due to the loss of volatile products. However, the amount of 
volatilee products reported in the literature seems to be extremely high. Meilunas et a!, mention a 
60%% intensity decrease of the CH stretch vibration. Rasti and Scott even report a 92% decrease 
off  the absorption intensity at 2930 cm ' (log A^/A^ 1.1) fora vermilion pigmented paint film.-1" 
Itt seems unlikely that the loss of volatile aliphatic materials during ageing would be so extensive 
thatt it suffices to explain this effect. However, a better explanation has not yet been given. It has 
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beenn noted by Mallegol:s that the decreasing intensity is combined with a shift of the absorptions 
maximaa to shorter wavelengths. A shift of the CH vibrations has also been observed in the 
spectraa reported here. The maximum absorption of ultramarine pigmented paint was found to be 
ass high as 2945 and 2873 cm1, while the absorptions in the original oil binding medium are 
presentt at 2927 and 2855 cm-1. Despite the relatively large shifts, the actual widths of the peaks 
remainedd remarkably constant, as the area of the absorption peaks changes linearly with the 
heightt (Fig. 5.22, see experimental for parameters, R=0.99). The varying intensity of the oil 
seriouslyy complicates quantitative analysis of aged paint by FTIR. The absolute intensity of the 
CH-peakss cannot be compared objectively in the measurements reported here, as the exact amount 
off  organic material in the light path is unknown. Furthermore, these oil components have a 
decreasingg extinction coefficient due to hydrolysis (1740 cm-1) and oxidation (2924 cm !). A 
validd quantitative analysis would probably require an inert internal standard. 

Thesee considerations make an assignment of the decreasing intensity to the loss of volatile 
materiall  very unlikely. The direct influence of hydrolysis or metal carboxylate formation can 
alsoo be ruled out. This was confirmed by measurements on ionomers, were the intensity of the 
CHH stretch bands was found to be according to Lambert-Beer's law.l5IJ The origin of the hypso-
chromicc shift of the oil medium during ageing should therefore be assigned to oxidation and 
possiblyy ring closure. These effects are known to occur in the ageing of oil,10''-129 but do not occur 
inn ionomers. Ring closure and the resulting strain on the molecular structure are indeed known 
too increase the frequency of the absorption maximum of CH moieties.101 The same is true for CH 
moietiess close to an oxygen atom.'06 The origin of these effects is mainly located in the network 
fractionn of the aged oil. A better understanding of these shifts may therefore become a valuable 
tooll  in the further characterisation of the polymeric fraction. 

5.55 Conclusions 

Severall  infrared spectra of traditionally prepared and naturally aged pigmented have been 
presentedd to investigate the long-term influence of the pigments on the oil medium. Reaction 
productss of metals ions from pigments and the oil binding medium were found as metal car-
boxylatess for a number of pigments. Other indications for reactions influenced by pigments 
weree found in the aliphatic CH absorption at -2930 cm ' and the carbonyl absorption at -1740 
cm1,, The hypsochromic shift of the CH vibration is assigned to oxidation and ring closure 
reactionss in the network part of the oil. These shifts are especially pronounced in paints pig-
mentedd by ochres, Naples yellow and ultramarine. 

Thee intensity of the ester peak at 1740 cm-' can be greatly reduced by the presence of particu-
larr pigments, indicating hydrolysis of the triglycerides. This decreased intensity is especially 
clearr for the zinc white and red lead paints, were the absorbancc of the ester band is lower than 
thee absorbance of the CH vibrations. Unfortunately, this relationship cannot be made fully quan-
titative,, as the intensity of the CH vibrations is not a valid unit for the amount of oil material, as 
explainedd above. 

Broadeningg and shifts of the carbonyl absorption have been observed in most of the aged 
paints.. These effects are assigned to the formation of new, remarkably reproducible absorptions 
att 1707 2 cm-1 and 1780 5 cm"1. The number of carboxylic acids, to which absorption at 1707 
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cm"'' is assigned, reduces upon the formation of metal carboxylates. This effect was observed for 
leadd white, zinc white, red lead and Naples yellow. The characteristic carbonyl pattern is very 
usefull  in the investigation of oil paint, as it is normally not disturbed by any pigment absorp-
tions. . 
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