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Chapter 7 

 

Elucidating the Structure of Polymerized Linseed Oil: 
a Methyl Linoleate Model 

	
Summary 

Vegetable oil-based paints are an important type of paint used in the 15th to 
18th century for artistic painting. Many of them use linseed oil as binder. After 
curing (“drying”) at room temperature, these drying oils form an extensively 
polymerized network that is insoluble and extremely complex. Over the years, 
several analytical techniques have been used to understand the kinetics, 
composition, molecular connectivity and molecular weight distributions of 
such structures. Methyl linoleate has been studied as a model compound for 
linseed oil based network systems, as linoleic acid is one of the main fatty 
acids of linseed oil. In the present chapter we describe several routes to 
analytically characterize methyl linoleate oligomers and polymers as a first step 
to completely characterize linseed oil networks. Experiments were performed 
with size-exclusion chromatography, gas chromatography coupled to mass 
spectrometry with pyrolysis or thermally assisted hydrolysis and methylation, 
and non-aqueous reverse-phase liquid chromatography-ion mobility-time-of-
flight-mass spectrometry on fresh methyl linoleate samples and samples dried 
at 80°C for different periods of time. We were able to identify fragments, 
monomers, dimers and trimers with molecular weights ranging from 172 to 
958. Relative levels of these compounds could also be established.  

 

 

Manuscript in preparation 
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We believe that the information obtained is extremely important for future 
investigations in the field of art conservation, especially regarding linseed oil-
based paintings.  

 

7.1 Introduction 

Drying oils, e.g. linseed oil, are common binders used in historic paints. These 
oils contain triacylglycerols (TAGs) with high levels of polyunsaturated fatty 
acids that can undergo oxidation reactions induced by light creating radicals, 
Figure 7.1 [1,2]. Thus, highly reactive hydroperoxides and radicals are 
formed, that in turn can recombine to form cross-linked species with high 
molecular weight, i.e. a polymeric network. The organic chemistry of photo-
oxidation reactions of lipids is partly known and documented in many 
publications [2–4]. However, detailed chemical analysis of the polymeric 
network is very difficult since the network tends to be strongly cross-linked 
and hence almost insoluble. 

 
Figure 7.1 – Representation of triacylglycerol (TAG) with (poly)unsaturated fatty acids Oleic 
acid (I), Linoleic acid (II) and Linolenic acid (III).  

 

To reduce the complexity of the system, most studies aimed at developing an 
understanding of the network formation have focused on simpler models, as 
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e.g. the polymerization of methyl linoleate, Figure 7.1 (II) [5]. From such 
studies a first insight in the initial stages of lipid oxidation could be gained. 
Methyl linoleate (ML) is a polyunsaturated fatty acid that contains a chain of 
18 carbons and two double bonds at positions 9 and 12 (starting from the 
carboxyl group). The lipid oxidation mechanism of ML is a free-radical chain 
process consisting of three phases: initiation, propagation and termination 
[3,4,6]. In short, the initiation phase is characterized by the formation of fatty 
acid radicals caused by hydrogen abstraction on the methylene group adjacent 
to the double bonds (i.e. in between carbons 9 and 13 forming cis 
configurations). In the propagation stage hydroperoxides are formed by the 
reaction of the fatty acid radicals with molecular oxygen. In the third step, the 
termination phase, the reaction stops due to recombination of cross-linked 
species (via alkyl, ether or peroxy bonds). This means that the unsaturations 
are eventually consumed and the process stops. The hydroperoxy-groups 
formed are not stable and may undergo dissociation thereby creating alkoxy 
radicals [3,6]. The latter may undergo several reactions like termination and 
hydrogen abstraction, but they also participate in beta-scission reactions. 
Hence crosslinking reactions, which contribute to building up the network, are 
in competition with beta scission reactions that break the network. Beta 
scission also leads to smaller volatile species, mainly aldehydes that cause the 
typical smell of drying oil paint. The individual reactions that lead to the final 
polymerized oil network are only partly understood, for instances regarding 
the relative importance of beta scission as compared to crosslinking. 
Furthermore, the resulting polymeric structure (in terms of concentrations of 
functional groups, connectivity, branching, cross-link density, etc.) is very 
difficult to characterize, especially because fully polymerized networks tend to 
be strongly cross-linked and are therefore largely insoluble. Moreover, recent 
studies proved that the metals from inorganic pigments can form the so-called 
metal soaps which are responsible for the visual damage of paintings [7,8]. 
Therefore, crucial questions concerning the chemical reactions behind this 
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formation as well as the migration of these compounds through the polymer 
network demand a better understanding of intact and degraded linseed oil 
network structure. 

Over the years a wide range of analytical methods has been used to study lipid 
oxidation and polymerization both for investigating edible oils and to analyze 
the binding medium of old oil paintings. Techniques applied include size-
exclusion chromatography (SEC) [2,3,9–11], gas chromatography coupled to 
mass spectrometry (GC-MS) with pyrolysis (Py) or thermally assisted 
hydrolysis and methylation (THM) [11–16], mass spectrometry alone using 
matrix-assisted laser desorption/ionization (MALDI-MS), ion mobility MS 
(IM-MS) among others [2,11,17,18]. SEC has proven to be very powerful for 
monitoring the extent of crosslinking by separating the polymerized structures 
according to their size. An important conclusion from these studies is that all 
of these techniques provide data that is complementary to each other, for 
example the size separation from SEC combined with the structural 
information from MS. As a consequence, for developing an understanding of 
oil networks results from various techniques are required and they need to be 
interpreted in a joint manner.   

Unfortunately, the analytical methods described above are not sufficient to 
fully characterize the early drying stages of the network, where the linseed oil 
polymer is still soluble. The addition of a predictive model to describe the 
structural developments as a function of all the reactions occurring during 
drying over time (in Figure 7.2 [19]) is extremely important. The principles of 
the mathematical model based on a “reaction network” approach have been 
recently developed and described elsewhere [20]. Moreover, understanding 
and quantifying the kinetics of the polymer network structure will allow to 
extrapolate the initial findings to predict the structure of fully dried and 
eventually degraded networks.  
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Figure 7.2 – Schematic representation of the polymerized network formed during aging.  

 

Therefore, this research focuses on the initial soluble products formed in the 
oxidation of the simpler methyl linoleate model system, rather than the very 
complex polymerized network of linseed oil, in order to reduce the number of 
possible reactions. The different analytical techniques described here that can 
provide quantitative information on the polymerized network in the context 
described above are SEC, Py/THM-GC-MS methods and non-aqueous 
reverse-phase liquid chromatography-ion mobility-time-of-flight-mass 
spectrometry (NARPLC-IM-TOF-MS). The last method is capable of 
producing important multi-dimensional information on the actual molecular 
weight, size and composition distributions, for fresh and artificially aged 
methyl linoleate samples in the initial stages of the polymerization process. 
Nevertheless, we believe that the results should be analyzed in a joint manner. 
At a later stage, out of the scope of the present chapter, the mathematical 
model approach will be considered and fully discussed. 
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7.2 Materials and methods 

7.2.1 Standards and reagents 

Octadecanoic acid (C18:0) and methyl linoleate (C18:2, ML) were obtained 
from Sigma-Aldrich (Zwijndrecht, the Netherlands). Organic solvents 
(hexane, methanol, dichloromethane, tetrahydrofuran (THF) stabilized with 
butylated hydroxytoluene (BHT), toluene, acetonitrile and isopropanol) were 
purchased from Biosolve (Valkenswaard, The Netherlands). Acylglycerides 
standards as mono-, di- and triacylglycerides were obtained from Sigma-
Aldrich. The standards were diluted with THF stabilized with BHT at a 
concentration of 1 mg/mL. A polystyrene sample of 13.2 MDa from Polymer 
Laboratories (Church Streton, United Kingdom) was used to determine the 
exclusion limit of the SEC columns. A 25% tetra-methyl ammonium 
hydroxide (TMAH) solution in methanol was obtained from Sigma-Aldrich. 
The reagent was further diluted ten times with deionized water obtained from 
a Satorius Arium 611 UV instrument (Satorius, Nieuwegein, The 
Netherlands). 

 

7.2.2 Sample preparation 

50 mg of methyl linoleate (ML) were placed as a thin layer on glass petri 
dishes and cured at different temperatures (60°C, 80°C, 100°C and 150°C) for 
different durations of time (45 min, 1h30 min, 2h15 min and 3h), i.e. 
accelerated curing. After cooling down, the glass petri dishes were washed 
with THF to obtain a final concentration of 5 mg/mL (assuming full 
dissolution).  
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7.2.3 Instrumentation 

In the present experimental study, three chromatographic set-ups were used; 
an HPLC instrument to perform SEC, a GC-MS and an LC-IM-TOF-MS. 
Details of these instruments are provided below. 

SEC analyses were performed on an Agilent 1100 Series instrument (Agilent, 
Waldbronn, Germany) with a quaternary pump (G1311A), a manual injection 
valve, a column oven (G1316A) and a refractive index detector (RI) 
(G1362A). Two organic Spherisorb polymer columns, one of 300 mm × 7.5 
mm packed with 3 µm particles (100 Å pore size) and one of 300 mm × 7.5 
mm packed with 5 µm 100 Å particles (both from Waters, Etten-Leur, The 
Netherlands) were connected in series. The combined column set has an 
exclusion limit of 8 mL and a total permeation volume of 18 mL. SEC was 
operated at a flow rate of 1 mL/min running a program of 100% THF 
stabilized with BHT for 25 min under the control of Chemstation software. In 
these experiments, 20 µL of sample was injected.  

Py/THM-GC-MS analyses were done on a Shimadzu GC-MS QP 2010 
Plus system (Shimadzu, Den Bosch, The Netherlands). The system was 
equipped with a “Focus" XYZ robotic auto sampler and an Optic 3 
Programmed Temperature Vaporizing (PTV) injector (GL Sciences, 
Eindhoven, The Netherlands). Two GC columns, a 30 m × 0.25 mm I.D. CP-
WAX 52 CB (polyethylene glycol phase) column with a film thickness of 0.25 
µm (Agilent) and a 15 m × 0.25 mm I.D. Inertcap 5MS/Sil (5% diphenyl- 
dimethylpolysilphenylene siloxane) column with a film thickness of 0.25 µm 
(GL Sciences) were used separately and for different purposes. In the THM 
analysis, the injector program was similar to that employed previously 
[21,22]. In short, 20 µL of the sample was injected into the PTV injector at 
40°C. Then, the solvent was quickly evaporated by programmed heating of the 
injector to 120°C. Next, 25 µL of the TMAH reagent were injected and the 
injector was heated to 500°C in order to perform pyrolysis with in situ 
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methylation. As for the Py-GC-MS experiments, 20 µL of the sample was 
injected and the injector was heated to 350°C. The reaction products from 
both degradative methods were transferred from the liner to the GC column 
for GC-MS analysis in the split mode (split ratio 8:1). The GC-oven program 
was set at an initial temperature of 60ºC (held for 3 minutes), followed by a 
first temperature ramp of 20ºC/min up to 100ºC (held for 10 minutes) and a 
second temperature ramp of 5ºC/min up to 300ºC with a final holding time of 
16 minutes. Helium was used as the carrier gas. The MS used electron impact 
ionization at 70 eV and was operating in the full scan mode collecting spectra 
over the mass window of 60 to 500 amu at a rate of 5 Hz. GC-MS data was 
recorded using Shimadzu GCMS Solution software. 

Non-aqueous Reverse-Phase Liquid Chromatography-Ion Mobility-
Time-of-Flight-Mass Spectrometry (NARPLC-IM-TOF-MS) experiments 
were done on a Waters Acquity UPLC coupled to the Waters Synapt G2 High 
Definition MS (Q-TOF with travelling wave ion mobility sector) from Waters. 
All samples were maintained at 10°C in the auto sampler and 3 µL of sample 
was injected. A combination of two Cortecs C18 UPLC columns (Waters) a 
150 mm × 2.1 mm column and one of 100 mm × 2.1 mm both with a particle 
size of 1.6 µm was used at 30°C. The LC separation was performed at a flow 
rate of 0.3 mL/min running a program of 98% A (acetonitrile) and 2% B 
(isopropanol) for 2 min, a linear gradient from 2 to 50% B in 18 min, kept for 
3 min with 50% A and 50% B and finally returned to the initial conditions of 
98% A and 2% B for 7 min under the control of Waters Acquity software. The 
IM-TOF-MS system was equipped with electrospray chemical ionization 
source and was operated in positive ionization mode. The capillary voltage 
was set at 2.0 kV, the sampling cone was at 30 V, the extraction cone was at 
4.0 V and the desolvation gas flow was 900 mL/min. The ion mobility cell 
was filled with helium at a gas flow of 180 mL/min and the collision energy in 
the collision cell was 4.0 eV. The wave velocity of the flight tube was set at 
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650 m/s and the wave height at 40 V. The acquisition mass range was between 
100 and 2000 m/z. By changing the energy of the applied electric field from 4 
eV to 30 eV, intact molecules and fragments were recorded and data was 
processed by Drift Scope software.  

 

7.3 Results and discussion 

The aim of this research is to study the initial products formed in the 
polymerization of linseed oil in order to be able to extrapolate the knowledge 
obtained from the “analytically accessible” initial products to later stages 
where the products have become much less accessible due to solubility 
limitations. To reduce the number of possible reactions while still staying 
close to reality, the experiments were performed with the well-defined model 
compound methyl linoleate instead of the more complex linseed oil. Because 
linoleic acid is the key constituent of linseed oil we believe this substitution is 
acceptable. Since polymerization at room temperature is very slow (up to 
several months or years), the first step in the experimental work was to 
establish the maximum curing temperature where the polymerization rate 
could be increased to a more practical value while still resembling the actual 
aging at room temperature of these types of oils. After that, different analytical 
methods were applied to obtain the desired information in order to use it for 
validation of the mathematical model describing linseed oil polymerization. 
This is elucidated in the subsequent sections below. 

 

7.3.1 Drying oil studies with temperature 

Gravimetric studies, performed at 60ºC, 80ºC and 100-150ºC, aimed to build 
understanding on vegetable oil stability and composition have been 
extensively reported in literature [1,2,23–27]. From such studies, several 
authors concluded that with temperatures up to 80°C the oxidation mechanism 
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is still representative of the natural polymerization process of these oils at 
room temperature [1,23,24]. Several studies also concluded that at higher 
temperatures (100-150°C) additional reactions can possibility occur, such as 
heat-induced Diels-Alder reactions that form intermolecular cross-
linked/coupled species and cyclic fatty acids [2,25–28], however disputed by 
others [29]. Networks created in this way may no longer be representative for 
the natural aging of drying oils. Therefore the selection of the temperature to 
accelerate the drying process is extremely important, particularly since too 
high temperatures may introduce errors in the early polymerization products.  

To study the influence of temperature, experiments were performed by curing 
a thin layer of ML (50 mg) at different temperatures: 60°C, 80°C, 100°C and 
150°C, during increased periods of time (45 min, 1h30, 2h15 and 3h). The 
reaction products were dissolved in THF prior to further analysis. We 
concluded that the optimum temperature is 80°C. Even after the longest 
period, the polymer was still soluble. Furthermore, the decrease of the ML 
peak is well observed by GC-MS, as is the increase of the levels of reaction 
products like C9-hydroperoxide derived compounds (nonanoic acid methyl 
ester [30]). At lower temperatures (60°C) we observed no significantly 
different patterns, neither at ML level nor in the composition of the products 
by GC-MS. Finally, at higher temperatures of curing (100-150°C) the ML 
peak already disappeared after only 45 min of drying (data not shown) and the 
resulting film was difficult to dissolve indicating extensive crosslinking. 
Therefore, a temperature of 80°C still reproduces, with a moderately 
accelerated rate, the real situation of polymerization of vegetable oils, as it is 
supported by literature as well [1,2,23–27]. Nevertheless, these findings would 
need to be addressed with the predictive kinetic model since at the present 
stage of this research we do not know whether the change in relative rates, i.e. 
activation energies largely unknown, would change the observed product 
distribution.  
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Next, after establishing the optimal temperature, size-exclusion 
chromatography was used to study the degree of polymerization by 
monitoring the disappearance of ML and the formation of hydroperoxides, 
monomers, dimers and trimers of ML in the early stages of the polymerization 
process.  

 

7.3.2 Size-exclusion chromatography (SEC) 

Size-exclusion chromatography (SEC) has been used extensively to study the 
molecular weight distribution and the degree of polymerization during the 
curing of the linseed oil (LO) networks [2,3,11,12]. The samples described 
above where analyzed by SEC-RI. Figure 7.3 shows a gradual decrease of the 
ML peak (peak 1) and a gradual increase of the oxidation and polymerization 
products such as the hydroperoxides (peak 2), dimers and trimers (peaks 3 and 
4, respectively) over time. These findings, including the peak identification, 
were also supported by literature [1,3].  

 
Figure 7.3 – SEC chromatograms obtained for the fresh (black line) and aged samples of 
methyl linoleate at 80°C for 45 min (red line), 1h30 min (yellow line), 2h15 min (green line) 
and 3h (blue line) reaction time. Peak assignment is 1-methyl linoleate (ML), 2-hydroperoxide 
of ML, 3-dimers and 4-trimers.  
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An important characteristic in the early reaction stages is the increase of the 
hydroperoxide peak. As can be seen, the peak increases until 1h30 min of 
drying (yellow line) and from then on it remains more or less constant. This 
suggests that these compounds are being produced continuously and at some 
point their rate of formation becomes equal to their use in the propagation 
reaction. Similar findings have also been published recently [31]. With this 
information it was possible to identify the polymeric products from the ML 
network (in Table 7.1). 

 

Table 7.1 – Peak identification of ML fresh and aged samples at 80°C in SEC analyses. 

Sample Peak number Retention Time (min) Identification 

Fresh 1 15.85 ML 

 

1 15.85 ML 

45 min 2 15.56 Hydroperoxide 

 

3 14.75 Dimer 

 

1 15.85 ML 

1h30/2h15/3h 2 15.54 Hydroperoxide 

 

3 14.75 Dimer 

 

4 14.38 Trimer 

 

Nevertheless, even though SEC is a very powerful tool in measuring the 
extent of polymerization, without a proper detector as light-scattering or 
viscometry, it does not provide quantitative information on the size of the 
oligomers and early polymers. Therefore, we describe other routes in the 
following sections. 
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7.3.3 Gas-chromatography-mass spectrometry (GC-MS): Direct, 
Pyrolysis (Py) and Thermally assisted Hydrolysis and Methylation 
(THM)  

Pyrolysis (Py) and thermally assisted hydrolysis and methylation (THM) 
coupled to GC-MS have been used over the past decades for elucidating the 
structural composition of polymerized compounds of vegetable oils [14,32]. 
However, we propose to apply these techniques to the fractions collected from 
the SEC experiments described in the previous section. In the present work, 
such techniques were applied in combination with separation methods, as size 
exclusion chromatography, with the purposes to (i) identify the intact 
oligomeric molecules and obtain their molecular weight distribution; (ii) allow 
the identification of high molecular weight compounds and (iii) determine 
individual and total fatty acid contents. In all THM experiments tetra-methyl 
ammonium hydroxide (TMAH) was the reagent of choice.  

A first series of experiments consisted of collecting adjacent SEC fractions of 
the aged ML samples and analyze these by direct GC-MS and degradative 
analysis using THM and/or Py. These experiments indicated that the 
oligomeric and polymeric material was too heavy for direct GC analysis, as 
expected. Upon THM or Py-GC-MS degradation the same fragmentation 
pattern was obtained for all SEC fractions. This indicates that the molecules 
formed in the polymerization have different molecular weights, but are 
identical from the perspective of building blocks present. To obtain 
quantitative information we decided to monitor the decrease of the ML peak. 
This was done using the internal standard method by adding octadecanoic acid 
(C18:0) to the aged ML samples. Moreover, we used a WAX GC column 
(described in section 7.2.3) to obtain a better resolution for the low-boiling 
analytes. The results in Figure 7.4 show the gradual decrease of the ML peak 
at increased reaction times. It is interesting to note that the peak does not 
disappear completely, which indicates that the reaction even after 3h is not 
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complete. It could also be possible that part of the ML remains intact when it 
is incorporated into the polymer and is released again as ML during Py- or 
THM-GC. Therefore, we conclude that the direct method is the most correct 
method and that possibly the Py- and the THM-GC methods overestimate the 
presence of the ML peak.  

 
Figure 7.4 – GC-MS studies using the direct mode and degradative modes as pyrolysis (Py) 
and thermally assisted hydrolysis and methylation (THM) obtained for the fresh (blue bars) 
and aged samples of methyl linoleate at 80°C for 45 min (red bars), 1h30 min (green bars), 
2h15 min (purple bars) and 3h (light blue bars) reaction time.  

 

Nevertheless, we believe that both Py and THM-GC-MS are very powerful 
methods and can provide important structural information on the networks 
formed especially when monitoring small characteristic markers that might 
represent the connections between the different molecules present in a 
polymer. However, in the current series of experiments the techniques did not 
provide additional insightful information beyond what was already known so 
we propose a more promising route that is described below. 
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7.3.4 Non Aqueous Reverse-Phase Liquid Chromatography-Ion Mobility 
Time-of-Flight-Mass Spectrometry (NARPLC-IM-TOF-MS) 
experiments  

Recently, Ion Mobility coupled to MS (IM-MS) has been used for 
biomolecular conformation analysis, in particular for the analysis of peptides 
[33], proteins [34] and in the field of lipidomics [17]. The main goal of IM is 
the separation of ions in the gas phase according to their size and shape before 
they reach the MS detector. Additionally, in the MS detector complementary 
structural information is obtained from the fragmentation patterns [35,36]. 
Moreover, IM-MS results in “clean” chromatograms as ions with identical 
masses yet different shapes are separated [37].  

In this chapter, we describe for the first time in the field of art conservation, 
the use of RPLC with IM-TOF-MS. This set-up combines the separation 
power of HPLC with its separation on polarity, with the charge, size and shape 
separation derived from the mobility cell and finally the high-resolution mass 
separation of the TOF-MS. Ultimately, with this technique it is possible to 
perform polarity-based separations that allow isolating different polarity 
classes and studying their molecular architectures as a function of size. In 
addition, the technique is very powerful for the analysis of very complex 
samples and hence, an attractive tool for studying the network of polymerized 
vegetable oils or breakdown products generated from these. The NARPLC-
IM-TOF-MS method described here can provide important information on the 
actual molecular weight, composition and structure distributions of the 
oligomeric ML molecules. An important feature of the IM-TOF-MS 
instrument used is the possibility to apply alternating low- and high collision 
energy scans. This allows to produce [M+H]+ ions (at 4 eV) giving 
information on the intact molecules present, next to diagnostic fragments (at 
20-30 eV). The combined information on the intact molecules and their 
fragments allows much better reconstruction of the original molecular 
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architecture. Note that “intact” here refers to linoleic acid as the basic 
monomer, rather than its methyl ester. The alternating low/high collision 
energy scans were performed before ion mobility separation using ML 
samples dried at 80 °C at different drying times. In the system the compounds 
would initially be separated based on their polarity with NARPLC, with the 
more polar molecules eluting earlier. After being ionized the molecules are 
separated by their size and mass in the IM field and the TOF tube, 
respectively. In the IM field coeluting molecules are separated by size and 
mass with the more compact and/or lighter molecules moving faster than the 
bulkier or heavier ones. Finally, molecules with similar mass but different 
shape are separated by the combination of the separation properties of the 
TOF tube (separation by m/z ratio) and the drift tube (separation on both size 
and shape, i.e. drift time). IM-TOF-MS software images are used to visualize 
the distribution of the molecules and to detect changes, in Figure 7.5a, 7.5b 
and 7.5c. In these mobilograms the x-axis represents the HPLC retention time 
(min), the y-axis represents the drift time (up to 14 milliseconds) and the m/z 
axis is not shown. The main differences between the samples are indicated 
with red squares.  
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Figure 7.5 – Ion mobility-Time-of-Flight-Mass Spectrometry software images of the fresh (a) 
and aged samples of methyl linoleate aged at 80°C for 45 min (b) and 3h (c) reaction time. 
The horizontal white line represents the solvent front.  

 

The formation of polymeric material with increasing drying times at 80°C is 
clear, which is confirmed in Figure 7.5 by the increasing number of peaks 
(indicated by the red squares) present in the figures. The first noticeable 
difference between the three samples is the occurrence of cross-linked species 
already after only 45 min of aging (red square in Figure 7.5b). This means 
that the mobility separation provides more detailed comprehensive 
information on the crosslinking compared to the SEC-RI analysis (shown in 
Figure 7.3). Secondly, after 3h of reaction (Figure 7.5c) material of lower 
polarity is present at a later elution times, as can be seen by the increasing 
number of peaks and their shifting to the right in Figure 7.5c. The NARPLC-
IM-TOF-MS analyses yield a wealth of information on different aspects of the 
molecules formed, including their polarity (Figure 7.6), molecular weight 
distribution (Figure 7.7) and compound identity (Table 7.2). These graphical 
product representations are given below. In addition, the study of the collision 
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cross sections (CCS) of the ions in the gas phase would be an interesting 
approach to add to these data. CCS information can be obtained from the drift 
times through calibration with ion clusters of known size. Moreover, this 
approach is instrument independent and can also be obtained by modeling. 
This would allow a direct comparison of the size (in the gas phase) of 
experimentally determined cross-linked products versus model-predicted 
cross-linked products. 

First, a polarity separation plot was obtained that depicts the separation of the 
compounds according to their different polarities, in Figure 7.6. 

 
Figure 7.6 – Polarity separation plot obtained for the fresh (yellow points) and aged samples 
of methyl linoleate at 80°C for 45 min (red points), 1h30 min (green points), 2h15 min (dark 
pink points) and 3h (blue points) reaction time. Molecular weights are grouped in 50 Da MW 
intervals. The size of the points reflects the intensity of peaks. It increases with the drying 
time, being more intense at longer times (relative comparison, not usable for determining 
correct concentrations).  

 

As can be seen in Figure 7.6, the smaller molecules (i.e. lower than 350.00 
Da, yellow points) elute earlier indicating they are more polar than the bigger 
compounds (i.e. 650-700.00 Da, red and dark blue points). Likewise, as 
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expected, we noticed that after 45 min of drying (red points) only high 
molecular weight low polarity molecules elute. At longer drying times we also 
observed the elution of still polar yet bigger molecules (i.e. 900.00 Da), 
between 4 and 6 min. This suggests the presence of one or more polar oxygen 
groups (hydroxyl, aldehyde, epoxy etc.) in the oligomers. The actual elution 
position of a molecule in the NARPLC separation is difficult to predict as both 
hydrophilic and hydrophobic interactions play a role. In addition, it is possible 
that bending of the non-polar alkyl chains around the polar sites of a molecule 
obscures part of the polarity of the molecule effectively making it appear less 
polar than one would expect based on the number of oxygen atoms. This is 
supported by Table 7.2, which presents the experimental accurate masses with 
their tentatively assigned molecular formulas of the intact polymerized 
molecules. Certain species contain many oxygen atoms and still elute rather 
late (i.e. in the non-polar elution range). Nevertheless, this topic needs more 
research in the organic chemistry of the network.  

An overview of the various products in terms of molecular weights was also 
obtained (Figure 7.7). 
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Figure 7.7 – Molecular weight distribution obtained for the fresh (yellow bars) and aged 
samples of methyl linoleate at 80°C for 45 min (red bars), 1h30 min (green bars), 2h15 min 
(dark pink bars) and 3h (blue bars) reaction time.  

 

The data plotted in Figure 7.7 once more confirms that the molecular weight 
(MW) values of the reaction products increase with increasing aging times, i.e. 
with the formation of oligomeric and polymeric compounds. The data also 
indicates that the original low MW values (between 213 and 317 Da) are 
mostly observed in the fresh sample and disappeared completely after 45 min 
of aging. In addition, some smaller compounds are still present at 45 min and 
1h30 min drying time. This could be volatiles produced during the lipid 
oxidation process. Interestingly, after 1h30 min of temperature treatment high 
MW compounds of around 700 Da are formed (green bars), while after 2h15 
and 3h MW values of 650 and 880 Da are observed (dark pink and blue bars 
respectively). These results clearly demonstrate the typical character of the 
drying process [3,4]. On the one hand MW increases due to the crosslinking 
process and, on the other hand MW values lower than the starting material 
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linoleic acid (MW 280.4) are also visible. These results from degradation 
reactions are caused by beta scission reactions that can occur at various C-
atoms in the chain that are near the (original) double bonds. Consequently, this 
may generate both very small volatile compounds (aldehydes lower than five 
carbons) and slightly bigger aldehydes with up to 13 carbons. In addition, 
since crosslinking happens between the “intact” monomers, i.e. linoleic acid, 
and the beta scission fragments, the MW generated are in between those of 
monomers and dimers or between dimers and trimers. The monomers can be 
joined through alkyl, ether and peroxy crosslinks that add one or two oxygen 
to the combined molecule. The exact composition of these molecules can be 
derived from the accurate mass information as will be shown below. 

Certainly, compound identification of the obtained m/z values is necessary to 
confirm all these findings. Some identification based on molecular formulas 
was possible with the IM-TOF-MS software as shown in Table 7.2. Note 
again that the base monomer here is linoleic acid (C18H32O2, MW 280.4). 
Table 7.2 enumerates the 35 oligomeric species that were experimentally 
found in the reacted samples using IM-TOF-MS software.  
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Table 7.2 – List of the experimental accurate masses of the polymerized compounds (intact 
molecules) obtained with the IM-TOF-MS software (structures marked with * are 
identifications that are not very likely and require further confirmation). The number of 
carbon, hydrogen and oxygen atoms, mass error of the measured mass and accurate mass of 
the proposed structure as well as relative amounts are also specified.  

Formula Carbon 
(C) 

Hydroge
n (H) 

Oxygen 
(O) 

Experiment
al accurate 

mass 

Mass 
error 
(ppm) 

Relative 
amount 

(%) 

Retention 
time 
(min) 

Type 

C10H20O2 10 20 2 172.1382 
36.770

* 5 3.0 

Monom 

C14H18 14 18 0 186.1519 
49.153

* 20 3.0 

C15H32O4 15 32 4 276.2269 0.215 50 2.6 

C21H38 21 38 0 290.3030 9.124 25 2.6 

C20H36O 20 36 1 292.2586 
56.849

* 100 3.0 

C23H34 23 34 0 310.2647 19.503 55 3.0 

C23H32O 23 32 1 324.2505 14.447 5 3.2 

C21H42O6 21 42 6 390.3009 4.768 5 3.6 

C23H40O6 23 40 6 412.2841 6.037 5 3.6 

Dimer C19H40O10 19 40 10 428.2621 5.014 100 7.5 

C39H66O 39 66 1 550.5167 15.682 15 7.5 

C31H57O11 31 57 11 605.3920 0.145 90 14.5 

Dimer/ 

Trimer 

C31H59O12 31 59 12 623.4002 1.046 5 14.5 

C43H72O4 43 72 4 652.5424 4.691 45 4.9 

C20H31O24
* 20 31 24 655.1175 0.804 35 7.9 

C43H66O5 43 66 5 662.4905 1.548 70 10.3 

C38H68O9 38 68 9 665.4897 5.484 25 10.3 

C46H65O3 46 65 3 668.5376 5.065 75 10.3 

C39H75O8 39 75 8 671.5539 5.667 45 5.6 

C45H75O5 45 75 5 695.5565 2.085 20 5.9 

C45H79O5 45 79 5 699.5864 3.932 50 5.9 

C51H90 51 90 0 702.7002 6.052 50 3.9 

C43H74O8 43 74 8 718.5407 2.269 100 2.8 

C37H70O13 37 70 13 722.4777 2.273 25 3.7 
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C47H64O6 47 64 6 724.4776 0.400 15 3.7 

C43H73O9 43 73 9 733.5259 6.191 35 3.4 

C37H69O14 37 69 14 737.4678 1.719 45 3.4 

C56H88O3 56 88 3 808.6660 4.139 5 3.5 

C45H92O14 45 92 14 856.6531 1.509 10 5.7 

C53H93O10 53 93 10 889.6826 3.513 75 5.7 

C64H86O3 64 86 3 902.6622 2.552 25 3.8 

Trimer 

C60H94O7 60 94 7 926.6985 0.048 40 6.5 

C66H90O3 66 90 3 930.6922 1.078 20 6.5 

C67H90O3 67 90 3 942.6939 1.064 15 6.5 

C60H94O9 60 94 9 958.6914 0.225 15 6.5 

 

From Table 7.2 we noted the presence of “1½-mers’ and ‘2½-mers’, i.e. 
compounds in between monomers and dimers, and between dimers and 
trimers respectively. These are most likely due to the beta scission reactions 
described above. In terms of the number of oxygen atoms, we noticed that 
some compounds, either with low or high MW, are very rich in oxygen (up to 
14 oxygen atoms or even more). We speculate this could be due to the 
recombination of smaller fragments from the hydroperoxides or even several 
cyclic peroxides combined. Still, some of the compounds identified are highly 
unlikely and could result from problems in the accurate mass determination 
due to overlap in the complex chromatogram. An example of cyclic peroxide 
is shown in Figure 7.8. This is also in agreement with the polarity plot 
(Figure 7.6), where some of the bigger molecules elute later because they are 
less polar while other smaller molecules are more polar, i.e. contain more 
oxygen atoms, and hence elute earlier. 
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Figure 7.8 – Example of possible cyclic peroxides that can be the starting point for the 
formation of polymerized species high in oxygen (up to 14 oxygen atoms).  

 

Additionally, we positively identified a very typical decomposition product of 
ML that corresponds to the C9-hydroperoxide formula with a characteristic 
m/z of 172 [30]. As expected, this indicates that the reaction is initiated by 
hydroperoxide formation and continues to form polymers and propagate the 
network, as corroborated by the increasing peak of the larger species after 45 
min of aging in SEC (Figure 7.3 - peak 2 and Table 7.1), until no more free 
radicals are available. 

To study the structures in more detail also IM-TOF fragmentation experiments 
were performed for all intact (precursor) molecules. This was done by 
increasing the collision energy in the IM-TOF instrument. It enabled the 
identification of the produced fragments and provided a better insight in the 
network architecture and its crosslinking mechanisms. Table 7.3 and Figure 
7.9 represent the common species found in all three aged ML samples (1h30, 
2h15 and 3h), Table 7.4 and Figure 7.10 show distinct species that are only 
present at both 2h15 and 3h aging times, and Table 7.5 and Figure 7.11 
finally displays different fragments that are only found in the 3h temperature 
treatment.  
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Table 7.3 – List of the common fragments from the precursor ions from the methyl linoleate 
aged samples after 1h30, 2h15 and 3h reaction time, obtained experimentally with the IM-
TOF-MS software (structures marked with * are identifications that are not very likely and 
require further confirmation). 

Precursor ions Fragment ions 

Selecte
d m/z 
range 

Formula 

Experim
ental 

accurate 
mass 

Mass 
error 
(ppm) 

Relativ
e 

amoun
t (%) 

Experim
ental 

accurate 
mass 

Formula Mass error 
(ppm) 

Relativ
e 

amoun
t (%) 

Id. 

732.50 
– 

734.60 

C43H73
O9 733.5259 6.191 25 310.2177 C18H30O4 10.607 50 

Mon
om. 

  
 

 
 

 300.1603 C15H24O6 10.033 5 

  
 

 
 

 298.1469 C15H22O6 17.648 10 

      296.1302 C15H20O6 14.222 10 

717.50 
– 

718.50 

C43H74
O8 718.5407 3.244 5 293.1132 C19H17O3 15.589 25 

 
  

 
  

291.0957 C19H15O3 22.052* 100 

 
  

 
  

290.1707 C14H26O6 7.715 25 

 
  

 
  

278.1202 C15H18O5 16.455 50 

 
  

 
  

276.2817 C20H36 0.004 5 

      276.1762 C17H24O3 9.214 5 

701.50 
– 

705.50 
C51H90 702.7002 1.773 50 210.1285 C12H18O3 11.448 5 

 C50H73
O2 705.5572 5.466 10 208.1123 C12H16O3 9.878 5 

 
 

 206.0958 C12H14O3 3.424 5 

 
     

204.1169 C13H16O2 9.163 5 

 
     

202.1025 C13H14O2 3.069 5 

      187.0827 C12H11O2 21.892* 10 
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Figure 7.9 – Spectrum of the common fragments identified from the precursor ions from the 
methyl linoleate aged samples after 1h30, 2h15 and 3h reaction time. Identification was done 
as in Table 7.3. 

 

Table 7.4 – List of the distinct fragments identified from the precursor ions only from the 
methyl linoleate aged samples after 2h15 and 3h reaction time, obtained experimentally with 
the IM-TOF-MS software (structures marked with * are identifications that are not very likely 
and require further confirmation). 

Precursor ions Fragment ions 

Selected 
m/z 

range 
Formula 

Experi
mental 
Accura

te 
mass 

Mass 
error 
(ppm) 

Relativ
e 

amoun
t (%) 

Experim
ental 

accurate 
mass 

Formula 
Mass 
error 
(ppm) 

Relativ
e 

amoun
t (%) 

Id. 

809.5 – 
957.2 

C55H100
O3 

808.77
46 3.404 10 326.1404 C16H22

O7 11.795 5 

Monom. 

(Figure 
7.10a) 

C55H86O
4 

810.64
68 3.221 10 324.1630 C17H24

O6 17.620 10 

 
 

C7HO46* 820.77
59 7.435 5 323.1249 C20H19

O4 10.628 10 

 
 

C7H5O46
* 

824.80
77 5.822 5 311.1056 C22H15

O2 5.158 5 

 
 

C62H84 828.65
59 3.255 10 308.1324 C16H20

O6 
20.808

* 20 

 
 

C63H84 840.65
92 3.209 15 306.1522 C17H22

O5 17.887 10 

 
 

C63H85O 857.66
04 0.049 10 298.1469 C15H22

O6 17.648 80 

 
 

C65H88 868.68
94 1.608 20 296.1302 C15H20

O6 14.222 70 

 
 

C49H92O
12 

872.65
63 1.285 20 287.1097 C20H15

O2 8.691 30 

 
 

C57H90O
7 

886.66
53 1.517 100  

 
 

C64H89O
2 

889.68
29 3.773 15  
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C57H90O
8 

902.66
22 1.518 15 

    

 
 

C64H88O
3 

904.67
46 1.385 5 

    
 

 
 

C67H91O
2 

927.70
11 0.870 30 

    
 

 
 

C59H94O
8 

930.69
22 2.869 10 

    
 

 
 

C67H91O
3 

943.69
64 0.447 5 

    
 

 
 

C60H94O
9 

958.69
14 1.685 5 

    
 

390.5 – 
623.31 

C26H37O
3 

397.27
58 3.851 5 310.1475 C16H22

O6 18.900 25 

Monom. 

(Figure 
7.10b) 

C24H31O
5 

399.21
47 6.135 5 305.0405 C25H5 4.507 15 

  C24H46O
5 

414.33
89 10.560 10 290.1707 C14H26

O6 7.715 25 

  C29H37O
2 

417.28
19 6.098 10 280.1081 C18H16

O3 6.584 20 

  C32H46O 446.35
47 0.372 25 277.2701 C19H33

O 
60.808

* 30 

  C33H50O 462.38
36 5.550 20 260.1455 C16H20

O3 16.358 5 

  C34H54O 478.41
97 4.669 100 210.1948 C14H26

O 16.962 15 

  C35H52O 488.40
19 0.171 25 182.0953 C10H14

O3 5.523 50 

  C33H39O
5 

515.28
19 4.174 10  

 

  C32H37O
6 

517.26
18 5.386 15  

  C25H39O
12 

531.24
67 4.797 10  

  C29H56O
8 

532.40
12 6.914 10  

  C29H58O
8 

534.41
03 5.368 10  

  C36H62O
4 

558.46
56 1.414 15  

  C39H44O
3 

560.33
17 4.738 15 
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  C38H42O
4 

562.30
79 0.729 10 

    
 

  C40H46O
3 

574.34
57 1.749 15 

    
 

  C42H48O
2 

584.36
34 3.475 15 

    
 

  C30H56O
11 

592.38
50 4.621 15 

    
 

  C44H57O 601.43
96 2.230 5 

    
 

  C36H60O
7 

604.43
45 0.986 5 

    
 

  C41H66O
3 

606.50
11 0.158 5 

    
 

  C38H56O
6 

608.40
77 0.017 5 

    
 

  C44H57O
2 

617.43
73 2.339 5 

    
 

  C40H60O
5 

620.44
65 3.908 5 

    
 

  C31H59O
12 

623.40
02 0.726 5 

    
 

 

 

 
Figure 7.10 – Spectrum of the distinct fragments identified from the precursor ions only from 
the methyl linoleate aged samples after 2h15 and 3h reaction time. Identification was done as 
in Table 7.4. 
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Table 7.5 – List of different fragments identified from the precursor ions only from the 
methyl linoleate aged samples after 3h reaction time, obtained experimentally with the IM-
TOF-MS software (structures marked with * are identifications that are not very likely and 
require further confirmation). 

Precursor ions Fragment ions 

Select
ed 

m/z 
range 

Formula 

Experi
mental 

Accurat
e mass 

Mass 
error 
(ppm) 

Relati
ve 

amoun
t (%) 

Experi
mental 
accurat
e mass 

Formul
a 

Mass 
error 
(ppm) 

Relati
ve 

amou
nt (%) 

Id. 

586.3
6 – 

664.6 
C30H51O11 587.343 5.342 100 608.407

7 
C38H56

O6 1.133 20 
Dimer/ 

Trimer 

 C44H59O 603.454 4.294 10 590.338
9 

C40H46
O4 2.727 10 

Dimer 

 

 

 

 

  C36H60O7 604.434
5 0.158 10 589.440

9 
C43H57

O 1.597 10 

  C39H74O4 606.562
3 5.423 10 557.470

1 
C40H61

O 4.021 5 

  C38H56O6 608.407
7 1.133 10 555.498

5 
C34H67

O5 1.531 5 

  C46H61 613.476
4 2.163 10 293.301

6 
C20H37

O 
53.052

* 60 

  C35H68O8 616.495
6 5.808 10  

  C14H30O29
* 

662.087
8 0.415 35     

  C45H76O3 664.576
8 5.186 5     

 

 

 
Figure 7.11 – Spectrum of the different fragments identified from the precursor ions only 
from the methyl linoleate aged samples after 3h reaction time. Identification was done as in 
Table 7.5. 
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From these tables we can speculate that the crosslinking of two or three ML 
molecules with short carbon chains could form the m/z ranges listed. 
Moreover, since IM-MS can provide structural information it is possible to 
speculate about the shape of the molecules. In this ML network, however, we 
noted that fragments with equal accurate masses more or less always have the 
same drift time, at least within 0.5 milliseconds difference. This means that 
the molecules have similar or identical shapes and are apparently folded in the 
same manner. However, with the present set-up the acquired information is 
not sufficient for true structural identification and we conclude that a better IM 
resolution is needed. Nevertheless, IM-TOF-MS provided important 
qualitative information regarding the polarity, size and molecular weight 
distribution of the ML network to be used in further investigations on the 
kinetics and oxidation mechanisms of the early stages of lipid oxidation.  

 

7.4 Conclusions 

Network formation of methyl linoleate in the early stages of polymerization 
was studied with SEC, the ML peak was quantitatively monitored with GC-
MS and structural information in terms of molecular weight distribution, 
polarity, shape, size and m/z ranges of the compounds were attained with 
NARPLC-IM-TOF-MS. The simplified initial ML network is composed of 
monomers, dimers and trimers with structures ranging from 9 to 67 carbons 
and 2 to 14 oxygen molecules with a molecular weight distribution with 
accurate masses ranging from 172 until 958. Elemental composition of the 
molecules can be obtained from the accurate mass measurements. However, a 
better IM resolution would be needed for a truly structural identification of the 
fragment ions that are formed from their respective precursor ions of specific 
polymerization products. In addition, it could improve the search for 
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compounds with the same m/z value as well as to calculate the exact mass 
difference between adjacent chromatographic peaks. Still, we are certain that 
these data provides valuable insights on the early stages of ML network, as 
well as for future developments of more complex models. 
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