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ABSTRACT: The autoxidation of triglyceride (or triacylglycerol,
TAG) is a poorly understood complex system. It is known from
mass spectrometry measurements that, although initiated by a
single molecule, this system involves an abundance of intermediate
species and a complex network of reactions. For this reason, the
attribution of the mass peaks to exact molecular structures is
di�cult without additional information about the system. We
provide such information using a graph theory-based algorithm.
Our algorithm performs an automatic discovery of the chemical
reaction network that is responsible for the complexity of the mass
spectra in drying oils. This knowledge is then applied to match experimentally measured mass spectra with computationally
predicted molecular graphs. We demonstrate this methodology on the autoxidation of triolein as measured by electrospray
ionization-mass spectrometry (ESI-MS). Our protocol can be readily applied to investigate other oils and their mixtures.

� INTRODUCTION
Modern tools in the �eld of analytical chemistry are
progressively increasing their resolution and are able to generate
a manifold of physical and chemical data for the characterization
of functional materials.1,2 The interpretation of such data is
becoming a challenge, wherein computational modeling plays a
role of growing importance. Hence, the models are becoming of
considerable complexity themselves, which challenges their
implementation and provides an opportunity for their
automated construction. Consequently, the emergent models
exploit the bene�ts of experiments coupled with computational
models to understand complex chemical systems. One
signi�cant application in this context is the autoxidation of
triglyceride, which is relevant in food chemistry,3,4 cosmetics,5
biofuels,6 and cultural heritage.7�10

Triglycerides are formed from one glycerol molecule and
three fatty acids (palmitic, oleic, linoleic, linolenic) in various
ratios. Fatty acid chains may di�er by the number of
unsaturations, which are responsible for a chain of autoxidation
reactions that lead to the formation of irregular macromolecular
structures. The resulting macromolecules are composed of a
wide range of monomer units bearing multiple types and
numbers of cross-links. Meanwhile, the esters between the
glycerol and fatty acids undergo hydrolysis releasing free fatty
acids into the system. Hydrolysis, along with oxidative scission
and peroxide decomposition, is responsible for the eventual
breakdown of macromolecules.

Several experimental studies of oil autoxidation analyze the
changes of relative amounts of functional groups in oil samples.
Muizebelt et al.11 reported the evolution of various functional
groups, such as bis-allylic carbons, conjugated double bonds,

epoxides, acids, and cross-links, which characterize the drying
process of ethyl linoleate. Work by Oakley et al.12 and Fja�llstro�m
et al.13 reported volatile aldehydes emission during the
autoxidation of linoleic acid. Drier in�uence on autoxidation
of oils was studied by Oyman et al.,14,15 van Gorkum et al.,16

Bouwman et al.,17 Malle�gol et al.,18 and Spier et al.19 On the
theoretical side, the experimental studies are supported by the
detailed exploration of reaction mechanisms utilizing quantum
mechanics calculations.12,20 In addition, studies by Oakley et al.
and Iedema et al.21�23 present detailed mathematical models,
which describe the concentration pro�les of functional groups
characteristic to the drying of ethyl linoleate. Both interpretation
of experimental measurements and computational modeling
techniques will bene�t from knowledge of the explicit reaction
mechanism describing all intermediate and product molecular
species.

Mass spectrometry (MS) provides more detailed information
about a measured sample than spectroscopic techniques, such as
Fourier-transform infrared spectroscopy (FTIR). Generating a
wealth of information about the molecular species present in
samples, direct MS measurements used in autoxidation of oils
are often di�cult to interpret due to: (1) fragmentation of the
molecules that occurs during the measurement and (2) the
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possibility for multiple species of equal or very similar molecular
masses to contribute to the same peak.24,25 These two points
increase the complexity of peak assignments, although the
fragmentation of the molecules may be mitigated in some
instances with soft ionization [e.g., electrospray ionization-mass
spectrometry (ESI-MS)].26,27 Although the peak assignment
task has been assisted with tandem MS26,27 or application of the
Kendrick mass defect technique,28,29 high time consumption,
methodological challenges, and unanswered questions still
remain. Therefore, direct MS interpretation can bene�t from
the assistance of computational modeling. Grimme et al.30,31

describe how to handle fragmentation of a single small molecule
by simulating the conditions inside the instrument using
quantum-chemical calculations. However, this approach is not
yet applicable in the case of large or complex molecules, as the
spectrum of triglyceride simultaneously features peaks from
both intermediate and �nal products (e.g., of the autoxidation
reaction mechanism).

Understanding the aging of oil, both computationally and
experimentally, requires choosing an appropriate model system
that is simpler than linseed oil, while it also allows for the
complexities to be added later. We choose triolein (i.e., glycerol
trioleate), a triacylglycerol (TAG) that is formed from three
symmetrical oleic esters and a glycerol molecule. The shape of
the triolein molecule resembles the triglyceride structure of
linseed oil, while monounsaturated fatty esters make triolein an
ideal model system of olive oil. The reaction scheme of triolein
has a large number of intermediate species but only a small
number of reaction types. Holding signi�cance for food lipid
oxidation studies, triolein thus will serve as a practical
benchmark for the model development. The reaction mecha-
nism therefore still produces a signi�cant number of possible
extractable products that can be measured with direct MS. With
such systems, a global picture is obtained of the reaction
processes and changes that happen in the measured sample.

To identify a relevant set of possible molecular structures
corresponding to peaks in mass spectra following triolein
autoxidation, we turn to the automated reaction network
generation (ARNG).32�34 The advent of the ARNG inspired
numerous graph theory-based approaches to study reaction
pathways of chemical mechanisms35�38 and retrosynthesis.39

The ARNG method recursively applies all chemically relevant
transformations to all molecular species, which are represented
as molecular graphs. However, using this algorithmic discovery
of reaction steps on large molecules becomes prohibitive
because the algorithm is NP-hard.40 To overcome this problem,
we have formulated ARNG for random graphs in Orlova et al.,34

and, in this paper, extended this method further to many cross-
link types. Because of our approach, a large irregular macro-
molecule is viewed as an ensemble of randomly interconnected
monomers, which have precise structures and are represented as
molecular graphs. In the case of triolein, the macromolecule is
broken up into smaller pieces: glycerol with adjacent esters and
three oleic chains. Therefore, the computational complexity of
the ARNG method is considerably reduced to a large but
tractable size. For the purpose of this paper, the result of this
ARNG application consists of all chemically distinguishable
structures of glycerol and derivatives of oleic esters that result
from hydrolysis, oxidation, and � scission reactions. As triolein is
not a drying oil, this study focuses solely on oxidative reactions,
which are predominant in triolein. Thus, in this paper, the cross-
linking reactions are not part of ARNG implementation.

On the experimental side, masses following the gently
accelerated drying of triolein in the presence of inert titanium
dioxide (rutile) are measured with the use of electrospray
ionization-mass spectrometry (ESI-MS). In contrast to previous
reports on the MS of oils, where peak assignments were
performed manually,41 this work matches the products
generated by the adapted ARNG to the complex mass spectra.
This paper is based on Chapter 4 of PhD Thesis.42

� METHODS
Experimental Setup. Paint Model Preparation and

Aging. Paint models were prepared using inorganically coated
titanium dioxide (rutile form) pigment (Tronox CR-826),
which was chosen for its chemical inertness toward linseed oil
binding medium compared to other pigments.43 On an
automatic muller comprising two glass plates, triolein (Sigma-
Aldrich, glyceryl trioleate �97.0% (TLC), CAS No. 122-32-7)
was added to the pigment (37.6% w/w in pigment), and both
were gently mixed together with a palette knife. The paint was
then mixed between the two glass plates by rotating the top plate
25 turns (under a weight of 10 kg) and, at completion,
consolidated at the center of the bottom plate using the palette
knife; this step was then repeated once. Mixed paint was
deposited on a Melinex polyester wrap (thickness, 250 �m,
#M026 from ref 44) and drawn into a thin strip with a drawdown
bar (height, 25 �m). The paint �lm was set to dry �at overnight
under lab conditions for ca. 24 h. A snipping was removed and
placed in the dark in an acid-free archive box (type C, blue gray,
Verenigde Bedrijven, Jansen-Wijsmuller & Beuns B.V.) and left
under lab conditions until analysis. The remainder of the �lm
was heated in an oven (preheated) at 70 °C without light for 5
days and, at removal, also added to an acid-free archive box until
analysis. In all instances, air was free to circulate and light was
only present brie�y (< 5 min per sample) during sample
handling. All analyses were performed less than a week after
completion of heating.

Electrospray Ionization-Mass Spectrometry (ESI-MS).
Direct-injection ESI-MS measurements were performed in
both positive and negative modes on solvent extractions from
the paint �lms using a Micromass Q-tof-2 equipped with a
nanoprobe and ESI source. For all solutions and cleaning,
ethanol (Fisher Scienti�c, CHROMASOLV, absolute, for
HPLC) was used. Extractions were prepared using 0.1�0.5
mg scrapings from the paint �lm (through the entire thickness)
dissolved in ethanol (50 �L) for 1 h, mixed via a vortex for 20 s,
and centrifuged (8 G) for 7 min. Following centrifugation to
precipitate pigment particles, the supernatant liquid was
removed and mixed 1:1 with 20 mM ammonium acetate in
ethanol.41,45 All solutions were handled using a glass syringe and
rinsed 10 x with ethanol between samples. The samples were
delivered to the Micromass instrument via a Micromass CapLC
system using 10 mM ammonium acetate in ethanol as an eluent
after calibrating with 0.1% phosphoric acid solution (50:50, DI
water/acetonitrile).

Data Processing, Peak Picking, and Matching. Data were
collected and processed with MassLynx 4.0 software (Waters).
Using standard scienti�c packages in Python (3.6.5),46�49

experimental peak positions were then determined applying a
maximum �lter to the mass spectra (smoothed via a Gaussian
�lter). Experimental peak positions were compared to exact
masses for the most abundant isotope of each computationally
determined structure adjusted by the exact mass of each possible
ion. The calculations were performed using the exact mass

Journal of Chemical Information and Modeling pubs.acs.org/jcim Article

https://dx.doi.org/10.1021/acs.jcim.0c01163
J. Chem. Inf. Model. 2021, 61, 1457�1469

1458

pubs.acs.org/jcim?ref=pdf
https://dx.doi.org/10.1021/acs.jcim.0c01163?ref=pdf


calculator of the MS Online Tools of Scienti�c Instrument
Services (https://www.sisweb.com/referenc/tools/exactmass.
htm)50 with addition of ammonium, hydrogen, or sodium for
positive mode and addition of acetate or subtraction of hydrogen
for negative mode. A match between experimental peak
positions and computational masses was accepted for pairs of
peaks within a tolerance of 0.15 m/z, smaller than half the
distance between two isotopic peaks.

ARNG. ARNG is an algorithm that automatically discovers
reaction pathways. The algorithm starts with an initial set of
molecules de�ned in terms of molecular graphs and a prede�ned
list of reaction templates. The �rst step is to �nd the reactive
functional group in the initial molecule and apply a
corresponding transformation. According to the reaction
templates, the functional group of the product comes in the
place of the reactive functional group. In this way, a new
con�guration of each molecule is created. Such new molecules
may undergo further transformations. The algorithm stops when
no new structures can be produced. The main steps are
illustrated in Figure 1.

� RESULTS AND DISCUSSION
Representation of a Macromolecule. Since molecular

structures derived from triolein can bear several functional
groups, manually writing down all of the reaction steps and
intermediate products is infeasible due to the large number of
combinations in which multifunctional molecules may interact.
To set up an automated exploration process yielding such
reaction steps,34 we will �rst formalize the structures of irregular
macromolecules so that they become palatable to a computer
algorithm. As illustrated in Figure 2a, we distinguish two
hierarchical levels: the macromolecule level (Level 1) and the
fragment level (Level 2). When applied to the triolein system,
the meaning of this description is illustrated in Figure 2b.
Namely:

• Level 1: The triolein molecule is represented as a random
graph51�53 with di�erent types of nodes (three oleic
chains and glycerol unit) and ester bonds as edges
(connections between oleic chains and glycerol unit). The
random graph representation enables the analysis of the
properties of large molecules by studying their fragments,
which, in turn, obey the connectivity statistics. At this
level, “head” and “tail” atoms are introduced, indicating
that the oleic chains and glycerol unit are studied

separately, even though they are connected via the
head�tail pair.

• Level 2: This level describes molecular graphs of the fatty
acid chains and the glycerol unit with adjacent esters
molecules. On this level, each node of the molecular graph
represents an atom. Precise knowledge of the molecular
graphs is necessary for the ARNG to decide which
chemical compounds can react and what the products of
such reactions could be.

The above-introduced levels are the key concepts for adapting
the ARNG to handle large molecules, such as triolein. The
algorithm acts separately on molecular graphs of the molecular
substructure formed by glycerol with adjacent esters and the
substructure formed by oleic chains (Level 2). It reconstructs all
possible transformations of these two substructures as they
follow hydrolysis and autoxidation reactions, respectively. Then,
all possible triolein-derived molecules (Level 1) are recon-
structed by joining atoms corresponding to “heads” and “tails”
between all con�gurations of the glycerol part of the molecule
after hydrolysis and all states of the three oleic chains after
autoxidation reactions. Cross-linking reactions between oleic
chains are not considered in this work and will additionally
increase the complexity of the resulting macromolecules.

Automatic Discovery of Reactions for Triolein. The
organic chemistry of the complete triolein molecule is manually
intractable, but at the level of functional groups, the chemistry
allows easy manual treatment. We singled out 5 small molecules
(oxygen, hydroxide, water, initiator, and initiator radical) and 18
functional groups that are the minimum requirement to describe
the autoxidation of the whole system (see Figure 2b). We further
describe the interactions between the functional groups and
small molecules by 22 reaction templates, as discussed below. A
reaction template is a transformation that maps a functional
group (subgraph) of a reactant molecule to a functional group of
a product molecule. The functional groups and the reaction
templates (see Supporting Information Figures S1 and S2 for the
complete list) are carefully formulated using known reaction
steps from oil autoxidation literature54�56 (see Figure 3), which
are summarized in the paragraph below. The validity of
implemented reaction steps is assessed by the ability of the
algorithm to form all experimentally reported functional groups,
which are typical for the oil oxidation. The reaction templates
are formulated using functional groups from Figure 2b and
several auxiliary molecular substructures (see Supporting
Information Figure S3) that were de�ned to e�ciently represent
some reaction products in the ARNG setup. In the current work,
the reaction template formulation is done manually; however,
there exist methods for the automatic extraction of reaction
templates from chemical databases in the context of synthesis
planning.57�59 This can be considered as a promising enrich-
ment of the ARNG methodology in future.

The diversity of the intermediate and product species derived
from triolein is caused by three main reaction pathways:
hydrolysis, oxidation of unsaturated double bond, and � scission
of the hydrocarbon chains.60,61 Under the in�uence of water,
hydrolysis of ester bonds of triglyceride (triacylglycerol, TAG)
results in the formation of free fatty acids, diglycerides
(diacylglycerol, DAGs), and monoglycerides (monoacylglycer-
ol, MAGs) (see Supporting Information Figure S4). The
autoxidation process is initiated at the double bonds of the
unsaturated carbon chains. A hydrogen is abstracted from an
allylic carbon on the oleic acid tail, forming an alkyl radical that

Figure 1. Block diagram representing the main steps of the ARNG.
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very rapidly reacts with oxygen to form a peroxy radical. These
radicals abstract other allylic hydrogens, thus forming hydro-

peroxides. Decomposition of hydroperoxides results in alkoxy
and hydroxy radicals. This reaction happens under the in�uence

Figure 2. (a) Fragmented representation of the triolein molecule in two levels: Level 1, a large molecule (triolein) is represented as a random graph
with edges being ester bonds; Level 2, molecular graphs of glycerol with adjacent esters and three oleic chains, edges are covalent bonds. (b) Functional
groups necessary to de�ne the reaction mechanism of triolein autoxidation. (c) Example of a triolein-derivative molecule composed of the following
fragments: glycerol with adjacent esters and three carbon chains (previously oleic chains), having carboxyl, hydroxy, and hydroperoxy functional
groups. Functional groups present in the molecule are highlighted in the same colors as in (b).

Figure 3. Reaction pathways of unsaturated double bonds leading to the formation of a wide range of monomers. (Left) Oxidation pathway and (right)
� scission pathway leading to four di�erent products.
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