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ABSTRACT

Polymerized oil paint is a strongly cross-linked network
and analysis of the molecular topology is practically
impossible. Insight in the structure is crucial to explain
several degradation processes. In this study an advanced
model, based on kinetic Monte Carlo and graph theory, is
developed that simulates the formation of an oil paint
network and provides the desired structural information.
The basic assumption is that the reactivity of the
monomers depends on their ability to form cross-links.
The addition of three novel routines makes the model
approach a real chemical system more accurately.
Furthermore, an experimental validation of the model is
discussed.
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INTRODUCTION

Since oil paint has first been discovered by Van Eyck in
the early fifteenth century, it is has been a widely used
paint medium for years to come. Whether Van Eyck
really was the first to use oil paint is disputable, but art
historians do agree on the boost that the use of oil paint
experienced from this moment onwards. Historically, oil
paintings are painted with drying oils such as linseed,
walnut, and poppy seed oils." In the drying process of
these oils no solvent evaporates, but the chemical
structure of the oil changes.” Would Van Eyck have
known that oil paint is actually a dense, entangled
network made from cross-linked building blocks?
Nowadays, oil paint has become a popular topic of
research and we do know that it is a polymer network.

Figure 1 — A cross section of Daubigny’s Garden by Van Gogh®
and a schematic representation of the oil paint network on a
molecular level.

This polymer network is a dynamical system that is likely
to degrade even when the conditions are optimal. Several
degradation reactions have been investigated and the
gained knowledge is used to improve existing
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conservation methods.* Another process that leads to the
degradation of paintings is the migration of different
compounds. Insight in the topology, the molecular
architecture of a network, would explain migration.
Unfortunately, this structural information still remains a
mystery, because of its complex and dense nature.
Experimental characterization of polymer networks is
rather limited®, so basically the only option is to simulate.
Because simulations in art research are uncommon, other
fields have to be addressed for the simulation
methodology. In polymer reaction engineering the
deterministic methods, the kinetic Monte Carlo methods,
and molecular dynamics are most used. The deterministic
methods make use of population balance equations and in
order to solve them the system of interest has to be
drastically simplified.*™® Molecular dynamics, on the
other hand, describes a system accurately up to the atomic
level, but it has high computational requirements.” The
kinetic Monte Carlo method lies qua speed and accuracy
somewhere in the middle.' In this study a kind of kinetic
Monte Carlo will be employed together with graph
theory, a mathematical approach to describe the
connectivity of a network. This research, which is an
intersection of chemistry, mathematics and art
conservation, will address the challenge of how to
preserve these works of art for future generations. The
goal is to be able to explain observable processes in oil
paintings by elucidating the molecular topology of the
network. We propose an innovative model that not only
applies theories of polymer reaction engineering to art
conservation science, but also introduces novel concepts
allowing to capture the polymerization of an oil paint
network - a chemical system of great complexity.

DESCRIPTION OF THE MODEL

The monomers of oil paint are triacylglycerides, or TAG-
units, built up from a glycerol molecule bonded via ester
bonds to three fatty acids. These fatty acids contain
double bonds that are responsible for the formation of the
cross-links by reacting with oxygen during the drying
process. In order to simulate the polymer network, the
monomers have to be simplified and only their most
important property, the number of double bonds, is
retained. A TAG-unit can be represented as a node with a
functionality that corresponds to the number of double
bonds. In other words, the functionality of a node
corresponds to the maximum number of cross-links this
TAG-unit can make. A node is a graph theory concept
and it is basically a dot that can connect to other dots
through an edge, which corresponds to a cross-link.
Slightly different from the functionality is the degree of a
node, which corresponds to the current number of cross-
links a TAG-unit has formed. The information about the



connectivity of the nodes is stored in an adjacency matrix.
This is an N by N matrix, in which N is number of nodes,
and a 1 in the matrix indicates a connection between two
nodes. It is important to realize that the adjacency matrix
and the topology contain exactly the same information.
Therefore, by analyzing the adjacency matrix, structural
information about the topology can be obtained. The
reactivity of the monomers determines the topology and
this reactivity will be adjusted in the following
subsections.

Figure 2 — From left to right: a triacylglyceride, a different
representation of this TAG-unit and a network consisting of six
nodes.

Standard model

In the standard model the main assumption from polymer
reaction engineering is applied for the first time on oil
paint, whose monomers can have functionality up to nine,
whereas most industrial monomers have functionality of
maximum three.® We assume that the reactivity of the
monomers depends only on their functionality. Therefore,
the probability P of two nodes connecting is calculated by
multiplying the functionality of one node with the
functionality of the other, followed by normalization:

ree ree . .
N {dif A Y
ij — . .
0 , i=]j
_ Tij
Pij = &x
i,j=1Ti;j

Two nodes are sampled from P, where couples with a
high probability of connecting have a higher chance of
being sampled, and a 1 is placed in adjacency matrix 4 at
the corresponding position:

_ {1 if nodes i and j are connected
~ |0 ifnodes i and j are not connected

After this, the degrees of these nodes are updated and a
new pair is chosen, until all possible edges are formed
and at this point, the network has reached full conversion.

Results of the standard model

Figure 3 shows one of the results obtained from the
standard model. In order to interpret this plot, a few
concepts have to be explained. When monomers start to
connect they form small molecules. This stage of the
network is called sol and the system is in a liquid phase.
At some point, the gel point, the biggest molecule reaches
a critical size and starts to consume all other molecules.
The system now becomes solid and this is called the gel.
Experimentally, the gel point is visible as a jump in
viscosity. In the end, all the monomers are involved in
this giant molecule and the gel fraction is 1.
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Figure 3 — Gel fraction as a function of the conversion (the
degree of polymerization) with a representation of the network
in the circles.

In figure 3 this process is clearly visible and in the circles
representations of the network at different values of
conversion are shown. At first glance, the network at full
conversion looks unrealistically dense. We came up with
a method to quantify this and the network at full
conversion turns out to be unphysical. Therefore,
adjustments to the model had to be made and this resulted
in the development of the advanced model.

Advanced model

In the advanced model three strategies are added to
describe the system more accurately. The first strategy,
here referred to as preferential coupling, ensures that
nodes that are close together have a higher probability of
connecting to each other than to a node that is far away.
The second strategy is to allow intramolecular bonds to
be formed. Thirdly, shielding or steric hindrance is taken
into account.

Preferential coupling

To add the preferential coupling to the model, the absence
of spatial dimensions had to be circumvented. Therefore,
the preferential coupling between two nodes is based on
having a common neighbor. If only one node links two
nodes, the effect is the strongest and the probability of
these two nodes to connect is spiked.

Pmax

ry=n; 1+ a Z Ap,p3/%)

p=1

Matrix r;; is modified by multiplying it with a factor that
includes matrix 4,, obtained from adjacency matrix 4,
that shows all nodes reachable in p steps. Matrix 4, is
multiplied with path length p with a certain exponent that
ensures that the effect decreases when the path between
the two nodes becomes longer.'' Parameter o tunes the
strength of the effect.

As illustrated in Figure 4, the density of the network is
sensitive to the strength of preferential coupling, a. In
fact low values of o may trigger the network to have
higher than critical density. These cases can be eliminated
considering a simple geometrical argument. From the
volumetric perspective, the optimal shape to pack nodes
is a sphere. When the volume of a sphere is doubled, the



radius does not double, but scales with a factor of V2.
Figure 4 shows the scaling factor on the y-axis for
networks with different values of a. For low values of o
the scaling factor is below the lower bound of /2, which
means that these networks are too dense.
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Figure 4 — Scaling factors of networks with different values of
o The line is the scaling factor of the optimal shape, a sphere,
and is the lower bound.

From this plot we can extract a range of values of a that
corresponds to networks that are not too dense and
therefore physical. Preferential coupling results in a
sparser network, because the nodes have the tendency to
form clusters. In this case, monomers from a particular
cluster are strongly connected to other monomers in the
cluster, but loosely connected to the rest of the network.
This is visible in figure 5, which shows two networks at
full conversion, one obtained from the standard model
and one with preferential coupling. As we know from
figure 4, the network on the left is too dense.
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Figure 5 — Left: a network of 1000 nodes obtained from the
standard model. Right: a network of 1000 nodes with
preferential coupling.

Intramolecular bonding

In the advanced model intramolecular bonds are allowed
to form. These are bonds between fatty acids within one
TAG-unit. This is implemented in the model by looking
at the functionality of the individual fatty acids, instead of
the TAG-unit as a whole. This effect is tuned by
parameter [3:
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The intramolecular bonds postpone the gel point, because
functionalities are consumed internally and the TAG-
units can make fewer bonds. Therefore the network
becomes less interconnected.

Shielding

The shielding or steric hindrance of a node depends on
the number of neighbors and on their shielding, which
again depends on the number of their neighbors and their
shielding. Subsequently, the shielding of a node depends
on its own shielding. This is called an eigenvalue problem
and is similar to the page raking method Google® uses. "

VALIDATION OF THE MODEL

In order to use the results of the model, validation of the
model is necessary. An experiment is designed within our
group and will be executed in the near future. It involves
the hydrolysis of the TAG-units of polymerized oil paint
and the result is a size distribution of the obtained
fragments. The idea behind this experiment is that the gel
point is postponed. The aforementioned problem with the
analysis of a polymerized network is the density and
complexity of the network. Basically, structural
information can only be obtained before the gel point. By
hydrolyzing the gel, the network is brought back to sol
and therefore to the measurable regime. In the
experiment, the cross-links are retained, because they are
not hydrolyzed. This means that gel can still exist,
although at higher values of conversion. The results can
be compared to size distribution of simulated networks
with different values of a and B. In the end, the parameter
set that corresponds to a real oil paint network the best
can be found." Figure 6 shows two size distributions of a
hydrolyzed network for two different values of f
(intramolecular bonding).
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Figure 6 — Upper left: non-hydrolyzed network for f = 0.001*N.
Upper right: hydrolyzed network for B = 0.001*N. Lower left:
non-hydrolyzed network for f = 4*N. Lower right: hydrolyzed

network for = 4*N.

In these plots the sizes of the molecules in sol are shown
on a logarithmic x-axis. In the non-hydrolyzed network
for low B the sizes increase with conversion, until the gel
point (indicated by the black line in the conversion bar)
and after that the sizes decrease. This indicates that gel is
formed and this gel is consuming all the loose molecules.
The hydrolyzed network shows the same trend, but the
gel point is postponed. The non-hydrolyzed network for
high B still experiences gel point, although postponed by



the influence of the intramolecular bonding. A change in
the trend is visible in the hydrolyzed network for high f;
the sizes of the molecules keep increasing. That means
that no gel is formed anymore. The intramolecular bonds
modify the connectivity of the network in such a way that
it becomes less connected and hydrolysis of the TAG-
units can completely break up the network.

CONCLUSION

This model incorporates novel advanced routines to
simulate the binding medium in oil paints that is
essentially a polymer network. In the advanced model,
the system is completely represented by the topology and
it is also the topology that defines the reactivity of the
monomers, instead of only the functionality. Because the
system is represented by just a topology, there are no
spatial dimensions. This makes the model time and space
scalable. Space scalability means that the model is
applicable to other systems. The size of the monomers of
other systems is not of importance, because they can still
be represented as nodes. Time scalable means that paint
alterations can be studied with our model either in
microseconds or in centuries.

Several examples of the influence of a and B (parameters
of the model corresponding to preferential coupling and
intermolecular bonding) on the properties of the network
are shown. These properties are straightforward, such as
the density and gel point and more complex ones, such as
the elasticity, strength and inhomogeneity. For the
validation of the model, the response to hydrolysis is the
most important property that is influenced by the
parameters. The results of the experiment, which we plan
to perform in our future work, have to be compared to
results from the model. By changing o and f the response
to hydrolysis can be tuned in such a way that the
simulated results approach the experimental results
closely and the optimal parameter set can be found. With
this parameter set the original network can be
reconstructed through the model. Now, all the desired
structural information about the molecular topology of
the network can be extracted from the model.

Conservation science has come a long way since Van
Eyck made his first oil painting and our model provides
an important step towards understanding the physical
properties of oil paint. These insights will help to explain
the interaction of pigments with the network and the
degradation processes in oil paintings; highly valuable
knowledge for conservations scientists. However, the
largest benefiters of this model may be polymer industries
such as manufacturers of certain plastics and rubber, the
most well known mass-produced cross-linked polymers.
The experimental characterization of these polymers is
limited and in this respect they are no different from oil
paint. Our model can contribute to the elucidation of their
molecular structure and physical properties and help
improve their production process.
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