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Microkinetic modeling is a powerful tool for creating dynamic and quantitative
descriptions of complex systems. These detailed mechanistic models compliment experimental
techniques and provide an ability to achieve deeper insights into chemical processes where
numerous intermediates are highly reactive and difficult to quantify in the laboratory. This thesis
discusses the development of a microkinetic model for the autoxidative curing of an oil-based
paint model system relevant to the cultural heritage science community. Grasping the
mechanisms of the formation and resulting composition of crosslinked and non-crosslinked
species from autoxidative processes is critical to understanding and predicting the long-term
chemical and physical stability of painted objects.

The fatty acid ester studied in this work, ethyl linoleate (EL), is frequently used as a
model system for oil paint binders. Consequently, quantitative experimental data was available
for model validation and comparison to theoretical predictions for a few key metrics such as the
peroxide content and oxygen absorption of the system, as well as the evolution of small volatile
molecules such as hexanal and pentanal. The mechanism and parameters for autoxidation were
assembled from a variety of literature sources. This preliminary microkinetic model of EL curing
catalyzed by cobalt-2-ethyl hexanoate (Co-EH) up to the formation of single crosslinked species
revealed that the mechanisms governing the formation of the volatile species hexanal were still
not well understood and that a much larger reaction network would be required to thoroughly

describe the cured system.
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An in depth study of mechanistic postulates for the formation of hexanal was conducted
and B-scission of higher rank oligomeric products was demonstrated to be an effective route to
form these volatile products at the mild reaction conditions of interest. Gas
Chromatography/Mass Spectrometry (GC/MS) headspace analysis was also conducted to
provide quantitative targets for hexanal and pentanal production in the early cure regime (< 24
hours) which were previously unavailable.

Quantum chemical calculations were performed to derive a structure-reactivity
relationship for the formation of experimentally observed epoxide species. A wide range of
chemical space was explored for the first time, including observations for allylic and benzylic
radical reactants. This work revealed that the reactant radical type can have a strong effect on the
calculated rate parameters and that separate kinetic correlations are required to treat saturated
and unsaturated species accurately.

A second generation model for EL autoxidation was constructed incorporating these new
mechanistic insights and used computational automation to generate the reaction network. This
larger microkinetic model represented a significant improvement in capturing experimentally
observed products at longer curing times (up to 100 hours). The larger model was also able to
capture accelerated rates of curing in response to increased temperature and Co-EH
concentration. Building a detailed microkinetic model for an oil-based model system expanded
understanding of the underlying chemical mechanisms involved in the formation of stable paint

films.
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Chapter 1

Introduction

The field of cultural heritage science evolved into the robust discipline it is today in
response to the many challenges that arise in caring for and preserving objects of historic,
aesthetic and cultural significance for future generations. A major objective of science in this
interdisciplinary space is to develop an understanding of how materials age and degrade over
time." This is important information for conservators to have as they make decisions about how

to care for and display objects, ensuring their survival for future generations.

Paintings in particular present unique challenges to conservation scientists. Due to their
multi-layered structure comprised of non-homogenous mixtures of pigment, binder and other
additives included to adjust the working qualities of the paint either by manufacturers or the
artist themselves, determining the chemical and physical properties of an object that has aged for
many years is non-trivial. The complexity makes it difficult to anticipate how a particular object
may respond to environmental conditions, cleanings or other treatments. Currently, strategies for
the prediction of long-term chemical aging and stability primarily consist of artificial aging.
Samples of material are painted onto suitable substrates such as canvas, glass slides or Mylar®
and are typically then subjected to either UV light exposure or increased temperature in ovens in
an attempt to produce a paint film with physical and chemical properties that mimic those of
naturally aged paints in a substantially shorter period of time.” These artificially aged samples

can be used to test mechanical strength before treatments and stresses are applied to valuable
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cultural heritage objects. However, studies have shown that artificial aging protocols, particularly
those using elevated temperature, may not as accurately capture the behavior of actual historic

objects as previously thought.**

This research aims to introduce kinetic modeling to the field of cultural heritage science
as a tool for developing a detailed mechanistic understanding of how materials age and degrade
as well as having predictive capabilities for a variety of scenarios including variances in the
composition of an object and its environmental conditions. More specifically, this work focuses
on the development of a microkinetic model of the autoxidative curing of model systems for oil-

based binding media.

Natural oils, such as linseed oil, have been used for centuries as paint binders. Some
modern binders, such as alkyds, are also oil-rich as they have a polyester polymer backbone
modified by fatty acid residues.” Oil-based paint binders are characterized by their ability to
autoxidatively cure and dry to form a crosslinked network that provides for the structural
stability of a paint coating. The fatty acid residues in these drying oils contain varying degrees of
unsaturation which play an important role in the curing chemistry. The fatty acid composition of
some common drying oils is reproduced from Lazzari et al.® in Table 1.1. Palmitic and stearic
acids are completely saturated while oleic, linoleic and linolenic acid contain one, two and three
double bonds respectively. The mixing ratios of these fatty acids can be unique even between
sources of the same oil type which leads to complexity of the crosslinked network that is formed
during the curing process and presents an obstacle to the development of models for these types
of systems. However, insights into the overall key mechanisms of polymerization and drying can

still be discerned from the examination of single component analogs. The fatty acid ester ethyl
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linoleate (EL) was utilized in this work as a model system to approximate an oil binder with an
average degree of unsaturation of ~2. Knowledge of the mechanisms that lead to the formation of
crosslinked material is a critical foundation to understanding the long term stability of oil
paintings, as are the mechanisms that lead to non-crosslinked components. These non-
crosslinked small molecules can have a high mobility within the paint layer and may be
particularly susceptible to volatilization or solvent extraction during cleaning which could have

an impact on the appearance and physical stability of the object (e.g. embrittlement).”*

Table 1.1. The fatty acid composition of some common drying oils (wt%)*’

Oil Palmitic Stearic Oleic Linoleic Linolenic
Linseed 6-7 3-6 14-24 14-19 48-60
Walnut 3-7 0.5-3 9-30 57-76 2-16
Poppyseed 10 2 11 72 5

Tung” 3 2 11 15 3

* The main component is elaecostearic acid (59%)

Microkinetic modeling is a powerful tool for investigating curing phenomena because all
mechanistic elementary steps are considered explicitly. Since no rate-limiting steps are assumed,
the model is easily extensible to a variety of conditions and can be rapidly expanded to account
for new mechanistic postulates. Key factors that influence the kinetics of reactions on the
molecular level can be explored and can provide insight into competing mechanisms and
potential inform strategies to optimize processes. This theoretical method can contribute
significant value in cases of long time scales that are difficult to capture in the laboratory, or

when multiple intermediates are highly reactive and difficult to quantify experimentally.

Developing a microkinetic model is an iterative process as shown in the flow chart in

Figure 1.1. First a mechanism must be proposed and kinetic parameters (usually Arrhenius A and
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Es) describing each elementary reaction step obtained. Ideally, values are available from
experiment, but given the nature of the autoxidative process with reactive radical intermediates,
this is not possible for all of the elementary steps involved. Often correlations that relate kinetic
parameters to thermodynamic quantities for a specific type of reaction chemistry are used to
achieve rigorous estimates for these values that can have a strong fundamental basis in quantum

chemical calculations and statistical mechanics using transition state theory.'®™"?

The mechanism can be solved by either stochastic or deterministic methods, each with
their own strengths and limitations. This work presents models based on both a kinetic Monte
Carlo (KMC) framework and a system of ordinary differential equations (ODEs) and the benefits
and limitations of each are discussed. For either mathematical method, the output is the
concentration profiles of all the species which can be compared to expected experimental yields.
By optimizing the set of kinetic parameters within a reasonable range of expected error, a
descriptive mechanistic model is created which can be used to make predictions for other

experimental conditions.

In Chapter 2, the development a of microkinetic model for an EL model system
containing a cobalt catalyst to accelerate the decomposition of key hydroperoxide intermediates
into oxygen-centered radicals is presented using a kinetic Monte Carlo framework. The process
of assembling key mechanistic steps and parameters from the literature is discussed in detail and
the model performance compared to three quantitative experimental metrics is evaluated in the
early cure regime (<10 hrs, up to the formation of single crosslinks). This preliminary model
revealed that the mechanisms governing the formation of small volatile species, particularly

hexanal, were still not well understood and merited further scrutiny.
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Microkinetic Model

N

Chemical Mechanism |« Kinetic Parameters < Experimental
— Values
A 4 ¢
Kinetic correlations [ <— Group Additivity
KMC/ODEs 7 7
Transition State Theory Quantum Chemical
1. Calculations
Concentration Profiles
Quantum Chemical
J Calculations

Experimental Yields

Optimization

Figure 1.1. Flow chart for the development of a microkinetic model.

Chapter 3 expands on this research by performing an in depth analysis of mechanistic
postulates for the formation of hexanal. When kinetic parameters were not available for these
reactions, quantum chemical calculations were utilized to fill in missing information necessary to
test these routes within the context of the microkinetic model developed in Chapter 2. Using the
kinetic rates of these reactions to assess the contributions of these pathways to the formation of
hexanal was critical to improving model performance as many of the tested pathways were not
kinetically significant at the room temperature, condensed-phase conditions of interest but could
play a role at other reaction conditions. Also, since experimental data in the early curing regime
which the model was designed to predict was unavailable, GC/MS headspace analysis was

performed to provide quantitative targets for comparison.



19

In some instances where kinetic rate parameters or kinetic correlations for necessary
reaction channels leading to the formation of observed product moieties were not available, a
structure-reactivity relationship had to be calculated. Chapter 4 discusses a particular instance
where a kinetic correlation, in Evans-Polanyi form," for the production of epoxide species was
determined from a series of quantum chemical calculations for 25 different molecules. This set
of reactant molecules was specifically selected to explore a diverse chemical space, in particular
including allylic and benzylic radical species for the first time. Exploring a wide range of values
for the heat of reaction, AHg, revealed that the radical type has a major influence on the
calculated kinetic parameters and that in order to accurately treat both saturated and unsaturated
species in the mechanism at least one subdivision of the kinetic correlation is recommended.
This has important implications for a variety of contexts where models of hydrocarbon oxidation

have been applied.

Finally, Chapter 5 represents the culmination of the work in the previous chapters into an
expanded model for cobalt-catalyzed EL autoxidation. This model included the new mechanistic
postulates for the formation of volatile hexanal as well as routes and parameters for the
formation of epoxide species. Since previous versions of the model struggled to capture behavior
at longer curing time scales (up to 100 hours) due to a lack of routes to form higher rank
oligomeric species, the automated mechanism generator NetGen'* was used to generate a much
larger reaction network which was solved deterministically and optimized using gradient-based
search methods. Model predictions were again compared to quantitative metrics and other

qualitative experimental observations and represented a significant improvement over previous
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generations of the microkinetic model. The model was also used to make predictions about

autoxidative behavior at increased concentrations of cobalt catalyst and at elevated temperatures.

Chapter 6 discusses the major conclusions of this work and the future possibilities for
expanding the contributions of microkinetic modeling in the field of cultural heritage science to

increasingly complex oil paint mimics as well as other material systems.
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Chapter 2

Microkinetic modeling of the autoxidative curing of an alkyd and oil-
based paint model system

Material in this chapter is reproduced from the article “Microkinetic modeling of the
autoxidative curing of an alkyd and oil-based paint model system” by Lindsay Oakley, Francesca
Casadio, Kenneth Shull and Linda Broadbelt; Applied Physics A, 121, 869-878.1
2.1 Introduction

Oil and oil-based paints have been ubiquitous in Western artwork for centuries.'®
Cleaning, displaying and preserving important objects of cultural heritage significance
containing these materials can present numerous scientific challenges. Consequently, a
fundamental grasp of the interactions of the different paint components is critical to
maintaining chemical stability and structural integrity. Dynamic and quantitative models of
chemical phenomena in these paints would be useful to conservators and scientists
interested in understanding and predicting how environmental conditions and treatment
interventions will impact works of art on timescales difficult to replicate in the laboratory.

To this end, a kinetic model can be constructed to describe the chemical and
structural changes occurring in a curing and aging oil-based paint. Similar to other
hydrocarbons, curing proceeds via an autoxidative mechanism where chemically cross-
linked oligomers form the basis of a matrix holding the paint together and providing
mechanical strength.'”'® A kinetic model facilitates the investigation of the mechanisms and

driving factors that govern network formation and degradation within the medium. More



22
specifically, a microkinetic, or mechanistic, model constructed from elementary steps can
connect key insights at the molecular level to macroscale properties of interest.'”
Assembling a complete reaction mechanism at this level of detail from experiments alone
would be difficult since many reactive intermediates are not easily isolated and quantified.
A microkinetic model is also inherently flexible enough to be continuously improved and
expanded as new information becomes available.

This chapter describes the construction of such a detailed microkinetic model within
a kinetic Monte Carlo (KMC) framework and its validation against experiment.”’ Kinetic
Monte Carlo simulations allow an even more precise statistical description of an aging paint
to be developed because species are tracked explicitly, including sequence data for the
larger cross-linked oligomers.”’ > This stochastic formulation for dynamic systems is
attractive since it naturally handles the large numbers of species that are required to model
hydrocarbon autoxidation and track sequence data for this system. Additionally, KMC uses
simple algebraic expressions for each reaction event to adjust the system composition,
mitigating potential issues of system stiffness.*

Since paints are complex mixtures, previous experimental work has employed single-
component analogs such as linseed oil for oil paint and ethyl linoleate for more modern

alkyds. On the timescales associated with curing, numerous analytical tools including FTIR

29,32-34 32,35

25-2 29-31 .
spectroscopy,ﬁ’ > Raman spectroscopy, 31 NMR, mass spectrometry and size

6,30,36

exclusion chromatography (SEC) were applied to determine the progression of network

27,29,30,36,37

formation. Other data such as peroxide content and oxygen uptake®>" have also

been reported for these model systems. This work focuses on an ethyl linoleate (EL) model
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system in order to leverage this information to validate the kinetic model. Utilizing this
model system presumes that all of the critical curing chemistry is taking place in the
unsaturated fatty acid tail and that hydrolysis mechanisms that are known to degrade oil
paint networks by breaking ester bonds and releasing free acid groups over much longer
timescales®® can be neglected in the early stages of matrix formation.

Recent work by Iedema and coworkers employed a similar strategy to develop a
mathematical description of a maturing oil paint.** They modeled triacylglycerides (TAGs)
by assuming an average concentration of bi-allylic hydrogens in the fatty acid tails
comparable to that of linseed oil. They obtained the evolution of lumped functional group
concentrations using 70 equations and also determined a set of kinetic parameters
characterizing the mechanism by optimization against experiment. Lumping kinetic model
outputs by functional groups for hydrocarbon-based systems is often done to match
available experimental data or to speed simulations depending on the desired application.*
However, resolving species explicitly allows for rigorous interrogation of the proposed
reaction network. Obtaining kinetic parameters strictly from optimization procedures may
also obscure errors in the mechanism and makes the model less extensible to a variety of
conditions, a major value proposition for the conservation community where each artwork
encountered is unique. Building a model that contains the necessary detail requires
employing methods developed to facilitate the modeling of large-scale and complex reaction
networks for processes, such as catalytic cracking, pyrolysis and oxidation, and applying
them for the first time to problems in conservation science. For instance, the model exploits

advances in computational chemistry allowing kinetic parameters not easily resolved by
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experiment to be calculated from first principles, providing an increased fundamental
underpinning to mechanistic investigations.*' Developing a reliable model of a well-cured
oil-based paint network is a vital first step toward investigating the chemistry of long-term
aging as well as to assess the impact of a variety of environmental factors. This knowledge
will ultimately be translated into important decisions about treatment and control of the
museum environment to optimize display and storage conditions for these works of art.

2.2 Mechanism Development

Construction of a microkinetic model requires detailed knowledge of the chemistry
involved since the method requires elementary steps to be enumerated. Numerous reviews
of condensed-phase, low-temperature hydrocarbon oxidation mechanisms have been

42-44
d,

produce and the mechanisms proposed by the conservation science community for oil-

4346 Baged on this literature, a mechanistic model

based paint curing overlap significantly.
for autoxidation must at a minimum include pathways for the initiation, propagation and
termination of free radicals.

In this model, the included transition metal catalyst, cobalt ethyl-hexanoate, played
an active role in initiating alkyl radical species.’® These free radicals rapidly reacted with
dissolved molecular oxygen to form peroxy radicals, which were subsequently converted
into critical hydroperoxide intermediates. These intermediates can be detected and
quantified, and their decomposition rates into peroxy and alkoxy radicals are accelerated by
the transition metal catalyst. The work of Spier et al.*”* investigated the effects of different

cobalt ligands on the decomposition of hydroperoxides both experimentally and

computationally. Their data indicated the existence of parallel catalysis cycles which are
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populated according to the ligand type. Both cycles are explicitly included in the
microkinetic model. Termination reactions are radical recombinations to form peroxy, ether
and alkyl cross-links as well as disproportionation reactions to form alcohols and ketones.
Reactions competing with network formation such as alkoxy B-scission events were also
included. The literature also suggests that these pathways lead to the evolution of small
volatile molecules such as hexanal and pentanal.’****° Finally, reaction channels from the
hydrocarbon oxidation literature leading to other secondary products, such as carboxylic
acids, were incorporated.” If multiple mechanistic pathways were found in the literature for
the formation of a certain species, they were included and their kinetic relevance assessed.
A schematic representation of these chemical pathways is laid out in Figure 2.1. More
specific information about each reaction type incorporated is presented below when the
kinetic parameters are discussed.

Although the number of different types of reaction channels included in the
schematic is relatively low, the number of possible elementary steps and chemically unique
species is quite large, typically on the order of 10 for hydrocarbon oxidation systems
because of the wide range of possible “R” groups. Consequently, a major challenge
associated with microkinetic modeling is not only assembling the mechanism to be solved,
but also obtaining kinetic parameters for each step. If available, rate constants or Arrhenius
factors derived from experiment were used. If experimental data were not available for

elementary steps, parameters were estimated using kinetic correlations.
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Figure 2.1. A schematic of the chemistry incorporated into the microkinetic model.

Kinetic correlations are useful for kinetic modeling because they relate the rate
constant to a value that is more straightforward to determine, such as a thermodynamic
quantity. A widely used kinetic correlation based on thermodynamic quantities is the
Evans—Polanyi relationship, £, = E;-f0AH,, where E, is the activation energy, E,is the
intrinsic reaction barrier, o is the transfer coefficient, and AH is the heat of reaction.”> An
Evans—Polanyi relationship can be constructed for reactions of similar chemistry possessing
similar reaction coordinates grouped into reaction “families.” Related forward and reverse
reaction families have the same E, value, and the sum of their transfer coefficients is equal
to one. The difference in the entropy of activation between reactions in a given family is
assumed to be negligible so all reactions within a family have the same pre-exponential
factor, and forward and reverse reaction family pairs will have pre-exponential factors that

are thermodynamically consistent. This dramatically reduces the number of parameters
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required to construct a kinetic model because rate constants for all elementary steps grouped
in a family can be calculated based on only having to specify the heat of reaction for each
specific step. Heats of reaction can be obtained from experiment, but another strategy used
in the absence of experimental data is the group additivity method developed by Benson.>?
For this work, a library of kinetic correlation parameters™ in conjunction with the NIST
Structure and Properties Database was used to determine rate coefficients.” This

information 1s summarized in Table 2.1.

The Evans—Polanyi parameters for each reaction family are specified based on
regression against known experimental values or from quantum chemical calculations and
transition state theory.”” For the reaction families applied here, many of the Evans—Polanyi
parameters were available from the previous literature. It should be noted that studies
utilizing composite model chemistries such as Gx or CBS-x to derive these relationships can

56-59

predict thermochemical data very accurately and have also demonstrated some success

calculating kinetic parameters for radical chemistry.®*'

The uncertainty in these calculated
parameters provides bounds for executing parameter optimization routines. The range
utilized in this work to achieve the agreement shown in Section 2.4 was narrow and
conservative (1-2 kcal/mol in barrier height which translates to a factor of approximately 5—
10 in the rate constant at room temperature) when compared to the broader bounds of
accuracy typical of quantum chemical calculations or kinetic correlations derived from
them. Applying representative values for the frequency factors can also be interrogated as

an assumption, as the frequency factors for members of a given reaction family are not

precisely equal.
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Although the techniques described above greatly reduce the number of parameters
required to construct the model and provide an approach to automate their determination, it
is still beneficial in the case of large oxidation mechanisms to limit the number of reaction
channels and species based on eliminating pathways that are kinetically insignificant at all
conditions of interest. For the KMC model created here, some chemically reasonable
simplifications were made. First, the reactivity of different positions along the hydrocarbon
chain were assessed using a group additivity scheme and the NIST Structures and
Properties Database.”® As anticipated, the most reactive hydrogens were the bi-allylic
hydrogens located on carbon number 11 as shown in Figure 2.2. Hydrogen abstraction at
positions 8 and 14 as well as from positions adjacent to conjugated double bonds
(introduced after initiation) were also determined to have potential kinetic relevance. Alkyl
hydrogens are on the order of 10° times less reactive than their bi-allylic counterparts and
can be reasonably excluded from abstraction reactions on the timescales and temperatures
associated with paint curing. Peroxide bond fission reactions were also excluded from the
current model since the unimolecular decomposition barriers ranged from 40 to
45 keal/mol,” making them kinetically irrelevant compared to the catalytic decomposition

of those species under the mild reaction conditions.



Table 2.1. Kinetic parameters for the microkinetic model with units for k and A in L/moles (bimolecular) or s™ (unimolecular) and E,

in kcal/mol.

Reaction Family Representative Reactions Reported & Parameters A E, oswa  References
Initiation Co" + 0, & Co™00+ + RH — Co™OOH +Re  0.666, 5x10~ 36
Co"™OOH — Co" + HO,e 0.5
0, Addition Re + 0, — ROO- 10® 0 0 53
Hydroperoxide ROOe« + RH— ROOH + Re 6.6 (for bi-allylic) 62,63
formation
Hydroperoxide ROOH + Co" — RO« + [Co"'OH] 0.5 47,64,65
decomposition ROOH + [Co™OH] — [Co™OOR] +H,0 2
[Co™OOR] — Co"+ ROO- .0095
[Co™OOR]J+R’O0OH — [Co™OOR,HOOR’] 900(x2)
[Co™OOR,HOOR’] — R’O¢ + [Co™OOR,0H]  .0095
[Co™OOR,0H] — ROO- + [Co™OH]
B-Scission RO* —» R’C(O)H +R”’» 10" 9.5 0.85 53
Hydrogen Transfer Re+R’H— RH+R’s 10 9.1 0.7 53
RO+ + R’H — ROH + R+ 11.9 0.91
ROO- + R’C(0)H — ROOH + R’C(O)e 6.2 1
RC(0)00- + R’H — RC(O)OOH +R’~ 3.05 1.1
Disporportionation 2R0O0* — R(O) + ROH + 0O, 10° 0 0 53,66
2RO0* — 2RO+ + 0,
Recombination 2R+ —» RR 10® RT 0 53
ROO- + R+ — ROOR 5%10’ 62,63
RO« + Re — ROR 1x10*
RO+ + RO+ — ROOR 2x10’
Baeyer-Villiger RCOOOH + RC(O)H — 2RCOOH 1.2 x 10* 8.5 0 53

3See Pfaendenter and Broadbelt > for definitions of ap,q.

6¢C
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Figure 2.2. Ethyl linoleate molecule. The most reactive hydrogens located at position 11
are shaded  darkly, with positions of decreasing reactivity corresponding to
progressively lighter shading.

Research has also investigated the importance of singlet oxygen in hydrocarbon
oxidation. Singlet oxygen can add directly to the unsaturated carbons in the alkyl chain via
an “ene” reaction.’” Reactions with singlet oxygen are usually detected by examining the
isomeric forms of the hydroperoxide intermediates. Non-conjugated hydroperoxides with
functional groups located on carbons 10 or 12 in the alkyl chain are an indicator of singlet
oxygen “ene” reactions.”® Frankel examined the hydroperoxides formed from the oxidation
of methyl linoleate, and non-conjugated hydroperoxides were not detected until a
photosensitizer was added to the reaction mixture.®” This suggests that with sufficient
photosensitizers, such as pigments or dyes, these reactions may become important but can
be excluded for the reaction conditions examined here. In the first-generation model
presented in this chapter, reactions were coded up to the formation of dimers, or single
cross-links. Emphasis was also placed on including pathways responsible for secondary
products that could be compared to experimental data such as the volatile aldehydes hexanal
and pentanal. The final model included 160 species and approximately 400 reaction

channels.
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2.3 Computational Methods
Using the classic stochastic simulation algorithm (SSA) developed by Gillespie, a

kinetic Monte Carlo (KMC) framework was constructed to evaluate the mechanism outlined
in Section 2.2.2%7""" This algorithm calculates the probability that a given reaction, R,, will
occur inside a well-stirred, scaled reaction volume during the time interval, &z, for given sets
of species, {Si, S2,...,9x}, and available reaction channels, {R;, R,,...,Ry}. This calculation
requires the reaction parameter, ¢,, which can be mathematically related to the more
familiar deterministic reaction rate constant, &, through the following equations, where £; is
the rate constant for a unimolecular reaction, k;; is the rate constant for a bimolecular
reaction between two molecules of the same species, and kj; is the rate constant for a
reaction between two different species. The factors of volume and Avogadro’s number
appear because rate constants in the stochastic formulation are based on the explicit number

of species in the reaction volume as opposed to concentrations.

¢ =k; (2.1)

o = 2k;; (2.2)
i YN,

_ky (2.3)
“UTVN,

Using these inputs, the probability, p;, for each reaction, r, is determined based on its
current reaction rate, R, and the sum of all possible reaction rates as shown in Equation 2.4. The
quantity R, is calculated as the product of ¢, and the current number of available species that are

defined as the reactants for case r.
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R, (2.4)

After calculating the probabilities, the reaction to be executed is selected based on
Equation 2.5, where x; is a random number from a uniform distribution between zero and

one.

u

u—1
Z pi <x < Z pi (2.5)
i=1

i=1

The time step to advance is also determined based on a uniformly distributed random

number, X;, as demonstrated in Equation 2.6.
1 1 1
r=gr g <x_2) 2.6)

The system is then updated to reflect the reaction and time step selected. Time is set
to ¢ = t+ 1, and the species’ populations are adjusted to reflect the occurrence of reaction i. If
the total desired reaction time has not been reached, then the algorithm recalculates the
reaction probabilities to reflect the changes that occurred before a new reaction and time
step are selected. This cycle continues until the desired reaction time has been reached.

This model was initialized with system conditions matching those described in
Oyman et al.” (e.g., 40 g of technical grade EL, 0.07 wt% Co-EH catalyst). Impurities in
the ethyl linoleate, mostly ethyl oleate and other saturated esters, were treated as inactive
solvent due to their low reactivity in comparison with the bi-allylic hydrogens of ethyl

linoleate. The dissolved oxygen content of the system was held constant at the saturation

limit at 25 °C, 0.00218 mol/L, approximated from dissolved oxygen concentration values
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for soybean oil which has a high linoleic acid content’"

and the system was treated as a
well-stirred, homogenous batch reaction.

The KMC framework was constructed in C++, and simulations of up to 100 h were
performed. Data were captured at 100-s intervals. The number of initial molecules in the
system, which is a required input parameter for a KMC model, was set at 10°, and the
system was determined to be fully converged.”

2.4 Results and Discussion

The model output provides the temporal evolution of all radical and molecular
species. From the generated concentration profiles, key quantities were selected for
comparison with experimental data. The evolution of peroxides, a primary product of
autoxidation, and the absorption of oxygen by the system are measurable quantities often
used to gauge the progression of curing. Although the model allows the resolution of the
precise values of structural isomers, the peroxide content of the system is presented as a
lumped quantity of all peroxide-containing species. Oxygen absorption by the model paint
was determined by tallying the number of times a reaction channel was selected that
required O, as a reactant.

Examination of these values as a function of time revealed that the simulations
qualitatively matched experimental trends over 100 h of curing time, but were not in good
agreement with quantitative benchmarks at longer timescales. Scrutiny of experimental SEC
data offers some insight into this observation.”® At the time of reaction initiation, a single
peak is resolved for ethyl linoleate and its other fatty acid ester impurities. After 8 h of

reaction time, the chromatogram is still dominated by the ethyl linoleate peak, but has also
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developed a significant adjacent shoulder for EL hydroperoxides as well as a distinct peak
for cross-linked dimers and what is best described as an elevated baseline indicating the
presence of higher oligomers, representing less than 10 % of the system content. At times
beyond 24 h, peaks associated with higher oligomers increase as the other peaks decline.
Since the model focuses on chemistry leading to the formation of hydroperoxides and single
cross-links, the model should achieve good qualitative and quantitative agreement with
experiment for the first 810 h of curing time and will be evaluated within this time
window.

The peroxide content of the system during the curing stage is shown in Figure 2.3.
This result is sensitive to two major kinetic parameters, the rate of hydroperoxide formation
where a peroxy radical abstracts a bi-allylic hydrogen and the rate-limiting step of the
cobalt-catalyzed decomposition cycle which releases a peroxy radical. An experimental

value was available for the first parameter which was not adjusted. The Arrhenius equation

parameters for the dissociation of an ROO" species from the cobalt complex was assumed to

be representative for the hydroperoxide isomers tracked uniquely in the system. This rate
constant was adjusted within the previously mentioned range for values obtained from
quantum chemical calculations, and the good agreement shown in Figure 2.3 was obtained.
At longer timescales, the predicted hydroperoxide content does indeed peak and decline to a
baseline value as demonstrated experimentally, but the model under represents this value
due to the lack of higher oligomers in the system which could contain peroxy functional

groups.
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Figure 2.3. Comparison of total peroxide content of the system output by the KMC dimer model
(line) to experiment (points)™

The results for the oxygen uptake of the system are presented in Figure 2.4 which
indicates that the model is again under-predicting the amount of mass that the model paint
absorbs by a factor of three. It is proposed that this disagreement stems from the fact that
not all major reaction channels involving the absorption of oxygen have been accounted for
in this model. In particular, dimers are treated as dead chains in the system despite the fact
that they have remaining functionalities that could continue to react with oxygen and other
radical species, placing a stoichiometric limit on the amount of O, the system can absorb. It
is anticipated that oxygen incorporation would increase with a higher-order model.
However, including these pathways would dramatically increase the size of the reaction
network and would become an impractical undertaking without the assistance of

computational automation to ensure the model is as comprehensive as possible.
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Figure 2.4. Oxygen uptake, or mass gain, of the system from the KMC dimer model (line)
compared to experiment (points)*

The production of small volatile aldehydes by the model was also quantified and
compared to experimental results from the analysis of the headspace of a third experimental
setup with GC/MS.* Although few experimental data points are available for this range,
extrapolation between data collected at 2 and 24 h of curing time can allow some
conclusions to be drawn about the model performance, which is shown in Figure 2.5. At 10 h
of curing time, expected values from experiment are approximately 1.0 mmol hexanal per
mol EL and 0.05 mmol pentanal per mol EL. The first important point of note is that the
model appears to over-predict the production of pentanal in comparison with experiment.
This may be due to thermodynamic effects; the model currently assumes that all small
aldehyde molecules that have not been further oxidized to carboxylic acids, a small effect at

these timescales, have effectively volatilized from liquid phase. The second important point,



37
however, is that the model does not predict the appropriate levels of hexanal, which is
predicted to be present in trace quantities. The ratio of pentanal to hexanal observed
experimentally is clearly not recapitulated by the model.

The model assumes that the production of these two key volatile aldehydes is closely
associated with B-scission reactions in direct competition with network formation. The
conjugated alkoxy radical shown in Figure 2.6 can undergo two different scission reactions
leading to an aldehyde and a carbon-centered radical. From scission reaction one, a pentyl
radical and a dienal are produced. Pentanal can be formed from the further oxidation of the
radical species. Additional confirmation for the veracity of this mechanism can be obtained
by certifying that the model successfully accounts for and reasonably quantifies other
downstream products such as the saturated hydrocarbon pentane. Pentane has been detected
by other research groups in substantial quantities.”’>’® The mechanistic model similarly
produces this product in substantive amounts from the facile abstraction of a hydrogen atom

by the alkyl radical.
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Figure 2.5. Hexanal (solid line) and pentanal (dashed line) yields predicted by the KMC dimer
model. At 10 h of curing time, expected values from experiment are approximately 1.0
mmol/mol EL and 0.05 mmol/mol EL, respectively’

Scission reaction two is a plausible mechanism for hexanal production since it is
formed directly. However, the simultaneous production of an unstable vinyl radical makes
this reaction very endothermic, and consequently, it has a high activation energy barrier
based on the Evans—Polanyi kinetic correlation. The difference in calculated barrier height
between the two scission reactions is ~13 kcal/mol, making the formation of pentane and
pentanal highly favored at these low temperatures. Frankel acknowledged this phenomenon
in his work on the production of volatiles from food oils, suggesting that the relative
stability of the resulting aldehydes might balance the effect of the instability of the vinyl
radical, but that the question remained open.” These factors suggest that alternative

mechanisms for the production of hexanal should also be investigated.
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Figure 2.6. Schematic of the B-scission mechanism for the formation of pentanal and hexanal.
Qualitative experimental trends for the production of pentane and pentanal are matched by the
model using scission reaction 1 and subsequent pathways, but scission reaction 2 yields
extremely low levels of hexanal.

Candidate mechanisms should have target energies of activation in the range of
approximately ~11—17 kcal/mol. Korcek-like reactions examined by Jalan et al.”” in a recent
publication show promise for producing volatiles of interest at higher temperatures, but
activation barriers of about 30 kcal/mol and low levels of the necessary keto-peroxide
reactant made these reactions insufficient to produce the expected level of hexanal at room
temperature. Preliminary candidates that will be evaluated further in Chapter 3 include Hock
cleavage of an allylic hydroperoxide,”™ endoperoxide cleavage into two carbonyl species’”
and decomposition of a peroxide linked oligomer containing additional hydroperoxide

moieties.® Although Hock cleavage is usually described as an acid-catalyzed mechanism,*’

- 182,83
d.5>

it can occur without any added acid. Evaluating this pathway in the context of a
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microkinetic model would allow for the assessment of its contributions to the production of
volatile molecules which has yet to be determined quantitatively in the literature. Often it is
considered as one of many possible pathways that cannot be excluded from consideration

due to difficulties isolating critical intermediates.®™*

Additional pathways to hexanal are suggested by Juita et al.”” They propose a
mechanism derived from quantum chemical calculations where allylic peroxy radicals
cyclize into four- or five-membered ring endoperoxide species that can decompose into
aldehyde species. They describe a possible concerted splitting of the C—C and O—O bonds in
the case of the four-membered ring and the production of a biradical intermediate in the
case of the five-membered ring. It is possible that after the same initial cyclization steps,
stepwise scission reactions of the C—C and O—O bonds would lead to the facile creation of

these products of interest with a reasonable overall barrier to the reaction.

The final option is a mechanism suggested by Morita and Tokita®**

involving the
homolytic decomposition of peroxide linked polymers with hydroperoxide functionalization
into hydroxy radicals and aldehydes. They confirmed the formation of hydroxy radicals by
adding methyl benzoate which reacts with the radicals to form methyl salicylate which was
tracked over time. Testing this mechanism in future iterations of the model similarly
requires determining kinetic parameters from quantum chemistry. With parameters for these
potential pathways, microkinetic modeling can aid in resolving the mechanisms that

contribute to the formation of undesirable volatile products and determine the extent to

which they compete with network formation.
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2.5 Conclusions
In summary, a microkinetic model has been constructed for the autoxidative curing

of an oil-based paint model system. The model can be expanded, currently using ethyl
linoleate and single cross-links to remain manageable without the assistance of
computational automation. Nevertheless, the model shows promise, with good agreement on
short timescales for common curing metrics such as peroxide content and oxygen uptake.
Significant disagreement was discovered when evaluating the formation of secondary
products, specifically the volatile species hexanal. A reasonable range for activation
energies was established to screen candidate alternative mechanisms, and several have been
selected for further evaluation within future iterations of the model which will be discussed
in detail in the following chapter. It should be noted that this work has highlighted the
benefits of resolving individual species within the microkinetic model. If the model were
not fully specified, lumped data for the concentration of aldehydes in the system might have
led to erroneous conclusions about the accuracy of the mechanism. It is suggested that
efforts to understand the chemical changes in curing and aging oil-based paints should be
tested at this level of specific detail before they can be generalized and applied broadly for
use in the conservation science field.

Additional opportunities to improve model agreement and extend to longer
timescales of interest to the conservation science community include increasing mechanism
coverage by automating the generation of a reaction network and the necessary kinetic
parameters. Subsequent chapters will discuss the adaptation existing automation tools such

14,86

as NetGen ™ to handle the critical chemistry of oil paint maturing and aging.
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Once these approaches are optimized, microkinetic modeling offers the promise of an
accurate and flexible tool to develop a realistic and dynamic description of the composition
of oil-based paint coatings. This in turn can facilitate the exploration of the effects of
various environmental conditions on these paints’ long-term chemical stability, effectively

complementing and enhancing experimental testing on artificially aged mock-ups.
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Chapter 3

An examination of the mechanisms for the formation of volatile
aldehydes from the autoxidation of oil-based systems

The mechanisms responsible for the production of small volatile aldehydes during low
temperature condensed phase oxidation have been the subject of extensive research, and many
pathways have been proposed in the literature. However, many of these mechanisms have yet to
be explored quantitatively in the context of a kinetic model. In this chapter, a variety of
mechanistic postulates for the formation of the volatile species hexanal, were assembled, and
quantum chemical calculations were performed where necessary to obtain estimates of kinetic
parameters in order to test each reaction’s kinetic relevance in the microkinetic model described
in Chapter 2. A more detailed experimental data set than previously available in the literature
with information in the early (< 24 hr) time window was obtained by GC/MS headspace analysis
in order to more effectively asses the model efficacy and performance with new mechanistic
postulates.

3.1 Introduction

The molecules responsible for the characteristic odor of drying oil-based paints or other bio-
based coatings and products have been captured and identified in several studies, particularly
pinpointing the role of small volatile aldehydes.*”* While the composition of these volatiles has
been established, the mechanisms by which they are produced remain obscured. Understanding
these mechanisms is important in multiple contexts. In modern industrial settings, minimizing
the production of these volatiles from coated surfaces is desirable to reduce their environmental

89-91

impact and improve safety. In foods containing natural oils, volatile aldehydes sour the taste,
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and packaging and cooking conditions may need to be optimized to prevent waste.”> > Finally,
in the context of cultural heritage science for oil paintings and other cultural heritage objects
containing oil-based polymers, understanding these mechanisms may lead to crucial insights for

preserving and maintaining priceless artworks.”*"”’

Often, volatile aldehydes are used as a metric to monitor surfaces for aging, and an increase
in the concentration of these molecules is associated with increased degradation.” However, this
information is chiefly obtained from artificially aged samples where elevated temperatures or
UV radiation is used to affect observable changes in reasonable time periods in the laboratory.
Experimental work has indicated that artificial aging may create samples similar to naturally
aged samples in terms of physical properties like brittleness, but may lack the chemical similarity

desired for testing cleaning techniques or idealizing environmental conditions using mock-ups.**

Microkinetic modeling is a powerful tool that can facilitate the exploration of the
mechanisms governing the production of these molecules and lead to new mechanistic
understanding.* This technique is based on elementary steps providing the level of detail
required to resolve the mechanistic questions of interest on the molecular level.” In the previous
chapter, a microkinetic model was utilized to explore the autoxidation of an oil paint model
system comprised of ethyl linoleate and a cobalt catalyst."”> Available experimental data on the
production of volatile molecules from the system included headspace analysis for the period of
100 hours, specifically tracking the evolution of hexanal and pentanal with data taken
approximately every 24 hours.’® Most of the literature sources explored suggested that the p-
scission of a single conjugated alkoxy radical was responsible for the formation of both products,

6,33,44,46,

and these routes were included into the microkinetic model for testing. 9100 However,
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quantitative comparison of the model results with experimental data confirmed that these routes
were kinetically insignificant. The model predicted that almost no hexanal was formed despite
the fact that it is considered a major volatile product, produced in much higher concentrations
than pentanal. This is largely due to the fact that a highly unstable vinyl radical is simultaneously
created when forming hexanal via B-scission, making the reaction barrier for this elementary step
too high to be kinetically relevant at room temperature. This discovery motivated an in depth
exploration of alternative mechanisms for the production of hexanal. It should be noted that
while this B-scission mechanism may not be the primary pathway for hexanal production at room
temperature, it may become important at elevated temperatures used to simulate conditions for
artificial aging or other condensed phase, low temperature oxidation scenarios of interest. Thus,
additional reaction mechanisms for hexanal formation were sought to add to the model to
account for the formation of hexanal at low temperature as well as preserve its ability to account

for alternative routes at higher temperatures.

This work examined in detail and tested a number of alternative mechanistic postulates in the
context of the previously constructed microkinetic model. Specifically, Korcek and Korcek-like
reactions, intramolecular hydrogen shifts followed by subsequent B-scission events, and the
cyclization and decomposition of allylic peroxy radicals through a dioxetane intermediate were
probed. While these mechanisms have been gleaned from or inspired by chemical mechanisms
in the literature, supporting kinetic information was provided in only a few instances.
Consequently, missing kinetic information was filled in using quantum chemical calculations.
Since many of the intermediate species proposed in these pathways would be extremely difficult

to isolate and track with analytical techniques due to their short-lived nature or low
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concentrations, quantum chemical calculations provide quantitative information about free
energy barriers that can be used to compare and assess the kinetic relevance of these alternative
mechanisms. Finally, an alternative mechanism not previously proposed in the literature was
examined, namely the concerted decomposition of a hydroperoxide and the cobalt-catalyzed
decomposition of a dimer formed from the primary products of a conjugated hydroperoxide and
a peroxy radical into an alkoxy radical that undergoes a facile B-scission reaction. Each of these
mechanisms, their kinetic parameters, and their ability to capture the experimental data are

presented below.

The experimental data used to evaluate the model results was derived from two main sources.
As previously mentioned, literature data for the reaction conditions of interest exists, but the lack
of data in the early curing regime (< 24 hr) which the model was designed to capture was
problematic. Rather than interpolating the data between 0 and 24 hours, it was decided to
replicate the experiment, with a focus on obtaining data points previously unavailable for these

conditions in the early cure regime.

3.2 Computational Techniques

3.2.1 Quantum Chemical Calculations
To effectively reduce the time and computational resources required for the calculations,

a simplified molecule was utilized for computational study. It was ensured that the reacting
atoms and any surrounding moieties that could influence the chemical reaction were captured.
Quantum chemical calculations were performed in Gaussian09'"' using the composite method
G4."%” Transition states were identified as first order saddle points with a single imaginary, high

amplitude mode. Intrinsic reaction coordinate (IRC) scans were used to confirm that the
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transition state was connected to the reactants and products of interest. To extract the kinetic
quantities of interest, the frequencies for each stationary point were used to determine the
temperature-dependent total partition function in the program Calctherm'® which could in turn
be used to determine the rate constant as a function of temperature via transition state theory.'®
A Wigner tunneling correction was also applied.'” This allowed the familiar frequency factor,
A, and activation energy, Ea, to be extracted from a linear fit of an Arrhenius plot of In(k) versus

1/T. Temperatures ranged from 300-1500 K in 100 K increments.

3.2.2 Microkinetic Modeling
Microkinetic modeling is a powerful method of exploring key factors that influence the

kinetics of reactions on the molecular level, and can provide insight into competing mechanisms
and potential ways to optimize desired processes. The model was built from elementary reaction
steps and requires a detailed knowledge of the chemistry. A list of reaction steps for autoxidation
including reactions for initiating, propagating and terminating radicals, and associated kinetic
parameters and reaction conditions are listed in the previous chapter.'” Because a microkinetic
model from elementary steps feasible for hydrocarbon autoxidation can have on the order of 10*
unique species, kinetic correlations quantifying the kinetic parameters of reactions of similar
chemistry were employed to reduce the number of parameters. In instances where experimental
values could not be determined, an Evans-Polanyi correlation was used which linearly correlates
the heat of reaction with the energy of activation: E,= Ey + aAHgr, where Ej is the intrinsic
activation barrier and o is the transfer coefficient.'> Values for AHg for a specific reaction can be
extracted from experimental literature or calculated using a Benson group additivity method and
software available from the NIST Chemistry WebBook.”* Concentration profiles for each species

were generated using a kinetic Monte Carlo (KMC) framework based on the classic stochastic
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simulation algorithm developed by Gillespie.”””"'° Additional mechanistic steps and parameters
enumerated in the following sections were added to this foundational KMC model to test for

their kinetic relevance for the production of volatile species at room temperature.

3.3 Experimental Details

3.3.1 Materials
The reactants, technical grade ethyl linoleate (EL) and Co(II) 2-ethylhexanoate (Co-EH,

65% w/w in mineral spirits), and analytical standards (cyclohexane, hexanal and pentanal) were

purchased from Sigma Aldrich and used as received.

3.3.2 GC/MS Headspace Instrumentation and Procedures
The reaction mixture was created by combining 1.014 mL EL with 0.7 pL Co-EH

catalyst. The time was noted immediately as the initiation of the autoxidation reaction. The
reaction mixture was then spiked with 92 pL of 0.342 M cyclohexane in xylenes solution as an
internal standard. A series of vials, one for each desired time point, was created by placing a 12
uL aliquot of the spiked reaction mixture into each 20 mL vial which was subsequently closed
with an aluminum and Teflon® cap and sealed with a crimper. The time between the initiation of

the reaction and the analysis of the first time point was approximately 30 minutes.

Experiments were conducted using an Agilent 7697A Headspace Sampler connected to a
6890 GC system. Vials were allowed to cure in lab atmospheric conditions in a sample tray and
at 1 hr intervals for the first 20 hrs; samples were automatically agitated and loaded into a
temperature controlled oven at 70°C. Additional time points were taken at approximately 30, 50,
70 and 95 hr. In the oven, a 100 puL headspace sample was immediately removed by syringe to

prevent further sample oxidation and transferred to the GC via a fused silica transfer line held at
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115 °C. The syringe was automatically purged for 1 min with helium after the injection was

made. Helium was also used as a carrier gas.

The GC system was equipped with a FFAP capillary column (30.0 m long x 250 pm
diameter x 0.25 um film thickness). The GC oven was held initially at 50 °C for 2 min and then
ramped up to a maximum temperature of 245 °C at a rate of 20.5 °C/min and held for 8 min.
The Quadrapole MS analyzer was operated in electron impact (EI+) ionization mode. Retention
times and relative response factors for the compounds of interest were determined from
analytical standard references of hexanal, pentanal and cyclohexane. Integrated peaks from the
extracted ion chromatograms for characteristic masses for each compound were used to

determine the amounts of volatile compounds produced during the course of the reaction.

3.4 Reactions Studied

3.4.1 Korcek and Korcek-like Reactions
Korcek reactions were originally proposed by Korcek and coworkers in the context of the

oxidation of lubricant oils.'"” ''® A recent computational study performed by Jalan et al.
confirmed some of the main ideas behind the mechanistic propositions of Korcek and coworkers,
but with some differences.”” Using high levels of theory, Jalan and coworkers laid out two
separate fragmentation pathways for the formation of aldehydes or ketones and carboxylic acids
from keto-hydroperoxides via a cyclic peroxide intermediate. The formation of this cyclic
peroxide intermediate could also be strongly catalyzed by the presence of organic acids in the
system and can shift the rate-limiting step when a critical concentration threshold is exceeded.
Their conclusions highlighted the potential applications for these reactions in many low

temperature hydrocarbon oxidation scenarios. The microkinetic model contained mechanisms to
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produce the desired reactant, the ketohydroperoxide, and thus the Korcek reaction family was a

natural extension of the mechanism underlying the microkinetic model.

Specifically, elementary steps analogous to path A described in their work would produce
hexanal if one can imagine extending the C3 keto-peroxide system probed by Jalan et al. to the
C20 ethyl linoleate model system. The highest barrier reported for this reaction pathway was
34.7 kcal/mol for the formation of the cyclic peroxide intermediate composed of a 5-membered
ring. This translates to Arrhenius parameters of A =2.1x10%s™ and Ex= 28.0 kcal/mol. Since this
barrier was too high to be kinetically relevant at the room temperature conditions of interest,
either the reaction mixture needed to contain the critical concentration of acid to catalyze the ring
formation reaction, or it was hypothesized that a less strained, 6-membered ring as seen in the
mechanism shown in Figure 3.1 could lower this barrier. Since peroxide functional groups are
likely to form at the carbon y to the carbonyl moiety, tracing out this pathway is also highly
relevant to the system of interest because it contains a high degree of unsaturation. The effect of
unsaturation on the cyclization of the keto-hydroperoxide was also explored for new insights into

how this chemistry would be applied in the context of lipid peroxidation.
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Figure 3.1. Proposed mechanism for a Korcek-like reaction in ethyl linoleate containing residual
unsaturation in the carbon chain. The first step (1) is the formation of a cyclic peroxide from a

keto-hydroperoxide which can be acid catalyzed followed by the (2) fragmentation of the keto
peroxide into hexanal and a carboxylic acid.

3.4.2 Intramolecular Hydrogen Shifts
Intramolecular reactions are another method proposed in the literature related to

oxidation of oils and paints for creating hexanal.''' In the postulated mechanism, a hydrogen is
abstracted from an alcohol that is a secondary product. The resulting conjugated radical can then
rapidly isomerize to move the double bond in proximity to the alcohol functionality. An
intramolecular hydrogen abstraction reaction was then invoked to create an alkoxy radical
capable of undergoing B-scission to form hexanal and a terminal allylic radical that is more
stable than the vinylic radical produced from the direct B-scission of an alkoxy radical. A

schematic of this series of reactions is shown in Figure 3.2.

To determine the kinetic parameters for this reaction, a combination of existing
information in the literature and data from new quantum chemical calculations was applied.
Calculated parameters for the hydrogen abstraction reaction creating the conjugated radical of

interest were compared to those derived from existing data in the literature.''>'"?
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Figure 3.2. Proposed mechanism for the formation of hexanal and an allylic radical from a series
of elementary steps involving (1) hydrogen abstraction from a conjugated alcohol, (2) fast
isomerization, (3) an internal hydrogen shift and (4) the subsequent B-scission of the resulting
alkoxy radical.

Since these kinetic correlations from the literature were originally developed for short
chain saturated hydrocarbons and other work discussed in Chapter 4 demonstrated the
importance of thoroughly exploring a range of chemical space when constructing structure-
reactivity relationships,''* it was sought to confirm their application to systems with increased
functionalization and polyunsaturation through a quantum chemical calculation using the hybrid
model chemistry G4 described above on a representative allylic alcohol molecule to ensure

accuracy.
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3.4.3 Reactions Involving Allyl Peroxy Species
Many additional mechanisms for the formation of volatile products lay out pathways

starting from an allyl peroxy species. These mechanisms all include cyclization steps before
decomposition into small molecules. In work by Juita et al., an allyl peroxy radical species, an
early species formed by oxygen addition to a conjugated radical, was examined as a major
producer of volatiles.” Their computational study followed two pathways for the production of
small volatile molecules via either a four-membered dioxetane intermediate or a five-membered
ring that could decompose in two elementary steps. These pathways are relevant to systems that
contain mixtures of fatty acids with multiple points of unsaturation. The desire to produce
hexanal from a linoleic acid derivative guided focus to the formation of volatile products via a
four-membered ring. This pathway is reproduced from the work of Juita et al. in Figure 3.3.
Researchers were also unable to locate a transition state along the minimum energy path for the
formation of these volatile products from the dioxetane intermediate, but estimated the energy
barrier to be ~20.1 kcal/mol. This barrier is high to be relevant at room temperature, so
additional high level quantum chemical calculations were performed here, using the same G4
method described above, to ensure that no transition states remained unexplored that lead to a

lower energy pathway for the production of volatiles at low temperatures.

Figure 3.3. Proposed mechanism forming hexanal through the (1) cyclization of an allylic

peroxy radical and (2) subsequent concerted decomposition into two carbonyl-containing
species.
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Due to the demonstrated importance of hydroperoxide species in the kinetic model, a
mechanistic pathway starting from a critical conjugated hydroperoxide intermediate was also
proposed and investigated using G4. The postulated mechanism was inspired by Hock cleavage
reactions,*>™ which are typically acid-catalyzed but can occur without the presence of any added

acid though a suggested zwitterion geometry by Farmer and Sundralingham.**'"®

3.4.4. Formation of Volatile Products from Dimers and Other Higher Order Species
A final mechanism considered for the formation of the volatile product hexanal was

inspired by the work of Morita and Tokita.***’

Their work proposed and experimentally tested a
mechanism for aldehyde formation from the homolytic decomposition of peroxide-linked
polymers with hydroperoxide functionalization into hydroxy radicals and aldehydes. This
scheme suggested that three bonds would need to be broken, either sequentially or in a concerted
fashion, forming four product molecules. This proposed mechanism inspired the proposal of a
series of elementary steps involving the decomposition of dimers and other higher order product
species to produce volatiles as shown in Figure 3.4, where a dimer species formed through
radical addition and containing hydroperoxide functionalization forms a precursor to an alkoxy
B-scission reaction that then forms hexanal and an allylic radical. The model system of ethyl-
linoleate assumes the presence of cobalt-2-ethyl hexanoate which catalytically decomposes
hydroperoxides into oxygen-centered radicals, thereby facilitating the first step in this pathway.
Parameters for the competing reaction that forms pentanal (through the further oxidation of the
pentyl radical) were also calculated to assess the relative contribution of this pathway to the
quantity of small aldehydes experimentally quantified. The attractive features of the proposed

mechanism in Figure 3.4 are that it is comprised of classic free-radical reaction types and that

parameters are available from experiment or structure-reactivity relationships.
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Figure 3.4. Proposed mechanism for the formation of the small volatile molecules hexanal and
pentanal (through the further oxidation of pentyl radicals) from a dimer or higher oligomeric
species. Alkoxy radicals are produced by the catalytic activity of cobalt decomposing
hydroperoxides, and B-scission can subsequently proceed via pathway 1 or 2.

3.5 Results and Discussion

3.5.1 Experimental Results
Results from the headspace analysis are presented in Figure 3.5. The experimental error

was determined to be approximately 7.5%. The results were compared to the existing literature
data from Oyman et al.” in the units of mmol per mol of EL, and agreement is generally good
for the available data points. New data in the region of 0-20 hr again highlighted the expected
ratio of the production of hexanal to pentanal which the earliest kinetic models struggled to
capture. Hexanal was initially generated at a rate of about 9.5:1 compared to pentanal and
decreased to a ratio of 6:1 as oxidation proceeded. These early curing time points were then used

for comparison to kinetic modeling results.
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Figure 3.5. Amount of volatile species hexanal (open squares 0) and pentanal (open triangles A)
detected by GC/MS headspace analysis during the oxidation of EL with a cobalt catalyst.
Results are compared to those of Oyman et al.’® which are designated using closed symbols.

3.5.2 Computational Results and Implications
A summary of all the mechanisms studied and the associated kinetic parameters is

presented in Table 3.1. The original reactions included in the kinetic model are labeled as -
scission pathways 1 and 2. Pathway 1 corresponds to the breakdown of a conjugated alkoxy
radical into a dienal and an alkyl radical, and pathway 2 leads to the formation of hexanal and the
vinyl radical. A sensitivity analysis revealed that the reaction energy barrier of pathway 2 would
need to be nearly halved in order to obtain yields of hexanal and pentanal that would be in
reasonable quantitative agreement with experiment assuming that the pre-exponential factor used

for the B-scission family remained consistent.
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Table 3.1. A summary of reaction mechanisms for the production of small volatile aldehydes.
Reaction barriers (E4) in kcal/mol and pre-exponential factors (A) in L/mol s (bi-molecular) or s’
! (unimolecular) for rate-determining steps are provided, the types of calculations performed to
determine these values are indicated and relevant literature describing the mechanism in detail is
cited.

Mechanism E4 (kcal/mol) A (L/molsors-') Calculation Performed References
Evans-Polanyi parameters > and
o 14 e sy . 17,36,37
B-Scission, Path 1 11.7 10 group additivity > to determine
AHg
B-Scission, Path2  24.3 10" Evans-Polanyi parameters 53 and 49,75,76
group additivity > to determine
Korcek 28.0 2.1 x10° Cyclization to a five-membered 77
Decomposition ring, M06-2X/MG3S
36.7 1.2 x 10" Cyclization to a six-membered
38.1 24x10"° ring, G4

Cyclization to a six-membered ring
with unsaturation, G4

Intramolecular H-  41.5 8.73 x10" G4 111
shift
Concerted 52.0 6.8x10" G4 49,83
Reaction
Dioxetane 24.6 3.9x10" G4 83,116
Intermediate
Dimer 8.7 10" Evans-Polanyi parameters > and 80
Decomposition group additivity ** to determine

AHgr

3.5.2.1. Korcek and Korcek-like Reactions
The results of the quantum chemical calculations are presented in Figure 3.6 as minimum

free energy pathways for the cyclization of representative keto-hydroperoxide species to cyclic
peroxides both with and without unsaturation in the final ring. The calculation was designed to
mimic the reaction coordinate achieved by Jalan et al. for a slightly larger C4 model keto-
peroxide and with the introduction of unsaturated chemical functionality that is integral to lipid
oxidation. Overall, the effect of unsaturation on the free energy barrier was mild, only increasing
the required energy by ~1.5 kcal/mol, but some structural observations can be made based on

following the reaction coordinate. The lowest energy reactant configuration containing a carbon-



58
carbon double bond is trans, but in order for cyclization to occur, the cis isomer must be adopted,

which is about 3 kcal/mol higher in energy.
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Figure 3.6. Free energy surfaces for the formation of a six-membered cyclic (a) saturated and (b)
unsaturated peroxide species. The unsaturated keto-hydroperoxide must undergo trans to cis
isomerization to obtain the necessary geometry for cyclization to occur.

Arrhenius parameters were calculated for both the forward and reverse reactions and are
summarized in Table 3.2. According to Jalan et al., this step is rate-limiting, and based on the
relatively high activation energy, incorporating these reactions into the kinetic model did not
change the concentration profiles of hexanal and pentanal, as expected. However, the availability
of an acid-catalyzed bimolecular pathway for the formation of the cyclic peroxide that
significantly lowers the activation energy (essentially barrierless) provides another mechanism
for the Korcek decomposition chain to proceed. At the temperature of interest, the critical
concentration of carboxylic acid functional groups that will shift the rate-determining step from
the initial formation of the cyclic peroxide to its subsequent fragmentation was not as low as the

literature value (fM quantities) because of the presence of the cobalt catalyst that can compete to
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decompose the keto-hydroperoxide, but is still achievable via other oxidation pathways such as
Baeyer-Villiger. However, the reaction barriers for fragmentation into the desired aldehyde and
acid products were also high (Ex=36.8 kcal/mol), and not much is known about the
decomposition of six-membered cyclic peroxide rings. The rate constant for the C3 cyclic
peroxide decomposition of a five-membered ring was substituted and used as a lower bound for
the rate of the unimolecular decomposition reaction, but for the reaction conditions of interest

and the early cure time scale, the experimental targets were still not met.

Table 3.2. Arrhenius parameters calculated for the forward cyclization and corresponding
reverse reactions of the minimum free energy pathways shown in Figure 3.6.

. E 1 E
. Asw 1 a,fwd Avey a,rev
Reaction fwa (57) (kcal/mol) %) (kcal/mol)
Saturated 1.2 x 10" 36.7 4.1 x 10" 423
Unsaturated 2.4 x 10'° 38.1 6.8 x10"? 46.8

This observation, however, does not rule out the potential importance of this pathway at
longer time scales or at higher temperatures, which could be easily tested using the microkinetic
model. Additionally, for lipid systems without added transition metal catalysts to decompose
hydroperoxide moieties, the contribution of this reaction pathway again increases in significance
and may particularly influence the formation of organic acids. Further theoretical study of cyclic
peroxide fragmentation reactions of larger molecules more representative of unsaturated lipids
would play a critical role in determining the responsibility of Korcek decomposition in these
types of reaction systems. Deeper mechanistic insights could also be achieved with more
quantitative experimental data such as the organic acid concentration profiles for this model EL

system.
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3.5.2.2 Intramolecular Hydrogen Shift
The calculated minimum free energy pathway for the 1,3-intramolecular shift of a

hydrogen atom of a hydroxyl group is displayed in Figure 3.7. The geometries of the lowest
energy reactant, transition state and product alkoxy radical are included, which were determined
by interrogating all conformational degrees of freedom based on rotations of all dihedral angles.
Arrhenius parameters for the forward reaction were calculated to be A=8.73x10'' s and E=
41.4 kcal/mol. The structure-reactivity relationship presented in the literature for this type of an
intramolecular reaction is actually a regression for the energy of activation as a function of TS

3 as opposed to AHg typical of an Evans-Polanyi relationship, but the concept is

ring size,"’
similar. When applied to this mechanism, the relationship yielded estimated values of E,=41.4

kcal/mol and A = 3.16x10"* s™ which align very closely with the value calculated for this

molecule using quantum mechanics.
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Figure 3.7. A free energy surface for 1,3-intramolecular hydrogen shift involving a hydroxyl
group. Geometries are also shown for the reactant (a), transition state (b) and product (c).



61

While this reaction mechanism does ensure that B-scission of the final alkoxy radical
product favors the formation of hexanal and an allylic radical, the high ring strain in the four-
membered ring transition state rendered this pathway kinetically inconsequential at room

temperature.

3.5.2.3 Reactions with Allylic Peroxy Species

3.5.2.3.1 A Dioxetane Intermediate
The previous alternatives involving B-scission reaction pathways all proceed through high

barriers and thus with small rate constants that cause these mechanisms to be kinetically
irrelevant at room temperature. However, rates are a function of both the rate constant and the
concentration of the reactant(s), and given the facile formation of peroxy radicals, they were
attractive candidates to lead to the formation of aldehydes. Formation of many small molecules
directly from a peroxy radical was proposed by Juita et al.” Although other volatiles may be
formed via lower energy pathways through more stable ring structures, the proposed pathway of
interest to form hexanal proceeds through a strained four-membered ring. Given that the
researchers were unable to isolate a stable transition state for the decomposition of the dioxetane
intermediate, it was sought to confirm the lowest energy pathway for this mechanism with G4
since it has recently been demonstrated to have a high level of chemical accuracy for oxygenated
and radical species.''” As seen in Figure 3.7, the calculated value for the energy barrier for the
first elementary reaction step, cyclization, using the G4 method faithfully reproduced their result
of 24 kcal/mol within the expected error for quantum chemical calculations. The Arrhenius
parameters subsequently regressed for the forward and reverse reaction steps were determined to
be E, = 24.6 kcal/mol and 18.8 kcal/mol, respectively, with pre-exponential factors of

A=3.9x10"" s and 4.02x10"? s\,
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For the decomposition of this ring, a transition state was located and is shown on the
potential energy surface in Figure 3.8. Key structural parameters were a C-C bond length of 1.64
A and an O-O bond length of 1.87 A in the fracturing dioxetane ring. The predicted AG' was
slightly higher than that proposed in the literature. The Arrhenius parameters yielded for this
reaction were determined to be E, = 23.7 kcal/mol and A=4.45x10"? s”'. The associated rate
constant was once again too low to be competitive at room temperature for hexanal production as
the required peroxy radical reactant readily abstracts abundant bi-allylic hydrogen atoms from
the EL substrate in the early curing regime of interest. However, these reactions were

incorporated into the kinetic model to enhance the accuracy of experiments run at a variety of

oy

temperatures.

Relative Free Energy (kcal/mol)

Reaction Coordinate ———>
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Figure 3.8. Free energy surface for the formation of two terminal carbonyl species from the
decomposition of a peroxy radical. Results are in good agreement with those that Juita et al.”

were able to report, with the addition of a definitive transition state for the decomposition of the
dioxetane intermediate.

3.5.2.3.2. A Concerted Reaction Pathway
Like the conjugated peroxy radical, an allylic hydroperoxide is a critical reaction

intermediate that can build up in the reaction mixture at quite high concentrations until it is
catalytically decomposed. Exploring reaction pathways from this species led to an attempt to
determine kinetic parameters for a mechanistic postulate proceeding through a zwitterion as

originally proposed by Farmer and Sundralingham.'"

While it was not possible to stabilize a
zwitterion, the exploration did lead to the discovery of a concerted decomposition reaction. The
transition state geometry of this intramolecular reaction is shown in Figure 3.9. Key parameters

for the breaking bonds were O-O = 1.80 A and C-C = 1.57 A, and the forming bond between the

oxygen of the transferring hydroxyl group and the sp” carbon was 1.80 A at the transition state.

1.795

1.792

@
° “1.566

Figure 3.9. Structure of the transition state for the concerted decomposition of a conjugated
hydroperoxide into an aldehyde and an alcohol. Relevant interatomic distances are included in
Angstroms (A).



64

While the activation energy for this reaction, E,= 52.0 kcal/mol, and the pre-exponential

factor, A= 6.8x10" s, resulted in a calculated rate constant that excluded this reaction as a
possible candidate for hexanal formation, it offers a new pathway for the formation of volatiles
during hydrocarbon oxidation at much higher reaction temperatures that could be relevant to, for

example, oil oxidation in food applications.'"®

3.5.2.4 Formation of Volatiles from Dimers and Other Higher Order Species
The final mechanistic postulate was inspired by the work of Morita et al.** In their work

they offered a key insight that small volatiles may actually be primarily produced from larger
secondary products rather than from reactants or primary products. Previous mechanistic
alternatives to PB-scission pathway 2 (Table 3.1) all required routes that involved high energy
barriers as conjugated double bonds were re-oriented into a position convenient for hexanal
formation. However, in this mechanistic postulate, the presence of the conjugated double bonds
was exploited as shown in Figure 3.10 to create a dimeric species with a low energy barrier to

forming hexanal through traditional alkoxy B-scission.

Radical addition reactions by peroxy radicals across conjugated double bonds are highly
exothermic and facile. Using Evans-Polanyi parameters' and heats of reaction calculated using
Benson group additivity values,” the energy of activation for radical addition to form a dimeric
species is 6.7 kcal/mol. In addition, a typical frequency factor for this reaction family is A =
1x10° M s. Once this radical species is formed, oxygen addition is rapid. Another hydrogen
abstraction reaction forms the dihydroperoxide dimeric species depicted in Figure 3.4 and Figure

3.10.
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Figure 3.10. Scheme for the formation of a dimeric species through 1) peroxy radical addition
across conjugated double bonds followed by 2) the potential isomerization of the allylic radical
and 3) oxygen addition and hydrogen abstraction to form the second hydroperoxide group.
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Next, the kinetic model included routes for hydroperoxide functionalities to be
catalytically decomposed by the presence of cobalt metal ions into peroxy and alkoxy radicals.
The alkoxy radical resulting from this catalytic decomposition could then undergo B-scission,

leading to hexanal via a much lower barrier of 8.7 kcal/mol compared to pathway 2 (Table 3.1).
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When each of these reactions and kinetic parameters were incorporated into the kinetic model,
the result was a significant increase in hexanal production and a decrease in overall pentanal

production as shown in Figure 3.11 relative to the previous results."

These mechanisms imply an induction time for the formation of hexanal relative to
pentanal, although it was ultimately a major product formed in much higher quantities than
pentanal at these temperatures. This new mechanism offers promising pathways for the
formation of these species at room temperature. Given the fast curing rate of EL, and other metal
catalyzed oil-based systems, several data points within the first 24 hours of curing time were
needed to develop a thorough mechanistic understanding of the formation of volatile species, a
gap that was sought to be filled by the experimental data presented in this work. Data at these
lower temperatures offer valuable quantitative targets for comparison during the iterative process

of model development and optimization.

A comparison of the theoretical prediction of the model to experiment indicates that the
further oxidation of pentyl radicals produced from B-Scission pathway 1 was indeed the main
source of volatile pentanal. The model still underestimates the experimental predictions of
hexanal relative to experiment, but this could be due to the stoichiometric limits placed on the
model by restricting the model size to only include monomeric and dimeric species as well as
constraining the peroxy radicals allowed to undergo radical addition to the two major conjugated
radical C20 isomers found in the system. Theoretically, the identity of the peroxy radical that
adds to the double bond need not be so limited and any higher rank oligomer with the

appropriate alkoxy radical B to a peroxy bond should be able to form hexanal from the chain end
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scission. One can imagine that with a larger reaction network generated automatically, as well as

parameter optimization, the model can be further improved as will be discussed in Chapter 5.
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Figure 3.11. Concentration profiles for the volatile aldehydes, hexanal and pentanal, generated by the
microkinetic model (lines). Agreement with measured experimental values (hexanal m, pentanal A) is
vastly improved from previous versions of the model that did not allow for volatiles to be formed from
higher rank products.

3.6 Conclusions
Through the use of computational approaches, this work explored numerous mechanisms for

the formation of volatile products, focusing on hexanal in particular. In the context of a
microkinetic model, mechanistic postulates parameterized by theory or structure-property
relationships such as the Evans-Polanyi relationship were tested for their kinetic relevance within

the range of expected computational error. Most of the pathways tested in this work were
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appropriate for oxidation chemistry performed at conditions more extreme than room
temperature. The results indicated that a reasonable mechanism for the formation of volatile
products at room temperature could be accomplished by the scission of chain ends from higher
order (dimeric or larger oligomeric) species. This conclusion was tested through the comparison

of newly obtained experimental data from GC/MS headspace analysis in the early cure regime.

This mechanism also has important implications for the formation of an overall cured
coating. If elevated temperatures shift the competition between intermolecular addition and
abstraction reactions that propagate chain growth to favor intramolecular reactions that lead to
chain scission, artificially aged mock-ups of paint layers will not demonstrate the same level of
stability as their naturally aged counterparts, making treatment decisions for art objects based on
the response of samples aged in this way less meaningful. Computational models have the ability
to readily explore the effects of a variety of environmental conditions and could be used to
quickly optimize artificial aging parameters. With newly acquired headspace data in the early
cure regime now available to calibrate model parameters, the benefits of constructing detailed
models of chemical pathways to develop a fundamental understanding of oil-based materials’
evolution in time as demonstrated here could extend to other systems involving oxidation

chemistry.
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Chapter 4

Theoretical study of epoxidation reactions relevant to hydrocarbon
oxidation

Material in this chapter is reproduced from the article “Theoretical study of epoxidation
reactions relevant to hydrocarbon oxidation” by Lindsay Oakley, Francesca Casadio, Kenneth

Shull and Linda Broadbelt; Industrial & Engineering Chemistry Research, 56, 7454-7461.'"*

4.1 Introduction

Hydrocarbon oxidative processes play an important role in many industries, ranging from
machine manufacturing to food science to coatings. Depending on the application, it is often
desirable to mitigate or promote these types of reactions. For instance, in the case of lubricants or

76.119-121 hereas in the case of oil-based

edible oils, oxidative reactions shorten product lifetimes
paint coatings, autoxidative mechanisms play an essential role in the curing and stability of the
paint films.>**"'** Microkinetic modeling is one powerful method of exploring key factors that
influence the kinetics of these reactions on the molecular level and can provide insight into

potential ways to optimize desired processes. These models can also be continuously expanded

to accommodate and test new pathways as they are proposed.

However, there are challenges associated with assembling a reaction network at the
elementary-step level for condensed- phase oxidation. The construction of a microkinetic model
requires detailed knowledge of the kinetic parameters of the relevant chemistry to enumerate all
of the elementary steps in the reaction mechanism. For hydrocarbon oxidation, the number of

steps can be quite large, making the task of parametrizing each one formidable. Many
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researchers in the modeling community have adopted the practice of using structure—reactivity

- - - L 123-125
relationships to estimate rate coefficients.

In early instances, these kinetic correlations were
determined empirically, but the advent of computational chemistry has allowed such correlations

to be derived using quantum chemical methods in conjunction with transition state theory.

As applied to hydrocarbon oxidation, several relevant Evans—Polanyi'® or Blowers-
Masel'?® type correlations have been investigated and calculated for the fundamental free-radical
pathways.”>''*'?7 Yet, pathways for more minor products have not been as thoroughly
investigated, either because of their lack of kinetic relevance or because they can be fit using
empirical methods. However, use of a derived kinetic correlation will offer more flexibility in a
kinetic model for exploring a range of environmental conditions without having to repeatedly
perform fitting procedures. A seminal work by Muizebelt et al. demonstrated that, during the
early stages of oleoresinous paint curing under ambient conditions, a nontrivial concentration of
epoxide functional groups is present that slowly disappears as the curing and aging of the coating
progress over time.”> Understanding the mechanisms that lead to the formation and transient
nature of these epoxide intermediates is of interest. Budnik and Kochi proposed a mechanism for

128
and

the epoxidation of hydrocarbons from alkylperoxy radicals and unsaturated species,
Benson also discussed these reactions, remarking on the lack of experimental data for
comparison that appears to persist today,'”’ with only a handful of studies available in the
literature. Baldwin et al. proposed Arrhenius parameters for the formation of oxirane at high
temperatures (400—500 °C) but commented on the difficulties of accurately measuring low

130

product levels. " Bloodworth and co-workers were able to determine a rate constant for the

formation of oxiranes from fert-butylperoxyalkyl radicals at 298 K of 4 x 10° s using electron
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spin resonance (ESR) spectroscopy.®' Theoretical studies of the formation of oxiranes from
alkylhydroperoxy radicals are catalogued in the kinetics database of the National Institute of

132-134

Standards and Technology (NIST),''? including the works reported in references , as well

as more recent works, >

yet these calculations have not been extended beyond aliphatic
systems to include allylic radicals or to investigate larger species with more highly substituted
alkoxy leaving groups. Ascertaining the effects of these types of substituent groups is critical to
the calculation of a structure—reactivity relationship for this relationship to be widely

generalizable to hydrocarbon systems that include long chains and varying degrees of

unsaturation.

The aim of this work was to use quantum chemistry to generate a kinetic correlation for
hydrocarbon epoxidation reactions that is suitable for use in microkinetic models of low-
temperature oxidation reactions and that has a much broader substrate range and thus
applicability. Toward this end, the substrates included in Figure 4.1 were selected to contain a
variety of substituent groups to explore broader chemical space and, in turn, a wide range of
heats of reaction while still being computationally tractable. Notably, cyclic allylic peroxy and
benzylic radical species were also included to thoroughly assess the generalizability of these
structure—reactivity relationships to a variety of oxidizing substrates. In particular, this work was
motivated by the desire to model the curing of linseed oil, a triacylglycerol with highly
unsaturated fatty acid tails that is a widely used binding medium in fine arts paintings and other

works of art.
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Figure 4.1. Reactant radicals undergoing direct epoxidation through homolytic O—O bond
cleavage that were examined using quantum chemical calculations.

21.

4.2 Computational Methods

All quantum chemical calculations were executed using the Gaussian 09'"' software
package. For each reaction, conformers of reactants, products, and transition states were
explored, and minimum-energy structures were optimized using the Berny algorithm."*® When
the algorithm identified a first-order saddle point on the potential energy surface as a transition
state, a frequency calculation was used to confirm the presence of only a single large-amplitude
imaginary vibrational mode. A visualization of this mode and additional intrinsic reaction
coordinate (IRC) scans confirmed that the proper transition state was connected to the desired

reactant and products. The hybrid G4 method'” was selected to calculate thermochemical
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properties because it was demonstrated to provide accurate values of kinetic and thermodynamic
parameters involving reactions of radical species in previous studies.”'**'*! As the first steps in
the G4 energy calculation routine, the geometries were optimized and the frequencies were
calculated using the B3LYP functional with the 6-31G(2df,p) basis set. Subsequent steps
included zero-point energy calculations at the MP-2(full) level of theory. Solvent effects were
determined to be negligible by comparing vapor-phase energy barriers for two reactions (those of
species 1 and 6) to the same barriers determined using a solvent continuum model with four
different solvents described by dielectric constants ranging from 1.9 to 9.8. The dielectric
constants of oils at 298 K are between 2 and 4. The resultant frequencies were scaled by a factor
of 0.9854 according to the recommendation of Curtiss et al.'** Ultimately, the frequencies were
used to determine the temperature-dependent total partition function with corrections for internal
rotation treated as hindered rotors using the program Calctherm,'® which, in turn, was used to
determine the rate constant as a function of temperature using transition state theory.'®™ A
Wigner tunneling correction was also applied.'®® This allowed the Arrhenius frequency factor, 4,
and activation energy, Ea, to be extracted from a linear fit of the traditional Arrhenius plot of

In(k) versus 1/T. Temperatures ranged from 300 to 1000 K in 100 K increments.

2.3 Results and Discussion

Systematic searches for the lowest-energy transition state revealed the importance of
minimizing the effects of hydrogen bonding between the alkoxy leaving group and the newly
formed three-membered ring. The presence of hydrogen-bonding interactions resulted in lower-

amplitude, highly coupled imaginary vibrational modes in the transition state. An example free
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energy profile and the associated geometric characteristics of the reactant, products, and

transition state, with key bond lengths and angles included, are shown in Figure 4.2.

A)
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Figure 4.2. Representative free energy profile for reactant 6 in Figure 4.1 from G4 calculations.
Values are referenced to reactant structure A. Also shown are the (B) transition state geometry,
as well as the structures of the (C) epoxide product and (D) alkoxy leaving group. Key bond
lengths and angles are also indicated in Angstroms and degrees, respectively.

This diagram highlights the exergonic nature of the forward reaction. For all species observed,
when the C—C—0O bond angle moved past 85°, the O—O bond ruptured, and the epoxide group

formed. The kinetic and thermodynamic properties derived from the quantum chemical
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calculations carried out as described above for the homolytic cleavage of the O—O bond in

reactants 1-25 (Figure 4.1) are presented in Table 4.1.

Table 4.1. Kinetic and Thermodynamic Properties Calculated for the Reactants Shown in Figure
4.1 Based on G4 Energies and Corrected for Internal Rotations, Including Key Aspects of the
Reactant Radical Structure (Alkyl, Allylic, Cyclic, or Benzylic) and the Alkoxy Leaving Group
(Hydroperoxy or Alkylperoxy).

Reactant Reaction Characteristics A H{z wd Ei wd logA?de E%eY logA]JeV

(keal/mol)  (Kcal/mol) (s7) (kcal/mol) ()

1 alkylhydroperoxy -15.1 15.9 13.0 30.4 4.95

2 alkylhydroperoxy -16.0 14.0 12.6 29.2 4.06

3 alkylhydroperoxy -16.5 12.6 12.6 27.4 2.60

4 allylic hydroperoxy -4.3 20.1 13.6 23.5 4.61

5 allylic hydroperoxy -3.7 19.3 13.0 22.5 4.75

6 allylic alkylperoxy -8.9 19.3 13.0 27.6 2.21

7 allylic alkylperoxy -8.3 17.7 11.1 25.7 1.13

8 allylic alkylperoxy -8.3 19.0 13.0 26.6 1.29

9 allylic alkylperoxy -7.8 17.8 11.6 25.6 1.09

10 alkylhydroperoxy -16.7 11.9 12.7 27.9 3.78

11 alkylperoxy -21.3 11.6 12.6 32.0 1.23

12 alkylperoxy -20.6 10.2 11.2 30.7 1.06

13 alkylhydroperoxy -17.6 10.2 12.5 26.9 3.77

14 allylic hydroperoxy -4.6 17.8 13.7 21.5 4.58

15 alkylperoxy -22.4 10.1 12.5 31.9 2.21

16 cyclic allylic -1.0 18.9 13.1 20.2 6.75
hydroperoxy

17 cyclic allylic -6.1 18.6 13.2 254 5.87
alkylperoxy

18 cyclic hydroperoxy -15.5 14.3 13.5 29.4 5.81

19 cyclic alkylperoxy -20.0 14.6 13.8 34.1 3.43

20 Benzylic -6.4 19.5 13.3 25.1 4.28
hydroperoxy

21 Benzylic -11.4 18.3 12.9 29.1 2.34
alkylperoxy

22 Benzylic -7.3 17.9 13.8 24.4 4.75
hydroperoxy

23 Benzylic -11.9 16.7 12.7 28.0 2.04
alkylperoxy

24 Benzylic -7.9 17.2 13.3 24.2 4.46
hydroperoxy

25 Benzylic -12.0 17.2 13.9 28.2 2.02

alkylperoxy
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It should be noted that hybrid chemistry CBS-QB3 calculations were also attempted.'**
As similarly reported in several previous studies, these calculations suffered from high spin
contamination in the transition state, which caused the barriers to be consistently underestimated
because of the use of an empirical correction term utilizing the result of the spin operator. This
problem was first noted by Wijaya et al., and a ~2.5 kcal/mol barrier height correction was
added in their work to remove the empirical correction and account for this discrepancy. It was

determined that these corrected CBS-QB3 calculations were in good agreement with the G4

results.

Other studies using CBS-QB3 did not clearly apply any correction to the barrier and
obtained values that were consistent with each other and with the uncorrected results from
the CBS-QB3 results presented here and those of Wijaya et al.,'** varying only in their selection
of conformers and treatment of low-frequency vibrational modes and tunneling, which mostly
affected pre-exponential factors.”>"*” Cord et al. compared simulated lumped concentration
profiles to experimental data and observed an overestimation of the predicted oxirane products,
confirming that the uncorrected barrier was indeed too low. Similarly, Zhang et al.'* reduced the
kinetic parameters taken from the work of Villano et al.'*’ to match their experimental results for
the formation of cyclic ethers in n-hexane oxidation, which indicates that the method might be
systematically underestimating barrier heights. Recently, Somers and Simmie''” performed an
important benchmarking study comparing CBS-x, Gn, and W1 methods for determining the
thermodynamic properties of small oxygenated radical and closed-shell species. Their results

strongly suggested the use of G4 methods for radicals if the highest degree of chemical accuracy
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is sought. Consequently, despite its higher computational expense, G4 was selected for the

calculations carried out in this work.

The data collected in Table 4.1 capture three important trends. First, the presence of an
allylic radical dramatically increases the barrier height for the epoxidation reaction through
cyclization by an average of 6.6 kcal/mol compared to the corresponding values for alkyl
radicals, which was determined by comparing species 4 to species 10, species 6 to species 11,
species 9 to species 12, and species 13 to species 14. This increase equates to a difference in rate
coefficient of approximately 5 orders of magnitude at room temperature, a relationship that holds
as well for cyclic saturated compounds (species 18 and 19) and their unsaturated counterparts
(species 16 and 17, respectively). The benzylic radical species examined were not found to
exhibit any clear trend in activation energies, especially relative to their allylic radical
counterparts, but they did play a crucial role in extending the range of reaction enthalpies
explored. Second, the trend that activation energy decreases as the radical becomes more highly
substituted (i.e., 1° > 2° > 3°) first described by Wijaya et al'>> was reproduced. This is most
easily observed in the series of reactants 1, 2, and 3. Finally, the results suggest that increasing
the size of the alkoxy leaving group has only a minor effect on activation energy. It is known that
the O—O bond dissociation energy of a hydroperoxide (ROOH) is larger than that of its ROOR
counterpart,'* so it was anticipated that this effect would influence the overall relative enthalpy
of reaction, and indeed, this effect was observed, for example, in the difference in AHg values
between reactants 4 and 6. However, extending the carbon chain length on the radical leaving
group did not appear to contribute significantly to further reductions in the activation energy

unless the additional atoms increased the degree of substitution near the oxygen radical as seen
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in the comparison among species 6, 8, and 9, where the barrier decreased by about 1 kcal/mol as
the leaving radical changed from methoxy to ethoxy to 2-propoxy. These emerging patterns and
their interactions emphasize the importance of investigating a diversity of substituent groups to
establish a kinetic correlation for modeling complex mixtures, such as drying oils, that have
varying degrees of unsaturation, usually ranging from zero to three double bonds, in each fatty

acid constituent.

It is also possible to compare some of the results with the limited values presented in the
literature. Kinetic parameters for the formation of oxirane are highlighted in Table 4.2 and
compared with values from previous theoretical studies. It should be noted that the calculated
rate constant, kgyq = 1.57 X 10* s !, for species 11 at 298 K matches well with the solution-phase
experimental rate constant, k = 4 x 10* s™', derived by Bloodworth et al."*' for a reactant with a

comparable radical structure.

Table 4.2. Comparison of calculated kinetic parameters with those presented in previous
theoretical studies.

Method E4 (kcal/mol) Log(A/s™)
*CH,CH,O0H—*OH + oxirane
Present Work G4 15.9 13.0
Present Work CBS-QB3+2.5 kcal barrier 16.8 13.1
adjustment
Wijaya et al. * CBS-QB3 17.0 12.6
BH&HLYP /6-311G** 16.7 12.7
Villano et al. CBS-QB3 13.3 9.2
Cord et al. CBS-QB3 14.2 11.0
Miyoshi CBS-QB3 14.9 13.0
Bugler et al. MO06-2X/6-311++G(d,p) 11.7 7.2
Sheng et al. CBS-Q//B3LYP/6-31G(d,p) 154 10.1
Chan et al. BH&HLYP 16.5 14.0

* also corrects barrier heights for spin contamination
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Using the results presented in Table 4.1, activation energies for both forward and reverse
reactions were plotted as a function of reaction enthalpy to establish a kinetic correlation. As
shown in Figure 4.3 the data could be fit well by a linear regression to produce an Evans—Polanyi
relation of the form the form of Equation 4.1, where E4 is the activation energy, AHy is the heat

of reaction, Ej is the intrinsic barrier and a is the transfer coefficient.

E, = aAHgy + E, (4.1)
The parameters of the fit were constrained such that agyq + 0y = 1, and the intrinsic reaction
barrier, Eg, was made equivalent for the exothermic and endothermic regimes to satisfy

thermodynamic consistency. The overall relationship is summarized in Equation 4.2.

_ (0.51(AHg) +21.4 for AHz <0

4= {0.49(AHR) 4214  for AHg >0 (42)

The line of best fit reveals a relationship with an o value very close to 0.5. Such a value provides
insight into the transition state geometry. An o value less than 0.5 indicates a transition state
geometry that is very “reactant-like”, whereas a value approaching 1 indicates a very “product-
like” geometry. The geometry implied by a value of ~0.5 is approximately symmetric and is
common for transfer reactions. The regression is reasonable over the entirety of the chemical
space explored, with an R* value of 0.82 in the endothermic regime and an R value of 0.80 in the
exothermic regime and largest residuals of 3.3 kcal/mol for species 19 and 2.7 kcal/mol for
species 21. This would introduce a maximum possible error of approximately 1—2 orders of
magnitude into the calculation of rate constants, assuming oxidation at 25°C. However, the
remaining residuals were within the expected computational error of 1-2 kcal/mol for barriers

calculated by G4.
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Figure 4.3. Evans-Polanyi plot of the forward exothermic epoxidation reactions (filled) and the
reverse endothermic radical addition reactions (open). Reactant characteristics assigned in Table
4.1 are represented by the following symbol shapes: alkylperoxy (o), alkylhydroperoxy (0),
allylic alkylperoxy (%), allylic alkylhydroperoxy (A), benzylic hydroperoxy(o) and benzylic
alkylperoxy(*). Species numbers from Table 4.1 are also listed with their associated data point
for ease of reference.

A closer examination of Figure 4.3 highlights the necessity of exploring a diversity of
chemical space to derive widely applicable kinetic correlations. A visual inspection of the
Evans—Polanyi relationship reveals several groupings based on similar chemical features that can
be explored in further detail. For example, the points in the cluster between AHg = —15 and AHr

= —20 kcal/mol shown in the close up in are all associated with alkylhydroperoxy species.
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Figure 4.4. A closer examination of the Evans-Polanyi plot in the region of -15 to -20 kcal/mol.
A new regression for only these points is provided. An example of the basic alkylhydroperoxy
radical structure exhibited by the species in this region is shown and species numbers from Table
4.1 are also listed with their associated data point for ease of reference.

If these species are examined in isolation, a dramatically different structure—property
relationship emerges. Linear regression in this region yields a relationship much more in line
with previous structure—property relationships presented for this family by Wijaya et al.'** and

1.7 as evidenced by the fact that the slope of the line is greater than 1. This effect

Villano et a
arises because of the formation of a lower-energy product complex, as shown in Figure 4.5. As
the O—O hydroperoxy bond lengthens, the small *OH leaving group is able to reorient and form a
strong hydrogen bond with the oxygen atom of the epoxide group. Such lower-energy product
complexes tend not to form for larger alkyl radical leaving groups because it is more difficult for

the larger leaving groups to move into favorable conformations. Allylic hydroperoxy species

such as 4, 5, and 14 also exhibit this complexation behavior and could ultimately form a separate
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correlation with a steep slope greater than 1 as well, but the points were clustered over too small
of a range of heats of reaction to draw such a conclusion. It is interesting to note that referencing
the product complex when calculating the heat of reaction instead of the infinitely separated
products shifts and collapses the points collected in Figure 4.4 into a more conventional Evans-

Polanyi relationship with a slope less than one.
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Figure 4.5. Representative enthalpy landscape constructed from G4 enthalpies at 298 K for
reactant 10. This diagram reveals the formation of a low-energy complex. When the heat of
reaction is referenced to this complex, an Evans—Polanyi relationship with a slope less than 1 is
recovered.
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However, as noted in a previous work,'?’ it is more valuable to maintain an Evans—Polanyi
relationship that is based on heats of reaction of the true reactants and products as these are the
species for which heats of formation are available experimentally, from group additivity, or from
straightforward quantum chemical calculations. Therefore, the relationship shown in Figure 4.4

would be the one used in the context of kinetic modeling.

This then raises the question of how finely chemical space should be divided such that a
reaction family is broken into subfamilies. For example, if the points in Figure 4.4 were removed
from the larger data set and a new overall correlation were regressed, the relations Epvg =
0.44(AHy) + 21.4 would emerge with improved R” values of 0.83 and a maximum residual of 2.5
kcal/mol. For kinetic models of the combustion of small alkanes for which only
alkylhydroperoxy (QOOH) species are relevant, the more specific correlation derived in Figure
4.4 is more appropriate for use, especially because the largest deviations from the general
correlation in Figure 4.2 occur in the AHg range from -10 to -20 kcal/mol and could cause
inaccuracies in the calculated kinetic parameters. However, this relationship cannot be used, or at
least should be very critically examined, in cases where unsaturated species play a critical role or
observed AHR values extend beyond the narrow range cited above. Subdividing the chemical
space into multiple reaction families based on the structure of the radical to enhance the accuracy
of the calculated kinetic parameters is appealing, particularly when reaction mechanisms and

149 that

parameters are determined with automated methods such as RMG,'** NetGen'* and others
inherently tie the molecular structure to thermodynamic and kinetic properties by molecular

graph representations and group additivity.
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4.4 Conclusions

This work provides a structure—reactivity relationship for hydrocarbon epoxidation
reactions that is broadly applicable over a range of heats of reaction covering a spectrum of
moieties connected to the O—O link that is cleaved. This effort extends previous works in the
literature that examined only very narrow ranges of values for the heat of reaction, and thus
chemical functionalities, making the relationship less extensible to a variety of systems. In this
work, a wide range of chemical space was explored to discern key trends and establish an
Evans—Polanyi relationship for this family of epoxidation reactions, particularly capturing
behavior due to the presence of conjugation for the first time. The Evans—Polanyi parameters,
specifically the transfer coefficient, a, close to 0.5, are consistent with a symmetric transition

state that has both reactant and product character.

Although a single Evans—Polanyi relationship captured all of the reactions reasonably
well, close examination revealed that there are several key structural features that affect the
nature of the calculated relationship. In particular, alkylhydroperoxy species have the ability to
form low-energy product complexes. When the heat of reaction was referenced to this energy
well, a classic Evans—Polanyi relationship was regressed narrowly for only these reactions, an
value greater than 1.0 resulted, and a correlation distinct from the overall Evans—Polanyi
relationship was evident. Based on these observations, it is possible that the use of multiple
Evans—Polanyi relationships for this family broken down by structural features might be
desirable to enhance the accuracy of the calculated activation energies, and it is proposed that at
least one subdivision be made, separating alkylhydroperoxy radicals from larger peroxy or

allyllically stabilized radicals. Implementing such a strategy today is straightforward in the
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context of kinetic modeling because of the availability of numerous computational tools that
enable the determination of the molecular structures of species of interest and the on-the-fly

calculation of kinetic parameters during the generation of a reaction mechanism.

This work also underscores the fact that Evans—Polanyi relationships, while extremely
valuable tools that facilitate detailed mechanistic models of complicated processes with diverse
species, should be used cautiously. If a relationship were derived from a set of molecules with
insufficient diversity, errors could be introduced when its application was expanded to larger and
more complex systems. When constructing a kinetic correlation, it is critical to explore a
wide range of property values to be confident in the translatability of the resulting relationship
to a variety of systems. In the context of hydrocarbon oxidation, it is recommend that
relationships developed primarily for saturated systems be scrutinized closely, as it was observed
that the addition of an allylic group had an appreciable effect on the resulting parameters for the

epoxidation reaction studied here.
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Chapter 5

An expanded microkinetic model for the condensed phase, cobalt
catalyzed autoxidative curing of ethyl linoleate

5.1 Introduction
For centuries, artists have used natural oils as media to create some of the world’s most

valued painted objects.'® The masters of today have an even greater range of oils and faster
drying, synthetic oil-based alternatives, such as alkyds, available to them.>'* Frequently,
transition metals are added either as pigment or explicitly as catalysts to speed drying times of
the paint layers. Cobalt-based catalysts in particular have been the subject of much scrutiny
because they are effective catalysts but would ideally be replaced by more environmentally
friendly alternatives.?***!?21>1"133 Understanding how these materials cure and age at the
molecular level is of vital importance to both ensure the long term durability of painted surfaces
as they experience a variety of chemical and mechanical stresses, as well as for designing
effective catalytic mimics to replace undesirable additives. The early autoxidative curing regime
establishes the composition of a crosslinked network that contributes to the long term structural
integrity of the paint layer. Pathways that lead to the formation of non-crosslinked, usually small
molecules, are also critical to understand as these species may be prone to extraction during
cleaning or migration and escape from surfaces overtime which could affect the appearance of

the object.

Computational kinetic modeling, specifically microkinetic modeling, has a natural and

important role to play in the process of developing a deep mechanistic understanding of the
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autoxidation of these types of materials. Microkinetic models are built from elementary steps and
make no assumptions about rate-limiting reactions. Consequently, the role of numerous reactive
intermediates can be examined and analyzed in a way that would be extremely difficult to
capture experimentally. A variety of reaction conditions can be explored without having to
obtain new parameter sets. Additionally, microkinetic models can be rapidly scaled to account
for increased model complexity or new proposed pathways. However, the oil-based substrates of
interest are usually a mixture of C18 fatty acid esters with varying degrees of unsaturation that
chemically crosslink in the presence of oxygen and lead to extensive product diversity in the
model that is prohibitive depending on how explicitly unique isomers are tracked. Automated
computational tools to aid in model construction and representative model compounds such as
individual fatty acid ethyl or methyl esters make this problem much more tractable while still

allowing for important and applicable insights on the molecular level.

Very recently, gas phase microkinetic models have been created for polyunsaturated fatty
acid esters substrates, predicting behavior such as ignition time for combustion.'>* However,
condensed-phase models for these species have lagged. Without transition metal catalysts or
elevated temperatures to initiate radicals, the autoxidative process occurs much more slowly,
over timelines where it is challenging to manage the collection of experimental data for
comparison. The preliminary model for this system presented in Chapters 2 and 3 was
insufficient to completely capture experimental behavior due to a lack of higher order product
diversity which placed stoichiometric limits on the model.” However, the results were
promising in that a larger, more detailed model should close gaps between experimental data and

theoretical predictions, especially by automating the process of generating the reaction
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mechanism which is presented here. This work presents a detailed model of the autoxidation of a
fatty acid ethyl ester that also includes a transition metal catalyst. With this model it was sought
to both accurately describe experimental observations and make predictions about behavior at a

variety of temperatures and catalyst concentrations.

5.2 The EL model system and autoxidation mechanism

5.2.1 Ethyl linoleate as a model system
Ethyl linoleate was chosen as an appropriate model system for oil and oil-based paint

coatings for several reasons. Assuming that the curing chemistry of interest occurs primarily
around the regions of unsaturation in the fatty acid tail, ethyl linoleate was a reasonable balance
between the much less reactive oleic acid ester with a single double bond and the complexity of
the product distribution observed for linolenic acid with three double bonds. Ethyl linoleate has
been identified as a useful single component oil analog and model system for autoxidation in

2830323436 and using this molecule as the oxidizing substrate allowed this

several experiments
information to be leveraged for the evaluation of the performance of the model. As in previous
chapters, the model system presented here mimicked experimental conditions described by
Oyman et al.* for effective comparison (e.g. 40g of ethyl linoleate with 0.07 wt% of Cobalt(IT)
2-ethyl hexanoate (CoEH) catalyst) The system was assumed to have an excess of oxygen
available for autoxidation and so the oxygen concentration of the system was fixed (dC/dt =0) at
the saturation limit for dissolved O, (0.00218 mol/L) measured at 25°C in soybean oil which has

72,73

a high linoleic acid content. The system was then treated as a homogeneous batch reactor at

25°C.
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5.2.2. Mechanism and kinetic parameters
Because of the large number of species involved in kinetic models of hydrocarbons, kinetic

correlations derived for similar reaction types classified together as a reaction “family” are often
utilized to reduce the number of parameters needed to characterize the reaction network when
values are not readily available from experiment. In this work an Evans-Polanyi type correlation
was frequently employed which, to reiterate, relates the thermodynamic quantity, the heat of
reaction (AHgr) with the activation energy, Ea, via the equation Ex = E¢ + aAHg, where Ej is the
intrinsic reaction barrier and o is the transfer coefficient.> A representative pre-expontential
factor for each reaction family was also used. Heats of reaction were obtained using Benson’s
group additivity method® and a database of values from the NIST Structure and Properties
Database® supplemented by the Broadbelt research group’s own calculations as needed. A
library of chemical mechanisms and kinetic parameters are discussed in a previous work."
Notable additions to this library included radical addition reactions which lead to the formation
of larger oligomers by the addition of peroxy radicals across the readily available double bonds
in the system, in particular, conjugated double bonds. The allylic radical could then isomerize
and add molecular oxygen to continue to propagate the autoxidative process or a unimolecular

128 .
could occur. A recent work discussed the

epoxidation first proposed by Budnik and Kochi
development of Evans-Polanyi parameters for this reaction explicitly including the effects of

unsaturation."'* A final summary of the optimized parameter set for the microkinetic model is

included in Section 5.4.



90

5.3 Computational Methods

5.3.1 Automated Mechanism Generation
Automated mechanism generators have greatly impacted the field of microkinetic

modeling in recent decades, allowing for the exploration of increasingly complex

148,149,155 14,156,157

systems. Here the automated mechanism generator NetGen was employed which
operates on two key principles. First, while the number of elementary reaction steps, particularly
for hydrocarbon oxidation, may be large, the number of different types of chemistry occurring,
i.e. the number of “reaction families”, is actually quite small. For example, the abstraction of a
bi-allylic hydrogen by a peroxy radical may be described as a general reaction family that applies
to all peroxy radicals in the system. The generation of the molecular graphs in adjacency matrix
format of the subsequent hydroperoxide and carbon centered radical is implemented via a
straightforward matrix addition operation that is made facile by the second principle which is
that the number of atoms actually involved in the reaction is small and those atoms not
participating in the reaction can be ignored during this step. An example of this matrix
transformation is shown in Figure 5.1 for a B-scission reaction where the diagonal elements

represent unpaired electrons on the atom and the off diagonal elements represent the degree of

any bonds between the elements.

The representative hydrogen abstraction reaction family described above could be even
more generalized to the simple abstraction of any hydrogen by any radical type, but it is valuable
to add further constraints to reaction rules if different radical types needed to be treated uniquely
when calculating kinetic rate constants or when certain reactions are unlikely to occur. In ethyl

linoleate, abstraction of allylic and bi-allylic hydrogens are much more energetically favored
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than the abstraction of hydrogens from sp’ carbons which can be excluded from the mechanism

by the formulation of the rule.

C C (o] C C 0
C 1 1 0 -1 1 0 C 0 2 0
C 1 0 1 + 1 0 -1 = C 2 0 0
0] 0 1 0 0 -1 1 o} 0 0 1

Reactant Matrix Reaction Matrix Product Matrix

Figure 5.1. An example -scission reaction matrix transformation where a C-O bond is broken
by a carbon radical creating a C=C double bond and an oxygen radical.

Even when constraining reaction rules as described above, the mechanisms generated can
be quite large. For radical systems forming oligomers through addition reactions, the mechanism
can grow indefinitely without specifying a termination criteria such as the rank of stable products
achieved"’ and the number of carbons allowed in a reacting molecule. Indeed, for the ethyl
linoleate system and autoxidation reaction families the initial mechanism size with a termination
rank criterion of 2 and a carbon limit of 40 (maximum oligomer size is a tetramer) was 68,197
species and 1,087,360 unique reactions. Since this was intractable to solve in a reliable and/or
timely way, work proceeded using the rate based mechanism generation tools built into NetGen™
which allowed for the calculation of kinetic rates on the fly and thus provided a method to pre-

screen kinetically irrelevant reactions and species from the final mechanism.

The construction of a reaction network using a rate-based criterion to control the
mechanism size required that the mechanism be simultaneously solved as it was formed. The

particular information that must be supplied by the user to do this included reactor design
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equations, reaction conditions and the necessary parameters to calculate thermodynamic and
kinetic quantities as discussed above in Section 5.2.2. Additionally, the size of an initial pool of
species, s, termed the “core” species was specified. These species are generated from the
application of the reaction family rules to the set of given reactants. The new species formed
from these reactions were considered “unreactive” until their rate of formation was high enough
for a given time interval to exceed a calculated threshold and they were reclassified as “core”
species. The reaction rules were again applied to new core species and the model was re-solved
to track the rate of formation of each species in an iterative fashion until no new species were
added to the core or the final reaction time was reached. This minimum rate of formation, Ruin,
threshold is calculated by determining the maximum rate of formation of the species in the
current core population and multiplying it by a value, & that was also user-defined.
Consequently, a smaller € resulted in a smaller Ry, and thus a larger mechanism as the threshold

for promotion to a core reactive species is lowered.

Mechanisms generated with a specific € and s parameter combination, were then judged to be
viable based on two specific criteria. First, reaction channels to all experimentally observed
products were required to be included in the model. Second, because the system included a
catalytic species, it was imperative that all steps in the catalysis cycle for the decomposition of

hydrogen peroxides, especially those regenerating the Co™

catalyst, were included in the
mechanism. Parameters for the selected mechanism that met both of these criteria and its

resulting size are included in Table 5.1.
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Table 5.1. Input variables s and ¢ for the automatically generated mechanism meeting the key
criteria. The resulting size descriptors are presented in terms of the number of species, reactions
and size of the largest oligomeric species generated.

Input Variables Automatically Generated Mechanism Size
Size of initial “core” User-defined Number of  Number of Unique Maximum
species pool, s Threshold, ¢ Species Reactions Oligomer Size
50 10 1,374 2,898 6 (114 Carbons)

5.3.2 Microkinetic Modeling
With the automatically generated mechanism in hand, a stiff ordinary differential

equation (ODE) solver'>® was used to generate concentration profiles. Since the cobalt catalyst
is a conserved species, it was treated algebraically. While previous preliminary models of this EL
system were solved using a stochastic Kinetic Monte Carlo framework based on the classic

stochastic simulation algorithm (SSA) of Gillespie,”"""

the calculations here proceed here using a
deterministic model because of the ability to easily use gradient-based methods to perform

parameter optimization. It should be noted that results from both the stochastic model of Chapter

2 and a deterministic version for the same mechanism are in agreement.

Parameter optimization was performed using GREG'’ which sought to minimize the
objective function based on the sum of squared residuals (SSR) shown in Equation 5.1, where y
are the lumped species concentrations of peroxides (in mmol/mol EL), the amount of oxygen
absorbed by the system (in mol/mol EL) and the concentrations of volatile species hexanal and
pentanal (in mmol/mol EL) for each time point i. A relative error in the experimental

observations of 10% was used to weight the calculated residual.

_ (YODS(I:) - Ymodel(i)) :
S5k = Zl( 0.1- yobs(i) ) (51)
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5.4 Results
The microkinetic model was used to generate the concentration profiles of all 1,374

species up to 100 hours of curing time. For comparison to available experimental observations,
data was lumped, such as in the case of the overall peroxide concentration, but other species
were considered individually such as hexanal and pentanal. The use of computational tools to
explicitly resolve and track unique isomers is valuable for the flexibility it provides for data

analysis at multiple levels of resolution.

Our model results were compared to the quantitative data from Oyman et al.** which
included the overall peroxide concentration of the system in Figure 5.2. This value comprises
both hydroperoxide (ROOH) and peroxide (ROOR) groups, and both the models’ total peroxide
content for comparison to the experimental data and the breakdown of the contribution from
hydroperoxide groups versus peroxy crosslinks are presented. From this division it became
clearer that the maximum in peroxide content at about 30 hrs corresponds to the decomposition
of the key intermediate hydroperoxide moieties and that the subsequent plateau was mostly
indicative of the concentration peroxy bonds. The overall oxygen uptake of the system was also

calculated from the model predictions and compared to experiment in Figure 5.3.
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Figure 5.2. The evolution of the total peroxide content of the system (blue line) compared to
results from Oyman et al.’*® The total peroxide content of the system predicted by the
microkinetic model is broken down in the contributions from hydroperoxide functional groups
(red line) and peroxide functional groups (yellow line).

Finally, the concentrations of the volatile species hexanal and pentanal were compared to
the experimental results from Chapter 3 in Figure 5.4 which were obtained using a similar
method to Oyman et al.* but filled in critical time points in the early 24 hours of curing in order
to confirm mechanistic postulates for the formation of hexanal, in particular. Having these extra
data points was extremely valuable during the process of parameter optimization. The amount of
hexanal produced represents a significant improvement over the previous generations of EL
models which first did not produce hexanal at all and then struggled to produce hexanal in

sufficient quantities with the addition of new reaction channels due to the lack of coverage in the



model of larger oligomeric species.

summarized in Table 5.2.
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The final parameter set used to obtain these results is

o
w (&

M
&

Oxygen Uptake (mol/mol EL)
RS

—
—
o

o
(3
g

— Total Oxygen Uptake
o Experiment

0 20

40 60 80
Time(hrs)

100

Figure 5.3. Comparison of the model prediction of the total oxygen uptake of the system (line)
to experimental data from Oyman et al.*® (points).

The parameters selected for optimization included two experimental rate constants for the

abstraction of a bi-allylic hydrogen by a peroxy radical and the regeneration of the cobalt

catalyst. Experience with the model has shown that the overall peroxide content and oxygen

uptake is particularly sensitive to these two parameters. Similarly, adjusting kinetic parameters

for radical addition and epoxidation reactions were particularly influential in controlling the

concentration of hexanal in the system as radical addition reactions to conjugated double bonds

create chain ends with a hydroperoxide moiety adjacent to peroxy group. When this

hydroperoxide moiety is catalytically decomposed by cobalt Co(Il), the resulting alkoxy radical
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can undergo a facile beta scission reactions. The unimolecular decomposition of ROORe«
competes with the formation of the adjacent hydroperoxy-peroxy structure so it is not surprising
that the recommend parameters decreased the barrier for radical addition and also decreased the
pre-exponential factor for the epoxidation reaction. Parameters were optimized within reasonable
boundaries that correspond roughly to the largest expected error in rate constants generated from
computational methods such as quantum chemical calculations, which is plus or minus a factor

of 10.
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Figure 5.4. A comparison of the production of volatile species to experimental data for the small
molecules pentanal (blue lines and points) and hexanal (red lines and points).



Table 5.2. Kinetic parameters for the microkinetic model with units for k and A in L/moles (bimolecular) or s™ (unimolecular) and E,

in kcal/mol.

Reaction Family Representative Reactions Reported & Parameters A E, Ofya’ References
Initiation Co" + 0, < Co™00- 6.66x107 36
0, Addition R+ + O, — ROO- 10° 0 0 53
Hydroperoxide ROO- + RH— ROOH + Re 0.9242%* 62,63
formation
Hydroperoxide ROOH + Co" — RO« + [Co"'OH] 0.5 47,64,65
decomposition ROOH + [Co™OH] — [Co™OOR] +H,0 2
[Co™OOR] — Co"+ ROO- .0095%*
Radical Addition" ROO- + C=C — ROORs 10%, 3.61x10%¢ 11.24* 0.24 99
Epoxidation ROOR+ — RO(epox) + RO* 8.59x10'* 21.9 051 114
B-Scission RO+ — R’C(O)H + R’ 10" 9.5 0.85 53
Hydrogen Transfer R¢+R’'H—-RH+R’s 10 9.1 0.7 53
RO+ +R’H — ROH + R’ 11.9 091
ROO- + R’C(0)H — ROOH + R’C(O)» 6.2 1
RC(0)00- + R’H — RC(O)OOH +R’* 3.05 1.1
Disporportionation 2R0O0+ — R(O) + ROH + O, 10° 0 0 53,66
2RO0+ — 2RO+ + O,
Recombination 2R+ — RR 108 RT 0 53-63
ROO- + R+ — ROOR
RO« + R+ — ROR
ROO- + ROO* — ROOR + 0, 10°, 4.08x10%¢
Baeyer-Villiger RCOOOH + RC(0O)H — 2RCOOH 1.2 x 10* 8.5 0 53

“See Pfaendenter and Broadbelt > for definitions of ag,q "Radical addition reactions forming allylic radicals are allowed to rapidly isomerize, however this reaction

family is used only for bookkeeping purposes. “* Separate pre-exponential factors were utilized for small molecules HO» and HOOs respectively, *optimized

\O
o]
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The overall agreement between model and experiment was qualitatively good, matching key
structural features in the experimental data. However, the good quantitative agreement in the
early 10 hours of curing falls off at longer times scales for peroxide concentration and oxygen
uptake where the concentrations are overestimated, oxygen uptake by a seemingly very precise 1
mol of O,. However, optimizing parameters to reduce this disagreement resulted in the
suppression of the production of hexanal relative to the results presented above. A deeper
exploration of the mechanistic steps included in the model based on the rate-based criterion
reveals why this overestimate of oxygen uptake and peroxide content are tied to the production

of hexanal in a stoichiometric way.

By examining the structure of the alkoxy radicals that decompose to form hexanal, it became
clear that they were primarily “over-oxidized” reactants, a term which reflects that the net moles
of oxygen added to the molecule exceeds that of the predicted experimental value (slightly
greater than 2). By revisiting Figure 3.10 and following the chain of reactions reproduced in
Figure 5.6 to observe where oxygen is absorbed by the system on the pathway to form hexanal

reveals how 3 mols of O, are readily incorporated into the reacting species.

Because oxygen adds so rapidly to carbon-centered radicals, the model favors the production
of species like C) in Figure 5.6. Pathways competitive with mechanistic step 3 exist (examples
shown as routes to species D & E in Figure 5.6), but did either not pass the rate-based threshold
in the mechanism generation phase or are not very competitive with oxygen addition.
Additionally, if species D & E can be formed in higher quantities, channels to the formation of
hexanal must also be included in the model. Currently the model includes pathways from species

D to hexanal, but again contribute in a minor way, but pathways from species E are not included.
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This analysis offers insight into two ways to enhance model agreement. First, there is the
inclusion of more reactions in the mechanism during the network generation step to incorporate
more routes to hexanal from less oxidized species. Secondly, is curbing the rate of oxygen
addition by using a different pre-exponential factor, particularly for higher rank, larger products
to avoid over oxidation. Support for this comes from the fact that at early time scales where
oxygen is primarly being absorbed to form species A, model agreement with experiment is good,
but drifts at longer times. It is possible that for larger molecules, oxygen addition is not as rapid
due to increased steric constraints and the possibility of more facile intra-molecular reactions
which is not captured in the current generation of the model. By subdividing the oxygen
addition reaction family to be described by multiple kinetic parameters, model agreement for the
oxygen addition and peroxide content can be tuned and improved without overly suppressing
hexanal production. These postulates can be easily tested within the framework of the

microkinetic model.

Additionally, the experimental set-up for obtaining peroxide data used the largest
quantity of EL material in the smallest container. Compared to the oxygen uptake and headspace
analysis experimental geometries, the percentage of surface area of the sample exposed to air is
much lower. Although EL does not form a skin while curing, the layer thickness may imply
some mass transport limitations and an oxygen concentration gradient through the sample that

may make optimizing agreement with all three data sets simultaneously a challenge.
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Figure 5.5 Model predictions for the peroxide content of the system generated with 67 model
parameters. The two additional parameters suppressed the addition of oxygen to larger radicals
and therefore reduced the amount of peroxides in the system to better agree with experiment.*

A comparison of Figure 5.2 and Figure 5.5 demonstrates the most significant
improvement when two additional pre-exponential factors, a factor of 20 lower than the reported
10° M s™" in Table 5.2, were implemented to describe subdivisions in the oxygen addition family
to account for molecular size and steric hindrance. Implementing more parameters is a logical
way to improve model agreement, however best practice for making changes such as this that
alter the ratios of rates between competing mechanistic steps would be to regenerate the reaction
network with these newly optimized parameters to ensure consistency and a complete

mechanism.
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Figure 5.6. Schematic of representative mechanistic steps that lead to hexanal from over-
oxidized reactant C). Ideally if mechanistic step 3 could be avoided by increasing the
competition to form reactants D) & E) and ensuring routes exist in the model to form hexanal
from these species, model agreement could be improved.
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The evolution of oligomers is presented in Figure 5.7. Species were categorized based on
the number of carbon atoms in the molecule (EL initially contains 20) with each oligomer type
representing a range of molecule sizes. Dimers were classified as compounds with a carbon
number C, 20 < C < 40, trimers were described as 40 < C < 60, etc. Muizebelt et al.> observed
mass fragments from mass spectrometry corresponding to pentamers and Oyman et al.”° resolved

peaks via size exclusion chromatography (SEC) for up to tetramers as well as higher order

species.
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Figure 5.7. The evolution of the concentration of oligomeric species. Species were classified as
dimers, trimers, etc. based on the number of carbons in the molecule.

Our model also predicts the concentration of other oxygen containing functional groups,
particularly ketones, alcohols and carboxylic acids as shown in Figure 5.8 which were observed

in another work by Oyman et al.>* but not quantified. Muizebelt et al.** also observed a
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significant concentration of epoxide functional groups (~10 mol% at 24 hours) during the
oxidation of ethyl linoleate with a cobalt catalyst which the model seems to capture well as the
predicted concentration on the order of 100 mM is approximately 10% of the concentration of

the initial starting material.

10% + P

—Ketones

10} — Alcohols
Epoxides

— Carboxylic Acids

Oxygenated Species Concentration (mol/L)

0 20 40 60 80 100
Time (hrs)
Figure 5.8. The microkinetic model predictions for key functional groups containing oxygen

during the first 100 hrs of cure time. These species were observed experimentally but not
necessarily well quantified for model comparison.

Muizebelt also observed the slow decay in the number of double bonded carbons in the
system which persisted in the system for up to a year. The predictions for the evolving
concentration of double bonds in the system during the early cure regime include an initial drop
followed by a regime of extremely slow consumption as shown in Figure 5.9. Further analysis of
these double bonds reproduced the progression observed by Oyman et al.>* that non-conjugated

double bonds are transformed to conjugated double bonds which then are further consumed via
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radical addition to form single isolated allylic groups as oxidation proceeds. The model
prediction of the percentage of conjugated double bonds in the system (~25 %) at 24 hours
matches with the experimental value presented by Oyman et al** from C NMR that
approximately 1 out 4 double bonded carbons per EL molecule are due to conjugated C=C

double bonds.

-

5.8 T

nN
w

oy
(o)
T
)
=]

o
£
T
o

e
o

Percent Conjugated Double Bonds
(4]

5 10 15 20 25
Time(hrs)

[92]
T
o

Double Bond Concentration {(mol/L)
(&)
N

1Y
o
T
|
|
1

4.6 ' ; : §
0 20 40 60 80 100
Time(hrs)

Figure 5.9. Microkinetic model predictions for the consumption of double bonds over 100 hours
of curing time. The inset tracks the percentage of double bonds that exist in conjugated form.

After examining the descriptive capabilities of the model its predictive capabilities were
explored. The model was used to observe the effect of the concentration of the catalyst. The
influence of the catalyst concentration on the rate of autoxidation was shown most dramatically

in the rate of consumption of hydroperoxides in Figure 5.10 as the peak shifted dramatically to
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the left as the amount of cobalt in the system increased. Starting from the initial amount of 0.07
wt %, the amount of catalyst was steadily increased until a peak in the hydroperoxide curve was

no longer observed at 1.4 wt %. Note that this amount is still less than when catalyst can start to

become inactive by complexing with a second cobalt species.‘”’15 2
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Figure 5.10. Microkinetic model predictions of the concentration profiles for lumped hydroperoxide
species at catalyst concentrations ranging from 0.07 to 1.4 wt%. Increasing the amount of cobalt in the
system dramatically increased the rate of consumption of these functional groups to form radicals.

Finally, the microkinetic model was used to examine the effects of temperature on the
rate of autoxidative curing. Although the range of temperatures selected from 25°C to 60°C is
relatively narrow and mild, it includes temperatures relevant for art conservation under typical
storage and display conditions as well as temperatures used to artificially age paint mock-ups for
study. The effect is best visualized by the rapid increase in the rate of double bond consumption

as shown in Figure 5.11 as a proxy for the consumption of the EL substrate.
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Figure 5.11. Microkinetic model predictions for the consumption of double bonds at increasing
temperatures from 25 to 60°C for 25 hours.

5.5 Conclusions
The microkinetic model constructed using rate based automated mechanism generation

techniques represents a significant improvement over previous generations of the EL model due
to enhanced mechanistic detail and subsequent descriptive power for metrics of model
performance that were previously problematic such as oxygen uptake and the production of
hexanal. The predictive capabilities of the model were tested by varying two main system
parameters, the reaction temperature and catalyst concentration. Increasing both of these
parameters displayed similar effects, namely that the rate of production and consumption of
hydroperoxides was rapidly increased and the length of time required to convert the EL substrate

changed from on the order of days to hours.
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The evolution of several key chemical moieties such as ketones, alcohols and carboxylic
acids were also predicted. While the concentrations of these species have not been explicitly
quantified experimentally for this model system, this data would be useful to continue to push
the model towards increasing complexity and therefore an increasingly applicable representation
of a paint layer. In particular, the quantification of carboxylic acid functionality would be
relevant to the field of cultural heritage science as free fatty acid groups are expected to complex
with transition metals to form soaps in later stages of aging.'® When these soaps aggregate and

migrate, significant damage can occur to paint layers.'®!

Models of low temperature, condensed phase oxidation in the presence of transition metals
offer significant value as a method to obtain deeper mechanistic insights for a variety of fields
interested in autoxidative processes, including and beyond art conservation. For instance, in
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biological systems these pathways are studied for their possible contribution to disease or in

the food industry where oxidation of oils can lead to undesirable odors or tastes.'*"'®
Constructing detailed kinetic models for these large polyunsaturated fatty acid ester substrates is

a complex undertaking where the boundaries can be continually pushed with ever-improving

computational methods and resources.
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Chapter 6

Summary and Future Perspectives

Several important overall conclusions can be drawn from this work describing the
construction of a microkinetic model for the autoxidative curing of ethyl linoleate. The model
results presented in Chapter 2 highlight the necessity of computational automation for the
construction of detailed mechanistic models for polyunsaturated hydrocarbon systems, as manual
construction can lead to the imposition of stoichiometric limits on the reaction progress and an
inability to achieve qualitative and quantitative agreement for some metrics. However, even in
this relatively small model, error in the prevailing mechanistic assumption in the literature for the

production of the small volatile molecule hexanal was evident.

This error was discovered because of the resolution of the model at the molecular level
which might have been otherwise missed if the model only predicted lumped concentrations of
the chemical moieties of interest. Accurate mechanisms for these small molecule non-crosslinked
species are key for extracting valuable information for the cultural heritage science community

about extractable components of cured paint layers that may be at risk during cleaning.

The review of mechanistic postulates for the production hexanal in Chapter 3 again
highlights the usefulness of microkinetic models for interrogating mechanistic assumptions, as
the kinetic relevance of multiple competing reaction channels can be assessed simultaneously.
From the evaluation of the set of assembled mechanistic pathways and their associated kinetic

parameters within the context of the microkinetic model, scission of higher rank oligomers was
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determined to be the major source of volatile hexanal. Enhanced confidence in this proposed
mechanism was derived from the creation of a more complete experimental data set to compare
against modeling results in the early cure regime (< 24 hrs) where the emergence of kinetic

signatures would be observed.

Chapter 4 adds a cautionary note to the development of the kinetic model. Because
experimental rate constants for most of the elementary steps considered in this model are rare,
the accuracy of the model is highly dependent on achieving good estimates for rate constants
from computational methods. Due to the relatively mild reaction conditions of interest, small
variations Arrhenius parameters can have a large impact on derived rate constants and thus the
model results. While the use of kinetic correlations is a very useful strategy to develop large and
detailed models for hydrocarbon oxidation, if they are created from a very limited number of
substrates or only regressed over a narrow thermodynamic range the extensibility of these
correlations may be suspect. In the case of epoxidation reactions, we observed completely
different regression behavior between unsaturated and saturated radical reactants and thus

recommend that at least two correlations be used to accurately parameterize this reaction family.

The second generation model presented in Chapter 5 of this thesis represents the most
detailed model of the condensed phase curing reactions of a large, polyunsaturated fatty acid
ester to date that also includes the active role of a transition metal catalyst. Tempering the size of
the automatically generated reaction mechanism using a rate-based screening criterion resulted in
a mechanism that contained routes to all experimentally observed moieties, contained routes to
form a diversity of large crosslinked species, and was still reasonably sized enough to be solved

quickly for 100 hours of curing time. The model displayed improved qualitative and quantitative
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agreement for several metrics. The model was also able to predict accelerated rates of curing for
increased concentrations of cobalt catalyst as well as increased temperature and it is anticipated
that the predictive power of the model could be expanded even further with more quantitative

experimental training data sets.

Opportunities to build on this work and generate kinetic models for increasingly relevant
oil-paint model systems include simulating mixtures of fatty acid esters with varying degrees of
unsaturation in the fatty acid tail. Because of the nature of automated mechanism generation
which applies a set of chemistry rules to a particular molecular substructure, the scale up
between ethyl linoleate with two bi-allylic hydrogens and linolenic acid with four is natural
although the product distribution is extremely more complex and requires large computational

resources to manage at such a high level of detail.

Additionally, the model could be extended to examine longer time scales by calculating
kinetic rate constants for hydrolysis reactions which break down ester bonds as the paint binder
ages and lead to the formation of diacid and free fatty acid species. Conservators often use these
diacids as a metric to estimate of the age of a painting as a function of the degree of hydrolysis
or as evidence to determine if an oil binder was pre-treated before use to shorten drying
times.'**'® The complexation of free fatty acid components with metallic species in oil paint
layers is also an extremely active area of research in the field where computational kinetic
models could provide useful insight given that the time scales of such phenomena are difficult to

capture experimentally.'®*'®’
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The detailed and dynamic description of the curing system generated by fully
mechanistic models could also be used to provide guidelines for models of oil paint conducted at
different time and length scales. For example, atomistic molecular dynamics simulations can be
used to explore the interactions of solvent molecules used for cleaning and treatment with the
cured network to assess the expected diffusion and penetration from the surface into a paint layer
as well as how other properties such as the modulus and glass transition temperature might be
affected. Formulating the initial starting state for these simulations could be directed by data
from the microkinetic model in terms of the extracted percentages of crosslink type (RR, ROR,

or ROOR) and other functional groups in the system.

The construction of a microkinetic model for the curing of an oil-based paint model
system has introduced an important platform for interpreting experimental results and deepening
the current understanding of the underlying chemical mechanisms. Adding computation and
simulation to the cultural heritage science toolkit for studying curing and aging pathways offers
an ability to interrogate mechanistic assumptions, correlate the chemical evolution of the system

® and extract information relevant for designing

with changes in mechanical properties,'®
improved artificial aging protocols to create increasingly accurate mock ups for testing
conservation treatments and appropriate storage and display conditions of priceless artworks.
Indeed, oil-based paint media are not the only materials that can benefit from the mechanistic
understanding generated by modeling tools. Objects containing relatively modern plastics and
rubbers can be particularly sensitive to thermal and photodegradative processes.”® Adapting
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models for the curing and aging of materials such as polystyrene to the cultural heritage

context opens many new avenues for investigation, achieving a primary aim of the field.
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