
Received: 30 June 2023 Revised: 25 January 2024 Accepted: 18 February 2024

DOI: 10.1111/1541-4337.13316

COMPREH ENS IVE REVIEW

Mathematical and computational modeling of fats and
triacylglycerides

Robert J. Cordina1,2 Beccy Smith1 Tell Tuttle2

1Cadbury UK Ltd., Birmingham, UK
2Department of Pure and Applied
Chemistry, University of Strathclyde,
Glasgow, UK

Correspondence
Tell Tuttle, Department of Pure and
Applied Chemistry, University of
Strathclyde, 295 Cathedral Street, Glasgow
G1 1XL, UK. Email:
tell.tuttle@strath.ac.uk

Abstract
Fats and oils are found in many food products; however, their macroscopic
properties are difficult to predict, especially when blending different fats or oils
together. With difficulties in sourcing specific fats or oils, whether due to avail-
ability or pricing, food companies may be required to find alternative sources for
these ingredients, with possible differences in ingredient performance. Mathe-
matical and computational modeling of these ingredients can provide a quick
way to predict their properties, avoiding costly trials or manufacturing prob-
lems, while, most importantly, keeping the consumers happy. This review covers
a range of mathematical models for triacylglycerides (TAGs) and fats, namely,
models for the prediction of melting point, solid fat content, and crystalliza-
tion temperature and composition. There are a number of models that have
been designed for both TAGs and fats and which have been shown to agree
very well with empirical measurements, using both kinetic and thermodynamic
approaches, with models for TAGs being used to, in turn, predict fat proper-
ties. The last section describes computational models to simulate the behavior
of TAGs using molecular dynamics (MD). Simulation of TAGs using MD, how-
ever, is still at an early stage, although the most recent papers on this topic are
bringing this area up to speed.
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1 INTRODUCTION

Fats and oils are used extensively in the food industry
(Gunstone, 2008). The physical properties of these fats and
oils, such as theirmelting range and solid fat content (SFC)
profile, will have a big impact on both their processability
and their eating characteristics (Devi & Khatkar, 2016). A
fat that has a waxy “tail”, that is, a fat that has constituent
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triacylglycerides (TAGs—Figure 1) that melt at a temper-
ature higher than body temperature and which, hence,
feel waxy in the mouth, may be unpleasant to consumers.
Conversely, a fat that starts to crystallize only at very low
temperaturesmay result in a product that feels very oily for
the consumer. These properties could also have an effect
on processing, with fats which crystallize even at relatively
high temperatures possibly causing issues with build-up
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F IGURE 1 Triacylglyceride structure and examples of fatty acid chains.

in the equipment being used, eventually causing clogging
issues (Devi & Khatkar, 2016; Ehlers, 2012).
The food industry, thus, faces a number of challenges

when sourcing and using new fats and oils; they must be
amenable to easy processing, and they must perform well
in the products that they are going to be used in. In addi-
tion to these requirements, they generally also have to be
nutritionally acceptable (which is usually taken to mean
lower in saturated fat and with no or very little trans fat
content) (Dhaka et al., 2011; Talbot, 2016) and, increasingly,
obtained from sustainable sources (Novelli, 2016). The for-
mer two criteria are generally satisfied by the macroscopic
properties of the fats and oils, such as the SFC profile. The
requirement for fats with a lower saturation content and
no trans fat is, however, satisfied only by the molecular
structure of the constituent TAGs in any fat or oil, namely,
the number and type (cis or trans) of double bonds on the
fatty acid (FA) chains. Although the amount of trans FAs
found in unmodified fats is minimal, this increases signif-
icantly with partial hydrogenation of the fats (Farr et al.,
2005; Mensink et al., 2016). Partial hydrogenation is used
to change the macroscopic physical properties of the fats
by changing the molecular structure; however, due to the
detrimental effects on health of trans fats, these are being
used increasingly less often. This has led companies to use
interesterified fats, where the individual FA structure is

unchanged, but the position of the FA chains on the TAGs’
glycerol backbone is. This leads to different macroscopic
properties of both the individual TAGs produced and the
bulk fat, which, however, may not be immediately obvious
at the start (Mensink et al., 2016). Thus, havingmathemati-
cal and computational tools that can predict the properties
of both the TAGs and the fat saves a lot of time for people
working in these industries.
The food industry also faces other, global, challenges,

such as sourcing and sustainability. Increasingly, supply
chain issues due to global events are leading to difficul-
ties in sourcing a specific fat or oil (Ben Hassen & El Bilali,
2022; Glauben et al., 2022), which leads to companies hav-
ing to source alternative ingredients that may not perform
in the same exact manner as the fat or oil being replaced.
A solution to this is to blend two or more fats or oils to
achieve the same macroscopic properties; however, fats
and oils commonly do not show linearity when blended,
that is, a 50:50 blend of two fats will not have proper-
ties exactly mid-way between the constituent fats (Timms,
1984). Thus, a number of trials are required to test out the
new blends, which can lead to delays in product develop-
ment and manufacturing until a blend that satisfies the
company’s criteria is found.
With an ever-increasing focus on sustainability, a num-

ber of companies are working on the development of
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lab-grown fats and oils. This entails either using microor-
ganisms, such as yeasts or bacteria, to ferment or metab-
olize feed nutrients to produce TAGs, which can be then
purified and used as a fat or oil, or using cell culture propa-
gation,where cells taken fromnatural sources are grown in
a labwith the aim of producing fats and oils that are similar
to that extracted from the botanical or animal source (Eibl
et al., 2021; Schirmer et al., 2022; Zagury et al., 2022). In any
case, any such fats and oils need to have the right physi-
cal properties to be used by food manufacturers, meaning
that the constituent TAGsmust have the desiredmolecular
structure, and the TAGsmust be in the correct proportions
to give the desired macroscopic fat properties.
The physical properties of a fat/oil are dependent on the

structure and the ratio of the constituent TAGs making up
the fat/oil. This means that fats with TAGs with the same
constituent FA chains, but positioned differently on the
glycerol backbone, will have different physical properties.
Hence, whether it is changing a TAG’s positional structure
through enzymatic interesterification, lab-grown fats that
can be tuned to produce the right proportions of TAGs, or
blending of native fats and oils, having the right physical
properties is crucial for acceptance by both the food man-
ufacturers and their consumers. Thus, being able to predict
the physical properties of these fats, or, ideally, being able
to find the right TAGprofile that would achieve the desired
macroscopic physical characteristics, would result in sig-
nificant time and cost savings. The most efficient manner
of predicting the properties would be through mathemati-
cal and computational approaches—this review covers the
main tools available for such purposes.

2 CALCULATION OF
THERMODYNAMIC PROPERTIES OF
PURE TAGS

TAGs are composed of three (tri) FA chains (acyl), which
are esterified to a glycerol (glyceride) backbone (Figure 1).
TAGs, thus, have a very similar chemical structure to one
another, with the main differences being the length of the
FA chain, the number and type (cis or trans) of double
bonds on the chain, if any, and the position of the FAs on
the glycerol backbone. These differences have an impact
on their macroscopic properties, including melting tem-
perature (Tm) and enthalpy of fusion (ΔHf) (or melting
enthalpy). It is known that, as with n-alkanes, the longer
the FA chains, the higher the Tm and ΔHf. It is, however,
not as straightforward as that, as this only really applies for
saturated TAGs (Seilert & Flöter, 2021).
When comparing TAGs with the same carbon number,

the presence of double bonds lowers the Tm and ΔHf when
compared to the TAG with no unsaturation. The type of

double bond also has an impact, with trans double bonds
having a lower impact. One example that could be men-
tioned is the comparison of tristearin (with three C18:0 FA
chains), trielaidin (with three trans-C18:1ω9 FA chains),
and triolein (with three cis-C18:1ω9 FA chains). The Tm
of these three TAGs decreases drastically from tristearin
to trielaidin to triolein (72.5, 42.2, and 4.8◦C, respectively),
with a corresponding decrease in ΔHf (Tm and ΔHf val-
ues obtained online from the Tri(acyl)gylceride Property
Calculator (TPC) (Moorthy et al., 2016, 2017) for the β poly-
morph in all cases). It is thus very clear that the presence
and type of a single double bond on each of the chains
is having a large impact. The energy required to melt out
the crystal structures is decreasing, even between tristearin
and trielaidin, which are known to have similar double-
chain length, triclinic crystal structures in the β form with
fully parallel FA chains (Culot et al., 2000; Van Langevelde
et al., 2001). Moreover, the position of the double bond has
also been shown to have an impact on the ΔHf value, with
no clear trend between the position of a single double bond
and ΔHf (Timms, 1978).
TAGs are also known to be polymorphic (with the three

most commonly knownpolymorphs referred to, in increas-
ing order of thermodynamic stability, as α, β′, and β,
although there may be other polymorphs). A number of
TAGs are also known to have sub-polymorphs (e.g., in
decreasing order of thermodynamic stability, β1, β2, etc.)
(Ghazani &Marangoni, 2018; Ghazani &Marangoni, 2023;
Peschar et al., 2006; vanMechelen et al., 2006). Thismeans
that, even though they are all β polymorphs, that is, being
in a similar specific crystal structure (generally triclinic
for β polymorphs), there are still some small differences
between them.
All this means that being able to predict the differ-

ence in thermodynamic properties between different, but
similar, structures and between polymorphs, or even sub-
polymorphs, is not straightforward as there are many
complexities that need to be taken into consideration.
This paper discusses the main mathematical modeling
approaches that have been proposed.

2.1 Early attempts to predict
thermodynamic properties

Over the years, there have been a number of studies that
have attempted to build mathematical models to predict
thermodynamic properties of TAGs, namely, the melting
temperature, the enthalpy of fusion, and the entropy of
fusion (ΔSf). Given the relationship between temperature
(T), enthalpy (H), and entropy (S) as described in theGibbs
energy (G) equation (ΔG = ΔH − TΔS), and the fact that
in a system at equilibrium (such as a system held at the
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melting temperature), ΔG= 0, if any two of the other terms
can be predicted, then the third term is easily determined
by a simple equation rearrangement.
The earlier models were based on the total number of

carbons present in the three FA chains of the TAG, which
meant that the predicted properties of TAGs with the same
set of FA chains bonded to different glycerol positions
would be the same, which is known to be incorrect, even
for fully saturated systems (Garti & Widlak, 2012).
A study by Zacharis (1977) proposed a linear model

to predict the melting temperature based on the number
of carbon atoms on the FA chains, using the following
equation:

𝑇𝑁 = 𝐶0 + 𝑇∞𝑁 (1)

where T is themelting temperature andN is the number of
long-chain carbon atoms, whereas C0 and T∞ were deter-
mined from linear regression of a TN versus N plot. The
model was used to determine the coefficients for different
polymorphs. This was, however, limited to fully saturated
TAGs with three identical FA chains.
Shortly after, Timms (1978) proposed a model to predict

ΔHf (kcal/mol) for mixed (different FA chains) saturated
and unsaturated TAGs, again using linear equations based
on the total number of carbon atoms in the FA chains as
shown in the following equations:

Δ𝐻
𝛽

𝑓
= 1.023 (Carbon number) − 7.79 (general equation)

(2)

Δ𝐻
𝛽

𝑓
= 1.023 (Carbon number) − 7.79 − 4.3
(for asymmetric, saturated and transTAGs)

(3)

Δ𝐻
𝛽′

𝑓
= 0.76Δ𝐻

𝛽

𝑓
(4)

To compensate for the fact that saturated and unsatu-
rated FA chains may have the same number of carbons, an
effective carbon number for unsaturated chains was given
by the author. For example, although the carbon num-
ber for stearic acid is 18, the effective carbon numbers for
oleic, linoleic, and elaidic acids were given as 10.4, 8.9,
and 14.0, respectively, despite all these FAs consisting of
18 carbons (Figure 1). In this case, the different numbers
reflect either the increased saturation of the chain (increas-
ing from linoleic (8.9) to oleic (10.4) to stearic (18)) or the
cis-/trans-configuration of the double bond (with the effec-
tive carbonnumber for elaidic acid (14.0) being higher than
that for oleic acid (10.4)), indicating the different degree
of interaction due to the different structures and, hence,
different molecular packing in the crystals (Timms, 1978).

A later model by Ollivon and Perron (1982) determined
parameters to predict the thermodynamic properties using
simple linear fit equations of the type y = an + b, where n
is the total carbon number of the FA chains. The empiri-
cal correlations to predict ΔHf (kJ/mol) for the α, β′, and
β polymorphs of fully saturated TAGs are given in the
following equations:

Δ𝐻𝛼
𝑓
= 2.5𝑛 − 27.5 (5)

Δ𝐻
𝛽′

𝑓
= 3.87𝑛 − 19.2 (6)

Δ𝐻
𝛽

𝑓
= 4.20𝑛 − 29.9 (7)

However, the ΔHf for unsaturated TAGs was calculated
from the value of ΔHf for saturated TAGs with the same
carbon number, less a contribution from the double bonds,
as per the following equation:

Δ𝐻𝑓,𝑢𝑛𝑠𝑎𝑡 = Δ𝐻𝑓,𝑠𝑎𝑡 − 115
(
1 − e−0.706Δ

)
(8)

where Δ is the number of double bonds in the TAG. A
limitation of this study was that the relationships were
developed for TAGs with three identical FA chains.
These models, while being simple and easy to use, all

have the same drawbacks, namely, the predictions are the
same irrespective of the position of the FA chains on the
glycerol backbone, they only predict one thermodynamic
property (Tm or ΔHf), which means that one cannot deter-
mine all three thermodynamic properties (Tm, ΔHf, and
ΔSf) at melting (i.e., when ΔG = 0), and they all require
empirical measurements in order to obtain the regression
parameters.

2.2 Model refinement—going from
simple linear empirical models to
structure-based models

Most of the limitations described in the section above
were overcome in the seminal work by Wesdorp (1990)
(which was then republished in 2013 (Marangoni & Wes-
dorp, 2013) and in 2016 (Moorthy et al., 2016), and then
re-parameterized in 2021 (Seilert & Flöter, 2021)) and in
another model by Zéberg-Mikkelsen and Stenby (1999).
The Wesdorp model is a semiempirical model to pre-

dict Tm and ΔHf for both saturated and unsaturated TAGs
as a function of the total number of carbons in the
FA chains, the degree of saturation of the chains, and
the differences between the chain lengths. A number of
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equation modifiers account for TAGs with different FA
chains, odd-numbered chains, and unsaturated TAGs. This
model, thus, has one crucial difference from the other
models, with both the different FA chain lengths and their
position on the glycerol backbone being part of the model,
thus being able to predict different thermodynamic prop-
erties for TAGs with the same FA chains but at different
positions. This is introduced into the model by the simple
calculation of two values, x and y, where x is the difference
between the shortest chain length in positions 1 or 3 and
the chain length at position 2, and y is the difference in
chain length between the chains at positions 1 and 3. In
this case, the model actually predicts ΔHf and ΔSf, with
Tm then being predicted using a Taylor series expansion as
a function of the inverse of the total carbon number, which
results in two parameters that need to be determined in an
equation similar to that used by Zacharis (1977). The value
of these parameters was estimated using two approaches;
the first approach is a quadratic estimation based on the
chain length differences, and the second is based on the
principle that, at equilibrium, Tm of a pure component is
equal to the ratio of ΔHf and ΔSf (see Seilert et al. (2021) for
an excellent summary of all the parameters and equations
used in this model). This model introduced a lot of predic-
tive power; however, it has one distinguishing feature in
that some of the model predictions lack thermodynamic
consistency. This means that the predicted Tm and ΔHf
does not always increase with the increasing thermody-
namic stability of different polymorph for any given TAG
(Moorthy et al., 2016; Seilert et al., 2021; Wesdorp, 1990).
This model is, however, still considered one of the best
models available to users and is easily accessed online via
the TPC (Moorthy et al., 2016, 2017).
The Zéberg-Mikkelsen and Stenby model uses a group

contribution method, where the parameters used in the
model describe the interaction of the median FA chain to
the terminal FA chains as well as the “class” of the TAG,
that is, how many FA chains are identical, and the posi-
tion of the identical FA chains, giving four possible classes.
These classes are defined as III (three identical FA chains),
IIJ (two identical FA chains at glycerol positions 1 and 2,
i.e., I ≠ J), IJI (two identical FA chains at glycerol posi-
tions 1 and 3), and IJK (three different FA acid chains). The
general equations used in this model are as follows:

𝑇𝑚 (K) = 𝐾𝑇,𝐼𝐽𝐾

(∑
𝑇𝐼𝐽

)
(9)

Δ𝐻𝑓 (kJ∕mol) = 𝐾𝐻,𝐼𝐽𝐾

(∑
𝐻𝐼𝐽

)
(10)

where I and K refer to the terminal FA chains (i.e., the FA
chains at glycerol positions 1 and 3), J refers to the FA chain
at glycerol position 2, KT,IJK and KH,IJK are the TAG class

parameters (for any class), and TIJ and HIJ are the group
interaction parameters. The equations can be applied to
any polymorph; however, the parameter values differ for
the respective polymorphs. In this model, the parameters
were estimated by minimization of the squares of the dif-
ference between the experimental and predicted values of
Tm and ΔHf, making it (similar to the Wesdorp (1990) and
Seilert et al. (2021) models) a semiempirical model, albeit
one with more granularity than the older models.
When comparing the predictive accuracy of this model

to those of Wesdorp (1990), Ollivon and Perron (1982),
and Timms (1978), this model performed the best. It is,
however, restricted by being only applicable to TAGs with
FA chains for which the pairwise-interaction parameters
are known, as well as being developed only for saturated
TAGs,whereasWesdorp’s (1990)model does not have these
limitations.
One of the main factors impacting the accuracy of any

semiempirical model is the quality of the data used to
estimate the value of the parameters used in the model.
Data accuracy can be affected by both the measurement
technique and the sample purity, and further compounded
by the fact that TAGs, especially unsaturated ones, can
be found in different polymorphic forms with different
chain length structures (Seilert et al., 2021). To resolve for
this, the 2021 study by Seilert et al. revisited the Wesdorp
model, where the model was also re-parameterized using
a reduced dataset that contained only thermodynamically
consistent data gathered from a number of other published
studies, a good number of which are more recent than the
initial 1990 Wesdorp study The authors found that Tm and
ΔHf predictions for saturated TAGs were found to be ther-
modynamically consistent without the need for additional
thermodynamic constraints during the parameter fitting,
with the effect of using either the reduced or the full dataset
being small. However, the predictive power for unsatu-
rated TAGs was deemed to be significantly reduced. The
main reason given for this was the quantity of data avail-
able for the parameter estimation. The authors suggest that
a larger unsaturated TAG dataset would be required to
overcome the lack of thermodynamic consistency. On the
other hand, using the reduced dataset gave a parameter set
with increased consistency.
This study was quickly followed by another from the

same group (Seilert & Flöter, 2021). This model, while
still predicting Tm and ΔHf for pure (single) TAGs, uses
less than half the number of parameters compared to
the Wesdorp model, while surpassing the same model
on prediction quality and thermodynamic consistency,
with the latter not only for the ΔHf prediction but also
including (in most cases) the estimated parameters too.
To use this model an understanding of the crystalline
structure of the TAG is required, especially whether the
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TAGs are arranged in double chain length or triple chain
length configuration, and their polymorph (α, β′, or β).
The prediction of ΔHf is based on the following struc-
tural information; an interaction parameter A (which is
a function of the un/saturation and position of the differ-
ent FAs), the angle of tilt τ (which is different depending
on the polymorph), the average lateral distance d (which,
again, is different for the different polymorphs), the char-
acteristic carbon number C in the reference cell leaflet,
a parameter g which is dependent on whether the glyc-
erol backbone is in a chair or tuning form conformation,
whereas two other parameters (c and a) account for the
methyl end plane interactions, which in turn depend on
the differences in lengths of the different FA chains and
the inclination of the chains in the different polymorphs
(Scheme 1).
All of these terms were included after considering that

ΔHf is a function of the enthalpies of the interaction
between the FA chains, the contribution of the glycerol
backbone, and the interactions at the methyl end plane of
the TAGs. Thus, all the parameters used in this model have
physical meaning and are not simply a means of fitting
empirical data. In thismodel Tm is predicted using the pre-
dicted value of ΔHf and an empirically determined linear
relationship between ΔSf and ΔHf. This linear relationship
was determined from published data for n-alkanes and
other related homologous alkyl-series, which is also valid
for saturatedmonoacid TAGs. The authors state that deter-
mination of ΔSf from published ΔHf and Tm data showed
that the same linear ΔSf/ΔHf relationship still held for
mixed TAGs and unsaturated TAGs, and surprisingly even
different polymorphs of the same TAG (Seilert & Flöter,
2021).
In summary, over the years, the models to predict the

thermodynamic properties of TAGs have improved consid-
erably, with some of the newer models making use of and
refining some of the other older models. As can be seen
in Table 1, the models have become applicable to a wider
range of TAG types, for example, different polymorphs,
un/saturation, FA asymmetry, and the position and length
of the individual FA chains.
All of these models, however, are still empirical, or

semiempirical,models, with a number of parameters need-
ing to be fitted. Given that this is done by a comparison of
the predicted valueswith empirical values, having accurate
data is crucial. With different values being reported in dif-
ferent papers or with data simply not available, this is no
easy task.
This is further complicated by the fact that new sub-

polymorphs of pure TAGs may be found. Two examples
are the discovery in 2018 of two new β polymorphs
of 1-palmitoyl-2-oleoyl-3-stearoyl glycerol (Ghazani &
Marangoni, 2018) and in 2023 of a new triclinic polymorph
of tristearin, meaning that there are now two known β

polymorphs of this TAG (Ghazani & Marangoni, 2023),
with each polymorph having a different Tm and ΔHf, even
though they are all classified as being in the triclinic β
structure (they are generally denoted as β1, β2, etc., with
the higher the number, the higher the Tm and ΔHf). On
the other hand, the models described above do not distin-
guish between these β sub-polymorphs, and hence they
are currently inadequate to predict the difference in the
thermodynamic properties between them.

3 PREDICTION OF SOLID FAT
CONTENT AND SOLID–LIQUID PHASE
EQUILIBRIA OF TAGMIXTURES

Although the models to predict the thermodynamic prop-
erties of pure TAGs have proven very useful for research
purposes, fats are composed of a blend of TAGs, which
could run into tens of TAGs for a single fat. Moreover, fats,
due to the inherent different thermodynamic properties of
the different TAGs making up those fats, do not exhibit a
sharp melting point but melt over a temperature range.
Studies have shown that even relatively simple binary
TAG systems shownonlinear behavior (Bayés-García et al.,
2013; Smith et al., 2013; Zhang et al., 2018).
The SFC profile (a plot of SFC vs. temperature) is a cru-

cial property of any fat as this directly impacts both the
processing and eating properties of the fat and is hence
important to both the manufacturer and the consumer.
Given the nonlinear behavior of TAG mixtures, building
a model to predict the melting behavior of a multi-TAG
component fat system (i.e., not only the melting tempera-
ture range but also the SFC at any temperature within that
range) is very challenging as any such model needs to take
into consideration not only the presence of each compo-
nent TAG but also the relative ratio of each TAG and their
respective properties.

3.1 Empirical regression models

Multiple groups have attempted to build models to pre-
dict liquid–solid equilibria for fats and oils, with most of
these being based on empirical data, which is then used for
finding correlations using regression or neural networks.
For example, the study by Block et al. (1997), using neu-
ral networks to determine the optimal ternary fat blend
to achieve the desired SFC profile, gave very good results,
that is, the predicted SFC curve compared very well to
the empirically determined SFC curve. This type of model,
however, has the drawback that it is based on empirical
data, that is, the SFC curves of other ternary blends made
from the same three fats must be known before building
the neural network, thus, not only requiring experimental
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MODELING OF FATS AND TRIACYLGLYCERIDES 7 of 23

SCH EME 1 Model equations to predict Tm and ΔHf based on a triacylglyceride (TAG)’s crystalline structure (Seilert & Flöter, 2021).

DCL: Δ 𝐻{𝑘}
𝑓
=

𝐴

𝑑{𝑘}
6 𝐶 + 𝑔

{𝑘} (1 + 𝑔𝑡𝑓𝑓𝑡𝑓) + 𝑐
{𝑘}

3∑
𝑖 = 1

tanh((sin 𝜏{𝑘}
𝐶𝐿𝑀𝑖

𝐶
)
𝑎{𝑘}

)

TCL: Δ𝐻{𝑘}
𝑓,𝑡𝑟
=

1

3

𝐴𝑚𝑖𝑑𝑑𝑙𝑒

𝑑{𝑘}
6 𝐶𝑚𝑖𝑑𝑑𝑙𝑒 +

2

3

𝐴𝑜𝑢𝑡𝑒𝑟

𝑑{𝑘}
6 𝐶𝑜𝑢𝑡𝑒𝑟 + 𝑔

{𝑘}
𝑡𝑟 (1 + 𝑔𝑡𝑓𝑓𝑡𝑓)+

𝑐
{𝑘}
𝑡𝑟 tanh((sin 𝜏

{𝑘} 𝐶𝐿𝑀𝑡𝑟

𝐶𝑜𝑢𝑡𝑒𝑟
)
𝑎
{𝑘}
𝑡𝑟

)

For DCL:

if TAG = fully saturated; A = ASS

if TAG = fully unsaturated; A = AUU

if TAG =mix of saturated/unsaturated fatty acids
𝐴 = 𝑤1 𝐴𝑆𝑆 + 𝑤2𝐴𝑆𝑈(1 + 𝑝𝐸𝑓𝐸 + 𝑝𝑙𝑓𝑙 + 𝑝𝑙𝑒𝑓𝑙𝑒) + (1 − 𝑤1 − 𝑤2)𝐴𝑈𝑈(1 + 𝑝𝐸𝑓𝐸 + 𝑝𝑙𝑓𝑙 + 𝑝𝑙𝑒𝑓𝑙𝑒)

For TCL:
𝐴𝑚𝑖𝑑𝑑𝑙𝑒 = 𝐴𝑈𝑈,𝑚𝑖𝑑𝑑𝑙𝑒 (1 + 𝑝𝐸,𝑚𝑖𝑑𝑑𝑙𝑒𝑓𝐸,𝑚𝑖𝑑𝑑𝑙𝑒 + 𝑝𝑙,𝑚𝑖𝑑𝑑𝑙𝑒𝑓𝑙,𝑚𝑖𝑑𝑑𝑙𝑒 + 𝑝𝑙𝑒,𝑚𝑖𝑑𝑑𝑙𝑒𝑓𝑙𝑒,𝑚𝑖𝑑𝑑𝑙𝑒)

𝐴𝑜𝑢𝑡𝑒𝑟 = 𝐴𝑈𝑈,𝑜𝑢𝑡𝑒𝑟 (1 + 𝑝𝐸,𝑜𝑢𝑡𝑒𝑟𝑓𝐸,𝑜𝑢𝑡𝑒𝑟 + 𝑝𝑙,𝑜𝑢𝑡𝑒𝑟𝑓𝑙,𝑜𝑢𝑡𝑒𝑟 + 𝑝𝑙𝑒,𝑜𝑢𝑡𝑒𝑟𝑓𝑙𝑒,𝑜𝑢𝑡𝑒𝑟)

At melting:
Δ𝐺 = 0 =

Δ𝐻𝑓 − 𝑇𝑚Δ𝑆𝑓

𝑇𝑚 =
Δ𝐻𝑓

Δ𝑆𝑓

with Δ𝑆𝑓 = 𝑥Δ𝐻𝑓 + 𝑦
⇒ 𝑇𝑚 =

Δ𝐻𝑓

𝑥Δ𝐻𝑓+𝑦

Legend:
DCL double chain-length crystal configuration
TCL triple chain-length crystal configuration
{k} α, β′, and β
Tr ΔHf calculated for TAGs in a TCL structure
C characteristic carbon number in each leaflet
Τ angle of tilt (90◦, 70◦, and 60◦ for α, β′, and β polymorphs, respectively)
g, gtr, gtf fitted glycerol backbone contributions
c, a fitted methyl-end plane contributions
D average lateral distance (4.79, 4.72, and 4.63 Å for α, β′, and β polymorphs,

respectively)
CLM chain length mismatch
A interaction parameter
ASS, ASU, AUU fitted interaction parameters
w1, w2 weights determined by combinatorics

(w1 = 1/9 for SSU/SUS/USS TAGs, or = 4/9 for SUU/UUS/USU TAGs; w2 = 4/9)
pE, pl, ple parameters to account for elaidic, linoleic, and linolenic fatty acids
fE, fl, fle switch functions (=1, if elaidic, linoleic, and linolenic fatty acids are present,

respectively, otherwise = 0)
S saturated fatty acid
U unsaturated fatty acid
x, y linear regression parameters of a plot ΔSf vs. ΔHf

data to build the model but also limiting it to interpolation
within the component fats being used to build the model
(making it a “response surface” type model), and hence
not being able to use a new component fat. The regression
models by Augusto et al. (2012) also show excellent agree-
mentwith empirical results; however, these only show that
various mathematical representations (in this case three
sigmoidal functions, namely, Gompertz, power, and logis-
tic models) can reproduce the empirically determined SFC
curve of different fats accurately. Given that in each case
the parameters were fitted for each fat, these mathemati-

cal representations provide no predictive power for other
fats or blends of fats.

3.2 Thermodynamic approaches to
predicting fat SFC profiles

3.2.1 Using thermodynamic properties only

Purely empirical models, such as those described in the
previous section, require extensive empirical testing and
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8 of 23 MODELING OF FATS AND TRIACYLGLYCERIDES

F IGURE 2 (a) Phase diagram sample built using the Hildebrand equation. (b) Determination of the solidus temperature of a binary
triacylglycerides (TAG) system in a 3-component system, where the mole fraction of TAG C is kept constant at 0.2 (Schaink, 2023).

data gathering, and do not provide predictive power out-
side of the knowledge space built during that exercise.
Taking a first principles approach and basing the mod-
els on thermodynamic theory and properties should give a
muchmore flexible model that, in theory, could be applied
to any fat/oil, or fat blend.
One of the simplest thermodynamic models that can be

applied to describe the phase behavior of a mixture is the
following Hildebrand equation (Hildebrand, 1929):

ln (𝑥𝑖) =
Δ𝐻𝑓,𝑖

𝑅

(
1

𝑇𝑚,𝑖
−
1

𝑇

)
(11)

where xi, Tm,i, and ΔHf,i are the mole fraction in the liq-
uid state, melting temperature (K), and enthalpy of fusion
(J/mol) of TAG i, respectively, R is the universal gas con-
stant (J/mol/K), and T (K) is the main variable. If the
Tm and ΔHf of the TAGs are known or are predicted
as discussed in the previous section, and the Hildebrand
equation is rearranged to calculate T, given that xi can be
varied from 0 to 1, a phase diagram of temperature ver-
sus mole fraction can be obtained very easily by taking the
maximum value obtained at any given mole fraction, with
the resulting line corresponding to the liquidus (the tem-
perature at which the mixture is completely melted when
heated, or conversely, the crystallization onset temperature
when the mixture is cooled) (Figure 2a). It has to be noted
that theHildebrand equation assumes ideal behavior of the
mixed liquid TAGs and no solid phase miscibility.
This method was recently extended by Schaink (2023) to

multicomponent TAG systems, that is, fats. In this study,
the author aimed to predict the SFC profile of a TAG mix-
ture using only Tm and ΔHf, that is, with no empirically
fit parameters. Usually, when using the Hildebrand equa-

tion, a closure relation of
𝑛∑
𝑖 = 1

𝑥𝑖 = 1 is used. In the case of

Schaink’s paper, this has been modified as
𝑛∑
𝑖 = 1

𝑥𝑖 = 1 −

𝑥𝑠𝑜𝑙𝑣𝑒𝑛𝑡 ≠ 1. This distinction is important as it considers
any TAGs which are not crystallizing (xsolvent) at any given
temperature as an inert liquid solvent. The approach taken
is thus to calculate the liquidus curve using theHildebrand
model of each binary TAG system, that is, varying themole
fraction of any given two TAGs, while keeping the mole
fraction of all other TAGs in the system constant (e.g., in
a ternary system made up of TAGs A, B, and C in a 5:3:2
ratio, the mole fraction of TAG C is kept at 0.2, whereas
the mole fractions of TAGs A and B are varied between 0
and 0.8, as shown in Figure 2b). Then, by assuming that the
solidus temperature of that binary mixture is both equal to
the minimum liquidus temperature and does not change
with varying binary TAG ratio, the solidus temperature is
obtained (Figure 2b).
The author then outlines that although the SFCof amul-

ticomponent TAG mixture will be impacted by the solidus
temperature of all the possible binary TAG mixtures, the
SFC will be impacted to a greater degree by the solidus
temperature of those binary TAG systems in which the
component TAGs are present in a higher proportion. The
relative contribution of each determined solidus temper-
ature to the SFC at any given temperature is calculated as
φi,j (which is calculated as a function of themole fractions),
whereas the SFC is then calculated by summing the vari-
ous φi,j values at temperature T from the highest solidus
temperature down to temperature T.
One important fact that this paper highlights is the

impact of minor TAGs on fat behavior. For example, when
modeling the SFC of cocoa butter using the three main
component TAGs (POP, POSt, and StOSt) in a 26.3:50.6:23.1
ratio (a commonly usedmodel system for cocoa butter), the
resultingmelting rangewas predicted to be atmuch higher
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MODELING OF FATS AND TRIACYLGLYCERIDES 9 of 23

temperatures (in this case, the predicted melting range
of this system in the β′ polymorph was between approxi-
mately 34 and 36◦C, whereas the empirical melting range
was 10–35◦C). However, when including six other minor
TAGs in the predictive model, the predicted SFC profile
was much close to the empirically determined profile.
It has to be underlined that this approach to modeling

the SFC profile of any fat makes use of a model which
does not require any empirically determined parameters
if Tm and ΔHf of the constituent TAGs are known. If
these are not known they could be predicted from the
Wesdorp (1990) or Zéberg-Mikkelsen and Stenby (1999)
models, which would, however, mean that the model’s
success would again be dependent on accurate parameter
estimation.

3.2.2 Gibbs free energy calculations

In a system at equilibrium, such as a melting system, the
chemical potential μ of each component in a mixture must
be equal in both phases (Equation 12).

𝜇𝑠𝑜𝑙𝑖𝑑
𝑖

= 𝜇
𝑙𝑖𝑞𝑢𝑖𝑑

𝑖
(12)

This equation can be expressed in terms of the activity
coefficients (γ), themole fractions (x), temperature (T), and
the universal gas constant (R) (Equation 13).

𝜇
0,𝑆
𝑖
+ 𝑅𝑇 ln

(
𝛾𝑆
𝑖
𝑥𝑆
𝑖

)
= 𝜇

0,𝐿
𝑖
+ 𝑅𝑇 ln

(
𝛾𝐿
𝑖
𝑥𝐿
𝑖

)
(13)

which can be further expressed as (Marangoni &Wesdorp,
2013; Prausnitz et al., 1999)

ln

(
𝛾𝑆
𝑖
𝑥𝑆
𝑖

𝛾𝐿
𝑖
𝑥𝐿
𝑖

)
=
Δ𝐻𝑓,𝑖

𝑅

(
1

𝑇
−

1

𝑇𝑚, 𝑖

)
(14)

TAG mixtures do not behave as ideal solutions and
hence will have an excess Gibbs energy gE (the difference
in the Gibbs free energy of an actual system from the same
system behaving as an ideal solution). The Gibbs energy
(G) (J/mol) of a phase is given in the following equation:

𝐺 =

𝑁∑
𝑖 = 1

𝑛𝑖𝜇𝑖 = 𝐺
𝑖𝑑𝑒𝑎𝑙 + 𝑅𝑇

𝑁∑
𝑖 = 1

𝑛𝑖 ln 𝛾𝑖 (15)

where R is the ideal gas constant (J/mol/K), T is temper-
ature (K), and n and μ are the number of moles and the
chemical potential of TAG i, respectively (Marangoni &
Wesdorp, 2013; Prausnitz et al., 1999). The excess Gibbs

energy gE is thus defined as the following equation:

𝑔𝐸 = 𝐺 − 𝐺𝑖𝑑𝑒𝑎𝑙 = 𝑅𝑇

𝑁∑
𝑖 = 1

𝑛𝑖 ln 𝛾𝑖 (16)

If one has a model for gE then the activity coefficient
γ can be determined, which can then be used in Equa-
tion (14). This would leave only the mole fractions 𝑥𝑆

𝑖
and

𝑥𝐿
𝑖
as the unknownvariables,which can then be computed,

and hence determining the ratio of moles in the solid and
liquid phases, that is, the SFC at any given temperature.
This is however still nontrivial as there are two phases
(solid and liquid, if assuming that the crystalline solid is
only one polymorph) and the number of TAGs can run into
tens per fat.
In a pure phase gE must be equal to 0. The simplest

model to describe this in a binary system is given in Equa-
tion (17). The presence of the x1x2 term ensures that in a
system made up of a single component, that is, as x1 or
x2 → 0, gE → 0 (i.e., an ideal solution).

𝑔𝐸 = 𝐴𝑥1𝑥2 (17)

Differentiating Equation (16) with respect to component
i gives the following equation:

𝜕𝑛𝑇𝑔
𝐸

𝜕𝑛𝑖
= 𝑔̄𝐸

𝑖
= 𝑅𝑇 ln 𝛾𝑖 (18)

where ni and nT are the number of moles of TAG i and the
total number of moles in the mixture respectively. Given
that ni/nT = xi, this results in Equation (19), known as the
2-suffix Margules equations (Margules, 1895).

𝑅𝑇 ln 𝛾1 = 𝐴𝑥
2
2
and 𝑅𝑇 ln 𝛾2 = 𝐴𝑥

2
1

(19)

Extending this to a multicomponent system gives the
following equations:

𝑔𝐸 =

𝑛∑
𝑖

𝑛∑
𝑗 = 𝑖+1

𝐴𝑖𝑗𝑥𝑖𝑥𝑗 (20)

which is summation of the excess Gibbs energy of each
binary system in the multicomponent system. The activity
coefficient of each component is thus calculated as in the
following equation:

𝑅𝑇 ln 𝛾𝑖 = −𝑔
𝐸 +

𝑛∑
𝑗 = 1,𝑗≠𝑖

𝐴𝑖𝑗𝑥𝑗 (21)
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10 of 23 MODELING OF FATS AND TRIACYLGLYCERIDES

The presence of a single A parameter per compo-
nent pair indicates the assumption that the interactions
between two species in a mixture are symmetrical, that is,
the interactions between species 1 and 2 in a 1:9mixture are
the same in a 9:1 mixture of the same two species, which is
unlikely to be true in a crystalline systemmade up of TAGs
of different FA chain lengths, or TAGs with the same FAs
but at different glycerol positions.
Given this, the 2-suffix Margules equation can be

extended to the 3-suffix Margules to account for different
A parameters in a binary system, as

𝑔𝐸 = 𝑥1𝑥2 (𝐴21𝑥1 + 𝐴12𝑥2)

⇒ 𝑅𝑇 ln 𝛾1 = 𝑥
2
2 [𝐴12 + 2 (𝐴21 − 𝐴12) 𝑥1]

⇒ 𝑅𝑇 ln 𝛾2 = 𝑥
2
1 [𝐴21 + 2 (𝐴12 − 𝐴21) 𝑥2] (22)

Extending this to a multicomponent system gives Equa-
tion (23). It must be noted that the extension of the 3-suffix
Margules equation to a multicomponent system is based
on the assumption that the contribution to gE by any given
i–j pair is the same as if the components were in a binary
mixture and not in a multicomponent one, at the same rel-
ative concentrations. When Aij = Aji, Equations (22) and
(23) reduce to Equation (17) and Equations (19)–(21).

𝑔𝐸 =

𝑛∑
𝑖 = 1

𝑛∑
𝑗 = 𝑖+1

(
𝐴𝑖𝑗

𝑥𝑗

𝑥𝑖 + 𝑥𝑗
+ 𝐴𝑗𝑖

𝑥𝑖
𝑥𝑖 + 𝑥𝑗

)
𝑥𝑖𝑥𝑗

⇒ 𝑅𝑇 ln 𝛾𝑖 = −𝑔
𝐸 +

𝑛∑
𝑗 = 1,𝑗≠𝑖

𝑥𝑗

⎛⎜⎜⎝
𝐴𝑗𝑖

(
𝑥2
𝑖
+ 2𝑥𝑖𝑥𝑗

)
+ 𝐴𝑖𝑗𝑥

2
𝑗(

𝑥𝑖 + 𝑥𝑗
)2 ⎞⎟⎟⎠(23)

It must be noted that all of the above models are used to
describe liquid mixtures. These models were nonetheless
used by Wesdorp (Marangoni & Wesdorp, 2013; Wesdorp,
1990) to determine whether the 2-suffix and 3-suffix Mar-
gules equations can be applied to nonideal solid mixing.
This was done for a number of different binary TAG sys-
tems, be they un/saturated and a/symmetric TAGs. A
number of empirical phase diagrams of temperature ver-
susmole fractionwere plotted, and theMargules equations
were fitted to this empirical data. The authors noted that
given that the solidus data may be very inaccurate, the A
parameters were fitted only to the liquidus data points.
In most cases, it was the 3-suffix Margules equation that
was found to be most suitable to predict the four different
types (monotectic1 with continuous solid solubility, eutec-

1 A monotectic system is one where at a given ratio of a binary system the
mixture is either completely solid, is a mixture of a solid + liquid phase,
or is completely liquid on increase in temperature.

tic,2 monotectic with partial solid solubility, and peritectic3
(Timms, 1984)) of phase diagrams.
Notwithstanding this, the determined A parameters

from the 2-suffixMargules equationwere then used to pre-
dict the SFC profile of a number of commercial fats in
the β′ polymorph by using the equations described above,
with, in most cases, good agreement with the empirically
measured SFC profile.
A similar approach was taken by Teles dos Santos et al.

(2014) who used a Gibbs energy minimization model to
determine the SFC profile of a number of binary fat blends
before and after interesterification. Using similar princi-
ples to Wesdorp (Marangoni & Wesdorp, 2013; Wesdorp,
1990), the authors used the following equation:

𝑚𝑖𝑛 𝐺 (𝑛) =

𝑛𝑐∑
𝑖=1

𝑛
𝑙𝑖𝑞

𝑖
𝑅𝑇

𝑛𝑐∑
𝑖 = 1

(
𝑥
𝑙𝑖𝑞

𝑖
ln 𝑥

𝑙𝑖𝑞

𝑖

)

+

𝑛𝑐∑
𝑖 = 1

𝑛𝑠𝑜𝑙
𝑖
𝑅𝑇

𝑛𝑐∑
𝑖 = 1

𝑥𝑠𝑜𝑙
𝑖

(
Δ𝐻𝑚
𝑅

(
1

𝑇
−
1

𝑇𝑚

)

+ ln
(
𝛾𝑠𝑜𝑙
𝑖
𝑥𝑠𝑜𝑙
𝑖

))
(24)

where n and x are the number of moles and the mole frac-
tion of TAG i in the sol(id)/liq(uid) phase, respectively, γ
was determined from the 2-suffixMargules equation, using
A values as given by Wesdorp, whereas Tm and ΔHf val-
ues were obtained from the Zéberg-Mikkelsen and Stenby
(1999) and Wesdorp (1990) models when empirical values
were not available.
Using the Gibbs free energy method gives a lot of flexi-

bility to anyone looking at developing a blend of fats and
oils to achieve a specific SFC profile, as it can be applied
to more than just a binary system or a system made up
of only a few TAGs. Similar to Wesdorp (1990) and Rocha
and Guirardello (2009) (who, however, only applied sim-
ilar theory to binary TAG systems), the SFC at different
temperatures for a given blend is calculated by finding the
distribution ofmolecules in the liquid and solid phases that
minimizes the Gibbs free energy (G) (Equation 24). Given
that all terms, exceptn and x (which can easily be expressed
in terms ofn), are knownor are calculated fromothermod-
els (such as the value of γ), the minimum value ofG can be
determined by varying the values of n for each TAG in each
phase, thus determining the SFC at any given temperature.

2 A eutectic system is one where at a specific ratio of a binary system, the
melting point of themixture is lower than themelting point of either pure
component.
3 A peritectic point is the temperature at which, when cooling a system, a
liquid and solid phase (e.g., a crystal in a specific polymorph) interact to
form a different solid phase only (such as a different polymorph).
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MODELING OF FATS AND TRIACYLGLYCERIDES 11 of 23

Given that the model to calculate the SFC of a binary
blend of fats is based on the constituent TAGs of those
fats and oils, and given the difference in thermodynamic
properties of TAGs with the same FAs attached at dif-
ferent glycerol positions, the positional TAG composition
profile of the different fats and oils must be known. The
authors do, however, suggest that including only the TAGs,
which make up at least 85% of the mass, should give a
very good agreement with the empirically determined SFC
curve. This is important given that the minor TAGs may
not be individually quantified accurately when carrying
out the positional TAG profile testing. When testing the
model with various blends of different fats and oils, the
results compared well with empirical values in most, if
not all, cases, especially for the blends before interesteri-
fication (Teles dos Santos et al., 2013). A probable reason
for this is the assumption made by the authors that the

resulting FA positions in the TAGs after interesterifica-
tion of the blends are completely random, based on the
FA composition of the original blend, which may not be
totally correct. This approach allows for extensive and
rapid screening of different blends, that is, not only the
use of different fats and oils but also at different ratios,
which would save a lot of time and expense for product
developers.
It has to be noted that while this approach is not new

and has been used by others, such as Wesdorp (1990),
the calculated SFC results did not always match empiri-
cal values closely. Teles dos Santos et al. (2013) compared
the calculated values with empirical values published by
Noor Lida et al. (2002) and some values differed by more
than 23◦C, indicating that this model may not always
be suitable and may require some further refinement.
In our view, this could be due to a number of factors,
namely, inaccurate thermodynamic property values of the
TAGs used, use of the thermodynamic properties in the
wrong polymorph (the Teles dos Santos et al. paper does
not specify the polymorph they calculated the SFC for),
and/or the determination of a local minimum instead of a
globalminimumduring theminimization of theGibbs free
energy.

3.3 Most recent developments

A 2023 paper (Marangoni et al., 2023) proposes a new
approach to predict the SFC. This study describes the
development of a new nonideal equilibrium thermody-
namics model (Equation 25), which takes into considera-
tion not only the Tm and ΔHf of each component TAG but
also the entropy ofmixing and the activity coefficient (γ) of
a TAG in a solid medium. The latter two are used to calcu-
late a freezing point depression, which is then integrated
into an equilibrium expression for the melting of that TAG
in such effective solid medium. As with other models, this
model also assumes that the mixture of TAGs is found as
a mixture of a liquid phase and a solid phase, with the
solid phase being found in only one polymorphic form. The
SFC content of the fat is then calculated by summing the
amount of each TAG in the solid phase,

𝑆𝐹𝐶 (%) = 100

𝑛∑
𝑖 = 1

⎛⎜⎜⎜⎜⎜⎝
[
𝑥𝑡,𝑖

]
1 + 𝛾𝑠𝑠,𝑖exp

(
𝑛𝑖Δ𝐻

0
𝑓,𝑛𝑠,𝑖

𝑅

(
1

𝑇𝑚,𝑛𝑠,𝑖
−
𝑅(ln(𝛾𝑠𝑠,𝑖𝑥𝑡,𝑖) + 𝑥𝑡,𝑖 ln(𝑥𝑡,𝑖) + (1−𝑥𝑡,𝑖)ln(1−𝑥𝑡,𝑖))

Δ𝐻0
𝑓,𝑛𝑠,𝑖

−
1

𝑇

))
⎞⎟⎟⎟⎟⎟⎠

(25)

where xt,i is the total mass of TAG i (i.e., a constant value),
R is the universal gas constant (J/mol/K), Tm,ns (K) and
ΔHf,ns (J/mol) are known (and constant), γss,i and ni are
the solid state activity coefficient and cooperativity index
of TAG i (both constants), and T (temperature) is the
only variable (K). The values for the activity coefficients
γ and the cooperativity index n were fitted from eight dif-
ferent SFC profiles; however, a very good log-normal fit
between n and γwas also determined (Equation 26), which
could reduce the number of parameters that need to be
determined even further, although at the moment this still
remains an empirical relationship. Currently, there is no
theory to calculate n using physicochemical principles,
and this would require completely novel approaches to
develop.
It must however be noted that if this n–γ relationship

holds true and γ can be determined from other models as
described in the previous subsection, ideally using nonem-
pirical methods, that is, usingmodels that are a function of
only thermodynamic properties, then this model, as well
as other models such as that outlined by others (Rocha
& Guirardello, 2009; Teles dos Santos et al., 2013; Teles
dos Santos et al., 2014), would in turn also ultimately be
a function of only the thermodynamic properties (Tm and
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12 of 23 MODELING OF FATS AND TRIACYLGLYCERIDES

ΔHf) and the ratios of the component TAGs, obviating the
requirement of any empirical parameter fitting.

𝑛 =
9.1

𝛾𝑠𝑠
e
−0.5

(
ln(𝛾𝑠𝑠∕6.70)

1.59

)2
(26)

The relationship in Equation (26) is interpreted as fol-
lows: TAGs with a low activity coefficient (γ) interact with
the solid medium the strongest, thus decreasing the con-
nectivity between similar TAGs, whereas TAGswith a high
γ value are likely to mean that these TAGs interact more
strongly with similar TAGs, resulting in larger domains
of a single-type TAG. In the median γ range, the TAGs
would have optimal dispersion and interaction between
individual TAG domains in the solid state.
It is currently still unknown whether a solid made up

of a mixture of TAGs is completely isomorphous, whether
TAGs are grouped as domains, and, if so, how large these
domains. A question is thus posed whether this coopera-
tivity index is a representation of the size of a domain of a
TAG in a solid mixture/solution with other TAGs.
The approaches proposed by Schaink (2023) and

Marangoni et al. (2023) offer an advantage over the Gibbs
free energy minimization approach in that they are much
less computationally expensive and have an analytical
solution. The Gibbs free energy minimization approach
relies on the selection of an appropriateminimization algo-
rithm, which may not always find the global minimum,
and the outcome of which may be dependent on the start-
ing point of the minimization, as well as the algorithm’s
parameters (such as step-size and termination threshold).

4 CRYSTALLIZATIONMODELS

4.1 Empirical models

The modeling of the isothermal crystallization of fats has
been covered in a 2003 review by Foubert et al. (2003), and,
hence, this review will only mention the models described
therein briefly. Thesemodels are theAvrami (Avrami, 1939;
Avrami, 1940), modified Avrami (Khanna & Taylor, 1988;
Ng, 1975), Gompertz models, aggregation and flocculation
models applied to crystallization (Berg & Brimberg, 1983),
and their own Foubert model (Foubert et al., 2002).
The Avrami model (Avrami, 1939; Avrami, 1940) is one

of the most widely used models used to describe fat
crystallization kinetics, even though it was initially devel-
oped for metals (Foubert et al., 2003). In this model, the
kinetics are governed by the number of growth nuclei,
which can increase linearly with time (sporadic nucle-
ation) or are formed mostly at the beginning of the
liquid-to-crystal transformation process (instantaneous
nucleation). The modified Avrami model (Khanna &

Taylor, 1988; Ng, 1975) is similar to the Avrami model,
where the parameters have been rearranged. Foubert
et al. stated that this changed the Avrami constant k
from an mth-order complex constant to a first-order rate
constant, even though crystallization is not a first-order
process.
The Gompertz model, or Gompertz function, is a

well-known mathematical description commonly used to
describe biological processes. A reparameterized form of
the equation (Zwietering et al., 1990) has, however, been
used in a few studies to describe fat crystallization kinetics
(Kloek et al., 2000; Vanhoutte et al., 2002). Berg and Brim-
berg (1983) showed that mathematical models describing
the aggregation and flocculation of colloids also applied to
fat crystallization, although Foubert et al. (2003) claimed
that this is the only instance that they know of where these
models have been applied to fats.
In contrast to the other models, the Foubert et al. (2002)

given as a differential equation describing crystallization
as a first-order forward reaction and an nth order reverse
reaction. The authors state that, due to the differential form
of the equation, the model can be used under dynamic
temperature conditions, while having the advantage of
having an analytical solution under isothermal conditions,
facilitating parameter estimation (Foubert et al., 2002).
The authors show that the Gompertz and Foubert mod-
els always perform better than the Avrami model, that is,
the fitted curve is always closer to the empirically deter-
mined points, and the Foubert model performs better than
theGompertzmodel inmost cases. The Foubertmodel also
has the added advantage of being able to better fit different
asymmetries.
This model was extended by the same group to describe

two-step isothermal fat crystallization, a phenomenon that
can occur due to polymorphism or the crystallization of
different fractions (Foubert et al., 2006). This model was
based on the assumption of the presence of an isosbestic
point,4 which in this case involved a first crystallization
step frommelt to the α polymorph and a second stepwhere
the α polymorph recrystallized to the β′ polymorph for
cocoa butter and milk fat fractions.

4.2 Thermodynamic and kinetic
approaches to modeling crystallization

All of these models, however, are empirical models, which
require experimental data to be able to estimate the

4 An isosbestic point is a point on a plot where all overlaid traces (in this
case of SAXS diffraction patterns of cocoa butter at 20◦C at increasing
time points) converge. Such an isosbestic is indicative of a change from
one polymorph to another without a change in the total volume.
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MODELING OF FATS AND TRIACYLGLYCERIDES 13 of 23

parameters used in the model equations. A 2002 paper
by Los et al. (2002) describes a kinetic crystallization
model of a multicomponent system based on the pure-
componentmelting enthalpies and temperatures and their
excess energy parameters, that is, based on the thermody-
namic properties and not on empirical parameters. Kinetic
crystallization in mixed systems can be very complex,
with multiple processes occurring, including nucleation,
kinetic segregation, and diffusion, along with polymor-
phic changes and phase separation. To overcome this, the
authorsmake twomain assumptions: that the temperature
and the composition of the liquid phase are homogenous,
which they state is reasonable in a stirred fat system.More-
over, they state that thermodynamic models, where the
final state is predicted byminimizing the Gibbs free energy
of the system (such as those described in the previous
chapter), reflect the most stable state of a multicomponent
system, where any solid phase is completely homogenous.
However, due to the very slow diffusion rates in solid
phases, this thermodynamic, homogenous state is never
reached during a finite time, and, hence, the final state is a
metastable and non-homogenous solid phase. This, thus,
makes a kinetic approach to crystallization a reasonable
one (Los et al., 2002).
This kinetic model represents the crystallization evolu-

tion as crystallization curves, showing the growth rate and
the changing liquid and solid compositions as a function
of the increasing solid fraction. These curves show that
significant inhomogeneity can occur in the solid phase,
especially when this is composed of components with
small excess energy parameters, that is, highly miscible
components. This results in a smaller, kinetically predicted
final solid fraction when compared to the equilibrium pre-
diction, with the difference between predictions increasing
with increasing solid fraction and component miscibility
(Los et al., 2002). It must be noted that this work, along
with work by others, is mentioned in the 2006 review
by Himawan et al. (2006), which focuses on the thermo-
dynamic and kinetic aspects of fat crystallization from
melts.

5 MOLECULAR DYNAMICS
SIMULATIONS APPLIED TO TAGS

As discussed by Pink (2018), molecular dynamics (MD)
is probably the best technique to study the structure and
dynamics of food systems, such as TAGs and fats, at the
nanoscale. MD concerns itself with the study the inter-
action of atoms and the weak physical interactions that
influence this, not with chemical reactions, where cova-
lent bonds are formed or broken. These interactions occur
at a timescale that is much longer than the electronic

“motion,” and hence an average electronic distribution
can be assumed. Thus, using ab initio techniques such as
Density Functional Theory (a quantum mechanical [QM]
modeling technique) or Car-Parrinello MD (a type of MD
that calculates electronic interactions between atomsusing
QMs rather than empirical forcefields) is generally consid-
ered to be unnecessary (Pink, 2018). This paper discusses
past and current MD studies on TAGs.

5.1 Early attempts at modeling TAGs

One of the first papers published concerning simula-
tions of TAG behavior is the 1994 paper by Yan et al.
(1994). This study focused on determining the confor-
mational and electrostatic properties of the TAGs by
using semiempirical quantum mechanics and molecu-
lar mechanics (QM/MM). The TAGs studied in this case
were trilaurin (1,2,3-tridodecanoyl-sn-glycerol), tridecyl
1,2,3-propanetricarboxylate, and five fully saturated mixed
short-and-long-chained TAGs. The simulations were car-
ried out using QUANTA/CHARMM molecular modeling
and SPARTAN molecular orbital software, with all the
simulations being carried out in the gas phase, with the
goal being to determine the reactivities of the different
TAGs toward lipase-mediated hydrolysis (Yan et al., 1994).
Unsurprisingly, given the increased computational effort
required compared to MD, this is the only known study
where pure TAGs were simulated using a combination of
QM/MM.

5.2 Atomistic simulations

A 2002 study by Chandrasekhar and van Gunsteren (2002)
evaluated six different GROMOS forcefield parameter sets
to determine which of these simulated the structural and
dynamic features of TAGs best. The study was done as, as
per the authors’ discussion, the parameterization of MD
forcefields for TAGs is particularly challenging due to the
polymorphic behavior of such lamellar systems, with the
different polymorphs existing within a small temperature
and density range. In addition, the existence of the dif-
ferent polymorphs is due to a number of variables, and,
hence, the forcefield parameters have to be parameterized
and tested very carefully in order to ensure that the simu-
lations reproduce TAG behavior correctly. Forcefields that
were parameterized for denser, or aqueous, systems had
proven unsuitable as they resulted in unrealistic tilting of
the chains (Chandrasekhar & van Gunsteren, 2002). The
unsuitability of various forcefields to TAGs was found to
be true by a number of different studies, as discussed in
this section.
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14 of 23 MODELING OF FATS AND TRIACYLGLYCERIDES

The Chandrasekhar and van Gunsteren study was on
double layers of pure trioctanoin (1,2,3-trioctanoyl-sn-
glycerol) in theα phase, that is, a nonaqueous systemof the
least thermodynamically stable polymorph of this TAG.
The parameter sets focused on in this study were the 43A2
(Schuler & Van Gunsteren, 2000) and five variants of the
45A3 (Schuler, Daura, & van Gunsteren, 2001) GROMOS
parameter sets. The five 45A3 parameter sets tested were
as follows:

∙ the standard 45A3 parameter set,
∙ the 45A3 set with increased partial charges at the
glycerol ester group,

∙ the 45A3-45 set (with increased ester carbon radius),
∙ the 45A3-45 × 12 set (with variations on the ester carbon
and united tetrahedral carbon radii), and

∙ the 45A3-45× 12 set with increased partial charges at the
glycerol ester group.

The authors showed that all the six parameter sets
retained the α polymorph as evaluated by the average
cross-sectional area per chain (Ac), which they describe
as a better parameter to use to assess phase behavior than
volume or density. However, there were some notable dif-
ferences in the results, namely, that the 45A3 parameter
sets gave significantly better results when compared to the
43A2 parameter set and the unmodified 45A3 parameter
set yielding the best results overall. This was highlighted
by the fact that the 43A2 parameter set caused the TAG sys-
tem to remain in a rigid and close packed system, which
forced the system to tilt in a conformation that is known
experimentally to be disallowed. On the other hand, after
equilibration, the unmodified 45A3 parameter set retained
the TAG system in a chair-like conformation (which in this
case is referring to the general form of the molecule rather
than the relative positioning of the chains) and the calcu-
lated Ac was very close to that expected. In addition, the
total number of trans conformations of the alkyl chains
compared well to empirical data, while no molecular tilt
was observed.
The results obtained from the modified 45A3 parame-

ter sets did not vary widely; however, when increasing the
partial charges in the glycerol ester groups to those given by
Chiu et al. (1995), there were significant changes in the vol-
ume of the box due to the different attractive and repulsive
forces between the molecules, while the parameter sets
with modified carbon radii gave rise to an increase in the
box size as well as a reduction in the number of trans con-
formations, which was below that found experimentally.
The authors concluded that the 45A3 parameter set was
thus regarded as giving satisfactory results in simulating
the properties of TAGs (Chandrasekhar & van Gunsteren,
2002). This paper highlighted the sensitivity of TAG simu-

lations to the forcefield used and can be considered to be
of a seminal nature forMD simulations of TAGs, as a num-
ber of other studies published since then that describe MD
simulations of TAGs have used the GROMOS96 forcefield,
or variations of it, for their simulations.
A Masters thesis published in 2010 (Szewczyk, 2010)

focused on the MD simulations of TAGs, with the aim of
the study being to capture the first phase of the liquid-
to-crystalline transformation of a pure TAG system. This
work was based on the Chandrasekhar and van Gunsteren
(2002) study, using the GROMOS96 forcefield for their MD
simulations. The parameter subset chosen in this study
was the 53A5 set (Oostenbrink et al., 2004), which is a
refinement of the 45A3 parameter set (Schuler et al., 2001).
This work focused on tripalmitin (1,2,3-tripalmitoyl-sn-
glycerol) and tristearin (1,2,3-tristearoyl-sn-glycerol), that
is, fully saturated and symmetric TAGs. The same study
also investigated the use of a coarse-grained (CG) force-
field, in this case the Martini 2 forcefield (Marrink et al.,
2007). The most successful results were those obtained
with theGROMOS forcefield, withwhich densities close to
the experimental value were obtained, whereas the results
with the Martini 2 forcefield were not as good (<9% dif-
ference between experimental and simulated when using
GROMOS versus 24% difference when using Martini 2),
(Szewczyk, 2010) corroborating Chandrasekhar and van
Gunsteren’s claim that forcefields parameterized for non-
TAG systems are unlikely to be suitable for pure TAG
systems. This also highlights the issue that CG forcefields
will usually give less accurate simulation results when
compared to atomistic simulations if the CG forcefield has
not been parameterized specifically to simulate for the
property being investigated.
Two papers detailing the work in the groups of

Marangoni and Pink published in 2012 (MacDougall et al.,
2012) and 2014 (Razul et al., 2014) used MD simulations
of TAGs to investigate the nanoscale characteristics and
interactions of liquid oils to nanoplatelets of crystalline
TAGs, such as the capacity of crystalline nanoparticles
of tristearin to bind liquid triolein (1,2,3-trioleoyl-sn-
glycerol). In both cases, the MD simulations were carried
out using a variation of the GROMOS forcefield, which
had been developed previously by Berger et al. (1997). The
Berger forcefield uses the standard GROMOS forcefield
parameters for all bonds, valence angles, and improper
dihedrals, as well as for the dihedral angles in the
headgroup region (the Berger study focused on dipalmi-
toylphosphatidylcholine [DPPC]). For the hydrocarbon
chains, the Ryckaert-Bellemans potential is used, while
for the nonbonded 1–4 interactions, the authors use the
Lennard-Jones (LJ) as recommended by the optimized
potentials for liquid simulations (OPLS) parameter set.
The partial charges used in the main simulations of this
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MODELING OF FATS AND TRIACYLGLYCERIDES 15 of 23

study were taken from the study by Chiu et al. (1995),
which in this case gave simulated results that were very
close to empirical results. It has however to be noted that
the Berger study was on fully hydrated DPPC, that is, an
aqueous system, that is, unlike that found in a hydrophobic
fat.

5.3 Finding the best forcefield for
atomistic simulations

Briesen’s group has published a number of papers on MD
simulations of TAGs. Their studies, however, have been
carried out using different forcefields. In a 2012 paper
(Greiner, Reilly, et al., 2012) studying the effect of tempera-
ture and pressure on density and self-diffusion coefficients
ofmonoacidTAGs,with theFAchains ranging from four to
eighteen carbons, the parameters used by the authors were
a combination of the forcefield developed by Nath and
Khare (2001), Nath et al. (2001), Nath et al. (1998) for the
aliphatic chains, while the glycerol backbonewasmodeled
using the parameters given by Sum et al. (2003), collec-
tively known as the NERD forcefield for TAGs. Although
the results obtained showed the expected trends, it was
hard to compare all the results with experimental data as
this was not available at the time of publication.
Results presented at a 2012 conference (Greiner, Elts,

et al., 2012) by the same group focused on the behavior
of TAGs in high-pressure systems with the TAGs under
study being sn-StOSt (1,3-distearoyl-2-oleoyl-sn-glycerol),
sn-POSt (1-palmitoyl-2-oleoyl-3-stearoyl-sn-glycerol), and
sn-POP (1,3-dipalmitoyl-2-oleoyl-sn-glycerol), that is, the
main three TAG components of cocoa butter. In this case,
they again used the NERD forcefield, with the authors
again reporting the expected qualitative trend (when com-
paring to similar published data for cocoa butter; Greiner,
Elts, et al., 2012) when plotting melting pressure against
melting temperature for the three TAGs.
In a 2014 study (Greiner et al., 2014), the same

group modeled the interaction of a 1,2-dilinoleoyl-
phosphatidylcholine molecule (a key component of
lecithin) with a sucrose crystal at a sucrose–cocoa butter
interface, the latter being modeled as a specific mixture of
sn-StOSt, sn-POSt, and sn-POP. This system was chosen
as a model system for chocolate conching. In this case,
the authors used the General Amber Forcefield (Wang
et al., 2004), which the authors state was chosen given
the fact that it was designed to cater for a wide variety
of functional groups with the interaction parameters
being readily available and tested for similar systems.
The authors determined the simulations to be successful,
with the surfactant molecule detaching from the sucrose

crystal face in stages, first one FA chain at a time, followed
lastly by the choline headgroup, with the main limiting
factors being the computational power and time needed
with increasing system size and time scale (Greiner et al.,
2014).
A 2018 study investigated the eutectic behavior of a

binary mixture of tripalmitin and tristearin both empir-
ically and computationally (Pizzirusso et al., 2018). The
simulations for this study were carried out using the
NERD forcefield, as an evaluation of four different force-
fields, namely, the united atoms forcefields GROMOS96
and NERD and the all-atom forcefields OPLS and Large-
OPLS, led the authors to the conclusion that at 293 K,
the NERD forcefield gave the best agreement between the
simulated and experimental crystal lattice parameters and
crystal density for both TAGs. The authors also observed
that on simulating the heating of the pure crystals in
the β polymorph, the simulated crystal-to-liquid transi-
tion temperature was 35 K higher than the empirical value
in both cases, with the empirical 5 K difference between
the tripalmitin and tristearin melting points being repro-
duced computationally. The authors ascribed this 35 K
offset to the approximation of the united atoms model,
where the hydrogens are not considered independently
but are part of the alkyl group. The binary mixtures in
this study were modeled by starting with a pure tristearin
crystal in the β polymorph and then randomly replacing
a specific number of tristearin molecules with tripalmitin
molecules. The conclusions of the study allowed for a
molecular explanation of the eutectic phenomenon of the
tripalmitin/tristearin binary mixtures, with the simula-
tions agreeing with empirical results in identifying a mole
fraction of 0.7 tripalmitin as the binary mixture with the
lowest melting point (Pizzirusso et al., 2018).
Most of the studies described in this sectionwere carried

out on fully saturated monoacid TAGs, which, while sim-
ple, are not the most common TAGs found in nature. The
applicability of the NERD forcefield as used by Briesen’s
group (Greiner, Elts, et al., 2012; Greiner, Reilly, et al., 2012)
and Pizzirusso et al. (2018) and the GROMOS96 forcefield
(with the 53A5 parameter set) were investigated by Cor-
dina et al. (2021), who showed that this forcefield did not
give good results when used for the simulation of crys-
talline monounsaturated TAGs, such as sn-POSt, sn-POP,
and sn-StOSt when compared to empirical measurements
such as lattice dimensions and density. The authors thus
modified the NERD forcefield, namely, scaling the 1–
4 electrostatic interactions of the forcefield, enabling a
much better reproduction of the crystalline (including of
different polymorphs of the same crystalline TAGs) and
melted densities of unsaturated TAGs, as well as the lattice
dimensions.
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16 of 23 MODELING OF FATS AND TRIACYLGLYCERIDES

5.4 From atomistic to coarse-grained
simulations

A significant body of work relating to the MD simulations
of TAGs has come from Milano’s group. A 2009 doctoral
thesis by Brasiello (2009) focused on the atomistic and
CG MD simulations of tridecanoin (1,2,3-tridecanoyl-sn-
glycerol). The atomistic simulations focused on determin-
ing the density change with temperature of the system, the
radial distribution function (RDF) of the nonbonded inter-
actions, themean squared displacement of the systemwith
time, and the viscosity of the system as a function of tem-
perature. All these simulations were carried out using the
GROMOS96 forcefield, with the author stating that they
used the forcefield as described by Chandrasekhar and van
Gunsteren (2002); however, they do not definewhich exact
parameter set they used.
The density and viscosity were compared with available

experimental data and found to be in close agreement. The
computed self-diffusivity value, obtained from the mean
squared displacement calculations, was of the same order
of magnitude as liquid water, and in the absence of any
experimental value, it was thus judged to be acceptable
given that the simulations were performed on a liquid
system. The carbon–carbon RDF showed a curve with a
number of high peaks, typical of a liquid system where
the FA chains have high flexibility and can thus inter-
act, whereas the FA chain carbon-ester group RDF was
much flatter, confirming that the ester groups are not being
influenced by the FA chains.
The same group then developed a custom CG forcefield

from the united atom simulations carried out on tride-
canoin. The author claims that, to their knowledge, there
is no literature describing CGmodels of TAGs and that the
Martini 2 forcefield (Marrink et al., 2007) is inadequate for
this purpose, as evidenced by a comparison of the distribu-
tion functions of bond angles and bond lengths between
the GROMOS96 united atom results and the Martini 2
results, with the author showing that the bond lengths and
angles are less stiff when using the Martini 2 forcefield
(Brasiello, 2009). The RDFs from the Martini 2 forcefield
also show higher nonbonded interactions when compared
to the results obtained when using the GROMOS96 force-
field. The group thus developed a CG forcefield for TAGs
where one glycerol carbon plus the ester group are consid-
ered to be oneCGbead (distinguishing between the central
and terminal glycerol positions), whereas the other beads
are formed of threemethylene/methyl groups, giving three
bead types in total (Figure 3a). The coarse graining was
improved in later publications as explained in Table 2.
In developing the CG forcefield, the author chose a har-

monic potential for the two-body bonded potential, thus
reducing the computational effort as it allows for the def-

inition of only two parameters instead of three, with the
same being done for three-body bonded potentials. No
four-body bonded potentials are defined, with the author
justifying this approach because the dihedral distributions
of the centers of mass of the groups represented in the
CG model were completely random in the atomistic sim-
ulations (Brasiello, 2009). This holds true for a completely
saturated system such as tridecanoin, given the full rota-
tional freedom of the saturated methylene and methyl
groups, but might not hold true for an unsaturated system
such as an oleic chain (an 18-carbon chain with a cis dou-
ble bond at C-9). As for two-body nonbonded interactions,
the author used LJ 12-6 potentials.
The bonded parameters were determined by trial and

error in such a way that the length and angle distribu-
tions overlapped with those obtained from the atomistic
simulations. Given that, in the interests of computational
efficiency, a harmonic oscillator model was chosen, the
distributions were not always achieved perfectly as, for
example, bimodal distributions observed from the atom-
istic simulations could only be reproduced as monomodal
distributions. Notwithstanding this, the author argued that
the distributions were still in quite good agreement. The
two nonbonded LJ parameters were also determined by
trial and error, while the mass was a simple summation
of the mass of the atoms in each bead and the charge was
set as zero given the overall neutral nature of each bead.
It is, however, in our view that this is not quite correct.
Although the glycerol-ester beads were distinguished on
the basis of having a different mass (with the central bead
grouping having one hydrogen atom less than the terminal
beads), the FA chain beads should also be distinguished as
the terminal chain bead is 1 atomic mass unit heavier.
In this case, the LJ parameters were fit so that the den-

sity of the box and the RDFs when using the CG model
matched those obtained from the atomistic simulations.
The RDFs obtained in this case showed a steeper growth
than those from the atomistic simulations with the author
attributing this to the fact that even though, given the
coarse-graining, a “softer” nonbonded potential could be
used, they still decided to use the LJ 12-6 potentials mak-
ing themodel less specific and thusmore flexible for future
applications. The author also notes that the LJ potentials
between beads of different types differ slightly from those
obtained when using the Lorentz–Berthelot mixing rules
and are in fact corrected to give better overlapping RDFs
(Brasiello, 2009).
This CG forcefield was then compared with the atom-

istic model and experimental data. Given that the CG
model was developed from the data obtained from atom-
istic simulations at 446 K it was not surprising that
the densities obtained from the atomistic and CG mod-
els at this temperature matched perfectly. The density
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MODELING OF FATS AND TRIACYLGLYCERIDES 17 of 23

F IGURE 3 Evolution of the CG forcefields for triacylglycerides (TAGs). (a) Three bead forcefield developed for tridecanoin (Brasiello,
2009); (b) Four bead forcefield developed for tridecanoin (Brasiello et al., 2011); (c) Nine bead forcefield developed for unsaturated TAGs of
varying length (Cordina et al., 2023b). In all cases, the numbers represent which beads are the same in the respective forcefield.

TABLE 1 Comparison of the various models to predict melting point and enthalpy of fusion of triacylglycerides (TAGs) [a]: Zacharis
(1977), [b]: Timms (1978); [c]: Ollivon and Perron (1982); [d]: Marangoni and Wesdorp (2013), Moorthy et al. (2016), Seilert et al. (2021),
Wesdorp (1990); [e]: Zéberg-Mikkelsen and Stenby (1999); [f]: Seilert and Flöter (2021).

Model [a] [b] [c] [d] [e] [f]
Tm + − − + + +

ΔHf − + + − + +

ΔSf − − − + − −

Saturated TAGs + + + + + +

Unsaturated TAGs − + + + − +

Asymmetrical TAGs − + − + + +

Polymorphs α β′ β β′ β β′ β α β′ β α β′ β α β′ β
Sub-polymorphs − − − − − −

f(individual fatty acid chains) − − − + + +

Fatty acid position − − − + + +

TABLE 2 Table showing three different types of coarse-grained bead definition (Brasiello et al., 2011).

Bead Model 1 Model 2 Model 3
sn-1 and sn-3 Glycerol carbon + ester group Same bead type Individual bead Individual bead
sn-2 Glycerol carbon + ester group Individual bead Individual bead
3 × CH2 (fatty acid chain) Same bead type Same bead type Individual bead
2 × CH2 + 1 × CH3 (fatty acid chain + terminal group) Individual bead
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18 of 23 MODELING OF FATS AND TRIACYLGLYCERIDES

calculated from simulations at other temperatures, how-
ever, diverged, with the plot of density against temperature
obtained from the CGmodels being steeper than that from
the atomistic model results. The atomistic density against
temperature plot gradientmirrored that fromexperimental
data, if slightly offset. The author, however, states that from
calculations carried out, the results of the mean squared
displacement suggest that the scaling factor between CG
and atomistic simulations is 3, that is, every unit of CG
simulation time is equivalent to three units of atomistic
simulation time, meaning that simulations can be car-
ried out over longer timescales by using CG modeling,
even though the divergence between the atomistic and CG
simulation results was observed. In the section looking
at the phase transition of the TAG, the major drawback
of this research is the fact that they cooled the system
from 446 to 50 K using very rapid annealing rates, which
meant that the molecules were mainly frozen in whatever
conformation was adopted in the liquid state (Brasiello,
2009).
A 2011 paper (Brasiello et al., 2011) by the same group

describes the development of the CG model for tride-
canoin using the same principles but exploring the effect
of defining different types of beads. Three different models
were developed, as shown in Table 2. While the simulated
density from all three models compared well with experi-
mental data, it was clear that Model 3, that is, where the
terminal glycerol carbons + ester groups were defined as
a different bead type from the central bead and the termi-
nal FA chain bead was also defined differently from the
other chain beads (Figure 3b), gave the best results in terms
of observing a phase transition from liquid to crystalline.
When using Model 1 very little ordering of the molecules
was observed when reducing the temperature, whereas
Model 2 showed weak molecular aggregations. Model 3,
however, showed a clear crystal transition on cooling from
446 to 200K,with the glycerol-ester beads assemblingwith
each other to form planes. The resulting crystal was deter-
mined to be in the α phase given the hexagonal packing
of the molecules with no angle tilt, whereas the interchain
distance was close to the experimental value for this poly-
morph (Brasiello et al., 2011). It is not clear from the paper
whether the crystallization into the α polymorph is a con-
sequence of the very low temperatures to which the system
is cooled to or the CGmodel or both. Also, given the chain
length and saturation of the FA chains in this study, with
nine saturated carbons on each glycerol carbon (apart from
the carbonyl carbon), defining the bead size and type was
straightforward given that each bead type contained three
carbons.
A collaboration between the Marangoni and Milano

groups looked at the interactions of tripalmitin and tris-
tearin as pure systems as well as a binary mixture

(Pizzirusso et al., 2015). The same CGmodel was used, this
time being validated for the liquid-to-solid phase transition
of pure tripalmitin and tristearin. The crystallization of a
binary mixture of the TAGs resulted in the α polymorph
(Pizzirusso et al., 2015), although this could be due to the
fact that the simulations were cooled down rapidly from
446 to 175K. The solid-to-liquid phase transitionwas repro-
duced qualitatively, that is, the same trend inmelting point
change was observed with changing tripalmitin/tristearin
ratios as that obtained empirically; however, the computed
values had an offset of around 90 K less than the empir-
ical values. This study was characterized by significantly
long simulation times, in some cases up to 100 µs, although
this was probably not required given that equilibrium was
generally reached in a shorter timescale.

5.5 Refining coarse-grained forcefields
for TAGs

The Brasiello et al. (2011) paper uses four types of CG beads
(Figure 3b), which was sufficient to describe tridecanoin.
In the case of other TAGs, such as sn-POSt, which has a
different number of carbons in the different FA chains,
this CG mapping is insufficient, as exemplified by the 15
saturated carbons in the palmitic chain and 17 saturated
carbons in the stearic chain (excluding the carbonyl carbon
of the FA chains, which is part of another CG bead). Thus,
for a TAG such as sn-POSt, bead definitionwould necessar-
ily have to be amixture of two and three carbon beads. This
is further complicated by the presence of the cis-alkene
group in the oleic chain, which would require the defini-
tion of a further separate bead type for the alkene group
itself. As stated by Brasiello et al., the definition of differ-
ent types of beads does not increase computational time if
the number of beads is kept the same; however, it does lead
to a significant improvement of the model (Brasiello et al.,
2011).
This is the approach taken by Cordina et al. (2023b),

who have developed the coarse-grained interchangeable
triacylglyceride-optimized (COGITO) CG forcefield for
TAGs which allows for the simulation of saturated and
monounsaturated FA chains of varying length by param-
eterizing nine different CG beads; three for the different
glycerol-ester bead types and a number of two or three
hydrocarbon beads, depending on their position in the FA
chain, including a specific bead for the alkene to allow for
simulation of the oleic chain (Figure 3c). This CG map-
ping allows for a higher flexibility in simulating different
TAGs including FA chains which vary by only two car-
bons, such as palmitic and stearic chains. In their study, the
authors parameterized the various beads using a combina-
tion of bottom–up and top–down approaches. The bonded
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parameters were based on their previous UA work (Cor-
dina et al., 2021) (bottom–up), whereas the nonbonded
parameters were determined by changing the parame-
ters to fit a set of macroscopic measurements, such as
density and lattice measurements (top–down). Given the
number of LJ parameters that needed to be determined
(in this case, eighteen) and the coupled nature of non-
bonded potentials, the parameters were optimized using
Bayesian Optimization, which allowed for simultaneous
parameter estimation. The authors show good agreement
of simulated crystalline and melted densities with empir-
ical measurements, including for TAGs, which were not
used to parameterize the forcefield, indicating the applica-
bility of the forcefield. In addition to this, the authors also
showed good agreement between the UA and CG RDFs, as
well as being able to reproduce the trends, if not themagni-
tude, of the enthalpy of fusion and enthalpy of vaporization
of various TAGs, despite not parameterizing against these
metrics (Cordina et al., 2023b).
This paper was followed by another study by the same

authors testing and showing the applicability of the COG-
ITO forcefield to determine themelting points of pure TAG
crystals. The authors employed a direct heating simula-
tion method of pure TAG crystals with void defects, which
enabled the accurate determination of the melting points
of both short- and long-chain TAGs, as well as unsaturated
and saturated TAGs (Cordina et al., 2023a). This study
again used the COGITO forcefield on TAGs, which had not
been used for initial forcefield parameterization, further
testing the robustness of the forcefield.
The most recent paper by this group has extended this

methodology further to binary systems of sn-POSt, sn-POP,
and sn-StOSt (Cordina et al., 2023c). Using similarmethod-
ology as in their previous paper to determine the melting
point of a single TAG-type crystal (Cordina et al., 2023a),
the COGITO forcefield was tested to determine whether
it could be used to determine the nonlinear behavior of
such binary systems. The authors showed that, although
the simulated melting points of the binary mixtures at var-
ious ratios were generally found to be lower than those
determined empirically, the overall nonlinearity of the sys-
tems was reproduced well, such as the eutectic point of
sn-POP/sn-POSt at a 50:50 ratio and sn-POP/sn-StOSt at a
80:20 ratio (Cordina et al., 2023c).
In summary, this chapter highlights the nascent stage of

MD simulations research for TAGs and fats. Most of the
early studies focused on fully saturated systems with only
one type of FA, and it is only very recently that research
has focused on the simulations of both crystalline and liq-
uid asymmetric, unsaturated TAGs, that is, TAGs that are
more commonly found in natural fats and oils. This has
been done through the refinement and development of
new forcefields. These have so far, however, been applied

to simple or model TAG systems and have not yet been
applied to the simulation of more realistic fat systems with
their multitude of different TAGs. This is the next step
that should be undertaken to explore the full possibilities
that MD can offer in this field. Until this is achieved, it
will be harder for the food industry to apply this model-
ing technique to real-world problems, such as rheology and
crystallization.

6 CONCLUSIONS

This review has covered a range of different mathemat-
ical and computational models for TAGs and fats. This
is an area of ongoing research, as evidenced by a num-
ber of papers that have been published over the past few
years, highlighting the importance of the field in the food
industry.
Although the applicability of models predicting indi-

vidual TAG properties may be of limited use to the food
industry when taken on their own, these find use in other
models predicting fat properties, which could be of great
use, such as in the prediction of solid-liquid equilibria.
The implementation of such models by food companies to
screen fats or even design the TAG composition of novel
fats to achieve the desired physical properties should not be
overly onerous, and any investment in implementing the
models would be recouped many times over from the time
and expense saved from carrying out empirical testing.
One thing to note here is that most, if not all, of the

mathematical models discussed make use of empirically
estimated parameters. Thismeans that for themodels to be
implemented, some empirical data is still required, which
can go counter to the rationale of using mathematical
models in the first place, although we do acknowledge
that most models require a degree of empirical data to be
parameterized correctly. It will thus be of great value if
purely first-principles models can be developed that can
determine the properties of TAGs and fatswithout the need
of empirical data. Another approach that can be taken
is to investigate the “coupling” of different mathematical
models to circumvent the requirement of empirical data to
estimate a model’s parameters.
With ever-increasing computing power, modeling and

simulation of fats and TAGs will only increase in use.
This is especially relevant to MD simulations, which can
be very computationally hungry. This is an area that
requires more research, especially in the field of unsat-
urated TAGs, on which, while being very abundant in
nature, there are only a few papers being published on this
topic. This field can be considered to be still at a very early
stage with not many publications being available. Given
the computational resource required by MD simulations,

 15414337, 2024, 2, D
ow

nloaded from
 https://ift.onlinelibrary.w

iley.com
/doi/10.1111/1541-4337.13316 by U

niversity O
f Strathclyde, W

iley O
nline L

ibrary on [22/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense
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especially atomistic simulations, future research could
focus on determining the representative elementary vol-
ume (REV) (i.e., the smallest number of molecules
required) to be able to reproduce macroscopic behav-
ior accurately. Whether the REV would be different for
different applications would need to be determined, but
having this kind of information would be of great ben-
efit to researchers. This would enable such researchers
to execute the most computationally efficient simula-
tions while still getting accurate results, which would
allow for the simulation of complex TAG systems (i.e.,
fats) over timescales that are representative of macro-
scopic phenomena. As an example, observing crystal-
lization is known to be very difficult when using MD,
mainly because this can occur over timescales that
are not computationally feasible to reach. By minimiz-
ing the number of molecules that are simulated, this
could then become achievable in a reasonable simulation
time.
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