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This is a density functional theory (DFT)-based (M06) study on the polyurethane formation
from 1,6-hexamethylenediisocyanate (1,6-HDI) reacting with the monoacylglycerol obtained
from the babassu oil. As the lauric acid is the most abundant fatty acid in the vegetable oil, the
2-monolaurin was chosen to scrutinize the polyurethane formation. An analysis of two different
mechanisms (stepwise and concerted) showed the concerted pathway as the most favorable, which
involves the transference of the hydrogen in the 2-monolaurin to a nitrogen atom in the 1,6-HDI.
Finally, the dimerization process takes place by coupling of urethane blocks, instead of growing
the chain by adding 1,6-HDI after 2-monolaurin (or vice versa).
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Introduction

Polyurethanes (PUs) are one of the most important
types of polymers in modern life, with a wide range of
applications such as furniture, footwear, construction,
automotive and so on.'” Due to the versatility and utility,
PUs account for around 5% of the worldwide polymer
production, which corresponds to around 16 million tons of
raw materials produced annually.** PUs are a broad class of
polymers showing as transversal aspect the presence of the
urethane group (-NHCO-0-),% which the preparation is
based on the original work of Bayer,” by a straightforward
route that reacts diols with diisocyanates.’

PUs show thermoplastic, elastomeric and thermoset
behavior depending on their chemical and morphological
properties, that can be tuned by changing the type and
functionality of the polyol and/or isocyanate precursors,
allowing large potential types of polymers that can provide
a diverse usage. In industry, only a few polyisocyanates
are used, usually obtained from petroleum sources, while
a variety of polyols are available. In this way, the polyol
typically determines the properties of the polyurethane.>?
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The rising interest and concern about environmental
matters, such as global warming and waste, plus the depletion
of fossil and petroleum resources, turn the attention to
safer and cleaner products and processes using renewable
feedstocks. Among others, natural oils provide an abundant
source to replace petrochemicals or to be directly used
in bioinspired materials, including polymer synthesis.
Nowadays there are many alternatives for the preparation
of thermosets and thermoplastic polymers based on plant
sources, such as soybean, canola, rapeseed, palm, sunflower,
corn, and linseed oils.®!" In this way, these vegetable oils
are becoming very important as a renewable resource for
the preparation of the polyols, since they are composed of
triacylglycerols, necessary for polyurethane synthesis.

Another possibility of vegetable oils as a source of
triacylglycerols is the babassu oil, obtained from the nuts
of the babassu palm (Orbignya speciosa). This is a natural
tree from the Brazilian biomes Amazon, Caatinga and
Atlantic Forest, scattered throughout Maranhdo, Tocantins,
Pard and Piaui states. Derivatives of the babassu palm
have a considerable economic impact in the region above
mentioned, being useful in industry, coal, recycled paper,
handicraft works, building and the most importantly, the
extraction of the oil.'*!* The main components of babassu
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oil are triglycerides of lauric acid (41.6%), myristic acid
(17.9%), oleic acid (13.3%) and palmitic acid (9.4%).'*!
Those triglycerides can be converted into the monoglyceride
via glycerolysis.'®!”

Despite the importance of the polyurethane formation
in the absence of any catalysts, there is still not a full
understanding of the mechanism for this reaction. Some
authors'® claim a concerted mechanism for the reaction,
while others'*? advocate for a stepwise mechanism to rule
the process. In this way, this work aims at understanding
the mechanistic parameters for the reaction of the
2-monoglycerides, derived from the babassu oil, with
1,6-hexamethylenediisocyanate (1,6-HDI).

Methodology

To assess the reactivity of monoglycerides with
1,6-HDI, we do here a theoretical approach based on
density functional theory (DFT). All structure optimizations
were performed using the Gaussian 09 suite of programs.?!
B3LYP?*® (Becke, 3-parameter, Lee-Yang-Parr) was the
exchange-correlation functional chosen along with the
6-311G basis set.*** Frequency calculations were done to
ensure the nature of the optimized geometries: minimum,
showing zero imaginary frequency, and transition state (TS)
with a single imaginary frequency. Free energy corrections
were determined using vibrational frequencies assuming
a standard state of 1 atm and 298.15 K at B3LYP/6-311G
level of theory. We have performed intrinsic reaction
coordinate calculations to ensure that the located transition
states were indeed correspondent to the reaction steps we
were interested in. The energies reported in this text are
the free Gibbs energy.

Results and Discussion

As said above, the main goal of this work is to understand
the mechanism for the formation of polyurethanes from
2-monoglycerides derived from the babassu oil with
1,6-HDI. In this work we have explored two possible
mechanisms for the formation, shown in Scheme 1: path A
is a concerted mechanism and B is a stepwise possibility.'82

Since the lauric acid is the most abundant fatty acid
in the babassu oil, we investigate the reaction of its
derivative 2-molaurin with 1,6-HDI for the formation of
the polyurethanes. The energetic profile of the concerted
mechanism is shown in Figure 1.

The concerted pathway has only one transition state
(TS), where the breaking of the O—H and formation of
the N—H takes place at the same time. In this species the
O-H length is 1.22 A, while in the reactant 2-monolaurin
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Scheme 1. Potential mechanisms for the formation of polyurethanes from
2-monoglycerides derived from the babassu oil with 1,6-HDI: (path A)
concerted and (path B) stepwise.
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Figure 1. Free energy profile for the reaction of 2-monolaurin with
1,6-HDI by the concerted mechanism (pathway A).

is 0.99 A. On the other hand, the distance N—H in the
TS is 1.32 A, but absent in the reactant 2-monolaurin.
Bond C-O is being formed with a length of 1.86 A. The
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optimized geometry of this TS is shown in Figure 2.
Regarding the energetics, this TS corresponds to a barrier
of 37.5 kcal mol™ and the formation of the frans-urethane
product releases 11.1 kcal mol™".
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Figure 2. Optimized geometry for the transition state (TS) in the concerted
mechanism A.

In Figure 3 we show the energetic profile of the
mechanism for the stepwise pathway considered in this
work for the reaction of 2-molaurin with 1,6-HDI.

The first step of this mechanism is a nucleophilic attack
of the oxygen atom of the hydroxyl in the 2-monolaurin to
the carbon of the isocyanate group, corresponding to the
TS1 with a barrier of 51.8 kcal mol!, that immediately
forms the intermediate I1. The intermediate 12 is reached
by surpassing a barrier of 3.5 kcal mol~!, which is the TS2.
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This step corresponds to an interconversion, turning a C—O
bond by 153.4°.

Finally, the reaction comes to an end covering a barrier
of 28.3 kcal mol™' (TS3), forming the products, that have
an energy of —11.1 kcal mol='. In this last step, we have the
transfer of the hydrogen from the oxygen to the nitrogen,
taking place simultaneously with the vanishing of the
double bond C=N and formation of a t-bond in the C—-O
covalent interaction.

A comparison of the two possible pathways here
considered clearly shows that the concerted mechanism is
the one to govern the reaction since its TS is 14.3 kcal mol™!
smaller than the greatest barrier of the stepwise pathway
(TS1). This barrier values are affordable, which implies in
a process that can potentially happen at room temperature.

As said above, we focused on lauric acid to explore the
reaction mechanism, once it is the most present in babassu
oil. However, another fatty acids are also present, and they
can also be a source of 2-monoacylglycerol species that can
react with the isocyanate to form polyurethanes. Therefore,
we have also decided to explore the influence of different
fatty acids source in the reaction energetics.

Because concerted mechanism A is the most stable,
we use this mechanism to assess the influence of different
fatty acids on the energetics. To do so, we have localized
all the stationary points for each one of the fatty acids. The
energies are shown in Table 1.

As can be seen, there is no significant difference in
the transition states for the different 2-monoacylglycerol,
neither exists for the products, which means that there are no
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Figure 3. Free energy profile for the reaction of 2-molaurin with 1,6-HDI by the stepwise mechanism (pathway B).
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Table 1. Free energy for reactants (R), transition states (TS) and products (P) in the mechanism for the reactivity of diisocyanate with 2-monoacylglycerol,

obtained from different fatty acids

Lauric acid
C:12

Caproic acid
C:10

Caprylic acid
C:8

Myristic acid

C:14

Linoleic acid
C:18:2

Oleic acid
C:18:1

Stearic acid
C:18

Palmitic acid
C:16

44.0
0.0
375
-11.2

6.0
0.0
375
-11.9

5.0
0.0
37.2
-11.3

Babassu oil* / %
R/ (kcal mol™")
TS / (kcal mol")
P/ (kcal mol™")

17.0
0.0
37.5
-11.0

2.0
0.0
36.5
-11.0

14.0

0.0

38.1
-10.5

45

0.0

35.1
-12.0

8.0
0.0
35.7
-11.9

“Percentual composition of the babassu oil.

significant differences for the different fatty acids, neither
regarding the thermodynamic, nor the kinetic control. Such
behavior implies that the composition of the polyurethane
product is dependent on the composition of the natural oil.
Therefore, to get a homogeneous product, it is necessary
to make a separation of the components of the natural oil
before the reaction meant to form the polyurethane itself.

To understand the polymerization reaction itself, it is
important to have insights about the growth of the polymer
chain. Here we consider the process of the dimer formation.
Scheme 2 shows potential mechanisms for the dimer
formation, as suggested by Shyichuk and co-workers,*
while Figure 4 shows the free energy profile for those
mechanisms. In it, G=D is the urethane monomer, which
is the same product formed in the products (P) explored in
mechanism A (Figure 1).

G-D + G > G-D-G +D — G-D-G-D (path T)

G-D+D —D-G-D+G — D-G-D-G (path 1I)

GD+ GD —» GD-GD (path III)

Scheme 2. Potential mechanisms for the dimerization of the polyurethane.
G-D represents the polyurethane, where G stands for the monoglyceride
and D the diisocyanate.

In the path I for the dimer formation, polyurethane
G-D can react with the monoglyceride G and subsequently
with diisocyanate D forming the dimer G-D—-G-D. For the
path II, the G-D reacts first with a diisocyanate D and only
afterward it reacts with the monoglyceride G, forming the
dimer. Finally, in the path III, the G-=D monomer can react
directly with another G-D monomer to form the dimer.
All those couplings were modeled based on the concerted
mechanism, since it is the most favorable mechanism, as
already discussed.

As shown in Figure 4, the activation energy for
the path III (15.7 kcal mol™) is smaller than for path I
(38.4 kcal mol™) and path II (35.4 kcal mol™). In this way,
the most favorable mechanism for the dimer formation is
the coupling of the previously formed polyurethanes block,
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Figure 4. Free energy profiles of the potential mechanisms for
dimerization of the polyurethane.

instead of building the polymer by adding a diisocyanate
molecule to the polyurethane after a monoacylglycerol
(path I) or adding a monoacylglycerol after a diisocyanate
(path II). This shows that the urethane formation is
mandatory before the growth of the polymeric chain.

We can also see that the dimmer formation is a process
even more exergonic (33.0 kcal mol™') than the polyurethane
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formation (11.1 kcal mol™"). This is an indicative that the
polymerization is a living process.

Conclusions

Our theoretical DFT-based study has shown that
the polyurethane formation from 1,6-HDI reacting
with 2-monolaurin takes place by a concerted pathway,
which involves the transference of the hydrogen in the
monoacylglycerol to a nitrogen atom in the 1,6-HDI. The
barrier of 37.5 kcal mol™' indicates that the reaction can
take under a mild heating. Analysis of the polyurethane’s
formation with other fatty acids from the babassu oil did
not show any relevant kinetic or thermodynamic difference,
implying the importance of using pure fatty acids. The
dimerization occurs by a coupling reaction of urethane
blocks, instead of building the chain by adding 1,6-HDI
after 2-monolaurin. It is presumed that the polymerization
also occurs by adding urethane blocks.

Supplementary Information

Supplementary data are available free of charge at
http://jbcs.sbq.org.br as PDF file, containing the
benchmarking of different functionals and computed
Cartesian coordinates of all molecules reported in the
main text.
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