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Abstract This work describes theoretical and experimental
studies on glycerol esterification to obtain acetins focusing on
the obtained isomers. The reaction of glycerol with acetic acid
was carried out on Amberlyst 36 wet. Density functional
theory calculations on the level of M06-2X functional and 6-
311+G(d,p) basis set are carried out and the most stable
structures of the reactants and products are located by consid-
ering a large number of conformers. The thermodynamics is
discussed in terms of the calculated reaction Gibbs free ener-
gy. The AIM theory was used to characterize reactants and
products. The glycerol esterification with acetic acid is found
to be thermodynamically favored, with exothermal property.
These agree well with experiments and allow us to explain the
relative selectivity of products.

Keywords AIM analysis - Catalysis - Density functional
theory - Glycerol esterification

Introduction

The manufacture of first generation biodiesels (fatty acid

alkylesters) by transesterification processes has been growing
continuously during the last years, mainly due to the
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renewable source of this fuel in comparison with the conven-
tional fuels derived from petroleum [1, 2]. Consequently
a large amount of glycerol is produced (accounts for
10 wt% of the total product) which has to be revaluated
in order to make the bio-fuel industry economically and
environmentally viable [3].

As a matter of fact, the market for glycerol is now saturated
and the production of valuable chemicals such as fuel and raw
molecules for polymer industry from this compound, seems to
be a promising solution leading to an increase in market novel
opportunities. Within the studies of glycerol utilization path-
ways, it is worth to mention some research directed toward
reactions forming molecules which improve the quality of
biodiesel by reducing the viscosity and cloud point or by
decreasing the particulate emission. In this sense, it could be
mentioned that the products issued from the etherification of
glycerol with tert-butanol and isobutylene can be used as
additives in biodiesel [4-6]. Glycerol can also react with
aldehydes, ketones, acetic acid and methyl, ethyl acetates
forming acetals, cetals, and glycerine acetates that can be used
for reducing the particulate emission and for improving com-
bustion and the biodiesel behavior at low temperature [7—10].

In particular, the esterification of glycerol into acetins is
quite attractive due to the versatile industrial application of the
final products, going from cosmetic to fuel additives [11].

The products of glycerol esterification with acetic acid are:
monoacetins, MAG: 1-monoacetin, 1-MAG and 2-
monoacetin, 2-MAG, diacetins, DAG: 1,2-diacetin,1,2-DAG
and 1,3-diacetin, 1,3-DAG and triacetin, TAG, (Scheme 1).
Monoacetin can be used as a food additive, in the manufactur-
ing of explosives and smokeless powder and mixed with
diacetin and triacetin for printing inks, plasticizers and soften-
ing agents [12].

In addition, MAG and DAG could be used as solvent,
plasticizer, softening agent and solvent for dyes, while the
mixture of MAG and DAG has applications in chemical
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Scheme 1 Products of glycerol
esterification
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products in food [13]. TAG is the most useful acetin, being
used as a food additive, plasticizer, antifungal agent, and
additive for gasoline [6]. Further details about several new
ways to valorize glycerol can be found in [11, 14-19] and
references therein.

Among all the existing possibilities to strike glycerol over-
production, we focus our investigation on the esterification of
glycerol with acetic acid in order to form species which could be
used as bio-fuels additives or raw materials for the production of
biodegradable polyesters [2, 20], mainly MAG, DAG, and TAG.

Several type of catalysts [2, 21-27] have been used for the
acetylation of glycerol. Gongalves et al. [20] compared the
different performances of catalysts, including ion exchange
resins, which showed the best catalytic activity. Good selec-
tivity of diacetin was achieved over zeolite supported
dodecamolybdophosphoric [25, 27, 28]. The influence of
reaction conditions on product distribution in the heteroge-
neous acetylation of glycerol with acetic acid was determined
over Amberlyst 15 [29]. The parameters of the acetylation of
glycerol reaction were optimized on different solid acid cata-
lysts by Zhou et al. [30].

Even though there are a considerable number of papers that
deal with this topic, very few of them focus on the theoretical
study of esterification of glycerol reaction. Liao et al. have
carried out theoretical calculations on glycerol esterification
reactions locating the most stable structures of all acetylated
glycerol derivates which are in agreement with the corre-
sponding experimental results [31]. The thermodynamics
was discussed in terms of the calculated reaction Gibbs free
energy. The glycerol esterification with acetic acid was found
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to be thermodynamically unfavourable, while its esterification
with acetic anhydride was favored with a significantly exo-
thermal property. Jamroz et al. have done simulation work on
the etherification of glycerol and they have found that the
substitution of glycerol is preferred at the terminal positions
rather than at the central C—O group [32].

Despite the large number of experimental works that have
been reported, only a few papers distinguish the two kinds of
monoacetins (1-MAG and 2-MAG) and diacetins (1,3-DAG
and 1,2-DAG) [20, 21]. Consequently, an experimental and
theoretical study about the esterification of glycerol with
acetic acid, with the aim of addressing this issue can be very
useful to explain the relative occurrence of the formed species.

The motivation of the current study is to characterize, on
theoretical grounds, the experimental results of the glycerol
esterification with acetic acid reaction focusing on the obtain-
ed isomers. For that purpose, we have carried out detailed
theoretical calculations to provide some valuable fundamental
insights on transformation of glycerol into acetins. The nature
of the interactions between chemical reagents is better under-
stood by carrying out calculations on reaction Gibbs free
energy and by topological analysis of electronic structure.

Experimental

Preliminary experiments were carried out in order to establish
the influence of the most significant reaction variables on the
glycerol conversion and selectivity on Amberlyst 36 wet.
Variables included in the study (optimization study) were
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agitation, the acetic acid to glycerol molar ratio, and temper-
ature. The optimum reaction conditions were: agitation =
800 rpm, 7=413 K, acetic acid:glycerol = 6 mol:1 mol.

The liquid phase glycerol esterification with acetic acid
was carried out in a stainless steel batch reactor (Parr 4560).
The reactor was loaded with glycerol and pretreated commer-
cial resin Amberlyst 36 Wet (mass ratio of catalyst/glycerol =
5 wt%). The temperature in the reactor was raised up to 413 K
and the necessary amount of acetic acid to reach 6:1 acetic
acid:glycerol molar ratio was incorporated. The mixture was
heated to the reaction temperature (413 K) and maintained
constant for 4 h (total reaction time). The reactor pressure was
kept at 405.3 kPa by using N, as inert gas. The reaction
mixture was continuously stirred.

The products were analyzed by GC on a Agillent
Technologies 6850 gas chromatograph equipped with a
30 m Innowax column (inner diameter: 0.32 mm, film thick-
ness: 0.5 mm) and a flame ionization detector (FID).

The AIM theory

The atoms-in-molecules (AIM) theory [33-35] reveals in-
sightful information on the nature of bonds. This theory is
based on the critical points (CP) of the electronic density, p(r).
These are points where the gradient of the electronic density,
Vp(r), vanishes and are characterized by the three eigenvalues
(A1, Az, A3) of the Hessian matrix of p(r). The CPs are labeled
as (r, s) according to their rank, » (number of nonzero eigen-
values), and signature, s (the algebraic sum of the signs of the
eigenvalues).

Four types of CPs are of interest in molecules: (3, =3), (3,
-1), (3, +1), and (3, +3). A (3, —3) point corresponds to a
maximum in p(r) and it appears generally at the nuclear
positions. A (3, +3) point indicates electronic charge depletion
and is known as cage critical point; (3, +1) points, or ring
critical points, are merely saddle points. Finally, a (3, —1)
point, or bond critical point, is generally found between two
neighboring nuclei indicating the existence of a bond between
them.

Several properties that can be evaluated at the bond critical
point, BCP, constitute very powerful tools to classify the
interactions between two fragments. The two negative eigen-
values of the Hessian matrix (A; and A,) at the BCP measure
the degree of contraction of p(r) perpendicular to the bond
toward the critical point, while the positive eigenvalue (A3)
measures the degree of contraction parallel to the bond and
from the BCP toward each of the neighboring nuclei. Unequal
values of A; and A, at (3, —1) BCP’s denote an anisotropic
spread of electrons quantified through the concept of elliptic-
ity: € = Aj/A—1, (with A; > A,) where values of ¢ >>1 can be
indicative of 7t bonding. Calculated properties at the BCP of

the electronic density are labeled with the subscript ‘b’
throughout the work.

In the AIM theory atomic interactions are classified ac-
cording to two limiting behaviors, namely, shared interactions
(large values of p, and V?p,<0), characteristic of covalent and
polarized bonds, and closed-shell interactions (small values of
oy, and VZp,>0), useful to describe ionic bonds, hydrogen
bonds, and van der Waals interactions.

AIM theory permits the identification of reactive sites by
means of the Laplacian of the charge density, V2p. AIM
defines the valence-shell charge concentration (VSCC) as
the outer molecular zone where V>p<0. This zone is the one
which, upon chemical combination, is distorted to yield non-
bonded critical points (NBCP), which are minima in V?p
(maxima of charge concentration), corresponding in number
and position to the electron pairs defined by the Lewis and
related models [33]. NBCP correspond to zones where an
electrophilic attack can occur.

Computational methods

The compounds studied are very flexible. Indeed, glycerol
itself has been reported to have at least 100 conformers [36].
However, a search of conformers of each of the studied
molecules would exceed the scope of this paper and therefore
we performed some kind of qualitative calculations. The
conformational space of the reactants and products was inves-
tigated using molecular dynamics simulations as implemented
in the HyperChem package [37]. The semiempirical AM1
method was used as the force field [38].

The molecules were heated from 0 to 800 K in 0.1 ps. The
system temperature was then kept constant by coupling the
system to a thermal bath with a bath relaxation time of 0.5 ps
[39]. After an equilibration period of 5 ps, simulation was
accomplished saving the molecular cartesian coordinates ev-
ery 5 ps. The time step for all the simulations was 1.0 fs.

The resulting geometries were then optimized using AM1
with a threshold of 0.1 kcal A™' mol™" in the RMS gradient.
Such simulations and geometry optimizations were carried out
with the Hyper-Chem package.

The AM1-optimized geometries of the lowest-energy con-
formers obtained according to the above methodology were
further optimized using tools from density functional theory
[40—42] as implemented in the Gaussian 09 package [43].
These calculations were accomplished using the Beck three-
parameters hybrid exchange-correlation functional, known as
B3LYP [44-46], and the hybrid functional M06-2X of Truhlar
and Zhao [44, 47]. The 6-311+G(d,p) basis set is used for all
atoms. The local minima on the potential energy hypersurface
were characterized by the computation of the vibrational
frequencies at the same level of theory used in the geometry
optimizations. The absence of vibrational modes with
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imaginary frequencies shows that the optimized molecular
geometries are at a local minimum in the potential energy
hypersurface.

Only those optimized geometries lying up to 2 kcal mol
above the lowest-energy conformer of every molecule were
considered for further studies. The energy threshold of 2 kcal
mol ™' provides some confidence that the contribution of
higher energy conformations is less than 8 % to every property
measured at 413 K, according to the Maxwell-Boltzmann
distribution.

In order to facilitate the comparison of theoretical results
with experimental data, further geometry optimizations and
calculation of properties were performed including solvent
(acetic acid) effects through the polarizable continuum model
[48-50] as implemented in the Gaussian 09 package.

The thermochemistry data were evaluated at experimental
temperature and pressure conditions (413 K and 405.3 kPa).
Gibbs free energies (from vibrational harmonic normal-mode
computations) were calculated at M06-2X/6-311+G(d,p) level
using Gaussian 09 package [43]. All correction factors and
frequencies are not scaled.

Topological charge density was displayed by the AIM
method [33] using the program AIMAII [51]. Wave functions
(as the only input information required for the topological
analysis) were calculated at M06-2X/6-311++G(d,p) level.

Results and discussions
Experimental results

Table 1 shows results of glycerol esterification with acetic acid
experimentally measured in this study. In the conditions that
the reaction was performed, glycerol was almost completely
transformed into the products (the glycerol conversion after
4 h of reaction was 93 %) with 1-MAG and 1,3-DAG as the
main products of reaction.

It can be seen that the amount of 1-monoacetin is about 18
times the amount of 2-monoacetin, while 1,3-DAG

Table 1 Product distribution of the glycerol esterification with acetic acid
over Amberlyst 36*

Product Concentration (mol I
I-MAG 0.901
2-MAG 0.048
1,2-DAG 0.365
1,3-DAG 0.738
TAG 0.174

#Reaction conditions: temperature = 413 K, pressure = 405.3 kPa, acetic
acid:glycerol = 6 :1, t=4 h, catalyst = Amberlyst 36 Wet (mass ratio
catalyst/glycerol = 5 wt%)

@ Springer

concentration is twice the 1,2-DAG concentration. The con-
centration of TAG reached 0.174 mol.I" (7.8 % of the total
product concentration).

Conformational search and geometry optimization

The methodology described above leads to several different
conformations in the gas phase of glycerol and its acetylated
derivatives. In general we found two or three structures near in
energy while the remaining conformations are found to be
higher in energy than the threshold of 2 kcal mol ™' and they
were not considered for further analysis. Except for glycerol,
for which we have carried out an extensive analysis on its
structures, we selected a unique structure for each studied
compound.

The atom numbering of the studied structures are shown in
Fig. 1.

Glycerol structures

The conformation of glycerol has been extensively studied in
the gas [36, 52], liquid [53, 54], and solid states (X-ray
analysis) [55] and the conformational space of the molecule
is quite complex.

Geometries and vibrational frequencies of the stationary
points were first optimized at the B3LYP/6-311+G(d,p) level,
and then M06-2X/6-311+G(d,p) calculations were conducted.
In the present work, we considered three glycerol structures
(conformers 1, 2 and 3) whose conformations have lower
energy than the threshold of 2 kcal mol ™" with respect to the
most stable one in the gas phase. The relative energies and
some selected structural parameters of the conformers 1, 2 and
3 are listed in Table 2. Moreover, the geometric parameters
when the solvent effect was used are also shown for conform-
er 1. The results of two related works [3 1, 56] are also listed in
Table 2 together with experimental results [55].

As we have mentioned, glycerol is a very flexible molecule
so the structures 1, 2, and 3 differ substantially only in their
dihedral angles. Then, we used the most stable structure, 1, for
further comparisons.

The bond lengths of glycerol evaluated in the present work
with B3LYP and M06-2X methods are in good agreement
with those of previously reported theoretical results using
B3LYP calculations [31, 56] (Table 2).

Generally, it is expected that the bond lenghts calculated by
electron correlated methods are slightly longer than the exper-
imental values and the bond and dihedral angles are slightly
different because the molecular states differ during experi-
mental and theoretical processes. One isolated molecule is
considered in gas phase during theoretical calculation, while
many packing molecules are treated in condensed phase dur-
ing the experimental measurement. This situation can be
observed in Table 2, as expected, bond lengths yielded by
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Fig. 1 Atom numbering of
glycerol a and products of
glycerol acetylation: 1-MAG (b),
2-MAG (c), 1,2-DAG (d), 1,3-
DAG (e) and TAG (f)

B3LYP and M06-2X of our calculations are slightly
overestimated in comparison with the experimental data.

The root-mean-square deviations (RMSD) between exper-
imental [55] and our theoretical values for each method were
calculated to investigate the performance of the both DFT
methods in predicting the bond lengths of glycerol. RMSD

between calculated bond lengths and experimental values are
0.029 A for B3LYP, 0.025 A for M06-2X and 0.027 A when
the solvent effect was used.

Regarding dihedral angles, the calculations at M06-2X/6-
311+G(d,p) including the solvent effect level (Table 2) better
predicts the values of the angles than the calculated values at
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Table 2 Selected bond lengths (in angstroms) and bond and dihedral angles (in degrees) of the three stable conformers of glycerol found within

2 keal mol ™" with respect to the most stable one™®

Connected atoms 1 © 14 24 3¢ From ref. [56] Fromref. [31] Exp.©
AE (keal mol™")  0.00 (0.00) 0.00 (0.00) 0.47 1.14

Epw (kI mol ") —904402.463 (—904453.562) —904434.552 (—904472.501) —904432,602 —904429,758

Cl1-C2 1.530 (1.527) 1.524 (1.521) 1.519 1.521 1.524 1.531 1.509
C1-01 1.434 (1.439) 1.423 (1.427) 1.423 1.410 1.430 1.434 1.401
C1-C2-C3 113.1 (113.5) 112.6 (112.9) 112.3 112.5 112.6 112.8 -
01-C1-C2-02  64.0 (67.8) —48.2 (-51.6) ~54.9 524 ~176.4 -58.0 -59.57
02-C2-C3-03 —49.6 (—54.2) 61.5 (65.7) =57.5 58.1 57.5 48.0 66.56

# Comparison with theoretical and experimental data is also provided. Total and relative energies are also shown. Results obtained when solvent effects

are included are shown in parenthesis

® For atom numbering, see Fig. 1

¢ Calculated at B3LYP/6-311+G(d,p) level
4 Calculated at M062X/6-311+G(d,p) level
¢ Taken from ref. [55]

B3LYP/6311+G(d,p) level. For example, the calculated O2-
C2-C3-03 dihedral angle has opposite sign at B3LYP/6311+
G(d,p) level.

Therefore, we concluded that the M06-2X method leads to
a better prediction of the structures of the studied compounds
when the solvent effect is considered.

It is very interesting to note that, although it has little
impact on the gas-phase geometries, the inclusion of solvent
effects better predicts the dihedral angles. Moreover, the use of
solvent effect makes a more realistic description of catalytic
phenomenon, then we decided to perform all our calculations
at M06-2X/6-311+G(d,p) level.

Glycerol acetylated derivatives structures

Upon the results obtained on glycerol structures, we conclud-
ed that the calculated geometric parameters represent good
approximations and they can be used as the foundation to
calculate the rest of the studied compounds. Consequently, the
B3LYP-optimized geometries of the lowest-energy con-
formers of glycerol acetylated derivatives obtained according
to the adopted methodology were further optimized using
MO06-2X functional. Then we have chosen one conformer of
each molecule which was energetically the most stable at the
MO06-2X level and performed for it M06-2X/6-311+G(d,p)
optimizations and the harmonic frequency calculations includ-
ing solvent effects.

The calculated bond lengths and bond angles of lowest
energy conformers that we have found for
monoacetylglycerol, diacetylglycerol, and triacetylglycerol
are shown in Tables 3, 4, and 5, respectively.

The calculated bond lengths of 1-MAG (see Table 3) fit
very well with those obtained by Limpanuparb et al. [56] at
B3LYP/6-31++G(d,p) level of theory and by Liao etal. [31] at

@ Springer

B3LYP/6-31G** level of theory with a bond length RMSD of
0.028 A and 0.032 A, respectively, when the C1-C2-C3 atoms
are superimposed. However, it should be noticed that the most
stable conformers of 1-MAG reported in this work exhibited
very different dihedral angles with respect to the structure
reported by Liao et al. [31], probably because the ¢ bond
permits the atoms to rotate freely in relation to each other
almost without energy barrier. Similar observations can be
made when comparing the calculated 2-MAG structures
(Table 3) with reported values [31, 56] (bond length RMSD
0f 0.003 A and 0.019 A).

The calculated bond lengths of 1,2-DAG and 1,3-DAG
(see Table 4) are similar to those obtained by Limpanuparb
et al. [56] and by Liao et al. [31] with a bond length RMSD
(C1-C2-C3 atoms superimposed) of 0.020 A and 0.013 A,
respectively, for 1,2-DAG and 0.01 A and 0.039 A, respec-
tively, for 1,3-DAG. Again, the most stable conformers of
diacetylglycerol reported in this work exhibited different di-
hedral angles with respect to the similar structure reported
previously [31, 56].

The same trends described above are observed in the anal-
ysis of TAG structures, similar bond lengths (bond length
RMSD (C1-C2-C3 atoms superimposed) of 0.009 A and
0.038 A, respectively) but different dihedral angles compared
with previously reported values [31, 56].

AIM analysis

It is well known that electronic characteristics are essential to
reveal the nature of bonded interactions. As an advanced
method that can offer a simple, rigorous, and elegant way of
partitioning any system into its atomic fragments, considering
the gradient vector field of its electron density, Bader’s atoms
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Table 3 Selected bond lengths (in angstroms) and bond and dihedral angles (in degrees) of the more stable conformer of monoacetylglycerol™®
Connected atoms 1-MAG 2-MAG

This work © From ref. [56] From ref. [31] This work © From ref. [56] From ref. [31]
Eqorar (kJ mol ™) —1304882,178 (—1304911,820) —1304868,204 (—1304905,405)
C1-C2 1.521 (1.517) 1.529 1.542 1.521 (1.519) 1.529 1.531
C2-02 1.442 (1.443) 1.457 1.444
C3-03 1.441 (1.444) 1.442 1.450
03-C4 1.334 (1.332) 1.359 1.341
02-C4 1.350 (1.342) 1.360 1.378
C4-04 1.208 (1.213) 1.213 1.213 1.200 (1.208) 1.212 1.200
C4-C5 1.501 (1.494) 1.507 1.502 1.503 (1.496) 1.509 1.506
C1-C2-C3 110.4 (110.6) 113.8 113.8 111.9 (113.2) 113.1 114.9
C3-03-C4 117.5 (118.2) 116.1 118.0
C2-02-C4 117.1 (118.0) 61.0 1319
01-C1-C2-C3 —144.6 (—144.9) -179.2 80.2 45.1 (55.8) 118.0 46.4
C2-02-C4-C5 -177.7 (-178.8) 176.7 22
C3-03-C4-C5 —175.5 (-175.3) -179.4 177.7

 Comparison with theoretical data is also provided. Total energies are also shown. Results obtained when solvent effects are included are shown in parenthesis
® For atom numbering, see Fig. 1
¢ Calculated at M062X/6-311+G(d,p) level

Table 4 Selected bond lengths (in angstroms) and bond and dihedral angles (in degrees) of the more stable conformer of diacetylglycerol™®
Connected atoms 1,2-DAG 1,3-DAG

This work © From ref. [56] From ref. [31] This work © From ref. [56] From ref. [31]
Eqoar (kJ mol ™) —1705326,672 (—1705354,996) —1705321,137 (—1705352,466)
C1-C2 1.520 (1.518) 1.515 1.528 1.523 (1.515) 1.525 1.526
01-C6 1.337 (1.337) 1.355 1.353 1.349 (1.343) 1.358 1.358
C6-05 1.207 (1.212) 1.214 1.206 1.201 (1.208) 1.212 1.204
C6-C7 1.501 (1.493) 1.508 1.506 1.501 (1.495) 1.508 1.508
C2-02 1.434 (1.438) 1.449 1.449
C3-03 1.404 (1.413) 1.426 1.417 1.429 (1.437) 1.449 1.445
02-C4 1.348 (1.343) 1.359 1.361
03-C4 1.345 (1.339) 1.359 1.358
C4-04 1.201 (1.208) 1.213 1.203 1.204 (1.208) 1.212 1.202
C4-C5 1.502 (1.494) 1.508 1.503 1.500 (1.495) 1.508 1.507
C1-01-C6 118.3 (118.7) 116.2 117.9 117.6 (118.2) 116.2 117.7
C1-C2-C3 114.4 (114.7) 112.2 115.8 111.5 (111.2) 112.1 115.7
C3-03-C4 116.7 (116.5) 116.5 115.6
C2-02-C4 117.3 (118.1) 117.9 1174
01-C1-C2-C3 —63.1 (-61.1) 70.8 —43.8 —63.8 (—177.4) 65.0 71.5
C1-C2-C3-03 —61.5 (—-62.8) 63.3 74.6
C2-C3-03-C4 —89.6 (—178.5) 176.7 -176.5
C2-02-C4-C5 179.6 (179.3) 176.4 -171.5
C3-03-C4-C5 176.6 (179.7) 179.1 -177.6

 Comparison with theoretical data is also provided. Total energies are also shown. Results obtained when solvent effects are included are shown in parenthesis
® For atom numbering, see Fig. 1
¢ Calculated at M06-2X/6-311+G(d,p) level
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Table 5 Selected bond lengths (in angstroms) and bond and dihedral
angles (in degrees) of the more stable conformer of triacetylglycerol™®

Connected atoms ~ This work® From ref. [56] From ref. [31]

Ew (K mol™")  —2105764,042 (~2105793,936)

Cl-C2 1.511 (1.515) 1.528 1.527
C1-01 1.427 (1.432) 1.441 1.435
01-C8 1.346 (1.346) 1.360 1.363
C8-06 1.200 (1.206) 1.212 1.202
C8-C9 1.502 (1.495) 1.507 1.503
C2-02 1.429 (1.436) 1.447 1.446
02-C4 1.354 (1.345) 1.362 1.363
C4-04 1.200 (1.207) 1.212 1.202
C4-C5 1.498 (1.493) 1.507 1.511
C3-03 1.432 (1.434) 1.442 1.427
03-C6 1.350 (1.345) 1.356 1.355
C6-05 1.200 (1.207) 1.214 1.206
C6-C7 1.501 (1.494) 1.508 1.506
C1-01-C8 115.7 (118.6) 117.8 116.8
C1-C2-C3 112.0 (111.9) 112.6 115.9
C2-02-C4 116.3 (117.1) 117.8 1232
C3-03-C6 117.5 (118.0 116.1 124.1
C1-01-C8-C9 —-178.0 (-177.1) —-179.1 —168.6
C2-02-C4-C5 172.4 (176.2) 177.5 166.9
C1-C2-C3-03 55.0(59.3) —-171.5 =79.7
C3-03-C6-C7 -178.7(-1713) 179.5 166.9

# Comparison with theoretical data is also provided. Total energies are
also shown. Results obtained when solvent effects are included are shown
in parenthesis

® For atom numbering, see Fig. 1
¢ Calculated at M06-2X/6-311+G(d,p) level

in molecules (AIM) theory has been applied widely to study
intra and intermolecular interactions [33].

According to AIM analysis at M06-2X/6-311++G(d,p)
level, the properties evaluated at the BCP corresponds to
interactions attributable to covalent or polarized bonds. The
values of the electron densities, p,, obtained in C-C bonds are
within the range of 0.2529-0.2559 a.u. and the value of V2o
varies from —0.6225 to —0.6059 a.u. These values reveal that
there are no significant variations for these properties in each
type of bond for the different structures, and these results are
in agreement with results previously reported [33].

The topological properties at BCP of CO bonds showed
values of an intermediate or shared polar covalent bond (high
p,, and less than zero V2p,, values). The topological character-
ization of C-O bonds from glycerol and its acetylated deriva-
tives slightly differed from topological features of C = O
bonds and it could be related to bond order. The C-
O(H) bonds provide prototypes of a single bond
(p5~0.2490 a.u. and -V>p,~0.3589 a.u.). Similar features show
the C-O(C) bonds (p,~0.2337 a.u. and —V?p,~0.2177 a.u.)
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while the C = O bonds have character of a polarized double
bond (p,~0.4045 a.u. and —Vp,~0.0482 a.u.).

Figure 2 shows the contour map of the Laplacian
distribution, —V?p, for 1-MAG structure in the plane
that contains C-C-C bonded atoms. The shared interac-
tion between carbon atoms can be seen and the critical
points at the covalent bonds C-C are located in a region
of charge accumulation.

The contour map of the Laplacian distribution for 1-
MAG structure in a plane that contains the ester group
is displayed in Fig. 3. This pattern is slightly different
from Fig. 2. It can be seen in Fig. 3 that critical points
between C and O atoms are located in an area of charge
depletion as anticipated by topological properties corre-
sponding to shared polar bond.

A mechanism for the esterification reaction where the
acidic groups of the catalyst initiate the reaction by donating
a proton to the carboxylic acid molecule (Scheme 2) has been
proposed [57, 58]. The proton attaches to the lone pair of
electrons of the oxygen which is double-bonded to the carbon,
and this causes the carbon to obtain a fair amount of positive
charge. The carboxylic acid is accessible for a nucleophilic
attack by the hydroxyl group from the alcohol and the reaction
continues with water elimination. Finally, the catalyst is re-
covered and the ester is formed, yielding the respective
mono-, di-, tri- glycerol esters.

In order to gain more insight into the site of electrophilic
attack, we undertook a topological analysis of the Laplacian of
the electronic density. Therefore, NBCP have been deter-
mined on the oxygen atoms bound to the H atoms in the OH
groups for glycerol and 1-MAG.

Two NBCP found in the external and internal oxygen
atoms are compatible with two lone electron pairs localized
at the upper and lower positions of the plane, corresponding to
an oxygen atom with sp3 hybridization. In glycerol, the
NBCP found in the external oxygen atoms (O5 and O9) have
higher values of the Laplacian of the electronic density (Vp=
5.150 a.u. and —5.120 a.u. for O9) than the NBCP found in the
internal (O7) oxygen atom (V?p=-5.086 a.u. and
—5.008 a.u.). Similar results were found for 1-MAG being
the NBCP belonging to external oxygen atom (O5) of the
Laplacian of the electronic density (VZp=—5.140 a.u.
—5.127 a.u.) higher than the NBCP belonging to internal
oxygen atom (O7) (V>p=-5.005 a.u. and —5.075 a.u.).

Provided that V?p can be considered as an indicator of the
electrophilic attack site, the centers with the highest V2p value
(05 and 09 in glycerol and OS5 in 1-MAG) would correspond
to the preferred attack site. Then, the formation of 1-MAG
from glycerol could be favored over 2-MAG. In the same
direction, the 1,3-DAG formation could be favored over the
1,2-DAG formation because the external O(H) is more suit-
able to react with positive charged acid group, leading to the
preferential formation of 1,3-DAG.



J Mol Model (2014) 20:2167

Page 9 of 13, 2167

Fig.2 Laplacian of'the electronic
charge density of 1-MAG in the
plane that contains C-C-C bonded
atoms. Red (broken) lines repre-
sent regions of electronic charge
concentration and solid black
lines denote regions of electronic
charge depletion. Bond CP are
indicated with gray circles. The
molecular graph is also indicated.
The contours of the Laplacian of
the electronic charge density in-
crease and decrease from a zero
contour in steps of +2x 10", +4x
10", and £8x 10", with n begin-
ning at —3 and increasing by unity

Energy analysis and mechanism of formation of TAG

The reaction is usually carried out using high acetic
acid/glycerol ratio in order to push the equilibrium
toward the more valuable di- and tri-acetylated products.
To obtain more accurate energies the solvent effects
have been considered and the energies of all structures
were calculated at the M06-2X/6-311+G(d,p) level with
the SCRF (PCM) method.

Gibbs free energies of reactants and products for glycerol
esterification as determined with M06-2X/6-311+G(d,p) can
be found in Table S1 Supplementary information.

Fig.3 Laplacian of'the electronic
charge density of 1-MAG in the
plane that contains C-O-C bonded
atoms of ester group. Red
(broken) lines represent regions of
electronic charge concentration
and solid black lines denote re-
gions of electronic charge deple-
tion. Bond CP are indicated by
gray circles. The molecular graph
is also indicated. The contours of
the Laplacian of the electronic
charge density increase and de-
crease from a zero contour in
steps of £2x 10", £4x10", and
+8x10", with n beginning at —3
and increasing by unity

Table 6 summarizes seven possible elementary steps for the
acetylation of glycerol with acetic acid. Those thermodynamic
quantities computed in Table 6 can also be considered as the
relative stability of triacetin derivatives with respect to glyc-
erol. The reaction free energy of an elementary step depends
on the stability of reactants and products which in turn de-
pends on their structures, i.e., position in which the reaction
takes place, and the number and position of acetyl
substituents.

It can be seen that the energetically favored path for the
TAG formation is through 1-MAG because the acetylation of
glycerol to produce 1-MAG is more exergonic than 2-MAG

@ Springer
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Scheme 2 Plausible reaction
mechanism for the catalytic
esterification of glycerol with H o)
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production. From a thermodynamics point of view, the ester-
ification on primary carbon atom of glycerol is, therefore,
more favorable than on secondary carbon atom. In other
words, in solution phase the reaction follows these trends:
G—1-MAG>G—2-MAG and side positions > middle
position.

Then, as predicted by the NBCP values on oxygen atoms of
the side and middle OH in the 1-MAG, the formed molecule,
may further undergo acetylating on another external oxygen
atom to generate the diacetylated derivatives. Judging from
the reaction free energies, 1-MAG—1,3-DAG>1-MAG—
1,2-DAG and this trend reflects that the nucleophile prefers
to attack at the side position of 1-MAG.

Table 6 Reaction free energies™® for seven elementary steps for glycerol
acetylation

Reaction AG (kJ mol™)
) G+ HAc = I-MAG + W -9.01
©) G + HAc = 2-MAG + W ~0.46
3) 1-MAG + HAc = 1,2-DAG + W ~5.48
4) 1-MAG + HAc = 1,3-DAG + W -12.32
%) 2-MAG + HAc = 1,2-DAG + W -14.03
(©6) 12-DAG + HAc = TAG + W ~11.82
(7) 1,3-DAG + HAc = TAG + W ~4.98

# Calculations at M06-2X/6-311+G(d,p) level). Solvent effects are includ-
ed with the SCRF (PCM) method

b Reaction conditions: temperature = 413 K, pressure = 405.3 kPa
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Finally, the diacetins may react with another molecule of
acetic acid producing the triacetylated derivative. At this late
state, 1,3-DAG structure is lower in energy than its possible
competitor 1,2-DAG. A second mode of formation of TAG is
provided by the 1,2-DAG acetylation. It turns out that this
route is less favorable than the first route described, namely
via 1,3-DAG.

These findings are supported by experimental results
(Table 1) showing that 1-MAG formation is preferred over
2-MAG formation (concentration of 1-MAG is about 18 times
the concentration of 2-MAG) and 1,3-DAG formation is
preferred over 1,2-DAG formation (1,3-DAG concentration
is twice the 1,2-DAG concentration).

According to the energies calculated at the M06-2X/6-
311+G(d,p) level (Table 6) and taking into account the exper-
imental results, it is possible to consider that glycerol is
converted into triacetin through the thermodynamically fa-
vored pathway G—1-MAG—1,3-DAG—TAG via reactions

Table 7 Relative Gibbs energies (AG) and Boltzmann contribution at
413 K and 405.3 kPa for mono and diacetilated compounds®

Compound AG (kJ mol ™) Boltzmann contribution (%)*
1-MAG 0.00 96

2-MAG 8.55 4

1,2-DAG 6.84 29

1,3-DAG 0.00 71

#Calculated at 413 K and 405.3 kPa
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(1), (4), and (7), meanwhile, the pathway through 2-MAG and
1,2-DAG is less energetically favored.

Theoretical prediction of the relationship between products

The corresponding Boltzmann contribution for several mini-
mum energy isomers of MAG and DAG were evaluated and
the relative proportion of the conformers was estimated. The
contribution of each possible conformer was calculated ac-
cording to the Eq. (1):

/()

—~
—_
~—

AGy
Py =exp| - RT

where P;, represents the Boltzmann contribution for the con-
former £.

The Gibbs free energy differences related to the most-stable
conformer (AG) and the relative statistical weight of each
conformer at 413 K are presented in Table 7.

Although there are three potential reaction sites in glycerol,
only two isomers can be obtained by esterification: 1-MAG
and 2-MAG. Assuming that the three sites are equally likely to
undergo the esterification reaction, the contribution of 1-MAG
to Maxwell-Boltzmann statistic should be twice. Thus, the
calculated Boltzman distribution of 1-MAG to the reaction is

96 % while the contribution of 2-MAG is only 4 % at 413 K.

Similar conclusions can be drawn for DAG isomers. When
one considers the overall reaction, it can be seen that -MAG
can react giving both 1,2-DAG and 1,3-DAG, while 2-MAG
can only react giving 1,2-DAG. The assumption of the same
probability for each isomer is again adopted and so the rela-
tionship 3:1 for 1,2-DAG:1,3-DAG is used. This point is
particularly important because it implies that the Boltzmann
contribution is 29 % for 1,2-DAG and 71 % for 3-DAG.

From Table 1 values, the normalized results for
monoacetins are 95 % (1-MAG) and 5 % (2-MAG). In a
similar sense, the normalized results for diacetins are 33 %
(1,2-DAG) and 67 % (1,3-DAG). The calculated Boltzmann
distribution at 413 K (Table 7) and the the one observed
experimentally (Table 1) are remarkably similar.

Thus, it is concluded that a thermodynamic control of the
overall esterification reaction of glycerol with acetic acid
occurs and G—1-MAG—1,3-DAG—TAG is the appropiate
path for the reaction.

Conclusions

In this paper, the esterification reaction of glycerol with acetic
acid has been studied both experimentally and theoretically.
The experimental information was obtained at 413 K and

405.3 kPa, with molar relationship acetic acid:glycerol = 6:1
and Amberlyst 36 as catalyst. Theoretical calculations were
performed at M06-2X/6-311+G(d,p) level including solvent
effects through the polarizable continuum model.

Through the conformational analysis the most stable struc-
tures of the reactants and products were located from a large
number of conformers. The lowest energy conformers found
for the acetylated derivatives agree well with previously pub-
lished results.

Topological charge density analysis performed at M06-2X/
6-311++G(d,p) level showed that the properties evaluated at
the BCP corresponds to interactions attributable to covalent or
polarized bonds, in agreement with similar results.

NBCP calculated on oxygen atoms for glycerol and 1-
monoacetin show that oxygen atoms of external OH have
higher values of the NBCP than oxygen atoms of internal
OH suggesting that external OH is easier to attack. Therefore
the formation of 1-MAG could be favored over 2-MAG and
the 1,3-DAG formation could be favored over the 1,2-DAG
formation.

According to the energies calculated at the M06-2X/6-
311+G(d,p) level, the thermodynamically favored reactions
correspond to the pathway through 1-MAG and 1,3-DAG.
Therefore, under the experimental reaction conditions
employed here, i.e., 413 K and 405.3 kPa, the relative distri-
bution of the products of esterification reaction is in excellent
agreement with the findings in the theoretical calculations.

In summary, it is argued that a thermodynamic control of
the overall esterification reaction of glycerol with acetic acid
occurs and the esterification on the primary carbon atom is
more favorable than on the secondary carbon atom. Therefore,
the transformation of glycerol into I-MAG and then into 1,3-
DAG to produce TAG seems to be the appropriate path for the
reaction.
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