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16
17 � DFT calculation with micro solvation
18 shows the formation of an
19 intermediate adduct.
20 � Tetrahedral adduct stabilized by
21 assisted proton transfer by added
22 solvent molecule.
23 � The structure of the intermediate is
24 stabilized by the formation of two
25 rings.
26 � The rate determining step is the
27 decomposition of the intermediate
28 adduct.
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46The reaction mechanism of the acid-catalyzed transesterification of butyric acid monoglyceride was stud-
47ied employing Density Functional Theory (DFT). Solvent effects were included by means of the integral
48equation formalism for the polarizable continuum model (IEFPCM). It was found that both in the gas
49phase and in solution the reaction proceeds through a concerted mechanism with a single transition state
50(TS) and without the formation of a tetrahedral intermediate. The inclusion of micro-solvation to model
51the transesterification reaction led to a stepwise mechanism where the rate determining step is the
52decomposition of the intermediate adduct and the formation of the tetrahedral intermediate has a lower
53energy barrier. The structure of the intermediate is stabilized by the formation of two rings making the
54glycerol backbone more rigid and contributing to stabilizing the tetrahedral intermediate by lowering the
55total energy of the system due to its intrinsic H bonds.
56� 2013 Published by Elsevier Ltd.
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59 1. Introduction

60 The environmental and economic issues raised by the rapid
61 growth in the global population coupled with industrial and
62 technological developments and the prospect of the depletion of
63 limited fossil fuel resources are driving the search for new

64renewable sources of energy such as biodiesel. Biodiesel consists
65of fatty acid alkyl esters derived from renewable energy sources
66such as vegetable oils and animal fats. Biodiesel is biodegradable,
67non-toxic and hardly inflammable, and it has a good combustion-
68emission profile with less carbon monoxide and unburned
69hydrocarbons when compared to fossil fuels and no sulfur dioxide
70production [1]. The main process used to obtain this important
71source of energy is through transesterification reactions
72(alcoholysis of carboxylic esters under basic or acid conditions),
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73 which involve the reaction of alkyl alcohol with vegetable oils or
74 animal fats to yield monoalkyl esters and glycerol. Following the
75 early experimental studies by Freedman et al. [2] on the alkaline
76 and acid-catalyzed transesterification of some vegetable oils, only
77 a few reports on the kinetics of vegetable oil transesterification
78 had been published by the end of the 1990s. However, in more re-
79 cent years, increasing energetic needs have been the driving force
80 behind renewed interest in biodiesel production, as evidenced by
81 the vast number of publications on this subject in the past 10 years
82 [3–7].
83 However, there are few theoretical approaches concerning the
84 reaction mechanism involved in the transesterification of long-
85 chain triglycerides for biodiesel production using a high level of
86 theory. The alkaline-catalyzed transesterification of palmitic, oleic
87 and linoleic acid monoacylglycerides was investigated earlier by
88 means of AM1 calculations [8], and Hartree–Fock (HF) calculations
89 using the STO-3G basis set were performed [9] to study the alka-
90 line-catalyzed transesterification of homologous triacylglycerides,
91 from C4 (butyric acid) to C18 (oleic and linoleic acid). More re-
92 cently Density Functional Theory (DFT) calculations were em-
93 ployed to study the alkaline transesterification of the pentylic
94 acid triglyceride [10] and of the butyric and pentylic acid monogly-
95 cerides [11,12] in the gas phase, including solvent effects. Concern-
96 ing acid catalysis, DFT calculations were recently reported [13] for
97 the methanolysis and hydrolysis of glycerol triacetate as a model
98 compound of a triacylglycerol and a DFT study on the gas phase
99 acid-catalyzed ethanolysis of butyric acid triglyceride was carried

100 out [14]. These DFT calculations [13,14] indicate that transesterifi-
101 cation occurs by preferentially attacking the ethanol at the center
102 ester bond of the triacylgycerol backbone, which is in good agree-
103 ment with recent NMR measurements performed by Jin et al. [15]
104 in relation to the methanolysis of vegetable oil.
105 In the present study the DFT calculations were performed for
106 the gas-phase, in solution and in solution with micro-solvation.
107 Due to the high number of electrons in such calculations with tri-
108 glycerides and diglycerides, instead of considering the three steps
109 involved in the transesterification process, for simplification, we
110 investigated the reaction mechanism of the third step in the
111 transesterification of triacylglyceride, that is, the specific reaction
112 given in Eq. (1).

113 2. Calculation methods

114 The acid-catalyzed reactionQ3 was studied in the gas phase and
115 in solution by optimizing the geometries and energies of all
116 species employing Density Functional Theory (DFT) using Becke’s
117 three-parameter hybrid exchange functional, the Lee–Yang–Parr
118 correlation functional (B3LYP) and the 6–31G(2d,p) basis set. In
119 order to better describe the reaction energy, MP2 single point cal-
120 culations were performed to improve the energy evaluation.
121 Vibrational frequency calculations were carried out on all of the
122 optimized structures to confirm all of the first-order saddle points
123 and local minima on the potential energy surfaces. Transition
124 states were also confirmed by viewing the motion of the
125 imaginary vibrational mode. Intrinsic reaction coordinate (IRC)
126 calculations were performed to verify the expected connections

127between the first-order saddle point and local minima on the po-
128tential energy surfaces.
129The solvent effects were included by using the integral equation
130formalism for the polarizable continuum model (IEFPCM) [16]
131implemented in the Gaussian package [17]. To simulate the reac-
132tion in solution ethanol was used as the solvent with a dielectric
133constant of 24.85. In solution, taking into account the explicit pres-
134ence of one molecule of solvent (ethanol) acting as a micro-solvent,
135diffuse functions were employed using the 6–31+G(d,p) basis set in
136IEFPCM calculations.

1373. Results and discussion

138Regarding the transesterification stepwise reaction mechanism,
139for acid-catalyzed reactions in the gas phase and in solution (with-
140out micro-solvent), many unsuccessful attempts were made to ob-
141tain the structures of the transition states and intermediaries. DFT
142calculations in the gas phase and DFT/IEFPCM calculations in solu-
143tion showed that the reaction proceeds through a concerted mech-
144anism. The free energies of activation and of the reaction obtained
145with the DFT/B3LYP/6–31G(2d,p) calculations are shown in Table
1461. Correlation effects were accounted for with an MP2 single point
147calculation in both the gas phase and in solution. Table 1 also
148shows the results with ethanol as a continuum medium and the
149explicit presence of one ethanol molecule as a micro-solvent.
150As shown in Table 1, in the gas phase and in solution (without
151micro-solvation) DFT calculations indicate one transition state with
152a concerted mechanism. The concerted reaction involves two (or
153more) bond formation or breaking processes which occur concom-
154itantly as the reaction proceeds. Therefore, there is no discrete or
155discernible intermediate with a finite lifetime along the reaction
156pathway. The question of whether or not ester alcoholysis can be
157concerted has been addressed by a number of groups and experi-
158mental support for a concerted mechanism of acyl transfer has been
159evidenced [18]. Williams [19] developed a theory to predict when
160ester alcoholysis will be concerted and when it will proceed through
161stepwise reactions via a tetrahedral intermediate. Based on ion
162cyclotron resonance (ICR) experiments, Kim and Caserio [20]
163showed the concertedness of acyl group transfer in gas-phase reac-
164tions and ICR techniques applied by Takashima et al. [21] to the

165hydrolysis of esters showed a slow isotopic oxygen exchange in
166the gas phase, while their thermochemical estimates suggested that
167the tetrahedral adduct was more likely to be a local transition state
168rather than a stable intermediate. Fox et al. [22] performed a theo-
169retical ab initio study addressing the question of whether nucleo-
170philic addition to the carbonyl groups of acid chlorides, esters and
171anhydrides involves an addition–elimination pathway or proceeds
172via a concerted SN2-like mechanism in the absence of a tetrahedral
173intermediate. Their results corroborate earlier suggestions that the
174methanolysis of acetyl chloride and of protonated methyl acetate
175does not occur through the generally accepted addition–
176elimination pathway. In contrast, the gas phase calculations for
177the neutral hydrolysis of ethyl acetate [23] showed the existence
178of an SN2-like mechanism with activation energies around 10 kcal
179mol�1 higher than those of the addition–elimination pathway.
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