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ABSTRACT

A computational study using BMK density functional theory and ab initio (CBS-QB3) methods
has been performed to describe thermochemistry and kinetics of unimolecular decomposition
reactions of 1,2-ethanediol monoacetate (2-hydroxyethylacetate) as a model biofuel. Formation
of acetic acid and vinyl alcohol represents the most thermodynamically and kinetically preferable
reaction until 400 K. After that, production of vinyl acetate becomes the main channel. The
calculated enthalpies of formation for 1,2-ethanediol monoacetate and its radicals show a good
agreement with the available experimental data.
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INTRODUCTION

Over the last decades, scientists search for clean, efficient, and renewable energy sources to help in
decreasing dependence on fossil fuels and reducing pollutions result from their combustion [1-4]. The use of
renewable energy like solar cells, wind, hydropower and biofuels give good solutions for these problems [5-6].
Biofuels, fuels derived from biomass, [7-9] represent one of the most cost-effective energy resources when it is
produced from non-edible crops or food residues. Biofuels can be used for different purposes in energy conversion,
including transport, aviation, electricity generation...etc. Bioethanol is now one of the most common and abundant
biofuels [10-12]. Ethanol is used more than methanol because it is considerably cleaner, less toxic and less
corrosive [13]. Also there are n-butanol [14], 2-butanol [15], isobutanol [16] and propanol isomers [17] as
examples of bioalcohols. Biodiesel fuel (a mixture of monoalkyl esters of long-chain fatty acids) is made from
vegetable oils or animal fats [18]. It can be used without engine modification by its own or as a blend with
petroleum diesel [19]. Biodiesel can be easy synthesized by transesterification of vegetable oils.

Bifunctional biofuels, compounds with two functional groups, are expected to enhance thermochemical
properties of aliphatic esters by improving the properties of biofuel such as energy content, flash point and low
vapor pressure compared to butanol isomers in addition to their miscibility in petroleum oils [20-24]. Starting from
ethylene glycol one can obtain bifunctional biofuels such as 1,2-ethanediol monoacetate (2-hydroxyethylacetate) as
an example of alcoholic ester biofuel [23]. It has also been determined that 1,2-ethanediol monoacetate is a very
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promising candidate as an oxygenating additive to diesel fuels [23]. Using hydroxyl esters as bifunctional biofuels
is expected to increase with the feasibility of their production from biomass. Ethylene glycol was obtained
previously from biomass [25]. It has been reported that ethylene glycol monoacetate could be prepared from
ethylene glycol in acetic acid solution containing LiINO3 and Pd(OAc), [26]. This alcoholic ester has boiling point
of 187-189 °C, flash point of 102 °C and is stable under ordinary conditions.[27]. Verevkin et al. [23] conducted
experimental and computational studies on 1,2-ethanediol monoacetate to determine thermochemical properties of
biodiesel model. In this work, we are going to use density functional theory (DFT) and ab initio CBS-QB3 methods
to study the thermochemistry and kinetics of the thermal decomposition of 2-hydroxyethylacetate (alcoholic ester)
as a model biofuel.

COMPUTATIONAL DETAILS.

All electronic structure calculations have been performed with the Gaussian09w program [28]. Geometry
optimization for 1,2-ethanediol monoacetate conformers has been done at G3MP2 [23] while geometry
optimization and vibrational frequency calculations for 1,2-ethanediol monoacetate, its decomposition products,
and relevant transition states have been carried out using the BMK density functional theory with the 6-31+G(d, p)
basis sets [29]. The search for the transition states for unimolecular dissociation of the investigated ester has been
carried out using the eigenvalue-following (EF) optimization procedures as implemented in the Gaussian program.
For each stationary point, vibrational frequency calculations have been conducted at the same level used for
optimization to characterize its nature as a minimum (positive frequencies) or transition state (only one negative
frequency) and to correct the energies for zero-point and thermal contributions at 298 K. The vibrational modes
were examined using the ChemCraft application to verify the existence of the transition states [30]. In addition, the
complete basis set CBS-QB3 multi-level ab initio method was used for more accurate energies at low
computational cost compared to more expensive ab initio procedures [31-32]. The kinetic parameters for different
channels of 1,2-ethanediol monoacetate pyrolysis were determined over wide range of temperature using Kisthelp
program [33].

The gas phase enthalpies of formation, AH7(298) at a standard state of 1 atm for any molecule M
containing n atoms was calculated as follows [34]:

atoms atoms

AHfgos (M) = Eo(M) + ZPE(M) + [Hoop(M) = Ho(M)] = D" {Be (X0) + [Ha05(X) — Ho(KDl} + ) BH i (X)

Where E¢(M) is the electronic energy of the molecule calculated at the chosen level of theory, ZPE is the
zero-point energy of the molecule, [H293(M) - Ho(M)] is a thermal correction to the enthalpy obtained by means of
simple Gibbs statistical mechanics, E¢(X;) is the electronic energy of the ith atom X calculated using the same
technique. Enthalpies of formation for 1,2 ethanediol monoacetate , and the compounds formed through its
decomposition were calculated using atomization approach (at CBS-QB3) and the results obtained compared
with a viable experimental values, the comparison shows a good agreement with maximum deviation =2
kcal/mol, the obtained results gives a confidence in determination other unknown species.

RESULT AND DISCUSSION

Figure 1 displays optimized structures of four conformers of 1,2-ethanediol monoacetate calculated using
G3MP2 [23]. It was found that the M3 conformer is the most stable isomer due to the presence of intramolecular
hydrogen bond that is stronger than that one formed in M2 as reflected in the distance between the hydrogen of the
hydroxyl group and the oxygen of the carbonyl group of 2.019 A in M3 compared to 2.457 A in M2. Relative
energies of the four conformers are given in Table 1. From hereinafter, decomposition of M3 will be investigated.

©2017 RS Publication, rspublicationhouse@gmail.com Page 60



International Journal of Advanced Scientific and Technical Research Issue 7 volume 3 May-June2017
Available online on http://www.rspublication.com/ijst/index.html ISSN 2249-9954

M4

Figure 1. Optimized structures of 1,2-ethanediol monoacetate conformers at G3MP2.

Table 1. Relative energies for the four conformers of 1,2-ethanediol monoacetate (M) at G3MP2.

Conformer Total energy (au) Relative energy (kcal/mol)
M1 -382.369154 2.04
M2 -382.372372 0.02
M3 -382.372406 0.00
M4 -382.369192 2.02
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Figure 2 illustrates bond dissociation energies (BDE) of 1,2-ethanediol monoacetate at CBS-QB3
composite method. The results indicate that the alcoholic O3-H bond is the strongest bond (107.2 kcal/mol) which
close to published results [16] while C3-C4 (87.6 kcal/mol) is the weakest bond followed by C3-0 (90.2 kcal/mol).
The formation of CH,OH via C3-C4 cleavage is the most preferable pathway on the potential energy surface of
simple decomposition of 1,2-ethanediol monoacetate. For C-H bonds, the C4-H bond of 90.7 kcal/mol is the
weakest one followed by C2-H (97.9 kcal/mol) with the C3-H bond is by 1.2 kcal/mol stronger than the C2-H
bond. Among C-O bonds, the C1-O is the weakest (100.6 kcal/mol). BDEs presented in this work are comparable
to those reported for other alcohols and esters [35-38].

96.20

2 . .
uf t . 10056 “ q_4 20:65
h\mw 187.63 \

\ '99.09

Hs

Figure 2. Bond dissociation energies (kcal/mol) of 1,2-diethanediol monoacetate M3 at CBS-QB3.

Enthalpies of formation for 1,2-ethanediol monoacetate and species produced from its decomposition
were calculated using atomization approach at CBS-QB3 and are listed in Table 2. The calculated enthalpies of
formation agree with the available experimental values and show a mean deviation of about +2 kcal/mol. This
small deviation gives a confidence in the current computed enthalpies of formation for unknown species.

Pyrolysis of 1,2-ethanediol monoacetate can proceed either through complex fission reactions or by simple
bond fission, we will concentrate here on the complex ones, among seven unimolecular complex reactions. Figure
3 displays the optimized structure of the most stable form of 1,2-ethanediol monoacetate model and the located
transition states in the pathways of its unimolecular complex decomposition. The decomposition of 1,2-ethanediol
monoacetate molecule can proceed through seven complex fission (barrier reactions) and nine simple bond
scission reactions (barrierless reactions).

Complex bond fission reactions.

CH3COOCH,CH,OH —  CH,CO + HOCH,CH,OH R1
CH3COOCH,CH,OH —  CH3COOCH + CH,=CHOH R2
CH3COOCH,CH,O0H —  CH3;COOCH; +HCHO R3
CH;COOCH,CH,0H — CH3;COOCH=CH, + H,0 R4
CH3COOCH,CH,OH —  CH3;COOCH,CHO +H, R5
CH3;COOCH,CH,OH —  CH,=C(OH)OCH,CH,0OH R6
CH3;COOCH,CH,O0H —  CH3COOCH,CH +H,0 R7
Simple bond fission reactions.

CHsCOOCH,CH,OH —  CH,COOCH,CH,0OH +H R8
CH3COOCH,CH,OH —  CH3;COOCHCH,0OH +H R9
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CH3COOCH,CH,0OH — CH3;COOCH,CHOH
CH;COOCH,CH,OH —  CH3COOCH,CH,O
CH3COOCH,CH,0OH — COOCH,CH,0H
CH3;COOCH,CH,0H — OCH,CH,0OH
CH3COOCH,CH,0OH — CH3;COO
CH3;COOCH,CH,0H — CH3COOCH,
CH3COOCH,CH,0OH — CH3COOCH,CH,

+H

+H

+ CHs

+ CH;CO

+ CH,CH,OH
+ CH,OH
+OH

Table 2. Enthalpies of formation ((AH®f, kcal/mol) for 1,2-ethanediol monoacetate

and its relevant species calculated using atomization energy approach at CBS-QB3.

Species
CH3COOCH,CH,0H

HOCH,CH,OH
CH3;COOH
CH,=CHOH

HCHO
CH3COOCH3
CH3COOCH=CH,
H.0
CH3COOCH,CHO
CH,COHOCH,CH,0OH
C'H,COOCH,CH,0OH
CH3COOCHCH,0OH
CH3;COOCH,CHOH
CH3COOCH,CHOr
CHjs
COOCH,CH,0OH
CHsCO

O CH,CH,OH
CH3;COO
CH,CH,OH
CH3COOC'H2
CH,OH
CH3COOCH,CH,
OH

CH,CO

AH®¢
-144.86
-94.76
-104.32
-28.65
-27.33
-100.05
-74.03
-58.20
-121.73
-115.12
-97.92
-96.69
-105.13
-88.54
35.47
-83.03
-2.50
-40.61
-47.34
-6.15
-51.93
-4.11
-56.29
8.82
-11.71

Exp. Ref.
-142.37 [23]
-92.57 [39]
-104.71 [40]
-30.57 [41]
-26.05+0.43 [42]
-98.83+0.29 [43]
-57.8+0.01 [44]
34.82 [45-46]
-2.46 [47]
-5.53 [48]
-4.09+0.81 [49]
8.91 [50]
-11.85+0.21 [51]

R10
R11
R12
R13
R14
R15
R16

Potential energy diagram (AEgp, kcal/mol) for complex unimolecular decomposition of 1,2-ethanediol
monoacetate at BMK 6-31+G(d,p) and CBS-QB3 is depicted in Figure 4 [52]. All of the investigated channels are
endothermic and the degree of endothermicity depends of the type of reaction. An inspection of Figure 4 indicates
that the formation of acetic acid and vinyl alcohol is the most thermodynamically and kinetically favored reaction
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on the potential energy surface (PES) of the complex decomposition of 1,2-ethanediol monoacetate. This channel
has the lowest energy barrier (AE; = 70.1 kcal/mol at CBS-QB3) and it is least endothermic path (AEo= 12.5
kcal/mol). The results obtained from BMK/6-31+G (d, p) are in a good agreement with those calculated
using CBS-QB3 (deviation between 0.2-2.0 kcal/mol). In the following section, unless noted otherwise, all
discussion will be done at the CBS-QB3 method.

2175

14885 14466

14

TS1

TS2 TS3

Figure 3. Optimized structures of 1,2-ethanediol monoacetate (which conformer,M3 or other) and
transition states for its thermal degradation at CBS-QB3.
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Figure 3. Continued
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Figure 4. Potential energy diagram for unimolecular thermal decomposition of 1,2-ethandiol monoacetate (AEq,
kcal/mol) at CBS-QB3 (bold) and BMK 6-31+G(d,p) (italc).

Table 3 presents branching ratios of complex decomposition pathways of 1,2-ethanediol monoacetate in
the temperature range 200-2000 K. The formation of ethylene glycol and ketene (ethenone) contributes about 7%
to the pyrolysis process at temperature over 1500 K. However, at temperature less than 400 K the dominated
reaction is 1,5 hydrogen transfer that leads to the formation of acetic acid and vinyl alcohol while 1,2 water

elimination reaction that gives vinyl acetate and water becomes the main channel at temperature above 500 K. The
formation of dimethyl ester and formaldehyde in addition to the elimination of hydrogen molecule has a less

contribution in a temperature range 200-2000 K. Figure 5 shows Arrhenius plots for the seven investigated
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complex decomposition reactions of 1,2-ethanediol monoacetate over 200-2000 K, while Table 4 collects the
corresponding kinetic parameters. When a reaction of higher activation energy predominates, this means that the
frequency/collision factor (A) controls the reaction. The frequency factor is directly proportional to entropy. This is
clear when comparing reactions 2 and 4 as well as reactions 1, 6, and 7. Reaction 5 that forms aldehydic ester has
almost no contribution overall the investigated temperature range.

Table 3. Branching ratio (I') of pathways R1, R2, R3, R4, R5, R6 and R7 in the overall reaction of the
thermal decomposition of 1,2-ethanediol monoacetate.

Reaction/Temp T'r1 Tro I'r3 Tra I'rs T're I'ry
200 0.00 84.83 0.00 15.10 0.00 0.07 0.00
298 0.04 67.22 0.00 32.23 0.00 0.50 0.00
300 0.05 66.91 0.00 32.53 0.00 0.52 0.00
400 0.26 54.10 0.00 44.46 0.00 1.18 0.00
500 0.70 4551 0.00 52.00 0.00 1.806 0.00
600 1.31 39.56 0.00 56.85 0.00 2.26 0.02
700 2.03 35.24 0.00 60.06 0.00 2.60 0.08
800 2.78 31.97 0.00 62.23 0.00 2.83 0.20
900 3.52 29.40 0.00 63.69 0.00 2.99 0.41
1000 4.23 27.31 0.00 64.65 0.01 3.09 0.72
1100 4.89 25.58 0.00 65.23 0.01 3.16 1.13
1200 5.48 24.11 0.01 65.53 0.03 3.20 1.65
1300 6.02 22.84 0.01 65.61 0.04 3.22 2.26
1400 6.50 21.72 0.03 65.51 0.07 3.23 2.94
1500 6.93 20.74 0.04 65.28 0.10 3.23 3.69
1600 7.30 19.86 0.06 64.94 0.14 3.21 4.49
1700 7.63 19.06 0.09 64.52 0.19 3.19 5.31
1800 7.93 18.34 0.12 64.03 0.24 3.17 6.16
1900 8.18 17.69 0.16 63.50 0.31 3.14 7.03
2000 8.40 17.09 0.21 62.93 0.38 3.11 7.89

Table 4. Kinetic parameters for the reactions Ry, Ry, R3, Rs, Rs, Rg and R
over the temperature range 200-2000 K at (CBS-QB3).

Reaction E. kcal/mol A
R 76.07 2.38E+14
R, 71.48 1.53E+14
Rs 93.49 4.94E+14
R4 72.84 7.36E+14
Rs 89.37 3.09E+14
Rs 73.79 5.39E+13
R~ 82.66 1.11E+15
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Figure 5. Arrhenius plots for 1,2-ethanediol monoacetate pyrolysis through decomposition reactions R1,
R2, R3, R4, R5, R6 and R7 over temperature range (200-2000K).

CONCLUSION
Using the density functional theory at BMKG6-31+G(d,p) and ab initio CBS-QB3 procedures, this work
describes thermochemistry and Kkinetics of the decomposition of 1,2-ethanediol monoacetate (2-
hydroxyethylacetate) as a bioalcoholic ester as a model biofuel. The obtained results can be summarized as
follows:
1. The calculated enthalpies of formation for 1,2-ethanediol monoacetate and its radicals show a good
agreement with the available experimental data.
2. 1,2-Ethanediol monoacetate could function as a biofuel because of its physical properties and decomposition
pattern that is comparable to alcohols and esters.
3. Formation of acetic acid and vinyl alcohol represents the most thermodynamically and kinetically preferable
reaction until 400 K. After that, production of vinyl acetate becomes the main channel.
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