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ABSTRACT: A thorough computational study of a thermal degradation mechanism of " CHLCROCHLCH, 140
2-ethoxyethanol (2-EE) in the gas phase has been implemented using G3MP2 and 2 () +Ho

G3B3 methods. The stationary point geometries were optimized at the B3LYP ——C——= HCOCH,0CH,CH; + H,
functional utilizing the 6-31G(d) basis set. Intrinsic reaction coordinate analysis was D~ HCOCH,OH + CH,CH, + H,
performed to determine the transition states on the potential energy surfaces. Nineteen L B~ CHOOCHCHCH, + H,

primary different reaction mechanisms, along with the kinetic and thermodynamic
parameters, are demonstrated. Most of the thermal degradation mechanisms result in a  cy,ci0cmcmon

concerted transition state step as an endothermic process. Among 11 degradation  2Etoxyenanol G CHLCHLOH + CHLCHO
pathways of 2-ethoxyethanol, the formation of ethylene glycol and ethylene is kinetically B cmen OCH7+C;H,O
significant with an activation energy of 269 kJ mol ™ at the G3B3 method. However, the ) H(:CH cho;c o
kinetic and thermodynamic calculations indicate that ethanol and ethanal’s formation is T
the most plausible reaction with an activation barrier of 287 kJ mol™' at the G3B3
method. For the bimolecular dissociation reaction of 2-ethoxyethanol with ethanol, the
pathway that produces ether, H,, and ethanol is more likely to occur with a lower
activation energy of 221 kJ mol™" at the G3B3 method. Thus, 2-EE has experienced a set of complex unimolecular and bimolecular
reactions.

L CH,CH,0H + CH,CHOH

———— HOCH,CH,0H + C,H,

LK o~ HOCH,CH,0CH;+ CH,

1. INTRODUCTION

Alkoxyethanols are a significant class of materials from a logical
perspective. Oxygenated compounds are progressively used as
additives to gasoline products due to their octane-upgrading
and contamination-reducing properties.' 2-Ethoxyethanol (2-
EE) (C,H,(0,) is the ether alcohol formed by reacting
ethylene oxide with ethyl alcohol.>” It is considered a natural
volatile organic compound (VOC) known as ethylene glycol
monoethyl ether (EGEE). It is an odorless, colorless solvent
that has a sweet smell and a slightly bitter taste.”” It evaporates
adequately, is flammable, and is soluble in water, ethanol,

human health and the environment occurs due to exposure to
glycol ethers, such as 2-methoxyethanol, 2-ethoxyethanol, 2-
methoxyethyl acetate, and 2-ethoxyethyl acetate. These glycol
ethers are used as solvents with some applications in paints,
stains, lacquers, and food-contact plastic production. Sections
concerned with exposure sources note the significance of these
solvents’ evaporations and their overall emissions that have
considerable potential for direct human vulnerability in
manufacturing, small-scale workshops, and home during
numerous consumer use products. The limited energy sources

diethyl ether, acetone, and ethyl acetate.” > The chemical
formula of 2-EE aids in its utilization as a solvent, industrial
applications, and pharmaceutical procedures. Therefore, it is
used in varnish removers, detergents, inks, resins, metal
coatings, phenolic varnishes, cosmetics, and anti-freezing
agents.6

Furthermore, 2-EE is an indirect biofuel filter because of its
unique original synthesis mechanism from basic bioalcohols
such as methanol and ethanol.”’ It is also released from the
chemical industry, where it is produced as a byproduct. As a
VOC, 2-EE can be engaged with the arrangement of the
ground-level ozone and yields harmful materials. However,
emission of 2-EE is not expected to have any adverse effects on
the worldwide environment.””® Evaluation of the risks to
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and the global natural effect of renewable energy consumption
turned into a critical issue pushing to scan alternative fossil fuel
sources.” Bioethanol is the most popular biofuel due to its
essential properties, such as water absorption, low internal
energy, low combustion efficiency, high ignition temperature,
and high vapor pressure. It would release dreadful discharges
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to the atmosphere, affecting antagonistically the human
health.">""

To the best of our information, there is no experimental or
theoretical work related to 2-EE. Therefore, we are going to
shed light on this subject by investigating the thermochemistry
of 2-EE pyrolysis as biofuel additives. Scheme 1 illustrates the
investigated reaction mechanisms herein for 2-EE unimolecular
thermal degradation.

Scheme 1. Proposed Pathways for the Thermal Degradation
of 2-Ethoxyethanol

CH,CHOCH,CH; + H,0
0.

{ ] +H,0

HCOCH,0CH,CH; + H,
HCOCH,OH + CH,CH, + H,
CHOOCH,CH,CH; + H,
CH;CH,OH + CH,CHOH
CH;CH,0CH,CH,0H
2-Ethoxyethanol CH,CH,OH + CH,CHO
CH;CH,0OCH; + CH,0
HOCH,CHO + C,H¢

HOCH,CH,OH + C,H,

HOCH,CH,0CH; + CH,

The study of mixtures that include alkoxyethanols facilitates
the investigation of self-association by inter- and intra-
molecular hydrogen bonds related to the presence of the
oxygen atom and hydroxyl groups within the molecules.'”" In
detail, the formation of the intramolecular H-bonding
improved dipole—dipole interactions in the mixtures of
alkoxyethanols and alkanes compared to those present in
mixtures with homomorphic alkanols. A thorough computa-
tional study is directed to reveal the possible reaction
mechanism. The 11 potential possibilities of the unimolecular
dissociation of 2-EE were investigated (Scheme 1). Further-
more, we studied the bimolecular reactions of 2-EE with

ethanol and isobutanol. Scheme 2 shows the proposed
pathways for bimolecular decomposition in binary 2-EE with
ethanol and isobutanol solvent mixtures. Thermodynamic and
kinetic parameters were investigated at different levels of
theory. This study’s primary aim is to examine all the possible
reaction mechanisms and determine the main favorable
reaction routes. It is imagined that this computational study
would hold any significance to experimentalists by giving
thorough information about these reactions and offering a
structure of new analyses for the improvement of valuable
manufactured techniques.

2. COMPUTATIONAL METHODS

All the electronic structure calculations were performed
utilizing the Gaussian-16 (G16) package.14 The geometries
of all reactants (Rs), transition states (TSs), intermediates (Is),
and products (Ps) were fully optimized at the B3LYP
functional>'® utilizing the 6-31G(d) basis set.'” In this
study, the energies and the enthalpies of the mechanisms were
calculated utilizing Gaussian-n (Gn) theories such as G3MP2
and G3B3. They have been selected based on their accuracy
and the contrast between wave function and density functional
theories that they provide."*™*° Normal mode analysis of
frequencies was counted for all the proposed structures to
ensure two things: first, the absence of imaginary frequencies in
the minima; second, the presence of only one imaginary
frequency in the transition states. The complete reaction
pathways on the potential energy diagrams (PEDs) for all
proposed mechanisms have been confirmed utilizing intrinsic
reaction coordinate (IRC) analysis for all TSs. Structures at the
last IRC points have been optimized and investigated to
recognize the reactant and product to which each transition
state is associated.”’

3. RESULTS AND DISCUSSION

In this thorough study, comprehensive computational quantum
chemistry calculations for 19 reaction pathway mechanisms
were proposed for the thermal degradation of 2-EE. Pathways
A — K include the unimolecular dissociation of 2-EE, as
shown in Scheme 1 and Figures 1 and 3. Meanwhile, pathways
L — S comprise the bimolecular reactions of 2-EE with other
solvents such as ethanol and isobutanol, as depicted in Scheme
2 and Figures S and 6. It is worth observing that all thermal

Scheme 2. Proposed Pathways of the Bimolecular Reaction of Binary 2-Ethoxyethanol with Ethanol and Isobutanol Solvent

Mixtures

+ CH;CH,OH

CH;CH,OCH,CH,0H
2-Ethoxyethanol

+ OHCH,CHCH;CH,
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CH;CH,0CH,CH,0CH,CH; + H,0
CH,CH,0CH,CHO + C,H, + H,0
CH;CH,OCH,CH; + HOCH,CH,0H

CH,CH,0CH,CH,0H + CH;CHO + H,

CH,CH,0CH,CHO+ C,H,, + H,0
CH,CH,0CHCH, + H, + H,0 + CH;CHCHOCH,
CH,CH,0CH,CH,00H + C,H,,

CH,CH,0CH,CH,0CH;+ H,0 + CH,CHCH,
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TSE

Figure 1. Proposed reaction mechanism pathways for the degradation of 2-EE (pathways A — E).

degradation reaction mechanisms occur in a concerted step as
an endothermic process, excluding pathways B, E, G, and I,
which are considered exothermic. The activation energies (E,),
enthalpies of activation (AH*), and Gibbs energies of
activation (AG¥) were calculated at different levels of theory
(Tables 1-3) for all proposed pathways. The foremost
favorable pathways were indicated utilizing the calculated
kinetic energies; those with lower values are taken as the most
reasonable. On the other hand, the stationary points are
projected on PEDs for analogous pathways to distinguish the
energies of the favorable reactions (Figures 2 and 4 and Figure
S1 in the Supporting Information).

3.1. Unimolecular Dissociation of 2-EE. Two acceptable
pathways for the dehydration step of 2-EE have been denoted

13367

as pathways A and B. In the first transition state for pathway A
(TSA), H,O is eliminated from the carbon atom adjacent to
the etheric oxygen of 2-EE to produce an unsaturated bond
(Figure 1). In the second mechanism, the five-membered-ring
transition state (TSB) is prevalent, resulting in tetrahydrofuran
(THF) formation, as depicted in pathway B (Figure 1). The
optimized structures for reaction coordinates for all proposed
unimolecular dissociation of 2-EE are projected on potential
energy diagrams (PEDs) at various levels of theory, as shown
in Figures 2 and 4 and Figures S1 and S2 (in the Supporting
Information).

In TSA, a notable geometric alteration can be spotted. For
example, the C—O and C—H bonds are increased by about
0.35 and 0.47 A, respectively. In addition, the H and O atoms
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Figure 2. PED of the unimolecular dissociation reactions of 2-EE (pathways A — F), calculated at the G3B3 method.

approach each other, and the gap between them appears to
diminish by about 1.45 A. The double bond has formed with a
length of 1.41 A. TSB demonstrates that the C—H and C—O
bond lengths increase to 1.62 and 2.09 A, respectively, and the
H—O bond length diminishes to 1.07 A. A single bond
between C—C produced 2.60 A due to forming a five-
membered ring via THF.

Table 1 shows the activation energies (E,) and Gibbs
energies of activation for mechanism pathways A — F. The
TSA’s activation energy (E,) at the B3LYP/6-31G(d) level of
theory is comparable with G3B3 with a value of 288 kJ mol™.
For the G3MP2 method, the value deduced is 290 kJ mol™!
(see Table 1). The TSB’s activation energy is high compared
to pathway A with a value of 388 kJ mol™" at the G3MP2
method and a value of 398 kJ mol™' at G3B3. The
thermodynamic parameters show that pathway B is considered
exothermic by 18 kJ mol™" and exergonic by 26 kJ mol™" at
G3MP2 (Table S1). The formation of tetrahydrofuran
(pathway B) is a thermodynamically favorable reaction;
however, kinetically, it is not likely to occur. Therefore, it
was of interest to study it in more detail at different theory
levels, as illustrated in Table S1 in the Supporting Information.
For TSB, the reported activation energies are 398 and 399 kJ
mol™' at the G3B3 and APFD/6-31G(d) level of theory
method, respectively. The lower activation energies have
emerged at the G3MP2 method (Table 1 and Table S1).
These barriers vary by only 36 kJ mol ™' with the highest value
at M11/6-31G(d) (424 kJ mol™') (Table S1). Nonetheless,
these activation energies are still higher than pathway A.

Three pathways were studied and investigated to grasp the
reaction mechanisms of the dehydrogenation process of 2-EE,
denoted as pathways C, D, and E. All transition states are
specified by two protons removable from particular sites in 2-
EE. In comparison, pathway F indicated the removable ethanol
mechanism. The highest barrier for TSC is 375 kJ mol™" at the
G3B3 method, which is analogous to the results of the B3LYP/
6-31G(d) level of theory and G3MP2 method. For TSD, the
activation energy is 315 kJ mol™' at the G3MP2 method.
Further, utilizing G3MP2 led to a rise in the energy barrier
calculated value by no more than 10 kJ mol™'. The same
pattern of increasing the energy barrier was found with TSE
and TSF (Table 1). The PED using the G3B3 method for
pathways A — F is depicted in Figure 2.

All the key bond lengths in TSF — TSK are illustrated in
Figure 3. The thermodynamic properties of pathways G and I

were constructed to be exothermic and exergonic at all
methods, indicating that these reactions favor the forward
direction. On the other hand, pathways H, J, and K were found
to be endothermic and endergonic, and the reaction favors the
reversible direction. The PED using the G3B3 method for
pathways G — K is depicted in Figure 4.

The formation of ethylene glycol and ethylene happens
through the transition state TS] (Figure 4). In pathway J, the
H-atom of CH;CH,0OCH,CH,OH approaches the etheric
oxygen atom, and the C—H and C—C bonds are exceedingly
prolonged. As a consequence, the strength of these bonds is
considerably weakened. Contrariwise, the interaction of the
O-H bond is intensified. The bond length between C—C
bonds becomes longer and reaches 3.01 A, consequently
broken, and a double bond appears with a bond distance of
1.41 A. The distance of the cracked C2—C3 bond is 2.98 A.
Eventually, ethylene glycol is produced by detracting the
distance between O—H to 1.31 A.

Pathway K represents the influence of photochemical
interactions on the barrier. Therefore, chemical processes
that comprise alkyl radicals have an essential effect on the
disintegration of organic materials.”” Because most alkyl
radicals are active and unstable,”*** it is challenging to
monitor their experimental methods. Thus, the mechanism of
carbene formation is investigated through TSK. The ultraviolet
light provokes 2-EE, which is considered weak, to undergo
hemolytic cleavage to form methoxy ethanol and carbene.’!
The energy barriers are deduced to be 518 and 520 kJ mol ™" at
the G3B3 and G3MP2 methods, respectively (Table 1). The
B3LYP results conform to the values calculated at M11/6-
31G(d), APFD/6-31G(d), and wB97XD/6-31G(d) with a
value of 526 k] mol™" (Table S2). However, this reaction is not
probable to happen due to the high activation energies. In this
study, the most credible reaction mechanism kinetically is
pathway J. The calculated energy barrier value at the G3B3
method is 269 k] mol™" within a + 3 k] mol™" difference from
other levels of theory. Thermodynamically, pathway G will be
the most plausible reaction mechanism. Carbene’s production
in pathway K is not a favorable channel, neither kinetically nor
thermodynamically (Table 1 and Table S1).

Based on the data in Table 1, the activation energies show
that the least costly computational-based method, B3LYP/6-
31G(d), is an acceptable method for similar reactions. That is,
activation energies calculated by B3LYP are within a 1-9 kJ
mol™" difference for most pathways and about a 17—22 kJ
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Figure 3. Proposed reaction mechanisms for the thermal degradation of 2-EE (pathways F — K).

mol ™" difference for pathways B, E, G, and I in comparison to
the activation energy values computed using the more
expensive computational methods such as Gaussian-n
methods.

3.2. Bimolecular Dissociation of 2-EE. Mixtures
containing hydroxy ethers are significant due to the substantial
intermolecular impacts created by the existence of oxygen
atoms and OH groups in the molecule (hydroxy ether).”>*°

13369

Additionally, dipole moments of alkoxyethanols are higher
than those of n-alkanols,”” which produce vigorous dipole—
dipole interactions. The study of binary liquid mixtures helps
us understand the strength and nature of molecular
interactions between the component molecules.”* " In the
present work, we broaden our investigations to the binary
mixtures formed by 2-EE with two monoalcohols including
ethanol and isobutanol at 298.15 K (see Scheme 2). Both
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Figure 4. PED of the unimolecular dissociation reactions of 2-EE (pathways G — K), calculated at the G3B3 method.
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Figure 5. Proposed thermal degradation for reaction mechanisms of 2-EE (pathways L — O).

thermodynamic functions (AH and AG), besides activation
parameters (activation energies, E,; enthalpies of activation,
AH%; and Gibbs energies of activation, AGi), were calculated
for all proposed pathways.

3.2.1. Reaction of 2-EE with Ethanol (Pathways L — O).
Four pathways were studied for the bimolecular reaction of 2-
ethoxyethanol with ethanol (Scheme 2), which are pointed out
as pathways L, M, N, and O. Figure S illustrates the
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equilibrium geometries of all the stationary points that are
included on the PED for pathways L — O. The activation
parameters such as energies and Gibbs energies for these
reactions are shown in Table 2 and Figure 5. The water
molecule is removed in both pathways L and M; also, ethane is
removed in pathway M. Pathway N yields diethyl ether and
1,2-ethanediol. In contrast, in pathway O, a six-membered
TSO is engaged and produces ether, H,, and ethanal. In TSL,
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Figure 6. PED for the bimolecular dissociation of 2-EE for pathways
L — O. Relative energies at various calculation methods are reported
in kJ mol™.

Table 1. Activation Energies (E,) and Gibbs Energies of
Activation (AG") for the Unimolecular Dissociation of 2-EE
(in kJ mol™) at 298.15 K

B3LYP/6-
31G(d) G3MP2 G3B3
transition states E, AG* E, AG* E, AGH
TSA 288 288 290 289 289 289
TSB 405 410 388 386 398 404
TSC 376 375 375 375 375 375
TSD 306 308 318 316 316 316
TSE 298 298 311 314 317 317
TSE 287 284 291 286 290 288
TSG 273 274 292 291 287 288
TSH 372 370 381 381 381 379
TSI 321 327 343 347 342 348
TSJ 266 267 269 268 269 269
TSK 520 519 520 S19 S18 517

Table 2. Activation Energies (E,) and Gibbs Energies (A G
of Activation for the Bimolecular Reaction of 2-EE with
Ethanol (in kJ mol™') at 298.15 K

B3LYP/6-
31G(d) G3MP2 G3B3
transition states E, AGH E, AG* E, AG*
TSL 293 303 302 316 301 314
TSM 338 350 388 386 384 385
TSN 288 289 295 309 290 302
TSO 2158 226 223 22§ 221 223

Table 3. Activation Energies and Gibbs Energies of
Activation (E, and AG?) for the Bimolecular Reaction of 2-
EE with Isobutanol (in k] mol™") at 298.15 K

B3LYP/6-
31G(d) G3MP2 G3B3
transition states E, AGH E, AG* E}F AG
TSP 364 368 347 351 360 364
TSQ 351 352 349 351 348 389
TSR 438 435 433 430 431 429
TSS 446 445 448 447 451 450

the activation energies at G3B3 and G3MP2 are comparable,
with 301 and 302 kJ mol™!, respectively. Both methods’

Furthermore, the activation energies for TSM, TSN, and
TSO at the G3B3 method are 384, 290, and 221 kJ mol™},
respectively. Among these suggested pathways for the
bimolecular reactions of 2-EE, pathway O is the most likely
to occur. It has the lower barriers differing by 6 kJ mol™ at
different levels of theory (Figure 6). Moreover, the activation
energies at the B3LYP/6-31G(d) level of theory are 288 and
215 kJ mol™!, comparable with the corresponding value
obtained at the G3B3 method (Table 2).

3.2.2. Reaction of 2-EE with Isobutanol (Pathways P —
S). The reactions of 2-EE with isobutanol were also considered
computationally. Figure 7 depicts the proposed reaction
mechanism for pathways P, Q, R, and S. Figure S3 (in the
Supporting Information) shows the PED for pathways P — S.
Two proposed pathways (P and Q) include the 2-EE
dehydration reaction. In Table 3, the activation energies and
Gibbs energies of activation for pathways P — S are reported.
For TSP, the maximum activation energy is 364 kJ mol™
calculated at the B3LYP/6-31G(d) level of theory, differing by
17 kJ mol™" from the G3MP2 method. The activation energy
of TSP at the G3B3 method is 360 k] mol™. The lowest
energy barrier among other transition states is TSQ, which is
351 kJ mol™" at the B3LYP/6-31G(d) level of theory. The
activation energies of TSR and TSS at the G3MP2 method are
433 and 448 kJ mol ™, respectively, and are 431 and 451 kJ
mol ™" at the G3B3 method, respectively. The values calculated
using the G3B3 method perfectly match the corresponding
values deduced at the B3LYP/6-31G(d) level of theory. It
should be pointed out that the activation energies of the
bimolecular reaction of 2-ethoxyethanol with ethanol (the
lower barrier is 221 kJ mol™" at the G3B3 method) are lower
than those of the corresponding bimolecular reaction with
isobutanol (the lower barrier is 348 kJ mol™' at the G3B3
method).

4. THERMODYNAMIC PARAMETERS FOR THE
DEGRADATION OF 2-ETHOXYETHANOL

The thermodynamic parameters (AH and AG) for the
proposed unimolecular and bimolecular degradation reactions
of 2-EE are investigated at all the former levels of theory and
are listed in Table S3 in the Supporting Information. The
degradation reactions of 2-EE are mostly endothermic and
endergonic at all levels of theory. The unimolecular
dissociation reactions of 2-EE (pathways B, E, G, and I) are
exothermic and exergonic at all levels of theory. Considering
the outcomes, we deduce that pathway G has the lowest
thermodynamic parameter values; subsequently, it has more
spontaneous and potential reactions.

5. CONCLUSIONS

A thorough computational study for the thermal degradation
reaction of 2-ethoxyethanol has been executed in detail
utilizing quantum chemical calculations. Eleven considerable
pathways for the unimolecular reaction of 2-EE and eight for
the bimolecular reactions with ethanol and isobutanol were
studied extensively, with 19 pathways overall. The optimized
geometries of Rs, TSs, Is, and Ps were determined. In addition,
the potential energy diagrams (PEDs) were determined using
the G3MP2 and G3B3 methods. The thermodynamic
parameters (AH and AG) and the activation energies and
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Figure 7. Proposed reaction mechanisms for the degradation of 2-EE (pathways P — ).

the Gibbs energies and enthalpies of activation (E,, AG?, and
AHY, respectively) were calculated using DFT and Gaussian-n
theories for each proposed pathway. The TS of each pathway
has been approved utilizing the intrinsic reaction coordinate
(IRC) calculations. However, the reactions are firmly
endothermic, excluding pathways B, E, G, I, L, M, and N
pathways, where they are exothermic. The dehydration
reaction is found by means of two different transition states,
TSA and TSB, where the reactions are thermodynamically
restrained. We have performed calculations using larger basis
sets with B3LYP, @®B97XD, and APFD methods to investigate
the effects of adding more polarization and diffuse functions.
These levels of theory were used to calculate the activation
energies and Gibbs energies of activation for the most
significant pathways G, J, and K (the carbene formation).
The calculated activation energies at these levels of theory were
higher than the B3LYP results, as shown in Table S4 in the
Supporting Information.

Several levels of theory have been used. We found that the
energy values calculated at the B3LYP/6-31G(d) level of
theory (least expensive computational method) are in
agreement with the most costly computational methods such
as Gaussian-n theories (G3MP2 and G3B3). Therefore, the
B3LYP/6-31G(d) and B3LYP/6-311++G(3df,3pd) levels of
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theory will be reliable and excellent options to study such
systems in comparison with the costly computational methods.
The optimized structures for all proposed pathways were very
comparable at all levels of theory. We should also mention that
the optimized structures for the most significant pathways G, J,
and K were very close at all used levels of theory.
Consequently, within the DFT formalism, adopting a higher
basis set alters the geometries only very marginally (Table S4).

2-EE breaks down to create different products. Conforma-
tional alterations originated during the first TSs. The carbene
formation pathway is energetically not preferable compared to
all other pathways. Pathway K has the highest overall activation
energy of 518 kJ mol™" at the G3B3 method. The formation of
ethylene glycol and ethylene (pathway J) was found likely to
occur for the unimolecular dissociation reactions of 2-EE as it
has the lowest activation energy of 269 kJ mol™' at G3B3.
Pathway O is more likely to occur for the bimolecular
dissociation reactions with ethanol with a lower activation
energy of 221 kJ mol™" at G3B3.
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