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ABSTRACT

Theoretical analysis of the energetics and mechanism of a reaction can guide the

selection of a catalyst from a set of similar candidates and avoid the need for

lengthy experimental trials. In this work, a catalyst for the decarboxylation of

acetic acid (AA) to methane and carbon dioxide was selected from a set of

related magnesium hydroxide [Mg(OH)2]n (n = 1–9) nanoclusters. Density

functional theory (DFT) was used to follow the energetics, mechanism, and

stereochemical details of the reaction. It was found that the n = 5 nanocluster

had the best performance of the set. For this nanocluster, the decarboxylation

reaction proceeded through a single transition state (TS), in contrast to an

intermediate and two TSs for the free gas-phase catalytic reaction or decar-

boxylation with a (MgO)4 catalyst. Inspection of AA adsorbed on the

[Mg(OH)2]5 cluster shows the favorable structural orientation of the acid, which

facilitated decarboxylation via a single activated state, bypassing the interme-

diate and one of the TSs. We hypothesized that the decarboxylation of propionic

acid to ethane and carbon dioxide should also occur via a single TS with the

same catalyst, which was confirmed by a separate DFT study. The [Mg(OH)2]5

clusters have potential use as a coating for textiles to catalyze the decomposition

of propionic acid in sweat.
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Pathway for AA decarboxyla�on on [Mg(OH)2]5

Introduction

The catalytic behavior and adsorption properties of

carboxylic acid on metal and metal oxide surfaces

have drawn the attention of researchers across the

globe. Biomass is one of the most sustainable green

energy resources to overcome the problem of fossil

fuel depletion along with environmental pollution.

One potential problem is the presence of an excessive

amount of acids, alcohols, and ether in the bio-oil

produced from thermochemical conversions of lig-

nocellulosic biomass. This causes some major draw-

backs such as high viscosity, low stability, low

heating value, and low pH in the production of high-

quality fuel. Therefore, it is important to upgrade bio-

oil by reducing/eliminating these compounds. Acetic

acid (AA) can be considered as a model acid present

in unprocessed bio-oil. Therefore, studying the

decomposition of AA is important in upgrading the

quality of bio-oil [1, 2]. Acetic acid is a typical weak

acid and an important starting material for the pro-

duction of vinyl acetate and acetic anhydride for the

synthesis of long-chain carboxylic acids and many

other organic compounds. Additionally, the catalytic

decomposition of AA has been identified as a model

for eco-friendly treatment for air pollution and

wastewater. The decomposition characteristics of the

persistent organics in wastewater can be evaluated by

studying the AA decomposition [3].

The gas-phase thermal decomposition of AA

occurs via both decarboxylation (reaction 1) and

dehydration (reaction 2).

CH3COOH!D CH4 þ CO2 1ð Þ; DH 298 Kð Þ ¼ �35:1 kJ mol�1

CH3COOH!D H2C ¼ C ¼ OþH2O 2ð Þ; DH 298 Kð Þ ¼ 103:8 kJ mol�1:

Experimental studies by Blake et al. [4, 5] and

Bamford et al. [6] concluded that the decarboxylation

of AA in the gas phase was a first-order reaction and

dehydration was a second-order reaction with acti-

vation energies of 259.4 kJ/mol and 282.4 kJ/mol,

respectively, at temperatures of 770–920 �C in the

absence of a catalyst. However, theoretical studies by

Ruelle [7] disagreed with the experimental studies;

the barriers they calculated using the MP2/6-31G

level of theory were 376.6 kJ/mol for reaction (1) and

325.5 kJ/mol for reaction (2). The calculation was

subsequently reexamined by Nguyen [8, 9], who

obtained 301 kJ/mol and 317 kJ/mol as activation

energies for the decarboxylation and dehydration

reactions, respectively. The adsorption of AA and

decarboxylation reaction (1) was also studied both

theoretically and experimentally using Co [10], Pt

[11], and TiO2 [12] catalysts as well as others

depending on the application of interest. Hamid et al.

studied the photocatalytic conversion of AA on co-

catalyst-loaded TiO2, and the amount of CO2 and

CH4 formed is increased in the order of Ag/TiO2

\Au/TiO2 \ Rh/TiO2 \ RuO2/TiO2 \ IrO2/TiO2

\ Pt/TiO2 [13]. A literature survey reveals that AA

absorbs on most of the metal oxide surfaces via a
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carbonyl stretching or OH stretching bonds. Liao et al.

studied the adsorption and photoreactions of AA on

TiO2 at 308 K temperature using Fourier-transformed

infrared (FTIR) spectroscopy. Comparing the absorp-

tion frequencies, they concluded that molecular AA

can absorb on TiO2 surface via hydrogen bonding or

by Lewis acid–base interactions (carbonyl stretching)

[14]. According to the FTIR study of Martin et al., AA

is strongly absorbed on a MgO surface (with recorded

bands corresponding to OH stretching) and dissoci-

ates to form surface magnesium carboxylates. These

carboxylates produce CO2 when the system is out-

gassed at high temperatures [15]. Verma and Kishore

studied the catalytic decomposition of AA on Ru and

Ru/MgO clusters theoretically using density func-

tional theory (DFT) and found that OH cleavage

pathway is favorable for AA decomposition over both

catalysts, and Ru/MgO shows better catalytic prop-

erties than bare Ru. AA adsorption energies are

recorded to be - 21.04 kJ/mol and - 72.74 kJ/mol for

Ru and Ru/MgO, respectively. The decomposition of

AA is more likely to produce CO2 and CH4 than

acetaldehyde. However, the reaction pathway has

several intermediates [16].

Another DFT study by Verma and Kishore recently

on the kinetics of non-catalytic reactions (1) and (2)

calculated the activation energy of the decarboxylation

reaction as 291 kJ/mol using the B3LYP/6-31 G(d) and

305 kJ/mol in M06-2X/6-31G(d) levels of theory in the

298–900 K temperature range. They also concluded the

reaction is kinetically unfavorable in this temperature

range. The gas-phase decarboxylation reaction pro-

ceeds by converting cis-CH3COOH into trans-CH3

COOH in the first step and produces CH4 and CO2 in

the second step. They calculated the rate constants for

both steps as 1.31E?03 s-1 and 1.71E-34 s-1, respec-

tively, at 298 K using the B3LYP/6-31G(d) level of

theory. Lower rate constant shows the unfavorability

of the second step at 298 K. However, the rate con-

stants increased significantly to 5.81E?09 s-1 and

7.31E-03 s-1, respectively, when the temperature was

increased to 900 K [17]. This highlights the importance

of an effective catalyst to perform the decarboxylation

reaction of AA at 298 K.

Theoretical DFT studies of the decarboxylation reac-

tion using magnesium oxide catalyst have concluded

that the acid was chemisorbed on the (MgO)4 cluster

with an adsorption energy of - 197 kJ/mol before

decarboxylation occurred via an intermediate and two

transition states (TSs), with an energy barrier of

415 kJ/mol from the adsorbed state at room tempera-

ture. The favorable adsorption geometry of the AA

molecule occurs with adjacent Mg and O atoms on

(MgO)4 cluster. Here, the (MgO)4 cluster acts as a

destructive adsorbent to produce CO2 and CH4 [18]. A

literature survey reveals a tremendous number of

studies carried out on the catalytic decomposition

reaction of AA. To the best of our knowledge, those

studies show that there is more than one intermediate in

the AA decomposition (specifically decarboxylation)

reaction pathway.

Magnesium hydroxide, Mg(OH)2, nanocluster cat-

alysts have not been used to study the AA decar-

boxylation reaction theoretically. It is an inorganic,

white solid of interest in many applications in science

and industry. It is environmentally friendly and can be

used as an antibacterial agent, in packaging, as a fire-

extinguishing agent, and also as an agent in wastew-

ater treatment [19–22]. Different methods such as

hydrothermal processing [23, 24], water-in-oil

microemulsion processing [25], and high-gravity

reactive precipitation [26] are used to synthesize

magnesium hydroxide crystals and nanoparticles with

different sizes and morphologies [27–30]. Its mechan-

ical, catalytic, optical, and electronic properties

increase with decreasing the particle size into nano-

size range along with an increase in the surface-to-

volume ratio [31]. The high surface area and high

surface reactivity make these clusters an effective

adsorbent. The electronic structure of magnesium

hydroxide involves only s–p orbital electrons, which

makes it relatively easy to study through the process of

decarboxylation of acetic acid using the current state-

of-the-art quantum chemistry. An important motiva-

tion to study the Mg(OH)2 catalyst is that it is less toxic

than (MgO)4 [21, 32], and it is potentially useful as a

coating agent for textiles to decompose propionic acid

(PA) that is chemically similar to AA and is one of the

components of sweat. Another is that the catalytic

power of Mg(OH)2 relative to MgO for this reaction is

unknown, and the detailed mechanism of decarboxy-

lation of acetic acid absorbed on the magnesium

hydroxide has not been compared with the acid

absorbed on magnesium oxide clusters and with

decarboxylation of the acid in the gas phase, all of

which are of intrinsic chemical interest.

Koper et al. in 2003 have found that metal oxides

and metal hydroxides including MgO and Mg(OH)2

can be used as destructive adsorbents for biological

and chemical contaminations [33]. The term

16916 J Mater Sci (2020) 55:16914–16927



destructive adsorbent implies its ability to adsorb and

chemically destroy the incoming adsorbate simulta-

neously. For example, the degradation of Sarin, iso-

propyl methylphosphonofluoridate (C4H10FO2P) in

the presence of brucite (layered structure of

(Mg(OH)2) catalyst, involves physisorption and dis-

sociative chemisorption has been investigated in a

recent DFT study [34]

In this work, we study the adsorption of AA on

magnesium hydroxide clusters [Mg(OH)2]n (n = 1–9)

and (MgO)4 using DFT (both with and without dis-

persion corrections to the B3LYP exchange func-

tional) to understand the differences in the catalytic

behavior of specific nanoclusters in the decomposi-

tion of acetic acid absorbed on the respective sur-

faces. It was found that the binding energy of AA on

the hydroxide clusters was the largest for n = 5,

which is the focus of this study. We compare the

decarboxylation of AA with the presence of

[Mg(OH)2]5 cluster and (MgO)4 cluster and without

the presence of any cluster in the gas phase. We find

that the specific adsorption of AA on the [Mg(OH)2]5

nanocluster provides a more direct route, via a single

TS, to the products that bypass the intermediates that

occur with (MgO)4 and [Mg(OH)2]n (n = 5) catalysts

and for the gas-phase decarboxylation of AA in the

absence of a catalyst. We propose a similar mecha-

nism for the decomposition of propionic acid (PA) to

ethane (CH3CH3) and CO2 in the presence of the

same [Mg(OH)2]5 catalyst and confirm it using the

same theoretical methods employed for AA. More-

over, this will be a promising decarboxylation reac-

tion pathway to suppress undesirable by-products to

produce high-quality vinyl acetate and bio-oil.

This study uses a variety of theoretical tools to

provide insight into different decarboxylation mech-

anisms for AA (and structurally similar acids) on

(MgO)4 and [Mg(OH)2]5 nanocatalysts and highlights

a novel feature of a catalyst that avoids the formation

of an intermediate to accelerate a reaction without

necessarily lowering the energy barriers.

Methods

A range of [Mg(OH)2]n, (n = 1–9) clusters were

investigated to find the structure with the most neg-

ative adsorption energy for AA, which was assumed

to be the most stable among the absorbed structures.

The calculations of the adsorption energy and

structure of the acid on each cluster surface were

optimized via hybrid DFT with the B3LYP functional

and Pople’s split valence double-zeta basis set with

polarization functions [6-31G(d,p)] and the dispersion

term using the D3 version of Grimme’s dispersion

(GD3) correction for all atoms [35]. The DFT results

were also compared with the DGDZVP basis set and

the same exchange functional (with and without the

dispersion correction) for all atoms in the calculations

mentioned above. The ground-state calculations of

the energies and structure of the clusters were carried

out following the recent work reported by Chen and

Dixon [31]. TS optimization and intrinsic reaction

coordinate (IRC) search calculations [36, 37] were

performed after selecting the cluster with the lowest

adsorption energy using the same level of theory

[B3LYP/6-31G(d,p)] and the more computationally

intensive DGDZVP basis set, which required

increased computation time.

The TSs were determined using the synchronous

transit-guided quasi-Newton (STQN) method [38]

while keeping the cluster frozen. Atomic charges on

each atom of adsorbed Structure 3 in Fig. 2 and AA

in the gas phase were calculated by fitting the elec-

trostatic potential of the charges in the grid-based

method (ChelpG) developed by Breneman et al.

[39, 40]. The ‘‘atoms in molecules (AIM)’’ theory

developed by Bader [41] was used to examine the

topological characteristics of electron density distri-

bution described in the next section. We also calcu-

lated the gas-phase AA decarboxylation reaction and

AA decarboxylation reaction on (MgO)4 cluster using

B3LYP/6-31g(d,p) revisiting our previously pub-

lished work [18]. All calculations were performed

with the Gaussian 09 program package [42].

Results and discussion

Adsorption of AA on the Mg(OH)2

nanoclusters

Geometry optimization is a major component of

computational studies of the structure and reactivity

of molecules. It is the process of finding the

arrangement of nuclei for which the potential energy

is minimized. As a test of our DFT calculations at the

B3LYP/6-31G(d,p) level of theory, the adsorption

energy of AA on the magnesium hydroxide mono-

mer was determined (Table S1 in the supporting

J Mater Sci (2020) 55:16914–16927 16917



information, ESM), and the results showed excellent

agreement with the coupled cluster single determi-

nant CCSD(T) values.

Hydrolysis of small (MgO)n clusters to form the

corresponding hydroxide is represented by:

MgO
� �

n
þnH2O ! MgnO2nH2n � Mg OHð Þ2

� �
n
: ð3Þ

The optimized [Mg(OH)2]n structures using the

B3LYP/6-31G(d,p) level of DFT for n = 1–9 are shown

in Fig. 1.

The adsorption energy of AA on each [Mg(OH)2]n
cluster (Ead) was calculated from:

Ead ¼ Esystem�ðEAA þ E½Mg OHð Þ2�nÞ; ð4Þ

where EAA is the energy of structurally optimized AA

in the gas phase, E½Mg OHð Þ2�n is the energy of the opti-

mized isolated [Mg(OH)2]n cluster and Esystem is the

energy of the optimized AA/magnesium hydroxide

cluster system. The difference between them is the

adsorption or binding energy. The adsorption ener-

gies, with and without dispersion correction to the

B3LYP exchange functional (B3LYP/6-31G(d,p)),

using the same basis set, are shown in Table 1, and

the energy variation pattern is plotted in the sup-

plementary material (ESM). The adsorption energies

are less negative when the dispersion correction is

added to the exchange functional, except for n = 6

and 8 where the differences of - 4 to - 6 kJ/mol,

respectively, are relatively small. The difference in

the adsorption energy is the largest (20 kJ/mol) for

n = 5 followed by n = 1 and 3, with energy differ-

ences of 16 and 11 kJ/mol, respectively. Dispersion

forces could be a significant part of adsorption.

Grimme’s dispersion correction term was added to

the basis set to compare the impact of dispersion

force in the adsorption energy of AA on [Mg(OH)2]n
clusters. The lowest adsorption energy or the stron-

gest chemisorption occurs when the cluster size(n) is

equal to 5. The next lowest adsorption energies occur

when n = 1, 3, and 8, respectively. The [Mg(OH)2]5

cluster was used for all subsequent calculations of the

energy intermediates, transition states, and mecha-

nism of the decomposition of AA adsorbed on the

cluster.

We calculated energies (energy values are in

Table s2 in ESM) of optimized [Mg(OH)2]n structures

using B3LYP/DGDZVP exchange functional to

compare with the literature values [31] and B3LYP/6-

31G(d,p) level of theory. Since the values are compa-

rably similar, B3LYP/6-31G(d,p) set was chosen to

3=n2=n1=n

6=n5=n4=n

9=n8=n7=n

Figure 1 Optimized

structures of [Mg(OH)2]n,

n = 1–9 clusters using the

B3LYP/6-31G(d,p) level of

DFT.

16918 J Mater Sci (2020) 55:16914–16927



calculate the decarboxylation reaction path. The

optimized [Mg(OH)2]n structures using the DGDZVP

basis sets are similar but less negative than the

6-31G(d,p) basis set, while the dispersion correction to

the exchange functional makes the energies more

negative, as displayed in Table 1. The adsorption

energy of AA on the n = 5 cluster remains the most

negative for both basis sets with and without the

dispersion correction for the exchange functional and

is within a few kJ/mol (- 231 and - 226 kJ/mol)

with the dispersion correction. This difference is

mainly due to the different representations of the

wave function in two different ways by two basis sets

which affects the energy either with or without dis-

persion correction. However, comparably smaller

changes in the adsorption energies (Figure s1 in ESM)

and consistency in the effect of the dispersion term to

the optimized lowest energies of [Mg(OH)2]n clusters

show that dispersion does not play a significant role

in smaller [Mg(OH)2]n clusters.

The structural changes caused by the adsorption of

AA on the [(Mg(OH)2]5 catalyst were tracked by

following the changes in the bond distances, electron

density redistribution, and geometric orientations of

AA adsorbed on the nanocluster shown in Struc-

ture 3 in Fig. 2. The adsorption of AA on the nan-

ocluster occurs via chemical bonding between 1 Mg–

32O and 11O–33H (Structure 3), where the bonding

pairs of numbered atoms are encircled in the figure.

On absorption, the O–H bond in the acid is elongated

from 0.97 to 1.67 Å, while the C–O double bond in the

carbonyl group is increased slightly from 1.21 Å to

1.28 Å and the C–O bond attached to the hydroxyl

group shortened from 1.35 Å to 1.26 Å, indicating

strong adsorption of the acid on the [(Mg(OH)2]5

cluster. This is accompanied by a slight elongation of

the C–C single bond from 1.50 Å to 1.51 Å in AA,

with both the C–O bonds within the acid approach-

ing the same value (Table 2) revealing a potential

pathway to form CO2 and CH4 in the catalytic

decomposition of AA adsorbed on [(Mg(OH)2]5.

This pathway is unique for n = 5, presumably

because the adsorption sites on [(Mg(OH)2]5 are

separated by a pair of magnesium and oxygen atoms

in the cluster (Structure 3), while the corresponding

sites on [(Mg(OH)2]4 (Structure 2) and [(MgO]4

(Structure 1) are adjacent to each other, as shown in

Fig. 2, and discussed below in detail.

Details regarding the adsorption of the AA mole-

cule on the (MgO)4 [18] and the [Mg(OH)2]5 nan-

ocluster can be observed by comparing Structures 1

and 3 in Fig. 2a. The bonding and C–O–H bond angle

of the acidic group within AA differ significantly

between the two absorbed structures. The C–O–H

angle changes from * 1198 when AA is adsorbed on

(MgO)4 to 133� for [Mg(OH)2]5. Furthermore, because

the O and H atoms of the carbonyl group of AA are

bonded to an adjacent pair of Mg and O atoms on

(MgO)4, while a pair of O and Mg atoms are present

between the corresponding bonding sites on the

[Mg(OH)2]5 adsorbate, the C–O–H angle is larger and

closer to the value expected for the decarboxylation

TS. These structural dissimilarities lead to differences

in the adsorption energies of AA in the presence of

the (MgO)4 and [Mg(OH)2]5 catalysts, and the

mechanistic pathways for the decarboxylation that

are discussed further in the following sections.

Interestingly, the structures of AA adsorbed on the

other [Mg(OH)2]n nanoclusters with n = 1–9, (n = 5)

(e.g., Structure 2 in Fig. 2 and Fig. s2) do not show the

stereospecific (spatial and C–O–H angle) binding

configurations observed for n = 5. Even though n = 8

Table 1 Adsorption energies Ead of AA on [Mg(OH)2]n in kJ/mol for n = 1–9 calculated using the B3LYP/6-31G(d,p), B3LYP/6-

31G(d,p) (GD3) and DGDZVP, DGDVP(GD3) exchange functionals and basis sets of DFT

System [Mg(OH)2]n-AA N

Ad. energy (kJ/mol) 1 2 3 4 5 6 7 8 9

B3LYP/6-31G(d,p) - 225 - 151 - 211 - 99 - 251 - 92 - 140 - 157 - 110

B3LYP/6-31G(d,p) (GD3) - 209 - 143 - 200 - 98 - 231 - 96 - 137 - 163 - 104

Difference (6-31G(d,p) (GD3)-6-31G(d,p)) 16 8 11 1 20 - 4 3 - 6 6

B3LYP/DGDZVP - 177 - 102 - 167 - 52 - 242 - 44 - 92 - 59 - 71

B3LYP/DGDZVP (GD3) - 183 - 112 - 181 - 76 - 226 - 73 - 117 - 140 - 90

Difference (DGDZVP (GD3)–DGDZVP) - 6 - 10 - 12 - 24 16 - 29 - 25 - 81 - 19

J Mater Sci (2020) 55:16914–16927 16919



cluster system shows similar binding sites as in n = 5

in [Mg(OH)2]n nanoclusters, the dihedral angle of O–

C–O–H in AA is significantly different in both sys-

tems (Fig s2 and Table s3). Remarkably, a similar

configuration is also observed for the adsorption of

propionic acid (PA) on a [Mg(OH)2]5 nanocluster,

which is shown in Structure 4 in Fig. 2.

The calculated absorption energy for PA is

- 245 kJ/mol with the B3LYP/DGDZVP exchange

functional and basis set, which is close to the

adsorption energy of AA (- 242 kJ/mol) using the

same basis set and exchange functional. The hydroxyl

hydrogen of PA binds to the oxygen of [Mg(OH)2]5

just as it does for AA with a similar C–O–H bond

angle of 1338 and the presence of an intervening pair

of Mg and O atoms between the bonding sites. This

highlights their possible significance for providing a

potentially similar mechanistic pathway for decar-

boxylation of the acid to form CO2 and ethane

(CH3CH3) in the presence of the [Mg(OH)2]5 catalyst.

Next, we move from structural details to the

mechanistic pathways for the decarboxylation of AA

in the gas phase, followed by a discussion of the

desired reaction in the presence of (MgO)4 and

[Mg(OH)2]5 nanoclusters that function as catalysts.

Decomposition of AA in the gas phase:
geometrical and polarization changes

To make a detailed comparison of the same reaction

in the presence of [Mg(OH)2]5 and (MgO)4 catalysts

at the same theoretical level, the gas-phase

4 + AA 2]4  +AA 

2]5  +AA 

(a) Structure 1- (MgO) (b) Structure 2- [Mg(OH)

(c) Structure 3- [Mg(OH) (d) Structure 4-[Mg(OH)2]5  + PA 

Figure 2 Adsorption of AA

on a (MgO)4 cluster

(Structure 1), b [(Mg(OH)2]4
cluster (Structure 2),

c [(Mg(OH)2]5 cluster

(Structure 3) and of PA d on

[(Mg(OH)2]5 cluster

(Structure 4) using the

B3LYP/6-31G(d,p) exchange

functional and basis set (Mg,

O, H, and C are in green, red,

light gray, and black,

respectively).

Table 2 Geometric properties of AA in the gas phase and

optimized absorbed states (Structure 3, Figs. 2 and 5), TS, and

products (Structures 9 and 10, Fig. 5) on [Mg(OH)2]5 from DFT

with B3LYP/6-31G(d,p) level of theory

Geometric property Structure-bond distances and angles

3 9 10 5

D(1C–5C) 1.515 2.076 3.335 1.507

D(8O–5C) 1.280 1.228 1.184 1.210

D(6O–5C) 1.263 1.181 1.152 1.357

D(7H–6O) 1.678 2.523 3.201 0.972

D(32O–1Mg) 1.965 2.041 2.114

D(11O–33H) 0.997 1.516 2.404

D(26C–33H) 3.655 1.262 1.096

a (32O–30C–31O) 124.3 146.3 177.7 122.47

a (30C–31O–33H) 133.3 53.3 75.2 105.89

D is the bond distance in angstroms (Å) and a is the bond angle

The labeling of atoms in the first four rows represents AA atoms in

the gas phase (Fig. 3), and the atoms in the remaining rows

represent AA absorbed on magnesium hydroxide (Fig. 5)

16920 J Mater Sci (2020) 55:16914–16927



decarboxylation of AA in the absence of a catalyst

using DFT with the B3LYP/6-31G(d,p) exchange

functional and basis set was studied; this highlighted

the differences in their mechanistic pathways. The

decarboxylation pathway was followed by tracking

the intrinsic reaction coordinates after determining

the transition and intermediate states [36, 37]. Fig-

ure 3 shows the reaction path for the decarboxylation

of AA in the gas phase, which occurs by passing over

two transition states (TS1 and TS2) and an interme-

diate (Structure 7). The rotational rearrangement of

the equilibrated native-state Structure 5 of AA to an

isomerized intermediate Structure 7 after passing

over the first TS barrier (TS1), shown as Structure 6 in

Fig. 3 (imaginary frequency of - 813.4 cm-1), brings

the H atom on the OH group closer to the C atom of

the CH3 group. From here, it is favorably poised to

form CH4, after passing over the second TS (TS2).

This pathway was calculated using the STQN

method [38].

Our calculations show that the cis–trans isomer-

ization of the OH group for the reorientation of AA

from Structure 5 to the intermediate Structure 7

occurs through TS1 (Structure 6), with an energy

barrier of * 57 kJ/mol. This is smaller than the

barrier of 279 kJ/mol (Table 3) to reach TS2, from

Structure 8 from Structure 7, before formation of the

final CO2 and CH4 products.

The decarboxylation of AA in the gas phase from

the initial state (Structure 5) passes over the first

transition state (TS1) to the intermediate Structure 7.

Final products occur via the second transition state

TS2 (Structure 8 in Fig. 3), as shown schematically in

Fig. 4. The energy barrier for the last step of the

reaction was 279 kJ/mol at 298 K. The total barrier

with respect to the initial Structure 5 was 308 kJ/mol

at 298 K. The experimentally observed values from a

kinetic study in a single-pulse shock tube where AA

was diluted with Argon were 271.5–295.0 kJ mol-1 at

temperatures between 1300 and 1950 K [43]. An ear-

lier theoretical calculation predicted an activation

Table 3 Total and relative

energies at 298 K with respect

to Structure 5 for gas-phase

AA decarboxylation

Structure Total energy/kJ mol-1

DFT-B3LYP(6-31G(d,p))

Relative energy/kJ mol-1

H3C–COOH (5) - 601479.7 0

TS1 (6) - 601422.0 57.7

H3C–COOH (7) - 601451.1 28.6

TS2 (8) - 601171.7 308.0

CH4 ? CO2 - 601515.1 - 35.4
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(TS2) structure for the gas-phase decomposition of AA (Structure 8).
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energy of 301 kJ mol-1 at 298 K using the

QCISD(TC)/6-311 ??G(d,p) level of theory [6].

Passage through an intermediate was also

observed in our DFT calculations for AA decar-

boxylation in the presence of the [MgO]4 catalyst [18].

The labeled Structures 5–8 are shown in Fig. 3.

In the following section, we find from our theo-

retical DFT calculations that the [Mg(OH)2]5 catalyst

enables the decarboxylation AA to proceed directly

without passing through an intermediate similar to

what is observed in the gas phase and in the presence

of the [MgO]4 catalyst. The reasons for this are

revealed from our theoretical studies of the reaction

pathways.

Mechanistic pathway
for the decarboxylation of AA and PA
on the [(Mg(OH)2]5 catalytic cluster

The pathway for the decarboxylation reaction of AA

adsorbed on the [Mg(OH)2]5 nanocluster is of interest

following our description of the same reaction in the

gas phase and in the presence of the [MgO]4 catalyst

[18]. Instead of the need to reorganize the adsorbed

AA into an intermediate isomer, as in the gas phase

or in the presence of [MgO]4 catalyst, the AA adsor-

bed on the [Mg(OH)2]5 nanocluster (Structure 3 in

Figs. 2 and 5) already has an H atom (33H) of the

carbonyl hydroxyl group of the acid aligned favor-

ably with the oxygen atom (11O) of a hydroxide

group of the catalyst. This favorable alignment allows

for transformation into the TS Structure 9 (Fig. 5) for

conversion to CH4 and CO2 (Structure 9). During the

final stage of decarboxylation, the proton (33H) from

the carboxylic group is transferred to the methyl

group with the breaking of the 30C–26C bond of the

acid to form CH4 and CO2. The magnesium hydrox-

ide nanocluster, thus, provides a simple and facile

pathway for decarboxylation that is unique for n = 5,

and the catalyst acts as a destructive adsorbent.

The energetics of the pathway from the reactants to

products calculated with and without the dispersion

corrected B3LYP–GD3 functional as shown in Fig. 6

are displayed in Table 4 with the relevant energies

for Structures 3 and 9 and the final product state.

According to the energy data in Table 4, the decar-

boxylation process of AA approach through a strong

adsorption (- 251 kJ mol-1) on [(Mg(OH)2]5 cluster

and with 348 kJ mol-1 decomposition energy. The

relative energies in Table 4 illustrate that the

adsorption is a destructive with 97 kJ mol-1 as the

required net energy to overcome the TS to generate

the final products. This net energy is comparatively

smaller than in the presence of (MgO)4 clusters

(132 kJ/mol) [18] and in the gas phase (290 kJ/mol).

The AIM method [18] was used to further charac-

terize the bond interactions during the reaction. In an

AIM calculation, a molecule is considered both clas-

sically as a collection of atoms and bonds and

quantum mechanically as nuclei and electrons.

(a) Structure 3 (absorbed state) (b) Structure 9 (TS) (c) Structure 10 (products)

Figure 5 a Adsorbed AA on [(Mg(OH)2]5 cluster (Structure 3), b TS (Structure 9) for AA decomposition on [(Mg(OH)2]5, c products of

the decarboxylation of AA CH4 and CO2 on [(Mg(OH)2]5 (Structure 10).
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Molecular bonds in each structure are characterized

by the first derivative of the electron density at the

critical point equal to zero, and by the second

derivative, which is the Laplacian of the density

[18, 44–49]. This theory has been used to characterize

bond types and studies have concluded that it is

reliable, in the absence of bifurcation [50–52].

The electron and Laplacian electron densities in

Table 5 reveal a strong covalent bond between an

acidic hydrogen (33H) of AA and an oxygen atom

(11O) in the [(Mg(OH)2]5 cluster, and a weaker

interaction between the carbonyl oxygen (32O) atom

of AA and a magnesium atom (1 Mg) of the magne-

sium hydroxide catalyst (Structure 3 in Fig. 5). Both

are shown circled in Fig. 2c to highlight the locations

of the binding between the acid and catalyst, which

in this case is separated by two intervening atoms, 6O

and 5 Mg, on the catalyst, unlike the adjacent binding

sites for the corresponding (MgO)4 nanocatalyst with

the same acid. The electron density of the O–H bond

in the carbonyl group of the acid interacting with the

[Mg(OH)2]5 reduced from 0.358 a.u to 0.044 a.u, and

the sign of the Laplacian density changed from neg-

ative to positive (- 2.0 a.u–0.14 a.u) signifying a

weakening of the bond. A low (0.04 a.u) electron

density, positive Laplacian density (0.3 a.u), and a

longer bond Mg–O distance (1.98�A) indicate a weak

ion–dipole interaction. Following adsorption, both

the acidic C–O bonds to [Mg(OH)2]5 cluster tend to

have similar geometries and electron densities (C–O

distances of 1.2�A, electron densities of 0.3 a.u and

Laplacian densities of - 0.2 a.u).

In the forward scan, the TS broke down into CO2

and CH4, but in the reverse scan reverts to Struc-

ture 3 in Figs. 2c and 5a, which is the optimized

structure of AA adsorbed on [Mg(OH)2]5. Electron

densities and the Laplacian of the electron densities

of the TS (Structure 9) determined from the AIM

calculations (Table 6) show a pathway for product

formation from the TS, as discussed below.

This shows a weakening of the carbon–carbon single

bond of AA in the TS (Fig. 5b). In addition, the electron

density between 33H and 26C is 0.179 a.u., the Lapla-

cian of the density is negative (- 0.43 a.u.) in the TS

and the distance between 33H and 26C is reduced from

3.65 in Structure 3 to 1.26�A in Structure 9, revealing

Table 4 Total and relative

energies at 298 K for gas-

phase AA and [(Mg(OH)2]5
reaction using DFT with the

B3LYP/6-31G(d,p) functional

and basis set

Structure Total energy/kJ mol-1

DFT-B3LYP(6-31G(d,p))

Relative energy/kJ mol-1

AA ? [(Mg(OH)2]5 - 5221061.1 (- 5221218.5) 0 (0)

Structure 3 (adsorbed state) - 5221311.7 (- 5221449.7) - 250.6 (- 231.2)

Structure 9 (TS) - 5220964.3 (- 5221121.5) 96.8 (97.0)

Structure 10 (products) - 5221148.0 (- 5221292.6) - 86.9 (- 74.1)

Dispersion corrected values are in parenthesis

Table 5 Electron density q(a.u) and Laplacian of electron density

r2q (a.u) for Structure 3, Fig. 2 adsorbed on [Mg(OH)2]5 and

gas-phase AA (in parenthesis) at the B3LYP/6-31G(d,p) level of

DFT from AIM calculations

Bond/characteristic q r2q

26C–30C 0.259 (0.262) - 0.647 (- 0.659)

31O–25H 0.037 0.102

31O–30C 0.369 (0.298) - 0.221 (- 0.471)

32O–30C 0.354 (0.416) - 0.291 (0.172)

31O–33H 0.044 (0.358) 0.137 (- 2.056)

33H–11O 0.319 - 1.864

32O–1Mg 0.047 0.375

25H–5O 0.333 - 1.864

Atoms 1Mg, 25H, 5O, and 11O are part of the [Mg(OH)2]5

cluster. The rest belong to AA. Atoms 30C, 31O and 32O, and

33H form the carbonyl group of AA which decomposes to CO2

and CH4 formed with 26C and 33H, 27H, 28H, and 29H after

weakening the 31O–33H bond in AA. See Table 6 and Fig. 2,

Structure 3

Table 6 Electron density q(a.u), Laplacian of electron density

r2q (a.u) values for the TS (Structure 9) at the B3LYP/6-

31G(d,p) level of DFT from AIM calculations

Bond/characteristic q (au) r2q

26C–30C 0.072 0.046

31O–30C 0.435 0.492

32O–1Mg 0.035 0.271

33H–11O 0.082 0.119

33H–26C 0.179 - 0.434

33H–31O No BCP defined –

BCP bond critical point
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the first steps in the formation of C–H bond in

methane. Furthermore, there is a progressive change in

the bond angle of 32O–30C–31O from 124.38 to 146.28
to 177.78during the transformation from Structure 3 to

9 and then to the product 10, respectively. This indi-

cates the formation of an O–C–O bond in CO2 as a

product of the decarboxylation of AA from the

adsorbed state (Structure 3 in Figs. 2b and 5a). Along

the pathway to the products, a new bond is observed

between 33H and 26C, and the bond between 26C and

30C breaks to form methane. The CHelpG method is an

atomic charge calculation system developed by Bren-

eman and Wiberg [39]. In this method, the atomic

charges are fitted to reproduce the molecular electronic

potential at a number of points around the molecule.

CHelpG charges, unlike Mullikan charges, depend

much less on the underlying theoretical method used

to compute the wave function. The atomic charge on

the hydroxyl hydrogen of AA does not change signif-

icantly, but the atomic charges on the hydroxyl and

carbonyl oxygen changed by 0.2 and 0.1, respectively

(Table 7).

Comparison of the decarboxylation of AA
in the gas phase and in the presence
of (MgO)4 and [Mg(OH)2]5 catalysts

Figure 6 shows the comparison of the energies of the

intermediate and TSs along their respective reaction

pathways for the decarboxylation of AA in the gas

phase and separately for the corresponding reaction

in the presence of the (MgO)4 and [Mg(OH)2]5 cata-

lysts. The figure highlights the differences in the

pathways to form CO2 and CH4 from AA and shows

that decarboxylation of AA in the gas phase and from

the adsorbed state on (MgO)4 passes through two

transition states (TS1 and TS2), with an intermediate

in between the two before ending as products.

AA adsorbed on [Mg(OH)2]5 clearly bypasses the

intermediates and passes through the single transi-

tion state (TS1) before formation of the products. This

is attributed to the absorbed state being favorably

oriented, via directed chemical bonding on the clus-

ter, to pass directly to the transition state for decar-

boxylation without passing through an intermediate.

Calculations for n = 1 and 3, the following two most

stable [Mg(OH)2]n adsorbents for AA after n = 5,

show that decarboxylation occurs through an inter-

mediate and two TSs for these systems, unlike the

n = 5 cluster. The passage from the reactant to

products during the decarboxylation of AA is unique

for the n = 5 catalyst among the investigated set of

[Mg(OH)2]n clusters (n = 1–9).

Because the absorption of PA and AA on

[Mg(OH)2]5 is similar, as shown in Fig. 2c, d, the

decarboxylation of PA to CO2 and CH3CH3 from the

adsorbed state can also be expected to pass through a

single TS without an intervening intermediate. This

was confirmed by tracking the pathway from the

reactants to products for PA using the same methods

as for AA, and the results for PA are shown in Fig. 7.

Conclusion

In this work, DFT calculations were used to select a

catalyst for the decarboxylation of acetic acid (AA)

from several magnesium hydroxide nanocluster

[Mg(OH)2]n candidates that have potential use as

Table 7 ChelpG atomic charges of the structure 3 [(Mg(OH)2]5-

AA] and AA calculated via DFTwith the B3LYP/6-31G(d,p) level

of theory

Atom/characteristic (M(OH)2)5AA AA

26C - 0.273 - 0.292

30C 0.759 0.697

31O - 0.644 - 0.574

32O - 0.711 - 0.529

33H 0.401 0.404

27H 0.104 0.104

28H 0.067 0.104

29H 0.077 0.084

The electron density between 26C and 30C reduced from 0.24 to

0.07 a.u., the Laplacian density changed from - 0.5 to 0.04 a.u.,

and the bond distance elongated from 1.53 to 2.07�A

-200

-150

-100

-50

0

50

100

150

1 2 3 4

Re
la

�v
e 

en
er

gy
 /

 k
J m

ol
-1

Reac�on Path

Reactants

Absorbed Structure

Transi�on State

Products
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adsorption and decarboxylation of PA on the [Mg(OH)2]5 cluster

using B3LYP/6-31G(d,p).
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coatings for textiles. It was observed that AA more

strongly adsorbed on the magnesium hydroxide

cluster with n = 5 (Ead = - 252 kJ/mol) than on the

other magnesium hydroxide clusters (n = 5) or on

(MgO)4 (Ead = - 198 kJ/mol). The energetics and

pathways for the decarboxylation of AA in the gas

phase were compared with the same reaction in the

presence of strongly adsorbing [Mg(OH)2]5 and

(MgO)4 clusters [18], and particular attention was

given to the adsorption stereochemistry. The theo-

retical analysis revealed that the decarboxylation

reaction pathway for AA passes through an inter-

mediate between two TSs in both absence of a cata-

lyst [5, 6] and when it occurs in the presence of the

(MgO)4 catalyst [18]. However, for the [Mg(OH)2]5

catalyst, the structure and orientation of the AA

absorbed on [Mg(OH)2]5 enable it to bypass the

intermediate observed for the other cases. We

hypothesized and confirmed that a similar pathway

existed for the decarboxylation of propionic acid (PA)

with the same catalyst. The experimental implemen-

tation of decarboxylation with the [Mg(OH)2]5 cata-

lyst, however, would require precise synthesis of

n = 5 nanoclusters because the other nanoclusters do

not share the same stereospecific catalytic properties

for the decarboxylation of AA and PA.
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