
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ar
ch

 2
02

1.
 D

ow
nl

oa
de

d 
on

 2
/8

/2
02

6 
9:

19
:2

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Topological inve
aPhysical and Theoretical Chemistry Labora
bComputational Chemistry Laboratory, High
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stigation of the reaction
mechanism of glycerol carbonate decomposition
by bond evolution theory†

Abel Idrice Adjieufack, abc Vincent Liégeois, *c Ibrahim Mbouombouo Ndassa b

and Benôıt Champagne *c

The reactionmechanisms of the decomposition of glycerol carbonate have been investigated at the density

functional theory level within the bond evolution theory. The four reaction pathways yield to 3-

hydroxypropanal (TS1), glycidol (TS2a and TS2b), and 4-methylene-1,3-dioxolan-2-one (TS3). The study

reveals non-concerted processes with the same number (four) of structural stability domains for each

reaction pathway. For the two decarboxylation mechanisms, the two first steps are similar. They

correspond to the cleavage of two single CO bonds to the detriment of the increased population of the

lone pairs of two O atoms. These are followed, along TS1, by the transformation of a CO single bond

into a double bond together with a proton transfer to create a CH bond. For TS2a and TS2b, the last step

is a cyclization by CO bond formation. For the TS3 pathway, the first stage consists in the cleavage of

a CH bond and the transfer of its electron population to both a proton and a C atom, the second step

corresponds to the formation of an OH bond, and the last one describes the formation of a CC double

bond. Moreover, the analysis of the energies, enthalpies, and free enthalpies of reaction and of activation

leads to the conclusion that 3-hydroxypropanal is both the thermodynamic and kinetic product,

independent of the method of calculation.
1. Introduction

Glycerol carbonate is a stable and colorless liquid deriving from
the molecule of glycerol. The molecule is attracting the interest
of the academic and industrial communities since it can be
used as a novel component of gas separation membranes, of
surfactants, detergents, and coatings and also as a nonvolatile
solvent for several types of materials, including in the paint
industry.1–5 Glycerol carbonate is also a source of new polymeric
materials for the production of polycarbonates and poly-
urethanes.6,7 The search for different synthetic processes of
glycerol carbonate has increased in parallel with its applica-
tions.8 For that, the selected strategy for its synthesis relies on
basic experimental criteria such as low reaction time, simple
separation and purication methods, and catalytic activity and
selectivity.9 For some time, several experimental and computa-
tional chemistry studies have been devoted to the synthesis as
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well as to the reactivity and decomposition of glycerol
carbonate.

Zhang et al.10 have reported on the synthesis of glycerol
carbonate from glycerol and urea (Scheme 1), where under
microwave irradiation and in the presence of ZnSO4 as catalyst,
glycerol carbonate is formed with high yield (93.7%). Juanjuan
et al.11 have studied the same reaction using acidic, basic, and
neutral ionic liquids as catalysts. They showed that neutral ionic
liquids present a good catalytic activity due to the synergistic
effects of the cation and anion (the cation activates urea while
the anion activates glycerol).

Similarly to the previous work, Ochoa-Gómes et al.3 reported
the synthesis of glycerol carbonate by transesterication of glycerol
and dimethyl carbonate in the presence of homogeneous (H2SO4,
KOH, NaOH and K2CO3) and heterogeneous (CaO, CaCO3 and
MgO) catalysts (Scheme 2). These authors found that a very high
conversion yield is obtained when using base catalysts. Employing
another catalytic procedure, Hongguang et al.12 have synthesized
the glycerol carbonate through the direct carbonylation of glycerol
with carbon dioxide over heterogenous catalysts, modied by
halogen anions (F�, Cl� and Br�) because they present a high
catalytic activity (Zn/Al/La/X, with X ¼ F, Cl and Br).

About its reactivity, Nohra et al.13 have studied the aminolysis
reaction of glycerol carbonate (Scheme 3). They showed that in
the presence of primary amine, both in organic and hydro-
organic media, the reaction leads to the formation of two
RSC Adv., 2021, 11, 10083–10093 | 10083
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Scheme 1 Glycerol carbonate synthesis from glycerol and urea, assisted by microwave.

Scheme 2 Glycerol carbonate synthesis by transesterification of dimethyl carbonate and glycerol.
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isomers of hydroxyurethane as well as to a partial decomposi-
tion of glycerol carbonate into glycerol. Furthermore, during the
esterication process, the glycerol carbonate formed in the
presence of catalysts (anhydrous sodium sulfate14 and zeolites4)
can be decomposed into glycidol (employed in textile, plastics,
pharmaceutical, and cosmetics industries)15–17 and generate
carbon dioxide (Scheme 4).

However, when used as biofuel or fuel additive, the pyrolysis
of glycerol carbonate could generate carbon dioxide, water, and
carbon monoxide molecule. Following this, S}ozri et al.18 have
explored the different possible reaction pathways of glycerol
carbonate pyrolysis by combining ab initio and RRKM-master
equation methods (Scheme 5). They have found that CO2 and
3-hydroxypropanal molecules are the exclusive products for the
pyrolysis of glycerol carbonate at 800–2000 K. S}ozri et al.18 have
Scheme 3 Aminolysis of glycerol carbonate yielding to hydroxyurethan

Scheme 4 Synthesis of glycidol from glycerol carbonate.

10084 | RSC Adv., 2021, 11, 10083–10093
also studied theoretically (MP2/cc-pVTZ level) the potential energy
surface (geometrical and thermodynamic aspects) of the different
reaction channels of decomposition of glycerol carbonate. Three
pathways were unraveled. They differ by the nature of themolecule
that is released, carbon dioxide (pathways 1 and 2a–b) or water
(pathway 3) (Scheme 5). Each reactive pathway of the decomposi-
tion process involves breaking and forming chemical bonds, but
these detailed chemical insights have not yet been unraveled. This
is the topic of the current investigation.

To provide a mathematical basis for describing the chemical
bonds drawn following Lewis theory,19 an approach based on
the analysis of electron density topology is needed. This idea is
inspired by cartography, where geographers are used to share
the land in river basins, lakes, oceans, etc. A basin is where every
drop of water ends its existence. Similarly, mathematicians have
e and glycerol.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Three reaction pathways of glycerol carbonate decomposition.
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generalized this type of concept in a theory known as the theory
of dynamical systems. The sharing of space is conditioned by
the nature of the mathematical function used and the physico-
chemical information it possesses. In the 1990s, from quantum
chemistry calculations Bader20,21 proposed to carry out a topo-
logical analysis of the simplest local function, namely the
electron density through a theory named “quantum theory of
atoms in molecule (QTAIM)”. The QTAIM method uses a topo-
logical approach to study electron density and to break down
the molecular space into atomic domains. It also allows certain
electron density properties to be integrated into the “volume of
an atom” in order to access atomic properties such as partial
charges. This method is based on the topological analysis of the
gradients of the density and gives an atomic picture of the
system. Though it provides an objective denition of the atoms in
themolecule, QTAIM theory has its limitations. It does not provide
information on the electron pairing, a concept universally used in
chemistry. On the other hand, Electron Localization Functions
(ELFs) give a more complete description of the chemical bond.22,23

For more than twenty years, the topological analysis of the ELFs
has been adapted to the study of different types of chemical
bonds24–26 and reaction mechanisms.27–41 Indeed, such an
approach enables to divide the space into different regions corre-
sponding to the chemical objects developed in Lewis valence
theory19 or in the Valence Shell Electron Pair Repulsion (VSEPR)
theory,42–44 i.e. the bonds, free pairs, p systems, etc.

The main objective of this paper is to analyze the changes of
electron density associated to the different reaction pathways
for the decomposition of glycerol carbonate proposed by S}ozri
et al.18 However, in our analysis, for the formation of glycidol,
the two reaction pathways, where either O3 attacks C5 (TS2a) or
O1 attacks C4 (TS2b), are considered while only the later
pathway was investigated in ref. 18. To achieve this, electron
localization functions combined with catastrophe theory are
employed in order to describe: (1) how the electron density
© 2021 The Author(s). Published by the Royal Society of Chemistry
rearranges during the decomposition pathways, (2) how the
electron ow accompanies the bond breaking/forming
processes, and (3) whether the mechanism is stepwise or
concerted. These issues are important for understanding the
nature of the decomposition mechanism of glycerol carbonate.
2. Theoretical and computational
background

Dened in 1990 by Becke and Edgecombe,22 the electron local-
ization function (ELF) denoted (h) quanties the maximal
probability for nding an electron pair in a molecule or
a crystal. The following equation gives its mathematical
expression:

hð~rÞ ¼ 1

1þ
�
Dsð~rÞ
D0

sð~rÞ
�2

(1)

where Dsð~rÞ is the electron localization of the targeted system
while D0

sð~rÞ is the one for a homogenous electron gas. Expres-
sions for these two quantities read:

Dsð~rÞ ¼ ssð~rÞ � 1

4

jVrsj2
rsð~rÞ

(2)

and

D0
sð~rÞ ¼

3

5
ð6pÞ2=3rs5=3ð~rÞ (3)

where ssð~rÞ is the kinetic energy density and rsð~rÞ is the electron
spin density for spin s. Within this topological analysis, the
electron localization functions allow to divide the molecular
space into different basins following the Silvi–Savin approach.45

In accordance with a clear chemical signication, two types of
basins are identied: core and valence basins. Valence basins
are necessary for the description of the chemical bonds and can
RSC Adv., 2021, 11, 10083–10093 | 10085
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Table 1 Electronic energies (DE, kcal mol�1), enthalpies (DH�, kcal
mol�1), entropies (DS�, cal mol�1 K�1) and Gibbs free energies (DG�,
kcal mol�1) of activation and reaction for the four reaction pathways of
the decomposition reaction of glycerol carbonate, as calculated at
different levels of approximation at 25 �C. In parentheses are given the
TS1-to-TS2(a–b), TS1-to-TS3, P1-to-P2, and P1-to-P3 differences for
each thermodynamic quantity

DE DH� DS� DG�

B3LYP/6-311G(d,p)
TS1 63.4 58.6 4.4 57.3
TS2a 69.1 (7.7) 65.8 (7.2) 5.6 (1.2) 64.1 (6.8)
TS2b 71.8 (8.4) 68.3 (9.7) 5.1 (0.7) 66.8 (9.5)
TS3 70.5 (7.1) 65.4 (6.8) �1.3 (5.6) 65.8 (8.5)
P1(+CO2) �10.3 �13.1 41.7 �25.5
P2(+CO2) 14.6 (24.9) 12.1 (25.2) 39.0 (�2.7) 0.4 (25.9)
P3(+H2O) 11.2 (21.5) 7.6 (20.7) 36.4 (�5.4) �3.2 (22.3)

M06-2X/6-311G(d,p)
TS1 72.4 67.6 3.1 66.7
TS2a 82.0 (9.6) 78.8 (11.2) 12.1 (9.0) 77.4 (10.7)
TS2b 83.8 (11.4) 80.5 (12.8) 4.5 (1.5) 79.2 (12.5)
TS3 74.5 (2.1) 69.8 (2.1) �0.7 (3.7) 70.0 (3.3)
P1(+CO2) 0.4 �2.5 42.2 �15.2
P2(+CO2) 20.8 (20.5) 18.2 (15.7) 40.0 (�2.8) 6.3 (21.5)
P3(+H2O) 16.7 (16.3) 13.0 (10.5) 37.7 (�4.5) 1.8 (17.0)

uB97X-D/6-311G(d,p)
TS1 69.6 64.9 2.9 64.0
TS2a 77.1 (7.5) 73.8 (8.9) 17.7 (14.8) 72.5 (8.5)
TS2b 79.3 (9.7) 76.0 (11.1) 3.5 (0.6) 74.9 (10.9)
TS3 74.3 (4.7) 69.4 (4.5) �1.8 (4.7) 69.9 (5.9)
P1(+CO2) �4.1 �7.1 41.7 �19.5
P2(+CO2) 19.2 (23.2) 16.6 (23.7) 38.7 (�3.0) 5.1 (24.6)
P3(+H2O) 15.6 (19.7) 12.0 (19.1) 36.2 (�5.5) 1.3 (20.8)

MP2/6-311G(d,p)
TS1 72.4 67.9 2.5 67.1
TS2a 81.3 (8.9) 78.1 (10.2) 12.4 (9.9) 76.9 (9.8)
TS2b 82.5 (10.1) 79.3 (11.4) 4.7 (2.2) 77.9 (10.8)
TS3 74.9 (2.5) 70.0 (2.1) �1.0 (3.5) 70.3 (3.2)
P1(+CO2) �11.7 �14.7 42.8 �27.5
P2(+CO2) 12.5 (24.2) 9.8 (24.5) 39.8 (�3.0) �2.0 (25.5)
P3(+H2O) 14.6 (26.3) 10.7 (25.4) 41.4 (�1.5) �1.6 (25.9)

CCSD(T)/cc-pVQZ [MP2 thermal and entropy contributions]
TS1 77.4 72.9 2.5 72.1
TS2a 83.6 (6.2) 80.4 (7.5) 12.4 (9.9) 79.2 (7.1)
TS2b 84.8 (7.4) 81.6 (8.7) 4.7 (2.2) 80.2 (8.1)
TS3 78.7 (1.3) 73.8 (0.9) �1.0 (3.5) 74.1 (2.0)
P1(+CO2) �2.2 �5.2 42.8 �18.0
P2(+CO2) 19.9 (22.1) 17.2 (22.4) 39.8 (�3.0) 5.4 (23.4)
P3(+H2O) 11.6 (13.8) 7.7 (12.9) 41.4 (�1.5) �4.6 (13.4)
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also be subdivided into two classes, namely monosynaptic
basins [V(A)] and disynaptic basins [V(A,B)]. The monosynaptic
basins describe lone pairs while disynaptic basins describe
shared electrons. For the labeling of the different basins [V(A)
and V(A,B)], we have decided, consistently with Lewis theory, to
use SB(A,B) for a single bond between atoms A and B, DB(A,B)
for a double bond, LP(A) for a lone pair and P(A) for positive
charge on atom A.

The electronic structures as well as the fully optimized
ground state geometries of the reactants, products, and tran-
sition states were rst determined with a selection of DFT
exchange-correlation (XC) functionals, namely B3LYP,46

uB97X-D47 and M06-2X,48 and the 6-311G(d,p) basis set. The
synchronous transit-guided quasi-Newton method49 was used
to locate the transition state structures. The vibrational
frequencies were calculated for the optimized structures. The
calculations conrmed that the latter are minima on the
potential energy hypersurface for the reactants (all frequencies
are real) or saddle points for transition states (one frequency is
imaginary). These data were used in a statistical thermody-
namics treatment in order to evaluate the enthalpies, entro-
pies, and free enthalpies of activation and reaction at T ¼
298.15 K and P ¼ 1 atm. Then, to select the best XC functional
for the topological analysis, additional calculations were per-
formed at the second-order Møller–Plesset perturbation theory
(MP2)50 and coupled-cluster singles, doubles, and perturbative
triples [CCSD(T)]51 levels of approximation. The same types of
calculations were carried out at the MP2/6-311G(d) level as
with DFT. Then, using the geometries of the transition states,
reactants, and products, as optimized at the MP2/6-311G(d)
level, single point MP2 and CCSD(T) calculations were per-
formed with a selection of Dunning atomic basis sets (cc-
pVDZ, cc-pVTZ, cc-pVQZ, aug-cc-pVDZ, and aug-cc-pVTZ).
These enable to provide reference values for the enthalpies
and free enthalpies of reaction by combining the single point
CCSD(T) electronic energies with the thermal and entropic
MP2 contributions. Note that CCSD(T) vibrational frequencies
and therefore thermal and entropic corrections are beyond
reach for these reactions with our current computational
resources.

The topological analysis within the BET theory was carried
out at the M06-2X/6-311G(d,p) level. First, the wavefunction
was obtained for each point of the IRCs52–54 and, then, the
ELF analysis was enacted by using the TopMod package55

considering a grid step of 0.2 bohr. The ELF basin positions
are visualized using the DrawMol56 and the basin pop-
ulations evolution along the IRC by DrawProle.57 All rst
principles calculations were performed using the Gaussian16
package.58

3. Results and discussions
3.1. Thermodynamical and geometrical aspects

The decomposition of glycerol carbonate takes place through
four reaction pathways via the transition states TS1, TS2(a–b),
and TS3 yielding respectively to 3-hydroxypropanal (P1), glycidol
(P2), and 4-methylene-1,3-dioxolan-2-one (P3) (Scheme 5). Only
10086 | RSC Adv., 2021, 11, 10083–10093
R-glycerol carbonate was considered because the same results
would be obtained with its enantiomer. Note also that the
absolute conguration is kept along the reaction pathways so
that only R-glycidol is formed along TS2a–b (the other products
are not chiral). Table 1 displays the activation and reaction
energies (DE, DH�, DS�, and DG�) of all species engaged in these
different pathways, as determined at different levels of
approximation. Reference DE values were obtained at the
CCSD(T)/cc-pVQZ level of approximation, owing to their
© 2021 The Author(s). Published by the Royal Society of Chemistry
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convergence as a function of the basis set size (Table S1 in ESI†).
The reference DH� and DG� values were then obtained by
considering thermal and entropic corrections evaluated at the
MP2 level. At that reference level, the decomposition of glycerol
carbonate into 3-hydroxypropanal via transition state TS1 is the
most favored reaction pathway. In fact, DE of TS1 is 6.2 and
7.4 kcal mol�1 lower than those TS2a and TS2b, which corre-
spond to the formation glycidol. Consistent trends are observed
for the DH� (7.5 and 8.7 kcal mol�1) and DG� (7.1 and
8.1 kcal mol�1) of activation. So, the attack of C5 by O3 (TS2a) is
slightly more favorable than the attack of C4 by O1 (TS2b).
Unlike these transition states leading to the release of carbon
dioxide, TS3, which denes a path towards the dehydration of
glycerol carbonate, has a larger DE (1.3 kcal mol�1), DH�

(0.9 kcal mol�1) and DG� (2.0 kcal mol�1) than TS1, while it is
lower than TS2a and TS2b. Considering these activation energy
values, the formation of 3-hydroxypropanal and 4-methylene-
1,3-dioxolan-2-one are more feasible reaction pathways for the
decomposition of glycerol carbonate than the formation of
glycidol. In agreement with the work of S}ozri et al.,18 the
decarboxylation yielding to 3-hydroxypropanal (P1) is thermo-
dynamically more favorable than those leading to the formation
of glycidol (P2) and 4-methylene-1,3-dioxolan-2-one (P3). The
formations of P1 and P3 are exergonic with DG� values of �18
and �5 kcal mol�1 whereas the reaction leading to P2 is
endergonic (DG� ¼ 5 kcal mol�1).

From comparing the results obtained with the three XC
functionals together with the 6-311G(d,p) basis set to the
reference values, one nds that M06-2X is performing best and
for this reason M06-2X was selected for the BET analysis. The
uB97X-D results agree slightly less with the reference than the
M06-2X ones but both M06-2X and uB97X-D demonstrate
superior reliability than B3LYP. This holds for both the absolute
energies (in the broad sense) of reaction and activation as well
as for their relative values. Typically, B3LYP underestimates the
DE of activation by 8–14 kcal mol�1,uB97X-D by 1–6 kcal mol�1,
while M06-2X and MP2 by 1–5 kcal mol�1. Aer adding the
thermal and entropic effects, the differences with respect to the
reference values for the DG� of activation are similar to those
observed for DE. Then, M06-2X overestimates the DE of reaction
by 1–5 kcal mol�1. For comparison, uB97X-D and MP2 under-
estimate (P1) or overestimate (P2 and P3) these energies of
reaction while B3LYP systematically underestimates these by 1
Fig. 1 M06-2X/6-311G(d,p) optimized geometries of TSs engaged in th

© 2021 The Author(s). Published by the Royal Society of Chemistry
to 8 kcal mol�1. The trends are similar for the enthalpies and
free enthalpies of reactions. Still the latter are systematically
more negative by about 12 kcal mol�1 since the reactions release
CO2 or H2O, which is accompanied by an increase of entropy, of
the order of 40 cal mol�1 K�1.

Key bond length values of the optimized geometries of the TSs
are given in Fig. 1. For the TS1 and TS2 engaged in the decar-
boxylation process, the lengths of broken O–C bonds attain 2.255
�A (O1–C5) and 1.667 �A (C2–O3) for TS1, 1.655 �A (C2–O3) and
2.316�A (O1–C5) for TS2a, and 1.630�A (O1–C2) and 2.240�A (O3–
C4) for TS2b. Differences between the lengths of the broken C–O
bonds are small for these three transition states. In TS1, the
hydrogen transfer has already partly taken place since the H1–C4
bond length has increased to 1.205 �A while the H1–C5 bond has
started to form with a distance of 1.602�A. For TS3 belonging to the
water elimination channel, the bond lengths of the breaking bonds
are: 1.660 �A (H3–C5) while the H3–O8 bond is almost formed
[d(H3–O8)¼ 1.096�A]. Then, using the geometrical structures of the
TSs of the decarboxylation processes, an asynchronicity parameter
(AS) of the bond cleavage was estimated by taking the difference
between the lengths of the breaking bonds, AS¼ jdO1–C5 � dC2–O3j.
The AS values amount to 0.59�A at TS1, 0.66�A at TS2a, and 0.61�A at
TS2b. For the water elimination process, the AS value was estimated
from the difference of the variations of bond lengths between TS3
and the reactant (glycerol carbonate, GC): AS¼ jDdH3–C5� DdC7–O8j
with DdH3–C5 ¼ dH3–C5(TS3) � dH3–C5(GC) and DdC7–O8 ¼ dC7–
O8(TS3) � dC7–O8(GC). AS of TS3 amounts to 0.31�A. This suggests
a stronger asynchronous character for the decarboxylations (TS1,
TS2a, and TS2b) than for the water elimination (TS3).

3.2. Bond evolution theory analysis along the decomposition
pathways

A BET analysis was performed for the four reactions pathways,
by focusing on the electron populations of the atoms engaged in
the decomposition processes. Scheme 5 has given the atoms
labeling adopted for the BET analysis.

3.2.1. Decomposition pathway yielding to 3-hydrox-
ypropanal (TS1). The analysis of the evolution of the ELF
topology along the reaction pathway for the formation of 3-
hydroxypropanal reveals the existence of four structural stability
domains (SSDs) (Fig. 2). The key basins correspond to the single
CO bonds, the corresponding O lone pairs, and the CH bond of
the migrating H atom. On the other hand, the DB(C2,O6),
e decomposition of glycerol carbonate.
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Fig. 2 Population evolution (in e) of selected basins along the IRC associated with the TS1 reaction pathway together with the relative potential
energy curve.
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SB(C4,C5), and LP(O6) basins have electron populations that
stay more or less constant during the IRC (see Table S2† for the
basin populations at various reaction coordinates along the
IRC). Representations of ELF basin isosurfaces for specic
points along the IRC are provided in Fig. 3, together with the
Fig. 3 ELF basin isosurfaces (h ¼ 0.75) for specific points of the success
pathway. The color labeling of the basins was performed according to Fig
provided.

10088 | RSC Adv., 2021, 11, 10083–10093
corresponding IRC coordinates. In the rst domain (SSD-I), we
list the following basins and their populations: (1) ve disy-
naptic basins associated with the O1–C2 [SB(O1,C2), 1.66 e],
O1–C5 [SB(O1,C5), 1.35 e], H1–C4 [SB(H1,C4), 2.07 e], C2–O3
[SB(C2,O3), 1.64 e] and O3–C4 [SB(O3,C4), 1.36 e] bonds; (2) two
ive structural stability domains and Lewis structures along TS1 reaction
. 2 and for each point, the corresponding intrinsic reaction coordinate is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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monosynaptic basins related to the lone pairs on the oxygen
atoms O1 [LP(O1), 4.65 e] and O3 [LP(O3), 4.64 e].

At the beginning of SSD-II, the disynaptic SB(O1,C5) disap-
pears and its electron population is transferred to LP(O1), which
records an increase of 1.12 e. A similar topological trans-
formation takes place at the SSD-II to SSD-III boundary (just
before the TS) with the breaking of the SB(C2,O3) and the
increase of LP(O3) basin population, which then reaches 6.11 e.
Then, the electron populations of the LPs decrease, the pop-
ulations of SB(O1,C2) and SB(O3,C4) increase and the single
bonds are transformed into double bonds. This occurs during
domains SSD-II and SSD-III, respectively. At the end of the SSD-
III domain, the two SB/DB(O1,C2) and SB/DB(O3,C4) disynaptic
basins hold 2.57 and 2.11 e, as electron population.

The nal domain SSD-IV begins with the transformation of the
SB(H1,C4) basin into SB(H1,C5) basin. This chemical topological
change illustrates the hydrogen transfer between the C4 and C5
carbon atoms. The population of SB(H1,C5) at the end of SSD-IV
(1.98 e) is almost equal to the one of SB(H1,C4) at the beginning
of SSD-I (2.07 e). In addition, the populations of DB(O3,C4) and
LP(O3) basins are 2.41 and 5.16 e, respectively. This high pop-
ulation of SB/DB(O3,C4) basin illustrates the total transformation
of the single O3–C4 to a double bond, where the electron pop-
ulation is coming from the LP(O3) basin.

When examining the electron population of the lone pairs
LP(O1), LP(O3) and LP(O6), at the beginning and the end of the
reaction, we observe a transition from a situation that distin-
guishes the keto (C]O) and ether (C–O–C0) functional groups to
a situation with three similar keto functions.

3.2.2. Decomposition pathway yielding to glycidol (TS2a
and TS2b). The CO2 elimination of glycerol carbonate via tran-
sition state TS2a in order to form glycidol is analyzed by BET in
Fig. 4 Population evolution (in e) of selected basins along the IRC associa
energy curve.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Fig. 4 while ELF isosurfaces are given for representative snap-
shots along the IRC in Fig. 5 (see Table S3† for the basin pop-
ulations at various reaction coordinates along the IRC). The key
basins also correspond to the single CO bonds and the corre-
sponding O lone pairs. The TS2a reaction pathway is also divided
into four structural stability domains. The transition from SSD-I to
SSD-II is characterized by the breaking of the O1–C5 bond, the
disappearance of the corresponding SB basin, and the transfer of
the electron population to LP(O1). Similarly, the beginning of SSD-
III coincides with the breaking of another C–O bond, C2–O3, the
disappearance of the corresponding SB basin, and the transfer of
the electron population to LP(O3). The SB(O1,C2) population
increases during these two domains (from 1.86 to 2.63 e), which is
consistent with the transformation of the SB(C1,C2) basin into the
DB(C1,C2) basin, while the population of LP(O1) decreases. In
contrast to that, the population of LP(O3) remainsmostly the same
along the SSD-III before dropping at the beginning of the SSD-IV.
This last topological change is accompanied by the creation of the
SB(O3,C5) basin, associated with the cyclization to form the gly-
cidol. The origin of the electron population of the new SB(O3,C5)
disynaptic basin comes from the reduction of LP(O3) basin, which
undergoes a loss of 0.69 e.

The TS2b reaction pathway is described by an equivalent BET
analysis, besides the fact that the atoms are interchanged
(Fig. S1, S2 and Table S4†). In the present case, the successive
events are 1�) the disappearance of the SB(O3,C4) basin and the
transfer of the electron population to LP(O3), 2�) the disap-
pearance of the SB(O1,C2) basin and the transfer of the electron
population to LP(O1), and 3�) the formation of SB(O1,C4) and
the decrease of the population of LP(O1).

3.2.3. Decomposition pathway yielding to 4-methylene-1,3-
dioxolan-2-one (TS3). Though TS3 corresponds to the
ted with the TS2a reaction pathway together with the relative potential

RSC Adv., 2021, 11, 10083–10093 | 10089
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Fig. 5 ELF basin isosurfaces (h ¼ 0.75) for specific points of the successive structural stability domains and Lewis structures along TS2a reaction
pathway. The color labeling of the basins was performed according to Fig. 4 and, for each point, the corresponding intrinsic reaction coordinate
is provided.
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elimination of a water molecule instead of carbon dioxide, the
pathway is also divided into four SSDs (Fig. 6). We focus here on
the disynaptic basins involving the C5, C7, and O8 atoms
[SB(H3,C5), SB(H3,O8), SB(C5,O7), SB(C7,O8)] as well as on the
Fig. 6 Population evolution (in e) of selected basins along the IRC assoc
energy curve.

10090 | RSC Adv., 2021, 11, 10083–10093
monosynaptic basins, LP(O8) and LP(C5) as well as P(H3) (Fig. 7).
Moreover, the basin SB(H6,O8) has an electron population that
mostly stays constant during the IRC (see Table S5† for the basin
populations at various reaction coordinates along the IRC).
iated with the TS3 reaction pathway together with the relative potential

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09755a


Fig. 7 ELF basin isosurfaces (h ¼ 0.75) for specific points of the successive structural stability domains and Lewis structures along TS3 reaction
pathway. The color labeling of the basins was performed according to Fig. 6 and, for each point, the corresponding intrinsic reaction coordinate
is provided.
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The initial topology (SSD-I) includes disynaptic basins
SB(C7,O8) with 1.26 e, SB(C5,C7) with 2.01 e, SB(H3,C5) with
2.10 e, and the monosynaptic basin LP(O8) with 4.73 e. The
transition from SSD-I to SSD-II corresponds to the trans-
formation of the SB(H3,C5) basin into two monosynaptic
basins, namely P(H3) and LP(C5), which illustrates the cleavage
of the H3–C5 bond. This cleavage generates two pseudo centers
with a positive charge on H3 hydrogen atom and a negative one
on carbon C5. So, at the beginning of SSD-II, P(H3) has an
electron population of 0.53 e while LP(C5) holds 1.59 e. This
P(H3) monosynaptic basin disappears at the beginning of the
third domain with the creation of the SB(H3,O8) disynaptic
basin having an electron population of 1.94 e. This corresponds
to the attack of the positive charge on the H3 hydrogen atom by
one of the lone pairs of O8 to form a single bond.

Along SSD-III, the LP(C5) population decreases together with
a simultaneous increase of SB(C7,O8) and SB(C5,C7). In fact,
the latter disynaptic SB basin is transformed into a double
bond, as evidenced by the increase of its electron population
from 2.10 to 3.12 e. At the beginning of SSD-IV, the disynaptic
basin SB(C7,O8) with 1.94 e disappears to the detriment LP(O8),
which whom the population increases by the same amount.
This consists of the liberation of a water molecule. Simulta-
neously, the transfer of the remaining electron population of
LP(C5) to DB(C5,C7) is completed.
4. Conclusions

The decomposition reaction of glycerol carbonate has been
investigated using a combination of rst principles methods,
density functional theory as well as the MP2 and CCSD(T)
© 2021 The Author(s). Published by the Royal Society of Chemistry
wavefunction methods. Four reaction pathways yielding to 3-
hydroxypropanal (TS1), glycidol (TS2a and TS2b), and 4-
methylene-1,3-dioxolan-2-one (TS3), have been revealed and
analyzed. They correspond to the decarboxylation (TS1, TS2a,
and TS2b) and dehydration (TS3) of glycerol carbonate. The
analysis of the energies, enthalpies, and free enthalpies of
reaction and of activation leads to the conclusion that the 3-
hydroxypropanal is the thermodynamic and kinetic product,
independently of the method of calculation. Comparisons
between reference wavefunction values and the DFT results
highlight the best performance of the M06-2X XC functional,
followed byuB97X-D, both beingmore reliable than B3LYP. The
M06-2X XC functional has therefore been selected to unravel the
successive bond breaking and bond formation processes along
the reaction coordinates, using electron localization functions
within bond evolution theory.

Along the reaction pathways towards the formation of 3-
hydroxypropanal (TS1), four SSDs have been recorded and are
summarized as follows: (1) the rst two stages deal with
breaking of the O1–C5 and C2–O3 single bonds in favor of an
increase of the electron population on the O1 and O3 lone pairs,
followed (2) by the transformation of the O3–C4 single bond
into a double bond owing to the transfer of the lone pair on O3,
while (3) the last stage corresponds to the hydrogen transfer
between the C4 and C5 atoms. For the glycidol formation
(TS2a), the two rst stages are identical to TS1 but then the O3
lone pair forms a single bond with the C5 atom. There is an
alternative pathway (TS2b), leading to the same product via the
formation of the O1–C4 bond instead of the O3–C5 one. The
TS2b free enthalpy of activation is only 1 kcal mol�1 higher than
that of the TS2a pathway. For the dehydration process, four
RSC Adv., 2021, 11, 10083–10093 | 10091
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SSDs have also been identied. The rst stage corresponds to
splitting of the SB(H3–C5) disynaptic basin into the P(H3) and
LP(C5) monosynaptic basins. At the second stage, the O8–H3
bond is formed while the last one stage corresponds the C5–C7
double bond formation resulting from to the disappearance of
lone pair on C5.

This BET analysis along the processes leading to the
formation 3-hydroxypropanal and glycidol have showed that the
disappearance of electron population of two disynaptic basins
SB(O1,C5) and SB(C2,O3) is related to an increase of energy,
leading to the transition state. The topological changes linked
to these two bond cleavages occur with additive energy costs of
45 and 27 kcal mol�1 for TS1, 44 (49) and 32 (26) kcal mol�1 for
TS2a (TS2b), respectively, with respect to the origin of their IRC
curves. On the other hand, for the formation of 4-methylene-1,3-
dioxolan-2-one, the rst topological change (cleavage of the H3–
C5 bond) needs 55 kcal mol�1 while the formation of the
SB(H3,O8) disynaptic basin requires additionally 29 kcal mol�1

more. Finally, the last topological change (transformation of the
O3–C4 single bond to a double bond, the cyclization by the
creation of the O3–C5/O1–C4 bond, and transformation of the
C5–C7 single bond into a double bond gives back between 70
and 80 kcal mol�1.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

A. I. A. thanks the University of Namur (Belgium) for his
UNamur-CERUNA PhD Mobility Fellowship. V. L. thanks the
F.R.S.-FNRS for his Research Associate position. The calcula-
tions were performed on the computers of the Consortium des
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