
Research Article
Reactivity of Alkyldibenzothiophenes Using
Theoretical Descriptors

Jose Luis Rivera,1 Pedro Navarro-Santos,2 Luis Hernandez-Gonzalez,1

and Roberto Guerra-Gonzalez1
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Theoretical calculations of the reactivity of dibenzothiophene and its methyl, dimethyl, and trimethyl derivatives show that
local reactivity descriptors reproduce their experimental desulfurization reactivity trend if the first desulfurization step involves
directly the sulfur atom, which only occurs if the sulfur atom is blocked at most by one methyl group. In the series of
molecules {4,7-dimethyldibenzothiophene, 𝑥,4,7-trimethyldibenzothiophene (𝑥 = 1, 2, 3)}, the most reactive molecule is 2,4,7-
trimethyldibenzothiophene, and local descriptors show that the reactivity is linked to the activity of the sulfur atom, which is
higher in 2,4,7-trimethyldibenzothiophene due to the position of the third methyl substitute, located in the para position with
respect to the carbon bonded to the sulfur atom.The electrostatic potential of 2,4,7-trimethyldibenzothiophene shows one effective
adsorption site, while 1,4,7-trimethyldibenzothiophene and 3,4,7-trimethyldibenzothiophene have more sites, contributing to the
higher reactivity of 2,4,7-trimethyldibenzothiophene. The index of reactivity of other descriptors was evaluated and the effect of
the position of the methyl substituents on adsorption parameters, as the dipole moment and the atomic charges were also studied.

1. Introduction

Desulfurization processes of refractory organosulfur com-
pounds such as 4-methyldibenzothiophene (4-MDBT) and
4,6-dimethyldibenzothiophene (4,6-DMDBT) and their alkyl
derivatives show major technological and scientific chal-
lenges. To transform these molecules through direct desulfu-
rization, the organosulfur molecules should adsorb through
the sulfur atom oriented perpendicularly to the catalytic
surface [1, 2]. The refractory organosulfur molecules exhibit
steric effects on their sulfur atom by one or two methyl
substitutes on the aromatic rings that make these molecules
very difficult to adsorb with the appropriate orientation to
the catalytic surfaces. The level of hindrance in the sulfur
atom is not the only factor involved in the desulfurization
of these molecules, because, even for molecules that show
the same level of hindrance in their sulfur atom, its experi-
mental reactivity exhibits different behavior [3–5]. For exam-
ple, studies of desulfurization of organosulfur molecules in
the group 1,4,7-trimethyldibenzothiophene (1,4,7-TMDBT),

2,4,7-trimethyldibenzothiophene (2,4,7-TMDBT), and 3,4,7-
trimethyldibenzothiophene (3,4,7-TMDBT) show that 2,4,7-
TMDBT has a rate constant two times higher than 1,4,7-
TMDBT and 3,4,7-TMDBT, which are classified as low reac-
tive compounds, as the refractory molecule 4,6-DMDBT [3].
Figure 1 shows a scheme of the series of molecules {𝑥,4,7-
TMDBT, (𝑥 = 1, 2, 3)}. The position of the third methyl
in 2,4,7-TMDBT is in the para position (with respect to the
carbon atom bonded to the sulfur atom), and that position
can explain the higher reactivity of 2,4,7-TMDBT, but the
position of the third methyl cannot explain the differences
observed in the other two molecules, which have their third
methyl in themeta position.

There are several computational chemistry studies in the
literature dealing with physical [6, 7] and chemical properties
[8, 9] of organosulfur compounds. Studies of adsorption
and reactivity of organosulfur molecules on catalytic surfaces
using Density Functional Theory (DFT) methodologies have
gained insight into themolecular phenomena associated with
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Figure 1: Scheme of the studiedmolecules in the series of molecules
{𝑥,4,7-TMDBT, (𝑥 = 1, 2, 3)}: X(H)–C
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these processes [10–12].These calculations allow us to predict
the active sites for adsorption and chemisorption on specific
catalytic surfaces, but due to computation limitations, the
size of the studied systems only contains at the most a few
hundred atoms. Reactivity descriptors predict the reactivity
behavior of molecules based only on the changes that occur
within the molecule, without the need to study the whole
reaction system [13, 14]. The reactivity descriptors are also
used to predict the reactivity trend in a group of molecules
for specific reaction attacks [15–17].

In this paper, we study the reactivity trend in the series of
molecules named DBT, {𝑥-MDBT, (𝑥 = 3, 4)}, {𝑥,6-DMDBT,
(𝑥 = 3, 4)}, 3,7-DMDBT, {𝑥,3,6-TMDBT, (𝑥 = 1, 2)},
{𝑥,3,7-TMDBT, (𝑥 = 1, 2)}, {𝑥,4,6-TMDBT, (𝑥 = 1, 2, 3)},
and {𝑥,4,7-TMDBT, (𝑥 = 1, 2, 3)}, where dibenzothiophene
is abbreviated to DBT, methyldibenzothiophene to MDBT,
dimethyldibenzothiophene to DMDBT, and trimethyldiben-
zothiophene to TMDBT. The reactivity is studied through
local descriptors, global descriptors, and the molecular elec-
trostatic potential (MEP) to elucidate the methyl positions
which facilitate the desulfurization process. We find that
local descriptors reproduce the experimental reactivity trend
in the group of molecules {𝑥,4,7-TMDBT, (𝑥 = 1, 2, 3)}
and global descriptors also predict the molecule with the
highest reactivity (2,4,7-TMDBT) within the group of studied
molecules.MEPmaps show that steric effectsmake one of the
two competitive sites of 2,4,7-TMDBT inaccessible and make
the sulfur atom more accessible for the adsorption process,
contributing to the higher experimental reactivity of 2,4,7-
TMDBT. Predictions of the highest reactivity correspond to
themolecule 3,4,6-TMDBT, but allmolecules with substitutes
in both C

4
and C

6
show very similar experimental values,

probably indicating that even though the sulfur atom is very
reactive, the level of hindrance blocks its real reactivity in the
desulfurization processes. This paper is organized as follows.
We report the computationalmethodology and the equations
we use to predict the molecular and reactivity properties in
Section 2. The results and discussion part of the paper show
results for geometrical, electrostatic, and energetic properties
of all studied molecules in Section 3. We also show the MEP
maps for the studied molecules and report the values of the
reactivity descriptors and the predicted trend in reactivity

for all series of molecules studied. Finally, we present the
conclusions at the end of the paper.

2. Computational Methods

We obtain the most stable conformations of all molecules
through energy minimizations using DFT calculations and
theGAUSSIAN software [18] at the B3LYP/6-311+G(d,p) level
of theory. This method and basis set has been employed
to predict successfully the proton affinity values of relevant
sulfur compounds, with average deviations of ∼1 kcal/mol
[19]. We use the following geometry optimization conver-
gence thresholds: 0.00045Hartrees/Bohr orHartrees/radians
(maximum force), 0.00030 a.u. (root mean square force),
0.0018 Bohr (maximum displacement), and 0.0012 a.u. (root
mean square displacement). We carry out vibrational analy-
ses to obtain the vibrational frequencies and verify that the
optimized geometries correspond to global minimums. We
calculate partial charges and dipolemoments using theMerz-
Kollman population analysis [20].

The reactivity of a molecule can be predicted using the
Fukui function. This function does not need to study all
reactants and catalysts that participate in a reaction but only
the objective molecule. It is based on the principle that,
during a reaction, there is an exchange of charge between
reactants, which produces charge rearrangements within
each reactant. The regions of each molecule that suffer more
charge rearrangements are the most reactive sites. Then, this
methodology compares the charge rearrangement within the
molecule when one electron is added to or subtracted from
the charge distribution in the ground state and predicts which
regions suffer more changes. The condensed Fukui function
[21–24] is as follows:

𝑓
−

𝑘
= 𝑞
𝑘
(𝑁) − 𝑞

𝑘
(𝑁 − 1) (1)

which is related to the electrophilic attack. 𝑞
𝑘
is the partial

charge of atom 𝑘. 𝑁 and 𝑁 − 1 indicate evaluations of the
partial charges at the ground state and the corresponding
cationic states, evaluated at the ground conformation.

In the present work, we use the electrostatic potential
maps, electronegativity (𝜒), global softness (S), and con-
densed atomic softness (𝑠) to study the reactivity of the
molecules. According to Koopmans’ frontier orbital theorem
[25], 𝜒 can be approximately defined by the following:

𝜒 =
IP + EA
2
, (2)

where IP and EA are the vertical ionization potential and the
vertical electron affinity energies, respectively. Similarly, S is
approximated by the following:

S = 1
IP − EA

(3)

while 𝑠 is calculated by using the following [21]:

𝑠
−

𝑘
= S𝑓−
𝑘
. (4)



Journal of Chemistry 3

Table 1: Electrostatic and geometric properties at the ground state for DBT and its methyl, dimethyl, and trimethyl derivatives, calculated
using the DFT, the B3LYP/6-311+G(d,p) basis set, and theMerz-Kollman population analysis [20]: charge of the sulfur atom, 𝑞S, the C4𝑎 atom,
𝑞C4𝑎 , the C6𝑎 atom, 𝑞C6𝑎 , the dipole moment, 𝜇, the bond distances, 𝑑, and the bond angle, 𝑎. The calculated and experimental data for DBT
and thiophene are reported for comparison.

𝑞S (|𝑒
−
|) 𝑞C4𝑎 (|𝑒

−
|) 𝑞C6𝑎 (|𝑒

−
|) 𝜇 (D) 𝑑S-C4𝑎 (Å) 𝑑S-C6𝑎 (Å) 𝑎C4𝑎-S-C6𝑎 (

∘)
Thiophene 0.515 1.7329 91.50
Thiophene (exp.) 0.55c 1.7140d 92.17d

DBT −0.161 0.106 0.793 1.7657 90.96
DBT (exp.) 0.789a 1.7345b 91.51b

3-MDBT −0.151 0.147 0.063 0.993 1.7660 1.7663 90.97
4-MDBT −0.124 −0.249 0.227 0.480 1.7689 1.7652 90.99
3,6-DMDBT −0.120 0.231 −0.228 0.507 1.7654 1.7694 90.99
1,3,6-TMDBT −0.122 0.296 −0.256 0.772 1.7610 1.7627 90.97
2,3,6-TMDBT −0.116 0.215 −0.274 0.936 1.7661 17692 90.89
3,7-DMDBT −0.141 0.104 0.822 1.7666 90.98
1,3,7-TMDBT −0.129 0.182 0.072 1.093 1.7624 1.7601 90.94
2,3,7-TMDBT −0.119 0.065 0.075 1.126 1.7672 1.7665 90.87
4,6-DMDBT −0.148 −0.052 0.024 1.7681 91.03
1,4,6-TMDBT −0.129 0.022 −0.112 0.334 1.7638 1.7613 91.01
2,4,6-TMDBT −0.114 −0.054 −0.162 0.441 1.7684 1.7677 90.94
3,4,6-TMDBT −0.131 −0.029 −0.087 0.558 1.7704 1.7687 91.10
1,4,7-TMDBT −0.125 −0.080 0.145 0.773 1.7652 1.7587 90.97
2,4,7-TMDBT −0.126 −0.255 0.204 0.673 1.7695 1.7650 90.90
3,4,7-TMDBT −0.134 −0.159 0.178 0.460 1.7743 1.7648 91.14

a[26].
b[27].
c[28].
d[29].

3. Results and Discussion

We obtain the most stable conformations and compare
the results with available experimental data. The partial
charges are evaluated using the geometry of the most stable
conformations. The optimized structures of all alkyl deriva-
tives studied show similar bond distances (S–C

4𝑎
, S–C

6𝑎
)

and bond angles (C
4𝑎
–S–C
6𝑎
) to the corresponding values

for the structure of DBT. We report the optimized bond
lengths and bond angles near the sulfur atom using the
B3LYP/6-311+G(d,p) level of theory in Table 1. We report the
optimized and experimental values for DBT and thiophene
for comparison. The optimized values show absolute errors
up to 1.80% in bond distances and 0.73% in bond angles.
No experimental values were found for the alkyl derivatives
studied in this work. The optimized values for the series of
molecules studied show maximum deviations from the DBT
values in 3,4,7-TMDBT for both bond distance (+0.0086 Å)
and bond angle (+0.20∘). During desulfurization processes,
organosulfur molecules first are adsorbed physically through
the sulfur atom to the catalytic surface. The adsorbed states
show weaker C–S bonds compared to the free molecules,
which facilitates the extraction of the sulfur atom through
the chemisorption process at the catalytic surface [10–12].
Larger C–S bonds in the free states develop weaker bonds in
the adsorbed states. The differences in C–S bond distances
among the studiedmolecules do not explain the differences in
experimental reactivity of these molecules, probably because

all these molecules have the same distribution of functional
groups around the sulfur atom.

We also obtain the electrostatic properties of the
molecules using the same level of theory; those electrostatic
properties are the base for the reactivity calculations. The
charges of the studiedmolecules show differences up to 0.047
|𝑒
−
| in the sulfur atom compared to the DBT value (Table 1).

The atomic charges of C
4𝑎
and C

6𝑎
are also reported in Table 1

because substitutions in the meta position (C
1
and C

3
) can

reduce the charge of C
4𝑎

making the lone pairs of the sulfur
atom less reactive, while a substitution in the para position
can increase the atomic charge of C

4𝑎
, making the sulfur atom

more reactive.The lower value in the sulfur charges compared
toDBTmay contribute to the lower reactivity that is generally
shown by the studiedmolecules compared with the reactivity
of DBT. Interestingly, the alkyl derivative with the highest
sulfur charge is the 4,6-DMDBT, one of the molecules with
the lowest reactivity, but its low reactivity can be explained
in terms of the level of hindrance of the sulfur atom. For
the series of molecules {𝑥,4,7-TMDBT, (𝑥 = 1, 2, 3)}, the
charge of the sulfur atom and the experimental reactivity do
not follow any relationship. The charge of C

4𝑎
only predicts

which molecule will be the most reactive in the series {𝑥,4,7-
TMDBT, (𝑥 = 1, 2, 3)} but not for the other two compounds.
For all series of trimethyl derivatives studied, the charge of
C
4𝑎

predicts that methyl substitutions on C
2
will be more

reactive than their corresponding dimethyl derivatives.
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Table 2: Reactivity indexes for DBT and its methyl, dimethyl, and trimethyl derivatives, calculated using the DFT, the B3LYP/6-311+G(d,p)
basis set, and the Merz-Kollman population analysis [20]: condensed Fukui functions for electrophilic attacks (𝑓−S ), vertical ionization
potential (IP), vertical electron affinity (EA), global softness (S), and condensed atomic softness (𝑠−S ) at sulfur atom. Calculated and
experimental data for thiophene and DBT are reported for comparison.

𝑓
−

S IP (a.u.) EA (a.u.) 𝜒 (a.u.) S (a.u.−1) 𝑠
−

S (a.u.
−1)

Thiophene 0.329 −0.047
Thiophene (exp.) 0.329b −0.042c

DBT −0.347 0.286 −0.005 0.141 3.426 −1.189
DBT (exp.) 0.291a

3-MDBT −0.342 0.283 −0.008 0.137 3.433 −1.175
4-MDBT −0.311 0.282 −0.007 0.138 3.455 −1.074
3,6-DMDBT −0.306 0.279 −0.010 0.135 3.462 −1.061
1,3,6-TMDBT −0.295 0.274 −0.013 0.131 3.486 −1.027
2,3,6-TMDBT −0.288 0.273 −0.010 0.131 3.526 −1.017
3,7-DMDBT −0.306 0.280 −0.011 0.134 3.441 −1.164
1,3,7-TMDBT −0.278 0.274 −0.014 0.130 3.471 −0.965
2,3,7-TMDBT −0.265 0.273 −0.011 0.131 3.516 −0.932
4,6-DMDBT −0.305 0.279 −0.009 0.135 3.480 −1.062
1,4,6-TMDBT −0.271 0.273 −0.011 0.131 3.516 −0.954
2,4,6-TMDBT −0.279 0.273 −0.009 0.132 3.547 −0.988
3,4,6-TMDBT −0.342 0.275 −0.011 0.132 3.495 −1.196
1,4,7-TMDBT −0.273 0.273 −0.013 0.130 3.499 −0.956
2,4,7-TMDBT −0.306 0.273 −0.010 0.132 3.526 −1.079
3,4,7-TMDBT −0.262 0.273 −0.012 0.131 3.512 −0.921

a[30].
b[31].
c[32].

The effect of one methyl derivative on the dipole moment
of the DBT molecule is affected by its position; substitutions
on C
3
(3-MDBT) increase the dipole moment compared to

DBT, while substitutions on C
4
decrease the dipole moment

value (4-MDBT).The dipolemoment values for all molecules
studied are reported in Table 1. We also report the calculated
and experimental values for DBT and thiophene in Table 1
for comparison. We find errors in the calculated values up to
6.36% from the experimental results. The effect of adding a
second and third methyl group on the dipole moment value
is illustrated in Figure 2. For dimethyl derivatives, the highest
dipole moment is achieved in the 3,7-DMDBT and the lowest
value is present in 4,6-DMDBT. Clearly the positions of the
second methyl derivative also affect considerably the dipole
moment value, showing the highest effect in 4,6-DMDBT;
the addition of two methyl groups considerably reduces the
dipole moment to very low values (compared to DBT), which
in part explains the difficulties to desulfurate this molecule.
The slightly higher dipole moment value present in 3,7-
DMDBT (compared to DBT) shows a lower value than 3-
MDBT, indicating a contribution elimination effect, because
both substituents are located in different aromatic rings but
symmetrically located with respect to the sulfur atom. For
all series of compounds, the effect of a third substituent
in C
1
or C
2
of the first aromatic ring has a positive effect

on the dipole moment value if the values are compared to
their correspondent dimethyl compounds.Thehighest dipole
moment value corresponds to the molecule 2,3,7-TMDBT,

where we found two effects; the first is due to the contribu-
tion elimination effect, due to substitutions on C

3
and C

7
,

which, as seen on the corresponding dimethyl molecule, only
increases slightly the value of the dipole moment; the second
effect is due to the substitution on C

2
which is very similar

to the effect found with only one substitution on C
3
. For

substitutions on C
3
(3,4,7-TMDBT and 3,4,6-TMDBT), we

found amixed behavior; in 3,4,7-TMDBT the dipole moment
value slightly decreases (compared to its correspondent
dimethyl molecule) and in 3,4,6-TMDBT the dipole moment
value considerably increases.This can also be explained as the
contribution elimination effect (3,4,7-TMDBT) and the effect
of only one methyl on C

3
(3,4,6-TMDBT).

The reactivity descriptors𝜒 and Sneed energetic informa-
tion (vertical IP and EA) of the molecules. To our knowledge
there is no information published about these properties
for the alkyl derivatives of DBT. We calculate the vertical
IP and EA with the same level of theory as the geometry
optimizations and report them in Table 2. We also report the
calculated and the available experimental data for thiophene
and DBT in Table 2. For thiophene, the calculated value
for vertical IP reproduces the experimental result, while the
calculated value for vertical EA shows an absolute error of
11.9%. For DBT, the calculated value for IP shows an absolute
error of 1.7%. For the calculation of 𝜒 and S, the high error in
the calculations of EA is compensated by its low magnitude.
The EA value is added or rested from the IP value to calculate
𝜒 and S (see (2) and (3)).Themagnitudes of IP are between 20
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Figure 2: Dipole moment as a function of the position of the third
methyl (C

𝑥
) in trimethyldibenzothiophene and its corresponding

dimethyldibenzothiophene (𝑥 = 0). Crosses represent the series of
molecules {𝑥,4,7-TMDBT, (𝑥 = 1, 2, 3)}, diamonds represent {𝑥,4,6-
TMDBT, (𝑥 = 1, 2, 3)}, squares represent {𝑥,3,7-TMDBT, (𝑥 = 1, 2)},
and circles represent {𝑥,3,6-TMDBT, (𝑥 = 1, 2)}.

and 35 times higher than the magnitudes of EA for all alkyl
derivatives studied. Then, the high errors in EA have a low
impact on the final computation of 𝜒 and S but also make the
computed values of𝜒 and S very close andmore difficult to be
compared as reactivity descriptors. We report the calculated
values of 𝜒 and S in Table 2. We calculate the condensed
Fukui functions 𝑓−S and 𝑠−S using (1) and (4), respectively,
and also report the calculated values in Table 2. The negative
values found in the Fukui function reflect the loss of charge
in the sulfur atom after the electrophilic attack. Similar results
have been found in the thiophenemolecule [17]. As expected,
the global descriptors do not have a direct relationship with
the experimental available data for reactivity [3], and as the
tendency of the charge of C

4𝑎
, they only predict that, for

trimethyl derivatives, the substitution on the C
2
will produce

higher reactivities compared to their corresponding dimethyl
derivatives. Figure 3 shows the reactivity descriptors 𝑠−S as a
function of the natural logarithm of the relative activity for
the desulfurization process for the available alkyl derivatives
[3]. We calculate the experimental relative activity using
the highest reported value [3], which corresponds to the
activity of 1,3,7-trimethyldibenzothiophene. For the series
of molecules {𝑥,4,7-TMDBT, (𝑥 = 1, 2, 3)} and 4-MDBT,
which show the same level of hindrance in the sulfur atom,
a direct relationship between 𝑠−S and the relative reactivity is
found, showing that the molecule 2,4,7-TMDBT is as reactive
as 4-MDBT, in direct concordance with the experimental
data, which classifies these two molecules with moderate
reactivity [3]. The series of compounds {4,6-DMDBT, 1,4,6-
TMDBT, and 3,4,6-TMDBT} show similar experimental reac-
tivity and the same level of hindrance for the sulfur atom,

−1.6 −1.2 −0.8 −0.4 0

ln(relative reactivity)

0.9

0.95

1

1.05

1.1

s
− S

Figure 3: Absolute condensed atomic softness (𝑠−S ) versus natural
logarithm of the relative reactivity. Crosses represent the series of
molecules {𝑥,4,7-TMDBT, (𝑥 = 1, 2, 3)} and 4-MDBT, diamonds
represent {4,6-DMDBT, 1,4,6-TMDBT, and 2,4,6-TMDBT}, and the
square represents the molecule 1,3,7-TMDBT. Relative reactivity
represents experimental data from [3]. The line represents a linear
regression of the plotted data for the crosses.

probably indicating that bypassing the hindrance of the sulfur
atom dominates any desulfurization process in this series of
molecules. The only molecule studied experimentally that
does not show any level of hindrance is 1,3,7-TMDBT; it
shows the highest experimental reactivity, but the 𝑠−S value
classifies this molecule as a compound with intermediate
reactivity, which probably indicates that other factors affect
the experimental reactivity of this molecule.

The MEP mapped to the electronic density isosurface is
commonly used to predict the reactive sites in a molecule
[33, 34], especially for the electrophilic attack [35]. Table 3
shows the MEPs of all molecules studied are mapped to the
electronic density surface (isosurface value of 0.05 e−/Bohr3).
The MEP of DBT shows three possible adsorption sites; one
is located at the sulfur atom; two are located at carbon atoms
in the aromatic rings (C

2
and C

8
), which is in agreement

with experimental results for adsorption of DBT on catalytic
surfaces [36, 37]. The sites located at the aromatic rings
compete with the sulfur atom during adsorption processes
and result in adsorbed states with different orientation to
the surface. The orientation is flat when the molecule is
adsorbed through the aromatic ring and perpendicular when
adsorbed through the sulfur atom [11]. The perpendicular
adsorption through the sulfur atom is needed for the direct
desulfurization processes [1, 2]. Due to the steric effect on
the sulfur atom, the desulfurization process of the stud-
ied molecules occurs through intermediate hydrogenation
processes of the aromatic rings [1] or direct desulfurization
at edges or vacancies in the catalysts [11]. Hydrogenation
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Table 3: Molecular electrostatic potential mapped at the electronic density isosurface for DBT and its methyl, dimethyl, and trimethyl
derivatives. Blue areas represent regions where a proton would feel repulsion while in red areas a proton would feel attraction. DBT, 3-MDBT,
and 4-MDBT are also plotted for comparison.

𝑥,3,6-TMDBT 𝑥,3,7-TMDBT 𝑥,4,6-TMDBT 𝑥,4,7-TMDBT

DMDBT
𝑥 = 0

𝑥 = 1

𝑥 = 2

𝑥 = 3

4-MDBT 3-MDBT

DBT

processes occur through adsorptions using the carbon atoms
in the aromatic rings as active sites.

The addition of one methyl group to the DBT structure
reduces the number of adsorption sites; if the methyl is
located at the C

4
atom (4-MDBT), the adsorption site located

at C
9
disappears and the site located at C

2
moves to the

area located at the bond C
2
–C
3
, while if the methyl group is

located at the C
3
atom (3-MDBT), the adsorption site located

at C
2
and C

8
disappears and the adsorption site located

at the sulfur atom grows to also cover the bonds C
4
–C
4𝑎

and C
6
–C
6𝑎
. Therefore, the methylation at the C

3
atom will

facilitate the desulfurization process because it will eliminate
the competitive adsorption through the carbon rings, while
leaving the access to the sulfur atom free.

The addition of a secondmethyl to form 3,6-DMDBT and
3,7-DMDBT does not affect the distribution of adsorption
sites. 3,6-DMDBT has the same distribution of adsorption
sites as 4-MDBT, and 3,7-DMDBT has the same distribution

as 3-MDBT. 4,7-DMDBT has the same structure as 3,6-
DMDBT. 4,6-DMDBT increases the number of adsorption
sites to three and has a similar distribution of adsorption
sites as the DBT molecule. A third methyl in the series of
molecules {𝑥,3,6-TMDBT, (𝑥 = 1, 2)} and {𝑥,3,7-TMDBT,
(𝑥 = 1, 2)} does not affect the distribution of adsorption sites,
and they have the same distribution of sites as their corre-
sponding dimethyl derivatives. For the series of molecules
{𝑥,4,6-TMDBT, (𝑥 = 1, 2, 3)}, only when the third methyl
is located at the C

2
atom (2,4,6-TMDBT), the number of

adsorption locations reduces to two sites, but the capacity
of adsorption of the sulfur atom site decreases considerably.
For the series of molecules {𝑥,4,7-TMDBT, (𝑥 = 1, 2, 3)},
1,4,7-TMDBT shows an adsorption site at the C

2
–C
3
bond

with no methyl substitutes in the aromatic ring blocking its
activity. 1,4,7-TMDBT and 3,4,7-TMDBT have an active site
for adsorption at the C

8
carbon with one methyl substitute

blocking its activity. 2,4,7-TMDBT has an adsorption site



Journal of Chemistry 7

at the C
3
atom, but the activity of C

3
is blocked by two

methyl substitutes. 2,4,7-TMDBT also has an active site on
C
6
, but with C

6
being close to the highest active site (S)

within 2,4,7-TMDBT, its activity is lowered. Therefore, the
molecule that shows less competitive activity to the sulfur
atom is 2,4,7-TMDBT, because it shows one competitive site
and the activity of this site is more hindered than the possible
activity of the sulfur atom.

4. Conclusions

We calculate the structural, electrostatic, and energetic prop-
erties of DBT and its methyl, dimethyl, and trimethyl deriva-
tives using DFT calculations at the B3LYP/6-311+G(d,p) level
of theory.

The addition of methyl groups to the DBT structure
modifies the dipole moment of the alkyl derivatives. With
the dipole moment being an important parameter in the
adsorption processes, we find that substitutions away from
the sulfur atom (C

2
or C
3
) increase the dipole moment. If

the methylation produces symmetric substitutions in both
rings (3,7-DMDBT), the increase in magnitude of the dipole
moment is low due to a blocking effect. Substitutions near the
sulfur atom (C

4
or C
6
) decrease the dipole moment due to a

blocking effect of the methyls on the sulfur charge, which has
a positive contribution to the dipole moment.

We also predict the reactivity trend in the series of
molecules, which can be explained using 𝑠−S . The results for
𝑠
−

S show that the reactivity is linked to the activity of the
sulfur atom for the series of molecules {𝑥,4,7-TMDBT, (𝑥 =
1, 2, 3)} and show the trend of 3,4,7-TMDBT < 1,4,7-TMDBT
< 2,4,7-TMDBT, in agreement with the experimental results
for desulfurization reactions.The reactivity trend is the result
of the position of the third methyl substitute, because that
position activates/deactivates the C

4𝑎
–S bond. For the series

of molecules {𝑥,4,6-TMDBT, (𝑥 = 1, 2, 3)}, 𝑠−S does not
predict the experimental behavior, probably due to the high
level of hindrance of the sulfur atom.

The MEP of DBT and its alkyl derivatives show an
adsorption site located at the sulfur atom. There are other
adsorption sites located at the carbons or the bonds forming
the aromatic rings that can compete with the sulfur atom
in adsorption processes. Only the structures of 3-MDBT
and its alkyl derivatives reduce the number of adsorption
sites to one located at the area near the sulfur atom and
its neighbor bonds and carbon atoms. The 4,6-DMDBT and
its alkyl derivatives {𝑥,4,6-TMDBT, (𝑥 = 1, 2, 3)} show
competitive adsorption sites located in the aromatic rings,
which enhances the problem to desulfurate these molecules.
Among the series {𝑥,4,7-TMDBT, (𝑥 = 1, 2, 3)}, only the 2,4,7-
TMDBTmolecule shows one active site near the sulfur atom,
explaining its high reactivity compared to the othermolecules
of this series of compounds.
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