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Study of the Chemical Space of Selected Bacteriostatic
Sulfonamides from an Information Theory Point of View
Sheila Ljpez-Rosa,*[a, b] Moyocoyani Molina-Esp&ritu,[c] Rodolfo O. Esquivel,[b, c]

Catalina Soriano-Correa,[d] and J8sus S. Dehesa[b, e]

1. Introduction

A chemical space could be spanned by all possible organic
molecules and chemical compounds formed from all isomeric

stoichiometric combinations that result in energetically stable

electronic systems, including those present in biological sys-
tems.[1] A deeper understanding of this vast set of molecules

will advance our knowledge of biochemical processes. Under-
standing its relative location in the framework of the chemical

space, which allows its systematic and rational classification, is
crucial for chemical applications in materials science and phar-
maceutical research. The analysis and exploration of the chemi-

cal space represent a highly demanding computational task
due to the immense number of possible stable molecules[2]

and the number of parameters available for describing a specif-
ic molecule, which turns this challenge into a multidimensional

problem. To circumvent efforts of navigating the chemical

space, many studies have been undertaken, aside from the
conventional methodologies derived from the field of bio-/che-

moinformatics. It seems natural that the exploration of chemi-
cal space has improved by merging these tools with visual

data analysis techniques;[3–5] or the combination of quantitative
structure–activity relationship (QSAR) methods with computa-
tional chemistry calculations.[6–8] Inverse quantum chemical ap-

proaches are becoming popular to find a chemical structure
departing from a set of desired properties;[9] an outstanding
example of these kind of methodologies is the alchemical
potential approximation.[10–15]

Recently, a different approach has emerged for exploring
the chemical space. This new alternative is driven by an infor-

mation theory methodology, and is based on quantification of
the structural shape of electron density distribution of mole-
cules.[16, 17] These studies suggest that molecules with similar in-

formational properties (e.g. narrowness, localizability, and uni-
formity) are related to organic compounds that share similari-

ties in 3D structures and chemical properties. Indeed, from
simple physical systems to complex biological ensembles, the

properties of atoms and molecules strongly depend on the

spread of the one-electron density, 1ð~rÞ, of the corresponding
quantum-mechanical state.[18, 19] Furthermore, the information

theory of quantum systems provides an entropy-based charac-
terization of the atomic and molecular systems, which comple-

ments the energy-based representation obtained through
wave function and density functional methods. Measures of

The relative structural location of a selected group of 27 sulfo-
namide-like molecules in a chemical space defined by three in-

formation theory quantities (Shannon entropy, Fisher informa-
tion, and disequilibrium) is discussed. This group is composed
of 15 active bacteriostatic molecules, 11 theoretically designed
ones, and para-aminobenzoic acid. This endeavor allows mole-
cules that share common chemical properties through the mo-
lecular backbone, but with significant differences in the identi-

ty of the chemical substituents, which might result in bacterio-
static activity, to be structurally classified and characterized.
This is performed by quantifying the structural changes on the
electron density distribution due to different functional groups

and number of electrons. The macroscopic molecular features

are described by means of the entropy-like notions of spatial

electronic delocalization, order, and uniformity. Hence, an infor-
mation theory three-dimensional space (IT-3D) emerges that

allows molecules with common properties to be gathered. This
space witnesses the biological activity of the sulfonamides.

Some structural aspects and information theory properties can
be associated, as a result of the IT-3D chemical space, with the
bacteriostatic activity of these molecules. Most interesting is

that the active bacteriostatic molecules are more similar to
para-aminobenzoic acid than to the theoretically designed

analogues.
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uncertainty, randomness, disorder, and localization are basic in-
gredients that play a relevant role in the identification and de-

scription of numerous quantum phenomena in physical sys-
tems and chemical processes. In particular, the fundamental

energy quantities can be expressed by means of the Shannon
entropy, disequilibrium, and Fisher information.[20–22]

These macroscopic features of delocalization, uniformity, and
order can be quantified by the information theory measures of
Shannon entropy, disequilibrium, and Fisher information of the

corresponding electron densities of the system, respectively.
Taking into account these entropy-like notions, an information

theory space in three dimensions (IT-3D) can be defined. This
space has been introduced in recent work,[17] in which a great

variety of systems were analyzed. Therein, we showed that the
entropic concepts of delocalizability, uniformity, and order, to-

gether with their associated dyadic products of complexity

[measures of Fisher–Shannon (FS) and Ljpez-Ruiz–Mancini–
Calbet (LMC)] , allowed us to differentiate regions of physical,

chemical, or biological qualities.
On the other hand, sulfonamides are synthetic antimicrobial

agents with a wide spectrum that encompasses most gram-
positive and many gram-negative organisms. They are used in

the prevention and treatment of bacterial infections, diabetes

mellitus, edema, and hypertension, among others. These drugs
were the first efficient treatments to be employed chemothera-

peutically for the prevention and cure of bacterial infections.
Furthermore, sulfonamides possess organic sulfur compounds

containing the @SO2NH2 group (the amides of sulfonic acids).
One of the reported mechanisms of action for the sulfona-

mides dictates that their bacteriostatic activity is due to inter-

ference with the metabolic processes in bacteria that require
para-aminobenzoic acid (PABA), see Figure 1) in the synthesis

of folic acid and ultimately of
purine and DNA.[23, 24] By taking this

mechanism into account, it is ex-
pected that our set of molecules
with bacteriostatic activity will

share more common informational
properties with PABA than the rest
of the molecules.

Numerous attempts have been

made to correlate the antibacterial
activity of sulfonamides with vari-

ous physicochemical and pharmacological properties, such as

pKa, acidity, basicity, protein binding, electronic charge distribu-
tion, lipophilicity, and solubility.[25–29] However, to date, despite

the great deal of experimental and theoretical work performed
on sulfonamides, there is scarce information about the struc-

ture–activity relationships to help understand its mechanism of
action. Therefore, it is worth exploring novel alternatives, such

as the chemical space framework, which provides information

about the molecular
structure and its relationship with the biological behavior.

Herein, we have undertaken an investigation to apply infor-
mation theory concepts to the molecular densities to explore

the chemical space of a group of selected sulfonamides. This
should serve as a probe for testing our information theory

space. The latter is achieved by measuring the structural
changes on the electron density distribution due to different

functional groups and different number of electrons. Thus, we
can construct an IT-3D space that gathers molecules with

common properties. One of the goals of our study is to test
the information theory space as a witness of biological activity

through the global and local behavior of the electron density
distribution. Therefore, the purpose of our study is twofold:

1) to explore a small subset of the chemical space to relate in-

formation theory quantities with chemical structures and bac-
teriostatic activity, and 2) to assess the effect of functional

groups on the spread of the electron density distribution on
the derivatives of 4-aminobenzensulfonamide. Atomic units are

used throughout the paper.

2. Information Theory Measures

The ground-state one-electron density, 1ð~rÞ, is a physical ob-
servable that can be obtained experimentally or calculated by

using ab initio or DFT methods. It is known that the physical

and chemical properties of atoms and molecules are deter-
mined by 1ð~rÞ.[30] Moreover, the information theory of many-

electron systems allows us to characterize the physical and
chemical properties of these systems by means of functionals

of their one-density electron density, which are generally refer-
enced by information theory measures.[19, 31–36] Broadly speak-
ing, these measures have a global or local character, depend-
ing on whether they are scarcely or very sensitive to fluctua-

tions of the density, respectively.
Global measures quantify the total extent of the probability

density in various ways, according to their different analytical
structures ; in other words, they are described by means of log-
arithmic (Shannon entropy, S[1]) and power (e.g. disequilibri-

um, D[1]) functionals of the density. Local measures, for exam-
ple, Fisher information, I[1] , quantify the gradient of the densi-

ty. Thus, Fisher information is very sensitive to changes of the
density over a small region of the distribution. For instance,
a molecule characterized by a broader electron density distri-

bution has several peaks of similar heights, whereas different
physical and chemical properties can be expected from a differ-

ent molecule characterized by a narrower electron density
with several peaks of different heights. Briefly, the structural

features of the electron density can be described by utilizing

various information theory measures, which together qualify
and quantify the main topographical features. Let us now

define the most relevant information theory measures used in
our study.

The Shannon entropy of the unity-normalized electronic
probability distribution, 1ð~rÞ, of a molecule is defined by Equa-

tion (1):[37]

S 1½ A ¼ @
Z

1ð~rÞln1ð~rÞd~r ð1Þ

This quantity quantifies the total electronic spread in the mo-

lecular configuration space, so it constitutes a measure of the
delocalization (lack of structure) of the electron density.

Figure 1. The structural for-
mula of para-aminobenzoic
acid (PABA).
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The disequilibrium (also called information energy in other
physical contexts), which quantifies the departure of the prob-

ability density from uniformity (equiprobability), is defined by
Equation (2):[38]

D 1½ A ¼
Z

12ð~rÞd~r ð2Þ

The Fisher information is defined by the gradient density func-
tional given by Equation (3):[18, 39]

I 1½ A ¼
Z ~r1ð~rÞ
444 4442

1ð~rÞ d~r ð3Þ

This quantity measures the spatial pointwise concentration of
the electronic probability cloud, and it quantifies the gradient

content of the electron distribution; hence revealing irregulari-

ties of the density and providing a quantitative estimation of
its fluctuations. Additionally, according to the localized/delocal-

ized features of the distributions, the Fisher information can be
interpreted as a measure of the departure of the probability

density from disorder.

These three quantities measure different macroscopic as-

pects or facets of the electron density distribution, so that
each molecule has a distinctive set of these three information

theory parameters.[16, 17] If we mutually compare two or more
molecules, we expect that those with similar physicochemical

properties will have electron density distributions with a similar

spread. Therefore, an IT-3D space composed by S/S[1] , I/
I[1] , and D/D[1] could probably be an appropriate threefold

pattern to group and disentangle specific information theory
regions of molecules that share similar spatial regions of delo-

calizabilty, uniformity, and order.
Aside from the properties of the IT-3D measures mentioned

above, let us also consider two additional information theory

measures that have proven to be very useful for quantifying
the complexity of physical systems: the FS and LMC complexi-

ty measures.[19, 40–42] These two complexity quantities, which si-
multaneously quantify two facets of the electron density of the

system, have a number of relevant common properties: dimen-
sionless, invariance under replication, translation and scaling

transformations, and minimality (i.e. they have minimum

values at the two extreme cases of perfect order and maxi-
mum disorder).

The FS measure of complexity,[40, 42] CFS, is defined in Equa-
tion (4) by the product of two single-facet entropic quantities
of local and global character (the Fisher information measure,
I, and the Shannon entropy, S, appropriately modified to pre-
serve the common complexity properties):

CFS ¼ I 1½ AJ 1½ A; ð4Þ

in which J 1½ A ¼ 1
2 pe e

2
3S 1½ A is the Shannon power entropy. This

quantity measures the combined balance of the total spread-

ing and narrowness of the electron density (i.e. the delocaliza-
tion and order features). It can be considered as a measure of

electronic correlation in atomic systems.[40] Moreover, it is
bounded from below as CFS+3 for any 3D probability density.

The LMC measure of complexity,[41, 43] CLMC, is defined by
Equation (5) as the product of two single-facet entropy meas-

ures of global character (disequilibrium, D, and the Shannon
exponential entropy, eS) as:

CLMC ¼ D½1AeS½1A, ð5Þ

which jointly describes the average height and extent of the
density (i.e. the uniformity and delocalization features). This
quantity satisfies the bound CLMC+1 for any 3D probability

density.

3. Results and Discussion

A selected group of 27 sulfonamide-type molecules was
chosen as follows: 15 of them possessed bacteriostatic activity

and have been studied previously,[25] and 11 molecules were
computationally designed as structural analogues of sulfona-

mide. The latter systems have not been reported before, to the

best of our knowledge.[44] Additionally, PABA was also consid-
ered (Figure 1). As mentioned above, chemical analogues to

sulfonamide can be constructed by substituting one hydrogen
atom in the amino group by a different R1 group. The chemical

structure for these molecules is shown in Figure 2. To analyze
the effect of the R group in a deeper way, we have generated

these 11 novel compounds with different R groups that do not
present bacteriostatic activity, but analysis is useful to describe
sulfonamides from an information theory point of view. Results

for the information theory analysis of the chemical space for
these molecules are presented below and the values are sum-

marized in the table in the Supporting Information. We
assume that the electron density of all molecular systems are

Figure 2. Construction of the molecular models. R corresponds to 4-amino-
benzensulfonamide; R1 and R2 indicate different functional group substitu-
ents on the molecule.
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normalized to the number of electrons, N, of the system under
consideration.

The molecular wave functions were obtained through elec-
tronic structure calculations performed with the Gaussian 98

and Gaussian 09[45] suite of programs. The structures were opti-
mized at the restricted Hartree–Fock (RHF) level of theory with

a 6-311 + G** basis set. Then, single-point calculation were per-
formed on the optimized structures at the HF/6-31 + + G(d,p)
and B3LYP/6-31 + + G(d,p) levels of theory; a frequency analy-

sis was performed to corroborate that the obtained structure
corresponded to an equilibrium geometry. Details of the elec-

tronic calculations can be found in Ref. [46]. Furthermore, mo-
lecular electron densities were obtained along with all informa-

tion theory measures, and complexity dyadic products in posi-
tion space, as defined in Section 2 (i.e. S, D, I, CLMC, CFS) by em-

ploying software developed in our laboratory, along with 3D

numerical integration routines[47] and the DGRID suite of
programs.[48]

The IT-3D space for all sulfonamide-type molecules and
PABA is shown in Figure 3. We observe that molecules have

been grouped together into five different regions of the chem-
ical space. This IT-3D chemical gathering is discussed below;

most of the essential features depicted in Figure 3 are linked

with Figure 4 and Table 1. For instance, in Figure 4, we have
depicted these five groups described above. One of the most

remarkable features of Figure 4 is that all molecules with bac-
teriostatic activity belong to groups 3 and 5, apart from the

sulfonamide molecule, which possesses the least bacteriostatic
activity and belongs to group 2.

It is noteworthy that the grouping obtained by the IT-3D S, I

and D measures (Figure 3) has been validated by use of multi-

variable analysis techniques. Thus, to corroborate and quantify
the visual analysis depicted in Figure 3, a k-mean cluster analy-

sis on the raw data was performed (Table 1); the search for five
possible groups was specified as a model probe in the input.

Interestingly, the euclidean distance reveals that the group of
molecules with reported bacteriostatic activity (group 5 in
Figure 4) is closer to PABA (see Table 1), that is, in terms of the
global and local behavior of the spread of electron density dis-
tribution, molecules in group 5 results to be closely related to

PABA in this IT-3D space.

Additional testing confirmed the reliability of Shannon en-

tropy, Fisher information, and desequilibrium as intrinsic de-
scriptors of molecular systems. A principal component analysis

(PCA) was performed on the rescaled data (z score of the raw
data and considering only two principal components), fol-

lowed by a hierarchical cluster analysis (searching for five clus-
ters and evaluating the euclidean distance between means).

This kind of testing corroborates the existence of the five main

groups mentioned above (data are available on request). The

Figure 3. IT-3D space for the 27 analogues of sulfonamide and PABA. Atomic units are employed.

Table 1. k-mean analysis to corroborate the grouping observed in
Figure 3.

Group 1 Group 2 Group 3 Group 4 Group 5

Group 1 0.0 14.463 19.532 25.328 9.163
Group 2 14.463 0.0 5.077 10.865 5.337
Group 3 19.532 5.077 0.0 5.815 10.380
Group 4 25.328 10.865 5.815 0.0 16.189
Group 5 9.163 5.334 10.380 16.189 0.0
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multivariate analysis was performed by using the Origin Pro

2015 program.[49]

A closer look at Figure 3 reveals a definite pattern among
the information theory aspects of I (organization) and S (uncer-

tainty). In searching for this pattern, we have found it useful to
analyze the set of studied molecules by plotting the contribu-

tion of each one of the information measures I (organization)
and J (uncertainty) through the FS complexity. Notably, the

Shannon entropy, S, is included in the FS complexity through

the power entropy, J, as defined in Section 2. Hence, the FS in-
formation plane is depicted in Figure 5. The structure of the

molecules and number of electrons have also been represent-
ed.

We have found that, concomitant with the IT-3D chemical
pattern, there is additional characterization based upon the R1

and R2 groups, that is, the chemical character of the substitu-
ents, regardless of its chemical structure. The most apparent

features and patterns shown in Figure 5, are described below:

1) Including R1 as an N1-heteroaromatic substituent (an aro-
matic heterocyclic compound) implies a drastic decrease in

the disequilibrium of the molecule, that is, the electron
density becomes closer to uniformity, which could be asso-
ciated with the presence of the lone electron pair in the ni-

trogen atoms. In these molecules, R1 corresponds to pyri-
dine- (sulfapyridine) or diazine-type (sufadiazine and sulfa-
pyrazine) compounds and R2 to H atom.

2) Molecules with an extra methyl (sulfamerazine, sulfamethyl-

diazine, sulfamethazine and sulfisomidine) or methoxy
group (sulfalene, sulfamethoxypyridazine, sulfadimethoxine

and sulfadoxine) possess lower values of Fisher information

relative to molecules with no extra subtitution of the dia-
zine group. In other words, the substituent groups increase

the rigidity of the molecules,[25] and thus, induce less or-
dered systems.

3) Differences between molecules with methoxy and methyl
groups are due to the stronger electron-donating power of

the former than the latter. This is detected by the Shannon

entropy. The methyl group has a smaller value of S, which
means that the probability density is more localized than

the density of OCH3. This behavior might be associated
with the stronger electron-donating power of the methoxy

group than that of the methyl group.
4) The Fisher information and disequilibrium decrease with

the number of CH3 or OCH3 groups present in the mole-

cules. The density probability becomes more uniform and
ordered; this effect might be, in turn, related to the rigidity

of the molecules. The probability density of these mole-
cules is affected by the size of the substituents.

5) The rest of the modified molecules show higher disequili-
brium and Fisher information values, which, in turn, are

higher than those in group 5. The electron density of these

molecules becomes less uniform and more disordered; this
behavior is accentuated when the atoms in R1 and R2

belong to larger groups.

All compounds considered herein are characterized through
their information content, featuring any of the three different
IT qualities aforementioned, which make them unique among

the rest of the structures. An extension of the analysis for the
information content of the chemical space might be to take
into account two further information theory measures that
represent the complexity of the systems (namely, FS and LMC
measures) to jointly grasp composite aspects of the electronic
structure of the systems.

The IT-3D space and LMC or FS complexity measures are dis-
played in Figure 6. Notably, larger values of CFS are depicted in
shades of red and smaller ones in shades of blue. It is interest-

ing to emphasize that, with some exceptions, the complexity
measures show the opposite behavior. The main results are

summarized below:

Figure 4. Groups of sulfonamide-type molecules, along with PABA, in the IT-
3D chemical space (Figure 3).
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1) PABA, which is the only natural compound under consider-

ation herein, has the lowest value of the complexity meas-
ures.

2) Including cyclic groups in the molecule increases (decreas-
es) the CFS (CLMC) complexity. Sulfadiazine and sulfapyrazine

possess larger (lower) values of CFS (CLMC) relative to that of
sulfapydirine due to the presence of two nitrogen atoms
instead one in the R1 group.

3) Molecules with CH3 (sulfamerazine, sulfamethyldiazine, sul-
famethazine, and sulfisomidine) or OCH3 groups (sulfalene,

sulfamethoxypyridazine, sulfadimethoxine, and sulfadoxine)
possess higher (smaller) values of CFS (CLMC) compared with
molecules with only a benzene group.

4) The number of CH3 or OCH3 groups present in the mole-

cule increases (decreases) the CFS (CLMC) complexity.

4. Conclusions

We applied information theory concepts to the molecular den-

sities to explore the chemical space of a group of selected sul-

fonamide-type molecules. This was achieved by measuring the
structural changes on the electron density distribution due to

different functional groups and number of electrons. In this
manner, we constructed an IT-3D space that gathered mole-

cules with similar properties. One of the main aims of our
study was to test the information theory space as an indicator

of biological activity through the global and local behavior of

the electron density distribution.
We found that, concomitant with the IT-3D space, there was

additional characterization based upon the R1 and R2 groups,
that is, the chemical character of the substituents, regardless

of its chemical structure. Throughout the study, we were able
to associate some structural aspects and information theory
properties that arose from the IT-3D chemical space to the

bacteriostatic activity of these molecules. An interesting result
of the analysis reveals that reported bacteriostatic molecules
are more similar to the information theory properties of PABA
than those designed theoretically (see the Table of Contents

graphical abstract for illustration).
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ABSTRACT 

Sulfamides belong to a great group of antibiotics used during decades for human 

therapeutics and farm livestock. This intensive use has generated an important 

environmental risk due to the presence of these compounds in wastewaters and soils close to 

worldwide farm industries. The molecular structure and physico-chemical properties of 

these molecules are interesting for evaluating the molecular interactions with surfaces of 

clay minerals. These interactions are important to know the mobility of these compounds 

through soils and to design new nanomaterials for drug delivery. The molecular structure 

and conformational analysis of the sulfonamides, sulfamethoxypyridazine and 

sulfamethoxydiazine, as models of sulfonamides, have been studied with quantum 

mechanical calculations and force fields based on empirical interatomic potentials 

calculations. The adsorption of these drugs on a phyllosilicate surface of (001) plane has 

been investigated finding that is an exothermic process for both sulfonamides. 
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 2

INTRODUCTION 

 

Sulfamides form a great group of antibiotics widely used since decades. They are 

effective antimicrobial drugs for the prevention of infections in cattle, poultry, and swine 

(prophylaxis), to treat veterinary diseases, and to promote growth. As a result of the 

extensive use of sulfonamides in the animal industry, residues of these drugs in food 

samples are a major concern because of their contribution to the development of antibiotic 

resistant pathogenic bacteria. One important sub-group of these antibiotics is the 

sulfonamides that have a sulfonic group joined to one amino group in the molecular 

structure. In general, the sulfone group is joined to a 4-aminophenyl moiety and the amino 

group is monosubstituted by different groups 

 

The biggest use of sulfonamides is in veterinary for intensive livestock production. These 

compounds and metabolites are eliminated through animal excretions and hence they are 

persistent in the manure liquids. This intensive use affects to the soil contamination through 

the use of manure as fertilizer.1 The presence of these antibiotics and their derivatives in soil 

can alter the bacterial resistance to animals and humans through the soil, water and food 

chains.2,3 One critical component of soil is the clay mineral fraction. This fraction has a great 

absorption capacity and it is one of the main responsible in the absorption of pollutants, such 

as, these antibiotics, in soils. On the other hand, the application of clay barriers as a filter of 

pollutants in localized farm area wastewaters can be a useful natural environmental 

treatment. Other approach to this environmental study is to consider the origin of the 

problem and avoid the abusive traditional use of these antibiotics and to apply release 

controlled system for these antibiotics. Clay minerals can be a useful natural component for 
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 3

this application. Previous works of sorption of pesticides 4 and other pollutants5 on 

phyllosilicates have been reported. Therefore, for all these applications the knowledge of the 

interactions of sulfonamides on clay surface can be interesting for enhancing their 

development. 

 

In this work, the sulfonamides, Sulfamethoxypyridazine S1 (4-amino-N-(6-

methoxypyridazin-3-yl)benzenesulfonamide) and Sulfamethoxydiazine S2 (sulphameter or 

sulfamethoxypirimidine, or 4-amino-N-(5-methoxy-2-pyrimidinyl)benzenesulfonamide) are 

studied. These compounds are widely used in therapeutics and represent two families of 

sulfonamides, sulfonamido-pyrimidines and sulfonamido-pyridazine. These molecules are 

similar with the same substituents, an p-aminobenzenic moiety joined to the sulfoxy group 

and a methoxy group joined in a para position of the heterocyclic ring. The only difference 

is the relative disposition of N atoms in the heterocyclic ring (Fig. 1). The bioactivity of S2 

is twice higher than that of S1. 6,7 These molecules adopt different conformations in their 

crystal polymorphs.8,9 There are several lacks of knowledge in understanding properties of 

these molecules, however no study at molecular level of these pharmaceutical drugs has 

been found. 

 

One of the aims of this work is to explore the interatomic interactions between these 

sulfonamides and the surface of phyllosilicate minerals by means of atomistic calculations. 

 

Models and Computational Methodology 

Ab initio quantum chemical calculations of the organic molecules were performed 

using the density functional theory (DFT) and Hartree-Fock methods. The electronic 

Page 3 of 32

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 4

structure of these molecules was calculated with a triple-ζ basis set with polarization 

functions for all atoms, including H atoms, augmented with diffuse functions with the hybrid 

functional BHandHLYP/6-311+G** 10,11 and the M06-2X functional with double amount of 

nonlocal exchange.12 We included also electron correlation effects by means of the second-

order Moeller-Plesset approximation at the all electron MP2 level (MP2/6-311G**) as 

implemented in the Gaussian09 program package.13 All geometries were fully optimized at 

these levels using the Berny analytical gradient method.  No geometry constraint is applied 

on the surface and reactants atoms. Normal mode analyses were carried out at the same level 

to confirm the nature of the various stationary points, finding only positive eigenvalues for 

minima. 

Since the quantum mechanical methods have difficulties to describe the dispersive 

interactions and weak adsorption interactions, empirical interatomic potentials have been 

also used for comparison and for scanning the molecules across the pyrophyllite (001) 

surface, in order to determine the energy landscape. These empirical potentials were used 

within Force Fields (FF) previously optimized by Heinz et al. 14 and also recently by us 

named PCFFH. 15 These FF yielded good results in interactions of organics with surfaces of 

phyllosilicates.16  The atomic charges were taken from Heinz et al. 14 for the phyllosilicate 

surface and from charges calculated at ab initio MP2/6-311G** level and associated to the 

electrostatic field (ESP) with the method of Merz and Kollman 17 for each compound and 

conformer. Different calculation conditions were tuned with respect to the 9-6 Lennard-

Jones potentials and with the van der Waals and Coulomb interactions. The molecular 

geometry of organic molecules does not vary with different parameters for van der Waals 

and coulomb interactions within the same FF. We found that the van der Waals atom based 

interactions with a cutoff of 15.5 Å and the Ewald summation for Coulomb interactions 

yielded the best results and we will use these conditions in this work. For these classical 

calculations, the Discover program was used within the Material Studio package. 18 

Molecular dynamics simulations were performed with this FF in the NVT ensemble with 1fs 

steps for 5 ps at 298 K. 
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 5

 

In all cases the adsorption energy has been calculated in the usual way: Uadsorption = 

Umolecule+surface − (Umolecule + Usurface), where U is the internal energy of the system. 

 

A periodic model of the crystal structure of phyllosilicates was generated and used for 

our calculations. Experimental atomic coordinates and lattice cell parameters of pyrophyllite 

were taken for the crystal structure model.19 All octahedral cations are Al and all tetrahedral 

cations are Si and no interlayer cation was included. The H atom coordinates were included 

manually and optimised previously by means of interatomic empirical potential calculations. 

20 This structure is dioctahedral in the trans-vacant crystal form, and completely dry in our 

simulations. Although the experimental adsorption used to be performed in wet conditions, 

this dry model is useful for focussing this investigation on the interaction between 

sulphonamides and mineral surface avoiding additional interactions that will be studied in 

further works. In order to generate a surface along the (001) plane, an additional vacuum 

space of 23 Å along the c axis was created. However, a unit cell is too small for the 

adsorption calculations because the axis a value is too small (5.2 Å) and intermolecular 

interactions between adsorbates from vicinal cells cannot be neglected. Hence a 4x2x1 

supercell model was generated in a balance between the minimum inter-adsorbate 

interaction and computational effort.  

For models of sulphamide, the molecular structures were taken from crystallographic 

data of Sulfamethoxypyridazine (S1)8,21and Sulfamethoxydiazine (S2)9. 

 

RESULTS AND DISCUSSION 

Molecular structure of organics 
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 6

In order to compare several quantum-mechanical methods, the molecular structure of 

sulfonamides (Figure 2) was optimized at BHandHLYP/6-311+G**, MP2/6-311G** and 

M06-2X/6-311+G** levels with GAUSSIAN09. These results were compared with those 

calculated with empirical interatomic potentials using the PCFFH force field.  

 

Conformational Analysis 

To choose the initial geometry of one molecule from crystal structures of these 

compounds, several conformers exist in these crystals. In the crystal form of S1 from Basak 

et al. 8, the molecules have the methoxy group oriented to the same side of the heterocyclic 

N atoms, that we named syn conformation. Besdies, the N-H bond can be oriented to the 

same side, that we named cis conformation, or the opposite side, that we named trans 

conformation, with respect to the methoxy group. On the other hand, in the molecules in the 

crystal form of S1 from Haridas et al.,21 the methoxy group can be also oriented to the 

opposite side with respect to the heterocyclic N atoms, named as anti conformation. Hence 

this molecule can have at least four conformations: syn-cis, syn-trans, anti-cis, and anti-

trans. However, each one of these conformers can have also two possible conformations due 

to the relative disposition of the aromatic rings each other. Maintaining the heterocyclic N 

atoms as a reference point to define conformers in S1 and considering the disposition of 

these N atoms in the left part of the heterocyclic ring viewed from methoxy group, the 

aromatic ring of the aniline moiety can be oriented in the up-side or in the down-side with 

respect to a horizontal disposition of the heterocyclic ring. Therefore, eight conformations 

can be considered for this molecule: syn-cis-up, syn-cis-down, syn-trans-up, syn-trans-down, 

anti-cis-up, anti-cis-down, anti-trans-up, and anti-trans-down. All these conformations were 

fully optimized as isolated molecules in gas phase (figure 2). These conformers are 
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 7

characterized by the dihedral angles, H3C-O-C-N, H-N(S)-C-N, S-N-C-N, and C-N-S-C. In 

the syn conformers the H3C-O-C-N angle is close to 0º and in the anti one this angle is close 

to 180º. In the cis conformers, the H-N(S)-C-N angle is close to 0º and in the trans forms, 

this angle is close to 180º. In the cis conformers, the planes of aromatic rings form an angle 

smaller than 90º and they are slightly displaced where the aminobenzenic ring is closer to 

the heterocyclic N atoms probably owing to stabilizing π-π interactions. Whereas in the 

trans conformers, these rings are more separated and twisted each other, probably due to the 

interactions between the H atoms of the aminobenzenic ring and the heterocyclic N atom.  

 

In all calculation levels used, the most stable conformer is the syn-cis one. The 

conformers trans are less stable than the cis ones with an energy difference of 3.05-3.97 

kcal/mol in the group of syn conformers and 3.25-4.61 kcal/mol for the anti conformers 

group. The lower energy of the cis conformers can be explained by a higher stabilizing π-π 

interaction between the aromatic rings that are closer than in trans. The conformation 

syn/anti yields a greater energy differences being the syn ones 5.53-6.02 kcal/mol more 

stable than the anti ones for the cis conformers group. This energy difference is similar in 

the trans conformers group (Table 1). The anti conformers have higher energy due to the 

repulsion between the lone pair electrons of the O and N atoms (Fig. 2). 

 

 On the other hand, the conformers up/down have similar energy within the same 

conformers group. This happens in all conformation groups and calculation levels being the 

energy difference lower than 0.22 kcal/mol. However, the transition from the up to the down 

conformers is very complex depending at least on the S-N-C-N and C-N-S-C torsional 

angles. A scanning exploration of the rotation of the θ(S-N-C-N) dihedral angle in the syn-
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 8

cis conformers group with 30º steps with full optimization in each point showed a energy 

barrier close to 3.7 kcal/mol between two minima with similar energy where the atoms S-N-

C-N are co-planar (Figure 3a). The conformers from aromatic ring disposition show similar 

intramolecular interactions in all conformers and the energy differences between the up and 

down forms are very low. The existence of these different conformers can be due to the 

intermolecular interactions in the crystal packing or a high-energy barrier in the rotation of 

these rings. A similar scanning calculation of the rotation of the θ(C-S-N-C) dihedral angle 

in steps of 30º confirmed the existence of only these conformers with an energy barrier 

around 3.5 kcal/mol (at BHandHLYP/6-311+G** level) (Figure 3b).  

 

In the S2 molecule, the heterocyclic ring is more symmetric than in S1 and the 

methoxy group can adopt the syn and anti conformations with respect to the central N-H 

bond (Figure 4). The energy differences between these conformers are smaller than in S1 

because the effect of methoxy on the NH group is weaker in S2. The most stable conformer 

is the syn one being only 0.05-0.09 kcal/mol more stable than the anti one. Maintaining the 

NH group with the heterocyclic ring as a reference point to define conformers in S2 and 

considering the disposition of the NH group in the left part of the heterocyclic ring viewed 

from methoxy group, the aromatic ring of the aminobenzenic moiety can be oriented in the 

up-side or in the down-side with respect to a horizontal disposition of the heterocyclic ring 

(Figure 4). Nevertheless, the energy difference between the up and down conformers is less 

than 5 cal/mol (Table 2). 

 

An exploratory scanning of rotation of the C-C-O-CH3 angle showed a low energy 

barrier, around 1.6 kcal/mol, between the coplanar syn/anti conformers (Figure 5a). 
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 9

However, a scanning exploration of the S-N(H)-C-N rotation in steps of 30º showed an 

energy barrier around 8.0 kcal/mol (at BHandHLYP/6-311G** level) in the interaction of 

the NH group and the arylsulfoxy moiety with the heterocyclic ring and only one conformer 

is possible (Fig. 5b). Hence, additional rotations will be necessary to reach the anti 

conformer. 

 

The molecules S1 and S2 are positional isomers, where the differences are in the relative 

positions of the heterocyclic N atoms. Then, the relative energy was calculated finding that 

S2 is 12.68 kcal/mol more stable than S1 at MP2/6-311G** level. 

 

Considering the dipole moment of these conformers of S1, the most polar conformer is 

the syn-trans-up one (the highest µ in Table 1). The transition from syn to anti did not 

produce a significant change of µ, however the transition from cis to trans produced a larger 

µ difference. The changes from up to down produced significant variations in µ only in the 

trans conformers group, being the syn-trans-down conformer the less polar one. This can 

indicate that in a non-polar medium the population of this last conformer would be favored. 

In S2 the conformer anti has a higher µ than the syn one.  The calculation levels used have 

yielded similar relative values of µ. However, the µ value of the anti-trans-down conformer 

of S1 calculated at MP2 level was too high with respect to the rest of calculations. This high 

value can be explained taking into account the geometry of the conformer where at MP2 

level the aromatic rings approach each other and the O atoms of the sulfoxy group are in one 

side of the molecule polarizing this conformer. 

 

Molecular Geometry 
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 10

The optimization of the most stable conformers of these sulfonamide molecules 

yielded a molecular geometry consistent with the experimental bond distances obtained from 

crystal structures (Tables 3 and 4). The differences observed between experimental and 

theoretical values can be due to that the experimental molecule is into a crystal structure 

where the intermolecular interactions can change some bond lengths or bond angles, 

whereas the calculated models are isolated molecules without intermolecular interactions. 

Nevertheless, some variations are observed between conformers.  

 

In S1 compound, the trans conformers group have a slightly longer S-N bond length 

(1.681 Å at BHandHLYP/6-311+G** level) and shorter SN-C bond length (1.398 Å at 

BHandHLYP/6-311+G** level), and a larger S-N-C bond angle (123.6º at BHandHLYP/6-

311+G** level) than the cis conformers group (1.669 Å, 1.414 Å, and 114.3º, respectively at 

BHandHLYP/6-311+G** level), probably due to repulsions between the electrons of the 

sulfoxy O atoms and the heterocyclic N atoms. The H atom of the SN(H)C moiety is slightly 

out of the coplanar disposition with the heterocyclic ring, where the dihedral angle (H-N-C-

N) is 8-12º and 162-178º in the cis and trans conformers, respectively. In the cis conformers 

the p-aminobencenic ring is more twisted from the heterocyclic plane with a larger (S-N-C-

N) torsional angle than in trans. In the trans conformers the planes of the aromatic rings 

form a larger angle than in cis conformers, and the heterocyclic N atoms are twisted and 

more oriented towards the aminobenzenic ring with a shorter CH…N non-bonding distance. 

The anti conformers have a shorter N-N bond (1.309 Å at BHandHLYP/6-311+G** level), a 

longer NC-OCH3 bond (1.337 Å at BHandHLYP/6-311+G** level), and a smaller N-C-

OCH3 bond angle (114º at BHandHLYP/6-311+G** level) than the syn group (1.325 Å, 

1.332 Å, and 120º, respectively at BHandHLYP/6-311+G** level). The methoxy group is 
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 11

coplanar in all conformers, being close to 0º and 180º in the syn and anti conformers, 

respectively. No significant differences in the bond lengths and bond angles are detected 

between up and down conformers only in the S-N-C-N torsion angle.  

 

The main geometrical features of these molecules calculated with quantum mechanical 

methods at several levels and also with the PCFFH force field were compared (Table 3 and 

Table S1). The bond distances calculated with PCFFH are consistent with those calculated 

with other methods. The tendency of the main geometric features differences between 

conformers is similar for all calculations levels used. On the other hand, no relationship 

between the relative energy and the intramolecular non-bonding interactions was found 

between conformers. 

In S2 sulfonamide, no significant difference in the main geometrical features was 

observed between conformers, explaining the low energy differences (Table 4). The 

structure of the most stable conformer especially the relative disposition of the aromatic 

rings is different that in S1, being consistent with previous calculations of similar 

sulfadiazine S2 derivative without methoxy group.22 

 

Mineral Surface and adsorption of sulphonamides 

 

The periodic model of pyrophyllite was fully optimized with PCFFH obtaining cell 

parameters (a = 5.24 Å, b = 9.09 Å, c = 9.32 Å, α = 90.5º, β = 100.8º, γ = 89.9º) close to the 

experimental values (a = 5.16 Å, b = 8.97 Å, c = 9.35 Å, α = 91.2º, β = 100.5º, γ = 89.6º).23 

The averaged value of Si-O bond length is 1.67 Å that is slightly longer than the 

experimental value of 1.62 Å. The average value of Al-O and Al-OH bond lengths are 1.94 
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 12

and 1.92 Å reproducing the experimental values.23 The OH bond length is 0.979 Å with an 

inclination angle ρ of 32º that is consistent with experimental data. From this optimized 

structure, a 4x2x1 supercell was generated and a surface on the (001) plane was created with 

a c parameter value of 30 Å.  

 

 The molecule of sulfonamide optimized at BHandHLYP/6-311+G** was added at a 

distance of 3 Å from the basal oxygens of the pyrophyllite surface in a parallel position with 

respect to the surface. Preliminary molecular dynamics simulations of the most stable 

conformer of S1, syn-cis-down, located over the pyrophyllite (001) surface were performed 

with PCFFH. During the equilibrium runs of the simulations, the sulphonamide molecule 

was surfing along the surface maintaining an aromatic ring parallel to the surface and no 

specific disposition was preferential. Several adsorption complexes were sampled from this 

simulation trajectory and used as initial steps of optimizations. The adsorption complex, 

surface + adsorbate, was fully optimized at constant volume with PCFFH (lattice cell 

parameters: a = 10.5 Å, b = 9.10 Å, c = 30 Å, α = 90.1º, β = 100.8º, γ = 89.9º).  Several 

optimized adsorption complexes were obtained where S1 adopts different orientations: P1, 

with the aminobenzene ring parallel to the surface; P2 with the heterocyclic ring parallel to 

the surface; P3 in apical position, where the aromatic rings are not parallel to surface and the 

amino and methoxy groups are oriented to the surface; P4 with the heterocyclic ring parallel 

to the surface but slightly twisted, and P5 with the most part of the adsorbate molecule is 

open and parallel to the mineral surface (Figure 6). 

 Placing the most stable conformer of S1 (syn-cis-down) on the mineral surface with the 

aminobenzene ring parallel to surface, the optimization of the adsorption complex 
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 13

maintained the aminobenzene ring parallel to surface forming a P1 complex with the H 

atoms of amino group oriented to the basal tetrahedral O atoms of the phyllosilicate surface 

forming H bonds d(NH…OSi) = 1.71, 2.38 Å. The optimization of the adsorption complex 

of S1 with the heterocyclic ring in a parallel orientation with respect to the mineral surface 

maintained the same orientation yielding a P2 complex with a strong interaction of the H 

atom of SNH group with a basal O atom of surface d(NH…OSi) = 2.12 Å. The methoxy 

group has a electrostatic interaction of one H atom with a basal O atom of surface 

d(NH…OSi) = 2.60 Å and the heterocyclic N-N moiety are placed on the centre of the 

tetrahedral pseudohexagonal ring of tetrahedra minimizing the repulsion with the surface O 

atoms. 

Starting with an initial geometry with S1 placed in a perpendicular orientation with 

respect to the surface with the amino group oriented to the surface, the optimization of 

adsorption complex maintained a perpendicular orientation of the adsorbate forming the P3 

type of complex with the H atoms of amino group oriented to the surface O atoms 

d(NH…OSi) = 2.27, 3.19 Å. On the contrary, placing the S1 in a perpendicular orientation 

with the surface but in the opposite sense with the sulfoxy and SNH oriented to the surface 

forming a strong H bond between the SNH H atom and the surface O atom, d(NH…OSi) = 

1.30 Å, the optimization yielded a adsorption complex with the adsorbate with the 

heterocyclic ring quasiparallel to the surface forming a P4 type of complex with the SNH H 

atom forming a strong interaction with surface O atoms d(NH…OSi) = 2.00 Å. The higher 

adsorption energy of the S1 syn-cis-down conformer corresponds to the P1 and P4 

adsorption complex. A general tendency of higher adsorption energy with a shorter H bond 

between adsorbate and mineral surface is observed (Figures in Supporting Information). 
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However, no good linear correlation was found indicating that other interactions contribute 

to the adsorption energy.  

 

 For the second most stable conformer of S1, syn-trans-up, the most stable adsorption 

complex has the adsorbate in a P5 configuration with H atoms of amino groups oriented to 

the surface, d(NH…OSi) = 2.35 Å., and the sulfoxy O atoms away from surface. Both 

aromatic rings are open with an H2N…S…COCH3 angle of 122.2º and both rings are almost 

parallel to the surface. This configuration is obtained by optimization of a similar one and 

also after optimization of the initial complex with the adsorbate in a perpendicular 

configuration with a side of both aromatic rings oriented along surface with the NH group 

oriented to surface (heterocyclic N atoms away from surface). Starting with the adsorbate in 

a P1 disposition on surface, the optimization maintained this P1 configuration. Placing the 

adsorbate in a P1 configuration with a different orientation respect to the surface, the 

optimization of the adsorption complex yielded the P2 configuration. The optimization of an 

initial adsorption complex in P2 maintained the same configuration P2. The adsorption 

energies of all adsorption complex configurations explored for this conformer are similar 

within the range of 8.77-10.95 kcal/mol, being the most stable the P5 one and the rest are in 

the same level (Table 5). 

The adsorption of the sulfamide S2 was similar. The most stable adsorption complex has the 

adsorbate in a configuration P5, where both aromatic rings are almost parallel to the mineral 

surface with the amino and methoxy H atoms oriented to the surface d(NH…OSi) = 2.197 

Å, and d(OCH…OSi) = 2.680 Å. The optimization of the adsorption complex with S2 in a 

perpendicular configuration with the heterocycle and SNH group oriented to the surface 

Page 14 of 32

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 15

yielded also the configuration P5. Starting with a configuration P1, with the aminobenzene 

ring parallel to surface, but with amino H atoms oriented away from surface, the 

optimization of the adsorption complex maintained this configuration P1 with the amino H 

atoms oriented to the surface, d(NH…OSi) = 2.56 and 3.15 Å. With an initial adsorption 

complex with the adsorbate in a configuration P2, with the heterocycle parallel to the 

surface, the optimization maintained the configuration P2. From a configuration P1 with the 

amino H atoms oriented to surface and one sulphoxy O atom oriented to a Si atom of 

surface, the optimization obtained a adsorption complex with a configuration type P5 with 

both aromatic rings twisted. 

The adsorption energy for all adsorption complexes of S1 and S2 are similar in the range 

of –(9.5-11.5) kcal/mol (Table 5). This value is similar that obtained previously in 

calculations of the adsorption of dioxins on phyllosilicates (-11.5 kcal/mol)24 and the 

experimental data of the sorption of aromatics on siloxane surfaces (-10 kcal/mol).25 In 

general, the most stable adsorption complexes are with the adsorbate in the configuration P5, 

where both aromatic rings are open and oriented to the surface. 

 

CONCLUSIONS 

 

The conformational analysis of the sulfamides presented in this work has allowed 

explaining the different conformers found in the crystal polymorphs of these drugs. The 

energy differences between conformers in gas phase are very low however the rotational 

energy barrier is significant. 
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Both sulfonamides, S1 and S2, are likely to be adsorbed on the phyllosilicate (001) 

surface through an exothermic process in the same level than other organics like dioxins. 

This is the first work related with adsorption of these antibiotics on phyllosilicates in a 

simple model of pyrophyllite. This work presents the interaction of two models of 

sulfonamides in a neutral form on the surface of pyrophyllite as a model of phyllosilicates 

that are components of soils. These sulfonamides belong to the antibiotics group most used 

worldwide. Sulfonamides are typical amphoteric compounds and the neutral form is the 

most predominant one to be considered in standard soils. The proportion of neutral form will 

depend on the kind of sulfonamide molecule and the properties of the soil. Further 

investigations will be performed including new variables, like cation substitutions effect in 

mineral and the presence of solvents and cations in the interlayer space. Hence, 

phyllosilicates can be excellent traps for these drugs, especially when they are polluting soils 

and wastewaters of livestock industries. Besides, the results presented in this work open the 

possibility to explore the use of phyllosilicates as nanocarriers of sulfonamide antibiotics for 

a possible controlled release of these drugs. 
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SUPPORTING INFORMATION 

A table with additional calculated geometrical features and an additional figure are 

published separately. 
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Captions of Figures 

Figure 1. Molecular structure of the sulfonamides S1 (a) and S2 (b). 

Figure 2.  Conformers of S1: syn-cis-up (a), syn-cis-down (b), syn-trans-up (c), syn-trans-

down (d), anti-cis-up (e), anti-cis-down (f), anti-trans-up (g), and anti-trans-down (h), 

optimized at M062X/6-311+G** level. 

Figure 3. Conformational analysis of the rotation of torsional angles S-N-C-N (a) and C-S-

N-C (b) of S1 syn-cis conformers at BHandHLYP/6-311+G** level. 

 

Figure 4.- Conformers of S2: syn-up (a), syn-down (b), and anti-down (c). 

Figure 5.- Scanning of the torsional angle H3C-O-C-C (a) and S-N-C-N (b) of S2 at 

BHandHLYP/6-311+G** level. 

Figure 6.  Adsorption complexes of S1 on pyrophyllite (001) surface optimized with 

PCFFH with the adsorbate conformer syn-cis-down in configurations: P1 (a); P2 (b); P3 (c); 

and P4 (d); and the conformer syn-trans-up in a configuration P5 (e). Adsorption energies 

have been included in brackets below each model and they are in kcal/mol (Table 5). 

Figure 7.  Adsorption complexes of S2 on pyrophyllite (001) surface optimized with 

PCFFH with the adsorbate in configurations P5 (a); P1 (b); and P5 twisted. Adsorption 

energies are in brackets below each model in kcal/mol (Table 5). 
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Table 1.-  Relative energy (kcal/mol) and dipolar moment (Debyes) of the conformers of S1 
respect to the most stable one. 
 

conformers E
a,b 

 

E
a,c E

a,d 
µµµµ
b 

µµµµ
c 

µµµµ
d 

syn-cis-down 0.00 0.14 - 6.21 6.13 - 
syn-cis-up 0.0006 0.00 0.00 6.39 6.63 7.61 

syn-trans-up 3.05 3.50 3.97 6.85 6.92 6.78 

syn-trans-down 3.11 3.56 - 4.86 4.67 - 

anti-cis-up 6.02 5.68 - 6.41 6.74 - 

anti-cis-down 6.00 5.90 5.53 6.45 6.53 7.42 

anti-trans-down 9.27 9.45 10.14 5.16 5.11 9.47 

anti-trans-up 9.29 9.41 - 6.70 6.73 - 
a Energy with zero-point correction. b Calculated at BHandHLYP/6-311+G(d,p) level. c 
Calculated at M06-2X/6-311+G(d,p) level. d Calculated at MP2/6-311G(d,p) level. 
 
 
 
Table 2.-  Relative energy (kcal/mol) and dipolar moment (Debyes) of the conformers of S2 
respect to the most stable one. 
 

conformers E
a,b 

 

E
a,c 

E
a,d 

µµµµ
b
 µµµµ

c
 µµµµ

d
 

syn-up 0.00 0.00 0.00 6.40 6.31 10.53 

syn-down 0.003 0.005 - 6.40 6.40 - 

anti-down 0.05 0.06 0.09 8.34 8.22 10.03 
a Energy with zero-point correction. b Calculated at BHandHLYP/6-311+G(d,p) level. c  
Calculated at M06-2X/6-311+G(d,p) level. d Calculated at MP2/6-311G(d,p) level. 
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Table 3.-  Main geometrical features (bond lengths (Å) and angles (deg)) of the molecular structure of the main conformers of S1 
calculated at different calculation levels. 
 

 Exp. MP2/6-311G** BHandHLYP/6-311+G** 
 Syn-cis-up 

a 
Anti-trans-

down 
Anti-cis-

down 
Syn-cis-up Syn-

trans-up 
Anti-trans-

down 
Anti-cis-

down 
Syn-cis-

up 
Syn-trans-

down 
Syn-

trans-up 
S-O 1.428 1.442 1.448 1.447 1.447 1.435 1.436 1.436 1.434 1.434 
S-O 1.433 1.452 1.449 1.449 1.453 1.442 1.439 1.439 1.442 1.442 
S-N 1.658 1.702 1.705 1.701 1.704 1.681 1.669 1.671 1.679 1.681 
N-N 1.356 1.333 1.332 1.343 1.343 1.310 1.309 1.325 1.326 1.326 
N-H (NH2) 0.997 1.011 1.011 1.011 1.011 0.999 0.999 0.999 0.999 0.999 
N-C (NH2) 1.367 1.396 1.394 1.394 1.396 1.376 1.373 1.374 1.376 1.376 
SN-C 1.408 1.398 1.414 1.413 1.401 1.394 1.405 1.406 1.393 1.393 
SN-H 0.936 1.013 1.020 1.019 1.015 1.003 1.007 1.007 1.002 1.002 
C-S 1.742 1.764 1.764 1.765 1.760 1.754 1.760 1.759 1.754 1.754 
NC-O 1.350 1.350 1.350 1.344 1.345 1.339 1.337 1.332 1.334 1.334 
H3C-O 1.454 1.420 1.421 1.432 1.432 1.405 1.406 1.418 1.418 1.418 
C-S-N 107.5 104.1 102.1 102.7 102.8 106.2 107.6 107.4 106.2 106.1 
S-N-C 124.1 123.6 114.3 115.6 121.8 124.2 122.9 122.8 124.9 124.8 
N-C-OCH3 119.7 112.3 112.1 119.2 119.3 113.7 113.6 119.8 120.1 120.1 
N-C-O-CH3 3.3 179.5 178.5 0.7 0.7 178.5 179.0 0.6 0.6 0.6 
H-N-C-N 0.0 162.1 12.4 9.4 170.9 176.9 8.8 -8.7 178.4 178.7 
S-N-C-N 139.9 -21.9 -109.6 114.0 -35.0 -38.7 -127.2 126.7 34.4 -34.9 
C-N-S-C -57.5 -47.1 48.5 -49.3 83.8 85.7 -63.3 -62.7 83.6 83.5 
CH…N 4.284 2.667 4.020 4.119 2.765 2.721 4.372 4.301 2.743 2.769 
NH…OS 2.467 2.416 2.577 2.572 2.422 2.380 2.559 2.556 2.381 2.380 
CH…OS 2.514 2.585 2.535 2.535 2.592 2.512 2.591 2.545 2.518 2.528 
CH(syn)…OSb 

2.736 2.584 2.653 2.647 2.574 2.634 2.535 2.578 2.624 2.613 
CH(hetero)…OSc 

2.519 - 2.585 2.519 - - 2.384 2.376 - - 
H2N…S…COCH3 86.0 73.9 63.1 67.0 93.7 98.2 86.2 86.4 97.6 97.8 
a From experimental crystallographic data.8  b Aminobencenic H atom localized in the same side of the heterocyclic N atoms. c H atom of the heterocyclic moiety; in 
the trans conformers the N-H bond is in the middle way between this CH bond and the OS group. 
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Table 4.- Main geometrical features of the molecular structure of conformers of S2 calculated at several levels and experimental values. 
Bond lengths are in Å and angles in (º) degrees. 
 
 BHandHLYP/6-311+G** PCFFH Exp a 
 syn-down Anti-down Syn-up Syn-up Syn-up 

S-O 1.441 1.441 1.441 1.427 1.450 
S-O 1.435 1.435 1.435 1.426 1.433 
S-N 1.674 1.673 1.674 1.578 1.645 
SNC-N(syn)b 1.316 1.328 1.316 1.296 1.331 
SNC-N 1.324 1.311 1.324 1.291 1.315 
SN-C 1.387 1.386 1.387 1.327 1.400 
SN-H 1.004 1.004 1.004 0.984 0.980 
C-S 1.755 1.756 1.755 1.753 1.737 
CC-O 1.347 1.347 1.347 1.325 1.359 
H3C-O 1.406 1.406 1.406 1.425 1.417 
C-S-N 105.7 105.6 105.7 112.4 106.5 
S-N-C 125.8 126.0 125.8 116.7 124.9 
C-C-O-CH3 

c 0.7 1.4 0.7 2.1 1.5 
H-N-C-N (syn)b 4.7 5.0 4.7 -8.6 -26.5 
S-N-C-N(syn)d -29.5 -27.7 29.5 38.1 -27.9 
C-N-S-C 81.7 81.2 81.7 -79.3 -57.8 
CH…N 2.919 2.926 2.917 2.945 3.424 
NH…OS 2.416 2.417 2.416 2.281 2.474 
CH…OS 2.555 2.558 2.556 2.819 2.806 
CH(syn)…OS e 2.578 2.574 2.577 2.677 2.555 
H2N…S…COCH3 97.4 98.0 97.4 98.3 84.8 
a From crystallographic data.9 b The C-N bond at the same side of the N-H bond. c With the same side of methoxy group. d With the N 
atom of the same side of sulfoxy group. e Aminobencenic H atom localized in the same side of the heterocyclic N atoms. 
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Table 5.- Adsorption energy (kcal/mol) of S1 and S2 on the pyrophyllite surface in several 
configurations, calculated with PCFFH.    
 
Adsorption complex S1 (syn-cis-down) S1 (syn-trans-up) S2  
P1 -9.75 -9.00 -9.41  
P2 -7.93 -8.77 -10.55  
P3 -8.25 - -  
P4 -9.59 -9.15 -  
P5 - -10.66, -10.95 -11.27, -10.84a   
a The aromatic rings are parallel to the mineral surface but slightly twisted. 
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Figure 1.- Molecular structure of the sulfonamides S1 (a) and S2 (b). 
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 a b 

 

  c d 

 

e f 

g h 

 

Figure 2.- Conformers of S1: syn-cis-up (a), syn-cis-down (b), syn-trans-up (c), syn-trans-

down (d), anti-cis-up (e), anti-cis-down (f), anti-trans-up (g), and anti-trans-down (h), 

optimized at M062X/6-311+G** level. 
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b 

 

 

Figure 3. Conformational analysis of the rotation of torsional angles S-N-C-N (a) and C-S-

N-C (b) of S1 syn-cis conformers at BHandHLYP/6-311+G** level. 
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Figure 4.- Conformers of S2: syn-up (a), syn-down (b), and anti-down (c). 
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Figure 5.- Scanning of the torsional angle H3C-O-C-C (a) and S-N-C-N (b) of S2 at 

BHandHLYP/6-311+G** level. 
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 a b 

(-9.75)      (-7.93) 

c  d 

  (-8.25)       (-9.59) 

e (-10.95) 

Figure 6.  Adsorption complexes of S1 on pyrophyllite (001) surface optimized with 

PCFFH with the adsorbate conformer syn-cis-down in configurations: P1 (a); P2 (b); P3 (c); 

and P4 (d); and the conformer syn-trans-up in a configuration P5 (e). Adsorption energies 

have been included in brackets below each model and they are in kcal/mol (Table 5). 
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a (-11.27) 

 b (-9.41) 

c (-10.84) 

Figure 7.  Adsorption complexes of S2 on pyrophyllite (001) surface optimized with 

PCFFH with the adsorbate in configurations P5 (a); P1 (b); and P5 twisted. Adsorption 

energies are in brackets below each model in kcal/mol (Table 5). 
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Abstract 

A relationship among the physicochemical properties, the chemical structure and 

antibacterial activity of sulfonamides is not still completely explicated; nevertheless, from a 

therapeutics and prodrugs design point of view, it has been observed that the substituent 

group modify the electronic structure, the physicochemical features and chemical reactivity 

which are critical for the biological activity. In this work, we analyzed the substituent effects 

on the physicochemical properties, toxicity, chemical reactivity and its relation with the 

bacteriostatic activity of selected sulfonamides; through DFT-M06-2X calculations in 

aqueous solution, employing quantum chemical and docking descriptors. The results showed 

a correlation between the theoretical acidity and the pKa experimental values. The active 

sulfonamides have a larger acidity. The acidity increases with electron-withdrawing 

substituents. The main reactivity takes place on N4 atoms linked to aromatic ring, and in 

SO2NH moiety, which are influenced by substituents. Docking descriptors showed binding 

affinities between the sulfonamides and target (DHPS). 

 

 

Keywords. Aqueous solution acidity; toxicity; bacteriostatic sulfonamides; dihydropteroeato 

synthase (DHPS); DFT-M06-2X calculations. 
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Introduction 

Since the discovery of the in vitro and in vivo antibacterial activity of sulfanilamide (p-

aminobenzene sulfonamide), many N1-substituted sulfonamides have been tested for their 

bacteriostatic potency against human and veterinary pathogens [1-4]; such that, for many 

years the sulfonamides have been widely studied, because are highly applicable due to their 

pharmaceutical importance and clinical application, as antibacterial, antitrypanosomal and 

antiviral agents among other [1, 4-9]. A lot of studies of sulfonamides have showed a 

relationship among the bacteriostatic activity and the acidity, pKa, dissociation constant, 

charges, hydrophobic and electronic parameters, etc.; in particular, in those studies that have 

been shown a competition between para-aminobenzoic acid (PABA) and the sulfonamides 

by the Dihydropteroate synthase (DHPS), that is an enzyme used as target for sulfonamide 

antibiotics [10-17]. Besides, experimental and theoretical studies have pointed out that the 

physicochemical properties in these molecules have great influence on the physiological 

process and consequently on the biological activity; such that, a variety of chemical 

modifications have been made in aromatic and aliphatic sulfonamides, which have produced 

many other active agents; as potent antimicrobial sulfonamides, that have been obtained by 

the N1-substituted derivatives in the sulfonamide group (-SO2HN1-) with, alkyl, acyl, 

heterocyclic and aromatic compounds which enhances the antibacterial properties and their 

clinical applications [11-20]. In this context, recently Papadopoulou and co-workers have 

examined several 3-nitrotriazoles-based sulfonamides [7, 8]; such that, these molecules have 

showed activity against T. cruzi and without toxic effects towards the host cells [8].  

According to previously mentioned; in this work, we performed a study at the M06-2X/6-

311++G(2d,2p)//6-311+(d,p) levels of theory in aqueous solution, for some selected 
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bacteriostatic N1-substitued sulfonamides, in order to analyze the electronic nature and 

influence of the substituent groups, as well as its relationship among acidity and the chemical 

structure with their bacteriostatic activity, using quantum chemical descriptors such as: 

acidity, the aromaticity and electrophilicity indexes, hardness, atomic charges, electrostatic 

potential and Fukui functions, as well as docking descriptors: free energies binding and polar 

interaction; with the purpose of designing drugs with specific chemical and biological 

characteristics, and less chemical toxicity. 

 

Computational details 

The bacteriostatic sulfonamides employed in this study, comprise the following: the 

Sulfanilamide (SNA), Sulfamerazine (SMZ), Sulfamethoxypyridazine (SMP), 

Sulfamethazine (SMT), Sulfamethoxydiazine (SMDZ), Isosulfamethyldiazine (ISMD), 

Sulfadiazine (SDZ), Sulfacloropyridazine, (SCP), Sulfamethoxazole, (SMX); Sulfacetamide 

(SCM), and the generic chemical structures are displayed in Figure 1. Electronic structure 

calculations were carried out using the Gaussian 09 program suite [21]. All neutral structures 

were optimized at the M06-2X functional, a hybrid meta exchange-correlation functional that 

is a good functional for aromatic groups, and describe well the no-covalent interactions [22, 

23] and with the 6-311+G(d,p) basis set [24], whereas deprotonated (anionic) structures were 

optimized at unrestricted UM06-2X level, all these with a 6-311+G(d,p) basis set, 

respectively. Optimized geometries (neutral and anion structures) were characterized by 

harmonic vibrational frequencies, which confirmed that the structures obtained are minima 

on the potential energy surface. Single-point calculations were performed on optimized 

structures (neutral and anionic) at the M06-2X level of theory with a 6-311++G(2d,2p) basis 
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set. All calculations were undertaken in an aqueous solution; the solvent effect was described 

trough SMD model [25]. 

In order to determine the acidic character of the sulfonamide group, the acidity ( ∆𝐺0) for all 

molecules was calculated by deprotonating the H14 hydrogen atom (-SO2NH14R, see Figure 

1), such as the following scheme [19, 26]: 

 

∆𝐺0 = ∆𝐻0 − 𝑇∆𝑆0  (1) 

 

M − H →   𝑀− +  H+  (2) 

 

where,  

 

∆𝐻0 = 𝐻0(𝑀−) +  𝐻0(𝐻+) −  𝐻0(𝑀 − 𝐻)  (3) 

 

Such that, the enthalpy of the proton is reduced to the sum of the contribution from 

translational motion (𝐻𝑇 = 3/2𝑅𝑇) at T= 298.15 K and from the  𝑝𝑉  term. 

 

So, the equation (3) may be written as 

 

∆𝐻0 = 𝐻0(𝑀−) − 𝐻0(𝑀 − 𝐻) +
5

2
𝑅𝑇 

 

Thus, small ∆G0 values imply a more acidic of the -SO2NH- moiety. This thermodynamic 

property has the same meaning that the deprotonation energy [18, 27-29]; that is, the ∆G0 is 
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a measure of the promptness of the sulfonamide group to lose one proton in a chemical 

reaction or in a biological process [26]. 

Moreover, to depict a more reliable the chemical reactivity, some global reactivity descriptors 

as hardness (η) and electrophilicity index (ω) were performed. The electrophilicity index was 

calculated through the electronic chemical potential and the chemical hardness. For an N-

electron system with external potential v(r) and total energy E, the electronic chemical 

potential µ, that is, the negative of the electronegativity , is defined as the partial derivative 

of the energy to the number of electrons at constant external potential [30-32]. 

 

 rN

E



 











   (4) 

 

Parr and Pearson et. al [30-32] proposed, for calculations of hardness () the following 

expression: 

 

 rv
N

E














2

2

          (5) 

 

Using finite-difference approximation, the Eqs. (4) and (5) would be: 
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𝜂 ≈
(𝐸𝑁+1 − 2𝐸𝑁 + 𝐸𝑁−1)

2
 ≈  𝐼 − 𝐴 

 

−𝜇 ≈
(𝐸𝑁−1 − 𝐸𝑁+1)

2
 ≈  

𝐼 + 𝐴

2
 

 

where 𝐸, 𝐸𝑁−1 and 𝐸𝑁+1, are the energies of N, (N-1) and (N+1) electron systems; I and A 

are the adiabatic ionization potential and the electron affinity, respectively.  

Additionally, Parr and Yang [31], Parr et al. [33, 34] and Chattaraj et al. [35, 36] have defined 

another descriptor in order to quantify the global electrophilic power of the molecules, named 

electrophilicity index (), which defines a quantitative classification of the global 

electrophilic nature of a molecule within a relative scale. The electrophilicity index of a 

system in terms of its chemical potential and hardness is given by the following expression: 

 

𝜔 =
𝜇2

2𝜂
 

 

Moreover, the atomic charges fitted to the electrostatic potential (ESP), were determined 

using standard model (CHELPG) [37], in order to analyze the N1-linked to substituent and 

to examine the electron donor or electron withdrawing character of the substituent group.  

Furthermore, we evaluated the local density functional descriptor of reactivity that is the 

Fukui function, used to analyze chemical reactivity and site selectivity [38-40]. The Fukui 
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function values were obtained from Hirshfeld’s population scheme which provides positive 

values of the function [41]. The Fukui function is defined as the derivative of the electron 

density 𝜌(𝑟) with respect to the total number of electrons N in the system, at constant external 

potential 𝜈(𝑟 ) acting on an electron due to all the nuclei in the system [38, 39]  

 

𝑓(�⃗⃗�) =  [
𝛿𝜇

𝛿𝜐(�⃗⃗�)
]

𝑁

=  [
𝜕𝜌(�⃗⃗�)

𝜕𝑁
]

𝜐(�⃗⃗�)

 

 

Also, the Fukui function provide information about the site reactivity within a molecule. 

Depending on the electron transfer, three types of Fukui function are defined [39]. A common 

simplification of the Fukui function is to condense its value to individual atoms in the 

molecule [39, 40]. The condensed Fukui function were calculated using finite difference 

approach proposed by Yang and Mortier [42], by the following expressions. 

 

𝑓𝑘
− = 𝑞𝑘(𝑁) − 𝑞𝑘(𝑁 − 1)   for electrophilic attack, 

 

𝑓𝑘
+ = 𝑞𝑘(𝑁 + 1) − 𝑞𝑘(𝑁)   for nucleophilic attack, 

 

𝑓𝑘
0 = [𝑞𝑘(𝑁 + 1) − 𝑞𝑘(𝑁 − 1)]/2  for radical attack, 

 

where, 𝑞𝑘 is the electronic population of atom k in a molecule. 
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Besides, in order to identify a possible relationship between carcinogenicity and aromaticity 

of sulfonamides, we estimated the energetic difference between molecular orbitals HOMO 

and HOMO-1, taking this parameter, , as an indirect measure of the compounds’ 

carcinogenicity according to the Barone rules and with previous theoretical works [29, 43-

45]. Additionally, molecular docking studies were carried out using Docking Server [46-50], 

with the purpose to explore the affinities binding between the sulfonamides (ligands) and 

protein (target of the sulfonamides class of antibacterial) Dihydropteroate synthase from 

Staphylococcus aureus subsp. aureus Mu50, (Protein Data Bank ID: 4HB7). 

Results and discussion 

The experimental bacteriostatic activities in vitro and the pKa experimental values in Table 

1, were taken from Ref. [1]. Such that, the bacteriostatic activities in vitro is defined as the 

minimum inhibitory concentration (MIC), which represents the minimum concentration of 

drug necessary to cause a bacteriostatic effect against Escherichia coli when the organisms 

are grown in a synthetic medium. So, smaller values imply higher bacteriostatic activity; 

throughout the present discussion, we will consider that Sulfanilamide (SNA) as the inactive 

molecule with respect to its analogues. The values of the acidity (∆𝐺0), hardness (η), 

electrophilicity index (ω), aromatic index (Δ), as well as, the experimental values of the 

bacteriostatic activity and the pKa values for selected sulfonamides, free energy binding and 

polar interaction are shown in Table 1. We analyzed the ∆𝐺0 of the (sulfonamide group, -

SO2NH14R), by evaluating the rapidity or easily of the sulfonamide group to lose the H14 

hydrogen atom in the molecule (see Figure 1); thus, it can be observed from Table 1 that 

SNA possesses the largest value for ∆𝐺0 and hence it presents the lowest acidity when 

compared with its analogs. It is noteworthy to note, that our theoretical results of ∆𝐺0 values 
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present a good correlation with the pKa experiment values (See Figure 2 and Table 1), these 

findings illustrate that the active sulfonamides possess acidic characteristics. These results 

are in agreement with previous theoretical studies [18, 28, 29]. Additionally, Figure 3 

displays the isosurfaces of the electrostatic potential showing the acidic character of the H14 

atoms, which increase with the electron-withdrawing effect of the substituent linked to N1.  

Moreover, Table 1 shows the values for the global-reactivity descriptors calculated: hardness 

(η), electrophilic index (ω) and aromatic index (Δ). From Table 1, we observed that the SNA, 

SMX and SCM have small hardness values, indicating that these molecules are the more 

reactive that its analogues. The results of the electrophilic index indicated that the SNA, SMX 

and SCM have a larger predisposition for acquiring an additional electronic charge than the 

rest of their analogs, these results are in agreement with the previous descriptor of hardness. 

Also, from Table 1, the aromatic index showed that SNA, SCP and SDZ have larger values, 

whereas, SMX and SMDZ have smaller values than their analogs. So, the SMX and SMDZ 

might have less toxic effects than their analogues. These findings are in agreement with the 

Barone rules and with previous work [27, 43-45, 51]. 

Table 2 collects the atomic charges (fitted to ESP) values for the following atoms: N4; C7; 

C6; C3; N1; SO2 and R, in order to estimate the nucleophilic/electrophilic nature sites, and to 

know which atoms might contribute to the chemical reactivity and with bacteriostatic effect. 

From Table 2, we explore the negative charge on N4, C6, C3 and N1 atoms; it was observed 

that SNA and SMP have the largest negative charge on N1 atoms and at the same time, these 

atoms have the smaller negative charge on N4 atoms than their analogues. In relation to the 

negative charge on the SO2 group, the SNA has the largest value than its analogues. So, these 

results suggest that the atoms and groups with larger negative charge are more exposed to 
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electrophilic attack. Contrarily, the SDZ and SNA have the smaller positive charges on the 

C7 than the other sulfonamides; these findings suggest that atoms with larger positive charges 

are more exposed to nucleophilic attacks. Moreover, we investigated the substituent effect 

between the charges of R-substituent and the acidity. This result exhibited that molecules 

with a smaller positive charge, are those that have more acidity (Table 2 and Figure 3); so, 

we may note that acidity enhances with electron-withdrawing substituents and at the same 

time the substituent exerts an electro donor effect of the atomic charges on N4 atoms.  

The Figure 4 displays the values of condensed Fukui functions obtained from Hirshfeld 

population scheme (Figure 4) for the following atoms: C3; C5; C7; C8; N1 and N4; from 

Figure 4, we observed that Fukui Function (𝑓−) values for C3; C5; C7; C8 and N4 are 

possible electrophilic attacks in all molecules; whereas, for Fukui Function (𝑓+) values 

obtained predict for N1; atoms as possible nucleophilic attacks, mainly for SNA and SMX; 

additionally, for Fukui Function (𝑓0) values suggest to C3, C5, C8 and N4 atoms as possible 

radical attacks to for all molecules. These results permitted us to know which are the more 

potential reactive sites for electrophilic, nucleophilic or radical attacks, respectively. 

From Table 1 and Figure 5, we observed that the SMX with bacteriostatic activity has the 

most negative free energy binding than their analogs; contrarily, the SNA has the smallest 

value. In this sense, we can observe as the main interaction between the sulfonamide and 

DHPS is through the N4 atoms that have larger negative atomic charge in all active 

molecules. Such that, the bulky substituents increase the rigid of the molecules and therefore 

the interaction among the sulfonamides and DHPS. Also, the results illustrated a stronger 

polar interaction between the p-amino group of SMX and the residue of Lys251 than their 

analogs. These results are in agreement with previous studies of the importance of the N4 
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atoms of sulfonamides [11, 18], and with a recently studies of the chemical space of 

sulfonamides [52] and of the adsorption of the sulfonamides on phyllosilicates surfaces [53]. 

Our results exemplify how a substituent with specific chemical structure could modify the 

toxicity, acidity, chemical reactivity and consequently its biological functionality in the 

pharmacological molecules. 

 

Conclusions 

We have performed a theoretical study at the M06-2X in aqueous solution, to analyze the 

substituent effect on the acidity, toxicity and the chemical reactivity of bacteriostatic 

sulfonamides. According to our findings, we summarize the following points: 

The results exhibited a correlation between the theoretical acidity (∆𝐺0) and pKa 

experimental values. Also, the more acidic sulfonamides are those that have larger 

bacteriostatic activity. The acidity enhances with electron withdrawing substituents. Such 

that, the substituent group plays a critical role on the physicochemical features. 

The chemical reactivity analysis indicated that, the electron withdrawing substituent groups 

decrease the aromatic index (less toxic). Also, sulfonamides more reactive (small hardness 

values) are capable of accepting additional electronic charge (larger electrophilic index 

values). Through the atomic charges and the condensed Fukui Function, we noticed that the 

main chemical reactivity takes place on aromatic ring, as well as on N4 atoms and in -

SO2NH- moiety. Complementary docking descriptors illustrated binding affinities between 

the sulfonamides and Dihydropteroate Synthase, that are in good agreement with the quantum 

chemical descriptors. 
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Our results of the acidity, atomic charges, Fukui functions, aromatic index, electrophilicity 

index, hardness and docking descriptors, led us to analyze and to characterize the reactive 

sites, which altogether might contribute to understand the bacteriostatic activity of the 

sulfonamides. Also, these findings might be useful in the designing of novel molecules with 

specific biological activity and less chemical toxicity.  
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FIGURE CAPTIONS 

 

Figure 1. Generic Structure and Selected Bacteriostatic Sulfonamides. 

 

Figure 2. Correlation between Acidity (∆𝐺0) vs pKa experimental values of bacteriostatic 

selected sulfonamides 

 

Figure 3. Isosurfaces obtained for the electrostatic potential showing the acidic character of 

the H14 for selected bacteriostatic sulfonamides at the M06/6-311+G(d,p) level. Negative 

ESP values (colored in shades of red); positive ESP values (colored in shades of blue) go 

from – 157.817 to 278.170 for SCM. 

 

Figure 4. Condensed Fukui function values for bacteriostatic sulfonamides, using Hirshfeld 

population scheme.  

 

Figure 5. Hydrogens bond interactions between sulfonamide and Dihydropteroate Synthase, 

and hydrophobic interactions with specific residues for: a) SNA and b) SMX. 
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Table 1. Acidity (∆𝐺0) and quantum chemical descriptors of selected bacteriostatic 

sulfonamides at the M06-2X/6–311++G(2d,2p) // M06-2X/6–311+G(d,p) levels. 

Sulfonamide ΔG0 

kcal/mol 

 

(e.V) 

 

(e.V) 

Δ 

(e.V) 

apKa 

(Exp) 

aIn vitro 

Activity 

E.coli 

mol/L 

bFree 

Energy  

Binding 

kcal/mol 

bPolar 

Interaction 

kcal/mol 

Lys251 

SNA 291.46 7.38 0.41 1.42 10.5 128.0 -1.19 - 

SMZ 284.25 7.84 0.31 1.13 6.98 0.95 -1.82 - 

SMP 283.97 8.21 0.25 0.99 7.2 1.0 -2.09 -1.79 

SMT 283.86 7.74 0.33 1.07 7.4 1.70 -1.76 -1.79 

SMDZ 283.75 8.08 0.27 0.52 7.0 2.0 -1.27 -0.88 

ISMD 283. 15 7.96 0.29 0.91 6.7 1.0 -1.30 -0.83 

SDZ 283.02 7.97 0.29 1.23 6.52 0.9 -1.80 -1.97 

SCP 281.38 8.49 0.21 1.39 6.10 - -2.44 -1.39 

SMX 281.21 7.49 0.39 0.28 6.0 0.8 -2.39 -2.31 

SCM 279.88 7.52 0.38 1.44 5.4 2.3 -1.42 -0.69 

aThe experimental bacteriostatic activities in vitro and the pKa experimental values, were taken from Ref. [1].  
bFree energy binding and polar interaction were performed by Docking calculations. 
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Table 2. Atomic charges for selected bacteriostatic sulfonamides at the M06-2X/6–

311++G(2d,2p)// M06-2X/6–311+G(d,p) levels. 

Sulfonamide N4 C7 C6 C3 N1 SO2 R 

SNA -0.907 0.479 -0.079 -0.059 -0.841 -0.223 0.403 

SMZ -0.929 0.512 -0.060 -0.163 -0.640 -0.188 0.239 

SMP -0.908 0.500 -0.062 -0.105 -0.714 -0.186 0.293 

SMT -0.915 0.486 -0.043 -0.106 0.644 -0.194 0.231 

SMDZ -0.928 0.504 -0.036 -0.129 -0.680 -0.180 0.261 

ISMD -0.930 0.506 -0.013 -0.138 -0.678 -0.178 0.265 

SDZ -0.930 0.478 -0.053 -0.084 -0.666 -0.199 0.251 

SCP -0.929 0.510 0.055 -0.119 -0.706 -0.169 0.284 

SMX -0.932 0.508 -0.087 -0.107 -0.661 -0.177 0.219 

SCM -0.921 0.514 -0.077 -0.087 -0.481 -0.237 0.090 

Values of atomic and group charges are given in a.u. 
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Abstract:  In  this  chapter  we  review  the  utility  of  an  information-theoretic  three-
dimensional  (IT-3D)  space  to  unveil  the  unique  physical,  chemical  and  biological
aspects of a great diversity of many electron systems, ranging from neutral and ionized
atomic systems and simple molecules to much more complex ones such as amino-acids
and pharmacological molecular ensembles. This space is generated from the Shannon
entropy,  the  Fisher  information  and  the  disequilibrium  measures  along  with  their
corresponding  Fisher-Shannon  and  López-Ruíz-Mancini-Calvet  (LMC)  complexity
measures. To achieve it we start from the theoretical ground that atoms and molecules
can  be  described  by  means  of  the  basic  information-theoretical  notions  of
delocalization, order, uniformity and complexity; thus, revealing the possible existence
of an universal three-dimensional information-theoretic space for all systems in Nature.
On the other hand, we discuss the abilities of the Shannon entropy, Fisher information
and disequilibrium to capture the spatial spreading features of delocalizability, order
and  uniformity of  biological  molecules.  Indeed, these  three  entropic  measures  are
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found  to  uniquely  characterize  all  amino  acids,  and  some  selected  pharmacological
systems,  through a  predominant  information-theoretic  quality  scheme (PIQS)  which
gathers  all  chemical  families  by  means  of  three  major  spreading  features:
delocalization,  narrowness  and  uniformity.  This  scheme  is  shown  to  recognize  4
chemical  groups  characterized  by  this  entropic  scheme:  delocalized  (aliphatic  and
aromatic),  narrowed  (electro-attractive)  and  uniform  (tiny).  Chemical  groups  are
differentiated  according  to  their  energy  classifications.  Also,  it  is  shown  that
information  planes  produce  interesting  patterns  associated  to  the  PIQS  scheme.

1.1. INTRODUCTION

Most  physical  theories  pursue  to  describe  the  most  basic  aspects  of  the
macroscopic world through simple models, predicting some parameters that are
assumed  or  taken  from  experiments.  In  consequence,  the  prediction  of  these
parameters cannot be predicted by simple theoretical models. Obviously, to gain
insight of all physical features requires to analyse the features of the systems in
smaller  scales  where  the  simplest  processes  correspond  to  the  lowest  level  of
knowledge. It is advantageous to go to a deeper level since it reduces the number
of unspecified parameters, and hence the corresponding theory is considered to be
complete  and  fairly  adequate.  A  typical  example  of  this  kind  of  theories  is
Molecular  Biology  which  is  ultimately  based  on  quantum  chemistry  and
molecular dynamics. Notwithstanding that more comprehension of the lower level
is achieved, it is practically impossible to attain a full description of the molecular
processes taking place in living systems,  hence the intricacy of  the large set  of
parameters makes the endeavour a very difficult one. Considering an alternative
approach  to  extracting  the  essential  features  of  biological  processes  by  use  of
Information Theory (IT) concepts has proven to be a succesful one. Moreover, the
rapidly  evolving  field  of  Quantum-information  biology  [1  -  3],  which  employs
information-theoretic concepts, is gaining wide attention to comprehend some of
the most basic and yet unsolved questions of molecular biology.

There has been an increasing interest in characterizing and classifying different
physical systems in terms of a few fundamental properties, not only in Physics but
also  in  Chemistry  and  Biology.  Perhaps,  quantitative  structure  activity  relation
(QSAR) and quantitative structure properties relation (QSPR) constitute the most
commonly  approaches  employed  to  relate  molecular  structures  with  physical
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properties  and  biological  activity.  The  beginning  of  these  techniques  could  be
remounted to mid 60’s of  the last  century,  when Hansch and Fujita proposed a
connection between biological activity and chemical structure [4]. Furthermore,
they  argued  that  similar  molecules  share  similar  solubility,  expecting  that  the
relative polarity of molecules could be crucial in order to find a parameter relating
structure  and  activity.  Based  on  the  ideas  of  Robert  Muir  and  the  Hammet
equation [5], the structural changes might be correlated by means of parameters
allusive  with  the  partition  coefficient  to  numerically  analyse  structure-activity
problems  [6]  of  biomolecules.  Consequently,  QSAR  has  evolved  from  simple
regression methods to the analysis of very large sets of data comprising thousands
of diverse molecular structures, and uses a wide variety of statistical and machine
learning  techniques.  These  advances  have  found  broad  application  on  QSAR
methods  in  chemistry,  material  and  nano-material,  and  life  sciences  to  assess
potential  impacts  on  ecological  systems  [7].  One  of  the  most  promising
application of this methodology resides in the chemical space [8]. The concept of
chemical space emerges as a metaphor, and suggests the existence for a chemical
universe which contains millions of organic compounds [9]. Although chemical
space has not been well defined, it considers a multidimensional descriptor space
in  the  sense  of  a  region  defined  by  a  particular  choice  of  descriptors  to
characterize  as  many  chemical  compounds  as  possible,  and  relate  similar
molecular  structures  with  desired  physicochemical  properties  and  biological
activity. In that respect, the relevance of any region of the chemical space must be
judged by its ability to group compounds with similar bioactivity together [10].

The large number of physicochemical properties to be chosen as descriptors of the
chemical  space  is  an  important  disadvantage,  due  to  the  risk  of  employing
irrelevant  and  redundant  descriptors.  Moreover,  different  systems  could  be
wrongly misplaced at the same point of such a space if the descriptors selection is
not  well  chosen  [7].  A  deeper  understanding  of  this  vast  set  of  molecules  will
advance our knowledge of biological processes; therefore, the development of a
systematic  and  rational  classification  of  the  chemical  space  is  crucial  for  the
progress  of  chemical  applications.  The  analysis  and  exploration  of  this  space
represents a highly demanding computational task due to the immense number of
possible  stable  molecules  [11].  This  challenge  has  led  to  several  sophisticated
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methods  that  combine  the  predictability  of  2D-  and  3D-QSAR  methods  with
computational  chemistry  calculations  [12  -  16].

In recent years, quantum many body systems have been described by Information
Theory  concepts.  This  type  of  analyses  are  driving  the  interest  of  scientists  in
several interconnected sciences such as Physics, Chemistry, and Biology. Indeed,
there is a growing interest in applying information-theoretic techniques to systems
and their associated processes at different scales; either chemical, mesoscopic or
biological  ones.  Linked  with  the  above,  multidisciplinary  efforts  are  being
undertaken to employ IT at the classical (Shannon entropy, Fisher and complexity
measures)  and  at  the  quantum  (witnesses  of  entanglement)  levels,  to  study  a
diverse  type  of  chemical  and  biological  purposes  [17,  18].  In  Chemistry,  the
Shannon entropy, S, has been used to reveal important chemical regions that are
not present in the energy profile [18] by using the localized (delocalized) features
of  the  electron  distributions,  allowing  a  phenomenological  description  of
elementary chemical  and several  concurrent processes (bond forming/breaking)
[19]. Other studies have used the information conservation principle to calculate
several  quantifiers  of  chemical  reactivity:  electrophilicity,  nucleophilicity,
regioselectivity and electrophilic aromatic substitution [20 - 22]. Also, IT studies
have been focused to analysing molecular communication of biological organisms
[23]. Complementary to the Shannon description, Fisher information I provides a
different aspect of IT by providing a quantitative estimation of the fluctuations of
the electron distributions. This quantity represents the cornerstone of numerous
physical problems, for instance to derive the non-relativistic quantum-mechanical
equations  [24,  25]  by  means  of  a  minimum  principle  [26,  27].  Besides,
characterization  of  atomic  and  molecular  avoided  crossings  has  been  reported
[28]. Also, the “narrowness/disorder” features of I have been studied for electron
densities  in  conjugated  spaces  to  study  the  steric  effect  of  the  conformational
barrier of ethane [29]. Fisher information has also been employed in Biology to
test a model of carcinogenesis by applying extreme physical information analysis
[30].

Several  measures  of  complexity  have  been  proposed  and  widely  applied  in
physical sciences as general indicators of pattern, structure, and correlation, either
to  electron  systems  or  processes.  Several  notions  have  been  proposed  for
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quantifying  the  concepts  of  complexity  and  information,  including  the
Kolmogorov-Chaitin or algorithmic Information Theory [31, 32], the classical IT
of Shannon and Weaver [33], Fisher information [26, 27], and the logical [34] and
the  thermodynamical  [35]  depths,  among  others.  Some  of  them  share  rigorous
connections  with  others  as  well  as  with  Bayes  and  information  theory  [36].
Different meanings for the term "complexity" have been applied in the literature:
algorithmic,  geometrical,  computational,  stochastic,  effective,  statistical,  and
structural,  among  others.  Moreover,  it  has  been  employed  in  many  fields:
dynamical systems, disordered systems, spatial patterns, language, many electron
systems, cellular automata, neuronal networks, self-organization, DNA analyses,
social  sciences,  among  others  [37  -  42].  The  definition  of  complexity  is  not
unique, its quantitative characterization has been an important subject of research
and it has received considerable attention [43]. The usefulness of each definition
depends on the type of system or process under study, the level of the description,
and  the  scale  of  the  interactions  among  either  elementary  particles,  atoms,
molecules, biological systems, etc. Fundamental concepts such as uncertainty or
randomness are frequently employed in the definitions of  complexity,  although
some other concepts like clustering, order, localization or organization might be
also important for characterizing the complexity of systems or processes. It is not
clear how the aforementioned concepts might intervene in the definitions so as to
quantitatively  assess  the  complexity  of  the  system.  However,  recent  proposals
have  formulated  this  quantity  as  a  product  of  two  factors,  taking  into  account
delocalization/disequilibrium and delocalization/order [44, 45].

From  an  information-theoretical  point  of  view,  an  alternative  has  recently
emerged by quantifying the structural shape of the electron density distribution of
molecules  [46,  47].  These  previous  studies  suggest  that  molecules  with  similar
informational  properties  (like  narrowness,  localizability  and  uniformity)  are
related to organic compounds sharing similarities among their 3D-structures and
chemical properties. Indeed, from simple physical systems to complex biological
ensembles, properties of atoms and molecules strongly depend on the spread of
the  one-electron  density  ρ(r)  which  characterizes  its  quantum-mechanically
allowed state [48, 49]. Furthermore, the information theory of quantum systems
provides  an  entropy-based  characterization  of  atomic  and  molecular  systems,
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which complements the energy-based representation obtained through the wave
function and density functional methods. Measures of uncertainty, randomness,
disorder and localization are basic ingredients encountered to play a relevant role
for  the  identification  and  description  of  numerous  quantum  phenomena  in
physical  systems  and  chemical  processes.  These  features  of  delocalization,
uniformity and order can be quantified by the information-theoretic measures of
Shannon  entropy,  disequilibrium  and  Fisher  information  of  the  corresponding
electron densities of the system, respectively. Taking into account these concepts,
an information-theoretic space in three dimensions (IT-3D) can be defined.

This  chapter  is  organized  as  follows.  In  Section  2,  we  define  and  justify  the
different information theoretic measures to be used in this analysis. In Section 3,
the IT-3D chemical space of a large variety of many electron systems of physical,
chemical, biological and pharmacological interest are presented. In Section 4, we
analyse this IT-3D space for a group of selected sulfonamide-type molecules. In
Section 5, information-theoretic measures are employed to uniquely characterize
all  amino  acids  through  a  predominant  information-theoretic  quality  scheme
(PIQS). Finally, in the last section some conclusions and open problems are given.

1.2. INFORMATION-THEORETICAL MEASURES

The  one-electron  density,  ρ(r),  is  a  physical  observable  that  can  be  obtained
experimentally or calculated using ab initio or density functional theory methods.
It  quantifies  the  probability  of  an  electron  being  present  at  an  infinitesimal
element  of  space  defined  in  

, (1.1)

normalizes to N (the number of electrons),

(1.2)

and, according to Hohenberg-Kohn theorem, the physical and chemical properties
of atoms and molecules strongly depend on the one-electron density of the ground

 ℜ3

ρ(r) =
∫
|ψ|2dr2 . . .drN

∫
ρ(r)dr = N
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state  of  the  system  [50].  It  is  important  to  note  that  all  electron  densities  are
normalized to unity which is adequate to represent probability distributions which
are  scaled  to  the  size  of  the  system  according  to  the  definition  of  the  shape
function [51] (σ(r) = ρ(r)/N). It is convenient to denote unity-normalized densities
with the symbol ρ(r).

The  properties  of  atoms  and  molecules  depend  heavily  on  the  spread  of  the
probability distribution which characterizes their quantum-mechanical states. The
spread  might  be  grasped  and  quantified  by  several  information-theoretic
measures,  which  quantify  different  facets  of  the  density,  aside  of  its  standard
deviation  or  its  variance.  There  exist  two  kinds  of  measures:  global  and  local
ones. Global measures are suit to quantify the extent of the probability density in
several manners according to their corresponding analytic definition; i.e., they are
represented by means of density functionals of logarithmic (Shannon) and power
(disequilibrium) type. So that, they are barely sensitive to density fluctuations. In
contrast,  the  Fisher  information,  I,  is  able  to  grasp  the  local  features  of  the
electron  distribution  since  it  is  a  functional  of  the  density  gradient.  Therefore,
Fisher  information  is  highly  sensitive  to  the  changes  of  the  probability
distribution, locally wise. Hence, we expect that different physical and chemical
properties from different molecules might be characterized by narrower electron
densities. The above is adequate enough to characterize all the structural features
of the electron density by use of the different information-theoretic measures to
qualify and quantify several of its topological aspects. These measures are defined
below.

The  Shannon  entropy,  S,  of  a  probability  distribution  describing  a  specific
quantum  state  of  the  system,  is  given  by  [52].

(1.3)

where  ρ  (r)  is  the  unity-normalized  density  in  position  space.  This  definition
allows to assess the delocalization or lack of structure of the electronic density. It
is  then  interpreted  as  follows:  S  [ρ]  is  maximal  when  knowledge  of  ρ(r)  is
minimal,  characterizing  its  delocalized  topological  features.

S [ρ] =−
∫

ρ(r) lnρ(r)dr
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The  disequilibrium  measure,  also  known  as  self-similarity  [53]  or  information
energy  [54],  D,  is  useful  to  quantify  the  departure  from  uniformity  (or
equiprobability)  of  the  density.  The  disequilibrium  is  defined  as  [54]:

(1.4)

The Fisher information [26, 27], I, is defined by the following functional of the
gradient of the density:

. (1.5)

This quantity measures the spatial locally wise concentration of the density cloud
and quantifies its gradient content, thus revealing the irregularities of the density
and providing a quantitative estimation of its fluctuations. Besides, according to
the localized/delocalized features of the distributions, Fisher information can be
interpreted as a measure of the departure of the probability density from disorder.

These  three  quantities  measure  different  aspects  for  the  electron  density
distribution,  which  means  that  one  molecule  has  a  distinctive  set  of  theoretic-
informational  parameters [46,  47].  If  we compare two,  or  more molecules with
each other, we expect that molecules with similar structure, and physicochemical
properties, share a similar spread of their electron density distribution. Therefore,
a 3D informational space (composed by S, I, D) will be able to reflect a combined
three-fold  pattern  to  allowing  specific  information-theoretical  regions  for
molecules sharing similar  spatial  portions (or  not)  of  delocalization,  uniformity
and order.

Statistical complexity measures, namely the López-Ruiz-Mancini-Calbet (LMC)
and the Fisher-Shannon ones, consist of dyadic products of information-theoretic
quantities, so that each complexity measure attains the combined balance of two
different  aspects  of  the  density.  These  measures  obey  boundary  conditions
attaining minimals in the highest ordered state of the electron distribution as well
as in the disordered limit. The LMC or shape complexity measure [44], CLMC , is

D [ρ] =
∫

ρ
2(r)dr

I [ρ] =
∫ |∇ρ(r)|2

ρ(r)
dr
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defined through the product of measures of global character: the disequilibrium D
(quantifying  the  departure  of  the  density  from  uniformity)  and  the  Shannon
entropic  power,  L[ρ]  =  eS[ρ],  (quantifying  the  departure  of  the  density  from
localizability). For a given density, ρ(r), the LMC complexity measure is defined
as given by

(1.6)

In contrast, the Fisher-Shannon complexity, CFS is defined through quantities of
global (Shannon) and local character: the Fisher information measure, I, and the
power entropy, with factors that preserve the general complexity properties, i.e.,

. That is,

(1.7)

Note  that  in  Fisher-Shannon  complexity,  the  disequilibrium  global  factor  D  is
replaced by the Fisher local one in order to quantify the departure of the density
from disorder through the gradient of the distribution. This kind of complexity has
been  associated  as  a  measure  of  atomic  correlation  [55]  and  also  defined  as  a
statistical complexity measure [45, 56].

1.3.  INFORMATION-THEORETIC  CHEMICAL  SPACE  FOR  MANY
ELECTRON SYSTEMS

Features  of  delocalization,  uniformity  and  order  are  to  be  quantified  by
information-theoretical  measures  defined  in  the  previous  section.  Upon  this
theoretical  approach  all  systems  are  assumed  to  be  characterized  through  their
information  content,  featuring  any  of  the  three  different  IT  qualities
aforementioned  which  make  each  of  them  unique  among  the  rest  of  the
chemical/biological structures. We have introduced recently [47] an information-
theoretic  space  in  three  dimensions  (IT-3D)  with  the  three  following  axes:
disequilibrium  D,  Shannon  entropy  S,  and  Fisher  information  I.  We  focus  our
attention  in  a  large  variety  of  many  electron  systems  of  physical,  chemical,
biological  and  pharmacological  interest  (388  atoms  and  115  molecules).  The
electronic  calculations  in  this  work  have  been  performed  as  follows:

CLMC = D [ρ]L [ρ]

J = 1
2πe e

2
3 S

CFS = I [ρ]J [ρ]
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For  neutral  and  ionized  atoms:  Accurate  near-Hartree-Fock  atomic  wave●

functions of Koga et al. [57, 58] were employed in order to calculate the atomic
densities and their corresponding informational measures for all atoms, singly-
charged ions and isoelectronic series.
Amino  acids:  The  electronic  structure  calculations  were  obtained  with  the●

Gaussian 03 suite of programs [59] at the HF/6 − 311 + G(d, p) level of theory
[60].
Molecules with pharmacological interest: The electronic structure calculations●

performed in this study were carried out with the Gaussian 98, 03 and 09 suite of
programs [59,  61,  62] at  different  levels of theory:  (i)  restricted Hartree-Fock
(RHF)/6-31+G(d) for the sulfonamides [63] and anti-chagasic [64], respectively
(iii) DFT/6-311+G(d,p) using Becke’s 3−parameter hybrid functional (B3LYP)
and  the  Lee-Yang-Parr  correlation  for  the  anti-inflammatory  tripeptides  [65].
Single  point  calculations  at  different  levels  of  theory  were  performed  on  the
optimized  structures:  (i)  B3LYP/6-311+G(2d,2p)  for  the  anti-inflammatory
tripeptides  and  anti-chagasic,  (ii)  HF/6-31G(d,p)  for  the  antibiotics  [66],  (iii)
B3LYP/6- 31+G(d,p) for the sulfonamides.
Organic molecules: The electronic structure calculations were obtained with the●

Gaussian 03 suite of programs [59] at the CISD/6 − 311 + +G(3d f, 2p) level of
theory.

We  have  calculated  all  information  and  complexity  measures  defined  in  the
previous  section  for  all  molecular  systems studied  here  by  employing software
developed in our laboratory along with 3D numerical integration routines [67] and
the DGRID suite of programs [68].

In  Fig.  (1.1)  the  IT-3D  space  with  the  positions  of  103  neutral  atoms,  96
(positively- and negatively-charged) ions from H to Cs, and 9 isoelectronic series
from He through Ne is depicted. From Fig. (1.1) (top) for the atomic IT-3D space
we observe two different  regions:  the isoelectronic series  of  light  atoms with a
number of electrons N = 2 to N = 10 (balls on yellow, green, purple, etc.) extend
far  beyond the  region of  the  neutral  (grey spheres)  and ionic  systems (balls  on
blue  and  red)  on  the  D-axis  (disequilibrium),  thus  characterizing  isoelectronic
atoms  of  increasing  nuclear  charge  Z  by  departing  from  uniformity
(equiprobability)  as  compared  to  the  neutral  and  ionic  systems.  Note  that
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information-theoretic  space  of  anions departs  from that  of  neutral  atoms to the
right on the S-axis, while for the cations it goes to the left, i.e., negatively-charged
atoms are characterized by holding delocalized distributions as compared to the
neutral and the positively-charged ionized atoms.

Fig. (1.1). 3D-information-theoretic space of 103 neutral atoms, 96 (positively- and negatively- charged) ions
from H to Cs, and 9 isoelectronic series from He through Ne. Neutral atoms and positively- and negatively-
charged ions are depicted by grey, blue and red balls, respectively. Iso-electronic series from N = 2 through N
= 10 are depicted with balls on yellow, green, purple, etc. (top). 3D-information-theoretic space for neutral
atoms with valence-shell filling (bottom). Atomic units are used.
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In  contrast,  the  atomic  IT-3D  space  of  the  first  103  neutral  atoms  behaves  as
shown in Fig. (1.1) (bottom), which is featured by an increasing behavior on its
D-  and  I-axes  by  showing  segments  of  different  slope  in  such  a  manner  that
reveals its periodic nature (colours indicate atoms with similar valence shell: s, p,
d,  etc.  according  to  the  code  shown  at  the  right  of  the  Figure).  Besides,  the
anomalous shell-filling of atoms is also observed (balls in black); see for instance
atoms  with  Z  =  24,  29,  46.  It  is  remarkable  to  note  that  atoms  of  the  first  two
periods  (Ne  through  Ne)  hold  a  somewhat  constant  value  of  uniformity.  More
specific observations might be found in Ref. [48].

In  Fig.  (1.2)  the  entropic  IT-3D  features  together  with  the  FS  and  LMC
complexity aspects of the neutral atoms previously considered are shown. In this
space  it  is  seen  that  FS-  and  LMC-complexities  (revealing  features  of  order-
uniformity and delocalization-uniformity) increase with the number of electrons.
Note that in the Fig. (1.2), higher values of CFS are depicted in reddish and smaller
ones in blueish colours, similarly higher values of CLMC are drawn in bigger ball
sizes, and smaller ones for lower values. It is apparent that there are no relevant
structural differences between complexities based on their global (CLMC ) or local
(CFS)  nature.  Besides,  it  is  interesting  to  note  that,  with  some  exceptions,  both
complexities hold minima for noble gases as well as for atoms with anomalous
shell-filling; see for instance atoms with Z = 24, 29, 46 (characterized for losing
an inner s electron). In Fig. (1.2) we have depicted the 3D-information-theoretic
space for neutral atoms with N = 2 to N = 35 to amply the topological features of
lighter  atoms.  It  is  worth  mentioning  that  a  thorough  analysis  of  the  FS-  and
LMC-complexities for atomic systems might be found in Ref. [48].

In Fig. (1.3), both sets of entropic and complexity features are displayed as well
for a great diversity of complex molecular systems; namely, 10 alkanes (squares),
4 ethoxides (squares), 52 organic molecules containing C−H,  C−O,  C−N,  C−S
and  C  −  X  (X  stands  for  halogens)  bonding  types  (hexagons),  20  amino  acids
(circles),  and  29  molecules  of  different  pharmacological  interest:  anti-cancer,
bactericides,  antibiotics,  anti-inflammatory  and  anti-chagas  (triangles).
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Fig. (1.2). 3D-information-theoretic space for neutral atoms. Higher to smaller values of CFS are depicted in
reddish to blueish colours. Similarly, higher to lower values of CLMC are drawn with bigger to smaller ball
sizes (top). Detail of the previous graph for the sequence of lighter atoms with N = 2 to N = 35 (bottom).
Atomic units are used.
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Fig. (1.3). 3D-information-theoretic space for organic molecules with X =halogens or S atoms (hexagons),
aminoacids (circles), pharmacological molecules (triangles) and other organic molecules including alkanes
and ethoxides (squares). Higher to smaller values of CFS are depicted in reddish to blueish colours. Similarly,
higher to lower values of CLMC are drawn with bigger to smaller ball sizes (top). Detail of the previous graph
for the same molecules except for the set of organic molecules with X or S atoms (bottom). Atomic units are
used.
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The general and most important observation from the Fig. (1.3) is that every set of
different  kind of molecules possesses a unique region of IT-space,  i.e.,  organic
molecules spread from lower to higher values of D (departure from uniformity) as
compared to the rest of the molecules, remarking that the highest values are found
on  organic  molecules  which  contain  heavier  atoms,  sulphur  and  halogens.
Particularly  interesting  is  to  observe  from  a  more  reduced  region  of  the
information-theoretic  space  (Fig.  1.3)  that  a  subset  of  organic  molecules,  the
alkanes, hold a linear behavior by having almost constant values of I, i.e., order.
Additionally,  the  alkanes,  the  amino  acids  and  the  pharmacological  molecules
show rather specific regions on the IT-space characterized by increasingly higher
values of I, hence indicating less disordered systems. Indeed, from the alkanes to
the pharmacological molecules (from left to right on the Fisher-axis) we observe
that the amino acids possess intermediate values in between the alkanes (holding
the  lowest)  to  the  pharmacological  molecules  (having  the  highest  ones).  The
exception being the two amino acids which hold heavier atoms (sulphur), which
possess higher values of order and disequilibrium. Moreover, the set of organic
molecules seems to have IT qualities that make them behave linearly on the D−I
plane, grouping them together in the IT-3D space.

Next, we have extended the analysis of the molecular information-theoretic space
by considering the information arising from the complexity measures. Here, it is
remarkable that  the members of each set  of molecules above described possess
similar  complexity  values  for  both  CLMC  (estimated  by  a  size  scale)  and  CFS

(estimated  by  the  colour  scale)  measures.  For  instance,  all  organic  molecules
depict  blueish squares of  similar  size;  all  amino acids show greenish-yellowish
circles of similar size (except for the ones containing sulphur atom which holds
higher  values  of  LMC-complexity).  Also,  the  majority  of  the  pharmacological
molecules possess reddish symbols of similar size. The exceptions to this behavior
are  the  alkanes  and  the  organic  molecules  having  S  or  X  atoms,  which  show a
wider range for FS-complexity, from blueish to greenish colours, although their
LMC values seem to be constant.

Let  us  highlight  the  fact  that  aside  of  the  chemical  meaning  of  the  different
molecular  families  analysed here,  one would think that  most  of  the  differences
among them come from a standard chemical or biological nomenclature, even in
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cases  where  different  subsets  contain  the  same  kind  of  atoms  and  hence,  they
should  all  together  be  classified  in  the  same  group.  It  is  clear  from  the
information-theoretic space that these subsets in fact possess physical or chemical
features that make them different and hence they occupy different regions, beyond
their chemical/biological classification. See for instance the case of the organic
molecules and its subset, the alkanes, the organic molecules in comparison to the
amino acids subset, or the one formed by the molecules within specific families of
pharmacological  interest.  They  indeed  behave  differently  and  are  grouped
together.

1.4.  CHEMICAL  SPACE  OF  SELECTED  BACTERIOSTATIC
SULFONAMIDES

In this section we undertake an investigation of sulfonamide-type of molecules to
explore  their  chemical  space  region  in  order  to  relate  information-theoretic
quantities with chemical structures and bacteriostatic activity [69]. Moreover, the
effect of the functional groups on the spread of the electron density distribution of
the derivatives of 4-aminobenzensulfonamide is analysed.

Chemically speaking, sulfonamides constitute excellent model probes because of
their structural diversity, as conferred by their substituents, and yet their moderate
molecular  size  permit  a  variety  of  theoretical  studies  of  physicochemical  and
pharmacological interest. On the medical side, sulfonamides represent synthetic
antimicrobial agents encompassing wide spectrum against most gram-positive and
many gram-negative organisms. They have been typically employed for several
clinical  purposes,  e.g.,  in  the  prevention  and  treatment  of  bacterial  infections,
diabetes mellitus, edema, hypertension, among others. The chemical signature of
sulfonamides resides on their organic sulfur group −SO2NH2 and at the same time
on their mechanism of action. That is, the bacteriostatic activity of sulfonamides is
due to interference with the metabolic processes in bacteria that requires PABA
(Fig. 1.4) in the synthesis of folic acid, and ultimately of purine and DNA [70]. As
to  the  mechanism  is  concerned,  we  expect  that  molecules  with  bacteriostatic
activity might share more similar informational-theoretic properties with PABA
than the rest of the molecules.
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According to the above, we have undertaken an information-theoretical analysis
of sulfonamides with the following goals: (i) to explore their IT − 3D region on
the  chemical  space  to  investigate  its  link  with  their  chemical  structure  and
bacteriostatic  activity,  and (ii)  to  assess  the  effect  of  their  substituents  so  as  to
analyse how they gather in different possible chemical subsets. The selected group
of sulfonamide-type of molecules that we employed for the study was chosen as
follows:  fifteen  of  them  possess  bacteriostatic  activity  and  have  been  studied
previously  [71],  eleven  molecules  were  computationally  designed  as  structural
analogues of sulfonamide.

Fig. (1.4). The structural formula for the p-aminobenzoic acid (PABA).

Fig. (1.5). Construction of the molecular models. R corresponds to 4-aminobenzensulfonamide; R1 and R2 are
substituted by different functional groups.
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The latter  systems have  not  been  reported  before  to  the  best  of  our  knowledge
[72]. Besides, the 4-aminobenzoic acid (PABA) was also considered (Fig. 1.4). As
mentioned  above,  chemical  analogues  to  sulfonamide  can  be  constructed  by
substituting one hydrogen atom in the amino group by a different R1 group. The
chemical structure for these molecules is shown in Fig. (1.4). In order to analyse
the effect of the R group in a deeper way, we have generated these eleven novel
compounds with different R groups, which do not present bacteriostatic activity,
but  their  analysis  can  be  useful  to  describe  sulfonamides  from an  information-
theoretic  point  of  view.  Results  for  the  information-theoretic  analysis  of  the
chemical space for these type of pharmacological molecules is now presented in
the rest of this section.

Standard  computational  programs  for  electronic  structure  calculations  were
employed (G98 and G09 suite  of  programs [62])  to  obtain  the  molecular  wave
functions  for  the  sulfonamide-type  of  molecules  analysed  here.  The  chemical
structures  were  optimized  at  the  restricted  Hartree-Fock  (RHF)  level  of  theory
with a 6 − 311 + G(d, p) basis set. Then, single-point calculation were performed
on the optimized structures at  the HF/6 −  31 + +G(d,  p)  and B3LYP/6 −  31 +
+G(d, p) levels of theory; a frequency analysis was performed so as to corroborate
that the obtained structure corresponds to an equilibrium geometry. Details of the
electronic calculations can be found in Ref. [63]. Furthermore, molecular electron
densities  were  obtained  along  with  all  information-theoretic  measures,  and
complexity dyadic products as defined in the previous section (i.e., S, D, I, CLMC ,
CFS) by employing software developed in our laboratory along with 3D numerical
integration routines [67] and the DGRID suite of programs [73].

The 3D-information-theoretic (IT-3D) space for all sulfonamide-type molecules
and  the  p-aminobenzoic  acid  (PABA)  is  shown  in  Fig.  (1.6).  Accordingly,  we
have observed that molecules have grouped together into five different regions of
the  chemical  space.  Besides,  it  is  worthy  to  remark  from  this  Figure  that  all
molecules with bacteriostatic activity belong to only two of the 5 groups. Aside of
the  sulfonamide  molecule,  that  holds  the  least  bacteriostatic  activity,  which
belongs to a different group (Fig. 1.6). As expected, the group of molecules with
reported bacteriostatic activity is much similar to PABA according to the IT-3D
chemical space. It is worthy to mention that grouping observed above has been
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validated  by  use  of  a  different  technique  employing  multivariate  mathematical
techniques.

Fig. (1.6). 3D-information-theoretic space for the 27 analogues of sulfonamide and the p-aminobenzoic acid
(PABA). Each symbol represents one of the five specific regions of the chemical space where the molecules
are located. Atomic units are employed.

Furthermore,  we have  found that  concomitant  with  the  IT-3D chemical  pattern
aforementioned, there is an additional scheme of characterization based upon the
R1 and R2 groups, i.e., the chemical character of the substituents, regardless of its
chemical structure. The most apparent features are reported below:

It is observed that inclusion of R1 as an aromatic heterocyclic compound, implies●

a drastic decrease of the disequilibrium of the molecule, i.e., the electron density
becomes closer to uniformity. In these molecules, R1 corresponds to a pyridine
(sulfapyridine) or a diazine (sufadiazine and sulfapyrazine) compounds and R2 to
H atom.
Molecules with an extra methyl group −CH3 (sulfamerazine, sulfamethyldiazine,●
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sulfamethazine  and  sulfisomidina)  or  a  methoxy  group  −OCH3  (sulfalene,
sulfamethoxypyridazine,  sulfadimethoxine  and  sulfadoxine),  possess  lower
values of Fisher information compared to molecules with only no substitution
over diazine group. This indicating that these systems are less disordered.
Differences between molecules with a methyl (−CH3) and a methoxy (−OCH3)●

group are given by their Shannon entropy. The former have smaller values of S,
which means their probability density is more localized than the densities of the
latter.
The  Fisher  information  and  the  disequilibrium  decrease  with  the  number  of●

−CH3  or  −OCH3  groups  present  in  the  molecules.  The  density  probability
becomes  much  more  uniform  and  ordered.
The  rest  of  the  modified  molecules  show  higher  disequilibrium  and  Fisher●

information values, in turn higher to the sulfanilamide ones. The electron density
of these molecules becomes less uniform and more disordered, this behavior is
accentuated when the atoms in R1 and R2 belong to larger groups.

All  compounds  considered  here  are  characterized  through  their  information
content,  featuring any of the three different  IT qualities  aforementioned,  which
make  them  unique  among  the  rest  of  the  structures.  An  extension  of  the
information-theoretical analysis of the chemical space, is naturally performed by
use of complexity concepts through the FS and LMC dyadic definitions provided
above.  These  measures  allow  to  grasp  composite  IT  aspects  of  the  systems
(delocalization/uniformity  and  disorder/uniformity  of  the  electron  molecular
distributions).

The IT-3D space and the FS complexity measure are displayed all together in Fig.
(1.7) (top). Note that larger values of CFS are depicted in reddish and smaller ones
in blueish colours. In Fig. (1.7) (bottom) the Fisher-Shannon projection of this IT-
3D space is  depicted.  It  is  interesting to emphasize that,  with some exceptions,
both LMC and FS complexity measures show opposite behaviors. Most relevant
aspects of the Figure are reported next:

The  p-amino  benzoic  acid  (PABA),  the  only  natural  compound  under●

consideration in this study, has the lowest value of both complexity measures.
Including a cyclic radical in the molecule increases (decreases) the CFS  (CLMC)●
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complexity. Sulfadiazine and sulfapyrazine possess larger (lower) values of CFS

(CLMC ) compared to the sulfapydirine due to the presence of two nitrogen atoms
instead one in the R1 group.

Fig. (1.7). 3D-information-theoretic space (top) for sulfonamides. Larger values of CFS are depicted in redish
colours whereas smaller ones are depicted in blueish ones. Fisher-Shannon plane. (bottom) Atomic units are
employed.
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Molecules  with  a  methyl  group  −CH3  (sulfamerazine,  sulfamethyldiazine,●

sulfamethazine  and  sulfisomidine)  or  a  −OCH3  group  (sulfalene,  sulfame-
thoxypyridazine,  sulfadimethoxine  and  sulfadoxine),  possess  higher  (smaller)
values of CFS (CLMC ) compared to molecules with only a benzene group.
The number of CH3 or OCH3 groups within the molecule increases (decreases)●

the CFS (CLMC ) complexity.

1.5.  PREDOMINANT  INFORMATION  QUALITY  SCHEME  FOR  THE
ESSENTIAL AMINO ACIDS

Amino acids are the essential units of biological organisms which are encoded in
proteins  and  nucleic  acids  (DNA  and  RNA).  These  molecules  hold  complex
patterns controlling all biological functions. In recent years, great advances have
been achieved to understand how these molecules evolved. For instance, what is
appearance  order  of  amino  acids  over  evolution?,  how  many  amino  acids
appeared at the time when life initiated?, has the number of essential amino acids
changed  over  time?,  what  is  the  source  of  homochirality?.  Yet,  there  are  other
interesting questions that can be addressed: Is there a fundamental classification
of the essential amino acids within the vast world of other biological systems?, is
it  possible  to  find  a  sort  of  parameters  that  could  describe  and  classify  these
systems?,  at  what  extent  quantum  phenomena,  such  as  entanglement,  affect
biological systems? These questions await to be properly addressed by standard
theories  or  by  use  of  new  approaches.  It  is  our  goal  to  show  that  concepts  of
Information Theory constitute such an approach.

Increasing  attention  has  been  paid  to  investigate  theoretical  and  experimental
properties of α -amino acids [74]. For instance, studies of ground state energies
and ionization potentials of the essential L-α -amino acids were performed [74 -
78].  In  attempting  to  classify  amino  acids  and  to  be  able  to  differentiate  them
according to their properties, several classification schemes have been proposed
by  utilizing  different  chemical  properties  (acidity/basicity,  hydrophobi-
city/hydrophilicity,  charge/neutrality,  polarity/non-polarity,  aliphaticity/aroma-
ticity) and also by use of biological functionality: proteic (essential, chemically
modified) and non-proteic (D-amino acids, α−amino acids, ω−amino acids). In
Fig. (1.8) a Venn diagram is depicted which shows grouping of amino acids in
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accordance to their properties. This scheme was adapted from Refs. [79, 80]. It is
difficult  to  associate  relevant  physicochemical  properties  by  identifying  their
similarities,  i.e.,  the substitution of one amino acid by a different residue has a
greater chance of being accepted if the two molecules possess similar properties.
Accordingly, Taylor adopted a graphical approach to develop Venn diagrams of
amino acids families. The unions and intersections within the subsets of the Venn
diagram  allow  characterization  of  groups  of  amino  acids  that  might  be  gather
together  from  similar  structural  reasons  [80].  More  recently,  Kosiol  et  al.
developed  a  criterion  to  classify  amino  acids,  starting  from  their  substituting
matrices, which utilize a Markov model of protein evolution [81]. Classification
of amino acids according to the Taylor [80, 79] critera is one of the most accepted
methods in Biochemistry.

Fig. (1.8). Venn diagram of amino acids according to the representations given in Refs. [80, 79].

To the  best  of  our  knowledge,  there  have  been  no  attempts  to  characterize  the
essential amino acids by use of information-theoretic measures from protein data.
The  material  of  this  section  is  presented  by  following  these  goals:  (i)  to
characterize  amino  acids  according  to  its  information  content  (delocalization,
narrowness, and order), (ii) to design a scheme which associate amino acids based
upon  its  biochemical  properties,  and  (iii)  to  investigate  possible  links  among
information  measures  and  reactivity  parameters.  Technicalities  for  this  work
might  be  found  in  Ref.  [46].
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To  the  purpose  of  characterizing  the  information-theoretic  measures  of  amino
acids  under  study,  we  have  calculated  several  reactivity  properties,  e.g.  the
ionization  potential  (IP),  the  total  dipole  moment,  the  hardness  (η)  and  the
electrophilicity  index  (ω).  To  be  consistent,  we  have  performed  numerical
calculations to obtain molecular orbital energies at the density functional theory
(DFT)  level,  by  utilizing  Janak’s  theorem  [82],  which  is  analogous  to  the
Koopmans’  theorem  [83]  at  the  Hartree-Fock  level,  hence  conceptual  DFT
properties  are  straightforwardly  obtained.  Hardness  (η)  is  computed  in  this
framework  [51]  through

(1.8)

where  ε  stands  for  the  frontier  molecular  orbital  energies  and  S  denotes  the
softness of the system. It is worth mentioning that the factor 1/2 in Eq. (1.8) is set
only for symmetrical ressemblance with the chemical potential [51]

(1.9)

and  it  has  been  already  disowned  [84]  though.  Generally  speaking,  chemical
hardness  and  softness  are  good  indicators  of  chemical  reactivity.  Hardness  has
been  employed  as  an  indicator  of  chemical  reactivity  since  it  measures  the
resistance of the electron density to change [84, 85]. Thus, molecules with larger
values of η are less reactive molecules. The S index quantifies the polarizability of
the  molecule  [86];  thus,  soft  molecules  are  more  polarizable  and then prone  to
acquire electronic charge [87]. These concepts form part of the reactivity theory
based upon the hard and soft acids and bases principle [88].

The electrophilicity index [89] is defined in terms of its chemical potential and its
hardness as

.
(1.10)

According to conceptual  DFT, electrophilicity is  a  good descriptor of  chemical
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reactivity, quantifying the global electrophilic power of the molecules (proneness
to acquire additional electronic charge) [87].

Electron structure calculations for the amino acids under study were performed by
use of Gaussian 09 suite of programs [62] at the HF, DFT-M062X and CISD(Full)
levels  of  theory  on  the  6  −  311  +  G(d,  p)  basis  set.  Geometric  data  for  the  18
amino acids were obtained from bacteriorhodopsin protein (Protein Data Bank ID:
1C3W [90]) at five different random locations of the protein for each amino acid.
This means that 5 different energy conformations were chosen directly from the
natural  protein  (exception  being  for  cysteine  and  histidine  that  are  not  present
within the protein). Of course, in order to maintain the natural conformations of
the  protein  for  all  the  18  aminoacids,  we  keep  the  geometric  skeleton  for  each
conformation.  Therefore,  geometry  optimizations  were  constrained  to  optimize
the attached hydrogen atoms only. Optimization was performed at the HF level
with  the  basis  set  above  mentioned,  afterwards,  single  point  calculations  were
performed  at  the  CISD(Full)  level  of  theory.  Finally,  information-theoretic
measures were obtained at the CI level by employing software developed in our
laboratory along with 3D numerical integration routines [67] and the DGRID suite
of  programs  [73].  The  values  of  the  DFT  conceptual  properties  have  been
obtained  at  the  M062X/6  −  311  +  G(d,  p)  level  of  theory.

In  spite  of  the  fact  that  a  great  variety  of  biological  molecules  from  living
organisms  can  be  found  in  the  Protein  Data  Bank  (RCSB  PDB,  Cambridge
University) [90], protein known as bacteriorhodopsin (PDB ID: 1C3W) [91] is a
very interesting molecular system in itself. Bacteriorhodopsin, a retinal protein, is
the  major  photosynthetic  protein  of  the  archaeon  Halobacterium  salinarum.  It
converts “green” light energy (500-650 nm, max 568 nm) into an electrochemical
proton  gradient,  which  in  turn  is  used  for  ATP  production  by  ATP  synthase.
Hence  the  protein  works  a  light-driven  machine  generating  protons,  for
transporting out of the cell [92]. In particular, the protein possesses more than 250
amino acids along its tertiary structure. It holds 18 different essential amino acids.
Our interest is focused on analyzing different conformations of the same amino
acid (i.e., at different locations within the protein) to characterize them within its
natural  environment.  From  a  biological  viewpoint,  the  amino  acid  structure
strongly  depends  on  its  environment  (i.e.,  the  interaction  with  its  neighbouring



28   Frontiers in Computational Chemistry, Vol. 3 Esquivel et al.

amino  acids),  as  well  as  on  the  interactions  between  the  molecular  segments
surrounding  a  specific  amino  acid.

Several studies have shown that electron delocalization along the side chains of
peptides and proteins could be caused by a substituent  group along the peptide
backbone [93, 65]. Moreover, the geometry of the conformeric structures along
the protein could be affected by hydrogen-bonding from the functional groups of
the  side  chains  of  the  protein  [94,  95].  Thus,  all  physicochemical  properties  of
amino acids also depend on these factors. Further, it is likely that a given property
of an amino acid does not represent its state fully, because of its conformational
diversity  caused  by  neighbouring  residues;  hence  the  property  will  not  be
adequate to characterize that particular amino acid within the protein. In contrast,
we anticipate that information-theoretic measures might have a much more stable
behavior to characterize amino acids within the protein environment, in spite of its
conformeric diversity. This is because information-theoretic measures grasp the
essential features of the electron densities of systems.

Fig. (1.9) shows bar plots representing the value of a given property. This is done
for  all  amino  acids  of  the  1C3W  protein  in  their  chosen  five  conformeric
structures. We plotted different physicochemical quantities (such as energy (E),
chemical potential (µ) and hardness (η)) and information-theoretic measures (such
as  Shannon  entropy  (S),  Fisher  information  (I)  and  disequilibrum  (D)).  As
expected, we observe that properties such as chemical potential and hardness (in
green and yellow), possess numerical values with larger dispersions, since these
properties  strongly  depend  on  the  conformeric  geometry  of  amino  acids,  as
compared  with  the  energy  and  the  information-theoretic  measures  (in  red  and
blue), which are fairly constant for all conformers. For instance, take the chemical
potential,  its  values  for  the  different  conformations  for  lysine  (K)  and
phenilalanine (F) are so similar that we can not distinguish them in terms of this
property.  In  contrast,  information-theoretic  measures  produce  much  lesser
dispersion as compared to DFT properties, which allow characterizing the amino
acid  families  in  a  very  accurate  way.  We  note  that  energy  values  behave  in  a
similar fashion. It is important to note that the rest of the DFT properties (softness,
ionization potential  and electrophilicity)  behave in a  way that  larger  dispersion
values are observed, these are not depicted in the Figure though.
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Fig. (1.9). DFT properties (on green and yellow) along with the Energy and information-theoretic measures
(on red and blue) are depicted for the conformeric structures of all amino acids of the protein. Atomic units
are used.

Basic notions of IT discussed above show that there are three different aspects to
be  emphasized  from  information-theoretic  measures:  delocalization  (S),
uniformity (D) and narrowness (I). It has been shown that all chemical structures
possess different chemical or biological properties that arise from their electronic
densities,  and  these  are  reflected  through  Shannon  entropy,  disequilibrium and
Fisher  information,  respectively.  Therefore,  we  have  state  that  all  amino  acids
might be characterized through their information content, through any and all of
the three different qualities of “information”, which characterize any amino acid
to be unique among the rest of the chemical structures. Based on this observation,
average values of the three information measures for each amino acid are plotted
in Fig.  (1.10);  note  that  these average values correspond to all  the conformeric
structures. Let us recall as we discussed above that the dispersion of these values
is very small (Fig. 1.9) so as to justify the use of the average.
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Fig. (1.10). Average values (of all conformeric structures for each amino acid) for Shannon entropy (blue),
Fisher information (green) and disequilibrium (red). Note that a range-scaling-pretreatment-data method has
been used according to (xi − xmin) / (xmax − xmin) within the range [10−2, 1].

Accordingly,  we  may  classify  the  18  essential  amino  acids  through  the
information  quality  scheme  given  in  Fig.  (1.11)  where  each  column  contains
different  amino  acid  structures  characterized  by  three  information-theoretic
qualities  (delocalization  (S),  uniformity  (D)  and  narrowness  (I))  ordered  in  a
certain manner such that the “information” aspects appear in a given triplet by its
relative contribution; e.g., the set of five amino acids in the first column headed
by  the  triplet  SID  reveal  that  Shannon  entropy  is  the  most  relevant  IT  quality
among  the  three,  followed  in  turn  by  the  disequilibrium  and  then  by  Fisher
information,  in  decreasing  order  of  relative  contribution.
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Fig.  (1.11).  Amino acids  classification  according  to  its  predominant  information  quality  scheme (PIQS):
Shannon entropy (S), Fisher information (I) and disequilibrium (D).

(i) Delocalization (Shannon entropy) as the predominant information quality

For  the  amino  acids  showed  in  the  first  two  columns  of  Fig.  (1.11),  Shannon
entropy appears to be the predominant quality, i.e., delocalization of their electron
density contributes more than the other two qualities: narrowness and uniformity.
Note  that  delocalization  (by  considering  this  information  quality  only)  fully
characterize  amino  acids  of  the  aromatic  (column  1)  and  aliphatic  (column  2)
type. It is worth mentioning that we may resolve the difference between these two
groups in terms of the other two information qualities, narrowness and uniformity.
That  is,  the  aromatic  amino  acids  are  featured  by  their  narrowness  (of  their
electronic density) which contributes relatively more than it does for the aliphatic
ones, i.e., the narrowness is the second more relevant information quality for the
aromatic  ones,  and  then  uniformity.  On  the  other  hand,  aliphatic  amino  acids
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show uniformity as the second predominant quality, followed by narrowness as
the least information quality. Some comments are pertinent:

– Note that in column 1 arginine and glutamine are also included. Despite these
amino  acids  are  not  always  considered  as  aromatic  molecules  in  some
classifications (e.g., Lehninger [96], Taylor [80] and Livingstone [79]), they show
tautomeric effects in the substituent group, meaning that for all the amino acids of
this  group,  delocalization  of  their  electronic  density  is  yet  the  most  important
chemical effect.

–  Proline  pertains  to  the  second group in  column 2  and for  the  majority  of  the
classifications this amino acid is not considered as aliphatic (e.g., Lehninger [96],
Taylor [80], Livingstone [79] and [81] classifications), its molecular structure has
attached a cyclic aliphatic portion.

(ii) Narrowness (Fisher information) as the predominant information quality

Chemical  structures  shown  in  columns  3  and  4,  larger  values  for  Fisher,  i.e.,
narrowness (order) prevails over delocalization and uniformity. Closer look of the
chemical  structures  sketched  in  Fig.  (1.11),  that  the  common  chemical  feature
these molecules have in common resides on the strong electronegativity of oxygen
(aspartic  and  glutamic  acid,  threonine  asparagine  and  serine)  and  sulfur
(methionine)  provoking  that  the  electron  density  of  these  amino  acids  gets
ordered/narrowed. Differences between these two groups are understood from the
other  information  qualities,  delocalization  and  uniformity.  For  the  amino  acids
showed in column 3,  delocalization contributes  more than for  the serine amino
acid  in  column  4,  i.e.,  the  Shannon  entropy  is  the  second  more  relevant
information quality. For the serine amino acid (column 4), delocalization is less
important than its uniformity. Due to its small size, the departure from uniformity
is larger than for amino acids located in column 3.

(iii) Uniformity (disequilibrium) as the predominant information quality

Column  5  shows  results  for  tiny  amino  acids  according  to  Livingstone  [79],
alanine and glycine, indicating that uniformity is the quality that contributes the
most; i.e., departure from uniformity prevails over delocalization and narrowness.
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Thus, these two amino acids do not possess any electron attractor atoms/groups in
the side chains. Note that alanine and glycine, along with serine (column 4) have
been  classified  (e.g.,  Livingstone  classifications  [79])  as  tiny  molecules  with
smaller delocalization. This explains why delocalization is the least contributing
information quality for these molecules.

It is important to emphasize that the ordering found for the conformeric structures
of  selected  amino  acids  is  based  upon  a  scheme  of  quality  predominance  of
information. Indeed, Fig. (1.12) shows the five conformers of methionine through
residues met-118, met-209, met-20, met-32 and met-60.

Fig. (1.12). View of the different conformeric structures of methionine at residues met-118, met-209, met-20,
met-32 and met-60 for 1C3W protein.

Analysis of predominant information quality provides a useful framework to study
amino acids within their natural biochemical boundaries. As shown in Fig. (1.13),
some  examples  were  chosen:  glycine,  methionine  and  tryptophan.  We  might
observe from the Figure that the information-theoretic values for each conformer
vary  according  to  the  location  of  the  residue  in  the  protein,  revealing  the
biochemical  environment  of  each  amino  acid.

We  have  found  worth  describing  some  of  the  most  representative  chemical
classifications that are employed in the literature to characterize amino acids in
terms of different criteria:

Lehninger  [96]:  aliphatic  (isoleucine,  leucine,  valine,  glycine),  aromatic●

(phenylalanine,  tryptophan,  tyrosine),  polar  uncharged  (proline,  asparagine,
threonine,  glutamine,  serine),  acids  (glutamic  acid,  aspartic  acid)  and  basic
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(lysine,  arginine).
Livingston [79]: aliphatic (isoleucine, leucine, valine), aromatic (phenylalanine,●

tyrosine,  tryptophan,  histidine),  sulfur  containing  (methionine,  cysteine),
hydrophobic  (isoleucine,  leucine,  valine,  methionine,  cysteine,  phenylalanine,
tyrosine, tryptophan, histidine, threonine, alanine, lysine), hydroxylic (threonine,
serine), charged (histidine, lysine, arginine, glutamic acid, aspartic acid), basic
(histidine,  lysine,  arginine),  polar  (histidine,  lysine,  arginine,  glutamic  acid,
aspartic  acid,  asparagine,  glutamine,  threonine,  serine,  cysteine,  tyrosine,
tryptophan),  small  (proline,  alanine,  glycine,  serine,  cysteine),  tiny  (alanine,
glycine,  serine,  cysteine).
Hydrophobicity-based  [97]:  hydrophobic  (isoleucine,  leucine,  valine,  alanine,●

glycine,  proline,  phenylalanine,  tryptophan),  hydrophilic  uncharged  (tyrosine,
threonine, serine, asparagine), hydrophilic charged acids (glutamic acid, aspartic
acids), hydrophilic charged basis (glycine, arginine).

Inspection of the list above indicates that various of the amino acids participate in
several groups which represent the multicharacter of the chemical role that they
play  within  the  proteins.  However  it  has  been  difficult  to  establish  a  general
classification  which  might  embrace  many  of  these  characteristics  in  a  single
property.  One  of  the  goals  of  our  study  resides  in  proposing  a  general
classification  which  represents  all  the  physicochemical  features  by  means  of
information-theoretic  measures.

Fig.  (1.14)  shows  the  amino  acids  classification  proposed  in  this  work  by
following  the  predominant  information  quality  scheme  discussed  above  (Fig.
1.11). We may note that neither of the former chemical classifications on the left
are grouped together, which means that there is no simple scheme that allows to
classify  amino  acids  in  terms  of  specific  chemical  properties  (see  description
above). In contrast it is readily seen that classification according to PIQS allows
an  easy  manner  of  classifying  amino  acids  within  major  chemical  groups:
delocalized (aromatic and aliphatic), narrowed (with electro-attractor atoms) and
uniform (tiny); this in turn embrace all chemical species discussed above.
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Fig.  (1.13).  Values  of  Shannon  entropy  (S),  Fisher  information  (I)  and  Disequilibrium  (D)  for  each
conformeric  structure  of  glycine  (top),  methionine  (middle)  and  tryptophane  (bottom).  Note  that  radial
variables are used by employing a range scaling pretreatment data method according to (xi − xmin) / (xmax − xmin)
within the range [10−2, 1]. The chemical structures (in tubes) are also shown to guide the eye.



36   Frontiers in Computational Chemistry, Vol. 3 Esquivel et al.

Fig. (1.14). Fisher-Shannon plane I-J for all amino acids. Amino acids in the figure (top) follow Lehninger’s
classification [96] (colored symbols) and also the hydrophobicity-based classification (geometric symbols).
Amino acids (on the bottom) were classified according to the PIQS classification (above in Fig. (1.11)): SID
(green circles), SDI (green stars), ISD (blue circles), IDS (blue stars) and DIS (red circles).

#f1.11
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CONCLUSION

Throughout  this  Chapter,  we  have  discussed  the  relevance  of  employing  the
information-theoretical  space  (IT-3D)  with  the  following  three  axes:
disequilibrium  D,  Shannon  entropy  S,  and  Fisher  information  I,  which
characterize  physical  features  such  as  uniformity,  delocalization  and  order
respectively.  Each  point  of  this  space  corresponds  to  a  natural  system
characterized by three macroscopic features: uniformity, delocalization and order,
respectively. In addition, for completeness, their corresponding dyadic products of
complexity (LMC and FS) are given. As revealed by the information-theoretical
space,  regions  of  physical,  chemical  or  biological  qualities  are  indeed
differentiated, containing the numerous physical and chemical systems considered
in this chapter. We have focused our attention in a large variety of many electron
systems of physical, chemical, biological and pharmacological interest (388 atoms
and 115 molecules), which accounts for neutral and ionized atoms, amino acids,
and  molecules  with  pharmacological  interest  such  as  the  sulfonamides-type,
among  other  organic  molecules  described  above.

Three  most  interesting  conclusions  of  this  review  are  in  order.  First,  the
topological  features  mentioned  above  look  very  appealing  for  collecting  all
assortments of simple and complex systems so as to devise a general map based
upon  information-theoretic  concepts.  Furthermore,  this  information-theoretic
chemical space might be used as a general approach for the classification of all
atomic  and  molecular  systems.  Novel  information-theoretic  regions  have  been
described  in  this  study,  which  can  be  used  in  conjunction  with  standard  semi-
empirical  techniques  (e.g.,  QSAR)  to  describe  difference  in  pharmacological
values  of  biological  molecules.

Second, the sulfonamide-type of molecules group into five different regions of the
information-based  chemical  space  mentioned  above.  All  molecules  with
bacteriostatic  activity  belong  to  two  of  these  groups,  aside  of  the  sulfonamide
molecule which possesses the least bacteriostatic activity and belongs to different
one. We have found that concomitant with the IT-3D chemical pattern there is an
additional  characterization  based  upon  the  R1  and  R2  groups,  i.e.,  the  chemical
character of the substituents, regardless of its conformeric structure. Throughout
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the  study  we  were  able  to  associate  some  structural  aspects  and  information-
theoretical properties arisen from the IT-3D chemical space to the bacteriostatic
activity  of  these  molecules.  An  interesting  result  of  the  analysis  reveals  that
bacteriostatic reported molecules are closer to the 4-aminobenzoic acid that the
ones they were theoretically designed for this study.

Third, we have performed an information-theoretic analysis of 18 selected amino
acids  (AA)  obtained  from  a  data  set  of  natural  proteins,  bacteriorhodopsin
(1C3W), from the Protein Data Bank. Several conformations for each amino acid
were studied as they were found in the original biochemical environments. Results
show that information measures uniquely characterize all amino acids through a
predominant  information  quality  scheme  (PIQS)  which  gathers  all  chemical
families by means of three major information-theoretic features: delocalization,
narrowness  and  uniformity.  This  scheme  allows  us  to  recognize  four  major
chemical  families:  aliphatic  (delocalized),  aromatic  (delocalized),  electro-
attractive (narrowed) and tiny (uniform). These in turn complement and embrace
all chemical families recognized by other classifications, i.e.,  containing sulfur,
hydrophobic, hydroxylic, charged, basic, polar, small and tiny. Besides, we have
also  observed  patterns  given  by  dyadic  products  of  information-theoretic
measures that support the PIQS classification proposed in this work through the
four major chemical features above mentioned. Finally,  we have observed that,
concomitant to the conformeric structures of the same amino acid pertaining to
different residues of the protein, there is a pattern of stability for the information-
theoretic measures and also for the energy. In contrast, it is also observed that all
of  the  chemical  properties  (softness,  ionization  potential,  chemical  potential,
electrophilicity)  analysed  in  this  work  are  highly  sensitive  to  the  chemical
environment  within  the  protein.

Finally,  based on these  results  we can state  that  information-theoretic  concepts
provide an alternative description of the chemical space. Therefore, we propose
that  all  natural  systems  could  be  characterized  in  terms  of  their  information-
theoretical  quantities  and  grouped  in  different  regions  of  this  information-
theoretic  chemical  space  which  can  be  associated  to  their  physicochemical
properties.
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INTRODUCCIÓN

La Tripanosomiasis Americana es una enfermedad causada

por el protozoario Trypanosoma cruzi. La Organización

Mundial de la Salud (OMS), la cataloga como una de las 17

enfermedades tropicales olvidadas y con mayor incidencia a

nivel mundial. Se calcula aproximadamente de 6 a 7 millones

de personas infectadas, de las cuales, menos del 1% reciben

tratamiento oportuno, causando cerca de 12000 muertes

anuales [1-3].
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Los fármacos utilizados para el tratamiento de

la tripanosomiasis son el Nifurtimox y

Benznidazol; sin embargo, ambos poseen alta

toxicidad, así como reacciones adversas y su

efectividad disminuye hasta un 50% en la

fase crónica de la enfermedad [4].

OBJETIVO

Diseñar nuevas moléculas derivadas de benznidazol.

Caracterizar su estructura electrónica y propiedades

fisicoquímicas con la finalidad de seleccionar las moléculas

con menor toxicidad teórica.

Realizar la síntesis química de las moléculas propuestas.

Estimar la sensibilidad de T. cruzi a las moléculas

sintetizadas con respecto al benznidazol

METODOLOGÍA

RESULTADOS Y DISCUSIÓN

*Teóricos

Molécula
AP

kcal/mol



(e.V)



(e.V)

Δ

(e.V)

I

(e.V)

BNZL 15.37 0.149 10.179 0.244 6.833

M3 8.21 0.166 10.088 0.184 6.876

Iso3 12.16 0.184 9.971 0.110 6.899

AcM 8.82 0.186 10.433 1.446 7.189

0.00
0.20
0.40
0.60
0.80
1.00
1.20
1.40
1.60

A
c_

M
et

ro
M

TZ
L

M
G

ZL
C

o
n

tr
as

te
Is

o
_7

ET
ZL

m
o

l_
5

m
o

l_
8

m
o

l_
6

B
N

ZL
m

o
l_

4
m

o
l_

3
m

o
l_

2
Is

o
_3

Is
o

_1
m

o
l_

7
m

o
l_

1


(e

. V
.)

0
2
4
6
8

10
12
14
16
18

M
o

le
c_

1
M

o
le

c_
2

M
o

le
c_

3
M

o
le

c_
4

M
o

le
c_

5
M

o
le

c_
6

M
o

le
c_

7
M

o
le

c_
8

Is
o

_1
Is

o
_3

Is
o

_7
A

c_
M

et
ro

C
o

n
tr

as
te

5
N

_I
m

id
az

Fa
rm

ac
o

f
B

N
ZL

M
TZ

L

A
P

  (
kc

al
/m

o
l)

AGRADECIMIENTOS

Los autores agradecen a DGTIC-UNAM por la asignación de tiempo de cómputo en

Equipo de Súper Cómputo “Miztli” y a DGAPA-UNAM PAPIIT-IN114715.

PERSPECTIVAS

Estudiar la toxicidad in vitro e in vivo de M3 y realizar las modificaciones

respectivas para potenciar su efecto contra T. cruzi

*Síntesis Química

*Evaluación in vitro

En los ensayos in vitro preliminares, se puede observar que la M3 presenta

actividad ante el parásito. Contrariamente, las moléculas ISO3 y ACM no

mostraron actividad.

Los resultados de la estructura electrónica permitieron seleccionar a las

moléculas 1, 2, 3 y 7 para ser sintetizadas, debido a que presentaron baja

toxicidad teórica.

Por estrategia de síntesis, se seleccionó M3 como primer compuesto a

estudiar y a ACM como molécula contraste debido a su alta

toxicidad. Asimismo, se sintetizó el isómero de M3 (ISO3) con la finalidad

de analizar la actividad en relación a la posición del grupo funcional.

Se realizaron cálculos

de la estructura

electrónica a un grupo

de 50 moléculas

análogas del

benznidazol, utilizando

Gaussian09 en fase

acuosa.

Se seleccionaron las 8

moléculas con mejores

propiedades fisicoquímicas

Los descriptores químico-

cuánticos locales y

globales se determinaron

a través de la Teoría de

Funcionales de la

Densidad (DFT), con el

funcional híbrido M06-2X

Se realizó la síntesis

química y

caracterización

fisicoquímica de las

moléculas propuestas.

La actividad in vitro de

las moléculas

sintetizadas fue

determinada por

medio lecturas de

densidad óptica a 620

nm, durante 9 días

Se determinó la

concentración inhibitoria

50 (CI
50
) por medio de una

curva dosis-respuesta
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Resumen

Hernández Santiago Joscelyn. Lic. en Química Clínica. (Jniversidad Veracruzqna. Enero 2017.
Análisis in sílico de proteínas de superficie de Trypanosoma cruzi. Directores:Interno: Dra.
carolina Barrientos salcedo. Externo; Dra, catalina soriano correa.

La enfermedad de Chagas es causada por el parásito Trypanosoma cruzi y se transmite al hombre

a través de las heces liberadas por triatominos hematófagos. Trypanosoma cruzi es identificado

serológicamente por fracciones proteicas; de esas los antígenos de secreción de tripomastigotes

representan una alternativa para el diagnóstico de la enfermedad. De acuerdo a la OMS en el

mundo hay entre 6 y 7 millones de personas infectadas por Trypanosoma cruzi, y solo existen dos

fármacos contra la enfermedad, por lo que es importante encontrar agentes tripanocidas, tomando

como blancos terapeuticos a las proteínas del parásito. En esta tesis, se eligieron algunas

proteínas de la familia de las mucinas para su estudio in silico, ya que estas son las que se

encuentran en mayor cantidad en el parasito. Las mucinas le dan protección al Trypanosoma

cruzi contra el vector y los mecanismos del sistema inmune del hospedador, y le ayudan en la

invasión al tejido y células, por lo que son un buen blanco farmacológico. Se identificaron y se

bajaron de la base de datos TriTrypDB, las secuencias de todas las mucinas ahí representadas; se

realizó el modelado estructural en el servidor I-Tasser de aquellas cuya esrrucnrra secundaria no

se conoce experimentalmente y no se encuentra en los bancos de datos proteicos (PDB, Swiss-

Prot). Y a partir del modelo se hizo un barrido conformacional y se eligió a la estructura con

menor energía con el paquete computacional SwissPDBV. Para finalmente llevar a cabo el

análisis de acoplamiento molecular o Docking de cada una de las 6 estructuras modelada, con los

ligandos benznidazol y nifurtimox. Concluyendo que el grupo de las 6 proteínas de superficie

pertenecientes a las mucinas estudiadas anteriormente, tienen características adecuadas como

blancos para agentes tripanocidas.

Palabras claves: Trypanosoma cruzi, mucinas, bioinformática, modelado molecular. in silico
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