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z Electro, Physical & Theoretical Chemistry

Interaction of Ciprofloxacin with Arabinose, Glucosamine,
Glucuronic Acid and Rhamnose: Insights from Genetic
Algorithm and Quantum Chemistry
Ludis Coba-Jiménez,[a] Julio Maza,[a] Mayamarú Guerra,[b] Julio Deluque-Gómez,[c] and
Néstor Cubillán*[a]

A theoretical study of the ciprofloxacin interactions with
glucuronic acid, arabinose, glucosamine, and rhamnose is
presented. The most stable complexes were obtained through
genetic algorithms starting from the neutral and zwitterion
species of ciprofloxacin. The energy at the semiempirical level
PM7 of the optimal structures of the complexes was the
genetic algorithm‘s fitness function. The resulting complexes’
geometry was optimized at M062X� D3/6-311+ +G** level of
theory, and non-covalent interactions were assessed through
the reduced density gradient and quantum theory of atoms in
molecules. The results show that the zwitterion species of

ciprofloxacin favorably complex carbohydrates and can induce
proton exchange between them. The molecular complexes
from proton exchange are the most stable, followed by the
complexes formed by the contact of the zwitterion species and
the carbohydrate. The complexes formed by both neutral
species were the least stable. The medium strength and strong
(assisted by charge) hydrogen bonds, the XH⋅⋅⋅π and lone-
pair⋅⋅π interactions, were mainly present in the complexes.
Proton exchange processes strengthen the interactions men-
tioned above.

Introduction

Ciprofloxacin (CIP) is a broad-spectrum antibiotic that has
recently aroused interest because of the significant increase in
pathogens’ antimicrobial resistance, such as Escherichia coli and
Neisseria gonorrhoeae. In Germany and the United Kingdom,
the Escherichia coli resistance raised to about 15% in 2016 and
30% in Spain.[1] On the other hand, in Uganda, 60–65% (total
population 639) showed Neisseria gonorrhoeae evidence from
2016 to 2018, of which 94% was resistant.[2]

The sales without prescription promote indiscriminate use
in agricultural and human activities, increasing the antibiotic
presence in water bodies and wastewater treatment plants
(WWTPs). After human consumption, the ciprofloxacin excre-
tion is approximately 60% and 20% through urine and feces,
respectively.[3] A recent meta-analysis of CIP concentration
studies in the rivers revealed an increment (30.68 to 148.46 ng/

L) between the five-year periods 2007–2011 and 2012–2016.[4]

Moreover, up to 228 ng/L of CIP concentrations were found in
WWTP influents; however, the effluents showed 0.9–4.7% in
CIP removal.[5]

There are two ways of tackling this problem, and carbohy-
drates-based materials have helped. The carbohydrates-based
materials are low-cost, efficient, and easy to obtain from natural
sources. Besides, carbohydrates are the second biomolecules
group adsorbing CIP in sewage sludge[6] and microalgae.[7] In
both cases, the carbohydrates allow the complexation and
further release of CIP.

The first way can be drawn by drug delivery strategies to
improve bioavailability. Jung et al. reported an increasing
antibacterial activity against methicillin-resistant Staphylococcus
Aureus by encapsulating CIP with mono-6-deoxy-6-aminoethy-
lamino-cyclodextrin.[8] Arafa, Mousa, and Afifi found an increas-
ing release of CIP in root canals infected by E. faecalis by
coating PLGA with chitosan.[9]

In a second way, carbohydrate-based materials have shown
high removal capacity of CIP from water. Chitosan immobilized
on MgO nanosheet enhanced the CIP removal capacity of
graphene oxide from 50% to approximately 100%.[10] Accord-
ing to the authors, the immobilization and synergistic effects
increase the number of acceptable and available active sites.

The number and heterogeneous nature of functional
groups in CIP and carbohydrates suggest how chemical entities
associate. The chemical intuition or the analysis of the more
significant molecular regions are criteria for designing most
interaction models. Thus, the evident electrostatic and weak
specific interactions determine the modeling. This approach
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avoids exploring the possible cooperativity between electro-
statics, specific and nonspecific weak interactions.

Genetic Algorithms have been helpful to analyze different
interaction modes between molecules by optimizing the
interaction energy or related function. Molecular Docking is a
straightforward application of Genetic Algorithms; however,
improving scoring functions accuracy is mandatory.[11] A
compromise between accuracy and computer time becomes
necessary, e.g., semiempirical energies enhance the Molecular
Docking accuracy in proteins.[12]

In the literature, the discussion about the Molecular
Docking complexes is performed by comparing atomic dis-
tances and the overall interaction energy. The comparison with
the experiment usually confirms most theoretical studies of CIP
complexes with carbohydrates-based materials.[8,13]

The modern Quantum Chemistry methodologies for study-
ing non-covalent interactions allow the in-depth analysis of
underlying forces addressing the complex formation. The
Quantum Theory of Atom in Molecules (QTAIM) and the
reduced density gradient (RDG) are methods based on the
electron density topology. From QTAIM, the zero-flux surface of
electron density divides molecules or complexes into fragments
linked by their critical points. The QTAIM molecular graph
allows for identifying and quantifying specific (e.g., hydrogen
bonds) and some nonspecific (e.g., localized π⋅⋅⋅π) non-
covalent interactions. RDG plots characterize and locate non-
covalent interactions invisible to QTAIM in the molecular real-
space.[14]

Based on these facts, a thorough analysis of CIP-carbohy-
drates interaction‘s modes and intrinsic forces becomes
necessary. This knowledge will contribute to understanding CIP
adsorption mechanisms and, consequently, the design of new
CIP delivery and removal materials.

In this work, we explored by Genetic Algorithms the
interaction modes of CIP and CIP� with rhamnose (RH),
glucosamine (GA), glucuronic acid (AG), and arabinose (AR) as
representative carbohydrates from natural sources. The inter-
action energy distribution analysis conducted the interpreta-
tion of these results. The purpose was to identify the more
important CIP-saccharide complexes. Furthermore, the non-
covalent interactions were quantified and classified with
QTAIM, reduced density-gradient interactions, and multivariate
analysis. The contributions of relevant functional groups and
the electrostatic nature were the central topics for discussing
the origin of the interactions.

Results and Discussion

Evolutionary searching of Interaction Complexes

Genetic algorithms are population-based metaheuristic meth-
ods simulating the evolution process. These methods allow
exploring a broad region of feasible solutions. In this regard, it
is possible to obtain a set of structures in a global or local
energy minimum, i. e., the more stable complexes. CIP
interacted in the neutral (CIP) and zwitterion (CIP�) charge
state – labeled as CP and CZ, respectively.

Figure 1 shows the evolution of the most-stable complexes
of CIP and CIP� with monosaccharides as obtained by Genetic
Algorithms. There is no apparent influence of mating proba-
bility calculated from Normal (Fps, Equation E1, supplementary
information, section SM1.1) and Boltzmann (Bps, Equation E2,
supplementary information, section SM1.1) distributions. Sim-
ilarly, there are no differences in the evolution of CIP and CIP�
interacting with all carbohydrates.

The convergence is rapidly reached at generations lesser
than 20. However, we observed several exceptions, CIP�/
GA(Bps), CIP�/RH(Fps), and CIP�/AR (Fps), where the conver-
gence was obtained after 30 generations. AG and GA found the
convergence faster than the others (see Figure 1A and 1C).
Probably, the electrostatic interaction induced by the carboxylic
and amine groups – greater than the OH groups in RH and AR
– increased the convergence pressure.

The interaction-energy distributions of the last population
for each CIP-carbohydrate pair are observed in Figures S1–S4.
In all cases, the results behaved as multimodal distributions
were obtained, as observed in the multiple-Gaussians fitting
results in Table S1. The determination coefficient was greater
than 0.99.

Although the different mating probabilities, the distribu-
tions were quite similar. The Boltzmann probability induces
high convergence pressure in roulette selection, but diversity
can be affected. The clone deletion and the relatively high
mutation probability appear to keep the population diversity in
this work. Therefore, the relative frequency of the appearance
of the more stable complexes decreased. However, the elitism
helped us to preserve the better individuals.

Figure 1. Evolution of CIP and CIP� interactions with differents carbohy-
drates. CH: Carbohydrate type. – CIP/CH (Fps); - - - CIP/CH (Bps); ⋅⋅⋅ CIP�/CH
(Fps); -⋅-⋅- CIP�/CH (Bps). (A) AG: Glucuronic acid, (B) AR: Arabinose, (C) GA:
Glucosamine, (D) RH: Rhamnose.
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Molecular Models of Interaction Complexes

The more representative interaction modes of CIP with
carbohydrates (CH) show the existence of neutral (CIP),
zwitterion (CIP�), negative (CIP� ), and positive (CIP+) forms of
ciprofloxacin in the complexes. Four molecular complex models
were identified and labeled CIP/CH, CIP�/CH, CIP+/CH� , and
CIP� /CH+. Figure 2 shows the low-energy complexes of the
before-mentioned interaction models obtained by Genetic
Algorithms and the analysis of interaction-energy distributions
(Supplementary information, section SM2).

The interaction energy (Eint) was calculated as represented
in Scheme 1. The most-stable CIP and CH geometrically
rearrange towards a conformation suitable for the complex
formation–in-complex geometry. These reorganization ener-
gies, RCIP and RCH, are the energy difference between the
optimized (ECIP and ECH) and in-complex (E*CIP and E*CH) geo-
metries, respectively.

Furthermore, compounds in complex geometry (CIP* and
CH*) form the complex (CIP⋅CH). The difference between the

energies of the isolated CIP and CH in complex conformation
(E*CIP and E*CH) and the energy of the complex (ECIP⋅CH) defined
the complexation energy (Ecom):

Ecom ¼ ECIP�CH-E*CIP-E*CH (1)

Finally, the interaction energy (Eint) is calculated as follow:

Eint ¼ ECIP�CH-ECIP-ECH (2)

The values of Ecom, Eint, E
*
CIP, E

*
CH, ECIP, and ECH of all complexes

are shown in Table S2 (Supplementary information, section
SM1.1). Figures 3 and 4 summarize the results presented in this
table. The interaction energy distributions showed skewness; in
this sense, all comparisons were realized by median instead of
mean.

Figure 2. Low-energy molecular complexes representative of the CIP/CH,
CIP�/CH, CIP+/CH� , and CIP� /CH+ interactions. The arrows in CIP+/CH� and
CIP� /CH+ signal the proton transfer direction.

Scheme 1. Interaction energy definition.

Figure 3. Conformational reorganization energies of CIP and Carbohydrates
as function of interaction type and carbohydrate nature.

Figure 4. The interaction energy of complexes between CIP and carbohy-
drates as function of the interaction model and carbohydrate nature.
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The total contribution of the reorganization energy on Eint
was relatively low, as expected.[15] The median and mean of Eint
and Ecom differ by 7.4 and 12.6 kcal/mol, respectively.

The RCIP and RCH depend on the electrostatic behavior in the
complexation. The ion-exchange processes (CIP+/CH� and
CIP� /CH+) given higher RCIP median values, 13.6 and 7.4 kcal/
mol, respectively. Furthermore, the Zwitterion interaction (CIP�

/CH) induced median CIP reorganization energies of 6.6 kcal/
mol. The lower RCIP were obtained for the neutral interaction,
CIP/CH (1.1 kcal/mol). – see Figure 3A. Conversely, RCIP showed
no influence of the carbohydrate nature, between 1.1–2.2 kcal/
mol (Figure 3B).

RCH showed no dependence on the electrostatic behavior
(Figure 3C). The CIP+/CH� and CIP/CH interaction promoted
lower carbohydrate reorganization (<4.2 kcal/mol) while the
rest of the interaction types reached between 11.0 and
12.1 kcal/mol. Apart, the nature of the carbohydrate also
influenced its reorganization energy reinforcing the idea of the
contribution of electrostatic forces. AG and GA are more
reorganized (5.6 and 9.5 kcal/mol) than RH and AR (3.5 and
2.0 kcal/mol)(see Figures 3C and 3D).

In our case, it is possible to suggest that electrostatic
interactions drive these conformational changes in the inter-
action process. Noresson et al. found similar results, enhancing
the affinity of ligand-protein interactions.[16] In another report,
the insertion of a sulfate group in a mono-galactoside model
promoted the side-chain guanidine movement to obtain close-
range electrostatic interactions. In natural systems, the inter-
actions follow the principle of minimal frustration where the
process path minimizes the conformational barriers.[17]

The values of Eint ranged between � 3.3 and � 140.7 kcal/
mol. The neutral CIP/CH interaction showed the higher
interaction energies (� 3.3–� 18.7 kcal/mol, median � 11.6 kcal/
mol, Figure 4A). These values are in the same Eint magnitude
order as the CIP interactions with graphene oxide and boron
nitride oxide nanoflakes (� 4.84271 and � 9.45482 kcal/mol,
respectively) at PBE/DZP level of theory.[18] The Zwitterion
interaction (CIP�/CH) decreased Eint (� 46.2 kcal/mol, Figure 4A).
Similar behavior has been observed with molecular dynamics
for the interaction of CIP with carbon nanotubes where Eint
changed from � 24.9 (CIP) to � 26.8 (CIP�) kcal/mol.[19]

Furthermore, the lower Eint values were found for complex
involving charged species, CIP+/CH� (� 110.5 kcal/mol) and
CIP� /CH+ (� 122.6 kcal/mol). In fact, our calculations suggest
that CIP can transfer a proton to GA, and CIP� to accept a
proton from AR, GA, and RH (see Figure 2). In these proton
transfers, Eint fell between � 110 and � 120 kcal/mol. According
to Cheng et al., the CIP adsorption in swine manure undergoes
cation-exchange complexation-reaction rather than electro-
static interactions.[20] Moreover, Zhao et al. suggested that CIP
accepts H+ from media water before interacting with graphene
by cation-π interactions.[21]

The median of EintEint showed subtle differences varying the
carbohydrate (Figure 4B): AR (� 16.0 kcal/mol)<GA (� 14.9 kcal/
mol)<RH (� 13.9 kcal/mol)<AG (� 11.2 kcal/mol). However, the
differences between lower Eint values were marked: RH
(� 0.22 kcal/mol)<AR (� 0.20 kcal/mol)�GA (� 0.20 kcal/mol)<
AG (� 0.16 kcal/mol), see Figure 4B. In all cases, the interaction
involved ion-exchange.

Non-covalent interactions

Electron density topology consistency were ensured by the
Poincaré-Hopf rule’s completeness for all QTAIM molecular
graphs from the modelled complexes. Table 1 shows the
QTAIM properties critical points (CP) of molecular complexes
conforming groups obtained by Hierarchical Clustering meth-
ods. Groups 1 and 2 have similar QTAIM properties (see
dendrogram from the hierarchical cluster analysis, supplemen-
tary information, Figure S36). These groups included critical
points with low densities (0.00008–0.02 au). In both groups,
closed-shell interactions are involved (jV j /G<1).[22] The elliptic-
ity values are associated with symmetric and asymmetric
charge distribution range (0.015�ε�4.208). Group 6 differ
from 1 and 2 by critical points with high density-asymmetry,
ε>2.68, indicating bonding interaction instability due to the
low density values within the limit of the numerical differ-
entiation procedures of MultiWFN.[23,24]

The Electron Localization Function (ELF) and Localized
Orbital Locator (LOL) values reproduce the closed-shell nature
of the bonding interactions pointed out by the QTAIM analysis.
Moreover, the ELF values correlate with symmetric electron

Table 1. Density(1, au), Density laplaciano(r21, au), Potential energy density(V, au), Lagrangian kinetic energy(G, au), Espinosa’s relation,[34](jV j /G), Energy
density(Hc, au), Ellipticity(ε), Electron localization function(ELF), Localized orbital locator(LOL), Local information entropy(LIE) and Average locale ionization

energy(ALIE) of the critical points (CP) of molecular complexes conforming groups obtained by Hierarchical Clustering methods Table Caption.

Group 1 2 3 4 5 6

1 ⋅102 0.20–1.94 0.08–1.20 5.86–9.39 2.11–3.46 3.30–5.39 0.19–1.17
r21 ⋅102 0.80–7.75 0.33–4.25 7.72–15.17 7.43–13.79 8.85–15.64 0.64–4.39
-V ⋅102 1.42–0.11 0.80–0.03 10.97–5.24 3.07–1.59 5.63–2.53 0.82–0.09
G ⋅102 0.16–1.66 0.06–0.93 3.63–6.97 1.72–3.16 2.22–4.77 0.12–0.96
jV j /G 0.73–0.94 0.51–0.92 1.27–1.57 0.868–0.999 1.02–1.31 0.72–0.90
Hc ⋅103 0.35–2.75 0.24–1.32 (� 40.0)–(� 13.1) 0.014–2.72 (� 10.5)–(� 0.5) 0.35–1.74
ε 0.015–4.208 0.021–3.017 0.008–0.073 0.019–0.207 0.006–0.083 2.678–16.358
ELF 0.0035–0.0694 0.0012–0.0543 0.2214–0.3891 0.0585–0.1176 0.1184–0.2576 0.0046–0.0398
LOL 0.056–0.215 0.034–0.194 0.348–0.444 0.200–0.268 0.268–0.371 0.064–0.169
LIE ⋅105 0.89–7.04 0.37–4.62 18.13–28.43 7.31–11.49 10.85–17.80 0.84–4.47
ALIE 0.48–0.72 0.43–0.56 0.55–0.68 0.52–0.70 0.53–0.70 0.44–0.61
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density charge distribution,[25] whereas ELF index unveils
electronic charge localization (i. e., higher ELF values) as the
numerical values for ellipticity goes close to zero (Groups 3–5).

The number of CPs found in the clustered complexes
implies intermolecular interactions and their characteristics,
open or closed-shell interactions. Groups 1 and 2 show the
highest number of bonding interactions present (see supple-
mentary information Figure S36), compared to Groups 3 to 6.
Table 1 unveils the closed-shell interactions nature in clusters
Group 1, 2, and 6. However, the interactions’ instability in
Group 6 is the key to ruling out the constructive interactions
that add to the complex formation, leaving the characterized
interactions for Groups 1 and 2 as the more stabilizing
interactions. The extend of the closed-shell interactions for the
molecular complexes goes beyond explaining the contribution
to molecular stability in isolation (a closed-shell interaction
with 1�0.6 a.u. roughly contributes with a bond energy of
∼1 kcal/mol).[26] Thus, the different interaction models will
potentiate the progressive effect of the intermolecular inter-
actions modeled by the theoretical approach.

Figure 5 shows NCIPLOts and QTAIM molecular graphs of
the low-energy complexes representing CIP/CH, CIP�/CH, CIP+/
CH� , and CIP� /CH+ interactions. The RDG isosurfaces and RDG
vs. sign(λ2)1 plot (NCIPLOTs) identify these regions as van der
Waals type interactions. All obtained molecular complexes
results are in Supplementary information, Figures S20–S35 and
Table S2.

The H⋅⋅⋅π and lone-pair⋅⋅⋅π interactions are observed as
“funnel-like” RDG isosurfaces.[27] These fragments resemble the
traditional T-shaped and tilted T-shaped edge-to-face orienta-
tion of anion/cation/lone-pair⋅⋅⋅π interaction.[28] From these
interactions, the T-shaped is the most stable.[29] The sign(λ2)1
values characterized these as dispersion interactions (<
0.01 au).[30]

The complexes CZGA_f03 and CZRH_f03 clearly show these
interactions, and to a lesser extent, CZAR_b01 (Figure 5). It is
noteworthy the ion exchange influence the relative strength of
these interactions. In CZGA_f03, the two CH⋅⋅⋅π interactions –
associated with the CP’s B03 and B04 – had 1 of 0.008 and
0.009 au, respectively, and ellipticities around 1.0. In CZRH_f03,
the 1 fell to 0.006, and the ellipticity increased to 2.0. On the
other hand, in CZAR_b01, the 1 was similar to CZRH_f03, but
the π contribution decreased to ε=0.55 (CP B03).

Kozmon et al.[31] and Jiménez-Moreno et al.[32] found a direct
dependence of CH⋅⋅⋅π denticity with interaction energy. In our
case, the results suggest that coulomb interactions and ion-
exchange processes induced the CH⋅⋅⋅π interactions. It is
possible because the π hole on the CIP aromatic moiety
interacts with lone-pairs[33] and CH[32] as a consequence of the
fragment proximity. CZRH_f03 is more stable than CZGA_f03
by ca. 18 kcal/mol (see Table S2), but the former contains one
CH⋅⋅⋅π contact while the last 2 CH⋅⋅⋅π contacts.

Consequently, the lone-pair⋅⋅⋅π interactions are also possi-
ble in these complexes. Hydroxyl oxygen atoms from carbohy-
drates are involved in these contacts, e.g., CZGA_f03, CZAG_

Figure 5. RDG isosurfaces, RDG vs. sign(λ2)1 plots and QTAIM molecular graphs for the low-energy complexes representing CIP/CH, CIP� /CH, CIP+ /CH� , and
CIP� /CH+ interactions. Small spheres in QTAIM molecular graphs represent the critical points: cyan, ochre, yellow and pink spheres locate the nuclear (3,–3),
bond (3,–1), ring (3,+1) and cage (3,+3) critical points, respectively.
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b04, and CZAR_b03 (see Figures.S20–S35). On the other hand,
ether oxygen barely participates in lone-pair⋅⋅⋅π interaction;
only two cases were observed CPAG_b05 and CPAG_f03.

Other H⋅⋅⋅π interactions that are scarcely present in the
complexes are NH⋅⋅⋅π (CZGA_b01) and OH⋅⋅⋅π (CPAR_{f02,f03}).
Probably, the electrostatic potential on the aromatic centers
not favored the π donation towards hydrogen as commonly
occur.[35]

The hydrogens bonds appear below � 0.02 au of sign(λ2)1.
The relative strength of these interactions has been associated
with the sign(λ2)1, thus, the color in the colormap.[36] The
Hierarchical Clustering Analysis classified these hydrogen
bonds in three groups 3–5, see Table 1. These groups are
identified by three regions in 1, 0.021–0.034 (4), 0.033–0.054(5),
0.059–0.094 (3) au.

The first cluster is associated with moderate hydrogen
bonds containing closed-shell interactions (jV j /G<1, Hc>0).
The second (5) and third (3) clusters represent partially covalent
hydrogen bonds (1� jV j /G�2, Hc<0, 0.030�1�0.039).

According to Rozas et al., classification corresponds to
medium strength (group 4, Table 1) and strong hydrogen
bonds (group 3 and 5, Table 1), respectively.[34,37] The difference
between groups 3 and 5 is attributed to the electron local-
ization degree in the interaction (ELF, LOL, and Hc).

RDG vs. sign(λ2)1 and NCIPlot did not show the stronger
interactions (group 3, 1>0.075 au, Table 1), supporting the
effect of the observed covalency contribution in these inter-
actions. Two examples can be observed in Figure 5, OH⋅⋅⋅O in
CZAG_f03 (CP B08) and OH⋅⋅⋅O in CZRH_f03 (CP B11). These
interactions are related to ion-exchange processes; conse-
quently, it is possible to classify them as charge-assisted
hydrogen bonds.[38]

The functional groups actively participating in hydrogen
bonds are carboxyl(ate) and amine (or ammonium) in CIP, while
the OH groups are the main interaction regions of carbohy-
drates. Carboxyl(ate) and amine (or ammonium) in AG and GA
also participate in the hydrogen bonds formation. These results
support the findings by Xie et al.[7] where the amine and -OH
FTIR/RAMAN bands of Chlamydomonas sp. decreased in the
presence of CIP. The authors proposed that the adsorption
process is addressed by the electrostatic neutralization
between the negatively charged surface and positively charged
CIP.

Furthermore, Cramariuc et al. by molecular dynamics simu-
lations found CIP favorably interacted with the lipid head
groups by hydrogen bonds (phosphate – piperazine nitrogen).
The CIP entered to lipid bilayer through hydrogens bonds
between CIP carboxylic and lipid esters groups. Conversely,
CIP� remained in water as stacked aggregates.[39]

A priori knowledge of types, modes, and relative strength
of interactions between CIP and carbohydrates is useful in
comprehending removal processes by adsorption mechanisms
in biomass. Moreover, the design of synthetic adsorbent can be
addressed by the interactions nature depending on the
application.

Conclusion

A theoretical study was carried out of the ciprofloxacin
interactions with glucuronic acid, arabinose, glucosamine, and
rhamnose. The most energetically stable complexes were
obtained through genetic algorithms starting from ciproflox-
acin‘s neutral and zwitterionic charge states. The results
revealed an important contribution of electrostatic forces in
complex formation. The ciprofloxacin zwitterion species favor-
ably form complexes and can induce proton exchange
between ciprofloxacin and the carbohydrate. The molecular
complexes from proton exchange are the most energetically
stable, followed by the complexes formed by the contact of the
zwitterion species and the carbohydrate. The complexes
formed by both neutral species were the least energetically
stable. The medium strength and strong (assisted by charge)
hydrogen bonds, XH⋅⋅ π and lone-pair⋅⋅⋅π the interactions were
mainly present in the complexes. Proton exchange processes
strengthen the interactions mentioned above.

Supporting Information Summary

The section SM1 summarizes the computational details of
Genetic Algorithms (section SM1.1) and DFT calculations
(section SM1.2and SM1.3). The Figures S5–S19 in the section
SM2.2 shows the final complexes obtained after interaction
energy distributions analysis. In this section, the Table S2
contains the interaction energies of the mentioned complexes.
The RDG and QTAIM plots have been located in Figures S20–
S35 (section SM3.1). Finally, the section SM3.2 shows the
hierarchical clustering for QTAIM results. Additionally, an excel
file contains several QTAIM properties of the critical points in
the complexes.
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