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ABSTRACT: Silver nanoparticles are recognized for their numerous physical, biological, and

pharmaceutical applications. In the present study, the interaction of silver clusters with J 3hg_gyceraidehyde
monosaccharide molecules is examined to identify which molecule works better as a reducing \ ;; y
agent in the application of a green synthesis approach. Geometry optimization of clusters | 9 - Ribos _} ? 8%
containing one, three, and five silver atoms is performed along with the optimization of a-p- J 9 idet @A’
glucose, a-D-ribose, D-erythrose, and glyceraldehyde using density functional theory. b S 4 sest
Optimized geometries allow identifying the interaction formed in the silver cluster and ,f 9 possible nteracton

monosaccharide complexes. An electron localization function analysis is performed to further

analyze the interaction found and explain the reduction process in the formation of silver
. . . .. Calculations,
nanoparticles. The overall results indicate that glyceraldehyde presents the best characteristics
to serve as the most efficient reducing agent. T
Reduction Process of Silver Clusters
Green Syntesis Approach
Bl INTRODUCTION quantum chemical tools that allow comprehending physical

and chemical properties in nonbonding interactions just as the
ones that take place between silver and carbohydrate
molecules."' ™"

Computational modeling is a powerful tool that can help
gain insights at a molecular level about the interactions
involved in the silver reduction to form Ag-NPs, somethin§
that cannot be done through common experimental essays."
This can lead to determining which carbohydrate will produce
a more efficient reduction of silver ions. In previous studies,
computational modeling has been used to obtain geometric
and electronic structure predictions for gold and Ag-NPs.ls’16
Similarly, Fabara et al.'” used molecular dynamics (MD) and
DFT methods to study silver-atom clusters and their behavior
with compounds found in the skin’s lipid layer. In this case,
DFT helped to determine compounds’ stability, while MD
revealed that Ag-NPs had good clearance properties due to
weak interactions with fatty acids.

The present study aims to identify which MS is the most
suitable reducing agent to perform a green synthesis of Ag-
NPs. Studying different types of carbohydrates will provide
information and understanding at a molecular level about
interactions occurring during this process and determine which

In the last few decades, nanoscience and its applications have
greatly advanced in the field of chemistry." Silver nanoparticles
(Ag-NPs) have been widely studied and are one of the most
used in nanoscience research and industry due to their easy
and fast production.” Ag-NPs can be synthesized by physical
and chemical means. However, green synthesis is considered
the safest and less toxic alternative to obtain them.’
Furthermore, the method has been strongly accepted as it
reduces toxicity levels and allows better biocompatibility." Ag-
NPs have numerous applications, including medicinal ones
such as biomolecular detection and drug delivery carriers. They
also serve as an antibacterial, antiviral, and antifungal agent.s’6

Green synthesis methods usually take advantage of biological
systems like microorganisms, plants, bacteria, enzymes, or
common sugars to act as reducing agents.”® Monosaccharides
(MS) are molecules whose structure comprises a large
percentage of oxygen atoms, which can reduce different
metal ions including silver. Therefore, sweeteners like white
sugar, honey, and brown sugar have been used to obtain Ag-
NPs.”

Density functional theory (DFT) is a quantum-mechanical
method that assesses molecular properties in simple and
complex chemical systems. DFT computational codes
determine accurate approximations of electronic structures of
ground states, kinetics, and thermodynamics properties as well
as minima on potential energy surfaces, geometry optimiza-
tions, and others."’ In conjunction with DFT calculations,
noncovalent interactions (NCI), atoms in molecules (AIM),
and electron localization function (ELF) have emerged as
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one presents better properties to reduce silver atoms into Ag-
NPs.'® Clusters of one, three, and five silver atoms were chosen
based on Fabara et al’s work."” Moreover, a-p-glucose, a-p-
ribose, D-erythrose, and p-glyceraldehyde (from now on called
just glucose, ribose, erythrose, and glyceraldehyde) were
chosen as reducing agents (Figure 1). An ELF analysis was
also performed to evaluate the interactions occurring when the
Ag MS complex is formed.
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Figure 1. Lewis’s structure and numbering scheme used for definition
in all studied structures; glucose (A), ribose (B), erythrose (C), and
glyceraldehyde (D).

B RESULTS AND DISCUSSION

To study the different complexes, all of the structures were
optimized. Figure 2 shows the optimized structures of the
three silver clusters. To find the most stable clusters, several
conformations were tested (Figures S1 and S2) and their
energies compared (Table S1). The most stable three-silver-
atom cluster presents equal bond lengths of 2.7 A and forms a
122.5° angle (Figure 2B). Its estimated energy is 0.45 kcal/mol
lower than the second most stable conformation. Results were
compared to Dale et al’s' study, which proposes a linear
conformation to be the one with the lowest energy. When
testing the linear conformation, an energy value of 3.5 kcal/
mol higher was found, compared to the lowest energy

conformation obtained in this study. The variation found
regarding the conformation of the three-silver-atom cluster
may be attributed to a difference in the functional used during
the optimization process (BP86 vs B3LYP) or that the
conformation found in this study was not tested.

For the most stable five-silver-atom cluster (Figure 2C), all
bonds were found to have the same length (2.8 A) forming two
angles of 61.5°. The energy found is 5.72 kcal/mol lower than
the second most stable conformation (Table S1A) and 13.90
kcal/mol lower than the nonplanar conformation, which is the
least stable structure found (Table S1D). In a five-silver-atom
cluster, there is the possibility to form different conformations,
including nonplanar ones, due to an increase in the number of
atoms. From the tested conformations, our findings are closely
related to other literature, which suggest the same stable
structures.”’ >

Itoh et al.”’ determined that planar conformations are more
stable between three to six silver atom clusters. In clusters
containing six to seven silver atoms, this stabilization changed
from planar to nonplanar conformations. Results showed that
nonplanar conformations are less stable than planar con-
formations agreeing with Itoh et al’s* findings. In the five-
silver-atom cluster, its planar structure can be verified by
measuring its dihedral angles (0°). As silver clusters increase
their size (number of atoms per particle), they tend to generate
a quasi-spherical morphology, such as cuboctahedral or
pentagonal rods.””**** This behavior can be seen in the five-
silver-atom cluster in which their atoms start closing and
reducing their angles compared to the three-silver-atom cluster.

Carbohydrates, especially aldoses, possess aldehydes groups
in their structure. These grant them the ability to oxidize easily
to carboxylic acids, while reducing the oxidizing agents
involved; in this case, silver atoms.”> As shown in Figure 1,
in an aqueous environment, glucose, ribose, and erythrose are
cyclic molecules with hemiacetal groups. Therefore, the
carbonyl group is not there anymore, leaving only hydroxyl
groups and ether.”” In the case of glyceraldehyde, its size
impedes a cyclic formation.*®

Ag2

Ag3

Figure 2. Most stable conformations for single silver atom (A), cluster of three silver atoms (B), and a cluster of five silver atoms (C). Additionally,
the enumeration scheme is used in clusters (B) and (C) for definition purposes.
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Figure 3. Most stable geometries and interaction energies (AE;,) of the five-silver-atom cluster complexed with (A) glucose, (B) ribose, (C)

erythrose, and (D) glyceraldehyde molecules.

The interaction between the MS molecules and the silver
clusters was modeled and their configuration optimized to
determine whether both structures could form a complex.
Based on the information provided by He and Zeng,” the
silver atom and the clusters should be placed close to the
oxygen atoms, which are basic centers. To determine which
oxygen atom will produce the most stable complex, different
one-silver-atom-MS complexes were built, changing the silver
position around the carbohydrate molecule. Once the most
stable position was found, the same arrangement was applied
to the different Ag MS complexes.

The charge distribution of the carbohydrate’s molecules is
governed by oxygen atoms. These sites are considered the
most active since they can donate electron density to the silver
atoms. In this sense, one electron might be transferred to the
silver atom to pass from a Ag" cation to Ag’, filling up Ss* and
4d° orbitals.***® For this process to happen, both atoms should
be in contact; therefore, the distance between the silver cluster
atoms and the carbohydrate molecule is key when studying
these systems. For a complex formation, distances represent an
important factor and reflect the type of interactions. For
comparison purposes, a normal oxygen—silver bond (silver
oxide) distance is about 2.31 A.*°

Ag MS distances were measured to determine how close
they get and evaluate the type of interaction.’® To compare
distances, the most centric silver atom in each cluster was
selected (silver atom number Ag3). Results showed that all
silver clusters have a major closeness to O1 in glucose, ribose,
erythrose, and O2 in glyceraldehyde, following the numeric
scheme shown in Figure 1.

Figure 3 shows the most stable complexes formed by the
five-silver-atom cluster with the four different MS and their
interaction energies (AE;,). As seen throughout these
optimized geometries, silver clusters arranged themselves to
get the most interaction possible with the MS. The distances
with the hydroxyl group are 3.6 A in glucose and 3.5 A in
ribose, erythrose, and glyceraldehyde. Optimized complexes
formed with one-and-three-silver atom clusters are displayed in
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the Supporting Information (Figures S3 and S4). One-silver-
atom cluster distances are 3.6 A for glucose and ribose and 3.5
A for erythrose and glyceraldehyde. For the most stable
complexes in the three-silver-atom cluster group, the distances
are bigger than the ones found for the one-and-five-silver-atom
clusters being 3.7 A in ribose and 3.6 A in glucose, erythrose,
and glyceraldehyde.

For one-silver-atom complexes, their interaction energies
were the highest, ranging from —3.2 to —2.8 kcal/mol, while
their distances were the shortest. This suggests poor
interaction due to fewer silver atoms. Energies of three-
silver-atom complexes present a value of —5.4 and —8.4 kcal/
mol for glucose and glyceraldehyde, respectively, while their
distances were longer than the estimated in the one-silver-atom
complexes. Complexes with the five-silver-atom cluster had the
lowest interaction energies among the 12 studied systems,
specifically, glyceraldehyde and glucose with —6.4 and —7.4
kcal/mol, respectively. This suggests favorable binding
between the five-silver-atom clusters and the MS, while their
distances were similar to the three-silver-atom complexes.

It seems that as the complexes grow in the number of silver
atoms, distances reach an average length (Figures S4 and 3),
and interaction energies decrease. Lower energy values are
mainly influenced by the type of carbohydrate that is used,
leading to better interactions and more stabilized complexes.
Results showed that glyceraldehyde has the lowest distances
and interaction energies among all, which may suggest better
reducing activity.

The interaction between an organic molecule and a
nanoparticle (NP) will depend on the nature of the molecule
and the size of the NP.”' Although one silver atom could
interact more intimately with the MS, it cannot interact with
different zones of the molecule as the three- and five-silver-
atom clusters do, which can result also in a better interaction.*”

The complex formation energy (AEgg) was obtained from
the optimized complexes and is presented in Table 1.
Furthermore, the distortion and interaction energies are
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tabulated for the set of Ag MS complexes obtained in this
study.

Table 1. Complex Formation Energy AEgg, Distortion
Energies AE,,, (Ag,) and AEy, (MS), and Interaction
Energy AE,, (in kcal/mol) between distorted species for
different studied complexes

complex ABy,  AEgq (Ag)  AEq: (MS)  AE,
1Ag_glucose 2.2 54 =32
1Ag_ribose 1.7 4.6 -2.9
1Ag_erythrose 1.0 3.8 -2.8
1Ag_glyceraldehyde 2.2 S.0 -2.8
3Ag_glucose 0.3 0.0 S.7 -S54
3Ag_ribose -1.6 0.1 4.9 —6.6
3Ag_erythrose —14 0.0 4.0 =53
3Ag_glyceraldehyde -3.7 0.0 4.7 -84
SAg_glucose —-1.4 0.0 5.9 —7.4
SAg ribose -1.4 0.0 4.8 —6.3
SAg_ erythrose -22 0.0 4.1 -6.3
SAg_glyceraldehyde -0.9 0.0 S4 —6.4

Results showed that the complexes formed with clusters of
three-and-five-silver-atoms are thermodynamically more fa-
vored than the ones produced with the single silver atom;”” all
one-silver-atom complexes obtained positive formation en-
ergies. When analyzing each monosaccharide, inside the groups
of three-and-five-silver-atoms complexes, glucose is the only
one that presents positive complex formation energy in the
complex formed with the three-silver-atom cluster; its most
favorable complex is the one formed with the five silver atoms
(=14 kcal/mol). Similar behavior is observed within the
erythrose complexes, where the most favorable one occurs
between the MS and the five-silver-atom cluster (—2.2 kcal/
mol). Interestingly, for glyceraldehyde and ribose, the three-
silver-atom cluster is the one that produces the most stable
complexes. Comparing all of the 12 systems,
3Ag glyceraldehyde is the most favorable one with a complex
formation energy of —3.7 kcal/mol. This may be because
glucose, erythrose, and ribose are cycled in aqueous solvents.
The MS cyclization reaction forms a hemiacetal, where the
carbonyl group is not available to be easily oxidized.”> On the
other hand, due to the size and structure of glyceraldehyde, the
oxidation—reduction reaction takes place easily.

An ELF analysis was performed to get insights into the
Ag MS interaction. Figure 4 shows the decomposition energy
scheme used to establish which role is played in each
contribution in the formation of the Ag MS complex.

Results show that the contribution of the silver clusters is
negligible to the complex formation, AEy, (Ag,). Looking at
the optimized structures, the negligible contribution can be
explained because the clusters did not suffer appreciable
structural deformation or geometric distortion in the formation
of the studied complexes. On the other hand, the MS
structures presented structural deformation, which causes the
distortion energy of these structures to be around $ kcal/mol.
The formation of highly stabilized complexes can be observed
by the negative values obtained for the complex formation
energy (AEgg) of the systems, which is accompanied by higher
values of AEg, (MS). This favors a stronger interaction
between distorted species, which obtained negative AE,
values.
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Figure 4. Energy contribution of all of the studied systems. Negative
interaction energies reflect strong interactions for all complexes,
particularly 3Ag glyceraldehyde. Positive distortion energies were
found for both Ag and MS. Negative values for all complex formation
energies were expected; however, only complexes of one-silver-atom
cluster obtained positive data.

Finally, Figure S shows the representation of the ELF basins
of all of the studied systems. In the figures, the most relevant
bonds in the studied complexes can be visualized. A typical
characterization of the Lewis representation for C—C, C—H,
and C—O bonds and lone pairs on the oxygen atom of the MS
structures can be appreciated. The most important fact is that
bond formation, between silver clusters and monosaccharides,
was not observed in any of the studied complexes, which
suggests that the oxidation/reduction process only involves
interactions and charge transfer but not a proper bond
formation.

B CONCLUSIONS

A DFT approach was used to simulate, at a molecular level, the
interaction process between silver clusters and four MS to
determine which one presents the better properties to reduce
silver ions and form Ag-NPs. As seen in the optimized
structures, the one-silver-atom cluster presents the closest
distances during the interaction with all of the MS. Results
showed that D-erythrose and D-glyceraldehyde present the
shortest distances with all of the silver clusters, being 3.5 A for
both molecules. Moreover, complexes between the five-silver-
atom cluster and MS, glyceraldehyde, and glucose were the
most stable structures as they presented the lowest interaction
energies in this study (—7.4 and —6.4 kcal/mol, respectively).
Furthermore, the lowest complex formation energy was found
for the 3Ag Dp-glyceraldehyde complex with a value of —3.7
kcal/mol. ELF analysis concludes that the silver reduction
process does not involve any bond formation and only
nonbonding interactions. These results give an idea of the
performance of these carbohydrates, where D-glyceraldehyde,
the most stable complex, seems to be the best candidate as a
reducing agent in the green synthesis of Ag-NPs.

B COMPUTATIONAL METHODS

To study the interaction between silver clusters and
carbohydrate molecules, 12 systems were built. One-, three-,
and five-silver-atom clusters were selected to interact with each
of the four carbohydrate molecules considered in this study
(glucose, ribose, erythrose, and glyceraldehyde). All of the
structures including the silver clusters, monosaccharides (MS),
and complexes (Ag MS) formed between them were
optimized and their vibrational frequencies obtained.***
Calculations were performed using a polarizable continuum
model (PCM) of water including in the solvation model
density (SMD) approach implemented in Gaussian 09W
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Figure S. ELF isosurfaces (ELF = 0.75) of studied complexes.

9

software.”® The Becke’s three-parameter functional and the
Lee—Yang—Parr hybrid functional B3LYP level of calculation
was employed. The B3LYP functional has been previously used
to study Ag—NPs;17’36’37 additionally, it delivers stable
geometry configurations and reproducible results.”” The
LANL2DZ basis set*® was used for silver atoms, as it describes
first-row transition metals*"** and the 6—311g(d,p) basis set
for the organic systems.*’ This mixed basis set was used for the
12 complexes (Ag MS), as it improves thermodynamic
parameters.”** The ELF analysis was made using the
Multiwfn program,*® and its graphical representation was
obtained using GaussView6 software."’

First, different conformations for the three-silver-atom
cluster and five-silver-atom cluster including planar and
nonplanar configurations were tested to find the most stable
conformation. In parallel, MS molecules were built and
optimized. Then, the one-silver-atom cluster was used to
form different Ag_ MS configurations with all of the studied
MS to establish the position in which the single silver atom
forms the most stable complex. To achieve this, optimization
calculations were made combining the B3LYP functional and
the mixed basis set. From this information, complexes
(Ag_MS) were formed with the rest of the silver cluster
structures and then optimized utilizing the same functional and
mixed basis set. Finally, the electron localization function
(ELF)* tool was used as it assesses the presence or the
absence of a bond between silver clusters and MS in the
different complexes, where the gradient vector field of ELF
divides the space in basins of attractors where electron pairs
are located.

The complex formation energy AEgpp of each of the 12
systems was calculated, as described in eq 1.

AEgp = Ecx — [Epg + Byl
where n = 1, 3, S silver atoms (1)

Afterward, following a two-step process, as shown in Figure 6,
an energy partition known as strain/ interaction® or dis-

Ag, distorted ‘ + ‘ MS distorted ‘ AEin

complex optimized
AEgis:(Agn) AEgisi(molec)

Agn optimized ‘ + ‘ MS optimized ‘ AE

Figure 6. Energy partition protocol following the distortion/
interaction model.

tortion/interaction model®® was applied. This method has
been successfully employed to surface adsorption in the limit
of low coverage by Scaranto et al.>* To achieve this, both Ag,
and MS structures are distorted in their complex geometries in
the first stage allowing them to interact in a second one. With
these calculations, AEp; can be decomposed into two
contributions, as shown in eq 2.

A‘EBE = AEdis'c + AEint (2)

The distortion energy (AEg,) is calculated by adding the
distortion energy of the Ag, and the MS, as shown in eq 3. The
energies required to distort reactants (Ag, or MS) can be
calculated as the difference between the energy of the isolated
deformed complex (using the geometry in the complex) and
the energy of the optimized ground state of the isolated cluster
or monosaccharide, respectively (eq 4).

A‘Eclis'c = AEdist(Agn) + AEdis'c(MS) (3)

AE‘Xdis‘r = EXdistorted — EX

optimized

X = Ag , MS (4)

Finally, the process of complex formation from distorted
reactants releases an energy known as interaction energy
(AE,,), which can be calculated using eq S.

AEint = ECX - (EAgn,distorted + EMS,distorted) (5)

AE,,, can also be computed in an easier way in terms of
AEg; and AEg (eq 6).
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