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1 | INTRODUCTION

| Ignacio Lépez-Corral®>® | Ricardo Faccio®

| Alfredo Juan®® |

Abstract

The role of a- and -D-glucose, and D-gluconate anion, acting as capping agent,
on silver nanoparticles (AgNPs) was evaluated using both Raman and density
functional theory studies. The particles were synthetized employing glucose,
as reducing and blocking agent, in alkaline conditions. Capping agents were
characterized through surface enhancement Raman spectroscopy together with
modeling performed using silver clusters. Several geometries were optimized,
and its energies and wavenumbers were calculated for each of them. Vibration
normal modes from D-glucose isomers and D-gluconate were obtained and
compared with those reported in bibliography, showing a satisfactory correla-
tion. Comparison between experimental and calculated frequencies reveals a
preference for D-gluconate anion acting as capping agent under the necessary
presence of D-glucose on the surface of the AgNPs. The study of energies shows
a greater affinity of D-gluconate for the silver atoms (above —1.3 eV for both
geometries) than for other configurations of the glucose molecule (about
—0.66 €V in the case of a-D-glucose).
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to the following mechanisms: (a) electrostatics, (b) steric
effect; (c) hydration forces, (d) depletion forces, and 5)

Metal nanoparticles present remarkable optical and elec-
tronic properties. Its applications start from energy stor-
age or water treatment to the development of catalysts
and chemical sensors.!' In the last years, with the aim
to reduce the use of dangerous reagents, such as NaBH,,
new synthesis methods have been developed using natu-
ral reagents, such as glucose.!?! In all cases, silver nano-
particles (AgNPs), without capping agents, tend to
agglomerate. These colloids can be stabilized according

van der Waals forces.!® In almost all chemical synthesis
process, the role of capping agents is fundamental to
prevent the aggregation of nanoparticles (NPs).!*!

The efficiency of AgNPs is strongly related to the mole-
cules adsorbed on their surface. An example of this is the
different effect on its antibacterial properties that changes
if the NPs are coated with monosaccharides (glucose or
galactose) or disaccharides (maltose or lactose); the latter
showed greater antibacterial effectiveness.'! By other side,

1756 | © 2018 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/jrs

J Raman Spectrosc. 2018;49:1756-1764.


http://orcid.org/0000-0002-7878-658X
http://orcid.org/0000-0003-1650-7677
mailto:cajuan@uns.edu.ar
https://doi.org/10.1002/jrs.5466
http://wileyonlinelibrary.com/journal/jrs
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjrs.5466&domain=pdf&date_stamp=2018-09-03

FA Er AL.

Journal of

1757

shape, size, and Z potential were evaluated for different
capping agents such as polyethylene glycol, ethylenedi-
aminetetraacetic acid, polyvinyl pyrrolidone, and polyvinyl
alcohol.®! In the synthesis with honey or glucose solutions,
this monosaccharide reacts with Ag* cations to produce
Ag® and D-gluconate, in alkaline conditions. This anion
can act as a stabilizing agent, together with the excess of
a- and -D-glucose present in the synthesis media.”!

Raveendran et al. used a mixture of glucose with
starch as reducing and capping agent.[z] For this synthesis,
20 hr of heating was necessary.®! Other authors used mix-
tures of glucose with bamboo hemicellulose combined
with the use of microwave.'®! A green synthesis, using
common honey as both reducing and capping agent, was
reported by our group.[g] We studied the roles of D-glucose
and D-fructose to reduce the Ag* and their ability to act as
a capping agent on AgNPs surface. Few works in bibliog-
raphy identify the molecules that are responsible for stabi-
lization of AgNPs during their synthesis,'*'"] whereas
mainly adsorbed honey sugars and its preferential geome-
tries on AgNPs are usually not studied in depth.

The surface enhancement Raman spectroscopy (SERS)
is a phenomenon that greatly amplifies the intensity of
vibration signal from molecules adsorbed to the surface of
certain metals, such as Ag, when a green laser (532 nm) is
used in Raman spectroscopy.'>*! This technique can be
used to find, through the SERS phenomenon, the normal
modes from molecules linked to the AgNPs in colloidal sus-
pension. Carlini et al. employed spin-resolved X-ray photo-
electron spectroscopy and SERS to evaluate negatively
charged hydrophilic organicthiol sodium 3-mercapto-1-
propanesulfonate on AgNPs and gold nanoparticles
(AuNPs)." On the other hand, Prado et al. analyzed the
substitution of citrate by either thiocyanate or sulfide ions
by changes in the normal vibration modes on the AuNPs
surface.'®! Parameswari et al. used the SERS phenomenon
to investigate the absorption of N-methylglycine and its ori-
entation on the AgNPs surface and compared his measured
data with density functional theory (DFT) computed
wavenumbers.'® The comparison between SERS and theo-
retical results for vibration normal modes is a strategy
extensively used. Harrounhas carried out a thorough analy-
sis of the adenine adsorption sites on gold and silver sur-
faces, using results obtained by different variants of
Raman spectroscopy and computational calculation
methods, finding that the experimental conditions are
determinant in the nature of union of this molecule."”!
Using methodologies similar to those previously men-
tioned, Yao and Huang studied the possible conformations
of absorption of cysteine on AuNPs, finding a preference in
the interaction of this amino acid with the surface through
its sulfur and oxygen atoms.!"®! On the other hand, Maiti
et al. measured the absorption of amino polycarboxylic acid
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ligands on AgNPs using SERS and DFT methods. In this
way, they found a strong chemisorption through oxygen
and nitrogen atoms of the adsorbate with silver.!”!

In this work, we synthetize AgNPs using D-glucose
and analyze different D-glucose/Ag and D-gluconate/Ag
geometries using SERS and DFT methods in order to
evaluate the role of these sugars as capping agent. This
study is carried out by comparing the experimental vibra-
tions with calculated normal modes, at the preferential
adsorption configurations.

2 | METHODS

2.1 | Reagents

All reagents were of analytical grade. The water used was
ultrapure (18 MQ). Silver solution 5.88 x 107> mol L™*
was prepared by dissolving 0.0998 g of AgNO; (Merck
99.9%) in 100.0 ml in water. A 0.40 g of sodium hydroxide
was diluted in 100.0 ml of water reaching 0.1 mol L™" con-
centration. D-Glucose (Sigma-Aldrich) aqueous solution
78.20 g ™" was prepared by dissolving 0.782 g of this sugar
in 10.00 ml of water.

2.2 | Synthesis and characterization of
AgNPs

A 40 pl of D-glucose solution was added to 265 ul of AgNO3
solution (5.88 x 107> mol L"), and the pH 10.00 was
adjusted with sodium hydroxide and diluted with water
to a final volume of 10.0 mL. The colorless solution was
stirred for 1 min. The appearance of typical brown-yellow
color was observed, which indicates the formation of
AgNPs.!”! Size and distribution of particles were obtained
with a transmission electron microscope (JEOL 100 CX II).

2.3 | Raman measurements

For recording spectra of conventional Raman and SERS
phenomena, the AgNPs suspension was deposited on a
plate with aluminum (Al) bottom in a confocal Raman
imaging Alpha 300R. The sample was irradiated for
2 min with a green laser (Nd:Y3Al50;,) at 532 nm, and its
power was kept at 10 mW. The integration time was 0.1 s.

2.4 | Computational details

A geometric optimization for isolated a- and -D-glucose
molecules and D-gluconate ion (Figure 1) was carried out
in order to find their most stable configurations. We
modeled AgNPs, using a cluster of three silver
atoms (Ags), which was also optimized. This cluster has
been used for several studies, including SERS spectra,
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and proved to be a good model for AgNPs, leading to an
excellent correlation between experimental and
theoretical.?>??! A total of 15 initial configurations
were evaluated. Six of these configurations correspond to

a-D-glucose: five of them interact with a closed triangular

D-gluconate anion

o 8
| 1b

43x’
1

FIGURE 1 Structure of a-D-glucose, {3-
D-glucose, and D-gluconate anion, with
the number of their corresponding oxygen
atoms (in red). Carbon and hydrogen
atoms are showed in gray and white color,
respectively [Colour figure can be viewed
at wileyonlinelibrary.com]

Ag; cluster, whereas the other one interacts with an open
Ag; cluster. For the p-D-glucose, seven geometries were
evaluated: five of them with the closed triangular Ags
cluster and two configurations with the open silver
cluster. The D-gluconate anion was modeled through two

TABLE 1 Assignment of normal modes for D-glucose and D-gluconate

Experimental data/cm ™

531 5150331
540034
603 5941331
662 65111
760 77034
806 8081331
996 9741331
1,039 104139
1,039/
1,095 1,10012!
1,095!33!
1,108 1,112
1,176 1,1501¢!
1,209 1,202!3!
1,245 1,2481331
1,284 1,282131
1,307 1,310
1,339 1,3491331
1,330132
1,349137
1,336!%!
1,349!1331
1,363 1,360
1,368
1,368132!
1,349
1,392 1,401
1,433 1,4481321
1,450 1,455034
1,454132
1,445331

Literature data/cm™

1 Most probable assignment

3 COO glu
8 C2-C1-01 «

§ CO + 8 COO glu
§ COO + & COO glu
8 05-C1-01 B

d CH glu

vCO + SOCHglu

8C1-H a
vCO a + S0CHglu

vCO +vCC+ 8COH a
v CO + & COO glu

CC stretch + CCO bend «
v C-0O endociclic gsa

v CO + § COO glu

d COH + OCH glu

4 OCH glu

8 COH + 8 OCH glu

3 C-O-Ha

o CH2 a

8 COH + 8 COH «

7 (CH2) gsa

8 COH + 8§ COH glu

w CH2

6 CH + 8 OH gsa

w CH2 + 8 OCH + COH gsa
d COH + 8COHglu

v COO-antisimetric glu
d CH2, OCH f8

S CH2 gsa

CH2, 8 OCH o
8 CH2 y OCH glu

Note. glu: D-gluconate; gse: D-glucose (isomer not specified); a: a-D-glucose; B: 3-D-glucose.
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configurations, all of them with the Ag; cluster in its closed
triangular shape.

Calculations were carried out with the Gaussian 09
code, using the functional B3LYP. The basis set selected
for C, O, and H atoms was 6-311 + G*, whereas the
LANL2DZ basis set was used for Ag atoms.>**! The sol-
vent effect was modeled using the implied hydration

WILEY-RAMAN
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instruction polarizable conductor calculation model
(Cpcm).[25:20]
For energies calculation, the following equation
was used:

Eq.4s = E(D-glucose/Ag, or D-gluconate/Ag;)
— E(Ag;) — E(D-glucose or D-gluconate), (1)

TABLE 2 Initial and final adsorption geometries for a-D-glucose, 3-D-glucose, and D-gluconate anion on Ags cluster
Molecule Initial interaction Final interaction Distance (A) for final interaction Energy (eV)
a-D-Glucose 1 05 (ether) 05 (ether) 2.52 —0.35
a-D-Glucose 2 03; 04 (OH) 03 (OH) 2.38 —0.49
a-D-Glucose 3 02; 03; 04 (OH) 03; 04 (OH) 3.51; 3.71 —0.08
a-D-Glucose 3 (with open Ag;) 02; 03; 04 (OH) 01; 02 (OH) 2.85; 2.67 —0.30
a-D-Glucose 4 01; 02 (OH) 01; 02 (OH) 2.57; 2.53 —0.66
a-D-Glucose 5 02; 03 (OH) 01; 02 (OH) 2.78; 2.46 —0.48
-D-Glucose 1 05 (ether) 01 (OH); O5 (ether) 2.56; 2.72 —0.62
-D-Glucose 2 03; 04 (OH) 04 (OH) 3.57 —0.05
B-D-Glucose 2 (with open Ag;) 03; O4 (OH) 06 (hydroxymethyl) 2.50 —0.24
B-D-Glucose 3 02; 03; 04 (OH) 04 (OH) 2.42 —0.40
B-D-Glucose 4 01; 02 (OH) 01 (OH) 2.44 —0.43
-D-Glucose 5 02; 03 (OH) 02; 03 (OH) 3.69; 3.66 —0.07
-D-Glucose 5 (with open Ags;) 02; O3 (OH) 03 (OH) 3.66 —0.04
D-Gluconate 1 O1; O1b (carbonyl group) O1 (carbonyl group) 2.25 —1.93
D-Gluconate 2 02; 03; 04 (OH) 02; 03 (OH) 2.68; 2.43 -1.32

Note. The final adsorbate/cluster distance and adsorption energy value are indicated for each system.

FIGURE 2 Final adsorption geometries
for the a-D-glucose/Ag; system: (a)
Geometry 1 (a-1); (b) Geometry 2 (a-2); (¢)
Geometry 3 (a-3); (d) Geometry 4 (a-4); (e)
Geometry 5 (a-5); and (f) Geometry 3 with
Ags open cluster (3-a-O). Oxygen, carbon,
and hydrogen atoms are shown in red,
gray, and white, respectively, whereas
light blue atoms corresponds to the silver
cluster [Colour figure can be viewed at
wileyonlinelibrary.com]
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where E (D-glucose or D-gluconate/Ag;) represents the
energy of adsorbed molecules on the Ag; cluster, E (Ags)
the energy of isolated silver cluster, and E (D-glucose or
D-gluconate) the energy of isolated molecule.

A basis set superposition error correction, a conse-
quence of inconsistent treatment of complex system and
its constituent subsystems, present especially in transition
metals, was also made.!?72%!

3 | RESULTS AND DISCUSSION

3.1 | Synthesis of AgNPs

The synthesized AgNPs showed spherical, polyhedral,
and nanoprism shapes. Particle size shows a binomial dis-
tribution with an average of 25 and 45 nm, which can be
observed in Figure S1. Similar characteristics were
revealed in Gonzalez Fa et al.l°!

FIGURE 3 Initial and final adsorption
geometries for the -D-glucose/Ag;
system: (a) Geometry 1 (8-1); (b)
Geometry 2 (8-2); (c) Geometry 3 (-3); (d)
Geometry 4 ($-4); (e) Geometry 5-8; (f)
Geometry 2 with Ags open cluster ($-2-0);
and (g) Geometry 5 with Agz open cluster
(8-5-0). Oxygen, carbon, and hydrogen
atoms are shown in red, gray, and white,
respectively, whereas light blue atoms
correspond to the silver cluster [Colour
figure can be viewed at wileyonlinelibrary.
com|

FIGURE 4 [Initial and final adsorption geometries for the
D-gluconate/Ag; system: (a) Geometry 1 (Glu-1) and (b) Geometry
2 (Glu-2). Oxygen, carbon, and hydrogen atoms are shown in red,
gray, and white, respectively, whereas light blue atoms correspond
to the silver cluster [Colour figure can be viewed at
wileyonlinelibrary.com]
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3.2 | Raman spectroscopy of solid
a-D-glucose

In order to check the possibility of comparing experimen-
tal normal modes with bibliography data, a conventional
Raman spectrum of a-D-glucose powder was obtained,
and its wavenumbers were compared. Table S1 present
an excellent correlation (see also Figure S2), considering

that the experimental error is +10 cm™".

3.3 | Surface enhancement Raman
spectroscopy

In all the cases, the obtained peaks can be assigned to the
glucose molecule or the D-gluconate anion adsorbed on
the silver surface; this is because the free molecules are
not close enough to give the SERS phenomenon. These
wavenumbers were compared with those reported in
bibliography for D-glucose molecule and D-gluconate ion

TABLE 3 Matching of experimental and theoretical wavenumbers

_RARAN
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measurements, in order to make the corresponding
assignments of the normal vibration modes (see Table 1).

Wavenumbers shown in Table 1 suggest a-D-glucose,
B-D-glucose, and also D-gluconate anion are adsorbed
on the silver surface of the AgNPs, because the
wavenumbers present in the experiments correspond to
those found in literature for these species.!**3% Small
discrepancies are observed and can be attributed to the
different concentration of the carbohydrate present in
the sample with respect to that used in literature.[>~>°!
In the present work, the initial concentration of a-D-glu-
cose in the synthesis was 0.0345% (w/v), whereas in the
literature, the concentration of the monosaccharides
was higher than 20% (w/v).?7?**1-3% High concentration
of D-glucose can lead to interactions by the solute mole-
cules through van der Waals forces or hydrogen bonds,
producing changes in the Raman shift.*®! Moreover, the
wavenumbers obtained experimentally were carried out
in an alkaline medium (pH 10.00), whereas the measure-
ment of normal modes obtained from the literature was

Theoretical wavenumbers for final adsorption geometries (cm™")

a-D-Glucose/Ag;

B-D-Glucose/Ag;

D-Gluconate/Ag;

Experimental

wavenumbers o-1 a-2 a-3 a-3-0 a4 a-5 g-1 g-2 g-2-0 B-3 g-4 g-5 g-50 Glu1l Glu 2
531 536 539 537 537 539
603 606 605 605 605 608 607 605

662 672

760 757 766
806 823
996 1,003 993 990 998 1,001 999 999 997 990 996

1,039 1,039 1,042 1,033 1,035 1,040 1,044 1,033 1,045 1,048 1,033 1,032 1,032 1,038 1,045
1,095 1,096 1,091 1,097 1,097 1,106 1,090 1,094
1,108 1,110 1,104 1,098 1,108 1,109 1,108 1,110

1,176 1,170 1,171 1,181 1,182 1,181 1,184 1,172 1,175 1,186
1,209 1,206 1,209 1,205 1,211 1,211 1,205 1,210 1,211 1,205 1,209 1,206 1,208 1,207 1,207 1,205
1,245 1,254
1,284 1,292 1,285 1,292 1,290 1,289 1,289 1,289 1,293 1,286 1,280 1,285 1,280
1,307 1,305 1,304 1,308 1,304 1,305 1,303 1,306 1,310 1,309 1,311 1,303 1,312 1,304 1,305 1,314
1,339 1,336 1,346 1,339 1,339 1,337 1,338 1,343 1,345 1,344 1,348 1,342 1,337 1,341 1,338 1,343
1,363 1,367 1,370 1,372 1,371 1,371 1,356 1,370 1,365
1,392 1,394 1,383 1,392 1,396 1,391 1,391 1,395 1,388 1,386 1,397 1,394 1,389 1,396 1,390 1,391
1,433 1,436 1,429

1,450 1,449 1,445 1,445 1,444 1,443 1,445 1,444 1,445 1,445 1,444 1,445 1,446 1,460

1,548 1,552
1,567 1,563

Note. Instrument error is +10 cm™'. The wavenumbers in italics exceed the difference +10 cm™" (instrument error).

a: alpha-D-glucose; f3: beta-D-glucose; Glu: D-gluconate; O: interaction with open Ag; cluster.
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done in distilled water.?*3? On the other hand, there is
evidence about a slight shift in wavenumbers between
conventional Raman measurements and SERS.I®78! 1t
should be noted that the wavenumbers found in literature
for the D-gluconate anion are in solid state, leading to
possible differences.!>"!

3.4 | Computational simulation

Table 2 shows the different interactions between the Ag;
cluster with D-glucose molecule and the D-gluconate
anion. The initial proposed interactions geometries for
these molecules are also shown. The final adsorption con-
figurations are shown in Figures 2 (a-D-glucose), 3 (8-D-
glucose), and 4 (D-gluconate anion), and in each case, it
can be observed the evolution to a more stable configura-
tion. The theoretical Raman wavenumbers belong to
these final adsorption geometries. On the other hand,
Table 2 also presents information about the adsorption
energy for each final configuration, calculated with
Equation 1, so the preferential adsorption geometries
could be recognized.

The obtained configurations, at their most stable
form, after geometric optimization are showed in figure
2, 3 and 4.

We also analyze adsorption geometries with an open
Ag; cluster (see Table 2 and Figures 2, 3, and 4). This is
due to the distance between the oxygen and silver atoms,
which is always greater than 3 A when the cluster is in
closed triangular form, so in these cases, the adsorbate-
Ag; interaction is very weak, and another configuration
for the cluster should also be considered. On the other
hand, the adsorption energy values were more negative
in the case of the Ags open form, except for the Geometry
5 of B-D-glucose (B-5), where no significant changes were
found. Table 2 also shows that most interactions between
a-D-glucose and the Ag; cluster involve O1 and O2 atoms,
but this situation does not repeat with the -D-glucose. A
different position occupied by O1 atom in this isomer
could be the reason.

After analysis of the adsorption energy values from
Table 2, the adsorbates could be organized into three
groups according to their stability. The most stable mole-
cule is the D-gluconate anion, mainly its (see Geometry 1,
Figure 4a), with an adsorption energy value of —1.93 eV,
followed by its Geometry 2 with an energy value of
—1.32 eV. In a second group, no significant differences
in energy are found between the D-glucose isomers, being
the most stable, for a-D-glucose, the Configurations 4, 2,
and 5 with adsorption energy values of —0.66, —0.49,
and —0.48 eV, respectively, and for the f-D-glucose,
Geometries 1, 4, and 3 with energy values of —0.62,
—0.43, and —0.40 eV, respectively. Finally, in a third

group, the open Ag; shows less stability when it interacts
with Geometries 1 and 3 of a-D-glucose (with energy
values of —0.35 and — 0.30 eV, respectively) and Configu-
ration 2 of B-D-glucose —0.24. Geometry 3 of a-D-glucose
(with closed triangular Ags cluster) and Configuration 5
of the p-isomer (with open and closed triangular Ags clus-
ters) are virtually non-interacting (see Figures 2 and 3).

3.5 | Theoretical-experimental
vibrational analysis

Table 3 lists the theoretical and experimental
wavenumbers belonging to a-D-glucose, f3-D-glucose, and
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FIGURE 5 Theoretical Raman spectra for the most probable
geometries [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 Schematic
experimental wavenumbers (upper part). Bars represent the

representation of theoretical and

calculated normal modes (lower part). Blue: D-gluconate geometry 1
(Glu 1); green: D-gluconate geometry 2 (Glu 2); violet: a-D-glucose
geometry 2 (a-2); brown: -D-glucose geometry 1 (8-1). "Frequency
not found in literature or calculation [Colour figure can be viewed
at wileyonlinelibrary.com]

D-gluconate on AgNPs, which are compared in order to
infer the adsorption geometries that are most plausible
to be adsorbed on silver clusters.

In Figure 5, theoretical vibrational spectra for the
most probable geometries are presented with its respec-
tive normalized Raman intensities.

As can be seen, the experimental wavenumbers at 760
and 1,567 cm™" only appear in Geometry 1 of D-gluconate
(Glu 1), whereas the vibrations in 806, 1,133, and
1,548 cm™! are only present Geometry 2 of this anion
(Glu 2). These two configurations involve almost all the
experimental observed wavenumbers, except 603, 662,
996, 1,108, and 1,433 cm™'. On the other hand, the vibra-
tion at 662 cm ™ is only present in Geometry 2 of a-D-glu-
cose (a-2), making this configuration highly probable.
This configuration also contributes to the vibration at
1,108 cm™'. The remaining normal modes can be found
in Geometries 1 and 5 of B-D-glucose (B-1 and {-5),
making these configurations preferable over the other
-D-glucose/Ags systems evaluated. Figure 6 shows a
schematic representation of experimental and theoretical
matching for measured and calculated wavenumbers.

4 | CONCLUSIONS

In this work, an experimental and theoretical analysis of
capping agents on AgNPs synthesized with glucose was
studied by SERS and DFT. We have found good correla-
tions between our experimentally obtained vibrational
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wavenumbers and those reported in literature. Correla-
tion between experimental and calculated wavenumbers
indicates that both D-glucose and D-gluconate adsorption
geometries can be found on the silver surface. These
results suggest that the utilized silver cluster may be con-
sidered a satisfactory approximation for AgNPs. However,
the calculations show that the D-gluconate anion
becomes essential to assign many wavenumbers found
experimentally. This also applies to Geometry 2 of a-D-
glucose and Geometry 1 or 5 of (-D-glucose, although
the latter has a very low adsorption energy value; being
therefore more probable to find Geometry 1. Therefore,
the studies would indicate that D-gluconate anion can
be found as a capping agent and then the glucose mole-
cules in their Configurations 2 of a-D-glucose and 1 of
B-D-glucose. It is also found that the interaction point
between silver and a-D-glucose tends to occur preferen-
tially through O1 and O2 oxygen atoms. This does not
seem to occur in (-D-glucose, probably because these
atoms are in different positions due to the isomerism. In
this way, the proposed strategy allows corroborate that
both glucose and its oxidation product (D-gluconate anion
in alkali medium) are present on the surface of the
AgNPs and also make inferences about most probable
geometries and preferential points of union.
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