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Abstract

Systematic DFT calculations on poly(N-vinyl-2-pyrrolidone) (PVP) stabilization of Ag13
cluster have shown that the former acts not only as a stabilizer but also plays an impor-
tant role in activating the Ag catalyst by supplying extra electrons to it through its oxygen
atoms. Natural Bonding Orbital (NBO) calculations show that weak back donation of
electrons from M(dt) orbital of Ag to antibonding o* of one of the N-O bond, facilitates
the formation of the nitroso intermediate. Vibrational frequency calculation of PNP asso-
ciation with Agl13-2PVP cluster carried out to understand the extent and the nature of
this interaction better. Red shift in the frequencies is result of strong interaction with that
of silver cluster present in Ag13-2PVP-PNP model.

Keywords: nanoparticles, p-nitrophenol, DFT calculation, charge distribution, NBO
calculation

1. Introduction

Recently nanoparticle (NP) research is an area of adoring scientific research due to wide vari-
ety of potential application in different fields of physics, chemistry, material science, medicine
and biology, as a result of their unique electronic, optical, magnetic, mechanical, physical,
chemical and catalytic properties. Nanoparticle is a microscopic particle with at least one
dimension less than 100 nm. The intrinsic properties of metal nanoparticles are mainly deter-
mined by their size, shape, composition, stability, crystallinity, structure, etc. The properties
of many conventional materials change when formed from nanoparticles. This is typically
because nanoparticles have a greater surface area per weight than larger particles which
causes them to be more reactive to some other molecules. It can be silver, gold, iron, iron
oxide, platinum, silica, titanium oxide, etc. Nanoparticles are of great scientific interest as they
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are effectively a bridge between bulk materials and atomic or molecular structures. Synthesis
of M-NPs can proceed by chemical reduction, thermolysis, photochemical decomposition,
electro reduction, microwave and sonochemical irradiation. In recent literature there are
large number of reports on synthesis, properties and applications of noble metals Au, Ag
and Cu NPs [1-3]. This is mainly because all three elements show good localized surface
plasmon resonance (LSPR) absorbance in the visible range and also have large number of
catalytic applications. However, the high cost of Au and to a lesser extent Ag restrict their
applications in many cases. As an alternative of Au and Ag NPs, researchers have investi-
gated Cu nanoparticles. CuNPs are less expensive and exhibit comparably higher electrical
conductivity and catalytic activity [4, 5]. The LSPR absorbance of CuNPs in the visible range is
comparatively less intense. Another issue is that Cu nanoparticles are easily oxidized [6], yet
nanoparticles of copper oxides also have wide applicability as catalysts. Silver NP found to be
quite stable and hence chosen for studying the effect of nanostructures on their catalytic activ-
ity. In liquid phase nanoparticle synthesis, polymeric molecules are often used for stabilizing
nanoparticles against aggregation. The function of the polymers are to avoid the aggregation
of the NP in solution and to control the size and shape at the crystallographic level [7-9].
Among various polymeric molecules investigated in literature, polyvinyl pyrrolidone (PVP)
has been one of the most frequently used stabilizers since it is non-toxic and soluble in many
polar solvents. While such PVP stabilized noble metal nanoparticles have extensively been
used as catalysts for various reactions [10, 11], few workers have concentrated in literature
on the effect of such stabilizer molecule on the nanoparticle surface on their catalytic prop-
erties [12-14]. Nevertheless, only a few research papers have investigated the effect of such
stabilization of nanoparticle surfaces on the electronic properties of such nanocomposites.
Tsunoyama et al. proposed that electron transfer occurs from the anionic Au cores of Au:PVP
into the LUMO (7t*) of O, which generates superoxo or peroxo like species. Latter plays a
key role in the oxidation of alcohol [10]. Similar mechanisms were proposed by some other
related experimental studies as well that the adsorption of PVP on to the catalyst surface can
also modify the electronic structure of nanoparticles by charge transfer [15, 16]. Yet several
aspects remain unclear, such as whether PVP attaches to the metal surface through its O atom
or through the N atom [15, 17]. The strength of interaction of PVP with the metal surface is
also another aspect that needs to be investigated. Finally, the most important question that
in a catalytic reaction how does the interaction between the catalyst surface and the reac-
tant/substrate change in presence of stabilizer. Very few reports are available regarding this
topic [18, 19]. The catalytic reduction of nitroarenes to aminoarenes by transfer hydrogenation
methodologies is an important class of organic transformations. The reaction does not occur
even in the presence of strong reductants like metal hydrides unless catalyzed by a suitable
nanocatalyst [12]. Synthesis of silver NP using PVP has been reported in our earlier study [20].
PVP stabilized Ag nanoparticles have often been successfully used as catalysts for such reac-
tions [14, 20]. However, to the best of our knowledge, there is no detailed DFT study on effect
of PVP (poly(N-vinyl-2-pyrrolidone)) stabilization of Ag cluster on its catalytic activity with
respect to a nitroarene (p-nitrophenol) substrate. In this chapter, we first carry out DFT cal-
culations on Ag/Au cluster along with the monomer of PVP moiety using Gaussian program.
Further, the effect of PVP stabilized Ag clusters (catalyst) on p-nitrophenol (PNP) has been
investigated in detail. Energy of interaction found by the B3LYP level of calculation elucidates
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the stability of the moieties. Mechanism for activation of the nitro group and formation of
nitroso intermediate has been proposed from NBO analysis. IR study of the Ag cluster stabi-
lized by PVP and its effect on PNP has been studied in detail using DFT calculation.

2. Computational procedure

A 13 atom silver and gold cluster is carved out of the FCC Ag/Au lattice constructed using the
MAPS software (Scienomics). The Gaussian 03 program [21] package employed for the DFT
calculations at the Becke’s three parameter functional and Lee-Yang—Parr hybrid functional
(B3LYP) level [22, 23] of calculation. LaNL2DZ for Ag/Au and 6-31G++(d, p) basis set for C, H,
N and O atoms was used while performing DFT calculation. BSLYP functional calculations
give the stable cluster and also reproduce the experimental results [17, 18, 24]. Calculations
are carried out for ground state geometry optimization in gaseous phase. The Mulliken
charges of each atom are calculated by the Mulliken population analysis. NBO analysis and
IR frequency calculation performed to find out the strength of interaction of nitro group of
PNP with silver cluster.

3. Results and discussion

3.1. Geometry optimization and Mulliken charge distribution

Aul3 and Ag13 cluster (magic number) were optimized using B3LYP method and LaNL2DZ
basis set using Gaussian program [25, 26]. Optimized structure of Ag13 and Aul3 has been shown
in Figure 1(a) and (b) respectively. Mulliken charge present on each atom is shown clearly.
Several literature are available explaining the charge distribution on gold and silver cluster by
varying number of atoms attached as well as by varying the shape of the clusters [24, 25]. It has
been reported by Chen and Johnston [25] that charges on atoms vary with variation in shape of
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Figure 1. Optimized structure of (a) Agl3 cluster and (b) Aul3 cluster with their Mulliken charges present on it.
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the cluster. Mulliken charges present in the pure Ag13 Ih (icosahedral) cluster are +0.256 for the
central Ag atom and -0.022 for a peripheral Ag atom. The charges in the pure Aul3 Oh (cuboc-
tahedral) cluster are +0.379 for the central Au atom and —0.033 for a peripheral Au atom. Hence,
the structural order in 13-atom icosahedral (Ih) and cuboctahedral (Oh) clusters also induces
charge transfer from the central atom to the peripheral ones. Varying the number of atoms in an
alloy changes the property of nanoparticles drastically. It has been shown that with introduction
of single Au/Ag atom in Ag13/Aul3 cluster, charge present on each atom vary hugely. Stability
of nanoalloys comes from a directional charge transfer induced by the structural order, which is
added to that induced by the electronegativity difference between unlike atoms. As the Pauling
electronegativity of Au (2.4) is greater than that of Ag (1.9), there is a degree of charge transfer
from Ag to Au atoms [25]. It is clear from Figure 1(a) and (b) that charge present on gold is quite
higher than that of silver atom. Central atom has huge positive charge as compared to negative
charge on the surface. Also one can say that gold is more active catalyst as compared to silver.
Okumura et al. [24] had presented the DFT calculation of gold nanoparticle stabilized with PVP
at B3LYP level of calculation. Role of PVP on the catalytic activities of gold cluster has been
explained very well and in refined way. Presence of PVP not only acts as a stabilizer to prevent
aggregation, but also activates the catalyst by supplying charge to it. Calculations have shown
that the charge transfer from the adsorbed PVP to Aul3 produces negatively charged O, on
Aul3-4PVP. Hence one can conclude that the catalytic activities of Au clusters are affected by
the adsorbed PVPs. Varying the number of adsorbed PVP, charge present on the catalyst vary
drastically. Similar observation was observed for the silver cluster (Ag13) in our calculation. This
is the first report explaining the effect of PVP on the silver cluster.

Optimized structure of Ag13-2PVP with the charge present on each atoms are clearly has been
shown in Figure 2. Distance between oxygen of PVP and different silver atoms are 2.32 and
2.36 A Tt clearly shows that interaction of PVP with silver cluster is quite strong. Also charge
present on bare Agl3 cluster and Agl3 surrounded by 2 PVP moieties are quite different.
Higher charge on the surface silver atom of Ag13-2PVP is indicative of the fact that PVP does
not just acts as a stabilizer, but activates the catalyst as well, similar as obtained by Okumura
et al. for gold cluster [24].
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Figure 2. Optimized structure of Ag13-2PVP moiety with charge present on each atom.
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3.2. Effect of p-nitrophenol on silver cluster surrounded by PVP

Among the available nitroarenes, the reduction of p-nitrophenol (PNP) using NaBH4 as the
reductant has been studied extensively as a model pollutant and catalytic reduction reaction
[27]. Several literatures are available for this catalytic reduction reaction. In recent study, it
has been investigated that during catalytic reduction of p-nitrophenol to p-aminophenol (AP)
glycerol as the reductant also in a mixture of glycerol and water as the reaction medium [20].
Several experimental literatures are available for this reduction reaction [27] but the actual
mechanism for this catalytic reduction of p-nitrophenol to p-aminophenol is still unclear.
Hence to study the catalytic reduction mechanism DFT proves to be very useful [28].

To study the catalytic reduction mechanism, p-nitrophenol was incorporated in the optimized
structure of Agl13-2PVP moiety and reoptimized the whole system at same B3LYP level of
calculation. Optimized structure of PNP and Ag13-2PVP-PNP has been shown in Figure 3(a)
and (b) respectively. Important geometrical parameters such as bond length, bond angles
have been shown in Table 1. It has been observed that N-O bond length increases from 1.28 A
(in PNP) to 1.36 A in Ag13-2-PVP-PNP moiety. N11-C1 bond length decreases by 0.05 A when
PNP interact with Ag13 cluster. <O12-N11-O13 decrease by ~3° when interact with Ag13 clus-
ter. Ag7----C24=025, Ag4----C41=042 distance found to be 2.32 and 2.36 A. This shows strong
interaction with silver cluster and PVP molecules. Ag1-O60 and Ag2-O59 bond length cal-
culated to be 2.28 and 2.27 A, which clearly shows that PNP is much closer and interacting
strongly with silver cluster than that of PVP molecule.

3.3. Electronic effect due to PVP interaction with nanoparticle

Figure 4(a) and (b) shows the Mulliken charge distribution of Agl13 and Ag13-2PVP moiety
(shown by different colors). Negative charge on Ag13 is symmetrically distributed among the
shell Ag atoms of the cluster. This is balanced by the electropositive central Ag atom (shown
by green color). Charges on shell silver atoms of the Ag cluster (before interaction) found to be
either —0.09 or -0.15. Charge on central silver atom is detected to be +1.61. This result is similar
with that as reported by Li and Chen [29] and Chen and Johnston [25]. To balance the negative
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Figure 3. Optimized structure of (a) p-nitrophenol and (b) Ag13-2-PVP-PNP moiety.

157



158 Density Functional Calculations - Recent Progresses of Theory and Application

Parameters [bond length (A)/bond angles (°)] Data obtained from DFT calculation

p-nitrophenol (PNP)

N11-O12 1.28
N11-C1 1.46
<012-N11-O013 123.51
<012-N11-C1 118.23

Agl3-2-PVP-PNP

N58-059 1.36
N58-C48 141
Agl1-060 228
Ag2-059 227
<059-N58-060 120.83
<059-N58-C48 119.71
Ag7-—--C24=025 232
Agd-—-C41=042 2.36

Table 1. Selected bond length, bond angles of different system obtained from DFT calculation.

charge present on shell atoms, core becomes positively charged to neutralize and stabilized
the whole cluster. As PVP interacts with the Ag13 cluster, charge distribution becomes asym-
metrical. The charges present on shell Ag atoms interacting with (PVP) O atoms are -0.07 and
—0.05. Rest of the shell Ag atoms have charges more or less around -0.30. The central Ag atom
is most electron deficient carrying charge of +3.07. Adsorption of the PVP model molecule
onto the surface of Agl3 increases the negative charge density on Agl3 cluster, similar as for
Aul3 cluster explained by Okumura et al. [24]. With adsorption of PVP on the surface, catalyst
becomes more active due to increase of negative charge on the Agl3 surface. To reduce the
computational cost, PVP has been removed for further interaction study of PNP with Agl3.
Optimized structure of PNP and Ag13-PNP has been shown in Figure 4(c) and (d) along with
their respective charges. Variation in charges on different atoms of PNP before and after inter-
action has been clearly shown by the different colored atoms of Figure 4(e) and (f) respectively.

These interactions of PNP with that of Ag13 are better understood from electrostatic potential
(ESP) charge distribution shown in Figure 5. Orange color represents the negative electron
density around the electronegative oxygen atoms.

3.4. Natural bonding orbital (NBO) analysis

Stabilization energy E(2) found to be proportional to the charge transfer energy or charge
distribution energy [30]. For each donor NBO(i) and acceptor NBO(j), the stabilization energy
E(2) associated with delocalization of electron pair from donor orbital (i) to acceptor orbital
(j) and is defined as



Catalytic Activation of PVP-Stabilized Gold/Silver Cluster on p-Nitrophenol Reduction: ADFT 159
http://dx.doi.org/10.5772/intechopen.72097

0374
-0.157 e 43 ' iy
-0.157 -0.157 . .
-0.157 P . 0,074 0.051 0376 . .
‘ ° O34 D0H ol 0395
‘ ‘ e 9 25k T 0397 S, 2324
-0.093 R DJ”

%>
./0?
o

(d)
(]

©

Figure 4. Mulliken charge distribution on different atoms of (a) Agl3 cluster and (b) Ag13-2PVP (c) PNP (d) Ag-PNP.
Colour representation of Mulliken charge on different atoms of (e) PNP (f) Ag13-PNP. Red colour represents the most
electronegative and green colour represents the most electropositive atom.

Figure 5. Electrostatic potential charge distribution on Ag13-2PVP-PNP moiety.
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.
EQ) = AE, = % (1)

where g, is the donor orbital occupancy, ¢, and ¢, are the diagonal elements (orbital ener-
gies). E(i, j) is the interaction element between donor and acceptor orbitals and is known as
diagonal NBO Fock matrix element. The delocalization effects can be identified by means of
off-diagonal elements of the Fock matrix. The forces of these delocalization interaction, E(2)
(kcal/mol), are estimated by second order perturbation theory [31]. E(2) term corresponding
to these interactions can also be the total charge transfer energy in the molecule.

To better understand the interaction between Agl13 cluster and PNP molecules, NBO calcula-
tion carried out at same B3LYP level of calculation. Table 2 presents the major interaction pres-
ent between silver cluster and PNP through both the oxygen atoms of the latter. It has been
observed from Table 2 that in addition to charge transfer from the oxygen (of the nitro group)
to Ag atom, there is also a back donation of electron from M(dm) orbital of Ag2 to antibond-
ing 0* of N58-O59 [E(2) = 2.06 kcal/mol]. Further, the back donation of electron from M(dm)
orbital of Agl to antibonding o of N58-O60 is comparatively much weaker [E(2) = 0.71 kcal/
mol]. This shows that only one of the two N-O bonds is considerably weakened by this back
donation of electron from Ag atoms in comparison to the other N-O bond. Hence, from these
obtained NBO results, one can predict the subsequent formation of nitroso compound as an
intermediate. This mechanism is in agreement with the one proposed by Liu et al. in an exper-
imental study for reduction of nitrobenzene in presence of Ag catalyst [12] and for reduction
of PNP in presence of Ag catalyst by Gu et al. [27].

3.5. Calculated vibrational spectra and analysis of calculated IR spectra of PNP and
Agl13-2PVP-PNP

IR frequency calculations prove to be a good tool for predicting the interaction present in a
molecule [31]. For better analysis of the interaction of PNP with silver cluster, we perform the

Donor orbital (i) Acceptor orbital (j) Second order perturbation stabilization
energy E(2)/(kcal/mol)

149. LP*(6)Ag2 564. BD*(1)N58-059 2.06
262. LP(1)060 142. LP*(8)Agl 1.97
264. LP(3)060 140. LP*(6)Agl 521
264. LP(3)060 141. LP*(7)Agl 468
264. LP(3)060 142. LP*(8)Agl 1.39
261. LP(3)059 149. LP*(6)Ag2 6.45
261. LP(3)059 150. LP*(7)Ag2 3.17
260. LP(2)059 150. LP*(7)Ag2 2.04
259. LP(1)059 150. LP*(7)Ag2 4.02
55. BD(1)N58-060 150. LP*(7)Ag2 0.71

Table 2. Significant donor-acceptor NBO interactions in Ag cluster and PNP moiety with calculated second order

stabilization energies E(2) (kcal/mol).
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IR frequency calculations on the optimized structure of Ag13-2PVP-PNP moiety at same B3LYP
level of calculation and same basis set as mention above. To analyze the changes that occurred
in the vibrational spectrum due to such association we contrast it with the calculated IR frequen-
cies of the optimized structure of PNP alone. Calculated data has been presented in Table 3. For
the same vibrational motion, the frequency of the peak present in PNP varies significantly when
it is associated with the silver cluster. Scissoring of O-N-O occurs at 621 cm™ in PNP while it is
observed at 588 cm™ (red shift of 33 cm™) when there is interaction with Ag cluster. Similarly, a
strong red shift of 131 cm™ is observed when PNP interacts with silver cluster for benzene ring
breathing coupled with C-O(H) stretching and O-N-O scissoring motion in PNP. It is due to cou-
pling of NO, with that of the silver cluster. Another strong red shift of 103 cm™ is observed for

Wavenumber/(cm™)/ Intensity = Wavenumber Intensity  Difference in Assignment of bands
Agl13-2PVP-PNP (cm™)/PNP wavenumber/(cm™)/

[Ag13-2PVP-PNP-

(PNP)]
588 85 621 27 33 O-N-O scissoring in PNP
710 65 841 30 131 Benzene ring breathing

coupled with C-O(H)
stretching and O-N-O
scissoring in PNP

864 58 887 68 23 Out of plane bending of
C-H in PNP
1113 85 1124 118 11 C-H in plane bending

coupled with O-N-O
asymmetric stretching

in PNP

1167 356 1170 246 3 C-O-H scissoring in PNP
coupled with C-H in
plane bending

1174 41 1277 341 103 O-N-O symmetric
stretching in PNP

1192 32 1204 81 12 H-C=C-H scissoring in
PNP

1267 53 1287 55 20 C-O(H) stretching in PNP

1322 42 1277 341 45 C-N stretching in PNP

1520 190 1529 32 9 C-H in plane bending in
PNP coupled with C-N
stretching

1645 60 1657 120 12 C=C stretching in PNP

3185 34 3210 10 25 C-H asymmetric
stretching in PNP
coupled with C-O-H
scissoring

3708 91 3704 81 4 O-H stretching in PNP

Table 3. DFT calculated IR frequency of NB and Ag13-2PVP-PNP at B3LYP level.
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O-N-O symmetric stretching in PNP. For other vibrational motions, difference in wavenumbers
has been shown in Table 3. Red shifts in most of the frequencies are due to strong interaction
of PNP with silver cluster present in Ag13-2PVP-PNP model. Hence IR frequency calculation
proves to be a good tool in predicting the strength of interaction present in a molecule [32].

4. Conclusions

DFT calculations on PVP stabilized Ag13 cluster have shown that the PVP acts not only as a sta-
bilizer but also plays an important role in activating the Ag catalyst by supplying extra charge
to it, mainly through oxygen atom. Electrostatic potential (ESP) charge distribution demon-
strates that nitro group in p-nitrophenol (PNP) interacts strongly through oxygen end with
the Ag cluster. Furthermore, Natural Bonding Orbital (NBO) analysis shows that there is weak
back donation of electron from M(dm) orbital of Ag to antibonding o* of one of the N-O bonds
while the other N-O bond in PNP is not affected. Therefore, one of the N-O bonds is drastically
weakened in comparison to other N-O bond. Hence the formation of the nitroso intermediate
will assist its further reduction reaction. Hence stabilization energy calculation can be a good
tool in predicting the intermediate in a reaction catalyzed by NPs, which is difficult to predict
experimentally. Finally, significant red shifts in calculated IR frequencies are a consequence of
strong interaction of PNP with silver cluster present in Ag13-2PVP-PNP model. Hence, IR fre-
quency calculation is a good tool for predicting the strength of interaction present in a molecule.
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