RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 4 RSC Advances

Table of Content (TOC) entry

Redox reactions have been found to be favoured at nanoscale confinement of solid matrices.
Softening of reaction condition as well as enhancement of reaction kinetics at confined
nanospaces has been demonstrated.
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Wonderful nanoconfinement effect on redox reaction equilibrium+
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Polyol and other routes of reduction of noble metal ions that
are not feasible under ambient condition have been observed
with appreciable rate in nanoconfined spaces of solid matrices
for the first time. Also a remarkable enhancement of rate
constant / activity parameter has been observed for AgNPs
catalyzed BH, reduction of p-nitrophenol in nanoscale
confinement.

Nanoscale confinement can change the materials properties
significantly with respect to bulk system, and has become
interesting subject of research. Pioneering work by Turner et al.
and Santiso et al. based on molecular simulation of various
chemical reactions in carbon micropores shows the possibility of
enhancement of reaction rates in the porous medium due to
enhanced energetics.' This may be due to increased density of the
pore phase, adsorption of some species, suitable orientation of
molecules near the walls, different diffusion rates, etc in the
porous medium.! The confinement is also known to affect
catalytic behaviour of mesoporous materials.” In recent years,
many other chemical reactions have been found to be different in
nanospaces than that in a bulk system under similar conditions.”
This enhanced reactivity is attributed to many factors like high
pressure effect due to geometrical constraints,* shift of
equilibrium towards product side because of reaction-product
reduced mixing,* system size dependent entropy variation® etc.
However, proper understanding of such effect is still limited.
Recently, we showed that spaces confined to nanometer range
can remarkably facilitate the redox decomposition of silver citrate
complex, which is otherwise highly stable in bulk solution.’

Redox reactions are ubiquitous in nature and are of high
importance in industry, biology as well as in geology. The
reaction often takes place under vigorous conditions like high
temperature and pressure. The role of nanoconfinement on redox
chemical equilibrium has never been explored. In the present
work, two types of nanoconfined redox reactions have been
studied. These are polyol reduction of noble metal precursor ions
and noble metal catalyzed reduction of p-nitrophenol with
borohydride in nanopores of poly(styrene) (XAD-4) and silica
gel particles (63-200 um).

The polyol reduction process is a well established method for
production of the metal nanoparticles with different aspect ratio.
Generally, this process requires refluxing of a solution containing
precursor ions, ethylene glycol (or other polyols) and suitable
capping agent at temperature of 160 °C or more under
nitrogen/argon atmosphere.® The present work reports the first

ss characteristic

effort to carry out the reduction processes at room temperature by

so physically imposing nanoscale confinement on the reaction media

with the help of nanoporous matrices. It has been observed that,
during equilibration of XAD-4 beads in aqueous solution of
precursor ions (Ag*, AuCly, PtCls>) and ethylene glycol (EG) at
room temperature (25 °C), the colour of the beads changes to a
of nanoparticles as shown in the
representative images given in Fig.la-d. However, no colour
typical of noble metal nanoparticles has been observed in the
equilibrating solution, showing absence of reduction in bulk (Fig.
1b).

colour

Fig. 1 Digital photograph of blank XAD-4 beads (a), XAD-4 beads
equilibrated with aqueous solution of HAuCL, and EG for 48 h (b), XAD-
4 beads containing AgNPs (c), XAD-4 beads containing AuNPs (d), FE-
SEM image of the surface of the XAD-4 bead showing blank matrix (e),

6s formation of silver nanopaticles (f), gold nanoparticles (g) and platinum

nanoparticles (h) in the XAD-4 beads after equilibrations in aqueous
solution of EG and precursor ions at room temperature for 48 h. The
length of the scale bar in Fig e-h is 200 nm.
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Amberlite XAD-4 spherical beads used in the present work
consist of highly crosslinked macroreticular poly(styrene) having
average pore diameter of 10 nm (see TESI for details, Fig S1). It
is clearly evident from the FE-SEM images given in Fig. 1f-h that
the clusters of nanoparticles are seen near the nanoscale crevices
in the matrix. This suggests that nanoconfinement facilitates the
polyol reduction process at room temperature that is not observed
in bulk solution under the same reaction condition. More images
at different magnifications are given in Fig. S2-4(FESI). It is
interesting to note that the used solution containing precursor ions
in EG can be stored and reused for forming nanoparticles in the
beads.

It is seen from the FE-SEM image given in Fig. 2a that the
clusters of small spherical Pt nanoparticles are formed after
nanoconfined reduction of PtCls> by EG at room temperature. On
increasing temperature to 80 °C, the bigger sized Pt
nanostructures are formed in 6 h as shown in Fig. 2b. This may
be attributed to faster reduction kinetics as well as higher
mobility of monomer and smaller The
nanoconfined reduction of PtCl¢* ions was also carried out using
BH, ions at 80 °C for 6 h (see tESI). In this case, uniform
distributed smaller Pt nanoparticles are formed (Fig. 2c & S5). It
should be noted that both EG and BH,™ do not reduce PtCl¢* ions
even at 80 °C significantly in aqueous solution. Appreciable
reduction of Pt ions by BH, has been observed by Song et al.”
and Pal ef al.”® in nanosized soft templates. Though the authors
have not mentioned, the results show possible effect of
nanoconfinement in facilitating the reduction.

nanoparticles.

Fig. 2 FE-SEM images showing distributions of Pt nanoparticles in
poly(styrene) beads after nanoconfined reduction of PtCls> ions with EG
at 25 °C (a), EG at 80 °C, (b) and BH,4 at 80 °C (c).

It has been seen in our earlier work that the silver-citrate
complexes stable in bulk aqueous solution in an excess of citrate
ions ([citrate/Ag']>>1), decomposes readily in nanoconfinement
of ion-exchange film or XAD-4 beads.” Thus, in order to study
the matrix dependence of nanoconfinement effect, the method of
auto-reduction of silver-citrate complex have been extended
further in the nanoconfinement of silica gel particles having 4 nm
pores. As shown in Fig.3, Ag nanoparticles are formed by
nanoconfinement facilitated auto-reduction of silver-citrate
complex in nanopores of the silica matrix, which shows that the
nanoconfinement effect is matrix independent.

Fig. 3 The FE-SEM image showing distribution of Ag nanoparticles
(brighter spots) in nanoporous silica matrix.
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Thus, the selective reduction in nanoconfined spaces provides a
soft synthetic route for preparing a variety of noble metal
nanoparticles stabilized in inorganic or polymer matrices using an
appropriate combination of reductant and precursor ions.

The reduction of p-nitrophenol (PNP) to p-aminophenol (PAP)
with borohydride is thermodynamically favorable (E, for PNP/
PAP = -0.76 V and H;BO3/BH, = -1.33 V versus NHE) but
requires electron transfer mediated by coinage metal NPs surfaces
from BH, ™ to PNP because of the presence of the kinetic barrier.*
Most studies have shown that AuNPs and AgNPs catalyze this
reaction, and kinetics of reduction is highly dependent upon the
shape, size, capping, and amount of NPs. On addition of NaBH,
solution, the absorbance peak of PNP shifts immediately from
317 to 400 nm due to the formation of p-nitrophenolate anions.®
The chemisorption of nitrophenolate anions occurs via binding
through the two oxygens of the nitro group at the surface of NPs
forming a pentagonal M—O-N—O-M cyclic intermediate.” Based
on theoretical models, the binding strength of nitrophenolate with
surfaces of Au and Ag NPs are expected to be similar and better
than that on surfaces of other coinage metal (Cu, Pt and Pd).’
Thus, it is expected that Au and Ag would have similar catalytic
efficiency in the reduction of PNP to PAP with BHy ions.
Contrary to this, Gangula et al. have observed that AgNPs (K =
4.06 x 107 s exhibit lower catalytic rates relative to AuNPs (K
=9.19 x107 s™).% This has been attributed to the lowering of
reduction potential of AgNPs in the presence of strong
nucleophile like BH, and consequent poisoning of AgNPs
surface by the formation of oxide layer.*® In the present work,
AgNPs are stabilized in the pores of poly(styrene) matrix against
such possible corrosion and easily accessible through
interconnected nonopores in the matrix. Also, there is a
possibility of infuencing the reduction rate by nanoconfinement
effect. Therefore, the poly(styrene) beads containing Ag particles
formed by EG reduction at room temperature have been tested for
catalytic borohydride reduction of PNP to PAP. As seen from
Fig. S6 (see TESI), the reduction of 4-nitrophenolate anions to
PAP leads to decrease in absorbance at 400 nm, and increase in
absorbance at 300 nm.

It is reported in the literature that the reduction of PNP to PAP
in excess of NaBH, follows pseudo-first-order kinetics that can
be represented as:*’

In(A/Ag) = - kt (1)

Where Ag is the absorbance representing initial concentration of
PNP, A, is the absorbance at time t and k is the catalytic reduction
rate constant. It is seen from the variation of In (A/Ag) as a
function of time given in Fig.5 that there is a lag time in onset of
the reduction process. This lag time has also been observed in
other such studies.®° In the presence of excess of BHy ions, the
reduction of PNP is two step process i.e. (i) diffusion and
chemisorption of PNP to the AgNPs, and (ii) electron transfer
mediated by AgNPs surfaces from BH, ions to PNP. It is seen
that, after a certain lag time, In (A/A,) varies linearly with t
indicating that the reduction of PNP with BH, ions in the
presence of Ag nanoparticles embedded poly(styrene) beads
follow pseudo-first-order kinetics. As reduction proceeds, the
slope changes suddenly indicating onset of unprecedented
acceleration in the rate of reduction by “nanoconfinement effect”.
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The delay in observing “nanoconfinement effect” may be
associated to steady state diffusion of reactants in the
interconnected nanopores containing AgNPs to augment the
reduction process occurring at the exterior matrix.
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Fig. 5 Variation of logarithm of A/A, as a function of time during
reduction of PNP to PAP in presence of poly(styrene) beads containing
Ag nanoparticles formed by nanoconfined reduction with EG. A and A,

represents absorbance of 400 nm at time t and initial, respectively.

10 Table 1. Comparison of rate constant (k) and activity parameter
(x) of some AgNP catalysts during BH, reduction of PNP at
room temperature.

nanoparticles k(s K("g) ref
Biogenic AgNP 406x10° | - 8a
AgNP aggregates 2.1x10° 2.0 8b
Ag-C 1.69 x 107 1.69 8c
Ag dendrite (coral 5.19x 107 1.30 8d
like)
Ag dendrite (banana 1.65x 107 041 8d
leaf like)

AgNP spherical 3.64x 10" 0.09 8d
AgNP @ cationic 3527 x 107 *107.5 8e
polystyrene bead
AgNP @ neutral 13.9x 107 974.07 this work

nanoporous

polystyrene bead

(XAD-4)

“data obtained at 30 °C.
Prate constant per unit mass of silver only.

15
The values of rate constant k have been calculated from the
slopes of linear portions of curve given in Fig.5. The value of first
k has been found to be 6.98x107 5™ with an activity parameter «
=489.13 s"'g"! (rate constant per unit mass of silver). The silver
20 loading in our case has been determined by ICP-AES technique
(see TESI) and has been found to be 0.143 mg per g of XAD
beads. Jana et al. have studied the catalytic acitivity of AgNPs,
embedded in cationic polystyrene beads (SERALITE-SRA-400),
which is chemically most similar to our system.® The difference
25 is in the charge and morphology of the beads. They have reported
the rate constant k= 5.27 x 107 s™'. The activity parameter « (rate
constant per unit mass of Ag) in their case has been found to be
107.5 s'g”!, which is higher than free AgNPs systems.*? The
value of activity parameter (k) obtained with silver nanoprticles
30 embedded in nanopores of the poly(styrene) beads is significantly
higher than values reported by Jana et al. The final value of k
obtained from second slope is found to be 13.9x107 s with an
activity parameter of 974.07 s™'g”'. This is remarkable considering
the fact that the reduction rate in the present case involve
35 diffusion of PNP in poly(styrene) matrix. This seems to suggest

that nanoconfinment may also be enhancing Ag catalyzed
reduction of PNP in the nanopores of poly(styrene). It is
noteworthy that, the higher value of activity parameter (k) in the
work reported by Jana et al. in comparison to bare AgNPs may

40 also be attributed to the possible confinement effect by the porous
resin beads, which has not been explored by them.

In conclusion, the redox reactions are remarkably facilitated in
nanoconfined spaces. This concept of nanoconfinement effect
may open a new domain of studying various redox reactions in

ss confined nanospaces having commercial and technological
importance.
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