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sis of polyethylene glycol
stabilized gold nanoprisms exploiting manganese
metal at low pH†

Kanika Bharti, Md Azimuddin Sk and Kalyan K. Sadhu *

Manganese powder with a suitable potential (E0
Mn=Mn2þ

,−1.19 V) has never been investigated for the reduction

of Au3+ (E0
Au=AuCl�4

, 1.00 V). In this study, we have utilized E0
Mn=Mn2þ

and low pH dependent E0
Mn2þ=MnO2

for the

polyethylene glycol stabilized gold nanoprism synthesis by reducing AuCl−4 in the presence of thiol

terminated polyethylene glycol as the stabilizing agent. The synthetic methodology for gold nanoprisms

has been optimized by pH and Cl− ion combination. Time dependent absorbance studies have been

conducted to demonstrate the role of various reaction parameters such as the stabilizing agent, HCl

concentration, temperature, and Mn metal. The synthesized gold nanoprism has been further utilized as

a seed for nucleic acid and selected amino acid mediated edge and surface growth, respectively.
1. Introduction

The journey of Mn metal as a reagent started 40 years ago
through carbon–carbon bond formation reaction.1 Within these
40 years, few Mn metal-based attempts were made directly for
chemical syntheses such as Barbier and Reformatsky like reac-
tions,2 and adducts on fullerene.3 However, Mn metal as an
additive to titanium has been known for 50 years4,5 and is
currently also pursued in nickel6–8 catalyzed organic synthesis.
Reactions exclusively with Mn metal are less in number as an
oxide layer on the metal surface lowers the reducing ability of the
Mnmetal. The reducing ability was increased in freshly prepared
Mn powder from the reduction on Mn2+ salts either with lithium
naphthalenide9,10 or potassium graphite11 or by the addition of
catalytic amounts of PbCl2 andMe3SiCl12 or LiCl, PbCl2 and InCl3
additives.13 In this current decade, the mechanochemical
approach using ball milling for Mn metal has drawn signicant
attention for organic transformations.14–16 The limited perfor-
mance of Mnmetal in synthetic chemistry restricts its utilization
in the reduction of Au3+. To the best of our knowledge, there is no
report of gold nanoparticle synthesis using Mn metal powder.

Seed mediated growth of gold nanoprisms has drawn
signicant attention due to their implication in biomedical
applications.17 In this study, kinetically controlled growth has
been found to be important. A very recent study has also
focused on the Au56 nanocluster of a seed sized gold nano-
prism.18 To date synthesis of nanoprisms without seeds remains
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challenging due to the parallel formation of rough gold
nanoparticles.

Selective growth along the face, edge and corners was observed
by controlling the reduction potential of the reducing agent and
tuning the concentration of the reducing agent and stabilising
agent.19 Efforts have been made to understand the synthesis
mechanism of established traditional methods, overcome their
limitations and modify the synthesis methodologies in order to
improve the yield.20 Seed mediated21 and seedless synthetic
methodologies22 are known for the synthesis of gold nanoprisms.

The growth mechanism of anisotropic nanoparticles has
been inuenced by reduction potential, which is indirectly
governed by variations in seed concentration, pH, halide
concentration, reducing agent, and surface passivating stabi-
lizing agents.23 In our previous reports with Fe and Zn, seed-
mediated syntheses produced gold-iron oxide24 or gold-zinc
oxide nanocomposites.25 In this study, we aimed to synthesize
nanoparticles without the incorporation of the reducing metal
in the nal nano-structure. Here, we have utilized a seed free
methodology for the gold nanostructure synthesis. In order to
achieve this, we have explored three half reactions for gold
nanoparticle synthesis using Mn metal (eqn (1) and (2) and
Scheme 1). Thiol modied PEG can reduce Au3+ via thiol
reduction and act as a stabilizing agent for the nanoparticle.
Kinetically optimized condition produces gold nanoprisms as
the major product by varying three reagents Mn metal, thiol
containing polyethylene glycol (PEG) and pH of the solution for
controlling Mn metal and Mn2+ in solution.

Without HCl, 3Mn + 2Au3+ = 3Mn2+ + 2Au (1)

With HCl, 3Mn2+ + 6H2O + 2Au3+ = 3MnO2Y + 12H+ + 2Au(2)
Nanoscale Adv., 2023, 5, 3729–3736 | 3729
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Scheme 1 PEG-SH stabilized synthesis of gold nanoprisms through
Mn metal-based reduction of Au3+.
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2. Results and discussion

The reduction potential vs. pH graph for the Mn/Mn2+ couple is
independent of proton concentration within acidic to neutral
pH.26 Considering the rst two half reactions for Au3+ and Mn0,
1.5 equivalents of Mn metal is ideal for the gold nanoparticle
formation. However, simple addition of 2 equivalents of Mn
metal to the AuCl−4 aqueous solution shows no generation of
surface plasmon resonance (SPR) peak in absorbance, which
conrms no gold nanoparticle formation. Prior to checking the
role of the stabilizing agent in the gold nanoparticle formation
via Mn metal based reduction, 0.5 equivalents of PEG (Au : PEG
= 1 : 0.5) has been added to the Au3+ solution. The SPR peak has
been generated at 630 nm within 10 min (Fig. S1a and S2, ESI†).
This is possible due to the thiol-based reduction27 of Au3+ to Au0

and nucleation takes place in the presence of PEG. However, the
SPR peak intensity becomes broad with time (Fig. S1b, ESI†),
which suggests the aggregation of the nucleated particles. The
absorption nature remains unchanged in the presence of HCl.
However, no reaction takes place by Mn and HCl combination
in the absence of PEG (Fig. S3, ESI†).

Addition of 2.0 equivalents of Mn metal in the presence of
PEG without any HCl generates a stable peak at 575 nm due to
the formation of gold nanoparticles (Fig. S4, ESI†). The intensity
of the absorption peak has not been affectedmuch by varying the
PEG or Mn concentration in the solution. The pH independent
Mn/Mn2+ couple along with PEG is responsible for the reduction
of Au3+ to Au0 in the absence of HCl (eqn (1)). In order to inspect
pH dependent behavior of redox reaction between Mn and
Au(III),24 this has been added to the solution. Addition of 10
equivalents of HCl (Au : HCl = 1 : 10) to the reaction mixture
shows the generation of effervescence as expected due to libera-
tion of hydrogen gas aer reaction with Mn metal (Scheme 1).
The control reaction with separate treatment of hydrogen gas to
the mixture of Au3+ and PEG does not show any SPR peak even
aer 1 h.

The SPR peak intensity at 536 increases signicantly within
10 min (Fig. S5, ESI†). The time dependent studies for PEG
reduction only and combination of all the three reagents PEG,
Mn and HCl show the faster rate of SPR peak formation in the
3730 | Nanoscale Adv., 2023, 5, 3729–3736
second case (Fig. S6, ESI†). Interestingly, an additional broad
peak has been observed in the NIR range. Monitoring the
reaction for 6 h shows clear declining nature of both the peaks
in the visible and NIR regions (Fig. S7, ESI†). The additional
broad peak in the NIR range is a characteristic peak of gold
nanoprisms due to in-plane dipole mode and the peak position
depends on the prism thickness, edge length and dielectric
environment.28,29 Kitaev et al. have reported gold nanoprisms
with a tuneable shi of the same absorption peak within the
visible to NIR range based on thiol- and halide-mediated
reduction with hydrogen peroxide.30

The reduction of Au3+ in the presence of Mn, HCl and PEG-
SH develops dual absorption peaks, which are stable even aer
stirring the reaction mixture for 3 h (Fig. S5, ESI†). No SPR peak
has been developed under the same reaction conditions in the
absence of HCl and PEG as the stabilizing agent. In order to
check the efficiency of the reduction in basic medium, we have
also performed the reaction in the presence of NaOH. Absor-
bance spectra show a single SPR peak at 530 nm and the
transmission electron microscopic (TEM) image aer ltration
conrms the formation of spherical gold nanoparticles at
higher pH (Fig. S8 and S9, ESI†). In order to obtain a stable gold
nanostructure with the maximum possible yield from the Mn
metal-based reduction, concentrations of three reagents Mn,
PEG and HCl have been further optimized.

In order to monitor the nanoparticle architecture in the
presence of 10 equivalents of HCl, TEM images have been taken
from the ltrate aer 6 h of the reaction (Fig. S10, ESI†). TEM
analysis conrms the polycrystalline behaviour of both larger
spherical gold nanoparticles of 24.0 ± 1.4 nm diameter and
smaller spherical gold nanoparticles of 10.9 ± 0.3 nm with
fringe patterns (Fig. S11 and S12, ESI†).31 Increasing the HCl
concentration from 14 to 32 equivalents, the SPR and NIR peaks
have been found to be stable for long days. The pH working
range for these stable peaks varies within 1.50 to 2.85, where the
Mn2+/MnO2 redox couple shows a reduction potential of 0.8 to
0.9 V.26,32

TEM images in the presence of different concentrations of
HCl conrm both the formation of spherical gold nanoparticles
and their aggregation and nanoprisms (Fig. 1 and S13–S15,
ESI†). These TEM images suggest that two parallel reactions
have proceeded continuously within the solution. In one path
spherical gold nanoparticles form with a SPR peak and their
aggregation generates the NIR peak. On the other hand,
a parallel process leads to the formation of 2D gold nanoprisms
having dual absorption peaks. The height of gold nanoprisms
has been conrmed from atomic force microscopic (AFM)
images and found to be ∼10 nm (Fig. 1e and f), which is
signicantly lower than the edge dimension of the gold nano-
prism. These two reaction pathways have been monitored
through changes in absorption intensities at 536 nm and
850 nm for 3 h. The 536 nm absorption has originated from the
spherical gold nanoparticles and gold nanoprisms, whereas the
850 nm absorption is attributed to gold nanoprisms and
aggregation of spherical gold nanoparticles. Similar absorbance
spectra with dual peaks have been reported by Kitaev et al. for
the thiol mediated reduction synthetic approach.30 The 850 nm
© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 TEM image (a) before and (b) after purification of gold nano-
prisms obtained from the reaction between Au : Mn : PEG : HCl in 1 : 2 :
0.5 : 26 after 30 min; (c) HRTEM and SAED (inset) images and (d) fringe
lines of nanoprisms and (e and f) AFM image and its analysis for the
thickness of nanoprisms. Scale bar: (a) 1000 nm, (b) 500 nm, (c) 20 nm
and (d) 10 nm.

Fig. 2 Fitting of time dependent absorbance data at (a) 536 nm and (b)
850 nm in the presence of varying HCl concentration using eqn (2).
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absorbance in the NIR range is a characteristic peak for gold
nanoprisms due to in-plane dipole mode29 or aggregation of
gold nanoparticles.33 These kinetic data for 3 h have been fol-
lowed as a combination of two factors of the well explored KJMA
model34–37 and tted as per eqn (1).

A = C1 (1 − ek1t
n
1) + C2 (1 − ek2t

n
2) (3)

where C1 and C2 are the proportionality constants, k1 and k2 are
the apparent rate constants, and n1 and n2 are the Avrami
constants for the two parallel sets of reactions in the solutions.
Fitting of the reactions with eqn (1) shows n1 and n2 values close
to 2 and 1, respectively (Fig. S16 and Table S1, ESI†). For
comparison of all the kinetic data with the same expression,
eqn (1) has been modied as eqn (2) with n1 = 2 and n2 = 1.

A = C1 (1 − ek1t
2

) + C2 (1 − ek2t) (4)

HCl concentration dependent kinetics tting (Fig. 2) with
eqn (2) shows almost constant k1 values for 536 nm data
(Table 1) within 14–26 equivalents of HCl. However,
© 2023 The Author(s). Published by the Royal Society of Chemistry
a signicant enhancement of k1 values has been observed by
increasing the HCl concentration to 29 equivalents. In the case
of 850 nm kinetics, the k1 value decreases within 14–26 equiv-
alents of HCl and has signicantly enhanced at 29 equivalents
HCl. On the contrary, k2 values are of a similar order for both
536 nm and 850 nm in the presence of 14–29 equivalents of HCl.
Comparing these kinetic data with TEM images, it is clear that
n1 = 2 deals with the spherical gold nanoparticles and n1 = 1 is
associated with gold nanoprism formation. The k1 parameter
for 850 nm decreases with the decreasing trend of aggregation
of spherical gold nanoparticles in TEM. On the other hand, the
k2 parameter decreases when a smaller number of nanoprisms
have been observed in TEM. A recent review on the KJMA
model34 suggests that the nanoprism formation in our case has
been guided through diffusion-controlled growth without
having any nucleation. Increasing the concentration of protons
from 10 equivalents to 32 equivalents results in protonation of
oxygen atoms in PEG, which is responsible for the continuous
increase of z potential (Fig. S17, ESI†).

In order to obtain nanoprisms as the predominant product
the reaction with 26 equivalents of HCl has been ltered aer
30 min, where kinetic data changes its pattern. However,
spherical gold nanoparticle formation cannot be avoided in this
condition (Fig. 1a). The gold nanoprism and few planar twinned
prisms have been collected as the predominant product (Fig. 1b
and S18, S19, ESI†) aer few rounds of washing. The high-
resolution TEM (HRTEM) for gold nanoprisms conrms the
curvature around the tips and presence of fringe lines with
0.28 nm interplanar distance (Fig. 1c and d). Lowering down the
temperature from 35 °C to 10 °C, the k2 value signicantly
decreases and the k1 value remains almost constant (Fig. S20
and Table S2, ESI†). This trend is conrmed via TEM imaging
study, where mostly spherical gold nanoparticles have been
formed at 10 °C (Fig. S21, ESI†).

Initial slope calculations from 10 min reactions show
a decreasing trend of rate with increasing HCl concentration
(Fig. S22, ESI†) due to pH dependent non-elementary reaction38

for nanoparticle formation. In order to check the end product of
Mn in the reaction, the solution and insoluble precipitate have
been analysed carefully. The point and area wise elemental
mapping of gold nanoprisms in TEM conrms no signicant
incorporation of Mn in the solution (Fig. 3a–e) aer ltration.
XPS analysis of the insoluble product conrms the peaks at
641.9 eV and 653.7 eV for Mn 2p3/2 and 2p1/2, respectively, due to
Mn4+ oxidation state (Fig. 3f).39 Survey scan of XPS conrms the
Nanoscale Adv., 2023, 5, 3729–3736 | 3731



Fig. 4 TEM analysis just after 10 min of the reaction showing (a)
aggregates, (b) the formation of the spherical nucleated particle, (c)
their merging assembly through (200) planes of the gold nanoparticle
and (d) nanoprism with (200) and (111) planes along the face and edge,
respectively. Scale bar: (a) 1 mm, (b) 50 nm, (c) 5 nm, and (d) 10 nm.

Table 1 Calculated rate constants from absorbance data in Fig. 2

Equiv. of HCl

536 nm 850 nm

Spherical nanoparticle
formation Nanoprism formation

Aggregation of
spherical nanoparticle Nanoprism formation

k1 (h
−2) k2 (h

−1) k1 (h
−2) k2 (h

−1)

14 0.14 3.89 1.11 6.67
20 0.58 7.19 0.72 7.34
26 0.51 5.95 0.16 6.51
29 23.31 6.29 35.97 6.82
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presence of MnO2 and trace amount of PEG in the precipitate
(Fig. S23, ESI†).

Addition of HCl not only makes the solution acidic, but also
introduces more chloride ions in the solution. The pH has been
reported to control the crystallographic orientation and growth.40

At lower pH, growth is predominating over nucleation. However,
at very low pH reduction of Au3+ to Au0 has been inhibited.41 In
our case, anisotropic gold nanoparticles have been formed in the
acidic medium aer the growth of the nucleated particle with
time. In addition to controlling the pH of the solution by HCl, Cl−

ion plays an important role through Au+-halide complexes.42 The
Mnbased reductions have been checkedwith other acids, such as
HNO3, H2SO4 and HBr. In the presence of 26 mM HNO3 and
H2SO4 the formation of isotropic gold nanoparticles as major
products is conrmed in TEM images (Fig. S24 and S25, ESI†).
Cl− ion from HAuCl4 in all these cases is responsible for few gold
nanoprism formation. In the presence of 11 mM or higher HBr,
the SPR peak has been destabilized (Fig. S26, ESI†). At 8 mM HBr
concentration, both the spherical and prism shaped nano-
particles are observed aer the synthesis (Fig. S27, ESI†). This
study conrms the role of halide ions in the synthesis of aniso-
tropic nanoparticles, similar to another report.43

In order to have better understanding of the growth mech-
anism, HRTEM images have been monitored at different time
intervals. The TEM image aer performing the reaction for 10
minutes shows the aggregated gold nanoparticles (Fig. 4a). Only
a few nanoprisms have been observed at the same TEM grid.
Aggregation and coalescence driven growth pathway44 have
Fig. 3 (a–c) Area wise mapping and (d and e) point wise EDX for Au
and Mn in gold nanoprisms; (f) XPS data for Mn obtained from the
residue after 3 h of reaction. Scale bar: (a–c) 100 nm.

3732 | Nanoscale Adv., 2023, 5, 3729–3736
been clearly reected in the TEM image (Fig. 4b). HRTEM
analysis suggests oriented attachment along (200) crystallo-
graphic planes (Fig. 4c) as observed in another study by us.45

The growth takes place by assembling and merging46 and nally
transforming into gold nanoprisms aer continuing the reac-
tion for 30 minutes (Scheme 2). The HRTEM of gold nano-
prisms shows the presence of the (111) plane along the edges
and the (200) plane along the surface (Fig. 4d and 5a).

The equivalent of PEG has been optimized by monitoring
536 nm and 850 nm absorbance in the presence of 0.5–1.2
equivalents of PEG with respect to Au3+ amount in the reaction
mixture (Fig. S28, ESI†). Similar to the HCl variation, k1 and k2
values at both the wavelengths have been compared (Table S3,
ESI†) and 0.6 equivalents of PEG has been optimized for
nanoprism formation. HRTEM analysis of nanoprisms shows
hexagonal close packed hcp (2H) unit cells with AB–AB type
packing (Fig. 5).47–49 The SAED pattern (Fig. 5b) has been found
to be similar to experimental data observed for a cubic Au cell
and a hexagonal cell.49 The twinned structure provides
© 2023 The Author(s). Published by the Royal Society of Chemistry



Scheme 2 Mechanism of gold nanoprism synthesis from Mn based
reduction in the presence of PEG and HCl.

Fig. 5 (a) HRTEM, (b) SAED, (c) twinned structure and (d) high-angle
annular dark field (HAADF) images showing hcp (2H) unit cells with
AB–AB stacking for nanoprisms obtained from Au : Mn : PEG : HCl in
1 : 2 : 0.6 : 26 after 30 min. Scale bar: (a) 5 nm and (d) 0.5 nm.

Fig. 6 Growth of gold nanoprisms in the presence of (a) amine
modified single strand nucleic acid, (b) His, (c) Lys and (d) Arg; (e)
Raman spectra of the nanoprism before and after growth reactions.
Scale bar: (a–d) 100 nm.
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a different SAED pattern due to its different crystal orientation.
The interplanar distance for this packing has been found to be
0.14 nm, which arises due to (0�22) planes.50 SAED patterns
conrm the presence of the twinned structure.51,52 In the pres-
ence of 1.2 equivalents of PEG, the number of nanoprisms has
signicantly dropped down and small nanoclusters have been
observed around the corner of the nanoprisms (Fig. S29, ESI†).

An earlier report suggests that there is a strong inuence of pH
as well as halide on the nanoprism morphology.53 We have also
observed that the optimized amount of HCl concentration is
required to balance the pH and halide concentration for the
maximum yield of nanoprisms. XRD analysis (Fig S30, ESI†) of
the gold nanoprism obtained by varyingHCl concentration shows
similar planes (111), (002), (022), (311), and (222) corresponding
to the fcc structure. Similar to the observed HAADF data (Fig. 5d),
we have also observed (002 h) and (101 h) planes corresponding
to the hcp structure reported47 for gold nanoparticles.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Similar to HCl variation, the initial rate of the reaction
decreases with increasing concentration of PEG (Fig. S31, ESI†).
Changing PEG (Mn = 2000) with other sulphur containing
ligands such as terminated thiol in polystyrene, lipoic acid,
oxidized and reduced glutathione, 3-mercaptopropanoic acid,
6-mercaptoheptanoic acid and other PEG (Mn = 800 and 6000)
shows the generation of prominent SPR peaks in few cases.
However, the characteristic dual peaks due to nanoprisms are
missing for these ligands (Fig. S32, ESI†).

In order to check the role of Mn, Au : Mn has been varied
from 1 : 1.5 to 1 : 20. A minimum of 1.5 equivalents of Mn has
been introduced for reducing Au3+ to Au0. To overcome the poor
stability of dual peaks by reduction with 1.5 equivalents of Mn, 2
equivalents of Mn metal has been added. A further increase up
to 20 equivalents only increases the amount of spherical gold
nanoparticles in the solution (Fig. S33–S35, ESI†). More inter-
estingly, unlike with HCl or PEG variations, the initial rate of
SPR peak formation does not vary by increasing Mn metal
concentration (Fig. S36, ESI†).

Rough surface gold nanotriangles with abundant hotspots on
their surface show better SER performance as compared to gold
nanotriangles with a smooth surface.54Wehave planned to utilize
the nanoprism as a seed for further growth reaction with a stan-
dard reducing agent, such as hydroxyl amine. The growth reac-
tions of gold nanoprisms were carried out in the presence of
nucleic acids and amino acids with positively charged side
chains. In contrast to the preferred ligand binding at the tip of the
Nanoscale Adv., 2023, 5, 3729–3736 | 3733



Scheme 3 Nanoprism edge and face growth mechanism for nucleic
acid and amino acids with positive charge, respectively.
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nanoprism,55 our studies show that growth of gold nanoprisms
takes place around the edges or at surface in the presence of an
aminemodied single strand nucleic acid sequence (NH2-(CH2)6-
ACATCAGT) or amino acids (His, Lys and Arg) with positively
charged side chains, respectively (Fig. 6a–d). Aer the growth
reactions, only His shows almost no shi of visible andNIR peaks
except enhanced absorbance (Fig. S37–S40, ESI†). The TEM image
for His aer growth shows formation of longer particles on the
prism surface. This overall unique growth pattern in the case of
His has been selectively reected in Raman spectroscopy (Fig. 6e)
for the characteristic s tautomer and p tautomer with a hydrated
or dehydrated amide around 1650 cm−1.56

In order to nd out the mechanism of different growth
reactions at the edge and face, we have carried out the z-
potential measurement of the puried gold nanoprism. In order
to avoid the repulsion, the edge of the negatively charged gold
nanoprism (z-potential −28.2 mV) having less surface area of
the (111) plane has been targeted by the negatively charged
nucleic acids during incubation (Scheme 3). On the other hand,
the face of the nanoprism with more surface area of the (200)
plane has been targeted with amino acids having positively
charged side chains (Scheme 3).

3. Conclusion

In summary, Mn metal has been activated by HCl at lower pH
and in combination with PEG, AuCl−4 has been reduced to form
PEG stabilized gold nanoprisms. Kinetic optimization study not
only guides the better yield of nanoprisms from their compet-
itive spherical nanoparticle synthesis, but also helps to nd out
the concentration window for HCl and PEG for this synthesis.
Interesting morphologies are obtained aer growth of the
nanoprism around the edge or the surface in the presence of
nucleic acid or positively charged amino acids, respectively, as
ligands. Among the studied amino acids, the selective growth
pattern in the presence of His clearly shows the typical amide
vibrations through Raman spectroscopy.

4. Experimental details
4.1 Materials required

The chemicals gold(III) chloride trihydrate, different polymers
such as poly(ethylene glycol) methyl ether thiol (Mn = 2000,
800, and 6000), and polystyrene thiol terminated, 3-
3734 | Nanoscale Adv., 2023, 5, 3729–3736
mercaptopropanoic acid, and 6-mercaptohexanoic acid were
purchased from Sigma-Aldrich, and trisodium citrate dihydrate
was purchased from Merck chemicals. a-Lipoic acid was
purchased from TCI India. Hydroxylamine hydrochloride
(NH2OH$HCl), glutathione (oxidized and reduced forms), and
Mn, Fe, Cr and Zn metal powders were purchased from SISCO
Research Laboratory. Lysine, arginine and histidine were
purchased from Himedia Laboratories Pvt. Ltd. All the oligo-
nucleotides used in the study were purchased from GeneX India
Bioscience Pvt. Ltd.

4.2 Characterization

All the kinetic experiments were performed using a Cary UV-Vis-
Multicell Peltier (Agilent) within the 200–1100 nm range. The
TEM images were taken using an FEI, Technai G2 20 STWIN. The
z-potential was measured using a Zetasizer Nano ZS90 (Malvern
Instruments). XPS experiments were performed with a PHI 5000
Versa Prob II, FEI Inc., and a C60 sputter gun was used for char-
acterization. An FE-SEM (Zeiss Gemini SEM model) was used to
analyze the morphological features of the nanoprism. A HRTEM
with a $ 200 kV Schottky Field Emission Gun (FEG) including
a High Voltage Supply Unit was used for taking high resolution
TEM images of the nanoprism. HAADF, STEM detectors &
imagingmodes (maximummagnication up to$150Mx, HAADF
resolution = 0.15 nm) used to analyse the crystal packing.

4.3 Reaction condition for time dependent absorbance
studies

All the syntheses were performed in 3 mL UV cuvettes in a Cary
UV-Vis spectrophotometer at 35 °C and 800 rpm adjusting the
nal reaction volume to 2.5 mL. Poly(ethylene glycol) methyl
ether thiol (Mn = 2000) was used for all the kinetics.

4.4 Synthesis of gold nanoprisms with varying HCl
concentration

Time dependent absorbance studies were performed by varying
HCl concentration from Au : HCl = 1 : 14 to 1 : 29 without
a seed. PEG-SH solution was prepared in water (12 mg mL−1)
and 260 mM HCl solution was prepared. 1 mg (0.0025 mmol)
HAuCl4 was added in water and kept stirring. Aer that 250 mL
of PEG-SH (3 mg) solution was added, followed by different
volumes of 260 mM HCl concentration stock. 0.3 mg (0.005
mmol) Mn metal powder was added nally and the nal reac-
tion volume was maintained at 2.5 mL in each case. The
absorbance spectra were recorded at an interval of 10 min with
continuous stirring for 360 minutes. Similarly the reaction was
performed at higher pH using Au : NaOH = 1 : 26. All the TEM
images have been taken from the ltrate aer ltration.

4.5 Synthesis of gold nanoprisms with varying PEG-SH
amount

Time dependent absorbance studies were performed by varying
the PEG-SH amount from 0.50 to 1.20 equivalents amount with
respect to Au3+. PEG-SH solution was prepared in water (12 mg
mL−1) and 260 mM HCl solution was prepared. 1 mg (0.0025
© 2023 The Author(s). Published by the Royal Society of Chemistry
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mmol) HAuCl4 was added in water and kept stirring. Aer that
varying volume of PEG-SH solution was added, followed by 250
mL 260 mMHCl concentration from stock maintaining the nal
volume at 2.5 mL. The HCl concentration in the nal reaction
volume is 26 mM. Finally, 0.3 mg (0.005 mmol) Mn was added
and absorbance spectra were recorded at an interval of 10
minutes for 360 minutes with continuous stirring. Control
reactions were performed using other thiol containing stabil-
ising agents such as a-lipoic acid, oxidised and reduced gluta-
thione, PEG-SH (Mn = 800 and 6000), polystyrene thiol
terminated, 3-mercaptopropanoic acid, and 6-mercaptohex-
anoic acid. The 0.0015 mmol concentration used was equivalent
to 3 mg PEG-SH (Mn = 2000). All the TEM images have been
taken from the ltrate aer ltration.

4.6 Synthesis of gold nanoprisms with varying Au : Mn ratio

Time dependent absorbance studies were performed by varying
the Au : Mn ratio (1 : 1.5, 1 : 2, 1 : 4, 1 : 8, 1 : 14, and 1 : 20). PEG-
SH solution was prepared in water (12 mg mL−1) and 260 mM
HCl solution was prepared. 1 mg (0.0025 mmol) HAuCl4 was
added in water and kept stirring. Aer that 250 mL PEG-SH
solution (3 mg) was added, followed by 250 mL 260 mM HCl
concentration. The HCl concentration in the nal reaction
volume was 26 mM. Finally varying amount of Mn was added
and the nal reaction volume was maintained at 2.5 mL in each
case. The absorbance spectra were recorded at an interval of 10
minutes for 360 minutes with continuous stirring. All the TEM
images have been taken from the ltrate aer ltration.

4.7 Gold nanoprism synthesis on a large scale

20mg (0.05 mmol) HAuCl4 was added to 40 mL water in a round
bottom ask. The reaction mixture was stirred at 800 rpm and
the temperature was maintained at 35 °C. 5 mL (60 mg) PEG-SH
solution was added to the reaction during stirring followed by
5 mL 260 mM HCl such that the HCl concentration in the
reaction was 26 mM. Finally, 6 mg Mn metal powder was added
to the reaction mixture. The nal reaction volume was main-
tained at 50 mL. The reaction was continued for 30 minutes.
Aer ltration, the ltrate was centrifuged and washed several
times with water. The FE-SEM and TEM images were taken
before further growth reactions.

4.8 Synthesis of gold nanoparticles with HNO3, H2SO4 and
HBr

PEG-SH solution was prepared in water (12 mg mL−1) and
260 mM H2SO4 and HNO3 solution was prepared. 1 mg (0.0025
mmol) HAuCl4 was added in water and kept stirring. Aer that
250 mL of PEG-SH (3 mg) solution was added, followed by 250 mL
of 260 mM acid concentration stock. The acid concentration
was 26 mM in the nal reaction volume. 0.3 mg (0.005 mmol)
Mn metal powder was added nally and the nal reaction
volume was maintained at 2.5 mL in each case. The absorbance
spectra were recorded at an interval of 10 min with continuous
stirring. The TEM images were taken aer ltering the reaction
mixture. The reaction was performed using HBr following
a similar procedure using 8 mM and 11 mM nal
© 2023 The Author(s). Published by the Royal Society of Chemistry
concentrations. The absorbance spectra were recorded at an
interval of 10 min with continuous stirring. The TEM image was
taken aer performing reaction using 8 mM HBr for 80 min.

4.9 Growth reaction performed using DNA (amine-5′-
ACATCAGT-3′) concentration

The gold nanoprism seed stock prepared was diluted with water
such that the intensity of absorbance was kept constant at
0.45.20 mL 200 mM hydroxylamine hydrochloride (NH2-
OH$HCl) solution was prepared with the pH adjusted to 5 and
stored in a refrigerator. 300 mL gold nanoprism seed was incu-
bated with DNA (50 nM) for 30 minutes. 3 mL 200 mM NH2OH
was added to the seed solution and vigorously stirred for 10
minutes. 5 mL of 0.8% w/v HAuCl4 was then added to the solu-
tion. More intense purple colour was observed aer the reaction
and absorbance spectra were recorded.

4.10 Growth reaction performed in the presence of amino
acids

300 mL gold nanoprism seed was incubated with 9 mM amino
acid for 30 minutes. 3 mL 200mMNH2OH was added to the seed
solution and vigorously stirred for 10 minutes. 5 mL of 0.8% w/v
HAuCl4 was added to the solution. More intense purple colour
was observed aer the reaction and absorbance spectra were
recorded.
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