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Introduction

Atom transfer between precision nanoclusters and
polydispersed nanoparticles: a facile route for
monodisperse alloy nanoparticles and their
superstructuresy

Paulami Bose,® Papri Chakraborty,1® Jyoti Sarita Mohanty,1® Nonappa,
Angshuman Ray Chowdhuri,? Esma Khatun,? Tripti Ahuja,® Ananthu Mahendranath®©
and Thalappil Pradeep () *2

Reactions between atomically precise noble metal nanoclusters (NCs) have been studied widely in the
recent past, but such processes between NCs and plasmonic nanoparticles (NPs) have not been explored
earlier. For the first time, we demonstrate spontaneous reactions between an atomically precise NC,
Auys(PET) g (PET = 2-phenylethanethiol), and polydispersed silver NPs with an average diameter of 4 nm
and protected with PET, resulting in alloy NPs under ambient conditions. These reactions were specific to
the nature of the protecting ligands as no reaction was observed between the Au,s5(SBB);g NC (SBB = 4-
(tert-butyl)benzyl mercaptan) and the very same silver NPs. The mechanism involves an interparticle
exchange of the metal and ligand species where the metal-ligand interface plays a vital role in controlling
the reaction. The reaction proceeds through transient Au,s_,Ag,(PET), alloy cluster intermediates as
observed in time-dependent electrospray ionization mass spectrometry (ESI MS). High-resolution trans-
mission electron microscopy (HRTEM) analysis of the resulting dispersion showed the transformation of
polydispersed silver NPs into highly monodisperse gold—-silver alloy NPs which assembled to form
2-dimensional superlattices. Using NPs of other average sizes (3 and 8 nm), we demonstrated that size
plays an important role in the reactivity as observed in ESI MS and HRTEM.

the issue of polydispersity as well as shape selectivity at the
same time.">"” Efforts have been made to optimize synthetic

Well-defined plasmonic metal nanoparticles (NPs) are crucial
in nanotechnology due to their unique roles as catalysts in fuel
cells,'? electrochemical reduction of CO,"" green
chemistry,®” etc. and as probes in biomedical diagnosis®® and
therapy.'®'" These and related applications bring in chal-
lenges for synthetic methods that can offer fine control over
NP size dispersity. Substantial progress has been made in
developing recipes to synthesize metal NPs that could address
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methodologies for the size and shape-selective preparation of
monodisperse spherical metal NPs, nanorods,'®' nano-
wires,?* nanotriangles,”** nanocubes® and other polygonal
structures. Most of the available literature is limited to the syn-
thesis of monodisperse particles of either gold (Au) or silver
(Ag). It is well established that bimetallic Au-Ag alloys have
enhanced catalytic and plasmonic performance.***’ Ultrafine
bimetallic alloy NPs often suffer from inhomogeneous alloying
and aggregation due to their high surface energy and phase
separation at the atomic level.*” There are still challenges to
develop strategies to synthesize ultrafine well-alloyed NPs that
can offer concurrent control over size homogeneity and
crystallinity. Size dispersity of NPs can significantly alter their
self-assembling behavior,®*° material properties,® and
device performance.**** Therefore, methods have been devel-
oped to enhance their monodispersity, including solvent-
selective precipitation,®?® centrifugation,®® size-exclusion
chromatography,®”*®* and electrophoresis.***° Anti-galvanic
reactions (AGR) have recently been gaining popularity particu-
larly in the preparation of atomically monodisperse bimetallic
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NPs where NP size is less than 3 nm. AGR studies are mostly
limited to atomically precise ultrasmall NPs of less than 3 nm
in size, referred to as nanoclusters (NCs).*" To the best of our
knowledge, extensive studies of AGR involving larger NPs are
rare. Available techniques®’** for ultrafine bimetallic alloy NPs
are co-reduction,”® seed-mediated growth,’* laser ablation,*
and galvanic replacement.*®

In recent years, atomically precise noble metal nanoclusters
(NCs) have emerged as a new family of nanomaterials with
precise composition and structure, and exhibit well-defined
physical, chemical and electronic properties.””>° Over a
hundred well-defined NCs have been characterized in the
recent past, and many of their properties have been
examined in detail.’’™® Of these, 2-phenylethanethiol
(PET)-protected gold NC, Au,s(PET);g, is one of the most
studied NC systems, and has been used in the present
investigation.>* ™7

Extensive studies on various properties of NCs showed that
they are indeed molecules.’®>® An essential characteristic of
the NC is its chemical reactivity and sensitivity towards atomic
exchange. It has been demonstrated that reactions between
NCs (ie. intercluster reactions), conserving composition and
structure, involving atom exchange between two different types
of NCs are possible.®” An intercluster reaction was first
reported for the NC systems comprising Au,s(PET);s and
Ag,4(FTP);0, where FTP refers to 4-fluorothiophenol.®" Later
on, similar reactions were observed for Au,s(PET);s with
various other NC systems, such as Ag,;(DMBT);g,%
Ags1(BDT);4(TPP);, and Ag,o(BDT),(TPP),,** where DMBT,
BDT, and TPP refer to 2,4-dimethylbenzenethiol, 1,3-benzene-
dithiol, and triphenylphosphine, respectively. In a few cases,
such intercluster reactions were employed to make new NC
products as well.®> For instance, Au,s(PET);s reacts with
Iro(PET)s to give a completely new alloy NC, Au,,Ir;(PET)g as
the product, which was not synthesized earlier using the con-
ventional synthetic protocols.®® Metal exchanges were seen
between Au,;(PET);g3 and Auzg(PET),, NCs with bulk metallic
silver.®®

In an effort to achieve monodispersity in NPs, a method
called digestive ripening was proposed by Klabunde and
Sorensen,®® which demonstrated positive results for highly
polydispersed dodecanethiol-ligated gold NPs. This method
was extended to other metal systems and was explored exten-
sively by several researchers over the years.®”~’° Digestive ripen-
ing is a post-synthetic size modification method that makes
highly polydispersed particles to attain monodispersity, typi-
cally in the case of noble metal NPs, without employing any
other size-separation techniques. This method is assumed to
be driven by ligand-mediated surface etching of larger NPs
along with the dissolution of smaller NPs, followed by the
growth of the remaining NPs as they come in contact with the
etched species. Both two-dimensional (2D) and three-dimen-
sional (3D) superlattices have been prepared using this
approach.”"”> Despite its success in enhancing monodisper-
sity, the mechanism involved has not been understood clearly.
The binding strength between the NPs and the ligand, ligand-
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solvent compatibility and temperature were already identified
as the main parameters affecting digestive ripening.”>””®

Previously, it has been shown that tellurium nanowires
decorated with Ag,4(pMBA);, NCs (where pMBA refers to para-
mercaptobenzoic acid) form crossed bilayer assemblies driven
by inter-NC hydrogen bonding.”® Similarly, when pMBA-coated
gold nanorods were interacted with Ag,,(pMBA);, NCs, well-
defined core-shell structures were formed.*’ It is important to
note that in the above examples, the interaction between the
NCs and NPs led to supramolecular assemblies directed purely
via hydrogen bonding between the surface ligands and no
metallic atom transfer reactions were involved. Therefore, the
intrinsic properties of the individual components were
retained in the superstructures. However, it is relevant to inves-
tigate the feasibility of chemical reactions between atomically
precise NCs and plasmonic NPs. In this paper, we present the
first example of a chemical reaction between Au NCs and poly-
dispersed Ag NPs offering a unique route towards the prepa-
ration of well-defined highly monodisperse hybrid Au-Ag alloy
NPs. The resulting alloy NPs further self-assemble spon-
taneously to a higher order superstructure. This study gives a
better insight into the reaction pathways and intermediate
species involved colloidal state reactions. Compared to other
AGR reported to date, the merit of this method is that it allows
modification in order to achieve fine control over the size and
composition of bimetallic NPs and their assembly with repro-
ducibility. The properties of the resulting NPs can be altered
by simply modifying the reaction with different protecting
ligands. We chose PET-protected polydispersed silver NPs
(Ag@PET) and the Au,5(PET);s NC as model systems to investi-
gate NC-NP reactions.

We show that when gold NCs were mixed with polydis-
persed silver NPs, the NC-NP reactions led to highly mono-
disperse thermodynamically stable Ag-Au bimetallic NPs.
Importantly, the newly formed monodisperse NPs underwent a
higher order assembly resulting in a 2D superlattice. The tran-
sient NC species formed in the course of the reaction are
alloys that have been characterized by mass spectrometry (MS).
A host of microscopic and spectroscopic studies confirmed the
compositional change in both the systems. We also observed
that the composition of the alloy clusters formed in the
process goes through time-dependent changes, suggesting the
details of the mechanism involved. We propose that the
atomic transfer between NCs and NPs during interparticle
reactions is one of the plausible routes leading to digestive
ripening. Our study also shows that such reactions are more
facile with smaller NPs than with larger ones.

Experimental
Materials

Silver nitrate (AgNOs, 99.9%) was purchased from Rankem
Chemicals. 2-PET, 4-(tert-butyl)benzyl mercaptan (BBSH),
sodium borohydride (NaBH,, 98%), and tetraoctylammonium
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bromide (TOABr) were purchased from Sigma-Aldrich.
Tetrachloroauric acid (HAuCl,-3H,0) was prepared in the lab-
oratory starting from pure gold. All the solvents (dichloro-
methane, methanol, and tetrahydrofuran) used were of HPLC
grade and were used without further purification. Millipore-
produced deionized water (~18.2 MQ) was used throughout
the experiments.

Synthesis of Ag@PET nanoparticles

The synthesis of Ag@PET NPs was carried out by modifying
the traditional preparation methods of silver NPs.®'"%3
Different sizes of Ag NPs were obtained by varying the amount
of the reducing agent used in the course of the reaction. In a
typical synthesis, 50 mg of AgNO; was dissolved in 0.5 mL
water and added to 58 pL of PET in 30 mL methanol.
Subsequently, silver was reduced to the zero-valent state by
slow addition of the freshly prepared aqueous NaBH, solution
(0.3 M, 0.2 M, and 0.1 M), made in 8 mL ice-cold water. The
reaction mixture was kept under reflux at 333 K with vigorous
stirring for 12 h. The resulting precipitate was collected and
repeatedly washed with methanol by centrifugal precipitation.
Finally, the Ag@PET NPs formed were extracted as dark brown
precipitate, soluble in DCM and DMF. High-speed centrifu-
gation at 8000 rpm for 20 min was used to separate larger-
sized particles. The particles were found to be stable for weeks
when stored in a refrigerator under dark conditions but the
stability decreased to 3-4 days under ambient conditions.
During the optimization process, it was observed that the
amount of the reducing agent plays a key role in defining the
size of the NPs. When the molar concentration of NaBH, was
increased in the reaction mixture, smaller Ag NPs were
obtained. Apart from this, temperature was found to be a
crucial factor in tuning the shape of the NPs, and hence the
reaction temperature was set at 333 K. Fig. S17 shows the
detailed characterization of the Ag NPs using HRTEM and
UV-Vis spectroscopy, where characteristic plasmonic peaks
were observed at 454, 442, and 453 nm for particles with mean
sizes of 3.17 + 1.5, 4.37 + 2.3 and 8.45 + 6.3 nm NPs, respect-
ively, which are referred to as 3, 4 and 8 nm particles sub-
sequently. The sizes of the particles refer to the core diameter
measured by high-resolution transmission electron microscopy
(HRTEM).

Synthesis of the Au,;(PET),g NC

The synthesis of the NC was performed following the reported
protocol.>»® A solution containing 40 mg of HAuCl,-3H,0
and 7.5 mL of THF was prepared, and to that 65 mg of TOABr
was added. The mixture was stirred for 15 min until the solu-
tion turned orange red. Subsequently, 68 pL of PET was added
and the mixture was allowed to stir for 1 h. The as-formed Au-
PET thiolate was reduced by adding a solution containing
39 mg NaBH, in ice-cold water as the color of the reaction
mixture changed from yellow to orange. Now, the solution was
stirred for another 5 h for complete reduction and size focus-
ing in order to achieve high yields of the intended NC. After
5 h, the crude NC was dried using a rotavapor and it was sub-
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jected to a methanol wash to get rid of free thiols and excess
thiolates. The process was repeated multiple times to obtain a
clean NC. The NC was extracted in acetone and centrifuged,
the supernatant was collected, and the precipitate containing
larger NCs was discarded. The supernatant, composed of the
size-focused clean NC in acetone, was vacuum dried. Finally,
the NC was dissolved in DCM, followed by centrifugation at
10 000 rpm, and the supernatant comprising pure NC was col-
lected. The purified NC was characterized using UV-Vis spec-
troscopy and ESI MS (Fig. S27).

Reaction of Ag@PET NPs with the Au,;(PET),s NC

For the NP-NC reaction, about 7.5 mg of Ag@PET NPs were
dissolved in 3 mL DCM (~9.05 uM) and about 0.9 mg of the
Au,5(PET);3 NC was dissolved in 300 pL of DCM (~7.67 uM,
concentration in the final reaction mixture), separately.
Concentrations mentioned are in terms of the metal present.
The two dispersions were mixed at room temperature and after
15 min, about 100 pL of the reaction mixture was taken and
further diluted in 0.5 mL of DCM. The solution was character-
ized using HRTEM and UV-Vis spectroscopy. Allowing the reac-
tion to continue for a longer time (of the order of hours)
resulted in slow precipitation (black in color) with the super-
natant turning colorless. The concentration calculations are
presented in the ESL{

Sample preparation for ESI MS experiments

First, about 75.99 pM solution of the NC was prepared by dis-
solving 8.1 mg of Au,s(PET);g in 3 mL of DCM. Another
Ag@PET NP dispersion of ~9.05 pM was prepared with 7.5 mg
of NPs in 3 mL DCM. Then, to the NC solution, 300 pL of Ag
NP (~0.82 uM, concentration in the final reaction mixture) dis-
persion was added. The reaction was monitored using a stop-
watch which was started immediately as the NP was added.
After 2 min of the reaction, 0.25 mL of the reaction mixture
was pipetted out and diluted with 0.25 mL of DCM, and was
cooled in an ice-bath. The time interval specified is the time at
which the pipetted out reaction mixture was dipped in the ice-
cold conditions. The cooling down of the reaction mixture
slowed down the reaction rate but did not quench it comple-
tely. The reaction mixture was then centrifuged and the super-
natant was studied using ESI MS. The same process was
repeated at 3, 4, 5, 7, and 10 min intervals. After 15 min, the
left-over reaction mixture was centrifuged and the black pre-
cipitate was subjected to HRTEM imaging.

Synthesis of the Au,5(SBB),s NC

The NC was synthesized according to our already reported pro-
tocol.® In a round bottom flask, about 10 mL of HAuCl,-3H,O
(14.5 mM in THF) was taken and then 15 mL of 4-(tert-butyl)
benzyl mercaptan (BBSH) (89.2 mM in THF) was added while
stirring at 400 rpm at room temperature. The solution turned
colorless after 15 min, indicating the formation of Au(i))SBB
thiolate. This was followed by a rapid addition of 2.5 mL
aqueous solution of NaBH, (0.4 M) to the reaction mixture
under vigorous stirring (1100 rpm). The color of the solution

This journal is © The Royal Society of Chemistry 2020
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changed from colorless to black, indicating the formation of
NCs. The reaction mixture was allowed to stir for 3 h under
ambient conditions and then for another 3 h at 318 K for com-
plete conversion. The solution was left overnight for size focus-
ing. The product was vacuum dried and the residue was
washed repeatedly with 1:1 water: methanol mixture to
remove excess BBSH and other side products. The Au,s5(SBB);g
NC was then precipitated, dried and used for further
experiments.

Results and discussion
Characterization of the starting materials

To study the interparticle reaction between polydispersed
silver NPs and atomically precise gold NCs, Ag@PET NPs and
the Au,5(PET);s NC were chosen as model systems initially.
Stability of the mentioned systems made us select them for the
study. Initially, three differently sized Ag@PET NPs were syn-
thesized using the protocol discussed in the Experimental
section. The Ag@PET NPs were characterized using optical
absorption spectroscopy (UV-Vis) and HRTEM (Fig. S1A-Cf¥).
Three discrete sets of the synthesized Ag NPs of average dia-
meters 3, 4, and 8 nm showed plasmonic features in UV-Vis at
454, 442, and 453 nm, respectively (Fig. S1Dt) (see the
Experimental section for more details).

The atomically precise Au,;(PET);3 NC was characterized
using UV-Vis which showed the characteristic peaks at 675 and
450 nm (Fig. S2At) and ESI MS measurements showed the
molecular peak at m/z 7391 (Fig. S2Bt). The characteristic iso-
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topic distribution further confirmed the composition of the
NC.

Reaction between Ag@PET NPs and the Au,;(PET);3 NC

The reaction between Ag@PET NPs and the Au,;(PET);3 NC
was achieved by mixing known volumes of the respective solu-
tions in DCM at room temperature (see the Experimental
section). To monitor the progress of the reaction, after 15 min,
the reaction product was analyzed under a HRTEM. These
micrographs showed that the NP and the NC mixture resulted
in highly monodisperse NPs (Fig. 1B), compared to the initial
polydispersed Ag@PET NPs (Fig. 1A). More large area images
from HRTEM are provided in Fig. S31 and the corresponding
UV-Vis spectra in Fig. S4.7 The UV-Vis spectrum of the reaction
product shows clearly a red-shifted surface plasmon resonance
(SPR) peak at 480 nm which happens to be a characteristic
feature of bimetallic Au-Ag NPs (details are provided in the
latter part of the manuscript).** The particle size distribution
(Fig. S51) also underwent a transformation from 4.37 + 2.3 nm
(Fig. S5Af) in the case of parent silver NPs to 3.45 + 1.2 nm
(Fig. S5Bf) after the reaction. This can be correlated to the
changes that usually happen during high temperature anneal-
ing of particles in the digestive ripening process.®”

Both the parent NP and the NC were initially dispersed in
DCM, and upon mixing, the assembly of NPs occurred spon-
taneously, and the reaction product underwent slow precipi-
tation when left undisturbed. The product dispersed in DCM
was dropcast on a copper grid for HRTEM studies. The reacted
NPs were self-assembled into a hexagonal close-packed (hcp)
2D superlattice with an interparticle distance (denoted by “a”)

Fig. 1 HRTEM micrographs of (A) 4 nm silver NPs protected by 2-PET, and (B) spontaneously assembled NPs after the parent NPs were subjected to

react with the Au,s(PET);g NC.

This journal is © The Royal Society of Chemistry 2020
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of 4.48 nm and a periodicity (denoted by “d”) of 4.23 nm (cal-
culated using the formula, d =+/3/2a).®” While the para-
meters “a” and “d” include the monolayers, particle diameters
determined from HRTEM refer only to the core. The parent
Ag@PET NPs had a lattice fringe of 2.1 A which corresponds to
the (111) plane of silver. Upon reaction, the lattice fringe
remained unaltered at 2.1 A accompanied by the altered size of
the NP. Ag@PET NPs were characterized by Raman spec-
troscopy before and after the reaction. All the peaks of the
spectra were assigned with the help of the literature which con-
firmed the presence of PET ligand before and after the reac-
tion of Ag NPs.®® Spectral peak assignments are presented in
Fig. $6.1 Reduced signal intensity of the 1586 cm™" peak (from
120 to 30 counts) was an indication of the reduced surface
enhanced Raman activity of the reacted particles. Reduction in
size led to reduced plasmonic nature of NPs which was evident
from the HRTEM images. The composition was changed as
well. A similar pattern of hcp superlattices in the case of crys-
talline Ag NPs was reported by Whetten et al.*®* Moreover, there
exist reports on gold NPs organizing to form hcp
superlattices.”®

To analyse a reaction from the perspective of the nano-
particle, there are a few in situ characterization techniques,
like in situ scanning transmission electron microscopy
(STEM)®® and in situ small-angle X-ray scattering (SAXS),”
which can monitor the NP nucleation and growth, and which
can also provide mechanistic insights. The main challenges
with these measurements are their limited time resolution,
short observation time, damage arising from the electron
beam and high experimental cost. However, in order to avoid
such complications, we attempted to understand the chemical
changes during the reaction using different mass spectro-
metric techniques. However, initial experiments with MALDI
MS were not successful because there was no NC left in the
reaction medium when monitored after 2 min of the reaction
(Fig. S77). This was attributed to the fact that the NC concen-
tration was low and it was consumed completely during the
reaction. Therefore, to monitor the changes occurring to the
NC during the reaction, the initial composition (NPs:NCs =
9.05 UM : 7.67 pM, in terms of the metal) was altered with a
higher concentration of NCs and a lower concentration of NPs
(NCs:NPs = 75.99 uM:0.82 pM, in terms of the metal).
Subsequent ESI MS measurements were carried out using this
composition (Fig. 2). As described above in the Experimental
section, after 15 min of the reaction, the solution was centri-
fuged and the black precipitate was subjected to HRTEM
studies. HRTEM micrographs suggested that upon changing
the composition of the reaction (refer to the Experimental
section), no significant changes were seen in the product mor-
phology (Fig. S8t). The arrangement of the reacted particles
was slightly disturbed as a result of centrifugation in the
process of separating the product from the excess NC. The
reacted NPs showed an average size of 3.45 nm in the precipi-
tate which is in agreement with the initial experiments. We
also conducted a concentration-dependent experiment
(Fig. S9t) where the concentration of Ag@PET NPs was kept
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Fig. 2 Time-dependent ESI MS spectra of the reaction product ident-
ified the intermediate species, Au,4Ag(PET);g along with the evolution of
the parent NC, Aups(PET);g at m/z 7303 and 7393, respectively.
Calculated (red) and experimental (black) high-resolution isotopic distri-
bution patterns (marked in *) of Au4Ag(PET)1g and Auio(PET)ys (m/z
4027) are provided for the 2 min interval spectrum. The spectral region
of m/z 7280-7410 is expanded as the inset.

constant, while the overall concentration of the Au,s(PET);g
NC was varied. First, stock solutions of 75.99 pM Au,5(PET);g
NC and 9.05 pM Ag@PET NPs were prepared (as mentioned in
the Experimental section). To the AG@PET NP dispersion, ali-
quots of 300 pL NC solution were added, and analyzed with
HRTEM (Fig. S9A-Ct) and UV-Vis spectroscopy (Fig. S9DT).
Upon addition of the first aliquot of 300 pL NC, the UV-Vis
spectrum (Fig. S9D,} red trace) mimicked the initial obser-
vations (Fig. S4,1 blue trace), and the HRTEM micrographs
(Fig. S9AT) appeared similar to the initial particles (Fig. 1B). As
the volume of the NC was increased in the reaction mixture,
HRTEM micrographs (Fig. S9B and Cf) showed the presence of
a superlattice and NC in a decreasing and increasing trend,
respectively. Similarly, in the UV-Vis spectrum (Fig. S9Dt), the
reaction mixture was similar to that of the Au,;(PET);3 NC
(Fig. S2AT). This observation led to the conclusion that the
reaction was stoichiometric (all concentrations are in terms of
the metal) in nature. From the above observations, it can be
assumed that the reacted NP superlattices were formed when
the reactants were mixed in a stoichiometric ratio (NCs: NPs =
1:1.18, in terms of the metal) and in the presence of excess
Au,5(PET);5, NC remained unreacted in the medium.

To understand the mechanistic details of the reaction,
time-dependent ESI MS was performed for the reaction of
4 nm Ag@PET NPs with the Au,s(PET);3 NC (refer to the
Experimental section). All the mass spectrometric parameters
were kept constant throughout the experiment to analyze the

This journal is © The Royal Society of Chemistry 2020
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compositional variation of the reaction mixture with time. As
shown in Fig. 2, Au,,Ag(PET)s (m/z 7303) along with a few
peaks (m/z 3000-4500) corresponding to other intermediate
species started to appear as early as 2 min (the corresponding
UV-Vis spectrum is in Fig. S10f). The intensity of Au,,Ag
(PET),s was observed to have a fluctuating trend. Au,,Ag was
found to have a maximum lifetime in the reaction medium
owing to its enhanced stability compared to other intermediate
species.”” The parent Au,5(PET);s NC (m/z 7393) showed con-
tinuous reduction in signal intensity until 5 min, followed by
regeneration. Changes in the intensity of the Au,5(PET);3 NC
can be correlated to one of the intermediates, Au,o(PET);5 (m/z
4027), the generation of this species might have happened at
the cost of the Au,s(PET);3 NC. Such short-lived species
suggested that the dissociation of the Au,5(PET),3 NC occurred
in the presence of Ag@PET NPs. A time-dependent plot of
signal intensity (Fig. S1171) of the intermediate species such as
Au,o(PET);5 and Au,,Ag(PET)s, in comparison to that of the
Au,5(PET);3 NC, suggested that the reaction proceeded
through alloy-cluster intermediates in conjunction with NC
dissociation. Occurrences of a few more thiolate intermediates
were seen in the course of the reaction. Thus, all the fragments
including the alloy NCs generated in the course of the reaction
finally coalesce to form monodisperse alloy particles.

The particle size was already known as one of the primary
variables of NPs, capable of modulating their chemical and
physical properties.”> °® The surface area of NPs has an inverse

Fig. 3 Size dependence of silver NPs on the spontaneous assembly.
HRTEM images (left to right) showing A@PET NPs before and after
reaction. Silver NPs with an average size of (A) highly uniform 3 nm, (B)
assembly of post reacted particles, and (C) highly polydispersed 8 nm
particles followed by (D) assembly post reaction. A second kind of
assembly was observed in D (yellow circle); more images are presented
in the ESI (Fig. S12C¥). Higher magnification images of representative
areas are in the respective insets.
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proportional relationship with the particle size. Smaller metal-
lic particles have a large fraction of atoms exposed, which in
turn enhances their catalytic ability.”””°® In Fig. 3 we showed
that as the size of the parent Ag NP decreases, the interparticle
reaction proceeds faster. The estimated time required for the
3, 4, and 8 nm Ag NPs to react and self-assemble was around
5, 15, and 30 min, respectively. Monodisperse 3 nm sized
Ag@PET NPs (Fig. 3A) underwent a rapid self-assembly
(Fig. 3B) upon reaction with the Au,5(PET);g NC. In this case,
there was a slight increase in the size (~3.5 nm) of the NPs
post reaction (particle size distribution in Fig. S24At). To
study the effect of size and polydispersity on the interparticle
reactions, a batch of highly polydispersed Ag@PET NPs
(Fig. 3C) with sizes ranging between 2 and 20 nm were used.
When this polydispersed sample was mixed with the
Au,5(PET) g NC, the reaction was relatively slower compared to
monodisperse NPs of other two sizes. HRTEM analysis of the
reaction mixture after 30 min revealed that NPs transformed
into two different kinds of arrangements (Fig. S127), one com-
prised of the reacted NPs of mostly 3.7 nm (Fig. 3D) and
another a disc-shaped assembly extending over a diameter of
about 240 nm, composed of nearly 2 nm reacted particles
(Fig. S12C¥). The particle size distribution of the post-reaction
samples depicted that there was a transformation of Ag NPs
from high polydispersity of 8.45 + 6.3 nm (Fig. S13Af) to
monodispersity of 3.73 + 1.0 nm (Fig. S13B¥). This transform-
ation of NPs from 8.45 + 6.3 nm to 3.73 + 1.0 nm appears
strange in terms of mass balance; however, we note that the
number of particles has changed significantly in the course of
the reaction. The reacted 3 and 8 nm Ag NPs were character-
ized using HRTEM (Fig. 3) and UV-Vis spectroscopy
(Fig. S257). A slightly shifted SPR peak was observed in the
case of reaction of 3 nm Ag NPs (Fig. S25At); this may be
attributed to the highly reactive Ag atoms at the surface of
NPs, which readily exchange with Au atoms of NCs, attaining
rapid thermodynamic equilibrium (see below). On the other
hand, in the case of 8 nm Ag NPs, there was a very prominent
red-shifted broad SPR peak of the reaction product, centred at
556 nm (Fig. S25Bt). Broad SPR peaks are in agreement with
the formation of a higher order assembly of the reacted NPs. It
is widely accepted that the SPR wavelength increases with the
NP size for a fixed chemical composition.’*'°® However, it has
been shown that the SPR position is expressed as second-order
and third-order polynomial expressions with the composition
and size-dependent coefficients, respectively. Therefore, the
small shift observed for alloy NPs for 3 nm Ag NPs after the
reaction is presumably due to low Au content, unlike alloys
from 4 (discussed earlier in Fig. S41) and 8 nm Ag NPs.
Elemental compositions of the self-assembled superstructures
were analyzed by energy-dispersive X-ray spectroscopy (EDS)
using a scanning transmission electron microscope (STEM)
(Fig. 4). Elemental mapping confirmed the presence of gold,
silver, sulphur and carbon in the superstructure. More impor-
tantly, the uniform distribution of gold, silver and sulphur
throughout superstructures suggested that the structures that
resulted from the reaction were complex gold-silver hybrids.
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Fig. 4 Scanning transmission electron micrographs (STEM) for the (A) assembly of the reacted 4 nm Ag@PET NPs and the reacted 8 nm Ag@PET
NPs arranged in (B) a planar assembly and (C) a disc-shaped assembly. The corresponding STEM-EDS maps of Ag, Au, Ag—Au overlay, and S are given

below the STEM micrographs.

Therefore, spot EDS analysis was performed for the reacted
particles, as shown in Fig. 4A, obtained from parent 4 nm
Ag@PET NPs, which confirmed the presence of gold (~29%)
and silver (~71%) (refer to the spot EDS spectrum in
Fig. S14%). The difference in ratios of Au and Ag between the
initial mixing (Au NC: Ag NP = 1:1.18) and final resulting NPs
(Au:Ag = 1:2.45) may be due to the experimental limitation
where EDS mapping was attempted on a few particles in a
selected area against the entire range of particles including
byproducts, and therefore it is only a semi-qualitative method
in the present case.'”'® Then, a similar compositional
analysis was performed on the self-assembled reacted particles
obtained from polydispersed 8 nm Ag@PET NPs. The
planar assembly showed alloy particles (Fig. 4B) with the pres-
ence of gold (~30%) and silver (~70%) (refer to the spot EDS
spectrum in Fig. S157). The disc-shaped assembly also con-
firmed to be a hybrid assembly of gold (~42%) and silver
(~58%) (Fig. 4C) alloy NPs (refer to the spot EDS spectrum in
Fig. S16%).

Fig. 5 shows the reactivity of three differently sized NPs as
the progress of the reaction was monitored with ESI MS and
UV-Vis spectroscopy (Fig. S177) for the same period of time; in
this case, at 2 min intervals, while all experimental conditions
and parent substrate concentrations were kept constant.

22122 | Nanoscale, 2020, 12, 22116-22128

Before the mass spectral investigation, the reactions were
quenched by lowering the temperature to ice-cold conditions.
For 3 nm Ag NPs (Fig. 5D), Ag,Au,s_, particles were seen for x
=1, 2, 3, and 4, while for 8 nm Ag NPs (Fig. 5B) it was limited
to x = 1. This reduced reactivity was reflected in all samples
with a larger size and greater polydispersity, consequently
such samples required comparatively more time to get mono-
dispersed. Comparative HRTEM images of the progress of the
reaction for 8 nm Ag@PET NPs with time are presented in
Fig. S23.F

The reactions discussed above were extremely rapid and
spontaneous in nature. Reactivity of the system was enhanced
with the decreasing size of parent Ag NPs. Since the intermedi-
ates were short-lived, ESI MS peak intensities varied depending
on the time at which the reaction was quenched. In an attempt
to capture the intermediates, we performed the same time-
dependent reaction of 4 nm Ag@PET NPs with the Au,5(PET);g
NC under ice-cold conditions (Fig. S18A7). The reaction was
found to proceed even at a lower temperature of 273 K but at a
much slower rate. The reaction mixture was subjected to ESI
MS measurements from 3 min until 6 h. The intermediates
continued to exist until 6 h under the ice-cold conditions
(Fig. S18At), which was usually 5 min for the same reaction at
room temperature (Fig. S18Bt). In view of such reactivity, the

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Size-dependent reactivity monitored using ESI MS, keeping the
reaction and mass spectrometric conditions constant. The reaction was
allowed for 2 min and quenched under ice-cold conditions. The rate of
reaction was found to vary with the size of silver NPs. Spectra monitored
after 2 min of reaction with (B) 8 nm, (C) 4 nm, and (D) 3 nm particles,
and the extent of exchange was compared with the spectrum of the
parent (A) Au,s(PET);g NC. Spectra were normalized with the corres-
ponding Au,s(PET),5 peak intensity for visual comparison.

reported intermediate signal intensities would vary slightly
from the true values for a given time interval of the reaction
(observed under ambient conditions).

Owing to the spontaneous nature of the NP-NC reaction,
we are assuming that the NP-NC reaction is driven towards a
thermodynamically stable state. A monodisperse Au-doped Ag
NP with an equilibrium size is thermodynamically more stable
over its polydispersed pure monometallic state, under the reac-
tion conditions. A thermodynamic equilibrium size of a metal
NP depends on the specific protecting ligand and temperature
of the reaction.®®'%*1%5 A thermodynamic equilibrium size is a
critical size that possesses an optimum surface energy allow-
ing a ligand coverage in order to protect the core of a metal NP
from further reaction. We observed that upon interparticle
reaction, when 3 nm Ag NPs were used, the resulting alloy NPs
showed an increase in their size to 3.5 nm. However, when the
reaction was carried out using 5 and 8 nm Ag NPs, a decrease
in the size of the alloy NPs to 3.45 and 3.7 nm, respectively,
was seen. Hence, we can say that, at room temperature, for
PET-protected Au-Ag bimetallic NPs, the equilibrium sizes of
the NPs range between 2 and 5 nm with an average of ~3.5 nm
(Fig. S247). The effects of polydispersity in the shapes of Ag
NPs (as evident from Fig. S1CT) were reflected in the nature of
the intermediates. It may be said that greater the diversity in
the shapes and sizes of parent Ag NPs, larger will be the
number of intermediates, as observed in ESI MS (Fig. S19Bf).
Now, irrespective of the sizes of the parent Ag NPs, the reacted
NPs get spontaneously resized to ~3.5 nm due to the reaction
pathway which involves complete fragmentation and exchange

This journal is © The Royal Society of Chemistry 2020
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of metal atoms between the particles. The process continues
until a thermodynamically stable state is achieved. Digestive
ripening implies the modification of both smaller and larger
NPs until a preferred size is achieved. On similar lines, we are
suggesting that the NP-NC reaction can be considered as one
of the plausible routes of digestive ripening. Similarly, here we
conclude that the smaller particles, i.e. NCs can drive particle
fragmentation leading to monodispersity. This can be sup-
ported from the ESI MS experiment where a number of low
mass fragments were seen in addition to alloy NCs in the
initial stages of the reaction. From all this, we propose a reac-
tion scheme (Scheme 1).

Monolayers on the surface of NPs have a contribution
towards their chemical reactivity. We examined their influence
with ESI MS (Fig. S207) as we replaced the original NC with the
Au,5(SBB);g NC. Here also, keeping all the experimental con-
ditions similar, we allowed the NC to react for a span of 2 min
and collected the mass spectra, where no new peaks were seen
(Fig. S20A and Ct). Again, HRTEM (Fig. S20B and D7) showed
no change even after 30 min of the reaction (experimental con-
ditions as mentioned in the previous case). We failed to find
any notable changes in the reaction medium unlike the one
observed in the case of the Au,5(PET);g NC. The results there-
fore suggested that the ligand also played a crucial role in such
interparticle reactions. For a facile and effective reaction
between a NC and a NP, the metal-ligand interface played an
important role as the reaction was expected to occur through
the exchange of surface atoms or metal-ligand
fragments.'°®7'% The failure of the reaction can be attributed
to a possible steric hindrance between the bulky terminal tert-
butyl group of SBB and the benzene ring of PET ligands
restricting the closer approach of NC to the NP surface
required to initiate the reaction.

From the previous discussion, it was evident that the
reacted particles were arranging themselves in a specific
pattern depending on the size of the reacting NPs. To gain
further insights into packing of the resulting NP assemblies,
inverse fast Fourier transforms (IFFT) of the selected images of
assembles corresponding to 4 and 8 nm Ag@PET NPs were

1) Ag@S(CH2)2Ph + [Auz5(S(CHz)2Ph)qg]
13.78 uM 0.85 uM
{ cHycl
n[Au,Agy(S(CHz)2Ph),I* + n[Auy(S(CHz)2Ph),S,] +
n[Au,Agy(S(CH2)2Ph);Snl” + [Auz4Ag(S(CHz)2Ph )]
Intermediates

2) [Intermediates]* —fast o AgAU@S(CH,),Ph

Monodispersed

Scheme 1 Proposed chemical pathway for the reaction between
Ag@PET NPs and the Au,s(PET);g NC. Steps: (1) Ag@PET NPs initiating
alloying and fragmentation of the Au,s(PET);g NC giving rise to inter-
mediates, where x = 25, 24, 23,......,, andy=0,1 2 3,..., and (2) finally
the intermediates undergo mutual coalescence as well as with
unreacted NPs, the reaction continues until complete consumption of
the Au,s(PET);g NC, and resulting in monodisperse gold-silver alloy NPs.
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performed. 3D structural reconstructions of assemblies were
carried out using electron tomography. Accordingly, a series of
2D projections were collected by tilting the sample from +69°
to —69° with an increment angle of 2-3°. The tilt series were
then subjected to image processing to obtain the final 3D
reconstruction. As shown in Fig. 6A, a superlattice assembly of
the reacted 4 nm Ag@PET NPs showed an hcp array of par-
ticles, with an interparticle distance of ~4.5 nm (refer to a
square lattice in Fig. S21At). On the other hand, for the first

View Article Online
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kind of assembly derived from 8 nm Ag@PET NPs, the planar
assembly (Fig. 6B) displayed a square lattice with an interparti-
cle distance of ~4.0 nm (refer to a square lattice in Fig. S21BT).
However, due to complex 3D multilayered assemblies (Fig. 6B),
unambiguous interpretation of the assemblies based on 2D
projections remained inconclusive. The second kind of assem-
bly (Fig. S227) resulting from the same NPs turned out to be a
circular disc, densely filled with the reacted particles. The tilt
series and 3D reconstructions for the assemblies corres-

)

Qg OE)
g%?)i? b 594!
—\') qv

2o P

Electron Density

Fig. 6 Electron tomography and 3D reconstruction: 2D projection followed by its corresponding 3D reconstruction for (A) the superlattice assem-
bly of the reacted 4 nm Ag@PET NPs and IFFT image of the hcp assembly, and (B) a planar assembly of the reacted 8 nm Ag@PET NPs.
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ponding to the reacted 4 nm Ag NPs (Fig. 6A) are provided in
the ESI as Videos V1 and V2,t respectively. Also, tilt series and
3D reconstructions for the planar assembly of the reacted
8 nm Ag NPs (Fig. 6B) are provided in the ESI as Videos V3 and
V4,1 respectively.

We propose a mechanism for the reaction between Ag@PET
NPs and the Au,5(PET);3 NC. The reaction can be hypothesized
to proceed through a series of events like (i) interparticle
approach, (ii) adduct formation, (iii) atomic exchange, and (iv)
attaining monodispersity and consequent equilibrium. The
metallophilic interaction of the Ag NPs and Au NCs might
initiate their approach toward each other. The NC-NP reaction
can be presumed to follow a host-guest reaction model similar
to the enzyme-substrate model, where the NP host forms
adducts with the NC guest. The flexibility of the protecting
ligands on both the substrates plays a major role in allowing
the adduct formation. Adduct formation apparently facilitates
Au-Ag atomic exchange between the two species. It was
already reported that the exchange of Au-PET and Ag-PET units
is facile in the case of isolobal fragments.®’ Unlike dithiols,
where only metal exchange is reported, for monothiols, the
metal-ligand transfer is feasible.®”> The Au,5(PET);5 NC under-
goes atomic exchange with Ag@PET NPs to form Au,,Ag
(PET),s with Ag at the center of the M;; core (M = metal, in
this case Au) which happens to be an exceptionally stable
structure.'®>''° ESI MS measurements of the ongoing reaction
suggested the presence of both multiple doped NCs as well as
dissociated NC species. It can be assumed that extensive inter-
particle atomic exchange leads to multiple doping of the NCs,
which eventually destabilized the system. In order to release
this geometric strain, the NC system may undergo dis-
sociation. The newly formed species (alloy-NC intermediates,
dissociated NCs, and other low-mass fragments) in the reac-
tion medium can now undergo coalescence mutually as well as
with unreacted NPs until the system attains a stable equili-
brium size. As the reactants were mixed in a ratio of NCs : NPs
=1:1.18 (in terms of the metal), the above process continues
until complete consumption of Au,5(PET);5 occurs.

Apart from this, the phenomenon of digestive ripening can
also occur. The driving force for digestive ripening is the
decrease of interfacial free energy. In a study by Hwang
et al.""" on digestive ripening, the phenomenon was explained
using a modified Gibbs-Thomson equation by the introduc-
tion of an electrostatic energy factor. The equation mainly
relates interfacial free energy as one of the most important
factors to other physical properties, like chemical potential,
particle size, and curvature factor."'” In the case of binary
systems, the chemical potentials of both Au and Ag are impor-
tant in resulting monodispersity. According to the phase
diagram of an Au/Ag binary system,"'*''* Au and Ag are iso-
morphous with face-centered cubic (FCC) structure, and there-
fore it is assumed that Au and Ag NPs behave like an ideal
binary solid solution. At equilibrium, the Gibbs free energy is
the minimum for spherical Au-Ag binary particles compared
to their pure states. The Au-Ag atomic exchange between the
NPs contributes to the decrease in total Gibbs free energy. The
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size and compositional change due to atomic exchange
between the NPs is governed by the chemical potential, which
finally contributes to the minimization of the total Gibbs free
energy. According to reports, solid-gas interface free energies
of Ag'*® and Au''® are 1.25 ] m™2 and 1.2 ] m™?, respectively, at
their melting point. Interface free energies of Au, Ag, and Au/
Ag solid solution in the colloidal form are assumed to have a
value of 0.3 J m™2. The chemical potential of Au is always
higher in Au NPs than in Ag NPs. Similarly, the chemical
potential of Ag is higher in Ag NPs than in Au NPs. Therefore,
simultaneous diffusion of Ag from Ag NPs to Au NPs and Au
from Au NPs to Ag NPs minimizes the total free energy produ-
cing monodisperse alloy NPs. We can say that doped Au or Ag
NPs are thermodynamically more stable compared to their
monometallic state. Inter-ligand interaction plays an impor-
tant role in the formation of superlattices."”” " During the
self-assembly of metallic NPs, the presence of strong van der
Waals forces between the metallic cores brings the particles
closer and at the same time the ligands (dominantly the alkyl
groups) introduce an opposing interparticle steric repul-
sion.’?® The inter-ligand steric repulsion balanced by strong
interparticle van der Waals attraction can result in a superlat-
tice arrangement. The strong van der Waals attraction usually
contributes to the ligand interdigitation between adjacent
particles.'>' %3

Conclusions

In summary, we have explored the reaction of Ag NPs with
atomically precise Au NCs resulting in monodisperse Au-Ag
alloy NPs. Interparticle reactions are key initiators in the for-
mation of the resulting 2D superlattice assemblies. Such inter-
particle reactions can be proposed as one of the methods con-
tributing to the digestive ripening of NPs. Reactions were
studied for the Au,;(PET);5 NC with differently sized Ag@PET
NPs where we observed that the reactivity of the system was
enhanced upon decreasing the size of the NPs. From our ESI
MS measurements, it was evident that gold-silver alloying in
the case of interparticle reactions proceeded through an alloy-
nanocluster intermediate followed by atomic exchange
between them and subsequent NC detachment. The proposed
methodology was found to contribute to achieving the highest
control over NP size distribution in solutions at room tempera-
ture. The nanocluster-nanoparticle reactions can open up an
entirely new method of generating uniform alloy NPs with
tunable optoelectronic properties. The method may be
extended to other transition metals like Ni and Fe in order to
introduce properties like magnetism. Similar studies could be
conducted between NPs and NCs of the same metal, resulting
in monodisperse NPs without change in composition,
although the present investigation was conducted with Ag NPs
and Au NCs in view of the feasibility in exploring the reaction
by mass spectrometry, observing the changes by EDS and
STEM. In the absence of stable PET-protected Ag NCs, it was
not possible to extend this study presently to reaction between
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Au@PET and Ag NCs. Further studies are progressing to
understand the corresponding processes with other transition
metal NPs, which will be reported in due course.
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