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ABSTRACT: This work demonstrates that anti-Galvanic reactions (AGRs) between thiol-protected
plasmonic Au nanoparticles (NPs) and atomically precise silver nanoclusters (NCs) are an interfacial
chemistry-driven phenomenon. We reacted 2,4-dimethylbenzenethiol (DMBT)-protected Au NPs
(average diameter of 4.46 + 0.64 nm) with atomically precise [Ag,s(DMBT)i3]” NC and obtained
bimetallic AgAu@DMBT alloy NPs. Systematic investigations with optical absorption spectroscopy,
high-resolution transmission/scanning transmission electron microscopy, and elemental mapping
revealed the reaction-induced morphological and compositional transformation in NPs. Furthermore,
we showed that such AGRs get restricted when geometrically rigid interfaces are used. For this, we
used 1,3-benzenedithiol (BDT)-protected Au@BDT NPs and [Agx(BDT)2(TPP)s]>” NCs (TPP =
triphenylphosphine). Electrospray ionization mass spectrometric (ESI MS) studies revealed that the
interparticle reaction proceeds via metal-ligand and/or metal exchange, depending on the interface.
Density functional theory (DFT) calculations and molecular docking simulations were used to
understand the interactions and reaction energetics leading to favorable events. Interfacial chemistry of
this kind might offer a one-pot synthetic strategy to create ultrafine bimetallic NP-based hybrid

materials with potential optoelectronic and catalytic applications.

1. INTRODUCTION



Bimetallic nanoparticles (NPs) have attracted significant interest in view of their enhanced catalytic'~
and plasmonic performance.>* Common synthetic routes to bimetallic NPs include co-reduction,
thermal breakdown, seed-mediated growth, and galvanic replacement processes.” Classical galvanic
reaction (GR), where a noble metal cation is reduced by a less noble ion, is known for its high tunability
and efficiency in producing bimetallic NPs.®° However, the antigalvanic reactions (AGRs), namely,
the reduction of metal ions by less reactive (or more noble) metals, were considered impossible. Such
a reaction was demonstrated using atomically precise nanoclusters (NCs).'” Atomically precise metal
NCs are classified as molecular materials in view of their precise composition, and well-defined
electronic structure, physiochemical and optical properties.'''® The reduction potential of metal NPs
decreases as the particle size decreases.'”'” Specifically, in the context of ultrasmall ligand-stabilized
Au NPs, their oxidation potential becomes notably lower than the reduction potential of a few less noble
metal ions.?*** Choi et al. first identified the [AusAg(SR)is], [Au4Aga(SR)is], and other doped
species upon mixing [Aus(SR)1s]” NC with Ag-thiolate, using mass spectrometry.”® Later, Wu reported
reactions of neutral [Auys(SR)is]° and other ultrasmall Au and Ag NPs (sized below 3 nm) with metal
ions of Ag and Cu.** [Aus(SR)1z]” NC was considered a unique candidate for AGR as Ag" ions failed
to react with 2-3 nm Au NPs.”® Wu et al. reported that the oxidation potential of ligand-free Au NPs
was lower than the reduction potential of Ag", leading to the oxidation of gold NP and reduction of Ag",
upon mixing the two species.?® Similarly, Jin e al. demonstrated a similar size dependence on the redox
potentials of the 11-mercaptoundecanoic acid (MUA)-protected Au particles.?” Pattadar et al. reported
a size-dependent AGR reactivity of weakly-stabilized and surface-attached Au NPs (diameter ranging
between 1-4 nm) with Ag" or PtCls* ions.** The ligand monolayer on the NC surface plays a prominent
role in AGRs.?""'*>?> Sahu and Prasad reported the solution phase reaction involving Au@DDA (DDA
= dodecylamine) and Au@DDT (DDT = dodecanethiol) NPs with Ag" ions, yielding Au@Ag core-
shell and monometallic Ag and Au NPs, respectively, at 90 °C.*° The architecture of the resulting NPs
was found to be influenced by the nature of ligand binding to the metal NP surface, with excess DDA
and DDT ligands facilitating the reduction of Ag" to Ag’. Studies also revealed that the heteroatom
addition or replacement resulted in alloyed Au NC with either the retention®' or an alteration of its
original structural framework.* Ligands facilitate the formation of heterometallic NC frameworks.**
However, most reports on AGRs are limited to atomically precise ultrasmall NPs with sizes smaller
than 3 nm.'® Considering AGRs from the perspective of interfacial chemistry may help address such

processes with plasmonic NPs.*®

Atomic exchange during nanocluster-nanoparticle (or interparticle) reactions is a relatively less
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explored area of study. Ligand-exchange, metal-exchange, and isotopic exchange reactions
of atomically precise metal NCs are well known.'*!>*33¢3* Like molecules, atomically precise metal
NCs undergo inter-nanocluster (or intercluster) reactions in solution.”>’ Bimetallic and trimetallic NCs

have also been prepared using intercluster reactions.'*® Studies on the inter-nanocluster reaction



mechanism suggest a pathway for the exchange of metal or metal-ligand fragments.” The thiolate-

monolayer protecting the NC surface is dynamic in nature,’”*

and the metal-ligand interface controls
the atom transfer in an inter-nanocluster reaction.”” However, most examples of interparticle
interactions are purely driven by supramolecular interactions, such as hydrogen bonding, van der Waals,
C-H...n, n...w, and electrostatic interactions where the reacting particles retain their intrinsic properties
in the superstructures.®*’*** We recently reported the formation of a self-assembled 2D superlattice of
monodispersed Ag-Au-alloy NPs by reacting polydispersed Ag NPs with [Auys(SR)is]” NC.”' As
studied using mass spectrometry, the reaction mechanism suggested an interparticle atomic exchange
(metal-ligand species), and the metal-ligand interface was crucial for the reaction.” Kazan et al. showed
that the thiol acts as a messenger in the metal-atom exchange between the NC and the surface in such
reactions.”” A later study on the kinetics of isotopic exchanges showed a size dependence when the
reacting partner was varied from the nanoscale to bulk metal with an isotopically pure [Ag>s(SR)is]”
NC.? A recent study showed [Agxs(SR)is]” NC-meditated site-selective etching of anisotropic Au
nanotriangles (Au NTs).”> Roy et al. reported [Auas(SR)1s]” and CuO NPs reaction, which induced
aggregation of Cu-doped NC leading to spherical superstructures.” The feasibility of interparticle
reactions and the dynamics at the metal-ligand interface across the gold-silver system of all dimensions

is a natural extension of this problem.

Self-assembled colloidal NPs, also known as supraparticles, based hybrid materials are known for their

7677 and biological applications.” In reference to our previous and

potential catalytic,” optoelectronic,
current study, we presume that modulating the reaction microenvironment (temperature and solvent,
for instance) and/or the protecting ligand of NPs could potentially facilitate their assembly into
supraparticles, such as superlattices,’!, nanodisc,’* and nano-dumbbells.*® For example, nanodiscs may

780 and selective ion capture.’! NP superlattices

find potential applications as nanoflasks for catalysis
may find prominence in optoelectronic applications, for example, surface-enhanced Raman scattering
(SERS)-based sensors,* nanoscale devices,* and many more possibilities.* In the future, we intend to
utilize our concept of interparticle chemistry to develop ultrafine bimetallic NP-based hybrid

nanomaterials for such promising optoelectronic and catalytic applications.

Herein, we report the phenomenon of AGR in plasmonic Au NPs by interparticle reaction between
Au@SR NPs and atomically precise Ag@SR NCs (schematically illustrated in Figure 1). To
demonstrate the effect of the metal-ligand (SR-Au....Ag-SR) interface, NPs and NCs protected with
monodentate and bidentate thiols, as well as mixed monolayers, were investigated. This work
establishes that interparticle reactions are universal across noble metal systems. With the right choice
of a particle system, we can now create bimetallic NPs and size-focus all of them in one pot,
simultaneously. This leads us to propose that atom transfer between NP and NC during interparticle

reactions is a potential pathway to AGRs.
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Figure 1. Schematic illustration of the AGRs in Au@SR NP with atomically precise
Agn@SRNCs via intersystem exchange resulting in bimetallic AuAg@SR NPs. SR
corresponds to 2,4-DMBT, 1,3-BDT, and 4-FTP; detailed ligand structures are omitted for
clarity. Au@DMBT and Au@BDT NPs are denoted by the label, Au@SR. Agn@SR refers to
[Ag2s(DMBT)i1s] ", [Aga4(FTP)30]*, [Ag4s(FTP)30]>", and [Ag2o(BDT)12(TPP)4]*". As indicated,
Au@BDT—Agn@BDT and Au@DMBT—Agn@BDT reactions do not occur. Color code:
Yellow, Au; grey, Ag; green, S; pink-blue/orange, ligand. Note that the atomic dimensions and

particle size are significantly underestimated to suit the representation.

2. EXPERIMENTAL SECTION

The materials and methods for the syntheses of NPs, Au@DMBT and Au@BDT, and the NCs,
[Ags(DMBT)1s5]", [Ag2o(BDT)12(TPP)4]*", and [PPha].[Agss(FTP)30] (Where, n = 3, 4) are included in
supporting information (SI 1). Here, the protecting ligands on the particles, such as DMBT, BDT, FTP,
and TPP, correspond to 2,4-dimethylbenzenethiol, 1,3-benzenedithiol, 4-fluorothiophenol, and

triphenylphosphine, respectively.

Interparticle reactions. Initially, a stock solution of NCs (1.0 mg/10 mL) was prepared in the relevant
solvent based on its highest solubility. [Ag,s(DMBT);s]” and [PPha]n[Agsa(FTP)30] (where, n = 3, 4)
NCs were dissolved in DCM. [Ago(BDT)12(TPP)4]*” NC was dissolved in DMF. Then, a solution of
Au@DMBT and Au@BDT NPs (5.0 mg/3 mL) was prepared in DCM and DMF, respectively. 0.3 mL
of NC was added to the NP solution and allowed to react under rest. The reaction was monitored using

high-resolution transmission electron microscopy (HRTEM) and optical absorption spectroscopy. The



concentration calculations are presented in the SI. In the subsequent text, this experiment is referred to

as reaction@NP.

Mass spectral measurements. We performed electrospray ionization mass spectrometry (ESI MS)
using a Waters Synapt G2-Si instrument. From the stock solutions, 1 mL of NC and 0.3 mL of NP were
mixed, and the reaction mixture was diluted with solvent (DCM or DMF, depending on the particle
solubility) while maintaining the total volume at 6 mL. Then, the required volume was taken for time-
dependent ESI MS and optical absorption spectral studies. The concentration calculations are presented

in the SI. In the subsequent text, these ESI MS measurements are referred to as reaction@NC.

In simple terms, the interparticle reaction (referred to as reaction@NP) requires an excess of Au NPs
(for example, 2.50 pM Au@DMBT NP reacts with 1.75 pM [Ag2s(DMBT)5]” NC), while the mass
spectral study (referred to as reaction@NC) necessitates an excess of Ag NC (3.22 uM Au@DMBT NP
reacts with 0.12 uM [Ag»s(DMBT);s] NC) to thoroughly comprehend the reaction mechanism (detailed

concentration calculations are provided in supporting information, SI 2).
3. RESULTS AND DISCUSSION

3.1 Interparticle reaction at structurally and compositionally analogous metal-monodentate

ligand interface

Interparticle reaction between a plasmonic Au@DMBT NP and atomically precise [Ag:s(DMBT)s]”
NC, and the consequent reaction pathway leading to the final product is schematically illustrated in
Figure 2A (see SI for additional data and complete characterization). We prepared Au@DMBT NPs
with an average diameter of 4.46 + 0.64 nm using a modified Brust-Schiffrin method (synthetic
procedures in the SI 1). Hereafter, the 2,4-DMBT-capped-gold NPs are referred to as ~ 4.5 nm
Au@DMBT NPs. TEM image of the parent Au@DMBT NPs is presented in Figure 2B (further details
in the SI, Figure S1). The optical absorption spectrum of Au@DMBT NP has a characteristic localized
surface plasmon resonance (LSPR) peak at 520 nm (Figure S1). We utilized the [Ag,s(DMBT)5]” NC
synthesized using a reported protocol.* The mass spectrum and optical absorption spectral data of the
pure Ag NC are provided in Figure S2. In the negative ion ESI MS, the [Ag:s(DMBT)5]” NC showed
a molecular ion peak centered at m/z 5166, with a unidentified contamination at m/z 5204 (refer to the
control sample of Figure 3B and full range spectrum in Figure S2A). For our experiment, we mixed
known volumes of Au@DMBT NP (2.5 uM) and [Agxs(DMBT)5]” NC (1.75 uM) solutions in DCM
at room temperature (refer to experimental section and SI for a description of the calculations of
concentrations, SI 2). TEM of the reacted Au NPs is presented in Figure 2C (additional data in Figure
S3). We estimated the particle size distribution from the most probable diameter of the metallic core of
multiple NPs as observed in TEM. The average size of Au@DMBT NPs changes from 4.46 + 0.64 nm
(d-spacing 0.28 nm, FWHM 1.51 nm) to 4.81 + 0.59 nm (d-spacing 0.27 nm, FWHM 1.40 nm) before



and after the reaction, respectively (Figure S4). A slight shift in the distribution towards a lower FWHM

value for the reacted Au NPs suggests an onset of size-focusing compared to the parent Au NP.

Solvent
Roon Temp.

Figure 2. Schematic representation of the interparticle reaction between Au@SR NP and
[Ag2s(SR)1s]” NC, where SR = 2,4-DMBT (A). TEM images of Au@DMBT NPs before (B)
and after (C) the reaction. Dark-field STEM image of the reacted NPs (D) and the
corresponding EDS maps of S (E), Ag (F), and Au (G). Scale bars: 50 (B-G) and 10 nm (insets
of B and C). Color code in A: Yellow, Au; blue, Ag; pink, S; grey, C. H has been omitted for
clarity. Note that the ligand structure and anchoring sites are not a true representation of the

NP.

The effect of alloying on surface plasmon resonance (SPR) in Au and Ag NPs has been studied widely.*
Insertion of Ag-atoms into an Au NP strongly alters the plasmon resonance and leads to a shift in the
peak position depending upon the structure and composition of the alloy NP.*"#® The optical spectra of
the reaction mixture showed a continuous evolution, indicating spontaneous solution phase dynamics
(Figure S5). The system took 30 minutes to reach equilibrium after particle mixing; visible spectral
changes appeared as early as 2 minutes. Upon reaction with [Agzs(SR)is]” NC, the reaction mixture
exhibited a blue shift of ~31 nm in the SPR compared to the parent Au NP, resulting in a modified peak
at 488 nm. Such a change in the spectral feature indicates the insertion of Ag-atoms in the parent Au
NP. The scanning transmission electron microscopy-energy dispersive X-ray spectroscopy (STEM-
EDS)-based elemental maps of gold (Au M), silver (Ag L), and sulfur (S K) of the reacted NPs are
presented in Figure 2D-G. Elemental mapping images of Au-Ag-S showed a uniform distribution across

particles, indicating the formation of well-alloyed bimetallic-Au-Ag-thiolated hybrid NPs. The EDS



spectra collected from various locations on the grid loaded with reacted NP sample showed a higher Au

content compared to Ag (Figure S6).
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Figure 3. (A) Schematic representation of the metal-exchange pathway as the NC interacts
with NP. (B) Time-dependent ESI MS of the interparticle reaction. (C) Corresponding optical
absorption spectra of the reaction, and (D) change in the color of the solution. The peak labeled
* in B is due to unidentified contamination. Color code in A: Yellow, Au; blue, Ag; pink, S;

grey, C. H have been omitted for clarity.

Our previous work utilized ESI MS to study interparticle reaction mechanisms.’>’' Mass spectrometry
can track the chemical changes occurring in an Au NC as it reacts with the Au NP, providing
mechanistic insight into such reactions. We performed a time-dependent ESI MS of the particle mixture
with constant mass spectrometric parameters (refer to the experimental section). Such interparticle
systems are referred to as reaction@NC in the subsequent text. Figure 3A schematically illustrates that
the Au@DMBT NP and [Agxs(DMBT)5]” NC reaction proceeds via a spontaneous intersystem metal
exchange pathway (details on the ratio of particle mixing are in the SI). NP-NC reactions are
spontaneous and stoichiometric in nature.’*”" Figure 3B shows the time-dependent evolution of the
mass spectral features of [Agxs(DMBT)i3]” NC upon interaction with Au NP (full range MS in Figure
S7). As the reaction progressed, the peak corresponding to the parent species, [Agxs(DMBT)s]™ (m/z



5166), gradually shifted towards a higher mass species, [AguAu(DMBT) 5] (m/z 5255), and complete
conversion of the former occurred within 30 min. The mass difference with the newly emerged peaks
is ~89 Da, which corresponds to a simultaneous Ag (108 Da) loss and Au (197 Da) addition into the
[Agos(DMBT)s]” NC. In addition to the first doped NC species, [Ag3Aux(DMBT)s]™ (m/z 5344) was
also observed at a reasonable intensity (isotopic distribution patterns in Figure S8). Similarly, the
prominent optical absorption spectral features of [Ag)s(DMBT)s]” NC showed a gradual and
continuous blue shift as the reaction progressed (Figure 3C). Within 30 min of reaction, the spectral
features of the parent NCs evolved into two major features at 470 and 610 nm, resembling the previously
reported [AgsAu(DMBT)5]” NC.* [Agos(DMBT);5]” NC reaction with Au@DMBT NP causes a
gradual change in the color of the reaction mixture from brown to olive-green with time (Figure 3D).
The reacted NC exhibited a ~6.8-fold enhancement in photoluminescence compared to the parent

[Ag2s(DMBT);5]” NC, a similar phenomenon was reported by Bootharaju et al. (Figure S9).%

In this section, we correlated the results of the reaction@NP and reaction@NC to propose an overall
reaction mechanism for the interparticle reaction between Au NP and Ag NC. Previous ESI MS
observations confirm that the NC-NP reaction takes place along a pathway involving atomic exchange
between particles. The MS studies of the reacted Au NP indicated that the parent [Ag,s(DMBT)5]” NC
undergoes complete consumption during the reaction (Figure S10). From the absence of luminescence
in the reacted Au NP solution, as seen in the photoluminescence spectra and photographed under UV
light, it can be further inferred that the alloying process via interparticle reaction involves the complete
consumption of both the parent [Agxs(DMBT);3]” NC and the intermediate [AgasxAux(DMBT);5]” NC
species (Figure S9). Figure S11 presents TEM images comparing the particle morphologies of the
reactants and the products. Therefore, it can be presumed that the smaller NC, upon interaction with the
NP, undergoes intersystem atom transfer and eventually gets completely consumed by the larger NPs,

resulting in the formation of alloy NPs.



Au@BDT NPs [Ag,,(BDT),(TPP) J*

24h

P

4h

3h

2h

A
A

Control

r T T T T T T 1
1560 1580 1600 1620 1640 1660 1680 1700
m/z

Figure 4. (A) Schematic illustration of a non-reactive 1,3-BDT-protected Au NP and Ag NC
interaction. (B) TEM images of the parent Au@BDT NPs (a), and unreacted Au@BDT
NPs/[Agao(BDT)12(TPP)s]* NC in the reaction mixture (b). (C) Dark-field STEM image of the reaction
mixture (a) and the corresponding EDS maps showing the footprint of elemental Au (b), and Ag (c).
(D) Time-dependent ESI MS of the reaction@NC. Scale bar: 20 nm. Color code: Yellow, Au; blue, Ag;
pink, S; grey, C; H is omitted.

3.2 Interparticle reaction at structurally and compositionally analogous metal-bidentate

ligand interface

We studied the interparticle reaction by modifying the particle monolayer with a bidentate-capping
ligand called 1,3-benzenedithiol (BDT). It is already known that the dithiol-protected NCs show
distinctly different chemistry at the metal-ligand interface compared to the monothiolated ones.”® Ghosh
et al. showed that in the intercluster reactions, dynamics at the metal-ligand interface could be altered
with the dithiolates binding to the metal core in a bidentate manner which, in turn, reduces the flexibility

of the interface.”!

Overall reaction for a dithiol-capped particle system, 1,3-BDT-protected plasmonic Au NPs (to be
referred as Au@BDT NPs) and atomically precise [Ag(BDT)i»(TPP)s]*" NC, is schematically
represented in Figure 4A (see SI for experimental and characterization data). We synthesized the
Au@BDT NPs with an average size of 3.70 £+ 0.48 nm using a modified Brust-Schiffrin method (TEM
image in Figure 4B-a, and further characterization in Figure S12).”> The ESI MS of the pure
[Ag2o(BDT)12(TPP):]*” NC shows a molecular ion peak centered at m/z 1603 after the loss of 4 TPP



ligands during electrospray ionization (characterization details in Figure S13).”* For the study of
reaction@NP, we mixed known volumes of Au@BDT NP (4.6 pM) and [Agx(BDT)12(TPP)4]*” NC
(1.55 pM) solutions in DMF at room temperature (refer to experimental section and concentration
calculation in the SI). In Figure 4B-b, TEM image of the reaction@NP mixture shows an unreacted
particle mixture, where the particles with higher and lower contrast correspond to Au@BDT NPs
(highlighted in white) and sub-nanometer [Ag(BDT)i2(TPP)s]*” NCs (highlighted in yellow),
respectively. The optical absorption spectra of the constituent particles in the mixture were stable after
24 hours of mixing, further confirming that there were no interparticle interactions (Figure S14). A
comparative TEM images of the starting materials and the reaction mixture imaged after 30 min, and
24 h of mixing are provided in Figure S15. In Figure 4C, the STEM EDS-based elemental maps show
the Au M (Figure 4C-b), and Ag L (Figure 4C-c) translocation across the interparticle reaction mixture
(note that the white outline indicates NP-rich region). The Au M mapping (Figure 4C-b) appears weak
in the regions where Au NPs are lesser in concentration. In contrast, the Au deficit regions showed
higher Ag intensity in the Ag L mapping (Figure 4C-c). Therefore, elemental mapping also indicates
that the analyte is composed of unreacted Au and Ag particles. Quantitative STEM-EDS spectra of the
Au NP before and after mixing with [Agao(BDT)12(TPP)4]*” NC are provided in Figure S16.

We performed the ESI MS experiment to further confirm that the interparticle mixture does not include
an atomic exchange between the systems. For the reaction@NC study, we mixed known volumes of
Au@BDT NP (0.23 uM) and [Agx(BDT);2(TPP)s]* NC (2.85 uM) solutions in DMF at room
temperature and analyzed the reaction mixture (refer to experimental section and concentration
calculation in SI). All the mass spectrometric parameters were kept constant during the entire
measurement. The MS peak corresponding to [Ago(BDT)12]>” NC (m/z 1603) remained intact in the
reaction mixture even after 24 h. The corresponding optical spectral data given in Figure S17 agrees
with the mass spectral observations. Therefore, we conclude that Au@BDT NP and
[Ag2(BDT)12(TPP),]>” NC is non-reactive, allowing the parent particles to retain their inherent
chemical properties. From the above study, we infer that the introduction of bidentate ligand

stabilization into the particle system ultimately inhibits interparticle reactions.
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Figure 5. Schematic representation of the interparticle reaction between (A) Au@DMBT NP and
[Agsa(FTP)30]* NC, and (B) Corresponding time-dependent ESI MS for the reaction@NC. (C)
Au@BDT NP and [Ag>s(DMBT)s]” NC and (D) Corresponding time-dependent ESI MS. Color code:
Yellow, Au; blue, Ag; pink, S; magenta/grey, C; green, F; H was omitted for clarity.

33 Role of the metal-ligand interface in an interparticle reaction

From the previous discussions, we understand that the monolayers and their nature of bonding to the
NP surface are key in controlling their reactivity toward NC.”' Krishnadas et al. reported the
involvement of the metal-ligand (Au-PET—Ag-FTP) fragments in an intercluster reaction between
[Auzs(PET)is]” and [Ags(FTP)s0]*".>° To further investigate the contribution of the ligand in these
interparticle (Au NP-Ag NC) events, we have introduced an FTP-protected Ag NC system.

We chose Au@DMBT NP and [PPhy]s[ Agas(FTP)30] (Where, n =3, 4) NC as our particle system where
Au-DMBT...Ag-FTP acts as a reacting interface (details in the experimental section). ESI MS and
optical absorption data of the [PPhs].[Agss(FTP)30] NC are presented in Figure S18. Using the same
experimental conditions as for the DMBT-capped particle system, we conducted both reaction@NP and

reaction@NC on the Au@DMBT NP—[PPh4].[Agss(FTP)30] NC system (refer to the experimental

11



section). The SI includes microscopic and spectroscopic results for the reaction@NP. As the reaction
progressed, the spectral feature corresponding to Au@DMBT NP evolved into an enhanced and blue-
shifted SPR at 523 nm in the optical absorption spectra, suggesting an Ag NC-induced chemical change
in the parent Au NP (Figure S19). However, the reaction of Au NP with the [PPhs]a[Ags(FTP)3] NC
causes a slight increase in their average size, from 4.46 = 0.64 nm to 4.72 + 0.91 nm (Figure S20). The
FWHM values are 1.51 and 1.91 nm, calculated from the size distribution of NPs before and after the

reaction, respectively.

Figure 5A depicts a schematic representation of the mechanistic pathway for the reaction between
Au@DMBT and [Agu(FTP)3]*. As the interparticle reaction progressed, the molecular peak
corresponding to the parent species, [Agau(FTP)3]*” NC (m/z 2140), shifted gradually towards the
species with lower m/z values (Figure 5B). The [Ags;Au(FTP)x]*” NC (m/z 2130) was detected as a
major species within 2 min in the reaction. The mass difference with the newly emerged peaks is ~10
Da, which corresponds to an Ag—FTP unit (235 Da) loss from the [Agsu(FTP)3]*” NC and a
simultaneous Au (197 Da) addition into it. Along with the first doped species, [AgxAua(FTP)x]* (m/z
2120) and [AgsiAus(FTP),7]* (m/z 2111) NC species were detected in a reasonable intensity. The
[AgssAu(DMBT)(FTP)]*” NC species, as observed at m/z 2164, corresponds to a simultaneous (Ag-
FTP)...(Au-DMBT) exchange in the [Agas(FTP)30]*” NC (isotopic distributions match in Figure S21).
Noticeable deviations from the parent [Agau(FTP)s3]* NC features were observed in the optical
spectrum acquired within 2 min of mixing the particles (Figure S22). Most of the spectral features
evolved within 30 min into the reaction, and two major features appeared around 412 and 529 nm, with
weaker features around 483 and 643 nm. Moreover, we note that such a blue-shifted spectrum resembles
the previously reported Au-doped-Agu@FTP NC.”*> We carried out the Raman spectral
measurements on the reacted Au NP to confirm FTP-DMBT ligand exchange on the NP surface (refer
to SI for details). As shown in Figure S23, the reacted NP shows distinguishable SERS corresponding
to C—X stretching (191-282 cm™) and deformation (775-877 cm’™"), ring breathing (980-1047 cm™), and
C-C stretching (1512-1681 cm™) frequencies (wavenumber ranges correspond to the
AgAu@DMBT FTP NP) which are characteristic for halogenated thiophenols.”®”® The presence of an
electronegative F-atom in the 4-FTP ligand is likely to cause a greater metal—ligand backdonation,
leading to a shift in the frequency and relative intensity.”® From the foregoing results, we infer that the

Ag NCs-mediated AGR of Au NPs proceeds via a metal-ligand fragment exchange.
34 Interparticle reaction at a structurally complex metal-ligand interface

Next, we studied the Au NP—Ag NC reaction at a geometrically complicated interparticle interface,
which included dithiolated and monothiolated NPs to provide a range of geometric/structural rigidity
and flexibility, respectively. We chose Au@BDT NP and [Agxs(DMBT)s]” NC as our particle system

of interest, where Au-BDT...Ag-DMBT acts as a reacting interface (synthesis and characterization in
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SI). Intercluster reactions with BDT-protected metal NCs have been studied extensively in the past.
Such reactions usually involve a metal exchange reaction pathway instead of a metal-ligand exchange.”'
We carried out the reaction@NP and the reaction@NC for the above particle system while keeping the

experimental conditions the same as the previous experiments.

The Au@BDT NP and [Ag,s(DMBT)i3]” NC reaction involves an intersystem atom exchange, as
schematically represented in Figure 5C. In ESI MS measurement as shown in Figure 5D, we observed
a steady shift with time in the molecular peak corresponding to the parent species, [Ag2s(DMBT);s]”
(m/z 5166), towards higher mass species, [Ag4Au(DMBT)5]” (m/z 5255) and [Agx;Au(DMBT)s]
(m/z 5344), where the former was a major and later was a minor product. However, a slower reaction
time (~3 h) can be attributed to a hindered interparticle approach because of the geometrically
complicated interface compared to the DMBT-capped system (~0.5 h) (further discussion in section
3.6). Our mass spectral measurements are consistent with the time-dependent optical absorption spectra
(Figure S24). In reaction@NP, the average size of Au@BDT NPs changes after reaction with
[Agos(DMBT)s]” NC from 3.70 + 0.48 nm (Figure S25 A) to 3.17 £ 0.42 nm (Figure S25 B), and the
FWHM values are 1.08 and 0.95 nm, respectively. However, unlike the DMBT-capped-interparticle
system, we did not observe much change in the overall particle size distribution. The optical absorption
spectrum of Au@BDT NPs showed a blue-shifted and enhanced SPR on reaction with
[Ags(DMBT) 5] NC, indicating an Ag-doping in Au@BDT NPs (Figure S26). Therefore, the
Au@BDT NP-[Ag>s(DMBT);3]” NC reaction proceeds via a metal-only exchange, as supported by the
data from both the reaction@NP and the reaction@NC.

Next, while maintaining the complexity of the reacting interface (Au-DMBT...Ag-BDT), we studied
the particle system with reversed monolayer coverage, such as Au@DMBT NP and
[Ago(BDT)i»(TPP)s]*” NC. The reaction@NP and reaction@NC for the particle system were
performed along a similar line as in the previous one. As for the reaction@NP, TEM images (Figure
S27) and optical spectral data (Figure S28) suggested that individual particles in the NP-NC mixture
remained unreacted in solution for the entire period of measurement. In the time-dependent ESI MS
study for the reaction@NC, [Agao(BDT)12]*” NC peak (m/z 1603) remained intact in the solution even
after 24 h, also suggesting no reaction with the NP (Figure S29). The corresponding optical spectra

agree with the mass spectral observations (Figure S30).

Using Au-BDT...Ag-FTP as a model, we further investigated the absence of ligand participation in
NP-NC reactions with a geometrically complex interparticle interface, similar to those observed
between Au-BDT...Ag-DMBT. We chose Au@BDT NP and [PPhs]n[Agas(FTP)30] NC as our particle
systems where Au-BDT...Ag-FTP acts as a reacting interface (reaction@NC and reaction@NP results
are provided in SI, Figure S31). The Au@BDT NP and [Ags(FTP)30]> NC reaction proceeds via an
interparticle metal-only exchange pathway, as schematically represented in Figure S31A. In ESI MS
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measurement as shown in Figure S31B, within 5 min of reaction, we observed a rapid shift in the
molecular peak corresponding to the parent species, [Ags(FTP)30]>” NC (m/z 2851), towards lower and
higher mass species, [Ags(FTP)3]> NC (m/z 2816) and [AgsAu(FTP)3] NC (m/z 2881),
respectively, where the former was a minor product and later was major (isotopic distributions are
matched in Figure S31C). No significant mass spectral signals were detected in the MS region
associated with [Ags(FTP)30]* NC (m/z 2070-2220) during the reaction. Based on the mass spectral
intensity, we presume that [Ags(FTP)30]>” and [Agas(FTP)30]*” NCs upon reaction with Au@BDT NP
undergo an Ag loss to form transient [Ags3(FTP)3]*” NC followed by an Ag-Au exchange to form a
stable [Agss Au(FTP)30]> intermediate species. However, determining an accurate interparticle reaction
pathway requires additional investigations. Noticeable deviations from the parent [Ags(FTP)30]>” NC
features were observed in the optical spectrum acquired within 5 min of mixing the particles, and the
spectrum resembled Au-doped-Agsu@FTP NC (Figure S31D).” In the case of reaction@NP, the optical
absorption spectrum exhibited a gradual blue-shift in SPR of Au@BDT NPs with time, upon reaction
with [Aga(FTP)30]>” NC, indicating Ag-diffusion in the parent Au NP (Figure S31E, and schematically
illustrated in Figure S31F). The parent Au@BDT NPs were monodispersed in nature and exhibited no
assembling tendency (TEM image in Figure S31G-a). Interestingly, the reacted NPs self-assembled in
the solution to create sphere-like superstructures, a similar phenomenon was previously reported with
Ag and Cu-doped Au particles (Figure S31H-a).”"’* Upon reaction with [Agau(FTP)3]>” NC, the
average size of Au@BDT NPs changed from 3.70 + 0.48 nm (Figure S31G-b) to 3.01 + 0.66 nm (Figure
S31H-b), and the FWHM values were 1.08 and 1.56 nm, respectively. Unlike the DMBT-capped-
interparticle system, the shift in particle size distribution towards a higher FWHM value suggests that
the reaction introduced a polydispersity into the Au NPs. From the above discussion, we conclude that

the Au@BDT NP-[Ags(FTP)30]*” NC reaction also proceeds via a metal-only exchange pathway.
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Figure 6. Plot showing the extent of relative metal exchange (%) as a function of reaction time
(in min) for the [Ag:s(DMBT)is]” NC with Au@DMBT (A), and Au@BDT NP (B)
interparticle system. (C) Proposed mechanism of Ag-doping in parent [Ag2s(DMBT)is]™ and
the corresponding reaction energies (a) resulting in [Ag4Au(DMBT)is]” (b), and
[Ag23Au2(DMBT)1s] NCs (c¢). Color code: Yellow, Au; grey, Ag; pink, S. C and H are omitted

for simplification.
35 Relative abundance plots

To better understand the kinetics of atom exchange in an interparticle reaction, we investigated the trend
in the abundance (%) of reactant and product NCs as a function of reaction time (Figure 6). In this
context, the relative abundance (%) refers to the intensity of an ion of a parent or a product relative to
the total parent and product ions at a given time. We assumed that the abundance of the parent NC was

100% at zero reaction time.

As discussed in the previous section, the Au@DMBT NP and [Ag:s(DMBT);3]” NC reaction proceeds
via alloy-NC intermediates where [AgsAu(DMBT) 3] and [Ag3;Auy(DMBT)5]” were identified as
major and minor products, respectively (Figure 3B). Initially, we observed a rapid conversion of the

parent [Agxs(DMBT);s]” NC into its first-doped [Ag4Au(DMBT); 3] product, while the second-doped

15



[Ag23Au(DMBT)s]” product appeared at a much slower rate (Figure 6A). The [Ag,s(DMBT)3]” and
[Ag2sAu(DMBT)13]” NCs have an analogous crystal structure with an M3 icosahedron core and six
M,(SR); motifs, where M and SR refer to metal and thiolate. It is reported that doping in
[Agos(DMBT)5] to [Ag2sAu(DMBT);3]” NCs occurs in a nanogymnastic fashion, with metal exchange
beginning at the staple and progressing to the Auy; icosahedron core.”” The reaction energy (AE) values
for each step were computed using density functional theory (DFT); further discussion in section 3.6.
The possible explanation for faster 6a — 6b (AE = —0.45152 eV) conversion of the [Ag>s(DMBT):s]”
(6a) to highly stable [AgsAu(DMBT);s]” (6b) might be attributed to an interparticle Au-Ag exchange
of the surface atoms (Figure 6C). Next, the intra-nanocluster atomic exchange involves rapid swapping
at the staple (6b — 6¢, AE = —0.05984 ¢V) followed by a slower diffusion into the core (6¢c — 6d, AE
= —0.33456 eV) until equilibrium is attained. The interaction between Au@DMBT NP and
[Ag2sAu(DMBT);5]” NC results in the infusion of a second Au-atom, which presumably accounts for
the slowest rate of conversion to [Agx;Au(DMBT) 5] (6g). As per our calculations, the second Au-
atom replaces an Ag-atom at the staple position in AgxAuy (6¢c — 6e, AE =—0.45152 eV) followed by
intra-nanocluster swapping rearrangements (6e — 6f, AE =—-0.03808 eV and 6f — 6g, AE =—0.31824
eV). We believe the overall interparticle reaction kinematics would be much more complex if the by-

products were also considered.

Similarly, the reaction of Au@BDT NP and [Ag,s(DMBT);3]” NC involves an intersystem metal-only
hopping where the [AgsAu(DMBT)5]” and [AgxAux(DMBT)i3]” NCs were identified as the major
and minor products, respectively (Figure 5D). Herein, the [Ag:s(DMBT)is]” to [AgsAu(DMBT) 5]
conversion is much slower than the previous one (Figure 6B). The longer reaction timescale may be
due to sterically hindered interparticle interaction at the metal-ligand interface before metal exchange.
The mechanism of Au-hopping during the doping reaction presumably takes a similar path, as explained
in Figure 6C. We infer that the interparticle reaction timescale depends on the metal-ligand bond and

the rigidity of the reaction interface.
3.6 Computational studies

We tried to understand the driving force and mechanism behind the interparticle reactions using density
functional theory (DFT) combined with molecular docking (computational details in SI 3). Molecular
dynamics (MD) simulation of octahedral-shaped Au@SR NPs suggests a surface coverage of Au-SR
staples and longer Au-SR chains.'” Staple and ligand coverage on the facets is heterogeneous, lowest
at the vertices where the four faces meet and at the edges between neighboring facets.'” Lower coverage

areas on the NP surface may be sterically more accessible for a facile reaction.
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Figure 7. (A) Docking structures of interactions of [Ag2s(DMBT)is]” NC on SR-protected Au
NP. (B) [Ag:s(DMBT)is] NC on DMBT-monolayered Au(111) surface, and (C)
[Ag29o(BDT)12(TPP)4]*” NC on BDT-monolayered Au(111) surface. Color code: Gold, Au;
orange, Auad; gray, Ag NC staple; silver, Ag NC icosahedron; magenta, S of surface ligands;
red, S of NC ligands; cyan, C of surface ligands; light green, C of thiolate NC ligands, sky blue,
C of TPP ligands; blue, P. H was omitted for clarity.

The Ag NC docking on the octahedron Au NP suggests that the Ag NC approaches one of the octahedral
facets of the NP and interacts with Au-S staples and chains, ligands, and the bare gold surface of the
NP (Figure 7A). To simplify the calculations, we assumed an Au(l11) surface with a variable
monolayer coverage instead of an octahedral Au NP to interact with Ag NC (detailed discussion on the
surface construction SI and Figures S32-S33). Docking interactions of the [Agrs(DMBT)s]” and
[Ago(BDT)i»(TPP)4]*” NCs with 2,4-DMBT (Figure 7B) and 1,3-BDT (Figure 7C) monolayered
Au(111) surfaces at a low ligand and staple coverage, respectively (interatomic distances are
highlighted in the inset). A comprehensive analysis of the Ag NC—Au(111)@SR surface docking
interaction at different extents of monolayer coverage in terms of binding energies (BE) is presented in

SI 5 and 6 (Figures S34-S36 and Tables S1-S2).

We calculated reaction energetics to understand the thermodynamic feasibility of the interparticle
reactions. Based on our DFT calculations, the most favorable Au-doping route in [Ags(DMBT);3] is
via the Ag,(DMBT); staple, the Agi; icosahedron, and finally, the icosahedron core (refer to Figure 6C
in section 3.5 and energy values in Tables S3-S4). In [Agx;Au,(DMBT)5], the second Ag-atom
occupies the Aujs icosahedron position (Figure 6C and energy values in Table SS5). Similarly,
[AgsAu(BDT)1»(TPP)4]* has its most favorable geometry with Au in the core position (refer to Figure
S37 and energy values in Table S6).

Next, we used a 2x1 supercell of the Au(111) surface derived from a (3x4) unit cell to calculate the
metallic exchange reaction energies (AE) between the Ag NCs and Au(111)@SR surface models

(surface description in computation details, SI). Our simulations show that upon reaction, Ag-atom
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preferably occupies the inner layers of the Au(111) surface instead of the staple or top layer (Figure
S38 and AE values in Tables S8 and S9). Figure S39 shows a comparison of the reaction energies for
the NC-surface reactions: (1) [Agxs(DMBT)is] —Au(111)@DMBT (AE = 0.0019 Ha), (2)
[Ago(BDT)io(TPP)s]*  —Au(111)@BDT (AE = 0.0128 Ha), (3) [Ag2s(DMBT);5] —Au(111)@BDT
(AE = 0.0038 Ha), and (4) [Ag29(BDT)12(TPP)s]* —Au(111)@DMBT (AE = 0.0109 Ha). Reactions (1)
and (3) are more feasible than (2) and (4) based on the AE values, consistent with our experimental
results. However, the calculations suggest that the reactions are slightly endothermic as the
optimizations were performed under conditions equivalent to zero temperature. At room temperature,
the entropic term (—TAS) is expected to further lower the Gibbs free energy so that AG becomes
negative. This leads to a spontaneous reaction, as observed in our experiments with [Agxs(DMBT);s]".
Further, the small positive reaction energies for reactions with [Ag,s(DMBT);s]™ (reactions 1 and 3)
compared to [Agi(BDT);2(TPP)]*” (reactions 2 and 4) indicate a low reaction barrier for
[Ag2s(DMBT);s] . Therefore, [Ag:s(DMBT);5] is more reactive towards the Au(111)@SR surface,
which is true regardless of the presence of DMBT or BDT monolayers and is consistent with our

experimental observations.

Overall, we have found that the [Ag,s(DMBT);3]” binds more strongly to Au(111) monolayer surfaces
for low coverages, which are expected to favor the reaction as the surface Au and staple Au and S atoms
are sterically more accessible, and that the Ag/Au atomic exchange between the Ag NC and the
Au(111)@DMBT is slightly more favorable for [Ag,s(DMBT);s]™ as the reaction energies are smaller.
The steric hindrance effects of the slightly larger [Agxo(BDT)12(TPP)4]*” cluster with bulky TPP groups
are likely to be greater, leading to higher energy barriers for the reaction of [Ag(BDT)12(TPP)4]*~
compared to [Agxs(DMBT)s] ", and hence the reaction does not occur. Mechanistically, the calculated
reaction energies between different symmetry sites of the NC and surface indicate that the substitution
of Ag atoms into the deeper layers is more feasible, while gold atoms prefer to occupy the central-atom

position and icosahedral sites of the Ag NCs.

4. CONCLUSIONS

In summary, we demonstrated AGRs in plasmonic Au NPs with atomically precise Ag NCs where the
interparticle metal-ligand interface controls the overall reaction dynamics. Au@DMBT NPs on reaction
with [Agos(DMBT)s]” NC resulted in well-alloyed bimetallic NPs. Reaction-driven transformations in
the morphology and composition of the Au NPs were studied using HAADF-STEM equipped with
EDS. With the introduction of dithiol-induced geometric rigidity at the interface, no reaction was
observed for the Au@BDT NP...[Agao(BDT)12(TPP)s]*” NC systems. ESI MS studies confirmed that
the reactions involve interparticle metal-ligand and metal-only exchanges in the case of monothiol and

dithiol-capped NP, respectively. DFT calculation also confirmed that the overall metal-exchange
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reactions energetically favor the DMBT-capped particle system over the BDT-capped system. Further
electrochemical, in-situ microscopic, and molecular dynamics studies are required to fully comprehend
the phenomena behind such reactions. The universality of NP-NC reactions throughout the noble metal
system can be further extended to prepare multimetallic alloy particles with controlled size and

composition.
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