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Abstract

Colloidal synthesis of alloyed multimetallic nanocrystals with precise composition control
remains a challenge and a critical missing link in theory-driven rational design of functional
nanomaterials. Liquid phase transmission electron microscopy (LP-TEM) enables directly
visualizing nanocrystal formation mechanisms that can inform discovery of design rules for
colloidal multimetallic nanocrystal synthesis, but it remains unclear whether the salient chemistry
of the flask synthesis is preserved in the extreme electron beam radiation environment during LP-
TEM. Here we demonstrate controlled in situ LP-TEM synthesis of alloyed AuCu nanoparticles
while maintaining the molecular structure of electron beam sensitive metal thiolate precursor
complexes. Ex situ flask synthesis experiments showed that nearly equimolar AuCu alloys formed
from heteronuclear metal thiolate complexes, while gold-rich alloys formed in their absence.
Systematic dose rate-controlled in situ LP-TEM synthesis experiments established a range of
electron beam synthesis conditions that formed alloyed AuCu nanoparticles with similar alloy
composition, random alloy structure, and particle size distribution shape as those from ex situ flask
synthesis, indicating metal thiolate complexes were preserved under these conditions. Reaction
kinetic simulations of radical-ligand reactions revealed that polymer capping ligands acted as
effective hydroxyl radical scavengers during LP-TEM synthesis and prevented metal thiolate
oxidation at low dose rates. In situ synthesis experiments and ex situ atomic scale imaging revealed
that a key role of metal thiolate complexes was to prevent copper atom oxidation and facilitate
formation of prenucleation cluster intermediates. This work demonstrates that complex ion
precursor chemistry can be maintained during LP-TEM imaging, enabling probing nanocrystal
formation mechanisms with LP-TEM under reaction conditions representative of ex situ flask

synthesis.
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Alloyed metal nanoparticles have received sustained attention due to their enhanced
functional properties compared to monometallic nanoparticles for applications in optical devices,
2 catalysis,®> magnetic materials,® ” and renewable energy.®° Despite these broad applications,
controlled colloidal synthesis of bimetallic alloys with desired structure and composition is
difficult due to the varying reduction kinetics of different metal precursors, inter-metal electron
transfer, and immiscibility of metals.** The lack of colloidal synthesis methods that enable
arbitrary control over alloyed nanoparticle composition represents a bottleneck in realizing theory
driven discovery of catalyst nanoparticles.'? For instance, rational discovery of alloyed bimetallic
(electro)catalyst nanoparticles involves density functional theory (DFT) prediction of alloy
compositions with optimal binding energies to reaction intermediates.*> 4 A critical missing piece
to this approach is the capability to synthesize alloyed nanoparticles with arbitrary metal
combinations and compositions to target DFT predicted catalytically active alloys.

The use of complex ions containing two metal sites as precursors, such as metal-capping
ligand complexes,*>*° double ionic salts,?* 2! and molecular complexes formed by metallophilic
interactions,?? has been shown to encourage formation of bimetallic alloy nanocrystals.? 24 For
instance, heteronuclear metal thiolate complexes have been shown to enhance copper alloying with
gold in AuCu bimetallic nanoparticles.'® Metal-ligand complexes have been shown to prevent
Ostwald ripening during synthesis of alloyed FeCo bimetallic nanoparticles.?® Selective binding
of metal ions to ligands can also be used to rationally manipulate and harmonize the reduction

kinetics of metal precursors.?® Use of complex ions as precursors points to a facile approach to



nanoparticle synthesis, where capping ligands actively control nanocrystal properties and final
nanoparticle characteristics (e.g. composition and alloy structure) are directly encoded into the
molecular scale precursor chemistry via rationally designed coordinate bonds, reduction potentials,
and metal-metal bonds.

While systematic synthesis and x-ray scattering experiments have revealed crucial
chemical processes underlying formation of bimetallic nanoparticles,?®*° the specific chemical
processes involved in conversion of complex ion precursors to bimetallic alloys remain unclear. A
prevailing hypothesis is that multimetallic precursor complexes confine metal species together and
facilitate alloying starting from the molecular level.*® However, beyond this qualitative description
it is unclear how capping ligands impact chemical processes underlying nanoparticle formation,
including precursor reduction, nucleation, and growth. Liquid phase transmission electron
microscopy (LP-TEM) directly visualizes nanoparticle formation in real time at atomic to
nanometer scale spatial resolution.3** Further, LP-TEM experiments harnessing controllable
electron beam chemistry enable systematically varying synthesis conditions, e.g. redox chemistry
and reaction Kinetics, to directly observe the impacts on nanoparticle formation mechanisms.*4°
However, there remains the challenge of demonstrating the chemistry involved in LP-TEM
electron beam synthesis is representative of bench scale wet chemistry.*! Ideally, the electron beam
should only reduce metal precursors and not drive undesirable side reactions like oxidation of
organic capping ligands or nanoparticles.*? %3 In this article, we reveal in situ LP-TEM electron
beam synthesis conditions for alloyed bimetallic nanoparticles that preserve the salient chemistry
of the ex situ flask synthesis (Figure 1a). We chose AuCu alloyed nanocrystals as a model system
because of their important application as a highly active CO; electroreduction catalysts.***® Prior

work has shown that although AuCu alloys are thermodynamically favorable through intermetallic



phase formation,*”° it is challenging to synthesize alloyed AuCu nanocrystals with tunable
composition by wet chemical co-reduction due to the different reduction kinetics of gold and
copper precursors. In this article, we use alloying extent and nanoparticle characteristics as
sensitive electron beam damage indicators, where formation of equimolar, unaggregated AuCu
alloy nanocrystals indicated metal thiolate complex integrity was preserved during in situ LP-TEM
synthesis. Radical-ligand reaction kinetic simulations go beyond empirical observations of
electron beam damage to demonstrate how polymeric capping ligands act as effective radical
scavengers that protect metal thiolate complexes from oxidation. Broadly, this study demonstrates
that systematic LP-TEM experiments can probe chemical processes involved in multicomponent
nanoparticle formation while preserving the relevant inorganic chemistry of the ex situ flask

synthesis.

Results and Discussions
Ex situ and in situ synthesis of AuCu nanocrystals

Bimetallic AuCu nanoparticles were synthesized by ex situ flask synthesis using a previous
synthesis method.*® Briefly, an aqueous metal thiolate complex precursor was prepared by mixing
polyethylene glycol thiol (PEG-SH, average molecular weight of 775 g/mol), gold chloride
(HAuCls), and copper nitrate (Cu(NOz)2) (see details in Experimental Methods). Matrix assisted
laser desorption/ionization time of flight mass spectroscopy (MALDI-TOF MS) showed that
pentanuclear metal thiolate complexes containing both gold and copper formed upon mixing,
together with some residual PEG-SH (Figure 1b).1® 1 Prior reports have shown formation of
tetranuclear complexes using the same method, albeit with a larger polymer molecular weight of

1000 g/mol.® It is possible that a larger complex formed in this study due to the lower polymer



molecular weight, which exhibit reduced steric effects and a lower configurational entropic penalty
for polymer complexation, enabling formation of a larger complex.5! In ex situ flask synthesis, an
aqueous solution of metal thiolate complexes was reduced by a slight excess of sodium
borohydride at room temperature. In situ LP-TEM synthesis was carried out utilizing the electron
beam to create reducing radical species (Figure 1a), where continuous irradiation by the scanning

TEM (STEM) electron beam generated reducing aqueous electrons (e;4) and hydrogen radicals

(H ) through radiolysis.®® %2 Dose rate (d), the amount of energy absorbed by the liquid sample
per unit mass per unit time in units of Gray/s (Gy/s), determined the concentration of radicals and
was modified during in situ LP-TEM synthesis by changing the image magnification (d < M?)
and electron beam current (d o i,).%* 3 5 Reducing radicals have higher standard reduction
potentials (E9. = —1.9 V; Eé’a—q = —2.3 V) compared to sodium borohydride (Ep,-° = —0.48 V),

indicating they are stronger reducing agents.** > To account for this, we modified the precursor
composition for in situ LP-TEM synthesis by carrying out systematic LP-TEM experiments at
various precursor dilutions. We found in situ LP-TEM synthesis with a precursor solution diluted
by 7 times formed densely packed overlapping nanoparticles, while a precursor diluted 70 times
formed no nanocrystals (Figure S1). In situ LP-TEM synthesis using a precursor diluted by 35
times formed isolated nanocrystals under most conditions and was used for the study.

We carried out in situ LP-TEM synthesis experiments at various dose rates to probe the
effect on nanocrystal formation dynamics and final size, morphology, and composition. Time
lapsed LP-TEM images of nanocrystal formation at a relatively low dose rate of 17 MGy/s

([e;q] =29uM and [H:] =4.6 uM) formed sub-10 nm nanocrystals through continuous

nucleation and growth over ~30 s (Figure 2a). The nanocrystals were spherical and ellipsoidal

with final diameters ranging from a few to ten nanometers, showed uniform image contrast, and



were not mobile during formation due to heterogeneous nucleation on the silicon nitride
membrane.*® At a higher dose rate of 65 MGy/s ([ezq] = 4.3 uM and [H -] = 8.9 M), irregularly
shaped, aggregated nanoparticles formed from the beginning of synthesis (Figure 2b). The image
contrast of the nanoparticles was non-uniform with each particle displaying high and low image
contrast regions within. In situ synthesis in the absence of PEG-SH ligand formed large,
abnormally shaped nanoparticles that had non-uniform internal image contrast similar to

nanoparticles formed at high dose rates with ligand (Figure 2c).

Nanocrystal morphology and composition

The resolution limit of LP-TEM was 1-2 nm in the in situ experiments so the atomic
structure and composition of individual nanocrystals were characterized with high resolution TEM
(HRTEM), high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM), and energy dispersive x-ray spectroscopy (EDS) on nanocrystals after removing them
from the LP-TEM holder and drying the liquid. AuCu nanocrystals synthesized in a flask were
nearly spherical and 2 — 4 nm in diameter (Figures 3a, 3e, and Figure S2a). In comparison,
nanocrystals synthesized at a low dose rate of 7.3 MGy/s were nearly spherical, single crystal, and
had diameters ranging from 2 — 10 nm (Figures 3b, 3f, and Figure S2b). Nanocrystals synthesized
at a high dose rate of 210 MGy/s were a mixture of polycrystalline aggregates and single crystal
particles with sizes < 2 nm (Figures 3c, 3g, and Figure S2c). For all dose rates tested, nanocrystals
synthesized with no PEG-SH ligand were abnormally shaped polycrystalline aggregates larger
than 20 nm (Figures 3d, 3h and Figure S2d). STEM-EDS showed that nanocrystals formed by
ex situ flask synthesis and low dose rate in situ LP-TEM synthesis (< 25 MGy/s) were alloyed with

gold contents ranging from 59 — 66 atomic% and 49 — 53 atomic%, respectively (Figures 3i-k and



Figures S3a-e). Due to the quantification error in the EDS data (See methods for EDS
quantification details), we cannot establish that these alloy compositions were statistically different.
Nanocrystals formed at high dose rates and without PEG-SH capping ligands were predominantly
gold with only traces of copper (< 5 atomic%) (Figure S3f,g). As a negative control for ex situ
flask synthesis with no metal thiolates, nanocrystals were synthesized from metal thiolate
complexes that were first oxidized with hydrogen peroxide (H20.) to form a physical mixture of
metal ions, PEG-SH, and disulfide bonded PEG (see Section 4 in Supplementary Information
and Figure S4a). The nanocrystals formed from the oxidized precursor showed a significant
decrease in copper content with compositions ranging from 80 — 90 atomic% gold (Figure 3k,
Figure S3h,i and Figure S4c). Atomic resolution HAADF-STEM imaging showed that
nanocrystals formed with low dose in situ LP-TEM synthesis were single crystalline and co-existed
with small (< 1 nm) non-crystalline metal clusters (Figure 3l). Lattice constants for AuCu
nanocrystals formed by low dose rate in situ and ex situ synthesis were both near 3.9 A (Figure

S5), between that of Au and Cu, indicating the nanocrystals were random AuCu alloys.

Quantification of particle size distribution and aggregation state

Flask-synthesized nanocrystals ranged in diameter from 1 — 4 nm and the particle size
distribution (PSD) had a shoulder centered around the mean particle diameter of ~2 nm (Figure
4a). The in situ synthesized nanocrystals had diameters ranging from 2 — 10 nm and similarly
showed a shoulder in the PSD near the average particle size of ~4 nm for dose rates of < 17 MGy/s
(Figure 4a, blue curve). The PSD shoulder disappeared at larger dose rates and was accompanied
by formation of aggregated particles with sizes > 5 nm and single crystal particles with sizes < 2

nm. Direct comparison of the PSDs of the in situ and ex situ synthesized nanocrystals was not



possible due to the continuous nature of in situ synthesis where the reaction time determines the
particle size.®®>” However, the reduced PSDs (particle size normalized to the average particle size)
for low dose rate (< 17 MGy/s) in situ and ex situ synthesis had nearly identical shape and shoulder
position (Figure S6c). Similar reduced PSD shape and reduced size range for in situ and ex situ
synthesis indicates a common growth mechanism.® 8% These results indicate a different reaction
rate or time for in situ and ex situ synthesis but a common growth mechanism.

The degree of nanocrystal aggregation for each synthesis condition was quantified by
particle eccentricity (e), a measure of how spherical a shape is with e = 0 being a perfect circle,
e = 1 aline, and values in between corresponding to ellipses of increasing aspect ratio. Figure 4b
shows the particle eccentricity distributions for in situ LP-TEM synthesis at different dose rates
compared to ex situ flask synthesis. Most particles formed by ex situ flask synthesis had
eccentricities ranging from e = 0.3 - 1, indicating nearly spherical particles formed together with
some aggregates and non-spherical particles. The eccentricity of the nanoparticles formed by in
situ LP-TEM synthesis was smaller overall compared to ex situ flask synthesis for dose rates < 17
MGy/s and increased with increasing dose rate above the flask synthesized particles for dose rates >
34 MGyl/s. Figure 4c shows a heat map of the median particle eccentricity for 11 unique in situ
LP-TEM synthesis dose rates (see Section 6 in Supplementary Information for details on heat
map generation). To quantify the fraction of aggregated nanocrystals under each in situ LP-TEM
synthesis, particles with e > 0.75 were classified as aggregates to generate a heat map of
aggregated fraction (Figure 4d; see Section 6 in Supplementary Information and Figure S6 for
additional details on aggregate classification). At high beam currents and magnifications
(red/orange areas), more than half the particles were classified as aggregates. Less than a third of

the particles were aggregates at low beam current and magnification (blue and teal areas), similar



to ex situ flask synthesized nanocrystals. In terms of alloy composition, PSD and reduced PSD
shape, alloy structure, and aggregation, particles formed by in situ LP-TEM synthesis at dose rates

< ~20 MGy/s were most representative of particles synthesized by ex situ flask synthesis.

Radical-ligand reactions

Given the impact of PEG-SH ligands and dose rate used for in situ LP-TEM synthesis on
the characteristics of the AuCu nanocrystals, we explored radical-ligand chemical reactions using
reaction kinetic simulations. In addition to aqueous electrons and hydrogen radicals, strongly
oxidizing hydroxyl radicals (OH-, E® = +2.8 V) form during water radiolysis.®> % Hydroxyl
radicals, aqueous electrons, and hydrogen radicals react rapidly with PEG and thiol functional
groups (Figure 5a). Hydroxyl and hydrogen radicals abstract hydrogen from the thiol functional
groups to form thiyl radicals, PEG — S -. Aqueous electrons sever the C-S bond between the PEG
and thiol, creating a reactive alkyl radical at the end of the PEG chain, PEG -.%%%1 PEG — S - species
are rapidly oxidized by dissolved oxygen®? into PEG — SOO - or recombine to form disulfide
bridges (PEGS-SPEG).®® Besides the thiol functional group, hydroxyl radicals readily oxidize the
PEG chain via hydrogen abstraction to form alky! radicals on the PEG chain, PEG - —SH.®*

Based on the above reactions, we developed a diffusion-reaction kinetic model for the
radical-ligand reactions that calculates the concentration of each radical and ligand species as a
function of spatial position within the LP-TEM image area, time, and dose rate (see Methods,
Section 7 in Supplementary Information, Figure S7, Table S1 for additional details on the
radical-ligand reaction model). Figure 5b shows the steady state concentration of hydroxyl
radicals and significant ligand damage products for a dose rate of 7.3 MGy/s. The kinetics reached

steady state in less than a second (Figure S8) and the concentration of each species was nearly

10



uniform across the radiation area, consistent with our LP-TEM observations of uniform
nanocrystal size (cf. Figure 2a). The simulation showed that 25.8% of the initial PEG-SH ligands
were converted to PEG — S -, 54.6% to PEG -, and 10% to PEGS-SPEG. The concentration of each
species at the center of image area was computed as a function of dose rate and showed that the
PEG-SH and PEGS-SPEG concentrations decreased as a function of increasing dose rate, PEG-
S- concentration increased slightly, and PEG - concentration remained nearly constant (Figure 5c).
The OH- concentration increased by nearly an order of magnitude when increasing dose rate from

7.3 MGyl/s to 210 MGy/s.

Preserving nanocrystal precursor chemistry during LP-TEM

Our experiments showed AuCu nanocrystals formed by ex situ flask synthesis and in situ
LP-TEM synthesis at dose rates < 20 MGy/s both showed nearly equimolar alloy composition,
random alloy structure, and similar PSD shape and aggregation states (Figures 3 and 4).
Conversely, nanocrystals formed by high dose rate in situ LP-TEM synthesis and ex situ flask
synthesis from H20. oxidized metal thiolate complexes were gold rich with less copper integration
in the nanocrystals compared to those made from intact complexes (Figure 3j,k and Figure S3,
S4). These results have several implications for LP-TEM visualization of nanocrystal formation
and the role of complex ion precursors in forming alloyed nanocrystals. Ex situ flask synthesis
showed that metal thiolate complexes were essential to integrating significant amounts of copper
into alloyed AuCu nanocrystals, with results showing a significant decrease in copper content after
metal thiolate complexes were first oxidized with H.O> (Figure 3k). This indicates that intact
metal thiolate complexes were a necessary prerequisite to synthesize alloyed AuCu nanoparticles

with significant integration of copper into the alloy.'® Despite over 90% of the PEG-SH capping
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ligands being modified by radical reactions, alloyed AuCu nanocrystals with nearly equimolar
composition were formed by low dose rate in situ LP-TEM synthesis, indicating metal thiolates
were preserved. These experiments established limits on the spatial resolution this specific
nanocrystal synthesis can be visualized with LP-TEM while retaining the essential chemistry of
the ex situ flask synthesis. Above the threshold dose rate of 20 MGy/s, electron beam generated
radicals significantly altered the solution chemistry compared to ex situ flask synthesis, leading to
a significantly different nanocrystal formation pathway and final nanocrystal product during LP-
TEM. This indicates it was not possible to image this nanocrystal formation process at atomic
resolution under conditions representative of ex situ flask synthesis, as the required dose rate for
atomic resolution imaging is > 2500 MGy/s. The threshold dose rate for preserving native
precursor chemistry during LP-TEM imaging is expected to vary as a function of nanoparticle
material, ligand, solvent, presence of radical scavenger, and type of liquid cell membrane used (e.g.
silicon nitride or graphene). For instance, a recent LP-TEM study on silver metal-organic nanotube
formation mechanism, which involved reaction of di-triazole ligands and silver ions (both are
sensitive to oxidation), empirically found that damage free in situ synthesis was achieved for a
dose rate of < 1.6 MGy/s.®® Rigorously establishing in situ LP-TEM synthesis conditions where
nanocrystals form with similar structure and chemistry compared to ex situ flask synthesis is
critical to confidently translate mechanisms learned from LP-TEM experiments to understand

chemical processes occurring during ex situ flask synthesis.

Given the extreme radiation environment of in situ LP-TEM synthesis and the simulation
results showing >90% of PEG-SH capping ligands were modified by radiolysis, the question
remains, how were metal thiolate complexes preserved at low dose rates? The formation of gold

rich particle aggregates at high dose rate leads us to hypothesize that the electron beam chemically
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modified metal thiolate complexes and free PEG-SH ligands, rendering them less effective at
stabilizing nanoparticles and encouraging alloying. Radical-ligand reaction simulations showed
that PEG-SH was an effective hydroxyl radical scavenger at low dose rates that prevented
oxidative damage of metal thiolate complexes. Kinetic simulations showed that at dose rates < 20
MGy/s, the concentration of hydroxyl radicals was an order of magnitude lower than at high dose
rates of > 200 MGys (cf. Figure 5c¢). The most significant scavenging reactions were hydrogen
abstraction from thiol groups and the PEG carbon chain due to their large rate constants (Table
S1). Interestingly, several of the scavenging reaction products retained their ability to act as
capping ligands; PEG-S- is an intermediate in the formation of metal-sulfur anchoring bonds
between thiol groups and metal nanocrystal surfaces,® 5" while disulfide groups (PEGS-SPEG)
are weakly binding capping ligands.®® Hydroxyl radical concentration increased with increasing
dose rate and as PEG-SH was depleted, oxidized coordinate bonds in the metal thiolate complexes,
copper atoms, and metal-sulfur bonds that anchor capping ligands to nanocrystal surfaces. The
nanocrystals synthesized ex situ from the oxidized metal thiolate complex precursor, where H20:
acted as a surrogate for hydroxyl radicals, had increased polydispersity and size and decreased
copper content (Figure S4), reminiscent of the nanocrystals formed by high dose rate in situ LP-
TEM synthesis. Oxidation of metal-sulfur bonds at the capping ligand-nanoparticle interface
reduced surface ligand coverage and the colloidal stability of nanocrystals, causing them to

aggregate during in situ LP-TEM synthesis at high dose rate (cf. Figure 2b).

While we do not know the exact reaction pathways for oxidation of the metal thiolate
complexes by hydroxyl radicals, ex situ oxidation of metal thiolate complexes with H.O, produced
a physical mixture of PEG-SH and PEGS-SPEG (Figure S4a) and metal ions not complexed to

thiol ligands. This result suggests metal thiolate complex oxidation during high dose rate in situ
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LP-TEM synthesis released free (not ligand complexed) gold and copper ions into solution. Co-
reduction of a physical mixture of copper and gold ions by in situ LP-TEM synthesis formed nearly
pure gold nanoparticles (Figure S3g), while similar gold rich nanocrystals formed by ex situ flask
synthesis from the H,O> oxidized precursor. A high reduction rate of gold ions compared to copper,
inter-metal electron transfer from copper to gold,%® 7° and oxidation of copper by hydroxy! radicals

led to preferential reduction of gold into nearly monometallic nanoparticles at high dose rate.

Formation mechanism of alloyed AuCu nanocrystals

Controlled in situ LP-TEM synthesis while maintaining the metal thiolate complex
chemistry enabled probing the role of metal thiolate complexes in the nanocrystal formation
mechanism. Alloyed nanoparticles formed by in situ synthesis had nearly equimolar gold and
copper contents and size invariant composition within the error of EDS quantification (£5 — 10
atomic%) (Figure 3j,k, Figure S3a,b and Figure S9).”* '2 A size invariant alloy composition
indicates that the gold and copper attachment rates to the nanoparticle surface were constant as a
function of synthesis time (Figure S3c). Past studies have identified small (< 1 nm) mixed metal
clusters and thiolated metal prenucleation clusters as critical intermediate species during synthesis
of monometallic, bimetallic, and semiconductor nanocrystals.”"" Atomic resolution HAADF-
STEM imaging provided direct evidence for the formation of sub-nanometer metal clusters during
in situ LP-TEM synthesis (cf. Figure 3l). Prior DFT calculations have shown that bimetallic metal
clusters are energetically favorable compared to monometallic clusters due to the favorable
negative Gibb’s free energy of mixing.”® Thermodynamically stable bimetallic clusters have been
predicted or experimentally measured for several metal combinations, including AgAu, AuPd,
PdCo, AgCu, and AgNi.”®®! EDS measurements of constant alloy composition, HAADF-STEM

imaging of sub-nanometer metal clusters, and prior DFT calculations provide compelling evidence
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supporting mixed metal prenucleation clusters as intermediates that fix attachment rates of each
metal to the nanocrystal surface (cf. Figure 3k,l). These results further suggest that metal thiolates
prevent preferential reduction of gold by limiting inter-metal electron transfer via simultaneous
reduction of copper and gold and aggregation into mixed metal prenucleation clusters.

Based on our systematic in situ and ex situ synthesis experiments, HRTEM characterization,
and kinetic modeling of radical-ligand reactions, we propose an overall mechanism for ligand- and
dose rate-mediated AuCu nanocrystal formation (Figure 6). At low dose rates (< 20 MGy/s), PEG-
SH acted as a capping ligand and a OH- radical scavenger that protected metal thiolate complexes,
copper atoms, and metal-sulfur ligand anchoring bonds from oxidative attack. Metal thiolate
complexes were reduced to bimetallic prenucleation metal clusters that served as intermediates to
AuCu nanocrystals. The surface of bimetallic AuCu nanocrystals were stabilized by PEG-SH and
other ligand damage products, which prevented them from aggregating. At high dose rate, large
concentrations of OH- radicals overwhelmed the scavenging capacity of the PEG-SH and oxidized
metal thiolate complexes, releasing free copper and gold ions into solution.®? Copper atoms were
oxidized by either OH- radicals or gold ions, leading to preferential reduction of gold and
formation of nearly pure gold nanocrystals. Depletion of ligands and oxidation of metal-sulfur

bonds destabilized nanocrystals and caused aggregation.

Conclusions

Systematic in situ and ex situ synthesis, reaction kinetic simulations, and extensive
characterization demonstrated low dose rate in situ LP-TEM synthesis of alloyed AuCu
nanocrystals while preserving the chemistry of heteronuclear metal thiolate complexes. This result

was unexpected based on the extreme levels of ionizing radiation present during in situ LP-TEM
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synthesis (dose rates in LP-TEM are 10%10° times larger than in a nuclear reactor).
Characterization of nanocrystals formed by in situ synthesis rigorously identified low dose rate
conditions (< 20 MGy/s) that formed alloyed nanocrystals of similar shape of PSD, random alloy
structure, and similar equimolar of Au and Cu content compared to ex situ flask synthesis. Alloyed
AuCu nanoparticles had size invariant composition and nearly equimolar alloy composition,
indicating the molecular structure of the metal thiolate complex was not significantly damaged by
radicals at low dose rate. A radiolysis kinetic model was developed to understand electron beam
damage of organic capping ligands and revealed that PEG-SH ligands were effective hydroxyl
radical scavengers at low dose rates, preventing oxidation of metal thiolate complexes. Preferential
gold reduction and formation of gold rich nanoparticles at high dose rates and in the absence of
metal thiolate complexes demonstrated the importance of metal thiolate complexes in preventing
copper oxidation by inter-metal electron transfer and forming sub-nanometer metal cluster
intermediate species. These results suggest a method for tuning the alloy composition of
nanocrystals during flask synthesis by either changing the composition of the precursor complex
or adding oxidizing species together with the reducing agent to control solution concentrations of
free metal ions and metal thiolates and thus the relative rates of metal reduction, prenucleation

cluster formation, and inter-metal electron transfer.

Methods/Experimental
Precursor solution preparation

Precursors solutions were prepared following a prior method with minor modifications.®
Stock solutions of 20 mM chloroauric acid (HAuUCls, Sigma-Aldrich, 99.99%), 20 mM copper

nitrate (Cu(NQO3)2, Sigma-Aldrich, ACS, 98%), and 10 mM PEG-SH (Sigma-Aldrich, average M,
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= 800 g/mol) were prepared with deionized water (18.2 MQ). The precursor solution used for ex
situ flask synthesis was prepared by adding 94 uL of 20 mM HAuCIs and 94 uL of 20 mM
Cu(NO3)2 solution to 4.29 mL DI water with stirring, followed by adding 376 uL of 10 mM PEG-
SH solution. The precursor solution used for in situ LP-TEM synthesis was prepared by adding
2.5 uL of 20 mM HAUCI4 solution and 2.5 uL of 20 mM Cu(NOs3)2to 4.99 mL DI water degassed
for one hour by sonication (Bransonic, CPX2800H), followed by adding 10 uL of 10 mM PEG-
SH solution. Both precursor solutions had a molar ratio of Au:Cu:PEG-SH of 1:1:2. The precursors
were characterized by matrix-assisted laser desorption/ionization time of flight mass spectrometer

(MALDI-TOF MS).

MALDI-TOF MS

The MALDI-TOF MS experiments were performed with a Bruker Autoflex Speed
MALDI-TOF. Samples were prepared by adding 23.5 uL of 20 mM HAuCl4, 23.5 uL of 20 mM
Cu(NO3)2 and 94 uL of 10 mM PEG-SH solution to 1072 uL. DI water to form metal thiolate
complex solution. 10 uL of the metal thiolate complex solution was mixed with 10 uL of 20
mg/mL 2,5-Dihydroxybenzoic acid (DHB) solution and 1 uL of 10 mg/mL NaCl in 1:1
methanol/DI water solution to form the targeted solution. 1 uL of targeted solution was drop-cast
onto the MALDI plate and air dried for 10 minutes. The system was operated in linear positive

mode.

Ex situ flask synthesis of bimetallic nanocrystals from metal thiolate complex precursors
Bimetallic nanocrystals were synthesized by reducing the precursor solution at room

temperature with sodium borohydride. Immediately after the addition of PEG-SH to the metal
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precursors, 450 uL of 20 mM NaBHssolution was quickly added to the flask with vigorous stirring
at room temperature. The reaction was run for one hour under strong magnetic stirring. The
synthesized nanocrystals were then washed with DI water 5 times using a 10 kDa protein
concentrator. To synthesize nanocrystals from an oxidized metal thiolate precursor, 0.5 uL H20:
(30 % (w/w) in H20) solution was added immediately after the formation of metal thiolate complex
and stirred for 4 hours at room temperature. The oxidized precursor solution was then reduced

with NaBH4 under identical conditions as described above.

In situ LP-TEM synthesis of bimetallic nanocrystals

All LP-TEM experiments were performed with a Protochips liquid cell holder (Poseidon
Select), which utilizes two silicon chips with 50 nm freestanding silicon nitride membranes to
contain a thin electron transparent film of liquid. The nominal thickness of the liquid film was 500-
750 nm due to the flow spacers (150 nm) and membrane bulging. The window areas of both chips
were 550 um x 50 um. Before the experiments, both chips were sequentially rinsed with acetone,
methanol and DI water, and then plasma cleaned (Harrick Plasma, PDC-32G) for 3 minutes with
an 18 W air plasma to remove organic contamination and render the chip surface hydrophilic. 2
pL of prepared precursor solution was drop-cast between the silicon chips before assembling the
sample. After assembling the cell, precursor solution was continuously flowed through the cell for
~15 minutes at a flow rate of 300 pL/h to remove any bubbles from the cell. All imaging was
performed on a JEOL JEM-2100F TEM in STEM mode with an accelerating voltage of 200 kV.
Each in situ LP-TEM synthesis experiment was performed along the edge of the silicon nitride

membrane to maintain constant liquid thickness, with 5 um separating each experiment. Precursor
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solution was flowed for 5 minutes at a flowrate of 300 pL/h between each new experiment in the

same sample cell, in order to replenish precursor to avoid depletion effects.83: 8

Sample preparation for TEM characterization

The ex situ flask synthesized particles dispersed in DI water were drop-casted onto a nickel
TEM grid. Most of the droplet was wicked off prior to drying on the TEM grid to avoid artificial
aggregation by capillary forces. The TEM grids were plasma cleaned in an air plasma for 3s before
TEM characterization. Nanocrystals formed by in situ LP-TEM synthesis were characterized dry
with HRTEM, HAADF-STEM, and STEM-EDS. Following the LP-TEM experiment, the silicon
nitride chips were removed from the liquid cell holder and rinsed with DI water to remove residual
precursor and allowed to dry in air. The chip was plasma cleaned in an air plasma for one minute

to remove contamination prior to TEM characterization.

TEM characterization

STEM-EDS quantification of alloy composition was performed on a JEOL JEM-2100F
TEM operating in STEM mode at 200 kV, using a SiLi X-ray detector (Oxford Instruments). After
locating a nanocrystal in HAADF-STEM imaging mode, an image was taken and then EDS spectra
were acquired at every 0.5 nm along a ~20 nm line through the nanocrystal center. EDS spectra
were acquired and integrated over about 3 minutes to minimize sample drift, contamination, and
electron beam damage. To accrue enough counts for quantification, EDS spectra along each line

scan were summed into a single spectrum. The weight fraction of each metallic element was

quantified from each EDS spectrum using the Cliff-Lorimer equation, gﬂ = kucu i“—“ 8 where
Cu Cu

Io, @and I, represent the integrated characteristic X-ray intensities of gold and copper. The
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integrated characteristic X-ray intensities were determined by background subtracting the EDS
spectra and then integrating the characteristic X-ray peak. EDS quantification of gold used the
AuL, emission line at 9.712 keV, while Cu quantification used the CuK, emission line at 8.040
keV. ky,c 1S the sensitivity factor and can be calculated from the first principles, kjycy =
ApuWerQcucucu/AcuWau Qauay€ay, Where Ay, and A, represent the atomic weight of Au
and Cu elements, w,,, and w,, represent the L-shell fluorescence yield of gold and K-shell
fluorescence yield of copper respectively. Q,, and Q., represent the electron ionization cross
sections for L-shell of gold element and K-shell of copper elements. a,, and a, represent the
ratio of AulL, radiation to total Au x-ray shell intensity and a., represents the ratio of CukK,
radiation to total Cu x-ray intensity. e,, and e, represent the EDS detector efficiency of gold
and copper elements respectively.®® The above quantification analysis was performed with the
INCA software package from Oxford Instruments. The error bars in the quantification results are
due to background noise in individual EDS measurements from each particle. Atomic resolution
HAADF-STEM imaging was performed on a spherical aberration corrected JEOL ARMZ200F at
200 kV accelerating voltage.
Radiolysis simulations

The radiolysis model for radical-ligand reactions is a modified version of the original
radiolysis model developed by Schneider et al.>® The original model accounts for the 79
recombination reactions between electron beam induced radicals. The current model adds 17
radical-ligand reactions and accounts for diffusion of species into and out of the irradiation area.
While more than 17 reactions occur between the capping ligands and electron beam generated
radicals, these reactions were included because they had significant reaction rate constants (>108

M~1s~1). Reactions were compiled from literature values for small molecule alkyl thiols and
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aqueous PEG solutions.5%%* & In short, radical species are continuously and homogenously
generated in the LP-TEM image area due to energy deposited by the electron beam with a defined
dose rate. Radicals either recombine, react with capping ligands, or diffuse out of the image area.
The balance of these processes leads to a steady state concentration of radical species, ligands, and
ligand damage products after less than a second of irradiation. Due to the absence of rate constants
for radical reactions with metal ions, we ignore these reactions in the model. The model was
implemented in COMSOL using the transport of dilute species module. See Section 7 in
Supplementary Information for additional details. The COMSOL model file is available upon

reasonable request.
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Figure 1. (a) Schematic of in situ LP-TEM synthesis and ex situ flask synthesis of AuCu
nanoparticles from metal thiolate complexes. (b) Top: MALDI-TOF MS of poly(ethylene glycol)
methy! ether thiol (PEG-SH, average MW = 775 g/mol). Bottom: MALDI-TOF MS of PEG-SH

mixed with HAUCIls and Cu(NOs)..
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Figure 2. Time lapsed LP-TEM images (bright field STEM) of AuCu nanocrystal formation. (a)
Nanocrystal formation from metal thiolate complexes at a magnification of 500,000 and beam
current of 16 pA (dose rate of 17 MGy/s). (b) Nanocrystal formation from metal thiolate complexes
at a magnification of 400,000 and beam current of 141 pA (dose rate of 65 MGy/s). (c) Nanocrystal
formation from a physical mixture of HAuCIls and Cu(NOs)2 at a magnification of 400,000 and

beam current of 141 pA (dose rate of 65 MGy/s).
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Figure 3. Characterization of nanocrystals synthesized by in situ LP-TEM synthesis and ex situ
flask synthesis using HAADF-STEM (top row), HRTEM (middle row), and STEM-EDS (i-k).
(a),(e),(i) Nanocrystals synthesized by ex situ flask synthesis. (b),(f),(j) Nanocrystals synthesized
by in situ LP-TEM synthesis from metal thiolate complexes at a magnification of 400,000 and
beam current of 16 pA (dose rate of 7.3 MGy/s). (c),(g) Nanocrystals synthesized by LP-TEM
from metal thiolate complexes at a magnification of 600,000 and beam current of 141 pA (dose
rate of 210 MGy/s). (d),(h) Nanocrystals synthesized by LP-TEM from a physical mixture of
HAuUCI4 and Cu(NO3)2 at a magnification of 400,000 and beam current of 23 pA (dose rate of 10
MGy/s). (k) Gold atomic percent as a function of particle size for different synthesis conditions

shown in the legend (ex situ flask synthesis, ex situ flask synthesis from oxidized precursor, and
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low dose rate in situ LP-TEM synthesis). (I) HAADF-STEM image showing sub-nanometer metal

clusters (yellow arrows).
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Figure 4. (a) Particle size distributions and (b) eccentricity distributions of nanocrystals formed

by in situ LP-TEM synthesis at different dose rates compared to ex situ flask synthesis. Heat maps

of (c) eccentricity and (d) aggregated fraction for in situ LP-TEM synthesis as a function of

magnification and beam current. Black dots in (c) and (d) show the experimental conditions where

measurements were taken. Black curves of constant eccentricity and aggregated fraction

corresponding to nanocrystals synthesized by ex situ flask synthesis are shown in (c) and (d).
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Figure 5. (a) Schematic showing radical-ligand reaction pathways. PEG - —SH (center pathway)
undergoes the same oxidation/reduction cycle as PEG — S -, but it is not pictured for simplicity. (b)
Steady state concentration of radical species as a function position within the LP-TEM image area
for a magnification of 400,000, beam current of 16 pA (dose rate of 7.3 MGy/s). (c) Steady state
concentration of each radical and ligand damage species at the center of the LP-TEM image area
as a function of dose rate. The horizontal dashed green lines show the 20 uM initial concentration

of PEG-SH.
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Figure 6. Schematic showing the overall mechanism for ligand and dose rate-mediated nanocrystal

formation during in situ LP-TEM synthesis.
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