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ABSTRACT

Aui44xCUx(SR)s0 alloy nanomolecules were synthesized and characterized by using ESI-MS to
atomic precision. A maximum of 23 copper atoms replace the gold atoms; when the number of
copper atoms is higher than eight, a surface plasmon-like peak appears at ~520 nm. Based on the
fundamental, elemental properties of Au and Cu, we predict a mixed atomic ordering and
incorporation into the Aui, and Aug, shells of the proposed icosahedral structured model. Alloy
nanomolecules reported here could have potential applications in the field of catalysis and

optical sensors.
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SR A thiol group or a thiolate ligand

UV-vis-NIR Ultraviolet-visible-Near Infrared

MS Mass spectrometry
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CHAPTER 1: INTRODUCTION TO NANOPARTICLES



WHAT ARE NANOMOLECULES?

By definition, particles with a diameter ranging from 1 nm to 100 nm are known as
nanomolecules. These nanomolecules have a fixed composition that can be characterized by
mass spectrometry. More specifically, when these particles are smaller than 3nm they are known
as ultra-small nanomolecules. The history of gold nanoparticles dates back to the mid nineteenth
century; and in 1857, Michael Faraday prepared a colloidal gold sample by reducing gold salt
with phosphorous.* Gold and alloy ultra-small nanoparticles are of particular interest because
they have a precise number of gold atoms and thiolate ligands, which gives them unique

characteristics. One of these characteristics being their definitive absorption shift with size.

e

Figure 1. The color of gold colloidal change with the size of the gold nanoparticle

These nanoparticles have size dependent electronic properties that have been identified with
UV-vis NIR spectroscopy. this is the reason, ultra small nanoparticles possess molecular like

properties. As shown in Figure 1. The optical properties of the nanoparticles change with size.



Furthermore, these gold nanoparticles absorb light at different wavelengths depending on their
diameter due to their size dependent surface plasmon resonance frequency.? This phenomenon
explains why gold nanoparticles illustrate beautiful colors when exposed to light. Another
example of this phenomenon, is the Lycurgus cup which is known to be one of the outstanding
accomplishments of the ancient glass industry because of these unusual optical effects displayed

by the glass.?

Figure 2. The Lycurgus Cup represents one of the outstanding

achievements of the ancient glass industry



THE STRUCTURES OF GOLD NANOMOLECULES

The crystal structure of Auys(SR)1s

The stability a nanomolecule often depends its geometrical structure. Therefore, an in-
depth explanation on how the atoms have arranged in a thiolate protected gold nanomolecule is
required. The basic structure of a thiolate protected gold nanomolecule is composed of an
icosahedral metallic gold core, surrounded by thiolate ligands. The atomic arrangement of
Auys5(SR)1g is shown below in Figure 3, 13 out of 25 gold atoms are located in the icosahedron
metallic core. The remaining 12 gold atoms are bound to the thiolate ligands. These thiolate
ligands are referred to as staple motifs; each staple motif is composed of gold and sulfur atoms.

The staple motifs can be categorized into two groups, long and short staples.*

Figure 3. Atomic distribution and geometrical composition of Auzs(SR)1g nanomolecule



For an example, a short staple motif contains a gold atom and two sulfur atoms in the following
pattern of RS-Au-SR. Similarly, long staple motif contains two gold atoms and three sulfur

atoms as shown above in Figure 3b.

The crystal structure of Au144(SR)eo

Au,,

30-SR-Au-SR

." .",: .‘:. ..‘(..'-
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Figure 4. Atomic distribution and geometrical composition of Au44(SR)s0 Nanomolecule

The structure model for Aus(SR)so has been proposed by theoretical calculations.” Similar, to

the atomic arrangement of Auzs(SR)1s, Au144(SR)eo has a hollow icosahedron gold metallic core



comprised with 12 atoms. The central hollow metallic core is shown in Aui, (red) in Figure 4.
Around the metallic core, there are two metallic gold shells containing 42 and 60 atoms
respectively. These two metallic gold shells are labeled as Aua; (olive green) and Augo (orange).
The outermost shell is composed of staple motifs. Unlike in Au,s(SR)s, the staple motifs in
Au144(SR)e0 has only one gold atom with two sulfur atoms per motif. In other words, the staple
motifs of Au144(SR)s0 can be considered as short staple motifs. As shown in Figure 4, there are
30 staple motifs bonded to the Augy metallic shell. There are 30 gold atoms and 60 sulfur atoms
in the staple motifs (30 x RS-Au-SR). As shown in Figure 4, there are 144 gold atom and 60
sulfur atoms (thiolate ligands), 114 of the gold atoms compose the metallic core, the remaining

30 gold and 60 sulfur atom create the staple motifis.



CHAPTER 2: Au144xCux(SCsH13)so NANOMOLECULES: EFFECT OF Cu
INCORPORATION ON COMPOSITION AND PLASMON-LIKE PEAK EMERGENCE

IN OPTICAL SPECTRA



INTRODUCTION

Nanomolecules have potential applications in catalysis,® sensors,” energy sources® and in
the medical field. The properties of metal nanoparticles including stability, electronic and
geometric structure, can be tuned by doping with other metals to form nanoalloys.® Copper
doping with gold to form thiolate protected gold-copper nanoalloys drastically changes the
electronic structure and catalytic properties, when compared with monometallic gold
nanoparticles.’® Copper nanoparticles are used as industrial catalysts for CH3OH synthesis, CO,
reduction, CO oxidation. But, copper has the tendency to oxidize readily compared to other
metals and compromise catalytic activity.** Gold, resistant towards corrosion and oxidation, has
been used to form bimetallic nanoalloys in order to minimize the oxidation of copper.*? Bracey
et. al. report that catalysts produced from thiol-stabilized pre-formed AuCu alloy particles were
ten times more active than those prepared by impregnation, in the process of propene oxidation.*®
Several bimetallic alloy nanomolecules including Au-Pd,***® Au-Ag,*"*° Au-Pt* are reported.
Except for AuzsxCux(SR)1s reported by Negishi group no other thiolate protected gold
nanomolecules have been doped with copper.?? Auyas is one of the most stable

nanomolecules® and the Aui44,Cux(SR)so nanoalloy would be an ideal candidate for alloying.



RESEARCH METHODLOGY

Materials

Chemicals: phenylethanemercaptan (SAFC, > 99%),1-hexanethiol (ALDRICH, 95%), sodium
borohydride (Acros, 99%), ethanol (Acros, 99.5%), trans-2[3[(4tertbutyl)-2-methyl-2-
propenylidene]malonoitrile (DCTB matrix) (Fluka > 99%) were purchased from Aldrich. Other
solvents including: methanol, toluene, acetonitrile, and acetone, were used from fisher as

received.

Instruments

ESI-MS (Electrospray lonization- mass spectrometry) spectra were acquired on Waters
SYNAPT HDMS instrument. MALDI-TOF (Matrix assisted laser desorption ionization time-of-
flight) mass spectra were obtained on a Bruker Autoflex 1 mass spectrometer in linear positive
mode using nitrogen laser (337 nm) with DCTB as the matrix. Ultra violet-visible absorption

spectra were recorded in THF on a Shimadzu UV-1601 instrument.

Synthetic protocol: Crude product synthesis

Au144xCUx(SR)so Nanoalloys were synthesized using different Au:Cu incoming molar
ratio starting from 1:0, 1:0.025, 1:0.10, 1:0.30 and 1:0.50. For example, the following procedure
was used to synthesis Au: Cu-1:0.025 ratios. Initially, 0.00432 g (0.026 mmol) of CuCl,.2H,0

was dissolved in Ethyl alcohol (5 mL, absolute 99.5%). Tetraoctylammonium bromide (TOABY)



(0.2346 g/ 0.468 mmol was dissolved in Ethyl alcohol (15 mL, absolute 99.5%). HAuCl4.3H,0
(0.0512 g/ 0.13 mmol) was dissolved in Ethyl alcohol (5 mL, absolute 99.5%) Then reagents
transferred into a 100 mL round bottom flask under fast stirring (~700 rpm). After 30 minutes, 1-
hexanethiol (0.468 mmol /0.05757 mL) of was added under continuous stirring at ~700 rpm.
During this step, the organosulfur compounds can be varied as shown in Figure 4. The reaction
mixture turned colorless after ~10 minutes. After 1 hour, NaBH, (0.3783 g/ 10 mmol) was
dissolved in 10 mL of Ethyl alcohol (absolute 99.5%) was added into the reaction mixture. The
reaction was stopped after 2 hours afterwards, excess thiols and other byproducts were removed
thorough methanol wash (3 times). Then final product was extracted by THF. Further etching
and solvent fractionation were done in order to isolate Auiss-x Cux(SR)so Nanomolecules in pure

form.

I-hexanethiol phenylethanethiol
Molecular Weight: 118.24 Molecular Weight: 138.23

Figure 5. Thiolate ligands used to synthesize gold copper bimetallic nanomolecules

After obtaining the crude product from the initial synthesis, thermochemical treatment is
essential to remove metastable clusters from the crude mixture. In the presence of these
metastable clusters in a crude mixture would suppress the mass spectrometric signal of the
molecule of interest during the analysis. Such metastable clusters can be removed by applying

10



harsh conditions to the crude mixture.?* Harsh conditions are often considered as heating of the
crude mixture at 80°C with excess thiolate ligands (Figure 5.) under stirring. After subjecting the
crude mixture to thermal chemical treatment for several hours (the time duration can be varied as
needed), mass spectrometric analysis show the peak for the molecule of interest distinctively. As
shown in the Figure 6, thermal chemical treatment process can be utilized to obtain either
Auzs5(SR)18 or Aui44(SR)eo from a mixture containing Auzs(SR)1s, Aus7(SR)3s, AU102(SR)44, and

Au144(SR)s0. This methodology also examines the stability of the synthesized product.

Au,g

Alljgpau,

Aug,

T v T v L] v 1
10000 20000 30000 40000
m/z

:\u:;(SR)m l
Auy g, (SR)g

B | /A

] 1 I 1
10000 20000 30000 40000

m/z

Figure 6. Before and after scenario of thermal chemical treatment process
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Size exclusion chromatography (SEC)

The purification and separation of different gold nanomolecules can be achieved by
adopting a technique called size exclusion chromatography. In this technique, gold
nanomolecules travel through porous beads and elute at different time intervals based on the size
of the nanomolecules in the mixture.” As depicted in Figure 6, smaller molecules travel through
the porous beads while the larger molecules bypass it and elute. Since the smaller molecules
travel through the beads, it takes more time to elute than the larger molecules. For that reason,
SEC can be used as a technique to separate larger gold nanomolecules from smaller gold

nanomolecules.

‘ Larger nanomolecules
@ smaller nanomolecules

Figure 7. The pathway of large and small molecules through porous beads in SEC*
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For an example, if the crude mixture in Figure 5 loaded on to an SEC column, initial fractions
contain Au144(SR)eo and the later fractions contain Auzs(SR)1s. By adopting this methodology, an
SEC column was prepared. A glass column packed with commercially available porous beads
made out of polystyrene divinylbenzene after soaked in stabilized THF, with BHT as an
inhibitor. The sample was then loaded on to the column after dissolving it in minimum amount
of THF-BHT. It is important to have the eluent, THF-BHT and the column bed level together
before loading the sample.?” This method can be further developed by adjusting the column
height or the surface area of the column bed in order to optimize the resolution as well as the
separation of the molecules of interest. Figure 8 shows an actual SEC column and the fractions

collected, that was performed in the Dass laboratory.

Figure 8. A series of samples collected from an SEC separation

13



CHAPTER 3: DATA ANALYSIS
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MASS SPECTROMETRY

Mass spectrometric studies were performed by using MALDI TOF-MS- Bruker Daltonics
Autoflex, JBL Scientific Voyager-DE Biospectrometry and ESI- Waters Synapts High Definition
mass spectrometer. The identification of the gold nanomolecules was mainly carried out by these
two mass spectrometric techniques. One of the advantages of these two types of mass
spectrometric identification techniques is the amount of sample utilized for the analysis. From a
highly diluted sample, it would only require 3 uL (MALDI TOF-MS) and 150 pL (ESI-MS) for
the analysis. The molecular weight of Au144(SCsH13)s0 Nanomolecule is 35,397 Da. MALDI-MS
show broad peaks exclusively at ~35 kDa, which indicates absence of other species. On the other
hand, ESI-MS generally shows high resolution peaks, due to the multiply charged peaks at lower
mass.”® The above figure shows MALDI and ESI-MS spectra of purified Aui4s,Cux(SR)so
samples. MALDI-MS can be used to assess the purity of the sample.”® ESI-MS spectra of the
samples at different Au-Cu precursor ratios. The bottom spectra (in black) shows pure
Au144(SCsH13)60 at 35,397 m/z, with no Cu incorporation. When Cu is added in the synthetic
mixture, with a HAuUCl,: CuCl; ratio of Au:Cu — 1:0.025, a maximum of 7 incorporations were
observed, with the parent Aui44 peak being the most intense one. The dotted lines are spaced at
67 m/z, indicative of successive Cu incorporations into Au144(SR)s0. When the Au: Cu precursor
ratio was increased to 1: 0.1, a maximum of 12 Cu atoms were incorporated. In addition to
Au144(SCsH13)e0 peaks, there was another envelope of peaks of lower intensity, which will be
discussed later. The envelope of peaks shows a Gaussian distribution with an average of 8 Cu

atom incorporations. In the 1: 0.3 ratio, a maximum of 16 Cu atom incorporations were observed

15



with an average of 13 Cu atoms. But in this ratio, another set of peaks were observed within the

Au144xCUx(SR)so envelope as discussed later. Upon increasing the ratio to Au:Cu- 1:0.5, an

envelope of peaks with a maximum of 23 Cu atom incorporations were observed. When the

ratio was increased further, no stable nanoparticles were obtained.

K m
1:0.5 -

0

=

-

131 13
Au=186.97
\ Cu=63.55
\m=133.42
Au  Cu(SR), = 1388 % ;= 1304
S
. o AMMM

LA A

Au_ (SR). =—144,0

Au:Cu 144 &0
Aule 3
is 1:0 A
A 1 2 1 A 1 " 1

L
10060 20000 10900 40000 16500 17000 17500
mir miz

Figure 9. Compositional assignment using mass spectrometry.

The mass difference between the peaks in nanoalloys match up to the Au (196.97 Da) and

Cu (63.55 Da) mass difference, Am = 133.42 /2 m/z. The average number of Au and Cu atoms is

denoted above each peak distribution. The black peak indicates Au144Cuo(SR)e0, and each dotted

line to the left indicates a peak corresponding to one Cu atom doping. A maximum of 22 Cu

atom incorporation was observed for the 1:0.5 ratio, above, which the nanomolecules are not

stable.
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ULTRA VIOLET VISIBLE SPECTROSCOPY

Optical and electronic properties of nanoalloys can be studied by UV-vis-NIR
spectroscopy. For the investigation of such properties of gold copper bimetallic nanomolecules,
the following instruments were used; Cary series UV-Vis NIR spectrophotometer and UV 1601
Shimadzu spectrophotometer. Figure 2 shows the UV-vis-NIR spectra of the pure Auiga-
xCUx(SR)g0 sample. Au144(SR)eo (black curve) shows a monotonous curve, with minor bumps at
~520 nm and ~700 nm. At 1:0.025 ratio, the spectral (black curve) features from the
monometallic Au144(SR)eo are diminished and appears a monotonous curve with no spectral
(brown curve) features. When the Au:Cu ratio was increased to 1: 0.1, the spectrum (blue curve)
shows a SPR-like broad peak/ band around 520 nm. Also, the 1: 0.3 and 1: 0.5 Au: Cu ratios
show similar SPR peaks around 520 nm. Gold and copper show a surface plasmon resonance at
~520 nm and 550 — 600 nm respectively.*>*! Based on that reasoning, the emergence of the SPR
like peak at 520 nm could be an effect of gold. The emergence of plasmon like characteristics of
the nanomolecule been observed after the precursor ratio of 1:0.025, Au: Cu. The changes in the
electronic properties resemble a modulation in the electronic structure. These plasmon like
changes, after the precursor ratio of 1: 0.025 could be due to a possible electronic structure

modulation upon a certain number of copper atom incorporations.
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Au_,, Cu (SR),, nanomolecules .
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Figure 10. UV-visible absorption spectra of the Au,Cuy(SCsH13), nanomolecules.
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CHAPTER 4: RESULTS AND DISCUSSION
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THEORETICAL RESULTS AND DISCUSSION

Recently, a structure model was proposed for Aui44(SR)so Nnanomolecule based on
theoretical calculations.” The model comprises of &) an inner 12-atom icosahedral core (Auiy),
surrounded by b) a second 42-atom (Aus,) shell, covered by c) an outer 60-atom shell (Augo).
Overall, the core is composed of three concentric shells, Auio, Ausz, and Ausp accounting for 114
gold atoms. The remaining 30 gold atoms and 60 ligands are arranged in the form of 30 SR-Au-
SR- short staples around the metallic core. To tune the properties of alloy nanomolecules, it is
important to understand the location of metal atoms within the structure and the atomic ordering.

Figure 11 shows four examples of possible mixing patterns in bimetallic clusters, using
two types of metal atoms, A (red) and B (yellow). Figure 11.a, depicts a possible core-shell
segregation that would result from higher monometallic bond strengths from either atom, A or B.
For instance, if A-A has a higher bond strength compared to B-B, then the core would be
composed with type A atoms while the shell would be composed of type B atoms. Due to higher
bond strengths of A-A, the interaction between type A atoms are greater than the interaction
between type A and type B atoms, A-B. Figure 11.b shows an example of sub-cluster
segregation. During sub-cluster segregation, a partial interaction between the two atoms takes
place. This partial interaction forms an interface between the two types of atoms. Depending on
the strength of the interaction, the number of A-B bond would be varied. Figure 11.b (left) is an
example of where the A-B interactions are greater, meaning there are more A-B bonds at the
interface. Similarly, when the A-B interactions are at minimal, the number of A-B bonds at the

interface decreases as shown in Figure 11.b (right). When A-B bond strengths are greater than

20



the monometallic bonds of either metal results in mixed A-B nanoalloys. Such mixing can be
found either ordered (left) or random (right) as shown in Figure 11.c. The fourth pattern, is

similar to the core-shell segregation but with alternating A-B-A or A-B-A-B.

Figure 11. An illustration of possible mixing patterns of bimetallic clusters



The fundamental elemental properties of Au and Cu can be used to predict the arrangement of
Au and Cu atoms in the nanoalloys.>*?3%3® Cerbelaud et al reports that Au7Cuas, Au;sCuss and
Au,3Cuy are the most stable homotops that can be found at the Gupta level for pyramidal clusters
of composition®”*. Previous studies done by Lorderito et al., Hsu et al., Rodrigues et al., and
Wilson et al report a similar trend in free AuCu clusters.*>*** The bond dissociation energies of
Au-Cu (232 kJ/mol) > Au-Au (221 kJ/mol) > Cu-Cu (202 kJ/mol) suggests that the Au-Cu
heteronuclear atomic bond is the strongest.*’ Such strong heteronuclear atomic bonds favor
mixing of the two metal atoms instead of segregated or core-shell type atomic ordering.’ Based
on this, we propose mixing of Au-Cu atoms in Au144-xCux(SR)so. In addition, when the Cu atoms
are spread out between both Au;, and Aug, shells, the Au-Cu interactions are at their maximum.
As the Au-Cu bond is the strongest, such interactions would render greater stability to Aus-
xCUx(SR)eo alloys. Therefore, we propose a mixing of Au-Cu atoms, where the Cu atoms are

incorporated into the Au;, and Aug, shells within the core (see scheme 1).
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Scheme 1. Proposed location of Cu atoms into Au144(SR)so.

The three concentric shells, Auiz, Aug,, and Augg correspond to Aui44(SR)eo Structure model. The
copper (olive) atoms are inter-dispersed into the central 12-atom core, and the surrounding 42-
atom shell, so as to maximize the Au-Cu bonds. The atomic radii and surface energy are the
other major factors influencing the arrangement of Cu and Au atoms in Au-Cu nanoalloys. The
atomic radius of Cu is 1.28 A and that of Au is 1.44 A. The smaller atoms will be located at the
sterically confined icosahedral core, due to excessive strain.® For that reason, Cu atoms
incorporated into the Aui44(SR)so nanomolecule will favor the central region compared to the

surface. The surface energies of Au and Cu are 96.8 and 113.9 meVA respectively. Due to the

23



high surface energy of Cu, it tends to occupy the sites in the core, not the surface, to minimize
the surface energy of the whole nanomolecule.

Based on these factors, 1) the mixing of Au and Cu atoms is favored due to increased
bond strength of Au-Cu bonds. This would maximize the interaction between the two metals; 2)
the Cu atoms occupy the core to avoid lattice mismatch due to the difference in the atomic radii;
3) the Cu atoms will occupy the core due to its larger surface energy. The —SR-Au-SR- staple
groups must not be affected by Cu atoms due to the high stability of these particles. Therefore,
we propose that Cu atoms are interdispersed into the Aui, and Aus, cores so that the number of
Au-Cu bonds is maximized. The maximum incorporation of ~23 Cu atoms supports this
prediction. This contrasts with the Au-Ag system*® that incorporates up to 60 Ag atoms, to form
AugsAgeso(SR)so.  Theoretical modeling shows that the 60 Ag atoms are incorporated into the

third 60-atom shell.**
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In conclusion, a maximum of 23 Cu atoms have been incorporated into the nanomolecule. Cu
atoms interdisperse in Aui, and Aug; shell, the inner most core of Aui44(SR)go. The doping of Cu
atoms changes the composition from gradually from 144-atom to 143-atom and finally into the
145-atom species. We also note that 145-atom species has been observed before.'®% This type of
effect of doping on the composition of the gold nanomolecules upon alloying is a first report of
this kind in thiolated gold alloy nanomolecules. We predict that the compositional changes also
affect the atomic structure. The study of atomic structure is beyond the scope of this study and is

42-44

planned for future. Theoretical calculations™ ™ would provide further insights into electronic

structure, atomic structure and ordering.

12 Atom 42 Atom 60 Atom
shell shell shell

@( Au atoms

Cu atoms

Figure 12. Cu atoms are interdispersed in Aui, and Aug; shells of Au144(SR)s0
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MALDI TOF-MS Analysis

Monometallic and bimetallic Au144(SR)so Nnanomolecules capped with Hexanethiol were
obtained after a successful synthetic protocol explained in Chapter 2 (Synthetic protocol: Crude
product synthesis). The molecular ion peak for Aui44(SCsH13)s0 Shows up at 35,397 Da in MALDI
TOF-MS. A dotted line has been aligned with the molecular ion peak of the monometallic
Aui44(SCeH13)60,t0 investigate the compositional effect toward a possible alloying or dealloying.
In an event of dealloying of Cu with Au144(SR)s0, the Cu atoms will bind to the nanomolecule as
follow, Aui144Cux(SR)so. For that reason, the overall molecular weight of the dealloyed
nanomolecule will increase. Similarly, if the Cu atoms incorporate or alloy with the
nanomolecule, the overall molecular weight will decrease as it follows a composition of Auiss-
xCUx(SR)go. After obtaining the mass spectral analysis of the complete series of the Au/Cu
bimetallic nanomolecules, it was plotted in a graph for further investigation (see Figure.S1). A
clear indication of foreign atom incorporation as the molecular ion peak has downshifted from
the dotted line. As the precursor ratio is increasing with respect to the Au concentration, the
molecular ion peak for each ratio further downshifted. Mass spectrometric data from MALDI
TOF-MS is not sufficient to explain the peak broadening at the precursor ratio of Au: Cu-
1:0.500. Due to limited information from MALDI TOF-MS analysis, ESI-MS was utilized for a

thorough mass spectrometric investigation of Au/Cu bimetallic nanoalloys.
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Figure S1. Expanded MALDI TOF-MS of Au144xCux(SCsH13)s0 Nanomolecules
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ESI-MS Analysis

Due to the presence of multiply charged species, the peak resolution observed in ESI-MS
is much greater than MALDI TOF-MS. The 2+-charge state had the most abundant species for
all the ratios. For that reason, Figure S2 focuses on the 2+-charge state of Au/Cu bimetallic
nanomolecules. The m/z value and the molecular ion peak determine the charge state of a
nanomolecule. For instance, the molecular ion peak (m) for Aui44(SCsH13)e0 is 35,397 Da. The
m/z value for the peak shown in Figure S2 is 17,694 Da. Therefore, the z value equals to the
quotient of the molecular ion peak (35,397 Da) and the given m/z value (17,694 Da). Figure S2
illustrates an expansion of the ESI-MS analysis. The atomic mass unit difference between Au
and Cu is 133.42 amu. However, in the presence of 2+charge species, the amu difference
between Au and Cu is exactly half, 66.7 amu. The first dotted line from right is aligned with the
peak corresponding to the monometallic form of Aui144(SC¢H13)so Nnanomolecule. Every other
dotted line from left to right is corresponding to a single incorporation of a Cu atom into the
same nanomolecule, Au144(SCsH13)s0. The term incorporation can be defined as a replacement of
a gold atom in Au144(SR)so With a Cu atom. Since a large atom (Au) is replaced by a smaller
atom (Cu), the molecular weight of the bimetallic nanomolecule is reduced from the same
amount as the amu difference between Au and Cu, 133.42 Da. As per Figure S2, the difference is
66.7 Da due to the charged state of the species. Since each dotted line represents a single
incorporation, the difference between two dotted lines is 66.7 m/z. As illustrated on Au: Cu-
1:0.025 series, there are 7 peaks aligning with the dotted line, confirming an incorporation of Cu

atoms. After increasing the precursor ratio to 1: 0.1, some intermediate peaks have emerged in
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between the dominant Cu atom incorporated peaks, which aligns with the dotted line. The
number of Cu atoms in the most intense peak of an envelope represent the average number of
Cu atoms present in the species. The tallest peak in ratio 1: 0.1 is corresponding to
Au136Cug(SCeH13)s0, With 8 Cu atoms incorporated. When the ratio increased from 1: 0.1 to 1:
0.3, the intermediate peaks from the previous ratio have become dominant. Such changes in the
mass spectral analysis indicated another form of bimetallic nanomolecule as the Cu
concentration increases. Interestingly, the dominant peaks (ratio 1: 0.3) and the intermediate
peaks (ratio 1: 0.1) are located exactly in between two consecutive dotted lines. It suggests that
the unknown species present in ratio 1: 0.1 is same as what is present in ratio 1. 0.3. When the
ratio increased to 1: 0.5, a new set of peaks emerged. Much broader from the previous peaks and

neither aligned with dotted lines nor centered in between them.
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Figure S2. A detailed ESI (2-) mass spectra of Au144-xCux(SCeH13)s0 Nanomolecules

In order to study the effect of Cu incorporation extensively, an expansion of Figure S2 is
essential. A thorough peak analysis was performed on each peak to obtain the most accurate
metal composition. The number on top of each peak corresponds to the number of Au and Cu
atoms in each bimetallic nanomolecule respectively. For instance, the first peak (144, 0)
corresponds to the monometallic form of Au144(SCeH13)e0. The second peak (143, 1) correspond

to the bimetallic form of Aui43Cui(SCeHi3)so. The presence of three different species was
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confirmed after evaluating the metal atom composition of every peak. When comparing the peak
distribution with respect to the precursor ratio, the nature of the unknown species can be
determined. The peak assignments determined the species as AuiasxCux(SCeHiz)so, AU14s.
xCUx(SCeHa3)s1, and  Aui45.xCux(SCsH13)s9. The control experiment with the initial metal ratio of
Au: Cu-1: 0 only contains Aui44(SCsHi3)s0. The next ratio, Au: Cu-1: 0.025 shows a few peaks
pertaining to the Aui4xCux(SCsHi3)so. The peak representing the monometallic form of

Au144(SCeH13)e0 IS also present in this ratio. The peak set belonging to this ratio ranges from
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Figure S3. Expanded ESI-MS spectral series of the synthesized Auj4-xCux(SCsHa3)s0
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Au/Cu [144, 0] to Au/Cu [136, 8]. The precursor ratio of Au: Cu-1: 0.1 mainly consist with
peaks belonging to AuisxCux(SCsHi3)so. The tallest peak or the average of this peak envelope
shows an incorporation of 8 Cu atoms. In this ratio, the emergence of the first set of intermediate
peaks can be observed. These intermediate peaks correspond to Aujs-xCux(SCsHis)s1. As the
precursor ratio further increased to Au: Cu-1: 0.3, the intermediate peaks from the previous
concentration have dominated. The dominant peaks have been assigned as Au143xCux(SCeH13)s1.
The intermediate peaks of this ratio have been assigned as Aui44xCux(SCsH13)eo. It is important
to address the nature of these intermediate peaks. The intermediate peaks in Au: Cu-1: 0.3, Au14a-
xCUx(SCeHa3)s0 peak envelope has a left shoulder in each peak, possibly an indication of another
species. Once the ratio increased to Au: Cu-1: 0.5, the resulting peaks were much broader than
the previous precursor concentrations. The peak assignments indicated that in fact Auiss.
xCUx(SCgHi3)s9. The average number of Cu atoms incorporated into this new species is19-20

atoms.
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