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We present synthesis, separation, and characterization of covalently-bound multimers of para-mercaptobenzoicacid (p-

www.rsc.org/

MBA) protected gold nanoclusters. The multimers were synthesized by performing a ligand-exchange reaction of pre-

characterized Auig,(p-MBA)4, nanocluster with biphenyl-4,4’-dithiol (BPDT). The reaction products were separated using

gel electrophoresis yielding several distinct bands. The bands were analyzed with transmission electron microscopy (TEM)

revealing monomer, dimer, and trimer fractions of the nanocluster. TEM analysis of dimers in combination with molecular

dynamics simulations suggest that the nanoclusters are covalently bound via a disulfide bridge between BPDT molecules.

The linking chemistry is not specific to Auig,(p-MBA)44. The same approach yields multimers also for a larger monodisperse

p-MBA —protected cluster of approximately 250 gold atoms, Au-yso(p-MBA),. Whereas the Auigy(p-MBA)4,

is not

plasmonic, Au-~,s0(p-MBA), nanocluster supports localized surface plasmon resonance (LSPR) at 530 nm. Multimers of

Au~y50(p-MBA), exhibit additional transitions in their UV-vis spectrum at 630 nm and at 810 nm, indicating presence of

hybridized LSPR modes. Well-defined structure and relatively small size make these systems excellent candidates for

connecting ab initio theoretical studies and experimental quantum plasmonics. Moreover, our work opens new

possibilities in controlled synthesis of advanced monodisperse nanocluster superstructures.

Introduction

Nanoparticles (NPs) and their superstructures have attracted a

lot of interest in fundamental research as well as in
nanotechnological applications. The main reason is that
physicochemical properties of nanoparticles are often

strikingly different from their bulk counterparts and depend on
shape,
nanoparticles.l’2 The properties of
influenced by their immediate surroundings including other
optical
nanoparticles is dominated by localized surface plasmon (LSPR)
that hybridizes with LSPRs of other nearby NPs.® The
hybridization leads to formation of “hotspots” in between of

composition, size, and internal structure of the

superstructures are

nanoparticles. For example, spectrum of metal

the NPs, where electromagnetic field intensity increases

orders of magnitudes. This had led to many applications. For
example, nanoparticle dimers can act as nanoscale distance
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probes because of their sensitivity to interparticle spacing.‘l'5
The field enhancement has been employed, for example, in
surface enhanced Raman spectroscopye, where sensitivity has
reached single molecule level’.

There exist several different approaches to fabricate NP
assemblies and superstructures. The most straightforward is to
simply aggregate NPs.® More stable structures can be achieved
with polymer or silica encasingg’10 or templating polymer
Iayersll. Lithography has been extensively used to fabricate
plasmonic nanoparticle assemblies in a controlled way.12
However, for several applications, it would be desirable to
have a controlled, wet-chemistry synthesis of superstructures.
Successful wet-chemistry approaches based on self-assembly
has been demonstrated, for example, with DNA—tempIating13
and with several different molecular linkers** 2.

Colloidal nanoparticles, in general, have a serious drawback
from the chemical point-of-view. Their structure is not well-
defined at the atomic level, and typical nanoparticle synthesis
produces a polydisperse sample of different sizes, shapes, and
This
homogeneous NP superstructures,

surface structures.’ seriously hinders synthesis of
and experiments that
require atomic-level control, for example, LSPR hybridization
through molecular states, are extremely difficult to carry out
reproducibly.

Monolayer protected clusters (MPC) are a special kind of NPs
which have a well-defined atomic structure that can be
accurately determined by mass spectrometry and by single-

. . - 19
crystal X-ray diffraction similar to small molecules.” For
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example, the crystal structure of para-mercaptobenzoicacid
(p-MBA) protected Auigr(p-MBA),, cluster, used in this work,
shows a core of 79 gold atoms protected by 19 RS—Au—SR and
two Au,(SR)s units in a well-defined motif. 2%

The atomically precise structures of MPC have enabled
accurate studies of their chemistry. Auip,(p-MBA)4 and other
MPCs are known to have preferred sites for ligand exchange
reactions, i.e., specific ligands are exchanged with higher

2223 A well-defined structure with

probability than others.
unequal

controlled synthesis of homogeneous NP superstructures.

ligand-exchange activities provides a basis for
An additional benefit of using MPCs to study fundamental
aspects of NP superstructures is that depending on the size
and shape of the metallic core, the electronic structure of MPC
can change from discrete molecular-like energy Ievelslg, to
24,25 26,27. The

changes in the electronic structure are reflected to their

semiconducting , and finally to metallic continuum

physicochemical properties, for example, UV-vis spectrum

9

changes from discrete peaks1 , to continuumzs, and finally to a

spectrum with clear LSPR**?7,

The well-defined atomic structure, preferred sites for ligand
exchange, and possibility to approach nanoparticle limit from
below in a controlled manner make MPCs excellent candidates
for accurate studies of emergent properties in NP
superstructures. Moreover, MPC superstructures and their
possible MPC specific properties are inherently interesting
themselves having potential applications in chemical sensing
and biomedical imagingzg. In this paper, we demonstrate a
synthesis of small covalently linked MPC superstructures via
ligand-exchange reaction where a biphenyl-4-4’-dithiol (BPDT)
replaces a p-MBA ligand and creates a covalent disulfide bridge
with another BPDT forming a MPC multimer. Furthermore, we
show that emergence of plasmonic coupling can be studied
using these MPC multimers. Previously, MPC dimers have been
demonstrated using dynamic diglyme bondingzg, however, in
our approach, dithiol-bridged MPCs form a covalently bound
system.

The rest of the paper is structured as follows. We begin by
describing synthesis and purification of Auig(p-MBA), and
Au~,50(p-MBA), clusters and their BPDT linked multimers (see
Fig. 1). Experimental analysis methods are described next,
followed by computational methods. Results and discussion
begins with characterization of Auyg,(p-MBA)44 and analysis of
Au~,50(p-MBA), followed by analysis of their multimers. TEM
dynamics (MD)
combined to explain the nature of the linking. In the last part

analyses and molecular simulations are

of the paper, we focus on UV-vis spectroscopy of Au~,so(p-
MBA),, multimers and interpretation of observed plasmonic
features supported by density functional theory simulations.

Materials and methods
Materials

All reagents were commercial and used as received unless
otherwise mentioned.

2| J. Name., 2012, 00, 1-3

Synthesis of nanoclusters. Two different MPCs

synthesized to be used as starting material for the multimer

were

synthesis. The smaller nanocluster, Au,p,(p-MBA),4, has been

20,21,22,24,25,30,31,32 .
We followed its

extensively studied before.
previously reported synthesis given in Ref. 30. The larger
nanocluster of approximately 250 gold atoms and unknown
number of p-MBAs (labelled as Au~,50(p-MBA),) required a
treatment of the initial Au,(p-MBA),, polymerization step at pH
of ~11 before reduction that nucleates the growth of the metal
core.”® The syntheses of both sizes produced mg-quantities of
material. Detailed description of the syntheses and purification
are given in ESI.

Synthesis of nanocluster multimers. The ligand exchange
reaction leading to multimers of Auig(p-MBA)s, was carried
out as follows. Stock solution of BPDT in THF was added to
water solution of Auigy(p-MBA)44 (2:1 ratio of thiol groups vs.
gold clusters) together with a few drops of NaOH. The reaction
was quenched after 3.5 hours with isopropanol and 5 M
NH4O0Ac, and the resulting black precipitate was centrifuged.
The supernatant was removed and the pellet was washed to
remove any remaining free thiol residue. The ligand-exchange
reaction of Au~,50(p-MBA),, was carried out the same way.
Separation of nanocluster multimers. Gel electrophoresis
(PAGE) was used to separate reaction products of Aujg(p-
MBA)ss and Au~y50(p-MBA),, multimer syntheses. Preparative
PAGE was performed with a 2 mm thick gel. Different PAGE
bands were mechanically cut from the acrylamide gel and
dissolved separately in small amount of water. Clusters were

\ ]
COOH

BPDT, NaOH
H,0, THF

s~ )~ H-s

Bipheny! dithiol
(BPDT)

Fig. 1 Schematic representation of the ligand exchange and linking reaction. The
scheme shows the molecular structure of biphenyl-4,4’-dithiol (BPDT), the covalent
linking via two BPDTs as an example, and examples of dimeric and trimeric reaction
products.

This journal is © The Royal Society of Chemistry 20xx



allowed to dissolve from the gel until significant coloration of
the solution was observed (typically overnight). Solution was
filtered through a centrifugal filter tube with a pore size of
0.22 um (time: 60 s, speed: rcf = 1.0) to remove excess gel
residues. The separation procedure was repeated for the
separated bands to obtain higher purity for TEM imaging and
optical absorption spectroscopy.

Experimental techniques

Polyacrylamide gel electrophoresis (PAGE). PAGE was run on
a 15 or 20 % polyacrylamide gel (29:1
acrylamide:bisacrylamide) using 2X TBE run buffer in a Bio-Rad
Mini-Protean Tetra System gel electrophoresis apparatus at
130 V.

Mass spectrometry (MS). Electrospray
spectrum of for Aujgy(p-MBA)s, sample was measured at the

ionization mass
University of Tokyo using a homemade TOF mass spectrometer
with a similar procedure and parameters as previously
reported in Ref. 31. The sample was dissolved in 50% (v/v)
methanol/water containing 0.07% triethylamine.

Nuclear magnetic resonance (NMR) spectroscopy. 'H NMR
spectra were recorded on a Bruker Avance DRX 300 MHz (for
Auig2(p-MBA)44) 400 MHz (for  Au~s50(p-MBA),)

spectrometers.

and

UV-vis spectroscopy. Optical absorption measurements were
done with Perkin Elmer Lambda 850 UV/Vis -spectrometer
with 2 nm resolution.

Transmission electron microscopy (TEM) and image analysis.
TEM samples were prepared by drop-casting 40 mL of dilute
deionized water solution of linked nanoclusters on a glow
discharged 400 mesh holey carbon copper grid (Ted-Pella
ultrathin c). Solution was allowed to deposit for 15 min, after
which excess sample was removed and grid was allowed to dry
under vacuum overnight. Samples were imaged with 0.26 nm
point resolution using JEOL JEM-1400HC TEM operated at 80
kV or 120 kV, equipped with bottom mounted 11 Megapixel
CCD camera (Olympus SIS Quemesa).

TEM images were analyzed by semi-automatic procedure using
in-house developed code. First, a blob detector filter was
applied to TEM images, where the filter is difference of two
Gaussians of widths o and 20, and the value of o depends on
TEM magnification. After the automatic blob detection, the
found particles were verified by a human, and any false
positives were removed from further analysis. A 2D Gaussian
function was fitted to a slightly smoothed TEM intensity
around each detected and verified particle. Parameters of the
fitted 2D Gaussians are stored for further analysis.

Exposure time for determining particle size was chosen not to
saturate TEM images at the centers of particles. Size of the
particle is reported as the average of the long and short axis
full widths at half maximum (FWHM). For example, the crystal
structure of Auygy(p-MBA)4, yields FWHM of 1.1 nm when each
atom in the crystal structure is represented as a Gaussian
charge distribution with intensity proportional to atomic
number and width equal to 0.2 nm.

This journal is © The Royal Society of Chemistry 20xx

Computational methods

Molecular dynamics. The molecular (MD)
simulations were performed with Gromacs 46.7*" using
periodic boundary conditions; leap-frog integrator with 2 fs

time step; PME electrostatics with 1.0 nm cut-off and 0.12 nm

dynamics

grid spacing; and Lennard-Jones interaction with 1.0 nm cut-
off and dispersion correction for energy and pressure.
Simulated structures were placed in the center of cubic box
and then solvated using TIP3P water model. Counterions (Na®)
were added, when needed, to neutralize the system. All
simulations model NPT ensemble using velocity-rescale
thermostat (reference temperature 298.15 K) and Berendsen
barostat (reference pressure 1 bar). Total simulation time was
100 ns and sampling was started after 50 ns.

The force field parameters and charges for the gold-sulphur
units, and deprotonated and protonated p-MBA ligands were
obtained from Ref. 35. Existing force field parameters in
AMBER12%® were used for the BPDT molecule. The partial
charges for BPDT were calculated using structures consisting of
one, two, or three BPDT(s) capped by gold atoms at the ends.
The ground state geometries of the structures were obtained
using Gaussian09 software37, B3LYP functional, def2-TZVP
basis set, and W06 density fitting. The MD partial charges were
calculated using Ambertools12®® and RESP charge fitting
procedure38 in two stages with the charge of gold atoms set to
zero. Radius of gold atoms was set to 0.17 nm. The partial
charges can be found in ESI, Table S1. The force field
parameters for BPDT linker molecules and for the atom types
are listed in ESI, Table S2.

Dimeric Aujgy(p-MBA)43 — (BPDT),,— Au10z(p-MBA) 43 systems for
molecular dynamics were constructed by replacing the p-MBA
ligand labeled as “pMBA2” in Ref. 22 by a BPDT molecule. If
structure contained more than one BPDT molecule, a disulfide
bridge (RS—SR) was formed between BPDT molecules.

Density functional theory. The density functional theory (DFT)
calculations were performed using GPAW 0.10.0%°, GPAW
setups 0.9.11271 and PBE exchange-correlation functional. The
initial structure for DFT simulations was taken from a MD
simulation of deprotonated Auig(p-MBA);s — (BPDT), —
Auqg,(p-MBA),s3 where core-to-core distance was 3.4 nm. Both
Auqgy(p-MBA)43BPDT fragments were replaced by Auszq4(SH)gs
from Malola et al.** in a such way that gold atoms in Au—SH—
Au—SH—Au units of Auzy4(SH)ge
respective gold atoms of Au—-BPDT—Au—p-MBA-Au units of
Auig2(p-MBA)43BPDT. The geometry of BPDT—BPDT linker was
relaxed in a system where only Au-BPDT—Au—SH—-Au units

were aligned with the

were included in the DFT calculation and all gold atoms were
fixed.

Results and Discussion

Characterization of Au,g(p-MBA)s. The purified product of
Auqgy(p-MBA),4 synthesis was analyzed using PAGE, NMR, MS,
TEM, and UV-vis. The synthesis product showed up as a single
distinct band in PAGE (see Fig. 2, and ESI, Fig. S1) indicating a
monodisperse MPC. MPC was identified as Auigy(p-MBA)s4

J. Name., 2013, 00, 1-3 | 3



based on its NMR and mass spectra. Electrospray ionization
mass spectrum (see ESI, Fig. S2) shows peaks that correspond
to different mass to charge ratios of partially deprotonated
Auqgy(p-MBA)4s, and the NMR spectrum (see ESI, Fig. S3)
reproduces the characteristic NMR fingerprint of Aujg(p-
MBA)MAS'2 UV-vis spectrum (see Fig. 3) and TEM diameter of 1.2
+ 0.3 nm (see ESI, Fig. S4) are also in agreement with previous
studies.’®*>*

Analysis of Au-,59(p-MBA),,. Previous studies have shown that
MPCs in this size range have preferred sizes,26’27'41 and the
4142 product of
Au~y50(p-MBA), synthesis forms a single distinct band in PAGE
(see Fig. 2) indicating a monodisperse MPC. The band had
lower mobility than Auigy(p-MBA)44 in the PAGE run indicating
larger size (see ESI, Fig. S1A). This is consistent with TEM
analysis, that yields 1.6 + 0.3 nm core diameter (see ESI, Fig.
S4). A rough estimate for the number of gold atoms can be
obtained by assuming relatively similar shape and density for
the two MPCs (N1py/V102 = N,/V,), and then scaling the number
of gold atoms in Aujg(p-MBA)s, by their relative volume
calculated from the estimated core diameters: N, = 102 x (1.6
nm/1.2 nm)3 = 240.

UV-vis spectrum (see Fig. 3) shows a weak LSPR band at 530 £
15 nm. Recent studies have shown that LSPR begins to appear
when MPC has approximately 200 gold atoms and becomes

sizes appear as individual bands in PAGE.

Aujgp Au_250
- 2 ’ ] (%),
—Q
i -_T
-_—T —
—D D
. — — W

payuiun
payul|
payuijun
payul|

Fig. 2 PAGE bands of the Auig,(p-MBA)4, and Au-~,s0(p-MBA), clusters and their linked
multimers. Auyg,(p-MBA)4, gels are from a different run than Au-,s0(p-MBA), gels, thus
the run distances are not comparable. See ESI, Fig. S1A for samples in a same PAGE
run.

Absorbance (norm.)

O T T T
200 300

T T T T T T
400 500 600 700 800 900

Wavelength (nm)

Fig. 3 Normalized UV-vis spectra of Aujo,(p-MBA)4, (black) and Au-,s(p-MBA), (red)
clusters in H,0. LSPR absorption maximum of Au-;s(p-MBA), at 530 + 15 nm is
indicated with a dashed line.

4| J. Name., 2012, 00, 1-3

stronger as the cluster size increases. Our spectrum is
comparable to the reported spectra of 51 kDaZG, 45 kDa and 53
kDa cIustersU, with estimated number of gold atoms 250, 226,
and 253, respectively. We label our larger MPC as Au~,so(p-
MBA), based on these TEM and UV-vis estimates.

Analysis of Aujga(p-MBA),, multimers. Crude product from the
Auqgy(p-MBA),, ligand-exchange synthesis was analyzed with
The

spectrum essentially reproduces the spectrum of Aujg(p-

UV-vis spectroscopy after purification (see Fig. 4).
MBA)44 in the visible region,25 indicating that the cluster core
remains intact in the reaction. New electronic transitions
appear in the UV-region seen as spectral broadening of the
ligand transitions, and the difference spectrum (see Fig. 4)
reveals a new maximum in the linked clusters at 308 nm. The
BPDT

measured in H,0, but they are red-shifted. Although, optical

features closely resemble transitions of molecular

coupling between the cores of Auyp,(p-MBA),44 cannot be ruled
out based on these observations, it is more likely that the
observed feature originates from BPDT molecules bound to
gold. Similar changes in the UV-vis spectrum has been
reported before for diacetylene linked 1.1 nm AuNPs."’

The crude synthesis product was further analyzed by PAGE,
where the sample separated to several distinct bands (see Fig.
1, and ESI, Fig. S1A). We label the three lowest bands as M, D,
and T bands. The most intense and most mobile M band was
aligned with the Aujg,(p-MBA),, reference band indicating that
M band is unreacted Auip(p-MBA)s or monomeric Auqg(p-
MBA)ss, (BPDT),.
dominantly monomeric MPCs for the M band (see Fig. 5a, ESI
Fig. S5). The D and T bands are clearly less mobile than the M
band having shorter running distance than the Aug(p-MBA)44

This was confirmed by TEM showing

reference. TEM imaging of these bands shows dominantly
dimers for the D band and a large fraction of trimers in T band
(see Figs. 5b-c, ESI Figs. S5B-C).

TEM analysis of center-to-center distances in the D band
yielded a distribution spanning from 1.8 nm up to 3.4 nm (see
Fig. 5d). To gain insight into the nature of the bonding
between multimers, we performed MD simulations of
Au9,MPCs linked with one or more BPDT molecules. Atomistic

models were constructed based on the known Aujg,(p-MBA)44

14
—Au,, MPC

IS — Au,,, MPClinked
e — BPDT
@ — Difference (x10)
e
@
2
[}
[%2]
Q
<

0 .

T T T T T T T T T T T T T
200 300 400 500 600 700 800 900

Wavelength (nm)

Fig. 4 Normalized UV-vis spectra of Aujp(p-MBA),, before (black) and after (red)
linking with BPDT in H,0, arbitrarily scaled spectrum of molecular BPDT in H,O (grey),
and difference spectrum of spectra before and after linking (linked Auyp, MPC -
unlinked Au,0; MPC, blue, scaled by factor 10).
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Fig. 5 TEM images of a) monomeric, b) dimeric, and c) trimeric Au;5,MPCs in M, D, and T bands, respectively. Distribution of center-to-center distances of the linked Au;5,MPC
dimers d) from TEM images (number of particles, n = 220), and e) from simulation of fully-protonated (grey) and fully-deprotonated (purple) Au;;,MPC — (BPDT), — Au3p,MPC in

H,0. The estimated core size of 1.2 nm is marked with a dashed vertical line.

X-ray structure”® as described in Materials and Methods. The
simulations were done in water both for the fully protonated
and deprotonated forms of p-MBA ligand surface.

Simulations of the Augy(p-MBA)43-BPDT-Au;g,(p-MBA),3 dimer
indicated that the linkage by a single BPDT is rather rigid and
both sterically electrostatically demanding. The
deprotonated system was not stable unless electrostatic

and

repulsion was screened by adding a significant amount of salt.
The simulation in saline solution produced a very narrow
center-to-center distance distribution between 2.5 — 2.7 nm
(see Fig. S6A) that is unable to reproduce the full range of
experimentally observed distances.

Simulations of Aujgy(p-MBA)s3—(BPDT),—Auqg,(p-MBA),3 dimer
with a disulfide bridge between the BPDT molecules indicated
a stable and flexible system (see Fig. 6). The center-to-center
distances started from 2.2 nm for the fully protonated system

a)

b) Y

Fig. 6 Snapshot from MD simulation of a) fully protonated and b) fully deprotonated
Au10;MPC — (BPDT); — Au;0;MPC in H,0. Orange: Au; yellow: S; cyan, C; red: O. The
disulfide bridge is highlighted by a yellow bond at the center.

This journal is © The Royal Society of Chemistry 20xx

and extended up to 3.6 nm for the fully deprotonated systemes,
agreeing with the tails of the experimental distribution (see
Fig. 5c). The simulated distributions of fully protonated and
deprotonated clusters are relatively narrow and peak at the
ends of the experimental spectrum. This suggests that
Au19,MPCs are neither fully protonated nor fully deprotonated
forming a distribution of distances based on the protonation
level. Distances below 2.2 nm in the experimental distribution
can be addressed to the roughness of the TEM support film
leading to tilted dimers with respect to the imaging plane.
Simulations of dimers, where three BPDT molecules connect
fully deprotonated MPCs, yield a distribution which spans from
3.5 nm to 4.5 nm being above experimentally observed values
(see ESI, Fig. S6E). Although, this does not exclude possibility of
triple linker, it suggests that triple linking is rare. Dimers linked
with multiple BPDT bridges are very unlikely due to low BPDT
concentration used in the experiment (only two BPDT per 44
p-MBA). Therefore, the most straightforward explanation is
that Au;o;MPC dimers are linked primarily by two BPDT
molecules with a single disulfide bridge between them.
Analysis of Au~,50(p-MBA),, multimers. We did a similar PAGE
analysis and separation for the crude product of Auw~,so(p-
MBA), ligand exchange reaction as for Auig,(p-MBA)4. PAGE
showed several distinct bands, however, the bands were less
mobile than linked Au;9,MPCs by a factor comparable to the
mobility difference between unlinked MPCs (see Fig. 2, ESI Fig.
S1). TEM imaging of the three lowest bands, M, D, and T,
revealed dominantly monomeric, dimeric, and trimeric
structures of Au-~,s0(p-MBA),, respectively (see Fig. 7a-d and
ESI, Figs. S7-9). The distributions of multimer core counts in M,
D, and T bands in Fig. 7d were obtained from a concentrated
sample prepared for UV-vis spectroscopy. The purity of the
samples can be further increased by using less concentrated
material in PAGE (see ESI, Figure S10).

Note that the D and T bands are very narrow, as in the case of
Auqpo(p-MBA)4,. This provides additional evidence that the
AU~,50(p-MBA), is a monodisperse MPC.

J. Name., 2013, 00, 1-3 | 5
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Fig. 7 TEM images of a) monomeric, b) dimeric, and c) trimeric Au-,5,MPCs. e) Statistics of multimers from M (number of particles, n =1119), D (n =227), and T (n = 624) bands of
linked Au-,50MPCs. Distribution of ) center-to-center distances for dimers (n = 1863), and f) angles for trimers (n = 770) analyzed from TEM images of linked Au~,5,MPCs. The

estimated core size of 1.6 nm is marked with a dashed vertical line.

TEM analysis of center-to-center distances in the D band of
Au~,50MPCs was rather broad spanning from 2.6 nm up to 4.4
nm (see Fig 7e). The larger diameter of Au~,so(p-MBA),, adds a
constant shift of 0.4 nm to the Aujg(p-MBA),, distribution.
The tail of the distribution extending up to 4.4 nm can be
explained by contribution from dimers bound by three (or
more) BPDT molecules. The larger electrostatic repulsion
between Au-~;50MPCs compared to Au;;,MPCs might favor
longer linkers. Remarkably, the distribution of the angles in the
TEM analysis of trimers showed a dominant peak at 60°
indicating equilateral triangular multimers (see Fig. 7f), which
is also clearly visible in the micrographs in addition to bent or
linear geometries (see Fig. 7c, and ESI Fig. S9). The preference
for equilateral triangles could be explained by a covalent
bridge between each pair of MPCs in a trimer (see Fig. 1, and
ESI, Fig S11).

Plasmon coupling in Au-;50(p-MBA), multimers. To study
optical properties of the plasmonic Au~yso(p-MBA),, we ran
PAGE multiple times to prepare concentrated samples from M,
D, and T bands. UV-vis absorption spectrum from the
concentrated M band was equal to unlinked Au~,s50(p-MBA), in
the visible region, but it showed changes in the UV region as in
the case of Au;p,MPCs. Comparison of spectra from M, D, and
T bands, normalized to the main LSPR peak at 530 nm, (see Fig.
8a, and ESI, Figure S12) shows interesting new features for the
linked Au~,50MPCs in the visible region. The difference
between normalized spectra of D and M bands (Fig. 8b) has
two broad and significantly red-shifted peaks. These features
become stronger in the difference spectrum between T and M
bands. If we fit two Gaussian functions with an exponential
background to the difference spectra, the fit reproduces these
features extremely well in both cases. The obtained peak
positions, 630 nm and 810 nm, are the same for the D and T
bands. The features are weak compared to the main LSPR
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band, but they are locally significant altering absorption
intensity up to ~10%. More importantly, they are reproducible
(see ESI, Figure S13).

It is difficult to ascertain the origin of these modes
experimentally. We observed, however, significant red-shift of
the main LSPR peak when unlinked Au-~;soMPCs were
agglomerated by reducing pH down to 3.5 (see ESI, Fig S14).
This is typical plasmonic nanoparticle behavior which
originates from the coupling of LSPR modes between nearby
NPs.? The observed feature peaks at 635 nm in the difference
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Fig. 8 a) Normalized UV-vis spectra of purified samples from M, D, and T bands. b)
Difference spectra between samples from D and M bands (top) as well as from T and M
bands (bottom). The shaded areas indicate Gaussian components found in the data and
the dashed curves indicate the totals.
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spectrum between low and high pH (see ESI, Fig S14). This
strongly suggests that the peak at 630 nm in the spectra of
Au~50MPC dimers and trimers originates from a coupled
plasmon mode, called bonding dipolar plasmon (BDP) mode,
where LSPRs of two nearby particles oscillate in—phase.3
Therefore, this feature would not be directly related to the
linker molecule, but only to the fact that two plasmonic
particles are close to each other.

Using parameters relevant to our system (particle diameter 1.6
nm and edge-to-edge distance 1.4 nm), the well-known
“plasmon ruler equation”43 predicts a minor plasmon shift (<
10 nm) as compared to the observed shift of 100 nm from 530
nm to 630 nm. The failure of the plasmon ruler equation here
could be due to its incompatibility to sub-2 nm MPCs for which
atomistic details play an important role. The thickness of the
ligand layer is comparable to the diameter of the metal core,
and therefore, hybridization of the metallic core with the pi-
electrons of the ligand layer might have significantly larger
influence than in larger NPs.

We did not observe the peak at 810 nm in unlinked Au~;50MPC
agglomerates, and it is sensitive to the number of cores in the
multimer. Therefore, we assign this mode to quantum-
mechanical effects depending on the electronic structure of
the molecular bridge. Previous studies of linked NPs have

shown that a tunneling charge transfer plasmon (tCTP) can

form between NPs when they are connected with a molecular

. I 44-48
linker or similar structure.

This mode typically exists
together with the BDP mode, it is red-shifted with respect to
the BDP mode, and it depends sensitively on the tunneling
properties of the NP — molecule — NP junction. Moreover,
tunneling through molecular states allows coupling over much
longer distances than the normal charge transfer plasmon
(CTP), that happens only over very short (< 1 nm) insulating
gaps and causes blue-shift instead of red-shift**4%>°

Simulations of a simple two-level system between plasmonic
NPs have showed that tCTP mode forms when a molecular
state localized on the linker is near the Fermi level of the
combined system.47 To examine whether such localized states
could exists in Au~50MPC multimers, we performed DFT
simulations on a model system. While we do not have
currently information of the atomic structure of Au~,5;MPC,
we have previously done density functional theory (DFT)
calculations on a slightly larger plasmonic Ausi4(SH)9s model
MPC.*”® We now built a model system (see Fig. 9) by linking two
such clusters via a disulfide-bridged BPDT pair and solved for
its electronic structure using DFT. Several molecular states that
are localized on BPDT were found starting 0.8 eV below
(occupied states) and 1.7 eV above (unoccupied states) the
Fermi level (see Fig. 9). These states are close enough to the
Fermi level, that when coupled to LSPRs of MPCs in an optical
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Fig. 9 a) Projected density of states for Aus;4(SH)es—BPDT-BPDT—Aus14(SH)gs calculated using DFT. Projection to sulfur (green) is scaled by 10 and projection to carbon (blue) is
scaled by 100 with respect to projection to s/p (black) and d/f (cyan) orbitals of gold. b) Geometry of Aus;4(SH)ss—BPDT-BPDT—Aus14(SH)ss dimer used in the calculation. Hydrogens
are omitted for clarity. Isosurfaces for orbitals corresponding eigenenergies of c) -0.84 eV, d) 1.65 eV, and e) 1.74 eV with respect to the Fermi level.
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excitation, they could act as tunneling channels for the tCTP
mode, and therefore, account for the observed absorption in
700 - 900 nm range and possibly longer wavelengths.

Another possible explanation for the observed 810 nm peak is
that the incoming BPDT ligand would alter the electronic
structure of Au~,509(p-MBA), and thus introduce new transitions
near 800 nm. This is highly unlikely as the 810nm mode does
not appear in the spectrum of Au~;50MPC monomer or linked
Au;9,MPCs. Another BDP mode as the origin of 810 nm peak is
also not plausible, because larger spectral red-shift would
require shorter interparticle distance, which is not possible
based on our MD simulations. All observations are in
agreement with our proposed interpretation that the 810 nm
peak originates from a tCTP or similar mode, nevertheless,
further theoretical and experimental studies are needed to
uncover the details of the plasmonic coupling in the linked
AU~250MPC multimers.

Conclusions

We have achieved covalent linking between two gold
nanoparticles which have a precisely known atomic structure,
Auqgy(p-MBA)44. In our approach, a BPDT molecule replaces a
p-MBA ligand molecule in a ligand exchange reaction and
becomes a part of the protecting ligand layer. The covalent
disulfide bridge between two BPDT ligands joins the ligand
layers and metal cores of two clusters forming a single unit
with a well-defined atomic structure comparable to a
molecule. This is an important step towards synthesis of
atomically-precise MPC superstructures. Our approach differs
from the previous studies, where linking has been noncovalent
or atomic-level structure of the particle was unknown.

Moreover, we synthesized a larger, plasmonic monodisperse
MPC, Au~,50(p-MBA),,, and its multimers. Changes in the UV-vis
spectra of Au~,50MPC multimer indicated two hybridized LSPR
modes with much larger red-shifts than expected from
experiments of colloidal NPs. We assigned the first mode as
the typical BDP mode in plasmonic NP aggregates. The second
mode, however, is likely to originate from a tCTP, where
tunneling happens through molecular states of disulfide
bridged BPDT molecules.

smallest systems reported which are essentially monodisperse,

AU~50MPC  multimers are the

and show plasmonic coupling over a single covalently bound
bridge.
candidates for connecting experimental observations to ab-

molecular Therefore, these systems are ideal

initio level theory in the field of nanoplasmonics.
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