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2 ABSTRACT

Plasmon resonances of noble metal nanoparticles are used to enhance the light-matter

28 interactions in the nanoworld. The nanoparticles’ optical response depends strongly on the

31 dielectric permittivity of the surrounding medium. We show that the plasmon resonance energy

of core-shell Au@Mog nanoparticles can be tuned from 2.4 eV to 1.6 eV by varying the

38 thickness of their Mog cluster shells between zero and 70 nm, when the core diameter is fixed at

41 100 nm. We probe their plasmonic response by performing nanometer-resolution plasmon

45 mapping on individual nanoparticles, using electron energy-loss spectroscopy inside a

48 transmission electron microscope. Our experimental results are corroborated by numerical

simulations performed using boundary element methods. The simulations predict a similar

55 dependency for the extinction energy, showing that this effect could also be observed by light-
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optical experiments outside the electron microscope, although limited by the size distribution of

the nanoparticles in solution and the substantial scattering effects.

TOC GRAPHIC

MogBrs(NCS),

thickness variation .
optical tunability

KEYWORDS core-shell nanoparticles, molybdenum octahedral clusters, surface plasmon,

resonance tuning, electron energy-loss spectroscopy (EELS)

Noble metal nanoparticles have been (intentionally or accidentally) used for their optical

properties since antiquity.! These properties were first explained in the early 1900s by Mie and

can be understood on the basis of plasmon resonances.> The optical properties of noble metal

nanoparticles are dominated by localized plasmon resonance (LPR) modes, hybrid modes of the

electromagnetic field and the conduction band electrons of the metal. These modes are confined
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at the interface between the metal and the dielectric host medium. A large body of work exists on

this topic, along with many review articles®* and books.” While most measurements are

performed using light-optical techniques, electron microscopy has also provided interesting

results,® due to the possibility of observing plasmons using electron energy-loss spectroscopy

(EELS).” The first clear excitation of the plasmon polariton modes was achieved using a nearby

placed electron beam.® An important advantage is the ability of an electron microscope to

perform such measurements on single particles, while optical methods inevitably provide an

average over a large volume, where the particle distribution leads to additional broadening of the

optical signal. On an even lower scale, it is now routine to use such an instrument and map the

distribution of the various plasmonic modes at the nanometer level %10

Mg octahedral transition metal atom clusters display unique structural and physical properties

which can vary with the nature of the metal as well as with the nature of the capping

ligands.!-1213.14 This makes them interesting molecular building blocks for the functionalization

of hybrid nanomaterials or for the structuring of functional surfaces at the nanoscale. A;MogX 4

ternary halides containing face-capped [{MogX';,}X%]? cluster based units (A = alkali, X= Br, I,

with “7’ for face-capped inner ligands and “a” for apical ligands) are prepared by solid-state
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synthesis.!> The apical ligands X2 can be later modified in solution by functional organic or
inorganic ligands L (e.g., L = X, CN, NCS, R-COO (R = C,F,,;1, polymerizable or mesogenic
function))'617-18 in order to tune the physico-chemical properties, to favor their self-assembly,!%-20
their integration into inorganic matrices,?! or to strengthen their interaction with semiconducting

nanoparticles?? or plasmonic surfaces.??

electron
beam

= ﬂ n

¢c

NU Br
2%»’ EELS
3
MogBrs(NCS),

Figure 1. Schematic representation of the experimental methods and results. (upper half)

Electromagnetic field distribution created by a focused electron beam (modeled as a dipole

source) when interacting with nanoparticles of increasing shell thickness. (lower half)

Representative values of the plasmon resonance wavelength (measured by EELS) for particles

with increasing shell thickness studied in this work.
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Au nanospheres can be used as building blocks for different applications, in sensing, light

emitting and harvesting devices, etc. Their important features are the LPRs which are used to

promote the light-matter interactions. For each application, the Au nanospheres need to have the

LPR resonance at a specific energy, which depends on their geometrical characteristics and on

the value of the dielectric permittivity of the host media. Increasing the value of the dielectric

permittivity of the surrounding media leads to a redshift of the LPR energy.* However,

functionalizing the Au spheres using their host medium severely limits their applications.

Previous works have observed changes in optical properties characterized by shifts of the

plasmon peak with the size’*?> or aspect ratio®® of the object, due to the length over which the

resonance takes place, including recent results for the case of very small particles.?’” On the other

hand, metallic bodies are expected to enhance the radiative emission of nearby placed localized

photon sources. For Au spheres, which are used extensively as building blocks of nanodevices,

the highest enhancement value has been predicted for a diameter of about 100 nm,*® which

provides incentives for keeping the size close to this value.

Au nanoparticles have been used extensively in core-shell studies, and there have been several

previous reports on the effects of shell thickness on the plasmon resonance energy.?*-3* Large
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tuning ranges of around 100 nm for the plasmonic resonance wavelength have been reported for

Au@Ag,>®3Y as well as Au@Cu,O nanoparticles.’! All these studies concern measuring

extinction/absorption spectra where the nanoparticles are in solution. The main difference with

the present work is that we observe a much higher tuning range of around 250 nm in our

experiments. One of the reasons is our single-particle TEM technique, which can be used to

examine objects which are far from the average properties of the nanoparticles in solution; this

aspect will be discussed in detail below.

In this study we show that a high level of tunability can be achieved for core-shell Au@Mog

particles with very similar core sizes, by varying the thickness of the shell, as summarized in

Figure 1. We utilize the isothiocyanate terminated cluster-based building blocks

[MogBrig(NCS)%]? in order to functionalize Au nanoparticles by creating a shell composed of

Mo clusters.?? The [MogBrig(NCS)%]? anionic units are characterized by a {MogBr's}4* cluster

core and each Mo atom is bonded to terminal NCS- groups by Mo-C bonds. The pendant S atoms

exhibit a high affinity to Au.??® The optical response of the nanoparticles can also be excited by

plane-wave far-field illumination, and a comparison is given between their response to a plane

ACS Paragon Plus Environment
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wave and an electron beam excitation. Our results provide further proof for the versatility of

these structures.
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31 Figure 2. Representative HAADF images of bare Au nanoparticles (a), core-shell Au@Mog

34 nanoparticles (b) and empty shells (c). (d-i) Elemental maps of the area in (c), using core-loss

37 EELS signals.

42 Representative images of the samples studied in this work are shown in Figure 2 and Figure S1.
45 The main objects of interest are the bare (Figure 2a) and core-shell (Figure 2b) Au@Mog
nanoparticles. An important detail is that the (commercial) nanoparticle solution used has a very
52 narrow diameter distribution, which we verified in Figure S3b. This avoids effects due to

55 changes in particle size, which will be discussed in detail below.
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As reported previously,? it is possible to also synthesize empty shells made of the same material

as the nanoparticle coating (Figure 2c¢). This was used in order to check the chemical

composition of the material. The relatively large number of elements present have overlapping

peaks or edges in both EDS and EELS, which are the main elemental analysis techniques in a

TEM. We have overcome this problem by using core-loss EELS and performing multiple linear

least squares (MLLS) fitting, as shown in Figure S2. The results are shown in Figure 2d-i,

confirming that all of the expected elements for this material are present and correctly

distributed. An interesting observation can be made regarding oxygen, which is not expected in

the formula. As reported previously,? the hydrolysis of [MogBrig(NCS)%]? is very slow but

possible, leading to the substitution of some NCS by OH. Another possibility is that trace

amounts of H;O* could play the role of counter-cations in the shell.
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30 Figure 3. HAADF image (a), plasmon peak intensity (b) and plasmon peak position (c) for a bare

Au nanoparticle. (d) EELS spectrum extracted from the area marked by a red square in (a). (e)

37 Plasmon position histograms extracted from different areas in (c).

41 The plasmon mapping results for a bare Au nanoparticle are summarized in Figure 3. A HAADF

image acquired at the same time as the EELS data is displayed in Figure 3a. As described in the

48 Methods section, this particle is supported by a thin carbon film which is not visible in this image

51 due to the strong contrast of the Au particle. A contrast-enhanced version of the same image does

not show any carbon contamination surrounding the particle, in line with our efforts to avoid this
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by heating the samples prior to observations. This is important since, at the nanometer scale,

carbon contamination is very difficult to avoid in an electron microscope.>> Furthermore, this

phenomenon is proportional to the electron dose, which for a low-loss spectrum image is 10x-

100x higher than for a standard image.

An EELS spectrum extracted from the area marked by a red square in Figure 3a is shown in

Figure 3d. The full spectrum is displayed on a logarithmic scale in red, in order to accommodate

the much higher signal of the ZLP. The spectrum obtained after subtracting the ZLP tail is

displayed on a linear scale, in black. A sharp plasmon peak is immediately visible around 2.4 eV;

an intensity map of this peak is shown in Figure 3b. By comparing to Figure 3a, we observe that

this peak is concentrated around the surface of the particle, which is in line with both theory* and

previous observations.3¢

Additional details can be obtained by mapping the energy of the plasmon peak, in Figure 3c. It is

obvious that there are areas where the energy values are quite different, such as the ones marked

“1” and “2” in this image. The differences could be explained by the different crystal facets

which are close to these areas, in accordance with previous observations.3” The histograms for

these areas are plotted in Figure 3e, which additionally shows the histogram of the entire image,

ACS Paragon Plus Environment
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from where the average plasmon energy for this nanoparticle can be measured to around 2.4 eV.

These average energy values are the ones that we report throughout this study, in order to avoid

oNOYTULT D WN =

any shape-related local effects. We have repeated the same procedure on several bare particles

14 and found very similar values, despite their different shapes and orientations (Figure 5c).
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45 Figure 4. HAADF image (a), plasmon peak intensity (b) and plasmon peak position (c) for a
48 core-shell Au@Mog nanoparticle. (d) EELS spectrum extracted from the area marked by a red

square in (a). (e) Plasmon position histograms extracted from different areas in (c).
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The equivalent process of plasmon mapping in core-shell Au@Mog particles is illustrated in

Figure 4. The main difference between this and the previous case is the plasmon amplitude

distribution in Figure 4b. Like in the case of bare particles, the signal is the highest close to the

surface of the core, but it maintains significant amplitude in the area covered by the shell. This is

better illustrated by the radially-averaged plots in Figure S4. Figure S4a shows the case of the

bare nanoparticle in Figure 3; the normalized plasmon intensity (red curve) reaches a maximum

slightly inside the surface of the particle and then decays in the vacuum. In Figure S4b, which

shows the core-shell Au@Mog particle in Figure 4, the same curve has a maximum just before

the Au core limit, decays slowly inside the shell and then much rapidly in the vacuum. Two

observations are in order. Firstly, it appears that the plasmon decay rate in vacuum is similar for

the two cases, which is to be expected. Secondly, Figure S4b illustrates the importance of

normalizing the EELS signal: the unprocessed plasmon amplitude (green curve) has a maximum

close to the outer surface of the shell, which does not make physical sense and only occurs

because of the strong scattering of the electron beam by the Au core away from the spectrometer

entrance aperture.
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Figure 5. Contour plots of the absorption (a), extinction (b) and EELS spectra (c) calculations for

a 100 nm Au nanoparticle surrounded by a shell of varying thicknesses, for different excitation

energies. The experimentally measured EELS plasmon energy peak positions for the relevant

coated thickness are overlaid as blue points in panel (c).

The main result of this work is shown in Figure 5. In Figure 5a, we present a contour plot of the

numerically calculated absorption spectrum of the coated nanoparticle, in which the excitation

energy and the coating thickness of the cluster material are varied. The Au-core cluster coated

sphere supports surface plasmon modes, which appear as peaks in the absorption spectrum,

shown in the contour plot by the brightest color. In Figure 5b we present a contour plot of the

extinction of the Au core cluster coated sphere, where we again vary the excitation energy and

the coating thickness. The extinction is defined as the sum of the absorption and scattering, and

is the quantity typically measured using standard optical techniques, when nanoparticles are

immersed in a solution. Here, we consider their optical response in air, in order to directly

ACS Paragon Plus Environment
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compare with the EELS spectra. We observe that, due to the size of the sphere, the light-matter

interaction is substantially influenced by the scattering processes that lead to a broadening of the

LPR in the extinction spectra, for a given cluster thickness, compared to the absorption spectra of

Figure Sa. Finally, in Figure 5c we present a contour plot of the numerically calculated EELS

spectra,’ considering an electron beam passing close to the Au core, penetrating 2 nm inside the

cluster coating. We observe that the electron beam excites the LPR mode of the coated Au

sphere through the high &-vector component of its near field and appears as a peak of its energy

loss spectrum.

There is very good agreement between the measured and calculated EELS peak positions in

Figure 5c. For a bare Au sphere placed in vacuum, the measured 2.4 eV (517 nm) plasmon

energy agrees with earlier reports.*3® As the thickness of the cluster is increased, the plasmon

peak converges to a constant measured value of 1.6 eV, matching the predicted resonance for a

Au sphere immersed in a homogeneous dielectric medium with €=5.5.4 This effect allows us to

confirm the dielectric permittivity of the cluster-based shell used in our numerical calculations.

The calculated extinction spectra of Figure 5b show a similar trend with Figure 5c, which proves

that our observations are not limited to EELS measurements, and would be accessible by light-

ACS Paragon Plus Environment
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optical experiments outside the TEM. Both EELS and absorption spectra can be used to

accurately probe the surface plasmon mode. However, the absorption of the nanoparticles when

immersed in a solution cannot be readily extracted because of the contribution of the scattering,

which dominates for larger particles such as the ones studied here. There are, of course,

fundamental differences between the two methods: extinction measurements probe the far-field

response of the nanoparticle, while in EELS the electron passing at high speed through the

sample is equivalent to a near-field excitation with deep-UV light.” The plasmon resonance

energy of Au nanospheres can also be controlled by changing the dielectric permittivity value of

the material they are immersed in,* or by covering them with films of different thicknesses.?

Here, we show that the localized surface plasmon resonance energy of the Au sphere can be

tuned over an energy rage of 0.8 eV by changing the coating material thickness, which provides

a much more convenient alternative. It is important to mention that, due to the uniform Au core

sizes, the localized plasmon resonance tunability is solely due to the shell thickness. In order to

verify this, Figure S3a plots the plasmon energy for the same nanoparticles as a function of the

core size, resulting in a random distribution.
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A comparison between TEM measurements of the core-shell Au@Mog plasmonic response and

conventional measurements of their extinction spectra is given in Figure S5. We used SEM

imaging in order to analyze a large number of particles and obtain a representative diameter

distribution (Fig. S5a,b). The data shows that the average shell thickness is around 11 nm, which

is much lower than some of the particles we analyzed by TEM. We also measured the optical

absorption spectra of bare Au and core-shell Au@Mog nanoparticles in solution (Fig. S5¢). The

absorption peak of the latter is broadened mainly due to the presence of many un-reacted Au

particles, which fits with our SEM observations, where we found many Au particle clusters

which did not have individual shells. After subtracting the bare particle peak, the remaining

spectrum matches well with our simulations for Au@Mog nanoparticles with a 11 nm thick shell

(Fig. S5d). Comparing the values given by the two techniques for bare and core-shell particles

with an 11 nm shell thickness, we find that in each of the two cases the EELS data shows

plasmonic resonances at higher energies compared to the extinction spectra; this effect can be

explained by the difference in the surrounding medium (vacuum vs. water), as well as by the

different responses probed by the two techniques, i.e. near-field for EELS vs. far-field for the

extinction spectra. Interestingly, the change in wavelength due to the presence of the shell is

ACS Paragon Plus Environment
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almost identical between the extinction and EELS spectra for a shell thickness of 11nm. The

different shell thicknesses of the nanoparticles only produce a broadening of the extinction

spectra, while from the EELS spectra of single particles their effect in shifting the plasmonic

resonance energy as function of the shell thickness is clearly observed. This information is lost

when analyzing the extinction spectra of the core-shell structures. This shows that the ensemble

measurements, while providing a more accurate average picture of the sample, show only a small

part of the full range of the effects which can be seen from our single-particle TEM data.

Our observations for plasmon shifts in core-shell Au@Mog particles can be understood

analytically on the basis of the different dielectric functions of the core, shell, and medium.*° The

additional dielectric constant of the shell changes the condition required for plasmon resonance

and introduces a dependency on the ratio of the shell volume to the total volume of the particle,

as calculated in detail.*!*?> Considering a constant core radius, as in the case in the present

experiments, this results in a dependency on the thickness of the shell, which is what we observe

experimentally.

In summary, we have shown that we are able to tune the surface plasmon resonance of core-shell

Au@Mog nanoparticles over a large area of the visible spectrum by changing the thickness of the
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shell. Moreover, this interval can be further shifted by utilizing Au nanoparticle cores of a

different diameters, providing for an increased tuning range. Our observations add to the already

impressive list of plasmonic properties of these structures. While mapping plasmons in the TEM

is arguably more difficult than light optical experiments, it comes with the advantage of being

able to probe the near-field response of single nanoparticles at the nanometer level. This opens

the way for interesting systems consisting of particles with different sizes, different geometries,

or different materials, which are coupled together, that can only be analyzed on a case-by-case

basis due to their heterogeneity.

EXPERIMENTAL METHODS

Citrate-stabilized Au nanoparticles were purchased from Sigma-Aldrich and used as received.

The starting cluster precursor (NHy4),[MogBrig(NCS)%] was prepared from the ternary bromide

Cs,[MogBrigBrig] by interaction with NH4;NCS in a HO:EtOH mixture (50:50).2023 Core-shell

Au@Mog nanoparticles were synthesized by the controlled addition of a solution of

[MogBrig(NCS)%]? (62pmol in EtOH) onto an aqueous solution of citrate capped AuNP (OD

0.5), and let to rest under mechanical agitation for 24h. The size of the amorphous shells was

adjusted as a function of Mog cluster concentration and time. A separate study which focuses on
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the details of the synthesis and full characterization of these core-shell Au@Mog nanoparticles is

currently being prepared for publication. The synthesis of empty shells was performed according

to a previously reported method.?

Imaging and electron energy-loss spectroscopy (EELS) were performed using a FEI Titan

transmission electron microscope equipped with a Gatan GIF Quantum spectrometer.*> A few

drops of the water-based solutions containing the nanoparticles were deposited onto TEM grids

covered by a ~6 nm C film (Ohken Shoji, SHR-C075) and allowed to dry in air. The grids were

annealed for 5 min at 150 °C under high vacuum (~5x10* Pa) before inserting into the

microscope. The TEM was operated at 80 and 300 kV in scanning (STEM) mode, with a probe

current of 30 pA and an energy resolution of 150 meV set using the gun monochromator. The

images were obtained using a high-angle annular dark-field (HAADF) detector. The EELS

spectra and images were acquired at the same time using the spectrum imaging (SI) mode, with a

pixel time of 1 ms for the low-loss (plasmon) region. The data was processed using Gatan GMS

and ImageJ* with the Cornell Spectrum Imager add-on.*> The low-loss EELS datasets were

normalized to the total number of counts and aligned using the zero-loss peak (ZLP). The

background given by the ZLP tail was fitted using a power-law function and subtracted. The
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amplitude and position of the plasmon peak at each point were obtained by fitting it with a

Gaussian function.

Additional imaging was performed using a JEOL SM-67F scanning electron microscope,

operated at 10 kV. Optical absorption measurements were performed using a JASCO V-570

UV/Vis/NIR spectrometer, at room temperature.

The numerical values of the absorption, extinction and EELS spectra were extracted through

boundary element methods using the open-source code MNPBEM. %647 The optical response of

Au was taken from experimentally measured values of its dielectric permittivity.*® The optical

response of the cluster material was considered constant in the visible part of the electromagnetic

spectrum, characterized by a dielectric constant of £=5.5. This value was determined based on

the high optical activity of Mo-containing compounds,* and confirmed by comparing the

calculation results to the experimental data.
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