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ABSTRACT

Based on a microscopic theory for collective resonances of 
metallic particle clusters, enhanced optical reactions from 
zeolite materials doped with metallic particles are studied. The 
influences of particle size, global density, and local tightness 
are essential for the appearance of collective resonances. 
Transmission electron microscopy (TEM) was carried out for 
three zeolite membranes, namely, CuMOR, CuFe2MOR, and 
CuFe3MOR. The TEM images show clearly that metallic particles 
are squeezed with nanometric distances. Models similar to the 
experimental TEM images are established as a larger system, 
where a group of metallic nanoparticles of various sizes is 
randomly distributed on a surface, which is simulated for the 
plasmon spectroscopy. Collective resonances were observed, 
which are related to the tightness, i.e. the average inter-particle 
distance. The collective resonances stem from the enhanced 
optical reactions due to the doping of metallic particles into 
zeolite materials. The study is useful for increasing the catalytic 
efficiency and yield from zeolite-containing materials. 

Keywords: Collective plasmonics; nanoparticles; cluster of 
metal particles; zeolite catalysts;

INTRODUCTION

Zeolites are crystalline microporous aluminosilicates that 
have found wide-ranging industrial applications in catalysis 
[1-3], as well as in other processes [4,5]. The main feature that 
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fundamentally distinguishes them from other carriers is a 
system of voids strictly ordered in shape and size, which are an 
element of their crystalline structure. Catalysts are materials 
that allow important reactions to be more selective, faster, 
and require less energy. Coinage metals (copper, silver, and 
gold) possess noteworthy optical and electrical properties, 
are often found as important components in most catalysts, 
and are known for their high activity as well as many other 
important properties. Nanoclusters of these metals are widely 
used in biomedical imaging, remote sensing, labeling, etc. 
Coinage metal nanostructures possess noteworthy optical, 
and electrical properties, that are inspiring serious research 
toward the design and synthesis for potential application in 
areas such as antibacterial activity, surface-enhanced Raman 
scattering (SERS)-based detection, and electrochemical 
sensing. The most recent developments deal with their 
antiviral applications [6]. Historically, Cu, Ag, and Au have been 
well-known for their oligodynamic efficacy, antiviral action as 
well as good biocompatibility, binding receptor inhibition, 
formation of reactive oxygen species, and phototherapy 
properties. Thus, a study was conducted to investigate the 
diagnostic and therapeutic mechanisms of the antivirus ability 
and mode of action of coinage metals on SARS-CoV-2. This 
article [6] also draws attention to coinage metal nanomaterial-
based approaches to the treatment of other contagious 
viruses. 

It is reported that these metal nanoparticles are novel and 
effective catalysts; they are also used as a catalyst when 
deposited on different supports. An effective way to enhance 
the chemical processes is the introduction of plasmonic 
nanostructures and particles [7-10]. Particles of metals, such 
as copper, silver, and gold, are excellent plasmonic media. 
Surface plasmons and small particle plasmons may be excited 
by light [11-13]. When metallic particles are crowded within 
nanometric distances, the local field at the sites of particle 
locations may be enhanced due to the near-field coupling. 
Consequently, collective resonances due to the near-field 
coupling may be excited by external light to form hot spots/
points in the materials, and the enhanced local electric field 
promotes zeolite catalysis as well as other chemical processes. 

Heterogeneous catalysis is one of the fundamental processes 
of chemical technology. Its advantages include the ability 
to easily separate and reuse the catalyst, easy purification of 
the product, and the ability to operate in a continuous flow, 
which opens up potential applications in the fine chemical 
and pharmaceutical industries [14]. In heterogeneous 

catalytic reactions, supported metal catalysts in the form 
of nanoparticles and/or clusters are attracting increasing 
attention both in industrial production and in environmental 
remediation [15]. The development of heterogeneous catalysts 
requires ongoing efforts to understand and develop active 
centers with improved characteristics for various applications 
[16].

Metallic nanoparticles, as well as ultra-small sub-nanometer 
clusters, may have unique and even unexpected physical and 
chemical properties that make them interesting for potential 
applications such as catalysis, photocatalysis, electrocatalysis, 
and optical and chemical sensors, to name but a few. These 
small particles are easily tunable and provide an economical, 
atomically efficient use of the supported metal charge [17]. 
Clusters of a selected size have specific catalytic properties 
[18]. 

The stability of nanoparticles can be increased by encapsulating 
them; in particular, these prospects were discussed in [15]. 
Important features are given in [19]. Nanoparticle-based 
catalysis not only plays a key role in the production of fine 
chemicals such as coupling products, heterocycles, alcohols, 
carbonyl compounds, acids, etc. but also ensures robust 
chemical processes. The use of supported metal nanoparticles 
provides a much better basis than conventional homogeneous 
and heterogeneous catalysts for tuning reactivity, reusability, 
and high productivity [20]. The concept of active centers is 
presented [21]. Varieties of metal species of different sizes 
(single atoms, nanoclusters, and nanoparticles) exhibit 
different catalytic behavior [22]. Clusters of a selected size, 
containing a few atoms, can have noble catalytic properties 
different from nanoscale or bulk catalysts. Clusters of selected 
size and composition can also serve as models of catalytic 
active centers, where the addition or removal of a single atom 
can have a dramatic effect on their activity and selectivity [23].

In Ref. [17], the optical properties and stability of nano 
species are discussed. Plasmonic photocatalysis has become 
a prominent and growing field. It allows the efficient use 
of sunlight as an abundant and renewable energy source 
to drive many chemical reactions. For example, plasmonic 
photocatalysis in materials containing TiO2 and plasmonic 
nanoparticles (NPs) provides efficient separation of charge 
carriers and tuning of the optical response to longer 
wavelengths (visible and near-infrared) [24-26].

In the present work, a microscopic theory for collective 
plasmonics of metallic particle clusters is introduced, 
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and enhanced optical reactions from zeolite materials 
doped with metallic particles are studied. Transmission 
electron microscopy (TEM) was carried out for three zeolite 
membranes, namely, CuMOR, CuFe2MOR, and CuFe3MOR. The 
TEM images show clearly that metallic particles are squeezed 
with nanometric distances. A larger system, where a group of 
metallic nanoparticles of various sizes is randomly distributed 
on a surface, is simulated for plasmon spectroscopy. Collective 
resonances are observed, which is related to the tightness, i.e. 
the average inter-particle distance. The paper is organized 
as follows. In Section 2, the theory is outlined. In Section 3, 
three TEM images are presented respectively for three zeolite 
membranes. In Section 4, some numerical calculations based 
on the theory are presented, and the results are discussed. In 
Section 5, the work is concluded.

THE THEORY

It is possible to perform a microscopic theoretical analysis based 
on self-consistent solutions of coupled-dipole clusters of small 
metallic particles [11-13,27]. The particles are of various sizes 
and distributed orderly or randomly with a changing density. 
The local concentrations and shapes may be diversified. 
The analysis is expected to show a concentration of surface 
plasmon excitations at the sites of local hot points, and the 
level of the plasmon excitation is related to the global density 
of the clusters. The study is primarily aimed to enhance zeolite 
catalysis, both for Bronsted sites and Lewis sites. It is intended 
to increase the harvest of zeolites as well as other processes. 
The results are possibly to be compared and discussed with 
available experimental results of zeolite catalysis.

Let us now have a close look at the cause of the huge 
enhancement of the local electrical fields. The extraordinary 
enhancements cannot be fully explained along with the 
increased response of the individual metallic particles 
stemming from either the small-particle and surface-plasmon 
modes, it is reasonable to conjecture that the interactions 
between the particles would play an important role and be 
the principal cause of the huge enhancement. The enhanced 
responses come mainly from the scattered field from the 
metallic particles. If the local field driving the particles would 
be significantly enhanced due to the strong interactions 
between the particles, the optical response of the whole 
system would increase strongly.

We introduce a previously established microscopic theory to 
calculate the optical response as a function of the tightness of 
the cluster [11-13,27]. The calculation takes two steps, namely 

solving the self-consistent set of equations that account for all 
microscopic interactions between the particles, and relating 
the local field to the scattered field in the observation area. 
The self-consistent equation for each step can be written as

  (1),

where ( )ω,0 irE 
and ( )ω,irE   are respectively the 

monochromatic incident field and local field at the frequency  
and the  particle site. The field propagator (or dyadic Green’s 
function) in free space describes the field propagation from   
particle to   particle, 
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( ) Rrre ijR / −= is a unit vector, U


 is a unit tensor, and  is the 
wavenumber of light in free space. The polarizability tensor 

ck /ω=  is calculated in the long wavelength electrostatic 
approximation via the particle’s radius a  and its dielectric
function  ( )ωε  as


(3).

And, after the local field is determined by the proven self-
consistent equation, the scattering field at a far field position  

r  can be calculated as

      (4).

Therefore, the scattering field can be compared with the 
incident field and the local field. The enhanced rate is thus 
determined.

In the equation in Eq. (1), the local field at each particle site is 
a sum of the contributions from the rest of the particles with 
various polarizability strengths Eq. (3) and the interactions 
between particles are included in the field propagators Eq. (2). 

Solving the set of equations self-consistently as a standard 
eigenvalue problem, one expects that the local field can be 
accurately calculated with the possibility to have resonances. 
Once the local field is calculated, the observed field at a point 

far away from the cluster r  is calculated using the equation
in Eq. (4) representing the optical response of the cluster. The 
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details of the field propagators as well as other parameters 
involved in the numerical simulations can be found in Refs. 
[11-13,27]. In the calculations, the lengths were normalized to 
the wavelength. 

Transmission Electron Microscopy (TEM)

In this section, let us have a look at some zeolite materials 
with transmission electron microscopy (TEM). The purpose 
is to see how the metallic elements are randomly distributed 
and crowed on a zeolite membrane. Some parameters are 
essential for the collective resonances to occur, for example, 
the distances between particles and the size of the particles, 
etc.

In Figure 1, three TEM images are presented with statistics 
of the particle size. The experiments were carried out for 

three zeolite membranes, namely, CuMOR, CuFe2MOR, and 
CuFe3MOR, which all belong to the group of irons coupled 
mordenite. The size of the particles ranges from 2 nm to 5 nm, 
and the average inter-particle distance range from 2 to 5 nm 
too. 

The TEM images in Figure 1 show that in zeolite materials, 
metallic elements can be crowed at a nanometer distance, 
which fulfills the conditions for plasmons of individual 
particles to interact via near-field coupling, so that the 
collective plasmon show enhanced hot spots, namely, local 
collective resonances. In a global account, clusters of metallic 
particles will bring up global collective resonances. Both the 
local, i.e. the hot spots and the global collective resonances are 
to be presented in the next Section. The numerical simulations 
would offer guidance for experimental plasmon spectroscopy.

Figure 1: Transmission electron microscopy (TEM) images for three zeolite membranes, as well as the statistics of 
particle size. (a) and (d) are for CuMOR, (b) and (c) are for CuFe2MOR, and (c) and (f ) are for CuFe3MOR.

NUMERICAL RESULTS

There are two ways to collect the scattered light, in the near 
field and far field. Near field microscopy (see for instance Ref. 
[12] and the references therein) makes use of the local probe to 
collect the near field near the sample surface. The advantage 
of near field miscopy is the breakthrough of resolution limit, 
i.e. one sees the hot points where light is scattered near the 

particles. Another way to collect scattering fields is in the far 
field. Optical probes are fixed at certain distances, somewhere 
from the sample surface, and the far field is collected. The far-
field collection is true of traditional optical detection, and it is 
easier to be implemented. 

For numerical calculations, both methods, namely near and 
far collections, have been simulated, and some representative 
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results can be found in Refs. [11-13,28]. In Figure 2, a picture is 
reproduced from data for Ref. [12], which shows a near-field 
microscopic image of a group of nanometric silver particles 
with various sizes, randomly distributed on a surface.

In Figure 2, near-field optical microscopy is simulated with a 
probe tightly scanning above a surface 600nm X 600nm where 
about 50 silver spherical particles of various sizes are randomly 

distributed. One can see from Figure 2 that since the near-field 
information is collected, the microscopy resolves most of the 
particles. Conventional optical microscopy is fundamentally 

limited in resolution within half of the wavelength 2/λ .
Near-field microscopy resolves details and shows that light is 
enhanced somewhere. One may referrer the area where light 
is enhanced as hot points. 

(a)

(b)

Figure 2: (a) About 50 silver spherical particles of various sizes are randomly distributed on 
a surface of 600 nm X 600 nm. (b) Optical microscopy with a probe scanning 1 nm above 

the particles. The brightness refers to the incident light.

The resolution of the microscopy weakens when the probe 
is leaving the sample surface. In this case, the far field will 
dominate the collected signals, and details are barely shown. 
On the other hand, the hot pints can still be seen in some 
places. More results from optical microscopy with various 
degrees of near-field participation can be found in Refs. [11-

13,28].

It is worth mentioning that the theory is not limited to 
randomly distributed particle clusters. It is possible also for 
dealing with ordered distributions. For some applications, the 
simulations provide valuable accounts. In Ref. [11], a group 
of particles is orderly distributed, and clearly, the scattered 
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field is engineered to a direction, which demonstrated that it 
is possible to make use of ordered particles in structures to 
purposely guide light. 

Let us now have a look at a global range. An optical probe 
is supposed to be away from the sample at a fixed position. 
This a convenient method for optical detection, widely used 
in optical spectroscopies. All microscopic images are mixed 
into a single channel. Therefore, the simulation provides 
information for the collective plasmonics of particle clusters 
including resonances. An image from the simulation is 
presented in Figure 3.

The normalized lengths marked in Figure 3 for a wavelength 
of 633 nm correspond to a range of about 500 nm to 800 nm, 
respectively. In Figure 3, the resonances are a notable feature. 
When the particles are far away from each other, the responses 

are small. When the tightness increases there are possibilities 
to excite the resonances and the scattered field is enhanced 
strongly by several orders of magnitude. If the particles are 
further pushed together, the field strength decreases again. 
Note that the tightness is different from the density. It takes 
into account the distances between particles.

The relative distance is the average inter-particle distance of 
a cluster of 50 silver particles. Therefore, the relative distance 
represents a measure of the tightness of the particles. In 
Figure 3, it is shown that resonance is excited near the 
wavelength distance. A stronger resonance appears at about 

λ2.1 , and a weaker resonance appears at about λ8.0 . When 
the distance is enlarged, there is no resonance at all. One 
realizes that an enhancement as strong as 9x1014 is possible 
for clusters of relative distance comparable to the wavelength 
of the incident light.

 Figure 3: Optical response enhanced rate as a function of the relative distance between 50 particles.

The above behavior of the optical response appears consistent 
with experimental results reported in [7-10,27], i.e. the optical 
response increases with the density of the silver clusters, and 
the enhancement reaches a peak before becoming saturated. 
The above model simulations are suitable for samples of 
zeolites, such as the three zeolite membranes shown in Section 
2. In the succeeding section, images from our experiments

are to be presented. CuMOR, CuFe2MOR, and CuFe3MOR 
have been extensively studied for catalysis applications. The 
existence of a large number of metallic nanoparticles in the 
zeolite materials helps to enhance the optical responses, 
and strong light interaction increases in general the catalytic 
efficiency and yield from zeolite-containing materials.
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CONCLUSIONS

In conclusion, an optical response can be resonantly and 
dramatically enhanced by doping metallic particles, and the 
density or tightness of the particle clusters is essential for 
exciting the collective resonances. When the relative distance 
is about the wavelength of the incident light, the resonances 
appear. This enhancement would be helpful for zeolite 
catalysis as well as for other chemistry and material processes. 
Transmission electron microscopy (TEM) was carried out 
for three zeolite membranes, namely, CuMOR, CuFe2MOR, 
and CuFe3MOR. The TEM images show clearly that metallic 
particles are squeezed with nanometric distances. Models 
similar to the experimental TEM images are used to simulate 
a larger system, where a group of metallic nanoparticles of 
various sizes is randomly distributed on a surface, which is 
simulated for plasmon spectroscopy. Collective resonances 
were observed, which is related to the tightness, i.e. the 
average inter-particle distance. The collective resonances 
stem from the enhanced optical reactions due to the doping 
of metallic particles into zeolite materials. The study is useful 
for increasing the catalytic efficiency and yield from zeolite-
containing materials.
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