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The paper considers the problem of choosing the composition, structure, and size of spherical catalyst 

nanoparticles for carrying out plasmon-induced polymerization reactions. The concept of reducing the activation 
energy of the reaction in the presence of a catalyst and, accordingly, increasing the rate of a chemical reaction during 
heating due to the excitation of surface plasmon resonance is presented. Using the Drude model for the dielectric 
function, relationships were obtained for the frequency dependences of such characteristics as the real and imaginary 
parts of the polarizability, heating and the rate of chemical reactions when monometallic and bimetallic nanoparticles 
are used as catalysts, as well as the amplification of fields in their vicinity. The concepts developed in this work take 
into account the classical size dependence of the effective electron relaxation rate in monometallic and bimetallic 
nanoparticles under the assumption of diffuse scattering of electrons. Changes in the positions of the maxima of the 
imaginary part of the polarizability, heating, and reaction rate are analyzed with a change in the radii of monometallic 
and bimetallic nanoparticles. It is shown that the maxima of the dependences under study correspond to dipole surface 
plasmon resonances, and their number depends on the particle morphology. Changes in the amplification of electric 
fields in the vicinity of nanoparticles of different morphology have been studied. It has been found that the enhancement 
of the fields in all considered cases is maximum on the surface of the nanoparticle and decreases with distance from 
it. Practical recommendations are formulated regarding the size, composition and structure of nanoparticles for 
plasmon catalysis, which provide the highest rates of chemical reactions. Thus, all obtained frequency dependences 
have one maximum for monometallic and two maxima for bimetallic nanoparticles. 

Keywords: polarizability, field enhancement, polymerization reaction rate, catalysis, surface plasmon resonance, 
monometallic and bimetallic nanoparticles 
 

INTRODUCTION 

Plasmonic nanoparticles, particularly Au and 
Ag particles, have been actively investigated over 
the past few decades due to their unique optical 
properties. Surface plasmons are collective 
oscillations of conduction electrons in 
nanostructures made of metals or heavily doped 
semiconductors upon illumination [1–3]. 

The optical properties of such nanoparticles 
can be tuned over a broad spectral range by 
choosing the material, geometry, and/or 
surrounding medium [4–8]. Correctly engineered 
plasmonic particles can interact with incident 
radiation with significant absorption and 
scattering cross-sections [9, 10]. Excitation of 
localized surface plasmons allows overcoming 
the diffraction limit by concentrating 
electromagnetic energy in regions smaller than 
the wavelength of the incident radiation. This, in 
turn, leads to significant enhancement of 

electromagnetic fields in the vicinity of such 
nanostructures’ surfaces [11]. In addition, after 
exciting surface plasmons, nanoparticles can 
redistribute and convert photon energy into 
excited carriers and heat over time and space 
during relaxation. The described optical 
properties of nanoparticles have stimulated 
extensive fundamental research and already find 
a wide range of practical applications, such as 
plasmon-enhanced molecular spectroscopy 
[12, 13], optical probing [14], thermal therapy for 
malignant tumors [15] and plasmonic waveguides 
[16]. Recently, numerous studies have shown that 
light-excited plasmonic nanoparticles 
significantly influence plasmon-mediated 
chemical reactions (PMCR). 

Indeed, metallic nanoparticles serve as 
catalysts for many chemical reactions. The 
catalysis occurs through pathways with low 
activation energies, which become accessible 



N.A. Smirnova, A.V. Korotun, R.A. Kulykovskyi 
_____________________________________________________________________________________________ 

172                           ISSN 2079-1704. ХФТП. 2024. Т. 15. № 2 

only in the presence of nanoparticles [17, 18]. 
Usually, high temperatures are employed to 
facilitate these reactions. However, apart from 
high energy consumption and the associated 
catalyst lifespan reduction [19], thermal 
activation is non-selective, leading to undesired 
side reactions and reduced product yield and 
efficiency (see, for example, [20] and references 
therein). 

Over the past decades, an additional approach 
to catalyzing chemical reactions between 
adsorbed reactants on the metallic catalyst surface 
has been proposed through the photodexcitation 
of electrons in the metal. This method is often 
employed with “conventional” metallic catalysts 
such as Pd, Pt, Ru, Rh, etc. Upon excitation, the 
electrons can quickly cross the metal-catalyst 
interface [21, 22], occupy high-energy orbitals of 
the adsorbed molecules, and enhance the reaction 
rate [23–25]. This mechanism is sometimes 
referred to as interfacial chemical damping 
[8, 26–29]. 

Another proposed mechanism, known as the 
“hot carrier” or “indirect” photocatalysis 
involving plasmons, involves exciting localized 
plasmons on the surface of metallic nanoparticles. 
When these plasmons decay, a non-equilibrium or 
“hot” carrier distribution is generated, and 
electrons in the high-energy tail of this 
distribution can tunnel from the metal to the high-
energy orbitals of surrounding molecules, thereby 
catalyzing the chemical reaction. 

Currently, plasmonic catalysis represents a 
new trend in organic chemistry, associated with 
metal-based nanomaterials. This approach is 
increasingly being used in the selective 
transformation reactions of organic functional 
groups [30–32]. One of the most intriguing and 
still understudied areas of plasmon-induced 
catalysis is localized and controlled 
polymerization. This type of transformation may 
pave the way for new methods and approaches in 
creating functional plasmon-active substrates. 

The first example, demonstrating that the use 
of plasmonic resonance can lead to the growth of 
nanometric polymer films on plasmon-active 
substrates, is the study [33], which uncovered the 
phenomenon of plasmon-induced free-radical 
polymerization. It was later shown that plasmon-
induced polymerization not only precisely 
controls the thickness and composition of 
polymer coatings but also regulates the location 
and orientation of polymer growth, which is 

strongly influenced by the polarization of laser 
radiation and the distribution of its intensity 
around the nanoparticle [34]. 

In the study [35], an increase in the efficiency 
of the surface plasmon dipolar azide-alkyne 
Huisgen cycloaddition reaction was 
experimentally discovered near spherical gold 
nanoparticles, and in [36], the processes of 
plasmonic catalysis in surface-selective 
hydrogenation of alkynes to alkanes or alkenes 
near a bimetallic surface were explored. It should 
be noted that in the studies [37, 38], plasmonic 
phenomena in spherical bimetallic particles were 
investigated. It was shown that, compared to 
monometallic, bimetallic nanoparticles are more 
effective in regulating plasmonic resonance. 
Thus, the position and profile of localized surface 
plasmons, as well as their number, strongly 
depend on the morphology of the bimetallic 
particle, i.e., the spatial arrangement and ordering 
of two different types of atoms. In this context, 
the question of how the composition and structure 
of nanoparticles influence the efficiency of 
plasmonic catalysis remains topical. 

THE PRINCIPLE OF PLASMONIC 
CATALYSIS 

The principle of plasmonic catalysis is based 
on the utilization of efficient light absorption by 
metallic nanoparticles in the ultraviolet and 
visible regions of the spectrum and localized 
surface plasmon resonance (SPR) [39–41]. 

The presence of a catalyst significantly 
lowers the activation energy εa of the reaction, 
allowing the formation of intermediate 
compounds with the reactants, leading to a faster 
reaction and a shift in the chemical equilibrium of 
the reaction. The general mechanism may involve 
several intermediate steps, and the reduction of 
the activation energy εa is also the slowest step, 
referred to as the rate-determining step, which 
determines the reaction rate. 

Fig. 1 schematically illustrates the potential 
energy surface (PES) of the system, where the 
reactants (A) transition to products (B) as the 
reaction rate increases. These graphs represent the 
potential energy surface as a two-dimensional 
function with respect to important geometric or 
vibrational parameters, i.e., reaction coordinates. 
In traditional heterogeneous catalysis, the reactor 
containing the catalyst is usually heated to 
overcome the activation energy, as the reaction 
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rate (R ) increases with temperature (T) 
according to the Arrhenius equation: 

B
0 e

a

k T




R R ,             (1) 

where 0R  is the pre-exponential factor, 
dependent on the reaction. 

 

 

Fig. 1. Schematic representation of potential energy surfaces (PES) in the ground and excited states for the reaction on the 
metal surface in the presence of a catalyst. The potential energy surfaces are depicted as cross-sections along an 
arbitrary reaction coordinate, which can be associated with a geometric or vibrational parameter. Several possible 
pathways leading from reactants to reaction products are also shown 

 
Heating leads to molecular vibration 

excitation in the reactant molecules and 
transitions to higher vibrational levels in the 
ground electronic state. 

Fig. 1 also depicts possible additional paths 
for the reaction promoted by the plasmonic 
catalyst under light irradiation. In this case, the 
light energy can provide heating to initiate the 
reaction along the PES in the ground state. 
Additionally, upon absorption at the SPR 
frequency, electronic transitions from the ground 
state to the excited state of the reactant-catalyst 
system ( *A  in Fig. 1) may occur, resulting in 
motion along a new PES. Such a transition 
requires a transfer of an electron (or hole) upon 
photon absorption, and it was observed on metal 
single-crystal surfaces in [21]. This mechanism is 
known as electron-induced desorption [42]. The 
transition state can enter the catalytic reaction, 
reaching the product state (B*) and overcoming a 

new activation energy ( *
a ), which is lower than 

the corresponding activation energy in the ground 
state (εa) (as shown in Fig. 1). Moreover, if there 
are several possible reaction pathways, different 
potential energy minima leading to different 
products may be found (C* in Fig. 1). This aspect 
is crucial as it provides improved product 
selectivity compared to traditional thermal 
catalysis. Finally, the product in the excited state 
decays back to the ground state through electron 
(or hole) transfer to the plasmonic catalyst (B or 
D in Fig. 1). 

While the strategy to control catalytic 
reactions along the PES in the excited state is 
impractical on single-crystal metal surfaces, as it 
requires high-intensity laser pulses, it is much 
more convenient to excite plasmonic 
nanoparticles with light, thereby stimulating a 
significant number of excited charge carriers 
upon plasmon decay [40, 41]. 
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BASIC EQUATIONS 

Now we turn to the question of determining 
the frequency dependence of the polymerization 
reaction rate and the size-frequency dependence 
of the enhancement of electric fields in the 
vicinity of nanoparticles. 

The expression for the temperature involved 
in equation (1) is given by: 

0T T T   ,             (2) 

where T0 = 293 K is the initial reaction 
temperature, and the heating due to the excitation 
of surface plasmon resonances is given by: 

abs0

4

I R
T Q 


.             (3) 

In formula (3), I0 is the intensity of the 
incident light;   is the thermal conductivity 
coefficient of the surrounding medium; R  is the 
radius of the nanoparticle, and the absorption 
efficiency is determined by the relationship: 

abs
m2

ImQ
cR


 


 ,            (4) 

where ω and c are the frequency and speed of 
light; m is the dielectric permittivity of the 

surrounding medium; α is the polarizability of the 
nanoparticle. 

As catalysts, we consider two types of 
particles – monometallic and bimetallic ( A@B ), 
where the metal A  (core) is in the shell of metal 
B. Therefore, all subsequent expressions will be 
written for the specified types of nanoparticles. 

MONOMETALLIC NANOPARTICLES 

The polarizability of a monometallic 
nanoparticle is given by equation 
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where the dielectric function in the Drude model 
is expressed as equation 
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here ∞ represents the contribution of the 

crystalline lattice to the dielectric function; ωp is 
the plasma frequency, and the effective relaxation 

rate can be written in the form presented in 
equation 

eff bulk s rad       .            (7) 

In equation (7) 1
bulk bulk const     

corresponds to the volume relaxation rate (where 
τbulk is the relaxation time in a 3D metal), while 
the rates of surface relaxation and radiation 
damping are determined by the relationship: 
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where νF is the Fermi velocity of electrons; 
1A  is the effective parameter describing the 

degree of coherence loss during electron 
scattering at the surface; V = 4πR3/3 represents the 
volume of the nanoparticle. 

The enhancement of the electric field in the 
vicinity of the nanoparticle is determined by 
equation 
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where 3R    – is the dimensionless 
polarizability; r  – is the distance from the 
particle to the observation point. 

BIMETALLIC NANOPARTICLES 

In this case, the expression for the frequency 
dependence of polarizability is given by equation 
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where  3

c cR R   is the volume fraction of the 

core material in the particle, Rc is the radius of its 
core. The dielectric functions of the core and shell 
materials are determined by the relationships 
provided in equation 
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In equation (12)  c s
  represent the 

contributions of the crystalline lattices of the core 
and shell materials to the dielectric functions, 
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respectively; ωp,c(s) are the corresponding plasma 
frequencies, and the effective relaxation rate is 
given by [37]: 

eff bulk s rad
@ @ @ @       ,          (13) 

where the volume relaxation rate is defined as: 

     1
bulk bulk 2 3 bulk 2 3
@ s c c c2 1 1 1



        ,       (14) 

the surface relaxation rate is defined as; 

F,ss
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v

R
 A ,           (15) 

and the radiation damping rate is determined as 
follows: 
– for the conditions bulk

c 2 cR ,  bulk
s 2 cR R  : 
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– for the conditions bulk
c 2 cR ,  bulk

s 2 cR R  : 
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In formulas (14)–(17)  
bulk
c s  represent the 

volume relaxation times in the core (shell);  F, c sv  

are the Fermi velocities of electrons in the core 
(shell);      

bulk bulk
c s F, c s c sv   are the mean free paths of 

electrons in the core (shell). The size-dependent 
effective parameter is described by equation: 
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The expression for the field enhancement in 
the vicinity of a bimetallic nanoparticle can be 
presented as equation 
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where 3
@ @ R    is the dimensionless 

polarizability. 

RESULTS OF CALCULATIONS AND THEIR 
DISCUSSION 

The calculations of the frequency 
dependences of polarizability, enhancement, 
heating effects, and polymerization reaction rates 
were performed for cases involving monometallic 
and bimetallic nanoparticles situated in a medium 
with m = 2.3 and utilized as catalysts for the 

aforementioned reactions. The metal parameters 
required for the calculations are provided in 
Table 1. 
 

Table 1. Metal parameters (see, e.g., [37, 38] and the 
references there) 

Metals 
Parameters 

rs/a0 ∞ m*/me τbulk, fs 

Au 3.01 9.84 0.99 29 
Ag 3.02 3.70 0.96 40 

 
Fig. 2 displays the frequency dependences of 

the real and imaginary parts, as well as the 
modulus of polarizability for Au nanoparticles. 
The results of the calculations indicate that the 
positions of min{Reα(ω} and max{Re(Im)α(ω)} 
(Fig. 2 a, b) are independent on the nanoparticle 
radius, while the absolute values of the extrema of 
the real and imaginary parts and the modulus of 
polarizability (Fig. 2 c) significantly increase with 
the increase of the nanoparticle radius. 

The curves of frequency-dependent 
enhancement for Au and Ag nanoparticles with a 
radius R = 30 nm at points on the relative distance 
R/r = 0.4; 0.6; 0.8; 1.0 are depicted in Fig. 3. The 

spectral position   max G  corresponds to 

the surface plasmon resonance frequency for 
nanoparticles of a specific radius and material, 

while the value   max G  of decreases as one 

moves away from the nanoparticle’s surface. 
Frequency dependences of heating effects in 

the vicinity of Au and Ag nanoparticles of various 
radii are illustrated in Fig. 4. It is noteworthy that 

max{∆T(ω)} both and   max G  are 
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achieved at surface plasmon resonance 
frequencies. Moreover, the larger the 
nanoparticle’s radius, the greater the overheating 
in its vicinity. 

The analysis of the frequency dependences of 
relative reaction rates, catalyzed by nanoparticles 

of Au and Ag with different radii (Fig. 5), 
indicates that it is most advantageous to use 
relatively large Ag nanoparticles, in the vicinity 
of which the highest reaction rate is achieved. 

 
 

 

             

 

              

 

Fig. 2. Frequency dependences of the real (a) and imaginary (b) parts, as well as the modulus of polarizability (c) of 
spherical Au nanoparticles of different radii: 1 – R = 20 nm; 2 – R = 30 nm; 3 – R = 50 nm 

 
 
 

 

Fig. 3. Frequency dependences of the field enhancement factor for spherical nanoparticles Au (a) and Ag (b) with a 
radius R = 30 nm of at different distances from the surface: 1 – R/r = 0.4; 2 – R/r = 0.6; 3 – R/r = 0.8; 4 – 
R/r = 1.0 
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Fig. 4. Frequency dependences of heating in the vicinity of Au (a) and Ag (b) nanoparticles at the same radius values 
as shown in Fig. 2 

 
 

Fig. 6 depicts the frequency dependences of 
the real and imaginary parts, as well as the 
modulus of the polarizability of nanoparticles 
Au@Ag with different radii. It should be noted 
that, unlike the case of monometallic 
nanoparticles, the curves Imα@(ω) exhibit two 
maxima, which corresponds to the number of 
metals in the particle. Moreover, as shown in [37], 
it is not possible to attribute accurately both 
plasma resonances to specific metals, and the 
“hybridization” scheme [43] cannot be applied to 
calculate the frequencies of surface plasmons in a 
bimetallic spherical nanoparticle by combining 
previously known results for plasmon frequencies 
of surfaces with positive and negative curvature. 
Additionally, in the considered case, the spectral 

position max{Imα@(ω)} depends on the 
nanoparticle's radius. Thus, with an increase in 
the nanoparticle’s radius, the plasmon resonance 
corresponding to a lower frequency experiences a 
“blue” shift, while the resonance corresponding to 
a higher frequency experiences a “red” shift. 
Consequently, an “attraction” of the maxima of 
the imaginary part of the polarizability (and 
“attraction” of surface plasmon resonances) 
occurs with an increase in particle radius, and a 
“repulsion” occurs with a decrease in radius. The 
only commonality with the case of a 
monometallic nanoparticle is the increase in the 
absolute values of the extrema of Reα@, Imα@ and 
|α@| with an increase in the total radius of the 
bimetallic nanoparticle. 

 
 
 

 

Fig. 5. Frequency dependences of the relative reaction rate catalyzed by Au nanoparticles (a) and Ag nanoparticles 
(b) at the same radius values as shown in Fig. 2 
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Fig. 7 depicts the curves of frequency 

dependences of field enhancement around 
particles Au@Ag (Fig. 7 a) and Ag@Au (Fig. 7 b) 
with a radius of R = 30 nm. It can be observed that 
the enhancement, similar to polarizability, 
exhibits two maxima and decreases as one moves 
away from the surface of bimetallic particles, 
similar to the case of monometallic particles 
(Fig. 3). Regarding the spectral position of 

  @max G , it is worth noting that the 

enhancement maxima of composite 
nanoparticles, compared to monometallic ones, 
experience a “blue” and “red” shift. Thus, in the 
case of particles with the architecture Au@Ag, a 

“blue” shift is observed, while in the case of metal 
core-shell inversion (architecture Ag@Au), there 
is a “red” shift. 

The presence of two maxima is also 
characteristic for the frequency dependences of 
heating in the vicinity of bimetallic nanoparticles 
Au@Ag and Ag@Au of different radii (Fig. 8). In 
common with the case of monometallic 
nanoparticles is the increase in the maximum 
value of the heating magnitude with increasing 
nanoparticle radius, and the difference lies in the 
change of the spectral position of the maxima T  
with varying radius. It should be noted that the 
frequency shift of the heating maximum for 
particles Au@Ag is significantly larger than that 
in the case of particles Ag@Au. 

 
 
 
 

 

 

 

 
  

 

Fig. 6. Frequency dependences of the real (a) and imaginary (b) parts, as well as the modulus of polarizability (c) of 
spherical nanoparticles Au@Ag of various sizes: 1 – Rc = 20 nm, t = 10 nm; 2 – Rc = 30 nm, t = 10 nm;   3 – 
Rc = 50 nm, t = 20 nm 
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Fig. 7. Frequency dependences of the field enhancement factor for spherical nanoparticles Au@Ag (a) and Ag@Au 
(b) at Rc = 30 nm, t = 10 nm at different distances from the surface: 1 – R/r = 0.4; 2 – R/r = 0.6; 3 – R/r = 0.8; 
4 – R/r = 1.0 

 

 

Fig. 8. Frequency dependences of heating in the vicinity of nanoparticles Au@Ag (a) and Ag@Au (b) at the same 
size values as shown in Fig. 6 

 
 

 

Fig. 9. Frequency dependences of the relative reaction rate catalyzed by nanoparticles Au@Ag (a) and Ag@Au (b) 
at the same radius values as shown in Fig. 6 
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Fig. 9 shows the frequency dependences of 
reaction rates catalyzed by particles Au@Ag and 
Ag@Au. Among all the considered particles, 
particles with the architecture stand out Au@Ag, 
for which the reaction rates will be the highest. 
Therefore, particles of such composition are 
preferable to use as catalysts for polymerization 
reactions. 

CONCLUSIONS 

Frequency dependences of heating, field 
enhancement, and reaction rates in the vicinity of 
spherical monometallic and bimetallic nano-
particles of different radii have been derived. 

It has been demonstrated that the spectral 
positions of the peaks in polarizability, heating, 
and reaction rate for monometallic nanoparticles 
are independent on the particle radius, while the 
maximum values of these quantities increase with 
increasing nanoparticle radius. 

Calculations suggest that using silver 
nanoparticles for plasmonic catalysis is 
advantageous as the reaction rate in their vicinity 
is higher compared to gold nanoparticles. 

It has been found that the field enhancement 
decreases with distance from the nanoparticle 
surface, regardless of its composition and 
structure. 

It has been shown that all calculated values 
for bimetallic nanoparticles exhibit two peaks 
corresponding to two dipolar surface plasmon 
resonances. Moreover, the positions of these 
peaks significantly depend on the nanoparticle 
radius, and there is an “attraction” of peaks in the 
imaginary part of polarizability with increasing 
radii. 

The use of particles Au@Ag as catalysts for 
polymerization reactions is preferable, as the 
reaction rates in their vicinity will be maximized. 

 
 
 
 

Фотоіндуковане прискорення хімічних реакцій сферичними моно- і біметалевими 
наночастинками 

 
Н.А. Смирнова, А.В. Коротун, Р.А. Куликовський 

 
Національний університет «Запорізька політехніка» 

вул. Університетська, 64, Запоріжжя, 69063, Україна, andko@zp.edu.ua 
Інститут металофізики ім. Г.В. Курдюмова Національної академії наук України 

бул. Академіка Вернадського, 36, Київ, 03142, Україна 
 

В роботі розглянуто задачу про вибір складу, структури та розміру сферичних наночастинок-
каталізаторів для проведення реакцій плазмон-індукованої полімеризації. Подано концепцію зниження енергії 
активації реакції в присутності каталізатора і, відповідно, збільшення швидкості хімічної реакції при 
розігріві за рахунок збудження поверхневого плазмонного резонансу. З використанням моделі Друде для 
діелектричної функції отримані співвідношення для частотних залежностей таких характеристик як дійсна 
і уявна частини поляризовaності, розігрів і швидкість хімічних реакцій при використанні як монометалевих і 
біметалевих наночастинок каталізаторів, а також підсилення полів в їхньому околі. Уявлення, розвинуті в 
роботі, враховують класичну розмірну залежність ефективної швидкості релаксації електронів у 
монометалевих і біметалевих наночастинках у припущенні дифузного розсіювання електронів. 
Проаналізовано зміни положення максимумів уявної частини поляризовaності, розігріву та швидкості реакції 
при зміні радіусів монометалевих та біметалевих наночастинок. Показано, що максимуми досліджуваних 
залежностей відповідають дипольним поверхневим плазмонним резонансам, які залежить від морфології 
частинки. Досліджено зміни величини підсилення електричних полів в околі наночастинок різної морфології. 
Встановлено, що підсилення полів у всіх випадках максимально на поверхні наночастинки і зменшується при 
віддаленні від неї. Сформульовано практичні рекомендації щодо вибору розмірів, складу та будови 
наночастинок для плазмонного каталізу, які забезпечують найбільші швидкості хімічних реакцій. Так, всі 
отримані частотні залежності мають один максимум для монометалевих і два максимуми для біметалевих 
наночастинок. 

Ключові слова: поляризованість, підсилення полів, швидкість реакції полімеризації, каталіз, поверхневий 
плазмонний резонанс, монометалеві та біметалеві наночастинки 
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