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Abstract 

It is necessary to consider defects to explain the electron movement, thermal transport and mechanical 

properties of materials. In the present study, a simple quantitative model for cohesive energy of 

nanoparticles is extended to determine the size, shape and crystal structure effect on vacancy formation 

energy, vacancy entropy, and vibrational frequency in free surface Au nanoparticles. Vacancy entropy 

variation with size has been studied for spherical, regular octahedral, regular hexahedral and regular 

tetrahedral Au nanoparticles (NP’s). The computed results depict the drop in entropy with respect to 

size is maximum in regular tetrahedral NP’s and least in spherical Au NP’s. It is found from model 

results that vibrational frequency decrease with decrease in diameter of the nanoparticles and 

reduction is different for different shapes as surface atoms to volume ratio changes. The consistency of 

present obtained results with the results from other theoretical models supports the present formulation 

and predicts well the effect of size and shape on the physio-chemical properties in nanomaterials.  
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INTRODUCTION 

The study of physio-chemical properties of nanomaterials is the subject of interest worldwide from 

past few decades because of the fascinating behavior seen with size reduction to the nanometer scale. 

Nanomaterials possess unique and interesting properties in comparison to their bulk form as they 

possess a greater number of surface atoms in comparison to bulk which modify their physio-chemical 

properties. It is found that quantum effects begin to dominate in nanomaterials with decrease in size [1-

3]. 

 

There are significant deviations in thermodynamic properties at nanoscale as surface area to volume 

ratio increases leading to decrease in melting temperature and cohesive energy of the material [4-7]. 

Debye temperature, Debye frequency, vacancy entropy and enthalpy also get affected due to decrease 

in size of the material to nanoscale. 

 

Vacancies are Schottky or point defects in materials that have strong effect on thermodynamic, 

electrical and thermal properties of material. Vacancy is characterized by energy of formation of 

vacancy and entropy. As Energy required for Vacancy creation and vacancy entropy varies with size 

and shape of the material, so it is pertinent to take 

into account the shape parameter and size effect to 

estimate these properties. Previous studies reveal 

that it is quite difficult to determine experimentally 

the formation energy of vacancy in material [8-10]. 

During past few decades, various models such as 

surface area difference model, Guisbiers model, 

and pair potential method etc. have been used to 

predict the Energy required for Vacancy creation 

and vacancy entropy in nanomaterials [11-14]. In 

this article, a theoretical model formulated by Qi et 
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al [15]. is extended to obtain expressions that predict the size, shape and crystal structure impact on 

vacancy related properties in the nanoparticles. The model theory is explained in section 2 and the 

results are discussed in section 3. 

 

MATHEMATICAL FORMULATION 

Cohesive Energy and Melting Temperature 

Qi and Wang [15] expressed the cohesive energy of the solid nanomaterial 𝐸𝑐𝑁  as follows: 

𝐸𝑐𝑁 = 𝐸𝑜 (1 −
3𝑁

4𝑛
)  (1) 

Where 𝐸𝑜the cohesive energy in bulk material, 𝑛 denotes the total atoms and 𝑁 denotes the total 

number of surface atoms in nanomaterial. 

 

To consider the effect of shape in nanomaterials, shape parameter 𝛼 is defined as follows for spherical 

atoms with atomic diameter 𝑑 and diameter of the nanomaterial as 𝐷[15, 16]: 

𝛼 =
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑛𝑜𝑛𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒(𝑆′)

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 (𝑆)
  (2) 

To consider the effect of crystal structure on the nanomaterial, packing fraction term 𝑃𝐹 is included 

in the calculation of 
𝑁

𝑛
 as follows: 

𝑁

𝑛
=

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑎𝑛 𝑎𝑡𝑜𝑚⁄

(𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒)𝑋(𝑝𝑎𝑐𝑘𝑖𝑛𝑔 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑃𝐹)
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎𝑛 𝑎𝑡𝑜𝑚⁄

 

𝑁

𝑛
= 𝛼

4𝑑

𝐷𝑃𝐹
  (3) 

Melting temperature and cohesive energy in bulk solid are related as follows [17]: 

𝑇𝑚𝐵 =
0.032

𝑘𝐵
𝐸0  (4) 

where 𝑘𝐵 is Boltzmann constant. 

In view of equation (3), the melting temperature in nanomaterials 𝑇𝑚𝑁 is expressed as follows 

𝑇𝑚𝑁 =
0.032

𝑘𝐵
𝐸𝑐𝑁  (5) 

Considering eq. (4) and eq. (5), the relation between melting temperatures of nanomaterial 𝑇𝑚𝑁 and 

bulk 𝑇𝑚𝐵 is as follows: 

𝑇𝑚𝑁 = 𝑇𝑚𝐵 (1 −
3𝑁

4𝑛
)  (6) 

 

Debye Temperature 

In view of Lindemann criterion of melting [18, 19]; the Debye temperature 𝜃𝐷  and melting 

temperature 𝑇𝑚 are related as follows: 

𝜃𝐷 ∝ (𝑇𝑚)
1

2⁄   (7) 

 

If 𝜃𝐷𝑁; 𝜃𝐷𝐵 denote Debye temperatures of nanomaterial and its bulk counterpart, the relation between 

them is as follows: 

𝜃𝐷𝑁 = 𝜃𝐷𝐵 (1 −
3𝑁

4𝑛
)

1
2⁄
  (8) 



 

Journal of Polymer & Composites 

Volume 13, Special Issue 1 

ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print) 

 

© STM Journals 2025. All Rights Reserved S225  
 

Vacancy Formation Energy and Vibrational Frequency 

Melting temperature and energy used in formation of vacancy are linearly related as both the 

properties are linked with electrons which follow Fermi-Dirac statistics [5, 11, 20,21]. Therefore, 

energy of vacancy formation in nanomaterial 𝐸𝑣𝑁 to bulk 𝐸𝑣𝐵 iswritten as follows: 

𝐸𝑣𝑁 = 𝐸𝑣𝐵 (1 −
3𝑁

4𝑛
) (9) 

As Debye frequency and Debye temperature are directly proportional; the relative vibrational 

frequency relation  
𝜔𝜈𝑁

𝜔𝜈𝐵 
is written as follows [14,22]: 

𝜃𝐷𝑁

𝜃𝐷𝐵
=

𝜔𝜈𝑁

𝜔𝜈𝐵
= (1 −

3𝑁

4𝑛
)

1
2⁄
  (10) 

 

Vacancy Entropy 

Bulk vacancy entropy 𝑆 𝑣𝐵 is directly related to melting temperature 𝑇𝑚𝐵 as follows [23]: 

𝑆𝑣𝐵 =
3

2
𝑘𝐵 𝑙𝑛 (

𝑇𝑚𝐵

𝑐
)  (11) 

 

Vacancy entropy 𝑆𝑣𝑁 is related to melting temperature of nanomaterial 𝑇𝑚𝑁 as follows [23]: 

𝑆𝑣𝑁 =
3

2
𝑘𝐵 𝑙𝑛 (

𝑇𝑚𝑁

𝑐
)  (12) 

Where 𝑘𝐵; c are constants. 

In view of equations (11) and (12), vacancy entropies of nano and bulk are related as follows: 

𝑆𝑣𝑁 = 𝑆𝑣𝐵 +
3

2
𝑘𝐵 𝑙𝑛 (

𝑇𝑚𝑁

𝑇𝑚𝐵
)  (13) 

In view of eq. (6) and eq. (9), considering linear relation between energy of formation of vacancy 

and vacancy entropy, vacancy entropy in nanomaterials can be expressed as [24]: 

𝑆𝑣𝑁 = 𝑆𝑣𝐵 (1 −
3𝑁

4𝑛
) (14) 

 

RESULTS AND DISCUSSION 

In the present article, the effect of vacancies or defects on the thermophysical properties of Au 

nanoparticles (NP’s) is discussed. The phenomenological model formulated by Qi et al. [15] is used and 

is extended to predict the impact of size, shape and crystal structure on vacancy related properties in the 

Au nanoparticles. As the crystal structure of Au is face centered cubic (FCC), so packing fraction is 

taken as 0.74 [22]. The model calculations require the value of atomic diameter 𝐷 taken from reference 

[7]. The shape parameter for spherical and non-spherical NP’s is taken from reference [16]. The input 

values of energy of formation of vacancy and vacancy entropy for bulk material is considered from 

references [25, 26]. 

 

Formation energy of vacancy and vacancy entropy remain same for bulk material but these 

parameters vary with size in NP’s. Using eq. (3) in eq. (9), vacancy formation energy𝐸𝑣𝑁  is determined. 

It is found that energy of formation of vacancy in nanoparticles reduces as its size reduces. Figure 1 

shows the reduction in 𝐸𝑣𝑁 of Au spherical nanoparticles as size of the nanoparticles reduce to nano 

size. As melting temperature of material is linearly related to vacancy formation energy 𝐸𝑣𝑁 of the 

material experimentally [10], it is clear that 𝐸𝑣𝑁 decreases with decrease in diameter to nanoscale. The 

present predicted results for Au (spherical) NP’s are observed in agreement with the results obtained 

from Guisbiers model [14]. Equation (11) relates the entropy to melting temperature [23]. Figure 2 

shows the vacancy entropy change in Au NP’s with change in size of the particle. The calculated results 

obtained using eq. (14) shows the drop in entropy with size reduction to nano regime. It is found that 
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the predicted results obtained using eq. (14) is consistent with the previous theoretical results [14]. It is 

found that variation trend in vacancy entropy of nanoparticles with size is similar to that in previous 

results [24]. Figure 3 show the vacancy entropy change with respect to size in Au spherical NP’s, regular 

tetrahedral, regular octahedral and regular hexahedral NP’s. The computed results show that the drop 

in entropy with respect to size is maximum in regular tetrahedral NP’s as they possess a greater number 

of surface atoms in comparison to other while drop in entropy is least in spherical Au NP’s. The figure 

plotted depicts the effect of shape and size on vacancy entropy of Au nanoparticles.  

 

The electrical, thermal and optical properties of nanomaterials get strongly affected by large surface 

area to volume ratio of nanomaterials due to phonon scattering and in turn affect the optical properties 

of material. Debye frequency as well as Einstein frequency is directly related to Debye temperature [22, 

27]. Eq. (10) explains the drop in Debye temperature with size reduction led to reduction in vibrational 

frequency. 

 

 
Figure 1. Vacancy formation energy versus size in Au spherical NP’s. 

 

 
Figure 2. Relative vacancy entropy versus size in Au spherical NP’s. 
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Figure 3. Relative vacancy entropy versus size in Au NP’s of different shapes. 

 

 
Figure 4. Relative vibrational frequency versus diameter in Au spherical NP’s. 

 

The relative change 
𝜔𝜈𝑁

𝜔𝜈𝐵
 in Au spherical nanoparticles with diameter is studied using eq. (10). The 

results of variation of  
𝜔𝜈𝑁

 𝜔𝜈𝐵
 with size are depicted in Figure 4 with the Guisbiers models results [14]. It 

is noted that variation trend matches with the previous studies. 

 

Breaking of chemical bonds results in the formation of vacancies. As number of broken bonds 

increases with size reduction of the material, vacancies get formed easily in material. Increase in the 

concentration of vacancies at nano regime results in decrease in vacancy formation energy, vacancy 

entropy. Vacancies results in increase in electrical resistivity and thereby affects the scattering of 

electrons [28]. This results in less efficient thermal and electron transport in nanomaterials. 
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CONCLUSION 

In the present paper, the influence of size, shape and crystal packing fraction on the vacancy 

formation energy, vacancy entropy and vibrational frequency of gold nanoparticles is studied using a 

simple model. Vacancies are created in solid due to the breaking of bonds and results in increase in 

resistivity. It is noted that concentration of vacancies increases in nanoparticles with size reduction to 

nano regime.  
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