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CHAPTER – 5 

  

Size dependent Melting temperature, Catalytic 

activation energy and Glass transition 

temperature of free and embedded soft matter 

 

 5.1 Introduction 

The minuscule living organisms viruses and bacteria occur with different shapes and sizes in 

nature. Nonetheless, most of the viruses tend to be in spherical shapes with diameter ranging 

amidst 20–100 nm. All viruses are infinitesimal pockets of protein coat (capsid) which 

encloses nucleic acid core composed of either DNA or RNA. These tiny viruses have found 

promising applications in several fields of rapidly growing nanotechnologies[1]. In past 

years, the application of biological objects including viruses and bacteria as nanotemplates in 

nanofabrication was acquired[2,3,4,5,6]. For instance, tobacco mosaic virus (TMV) and M13 

bacteriophage were successfully used in the synthesis of metallic and semiconductor 

nanowires[6]. For nanomaterial’s self-assembly, inherently mutated TMV and M13 were well 

used[3]. Furthermore, the physical properties of TMV make it an attractive molecule for 

engineering hybrid materials[2]. Metal-coated TMVs have been used as a structural 

component in nickel-zinc and lithium ion batteries while TMV coated with fine platinum is a 

promising anode material for direct methanol fuel cells[4]. The utilization of viruses 

commonly occurs in two categories (i) major fabrication for bulk devices such as energy 

generation/storage, or ferrofluids; (ii) manufacturing of fine layers or wires for biosensors in 

the form of small quantity[2]. The researchers have successfully used genetically engineered 

viruses in contrast to the usual high-tech materials or microchips to harvest solar energy[5]. 

In addition, the common viruses have been found useful in producing materials that resemble 

skin and bone[7]. The evaluation of physical and chemical properties of viruses has been 

extensively explored[8,9] and topic of interest due to their budding use in nanotechnology 

and therapeutics. An insight in their mechanism is gaining many attentions in order to utilize 



65 

 

CHAPTER 5                               Size dependent Melting temperature, catalytic  

                                                    activation energy and glass transition temperature of  

                                                   free and embedded soft matter 

  
 

 

 
 

them in nanotechnology[10,11,12]. Our study will help in making predictions about 

biological phenomena and determining their properties relevant to nanotechnology design 

efforts and new therapeutic targets. Through low-frequency vibration analysis one can find its 

application in diagnosis/treatment of various viral diseases. The concept of killing and 

destroying viruses can be supported by the Rife therapy performed by a Rife frequency 

instrument, which destroys the microbe when there is a resonance between the mechanical 

oscillation frequency. The existence of well-defined resonance has also been emphasized by 

Ford[13] for which the knowledge of damping and width of the resonance is important and 

could be valuable for science and medicine. Another analogy to this is An Opera Singers 

voice which can break a thin crystal glass if the signal can match the glass natural frequency. 

Production and functioning of viruses can be better when the physical properties such as 

melting temperature, glass transition temperature and catalytic activation energy are well 

known both in free and embedded conditions. The study of glass transition temperature (Tg) 

for nanomaterials has been a subject of extensive attraction from last few years due to their 

significantly important applications. The particular interest however developed when a 

depression was first observed for small molecule glass formers confined in nanoporous 

glasses[14]. Nevertheless, there exists reports which claim enhancement in Tg for confined 

glass formers[15]. Glass transition temperature (Tg) of a material is not only important for its 

mechanical properties but also for many applications including to know the maximum usable 

temperature of the material. Furthermore, this is especially important for nanotechnologies 

that use polymeric thin films, using advanced integrated circuits[16]. 

It has been found that the finite size of a material affects its glass transition state and 

solubility[17]. Recently, the denatured hen egg white lysozyme, a highly basic protein has 

been found an effective tool for the solubilization of fullerene[18]. The melting temperature 

behavior of nanoparticles has attracted notable attentions and has been broadly 

studied[19,20,21]. In several areas, viruses are made to be active and inactive according to 

their need based applications. In this context, information about the thermodynamical 

parameter, melting temperature of the virus is important to be known before its application. 

Recently, Ku et al[22] predicted the melting temperature directly from protein sequencing. It 
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is observed that the proteins can be inactivated by high temperature. Hence, an accurate 

determination of the onset temperature at which proteins are irreversibly inactivated is of 

great importance to both protein science and the pharmaceutical industries[23]. The protein 

melting (Tm) is defined as the temperature at which the protein denaturation occurs. The 

protein denaturation very much depends on its size modification. Protein denaturation 

comprises an alteration in the protein structure (ordinarily an unfolding) with the loss of 

activity[24]. The area of nanocatalysis has been an active area of research from past many 

years[25]. The enzyme molecule lowers the activation energy of the reaction and increases its 

rate[26]. Furthermore, the lysozyme functionalized bioactive glasses which influences the 

cytotoxicity and anticancer activity have received attention in biomedical applications[27]. 

The efficient protein adsorption and drug delivery capability of bioactive glasses suggest that 

the size- and medium-dependent catalytic activity of lysozyme can be better utilized in many 

protein based applications and pharmaceutical industries. 

In this paper, we report a systematic study on the size and surrounding dependent melting 

temperature, catalytic activity and glass transition temperature of a spherical virus using 

thermodynamical approaches. Furthermore, taking lysozyme as the protein coat in spherical 

virus is justified as it is a known powerful antibacterial protein widely distributed in various 

biological fluids and tissues including avian egg, plant, bacteria, tears, saliva, milk etc.  

5.2 Methodology  

To determine the size and temperature dependent thermodynamical parameters a unique 

approach based on the thermodynamics using size and shape terms is necessary. In this study, 

to model the size dependent thermodynamical properties such as melting temperature, 

catalytic activation energy and glass transition temperature, well-known Arrhenius equation 

is employed. The size and temperature dependent catalytic activation energy under the 

framework of Arrhenius equation can be expressed as[28];  

                                       K(D,T) = Ko(D)exp(
𝐸𝑎(𝐷)

𝑅𝑇
)                                                            (5.1) 
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where Ko is the pre-exponential factor. Ea(D) expresses size dependent catalytic activation 

energy, R being the ideal gas constant and T is the temperature. Assuming the same average 

rate constant at the melting temperature for all viruses, we get the following expression to 

relate the catalytic activation energy and melting temperature[29]. 

                                                          
𝑇𝑚(𝐷)

𝑇𝑚(∞)
 = 

𝐸𝑎(𝐷)

𝐸𝑎(∞)
                                                               (5.2)   

where, 𝐸𝑎(∞)is catalytic activation energy in bulk form, Tm(D) is size dependent melting 

temperature and 𝑇𝑚(∞) is melting temperature of nanometric virus in bulk i.e. lysozyme 

protein crystal. The expression for the melting temperature of a nanoparticle (virus) 

embedded in a medium can be written as[30]                                          

                                                           
𝑇𝑚

𝑇𝑚𝑏
 = [1 −

3𝑑𝛼

2𝐷
(1 −

𝑇𝑀

𝑇𝑚𝑏
)]                                         (5.3) 

Here, Tm is the melting temperature of virus nanoparticle with particular size (diameter), Tmb 

is the melting temperature of virus (lysozyme) in bulk, d is the actual diameter of virus and 

TM is the melting temperature of the matrix (encircling medium). The 𝛼 present in the above 

equation is shape factor and is considered equal to one for the spherical form. 

The comparison of Equations 5.2 and 5.3 gives rise to the following expression, 

                                                         Tm = Tm(D) and Tmb = Tm (∞)                                     (5.4) 

Therefore, the catalytic activation energy using Equation 5.1 can be written as, 

                                                
𝐸𝑎(𝐷)

𝐸𝑎(∞)
 = [1 −

3𝑑𝛼

2𝐷
(1 −

𝑇𝑀

𝑇𝑚𝑏
)]                                                 (5.5) 

Equations 5.3 and 5.5, respectively will provide values of size dependent melting temperature 

Tm and catalytic activation energy Ea of an embedded spherical virus. These equations clearly 

reflect the effect of surrounding medium inclusion. Glycerol and water are the most common 

mediums in which viruses are present. In addition, the approach which will appear in what 

follows; the low-frequency studies on viruses have been performed with these surrounding 

mediums. It is clearly seen from above equations that the inclusion of surrounding mediums 
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modifies the expressions of these quantities, which can be attributed to the modification in 

cohesive energy of the free virus case. 

According to Lindemann’s criterion, a crystal melts when root mean square value of 

amplitude of thermal vibration (r) of atoms or molecules reaches a critical fraction of 

interatomic distances at particular temperature and expressed as[31]; 

                                                           𝜎2(𝑟, 𝑇) = 𝐹(𝑟) 𝑇                                                           (5.6)  

In amorphous solids and glasses, calculations of the thermal conductivity at temperature 

above 50 K are well illustrated with a distinct model, due to Einstein, in which the harmonic 

motion of nearby atoms is uncorrelated. This model determines an elementary 

phenomenological depiction of the lattice vibrations in the frequency range of terahertz, and 

grants a quantifiable explanation of the heat transport. The heat capacity behavior of the 

glasses studied in the range 5–300 K is well described by the combination of Debye and 

Einstein heat capacity functions[32]. The Lindemann’s model developed in 1910 for the 

study of melting transition is based on Einstein’s explanation of the low temperature specific 

heat of crystals, cp(∞) where the corresponding bulk characteristic Einstein temperature 𝜃𝑒(∞) 

is proportional to the Einstein frequency 𝜈𝐸(∞)  as  ℏ𝜈𝐸(∞) = 𝜃𝑒(∞). Here, ℏ  is the plank’s 

constant. Lindemann’s criteria has also been successfully applied to describe changes in the 

local dynamics of protein[33], atomic clusters[34] and polymer melts[35,36]. 

According to Shi’s model for Tm(r), the mean square displacement of a nanoparticle, 𝜎2(𝑟)  

can be presented as[37]; 

                            
𝐹(𝑟)

𝐹(∞)
=

{𝜎2(𝑟,𝑇𝑚(𝑟)/ℎ2)}

{𝜎2(∞,𝑇𝑚(∞)/ℎ2)}
 [

𝑇𝑚(∞)

𝑇𝑚(𝑟)
] =  

𝑇𝑚(∞)

𝑇𝑚(𝑟)
                                                   (5.7) 

Therefore, melting temperature, Tm can be written as; 

                           
𝑇𝑚(𝑟)

𝑇𝑚(∞)
=

𝜎2(∞)

𝜎2(𝑟)
= 𝑒𝑥𝑝 {

−(𝛼−1)

[(
𝑟

𝑟𝑜
)−1]

}                                                                 (5.8)  

where 𝛼 = [2𝑆𝑣𝑖𝑏(∞)/(3𝑅)] + 1 
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Since, glasses and crystals as solids have analogs structural characteristics of the short range 

order, they should possess the similar vibrational characteristics at their melting temperature. 

The glass transition temperature, Tg is deemed to be second order transition, therefore it can 

be acquired by substituting Cpg(∞) in place of Svib in Equation (5.8), where Cpg(∞) is the heat 

capacity difference between the bulk glass and bulk liquid at Tg(∞). According to 

phenomenological observation, it is assumed that the 𝜎𝑔
2(∞) ≈ 𝜎2(∞), where the subscript g 

denotes glass transition temperature, Tg. Replacing Tm (r), Tm (∞), 𝜎2(𝑟)  and 𝜎2(∞) with 

Tg (r), Tg (∞), 𝜎𝑔
2(𝑟) and 𝜎𝑔

2(∞) in Equation (5.8), we obtain[29] 

                                        
𝑇𝑔(𝑟)

𝑇𝑔(∞)
=

𝜎2(∞)

𝜎2(𝑟)
= 𝑒𝑥𝑝 {

−(𝛼−1)

[(
𝑟

𝑟𝑜
)−1]

}                                                     (5.9) 

ro = c1(3–d)h, where d represents dimension; d=0 for nanosphere, d=1 for nanowires and d=2 

for thin films. c1 is the additional condition for different surface states which in case of 

nanocrystals is equal to unity. 

As the virus is in the range of few nanometers like nanoparticles, the wavelength of low-

frequency acoustic phonons is related to the atomic spacing, the virus nanoparticle can be 

treated as a uniform continuum sphere together with the isotropic medium[27]. The 

vibrational modes of a nanometric particle were first calculated by Lamb[38] by considering 

the acoustic vibrations of a particle as a whole from classical point of view and later by many 

others[9,39,40]. This requires sphere size, density and sound in corresponding bulk material 

as parameters to be used in calculation. The low-frequency vibrational modes are of two 

types: spheroidal and torsional modes. We have calculated the low-frequency vibration of 

spherical virus as this is analogous to semiconductor nanocrystals or quantum dots. The 

symmetry of the continuum model usually provides a series of good quantum numbers to 

identify the modes namely the spheroidal and torsional vibrational modes.  
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5.3 Size dependent melting temperature and catalytic activation 

energy of free and embedded virus 

In this section we have compared our theoretical values using derived equations with the 

experimental values. Fig. 5.1 shows the size and matrix (water and glycerol) dependent 

melting temperature for spherical virus (lysozyme) which shows that the melting temperature 

rapidly decreases below 75-nm diameter similar to the other nanoparticles [41]. The Tm of 

virus without any medium is almost constant above 175nm and attains to the melting 

temperature of bulk lysozyme. We calculated melting temperature and presented in Table 5.1 

together with the available experimental [42,43] and other theoretical data[36]. The obtained 

melting temperature of bulk lysozyme as 330 K is in good agreement with available 

experimental value obtained using differential scanning calorimetry (DSC) for chicken egg 

white lysozyme (CEWL) in the presence of perdeuterated matrices D2O, glycerol and glucose 

[36]. While the experimental melting temperature for CEWL hydrated with 0.4 g water per 

gram of dry protein is 340 K, the same for CEWL embedded in 1:1 (gram protein per gram 

solvent) in glycerol and glucose is 370 K [36]. However in the same work from stability 

curves, they found melting temperature for two systems as 𝑇𝑚,𝑠𝑖𝑚
𝑤𝑎𝑡  = 444 K and 

𝑇𝑚,𝑠𝑖𝑚
𝑔𝑙𝑦

=524K[36]. This can be attributed to the convergence issues with atomistic force fields 

which generally overestimates the in silico melting temperature [44].  

Fig. 5.1 also presents the size dependent melting temperature of spherical virus in two 

mediums water and glycerol, which shows a significant variation in the magnitude of melting 

temperatures as well as in the trend. Although there is an increase in melting temperature 

with size in the case of embedded virus, no rapid change is observed in melting temperature 

of embedded virus system. The melting temperature for both embedded systems at 200 K is 

about 25 K higher than the free virus, but the difference increases with lowering the 

temperature and is more than 100 K below 50 K. As far as two mediums glycerol and water 

are concerned the difference in melting temperature of virus is not very significant which can 

be seen from the inset of Fig.5.1. The melting temperature decrease of virus with size can be 

attributed to the increased surface-to-volume ratio of virus with its decreasing size[45] and 
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crystallinity of the structures[46]. However, when the virus is embedded in glycerol and 

water, the increase of melting temperature for a given size of virus can be attributed to the 

mismatch in the physical properties particularly the mechanical parameters and density of 

both virus particle and surrounding mediums[9]. However, in the case of virus embedded in 

glycerol and water, the lower value of Tm in the case of water embedded virus can be 

attributed to the formation of stronger hydrogen bonds[47] in  polar water embedded viral 

protein and low cohesion energy due to less cohesion. 

 

Table 5.1: Calculated values of melting temperature and glass transition temperature for free and 

embedded virus along with the other studies and experimental data.  

                    Melting temperature(Tm,K) 

 

Glass transition (Tg,K) 

System  Present Exp Other 

theories(MD) 

Present Exp Other 

theories(MD) 

Lysozyme 330.1 340[42]  -  191.55, 

289.59  

[49] 

130-240 

[50], 280-

313[51] 

220[43], 215-

245[53] 

Lysozyme+ 

water 

345.03 347.95 

[48] 

444[36] 286.4    

[49] 

 150-170  

[50] 

     - 

Lysozyme+ 

glycerol 

345.45 349.15[48], 

370[36] 

524[36] 281.3   

[49] 

  175[52], 

220[43] 

     - 
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Table 5.2: Calculated values of catalytic activity for free and embedded virus along with the other 

studies. 

 Catalytic activation energy (Ea,kj/mol) 

System  Present  Others  

 

Lysozyme 

 

88.53 - 

Lysozyme+ water 

 

92.52 75.3[50] 

Lysozyme+ glycerol  

 

92.63 - 

 

Figure 5.1: Size dependent melting temperature of free and embedded virus. 
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Fig. 5.2 presents the size- and medium-dependent catalytic activation energy, Ea of 

considered spherical virus. The catalytic energy variation with size is similar to the melting 

temperature variation. All three curves representing three different cases show the decrease in 

Ea with decrease in size. The calculated catalytic activity energy for virus of about 200nm 

(bulk) in all cases presented in Table 5.2 clearly shows a good agreement with previous 

results [50]. In case of free virus the catalytic activation energy (Ea) is less than that of 

embedded virus. For water medium the catalytic activation energy is 89.2 kj/mol for 25nm 

virus which is higher than the same for 25nm free virus. This comparison shows that the virus 

embedded in water has less catalytic activation energy than that of glycerol medium and can 

be better in catalyzing any chemical reaction because less catalytic activation energy reveals 

to higher rate of chemical reaction. However, it is important to note that the free virus has 

lower catalytic activation energy. The catalytic activation energy value will be almost equal 

above 200nm size for both free and embedded cases.  

              

Figure 5.2: Size dependent catalytic activity of free and embedded virus. 
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5.4 Size dependent glass transition temperature of  free and 

embedded virus  

Fig. 5.3 shows the calculated results on the size dependent glass transition temperature Tg 

using the expression based on thermodynamics. Fig. 5.3 clearly depicts as size of virus 

increases there is a decrease in glass transition temperature Tg. It is interesting to note that the 

Tg /Tm ratio becomes more than one for the virus size of <50 nm in contrast to the usual trend 

in the polymer where it lies between 0.5 and 0.76 with a large majority of those with ratio 

2:3[54]. This implies that the virus (material) behaves quite unsymmetrical for smaller size. 

However, for the size 150 nm the virus turns symmetrical as the Tg /Tm ratio is below 0.5[54]. 

This is in line of glass transition Lindemann criterion which shows Tg ≪ Tm[55].  

Table 5.1 clearly shows that the glass transition temperature for spherical virus composed of 

lysozyme protein is in good agreement with experimentally obtained values using DSC and 

dielectric measurements[43,50,51,52] and other theoretical calculations[43,53]. For the 

comparison we have also included data for myoglobin apart from the lysozyme which shows 

a good agreement between both. 

 

 

 

 

 

 

 

 

 

Figure 5.3: Size dependent glass transition temperature of free virus. 
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Fig. 5.4 presents the temperature versus frequency of Raman active low-frequency spheroidal phonon 

mode. The low-frequency Raman active mode is calculated using continuum approach. In addition, 

the structure of spherical viruses is quite suitable to be used as a material in continuum model. Viruses 

are composed of individual coat proteins bundled together to be approximately like a sphere. Each 

individual coat protein in the bundle comprises several amino acids. The calculation of properties 

using low-frequency mode based on elastic continuum model requires only two parameters, 

longitudinal and transverse sound velocities cl and ct; respectively of lysozyme as the measured speed 

of sound in different protein crystals is similar [9]. Furthermore, the approximation of treating virus as 

prefect spheres is not a drawback for the lowest lying acoustic phonon modes which are the only once 

that we calculate and use for the determination of properties particularly the glass transition 

temperature[56]. 

Furthermore, using the virus as homogeneous and isotropic object is justifiable as it has internal 

structure and without well-known anisotropicity. It is clearly seen from the Figure 5.4 that the nature 

changes sharply indicating a sharp glass transition. The sharp change in the temperature dependence 

of the frequency of the low-frequency mode have been used earlier to estimate Tg in some glass 

Figure 5.4: Temperature dependent low-frequency vibration curve for a free and 

embedded virus (a) for 25 nm and (b) 50 nm. 
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formers[57,58]. However, the predicted value of Tg from temperature dependence of the low-

frequency phonon mode is higher than the one obtained from thermodynamical calculation. This can 

be attributed to the fact that the low-frequency vibration is due to the whole vibration of the body. It is 

to be noted that the range of glass transition temperature which is obtained here is in good agreement 

with earlier measurements [59,50,60]. However, when virus of 50nm is embedded in medium such as 

water and glycerol, there is a decrease in Tg which may be attributed to the reduction in frequency due 

to damping of mode and radiating its vibrational energy to the water and glycerol. 

5.5   Conclusions  

This chapter presents the size dependent melting temperature, catalytic activation energy and 

glass transition temperature of the spherical virus by considering this as lysozyme protein 

crystal. All considered parameters show temperature dependency. Although the melting 

temperature and catalytic activation energy increases with decreasing size the glass transition 

temperature shows reverse behavior. In all cases the respective parameters attain the bulk 

value. The melting temperature is the required temperature which can be used to denaturate 

and kill the virus of a particular size. The calculated catalytic activation energy of spherical 

virus may have the implications in the field of catalyst. The calculated value of Tg for virus 

can be used to determine the elasticity or mechanical properties of the virus and hence 

mimicking the actual condition. This study also shows the effect of glycerol and water on 

these properties. The surrounding medium increases the melting temperature and catalytic 

activity energy but decreases the glass transition temperature. The glass transition 

temperature of virus has also been calculated using the temperature dependent low-frequency 

vibrational mode which shows a consistent result. This study also brings out the potential of 

this technique to be used as a complimentary technique for the determination of glass 

transition temperature of biological materials like virus and bacteria. 
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