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ABSTRACT

In this work, we have studied the effect of size and aqueous medium on the low-frequency dynamics,
physical properties like melting temperature and glass transition temperature and chemical properties
like catalytic activation energy of spherical virus using Lindemann’s criteria and Arrhenius relation
under their dynamic limit. The melting temperature and catalytic activation energy decrease with
decreasing size of spherical virus. The glass transition temperature which increases with decreasing
size of the virus is analyzed through the size dependent melting temperature. The melting tempera-
ture and catalytic activation energy of spherical virus of particular size increases when it is embedded
in glycerol or water due to mismatch of the physical properties at the interface of virus and surround-
ing medium. In addition, the glass transition temperature of free and glycerol/water embedded virus
using low-frequency vibrational modes has been calculated under the framework of elastic continuum
approximation model. The glass transition temperature of spherical virus decreases with size when
embedded in glycerol or water. A correlation between T, and T, is also drawn for spherical viruses.
The study can be useful for spherical virus borne therapy i.e. in detecting and killing of the spherical
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viruses using a principle based on acoustic phonons (sound waves) resonance.

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 pock-
ets 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 (Pankhurst, Connolly, Jones, &
Dobson, 2003). In past years, the application of biological
objects including viruses and bacteria as nanotemplates in
nanofabrication was acquired (Alonso, Gorzny, & Bittner,
2013; Flynn, Lee, Peelle, & Belcher, 2003; Gorzny, Walton, &
Evans, 2010; Park et al, 2016; Shenton, Douglas, Young,
Stubbs, & Mann, 1999). For instance, tobacco mosaic virus
(TMV) and M13 bacteriophage were successfully used in the
synthesis of metallic and semiconductor nanowires (Shenton
et al., 1999). For nanomaterial’s self-assembly, inherently
mutated TMV and M13 were well used (Flynn et al., 2003).
Furthermore, the physical properties of TMV make it an
attractive molecule for engineering hybrid materials (Alonso
et al.,, 2013). Metal-coated TMVs have been used as a struc-
tural component in nickel-zinc and lithium ion batteries
while TMV coated with fine platinum is a promising anode
material for direct methanol fuel cells (Gorzny, Walton, &
Evans, 2010). 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 (Alonso et al., 2013). The researchers have success-
fully used genetically engineered viruses in contrast to the
usual high-tech materials or microchips to harvest solar
energy (Park et al., 2016). In addition, the common viruses
have been found useful in producing materials that resemble
skin and bone (Chung et al,, 2011). The evaluation of phys-
ical and chemical properties of viruses has been extensively
explored (Ghavanloo & Fazelzadeh, 2014; May, 2014; Talati &
Jha, 2006) and topic of interest due to their budding use in
nanotechnology and therapeutics. An insight in their mech-
anism is gaining many attentions in order to utilize them in
nanotechnology (Aggarwal, May, Brooks & Klug, 2016;
Losdorfer Bozi¢ & Siber, 2018; Zhang & Zhang, 2018). Our
study will help in making predictions about biological phe-
nomena and determining their properties relevant to nano-
technology 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 sup-
ported by the Rife therapy performed by a Rife frequency
instrument, which destroys the microbe when there is a res-
onance between the mechanical oscillation frequency. The
existence of well-defined resonance has also been empha-
sized by Ford (2003) for which the knowledge of damping
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and width of the resonance is important and could be valu-
able 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 (Ty) for nanomaterials
has been a subject of extensive attraction from last few years
due to their significantly important applications. The particu-
lar interest however developed when a depression was first
observed for small molecule glass formers confined in nano-
porous glasses (Jackson & McKenna, 1991). Nevertheless,
there exists reports which claim enhancement in Ty for con-
fined glass formers (Jerome, 1999). Glass transition tempera-
ture (Tq) of a material is not only important for its
mechanical properties but also for many applications includ-
ing to know the maximum usable temperature of the mater-
ial.  Furthermore, this is especially important for
nanotechnologies that use polymeric thin films, using
advanced integrated circuits (Koh, McKenna, & Simon, 2006).
It has been found that the finite size of a material affects its
glass transition state and solubility (Jiang, Shi, & Li, 1999).
Recently, the denatured hen egg white lysozyme, a highly
basic protein has been found an effective tool for the solu-
bilization of fullerene (Siepi et al., 2017).

The melting temperature behavior of nanoparticles has
attracted notable attentions and has been broadly studied
(Dash, 1999; Gupta, Talati & Jha, 2008; Nanda 2009). In sev-
eral areas, viruses are made to be active and inactive accord-
ing 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. (2009) predicted the melting
temperature directly from protein sequencing. It 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 (Zhong, Wang, Ma, & Li, 2016). 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 com-
prises an alteration in the protein structure (ordinarily an
unfolding) with the loss of activity (Mallamace et al., 2016).
The area of nanocatalysis has been an active area of research
from past many years (Chen & Kucernak, 2004). The enzyme
molecule lowers the activation energy of the reaction and
increases its rate (Pauling, 1948). Furthermore, the lysozyme
functionalized bioactive glasses which influences the cytotox-
icity and anticancer activity have received attention in bio-
medical applications (Zheng et al, 2016). The efficient
protein adsorption and drug delivery capability of bioactive
glasses suggest that the size- and medium-dependent cata-
lytic activity of lysozyme can be better utilized in many pro-
tein 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. We also investigated the
glass transition temperature using a new approach based on
the low-frequency Raman modes calculated under the frame-
work of an elastic continuum model together with the
proper boundary conditions at the virus surface. The low-fre-
quency Raman modes of the spherical virus is calculated
using the longitudinal and transverse sound speeds ¢, and ¢
of lysozyme which is similar to the speeds of sound in differ-
ent protein crystals such as ribonuclease and hemoglobin
(Tsen et al., 2006) and successfully used earlier by many
researchers (Dykeman, Sankey, & Tsen, 2007; Talati & Jha,
2006). Furthermore, taking lysozyme as the protein coat in
spherical virus is justified as it is a known powerful antibac-
terial protein widely distributed in various biological fluids
and tissues including avian egg, plant, bacteria, tears, saliva,
milk etc.

2. Methodology

To determine the size and temperature dependent thermo-
dynamical parameters a unique approach based on the ther-
modynamics using size and shape terms is necessary. In this
study, to model the size dependent thermodynamical prop-
erties 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 (Arrhenius, 1889);

fEa(D)>

(1)

K(D,T) = KO(D)exp( T

Where K, is the pre-exponential factor. E;(D) expresses size
dependent catalytic activation energy, R being the ideal gas
constant and T is the temperature. Assuming the same aver-
age rate constant at the melting temperature for all viruses,
we get the following expression to relate the catalytic activa-
tion energy and melting temperature (Lu & Meng, 2010).

E(D) _ Tw(D)

E(00)  Tm(0) @

Where, E,(oco) is catalytic activation energy in bulk form,
Tm(D) is size dependent melting temperature and Tp(00) 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 writ-

ten as (Qi & Wang, 2005)

T, 3d T)

dmo 29y Im 3)

Tmb 2D Tmb

Here, Ty, is the melting temperature of virus nanoparticle

with particular size (diameter), T, is the melting tempera-
ture of virus (lysozyme) in bulk, d is the actual diameter of
virus and Ty is the melting temperature of the matrix (encir-
cling medium). The « present in the above equation is shape
factor and is considered equal to one for the spherical form.



The comparison of Equations (2) and (3) gives rise to the fol-
lowing expression,

Tm = Tm(D) and Tpp = Tin(00) 4)

Therefore, the catalytic activation energy using Equation
(1) can be written as,

Equations (3) and (5), respectively will provide values of
size dependent melting temperature T,, and catalytic activa-
tion energy E; of an embedded spherical virus. These equa-
tions 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-fre-
quency studies on viruses have been performed with these
surrounding mediums. It is clearly seen from above equa-
tions that the inclusion of surrounding mediums modifies
the expressions of these quantities, which can be attributed
to the modification in cohesive energy of the free virus case.
As far as low-frequency method for determination of glass
transition is concerned, there is a loss of energy in the vibra-
tional modes when it is embedded in mediums. This is intro-
duced in the formulation by incorporating a quantity called
specific acoustic impedance which depends on the physical
parameters such as density, sound velocities etc. The specific
acoustic impedance varies from solvent to solvent; hence the
energy loss of the virus vibrational mode will vary. In simple
word if there is less mismatch in impedance i.e. acoustic
parameters, the energy loss is less. Furthermore, water is a
strong IR absorbing medium, and typically, samples can be
investigated more successfully by Raman instead of Fourier
transform infrared methods while glycerol is generally pre-
ferred biological cryopreservants (Farrant, 1970).

According to Lindemann’s criterion, a crystal melts when
root mean square value of amplitude of thermal vibration (o)
of atoms or molecules reaches a critical fraction of inter-
atomic distances at particular temperature and expressed as
(Jiang & Yang, 2008)

0_2(r7 T) = F(I’) T, (6)

where F(r) is a size dependent function.

In amorphous solids and glasses, calculations of the ther-
mal conductivity at temperature above 50K are well illus-
trated with a distinct model, due to Einstein, in which the
harmonic motion of nearby atoms is uncorrelated. This
model determines an elementary phenomenological depic-
tion of the lattice vibrations in the frequency range of tera-
hertz, and grants a quantifiable explanation of the heat
transport. The heat capacity behavior of the glasses studied
in the range 5-300K is well described by the combination of
Debye and Einstein heat capacity functions (Mamedov et al.,
1987). 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, ¢, (co) where
the corresponding bulk characteristic Einstein temperature
0a(c0) is proportional to the Einstein frequency vg (c0) as hvg
(00) = 0Oe(c0). Here, h is the plank’s constant. Lindemann's
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criteria has also been successfully applied to describe
changes in the local dynamics of protein (Zhou, Vitkup, &
Karplus, 1999), atomic clusters (Stillinger & Stillinger, 1990)
and polymer melts (Dudowicz, Freed, & Douglas, 2005;
Katava et al., 2017).

According to Shi's model for T, (r), the mean square dis-
placement of a nanoparticle, oz(r) can be presented as (Shi,
1994);

F(r) _ {c?(r, Tm(r)/h?) } {Tm(oo)} _ Tm(o0)
F(oo)  {0%(c0,Tm(o0)/h?)} | Tm(r) Ten(r)

Therefore melting temperature, T,, can be written as;

T (1) _ 0% (00) — exp —(a—1) @)
Tm(00)  a*(r) [62)=1]
where o = [2S,ip(00)/(3R)] + 1

Since, glasses and crystals as solids have analogs struc-
tural characteristics of the short range order, they should
possess the similar vibrational characteristics at their melting
temperature. The glass transition temperature, Ty is deemed
to be second order transition, therefore it can be acquired
by substituting Cpg(c0) in place of S, in Equation (8), where
Cpg(00) is the heat capacity difference between the bulk glass
and bulk liquid at T4(cc). According to phenomenological
observation, it is assumed that the a4° (00) ~ ¢ (cc), where
the subscript g denotes glass transition temperature, Tg.
Replacing T (1), Tm (00),62(r) and a2(cc) with Tg (1), Tg (c0),
d4’(n) and ¢,° (00) in Equation (8), we obtain (Lu & Meng,
2010)

)

2
1 I CO N )} o)
Tg(o0)  o*(r) [G2) =]

ro = ¢;(3-d)h, where d represents dimension; d=1 for
nanosphere, d =2 for nanowires and d=2 for thin films. ¢,
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 nano-
particles, 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 (Zheng et al., 2016). The vibrational modes
of a nanometric particle were first calculated by Lamb (1882)
by considering the acoustic vibrations of a particle as a
whole from classical point of view and later by many others
(Duval, 1992; Gupta, Sahoo, Jha, Arora, & Azhniuk, 2009;
Talati & Jha, 2006). 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 calcu-
lated 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.
Therefore, despite being classical approach this produces the
low-frequency Eigen values quite satisfactorily for the par-
ticles up to the sizes 4-5nm on lower side. The elastic
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Figure 1. Size dependent melting temperature of free and embedded virus.

continuum model presents remarkable results for materials at
nanoscale, providing a useful formulation for the approximate
description of phonons and the technologically important car-
rier-phonon interactions in fullerenes and carbon nanotubes
(Kahn, Kim, & Stroscio, 2001; Raichura, Dutta, & Stroscio, 2003).
These elastic vibrations of spherical viruses overt themselves in
the low-frequency Raman scattering spectra and requires theor-
etical understanding (Duval, 1992). Since the viruses are usually
confined in some medium like water, air or any other aqueous
medium, to ensure specific function of the virus particle the
effect of surrounding medium- on low-frequency vibrations
should be studied (Talati & Jha, 2006). However, the resulting
vibrational mode frequencies in this case are complex numbers.
While the real part reflects the Lamb’s frequency, the nonzero
imaginary part reflects the fact that the oscillatory motion is
decaying in time due to flow of energy away from the vibrating
nanoparticle (Talati & Jha, 2006). In this study, we use the tem-
perature dependent low-frequency mode to determine the size
dependent glass transition (T4) of spherical virus. The determin-
ation of Ty has also been earlier achieved using Raman and
Brillouin scattering in lysozyme with the objective to differenti-
ate glass transiton and dynamical transition (Khodadadi,
Malkovskiy, Kisliuk, & Sokolov, 2010). The methodology to deter-
mine the low-frequency Raman vibrational modes in spherical
virus has been discussed earlier by us in (Talati & Jha, 2006).

3. Results and discussion

This article reports the calculated results on the size- and
medium-dependent thermodynamical properties melting
temperature, catalytic activation energy and glass transition
temperature of spherical virus. Figure 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 (Sun & Simon, 2007). The T, of
virus without any medium is almost constant above 175 nm
and attains to the melting temperature of bulk lysozyme. We
calculated melting temperature and presented in Table 1
together with the available experimental (Blanco, Ruso,
Sabin, Prieto, & Sarmiento, 2007; Steinbach & Brooks, 1993)

and other theoretical (Katava et al.,, 2017) data. 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
D,0, glycerol and glucose (Katava et al., 2017). While the
experimental melting temperature for CEWL hydrated with
0.4g 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 370K (Katava et al, 2017).
However in the same work from stability curves, they found
melting temperature for two systems as Tn% =444 K
and Tg,');im = 524K (Katava et al,, 2017). This can be attributed
to the 7convergence issues with atomistic force fields which
generally overestimates the in silico melting temperature
(Kresten, Piana, Dror, & Shaw, 2011).

Figure 1 also presents the size dependent melting tem-
perature of spherical virus in two mediums water and gly-
cerol, 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 200K is about
25K higher than the free virus, but the difference increases
with lowering the temperature and is more than 100K below
50K. As far as two mediums glycerol and water are con-
cerned the difference in melting temperature of virus is not
very significant which can be seen from the inset of Figure
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 (Allen, Bayles, Gile, & Jesser,
1986) and crystallinity of the structures (Koga, lkeshoji, &
Sugawara, 2004). 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
(Talati & Jha, 2006). However, in the case of virus embedded
in glycerol and water, the lower value of T, in the case of
water embedded virus can be attributed to the formation of
stronger hydrogen bonds (Leslie, Israeli, Lighthart, Crowe, &
Crowe, 1995) in polar water embedded viral protein and low
cohesion energy due to less cohesion.

Figure 2 presents the size- and medium-dependent cata-
lytic activation energy, E, of considered spherical virus. The
catalytic energy variation with size is similar to the melting
temperature variation. All three curves representing three dif-
ferent cases show the decrease in E, with decrease in size.
The calculated catalytic activity energy for virus of about
200 nm (bulk) in all cases presented in Table 1 clearly shows
a good agreement with previous results (Morozov &
Gevorkian, 1985). In case of free virus the catalytic activation
energy (E,) is less than that of embedded virus. For water
medium the catalytic activation energy is 89.2kj/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
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Table 1. Table presents the calculated melting temperature, catalytic activity and glass transition for free and embedded virus along with the other studies.

Catalytic activation

energy
Melting temperature (T, K) Glass transition (T , K) (Ea, kji/mol)
Other Other
System Present Exp theories (MD) Present Exp theories (MD) Present Others
Lysozyme 330.1 340° - 191.55, 130-240°, 280-313°, 220°, 88.53 -
(289.59) 190-2109, 200-220° 215-245°
Lysozyme + water 345.03 347.959 444" (286.4) 150-170° - 92.52 75.3°
Lysozyme -+ glycerol 34545 349,159,370 524" (281.3) 1759, 220, 160-174¢ - 92.63 -
The bracket () number shows the glass transition Ty value from temperature dependence of the low-frequency phonon mode.
aUsing spectroscopic techniques. (Blanco et al., 2007).
BThrough viscoelastic properties studied at different hydration levels. (Morozov & Gevorkian, 1985).
‘Using experimental techniques for the temperature-controlled optical studies of the biocrystals. (Teslyuk et al., 2007).
9Myoglobin using dielectric spectroscopy and DSC (Jansson & Swenson, 2010).
€Glass transition of myoglobin using molecular dynamic simulation (Steinbach & Brooks, 1993).
sting equations based on Avramov's model (Monkos, 2015).
9Using CD and amide proton exchange monitored by two-dimensional "H NMR (Knubovets et al., 1999).
hCombining both elastic incoherent neutron scattering and advanced molecular dynamic simulation. (Katava et al., 2017).
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Figure 2. Size dependent catalytic activity of free and embedded virus.

glycerol medium and can be better in catalyzing any chem-
ical 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.

Figures 3 and 4 show the calculated results on the size
dependent glass transition temperature T, using the expression
based on thermodynamics and low-frequency Raman mode of
spherical virus respectively. Figure 3 clearly depicts as size of
virus increases there is a decrease in glass transition tempera-
ture Ty. It is interesting to note that the T, /T, ratio becomes
more than one for the virus size of <50nm 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 (Lee & Knight,
1970). This implies that the virus (material) behaves quite
unsymmetrical for smaller size. However, for the size 150 nm
the virus turns symmetrical as the Ty /T, ratio is below 0.5 (Lee
& Knight, 1970). This is in line of glass transition Lindemann cri-
terion which shows Ty < Ty, (Dyre, 2006).

Table 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

Figure 3. Size dependent glass transition temperature of free virus.

and dielectric measurements (Jansson & Swenson, 2010;
Morozov & Gevorkian, 1985; Steinbach & Brooks, 1993;
Teslyuk, Vasylkiv, Nastishin, & Vlokh, 2007) and other theoret-
ical calculations (Monkos, 2015; Steinbach & Brooks, 1993).
For the comparison we have also included data for myoglo-
bin apart from the lysozyme which shows a good agreement
between both. Figure 3b presents the temperature versus
frequency of Raman active low-frequency spheroidal phonon
mode. The low-frequency Raman active mode is calculated
using continuum approach briefly discussed in above section
due to its relative simplicity and ease of interpretation. In
addition, the structure of spherical viruses is quite suitable to
be used as a material in continuum model. Viruses are com-
posed 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 parame-
ters, longitudinal and transverse sound velocities ¢ and c,
respectively of lysozyme as the measured speed of sound in
different protein crystals is similar (Dykeman et al., 2007; Talati
& Jha, 2006). 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 cal-
culate and use for the determination of properties particularly
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Figure 4. Temperature dependent low-frequency vibration curve for a free and embedded virus (a) for 25nm and (b) 50 nm.

the glass transition temperature (Murray & Saviot, 2007).
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 4
that the nature changes sharply indicating a sharp glass transi-
tion. The sharp change in the temperature dependence of the
frequency of the low-frequency mode have been used earlier
to estimate Ty in some glass formers (Forrest, Dalnoki-Veress,
& Dutcher, 1997; Terki, Levelut, Prat, Boissier, & Pelous, 1997).
However, the predicted value of Ty from temperature depend-
ence 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 (Green, Fan &
Angell, 1994; Morozov & Gevorkian, 1985; Sartor, Mayer, &
Johari, 1994). However, when virus of 50 nm is embedded in
medium such as water and glycerol, there is a decrease in Ty
which may be attributed to the reduction in frequency due to
damping of mode and radiating its vibrational energy to the
water and glycerol.

4. Conclusion

This article 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 depend-
ency. Although the melting temperature and catalytic activa-
tion 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 calcu-
lated catalytic activation energy of spherical virus may have
the implications in the field of catalyst. The calculated value
of Ty 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 compli-
mentary technique for the determination of glass transition
temperature of biological materials like virus and bacteria.
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Abstract A simple model is developed for the investi-
gation of size, shape and dimension dependent glass
transition temperature (7,) and Kauzmann temperature
(Ty) of nanoparticles. The model is based on thermody-
namical quantity cohesive energy and is free from fitting
parameters and approximations. To check the validity of
the model, calculations on the size, shape and dimension
dependent glass transition (7,) and Kauzmann temper-
ature (T) are performed for silver (Ag) and tantalum
(Ta) nanoparticles (NPs) of different shapes. The con-
sidered shapes are spherical, tetrahedral, octahedral and
icosahedral accompanied with zero-, one- and two-
dimensional geometries. Our results reveal that the T,
and T strongly depend on the size of the nanoparticles.
As the size of the NPs decreases, T, and T decrease. It
is observed that both temperatures follow the trend as
(icosahedral, D) > (spherical, D) > (octahedral, D) >
(tetrahedral, D) for selected Ag and Ta nanoparticles.
However, in terms of dimension, they show the d =0 <

d=1<d=2 trend. The calculated values of glass tran-
sition and Kauzmann temperatures for both considered
nanoparticles have good agreement with available

C. S. Tiwari * A. Pratap
Department of Applied Physics, Faculty of Technology and
Engineering, The Maharaja Sayajirao University of Baroda,
390002, Vadodara, India

P.K. Jha ()

Department of Physics, Faculty of Science, The Maharaja
Sayajirao University of Baroda, 390002, Vadodara, India
e-mail: prafullaj@yahoo.com

Published online: 21 July 2020

molecular dynamics (MD) simulation and experimental
data.

Keywords Glass transition temperature - Kauzmann
temperature - Metal nanoparticles - Shape - Size

Introduction

The size effects on materials exhibit unique physical,
chemical and mechanical properties and lead to a variety
of applications such as catalysis, sensors, photochemis-
try and optoelectronics [Chen and Mao 2007; Seifert
2004; Narayanan and El-Sayed 2003]. It is observed that
reducing the size or dimension of glassy material results
into several unusual and useful mechanical behaviours
[Zhong et al. 2014; Luo et al. 2016; Sun et al. 2014; Yu
et al. 2013; Yu Yu et al. 2015]. Metallic glasses have a
significant role in different fields of science due to their
applications in small-scale devices, such as nano-
electromechanical systems, biomedical implants, preci-
sion microparts, surgical tools and micro machines
[Kumar et al. 2011]. The first metallic glass was pro-
duced in 1960 by Duwez and coworkers by rapidly
cooling a molten alloy of gold and silicon [Khan et al.
2017]. The metallic glasses are broadly classified into
two categories: (i) the metal-metalloid glasses and (ii)
the metal-metal glasses. One of the emerging classes of
metallic glass is monoatomic metallic glass. However,
the glassy behaviour of monoatomic metallic liquids is
not yet efficiently explored. The liquid-glass transition
phenomenon is observed in various types of liquids,
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such as molecular, ionic, metallic, oxide and chalcogen-
ide liquids [Kauzmann 1948; Debenedetti and Stillinger
2001; Gibbs and Di Marzio 1958; Sastry et al. 1998;
Krakoviack 2005; Scala et al. 2000; Sastry 2001;
Tanaka 2005]. Literature reveals that the verification
of monoatomic metallic liquids is extremely difficult.
However, Zhong et al. [2014] achieved an unprecedent-
edly high quenching rate of 10'* K/s in nanoscale ma-
terials and vitrified the monoatomic metallic liquids on
the extremely small nano-tips [Zhong et al. 2014]. The
verification of a super cooled liquid is often understood
in terms of glass transition temperature (7,) and the
corresponding Kauzmann temperature (7). In a ther-
modynamic view of the glass transition, an ideal ther-
modynamic second-order transition should take place
from a supercooled liquid to a glass with a single con-
formation at (7;) [Kauzmann 1948; Debenedetti and
Stillinger 2001; Gibbs and Di Marzio 1958; Ao et al.
2007; Adam and Gibbs 1965]. The Kauzmann temper-
ature represents a temperature, below which the transi-
tional molecular motions responsible for major physical
and chemical changes in materials can be negligible in
the normal product timescales [Jiang et al. 1997,
Stillinger et al. 1999; Coluzzi et al. 2000], and is always
less than glass transition. As a result, Tx can be helpful
to know the maximum temperature for storing the
glasses. Previous studies show that the 7, and Ty are
size and dimension dependent thermodynamical param-
eters [Ao et al. 2007; Mishra et al. 2012; Bhatt et al.
2012]. Theoretical as well as, experimental methods
have been employed to establish the relation between
To(D) and melting temperature 7,,(D) [Alcoutlabi and
McKenna 2005; Jiang and Lang 2004]. Furthermore,
MD simulation has been employed to show that the
Tx(D) of selected size will be lower than the bulk Tx
[Attili et al. 2005]. However, due to Kinetic restrictions,
it is difficult to measure direct experimental data for 7.
However, it can be indirectly determined by extrapola-
tion from experimental data based on some theoretical
models, such as the Vogel-Fulcher law with vis-
cosity measurements [Jiang et al. 1997; Klose and
Fecht 1994; Saslow 1988] and Kauzmann
[Kauzmann 1948].

The metallic nanoparticles such as silver (Ag), gold
(Au) and tantalum (Ta) have a special place in
nanomaterial research due to their potential applications
in digital circuits, biotechnology and catalysts [Gao
et al. 2007; Morones et al. 2005]. The tantalum nano-
particles particularly have significant applications in

@ Springer

superconductors, orthopaedic implants, dopants in pho-
to electrode materials and micro-batteries [Wang et al.
2004]. Due to the difficulty in experimental setup, the-
oretical models as well as MD simulations can be used
to evaluate the glass transition and Kauzmann tempera-
tures. Theoretical models to determine these tempera-
tures can be developed using cohesive energy expres-
sion due to linear relationship between them. Among
them, a number of cohesive energy models work only
for spherical nanoparticles [Nanda et al. 2002; Guisbiers
and Wautelet 2006; Safaei et al. 2008; Guisbiers et al.
2008]. However, they cannot be used for nanoparticles
of any other shape except sphere without any modifica-
tion. In addition, several size and shape dependent
models have been proposed, but they require a lot of
input parameters from literature or experimental work
[Kumar and Kumar 2012; Guisbiers 2010]. However, in
the lack of these data, the model adapts several fitting
parameters or approximations for the calculations [Bhatt
and Kumar 2017].

In this work, we have formulated a simple model to
investigate size, shape and dimension dependent glass
transition temperature (7) and Kauzmann temperature
(Tx) by employing cohesive energy expression, which is
free from fitting parameters and requires minimum input
data which are easily available from literature.
Furthermore, thermal behaviour of silver and tantalum
nanoparticles for spherical, icosahedral, octahedral and
tetrahedral shapes are studied and accompanied with
d=0,d=1 and d =3 dimensions.

Methodology

Melting of a solid is a phase transition from solid to
liquid state by absorbing heat energy. This phenomenon
becomes dramatic for nanoparticles due to increased
surface to volume ratio. The melting initiates from sur-
face due to less cohesive energy of the surface atoms as
compared with interior atoms. Each atom shares a bond
with neighbouring atoms. This bond provides cohesive
energy; hence, atoms with fewer bonds and
neighbouring atoms have lower cohesive energy.
Therefore, cohesive energy of nanoparticle can be
expressed as the sum of energies contributed by interior
atoms and the surface atoms as [Qi 2005]

nE.(D) = E.()(n—N) —l—% E.(0)N (1)
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where n, (n — N) and N represent the number of total
atoms, interior atoms and surface atoms of the nanopar-
ticles, respectively, and E.(D) and E.(0) represent the
cohesive energy of nanoparticle for selected size and
corresponding bulk material, respectively. Equation (1)
can also be written as

E(D) = E() (1—5—”) (2)

N, = surface area of selected shape Ny —

~surface area of spherical shape withDj

where N/n ratio represents the surface to volume ratio
of atoms and thus varies with shapes. The surface atoms,
N, and total number of atoms, n, of a nanoparticle can be
calculated as [Lu et al. 2009]

Ny

N _n
O 3
=N (3)

ny

where

surface area of atoms
_ volume of selected shape

surface area of atoms

; (4)

_ volume of spherical shape with Dy

ny =
volume of atoms

volume of atoms

On further simplification,

N surface area of selected shape ,  volume of spherical or 1D or 2D shape with Dy

n  volume of selected shape

surface area of spherical or 1D or 2D shape withD

where Dy is the critical size where all the atoms of the
nanocrystal are located on the surface. The relation
between atomic diameter (%) and dimension () can be
expressed in terms of critical diameter expression as
Dy=2(3-d)h [Lu et al. 2009]; (i) Do =6 h for nanopar-
ticles with dimension d = 0,since 47rgh = 3 ii) Do =
4 h for cylindrical nanowires with d=1, since
2mroh = 7§ and (iii) Do =2 h for thin films with d=
2, since 2h=2r,. Here, r is the critical radius where all
the atoms of the nanocrystal are located on the surface.
This makes N/n ratio a shape and dimension dependent
parameter. Crystals always possess a characteristic of
long-range order, and according to Jiang et al. [Jiang
etal. 1999], the smallest nanocrystal should have at least
a half of the atoms located within the nanocrystal.
Hence, the smallest size r of nanoparticle is 2rywhich
is equal to Dy. This estimation was found consistent
with the available experimental results for Bi film and
Pb nanowire in a carbon nanotube [Jiang et al. 1999].
Thus, Dy is an important parameter which explains
that no particles with r<2ry can exist in the
crystalline state and will assist to understand the
thermodynamical properties of nanocrystal in ap-
propriate way.

For a nanoparticle, D is considered a diameter for
spherical shape and edge/length/thickness for non-
spherical shapes. For a spherical nanoparticle with di-
ameter D, its volume will be 7rD3/6, and the atomic
volume will be 7rh3/6, where 4 is the atomic diameter.
Then, total number of atoms can be obtained as
n, = (wD’/6) /| (wh’/6). However, further simplification
makes 7, = D*/h*. Surface area of a spherical nanopar-
ticle with diameter D is 7D?, and as each surface atom
contributes to the surface area of the nanoparticle, the
area of the great circle of the atom will be 7h*/4 [Qi
2005]. For calculating the total number of surface atoms,
we get Ny = (xD?) / (h*/4) which further turns as N; =
4D?/h?. As a result the ratio of N, and n, for spherical
nanoparticle will be Ny/ny =4h/D. Similarly, n, will
represent the total number of atoms within size Dy of
spherical nanoparticle, i.e. n,=Dy>/h>, and N, repre-
sents the surface atoms of spherical nanoparticle with
size Dy as N, =4Dy*/h*. Hence, the ratio of surface to
volume for D, size can be expressed as Ny/ny = 4h/Dy.
Thus, N/n=DyD which on further substitution with
Dy =6h for nanoparticle can be written as 64/D. For

2
ny =

regular tetrahedral-shaped nanoparticle, N;= %,
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%//612 and N»/n, =4h/D,, and on further substitution,

Nin = v/6 Dy/D. By replacing the value of Dy =6k, N/
n=6v6h /D =14.7h/D. For regular icosahedral-shaped

nanoparticle, N; = (v/75 D?) /(“Thz), n =[53+51/

2)Ds/12] / (7th*/6) and Na/n, =4h/Dy, so we get Nin
~3.96h/D with Dy = 6h. For regular octahedral-shaped

nanoparticle, Ny = (121/2D,) / (%) 1y =(2112Dy/3) /

(7th*/6) and Na/n, = 4h/Dy. In case of spherical, cubical,
tetrahedral, octahedral and icosahedral nanostructures,
d =0, and hence D, = 64 [Lu et al. 2009]. For cylindrical

nanowire, N, = (rtDI)/ (%) ny = (D21 | 4) | (1th/6),

No = (1tDyl) / (%) and 1, = (D21 | 4) | (th/6):;

hence, N/n=Dy/D. As nanowire falls in the d=1 cate-
gory, i.e. one dimensional, so Dy =4h resulting N/n=
4h/D. For a rectangular geometry thin film, the surface
area will be length multiplied by the width of the film.
Volume will be surface area multiplied by thickness.

N, = (b (%) n, = (IbD) / (7th%/6), N, = (Ib)/ (%)

n, = (IbDy)/(th/6), hence N/n = Dy/D. Substituting d =

2 for thin films, Dy = 2h and hence N/n =2h/D, where D
is the thickness of thin film. The calculated values of
surface to volume ratio for various shapes are shown in
Table 1.

Here, /D is the ratio of atomic diameter to the
selected diameter/length/thickness of the nanoparti-
cle. This ratio varies from selected material to
material. The linear relationship of cohesive ener-
gy, melting temperature and glass transition tem-
perature with bond strength [Mishra et al. 2012;
Qi 2005] leads to

_Tu(D) _ (1—%) (5)

E(D)
E¢(0)

~ Tw(D)
B T'n()

As Tk cannot be measured experimentally, we have
obtained a relation between Ty and T,, (melting tem-
perature) using Kauzmann theory. Moreover, Tk is also
called the entropy crisis temperature where entropy of
liquid and its crystalline counterpart is the same
[Kauzmann 1948].

Sm(Tk) = SL(Tk)-Ss(Tx) =0 (6)

where S,,(T) denotes temperature dependent melting
entropy and the subscripts m, 1 and s represent the

@ Springer

Table 1 Comparison of N/n values between present model and
Qi’s model for different shapes

Shapes Present model Qi’s model
Spherical 6h/D 4h/D
Cubic 6h/D 4h/D
Tetrahedral 14.7h/D 9.79h/D
Octahedral 7.38h/D 4.89h/D
Icosahedral 3.96h/D 2.64h/D
Cylindrical nanowire 4h/D 2.66h/D
Thin films 2h/D 1.334/D

melting, liquid, and crystal transition, respectively.
Equation (6) can be modified using the temperature
dependent Gibbs free energy difference between liquid
and the crystal in bulk as

_ TTHy(0)[Tm(0)—T]
Ol ) = o) (o) + 6] 7

where H(w0) and T;,(o) represent the bulk melting
enthalpy and bulk melting temperature. Equation (7)
which is experimentally verifiable [Ao et al. 2007]
predicts that the G, (T,0) reaches its maximum value
at Tx and when dG,(T,0)/dT r—7,= 0. Thus, we obtain
Kauzmann temperature for bulk material as

T(o0) = [(V7-1) /6] Tm(o0) ®)

However, at nanoscale, Eq. (7) can be written as [Ao
et al. 2007]

7T Hy (D) [T (D)~T]

GnlT-D) = D)[Tw(D) + 671

©)

The condition dG(T,%)/dTr—r,= 0 gives the
Kauzmann temperature with selected size as

Tx(D) = | (V7-1) /6] Tu(D) (10)
Further, comparing Eq. (8) and Eq. (10), we get

TK (D) _ Tm (D)

Te(0)  Tum() (1)

Equations (5) and (;;) provide the relation between
E, T and T, in terms of melting temperature 7}, as
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E(D) _ TmD) _Tx(D) TeD) [, N

Eo(@) — Tm@)  Tu(o) Ty  \' 2n (12) 3001

The Kauzmann and glass temperatures of a material
can be easily calculated for selected size, shape and
dimension using Eq. (12). Using experimentally avail-
able bulk melting temperature, Ty (c0) can be calculated
using Eq. (8), while T4(o0) is obtained from references
[Ao et al. 2007; Li et al. 2017].

Results and discussion

Figure 1 depicts the size dependent Kauzmann temper-
ature calculated using Eq. (5) for Ag nanoparticles. This
figure also presents the data from MD simulation and
Qi’s model [Ao et al. 2007; Qi 2005]. The calculated
values obtained using Eq. (12) are found in better cor-
respondence with the MD simulation results [Ao et al.
2007] than Qi’s model. This can be attributed to the
introduction of critical diameter in the cohesive energy
expressions. It is clearly seen from the figure that the
Kauzmann temperature decreases with decrease in size.
Significant drop in Tk is seen for D<5 nm due to
increased surface to volume ratio. As a result, when size
increases, the value of Kauzmann temperature ap-
proaches towards bulk Kauzmann temperature.
Further, the variation in Kauzmann temperature (7k)
with size for different dimension is calculated for Ag
nanoparticles and presented in Fig. 2. It can be seen
from Fig. 2 that the T decreases with decrease in size as

350
300
250
<
=
|—
200
I
150 ]
| f Present work for Ag nps
® MD simulations
— — Qi's model
100 - T — T T T
0 5 10 15 20 25 30
D(nm)

Fig. 1 Size dependent Kauzmann temperature for Ag
nanoparticles
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Tk (K)

150

100

50 | —— Ag NPs for d=0

——— Ag NPs for d=1

| = Ag NPs for d=2
T

0 T T T T T
0 5 10 15 20 25 30

D (nm)

Fig. 2 Size and dimension dependent Kauzmann temperature for
Ag nanoparticles

well as dimension. However, for the constant size, the
trend in Tk is observed as Tx(d=2)>Tx(d=1)>
Tk(d=0). But this discrimination in Tk for different
dimensions declines with increase in nanoscale size
(Table 2).

Our model predicts the value of Ty (o) / Tj(o0) = 0.27
for Ag nanoparticles which is consistent with the value
0f 0.2-0.3 for metallic elements [Ao et al. 2007]. A size-
independent Tk/Ty, is interpreted with constant size
effect on both Tk and 7}, induced specifically by surface
to volume ratio which also promotes that the intrinsic
melting mechanism is independent of crystalline size
and found consistent with Lindeman’s melting criterion
[Ao et al. 2007]. We now turn our attention to the
variation in glass transition temperature for Ag nanopar-
ticles of different shapes. Figure 3 presents the variation
of T, with shape and size. It is observed that the
icosahedral-shaped Ag nanoparticle shows the highest
T, and tetrahedral-shaped Ag nanoparticle shows the
least T, with constant size.

The sequence of 7, is follows: T,(icosahedral) >
Ty(spherical) > T,(octahedral) > T,(tetrahedral). The
number of atoms on various sites varies from shape to
shape which in turn alters the coordination number of
the atoms on the surface and thus is responsible for the

Table 2 Input parameters for calculations

Metallic Atomic diameter Ti(0) Ti(0) Ty(w0)

nanoparticle (nm) (K) X) K)
Ag 0.289 1235 333 750
Ta 0.292 3290 888 1754
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Fig. 3 Size and shape dependent glass transition temperature (T})
of silver (Ag) nanoparticles

400

300

difference for the selected size. It is noteworthy that the
equilibrium shape for fcc Ag clusters is truncated octa-
hedral [Baletto et al. 2002].

Figure 4 shows the effect of size and dimensions on
T, of Ag nanoparticles using Eq. (12). Due to difference
in the values of N/n ratio for spherical (d = 0), nanowire
(d=1) and nano films (d=2) variation in the glass
transition temperatures is observed. Table 1 clearly re-
veals that as N/n ratio of different dimensions decreases,
T, value of Ag nanoparticles increases with size.

Figure 5 shows the variation in temperatures of Ag
nanoparticles as a function of size (D). Among the three
temperatures, it is observed that the temperatures for a
nanoparticles of selected size follow the sequence
Tin(D) > To(D) > Tx(D). All three temperatures show

800
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400
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200

| —— Ag NPs with d=0
—— Ag NPs with d=1
5 —— Ag NPs with d=2
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Fig. 4 Size (D) and dimension (d) dependent silver (Ag)
nanoparticles
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similar characteristics and significant drop in tempera-
tures for D <5 nm. This indicates that the dynamics in
the supercooled liquid region becomes much faster with
a decreasing droplet size so that in contrast to bulk
liquids, liquid droplets with smaller sizes can only be
frozen into glassy states in a much lower temperature
region.

It is clear from Fig. 6 that the glass temperature 7, of
Ta nanoparticles decreases with size, similar to the case
of Ag nanoparticles. The calculated values are also
compared with MD simulation data [Li et al. 2017]
and Qi’s model [Qi 2005]. Our model is found more
consistent than Qi’s model with MD simulation data for
D <7 nm. For D > 7 nm, a deviation between calculated
values and MD simulations is observed. Furthermore,
we observe a rapid drop in glass transition temperature
of Ta nanoparticles like Ag nanoparticles for D <7 nm
due to increased surface to volume ratio. A major diver-
gence in the curves between present work and Qi’s
model is observed between size 5 nm to 10 nm in case
of T,. When the size of nanomaterials decreases, several
microscopic and quantum size effects dominate, such as
the transformation of lattice structure and higher disso-
ciation energies at the electronic shell-closing [Zhang
et al. 2018]. As a result slight deviation is observed
between our results and MD simulation data in the
range <4 nm because of ignorance of the quantum size
effect and change in structure. Figure 7 depicts the glass
transition temperature of Ta nanoparticles for different
dimensions d=0, d=1 and d=2. We found that the
To(d=0)<Ty(d=1)<Ty(d=2) for selected size of Ta
nanoparticles which is similar in nature with Fig. 4
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é - .....00000000000000004
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Fig. 5 Variation in melting, glass and Kauzmann temperature of
Ag nanoparticles as a function of size (D)
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Fig. 6 Size (D) dependent glass transition (7,) temperature of
tantalum nanoparticles

within thermodynamical limit. Here, thermodynamic
limit reveals the range of size in which a prominent
decrease in selected quantity can be observed. Further,
the observed trend in the variation of 7, with different
dimensions can be attributed to the atoms on the surface,
edges and corners.

The variation in T with respect to size in terms of
shapes and dimensions are presented in Fig. 8 and
Fig. 9. Figure 10 clearly shows that the tetrahedral shape
has a minimum and icosahedral shape and has a maxi-
mum value of Tk for the selected size. To understand
this, we have plotted size dependent surface to volume
ratio and N/n ratio for all shaped Ta and Ag
nanoparticles.

It is observed from Fig. 10 that the temperatures for
Ta nanoparticles vary with size (D). All the three
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Ta NPs for d=1

| Ta NPs for d=2 |
0 T T T T T T
0 5 10 15 20 25 30
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Fig.7 Size and dimension dependent glass transition temperature
(Ty) of Ta nanoparticles

Fig. 8 Size dependent glass Kauzmann temperature (7%) of Ta
nanoparticles

temperatures for Ta nanoparticles are found in close
proximity for D >3 nm, but as the size increases, the
temperatures diverge from each other. Glass transition
temperature of Ta nanoparticles is found intermediate
among melting and Kauzmann temperatures. This graph
can be a useful tool to measure the Kauzmann and glass
transition temperatures in experimental setup.

Figure 11 demonstrates the surface to volume ratio of
atoms (N,/n;) for icosahedral, spherical, octahedral and
tetrahedral shapes with inverse diameter (D') for Ag
and Ta nanoparticles. Among the selected shapes, the
icosahedral-, spherical- and octahedral-shaped nanopar-
ticles are seen in close vicinity, while tetrahedral-shaped
nanoparticles are observed at a distant position with
reference to the rest of the shapes. Hence, it is clear that
(Ni/ny) (tetrahedral) > (N;/n;) (octahedral) > (N,/n;)
(spherical) > (N;/n) (icosahedral) for constant nanosize
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Fig. 9 Size and dimension dependent glass Kauzmann tempera-
ture (Tk) of Ta nanoparticles

@ Springer



218 Page 8 of 10

J Nanopart Res (2020) 22:218

3500
..-.-QIIIIIIIII
3000 T
T, of Ta Nps
§2500‘ T, of Ta Nps
= Ty of Ta Nps
[
5 2000 -
2
©
B
3 1500 - ‘
£ [
2 [
1000 |
500 &
L}
L 4
A
0 T T T T T T

0 5 10 15 20 25 30
D(nm)

Fig. 10 Variation in melting, glass and Kauzmann temperature of
Ta nanoparticles as a function of size (D)

of Ag and Ta nanoparticles. As ratio of atoms for
tetrahedral shape is highest which in turn shows maxi-
mum availability of atoms on surface and thus results
into least melting, glass transition and Kauzmann tem-
peratures among other shapes for selected nanosize [Lu
et al. 2009]. In case of different shaped nanoparticles,
prominent ratio of surface to volume atoms can be seen
for D'>0.14 nm ' or D<7 nm for both materials.
Beyond this size, the ratio of atoms gradually ap-
proaches to the constant value irrespective of selected
shape and material.

Figure 12 presents the dimension dependent surface
to volume ratio of atoms for Ag and Ta nanoparticles.
As shown in Fig. 10, surface to volume ratio of atoms
follows the sequence as (Vi/n;) (nanosphere) > (Ny/n;)

»
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Fig. 11 Comparison of surface to volume ratio of atoms (Ny/n;)
for different shapes with inverse size (D") for Ag and Ta NPs

@ Springer

~ 1.2 | Ag nanofilm )
< B
= - 0 - Ta nanofilm p
< 104 | ™ Ag nanowire /
g - o - Ta nanowire s
% o8 - Ag nanosphere s
% | |- © - Ta nanosphere e .o
gl 7 s
T 06 .
© _
g o
> 041 -4
> e
° e
© 0.2
&
5
2 0.0
T 1 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

D' (nm)!

Fig. 12 Comparison of surface to volume ratio of atoms (Ny/n;)
for different dimensions with inverse size (D ") for Agand Ta NPs

(nanowire) > (N1/n;) (nanofilm) for nanoparticles of
both Ag and Ta, which in turn demonstrates the highest
availability of atoms on surface for nanosphere (0-d) and
hence results into least glass transition and Kauzmann
temperatures among other dimensions and can be con-
firmed from Figs. 2, 4, 6 and 8 for both Ag and Ta
nanoparticles. The ratio of atoms nearly coincides for
Ag and Ta nanoparticles for selected size, shape and
dimension on the basis of close proximity in their atomic
diameter with a difference of ~ 0.003 nm and is evident
from Figs. 9 and 10.

Based on the above analysis, it is clear that the atoms
in the surface layer possess much faster dynamics than
those in the interior of selected shaped nanoparticles [Li
etal. 2017]. As a result with decreasing size, the surface
layer plays more and more important roles in the dy-
namical and mechanical properties of the nanoparticles.

Conclusions

We have calculated the size, shape and dimension de-
pendent glass transition and Kauzmann temperatures for
Ag and Ta nanoparticles using a simple model. This
model has served our purpose in terms of temperatures
with input parameters like bulk temperature, atomic
diameter and surface to volume ratio of the selected
material which are easily available. Our model is free
from any assumptions, fitting parameters and approxi-
mations. During the investigation, we found that the
temperatures decrease with decrease in size (D) and
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dimension (d) due to increased surface to volume ratio.
Our predictions using a simple model show good agree-
ment with the available MD simulated data in both the
cases. For selected nanosize, shape and dimension, we
observed the series of temperatures as 77,(D) > Ty(D) >
Tk(D). In case of d=0, both glass transition and
Kauzmann temperature follow the sequence as (icosa-
hedral, D) > (spherical, D) > (octahedral,
D) > (tetrahedral, D) for the selected nanoparticle.
While in terms of dimensions, they are just reversed,
1e.d=0<d=1<d=2, for the selected size and metal-
lic nanoparticles. These results are obtained on the
ground of surface to volume ratio, which in turn shows
the availability of atoms on surface. Higher surface to
volume ratio will result into least melting temperatures
within nanosize. Thus, we conclude that the shape and
dimension can be effective only within thermodynamic
limit of a few nm and gradually the impact of these
parameters on any thermodynamical properties declines
with increase in size. These conclusions can be fruitful
for potentially manipulating the properties of metallic
liquids and glasses within the scale of nanometre.
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