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Abstract In this article, we have studied the size effect

on glass transition and Kauzmann temperature of spherical

TiO2 nanoparticles using Arrhenius relation and Linde-

mann’s criteria under their dynamic limit. The melting

point of nanoparticles decreases with decrease in size of the

nanoparticles. The glass transition temperature and Kauz-

mann temperature are analyzed through the size effect on

the melting temperature. The glass transition and Kauz-

mann temperatures decrease with the decrease in size of

TiO2 nanoparticles.
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Introduction

Titanium dioxide (TiO2) is a popular material due to many

applications arising from its high permittivity, refractive

index, efficiency, low cost, chemical inertness, photocata-

lytic, photostability, and capability of decomposing a wide

variety of organics [1, 2]. Controlled synthesis and

characterization of nanoparticles is rapidly becoming a

very important research area due to their unique shape and

size-dependent properties [3, 4]. When the size of material

reduces to nanoscale, the quantum confinement effect

significantly changes the properties of materials and raises

expectations for many novel applications in microelec-

tronics, glasses, and other devices [5–7]. In the recent time

there is a considerable interest in the physical properties of

TiO2 nanoparticles, due to both the intrinsic properties of

titanium oxide compound itself, and the modification

obtained because of the nanocrystalline character. TiO2 can

be found in a number of crystallographic phases, some of

which are stabilized only under high pressure or recovered

by decomposition to atmospheric pressure. The size-

dependent glass transition is an important parameter for

any phase transition process and is related to the thermo-

dynamical properties of material. The understanding of this

kind of scientific problem is a challenge particularly in the

field of nanotechnology.

Glassy state of substance is considered as metastable

state having very long life time and TiO2 nanoparticles is

having interesting properties of photo-oxidation response,

which has applications in key areas of water splitting and

bacterial growth inhibition, therefore kinetics of glass

transition temperature and the corresponding thermody-

namic transition temperature of TiO2 is of great interest.

One can find a few studies related to simulation of TiO2

nanoparticles, in which increase of glass transition tem-

perature of TiO2 nanoparticles with decrease in size is

reported [8]. According to Arrhenius theory the, melting

temperature Tm of nanoparticles decreases with decreasing

size [9], in this article we used unified model which relate

glass transition temperature and Kauzmann temperature

with melting phenomenon which shows decrease of glass

transition temperature and Kauzmann temperature of TiO2

nanoparticles with increase in size, using a simple-empir-

ical method with thermodynamical limit.
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Methodology and computation

According to Lindemann’s criterion a crystal melts when

root mean square value of amplitude thermal vibration (r) of

atoms or molecules reaches a critical function of inter-atomic

distance at particular temperature and expressed as [9],

r2 r; Tð Þ ¼ F rð ÞT; ð1Þ

where, F(r) is a size-dependent function. At melting

temperature, the size-dependent critical function can be

expressed as [9],

F rð Þ
F 1ð Þ ¼

r2 r; TmðrÞ=h2ð Þ
� �

r2 1; Tmð1Þ=h2ð Þf g
Tm 1ð Þ
Tm rð Þ

� �
¼ Tm 1ð Þ

Tm rð Þ : ð2Þ

In terms of Lindemann’s criterion [10], we can write

melting temperature as,

Tm rð Þ
Tm 1ð Þ

¼ r2 1ð Þ
r2 rð Þ ¼ exp

� a� 1ð Þ
r
r0

� �
� 1

h i

8
<

:

9
=

;
; ð3Þ

where a = Svib(r)/(3R) ? 1�Svib(?) is the bulk melting

entropy and essential contribution on the overall bulk

melting entropy,r0 ¼ c1ð3� dÞh, where d is extended for

different dimension with d = 0 for nanosphere, d = 1 for

nanowires, and d = 2 for thin films, c1 is added as an

additional condition for different surface states which in

the case of nanocrystals is equal to unity [11]. Since glasses

as solid is having same structural feature of short range

order as crystal, so they should have same vibrational

characteristics at melting temperature of Tg and Tm. But as

glass transition temperature is considered as second order

phase transition, it can be achieved by substituting Cpm(?)

instead of Svib(r) in Eq. 3, which is heat capacity difference

between the liquid and the crystal at Tm(?), and as a

phenomenological observation, it is assumed that rg
2(?) =

r2(?) and rg
2(r) = r2(r) where g denotes glass transition

temperature Tg. Finally the Eq. 3 takes the following form

[9],

Tg rð Þ
Tg 1ð Þ

¼
r2

g 1ð Þ
r2

g rð Þ ¼ exp
� a� 1ð Þ

r
r0

� �
� 1

h i

8
<

:

9
=

;
: ð4Þ

The Gibbs free energy change for crystallization of an

undercooled liquid (DG) is an important parameter in the

nucleation theory and also in predicting the glass forming

ability of alloys, but exact temperature dependence of DG

value can be estimated only if Kauzmann temperature TK is

known [12]. As Kauzmann temperature cannot be

measured experimentally, here we used relation between

melting temperature and Kauzmann temperature and

calculated Kauzmann temperature of TiO2 nanoparticle

theoretically using Kauzmann theory [13]. According to

Kauzmann theory, TK is called the entropy crisis

temperature where liquid and its crystalline counterpart

have the same entropy [12],

Sm TKð Þ ¼ Sl TKð Þ � Ss; ð5Þ

where Sm(T) denotes temperature dependent melting

entropy, and the subscript m, l, and s represent the

melting, liquid, and crystal transition, respectively.

Equation 5 can be realized using temperature-dependent

Gibbs free energy difference between liquid and the crystal

in bulk. It can be obtained experimentally as follows [13]:

Gm T ;1ð Þ ¼ 7THm 1ð Þ Tm 1ð Þ � T½ �
Tm 1ð Þ Tm 1ð Þ þ 6T½ � ; ð6Þ

where Hm(?) is bulk melting enthalpy. This implies that

Gm(T, ?) reaches its maximum at TK. Namely, dGm(t, ?)/

dT = TK = 0 [13],

TK rð Þ ¼
ffiffiffi
7
p
� 1

6

� �
Tm rð Þ; ð7Þ

where Tm(r) is melting temperature based on Lindemann

criterion which we have calculated using Eq. 3.

Results and discussion

This article reports the calculated results on the size-

dependant glass transition temperature Tg and Kauzmann

temperature TK of TiO2 nanoparticles using Eqs. 3 and 7,

respectively. Figure 1 presents the variation of glass tran-

sition Tg with the size for TiO2 nanoparticles. This figure

reveals that the glass transition temperature of TiO2

nanoparticles increases as size of the TiO2 nanoparticles

increases and approaches to bulk glass transition temper-

ature point, of 1300 K at around 15 nm. The glass transi-

tion temperature variation with size is similar to the size

variation of melting temperature of TiO2 nanoparticles [11]

and some other metal nanoparticles [14, 15]. There is a

rapid drop of the glass transition temperature below 15 nm

in contrast to the melting temperature which shows the

rapid drop at 5 nm. This is due to the fact that the size of

nanoparticles decreases, surface to volume ratio increases,

so there are more number of surface atoms which are

loosely bound and are responsible for the decrease in glass

transition of TiO2 nanoparticles. However, the process of

glass transition is slower than melting transition tempera-

ture in TiO2 nanoparticles. The rapid drop of Tg at 15 nm

may be due to the Lindemann criteria. According to

Lindemann criteria, root mean square value of amplitude

thermal vibration of atoms in TiO2 nanoparticles reaches

critical value at 15 nm, so there is sharp observed. It is

important to mention that the molecular dynamics

66 S. Mishra et al.

123



simulation of Hoang [16] predicts that the glass transition

temperature increases with the decrease in size of the TiO2

nanoparticles which seems unphysical as well as contra-

dicts the general nature of glass transition temperature. The

glass forming ability of any material can be known if the

Gibbs free energy of crystallization is known which is

normally obtained using the knowledge of Kauzmann’s

temperature. The glass forming ability of TiO2 nanoparti-

cles have been calculated using reduced glass transition

temperature (Turnbull’s condition) for the TiO2 nanopar-

ticles of different sizes and presented in Table 1. The

Table 1 reveals quite good agreement with Turnbull pre-

diction [17, 18] (i.e., if this ratio comes 2/3 then liquid can

be easily undercooled at low cooling rate into glassy state)

for smaller size nanoparticles from 5 to 10 nm but as size

of nanoparticles increases this ratio increases gradually.

This predicts that glass forming ability of nanoparticles is

more than the bulk TiO2. The relation of glass forming

ability of TiO2 nanoparticles with melting and glass tran-

sition temperature is based on the short range order in

glasses. Since glasses as solid is having short range order,

so they have same vibrational characteristics of melting

temperature of Tm and glass transition temperature Tg.

Figure 2 presents the Kauzmann temperature of TiO2

nanoparticles, calculated using Eq. 7. This figure depicts

that the Kauzmann temperature of TiO2 nanoparticles

depends on size of nanoparticles similar to the melting and

glass transition temperature. However, the Kauzmann tem-

perature, TK lies below the glass transition Tg. A remarkable

feature is observed that the Kauzmann temperature has

lower values below the nanoparticles of 4 nm size are due to

the thermodynamical limit. To obtain a statistical limit, any

size effect due to thermal fluctuation above 3% (i.e., below

4 nm) are not addressed in this study and other method such

as density functional theoretical calculation can be consid-

ered for such small nanostructures.

Conclusions

We have calculated the glass transition and Kauzmann

temperature for TiO2 nanoparticles using Arrhenius theory

and Lindemann criterion. We have shown, contrary to the

commonly accepted opinion, that glass transition temper-

ature of TiO2 nanoparticles decreases with increasing size

or glass transition temperature of TiO2 nanoparticle is

independent of size. We have also shown that Kauzmann

temperature of TiO2 also depends on size of nanoparticles.

There is a rapid drop of glass transition temperature below

15 nm. This is, however, a higher value than the melting

temperature where the rapid drop takes place much below

this size. The Kauzmann temperature lies below the glass

transition temperature for the TiO2 nanoparticles for all

sizes consistent with the observation.
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Fig. 1 Tg(r, T) function of TiO2 as a function of size. The related

parameter in Eq. 7 are h = 0.3768 nm [19], Tg(?) = 1300 K [8],

and Cp(?) = 39.48 J mol-1K-1 [21]

Table 1 Glass transition temperature, melting temperature, and

reduced glass transition temperature of TiO2 nanoparticles for dif-

ferent sizes

r (nm) Tg/K Tm/K Trg = Tg/Tm

5 515.411 987.649 0.522

6 623.252 1027.948 0.606

7 706.413 1055.411 0.6693

8 772.001 1075.322 0.717

9 824.854 1090.417 0.756

10 868.264 1102.254 0.787
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Fig. 2 TK(r, T) functions of TiO2 denoted as a solid line in terms of

Eq. 3. The related parameters in Eq. 3 are h = 0.3768 nm [19],

Tm(?) = 1200 K, and Sm(?) = 126.60 J mol-1K-1 [20]
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