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Glass transition is a reversible transition that occurs in most amorphous materials. However, the nature of glass transition 
remains far from being clarified. A key to understand the glass transition is to clarify what determines the glass transition 
temperature (T g) and liquid fragility (m). Here the glass transition thermodynamics for 150 different glass-forming systems are 
studied statistically. It is found that the activation characters in the energy landscape are crucial to precisely portray the glass 
transition and, in particular, both the activation free energy (G *) and the activation entropy (S *) play critical roles. G * determines 
T g, T g=G */290+25.5, while S * determines m, m=S */Rln10+15, where R is the gas constant. Based on the Boltzmann definition of 
entropy, the fragility is an indication of the number of the degeneracy of the evolution paths. This explains why the nano- 
confined, low-dimension or high-pressured glasses exhibit stronger characteristics, which has been a puzzling phenomenon for 
a long time. 

glass transition, fragility, activation entropy, activation free energy 

PACS number(s): 61.43.Dq, 64.70.pf, 81.05.Kf 

Citation: L. Song, M. Gao, J. Huo, L.-M. Wang, Y. Yue, and J.-Q. Wang, A unified thermodynamic picture for the glass transition and liquid fragility, Sci. China- 
Phys. Mech. Astron. 68, 296162 (2025), https://doi.org/10.1007/s11433-025-2707-5  

1  Introduction  

Glass can form various kinds of materials, including organic 
matter [1], inorganic compounds [2], alloys [3], and metal- 
organic frameworks [4], with only several exceptions like 
liquid helium and liquid nitrogen. The glass-liquid transition 

temperature (T g) [5-10] is a measure of the thermal stability 
of glasses, i.e., the temperature limit of its elastic solid state, 
above which it transforms into a viscous liquid. Thus, it has 
been a long-lasting curiosity to design glasses with higher T g 

and to understand what determines T g. It is reported that T g is 
closely related to the bond strength, elastic modulus, and 
topological constraints [11-13]. A series of Ir- and Os-based 
bulk metallic glasses with very high T g have been designed in 
this strategy [3,14]. Ediger’s group [1,15] proposed fabri
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cating ultrastable glasses with enhanced T g by increasing the 
atomic bonding strength by surficial fast relaxation. Despite 
these experimental advancements in designing glasses with 
high T g, the thermodynamic origin and kinetics of glass 
transition are far less understood. 

The glass transition is a kinetic process that depends on the 
heating rate [7,16]. The rate dependence of T g is closely 
related to the fragility (m) of glass-forming liquids, which is 
a technical parameter defined by Angell [17] to quantify the 
non-Arrhenius behavior of a glass-forming liquid. The 
glasses with similar T g may have distinct m. For example, T g 

of the Fe 79Si 10B 11 metallic glass and GeO 2 glass are the same, 
i.e., 818 K, but their fragilities are significantly different, i.e., 
m=117 for Fe 79Si 10B 11 [18,19] versus m=20 for GeO 2 [20], 
respectively. The m ranges from 15 to 214 for various glass- 
forming liquids [21,22]. The liquids with a small m are 
usually called “strong” liquids, whereas those with a large m 
are called “fragile” liquids. The physical properties of glas
ses have close relations with their m values. For example, it is 
positively related to Poisson’s ratio and plasticity [23]. A 
strong liquid usually exhibits higher glass-forming ability 
[24,25] and a higher stability against crystallization [26,27]. 
Even though the technical definition for m is clear and it has 
close correlations with other properties of glasses, the ther
modynamic and structural origins of the liquid fragility re
main less known. 

In this work, based on the absolute reaction rate theory we 
calculate the thermodynamic parameters that characterize the 
glass transition of various glass systems, e.g., the activation 
enthalpy H *, the activation free energy G *, and the activation 
entropy S *. We investigate the correlation between T g and G *, 
as well as the relation between S * and the liquid fragility, so 
that the topographic complexity of potential energy land
scape (PEL) can be revealed. Finally, we give experimental 
evaluations on the PEL of glass-forming liquids. 

2  Methods  

The two-state system is usually applied to describe the re
action kinetics. For example, the reaction rate is given as 

k H
RTexp , where H * is the reaction barrier, R is gas 

constant, and T is temperature. For glass transition, it is a 
process entailing multiple barriers. If there are Ω transition 
states/evolution paths with an averaged barrier of H *, a factor 
of Ω should be multiplied with the single-barrier reaction 
rate,  

k H
RT

H
RTexp × = exp × exp(ln ).

Note that Ω is also regarded as the thermodynamic prob
ability of the state or the number of different ways in which a 
particular configuration can be achieved. Here, we define an 

activation entropy S * based on the Boltzmann definition of 
entropy:  
S R= ln . (1)

Then, it gives that  

k H
RT

S
Rexp × exp , (2)

which is consistent with the absolute reaction rate theory 
(ART, also known as transition state theory, TST) [28-30],  
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where σ is the internal stress that is frozen-in during glass 
formation and is released during glass transition to a super
cooled liquid state, t is time, κ is the tunneling transmission 
coefficient with κ=1+h Pω/24k BT, ω is the angular frequency, 
h P is the Planck constant. G *=H *−T gS * is activation free 
energy. H * represents a statistically averaged barrier for the 
transition states. It is linearly related to the kinetic energy 
barrier (E *) determined in the Kissinger equation, H *=E *−RT 
(see Supporting Information or refs. [30,31]). During glass 
transition, the dσ/dt reaches the maximum [32]. It gives 
d(dσ/dt)/dt=0,   

R
T

k R
h H

S
R

H
RTln = ln + ln 1 + , (3)h

3
B

P

where R h is the heating rate. From eq. (3), the thermo
dynamic parameters (H *, S *) can be obtained by measuring 
the heating rate dependence of T g.  

3  Results  

3.1  The kinetics characters of glass transition tem
perature  

Figure 1 shows the relation between H * and T g for 150 dif
ferent glass-forming systems, including metals, oxides, 
chalcogenides, molecules, and polymers. The T g values of 
these systems range from 100 to 1000 K. In Figure 1(a), it is 
seen that the activation enthalpy H * increases along with T g 

in an approximately linear fashion, where the data are rather 
scattered. In Figure 1(b), there is no clear relation between S * 

and T g. However, interestingly, when plotting the activation 
free energy G * (=H *−T gS *) against T g, we have observed a 
striking linear relation for those glass systems as shown in 
Figure 1(c). This suggests that T g is intimately associated 
with the activation free energy for glass transition. The slope 
of the linear relation is found to be about G */T g= 
290 J mol −1 K −1. According to the elastic model 
[11,12,33,34], G * should be proportional to the atomic 
bonding strength. 

Another intriguing point in Figure 1(c) is that there is an 
intercept for the linear relation at about T=25.5 K at G *=0. 
This implies that the lowest glass transition temperature 
should be above 25.5 K. This is supported by the experi
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mental results. The lowest T g measured in experiments is 
45.5 K for the glassy propane prepared by vapor deposition 
[35], while the second lowest T g is about 56 K obtained in 
glassy propene [36] and propylene [37]. The vapor-deposited 
amorphous ethane is expected to have a T g around 25.5 K, 
but it crystallizes at 23.9 K without exhibiting glass transi
tion [35,37]. The correlation between boiling temperature 
and T g also suggests that T g may have a lower limit [38]. The 
missing of glass transition below 25.5 K is attributed to the 
quantum tunneling effect [39-41]. At low temperatures, the 
tunneling transmission coefficient κ=1+h Pω/24k BT becomes 
large enough [39,40], which allows atoms to penetrate the 
small thermodynamic barrier of glasses with T g lower than 
25.5 K. This explains why liquid nitrogen and liquid helium 
cannot be vitrified. 

To examine the universality of the linear relation between 
G * and T g, the T g values are compared between poly
amorphisms in metallic glasses and between the as-cooled 
and the heavily-relaxed glasses as shown in Figure 2. It is 
seen in Figure 2(a) that the annealed glasses display higher 
T g than the as-quenched glasses. For NbNiZrTiCu high-en
tropy polyamorphic metallic glass (MG) [42], T g increases 
from 672 K for the as-cooled sample to 732 K for the relaxed 
one, and correspondingly, G * increases from 190 to 
210 kJ/mol (Figure 2(a)). For CuZr-based MGs, T g increases 
from 651 to 685 K when G * increases from 186 to 
190 kJ/mol (Figure 2(b)). T g and G * values for Zr-based MGs 
were calculated based on the previously reported data [43]. It 
is seen that these values follow the same linear trend in 
Figure 2(b). This implies that the linear relationship between 
G * and T g is universal, i.e., independent of the type of che
mical bonds and the polyamorphism of glasses. 

3.2  Fragility and activation entropy  

In Boltzmann definition of S * in eq. (1), a larger S * denotes 
more evolution paths or transition states (larger Ω). The Ω 

reflects the degree of complexity in the potential energy 
landscape (PEL). In the PEL theory, the complexity of the 
energy landscape is thought to be related to the fragility 
index m of the glass-forming liquid [7,46,47]. This motivates 
us to explore the relationship between S * and m. Strikingly 
and definitely, Figure 3(a) shows that m increases linearly 
with S * with a slop of about 0.050±0.03 J −1 mol K, being 
consistent with the PEL theory [7,46]. The intercept (S *=0) 
of the linear relation occurs at about m=15, i.e., at the lower 
limit of the liquid fragility, indicating that the activation 
entropy of the strongest glass-forming liquid (e.g., silica 
[20,48]) is close to zero.  

The underlying physical mechanism for the linear re
lationship between m and S * is studied based on the Mauro- 
Yue-Ellison-Gupta-Allan (MYEGA) model [21],  

( )T
T
T

m T
T

log ( ) = log + 12 log

exp 12 log 1 1 .

10 10 10

g

10

g

The fragility index ( )m T
T T= dlog ( )

d /
10

g
and the activation en

ergy E * can be linked by the temperature dependence of 
viscosity [49,50]: E *=mRT gln10. Given H *=E *−RT and the 
thermodynamic relation  

S H T
T

T m m R= d / d d = ( ) ln10,min

it gives  

m S R m= / ln10 + , (4)min

where m min=15 [51,52]. It is worth noting that the Volgel- 
Fulcher-Tammann (VFT) equation yields a similar relation
ship (eq. (4)) with that from the MYEGA model (see Sup
porting Information). 

In Figure 3(a), the linear fitting with a slope of 
1/Rln10=0.052 agrees well with the experimental data. The 
scattering of the experimental data should be attributed to the 

Figure 1 (Color online) The thermodynamic parameters versus glass transition temperature T g for different types of glasses. (a) The activation enthalpy H * 

versus T g for metallic glasses, organic glasses, oxide glasses, and chalcogenide glasses. (b) The activation entropy S * versus T g. (c) The activation free energy 
G * versus T g. The linear fitting yields a slope of 1/290 and an intercept of 25.5 K (lower limit of T g).   
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experimental errors of different measurements. Combining 
eqs. (1) and (4), we obtain the following equation, by which 
the number of the evolution paths can be estimated:  
m = log + 15. (5)10

Combining the relations H *=E *−RT g, E *=mRT gln10 and 
H *=G *+T gS *, we obtain the relation G *=mRT gln10−RT g 

−T gS *, leading to the equation: G */T g=R(m minln10−1). The 
slope G */T g in Figure 1(c) determines the smallest fragility to 
be m min=14.6±0.4, which is consistent with that reported 
previously [51]. To the best of our knowledge, this relation is 
the first to quantify the relation between dynamic liquid 
fragility and the thermodynamic probability of states (or the 
number of evolution paths of configurational states), as 

shown in Figure 3(b). 
The number of the transition states Ω during glass transi

tion should be related to the atomic/molecular motions, i.e., 
involve vibrational, translational, and rotating motions that 
can provide kinetic energy for transitions. This suggests that 
the activation entropy S * is positively related to vibrational 
entropy S vib. When considering the degeneracy of transition 
states, S * should be inversely related to the configurational 
entropy S c. The S vib can be obtained by measuring the vi
brational density of states in experiments [53,54]. The ratio 
of S vib/S c represents the degeneracy of transition states over 
static configuration. Figure 3(c) confirms the linear relation 
between S * and S vib/S c, which is also in line with refs. [55,56]. 

Figure 2 (Color online) The calorimetric glass transition in polyamorphic metallic glasses and its relation to the activation free energy G *. (a) The 
representative DSC curves for both the as-cooled metallic glass and the relaxed high-stable glass with higher T g. The upper two traces are obtained from high- 
entropy NbNiZrTiCu glass. The lower two traces are from Cu 46Zr 42Al 7Y 5 glass. (b) The activation free energy (G *) versus T g for the polyamorphic glasses. 
The data for the relaxed Zr 50Cu 44.5Al 5.5 and Zr 50Cu 41.5Al 5.5Mo 3 glasses are taken from ref. [43], and the data for D-mannitol glasses are from refs. [44,45].  

Figure 3 (Color online) The correlation between fragility and activation entropy. (a) Fragility m versus the activation entropy S *, which exhibits a linear 
relationship with a slope of 1/Rln10 (R is gas constant). (b) The schematic Angell plot of viscosity η versus T g/T. The strong supercooled liquid has a smaller 
activation entropy than the fragile supercooled liquids. (c) The activation entropy S * is correlated with the ratio between vibrational entropy S vib and 
configurational entropy S conf. 1, Pd 40Ni 40P 20; 2, Zr 55Cu 30Al 10Ni 5; 3, Cu 50Zr 50; 4, Cu 46Zr 46Al 8; 5, SiO 2; 6, Ge 20Se 80; 7, Toluene; 8, Ethylbenzene; 9, 1-Butene; 
10, OTP; 11, 3-Bromopentane.   
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It should be mentioned that the present method is much ea
sier to determine entropy compared with the neutron ane
lastic scattering experiments [53,54]. Either S c or S * can be 
obtained from calorimetry measurements. The S c can be 
calculated based on the heat capacity, while S * can be cal
culated based on the heating rate dependence of T g. 

To gain deeper insights into glass transition, the roles of 
H *, S *, and G * in the glass forming process are illustrated in 
Figure 4 based on the PEL. In PEL, H * represents the ef
fective barrier for glass transition, which is a statistically 
averaged value of a big number of single barriers. It was 
generally accepted that a higher H * yields a higher T g. Our 

Figure 4 (Color online) The kinetic nature of glass transition. (a) The relationship between activation enthalpy and activation entropy. The contour lines of 
different G *=H *−TS * represent different T g. Inset is the relationship between activation enthalpy and activation entropy for all samples. (b) Schematic 
potential energy landscape with different activation enthalpy H *, activation entropy S *, and activation free energy G *. H * represents the barrier height, 
H H H< <1

*
2
*

3
*. S * represents the number/degeneracy (Ω) of transition states with S *=RlnΩ, S S S< <1

*
2
*

3
*. S * determines the fragility of glass forming liquid. 

G * determines the T g.  

L. Song, et al. Sci. China-Phys. Mech. Astron. September (2025) Vol. 68 No. 9 296162-5  



results demonstrate that this effective barrier will decrease by 
−TS * if there are many evolution paths (number is Ω). This 
yields a linear relation between G * and T g. As shown in 
Figure 4(a), H *does not show linear relation with S *, which 
breaks the Meyer-Neldel rule [57,58]. The contour lines of 
different G *=H *−T gS * represent different T g. As schemati
cally illustrated in Figure 4(b), S * that is determined by the 
number of evolution paths determines the fragility of glass- 
forming liquid, while G * determines T g. 

4  Discussion  

For glasses composed of atoms and simple molecules, the 
evolution paths are mainly composed of vibrational and 
translational motions. The degree of atomic motion freedom 
in 6 dimensions gives the Ω value of (6.02×10 23) 6, from 
which the liquid fragility is estimated to be 142.7. However, 
there is strong atomic bonding between each central atom 
and its nearest-neighbors or medium-range order range. The 
amount of the evolution paths or the liquid fragility should be 
smaller if stronger atomic bonds are involved in glass sys
tems, as recently found by experiments [59]. 

For a glass-forming system with a rigid network, e.g., for 
the case of molten silica, its atom-evolution paths are de
pressed, and hence, its fragility approaches the lower limit. 
The molecular glass-forming liquids feature larger fragility 
than other systems for the following two reasons. First, the 
molecules exhibit rotational motions besides the vibrational 
and translational motions. Second, more low-frequency vi
brations are generated in both liquids and solids, being dri
ven by the increased soft/floppy modes. The degree of 
atomic motion freedom in 9 dimensions (3×vibrations, 
3×translations and 3×rotations) gives the Ω value of 
(6.02×10 23) 9. These dynamic motions give an upper limit of 
the fragility, i.e., m max=log 10(6.02×10 23) 9+15=229, which is 
slightly higher than the upper limit of m~175 derived from 
the thermodynamic consideration [60] and the most fragile 
simulated silicon melt (m~200) [61] and polyetherimide 
(m=214) [22]. 

It was found that liquid fragility is correlated with the 
heterogeneities of supercooled liquids and glasses [20,62]. It 
is also challenging to predict the stress relaxation behavior 
owing to the complex evolution of heterogeneity [63]. The 
mathematical definitions for activation entropy in eq. (1) and 
for fragility in eq. (5) based on the degeneracy of transition 
states may be helpful for establishing quantitative evaluation 
for heterogeneity in future. 

The linear correlation between liquid fragility and activa
tion entropy provides a crucial key to understanding the 
connection between the dynamics and the thermodynamics 
in glass-forming liquids. Furthermore, it also allows us to 
explore the origin of the dependence of glass forming ability 

on liquid fragility. In detail, the higher the number of evo
lution paths in a liquid system, the higher the probability for 
the system to lose its stability of the disordered structure, and 
the lower the glass forming ability. This statement is con
sistent with previous observations [17,64]. Considering the 
liquid-glass inheritance [65], the glass derived from a fragile 
liquid is easier to deform, giving a higher Poisson’s ratio [23] 
compared with a strong liquid. 

It has been a long-lasting puzzling phenomenon that the 
nano-confined, low-dimension, or high-pressured glasses 
usually exhibit smaller fragility compared with bulk glasses 
under ambient pressure [44,66,67]. The correlation between 
fragility m and S *= RlnΩ suggests that the nano-confinement, 
decrease in dimension or high-pressure can decrease the 
number of evolution paths. Thus, S * provides an important 
route to design glasses with desirable properties. 

The linear relation between G * and T g can be applied to 
estimate the free volume during glass transition. According 
to Hirai and Eyring [68], the fluidity of liquids is propor
tional to the probability for the atom to be adjacent to a hole 
and also to the rate at which it jumps into the hole. Based on 
this model [68], the shear viscosity of liquids can be ex

pressed as nN
N

h H TS
RT= exps

0
h

P
0

, where v 0 is the vo

lume of atom (≈2×10 −29 m 3) [11,69], n is the ratio between 
the volume of atoms and that of holes, N 0 and N h are the 
numbers of atoms and holes, respectively. Thus, the fraction 
(N h/nN 0) of the hole volume (or the free volume) is estimated 
to be about ~4.7 % at T g, which is consistent with ref. [70]. 

5  Conclusions  

In summary, we studied the activation free energy and acti
vation entropy of the glass transition for various types of 
glasses based on the absolute reaction rate theory. The uni
versal linear relations between thermodynamic and kinetic 
parameters for glass transition were discovered, i.e., the re
lations between the activation free energy G * and T g, and 
between the activation entropy S * and the fragility index m of 
glass forming liquids. The linear relationship between G * and 
T g suggests a lower T g limit of about 25.5 K, below which the 
quantum tunneling effect dominates and the statistical ther
modynamic barrier for glass formation is negligible. Ac
cording to the definition of the Boltzmann definition of 
entropy, we reveal that the liquid fragility is intimately cor
related with the number of evolution paths, m=log 10Ω+15. 
Our present work enables a quantitative analysis of glass 
transition in terms of the potential energy landscape and 
reveals the microscopic origin of liquid fragility.  
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