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Abstract: The Kauzmann temperature Tk is a lower limit of glass transition temperature, and is known
as the ideal thermodynamic glass transition temperature. A supercooled liquid will condense into glass
before Tx. Studying the ideal glass transition temperature is beneficial to understanding the essence of
glass transition in glass-forming liquids. The Kauzmann temperature Tx values are predicted in 38
kinds of glass-forming liquids. In order to acquire the accurate predicted Tk by using a new deduced
equation, we obtained the best fitting parameters of the deduced equation with the high coefficient
of determination (R? = 0.966). In addition, the coefficients of two reported relations are replaced by
the best fitting parameters to obtain the accurate predicted Tk, which makes the R? values increase
from 0.685 and 0.861 to 0.970 and 0.969, respectively. Three relations with the best fitting parameters are
applied to obtain the accurate predicted T values.

Keywords: glass transition temperature; fragility parameter; Kauzmann temperature; thermodynamic
ideal glass transition temperature; glass-forming liquid

1. Introduction

If crystallization can be avoided by sufficiently rapid cooling, a supercooled liquid will become a
glassy state at glass transition temperature T, at which the viscosity of the supercooled liquid is typically
10'2 Pa's (10 poise = 1 Pa s) [1-5]. Liquid-glass transitions are generally observed in various supercooled
liquids, including molecular liquids, ionic liquids, metallic liquids, oxides, and chalcogenides [5,6].
Figure 1 shows the temperature dependence of the entropy difference between various supercooled
liquids and their crystalline phases [5,7]. With temperature decreases, their entropic surplus is consumed,
and the glass transition sets in when the slope of the curve changes. For lactic acid, its glass transition
temperature Ty has been marked in Figure 1. Its curve can then be extrapolated to the Kauzmann
temperature Ty, at which point AS will vanish. In other words, the entropy of the supercooled liquid
equals the entropy of its crystalline counterpart at Tx. Below Tk, the entropy of the supercooled liquid
will become less than that of its crystalline phase. However, it is difficult to see how a disordered and
nonperiodic liquid has a lower entropy than a periodic crystal of the same density [8]. As a consequence,
Kauzmann temperature Tk is a lower limit of glass transition temperature (i.e., the thermodynamic
ideal glass transition temperature) and the supercooled liquid will condense into glass, having the same
entropy as the perfect crystal at Tk [8].

The glass transition temperature Tg plays an important role in liquid-glass transition. Ty has
significant thermophysical properties for predicting glass-forming ability (GFA) and the stability of
glass formers. Thermodynamically, the lowest value of Ty is the Kauzmann temperature Tk for a
certain glass-forming liquid. In other words, the Kauzmann temperature Tk is the lowest temperature
at which a supercooled liquid can exist. The Kauzmann temperature Tk is studied, which is beneficial
to understand the nature of glass transition, and to find a correlation between the measured glass
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transition temperature Tg and the thermodynamically ideal glass transition temperature Tk . In addition,
it can be seen that fragility parameter m is related to Tg and Tk (see below). The fragility parameter m is
applied to describe the degree of departure from an Arrhenius relation of the temperature dependence
of viscosity. That is, Tg and Tk can also be applied to describe the temperature dependence of
viscosity in glass-forming liquids. Therefore, studying the temperature Tx is a classic problem in
amorphous materials. T temperatures in various glass-forming liquids have been calculated, such as in
metallic liquids [4,9-16], molecular liquids [6,17], ionic liquids [6,17], and oxides [6,12]. The Kauzmann
temperature Tk will be predicted by Ty and m in glass-forming liquids.
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Figure 1. Temperature dependence of the difference in entropy between various supercooled liquids
and their crystalline phases. ASy, and Tr, are the melt entropy and the melting temperature, respectively.
(Adapted from Ref. [5,7]).

2. Expressions of Predicting Tk

Universally, Tx can be acquired by [5,9,11,14,18]:

T Ack (T
AS,, —f p—()dT 1)
Tx T

where AS, is the entropy of fusion at the melting point T, and ACPI'C(T) is the specific heat capacity
difference between the supercooled liquid and its crystalline counterpart. If ASy, and Acpl'C(T) are
acquired, Tk will be calculated. The entropy of fusion ASy, can be obtained by ASyw=AHn/Tm,
where AHy, is the heat of fusion, which can be obtained by the integration of the melting peak [19].
The so-called “step method”, which consists of heating the sample to a certain temperature with a
constant rate, and then annealing isothermally during each step, can be applied to determine the
specific heat capacity of the sample on heating, in reference to the specific heat capacity of a standard
sapphire [4,15]. The data of ¢p(T)sample can be calculated by the following equations [4,15]:

Qsample - QP“” Msapphire X Hsample
CP(T)sample = o -Q
sapphire pan

X Cp(T) sapphi 2
Msample X Hsapphire P7 /sapphire
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where cp(T)sample and ¢p(T)sapphire are the specific heat capacity of sample and sapphire, respectively,
m; the mass, pi; the mole mass, and Q the heat flux. Meanwhile, the temperature dependence of the
specific heat capacity c,19"4(T) of the supercooled liquid can be expressed as [4,11,15]:

¢p(T) =3R+a-T+b-T? (3)
where R is gas constant. The specific heat capacity cpcrYStal(T) of the crystal can be expressed as [4,11,15]:
¢p(T) =3R+c-T+d-T? (4)

The parameters of expressions for Cphq“id(T) and cpcryStal(T) can be determined by fitting the data
measured in steps in reference to sapphire. Therefore, the specific heat capacity difference between the
supercooled liquid and its crystalline counterpart can be calculated by Equations (3) and (4), with the
known parameters. Tk can be calculated by the above formulas so far. From the above analysis,
acquiring the Kauzmann temperature T is cumbersome and time-consuming. Therefore, the easily
obtained parameters are applied to predict Tk.

The Angell’s fragility parameter m, based on viscosity or relaxation time, is defined as [1,20-23]:

N -\U) lrr, = dlg(t) lrr, = DToT, 5)
d(Tg/T)" ¢ d(Tg/T)T ¢ (Ty - Tp)* In(10)
A similar fragility has been defined as [17]:
[ 18(n(T)) /1 ]
e — 1g(n(Tg)/no)| _om ©)
T T A(Ty/T) T T gin

where mpyin = 10g10(11g/10)- 11g denotes viscosity (typically 10'2 Pa s) at glass transition temperature T.
1 is the high temperature limit of viscosity, which can be determined by the following equation [2,24]:

o = hNap/M ()

where h is Planck’s constant, N is Avogadro’s number, p is the density of the liquid and M is the
molar mass. The 1y value is about set as 107 Pa s [2,17,24-26]. Thus, generally, the logo(1g/10) value
is equal to 17. The expressions related to Tx have been studied, and they can be utilized to calculate
Ty, which make calculation simpler. T as a function of Tg and Angell’s fragility parameter m has
been reported, and the expression can be described by [1,16,17,25]:

T

m g
= = 8
s Mmin 1o —T ®)

From Equation (8), Tx can be expressed as:
Tx = Tg - mminTg/m )
The other expression of Ty as a function of Ty and m can be expressed as [1,16,17,25]:

2 2
m- Tg+T1<

Mmin T§ - T12<

ms =

(10)

Equation (10) is transformed into:

Tk = Tg X [(m—mmim)/(m—l—mmin)]l/2 (11)
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Furthermore, a new expression of predicting Tk as a function of Tg and m is also deduced by
us, and this expression is derived as follows. Another expression of the Kauzmann temperature is
presented by [27]:

AH, !

Tk = Tm(1+m) (12)

Additionally, m can be calculated by the following Equation [27]:

l_
Ac, ¥(Ty)

m=2»A, AS
m

(13)
where A, is the constant and equals 40. Acpl'g(Tg)=cphq“id(Tg)—cpglass(Tg) is the specific heat capacity
difference between the supercooled liquid and its glass state at Tg. When Acpl'g(Tg) is replaced by
Acpl'C(Tg), the numerical factor would increase from 40 to 43, but the quality of the correlation remains
unchanged, where Acpl'c(Tg)=Cphq“id(Tg)—cpcryStal(Tg) is the specific heat capacity difference between
the supercooled liquid and its crystalline counterpart at Ty [27]. Hence, Acpl'g(Tg) is replaced by
Acpl'C(Tg), and m can be expressed as:

Ace(Ty)

p 8

m=M—pe (14)
where Ay, is the constant and equals 43. The ratio Trn/Tg is about constant /¢, which equals 3/2 [27-30].
Plugging this Trm/Tg relation into Equation (14):

I—c
m= AbACTgACZT(:;g) (15)
From Equation (12) and Equation (15), we obtain:
T = AcTg(1+ AanC ) = ACTg(#AbAc) (16)
The expanded Equation (16) can be expressed by:
Tk = ATy —AbASL (17)

m+ AbAC

It can be seen that these expressions of predicting T are expressed as the function of Ty and m
from Equations (9), (11), and (17). Because Ty and m have been reported for a lot of glass-forming
liquids, predicting Tx will be made simpler and more convenient by the above formulae.

3. Methods

As can be seen from the above, Equations (9), (11), and (17) can be applied to predict Tx. In order
to obtain accurate Ty values, the coefficient of determination, R? is applied to evaluate the accuracy of
the predicted Tx. In statistics, generally, R? is defined as: R% = 1—SS;es/SStot, Where SSyes is the sum
of squares of residuals and SSi.; is the total sum of squares. R? is a statistical measure of how well
the predicted Tk values approximate the reported Ty values. The higher is the R? value (0 < R* < 1),
the more accurate is the predicted Tk. The predicted Tk values perfectly fit the reported Tk when R?
equals 1.

4. Results and Discussion

The values of the glass transition temperature Ty, Angell’s fragility parameter 11, and the Kauzmann
temperature Tx for various glass formers are listed in Table 1. Figure 2a shows the predicted Kauzmann
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temperature Ty

, according to Equation (9) at m;, = 17. Many reported T values for various glass
formers do not fall on the curve of the predicted Tx®!!. Meanwhile, the R? value of this correlation
equals 0.685, which is relatively low. It indicates that the predicted Tx®!! values by using Equation (9)
at mpin = 17 are inaccurate. Although the logio(1g/n0) (i-e., Mmin) value is generally equal to 17,
the viscosity change in the glass transition is approximately two orders of magnitude [16,18]. Therefore,
the log10(1¢/no) value is considered to have a range from 15 to 17 [16]. In fact, generally, the g value is
set as about 10 Pa s, but 1 values have differences in some amorphous materials [31]. This will cause
a change of the log1((1¢/no) value as well. In our previous study, the logio(ng/n0) value is considered
to have a range from 14 to 18 [32]. As a result, the m,;y value slightly fluctuates. In order to obtain
the most accurate predicted Kauzmann temperature by using Equation (9), we regard the i, value
as a fitting parameter, which has no restrictions, and can be an arbitrary value. Therefore, we obtain
the best fit and the most accurate predicted Kauzmann temperature Tx!!" by using Equation (9),
when i, equals 9.96. Although there is a difference between this value (#yin = 9.96) and the myin
value obtained by 175 and 19 of the amorphous materials, and this value may not have a physical
meaning, the most accurate Tyl by using Equation (9) at mpyin = 9.96 can be obtained. Our purpose
is to make the Kauzmann temperature accurately predictable, so it is feasible that the most accurate
predicted Kauzmann temperature Tx!" values are obtained by using Equation (9) at 11, = 9.96.
Figure 2b shows the predicted Kauzmann temperature T !, according to Equation (9) at iy = 9.96.
From Figure 2, it can be seen that the R? value greatly increases from 0.685 to 0.970 when the predicted
values obtained by using Equation (9) at 1, = 17 are replaced by those obtained by using Equation (9)
at Myin = 9.96. It indicates that the accuracy of the predicted values obtained by using Equation (9) at
Mmin = 9.96 are greatly improved. The predicted values obtained by using Equation (9) at myin = 17
and 9.96 have also been listed in Table 1 for convenience in comparing the predicted (Tx!! and T ")
values with the reported Tk values.

Figure 3a illustrates the predicted Kauzmann temperature Tx 12 by Equation (11) at my, = 17.
Compared to Figure 2a, the predicted Kauzmann temperature Tx“? values (R? = 0.861) obtained by
Equation (11) at #1i, = 17 are more accurate than those obtained by Equation (9) at i, = 17. In order
to obtain the most accurate predicted Kauzmann temperature by using Equation (11), we also regard
the mmin value as the fitting parameter. Therefore, we obtain the best fit and the most accurate predicted
Kauzmann temperature Tx'?" by using Equation (11), when 1, equals 11.50. Figure 3b shows the
predicted Kauzmann temperature Tx®?", according to Equation (11) at 1y, = 11.50. From Figure 3,
it can be seen that the R? value increases from 0.861 to 0.969 when the predicted values obtained by
using Equation (11) at mmyi, = 17 are replaced by those obtained by using Equation (11) at #y, = 11.50.
The predicted values obtained by using Equation (11) at #2,, = 17, and 11.50 are also listed in Table 1.
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Figure 2. The predicted Kauzmann temperature obtained by Equation (9). (a) #yin = 17; (b) mpyin = 9.96.
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Figure 3. The predicted Kauzmann temperature obtained by Equation (11). (a) iy = 17; (b) #1in = 11.50.

Table 1. The values of Tg, Tk, and m for various glass-forming liquids. The data (numbers 19-38) were

taken from Ref. [17,33].

TKcall TKcall" TKcalz TKcalz* T ew TKnew*
Glass Formers Tg (K) m Tk (K) © © © K © ©

1 MggsCuas Yo 404 [4] 50 [34] 320 [4] 26664 32352 28353  319.65 264.63  320.06
2 Pdy;5CueSite 5 637 [34] 73 [34] 560 [16,35]  488.66  550.09 50247 54344  507.28 55591
3 CuyyTizsZr11Nig 673 [34,36] 59 [34] 537 [36] 479.08 55939 50030 55242 48227  558.08
4 ZrypTij3gCugpsNijBey s 625 [34,37] 46 [34] 558 [6,13] 394.02  489.67 424.04 48412 39027  482.86
5 Zryey5TigosCuysNijoBeys s 590 [13,34] 46 [34] 560 [13] 371.96 46225 40030 457.01 36842 45582
6 Si0, 1480 [38] 25 [34] 876 [38] 473.60 89037 64592  900.08  620.11  907.07
6 Si0, 1452 [34,38] 25[34] 876 [38] 464.64 87352 63370  883.05 608.38  889.91
7 GeO, 816 [34,38] 21 [34] 418 [38] 15543 42898 26475 44117  300.63  460.41
8 Pd4oNigoPa0 578 [3,13] 46 [3,13] 500 [9,13] 36439 45285 39215 447.72 36092 44655
9 La55A125Ni20 491 [13,34,39] 42[34] 337[10,13] 29226 37456  319.61 37073 29045 36845
9 La55A125Ni20 4703 [10] 42 [34] 337[10,13] 27994 35877 30614 35510 27821 35291
10 La55AI125Ni15Cu5 472[13,34,39] 37 [34] 318[10,13]  255.14  344.94 28725 34225 25809  339.07
10 La55A125Ni15Cu5 449.3[10] 37 [34] 318[10,13]  242.86 32835 27344 32579 24568 32276
11 La55A125Ni10Cu10 467 [13,34,39] 35 [34] 332[10,13] 24017 33411 27476 33199 24641 32874
11 La55A125Ni10Cul0 440.6 [10] 35 [34] 332[10,13] 22659 31522 259.23 31322 23248  310.16
12 Lass AlysNisCuys 459 [13,34,39] 42 [34] 304[10,13] 27321 35015 29878 34657 27152  344.44
12 Lass AlysNisCuys 435 [10] 42 [34] 304[10,13] 25893 331.84 28316 32844 257.32 32643
13 LassAlpsNisCuyoCos 466[13,16,34,39]  37[1634]  363[13,16]  251.89 34056 283.60 337.90 25481 334.76
13 Lass AlysNisCuyCos 439.1[10] 37[16,34]  363[13,16]  237.35 32090 26723 31839  240.10 31544
14 Zrys(Cuys/s5Ag1/55)a6Als 703 [14] 49[1416]  671[1416] 45910 56010 489.51 55347 45525  553.63
15 ZrsCuysAlg 715 [14,16] 43[14,16] 596 [14,16] 43233 54939 470.67 54358  429.00  540.69
16 Zr44Tig1 NiggCuyoBess 620 [16,40] 39 [16] 504.5 [16] 349.74  461.66 388.61 45752 35043  453.73
17 Pdy3NijpCuz; Py 582 [15,16] 65[12,16]  532[15,1641]  429.78  492.82 44528 48671 43819 49447
17 Pdy3NijgCuz; Py 576 [11] 65[12,16]  447[11,12] 42535 487.74 440.69 481.69 433.67  489.37
18 Auz;Gey365i94 294 [16] 85 [12,16] 199 [16] 23520 25955 24005 25658 25074  264.83
19 2-metylpentane 80.5 58 58 5691  66.68 5952 6585 5717  66.46
20 Butyronitrile 100 47 81.2 6383 7881 6847 7790 6323 7777
21 Ethanol 925 55 71 6391 7575 6720 7481 6386 7528
22 n-propanol 102.5 365 73 5476 7453 6188 7397 5556  73.27
23 Toluene 126 59 9% 89.69 10473 9367 10342 9029  104.49
24 1-2 propan diol 172 52 127 11577 139.06 12250 137.36 11516  137.81
25 Glycerol 190 53 135 129.06 15429 13626 15240 12855  153.06
26 Triphenil phospate 205 160 166 183.22 19224 18426 19076 21915  203.31
27 Orthoterphenyl 244 81 200 19279 21400 19718 21150 203.75  217.68
28 m-toluidine 187 79 154 14676 16342 15028 16150 15442  165.98
29 Propylene carbonate 156 104 127 130.50  141.06 13228  139.61 14443 14573
30 Sorbitol 266 93 226 21738 23751 22110 23491 23560 24371
31 Selenium 307 87 240 247.01 271.85 251.87 268.78 26445  277.79
32 ZnCl, 380 30 250 164.67 253.84 199.85 25371  180.95  251.90
33 As;S3 455 36 265 24014 32912 27243 32677 24448  323.64
34 CaAl,Si,Og 1118 53 815 75940 907.90 80176 89678 75643  900.63
35 Propilen glycol 167 52 127 11240 13501 11894 13337 111.81  133.81
36 3-Methyl pentane 77 36 58.4 4064 5570 4610 5530 4137 5477
37 3-Bromopentane 108 53 82.5 7336 8770 7745 8663  73.07  87.00
38 2-methyltetrahydrofuran 91 65 69.3 67.20 77.06 69.62 76.10 68.51 77.31

A new formula (Equation (17)) has been deduced in the above introduction, whose expression is
also a function of Tg and m. In the literature, A, equals 43 [27] and /. (the ratio Tm/Tg) is equal to
about 3/2 [27-30]. We plug these values into Equation (17), and the curve of the predicted Tx"" is
shown in Figure 4a. The R? value of this correlation equals 0.801. In order to obtain the most accurate
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predicted Kauzmann temperature by using Equation (17), we also regard Ay, and /. values as the
fitting parameters. The best fit of the experimental data yields Ay, = 18.47 and A, = 1.12. Plugging the
fitted values into Equation (17):

T
TOOW = 1.12T, — 23.17ﬁ§’0‘69 (18)

Figure 4b shows the predicted Kauzmann temperature TV, according to Equation (18).
From Figure 4, it can be seen that the R? value increases from 0.801 to 0.966 when the predicted values
obtained by using Equation (17) at A, = 43 and A, = 3/2 are replaced by those obtained by using
Equation (17) with the best fitting parameters (i.e., Equation (18)). The predicted values obtained by
using Equation (17) at /A, = 43 and A, = 3/2 and using Equation (18) are also listed in Table 1.

0 200 400 600 800 1900 1200 1400 1600
]
7n(K)

Figure 4. The predicted Kauzmann temperature obtained by Equation (17). (a) A, = 43 and /. = 1.5;
(b) Ap = 18.47 and A, = 1.12.

5. Conclusions

The Kauzmann temperature Tk in 38 kinds of amorphous materials have been predicted.
Meanwhile, we regard the 1, value as the fitting parameter to improve the accuracy of predicting
Tk values. The coefficient of determination R? values increase from 0.685 and 0.861 to 0.970 and 0.969,
respectively, when the coefficients of two reported relations are replaced by the best fitting parameters.
In addition, a new formula of predicting Tk values with R? = 0.966 is deduced. Therefore, three
equations with the best fitting parameters have relatively high R? values, which indicates that they can
be applied to obtain the accurate predicted Tk values.
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