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LETTER TO THE EDITOR 

Heat capacities of glass-forming molecular liquids: negative 
evidence for the liquid-liquid transition 

Osamu Yamamuro, Shuichi Takahara, Akira Inaba, Takasuke Matsuot and 
Hiroshi Suga# 
Department of Chemisby and Microcalorimetry Research CMm, Pawlty of Science, Osaka 
University, Toyonaka, Osaka 560. Japan 

Received 4 February 1994 

Abstract ?he heat capacity of the supercooled liquid phase of 3-mcthylpentane has been 
measured with a high-precision adiabatic calorimeter. Negative evidence was obtained for the 
occurrence of a liquid-liquid transition currently discussed in relation Lo the mode-coupling 
theory of liquid states. A search for similar transitions in 1-butene and I-pentene also gave 
negative results. 

One of the current topics in amorphous materials is the dynamics of liquids and supercooled 
liquids near the glass transition [ 1,2]. Among various theories describing molecular motion 
and the thermodynamics of liquids [3-51, the modecoupling theory [HI has attracted much 
attention for the definite microscopic physical picture it presents of the dynamic processes 
in liquids. This theory is based on an equation for the density autocorrelation function 
which contains a non-linear memory term and gives predictions for dynamical processes 
involved in the glass transition. The most important prediction is the existence of a transition 
temperature Tc between the ergodic and non-ergodic states. 

A neutron scattering experiment, which probes the density fluctuation directly, has been 
performed on various glass-forming liquids [9-241. An unusual temperature dependence of 
the Debye-Waller factor has been reported as evidence for the existence of T, [12-15,19- 
211. It has also been found that the viscosity follows apower-law temperature dependence of 
which the asymptotic temperature may be identified with the ergodic-non-ergodic transition 
temperature [25-311. It is generally believed that the mode-coupling T, occurs at (1.2-1.4) 
T,, where T, is the calorimetric glass-transition temperature. 

Another question of interest about the mode-coupling theory is whether or not any 
anomaly is associated with Tc in the static physical properties such as heat capacity C,. 
Recently, Murthy [32] analysed previously published data on the heat capacities of several 
glass-forming molecular liquids and pointed out the existence of anomalies attributable to 
liquid-to-liquid transitions at temperatures around ZI = 1.2 T,. A bend in the heat capacity 
as a function of temperature, which he calls a thud-order phase transition, was shown in 
the C, curves of 3-methylpentane [33], 2-methylpentane [33], 3-methylhexane [34], and 
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Figure 1. Heal capacities 
of 3-methylpentane. The open 
circles show the data in this 
study and the closed circles 
the data horn p31. 

diethylphthalate [35]. No clear anomaly was found in the heat capacity curves of six other 
molecular liquids cited by him. 

In view of the general significance of the purported liquid-to-liquid transitions and their 
implication to the mode-coupling theory, we regard it as worthwhile to examine the original 
experimental data on which the assertion is based and to investigate whether the same 
conclusion can be drawn from more recent experimental data 

The purpose of the present letter is to demonstrate that the previous conclusion cannot 
be supported in our closer examination. We will present the heat capacities of three simple 
molecular liquids which could be studied both in the supercooled and glassy states without 
being hindered by crystallization. The heat capacity of 3-methylpentane, which gave the 
clearest ?i anomaly in Murthy's paper [32], was re-measured for the present purpose, while 
those of 1-butene 1361 and I-pentene 1371 have already been reported. The heat capacities 
were measured with high-precision adiabatic calorimeters 138,391 constructed in our group. 
The precision and accuracy of the data are normally 0.05% and 0.1%, respectively, in the 
temperahue range (50-150 9) of the present interest. The heat capacities were determined 
by the standard intermittent-heating method, i.e. repetition of equilibration and energizing 
intervals. In the temperature region above T,, the equilibration in the sample was carefully 
checked by recording the temperature for long times (ca. 30 min). The heat capacities thus 
obtained are therefore those of equilibrium (supercooled) liquid including the contributions 
from both fast-responding vibrational degrees of freedom and a slow-relaxing configurational 
part. Near and below T,, non-equilibrium heat capacities are obtained even if one takes a 
long equilibration time. It is, however, an important feature of adiabatic calorimetry that one 
can know whether one is measuring an equilibrium or non-equilibrium heat capacity simply 
by following the temperature as a function of time: non-linear variation of the temperature 
with time is a signature of a sample slowly approaching the equilibrium. 

Figures 1,2 and 3 show the heat capacities of 3-methylpentane, I-butene and I-pentene, 
respectively. They undergo glass transitions at 78, 59 and 71 K. In the insets of the 
figures the heat capacities in the temperature range between T, and 1 .5Tg are given. In the 
framework of the modecoupling theory, T, has been located in this relative temperature 
range for other glass-forming substances such as orthoterphenyl 112,131 and 1, 2, 5-tri-cu- 
naphthylbenzene [I I]. The closed circles in figure 1 represent the data reported by Douslin 
and Huffman [33] in 1946. Murthy pointed out that the data of Douslin and H u f i a n  bend 
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Figore 2. Heat capadties of 
1-butene (p61). 
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upwards at 100 K, and took it as evidence for a third-order phase transition. However, our 
data are smooth as a function of tempemture within the scattering (0.05%) of the points. 
Above 100 K the two sets of data agree excellently. Between 100 K and T, the data of 
Douslin and Huffman are larger than o m  and have a small hump but the difference is 0.7% 
at most. 

It is ow experience in adiabatic calorimetry that thermal equilibrium in a supercooled 
liquid is reached sluggishly even at temperatures considerably higher than Tg where 
one expects normal equilibration behaviour. The reason for this slow relaxation is not 
understood. In the 1940s when thermometry and adiabatic control techniques had not been 
sufficiently refined, unexpected slow relaxation effects probably escaped detection and could 
not be properly taken into account in the computation of the molar heat capacity from the 
experimental temperature data. We suspect that the discrepancy between the previous and 
present data below 100 K arises from this relaxational effect overlooked in the former 
experiment. 
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For 1-butene and 1-pentene, the heat capacity curves are smooth functions of temperature 
as shown in figures 2 and 3. The latter curve has a few irregular points. But they barely 
exceed 0.1% of the molar heat capacity and cannot be regarded as a systematic deviation 
from the normal behaviour. 

We conclude that, for the substances investigated here, no heat capacity anomaly exists 
in the supercooled liquids beyond the scattering of the experimental data. This does not, 
of course, exclude the possibility of an ergodic-non-ergodic transition, for possible effects 
of this transition on the static properties have not been predicted in a way amenable to an 
experimental test. 

The authors thank Associate Professor Toshiji Kanaya (Institute of Chemical Research, 
Kyoto University) for helpful discussions on the liquid-liquid transition. Contribution No 
82 from the Microcalorimetry Research Centre. 
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