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Abstract—In this paper we present the results of studies on melting and crystallization of decane embedded in  
the pores of opal matrices filled with chemically pure hexadecane. In this studies measured the ultrasonic 
velocity by the pulse-interference method at frequencies of about 7 MHz in the temperature range 170–290 K. 

In the past few years, there has been an outburst of 
interest in the physical properties on nanocomposites 
on the basis of mesoporous matrices filled with dif-
ferent substances. Mesoporous matrices used for fabrica-
tion of nanocomposites vary in the size, geometry, and 
connectivity of pore network, degree of pore ordering, 
and thickness of pore walls. The greatest acceptance 
has been received by porous silicate glasses, porous 
alumina, molecular sieves, zeolites, and opal matrices.  

Opal matrices have (photonic crystals) attracted 
particular attention since they possess a system of 
regularly ordered open pores formed due to dense 
packing and subsequent sintering of silica spheres 
about a wavelength of light in diameter. The porosity 
of unfilled opal matrices is usually close to a porosity 
corresponding to an ideally dense packing (~26%). 
However, porosity can be much increased by opening 
second-order pores between spheres of a smaller 
diameter which form the basicsilica spheres [1]. As 
expected, the opening of second-order pores will 
strongly affect the properties of opal-matrix nanocom-
posites. In particular, some changes in phase transi-
tions of substances embedded in pores are possible.  

There is abundant experimental evidence showing 
that the melting point of a material embedded in 

nanometer-sized pores is shifted with respect to that of 
the bulk materials, and, therewith, the value and sign 
of this shift depend on the size of the embedded 
particles and on the ratio of the surface tension coef-
ficients of the liquid and solid phases of the particles 
and matrix. Furthermore, a considerable broadening of 
the melting and crystallization ranges together with a 
wide temperature hysteresis on heating and cooling of 
nanocomposites were observed. In such a case, the 
opening of second-order pores in opal matrices should 
definitely affect both the shifts of melting and 
crystallization points and the degree of broadening of 
phase transitions. However, experimental work on 
such effects has never been done.  

In the present publication we report the results of 
research on the melting–crystallization phase transition 
of decane embedded in the pores of opal matrices 
before and after opening of second-order pores. The 
research was performed by an ultrasonic method which 
offers substantial advantages over other experimental 
techniques for studying phase transitions in confined 
geometry [2]. Previously the melting of decane in  con-
fined geometry was studied by differential scanning calori-
metry in silica samples with 8.5-nm pores [3], as well 
as by acoustic methods in porous glass samples [4].  
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Fig. 1. Temperature dependences of the relative change of longitudinal ultrasonic velocity in the cooling–heating cycle for melting 
and crystallization of decane in the pores of the (а) starting opal matrix and (b) starting opal matrix treated with alkali. The insert in 
Fig. 1a shows the hysteresis curve corresponding to crystallization and melting of decane in pores. The insert in Fig. 1b shows the 
changes in the ultrasonic velocity in the narrow temperature range corresponding to the crystallization–melting phase transition of 
decane in pores, for two successive temperature cycles. The straight lines relate to a fast change of ultrasonic velocity on decane 
crystallization. 

We studied nanocomposites obtained by embedding 
chemically pure decane in the pores of opal matrices. 
The starting opal matrix was a cubic close packing of 
X-ray amorphous silica spheres (diameter ~260 nm) 
with octahedral and tetrahedral pores between them 
(first-order pores). In their turn, the SiO2 spheres 
consist of smaller diameter spheres (second-order 
spheres). The porosity of the starting opal matrix was 
27%. Treatment with alkali increased porosity to about 
44% due to second-order pore opening. Additional 
smaller diameter pores relate to the fractal structure of 
opal matrices [1]. 

The melting point of bulk decane is 245.25 K. 
Decane completely wets the surface of silicate glass 
and is scarcely soluble in water.  

In our experiments, liquid decane was embedded in 
porous matrices at room temperature. The samples 
were parallelepipedal blocks ~0.5 cm3 in volume. 

We measured temperature dependences of the relative 
changes of ultrasonic velocity Δv/v = [v(T) –v0]/v0 in 
the heating–cooling cycles in the temperature range 
165–295 K. The measurements were performed by the 
pulse-interference method [5] using longitudinal 
acoustic waves of about 7 MHz. Signals from two 
acoustic pulses were compared: one reflected from the 

front face of a sample and the other passed through the 
sample one time. At room temperature we measured 
the absolute velocity of acoustic waves in the samples. 
The errors in the temperature and temperature gradient 
in a sample were no larger than 0.2 K and 0.1 K cm–1, 
respectively. The temperature ramp was no more than 
15–20 K h–1, and it decreased to 5 K h–1 in and around 
phase transitions. The acoustic contact of samples with 
acoustic ducts was provided by means of Apiezon N.  

The resulting temperature dependences are 
presented in Fig. 1. The temperature cycles corres-
pond to cooling of a sample from room temperature 
(liquid decane) to 165 K (much lower that the tempera-
ture of complete crystallization of decane) followed by 
heating to the initial temperature.  

As follows from Fig. 1, the melting and crystal-
lization of decane in pores give rise to strong and 
nonlinear changes in ultrasonic velocity. Such acoustic 
anomalies are usually associated with liquid–solid 
transitions for a substance embedded in mesopores. 
The temperature dependences of ultrasonic velocity, 
obtained on sample cooling and heating, are different 
and are characterized by a hysteresis loop. As seen 
from Fig. 1a, the steepest rise of ultrasonic velocity 
during decane crystallization in pores is observed in a 
narrow temperature range. The average crystallization 
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Fig. 2. Temperature dependences of the relative change of 
longitudinal ultrasonic velocity in partial cooling–heating 
cycles for the opal matrix with open second-order pores 
filled with decane: (1) first cooling; (2) first heating;               
(3) second cooling; (4) second heating; (5) third cooling; 
(6) third heating; (7) fourth cooling; and (8) fourth heating. 
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Fig. 3. Comparison of the temperature dependences of the 
relative change of ultrasonic velocity in the decane-filled 
(circles) starting opal matrix and (squares) matrix with 
open second-order pores: (1) cooling; (2) heating; (3) starting 
sample, cooling; and (4) starting sample, heating. The 
straight line relates to a fast change of ultrasonic velocity 
on decane crystallization. 

point of decane in pores was estimated at 233 K. The 
curves of the relative changes of ultrasonic velocity merge 
at about 230 K, which corresponds to complete crysta-
lization in the most volume of pores filled with decan.  

The opposite process, viz. a decrease of ultrasonic 
velocity on sample heating, takes place in a slightly 
broader temperature range. The closing of the 
hysteresis loops of the ultrasonic velocity and flatten-
ing of its temperature dependence upon of heating 
correspond to complete melting of decane in pores. 
The average melting point of decane in pores was 
estimated at 240 K. Note that the divergence of the 
velocity curves at heating and cooling, observed below 
230 K, seems to be associated with residual 
mechanical stresses arising in the sample on thermal 
cycling.  

Figure 1b shows the temperature dependences of 
the relative change of longitudinal ultrasonic velocity 
in a decane-filled opal matrix subjected to additional 
treatment in an alkali solution. The hysteresis loop 
between the velocity curves corresponding to decane 
melting and crystallization in this sample has become 
much larger. Moreover, the temperature ranges of 
decane melting and crystallization, too, have extended, 
and the temperature dependences of the velocity have 

acquired two well-defined steps which are especially 
pronounced for crystallization. Noteworthy is an 
almost full reproducibility of experimental data in the 
first and second measurement cycles.  

Figure 2 shows the temperature dependences of the 
relative change of ultrasonic velocity for a decane-
filled opal matrix treated with alkali, for partial 
cooling–heating cycles, when heating (cooling) started 
before completion of the crystallization (melting) process. 
The measurements were performed in the range from 
room temperature to 190 K (for clarity, in Fig. 2 we 
only show the results obtained at 220–245 K).  

The experiments with partial temperature cycles  
evidenced that the crystallization process is completely 
irreversible and the melting process is partially 
reversible (cycles 2–4). Moreover, these experiments 
revealed two independent crystallization processes 
which correspond to two steps in the temperature 
dependence of ultrasonic velocity. Actually, in the third 
cycle heating is initiated below the temperature range 
of the first step in the velocity curve at crystallization. 
Crystallization of decane still continues when the 
sample is heated, and the velocity curve gets closer to 
the curve obtained for the cooling–heating cycle in the 
vicinity of the second (low-temperature) step 
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corresponding to decane melting. In the fourth cycle, 
heating is initiated at the very beginning of 
crystallization. Therewith, crystallization only spans 
the range, where the first (high-tem-perature) step for 
melting is observed.  

The data obtained show that the temperature range 
corresponding to melting of decane in nanopores is 
lower compared to the melting point of bulk decane, 
and this relates both to the starting opal matrix and to 
that with open second-order pores. The fact that the 
melting point of decane confined to the pores of the 
alkali-treated matrix is even more decreased than in the 
case of the starting opal matrix can be explained in 
terms of the opening of second-order pores due to 
alkali treatment. Comparison of the data presented in 
Fig. 1 shows that the first (high-temperature) step in 
the velocity curve for cooling corresponds to the 
crystallization range for the starting sample. For 
clarity, the velocity data for the starting and treated 
samples in Fig. 3 are presented on different scales. 

Thus, we can suggest that the two steps in the 
temperature dependence of ultrasonic velocity for the 
sample with open second-order pores are associated 
with crystallization and melting of decane in the pores 
between first- and second-order silica spheres. 
According to Fig. 2, the crystallization and melting 
processes in the first- and second-order pores occur 
fairly independently of one another.  

The virtually complete reproducibility of the ex-
perimental results for different crystallization–melting 
cycles of decane in pores shows that both the melting 
and crystallization points are controlled by the geo-
metry and structure of the pores. The reproducibility of 
the crystallization process is probably explained by the 
fact that crystallization is induced by heterogeneous 
nucleation. In terms of this suggestion, the presence of 
hysteresis between the melting and crystallization 
curves implies that heterogeneous crystallization in a 
supercooled liquid intensifies only below some 
specific temperature point, when, for instance, the 
critical radius of a nucleus gets smaller than the pore 
size.  

The average melting point of decane in the pores of 
the starting opal matrix is close to 240 K. The same 
temperature corresponds to the higher temperature part 
of the melting curve for the sample with open second-
order pores (Fig. 2). This temperature is assignable to 
melting of decane in the pores between first-order 
silica spheres. The lower temperature step on the 

melting curve is near 232 K. This step is assignable to 
melting of decane in the pores between second-order 
spheres.  

The fact that decane embedded in the pores of opal 
matrices has a decreased melting point is consistent 
with the previous observations on the behavior of other 
organic liquid, as well as metals embedded in nano-
porous matrices. The shifts of the melting points of 
nanoparticles under confined geometry are usually 
interpreted in terms of thermodynamic models for 
isolated spherical particles (see, for example, [6] and 
references therein), including that based on the Gibbs–
Thomson equation. This theory gives the following 
equation for shift of the melting point of a small 
particle ΔT = Tm – Tb: 

ΔT
Tb

= −
2γsl

LρR
,

where Tb and Tm are the melting points of the bulk 
material and the particle, respectively; γsl, surface 
tension at the solid–liquid interface; L, latent heat of 
melting; ρ, particle density; and R, particle radius.  

This equation predicts a linear dependence of the 
shift of the melting point of a small particle on the 
reciprocal radius, which agrees with a lower melting 
point of decane confined to the pores between second-
order silica spheres.  

Assuming that the shift of the melting point of 
decane is linearly related to pore size, as well as that 
the size of pores between first- and second-order pores 
is proportional to the size D of basic silica spheres, we 
can estimate the size of second-order pores. Actually, 
for the pores between first-order spheres we can write 
down the following equation which follows from              
Eq. (1): ΔТ = k/D, where k is the proportionality factor 
between the melting point shift and the reciprocal size 
of silica spheres. Using the data obtained, k was 
estimated at 1350 K nm. With this k value, the size of 
second-order spheres could be estimated at 100 nm. 
However, this value seems to be overestimated [1]. A 
possible reason is the size of the second-order pores 
formed due to alkaline treatment is not proportional to 
the size of second-order silica spheres in the starting 
opal matrix.  

Thus, the experimental studies on melting and 
crystallization of decane embedded in the pores of opal 
matrices revealed an effect of opening of second-order 
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pores on the shift of its melting point with respect to 
the melting point of bulk decane and on the tem-
perature hysteresis on melting and crystallization of 
decane in pores.  
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