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Abstract
When phase changes occur at slightly different times, the exothermic and endothermic phenomena cancel each other out 
in conventional thermal measurement methods, such as differential scanning calorimetry (DSC) and differential thermal 
analysis (DTA), making it challenging to capture them as changes in the DSC or DTA curves. We developed a new relaxation 
function to express the dynamic thermal diffusivity measured by alternating current (AC) calorimetry. This function helps 
analyze the frequency dependence of the endothermic or exothermic phenomena associated with phase transitions between 
phases that co-exist in a three-phase state. The new relaxation function was applied to analyze the phase transition phenomena 
that arise when 4′-n-pentyloxybiphenyl-4-carbonitrile (5OCB) is heated from the crystalline to the liquid-crystalline state. 
These phase transitions were investigated using DSC, polarization microscopy, and AC calorimetry. When microcrystals of 
5OCB were heated at a rate of 15 °C  h−1 or less, three phases (two crystalline phases and a liquid-crystalline phase) were 
discovered to co-exist, and the endothermic (a phase transition from the crystalline to the liquid-crystalline phase) and 
exothermic (recrystallization) phenomena occurred in the same temperature range. Based on the different extent to which 
these phenomena depend on the frequency, a new relaxation function that considers the two relaxation processes was used 
to evaluate the frequency dependence of these phenomena. The respective relaxation times at 48.6 °C were 3.7 s (liquid 
crystallization) and 5.6 s (recrystallization).

Keywords Dynamic thermal diffusivity · Phase transition · Phase coexistence · Liquid-crystalline state · AC calorimetry · 
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Introduction

Thermodynamically, a phase transition phenomenon is 
considered to occur at a single point on a phase diagram. 
That is, the system is considered in the equilibrium state 
only before and after the phase transition; the non-equi-
librium state during the phase transition is not considered. 
However, a sample that undergoes a phase transition due 
to a temperature change essentially has a nonuniform tem-
perature distribution. This is because heat is transferred by 
way of conduction or convection within the sample, and 

states in which phases co-exist arise within the sample 
owing to the nonuniformity of the temperature. Surface 
melting, surface crystallization, and structural changes 
during annealing occur under non-equilibrium conditions. 
Recently, as computing power has improved, the surface 
melting of ice has been reevaluated using computer simu-
lations [1–3]. The presence of a quasi-liquid layer on the 
ice surface is thought to influence the shape of the snow 
and reduce the frictional force on the ice surface [4–6]. 
In addition, partial melting and liquid crystallization are 
widely observed in samples comprising molecules with 
many degrees of freedom, such as polymers and liquid 
crystal molecules, and even in hydrocarbon molecules 
with a degree of polymerization of approximately 30 
[7–13]. These non-equilibrium states that appear during 
the changes associated with the phase transition phenom-
ena depend on the rate at which the temperature increases 
or decreases, the crystallinity of the sample, and other 
factors. As phase transitions invariably pass through 
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non-equilibrium states, an analysis of the characteristics 
of these non-equilibrium states is essential for understand-
ing the phase transitions [14, 15].

Among these non-equilibrium states, we investigated 
which two phases co-exist [9, 10]. Using alternating current 
(AC) calorimetry and microscopy, we studied the structural 
fluctuations at the interface between the two phases during 
phase transitions resulting from a slight temperature modula-
tion by employing the relaxation time and relaxation strength 
of the dynamic thermal diffusivity. However, non-equilib-
rium states cannot be interpreted solely as fluctuations at the 
boundary of the two phases. These are the states in which the 
three phases co-exist. In a sample whose crystalline structure 
has been frozen before reaching the most thermodynami-
cally stable state, such as the glassy state, phenomena that 
involve an increase in the molecular mobility upon heating 
(melting and a phase transition from the crystalline to the 
liquid crystal phase) and the phase transition to the most 
stable state due to increased mobility (recrystallization) 
may be observed in the same temperature range [16, 17]. In 
this case, three phases co-exist in the sample: a pre-melted 
crystalline phase, a liquid phase, and an energetically stable 
crystalline phase. Melting and recrystallization are endo-
thermic and exothermic phenomena, respectively. Therefore, 
when these processes occur at slightly different times, the 
exothermic and endothermic phenomena cancel each other 
out in conventional thermal measurement methods, such 
as differential scanning calorimetry (DSC) and differential 
thermal analysis (DTA), making it difficult to capture them 
as changes in the DSC or DTA curves. Even for such phe-
nomena, AC calorimetry can theoretically separate endo-
thermic and exothermic reactions based on the differences in 
their frequency dependence; however, an analytical method 
to distinguish these phenomena has not yet been reported 
[18–24]. This led us to propose a new analytical method 
for the non-equilibrium state associated with a transition in 
which three phases co-exist; moreover, we propose a new 
relaxation equation for the dynamic thermal diffusivity. We 
also present the relaxation time and relaxation intensity of 
dynamic thermal diffusivity using 4′-n-pentyloxybiphenyl-
4-carbonitrile (5OCB) as an example.

The properties of liquid crystals are often studied using 
5OCB as a typical nematic liquid crystal [25–29]. 5OCB 
has attracted significant attention for technical applications 
because it has a liquid crystal state at 70 °C or lower and 
has high chemical stability [30–32]. Many studies have 
examined the properties of liquid crystals and their phase 
transition from the liquid crystal phase to the liquid phase; 
however, only a few focused on studying the phase transi-
tion from the crystal phase to the liquid crystal phase. In this 
study, we investigated the non-equilibrium state that arises 
during the phase transition from the crystalline to the liquid-
crystalline phase in 5OCB using a new relaxation function.

Experimental

Cell assembly

A sample of 5OCB (99% pure) was acquired from Sigma-
Aldrich Co., LLC. The sample was dissolved in ethanol and 
placed inside a sample cell for AC calorimetry measure-
ment. The ethanol was volatilized using the concentration 
method, and the sample was recrystallized. The sample cell 
was cylindrical, as shown in Fig. 1. The bottom of the cell 
consisted of a cover glass, and the side surfaces were made 
of aluminum foil. The cover glass was ultrasonically cleaned 
for 1 h in distilled water and then immersed in acetone for 
1 h. The surface of the cover glass was not subjected to any 
physical rubbing. The contact point of the alumel–chromel 
thermocouple was placed inside the cell. The diameter of the 
thermocouple wires was 0.1 mm.

Differential scanning calorimetry (DSC)

The samples consisted of small crystals obtained by lightly 
crushing the crystals that formed in the sample cell for AC 
calorimetry. The mass of each sample was 6.0 mg. The 
sample pan and lid were fabricated from aluminum. The 
DSC curves were recorded using a DSC8240D instrument 
(Rigaku Co., Ltd.) with air as the surrounding atmosphere. 
The heating rates used were 5 °C  h−1, 15 °C  h−1, 120 °C  h−1, 
and 240 °C  h−1.

Polarized microscopy

The samples observed with a polarized microscope were 
collected at the same time as the samples for DSC meas-
urements. Thin plate-shaped microcrystals obtained 
when the crystals were crushed were used as the sam-
ple for observation. A sample cell with the same shape 

Spacer

Aluminum foil

Thermocouple

Cover glass

3.0 mm

Fig. 1  Cylindrical sample cell (radius: 3.0 mm; height: 10 mm). The 
bottom and sidewall of the cell comprised a cover glass and alu-
minum foil, respectively, and a PET sheet was used as the spacer. The 
sample temperature was measured with an alumel–chromel thermo-
couple
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as depicted in Fig. 1 was placed on a heater and heated 
at a constant rate. Figure 2 shows the sample cell and the 
temperature controller attachment. The current flowing 
through the heaters was controlled using a stabilized DC 
power supply GPD-4303S (Good Will Instrument Co., 
Ltd.). The heating rate was maintained at 15 °C  h−1. An 
alumel–chromel thermocouple was placed in contact with 
the glass at the bottom of the cell, and the electromotive 
force was measured using a digital multimeter K2182 
(TEXTRONIX, Inc.). The sample cell and the attachment 
were placed on the observation stage of a polarized micro-
scope (LABOPHOT-POL, Nikon Imaging Japan Inc.) to 
observe the light passing through the sample.

AC calorimetry

Heaters were installed around the sample cell to heat the 
sample at a rate of 0.2 °C  h−1, as shown in Fig. 3. The sam-
ple temperature was modulated by periodic irradiation with 
light from a halogen lamp. The light from the halogen lamp 
was periodically blocked by an electromagnetic shutter; 
hence, a rectangular heat flux pulse was supplied to the bot-
tom surface of the sample. The glass at the bottom of the 
sample cell was painted black to improve light absorption. 
The reference frequencies of the heat flux pulses were set 
to 0.10 Hz, 0.05 Hz, and 0.02 Hz. The electromotive force 
of the thermocouple embedded in the sample was measured 
using a digital multimeter K2001 (TEXTRONIX, Inc.).

The AC heat flow supplied by the halogen lamp passed 
through the bottom glass and was conducted from the bot-
tom to the top surface. Therefore, the AC component of the 
sample temperature, Tac , is expressed by the following two 
one-dimensional heat conduction equations:

where ag , �g , cg , and d are the thermal diffusivity, density, 
specific heat, and glass thickness, respectively. a is the ther-
mal diffusivity of the sample, and L is its thickness. The 
sample cell was placed in contact with the air at x = 0 . The 
heat released to the outside via the glass surface, defined as 
Q(x, t), is approximated as

where � is a proportionality coefficient. The heat flux pulse 
input from the bottom is represented as

Therefore,
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Fig. 2  Temperature control attachment and sample cell for micro-
scope. The cell was the same as shown in Fig.  1 but without the 
spacer between the glass and the thermocouple. To observe the sam-
ple with the polarizing microscope, the heater is arranged around the 
periphery of the cell to enable observation through the center

x

μ
x0+d

L+d

0

Sample

Heater

d

Cover glass

Digital
multimeter

K-2001

Preamplifier

Model 1801

Thermocouple

Halogen lamp

Electromagnetic shutter

Fig. 3  AC calorimeter. The temperature of the sample was modulated 
by using a halogen lamp to irradiate the bottom of the sample cell. 
The thickness of the bottom glass: d ; thickness of the sample: L ; dis-
tance from the top of the glass to the thermocouple: x

0
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are obtained by solving Eqs. (1)–(3), where �0 is the angular 
frequency of the reference vibration component of the heat 
flux pulse,

and, then

Here, � and �g are the thermal conductivity of the sample 
and that of the glass, respectively.

Results

DSC measurement and microscope observation

Figure 4 shows the dependence of the DSC curves on the 
heating rate. Endothermic peaks were detected at approxi-
mately 50 °C (peak A) and approximately 69 °C (peak C) 
regardless of the heating rate. In addition, the roughness of 
the DSC curve was measured at a temperature lower than 
peak A in the temperature range β1. The appearance of peak 
B, measured in the temperature range β3, depended on the 
heating rate and appeared for heating rates of 15 °C  h−1 or 
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less. A small exothermic peak was observed on the high-
temperature side of β1 for the heating rate of 15 °C  h−1.

Figure 5 shows the photographic images acquired using 
the polarizing microscope. Figure 5a presents the crystal 
phase observed at 32 °C, denoted as phase I. Figure 5b 
shows an image captured at 49 °C after the sample was 
heated at a rate of 15 °C  h−1. During this time, the crystal 
surface transitioned to the liquid crystal phase, which was 
characterized by the appearance of needle-like crystals. The 
recrystallized phase, denoted as phase II, transitioned to the 
liquid crystal phase at approximately 55 °C. When the phase 
transition from the crystalline to the liquid-crystalline phase 
was observed using a polarizing microscope, it was evident 
that the outer periphery of the crystal underwent deforma-
tion. Molecular fluidity is enhanced in the liquid crystal 
phase compared to the crystalline phase; however, the short-
range order of molecular orientation is maintained. Even in 
substances such as paraffin that do not exhibit a liquid crys-
tal state, the outer periphery of the crystal undergoes shape 
changes upon melting. However, there is a notable difference 
in the birefringence index between the liquid crystal and liq-
uid phase states. The liquid phase portion appears transpar-
ent under polarizing microscopy because the birefringence 
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Fig. 4  Dependence of DSC curve on heating rate. The four curves 
are vertically offset and aligned in the order of increasing heating rate 
5 °C   h−1, 15 °C   h−1, 120 °C   h−1, and 240 °C   h−1. The endothermic 
peaks near 50 °C and 69 °C are designated peaks A and C, respec-
tively. Peak C represents an endotherm associated with a phase tran-
sition from the liquid crystal phase to the liquid phase. Temperature 
range α: up to 43 °C; β: from 43 to 56 °C; γ: from 56 to 69 °C; δ: 
from 69 °C. An endothermic peak B appeared for curves with heating 
rates of 5 °C  h−1 and 15 °C  h−1. Temperature range β: β1 up to 51 °C; 
β2: from 51 to 53 °C; β3: from 53 °C and higher. An exothermic peak 
is seen on the high-temperature side of peak A in the DSC curve at a 
heating rate of 15 °C  h−1
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index is zero. Conversely, the liquid crystal phase part is 
opaque due to the birefringence phenomenon that depends 
on molecular orientation. The color of the crystal surface 
area that undergoes a phase transition to the liquid crystal 
phase in Fig. 5b changes because an opaque liquid crystal 
layer covers the surface.

The DSC curve was recorded while the sample was heated 
to 52 °C, cooled to 33 °C, and then reheated to 72 °C. The 
DSC curves are shown in Fig. 6. The heating and cooling 
rates were maintained at 15 °C  h−1. An endothermic peak was 
observed at 49 °C during the first heating step to 52 °C. Based 

on the images captured using the microscope, this abnormal-
ity in the specific heat represented an endothermic reaction 
accompanying the phase transition from phase I to phase II 
through the liquid crystal phase. Subsequently, no exothermic 
peak was observed even when the temperature was lowered to 
33 °C. This indicated that the state of the sample did not return 
to phase I. Renewed heating gave rise to an endothermic peak 
at 53 °C, which indicated that an endothermic phenomenon 
accompanied the transition to the liquid crystal phase. Con-
sidering that the endothermic reaction corresponding to peak 
A did not occur during reheating, this led to the conclusion 
that phases I and II were different. Figure 7 shows images of 
the crystals observed using the polarizing microscope with a 
heating rate of 120 °C  h−1. Owing to the rapid heating rate, the 
liquid crystal phase rapidly formed at 50 °C; all the crystals 
transitioned to the liquid crystal phase. In this case, phase II 
does not occur in the crystals.

AC calorimetry

AC calorimetry measurements were performed in the tem-
perature range β1. The measurement was also performed at 
33.4 °C, where no phase transition occurs. Figure 8 shows the 
temperature waveforms, with Fig. 8a showing the waveform 
measured at 33.4 °C. The waveform was triangular because the 
AC heat pulse supplied by the halogen lamp was conducted 
through the sample. The shape of the waveform changes in the 
temperature range of the phase transition. Figure 8b represents 
the temperature waveform measured at 48.6 °C. This tempera-
ture is close to the temperature at which peak A appears on the 
DSC curve. The rate of temperature increase in period II of the 
waveform shown in Fig. 8b is lower than that shown in Fig. 8a. 
In Fig. 8b, the change in the rate at which the temperature 
decreased during the cooling period between time ranges I,’ 
II,’ and III’ was also measured.

Discussion

Surface liquid crystallization and recrystallization

The polarizing microscopy results (Fig. 5) indicated that 
during heating, phase I did not undergo a direct transition 
to phase II; instead, the transition proceeded via the liquid 
crystal phase at the surface. Peak A in Fig. 4 represents an 
endotherm resulting from the phase transition from phase 
I to the liquid crystal phase. Further, the exothermic peak 
measured at the 15 °C  h−1 heating rate indicates recrystal-
lization from the liquid crystal phase to phase II.

100 μm

(a) (b)
Liquid crystal phase

Crystal phase Ⅰ

Crystal phase Ⅱ

Fig. 5  Polarizing microscope images captured at 32 °C (a) and 49 °C 
(b) after heating the sample at a rate of 15 °C  h−1. The liquid crystal 
phase grew from the left to the right at 49  °C. The dotted curve in 
(b) shows part of the boundary at the interface between the liquid-
crystalline and crystalline phases. Recrystallization proceeded from 
the left to the right in the liquid crystal phase. The crystal phase gen-
erated by recrystallization is called crystal phase II, which exhibited 
needle-like crystals. The arrow in the figure indicates the tip of a nee-
dle
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Fig. 6  DSC curves. Both the heating and cooling rates were 
15  °C   h−1. The temperature was lowered to 33  °C after heating to 
52 °C, then increased again. The DSC curve (shown as a solid line) 
was measured as a continuous curve but is cut off at 52 °C, and the 
display is shifted in the vertical direction for ease of viewing
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Crystal nucleation and phase coexistence

As shown in Fig. 7, recrystallization of the liquid crystal 
phase to phase II progressed slowly, and, at high heating 
rates, the crystal nuclei disappeared before recrystalliza-
tion. The transition to phase II was undetected in the sam-
ple region, where the crystal nuclei disappeared and fully 
transitioned to the liquid-crystal phase. This result aligns 
with the absence of peak B on the DSC curve (Fig. 4) at 
the high heating rates of 120 °C  h−1 and 240 °C  h−1. This 
indicates that all the sample regions were transitioned to 
the liquid crystal towards the high-temperature side of the 
temperature range β for high heating rates.

In the measurements shown in Fig. 6, the endothermic 
reaction corresponding to peak A did not occur when the 
temperature increased again. Therefore, it can be con-
cluded that phase I did not form in the temperature range 
β2. In addition, no exothermic phenomena were observed 

when the temperature decreased. Thus, it was not easy to 
generate the nuclei of phase I in the sample region where 
the transition to phase II was complete.

The above results show that the sample in the tempera-
ture range β1 was in the state in which the three phases of 
the crystal, namely, phase I, phase II, and the liquid crystal 
phase, co-existed, and in the temperature range β2, the 
sample was in phase II.

Measurement of relaxation time of phase transition

In Fig.  8b, the rate at which the temperature increases 
decreases from region I to region II. This rate change could 
be attributed to an endothermic reaction that accompanied 
the phase transition; similar behavior has been reported for 
many phase transition phenomena. This decrease in the rate 
of temperature increase can be explained by expanding the 
specific heat to dynamic specific heat, which is a complex 
specific heat with frequency dependence [18–21]. The sim-
plest frequency dependence of dynamic specific heat can be 
expressed using the Debye relaxation function. The real part 
C′ and the imaginary part C′′ of the dynamic specific heat 
were set as follows:

where C∞ is the specific heat of the high-frequency limit, 
ΔC1 is the relaxation strength, � is the angular frequency, 
and �1 is the relaxation time. In this study, the specific heat 
could not be determined independently; however, the ther-
mal diffusivity could be obtained. Assuming that the fre-
quency dependences of the density and thermal conductivity 
are negligible, the Debye relaxation can be represented as

(19)C
� = C∞ +

ΔC1

1 + �2�2
1

(20)C
�� =

ΔC1��1

1 + �2�2
1

,

Fig. 7  Optical images captured using the polarizing microscope at 
32 °C (a) and 50 °C (b). The heating rate was 120 °C  h−1. The phase 
transition from the crystalline to the liquid-crystalline phase started 
on the surface of the crystal, after which the entire region transitioned 
to the liquid-crystalline phase without recrystallization to phase II at 
50 °C
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Fig. 8  AC calorimetry temperature waveforms measured at 33.4  °C 
(a) and 48.6  °C (b). Open circles: measured data; solid lines: fitted 
curves. The dotted line is calculated using Eqs.  (21) and (22). The 
reference frequency of the AC heat flux was 0.10 Hz. Irradiation of 
the sample cell with the halogen lamp: 0 s to 5 s (heating); irradiation 

discontinued by closing the electromagnetic shutter: 5 s to 10 s (cool-
ing). The heating and cooling periods are divided into three periods: 
I, II, III, and I’, II’, and III’, respectively. Each change in the curvature 
of the temperature waveform forms the boundary of a time period
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by expressing the inverse of the dynamic thermal diffusiv-
ity 1/a∗ by A . The fitting curve calculated by substituting 
the relaxation Eqs. (21), (22) into Eq. (14) is represented 
by the dotted line in Fig. 8b. This curve could explain the 
curvature change from period I to period II but not the cur-
vature change from period II to period III. Therefore, the 
following new relaxation formula was generated assuming 
double relaxation, where ΔA2 and �2 are the newly intro-
duced relaxation strength and relaxation time, respectively.

The curve plotted using Eqs. (23), (24) is represented by 
the solid line in Fig. 8b and was fitted to the measured values. 
The real part A′ and imaginary part A′′ of A were obtained 
by fitting the calculated curves to the results measured at the 
reference frequencies of 0.10 Hz, 0.05 Hz, and 0.02 Hz. Fig-
ure 9 shows the frequency dependence of A . In addition to 
the reference frequency component of A ( �0 in Eq. (6), that 
is, 0.10 Hz, 0.05 Hz, and 0.02 Hz), the values of the third-
order vibration component (m = 1) and the fifth-order vibra-
tion component (m = 2) are also shown. Figure 10 shows the 
temperature dependence of the relaxation parameters obtained 
from the fitting curves of A′ and A′′ . The relaxation strength 
ΔA2 was zero at 43.4 °C and below. This indicates that the 
waveform can be fitted using the relaxation Eqs. (21) and (22). 
Conversely, the relaxation strength ΔA2 at 43.6 °C and higher 
was negative, and the relaxation time �2 was larger than �1 at 
44.2 °C and above.

Relaxation parameters of the heating process 
(periods I, II, and III)

The second term of the real part A′ in Eq. (23),

and the first term of the imaginary part A′′ in Eq. (24),
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represents the change in thermal diffusivity because of the 
endotherm accompanying the phase transition in periods I, 
II, and III. The third term in the real part A′,

and the second term in the imaginary part A′′,

are considered to represent the exothermic phenomenon, 
assuming that ΔA2 was negative. The DSC measurements 
and observations with the microscope showed that the sam-
ple surface transitioned from phase I to the liquid crystal 
phase during heating, which was an endothermic phenome-
non. Subsequently, recrystallization to phase II was observed 
in the liquid crystal phase, which was an exothermic phe-
nomenon. Therefore, ΔA1 and �1 are considered to represent 
the relaxation strength and relaxation time in the relaxa-
tion phenomenon of the phase transition from phase I to 
the liquid crystal phase, and ΔA2 and �2 those of the recrys-
tallization from the liquid crystal phase to phase II. This 
phase transition is indicated by the solid arrow in Fig. 11. 
In the liquid crystal phase, the molecules are highly fluid, 
and they readily take on different arrangements. In addition, 
because the molecules are more ordered than those in the 
liquid phase, little activation energy is required to convert 
the liquid crystal phase to phase I.

Relaxation phenomenon of the cooling process 
(periods I’, II’’, and III’’’)

The temperature was periodically modulated using AC calo-
rimetry, which, as shown in Fig. 8, enabled the temperature 
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the dynamic thermal diffusivity. A′ and A′′ are the real and imagi-
nary parts of A , respectively. Open and solid circles represent data 
obtained from the temperature waveform at 48.6  °C, and the solid 
curves represent fitted data
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to be lowered in 5 s (from 5 to 10 s) in the case of 0.10 Hz. 
As shown in Fig. 8b, the change in the temperature wave-
form curvature was symmetric during the heating (from 0 
to 5 s) and cooling (from 5 to 10 s) processes. This indicates 
that during the cooling process, an endothermic phenom-
enon occurred after the exothermic phenomenon and that the 
relaxation parameters were sufficiently close to those in the 
heating process. The phase transition during the cooling pro-
cess is presumably indicated by the dotted arrow in Fig. 11. 
The transition from the liquid crystal phase to phase I is 
an exothermic reaction, whereas the transition from phase 
I to phase II is endothermic. The change in energy owing 
to the phase transition, indicated by the dotted arrow, is not 
the same as that indicated by the solid arrow. However, the 
difference between the relaxation parameters of the heating 
and cooling processes is considered negligible because of 
the small amplitude of the temperature modulated by the AC 
calorimetry; the large sample size caused the inhomogeneity 
in the sample.

Figure 12 shows a schematic of the phase transition 
where all three phases of the crystal, that is, phase I, phase 
II, and the liquid crystal phase, co-exist. The phase transition 
between phase I and the liquid crystal phase readily occurs, 
and the relaxation time is short. In contrast, the phase transi-
tion from phase I or from the liquid-crystal phase to phase 

II is considered a relaxation phenomenon with a relatively 
long relaxation time.

Relaxation strength and relaxation time

The relaxation phenomenon represented by the Debye-
type relaxation equation shows a simple time variation 
that changes exponentially from one equilibrium state to 
another. The relaxation time indicates the speed of change 
and corresponds to the magnitude of activation energy. 
The relaxation strength corresponds to the magnitude of 
heat absorption and exothermal activity. In the experi-
ments with 5OCB as the sample, the relaxation time and 
strength showed a temperature dependence with a peak 
between 48.5  °C and 48.6  °C. At temperatures lower 
than the peak, both the relaxation strength and relaxation 
time were small, suggesting that the phase transition was 
mainly a microscopic phase transition on the surface of 
crystalline phase I. At the high-temperature side, includ-
ing the peak, it is hypothesized that a phase transition with 
relatively high activation energy occurs, which is related 
to the growth of the needle-like crystalline phase II, as 
shown in Fig. 5b.

The relaxation Eqs. (23), (24) proposed in this study are 
a combination of Debye-type relaxations and are highly 
versatile. These equations apply to phase transitions in 
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tal phase I transitions to liquid crystal phase and crystal phase II 
(heating process). Dotted arrow: liquid crystal phase transitions to 
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which two relaxation phenomena with different relaxation 
times occur simultaneously. Even in the case of surface 
melting of water, a molecule widely studied, the mecha-
nism of surface melting and accompanying recrystal-
lization remains unclear. We anticipate that the analysis 
method proposed in this study will contribute to the clari-
fication of non-equilibrium states, such as surface melting, 
where multiple phases co-exist at the same temperature, 
and endothermic and exothermic phenomena occur simul-
taneously, not limited to 5OCB.

Conclusions

We derived a relaxation function to express the dynamic 
thermal diffusivity in systems where two independent 
relaxation phenomena were observed as follows:

A
� = A∞ +

ΔA1

1 + �2�2
1

+
ΔA2

1 + �2�2
2

where A′ and A″ are the real and imaginary parts of dynamic 
thermal diffusivity, respectively. This function was applied 
to the results obtained by AC calorimetry in the crystal-
line to liquid crystal phase transition temperature range of 
5OCB. During the phase transition of 5OCB, three phases 
(crystalline phase I, crystalline phase II, and a liquid-crys-
talline phase) co-existed when measured at a heating rate of 
15 °C  h−1 or less. Analysis using the above formula revealed 
that the relaxation strength of each phenomenon was posi-
tive ( ΔA1 ) and negative ( ΔA2 ). That is, it is possible to dis-
tinguish between the relaxation phenomenon (endothermic 
reaction) associated with the phase transition from crystal 
phase I to the liquid crystal phase and that (exothermic reac-
tion) associated with the phase transition from the liquid 
crystal phase to crystal phase II by the sign of the relaxa-
tion strength. Furthermore, the relaxation time was deter-
mined using the relaxation function. The relaxation time 
was as long as 3.7 s for liquid crystallization and as much 
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as 5.6 s for recrystallization. As described above, in this 
paper, we proposed a new relaxation function and showed 
that applying this relaxation function to actual measurement 
results enables the frequency dependence of each relaxation 
phenomenon to be determined. In phase transitions where 
melting, liquid crystallization, and recrystallization occur 
in the same temperature range, it is difficult to estimate the 
endothermic and exothermic values of each phenomenon by 
conventional DSC and DTA because the endothermic and 
exothermic values of each phenomenon cancel each other 
out. However, if the frequency dependence of each phenom-
enon is different, the relaxation strength and relaxation time 
of each phenomenon can be evaluated independently using 
the relaxation functions proposed in this study.
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