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NATURE OF THE DYNAMIC
CROSSOVER IN ORTHOTERPHENYL

PACS 64.70.Pf, 64.70.Kt,
64.60.Qb

We have conducted the infrared spectroscopic study and differential scanning calorimetry mea-
surements (DSC) on orthoterphenyl (OTP), aiming to explore the physical nature of the dy-
namic crossover at 1.2𝑇𝑔 found in variety experiments on OTP. We have obtained that, at
𝑇 ≤ 1.2𝑇𝑔 (∼290 K) in the supercooled liquid OTP, the crystal nuclei appear and are absent at
higher temperatures. These results suggest that the origin of the dynamic crossover at 1.2𝑇𝑔
is related to the formation of fluctuating nuclei in the supercooled liquid, as a temperature
of 1.2𝑇𝑔 is approached. Therefore, we would expect that the appearance of the nuclei would
change the molecular dynamics from individual to cooperative.
K e yw o r d s: differential scanning calorimetry, infrared spectroscopy, glass transition, nucle-
ation, orthoterphenyl, supercooled liquids.

1. Introduction

A whole class of glass-forming liquids is character-
ized by the existence of the crossover temperature
𝑇𝑐 ≈ 1.2𝑇𝑔 within the mode coupling theory (MCT)
[1–4]. The MCT describes the slowing down of the
structural dynamics of a liquid in terms of the de-
velopment of a non-linear coupling between density
fluctuations that, in the idealized version, is respon-
sible for the structural arrest at a critical temper-
ature 𝑇𝑐 above 𝑇𝑔. For the most glass-forming sys-
tems, including OTP, the supercooled phase below 𝑇𝑐

has universal physical properties. In particular, the
relaxation time 𝜏𝛼 (𝜏𝛼 represents the time required
for the liquid to return to the equilibrium state after
a small perturbation) exhibits a temperature depen-
dence stronger than the Arrhenius one [5–15].

It should be noted that, despite the fact that 𝑇𝑐 is
defined within the theory, some experiments demon-
strate the model-independent evidence of 𝑇𝑐, at which
some qualitative changes occur in the dynamics of
glass-forming systems. Novikov and Sokolov [16]
carefully studied the papers, where estimates of the
crossover temperature 𝑇𝑐 have been done for 26 var-
ious glass-forming systems, and demonstrated that
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the structural relaxation time 𝜏𝛼 at 𝑇𝑐 appears to be
the same in most systems, including those that are
covalent and hydrogen bonded, ionic, molecular, and
polymeric.

The anomalous temperature dependence of the
structural 𝛼-relaxation, which is observed in vari-
ous liquids and polymers irrespective of their de-
tailed molecular properties, suggests a collective phe-
nomenon involving the cooperative motion of a large
number of molecules, the feature whose explanation
has been the major focus of theoretical descriptions
of the glass transition. Geometrical frustration has
often been considered to pay a key role in such phe-
nomenon [17]. “Frustration” describes an incompat-
ibility between the extension of the locally favored
structures such as the icosahedral order in a liquid
and the tiling of the whole space [17, 18]. The tem-
perature at which the locally favored structures ap-
pear is associated with a temperature of a narrowly
avoided phase transition 𝑇 * [17, 18]. In the works
of Tanaka [19–22], it was proposed that there is a
transition from the ordinary-liquid to the frustrated
metastable-liquid state at 𝑇𝑚, which is characterized
by the appearance of metastable high-density solid-
like islands and the resulting appearance of the coop-
erative nature of the 𝛼-relaxation. Blazhov et al. [23]
considered the clusterization and nucleation processes
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as the main physical mechanisms of the microin-
homogeneous structure formation in highly viscous
liquids. Computer simulations performed by Buch-
ner and Heuer [24] showed that, in the supercooled
regime, the dynamics is strongly influenced by the
presence of deep valleys in the potential energy land-
scape, corresponding to long-lived metastable amor-
phous states. Fischer et al. [25] assumed the exis-
tence of local structures with energetically preferred
configurations, which were termed “glassy clusters”
or “nonperiodic solids”. These clusters have a limited
lifetime given by the 𝛼-relaxation time.

Although it has long been recognized that the dy-
namics in supercooled liquids below the crossover
temperature is spatially heterogeneous, the physical
origin of these locally favored structures, which start
to appear at a crossover temperature when a liquid
enters into the supercooling state upon cooling, has
not been established even at a basic level.

Earlier, our studies [26, 27] of several different glass
formers (2-biphenylmethanol, benzophenone and sa-
lol) have shown that, as the temperature 𝑇 ∼ 1.2𝑇𝑔 is
approached, the crystal nuclei of the metastable phase
start to appear in their supercooled liquid states.
The precursors of nuclei originate in the local-density-
fluctuation sites, which are already present in the
quenching period of the supercooled liquid. Namely,
they are responsible for the spatial and dynamic
heterogeneities. These findings immediately raise the
question whether the nucleation at 𝑇𝑐 above 𝑇𝑔,
which is responsible for the heterogeneity, is a univer-
sal physical property for supercooled liquids? To ver-
ify this suggestion, the organic glass former OTP was
chosen, because OTP has received much attention
among researches from both experimental and nu-
merical simulation points of view [28–54]. The critical
temperature 𝑇𝑐 has been determined by depolarized-
light-scattering and quasielastic neutron scattering
[30, 31] and by optical Kerr effect experiments [32, 33]
and was found to be 𝑇𝑐

∼= 290 K. Moreover, the de-
coupling of the rotational and translational diffusions
in OTP has been found at 𝑇𝑐 = 290 K [28, 29]. OTP,
which shows a strongly non-Arrhenius temperature
dependence of the viscosity as 𝑇𝑔 is approached, has
been characterized as a “fragile” liquid [8, 9].

To clarify the physical nature of the dynamic
crossover in OTP and to answer the question why the
dynamics is spatially heterogeneous, we performed
Fourier transmittance infrared (FT-IR) spectroscopy
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Fig. 1. Temperature-dependent FT-IR spectra for OTP
recorded on cooling. Temperatures are (from bottom to top):
100, 180, 200, 240, and 300 K

and DSC measurements. This research will provide
us with the explanation of the dynamic crossover
in terms of the creation of fluctuating nuclei, when
the supercooled liquid OTP approaches the crossover
temperature 𝑇 ∼ 1.2𝑇𝑔 upon cooling from room tem-
perature down to 𝑇𝑔.

2. Experimental

OTP (1,2-diphenylbenzene: C18H14) purchased from
Aldrich was purified by recrystallization from a
methanol solution; as a result, a white prismatic crys-
tals were obtained. OTP consists of small rigid molec-
ular units which interact via weak non-directional van
der Waals forces. Molecular structure of OTP is given
in Fig. 1 of [52]. It is constituted by three phenyl
rings, the two side rings being attached to the parent
(i.e., central) ring by covalent bonds. Molecules such
as OTP are the simplest system that can be super-
cooled and forms glass.

FT-IR measurements were done on a Fourier-
transform infrared spectrometer (Bruker model IFS-
88) at a resolution of 2 cm−1, and 32 scan were
typically co-added for an individual spectrum. Data
processing was performed with the OPUS software.
For the IR-FT measurements, a sample of powder
OTP was inserted in a cell with two CsI pellets at
room temperature and then melted into a thin film.
The thickness of such a cell was approximately a few
micrometers. Such a sample with liquid OTP was
then fixed in an Oxford Duplex closed-cycle cryostat,
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Fig. 2. FT-IR spectra variations for OTP recorded at 𝑇 =

300 K. Curve 1 is the spectrum recorded after the reheating of
the glassy state; curves 2–5 were recorded in 5, 10, 15, and 20
min after recording curve 1

which allows working temperatures in the range 330–
12 K with an accuracy of roughly 1 K.

DSC measurements were carried out in a Perkin–
Elmer DSC-7 equipped with the CCA-7 low temper-
ature accessory. A liquid nitrogen cooling system
was used in order to reach the temperature as low
as 104 K, and the measurements were carried out in
the temperature range 104–343 K. A small amount
of the sample (∼6.5 mg) was enclosed in aluminum
pans hermetically sealed with the use of a sample en-
capsulating press. Temperatures and enthalpies were
calibrated using indium.

3. Results

3.1. Infrared spectra

In this section, we will focus on the analysis of the FT-
IR spectra of OTP. Infrared measurements were as
follows: (1) a powder of crystalline OTP was melted
in a cell with two CsI pellets; (2) the liquid sample
was then cooled down to 100 K, and, during cooling,
the FT-IR spectra were recorded (Fig. 1); (3) glassy
OTP is then heated up to room temperature (300 K),
and the FT-IR spectra were recorded for various wait-
ing times (Fig. 2). We have studied the FT-IR spec-
tra in the 400–4000 cm−1 spectral range; however, as
an example, we have chosen only the 650–820 cm−1

spectral interval.
Figure 1 shows the fragments of the FT-IR trans-

mittance spectra of the liquid OTP recorded on cool-

ing from room temperature (300 K) through the glass
transition temperature down to 100 K. It is seen that
the position and the shape of the bands in the IR
spectrum during the transformation from the liquid
to glass state are virtually unchanged. This means
that, during cooling, the crystallization of the liquid
state is avoided.

On the subsequent heating from the glass state
through the glass transition to room temperature,
the crystallization occurs. We analyzed the crystal-
lization by continuously measuring the FT-IR spec-
tra during isothermal aging performed at 300 K. The
fragments of the FT-IR spectra are shown in Fig. 2.
Dashed curve 1 shows the spectrum of the super-
cooled liquid phase recorded immediately after reach-
ing the 300 K temperature. Next curves (2–5) were
recorded in 5, 10, 15, and 20 min, respectively, after
recording spectrum (1). It is seen that the crystal-
lization process was completed within 20 min. The
band at 772 cm−1 in the process of crystallization
transforms into three bands in the crystalline state
spectrum: at 769, 775, and 781 cm−1. The band at
748 cm−1 transforms into two bands in the crystalline
state spectrum: 740 and 751 cm−1. The wide struc-
tureless band centered at 699 cm−1 in the supercooled
liquid state spectrum transforms into two bands at
699 and 709 cm−1 in the crystalline state spectrum.
The splitting appears more and more pronounced as
the crystallization is completed (Fig. 2, solid curve 5).
Not only in the spectral range presented in Fig. 2, but
also in the whole region, the crystallization is mani-
fested in the narrowing of bands and in the increase
of their number. It should be noted that no changes
in the IR spectra were observed, once the crystalline
phase was obtained.

It is important that the supercooled liquid OTP
is more stable in respect to the crystallization when
we cool the liquid phase, than when we reheated the
glassy phase through the glass transition region. This
fact could be easily explained if we consider the shifts
in the positions of two curves: crystal growth and
crystal nucleation. The maximum rate of crystal nu-
cleation is expected to appear at lower temperatures
than that of the crystal growth. The process of nu-
cleation begins in the supercooled liquid due to the
fluctuation of the energy and is determined only by
a thermodynamic factor. Nuclei of the crystalline
phase are constantly appearing, growing, and disin-
tegrating in the supercooled liquid. However, using
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the IR spectroscopy method, we could observe only
macroscopic processes, such as the crystallization or
melting, whereas the nucleation being a relatively
microscopic process is unobservable directly by this
method. Thus, the IR spectra in the process of nu-
cleation are practically unchanged (Fig. 1).

The growth process is controlled by the molecular
diffusion process, and the transformation rate should
be totally described as a thermal activation process.
Thus, the growth of crystal nuclei via molecular colli-
sions occurs at higher temperatures and lower viscos-
ity, than the process of nucleation. To complete the
crystallization, the system has to overcome an energy
barrier that can be achieved by rising the tempera-
ture. Therefore, when we cool liquid OTP through
the temperature region (high temperatures) at the
maximum rate of crystal growth, the crystal nuclei
are absent, so the crystallization is impossible. When
we approach the temperature region (low tempera-
tures) where the nucleation process starts, the viscos-
ity is too high to allow nuclei to increase their radius.
Thus, the nuclei, which emerge in the liquid sample
during the quenching procedure, should be freezed
into glass and comprise the glass structure.

3.2. Thermal behavior

Here, we will focus on the analysis of the DSC mea-
surements in order to complement and to confirm the
FT-IR results. Under heating, crystalline OTP melts
at 332.14 K, which gives rise to an endothermic peak
on a DSC scan (Fig. 3, dotted curve 1). The onset
of the melting occurred at 330 K, and the melting
enthalpy is 78.29 Jg−1 in agreement with the value
reported by Steffen and co-workers [30]. After that,
the sample was kept for 15 min at a temperature of
343 K, well above the melting temperature, in order
to remove any nuclei that may be found. When this
melted OTP is quenched at 20 K min−1 to 104 K,
the crystallization is avoided (absence of an exother-
mal peak on the DSC scan) (Fig. 3, dashed curve
2). Only a heat flow jump can be clearly seen at
245.2 K (onset), which is the characteristic signature
of the glass transition 𝑇𝑔. The heat capacity jump at
the glass transition is –0.38 Jg−1K−1. On the subse-
quent heating at 20 K·min−1 to 343 K, the compound
goes through the glass transition at 𝑇𝑔 = 253 K (on-
set) and the crystallization at 302 (onset) and then
melts at 332 K (endothermic peak on the DSC scan).
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Fig. 3. DSC scans for OTP: (1 ) heating of the crystalline
phase from 295 to 343 K; (2 ) cooling of the liquid state from
343 K to 104 K; (3 ) heating of the glassy state from 104
to 343 K. In the cooling-heating cycle, the scanning rate is
20 K·min−1. The sample mass is 6.5 mg

The heat capacity jump at the glass transition is
0.58 Jg−1K−1 (Fig. 3, solid curve 3). It is seen that
OTP in the supercooled liquid state is more stable
in respect to the crystallization, when we cool liquid
OTP, than when we reheat the glassy state.

As previously noted, the maximum rate of crystal
nucleation is expected to appear at lower tempera-
tures than that of the crystal growth. Our interest
is in the determination of the temperature, at which
the process of nucleation starts in OTP. For this pur-
pose, we will use the DSC method. It should be noted
that, by the DSC method, we could observe directly
the macroscopic crystallization or melting, while the
nucleation, being a relatively microscopic process, is
unobservable directly by any method. However, the
crystallization or melting peaks on DSC scans can be
used as a detector to examine whether the nucleation
process has or has not proceeded during heating, be-
cause the crystal growth presupposes the presence of
crystal nuclei.

Figure 4 shows 8 DSC scans for OTP with a mass
of 6.5 mg, all being obtained at a heating rate of
20 K min−1. Each liquid sample for DSC measure-
ments was previously quenched (200 K min−1) from
343 K to the temperature 𝑇𝑛 (precooling tempera-
ture) indicated in the figure and then measured on
heating to examine if the crystallization (exothermic
peak) or the melting (endothermic peak) appears on

ISSN 2071-0194. Ukr. J. Phys. 2014. Vol. 59, No. 3 295



J. Baran, N.A. Davydova, M. Drozd et al.

150 200 250 300 350
0

5000

10000

15000

20000

25000

E
n
d
o
. 
h
e
a
t 
flo

w
 (
a
rb

. 
u
n
its

)

Temperature (K)

283

293

273

263

253

223

173

133

1
2

3
4

5

6

7

8

Fig. 4. DSC heating scans for OTP obtained at a heating rate
of 20 K·min−1. Each sample was previously rapidly cooled at
200 K·min−1 from 343 K to the temperature indicated in the
figure and, after that, immediately reheated. The sample mass
is 6.5 mg

the DSC scans. Due to the fact that the crystal-
lization begins with the formation of crystal nuclei,
their formation can be judged from the appearance
of corresponding peaks on a DSC scan. The DSC
scans in Fig. 4 are vertically shifted for the sake of
clarity. Scan 1 was obtained for the sample pre-
cooled to 293 K. We have not seen any endother-
mal peak due to melting. The next scan 2 for the
sample precooled to 283 K shows a tiny endothermal
peak due to the melting with a very small enthalpy
(1.57 Jg−1). The maximum intensity of the melting
peak occurred at 𝑇onset = 329.42 (𝑇max

𝑚 = 330.83 K).
Consider that the melting peak presupposes the pres-
ence of crystal nuclei; we can conclude that the nu-
cleation process in supercooled liquid OTP starts in
the temperature range 293–283 K. Thus, in this tem-
perature range, there exists a temperature 𝑇𝑛 which
separates two liquid states. Above 𝑇𝑛, we have to
deal with a usual liquid, while the supercooled liquid
below 𝑇𝑛 is composed of nuclei coexisting with the
supercooled liquid. A comparison of the temperature
of the nuclei generation with a crossover tempera-
ture, at which the dynamics of supercooled liquid is
drastically changed, that was determined in different
experiments using neutron, light scattering, and op-
tical Kerr effect methods [30–34], gives a good agree-
ment. It follows directly from this observation that
the origin of the crossover at 1.2𝑇𝑔 is related to the

appearance of fluctuating crystalline nuclei in the su-
percooled liquid OTP at 𝑇 ∼ 1.2𝑇𝑔.

For all samples precooled below the glass transition
temperature in the DSC heating scans, three essen-
tial features are seen (Fig. 4, curves 6–8). The first
one corresponds to the glass transition at the temper-
ature 𝑇𝑔onset = 253 K, and the second is an exother-
mal peak that corresponds to the crystallization and
is observed in the temperature range 302–313 K. The
third large endothermic melting peak at 𝑇 = 329 K
indicates the melting of OTP. It is seen that the crys-
tal growth occurs in the region 302–313 K, which is
significantly separated by temperature from the crys-
tal nucleation region 293–283 K. Thus, the presence
of nuclei at low temperatures does not lead to the
crystallization in the quenching period, which is con-
sistent with the FT-IR results.

4. Discussion

Judging from our experimental results, it is clear that
the process of crystallization is observed only in the
case where we heat OTP from the glassy state to
room temperature, and it takes only a few minutes.
However, a liquid sample may not be crystallized for
a long time at room temperature. The fact that
a liquid sample is not crystallized indicates that it
does not contain nuclei, while the fluctuating nuclei
emerge during the cooling procedure in the temper-
ature range 293–283 K (1.2𝑇𝑔–1.16𝑇𝑔). Such nu-
clei are constantly formed, grow, and disintegrate.
So, they are responsible for the spatially heteroge-
neous dynamics in supercooled liquid OTP. Below
𝑇𝑔, these nuclei turn out to be incorporated in the
glass structure. In the view of the fact that the
crystal nuclei consist of an ordered arrangement of
10–1000 molecules, these ordered clusters in glassy
OTP can be recognized as a measure of the het-
erogeneous nanostructure in glassy OTP. Thus, the
glassy OTP is composed of solid regions (nuclei)
(high density, low mobility), which are surrounded by
weakly bounded regions, where the atomic motions
are relatively fast (low density, high mobility). This
view on the glass structure is consistent with some
heterogeneous-structural models such as the Stillinger
model [7], the island of mobility model by Johari
and Goldstein [5], the entropy and density fluctua-
tion model by Ediger [3], and the concept of cooper-
atively rearranging region and its correlation length
by Donth [10].
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Once a liquid OTP has been cooled to the temper-
ature 𝑇𝑛, at which the nucleation starts, we would
expect a change of the dynamics below this temper-
ature from Arrhenius-like to non-Arrhenius, as was
found, indeed, in a variety of experiments on OTP
[35, 36, 40, 45, 49]. It follows directly from our re-
sults that the physical origin of the dynamic crossover
is the appearance of fluctuating nuclei, as the temper-
ature 1.2𝑇𝑔 is approached.

5. Conclusion

We have studied the structural transformations of
glass-forming OTP by the IR spectroscopy and DSC
methods. The DSC method clearly provides evidence
that, in the supercooled liquid OTP, fluctuating nu-
clei start to appear below 𝑇𝑛, which is close to the
crossover temperature 𝑇𝑐

∼= 1.2𝑇𝑔, when the liquid
enters into a supercooled state upon cooling. Above
this temperature, we have to deal with a usual liq-
uid; while, below 1.2𝑇𝑔, the supercooled liquid is
composed of nuclei coexisting with the supercooled
liquid. This means that, below 𝑇𝑛, the supercooled
liquid is dynamically and spatially heterogeneous. In
the supercooled liquid at high temperatures (> 𝑇𝑛),
crystalline nuclei are absent, so the crystallization is
impossible even in the temperature interval 302–313
K at the maximum rate of crystal growth. The FT-IR
spectroscopy method provides evidence that the crys-
talline nuclei expand into clusters of a macroscopic
size, only when glassy OTP is heated. For the first
time, we have obtained the FT-IR spectra of crys-
talline, supercooled liquid, and glassy states of OTP.

Based on our results, we can conclude that the na-
ture of the dynamic crossover at 1.2 𝑇𝑔 found in a
variety of experiments on OTP is associated with the
dynamics of creation and annihilation of nuclei. This
is an interesting finding in light of our previous studies
indicating that, at a crossover temperature ∼ 1.2𝑇𝑔,
fluctuating nuclei also appear in the glass-formers:
salol [27], benzophenone [27] and 2-biphenylmethanol
[26]. Thus, the existence of nucleation near 𝑇𝑔, which
determines the dynamic crossover, actually appears
to be a universal feature of molecular glass formers.
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Я. Баран, Н.О.Давидова,
М.Дрозд, О.О.Понежа, В.Я. Резнiченко

ПРИРОДА ДИНАМIЧНОГО
КРОСОВЕРА В ОРТОТЕРФЕНIЛI

Р е з ю м е

Ми використовували метод iнфрачервоної спектроскопiї й
диференцiально-скануючої калориметрiї (ДСК) з метою
встановлення фiзичної природи динамiчного кросовера при
температурi 1,2𝑇𝑔 в ортотерфенiлi (ОТР), який був вияв-
лен в багатьох експериментах на ОТР. Ми одержали, що
при температурах 𝑇 ≤ 1,2𝑇𝑔 (∼290 K) у переохолодженому
рiдкому ОТР утворюються кристалiчнi зародки, що вiдсу-
тнi при бiльш високих температурах. Цi результати свiд-
чать, що природа динамiчного кросовера при температу-
рi 1,2𝑇𝑔 пов’язана з утворенням флуктуюючих зародкiв у
переохолодженiй рiдинi при досягненнi температури 1,2𝑇𝑔.
Тому необхiдно очiкувати, що поява зародкiв приведе до
змiни молекулярної динамiки вiд iндивiдуальної до коопе-
ративної.
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