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Abstract Melting/freezing are canonical examples of discontinuous phase transitions, for which no pretransitional eﬀects in the liquid phase are expected. For the solid phase, weak premelting eﬀects are evidenced.
This report shows long-range, critical-like, pretransitional eﬀects in liquid thymol detected in electrooptic Kerr eﬀect (EKE) studies. Notably is the negative sign of EKE pretransitional anomaly. Studies are
supplemented by the high-resolution dielectric constant temperature-related scan, which revealed a weak
premelting eﬀect in the solid phase. Both EKE and dielectric constant show a ‘crossover’ change in the liquid phase, ca, 10 K above the freezing temperature. It can be recognized as the hallmark of the challenging
liquid–liquid transition phenomenon.

1 Introduction
Melting/freezing discontinuous phase transition is one
of the most common phenomena in nature, experienced in our everyday life [1]. It is also used in
many technological processes, from food preservation [2] to physicochemical technologies [3–5]. Despite
its signiﬁcance, the cognitive insight into the phenomenon remains limited. It can be explained by
inherent phenomenal limitations associated with melting/freezing, particularly the practical lack of pretransitional eﬀects. Only weak and range-limited premelting changes for some physical properties are observed
in the solid/crystalline side of the melting temperature Tm . This phenomenon is recognized as a particularly signiﬁcant experimental reference and constitutes the base for so-called ‘grain models’ for melting/freezing, which dominated nowadays. They explain
melting via the appearance of nano/micro-grains, separated by ‘channels’ with nano/micro-constrained liquid
[6, 7]. The latter’s growth on heating destabilizes the
crystalline solid and melts into the liquid state. Generally, no pretransitional eﬀects are expected for the liquid side of Tm [8, 9]. Notable that for continuous phase
transitions, long-range pretransitional eﬀects, also in
the high-temperature (‘liquid’) domain, are the basic
inspiration and reference for the Physics of Critical
Phenomena, one of the grand universalistic successes of
twentieth Century Physics [8, 9]. For melting/freezing
a
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discontinuous phase transition, such a cognitively beneﬁcial phenomenon seemed to be absent [10, 11].
However, recently two striking exceptions from the
rule ‘no pretransitional eﬀects in the liquid state’ for
melting/freezing have been reported [12–14]. First,
the long-range pretransitional eﬀect was registered in
the liquid phase of cyclooctanol, using the electrooptic Kerr eﬀect (EKE) and nonlinear dielectric eﬀect
(NDE) methods [12, 13]. Cyclooctanol is the plastic crystal-forming (PC) material associated with the
solidiﬁcation in the Orientationaly Disordered Crystal
(ODIC) phase. However, in ref. [13] the model coherently explaining the mentioned pretransitional anomalies in ODIC-formers and in the isotropic liquid phase
of rod-like liquid crystalline (LC) materials was proposed. The latter is known from decades and included
in the canon of the Critical Phenomena Physics [10,
15–20]. Hence, melting/freezing in ODIC-forming (PC)
materials should leave the family of materials with
canonic melting/freezing phenomenon. Consequently,
the paradigm for the lack of the long-range pretransitional eﬀects near the melting and freezing temperatures seemed to remain.
However, this year explicit strong and long-range
EKE and NDE pretransitional eﬀects in liquid menthol
have been reported [14]. In menthol the ‘classic’ melting/freezing discontinuous transition occurs. There are
no mesophases (LC or PC) between liquid and crystalline phases.
This report presents results of electrooptic Kerr
eﬀect studies, supplemented by dielectric constant scan,
in thymol, i.e., the material from the same homologous series of terpenoids as menthol. Studies revealed
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remarkable pretransitional changes but signiﬁcantly different from the ones observed in menthol [14]. Worth
recalling is the practical signiﬁcance of thymol. It is a
natural (i.e., extracted from plants) compound widely
used in cosmetic and pharmaceutical industries [21, 22].

2 Experimental
Results presented in this report are for thymol, also
known as 2-isopropyl-5-methylphenol (C10 H14 O), the
natural monoterpenoid phenol. The tested sample of
solid thymol (Biosynth, min 98% purity) was heated
just above the melting point of 323 K (as stated by
producer’s datasheet, endothermic peak between 313
and 333 K in DSC measured by Trivedi et al. [23]
and our dielectric measurements). It was tested via
broadband dielectric spectroscopy (BDS) using Novocontrol impedance analyzer, supported by Quattro temperature unit and subsequently using the electrooptic
Kerr eﬀect (EKE birefringence: B). The target of BDS
studies was to obtain high-resolution dielectric constant data in a broad range of temperatures to supplement EKE-related results. Figure 1 shows spectra
for the real part of dielectric permittivity in thymol,
showing that frequency f = 10 kHz is located in the
mid of the static domain, which justiﬁes the assumption for dielectric constant: ε = ε (f = 10 kHz). The
signiﬁcance of dielectric constant is related to the fact
that it is directly responsible for the interaction of the
given dielectric material with the external electric ﬁeld.
In dipolar materials, the test of ε(T ) temperature evolution shows the dominated spontaneous arrangement
of permanent dipole moments, namely it is parallel for
dε/dT < 0 and antiparallel for dε/dT > 0 [24].
Thymol has a small permanent dipole moment μ =
1.893D associated with O–H group in the molecular

Fig. 1 The frequency dependence of the of real part of
dielectric permittivity in the tested temperature domain.
Characteristic features of the spectrum are shown, including
the manifestation of the melting phase transition
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structure [25]. BDS studies were carried out using the
capacitor from Invar, with the gap d = 0.15 mm, and
the voltage of the measurement electric ﬁeld U = 1 V.
The electrooptic Kerr eﬀect (EKE) is the method
associated with strong electric ﬁeld refractive index
birefringence, in respect to the direction of this ﬁeld.
The EKE setup was assembled in X-PressMatter Lab,
and its scheme is shown in Fig. 2. The sample was
placed in a cell containing two electrodes, distanced
by 2 mm and 82 mm long. The cell’s temperature was
stabilized using Julabo thermostat with external circulation and V = 20 L of the cooling/heating agent
liquid. Both in BDS and EKE studies, the temperature stabilization was better than 0.02 K. Thymol was
ﬁrst heated to the liquid state and poured into the
cell. Studies covered the domain below 355 K. On cooling, thymol remained liquid (supercooled liquid) when
passing melting temperature and remained in supercooled liquid state until reaching the freezing temperature ∼ 282 K.
EKE facility was supported by Thorlabs’ HRS015
Stabilized Red He–Ne Laser as a light source. Laser
light traversed through polarizer P1 to ensure polarization with degree α = π/4 to the electric ﬁeld. Next, the
light beam traveling through Kerr cell (ﬁlled with sample material in-between capacitor plates), to which an
electric ﬁeld was applied. Following was a quarter-wave
(QW) plate used as retarder [26] and polarizer P2 oriented at α = − π/4 (perpendicular to P1). Thorlabs’
FDS010 photodiode (PD) was used as a light detector
[24]. Photodiode current was ampliﬁed with Thorlabs’
PDA200C Photodiode Ampliﬁer and registered with
Keysight DSOS104A oscilloscope. In tests, DC electric
ﬁeld pulses lasting typically 500 µs and voltage u to U
= 1000 V were used. Their generation was supported
by Agilent 33220A Function/Arbitrary Waveform Generator controlling DORA ZAS.2A 1000 V power supply unit. For each measurement period, photodiode
current response was registered: before application of
birefringence inducing electric ﬁeld (for 1 ms), during application of electric ﬁeld (for 0.5 ms), and after
removal of electric ﬁeld (for 0.5 ms). At the output of
EKE system, the laser beam signal was registered via
photodiode, where current changes, reﬂected current
sample properties under the electric ﬁeld pulse, were
registered. The response was normalized to the average value of current measured when no electric ﬁeld
was applied (before and after electric ﬁeld removal).
It is shown in Fig. 3, together with the strong electric ﬁeld pulse. Note the lack of the shift between
baseliner before and after the pulse, which shows that
no signiﬁcant ionic contaminations that could yield a
parasitic heating eﬀect were present in tested samples. The normalized current response was then cumulated to improve the signal-to-noise ratio. The timeaveraging (for further noise impact reduction) of cumulative current response (of photodiode) was calculated.
The ratio of diode photocurrent while ﬁeld was
not applied (and thus no birefringence was electrically
induced I (δ = 0)) and when the ﬁeld was applied (and
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Fig. 2 Electrical Kerr
Eﬀect measurement setup:
a He–Ne Laser, b polarizer
P1, c Kerr Cell,
d quarter-wave plate QW,
e polarizer P2,
f photo-diode PD
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Fig. 3 The shape of the detected photodiode current
response (black, continuous line) of the sample to the pulse
of the strong electric ﬁeld (red, dashed line) measured at
327.3 K for impulses of 500 kV/m. Current values when no
electric ﬁeld was applied (I (δ = 0)) and when maximum
electric ﬁeld (I (δ)) was applied are marked

photodiode signal was stable I (δ)) was used to calculate
phase shift between extraordinary and ordinary beams
[27–31]:


δ
I(δ)
π
= arcsin
−
2
2 · I(δ =)
4

(1)

where δ phase shift between extraordinary and ordinary beams, I (δ = 0) current detected when no beam
phase shift was electrically induced (‘no’ electric ﬁeld
baseline), I (δ) electric current detected when maximal
phase shift was observed (when the current response
was stabilized).
To support the registration, the setup contained the
quarter-wave element, and the additional phase shift
of π/4 was accounted in the estimation of the birefringence:
Δn = δ · λ/(π · l) and B =

Δn
δ
=
2
E
2 · π · l · E2

(2)

where Δn birefringence, λ wavelength (in this case
633 nm), δ phase shift between extraordinary and ordinary beams (Eq. 1), l length of the optical path between
capacitor plates (82 mm) in which birefringence was
induced.

Fig. 4 The plot shows the Kerr eﬀect condition: anisotropy
of the refractive index linear versus the square of electric
ﬁeld intensity in the tested sample at 312.3 K). On moving from the melting temperature, higher electric ﬁeld were
applied to obtain the response. The molecular structure of
thymol is also shown

Birefringence is proportional to phase shift [32],
which is induced with an electric ﬁeld according to
Kerr’s law [33]. Linear dependence of EKE-related
changes of the birefringence index Δn, which should
be proportional to the square of the electric ﬁeld intensity (‘Kerr condition’) [34]. The experimental validation of the ‘Kerr condition’ Δn ∝ E 2 is shown in
Fig. 4. When comparing with other materials from the
same homologous series (menthol), tested recently by
the authors [14], one may observe the diﬀerence in electrically induced birefringence within the sign while values remain similar order of magnitude at low temperatures, with an increasing diﬀerence at higher temperatures (for the electric ﬁeld of 500 kVm−1 it is − 2.29 ×
10–9 in thymol compared to 2.29 × 10–9 in menthol at
circa 312 K or − 1.5 × 10–9 in thymol and 0.96 × 10–9
in menthol at circa 348 K).

3 Results and discussion
Figure 5 shows the temperature evolution of dielectric
constant, in the liquid and solid phases of thymol, on
cooling and heating. The melting temperature is determined by heating from the solid phase Tm = 323.0 K.
On cooling from the liquid phase, supercooling down
to Tf = 288.0 K occurred. Linear changes of dielectric
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Fig. 5 The temperature dependence of dielectric constant
on heating and cooling, as indicated by arrows. The melting
and freezing discontinuous phase transitions temperatures
are indicated. Dashed vertical arrows indicate changes in
the form of the temperature evolution. Note: Tf = 288.1 K,
Tm = 322.8 K, TL1 = 294.0 K, and TL2 = 330.9 K

constant, shown as solid lines, related to dε/dT < 0,
indicate that dipole moment follows the external electric ﬁeld. It can be recognized as the hallmark of
the ‘parallel’ arrangement in respect to the direction
of the external electric ﬁeld. However, the vicinity of
Tf , the strong violation of the mentioned behavior
occurs for Tf < T < TL1 = Tf + 6K. The distortion is detectable also on heating, although it is much
weaker than for cooling. In the solid phase, the premelting eﬀect emerges on heating from the solid phase.
It is well manifested, but it is also associated with
the high experimental resolution: the nonlinear rise
from ε(Tm − 15 K) ≈ 2.04 to ε ≈ 2.5(Tm ) takes place.
Figure 6 shows the strong and long-range pretransitional changes of EKE in liquid thymol. It is presented
in the scale testing the occurrence of the critical-like
temperature evolution, earlier observed in refs. [12–14]:

B (T ) =

Δn
A
(T ) =
⇒ B −1 (T )
λE 2
T − T∗

= A−1 (T − T ∗ ) = aT − b

(3)

where T < Tf , Tf denotes the freezing temperature,
and T ∗ < Tf is the singular, ‘critical-like’ temperature;
constant parameters a = A−1 T ∗ , b = A−1 .
EKE changes detected on heating and cooling overlaps. The inset in Fig. 6 shows the distortionssensitive and derivative-based validation of the behavior described by Eq. (3):
B −1 (T )
= A−1
dT

123

(4)

Fig. 6 The temperature evolution of the negative reciprocal of the Kerr constant in liquid thymol. B (birefringence)
denotes the EKE constant. Indicated temperatures are associated with melting, freezing, and changes in the temperature evolution. The parameterization is related to Eq. (3).
The inset shows the derivative of experimental data from
the central part of the plot, related to Eq. 4

The inset also presents explicit evidence of the
crossover ca. 10 K above Tf , correlates with the temperature TL1 , detected in ε(T ) studies (Fig. 5). It is
associated with diﬀerentparameters in Eq. (3), namely:
∗
A ≈ −0.85 10−14 mV−2 , T ∗ ≈ 249 K, ΔTclose
≈ 33 K,

 −14
for Tf < T < TL1 , and A ≈ −9.2 10
mV−2 ,
∗
T ∗ ≈ 188 K, ΔTfar
≈ 94 K, for T > TL1 . The ‘discontinuity is deﬁned as ΔT ∗ = Tf − T ∗ , The EKE pretransitional changes terminate at ∼ Tf + 40 K, which
correlates with the value of TL2 detected for dielectric
constant (Fig. 5).
The unique feature of the pretransitional eﬀect in
Fig. 6 is the negative sign of the pretransitional eﬀect,
expressed by amplitudes A < 0, and opposite to the one
noted in menthol. Notable that the ‘positive’ pretransitional anomaly, is the standard situation observed for
instance, in the isotropic phase of LC materials, also
described by Eq. (3), where it is associated with prenematic ﬂuctuations, whose size and lifetime increase
on cooling toward the isotropic liquid (I)–nematic (N)
transition [10, 15–20]. It is the weakly discontinuous phase transition, for which ‘melting’ of a single symmetry, uniaxial orientation, occurs. For pentylcyanobiphenyl (5CB), the classic rod-like LC material,
pretransitional eﬀects start at Tend ≈ TI−N + 40 K
where ﬂuctuations contain 2–3 molecules. At T ∼
TI−N , this number rises to ca. 100 molecules [15–20].
However, there is no mesophase between the liquid and
crystalline states in menthol, and the model explanation based on the unique case of weakly discontinuous
phase transitions in LC or PC materials [10, 12–20] cannot be applied.
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For explaining the behavior described by Eq. (3), one
can recall the model proposed by Hanus [35], predicting the creation of uniaxial ﬁlaments under the strong
electric ﬁeld in any molecular liquid near the melting
temperature. Originally it was considered for CS2 and
nitrobenzene (C6 H5 NO2 ), liquids without any tendency
for creating mesophases. Hanus indicated that intermolecular coupling occurring in nitrobenzene essentially lowers the intensity of the electric ﬁeld required
for appearing ﬁlaments, in fact, to values comparable
to ones applied in EKE studies. The ﬁrst evidence for
conﬁrming Hanus predictions [35] experimentally was
obtained in refs. [36, 37], for NDE studies in supercooled nitrobenzene. Hanus suggested that the phenomenon should be expected from Tf to the domain
slightly above Tm . Such characterization correlates with
the behavior presented in Fig. 6. For Hanus model
[35], molecules are speciﬁcally ’strung on an ordering
thread’ of a strong electric ﬁeld, creating a ﬁlament.
The amplitude in the Hanus model developed for EKE
and NDE is proportional to the molecular anisotropy
of the refractive index or dielectric constant, concerning the distinguished direction of the blue electric ﬁeld.
A strong electric ﬁeld can be expected to organize
the molecules based on the interaction with a dipole
moment, and the intermolecular interaction associated
with phenyl rings is a facilitating factor. For thymol
molecules with slightly elongated structures and the
dipole moment approximately perpendicular to the long
axis, the birefringence describing changes of refractive
index for the anisotropy induced by the electric ﬁeld:
E
Δ = nE
⊥ − n < 0. The long molecular axis of thymol
is perpendicular to the ﬁlaments axis, arranged by the
direction of the strong electric ﬁelds. The ‘positive sign’
EKE anomaly (A > 0 in Eq. 3) in menthol suggests that
the molecular axis characterized by the larger refractive
index related polarizability is arranged along ﬁlaments
in this material. The amplitude in Eq. 3: A ∝ (ΔnΔε)
where the anisotropy Δε > 0. Hence, the sign of EKE
pretransitional eﬀect is governed by Δn.
Concluding, the report shows the existence of unique,
‘negative-sign’, pretransitional eﬀects in liquid thymol. This result supplements the recent ﬁnding of the
‘positive-sign’ eﬀect in menthol. In both cases, the phenomenon can be explained via the Hanus model [35]
suggesting the creation of molecular ‘quasi-nematic’ ﬁlaments structures under the strong electric ﬁeld. Its
existence is inherently associated with a strong electric
ﬁeld but can also reﬂect some generic features of the
tested system. Worth stressing is the signiﬁcant role of
intermolecular interactions in Hanus model, which existence facilitates the creation of ﬁlaments. For thymol
notable is the crossover detected in EKE and dielectric
constant studies at TL1 . Strong changes in the evolution of dielectric constant in Fig. 5 indicate changes in
the arrangement of permanent dipole moment, which
can be associated with diﬀerent local ‘intermolecular’
structures below and above TL1 . It associated with ‘dramatic; changes of EKE evolution when passing TL1 ,
what shows value of amplitude A in Eq. (3). It allows
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posing the hypothesis for the liquid–liquid (L–L) transition [38–40] in liquid thymol at TL1 . L–L transition is
a challenging phenomenon for which the direct experimental evidence is minimal [38–40 and refs therein].
The vast majority of results is related to indirect indications of L–L transitions hidden in hardly accessible experimental domains. Only recently, L–L was evidenced in a supercooled liquid just above the glass transition [40]. In the given report, the possible L–L transitions strongly manifests in only slightly supercooled
thymol, in the easily accessible domain ∼ 10 K above
the freezing temperature (Tf ≈ 282 K).
This report supplements also recent communicates
[12–14] regarding the occurrence of pretransitional
eﬀects for the still cognitively mystic melting/freezing
discontinuous phase transition. From the practical
point of view, the question also arises if the emergence
of explicit critical-like behavior in liquid thymol, for a
broad range of temperatures, can open new possibilities
for the liquid-based supercritical extraction technologies [41, 42]—based on the natural carrier, thymol?
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