crystals

Article

Giant Premelting Effects for Solid-Liquid Discontinuous
Transition in Nitrobenzene under Compression

Jakub Kalabinski, Aleksandra Drozd-Rzoska *

check for
updates

Citation: Kalabinski, J.;
Drozd-Rzoska, A.; Rzoska, S.J. Giant
Premelting Effects for Solid-Liquid
Discontinuous Transition in
Nitrobenzene under Compression.
Crystals 2023, 13, 247. https://
doi.org/10.3390/ cryst13020247

Academic Editor: Ludmila Isaenko

Received: 2 January 2023
Revised: 23 January 2023
Accepted: 27 January 2023
Published: 1 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Sylwester J. Rzoska

Institute of High Pressure Physics Polish Academy of Science, ul. Sokotowska 29/37, 01-142 Warsaw, Poland
* Correspondence: arzoska@unipress.waw.pl; Tel.: +48-784-092-882

Abstract: This report presents ‘giant” and long-range premelting effects appearing in dielectric
properties for the temperature and pressure paths of studies, with an explicit critical-like portrayal.
The result was obtained for the ‘classic’ low molecular weight compound: nitrobenzene, tested in
the solid and liquid phases. Dielectric studies enable the ‘extraction” of the response from liquid
layers between crystalline grains. Compressing increased the premelting effects, probably due to the
‘crushing’ of crystalline grains by isotropic squeezing and increasing the liquid layers between grains.
This report indicates the significance of considering the melting/freezing phenomenon from the point
of view of the ‘solid crystalline grains and critical-type liquid layers in synergic interactions” concept.
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1. Introduction

Melting/freezing discontinuous phase transitions between a crystalline solid and a
liquid phase are common in the natural environment [1]. Today, their enormous impact has
become crucial because of the global warming threat. Melting polar ice caps can change the
global climate for millennia [2]. Melting and freezing are the base of significant material
engineering applications [3]. A society-important example could be freezing-related food
preservation [4]. The ongoing energy crisis, causing the Global Economic Crisis, and
even the civilization existence threat, requires the development and implementation of
breakthrough innovations [5]. One of the most promising is the so-called barocaloric
effect, which uses the energy accumulated and released during the melting/freezing
discontinuous transition upon compressing and decompressing. Technologies based on
this phenomenon are indicated for new generations of refrigeration equipment, reducing
electricity demands and remaining neutral for the environment. The barocaloric effect [6-8]
can also support energy storage facilities, which is essential for a decentralized energy
sector based on renewable energy sources.

In each case, an in-depth knowledge of the phenomenon underlying applications is
vital for the fundamental insight into conditioning the effective development of innova-
tions. Unfortunately, such insight into the melting/freezing phenomenon remains puzzling
despite more than a century of research efforts [9-26]. This cognitive impasse can be
associated with minimalistic experimental manifestations of phenomena coupled with
melting / freezing discontinuous phase transitions. The basic feature of this transition is
related to step changes (jumps) in physical properties, such as volume or density (AV, Ap)
or heat capacity (latent heat, L = AC) [13,14] when passing a melting or freezing tempera-
ture. Only (very) small and range-limited premelting effects on the solid side of the melting
temperature (T),) are observed, although the experimental evidence without the premelting
effect is equally common. The functional descriptions of experimentally detected premelt-
ing effects is lacking, which can be linked to their weakness and the frequent belief that they
are a material-dependent phenomenon [13-15,18]. The question of the pressure-related
premelting effects remains open. The significance of pretransitional effects in searching for
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ultimate modeling shows Critical Phenomena Physics, explaining and describing the nature
of continuous phase transitions. Notably, it was one of the grand universalistic successes of
20th century physics [27,28].

This report presents the evidence for the ‘giant’ premelting effects appearing in di-
electric properties for the temperature and pressure paths of studies, with the explicit
critical-like portrayal. The result was obtained for the ‘classic’ low molecular weight
compound, nitrobenzene.

It is notable that liquid nitrobenzene is one of the reference materials in Dielectrics
Physics [29] due to the high value of the dielectric constant and its relatively low electric
conductivity. Dielectric studies revealed a strong tendency to intermolecular coupling
leading to various mutual arrangements of the permanent dipole moments. Nitrobenzene
with n-alkanes creating mixtures of limited miscibility is the experimental reference system
in Physical Chemistry [13] and Critical Phenomena Physics [30,31]. Nitrobenzene is also
broadly used in industry as the precursor in aniline or lubricant oils productions.

The first phenomenological insight into the discontinuous melting phase transition
offered the Clausius—Clapeyron relation [13,14]:

ATy AV AV

—p —Im = 25 )
It links “step” changes in volume (AV) or density (Ap), and the heat capacity (latent
heat) as the base for calculating the change of enthalpy (AH) or entropy (AS), occurring
when passing the melting temperature T,.
Lindemann used the above relation and additionally linked melting to exceeding a
threshold value by the mean square displacement of a particle in a crystalline solid. It led
to the Lindemann differential equation [13,14,16]:

% = 2Ty (y —1/3)K! 2)
where K is the bulk modulus, at is for the thermal expansion coefficient and the Grueneis-
sen parameter v = —dInT/dInV = (dT/T)/(dV/V) = arK/pCyT.

The application of Equations (1) and (2) for selected homologous series of materials en-
abled phenomenological predictions of basic melting/freezing materials characterizations,
including melting temperatures [13,14,16]. Equations (1) and (2) also show the significance
of high-pressure studies, particularly regarding T, (P) dependences. Equation (1) can be
used for deriving the Simon—Glatzel equation and its successor for systems showing the
crossover dT,, /dP > 0= dT,,/dP < 0 or characterized only by dT,,/dP < 0 [13,32-34].

The analysis recalling Equations (1) and (2) and considering the impact of pressure
is often used in geophysics and high-pressure material engineering, where the interplay
between temperature and extreme pressures is essential [34-36].

In 1974, Honda [12] considered vibrating atoms/ions in a crystalline network for a
model system with the interaction potential of hard-core and attractive-well parts. The
model led to predictions of heat capacity premelting anomalies in the solid and liquid
phases, including their functional descriptions. For the liquid phase, the pretransitional
effects were expected in the narrow temperature range between the melting and spinodal
supercooling temperatures. Unfortunately, the available heat capacity-related experiments
do not show such behavior. Frenkel [10] developed the basics of the classical nucleation
theory (CNT), in which the crystalline or liquid phase is preceded by the nucleus of the
product phase forming spontaneously from the parent phase under thermal fluctuations to
describe the solidification process. For this model, experimental validations focus on the
nucleation kinetics in the liquid phase above T},.

Today, the dominant theoretical explanations of the melting phenomenon consider
the previously mentioned weak premelting effects as the primary experimental feature.
They are associated with the hypothesis of grains appearing in solid-state on approaching
Ton, associated with the coupled impacts of rising vibrations and defects within crystalline
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materials. These crystalline grains are associated with covering them with quasi-liquid
layers. The final fragmentation of the solid crystal leads to the melting at Ty, [14,15,17]. The
synergic microscopic approach suggests that melting/freezing discontinuous transition
develops via multiple competing pathways, linking the above concepts, and is considered
the promising theoretical model approach [18]. The grain model-based concepts yield a
convincing picture explaining the emergence of premelting effects, but they do not offer the
functional dependencies necessary for their ultimate experimental validation. Premelting
effects become rather characteristics strictly dependent on a given material, and even the
way of its preparation.

However, pretransitional functional dependences in the premelting domain can appear
when linking the grain model concept with the theoretical analysis by Lipowsky [37,38]
for surface melting, including the constrained melting case for a liquid layer between
crystalline solid plates. He noted that liquid layers could be characterized by a specific
symmetry of the order parameter M, and associated constraints introduced by the solid
crystal surface. It can change continuously to zero for the continuous phase transition
when approaching the bulk discontinuous phase transition temperature. It was stated in
ref. [38]: ‘Such a discontinuous behavior does not seem to be particularly interesting. However,
much more interesting effects can occur if one studies surface rather than bulk phenomena, say, may
go continuously to zero. Thus, surface critical exponents can be defined and studied even though
there are no bulk exponents.” The surface order parameter (M) is related to a break of the
translational invariance within layers, changing from completely ordered (‘dead’) related
to the crystal surface to the disordered one when shifting from the wall. Its temperature
changes are described as follows [37]:

Ms o [T* —T1]Ps 3)

where the order parameter exponent 1/2 < s < 1 for the mean-field critical point. For the
tricritical point (TCP) case, one can expect the value 1/4 for the lower limit.

For this model, the continuous phase transition occurs in quasi-liquid layers and
depends on the singular (‘critical’) temperature T%, only slightly shifted from the reference
melting temperature T, for a discontinuous transition in the bulk sample. Furthermore,
the thickness of the layer diverges [37]:

| [T* — TP (4)

where the exponent ; < 0 and ; = 0 corresponds to a three-dimensional case associated
with short-range forces.
Regarding the susceptibility related to the order parameter [37,38]:

xro [TF=T] 7 )

where y5 ~ 1, although in some cases regarding the layer thickness: ys =1 — 2.

The latter can be associated with the impact of the mean square of the local order
parameter fluctuations when recalling the results of the model developed for the pretran-
sitional anomaly in restriction introduced by the strong electric field developed by the
authors of the given report [39—41]. The infinitely increasing susceptibility when approach-
ing T* also leads to extreme sensitivity to endogenic or exogenic impacts, and such generic
instability tendency has to support the ultimate fragmentation of grains and the discontinu-
ous melting transition. Equations (3)—(5), as well as some other issues included in Lipowsky
model [37,38], can offer excellent tools for the ‘grain + liquid interfaces with critical-like
features’ model. However, liquid nano/micro layers constitute only a very minor part of
the bulk system, the dominant part of which constitutes solid crystalline grains.

The solution to the problem can be found in studies of the physical properties for
which the contribution from the liquid phase is qualitatively more significant than from
the solid crystalline part. Broadband dielectric spectroscopy (BDS), especially in dipolar
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liquids, can be considered as the experimental method, which can be used for extracting the
desirable contribution in the premelting domain. The resolution in BDS studies reaching six
significant digits is of major importance. The possibility of implementation to high-pressure
conditions is meaningful, which is always an experimental challenge [30,42-47]. Very recent
studies by the authors of this work in menthol [25] and thymol [26] for the surrounding of
T, revealed dielectric constant premelting changes for which the critical-like portrayal takes
place. It was possible that even though the dielectric constant change between the liquid
and solid phases was small Ae = ¢(liquid) — e(solid) ~ 2.5 [25,26], the effect was portrayed
by relation parallel to Equation (5), and interpreted as a ‘Mossotti Catastrophe’ [29,48]
type behavior, resulting from the thinning of the liquid in the layers between the grains
and liquid stretching leading to the weakening of dipole-dipole correlations. In ref. [42],
the authors scanned the real part of the electrical conductivity for liquid crystal (LC)
undecylcyanobiphenyl (11CB), starting from the static domain related to the dielectric
constant to the low-frequency (LF) region dominated by residual ionic contaminations in
every liquid. A strong rise of the premelting effect on a decreasing frequency in the ionic
domains was observed.

This work presents the results of BDS studies in the static and LF frequency domains
for nitrobenzene, where melting is associated with a huge dielectric constant jump: Ae ~ 30.
The presented results concern temperature scans at atmospheric pressure, and under
P = 200 MPa. They are supplemented by isothermal pressure tests, up to P = 0.5 GPa. The
analysis of experimental data revealed giant and critical-like premelting effects, both for
static and dynamic dielectric properties, in which appearance is facilitated by compressing.

2. Methods and Materials

Nitrobenzene, with the highest available purity, was purchased from Fluka. It was
additionally twice distilled under vacuum and carefully degassed prior to measurements.
BDS dielectric studies were carried out using Novocontrol Alpha impedance analyzer,
software supported, and equipped with Novocontrol Quattro system for temperature
control: £0.02 K in the tested range of temperatures. The flat—parallel capacitor with the
diameter 2r = 20 mm and the gap between plates d = 0.15 mm was used. It was made
from Invar and was gold coated. For high-pressure studies, the capacitor design shown
in ref. [43] was used. Its significant features are the ‘soft’ transmission of pressure to the
tested sample from the pressurized liquid and the lack of contamination possibilities from
the pressurized fluid (Plexol). The capacitor was placed within the pressure chamber,
surrounded by a jacket linked to the large volume Julabo thermostat with the external
circulation, to reach the required level of temperature stabilization.

The pressure system was designed and manufactured by UnipressEquipment, the
unit of IHPP PAS, Warsaw, Poland. The copper—constantan thermocouple measured the
temperature inside the chamber, and possible temperature gradients were monitored along
the chamber body by two Pt100 resistors.

Most often, dielectric properties are monitored via the complex dielectric permittivity
e* = ¢ —ie” [29,30]. The real part is the base for determining dielectric constant as
indicated in Figure 1, showing spectra of this component obtained in nitrobenzene for
the high-pressure scan. The rise in lower frequencies is associated with residual ionic
contaminations. The emergence of low-frequency (LF) relaxation processes is also visible.
The horizontal part indicates the static domain associated with dielectric constant value.
The imaginary part of dielectric permittivity can be used for determining DC electric
conductivity: o = 2mfepe” (f) in the LF domain, and for testing relaxation processes,
appearing mainly in GHz frequencies [30]. This research is limited to f < 10 MHz, because
such a value still constitutes the experimental limit in high-pressure BDS studies.
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Figure 1. The real part of dielectric permittivity obtained in isothermal pressure measurements at
T = 308.2 K. The static domain related to ‘horizontal’, frequency independent, and defining dielectric
constant ¢/ (f) = ¢ is indicated. For frequencies below the static domain, the rise is associated with
residual ionic contaminations. For frequencies above the static domain, the impact of relaxation
processes emerges.

As visible in Figure 1, the relaxation process in LF relaxation makes the reliability of
the analysis of the dynamics in this domain based only on electric conductivity puzzling. To
limit the impact of this biasing factor, the alternative analyses based on the complex dielec-
tric modulus M*(f) = 1/¢*(f) [30] were carried out. The results of such transformation
are shown in Figure 2. The peak of the modulus loss curve determines the relaxation time
™ = 1/27f peak, the evolution of which parallels DC electric conductivity changes [30]. The
height of the loss curve reflects energy changes related to the given relaxation process [49].

500 P (MPa) 0.1

"
(fpeak ’ M peak)

0.10

0.08

0.06

Modulus"

0.04

Figure 2. Dielectric modulus loss curves in nitrobenzene, on compressing from the liquid phase
under atmospheric pressure up to P = 0.5 GPa, for isothermal tests at T = 308.2 K. The arrow
indicates the melting pressure: the liquid phase is in deep blue, and the solid is in green, yellow,
orange, and red.
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3. Results and Discussion

The dielectric constant is the basic electric-field-related material characterization in-
troduced by Michel Faraday in the mid-19th century [50]. It is also the essential reference
magnitude for Dielectrics Physics [29]. The electric field acting of a molecule within a liquid
dielectric differs from the external electric field in a sample placed in a capacitor. The con-
cept of the local electric field was first introduced by Mossotti and Clausius (MC), leading
to the relation which can well describe both the density (concentration) and temperature
changes of dielectric constant [29,48]. The generic assumption of the MC model limits
their relevance to gases and simple non-dipolar liquid dielectric. However, after including
the polarizability associated with the permanent dipole moment, which is exceeding the
assumptions of the model, the dependence resembling the Curie—Weiss relation for the
ferroelectric—paraelectric phase transition is obtained [29,48,51]:

x=¢e—1= (6)

where ) denotes dielectric susceptibility, T¢ is the critical temperature, and A is the constant
amplitude depending on polarizability, density, etc.

Von Hippel considered water in the frames of Equation (6), substituting its permanent
dipole moment and density p = 1 g/cm3. He obtained Tc ~ 1100 K, i.e., below this
temperature, water should be a ferroelectric solid if the Clausius-Mossotti local field model
obeys [48]. This simple result is often recalled as the ‘Mossotti Catastrophe’ paradox,
showing the consequences of exceeding model assumptions. However, at T ~ 1100 K
density, p = 1 g/cm? is possible only under extreme pressure, the fact this is omitted
by von Hippel and his followers indicates that the von Hippel paradox example should
be reconsidered. Although the Clausius-Mossotti local field model and Equation (6)
fail for simple liquid dipolar dielectrics, they are adequate for describing solid relaxor
systems, where ferroelectric ‘grains’ are scattered within a paraelectric matrix [51]. The
mentioned paradox for liquid dipolar dielectrics has been removed by Onsager, Kirkwood,
Froelich, etc. [29], who introduced the more advanced definition of a cavity with a dielectric
material, defining the final electric field acting on a molecule inside the dielectric. They
derived relations fairly well by reproducing dielectric constant changes as the function
of density or concentration of the dipolar component in a liquid dielectric, and avoiding
the Mossotti—Catastroffe paradox. However, these relations do not offer a direct link for
portraying the temperature changes of the dielectric constant. Notwithstanding, some
qualitative statements regarding the permanent dipole moment are possible using solely
€(T) changes, namely (i) for de/dT < 0, and permanent dipole moments tend to follow
the direction of the electric field, which is recalled as the ‘parallel” arrangement, (ii) for
de/dT > 0, and the preference for the effective antiparallel arrangement of permanent
dipole moments is indicated [29].

The situation changes when approaching a critical point for continuous and semi-
continuous phase transitions, where strongly temperature-dependent multimolecular col-
lective processes are dominating. In the supercritical domain above the gas-liquid critical
point (GLCP) or above the critical consolute point (CCP) in binary mixtures of limited
miscibility [30,44—46]:

e(T) o (T = Tc)" ™ 7)

where « is for the critical exponent for the specific heat precritical anomaly. For GLCP
and CCP a =~ 0.12 [45-47] and & = 1/2 in the isotropic phase of nematogenic liquid
crystals [49,52-55]. As mentioned above, Equation (6) can portray experimental data in
solid relaxor systems, but it also obeys ferroelectric liquid crystals, for instance [51]. For such
systems, dielectric susceptibility, and then dielectric constant, are related to the derivative
of the order parameter (P—electric polarization) for the directly coupled (E—electric) field

and then [51]: ;
P _
M(T) = G & (T = Te) ™ ®
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where the susceptibility /compressibility critical exponent v = 1 within MF or TCP
approximations.

The above relation correlates with the ‘Mossotti Catastrophe” Equation (6). For liquids,
when approaching GLCP or CCP, the mentioned coupling is absent and the precritical
anomaly described by Equation (7) occurs.

Figure 3 presents changes in the dielectric constant for nitrobenzene on cooling from
the liquid phase, which is associated with the freezing temperature Ty, and on heating
from the solid state with liquidation when passing the melting temperature T;,. The results
are for tests under atmospheric pressure, and P = 200 MPa. There are no hallmarks of the
premelting effect under atmospheric pressure. However, when compressing the system up
to P = 200 MPa, the strong and long-range premelting effect appears for T — T},;, and the
dielectric constant increases almost six times at a distance of ca. 20 K. The anomaly is well
reproduced by the dependence consistent with Equations (6) and (8):

A
T T+

e(T) +C )

where C is related to the background dielectric permittivity of the crystalline solid. For
experimental data presented in Figure 3, the exponent ¢ = 1 and the singular temperature
T* = Ty,

45
|
40
1 heating
—~ 351 li
S 1 cooling
= 301
IS ] : P =200 MPa
@ 254
8 B
o 207
§ 15 -
Q0 T
T 10 1
5_
0 T T T T T T T T T T T T T T
260 270 280 290 300 310 320 330

T (K

Figure 3. Temperature evolutions of dielectric constant related to melting (T}, heating from the
solid phase) and freezing (T, cooling from the liquid phase) in nitrobenzene, under atmospheric
pressure, and for P = 200 MPa. For the latter, the curve portraying premelting anomaly is coupled to
Equation (9), with exponent ¢ = 1. The curve is for the critical-like portrayal (Equation (9)) with the
amplitude A = 19.89 K, singular temperature T* = 324.5 K, the exponent v = 1, and C = 2.181.

The agreement with the Lipowsky model [37,38] and Equation (5) for liquid layers
between crystalline solid plates is also notable. Recently, studies in menthol [25] and
thymol [26] have shown similar behavior in approaching the melting temperature under
atmospheric pressure. It was explained as the consequence of an ‘effective negative pressure’
formed within quasi-liquid layers between grains. It leads to the ‘rarefication’ of the liquid
and the decrease of dipole-dipole intermolecular correlations, yielding conditions re-
validating the Clausius-Mossotti model, and the description via Equation (6). The lack of
the pretransitional effect below Ty on cooling can be commented as the generic feature or
the consequence of relatively ‘deep” supercooling, causing the pretransitional domain close
to the singular temperature to remain ‘hidden’.
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Figure 4 presents changes in the dielectric constant for isothermal compressing at
T = 308.2 K, well portrayed by the following critical-like relation:

Ap

= m + C, T = const (10)

& |Nitrobenzene| | 2 100 kHz
| 10 kHz

O 1

£ |

2 °lo

c I

8 g: Solid

e |3

° |

Q I

© |

© |

4 |

| ., T=308.2K

T T T T T T T T T T T
250 300 350 400 450 500
P (MPa)
Figure 4. Pretransitional anomaly of dielectric constant appearing for isothermal compressing in solid
nitrobenzene. Experimental data are for two measurement frequencies indicated in the figure. The

curve portraying the effect is described by Equation (10) with the following parameters: amplitude
A = 3.72 K~ /4 singular pressure P* = 213 MPa, the exponent ¢ = 1/4, and C = 2.580.

Note the overlapping of experimental data for two strongly different measurement
frequencies, which proves that studies were carried out in the static domain, defining a di-
electric constant, for the whole range of the pretransitional effect, reaching AP ~ 280 MPa.

Broadband dielectric spectroscopy studies enable insight also into dynamic processes.
Regarding the frequency ‘window” explored in presented studies, it can be related to ionic
transport processes, the key representative of which is the DC electric conductivity.

Figure 5 shows its temperature changes under atmospheric pressure, and P = 200 MPa,
on cooling from the liquid phase via T to the crystalline solid phase and on heating from
the solid phase, via Ty, to liquid nitrobenzene. Regarding the temperature evolution
of dynamic properties, such as the primary relaxation time (related to orientations), DC
electric conductivity, or the coupled transport-related relaxation time, the generalized
Arrhenius (super-Arrhenius, SA) description is generally expected [30]:

T(T), 1w (T), a‘l(T) 1 exp(E%(;:)) (11)

where 7, (T) is for the orientations-related primary (alpha) relaxation time, 7,(T) is for the
conductivity (transport) related relaxation time, and ¢(T) denotes DC electric conductivity;
E,(T) stands for the temperature-related activation energy coupled to the given process,
which indicates the SA dynamics. R denotes the gas constant.
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Figure 5. The Arrhenius-scale plot of DC electric conductivity in nitrobenzene on cooling from the
liquid phase, passing the freezing temperature Ty (in light blue), and on heating from the solid phase,
passing the melting temperature T}, under atmospheric pressure (P = 0.1 MP, open circles), and
P =200 MPa (full circles).

It is notable that for ‘simple” low molecular weight liquid, most often, the simple Arrhe-
nius behavior with E,(T) = E, = const is expected. Nitrobenzene is commonly considered
in the group of such materials [29]. For the temperature-dependent activation energy E,(T)
the Super-Arrhenius (SA) behavior takes place. Equation (11) indicates that for testing
dynamic properties, using the so-called ‘Arrhenius scale’, revealing basic process features
visually can be optimal. For instance, electric conductivity can be expressed as logo(T)
or Ing(T) vs. 1/T. In such a case, the linear behavior indicates the simple Arrhenius
behavior, with the slope equal to —E;/R. Bend curves in the Arrhenius plot also ap-
pear for more complex liquids, for which the activation energy changes on cooling [42,49].
However, the application of Equation (11) for fitting related experimental data is not
possible because of the unknown form of E;(T). Consequently, replacement equations
are used. The most popular is the Vogel-Fulcher-Tamman (VFT) relation, for which
E, = Dt*' = (RDyTp)[(T —Ty)/T]" !, where Ty is the VFT singular temperature,
D = const, and Dr is the fragility strength coefficient [30,56-58].

Figure 5 shows that in liquid nitrobenzene on cooling, DC electric conductivity seems
to follow the linear behavior, which can be considered as the ‘proof” for the basic Arrhenius
pattern with E; = const. In the solid phase, a kind of ‘dynamic’ premelting effect seems to
emerge when passing Ty on cooling. For the heating from the solid phase, at P = 0.1 MPa,
strong non-Arrhenius premelting changes in the temperature range covering almost 30 K
emerge in solid nitrobenzene. Weaker but still notable pretransitional changes manifested
as a distortion from the linear behavior are visible in liquid nitrobenzene, above Tj,.

For the distortions-sensitive insight into dynamics, the authors carried out distortions-
sensitive and derivative-based analysis using the so-called steepness index [56,57]:

_dint(T)  dt(T)/t(T) dt(T)/7(T)

T A(1/T)

and S;(1) (12)

d(1/T) —  d(1/7T) - d(1/T)  d(/T)  d(1/T)
The above relation shows that the steepness index characterizes the relative changes

of dynamic properties on cooling, for the Arrhenius scale representation. Notably, the
steepness index is proportional to the apparent activation enthalpy or so-called apparent
fragility for glass-forming systems [56,57]. Taking into account the link between the
orientations-related primary relaxation time t,, the translations related to the modulus
relaxation time 7, and DC electric conductivity ¢ via the Debye-Stokes—Einstein (DSE)
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law or the fractional DSE law [58], one can expect that such universal scaling obeys all
mentioned dynamic properties:

A

=T SH(T)] ' = +A- 1T F (A*1T+) (13)

SI (T/ Tﬂ(/ TU/ 0—71)

where A is the constant amplitude related to the given property and T is the singu-
lar temperature for the dynamic process, which can be determined from the condition
[S(T*, @, @, o 1)] ' =0

Linking Equations (12) and (13), the new ‘mixed” equation for portraying temperature
changes of relaxation time was derived in ref. [57]:

T—T+\ % /T-T+\"
— -0 Q) _
T(T)—c(t )exp(t )—c( T ) exp< T > (14)
for DC electric conductivity, the following parallel can be expected:
T-T*\" /T-Tt\"
— @) -0\ _
U(T)—c(,<t )exp(t )—c( T > exp( T ) (15)

Note that the above relations are not SA-type, in the sense described above, since
they contain both the critical-like and ‘activated’ (i.e., exponential) terms. The results
of the distortions-sensitive analysis based on Equation (13) for DC electric conductivity
are presented in Figure 6. It shows that the simple Arrhenius, related to the horizontal
(dashed) line, appears only in the liquid phase for high temperatures limit. The ‘visual
Arrhenius’ behavior on cooling from the liquid phase is explicit non-Arrhenius, with the
behavior validating the portrayal via Equation (15). It is notable that for the solid phase,
the singular temperature T ~ T, in Equations (13) and (15). The pattern for dynamics
detected on heating from the solid phase is more complex but also shows preferences for
portrayals via Equations (13) and (15) for the premelting effect in the solid phase and the
pretransitional effect in the liquid phase, i.e., for both sides of T;;. For conductivity changes
under P = 200 MPa, the derivative analysis of experimental data was not possible.

'
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Figure 6. Temperature changes of the steepness index reciprocals (Equations (12) and (13)). Linear

changes are related to the ‘universal’ pattern given by Equation (15). Note that for the premelting
behavior in the solid phase, the evolution is related to the singular behavior associated with T & T,.

The translational dynamics can be tested based on DC electric conductivity data or
a dielectric modulus loss curve, as indicated in Section 2. It allows for the minimizing
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of the impact of emergent low-frequency relaxation processes. The maximum of dielec-
tric loss curves is defined by the peak frequency, determining the relaxation time and its
height: namely Ty = 2/27f peq and M; -k Lhe latter can be linked to the energy associ-
ated with the relaxation process [49]. For the isothermal pressure-related dynamics, the
Super-Barus relation, a pressure counterpart of the Super-Arrhenius equation, is generally
considered [34,59,60]:

T(P) = Toexp<‘llgp) (16)

where V,(P) is the apparent activation volume and T = const.

For V,(P) = V, = const, one obtains the basic Barus behavior coupled to the linear
changes for the plot log19T(P) or log100(P) vs. P. Asin the case of the SA Equation (11), the
SB Equation (16) cannot directly portray experimental data, and replacement dependencies
have to be shown. The most popular is the pressure counterpart of the VFT equation (PVFT)
introduced heuristically by Paluch, Rzoska et al. [61], in which V,(P) = RT/(Py — P),
where Dy is the extrapolated PVFT singular pressure. Notably, recent analysis has shown
the limited adequacy of both VFT and PVFT relations, so they should only be considered
effective tools for data portrayal [62].

The inset in Figure 7 shows changes in the modulus-related relaxation time on com-
pressing from liquid nitrobenzene. The “visual inspection” of Tj;(P) can suggest the basic
Barus dynamics (V; = const) in liquid nitrobenzene and definitively non-Barus for the
solid nitrobenzene (see Equation (16). However, also for the pressure path, one can define
the steepness index to carry out the distortions-sensitive analysis [59,60]:

dino(P)  do(TP)/c(P) dint(P) dt(P)/t(P)
= = = = 7
S[(P,O’) P P or SI(P,T) P ip (1 )
@1047 Nitrobenzene
= ]
|10
o :
200‘/ :10 E 3
N E :10'4—
Q 1 i T=308.2K
& 0 100 2(32 Msé)o 400 500
S Liquid : °
~ 100 | |
I .
Prln Solid
|
|
0 T T T T L T T T T T
0 100 200 300 400 500

P (MPa)

Figure 7. The distortions-sensitive analysis of the modulus relaxation time focused on the universal
portrayal via Equation (18), yielding basic parameters for the critical-like description via Equation (19):
¢ = 5.4 and P* = 125 MPa (solid), and ¢ = 5.0 and P* = —720 MPa (liquid). Note: the melting pres-
sure P, = 230.6 MPa. The related portrayal of T);(P) experimental data, portrayed by Equation (19),
are given in the inset.

In refs. [59,60], it was shown that S;(P, T) can also show universal scaling changes,
parallel to Equation (13), at least in glass-forming systems, namely:

Si(P, T, T, 0) = # = [S/(P)] ' =4y 'PF (A*1P+) (18)
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In refs. [59,60], the pressure-related steepness index was noted as V#(P), and its link

to the pressure-related fragility coefficient was indicated. Linking Equations (17) and (18),

the new critical-like relation for portraying relaxation time in complex glassy-type systems
was derived for the [59,60]:

7(P) o |P — P*|? (19)

where T = const and P is the singular pressure, which can be estimated from the condition
Si(PH) T =0,

The central part of Figure 7 presents the results of the distortions’ sensitive analysis of
experimental data based on Equation (18). It validates the critical-like dynamics expressed
by Equation (19) both in liquid and solid nitrobenzene. It is associated with almost the same
value of the power exponent but essentially different distances between singular pressures
and the tested pressures domains. For solid nitrobenzene, P is located relatively close to
the tested region. For the liquid phase, P is well remote from the tested domain, so only
the “tail” of the critical-like behavior is detected, which seems to be a simple description of
the type Barus in the inset in Figure 7.

Figure 8 presents pressure changes of the modulus loss curve height in the premelting
region for solid nitrobenzene. Strong pretransitional changes towards negative values are
visible, and are well portrayed by the critical-like equation:

Mipar(P) = A(P*—P) %+ C (20)

with the exponent ¢ = 1/2 and the value of the singular pressure almost coincided with
the “freezing pressure Pr. Values of all parameters are given in the caption of Figure 8.
Experimental limitations made reliable measurements on decompressing not possible.

T=308.2K

0.104 P
|
% S
S [ 1
= 3 Solid
0.094 5 |
|
|
0.08 | \ -
|
4

T T T T T T
200 250 300 350 400 450 500
P (MPa)

Figure 8. Premelting changes of the modulus loss curve maximum for isothermal compressing. The
curve is for the critical-like portrayal (Equation (20)) with the amplitude A = —0.062 K2, singular
temperature P* = 232.0 MPa, the exponent iy = —1/2, and C = 0.110 for the constant term related to
the behavior remote from P*.

4. Conclusions

One of the greatest successes of physics in the last 50 years was Critical Phenomena
Physics, enabling a universalistic description of properties in the vicinity of continuous
phase transitions, combining qualitatively different systems at the microscopic level [27].
The inspiration and validation for these studies were the universal precritical changes of
various physical properties described by power relations regarding the distance from the
critical point. The critical exponents, whose values depend only on such general features
as the dimensions of space (D) and the order parameter (N), were of essential importance.



Crystals 2023, 13, 247

13 of 17

Microscopically distinct systems showed similar behavior in critical points” surroundings,
with the same value of critical (power) exponents depending only on (D, N) values. If
the space dimensionality exceeds the threshold values, the classic critical behavior has
the same values of critical exponents for an arbitrary physical system. For systems with a
single critical point (CP), such classic behavior appears for D > 4, and it is associated with
the mean-field (MF) exponent f = 1/2 for the order parameter, ¢ = 1 for susceptibility,
and for heat capacity exponent « = 0 (T > T¢) and « = 1/2 (T < T¢). The second type of
the classic, mean-field behavior appears in the surrounding of the tricritical point (TCP).
It is related to p = 1/4, v = 1, and & = 1/2. For the classic precritical behavior in the
surroundings of CP or TCP, critical exponents are expressed via small integers or their
ratios [27,28].

Such effects seemed absent for discontinuous phase transitions, especially for their
canonic melting/freezing example [14-22]. There has been only evidence of slight premelt-
ing effects for the solid side of T}, although no such effects were detected [13,14].

This report shows the evidence for giant and long-range premelting effects for the
dielectric constant in nitrobenzene, particularly under compression. They are coupled to
critical-like portrayals, with the values of critical exponents indicating the classical, mean-
field type description. Such behavior can be explained when linking the grain picture of the
premelting effect and melting/freezing transition [14-22] with the Lipowsky model [37,38]
regarding the criticality of liquid layers between two grains-related crystalline surfaces.

It suggests that the bulk melting /freezing discontinuous transition is matched with
continuous, classical-type, continuous phase transition in quasi-liquid layers. For the latter,
singular/critical temperatures are located in the immediate vicinity of the bulk melting
temperature. One can expect that the critical-type rise of susceptibility and liquid layer
width increase upon approaching T,/ T*, resulting from the application of the Lipowsky
model [37,38], can support the final fragmentation of grains associated with discontinu-
ous melting.

Two years ago, Poche¢ et al. [23] reported a strong non-linear dielectric effect (NDE) [63]
for f ~ 4 MHz and the real part of dielectric permittivity ¢’ (f = 4 MHz) in the premelting
domain for higher-order alcohols, from nonanol to dodecanol. Both values increase ca.
10x between ~ T); — 5 Kand Tj;. The phenomenon was commented on as the impact of
a hypothetical plastic crystalline rotator phase emerging just below T;,. The functional
evolution of ¢ (f = 4 MHz) changes were not given in ref. [23]. The authors of this paper
made such an attempt, based on the data from [23], and it was unsuccessful. This can be
explained by the parasitic bias of relaxation phenomena, due to the relatively high mea-
surement frequency. For nitrobenzene (see Section 2), it is significant even for f = 0.5 MHz.
For NDE, the simple common description of the premelting changes in the homologous
series from nonanol to dodecanol was shown [23]:

Ae e—¢(E) A

2~ E T T,-T 1)

Note that the above relation contains the definition of nonlinear dielectric effect as the
normalized difference of dielectric constants in the weak and strong electric fields [39,63].
For the authors of the given report, the appearance of T), as the singular critical-like
temperature was surprising, although T, is explicitly linked to the strongly discontinuous
melting transition. The peculiarity of such behavior can illustrate the case of weakly
discontinuous phase transitions in liquid crystals [27,52-55], or when approaching the
so-called pseudospinodal [64] behavior for mixtures of limited miscibility. The results of
this report, supplemented by last year’s report on menthol [25] and thymol [26], explain
this seemingly paradoxical coincidence.

The detection of giant premelting effects in this report, enabling their functional
analysis, is directly related to the application of broadband dielectric spectroscopy (BDS)
supported by high-pressure impact. For BDS, and also for NDE, the solid crystalline
phase can introduce only a minor ‘background’ contribution to the total measured effect.
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The dominant contribution comes from the liquid phase, associated with layers between
crystalline grains in the premelting domain. Hence, BDS and NDE can “extract’ the liquid-
related effect, even though it constitutes only a minimal part of the sample in the premelting
region. Studies using physical methods equally sensitive to the solid and liquid phase, by
definition, have to yield only small and range-limited premelting effects, which is puzzling
in functional analysis.

Nevertheless, the question of a possible molecular explanation of the reported above
long-range critical-like premelting effects remains. To respond to this fundamental question,
it is worth recalling the evidence of strong pretransitional critical-like increases for the elec-
trooptic Kerr effect (EKE) and nonlinear dielectric effects in the liquid phase of menthol [26],
thymol [27], and earlier nitrobenzene [65,66] on cooling towards the melting/freezing tem-
perature. Formally, such effects should be absent, but constraints introduced by the strong
electric field, inherently associated with NDE and EKE studies, leads to the emergence
of uniaxial molecular filaments and the pretransitional behavior parallel to the one ob-
served in the isotropic liquid phase on nematic liquid crystals [67,68]. Such strong electric
field-induced quasi-nematic behavior emerges already under relatively weak intensities,
~ 1kV em~!, which is supported by the strong tendency to intermolecular coupling [41,66].
For nitrobenzene, such behavior is associated with the fact that two molecules are in the
uniaxial, strong electric field-related arrangement formally resembling classic nematogenic
liquid crystalline compounds, the main part of which consists of two phenyl rings [30].

For the solid side of the melting temperature, the geometrical/topological constraints
emerge due to nanoscale layers between solid crystalline grains. In the first liquid-like
layer, a part of the nitrobenzene molecules has to be bonded to the nitrobenzene crystal
walls. These molecules are bonded to subsequent molecules from the second layer. The
latter is located at some angle, related to the natural coupling tendency between rings in
nitrobenzene molecules, due to rising arrangement freedom [69,70]. Consequently, one can
consider the appearance of bent or banana-shaped quasi-molecules, orientationally ordered.
When taking into account the two walls between grains, associated with separating fluid
layers, one can consider the emergence of topological constraints inducing a quasi-Smectic
B (SmB) structure, for which a hexatic sixfold neighborhood is the generic feature [71-74].
Such a hypothesis can be supported by qualitative dielectric studies focused on relaxation
processes confronted with Monte Carlo simulations for nitrobenzene in the silica-based
pores of controlled pore glass [75]. It revealed that the melting/freezing processes depend
on the ratio between the molecular diameters d and average pore width I. For I/d > 20,
freezing into a single crystalline structure was obtained. For 15 < [/d < 20, part of the
confined fluid freezes into a frustrated crystal structure, with the rest forming an amorphous
region without even partial crystallization. For lesser ratios, even partial crystallization
did not occur. The deeper potential in layers directly adjacent to the pore wall led to the
conclusion of hexatic phase appearance [75].

It recalls the orientationally ordered hexatic phase, which can appear in topologi-
cally constrained quasi-liquid layers, i.e., near-two dimensional systems, by Kosterlitz and
Thouless et al. [76,77]. The defect-mediated topological defects lead to the appearance of
the critical point in two-dimensional (2D-, XY-type), which is formally forbidden in perfect
systems. It can be related to a liquid layer on a crystal surface where the unbinding of
topological defects leads to the symmetry breaking in two steps, at two distinct tempera-
tures. The dissociation of dislocation pairs first melts the crystal into a still orientational
ordered (hexatic) phase, and in the second step, the dissociation of free dislocations causes
the system to become an isotropic fluid. The behavior changes to a first-order transition
when the pore width is increased to allow two adsorbed layers. This behavior change is
explained by the interaction between vortices in different adsorbed layers. [76,77]. Notably,
in SmB mesophase-related liquid crystalline systems where the hexatic arrangement ap-
pears in three dimensions, the tricritical point descriptions, associated with ‘classic” critical
exponents appear. For instance, for temperature-related dielectric constant changes, [72,73]
the same relation as Equation (9) in the given report is predicted.
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In summary, dielectric methods enable selective insight into liquid layers within the
premelting domain. Their applications enable selective insight into the properties of inter-
facial quasi-liquid layers between crystalline grains, revealing long-range and critical-like
behavior. The premelting effect strongly increases under pressure. In the authors” opinion,
isotropic compression/squeezing can lead to the ‘crushing’ of crystalline grains and thus
increase the amount of liquid in the layers between the grains. The results and discussion
presented in the given report indicate new research tools for testing the puzzling melt-
ing/freezing phenomenon. It may indicate the melting /freezing phenomenon explanation
via the synergic link of continuous and discontinuous phase transitions, influenced by
topological micro-constrains.
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