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Abstract: Glass-forming ability is one of the most desired properties of organic compounds dedi-
cated to optoelectronic applications. Therefore, finding general structure-property relationships
and other rules governing vitrification and related near-glass-transition phenomena is a burning
issue for numerous compound families, such as Schiff bases. Hence, we employ differential scan-
ning calorimetry, broadband dielectric spectroscopy, X-ray diffraction and quantum density func-
tional theory calculations to investigate near-glass-transition phenomena, as well as ambient- and
high-pressure molecular dynamics for two structurally related Schiff bases belonging to the family
of glycine imino esters. Firstly, the surprising great stability of the supercooled liquid phase is
shown for these compounds, also under high-pressure conditions. Secondly, atypical self-organiza-
tion via bifurcated hydrogen bonds into lasting centrosymmetric dimers is proven. Finally, by com-
paring the obtained results with the previous report, some general rules that govern ambient- and
high-pressure molecular dynamics and near-glass transition phenomena are derived for the family
of glycine imino esters. Particularly, we derive a mathematical formula to predict and tune their
glass transition temperature (Ts) and its pressure coefficient (dT,/dp). We also show that, surpris-
ingly, despite the presence of intra- and intermolecular hydrogen bonds, van der Waals and dipole—
dipole interactions are the main forces governing molecular dynamics and dielectric properties of
glycine imino esters.

Keywords: glass transition; supercooled liquid; Schiff bases; dielectric spectroscopy; bifurcated
hydrogen bonds; molecular mobility; self-organization

1. Introduction

The characterization of near-glass-transition phenomena and the vitrification process
itself have constituted an object of intense research for many years. However, despite nu-
merous studies, a deep understanding of the glassy state along with structure-property
relationships still remains an open challenge [1-4]. The importance of this issue is
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apparent in material sciences, in which tunability of physicochemical properties in organic
compounds has become a burning issue. For optoelectronic purposes, it can be achieved
by structure-based molecular design and selecting crucial chemical motifs. One of them is
the imine C=N double bond, characteristic of the family of Schiff bases [5-8].

Since being first synthesized by Hugo Schiff, Schiff bases have experienced a research
explosion and have become valuable materials for synthesis, medicine, biotechnology,
photovoltaics, optoelectronics or electronics [5-13]. Electronic applications originate from
their mt-conjugated, hole-transporting semiconducting properties [14]. However, particu-
lar attention has recently been attracted by their o-hydroxyphenyl derivatives due to flu-
orescence, thermo-, photo- and solvatochromism, as well as the formation of intra-inter-
molecular bifurcated hydrogen bonds (BHBs) [15-21]. In general, these BHBs are three-
centered hydrogen bonds with one hydrogen atom interacting simultaneously with two
proton-acceptor moieties (nitrogen and oxygen) [22,23]. Their most atypical features are
particular high strength (short length), as well as environment-dependent and resonance-
assisted proton-transfer equilibrium in the intramolecular N--H--O branch [24-26]. Con-
sequently, o-hydroxyphenyl Schiff bases can be switched between enol-imine, keto-
enamine and zwitterionic forms, which makes them interesting materials for sensors, op-
tical switches or memory devices [20]. On top of that, some compounds with the imine
C=N bond possess glass-forming properties with high glass transition temperatures (T >
298 K) [6-8,21]. Unfortunately, only a few of them were investigated by means of broad-
band dielectric spectroscopy and only under ambient-pressure conditions, so the
knowledge about their dielectric response, molecular dynamics and near-glass-transition
phenomena is highly limited [21]. The current consensus is that even sterically hindered
Schiff bases can organize themselves into dimers via BHBs in supercooled liquid (just like
in crystals). Due to their centrosymmetric architecture, the dielectric response of super-
cooled Schiff bases is not dominated by the Debye process, typical for other self-organiz-
ing H-bonded systems (e.g., alcohols, amines) [21]. Apart from this common denominator,
physicochemical properties of glass-forming compounds with imine C=N bond seem to
be highly differentiated, according to previous reports [6-8,21]. First, their T values range
from 282 up to 563 K. Secondly, Schiff bases span between low-molecular-weight and
sizeable systems. Meanwhile, these groups were reported to have completely different
molecular dynamics and dielectric response [27-29]. For example, anticorrelation between
dielectric strength and frequency dispersion of a-relaxation (established for low-molecu-
lar-weight compounds) is violated in sizeable systems [27]. Moreover, the relaxation time
in the limit of infinitely high temperatures becomes incomparably longer, substantially
exceeding even the typical phonon-like time scale (104 s) [29]. Naturally, the question
arises: are there any general rules that govern complex near-glass-transition phenomena
in Schiff bases under ambient- and high-pressure conditions?

Motivated by the shortcomings, we screen the physicochemical properties of numer-
ous glass-forming Schiff bases in search of simple mathematical formulas describing their
structure-dynamics relationships. Particular emphasis is put on the family of glycine
imino esters (promising for the synthesis of optically active compounds [30-33]), two me-
dium-sized representatives, (1 and 2) of which are investigated herein. Finally, based on
quantum density functional theory (DFT) computation, Fourier transform infrared (FTIR)
and broadband dielectric (BDS) spectroscopy, as well as X-ray diffraction (XRD), we show
that ambient- and high-pressure near-glass-transition behavior of this Schiff bases family
is completely different from other H-bonded self-organizing systems.

In this article, we frequently use some symbols and abbreviations apart from those
connected with the names of experimental techniques. For the sake of simplicity, we list
them in alphabetical order and provide their explanation: a-relaxation—structural relax-
ation, frww— fractional exponent in the Kohlrausch-Williams-Watts function, Ae—dielec-
tric increment, AV —activation volume, ¢”—imaginary part of complex dielectric permit-
tivity, T«—structural relaxation time, ts—relaxation time of the (3-process, BHBs—bifur-
cated hydrogen bonds, dc-conductivity —direct current conductivity, dTg/dp—pressure
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coefficient of the glass transition temperature, E.—activation energy, E;—calculated en-
ergy barrier for conformational change, H bond —hydrogen bond, HN function—Hav-
riliak-Negami function, JG process—Johari-Goldstein process, k—Boltzmann constant,
M—molar mass, my—steepness index, p—pressure, T—temperature, T;—glass transition
temperature, VFTH equation — Vogel-Fulcher-Tamman-Hesse equation.

2. Results and Discussion

Schiff bases 1 and 2 are medium-sized and sterically hindered compounds belonging
to the subgroup of glycine imino esters. Both compounds differ only in one substituent
(see Figure 1a) and, consequently, molar mass (398 and 444 g-mol~! for analogs 1 and 2,
respectively).
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Figure 1. (a) The structure of glycine imino ester molecules of particular interest with labeled most
crucial carbon atoms for conformational analysis. (b) Outcome of two subsequent calorimetric heat-
ing scans for compound 1. (¢) Thermograms for compound 2. (d) Correlation between molar mass
and glass transition temperature for imines.

The small structural difference between compounds 1 and 2 exerts a huge impact on
their physicochemical properties. As revealed by calorimetric DSC measurements per-
formed with a rate of 10 K-min!, compound 1 undergoes vitrification at ~264 K, i.e., below
room temperature (Figure 1b). In turn, compound 2 (with higher molar mass) forms stable
glass phase at 298 K. Thermal anomaly, connected with the glass transition, is visible on
the thermogram around 304 K (Figure 1c). To elucidate this discrepancy, first, we screen
the previously reported physicochemical properties of other glycine imino esters and
compounds with C=N bond (see Table S1 in Supplementary Material for more details)
[6,8,21,34,35]. In general, the glass transition temperature (Ts) of such systems increases
with molar mass (M) (Figure 1d) and fulfills the mathematical power law T,(M) o« M*
with a=0.77. Just like for other non-polymeric compounds, such a power-like relationship
among Schiff bases can be explained by increasing energy requirements to induce mutual
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molecular motions in systems with higher molar mass [36]. This tendency also remains
valid among structurally related glycine imino esters, which explains why compound 2 is
characterized by higher T, value than compound 1.

Apart from this difference, compounds 1 and 2 behave similarly in supercooled lig-
uid and glassy states. This is particularly well reflected in XRD studies. Namely, the X-ray
diffraction patterns of the studied melt-quenched compounds (Figure 2a) revealed that
they form a supramolecular organization. The diffraction pre-peak appearing at ~0.75 A-1
is an indicator of a medium-range intermolecular order. Actually, the collected diffracto-
grams are very similar to those registered by us for other Schiff bases [21]. Following our
previous report [21], the pre-peak’s origin may be ascribed to the organization of mole-
cules in dimeric aggregates stabilized by BHBs. At higher temperatures, the XRD patterns
do not change significantly compared to lower temperatures (Figure 2a) for both Schiff
bases studied herein. In each case, the intensity of the main peak slightly decreases with
the increase in temperature. It is the expected Debye-Waller effect, resulting from an in-
creased thermal energy. In turn, the intensity of the pre-peak slightly increases with the
increase in temperature for both Schiff bases. This behavior is not trivial, as the intensity
of the pre-peak depends on both the amount and the architecture of the supramolecular
clusters. The temperature-induced changes are greater for compound 2. Nevertheless,
they are much smaller than those observed for other H-bonded self-organizing systems,
e.g., numerous alcohols [37,38]. It suggests that there are only small temperature-induced
changes in the architecture of the supramolecular structure going beyond the standard
thermal effect for both Schiff bases in question. Therefore, one may assume that their su-
pramolecular organization scheme is relatively stable at this temperature range.
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Figure 2. (a) XRD patterns collected for melt-quenched glycine imino esters 1 and 2 at various tem-
peratures. (b) Room-temperature FTIR spectrum of compound 1 in the H-bonding region. (c) Room-
temperature infrared spectrum of compound 2 presented from 2400 to 3600 cm™. (d) DFT-optimized
dimeric structure with marked BHBs center.

In order to confirm the hypothesis of self-organization through atypical BHBs, addi-
tional FTIR studies supported by DFT calculations were conducted. The most interesting
spectral region for compounds 1 and 2 is 2000-3700 cm™ because it constitutes a finger-
print for hydrogen bonds. As presented in Figure 2b,c, numerous bands are distinguisha-
ble in this range. Firstly, there are several intense bands between 2800 and 3150 cm™. Ac-
cording to DFT calculations, they can be associated with vibrations of aromatic and ali-
phatic =C-H, =C-H-, -CHs and -CH:z- moieties (label as CHx for the sake of simplicity). The
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second characteristic spectral feature for both compounds is a broad band in between
2400-3500 cm™ of small intensity and subtle structure. Such a band in Schiff bases is usu-
ally connected with strong intramolecular hydrogen bonds involved in the formation of
an additional six-membered pseudoaromatic chelate ring [15,25]. Indeed, the performed
DEFT calculations show that formation of such bonds is also energetically privileged for
compounds 1 and 2. Namely, their conformers with intramolecular hydrogen bonds are
characterized by significantly smaller total energy than those without such subtle bonds.
The differences of 46.80 and 47.28 kJ/mol for compounds 1 and 2, respectively, demon-
strate that intramolecular H-bonds play an essential role in the structural stabilization of
both studied Schiff bases. Thanks to them only, the N, H, O atoms and an adjacent phenyl
ring are co-planar, which enables the formation of an additional planar six-membered
pseudoaromatic chelate ring in the studied compounds. As a consequence, a significant
part of their molecular skeleton is stiffened, which, in turn, allows stabilizing the supra-
molecular clusters. The tendency toward self-organization is additionally enforced by in-
creasing dipole-dipole interaction strength. Namely, the formation of intramolecular hy-
drogen bonds increases the dipole moment of compounds 1 and 2 from 6.80 and 6.56 D to
7.67 and 7.56 D, respectively. Hence, the performed DFT calculations point that self-or-
ganization may be energetically favored. A possible outcome of this process may be the
formation of centrosymmetric dimers through BHBs. The FTIR spectra of compounds 1
and 2 seem to confirm this scenario (see Figure 2b,c). They do not contain a broad and
intense band, characteristic for H-bonded systems with intermolecular O-H--O organiza-
tion scheme [37,38]. Moreover, there is no intense band above 3600 cm™ stemming from
stretching vibrations of free OH groups. Finally, bands arrangement above 3200 cm™ is
highly similar for compounds 1 and 2 and other Schiff bases with confirmed self-organi-
zation via BHBs [21]. Therefore, it is rational to assume that such a phenomenon also takes
place for the studied systems.

Indeed, the performed DFT calculations confirm that the formation of such atypical
dimers is possible for compounds 1 and 2 despite their considerable steric hindrance (Fig-
ure 2d). Total dipole moment of the dimeric structures is close to 0 D. The intramolecular
hydrogen bonds are particularly short. Moreover, all atoms in the BHBs center (including
N, H and O) are coplanar with the neighboring phenyl ring, in line with the so-called
Parthasarathy rule [39]. Consequently, the six-membered pseudoaromatic chelate ring is
highly likely to also be formed in dimeric forms of compounds 1 and 2.

Each analyzed Schiff base can be simplified by a molecular model that consists of a
polar rigid imine unit with attached rotatable elements. Such architecture opens up the
possibility to track molecular dynamics on various scales by using broadband dielectric
spectroscopy. Herein, we focus only on the imaginary part of the complex dielectric per-
mittivity, ¢". Figure 3a,b depicts dielectric loss spectra as a function of frequency, collected
for melt-quenched samples at various temperatures. A similar image is observed for both
Schiff bases. Namely, two well-separated relaxation processes and a dc-conductivity
branch are observed between 133 and 363 K for the probing frequency range 10-'-10¢ Hz.
The first dielectric process (labelled as B-process) occurs much below T. Its loss peaks are
broad, symmetrical and of low intensity, which is typical for secondary relaxations in
glass-forming compounds. The relaxation moves toward higher frequencies as the tem-
perature increases and, eventually, becomes too fast to be monitored below 106 Hz. In
turn, the maximum of the main process becomes detectable above 10! Hz at ~271 K for
compound 1 and ~311 K for compound 2, i.e., above Ty (see insets in Figure 3a,b). Note-
worthy is also the fact the loss peaks are asymmetrical and followed only by a dc-conduc-
tivity branch (Figure 3a,b). All these features are characteristic of the structural a-process
that originates from cooperative motions of molecules in the liquid state. Hence, the main
a-process steadily shifting toward higher frequencies characterizes an increase in the mo-
lecular mobility. An additional hallmark of the dielectric response of both Schiff bases is
a kink in the high-frequency slope of the a-relaxation. It is visible around 253-259 K and
295-303 K for compounds 1 and 2, respectively. Such a peculiarity is usually connected
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with an intermolecular secondary relaxation in glass formers, named as the Johari-Gold-
stein (JG) process [3,40]. Unfortunately, the kink becomes quickly covered by the domi-
nating a-relaxation, so the ascription of its origin was omitted.
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Figure 3. Dielectric loss spectra of compounds 1 (a) and 2 (b). Insets show temperature evolution of
their a-relaxation peak. (c) Relaxation map for both Schiff bases with inserted Angell plot. (d) Rota-
tional curve inside alkyl -CsHy substituent (C4-C3-C2-C1 dihedral angular alteration, i.e., around
C5-C4 bond) of compound 1. (e) Rotational curve for -CH=CH-Ph substituent (C10-C9-C8-C7 dihe-
dral angular alteration, i.e., around C9-C8 bond) in compound 2.

To complete the discussion on the dielectric loss spectra above Tg, we dissect the loss
peak shape. The relaxation anomalies are well described by a single Havriliak-Negami
fitting function (HN) [41] with added dc-conductivity contribution:

o + 4 Ae
) Eeo (1 + (iwtyy)®)B

*

Q)

where ﬁ term determines the conductivity contribution, &¢'—complex permittivity,
0

Ae—dielectric strength, e-—the high-frequency limit of permittivity, w —angular fre-
quency, T—the relaxation time, a and f—the shape parameters. The shape parameters
differ from the Debye-like dependence (a = = 1) and fall into the following ranges: a €
(0.89; 0.92), € (0.56; 0.62) for compound 1 and « € (0.91; 0.94), g € (0.57; 0.61) for com-
pound 2. Moreover, no additional slower Debye mode is detected, which is also mani-
fested in the o parameter differing from 1. According to the theory of Déjardin et al., the
Debye peak becomes pronounced due to positive cross-correlation between the adjacent
molecules (dipole moments) in self-organizing systems [42]. Considering the above find-
ing and the previously discussed diffraction results, the lack of the Debye peak suggests
a self-organization of compounds 1 and 2 into agglomerates where the dipole moments
cancel out. One can hypothesize that centrosymmetric dimers are formed, similar to those
observed in crystal structures of other Schiff bases. In such a case, negative cross-correla-
tion between molecular dipole moments occurs.

The parametrization of the a-process also allowed us to determine the structural re-
laxation times, Ta, for compounds 1 and 2, and thus characterize their molecular dynamics
in the liquid phase more precisely. The 7. values were calculated based on the fitting pa-
rameters according to the formula [40]:
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, ar 1/ afm \ 1

o = tanlsin G| alsin (555 )1 @

Relaxation times of the -process, s, were obtained in a similar way. However, the

analysis with a Cole—Cole fitting function [43] (¢ # 1, § = 1) was performed due to sym-

metrical shape of the loss peaks. As presented in Figure 3c, 7« of both Schiff bases increase

while cooling in a non-linear way when plotted versus 1000/T, indicating that molecular

mobility becomes slower and activation energy increases when approaching the Tg. The

dependences can be well described by a single Vogel-Fulcher-Tamman-Hesse (VFTH)
equation:

T, = Aexp (T fTo) 3)

where A is a pre-exponential factor, B is a material constant, and To is the so-called ideal
glass temperature [44-46]. The extrapolation of the fitting VFTH curve up to 7« =100 s
allows estimating the Tg value. The so-calculated glass transition temperature takes the
value of 262 + 1 for compounds 1 and 302 + 1 for compounds 2, in agreement with calori-
metric measurements (see Table 1). Based on the extrapolation, one also reaches the con-
clusion that, surprisingly, temperature causes similar changes in relaxation dynamics for
both compounds in the very vicinity of T (i.e., for Tg/T > 0.95), despite differences in size
and stiffness of their molecular scaffold. This feature is apparent on the Angell plot, which
showcases the logta = £(Ty/T) curve (see inset in Figure 3c) [47]. Consequently, both com-
pounds have similar steepness index values, my, defined as the slope of this curve at T
[3]:
. = 2logiTa
Tl /), @

Namely, m, parameter is equal to 82 +2 and 83 * 2 for compounds 1 and 2. Interest-
ingly, this feature extends to other glass-forming glycine imino esters, as derived from the
previously published data (see Table S2 in Supplementary Material). In other words, my
basically does not depend on molecular weight and stiffness in this family of Schiff bases,
making it different from low-molecular hydrogen-bonded systems.

Contrary to s, 7p changes linearly with 1000/T, obeying the Arrhenius law:

E,
Tp = Toexp (ﬁ) ®)

where R and E: are gas constant and activation energy, respectively (Figure 3c). The latter
parameter is equal to 23 + 2 k]-mol! for both Schiff bases. Based on this information, one

can easily find the :T“ ratio equal to 10.6 = 0.9 and 9.2 + 0.8 for compounds 1 and 2, re-
g

spectively. These values are much lower than 24, which (following the theory of Kudlik
et al. [48-51]) confirms intramolecular conformational changes as the -relaxation origin.
Indeed, conformational analysis performed by the quantum DFT method for the change-
able substituent returned comparable energy barriers (E;) with the experimental ones (c.f.,
Figure 3d,e with Table 1). However, due to structural complexity, we cannot exclude dif-
ferent mechanisms of conformational changes in both Schiff bases.
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Table 1. Molar mass (M), glass transition temperature (Ts) calculated from DSC and BDS experi-
ments, ambient-pressure fragility index (), activation energy for secondary relaxation (Es), energy
barrier for rotation of the changeable substituent (Eg) and pressure coefficient of glass transition
temperature (dTs/dp) for compounds 1 and 2.

Parameter Compound 1 Compound 2
M (g-mol™) 398 444
T, from DSC (K) ~263 ~304
T from BDS (K) 262 +1 302+1
p 8212 83+2
E. (k]-mol™) 23+1 23+1
Eg (k]-mol?) 25 20
dT,/dp (K-GPa™) 230 +2 246 +2

To continue the discussion on the structure—dynamics relationships in the glycine
imino esters, we carried out extensive high-pressure dielectric measurements. As shown
for the representative outcome from isothermal studies of compound 2 at T =351 K, the
stepwise pressure increase moves the a-relaxation peak toward lower frequencies, alt-
hough the same thermal energy is delivered to the system (Figure 4a). In other words,
compression contributes to the retardation of molecular mobility due to density changes
in the liquid phase solely.
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o process
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Figure 4. (a) Representative spectra measured at isothermal conditions of 351 K for compound 2. (b)
Pressure-temperature surface of 7« for compound 1. (c) Pressure-temperature dependence of 7 for
compound 2. (d) Comparison of pressure-induced changes in relaxation times between compounds
1 and 2. Insets show temperature variation of their activation volume values. (e) Phase diagram for
compounds 1 and 2.

The pressure-induced time-scale changes in molecular dynamics are presented as a
temperature-pressure surface of 7a in Figure 4b,c. Ambient pressure alike, 7. were calcu-
lated based on the relaxation peaks parametrization with HN function. The resultant p-T
surfaces of 7a are not flat for both Schiff bases and obey the Avramov model [52] (see
Supplementary Material for more details). Therefore, the modified Avramov equation
was used to obtain the thermal evolution of activation volume, AV and pressure
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dependence of Tg for each compound. The first parameter is defined for a-relaxation by
the formula:

dlogt,
AV = RTIn(10 ( )
10 (=g

(6)
T
It determines the difference between the volume occupied by molecules in activated
and non-activated states [3]. It is also believed to determine the volume requirements for
their reorientational motions in a liquid because a strong correlation with molecular
weight (Mw) and molar volume (V) was empirically found [53-55]. As expected, one can
also find such interplays among glycine imino esters. Namely, AV increases with 7a (i.e.,
when approaching T;) for both Schiff bases, always taking higher values for a more bulky
compound 2 (see inset in Figure 4d). In other words, the more sizeable a Schiff base is, the
more its molecular dynamics is affected by pressure changes (Figure 4d). However, it is
surprising to find a simple correlation between AV and pressure dependence of T on a
phase diagram. The T¢(p) curve was obtained from the modified Avramov model, assum-
ing that the glass transition occurs isochronously at 7« =100 s [56]:

p\P/Fo
Ty(0) = Tgo.1mpay * (1 + ﬁ) @)

In this equation, I, § and Fo are free parameters in the Avramov model, and Tgw.1 mpo)
is the glass transition temperature under ambient-pressure conditions. Typically, for
glass-forming liquids, the Ty of both Schiff bases rises with pressure in a non-linear way
(Figure 4e). Such a tendency can be parametrized with the phenomenological Anderson-
Anderson equation:

1
/x
T, =k, (1+I;—2P> ’ 8)
where ki, k2, k3 are material constants [3,57]. The ratio of k1 and k3 determines the pressure
coefficient of the glass transition temperature in the limit of low pressures, dT¢/dp (ki/ks =
dT,/dp), which is an important material constant [3]. As a result, we obtained dT¢/dp equal
to 230 + 2 and 246 + 2 K-GPa! for compounds 1 and 2, respectively. Both values are atyp-
ically high for self-organizing hydrogen-bonded systems, comparable rather with non-
associated van der Waals liquids for which dT,/dp varies within 200-300 K-GPa~! [58,59].
This exceptional feature may result from a rather low degree of association and/or small
size of H-bonded clusters, supporting the hypothesis of self-organization into centrosym-
metric dimers via bifurcated hydrogen bonds. More surprising is, however, the tunability
of dT,/dp. Namely, this parameter depends on both m, and AV variables [3] because

N AV _ 0logyot,
P dar, — 9
2.303Rd—~" ITy/T ©)
p

Considering that my is basically constant for medium-sized Schiff bases from the fam-
ily of glycine imino esters, dT,/dp is directly proportional to AV, becoming strictly corre-
lated with molecule size. Thus, one can expect to achieve higher T and dT,/dp values by
increasing the molar mass and molar volume of a glycine imino ester, respectively. These
simple relations explain why higher T; and dT,/dp values characterize compound 2.

Atypically high values of dT,/dp coefficient force us to pose the question of whether
hydrogen bonds are really the main interactions determining molecular dynamics and
dielectric properties of glycine imino esters. In order to deliver an answer to this issue, we
turn back to the ambient-pressure dielectric results. Based on them, we examine the fun-
damental relation between dielectric increment assessed near Tg (Ag(Tg)) and the fre-
quency dispersion width of the a-relaxation loss peak, quantified by the fractional expo-
nent in the Kohlrausch-Williams-Watts function (i.e., fxww parameter) [60,61]. According
to this empirical relationship, dielectric loss peak becomes narrower and fxww rises when
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dielectric increment increases [61]. This peculiarity, apparent on the semilogarithmic plot
of kTs(Ae(Ty))? versus fxww, remains valid only for polar van der Waals systems and fails
mainly for nonpolar compounds or H-bonded liquids, e.g., alcohols (see Figure 5) [61,62].
Disagreement between A¢ and fxww among alcohols has been shown only for 4-phenyl-2-
butanol, 4-phenyl-1-butanol and 1-phenyl-2-butanol so far [62].

=

R B

o1 E

W >

< r o QO Compounds 1 and 2

~ 1022k __,—"Q) @ Other glycine imino csters

E oo (O Other organic glass-formers

102 e O

non-polar compounds
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Il
00,50 i 0. T 0 09
ﬂKWW

Figure 5. Fundamental correlation between dielectric strength Ae and the frequency dispersion
width of the a-relaxation loss peak demonstrated by plotting kTs(A&(T5))? against Sxww.

The herein-studied compounds 1 and 2, as well as the previously reported glycine
imino esters are polar, which makes the empirical relationship useful to determine the
significance of hydrogen bonds in these systems. As presented in Figure 5, the near-Tg
values of Ae and pxww (obtained from the Ae, @, f parameters of HN fit function, as
Bxww = a - ) can be rationalized by this correlation in the case of glycine imino ester fam-
ily. It means that these compounds behave like simple van der Waals liquids. In other
words, despite the occurrence of intra- and intermolecular hydrogen bonds, weak van der
Waals and dipole—dipole interactions have a decisive impact on their molecular dynamics
and dielectric properties of glycine imino esters. This conclusion coincides with atypically
high dTy/dp values for compounds 1 and 2. It also supports the hypothesis of self-organi-
zation into dimeric structures via BHBs because, in such case, the hydrogen bonding sites
are ‘used up’ for the formation of associates. Hence, the performed dielectric and X-ray
diffraction studies show that hydrogen bonds are responsible for stiffening of the molec-
ular skeleton and intermolecular self-organization, whereas van der Waals and dipole-
dipole interactions control the molecular dynamics and dielectric properties of the me-
dium-sized compounds 1, 2 and other glycine imino esters. The obtained result also brings
us to a general conclusion that (contrary to popular belief) compounds with OH groups
may behave like simple van der Waals liquids, particularly when the moieties are in-
volved in the formation of strong intramolecular hydrogen bonds and bifurcated hydro-
gen bonds.

3. Materials and Methods
3.1. Materials

The herein-studied compounds 1 and 2 are medium-sized and sterically hindered
model representatives of Schiff bases belonging to the subgroup of glycine imino esters.
They are commercially unavailable, and their synthesis with spectral analysis and purity
confirmation were recently reported by us [33].

3.2. Differential Scanning Calorimetry

Calorimetric measurements of compounds 1 and 2 were conducted on a Mettler-To-
ledo DSC apparatus (Mettler-Toledo, Greifensee, Switzerland) equipped with a liquid
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nitrogen cooling accessory and a HSS8 ceramic heat sensor with 120 thermocouples. Sam-
ples were measured in sealed aluminum pans with a volume of 40 uL. An empty sealed
aluminum pan of the same volume was used as a reference sample. The thermograms
were collected during heating scans between 210 and 350 K. The heating rate was equal
to 10 K'min. All measurements were performed in the atmosphere of nitrogen, the flow
of which was set to 60 mL-min-1.

3.3. X-ray Diffraction Studies

X-ray diffraction measurements of Schiff bases 1 and 2 were performed on a Rigaku-
Denki D/MAX RAPID II-R diffractometer (Rigaku Corporation, Tokyo, Japan) equipped
with a rotating Ag anode, an incident beam (002) graphite monochromator and an image
plate in the Debye—Scherrer geometry. Samples were measured in glass capillaries with a
diameter of 1.5 mm, and the temperature was controlled by an Oxford Cryostream Plus
and Compact Cooler. The collected two-dimensional diffraction patterns were converted
into one-dimensional intensity data versus the scattering vector:

Q = 4m (sinf)/A (10)

where 26 is the scattering angle, and the wavelength of the incident beam, 4, is equal to
0.56 A.

3.4. Fourier Transform Infrared Spectroscopy

Fourier transform infrared studies of Schiff bases 1 and 2 were performed at room
temperature. A Thermo Scientific IS50 spectrometer (Thermo Fisher Scientific, Madison,
WI, USA) equipped with a standard source and DTGS Peltier-cooled detector was utilized
for them. Spectra were recorded at an absorbance mode between 400 and 4000 cm™ with
a spectral resolution of 4 cm™. The accumulation of 16 scans was chosen as the experi-
mental condition. Measurements were conducted on melted samples, placed between two
CaF: glasses. The obtained data were subjected to the baseline, water and carbon dioxide
correction.

3.5. Broadband Dielectric Spectroscopy under Ambient Pressure

Ambient-pressure molecular dynamics of compounds 1 and 2 was studied by means
of a broadband dielectric spectroscopy. Measurements were conducted on a stainless-steel
capacitor of 10 mm diameter, sealed with a Telfon ring and completely filled with the
studied melted material. The distance between its parallel plates was set to 100 um and
kept by two quartz spacers. The dielectric spectra were registered by means of Novocon-
trol Broadband Dielectric Spectrometer (NOVOCONTROL Technologies GmbH & Co.
KG, Montabaur, Germany) equipped with the Alpha Impedance analyzer. They were col-
lected in the frequency range of 10'-10° Hz in a wide temperature range of 133-311 K (for
compound 1) or 133-363 K (for compound 2) with steps AT =5 K below the glass transition
temperature (Ts) or AT =2 K for temperatures in the vicinity and above T;. Temperature
was controlled during measurements by a Novocontrol Quattro system and stabilized
with use of nitrogen gas with precision better than 0.2 K. The dielectric spectra were ana-
lyzed in the representation of the complex dielectric permittivity:

E(ET) = € (FT) ~ie" (£ T), (11

where ¢’ and ¢" are its real and imaginary parts, respectively. The analysis procedure was
performed in the WinFit program (NOVOCONTROL Technologies GmbH & Co. KG,
Montabaur, Germany).

3.6. Broadband Dielectric Spetroscopy under High-Pressure Conditions

Dielectric experiments under elevated pressure were performed on high-pressure
system delivered by Unipress, Warsaw, Poland. Its most critical elements are a high-
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pressure chamber (made of beryllium bronze) equipped with a thermostatic mantle and
a high-pressure closure with electric connections, preliminary hand pump and an auto-
matic micropump of the MP5 type with a pressure controller. Measurements were con-
ducted on a stainless-steel capacitor of 10 mm diameter, the parallel plates of which were
distanced by a Teflon spacer. The capacitor (completely filled with a melted material) was
sealed and covered by a Teflon tape to separate it from the high-pressure medium (silicon
oil of HL 80 type). During the measurements, the pressure was controlled by a Honeywell
tensometric meter with a precision of 1 MPa. In turn, temperature was adjusted and con-
trolled by Julabo Presto thermostatic bath with a precision of 0.2 K. The dielectric spectra
were registered in between 10--10¢ Hz by means of the Novocontrol Broadband Dielectric
Spectrometer (NOVOCONTROL Technologies GmbH & Co. KG, Montabaur, Germany)
equipped with the Alpha Impedance analyzer.

3.7. Density Functional Theory Calculations

All DFT calculations using an efficient hybrid density functional B3LYP were per-
formed with Gaussian 16 program suite [63-68]. Full geometry optimization and IR spec-
tra simulation were conducted with 6-311+G* basis set for monomeric forms. In turn, the
geometries of their dimers were predicted using a smaller 6-31G* basis set. All calculations
were performed in the gas phase. The luck of negative harmonic frequencies indicated the
optimized geometries corresponded to the minimum of potential energy for the investi-
gated molecules. Subsequently, conformational analysis was performed for both com-
pounds in question. During these calculations, angular alteration for the C4-C3-C2-C1 di-
hedral angle was performed for the alkyl -CsHy substituent in compound 1 (Figure 1a).
These calculations were performed from -179° to 191° by 10°. On the other hand, the -
CH=CH-Ph substituent of compound 2 was rotated in the range from -114° to 256° by 10°
around the C10-C9-C8-C7 dihedral angle (as marked in Figure 1a). The corresponding
energy changes for those substituent rotations were shown in the corresponding potential
energy curve.

4. Conclusions

The general rules that govern the ambient- and high-pressure molecular dynamics
and near-glass transition phenomena are derived for Schiff bases belonging to the family
of glycine imino esters. Firstly, atypical self-organization via bifurcated hydrogen bonds
into centrosymmetric dimers is proven based on X-ray diffraction, infrared and dielectric
studies. Although these hydrogen bonds are relatively weak, the associates are formed
even at high temperatures (T > 400 K). Secondly, the tunability of the glass transition tem-
perature, Tg, and its pressure coefficient, dT,/dp, are observed for this Schiff base family.
One can expect to achieve higher T; and dT,/dp values by increasing the molar mass and
molar volume of a glycine imino ester, respectively. The first relationship can be described
by a general power law: T;(M) «x M%, with a being close to 0.77. Independently of T, the
molecular dynamics changes in a similar way when approaching the glass transition at
ambient pressure. Consequently, surprising tunability of dTg/dp parameter with a simple
rule dTg/dp « AV is observed among the glycine imino esters. Excellent thermal stability,
as well as atypically high and tunable T, dTg/dp values, are the most distinguishable fea-
tures of this Schiff base family. Finally, this manuscript proves that despite the presence
of intra- and intermolecular hydrogen bonds, weak van der Waals and dipole-dipole in-
teractions are the main forces governing the molecular dynamics and dielectric properties
of glycine imino esters. Consequently, the obtained result brings us to a general conclu-
sion that (contrary to popular belief) compounds with OH groups may behave like simple
van der Waals liquids, particularly when the moieties are involved in the formation of
strong intramolecular hydrogen bonds and bifurcated hydrogen bonds.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms23095185/s1.



Int. ]. Mol. Sci. 2022, 23, 5185 13 of 15

Author Contributions: Conceptualization, A.N.; Methodology, A.N., KJ. and T.K,; Software, T.K,;
Formal Analysis, A.N., ].G., N.M. and T.K,; Investigation, A.N., ].G. and N.M.; Resources, W.C. and
J.A.; Writing—Original Draft Preparation, A.N., K.J. and N.M.; Writing—Review and Editing, R.M.
and S.P.; Visualization, A.N. and N.M.; Project Administration, R.M. and S.P. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We are thankful to Mateusz Dulski for his help and support.

Conflicts of Interest: The authors declare no conflict of interest.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Debenedetti, P.G. Metastable Liquids; Princeton University Press: Princeton, NJ, USA, 1997.

Debenedetti, P.G.; Stillinger, F.H. Supercooled liquids and the glass transition. Nature 2001, 410, 259-267.

Floudas, G.; Paluch, M.; Grzybowski, A.; Ngai, K.L. Molecular Dynamics of Glass Forming Systems, Effect of Pressure; Springer:
Berlin/Heidelberg, Germany, 2011.

Berthier, L.; Biroli, G. Theoretical perspective on the glass transition and amorphous materials. Rev. Mod. Phys. 2011, 83, 587—
645.

Wesley Jeevadason, A.; Kalidasa Murugavel, K.; Neelakantan, M.A. Review on Schiff bases and their metal complexes as or-
ganic photovoltaic materials. Renew. Sust. Energ. Rev. 2014, 36, 220-227.

Gnida, P.; Pajak, A.; Kotowicz, S.; Matecki, J.G.; Siwy, M.; Janeczek, H.; Mackowski, S.; Schab-Balcerzak, E. Symmetrical and
unsymmetrical azomethines with thiophene core: Structure-properties investigations. J. Mater. Sci. 2019, 54, 13491-13508.
Korzec, M.; Kotowicz, S.; Rzycka-Korzec, R.; Schab-Balcerzak, E.; Matecki, ].G.; Czichy, M.; Lapkowski, M. Novel 3-ketoena-
mines versus azomethines for organic electronics: Characterization of optical and electrochemical properties supported by the-
oretical studies. J. Mater. Sci. 2020, 55, 3812-3832.

Grucela-Zajac, M.; Bijak, K.; Kula, S.; Filapek, M.; Wiacek, M.; Janeczek, H.; Skorka, L.; Gasiorowski, J.; Hingerl, K.; Sariciftci,
N.S,; et al. (Photo)physical Properties of New Molecular Glasses End-Capped with Thiophene Rings Composed of Diimide and
Imine Units. J. Phys. Chem. C 2014, 118, 13070-13086.

Berhanu, A.L.; Gaurav; Mohiuddin, I.; Malik, A.K.; Aulakh, ]J.S.; Kumar, V.; Kim, K.-H. A review of the applications of Schiff
bases as optical chemical sensors. Trends Anal. Chem. 2019, 116, 74-91.

Zoubi, W.A.; Al-Hamdani, A.A.S.; Kaseem, M.; Synthesis and antioxidant activities of Schiff bases and their complexes: A re-
view. Appl. Organomet. Chem. 2016, 30, 810-817.

Hossain, M.S; Roy, P.K.; Zakaria, CM.; Kudrat-E.-Zahan, M. Selected Schiff base coordination complexes and their microbial
application: A review. Int. . Chem. Stud. 2018, 6, 19-31.

Smith, M.B. March’s Advanced Organic Chemistry: Reactions, Mechanisms, and Structure; Wiley: New York, NY, USA, 2001.

Voet, D.; Voet, J.G. Biochemistry; Wiley: New York, NY, USA, 1995.

Petrus, M.L.; Bouwer, RK.M,; Lafont, U.; Athanasopoulos, S.; Greenham, N.C.; Dingemans, T.J. Small-molecule azomethines:
Organic photovoltaics via Schiff base condensation chemistry. J. Mater. Chem. A 2014, 2, 9474-9477.

Filarowski, A.; Glowiak, T.; Koll, A. Strengthening of the intramolecular O---H-:-N hydrogen bonds in Schiff bases as a result of
steric repulsion. J. Mol. Struct. 1999, 484, 75-89.

Ogawa, K.; Harada, J.; Fujiwara, T.; Yoshida, S. Thermochromism of Salicylideneanilines in Solution: Aggregation-controlled
Proton Tautomerization. J. Phys. Chem. A 2001, 105, 3425-3427.

Cohen, M.D.; Schmidt, G.M.].; Flavian, S. Topochemistry. Part VI. Experiments on Photochromy and Thermochromy of Crys-
talline Anils of Salicylaldehydes. J. Chem. Soc. 1964, 2041-2051. https://doi.org/10.1039/JR9640002041.

Sekikawa, T.; Kobayashi, T.; Inabe, T. Femtosecond Fluorescence Study of Proton-Transfer Process in Thermochromic Crystal-
line Salicylideneanilines. ]. Phys. Chem. B 1997, 101, 10645-10652.

Sekikawa, T.; Kobayashi, T.; Inabe, T. Femtosecond Fluorescence Study of the Substitution Effect on the Proton Transfer in
Thermochromic Salicylideneaniline Crystals. |. Phys. Chem. A 1997, 101, 644-649.

Minkin, V.I; Tsukanov, A.V.; Dubonosov, A.D.; Bren, V.A. Tautomeric Schiff bases: Iono-, solvato-, thermo- and photochrom-
ism. J. Mol. Struct. 2011, 998, 179-191.

Nowok, A.; Ciedlik, W.; Dulski, M.; Jurkiewicz, K.; Grelska, J.; Aleman, J.; Musiot, R.; Szeremeta, A.Z.; Pawlus, S. Glass-forming
Schiff bases: Peculiar self-organizing systems with bifurcated hydrogen bonds. ]. Mol. Lig. 2022, 348, 118052.

Bureiko, S.F.; Golubev, N.S.; Pihlaja, K. Spectroscopic studies of bifurcated hydrogen bonds in solution. J. Mol. Struct. 1999, 480,
297-301.



Int. ]. Mol. Sci. 2022, 23, 5185 14 of 15

23.
24.

25.

26.
27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.
40.
41.
42.
43.
44.
45.
46.

47.
48.

49.

50.

51.

52.

53.

Rozas, I.; Alkorta, I; Elguero, J. Bifurcated Hydrogen Bonds: Three-Centered Interactions. J. Phys. Chem. A 1998, 102, 9925-9932.
Dominiak, P.M.; Grech, E.; Barr, G.; Teat, S.; Mallinson, P.; Wozniak, K. Neutral and Ionic Hydrogen Bonding in Schiff Bases.
Chem. Eur. ]. 2003, 9, 963-970.

Filarowski, A.; Koll, A.; Sobczyk, L. Vibrational Spectra of o-hydroxyphenyl Schiff Bases and Related Compounds. Curr. Org.
Chem. 2009, 13, 287-298.

Dziembowska, T. Resonance assisted intramolecular hydrogen bond in Schiff bases. Pol. J. Chem. 1998, 72, 193-209.
Jedrzejowska, A.; Matussek, M.; Ngai, K.L.; Grzybowska, K.; Jurkiewicz, K.; Paluch, M. New Paradigm of Dielectric Relaxation
of Sizable and Rigid Molecular Glass Formers. Phys. Rev. E 2020, 101, 010603.

Rams-Baron, M.; Jedrzejowska, A.; Jurkiewicz, K.; Matussek, M.; Ngai, K.L.; Paluch, M. Broadband Dielectric Study of Sizable
Molecular Glass Formers: Relationship between Local Structure and Dynamics. |. Phys. Chem. Lett. 2021, 12, 245-249.
Rams-Baron, M.; Yao, B.; Cheng, S.; Dulski, M.; Paluch, M. Complex Reorientation Dynamics of Sizable Glass-Formers with
Polar Rotors Revealed by Dielectric Spectroscopy. J. Phys. Chem. Lett. 2021, 12, 11303-11307.

Sansano, ].M.; Najera, C. Catalytic Asymmetric Synthesis of a-Amino Acids. Chem. Rev. 2007, 107, 4584-4671.

Kim, H.Y,; Li, J.-Y.; Kim, S.; Oh, K. Stereodivergency in Catalytic Asymmetric Conjugate Addition Reactions of Glycine
(Ket)imines. . Am. Chem. Soc. 2011, 133, 20750-20753.

Imae, K.; Konno, Y.; Ogata, K.; Fukuzawa, S. Silver/ThioClickFerrophos-Catalyzed Enantioselective Conjugate Addition and
Cycloaddition of Glycine Imino Ester with Nitroalkenes. Org. Lett. 2012, 14, 4410-4413.

Guerrero-Corella, A.; Esteban, F.; Iniesta, M.; Martin-Somer, A.; Parra, M.; Diaz-Tendero, S.; Fraile, A.; Aleman, J. 2-Hy-
droxybenzophenone as a Chemical Auxiliary for the Activation of Ketiminoesters for Highly Enantioselective Addition to Ni-
troalkenes under Bifunctional Catalysis. Angew. Chem. 2018, 130, 5448-5452.

Kotowicz, S.; Korzec, M.; Siwy, M.; Golba, S.; Matecki, ]J.G.; Janeczek, H.; Mackowski, S.; Bednarczyk, K.; Libera, M.; Schab-
Balcerzak, E. Novel 1,8-naphthalimides substituted at 3-C position: Synthesis and evaluation of thermal, electrochemical and
luminescent properties. Dyes Pigm. 2018, 158, 65-78.

Kotowicz, S.; Siwy, M.; Filapek, M.; Matecki, ].G.; Smolarek, K.; Grzelak, J.; Mackowski, S.; Stodek, A.; Schab-Balcerzak, E. New
donor-acceptor-donor molecules based on quinoline acceptor unit with Schiff base bridge: Synthesis and characterization. J.
Lumin. 2017, 183, 458—469.

Novikov, V.N.; Rossler, E.A. Correlation between glass transition temperature and molecular mass in non-polymeric and pol-
ymer glass formers. Polymer 2013, 54, 6987-6991.

Nowok, A.; Jurkiewicz, K.; Dulski, M.; Hellwig, H.; Matecki, ].G.; Grzybowska, K.; Grelska, J.; Pawlus, S. Influence of molecular
geometry on the formation, architecture and dynamics of H-bonded supramolecular associates in 1-phenyl alcohols. |. Mol. Lig.
2021, 326, 115349.

Nowok, A.; Dulski, M.; Grelska, J.; Szeremeta, A.Z.; Jurskiewicz, K.; Grzybowska, K.; Musiat, M.; Pawlus, S. Phenyl Ring: A
Steric Hindrance or a Source of Different Hydrogen Bonding Patterns in Self-Organizing Systems? ]. Phys. Chem. Lett. 2021, 12,
2142-2147.

Parthasarathy, R. Crystal structure of glycylglycine hydrochloride. Acta Crystallogr. B 1969, 25, 509-518.

Kremer, F., Schonhals, A., (Eds.). Broadband Dielectric Spectroscopy; Springer Berlin/Heidelberg, Germany, 2003.

Havriliak, S.; Negami, S. A Complex Plane Representation of Dielectric and Mechanical Relaxation Processes in Some Polymers.
Polymer 1967, 8, 161-210.

Déjardin, P.-M.; Titov, S.V.; Cornaton, Y. Linear complex susceptibility of long-range interacting dipoles with thermal agitation
and weak external ac fields. Phys. Rev. B 2019, 99, 024304.

Cole, K.S.; Cole, R.H. Dispersion and Absorption in Dielectrics, I. Alternating Current Characteristics. J. Chem. Phys. 1941, 9,
341-351.

Vogel, H. The Law of the Relation between the Viscosity of Liquids and the Temperature. Phys. Z. 1921, 22, 645-646.

Fulcher, G.S. Analysis of Recent Measurements of the Viscosity of Glasses. ]. Am. Ceram. Soc. 1925, 8, 339-355.

Tamman, V.G.; Hesse, W. Die Abhangigkeit Der Viscositdt von Der Temperatur Bie Unterkiihlten Fliissigkeiten. Z. Anorg. Allg.
Chem. 1926, 156, 245-257.

Angell, C.A. Formation of Glasses from Liquids and Biopolymers. Science 1995, 267, 1924-1935.

Kudlik, A.; Tschirwitz, C.; Benkhof, S.; Blochowicz, T.; Rossler, E. Slow secondary relaxation process in supercooled liquids.
Europhys. Lett. 1997, 40, 649-654.

Kudlik, A.; Tschirwitz, C.; Blochowicz, T.; Benkhof, S.; Rossler, E. Slow secondary relaxation in simple glass formers. J. Non-
Cryst. Solids 1998, 235, 406—-411.

Kudlik, A.; Benkhof, S.; Blochowicz, T.; Tschirwitz, C.; Rossler, E. The dielectric response of simple organic glass formers. J. Mol.
Struct. 1999, 479, 201-218.

Ngai, K.L.; Capaccioli, S. Relation between the activation energy of the Johari-Goldstein (3 relaxation and T; of glass formers.
Phys. Rev. E 2004, 69, 031501.

Avramov, L; Grzybowski, A.; Paluch, M. A new approach to description of the pressure dependence of viscosity. J. Non-Cryst.
Solids 2009, 355, 733-736.

Heczko, D.; Kaminska, E.; Minecka, A.; Dzienia, A.; Jurkiewicz, K.; Tarnacka, M.; Talik, A.; Kaminski, K.; Paluch, M. High-
pressure dielectric studies on 1,6-anhydro-p-D-mannopyranose (plastic crystal) and 2,3,4-tri-O-acetyl-1,6-anhydro-3-D-gluco-
pyranose (canonical glass). |. Chem. Phys. 2018, 148, 204510.



Int. ]. Mol. Sci. 2022, 23, 5185 15 of 15

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.
65.
66.
67.

68.

Kaminski, K.; Pawlus, S.; Adrjanowicz, K.; Wojnarowska, Z.; Wlodarczyk, P.; Paluch, M. The importance of the activation vol-
ume for the description of the molecular dynamics of glass-forming liquids. J. Phys. Condens. Matter 2012, 24, 065105.

Floudas, G.; Gravalides, C.; Reisinger, T.; Wegner, G. Effect of pressure on the segmental and chain dynamics of polyisoprene.
Molecular weight dependence. J. Chem. Phys. 1999, 111, 9847-9852.

Avramov, 1. Pressure and temperature dependence of viscosity of glassforming and of geoscientifically relevant systems. J.
Volcanol. Geotherm. 2007, 160, 165-174.

Andersson, S.P.; Andersson, O. Relaxation Studies of Poly (propylene glycol) under High Pressure. Macromolecules 1998, 31,
2999-3006.

Atake, T.; Angell, C.A. Pressure dependence of the glass transition temperature in molecular liquids and plastic crystals. ]. Phys.
Chem. 1979, 83, 3218-3223.

Tarnacka, M.; Madejczyk, O.; Adrjanowicz, K.; Pionteck, J.; Kaminska, E.; Kaminski, K.; Paluch, M. Thermodynamic scaling of
molecular dynamics in supercooled liquid state of pharmaceuticals: Itraconazole and ketoconazol. J. Chem. Phys. 2015, 142,
224507.

Williams, G.; Watts, D.C. Non-symmetrical dielectric relaxation behaviour arising from a simple empirical decay function.
Trans. Faraday Soc. 1970, 66, 80-85.

Paluch, M.; Knapik, J.; Wojnarowska, Z.; Grzybowski, A.; Ngai, K.L. Universal Behavior of Dielectric Responses of Glass For-
mers: Role of Dipole-Dipole Interactions. Phys. Rev. Lett. 2016, 116, 025702.

Jurkiewicz, K.; Kotodziej, S.; Hachuta, B.; Grzybowska, K.; Musiat, M.; Grelska, J.; Bielas, R; Talik, A.; Pawlus, S.; Kaminski, K.;
et al. Interplay between structural static and dynamical parameters as a key factor to understand peculiar behaviour of
associated liquids. J. Mol. Lig. 2020, 319, 114084.

Frisch, M.].; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, ].R.; Scalmani, G.; Barone, V.; Mennucci, B.;
Petersson, G.A; et. al. Gaussian 09, Revision, E.01; Gaussian Inc.: Wallingford, CT, USA, 2013.

Kohn, W.; Sham, L.J. Self-consistent equations including exchange and correlation effects. Phys. Rev. 1965, 140, A1133—-A1138.
Becke, A.D. A new mixing of Hartree-Fock and local density-functional theories. J. Chem. Phys. 1993, 98, 5648-5652.

Lee, C.; Yang, W.; Parr, R.G. Development of the Colle-Salvetti correlation-energy formula into a functional of the electron
density. Phys. Rev. B 1988, 37, 785-789.

Vosko, S.H.; Wilk, L.; Nusair, M. The Fermi contact contribution to the Knight shift in Be from self-consistent spin-polarized
calculations. Can. J. Phys. 1980, 58, 1200-1211.

Stephens, P.J.; Devlin, F.J.; Chabalowski, C.F.; Frisch, M.]. Ab Initio Calculation of Vibrational Absorption and Circular
Dichroism Spectra Using Density Functional Force Fields. J. Phys. Chem. 1994, 98, 11623-11627.



