
 

1 
 

 

 

Institute of Physics 

Faculty of Science and Technology 

 

DOCTORAL THESIS 

Molecular Dynamics and Specific Interactions in Soft Glass Formers:  

3-Phenylpropanal with Weak Hydrogen Bonding and Cyclic Dimethylsila 

Crowns under Elevated Pressure and Nanoscale Spatial Confinement 

 

Anjana Krishna Sudhakaran Nair Valsala Kumari 

Supervisor: Prof. dr hab. Kamil Kamiński 

 

 

 

 

Chorzów 2026  



 

2 
 

Acknowledgments  

After four years, as I reach the end of my PhD journey, I look back with deep gratitude. These 

years have been scientifically challenging, personally transformative, and, despite many 

difficult moments, truly meaningful. This thesis would not have been possible without the 

support, guidance, patience, and kindness of many people, whom I would like to acknowledge 

sincerely. 

First and foremost, I would like to express my deepest gratitude to my supervisor, Prof. 

dr hab. Kamil Kamiński. I started working with him during the second year of my PhD, and 

from the moment I joined his group, he was always there for me, not only as an exceptional 

scientist and mentor but also as someone who created a sense of belonging and support. His 

scientific knowledge, experience, and critical insight were essential for shaping this dissertation 

and for developing my understanding of molecular dynamics. Beyond science, his care, 

fairness, and positive attitude toward every member of the group helped me grow not only as a 

researcher but also as a more confident person. 

I am also sincerely grateful to dr. hab. Magdalena Tarnacka, Prof. US, Despite her 

many responsibilities, she always found time to teach me how to work with scientific 

equipment and approach experimental problems with patience and precision. Also, I extend my 

gratitude towards Prof. dr hab. Ewa Kamińska, and dr hab. Barbara Hachuła, Prof. US, 

for their constant support and guidance throughout my scientific journey. 

I would also like to thank my colleagues and friends, with whom, over time, the 

laboratory became much more than just a workplace. My sincere thanks for their help in 

overcoming scientific obstacles, for everyday support, and for making life far from home much 

easier. I am grateful to the staff and faculty of the Doctoral School and to the staff of the 

Chorzów campus for their administrative support, technical assistance, and for providing a 

cooperative academic environment. 

My heartfelt gratitude goes to my parents, brother, and friends in India. Thank you for 

understanding my absence and for supporting me through every difficult moment and every 

new beginning. Without your love, patience, and faith in me, I would not have reached this 

point. I would also like to thank Ms. Ania Wilczek and family for caring for me and giving me 

a sense of home while I was far from my own. I would also like to thank my partner, Mr. 

Hemanth Pillai, for choosing to stand beside me and for constantly encouraging me to 

continue. 



 

3 
 

Finally, I thank the Almighty for being my invisible support throughout this path. I am 

also grateful to every person who, in any way, extended a helping hand during my scientific 

and academic life here. 

 

  

3:6248533649



 

4 
 

 

 

 

 

 

 

 

 

The research conducted for the purposes of this doctoral thesis was financed by the 

National Science Centre under the OPUS 24 project entitled "The Study of molecular 

dynamics and specific interactions in soft materials infiltrated within nanostructured 

mesoporous membranes"; Grant No: 2022/47/B/ST4/00236.  

4:2911650647



 

5 
 

Abstract 

Molecular dynamics in soft glass-forming systems are often discussed mainly in terms of 

temperature-dependent slowing down; however, temperature alone does not fully explain how 

molecular architecture, specific intermolecular interactions, density changes, and nanoscale 

environments control relaxation behavior. This issue is particularly relevant for weakly 

associating molecular liquids and cyclic glass formers, whose response to high pressure and 

nanoconfinement remains less understood than that of classical hydrogen-bonded liquids, linear 

polymers, or simple molecular glass formers. This dissertation addresses this gap by 

investigating selected soft molecular glass formers, namely 3-phenylpropanal and cyclic 

dimethylsila crowns, as model systems for understanding how different molecular architectures 

and interaction motifs influence dielectric relaxation dynamics. Broadband dielectric 

spectroscopy (BDS) was used as the principal experimental method, supported by differential 

scanning calorimetry, Fourier-transform infrared and Raman spectroscopy, X-ray diffraction, 

atomic force microscopy, and molecular dynamics simulations. A central idea of the thesis was 

to use BDS not only to determine individual relaxation times, but also to examine the 

relationships between different modes of molecular mobility, especially the coupling or 

separation between structural α- and secondary β-relaxation, as well as between α- and Debye-

like processes related to collective dipolar or supramolecular dynamics. Within this framework, 

thermal studies first established the basic relaxation landscape and dominant interaction motifs 

of the investigated systems, particularly near the glass transition temperature, Tg. High-pressure 

measurements then showed that compression provides a non-equivalent route to slowing down 

molecular dynamics. In weakly associating aldehyde systems, pressure modified the Debye-

like response and its separation from the α-process, indicating changes in collective dipolar 

organization and supramolecular association. In cyclic dimethylsila crowns, compression 

revealed topology-dependent differences in the pressure sensitivity of α- and β-relaxations, 

activation volume, pressure coefficient of Tg, cooperative length scale, and Coupling Model 

(CM) analysis. Nanoconfinement introduced a further level of control by combining spatial 

restriction with interfacial effects. In confined DMS17C6, surface-sensitive investigations 

provided a different perspective from that suggested by macroscopic wettability alone, showing 

that local molecule–surface interactions play a decisive role in confined dynamics. The results 

further indicate that nanoroughness does not necessarily suppress the formation of an interfacial 

dynamic fraction, as previously suggested for some linear systems, but may act differently in 

cyclic molecular liquids. This was accompanied by a confinement-induced modification of the 
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α–β relationship, where the secondary process deviated from the bulk CM expectation. This 

peculiar behavior of β-relaxation under nanoconfinement remains an open question and 

requires further systematic investigation in additional glass-forming systems. Overall, thermal 

cooling, compression, and nanoconfinement emerge as complementary but non-equivalent 

pathways for probing glassy dynamics. They are connected by changes in molecular packing, 

density fluctuations, and available free volume, while each pathway affects intermolecular 

interactions, supramolecular organization, and correlations between different relaxation 

processes in the studied systems in a distinct manner. 
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1. Introduction 

1.1. Glass-forming liquids 

The glass transition is one of the most intriguing and still not fully understood phenomena 

in condensed matter physics. For a long time, it was often discussed in analogy to a second-

order phase transition because some macroscopic quantities, such as volume and entropy, 

change continuously at the glass-transition temperature, Tg, whereas the heat capacity exhibits 

a step-like discontinuity. Despite this phenomenological similarity, the glass transition does not 

fully satisfy the thermodynamic criteria for an equilibrium phase transition [1–3].   

One important feature of Tg is that it is not a unique thermodynamic temperature, but an 

operational quantity that depends on the experimental time scale. Faster cooling shifts the 

apparent Tg to a higher temperature (T) 

because molecular rearrangements 

cannot keep pace with the imposed 

cooling rate, whereas slower cooling 

allows the liquid to remain equilibrated 

for longer and results in a lower Tg [3]. 

Thus, Tg reflects the point at which the 

structural relaxation time (τα) becomes 

comparable to the experimental 

observation time. Another key feature 

is the non-equilibrium nature of the 

glassy state. Above Tg, the supercooled liquid remains in metastable equilibrium on the 

experimental time scale, whereas below Tg it falls out of equilibrium and becomes an 

amorphous solid whose properties slowly evolve with time (Fig. 1). This physical aging is 

reflected in gradual changes in volume, density, enthalpy, dielectric response, conductivity, and 

relaxation times, showing that the glass transition marks the crossover from a metastable 

supercooled liquid to a non-equilibrium glass [2,4]. Thus, the glass transition is best described 

as a kinetic arrest of molecular motion rather than a classical thermodynamic phase transition. 

The main dynamic signature of vitrification is the sharp increase in the structural α-

relaxation time, and viscosity, η, upon cooling toward Tg. This slowing down is universal in 

glass-forming liquids, but its steepness and temperature dependence vary from nearly 

Arrhenius to strongly super-Arrhenius behavior, reflecting the progressive loss of molecular 

mobility and the growing cooperativity of structural rearrangements near Tg [1–3]. 

14:7957462538
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A major explanation for this slowdown was proposed by Adam and Gibbs, who related 

the increase in structural relaxation time to the decrease in configurational entropy, Sc, upon 

cooling [5]. This relation is commonly expressed as: 

𝜏𝛼 = 𝜏0exp⁡ (
𝐶

𝑇𝑆𝑐
)       (1) 

where τ0 is the high-temperature limiting relaxation time, C is a material-dependent 

constant associated with the free-energy barrier for cooperative rearrangement, T is 

temperature, and Sc(T) is the configurational entropy. As Sc decreases on cooling, τα increases 

rapidly, reflecting the growing difficulty of structural rearrangement. 

Here, the central concept is the cooperatively rearranging region, CRR, defined as the 

smallest region able to undergo structural rearrangement independently of its surroundings. The 

number of molecules involved in a CRR, z*, is inversely related to the Sc: 

𝑧∗(𝑇) ∝
1

𝑆𝑐⁡(𝑇)
      (2) 

Thus, as Sc decreases upon cooling, z* increases, leading to a larger activation barrier 

and a more cooperative α-relaxation near Tg. 

A second classical phenomenological explanation is the free-volume concept developed 

by Cohen and Turnbull, which relates the slowing down of molecular motion to the reduction 

of available volume required for rearrangements [6]. Upon cooling, molecular packing 

becomes denser, free volume decreases, and translational or orientational motions become 

increasingly restricted. Hence, the structural relaxation time can be expressed as: 

𝜏𝛼 = 𝜏0𝑒𝑥𝑝(
𝐵

𝑣𝑓
)      (3) 

where vf is the free volume, and B is a material-dependent constant. Thus, the rapid 

increase in τα near Tg is attributed to the progressive loss of free volume needed for molecular 

rearrangement. 

Several other theoretical frameworks have also been proposed to explain the slowing 

down of molecular dynamics in the vicinity of Tg. The potential-energy landscape approach 

describes cooling as the progressive exploration of deeper metastable minima separated by 

higher energy barriers [7]. Mode-coupling theory explains the initial slowdown through the 

increasing coupling of density fluctuations and predicts a dynamic crossover above Tg [8]. More 

recent concepts, such as dynamic facilitation and random first-order transition theory, 

emphasize spatially heterogeneous dynamics, cooperativity, and growing dynamic length 

scales [9]. Despite their different assumptions, these approaches share a common central idea: 

15:9224378256
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near Tg, molecular rearrangements become slow, cooperative, and strongly constrained by the 

surrounding structure. 

1.2. Broadband dielectric spectroscopy as a probe of molecular dynamics 

The glass transition and molecular dynamics of glass-forming systems are investigated 

using a range of complementary techniques, including mechanical spectroscopy, dynamic light 

scattering, X-ray and neutron scattering and diffraction methods, infrared and Raman 

spectroscopy, calorimetry, nuclear magnetic resonance (NMR), and Atomic Force Microscopy 

(AFM). Each method probes different aspects of soft matter, such as mechanical response, 

density fluctuations, local structure, molecular vibrations, intermolecular interactions, or 

changes in ordering near Tg [2,3,10]. Molecular dynamics (MD) simulations provide an 

additional and highly important source of information about the dynamics and microscopic 

properties of liquids. They offer a microscopic perspective by giving direct access to local 

structure, intermolecular correlations, conformational changes, cluster formation, and the 

relationship between molecular architecture and dynamics [11,12]. Thus, MD simulations can 

support experimental results by revealing structural and dynamical details that are not directly 

accessible through macroscopic measurements.  

However, the interpretation of such microscopic insight must take into account the 

limited time scales accessible to simulations. Conventional MD simulations usually capture 

fast processes on pico- to nanosecond scales, whereas relaxation processes relevant to the glass 

transition may extend from microseconds to hundreds of seconds near Tg. This timescale 

mismatch makes direct comparison with experimentally measured slow α-relaxation difficult. 

Therefore, MD simulations should be regarded as a powerful complementary tool that helps 

interpret experimental trends, rather than replacing techniques that probe slow supercooled-

liquid dynamics. Together, experiments and simulations enable a more complete description of 

dynamic properties, static structure, intermolecular interactions, and microscopic organization 

near Tg. Among the methods mentioned above, broadband dielectric spectroscopy (BDS) is one 

of the most powerful techniques for studying soft matter close to the glass transition [13–15]. 

The major strength of BDS lies in its exceptionally broad frequency (f) and time window. 

As shown schematically in Fig. 2, it can probe molecular mobility from fast local motions to 

slow α-relaxation processes approaching the experimental glass transition. This makes it 

particularly powerful for glass-forming liquids, where τα may change by many orders of 

magnitude upon cooling. 

16:1075273909
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Figure 2. Schematic illustration of the broad dynamic time window accessible to BDS compared with 

selected complementary experimental methods and molecular dynamics simulations. (Here, DLS and 

PCS denote Dynamic Light Scattering and Photon Correlation Spectroscopy, respectively, which are 

synonymous techniques used to evaluate relaxation dynamics.) 

BDS is also experimentally versatile because it requires only a small amount of material, 

which is particularly important for thin films, confined systems, and nanoporous samples. A 

limiting example was reported by Tress et al. in Science, who demonstrated that the dielectric 

response can be measured even for condensed isolated polymer chains [16]. This sensitivity 

makes BDS especially useful in nanoconfinement studies, where the signal from the confined 

phase is often weak. 

Another advantage is its nondestructive character, since the sample is usually exposed 

only to a weak alternating electric field and can later be used for complementary measurements. 

Moreover, BDS can be combined with high-pressure cells, temperature-controlled chambers, 

light irradiation, and nanostructured templates [13,17]. This makes it suitable not only for 

equilibrium relaxation studies, but also for monitoring time-dependent processes involving 

changes in dipole moment, such as polymerization, crystallization, conformational or isomeric 

transformations, phase transitions, and changes in supramolecular organization. 

The physical basis of dielectric spectroscopy is the interaction between electric dipoles 

and an external electric field. When a sample is placed between the electrodes of a capacitor 

and subjected to a sinusoidally varying electric field, the charges and dipoles within the material 

respond to the applied perturbation. The time-dependent electric field can be expressed as 

𝐸(𝑡) = 𝐸0exp(𝑖𝜔𝑡),     (4) 

where 𝐸0 is the amplitude of the electric field, t denotes time, and ω=2πf is the angular 

frequency of the applied field, with f being the frequency. The use of the complex exponential 
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notation is mathematically convenient and represents a harmonic oscillation of the electric 

field. 

In a linear, isotropic dielectric, the electric displacement field, D, is related to the electric 

field, E, and the polarization, P, by 

𝐷⁡ = ⁡𝜀₀𝐸⁡ + ⁡𝑃      (5) 

where 𝜀₀ is the vacuum permittivity. The polarization is the dipole moment per unit volume 

and, in the linear regime, is given by 

𝑃⁡ = ⁡𝜀₀𝜒ₑ𝐸      (6) 

where 𝜒ₑ is the electric susceptibility. Combining these relations gives 

𝐷⁡ = ⁡𝜀₀𝜀ᵣ𝐸       (7) 

where 𝜀ᵣ = 1 + 𝜒ₑ is the relative permittivity. In an alternating field, the response is generally 

delayed with respect to the applied field, and the relative permittivity becomes a complex 

quantity: 

𝜀∗(𝜔) ⁡= ⁡𝜀′(𝜔) ⁡− ⁡𝑖𝜀″(𝜔)      (8) 

Here, ε′ describes the energy stored by the material, whereas ε″ describes dielectric losses 

associated with molecular relaxation and charge transport. 

Several polarization 

mechanisms contribute to 

the dielectric response. 

Electronic polarization 

results from the 

displacement of the electron 

cloud relative to the nuclei 

and is extremely fast. 

Atomic or ionic polarization 

arises from the relative 

displacement of atoms or 

ions in a molecule or lattice 

[13]. Orientational polarization is slower and results from the reorientation of permanent dipole 

moments in the direction of the applied electric field. It is this orientational contribution that is 

especially important in dielectric studies of molecular dynamics, because its characteristic time 

scale reflects molecular mobility[18]. 

18:1995662376
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In this context, Debye introduced the simplest description of dielectric relaxation for a 

system of non-interacting dipoles characterized by a single relaxation time. In this ideal case, 

the complex permittivity is given by 

𝜀∗(𝜔) = 𝜀∞ +
Δ𝜀

1+𝑖𝜔𝜏𝐷
      (9) 

where 𝜀∞ is the high-frequency permittivity, Δ𝜀 = 𝜀s − 𝜀∞ is the dielectric strength, 𝜀s is the 

static permittivity, 𝜏𝐷 is the Debye relaxation time. The dielectric loss maximum occurs when 

𝜔max𝜏𝐷 = 1 or, equivalently, 𝜏𝐷 = 1/(2πfmax). The Debye model predicts a symmetric loss peak 

on a logarithmic frequency scale and represents the limiting case of a single exponential 

relaxation process [13]. 

However, most glass-forming liquids, polymers, and confined systems deviate from ideal 

Debye behavior. Their relaxation peaks are broadened and often asymmetric, which reflects a 

distribution of relaxation times, dynamic heterogeneity, intermolecular correlations, or 

overlapping molecular processes. Therefore, empirical non-Debye functions are widely used to 

describe dielectric loss 𝜀" spectra. The most general of these commonly used functions is the 

Havriliak-Negami (HN) equation, often supplemented with an additional term describing the 

dc conductivity: 

𝜀(𝜛)" =
𝜎𝑑𝑐

𝜀0𝜛
+ 𝜀∞ + 𝐼𝑚∑ (

𝛥𝜀𝑖

[1+(𝑖𝜛𝜏𝐻𝑁,𝑖)
𝛼𝐻𝑁,𝑖]

𝛽𝐻𝑁,𝑖
)𝑛

𝑖=1    (10) 

where 𝜎𝐷𝐶  is the DC-conductivity, 𝜏𝐻𝑁 is the characteristic HN time, while αHN and βHN 

are shape parameters describing the width and asymmetry of the relaxation peak [19]. The 

Debye, Cole-Cole (CC), and Cole-Davidson (CD) functions are limiting cases of this 

expression. For αHN = 1 and βHN = 1, the Debye equation is recovered. For 0 < αHN < 1 and βHN 

= 1, the expression reduces to the CC function, which describes a symmetrically broadened 

relaxation peak. For αHN = 1 and 0 < βHN < 1, it becomes the CD function, which accounts for 

asymmetric broadening. When both αHN and βHN differ from unity, the full HN function 

describes a broad and asymmetric non-Debye response (see Fig. 4) [20,21]. 
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Figure 4. Schematic comparison of Debye and non-Debye dielectric loss peaks described by CC, CD, 

and HN type functions. 

Thus, BDS provides direct access to molecular and supramolecular dynamics through the 

frequency-dependent dielectric response. In the context of glass-forming systems, it is 

particularly valuable because the structural α-relaxation, secondary relaxations, conductivity, 

interfacial polarization, and time-dependent transformations can often be followed within the 

same experimental platform. This makes BDS a central tool for connecting macroscopic 

dielectric response with molecular mobility, cooperative dynamics, and changes in 

intermolecular organization near the glass transition. 

1.3. Dielectric relaxation processes in glass-forming systems 

BDS does not provide a single relaxation time, but a relaxation spectrum in which 

different molecular, supramolecular, and polymer-specific processes may appear. Their 

assignment is essential because individual dielectric modes probe different length scales of 

motion, from local intramolecular fluctuations and cooperative structural rearrangements to 

segmental polymer dynamics, global chain motion, or collective fluctuations of supramolecular 

aggregates. 

a) Structural α-relaxation 

The α-relaxation is the central dynamic process of glass formation in molecular liquids. 

It reflects cooperative molecular rearrangements responsible for the liquid-to-glass 

transformation. In dielectric spectra, the α-process usually appears as a broad, asymmetric, non-

Debye loss peak and is therefore often described using empirical functions such as the CD or 

HN equations, as described in the previous section using Eq. 10 [2,3]. 
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As noted above, the temperature dependence of τα is usually non-Arrhenius, meaning that 

the apparent activation energy (Ea) increases upon cooling toward Tg. In practice, calorimetric 

Tg often corresponds approximately to the temperature at which τα reaches about 100 s, although 

this value depends on the experimental definition and time scale as mentioned in section 1.1. 

This temperature dependence of τα is commonly used to classify glass formers as strong or 

fragile [1]. The kinetic fragility index, m, is defined as: 

𝑚 = [
𝑑log⁡10 𝜏𝛼

𝑑(𝑇𝑔/𝑇)
]
𝑇=𝑇𝑔

     (11) 

or analogously using viscosity.  

b)  Segmental relaxation in polymers 

In polymers, the counterpart of the structural α-relaxation is referred to as the segmental 

relaxation. It originates from cooperative conformational rearrangements of short portions of 

the polymer backbone, typically involving several repeating units, rather than from the motion 

of the entire macromolecule [22]. This process determines the glass transition of polymers 

because, when the segmental relaxation time exceeds the experimental observation window, 

the polymer falls out of equilibrium and enters the glassy state, similar to the α-relaxation in 

molecular glass formers. 

Dielectrically, segmental relaxation is observed when the polymer contains dipoles along 

and perpendicular to the chain contour or when local conformational changes produce 

fluctuations of the dipole moment. Similar to the α-relaxation in small-molecular glass formers, 

the segmental process is broad, non-Debye in shape, and strongly temperature dependent, often 

described by the Vogel-Fulcher-Tammann (VFT) equation [23–25].  

𝜏𝛼 = 𝜏∞exp⁡ (
𝐷𝑇𝑇0

𝑇−𝑇0
)      (12) 

where 𝜏∞ is the relaxation time in the high temperature limit, 𝑇0 represents the ideal glass 

transition temperature corresponding to the extrapolated divergence of 𝜏0, and 𝐷𝑇 is the 

strength parameter. The broadness of the segmental relaxation reflects the distribution of local 

environments and relaxation times arising from chain connectivity, packing constraints, 

intermolecular interactions, and dynamic heterogeneity. 
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The segmental process controls the onset of large-scale mobility in polymers because any 

long-range chain displacement requires local conformational rearrangements of the backbone. 

Therefore, it provides the elementary dynamic step that enables larger-scale chain motions. 

Segmental relaxation determines 

the glass transition and local 

viscoelastic response of 

polymers, while terminal flow 

emerges only when these local 

segmental motions are coupled 

over progressively larger 

portions of the chain [22,26]. 

c)  Secondary relaxations, including the Johari-Goldstein process 

Secondary relaxations (such as β-, γ-, and higher-order processes) are usually observed 

below Tg, although in many systems they may also enter the experimental frequency window 

above Tg [13,27]. Below Tg, temperature dependences of secondary relaxation times (𝜏𝑥) are 

commonly described by the Arrhenius equation: 

                           𝜏𝑥 = 𝜏∞𝑒𝑥𝑝 (
𝐸𝑎

𝑅𝑇
) ⁡⁡⁡⁡⁡⁡𝑥 = 𝛽, 𝛾, …                (13) 

where Ea is the activation energy, and R is the gas constant. Unlike the α-relaxation, these 

processes usually exhibit an approximately constant Ea. Their molecular origin may involve 

local intramolecular motions of polar side groups or molecular fragments, such as ester, amino, 

hydroxymethyl, or other dipolar units [28]. Such relaxations, typically having low Ea values, 

around 10–30 kJ/mol, are weakly sensitive to density changes, and often show very small 

activation volumes (ΔV#), close to 0 cm3/mol [17]. 

A distinct class of secondary relaxations is the Johari-Goldstein (JG) β-relaxation, 

commonly regarded as a precursor of the structural α-relaxation. Unlike purely intramolecular 

motions, the JG process has an intermolecular character and is often interpreted as a local 

motion of the whole molecule within the cage formed by its neighbors. JG relaxations usually 

have higher activation energies, often around 50-90 kJ/mol, and are sensitive to pressure and 

density. Therefore, their activation volume is non-zero, and their relaxation time shifts 

measurably under compression. 

One useful criterion for distinguishing JG-like from purely intramolecular secondary 

processes is the Coupling Model (CM) proposed by Ngai [29]. In this model, the non-
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exponential α-relaxation is described by a coupling parameter n, related to the stretching 

exponent (βKWW) of the Kohlrausch–Williams–Watts (KWW) function: 

                                    Φ(𝑡) = 𝑒𝑥𝑝 [−(
𝑡

𝜏𝛼
)
𝛽𝐾𝑊𝑊

]                       (14) 

 by n = 1 - βKWW [30]. The primitive relaxation time is estimated from the α-relaxation time as: 

𝜏0 = 𝑡𝑐
𝑛𝜏𝛼

1−𝑛                                                         (15) 

where tc is a microscopic crossover time, typically of the order of 1-2 ps for many molecular 

glass formers. If the experimentally observed secondary relaxation time, usually τβ, is close to 

the calculated primitive relaxation time τ0, the process is often considered JG-like. This 

agreement is not an absolute proof, but it supports the assignment when combined with pressure 

dependence, ΔV#, and molecular-structure arguments. 

d) Debye-like processes in associating liquids 

A characteristic slow Debye-like (D-) process is frequently observed in dielectric spectra 

of associating liquids, especially monohydroxy alcohols, but also in amides, amines, carboxylic 

acids, and selected pharmaceutical glass formers such as ibuprofen [31–33]. It often appears as 

a more intense and narrower peak at lower frequencies than the α-process. Importantly, the D-

process should not be understood as an ideal Debye relaxation of independent, freely rotating 

dipoles. Instead, it reflects a collective dielectric response generated by transient 

supramolecular organization. 

In monohydroxy alcohols, this behavior is commonly described by the transient chain 

model proposed by Gainaru and co-workers [34]. According to this model, alcohol molecules 

form temporary hydrogen-bonded chain-like aggregates, and the fluctuations of their end-to-

end dipole moment are reflected as the D-process. The relaxation does not require rigid rotation 

of the whole aggregate, but may occur through molecular attachment and detachment, 

hydrogen-bond (HB) breaking and reformation, and reorganization of the supramolecular 

structure [34,35]. This explains why the D-process is slower than the α-relaxation and why its 

strength depends strongly on the topology of H-bonded aggregates. 

More recent studies have refined the interpretation of the dielectric Debye peak by 

showing that it may arise not only from self-reorientation of individual molecules, but also from 

cross-correlations between different molecular dipoles. Since dielectric spectroscopy probes 

fluctuations of the total dipole moment, the measured response contains both single-dipole 

reorientation terms and correlated orientational motions of neighboring dipoles. In transient 

supramolecular structures, H-bonded clusters, or locally correlated polar domains, these cross-
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correlations can become sufficiently slow and intense to generate an additional Debye-like 

contribution to the dielectric spectrum [35,36]. 

Thus, the D-process should not be viewed only as a signature of a specific aggregate 

geometry, such as a simple H-bonded chain, but more broadly as a manifestation of collective 

dipolar organization. Its dielectric strength reflects the extent and intensity of orientational 

dipole–dipole correlations, whereas its time scale is related to the lifetime and reorganization 

of the correlated supramolecular structure. Consequently, changes in Debye strength or in the 

separation between D- and α-relaxation times can serve as sensitive indicators of changes in 

supramolecular topology, cluster compactness, and molecular association [34,35]. The D-

process often shows a more Arrhenius-like temperature dependence than the structural α-

relaxation [37].  

e)  Normal mode in type-A polymers 

The dielectric normal mode is observed in Stockmayer type-A polymers, where the dipole 

moment has a component parallel to the chain contour [38]. It originates from fluctuations of 

the end-to-end vector (see Fig. 5) and therefore probes global chain dynamics rather than local 

segmental motion. Its relaxation time depends on molecular weight, chain stiffness, 

architecture, and entanglements, and is closely related to the longest chain relaxation time. 

Accordingly, rheological and dielectric studies often show comparable temperature 

dependences of the NM relaxation and terminal relaxation, confirming its connection with 

large-scale chain dynamics [39,40]. 

f) Sub-Rouse modes 

Sub-Rouse modes are relaxation processes typically slower than the segmental α-

relaxation but faster than the full-chain normal mode or terminal relaxation. They are observed 

in some polymers and reflect motions on length scales larger than a segment but smaller than 

the entire chain. Importantly, they do not satisfy the strict criteria for the dielectric NM, which 

is limited to type-A polymers according to the Stockmayer classification [41,42]. Sub-Rouse 

processes are therefore useful for identifying intermediate chain dynamics, particularly in 

systems where specific interactions, architecture, or confinement modify the usual hierarchy of 

polymer relaxation modes. 

g)  Excess wing 

The excess wing is a weak, power-law-like contribution on the high-frequency flank of 

the α-relaxation, commonly observed when a distinct secondary peak is not resolved. It has 

been interpreted either as an intrinsic part of the broad, heterogeneous α-response or as the 

unresolved high-frequency side of a hidden β-relaxation, often of JG character. Aging 
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experiments below Tg and high-pressure (HP) studies frequently support the latter view, since 

the wing may evolve into a shoulder or separate β-peak when the α-process shifts away [27,43]. 

Therefore, the excess wing should be assigned cautiously and, whenever possible, supported 

by temperature-, pressure-, or aging-dependent measurements. 

h)  Nearly constant loss 

At frequencies higher than the α-process and secondary relaxations, many glass-forming 

systems show a nearly constant loss (NCL). In dielectric loss spectra, it appears as a very weak 

frequency dependence, often approximated by ε″(f) ∝ f -c with c close to zero, for example, 

around 0.1 [27,44]. The NCL is usually associated with very fast, localized, cage-rattling 

dynamics, where molecules or molecular fragments perform small-amplitude motions inside 

cages formed by their neighbors. Thus, it reflects the fast vibrational or anharmonic dynamics 

of the glassy or deeply supercooled state rather than a complete structural rearrangement. 

1.4. Temperature- and pressure-dependent BDS studies of glass-forming 

systems 

Most studies of glass-forming liquids have traditionally been performed at atmospheric 

pressure by varying temperature. These measurements established the basic phenomenology of 

structural relaxation and led to the Angell classification, in which strong glass formers show a 

nearly Arrhenius temperature dependence of the structural or segmental relaxation time, 

whereas fragile systems exhibit a 

steep super-Arrhenius slowdown 

near Tg (Fig. 6). The fragility index, 

m (Eq. 11), therefore quantifies 

how rapidly the dynamics slow 

down when approaching the glass 

transition, as discussed in the 

previous sections [1]. 

In general, network-forming 

systems often display lower 

fragility than typical van der Waals 

liquids, but this trend is not 

universal. The final value of m depends not only on the dominant intermolecular interactions 

but also on molecular architecture, packing efficiency, conformational flexibility, and possible 

changes in supramolecular organization. Plastic crystals, in which translational crystalline order 
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coexists with orientational disorder, are often relatively strong glass formers; however, fragile 

plastic crystals have also been reported, showing that orientational disorder alone does not 

uniquely determine the steepness of structural slowdown [45]. 

Temperature-dependent studies also revealed important empirical correlations between 

fragility and the spectral shape of the structural relaxation. Böhmer et al. showed that, for many 

glass formers, more fragile systems tend to exhibit more non-exponential α-relaxation [46]. In 

the time domain, the α-relaxation is often represented by the KWW function (Eq. 14) [30]. 

Lower values of the stretching exponent (βKWW) correspond to broader relaxation-time 

distributions and stronger deviations from Debye behavior. The empirical Böhmer relation, m 

≈ 250(±30) - 320βKWW, indicates that fragile liquids generally display broader and more 

stretched α-relaxation peaks [46]. Nevertheless, this relation should be treated as a useful 

empirical trend rather than a universal law, because orientational glasses, monohydroxy 

alcohols, strongly associating liquids, and systems with overlapping relaxation processes may 

deviate from it. 

Temperature-dependent dielectric studies have also shown that the apparent spectral 

shape of the α-relaxation can be strongly influenced by molecular polarity. Paluch and co-

workers demonstrated that liquids with larger dielectric relaxation strength often exhibit 

narrower, less stretched dielectric α-peaks [47]. This effect arises because BDS probes 

fluctuations of the total dipole moment of the sample and therefore contains not only self-

correlation terms related to single-molecule reorientation but also cross-correlation terms 

associated with correlated orientational motion of neighboring dipoles. In polar and associating 

liquids, these dipole–dipole correlations can significantly modify the apparent shape and 

intensity of the measured relaxation peak. 

Thus, a more Debye-like dielectric α-response in highly polar liquids does not necessarily 

mean that the underlying structural relaxation is intrinsically homogeneous or Debye-like. 

Rather, the measured spectrum reflects both the distribution of molecular relaxation times and 

the degree of collective dipolar organization. This distinction is particularly important for 

monohydroxy alcohols, where BDS detects not only the structural α-relaxation but also an 

intense and slower Debye-like process [34,48]. Comparative studies using dielectric 

spectroscopy together with techniques such as photon correlation spectroscopy and NMR have 

shown that this slow D-process does not represent ordinary α-relaxation of individual 

molecules. Instead, the α-process reflects the structural dynamics of the liquid matrix, whereas 

the D-mode is associated with fluctuations of transient H-bonded supramolecular structures 

[34,37,49]. 
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Comparison between BDS and techniques more sensitive to local or self-reorientational 

dynamics is essential for separating α-relaxation from dielectric contributions arising from 

intermolecular dipolar correlations [49]. This distinction is important not only for 

monohydroxy alcohols but also for polar glass-forming liquids in general, because the shape, 

amplitude, and time scale of a dielectric peak may reflect both molecular mobility and dipolar 

organization. 

Moreover, temperature-dependent BDS also enables the relationship between α-

relaxation and secondary dynamics to be examined. Secondary relaxations are usually most 

clearly resolved below Tg, although they may persist above Tg and overlap with the α-process. 

As discussed above, the CM proposed by Ngai provides a useful framework for relating the 

JG-relaxation to the primitive relaxation preceding cooperative α-dynamics. Together with 

studies of the excess wing and nearly constant loss, this shows that secondary processes may 

contain important information about cage dynamics and cooperativity, and some of them, 

especially JG relaxations, may act as precursors of structural relaxation. However, at 

atmospheric pressure, distinguishing a true intermolecular JG process from an intramolecular 

secondary relaxation can be difficult because different mechanisms may appear in a similar 

frequency range. 

Introducing pressure as an additional thermodynamic variable provides deeper insight 

into glassy dynamics. In isobaric temperature-dependent experiments, cooling simultaneously 

changes thermal energy, density, packing, free volume, and intermolecular correlations. HP 

BDS, especially when combined with pressure-volume-temperature (PVT) data or an equation 

of state, helps separate these contributions by allowing relaxation times to be analyzed under 

different thermodynamic pathways, such as isobaric, isothermal, isochoric, or isochronal 

conditions [17,50,51]. 

The relative roles of temperature and volume can be quantified using the apparent 

activation energies determined at constant pressure and constant volume[51,52]: 

                                     𝐸𝑃 ⁡ = ⁡𝑅 [𝜕⁡𝑙𝑛(𝜏𝛼)/𝜕(
1

𝑇
)]
𝑃

                        (16) 

                                                   𝐸𝑉 ⁡= ⁡𝑅⁡ [𝜕⁡𝑙𝑛(𝜏𝛼)/𝜕(
1

𝑇
)]
𝑉

                                      (17) 

The ratio 𝐸𝑉/𝐸𝑃 estimates the relative contribution of thermal energy to the structural 

slowdown. Values close to unity indicate predominantly temperature-controlled dynamics, 

whereas lower values reflect a stronger influence of volume or density. In many van der Waals 
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liquids and polymers, density changes play a major role, while in strongly associating systems, 

especially those governed by directional hydrogen bonding, temperature-dependent changes in 

the interaction network may become more important. 

A particularly important outcome of HP studies is thermodynamic, or density, scaling. 

For many glass-forming liquids and polymers, structural relaxation times measured at different 

combinations of temperature and pressure can be superimposed onto a single master curve 

using a scaling variable that combines temperature and volume [53]: 

𝜏𝛼 = 𝐹(1/(𝑇𝑉𝛾))      (18) 

where V is the specific volume, 𝛾 is the density-scaling exponent, and F is a material-

specific function. Equivalently, the scaling can be written as 𝜏𝛼 = 𝐹(𝜌𝛾/𝑇),⁡where 𝜌 = 1/𝑉. 

The exponent 𝛾 reflects the relative importance of density or volume compared with thermal 

energy and is often related to the steepness of the effective repulsive part of the intermolecular 

potential. Thus, pressure-dependent measurements of τα(T,p), combined with volumetric data, 

provide insight into how intermolecular packing controls structural dynamics. 

HP BDS has also shown that, for many van der Waals liquids, the shape of the α-

relaxation peak is governed mainly by the τα itself rather than by T or p separately. Dielectric 

loss spectra measured at different T and p, but at the same τα, often superimpose after 

normalization. This behavior, known as time-temperature-pressure superposition (TPS), 

indicates that along an isochronal path, the distribution of relaxation times and the α-relaxation 

mechanism remain nearly unchanged [17,54,55]. It is also consistent with the isomorph theory 

for Roskilde-simple liquids, i.e., liquids in which structure and dynamics remain approximately 

invariant along specific temperature–density pathways because thermal and density effects are 

strongly correlated [56]. 

Associating liquids often deviate from this simple TPS rule because p and T can change 

not only density, but also the topology, lifetime, and dipolar organization of supramolecular 

structures [33]. Therefore, two state points with the same τα may still differ in spectral shape, 

dielectric strength, or relaxation-mode separation, indicating that pressure can reorganize 

molecular association rather than merely slow down dynamics [57]. 

HP BDS also provides a stricter test of secondary relaxations. At ambient pressure, 

agreement between the experimental β-relaxation time and the CM primitive time may suggest 

JG-like behavior, but this criterion is not conclusive. Under compression, a β-process coupled 

to structural dynamics should show measurable pressure sensitivity, whereas more local 

intramolecular motions are usually much less affected and exhibit smaller ΔV# [58]. 
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Pressure studies are equally useful for collective dielectric modes. In associating liquids, 

changes in D-strength, Kirkwood correlation factor, and D/α time-scale separation reveal 

modifications in supramolecular size, topology, and stability [35,59]. In type-A polymers, 

comparison of segmental and normal-mode relaxations shows whether local backbone mobility 

and global chain dynamics remain coupled under densification [60]. Thus, temperature- and 

pressure-dependent BDS provides more than a simple shift of relaxation peaks. It separates 

thermal and density effects, tests spectral-shape invariance through TPS, and probes the 

coupling between structural, secondary, supramolecular, and polymer-specific relaxation 

modes. 

Overall, combined temperature- and pressure-dependent BDS provides a richer picture 

of glassy dynamics than temperature-dependent measurements alone. It helps separate thermal 

and density contributions, quantify packing effects through 𝐸𝑉/𝐸𝑃 and density scaling, test 

spectral-shape invariance through time-temperature-pressure superposition, and examine the 

coupling between structural, secondary, supramolecular, and polymer-specific relaxation 

modes. In this sense, pressure acts not only as a way to slow dynamics, but also as a probe of 

intermolecular interactions, cooperative motion, and the hierarchy of molecular mobilities in 

soft matter. 

1.5. Nanoconfinement effects in glass-forming liquids and polymers 

Temperature- and pressure-dependent studies have shown how structural, secondary, 

supramolecular, and polymer-specific relaxations respond to changing thermodynamic 

conditions. Nanoconfinement provides a complementary approach by placing glass-forming 

liquids or polymers in restricted geometries, such as controlled-pore glasses, silica matrices, 

anodic aluminum oxide (AAO) membranes, thin films, or nanoporous templates. This allows 

one to examine how molecular dynamics is modified when the confining length scale becomes 

comparable to molecular dimensions, interfacial layers, or cooperative length scales. One of 

the original motivations for confinement studies was to test whether the dramatic slowing down 

of structural relaxation near Tg is connected with the growth of CRRs. In the Adam-Gibbs 

theory, the decrease in Sc upon cooling leads to an increase in the size of the cooperatively 

rearranging region (Eq. 2). If a liquid is confined within pores whose diameter is comparable 

to the expected CRR size, typically of the order of a few nanometers, the growth of these 

regions may become geometrically restricted. Therefore, confinement offers an indirect but 

powerful test of whether the temperature dependence of τα is controlled by a growing 

cooperative length scale. 
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Early dielectric studies of low-molecular-weight glass formers confined in nanoporous 

materials provided important support for this idea. Arndt et al. showed that, when a glass-

forming liquid was confined in controlled-pore glasses with pore diameters of only a few 

nanometers, the structural relaxation initially followed the bulk-like temperature dependence 

upon cooling, but below a certain temperature it deviated toward a more Arrhenius-like 

behavior [61]. This crossover was interpreted as an indication that the growth of the cooperative 

length scale was limited by the pore size. In this sense, nanoconfinement provided indirect 

evidence that the increase in τα near Tg may be related to the growth of CRRs, as anticipated by 

the Adam-Gibbs framework. 

However, later studies showed that this interpretation is not complete. A major step 

forward came from combined dielectric spectroscopy and positron annihilation lifetime 

spectroscopy. Kipnusu and co-workers investigated confined 2-ethyl-1-hexanol and 

demonstrated that the confinement-induced acceleration of the α-relaxation correlates with an 

increase in effective free volume [62]. These results indicated that the deviation of confined 

dynamics from bulk behavior cannot be understood only as a geometrical limitation of CRR 

growth; it is also strongly connected with density and free-volume fluctuations inside the pores 

[63]. 

This interpretation was later refined by studies linking confined dynamics directly with 

pressure-dependent bulk behavior. During cooling in nanopores, the confined liquid may 

deviate from an ordinary isobaric path and approach quasi-isochoric conditions once the 

interfacial layer becomes dynamically arrested. In this regime, the temperature dependence of 

τα may resemble the isochoric relaxation behavior obtained from high-pressure bulk data 

extrapolated into the negative-pressure domain [64]. This behavior was rationalized by the 

development of negative pressure inside the pores, which compensates thermal contraction and 

maintains a quasi-constant volume during cooling. Equation-of-state analysis therefore 

provides a way to estimate this negative pressure and establish a direct connection between 

nanoconfinement effects and pressure-dependent bulk dynamics [64,65]. 

In this view, confinement-induced changes in α-relaxation are not simply finite-size 

effects. They arise from the interplay between pore geometry, interfacial interactions, density 

fluctuations, and the thermodynamic pathway imposed on the confined liquid. This concept 

was further supported by studies combining dielectric and calorimetric signatures of confined 

glass formers. In several systems, calorimetry revealed the double glass-transition events, 

commonly interpreted within a core–shell, or two-layer, model [66,67]. In this picture, the 

confined material contains dynamically distinct fractions: an interfacial shell strongly affected 
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by the pore wall and a core-like fraction whose dynamics are closer to the bulk liquid. Once the 

interfacial layer becomes dynamically arrested, it may impose volume or density constraints on 

the remaining mobile core fraction, so that the core dynamics can approach quasi-isochoric 

behavior rather than ordinary isobaric cooling [64]. Consequently, the apparent Tg, dielectric 

strength, and relaxation-time behavior measured under confinement reflect an average response 

of spatially heterogeneous molecular populations, whose relative contributions depend on pore 

size, surface interactions, and the core/interfacial volume ratio. 

Despite this progress, the core–shell model alone does not fully explain why 

confinement-induced Tg shifts differ strongly among liquids and polymers. Floudas and co-

workers addressed this issue for polymers confined in nanoporous alumina and showed that the 

depression of Tg relative to the bulk correlates with the polymer–alumina interfacial energy 

determined from contact-angle measurements on flat alumina surfaces [68]. This demonstrated 

that polymer–substrate interactions are an important parameter controlling segmental dynamics 

under nanoconfinement. 

However, subsequent investigations showed that interfacial energy (γSL) alone is not 

always sufficient to describe confinement-induced shifts in Tg for different polymers and 

molecular liquids. Talik et al., and later Zimny et al., in studies on confined polymer systems, 

demonstrated that the pressure coefficient of the glass transition temperature (dTg/dp) 

determined from bulk HP dielectric measurements, is also an important parameter [66,69]. 

Systems with a larger dTg/dp are more sensitive to density fluctuations and pressure-like 

constraints; therefore, their dynamics may be more strongly affected by density perturbations 

generated under confinement. Thus, the confinement response is better described by 

considering both molecule–surface interactions and the intrinsic density sensitivity of the bulk 

material. Such an approach directly links nanoconfinement-induced changes in Tg with density-

controlled dynamics known from HP experiments.  

This observation creates a direct conceptual bridge between two apparently different 

experimental approaches: high-pressure studies of bulk materials and nanoconfinement studies 

in porous media. In both cases, density fluctuations play a central role. In HP experiments, 

density is controlled externally by hydrostatic compression. In confinement, density 

fluctuations are generated internally by interfacial interactions, capillary effects, incomplete 

thermal contraction, and the vitrification of the interfacial layer. Thus, nanoconfinement can 

mimic certain aspects of pressure-dependent dynamics, although the microscopic origin of the 

density perturbation is different. 
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Another important development was the recognition that confinement effects are not 

fixed, but can depend strongly on thermal history and equilibration. Adrjanowicz et al. showed 

by dielectric spectroscopy that confinement-induced deviations from bulk glass-transition 

dynamics can partially relax toward bulk-like behavior after appropriate thermal treatment, and 

related this recovery to very slow viscous flow in nanopores [70]. Similar conclusions were 

drawn from studies of diglycidyl ether of bisphenol A (DGEBA) confined in AAO templates, 

where dielectric and Raman measurements demonstrated that molecular dynamics above and 

below Tg depend on the previous thermal pathway and equilibration state inside the pores [71]. 

Recent work from the Floudas group has also emphasized that appropriate annealing protocols 

can strongly reduce, or even erase, apparent confinement effects in selected polymer systems. 

Therefore, confinement-induced deviations from bulk dynamics should be interpreted not only 

in terms of geometry and surface interactions, but also in terms of nonequilibrium interfacial 

states and thermal history [72].  

A related route to controlling confined dynamics is modification of the interacting 

surface. This idea was first developed extensively in studies of thin polymer films, where it 

became clear that glass-transition dynamics cannot be determined by film thickness alone. For 

the same polymer and comparable film thickness, different Tg shifts, or even the absence of a 

measurable shift, may be obtained depending on the character of the substrate. Attractive, 

repulsive, hydrophilic, hydrophobic, polar, or specifically interacting surfaces can generate 

different mobility gradients across the film [73,74]. In addition, the quality of the interface, 

including roughness and nanoscale topography, may redefine the effective boundary condition 

experienced by polymer segments. Smooth and rough substrates may therefore produce 

different changes in Tg, fragility, and local segmental mobility, even when the nominal film 

thickness is the same [75]. 

It should be emphasized, however, that the experimental control and characterization of 

roughness are very different in thin films and in nanoporous templates. In thin-film studies, 

changing the roughness of a flat substrate is relatively straightforward, and the modified surface 

can usually be characterized directly by Atomic Force Microscopy (AFM) or related surface-

sensitive techniques. In nanopores, the same procedure is much more difficult. The surface is 

strongly curved, hidden inside the membrane, and often accessible only indirectly. As a result, 

defining and quantifying roughness inside cylindrical or modulated nanochannels remains a 

nontrivial experimental and analytical problem. This difficulty is important because even small 

changes in nanoscale wall morphology may alter wetting, interfacial adhesion, and local density 

fluctuations, and therefore may strongly influence the dynamics of the confined material [76]. 
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In nanopores, the confining surface should not be regarded as a passive geometrical 

boundary, but rather as an active interfacial environment that may either slow down or 

accelerate the dynamics of the infiltrated material. Changes in wall polarity, hydrophilicity, 

hydrophobicity, chemical coating, or specific dipolar and hydrogen-bonding interactions can 

alter the balance between interfacial and core-like molecular fractions. Consequently, the 

apparent Tg, τα distribution, and magnitude of confinement effects may change even for the 

same nominal pore diameter. Studies of polymers and molecular liquids confined in chemically 

modified alumina nanopores confirm that surface chemistry can tune the balance between bulk-

like and interfacial dynamics in confined soft matter [77,78]. 

In this context, the work of Tarnacka and co-workers on alumina templates with a 

nanostructured interface provided an additional important step. The authors showed that not 

only chemical modification, but also physical modification of the pore-wall morphology can 

strongly affect confined dynamics [79,80]. By changing the nanoscale structure of the pore 

wall, it is possible to weaken, modify, or even nearly suppress the usual confinement-induced 

acceleration of segmental or structural relaxation. However, this tendency toward bulk-like 

behavior is not universal. In the confinement study of cyclic dimethylsila crowns, Kumari et 

al. indicated that, in nanostructured modulated membranes, the dynamics remained strongly 

affected by the combined influence of cyclic molecular topology and surface nanoroughness 

[76]. Thus, the behavior of liquids and polymers in nanopores is controlled by a combination 

of surface chemistry, surface roughness, pore morphology, wetting, density fluctuations, and 

thermal history rather than by pore size alone. 

These results opened an important new direction in confinement research. Instead of 

treating nanoconfinement as a simple reduction of system size, it became necessary to consider 

it as a multidimensional perturbation involving pore diameter, curvature, roughness, surface 

chemistry, interfacial adhesion, wetting, density fluctuations, and thermal history. Depending 

on the balance between these factors, confined dynamics may be accelerated, slowed down, 

split into core and shell contributions, become quasi-isochoric, or recover bulk-like behavior. 

In summary, studies of low-molecular-weight glass formers and polymers under 

nanoconfinement have provided a complementary route to understanding glassy dynamics near 

Tg. Initially, confinement was used to test the idea of a growing cooperative length scale 

predicted by the Adam-Gibbs theory. Later, combined dielectric, calorimetric, positron 

annihilation, and high-pressure-inspired analyses revealed that density fluctuations, free 

volume, interfacial vitrification, and negative pressure play equally important roles. Current 

research shows that the dynamics of confined liquids are controlled by an interplay between 
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molecular mobility, interfacial interactions, pore geometry, and thermodynamic constraints. 

Importantly, there is now a clear link between confinement studies and HP studies of bulk 

materials: both probe how density and volume fluctuations influence structural relaxation. In 

this sense, the key connecting concept between these two fields is the density fluctuation 

induced either externally, by hydrostatic pressure, or internally, by confinement and molecule-

wall interactions. Understanding this link is essential for interpreting the behavior of soft matter 

in nanoscale environments and for using confinement as a tool to probe the microscopic origin 

of the glass transition. 
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2. Research Objective 

The primary objective of this doctoral study was to investigate the molecular dynamics, 

thermal properties, and specific interactions in selected soft molecular glass formers (3-

Phenylpropanal and cyclic dimethylsila crowns) under different thermodynamic and spatially 

restricted conditions. This was achieved through complementary thermal, high-pressure, and 

nanoconfinement pathways, employing broadband dielectric spectroscopy (BDS) as the 

principal analytical technique (Fig. 7). The results were supported by DSC, FTIR, Raman 

spectroscopy, AFM, and MD simulations. Particular attention was devoted to understanding 

how molecular mobility, glass-transition behavior, α-relaxation, secondary relaxation 

processes, D-modes, and supramolecular association are governed by molecular architecture, 

intermolecular interactions, density changes, and spatial restrictions. The research was carried 

out in three complementary stages. Ambient-pressure studies were first used to establish the 

thermal behavior, relaxation map, and dominant interaction motifs of the selected systems. 

High-pressure measurements then examined how compression modifies their molecular 

dynamics and relaxation behavior. Finally, mesoporous confinement was applied to a selected 

cyclic system to probe the additional role of spatial restriction, pore morphology, and interfacial 

effects. 

Within this framework, the dissertation aimed to answer the following research questions: 

• What are the dominant intermolecular interactions and supramolecular motifs in 

the investigated systems near Tg?  

• How does hydrostatic pressure modify these interactions, and does time-

temperature–pressure superposition remain valid for the α-D processes, or α-𝛽 

processes under strong compression?  

• Can pressure reorganize weak supramolecular associates, such as those formed in 

aldehyde systems, into different pressure-stabilized structures?  

• Does the pressure sensitivity of cyclic molecules depend on ring size, molecular 

rigidity, and conformational flexibility?  

• How are ΔV#, dTg/dp, and cooperative length scale (ξ) related in cyclic glass-

forming liquids, and do these relationships follow previously proposed 

correlations?  

• Does the secondary 𝛽-relaxation in cyclic dimethylsila crowns follow the CM 

prediction under ambient and high-pressure conditions, or does pressure reveal a 

more local, topology-sensitive contribution?  
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• How do cyclic molecular liquids behave under mesoporous confinement, and do 

they differ from previously studied linear polymers and linear associating 

liquids? 

By addressing these questions, the dissertation aims to provide a comparative view of how 

thermal cooling, hydrostatic pressure, and nanoconfinement affect molecular mobility, 

supramolecular organization, and the relationships between α-, β-, and D-like relaxation 

processes. The results show that these pathways are complementary but non-equivalent: they 

are linked by changes in molecular packing, density, and available free volume, while their 

differences reveal the roles of molecular architecture, specific interactions, cyclic topology, and 

interfacial effects. The confinement-induced modification of the α–β relationship further 

indicates that the nature and degree of coupling of secondary β-relaxation under spatial 

restriction require further systematic studies on additional glass-forming systems. 

 

Figure 7. Schematic representation of the complementarity of the thermal, high-pressure, and 

nanoconfinement pathways using BDS to study the dynamics of glass-forming systems. 

 

The names, chemical structures, and abbreviations of all investigated compounds are 

summarized in Table 1.  The experimental techniques used and their role in this particular work 

are given in Table 2. 
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Table 1. Chemical structures and names of substances studied as part of the doctoral thesis. 

Name Chemical structure Abbreviation 

3-Phenyl-1-propanal 

 

3P1Pal 

3-Phenyl-1-propanol 

 

3P1Pol 

Dimethylsila-11-crown-4 

 

DMS11C4 

Dimethylsila-14-crown-5 

 

DMS14C5 

Dimethylsila-17-crown-6 

 

DMS17C6 
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Table 2. The experimental techniques used and their corresponding roles in this research work. 

Technique Abbreviations Role in this dissertation 

Broadband dielectric 

spectroscopy 
BDS 

Quantifies molecular mobility under 

temperature, pressure, and confinement 

Differential scanning 

calorimetry 
DSC Determines glass-forming ability and Tg 

Fourier-transform infrared 

spectroscopy 
FTIR 

Connects relaxation changes to 

structural/molecular reorganizations 

Raman spectroscopy - 
Connects relaxation changes to 

structural/molecular reorganizations 

X-ray diffraction  XRD 
Relates relaxation changes to structural 

ordering/molecular reorganizations 

Contact Angle 

measurements 
- 

Determine the wettability of the sample 

on the substrate 

Atomic force microscopy AFM 

Provides microscopic insight into 

surface morphology and confinement 

effects 

Molecular dynamics 

simulations and Density 

Functional Theory 

MD simulations & 

DFT 

Support the interpretation of the 

molecular origin and evolution of 

relaxation behaviour  

 

The results of the experimental studies described in this dissertation were published in 

international peer-reviewed journals indexed in the Web of Science/Journal Citation Reports 

database. Collectively, these publications correspond to a total Journal Impact Factor (IF) of 

20.4 and 500 points according to the Polish ministerial classification of scientific journals. 

A1.   A.K. Sudhakaran Nair Valsala Kumari, B. Hachuła, M. Tarnacka, E. Kamińska, J. 

Grelska, T. Lamrani, K. Jurkiewicz, P. Włodarczyk, K. Grzybowska, K. Kamiński, Specific 

interactions and mechanism of association in highly viscous aldehyde 3-phenylpropanal, J. 

Chem. Phys. 163 (2025). https://doi.org/10.1063/5.0283944. IF=3.1; Ministry points:100.  

A2.  A.K. Sudhakaran Nair Valsala Kumari, B. Hachuła, P. Włodarczyk, M. Tarnacka, K. 

Witkowicz, R. Wrzalik, E. Kamińska, K. Kamiński, Pressure-Induced Self-Assembly in 3-
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Phenylpropanal: Distinct Clustering via π-Stacking and Distorted Hydrogen Bonds, J. Phys. 

Chem. Lett. 17 (2026) 728–736. https://doi.org/10.1021/acs.jpclett.5c03496. IF=4.7; Ministry 

points: 200.  

A3.  A.K. Sudhakaran Nair Valsala Kumari, E. Kamińska, M. Tarnacka, K. Kamiński, 

The Role of Ring Geometry and Rigidity in the Glassy Dynamics of Cyclic Dimethylsila 

Crowns under Elevated Pressure, Phys. Chem. Chem. Phys. (2026), DOI: 

10.1039/D6CP00287K.  IF=2.9; Ministry points: 100.  

A4.  A.K. Sudhakaran Nair Valsala Kumari, M. Tarnacka, E. Kaminska, M. Wojtyniak, 

M. Geppert-Rybczyńska, K. Bilska, A. Brzózka, K. Kamiński, Nanoscale dewetting and 

unpredictable dynamics of cyclic liquid in curved and rough nanochannels, J. Colloid Interface 

Sci. 704 (2026) 139390. https://doi.org/10.1016/J.JCIS.2025.139390. IF=9.7; Ministry points: 

100.  
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3. Overview and Discussion of the research outcome  

3.1. The study of molecular dynamics and specific interactions in 3-

phenylpropanal: effect of isobaric cooling 

A1. Specific interactions and mechanism of association in highly viscous 

aldehyde 3-phenylpropanal 

J. Chem. Phys. 163 (2025) 104505 

https://doi.org/10.1063/5.0283944 
© 2025 Author(s) AIP Publishing. 

 

 

This study aimed to determine the molecular origin of the D- relaxation observed in 3-

phenylpropanal (3P1Pal) and to clarify whether a weakly associating aldehyde can form 

supramolecular structures in the highly viscous supercooled state. This question is relevant 

because slow D-modes are most often associated with liquids that exhibit a pronounced 

tendency toward supramolecular association, such as monohydroxy alcohols, amines, amides, 

and carboxylic acids, where they are usually linked to H-bonded supramolecular clusters 

[34,35,48,81,82]. Aldehydes, by contrast, are generally considered weakly associating systems. 

Therefore, the appearance of a Debye-like process in 3P1Pal required a molecular-level 

explanation. To address this issue, 3P1Pal was compared with the structurally related alcohol 

3-phenyl-1-propanol (3P1Pol), using BDS, DSC, XRD, FTIR, Raman spectroscopy, density 

functional theory (DFT) calculations, and MD simulations. This comparison was particularly 

useful because both molecules share a similar phenylpropyl framework but differ in the 

terminal functional group, allowing the effect of strong O–H hydrogen bonding to be separated 

from weaker aldehyde-specific interactions.  

The first stage of the work established the thermal and dielectric behavior of both 

compounds. The DSC measurements demonstrated that both 3P1Pal and 3P1Pol are good glass 

formers, since no crystallization or melting events were detected during cooling and subsequent 

heating. Only a single heat-capacity step related to the glass transition was observed on both 

runs. However, the glass transition temperature (Tg) of 3P1Pol was significantly higher than 

that of 3P1Pal, with values of approximately 182 K and 165 K, respectively (insets of Fig. 1, 

in A1). This difference was interpreted as evidence of stronger intermolecular association in 
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the alcohol, where classical O–H···O hydrogen bonds dominate, compared with the aldehyde, 

where interactions are weaker and more complex.  

The dielectric results were particularly important. In 3P1Pal, two relaxation processes 

were identified above Tg: a faster structural α-relaxation associated with cooperative molecular 

motions responsible for vitrification, and a slower D-like process (Fig. 8a). Since aldehydes 

are usually treated as weakly associating molecular liquids, the observation of a clear D-process 

in 3P1Pal indicated that some form of supramolecular organization must exist even in the 

absence of strong conventional H-bonding.  

 

Figure 8. a) The representative dielectric loss spectrum of 3P1Pal, b) Fit functions used for the analysis 

of both relaxation processes (Debye and α) in 3P1Pal. 

 

The analysis of the spectral shape revealed that the α-relaxation of 3P1Pal shows a high-

frequency power-law behavior close to ω⁻⁰·⁵ near Tg, which is consistent with the so-called 

generic spectral shape expected for some simple supercooled liquids with weak dipolar cross-

correlations [83,84]. In contrast, the slower process displayed nearly ideal D-like behavior, with 

shape parameters close to unity (Fig. 8b). This confirmed that the slow mode is not simply a 

broadened part of the structural relaxation, but a distinct dynamical process most likely 

connected with collective reorientation within supramolecular associates.  

Further insight was obtained from the Kirkwood correlation factor (𝑔𝑘)[85]. For 3P1Pol, 

the 𝑔𝑘 factor was much larger than unity, which is typical for chain-like H-bonded structures 

with parallel dipole correlations. In contrast, for 3P1Pal, the 𝑔𝑘 factor was below unity and 

slightly decreased upon cooling. This indicates a tendency toward antiparallel dipole 

arrangements, suggesting that the aldehyde molecules do not form alcohol-like linear chains, 

but rather smaller cyclic, dimeric, or antiparallel aggregates. This result is crucial because it 
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shows that the D-process in 3P1Pal might have a different molecular origin from the classical 

D-relaxation in the corresponding monohydroxy alcohol, 3P1Pol.  

For further insight into the molecular ordering, XRD measurements were performed. 

Both liquids exhibited amorphous-like structure factors 𝑆(𝑄), with a main broad maximum 

related to short-range intermolecular order. However, the main diffraction peak of 3P1Pal was 

broader and less intense than that of 3P1Pol, indicating a lower degree of nearest-neighbour 

ordering in the aldehyde. Upon cooling, an additional shoulder appeared near Q ≈ 1.9 Å⁻¹ in 

the structure factor of 3P1Pal (Fig. 3 in A1). This corresponds to a real-space distance of 

approximately 3.3 Å, which is characteristic of interactions between aromatic rings[86]. 

Therefore, the XRD data suggested an increasing contribution of π–π stacking interactions 

between phenyl groups at lower temperatures.  

The vibrational spectroscopy results further confirmed the presence of weak but 

significant intermolecular interactions in 3P1Pal. Upon cooling, notable changes were observed 

in the C=O and aliphatic C–H stretching regions as shown in Fig. 4 in A1. The carbonyl 

stretching band shifted and broadened, while changes in formyl and methylene C–H bands 

suggested interactions involving the carbonyl oxygen and neighbouring C–H groups. Dilution 

experiments in non-polar solvents helped distinguish aggregated from more isolated molecular 

states. In solution, the narrowing and shifting of the C=O bands indicated partial disruption of 

intermolecular aggregates. However, FTIR and Raman data alone could not unambiguously 

determine whether the observed spectral changes originated primarily from weak hydrogen 

bonds or from dipolar interactions.  

This ambiguity was resolved using DFT and MD simulations. DFT calculations of the 

most stable 3P1Pal dimers revealed five main types of intermolecular interactions. These 

included formyl–formyl interactions, π-stacking between phenyl rings, formyl–phenyl 

interactions, C–H···O contacts between methylene groups adjacent to the formyl unit and 

carbonyl oxygen atoms, and interactions between methylene groups and aromatic rings (Fig. 

9). Importantly, the calculations showed that formyl–formyl association is mainly governed by 

dipole–dipole interactions rather than classical H-bonding. The carbonyl groups tend to adopt 

orientations consistent with electrostatic attraction, while the methylene group neighbouring 

the formyl unit can behave as an unexpected weak H-bond donor toward the carbonyl oxygen.  
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Figure 9. All the most stable dimers of aldehyde molecules and a variety of dominating interactions 

responsible for the origin of D-relaxation in 3P1Pal.  

 

The MD simulations confirmed that these interactions are not isolated computational 

artefacts but are present in the bulk liquid. The simulations revealed that 3P1Pal mainly forms 

dimeric associates stabilized by several weak interactions acting cooperatively. The specific 

C–H···O contacts involving the methylene group and the carbonyl oxygen showed geometrical 

features consistent with weak H-bonds, while π-stacking and formyl-related dipolar contacts 

contributed to the stabilization and orientation of the aggregates. The combination of these 

interactions explains why 3P1Pal, despite lacking a classical strong H-bond donor such as O–

H or N–H, still exhibits a Debye relaxation process.   

The most important interpretation proposed here is that the D-process in 3P1Pal 

originates from the reorientational relaxation of formyl-based nano-associates. This mechanism 

differs from that observed in the alcohol reference system, where the D-process is associated 

with H-bonded clusters. Therefore, the work demonstrates that D-like relaxation should not be 

treated exclusively as a marker of classical H-bonded chain structures. Instead, it can also arise 

from weaker and more complex supramolecular organizations stabilized by dipolar 

interactions, π-stacking, and non-classical C–H···O H-bonds.  
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3.2. The impact of pressure on the molecular dynamics and intermolecular 

interactions in 3-Phenylpropanal 

A2. Pressure-Induced Self-Assembly in 3-Phenylpropanal: Distinct 

Clustering via π-Stacking and Distorted Hydrogen Bonds 

J. Phys. Chem. Lett. 17 (2026) 728–736. 

https://doi.org/10.1021/acs.jpclett.5c03496. 
© 2026 American Chemical Society 

 

 

Graphical abstract 

The ambient-pressure study of 3P1Pal showed that this weakly associating aldehyde 

exhibits a Debye-like relaxation arising from formyl-rich supramolecular domains stabilized 

by dipole–dipole interactions, π-stacking, and weak nonclassical C–H···O contacts [87]. This 

raised a direct question: if such weak aldehyde-based associates are already present in the 

viscous liquid, how do they respond when intermolecular distances are reduced by 

compression? The aim of this study was therefore to determine how high pressure modifies the 

Debye-like process, the structural α-relaxation, and the underlying association pattern of 

3P1Pal. This was particularly relevant because most high-pressure studies of associative 

molecular organization have focused on strongly H-bonded systems. In contrast, aldehydes 

governed by dipolar and aromatic interactions remain much less explored. HP BDS was 
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combined with FTIR, Raman spectroscopy, and MD simulations to link changes in dielectric 

dynamics to pressure-induced modifications in molecular packing and interaction geometry.  

After interpreting the thermal and dielectric behaviour at ambient pressure as discussed 

in section 3.1, the next step was to follow the same relaxation modes under isothermal 

compression. The high-pressure spectra measured at 233 and 298 K are shown in Fig. 1b and 

c in A2. Increasing pressure shifted both α- and D-relaxations toward lower frequencies, as 

expected from reduced free volume and enhanced packing constraints. The nearly unchanged 

dielectric strength indicated that the liquid state was preserved during compression. The spectra 

were fitted using the HN function with a dc-conductivity term, and the obtained relaxation 

times are summarized in Fig. S1 in A2. 

The key dielectric result is shown in Fig. 2 in A2, where spectra measured at different T, 

p conditions were compared at constant τα. Up to approximately 500 MPa, the α- and D-

processes nearly superimposed, suggesting that cooling and compression initially lead to 

comparable dynamic states. Above this pressure, however, the behavior became anomalous: 

the Debye amplitude increased, and the time-scale separation between the D- and α-processes 

became larger (Fig. 10). This is opposite to the common trend observed in many monohydroxy 

alcohols, where compression often reduces the separation between Debye and structural 

relaxations [88]. The ratios plotted in Fig. 2b, c in A2 show that the deviation begins above 

about 500–550 MPa and becomes most pronounced near 1.4 GPa. This finding resembles, to 

some extent, the behavior reported by Pawlus et al. for strongly associating 2-ethyl-1-hexanol 

under high compression, where the anomalous dynamic response was linked to pressure-

induced changes in the supramolecular hydrogen-bonding architecture [48]. Thus, pressure not 

only slows the dynamics but also modifies the supramolecular organization responsible for the 

D-mode. 
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Figure 10. Comparison of the shapes of dielectric loss spectra obtained for 3P1Pal under varying T, p 

conditions. The arrows indicate the maximum of the D-relaxation process.  

 

To identify how interactions are affected by compression, pressure-dependent FTIR and 

Raman spectra were collected and analyzed (Fig. 3 in A2). From the data, it was evident that 

most vibrational bands shifted to higher wavenumbers under pressure, especially those 

associated with aliphatic and aromatic C–H vibrations, reflecting reduced intermolecular 

distances and bond stiffening. The carbonyl region behaved more subtly: the C=O overtone and 

Raman C=O stretching band changed only weakly. This was interpreted as a compensatory 

effect between pressure-induced C=O bond stiffening and strengthening of C–H···O 

interactions, which tend to shift the band in the opposite direction. 

A direct comparison of spectra collected under low-temperature and high-pressure 

isochronal conditions is presented in Fig. 4 in A2. Although both routes lead to a comparable 

slowing down of the structural dynamics, as inferred from BDS, the high-pressure state 

produces more pronounced shifts of selected vibrational bands, particularly those associated 

with aromatic C–H and ring modes. This indicates that compression modifies the local 

molecular environment and intermolecular contacts more strongly than cooling alone, 

confirming that pressure and temperature are not equivalent routes to slow dynamics. 

Compression enhances the contribution of π-stacking and reorganizes the aldehyde-specific 

interactions, rather than simply reproducing the low-temperature association pattern. 
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Figure 11. (a-c) The partial RDFs for formyl-formyl (C1-O1 pair), π-stacking (ring-ring), and H-bonds 

(H2-O1). In panels (d) and (e), the occurrence of T-shaped versus parallel π-stacking conformations 

was compared in all studied systems. 

 

MD simulations provided the molecular interpretation of this behavior. Radial 

distribution functions (RDFs) and orientational analyses in Fig. 11 (Fig. 5 in A2, supported by 

Fig. S5 in A2) showed that cooling and compression both strengthen association, but through 

different structural pathways. At low temperature, the dominant π-stacking motif is mainly T-

shaped and the C–H···O contacts are closer to regular geometries. Under high pressure, mixed 

T-shaped and more parallel π-stacking motifs appear, while the C–H···O hydrogen bonds 

become stronger but more distorted. The simulations also showed that compression promotes 

larger aggregates: the fraction of higher-order clusters increased from 14.2% at 181 K and 0.1 

MPa to 22.4% at 298 K and 1.4 GPa, while the monomer fraction decreased from 41.1% to 

36.1%. The average C···O distance also shortened by about 0.1 Å, confirming the strengthening 

of weak hydrogen-bond-like contacts under compression. 

The central conclusion is that the high-pressure state of 3P1Pal is not a densified version 

of the low-temperature state. Cooling favors smaller aggregates dominated by T-shaped π-

stacking and more regular C–H···O geometries, whereas compression promotes larger, more 

compact clusters stabilized by mixed π-stacking, formyl–formyl dipolar contacts, and distorted 

but stronger C–H···O interactions. This explains the unusual dielectric behavior above 500 

MPa: the growing Debye-like amplitude and increasing separation between τD and τα⁡reflect a 

pressure-induced change in the size, geometry, and dipolar character of the supramolecular 

domains. 
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3.3. The effect of high pressure on the molecular dynamics of cyclic 

dimethylsila crown ethers   

A3. The Role of Ring Geometry and Rigidity in the Glassy Dynamics of 

Cyclic Dimethylsila Crowns under Elevated Pressure 

Phys. Chem. Chem. Phys. 2026, 

DOI: 10.1039/D6CP00287K 
 

 

 

Graphical abstract 

Unlike the previous studies on 3P1Pal, where the main issue was weak supramolecular 

association and pressure-induced reorganization of a Debye-like process, this part of the 

dissertation addressed a different question: how does molecular topology and rigidity control 

the pressure sensitivity of glassy dynamics? Most high-pressure BDS studies have focused on 

linear, flexible, hydrogen-bonded, ionic, or pharmaceutical glass formers, whereas cyclic 

molecular liquids remain less explored. This gap is important because ring closure, rigidity, 

conformational constraints, and internal flexibility may determine how a molecule responds to 

densification. Therefore, this study examined whether ring size and rigidity in cyclic 

dimethylsila crown ethers affect the structural α-relaxation, secondary β-relaxation, activation 

volume, pressure coefficient of Tg, and cooperative length scale under elevated pressure. The 

investigated homologous series, DMS11C4, DMS14C5, and DMS17C6, are shown in Fig. 1 in 

A3.  
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Figure 12. Ambient-pressure dielectric loss spectra of (a) DMS11C4, (b) DMS14C5, and (c) 

DMS17C6. Insets present the corresponding DSC thermograms obtained during the first heating run, 

with the endothermic step associated with the glass transition indicated. 

 

The first stage established the thermal and ambient-pressure dielectric behavior of the 

three systems. DSC thermograms, shown as insets in Fig. 12, revealed a single glass-transition 

step without crystallization or melting, confirming the glass-forming character of all crowns. 

The calorimetric Tg increased with molecular size, from about 189 K for DMS11C4 to 193 K 

for DMS14C5 and 198 K for DMS17C6, indicating slower global dynamics in the larger rings. 

The dielectric spectra in Fig. 12 showed three contributions: the structural α-relaxation, 

secondary β-relaxation, and low-frequency dc conductivity. 

To compare structural dynamics within the series, the α-peaks were superimposed under 

isochronal conditions in Fig. 3a in A3. Their shapes were broadly similar, although DMS17C6 

displayed the slightly broadest response, with βKWW  0.48, compared with approximately 0.50 

for DMS14C5 and 0.51 for DMS11C4. This suggests a modest increase in dynamic 

heterogeneity with ring size, but the differences are small and should not be overinterpreted. 

The constant-temperature comparison in Fig. 3b in A3 showed that the 𝛼-relaxation shifts to 

lower frequency with increasing molecular size, confirming that larger cyclic structures relax 

more slowly. 

The temperature dependence of the relaxation times is summarized in Fig. 4 in A3. The 

α-relaxation follows non-Arrhenius behavior, whereas the β-process follows Arrhenius 

behavior with similar activation energies, around 30 kJ/mol, for all three compounds. The CM 

analysis showed that the experimental β values are close to the primitive relaxation times 

estimated from the α-process, supporting a JG-like assignment at ambient pressure. However, 

this agreement should be treated as supportive rather than definitive, because local 

intramolecular motions in cyclic or conformationally constrained molecules may appear close 

to the predicted primitive time scale. 

This uncertainty motivated the high-pressure BDS measurements. In the previous study 

presented in A2, pressure revealed that a relaxation process well-defined at ambient pressure 
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could change its molecular meaning when the supramolecular structure was compressed. In the 

cyclic crowns, the question was whether the β-process remains coupled to the structural 

relaxation under compression, or whether pressure reveals a local, topology-sensitive 

contribution? Representative high-pressure spectra in Fig. 5 in A3 showed that increasing 

pressure shifts the relaxation processes to lower frequencies, as expected from densification 

and reduced free volume. 

The key comparison is presented in Fig. 6 in A3, where spectra measured at different T,p 

conditions were superimposed under isochronal conditions. The α-relaxation retained almost 

the same shape, indicating approximate TPS behavior for these cyclic van der Waals systems. 

The β-relaxation showed a more complex response: under pressure, its amplitude increased 

slightly, and the peak shifted modestly toward higher frequencies relative to the ambient-

pressure response. After the subtraction of the α-contribution, the isolated β-peaks compared in 

Fig. 13 did not overlap perfectly, but the deviation remained below about one decade in 

frequency. Thus, the pressure data do not reject the JG-like assignment, although they do not 

provide fully unambiguous confirmation. The β-process remains broadly compatible with JG 

behavior, while the slight pressure-induced shift suggests that cyclic topology and internal 

constraints may introduce a local contribution to secondary dynamics. 

 

Figure 13. Superimposed dielectric loss spectra of the DMS14C5 measured at the indicated T, p 

conditions. The arrows represent the maximum of the β-relaxation peak obtained by the HN fit.  

 

The pressure dependence of the structural relaxation was further analyzed using the 

modified Avramov approach. Fig. 7 in A3 shows the 3D α(T,p) surface fit for DMS14C5, while 

Fig. 8 in A3 presents the Tg(p) dependences. The pressure coefficients were moderate: 89.2 

K/GPa for DMS11C4, 116.9 K/GPa for DMS14C5, and 107.3 K/GPa for DMS17C6. These 

values are lower than typically expected for highly flexible van der Waals liquids, suggesting 

that the cyclic framework introduces additional rigidity and restricts compressibility [46]. The 
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smallest ring, therefore, exhibits the weakest pressure sensitivity, suggesting that its more rigid 

cyclic framework limits structural adaptation to compression.  

The activation-volume analysis in Fig. 9 in A3 strengthened this interpretation. The 

values summarized in Table 1 in A3 are 0.19 nm3 for DMS11C4, 0.31 nm3 for DMS14C5, and 

0.28 nm3 for DMS17C6, again showing the weakest pressure response for the smallest and most 

internally constrained ring. The cooperative length scales estimated from dielectric and 

calorimetric approaches fall in the nanometric range, approximately 1.9–2.7 nm, confirming 

that vitrification in these small cyclic liquids still involves spatially correlated dynamics. Fig. 

14 places these values within the literature trend between activation volume and cooperative 

length [89], while Fig. 11 in A3 shows a clear linear relation between ξ and ΔV# within the 

cyclic series. The slope is markedly higher for DMS11C4, indicating that in the smallest and 

most rigid ring, changes in activation volume translate more efficiently into changes in 

cooperative length.  

 

Figure 14. Correlation between the correlation length scale (ξ) and the activation volume (ΔV#) at Tg. 

The data reported by Hong et al. [89] were digitized and reused from Blazytko et al.[90], with added 

data for the compounds investigated herein (marked with partially filled triangles and circles, calculated 

using the Berthier and Donth equations, respectively). The presented numbers refer to different 

compounds taken from the table of data described in Ref. [89].  

 

Overall, this study shows that cyclic topology is a key variable controlling pressure-

sensitive glassy dynamics. In contrast to 3P1Pal, where pressure reorganized weak 

supramolecular clusters and modified a Debye-like process, dimethylsila crowns do not show 

pressure-induced self-assembly of the same type. Their response is instead governed by ring 
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size, rigidity, free-volume sensitivity, and the coupling between local and cooperative motions. 

The smallest crown, DMS11C4, is the most rigid and least pressure-sensitive, whereas the 

larger rings show somewhat stronger pressure sensitivity and slightly broader structural 

relaxation. The β-relaxation remains broadly consistent with JG-like behavior, but its modest 

pressure-induced shift prevents a fully definitive assignment and suggests a possible local ring-

related contribution. This work therefore provides a bridge to the next dissertation stage: if 

cyclic topology already affects pressure sensitivity in the bulk, it becomes essential to ask how 

such molecules behave when their motion is restricted by mesoporous geometry and interfacial 

interactions. 
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3.4.  The effect of nanoconfinement and pore wall roughness on the dynamics 

of cyclic dimethylsila crown ether 

A4. Nanoscale dewetting and unpredictable dynamics of cyclic liquid in 

curved and rough nanochannels 

J. Colloid Interface Sci. 704 (2026) 139390.  

https://doi.org/10.1016/J.JCIS.2025.139390. 
© 2025 Elsevier Inc. 

 

Graphical abstract 

Following the ambient-pressure and high-pressure investigation of cyclic dimethylsila 

crowns in the bulk, the next step was to examine how cyclic topology responds to nanospatial 

restriction. This question is important because most confinement studies have focused on linear 

polymers, linear alcohols, or other flexible molecular systems, whereas cyclic molecular liquids 

remain far less explored. In such systems, ring closure, conformational constraints, and the 

absence of chain ends may lead to a confinement response that differs fundamentally from that 

of linear analogues. Therefore, this study focused on DMS17C6, the largest and most flexible 

crown in the investigated series, as a model cyclic liquid under mesoporous confinement. 

DMS17C6 was infiltrated into AAO membranes with constant pore diameters of 10 and 40 nm, 

as well as into modulated AAO pores with diameters varying between approximately 18 and 

35 nm. The aim was to determine whether the confined dynamics are controlled mainly by pore 

diameter, or whether pore geometry, surface roughness, wettability, and local interfacial 

adhesion play an equally important role. The molecular structure and membrane morphology 

are shown in Fig. 1 in A4.  
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The first important result came from DSC. While the bulk DMS17C6 exhibited a single 

glass-transition event near 198 K, all confined samples showed two distinct glass transitions 

(Fig. 15). The lower transition, assigned to Tg,core, appeared at 191, 190, and 189 K for const-

AAO-10 nm, const-AAO-40 nm, and modul-AAO, respectively, while the higher transition, 

assigned to Tg,interfacial, appeared at 217, 218, and 223 K, respectively. This double glass-

transition behavior indicates the coexistence of a more mobile core-like fraction and a slower 

interfacial fraction interacting with the pore walls. Importantly, the observation of two Tg⁡values 

even in modulated pores challenges the assumption, suggested for some linear systems, that 

pore-wall roughness suppresses the formation or dynamic signature of an interfacial layer. 

 

Figure 15. DSC thermograms of bulk and confined DMS17C6 systems.  

To understand whether this behavior could be related to surface wetting, temperature-

dependent contact-angle measurements were performed (Fig. 2b in A4). At room temperature, 

DMS17C6 showed good macroscopic wetting of alumina, with a contact angle of about 20°. 

Upon cooling, the contact angle increased to about 40°, indicating  weaker but still favorable 

wetting and supporting the possible formation of an interfacial liquid layer.  

Further, the dielectric spectra provided the dynamic counterpart of the calorimetric 

observations. As shown in Fig. 3 in A4, bulk and confined DMS17C6 exhibit dc conductivity, 

a dominant structural α-relaxation, and a secondary β-process. Confinement strongly affected 

the α-relaxation, whereas the β-process remained almost unchanged. The isochronal 

comparison in Fig. 4a in A4 showed that all confined samples have broader α-peaks than the 

bulk liquid, with βKWW⁡decreasing from about 0.48 in the bulk to lower values under 

confinement, reaching approximately 0.38 in modul-AAO. Such broadening is typical of 
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spatially restricted systems, where molecules experience a distribution of local environments 

due to the coexistence of pore-wall, interfacial, 

and core regions [91].  

The relaxation-time map in Fig. 16 showed that 

the structural dynamics deviate from the bulk in 

the order modul-AAO > const-AAO-10 nm > 

const-AAO-40 nm. This means that the 

strongest confinement-induced acceleration of 

α-relaxation was not observed in the smallest 

constant pore, but in the rough and diameter-

modulated membrane. This result is 

counterintuitive because previous studies on 

linear systems, such as poly (propylene glycol) 

or phenyl alcohols, showed more bulk-like 

behavior in modulated AAO compared with 

constant pores [92,93]. Therefore, DMS17C6 behaves differently from previously studied 

linear liquids. The authors proposed that this difference arises from the cyclic molecular 

topology of DMS17C6. Its flexible crown-like ring structure may exploit roughness-induced 

free-volume regions and local voids more efficiently than linear molecules, leading to faster 

structural reorientation under confinement.  

Further, the secondary relaxation gave an especially important result in relation to the 

previous bulk study. In bulk DMS17C6, the β-process was broadly compatible with the CM 

prediction and could be considered JG-like. Under confinement, however, the primitive 

relaxation frequency agreed with the experimental β-peak only for the bulk sample (Fig. 3 in 

A4). For all confined systems, the predicted primitive frequency was shifted to much higher 

frequencies than the observed β-maximum, (Fig. 4b in A4). Since β and activation energy, 

approximately 30 kJ/mol, remained almost unchanged regardless of confinement, the β-process 

is more likely related to local librational or intraring dipolar motions rather than a fully coupled 

JG relaxation. 

Time-dependent annealing experiments were performed to test whether the confinement-

induced changes are reversible. In const-AAO-40 nm, partial recovery toward bulk-like 

dynamics was observed, whereas const-AAO-10 nm and especially modul-AAO showed little 

or no recovery (Fig. 5 in A4).  
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The microscopic origin of this behavior was clarified using AFM adhesion-force mapping 

(Fig. 6 in A4). The adhesion force associated with DMS17C6 was much higher in const-AAO-

40 nm, about 38.45 nN, than in modul-AAO, about 17.60 nN. This difference indicates that 

nanoscale roughness and pore modulation reduce the effective liquid–surface contact, despite 

favorable macroscopic wetting. The proposed mechanism is summarized in Fig. 17: constant 

pores favor a more continuous Wenzel-like interfacial layer, whereas rough modulated pores 

may promote local dewetting or metastable Cassie–Baxter-like states, producing island-like 

filling and molecular trapping [91]. 

 

Figure 17. Schematic representation of (a) Wenzel state, (b) Metastable Cassie-Baxter state, and (c) 

Cassie-Baxter state.  

 

Overall, this study shows that confined cyclic liquids cannot be treated as simple 

analogues of linear systems. In DMS17C6, nanoconfinement is controlled by the combined 

effects of cyclic topology, pore geometry, roughness, wettability, and interfacial adhesion. The 

work also extends the previous bulk study by showing that, although the β-relaxation in bulk 

DMS17C6 appeared broadly compatible with JG-like behavior, confinement introduced 

deviations from the expected CM correspondence. Does it suggest a possible local contribution 

to the secondary dynamics?  This interpretation remains open and motivates further studies on 

other cyclic glass formers, including combined high-pressure and confinement experiments. 
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4. Contents of the articles constituting the basis of the doctoral 

thesis, together with the declarations of co-authors 

 
4.1. Article 1 (A1) Specific interactions and mechanism of association in highly viscous 

aldehyde 3-phenylpropanal. 
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6. Summary and Conclusion 

The work presented in this dissertation was motivated by the need to understand how 

molecular mobility in soft glass-forming systems is shaped not only by temperature but also by 

molecular architecture, specific intermolecular interactions, pressure-induced densification, 

and nanoscale confinement. The investigated systems, 3P1Pal and cyclic dimethylsila crowns, 

served as model systems in which weak association, dipolar organization, cyclic topology, 

rigidity, and conformational flexibility could be examined through complementary thermal, 

high-pressure, and confinement pathways. Using BDS as the central experimental method to 

probe the molecular relaxations, complementary calorimetric, structural, spectroscopic, 

surface-sensitive, and simulation approaches were used to provide additional insight into the 

observed relaxation behavior. 

The results obtained within this framework provide the following answers to the 

questions formulated in the research objectives: 

• The dominant interaction motifs near Tg were found to depend directly on molecular 

architecture. In 3P1Pal, weak formyl-related dipolar correlations, aromatic interactions, 

and nonclassical C–H···O contacts contribute to transient supramolecular organization 

and the appearance of a D-like response. In cyclic dimethylsila crowns, where no 

analogous D-like mode was observed, the relaxation behavior is governed mainly by 

ring topology, conformational flexibility, and packing constraints. 

• HP studies showed that compression is not equivalent to cooling. In 3P1Pal, pressure 

modified the D-like process and its separation from α-relaxation, indicating 

reorganization of weak supramolecular associates. In cyclic dimethylsila crowns, 

compression revealed topology-dependent differences in α–β dynamics, pressure 

sensitivity, and cooperative behavior rather than inducing new supramolecular modes. 

• TPS was found to be system- and process-dependent. While the α-relaxation showed 

largely preserved spectral shape under compression, the α–D relationship in 3P1Pal and 

the α–β relationship in cyclic crowns were more sensitive to pressure, showing that 

different dielectric mobilities do not necessarily respond to compression in the same 

way. 

• The comparison between α- and D-like dynamics shows that the slow D-like process in 

3P1Pal cannot be assigned to classical hydrogen-bonded chain dynamics. Instead, it 

reflects collective dipolar fluctuations of weak, transient supramolecular associates 

stabilized by dipole–dipole interactions, aromatic contacts, and weak nonclassical 
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hydrogen bonds. High pressure further demonstrated that these weak associates can be 

reorganized into distinct pressure-stabilized arrangements. 

• For cyclic dimethylsila crowns, the pressure coefficient of Tg, ΔV#, and cooperative 

length scale (ξ) were found to be mutually connected and dependent on ring 

architecture. The observed trends follow the general correlation between ΔV# and ξ 

proposed for other glass-forming liquids, but the differences within the crown series 

indicate that cyclic topology, rigidity, and conformational flexibility modulate this 

relationship. 

• In cyclic crowns, the behavior of β-relaxation remains more complex. CM analysis, 

high-pressure measurements, and confinement studies suggest that secondary dynamics 

in cyclic systems may contain either JG-like or more local, topology-sensitive 

contributions. Therefore, a universal assignment of the nature of the β-process cannot 

be made based on the present systems alone. 

•   Nanoconfinement of DMS17C6 revealed that cyclic molecular liquids cannot be 

treated as simple confined analogues of previously studied linear systems. Surface-

sensitive investigations showed that local molecule–surface interactions may differ 

from expectations based on macroscopic wettability alone, and that nanoroughness does 

not necessarily suppress the interfacial dynamic fraction.  

Overall, the dissertation shows that thermal cooling, pressure, and nanoconfinement are 

connected through their influence on molecular packing, density, and available free volume, 

but they are not equivalent routes to slow dynamics. By following the relations between α-, β-

, and Debye-like processes under these different conditions, the work provides a coherent view 

of how molecular structure and environment control relaxation mechanisms in soft glass-

forming systems. At the same time, it leaves open important questions concerning the peculiar 

behavior of β-relaxation under confinement, which should be addressed in future studies on 

systematically varied cyclic and non-cyclic glass formers, ideally by combining high-pressure 

and nanoconfinement approaches. 
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