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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 a- and secondary fS-relaxation, as well as between a- 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, 7. 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 a-process, indicating changes in collective dipolar
organization and supramolecular association. In cyclic dimethylsila crowns, compression
revealed topology-dependent differences in the pressure sensitivity of a- and f-relaxations,
activation volume, pressure coefficient of 7, 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



o—p relationship, where the secondary process deviated from the bulk CM expectation. This
peculiar behavior of p-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, 7,, 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 7, 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 7 to a higher temperature (T)

QQOQQ e Q e o Main classes of glass formers
L e ® o Tl T because molecular rearrangements
ceoee |® oo o | I reamans
eeee0e0 Lo 0 0 [ ,,}: W cannot keep pace with the imposed
Crystal: Long-range Glass: short-range, Network Metlic cooling rate, whereas slower cooling

periodic order random arrangement glass formers glasses

m %? allows the liquid to remain equilibrated
Liquid i

for longer and results in a lower 7, [3].

Glass formation pathway
— Crystalline pathway

Enthalpy 5

lonic / molten salt Colloidal / soft matter
glass formers glass formers

Thus, T reflects the point at which the

Glass e @0
3‘9%“’ QQO . )
' #% © structural relaxation time (z,) becomes
7 Ta Temperature
Figure 1: Schematic representation of: (A) structural comparable to the experimental

ordering in crystals and glasses, (B) thermal pathways
leading to glass formation or crystallization, and (C)

classes of commonly studied glass formers. is the non-equilibrium nature of the

observation time. Another key feature

glassy state. Above Tg, the supercooled liquid remains in metastable equilibrium on the
experimental time scale, whereas below 7g 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 a-
relaxation time, and viscosity, #, upon cooling toward 7. 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 7 [1-3].
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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, S., upon

cooling [5]. This relation is commonly expressed as:
te = 0exp (75) (1)

where 70 is the high-temperature limiting relaxation time, C is a material-dependent
constant associated with the free-energy barrier for cooperative rearrangement, 7' is
temperature, and S.(7) is the configurational entropy. As S. decreases on cooling, 7, 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 S.:
1

z'(T) x SO 2

Thus, as S. decreases upon cooling, z* increases, leading to a larger activation barrier
and a more cooperative a-relaxation near 7.

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:
B
Tq = Toexp(s) 3)
f

where vy is the free volume, and B is a material-dependent constant. Thus, the rapid
increase in 7, near T 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 7. 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 7¢[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:
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near 7,, 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 7, [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 7. This timescale
mismatch makes direct comparison with experimentally measured slow a-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 T,. 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 a-relaxation processes approaching the experimental glass transition. This makes it
particularly powerful for glass-forming liquids, where 7, may change by many orders of

magnitude upon cooling.
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Dynamic time window relevant to soft matter and glass-forming systems

MD simulations
IR/Raman

DLS / PCS

Mechanical sEectroscoEi
Broadband dielectric SEectrosmﬁi

1071 10713 10711 10~° 1077 10— 103 1071 10t 103
Characteristic time scale / s

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) = Eyexp(iwt), (@))
where E, is the amplitude of the electric field, ¢ denotes time, and w=2xzf 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, £, and the polarization, P, by
D = ¢gFE + P %)
where & is the vacuum permittivity. The polarization is the dipole moment per unit volume
and, in the linear regime, is given by
P = gox.E (6)
where y. is the electric susceptibility. Combining these relations gives
D = &gy E (7
where €. = 1 + . 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:
e(w) = &' (w) — ie"(w) ®
Here, ¢’ describes the energy stored by the material, whereas €” describes dielectric losses

associated with molecular relaxation and charge transport.

Several polarization Dielectric response after switching the electric field on and off
. . 1.2 field on field off | === E(t): applied field
mechanlsms Contrlbute to ~ = electronic + atomic polarization

g
o

= orientational polarization, Po(t)
= total polarization

o
@

the dielectric  response.

(2
o

relative response

Electronic polarization %,
results from the % i
0.0 ——————————————————
. 0 2 4 6 8 10
displacement of the electron time
. . Before field: Field applied: After field off:
cloud relative to the nuclei random dipoles partial alignment . orientational disorder returns
and is extremely fast. e ) G e e —y )
L= '\ > N ~Sse—
Atomic or ionic polarization Haed Myt Maet >0

Figure 3. Schematic representation of the dielectric response after switching an
external electric field on and off. The electronic and atomic contributions appear almost
instantaneously after the field is applied and disappear immediately after it is removed.
The orientational polarization, associated with dipolar alignment and the net dipole
moment of the sample, builds up and decays on a characteristic relaxation time scale.

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].
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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

Ae
1+iwtp

e'(w) =€ +

€))
where &4, is the high-frequency permittivity, A = &5 — €4, 1s the dielectric strength, & is the
static permittivity, T is the Debye relaxation time. The dielectric loss maximum occurs when
wmaxTp = 1 or, equivalently, 7 = 1/(2nfmax). 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 €" 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:

e(w)" = ;L; + & + ImZ{Ll( 25 ) (10)

[+ (i@, ) HN PN

where ap is the DC-conductivity, Tyy is the characteristic HN time, while axv and Suv
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 ayy =1 and fuv = 1, the Debye equation is recovered. For 0 < any <1 and fun
= 1, the expression reduces to the CC function, which describes a symmetrically broadened
relaxation peak. For agy=1 and 0 < fun < 1, it becomes the CD function, which accounts for
asymmetric broadening. When both amy and puy differ from unity, the full HN function

describes a broad and asymmetric non-Debye response (see Fig. 4) [20,21].
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Ideal and broadened dielectric loss peaks

1.0 1 = Debye
Cole-Cole a=0.65
= Cole-Davidson B=0.45
- Havriliak-Negami a=0.65, B=0.55

0.8 1

normalized €”
o
o

o
r'S
s

0.2 4

0.0

T T T T T T T
-4 =3 =2 ot 0 1 2 3 4
10910 (W/Wmax)

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 a-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 a-relaxation

The a-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 a-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 7, is usually non-Arrhenius, meaning that
the apparent activation energy (E,) increases upon cooling toward 7. In practice, calorimetric
T, often corresponds approximately to the temperature at which z,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 7,is commonly used to classify glass formers as strong or

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

alog 10 Ta
= |—— 11
m [ d(Tg/T) T=T, an

or analogously using viscosity.

b) Segmental relaxation in polymers

In polymers, the counterpart of the structural a-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 a-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 a-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].

Tq = Twexp (222) (12)

T—T,

where 7, is the relaxation time in the high temperature limit, T represents the ideal glass
transition temperature corresponding to the extrapolated divergence of 7y, and Dy 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

segmental relaxation normal mode

the glass transition and local y he
viscoelastic response of

polymers, while terminal flow W
emerges only when these local 7~ ~~

segmental motions are coupled

local backbone-segment global chain dynamics
reorientation end-to-end vector fluctuation

over progressively larger
Figure 5. Schematic representation of polymer segmental relaxation

portions of the chain [22,26]. and NM relaxation.

¢) Secondary relaxations, including the Johari-Goldstein process

Secondary relaxations (such as -, y-, and higher-order processes) are usually observed
below Ty, although in many systems they may also enter the experimental frequency window
above T [13,27]. Below T,, temperature dependences of secondary relaxation times (7,) are

commonly described by the Arrhenius equation:

Ty = Ton€XP (%) x=p0,7, .. (13)
where E, is the activation energy, and R is the gas constant. Unlike the a-relaxation, these
processes usually exhibit an approximately constant E,. 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 E, values,
around 10-30 kJ/mol, are weakly sensitive to density changes, and often show very small
activation volumes (AV¥), close to 0 cm*/mol [17].

A distinct class of secondary relaxations is the Johari-Goldstein (JG) p-relaxation,
commonly regarded as a precursor of the structural a-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 a-relaxation is described by a coupling parameter n, related to the stretching

exponent (Sxww) of the Kohlrausch—Williams—Watts (KWW) function:

d(t) = exp [— (é)ﬁKWW] (14)

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

To = thTl ™ (15)
where . 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 zg, is close to
the calculated primitive relaxation time 7o, the process is often considered JG-like. This
agreement is not an absolute proof, but it supports the assignment when combined with pressure
dependence, AV¥, 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 a-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 a-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 a-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 o-
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 a-
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 a-relaxation, commonly observed when a distinct secondary peak is not resolved. It has
been interpreted either as an intrinsic part of the broad, heterogeneous a-response or as the

unresolved high-frequency side of a hidden p-relaxation, often of JG character. Aging
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experiments below 7, and high-pressure (HP) studies frequently support the latter view, since
the wing may evolve into a shoulder or separate f-peak when the a-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 a-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 &"(f) « = with ¢ 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

At t=100s

steep super-Arrhenius slowdown
near 7T, (Fig. 6). The fragility index,
m (Eq. 11), therefore quantifies

how rapidly the dynamics slow

log,,(t/s)

down when approaching the glass
transition, as discussed in the

previous sections [1].

In  general, network-forming

| | T T T | T - T
T/T T,/T=1 systems often display lower
Figure 6. The Angell representation showing the fragility than typical van der Waals

difference between strong and fragile glass formers. 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. Bohmer et al. showed that, for many
glass formers, more fragile systems tend to exhibit more non-exponential a-relaxation [46]. In
the time domain, the a-relaxation is often represented by the KWW function (Eq. 14) [30].

Lower values of the stretching exponent (Sxww) correspond to broader relaxation-time
distributions and stronger deviations from Debye behavior. The empirical Bohmer relation, m
~ 250(£30) - 320Bkww, indicates that fragile liquids generally display broader and more
stretched a-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 a-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 a-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 a-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 a-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 o-relaxation of individual
molecules. Instead, the a-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 a-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 a-
relaxation and secondary dynamics to be examined. Secondary relaxations are usually most
clearly resolved below T, although they may persist above 7, and overlap with the a-process.
As discussed above, the CM proposed by Ngai provides a useful framework for relating the
JG-relaxation to the primitive relaxation preceding cooperative a-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]:

Er = R[0tn@)/0()| ) (16)

Ey = R [0 In(r)/0()] (a7

The ratio Ey/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]:

T = F(L/(TVY)) (18)

where V is the specific volume, y is the density-scaling exponent, and F' is a material-
specific function. Equivalently, the scaling can be written as 7, = F(pY/T), where p = 1/V.
The exponent y 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 z«(7,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 a-
relaxation peak is governed mainly by the 7z, itself rather than by 7 or p separately. Dielectric
loss spectra measured at different 7 and p, but at the same 7,, 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 a-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 7, 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 f-relaxation time and the CM primitive time may suggest
JG-like behavior, but this criterion is not conclusive. Under compression, a f-process coupled
to structural dynamics should show measurable pressure sensitivity, whereas more local

intramolecular motions are usually much less affected and exhibit smaller AV* [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/a 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 E,/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 7 is connected with the growth of CRRs. In the Adam-Gibbs
theory, the decrease in S 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 7, 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 7, near 7, 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 a-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
7, 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 a-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 7g, 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 7, 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 7y 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 (ysrL) alone is not
always sufficient to describe confinement-induced shifts in 7, for different polymers and
molecular liquids. Talik ef al., and later Zimny et al., in studies on confined polymer systems,
demonstrated that the pressure coefficient of the glass transition temperature (d7./dp)
determined from bulk HP dielectric measurements, is also an important parameter [66,69].
Systems with a larger d7./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 7 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 T, 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 7, 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 T, 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, 7, 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
T,. 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, a-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:

e What are the dominant intermolecular interactions and supramolecular motifs in
the investigated systems near 7,?

e How does hydrostatic pressure modify these interactions, and does time-
temperature—pressure superposition remain valid for the a-D processes, or o-f
processes under strong compression?

o (Can pressure reorganize weak supramolecular associates, such as those formed in
aldehyde systems, into different pressure-stabilized structures?

e Does the pressure sensitivity of cyclic molecules depend on ring size, molecular
rigidity, and conformational flexibility?

e How are AV*, dT,/dp, and cooperative length scale (&) related in cyclic glass-
forming liquids, and do these relationships follow previously proposed
correlations?

e Does the secondary f-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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e 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 a-, f-, 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 o—f relationship further
indicates that the nature and degree of coupling of secondary p-relaxation under spatial

restriction require further systematic studies on additional glass-forming systems.
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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
\O
3-Phenyl-1-propanal 3P1Pal
OH
3-Phenyl-1-propanol 3P1Pol
Dimethylsila-11-crown-4 (l) o DMSI11C4
\ O
Dimethylsila-14-crown-5 O j DMS14C5
O
O\J
(>
L\
A4
Dimethylsila-17-crown-6 P DMS17C6
(0] 0O
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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 S Quantifies molecular mobility under
BD
spectroscopy temperature, pressure, and confinement
Differential scanning ‘ ‘ .
‘ DSC Determines glass-forming ability and 7,
calorimetry
Fourier-transform infrared Connects relaxation changes to
FTIR
spectroscopy structural/molecular reorganizations

Connects relaxation changes to
Raman spectroscopy -
structural/molecular reorganizations

Relates relaxation changes to structural

X-ray diffraction XRD ) o
ordering/molecular reorganizations
Contact Angle Determine the wettability of the sample
measurements on the substrate
Provides microscopic insight into
Atomic force microscopy AFM surface morphology and confinement
effects
Molecular dynamics _ _ Support the interpretation of the
_ _ _ MD simulations & o .
simulations and Density molecular origin and evolution of
DFT
Functional Theory 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.

Al. A.K. Sudhakaran Nair Valsala Kumari, B. Hachuta, M. Tarnacka, E. Kaminska, J.

Grelska, T. Lamrani, K. Jurkiewicz, P. Wtodarczyk, K. Grzybowska, K. Kaminski, 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. Hachuta, P. Wtodarczyk, M. Tarnacka, K.
Witkowicz, R. Wrzalik, E. Kaminska, K. Kaminski, Pressure-Induced Self-Assembly in 3-
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Phenylpropanal: Distinct Clustering via n-Stacking and Distorted Hydrogen Bonds, J. Phys.
Chem. Lett. 17 (2026) 728-736. https://doi.org/10.1021/acs.jpclett.5¢03496. IF=4.7; Ministry
points: 200.

A3. A.K. Sudhakaran Nair Valsala Kumari, E. Kaminska, M. Tarnacka, K. Kaminski,

The Role of Ring Geometry and Rigidity in the Glassy Dynamics of Cyclic Dimethylsila
Crowns under Elevated Pressure, Phys. Chem. Chem. Phys. (2026), DOL:
10.1039/D6CP00287K. 1F=2.9; Ministry points: 100.

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

M. Geppert-Rybczynska, K. Bilska, A. Brzézka, K. Kaminski, 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. [F=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

Al. 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 (7) of 3P1Pol was significantly higher than
that of 3P1Pal, with values of approximately 182 K and 165 K, respectively (insets of Fig. 1,

in Al). 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 Ty: a faster structural a-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.
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Figure 8. a) The representative dielectric loss spectrum of 3P1Pal, b) Fit functions used for the analysis
of both relaxation processes (Debye and a) in 3P1Pal.

The analysis of the spectral shape revealed that the a-relaxation of 3P1Pal shows a high-
frequency power-law behavior close to w %’ near Ty, 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 (g, )[85]. For 3P1Pol,
the g, factor was much larger than unity, which is typical for chain-like H-bonded structures
with parallel dipole correlations. In contrast, for 3P1Pal, the g, 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 A in
the structure factor of 3P1Pal (Fig. 3 in Al). This corresponds to a real-space distance of
approximately 3.3 A, which is characteristic of interactions between aromatic rings[86].
Therefore, the XRD data suggested an increasing contribution of n—m 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=0 and aliphatic C—H stretching regions as shown in Fig. 4 in Al. 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=0 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, m-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 n-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, n-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 n-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
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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, n-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 a-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
¢ in A2. Increasing pressure shifted both a- 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 7,
p conditions were compared at constant 7, Up to approximately 500 MPa, the a- 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 a-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, ¢ 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 7, 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=0 overtone and
Raman C=0 stretching band changed only weakly. This was interpreted as a compensatory
effect between pressure-induced C=0O 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 m-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), n-stacking (ring-ring), and H-bonds
(H2-O1). In panels (d) and (e), the occurrence of T-shaped versus parallel -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 n-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 n-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 A, 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 -
stacking and more regular C—H---O geometries, whereas compression promotes larger, more
compact clusters stabilized by mixed n-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 7p and 7, 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
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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 a-relaxation, secondary S-relaxation, activation
volume, pressure coefficient of 7, and cooperative length scale under elevated pressure. The
investigated homologous series, DMS11C4, DMS14CS5, and DMS17C6, are shown in Fig. 1 in
A3.
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Figure 12. Ambient-pressure dielectric loss spectra of (a) DMS11C4, (b) DMS14CS5, 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 7, increased with molecular size, from about 189 K for DMS11C4 to 193 K
for DMS14CS5 and 198 K for DMS17C6, indicating slower global dynamics in the larger rings.
The dielectric spectra in Fig. 12 showed three contributions: the structural a-relaxation,
secondary f-relaxation, and low-frequency dc conductivity.

To compare structural dynamics within the series, the a-peaks were superimposed under
isochronal conditions in Fig. 3a in A3. Their shapes were broadly similar, although DMS17C6
displayed the slightly broadest response, with fxww = 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 a-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
a-relaxation follows non-Arrhenius behavior, whereas the pf-process follows Arrhenius
behavior with similar activation energies, around 30 kJ/mol, for all three compounds. The CM
analysis showed that the experimental 7z values are close to the primitive relaxation times
estimated from the a-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 f-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 7'p
conditions were superimposed under isochronal conditions. The a-relaxation retained almost
the same shape, indicating approximate TPS behavior for these cyclic van der Waals systems.
The p-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 a-contribution, the isolated f-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 f-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.
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Figure 13. Superimposed dielectric loss spectra of the DMS14C5 measured at the indicated 7, p
conditions. The arrows represent the maximum of the f-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 7(7,p) surface fit for DMS14C5, while
Fig. 8 in A3 presents the 7g(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 nm® for DMS11C4, 0.31 nm? for DMS14C5, and
0.28 nm? 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 & and AV* 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.

From Donth
1 © DMS11C4
© DMS14C5 A

| © DMS17Cé 2,
1/From Berthier
4 DMS11C4 26
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AV* (nm?)

Figure 14. Correlation between the correlation length scale (&) and the activation volume (AV*) at T,
The data reported by Hong et al. [89] were digitized and reused from Blazytko et a/.[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 S-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

Ad4. 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.
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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 7y 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 Tginterfacial, 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 7 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.

T,=198+1K bulk
] T
T, a=217x1K
Tg core=1 911K "9 interfacial samples within

5 const-AAO -10nm
o s
.u-._ Tg core=1 90+1K sample within
T const-AAO-40nm

| TQ interfacial=21 811K

sample within

modul-AAO
=223+1K

T =189+1K

g core

T

g interfacial

T T T T T T T T T T T T T
140 160 180 200 220 240 260 280
Temp. /K

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 a-relaxation, and a secondary f-process. Confinement strongly affected
the o-relaxation, whereas the f-process remained almost unchanged. The isochronal
comparison in Fig. 4a in A4 showed that all confined samples have broader a-peaks than the
bulk liquid, with Sxww 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

-IDMSﬁ'CE
Bulk ® D

N due to the coexistence of pore-wall, interfacial,

const-AAO-10nm @ 1, D T * 1,
* 1
*

and core regions [91].

7| const-AAC40nm @ 1, D T
modul-AAO ® 1, D

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

o-relaxation was not observed in the smallest

42 44 45 48 50 52 54 56 58

1000/T (K") constant pore, but in the rough and diameter-
Figure 16. The temperature dependence of
the relaxation times (7, and ;) obtained for
all examined samples, with solid lines counterintuitive because previous studies on
representing VFT fits and dashed lines for
the Arrhenius fits. Colored stars indicate
primitive relaxation times calculated from or phenyl alcohols, showed more bulk-like
the CM formula (Eq. 13).

modulated membrane. This result is

linear systems, such as poly (propylene glycol)

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 S-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 f-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 f-maximum, (Fig. 4b in A4). Since 73 and activation energy,
approximately 30 kJ/mol, remained almost unchanged regardless of confinement, the f-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-AAOQO, 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].

(a) wenzel state (b)Metastable Cassie-Baxter state  (c) Cassie-Baxter state

e N
= . ' Air pockets
DMS17C6 . . / .

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 f-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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ABSTRACT

In this paper, we investigated the thermal, dynamical, and structural properties, as well as association patterns, in 3-phenyl-1-propanol
(3P1Pol) and 3-phenyl-1-propanal (3P1Pal), with special attention paid to the latter compound. Both systems turned out to be good
glass formers, differing by 17 K in the glass transition temperature, which indicated a strong change in the self-assembly pattern.
This supposition was further confirmed by the analysis of dielectric spectra, where, apart from the a-relaxation, also a unique Debye
(D)-mode, being a fingerprint of the self-association, characterized by different dynamical properties (dielectric strength, timescale sepa-
ration from the a-process), was detected in both samples. Further diffraction and infrared investigations, supported by density functional
theory computations and molecular dynamics (MD) simulations, revealed that hydrogen (H)-bonds play a key role in the association in
3P1Pol, while in 3P1Pal, there are at least five different intermolecular interactions involving dipole-dipole forces and m-stacking, as well
as extraordinary H-bonds formed between methylene groups neighboring with the formyl unit and carbonyl moiety. Finally, optimized
dimeric structures, along with MD simulations, allowed us to propose a molecular mechanism responsible for the D-process in 3P1Pal. The
presented data systematize previous understanding of molecular association as well as open new ways of exploring this phenomenon in
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aldehydes.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.028394-
I. INTRODUCTION is clearly non-exponential. ~ In fact, this experimental observa-

tion became an essential and universal feature of the low- and
Systematic spectroscopy studies with the use of dynamical high-molecular-weight glass formers with varying translational or

light scattering, mechanical, and broadband dielectric spectroscopy orientational degrees of freedom. ™~ Briefly, one can add that it is
studies revealed that for the majority of the supercooled liquids an emanation of the heterogeneous nature of the dynamics of the
approaching the glass transition temperature, the shape of the investigated system due to density fluctuations occurring across the
structural (a)-process, originating from the cooperative motions of sample. However, in some specific liquids, apart from the structural
the molecules and responsible for the vitrification phenomenon, process, one can also observe an additional, slower relaxation mode,
J. Chem. Phys. 163, 104505 (2025); doi: 10.1063/5.02830944 163, 1043031
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which can be described by the exponential decay. This unique mode,
called in the literature the Debye (D) relaxation, appears to show up
only in liquids with a high tendency to self-assemble. In this context,
one can mention water,” secondary amides,” N-mono-substituted
amides,” amines,""' carboxylic acids,”” m-toluidine,"” monohy-
droxy alcohols (MAs), P atey, all having the ability to form
strong hydrogen (H)-bonds that bind molecules together into nan-
oclusters. Nevertheless, the existence of these specific interactions
is not crucial for the appearance of the characteristic D-response
function since it can also be detected in purely van der Waals
compounds, such as dioxolanes,” terconazole,”” or etoricoxib.”
However, it must be stressed that in all these systems, some addi-
tional molecular organization via weak van der Waals forces was
noted. Therefore, considering all the mentioned examples, one can
try to link the presence of the D-process to some molecular motions
occurring in the molecules organized spatially at the mesoscale. In
the literature, there are many different theories or hypotheses try-
ing to explain the nature of the Debye pracess.:‘ * However, it
seems that the transient chain model (TCM), assuming the attach-
ment and detachment of the molecules at both ends of H-bonded
chain-like structures, is one of the most common molecular expla-
nations provided for this type of mode.'® Apart from this, there
are some other well-established concepts behind the origin of the
Debye process. Recently, Pabst et al. revealed a slow D-like pro-
cess in polar van der Waals liquid tributyl phosphate (TBP) with
no H-bonds and g > 1 at low temperature, which originates from
the “dipole-dipole correlation” arising primarily from the breaking
and reformation of anti-parallel dipole pairs.”' Another model, “a
H-bonding breakage facilitated sub-supramolecular reorientation,”
analogous to the terminal relaxation in “living-polymers,” explained
the Debye origin in 2-ethyl-1-hexanol (2E1H), where the afore-
mentioned models failed.” At this point, it is limited to MAs but
found analogous to the slow mode observed by Napolitano in non-
equilibrated polymers.”**” What is more, systematic studies on the
dynamics of MAs also revealed that both relaxation times and the
amplitude of the D-process allow insight into the pattern of the
self-assembly phenomenon. For the systems with large (primary
alcohols) or small amplitude (secondary and tertiary alcohols) of
D-relaxation, the chain-like or ring-like structures are expected,
respectively,”*"***’ This hint was used to understand the effect of
solvent, temperature, chemical structure, or high pressure on the
self-assembly in MAs and other syslems.-" ** However, while there
are numerous studies on the self-association in alcohols, amines,
amides, and carboxylic acids at varying thermodynamic conditions,
not much has been done for aldehydes, which are considered very
weakly H-bonded systems, especially in the highly viscous regime
close to the glass transition temperature (Tg).

As known, the formyl hydrogen (H) atoms are considered to
be slightly hydridic compared to the analogous C[spl)—H atoms
in alkenes or the C(spj)—H atoms in alkanes.”” " Thus, a per-
sistent question was whether or not a formyl group of aldehydes
can donate its H atom to an oxygen atom acceptor and form
a C-H---O H-bond. The presence of C-H.--O H-bonds in the
liquid and solid phases of methoxy-, ethoxy-, phenyl-, and fluo-
robenzaldehyde derivatives was confirmed by both vibrational and
nuclear magnetic resonance (NMR) spectroscopic studies.”” " The
engagement of the carbonyl oxygen atom in the H-bond in these
benzaldehydes was concluded from the splitting of the carbonyl
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stretching mode and the 70 NMR chemical shift. Particular atten-
tion was also paid to the spectroscopic effects related to the predicted
shortening of the C-H bond engaged in the C-H---O contact.
It should be noted that many spectroscopic and crystallographic
investigations confirmed the existence of such an association in
different phases of aldehydes based on the shifts observed in IR
and NMR spectra.”' ™" Generally, it was found that the acidity
of formyl H-atoms depends on the substitution at the a-position
and the supramolecular environment around the formyl group.*
Parallel to these results, other studies based on crystallographic
database mining have demonstrated that the close C-H- - -O contacts
in the crystal structures of aldehydes can be directed by inter-
actions between the formyl C-O and O-X dipolar interactions,
e.g., the carbonyl-carbonyl interactions can be competitive with
H-bonds.”* *" Thus, the association process of aldehydes revealed
the significant role of dipolar interactions in maintaining the over-
all stability of the aggregate. On the other hand, although the formyl
C-H---0 H-bonds are weak, they contribute to the overall stabil-
ity, of the clusters and their role seems to be underrated in small
molecular complexes of aldehydes.™

Herein, we explored the dynamics and association mechanism
of 3-phenyl-1-propanal (3P1Pal) and 3-phenyl-1-propanol (3P1Pol)
in a wide range of temperatures from room temperature to the glass
transition temperature. To tackle this issue, we applied several spec-
troscopic methods along with x-ray diffraction (XRD) supported
by molecular dynamics (MD) simulations and quantum mechanical
computations.

Il. MATERIALS AND METHODS
A. Material

3-phenylpropionaldehyde (3P1Pal, with a purity >95% and
a molecular weight, M ~ 134.18 g/mol) and 3-phenyl-1-propancl
(3P1Pol, with a purity >98% and M ~ 136.19 g/mol) were sup-
plied by Sigma-Aldrich. Before each measurement, the samples were
freeze-dried using liquid nitrogen to ensure the absence of water.

B. Differential scanning calorimetry (DSC)

Calorimetric measurements were carried out by a
Mettler-Toledo DSC apparatus equipped with a liquid nitro-
gen cooling accessory and an HS358 ceramic sensor (heat flux sensor
with 120 thermocouples). Temperature and enthalpy calibrations
were done by using indium and zinc standards. The sample was
prepared in an open aluminum crucible (40 pl) outside the DSC
apparatus. Next, the aluminum-sealed crucible with the sample was
cooled down to 120 K and measured on heating up to 298 K at a
constant heating rate of 10 K/min.

C. Broadband dielectric spectroscopy (BDS)

Isobaric dielectric measurements were conducted on cooling
in a wide range of temperatures (T = 243-143 K) and frequencies
(f = 107'-10° Hz) using a Novocontrol spectrometer, equipped
with an Alpha Impedance Analyzer with an active sample cell. The
temperature stability controlled by the Quatro Cryosystem using a
nitrogen gas cryostat was greater than 0.1 K. The measurements
were performed in a stainless steel parallel-plate cell (diameter:
15 mm and gap: 0.1 mm) immediately after the preparation of the
sample.
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D. X-ray diffraction (XRD)

The X-ray diffraction (XRD) experiments were carried out
using a laboratory Rigaku-Denki D/MAX RAPID II-R diffractome-
ter equipped with a rotating Ag anode, a (002) graphite monochro-
mator in the incident beam path, and an image plate detector
arranged in Debye-Scherrer geometry. The wavelength of the inci-
dent beam Ay, was 0.5608 A. Temperature control during measure-
ments was ensured using an Oxford Cryostream 700 Series system.
The samples were measured in glass capillaries with a diameter of
1.5 mm.

E. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were measured on the Nicolet iS50 spectrom-
eter (Thermo Fisher Scientific, Massachusetts, USA) at a spectral
resolution of 4 em™', taking 16 scans. First, the spectrum of com-
mercial 3P1Pal was recorded in the ATR mode at 293 K in the range
of 4000-400 cm™". Next, FTIR data as a function of temperature
were collected in the transmission mode in the 4000-1000 cm™
wavenumber region. The limited spectral range of these experiments
was due to the absorption of CaF: windows, which were used to
prepare a thin film (3.5 pm) of the 3P1Pal sample. The temperature
was monitored with a Linkam heating/cooling stage (Linkam Scien-
tific Instruments Ltd., Surrey, UK, model THMS600) with a stability
of +0.01 K. During the measurements, the FTIR spectrometer was
purged with liquid nitrogen to remove water vapor and carbon diox-
ide from the instrument effectively. The temperature investigations
of 3P1Pal were performed in two sequences: (i) upon cooling from
293 to 123 K and (ii) upon heating from 123 to 293 K, with a con-
stant rate of 4 K/min. Moreover, FTIR spectra of aldehyde solutions
(0.1M) in carbon tetrachloride (CCly) and cyclohexane (CsH, ;) were
measured in the frequency range 4000-400 cm™ using a transmis-
sion solution cell with KBr windows (a path length of 1.03 mm)
as well as a transmission solution cell with NaCl windows (a path
length of 0.19 mm), respectively. A total of 16 scans with a spectral
resolution of 4 cm™ were averaged for each sample.

F. Raman spectroscopy

Raman spectra were collected on a WITec alpha 300 R confocal
Raman microscope (CRM) (WITec Wissenschaftliche Instrumente
und Technologie GmbH, Ulm, Germany) equipped with an air-
cooled solid-state laser (A = 532 nm) and a spectrometer diffraction
grating of 600 lines/mm (the 1.5-2 cm™" spectral resolution). Laser
power was optimized to minimize heat-induced effects and was ~20
mW. Raman spectra were recorded from 50 to 3750 cm™" with an
exposure time of 2 s and 30 accumulations. The THMS&00 heat-
ing/cooling stage (Linkam Scientific Instruments Ltd., Surrey, UK)
was used to control the temperature changes in the spectra in the
same sequence as during FTIR measurements, ie., upon cooling
from 293 to 123 K and then heating from 123 to 293 K. The spec-
trometer monochromator was checked before the measurements
using a silicon plate (520.7 cm™h).

G. DFT calculations

Density functional theory (DFT) calculations were carried out
in the ORCA quantum package 6.0.1, assisted with the XTB semiem-
pirical package. The most stable aldehyde dimers were found by
performing molecular dynamics on the random dimer geometry
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with the use of XTB-ff, 350 K temperature, and then sampling
the trajectory every 100 steps. Approximately 200 structures of
dimers obtained from the MD module were then optimized at the
BLYP/6-31G(d,p) level of theory. The ten most energetically stable
dimers were subsequently optimized at the B97/D4/6-311+(2df.2pd)
level of theory. Infrared spectra were calculated on the BLYP/6-
311G(2dt,2pd) level of theory. All the calculations were performed
on an AMD Opteron 6380 4-processor cluster with 64 threads
equipped with ECC RAM.

H. Molecular dynamics (MD) simulations

MD calculations were performed in Gromacs 2025.2 with the
use of Amber FF and charges calculated in the bce method. In all
simulations, 1000 molecules were used in the box (both 3P1Pol
and 3P1Pal). The equilibration dynamics was carried out in a NPT
ensemble at a pressure of 1 bar (c-rescale barostat) and two different
temperatures, i.e., 298 and 233 K. The equilibration simulation time
of 80 ns was used for the system at 233 K and 20 ns at 298 K. This
was sufficient to achieve equilibrium. The theoretical density for sys-
tems was calculated as 0.9809 + 0.0002 g/cm’ at 298 K and 1.0473
+0.0002 g/cm® at 233 K (for p = | bar). Afterward, 20 ns produc-
tion runs in the NVT ensemble were done with sampling every 200
steps at 233 K and 5 ns at 298 K. For the analysis of trajectories, the
TRAVIS package was applied (DOMA, DACF, and RDYN analyses
were performed). In the production runs, the PME method was used
for electrostatics. For van der Waals forces, we applied a treatment
switch-cutoff scheme (cutoff from 0.9 to 1.2 A). For the preparation
of initial molecular boxes, the Packmol package was used. All the
calculations were performed with single precision and using CUDA
GPUs and Intel i7 processors.

11l. RESULTS AND DISCUSSION

At first, we performed calorimetric measurements on both
examined substances to determine whether they can be supercooled,
avoiding crystallization. Representative thermograms measured at
a 10 K/min heating rate are shown in the insets of Figs. 1(a) and
1(b). As can be seen, besides the single heat capacity jump, which is
assigned as the glass transition temperature (T = 165 K for 3P1Pal
and Ty = 182 K for 3P1Pol), there are no other thermal events that
could be assigned to the crystallization, melting, or other phase tran-
sition. This simple experiment showed that both systems are good
glass formers. Moreover, it was found that the T}, of the alcohol is
much higher with respect to the aldehyde, which is not surprising
since the former compound forms strong H-bonds, while in the lat-
ter one, these specific interactions are much weaker, if present at
all.

Having these data at hand, we carried out dielectric measure-
ments at a wide range of frequencies and temperatures on both
samples. Representative dielectric loss spectra of 3P1Pol and 3P1Pal
are presented in panels (b) and (a) of Fig. 1, respectively. As can be
seen, in the former system, except for the de-conductivity, a single
dominant relaxation process shifting to the lower f with the tem-
perature drop is noted. After fitting the detected loss peak to the
Havriliak-Negami (HN) function,’
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FIG. 1. Dielectric loss spectra of (a) 3P1Pal and (b) 3P1Pol. (c) Debye and structural {a)-relaxation times determined for the examined compounds, plotied as a function of
To/T. The insets in panels (a) and (b) show the respective DSC thermograms with the indicated T, as well as chemical structures of 3P1Pol and 3P1Pal, and the insatin
panel (c) prasents the tamperature dependences of g, . The data for 3P1Pol [panel (c) and the insat] were taken from our recent paper.©!

where oy, is the dc-conductivity, @ is an angular frequency (w = 2mf),
Eoo is the permittivity at finite frequencies, & is the vacuum per-
mittivity, Ae is the dielectric relaxation strength, and 7 is the HN
relaxation times; we found that it can be described by a and f§ para-
meters (characterizing the shape of the peak) that are very close to
unity; see Fig. 2(b). Hence, it can be labeled as a Debye relaxation.
This is in line with what has been reported in the previous papers on
phenyl derivatives of alcohols.” ™

Nevertheless, it should also be pointed out that it was clearly
demonstrated that the dominant process in these systems is com-
posed of two contributions: a Debye (D) relaxation related to the
mobility within nanoassociates and a structural process responsible
for the vitrification phenomenon. However, due to the similar scale
of both modes, they cannot be separated in the collected spectra.”!
On the other hand, for the aldehyde, the situation looks different.

In this compound, we can detect two relaxation processes above the
Ty, differing significantly in amplitude. In Fig. 2(a), we have shown
HN fits to the loss spectra together with the parameters describing
the shape of both modes. It is clearly visible that for the faster mode,
the & parameter is close to unity, while f8 is around ~0.5. Calculating
the slope of the high-frequency part of the structural process near Ty
obtains a value equal to w™"** and is very close to w™"*. This requires
special attention because recently much work has been done to shed
new light on the concept of the “generic spectral shape” for super-
cooled liquids, particularly focusing on the value of high-frequency
behavior “w™"*” near their Tz. However, there are challenges to the
notion of this universality in the a-relaxation spectra of supercooled
liquids. Moch et al. reported that these are true for dynamic light
scattering (DLS) studies, as almost every supercooled liquid exhibits
the generic behavior of a-relaxation. However, the same systems

a) 15 3P1Palat T=177TK b) 3P1Pol at T=203 K
0.1
14
“a—HN fit for a process
v
% 0,01 "
A
S L HN fit for Debye process
/s ! ) 0.1 !
P r+—— HN fit for the dominant process
0.001 . .
;o " —e—3P1Pal .
a=1 B=1 ——combined fit ’ 3P1Pol
. — — fit for @— process ’ combined fit
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FIG. 2. Fit functions used for the analysis of both relaxation processes (Debye and a) in (a) 3P1Pal and (b) 3P1Pol.
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in dielectric studies lack the evidence of universality in their relax-
ation behavior. They demonstrate this by investigating polar liquids
such as propylene glycol, which exhibited a broader, more stretched
dielectric response, reflecting system-specific dynamics rather than
a universal pattern.” Their findings indicate that the spectral shape
of the a-relaxation depends on molecular interactions, contradicting
earlier assumptions of universality. Subsequently, a comprehensive
review done by Béhmer et al. elucidates that the generic structural
shape holds for simple supercooled liquids in the absence of strong
dipolar cross correlations (g, ~ 1).”" Our data for aldehyde align
with these observations, with a high-frequency power law exponent
w ™, preserving the conjecture of a generic spectral shape. At the
same time, alcohol deviates from the generic shape due to contribu-
tions from the stronger orientational cross correlation of this highly
polar liquid, as mentioned.

On the other hand, for the slower mode, a and  parameters
are equal to 1. In fact, this simple fitting procedure shows that in the
aldehyde, aside from the structural (a)-process (the faster mode),
which is observed in each glass former, one can also identify a
D-relaxation as being an inherent feature of the systems that tend
to organize via H-bonds or van der Waals interactions. This result
is quite surprising since aldehydes are regarded as weakly or non-
associating compounds, where only very weak H-bonding, if present
atall, is possible. To get additional insight into this issue, we have cal-
culated a Kirkwood factor (g, ) from dielectric data for alcohol and
aldehyde from the following equation:*

 9kpeaMT (& — 00 ) (265 + £00) @

pNaw’ £s(£00 +2)°
where kg is Boltzmann’s constant; & and £, are the static and infi-
nite permittivity, respectively; M is the molar mass of the substance;
p is the density; N4 is Avogadro’s number; and p is the molecular
dipole moment determined from DFT computations. Herein, one
can add that e, was obtained from the plateau regime at lower fre-
quencies of €'(f) dependency, while £4, has been calculated from the
refractive index using the following relationship: n” = £,.

It should also be mentioned that the Kirkwood factor provides
information about a long-distance correlation between dipoles and,
eventually, the architecture of the associates. In the inset of Fig. 1(c),
we plotted a temperature dependency of the g; in both samples. As
expected, it is much higher than the unity for the alcohol, which
means that there are H-bonded chain-like structures. A completely
different situation is noted for the aldehyde, where g, is smaller
than unity and slightly decreases (within uncertainty) with lower-
ing temperature. That means that in this system, dipoles tend to
arrange antiparallelly to each other. Alternatively, one can suppose
that cyclic structures can probably be formed in the supercooled
aldehyde. This issue will be discussed in the latter part of this paper.
It is also worth noting that the correlation between g, and the high-
frequency power law exponent, describing the high-frequency part
of the structural process of both samples. Aligns with the observation
by Blochowicz et al. for different supercooled liquids.™

Aside from the mentioned analysis, we fitted all the dielectric
spectra collected at a wide range of temperatures to the superpo-
sition of the two HN functions [Eq. (1)] to determine Debye and
a-relaxation times in aldehyde. It should be noted that the data for
alcohol were taken from Ref. 61, where the authors analyzed the
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derivative of €'(f) to extract both dynamic variables. Then, character-
istic relaxation times (1D, Ta) were plotted vs 1/T, and subsequently,
the glass transition temperature (T;) for both systems was calcu-
lated. The obtained values (T = 161 K for aldehyde and T = 180 K
for alcohol) are given in Table 1. One can add that the T; was defined
as a temperature at which 7, = 100 s. As can be seen, there is a
very good agreement between Tys obtained from calorimetric and
dielectric data.

Hence, having T determined, we replotted tp and 7, vs T/T
[Fig. 1(c)]. What is more, in Fig. 51 of the supplementary material,
we added the temperature evolution of the relaxation times of the
Debye mode and a-process in ibuprofen (IBU) along with the 7./7p
vs Ty/T (inset) dependency obtained for the considered samples.
Herein, one can mention that the D-relaxation in IBU was assigned
to the motions within dimers or alternatively to the synperiplanar to
antiperiplanar conformational changes. * In this way, One can eas-
ily find that there is a quite notable timescale difference between the
Debye and a-process in alcohol, IBU, and aldehyde. This is probably
due to a different association scheme and, eventually, the size of the
nanoclusters formed in these samples.

For further insight into the molecular ordering, we performed
XRD measurements at a series of temperatures, from room tempera-
ture down to T;. The recorded two-dimensional diffraction patterns
were subsequently converted into a one-dimensional intensity func-
tions I(Q), where Q) = 47 sin 6/, is the scattering vector, and 28 is
the scattering angle. The maximal Q reached in the experiment was
20 A™". The recorded scattering data were corrected for background,
polarization, sample absorption, and incoherent Compton scatter-
ing and, subsequently, normalized using a data processing procedure
developed for high-energy X-ray measurements.”” In the following
step, the data were converted into the structure factor S(Q) repre-
sentation. This was calculated by considering the contributions of
all atomic species present in 3P1Pol and 3P1Pal. In particular, 5{Q)
was derived from the corrected and normalized intensity Icn(Q),
using the following equation:

lex(Q) - (1) = (41
(y ’

where l:fz) =¥n Cifiz and (f) =¥, cifi, with & representing the
concentration, fi representing the atomic scattering factor of the ith
atomic species, and #n numbering the atomic species. The structure
factor 5((Q) reflects only the spatial distribution of atoms and, thus,
describes the sample’s internal structure independently of the atomic
scattering strength. Moreover, it can also be easily obtained from a
structural model in the form of the coordinates of atoms. Therefore,
S(Q) functions were calculated using the Debye equation from the

$(Q) = (3)

TABLE . Molecular weights and glass transition temperatures obtained from DSC
and BDS measurements of the investigated compounds, together with the values of
gy (&t Tg + 10 K) and dipole moment ().
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a) Diffraction experiment
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b) Molecular dynamics simulations

Structure factor S(Q)

1.5 20 25 30 35

1.0
Scattering vector Q [A™]

4.0

15 20 25 30 35

Scattering vector Q [A™]

1.0 4.0

FIG. 3. Comparison of the resuts of experimental x-ray diffraction data (a) and molecular dynamics simulations (b) in the form of structure factors for 3P1Pal (upper panels)
and 3P1Pol (lower panels) at 208 (red) and 233 K (blug). The blue amow indicates an additional peak that arises at the right shoulder of the main diffraction peak for 3P1Pal

at lower T.

structural models derived from the MD simulations and supported
the interpretation of the experimental data.

The X-ray diffraction patterns of both compounds, 3P1Pol and
3P1Pal, collected at 298 and 233 K, normalized to the form of the
structure factors $(Q), are presented in Fig. 3(a). They look like typ-
ical structure factors for amorphous-like molecular liquids with one
main broad maximum located around 1.41 A", which arises from
the short-range intermolecular correlations. The peaks appearing for
() values greater than 2.5 A" are primarily due to intramolecular
correlations, and they do not differ between 298 and 233 K for both
systems; therefore, only a limited range of 5{Q), up to 4 Alis pre-
sented. One can see that the main diffraction peak is broader and less
intense for 3P1Pal than for 3P1Pol. This indicates that the alcohol is
characterized by a higher degree of the nearest-neighbor structural
order than the aldehyde. This is in agreement with the fact that the
alcohol may form suprameolecular clusters via H-bonds, while the
molecules of the aldehyde do not interact to such an extent and do
not organize themselves through strong H-bonds.

It is worth mentioning that common and well-documented
features of x-ray and neutron diffraction/scattering data for alco-
hols, related to the organization of molecules by H-bonds, are the
so-called pre-peaks appearing in the low () range, before the main
diffraction peak.”"" These features generally arise from medium-
range order structural correlations due to the formation of self-
assembly of molecules in H-bonded clusters.” In the diffraction
patterns presented in Fig. 3 for 3P1Pol, no clear pre-peak is observed.
However, the absence of such a feature for phenyl alcohol is consis-
tent with previous reports,” which showed that through a balance
of the positive atom—atom correlations (for like species atoms) and
negative correlations (for cross species) in phenyl alcohols, they
compensate, despite the fact that there are medium-range order cor-
relations due to H-bond clustering. A similar behavior of enhancing

or diminishing the pre-peak feature due to positive and negative
atom-atom correlations was also observed for aqueous mixtures of
alcohols.™

With lowering temperature, the main diffraction peaks for both
compounds shift toward higher () values and get sharper because of
the increase in density. However, there is an additional change with
the temperature drop, which cannot be explained based on a simple
thermal effect, namely, an additional peak arises on the right shoul-
der of the main diffraction peak (indicated by the blue arrow), at
around 1.9 A", and this component is more intense at 233 K for
3P1Pal than for 3P1Pol. The position Q = 1.9 At gives the real
space distance d = 2n/Q =~ 3.3 A, while the position Q ~ 1.42 A~!
gives d = 2n/(Q) = 4.4 A. That greater d value is the average repeat-
ing distance between molecules in these systems. That shorter one
indicates an additional periodic organization of molecules with such
a separation distance between them, and it is known from the liter-
ature that it is about the average distance between the planes of the
aromatic rings in - stacking interactions between phenyl rings.”
Therefore, one can expect a rise in such interactions with lower-
ing temperature in the liquid aldehyde system. Moreover, Fig. 3(b)
shows the §(Q) functions calculated based on the optimized MD
models. The model-based 5(Q) behavior with lowering tempera-
ture mimics the changes observed in the experimental data for both
compounds. Therefore, these models were used to obtain informa-
tion on the temperature-activated transformation of the structure of
the studied compounds. These data will be discussed in the section
dedicated to the outcomes of MD simulations.

Subsequently, we decided to perform further infrared and
Raman measurements over a wide range of temperatures. An
assignment of vibrational bands of the FTIR and Raman spectra
recorded at room temperature (293 K) to the molecular motions
of the aldehyde was shown in the supplementary material (Fig. 52).
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Temperature-dependent FTIR and Raman measurements were car-
ried out during the cooling cycle (293-123 K) at a rate of 4 K/min
to gain deeper insights into the mechanism of aldehyde association
through the analysis of the changes in the peak parameters occur-
ring with temperature variation. Representative spectra are provided
in Figs. 53 and 85 of the supplementary material, whereas the tem-
perature evolution of the integrated intensities (areas) of selected IR
and Raman bands is shown in Figs. 54 and 56 of the supplementary
material. Comparative spectra recorded at selected temperatures of
293 and 157 K (T determined from vibrational measurements) are
illustrated in Fig. 57 of the supplementary material. The comparison
of the spectra obtained at temperatures of 293 and 157 K, along with
those of 3P1Pal in carbon tetrachloride and cyclohexane solutions,
is presented in Fig. 4.

As shown in Fig. 4, the IR spectrum of 3P1Pal at 293 K shows
the bands in the high-wavenumber region assigned to the first over-
tone C=0 (~3415 cm '), aromatic C-H (3050-3000 cm '), and
aliphatic C-H (3000-2700 cm™") stretching vibrations. A strong
band at 1725 cm™" corresponds to the C=0 stretching, while the
bands below 1650 cm™' correspond to the C-H bending, C-O
stretching, C=C stretching, and C-C stretching and bending vibra-
tions (for more detailed information, please see the supplementary
material). It can be noted that the collected absorption signals are
relatively broad and blurred, which is a characteristic feature of the
liquid sample. When cooled to 157 K, some bands assigned to the
aromatic ring vibrations essentially remain unchanged, with only a
minor shift to lower wavenumbers (Av = —1 em™ ), likely due to
thermal contraction and the associated increase in material density.
Notable spectral changes appear in the vc_p and vg_y regions, sensi-
tive to the formation of the C-H- - -O intermolecular interactions.”
As highlighted in Fig. 57, red shift effects were seen for the C=0
stretching (Av = -5 em™') and its first overtone (Av = =9 cm™Y),
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(the formyl C-H stretching: Av = 6 em ™Y, 2725 vs 2731 cm ! and

2825 vs 2831 em™'; the methylene C-H stretching: Av = -3 em™,
2893 vs 2890 cm™'). Moreaver, the intensities of the vc—o and
aliphatic vc_p bands increased, indicating an increase in the num-
ber of interactions involving these groups at lower temperatures.
In addition, the vc_o band broadened at low temperatures, sug-
gesting the formation of various H-bonded aggregates (more inho-
mogeneous distribution of the H-bonding network). It should be
mentioned that similar spectral effects upon cooling were detected
in Raman spectra, but the main variations in peak parameters
were visible for the methylene C-H stretching (2950-2850 cm™h),
the C—-H wagging (850-720 cm™'), and in-plane C-H rocking
(1420-1350 cm™") (Fig. 57). Noteworthy, based on the integrated
intensity values of the selected bands in IR and Raman spectra mea-
sured as a function of T, the T, value was determined (~157 K,
Figs. 54 and 56), which was close to that determined from the DSC
experiment (165 K).

For deeper study on the nature of weak C-H- - -O interactions,
3P1Pal was diluted in CCly and cyclohexane, and IR spectra of the
solutions (0.1M) were measured (Fig. 4). The dilution of 3P1Pal
in CCl; caused the shifts of the vcep (Av =5 cm™), formyl veu
(Av ~ —8 cm™"), and methylene ve i (Av = -1 cm™!) bands, indi-
cating the reduction of the existing intermolecular interactions. On
the other hand, dilution of aldehyde with the solvent (as CCly) might
yield the opposite effect, namely, the formation of H-bonds involv-
ing the C-H groups and the electronegative chlorine atoms. To
eliminate additional interactions, cyclohexane was used as a solvent.
In this case, the vc—p and the first overtone of the ve—g bands blue-
shifted by 9 and 22 cm™! compared to the pure 3P1Pal, respectively,
indicating the destruction of the aggregates and monomer formation
(Fig. 4). Compared to 3P1Pal diluted in cyclohexane, the formyl ve u

bands in pure 3P1Pal were blue-shifted by ~14 cm™' (2711 cm™
1 1

while blue and red shifts were observed for the C-H bands 2725 cm ! and 2811 cm™! — 2825 cm ). This trend was also
[—3P1Pal 0.1M cyciohexane
(a) F— 2P1Pal 0.1M carbon tetrachloride| o - {b)-
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FIG. 4. FTIR spectra of 3P1Pal in bulk at (black) 293 K and (red) T, as well as dissolved in non-polar solvents [(green) carbon tefrachloride and (blue) cyclohexane], in
the ranges of (a) 3600-2500 cm~" and (b) 1850-1000 cm~". The ragions in the spectrum of 3P1Pal diluted in cyclohaxana that were disiurbed by the bands of the C-H
stretching (2927 and 2852 cm—") and the C-H bending (1450 cm~") vibrations of cyclohexane were removed for clarity.
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seen in other aldehydes, such as benzaldehyde derivatives or caffeine
hydrate.”""*"""* Prior studies by Thakur et al. reported even larger
average blue shifts (50 cm™!) of the formyl C_,Pz —H bonds in the
Cye-H-~0 contacts for various possible dimer geometries of alde-
hydes,* using Bader’s atom in molecule (AIM) analysis. Moreover,
the effect of the electron-withdrawing group and substitution at
the a-position enhanced the electropositive character of the formyl
H-atoms. The smaller blue shift values were calculated for other
(than formyl) C-H groups of aldehydes participating in C-H--.0
interactions (from the aliphatic skeleton or aromatic ring).* It can
be added that for the methylene vc i bands of diluted 3P1Pal in
CCls, only minor shifts (~1 cm™') were observed, while the aro-
matic vc-u and Sc-1 bands showed slight red shifts (Av= -2 cm™),
suggesting the existence of possible additional weak m-m stacking
interactions between phenyl rings in pure aldehyde. Moreover, in
both solvents, the vc_p bands were narrower than in pure 3P1Pal,
suggesting the presence of isolated molecules. It is also worth not-
ing that the detected shifts of the C-H signals corresponding to the
formyl and methylene groups of the aldehyde in the liquid phase,
relative to those observed in the solvents, provide direct evidence
for the presence of intermolecular interactions. Nevertheless, the
nature of these interactions remains ambiguous, based solely on
the spectroscopic measurements, i.e., it is unclear whether they pre-
dominantly arise from the H-bonding or are primarily the result of
dipolar interactions. Thus, to address this question and explore the
supramolecular organization of aldehyde molecules better, the next
step of our study will involve theoretical investigations of 3P1Pal
using DFT calculations and MD simulations.

Nevertheless, to end this part, it is worth adding that our previ-
ous experimental studies of intermolecular interactions in 3P1Pol
shed light on the supramolecular self-assembly, structural order,
and H-bond patterns in this aromatic system."" " It was shown that
the vo_yy band of H-bonded hydroxyl groups located at 3331 cm™
(293 K) was red-shifted to 3280 cm™' (182 K, Tg), which indicated
the weakening of the O-H bonds due to the formation of strong
HBs. Moreover, on cooling, the vo_p band of non-H-bonded (free)
hydroxyl groups (~3559 cm™Y) disappeared, confirming nearly total
association of 3P1Pol molecules at low T. It can be noticed that
the vo_y band of 3P1Pol was broader than that in 3-cyclohexyl-1-
propanol, which suggested the existence of additional interactions
involving aromatic rings (O-H-m) (also proposed by DFT calcula-
tions) apart from the O-H. - -O contacts. Based on the investigation
of 3P1Pol diluted in CCls, the average number of H-bonded asso-
ciates (n) was calculated (»n ~ 3), so the trimers dominated in 3P1Pol
at 293 K. It can be added that the aromatic vcu band positions
remained constant under cooling, while those of the methylene
ve-H band showed a slight red shift (Av = —1-2 cm™"). Therefore,
the association of 3P1Pol molecules was governed by the typical
O-H-: - -0 H-bonds and competitive O—H--m interactions.

Herein, theoretical methods (DFT and MD) were used to
understand the molecular clustering effects in aldehyde. We focused
on the interactions in the dimeric structures of 3P1Pal. To check
the interaction schematics in the dimer, molecular dynamics with a
semi-empirical XTB forcefield was performed for dimers at 350 K
during a 100-ps simulation time. From the two subsequent runs,
150 dimeric conformations were saved as geometries. After this step,
every conformation was optimized on the BLYP/6-311G™" level of
theory, and 50 more stable conformers were once again optimized
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at the B97-d4/6-311+G(2dt,2pd). The use of additional diffuse (+)
and polarization functions (2df2pd) in the basis set allowed for
the proper modeling of weak interactions in the system, such as m-
stacking. In Fig. 5(a), the five most stable dimeric conformers are
shown. In these structures, five major interactions have been identi-
fied. The first one is an attraction between two formyl groups. As was
already stated, it is widely accepted that the formyl groups interact
with each other, and aldehydes are able to form clusters due to the
formyl groups’ attraction forces. As mentioned in the Introduction
and the description of infrared data, in many papers, one can read
about weak H-bonds between formyl groups. However, our studies
within the framework of DFT calculations indicate that the nature
of this force is different. The formation of the H-bond between two
formyl groups is not possible because of other stronger interactions
between these groups. In fact, there are two potential polarities of
the C=0 bond and the more subtle effect of oxygen lone pair dona-
tion to the antibonding IT* orbital (n-IT*). In the dimeric structures
presented in Fig. 5, two carbonyl groups tend to obtain perpen-
dicular orientation, which means that the dipole-dipole attraction
dominates. In the case of the n-II" interaction, both formyl groups
should be oriented parallel to each other because the lone electron
pair on the oxygen atom is on the n-type orbital, perpendicular to the
plane of the formyl group. The second observed interaction, which
occurs naturally in the low-molecular-weight systems with phenyl
rings, is n-stacking between rings. In the obtained conformations,
m-stacking contact is present, i.e., the rings tend to orient paral-
lel or perpendicular to each other, creating a parallel displaced or
T-shaped n-stacking formation. The third interaction is a mixed one,
namely, between the formyl group and phenyl ring, which is a purely
electrostatic dipole—dipole attracting force between the highly polar-
ized C=0 group and phenyl ring. As shown in Fig. 5, the formyl
group is in a T-shaped configuration with a phenyl ring. The last two
interactions that were found in the system are surprising. In these
interactions, the major role belongs to the CH; (methylene) group,
which is neighboring the formyl group. Due to the high polariza-
tion of the C=0 group, the CH; groups behave like H-bond donors.
Since the carbonyl oxygen is a great H-bond acceptor, there is a
possibility of a true H-bond formation between the CH; and C=0
groups (these interactions are labeled in Fig. 5 as CH-formyl). The
last type of interaction is even more striking, i.e., DFT calculations
indicate that the CH; group can be electrostatically attracted by the
T-ring.

In the next step, we calculated IR spectra for the five most stable
aldehyde dimers. The average spectrum was obtained by applying
Boltzmann weights to each dimer calculated for T'= 293 K, and it
was compared with that of a reference dimer lacking strong inter-
actions between the formyl and methylene groups (Fig. 58). The
formyl-formyl and CH; interactions lead to the band shifts occur-
ring in the 1750-1700 and 3000-2700 cm™" wavenumber regions.
The rise of dominating interactions noted in the DFT system can
be compared to the effect caused by the temperature decrease in the
IR experiment. Two major band shifts observed in FT-IR spectra,
i.e., the red shift in the 1750-1700 cm™" region and the blue shift
in the 2850-2700 cm™' region, which are characteristic of formyl
group vibrations, were confirmed by DFT calculations. What is more
interesting, the calculations have shown that in the 28502700 cm™
region, where the formyl C-H vibration is observed, higher shifts
are noted for the dipolar interaction than for the n-II" one, where
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FIG. 5. Results of quantum and MD calculations for 3P1Pal. In panel (a), all the most stable dimers of aldehyde molecules and a variety of dominating interactions are
shown. At the bottom of the figure, in panels (b)(f), all the main interactions between aldehyde molecules are depicted on the RDF/DDF maps. For each type of interaction,
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formyl groups need to be oriented parallel to each other. Hence,
these computations indicated that the shifts of bands related to
the vibrations of the formyl moiety are connected to the dipolar
interactions rather than the formation of H-bonds.

As the studied system is very complex, all the mentioned inter-
actions were tested in the bulk system of 1000 molecules at the two
temperatures (298 and 233 K) and a pressure of 1 bar. From the
analysis of molecule trajectories, structure factors, partial structure
factors, and distribution functions (radial and dihedral) were con-
structed and plotted. Distribution function maps were plotted as
RDF (radial distribution function) vs DDF (dihedral distribution
function), which were defined for each type of interaction separately.
In panels (b)-(f) of Fig. 5, all five interactions identified earlier in
DFT studies were visualized in the MD trajectory. In Fig. 5(b), H-
bonds between the CHz and C=0 groups are present. As one can

see, the dihedral angle is close to —180° and 180°, which means
that these bonds behave like typical H-bonds, where the C-H---O
angles are close to linear but with a certain distribution (+30°). The
average distance between H and O atoms is ~2.8 A, and the aver-
age total H-bond distance from C to O equals 3.8 A. The second
major interaction in the system is attraction between the formyl
groups [Fig. 5(c)]. MD simulations indicate that in the bulk sys-
tem, the orientation of planar C=0 groups is close to the parallel
one, which suggests that the n-II" attraction mechanism is dom-
inant. The next observed interaction between 3P1Pal molecules is
n-stacking. As shown in Fig. 5(¢), the maxima in the map for the
phenyl-phenyl distance of 5 A correspond to the dihedral angles
in the range from —60 to +60, which means that there is a portion
of parallel and T-shaped orientations, but with the angles between
rings close to 50°-60°. Mixed interactions between the carbonyl
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C=0 group and phenyl rings are presented in Fig. 5(d), where the
studied groups tend to achieve parallel orientation (close to 07). The
most exotic interaction between the CHz and phenyl ring has been
shown in Fig. 5(f). As can be observed, there are very weak maxima
at a distance of H-phenyl equal to 3.5 A and perpendicular orienta-
tion (90°). Although such interactions can be found in a molecular
dynamics run, they are very weak.

In addition, MD simulations carried out at T' = 233 K allowed
us to verify the origin of the additional shoulder [denoted as a blue
arrow in Figs. 3(a) and 3(b)] detected on the structure factor diagram
constructed for aldehyde at this T. It turned out that both exper-
imental and theoretical data are in almost perfect agreement. One
can also add that the experimentally determined density agrees well
with the one obtained from MD simulations [within a few percent;
dexp = 1010.39 g/em® (298 K) and deyp, = 1067.25 g/em® (233 K) vs
dup = 0.9809 + 0.0002 gl’cn‘l3 (298 K) and dup = 1.0473 + 0.0002
gfcm3 (233 K) (both for p = 1 bar)]. What is more, the change
in this parameter measured at both temperatures (T = 298 K and
T = 233 K) is very similar to that derived from the experiment.

It was earlier stated that the new peak originates from the
interacting groups at a distance equal to 4.4 A. Based on the lit-
erature data obtained for some alcohols, it was proposed earlier
in this paper that it may originate from the repeating phenyl m—n
units in the aldehyde. However, if one takes a closer look at the
RDE-DDF maps in Fig. 3, the average distance between phenyl rings
is much higher than 3.3 A A. Only two mapped interac-
tions fit this distance criterion. The first one is the formyl-formyl
interaction, and the second one is the formyl-phenyl ring inter-
action. The formyl-formyl attraction is dominant in the system.
Thus, in both temperatures, 298 and 233 K, it is similar in terms
of the strength. The formyl-mn-ring interaction is much weaker, and
in consequence, it is more temperature-dependent. Therefore, the
formyl-n-ring attraction is probably responsible for the additional
shoulder on the structure factor at lower temperature. In Fig. 59 of
the supplementary material, a direct comparison of partial radial dis-
tribution functions was presented as 2D diagrams. In panel (a), it
can be seen that there is a visible excess wing in the vicinity of a dis-
tance equal to ca. 3.5 Aata temperature equal to 233 K. In panel
(b), different partial RDFs were compared to give insight into which
interactions are mostly associated with this additional peak. It was
confirmed that it is related mostly to the formyl-formyl interactions
(the highest peak). It was also noted that the appearance of the excess
wing on the RDF for 3P1Pal after lowering the temperature to 233 K
may be related to the increasing role of the CH,- - -0=CH-bonds.

MD simulations enabled us to find that the dominating forces
causing the formation of dimers in the studied system are (i) the
attraction between formyl groups and (ii) the CHs-. - -0=C H-bonds.
Moreover, such interactions can be found in every aldehyde, as they
are universal. In addition to m-mn stacking, the formyl-m and CHz-n
interactions can stabilize dimers and may elongate dimer lifetime
but are not deciding forces about the geometry of the cluster.

Having the association pattern in aldehyde well addressed, in
the next part of this paper, we would like to focus our attention on
the molecular origin of the Debye process observed in dielectric loss
spectra of this compound. To start the discussion, one can hypoth-
esize that the Debye mode is the orientational relaxation of the
molecular dimers or even higher domains. There is strong evidence,
both theoretical and experimental, suggesting that such a scenario

, e, ~5

ARTICLE pubs.aip.org/aip/jcp

is probable. In the aldehyde, there is a compensation of dipole
moments in dimeric complexes (2.35 D in a single molecule due to a
highly polarized C=0 group vs 1.10-2.00 D in dimers bonded via the
formyl group), which is confirmed experimentally for this system by
the calculated Kirkwood factor of g < 1. On the other hand, the situ-
ation is quite the opposite with alcohol. The average dipole moment
of 3P1Pol (1.45 D) is smaller than the dipole moment of higher mers
(2.35 D for the dimer), which stays in agreement with the Kirkwood
factor of g, > 1. This can explain the difference in dielectric strength
of the Debye mode in both systems. To test this hypothesis, we per-
formed additional calculations and analyses of long 20 ns molecular
dynamics trajectories at 233 K. Reorientational dynamics were stud-
ied by utilizing the vector between the carbon and oxygen atoms
of the formyl (aldehyde) and hydroxyl (alcohol) groups, represent-
ing the direction of the molecular dipole moment. Time-resolved
reorientation was detected by calculating the autocorrelation func-
tion of the second Legendre polynomial P2(cos8). This function is
commonly utilized in dielectric relaxation studies, as it exclusively
relies on the angle between the initial and current dipole orientation
and does not respond to the dipole vector inversion. The analysis
yielded a reorientational time of 6.4 ns for the aldehyde and 3.6 ns
for the alcohol. These values are counterintuitive at first sight, as
the H-bonds are stronger than the weak formyl-formyl interactions.
Having this in mind, one can suppose that such a long reorien-
tational time indicates the existence of larger domains in the case
of aldehyde molecules. To further study this phenomenon, dimer
autocorrelation function (DCAF) and Voronoi tessellation-based
domain analysis (DOMA) were additionally performed. From the
DACF analysis, we obtained the lifetime of domain-level dimers.
In aldehyde dimers, it was found to be equal to 1.6 ns, while for
the H-bonded dimers of alcohol, it was equal to 832 ps (0.8 ns).
However, the more sophisticated is DOMA analysis, which gives
insight into the domain distributions, topology of domains, and
their dynamics. Additional computations within the framework of
this model enabled us to find that aldehyde domains reach volumes
up to ~5000 A®, while alcohol domains are significantly smaller,
limited to ~2000 A®. The DOMA analysis indicated that the dom-
inating domain unit in alcohol is a dimer, while in aldehyde, it is
a tetramer or even a pentamer (40 vs >100 Voronoi cells). Despite
the fact that formyl interactions are weaker than H-bonds in alco-
hol, formyl interactions are not limited to the linear geometry. The
dipole-dipole and n-I1" interactions between formyl groups can
occur at different geometries, and they are not linear like H-bonds.
The angles between C=0 vectors in two neighboring molecules can
vary up to £60°. This geometric flexibility is the reason for the pos-
sible formation of larger domains in aldehyde despite the weaker
attraction forces between formyl groups. The next parameter we
have calculated is the isoperimetric quotient (IQ), which tells about
the topology of the entire domain. The IQ parameter close to 1.0
means that the domain is compact, highly ordered, and spherical.
In aldehyde, 1Q values achieve 0.82, while in alcohol, this para-
meter rarely exceeds 0.77. Although these parameters are similar
for both compounds, the domains in the aldehyde are slightly more
compact.

These results indicate that, unintuitively, aldehyde molecules
form larger, longer-lived, and spatially coherent domains in contrast
to smaller, transient H-bonded clusters in alcohol. This observation,
derived from the MD simulations, may help us to understand the
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molecular origin of the D-process observed in loss spectra of alde-
hyde and alcohol. If we assume that the reorientational dynamics
of the domain is responsible for this unique polarization decay in
both systems studied herein, one can easily find that at a given tem-
perature, this relaxation should be slower in alcohol, which is not
the case. However, when we renormalize tpp vs 1, (which accounts
for the reorientational time of the single molecules), it can be eas-
ily determined that in such a representation, there is much greater
timescale separation of both processes in aldehyde than in alco-
hol. Consequently, at isochronal (isoviscosity) conditions, the Debye
process is slower in the aldehyde (Fig. SI of the supplementary
material). Having this in mind, one can postulate that the expo-
nential polarization decay in the former compound arises from the
sparse but stable dipolar domains, while in the latter one, faster dipo-
lar fluctuations dominate due to dynamic H-bonding and a smaller
domain size. Nevertheless, one should point out that differences in
the relaxation times of the domains in both studied systems do not
mimic the ones observed in the experiment at a given temperature.
This is probably due to different timescales of the MD simulations
and the experiment.

Finally, one should also comment that DFT computations
enabled us to explain the value of the Kirkwood factor for aldehyde,
which is smaller than unity. It turned out that dimers present in
the investigated systems have lower dipole moments than monomer
units. Consequently, the measured static permittivity is smaller with
respect to the value that can be calculated based on a dipole moment
of the isolated molecule. A completely different situation is noted in
alcohol, where an increasing number of monomeric units increases
the overall dipole moment of the self-assemblies, contributing to the
high static permittivity and g,.

IV. CONCLUSIONS

In this paper, we have investigated dielectric, structural, and
thermal properties as well as association patterns of molecules in
the two glass formers, namely, 3-phenyl-1-propanol and 3-phenyl-
1-propanal. Importantly, in the dielectric loss spectra of alcohol and
aldehyde, we detected a Debye (D)-process, which is a fingerprint
of self-assembly. It was found that the dynamical properties of this
mode, such as dielectric strength and time scale separation from the
structural relaxation, are much different between these compounds,
indicating a strong variation in their association pattern. Further
diffraction and infrared experimental investigations enabled us to
conclude that, as expected, H-bonds play a key role in the association
in the alcohol, while a much more complicated and less clear picture
was found in the aldehyde. To gain deeper insight into this issue,
DFT computations complemented by the MD simulations were car-
ried out at two different temperatures for 3P1Pal. Collected data
revealed that there are mainly dimeric associates in 3P1Pal, where
molecules are connected via different kinds of weak intermolecu-
lar dipole-dipole interactions as well as n-stacking contacts (most
likely the formyl-m—m ring attraction), which are reflected as an addi-
tional shoulder in the structure factor appearing for scattering vector
around 1.9 A-1 at lower temperatures. Moreover, these calculations
indicated the formation of very specific H-bonds between methy-
lene groups neighboring the formyl moiety and the carbonyl units
that have not been reported or considered before. Moreover, the
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collected data enabled us to claim that various dynamical proper-
ties of the D-process in alcohol and aldehyde might be related to
the different sizes and the lifetime of the associates in both systems.
Finally, based on the computations of the dipole moment of the sin-
gle molecule and nanoassociates, we were able to explain the low and
high values of g; in aldehyde and alcohol, respectively, as well as to
propose a molecular mechanism responsible for the presence of D-
relaxation in the loss spectra. [t was postulated that it can be assigned
to the reorientational relaxation of formyl (aldehyde) and H-bonded
(alcohol) clusters. We believe that the data presented in this paper
will help to better understand intermolecular interactions and asso-
ciation schemes in aldehydes in a wide range of temperatures in the
highly viscous regime.

SUPPLEMENTARY MATERIAL

The supplementary material contains experimental details and
additional figures, including the relaxation times of 3P1Pal and
3P1Pol compared to that of IBU, ATR-FTIR and Raman spectra
of 3P1Pal measured at room temperature, temperature-dependent
FTIR and Raman spectra of 3P1Pal measured under cooling, tem-
perature dependence of the integrated intensities of selected FTIR
and Raman bands of 3P1Pal measured under cooling, comparison of
FTIR and Raman spectra of 3P1Pal measured at 293 and 157 K, cal-
culated DFT spectra for the lowest energy dimers and the reference
dimer of aldehyde, and comparison of radial distribution functions
for 3P1Pal. Additional supplementary material files: Specific inter-
actions and mechanisms of association in highly viscous aldehyde
3-phenylpropanal.
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Fig. S2. ATR-FTIR (ag,b) and Raman (c,d) spectra of 3P1Pal measured at room temperature in the
spectral ranges of (a,¢) 3750-2400 cm! and (h,d) 1850-400 cm..

As shown in Fig. S2, FTIR and Raman spectra of 3P1Pal exhibit the group of intense peaks in
the 3200-3000 em! region corresponding to the asymmetric and symmetric aromatic C-H stretching
vibrations of the phenyl ring (FTIR: 3106, 3086, 3063, and 3028 cm'!; Raman: 3201, 3162, 3055 and
3001 cm?), as well as the series of the bands in the 3000-2850 cm! range assigned to the CHz
(methylene) stretching vibrations (FTIR: 2927, and 2892 cm™'; Raman: 2925, 2900, and 2867 cm™).
Moreover, there are two peaks (FTIR: 2824 and 2723 cm!, Raman: 2830 and 2727 cm™) in the
aldehydic C-H stretching range. These two bands are induced by the interaction between the
fundamental vibration and the overtone vibration. Such interaction is known as Fermi resonance, i.e._,
the coupling of aldehyde C-H fundamental stretching vibration (near 2790 cm1) and the first overtone
bending vibration (near 2780 em™), which appears at 1380 em'!, produces two new modes of vibration
with frequencies higher and lower than that observed when interaction is absent®. A band located at

1720 comr! (FTIR) and 1721 cm! (Raman) is assigned to the stretching vibration of the carbonyl group
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(C=0). As reported in the literature®S, the signals located at 1603 cm! (FTIR) as well as at 1604 and
1584 cm! (Raman) are associated with the ring C=C stretching vibrations, whereas the C—H bending
vibrations of the propyl and aldehyde groups are observed in the 1500—1325 em™! range. Thus, the 1496
and 1453 cm! peaks (FTIR) are associated with the CHz scissoring and wagging vibrations. The bands
at 1408, 1388, and 1359 cm! originate from the in-plane C-H rocking vibrations®. A signal at 1203 cm-
! in the Raman spectrum is related to the mixed C-H bending and aromatic in-plane C-H deformation
vibrations®. The bands located at 1083 and 1057 cm! (FTIR) are due to the C-C and C-O stretching
vibrations. The doublet of bands at 1057 and 1030 cm! originates from the mixed vibrations, ie_, the
CO stretching, CHz asymmetric deformation, CH:z rocking, ring bending deformation (1057 cm™), and
CHz rocking, ring bending deformation, ring breathing (1030 cm™). A very intense signal at 1002 cm!
in the Raman spectrum corresponds to the ring breathing and ring bending deformation. A medium
intensity band observed at 914 cm! in the FTIR spectrum is due to the ring C-H wagging vibrations. A
signal at 854 em! (FTIR) corresponds to the C-H deformation vibrations of the formyl group. The 744
cm! and 698 cm! bands (FTIR) and a peak at 620 cm™! ( Raman) are assigned to the ring bending
deformations*®. A doublet observed at 550 and 542 cm in the FTIR spectrum is associated with the
ring and C-C deformation. The signals at 485 cm™! (FTIR) and 482 cm™ (Raman) are connected with

the C-C-O bending and the ring deformation.
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ABSTRACT: This paper investigates the effect of high pressure on the
dynamics, intermolecular interactions, and association mechanisms of 3-
phenylpropanal (3P1 Pal). Dielectric investigations have revealed an
unusual behavior of the Debye process at high compression, indicating a
distinct clustering mechanism. Complementary Fourier Transform
Infrared and Raman spectroscopy studies, supported by molecular
dynamics simulations, have shown that, at high pressure, molecular
clustering is dominated by 7-stacking and strong, distorted hydrogen
bonds, with larger and more compact aggregates, compared to those
formed at low temperatures. Overall, high compression effectively tunes
both dynamics and association patterns in 3P1 Pal, revealing key aspects

of self-assembly in viscous molecular liquids.

II life on Earth can be viewed as an application of
supramolecular chemistry, where noncovalent interac-
tions, such as hydrogen bonding (H-bonding), ionic forces,
hydrophobic effects, and van der Waals contacts, govern
molecular self-assembly (the static self-assembly).'™ These
interactions determine the structure, function, and dynamics of
biological molecules and various molecular systems such as
supramolecular assemblies, micelles, vesicles, molecular
machines, and nanomaterials.”> While most of the self-
assembly occurs spontaneously, it can also be directed by
external factors such as temperature (T), pressure (p), light,
electric and magnetic fields, the nature of the solvent, or
confinement in nanostructured/porous environments, influ-
encing the material’s structure and behavior (the dynamic self-
assembly).”” Such directed self-assembly provides a promising
path for the formation of advanced materials with novel
optical, mechanical, and electrical I,)rol:;ertiesf"“"lJ
High hydrostatic pressure (p) is a particularly powerful tool
for controlling molecular association. Unlike temperature,
which alters both thermal energy and volume of a system, p
affects only the latter parameter, inducing precise changes in
intermolecular distances.'” This can trigger/promote phase
transitions and bond rearrangements, leading to changes in
electronic structure, optical behavior, and thermal or electrical
conductivity.] =13 Pressure can promote aggregation in various
systems, including liquids, gases, and micelles. The studies on
H-bonded hexane derivatives (2-ethyl-1-hexanol, 2-ethyl-1-
hexylamine) and monohydroxy alcohols revealed that high
compression enhances molecular aggregation and H-bond
cooperativity, forming denser, more-ordered networl Redahi 1
amines, such as 4-aminobenzonitrile and n-hexylamine,

© 2026 American Chemical Society

\ 4 ACS Publications
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moderate p induces H-bond rearrangements and stronger
intermolecular interactions, facilitating p-driven self-assembly
processes.'®'” In contrast, in proteins and other biomolecular
assemblies, p often weakens hydrophobic contacts and
promotes dissociation or unfolding by allowing water
molecules to penetrate hydrophobic cores.'® However, the
effect of p may be different when a tightly bound structure
(e.g., disulfide bonds covalently stabilizing interdomain
interactions) with few readily exposed nonpolar residues
occurs. In such a case, p will cause a general compression of
the structure, and unless the protein is otherwise perturbed
(either thermally or through the addition of a chemical
chaotropic reagent), it will maintain its compact conforma-
tion.'”” In surfactant micelles in water, p up to about 150
MPa causes the dehydration of surfactant head groups and a
collapse of the hydrophilic micelle shell (as observed in C4Eg
micelles).”'

Generally, high-p can drive both association and dissociation
processes, which are particularly relevant for designing
advanced materials and understanding the stability of bio-
logical macromolecules under extreme conditions. To date,
most high-p studies have predominantly focused on systems
stabilized by H-bonding, such as water, alcohols, amines,
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e whereas there is a

proteins, or nucleic acids,
noticeable lack of experimental investigations on the effect of
compression in systems dominated by dipole—dipole or 7—n
stacking interactions, like aldehydes. Previous papers have
mainly addressed the polymerization of simple aliphatic
aldehydes (n-butyraldehyde, isobutyraldehyde, crotonalde-
hyde, and propionaldehyde) under high-p; however, no
experimental studies have explored how compression affects
the structure, intermolecular interactions, electronic, optical,
and transport properties of aliphatic or aromatic alde-
hydes.”® " Here, we examine the molecular dynamics and
intermolecular associations of 3-phenylpropanal (3P1 Pal)
under high-p conditions using Fourier Transform Infrared
(FTIR), Raman, and Broadband Dielectric Spectroscopy
(BDS), supported by Molecular Dynamics (MD) simulations,
to gain deeper insight into p-induced structural changes,
molecular organization, and aggregation behavior of the
studied aromatic aldehyde.

At first, Differential Scanning Calorimetry (DSC) measure-
ments were performed to investigate the thermal behavior of
3P1 Pal. We found that the sample can be easily supercooled
without crystallization, indicating good glass-forming proper-
ties. The DSC trace exhibits only a single step-like change in
heat capacity, corresponding to the glass-transition temper-
ature (T,), with no additional exothermic or endothermic
events associated with crystallization or melting, as shown in
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the inset of Figure la. Having established the glass-forming
ability of the examined system, we measured the dielectric loss
spectra (i.e., frequency (f) dependences of £”) at ambient p
over a wide T range upon cooling using BDS. The
representative spectra are presented in Figure la. As seen in
the figure, the e”(f) dependences display three distinct
processes: a structural a-relaxation, a unique and slower
Debye-type relaxation, and a low-frequency dc-conductivity
contribution. Upon cooling, both the @ and Debye (D)
relaxation peaks systematically shift toward lower frequencies
(f), reflecting the pronounced slowing of molecular mobility as
the glass transition is approached. The most intriguing aspect
of these spectra lies in the presence of the D-process, a
characteristic feature typically observed in associating liquids
such as water, monohydroxy alcohols, amines, etc.,, which is
attributed to their H-bonding abihty'.m Herein, one can add
that aldehydes are considered weakly interacting systems, and
their ability to form effective H-bonds is questioned.
Nevertheless, recent investigations combining BDS, FTIR,
and computational analysis suggest that the D-relaxation in
these systems arises from supramolecular structures formed
through various intermolecular interactions, including dipole—
dipole coupling, #—x stacking, and weak H-bonding
interactions between methylene groups adjacent to the formyl
unit and the carbonyl moiety. Among these, the latter

https://doi.crg/10.1021/acs jpclett.5c03496
A Phys. Chem. Lett. 2026, 17, 728-736
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Figure 3. Pressure-dependent (a, b) FTIR and (¢, d) Raman spectra of 3P1 Pal measured at room temperature (RT) in the wavenumber regions of
(a) 37502500 cm™, (b) 1900-850 cm™, (c) 3600—2500 cm™", (d) 1800—400 cm™". The region in the Raman spectrum of 3P1 Pal that was
disturbed by the bands of the diamond (1380—1300 cm™") was removed for clarity.

interaction is particularly noteworthy, as it represents a unique
and unexpected mode of association in such systems.*’

Having in hand the dielectric data at ambient p, it was
interesting to observe how the dynamics of both a- and p-
processes evolve with pressure and what we can learn about
the change in the interaction pattern in this compound. Hence,
we performed the dielectric studies under high p under
different isothermal conditions. Figures 1b and 1c display the
isothermal dielectric loss spectra recorded under varying
compressions at 233 and 273 K, respectively. In both cases,
increasing p causes a systematic shift of the a- and D-relaxation
toward lower f, signifying a slowdown in molecular mobility
due to reduced free volume and strengthened intermolecular
interactions. The relaxation strength (Ag) remains nearly
constant with p, implying a lack of crystallization upon
compression.

To get more detailed information about the relaxation
properties of the system studied, the data presented in Figure 1
were fitted using the Havriliak—Negami (HN) function with
the dc-conductivity term:

2
,_ G Ag
t‘(m) =4+ Im £ 4 —
& Z[ S (imi)"‘]”']

where 6, /€, defines the dc-conductivity contribution, £ is
the high-f permittivity limit, Ae is the dielectric strength, @ is
the angular frequency, 7 corresponds to the HN relaxation
time, and the exponents a and /§ are the shape parameters.*'
The relaxation times (7, and 7p,) obtained from the fitting,
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plotted versus temperature, are shown in Figure S1(a) in the
Supporting Information (SI). In turn, pressure dependences of
7, and 7y, for all isotherms are presented in Figure S1(b).
Figure 2a illustrates the comparative analysis of the &''f)
measured at various combinations of T and p, superimposed at
equivalent isochronal conditions (7, = constant). Here, we
have an intriguing result that, up to 500 MPa, there is almost a
perfect superposition of the D- and a-processes, in terms of
both relaxation times and dielectric strengths. However,
surprisingly, above 500 MPa, we observe a systematic and
significant increase in the amplitude of the D-process, as well
as a separation in the time scale of both relaxation modes.
These changes are prominent at very high p (~1400 MPa). To
quantify the observed effect, we analyzed and plotted the ratio
of relaxation times of @ and D-processes, as well as the ratio of
their A¢ against the log 7, (for the data obtained under varying
thermodynamic conditions, see Figures 2b and 2c, respec-
tively). The results clearly highlight the emergence of an
unexpected behavior above 500 MPa. Up to this p value, the
liquid exhibits nearly identical trends, indicating comparable
dynamic responses. However, beginning at p = 550 MPa, a
systematic increase in the ratio becomes evident, which
intensifies dramatically at the highest investigated p value
(1400 MPa). This finding mimics, in some way, the behavior
of strongly associating 2-ethyl-1-hexanol at high compression.
As shown by Pawlus et al., density scaling was found to hold up
to approximately 500 MPa but failed at higher p values in this
compound.” They attributed this breakdown to a p-induced
change in the H-bonding pattern of the alcohol at very high

httpsz//doi.org/10.1021/acs jpclett 5c03496
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Figure 4. Comparison of (a, b) FTIR and (c, d) Raman spectra of 3P1 Pal measured at (blue) 181 K and (red) 1.5 GPa in the spectral ranges of
(a) 3600=2500 cm™", (b) 1850=1000 cm™ (FTIR), and (¢) 3600=2500 cm™ and (d) 1850=400 cm™' (Raman).

compression. It is also worth noting that, to date, various
studies have demonstrated that, in the case of associating
liquids like monohydroxy alcohols (MA), the amplitude of the
D-relaxation either remains constant, increases, or decreases
with increasing p.** This behavior depends on the position of
the OH units in the molecular skeleton and the type of
architecture of the associates. It is explained that compression
influences the balance between ring (preferred in secondary
and tertiary alcohols) and linear (characteristic of the first-
order MA) aggregates, which manifests in dielectric spectra as
a change in the amplitude of the D-mode. Furthermore, the
time scale separation between the structural (a) and D-
processes is generally found to diminish under compression,
leading to their convergence at very high pressures, especially
in alcohols containing a terminal —OH g‘nmp\.'ﬂ"’h Thus,
overall, elevated p leads to a merging of relaxation time scales
and variation in the amplitude of the Debye peak, signifying
the fluctuation in the long-range dipolar correlations and a
change in the architecture of the formed nanoassociates.”"
The unexpected increase in the amplitude of the D-process and
the growing separation of relaxation times of this mode, with
respect to the a-process, are a unique behavior not previously
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reported in the literature for associating liquids. That is why, to
understand the molecular origin of such atypical behavior,
complementary FTIR measurements supported by MD
simulations were employed.

However, before presenting the results, the assignment of
vibrational bands in the FTIR and Raman spectra of 3P1 Pal,
recorded at room temperature (RT = 293 K), relative to the
corresponding molecular motions, is provided in the SI (Figure
S2). Briefly, as can be seen, the IR spectrum of 3P1 Pal at 293
K exhibits characteristic bands related to the stretching and
bending vibrations of C—H and C=0 groups, including the
first overtone of the C=0 vibration (~3415 cm™!), aromatic
C—H stretching (3050—3000 cm™'), aliphatic C—H stretching
(3000—-2700 cm™"), the C=0 stretching (1725 cm™') and the
ring C=C stretching vibrations (1603 cm™"). Multiple bands
occurring below 1500 cm™! are connected with the mixed C—
H and H-C=0 bending, as well as the C—C stretching and
bending modes (for more-detailed assignments, see the SI).
Having the assignment procedure done, we presented
representative T- and p-dependent IR and Raman spectra
measured during the cooling cycle (293—123 K) at ambient p

https<//doi.org/10.1021/acs jpelett 5c03496
A Phys. Chem. Lett. 2026, 17, 728-736
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and at T = 298 K up to ~9 GPa (IR) and ~5 GPa (Raman) in
Figures 53 and 54 in the SI, as well as in Figure 3, respectively.

Upon cooling to 123 K at p = 0.1 MPa, the aromatic C—H
stretching and the skeletal C—C vibration bands in both IR
and Raman spectra of 3P1 Pal remain nearly unchanged,
showing only a minor shift due to thermal contraction and the
associated increase in material density (Figures S3 and $4 in
the SI). More pronounced changes occur in the C=0 (1780—
1680 cm™') and the aliphatic C—H (3000—2800 cm™)
stretching vibration regions, where the shifts in band positions
and increased intensities indicate the strengthening of C—H-+
O interactions and the formation of H-bonded aggregates at
low T. Moreover, the vc_ band broadens as the T decreases,
reflecting a more heterogeneous distribution of the H-bonding
network. Herein, one can be briefly reminded that previous
MD simulations have revealed the existence of at least three
different intermolecular interactions between molecules of 3P1
Pal under these conditions, involving dipole—dipole forces and
n-stacking, as well as extraordinary H-bonds formed between
methylene groups neighboring the formyl unit and the
carbonyl moiety™,

The application of p causes distinct shifts of nearly all
vibrational bands in the IR and Raman spectra toward higher
wavenumbers (blue shifts). This effect arises from the
compression of the liquid, which causes a reduction in the
average interatomic distances and consequently an increase in
the vibrational frequencies (Figure 3). Thus, the bands related
to the aliphatic and aromatic C—H vibrations exhibit a
noticeable blue shift and also broaden as p increases, due to
different local environments (nonuniform packing). Surpris-
ingly, the first overtone of the C=0 vibration (~3415 em™)
exhibits no frequency shift under compression, instead showing
only band broadening. Unfortunately, the carbonyl stretching
band in the IR spectra (1780—1650 cm™') could not be
analyzed due to saturation; however, it can be examined in the
Raman spectra. Interestingly, the C=O vibration peak in
Raman spectra, located at ca. 1720 cm™!, seems to remain
nearly unchanged in position during compression. This
“rigidity” of the carbonyl moiety can suggest a compensatory
effect: p-induced shortening and stiffening of the C=0 bond
(which would tend to blue-shift the vibrational frequency) is
compensated by enhanced intermolecular H-bonding inter-
actions upon compression (which tend to red-shift the
frequency).

Since the dielectric data presented in Figure 2a revealed
peculiar behavior of the D-process, suggesting changes in the
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association pattern at high p, we decided to compare the IR
and Raman spectra recorded under the same isochronal
(isoviscosity) conditions, i.e., at 181 K (p = 0.1 MPa) and at
1.5 GPa (T = 298 K) (Figure 4). It can be observed that p has
a much stronger influence on the spectroscopic properties—
and, consequently, on the molecular structure and intermo-
lecular interactions—than T. Indeed, the bands associated with
the aliphatic C—H group vibrations of the aldehyde measured
at 1.5 GPa are blue-shifted, relative to those recorded at 181 K
(the formyl C—H stretching: Av = 17 cm™, 2747 vs 2730
em™}; Av = 26 cm™!, 2856 vs 2830 cm™!; the methylene C—H
stretching: Av = 19 em™, 2910 vs 2891 cm™'). Even larger
shifts toward higher wavenumbers are observed for the bands
assigned to the aromatic C—H vibrations when comparing the
spectra measured at 1.5 GPa and 181 K (Av = 14 am”’, 3042
vs 3028 em™); Av = 11 em™, 3073 vs 3062 cm™; Ay = 7
cm™!, 1610 vs 1603 cm™'; Av = 6 cm™, 1589 vs 1583 cm™").
This fact clearly suggests that, under high-p conditions, the
contribution of intermolecular 7—7 interactions involving
aromatic C—H groups becomes more significant. Importantly,
no frequency shift of the C=0 overtone band is observed in
the IR spectra, and only a slight change in the C=0 stretching
peak position (Av = 7 cm™') is detected in the Raman spectra
when comparing the spectra measured at 181 K and 1.5 GPa.
Thus, the blue shift of the C=0 band measured at 1.5 GPa,
relative to that at 181 K, suggests that high p significantly
shortens the C=0 bond length, which, in turn, affects the
strength of the C—H-*O H-bonds and consequently
influences/changes molecular organization and the way of
association of 3P1 Pal, compared to that observed at low T. To
further investigate this hypothesis and gain a deeper under-
standing of the supramolecular organization of aldehyde
molecules at high compression, we conducted MD simulations
of 3P1 Pal under similar thermodynamic conditions.

MD simulations were carried out at elevated p (T =298 K, p
= 1400 MPa) and at atmospheric p and reduced temperature
(T =181 K, p = 0.1 MPa). Subsequently, the obtained data
were compared. The system under ambient conditions (T =
298 K, p = 0.1 MPa) served as a reference. It should be
mentioned that, in the previous studies of 3P1 Pal performed
at ambient T and p, three major types of molecular interactions
were identified.*” The most dominant was the dipole—dipole
interaction between two formyl groups, and two additional
clustering forces were also recognized: (i) #—n stacking
between phenyl rings and (ii) weak H-bonds formed between
the H atom of the @-methylene group and the O atom of the

hittpsy/doi.org/10.1021/acs jpclett.5c03496
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formyl group. Although, by applying high-p or by lowering T,
the system density substantially increases, a much different
situation is observed in the association pattern of the
considered aldehyde. This can be clearly seen in Figure 5 by
comparing the RDFs corresponding to all three interaction
types.

At low temperature (181 K, 0.1 MPa), a pronounced
enhancement of both 7-stacking and H-bonding interactions is
observed. The strongest 7-stacking interaction, characterized
by an inter-ring distance of about 4 A, corresponds to a 90°
orientation, indicating a T-shaped m-stacking motif. The
parallel r-stacking pattern is suppressed, even in comparison
to the sample measured at RT at p = 0.1 MPa. When
comparing this result with that obtained at high p (p = 1400
MPa, T = 298 K), a different z-stacking pattern emerges. In
this case, maxima appear at both 180° and 90° orientations.
For the shortest ring-to-ring distance (~3.8 A), both T-shaped
and parallel 7-stacking arrangements are present. Although H-
bonds are enhanced in both systems (high-p and low-T), only
in the low-temperature system, they adopt nearly linear,
classical geometries. At high compression, H-bond angles vary
broadly from 0° to 907, indicating more distorted, nonclassical
configurations (see RDF/ADF map in Figure S5 for details).
RDF analysis for H-bonds in Figure 5a reveals that increasing p
has a more significant effect on H-bond stability than
decreasing T. Moreover, in all systems, strong dipole
interactions exist between formyl groups. At ambient
conditions, formyl—formyl dipole interactions primarily drive
the clustering and determine the cluster geometry. At a low T
(181 K), clustering is mainly governed by strong T-shaped 7-
stacking and H-bonds, whereas at high p (1400 MPa), it is
controlled by mixed z-stacking patterns and strong H-bonds.
In both cases, formyl—formyl dipole interactions act as a
stabilizing factor, reinforcing the rigidity of the clusters. The
formyl groups in all systems tend to align either parallel or
antiparallel to each other.

Furthermore, MD simulations enabled us to compare H-
bond clusters at different thermodynamic conditions. At low T
(T = 181 K), the average distance between the carbon donor
atom of the CH, group and the oxygen acceptor of the formyl
group is 3.54 A At elevated p (p =14 GPa, T = 298 K), this
distance decreases by approximately 0.1 A to 3.44 A Using
cutoff distances of 3.54 A for T =181 Kand 344 A for p = 1.4
GPa, we analyzed the distribution of cluster sizes. At T = 181 K
and p = 0.1 MPa, the system consists of 41.1% monomers,
22.2% dimers, 14.3% trimers, 8.2% tetramers, and 14.2% larger
clusters. In contrast, at T = 298 K and p = 1.4 GPa, we observe
36.1% monomers, 20.1% dimers, 12.8% trimers, 8.6%
tetramers, and 22.4% higher-order aggregates. These results
indicate that elevated p promotes the formation of larger
clusters, although the overall effect remains moderate.

Having discussed all the collected data, one can clearly state
that the association mechanism of the studied aldehyde
changes at high p conditions, compared to that at low T.
Compression of the studied liquid leads to an increased
contribution of #—x interactions in the association process,
which might be evidenced by a pronounced blue shift of the
bands assigned to the stretching and bending vibrations of
aromatic C—H groups. This effect was not observed under
cooling, where these bands exhibited only negligible shifts of
ca. 1 em™". Moreover, H-bonds of the C—H-+O=C type seem
not to respond to high-p, as the C=0 stretching bands show
nearly no response to pressure increase, which can be
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attributed to a compensatory effect (the interplay between
blue-shift due to the compression and the red-shift connected
with the strengthening of H-bonding interactions).

Hence, one can conclude that elevated pressure promotes
the formation of larger molecular aggregates, whereas at low
temperature, slightly smaller clusters prevail. Furthermore,
upon compression, the geometry of the resulting associates
becomes increasingly governed by a combination of mixed
n—x stacking, formyl—formyl dipole interactions, and distorted
yet stronger H-bonds. Notably, analogously to the behavior
observed for 2-ethylhexanol, the change in the association
pattern of 3P1 Pal becomes more pronounced above p = 500
MPa, where fluctuations in the amplitude of the Debye process
and an increasing disparity between 7, and 7, emerge (see
Figures 2a and 2c). Both phenomena can be attributed to the
growing number of molecules participating in cluster formation
and to the pressure-induced variation between T-shaped and
parallel 7—r stacking motifs’”. Consequently, it is plausible
that the growing amplitude of Debye relaxation includes an
additional contribution arising from pressure-dependent
changes in the molecular dipole moment associated with
these evolving interaction geometries. One may further
emphasize that the shift in the 7—x stacking scheme —toward
more parallel molecular orientations under high compression
— may offer additional insight into the observed changes in
the association pattern of the aldehyde above p = 500 MPa. It
appears that the increased density and more efficient molecular
packing reinforce modifications in the geometry of the
associates, ultimately leading to fluctuations in the dynamical
properties of the Debye process in the aldehyde.

Moreover, MD simulations revealed that the average CO
distance decreases by approximately 0.1 A at 14 GPa,
compared to that at 181 K, indicating a strengthening of H-
bonds under compression. When analyzing the C=0 band in
the Raman spectrum, this effect is not directly observed due to
the compensatory effect as was mentioned above; however, it
becomes evident when examining the positions of the formyl
C—H bands, which exhibit pronounced blue shifts of about 17
cm™" and 26 em™, respectively. Such a pronounced shift most
likely results from the superposition of the two effects (two
blue-shifts): one associated with compression, which shortens
chemical bonds at high pressure, and the other related to the
formation of H-bonds involving C—H groups, as a similar
although much smaller blue shift of a few ecm™ was also
observed upon cooling. Thus, our findings provide valuable
insight into the association mechanisms under different T and
p conditions in formerly unexplored molecular systems such as
aldehydes.

Bl EXPERIMENTAL SECTION

Materials

3-Phenylpropionaldehyde (3P1 Pal, with a purity >95% and a
molecular weight, M = 134.18 g/mol) was provided by Sigma—
Aldrich. Before each measurement, the sample was freeze-dried using
liquid nitrogen to ensure the absence of water.

Methods

Differential Scanning Calorimetry (DSC). Calorimetric meas-
urements were carried out by a Mettler-Toledo DSC apparatus
equipped with a liquid nitrogen cooling accessory and an HSS8
ceramic sensor (heat flux sensor with 120 thermocouples). Temper-
ature and enthalpy calibrations were done by using indium and zine
standards. The sample was prepared in an open aluminum crucible
(40 wL) outside the DSC apparatus. Next, the aluminum-sealed

hittpsy/dai.org/10.1021/acs jpclett. 5c03496
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crucible with the sample was cooled down to 120 K and measured on
heating up to 298 K at a constant heating rate of 10 K/min.

Broadband Dielectric Spectroscopy (BDS). Isobaric dielectric
measurements were conducted on coeling in a wide range of
temperatures (T = 230—140 K) and frequencies (f = 107'~10° Hz)
using a Novocontrol spectrometer, equipped with an Alpha
Impedance Analyzer with an active sample cell. The temperature
stability, which was controlled by a Quatro Cryosystem using a
nitrogen gas cryostat, was greater than 0.1 K. The measurements were
performed in a stainless steel parallel-plate cell (diameter: 15 mm,
gap: 0.1 mm) immediately after the preparation of the sample.

The dielectric measurement at elevated p was conducted using a
hydraulic press, which generated the hydrostatic p in the measuring
chamber. The sample was enclosed in a Teflon capsule containing a
parallel-plate capacitor assembly. Teflon O-rings were positioned at
both ends of the capsule to secure the thin Teflon spacers placed
between the capacitor plates, ensuring proper alignment and electrical
insulation. The entire assembly was then mounted inside the high-p
chamber. High-p measurements were performed under isothermal
conditions at room temperature, with a step of 100 MPa, ranging from
1.0 to 1.5 GPa.

Fourier Transform Infrared (FTIR) and Raman Spectrosco-
py. FTIR spectra were measured on the Nicolet iS50 spectrometer
(Thermo Fisher Scientific, Massachusetts, USA) at a spectral
resolution of 4 em™', taking 16 scans. The spectrum of commercial
3P1 Pal was recorded in the ATR mode at 293 K in the range of
4000-400 cm™'. FTIR data as a function of temperature were
collected in the transmission mode in the 4000-1000 cm™'
wavenumber region. The limited spectral range of these experiments
was due to the absorption of CaF, windows, which were used to
prepare a thin film (3.5 um) of the 3P1 Pal sample. The temperature
was monitored using a Linkam heating/cooling stage (Linkam
Scientific Instruments Ltd,, Surrey, UK., model THMS600) with a
stability of +0.01 K. During the measurements, the FTIR
spectrometer was purged with liquid nitrogen to remove water
vapor and carbon dioxide from the instrument effectively. The
temperature investigations of 3P1 Pal were performed upon cooling
from 293 K to 123 K with a constant rate of 4 K/min.

Raman spectra were collected on a WITec alpha 300 R confocal
Raman microscope (CRM) (WITec Wissenschaftliche Instrumente
and Technologie GmbH, Ulm, Germany) equipped with an air-
cooled solid-state laser (4 = 532 nm) and a spectrometer diffraction
grating of 600 lines/mm (the 1.5—2 em™" spectral resolution). Laser
power was optimized to minimize heat-induced effects and was ca. 20
mW. Raman spectra were recorded from 50 to 3750 cm™ with an
exposure time of 2 s and 30 accumulations. The THMS600 heating/
cooling stage (Linkam Scientific Instruments, Ltd., Surrey, U.K.) was
used to control the temperature changes in the spectra upon cooling
from 293 K to 123 K. The spectrometer monochromator was checked
before the measurements using a silicon plate (520.7 em™).

High-Pressure Fourier Transform Infrared (FTIR) and
Raman Spectroscopy. FTIR spectra were measured in the
transmission mode on a Hyperion II FTIR microscope coupled to
an INVENIO spectrometer (Bruker Optik GmbH, Ettlingen,
Germany). The microscope was equipped with a liquid nitrogen-
cooled mercury—cadmium telluride (LN,-MCT) detector, and the
spectra were recorded in the mid-infrared region (4000—850 cm™')
with the spectral resolution of 4 em™ and 32 coadded scans per
spectrum. The absorption of the diamond anvils without any sample
was used as the reference spectrum, which was subtracted as
background from the spectrum of each sample. Measurements were
collected using the OPUS 8.8.4 software (Bruker Optik GmbH,
Ettlingen, Germany).

Raman spectra were measured on an alpha300R confocal Raman
microscope (CRM) (WITec Wissenschaftliche Instrumente and
Technologie GmbH, Ulm, Germany) equipped with an air-cooled
solid-state laser (4 = 532 nm) and a spectrometer diffraction grating
of 600 lines/mm (the 1.5-2 cm™" spectral resolution). Laser power
was optimized to minimize heat-induced effects and was ca. 15 mW at
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the sample. Data were recorded from 50 to 3750 cm™' with an
exposure time of 1 s and 120 accumulations.

For both high-p-FTIR and high-p-Raman measurements, a typical
Merrill-Bassett diamond anvil cell (DAC; High Pressure Diamond
Optics, Inc,, Tucson, AZ, USA), with type Ila diamonds (a cullet size
of 0.65 mm in diameter) embedded in stainless-steel anvil rings, was
used. The sample was placed in a 90-ym-diameter hole in a 0.25-mm-
thick BeCu gasket that was firmly seated on one of the diamond
anvils, No pressure-transmitting fluid was used as the studied
compound was liquid. Thus, the pressure was transferred from the
anvil piston to the sample using the studied substance as the medium
and a BeCu gasket. Ruby crystals were used to determine the value of
the pressure applied.

Molecular Dynamics (MD) Simulations. Molecular dynamics
simulations under various thermodynamic conditions were performed
using the GROMACS 2025.3 software package.”" """ The
simulation box contained 1000 molecules of 3P1 Pal. For each
condition, a 150 ns NPT equilibration run was conducted with a 1 fs
time step, using the V-rescale thermostat and C-rescale barostat to
maintain T and p, respectively. After equilibration, 40 ns NVT
production runs were carried out with a 0.5 fs time step. Structural
and orientational analyses were performed using the TRAVIS
program.”™" In particular, radial distribution functions (RDFs),
RDF-ADF correlation maps (distance—angle distributions), and
cluster size distributions were evaluated to characterize the spatial
organization and orientational preferences of molecular aggregates
under different thermodynamic conditions.
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Figure S2. ATR-FTIR (a.b) and Raman (c.d) spectra of 3P1 Palrecorded at room temperature in the
spectral ranges of (a.c) 3750-2400 cnrl, and (b.d) 1850-400 cmrl.

Asillustrated in Figure S1. FTIR and Raman spectra of 3P1 Pal show the infense bands in the
high-wavenumber range (3200-2850 c¢m!) assigned to the asymmetric and symmetric aromatic C-H
stretching vibrations of the phenyl ring (FTIR: 3106, 3086, 3063, and 3028 cm'; Raman: 3201, 3162,
3055 and 3001 cm?), and the CH, (methylene) stretching vibrations (FTIR: 2927, and 2892 cmr':
Raman: 2925, 2900. and 2867 cmr'). Moreover. the two peaks located at 2824 and 2723 cmr! (FTIR).
and 2830 and 2727 cm™ (Raman) correspond to the aldehydic C-H stretching vibrations. It can be noted
that these two bands arise from the coupling between the aldehyde C—H fundamental stretching
vibration (near 2790 cn!) and its first overtone bending vibration (near 2780 cm!), which appears at
1380 cmr!. As a result. two new modes of vibration. with frequencies higher and lower than those
observed when interaction is absent, are detected (Fermi resonance).!

In the low-wavenumber region. a peak assigned to the stretching vibration of the carbonyl
(C=0) group is detected (1720 cm?! (FTIR) and 1721 cm! (Raman)). Based on the literature, the ring
C=C stretching vibrations are observed at 1603 cm! (FTIR) and at 1604 and 1584 cmr! (Raman).>*
Moreover. the C—H bending vibrations of the propyl and aldehyde groups are visible in the 1500-1325
cmi™ range. The CH) scissoring and wagging vibrations occur at 1496 and 1453 cur! (FTIR). The peaks
located at 1408, 1388, and 1359 cm! are associated with the in-plane C-H rocking vibrations.* A signal

at 1203 cmr! observed in the Raman spectrum originates from the mixed C-H bending and aromatic in-
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plane C-H deformation vibrations.* The bands at 1083 and 1057 cm! (FTIR) are related to the C-C and
C-O stretching vibrations. The doublet of bands located at 1057 and 1030 cm! is due to mixed
vibrations, ie.. the CH» asymmetric deformation, CHa rocking, ring bending deformation (1057 cm™).
and CH; rocking. ring bending deformation, ring breathing (1030 cmr?). The ring breathing and ring
bending deformation are observed at 1002 cmr! (Raman). A medium intensity signal at914 cmr! (FTTR)
corresponds to the ring C-H wagging vibrations, whereas a peak at 854 cm! (FTIR) is due to the C-H
deformation vibrations of the formyl group. The bands at 744 crr! and 698 cor! (FTIR) and a peak at
620 cm! ( Raman) are assigned to ring bending deformations.>* A doublet occurring at 550 and 542
emr! (FTIR) is associated with the ring and C-C deformation. The peaks at 485 cuxr! (FTIR) and 482

car! (Raman) are attributed to C-C-O bending and ring deformation.
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Figure S3. Temperature-dependent FTIR spectra of 3P1 Pal measured under cooling at a rate of 4 C°
min? in two wavenumber regions of (upper) 3750-2400 cm! and (bottom) 1900-950 cm™.
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Figure S5. Two-dimensional RDF—CDF maps for 3P1 Pal under different thermodynamic conditions.
Each column corresponds to a distinct combination of temperature and pressure, illustrating the
structural changes upon cooling or compression. Rows represent various ftypes of dominant
intermolecular interactions: (a) n—n interactions between phenyl rings (first row). (b) CH2—O hydrogen
bonds involving the methylene donor and formyl oxygen acceptor (second row). and (¢) formyl-formyl
interactions (third row).

The RDF-CDF maps display the probability density as a function of the intermolecular distance (r) and
the cumulative distribution function (CDF) value. reflecting both spatial and orientational correlations
between interacting groups. The comparison across thermodynamic conditions highlights the evolution

of molecular organization and clustering motifs in 3P1 Pal
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Abstract

The interplay between molecular topology, rigidity, and cooperative relaxation remains central
to understanding glassy dynamics in complex liquids. Here, broadband dielectric spectroscopy
and differential scanning calorimetry were employed to investigate the relaxation behavior of
cyclic dimethylsila crown ethers (DMS11C4, DMS14C5, and DMS17C6) under ambient and
high-pressure conditions. The systems exhibit distinct & and S-relaxations, where the secondary
() process displays typical Johari—Goldstein features at ambient pressure and follows nearly
the same trend upon compression, showing only slight shift with respect to the structural
process within the studied range of thermodynamic conditions. The pressure coefficients of the
glass transition temperature (90120 K/GPa) and activation volumes (0.2-0.3 nm?®) reveal
moderate compressibility and enhanced structural rigidity arising from the cyclic molecular
framework. Notably, the smallest crown ether exhibits the lowest sensitivity of global
dynamics to applied pressure, which can be attributed to its increased rigidity arising from the
reduced ring size. Furthermore, calorimetric and dielectric analyses consistently yield
nanometric cooperative length scales (& = 1.9-2.7 nm), reflecting the spatial extent of
cooperative rearrangements in the supercooled state, which are in agreement with those
obtained from purely thermodynamic estimates. Additionally, a clear linear correlation
between activation volume and cooperative length is observed for the data obtained at ambient
pressure. Overall, the results demonstrate that molecular ring geometry and internal constraints
play a decisive role in governing dynamic heterogeneity and pressure sensitivity in van der
Waals glass formers. This work provides a molecular-level framework for tuning glassy
dynamics through targeted structural design.

Keywords: dimethylsila crowns, dielectric spectroscopy, high pressure, correlation length,
activation volume
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1. Introduction View Article Online

DOl 10,1

The glass transition remains one of the most intrigning phenomena in condensed matter
physics and materials science [1.2]. When a liquid is cooled below its melting point without
crystallizing, it enters the supercooled state, where its molecular dynamics changes
dramatically [3.4]. The most prominent feature of this regime is the steep slowdown of
structural relaxation, referred to as e-relaxation, which controls viscous flow. As the glass
transition temperature (7,) is approached. both the relaxation time (z,) and viscosity increase
by many orders of magnitude, exhibiting a pronounced non-Arrhenius behavior. i.e.. an
exponential temperature dependence [5.6].

Several theoretical frameworks have been proposed to interpret the vitrification
phenomenon. among which the Adam-Gibbs theory and the free volume model are the most
widely discussed. While the Adam—Gibbs theory links the significant slowdown in dynamics
fo a decrease in configurational entropy, which requires larger cooperative rearrangements. the
free volume concept describes the kinetic arrest as resulting from the shrinking space available
for collective molecular motion [7.8]. Importantly, in the literature, one can find numerous
experimental studies complemented by additional computer simulations that support these
coneepts [9.10].

The reliability and spatial implications of both the above-mentioned theories, especially
the latter (free volume concept), can be critically assessed through high-pressure (HP)
experiments, which provide an independent thermodynamic pathway to the glassy state.
Although cooling is the conventional route to inducing the glass transition. applying pressure
is a powertul and complementary method [11.12]. Compression reduces the free volume.
enhances packing efficiency. affects the potential well describing intermolecular interactions.
and finally slows down the dynamics in a manner reminiscent of cooling. Nevertheless. in
confrast to the temperature effect. which influences the kinetic energy of molecules and the
population of various conformations, pressure allows for probing different aspects of soft
matter properties and offers deeper msight into a better understanding of the factors governing

molecular dynamics in the vicinity of the 7.

Despite the different impacts of temperature and pressure on the properties of
molecules. the systematic dielectric studies have indicated that the shape of the structural (e)
process. that is responsible for the viscous flow. remains constant at various thermodynamic
conditions when t,=const. This intriguing finding, called the Temperature-Pressure

Superposition (TPS) rule, 1s satisfied in the majority of van der Waals and ionic liquids as well
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as polymers [13-16]. The exceptions to the TPS are hydrogen (H)-bonding systems and sGfiie ;o

other systems. where temperature and pressure have a strong impact on the population and
distribution of these specific intermolecular forces, and thus molecular dynamics [17-23].
Recently. the theory of isomorphs developed by the Dyre group has indicated that the TPS rule
is satisfied because, in fact, under various thermodynamic conditions, the internal structure of

the studied systems is not affected at isochronal conditions (so-called isomorph state) [24.25].

HP dielectric experiments also allow for assessing the molecular origin of relaxation
processes observed in the loss spectra recorded for various systems. To do so. one can
determine the activation volume (AF¥), which provides some msight into the volume required
for reorientational motion [26.27]. This knowledge. together with the activation energy (Eq)
and additional computations, may reveal the real molecular mechanism of dielectric processes
active in the experimental window above and below the T,. The second approach relies on the
application of the Coupling Model (CM). which enables us to discriminate between the natures
of secondary relaxation processes detected in the close vicinity and below the T,. This is a
crucial aspect for a better understanding of the vitrification phenomenon and the physical
stability of the glasses. In this context, it is worth emphasizing that some special local
movemnents known as Johari-Goldstein (JG) relaxations are precursors of collective structural

mobility and govern the dynamics below the 7.

In fact. in many cases, the CM predictions are used to verify whether a given secondary
mode is a JG relaxation (i.e., involves non-cooperative motions of the whole molecule) or a
non-JG process (originates from the reorientation of some polar fragments of the molecule)
under ambient conditions [23.28.29]. Nevertheless, the final conclusion and proof regarding
the nature of the secondary relaxation come from HP dielectric investigations. In fact, if there
is a superposition of the structural and the secondary process at various 7 and p conditions at
constant 7. we can be sure that the latter mode is a JG relaxation[30]. If this requirement is
not satisfied, then the detected process is a non-JG relaxation. In the literature, numerous
examples indicate that the predictions of the CM are positively evaluated at high pressure in
simple van der Waals, ionic, or H-bonding liquids, low- and high-molecular-weight systems.
single. and two-component mixtures, etc [31]. However, there are some reports demonstrating
that high compression negatively verifies the CM predictions made for the data collected at
p=0.1 MPa. For example, Molecular Dynamics (MD) simulations of elastomers showed that
while the TPS rule works for large-scale segmental motions (e-relaxations), it fails for smaller

reorientations (secondary relaxations) [21,32]. Modes that appear JG-like at ambient conditions
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are revealed under pressure to arise from purely intramolecular motions. as demgnstratetf 11
nuclear magnetic resonance (NMR) and broadband dielectric spectroscopy (BDS) in rigid
cyclohexane derivatives [33]. Sometimes they even show signatures of intramolecular motions.
such as aromatic ring flipping[34]. A similar breakdown is observed in aqueous glass formers,
where the o-relaxation can be matched at constant 7, by varying p and 7. but the secondary f-
relaxation, found to be a JG-mode that aligned with the CM predictions at ambient pressure.
breaks down at isochronal conditions [21,35]. Yet under pressure, the f-process often becomes
more clearly decoupled from the c-relaxation, unmasking its underlying character. To cite
some of the evidence found in the literature, one can recall the studies carried out in probucol
[19]. loratadine [21]. propylene glycol [36]. etc. Hence. based on the above, one can state that
compression provides an experimental filter that can disentangle cooperative dynamics from
localized molecular motions. Such observations underscore how pressure not only slows the
dynamics but also clarifies the fundamental distinction between local and collective relaxation
mechanisms.

As aforementioned in the previous section, one of the key parameters with a
fundamental basis that can be derermined from the high-pressure data is AF¥. According to
fransition state theory. it defines the difference between the volumes of the transition and
ground states [37]. In fact, this quantity allows one not only to get insight into the molecular
origin of the relaxation processes but also provides a direct measure of the impact of
densification on the dynamics of the observed relaxation process. The higher AF?, the more
significant the role of density in controlling the dynamics of structural/ segmental, or local
motions. Moreover, recent investigations have indicated that the activation volume provides a
direct link to the cooperative length scale (&) of the a-relaxation [38-40]. Systems with large
AT# exhibit broad cooperative regions spanning multiple nanometers. whereas those with AF#
comparable to the molecular volume behave more like independent entities [26,41]. Studies
across van der Waals liquids, rigid elongated molecules. and hydrogen-bonded systems have
confirmed a near-linear correlation between AF* and & at T,. establishing AT* as a practical

proxy for cooperative size[26.40].

In this work, we investigate the dielectric response of dimethylsila crowns (DMSCs) of
varying molecular size and molecular weight under both ambient and elevated pressures (up to
~-600 MPa). Dimethylsila crowns, the silicon-based analogs of crown ethers, are highly valued
in experimental chemistry due to their distinctive structural flexibility and ability fo act as

ionophores [42.43]. Consequently. they are valuable compounds for applications in ion
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sensing, separation science, and catalysis [44]. Moreover, they hold an advantage aygr the £i&{d:0 7

oxygen-based crowns as they are reported to have lower toxicity: specifically, when studied as
therapeutic agents, they exhibit no acute oral toxicity [45]. The incorporation of silicon further
allows for targeted chemical modification. facilitating the creation of hydrophobic derivatives
[46]. Ultimately. the functional efficacy of these macrocycles is governed by their molecular-
scale dynamics, including dipole reorientation and charge transport. Therefore, understanding
these dynamic processes is essential for leveraging their full potential in material design [47—
50]. By quantifying the pressure dependence of relaxation times and activation volumes, and
correlating these with cooperative length scales, we aim to eclucidate how molecular
architecture, particularly ring size and rigidity, governs glassy dynamics. The pressure response
of different systems was quantified as the activation volume; subsequently, the analysis was
extended to include its correlation with the number of cooperative molecules (M), as well as
the correlation volume. Finally, the article concludes by examining how the molecular rigidity

influences the behavior under high pressure and how the ring size affects this rigidity.

2. Materials and Methods

2.1. Materials

Dimethylsila-17-crown-6 (DMS17C6). dimethylsila-14-ctown-5 (DMS14C5), and
dimethylsila-11-crown-6 (DMS11C4) with a purity of ~90%, and with molecular weights (M)
0f 294.42 g/mol. 250.37 g/mol, and 206.31 g/mol, respectively, were supplied by Gelest, Inc.
Their chemical structures are shown in Figure 1. Prior to all measurements, the samples were

freeze-dried to remove any residual moisture and ensure sample purity.

Dimethylsua-11-crown-4 Dimethylsila-14-crown-5 Dimethylsila-17-crown-6

Figure 1. Chemical structure of the molecules.

2.2. Differential Scanning Calorimetry (DSC)
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Calorimetric measurements were performed using a Mettler-Toledo heag-flux, , DSIE5 s

equipped with a liquid nitrogen cooling accessory and an HSS8 ceramic sensor (120
thermocouples). The DSC was calibrated for temperature and enthalpy using certified indium
and zinc standards (Mettler Toledo). The calibration was carried out under the same conditions
as the sample measurements (same crucibles. purge gas and flow rate, and a heating/cooling
rate of 10 K/min). An empty-pan baseline was recorded for baseline correction. Temperature
calibration was based on the melting onset of indium and zinc. and enthalpy calibration was
performed by integrating the melting peaks. The accuracy of calibration was checked at the
beginning of each measurement series. The sample was placed in a 40 pL open aluminum
crucible and prepared outside the DSC chamber. After sealing. the crucible was inserted into
the measurement cell, and the sample was cooled to 130 K with a rate of 10 K/min. Subsequent
heating was performed up to 298 K at the same constant rate. All measurements were repeated

to ensure the reproducibility and accuracy of the obtained data.

2.3. Temperature-modulated differential scanning calorimetry (TMDSC)

Using the stochastic temperature-modulated difterential scanning calorimetry (TMDSC)
technique implemented by Mettler-Toledo TOPEM®. the dynamics of the dimethylsilacrowns
were examined across a frequency range of 4-30 mHz in a single measurement at a heating
rate of 0.5 K/min. The experiment employed a temperature pulse amplitude of 0.5 K. with
switching times ranging between 135 and 30 s. Structural relaxation times. 1, = 1/27f. were
calculated from the temperature dependence of the real part of the complex heat capacity.
C,/(T). measured at different frequencies within the glass transition region of the crowns. The
glass transition temperature (I;) was determined for each frequency as the temperature
corresponding to the half-step height of C,'(T).

2.4. Broadband Dielectric Spectroscopy (BDS)

Isobaric dielectric measurements were carried out upon cooling using a Novocontrol
spectrometer system comprising an Alpha Impedance Analyzer with an active sample cell and
Quatro Cryosystem, over a temperature range of 230-170 K and a frequency range of 10-1-10°
Hz. All samples were measured using a parallel-plate capacitor (15 mm diameter. 0.1 mm gap).
as described in Ref. [51].

The HP dielectric measurements were conducted using a high-pressure Unipress setup
(Warsaw, Poland). The sample was enclosed in a Teflon capsule containing a parallel-plate
capacitor assembly. Teflon O-rings were positioned at both ends of the capsule to secure the

thin Teflon spacers placed between the capacitor plates, ensuring proper alignment and
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electrical insulation. The entire assembly was then mounted inside the high-pressurg chanit
Compression measurements were performed under isothermal conditions at wvarious
temperatures (243 K. 233 K, and 223 K for each sample), with pressure increments indicated
for each isotherm in Fig. 5, ranging from 0.1 MPa to ~650 MPa. Additionally, one isobaric
measurement at 625 MPa was performed for the DMS14C35 sample. The complex dielectric
permittivity was measured within the same frequency range as in the case of ambient pressure

experiments.

3. Results and Discussion

3.1. Thermal analysis

As a fundamental analysis, we performed DSC measurements for the examined
compounds, and the obtained thermograms recorded during the first heating cycle, immediately
after cooling down to 130 K, are shown in the insets of each panel of Fig. 2 with the specified
sample name. From these data, it is evident that all systems exhibit only one heat flow step (as
indicated by the “endo™ arrow in the plot) corresponding to the glass transition at 7. As can be
seen. T, systematically increases with the size of the molecule (please see also Table 1). This
observation confirms the glass-forming nature of the samples, demonstrating their ability to be

supercooled without crystallization.

rticle Online
CPO02B7K

o =1t DMS11C4 o) =1 DMS14C5 o =1 DMS17C6
st 2% 9 & g T =198K '
. w1 T,-189K L “1E T=193K N 2{* o .
g 200 Temp (K] 250 g 200 Temp (K) 250 g w & s J
2w 21 = e —
3 3 H l
2 2 2 |
"g,nq "gm-'- & 1o ] Vo N
—— T=223K]| = —— T=227K]| .= = — a_‘am‘ - e
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Figure 2. The dielectric loss spectra of a) DMS11C4, b) DMS14C5, and ¢) DMS17C6 collected at
ambient pressure. The insets represent their respective DSC thermograms obtained during the first
heating run, with the endothermic step (glass transition event) indicated.

3.2. Dielectric data at ambient pressure

Fig. 2 (a—c) presents frequency-dependent dielectric loss of DMS11C4, DMS14C5, and
DMS17C6 over a range of temperatures (-230 K to 165 K) with a temperature step of 2 K,

upon cooling. Each dielectric spectrum reveals three distinct dynamic processes: (i) the a-
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relaxation (I>T,). corresponding to cooperative structural dynamics and refleqting ez "o

overall molecular mobility: (i) the S-relaxation. discernible even above T, and associated
with localized or intramolecular motions: and (iii) the DC conductivity contribution at low
frequencies (f). As the temperature decreases, all relaxation modes systematically shift
toward lower f. demonstrating the progressive slowing down of molecular dynamics upon

approaching the glass transition.

a DMSC b) DMSC at const T= 199K
——DMS11C4 at 191K ——DMs11C4
19 —— DMS14C5 at 195K —— DMS14C5
—— DMS17C6 at 199K [——DMS17C6
@ = 14
g @
8 @
- =}
2 o
8 =
@ o
3 8
- T
= E
041 04
E X Brmax
r T T T T r " T T r r r r T T T T r
102 107" 10 10" 10 10 10t 105 105 107 10 107" 10 10" 102 10 10f 10 10f
Freq.[Hz] Freq.[Hz]

Figure 3. (a) The comparison of the spectral shape of all examined systems at fy.=1 Hz, and (b) at
constant temperature of 199 K.

To gain deeper insight into the molecular dynamics of the studied systems, dielectric
loss specira of each sample having identical relaxation time, t (the same maximum peak
frequency, ~1 Hz) were superimposed: Fig. 3a. This approach enables a direct comparison of
the spectral shape as the system approaches the glass-transition region. The experimental
spectra were analyzed using the frequency-domain response corresponding to the Kohlrausch-

Williams-Watts (KWW) relaxation function:

d(t) = exp[ - (L)BRW] €))

rr{

where Sgwwis the stretched-exponential parameter describing the width of the a-dispersion
and the degree of dynamic heterogeneity (0 < Bgww < 1). Since the KWW function is
defined in the time domain. it was converted to the frequency domain through the one-sided

Laplace/Fourier transform of the corresponding response function.

e (w) = Aeg f . (420 giat g @)
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and the imaginary part, £ (w). was fitted to the experimental dielectric-loss SpgGHAsallitonorsr

transform was evaluated numerically. In this way, the KWW analysis was used to compare

directly the broadening of the structural-relaxation peak under isochronal conditions.

As shown in Fig. 3a. all three compounds exhibit very similar a-peak shapes. DMS17C6.
possessing the largest cyclic skeleton. comparatively exhibits the broadest a-relaxation peak (
Brww=0481+0.01) indicating slightly a higher degree of dynamic heterogeneity than
DMS14C5 (Bxww ~ 0.50 + 0.01) and DMSI11C4 (Sgww ~ 0.51 +0.01). Although the
DMS17C6 tend to exhibit a slight tendency to show a broader a-relaxation peak. considering

the fitting uncertainty the trend can be treated as modest.

Furthermore, the comparative spectra collected at a constant temperature of 199 K (Fig. 3b)
reveal a systematic shift of the e-relaxation maximum toward lower fwith increasing molecular
size. This behavior signifies slower molecular dynamics in the larger cyclic system. which is
consistent with the expected influence of chain length on the free volume and intermolecular

constraints.

To quantify the shift of the e-peak seen in Fig. 3b. BDS spectra collected for the three studied
compounds over a wide 7-range. both above and below the T,. were analyzed using the

Havriliak-Negami (HN) function, with an additional term describing the de-conductivity:

e(w)" :&4-13112?:1(500 L) v

+ B,
£ [1+(iTrr) =] "

where op, 1s a DC-conductivity, £q is a vacuum permittivity,  is an angular frequency (w
=2mf). Ae is a dielectric strength, ayy and Sy are shape parameters. while tyy is the HN
relaxation time. and /m denotes the imaginary part of the complex function. From the latter.
one can evaluate 7,4, (7, and 7g) using the formula given in Ref. [52]. This approach was also
useful to determine precisely both structural and secondary relaxation times close to the T,
where both peaks were close to each other. One has to note that the HN function was used here
as an empirical frequency-domain description of the same a-relaxation process over the full
temperature range, whereas the KWW analysis discussed above was applied specifically to
compare the peak broadening under isochronal conditions. We note that the HN shape
parameters and Sgww are known to be approximately related for the same relaxation process.

although HN is not the exact Fourier transform of the KWW function.
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The obtained 1,,. as well as 7. were plotted against the inverse of temperanig inFd:coszom
4a. Additionally, they were presented as a function of 7,/T in panel (b) of Fig. 4. The log 7,
vs. T /T plot provides information about the fragility of the sample: notably. the examined
compounds exhibit nearly identical fragility. as their a-relaxation times collapse into a single
curve irrespective of their ring size.
5 _|[pmsc Pl T,=185K (a)| [omsc o (b)
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Figure 4. (a) The temperature dependences of relaxation times (7, and 7g) for all the samples. with
dashed and solid lines representing VFT and Arrhenius fits, respectively. Colored stars represent
primitive relaxation times calculated using Eq. 7. (b) ¢- and f-relaxation times of the examined
compounds. plotted as a function of T,/T.

To determine the glass transition temperature (75). ., vs. 1/T dependences shown in Fig. 4(a)

were fitted using the Vogel-Fulcher-Tammann (VFT) equation[53]:

Tq = Tmexp(fi—::) 4
where 7., is the relaxation time at infinite temperatures, Ty is the temperature with 7,
approaching infinity, and Dy is the strength parameter. Estimated values of T,,. which is defined
as the temperature at which 7,=100 s, are presented in Table 1. The values are in good
agreement with the T, determined from DSC studies within the error estimated (=4-6 K).

The temperature dependences of Arelaxation times (15) were fitted by the Arrhenius

equation:

75 = tmexp(x) )
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where E, is the activation energy. and kg is the Boltzmann constant. The obtaingd £, 3¥8Ee:

very similar for the studied DMSCs (29-34 kJ/mol). Moreover, as can be seen in Fig. 4b, 5
relaxation times for different samples overlap. which means nearly the same position of this
process in dielectric spectra with respect to the a-process. This means that irrespective of the
sample, the molecular nature of the f-relaxation is the same. To determine the origin of the
secondary relaxation in a given compound. it is necessary to perform theoretical analyses
capable of predicting whether the secondary process has intermolecular (local whole-molecule
dynamics) or intramolecular (side-group motions) kharacter Therefore. we applied the
Coupling Model (CM). which is an important tool enabling distinguishing intermolecular JG
process from intramolecular non-JG relaxation [54.55]. Importanily. in the case of a JG
relaxation, its 7,5 should be approximately equal fo the primitive relaxation time (7,) of the

CM:

756(T.p) = 1o (T\p) (6)
7o can be obtained using the equation:

T = thrg " (7
In the CM framework, t, represents the transition time from the primitive relaxation to the fully
cooperative (o) relaxation. For small-molecular glass formers, this parameter is typically
constant and has a value of 1-2 ps[56]. n denotes the coupling parameter. which corresponds
to 1 — Brww where Sxwwwas taken from the KWW fit shown in Fig. 3a. Using Eq. 7. we
estimated 7, at five temperatures near Ty for each investigated sample. The corresponding 7,
values were taken from the VFT fits. and a fixed ¢, = 2 ps was used in the calculations. The
resulting primitive relaxation times are shown as colored stars in Fig. 4(a). Notably, for all
samples, the experimentally determined g values closely match the calculated 7o. indicating
that the observed f-relaxation is possibly of the JG type. It should be also noted that the ;.
estimated within the CM, shows a somewhat stronger temperature dependence than the
experimentally determined S-relaxation time. This difference is not unexpected. In the CM. the
JG process is identified mainly through the approximate relation Tz ~ 7o. whereas a strict
equality of activation energies is not required. Moreover, the temperature dependence of the
JG f-relaxation is known to change across the glass transition: while 75(T)is often close to
Arthenius below T'g. it becomes stronger and typically non-Arthenius above T4, where it is
more strongly coupled to the structural e-relaxation. Since 7yin the present work was calculated

from t,values determined near and above T 4. the somewhat higher apparent activation energy
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of 7ois consistent with this crossover and does not preclude assigning the observed, S-prdbEsss; oam

to the JG type[57-59].
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Figure 5. Dielectric loss spectra of the examined compounds measured at the indicated isothermal

conditions and pressure steps.
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Figure 6. Superimposed dielectric loss spectra of the examined systems measured at the indicated 7, p
conditions. The arrows represent the maximum of the f-relaxation peak obtained by the HN fit.

3.3. Dielectric data at high pressure

To further validate the predictions of the Coupling Model (CM), we conducted BDS

measurements under high-pressure conditions, reaching approximately 650 MPa with

increments as indicated in each isotherm, covering a frequency range nearly identical to that

during the ambient-pressure experiments. As discussed in the Introduction. HP dielectric

studies provide an effective means to test the applicability of the CM. The measurements were

performed at various combinations of T and p, and representative isothermal spectra for each

sample are presented in Fig. 5. As can be observed, the effect of increasing pressure is

analogous to the impact of lowering the temperature, namely, a systematic shift of all relaxation

processes toward lower fis observed. This trend reflects the enhanced molecular packing and

sample densification near the T
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To examine the influence of compression on the relaxation dynamics more directly #€ss Jam

5
compared the dielectric loss spectra obtained at isochronal conditions (i.e.. at identical t,,). It
is interesting to note that, while the shape parameters of the structural () relaxation remains
nearly unchanged under these conditions — indicating that the TTP rule is satisfied — the f-
relaxation exhibits a different behavior (Fig. 6)[21]. Specifically, the amplitude of the j-
process under high pressure is slightly enhanced and shifted towards higher frequencies
compared to that observed at ambient pressure. This phenomenon closely aligns with the
findings of Hellwig et al.. who showed that in cyclic thioethers. the S-relaxation becomes more
pronounced under compression, reflecting its sensitivity to pressure-driven conformational
adjustments within the heterocyclic ring structure[60]. Such findings suggest that secondary
relaxations in cyclic systems may respond differently to pressure than the cooperative a-
process. potentially due to local intramolecular motions being more directly affected by
changes in free volume and internal constraints. Motivated by these observations. we examined
whether the pressure-induced shift of the f-relaxation in cyclic dimethylsila crown ethers
signifies a breakdown of isochronal superposition. which, according to the CM, would imply
a non-JG character. To isolate the f-process and enable a more direct comparison, the a-
relaxation contribution was subtracted. and the resulting S-relaxation peaks were superimposed
(see Fig. S1 in the Supporting Information, SI). Although a perfect overlap is not achieved, the
observed shift under compression does not exceed one decade in frequency. This limited
deviation is still acceptable and enables us to conclude that it is consistent with CM predictions
for JG relaxations. Therefore, despite a modest pressure-induced enhancement and frequency
shift. the S-relaxation in these cyclic crown ethers retains its JG character. These results indicate
that compression slightly modifies the local dynamics associated with the f-process, without
inducing a qualitative change in its fundamental nature or its coupling to the structural

relaxation.
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Figure 7. The structural relaxation times (7,) plotted as a function of T and p for DMS14C5. The
colored area present Avramov 3D surface fit.
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Figure 8. The T, vs. p dependence for each investigated sample along with the obtained d7,/dp values.
Error bars represent the estimated experimental uncertainties.
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Figure 9. The activation volume plotted against 7,/T (a) and log;oT, (b) for all studied DMSC. Error
bars represent the estimated experimental uncertainties.

Table 1. M. T, (from DSC and BDS). and AV* (determined from the Avramov surface fits). the number
of correlated molecules calculated using the Donth (V.P) (Eq. 12) as well as the Berthier equation (V)
(Eq. 13). and the respective cooperative lengths (&) calculated from both modes using Eq. 14.

Mg/mol] T,PSC[K] TPPS[K] AV#[nm?) N2 (I, NE(T, lnm]  EE[nm])

Published on 19 May 2026. Downloaded by Uniwersytet Slaski on 5/19/2026 7:21:12 PM.

0.19+
DMSIIC4 20631 18941 g5y 225 as 2.58 1.88
0.02
o 031+
DMS14C5 25037 19351 g9y 194 85 261 1.99
0.02
‘ 0.28+
DMS17C6 29442 1981 g2y 0os 197 69 2.76 1.95

To gain deeper insight into the dynamics of structural relaxation in the examined cyclic

molecules, the dielectric data obtained under various thermodynamic conditions were analyzed

using the HN function (Eq. 3). The resulting a-relaxation times were plotted as a function of

both 7 and p in Fig. 7 (DMS14C5) and in Figs. S2 and S3 (DMS11C4, DMS17C6) in the SIL.

The temperature—pressure dependences of 7, were further described using the modified

Avramov equation (Eq. 8) which relates the structural relaxation time to thermodynamic

variables through an entropy-controlled framework[61].
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Ty = Tmexp[lll(rg/rm)(T]‘:.)%(lci;nln(l%))(1 +£),g o

where 7o is a T at extremely high T, 74=1(T4). T is a reference temperature (T, ~Ty). Cp, is
a specific heat capacity. C is an additional adjustable parameter, II is a constant with the

pressure dimension. and a, and 8 are exponential parameters, which are defined as follows:

26,

% = Zp - ©)
2a,V,,

g = 2elugy, (10)

where Z describes the degeneracy of the system. a, denotes a volume expansion coefficient at
p=0.1 MPa. and V,;, is a molar volume. This model assumes that molecular mobility decreases
exponentially with increasing density or decreasing temperature, providing a quantitative link

between relaxation dynamics and the thermodynamic state of the system.

Subsequently, using the following formula, which was derived from Eq. 8:

) =1y00(1 4 )mu(l = (n(2) -
inwhich I, 5. ag. and Cp, are the same parameters as those in Eq. 8. the values of T, at various
p were determined. Subsequently. we calculated the pressure coefficient of the glass transition
temperature (dT;/dp) in the limit of ambient pressure for each investigated compound. The
obtained values are presented in Fig. 8. Typically. dT 4 /dp reflects how the structural dynamics
is sensifive to the applied compression. ie. larger values indicate the stronger p-
dependence[62]. It can be seen that they are all close to 100 K/GPa, showing rather weak
sensitivity of the a-process to pressure. Very similar dT,/dp are especially in the case of
higher ring size molecules (107.3 and 116.9 K/GPa). It has been observed so far that the dT,/
dp values for typical van der Waals liquids is higher than 150 K/GPa. whereas associating
liquids, such as hydrogen-bonded systems, exhibit relatively weak sensitivity to pressure (less
than 100 K/GPa)[63]. This reduced pressure sensitivity of the a-process is attributed to the
higher structural rigidity and strong directional bonding characteristic of hydrogen-bonded
systems. Although the present materials are van der Waals liquids, their cyclic molecular

geometry imparts greater rigidity than that of typical van der Waals counterparts.
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Additionally. from the surface fits of the Avramov equation (Fig. 7 and Eigs,, S2.aid:; 20

S3 in the SI), the activation volume for the a-process (AF¥). which is another parameter
providing information on how sensitive to compression is the structural dynamics, was
determined for the examined systems. The calculated AF* values were subsequently plotted in
two representations: as a function of 7/T and versus log 7, in panels a and b of Fig. 9. It is
evident that, similar to dT4/dp. AF*also shows no tremendous variation with the ring size or
molecular volume. The values of AP# obtained from the Avramov fits were recalculated to nm?

and are listed in Table 1.

It is worth mentioning that several studies have established that cyclic glass-forming
molecules typically show higher AT* and greater dT,/dp compared to their linear analogues.
which is attributed to the restricted conformational freedom and enhanced packing efficiency
in cyclic systems, which amplify the response of the structural dynamics to pressure. Notably.
Hellwig et al. examined cyclic thioethers and reported significantly higher A7¥ and dT,/dp
relative to comparable linear analogues, highlighting that the closed-ring topology limits
molecular relaxation and increases cooperative volume (7,) during vitrification [60]. While the
small differences in AV* observed particularly for larger DMSC rings fall within the estimated
experimental uncertainty, only the smallest cyclic molecule exhibits a noticeably distinct
behaviour. This can be rationalized within the framework of Baeyer’s theory, suggesting that
the ring size influences molecular rigidity. Accordingly. larger rings exhibit slightly higher
AT#, whereas smaller rings appear more rigid and less prone to rearrangement under pressure.
Baeyer’s strain theory, first proposed in 1885, provides a foundational framework for
understanding the stability and reactivity of cyclic compounds by associating molecular strain
with deviations of bond angles from the ideal tetrahedral geometry of 109.5° [64]. According
to this theory, smaller rings are characterized by significant angle strain, which imparts higher
potential energy and reactivity compared to higher-membered rings. Recent mechano-chemical
and activation strain models extend Baeyer’s ideas to the behaviour of strained molecules under
pressure, relating AF* to molecular rigidity and deformation energy during bond activations
[65]. In this context, to an extent, we can explain the difference in the activation volume as an
indication of ring strain and structural rigidity respond to external compression in the smaller
and larger ring size of the examined systems. Specifically, rigid. highly strained systems
typically display smaller or even negative AF* values, reflecting reduced compressibility and

resistance to conformational distortion under pressure [66].
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With the activation volumes determined, we additionally examined their relafion f05 eSS Jime

number of cooperatively rearranging molecules near T,4. For this purpose. two theoretical

approaches were employed:

1) the Donth equation

1 1 - T2
Na (L_g!ass - C:quz‘d)ks Tg

M(8T)?

N2(T,) = (12)

where N, denotes Avogadro’s number. C.gmss and C;,iqum represent the heat capacities of the
glassy and liquid states at Tg4. respectively. and M is the molar mass. The parameter 6T
corresponds to the mean temperature fluctuation associated with the glass fransition
dynamics[67]. Results from the temperature-modulated DSC experiments are presented in Fig.
S4 in the SI. from which we calculated the values of Cﬂmss and C.gquid_ T4. and subsequently
the value of §T. The temperature interval AT was defined between the 16 % and 84 % of the
total heat capacity change between the glass and liquid phases. For heating experiments, 6T
was obtained by dividing AT by 2.5. The resulting N7 values evaluated at T, are listed in Table
1.

i1) the simplified Berthier equation [68.69]:

2 2
B :k_BI:ISKWW] [Cﬂﬂf.z] 2
Ne ac, L e dInT (13)

where AC,, is the heat capacity jump at T. and f3 gy is the stretched exponent from Eq. 1. and
e is Euler’s number. This is a simplified formula of the original equation proposed by Berthier

et al. in the framework of the 4-point correlation function approach. as mentioned in Ref. [70].

Further. the correlation lengths (&) obtained from both meodels. quantifying the
characteristic spatial scale over which molecular relaxations are cooperatively correlated, were

calculated from the determined NZ and NZvalues (considering the cooperative molecules as

spheres):
Y
r 3V cooperative | | 3
g = [Heompereme] (14)
whereas
MN¢
Vcao‘perative = N4 (15)
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where, p is the density.

The correlation length scale determined for our systems (F~1.9-2.0 mm and & ~ 2.6
2.8; see Table 1) is in agreement with previously reported literature data[40] as shown in Fig.
10. particularly for the values calculated via Berthier approach. This discrepancy between the
N calculated via both methods is theoretically anticipated. The Berthier formalism provides a
rigorous lower bound on the dynamic correlation volume by utilizing experimentally accessible
three-point susceptibilities, whereas the Donth model relies on heuristic thermodynamic
arguments to define the size of cooperatively rearranging regions (CRRs)[71]. Furthermore,
because the two methods depend on different experimental quantities and probes, such as the
specific heat capacity jump at 7, versus dielectric relaxation behavior. variations of up to a
factor of two are expected. Additionally. one can observe that the Berthier approach confirms
that the number of dynamically correlated molecules (N.) as well as the ¢ (see Fig. S5 in the
SI) increases as the material approaches the glass transition. This trend aligns perfectly with

theoretical expectations. which predict a growth in cooperativity upon cooling [72].

From Donth
o © DMS11cC4
© DMS14C5 A
© DMS17C6 24 2
From Berthier A 4
33| £ DMs11c4 Zi 26
& DMS14C5 o 19 20
£ & omsirce] e © & &, 10
£ J|—Linearfit is T 21
wr ‘12," 17 N
2+ m3 b 23
A g
£
Sl
slope: 0.303+0.02

AV# (nm?)

Figure 10. Correlation between the correlation length scale (Z) and the activation volume (AF¥) at T,.
The data reported by Hong er a/.[40] were digitized and reused from Blazytko ef a/.[26]. 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 deseribed in Ref. [40].
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Additionally. we examined the relationship between the cooperative length scale, Seaifdss i

the activation volume (AF¥), evaluated under identical isochronal conditions and referenced to
ambient pressure for all systems. As shown in Fig. 11. a clear linear dependence of &on A7 is
observed across the series. Notably. the smallest cyclic system, DMS11C4, displays a markedly
larger slope (= 8). whereas the two larger rings exhibit similar slopes of approximately 4. This
pronounced difference reflects the enhanced rigidity and stronger intramolecular constraints
imposed by the smaller cyclic framework, as mentioned earlier. In such a tightly constrained
ring, pressure-induced changes in activation volume translate more efficiently into variations
in cooperative length. highlighting the dominant role of molecular topology and internal

constraints in governing cooperative dynamics.

¢ DMS11C4 Qf;v
e DMS14C5
184 | o DMs17C6 e
1.6
€
c
1.4
*
1.2 p
* rF
1.0
0..‘
.
0.8

T T T T T T T T T T T T
0.0 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26 0.28 0.30 0.32
AV (nm’)

Figure 11. The correlation length scale (&) is plotted as a function of activation volume (ATF), calculated
at the same isochronal conditions for all the examined systems. The solid lines represent the linear fit
for each system, respectively.

Conclusions

This work presents a comprehensive investigation of relaxation dynamics and
molecular cooperativity in cyclic dimethylsila crowns under elevated pressure using
complementary dielectric and calorimetric techniques. Two distinct relaxation processes are
consistently observed: a structural e-relaxation associated with cooperative molecular
rearrangements and a secondary S-relaxation that exhibits the characteristics of a JG process,
as predicted by the CM at ambient pressure. It was essential to verify whether these JG
characteristics are preserved under compression, since the f-relaxation processes do not fully

superimpose under varying 7 and p conditions. Although a modest pressure-induced
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enhancement and a slight frequency shift are observed at isochronal conditions, thesg variatigis

remain within an acceptable range so they are consistent with the preservation of JG behavior.

Additionally, the pressure coefficients of the glass transition temperature and the
activation volumes reveal moderate compressibility typical of van der Waals glass formers,
while clearly reflecting the enhanced rigidity imposed by the cyclic molecular framework. In
particular, the smallest cyclic system exhibits the lowest pressure sensitivity of the a-process,
underscoring the role of ring size and internal constraints in governing the response of global
molecular dynamics to compression. Moreover, the cooperative length scales estimated from
calorimetric and dielectric analyses are consistent with literature values, yielding nanometric
correlation lengths on the order of 1.9-2.7 nm. Notably, the experimentally obtained & values
follow the same trend as those determined from purely thermodynamic calculations although
the latter (£ calculated using the Donth approach) yield higher estimates. A linear relationship

between the activation volume and cooperative length was also observed at ambient pressure.

Overall, these findings demonstrate that cyclic topology and internal molecular
constraints play a decisive role in shaping glassy dynamics, influencing relaxation patterns,
cooperativity, and pressure response in van der Waals liquids. The present results provide a
molecular-level framework for understanding and tuning glass-forming dynamics through

targeted control of ring geometry and molecular stiffness.
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Figure S1. Superimposed f-relaxation peaks (after subtracting the a-process) of the examined systems
measured at the indicated 7, p conditions.
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Figure S2. Structural (a)-relaxation times plotted as a function of 7"and p for DMS17C6. The blue area
represents surface fits to eq. 8.
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measurements of adhesion force within the pores by Atomic Force Microscopy, was found to be highly sensitive
to the pore roughness, leading to unexpected behavior of cyclic liquid. These observations correlate with the
permanent acceleration of structural relaxadon dynamies, suggesting nanoscale dewerting despite apparent
‘wetting at macroscopic scales. This discrepancy highlights the limitations of conventional contact angle mea-
surements and underscores the necessity of nanoscale probes to accurately characterize interfacial interactions.
The results also reveal the unique role of DMS17C6’s cyclic molecular topology in the behavior of this molecule
in nanospatial confinement. These findings provide new insights into nanoconfined liquid behavior, emphasizing
the need to account for nanoscale pore roughness in theoretical models.

1. Introduction

The nanoscale spatial restriction of soft materials has gained
considerable attention due to the potential application in many fields,
including electronics, [1] drug delivery, [2] and sensors. It is because
gradual miniaturization induces systematic change in the structural
organization, thermedynamic behavior, and dynamic properties of such
systems compared to their bulk counterparts. [3,4] So at the end, by
varying the scale, and type of spatial confinement, one can try to fine-
tune the property of interest for a given application. Usually, notable
alterations occur when soft matter is restricted below 100 nm, where,
apart from the finite size, the surface interactions become a significant
factor controlling the behavior of confined samples. [5,6] Herein, it
must be recalled that the spatial nanoscale restriction can be achieved
through many different methods. Aside from the investigations of the
features of nanoparticles, deposition of a material as a thin layer on a
hard substrate (1D) or infiltration of a fluidic system into mesoporous
membranes (2D), are the most widely explored and discussed in the
literature.

Analysis of the literature data yields a firm reliance of properties of
confined materials on the degree of confinement, including geometry,
surface roughness, interfacial energy, etc. Dielectric spectroscopic
studies on the thin polymer films have demonstrated that the nanoscale
confinement influences the segmental dynamics and the glass transition
temperature (Tg). [7] Depending on the experimental specifics (i.e.,
sample preparation, measurement method/time of experiment), Ty of
polymers under confinement will either increase, decrease, or remain
constant relative to the bulk. [8,9] For example, Ty decreased as film
thickness decreased in pelystyrene thin films. [10] This phenomenon
was attributed to the free surface’s growing effect, which increased the
polymer chain’s mobility. Also, the dynamics of the confined materials
are modulated by physical alterations of the interface, such as interac-
tion area, surface roughness, and nanopatterning. [11] Therefore, one
should emphasize the significance of the surface interactions when
discussing the confinement effect on Tg. By studying the distribution of
Tg across the multilayer of polystyrene, it was shown that attractive
interactions with the substrates or pore walls might cause a rise in T;
whereas, free surfaces often reduce the glass transition temperature due
to enhanced mobility. [12] Note that, particularly in vapor-deposited
systems, strong (interfacial) interactions might slow down the
segmental mobility by forming dense interfacial layers. On the contrary,
surface roughness in poly(4-chlorostyrene) films was found to diminish
packing density at weakly interacting interfaces, thereby speeding up
the a-relaxation (segmental) dynamics. [11] Additionally, research on
annealing sheds light on another captivating aspect: the density gradi-
ents formed near interfaces that, intriguingly, turned out to be meta-
stable and time/temperature dependent. Over time, the process of
equilibration redistributed free volume, recovering the bulk-like dy-
namics of the thin films.

Further investigations using mesoporous templates highlighted the
dual impact of the interfacial energy (ysL) and pore size (d) on the mo-
lecular mebility, demonstrating that in smaller pores, stronger Tg
reduction is noted. [13] Although there are cases where pore diameter
alone does not show any effect. [14] These data indicated that T shifts
in confined systems emerge from a delicate balance between the

interplay of confinement dimensions and surface effects quantified by
the interfacial energy, wettability, ability to form specific interactions,
ete. [15] Recent research has confirmed that ygy, significantly impacts
the structural and segmental dynamics of confined materials, including
their Tg. [16] Due to their well-defined geometry, tunable thickness, and
surface properties, thin polymer films have been widely used to study
interfacial effects. [17] At the same time, significant progress has been
made in the understanding of the behavior of polymers confined within
mesoporous membranes. For instance, Alexandris et al. found that
higher solid-liquid interfacial tension correlates with a pronounced Ty
reduction. [9] Similarly, studies on a series of poly(propylene glycols)
(PPG) derivatives showed that while yg remained consistent across
them, hydrogen bonding formation capability was the critical factor
governing the vitrification temperature of adsorbed layers. [15] The role
of surface interactions has also been explored through chemical modi-
fications, such as self-assembled monolayers, polymer brushes, and
substrate functionalization. [19] Remarkably, these studies highlight
that predicting the behavior of the confined material solely based on the
interfacial energy variations is not always reliable.

In this article, we investigated the behavior of a heterocyelic mole-
cule, dimethylsila-17-crown-6 (labeled as DMS17C6, the chemical
structure is shown in Fig. 1(a)), infiltrated within anodic aluminium
oxide (AAQ) membranes characterized by different pore geometries.
Herein, we employed two types of AAO templates, (i) standard mem-
branes with a constant pore diameter (both d = 10 nm and d = 40 nm,
labeled as const-AAQ) as well as (ii) those with a modified pore di-
ameters ranging from --18 nm to ~35 nm (modul-AAQ, see Figz. 1(b,c)).
The changes in dynamics of all examined systems were followed by
Differential Scanning Calorimetry (DSC), Broadband Dielectric Spec-
troscopy (BDS), which were supported further by contact angle mea-
surements for a better understanding of the observed phenomena.
Lastly, Atomic Force Microscopy (AFM) was used to analyze the surface
properties, specifically pore roughness and adhesion of the surface with
and without the presence of DMS17C6. Measurement of the adhesion
forces at the nanoscale helps to understand the interaction of DMS17C6
with the templates and provides an indirect insight into the eventual
change in the wettability with respect to the macroscopic measurements

carried out on flat surfaces.

2. Experimental section
2.1. Materials

Dimethylsilan-17-crown-6 (DMS17C6) with a purity of 95 % with a
molecular weight of 294.42 g/mol, was supplied by Gelest, Inc. As the
constraining medium, we utilized porous anedic aluminum oxide (AAQ)
membranes featuring uniaxial channels that are open on both ends.
These membranes had well-defined pore diameters, either constant
(const-AAO) or modulated (modul-AAQ). The const-AAO membranes,
obtained from InRedox Technelegies, contained uniform poreus chan-
nels with pere diameters of d = 10 nm and d = 40 nm.

2.2. Preparation of modul-AAO membranes

Modulated-pore AAO (modul-AAQ) membranes were fabricated via
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a two-step anodization process in 0.3 M H250s at 1 °C, yielding pores
with alternating diameters with mild anodization (MA) and hard
anodization (HA). Prior te anedization, a high-purity aluminum foil
(99.999 %, GoodFellow) was degreased in acetone and ethanol, fol-
lowed by electrochemical polishing in a chilled ethanol-perchloric acid
mixture (3:1 vol.) at 20 V and 0 °C for 2 min. The first anodization step
was carried out at 25 V and 1 °C for 12 h in a two-electrode cell. The
resulting disordered porous layer was then selectively removed by
etching in a 6 wt% HsPOs and 1.8 wt% H2CrO4 solution at 60 °C for 1 h.
For the second anodization step, a pulsed potential approach was
employed, consisting of 50 cycles alternating between a mild anodizing
phase (25 V for 3 min) and a high anodizing phase (35 V for 1 ). This
process produced modul-AAO membranes with periodically varying
pore diameters. The internal nanostructure of these membranes was
further characterized in Ref. [20], while field-emission scanning elec-
tron microscopy (FE-SEM) confirmed the cross-sectional morphology of
the modul-AAO membranes (see Fig. S1 in the Supporting Informa-
tion, SI). Additionally, we determined the pore-size distribution (PSD)
function calculated from desorption branch of nitrogen adsorption/
desorption isotherms measured at 77 K by using automatic BELSORP
MINI X sorption analyzer (Microtrac BEL Corp., Japan) for investigated
sample, see Fig. $2 in Sl file. The shape of isotherm (type IV according to
IUPAC classification) with well-defined H1 hysteresis loops is typical for
mesoporous solids with a sharp increase of adsorption at the point
corresponding to the capillary condensation in mesopores. The pore size
distribution (PSD) curve for modul-AAO was estimated from the
desorption  branch of nitrogen isotherm wusing the Bar-
rett-Joyner-Halenda (BJH) model with cylindrical pores. The PSD plot
for the investigated material shows relatively broad pore sizes distri-
bution suggesting that porous structure is not uniform; we observed two
population of pores diameters, which are ~18 nm and ~ 35 nm (see
Fig. §2(b)).

2.3. Scanning electron microscopy (SEM)

The cross-section of the AAO membranes was studied using a field-
emission scanning electron microscope (FE-SEM Hitachi 5-4700,
Tokyo, Japan). Prior to FE-SEM examination, the samples were broken
and pre-etched in 5 wt% H3POy4 at 25 °C for ca. 7 min and then attached
to the holder and sputter-coated using a thin conductive Au layer of ~12
nm of thickness using a vacuum sputter coater (Emitech K575X). The
imaging was performed at an accelerating voltage of 20 kV, emission
current of 9 pA, and a working distance of 12.6 mm.

Collected SEM micrographs (see Fig. S1 in SI file) that clearly illus-
trate the periodic modulation of pore diameters along the growth di-
rection, which directly results from the applied anodization protocol.
The left-hand image shows the AAO prior to etching in phosphoric acid,
while the right-hand image depicts the structure after etching. In the
latter, the highlighted frames indicate the transition from the HA layers
(with larger pore diameters) to the MA layers (with smaller pore

dimethylsila-17-crown-6
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diameters).
2.4. Samples’ preparation

The alumina templates were first dried at 373 K under vacuum to
eliminate any volatile impurities within the nanochannels. After cool-
ing, they were infiltrated with the target compound. Prior to infiltration,
DMS17C6 was freeze-dried in liquid nitrogen to remove any residual
water. The system was then maintained at 293 K under vacuum (10 2
bar) to facilitate capillary-driven infiltration of the liquid. The process
was deemed complete once the sample mass stabilized (no further
change over time). Finally, any excess liquid on the surface was carefully
removed using a paper towel.

2.5. Surface tension and contact angle measurements

The surface tension (yL) of DMS17C6 was determined using the
pendant drop method, while contact angles (8) were measured using a
Drop Shape Analysis 1005 Kruss Tensiometer (GmbH, Germany) with
Advanced software. Contact angle measurements were performed across
nine temperatures, beginning at T = 298 K and extending to subzero
temperatures. A humidity-controlled measurement chamber enabled
reliable measurements below 0 °C, circumventing limitations due to
water freezing. For statistical reliability, each contact angle measure-
ment on smooth solid surfaces was repeated at least twelve times. The
experimental uncertainties were as follows: temperature control (£0.1
K), contact angle precision (estimated uncertainty: +27), surface tension
uncertainty (0.1 mN/m). The general methodology has been previ-
ously deseribed in Ref. [21].

2.6. Differential scanning calorimetry (DSC)

Mettler-Toledo DSC apparatus equipped with a liquid nitrogen
cooling accessory and an HSS8 ceramic sensor (heat flux sensor with 120
thermocouples) was used to perform calorimetric isothermal measure-
ments. The sample was prepared in an open aluminum crucible (40 pL)
outside the DSC apparatus. Next, the crucible was sealed with aluminum
cover and placed inside the chamber, and then the investigated sample
was cooled down to 130 K. Further, it was measured on heating up to
298 K at a constant heating rate of 10 K/min. Measurements were
repeated to confirm the accuracy of the obtained values.

2.7. Broadband dielectric spectroscopy (BDS)

Broadband dielectric spectroscopy (BDS) measurements were per-
formed on cooling using a Novocontrol spectrometer system comprising
an Alpha Impedance Analyzer with an active sample cell and Quatre
Cryosystem, covering a temperature range of 230-170 K and frequency
range of 10 1_10° Hz. Bulk samples were measured in a parallel-plate
capacitor (15 mm diameter, 0.1 mm gap) as described in Ref. [22];

Fig. 1. (a) Schematic representation of the investigated substance, (b,c) The cross-section of commercially available (b) and self-made (c) alumina membranes of

applied AAO mesopores, respectively.
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while DMS17C6-filled AAO membranes were characterized in a similar
configuration (10 mm diameter, 0.05 mm thickness) following Refs. [23,
24]. Given the system’s heterogeneous nature, we modeled it consid-
ering the electric field parallel to the pore axes, representing it as two
parallel capacitors (€*compound and £*4s0) with total impedance
following 1/Z% = 1/Z*compound + 1/Z*aa0, where the AAO template’s
centribution iz marginal. All dielectric spectra were corrected according
to the method presented in Ref. [9].

Structural relaxation process measured for the bulk and confined
samples was described by the one-sided Fourier transform of the
Kohlrausch-Williams-Watts (KWW) function (the dotted lines in Fig. 4
(a)):

t Prww
Dit) = exp| — (r_) (1)

where fgww is the stretched exponent describing the width of
a-dispersion (D < [y < 1).

The relaxation times, T, were determined from the fitting of detected
loss peaks shown In Fig. 3 with the use of the Havriliak-Negami (HN)
function with an additional term describing the de-conductivity: [25].

£(w) =fﬂ+% @
£000  [1 + (foompy )™

where op¢ is a DC-conductivity, £ is a vacuum permittivity, @ is an
angular frequency (w = 2rf), Ae is a dielectric strength, oy and Pyy are
shape parameters, while Ty is the HN relaxation time. From the last
parameter, one can evaluate Tmax using the formula given in Ref. [26].
To determine the glass transition temperature [Tg)_. Tg(1/T) de-
pendences presented in Fig. 4(b) were fitted using the Vogel-Fulcher-

Tammann (VFT) equation: [27-29].

Tg = To€XP (TDTT; ) (3)
= 1o

where Ty, Is the relaxation time at finite temperature, Tp is the temper-
ature, with 1, approaching infinity, and Dy is the strength parameter.
Estimated values of Tg, which is defined as the temperature at which 7,
= 100 s, are presented in Table 1. The temperature dependences of
f-relaxation times (Tp) were fitted by the Arrhenius equation:

Ty = T eXp (kE—a) (4)
b

where Ej is the activation energy and ky is the Boltzmann constant.

2.8. Atomic force microscopy (AFM)

AFM measurements were done by a NanoWizard®3 BioScience
(Bruker) AFM at ambient conditions. Data was obtained using the ultra-
sharp 8i tips with a diamond-like spike (approximately 1 nm at the apex)

Table 1
Comparison of glass transition temperatures (Tg) determined by calorimetry and
dielectric spectroscopy for bulk and confined systems.

Sample DSC measurements BDS
measurements
Tg, core Tg, iatesfacial Tg [K], for
[¥] [K] 1, =100s
Bulk material 195 £ 1 - 193 +1
Sample within const-AAQ of d =
10 nm 191 £ 1 217 £1 186 £ 1

{const-AAD-10 nm)
Sample within const-AAQ of d =

40 nm 190 £+ 1 216 £1 188 £ 1
{const-AAD-40 nm)
Sample within modul-AAQ 189 £ 1 225 +£1 181 £1
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from Budget Sensors. The force constant of the tip was close to 5 N/m,
with a resonant frequency close to 150 kHz. To determine adhesion, we
obtained force-distance curves in the quantitative imaging mode; the
images were analyzed using statistical analysis using both the JPK
software and the Gwyddion package. Multiple images were recorded,
and the data were averaged over several measurements (5-10 typically).
The geometry of the experiment was that the membrane was broken in
half, exposing the pores. Next, the membrane was attached horizontally,
allowing for the AFM investigation from the top. Thus, we were able to
investigate the cross-section of both empty and filled porous mem-
branes. The experiment involved the analysis of four samples, the
membranes with 40 nm wide pores and 18-35 nm wide (modulated)
pores; both empty and filled.

3. Results and discussion
3.1. Thermal investigation

Fig. 2 (a) shows the calorimetric data of bulk DMS17C6 and confined
samples. The former material exhibits a single type of thermal effect,
attributed to the glass transition (Tg), with no sight of other transitions, i.
e., crystallization. At first sight, one can notice that, while it exhibits
only a solitary step of heat capacity related to its Ty at 198 K, all the
confined systems show two Tgs located below and above the glass
transition of the bulk DMS17C6. In the literature, this phenomenon is
called the Double Glass Transition (DGT) and has been reported for
many low- and high-molecular-weight soft materials infiltrated into
cylindrical nanochannels. It originates from the molecular motions of
interfacial and core molecules under confinement (so-called “core-shell”
model). [13,30] It is postulated that due to additional interactions with
the substrate, the interfacial layer shows an increased Tg compared to
the bulk, while the core molecules exhibit a reduced Tg. [31] However,
unexpectedly, a double glass transition is observed for each studied
herein confined sample. Briefly, one should remind that this phenome-
non has never been reported in systems infiltrated within membranes of
modulated pore size. [32,33] In the further part of this paper, we will try
to address this intriguing finding.

3.2. Contact angle measurements

Subsequently we performed temperature-dependent contact angle
measurements (Fig. 2(b)) since, as stated in the introduction section,
wettability or interfacial energy dictates, to some extent, the behavior of
the confined systems. It was found that the investigated crown wets
alumina surface very well (8 — 20% at T = 295 K, while upen temper-
ature drop, a notable increase in the contact angle up to 8 ~ 40%at T =
267 K is observed. It means that wettability gets worse with temperature
lowering, but 8 is still much below 900, indicating good wettability of
the examined compound even at very low temperatures. Hence, the
contact angle investigations revealed that, in contrast to PPG [32] and
phenyl alcohols [33] (both having predominantly linear chemical
structure), DMS17C6 does not wet the surface of AAO so well.

3.3. Molecular dynamics

Next, we performed dielectric measurements of all examined systems
over a broad temperature range (T = 230-170 K). Note that all samples
were measured upon cooling from room temperature. The representa-
tive dielectric loss spectra (€7) plotted as a function of frequency are
shown in Fig. 3. As one can observe, the spectra obtained for the sam-
ples, regardless of confinement, show three processes (appearing from
the lowest to highest frequencies), a DC conductivity (related to the ion
transport), a dominant structural () relaxation process (attributed to
the cooperative motions of molecules), and a secondary fi-process visible
in the vicinity of T;. As shown, all processes shift to lower frequencies
with a temperature drop.
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Fig. 3. The dielectric loss spectra of bulk DMS17C6 (a) and the sample confined in const-AAO-10 nm (b), const-AAO-40 nm (c), and modul-AAO templates (d).
Vertical solid lines indicate the position of primitive relaxation frequency (fo = 2x7o) calculated for each sample at one representative temperature close to Tg.

Fig. 4(a) presents a-loss peaks measured for the bulk and confined
DMS17C6 at a constant frequency of the dominant structural peak’s
maximum (fyae ~ 1 Hz). Note that the data were shifted and super-
imposed on the bulk signal. As seen, the width of the structural process
of all the confined systems is broader with respect to the bulk material,
which is quantified by the changing value of the stretched exponent
(Pxww) of the KWW function (eq. 1) from Pxww = 0.48-0.38. This
broadening of the a-peak can be explained by the increased

heterogeneity in the molecular mobility, usually observed in confine-
ment, most likely due to interactions with the host AAO substrate pore
walls. [34] Additionally, it is worth stressing that the shape of the
structural process varies from sample to sample, indicating different
interactions between crown and pore surface in constant and modulated
AAO.

One can also add that when we compared the loss spectra at the same
temperature (see the inset in Fig. 4(a)), it was found that the sample
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Fig. 4. (a) The dielectric loss spectra of DMS17C6 (both bulk and confined) recorded art the indicated temperatures (to superpose at the maximum of the structural
process). The KWW fits are shown by dotted lines. For comparison, in the inset in panel (a), the position of the dielectric loss spectra collected at a constant
temperature are also presented. (b) The temperature dependence of the relaxation times (7, and T} obtained for all examined samples. VFT and Arrhenius fits are
illustrated by solid and dashed lines respectively. Star points represent primitive relaxation times estimated from the CM formula (eq. 6).

within modul-AAQ shows more shift in comparison to the ones within
const-AAQ. This data presentation demonstrates a clear impact of the
pore size as well as the pore geometry on the structural relaxation of
DMS17C6 within AAO mesopores (see Fiz. 4(b)).

To gain further insight into this phenomenon, we analyzed the
temperature dependences of relaxation times. The dielectric loss spectra
were fitted using the Havriliak-Negami (HN) function combined with
the DC-conductivity term (eq. 2). Fig. 4(b) presents the resulting
relaxation times as a function of the inverse temperature. Interestingly,
a-relaxation times (T,) of all confined systems are clearly altered in the
whole range of temperature when compared to the T4(1/T) of the bulk
crown. As illustrated in Fig. 4(b), all samples maintain their relative shift
with respect to the bulk compound even above T, indicating long-
lasting confinement effects. It seems that the determined Ty(1/T)-de-
pendences of spatially restricted systems deviate from the bulk in the
following hierarchy (from the biggest to the smallest deviation),
DMS17C6 within modul-AAO > samples within const-AAO-10 nm > the
one incorporated into const-AAQ-40 nm. Especially exciting remains the
data collected for the material infiltrated within modul-AAQ, for which,
surprisingly, the most notable deviation in the dynamics is detected
when compared to the other systems. This fin
with previously published data. Just to mention that studies on PPG
confined in modul-AAO clearly revealed the bulk-like behavior when

ng is in clear contrast

compared to the samples within const-AAO templates. [32] A similar
trend was also reported for the phenyl derivatives of monohydroxy al-
cohols. [33] Nevertheless, herein, a strong deviation from the bulk
behavior for the system infiltrated within modul-AAO was observed.
Such acceleration in the structural dynamics in confined systems might
be related to the roughness-induced free volume distribution, where
geometric constraints create heterogeneous void distributions that
enhance the molecular mobility. Most likely, this effect is even amplified
in the examined DMS17C6 due to its flexible cyclic carbon-oxygen
backbone, which exploits these free volume hotspots for rapid reor-
ientation, a behavior absents in linear systems like, i.e., PPG and PhA.
[32,33] Values of Tg determined using the VFT equation (eq. 3) are
listed in Table 1. Good agreement is observed between the dielectric Ty
(at which Tq = 100 s) and calorimetric values of Tg core.

3.4. The origin of the fi-relaxation

After analyzing the temperature-dependent evolution of structural

(o) relaxation times across all samples, we now focus on the character-
isties of the secondary () relaxation proecess. Fiz. 4(a) clearly reveals
that, even though the a-relaxation peak position shows significant
confinement-induced shifts, the f-relaxation remains completely unaf-
fected. Typically, p-processes are sensitive to nanoconfinement, often
showing complete suppression due to the restricted molecular mobility
or frequency shifts (in the case of p-modes of Johari-Goldstein (JG)
type). [35,36] For example, dielectric studies of one-dimensional PMMA
nanofibers (35-65 nm) in AAO templates revealed a notable slowdown
of the f-relaxation, with its peak shifting to the lower frequencies with
respect to the bulk PMMA. This retardation is attributed to the interfa-
cial constraints that impede cooperative molecular motions. The
Arrhenius behavior of this relaxation, along with its correlation to the
boson peak in Raman spectra, confirms its identity as a collective -JG
relaxation. [37] Similarly, in ibuprofen confined within silica nanopores
(2.5—4 nm), dielectric spectroscopy experiments indicated a two-order-
of-magnitude increase in fi-relaxation times. This slowdown, charac-
teristic of the JG process, results from its sensitivity to density and
coupling to a-relaxation. [32] The unaffected persistence of f-relaxation
in our systems suggests that localized motions remain fully active even
when the large-scale cooperative dynamics are strongly perturbed. To
elucidate the molecular dynamics and origin of the f-relaxation process,
we analyzed the temperature dependence of p-relaxation times by fitting
them to the Arrhenius equation (eq. 4), from which we determined the
activation energy (Ea). Interestingly, we found that it shows almost
similar values (E; — 30 kJ/mol) for all the systems irrespective of the
applied confinement.

Thus, the Coupling Model (CM) [39,40] was applied to identify the
B-relaxation origin in bulk DMS17C6, distinguishing intermolecular JG
motions (whole-molecule dynamics) from intramolecular non-JG pro-
cesses (side-group motions). Importantly, in the case of a JG relaxation,
its Tyg should be approximately equal to the primitive relaxation time
(Tg) of the CM:

Tig=Tp (5)
Tp can be obtained using the equation:
Tg = ifr;'" (6)

In the above CM formula, te is a transition time from the primitive to
the fully cooperative, i.e., @-relaxation (it is a constant equal to 1-2 ps
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for small molecular glass-formers), [41,42] while n is the coupling
parameter, which is identical to (1- Prww). We applied eq. © to calculate
Tp at four temperatures close to Tg for each examined sample (bulk and
confined). Note that respective T, were taken from the VFT fits. More-
over, we took t; = 2 ps for the calculations. The determined primitive
relaxation times are presented as colored stars in panel b of Fiz. 4.
Interestingly, in the case of the bulk sample, experimental T are very
close to the calculated tp. Hence, it seems that the observed p-processis a
JG-type. In turn, unexpectedly, values of To obtained for all confined
systems differ from the experimental 1; (they are much shorter than Tp).
This is also clearly visible when we compare the location of respective
primitive relaxation frequencies, fop = 1/(2n7p) calculated for each
sample at one representative T ( ~Tg), see Fig. 3. The good correspon-
dence between the maximum frequeney (fmaep) and fp can be seen only
for the bulk sample (Figz. 3(a)). For all spatially restricted DMS17C6, fg is
localized at clearly higher frequencies with respect to fmaxp (Figs. 3(b-
d)). Hence, the question arises: Does the relationship between structural
and JG secondary processes found for the majority of bulk systems,
irrespective of their character, at varying thermodynamic conditions,
hold under confinement? Or maybe, there is only a coincidence of
Tp computed from the CM and 13? Consequently, the observed secondary
relaxation process is not a JG type. To answer these questions, further
high-pressure studies on DMS17C6 are required. Nevertheless, at the
moment, the second scenario is more probable when we take into the
account the temperature evolution of the fi-relaxation times determined
for the bulk and confined samples. It seems to be quite meaningful that,
irrespective of the degree of nanospatial restriction, Ty are the same ata
given temperature. That means that the probable variation in density,
free volume, and interactions across the confined sample does not
change the dynamics of this process at all. Therefore, it can be treated as
a local relaxation mode related to some librational motions of the di-

poles within the cyclic ring. Based on this argument, one can hypothe-
size (worth studying in the future) that aside from the high-pressure
investigations, the behavior of the secondary mode in confined samples
might be another experimental tool to prebe the molecular nature of
these relaxation processes.

3.5. The annealing of confined systems

Aside from the temperature-dependent measurements, time-
dependent experiments for DMS17C6 confined in constant and modu-
lated AAO pores were done. The main motivation behind these studies
was to examine whether confinement-induced alterations in the struc-
tural dynamics can be erased due to annealing. These investigations

were carried out at temperatures located between high and low Tg (Tg,

DMS17C6 within const-AAO-40nm
annealing at 195K
& bulk
confined before annealing
— = confined after annealing

(@)
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interfacial and Tgcore) detected in the thermograms presented in Fig. 2.
Note that all mesoporous materials filled with the crown were quenched
deep below their Tgs, and then heated to the chosen annealing tem-
perature (Tapneq). Previous studies have demonstrated that extended
annealing of nanoconfined glass-formers results in progressive recovery
of bulk-like dynamical properties, most notably through retardation of
both structural or segmental mobility. [43,44] This effect is attributed to
the variations in the interfacial packing density, which influences the
mass exchange between interfacial and core dynamics. What is more,
time-dependent changes in molecular dynamics have also been dis-
cussed within the framework of adsorption—desorption processes that
reduce free volume at the interface, enabling to the restoration of the
bulk-like properties/dynamics. [35]

Isothermal time-dependent measurements revealed that only the
sample within const-AAO-40 nm seems to recover the bulk-like dy-
namics (see Fig. 5(a)). On the other hand, DCM17C6 within both const-
AAO0-10 nm and modul-AAO reaches equilibrium after annealing with a
significantly smaller (or even negligible) shift in the dynamics (see
Fig. 82 in the SI). The change in the relaxation time (after annealing at
Tanneal = 195 K) plotted against the inverse of temperature is highlighted
in Fig. 5(b). This annealing response of DMS17Cé directly correlates
with its unique dynamical behavior. In constant pores, crowns gradually
recover toward bulk-like behavior (const-AAO-40 nm > const-AAQ-10
nm), whereas samples infiltrated into modulated pores exhibit unex-
pected spectral stability (with negligible shift). So again, we found very
unusual and unexpected behavior of DMS17C6 infiltrated into modu-
lated pores.

Summarizing this part of the paper, one can state that the cyclic
crown studied herein behaves completely differently from the linear
PPG and phenyl alcohols when infiltrated into modulated AAQ pores
characterized by higher roughness. Just to list the most important
observation: (1) two glass transition temperatures detected in the calo-
rimetric data, (ii) strong deviation of the structural dynamics from the
bulk sample, (iii) confinement-induced changes, which seem to be per-
manent and cannot be erased by the annealing experiments. Hence, to
understand these experimental observations and find the origin of such
atypical dynamics of DMS17C6 infiltrated in modulated pores, we
employed a surface-sensitive technique - the AFM. Unfortunately, the
insight into the const-AAQ-10 nm porous cross-section was not feasible
at this point, but we carried out experiments for const-AAO-40 nm and
modul-AAOQ systems.

3.6. AFM analysis

Typical results from the AFM investigation of the samples are
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Fig. 5. (a) Time evolution of the loss spectra obtained during annealing of DMS17C6 infilorated into const-AAO pores of d = 40 nm at indicated temperatures. (b)
T4(1/T) for the investigated samples. Stars are referred to the structural relaxation times after sample annealing at Toppeq = 195 K
7
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illustrated in Fig. 6. The presented images are | pm x 1 pm in size and
show a pseudo 3D (2D image with the third dimension represented by
the color change). The topography for both samples reveals perpendic-
ular rows of the porous structure (see Figs. 6(a,e)). Thus, the pores are
shown as long, darker depressions in the image. At the same time, the
images from the adhesion force map (shown in Figs. 6(b,d)) indicate
that the adhesion is the highest exactly at the pore’s location, confirming
the presence of DMS17C6 inside the pores. We have performed a sta-
tistical analysis including a number of images (5-10) and presented the
result in the form of a histogram (see Fig. S5 in the 5I). Thanks to them,
we can distinguish 4 separate components, which correspond to
different materials investigated by the AFM tip. The lowest component,
with adhesion of around 9 nN, corresponds to the adhesion between the
material of the tip (diamond-like spike) and the part of the bulk of the
membrane. The highest value component, on the other hand, corre-
sponds to the DMS17C6 inside the pore. The other components (the two
middle ones) are related to the loose Aly03 material and DMS17C6, not
inside the pores. We believe that this is due to the rather violent process
of breaking the membrane; the tension at the break site can move ma-
terial away from the pore on a nanometer scale. In addition, comparing
the roughness (the root mean square (RMS) parameter, measured on 1
pm > 1 pm images) of the empty and filled membranes, one can notice
that the roughness of empty samples (27.7 nm) is almost three times
bigger than that of a full sample (10.43 nm). This is because the material
inside the pore stabilizes the pore, and breaking the membrane is much
cleaner and produces a much smoother surface. Further analysis, espe-
cially between the const-AAO-40 nm and modul-AAO membranes,
revealed notable deviations in the adhesion of the AFM tip to the
DMS17C6. To avoid membrane—membrane differences, we have decided
to present the data for the adhesion for each sample as a difference
between the highest and lowest adhesion component. Thus, we found a
relatively large difference between the const-AAO0-40 nm and modul-
AAO samples. In the first case, the average adhesion to the DMS17C6
was 38.45 nN, while in the second, we obtained a value of only 17.60 nN
(see Fig. 6). This shows a significant variation in the close-range inter-
action for the same material (DMS17C6) inside the pores having much
different geometry and roughness.

The difference in adhesion force (the force required to separate/pull
off the AFM tip from the liquid examined) can originate from different
factors, such as differences in (i) roughness-induced molecular packing
and conformation at the substrate surface, (ii) the curvature of the
interactive surface, etc. Since the straightforward and widely discussed
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relationship is that the surface tension (y) of a liquid decreases with an
increase in nano curvature, attributed to the low adhesion force, one
may hypothesize that here the variation in adhesion force could be due
to the difference in yp, of the liquid, induced by the difference in the
interface. [45] But here one has to remember that the effect is pro-
nounced either when we have nano curvature around Tolman length §
- 0.3 nm or when it changes over a wide range of pore diameter, for
example, 10 nm~150 nm. [46] Here, the examined systems differ only by
~10 nm, even though the adhesion force varies by twice. Hence, by
ruling out the role of nano curvature, we emphasize the role of the
roughness of the interface on the low adhesion force. From the previ-
ously published data, [32] one can recall that the roughness value of the
surface of the modulated pore walls (~1.7-6.2 nm) is significantly
higher than that of constant pore walls (- 2.5 nm, see Table 2). Although
there is no evident and direct correlation between roughness and the
surface tension, we know that it depends on many factors, like hydro-
phobicity, chemistry of the substrate and substance, their specific in-
teractions, etc. [47]

This difference in adhesion force can be rationalized by two factors:
(1) the increased pore wall roughness of modul-AAO, which might in-
crease the contact angle of the confined DMS17C6, and (ii) the
roughness-induced dewetting likely reduces the effective contact area
between the AFM tip and the liquid. Together, these effects suggest that
DMS17C6 within modul-AAQ might adopt a Cassie-Baxter or even a
metastable Cassie-Baxter wetting state, whereas in const-AA0-40 nm the
liquid more uniformly wets the surface, favoring a lower-energy Wenzel
state. In the Cassie-Baxter state, a key determinant of wettability is
where the liquid rests on a composite interface of solid asperities and
trapped air, amplifying the apparent contact angle and thereby reducing
the effective contact area, [48] or in a particularly relevant case for
dynamic systems, a metastable Cassie-Baxter state. This metastable state
is a kinetically trapped configuration, where the droplet remains

Table 2
The line RMS (the roughness measured along with pores) for the different AAQ
membranes.

Sample Pore size (nm) [32] Line RMS (nm) [32]
Modul-AAQ Smaller pore diameters 1.7

Larger pore diameters 6.2
Const-AAD-40 nm 40+ 2 2.5

(e)

Adhesion of the DMS17C6 (nN)

40
35
30
25

3anN 20

40nm modulated

Fig. 6. (a,c) AFM topographic images and (b,d) adhesion force maps of a cross-sectioned const-AAO-40 nm membrane with DMS17C6-filled pores. Note the inverse
contrast berween images, where nanochannels (dark in topography) exhibit enhanced adhesion (bright in force maps). (e) The comparison of the adhesions

determined for DMS17C6 within two systems: const-AAO-40nm and modul-AAO.
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suspended over the micro/nano-structures, by partially filling the air
pockets, stabilized by an energy barrier, despite the existence of a lower-
energy fully wetting Wenzel state. [49] This postulate can account for
the low adhesion force observed from AFM, since the Cassie-Baxter state
induced by nano-patterning is reported to have low adhesion force, due
to the minimal solid-liquid contact area, and the compliance of the
underlying air pockets results in low contact line pinning. This enables
facile meniscus retreat with minimal force, in contrast to the Wenzel
state, where the extensive solid-liquid adhesion necessitates a higher
pull-off force to separate the tip from the uniform liquid film than that
on the flat surface, where the liquid is in the Wenzel state. [50] Hence, to
some extent, we can utilize the Wenzel and Cassie-Baxter models to
deseribe how the roughness impacts wettability and the difference in
adhesion force observed in AFM (the schematic representation is shown
in Fig. 7). Moreover, even if the liquid is the same, the effective contact
between the AFM tip and the liquid might be diminished on a rough
substrate due to the presence of asperities (projections) and valleys on a
rough surface, which reduces the area where the tip can make direct
contact. [51] The observed reduction in adhesion forces might also
stems from decreased tip-surface contact area, which weakens interfa-
cial interactions. These effects are particularly enhanced in cases of
limited liquid wetting on the surface with a moderately high contact
angle. [52] Henee, we hypothesize that the low adhesion (pull-off force)
observed from AFM measurements for the modulated system may arise
from the specific interactions of the examined DMS17C6é on a rough
substrate, where the liquid does not form a continuous film; instead, it
might dewet or form islands, reducing the contact area with the AFM tip.
Hence, it means that the picture of continuous layer formation of the
bulk erown deposited on the flat alumina surface (low contact angle at
room temperature 8 - 200) does not hold in the pores. It seems that due
to roughness variation, the confined DMS517C6 does not wet the pore
surface well anymore. What is more, this effect is especially dominant in
the case of modulated AAO pores. Therefore, AFM experiments carried
out along the cross-section of the pores are se crucial because they
provide a unique opportunity to get a real, although indirect insight into
wettability (inferred from the measurements of the adhesion force) of
the examined compound in pores, which, as shown herein, can be much
different than that deduced from the macroscopic measurements.
Thus, it is crucial to have a deeper insight into the pore cross-section,
which remains largely unexplored issue for uncovering the localized
interfacial interactions within nanoscale pores, where capillary trapping
and reduced tip-surface contact significantly alter adhesion behavior.
Such phenomena are invisible to maeroseopic probes, underscoring the
need for nanoscale investigations to fully understand the complex
interplay between confinement, surface morphology, and liquid dy-
namies in porous systems. Additionally, the findings point toward po-
tential future applications Specifically,
engineering channels with nanoscale roughness could be a viable
strategy to significantly enhance liguid transport efficiency by reducing

in  nanofluidic design.

(a) Wenzel state

* The liquid wets the

{b)Metastable Cassie-Baxter state

* The liquid partially .
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interfacial friction due to poor wetting, as reported by Wagemann et al.,
The authors showed that intentionally engineering misalignments be-
tween graphene layers (similar to inducing roughness) in nanofluidic
channels presents a powerful method to enhance water transport effi-
ciency by orders of magnitude through a fundamental reduction of
interfacial friction. [53]

Hence, taking into account the results of AFM investigations, it can
be argued that the unique dynamical behavier of DMS17C6 in modu-
lated pores is due to poor wetting of the much rougher AAO modulated
surface. As a consequence of that, inside pores, cyelic crowns form some
islands, filling asperities or valleys that act as molecular traps. This
would explain the presence of Tg interfacial in the collected thermograms,
which most likely is related to the vitrification of interfacially entrapped
molecules. What is more, the weaker wettability and molecule entrap-
ment hints might also explain the lack of any shift of the a-process with
time for the sample infiltrated into modulated AAO. Since there are
fewer molecules entrapped at the interface, there is no or very negligible
mass exchange between interfacial and core molecules. Thus, confined
effects observed for DMS17C6 infiltrated into modulated AAO seem to
be permanent and cannot be erased during isothermal time-dependent
measurements. To support our argumentation, one can also refer to
Ref. [11], where the authors showed that the higher roughness of the
substrate accelerates segmental dynamics of spin-coated poly{4-chlor-
ostyrene). They claim that strong alteration of the surface creates free
wvolume at the interface, leading to a decrease in density packing in the
vicinity of the substrate. Consequently, segmental dynamics speed up.
This is exactly what we observed in our dielectric investigations, sup-
ported by AFM imaging performed on the low molecular weight cyclic
molecule infiltrated into modul AAO pores. Herein, one can also
comment that DMS17C6, which is a molecule of cyclic topology, be-
haves completely differently in modulated pores (characterized by the
larger roughness) with respect to the linear PPG. In this case, a bulk-like
dynamics was observed for the samples infiltrated into rougher pores. It
is probably because on the rougher surface, PPG does not adsorb
strongly and the number of contact is smaller with respect to the flatter
surface. As a consequence of that, the segmental dynamies of this
polymer is barely affected in pores characterized by a rougher surface.
Moreover, PPG cannot penetrate the volds or surface imperfections due
to its large size. That is why it reveals bulk-like dynamics. On the other
hand, the cyclic molecule lacks chain ends that may reduce the tendency
of the molecules to adsorb on the rougher surface. As a result of that,
some dewetting can occur more readily compared to the linear poly-
mers, where chain ends or conformational entropy considerations might
promote local pinning. Moreover, DMS17C6 molecules are small enough
to get entrapped into the asperities or imperfections on the rougher
surfaces, which act like molecular traps. What is more, the hint about
molecule entrapments it is a probable explanation why we observe two
glass transition temperatures and no recovery of the bulk-like dynamics
of DMS17C6 infiltrated into modulated pores upon annealing

(c) cassie-Baxter state

The liquid sits over

surface fills the asperities the asperities
« low@° * High @° *  Very High 8°
* High Adhesion force * Low Adhesion force * Low Adhesion force

-

Air pockets

Fig. 7. Schematic representation of (a) Wenzel state, (b) Metastable Cassie-Baxter state, and (c) Cassie-Baxter state.
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experiments (no mass interfacial and core

malecules).

exchange between

4. Conclusions

Recent studies have made attempts to quantify the confinement ef-
fect by linking it with the interfacial energy and wettability, [7,9]
typically measured on flat, polished surfaces. Therefore, herein, we
investigated the 2D mesoporous confinement effects on van der Waals
cyclic compound DMS17C6 within two types of AAO mesoporous
membranes, characterized by both constant (const-AAO) and modulated
(modul-AAQ) pore diameters, using BDS, DSC, and AFM techniques.
Remarkably, we observed the occurrence of two distinct Tgs (Tg, core =
191 £ 1K, 190+ 1 K,and 189 £ 1 K; Tg, interfacial = 217 £ 1 K, 218 = ]
K, and 223 + 1 K respectively for the samples confined within the const-
AAO-10 nm, const-AAO-40 nm, and modul-AAQ respectively) in all
systems studied under confinement, which challenges the prevailing
assumption that surface roughness suppresses interfacial effects in such
systems. [32,33] To explore this finding in more detail, we conducted
contact angle measurements. They revealed that DMS17C6 exhibits
good wettability on the AAO substrate at room temperature, which
decreases upon cooling, explaining the formation of some interfacial
layer and the presence of a double glass transition phenomenon. Addi-
tionally, dielectric analysis showed that modul-AAO causes broadening
of the w-relaxation peak and speeds up the structural relaxation dy-
namics compared to the bulk and sample infiltrated into const-AAO
pores. Importantly, this effect persists even after annealing, indicating
its permanent and irreversible character. Furthermore, AFM adhesion
force mapping at the AAO interface demonstrated approximately 20 nN
pores
compared to the sample infiltrated into const-AAO-40 nm nanochannels.
This suggests a specific interaction between the cyelic molecular strue-
ture of DMS17C6 and the rough substrate morphology, where the liquid
may dewet or form discontinuous islands instead of a uniform film,
creating geometrical frustrations that more likely support the irrevers-
ible and faster dynamics observed via dielectric spectroscopy. Hence,
the nanoscale investigation using AFM explains the hidden interfacial

lower adhesion foree with the substance within modulated

mechanism, which is in discrepancy with the good wettability observed
via macroscopic contact angle measurements. Subsequently, we propose
using AFM as a promising methodology over macroscopic techniques to
tackle the issue of the effect of wetting (probed indirectly by the mea-
surements of adhesion force) on the behavior of confined liquids,
especially when they are in contact with strongly curved and rough
surfaces. The findings reported herein provide fundamental insights into
confinement effects, challenging established assumptions about the role
of wettability and interfacial energy determined from macroscopic in-
vestigations on the flat, well-polished surfaces. However, future studies
should investigate similar systems and extend the research to ionic lig-
uids or polymers to further validate the proposed dewetting hypothesis.
We believe this will provide valuable guidance for the design of nano-

materials, particularly in contexts where interfacial control is critical. In
particular, the irreversible molecular trapping induced by nanoscale
roughness offers tangible application potential. Such behavior could be
leveraged for passive nanofluidic gating, [54] molecular retention sys-
tems, and anti-fouling surfaces that sequester contaminants in non-
critical regions. Exploring these possibilities will be an important di-
rection for future work.
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Figure S1. FE-SEM micrographs collected for the cross sections of applied (a) const-AAO and
(b) modul-AAO membranes.[1]

Figure 1(c) shows the AAO prior to etching in phosphoric acid, and Figure 1(d) depicts the
structure after etching. In the latter, the highlighted frames indicate the transition from the HA
layers (with larger pore diameters) to the MA layers (with smaller pore diameters).

N: adsorption/desorption isotherms.

The porosity as well as pore diameter of modul-AAO templates have been determined on the
low temperature nitrogen adsorption/desorption isotherms measured at 77K by using automatic
BELSORP MINI X sorption analyzer (Microtrac BEL Corp., Japan). Prior to the measurement,
the established amount (0.18g) of modul-AAO) support was outgassed (2umHg) at 453 K for
48 h under vacuum in the degas port of the sorption analyzer. The obtained
adsorption/desorption isotherms were used to evaluate the structure of the studied material.
Data analysis was assessed by means of BELLMaster7 software (Microtrac BEL). The
calculations of the pore size distribution (PSD), and the average BJH desorption pore diameter
(Dav.des) and the maximum pore diameter (Do des) Were obtained from the desorption branches
of the nitrogen isotherm by means of the Barrett—Joyner—Halenda (BJH) procedure for cylinder
pores with Halsey-Faas correction without smooth differentials.[2] The experimental nitrogen
adsorption/desorption isotherms and pore-size distribution (PSD) function calculated from
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desorption branch of isotherm for investigated sample are illustrated in Figure S2(a) and
Figure S2(b), respectively. The shape of isotherm (type IV according to ITUPAC classification)
with well-defined H1 hysteresis loops is typical for mesoporous solids with a sharp increase of
adsorption at the point corresponding to the capillary condensation in mesopores.
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Figure S2. (a) Nitrogen adsorption/desorption isotherms for modul-AAO material. (b) Pore
size distribution (PSD) for modul-AAOQ calculated from desorption branches of isotherm.

The pore size distribution (PSD) curve for modul-AAO was estimated from the
desorption branch of nitrogen isotherm using the Barrett-—Joyner-Halenda (BJH) model with
cylindrical pores. The PSD plot for the investigated material shows relatively broad pore sizes
distribution suggesting that porous structure is not uniform; we observed two population of
pores diameters, which are ~18.5 nm and ~35.3 nm (see Figure S2(b)).
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Figure S3. The cffcct of annealing on the diclectric loss spectra of the system const-AAO-
10nm and the modul-AAO between the region of the double glass transition temperature.
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Figure S4. Schematic representation of the experiment geometry — the membrane 1s broken in
order to get access to the inside of the pores.
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Figure S5. Typical data for the AFM topography, adhesion, and the statistical analysis. The
images (a) and (d) are the topography of the filled const-AAO-40nm and modul-AAO,
respectively. Accordingly, images (b) and (¢) are adhesion maps, and (c) and (f) are the analysis
of the multiple components found on the adhesion maps.
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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:

e The dominant interaction motifs near 7, 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.

e HP studies showed that compression is not equivalent to cooling. In 3P1Pal, pressure
modified the D-like process and its separation from a-relaxation, indicating
reorganization of weak supramolecular associates. In cyclic dimethylsila crowns,
compression revealed topology-dependent differences in o—f dynamics, pressure
sensitivity, and cooperative behavior rather than inducing new supramolecular modes.

e TPS was found to be system- and process-dependent. While the a-relaxation showed
largely preserved spectral shape under compression, the a—D relationship in 3P1Pal and
the a—f relationship in cyclic crowns were more sensitive to pressure, showing that
different dielectric mobilities do not necessarily respond to compression in the same
way.

e The comparison between a- 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.

e For cyclic dimethylsila crowns, the pressure coefficient of T,, AV*, and cooperative
length scale (§) were found to be mutually connected and dependent on ring
architecture. The observed trends follow the general correlation between AV* and &
proposed for other glass-forming liquids, but the differences within the crown series
indicate that cyclic topology, rigidity, and conformational flexibility modulate this
relationship.

e In cyclic crowns, the behavior of f-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 f-process cannot
be made based on the present systems alone.

e 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 a-, -
, 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 S-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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