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Abstract
This thesis studies the glassy slowdown in binary mixtures. We investigate the role of
concentration fluctuations for complex dynamical behavior in the glassy regime and the
influence of confinement on the structure and dynamics of mixtures. To study these topics,
we use molecular dynamics simulations, which is a versatile tool to gain detailed atomistic
information. We model two different binary mixtures; one realistic ethylene glycol-water
mixture and one where the dynamical contrast can be tuned while the molecular structure
is identical.
Ethylene glycol and water are miscible in an equimolar ratio over a wide range of
temperatures. The temperature-dependent investigation shows that the mixture behaves
essentially like a common glass former, yielding similar time scales of structural relaxation
and a single glass transition temperature of both species.
The study of this mixture in a realistic silica confinement reveals micro-phase separation
of the mixture into layers, which depend on the properties of the matrix and the liquidliquid interactions. We observe that dynamics are slowed down close to the wall. However,
the temperature dependence is reduced in confinement, which leads to faster dynamics
at low temperatures compared to structural relaxation in the bulk mixture.
The model mixture is composed of two water-like molecules with different molecular
polarity and is prone to demixing upon cooling. Close to the spinodal, we observe
concentration fluctuations in the mixture, which are stabilized by the glassy slowdown
of molecular dynamics when the temperature range of vitrification coincides with the
spinodal.
The model mixture resembles many aspects of dynamically asymmetric binary glass
formers, namely a decoupling of the time scales of the structural relaxation of the two
components and anomalous shapes of correlation functions. The simultaneous evaluation
of local concentration fluctuations and dynamical correlation functions shows that the
molecular dynamics of the mixture are strongly affected by concentration fluctuations.
Thus, we are able to rationalize the puzzling dynamical observations with the occurrence
of concentration fluctuations when the phase separation is approached.
Studies of the model mixture in neutral confinement reveal dynamical slowdown and
spatially decoupled dynamics even in the absence of micro-phase separation. Using a
nanostructured pore, we observe induced demixing and an effective shift of the critical
temperature. Concentration gradients are reflected in the structural relaxation in the
form of shifted time scales and non-linear diffusion due to the accompanying diffusion
barriers.
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Zusammenfassung
Diese Arbeit beschäftigt sich mit dem Glasübergang in binären Mischungen. Wir untersuchen das Zusammenspiel von Konzentrationsfluktuationen mit dem komplexen dynamischen Verhalten während des Glasübergangs und den Einfluss von Confinement auf die
Struktur und Dynamik von Mischungen. Zur Studie dieser Themen verwenden wir Molekulardynamiksimulationen, die ein detailliertes Studium der mikroskopischen Eigenschaften
erlauben. Wir modellieren zwei binäre Mischungen, eine realistische Ethylenglycol-Wasser
Mischung und ein Modellsystem mit veränderbarem dynamischen Kontrast, aber identischer Molekülstruktur.
Ethylenglycol und Wasser sind über große Temperaturbereiche in equimolarem Verhältnis mischbar. Temperaturabhängige Untersuchungen zeigen, dass sich die Mischung
im Prinzip wie ein typischer Glasbildner verhält, mit einer ähnlichen Zeitskala der Strukturrelaxation und einem gemeinsamen Glasübergang beider Komponenten.
In realistischem Silicaconfinement beobachten wir Mikrophasenseparation, die von den
Eigenschaften der Pore und der Wechselwirkung der Flüssigkeiten untereinander abhängt.
In der Nähe der Wand wird die Dynamik verlangsamt. Aufgrund einer schwächeren
Temperaturabhängigkeit ist die Dynamik bei niedrigen Temperaturen im Confinement
allerdings schneller als in der Bulk-Mischung.
Die Modellmischung zeigt viele Eigenschaften von dynamisch asymmterischen, binären
Glasbildnern, wie entkoppelte Zeitskalen der Dynamik und ungewöhnliche Verläufe von
Korrelationsfunktionen. Indem wir die Auswertung von Konzentrationsfluktuationen mit
der Analyse von dynamischen Korrelationsfunktionen kombinieren, können wir den
Einfluss solcher Fluktuationen auf die molekulare Dynamik zeigen und sind in der Lage
die ungewöhnlichen Beobachtungen der dynamischen Observablen zu erklären.
Studien der Modellmischung in neutralem Confinement zeigen, dass die molekulare
Dynamik verlangsamt und räumlich entkoppelt ist, selbst wenn keine Mikrophasenseparation auftritt. Wir verwenden eine nanostrukturierte Pore, um Entmischung zu induzieren,
was zu einer effektiven Verschiebung der kritischen Temperatur führt. Die Konzentrationsgradienten in der nanostrukturierten Pore führen außerdem zu verschobenen Zeitskalen
der strukturellen Relaxation und zu nichtlinearer Diffusion aufgrund der einhergehenden
Diffusionsbarriere.
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1 Introduction
Most processes in nature involve liquids, and also many technological applications require
substances in their liquid state, at least in part of the process. In most cases, liquids
found in real life are actually mixtures. Even the most abundant liquid on earth, water,
typically only exists as a solution, the majority being saline seawater. But even fresh
water contains a low concentration of solutes, since neat water is contaminated easily,
while purification takes some effort that is usually only taken on where necessary for
specific applications. Aqueous solutions are essential to biological processes and in life
sciences, often involving large bio-molecules or proteins and even organic cells, which
create crowded environments and confinement. [1] Examples of mixtures in technological
applications are plentiful, like metal alloys, polymer blends, or building materials like
concrete. While such types of materials are often used in their solid state, the construction
or fabrication processes utilize the liquid state and the final material properties depend on
the characteristics of the liquid mixtures. An interesting example of a building material is
asphalt, which is a composite material used in road construction. Many different additives
are used to tune the properties of the final mix to fit the climatic conditions in different
geographic destinations. The binder material is a thermoplastic petroleum, which vitrifies
at ambient temperatures but can be reheated to repair damages, making asphalt very
easily recyclable. [2] Material sciences yield many other promising applications of new
materials. In most cases however, designing them relies on empiric knowledge, while the
underlying physical principles are still elusive, often due to the sheer complexity of the
number of involved components.
From a physicists point of view, liquids first of all represent a thermodynamic state of
matter. Thermodynamic potentials yield phase diagrams and material properties, like
the heat capacity. When we consider the thermodynamics of mixtures, the concentration
of the constituents becomes an additional state variable leading to another contribution
to the thermodynamic potential, namely the entropy of mixing. This additional entropy
contribution results in a miscibility gap in the phase diagram, where the mixture is
unstable and demixes into separate phases by means of spinodal decomposition. [3] The
transition from a mixed to a (partially) demixed state is a second order phase transition,
which entails a critical point. In the vicinity of critical points, critical fluctuations of the
respective state variables are observed. In the case of mixtures, this results in increasing
concentration fluctuations when the critical point is approached. [4,5]
Beyond a thermodynamic description of liquids, much effort has been put into the
detailed microscopic understanding of the liquid state over the last century. [6] On a
microscopic level, liquids are characterized by a relatively high density, while individual
molecules are still mobile. This mobility results in the viscous property of liquids and
is the central subject in the field of molecular dynamics. Typically, particles within
a liquid translate stochastically, which results in the phenomenon known as diffusion.
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Investigations of these molecular dynamics are often based on correlation functions, which
compare the microscopic state of the liquid at different points in time. The diffusion of
particles leads to a decorrelation of the initial configuration and, hence, the correlation
function decays. This process is called structural relaxation, or α-relaxation, and its time
scale depends on the particle mobility, which depends on temperature, pressure and the
type of the liquid. For simple liquids, this timescale is in the order of pico- to nanoseconds
at ambient temperatures and pressure. Upon cooling, or equivalently compression, the
time scales of molecular dynamics increase and, provided the liquid does not transform
into a crystalline solid, particle mobility is reduced to the point of dynamic arrest, which is
known as the dynamic glass transition. Interestingly, this dynamic arrest is also observed
thermodynamically in the specific heat capacity, as the calorimetric glass transition. Even
for neat liquids, the glass transition is subject to active investigation. Today, the glass
transition is often associated with increasing structural and dynamical heterogeneities in
the liquid and increasing length scales of cooperative dynamics. [7]
Molecular dynamics and the glass transition of mixtures are even more complex, since
different components can involve different α-relaxation timescales. A prominent example
is the field of protein dynamics, which involves the interplay of proteins with a solvent,
typically water. In such systems, dynamical time scales can vary over many orders of
magnitude, between the fast solvent relaxation and the slow protein motion, which can
take seconds or longer. [8] Protein solutions are a special case of a dynamically asymmetric
binary glass former, which are composed of constituents with very high dynamical contrast
and exhibit two calorimetric glass transitions. In many cases, such drastic differences
in dynamical time scales present significant difficulties to the investigation of these
phenomena. Two glass transitions were first observed in miscible polymer blends, which
invalidated the assumption that miscibility necessitates a single glass transition. [9,10]
Recent studies of dynamically asymmetric binary glass formers found a non-monotonous
concentration dependence of the lower glass transition temperature and were able to
associate the two glass transitions with two distinct time scales of molecular dynamics
and exhibit pronounced dynamical heterogeneities. [11,12] The origin of these anomalous
findings however is still obscure and subject of ongoing discussion.
Dynamically asymmetric binary glass formers are often a mixture of two complex
molecules, which results in a rich phase diagram that includes at least one critical point
and, close to the spinodal curve, concentration fluctuations do occur. When the critical
point is located in a region of the phase diagram where molecular dynamics are reasonably
fast, these fluctuations are only relevant in the critical regime close to the critical point.
For binary glass formers however, the critical point can be located in the glassy state,
so that the mixture vitrifies before a demixing transition can occur. Still, concentration
fluctuations may emerge when the liquid is still mobile and are then stabilized by the
dynamical arrest of the liquid. Since the molecular dynamics depend on the concentration,
these concentration fluctuations result in spatially inhomogeneous molecular dynamics.
To shine a light on this topic, we use molecular dynamics simulations to investigate the
molecular dynamics of a binary model mixture, which is comprised of components with a
tunable dynamical contrast but identical and simple molecular structure. The simplicity
of the simulation model avoids many complications that arise from mixtures of molecules
with different and complex structures and the simulation allows detailed analysis of the
molecular dynamics of specific sub-ensembles. We use this approach to elucidate the
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interplay of local concentration fluctuations in the mixture with molecular dynamics and
their role with the dynamical heterogeneities during the glass transition of mixtures.
In biology and many technological applications, mixtures are subject to nanoscopic
confinement. Hence, understanding the properties of liquids and mixtures in nanoscopic
confinements is essential. Due to the large specific surface areas, liquids in nanoscopic
confinement are strongly affected by surface interactions. However, many theoretical
treatments consider only bulk liquids, neglecting any surface effects. Depending on the
type of the liquid and surface materials, the liquid-matrix interaction can have many different implications. For example, nanoporous materials can be used to inhibit crystallization,
which is exploited in studies of supercooled water. [13] In the case of aqueous solutions,
hydrophilic and hydrophobic effects play a dominant role, which can lead to the formation
of micro-phase separated layers at the surface, or even a shift of the critical temperature
of demixing. [14] In recent years, nanoparticles and nanostructured materials have become
a popular area of research, due to advanced fabrication technologies allowing the design
of more and more finely tuned material properties. [15,16] Nanostructured materials are
distinguished by a high inner surface area, which makes them ideal as a catalyst for
chemical and physical reactions. In many cases, nanostructured materials are used in
combination with liquids or gases, examples being seawater desalination [17] or shale gas
extraction. [18]
To investigate micro-phase segregation and its effect on molecular dynamics in a realistic
application, we employ molecular dynamics simulations of an ethylene glycol-water
mixture in cylindrical silica pores. By applying different sets of simulation parameters,
we study the effect of different surface properties on the confined mixture. Furthermore,
we use the aforementioned binary model mixture to create pores with tunable surface
characteristics. These can be used to either create neutral confinement, which has a
molecular structure that is the same as the bulk liquid, or to create pores with inner
surfaces that exhibit spatially varying properties. Such pores are used to study the effect
of nanostructured surfaces on mixing stability and the molecular dynamics of the mixture.
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2 Supercooled liquids and liquid mixtures
Even the simplest substances like helium or methane exhibit distinct physical properties,
depending on the thermodynamic conditions. Matter is classified as solid or fluid, based
on the mechanical properties, or as gas or condensed, based on its density. Remarkably,
the physical state of any substance can be changed by varying temperature or pressure.
This work deals with liquids, the condensed fluid state of matter. The liquid state is
distinguished by a high density but a soft mechanical response. On a molecular scale, a
high density is accompanied by a strong correlation between the positions of neighboring
particles, resulting in a characteristic short-range order as visualized by pair-correlation
functions, while the soft mechanical response of liquids is captured by a fast decay of
dynamical correlation functions, see Fig. 2.1.

Figure 2.1: The liquid state is characterized by (a) radial-pair distribution functions g(r)
that show a distinct short ranged order that vanishes within a few molecular
diameters σ and (b) dynamical correlation functions F (t) that decay on a
timescale τ that is typically on the order of picoseconds.
Liquids are the central subject for life sciences; typically, one encounters mixtures or
solutions of two or more components. Liquid mixtures exhibit a rich phase diagram that
is extended by the additional variable of mixture composition. The complexity of the
phenomena increases significantly upon adding more components. In addition to the
thermodynamic states mentioned above, mixtures can either form one homogeneous phase
or separate into different phases, again depending on the thermodynamic conditions.
Over the course of the 20th century, a lot of effort went into the theoretical description of
liquid matter and, while many observations could be described by various models, we
still lack a generalized theoretical description of the liquid state.
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2.1 The glass transition of mixtures
Typically, when a liquid is cooled below its melting point it undergoes a phase transition
and becomes a crystalline solid - a state characterized by long-range order and elastic
mechanical response. However, this process of crystallization is unfeasible (or at least easily
omitted) for various substances and, in consequence, the melt is vitrified upon cooling. A
prominent example are silicate melts that form silicate glass upon cooling. While glasses
are mechanically solid, they lack the long-range order of crystalline matter. Generally,
supercooling a liquid is accompanied by a strong slowdown of the structural α-relaxation.
Ultimately, the time scale of relaxation exceeds even the most patient experimentalists
observation time window and the liquid is transformed into an amorphous solid, a
phenomenon that is known as the glass transition. [7,19–22] While vitrified matter may be
the oldest artificial material utilized by man, the glass transition was first observed in detail
during the early 20th century through temperature dependent viscosity measurements of
silicate melts [23] and various supercooled liquids. [24] Since then, it was found that the
glass transition plays an important role in many biological processes, for example the
cryopreservation of bio-molecules. [25]
Unlike crystallization, the glass transition is not a well defined first-order phase transition, but a smooth crossover from the liquid state into the amorphous solid. Accordingly,
the glass transition temperature Tg is an empiric definition and a range of temperatures
Tg can be determined, depending on the experimental protocol. A common technique
to determine Tg is differential scanning calorimetry (DSC), which measures the heat flux
upon heating or cooling a sample. The glass transition is seen as a step in the DSC curve,
the position of which determines Tg . However, due to the dynamic nature of the glass
transition, the exact temperature of this step depends on the heating or cooling rate. The
natural mechanical material property of liquids is the viscosity η 1 and a common definition
of Tg is η(Tg ) = 1012 Pa · s. Often it is preferable to measure microscopic quantities like the
correlation time τα , which can likewise be used to define Tg through τα (Tg ) = 100 s. In
liquids, particle motion is typically governed by Brownian motion, which is characterized
by a diffusion coefficient D that is linked to the viscosity through the Stokes-Einstein
kB T [26]
relation D = 6πRη
.
Strictly speaking, this relation describes the diffusion of a spherical
particle with radius R in a solvent with viscosity η and is therefore not applicable directly
to molecular liquids. However, in many cases this relation holds when R is identified as a
BT
hydrodynamic radius of the molecules, so that η ∝ kD
.
As we have seen, the glass transition is characterized by a strong slowdown of dynamics
upon cooling, which ultimately results in a dynamic arrest of the liquid particles. When
considering the temperature dependence of correlation times the most basic relation is
the Arrhenius law
(︃
)︃
E
τArrh (T ) = τ0 exp
,
(2.1)
kB T
which describes the correlation time of a temperature activated process, with activation
1
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The mechanical response of a liquid is viscous, thus, applying a constant stress σ induces a constant shear
rate γ̇ and the viscosity η is defined as η = σ/γ̇ . More precisely, liquids behave viscoelastic, meaning that
a small constant strain γ induces an instantaneous elastic stress, which decays to zero with progressing
time. The easiest model for this response is an exponential decay σ(t) = σ0 e−t/τα , with the time scale
τα . So to achieve constant stress, the strain needs to increase exponentially, like γ̇ ∝ 1/τα . Combining
this with the definition of η, we see that η ∝ τα .

Figure 2.2: Angell representation of the viscosity of various glass forming liquids on a
reduced temperature scale Tg /T , reproduced with permission from Ref. 19,
copyright © 1988 Published by Elsevier Ltd.
energy E and the high temperature limiting correlation time τ0 . Thus, dynamics in a liquid
slow down at least exponentially with 1/T , which gives rise to the common representation
in Arrhenius plots that display correlation times on a logarithmic scale over the inverse
temperature. For many glass formers, the dynamic slowdown is actually stronger when
Tg is approached and the empiric Vogel-Fulcher-Tammann equation [23,24] (VFT) is used to
interpolate correlation times.
(︃
)︃
B
τVFT (T ) = τ0 exp
(2.2)
T − TVFT
Here, B and TVFT are empirical parameters. Based on these two interpolation functions,
glass formers are often characterized how closely the correlation times follow the Arrhenius
law, which is then referred to as strong glass formers, or fragile glass formers, when a VFTlike temperature dependence is observed. This characterization is best seen in the famous
Angell plots, [19] which display the viscosity in respect to a scaled inverse temperature
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Figure 2.3: Weight fraction dependence of the two glass transition temperatures of a
mixture of m-tricresyl phosphate (m-TCP) and a spirobichroman derivative
(DH) determined by dielectric spectroscopy (DS) and nuclear magnetic resonance spectroscopy (NMR), the lines serve as guides for the eyes. Figure
reproduced with permission from Ref. 27, copyright © 2019, EDP Sciences,
Società Italiana di Fisica and Springer-Verlag GmbH Germany, part of Springer
Nature

Tg /T for various substances, see Fig. 2.2. The typical example for a glass former on
the strong end of the spectrum is SiO2 , while many organic molecules are located at
the fragile end. An example for a fragile glass former with similarly simple molecular
structure as SiO2 is ortho-Terphenyl (OTP), which is composed of a central benzene ring
and two phenyl rings.
While neat liquids allow a more direct investigation of the glass transition, many
applications and biological effects involve multi-component mixtures that are cooled
below their melting points. In these cases, the glass transition is particularly complex
due to structural and dynamical differences of the mixed components, assuming that
the mixture is stable upon cooling. In many mixtures, similar timescales of structural
relaxation are observed for all components, while in particular solutions of larger bio
molecules exhibit a strong diversity of the structural relaxation of the mixed components.
Studies on several binary mixtures identified two calorimetric glass transitions, [9,10]
examples being polymer-plasticizer and protein-solvent systems. Such binary glass formers
are typically a mixture of two components with strongly different Tg as neat liquids.
Experimentally, the two Tg values are identified with the dynamics of the respective
components. [28] A monotonous concentration dependence is observed for the higher Tg ,
which is in accord with the plasticizer effect known for polymers. The nature of the lower
Tg and a possible non-monotonous concentration dependence (cf. Fig. 2.3), is subject to
ongoing discussion. [29,30] While the dynamics of the high-Tg component resemble that
observed for neat glass formers, the dynamics of the low-Tg component are often even
more complex [28,31,32] and are governed by extremely broad distributions of correlation
times. [12]
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Upon approaching the glass transition, increasing structural and dynamical heterogeneities are observed in the supercooled liquid. [33–36] Such heterogeneities are often
associated with growing dynamical length scales in theoretical approaches to the glass
transition. [7,37,38] However, although various theories try to rationalize the glass transition we still lack a complete description of the phenomenon. The mode-coupling theory
(MCT) approach is a first order description of molecular dynamics, which resembles
the dynamical arrest upon cooling. [39–41] Yet, the MCT temperature at which molecular
dynamics are arrested and thus, the correlation time diverges, is higher than Tg observed
in experiments and even simulations. Often such deviations are rationalized by assuming
additional modes of structural relaxation, which are not included in the theoretical description of MCT. Computational studies of glass forming mixtures observed anomalous
dynamics, [42–44] which were rationalized with a higher order MCT transition [45,46] of
liquids governed by two competing mechanisms of dynamical arrest. A different approach
to describe the glass transition, which was proposed by Schweizer et al., is the elastically
collective nonlinear Langevin equation (ECNLE) theory, [47–49] which incorporates the
idea of dynamical length scales. In the ECNLE approach, structural relaxation is governed
by two contributions, namely a local cage barrier and a long range collective elastic barrier.
Recently, this approach was generalized to the case of a binary mixture, [50–52] where
two regimes are observed for hard-sphere mixtures, which are characterized by either
a common vitrification of both species, or a separation of time scales and accordingly,
two distinct glass transitions. Even such simple scenarios of glass forming mixtures are
still a topic of active research and for many binary mixtures the glassy slowdown is
further complicated by the existence of miscibility gaps and accompanying concentration
fluctuations.

2.2 The limit of mixing stability
Mixing two or more components at finite temperature constitutes a phase diagram that
formally depends on mixture composition, temperature and pressure, the latter is omitted
in the present discussion. Mixing stability is generally an interplay of energetic and
entropic effects. This interplay is captured in its simplest form by the Flory-Huggins (FH)
mean-field theoretical approach, [3,53] which calculates the free energy of mixing Fmix for
a simple lattice model of a mixture of A and B particles, with composition c = cA = 1 − cB .
Fmix
= c ln c + (1 − c) ln(1 − c) + χc(1 − c)
kB T

(2.3)

Next neighbor interactions of the particles are incorporated in the interaction parameter
χ = 2kzB T (2ϵAB −ϵAA −ϵBB ), where ϵij (i, j ∈ A, B) denotes the interaction energy between
two particles of type i and j and z is the coordination number of the lattice. The spinodal
line, i.e the limit of phase stability, is defined by the condition ∂ 2 Fmix /∂c2 = 0 and,
accordingly, the Flory parameter along this line is
χspi (c) =

1
1
+
.
2c 2(1 − c)

(2.4)
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Figure 2.4: Schematic phase diagram for various mixing scenarios. An upper critical
solution temperature (UCST) is retrieved from the FH approach. For the KB
theory, the simplest case is also an UCST, while for different temperature dependence of the control parameter ρ∆AB a lower critical solution temperature
(LCST) or even a closed loop phase diagram can be retrieved, see Sec. 2.3 for
details. The shaded areas indicate the corresponding regions of instability.

For this simple, symmetric model, the criterion for the binodal line can be expressed by
∂Fmix /∂c = 0, hence,
χbin (c) =

ln(c) − ln(1 − c)
.
2c − 1

(2.5)

The basic FH theory yields an upper critical solution temperature (UCST) for c = 0.5 and
χ = 2, as depicted in Figure 2.4.
For most real mixtures, phase diagrams are generally more complicated, introducing
asymmetry of the phase boundaries or an additional lower critical solution temperature
(LCST), which can lead to closed loop phase diagrams. These more advanced effects
arise from additional self- or mutually-associative interactions of the species. [54,55] This is
especially prominent in hydrogen bonding liquids, which exhibit transient inter molecular associations, due to hydrogen bonds that have a bond energy on the order of the
thermal energy. This association leads to the occurrence of clusters with various sizes
and compositions, which enter the free energy. The FH free energy can be generalized
to a self- and mutually-associating mixture. [56] For this, the authors in Ref 56 consider
two reversible reactions of cluster formation, first the assembly of linear complexes Ap Bq
consisting of p type-A and q type-B particles, where the choice of p and q depends on the
particular mixture; and second, the further assembly of such complexes into larger clusters
Xk ≡ (Ap Bq )k , with the respective rates Kpq and Kpol . The absolute concentration of
both components cA = c and cB = 1 − c is then decomposed into the concentration of
unassociated particles, ϕA and ϕB , and the concentration of respective clusters ϕXk , which
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obey two mass conservation constraints
∞
p ∑︂
ϕXk
cA = ϕA +
p+q

cB = ϕB +

q
p+q

k=1
∞
∑︂

(2.6)

ϕXk

(2.7)

k=1

Furthermore, Fmix is expressed in terms of the initial concentrations ϕ0A = cA and
ϕ0B = cB = 1 − ϕ0A as well as the concentration of unassociated particles in the mixed state,
ϕA and ϕB . The latter are determined by the self-consistent mass conservation constraints
of both species.
Fmix
1
CA
= c ln ϕA +(1−c) ln ϕB −ϕA +1−ϕB −
+χc(1−c)+
(cϵAA +(1−c)ϵBB ) (2.8)
kB T
1−A
kB T
Here, the two model parameters A and C are defined as A = ϕpA ϕqB Kpq Kpol αp+q and
C = 2α2zK , with the chain stiffness α.Analogous to the FH approach, the spinodal
pol
condition becomes
1 ∂ϕB
1 ∂ϕA
−
.
(2.9)
χ=
2ϕA ∂c
2ϕB ∂c

2.3 The Kirkwood-Buff theory of solutions
The Kirkwood-Buff (KB) theory relates thermodynamic properties of solutions to the
pair-distribution functions, [57] through KB integrals
∫︂

∞

Gµν =

(g µν (r) − 1)r2 dr,

(2.10)

0

where g µν (r) is the pair-distribution function between particle types µ and ν. Here, we
do not detail the derivation of this theory, which is much better explained elsewhere, [58]
but present some essential findings for the case of a two component mixture of A and B
particles, for which the central relation of the KB theory is the following equation:
(︃

∂µA
∂xA

)︃

(︃
= kB T
T,P

1
xB ρ∆AB
−
xA 1 + xB xA ρ∆AB

)︃
(2.11)

Therein, µA is the chemical potential of species A, xA and xB are the concentration of
species A and B, respectively, and ρ is the total number density. The KB integrals are
cumulated in the quantity ∆AB , which is defined as
∆AB = GAA + GBB − 2GAB .

(2.12)

We can analyze the mixing stability in the same way as in the FH approach above. For this,
we need the second derivative of the molar Gibbs energy of the mixture g = xA µA + xB µB ,
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which must be positive for a stable mixture. Furthermore, we identify the connection to
Eq. 2.11 through the Gibbs-Duhem relation
(︃
)︃
(︃ 2 )︃
∂ g
1 ∂µA
=
(2.13)
xB ∂xA T,P
∂x2A T,P
=

kB T
>0
xA xB (1 + xA xB ρ∆AB )

(2.14)

Here, we observe that the term ρ∆AB takes a similar role as the Flory parameter χ before.
Neglecting any composition dependencies of ∆AB , we identify two regions in the phase
diagram: When ρ∆AB > −4, the system is stable in the whole range of compositions. For
ρ∆AB < −4, instabilities occur around xA = 0.5. In this simple form, the KB theory yields
the same shape of the spinodal line as given in Eq. 2.4. Dropping the condition of constant
∆AB introduces skewness into the phase diagram, but the qualitative results stays the same.
More interesting is the consideration of the temperature dependence of f (T ) = ρ∆AB .
When f (T ) is a monotonous function of temperature, the magic value of −4 is crossed
once and, depending on whether f (T ) increases or decreases with temperature, a UCST
or LCST phase diagram is retrieved, respectively. For a non monotonous temperature
dependence of f (T ), the magic value of −4 is crossed more than once, which results in a
closed loop phase diagram, see Fig. 2.4 for illustration.

2.4 Critical ﬂuctuations and the Ornstein-Zernike approximation
When the limit of mixing stability is reached, binary mixtures undergo a second order phase
transition from a homogeneous phase into a demixed two phase state. This transition is
preceded by fluctuations of the local concentration, an effect that is generally observed for
many different systems undergoing second order transitions and is described by the field
of critical phenomena. [59] Upon approaching the critical temperature Tc , the intensity
and spatial extent of concentration fluctuations increase, up to a point close to Tc where,
fascinatingly, they become visible due to light scattering, a phenomenon that is known as
critical opalescence. [60,61]
Close to the critical point, critical quantities diverge with a power law f ∼ (T /Tc − 1)−ν ,
with the critical point exponent ν. In the case of concentration fluctuations, this is
expressed in terms of the intensity δc2 and the correlation length ξ, with ν ≈ 1 and
ν ≈ 1/2, respectively. The spatial extent of concentration fluctuations is incorporated in
the density-density correlation function, in the form of long range correlation. The theory
of Ornstein and Zernike (OZ) [59,62] gives an approximation for the structure factor, which
can be used to probe the length scale ξ. Specifically, the structure factor is approximated
for small values of the scattering vector q by a lorentzian
S(q) =

ρR−2
,
ξ −2 + q 2

(2.15)

while the asymptotic representation for large r in direct space is thus given by an exponential decay [63]
1 1
G(r) = g(r) − 1 ∼ 2 exp(−r/ξ).
(2.16)
R r
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Below, we present a brief summary of the derivation of the OZ approximation, see Ref.
59, Ch. 7 for a more detailed treatment. The basic idea of the Ornstein-Zernike theory is
to split the correlation function G(r) into the direct contribution due to the interaction
of two particles at a distance r and an indirect contribution that is mediated through
the direct interaction of both particles with a third, intermediate particle. The direct
contribution is given by the direct correlation function C(r
⃗ ) that is implicitly defined by
∫︂
G(r
⃗ − ⃗r′ ) = C(r
⃗ − ⃗r′ ) + ρ d3 r′′ C(r
⃗ − ⃗r′′ )G(r
⃗ ′′ − ⃗r′ ).
(2.17)
Equivalently, C(r
⃗ ) can be defined through its Fourier transform Ĉ(q
⃗) =
Ĉ(q
⃗) =

Ĝ(q
⃗)
1 + ρĜ(q
⃗)

;

∫︁

C(r
⃗ ) exp(−iq
⃗⃗r)d3 r
(2.18)

therefore, for an isotropic system, the structure factor can be expressed by Ĉ(q), namely
1
S(q) = 1 + ρĜ(q) = [1 − ρĈ(q)]−1 .
ρ

(2.19)

Although this form does not yield any quantitative prediction, since C(r) cannot be
calculated directly, the well defined nature of C(r) allows to draw a qualitative conclusion.
Following the assumption of Ornstein and Zernike, Ĉ(q) may be expanded in a Taylor
series around q = 0. Since C(r) is defined as a short ranged potential, its r dependence is
mild for large values of r, or equivalently, Ĉ(q) is weakly q dependent for small values of
q. Assuming isotropy requires that odd powers of q vanish due to rotational symmetry,
and thus
Ĉ(q) = Ĉ(0) + ĉ2 (ρ, T )q 2 + O(q 4 ).
(2.20)
Inserting Eq. (2.20) into Eq. (2.19) and truncating the expansion at q∫︁2 yields the final
expression (2.15) of the structure factor, with R2 = −ρc2 (ρ, T ) ∝ r2 C(r)d3 r and
ξ −2 = [1 − ρĈ(0)]/R2 . The former term, R2 is only mildly temperature dependent, due
to the local nature of C(r), while ξ 2 diverges close to the critical point. By inspection of
Eq. (2.15), the critical point is determined by the limit
⃓
⃓
−1 2 ⃓
lim S (q )⃓
= 0,
(2.21)
q→0

T =Tc

which is supported by experimental findings. [64,65] One difficulty regarding the application
of this approach to simulation data is that the limit of small q corresponds to the correlation
at large distances. Since the largest meaningful distance in simulations is inherently
limited by the simulation box, such analyses require, first of all, sufficiently large systems.
In addition, pair distribution functions can be corrected for known deviations, see Sec. 4.2
for details.

2.5 Phase separation in conﬁned geometries
To elucidate the effect of confining surfaces on a binary mixture, the mean-field description
outlined in Eq. 2.3 an thereafter can be extended to the case of a mixture impacted by
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a confining surface. We consider the one-dimensional problem of a wall positioned at
x = R that induces a concentration profile c(x) accordingly. The excess free energy of the
confined mixture is then given by [66–68]
∆F
=
kB T

∫︂R
0

{︄

[︃

dc(x)
dx fFH [c(x)] + κ
dx

]︃2 }︄
+ 2πRfs (c(R))

(2.22)

Here, we combine the free energy density fFH [c(x)], which is based on the Flory-Huggins
free energy of mixing FFH (c) (Eq. 2.3), with the gradient-square approximation [69,70] for
the free energy cost of concentration inhomogeneities. For a small molecular mixture, κ
r2
is independent of concentration and given by κ = 60 χ, r0 being the effective range of
the interactions. The effect of the confining surface is represented by the last term fs (c),
which describes the bare surface excess free energy. The concentration profile c(x) can be
determined through the variational problem
1 δ(∆F )
= 0,
kB T δc(x)

(2.23)

which yields a complicated differential equation of second order. Sufficiently far away
from the phase boundary, the equation can be linearized [66] to
∂c
= c(x) − c0
∂x

(2.24)

c(x) = e−x/ξ + c0 ,

(2.25)

ξ
with the solution

where ξ is the correlation length of concentration fluctuations and c0 is the coexistence
concentration.
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3 Molecular dynamics simulations
Most physical processes are governed by partial differential equations. In classical mechanics, Newton’s equations of motion describe the time evolution of a system. On the
microscopic scale, quantum mechanical effects become significant, which are described by
the Schrödinger equation. In both cases, analytical solutions are available only for a small
set of rather simple model systems, generating the need for efficient numeric methods to
calculate the evolution of more complex systems.
When considering the dynamics of molecules, quantum effects govern the internal
molecular structure, microscopic dynamics, as well as the formation of chemical bonds.
The structural relaxation of molecular liquids, on the other hand, happens on length
and time scales, where quantum effects are mostly negligible, or averaged out. Thus,
to investigate microscopic processes, like the formation of chemical bonds, quantumlevel ab initio methods are needed, which are computationally demanding. Accordingly,
the accessible time scale and system sizes are rather limited and insufficient for the
investigation of structural relaxation of complex or viscous liquids.
Since microscopic quantum effects are not of primary interest in the investigation
of molecular dynamics, a more efficient numerical method, called classical molecular
dynamics simulation, was developed by separating the numerical calculation into two
parts: microscopic properties that stem from quantum effects are incorporated into an
effective many-body potential, which is then used to simulate the time evolution of a
large system, based on the classical equations of motion. This method allows to reduce
the computational demand significantly and hence, increases the accessible time scale to
a point, where structural relaxation is observable even at enhanced viscosity.

3.1 Simulation algorithms
The following section comprises a concise overview of the relevant foundations of molecular
dynamics (MD) simulations; comprehensive reviews of underlying mathematics and
algorithms can be found elsewhere. [71,72] Classical molecular dynamics simulations are
governed by Newton’s equation of motion
mi

⃓
∂ 2⃗ri (t)
⃓
⃗ V [r
=
−∇
⃗
(t),
...,
⃗
r
(t)]
.
⃓
1
N
∂t2
⃗ri (t)

(3.1)

Here, ⃗ri (t) denote the positions of an ensemble of N particles, with masses mi . The manybody potential V [r
⃗ 1 (t), ..., ⃗rN (t)] that depends on the current position of all particles, is
comprised of two main parts. Intra-molecular interactions determine the microscopic
structure and internal dynamics of individual molecules through two-, three- and four-body
interactions for atoms within the same molecule. Inter-molecular interactions describe
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(pair wise) interactions between all atoms in the system, including long range Coulomb
interaction, van der Waals interaction and Pauli repulsion.
Internal degrees of freedom of molecules include bond stretching, bond-angle vibrations
and dihedral motions, which incorporate two, three and four neighboring atoms, respectively. The detailed mathematical form of these potentials depends on the concrete force
field. Typically, bond stretching and angle bending are described by harmonic potentials,
which are parametrized by their vertex and force constant. In many cases, the fastest
degrees of freedom are eliminated by fixing bonds or even angles to their average value.
The dihedral conformation is modeled by periodic potentials, often allowing for more than
one stable conformation, for example cis and trans isomers. Most force fields implement
this as a Fourier series-like function, parametrized such that expected populations of the
available conformations are reproduced in simulations. Since these bonded interactions
include up to four neighboring atoms, typically, no additional non-bonded interactions are
considered for atoms separated by less than two bonds; in many force fields, non-bonded
interactions of atoms separated by three bonds, commonly denoted as 1-4 interactions, are
reduced by a specific factor. The electrostatic interactions due to effective partial charges
that result from covalent bonds are described by Coulomb’s law, hence the potential
decays with r−1 and is either attractive or repulsive, depending on the charges of the
atoms. The second non-bonded interaction is mostly modeled with a Lennard-Jones (LJ)
potential, comprised of a repulsive r−12 term that models Pauli repulsion and an attractive
r−6 term that models Van der Waals interactions.
When modeling the liquid state, most of the time one is interested in the bulk properties.
Considering a typical experimental sample containing ∼ 1023 molecules, only a negligibly
small part of the liquid is close to the sample container and thereby influenced by surface
effects. In simulations on the other hand, typical systems contain only ∼ 104 particles
and accordingly, in a cubic box about 30% of the system would be located in the surface
layer. To avoid such dominant surface effects, periodic boundary conditions are applied
in each direction, which allow an efficient incorporation of long ranged interactions
between atoms in the simulation box and its 26 mirror images. The LJ potential decays
fully within the dimensions of the simulation box, making the use of a cut-off distance
for this potential feasible. However, Coulomb interactions decay much slower, yielding
non-negligible contributions of all atoms in the periodic images. Computational effort of
this contribution is reduced by applying the Particle-mesh Ewald algorithm [73] (PME),
which splits the summation into two terms, one local sum in direct space and one long
range term in reciprocal space, which both can be calculated efficiently.

3.2 Simulation method
All MD simulations are performed using the Gromacs 2016 simulation package [74] in
conjunction with the leap-frog integrator and, if not noted otherwise, with an integration
step of 2 fs. In all simulations, we use cubic simulation boxes, apply periodic boundary
conditions in all three dimensions, and calculate Coulomb interactions with the PME
algorithm, [73] while a cut-off distance of 1.2 nm is applied to the LJ potential. Temperature
and pressure are controlled by the Nosé-Hoover thermostat [75] and Parrinello-Rahman
barostat. [76] For bulk simulations, density is first equilibrated in the NPT ensemble to a
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pressure of P = 1 bar for each temperature T and a given number of particles N , allowing
complete structural relaxation through adequate equilibration time. The equilibration runs
are then succeeded by NVT production runs that are used to record data for a sufficiently
long simulation period, which is increased upon cooling when structural relaxation slows
down.

3.3 Systems
Further details of individual simulation protocols employed for the various systems are
detailed in the following sections.

3.3.1 Ethylene glycol-water mixture
We investigate equimolar mixtures of ethylene glycol (EG) and water (WA) in bulk and in
cylindrical silica pores. We apply the OPLS parametrization for EG, [77] in combination
with the SPC/E model for water. [78] The latter assumes a rigid molecule, utilizing the
Settle algorithm. [79] For EG, all bonds are constrained to their average length through
the LINCS algorithm, [80] whereas bond and dihedral angles are variable. In principle, the
EG molecule can either exhibit a trans or gauche conformation of the O-C-C-O backbone,
where only the latter allows the formation of an intra-molecular hydrogen bond between
both hydroxy groups in the same molecule. To vary the favored conformer of EG, we apply
two potentials: the original OPLS parameters (JO) and a modified version (SC), for which
we scale 1-4 interactions of LJ and Coulomb potential by 0.65 and 0.60, respectively, as
proposed in previous work. [81]
For simulations of the mixture in nanoscopic confinement, we alter the matrix structure
of the confining SiO2 , between β-cristobalite (CR) with a pore radius of 2.2 nm and pore
length of 6.5 nm, and amorphous silica (AM) with a pore radius of 2.3 nm and a pore
length of 7.2 nm. For the liquid-matrix LJ interaction, we use the parameters by Brodka
and Zerda [82] (BZ). To vary the hydro affinity of the confinement, we apply two sets of
partial charges to the silanol groups on the pore surface. In the first set of simulations,
we use the unaltered BZ partial charges of the silanol groups qSi = 1.283, qO = −0.533,
and qH = 0.206. In the second set of simulations, we modify those partial charges to the
values proposed by Gulmen and Thompson [83] (GT), specifically qSi = 1.276, qO = −0.74,
and qH = 0.42. To assure charge neutrality of the whole matrix, partial charges of the
silicons where slightly adjusted(<1%) for both potentials. Furthermore, the wall atoms
are subject to the bonded interactions of Hill and Sauer [84] and all atoms except hydrogen
are constrained to their original position by a strong harmonic potential. Thereby, we
allow the O-H bonds in the silanol groups to rotate around the Si-O axis, facilitating the
formation of hydrogen bonds with the confined liquid. Details regarding the creation of
the utilized silica pores are given in the appendix of Ref. 85, as well as for the AM pore in
the Master thesis of S. Ullmann [86] and for the CR pore in the Master thesis of A. Janz. [87]
We perform MD simulations in the temperature range of T = 200 − 300 K. The bulk
simulations are comprised of N = 744 molecules of each species; in supplemental bulk
simulations, this is increased to N = 1000. If not stated otherwise, the AM and CR pores
are filled with 744 and 641 molecules of each species, respectively. These numbers assure
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c
0
0.1
0.25
0.5
0.75
0.9
1.0

nr. slow
0
1000
2000
4000
6000
9000
2000

nr. fast
2000
9000
6000
4000
2000
1000
0

temp. range
100 - 240 K
100 - 240 K
100 - 240 K
100 - 300 K
100 - 300 K
130 - 300 K
170 - 300 K

Table 3.1: System composition of binary mixtures of water-like molecules for all considered concentrations c: Number of molecules of slow and fast component and
temperature range.
that density in the pores is equilibrated at ambient temperature. To account for the
temperature dependence of bulk density, we perform additional simulations where we
increase the number of molecules upon cooling. Such simulations are carried out at
T = 250, 240, 230, 220, 210 and 200 K, using N = 748, 753, 757, 762, 766 and 771 EG and
WA molecules, respectively.
While a default integration step of 2 fs is used for bulk simulations, a reduced step
of 1 fs is applied for the simulations involving silica confinement to account for faster
vibrations in the solid matrix. Bulk density is equilibrated following the standard procedure
summarized above and data is collected for 10 to 100 ns, whereas confinement simulations
are performed with constant volume and particle number, thus the first part of the
trajectories (5 − 40 ns) is used for equilibration, while data is recorded for 20 − 80 ns
thereafter.

3.3.2 Binary mixture of water-like molecules
We study a mixture composed of two water-like molecules. By scaling the interaction
parameters of the two species, we achieve a high dynamical contrast of two molecules that
are structurally identical. Based on the single point charge (SPC) water model, [88] the
polarity of the molecules is scaled to 100% and 75%, yielding rather different molecular
mobilities of the neat species. Motivated by the distinct mobility, we refer to the species
with regular and reduced charges as slow and fast component, respectively. We consider
various concentrations c of the slow component in the range c = 0.1 − 0.9 and, for
reference, simulate both species as neat liquids. See Tab. 3.1 for details of the individual
systems.
Both species are modeled as rigid molecules, applying the LINCS algorithm. Albeit a
more efficient algorithm (SETTLE) is available in Gromacs for rigid water molecules, it
can only be applied to one molecular species. Thus, to be consistent we apply the LINCS
algorithm to both molecules.

3.3.3 Binary mixture of water-like molecules in cylindrical pores
To investigate the influence of confinement, we follow a similar protocol as was formerly
applied for neat water in neutral confinement. [89] For this, we use the equilibrated bulk
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structure of the mixtures and apply a harmonic potential to part of the oxygen atoms that
fixes them at their respective positions. Thereby, we produce cylindrical pores with various
diameters between 1.5 nm to 4 nm. To assure the correct composition of the confined
mixtures, we adjust the species of a few of the liquid molecules, while the species of wall
molecules is preserved to form a neutral confinement for the binary mixture.
Additionally, we investigate the mixture properties in nanostructured pores. For these
simulations, the species of wall molecules is adjusted depending on the molecules position.
We divide the pores into 2, 4, or 8 segments along the pore axis, between which we
alternate the molecular species of wall atoms.

3.4 Random walk simulations
We perform random-walk (RW) simulations to investigate the effect of spatially heterogeneous molecular dynamics on typical MD observables. For the RW approach, we generate
large numbers of single-particle trajectories on a cubic lattice. [90–92] The lattice is comprised of (2N )3 sites and the distance between neighboring sites is a = 1. We assume
that the particles jump randomly to one of the neighboring sites. To model spatially
heterogeneous dynamics we use two different jump rates κfast = 1 and κslow = 0.01, and
assign them to lattice sites to obtain extended static domains of fast and slow particle
motion. In detail, we divide the lattice into eight face sharing cubes, each consisting of
N 3 lattice sites sharing the same jump rate. Furthermore, we apply periodic boundary
conditions in all three dimensions, thus N sites with κfast and N sites with κslow alternate
in each direction. For different systems, we vary the domain size in the range N = 2 − 100.
The specific simulation protocol1 to generate the RW trajectories is as follows: Each
particle is assigned a random lattice site at time t = 0. For each subsequent step, we
generate 6 random numbers z i ∈ [0, 1) (with i = 1, ..., 6) and determine the current
jump rate κ, depending on the particle’s location on the lattice. Next, the z i ’s are used
to calculate virtual waiting times tiw = −κ−1 · ln(1 − z i ) for each direction, thus waiting
times are drawn from an exponential distribution characterized by the rate κ. The shortest
waiting time determines the jump that is actually performed, moving the particle to
the neighboring site in the respective direction and increasing the trajectory time by tiw .
Finally, we combine many single-particle trajectories into one ensemble with uniform
time steps, to facilitate compatibility with the existing code used to analyze the MD
simulations.

1

The simulation code is available online at https://github.com/nielsmde/RandomWalk.
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4 Observables
Naturally, MD trajectories are represented in a single particle view, thus the number density
ρ(r
⃗ , t) is represented as a sum of delta functions, located at the position of individual
particles ⃗ri (t), specifically
Nµ
∑︂
ρµ (r
⃗ , t) =
δ(r
⃗ − ⃗ri (t)).
(4.1)
i=1

Note that we use the index µ to indicate a sub-ensemble of the trajectories, since most
evaluations are performed selectively, for specific atoms or molecules, or even based
on the instantaneous state of the system. Whenever cross-correlations with a second
sub-ensemble are calculated, we indicate this by a second index ν, while the indices are
omitted where not explicitly necessary.
From a macroscopic point of view, liquids are invariant to translation in space and time,
as well as to rotation. While these properties are not satisfied on a microscopic scale due
to the discrete nature of atoms, they are generally assumed to be restored on mesoscopic
scales, beyond the atomic radius. In addition, trajectories are considered to be ergodic. In
other words, time average is equivalent to ensemble average.

4.1 Collective density-density correlations
Most basically, correlations in a liquid are described by the density-density correlation
function, the van Hove (VH) function
⟨︃
⟩︃
∫︂
1
Gµν (r
⃗ , t) =
d3 r′ ρν (r
⃗ + ⃗r′ , t + t0 )ρµ (r
⃗ ′ , t0 )
(4.2)
Nµ
⟨︄
⟩︄
Nµ
Nν ∑︂
1 ∑︂
δ(r
⃗ − [r
⃗ i (t + t0 ) − ⃗rj (t0 )]) ,
(4.3)
=
Nµ
i=1 j=1

where pointed brackets denote the average over multiple time origins t0 . In isotropic
systems, the rotational invariance implies that correlations depend simply on the distance
r = |r
⃗ |, and hence, G(r
⃗ , t) ≡ G(r, t). Most of the time, the VH function is not analyzed
directly, but by its Fourier transform, the intermediate scattering function, which is probed
in neutron scattering experiments.
⟨︄
⟩︄
∫︂
Nµ
Nν ∑︂
1 ∑︂
µν
µν
−iq
⃗ ·r
⃗ 3
Cq (t) = G (r
⃗ , t)e
d r=
cos(q
⃗ · [r
⃗ i (t + t0 ) − ⃗rj (t0 )])
(4.4)
Nµ
i=1 j=1

Here, the modulus of the scattering vector q = |q
⃗ | determines the length scale on which
dynamics are probed.
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4.2 Static pair correlation
The short-range order of a liquid is characterized by particle correlations at a given point
in time, which are obtained by setting t = 0 in Eq. 4.3. In this case, the van Hove function
reduces to the radial pair distribution function (RDF) of two sub-ensembles µ and ν.
⟨︄
⟩︄
∑︂ ∑︂
1
g µν (r) =
δ(r − |r
⃗ i (t0 ) − ⃗rj (t0 )|)
(4.5)
2πr2 ρν Nµ
i∈Nµ j∈Nν

Note that g µν (r) is normalized such that lim g µν (r) = 1 is approached in an infinite
r→∞

system. In analogy to static scattering experiments, we calculate the partial structure
factor, which is simply the Fourier transform of g(r)
∫︂∞
2πρν
µν
(g µν (r) − 1)r sin(qr)dr.
(4.6)
S (q) = δµν +
q
0

In MD simulations, g(r) is only accessible for finite distances, rendering the true evaluation
of Eq. (4.6) difficult. Moreover, RDFs do not converge to unity in finite systems, but
approximately to limr→∞ g(r) − 1 ∼ N −1 . This problem is enhanced in binary mixtures,
where micro heterogeneities affect the RDF. In Ref. 93, the authors propose a possible
pathway to correct this situation and, therewith improve the calculated KB integrals. We
use this approach to improve the calculation of the partial structure factor. Specifically,
we apply a correction to the RDF
g cor (r) = g(r) · [1 + (1 − a)w(r)]

(4.7)

that fulfills limr→∞ g cor (r) = 1. Here, w(r) = 12 [1 + tanh(r − κ)] is a smooth step function,
where we use κ = 1 nm. The correction factor a is obtained from the average of g(r) in
the interval 2.0 nm < r < 2.2 nm.

4.3 Single particle dynamics
While the VH function probes collective dynamics, one is often interested in dynamics of
a tagged particle. This is captured by the self part of the VH function, for that µ = ν and
i = j are implied. Self-diffusion is measured by the mean-square displacement (MSD)
⟨︄
⟩︄
Nµ
1 ∑︂
2
2
r (t) =
[r
⃗ i (t + t0 ) − ⃗ri (t0 )] ,
(4.8)
Nµ
i=1

which is characterized by the diffusivity D, with lim r2 (t) = 6Dt for free diffusion in
r→∞

three dimensions. Furthermore, we calculate the incoherent intermediate scattering
function (ISF).
⟨︄
⟩︄
Nµ
1 ∑︂
Fq (t) =
exp(iq
⃗ [r
⃗ i (t + t0 ) − ⃗ri (t0 )])
(4.9)
Nµ
i=1
⟩︄
⟨︄
Nµ
1 ∑︂ sin(q|r
⃗ i (t + t0 ) − ⃗ri (t0 )|)
(4.10)
=
Nµ
q|r
⃗ i (t + t0 ) − ⃗ri (t0 )|
i=1
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Equation 4.10 is derived by considering only the real part and assuming isotropy of the
system. Accordingly, under isotropic conditions, only the absolute value of the wave
vector q = |q
⃗ | is relevant, which allows to probe dynamics on a length scale 2π/q. We
characterize the correlation function by the correlation time τq , with Fq (τq ) = e−1 .
Molecules are further characterized by reorientation dynamics of designated unit
vectors ⃗ui within the molecule. These are probed by rotational correlation functions
⟨︄
Fl (t) =

⟩︄
Nµ
1 ∑︂
Pl (u
⃗ i (t + t0 ) · ⃗ui (t0 )) ,
Nµ

(4.11)

i=1

where Pl (x) is the Legendre polynomial of order l. Such correlation functions are observed
in dielectric spectroscopy (DS, l = 1) and nuclear magnetic resonance (NMR, l = 2). The
decay of Fl (t) is quantified by the correlation time τl . Many experiments actually probe
the dynamic susceptibility χ(ω) = χ′ (ω) − iχ′′ (ω), whose imaginary part is, according
to the fluctuation-dissipation theorem, obtained by Fourier transform of the correlation
function,
∫︂
χ′′ (ω) ∝ ω cos(ωt)F (t)dt.
(4.12)

4.4 Heterogeneous dynamics
Brownian motion of particles leads to diffusion, in the simplest form equivalent to a
random walk, which gives a Gaussian distribution of the self part of the VH function.
In the supercooled regime, the occurrence of dynamical heterogeneities accompanies
the onset of the glass transition. When this is the case, the VH is no longer Gaussian
distributed. The extent of the deviation is probed by the Non-Gaussian parameter (NGP)
Nµ
1 ∑︂ 3⟨[r
⃗ i (t + t0 ) − ⃗ri (t0 )]4 ⟩
α2 (t) =
−1
Nµ
5⟨[r
⃗ i (t + t0 ) − ⃗ri (t0 )]2 ⟩2

(4.13)

i=1

It is zero for a Gaussian distribution of displacements, while a maximum is observed at a
intermediate time, denoted by τα2 .
Further information about correlated and heterogeneous particle motion is obtained
from multi-time correlation functions. [94–98] We calculate three-time correlation functions
(3TCF) that relate particle displacement during two consecutive time intervals t12 = t2 −t1
and t23 = t3 − t2 . Explicitly, this yields a conditional probability distribution P (r
⃗ 23 |r
⃗ 12 )
for the displacements ⃗r12 = ⃗r(t2 ) − ⃗r(t1 ) and ⃗r23 = ⃗r(t3 ) − ⃗r(t2 ) of a single particle.
In isotropic systems, we can consider r12 = |r
⃗ 12 |, while the relative orientation of ⃗r12
and ⃗r23 is still relevant. Thus, we introduce two unit vectors ⃗x12 and ⃗y 12 , which are
parallel and perpendicular to the displacement during t12 , respectively. (Explicitly, we
define ⃗x12 = ⃗r12 /r12 and ⃗x12 · ⃗y 12 = 0.) With the two projections r23,∥ = ⃗r23 · ⃗x12 and
r23,⊥ = ⃗r23 ·y
⃗ 12 , the conditional probability distribution reduces to P ({r23,∥ , r23,⊥ }|r12 ), or
can even further be split into two independent distributions P∥ (r23,∥ |r12 ) and P⊥ (r23,⊥ |r12 ).
The parallel displacement primarily probes correlated back-and-forth motion due to the
intermittent cages in the glassy liquid. [95] The perpendicular displacement on the other
hand is a good measure for correlations of particle mobility during the time intervals t12

23

and t23 and thus, for the investigation of heterogeneous dynamics. We focus on the latter
quantity and analyze 3TCF by means of first and second moments of the distribution
P⊥ (r23,⊥ |r12 ). Namely, the first moment
∫︂

⟨︄

∞

r̄23,⊥ (r12 ) =

sP⊥ (s|r12 )ds =
−∞

Nµ
1 ∑︂
r23,⊥
Nµ

⟩︄
(4.14)

i=1

is mildly affected by the back-and-forth motion but vanishes as soon as the cage is overcome.
The second moment
⟨︄
⟩︄
Nµ
1 ∑︂
2
2
σ3T,⊥ (r12 ) =
[r23,⊥ − r̄23,⊥ (r12 )] .
(4.15)
Nµ
i=1

correlates particle mobility during t23 and t12 , thus indicating dynamic heterogeneity on
a length scale r12 and time scales t12 and t23 .

4.5 Hydrogen-bond network
This work is focused on aqueous mixtures, where hydrogen bonds play a major role for
inter-molecular interactions. Due to its molecular topology, bulk water forms a tetrahedral
network. The local tetrahedral order around a water molecule is quantified by the
tetrahedral order parameter
(︃
)︃
3
4
1 2
3 ∑︂ ∑︂
cos θijk +
.
Qi = 1 −
8
3

(4.16)

j=1 k=j+1

Here, the sums involve the angles θijk between the lines connecting the central oxygen (i)
with two of its four nearest neighbors (j and k). In mixed systems, oxygen atoms of water
and the solute are considered as potential neighbors. For perfect tetrahedral structure,
cos θijk = −1/3, and thus Q = 1, while ⟨Q⟩ = 0 for completely random configurations.

4.6 Local concentration ﬂuctuations
In a two-component mixture of components µ and ν, we define the local concentration
ϕ(r
⃗ , t) as the concentration of particles of a considered type in a spherical probe volume
around ⃗r at time t. Then, local concentration fluctuations (LCF) are given as the deviations
from the average value, δϕ(r
⃗ , t) = ϕ(r
⃗ , t) − ⟨ϕ⟩. We quantify the spatial extent of LCF
through the correlation function
Φs (|r
⃗ |) =

⟨δϕ(r
⃗ 0 , t)δϕ(r
⃗ 0 + ⃗r, t0 )⟩⃗r0 ,t0
⟨δϕ(r
⃗ 0 , t0 )δϕ(r
⃗ 0 , t0 )⟩⃗r0 ,t0

(4.17)

For this evaluation, we average over many receptor points ⃗r0 and time origins t0 , indicated
by the pointed brackets. Again due to isotropy, Φs depends only on the distance r = |r
⃗|
and the extent of correlation is quantified by the correlation length ξCF , defined by
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Φs (ξCF ) = e−1 . Temporal variations of concentration fluctuations are captured by the
dynamic correlation function
Φd (t) =

⟨δϕ(r
⃗ 0 , t0 )δϕ(r
⃗ 0 , t0 + t)⟩⃗r0 ,t0
⟨δϕ(r
⃗ 0 , t0 )δϕ(r
⃗ 0 , t0 )⟩⃗r0 ,t0

(4.18)

We define the correlation time τCF by Φd (τCF ) = e−1 .
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5 A Python framework for MD data analysis
Molecular dynamics simulations produce a huge amount of data in the form of atom
trajectories, which often include millions of single frames. While manual evaluation
in visualization software like VMD [99] (Visual Molecular Dynamics) can yield valuable
insights, quantitative analyses require statistical approaches. Most simulation software
packages provide some basic analysis functionality, however, detailed analyses typically
require custom code. Creating customized analysis code involves several steps, which
complicate this task. Most simulation software uses custom binary file formats to store
simulation data efficiently on disk, which have to be read by the analysis code. On top of
that, large trajectories will not fit into memory, which requires the implementation of file
buffering in some sort. Furthermore, correlation functions are averaged over multiple time
origins along the trajectory. Finally, a strong benefit of MD simulations is the capability
to be able to identify each individual atom, which can be exploited, e.g., to calculate
correlation functions of specific subsets of an ensemble.
To simplify the individual steps for custom analyses, many parts of these tasks where
abstracted into the mdevaluate Python package, which is developed by the author and
other members of this group. The documentation and source code is available online, at
https://mdevaluate.github.io. The following sections outline the fundamental
parts of the package. The mdevaluate analysis routines build heavily on the Numpy [100]
and Scipy [101] stack for scientific computing in Python.

5.1 File input
Gromacs stores simulation data in various binary formats, including xtc and trr files to
store trajectory data, tpr files to store topological information about the simulation, like
atom properties and simulation parameters and edr files, which include system averages
that are calculated during the simulation, like temperature or pressure. To read those
files, mdevaluate uses the C extension pygmx, which wraps parts of the Gromacs C library
with the help of the Cython package. [102]
For the trajectory data, we focus on xtc files, which include compressed positions of
the atoms in every frame. One inconvenient aspect of the xtc format is the necessity to
read files from beginning to end, lacking any form of indexation to quickly read a specific
frame. We overcome this limitation with the introduction of indexing files, which store
the binary position of each frame alongside the trajectory file. When these files have been
created once for a trajectory, they can be loaded and allow fast access to specific frames
from disk. Pygmx utilizes the Gromacs library to read trr files, but alternatively the third
party package mdanalysis [103] can be used to accomplish this task. While pygmx always
reads single frames from disk, mdevaluate optionally wraps these trajectory readers with
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a frame cache that remembers a certain number of frames according to the available
system memory, to reduce the number of file operations.
Similarly, the Gromacs library is used to read tpr files, though only a subset of the
topology is extracted, including atom and residue names, molecule numbers, atom masses
and charges. All these attributes are collected by the Atom class in mdevaluate, which is
used to select subsets of the system for evaluations and to retrieve atom properties. The
system topology and the trajectory reader are combined to Coordinates objects, which
allow quick and easy access to all system properties and the simulation data. The edr files
are somewhat separate, as they contain simple time series of system averages, which are
read at once upon opening the file into an EnergyFile object. Afterwards, each quantity
can be accessed by name, returning the data as a Numpy array1 that can be used for
further analyses or visualization.

5.2 Coordinate transformations
Most MD simulations apply periodic boundary conditions, which imply three types of
coordinate transformations: coordinates folded into the simulation box, coordinates of
whole molecules inside the simulation box and the true positions of the atoms of the
starting configuration that diffuse out of the simulation box over time. The coordinates
that are used during the simulation and that are written into the trajectory are typically
folded back into the simulation box, but both other transformations can be recalculated
from the trajectory.
Mdevaluate provides means to perform these transformations, the three coordinates
modes are called pbc, whole and nojump, respectively. Folding coordinates back into the
simulation box is simply taking the modulo of the box length in each direction. The whole
representation can be directly calculated for a single frame, provided that information
about individual molecules is available. The nojump trajectory can be calculated by
inverting any jumps across the simulation box of individual atoms, which requires to
analyze the full part of the trajectory that is preceding the requested frame. To save
computation time, this analysis is done once upon request and the information about
occurring jumps is stored in so called nojump matrices, which are implemented as sparse
matrices (using the scipy.sparse module) to save memory. The nojump data is saved into
a file, so the lengthy analysis is only performed once. When nojump matrices are available
for a trajectory, the nojump version of any frame can be calculated with reasonable
computational effort.
Specific analyses require coordinate transformations, for example reorientational correlation functions probe the rotation of a vector, which is calculated from the positions of
atoms in each molecule. Mdevaluate provides a flexible mechanism of CoordinateMaps
for this kind of transformations. A coordinate map takes a trajectory and a user defined
function, which retrieves one frame and returns the transformed coordinates.
1

The Numpy array is the basic data structure of the Numpy package, which is designed for efficient numeric
computation in Python.
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5.3 Time averaged correlation functions
The calculation of correlation functions from atomistic data requires sufficient statistics,
which could in theory be achieved by large ensembles. Since the computational costs of
MD simulations increase significantly with the number of particles, the simple ensemble
average is often not feasible. Instead, one combines the ensemble average with the
average over multiple points in time. For static properties, for instance the radial pair
distribution function, this means averaging the distribution over multiple frames in the
trajectory. For dynamic correlation functions, the time origin is shifted along the trajectory
and the time series are calculated for an appropriate fraction of the trajectory. Both
mechanisms are available in mdevaluate, the distribution module provides the function
time_average for static observables, while the correlation module provides the function
shifted_correlation for dynamic observables. In both cases, the user can control the
number and location of the shifted time onsets. Since correlation functions of molecular
dynamics typically change exponentially with time, mdevaluate calculates correlation
functions for times that are evenly distributed on a logarithmic time scale by default.
Some analyses require a dynamic selection of subsets, spatially resolved analyses
are a good example, where at the beginning of each time window the particles are
separated into various subsets depending on their current location with respect to some
reference point. Such subset correlations can be achieved by providing a custom correlation
function to shifted_correlation. The two options here are subensemble_correlation
and multi_subensemble_correlation, which take a user defined function that defines
one ore multiple subsets based on the current time origin, respectively. The observable is
provided as a user defined function, allowing flexible analyses. Some common analysis
functions are available in the distribution and correlation modules.
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5.4 Code example
Below, we present some exemplary Python code, which uses mdevaluate to calculate
dynamic correlation functions. First, we import the package and open the trajectory file
for reading. Here, we supply the base folder of the simulation to the function md.open(),
which looks for the topology and trajectory file inside this location. Since the trajectory is
located in a sub folder, we pass this relative path as the second argument.
import mdevaluate as md
t r = md. open ( ’ / path / to / simulation ’ , t r a j e c t o r y = ’ out / * . xtc ’ )

Next, we select two subsets of atoms. In Gromacs, water molecules are identified by the
residue name SOL and the atoms are named OW, HW1 and HW2. The first subset of
atoms includes only oxygen atoms of water, the second subset includes the oxygen atom
and one hydrogen atom of each water molecule.
water = t r . subset ( residue_name= ’ SOL ’ , atom_name= ’OW ’ )
water_OH = t r . subset ( residue_name= ’ SOL ’ , atom_name= ’OW| HW1 ’ )

We calculate the MSD of the oxygen atoms using the former subset.
t , msd = md. c o r r e l a t i o n . s h i f t e d _ c o r r e l a t i o n (
md. c o r r e l a t i o n . msd, water , average=True
)

To calculate the reorientational correlation function, we first define a CoordinateMap that
calculates the OH vector for each molecule from the positions of the oxygen and hydrogen
atoms. This is then used to transform the trajectory frames prior to the calculation of the
rotational correlation function.
@md. coordinates . map_coordinates
def OHvec ( f ) :
v = f [0::2] − f [1::2]
return v / ( v * * 2 ) . sum( axis = 1 ) * * 0 . 5
t , F2 = md. c o r r e l a t i o n . s h i f t e d _ c o r r e l a t i o n (
md. c o r r e l a t i o n . r o t a t i o n a l _ a u t o c o r r e l a t i o n , OHvec ( water_OH ) ,
average=True
)
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6 Aqueous ethylene glycol mixture

Aqueous mixtures of ethylene glycol (EG) have widespread applications, for instance as
antifreeze agents or deicing fluids. While EG is soluble in water (WA) at all concentrations,
the freezing point of the solution is reduced, compared to that of both neat liquids.
When mixed in equimolar ratio, the solution freezes at -42°C. [104] From a fundamental
sciences’ perspective, EG is interesting due to its similarity to water but with additional
internal degrees of freedom that allow the formation of intra-molecular hydrogen bonds.
The molecular conformation of EG in the neat liquid and its aqueous solutions was
investigated in various experimental studies, which yielded controversial results. While
some studies [105,106] reported a predominance of gauche conformations for the OCCO
dihedral angle, other studies [107,108] reported prevalence of the trans conformer; however,
a gauche conformation of the EG molecule is required to form a hydrogen bond between
both hydroxy groups in the same molecule.
Due to the good miscibility and similarity of the molecules, EG-water mixtures are
also an excellent model system to study the effect of confinement on binary mixtures,
circumventing the molecular segregation in the bulk mixture reported for alcohol-water
mixtures. [109] The influence of surfaces on liquids depends primarily on the interaction
between liquid and matrix, in the case of aqueous mixtures particularly the hydroaffinity
of the surface. Silica pores, which are used here as a model confinement, feature hydroxy
groups within the silanol groups, allowing for the formation of hydrogen bonds. Nevertheless, the hydrophilicity of porous silica is controlled by the synthesis, [110–112] allowing
for different surface densities of silanol groups. In addition, SiO2 can be crystalline or
amorphous, further affecting the surface properties, and thereby the influence on the
confined mixture.
To investigate the influence of intra-molecular hydrogen bonds in solution, we apply
two different force fields for the EG molecule, denoted by JO and SC, that favor trans or
gauche conformation, respectively. For the silica confinement, we contrast crystalline and
amorphous structures, denoted by CR and AM. The hydroaffinity of the confinement is
altered by using two different force fields for the silanol groups, denoted by GT and BZ,
that allow us to compare the effect of hydrophilic and hydrophobic surfaces, respectively.
More details of the applied parameters are found in Section 3.3.1. While the majority of
systems were simulated in the course of the Master thesis of Rebecca Schmitz, [113] some
missing or supplemental simulations were carried out by the author, following the same
simulation protocol. We start with a brief discussion of the bulk mixture, which is followed
by comprehensive investigations of local phase segregation and component-resolved
dynamics in confinement.
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Figure 6.1: (a) Distribution of OCCO dihedral angles ϕ of EG molecules for both used EG
force ﬁelds; results for 260 and 300 K are shown as solid and dashed lines,
respectively. (b) Temperature dependence of bulk density for both EG force
ﬁelds.

6.1 Bulk mixture
Firstly, we discuss the influence of the two different potentials used to model EG molecules
on the properties of the bulk mixture. From the distribution of the OCCO dihedral angles
ϕ, displayed in Fig. 6.1(a), both possible conformations of the EG molecule are clearly
distinguishable. For the JO potential, one main peak centered at ϕ = ±180° emerges due
to the majority of molecules residing in trans state. Still, a small fraction of molecules
(∼ 7 %) exhibits a gauche conformation, visible as small peaks centered at ϕ = ±75°. For
the SC potential, two peaks at ϕ = ±45° emerge, corresponding to gauche conformations.
In this case, only a vanishing fraction of molecules is found in the unfavored trans state.
For both potentials, the main peak height is somewhat reduced at elevated temperature,
while the peak positions remain unchanged.
We show the temperature dependent bulk density of the mixtures in Fig. 6.1(b). Interestingly, the change in conformation leads to a reduced density at ambient temperatures,
but steeper increase upon cooling for the SC potential, as compared to the JO potential. As
a consequence, a crossover of density is observed around 240 K, where the density maximum of neat SPC/E water [114,115] is observed. Apparently, the change in EG conformation
changes the thermodynamics of the mixture and thereby affects thermal expansion of the
liquid, possibly due to a different incorporation of EG in the WA tetrahedral network, due
to the altered EG-WA interaction when a different EG potential is used.
The most prominent interaction in aqueous mixtures are hydrogen bonds, which cause
water to form a tetrahedral network and give rise to a density maximum of the neat
liquid. The quality of water’s hydrogen bond network is measured by the tetrahedral order
parameter Q, depicted in Fig. 6.2; a value of Q = 1 indicates perfect tetrahedral structure,
while Q = 0 is found for random order. For neat water, the distribution of Q is typically
bimodal due to a coexistence of “unstructured” and “structured” environments that give
rise to peaks a Q ≃ 0.5 and Q ≃ 0.8, respectively. [21,116] For WA, the bimodal distribution
is clearly distinguishable, though the relative abundance of structured environments
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Figure 6.2: Distribution of tetrahedral order parameter Q of EG-WA mixtures, calculated
(a) for EG and (b) for WA. Results for the JO and SC potentials of EG are
compared.
depends on the EG conformation. When EG is primarily in trans conformation, i.e. when
the JO potential is used, EG is incorporated into the hydrogen-bond network of water,
indicated by larger populations of high values of Q for both components. With the SC
parameters however, EG is less integrated in the tetrahedral HB network. Consequently,
the tetrahedral order of EG and WA is reduced, although much more notable for EG.
These observations are in accord with the fact, that EG molecules in gauche state often
form an intra-molecular hydrogen bond and, hence, fewer hydrogen bonds with WA
molecules. Accordingly, EG can’t be incorporated into the hydrogen bond network of
water and the overall extent of tetrahedral order in the mixture is reduced, when the
SC potential is applied. Therefore, the SC mixture is more like a generic binary mixture,
obeying a nearly linear temperature dependence of density. The JO potential on the other
hand, allows a mutual formation of hydrogen bonds and, therefore, more of the water-like
characteristics are conserved, including remnants of the density maximum, resulting in
weaker temperature dependence of the density.
We move on to the radial pair distribution function g µν (r) for µ, ν ∈ {WA, EG}. Figure 6.3 shows results for both EG potentials. The trans conformation is indicated by a
sharp peak at r ≈ 0.37 nm in g(r) of the EG oxygens, which is only present for the JO
potential. Apart from this, the differences between the JO and SC potential are subtle.
The first peaks of EG and WA are enhanced when switching to the SC potential, while
the first peak of g(r) between WA and EG is reduced, indicating the reduced number in
inter-species hydrogen bonds. Furthermore, the first peak of water has nearly double
the height, compared to EG, which points to the formation of local domains within the
mixture. In fact, this micro heterogeneity is much more notable in the partial structure
factor S(q), depicted in Fig. 6.3(c - d). There, the local domain ordering leads to a pre
peak located at q ≈ 15 nm−1 , which corresponds to a distance of r ≈ 0.42 nm. This peak
is positive for EG and WA-EG, while a minimum is observed for WA, which means that
water is displaced from its own surroundings beyond the first neighbor shell. Furthermore,
the pre-peak is more pronounced for the SC potential, confirming that the favored gauche
conformation enhances self-aggregation of the species.
Having characterized the bulk mixture structure-wise, we continue with a brief analysis
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Figure 6.3: Radial pair distribution functions (for (a) the JO and (b) the SC potential) for
WA oxygens, EG oxygens and between WA and EG oxygens. Individual curves
are shifted for better visibility. Panels (c) and (d) display the corresponding
partial structure factors.

of structural relaxation. For this, we consider translation of oxygen atoms in EG and
WA. Summarized in Figure 6.4, we show incoherent scattering functions Fq (t), meansquared displacements r2 (t) and correlation times τq , for both components and different
EG potentials. Fq (t) is evaluated for q = 22.7 nm−1 , corresponding to the next neighbor
distance rOO ≈ 0.27 nm, which is fairly similar for EG and WA and both used potentials,
cf. Fig. 6.3. Overall, relaxation is faster for the SC than the JO potential. The difference
amounts to a factor of ∼ 3 at ambient temperatures and increases upon cooling. In
consequence, the JO potentials yields a higher Tg than the SC potential. Significant
extrapolation of τq assuming VFT temperature dependence suggests that the Tg ’s differ
by about ∼ 20 K, while the fragility is very similar. Hence, the correlation times can be
rescaled to a common form in an Angell plot by considering τq (Tg /T ).
For both potentials, relaxation of EG and WA molecules take place on a similar time scale,
with correlation times differing by a factor of two at most, and both correlation functions
exhibiting alike shapes. Long-time dynamics, probed by the MSD in Fig. 6.4(b), show
somewhat faster dynamics of WA molecules, compared to the larger EG molecules. Yet, the
dynamics of both components is less different when the SC potential is used, with ratios of
EG:WA diffusivity of ∼ 4 and ∼ 2 for the JO and SC potential, respectively. However, for
structural relaxation probed by the ISF in Fig. 6.4(a), we notice a qualitative change, from
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Figure 6.4: Translational dynamics in the bulk mixture. (a) ISF, (b) MSD and (c) correlation
times τq , each for both components and different EG potentials, as indicated
in the legend. The same color scheme applies to all three panels. In (c),
results for neat water [89] are shown as dashed line.

EG relaxing slower than WA for the JO potential to EG being slightly faster than WA when
the SC potential is used. This effect is even more noticeable in the correlation time map
in Fig. 6.4(c), which shows that this effect is persistent throughout the whole investigated
temperature range. This difference reflects the additional degrees of freedom due to
the two gauche conformers favored in the SC potential. EG molecules can flip between
gauche+ and gauche− without structural relaxation of the whole molecule. Oxygen atoms
that are involved in a gauche± flip move about 0.2 nm, implying a (partial) decay of Fq (t)
that is observed as a reduced short-time plateau. In consequence, this decreases the value
of τq in the same way as the vibrational plateau at very short times. Still, the effect is small
and not strongly dependent on temperature and thus, essentially negligible compared to
the change in Tg .
In summary, we find that EG and water are well mixed on sufficiently large length scales
in the investigated temperature range, as is expected from experiments. However, we find
indications of micro-heterogeneity in the structure factor for both EG potentials. The effect
is stronger for the SC than JO force field since the former favors gauche conformations
and, thus, leads to intra-molecular HB, which interfere with an incorporation of EG
molecules in the tetrahedral HB network of WA. Structural relaxation of both components
takes place on a very similar time scale and, most importantly, no dynamic decoupling is
observed upon cooling. Hence, a single Tg is obtained for each mixture. The changed
EG conformation primarily shifts Tg , indicative of the altered plasticizer effect due to
modified thermodynamics.
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Figure 6.5: Number density proﬁles of EG and WA oxygen atoms across SiO2 pores at
260 K, for all variations of force ﬁeld parameters as indicated in each panel:
crystalline (CR) or amorphous (AM) SiO2 structure and hydrophobic (BZ) or
hydrophilic (GT) pore surface. Different EG potentials (JO, SC) are indicated
in the legend. The shaded areas indicate the number density of wall atoms.

6.2 Ethylene glycol-water mixtures in silica conﬁnement
Having seen how the EG potential influences the bulk properties of the EG-WA mixture,
we contrast both potentials in different silica confinements. Figure 6.5 displays the oxygen
density profiles of EG and WA for all combinations of pore parameters: crystalline (CR)
opposed to amorphous (AM) pore structure are each combined with less polar (BZ)
and more polar (GT) silanol groups, to which we refer as hydrophobic and hydrophilic,
respectively. We observe distinct layered structure at the surface, which persists for up to
four layer towards the pore center. The thickness of the layers amounts to 0.4 − 0.5 nm,
which corresponds to the length scale of the pre-peak observed in the bulk mixture. The
liquid penetrates partially into the wall, revealing the surface-roughness and pockets
where mostly water resides in, at r ≈ 2.0 − 2.4 nm. Towards the pore center, bulk density
is approached and the expected oxygen ratio EG:WA of 2:1 is more or less restored.
However, water’s density is typically somewhat lower since part of water has permeated
the matrix.
When changing the hydro affinity of the surface from hydrophobic (BZ), shown in
Fig. 6.5(a) and (b), to hydrophilic (GT), shown in Fig. 6.5(c) and (d), the WA density is
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Figure 6.6: Tetrahedral order parameter of (a) and (b) EG and (c) and (d) WA in the indicated regions of the AM pore at 260 K. Results for the indicated EG potentials
(JO, SC) and hydroafﬁnity of the surface (BZ, GT) are compared.

reduced in the pore center, while the density of water near the surface is enhanced. For the
CR pore, this change of the liquid-matrix interaction causes a clear trend towards microphase separation in the immediate vicinity of the inner surface, explicitly, at d ≈ 2 nm,
where narrow peaks of the density profile indicate an existence of well defined water
sites as a consequence of the crystalline order of the matrix. For the AM pore, such partial
demixing is less pronounced, but the 2:1 ratio of EG:WA oxygens still becomes nearly a
1:1 ratio in the first layer at the surface.
In hydrophobic (BZ) pores, variation of the EG potential hardly affects the distribution
of EG molecules. The WA on the other hand, is displaced from the first shell near the
wall, while the density in the pore center is increased, when EG is primarily in gauche
conformation (SC). Thus, EG forming less intermolecular hydrogen bonds with WA creates
particularly unfavorable environments for water near the pore wall. At the hydrophilic
GT surface, the water distribution is barely affected by the alcohol conformation, while
minor changes are apparent for the EG distribution in the AM pore.
To ascertain the structure of the HB networks, we analyze the tetrahedral order parameter Q of the EG and WA molecules. Figure 6.6 shows the distribution P (Q) for the AM
pore at 260 K, compiling results for different pore regions and interaction parameters.
Overall, tetrahedral order is reduced compared to the bulk mixtures, shown in Fig. 6.2,
even more so close to the confining surface. For EG, apart from the dominant change
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Figure 6.7: Mean-square displacement r2 (t) of EG and WA oxygen atoms in the AM pore
at 260 K. Results for (a) JO and (b) SC potential of EG molecules are compared
for different silanol force ﬁelds (BZ, GT).
due to the change in conformation already observed in the bulk, only minor influence of
the surface affinity can be observed. A much stronger effect is found for the tetrahedral
order of WA molecules. We see that the WA fraction in structured (high Q) environments
decreases, while that in unstructured (low Q) environments increases when either the
silanol groups become more polar upon switching from the BZ to the GT force field or
when EG molecules change from trans to gauche conformations upon scaling the 1–4
interactions. These effects are observed for the central and interfacial regions of the AM
pore, although to a somewhat different extent. Thus, the tetrahedral order of the HB
network of water is reduced by the presence of confinement, in particular, when hydrogen
bonds within the diol molecules or between liquid and matrix are more probable.
Moving on to the molecular dynamics of the confined mixture, Figure 6.7 displays the
MSD of WA and EG oxygen atoms in the AM pores with different surface hydroaffinity.
As already seen for the bulk mixture, diffusive dynamics are slower and somewhat more
separated for the JO potential. In the pores, diffusion is restricted by the pore size in
all but one directions and accordingly, we observe a crossover from 3D diffusion (where
r2 (t) = 6Dt) to 1D diffusion (where r2 (t) = 2Dt) on a length scale corresponding to the
pore radius. Specifically, this is observed as a shoulder of the MSD at r2 ≈ 1 nm2 . WA and
EG diffusion are hardly affected by the surface affinity. However, diffusion in pores is a
complex phenomenon, since molecules that reside close to the surface, where structural
relaxation is slowed down, will eventually move to the more bulk-like pore center and
vice versa, which leads to super- and sub-diffusive dynamics of these sub-ensembles,
respectively, rendering a spatially resolved analysis of diffusion difficult. Finally, different
liquids-matrix interactions slow down relaxation dynamics differently, while dynamics in
the pore center are also affected by a reduced or increased density.
To explore the spatial distribution of molecular mobility, it is more useful to analyze
the ISF in various regions of the pore. For this, we divide all WA or EG molecules into
subsets that reside at a similar radial distance r to the pore center at t = 0 and calculate
the ISF for each subset separately. By calculating Fq (t) for q = 22.7 nm−1 , we ascertain
that we probe structural relaxation on a local length scale, such that molecules still reside
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Figure 6.8: (a) ISF of WA oxygens in different regions of the AM pore at 260 K. The JO
potential is used for EG and the BZ interactions for the silica surface. (b)
Dependence of the correlation time τq on the distance to the pore center r, as
obtained from incoherent scattering functions for WA and EG oxygens in the
AM pore using the BZ liquid-matrix interaction. Results for different EG force
ﬁelds are compared. Respective correlation times obtained for bulk mixtures
are indicated by dashed lines for comparison.

in a similar region of the pore at t = τq . Figure 6.8(a) shows Fq (t) of WA oxygens in
various regions of the AM pore at 260 K. Evidently, all correlation functions decay in a
stretched manner and the time scale increases significantly for molecules closer to the
silica surface. We quantify this mobility gradient by the position dependent correlation
time τq (r), shown in Fig. 6.8(b) for WA and EG oxygens, contrasted for both EG potentials.
There, we see that correlation times increase by about four orders of magnitude when
approaching the wall. Interestingly, correlation times in the pore center are shorter than
the corresponding bulk values, which are indicated by dashed lines in Fig. 6.8(b). This
observation can be attributed to a reduced density and altered mixture composition in the
pore center. In fact, for the JO potential, the difference in τq of EG and WA is enhanced,
compared to the bulk mixture, since a water-rich phase in the pore center is produced by
water being expelled from the wall. Thus, we find that micro-phase separation can also
enhance dynamical decoupling of the mixed components, even in the pore center where
dynamics are not affected by liquid-matrix interactions directly.
Next, we investigate reorientational dynamics of water in the AM pore. For this, we
calculate various rotational correlation functions Fl (t) and analyze them in terms of
the dynamic susceptibilities χl (ω). In Fig. 6.9(a), we show the imaginary part χ′′2 (ω)
calculated for O-H bonds of water in different regions of the AM pore at 300 K. The decay
of the correlation function in time domain is seen as a peak in the imaginary part of the
corresponding susceptibility. In harmony with the results for the ISF, we observe that the
time scale is shifted to longer times, corresponding to lower frequencies ω, when the wall is
approached. Additionally, the decays are broadened near the wall. To quantify the shape,
we interpolate the susceptibility in various regions of the pore by a Havriliak-Negami
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Figure 6.9: (a) Imaginary part of the susceptibility χ2 (ω) for WA O-H bonds in the indicated
regions of the AM pore at 300 K. Lines are interpolations with a HN form,
see Eq. 6.1. (b) Parameters of HN interpolations of χ1 (ω) and χ2 (ω) obtained
for WA dipole and O-H bond, respectively. The slope parameters α and αβ
are shown as a function of r at 260 and 300 K. All data result from the BZ
liquid-matrix interaction and the SC potential of EG.
(HN) function
χHN (ω) = χ∞ +

∆χ
.
(1 + (iωτHN )α )β

(6.1)

Here, τHN determines the peak position, α and β constitute the shape of the peak and
χ∞ and ∆χ are fit parameters. Specifically, the low- and high-frequency slopes of χ′′HN in
double-logarithmic representation are given by α and αβ, respectively. The two limiting
cases of the HN functions are a Cole-Davidson (CD) and a Cole-Cole (CC) function, with
α = 1 or β = 1, respectively. The HN form allows good interpolation of the main relaxation
peak, shown as solid lines in Fig. 6.9(a). Thus, we determine α and β for χ1 (ω) and
χ2 (ω), probing dipole and O-H bond reorientation of water, respectively. Figure 6.9(b)
displays the slope parameters in various regions of the AM pore at 260 and 300 K. No
clear temperature dependence is observed for any of the slopes, indicating that timetemperature superposition holds for each pore region individually. The high-frequency
slope is nearly constant throughout the pore, with αβ ≈ 0.6 and 0.4 for χ1 and χ2 ,
respectively. The low-frequency slope decreases upon approaching the wall, giving α ≈ 1
in the pore center and α ≈ 0.5 close to the wall, similarly for χ1 and χ2 . Notably, the
uncertainty of α close to the wall is enhanced, as we do not fully resolve the low-frequency
slope due to the shifted time scale.
In conclusion, we find bulk-like dynamics of the mixture in the pore center, characterized
by an asymmetric CD shape of the susceptibility, which usually well describes the α process
in supercooled liquids. Towards the wall, the peaks become less asymmetric, until close
to the surface, basically a symmetric CC shape is observed, which was reported for WA
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Figure 6.10: Correlation-time map of τq obtained for (a) WA and (b) EG, applying the SC
potential for EG and the BZ liquid-matrix interaction. Results for the bulk
mixture and conﬁned mixture are compared. In the latter case, we show
results for constant number of molecules (isochoric) and variable number
of molecules, accounting for the temperature dependent density (isobaric),
see text for details. Solid and dashed lines show interpolations with a VFT
and an Arrhenius function, respectively.

reorientation at various surfaces in dielectric studies. [117–120] All in all, these results
agree with findings from other computational studies [121] of WA dynamics in different
confinements.
Finally, we study the temperature dependence of structural relaxation in confined
mixtures. Figure 6.10 shows temperature-dependent correlation times τq for WA and
EG in the AM pore, as obtained for the BZ surface interaction and SC potential for EG.
Here, we do not distinguish between different pore regions, but obtain correlation times
from the pore-averaged correlation function of each species. The fragile increase of
correlation times upon cooling observed for the bulk mixture is replaced by an Arrhenius
law in confinement. In consequence, correlation times in confinement are slowed down
at ambient temperatures, while a speed up is found below 210 K, due to the reduced
temperature dependence compared to the bulk mixture. As noted before, the pores
are simulated with a constant number of molecules, i.e. under isochoric conditions, not
accounting for the temperature dependence of density for low T . Thus, pore simulations
are effectively performed at negative pressure. Even at 260 K, we have seen that this
leads to faster dynamics in the pore center, compared to the bulk mixture, equilibrated at
atmospheric pressure.
To scrutinize the influence of this effect on the temperature dependent correlation times,
we have performed additional simulations, mimicking isobaric conditions. For this, the
number of EG and WA molecules is increased linearly upon cooling from N = 748 at 250 K
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to N = 771 at 200 K. Specific values of N are chosen based on the temperature-dependent
bulk density of EG-WA mixtures. Correlation times obtained from these simulations are
displayed in Fig. 6.10. For both components, dynamics slow down when the density is
adjusted. Though the temperature dependence of correlation times is higher and the
speed up at 200 K is reduced, we still observe an Arrhenius-like temperature dependence,
with no indications of a fragile behavior observed for the bulk mixtures.
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7 Mixture of two water-like molecules
Binary mixtures of glass formers are abundant in many technological applications and
biology. In such mixtures, the glassy slowdown is particularly complex due to structural
and dynamical differences between the mixed components. Many binary liquids exhibit a
miscibility gap associated with at least one critical point and spinodal decomposition. [122]
When a critical point is approached, concentration fluctuations increase and start to affect
molecular dynamics. [4,5,123,124] Essential for the phenomenology of glass forming binary
liquids is the mobility contrast of the constituents, which is often expressed through the
difference in Tg of the neat components.
Traditionally, it was assumed that mobilities of the individual constituents in miscible
blends are closely coupled and therefore, a single Tg of the whole mixture is observed.
Meanwhile, studies on fully miscible polymer blends [9,10] identified two calorimetric
glass transitions. Further studies on binary glass formers [11] attributed the existence of
two Tg values to the respective dynamics of the components. Typically, dynamics of the
high-Tg component resemble that of a neat glass former and a monotonous concentration
dependence of the higher Tg values is established, well known as the plasticizer effect in
the case of polymers. Dynamics of the low-Tg component are more complex [28,31,32] and
a possible non-monotonous composition dependence of the lower Tg values is subject to
controversial discussion. [29] For example, it was argued that the mobile species is subject to
intrinsic confinement composed of an essentially frozen matrix formed by the less mobile
species [125,126] and is governed by a broad distribution of correlation times. [127] However,
the assignment of various relaxation processes is often not straightforward in experimental
studies. [30] Furthermore, a high dynamical contrast requires substantial differences in
molecular size or chemical structure of the mixed components, further enhancing the
complexity of molecular dynamics. By contrast, MD simulations enable a direct assignment
of the various relaxation processes. Various simulation studies [42–44,128,129] reported
anomalous dynamics of the more mobile component in a binary glass former, e.g. sublinear diffusion or quasi-logarithmic decays of correlation times.
In the subsequent sections, we investigate a binary model mixture that is composed of
two types of water-like molecules, where the first species possesses the partial charges of
the regular SPC water model, while the partial charges of the second species are scaled
to a relative value of 75%. Scaling the molecular polarity this way, we achieve a high
dynamical contrast in a mixture of molecules with the same chemical structure. Details
of the simulation protocol are given in Sec. 3.1. Since the reduced polarity speeds up
the molecular dynamics of the neat liquid, we refer to the molecules with partial charges
scaled to 100% and 75% as slow and fast component, respectively. We begin with an
analysis of the thermodynamics of the mixture to determine the region of the phase
diagram, where the two components are miscible. Subsequently, we investigate relaxation
dynamics of the mixed components and the influence of concentration fluctuations on the
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Figure 7.1: (a) Temperature dependent bulk density of mixtures of various compositions
c and the neat liquids. Lines show the prediction for an ideal mixture, based on
interpolations of the neat densities. The temperatures for which the densities
of one of the neat components are obtained from extrapolation are indicated
by dashed lines. (b) Composition dependence of the excess volume v E (c) at
indicated temperatures. Here, open symbols indicate temperatures for which
the densities of one of the neat components are obtained from extrapolation.
glassy dynamics upon cooling.

7.1 Thermodynamics of the binary model mixture
When two components are mixed and form a stable mixture, the thermodynamic properties
are a function of the state point (c, T ). Theoretically, an ideal mixture is defined through a
linear dependence of such quantities on composition, i.e. the specific volume vmix (c, T ) =
c · vA (T ) + (1 − c)vB (T ), where vA (T ) and vB (T ) are the specific volume of the respective
neat components and c is the concentration of component A. Typically, real mixtures
deviate from this prediction and the extent of this deviation is called excess. For instance,
the excess volume of a mixture is defined as v E (c, T ) = v(c, T )−vmix (c, T ), with the specific
volume of the mixture v(c, T ) = ρ(c, T )−1 . In aqueous mixtures, the excess volume is
particularly interesting, [109,130,131] since water exhibits a non-monotonous temperaturedependence of density, while the density of most solutes increases monotonously upon
cooling. Thus, an intersection of both neat densities can exist quite easily. However, the
density maximum of water is a result of the formation of a tetrahedral network, which is
itself highly susceptible to changes of the thermodynamic state. Therefore, depending on
the mutual interaction of the solute with water, the formation of the tetrahedral network
can either be prevented or enhanced and thus, the density maximum might be shifted or
diminished in the mixed state.
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Figure 7.2: (a) Concentration-concentration structure factor S cc (q) for composition c =
0.5 at various temperatures. Lines indicate interpolations of the data with an
OZ form. Temperatures where the interpolation does not yield a correlation
length ξOZ are indicated by empty symbols and dashed lines. (b) Same data
in linearized representation 1/S cc (q 2 ).
We show the temperature-dependent density of the binary mixture and the neat liquids
in Fig. 7.1. Firstly, we notice that a density maximum is observed for the neat slow
component (the original SPC water), while a monotonous increase of density is evident
for the fast component. For mixtures with a high concentration c of the slow species, a
weaker density maximum at a somewhat lower temperature is observed, which vanishes
below c = 0.5 in the accessible temperature range. We interpolate the densities of the
neat liquids with a quadratic function shown as lines in Fig. 7.1, which is extrapolated
to lower and higher temperatures, indicated by dashed lines. When we extrapolate the
density of the neat slow species it crosses the density of the neat fast species at T ≈ 153 K.
Accordingly, the densities predicted for an ideal mixture at the respective compositions all
cross at this temperature. For all compositions, the density predicted for an ideal mixture
is lower than the value extracted from our simulations. Accordingly, we observe negative
excess volume for all systems. The minimum is found at c = 0.5 at high temperatures, as
shown in Fig. 7.1(b). Upon approaching the temperature of 153 K, where the densities of
the neat mixtures intersect, the minimum is shifted to a higher concentration c ≈ 0.75.
Moving on, we determine the miscibility limit of the mixtures through an analysis
based on the theory of Ornstein and Zernicke (OZ), cf. Sec. 2.4. For this, we calculate the
concentration-concentration structure factor
S cc (q) = (1 − c)2 S ss (q) + c2 S ff (q) − 2c(1 − c)S sf (q).

(7.1)

Where s and f refer to the slow and fast species, respectively. In Figure 7.2, we display
S cc (q) for the composition c = 0.5 at various temperatures. Upon cooling, the amplitude
of S cc (q → 0) increases, as predicted by the OZ form, defined in Eq. 2.15. We perform
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Figure 7.3: (a) Temperature dependence of S cc (q = 0)−1 for various compositions c. The
lines show linear interpolations S cc (0)−1 ∝ (T /Td −1) in suitable temperature
ranges, which are used to determine the limit of mixing stability Td (c). Shaded
areas indicate the uncertainty intervals of the interpolations. (b) Length scales
ξOZ determined from the OZ analysis. The dashed line shows a power law
ξOZ = ξ0 (T /Td − 1)−0.5 , with ξ0 = 0.15 nm.
c
Td (OZ)

0.1
(88 ± 4) K

0.25
(117 ± 3) K

0.5
(126 ± 3) K

0.75
(117 ± 3) K

0.9
(87 ± 9) K

Table 7.1: Divergence temperature Td determined from OZ analysis, see text for details.
fits [S cc (q 2 )]−1 = A + B · q 2 , where A and B are free parameters. In Figure 7.2(b), we
see that the slope B increases only mildly upon cooling, while the intercept A decreases
and becomes negative at low temperatures.
√︁ According to the OZ form, we determine
[S cc (0)]−1 = A and the length scale ξOZ = B/A. The latter is only meaningful when
A > 0 and thus, we indicate temperatures where A < 0 by open symbols and dashed lines.
We show the temperature dependence of [S cc (0)]−1 for all compositions in Fig. 7.3(a). In
the vicinity of the critical point, one expects [S cc (0)]−1 ∝ (T /Tc − 1). Thus, we determine
the limit of mixing stability Td (c) for each composition through a linear interpolation
of [S cc (0)]−1 . The obtained temperatures are summarized in Table 7.1. Due to the slow
molecular dynamics, it is not possible to equilibrate the systems at temperatures close
to Td for c = 0.9, thus the analysis requires a substantial extrapolation, which leads to
a larger uncertainty of the interpolation. Results for ξOZ are collected in Fig. 7.3(b) for
various compositions and temperatures. As expected, we observe a divergence when the
critical point is approached, with ξ = ξ0 (T /Td − 1)−0.5 . In fact, when represented as a
function of T /Td − 1, all data roughly fall on a common curve, with ξ0 ≈ 0.15, displayed
as a dashed line.
The results from the OZ analysis are summarized in Fig. 7.4 for the whole (c, T ) plane.

46

Figure 7.4: Overview of the (c, T ) plane for the binary mixture: Dots mark state points
at which equilibrium is available in the simulations, the color code indicates
the OZ correlation length ξOZ . The interpolated limit of mixing stability Td (c)
determined from the OZ analysis is indicated by the solid line. The dashed and
dotted lines show the spinodal and binodal lines, respectively, as calculated
from a mean ﬁeld approach, see Sec. 2.2 for details. The dash-dotted line
indicates the Fox-Flory equation, indicative of the plasticizer effect observed
for this mixture, see Sec. 7.2

Additionally, we show estimates for the spinodal and binodal lines as obtained from the
FH mean-field approach discussed in Sec. 2.2. To obtain the critical temperature of the
studied binary mixtures, we have to calculate the Flory parameter χ = 2kzB T (2ϵsf − ϵss − ϵff ).
Due to the tetrahedral network structure of water, we assume z = 4 next neighbors. The
interaction potential is composed of Lennard-Jones (LJ) and electrostatic interactions,
however, only the electrostatic interaction differs between the slow and fast species and,
thus, LJ contributions in χ cancel out. The electrostatic interactions depend on the partial
charges of the molecular species according to ϵel
ij = u0 q̃ i q̃ j (i, j ∈ {s, f }), where q̃ s = 1.0
and q̃ f = 0.75 are the relative partial charges of the slow and fast species, respectively, and
u0 = −0.1385 eV is the electrostatic energy of a next-neighbor pair of SPC water molecules.
To calculate this value, we assume an idealized hydrogen bond configuration of both
molecules, where the oxygen atoms are separated by 0.27 nm, the bridging hydrogen
atom is located on the connecting line of the two oxygen atoms, and both hydrogen atoms
of the acceptor molecule lie in a joint plane with the hydrogen-bond vector. With these
assumptions, the Flory parameter can be rewritten as χ = 2kzB T u0 (q̃ s − q̃ f )2 . At the critical
point, the Flory parameter is χ = 2 and, hence, the critical temperature of this mixture
is Tc ≈ 100 K, which is somewhat lower than, but still comparable to the value expected
based on the OZ analysis.
In a second approach, we investigate concentration fluctuations through the LCF defined
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Figure 7.5: Static measures of LCF: (a) Spatial correlation function Φs (r) for the composition c = 0.5 at various temperatures. Dashed lines indicate state points where
T < Td (c). (b) Correlation length ξCF (T /Td − 1) for various compositions and
temperatures and (c) Scaled variance ⟨δϕ2 ⟩nc . In panels (b) and (c), open
symbols indicate state points where T < Td (c).
in Sec. 4.6. Figure 7.5(a) shows the spatial correlation function of LCF Φs (r) for the
composition c = 0.5 at various temperatures. We see that the range over which LCF
are correlated increases upon cooling and when the divergence temperature Td (c) is
crossed, Φs (r) becomes negative at intermediate distances, indicating the onset of phase
separation due to spinodal decomposition. Towards high temperatures on the other
hand, the correlation is dominated by the overlap of probe volumes with size 43 πrc3 ,
where rc = 0.5 nm. Thus, when we determine the correlation length ξCF , displayed in
Fig. 7.5(b), we observe a high temperature limit of ξCF ≈ 0.5 nm. Again, we use the
divergence temperatures Td (c) determined from the OZ analysis to display ξCF in a scaled
representation and find that all data fall onto a common curve, consistent with the above
results for ξOZ ,
Furthermore, we study the temperature-dependent amplitude of LCF through the
variance ⟨δϕ2 ⟩. Considering that the variance depends on the average number of particles
in the probe volume according to ⟨δϕ2 ⟩ ∝ [nc (T )]−1 , we remove the trivial influence of the
temperature-dependent density changes by multiplying ⟨δϕ2 ⟩ with nc (T ) = 4/3πrc3 ρ(T ).
Figure 7.5(c) shows the scaled variance for various compositions and temperatures. We see
that also the amplitude of the LCF increases upon approaching the divergence temperature
Td (c). However, in this case we do not observe one common form for all compositions. The
amplitude of LCF is largest for c = 0.5 and decreases towards c = 0 and c = 1, roughly
proportional to c(1 − c). In conclusion, we learn that both the concentration-concentration
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Figure 7.6: (a) Dynamic concentration-concentration structure factor Cqcc (t) for c = 0.5
at 150 K and various scattering vectors q. (b) q dependent correlation times
τcc for c = 0.5 at 150 K. The solid and broken lines indicate a q −2 -dependence
and the effect due to the Debye-Waller factor, respectively, see text for details.
(c) Temperature dependent inter-diffusion coefﬁcients Dcc for indicated compositions.

structure factor, as well as the LCF, serve as a measure of the onset of phase separation.
However, while the structure factor is a long-ranged property, LCF measure the local
concentration in a small probe volume. Thus, we can use them to distinguish different
local environments in following analyses.
Having characterized static properties of concentration fluctuations, we move on to the
investigation of their dynamic decay. First, we calculate the dynamical equivalent to the
concentration-concentration structure factor, the concentration-concentration scattering
function Cqcc (t). Figure 7.6(a) displays the normalized data of Cqcc (t) for c = 0.5 at 150 K
and various scattering vectors q. We see that the correlation decays on an increasing time
scale when q is reduced. The corresponding correlation times τqcc , displayed in Fig. 7.6(b),
follow a q −2 dependence for low values of q, indicative of diffusive motion. Additionally,
upon increasing q beyond 10 nm−1 , the initial decay of Cqcc (t) due to the Debye-Waller
factor u2 is enhanced and thus, the correlation time is shifted to shorter times by a factor
1 + ln(1 − 12 u2 q 2 ), indicated by the broken line. We exploit that the correlation times are
linked to the inter-diffusion coefficient Dcc by τqcc = (q 2 Dcc )−1 and calculate Dcc from the
q dependence of τqcc . [63] The temperature dependent values of Dcc for all compositions are
compiled in Fig. 7.6(c), where we see that the value of Dcc decreases, i.e. the fluctuations
decay slower, upon decreasing the temperature or increasing the concentration of slow
particles.
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Figure 7.7: (a) Dynamic correlation function of LCF Φd (t) for composition c = 0.5 at
various temperatures. (b) Temperature dependence of LCF correlation time
τCF for indicated compositions c.

Next, we investigate the time scale of LCF through the decay of Φd (t). We display
exemplary results for c = 0.5 and various temperatures in Fig. 7.7(a). Above Td (c),
the correlation functions decay to a large extent and are well described by a stretched
exponential form ∼ exp[−(t/τ )β ], with a stretching parameter of β ≈ 0.5, that slightly
increases upon cooling. Below Td (c), the decays of Φs (t) show that equilibrium is not
reached on the time scales accessible in our simulations. The correlation times τCF are
compiled for all compositions in Fig. 7.7(b). Analogous to Dcc , the correlation times
increase upon cooling or when increasing the concentration of slow species.
Concluding the investigation of temporal aspects of concentration fluctuations, we
correlate 1/Dcc and τCF in Fig. 7.8. We see that both quantities have a similar temperature
dependence at high temperatures. Upon cooling, data for different compositions begin
to deviate when the length scale of concentration fluctuations increases. Actually, one
may expect this discrepancy when considering that the time scale for diffusive particle
exchange between regions with diverse local concentrations depends on the size of these
2 ∝ D cc τ . Therefore, we plot τ
2
cc
areas, explicitly, one may expect ξOZ
CF
CF vs. ξOZ /D , using
the actual data of ξOZ in Fig. 7.8(b) and, in Fig. 7.8(c), using the observed power-law
dependence of the correlation length ξOZ = ξ0 (T /Td − 1)−0.5 , with ξ0 = 0.15 nm. We see
that the discrepancies at low temperatures disappear and all data collapse not only onto a
2 ≈ D cc τ , in particular when reducing the
common linear behavior, but we find that ξOZ
CF
statistical uncertainties of the correlation length in the latter representation, indicating
that τCF and Dcc provide different perspectives, but a consistent picture of the dynamics of
concentration fluctuations. As a consequence of this result, τCF serves as a good measure
of the time scale on which concentration fluctuations decay, as will be exploited below.
Altogether, when the temperature decreases, the range of concentration fluctuations
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Figure 7.8: Correlation between the time (τCF ) and length (ξOZ ) scales of concentration
ﬂuctuations and the inter-diffusion coefﬁcient Dcc : (a) τCF vs. 1/Dcc , (b) τCF
2 /D cc , and (c) τ
2
−1
cc
vs. ξOZ
CF vs. ξ0 (T /Td − 1) /D . In panel (c), we exploit that
the OZ analysis yields a common power law ξOZ = ξ0 (T /Td − 1)−0.5 for all
compositions, cf. Fig. 7.3(b). The dotted lines indicate an unity relation.
increases, as a precursor of a decomposition into macroscopic phases at a demixing
transition. Close to this phase transition, the correlation length exceeds the size of the
used simulation boxes, leading to finite-size effects and, hence, hampering meaningful
analyses. The divergence temperatures Td (c) determined from the OZ analysis are shown
in Fig. 7.4. These results are in qualitative agreement with the estimate for the binodal
and spinodal lines of the studied mixtures, as obtained from the FH mean-field approach
discussed in Sec. 2.2. This approach yields a critical temperature of 100 K, which is
somewhat lower than, but still comparable to the value expected based on the OZ analysis.
Furthermore, structural relaxation becomes slow on the time scale of the simulation
upon cooling, interfering with studies of equilibrated systems at low temperatures. To
assess the latter effect, the “computer glass transition” temperatures T̃ g of the studied
mixtures are included in Fig. 7.4, as obtained from the following analysis of molecular
dynamics. They are defined such that the mixtures fall out of equilibrium on the time
scale of our simulation near these temperatures. Combining the findings, it becomes clear
that the temperature range of meaningful analyses is limited by finite-size effects due to
growing correlation lengths of concentration fluctuations at small and medium values of
c and by non-ergodicity effects due to increasing correlation times for mixtures with large
concentrations of the slow component. In the following detailed analyses of molecular
dynamics, we restrict ourselves to state points (c, T ) where finite-size and non-ergodicity
effects can be neglected.

7.2 Component-resolved molecular dynamics in the bulk mixture
In the following investigation of molecular dynamics, we study the relaxations of the
two components separately. We start with the analysis of long range motion and show
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Figure 7.9: MSD at various temperatures. We show results for the composition c = 0.25
in panels (a) and (b) and for c = 0.75 in panels (c) and (d), each for the fast
and slow component, respectively. The dashed lines mark linear diffusion,
r2 (t) = 6Dt.

the MSD r2 (t) for both species and two compositions, c = 0.25 and 0.75, in Fig. 7.9.
Focusing on the system with lower concentration of slow particles c = 0.25 first, we
observe many characteristics similar to neat glass formers. The MSD shows a plateau at
intermediate times upon cooling, due to the intermittent cages, which has a larger value
for the fast species. With increasing times, the plateau regime is followed by diffusive
dynamics, which become increasingly different for both components upon cooling. The
onset of phase separation however prevents us from reaching the deeply supercooled
regime at this particular composition. This is in contrast to the system with higher
concentration of slow particles c = 0.75, which can be fairly deep supercooled. There, the
slow component, which constitutes the majority species, exhibits a pronounced plateau due
to cage formation upon cooling that is followed by diffusive dynamics after several orders
of magnitude in time. A different picture is observed for the fast minority component,
which exhibits no distinct caging plateau at low temperatures, but a regime of sub-linear
diffusion, and a shoulder at r2 ≈ 1 nm2 . The origin of such second regime of sub-linear
diffusion at length and time scales beyond the regular caging regime of neat supercooled
liquids will be addressed below.
We show the temperature-dependent inverse self-diffusion coefficient D−1 (1/T ) in
Fig. 7.10 for both components in mixtures with various compositions and in the neat
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Figure 7.10: Temperature dependent inverse self-diffusion coefﬁcient D−1 at indicated
compositions, for (a) the fast and (b) the slow component. Interpolations
with a VFT function or an Arrhenius form are indicated by solid and dashed
lines, respectively. In panel (b), the respective inter-diff coefﬁcient Dcc is
shown as cross symbols.

liquids. The slow component behaves as a fragile glass former in the mixture and as a
neat liquid. Accordingly, we interpolate the temperature dependence with a VFT relation.
By increasing the ratio of fast species in the mixture, i.e. reducing the value of c, the
diffusivity of the slow species is enhanced. This is in accordance with the common known
plasticizer effects in polymer dynamics. When increasing the concentration of a component
with high mobility, the molecular dynamics of a component with low mobility speeds
up and the glass transition temperature Tg of the mixture decreases. Furthermore, we
compare the self-diffusion coefficient of the slow component with the above determined
inter-diffusion coefficient Dcc . The good agreement for all studied compositions and
temperatures indicates that diffusion of the slow component is required to balance out
differences in concentration.
The fast component behaves as a fragile glass former as neat liquid and in mixtures
with high concentration of the slow species. At intermediate compositions (c = 0.1 − 0.5)
a weaker temperature dependence is observed in the accessible temperature range, resembling an Arrhenius law D−1 ∝ exp(E/T ), rather than a VFT relation. As a consequence,
the extrapolations of D−1 (1/T ) of the fast species in the mixture and as a neat liquid
would intersect at a temperature below Td . Thus, if it were possible to circumvent the
phase transition upon cooling a puzzling situation would result, since adding small fractions of the slow species to the neat fast species would actually speed up dynamics rather
than slow them down at low temperatures.
Moving from the investigation of long-range diffusive motion to structural relaxation,
we turn to the ISF. Figure 7.11 displays Fq (t) (for q = 22.7 nm−1 ) for both components
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Figure 7.11: ISF Fq (t) at various temperatures.We show results for the composition c =
0.25 in panels (a) and (b) and for the composition c = 0.75 in panels (c) and
(d), each for the fast and slow component, respectively.

and the compositions c = 0.25 and 0.75 at various temperatures. Again, the decays
resemble in many aspects that observed for neat glass formers. Upon cooling, the time
scale of relaxation shifts to longer times and the single-step decay is split into two, namely
a short-time vibrational decay and structural relaxation at later times, where the initial
vibrational decay is more pronounced for the fast component. At the composition c = 0.75,
the slow majority component shows a distinct vibrational plateau, which is followed by a
stretched-exponential decay with increasing time scale upon cooling. When considering
the fast minority component, the decay of structural relaxation is tremendously stretched
over nearly four decades and becomes quasi-logarithmic at the lowest temperatures. Such
broad decays are indicative of rather large dynamical heterogeneities, which develop in
the mixture close to the phase transition. As seen previously, none of these anomalies are
observed for the mixture with lower composition c = 0.25, which shows characteristics of
a neat glass former in its slightly supercooled state.
Figure 7.12 compiles temperature dependent correlation times τq for both components
in mixtures of various composition and the neat liquids. We find that both species behave
as a fragile glass former in the investigated temperature range. Just like for the selfdiffusion coefficient we observe a plasticizer effect, hence adding more of the fast species
speeds up dynamics and thus, the glass transition temperature Tg (c) is reduced. Unlike
the diffusion coefficient, the correlation time τq of the fast component exhibits fragile
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Figure 7.12: Correlation time map τq (1/T ) for the indicated compositions c: (a) For the
fast component and (b) the slow component. Interpolations with a VFT
function are indicated by solid lines.

behavior at all compositions and we can interpolate all data with a VFT relation. However,
a weaker temperature dependence is observed in mixtures with concentration c ≤ 0.5 of
the slow species and the corresponding VFT interpolations are rather ambiguous, yielding
a non-monotonous composition dependence of the TVFT parameter.
To quantify the influence of composition changes on the molecular dynamics, we show
concentration dependent correlation times of both components at a constant temperature
T = 140 K in Fig. 7.13(a). Choosing this temperature, we ascertain stable mixtures, which
are close to the phase transition line. To compare diffusion and structural relaxation,
we define a “correlation time of diffusion steps” τD = a2 /D, using a = 1 Å. We see that
the correlation times increase by several orders of magnitude, when moving from c = 0
to c = 1. However, the slowdown is not only different for the different observables, but
also generally more pronounced for the slow component. Hence, the ratio τslow /τfast
increases with composition c, cf. Fig. 7.13(b). Specifically, the dynamic contrast of the
mixed component increases approximately exponentially with concentration c. Similarly,
Arrhenius reported a multiplicative dependence of the viscosity on the concentration
for dilute aqueous solutions, [132] which implies ln[η(c)/η0 ] ∝ c. While we observe this
behavior similarly for diffusion and structural relaxation, we find that τq is more influenced
by the composition c and so is the respective dynamic ratio.
To further investigate the concentration dependent plasticizer effect, we determine
a computer glass transition temperature T̃ g through τ (T̃ g ) = 100 ns for τq and τD . By
using a time of 100 ns we take into account the limited time scales that are accessible
in our simulations, especially at intermediate compositions. For the neat liquids, we
obtain T̃ g, slow = 161 K and T̃ g, fast = 70 K, essentially independent of the observable.
Composition-dependent results T̃ g (c) are shown in Fig. 7.14 for both observables and both
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Figure 7.13: (a) Concentration-dependent correlation times τD = a2 /D, using a = 1 Å,
and τq for both components at a constant temperature T = 140 K. (b)
Concentration-dependent ratio τslow /τfast at the same temperature.

Figure 7.14: Composition dependence of glass transition temperature T̃ g as determined
for the indicated molecular species and observable. Here, τD = a2 /D refers
to a “correlation time of diffusion steps”, using a = 1 Å. The dashed line
shows the prediction of the Fox-Flory equation, see text for details.
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Figure 7.15: Non-Gaussian parameter α2 (t/τq ) at various temperatures, different compositions and for both components. The temperature is encoded as the line
color, composition and component are indicated in each panel. Star symbols
mark the location of τCF for each temperature.

species. We find that Tg (c) evolves in a non-linear way from c = 0 to c = 1 and different
values of T̃ g are determined for each species and both observables. The concentration
dependent glass transition temperature of polymer blends is commonly described by the
Fox-Flory equation. [133]
1
c
1−c
=
+
T̃ g (c)
T̃ g, slow T̃ g, fast

(7.2)

We see that T̃ g determined for τD (1/T ) of the slow species follows this prediction closely,
while the values determined for the fast component are systematically lower, particularly
for compositions c < 0.5, where we extrapolate Arrhenius temperature dependencies.
When considering short-range dynamics through τq , we observe small deviations for
both components, in the composition ranges c < 0.5 and c > 0.5 for the slow and fast
component, respectively. It appears that the short-ranged dynamics are more influenced
by concentration fluctuations. Thus, when we observe τq (1/T ) of the minority component,
the effective composition probed by this species is enriched with molecules of the same
species. Accordingly, the slow species exhibits a higher T̃ g for c < 0.5, while the fast
species exhibits a reduced T̃ g for c > 0.5.
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2 (r ) of 3TCF for the composition c = 0.75. The depenFigure 7.16: Second moment σ3T
12
dence on the indicated time intervals t⋆ = t12 = t23 in ps is shown for (a) the
fast and (b) the slow component at T = 150 K. The dashed and dash-dotted
lines mark time intervals t⋆ ≈ τq and t⋆ ≈ τCF , respectively. Data for (c) the
fast and (d) the slow component at various temperatures are shown for
comparable time intervals t⋆ , as chosen according to r2 (t⋆ ) ≈ 1 nm2 .

7.2.1 Dynamical heterogeneities
When the glass transition is approached in neat glass formers, the dynamical slowdown is
accompanied by increasing dynamical heterogeneities within the supercooled liquid. A
common measure of this heterogeneity is the NGP α2 (t), which probes the deviation from
Gaussian displacement statistics. At short and long times α2 (t) is zero, while it reaches
a maximum at an intermediate time that is denoted as τα2 . Figure 7.15 shows the NGP
for both components in mixtures of various compositions and at several temperatures.
By displaying α2 over a reduced time scale t/τq , we facilitate a direct comparison with
the α relaxation. Generally, the maximum value α2 (τα2 ) increases upon cooling and
hence, dynamical heterogeneities become more pronounced. Most of the curves exhibit a
maximum at a time τα2 ≈ τq , however, this behavior is again dependent on whether a
species is in majority at the respective composition, or not. This is particularly noticeable
for the composition c = 0.1, where the fast component is in majority. In harmony with
3/4
findings for several neat glass formers, [134,135] a power-law dependence τα2 ∝ τq is
observed. Considering the slow minority component, no sharp maximum is detectable at
low temperatures, but a broad peak, which becomes bimodal at the lowest temperatures.
The short-time peak, which dominates at higher temperatures, still follows the powerlaw observed for the majority component, while the long-time peak shifts with τCF and
dominates at low temperatures, where concentration fluctuations become dominant.
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Actually, even for the fast majority component we observe a contribution to α2 at the time
scale τCF , although it is manifested as a small shoulder rather than a clear peak.
For the other compositions, this contribution is not as distinct, but still, we observe a
shoulder in α2 , when LCF decay. The smaller extent, even for the respective minority
components, is probably owed to the mixtures being closer to their respective Tg and
thus, dynamical heterogeneities due to the glass transition overpower the effect from
concentration fluctuations.
Further insights into the space-time characteristics of dynamical heterogeneities can
2 (r ) (cf. Sec. 4.4) in
be gained from 3TCF. Specifically, we show the second moment σ3T
12
Fig. 7.16, for the composition c = 0.75. First, we present results for a constant temperature
T = 150 K and increasing time intervals t⋆ = t12 = t23 . At short and intermediate times
2 (r ) increases with r , until it eventually levels out into a plateau at
t⋆ , the value of σ3T
12
12
r12 ≈ 2 nm, thus revealing a correlation of the mobilities during both time intervals on
2 (r ) can be
time scales t⋆ ≤ τCF and nanometer length scales. In detail, the increase of σ3T
12
divided into two regimes, a steep increase in the interval r12 < 0.3 nm is followed by a lesssteep rise to the plateau. The former increase is also observed in neat glass formers and
is attributed to local motion in temporary cages formed by neighboring particles. [94–96]
Consistently, it is particularly prominent on the time scale of the α relaxation. The latter
rise however is not observed for neat liquids and reveals dynamical heterogeneities on
larger time and length scales, which result from concentration fluctuations in the mixture.
Accordingly, the correlation of mobility is lost for times t⋆ > τCF .
To investigate the temperature dependence of this effect, Figures 7.16(c) and (d) show
2
σ3T (r12 ) at various temperatures for comparable times t⋆ , chosen such that r2 (t⋆ ) ≈ 1 nm2 .
In this representation, it is evident that a spatial heterogeneity of dynamics develops
upon cooling. On the time scale corresponding to average molecular displacements
of 1 nm, mobility correlations are averaged out at high temperatures, while the above
described steep and weak rise are observed upon cooling, when molecular dynamics
slow down. Interestingly, when we apply the criterion r2 (t⋆ ) ≈ 1 nm separately to both
components, no fundamental differences are observed between the two species. Revealing
that both components exhibit dynamical heterogeneities on nanometer length scales on
the respective time scales.

7.2.2 Dynamics in different local environments
Previously, we have established LCF as a local measure of the onset for the demixing
transition. In the following section, we exploit this to calculate correlation functions
resolved by the local environment ϕ(r
⃗ i , t0 ) at the location ⃗ri of the respective molecule
at the time origin t0 . This evaluation allows for a direct investigation of the interplay
of spatially fluctuating composition and molecular dynamics. In Figure 7.17 we show
the MSD r2 (t) and the ISF Fq (t) calculated for both components resolved by the local
environment in the mixture with composition c = 0.75 at a temperature T = 140 K. We
observe relatively similar pictures for both components: the MSD increases considerably
faster for sub-ensembles of low ϕ and, hence, environments rich in the fast species at
intermediate times. Since we do only consider the local concentration at the time origin
t0 , the molecules exchange with the surrounding when they travel far enough. This leads
to all curves striving to a single form at long times, or more precisely at long distances,
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Figure 7.17: MSD r2 (t) and ISF Fq (t) of molecules in different local environments of
the indicated local concentration ϕ, for composition c = 0.75 and T =
140 K. Panels (a) and (b) display r2 (t) for the fast and slow components,
respectively, while panels (c) and (d) show Fq (t).

Figure 7.18: Distribution of local concentration environments P (ϕ) at T = 140 K. (a) For
the mixture with composition c = 0.25 and (b) for the composition c = 0.75.
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Figure 7.19: Dependence of τq on the local concentration ϕ for mixtures with the indicated
compositions, (a) for the fast components and (b) for the slow component,
at T = 140 K. Broken lines show the respective ensemble average as a
function of the mixing composition c.

which constitutes the ensembles average. Accordingly, molecules that start out in fast
environments exhibit a sub-diffusive regime at r2 ≈ 1 nm2 , while a super-diffusive regime
is observed for molecules starting out in high-ϕ environments. Thus, we can identify the
sub-diffusive regimes observed in Fig. 7.9 for the ensemble-average as a consequence of
molecules that are initially located in faster environments, but move to slower regions in
the course of time.
Similarly, the ISF is spread over several orders of magnitude in time when ensembles of
various local concentration are considered. Notably, the vibrational decay is not affected
by the local concentration at all. Again, we observe no fundamental difference between
the slow and fast component and each sub-ensemble decays with a stretched exponential
decay. To understand the quasi-logarithmic decays observed for the fast component, we
need to consider how the respective decays contribute to the ensemble average. We show
the distribution P (ϕ) in Fig. 7.18 for the mixture with composition c = 0.75. There, the
difference of both species is obvious: while the slow component shows one distinct peak
at ϕ ≈ 0.75, the distribution of the fast component is very broad, maybe even bimodal.
Thus, the ensemble average of the slow component is dominated by only few of the
decays, whereas the ensemble average for the fast component is a combination of many
different decays, and hence time scales. Notably, this trend is reversed, when the slow
component is in minority (i.e. c = 0.25), where the fast component comprises one peak
and the slow component a broad distribution. So basically, the minority component always
features a broad distribution of different local environments, which are constituted by the
majority component. However, since concentration fluctuations decay due to diffusion of
the slow species, the association of the structural correlation time with local concentration
fluctuations is only distinct in mixtures with high concentration of the slow species. In
these systems, the fast component experiences a broadly distributed and initially static
environment in which it diffuses for up to 1 nm on average, before the environment is
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Figure 7.20: Results of RW simulations on lattices comprised of alternating slow and fast
domains with various sizes N . (a) MSD r2 (t) for particles that are initially
located in fast or slow domains. The dotted lines show expected r2 (t) of
particles moving with the constant rates κslow or κfast , respectively.
√︁ Black
dots indicate the turning points of each curve. (b) Displacement r2 (ttp ) of
fast particles at the turning point, as a function
of the domain size N . The
√︁
dashed line shows a linear interpolation r2 (ttp ) = 0.4N
rearranged due to diffusion of the slow component.
Figure 7.19 compiles correlation times τq for various overall mixing compositions c at
T = 140 K, as a function of the local concentration ϕ. Note that environments of low-ϕ
are scarce in mixtures with high overall composition c and vice-versa; accordingly, we
do not show results in these regions of the concentration range. For comparison, the
figure displays the ensemble average τq (c) (cf. Fig. 7.13) for both components. We see
that the correlation time of both components changes approximately exponentially with
the local concentration ϕ, ln(τq (ϕ)/τ0 ) ∝ ϕ, while the ensemble average increases superexponentially with the overall mixing composition c. Interestingly, the correlation time at
low local concentration ϕ appears to be independent of mixing composition c. However,
in such environments τq is close to 1 ps and, thus, on the order of vibrational motion,
which is not affected by concentration fluctuations or the overall mixing composition. On
the other hand, the correlation time at high local concentration increases roughly with
ln(τq ) ∼ c2 .
The findings for the LCF resolved analysis of the MSD are confirmed by results from
random-walk (RW) simulations (see Sec. 3.4) in Fig. 7.20. In the presence of strong
spatially heterogeneous dynamics, particles exhibit linear diffusion at short times, with
rates κslow and κfast according to the respective starting location. However, in the course
of time diffusing particles reach the domain boundary and, hence, diffusion of particles
initially located in a fast domain slows down, which leads to a regime of sub-diffusive
dynamics. On the other hand, particles that start out in a slow domain are sped up upon
leaving this domain and, accordingly, a super-diffusive regime is observed in the MSD.
Ultimately, dynamical exchange between fast and slow domains leads to an common
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Figure 7.21: Reorientational correlation function F1 versus reduced time t/τ1 , (a) for slow
component and (b) for fast component at the indicated temperatures in the
mixture with composition c = 0.75.
−1
diffusion for all particles with an average diffusion coefficient 2a2 /(κ−1
slow + κslow ). The
length and time scales of the regimes of sub- and super-linear diffusion depend on the
domain size N and, hence, provide insights into the properties of spatially heterogeneous
dynamics. For example, the sub-diffusive regime of the fast particles marks the exit of
fast domains so that the corresponding displacements are a measure for the size of these
regions. To demonstrate this effect, we characterize the positions of the sub-diffusive
regimes of the fast particles by the turning points of the corresponding r2√︁
(t) curves. In
Fig. 7.20(b), we show the particle displacements at the turning points, r2 (ttp ), as a
function of the domain size √︁
N . We see that the particle displacement are proportional to
the domain size, explicitly, r2 (ttp ) = 0.4N .

7.3 An-isotropic reorientation dynamics
Accompanying the slowdown of structural relaxation upon approaching the glass transition,
secondary dynamical processes become more and more prevalent. Typically, such processes feature anisotropic molecular reorientation. For the case of water-like molecules, a
particular anisotropic motion are π-flips, which are characterized by a flip of the molecules
in which both hydrogen atoms exchange position. Figure 7.21 shows reorientational
correlation functions F1 (t), calculated for the OH-bond vector of the molecules of both
components, at a composition c = 0.75 and various temperatures. We show the correlation
function as a function of the reduced time t/τ1 , where τ1 is the respective correlation
time. As found for many neat glass formers, time-temperature superposition holds for
the slow component. On the other hand, decays F1 (t/τ1 ) of the fast component can be
superposed at short times t/τ1 < 1, while at longer times the decays exhibit a long-time
tail, which develops upon cooling. Such long-time tails are indicative for processes, which
are decoupled from the structural relaxation.
To further investigate the π-flip process, we show the rotational VH function G(θ, t)
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Figure 7.22: Normalized rotational VH function G(θ, t)/ sin(θ) of the fast molecules at
the indicated times and the composition c = 0.75 at 140 K, (a) for the OH
bond vector and (b) for a vector normal to the molecular plane.

Figure 7.23: Schematic steps of the analysis of π-ﬂip correlation functions from G(θ, t).
(a) The solid and dashed lines show the contribution due to isotropic reorientation and molecules that performed a π-ﬂip, respectively. (b) The amount
of molecules that performed a π-ﬂip Pπ increases with time, until isotropic
reorientation kicks in. (c) The extracted correlation function Fπ (t) decays
over time, with the correlation time τπ .
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for two vectors in the molecular frames of the fast component in Fig. 7.22: the OH-bond
vector and a vector that is normal to the plane formed by the three atoms of the molecule.
The VH of the OH bond vector shows three distinct features. At short times, a peak
located at θ = 0◦ indicates vibrational motion of the vector. Ultimately, the orientation
gets decorrelated by isotropic reorientation, as indicated by the observation that G(θ, t)
has a sin(θ) form at long times, which is eliminated in the normalized representation.
In between these two regimes, an additional peak appears in G(θ, t), which s located at
θ = 109.5◦ corresponding to a tetrahedral jump of the bond vector. To determine whether
this jump actually corresponds to a π-flip, we show G(θ, t) for the normal vector. As
expected, this vector shows an additional contribution at intermediate times at θ = 180◦ ,
which confirms that these jumps actually correspond to π-flips of the water-like molecules.
For a more detailed investigation of this process we determine correlation times τπ ,
which involves several steps that are schematically shown in Fig. 7.23. First, we determine
the contribution of isotropic reorientation Pα (t) to G(θ, t) and the contribution due to
molecules that have performed a π-flip Pπ (t), through a two-component fit to the VH
function of the normal vector. Specifically, we fit the sum of an isotropic part and a
normal peak located at 180◦ . Assuming that all molecules can perform a π-flip, and
possibly also flip back, the share of π-flipped molecules exhibits a maximum, according to
Pπ (t) = 12 [1 − Fπ (t)] · [1 − Pα (t)]. Here, we introduce the correlation function Fπ (t), for
which we determine a correlation time τπ through Fπ (τπ ) = e−1 . The factor 12 indicates
that in equilibrium and in absence of isotropic reorientation, half of the molecules would
have flipped to 180◦ and half of the molecules would have flipped back to 0◦ .
Figure 7.24(a) shows Fπ (t) of the normal vector of the fast component in the mixtures
with the composition c = 0.75 at various temperatures. The correlation function decays
in an stretched-exponential manner, with increasing time scale upon cooling. Towards
higher temperatures, i.e. beyond 200 K for this particular composition, the π-flip is hidden
by isotropic relaxation due to the α process and thus, no meaningful results are available
for Fπ (t). Figure 7.24(b) shows Fπ (t) for molecules in environments with different local
concentration ϕ for the same overall composition c = 0.75 and one temperature T = 120 K.
We observe barely any influence of ϕ on Fπ (t) at short times. The long-time step however
is slowed down with increasing ϕ, analogous to the slowdown observed for structural relaxation, albeit to a much weaker extent. Figure 7.24(c) compiles temperature dependent
correlation times τπ for various compositions. For comparison, we show the correlation
time τ1,dip of the molecular dipole moment, which probes isotropic reorientation. Similar
to structural relaxation, τ1, dip behaves like a fragile glass former and shows a plasticizer
effect. Contrarily, τπ has an Arrhenius temperature dependence for all compositions, with
a similar activation energy for all compositions, but a slightly increased high-temperature
correlation time with increasing concentration of the slow component.
So in summary, we find that secondary dynamical processes like the π-flip are not
strongly affected by LCF, compared to the α-relaxation. However, the π-flip of neat water
is hard to observe directly and the dynamical heterogeneities that arise from LCF seem to
reveal this process in a temperature range where it otherwise would still be overpower by
α relaxation of the molecules.

65

Figure 7.24: (a) Reorientational correlation function Fπ (t) of the normal vector of the
fast component in the mixture with composition c = 0.75 at various temperatures. (b) Fπ (t) for the composition c = 0.75 at T = 120 K for molecules
in environments with the indicated local concentration ϕ, solid lines show
Fα (t), which characterizes isotropic reorientation in the respective local
environments. (c) Temperature dependent correlation times τπ at various
compositions. Solid lines show correlation times τ1 of the dipole moment,
which probe isotropic reorientation.
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8 Binary model mixture in conﬁnement
In recent years, nanotechnologies have become a widespread topic of scientific research
and technological development. [15] A promising method for nanoscale surface modification is atomic layer deposition [16,136] (ALD). Various forms of ALD can create nano
structured surfaces on planar or powdered materials, [137,138] which are tailored to a
specific application. This technique opens up novel applications in many technological fields, for example microelectronic devices, [139] alternative energy storage [108] or
solar cells. [140] ALD can also be used in medical and biological applications and biosensors. [141,142] Microfluidic devices, on the other hand, are used for applications like lab on
a chip [143] or the desalination of seawater. [17] Here, enhanced nanofabrication methods
open up the rich domain of nanofluidics. [144] However, all this technological progress
rises new questions, as a comprehensive understanding of liquids under nanoscopic confinement is still lacking. [14] In many cases, simulations have proven useful to investigate
confinement effects, by overcoming experimental limitations like limited precision in
sample preparation or limited spatial resolution. For example, MD simulations were used
to investigate the lubrication of structured surfaces by thin films, [145] nanofluidic flow
through osmotic membranes [146] or nanoscale fluid transport by two-phase flow through
nanochannels. [147]
In this section, we investigate the influence of confinement on the binary mixture of two
water-like molecules. We exploit that the mixture is structurally homogeneous in broad
parameter ranges, see Sec. 7, to avoid micro-phase segregation due to chemical differences
of the mixed constituents, as found for many other systems, [109,148,149] including the
ethylene glycol-water mixture discussed in Sec. 6.2. The confining matrix is composed of
the same molecules as the liquid mixture, featuring a bulk-like structure of molecules,
which are fixed in space to form a structural confinement. This method is commonly
used to form neutral confinement for neat liquids, which minimizes the disturbance of the
liquid structure due to the confining matrix. [89,150,151] Here, the simplicity of the model
specifically permits to control the affinity of the confining matrix towards each of the
mixed components, by switching molecular species of wall molecules. We exploit this to
investigate the mixture confined in pores that feature a nanoscopically structured surface.
Details of the simulation protocol are discussed in Sec. 3.3.3.

8.1 Neutral conﬁnement
Before we investigate the influence of nano structured pores, we show results for the
mixture with a composition of c = 0.5 at 170 K in a neutral pore with a spatially homogeneous composition and a radius of 1 nm in Fig. 8.1. The neutral confinement is generated
from the equilibrated bulk structure at the same composition, thus the two species are
distributed randomly throughout the confining matrix. The oxygen density profiles of
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Figure 8.1: (a) Oxygen density proﬁles of both components in the neutral pore with radius
1 nm at 170 K. The average mixing composition c(r), calculated from the
density proﬁles, is shown as a dashed line. (b) Dynamic proﬁles τq (r) in the
neutral pore at 170 K. Dashed lines indicate the respective bulk value of τq in
the mixture with composition c = 0.5. Solid lines show interpolations with a
double-exponential form, see Eq. (8.1). The resulting values of ξd are indicated
in the ﬁgure.
the slow and fast component show only minor differences. We observe a small change of
the composition in the pore center (with ccenter ≈ 0.53), which can be attributed to the
fact that molecules of the fast species penetrate the wall to a somewhat higher extent,
indicated by an increased density at r > 1 nm. Other than that, both components feature
no distinct layering apart from one small density peak close to the wall due to molecules
that form a hydrogen bond with a molecule inside the matrix. Hence, we see that the
bulk structure of the mixture is preserved inside the neutral confinement, similar to what
is found for neat liquids. [89,150,151]
Next, we show dynamic profiles τq (r) of the mixed components in the neutral pore in
Fig. 8.1(b). Again, effects similar to that in neat liquids are observed for the mixture.
The correlation times in the pore center approach the respective bulk value, although the
slightly enhanced concentration of slow molecules slows down the dynamics to a small
extent, as compared to the bulk mixture with composition c = 0.5. Close to the confining
matrix, dynamics are slowed down, obeying approximately a double exponential form
ln[τq (r)] ∝ er/ξd ,

(8.1)

which was used to determine dynamic correlation lengths ξd in studies of neat glass
formers. [152,153] While the spatial extent of the slowdown is similar for both components
in the binary mixture, we find that the amplitude is considerably enhanced for the slow
component. As a result, the ratio of correlation times, which is about 10 in the pore center,
increases by one order of magnitude close to the confining matrix. As seen before, no
significant changes in mixture composition are observed and, therefore, this effect can only
be rationalized by the different liquid-matrix interaction of each of the components. For
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neat liquids, the rigid matrix slows down molecular dynamics by two main mechanisms.
The excluded volume reduces the translational degrees of freedom of molecules close
to the surface, while the rigid wall molecules create a static energy landscape for the
liquid. [89,154] While both effects compete at ambient temperatures, the slowdown due to
a static energy landscape dominates upon cooling. For the binary mixture, we expect that
the liquid-matrix interaction is weaker for molecules of the fast species, due to the reduced
partial charges. Consequently, the imposed static energy landscape is smoother and the
effective slowdown reduced, compared to molecules of the slow species. Furthermore,
even the excluded-volume effects might be softened, since we observe that molecules of
the fast species penetrate the matrix and, hence, feel a less-rigid wall as compared to
molecules of the slow species, further reducing the effective slowdown for the fast species.
In summary, we find that the neutral confinement has a similar effect on binary mixtures,
as observed for neat liquids. While the bulk structure of the liquid is preserved, dynamics
are slowed down close to the matrix. However, due to the differences in liquid-matrix interaction for each species, the effective slowdown near the wall is different and we observe
a spatial decoupling of molecular dynamics of the mixed components in confinement.

8.2 Micro-phase segregation in nanostructured pores
We continue with the discussion of cylindrical pores that exhibit a patterned affinity of
the wall with respect to either of the two species of water-like molecules. By varying
the molecule type of wall molecules along the pore axis, which is the z direction, we
create nano-structured pores with alternating segments, where the matrix is composed
of molecules of either the fast or the slow species. All pores measure about 8.5 nm in z
direction. The size of individual segments in z direction is varied by dividing the pore in
2, 4 or 8 segments, while the size of segments in r direction is controlled by changing the
pore diameter between 1.5 − 4 nm.
First, we display the two-dimensional oxygen density distribution ρ(r, z) of each species
at 240 K in a 2 nm pore for various numbers of segments in Fig. 8.2. We find that each
species is attracted to the wall segments composed of the same species, resulting in
enhanced density of slow molecules close to the wall segments that consist of to the slow
species, while barely any molecules of the fast species are observed in the proximate
surroundings of these wall segments; vice versa in the neighborhood of wall regions that
are composed of the fast species abundance of the fast species is enhanced while the slow
species is depleted. This spatial segregation continues towards the pore center, although
less pronounced. Notably, depletion of slow molecules from pore regions affine to the fast
species is more pronounced than that of the fast species from regions affine to the slow
species. Segregation into micro-domains persists upon increasing the number of segments,
and hence reducing the compartment size. For Nseg = 8 and thus a compartment size
of ∼ 1 nm, we observe that the amplitude of density maxima in the respective regions is
somewhat reduced. Along with the variation of mixing composition, we also observe a
variation of the absolute density, which is in qualitative agreement with the variation of
the bulk density with composition. In the following discussion of micro-phase segregation
in the nano-structured pores, we account for this density variation and consider the spatial
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Figure 8.2: Spatial distribution of oxygen atoms ρ(r, z) in various nano-structured pores
at 240 K. Results for pores with Nseg = 2, 4 and 8 segments of alternating
wall afﬁnity are displayed in frames (a), (b) and (c), respectively. For the fast
component, we display ρ(−r, z) in the region r < 0, while we show ρ(r, z) of
the slow component in the region r > 0. Higher oxygen density is indicated
by lighter color, while the conﬁning matrix is shown by black and gray areas,
indicating afﬁnity to slow and fast species, respectively.
distribution of the average mixing composition
c(r, z) =

ρslow (r, z)
.
ρslow (r, z) + ρfast (r, z)

(8.2)

When comparing pores with different numbers of segments, the absolute z position is
less important than the affinity of the wall at this particular location. Moreover, we do
not expect fundamental differences between segments of the same affinity in pores with
more than two segments. We exploit this to average over segments of the same wall
composition, by introducing a generalized coordinate z ⋆ ∈ [0, 1]
(︃
)︃
z Nseg
⋆
z =
mod 1,
(8.3)
Lz 2
where Lz is the pore elongation, Nseg is the number of segments in the pore and mod
indicates a modulo operation. These coordinates are defined such that all segments where
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Figure 8.3: (a) Spatial variation of concentration proﬁles along z direction in the pore with
Nseg = 4 and R = 1 nm at 240 K. Results are calculated for various regions
at the indicated distance to the pore wall d. Solid lines show interpolations
with a sigmoid function, see Eq. 8.4. (b) Spatial variation of the interpolation
parameters ∆c and λ at the indicated temperatures.
the wall consists of the fast species are mapped onto the range 0 < z ⋆ < 0.5 and segments
consisting of the slow species are mapped onto the range 0.5 < z ⋆ < 1.
Figure 8.3(a) shows results for the same pore as in Fig. 8.2, but here we present the
composition profile along z ⋆ in different regions of the pore cross section. Similar to
before, we observe enhanced segregation close to the matrix. To quantify the extent of
this demixing, we interpolate c(z ⋆ ) by a periodic sigmoid function
(︄
)︄
2
n
∑︂
1
(−1)
[︁
]︁ ,
f (z ⋆ ) = c̄ + ∆c
+
(8.4)
2
1 + exp −(z ⋆ − 21 n)/λ⋆
n=−1
where c̄ is the average concentration, ∆c is the concentration variation between segments
of different wall affinity and λ⋆ determines the steepness of the sigmoid steps. Since
we interpolate generalized coordinates, the latter control parameter is affected by the
coordinate scaling, which we can compensate by inverse-transformation to retrieve the
2Lz ⋆
real-space value λ = N
λ .
seg
We show results for ∆c and λ in different regions of the pore and at different temperatures in Fig. 8.3. It is evident that the concentration variation ∆c close to the confining
matrix is essentially independent of temperature, while the demixing in the pore center
increases upon cooling. The steepness λ, on the other hand, is similar at all temperatures
and increases linearly with the distance to the pore wall. This effect might have a simple
geometric explanation, i.e. the influence of a decreasing cross section of cylinder slices
with increasing distance to the pore wall. However, in the following discussions we will
focus on the concentration variation ∆c in various types of nano-structured pores.
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Figure 8.4: Segregation proﬁles ∆c(d) in pores with the indicated radius and Nseg = 4,
at 240 K. Lines indicate interpolations with the predicted form for the concentration at phase boundaries, see text for details. The length scales ξ, which
are obtained from the individual interpolations, are indicated in the legend.
Figure 8.4 shows segregation profiles ∆c(d) for pores with radius between R = 0.75 nm
and 2 nm at 240 K. Results for various pore sizes show a similar systematic as the temperature dependent results in the same pore: Decreasing the pore size leads to enhanced
segregation in the pore center, while the concentration change close to the matrix is
similar for all pore sizes. In the larger pores (R ≥ 1.5 nm), no segregation is observed in
the pore center, while demixing is evident in the center of smaller pores.
In a way, the nano-structured pores act much like a phase boundary, where concentration
profiles follow the form exp(−x/ξ), see Sec. 2.5 for details. However, when ξ is similar to
the confinement size, the regions in the vicinity of a wall are still to some extent affected
by the opposite side of the confining matrix, which might prevent the profiles from fully
decaying towards the pore center. Thus, we use the following form to interpolate the
results:
∆c(d) = A[e−d/ξ + e−(2R−d)/ξ ]
(8.5)
Here A and ξ are treated as variable fit parameters and R is the radius of the pore. We
display such interpolations in Fig. 8.4, where we see that they serve as a good fit to the
presented data. In particular, we are able to reproduce the non-vanishing concentration
difference ∆c that we observed in the center of smaller pores. The amplitude A ≈ 0.5
is similar for all pore sizes, while the correlation length ξ changes considerably with
the confinement size. Specifically, we find that ξ is approximately two times the bulk
correlation length ξOZ = 0.16 nm in the larger confinements. When the confinement size
is reduced, the correlation length increases, which gives rise to the enhanced segregation
in the pore center.
While the radius limits the size of segregated domains in one direction, the number of
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Figure 8.5: Segregation proﬁles ∆c(d) in pores with a radius of 1 nm and the indicated
number of segments, at (a) 170 K and (b) 240 K. Lines indicate interpolations
with the predicted form for the concentration at phase boundaries, see text for
details. The length scales ξ, which are used for the individual interpolations,
are indicated in the legend.
segments a pore is divided into alters the size of domains in z direction. Since we divide
the same pore into different numbers of segments Nseg , increasing Nseg leads to smaller
domain sizes. Figure 8.5 shows results for a pore with radius R = 1 nm and an elongation
of 8.5 nm, which is divided into 2, 4 or 8 segments. In this case, we observe a reversed
trend, as for the radius: Increasing the number of segments to Nseg = 8 leads to weakened
segregation in the pore center, thus smaller domains inhibit micro-phase segregation to
some extent. The correlation length we determine through interpolation in this pore
is similar to that obtained for the larger pores, which were divided into 4 segments.
Similar to before, regions close to the matrix are only mildly affected and a saturation if
observed for 2 and 4 segments. As seen before, we observe a general enhancement of the
segregation upon cooling, while the qualitative influence of the segment size is similar at
240 K and 170 K.
Figure 8.6 compiles the temperature dependent correlation length in various nanostructured pores. We see that the concentration fluctuations observed in the bulk mixture
are stabilized by the presence of a matrix that exhibits spatial variation of the affinity
towards the molecular species. Since LCF are enhanced upon cooling, see Sec.7, the
segregation in the nano-structured pores intensifies when the critical point is approached.
However, distinct micro-phase segregation is observed even at ambient temperatures,
well above the critical point. Similar to what is observed for neat liquids in structural
confinement, reducing the confinement size enhances confinement effects. In large pores,
we can rationalize the segregation based on the the bulk correlation length of LCF, but
when segregation is enhanced due to smaller confinement size, this rationale breaks down.
At some point, decreasing the length of wall segments diminishes the segregation effect,
however the presented data suggests that this acts more like a cut-off, requiring a minimal
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Figure 8.6: Temperature dependent correlation length ξ determined from the concentration proﬁles in various pores of the indicated radius R, divided into Nseg wall
segments. Solid black stars show the bulk correlation length ξOZ .
size of wall segments, as no differences where observed between pores featuring wall
segments larger than 2 nm.

8.3 Structural relaxation in nano-structured pores
Having characterized the micro-phase segregation within the nano-structured pores, we
move on to dynamical properties of the confined mixture. As in the neutral confinement,
relaxation dynamics are slowed down by the static matrix. However, the micro-phase
segregation imposes a static spatially inhomogeneous environment onto the mixture,
which is reflected in the molecular dynamics. Due to the composition variation along
the pore axis, we expect slower or faster dynamics according to the plasticizer effect
observed for the bulk mixture in the respective regions of the pore. Simultaneously, the
static concentration gradients that emerge form the composition variation may act as a
diffusion barrier for individual molecules.
We present results for the MSD along the pore axis of both species in various nanostructured confinements at 170 K in Fig. 8.7. We show results for a pore with radius
1 nm that is divided into 2, 4 or 8 segments. Furthermore, results are resolved by the
component and by the initial position of individual molecules, specifically we distinguish
between molecules which start out in regions of the pore that are affine to slow or fast
segments, respectively. At short times, where r2 (t) < 1 nm2 , the MSD of both species
show similar features, apart from the fact that molecules of the fast species generally
diffuse faster than molecules of the slow species: Molecules that start out in a fast domain
have a larger vibrational amplitude and diffuse faster. All subsets reach a nearly diffusive
regime after leaving the vibrational plateau, though molecules that start out in a slow
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Figure 8.7: MSD along the pore axis in the nano-structured pore with radius 1 nm and the
indicated number of segments, at 170 K. (a) Results for the fast component
and (b) results for the slow component. In both panels, solid and dashed lines
show results for molecules that are located in regions of the pore favoring
slow and fast molecules at t = 0, respectively. Dashed lines show a linear
slope using the diffusion constant of the respective bulk systems.
domain exhibit super-diffusive motion during one or two decades shortly after, which can
be ascribed to the dynamical exchange with faster domains. Accordingly, molecules in fast
domains show a sub-diffusive regime as a consequence of this exchange. For molecules of
the slow species, the regime of dynamic exchange is followed by normal diffusion at an
average rate. The MSD of molecules of the fast species is even more complicated. Instead
of a common diffusion, we observe a crossover of the two subsets, so that at some point
molecules from fast domains diffuse slower than molecules from slow domains. This
shows the influence of a diffusion barrier, as molecules in fast domains (where the fast
species is enriched) have to diffuse against the concentration gradient to leave their initial
domain. Only after multiple crossings of domain boundaries do all molecules of a given
species exhibit a common diffusion constant, which is independent of their initial position.
Diffusion barriers reduce the average diffusion constant, [155] which in this case depends
on the number of segments. This is reflected in an average diffusion constant, which is
reduced compared to bulk diffusion and depends on the number of segments.
Figure 8.8 shows Fq (t) in the same pore for both components and resolved by the
initial position. Again, structural relaxation is significantly faster and the vibrational
decay is more pronounced in fast regions of the pore, i.e. regions where the fast species
is enriched due to the affinity of the wall. The dynamic contrast across pore regions is
more pronounced for the slow component and we observe a small impact of the number
of segments, which agrees with the MSD results. In comparison with Fq (t) of the bulk
system (shown as dotted lines in the figure), we find that the vibrational decay overlaps
and only the time scale of structural relaxation is affected by the confinement. Since we
probe structural relaxation on a next-neighbor scale, the influence of dynamic exchange
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Figure 8.8: ISF in the nano-structured pore with radius 1 nm and the indicated number
of segments, at 170 K. (a) Results for the fast component and (b) results for
the slow component. In both panels, solid and dashed lines show results
for molecules that are located in regions of the pore favoring slow and fast
molecules, respectively. Dotted lines show results of the respective bulk
system.

Figure 8.9: Spatially resolved correlation time τq for (a) the fast and (b) the slow component in the nano-structured pore, with radius 1 nm at 170 K. Results are
shown for the indicated number of segments and different initial locations
of individual molecules. Dashed lines show results for the respective bulk
systems.
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and the diffusion barrier is negligible.
To assess the spatially resolved influence of confinement on these dynamic properties,
we show ISF correlation times resolved by the distance to the matrix τq (d) in Fig. 8.9.
First of all, as for the mixture in neutral confinement, structural relaxation slows down
upon approaching the wall and we observe a stronger effect for the slow component.
Furthermore, a larger slowdown is observed for molecules of both species in slow regions
of the pore. In the pore center, confinement effects vanish for the fast component, while
relaxation of the slow component still depends on the pore region. However, this finding
might be hampered by the fact that relaxation of the fast component is below a 1 ps
time scale and, thus, vibrational motion interferes with structural relaxation, which is
affected differently by confinement and micro-phase segregation. In all cases, a mild
influence of the size of the segregated regions is observed, where smaller regions reduce
the differences between slow and fast domains. We interpolate the dynamic profiles for
the pore with four segments, which yields correlation lengths ξd = 0.09 nm and 0.18 nm
for the fast component in front of the fast and slow wall, respectively and ξd = 0.17 nm
and 0.26 nm for the slow component in front of the fast and slow wall, respectively.
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9 Discussion
The following sections discuss the similarities and differences of the mixtures that we
investigated in this thesis. Although the ethylene glycol (EG)-water mixture is a relatively
simple realistic example for a commonly used aqueous mixture, the anisotropic molecular
interactions still introduce some degree of complexity, which interferes with pure mixing
effects. To minimize such interferences, we investigated a mixture of two water-like
molecules as an aqueous model mixture (MM). Besides bulk properties, we studied both
mixtures in nanoscopic confinement.

9.1 Concentration ﬂuctuations and the glass transition in bulk
mixtures
The thermodynamics of multi component mixtures are governed by the competition of
interaction energies and the entropy of mixing. The free energy of mixing can be expressed by mean field theories, which predict the qualitative shape of the phase diagram
of mixtures, including critical points and accompanying miscibility gaps. [3] For molecular
liquids, however, molecular interactions are highly complex, in particular for hydrogen
bonding liquids. Even as neat substances, such liquids often exhibit anomalous thermodynamic properties. A prominent example is water, whose anomalies like the density
maximum are still not fully understood. One popular rationale of water anomalies is in
fact based on the idea that supercooled water exhibits two distinct liquid phases, which
are separated by a phase transition line that terminates at a second critical point in the
so called no-man’s land, [13,156] a region of the phase diagram that is not accessible in
experiments due to fast ice formation in supercooled water.
In contrast to water, both solutes of the two mixtures under investigation (EG and
charge scaled SPC/E water) do not exhibit a density maximum as a neat liquid. In the case
of EG, subtle changes in the force field parameters alter the preferred configuration of EG
molecules and, thereby, the prevalence of EG-water hydrogen bonds changes. This affects
the thermodynamics of the mixture, which is reflected, for instance, in the temperature
dependence of the bulk density. Interestingly, close inspection of the structure factor
of EG-water mixtures reveals the existence of micro-heterogeneities on a nanometer
scale, which is commonly observed in alcohol water mixtures, although typically for
larger alcohol molecules. [109,157] However, such micro-heterogeneity is limited to a fixed
microscopic length scale, in the case of EG and water to the first solvation shell, and is
not significantly enhanced upon cooling.
The temperature dependent bulk density of the MM shows, how the density maximum
is diminished and shifted upon reducing the content of “normal water” in the mixture.
Interestingly, this yields a temperature dependent minimum of the excess volume of
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the mixture, underlining the thermodynamic complexity of aqueous mixtures. On the
other hand, the phase diagram of the MM is in qualitative agreement with a mean field
theoretical description, showing spinodal decomposition upon cooling around a critical
concentration of c = 0.5. The critical point of the MM is located at Tc = 126 K in the
simulation, which is above the theoretically predicted 100 K. However, as the mean field
approach neglects any entropic contributions of the hydrogen bond network, this deviation
might be expected.
Apart from the phase diagram of mixing, the composition of the studied mixture
affects transport properties through the plasticizer effect. The term originates from
polymer physics, where plasticizers are commonly used to reduce the viscosity of polymer
melts. [158] More generally, a plasticizer effect is achieved by combining a high-viscous
substance with a low-viscous one. As a result, the viscosity of the mixture is reduced upon
adding small fractions of the faster constituent. The dynamical difference of the mixed
components is often expressed by the difference in Tg of the neat liquids.
The investigation of the EG mixture was limited to a single, equimolar composition.
However, upon changing the EG parameters and, thereby, the mixing characteristics, we
observe a change in molecular dynamics coefficients of up to one order of magnitude.
Thus, we learn that the plasticizing effect in complex liquids does not only depend on the
molecular dynamics of the neat liquids, but is also influenced by the detailed molecular
interaction of the mixed molecules. Still, a single Tg value is observed for each EG-water
mixture.
We observe a notable plasticizer effect for the MM, where diffusion coefficients and
correlation times are shifted by several orders of magnitude upon moving from high to
low concentration of the slower component. The MM resembles findings of dynamically
asymmetric binary glass formers, for which two Tg values are observed experimentally,
although the molecular origin of this effect is subject of ongoing discussion. [27,30] The
component resolved dynamic analysis of the MM shows that both components relax on
different time scales. Accordingly, we observe Tg values for the slow and fast component
that differ by up to 30 K. The higher Tg follows the Fox-Flory prediction, which is only
determined by the two Tg values measured for the neat liquids. Correlation functions of
the fast component are extremely stretched with a quasi-logarithmic decay and the MSD
reveals anomalous diffusion at long length scales.
So dynamics-wise, these two mixtures contrast two types of binary mixtures: On the one
hand, in the EG-water mixture both components behave like regular glass formers, with a
single Tg and correlation functions that decay with a moderately stretched-exponential
form. The MM on the other hand shows the anomalous dynamics of binary glass formers
with high dynamical contrast, where part of the system relaxes on a shorter time scale
and exhibits anomalous decays of correlation functions.
We find that the observations for the MM can be rationalized with increasing structural
and dynamical heterogeneity in the system when the critical point is approached. Enhanced concentration fluctuations create a wide variety of local environments, in particular
for the respective minority component. In regions of the phase diagram, where the slow
component constitutes the majority, these fluctuations become more and more stabilized
by vitrification and the fast minority component moves basically in an inhomogeneous,
amorphous matrix. For the MM mixture, this conclusion is limited to one side of the phase
diagram, since mixtures where the fast component is in majority are still well above their
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respective Tg when spinodal decomposition is approached. In this view, it seems that the
occurrence of two Tg ’s necessitates a critical point of the mixture, although anomalous
features can already be observed at state points, where the mixture is still miscible.
For glass forming mixtures, miscibility data is often not readily available and, therefore,
studies of the glass transition might be complicated by partial decomposition due to
thermal quenching below the spinodal line. Additionally, typical measures of the dynamic
heterogeneity during the glass transition are only affected subtly by vitrified concentration
fluctuations, as shown by means of the non-Gaussian parameter and three time correlation
functions. Although the MM reproduces many aspects of binary glass formers, we do
not observe a non-monotonous concentration dependence of the lower Tg , reported in
some studies. [29,127] Such findings could simply be a result of partial demixing at certain
compositions, since cooling rates in experiments are always finite. The only case, where a
glass transition of a mixture is truly meaningfully necessitates the existence of a lower
critical point that leads to a closed loop phase diagram. Here, it would be possible to
quench through the region of immiscibility and measure the Tg of a stable mixture.

9.2 Mixtures in nanoscopic conﬁnement
When liquids are confined in pores on the nanometer scale, the liquid-matrix interaction
alters the liquid structure in the vicinity of the matrix. While already the case for neat
liquids, this is even more severe in the case of mixtures, where one component can be
preferably adsorbed by the matrix, causing micro-phase segregation. We observe this
for EG-water mixture in a silica pore , where EG or water molecules are preferentially
adsorbed at the inner pore surface, depending on the hydroaffinity of the surface. In
conjunction with the micro-heterogeneity of alcohol water mixtures, this leads to defined
layers of enhanced alcohol or water concentration. In contrast, no segregation is observed
for the MM in neutral confinement, as both component are equally attracted to the wall.
In the nanostructured pores, we find that the concentration of the each species is
enhanced close to wall segments that consist of the same species, but this shift in concentration decays steadily to the pore center. The spatial demixing is enhanced upon
cooling, when LCF get more pronounced. Thus, we find that pores in a way stabilize
heterogeneities in mixtures, which are already present in bulk. In the case of microheterogeneous alcohol-water mixtures this leads to distinct layers, while mixtures which
are prone to phase separation demix partially in the pore center, well above the critical
point. This might even be accompanied by a shift of the critical point for the confined
mixture in small pores.
Considering the molecular dynamics, the studied mixtures share many properties with
neat liquids in confinement. We observe a double exponential slowdown upon approaching
the wall for the MM in neutral confinement. The dynamical correlation lengths are similar
to those of neat water-like liquids, although somewhat different values are observed for
the slow and fast component, with ξd = 0.23 nm and 0.20 nm, respectively. In a certain
range of molecular polarities, water-like liquids have a common relation between τq in the
pore center and the dynamic correlation length ξd in neutral confinement. [153] In fact, we
find different correlation times in the pore center for the slow and fast component, with
τq = 4.2 ps and 0.6 ps, respectively. For the neat liquids, the corresponding correlation
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lengths are ξd = 0.24 nm and 0.20 nm, so the findings of the MM are in accord with those
results for the neat liquids. In conclusion, we find that neutral confinement affects the
MM essentially in the same way as the neat liquids, although the different liquid-matrix
interaction leads to spatially decoupled dynamics.
Similarly, the more realistic EG-water mixture in silica confinement shows a doubleexponential slowdown towards the wall, with a somewhat larger spatial extent for the
EG molecules. We do not observe direct influence of the micro-phase segregation, but
comparison of two different EG parameter sets shows that when hydrogen bonds between
EG and water are less probable, the dynamical profiles are similar for both components,
while the correlation time in the pore center is different for each component otherwise.
Additionally, we find that the temperature dependence of correlation times is changed
to Arrhenius-like, while the bulk mixture shows a fragile increase. Such crossovers are
observed for the interfacial layer of neat liquids in confinement and in very small pores,
where basically the interface layer reaches all the way into the pore center. [159]
In nanostructured pores, the molecular dynamics of the MM are considerably altered, as
determined by alternating wall properties along the pore axis. The imprinted alternating
concentration gradients of the mixture along the pore axis create a diffusion barrier,
which affects dynamics at intermediate times and reduces the diffusion coefficient. This
is most apparent in the MSD, which shows various non-linear diffusion regimes. The
ISF, which we probe for a next neighbor length scale, shows distinct relaxation rates
for molecules located in slow and fast domains, since no dynamical exchange occurs on
the probed length scale. The spatial distribution of mobilities reveals that the slowdown
towards the wall depends on the species as well as the type of wall molecules, where ξd is
larger for slow molecules in either case. Interestingly, we see a similar slowdown for fast
molecules in front of a slow wall and slow molecules in front of a fast wall, so apparently
the confinement effect is symmetric regarding the interaction potential.
Towards the pore center, the dynamical profiles approach the bulk correlation time.
Thus, the relation between ξd and τq in the pore center, as observed for the neutral
confinement, breaks down. In fact, both correlation lengths determined for the fast
component are smaller than that in neutral confinement. So different from the EG mixture
in silica confinement, where we find structural relaxation to be unaffected by the microphase segregation, the structural relaxation of the MM is considerably altered by the
confinement induced spatial demixing in nanostructured pores.
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10 Conclusions
In the first part of this thesis, we studied an equimolar mixture of EG and water. We
observed that EG and water form a stable mixture in the whole investigated temperature
range. Close inspection of the partial structure factor revealed micro-heterogeneities on
a next neighbor distance, which are not strongly temperature dependent. We applied
two sets of simulation parameters for the EG molecule, which each favored one of the
molecular conformations of the molecule. The conformation affected how well EG can
be incorporated into the tetrahedral network of water and thereby the thermodynamics
of the mixture. A dynamical analysis showed that structural relaxation of EG and water
takes place on a similar time scale, with a VFT temperature dependence of correlation
times that yielded the same Tg for both species. Changing the liquid-liquid interaction
changed the value of Tg , while the qualitative results stayed the same.
To study the influence of nanoscopic confinement on a binary mixture, we carried
out studies of the EG-water mixture in a realistic silica pore. We observed micro-phase
separation close to the confining matrix. Specifically, EG and water formed alternating
layers, creating concentration gradients throughout the pore. Interestingly, the layers
corresponded with the micro-heterogeneities that we observed in the bulk mixture. The
concrete manifestation of the micro-phase separation did depend on the liquid-matrix as
well as the liquid-liquid interactions. Thus, while it is not straightforward to predict the
exact nature of micro-phase separation in nanoscopic confinement, this also shows that it
is possible to tune systems for a specific application.
We observed that confinement slows down the structural relaxation of EG and water at
high temperatures, while faster molecular dynamics were observed at low temperatures.
This is due to an Arrhenius temperature dependence of correlation times in confinement,
that crosses with the super-Arrhenius dependence observed for the bulk mixture. Spatially
resolved analyses revealed a double exponential slowdown in front of the wall, as was
observed in studies of neat glass formers in confinement. The dynamical profiles were
different for both species, leading to spatially decoupled dynamics. In addition, the shape
of dynamical susceptibilities was changed in the vicinity of the wall, revealing a broader
distribution of correlation times close to the matrix. However, we did not observe direct
influence of the micro-phase separation on molecular dynamics.
In the second part, we studied structural and dynamical properties of a binary model
mixture, which is composed of two water-like molecules that exhibit a considerable
difference in Tg as neat liquids. This system allowed us to study a binary glass former with
similar molecular structure but very different dynamics of the constituents. We found
that this mixture is prone to demixing upon cooling, showing the indications of spinodal
decomposition below a critical temperature. The spinodal decomposition was preceded
by prominent concentration fluctuations in the stable mixture, which decay through
structural relaxation of the liquid. Hence, the structural inhomogeneities persisted for
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increasing time spans upon cooling, since they were stabilized by the glassy slowdown of
the slow component. Additionally, we introduced an equivalent view on concentration
fluctuations through the analysis of LCF, which gave means to investigate concentration
fluctuations based on the local concentration in a small probe volume.
The component resolved dynamical analysis revealed dynamical decoupling of both
components upon cooling. We found that this decoupling is linked to the correlation time
of LCF. The slow component showed a strong dependence of the time scale of structural
relaxation on the mixture composition, which is known as the plasticizer effect in polymer
sciences. Accordingly, the concentration dependence of Tg could be described by a FoxFlory equation. A different picture was observed for the fast component. While we still
found a strong concentration dependence of the structural relaxation, the concentration
dependent value of Tg deviated from the Fox-Flory equation. Additionally, correlation
functions revealed untypical properties, namely a sub-linear increase of the MSD at long
distances and quasi-logarithmic decays of the ISF. When studying typical measures of
dynamical heterogeneities during the glass transition, we registered subtle contributions
on length and time scales beyond the typical length and time scales that are associated
with the glass transition. Such puzzling observations were reported in multiple studies of
binary glass formers and their origin is subject to ongoing discussion. We found these
irregular dynamical properties to be most pronounced at a composition for that vitrification
took place in a temperature range close to the spinodal line.
To elucidate the interplay of structural relaxation and concentration fluctuations, we
calculated correlation functions for different local environments. This analysis revealed a
similar picture for both components. Individual ISFs decayed with a stretched exponential
decay, the time scale however was shifted by several orders of magnitude when changing
the local concentration. Similarly, the MSD was shifted by several orders of magnitude at
intermediate times. During long range diffusion however, the molecules explored many
different environments and all MSD curves strived to a system average. The difference
between both species was apparent in the distribution of local concentrations. In each
system, the respective majority component showed a relatively narrow peak, while the
minority component exhibited a broad distribution extending over the full range of local
concentrations. This means that the system averaged correlation functions for the majority
component are dominated by a small range of local concentrations and, thus, a small range
of time scales. The average for the minority component on the other hand is comprised of
a wide range of time scales, which leads to the quasi-logarithmic decays observed before.
Similarly, the LCF-resolved analysis was able to elucidate the irregular shape of the MSD.
Since the average MSD is dominated by the fastest particles, we primarily probed the
MSD of molecules that are located in environments of reduced local concentration of the
slow component, where structural relaxation is sped up. This observation was illustrated
by random walk simulations of particles in inhomogeneous environments, which showed
that the sub-linear increase of the MSD is due to particles that start in a fast domain and
are slowed down upon reaching the boundary of their initial domain. So in conclusion,
we found that the fast component diffuses in an inhomogeneous environment due to
the partial vitrification of the slow component. Thus, the uncommon observations in
dynamical correlation functions are not so anomalous after all, but simply the result of
a diverse distribution of local concentrations. These findings highlight the importance
of the study of mixing stability and assessment of the phase diagram when studying the
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molecular dynamics of binary glass formers.
Finally, we studied the model mixture in different types of structural confinement.
Confining the mixture in a neutral pore preserved the liquid structure and avoided microphase separation. Still, we observed a double exponential slowdown of dynamics upon
approaching the wall, with a slightly different correlation length for each component,
which were in accord with findings for the respective neat liquids in neutral confinement.
However, the relative slowdown of dynamics is stronger for the slow component, which
leads to spatially decoupled dynamics. Such dynamical decoupling seems to be a common
feature of mixtures in structural confinement, provided the liquid-matrix interaction
differs for both species, even if this difference does not lead to micro-phase separation.
To induce phase separation in the mixture, we varied the composition of the confining
matrix along the pore axis. In the nanostructured pore, we observed that each component
was preferentially adsorbed at a surface that consisted of the same species. This enhanced
concentration decreased towards the pore center, specifically, we observed exponential
decays with correlation lengths that depended on the nature of the nanostructured pore
and increased upon cooling, leading to more demixing in the pore center. Ultimately, we
found that the mixture effectively phase separated at a temperature above the critical
temperature of the bulk mixture, when the correlation length reached the pore size. We
concluded that the correlation length of the confinement-induced phase separation is
related to the correlation length of concentration fluctuations in the bulk mixture. Hence,
such type of confinement can be used to induce demixing at ambient temperatures for a
mixture that is prone to demixing upon cooling.
The analysis of structural relaxation showed that the alternating concentration profiles
along the pore axis create a diffusion barrier, which was reflected in the MSD and in the
ISF. Firstly, the timescale of structural relaxation was shifted by the altered concentration.
In the ISF, we observed distinct time scales of structural relaxation for molecules in slow or
fast segments. In the MSD, we saw that when diffusion reaches the segment size, particles
starting in fast segments are slowed down and particles starting in slow segments are
sped up and linear diffusion is only reached after multiple segments have been crossed,
with a reduced diffusion constant compared to the bulk mixture. Also in nanostructured
confinement we observed a double exponential slowdown of dynamics in the vicinity of
the wall. The dynamical profiles depended on the type of the liquid and the composition of
the matrix. Interestingly, we observed the same dynamical profile for the slow component
in front of a wall composed of the fast component and for the fast component in front of a
wall composed of the slow component, highlighting the fact that we applied a symmetric
liquid-matrix interaction potential.
In summary, we were able to gain insights into the molecular dynamics of two simple
binary mixtures. We demonstrated that the EG-water mixture behaves essentially like
a neat glass former, while the model mixture resembles many aspects of dynamically
asymmetric binary glass formers. The anomalous dynamics could be traced back to the
occurrence of concentration fluctuations when the spinodal is approached. Furthermore,
we observed that confinement stabilizes inhomogeneities, which are already present
as fluctuations in the bulk mixture, leading to micro-phase separation of the ethylene
glycol-water mixture and a concentration profile in the confined model mixture, or even
a phase separation above the critical temperature.
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