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Summary

The properties of soft matter in the nanoscopic constriction within the voids of surrounding
hard condensed matter are investigated. In this context the focus lies on its characteristics
concerning the structure and the molecular mobility, dividing this work into two parts:

In the first part the cation self-diffusion dynamics of the room-temperature ionic liquid 1-N-
butylpyridinium bis((trifluoromethyl)sulfonyl)imide ([BuPy][Tf,N]) within the nanopores of
carbide-derived carbons of different pore sizes are studied as a function of temperature using
quasi-elastic neutron spectroscopy methods. It is shown that already the analysis of data from
so-called fixed window scans, which allow a rapid investigation of a large temperature range,
while acquiring one energy transfer value only, delivers a quite comprehensive picture of the
confinement-induced changes of the cation’s molecular dynamics. This is confirmed by the
information gained from full spectroscopic data from two instruments with practically com-
plementary dynamic range and resolution. These data reveal the existence of two translational
diffusive processes, deviating by around one order of magnitude and obeying an Arrhenius
temperature behaviour. Furthermore, the dynamics appear to slow down with decreasing con-
finement size. The ionic liquid confined in the nanoporous carbon is found to exhibit some
molecular mobility already well below the melting point of the bulk liquid, but in contrast
there is also a fraction of immobile cations at all investigated temperatures — even far above
the bulk melting point.

The second part of this thesis analyses the structure and phase transition behaviour of two
chiral thermotropic liquid crystals inside cylindrical polymer-surface-coated anodic aluminium
oxide nanochannels (AAO) of different diameters. For the liquid crystal CE6 it is found that
the chiral nematic = smectic A* transition is continuous in the nanopores, while being of
first order in the bulk state. In addition, the phase transition temperature is shifted to higher
temperatures with decreasing confinement size. Furthermore, the critical exponent related
to the smectic translational order parameter is determined for transitions in nanochannels of
different diameter. In the case of the liquid crystal 2MBOCBC, its structure within the AAO
nanochannels is investigated using neutron diffraction. On the transition from the smectic A*
to the smectic C* phase the gradual formation of a rotational symmetric chevron-like smectic
layer structure of the liquid crystal within these nanochannels is found. This process is fully
reversible upon temperature cycling.
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CHAPTER 1

Motivation

The control of soft condensed matter on the nanoscale has gained notable attention in re-
cent years. A substantial fraction of research in this field is dedicated to investigate and
control the properties of soft matter in the nanoscopic constriction within the voids of sur-
rounding hard condensed matter. While this may appear to be only of academic interest on
the first view, more and more technological applications arise. Nanopores serve for instance
as sensors for the detection of complex molecules, like proteins, antigens and antibodies,
viruses and DNA.[82, 96, 181, 197, 248] Especially the sequencing of DNA with recently
available nanopore-based devices, allowing a fast, cheap and mobile DNA analysis, has been
much noticed.[82] Not only for such applications the control of liquid flow through nanochan-
nels is crucial. In this connection, there is the potential to build valves, pumps and other
devices, influencing the liquid flow on the nanoscale or even generate electric energy from
the liquid flow, on the basis of nanoporous materials.[123, 127, 254, 289] Drug delivery is
another potential application, where nanopores can be loaded with hydrophilic as well as
hydrophobic active agents and is well-suited for topical medication.[223, 256, 294] Due to
their high surface-to-volume ratio, nanoporous materials are also very promising for the use
as catalysts.[261, 265, 282] With regard to chemical reactions, there is even the possibility to
do single molecule electrochemistry.[96] Other fields of application include the production
of nanostructured materials utilising nanoporous templates [142, 257] or the use as mechan-
ical sensors and actuators [62, 260]. Also for applications in photonics nanoporous materials
are of relevance.[193, 233, 235] For instance there is the possibility to build lasers, whose
wavelength can be tuned by influencing the structure of a liquid crystal in a confining pore
space with an electric field.[193] As a last example of this non-exhaustive enumeration of
potential applications of systems based on the interplay of soft condensed matter and nanopo-
rous materials, devices for energy conversation and storage shall be mentioned. In that field
their usage comprises fuel cells [64, 263], batteries [23, 46, 63, 188] and so-called super- or
ultracapacitors [23, 46, 199, 250, 295, 297], all benefiting amongst others of the high specific
surface area of nanoporous materials.

All the above mentioned applications have in common that their realisation requires a pro-
found knowledge of the interaction of the soft matter with the hard confining walls as well
as about the alterations of the structure, phase transition behaviour, dynamics and changes of
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other properties, induced by the nanometre-sized spatial restriction. This work is focussed to
fundamental research on selected aspects of two different kinds of such systems, dividing this
document into two parts.

The first part of this work is about the molecular dynamics of a room-temperature ionic liquid
inside the nanometre-sized cavities of porous carbon. These salts, being liquid under ambient
conditions, in combination with nanoporous carbon are regarded as possible candidates for
the application in future high-performance electric energy storage devices. The self-diffusion
and other dynamics of the ionic liquid within the carbon mirco- and mesopores, i.e. pores
with less than 2 nm width and such between 2 nm and 50 nm [232], are studied employing
quasi-elastic neutron spectroscopy methods.

In the second part of this thesis the focus is on the structure of chiral liquid crystals, when
being restricted in nanochannels in contrast to the unconfined case. Of special interest in this
connection is the temperature-dependent evolution of their structure, as well as their phase
transition behaviour. This is investigated using X-ray and neutron diffraction methods.



Part I.

Molecular mobility







CHAPTER 2

Introduction to the dynamics of ionic liquids

In this first part the molecular mobility of an ionic liquid confined in the nanopores of carbon
materials is investigated. This is predominantly done using quasi-elastic neutron scattering
(QENS). This method is based on the analysis of the energy and momentum transfer of neut-
rons when being scattered at the molecules under investigation. Quasi-elastic scattering refers
here to the fact that the energy transfer during the scattering process is low, i.e. the neutrons
are almost elastically scattered. The reason why low-energy neutrons are chosen here is that
their energy is comparable to the energies of molecular motions in soft matter and therefore
the energy transfer when scattered at molecules in motion can be well measured. The wave-
length of these neutrons is in the range of interatomic distances in condensed matter and gives
therefore the additional possibility to gain structural information from these measurements.
The fact that neutrons have no electric charge is furthermore essential, especially when deal-
ing with charged matter like the ionic liquids investigated, here. In contrast to the X-rays
scattering power, which increases with the number of electrons of an atom, i.e. with its atomic
number, there is no such relation for the neutron scattering power. The latter varies seemingly
randomly from isotope to isotope, which enables one to investigate also light elements in the
presence of considerably heavier ones. This can be quite important for the investigation of
soft matter, predominantly consisting of light elements, confined in hard condensates which
might be composed of elements with comparably large atomic numbers.

2.1. Motivation

Despite the fact, that carbon-nanoconfined ionic liquids are interesting systems regarding their
physical properties from a fundamental point of view, their investigation is additionally mo-
tivated by their prospective application in high-performance electric energy storage devices,
such as electric double layer capacitors — so-called super- or ultracapacitors.[23, 46, 71, 250,
295, 297] These are expected to unite the power density of conventional capacitors with the
energy density of batteries. Thus, these quickly chargeable devices are well-suited electric
power supplies for a variety of applications, especially mobile ones. The choice of room-temp-
erature ionic liquids in this connection is motivated by numerous advantages in comparison to
other potential electrolytes. Their low volatility, good temperature stability and wide electro-
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chemical window are just some of them.[6, 236, 250, 272, 297] The good (electro-)chemical
stability, high electrical conductivity and large specific surface area motivate the use of nano-
porous carbons as electrode material.[45, 46, 249] Furthermore, their pore size and shape, as
well as their surface chemistry are well-tunable.[67, 70, 249]

Although, these systems are a very active field of research, the actual technical implementa-
tion as high-performance supercapacitors still remains challenging. One of the reasons is the
relatively high viscosity of the ionic liquids [209, 236, 298], which results in slow ion dynam-
ics — also already in the bulk.[218, 236] Intuitively, one might expect that the situation will
be even worse within the nanopore restriction. However, there are some investigations finding
increased dynamics for ionic liquids in carbon nanoconfinement [15, 39, 43, 44], while other
studies indeed see a distinct slowdown of the ion motions.[69, 70, 180, 251] An additional
detrimental effect on the ion mobility in nanopores, is the tendency of ionic liquids to form
immobilised layers at the pore walls, while molecules within micropores often do not exhibit
any discernible diffusion motion, anymore.[9, 43, 44, 68, 69] As a consequence the amount of
mobile ions in relation to the total nanopore volume is reduced, which potentially diminishes
the performance of such supercapacitors, since there the charge transfer involves diffusive
processes.[88, 155]

In this connection, it becomes clear that it is essential to obtain a profound knowledge of
the self-diffusion properties of ionic liquids in carbon nanoconfinement. It is obvious that
investigations in this respect need to address the pore-size dependence of these dynamics, also
in particular with regard to the above mentioned immobilised ion layers. However, there is
another reason to have a look at different pore sizes. Interestingly, it is found that the capacit-
ance of electrical double layer capacitors based on ionic liquids depends non-monotonically
[81, 139, 176, 287], but in an oscillatory manner, on the pore width.[81, 139, 287] Thus, with
respect to the pore size, the best trade-off between ion mobility and capacitance needs to
be found. Another problem, with regard to the application of such supercapacitors is, that
a decreasing temperature leads to a further slowdown of the ion dynamics and additionally
the range of the liquid phase in the bulk state is usually quite limited for ionic liquids with
respect to lower temperatures.[43, 236, 268, 297, 298] But it is known that nanoconfinement
can change their phase transition behaviour.[107, 144, 285]

As a consequence of the above enlisted challenges, this work aims to contribute to their hand-
ling by studying the self-diffusion properties of an ionic liquid within carbon nanopores as a
function of temperature and pore size.

2.2. Bulk ionic liquids and their heterogeneity

Before giving an overview of the current state of knowledge about room-temperature ionic
liquids in nanoconfinement, the bulk state shall be shortly illuminated, since it exhibits some
interesting peculiarities, which are of importance for the understanding of the dynamics in
confining geometries. Diffraction patterns of ionic liquids commonly show two or three
characteristic peaks [38, 146, 269], as exemplarily shown in the X-ray diffraction pattern of
1-N-butylpyridinium bis((trifluoromethyl)sulfonyl)imide in figure 2.1. These hint at certain
kinds of molecular order within these ionic liquids. The peak at higher wave vector trans-
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Figure 2.1.: X-ray diffraction pattern of the ionic liquid 1-N-butylpyridinium
bis((trifluoromethyl)sulfonyl)imide ([BuPy][Tf,N]) as a function of wave vector trans-
fer O, measured under ambient conditions.

fers Q is related to inter- and intramolecular adjacency correlations between neighbouring
atoms.[4, 5, 191] The intermediate diffraction peak occurs often around 0.9 A1 and reflects
the charge alternation within the ionic liquid, where especially anion—anion, cation head—
cation head correlations and such between cation heads and anions contribute.[5, 146, 191]
The first of these peaks, which often appears around Q = 0.4A~! and below, is usually re-
ferred to as pre-peak or first sharp diffraction peak.[5, 38, 191] Contrary to the other two
peaks [191], its position, width and intensity are usually relatively strongly influenced by the
length of the alkyl tails.[4, 191, 270] With increasing length the peak sharpens, gains intensity
and is shifted to lower Q-values [4, 191, 270], indicating an increase of the corresponding
correlation length. While the existence of a pre-peak is not unique to ionic liquids [5, 38], its
interpretation is controversial. Its origin is often ascribed to structural heterogeneities on the
nanoscale [5, 191, 270], represented by the alternation of polar and apolar domains.[5, 37]
In contrast, others ascribe the appearance of the pre-peak predominantly to the anisotropy of
the ions, leading to a local distortion of their packing.[4, 119, 120, 146] Nevertheless, the
existence of domains on the nanoscale in ionic liquids appears to be supported by numerous
investigations [16, 28, 29, 37, 83, 191, 270, 290], while their presence is no necessary condi-
tion for the existence of a pre-peak.[4, 38]

The nanostructuration of ionic liquids has impact on various of their properties, especially on
their molecular dynamics.[5, 16, 28, 29, 83, 121, 126, 191, 269, 270] Quasi-elastic neutron
scattering experiments reveal that the translational diffusion of cations within an ionic liquid
occurs not only as a single particle motion, but also involves a collective ion movement in the
form of ionic aggregates, in coincidence with respective findings on the structure of the ionic
liquid.[28, 29] As a consequence, the translational diffusion is found to be heterogeneous, as
illustrated in figure 2.2: On the one hand, the cations can diffuse in the interspace between



Chapter 2. Introduction to the dynamics of ionic liquids

Figure 2.2.: Illustration of heterogeneous translational cation diffusion model in ionic liquids
as proposed by Burankova et al. [30] / Ferdeghini et al. [83]: Cations diffuse (red line) local-
ised within ionic aggregates (dark blue) and on longer distances in regions with lower density
in between (light blue).

regions of higher density formed by ionic aggregates, resulting in an effectively longer path
length, due to their meandering movement and therefore entail an apparently slower diffusion
on the long distance.[16, 83] On the other hand, some cations also exhibit a diffusive motion
within these aggregates and collectively with these clusters.[16, 28, 30, 83] This dynamical
heterogeneity is also seen as an explanation for the deviating diffusion coefficients obtained
with different techniques, like quasi-elastic neutron scattering, nuclear magnetic resonance
spectroscopy (NMR) or dynamic light scattering, probing the molecular dynamics on dif-
ferent time scales.[15, 16, 83] In this way, NMR for instance delivers considerably smaller
self-diffusion coefficients compared to QENS, since the measured time scale is orders of mag-
nitude smaller in the latter case.[15, 16, 76, 83, 267] Certainly, the above described division
into ion clusters and unbound ions is no static setting, but the cations bound within these
aggregates can be dissolved again, like those initially diffusing in the free space in between
might get trapped within such dense cation accumulations.[16, 28, 80, 83] Thus, the actual dif-
fusive process in ionic liquids is more complex and additionally complicated through the fact
that cations and anions have not necessarily the same translational diffusion dynamics, what
amongst others originates from the different sizes of the two species and the heterogeneous
cation environment.[191, 211, 271]

2.3. Ionic liquids in nanoconfinement

Investigations on ionic liquids in carbon nanotubes, which find increased translational self-
diffusion dynamics, explain these faster motions with the disturbance of the ionic nanostruc-
ture.[15, 214] This argumentation is supported by the fact that the short range dynamics
obtained by QENS remain practically unaltered under the confinement, while the diffusion
on longer time scales, analysed by NMR, is increased.[15] This effect is stronger for an ionic
liquid with a higher degree of self-organisation.[15] Other studies, also seeing an increased
translational dynamic in the nanoconfinement of ordered mesoporous carbon, give further
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possible reasons for the faster dynamics, such as structural changes induced by the pore walls
and a lower cation concentration in the center region of the pores.[43, 44] Since they also find
an appreciable fraction of immobile ions, which are attributed to molecules adsorbed at the
pore walls [43, 44], an influence of the interplay between the ionic liquid and the pore walls
on the structure and dynamics seems to make sense. Interestingly, two translational diffusive
processes on the time scale of the applied QENS technique are found, here — both faster or
comparable with the bulk dynamics, depending on the temperature.[43, 44]

Some molecular dynamics simulations of ionic liquids in carbon nanotubes in contrast find
slower dynamics.[ 180, 203, 251, 252] Also here heterogeneous dynamics are observed: With
decreasing distance to the tube walls, the molecules are showing considerably slower diffusion
than those in the pore center, whose diffusivity can tend towards the bulk value.[180, 252]
This is accompanied by an increased density of the molecules near the pore walls.[ 180, 252]
Experimental studies and molecular dynamics simulations at an ionic liquid in hierarchical
nanoporous carbon find a densification at the pore surface and especially within micropores,
which is attributed to an interaction with the pore wall.[9, 10] It is known that the confinement
in such small, conductive pores can lead to a disturbance of the ion coordination structure,
going along with the breaking of the Coulombic charge ordering.[97, 153, 154, 199]

Like in the carbon nanoconfinement, studies of ionic liquids in silica nanopores also find no
uniform picture concerning the impact of the nanopore restriction on the liquid’s dynamics.
While some find that these are slowed down in pores [129, 201], others find practically bulk-
like dynamics [107] or even an increased molecular mobility [128]. The latter is observed
with broadband dielectric spectroscopy at relatively low temperatures only, while at higher
temperatures practically no difference is seen.[128] An investigation studying the dynamics of
an ionic liquid in nanoporous silica as obtained by thermal oxidisation of porous silicon with
untreated and silanised surface supports the above thesis of the influence of the pore wall sur-
face on the molecular dynamics.[129] Although, in both cases the self-diffusion coefficients
are lower than in the bulk ionic liquid, the respective one in the silanised silica nanopores is
considerably higher than the one in the untreated pores.[129] This is attributed to the interac-
tion of the molecules of the liquid with the hydrophilic silicon oxide of the non-silanised pore
walls, which leads to the formation of bound surface layers.[129] In contrast, the latter are
expected to be thinner and less strongly bound, i.e. more mobile, in the case of the modified
pore surface.[129] However, it is clear that this effect depends on the particular chemistry of
the ionic liquid and the pore surface. Thus, it is not surprising, that in the case of a different
ionic liquid, no apparent difference in the dynamics between the both silica pore systems from
above is found.[128] Also for the nanopores of carbide-derived carbons there are indications
that see an influence of the surface chemistry on the mobility of the ionic liquid molecules
within the pores.[69, 70] These hint at increased dynamics in the case of an oxidised pore sur-
face, in comparison to a defunctionalised one.[69, 70] However, the data set is still relatively
limited in this regard.






CHAPTER 3

Theory of neutron spectroscopy

In this chapter a short introduction into the physics behind neutron spectroscopy is given.
Starting with some basic properties of neutrons and their scattering at nuclei, it is continued
with answering the question, how it is possible to draw inferences from the scattered neutrons
about the molecular dynamics of the system under investigation. Concluding, the character-
istic form of the received spectra for specific molecular dynamic motions is given, as well as
for their superposition.

3.1. Neutrons

Neutrons are nuclear particles, which are usually bound in the atomic cores. Free neutrons
can for example be obtained through nuclear fission in nuclear reactors or by spallation, when
shooting particles, e.g. protons from an accelerator, on them. In both cases the resulting free
neutrons have a relatively high kinetic energy. Since for spectroscopic experiments the energy
of the neutrons should be in the order of magnitude of those of the molecular dynamics and
furthermore, especially for diffraction experiments, their wavelength needs to be in the range
of the interatomic distances of the investigated condensed matter, the kinetic energy of the
neutrons needs to be lowered. This is for instance done through moderation of the neutrons
in liquid D, O or for even ’colder’ neutrons, i.e. with even lower energy, through a successive
moderation with liquid deuterium. The energy of the neutrons is lowered through collisions
with the moderator material. This results in neutrons having a Maxwellian distribution, when
being in thermal equilibrium with the moderator.[13] A remarkable fact is that the neutrons
used in spectroscopy experiments, like those presented in this work, have a velocity in the
order of magnitude of meters per second. The fact that free neutrons are not stable is neverthe-
less no problem in this regard, because their lifetime of around 15 minutes [220] is still more
than sufficient for conducting the experiments.

Neutrons possess no electric net charge and a very small, possibly vanishing [8, 222] electric
dipole moment. This is an important fact, especially when neutrons are used as a probe to in-
vestigate charged matter, since they are insensitive to its charge distribution. That the neutrons
possess a spin of 1/2 and a magnetic moment, gives rise to further interesting experimental
possibilities — also in neutron spectroscopy — which, however, are not of relevance for this
work.

11
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3.2. Neutron scattering cross sections

Neutrons approaching an atomic nucleus are either absorbed or scattered by that core. Here,
the interaction takes place via magnetic and nuclear forces, while the latter is comparatively
short-ranged in respect to the size of the nucleus and the wavelength of neutrons used in
spectroscopy experiments.[13] As a consequence, the interaction potential between a neutron
of mass m at a position 7 and a nucleus at r; can be described by the Fermi pseudopotential

2
V(F—rj) = %bﬁ(?—rj) (3.1)
and thus the scattering process at a bound atom (or ion) can be characterised by a single
complex parameter, the bound scattering length b;, also denoted as scattering amplitude.[13,
242, 258] Its imaginary part is related to the absorption process, while its real part is positive
for an attractive interaction and negative for a repulsive one.[242] From this bound scattering
length the coherent and incoherent bound cross sections, Gcon and Giyc, are derived:

Ceoh = 47 (D)? (3.2)
Oinc = 47 () — (b)?) , (3.3)

with the total bound scattering cross section
O = Ocoh + Oinc -[13] (34)

The angle brackets (. ..) denote an averaging over all spin states of the neutron and the nucleus,
as well over all isotopes of a given sample.[13, 241, 242] The absorption cross section is given
by

Oa = 7<Im(b)> ’ (3.5)

with ko being the wave vector magnitude of the incident neutrons.[242] The dependence of
the scattering power on the actual isotope, the neutron is scattered by, represents an important
difference compared to X-ray scattering. While for the latter it increases monotonically with
increasing atomic number, for neutrons it varies seemingly erratically from one isotope to
another. The corresponding values for neutron scattering have been tabulated by Sears [242].

3.3. Differential scattering cross sections

The probability for an incident neutron with energy Ej to be scattered into a solid angle
element dQ = sin(®) d® d¢ and to suffer an energy transfer such that its final energy lies
between E| and E; +dE}, is given by the differential scattering cross section

9%0 (Ey,E1,®)

90 JE, .[186, 258] (3.6)

This situation is illustrated in figure 3.1. First, the case of elastic scattering shall be considered,

12
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P

X

Figure 3.1.: Geometry of the scattering process at a target of a wave with the incident wave
vector ko and the outgoing wave vector k; into the solid angle element dQ = sin(®) d® d¢.

i.e. without the occurrence of any energy transfer. After Fermi’s Golden rule the probability
for the wave vector kg of the neutron to be transferred to k;, with £ = hkg /2m = hk% /2m, is
given by

2 N 2
Wﬁo—% =5 /dr ‘P%IV‘P%O Pz, (E) .[186] 3.7
Here, ‘P%l (with [ = 0, 1) denote the wave functions
1 2
‘Pz[ = mexp (lkﬂ’) , 3.8)

normalised to the volume L? and with d7c'1 = k% dQ dk; = k(z) dQ dky,

3 7 3

L dk; L\~ mky

EY=|—] —=(=—) —dQ 3.9
Pr, (E) <2n> dE <2n> 7 (39)

describes the density of the final states after scattering.[186]

The cross section do is given by the quotient of the transition probability W%O NS and the flux

of the incident neutrons fiky/mL>:

mL3\° R
do = (27:?12) ’/dr \PEIVlPZO

"0 - ‘<%1 ’V‘%0>‘2d9 1186] (3.10)
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Chapter 3. Theory of neutron spectroscopy

Let Hy be the Hamiltonian of the undisturbed system with eigenfunctions ¥, and associated
energies E,, such that
HyY, = E,Y¥, .[258] (3.11)

The corresponding eigenvector to the state of the target is denoted as |n) with ¥, |n) (n| = 1
and hence the initial state of the initial, undisturbed system, i.e. of neutron and target, is
written as |%0 np).[186] Together with the momentum p,, of the neutron with mass m, and the
interaction potential V between the nuclei and the scattered neutron, the total Hamiltonian of
the system is expressed as
2
H=Hy+ 2% 4 v [258] (3.12)
2m
The scattering process causes a change of the neutron’s momentum from hko to 7k, where
kis denoting the wave vector of the neutron and Q = %0 — 751 is referred to as the scattering
vector. Likewise its energy changes, such that

h2
ho = Ey — Eny = 5 ([ki| = [K5]) (3.13)

gives the energy that is transferred between the neutron and the scattering nucleus.[258]
The partial differential cross-section, considering momentum and energy transfer, is described
by

82G(E0,E1,®) ki
300E ko P

no,ni

<7<'1 m )v’%o no>)26(hw+Eno “E,) , (3.14)

known as the first Born approximation, with )., p,, = 1, where p,, is the statistical weight
of the state n(.[186] The horizontal bar over the above expression denotes the averaging over
parameters relevant for the scattering process, such as orientation of the nuclear spin or the
distribution of isotopes within the scatterer.[186]

3.4. Intermediate scattering function and scattering laws

The interaction of the neutrons with a target consisting of multiple nuclei with positions R ;s
described by the potential

ﬁvm = ;vjﬁ—ﬁj) [186] (3.15)
With N
(k [V]ko) = Y. V;(Q) - €% (3.16)
J
and
Vi(Q) = / dr e (3.17)
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(nfprie|m)

With the Fourier representation of the §-distribution

equation 3.14 becomes to

2

2
o6 _k S (hw+E,, —E,,) .[186] (3.18)

IQIE, Ky = T

n ZVj(Q)eiéﬁ’
J

8 (o + Epy —En) = 5 / dr e iR+ En ~En) (3.19)

and the Hamiltonian Hy (see equation 3.11), one obtains [186, 258]

d%*c
dr —iwt lQR V
0QJE, ko 27th/ ¢ nglp” <"0 Ze vI(Q)|n >
-<n1 Ze’%HOVj/(Q)e"QRJ’e*i%Ho n0>
7
~ ko 2nh/ dr ey, ﬂ'QR”(O)V,T(Q,O)Vj'(é,t)eiQRf’(”> . (3.20)
For the last step the expression

Vi(0,1)e0R) = elithy;(G)e i il ORs Tt (3.21)

using time-dependent Heisenberg operators, and for the thermal average the notation (...) =
Y, Pro(no| - - - [no) has been used.[186, 258] The expression within the brackets is called cor-
relation function.[186] Considering the thermal averaging being independent of the one over
nuclear spin orientations and distributions, as well as from the nuclei type, one yields

826 kl = d —iot 71'@1?]'(0) léié (1) 3.22
IQIE, ko‘ 0 27rhN re JZJ:<€ G2 0) (3-22)
ES(QCO)

for a scattering target consisting of N particles.[186] (Q, ) is the response function, often
also denoted as dynamic structure factor or coherent scattering law, and possesses the dimen-
sion of reciprocal energy.[186] The summation N~' Y j can be omitted, if the scattering nuclei
Jj are equal.[258]

The term

N . .
10.0) =5 ¥ (e P00 0) (3.23)

within § (Q,t) in equation 3.22 is denoted as intermediate scattering function.[258] While it
describes the interaction between neutrons scattered at different nuclei,

1 N

I(0,1) = ¥ Z <e*iéﬁj(0)eiéﬁj(f)> (3.24)
j=1
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Chapter 3. Theory of neutron spectroscopy

considers only scattered neutrons originating from the same nucleus.[258] The position of the
respective nuclei might have changed in the observed time interval, in both cases. Its temporal
Fourier transform

" 1 - .
Sinc(Q, 0) = 2—ﬂh/IS(Q,t)e"“”dt (3.25)

is called incoherent scattering law and is the one of primary interest in regard to the neutron
spectroscopy methods used in this work.

3.5. Van Hove pair correlation function

An alternative representation of the scattering law can be expressed by the spatial and temporal
Fourier transformation of the van Hove pair correlation function G(7,7) [125, 258]:

Seon(0, ®) = % / 0N G, 1) dRdt (3.26)
Sinc(0, @) = % / OO G (7, 1) dFdr . (3.27)

With )
NG / dQe'9" (3.28)

the pair correlation function is determined from 3.23 and 3.26 as [258]:

j=1j=1

N N
G(#,t) = % <Z ) /d?’6(7+?j(0)—?’)5(?+?,(r))> : (3.29)

If the particles under consideration are distinguishable, it is possible to separate the pair
correlation function into a so-called self and a distinct part [258]:

G(#,1) = Gs(7,1) + Gq(F,1) . (3.30)

For the first part the summation in equation 3.29 is executed for i = j only, while for the
second one the terms with i = j are considered. While in general the operators in the above
equation do not commute, they do so under the assumption of a classical system, so that

S 1 S = -
Gs(r,t):N<Z§(r+rj(0)—rj(t))> (3.31)
J
and
1
G4(7,t) = N < Z o(7+7;(0) —?j/(t))> [258] (3.32)
i
J#T
These functions can be interpreted as follows: Gg(F —7,t —t')d7 describes the ensemble
averaged probability to find the same particle, which was at the time ¢’ at the position 7, at the
coordinate 7 within the volume element d7 at the time ¢.[258] In the same way the expression

G4(F—7,t —1")dF gives the probability to find a different particle at the time 7 at the position
7, when another particle was at the time ¢ at 7.[258]
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3.6. Scattering law for continuous long-range diffusion

3.6. Scattering law for continuous long-range diffusion

The van Hove self-correlation function G,(7,7) allows to calculate the incoherent scattering
law Sim(é, o), measured in quasi-elastic neutron scattering experiments, for the molecular
dynamic processes in the sample under investigation. This shall briefly be shown in the fol-
lowing.

The concentration-gradient-induced spatial concentration fluctuations in a liquid can be re-
lated to its temporal evolution through the diffusion coefficient D and are described by Fick’s
second law

D-V2Gy(#1) = iGS(?,t) [13] (3.33)

The diffusion coefficient can be expressed with the Stokes-Einstein relation in terms of the
Boltzmann constant kg, the temperature 7', the friction coefficient of the liquid 17 and the
radius R;, of the particles in a suspension, or alternatively, by the mean square displacement
(I?) of the molecules within the time 7:

ksT (%)

Under the assumption that at the time r = O the center of mass of the particle is at the origin
of the coordinate system, the boundary condition

G,(7,0) = 6(0) (3.35)

must hold for the solution of equation 3.33.[13, 75] As a further condition the particle can be
expected to be somewhere in the space, at any time ¢:

/Gs(?,t) dF =1 .[13] (3.36)

With these assumptions the expression

2
Gi(7,t) = (4nDt) /% -exp (—IDI) (3.37)

can be found as a solution.[13, 75] This is the so-called Gaussian approximation.[274] A
Fourier transformation in space and time according to equation 3.27 leads to the incoherent
scattering law of the continuous diffusion

—

2
Sinc(Q, @) b9 5 -[13, 26, 274] (3.38)

1

-1 02+ (D22
That means that the half width at half maximum DQ? (or ADQ? in terms of energy transfer)
of this Lorentzian-shaped curve gives direct access to the diffusion coefficient D.[13]
Unfortunately, this law holds only for diffusional motions, where the random displacements
are very small and the interactions between the particles are very weak, as it can be found for
instance in liquid argon.[13] For more complex liquids, for example already for water, this
description of the diffusion process is not sufficient.
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Chapter 3. Theory of neutron spectroscopy

3.7. Singwi-Sjolander jump-diffusion model

Contrary to the continuous motion of the molecules assumed above, the Singwi-Sj6lander
jump-diffusion model [253] divides the diffusion into two separate processes: In a first step,
the molecule is assumed to perform an oscillatory motion during a mean time 7y [253], around
a fixed position in space. Afterwards it continuously diffuses for a mean time 7;.[253]
These two steps, whose motions are considered to be uncorrelated, are then perpetually
repeated.[253] Through this description, where the molecule does not only diffuses by con-
tinuous motions, but also executes oscillatory motions without actually diffusing, crystalline
features are ascribed to the liquid.

Under the assumption that the jump lengths / of the molecules possess a broad statistical
distribution [ -exp(—1/(l)) the half width at half maximum of the Lorentzian is determined as

_ hQ*D

 1+02D1y
by the Singwi-Sjolander jump-diffusion model.[73, 258] For large wave vector transfers Q
the width saturates towards /1/7p. If the time 7; during which the molecule is diffusing con-
tinuously is much larger than the residence time 7y, where the molecule oscillates around a
fixed position, i.e. T| > Tp, the model yields the continuous diffusion model from above, with
the half width at half maximum of I = AQ?D.
The macroscopic self-diffusion coefficient D is given here by

_ L{RY) +(?)
N 6 TH+7T

(3.39)

(3.40)

where (I?) is the mean square displacement of a particle during the time 7; and (R3) the mean
square radius of the thermal cloud corresponding to the oscillatory motion.[253]

Aside from the jump-diffusion model of Singwi and Sjolander [253], described here, a variety
of further jump-diffusion models exist, like the ones of Hall and Ross [116] or of Chudley and
Elliott [48], which however are not of relevance for this work.

3.8. Localised molecular motions

Some molecular dynamics are restricted to a finite space volume, like the rotation of the whole
molecule or the dynamics of certain side groups of the molecule (e.g. methyl groups). In this
case the van Hove self-correlation function can be subdivided into two parts,

Gs(7,1) = Gs(F, ) + G(F,1) , (3.41)

with the stationary part Gs(7,0) and the time-dependent one, G,(7,1), decaying to zero for
t — o0.[174, 258] This leads to the following form of the incoherent scattering function:

S(0,0) = Sei(0) - 8(®) + Sine1 (0, ®) .[14, 174] (3.42)

The first term, originating in the stationary part of the van Hove correlation function above,
corresponds to purely elastical scattering.[14, 258] The second, inelastic term, where a finite
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3.9. Combination of different dynamics

energy transfer occurs, leads to a quasi-elastic broadening of the obtained spectrum.[14, 258]
The resulting scattering functions for such localised or confined molecular motions have the

form
r

—_ 343
nl2+ w2’ (3.43)

S(8,0) = Ao(3)5(0) + Z A(0) L

where Ao(é) is the so-called elastic incoherent structure factor (EISF) of the localised dynam-
ics.[175]. The elastic incoherent structure factor is the ratio of the integrated elastic intensity
to the sum of the integrated elastic and inelastic intensity for a specific wave vector transfer Q:

Iel(é)
Iel(é) +Iine1(é)

It delivers information about the structure of the localised motions.[174]
For the prefactors A j(Q) of the Lorentzians in equation 3.43 the relation

EISF(Q) = [13,14] (3.44)

A;(Q) = 1—EISF(Q) (3.45)

(ngE

~.
Il
_

is valid.[175]

3.9. Combination of different dynamics

When dealing with soft condensed matter systems, there is usually more than one kind of
molecular dynamics present. For instance, molecules of a liquid can not only diffuse in a
translatory way, but they can also rotate and with increasing complexity of the molecules also
the motion of its single parts, for example side groups, must be considered. For the description
of the single dynamics, the models described in the above sections are valid. However, they
need to be combined in order to gain a scattering law, describing the whole system.

In terms of intermediate scattering functions, this is done by multiplying the scatterings laws

mC(Q t) for the individual dynamics:

Lnc(0,1) H J (0,1) .[13] (3.46)

Consequently, the total incoherent scattering law is given by

® (3.47)

i.e. by the successive convolution of the scattering laws Sijnc(é7 o) corresponding to the dif-
ferent dynamics being present in the system under investigation.[13]

Prerequisite to combine the motions in the way presented here, is the assumption that the vari-
ous molecular dynamics of the molecules are independent from each other.[13] For liquids
this can be usually assumed.[13]
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CHAPTER 4

Quasi-elastic neutron scattering instrumentation

In this chapter the neutron spectroscopy instruments used for the analysis of the molecular
dynamics of an ionic liquid confined in nanoporous carbons are introduced and their work-
ing principle is described for a better understanding of the experimental data presented in
chapter 6. Two different kinds of spectrometers are used, which do not only differ in the way
the energy exchange of the neutrons with the sample is determined, but also in the maximum
detectable energy transfer and their resolution. Thus, they are probing the dynamic processes
of the system under investigation at different time scales. While the time-of-flight spectro-
meter FOCUS in its used configuration has an observation time in the picosecond range, the
one of the backscattering spectrometer IN16B adjoins to that one of FOCUS and reaches
observation times up to the nanosecond range.

4.1. Time-of-flight spectrometer FOCUS

The time-of-flight spectrometer FOCUS is situated at the continuous flux spallation source
SINQ at the Paul Scherrer Institute in Villigen, Switzerland. The free neutrons, obtained
through spallation of lead atomic nuclei by shooting highly accelerated protons onto the lead
target, are moderated with liquid deuterium and delivered to the instrument by a neutron guide,
whose end is vertically converging.[200] A disc chopper divides the continuous neutron beam
into pulses of a defined length and time lag between successive pulses.[136, 200] These neut-
ron bunches then arrive at a vertically and horizontally focusing monochromator, consisting
of a doubly curved assembly of single crystal pieces.[138, 200] From the different available
monochromator crystal configurations [200], the pyrolytic graphite 002 reflex is used here for
monochromatisation to a wavelength of 6.00 A. After the monochromator the neutrons are
passing a Fermi chopper [84], i.e. a fast rotating plate collimator.

The combination of the monochromator with a Fermi chopper allows for two operation modes
of the instrument: monochromatic or time focusing.[200] While in the monochromatic focus-
ing mode the resolution of the instrument is good over a wide energy transfer range, it is so
in the time focusing mode only for a comparatively small range, but a considerably higher
intensity is obtained.[137, 200] Since in the latter mode it is possible to optimise the resol-
ution for a certain energy transfer, this mode is suitable for quasi-elastic measurements to
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Chapter 4. Quasi-elastic neutron scattering instrumentation

obtain a good resolution around the elastic line of the spectrum, while still having the pos-
sibility to access a relatively wide dynamic range.[137] The changeover between the two
operation modes is done by varying the distance between the monochromator and the sample,
which equals the distance between the end of the beam guide of the monochromator in the
monochromatric focusing mode, but does not in the time focusing mode.[137, 200] As a con-
sequence, in the time focusing mode a broader wavelength band exits the monochromator,
which leads to a degradation of the energy resolution. Since in neutron spectroscopy ex-
periments only the energy transfer is of interest, this can be partly counterbalanced by the
subsequent Fermi chopper.[137, 200, 239] Depending on its current orientation it lets neut-
rons from different positions of the monochromator pass, and thus allows to let slow neutrons
start before faster ones, in a way that the elastically scattered neutrons arrive at the same time
at the detectors.[137, 200, 239] While the Fermi chopper velocity must be well tuned in this
case, it has to run at its maximum speed in the monochromatic focusing case.[200]

After passing the Fermi chopper the neutrons are impinging on the sample, being housed
in an aluminium sample cell. For the here presented experiments the latter was mechanic-
ally connected to the cold head of a closed cycle helium refrigerator system, which allows
to access a sample temperature range between around 30K and 600K [301]. From there
the neutrons are scattered trough a radial collimator and an argon filled space to a detector
array in a distance of 2.5 m around the sample with a large angular range.[137, 200] From
the particular angular position of the detectors, the respective wave vector transfer Q can be
determined. The spectroscopic information, i.e. the energy transfer of the incident neutrons
with the sample, is obtained from the deviation of the flight time of the scattered neutrons,
from the time that would be needed by neutrons with the original, unaltered velocity to travel
the pathway of known distance within the spectrometer. At this point it also becomes clear,
why it was necessary to divide the continuous neutron beam into discrete bunches of defined
time lag, because otherwise the neutron flight time could not be determined.

4.2. Neutron backscattering spectrometer IN16B

The neutron backscattering experiments [32] have been performed at the IN16B spectrometer
at the Institut Laue-Langevin in Grenoble, France. A sketch of this instrument can be seen in
figure 4.1. Eponymous for this kind of neutron spectroscopy is the backscattering from the
monochromator and analyser crystals [189], i.e. that part of the neutron beam that matches
the Bragg condition is reflected back under a Bragg angle of 90°. As it can be easily seen
from Bragg’s law in its differential form, the wavelength spread AA of the back-reflected neut-
rons becomes minimal in that case, leading to an optimised energy resolution. The resolution
function of IN16B has a Gaussian shape [91] with a full width at half maximum of around
0.85 peV.

The working principle of the IN16B neutron backscattering spectrometer is as follows: The
"white’ beam of cold neutrons coming from the nuclear reactor after moderation with liquid
deuterium, passes a mechanical velocity selector (see sketch of the instrument in figure 4.1),
before it is reflected from the neutron beam guide to the instrument by a pyrolytic graphite
(002) deflector [93]. Note, that the latter is only the case, when the instrument is used in the
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Figure 4.1.: Sketch of the IN16B neutron backscattering spectrometer.

low background configuration, as it has been done during the experiments presented later in
this work. By contrast, in the high flux configuration, the spectrometer would be situated at
the tail of the neutron beam guide, such that the deflector is not necessary. After the deflector
the neutrons are passing a first chopper, whose purpose is to keep the background low. The
choppers are fast rotating disks with an alternating arrangement of wings and slits in between
the latter, letting the neutrons pass or not, depending on the current position of the opening.

Thereafter, they are impinging on the so-called phase space transformation chopper (PST-
chopper), from which they are reflected towards the monochromator, composed of spherically
arranged silicon (111) single crystals. From there only such neutrons are reflected back par-
allel to the surface normal that fulfil the Bragg condition, thus resulting in a monochromatic
neutron beam with a wavelength of 6.27 A. The purpose of the phase transformation chopper
is twofold. First, it enables to have practically perfect backscattering [94], i.e. the neutrons
are impinging the monochromator crystals and leaving them again in direction of the sample
under an angle of 90° with respect to the monochromator surface, as already stated before.
But it does more than simply reflecting the neutrons onto the monochromator. The incoming
neutron beam has still a quite broad velocity distribution, even though that distribution has
been already shrinked by the initial velocity selector. Furthermore, that neutron beam has a
relatively small divergence. On the surface of the chopper wings, which reflect the neutrons to-
wards the monochromator crystals, pyrolytic graphite mosaic crystals are attached. The reflec-
tion from these very fast moving mosaic crystals leads to a phase space transformation of the
corresponding phase space element of the reflected neutrons, such that the outgoing beam has
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a much narrower energy distribution, but a larger divergence.[94, 95, 238] This phase space
transformation is in consistency with the Liouville theorem, since the phase space volume is
conserved.[94, 238] Such a conversion is favourable here, because the monochromator crys-
tals reflect only a very narrow wavelength interval, but through the use of a spherically curved
crystal surface it does so also for the whole divergent beam.[94, 238] Consequently, this leads
to a seizable intensity gain.[94, 108, 238] Furthermore, the mismatch in divergence between
the beam at the monochromator and that one at the analysers is reduced.[103, 238]

The neutron beam from the monochromator passes the opening of the phase space transform-
ation chopper, from which it had been reflected to the monochromator crystals before, and
hits the sample. In the case of the present work the sample is encased in an aluminium cell,
which is placed in a cryofurnace, enabling a temperature control of the sample within a range
from around 2 K up to 560 K [92]. However, this range is possibly limited to much lower tem-
peratures through the used materials, for example for the cell sealing. The neutrons that are
scattered by the sample, having exchanged energy and momentum with it, are flying through
the vacuum chamber of the instrument until they are impinging on large analyser crystals.
These consist of silicon (111) single crystals, like the monochromator, and therefore reflect
only such neutrons with same energy as those coming from the monochromators, if all crys-
tals have the same temperature and are static. The neutrons that are backscattered from the
analysers are then partly passing the sample a second time and are finally hitting the detector
tubes. However, the second passage through the sample necessitates only minor correction
and contributes as a flat background in the measurement signal.[94] At this point one can
see the necessity of a pulsed neutron beam, since it has to be avoided that new neutrons are
reaching the samples or detector, while a preceding neutron pulse has not reached the latter,
yet.

With the instrument as described above, only elastically scattered neutrons, i.e. such that have
not exchanged energy with the sample, could be detected, since the analysers and the mono-
chromator consist of the same silicon (111) crystals. For doing spectroscopic measurements,
the monochromator is mounted at a linear drive, which enables one to move it fast with a
defined velocity profile, perpendicular to its surface plane. Consequently, the incoming neut-
rons see an altered lattice constant, because the lattice planes are moving away or towards the
neutrons. This causes a kind of Doppler effect, which leads to the fact that the wavelength
of the reflected neutrons is shifted.[94] Now, such neutrons are reflected by the analysers,
whose energy exchange with the sample is AE, when the energy shift of the neutrons at the
monochromator was AE away from the energy E( of the neutrons in case of the static mono-
chromator. Since the velocity and therefore the flight time of the neutron packets within the
spectrometer is known, it is possible to correlate the neutrons at the detector with a certain
energy transfer. The detector position, which is connected with the analyser position, gives
information about the wave vector transfer Q.

A description of the experiments carried out at this neutron backscattering spectrometer, to-
gether with a delineation of the data analysis is found in the experimental section, chapter 6.
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CHAPTER 5

Materials & sample preparation

In the following the materials that are used for the investigation of the ionic liquid molecular
dynamics within a geometrically restricting geometry, are presented. Furthermore, a descrip-
tion of their preparation for the quasi-elastic neutron scattering experiments is given.

5.1. Carbide-derived carbons

Nanoporous carbide-derived carbons serve as confining geometry for the ionic liquid in the
here presented experiments on its molecular dynamics. These porous carbons were produced
by Boris Dyatkin from the working group of Yury Gogotsi at Drexel University (U.S.A.). As
a precursor for the production [226] of these porous carbide-derived carbons, molybdenum
(Mo;,C), boron (B4C) and silicon (SiC) carbide microparticles with a size of 1-5 um were
used.[33] The metal from molybdenum and boron carbide precursors was selectively etched
out with Cl, gas at 900 °C, while in the case of the silicon carbide a temperature of 1000 °C
was used.[33] Note, that a certain percentage of metals nevertheless remains at the end within
the produced carbide-derived carbons.[66] The halogen etching procedure was followed by
an annealing in Hj gas at 600 °C.[33] Before the carbide-derived carbons were finally vacuum
annealed at 107 torr and 1400°C, all specimens, except BC-no-9, have been oxidised at
air at a temperature of 425 °C.[33] The final vacuum annealing step removed all functional
groups from the surface of the carbon material and thus lead to a practically identical surface
chemistry of all samples.[33] All preceding steps are determinant for the pore widths of the
nanoporous carbide-derived carbons.[33]

Figure 5.1 shows the pore size distribution of these samples, which were determined by Boris
Dyatkin by employing quenched solid density functional theory models [210] for the analysis
of corresponding nitrogen sorption isotherm measurement data. Own measurements at these
samples obtained similar results. For almost all samples slit pores were assumed for the
analysis. An exception is only sample MoC-21, where a combination of slit, cylindrical and
spherical pores lead to a better fit of the model and a more reasonable pore volume. The
specific surface area of the characterised carbons was determined to lie in a range between
1000-1400 m?/g.[66] All four carbide-derived carbons possess a high amount of micropores,
especially such below one nanometre in diameter, which constitute a comparatively high part
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Figure 5.1.: Pore size distributions of the four nanoporous carbide-derived carbon samples,
® MoC-21, ® BC-no-9, ® BC-9 and @ SiC-2. The lines, connecting the data points, serve as
guide for the eyes.[33]

of the total pore volume. Furthermore, most of the samples have a quite broad distribution of
pore diameters, which reaches up to around 21 nm in the case of MoC-21. Samples BC-no-9
and BC-9 have smaller pores and the corresponding distributions are very similar for both.
The narrowest pore diameter distribution with a maximum width of around 2 nm has sample
SiC-2.

The numbers at the end of the sample designators indicate the maximum pore size for each
specimen. This is indented as an orientation and for a better discriminability of the samples.
Note however, that this quantity is not necessarily the one that is of importance to describe the
dynamical processes of the ionic liquid, which are investigated in the following sections. For
this purpose, one needs to consider the whole distribution, where probably the most frequent
pores size, excluding very small pores, is of most importance. Since however, the pore size
distribution of sample MoC-21 exhibits some artefacts, where the differential pore size is
exactly zero, the determination of an average pore size is not meaningful. Because of this, the
maximum pore width has been chosen for the specimen designators.

Except the granulate material SiC-2, all carbide-derived carbons are powders. As can be
exemplarily seen from the scanning electron micrograph in figure 5.2 (a) for sample BC-no-9,
the size of the powder grains is up to approximately 15um. In the case of the granular
carbon sample SiC-2, shown in figure 5.2 (b), the grains have diameters in the range of several
hundred micrometres.
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(b) &

Figure 5.2.: Scanning electron micrographs of nanoporous carbide-derived carbon particles:
(a) powder grains of sample BC-no-9, (b) grains of granular sample SiC-2.

5.2. Ionic liquid [BuPy][Tf,N]

The room-temperature ionic liquid, whose molecular dynamics are investigated by means
of quasi-elastic neutron scattering in this work, especially in the nanoconfinement of the
pores of the above described carbide-derived carbons, is denominated as 1-N-butylpyridinium
bis((trifluoromethyl)sulfonyl)imide. Because of its long name the ionic liquid will be referred
to as [BuPy][Tf,N] in the following. The first part [BuPy] corresponds to the cation of this
ionic liquid, consisting of a pyridinium ring, where a butyl chain is attached to the nitrogen
atom, as can be seen in the structural formula in figure 5.3. [Tf,N] on the other hand refers

H H
C—C o
HC// \\N@ Iéz CH ° N O
\ / \C/ \C/ } \\S/ ~
= - ~
S B F5C \\O O// CF;

Figure 5.3.: Structural formula of the cation (leff) and the anion (right) of the ionic liquid
1-N-butylpyridinium bis((trifluoromethyl)sulfonyl)imide.

to the anion bis((trifluoromethyl)sulfonyl)imide, whose structural formula is also depicted in
figure 5.3. This anion is also frequently termed [TFSI] in the literature.

Looking at the neutron scattering cross sections of the elements the ionic liquid [BuPy][Tf,N]
is consisting of, weighted with the natural abundance of the isotopes, as shown in table 5.1, one
finds that the incoherent cross section iy of the cation CoH 4N is 1124.24 barn = 112424 fm?.
In contrast, the incoherent neutron scattering cross section of the anion C,FsNO4S; is only
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Table 5.1.: Neutron scattering cross sections of the isotopes [BuPy][Tf;N] is consisting of, as
tabulated by Sears [242]. In case no atomic mass number is given, the specified values are
weighted over all isotopes of the respective element according to their natural abundance. All
values given in barn = 100 fm?.

Isotope H Oinc ‘ Gcoh
'H 80.27(6) 1.17583(10)
’H 2.05(3) 5.592(7)
)

80.26(6 1.7568(10)
0.001(4) | 5.550(2)
0.50(12) | 11.01(5)
0.000(8) | 4.232(6)
0.0008(2)| 4.017(14)
0.007(5) | 1.0186(7)

wnim|ojz|0lx

0.53 barn, i.e. less than 0.5 %o of the one of the cation. As stated in chapter 3, the incoherent
scattering of the nuclei is important for the analysis of the single-particle molecular dynamics
using quasi-elastic neutron scattering spectroscopy. Consequently, it is the mobility of the
cation this technique is sensitive to, while the anion dynamics are almost neglectable in the
measurement signal. The coherent neutron scattering cross sections O.on Of the cation and
the anion are with 85.56 barn and 65.19 barn comparatively small in contrast to the respective
incoherent cross sections. This means that the incoherent scattering is the dominating process
here and the influence of the coherent scattering on the measurement results can be expected
to be small. However, in the analysis of the dynamic processes in the bulk ionic liquid, the
coherent contribution to the total measurement signal, arising from collective motions, has
shown to be not completely neglectable.[30, 31]

Another important point for the study of the molecular dynamics of [BuPy][Tf,N] in the con-
finement of the nanoporous carbide-derive carbon, are the phase transition properties of the
bulk ionic liquid. These are like most other physicochemical properties influenced by impur-
ities, for example water, so that deviating data are found in different publications. However,
most specify the melting point of [BuPy][Tf;N] at 299.00-299.15 K, determined by differ-
ential scanning calorimetry at a heating rate of 10 K/min [185, 211, 267] or 5 K/min [167],
respectively. Here, it should be noted that except in one case [185], where the melting point is
given with 299.05 K, the values are specified without decimal places, suggesting a comparat-
ively lower accuracy. However, with respect to the crystallisation temperature and a possible
glass transition of the ionic liquid [BuPy][Tf,N], the situation is ambiguous in the literature.
Tokuda et al. [267] detected no glass transition during differential scanning calorimetry meas-
urements at a scanning rate of 10 K/min, however, at 50 K/min they observed a supercooling
of the liquid, as well as a glass transition at 197 K. Lall-Ramnarine et al. [167] give a glass
transition temperature of 192 K, measured with a rate of 5 K/min. Noda et al. [211] observed
a relatively fast crystallisation, as well as a glass transition during cooling scans, but do not
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specify a temperature for the latter. However, they also describe the observation of an exo-
thermic peak, corresponding to a crystallisation process, on heating scans with 10 K/min with
an onset temperature of 224 K.[211] Other publications [27, 30, 185] do not detect a glass
transition. Instead, Burankova et al. [30] specify a crystallisation temperature of 254.2 K and
236.2 K for cooling rates of 5 K/min and 10 K/min, respectively.[27, 30] Concluding, it should
be mentioned that the supercooling well below the melting temperature is quite prevalent for
ionic liquids, as well as that they may present uncommon phase sequences, like a glass-to-
crystalline transition on heating.[87]

The ionic liquid [BuPy][Tf,N] possesses as other ionic liquids a relatively high viscosity.
Its dynamic viscosity is for instance 181.810-182.1 mPa-s at 278.15K [209, 215], 48.11—
49.4mPa-s at 303.15K [18, 169, 215, 293] and 10.59-10.9 mPa-s at 353.15K [169, 215,
293]. Here, the temperature dependence of the dynamic viscosity follows a Vogel-Fulcher-
Tammann law.[18, 209, 211, 215, 267] In comparison, the dynamic viscosity of water is only
0.798 mPa-s at 303.15 K [55], what exemplifies how viscous the ionic liquid [BuPy][Tf,N] is.
The density of [BuPy][Tf,N], which is important for the sample preparation, as described
in the next section, is 1.4440-1.4506 g/cm3 [18, 169, 185, 215, 293] at 303.15 K, while its
surface tension at this temperature is 33.2-34.5 mN/m [18, 185]. Both parameters are found
to linearly decrease with increasing temperature.[18, 185, 209, 215, 293]

5.3. Sample preparation for the quasi-elastic neutron scattering
experiments

A proper filling procedure of the carbide-derived carbons with the ionic liquid is crucial for
the neutron spectroscopic investigation of the ionic liquid’s molecular dynamics in the nano-
confinement. Not only a preferably complete pore filling should be achieved, but first and
foremost bulk ionic liquid between the carbon grains must be avoided. The reason is that the
measurement signal from the latter would superimpose the one from the nanoconfined liquid
and render the analysis of its dynamics very challenging.

As a consequence, only such an amount of ionic liquid is used, that it equals the pore volume
as determined by the nitrogen sorption isotherm characterisation of the carbide-derived car-
bons (see section 5.1). That volume of [BuPy][Tf;N] is mixed in a first step with ethanol
with a purity of > 99.9 % in a volume ratio of 1 to 2. Afterwards, this liquid is blended with
the respective nanoporous carbon. The compound is then distributed in the flat aluminium
sample holder. To remove the remaining ethanol and to accelerate the capillary imbibition of
the highly viscous [BuPy][Tf,N] into the nanovoids of the carbon, the sample is stored inside
a drying cabinet at a temperature of 348 K and at an absolute pressure of 8 mbar for 2.5 hours.
After that the carbon powders have changed their visual appearance back to that of the empty,
dry carbon powder samples. An exception was here the granular sample SiC-2, where the
large carbon grains appeared to be a bit adherent. The filling procedure of the samples has
been randomly verified by weighting the empty, as well as the ionic-liquid-filled, dried carbon
samples. The above procedure is orientated at one that has been already successfully applied
at similar systems.[43]

Following the drying of the specimens, the sample container is closed by attaching the top
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cover, while the gap to the bottom part is sealed with indium wire or lead wire, respectively.
For the sealing of the sample containers of the experiment at the time-of-flight spectrometer
FOCUS mainly lead was used, while for the experiment at the neutron backscattering spectro-
meter IN16B solely indium has been used. In the latter experiment the indium wire and the
screws, connecting both parts of the sample container, were shielded from the neutron beam
with a cadmium sheet around the respective parts of the sample cell. In both experiments
the slab-like cells made of pure aluminium had a volume of around 0.45 cm?, while the slab
thickness was 0.4 mm in the case of IN16B and 0.6 mm in that of FOCUS.

For the reference measurements of the bulk ionic liquid at IN16B, the same kind of flat sample
cells like for the [BuPy][Tf,N]-filled carbons was used, to avoid measurement geometry re-
lated effects. The same is true for the measurements of vanadium at both spectrometers, which
are used for detector efficiency normalisation of the data.
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CHAPTER 6

Experimental results & discussion

In the following the analysis of the temperature- and pore-size-dependent molecular dynamics
of the room-temperature ionic liquid within the carbon nanoconfinement is presented. This
analysis starts with applying a technique that enables one to get a first brief, but already quite
detailed overview of the dynamic processes in a wide temperature interval. Following, a
more in-depth analysis of the dynamics at selected temperatures is conducted, employing the
information provided by quasi-elastic neutron scattering (QENS) spectra obtained from two
spectrometers with practically complementary dynamic range and resolution.

6.1. Fixed window scans

The neutron backscattering spectrometer IN16B at the Institut Laue-Langevin offers the
powerful possibility to perform so-called fixed window scans. With these, it is possible to
quickly vary a specimen parameter, e.g. the temperature, while acquiring the scattered intens-
ity with respect to a certain, fixed energy transfer between the incoming neutrons and the
sample. For the acquisition of a full energy spectrum, the monochromator of the instrument is
moved with a sinusoidal velocity profile, so that it is continuously changing the energy trans-
fer it is sensitive to (see section 4.2 for a brief description of the instrument and its working
principle). On the contrary, when doing a fixed window scan, the monochromator is at rest
all the time, when measuring at an energy transfer of AE = OpeV or it moves after a very fast
acceleration for a relative long period at a constant velocity for measurements at AE # OueV.
In the first case, when observing elastically scattered neutrons, i.e. AE = OpeV, these meas-
urements are denoted as elastic fixed window scans in the following, while measurements
where AE = const.  QpeV, i.e. the neutrons are inelastically scattered, are named inelastic
fixed window scans. Since at the fixed window scans the monochromator is for a relatively
long time at a certain constant velocity, the intensity, integrated over the measurement time
interval, is much higher, compared to the case, when acquiring full spectroscopic information,
where only for a short period of time neutrons are registered for a certain energy transfer.
This is the reason, why it is possible to quickly scan a large temperature range of the sample,
while observing a certain energy exchange with the impinging neutrons, to get an overview
of dynamic processes being activated at specific temperatures. While the acquisition of a
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full quasi-elastic spectrum at a single temperature takes several hours to achieve a reasonable
signal-to-noise ratio, one data point, i.e. one temperature, is only a matter of minutes in the
case of the fixed window scans.

In this work, the sample was heated continuously with a rate of 1 K/min from a temperat-
ure of 2K up to 355K, while alternately acquiring for 1 minute the intensity of the elast-
ically scattered neutrons and for 3 minutes those that experience an energy exchange of
AE = £2peV with the specimen. The fact that the energy transfer spectrum is symmetric
around AE = OpeV, allows one to sum up the intensity that is measured on advancing and
receding motion of the monochromator, i.e. for AE = —2peV and AE = 42 eV, respectively.
Because the data of the energy channels are registered separately, it was possible to verify
the equivalence of the intensity for AE = +2ueV. The available wave vector transfer range
is limited to Q = 0.44 A~! to 1.90 A~ in the case of the fixed window scans, since the two
analysers at small angles, corresponding to the lowest Q-values, are inclined with respect to
the perfect backscattering condition. Thus, they deliver a shifted energy transfer spectrum,
which is no problem, when acquiring a full spectrum, but in the case of the fixed window
scans, where only one specific AE is considered. Therefore, the data from these analysers are
omitted for the fixed window scans.

Before analysing the dynamics of the ionic liquid [BuPy][Tf,N] in the confinement of the
nanoporous carbide-derived carbons, the bulk ionic liquid is investigated as a reference con-
cerning its temperature-dependent dynamics with the help of the fixed window scans. Fig-
ure 6.1 shows the intensity of the elastically scattered neutrons as a function of temperature,
when heating the bulk [BuPy][Tf,N] with a rate of 1 K/min from 2 K to 355 K. The shown
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Figure 6.1.: Elastic fixed window scan, i.e. the intensity of neutrons, elastically scattered
at the molecules of the bulk [BuPy][Tf,N], while heating from 2 K to 355 K with a rate of
1 K/min. Foreground: Intensity as a function of temperature and wave vector transfer Q. Back
panel: Over the available Q-range averaged intensity as a function of temperature.
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data of this elastic fixed window scan are normalised for each wave vector transfer Q to the
intensity at 2 K, where it is maximal, since all diffusive dynamics are not active at this tem-
perature. With increasing temperature the intensity is expected to decrease also without the
presence of diffusive processes according to the Debye-Waller factor [61, 280], due to lattice
vibrations. The line plot in the back panel of graph 6.1 shows the over Q averaged intensity.
Changes in the slope of this curve in the temperature range between approximately 100 K
and 200K give a first hint at the activation of dynamic processes in this ionic liquid, while
the abrupt drop in the elastic intensity at about 295 K indicates the melting of the crystallised
liquid. But before this is further analysed using the inelastic fixed window scan data, the mean
square displacement of the scattering nuclei as a function of temperature is determined from
the elastic fixed window scan.

6.1.1. Mean square displacement

As one can see from the three-dimensional intensity plot in figure 6.1, the intensity is sloped
along the Q-axis. Assuming a harmonic vibration, the O-dependence of the intensity can be
described as

Q) =1ly-e 300 | ©6.1)

where [y is the intensity at Q =0 (if I, = 1) and (u2> the mean square displacement. [13, 94]
This relation is usually referred to as Gaussian approximation.[302] The offset I, = exp(cr)
allows for effects like multiple scattering.[94] It should be noted that there are more sophistic-
ated methods to handle multiple scattering effects and for the determination of the mean square
displacement from elastic fixed window scans in general, which reduce the underestimation
of the latter by the above simple model, especially at higher temperatures.[302, 303] How-
ever, for a first impression of the temperature-dependent dynamics the widely used Gaussian
approximation is sufficient. With a fit of this model to the elastic intensity at each measured
temperature the mean square displacement (u?) is determined and shown together with cf in
figure 6.2 for all measured samples. The curves are shown until In(/(Q?)) gets visibly non-
linear, i.e. equation 6.1 is no longer valid. This is at the latest the case when the molecular
motions are getting an increasing complexity, which happens for example for the bulk liquid
upon the transition from the crystalline to the liquid state. As a reference figure 6.2 shows also
the result for the empty carbon matrix of sample MoC-21, which has been measured on rapid
cooling with an uncontrolled cooling rate. From this curve one can see that the contribution
of the nanoporous carbon to the total averaged mean square displacement of the filled carbon
matrices is low. The mean square displacement of all ionic-liquid-filled samples and the bulk
one is at latest from around 100 K on clearly above the one of the empty carbon powder. The
ionic-liquid-filled porous carbon with the smallest pore size, SiC-2, has a mean square dis-
placement that is almost indistinguishable from the one of the crystallised bulk sample. In
contrast, the mean square displacement of the two other samples with larger pores has higher
values for temperatures above 150 K. This can be seen as a first indication for altered dynam-
ics in the case of nanoconfinement. In contrast, the constant contribution cr is quite similar
for all three samples of the confined ionic liquid, but deviates strongly from the bulk one. The
introduction of ¢y is necessary, since with increasing temperature, the intensity as a function
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Figure 6.2.: (a) Mean square displacement (1) as a function of temperature and (b) constant
contribution ¢f for each temperature for the ® bulk [BuPy][Tf,N], as well as confined in
the nanoporous carbide-derived carbon samples ® MoC-21, ® BC-no-9 and @ SiC-2, derived
from the elastic fixed window scan, as described in the text. For reference the result for the
® empty carbon matrix of MoC-21, measured on rapid cooling, is shown.
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of 02, i.e. In(I(Q?)), is no line through the origin any more.

Although this analysis of the mean square displacement averaged over all scatters within the
sample, predominantly protons, gives first hints of the cation dynamics, more detailed inform-
ation will be deduced in the following from the data of the inelastic fixed window scans.

6.1.2. Qualitative overview of the dynamic landscape

Figure 6.3 shows the intensity as a function of temperature and wave vector transfer Q as a
result of the inelastic fixed window scan with AE = +2peV. Here, the intensity is normalised
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Figure 6.3.: Inelastic fixed window scan with an energy transfer of AE = +2peV from 2 K to
355 K of the bulk [BuPy][Tf,N], clearly showing the activation of different dynamic processes
in the temperature course. Foreground: Intensity as a function of temperature and wave
vector transfer Q. Back panel: Mean intensity over the available Q-range as a function of
temperature.

for each Q independently to the respective intensity at 2 K of the corresponding elastic fixed
window scan, where all dynamic processes, aside from lattice vibrations, can be considered
to be frozen. The graph in the back panel of figure 6.3 shows the intensity of the three-
dimensional plot in the front, averaged over the whole for the fixed window scans available
Q-range. Already here, the potential of the inelastic fixed window scans becomes apparent.
More clearly than from the elastic fixed window scan, one can see the thermal activation of a
first kind of dynamics starting from around 100 K on in this inelastic fixed window scan. A
former investigation of the bulk [BuPy][Tf,N] cation dynamics sees in this temperature range
the onset of methyl group dynamics.[27, 30] The sudden rise in the inelastic intensity with
AE = £2peV at around 295 K can be ascribed to the melting of the crystalline [BuPy][Tf,N]
and corresponds to the elastic intensity drop, as seen above in figure 6.1. By the way, the
elastic fixed window scan curve of the bulk [BuPy][Tf,N] shows that the heating rate of
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1 K/min is well-chosen: Although, the bulk fixed window scan possesses the peculiarity that
it was stopped at several temperatures in order to acquire full quasi-elastic spectra for several
hours, the curve is still smooth at these points. This would not be expected, if the heating rate
would be too fast, because then the sample would reach its thermal equilibrium only when
keeping it for a longer time at a certain temperature and thus the observed dynamics would be
different before and after the stop.

That the inelastic intensity for the low-temperature dynamics, as well as for the melting,
first rises and than falls again with increasing temperature might appear a little bit counter-
intuitive at first glance. However, the reason is that with rising temperature the dynamics
are getting faster and consequently the energy transfer spectrum of the scattered neutrons
becomes broader, since the maximum energy transfer between the neutrons and the scattering
nuclei increases. As a result, the constant quantity of scattered neutrons is distributed on
a wider energy range, thus resulting in a decrease in intensity of the neutrons with a lower
energy transfer, as for example those in the 2 ueV energy channel, here.

Having a look at the wave vector transfer dependence of the inelastic intensity in the two
afore described temperature ranges with different dynamics, one observes only a very weak
Q-dependence for the low-temperature dynamics, which are starting to get active from around
100 K on. Contrary, after the melting, above 295 K, the ionic liquid shows a very strong wave
vector transfer dependence in the considered 2 peV energy channel of the scattered neutrons.
This fact will become important for the systematic investigation of the inelastic fixed window
scans with respect to the cation dynamics, below.

Prior to that, a qualitative overview of the differences in the temperature-dependent cation
dynamics of the bulk [BuPy][Tf;N] in comparison to the ones in the nanoconfinement of
the carbide-derived carbons shall be obtained. Therefore, the Q-averaged intensities of the
respective elastic and inelastic fixed window scans, shown in figure 6.4, are examined. Clear
differences between the cation dynamics of [BuPy][Tf;N] in the bulk and in the case of
the nanoconfinement with different pore sizes are observed: While the bulk shows a well-
defined abrupt first-order crystalline-to-liquid phase transition, there is no such in the case of
the confined [BuPy][Tf,N]. Instead, a continuous transition is taking place, starting at much
lower temperatures and being indicated by a broad peak in the inelastic fixed window scans.
Furthermore, the peaks are shifted to higher temperatures with decreasing pore size.

Such a changeover to a continuous phase transition, together with its pore-size dependence
and a strong melting point depression, is a common phenomenon of liquids within nanoporous
media.[1, 47, 134, 264] From the Gibbs-Thomson equation a shift of the melting temperature
is predicted which scales with the inverse of the pore diameter.[1, 134] The direction of the
melting temperature shift depends on the surface tension between the pore wall and the liquid
phase in comparison to that between the pore wall and the solid phase.[1] The melting point
is depressed, if the latter is the larger one.[1] However, it should be noted that this equation is
strictly valid only for sufficiently large pores, such that the crystalline structure of the solidified
liquid within these pores is not disturbed and still identical with that in the bulk.[1, 134] The
observed massive broadening of the melting transition has most likely several reasons: First
of all, from the above-mentioned, it is reasonable to suppose that the ionic liquid in pores
of different diameters has different melting temperatures. Remembering the broad pore size
distributions of the used carbide-derived carbons, as shown in figure 5.1 in section 5.1, it can
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Figure 6.4.: Intensity of the (a) elastic and (b) inelastic fixed window scans, averaged over
the available wave vector transfer range. Differences in the temperature course illustrate
the altered dynamics between cations of the ® bulk and those in the nanoconfinement of
® MoC-21, ® BC-no-9 and @ SiC-2, i.e. with decreasing pore size.

be assumed that this leads also to a wide distribution of melting temperatures. An additional
effect that needs to be considered is the fact that surface adsorbed films often start to melt at the
respective interface well below the bulk melting temperature [1, 47, 300], as for example water
at the interface to SiO; [78], graphite or talc [192]. This interfacial liquid layer then growths
in thickness, when the temperature further approaches the bulk melting point.[1, 47, 78, 192]
It is obvious that this has a strong impact on the phase transition behaviour of liquids in pores
on the nanoscale, due to the high surface-to-volume ratio. There, the liquid in the pores starts
to melt at the pore walls and the liquid phase then advances successively towards the pore
centre. [1, 47] As a consequence, this leads to a broadening of this phase transition with
respect to the temperature range.[1] The phase transition properties are further affected by
the geometry of the porous medium, including surface roughness, which both might vary
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locally, such that not only the phase transition temperature is shifted, but also the transition
might be further broadened.[1, 17, 192] A complexification of the phase transition behaviour
in confining geometries, together with a shift of the respective phase transition temperature,
is also known from ionic liquids in silica [107, 144] and carbon [285] nanopores.

Likewise the peaks in the graph 6.4 (b) are shifted to higher temperatures with decreasing pore
size, their maximum intensity is decreasing. This hints together with an increasing elastic
scattering fraction in narrower pores (see figure 6.4 (a)), to a growing portion of immobilised
cations concerning the diffusive motion. As an orientation also the contribution of the carbon
matrix to the elastic scattering is drawn in panel (a) of figure 6.4, which was estimated as
described in appendix C. The peak that is expected to be related to the diffusion of the whole
cation and the one corresponding to the localised dynamics overlap now, whereas they are
well separated in the bulk. The first of the two peaks, belonging to localised motions, seems
to be also affected by the nanoconfinement, since its maximum also appears to be shifted to
higher temperatures and is decreasing with decreasing pores size.

6.1.3. Quantitative analysis of the cation dynamics employing inelastic fixed
window scan data

Now, on the basis of the inelastic fixed window scans, a first quantitative analysis of the
molecular dynamics of [BuPy][Tf,;N] in the carbon nanoconfinement shall be undertaken,
starting with an investigation of the bulk as a reference, to be able to judge on the confinement-
induced alterations. Due to the limited number of data points, the diffusive cation motion in
the high-temperature region can not be adequately analysed for the bulk [BuPy][Tf,N], such
that in this case the investigation is limited to the localised motions, at low temperatures.

Localised dynamics of bulk [BuPy][Tf;N]

As described above, the localised low-temperature motions and those after the melting do
not interfere in the inelastic fixed window scan data of the bulk material, such that they can
be analysed independently. For the relaxation time Zjoca(7) of these motions an Arrhenius
temperature dependence,

. - Eaocal
Tlocal(T) = Too;local * €XP <aR(])fa> y (6.2)

is assumed, where T..ocal 1S the high-temperature limit of this relaxation time, R the universal
gas constant and Ej.jocal the activation energy of this dynamic process.[90, 111] The relaxation
time provides a measure for the reorientation time scale of a molecule.[231] The scattering
law of the localised dynamics can be expressed as

I n(@rT)

Slocal(Q?T> CO) :A(Q)S((O) =+ (1 _A(Q)) ’ EW :

(6.3)

The elastic incoherent structure factor A(Q) (EISF) of the localised motions is considered to
be temperature independent, here.[13] Note, that also slow dynamic processes that lead to an
energy transfer lower than the resolution of the respective instrument appear to be elastic. The
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half width at half maximum (HWHM) ¥, of the Lorentzian function is given as the inverse of
the above relaxation time, i.e. ¥1(7T) = 1/%iocal (T').[90, 111] Thus, this half width is regarded
as wave vector transfer independent, here. That there is no such Q-dependence for the methyl
group dynamics, was not only shown in the past for a polymer [40], but is also found here
in a respective analysis of the data. The latter is presented in appendix A.1.2. As a result for
the analysis of the localised, low-temperature dynamics of [BuPy][Tf,N] the over Q averaged
intensity, as already shown as black curve in figure 6.4 (b), is considered in the following.
Resulting from the above model this temperature-dependent intensity can be described by

. l flocal(T)
T+ %lzocal(T) : a)l2FWS

which is evaluated for wpws = £2ueV /i and fits the data very well, as can be seen from
graph 6.5. Within the parameter Iy an intensity factor and the elastic incoherent structure
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Figure 6.5.: Fit of the model for the localised, low-temperature dynamics of the bulk
[BuPy][Tf,N] to the temperature-dependent intensity data as obtained by the inelastic fixed
window scan at AE = +2 eV, averaged over the available wave vector transfer range. Dashed
line indicates background, determined as described in appendix A.1.1.

factor from equation 6.3 are subsumed, while the delta part of this equation does not play
a role here, since it can be considered to be outside the considered +2 peV energy channel.
The exponential prefactor, corresponding to a temperature dependence of the Debye-Waller
factor, and the offset c¢g are determined from the low-temperature region of the elastic and
inelastic fixed window scan data, respectively, where no disturbing dynamics can be observed
in the latter, yet. The appropriate procedure for the determination of these two parameters is
described at length in the appendix A.1.1.

The described analysis of the inelastic fixed window scan data yields an activation energy
of 9.7kJ/mol for the localised dynamics in [BuPy][Tf,N]. This value is smaller than those
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obtained by Burankova et al. [30] by employing a three-site jump and a rotational diffu-
sion model for the analysis of their elastic fixed window scan data, yielding 6.5 kJ/mol and
7.0kJ/mol, respectively.[27, 30] Additionally, their determined values for the high-temperature
limit of the relaxation time are around one order of magnitude higher than the one obtained,
here. Disregarding that they employed other models for their analysis and utilised the data of
an elastic instead of an inelastic fixed window scan, as it is done here, they also used a par-
tially deuterated [BuPy][Tf,N] sample. The protons of the pyridinium ring of their molecules
were replaced by deuterium atoms. The incoherent scattering cross section of the latter is
much smaller than that of 'H, as can be seen from table 5.1. Consequently, there is practically
no incoherent scattering contribution from the dynamics of that part of the molecule to the
quasi-elastic neutron scattering signal, any more.

The attempt to use the three-site jump and the rotational diffusion model to analyse the elastic
fixed window scan of the fully protonated cations, succeeds only for the three-site jump model
(see appendix in section A.2 for details). However, also here, the results deviate from those of
Burankova et al. [30], what is ascribed to the fact that apart from the methyl group rotations
and segmental rotations of the butyl chain, also motions of the pyridinium might play a role.
Since this comprises that the applicability of the three-site jump model is limited in this case
and because of the very well agreement of the above model for the localised motions (see
equation 6.4) with the respective data of the inelastic fixed window scan, the latter model is
also used in the following analyses of the localised dynamics in the case of the nanoconfined
[BuPy][Tf,N]. Therefore, values for the activation energy and the relaxation time will be
compared to the one obtained by that model only, for a better comparability.

Cation dynamics in carbon nanoconfinement of various pore sizes

As already mentioned above in the qualitative discussion of the dynamics in the confinement,
the localised motions can not be considered independently from those of the diffusive one,
here. As a result, a combined ansatz needs to be chosen. Mathematically this is done by
convoluting the scattering laws of both dynamics (see also section 3.9):

S(Qu T7AE) - Slocal(Qa Ta AE) ® Sglobal(Q7 Tv AE) ) (65)
such that the intensity of the inelastic fixed window scan is described by

I(Q,T,AE) = ¢“" - [In(Q) - S(Q,T,AE) +¢(Q)] - (6.6)

The first of the two components of this model describes the localised motions, fully analogous
to above:

1 Fl(QaT)

Slocal(QaTvAE) :A(Q)S(AE) + (1 _A(Q)) ' EW ’

(6.7)
where I'1 (Q,T) =T'1(T) = 1/ %iocal(T) with the temperature-dependent relaxation time as
defined in equation 6.2. The second component is the dynamic structure factor of the centre-
of-mass diffusion of the cation, given by

1 FZ <Q7 T)

Sglobal(QaTa AE) = EW . (6.8)
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6.1. Fixed window scans

While the corresponding HWHM I, depends on the wave vector transfer Q, the half width
I'} is in analogy to the analysis of the localised dynamics of the bulk [BuPy][Tf,N] above
Q-independent. Since however, the number of free parameters would exceed the numbers
of equations that need to be solved, further assumptions need to be taken into account. For
bulk [BuPy][Tf,N] Embs et al. [76] find in a QENS study that the HWHM I, of the global
component is described by the Singwi-Sjolander jump-diffusion model [253], i.e.

_ hDQ?
 14+DQ%1

Additionally, the self-diffusion coefficient D obeys an Arrhenius-like temperature dependence
[76],

(0) (6.9)

RT

while these data suggest in addition that also the corresponding residence time 7y exhibits
such a temperature dependence, i.e.

Ea
70(T) = Too-exp< a’g“"’al) . (6.11)

E,.
D(T) = D..-exp <— a’g“)"a‘) : (6.10)

RT

This model is fitted to the inelastic fixed window scan data sets. The fitting procedure is
performed simultaneously for all 16 wave vector transfers Q, available for the fixed window
scans. This is done with a set of common parameters for all Os, together with few that are
Q-dependent. The high-temperature limits of the self-diffusion coefficient and the residence
time, D., and 7., the activation energies of the diffusive and the localised dynamics, E;.giobal
and E,.jocal, and the relaxation time corresponding to the localised motions are the same for
all Q. In contrast, the intensity factor Iy and the EISF A are individual parameters for each
Q (see also sections A.1.3 and A.1.4). The exponential prefactor and the background cq are
determined as described in section A.1.1 of the appendix.

The temperature course of the intensity of the inelastic fixed window scans is very well repro-
duced by the above model. Figure 6.6 shows this exemplarily for representative wave vector
transfers Q in case of the dynamics of the ionic liquid in the nanpores of the MoC-21 carbon
sample. The black line is the best fit of the model to the measurement data (red triangles),
while the background exp(—a-T) - co(Q) is plotted as blue dotted line. Respective curves for
the two other nanoporous carbons, BC-no-9 and SiC-2, filled with [BuPy][Tf,N] can be found
in figure A.5 and A.4 in section A.1.3 of the appendix. The obtained activation energies and
relaxation times for the localised dynamics, as well as the activation energies for the transla-
tional diffusive motion, are listed in table 6.1 for all analysed samples. The activation energy
of the localised motions is found to be notably smaller in the case of the nanoconfinement,
compared to the bulk. But more interestingly, it further decreases with decreasing pore size.
The same trend is observed for the activation energy of the centre-of-mass diffusion of the
cation. However, there is no decline from the value of the bulk liquid (taken from Burankova
et al. [28, 31], Embs et al. [76, 77]) to the one corresponding to the cation diffusion within
the nanoporous carbide-derived carbon sample with the largest pore size. At first glance it
may appear counter-intuitive that the activation energies are successively reduced in the nano-
pore confinement, although the maxima of the curves from the inelastic fixed window scans
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Figure 6.6.: Result of the fit as described in the text to the data of the inelastic fixed window
scan of [BuPy][Tf,N] in the nanopores of MoC-21, shown for eight representative wave vector
transfers Q: (a) 0.44 A~1, (b) 0.70 A", (c) 0.95A~", (d) 1.18 A~1, (e) 1.39 AL, () 1.57 AL,
(g) 1.72A"" and (h) 1.90 A~

42



6.1. Fixed window scans

Table 6.1.: Activation energies of the localised and diffusive dynamics, together with the
relaxation times of the localised motions of [BuPy] in bulk and in the nanoconfinement of
carbide-derived carbons (ordered by decreasing pore size). All data are obtained from the
inelastic fixed window scans, except the bulk value of Ej;gjopal (taken from [28, 31, 76, 77]).

localised dynamics diffusive dynamics
Ea;local [kJ/mOl] ‘ foo;local [PS] Ea;global [kJ/mOl]
bulk IL T 9.7 0.3 12.3-14.8
MoC-21 +1IL 7.1 3.6 T 151
BC-no-9 + IL 6.9 4.4 14.9
SiC-2 + IL 6.0 1l 76 12.0

(see figure 6.4) are shifted to higher temperatures with decreasing pore size. But since by
contrast the relaxation time 7w:ocal (S€€ €quation 6.2) increases (see table 6.1) at the same
time, the connected line width I'; decreases nevertheless. This HWHM I';, as obtained from
the inelastic fixed window scan analysis with the above models, is plotted in figure 6.7 as a
function of temperature. Note, that this HWHM is also for the bulk considerably smaller than
the one inferred by Embs et al. [76] from full energy transfer spectra of the bulk ionic liquid.
The reason may lie in the fact that the simple model for the analysis of the inelastic fixed
window scans subsumes all localised motions being activated over a large temperature range,
starting already at very low temperatures. The spectra [76], however, were measured at only
one, relatively high temperature, which is in addition higher as the highest temperature for
the analysis of the localised dynamics of bulk [BuPy][Tf,N] with the inelastic fixed window
scans. Thus, it is possible that both data describe to some extent different dynamics.

An increase of the methyl group relaxation time in nanopore confinement is also known from
other substances, like polymers [89, 240] and toluene [89, 204], where it is ascribed to the
interaction of the confining pore walls with an immobilised surface layer. Also concern-
ing the ionic liquid within the restriction of the carbon nanopores, such an influence of the
pore walls appears to be reasonable. A reduction of the pore size entails a growth of the
surface-to-volume ratio and thus strengthens the role of surface-interaction-induced effects.
This corresponds with the found increase of the relaxation time with decreasing pore size
(see table 6.1). Similarly, also the residence time Ty concerning the jump-diffusion process
of the cation increases, while the corresponding diffusion coefficient D decreases, with de-
creasing pore size. This is shown in figure 6.8 (open circles) for selected temperatures. As
a consequence of the slower diffusion, the corresponding line width I'; (see equation 6.9) is
smaller for the ionic liquid in narrower pores. Thus, the respective intensity maximum of
the inelastic fixed window scans in figure 6.4 is shifted towards higher temperatures. Such a
behaviour appears reasonable, since the increasing confinement in smaller pores hinders the
molecular motions and thus prolongates the corresponding relaxation times and slows down
the diffusion of the molecules. A further intensification of this effect occurs due to a growing
fraction of immobile molecules at the pore walls, what lessens the volume of mobile ions, as
will be discussed at length in section 6.2.4.
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Figure 6.7.: Half width at half maximum I'; as a function of temperature of the localised
dynamics of [BuPy][Tf,N] in — bulk and in the nanoconfinement of — MoC-21, — BC-no-9
and — SiC-2, as obtained from the inelastic fixed window scan analysis.

6.2. Full quasi-elastic spectra

The analysis of the fixed window scans delivers already a quite comprehensive picture of the
molecular dynamics of [BuPy][Tf,N] inside the nanopores of the carbide-derived carbons.
However, it is intelligible that the data derived from only two energy transfer values can not
contain as much information as complete energy transfer spectra do. For this reason, such
full spectra were acquired at temperatures selected on the basis of the fixed window scans.
This has been done at two spectrometers: The time-of-flight spectrometer FOCUS and the
backscattering spectrometer IN16B, whose working principles are described in chapter 4. At
IN16B spectra up to 350 K were measured. With the measurements at FOCUS a temperature
range from 310K to 390K is covered. FOCUS possesses, compared to IN16B, a wider
energy window, but a lower resolution, such that slow motions at low temperatures can not be
resolved. In contrast, others are too fast to fit into the energy window of IN16B and contribute
there in the spectra only as an approximately flat background. However, in this regard, the two
spectrometers are practically complementary: IN16B with a resolution of 0.85 eV allows for
a maximum energy transfer of =31 ueV with available QO-range from 0.19 A'to 1.90A1,
while FOCUS gives access to an energy transfer range of +1.00 meV with a simultaneously
accessible wave vector transfer range between 0.32 A~"and 1.64 A~" and a full width at half
maximum of its resolution function of 39 peV.

6.2.1. Dynamic structure factors for the analysis of the spectra

It is found that the QENS spectra can be analysed with the following dynamic structure factor

S(Q,AE) = f-8(AE) + (1 = f) - Sayn(Q,AE) (6.12)
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Figure 6.8.: (a) Self-diffusion coefficients D and (b) residence times 7y of the [BuPy] cation,
as a function of temperature, determined using the Singwi-Sjolander jump-diffusion model,
for m bulk [BuPy][Tf,N] (taken from Embs et al. [76]) and confined in ®/®/0 MoC-21,
m/e/0 BC-no-9, m BC-9 and o SiC-2. Two translational diffusive processes on different
time scales are observed. Squares denote data from the FOCUS time-of-flight spectrometer
and circles such from the IN16B backscattering spectrometer, at which open circles show
values derived from the inelastic fixed window scans. Solid lines are fits with an Arrhenius
temperature dependence (see equation 6.10 and 6.11). Dashed/dotted lines serve as guides for
the eye.
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where
Sayn(Q,AE) = S1(Q,AE) @ $2(Q,AE) . (6.13)

Within this scattering law a fraction f of immobile scatterers is incorporated, which accounts
to the observation of a notable portion of elastically scattered neutrons in the spectra. This
elastic fraction is ascribed to both dynamic components, in order to keep the model computa-
tionally as stable as possible. However, one should keep in mind that this is a simplification,
since it assumes that the molecules stay immobile with respect to the motions related to both
components at the same time. A further practically temperature-independent contribution to
the elastic scattering intensity comes from the carbon matrix, while it however does not ap-
preciably contribute to the quasi-elastic signal, as it was verified with measurements of the
empty carbide-derived carbon powder.

The scattering laws

S1(0.T) = A(Q)S(AE) + (1 - A(0)) ;M 6.14)

and I Dho.T)
2 9
$(0.T) = — A T L AL2
nI3(Q.T)+AE

are in principle fully analogous to Siocal and Sgiobar from the inelastic fixed window scan data
analysis. However, the HWHM I'| and I'; are now treated as free parameters and the kind
of dynamics they describe may differ from above, as will be seen below. With this dynamic
structure factor the intensity of the spectra is described as

(6.15)

1(Q,AE) = I)(Q) - S(Q,AE) O R(Q,AE) +¢1(Q) - AE +co(Q) (6.16)

where I(Q) is an intensity factor and ¢ (Q) - AE + ¢o(Q) is a linear background. Iy also con-
tains the Debye-Waller factor, which is not explicitly included here, since it would further
increase the number of parameters. The dynamic structure factor S(Q, AE) is convoluted with
the measured resolution function R(Q,AE) of the respective instrument. For IN16B the res-
olution function is acquired by a measurement of the respective sample at 2 K, and at 40 K
in the case of FOCUS. At these temperatures there are no molecular dynamics, aside from
lattice vibrations, being anyway outside the energy window. The model function 6.16 for the
intensity is then fitted to the measured data using self-written software. The latter became
necessary, because the available software did not meet the requirements. More information
regarding this can be found in appendix B. The basic data reduction and detector efficiency
calibration using a vanadium standard are done before this fitting procedure, using the soft-
ware packages DAVE (FOCUS) [7] and LAMP (IN16B) [228]. Also corrections, like for
multiple scattering and the subtraction of empty aluminium cell measurements in the case of
IN16B are performed in this way.

6.2.2. Analysis of the spectra from the FOCUS spectrometer

For the data acquired at the FOCUS spectrometer the fit with the above model yields a line
width I'; of around 60-250 peV, depending on the temperature. The HWHM I is plotted
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Figure 6.9.: HWHM I} ascribed to the localised dynamics of [BuPy][Tf;N] as a function
of Q?. Data derived from FOCUS spectra measured at 370K for the samples ® MoC-21,
® BC-no-9 and ® BC-9.

exemplarily for a temperature of 370 K in figure 6.9 for the different ionic-liquid-filled carbon
samples. Although for this example temperature the HWHM seems to depend on Q for the
samples with large pores, it shows no distinct wave vector transfer dependence, in general.
Its non-vanishing width towards low Q-values hints at spatially restricted motions. As in the
case of the bulk ionic liquid [76], this component of the QENS spectra is ascribed to local-
ised motions of the molecules, like for example the rotation of methyl end groups.[76]. Its
magnitude is comparable with the one observed for the bulk liquid [28, 76], with a tendency
to lower values in the confinement. Furthermore, as can be seen from figure 6.9, it exhibits
a certain pore-size dependence, which hints towards decreased dynamics in narrower pores.
The effect appears to be more pronounced at higher temperatures. The reduced line width
in confinement and in smaller pores is in accordance with the results from the inelastic fixed
window scans above. However, both findings disagree in their absolute values. One of the
reasons might be the different analysis methods, as already explicated above for the deviations
in the case of the bulk liquid (see section 6.1.3). But also the different energy resolution of
both instruments can lead to this discrepancy. While slow dynamics are not resolved by the
FOCUS spectrometer, the inelastic fixed window scans at IN16B are supposed to average over
these slow as well as faster dynamics, up to a certain extent. When being thermally activated,
also the faster dynamics are within the energy window of the inelastic fixed window scans,
until they become faster with rising temperature. Consequently, they significantly contribute
to the inelastic fixed window scans only when their HWHM is still comparatively narrow.
In that way, this might lead to the considerably smaller values in case of the inelastic fixed
window scans, where the applied model does not account for a possible heterogeneity of the
localised dynamics.

In comparison to the line width I';, the HWHM I'; of the second component is notably smal-
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ler. Its wave vector transfer dependence follows the Singwi-Sjolander jump-diffusion model
[253] (see equation 6.9). Figure 6.10 shows the best fit of this model to the line width as a
function of Q? for the cation dynamics of [BuPy][Tf,N] within the nanopores of MoC-21,
BC-no-9 and BC-9 at different temperatures. Also for the ionic liquid in the pores of SiC-2,
i.e. the granular carbon with the smallest pores, such QENS spectra were acquired. However,
the dynamics concerning the diffusive component appear to be that weak that the resulting
quasi-elastic line broadening is close to the resolution of the FOCUS spectrometer. Thus, it is
not possible to determine self-diffusion coefficients from these data.

The self-diffusion coefficients D and corresponding residence times 7y for all other samples
resulting from the jump-diffusion model are plotted as squares in figure 6.8. As one can see
from this graph, these self-diffusion coefficients are considerably lower than those of the bulk
(bulk values taken from Embs et al. [76]) and exhibit a distinct pore-size dependence, as they
decrease with decreasing size of the confinement. In contrast, the residence time shows the
opposite behaviour and increases with shrinking pore size. Both, the self-diffusion coefficient
and the residence time, exhibit an Arrhenius temperature dependence, as can be seen from the
lines in graph 6.8, representing respective fits to the data. However, the resulting activation
energies diverge. They are different for the Arrhenius distribution of the self-diffusion coef-
ficients and the residence times. This is in contrast to what was assumed for the analysis of
the fixed window scans and might thus explain the different results obtained by the analysis
of the spectra.

There, in contrast to the inelastic fixed window scans, no clear trend with respect to a pos-
sible pore-size dependence of the activation energies of the three analysed samples is identi-
fiable — also not in comparison to the bulk value of 12.3-14.8 kJ/mol [28, 31, 76, 77]. For
the self-diffusion coefficient related activation energy of the translational diffusive dynam-
ics of [BuPy][Tf;N] within the nanopores of MoC-21, as observed with FOCUS, a value of
19 kJ/mol is found. For BC-no-9 and BC-9 the determined activation energies are 23 kJ/mol
and 8 kJ/mol, respectively. According to the sample characterisation (see section 5.1) BC-no-9
and BC-9 possess a very similar pore size distribution. However, since the two porous carbon
materials underwent different synthesis pathways, it is reasonable to assume that they might
exhibit differences in their pore wall roughness and pore morphology. Molecular dynamics
simulations hint indeed towards altered dynamics as a consequence of such differences.[203]
Baiiuelos et al. [10] point out the importance of pore surface roughness and the surface mor-
phology in general for the structure of ionic liquids inside nanoporous carbons. It appears
plausible that such structural changes might go along with a modification of the ion’s dynam-
ics. Note additionally that the pore shape of BC-no-9 and BC-9 was assumed to be identical
for the quenched-solid-density-functional-theory-model-based analysis of the nitrogen sorp-
tion isotherms. Thus, due to possible differences in the pore morphologies, the pore size
distributions might deviate stronger in reality, than the ones obtained by this analysis.

All used carbide-derived carbon samples exhibit a considerably broad distribution of pore
widths. As a consequence, the observed dynamics are a kind of average over those in pores
of different size. Hence, also the associated activation energies underlie such an averaging.
Interestingly, while the activation energies in the case of the MoC-21 and BC-no-9 carbons are
higher than the bulk, the one for BC-9 is smaller. About the reasons one can only speculate,
but it might again originate from structural changes of the ionic liquid induced by the pore
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Figure 6.10.: HWHM I, of the diffusive motion of [BuPy] as a function of 0?2, as obtained
from the analysis of the spectra acquired with the FOCUS spectrometer for a sample tem-
perature of ® 310K, = 330K, m 350K, ®m 370K and ® 390 K, for [BuPy][Tf,N] within the
nanopores of (a) MoC-21, (b) BC-no-9 and (c) BC-9. Lines are fits with the Singwi-Sjolander
jump-diffusion model.
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morphology or interactions with the pores walls. Such a reduction of the activation energy
concerning the translational diffusion in confinement compared to the bulk liquid has been for
example already observed for hexane in porous silica, where the activation energy is even fur-
ther reduced with decreasing pore width.[12] Also for supercooled water in silica nanopores
such a pore-size dependence of the activation energy is observed.[184]

6.2.3. Analysis of the spectra from the IN16B spectrometer

Also the analysis of the full quasi-elastic spectra acquired with the IN16B backscattering spec-
trometer, which possesses a higher resolution, but smaller dynamic range than the FOCUS
time-of-flight spectrometer, yields two dynamic components. The fit of the model from equa-
tion 6.16 above to the spectra together with the corresponding residuals is exemplarily shown
in figure 6.11 for one wave vector transfer Q = 1.28 A~!. Due to its HWHM, the broader
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Figure 6.11.: (a) Fit to the ® spectrum acquired at IN16B for [BuPy][Tf,N] in the nano-
pores of MoC-21 at 310K and Q = 1.28 A~ with the model as described in section 6.2.1,
where the = fit function is composed of a == narrow and a == broad Lorentzian together
with a = = linear background, which are convoluted with the measured @ resolution function.
(b) Residuals.

of the two Lorentzians is ascribed to the superposition of translational diffusive motions, as
observed with FOCUS, and the slow localised dynamics, as derived from the inelastic fixed
window scans. However, since both exhibit a comparable HWHM, a separation of the two
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Figure 6.12.: HWHM I, as a function of Q? of the diffusive motion of the [BuPy][Tf,;N]
cation, derived from the spectra acquired with the IN16B spectrometer with the model func-
tion as described in the text. Lines are fits with the Singwi-Sjolander jump-diffusion model
to the data at ® 250K, ® 310K and ® 350K for the samples (a) MoC-21 and (b) BC-no-9,
filled with the ionic liquid.

components is quite challenging. Hence, the analysis of the spectra is focussed to their second,
much narrower component.

The dynamics corresponding to the latter are found to be of diffusive nature and its HWHM is
again following the Singwi-Sjolander jump-diffusion model, as can be seen from the respect-
ive fits in figure 6.12 for the ionic-liquid-filled carbons MoC-21 and BC-no-9 measured at
different temperatures. There are several things that shall not be concealed at this point: For
the IN16B spectra the fit procedure with the model from equation 6.16 is not completely stable,
but may lead to different, though similar, results, depending on different starting parameters.
As a consequence, the Singwi-Sjolander jump-diffusion model is applied to all reasonable
results obtained with various initial parameters. The resultant parameters are then averaged
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for each sample and temperature. In this respect, the HWHM data shown in figure 6.12 are
exemplarily selected curves. For the ionic liquid within the pores of SiC-2 no reliable self-
diffusion coefficients could be derived from the quasi-elastic spectra, as it was also the case
for the other two samples at lower temperatures. Furthermore, as in the case of [BuPy][Tf,N]
inside the pores of MoC-21 measured at 350 K, where the acquired spectra have poor statistics,
due to a comparatively short measurement time, the obtained HWHM I, rises from a certain
Q-value on suddenly to relatively high values. This is considered as an artefact or at least not
to be related with the translational diffusion of the cation. Thus, the fit to the data with the
Singwi-Sjolander model is performed over a respectively limited QO-range in these cases. This
should be kept in mind, when interpreting the data, since it may affect the reliability of these
data points.

However, the here determined self-diffusion coefficients (see solid circles in figure 6.8 (a))
are in a very good agreement with those derived from the inelastic fixed window scans (see
open circles in figure 6.8 (a)) in section 6.1.3. Yet, the dynamic properties inferred from the
inelastic fixed window scans are the result of a simplified model, containing only one com-
ponent for each, the localised dynamics and the centre-of-mass diffusion of the whole cation,
respectively. Hence, the derived parameters characterising the cation dynamics need to be
considered as averaged over the fast diffusing species, as observed with FOCUS, and the
slower one, as seen with IN16B.

6.2.4. Further discussion of the observed molecular dynamics
Heterogeneous dynamics

The self-diffusion coefficients of the slowly diffusing molecules inferred from the IN16B
spectra (see solid circles in figure 6.8 (a)) are almost one order of magnitude smaller than
those found with FOCUS (see solid squares in figure 6.8 (a)), where the molecular motions
are observed on a different time scale. In the same way, the respective residence times Ty are
increased by one order of magnitude, as can be seen from figure 6.8 (b). This is very interest-
ing, because it means that two translational diffusive motions at different time scales exist in
the carbon nanoconfined [BuPy][Tf,N]. Moreover, as the results of the inelastic fixed window
scans at IN16B in combination of the findings from the FOCUS spectrometer suggest, there
is also a coexistence of fast and slow localised dynamics, amongst others ascribed to methyl
group motions. It appears reasonable to assume that cations that exhibit sluggish translational
diffusive motions are also those that correspondingly possess slow localised dynamics.

An existence of several translational diffusive motions at different time and length scales has
been already observed for ionic liquids in 9 nm wide pores of ordered mesoporous carbon.[43,
44] But also in the bulk state such a dynamic heterogeneity is not unusual for ionic liquids.[16,
29, 83] Even for bulk [BuPy][Tf,N] such a behaviour is observed.[28] In these cases one
dynamic component is regarded as long-range translational diffusive motion of ions in the
interspace of ionic aggregates, while the ions bound in these clusters move within them and
diffuse collectively1 [16, 28, 29, 80, 83].

I'See section 2.2 of the introduction for a more detailed description of a proposed diffusion mechanism of
ionic liquids forming such heterogeneous environments and its consequences for the ascertained diffusion
coefficients with different techniques.
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In this connection, Monte Carlo simulations and X-ray diffraction experiments find a disturb-
ance of the ionic liquid’s Coulombic ordering inside conductive pores like those of nanopo-
rous carbons.[97, 153] There, image forces lead to a shielding of the electrostatic interaction
between the ions [153, 154] and thus make the pairing of ions with the same charge more likely
[97, 153, 154], at which this effect is observed to be stronger in smaller pores [97, 154, 155].

A further interpretation approach for heterogeneous diffusive cation dynamics is delivered by
molecular dynamics simulations: These find that ions in molecular layers closer to the pore
walls exhibit considerably decreased self-diffusion coefficients compared to those ions in the
pore centre.[180, 252] Also Monte Carlo simulations on supercooled liquids find that mo-
lecules close to rough surfaces have notably larger relaxation times, where the influence of the
surface reaches deeper into the liquid with decreasing temperature.[237] However, Scheidler
et al. [237] further argue that as a result of the very broad distribution of relaxation times in
such a case, experimental data might be misinterpreted towards the existence of a surface layer
with drastically reduced dynamics, despite an underlying continuous distribution of relaxation
times.

Although there are several reasonable explanation approaches for the observed dynamic het-
erogeneity, it is hard to trace it back to any particular effects within the scope of the available
data. Presumably, there is even a complex interplay between several of these mechanisms.
Furthermore, the observed dynamics are a superposition of the cation dynamics in different
pores of these carbon materials with complex pore morphologies and wide pore size distribu-
tions.

Immobile ions

At all temperatures, the quasi-elastic spectra from both spectrometers contain a considerable
fraction of neutrons that are elastically scattered within the time frame of the resolution of the
respective instrument. Only a comparatively small part of this is contributed by the carbon
matrix, as it is indicated in the figures 6.4 and 6.13 (see appendix C for the details on the
estimation of this contribution). The predominant portion of the elastic scattering however
originates from non-moving cations of the ionic liquid [BuPy][Tf,;N] within the pores. The
immobile fraction decreases with increasing temperature. But even at 390 K, which is around
90 K above the bulk melting point, a notable fraction of immobilised cations exists.
Immobile surface layers, adsorbed at the pore walls, are a well-known phenomenon for com-
plex molecules in nanoconfinement [89, 124, 159] and are also observed for ionic liquids
in nanoporous carbons [9, 44, 68, 69]. Comparing the fraction of immobile ions within the
different carbon samples, shown in figure 6.13, reveals only little differences between the
specimens, although they differ in their pore size distribution. One of the reasons could be
the fact that all carbon samples possess micropores, whose volume is comparatively large.
Cations adsorbed within these micropores might be expected to remain largely immobile.
Though, it appears that there is a weak tendency towards a higher amount of immobile ions
in samples with smaller pores, at which one should be aware of the uncertainties due to the
contributions of the carbon matrix (see appendix C). However, such a tendency would be
reasonable, because the surface-to-volume ratio is higher in narrower pores and consequently
a higher fraction of the overall pore volume is occupied by these immobile layers.
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Figure 6.13.: Fraction f of the elastically scattered neutrons in the quasi-elastic spectra,
measured at the FOCUS (solid squares) and IN16B (solid circles) spectrometer, as a func-
tion of temperature for the [BuPy][Tf,N] ionic liquid within the nanopores of ®m/® MoC-21,
m/® BC-no-9 and ® BC-9.

Furthermore, such a pore-size dependence of the immobile fraction is also supported by the
comparison of the elastic fixed window scans in figure 6.4 (a) of the ionic liquid in the pores
of the different carbon samples. While the elastic intensity of MoC-21 with [BuPy][Tf,N] in
its comparatively large pores appears to saturate at high temperatures only somewhat above
the elastic contribution of the carbon matrix, the saturation value of the elastic intensity for
the samples with smaller pores is notably higher and besides increases with decreasing pore
width. The immobile fraction concerning those molecules that exhibit the slower of the two
translational diffusive motions (measured with IN16B; solid circles in figure 6.13) in the nano-
confinement appears to be lower than that of the faster diffusing cations (found with FOCUS;
solid squares in figure 6.13). This can be ascribed to the fact that the time scale of the slow
dynamics is below the resolution of FOCUS and thus they appear to be immobile there, giving
rise to a seemingly elastic contribution to the scattering signal, while they are seen as mobile
within the higher resolution of IN16B.
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CHAPTER 7

Conclusions & outlook

The molecular mobility of the room-temperature ionic liquid [BuPy][Tf,N] within the nan-
opores of carbide-derived carbons was investigated using quasi-elastic neutron spectroscopy
methods. There, the focus is on the self-diffusion dynamics of the cation, comparatively study-
ing its motions in pores of different sizes and at various temperatures.

A first but already quite conclusive overview about the dynamic landscape within this sys-
tem is obtained from the analysis of so-called elastic and inelastic fixed window scans at the
neutron backscattering spectrometer IN16B. These enable one to quickly scan one sample
environment parameter, so that a wide temperature range from 2 K to 355 K is covered for the
investigation of the dynamics. During these scans no full quasi-elastic spectra are measured,
but only data at fixed energy transfer values are acquired. Nevertheless, it is shown that the
application of suitable models for the analysis of these data delivers quite reliable results on
the molecular dynamics. This is confirmed by the subsequent comparison with the results
from full quasi-elastic spectra.

These spectra were acquired at selected temperatures on two instruments — IN16B (Institut
Laue-Langevin, Grenoble) and the time-of-flight spectrometer FOCUS (Paul Scherrer Insti-
tute, Villigen) — with practically complementary resolution and dynamic range. The analysis
of these spectra employing the Singwi-So6lander jump-diffusion model points towards the
existence of heterogeneous dynamics with two translational diffusive motions. These are
deviating by one order of magnitude in their self-diffusion coefficients and residence times,
which furthermore obey an Arrhenius temperature behaviour. This dynamic heterogeneity of
the carbon-confined ionic liquid is ascribed to the complex interplay of intrinsic properties of
the ionic liquid and several confinement-induced effects.

The temperature-dependent analysis of the nanoconfined ionic liquid further reveals that their
cation’s molecular mobility is already activated well-below the melting point of the bulk liquid,
which is of interest concerning possible technical applications of such systems. However, at
all considered temperatures, i.e. also for example around 90 K above the melting temperature
of the bulk, a considerably temperature-dependent fraction of immobile ions is found, too.
Overall, the results show that the molecular dynamics of [BuPy][Tf,N] exhibit a dependence
on the pore width of the nanoconfinement. The mobility decreases with decreasing pore size.
However, the derivation of a detailed pore-diameter dependence is difficult. This is owed to
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the very broad and multimodal pore size distribution of the carbide-derived carbons, together
with the ill-defined shape of their pores. These carbide-derived carbons are therefore not
well-suited as model systems to study pore-size-dependent effects. Nevertheless, this study
delivers valuable insights into a technically relevant system, since the carbide-derived carbons
are being regarded as potential candidates for applications like supercapacitors.

Future investigations dealing with the pore-size dependence of the ionic liquid dynamics
should utilise carbons with more defined pore size distribution and morphology. An alternat-
ive might be for example ordered mesoporous carbons [72, 166, 198, 283] with hexagonally
arranged cylindrical pores [198].

Another interesting approach would be the use of monolithic porous carbons [122, 143, 291].
If the presence of macropores and macroscopic cracks can be excluded, then this would facil-
itate the filling procedure with the ionic liquid. It would not be necessary anymore to exactly
match the pore volume with the volume of the liquid. Therefore, there would be no problem
with possible under- or overfilling, where the latter would lead to bulk liquid in between the
grains of powder samples, possibly dominating the measurement signal. Furthermore, since
any free liquid between the carbon can be avoided, there would be the possibility to study the
ion dynamics under an electrical potential, where the monolithic carbons serve as electrodes.
It would not only be of fundamental interest to investigate the influence of electrified pore
surfaces on the mobility of these charged molecules, but it is also important with regard to the
application of such systems as electrochemical charge storage devices.

The systematic study of the dependence of the ion dynamics on different pore surface chem-
istries in conjunction with a variation of the chemical composition of the ionic liquids would
be also interesting. As already noted in the introduction, some publications [69, 70, 129] have
already observed some notable effects in this respect. For instance there are hints that the
ionic liquid dynamics in carbide-derived carbons with an oxidised pore surface are increased
in contrast to such with a defunctionalised one.[69, 70] Also the surface silanisation of silica
nanopores leads to an increase of the ionic liquid dynamics in contrast to the untreated pore
surface.[129] In addition to the influence of the pore wall chemistry on the dynamics, the one
of its roughness needs more attention.

For the disentanglement of the single molecular motions as found with this quasi-elastic neut-
ron scattering study, not only the above proposed experiments with very well-defined pores
would be beneficial, but also such employing neutron spin-echo and diffuse scattering spec-
trometers. The latter allow, through a polarisation analyis of the neutrons, a separation of
the coherent and spin-incoherent contribution to the scattering signal.[28, 29] Thus, possibly
collective ion motions could be identified, while the last mentioned instrument type delivers
further information about the structure.[28, 29] In this way it might be possibly to find out,
whether there are still ionic clusters in the carbon nanoconfinement, as they exist in the bulk
[28], and how they influence the confined ion dynamics.

Furthermore, concerted computer simulations on these systems of carbon nanoconfined ionic
liquids could be enlightening. Especially, they are expected to bring insights into the nature of
the observed two translational diffusive motions on different time and length scales. However,
due to the comparatively large molecules within the nanopores, a realistic modelling of the
structure of the ions and the porous carbons would be necessary. This could be complemen-
ted by a more sophisticated analysis of the quasi-elastic neutron scattering data, taking more
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complex molecular motions, as well the distribution of pore sizes, into account.
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Structure of confined
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CHAPTER 8

Motivation for the analysis of confined liquid crystals

Liquid crystals exhibit many interesting properties, which make them well-suited for applic-
ations like organic electronics, energy conversion, tunable lasers, drug delivery and template-
assisted synthesis of nanomaterials.[54, 133, 164, 170, 244, 281, 288] However, the most
prominent usage of this versatile class of materials is the one in displays, where liquid crys-
tals electrically switchable control the transmittance of light. One type of liquid crystals
considered for the application in special purpose displays, such as fast, high-resolution mi-
crodisplays, are so-called ferroelectric liquid crystals.[3, 141, 165, 255, 296] These displays
take advantage from the fast bistable electro-optical switching in thin, micrometre-sized cells,
enabled by the special molecular arrangement of these ferroelectric liquid crystals.[49, 53,
141, 165, 255]

Liquid crystals distinguish themselves by certain kinds of collective molecular order, depend-
ing on the mesogens and boundary conditions, as described in the next chapter. The direction
in which their molecules collectively align through self-organisation is arbitrary in space, if
the liquid crystal is in the bulk state. However, in contact to a surface the situation is dif-
ferent. It has been shown, that these substrates can predominate the molecule’s alignment
direction.[207] Interestingly, their spontaneous alignment into a certain direction can be in-
duced by macroscopic structures on the respective surface, as well as by interactions on the
microscale.[207] It is evidently clear, that this effect is of great importance for most of the
above mentioned applications — especially those, where the liquid crystals are confined in
small cells, entailing a high interface-to-volume ratio.

The molecular arrangement of liquid crystals is even more affected if the confinement size is
decreased to the nanoscale, where not only the surface-to-volume ratio is further increased,
but also the spatial restriction has the potential to hinder the (re-)orientation of the liquid
crystal molecules.[130, 234] Furthermore, these effects influence the temperature-induced
changeover between different molecular orders of the respective liquid crystals within the
confining environment.[60, 130, 227, 234]

For instance, the respective phase transition temperatures are frequently found to be shifted in
the nanoconfinement, while the transition is furthermore often broadened.[113, 160-162, 227]
Also a complete suppression of a phase transition is possible.[113] Although, it appears that
a majority of the studies of liquid crystals within nanopores find a downward shift of the
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phase transition temperature [113, 160-162], there are competing effects which can drive
the transition temperature in the one or the other direction.[60, 227] While disorder through
finite size effects or rough pore walls is expected to decrease the phase transition temper-
atures, an enhanced order as a result of a strong surface anchoring of the mesogens has
the opposite effect.[60, 227] The impact of the surface alignment of the liquid crystals be-
comes also apparent from the fact that it can lead to the formation of a so-called paranematic
phase, where the molecules within a certain distance to the surface align parallel to the latter,
while the rest of the liquid crystal can be still in the isotropic phase with randomly oriented
molecules.[131, 148, 246, 247] However, the anchoring of the liquid crystal molecules at the
confining surface does not only influence the phase transition behaviour, but also leads to
interesting changes in the arrangement of the mesogens within the confined volume — as will
be seen later in this work.

In the context of the above non-exhaustive enumeration of interesting effects of nanoscale con-
finement on the properties of liquid crystals, this second part of the thesis is concerned with
the phase transition properties and the structure of thermotropic, chiral liquid crystals within
the confining geometry of cylindrical nanochannels. Compared to the unordered, interconnec-
ted pore networks in whose voids the liquid crystals are investigated in several of the above
cited studies [160—162, 227], the here used nanochannels have the advantage that there are
no curved segments or junctions of pores, which might perturb the order of the liquid crystal
molecules. Consequently, the number of influencing factors on the properties of the confined
liquid crystal is reduced. Thereby, they allow the study of more uniform structures, so that
for instance the dependence on the confinement size can be better ascertained. The structure
and the phase transition behaviour of the nanochannel-confined liquid crystals in this work is
studied as a function of temperature and pore size by an X-ray and neutron diffraction-based
analysis of the structural arrangement of the molecules within the pores.
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CHAPTER 9

Brief introduction to liquid crystals

In this chapter some fundamentals of liquid crystals important for the understanding of the
results presented in the following sections are introduced. The main focus lies on the two types
of liquid crystals that are investigated in this work. These are cholesteric and ferroelectric
liquid crystals, both consisting of chiral, rod-like molecules. However, at this point only a
brief introduction to liquid crystals can be given. For a deeper understanding of the theory of
liquid crystals the interested reader is referred to the large variety of textbooks on this topic.

9.1. Types of order of liquid crystals

While being an isotropic liquid at elevated temperatures, liquid crystals start to exhibit par-
ticular types of order when being cooled under a certain temperature, specific for each liquid
crystal. So-called thermotropic liquid crystals additionally show phase transitions between
different order types under temperature variation. In the following some types of liquid crys-
talline order are introduced. While there exist considerably more, only those types of order
relevant for this work are presented.

9.1.1. Nematics

In the so-called nematic phase the molecules exhibit no long-range translational order, similiar
to conventional liquids and also their flow characteristics are alike.[ 106] However, they orient
parallel to a common axis (see sketch in figure 9.1 (a)), whose direction defining unit vector
7 is commonly denoted as ’director’.[106] In principle this direction is arbitrary, however, it
is often affected by exterior influences.[106] Especially in the case of strong confinement as
inside the nanoporous media later in this work (see chapter 11), this fact is of great importance.
The nematic phase shows an optical anisotropy. Nematics of uniaxial symmetry for instance
possess two different refractive indices, with the optical axis parallel to the director 7, and
exhibit an optical birefringence. Concerning the director there is no physical distinction
between the directions 7 and —7.[106] In systems consisting of chiral molecules, i.e. such that
can not be brought in congruence with its mirror image, no nematic phase occurs (an exception
are 1:1, called racemic, mixtures of the constituent molecules of opposing chirality).[106]
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Figure 9.1.: Sketch of the arrangement of molecules in the (a) nematic and (b) smectic liquid
crystalline phase.

9.1.2. Cholesterics

Liquid crystals formed by chiral molecules, however, constitute a similar structure like the
nematic phase, i.e. with an absence of long-range translational order and a preferred orienta-
tion along a director 7i.[106] However, in this cholesteric (or chiral nematic) phase the latter is
not constant, but alters its direction in space.[106] Thereby, the preferred formation is helical
and the components of the director 7 are defined as [106]

Ny = COS(gOZ+ (P)
ny = sin(goz+ @)
n,=0. 9.1

The axis of the helix, here the z-direction, as well as the phase ¢ are arbitrary.[106] The
indistinguishability between the 7 and —7 director state leads to the fact that the length of the
periodicity of this system is the half of the pitch length 2L, i.e.

L=""[106] (9.2)
lgo|

The typical periodic length is here often in the range of optical wavelengths, but can also be
much larger.[106, 149] The handedness of the helix is determined by the sign of the twist gg
and is always the same for a given temperature, but it can undergo a phase transition from left-
to right-handed or vice versa when the system undergoes a change in temperature.[106]

9.1.3. Blue phases

In chiral nematic liquid crystals additional types of molecular order can arise. If the chiral-
ity of the system is high enough, up to three different so-called blue phases can form in the
temperature range between the nematic and the isotropic phase.[149] They are denominated
as blue phase I to blue phase III in sequence with increasing temperature, in which all phase
transitions of the bulk liquid crystal are of first order.[106] While a cubic symmetry is exhib-
ited by the blue phases I (body-centred cubic) and II (simple cubic), the symmetry of the blue
phase III with a short range chiral order resembles the one of the isotropic phase.[106, 149]
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9.2. Order parameters

9.1.4. Smectics

Another type of molecular order in liquid crystals is the so-called smectic phase (see sketch
in figure 9.1 (b)), which commonly occurs at lower temperatures compared to the nematic
phase.[106] This phase is more ordered than the nematic phase since it exhibits a layer struc-
ture in one dimension. The molecules inside these layers show no long-range order, being
therefore a two-dimensional liquid, and are collectively aligned parallel to a director 7, as
already described for the nematics.[106] The layer structure and the respective interlayer dis-
tance d can be studied using X-ray and neutron diffraction techniques, as described in the
following chapters. For the smectic order several subtypes are differentiated, which have
additional characteristic properties. Again only those of relevance for this work are presented.

Smectic A phase

In the smectic A phase the director is parallel to the normal vector 7 of the layer plane and the
states 7#i and —7i are again physically equivalent.[106] This structure is rotationally symmet-
ric around the 7Z-axis and it is optically uniaxial [106], in which the optical axis is along the
director 7 as for the nematics and coincides with the smectic layering direction Z, here. Con-
sequently, such a structure is birefringent. If a smectic A phase is formed by chiral molecules
it is often referred to as smectic A* phase.

Smectic C and C* phase

The molecules in the layers of the smectic C phase in contrast to the smectic A phase are
collectively tilted by an angle ¥ with respect to the normal vector of the layers. Such a
phase possesses in general an optical and electrical biaxiality.[106] Consequently, there are
three principal refractive indices, in which two, being orthogonal to each other, are lying
in the tilt plane and the third one is perpendicular to them. In liquid crystals where also
a smectic A phase exists, the smectic C phase usually appears at temperatures below the
smectic A phase.[149]

If the liquid crystal consists of chiral molecules (except racemic mixtures), the tilt angle is
not constant along the layer normal vector, but performs a precession around the same.[106]
The resulting helical structure, distinguished from the cholesterics by the presence of a layer
structure, is called smectic C* phase.[106] The last-mentioned structural peculiarities lead to
special physical properties, described in section 9.3.

9.2. Order parameters

In real liquid crystalline systems the molecules are not perfectly collectively aligned with
their long axis parallel to the director 7. Rather the director represents the average molecular
orientation, while the molecules are statistically tilted away from that direction by a small
angle ©¥.[277] A measure for the degree of orientational order in liquid crystals is therefore
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the orientational order parameter

S = %(30032(1‘})—1>, (9.3)

being zero in the totally unordered, i.e. isotropic state, and one if all molecules are perfectly
aligned parallel to 7 with their long axis.[106, 277, 304] In actual liquid crystals the order
parameter S can be expected to be always smaller than one and it will likely decrease with
rising temperature.[172, 277] This has consequences for the smectic layer thickness: For
instance, as it will be also seen in section 11.2, the layer thickness in the smectic A phase can
not only be smaller than the length of the molecules, but it can also possess a temperature
dependence, although the director is still perpendicular to the smectic layer planes, i.e. the
smectic A structure is still preserved.[277]
The orientational order parameter S only describes the order with respect to the orientational
deviation of the molecules in relation to their predominant direction +7. It is often referred to
as nematic order parameter, since it is the defining characteristic of the nematic phase. In the
smectic phases however, at least one second type of order is added: The arrangement of the
molecules in a layered structure that can be described by a density modulation orthogonal to
the layers along +7:

p(z) = po+ Y pmcos (”dmz - <I>> : 9.4)

where @ is an arbitrary phase.[22, 106] From the infinite number of coefficients p,, of the
density modulation harmonics, p; of the first harmonic is usually referred to as smectic or
translational order parameter:

2
p1 = (cos (?)) .[106, 151, 152, 194, 195] 9.5)

In the nematic or isotropic state, which do not possess a translational order along the 7Z-axis,
p1 is zero, while it would be one if a perfect translational order would exist parallel to that
axis.[163]

In smectic phases, layer fluctuations can occur, which yield for the layer displacement u (7)

2n
D (7) = —Fu(ﬂ . [106] (9.6)
Fluctuations of the modulation intensity p; have to be taken into account in the vicinity of a

phase transition.[106] These circumstances are incorporated in the complex order parameter
W () =p (A e®D . [104, 106, 195, 196] 9.7)

In the absence of distortions only the real part of the order parameter, i.e. p;, as shown in
equation 9.5, is used in practice. The complex order parameter describes the smectic order
on the macroscale and it seems that it is not suitable for the modelling of smectic phases on
the nanoscale.[224] However, for this work this is not crucial. Although the liquid crystals
are confined in nanochannels (see section 10.3 and chapter 11, respectively), the employed
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experimental techniques, like the X-ray and neutron diffraction or the optical measurements,
average over a comparatively large volume. This means that they are acting on the macroscale,
although investigating nanoscale properties.

Note, that in general, there is a coupling between the orientational and the translational order
parameter whose strength varies between different liquid crystalline systems.[22, 106, 152,
194, 195] This coupling can have a great impact on their properties, especially on their phase
transition behaviour, as discussed in section 11.1.

9.3. Ferroelectric liquid crystals

There are solid dielectric crystals exhibiting a permanent polarisation, which can be signi-
ficantly altered by an external electric field. This phenomenon is known as ferroelectricity.
However, this effect is not limited to solid crystals but also exists with a sort of liquid crystals,
the so-called ferroelectric liquid crystals. The origin of the spontaneous polarisation in these
liquid crystals is their composition of chiral molecules [149], as an occurring polarisation
can not be cancelled out by any symmetry operation, for example a rotation of the molecules
[106]. However, there is no direct relation between the ferroelectric characteristics and the
helical structure, i.e. ferroelectricity can also exist without the presence of a helical structure
and vice versa.[149]

The spontaneous polarisation originates from the permanent dipole moment of the liquid crys-
tal molecules.[149] Due to symmetry reasons there is no net polarisation in untilted phases
(e.g. smectic A), but only in such where the molecules are tilted with respect to the layer
normal.[149] Since the molecules inside the layers exhibit fluid properties, they have respect-
ive degrees of freedom of molecular motion especially rotation around certain axes, while still
maintaining the superordinate collective structure. Consequently, one needs to consider the
time-averaged dipole moment, whose component parallel to the tilt plane averages to zero,
while there is a finite moment remaining for the component perpendicular to it.[149] The dir-
ection of the consequential spontaneous polarisation Bis perpendicular to the just mentioned
tilt plane spanned by the director 7 and the smectic layer normal Z, i.e. it points in the direction
+ (Z x i), in which a positive sign describes a right-handed system and a negative sign con-
sequently a left-handed one.[149] The magnitude of the spontaneous polarisation depends in
general in a non-linear manner on the tilt angle ¥.[21, 149] Since in the smectic C* phase the
direction of 7 is changing from layer to layer, describing a helical structure, also the direction
of the spontaneous polarisation changes in this manner. Although in general, this leads in sum
to a vanishing macroscopic spontaneous polarisation, in special cases, e.g. where an electric
field or a micrometre-sized slab confinement leads to a distortion of the helix, a non-zero
polarisation is observed.

There are smectic liquid crystals where the spontaneous polarisation suffers a sign inversion
at a particular temperature (see e.g. references [74, 110]). However, most liquid crystals do
not show such a behaviour, but are having either a positive or negative sign over the complete
temperature range of the smectic C* phase.[149]
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Figure 9.2.: Field-induced director reorientation in a ferroelectric liquid crystal: Large elec-
tric fields E force the polarisation P of the smectic layer planes to align parallel to E causing
an adjunctive molecular reorientation. On inverting the electric field E to E’, the director 7 is
switched to 7’ while ending up in the same plane perpendicular to E. For small electric fields
the director moves on the surface of a cone coinciding with the smectic layer boundary plane,
thereby varying the azimuth angle ¢ while the tilt angle ¥ stays constant in the smectic C*
phase.

9.3.1. Dielectric properties

The predominant influences on the dielectric properties of the ferroelectric smectic C* phase
at a low-frequency electric field are the so-called soft and the Goldstone mode.[149] While
the soft mode has its origin in a varying tilt and polarisation magnitude, the Goldstone mode
results from changes in the direction of the aforementioned quantities.[149] In the smectic C*
phase the Goldstone mode dominates over the soft mode.[149] But in the smectic A* phase
the Goldstone in contrast to the soft mode does not exist, because the molecules are untilted
in this phase.[149] The origin of the Goldstone mode are electric-field-induced variations in
the local direction of the spontaneous polarisation.[ 149]

In this context, the application of a small electric field perpendicular to the smectic layering
direction 7 entails a slight distortion of the helix structure and therefore a non-vanishing net
polarisation in direction of the applied electric field.[149] On the field-induced reorientation
of the molecules an energy dissipation occurs, which is described by the rotational viscosity,
which determines the reorientation velocity.[21] Here, the rotational viscosity can be divided
into a component relating to changes of the azimuthal angle of the director ¢ and its tilt
angle 9, respectively (see figure 9.2).[21] Deep in the smectic C* phase, i.e. far from the
transition temperature to the smectic A* phase, the tilt angle ¥ is only neglectably influenced
by the electric field, because its variation would cause an energetically unfavorable density
change.[21, 106] Consequently, the Goldstone mode, associated with the variations of the
azimuthal director angle ¢, plays the most important role here. In this connection, the director
7 moves as sketched in figure 9.2 on the surface of a cone coinciding with the smectic layer
boundary plane, since 1 practically stays constant. The soft mode, corresponding to changes
in the director tilt angle ¥, is only weakly present, here. This, however, changes near the
transition to the smectic A* phase and the tilt angle becomes influenceable by the electric
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field, the so-called electroclinic effect.[21] Also in the smectic A* phase, where the molecules
are in principle untilted, they can be forced to tilt this way.

Large electric fields E of constant polarity — contrary to the small fields considered above —
dissolve the helical structure, because the field compels in every smectic layer an alignment
of the polarisation along E.[149] Consequently, the direction of the tilt of the molecules in
the individual layers is perpendicular to E and at the same time the director 7 lies in a plane
perpendicular to E .[149] The reorientation of the molecules in this connection takes place in a
way that the spontaneous polarisation vector Pis compelled parallel to the electric field vector
E, with the above described relation between polarisation, tilt and layering direction.[149]
This situation is sketched in figure 9.2, as well as the switching of the tilt direction when
switching the polarity of the field. Thereby, the tilt angle ¥ of the molecules is inverted, that
is tilted about an angle 2% into the opposite direction, while the director 7 stays within the
aforementioned plane perpendicular to the electric field E.[149]

9.3.2. Electro-optics

The above described changes of the molecular director orientation, regardless whether it is
only a distortion of the helix structure or a complete reorientation of the molecules, alters the
optical properties of the liquid crystalline system. Here, the ferroelectric smectic C* phase
can be considered as approximately uniaxial concerning its dielectric behaviour at optical
frequencies, since its biaxiality is usually weak.[21, 109] The electric-field-induced structural
changes then lead to a variation of the two the uniaxility defining refractive indices, thus
entailing an alteration of the birefringence, quantitatively described by the difference of both
indices. Such changes of this quantity can, for example, be measured by irradiating the
liquid crystalline structure with a monochromatic light beam of known polarisation under a
certain angle out of the optical axis and measuring the phase difference of the two outgoing
beams. The variations in the birefringence on the application of electric fields, as well as those
only induced by temperature-related structural changes, are often very small and necessitate
appropriate elaborate measurement methods [20, 21, 34, 202].
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CHAPTER 10

Materials & methods

The materials and the instruments used in this part of this thesis are described in the following.
First the liquid crystals CE6 and 2MBOCBC together with some relevant bulk phase prop-
erties are introduced, followed by the surface-treated nanoporous anodic aluminium oxide
membranes, hosting the liquid crystals for the study of confinement effects on their thermo-
tropic structure. Afterwards the temperature-dependent X-ray and neutron diffraction methods
for this purpose are described.

10.1. The cholesteric liquid crystal CE6

The liquid crystal S-(+)-4-(2-methylbutyl)phenyl-4-decyloxybenzoate, also known under its
trivial name CE®, is a thermotropic liquid crystal composed of chiral molecules whose struc-
tural formula is depicted in figure 10.1. Beside a chiral nematic, i.e. cholesteric, and a

CioH710 COO CH, —C*H—CH,CHj

|
CH3

Figure 10.1.: Structural formula of the cholesteric liquid crystal CE6.[225]

smectic A* phase the bulk liquid crystal also exhibits the blue phases I-1IL.[56, 112, 276]
The phase transition between the crystalline and the smectic A* phase occurs at 315.0K,
while at 315.4 K the latter transforms into the chiral nematic phase.[112] At around 318.43 K
CEG6 finally changes its state from cholesteric to isotropic.[112, 276] But before, in the close
vicinity to this phase transition the blue phase I appears at around 317.92 K, followed by the
blue phase II at around 318.31 K and the blue phase III at around 318.38 K.[276]

10.2. The ferroelectric liquid crystal 2MBOCBC

The liquid crystal (S)-2”-methylbutyl-4’-n-octylcarbonyloxy-(1,1’-biphenyl)-1-carboxylate
is denominated the trivial names 2MBOCBC or 1S-2424. Figure 10.2 shows its structural
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Figure 10.2.: Structural formula of the ferroelectric liquid crystal 2MBOCBC.[206]

formula. The bulk liquid crystal exhibits four different phases: crystalline, smectic C*,
smectic A* and isotropic.[19, 110, 206] The transition from the crystalline to the smectic C*
phase occurs at 309-310 K [110, 206], the following one to the smectic A* phase takes place at
315-316 K [74, 110, 206] and finally the phase transition to the isotropic phase occurs at 333 K
[19, 110, 206]. On cooling there is a hysteresis in relation to the recrystallisation temperature:
It was found that, depending on the cooling rate, it can start well below 293 K [206] and was
found by Goodby et al. [110] to occur at 260.1 K, when cooling with 10 Kmin~!. The chiral li-
quid crystal 2MBOCBC is ferroelectric in the smectic C* phase.[110, 206] With respect to its
spontaneous polarisation it possesses the peculiarity that its sign changes during temperature
variation in the smectic C* phase at 291 K+ 1K.[74, 110, 135] Optical measurements suggest
a vanishing molecular tilt angle at this point when also the polarisation is zero.[74, 110, 135]
On the other hand, X-ray diffraction studies confirm that the molecules are still tilted with
respect to the smectic layer normal.[135, 206] Moreover the angle between the alkyl tail and
the phenyl core of the molecule remains unchanged within the smectic C* phase.[135] Thus
the layer shrinkage upon temperature variation in this phase is a consequence of the tilting
of the molecule as a whole with respect to smectic layer normal.[135] The explanation for
the vanishing spontaneous polarisation is therefore another. It is ascribed to a temperature-
dependent change in the concentration of different conformers of the molecule with opposite
polarisation sign, thus leading to the cancellation of the spontaneous polarisation at a certain
point, followed by a change in its sign.[109, 219]

10.3. Nanoporous anodic aluminium oxide

The nanoporous anodic aluminium oxide (AAQO) membranes serve as a host material for the
investigation of the properties of liquid crystals under nanoconfinement in this work. They
are produced by electrochemical etching of pure aluminium sheets, in which a self-organising
process leads to the formation of pores, arranged on a hexagonal lattice (see figure 10.3 (a)).
After the anodisation the sheets are crossed by channels perpendicular to the surface plane
(see figure 10.3 (b)) with a controlled width, usually in the range between a few tens up to
several hundred nanometres, depending of the etching parameters. The remaining material in
between the channels is thereby transformed into the ceramic aluminium oxide. Its structure
is amorphous and some electrolyte-derived anions are incorporated into the channel walls,
thus influencing their properties.[177] Owing the latter fact and because the exact oxidation
state is unknown, the membranes are here referred to as nanoporous AAQO instead of the also
commonly used term nanoporous alumina (denominating Al,O3). At the end of the etching
process a porous AAO film is obtained that is still attached to the rest of the aluminium sheet
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il

(a) R s (b) i

Figure 10.3.: Scanning electron micrographs of the untreated nanoporous anodic aluminium
oxide membrane with 42 nm pore diameter: (a) surface and (b) cross-sectional view.

it is produced from. In the final steps the remaining aluminium and the barrier aluminium
oxide layer, closing the bottom end of the channels, are dissolved, leading to free-standing
nanoporous AAO sheets. There are additional post-treatments available to further tune the
pore size of the resulting membranes. For some of the membranes used in this work, the
pore size of the membranes has been adjusted using such a method. The nanoporous AAO
membranes that were used for the measurements presented in this thesis are commercial ones,
purchased with different pore sizes.

The pore diameters were analysed using nitrogen adsorption-desorption isotherms and for se-
lected membranes they were further justified using scanning electron microscopy. For the eval-
uation of the nitrogen sorption isotherms a commercial implementation of the BJH model [11]
has been used here. This model assumes cylindrical channels and uses the Kelvin equation
for calculating the diameter of the pores being emptied in each desorption step while also con-
sidering the concurrent reduction of the layer thickness of the adsorbate at the channel walls
of the larger pores, already having been emptied in the preceding steps.[11] Consequently,
the model is applied to the desorption branch of the isotherm, delivering a distribution of
pore sizes existing in the membrane. The pore diameters determined in such a way for the
membranes used here, are 20 nm, 30 nm and 42 nm.

10.4. Surface treatment of the anodic aluminium oxide and melt
infiltration of the liquid crystals

Since optical birefringence studies have shown that the as-prepared surface of the pores
does not lead to a defined and stable (under temperature variation) molecular order of the
liquid crystal molecules inside the pores [34], a special polymer surface coating is used prior
to the filling of the membranes with the liquid crystal.[36] Therefore, the polyimide resin
SUNEVER-130 (later referred to as SE-130) from Nissan Chemical Industries, also used as
an alignment coating in the liquid crystal display industry, are utilised. It leads to a tangential
anchoring of the CE6 and 2MBOCBC molecules with respect to the pore walls.[34, 36] Espe-
cially in cases where the interplay of the liquid crystal molecules with the surface chemistry
of the pore walls is studied, it would be however more favourable to use a polymer with a
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well-defined and well-known chemical composition.

Before starting the surface treatment of the membranes, they are heated to 200 °C for two
hours, in order to remove surface adsorbates, like water. Afterwards, the still 100 °C hot
membranes are immersed into a 1 % solution of SE-130 in water-free dimethylformamide and
kept inside for around 24 hours. On removal from the solution the excess polymer solution
at the membrane surface is absorbed with some tissue. After letting them dry under ambient
conditions for 2—3 hours the membranes are further dried on a 50 °C warm heating plate for
additional two hours. In a final step the membranes are heated to 190 °C for 30 minutes to
polymerise the surface film with a subsequent slow cool down to a temperature below 50 °C.
The resulting polymer coating thickness formed by such a procedure was estimated to be less
than 2 nm with measurements of the membrane’s optical birefringence [36] and with nitrogen
sorption isotherms — comparing the uncoated and coated sample.

The filling of the polymer-coated nanoporous AAO membranes with the liquid crystal is done
by melt infiltration. The liquid crystal is heated to a temperature slightly above the phase
transition temperature to the isotropic phase, while the membrane is heated to around 95 °C
on a second heating plate, until it is brought into contact with the liquid crystal. The chan-
nels of the membrane become thus filled by the liquid crystal via capillary action. After the
filling procedure the surplus material on the surface is removed by careful polishing of the
membranes with soft lens tissue at a temperature of around 50 °C.

While particularly those samples for the neutron scattering experiments have been prepared
within the scope of this work, the surface coating and filling of the membranes for some of the
other experiments has partly been done in the group of Andriy Kityk, Czgstochowa University
of Technology, Poland.

10.5. X-ray diffraction

The wide-angle X-ray diffraction experiments have been performed at an in-house X-ray
diffractometer, using Bragg-Brentano geometry and Cu-K« radiation with a wavelength of
1.5406 A. The sample is placed inside a cell that is temperated via a Peltier cooler and a
resistance heater, controlled by a precision temperature controller. This, the sample enclosing
beryllium cylinder is surrounded by a second larger cap with polyimide windows. With
this set-up a uniform heat distribution and temperature stability inside the sample cell is
ensured.

Prior to each temperature-dependent measurement series, the sample’s position is adjusted
relative to the X-ray beam and it is subsequently slowly heated above the respective phase
transition temperature to the isotropic phase of the liquid crystal. There, it is kept for at least
30 further minutes to ensure that the whole sample is in thermal equilibrium.

The measurement is started with a @-2@-scan at the aforementioned temperature. After each
scan the next temperature step is approached with a cooling or heating rate of 1 K/min. A
subsequent waiting time of 2 minutes before the start of the next scan again ensures the thermal
equilibrium of the entire sample. After having reached the lowest desired temperature, the
measurements are continued as described before until the isotropic phase is reached again. In
this way complete heating and cooling cycles are measured.
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10.6. Neutron diffraction

The neutron diffraction experiments presented in section 11.2 have been performed at the
membrane diffractometer at the V1 beamline of the BERII research reactor at the Helmholtz-
Zentrum Berlin. The incident neutron beam with a flux of 107 neutrons/(cm?-s) had a wave-
length of 4.567 A. It impinged a stack of 38 closely packed, SE-130-surface-coated, nano-
porous AAO membranes, filled with the liquid crystal 2MBOCBC. Each of the membranes
had a thickness of 100 pm and an area of 10 mmx 10 mm. The samples were situated inside a
temperature-controlled aluminium cell, allowing measurements in reflection and transmission
geometry, respectively. An insulating vacuum around the sample cell ensured the temperature
stability. The scattered neutrons are detected by a 128 x 128 pixel area detector (1.5 mm pixel
width) in a distance of 1025.7 mm from the sample. Figure 10.4 shows a sketch of the scatter-
ing geometry of the neutron diffraction experiment.

Figure 10.4.: Sketch of the scattering geometry of the neutron diffraction at the V1 membrane
diffractometer.

The sample is rotated around an axis that is perpendicular to the long AAO nanochannel axis,
as well as to the incoming neutron beam, while the detector is situated at a fixed position,
centred at the 001 smectic Bragg peak position at 20 = 9.4°. For convenience the angle ® is
defined over @ = w + ®, where the rotation angle of the sample @ equals zero if the surface
of the membranes is parallel to the direction of the incident neutron beam. As a consequence,
 is zero in the maximum of the smectic layering Bragg peak. In one degree ®-rotation steps,
60 diffraction patterns like the one exemplary depicted in figure 10.4 are acquired for each
temperature step. These two-dimensional diffraction patterns are integrated perpendicular to
the indicated 2®-direction (see figure 10.4) forming one m-line of the resulting intensity maps
as function of w and 20 (see figure 11.4 in section 11.2.1). With the help of these so-called
w-scans the structure of the liquid crystal molecules with respect to the pore axis, more pre-
cisely the orientation of the smectic layers, is analysed as a function of temperature.
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Between those w-rocking scans coupled w-20-scans are conducted from time to time with
Aw = AO over a 20 range from 10° up to 100° and different w-angle starting points. By this
means, possibly occurring additional structures in the temperature course, not being encom-
passed by the above measurements, can be detected.

Additionally neutron diffraction experiments with a different scattering geometry are executed
in order to investigate the in-plane arrangement of the liquid crystal molecules in the smectic
layers. For this purpose deviating from the scattering geometry shown in figure 10.4 the
membrane stack is turned by an angle of 90° in a way that the long nanochannel axis is now
parallel to the @ rotation axis. Measurements with 20 ranging from 5° to 100° and fixed ,
as well as @w-scans, i.e. with fixed 20, are done at different temperatures to monitor possible
structural changes, e.g. an occurring crystallisation of the liquid crystal.
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CHAPTER 11

Experimental results & discussion

In this chapter the results of X-ray and neutron diffraction experiments, studying the structure
and phase transition behaviour of the thermotropic liquid crystals CE6 and 2MBOCBC in
bulk and confined in mesoporous anodic aluminium oxide (AAO) membranes, are presented
and discussed.

11.1. Liquid crystal CE6

The smectic A* = chiral nematic phase transition of the chiral liquid crystal CE6 is studied
in this section in the bulk as well as in the confined state. For the latter the liquid crystal is
embedded in nanoporous AAO membranes with SE-130 polymer wall coating, as described
in section 10.3. All samples are heated to the isotropic phase of the liquid crystal at the
beginning of the measurement to ensure to have the system in a defined state and to exclude
possible hysteretic effects. Note however, that studies of these confined liquid crystal samples
measuring the optical birefringence, which is a measure of a collective orientation of the liquid
crystal molecules due to their optical anisotropy, have shown that even far above the isotropic
phase transition temperature a small residual birefringence asymptotically approaching zero
with rising temperature is detected.[36] This is attributed to the formation of a so-called
paranematic state where indeed the predominant part of the liquid crystal molecules are in the
isotropic phase, but in the proximity of the channel walls there is a small quantity that has still
a preferred molecular orientation, depending on the surface anchoring type.[36, 247]

11.1.1. Structure and phase transition in the bulk phase

First the bulk phase is studied using X-ray diffractometry (see section 10.5) as a reference for
the following investigations on the confined CE®6 liquid crystal. The liquid crystal is placed
on a polished silicon wafer support, which had been afore cleaned using piranha solution
[266]. The scattering geometry of these experiments is depicted in figure 11.1. It is chosen
in a way that the scattering vector ¢, defined by the angle 2@ between the wave vector of the
incoming and outgoing X-ray beam, g; and g,,, probes a periodicity along the surface normal
of the substrate or along the long axis of the nanochannels in the confined case, respectively.
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(a) bulk silicon

Figure 11.1.: Scattering geometry of the diffraction experiments in the case of the (a) bulk
and the (b) confined liquid crystals.

Here, the thermal evolution of the smectic layering thickness d is of interest. The integrated
intensity of the corresponding 001 smectic A* layering Bragg peak of bulk CEG6 as a function
of temperature is shown in figure 11.2 (a). On stepwise cooling from the isotropic phase a
first-order phase transition occurs at 314.7 K, as suddenly the smectic layering peak appears.
This is in accordance with the McMillan model [194], which predicts such a first-order phase
transition for liquid crystals with such high ratios between the smectic-A-to-nematic and the
nematic-to-isotropic phase transition temperature, i.e. with a comparatively small nematic
temperature range. Also from the analogue of a superconductor in a weak magnetic field, the
cholesteric-to-smectic-A transition is predicted to be always of first order [118, 187], but by
now it is known that such a transition can be in principle also a second-order transition.[243]
After the abrupt intensity jump, the layering peak intensity subsequently rises slightly on
further cooling. The inverse, congruent behaviour is shown during the following heating of the
sample back to the isotropic phase, i.e. the peak disappears abruptly at the same temperature
it had appeared before. This behaviour stays reproducible during several repeated heating
and cooling cycles (not shown in the figure). The inset of figure 11.2 (a) shows the smectic
layering peak at 313.0 K centred at a wave vector transfer ggo; = 0.216 A=, corresponding to
an interlayer distance of d = 29 A. This finding is in accordance with the values determined
by Cordoyiannis et al. [58]; however, it should be noted that their values refer to a mixture of
CEG6 with a small percentage of nanoparticles.

11.1.2. Structure and phase transition in cylindrical nanoconfinement

Figure 11.2 (b) shows the integrated X-ray intensity of the 001 Bragg peak originating from
the smectic A* layering of the CE6 liquid crystal confined in pores with a diameter of
42 nm of mesoporous AAO, with SE-130 wall surface coating. Contrary to the choles-
teric = smectic A* phase transition of the bulk liquid crystal, the transition in the case of
the confined liquid crystal is not any more of first order, but continuous. This is reflected by
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Figure 11.2.: Integrated X-ray intensities of the Bragg peak corresponding to the smectic
layering for (a) the bulk CE6 liquid crystal and CE6 confined in mesoporous AAO membranes,
surface-coated with SE-130, in pores with a diameter of (b) 42 nm and (c) 30 nm, respectively
(red curves belong to heating, blue ones to cooling cycles). The insets respectively show the
smectic layering peak at 313.0 K, measured in the cooling cycle.
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the continuous growth of the Bragg peak intensity starting from zero intensity, which replaces
its afore discontinuous rise, i.e. the sudden appearance of that peak. Additionally, the phase
transition temperature is shifted to a higher temperature, namely 315.1 K. The smectic peak
position, however, remains in the limits of measurement accuracy the same than in the bulk
phase (see insets in figure 11.2). This means that the layer distance equals the one of the bulk
liquid crystal and therefore there is especially no tilting of the molecules inside the smectic
layers. That means the smectic A* structure of the bulk phase is also presevered in the con-
finement of these tubular nanochannels with an SE-130 surface coating favouring a tangential
anchoring at the channel walls.

For mesoporous AAO membranes with SE-130 pore wall coating and a pore diameter of
30 nm one observes a comparable behaviour (see figure 11.2 (c)) as for the 42 nm membranes
described above. However, the phase transition temperature between the cholesteric and the
smectic A* phase is shifted further to higher temperatures and occurs now at 315.4 K.

The smoothing of the phase transition from a first order to a continuous transition for the
CES6 liquid crystal embedded in the AAO membranes can be explained by geometric con-
finement and so-called quenched disorder, originating in small perturbations, e.g. roughness
of the channel walls.[114, 130, 132, 147] However, the shift to higher phase transition tem-
peratures can not be traced back to quenched disorder, since the latter usually causes a shift
to lower temperatures.[130, 132] In fact, a large number of experimental studies, investig-
ating the nematic = smectic A phase transition of liquid crystals confined in the voids of
materials such as controlled pore glasses, aerosil networks or cellulose membranes, find a
downward shift of the respective phase transition temperature with respect to the uncon-
fined bulk phase.[59, 115, 130, 147, 160-162, 168, 182, 227, 299] But not in all of these
cases there is a clear trend that the phase transition temperature is further shifted down with
decreasing pore size or with an increasing degree of disorder caused by the confinement,
respectively.[59, 182, 227] It seems that the deviations especially occur for small void sizes
and a comparatively high degree of disorder. This shows that there are presumably sev-
eral mechanisms in combination and in competition responsible for the shift of the phase
transition temperature, like elastic distortions, random field and finite size effects, as well
as surface order and disorder.[227] For instance there is a competition between the surface-
induced disordering, which causes a downward shift of the phase transition temperature and
the surface-induced ordering, which leads to a shift to higher temperatures, analogous to a
spin system, affected by an external magnetic field.[227] The latter might be an explanation
for the phase transition temperature shift to higher temperatures observed for CE6 confined in
the SE-130-surface-treated AAO membranes. The coating of the channel walls, which forces
a planar alignment of the rod-like liquid crystal molecules with respect to it, probably leads
to such a strong ordering field, acting on the confined liquid crystals, that the effects leading
to a lower phase transition temperature are overcompensated. Consequently, this leads to an
upward shift of the chiral nematic = smectic A* phase transition temperature.

It is interesting that it is even further postponed to higher temperatures, if the channel diameter
is decreased from 42 nm to 30 nm. This can be considered to support the above argumenta-
tion, since that way it is easier to impose the surface-induced ordering to the molecules in the
centre volume of the nanochannels. However, one might speculate that at one point on further
decreasing the diameter of the channels other effects like surface-induced disorder due to sur-
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face roughness might start to dominate and thus stop the trend towards higher phase transition
temperatures, if the transition will not be even totally suppressed on attaining a critical pore
size.

11.1.3. Critical exponent of the smectic order parameter

The measured X-ray intensity presented above in figure 11.2 can be further analysed to learn
more about the phase transition behaviour of the CE6 liquid crystal in the interplay of the
surface-coated AAO nanochannel confinement. From the temperature-dependent integrated
X-ray intensity of the 001 smectic layering Bragg peak I(7T') the smectic order parameter (see
equation 9.5 in section 9.2) can be determined. The latter is given by

pi(T)=——, (11.1)

where Iy describes the intensity of a perfectly translationally ordered smectic phase.[145, 171,
194] This proportionality arises from the definition of the order parameter (see section 9.2),
relating it to the electron density of the liquid crystalline system and from the proportional
dependence of the X-ray scattering intensity on the corresponding structure factor.[25] Assum-
ing the following power-law dependence of the smectic order parameter p; on the temperature
T, the second-order phase transition temperature 7, > T and the critical exponent 8 > 0

T B
p1<T>=(1—TC) | (112)

the temperature dependence of the 001 smectic Bragg peak intensity /(7') can be described as

2
I(T)=1I- <1—;> , (11.3)

using equation 11.1.[145]

It is challenging to determine the absolute value of the smectic order parameter, since Iy is
unknown, for a start. However, there are methods for the determination of the smectic order
parameter absolute value: For the method of Leadbetter and Norris [171] the measurement
of higher-order Bragg diffraction peaks corresponding to the smectic layers is necessary, to-
gether with sophisticated calculation of the molecular structure factors. Another technique
[145] uses an extrapolation of the temperature-dependent Bragg peak intensity /(7) of the
001 smectic layering peak to 7 = 0K, where /(0K) = Iy, analogous to the method employed
by Haller [117] in a similar context. This could be done using equation 11.3 for a fit to the
X-ray diffraction intensity data shown in figure 11.2. Although it would be interesting to
determine the order parameter of the confined liquid crystal in comparison to the one of the
bulk, there are some arguments why it is not possible or at least not meaningful, here. For
the first method the intensities of the diffraction peaks in case of the confined liquid crystals
are too low for a detection of the necessary higher-order peaks. The second method uses an
extrapolation to determine Iy at the absolute zero point, assuming that the temperature depend-
ence of the 001 smectic layering peak intensity evolves in a way that it represents a perfect
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smectic translational order at this point. This might be an acceptable assumption for bulk
liquid crystals, but in the confined cases it can a priori not be expected to hold. The reason
is that the nanochannels whose total interface area with the liquid crystal is comparatively
large, impose a certain disorder to its host material. Thus even at the absolute zero point, the
system should not be expected to find to a perfect smectic order, so that it can not be used as
a reference point for the determination of Iy. An obvious loophole would be to take the bulk
liquid crystal and its corresponding Iy value as a reference. However, in order to be able to
do this, one would need to have an accurate knowledge of the amount of liquid crystalline
material in the sphere of influence of the X-ray beam, to get a correct scaling of the respective
intensities. But also this is prone to errors due to the shielding, as well as the scattering of
the AAO membranes. Beyond that, there are further methods [2, 79] for the ascertainment
of the translational order parameter, which possess certain drawbacks and prerequisites, not
permitting their application, here. Consequently, the following analysis will spare the determ-
ination of absolute values for the smectic order parameter and focus on the determination of
the critical exponent 3.

The critical exponent 8 for the second-order phase transition of CE6 confined in the SE-
130-surface-coated nanochannels of AAO membranes, where a continuous development of
the smectic order takes place, is determined by a fit with equation 11.3 to the temperature-
dependent 001 smectic Bragg peak intensity of the cooling cycle and is shown as a black
line in figure 11.2 (b) and (c), respectively. For the AAO membranes with 42 nm channels
this yields a critical exponent § = 0.22 +0.05 and 8 = 0.15 £ 0.03 for the 30 nm channels.
Before these values are interpreted a short review on the critical behaviour of liquid crystals
in bulk and confinement is given below.

Following from the renormalisation group theory the critical behaviour of a phase transition
is only determined by the dimension of the corresponding order parameter and the space.[25]
Since the complex smectic order parameter is a two-dimensional function of the amplitude
and phase of the density modulation of the smectic layers and therefore of order two, while
the space is three-dimensional, the critical behaviour of the nematic-to-smectic A phase trans-
ition can be described by means of the three-dimensional XY theory, in analogy to the fluid-
to-superfluid and conducting-to-superconducting transition.[25, 104, 105, 292] Indeed, for
various bulk liquid crystalline systems an accordance of the respective critical exponents
with the ones predicted for the 3D XY universality class is found experimentally.[24, 42, 99—
102, 213] However, this is not true for all liquid crystals.[42, 102, 292] Especially for liquid
crystals with a small nematic range, i.e. a large McMillan ratio, like the liquid crystal CE6
investigated in this study, a deviation from the 3D XY behaviour is predicted and found in
experiments.[25, 42, 102, 292] This is explained by strong temperature-induced variations of
the orientational order parameter in the vicinity to the isotropic = nematic phase transition,
which influence through the coupling between the orientational and the translational order
parameter also the phase transition from the nematic to the smectic phase.[25, 102] An in-
creasing nematic range therefore changes the critical behaviour of the nematic-to-smectic A
phase transition from 3D XY and from being a second-order transition, to a first-order phase
transition via a Gaussian tricritical point with tricritical values for the critical exponents in the
crossover region.[25, 102] Also splay deformations, i.e. director fluctuations can cause such
an effect due to the coupling between the two order parameters.[25, 102, 118]
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The situation changes if the liquid crystals are confined to a limited space. The quenched
disorder weakens the coupling between the nematic and the smectic order parameter, in which
the effect seems to be the stronger, the higher the degree of disorder induced by the confine-
ment or the smaller the pore size is.[130, 162, 182, 227] Thus, it has a similar impact on
the critical exponents related with this phase transition as their dependence on the McMillan
ratio.[168, 179, 182, 227] The weakened orientational and translational order parameter coup-
ling additionally explains the changeover from the first-order bulk phase transition to the con-
tinuous transition in confinement, as observed above for the liquid crystal CE6. Furthermore,
the whole critical behaviour of the phase transition is influenced through the confinement or
the introduction of disorder, respectively. While there is a variety of liquid crystalline systems,
whose bulk phase critical behaviour does not fit into the 3D XY universality class, it is found
that the increasing spatial confinement often drives them successively towards the 3D XY
behaviour.[130, 160-162, 168, 179, 227, 299] There, the bulk liquid crystals often possess a
near tricritical phase transition behaviour.[130, 162, 179, 227] In contrast, if the bulk liquid
crystals already exhibit 3D XY critical behaviour, this is found to be not altered due to the
introduction of disorder or confinement.[227, 299]

The tricritical value of the critical exponent 3, corresponding to the order parameter, is calcu-
lated to B = 0.25 [179], while renormalisation group delivers a critical exponent 8 = 0.35 for
the 3D XY universality class.[41] Both strongly differ from the value § = 0.5 given by the
mean-field theory.[41] If one compares now the critical exponents determined above for the
two pore diameters, one notices that the value for the comparatively large 42 nm channels with
B = 0.22 most likely fits to the one expected for the tricritical behaviour. Interestingly, the
changeover to smaller channels, i.e. with 30 nm diameter, does not lead to an approximation
towards the 3D XY value, but entails an even smaller critical exponent of f = 0.15. Thus,
while already the one for the 42 nm pores was below the tricritcal value, the critical exponent
for the 30 nm channels is even smaller. Note however, that such small values are also observed
for some liquid crystals in the bulk phase.[57, 145, 275] The trend of critical exponents that
are moving away from the 3D XY value with decreasing pore size, instead of approaching it,
is in contradiction to the above cited studies. But also among them there are some, where this
tendency is broken in the case of high aerosil particle densities, i.e. high degree of disorder, as
well as for comparatively small void sizes.[168, 227] Furthermore, it should be emphasised
that the majority of the above publications that find the liquid crystals to approach the 3D
XY behaviour with decreasing confinement size or increasing disorder, investigate the phase
transition behaviour of the same liquid crystal 8CB [160-162, 179, 227, 299], but only some
of them additionally study a second one [168, 227, 299]. In addition, these liquid crystals are
achiral, in contrast to the here investigated CE6.

Again, like the above discussed chiral nematic = smectic A* phase transition that was shifted
to higher instead of lower temperatures, the explanation for the observed evolution of the
critical exponent might be found in the interplay of several competing effects. Note in this
connection, that the void sizes in the majority of the above cited investigations are often much
larger than the channel diameters in the AAO membranes, here. However, the mentioned
deviations from the trend towards 3D XY phase transition behaviour with decreasing con-
finement size, occur in these publications for the smallest pores, whose size is in the same
order of magnitude than the AAO nanochannels. Anew, this correlation suggests an increas-
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ing dominance of surface-induced effects. This would be comprehensible due to the shrinked
liquid crystal volume in the small channels, which are here additionally coated to increase the
surface alignment strength.

11.2. Liquid crystal 2MBOCBC

The structure of the liquid crystal 2MBOCBC (see section 10.2) confined in the channels of
nanoporous AAO having different widths between 20 nm and 42 nm is studied in this section
under temperature variation, covering the isotropic, the smectic A*, as well as the smectic C*
phase. Being necessary for a reproducible and stable surface anchoring [34] of the liquid
crystal molecules at the channel walls, the AAO membranes are SE-130-surface-coated prior
to the melt infiltration of the 2MBOCBC liquid crystal, as described in section 10.3.

11.2.1. Neutron diffraction experiments

In a neutron diffraction study the orientational order of the smectic layers is studied. The de-
scription of the experimental set-up (see sketch in figure 10.4) and procedure can be found in
section 10.6. With the w-rocking scans described there, the arrangement of the smectic layer
planes with respect to the nanochannel axis can be studied by tilting the AAO membranes
with respect to the incoming beam with wave vector ¢; and thus inclining the scattering vector
4 = 4o — Gi (g,: wave vector of the scattered neutrons) concerning the aforementioned axis.
This is sketched in figure 11.3 for the example of an individual nanochannel containing an
idealised smectic A layer arrangement with layers perpendicular to the channel axis. The dir-
ection of the scattering vector ¢ is parallel to the layering direction, i.e. to the surface normal,
of the possible smectic layers, being probed.

Figure 11.3.: Scattering geometry of the w-scans of the neutron diffraction experiment at the
liquid crystal 2MBOCBC confined in the channels of nanoporous AAO membranes.
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These measurements are performed for different temperatures from 7 = 337.65K in the iso-
tropic phase stepwise down to 7' = 276.15K and in the same manner back again to the iso-
tropic state. Figure 11.4 shows the result for such measurements for two selected temperat-
ures, T =279.15K and T = 324.15K, as a function of 20 and sample rotation ® = & + ®
(compare sketch of the experimental set-up in figure 10.4), as a two-dimensional intensity
colormap. The just mentioned shift concerning the zero-point of the w-axis label with respect
to the rotation angle of the sample is done by reason of a clearer representation of the thermal
evolution of the diffraction peak.
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Figure 11.4.: Intensity of the smectic layering Bragg peak as a function of sample rotation
® = o+ O and 20 as indicated in the sketch of the experimental set-up (see figure 10.4) for
()T =279.15K and (b) T =324.15K.

11.2.2. Diffraction pattern analysis

To further analyse the peak shape, its thermal evolution and therefore the changes of the
smectic layer structure under temperature variation, the data, as seen exemplarily in fig-
ure 11.4, are integrated over 20. The resulting curves are then fitted by one or two pseudo-
Voigt functions, respectively (see figure 11.5). Within these fits, a fixed background is con-
sidered, which is determined in the isotropic phase where no Bragg peak is present. In order
to achieve a stable fitting procedure during the two-peak fits the width and the area (i.e. in-
tensity) of both peaks are coupled to the same value, respectively. Due to symmetry reasons
of the investigated structure, as will be seen later, the agreement between the fitted curve and
the data is still very good. Furthermore, it should be stressed that the centre position of the
individual peaks is independent in this procedure and not subject to any limitations.

The integrated intensity of the Bragg peak as a function of temperature determined by the two-
peak pseudo-Voigt fit is shown in figure 11.6 (a). While it is zero in the isotropic phase due to
the absence of any layer structure, on cooling it steeply rises from around 330.5 K on, clearly
indicating the formation of smectic layers. After this relatively steep rise, it subsequently rises
in a much slower manner as a sign of increasing smectic order until a kink at approximately
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Figure 11.5.: Integrated intensity of the @-scans (compare figure 11.4) for (a) T = 279.15K
and (b) T = 324.15K. Red lines are the total fit functions composed of the single peaks (blue
and green lines) and a fixed background (dashed orange curve).

309.5 K occurs. From there on it stays almost constant, but still slightly rising. Upon heating
the intensity is congruent with its evolution on cooling, with the exception of a hysteresis at
the transition to the isotropic phase. There the intensity drop is shifted to higher temperatures,
however being steeper than its rise upon cooling.

This is compatible with the thermal evolution of the optical retardation, showing the same
behaviour at this phase transition.[34] This optical retardation is a consequence of the collect-
ive molecular ordering of the liquid crystal molecules along the channel axis in the smectic
phases, rendering the liquid crystal inside the AAO membrane birefringent. Note, that there
is also a small birefringence in the isotropic phase, whose origin is the refractive index differ-
ence between the confining AAO matrix and the isotropic liquid crystal in conjunction with
the geometric boundary conditions of parallel straight channels, as well as molecules in the
paranematic state in the proximity of the pores walls.[34] While it is known that the thermo-
dynamic pathways of such phase transitions can be different depending on the direction of the
transition, the exact reason of the hysteresis, as well as the overall shift to lower temperatures
compared with the bulk phase, remains unclear within the scope of this study and needs further
investigation.[34] Although, the investigation of the birefringent properties are evidencing the
collective molecular ordering of the liquid crystal upon cooling it down from the isotropic
phase, a clear determination of its structure, including the distinction of the smectic phases
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from the nematic phase, necessitates the here presented diffraction experiments.

Correlation between peak shape and smectic layer structure

On formation of the smectic layers at the transition from the isotropic phase, the corresponding
Bragg peak is quite sharp with respect to variations in @, as can exemplarily be seen in
figures 11.4 (b) and 11.5 (b) for a temperature some Kelvin below this point. In figure 11.6 (b)
this peak width as a function of temperature is shown. It is determined from the results
of the two-peak fits, summing up the respective full width at half maximum of both peaks
while considering their overlap. The width of the peak is almost constant in the range from
the isotropic = smectic A* phase transition on until approximately 309.5 K, where also the
kink in the integrated peak intensity occurs. However, at that point it starts to gradually
increase from around 6° to almost 27° at lower temperatures. To understand the reason for
this peak broadening it necessitates a more detailed analysis of the peak shape. Whereas
until 309.5 K where the peak starts to widen the peak shape can be described by one pseudo-
Voigt peak function (see figure 11.5 (b)), two of those functions are needed to reproduce the
peak form at lower temperatures (see figure 11.5 (a)). If one envisions again the scattering
geometry in figure 11.3, it is obvious that this separation into two peaks, which increases with
decreasing temperature, is attributed to a tilting of the smectic layer planes in two opposing
directions. Thus it suggests the formation of a chevron-like layer structure, as it is depicted in
figure 11.7 (a) in a simplified two-dimensional drawing. Since the position of the two peaks
belonging to each layer tilting direction symmetrically moves away from the centre position,
as plotted in figure 11.6 (c), thus indicating that the corresponding tilt angle has the same
absolute value, the chevron structure is expected to be rotational symmetric around the long
channel axis. This is also supported by the fact that the intensity of both peaks being united
to the total peak form is the same, i.e. both orientations have the same incidence. The layer
tilt angle gradually increases from 0° at the beginning of the chevron-like layer buckling until
it saturates at about £6.3°, negligibly decreasing on further cooling below approximately
288 K.

11.2.3. Origin of chevron-like smectic layer structure

The formation of chevron-like layer structures in liquid crystalline systems is a well-known
phenomenon since their first observation in the 1970/80s. They were found in slab geometries
consisting of two glass plates, separated by a gap in the micrometre range, thus being at least
around two orders of magnitude larger then the nanochannel diameters in this work.[50, 171,
216, 221, 229] Such textures exist not only in the smectic C* phase of ferroelectric liquid
crystals [216, 229], but also in achiral smectic C [85] and even in smectic A phases [190,
217, 262], depending on the mesogens. Also for 2MBOCBC within a micrometre-sized slab
geometry the appearance of chevron-like molecular arrangements has been described.[135]

But what are the reasons for such a drastic change in the orientation of the smectic layer
structure? The emergence of chevron-like structures in smectic C and C* phases is explained
as a consequence of the smectic layer thinning caused by the collective tilting of the molecules
within it — characteristic for the smectic C/C* phase.[229] The structural reformation of the
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Figure 11.6.: Neutron diffraction measurements as function of temperature for the 42 nm
AAO membranes: (a) integrated neutron scattering intensity of the 001 smectic layering
peak, (b) overall peak width along @ (compare figure 11.4), (c) smectic layer plane tilt angle,
(d) smectic layer thickness (see text for explanation). Blue and red symbols correspond to
cooling and heating cycles, respectively.
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Figure 11.7.: Idealised sketch of different possible smectic C* structures inside the AAO
membranes with tilted layers, neglecting the helix structure in favour of a clearer visualisation:
(a) chevron-like structure, (b) only one layer tilt direction in each channel, (c) chevron-like
structure with untilted layers in the core region. Red lines illustrate the smectic layer planes.

layers, i.e. their tilting towards chevrons, here conduces to a certain extent the preservation of
the original smectic layer distance, hence reducing the strain induced by the thinning layers
and leading to an energetically more favourable state.[156, 208, 229] This is expected to be
facilitated by molecules anchored at the confining glass plates (or in our case the channel
walls), still having a smectic-A-layer-like periodicity and imposing it on the neighbouring
molecules.[35, 65, 183, 229, 245]

In contrast, in the smectic A phase the molecules do not collectively tilt and therefore there is
consequently no associated layer thinning. Hence, the reason for the creation of chevron-like
patterns in a smectic A phase is somewhat different, although the overall argumentation is
quite similar. Also in this case, the core of the reasoning forms a decreasing layer thickness,
but much less pronounced, nevertheless being sufficient to provoke the chevron structure
generation.[183, 217, 262] However, as chevron formation in the smectic A phase is not
relevant in the context of the measurements presented here, it will not be further discussed at
this point.

A calculation by Kralj et al. [157] shows that chevron structures are expected to be less
probable in the case of cylindrical confinements. Nevertheless, experimentally it is found that
such structures develop for example in the smectic A phase of 8CB within micrometre-sized
glass capillaries [190] or even in the smectic C phase of an achiral liquid crystal confined in
AAO nanochannels [178].

11.2.4. Discussion of further possible structures

Concerning the neutron diffraction pattern from which the presence of the chevron-like struc-
ture is deduced here, it should be noted that such an arrangement of the smectic layers is not
the only one that is compatible with it. A structure where only one tilt direction per pore
is present (see figure 11.7 (b)) and whose tilt direction differs from channel to channel, thus
resulting in a statistical distribution of layer tilt directions, would deliver the same result of
the diffraction experiment. Even multiple domains with different tilt directions inside indi-
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vidual channels can not be really excluded. But there is one strong argument against such
structures in favour of the chevron-like structure: The crux is that there is a transformation
from a structure where the layers are perpendicular to the channel walls, to one where their
surface normal is tilted by a certain angle with respect to it. This makes a shift of molecules
necessary — either in the case of the chevron structure (see figure 11.7 (a)) in the inside of the
channel where liquid crystal molecules shear against each other or at the pore walls in the case
of a layer tilt in only one direction in each pore (see figure 11.7 (b)) having in consequence
that the molecules need to shear along the channel walls. The molecules in the proximity of
the channel walls are however more strongly bound and therefore rather not expected to slide
[35, 65, 150, 156, 286], making the latter case appear less probable. The chevron formation in
contrast seems to be more likely, since here the molecules close to the pore walls stay in place
and only the ones in the interior of the channels are sheared. In fact, when looking again at the
studies of liquid crystals in slab geometries, such a structure is the predominant one, while the
one with collectively tilted smectic layers is only rarely observed.[156, 217] This makes the
above argumentation even more striking, because the surface-to-volume ratio in the case of
the nanochannels is dramatically higher than in such slab geometries. Even though some the-
oretical works have found that the collectively tilted layer configuration should be in principle
favourable, amongst others because being energetically advantageous, a closer examination
confirms that the chevrons are a thermodynamic equilibrium structure and yet substantiate
the strong influence of the anchored near-boundary molecules and possible roughness of the
confining walls.[156, 273, 284] The fact that the chevron structure is fully symmetric here is
not too surprising, since such a symmetric one is also the most common in slab geometries,
because the anchoring conditions can not be preserved at both surfaces by asymmetric chev-
ron structures.[165]

If one has a further, more thorough look on the shape of the diffraction pattern in the region
where the chevron-like structure is present, e.g. in figure 11.5 (a), a third peak in the middle
of the two shown in the figure becomes imaginable. An appropriate fit to the data shows
that this possibility can not be excluded with regard to the neutron scattering pattern. This
would correspond to a molecular arrangement with untilted layers in the middle of the chan-
nels, while the layers at the circumference tilt similar to the chevron structure formation. An
idealised picture of this situation is sketched in figure 11.7 (c). Again, conformations where
single domains of either untilted or tilted layers with a statistical distribution are formed are in
principle also compatible with the shown data. Three-armed chevron structures, as described
here, have been also observed in micrometre-sized slab geometries.[85, 86, 205, 217] Fur-
thermore, theoretical considerations as well as experiments on liquid crystals in nanochannels
suggest the existence of a chevron tip with a finite width.[178, 273] However, a theoretical
examination finds that especially far from the smectic-A-to-smectic-C phase transition the
width of the tip is expected to be around three orders of magnitude smaller than the gap of the
confining cell.[273]

Looking at the onset temperature of the chevron formation and the phase transition data of
the 2MBOCBC bulk liquid crystal (see section 10.2), one notices that the transition temperat-
ure from the crystalline to the smectic C* phase accords well with the temperature where in
the AAO nanochannels the structural change from chevrons back to the bookshelf structure,
or vice versa, occurs. However, respective neutron diffraction experiments on the in-plane
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Figure 11.8.: Neutron diffraction Bragg peak of the liquid-like order within the smectic layers
of the AAO-nanoconfined 2MBOCBC molecules measured at ® 313K, m 273K, m 368 K
and = 258 K.

smectic molecular order were carried out as described in section 10.6. These deliver a diffrac-
tion peak belonging to the intermolecular distance within the smectic layers. This Bragg peak
is shown in figure 11.8 for different temperatures. It is found to be quite broad in the whole
temperature range investigated above, as it is characteristic for the diffraction at liquids. Only
below around 268 K an onset of crystallisation can be observed, but even ten Kelvin lower the
smectic layers still possess remains of liquid-like properties. Therefore, it can be excluded
that the above structural changes are triggered by a starting crystallisation of the liquid crystal.

11.2.5. Temperature-dependent smectic layer thickness

The above argumentation that the buckling of the layers towards chevrons sustains to some
extent the original smectic layer spacing is corroborated by the determined thickness of the
tilted layers of 2MBOCBC in mesoporous AAO, investigated here. This layer thickness is
ascertained by determining the smectic diffraction peak centre via a pseudo-Voigt-shaped fit
to the intensity as a function of 20 at the w-angle associated with the respective layer tilt
angle. Or in other words, the slice along 2@ of an w-rocking scan as depicted in figure 11.4
whose ® equals the tilt angle of the layers (compare figure 11.6(c)) is considered for the
determination of their thickness. The peak position is related to the layer spacing via Bragg’s
equation. The results for the layers that form the wings of the chevrons upon cooling are
shown as a function of temperature in figure 11.6 (d) as round dots. Contrary to the bulk state,
where a marked increase of the smectic layer thickness is observed in the smectic A* phase
upon cooling until the transition to the smectic C* phase [110, 206], in the nanoconfinement
of the AAO channels this effect is hardly perceptible in the same temperature range, as can
be seen from figure 11.6 (d). However, at the transition to the smectic C* phase the layer
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thickness starts to decrease. This effect becomes much stronger and faster starting at around
309.5 K, when also the chevron formation sets in, having a saturation tendency resembling
somewhat that of the layer tilt angle in the panel above. This again might be considered as
an evidence of the influence of the smectic C* molecular tilt on the layer tilting and therefore
the genesis of chevrons. The overall magnitude of the decrease in layer thickness though is
around a factor of three less compared to the one observed in the bulk smectic C* phase in
the same temperature range, found in the literature and confirmed by own X-ray diffraction
measurements.[110, 135, 206] Thus, the finding that the smectic layer distance of the tilted
layer planes does not strongly reduce when chevrons are formed is also confirmed in the case
of nanoconfinement in the channels of AAO.

The temperature course of the layer thickness of the potential untilted centre smectic layers,
as determined from the diffraction peak position at @ = 0° (compare figure 11.4), is shown as
triangles in panel (d) of figure 11.6. It is noteworthy, that there the layer thickness decrease on
cooling is significantly smaller than the one of the tilted layers. Note also, that the round dots
in the same graph show the results of the two-peak fits to the data assuming only tilted layers
and the outcome when considering additional untilted layers in the centre is even somewhat
more pronounced concerning the decrease of the thickness of the tilted layers.

11.2.6. Reversibility upon temperature cycling and reproducibility

It should be emphasised that not only the layer thickness, but also the layer tilt angle with
the associated chevron-like structure development is fully reversible throughout the whole
temperature cycle, while cooling and heating (see figure 11.6). Moreover, it is reproducible
in consecutive measurements. Solely, the temperature course of the integrated intensity has,
as already mentioned, a hysteresis in the transition between the isotropic and smectic phase
(see figure 11.6 (a)). Such a reproducibility of the chevron formation where the structure is
the same on cooling and heating can not offhandedly be regarded as naturally given. At least
for chevron structures evolving out of the smectic A phase in a slab geometry a hysteresis is
reported [217, 262], which is amongst others attributed to possible surface memory effects
[52, 156]. The amplitude of the hysteresis in this context is found to shrink with decreasing
micrometre-sized slab distance [156, 217], therefore supporting the absence of a hysteresis in
the case of nanochannels confining the liquid crystal, as presented here.

In addition to the reversibility of the temperature-induced structural changes of the liquid
crystal within the nanochannels, the measurements on this system exhibit a remarkable repro-
ducibility. Figure 11.9 shows the integrated intensity of the 001 smectic layering Bragg peak
from the above neutron diffraction experiment in comparison to the one obtained from X-ray
diffraction measurements at one arbitrarily chosen sample from the membrane stack of the
neutron scattering experiment. Note, that in contrast to the integrated Bragg peak intensity
shown in panel (a) of figure 11.6, here the intensity of the peak is not integrated over the
complete measured @-range (compare e.g. figure 11.4), but only for @ = 0°, since that corres-
ponds to the scattering geometry of the X-ray diffraction experiments (see section 10.5). As a
consequence, the intensity course below the starting point of the formation of the chevron-like
layer structure at around 309.5 K is different now, because due to the tilting of the layers the
intensity is distributed over a larger w-range. Therefore, at @ = 0° there are less smectic
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Figure 11.9.: Integrated intensity of the 001 smectic layering Bragg peak from ®/® neutron
(for ® = 0°) and ®/= X-ray diffraction data. Blue/cyan and red/orange symbols denote cool-
ing and heating cycle, respectively.

layers contributing to the diffraction signal and thus the intensity decreases. As can be seen
from figure 11.9, the temperature courses of both diffraction experiments match very well in
all details, like the hysteresis in the vicinity to the transition to the isotropic phase or that in a
certain temperature range the intensity during cooling is always higher than the one on heat-
ing. The latter might hint at small differences in the structure, for instance that the bookshelf
structure is not (completely) restored in a minority of pores on heating. That this can not be
seen from figure 11.6 is simply a consequence of the different ways the integrated intensity is
determined, since the corresponding fits as shown in figure 11.5 might underestimate changes
of the intensity at a single @-value, especially at @ = 0°. As a conclusion, these measurements
show not only their reproducibility and the long-term stability of the samples, but also that
already such relatively simple laboratory-scale X-ray diffraction experiments can give valu-
able first hints at the complex structural changes of the nanoconfined liquid crystals. This is
discussed in more detail in appendix D, where also preliminary X-ray diffraction experiments
on 2MBOCBC within AAO nanochannels of different widths are presented.

11.2.7. Results in the context of electro-optical experiments

The above structural findings elucidate the results of concerted electro-optical experiments on
identical membranes [34], performed by the group of Andriy Kityk (Czg¢stochowa University
of Technology, Poland). There, an applied electric field causes changes in the orientation of
the molecules and therefore a change in its birefringence (see section 9.3 for theoretical back-
ground), which can be detected by a suitable optical technique. This method can be regarded
as an analogue to dielectric spectroscopy.[158, 278, 279]

An alternating sinusoidal voltage with a frequency of 124 Hz and 10 V amplitude is applied
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with electrodes separated around 1 mm from each other, creating a virtually homogeneous
electric field perpendicular to the long channel axis of the liquid crystal filled nanopores.[34]
At the same time the sample is penetrated by an elliptically polarised laser beam with an angle
of around 35-45° to the surface normal of the membrane, which is subsequently analysed by
a polariser and photodetector (see Busch et al. [34] for a sketch and a more detailed descrip-
tion of the experimental set-up). In this way the response of the liquid crystalline structure
on the application of the external electric field — manifesting in its optical properties — is
measured. The chosen frequency corresponds to the quasi-static regime.[34] That means that
the variations of the electric field are such slow that its impact on the liquid crystal molecules
resembles the one of a static field of the corresponding strength. In principle the application of
an electric field as it is done here, can lead to a deformation of the chevron-like layer structure
up to a complete transformation back to a bookshelf structure.[135, 140, 212, 259] However,
the required electric field strength is usually much higher than the one applied in the here
presented experiments.[135, 140, 212, 259]

Starting from the isotropic-to-smectic A* transition the real part of the linear electro-optical
response starts to rise [34], as can be seen from figure 11.10 (a). This increase becomes steeper
on approaching the transition to the smectic C* phase.[34] The already remarkably increasing
electro-optical response in the range of the smectic A* phase is attributed to the fact that this
phase is in actuality superseded by a parasmectic C* phase, which is characterised by already
slightly tilted molecules.[34] This is also the assumptive explanation for a much higher optical
activity in this range, compared to the bulk ferroelectric liquid crystal, whose origin is in the
helical structure normally not being present in the smectic A* phase due to the absence of col-
lectively tilted molecules.[34] The presence of a helix structure in the nanochannels is a very
interesting finding, since in micrometre-sized slab geometries with planar surface anchoring,
a reduction of the confinement in the range of the pitch length of the helix usually leads to
an unwinding of the ladder.[149, 165] Interestingly, here the optically activity even increases
with decreasing nanochannel diameter.[34]

Soon after the temperature is reached, where the bulk smectic-A*-to-smectic-C* phase trans-
ition occurs, the electro-optical response of 2MBOCBC confined in AAO starts to saturate
and reaches its maximum. When cooling the system further down the response begins to
decline. In principle a decrease is expected on chilling the sample, because interfacial inter-
actions and the rotational viscosity at a progressive rate hinder the field-induced molecular
reorientation.[34] However, the effect of a reducing optical response is much stronger than
one would expect in such a case. In addition, as one can see from the comparison of panel (a)
and (b) of figure 11.10, the starting point of its strong abatement at 309.5 K very well co-
incides with the onset of the chevron-like layer transformation, accompanied by the steep
increase of the diffraction peak width and the kink in its intensity course (see figure 11.6).
This chevron-like layer buckling has now two consequences on the spontaneous polarisation
of the confined smectic layers: Since the spontaneous polarisation Pis parallel to the smectic
layer plane, the tilting of these planes causes also a respective change in the direction of P,
which is not longer perpendicular to the long channel axis of the hosting AAO membranes.
Furthermore, the rotational symmetry of the chevron arrangement around the channel axis
entails conically-shaped smectic C* layers and thus a uniform direction of the spontaneous
polarisation, as it would be the case in planar smectic layers, can not be expected. In general,
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Figure 11.10.: Relation between structure and electro-optical response: (a) real part of electro-
optical response and (b) smectic layer tilt angle (identical with panel (c) of figure 11.6) as a
function of temperature.

it is well known that the formation of chevrons has a great impact on the response of a con-
fined ferroelectric liquid crystal on the application of an external electric field.[51, 165] The
fact that the electro-optical response does not vanish completely supports the above described
statement that there is presumably a certain range of untilted smectic layers in the channel
centre.[34]
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CHAPTER 12

Conclusions & outlook

The temperature-dependent structure and phase transition behaviour of two chiral, thermo-
tropic liquid crystals within anodic aluminium oxide (AAO) nanochannels have been studied
using X-ray and neutron diffraction techniques.

12.1. Liquid crystal CE6

The chiral nematic = smectic A* phase transition of the liquid crystal CE6 has been investig-
ated in polymer-surface-coated AAO nanochannels as a function of channel width with X-ray
diffraction. The findings were compared to analogous measurements of CE6 in the bulk state.
While the cholesteric = smectic A* phase transition is of first order in the bulk state, the trans-
ition is continuous in the case of the AAO nanoconfinement, where the smectic layers orient
perpendicular to the long nanochannels axis. The transition temperature in the confinement
is shifted towards higher temperatures and further increases with decreasing nanochannel dia-
meter. In parallel, the critical exponent of the smectic translational order parameter that is
related to this phase transition was found to decrease, instead of approaching the value pre-
dicted by the 3D XY theory, as it is found for the achiral liquid crystal 8CB and few others
[130, 160-162, 168, 179, 227, 299].

Although possible explanations were discussed, the ultimate reason for the observed upward
shift of the chiral nematic = smectic A* phase transition temperature, going along with the
shrinking values for the smectic translational order parameter related critical exponent, could
not be given here. For a further investigation of these findings, experimental studies at more
membranes with different channel diameters — larger and smaller ones — might be helpful.
Furthermore, an additional variation of their surface chemistry and roughness would be neces-
sary in order to review whether surface-induced effects are responsible for the above findings.
For example, such a study of the nematic-to-isotropic phase transition of the achiral liquid
crystal 5CB in AAO nanochannels of different diameters with and without surface modifica-
tion finds that the phase transition temperature is shifted to lower temperatures as a result of
the surface coating, to which a disordering effect is ascribed.[113] This shows again the im-
portance of investigating the interplay between the liquid crystal and the its confining surface
for different material combinations, because contrary to the cited study a surface-induced or-
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dering effect is ascribed to the polymer coating that is used in the investigation of the confined
CE®6 liquid crystal, here (see section 11.1.2).

Concerted with the above proposed experiments, theoretical studies, as well as computer simu-
lations, could additionally lead to a deeper understanding of the perceived phenomena. In this
context, an analysis of the influence of the confinement and pore wall surface on the coupling
of the smectic and the orientational order parameter might be interesting.[59, 98] Finally, an
investigation of the molecule’s chirality and the resultant helix structure in the chiral nematic
phase with regard to their role concerning the phase transition behaviour in the bulk and the
confined states could deliver important new insights.

12.2. Liquid crystal 2MBOCBC

The liquid crystal 2MBOCBC, which consists as CE6 also of chiral molecules, was investig-
ated in AAO nanochannels concerning its temperature-dependent structure, using neutron dif-
fraction. The surface of the channels was coated with a polymer in order to ensure a tangential
alignment of the molecules with respect to these pore walls. The isotropic = smectic A* phase
transition is found to exhibit a hysteresis between the heating and cooling cycle. But more
interesting is the transition of the smectic A* to the smectic C* phase. When the molecules
within the smectic layers start to tilt, also the afore perpendicular to the long nanochannels axis
oriented smectic layers start to gradually tilt up to an angle of more than 6°. Several possible
structural arrangements within these 42 nm wide AAO nanochannels were discussed, from
which the formation of a rotational symmetric chevron-like smectic layer structure with a sup-
posable untilted core region is found to be the most likely one. Furthermore, the development
of this structure is fully reversible without any hysteresis and additionally reproducible on
consecutive temperature cycles. The tilt of the liquid crystal molecules within the smectic C*
layers leads to a corresponding shrinkage of the layer’s thickness, which is however less pro-
nounced than the one observed in the bulk state. If considering a region of untilted smectic
layers in the core region of the nanochannels, it is found that there the layer thickness is even
less reduced than the one in the surrounding chevron wings.

It would be very interesting to continue the investigation of the structure of the liquid crystal
2MBOCBC inside AAO nanochannels of other — especially smaller — diameters. Prelim-
inary X-ray diffraction experiments that are shown in appendix D demonstrate not only that
already such simple experiments give valuable hints on the formation of the above described
chevron-like layer structure, but indeed suggest that there might be also the development of
such structures in AAO nanochannels with considerably smaller diameters.

Since concerted optical experiments by a collaborating working group find an enhanced op-
tical activity that hints towards the existence of a helical supermolecular structure even in the
chevron regime [34], it would be very interesting to study this structure in more detail on a mi-
croscopic level. Especially, the analysis of the interplay between the helical structure related
to the molecules’ chirality and the dynamics of smectic layer tilting with the corresponding
formation of a chevron-like smectic layer structure, as well as the interaction with the channel
walls, appears desirable and could be investigated using for example computer simulations.
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APPENDIX A

Fixed window scan data treatment and analysis
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Figure A.l.: Intensity of the inelastic fixed window scan on MoC-21 filled with the ionic
liquid at an energy transfer of 2 ueV as a function of temperature and wave vector transfer
Q (foreground) and over the available Q-range averaged intensity as a function of temperature
(back panel).

The so-called fixed window scans measured with the neutron backscattering spectrometer
IN16B, whose working principle and acquisition are described in section 6.1, deliver a dataset
containing the intensity of scattered neutrons that have exchanged a defined amount of energy
with the sample, as a function of wave vector transfer Q and temperature 7. In contrast to
the full quasi-elastic spectra, where the normalisation on the detector efficiency is done using
a measurement on vanadium, here for the normalisation the low temperature measurement,
where all dynamics are frozen, is used. That means, that the measured intensity for all temper-
atures in the elastic and inelastic fixed window scans is respectively divided by the intensity
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recorded in the elastic fixed window scan of the respective sample at the lowest measured
temperature around 2 K, for each wave vector transfer Q separately. As an example the res-
ulting normalised intensity as a function of wave vector transfer Q and temperature 7 from
the inelastic fixed window scan measurement of the carbon sample MoC-21 filled with the
ionic liquid, is shown in the three-dimensional plot in figure A.1. The Q-range available in
the fixed window scans is smaller compared to the one of the quasi-elastic spectra, since the
analysers corresponding to the two lowest wave vector transfers are slightly skewed out of the
backscattering condition. In such a way they deliver data that correspond to another energy
transfer as the intended one and are therefore omitted in case of the fixed window scans, while
for the full quasi-elastic spectra it leads to an manageable shift of the energy transfer scale.
For the representation of the data as a function of temperature, as shown in graph 6.4 in
section 6.1.2 the intensity is normalised and subsequently averaged over the whole for this
measurement mode available wave vector transfer range, which is 0.44 A=1t01.90 A", This
is exemplarily shown for the inelastic fixed window scan in figure A.1, where the graph in the
back panel shows the intensity of the 3D graph in the front, summed up over all Q and divided
by 16, i.e. the number of different Q-values.

A.1. Model fits to the inelastic fixed window scans

Though being a comparatively simple, but excellent tool to study the molecular dynamics over
a wide temperature range, the analysis of the received data from the fixed window scans is
more complex as it might appear on the first view or even in its description in the experimental
section (see page 31 ff.), where not every detail can be described.

In the most cases information are gained from the wave vector transfer dependence of the
intensity. Therefore, for these analyses the intensity is not averaged over Q, as it is done for
a first qualitative representation of the data, described above. An exception is the fit to the
inelastic fixed window scan curve of the low-temperature dynamics of the crystalline bulk
ionic liquid, where a Q-dependence of the width of the corresponding quasi-elastic spectrum
is neither expected [40], nor found here, as shown in section A.1.2 of this appendix.

A.1.1. Handling of the background of the data

Since the incorporation of the background intensity, present in the data, into the fit procedure
of the molecular dynamics would not only entail a more complex and therefore less stable
routine, but also possibly leads to wrong results. Hence, the background is determined as
follows for each Q-value separately before the fit to the data with the model describing the
molecular dynamics, and kept unaltered during the latter. First, the temperature dependence
of the background is appointed by the assumption that its intensity diminishes with rising
temperature according to the Debye-Waller factor. Assuming the applicability of its harmonic
approximation [173] a temperature-dependent Debye-Waller factor,

1Q,T)

= m with @ = const., (Al)
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is used for the description of the temperature dependence of the measurement signal in the
absence of any dynamics apart from lattice vibrations. Because its dependence on the wave
vector transfer Q will be already implicitly included in the later determined offset, this Debye-
Waller factor is split into two parts and only the one describing its temperature dependence,
exp(—a-T) (with a = const.), will be estimated here. This is done by a fit to the integrated
intensity of the elastic fixed window scan corresponding to the analysed inelastic one. To do
this, initially, a range in the elastic fixed window scan must be identified, where the reduction
of the measured intensity is only due the Debye-Waller factor and not cause of any dynamic
processes, like diffusion. The presence of such dynamics would lead to inelastically scattered
neutrons and thus to less elastically scattered ones, since the overall amount of neutrons is of
course conserved. The procedure is shown in figure A.2 at the example of the measurement at
MoC-21 filled with the ionic liquid. From the integrated inelastic fixed window scan a range
at low temperatures is chosen (see rectangle B in panel (b)), where no perturbing dynamics are
present, i.e. which is relatively far away from any rise of the inelastically scattered intensity
— at least with the considered energy transfer. Thereafter, the temperature dependence of the
Debye-Waller factor is determined through a fit with

e T = ﬂ with a = const., (A.2)

I(T =0K)

to the data of the over Q averaged elastic fixed window scan in the same temperature range
(see rectangle A in panel (a) of graph A.2). This temperature dependence is subsequently used
for the background of all curves of the respective sample, for all wave vector transfers Q.
Because the intensity of the inelastic fixed window scan is normalised on that of the elastic
fixed window scan the intensity prefactor co(Q) = 1(Q,T = 0K) for the background BG

BG =co(Q)-e T (A.3)

is determined for each of the 16 inelastic fixed window scan curves, corresponding to differ-
ent wave vector transfers Q from 0.44 A=! to 1.90 A~!, separately. This is done by fitting
equation A.3 with fixed constant a, as determined above, to the data of the inelastic fixed
window scan in the same temperature range, marked with the rectangle B in figure A.2 (b),
that was also used for the determination of the temperature dependence of the Debye-Waller
factor. The background in the inelastic fixed window scan data might amongst others originate
from remains of the resolution function, because the 2 peV energy channel lies relatively close
to the elastic line. Interestingly, the background offset c¢y(Q) shows also in the cases of the
carbon nanoconfinement clear indications of the structure factor of the ionic liquid.

For the wave-vector-independent fit to the data of the bulk ionic liquid inelastic fixed window
scan, the specification of the background is done fully analogous to above, with the difference
that here the fit is applied to the data that are averaged over the available Q range, since also
the subsequent fit of the dynamics is done in such a way.

A.1.2. Model fits of the localised dynamics of the bulk ionic liquid

In the next step a model describing the dynamics of the system under consideration is fitted
to the data. The dynamic structure factor for localised dynamics of the bulk ionic liquid, as
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Figure A.2.: Fixed window scans on MoC-21, filled with the IL: (a) Elastic fixed window
scan integrated over the available Q-range with fit of the temperature-dependent Debye-Waller
factor (see A). (b) Inelastic fixed window scan data at a wave vector transfer Q = 1.18A!
with fit composed of different contributions, as described in the text.

those of the methyl groups or possibly segmental rotations of the butyl group, reads

1 n@T)

Slocal(Q7T7w) A(Q)5(O))+(l A(Q)) ﬂylz(Q,T)"i‘(Oz ) (A4)
where A(Q) describes the elastic incoherent structure factor (EISF) of these localised motions
and is considered to be temperature-independent, here.[13] It should be pointed out that also
slow motions, which appear to be immobile within the resolution of the instrument, give rise
to an elastic contribution. The half width at half maximum 7; is the inverse of the relaxation
time of the considered dynamics and the latter is assumed to follow an Arrhenius temperature
dependence:

1

7 (T)

- - Eyocal
= Tlocal(T) = Too;local * €XP <;QOTCd> ) (A.5)
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with the universal gas constant R, the high-temperature limit T..joca1 Of the relaxation time
and the activation energy Ej:jocal Of these dynamics.[90, 111] The intensity measured in this
inelastic fixed window scan experiment is then given as

1 %local (Q7 T)

Q. T)=e"-|1(Q) (1-A(Q)) = ——
(Q ) e U(Q) ( (Q)) 7[1+Tl%)cal(QaT)'a)IzFWS

+co(Q)] (A.6)

since the delta part of equation A.4, related to the elastic scattering, is not registered by the
energy channels corresponding to wpws = £2peV /h. The given intensity factor Iy (and the
offset cg) also contains the additional intensity due to the convolution of the above scattering
law with the resolution function.[90] As already stated above, the relaxation time Tioca (7')
and consequently the half width is assumed to be wave vector transfer independent. This is
confirmed by fitting equation A.6 to the bulk ionic liquid inelastic fixed window scan data
for all available wave vector transfers Q in parallel with common parameters, only differing
in the background offset co(Q) and the intensity scaling factor Ip(Q) - (1 —A(Q)). The back-
ground offset and the exponential prefactor, describing the temperature dependence of the
Debye-Waller factor, were determined before this fit as described in the preceding section.
The result of the fit procedure with equation A.6 is shown in figure A.3 for various Q values.
A Q-dependent half width would entail a Q-dependent peak shift. However, such a shift is not
visible here, but instead the model function fits the data very well for all wave vector trans-
fers. Also fits with other models allowing the peak to shift with respect to the temperature
do not show a systematic wave vector transfer dependence of the related half width of the
quasi-elastic line broadening.

Therefore, the data can alternatively also analysed by averaging the intensity of this inelastic
fixed window scan over Q and fitting the model in equation A.6 to this single curve, hav-
ing now only a single intensity factor and background offset. The results of this method are
presented in figure 6.5 in section 6.1.3 and show only minor deviations concerning the nu-
merical results of the obtained activation energy Ej.jocal and the high-temperature limit of the
relaxation time Teo:jocal-

A.1.3. Model fits of the combination of various dynamics

In contrast to the bulk ionic liquid, where the localised and global dynamics are separated with
regard to the temperature range of the inelastic fixed window scan, there is a superposition
of both dynamics in the case of the confinement in the nanoporous carbon. Thus a model
describing localised dynamics, as well as such on a longer length scale, is needed. In principle
the same model is used, which is also applied to the full quasi-elastic spectra. This model
consists of two components.

The first one describes the localised dynamics, which are here, amongst others, attributed
to the dynamics of the methyl groups and is described by the same dynamic scattering law
as above (see equation A.4). Again the Arrhenius distribution from equation A.5 for the
temperature-dependent relaxation time Tjoca1(7') is used and thus also the corresponding half
width at half maximum I';(7) follows an Arrhenius temperature dependence through the
relation I'y (T') = i/ Tiocar (T).
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Figure A.3.: Result of the simultaneous fit with the model from equation A.6 to the data
of the inelastic fixed window scan on the bulk ionic liquid for eight representative wave
vector transfers Q of (a) 0.44 A~!, (b) 0.70A!, (¢) 0.95A!, (d) 1.18 A~!, (e) 1.39A 1,
() 1.57A1, (2) 1.72A " and (h) 1.90 A~
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The second component

1 (0.7
Sglobal(QvTaAE) = ﬂl—%(Qz,(TQH-)AEZ (A7)

is related to the diffusion process of the molecule as a whole. Here, in opposition to the fits to
the full quasi-elastic spectra, only one such component is considered. In principle, it would
be possible to include more than one of such components into the fit procedure. However,
since the information content is limited compared to the full spectra, an increasing number of
parameters would not only lead to a decreased stability of the fit procedure, but also reduce
the reliability of the gained outcome. Thus, the information about the mass diffusion of the
whole molecule obtained here, is considered as an average of the different diffusive processes
of this kind.

For the fit to the data the two components above are convoluted, scaled with an intensity factor
Ip(Q) and supplemented with the background, as determined in section A.1.1 above:

I(Q, T7 AE) = eia.T ' [IO(Q) ' {Sloca](Qa T7 AE) ®Sglobal(Q7 T7 AE)} +C0(Q)] : (A-8)

Because the inelastic fixed window scan data are merely acquired for an energy transfer of
AE = £2 eV, the obtained expression is evaluated for this energy value, only.
When doing a fit to the data, the number of data points determines the number of equations
to be solved in the corresponding system of equations. Since the size of such a system
limits the number of free variables that might be extracted from the data set (although the
actual number should be well below this value), the number of these free parameters must be
reduced. Therefore, certain assumptions are made:
The half width at half maximum I';(Q, T') is considered to follow the Singwi-Sj6lander jump-
diffusion model [253] )
Q) = 1~ Fpore hDQz ,
+DQ To

which has been found to hold for the bulk ionic liquid.[76] Additionally, Embs et al. [76]
observed an Arrhenius-like temperature dependence of the self-diffusion coefficient D in case
of the bulk liquid:

(A9)

E.
D(T) = D.. -exp (— aﬁ?”) . (A.10)

In addition, the results in this publication [76] also suggest a similar temperature dependence
for the corresponding residence time Ty

Ea;global
T0(T) = Too - €XP (RT) , (A.11)
which is used here as necessary assumption, to further reduce the number of free parameters.
The resulting model function for the intensity of the inelastic fixed window scan is now fitted
to the data for all available wave vector transfers Q in parallel, having common fit parameters,
except the intensity factor Ip(Q) and the EISF A(Q). The background offset co(Q) and the
exponential prefactor, describing the temperature dependence of the Debye-Waller factor, are
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determined before (see section A.1.1) and kept fixed during this fit procedure.

The resulting best fit to the data is shown for example for the ionic-liquid-filled MoC-21 at a
wave vector transfer of @ = 1.18 A~ in panel (b) of figure A.2. For a better understanding of
the fit the three terms obtained after performing the convolution in equation A.8 are shown in
equation A.12 below and delineated in the graph.

HQ.1.08) = T 1(0)-MO) 3 b
T Q) (-a@) L b

+e7T.¢o(Q) } (II) (A.12)

The term (I) expresses the intensity of the Lorentzian corresponding to the diffusion of the
cation as a whole, weighted with the EISF A(Q) of the localised component, and is drawn as
cyan dashed line. The green dashed line (term (II)) shows the convolution of the Lorentzians
corresponding to the two dynamics, resulting in a Lorentzian, whose width is the sum of those
of the individual ones. Each of the two graphs contains also the background term (III), which
is plotted additionally as dark blue dashed line into the graph.

Fit curves for further wave vector transfers Q together with the respective inelastic fixed
window scan measurement data of [BuPy][Tf,N] within the carbon nanopores of MoC-21 are
shown in figure 6.6 in section 6.1.3. Respective data for the cation dynamics of the ionic
liquid confined within SiC-2, i.e. the carbon sample with the smallest pores, are presented in
figure A.4. Figure A.5 shows the same kind of data for BC-no-9.

A.1.4. Intensity factor in the inelastic fixed window scan analysis

There is one important point that must be considered when analysing the inelastic fixed win-
dow scans as described above: The intensity at a fixed energy transfer is the only indicator
for the shape of the underlying quasi-elastic energy transfer spectrum. When this spectrum
broadens as a function of wave vector transfer Q, the intensity (i.e. the number of neutrons)
is distributed over a wider energy transfer range and thus the intensity measured at a specific
energy transfer value decreases. In that way, this intensity gives a direct measure for the width
of the spectrum, if the underlying physical processes and therefore the fundamental shape of
the curve are known. The application of suitable models that describe the Q and temperature
dependence of the energy transfer spectra thus allow to trace the peak shape and the related
model parameters back to the measured intensity. However, the crucial point is that the vari-
ance of the intensity as a function of Q is not only due to the dynamic processes of interest that
are described by the employed model, but also caused by other effects. As a consequence, an
intensity factor was chosen here that is individual, i.e. a free parameter, for each wave vector
transfer. This, however, might disturb the correlation between the measured intensity and the
Q-dependence of the peak shape as given by the applied model.

The analysis the Q-dependence of this intensity factor as obtained by the above model fits
reveals that its course can be described to a large extent with a Debye-Waller factor. Hence,
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Figure A.4.: Result of the fit of the model from section A.1.3 to the inelastic fixed window
scan data of [BuPy][Tf,;N] confined within SiC-2, for eight exemplary wave vector transfers
0: (a) 0.44 A~1, () 0.70 AL, (¢) 0.95 AL, (d) 1.18 A1, (e) 1.39 A1, (f) 1.57 A1,
(g)1.72 A~"and (h) 1.90 A,
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Figure A.5.: Result of the fit of the model from section A.1.3 to the inelastic fixed window
scan data of [BuPy][Tf,N] confined within BC-no-9, for eight exemplary wave vector trans-
fers 0: (a) 0.44 A1, (6) 0.70 A~1, (¢) 0.95 AL, (d) 1.18 A1, () 1.39 AL, (f) 1.57 A1,
(g)1.72 A~"and (h) 1.90 A~
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an alternative approach is to keep the intensity factor Q-independent and to model its wave
vector transfer dependence completely by a Debye-Waller factor. Due to the reduced num-
ber of parameters this gives the additional opportunity to also incorporate the offset and the
temperature dependence of the Debye-Waller factor within the fit procedure of the model.
Indeed, it was found that such an approach with an explicitly given Debye-Waller factor leads
in principle to comparable results with respect to the determined parameters. However, one
might question that this procedure leads to more reliable results in general. The reason is that
apart from the Debye-Waller factor, there are other parameters influencing the Q-dependence
of the intensity. For instance there can be multiple scattering effects [302, 303] (see also the
determination of mean square displacement from fixed window scans in section 6.1.1) or an
influence of the structure factor of the analysed sample. It seems that signs of the latter can
also be found in the above determined Q-dependent intensity factor. As a consequence of
these effects, again the measured intensity and the one prescribed by the applied model might
be wrongly correlated to a certain extent, leading to possible deviations in the determined
parameters of the system from the actual ones.

In summary, it appears admissible to treat the intensity factor as a free, wave vector transfer
dependent parameter, although it would be more favourable to predetermine it with a suitable
model, what, however, is challenging because of the interplay of several effects. Nevertheless,
it is essential to carefully examine whether the course of this intensity factor is physically
meaningful. Additionally, one has to keep in mind that both approaches have the potential
to distort the wave vector transfer dependence of the employed model, whose applicability
therefore has to be thoroughly reviewed.

A.2. Model fits to the bulk elastic fixed window scan

The elastic fixed window scan data of the bulk ionic liquid is analysed using a rotational
diffusion and a three-site jump model. These models describe the intensity of the elastic fixed
window scans as a function of temperature 7" and wave vector transfer Q as

Li(T,0) = 1o(Q) - e | f+(1—f)-

= (2k+1) ]

1‘69 + 6i;zl))h

in the case of the rotational diffusion model and as

1a(T, Q) = Ih(Q) - e 772",

f+(1—f)-{;<1+2jo (0nv3))
+ 2 (1o (Qrf»}ri%l L (A1

for the three-site jump model.[30, 230] Here, Ip(Q) is an intensity factor, the exponential term
a temperature-dependent Debye-Waller factor, f the fraction of immobile scatterers, j; are
spherical Bessel function of the first kind and I'ycs is the HWHM of the resolution function.
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The relaxation time 7'(7T') is assumed to possess an Arrhenius temperature dependence, ana-
logous to equation A.5. Contrary to the inelastic fixed window scans above, the Debye-Waller
factor is fitted directly with the rest of the model function to the data. The intensity factor
Ip(Q), which is chosen to be individual for each Q, is found to be practically 1 for all QOs, what
is expected due to the normalisation of the data.

Burankova et al. [30] use both models from above to analyse an elastic fixed window scan
of [BuPy][Tf,N] with deuterated pyridinium ring, which was acquired at a spectrometer with
a comparable energy resolution. They find that both models fit the data at least in a limited
temperature range before the melting of the liquid and ascribe the observed dynamics to the
motion of the methyl group, due to the fraction of mobile protons, found to be around one
third.[30] The radius rg of the motions is obtained to be 1.1 A for both models, while the
activation energy is 6.5 kJ/mol for the three-site jump model and 7.0 kJ/mol for the rotational
diffusion model.[30] The high-temperature limit of the relaxation time is however found to
deviate distinctly.[30]

The attempt to apply these models to the elastic fixed window scan of the fully protonated
[BuPy][Tf,N] obtained at IN16B in this work yields that only with the three-site jump rotation
model a description of the data is possible. However, depending on the wave vector transfer
Q the model fits the measurement data not nearly as well as the inelastic fixed window scans
above by the respective models. Figure A.6 shows a representative selection of measurement
curves and the respective result of the fit, where both — those that show a good agreement
between model and data and those that do not — are chosen. The fit procedure is carried out
simultaneously for all 16 Qs within a temperature range between 3 K and 246 K, while the
plot shows the whole temperature range before the melting of [BuPy][Tf,N]. The data points
that do not contribute to the fit are marked with a grey background. This analysis yields an
activation energy of 5.0 kJ/mol, a radius rg of 3.4 A and a fraction f of immobile scatterers of
0.5, in deviation from the results of the above cited reference [30]. The predominant reason
for the observed differences are ascribed to the fact that there a partially deuterated molecule
was investigated, while here all parts of the cation contribute to the incoherent scattering sig-
nal. That means, that apart from methyl group rotations and segmental rotations of the butyl
chain, also motions of the pyridinium ring might be observed. This would be an explanation
for the deviation of the above parameters, but would also make this model less applicable here.
This, together with the very well agreement of the model presented in section A.1.2 with the
respective bulk ionic liquid inelastic fixed window scan data, is one of the reasons, why the
latter model is used for the analysis of the temperature dependence of the localised dynamics
in bulk and in the case of the carbon nanoconfinement.
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Figure A.6.: Representative results of simultaneous fit to the elastic fixed window scan data
of bulk [BuPy][Tf,N] with the three-site jump model in the temperature range from 3 K to
246 K (data outside this range marked with grey background) for a wave vector transfer Q
of: (a) 0.57 A~1, (b) 0.70 A1, (¢) 0.95 A1, (d) 1.18 A1, (e) 1.28 A", (f) 1.57 A1,
(2) 1.72 A~'and (h) 1.90 A1,
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APPENDIX B

Data analysis program for quasi-elastic neutron scattering spectra

Only the basic data reduction of the quasi-elastic neutron scattering data was done using
existent software. For the FOCUS spectra data reduction the DAVE [7] software package was
used, while the data acquired with IN16B was reduced with LAMP [228], provided by the
Institut Laue-Langevin. For any further data analysis self-written programs were used — for
the analysis of the fixed window scans (see appendix A) and especially for the analysis of the
full quasi-elastic spectra. The program for the latter is described in the following.

The necessity for this program arose from the requirements for the data analysis, which were
not satisfied by the available software. There was the need to be able to fit flexibly chosen,
complex model functions to the data — if necessary in parallel to all spectra with different
wave vector transfers of a particular measurement. The latter enables the implementation of
models implying a certain wave vector dependence. Such models have the potential to render
the fits more stable by reducing the number of free parameters, however with the drawback
of anticipating a certain result with respect to the kind of molecular motions and are therefore
less universal. Another demand to the software was to be able to set individual start parameters
for each spectrum, which is surprisingly not possible with several available curve fit tools, like
some of the software packages mentioned above.

Data import and corrections

The program exists in different versions, optimised for the peculiarities of the respective
spectrometer. In the case of IN16B the data are imported from binary files that are in the
Hierarchical Data Format (HDF), in which they are exported from LAMP. For FOCUS the
data are imported in form of ASCII files.

After some elementary data integrity checks, certain corrections are necessary due to instru-
ment/data reduction software specific peculiarities, in order to ensure a faultless fit procedure.
The IN16B spectra delivered by LAMP contain numerous values, being exactly zero, as well
as their respective errors. The latter is problematic for the error weighting during the fit pro-
cedure. Thus, these error values are treated here in a way that they behave neutral related to
the error weighting. The FOCUS data, reduced with DAVE, can have the peculiarity that, if
the available energy transfer range for a certain wave vector transfer Q is not large enough,
the values outside this range are exported as constant negative values. It is apparent that these
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Appendix B. Data analysis program for quasi-elastic neutron scattering spectra

values must be excluded, when fitting the model to the data. Such a function is implemented
in the program.

Fit procedure

As already described in the requirements for the program, it is possible to freely define a
model function, which is fitted to the data. The corresponding parameters, which can be
limited to a certain range of values, can be individual for each spectrum (i.e. for each Q) or
common for all. This can be decided for each single parameter, independently. Before fitting
the model to the data, the respective function is numerically convoluted with the measured
resolution function. The energy range of the data and the resolution, that is considered for
the convolution and the fit, can be chosen, respectively. The fit procedure uses the Levenberg-
Marquardt algorithm with error weighting and can be performed as a simultaneous fit for all
spectra in parallel, or individually, depending whether the parameters are chosen wave-vector-
dependent or independent. Furthermore, there is the possibility to restrict the Q-range for
the fit. For the case, that an elastically scattering fraction of atoms needs to be incorporated
within the model, a delta function is approximated numerically. It is chosen to be a narrow
Gaussian function, because also the measured resolution functions are of Gaussian shape and
the convolution of two such functions delivers again a Gaussian function, such that the overall
shape of the resolution data is not altered. For the reason of numerical stability the width of
such a delta function needs a certain minimum width, but is chosen here to be as narrow as
possible to avoid an unnecessary broadening of the line width after the convolution. Note, that
the width of the Gaussian to approximate the delta peak is different for FOCUS and IN16B,
due to a different energy data spacing. One of the reasons to use such an approximation of the
delta function, instead of simply using the resolution data as they are, is to have the possibility
to smoothly shift the data with respect to the zero point regarding the energy transfer, during
the fit. A side effect is a slight smoothing of the resolution function.

Output of fit results

For a direct inspection, the results of the fit are displayed in a graphical interface. For each
spectrum the resulting best fitting function is plotted over the measurement data and is shown
in different representations together with the corresponding residuals. Additionally, all im-
portant parameters of the used model function are displayed as a function of wave vector
transfer.

All data are written into an HDF file. This includes not only the final fit parameters, but also
the corresponding function with the associated residuals, as well as the measurement data,
including the measured resolution function. Additionally, the energy range, over which the
fit is executed and the start parameters are stored within this file. The latter can be read into
the program again, if necessary. Furthermore, it is possible to load the results of a fit from
such a file, which causes them to be displayed, like they are directly after the fit. If the desired
tolerance was not reached within the preceding run, because it had stopped after the defined
maximum number of iterations, the fitting procedure can be continued from this point on,
now.
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APPENDIX C

Contribution of the carbon matrices to the elastic scattering in the
QENS data

The contribution of the carbon matrix to the elastic scattering fraction, drawn in panel (a) of
figure 6.4 in section 6.1.2 and figure 6.13 in section 6.2.4, is estimated from the comparison
of the elastic scattering intensity from an empty carbide-derived carbon matrix and one that is
filled with the ionic liquid. Both full energy transfer spectra were measured at 2 K, where all
neutrons are practically elastically scattered on the time scale of the used instrument. Since
this comparison is complicated by coherent scattering, especially from the empty porous
matrix, an additional comparison of the calculated scattering cross sections of both samples,
weighted with the respective particle numbers, is done. The latter calculations confirm the
value of the immobile fraction deduced from the measurement data. Note however, that
the value sketched in the above mentioned graphs is only an average value of the estimated
immobile fraction, which lies in the range between 0.1 and 0.2. The specific pore volume of
the here used carbon samples is smaller for such with the smaller pores, what entails a higher
carbon-to-ionic-liquid ratio. Consequently, the elastic scattering contribution from the carbon
matrix is expected to be higher for samples with smaller pores, which is for example the case
for the granular carbon SiC-2 in comparison with the other samples. However, it appears
that this affects the elastic scattering fraction less than the observed differences, as shown for
instance in figure 6.4. Furthermore, the remaining metal within the carbide-derived carbons
also contributes to the elastic scattering, such that there is no general scaling of the latter with
the porous carbon content of the ionic-liquid-filled samples.

The above mentioned coherent scattering, which leads to comparatively high intensities for
certain wave vector transfers Q, is also the reason, why it is not possible to simply subtract the
measured spectra of the empty matrices from those that are filled with the ionic liquid, since
this would lead to erroneous results, which include negative intensities.
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APPENDIX D

Temperature-dependent structure of the liquid crystal
2MBOCBC in AAO nanochannels of different widths

In section 11.2 neutron diffraction experiments on the liquid crystal 2MBOCBC confined in
the 42 nm channels of anodic aluminium oxide (AAO) membranes are described. It would be
desirable to perform these neutron diffraction experiments also for such AAO membranes with
other channel diameters, in order to investigate how the increasing nanoconfinement affects
the observed temperature-dependent structure. Unfortunately, the high number of equal mem-
branes needed for this kind of experiment and the limited access to these large scale facilities
due to high user demand leads to the fact that the following pore-size-dependent diffraction
experiments are limited to laboratory scale X-ray diffraction, as those already presented in
section 11.1 for the liquid crystal CE6. However, with these X-ray diffraction experiments
a full analysis of the structure as done above is not realisable. One of the reasons is that at
already relatively low layer tilt angles, a measurement in reflection geometry would not be
possible anymore due to the short X-ray wavelength, why the smectic layering Bragg peak
is at relatively low angles. Additionally, due to the lack of an area detector, the acquirement
of the necessary data comprising @-rocking scans at every 2@-position would be quite cum-
bersome. However, these X-ray diffraction experiments still give valuable insights into the
temperature-dependent evolution of the liquid crystalline structure in the nanoconfinement of
the AAO membranes, comparing different pore sizes, as will be seen in the following.

Figure D.1 shows the integrated intensity of the 001 smectic layering peak for the bulk state
of the liquid crystal 2MBOCBC on a silicon substrate, as well as in the confinement of AAO
nanopores with channel diameters of 42 nm, 30 nm and 20 nm. The AAO nanochannels used
here are coated with the polymer SE-130 (see section 10.3) in order to achieve a tangential
anchoring of the liquid crystal molecules at the pore walls. In panel (a) of figure D.1 the re-
spective data for the bulk liquid crystal on a silicon substrate, which was cleaned with piranha
solution [266] before the deposition of 2MBOCBC, are shown. On cooling from the isotropic
phase, smectic A* layers are being formed at around 333 K in a first-order phase transition,
thus giving rise to a sudden increase of the smectic layering diffraction peak intensity. At
around 315 K the transition to the smectic C* phase occurs, which manifests in a small down-
ward kink in the former almost constant intensity. After that point the integrated intensity
slightly rises again and saturates on a constant value on further cooling until at least 285 K.
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Figure D.1.: Integrated X-ray diffraction intensity of the smectic layering peak for (a) bulk
2MBOCBC on silicon substrate and confined in nanoporous AAO with (b) 42nm (A/
neutron diffraction data for comparison), (¢) 30 nm and (d) 20 nm channel diameter, each
surface-coated with SE-130. Blue/cyan and red/orange curves show cooling and heating
cycles, respectively.
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The integrated intensity of the smectic layering diffraction peak of 2MBOCBC confined in
the AAO nanochannels with 42 nm diameter in contrast has a different course in the same
temperature range. As it can be seen in figure D.1 (b), the X-ray scattering intensity be-
haves completely in the same way as the intensity of the neutron scattering experiment from
section 11.2. This demonstrates again the reproducibility of the measurements, especially
because here only an X-ray diffraction measurement at one arbitrarily chosen membrane from
the neutron diffraction experiment is shown. Interestingly, also the fact that the diffraction
intensity for the cooling cycle lies above the one measured during heating for temperatures
below the end of the hysteresis is reproduced. Note, that here in contrast to the neutron diffrac-
tion data in graph 11.6 (see section 11.2) and in analogy to the X-ray diffraction measurement
geometry, only the integrated neutron scattering intensity of the smectic layering peak for
o = (° is plotted, and not the one that is additionally integrated over the entire measured @-
range. That is why the intensity course in figure D.1 (b) behaves differently on the formation
of the chevron structure: Instead of a kink (see figure 11.6 (a)) it decreases continuously from
around 309.5 K on, until it saturates like the smectic layer tilt angle (see figure 11.6 (c)). This
is simply a consequence of the fact that as a result of the layer buckling the diffracted intensity
is now distributed over a larger @-range and therefore the one at @ = 0° is lowered, as it can
be seen in figure 11.4. Or in other words, upon chevron-like layer structure formation, there
are less smectic layer planes fulfilling the Bragg condition for @ = 0°, leading to a lower dif-
fraction intensity compared to the smectic A* phase. Accordingly, such a decrease in intensity
on cooling the confined 2MBOCBC down within the smectic C* phase might be interpreted
as a hint at the evolution of a chevron-like layer structure.

Indeed, also in the case of the 30 nm membrane in figure D.1 (c) and the 20 nm one in panel (d)
of the same graph, such a decrease in the integrated intensity of the smectic C* layering re-
lated diffraction signal is observed. However, with decreasing channel diameter this decline
becomes more smooth and possibly also shifts to lower temperatures. In the case of the smal-
lest pore diameter, 20 nm, there is only a small intensity decrease in the measured temperature
range, so that the situation is not completely clear. It should be also noted that for the 20 nm
and 30 nm membranes there are unfortunately not enough measurements on different samples
available to draw final conclusions.

It is also interesting to have a look on the temperature-dependent width of the smectic layering
Bragg peak. Figure D.2 shows the full width at half maximum (FWHM) of that peak in the
case of the confined 2MBOCBC within the 42 nm channels of the AAO membranes. From
the formation of smectic layers on cooling from the isotropic phase at around 332 K till the
formation of the chevron-like layer structure at around 309.5 K (see section 11.2) the FWHM
remains at a constant level. However, on further cooling it starts to rise steeply. Although in
general, it is not a sufficient criterion for the existence of a chevron-like structure formation,
in this case it can nevertheless serve as an indicator for this structural rearrangement.

Despite the fact that such molecular reorganisations likely entail also structural changes that
cause a peak broadening, the prevailing contribution can certainly be ascribed to the diver-
gence of the X-ray beam. As a consequence, also some tilted layers partially contribute to the
scattering signal, but at different diffraction angles and thus lead to a broadening of the Bragg
peak.

For the two membranes with the smaller nanochannel diameters the situation is — as already
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in the case of the above intensity considerations — ambiguous. In the high-temperature region
the FWHM is not constant as for the AAO membrane with the 42 nm channels. However, at
least for the 30 nm channels the width rises below 309 K and also for the 20 nm ones there
might be such a rise at even lower temperatures. Likewise the temperature dependence of
the smectic layering Bragg peak intensity, this course of the FWHM may suggest a possible
chevron-like layer formation also in these small channels, but possibly shifted to lower tem-
peratures. However, due to the quality and limited number of the measurements the situation
is not completely clear. Further experiments on such membranes with nanochannel diameters
smaller than 42 nm should be carried out in the future to resolve the molecular arrangement
of the liquid crystal molecules within these narrow pores — especially with respect to the
potential appearance of chevron-like tilted smectic layers.
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Figure D.2.: FWHM of the 001 smectic layering peak of 2MBOCBC confined in AAO mem-
branes with (a) 42 nm, (b) 30 nm and (c) 20 nm nanochannel width as a function of temperat-
ure, as measured by X-ray diffraction.
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