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Abstract

Water is one of the most common materials on Earth and in everyday life. However, with
its many anomalies which in many cases get further amplified when supercooled, it is still
poorly understood. A particularly interesting case is water under confinement. When
water is subject to spatial restrictions, it has been found that the structure of its network
is influenced and its equilibrium and dynamical properties vary. An interesting confining
matrix for water is found in the form of periodic mesoporous organosilicas (PMOs).
These materials enable mesoporous confinement in a broad range of pore diameters with
the possibility of tuning the pore wall-water interaction. This is achieved by organic
moieties in the pore wall, which can house additional functional groups. These groups
can for example have hydrophobic or hydrophilic properties. This thesis investigates the
structure of water and ice under confinement in a broad range of PMOs with different
pore diameters and pore wall functionalizations, by use of X-ray scattering. A strong
dependence of the structure of confined water on the pore functionalization, as well as the
pore diameter is found. Pores with smaller diameters and hydrophilic functionalizations
lead to a decrease in density when compared to bulk water. Furthermore, a stronger
tetrahedral water network is observed in these pores. At lower temperatures, an ice
structure with diffuse cubic-like, hexagonal and amorphous contributions is observed.
The hexagonal component also exhibits a shift in its lattice parameters when compared
to bulk hexagonal ice. In smaller, hydrophilic pores, the ice crystallites are furthermore
oriented in specific, preferred angles compared to the pore axis. It is also observed
that the PMO host materials undergo a deformation when water is being adsorbed.
Specifically, the periodicity of their organic moieties changes in dependence on their

interaction with water.






Zusammenfassung

Wasser ist eines der haufigsten Materialien auf der Erde, wie auch im taglichen Leben.
Mit seinen zahlreichen Anomalien, die sich in vielen Fallen bei Unterkiihlung noch
verstarken, gibt es jedoch noch einige Rétsel auf. Ein besonders interessanter Fall ist
Wasser in nanometergroflen Poren. Wenn es solchen raumlichen Beschrankungen unter-
worfen ist, wurde festgestellt, dass die Struktur des Wassernetzwerks beeinflusst wird und
sich seine Gleichgewichts- und dynamischen Eigenschaften verdndern. Eine interessante
Einschlussmatrix fiir Wasser sind periodische mesoporose Organosilikate (PMOs). Diese
Materialien bieten ein breites Spektrum von Porendurchmessern mit der Moglichkeit, die
Wechselwirkung zwischen Porenwand und Wasser zu steuern. Dies wird durch organ-
ische Bestandteile in der Porenwand erreicht, die zusétzliche funktionelle Gruppen en-
thalten konnen. Diese Gruppen haben zum Beispiel hydrophobe oder hydrophile Eigen-
schaften. In dieser Arbeit wird die Struktur von Wasser und Eis unter Einschluss in
einer breiten Auswahl von PMOs mit unterschiedlichen Porendurchmessern und Poren-
wandfunktionalisierungen mit Hilfe von Rontgenstreuung untersucht. Es zeigt sich eine
starke Abhéngigkeit der Struktur des eingeschlossenen Wassers von Porenfunktional-
isierung und -durchmesser. Poren mit kleineren Durchmessern und hydrophilen Funk-
tionalisierungen fiithren zu einer Verringerung der Dichte im Vergleich zur Bulk-Wasser.
AuBlerdem wird in diesen Poren ein starker ausgebildetes tetraedrisches Wassernetzwerk
beobachtet. Bei niedrigeren Temperaturen wird eine Eisstruktur mit diffusen kubischen,
hexagonalen und amorphen Anteilen beobachtet. Die hexagonale Komponente weist
auch eine Verschiebung ihrer Gitterkonstanten im Vergleich zu hexagonalem Bulk-Eis
auf. In kleineren, hydrophilen Poren sind die Eiskristallite auflerdem in bestimmten,
bevorzugten Winkeln relativ zur Porenachse ausgerichtet. Es wird auch beobachtet,
dass die PMO-Materialien selbst auch eine Verformung erfahren, wenn Wasser adsor-
biert wird. Insbesondere &ndert sich die Periodizitat ihrer organischen Bestandteile in

Abhéngigkeit von ihrer Wechselwirkung mit Wasser.
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1 Introduction

Water is one of the most common materials on Earth and is crucial for life.! 2 How-
ever, despite the long history of water research, its properties are still relatively poorly
understood with many behaviors and anomalies that are not expected in a simple lig-
uid.*® In most cases, these deviating behaviors are further amplified at supercooled
temperatures.* But also its solid form, ice, presents a rich field of study with around 20
crystalline and at least three amorphous phases.!0-13

A particularly interesting case is water under confinement. Confined water is quite
common on Earth, for example in sediments or even in the human body. When water is
subject to spatial restrictions, it has been found that the structure of its hydrogen-bond
network is influenced and its equilibrium and dynamical properties vary.'4 17 Examples of
confinement effects in water, specifically when confined in silica-based porous materials,

19-21

are a lower melting point'® and lower average density when compared to bulk water.

Furthermore, the structure of ice is also altered when subject to confinement.??23

Periodic mesoporous organosilicas (PMOs) are interesting as a confinement matrix
for water. These SiOo-based materials posses periodically arranged organic moieties in

24-31

the pore walls, which form a crystal-like wall structure. Furthermore, the organic

moieties can host functional components, which can influence the interaction between
the pore walls and the confined water.3? 3°
So far, the structure and dynamics of water in these systems has been studied by

means of spectroscopy®® or quasi-elastic neutron scattering (QENS).3435

Employing X-
ray scattering could give important information, especially about the structuring be-
havior of water in PMOs. In previous studies of water in confinement, spectroscopy
and X-ray scattering techniques have come to conflicting results.3” 3% While the former
suggests a less developed tetrahedral network in confined water 3637, the latter leads

to conclusions of a more tetrahedrally arranged structure,®3?

which is also in agree-
ment with simulation studies.'® 2! However, focused X-ray scattering studies of water

in PMOs with a broad selection of different pore diameters and organic moieties have
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1 Introduction

not yet been conducted. The same is true for the investigation of ice structures, forming
in these systems. This thesis aims to fill these gaps by using X-ray scattering on water
under confinement in a broad selection of PMO materials. Investigations regarding the
structure of liquid water and ice, the orientation of ice crystallites and the influence of
water adsorption on the PMO material itself will be presented.

The thesis is structured in the following way. Chapter 2 first gives an introduc-
tion into X-ray scattering and techniques based on it. The fundamental interactions
of X-rays with amorphous and crystalline materials are discussed, along with the more
sophisticated analysis method of X-ray cross-correlation analysis (XCCA). Then, some
background is given on the properties of water and ice. In the last section, periodic
mesoporous organosilicas (PMOs) are introduced and discussed as the host material for
water. Chapter 3 takes a closer look at the experimental methods including some brief
information on the PMO synthesis and descriptions of the three X-ray scattering exper-
iments at which the presented data were collected. The results of these experiments are
then discussed in the following chapters. In Chapter 4, the structure of liquid water un-
der confinement in PMOs is discussed. In the first section, a focus is set on the structure
factor of the confined water, especially its peak positions. Then the pair distribution
functions and running coordination numbers are investigated with a focus on their im-
plications for the tetrahedral structuring of water. The structure and orientation of ice
in PMOs is the topic of Chapter 5. First, the phases present in the pore, are analyzed
before the lattice constants of the hexagonal contribution are determined. As it was
found that deviations in the lattice constants do not always occur in all dimensions, the
orientation of ice crystallites are probed using XCCA. The effect on water adsorption on
the PMOs is investigated in Chapter 6. For this, the Bragg peaks associated with the
periodicity of the organic moieties of the PMO are analyzed in relation to the relative
humidity the material is exposed to. Finally, the results are summarized and put into a

broader context in Chapter 7.

16



2 Background

This chapter aims to give a brief introduction into the topics relevant to this thesis. These
are specifically the basics of X-ray scattering, the fundamental properties of water and
ice, including their peculiarities in confinement, and finally some background on Periodic
Mesoporous Organosilicas (PMOs) and their effect on water when confined in them.
On the topic of X-rays, the second edition of Elements of Modern X-ray Physics by
Jens Als-Nielsen and Des McMorrow (2011)%° serves as a resource, as well as one of the
main sources for section 2.1. A starting point for further reading on the science and
properties of water is the website Water Structure and Science, created and maintained
by Martin Chaplin.*! There, the current state of research of many aspects regarding
water is summarized and a large number of references are provided that can be used for

further research.

2.1 X-ray Scattering

X-rays are electromagnetic waves with typical wavelengths A of 0.1 to 100 A. As such,

they can be described in a simplified way by their electric field

E(r,t) = éEByexpli(k - T — wt)), (2.1)

where € is a unit vector describing the polarization of the electric field and k is its wave
vector with £ = 27 /X and é-k = 0. The latter relationship holds because of the transverse
nature of electromagnetic waves. Fyexp(i(k-r —wt)) describes the variation of the field
in space and time with Ey being its amplitude. When an X-ray wave interacts with an
atom, the electrons in the atom get excited by the X-ray beam and will then emit a
wave with the same wavelength as the incidence wave. While the wavelength stays the
same, a phase shift will occur between the incident and the emitted wave. When an
X-ray interacts with an atom set in the origin and another at location r, the phase shift

A¢ at position r can be described as

17



2 Background

Ag(r)=(k-k) - r=Q-r, (2.2)

where Q is called the scattering vector, k is the incident wave vector and k' the scattered
wave vector. This process, called elastic scattering, is visualized in Fig. 2.1. The quantity
that is studied in X-ray scattering experiments is the scattered intensity I, which can be
obtained from the number of counts per time recorded by a detector. It is proportional

to the modulus squared of the electric field radiated from the scattering object |E;aq|%.

Q=k'-k

Figure 2.1: A visualization of scattering of an incident wave with wave vector k at the
location r. The resulting wave has a wave vector k' with Q = k' — k,

2.1.1 Scattering from an amorphous material

When analyzing X-ray scattering data, one typically studies the intensity in relation to

the momentum transfer /(q), where ¢ is the absolute value of the scattering vector Q:

q=1Q| = 4Twsimé—g. (2.3)
While historically, it was only possible to record this one dimensional quantity, nowadays
two-dimensional detectors are available, which give access to many more aspects of the
scattered light, such as angular orientation of crystals (see Section 2.1.3). Examples for
2D scattering patterns are shown in Fig. 2.2. From the 2D patterns, I(q) is obtained by
azimuthally integrating the intensity over the detector image.

For materials with short-range order, such as glasses or liquids, the integrated inten-

18



2.1 X-ray Scattering
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Figure 2.2: X-ray scattering patterns of an amorphous, a crystalline and a crystalline
powder sample. A X-ray scattering pattern of polyimide, an amorphous
material. B Scattering pattern of a crystalline material, specifically ice 1
in a periodic mesoporous organosilica. C Scattering pattern of a crystalline
material as powder, in this case LaBg.

sity at a scattering vector I(q) that gets scattered from a material has two contributions,
namely the molecular form factor f(g) and the liquid structure factor S(q). Their rela-
tionship is given by

I(q) = S(q) - N|f(q)l, (2.4)

where N is the number of contributing scattering objects. S(q) can be described as

(/. 4_7TOO7"T— sin(gr)dr
_Nf(q)2_1+q A [p(r) = pa] sin(gr)dr, (2.5)

with p(r) describing the electron density at a given distance r from the origin and p,

S(q)

being the average electron density. Eq. 2.5 indicates that S(q) is described by a Fourier
transform. If the Fourier transform is reversed, one arrives at the radial distribution

function g(r):

o) =1+ 5oz [ alSt) - Wsin(aride, (2.6)

This real-space quantity describes the probability density of two scattering objects being

2721 p,

separated by a distance r. This means that peaks in g(r) correspond directly to the
presence of coordination shells in the material (see Fig. 2.3B and C). Examples for the
liquid structure factor and radial distribution function of water are shown in Fig. 2.3.

In Fig. 2.3B, one observes a clearly defined first neighbour shell at r ~ 2.8 A and less

19



2 Background

pronounced peaks corresponding to the second and third coordination shells in the radial

distribution function of bulk water.

2.0

A 3.01B —— Skinner et al. (2014)
1.5 1 2.5
5 <= 207
& 107 <

1.5
0.5 A 1.0
—— Pathak et al. (2019) 0.5 -

0.0 T T T T T T T T T

1.0 15 2.0 2.5 3.0 3.5 4.0 2 4 6 8

qlA=] r[A]

Figure 2.3: The liquid structure factor (A) and radial distribution function (B) of bulk
water with indicated first and second hydration shells (r; and r3). The
data was obtained from Pathak et al.#? (A) and Skinner et al** (B) A 2D
representation of the radial distribution function is shown in C.

2.1.2 X-ray scattering from a crystal

Let us now consider the case of a crystalline material. In a crystal, the X-rays emitted
by the electrons will interfere at specific incident angles due to the periodic arrangement

of the scattering objects. These angles can be determined by Bragg’s law.

nA = 2dsin 22—0, (2.7)

where n is the diffraction order and d is the spacing of the crystal lattice planes. This
means that the X-ray scattering pattern of a single crystal consists of clearly defined

spots at specific scattering angles, corresponding to the lattice planes at which the

20



2.1 X-ray Scattering

incident light was scattered. These are called Bragg reflections. This effect is visualized
in Fig. 2.2B, where single crystal Bragg reflections are visible as spots at larger q. The
pattern additionally shows an amorphous contribution from the silica, making up the
bulk of the PMO host material (see Section 2.3).

The conditions for Bragg scattering can also be tested in reciprocal space. To do
this, one overlays a sphere with its center in the origin and with radius &, the so-
called Ewald sphere, with the reciprocal crystal lattice. If the Ewald sphere intersects
with a reciprocal lattice point (hkl), this means that Bragg scattering occurs from the
corresponding lattice plane. A 2D visualization of Bragg scattering in reciprocal space

is shown in Fig. 2.4.

Figure 2.4: Visualization of Bragg scattering in reciprocal space. The Ewald sphere (vi-
olet) with radius k is overlayed over the reciprocal lattice (blue). Scattering
will occur at points which intersect with the sphere. Reused from Als-Nielsen

and McMorrow*? with permission from John Wiley & Sons.

In many experiments, crystals are studied in the form of powders instead of single
crystals. In these cases, the X-rays are scattered from many crystals with different
orientations with the effect that their spots combine to rings visible on the detector, the
so-called Debye-Scherrer rings. An example is shown in Fig. 2.2B, where rings from the

organic moieties in the PMO host material are visible at smaller ¢, and in Fig. 2.2C,

21



2 Background

where the pattern of LaBg powder is shown.

From the scattering angles at which spots or rings occur, one can draw direct conclu-
sions on the arrangements of atoms and therefore the lattice structure. In order to define
these structures, the lattice planes are described by Miller indices (hkl), which represent
vectors normal to the planes. If the general structure of the crystal and the Miller indices
of a specific peak are known, it is possible to calculate the lattice constants, i.e. the
vectors defining a crystal unit cell. For the example of a hexagonally arranged crystal,

such as hexagonal ice Iy, this relationship can be described by

¢ AR+ hE+E P

w3 2 t@ (2.8)

where a and c¢ are the two lattice constants of a hexagonal cell (cf. Fig. 2.5).

1.249 ©
o
=
1.0 1
0.8 A gg
s

(110)
(103)

Intensity [arb.u.]
o o
> o

0.2 1

0.0 .
b . 1.5 2.0 2.5 3.0 3.5
a q A1

Figure 2.5: A Sketch of a hexagonal cell with the lattice vectors a, b and ¢ marked in
red. Note that a and b have the same absolute value and only differ in their
directions. The (010) and (001) Miller planes are also indicated as examples.
B Azimuthally integrated X-ray scattering pattern of a hexagonal crystal,
in this case ice I;,. The peaks are labeled with their respective Miller indices

(hkl).

The width of a peak in the X-ray scattering signal is directly related to the size of the
crystallite L on which the beam was scattered. The relationship can be described by the
Scherrer equation:

K- A

L~ A(20) - cos§’ (29)

22



2.1 X-ray Scattering

with K being the Scherrer constant and A(26) the full width at half maximum of the
peak after taking into account instrument broadening. The equation implies that larger
crystallites lead to narrower peaks in the scattering signal. Note that K depends strongly
on factors such as the shape of the crystal and the orientation of scattering planes towards

the crystal.444°

2.1.3 X-ray Cross Correlation Analysis

It was mentioned in the previous section that the X-ray scattering pattern of crystalline
materials consists of discrete spots at certain azimuthal angles ¢ and scattering vectors
q. The latter serves hereby as a descriptor of the scattering plane while ¢ contains
information on the orientation of the plane. Therefore, the angle A = ¢o—¢1 between two
spots directly describes the angle between the two scattering planes.*547 By applying this
analysis, one can find preferred orientations of crystal structures in respect to themselves
or other structures by analyzing a large amount of patterns this way. This is achieved

by applying the correlation function

(I(q1, ®)I(q2, 0 + A))g
(I(q1,))(I(q2:9))e

A study of these functions is done in the framework of X-ray cross correlation analysis

(XCCA).46751 Fig. 2.6 shows an example of how XCCA can be applied. It was taken from
1'47

Clq1,q2,A) = (2.10)

a study by Mukharamova et al.*’, which investigates the orientation of nanocrystals in
respect to superlattices in which they are arranged. This is achieved by correlating the
Bragg reflections of the atomic lattices of the nanocrystals to those of the superlattices,
consisting of the nanocrystals.

Fig. 2.6(f-j) show the wide angle X-ray scattering (WAXS) patterns, relating to the
nanocrystals, as well as the small angle (SAXS) pattern, which belong to the superlat-
tices. Fig. 2.6(a-e) then show the correlation functions calculated from the patterns in
Fig. 2.6(f-j). One observes several peaks, which correspond to the angles between the
specified scattering planes of the nanocrystals and the superlattice. Real space visual-
izations are shown in Fig. 2.6(k-o). This study serves as an example how XCCA can
be used to relate orientation of structures on different lengthscales by correlating Bragg
reflections in the scattering pattern at different q. Note that XCCA is typically also ap-
plied at only one g-value (¢1 = ¢2), e.g. in the crystallography of colloidal systems. Such

systems posses poor crystalline qualities, which make it hard to deduce their structure
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from only their Bragg peaks.16:48,52

CCF(arb. u.)

180 -180

920

180 -180

Figure 2.6: (a-e) Cross correlation functions calculated from the patterns in (f-j). (f-j)
WAXS and SAXS (bottom right corner) patterns of nanocrystal superlat-
tices. (k-o0) Real space superlattice structures implied by (a-e). Figure
originally published by Mukharamova et al.*” in Small under CC-BY-NC-
ND 4.0 license.

2.2 Water and Ice

Water is one of the most common materials on Earth, covering the majority of our
planet’s surface in the form of oceans, lakes, rivers, glaciers, etc.! It is also a necessary
component for the emergence of life and makes up over two thirds of the mass of the
human body.?3 However, despite the long history of water research, its properties are
still relatively poorly understood with many behaviors and anomalies that would not be
expected in a simple liquid.*® A well-known example is the fact that water shows a den-
sity maximum at 4 °C, a temperature where it is present in its liquid state under ambient
pressure, or the fact that its solid form, ice, generally possesses a lower density than the
liquid.® More thermodynamic quantities where water shows anomalous behaviour, such
as the isothermal compressibility, the isobaric heat capacity or the thermal expansion

coefficient are shown in Fig. 2.7.# One observes that the deviation from how a simple

24



2.2 Water and Ice

liquid is expected to behave grows strongly in the case of supercooling, 7.e. when the
temperature is lower than T},.

The solid form of water, ice, is also a very peculiar material with about 20 crystalline

polymorphs'®1? and at least three amorphous forms known at time of writing.t%13
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Figure 2.7: The isothermal compressibility K1 (a), The isobaric heat capacity Cp (b)
and the thermal expansion coefficient ap (c), each plotted against temper-
ature, each shown for water (solid line) and a simple model liquid (dashed
line). Reproduced from Debenedetti and Stanley* with permission from the
American Institute of Physics.

2.2.1 Water Structure

Many of the properties and anomalies of water are related to its hydrogen bonding and by
extension its tetrahedral structuring behaviour.®°? It is therefore of interest to examine
the water molecule and its bonding in more detail.

A water molecule consists of an oxygen atom and two hydrogen atoms. The hydrogen
atoms bond to the oxygen in such a way that they enclose an angle of about 104.5°,545°
meaning that the molecule as a whole is asymmetric. This leads to an anisotropic
charge distribution with the side of the two hydrogen atoms being more positive and the
opposite side more negative (see Fig. 2.8A), making water a polar molecule.?® Two water
molecules can then bond by the electropositive side of one molecule being attracted by
the more electronegative side of the other. This is called hydrogen bond as the hydrogen
serves as a connection between the two molecules.®?

This way, each water molecule allows for four hydrogen bonds with neighbouring
molecules. Typically, these tend to arrange tetrahedrally with one molecule in the cen-
ter of the tetrahedron surrounded by its four hydrogen-bonded neighbours.*%8 Such
a tetrahedron is visualized in Fig. 2.8B. As water is a liquid and the molecules un-

dergo constant thermal perturbation, these tetrahedral structures are very short-lived,
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A B

e o

Figure 2.8: A Sketch of a water molecule, consisting of the oxygen atom (red) and the
two hydrogen atoms (white). The more electronegative and -positive regions
are marked in red and yellow, respectively. B Sketch of four tetrahedrally
arranged water molecules with their hydrogen bonds marked in yellow.

fluctuating in and out of existence on timescale of picoseconds.?®

When cooling down, the thermal fluctuations in the liquid reduce. As a consequence,
the tetrahedral structures become more long-lived.*?>” This can also be observed in the
radial distribution function of supercooled water, where more defined coordination shells
indicate a more structured, hydrogen-bonded network (see Fig. 2.9B). In the structure
factor S(q) of bulk water, this is reflected in a growth and spread of the two characteristic
peaks in the region between 1.5 and 3.5 Ail, as illustrated in Fig. 2.9A.42 Note that these
structural changes coincide with more strongly pronounced anomalies in supercooled
water (cf. Fig. 2.7).4%3 It has been argued that this is due to the structural fluctuations in
the H-bond network of water. Specifically, as the tetrahedrally arranged domains become
more long-lived at lower temperatures, so do the more dense and more distorted parts of
the network, allowing these domains to grow larger and more stable.’® This could even
imply the existence of a liquid-liquid critical point and therefore two distinct forms of
liquid water, i.e. low and high density liquid water (LDL and HDL, respectively).5:8:°3:60
This heterogeneity, which becomes more pronounced in supercooled water, is suspected

to be the cause of many of the anomalies of water and subject to current research.%%3
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Figure 2.9: Structure factor (A) and radial distribution function (B) of bulk water at
264 and 235 K. Data is obtained from Pathak et al.4?

2.2.2 Ice and Ice phases

Water has a very complex phase diagram, especially when one considers ice, its solid
form.'%'2 Ice has around 20 different crystalline polymorphs known to date, in which the
oxygen atoms are ordered. The hydrogen atoms may be ordered or not depending on the
polymorph in question.'? Additionally, water can also take amorphous solid forms called
amorphous ices. There are at least three different forms of amorphous ices, namely low,

11,13

high and very high density amorphous phases with a recent report proposing the

existence of a fourth form called medium-density amorphous ice.%!

The most common form of ice in everyday life is called ice I, as it was the first
one known to humans. When more and more phases of ice were discovered, forming at
different pressure and temperature regimes, these were numbered using Roman numerals,
leading to the naming of ice II, ice III etc.10:12:62,63

Ice T is subdivided into phases called hexagonal ice (ice I) and cubic or stacking
disordered ice (ice I. or Igyq). Ice Iy is the structure that ice takes when it crystallizes
at around 0 °C under atmospheric pressure and is therefore the most familiar one in
everyday life. The oxygen atoms in its first coordination shell are arranged tetrahedrally
and form six-membered rings on a larger range.%* Ice I, is generally very similar to ice
I, the difference is that the stacked crystal layers are shifted horizontally in ice I;,.64766
The X-ray scattering patterns of the ice I polymorphs are shown in Fig. 2.10A.

The ambiguity in the nomenclature of ices I. and Iyq comes from a shift in the naming

conventions. Previously, the phase was considered as cubic ice, first described by Hans
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Figure 2.10: X-ray scattering signals of ices Iy, (A), Iqq (B) and I. (C). The green dash-
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dotted line in A represents the peaks of I, the pink dashed lines in B and C
show the location of the peaks of I}, which have previously been indicated
in Fig. 2.5. A-C are adapted from Ladd-Parada, et al.'> D X-ray scattering
signals of low (blue), high (red) and very high density (green) amorphous
ices. Reused from Mariedahl et al.'!. Both originally published under CC-
BY 4.0 license.
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Koénig in 1943.57 However, more recent studies argue that this phase does not resemble
pure cubic ice, which has only been achieved recently in 2020.5% Instead, the structure
is made up of crystals with alternating hexagonal and cubic layers or domains.%® As the
ratio of cubic to hexagonal layers can vary, stacking disordered ice does not have one
characteristic diffraction pattern but can show different degrees of cubic and hexagonal
peaks with varying relative peak intensities.%> An example of an ice Iyq X-ray scattering
pattern is shown in Fig. 2.10B and Fig. 2.11 shows illustrations of the lattice plains of

ices Iy, I, and Iy.

A B

Figure 2.11: Sketches of the lattice planes of ices I}, (A), I. (B) and Iy (C). Hexago-
nal and cubic layers are indicated by H and C in the latter. These figures
were previously published by Malkin et al. in Physical Chemistry Chemi-
cal Physics® under CC-BY 3.0 license.
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The amorphous ices can be understood as glassy states of water, meaning that they
are a solid form of water but possess an amorphous structure.'%8 This means that sharp
peaks such as in Fig. 2.10A-C, cannot be observed in their XRD patterns as these stem
from long-range crystalline order. As shown in Fig. 2.10D, amorphous ices instead lead
to broader peaks that are related to short- to mid-range order, ¢.e. an order on a range
of only few atoms.!! As the names imply, the three (or four) forms of amorphous ice
represent amorphous forms with different densities. These amorphous ice form differ
in the structural arrangement of the water molecules. LDA possesses a tetrahedral
structure. In contrast to liquid water, the tetrahedrons exist stably and do not fluctuate
in and out of existence. HDA consists of tetrahedrons with an interstitial water molecule
inside the tetrahedron that is not hydrogen-bonded to the central molecule, while in

VHDA, two such interstitial molecules are present®®69.

2.2.3 Water and ice under confinement

When water is subject to spatial restrictions, the structure of its network is influenced
and its equilibrium and dynamical properties vary.'* 17 For example, the freezing and
melting point of water is lowered by confinement in pores of <100nm in dependence
of the pore diameter, i.e. water freezes at colder temperatures for smaller pore diame-
ters, 18,70-72

However, not only the pore diameter influences the properties of confined water but
also the interaction between the water and the pore. It has for example been established
that in a hydrophilic pore, the density of confined water is not homogeneous throughout
the pore cross section.!?20:73:7 Specifically, the two to three layers of water molecules
adjacent to the pore wall show a higher density than bulk water, while the density
of the next couple of layers towards the pore center is lower than bulk. Going further
towards the center of the pore, the density approaches the value of bulk water. However,
considering the entire pore cross section, the average density is in fact lower than bulk
water.20:2! This effect is highlighted in Fig. 2.12A, which shows the simulated density
profile of water in a MCM-41 nanopore, which is probably due to the hydrophilic pore
wall leading to the formation of a meniscus at the opening of the pore. This induces a
negative pressure on the confined water and thus decreases the density.?! Additionally,
in silica pores, oxygen from the water network might adsorb into the pore wall, resulting

in an overlap of water and the pore wall with no clear boundary between the two.!%21,73
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Figure 2.12: A The density profile of water in a MCM-41 nanopore at 298 K. The
top line shows the density of hydrogen atoms while the lower line shows
that of oxygen atoms. The figure was originally published by Alan K.
Soper in Chemical Physics Letters?’ under CC BY-NC-ND 3.0 license. B
Differential scanning calorimetry (DSC) measurements of D20 in MCM-41
materials with pore diameters between 4.5 (MCM18) and 2.5 nm (MCM10).
Previously published by Jahnert et al.'® in Physical Chemistry Chemical
Physics and reused with permission from The Royal Society of Chemistry.
C Nanoconfined ice with different stacking configurations of cubic (red)
and hexagonal (green) domains (I-III). IV additionally shows interfacial ice
(blue) and non-freezing liquid water (grey). Previously published by Moore
et al.?? in Physical Chemistry Chemical Physics and reused with permission
from The Royal Society of Chemistry.
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Studies considering the molecular structuring of water under nanoscale confinement
have previously been conducted, using methods such as X-ray and neutron scatter-

38,3975 as well as Raman spectroscopy%37. There are also a number of simulation

ing
studies on the topic!®2!. However, authors employing different methods arrive at vary-
ing conclusions, in particular in regards to the effect of confinement on the amount of
tetrahedral structuring. Crupi et al.>” and Malfait et al.3®, for example, found a de-
crease in strongly hydrogen-bonded, tetrahedral structures in the confined water, while
previous studies using scattering techniques observed an increase of these structures3®3.
Simulation studies, for example by Soper et al.?%?! also found an increase of tetrahedrally
structured water under confinement.

Considering ice in confinement, spatial restrictions and interface interactions also
strongly influence the formation and structure of ice. Generally, the spatial restric-
tions lead to a lower freezing temperature when compared to bulk ice.'® This is shown
in Fig. 2.12B with differential scanning calorimetry (DSC) measurements for D2O in
MCM-41 materials with different pore diameters. The freezing temperatures can be as-
sessed by the poition of the peaks in the DSC data. With decreasing pore size, freezing
occurs at lower temperatures until the material with the smallest pores, MCM10, does
not show any visible freezing peak. Another property of ice in confinement is the pres-
ence of a non-freezing layer of liquid water between the pore wall and the crystalline ice,
which has been consistently observed in ice in nanopores.”%76-78

While the default ice phase in bulk ice under atmospheric conditions is ice Iy, nanocon-
fined ice tends to form stacking disordered ice Igq. As explained in section 2.2.2,
this phase consists of alternating cubic and hexagonal layers or domains.%® Fig. 2.12C
shows different ways how these layers could arrange when confined in a nanopore with
Fig. 2.12C IV also showing the previously mentioned non-freezing water.?? 72

The thickness of this non-freezing layer can be put into relation with the melting
temperature of ice in confinement 7y, to the pore radius R and the thickness of the

3

non-freezing water layer D via a modified Gibbs-Thompson equation?? as

Kgr
Ty = TOUK _ ——
where Kqr = 53 + 1 Knm is the Gibbs-Thompson coefficient and T2"* = 273.15K the

melting temperature of bulk water.

(2.11)
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2.3 Periodic Mesoporous Organosilicas

In order to investigate the influence of different parameters on the structure of confined
water and ice, its structure in materials with varying pore diameter and pore wall chem-
istry is analyzed. This can be achieved by the use of periodic mesoporous organosilicas.
These are a class of hybrid material consisting of SiO9 with periodically arranged organic

24-31 The organic moieties

moieties in the pore walls, forming a crystal-like wall structure.
can furthermore contain functional components of various kinds, which can influence the
interaction between the pore walls and the confined material.?>3* PMOs provide a high
stability due to the inorganic part and at the same time a wide variety of possible func-
tionalities in the organic bridging unit and can therefore be tuned to various intended

8182 or light harvesting.83%°

applications, such as catalysis,” 8% drug delivery

In this thesis, a notation is used that identifies the various PMOs by their precursor
followed by their pore diameter in brackets. For example, BTEB(3.8) denotes a PMO
based on a 1,4-bis(triethoxysilyl)benzene (BTEB) precursor with a pore diameter of
3.8nm. For the chemical structures and full designations of the precursors, please refer to
Fig. 3.1 in the following chapter. Note that in previous publications, different notations

were used, e.g. B instead of BTEB or DVA instead of BTEVA 31,3435

2.3.1 Structure and properties

Fig. 2.13A shows an illustration of a PMO material. One observes the periodic, hexag-

onal arrangements of the pores, which lie parallel to each other.2431:32

The organic
moieties in the pore wall are represented by light blue ellipsoids. Their arrangement
leads to a structure in the pore wall, that alternates between silanol and the functional
group of the PMO in question?* (see Fig. 2.13B and C).

Especially Fig. 2.13B shows how the pore wall functionalization in PMOs does not lead
to a uniformly altered interaction with the water. Instead, it is localized at the functional
groups. In this example, the areas of the hydrophobic benzene groups show less interac-
tion with the water than the hydrophilic silanol groups. In contrast, Fig. 2.13C shows a
hydrophilically functionalized BTEVA-PMO, where the pore wall-water the interaction
looks more uniform.

It is to note that the estimation of hydrophilicity or hydrophobicity is not trivial due
the alternating nature of the functionalization and the curvature of the pore wall. A

number of techniques exist that partially give different results for the same materials.3688
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Figure 2.13: A Sketch of a hexagonally ordered PMO material. The organic moieties
are symbolized by the light blue ellipsoids. B Sketch of a PMO pore from
the BTEB precursor. C Sketch of a pore from the BTEVA precursor. For
an explanation of the PMO precursors and their nomenclature, Section 3.1.
B and C are reused with permission from Wiley and Sons.>?
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2.3 Periodic Mesoporous Organosilicas

A more detailed discussion of the estimation of hydrophilicity for samples mentioned in
this thesis is given in Sec. 3.1.1.

The periodic arrangements of the organic moieties in the pore wall is reflected in a
distinct X-ray scattering signal of PMOs. Figures 2.14B and C show the small and wide
angle scattering signals of BTEVA(3.8). The peaks that are found in the small angle
regime can mainly be attributed to the reflections from the ordering of the pores, i.e.
(hk0), while those in the wide angle regime stem from the periodicity of the organic
moieties inside the pores i.e. (00/). Note that the angle at the highest ¢ (=~ 0.53 Ail) in
Fig. 2.14B is the same as the peak at the lowest ¢ in Fig. 2.14C, signifying the overlap

of the two regimes.
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Figure 2.14: A Sketch of a PMO material with indicated Miller indices of the PMO scat-
tering directions. B and C show the small and wide angle X-ray scattering
signals of BTEVA(3.8), respectively. The Miller indices of the various peaks
are indicated. All peaks in C refer to (00l) peaks. Here, only the first two
are indicated. Note that B is plotted with a logarithmic scale for the in-
tensity, while that in C is linear.

2.3.2 Water in PMOQOs

Due to the altered interaction with the pore wall, the behaviour of water in PMOs has
been of great interest with a number of studies having been conducted on the topic in
recent years.>? 20 It has generally been established that not only the pore diameter but
also the pore wall functionalization contributes to confinement effects of water and that
these differ from pure silica materials with comparable pore sizes.?13?

For example, the dynamics of water close to the pore wall are drastically slowed down

in hydrophilically funtionalized pores compared to hydrophobic ones.>* This is illus-
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trated in Fig. 2.15, which shows the diffusion coefficient and resident time of interfacial
water in different PMOs, as well as MCM-41, extracted from quasi elastic neutron scat-

tering (QENS) measurements by Jani et al.>* In Fig. 2.15a, one observes a diffusion
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Figure 2.15: Diffusion coefficient (a) and residence times (b) of interfacial pore water
in DVB-PMO, DVA-PMO and MCM-41. Reused from Jani et al3* with
permission from the American Institute of Physics.

coefficient that is lower than that of bulk water for all porous media studied, i.e. MCM-
41, a hydrophobic DVB-PMO and a more hydrophilic DVA-PMO. Note that DVB and
DVA correspond to BTEVB and BTEVA in the notation of this thesis, respectively.
Between these, the hydrophobic PMO shows more bulk-like behaviour while the hy-
drophilic MCM-41 and DVA-PMO show lower diffusion coefficients. Fig. 2.15b shows
the residence times of interfacial water molecules in the previously mentioned materials.
Here, the difference to bulk water becomes even more pronounced. The plot also shows
the residence times of water in a completely filled pore, which lie between bulk and in-
terfacial water. It can therefore be concluded that the dynamics in interfacial, confined
water are considerably slowed down in comparison to bulk water.3*

Furthermore, it was shown that liquid water still present even at temperatures much
lower than the freezing temperature.?® This can be explained by the presence of a
non-freezable water layer, which is known to exist in non-functionalized water-filled

22,7289 Fig. 2.16A shows results of a dielectric relaxation spectroscopy study by

pores.
Malfait et al.?>, where water in various PMOs was studied below the freezing tempera-
ture. Three distinct processes were observed. First, there is the Maxwell-Wagner-Sillars
process, which is connected to the heterogeneity of the host medium.?> The two other

processes are those of ice and the interfacial water in the pore. The presence of the
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latter indicates the existence of interfacial water in PMOs, which is also illustrated in
Fig. 2.16B.
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Figure 2.16: A Temperature dependence of relaxation times of the Maxwell-Wagner-
Sillars (MWS), ice and interfacial processes of water confined into the five
matrices: MCM-41, DVA, B, BP and DVB with 75 % pore filling. B Illus-
tration of ice and interfacial water in a PMO. Adapted from Malfait et al.?®
with permission from the American Chemical Society.

Another study by Malfait et al.>0 found that water in PMOs has a less pronounced
tetrahedral structure compared to bulk water, at least in PMOs, which is functionalized
with benzene. Fig. 2.17A shows Raman spectra of water confined in MCM-41. The three
contributions, tetrahedral, distorted and free water, are indicated and their contributions
plotted in Fig. 2.17B. Here, the tetrahedral contribution is lower than in the spectrum
of bulk water, while the free and distorted contributions are lower. Fig. 2.17C-F then
compare the spectrum of MCM-41 with that of a B-PMO (BTEB in this thesis, see
Sec. 2.3). It is found that the interpolated water signal in the B-PMO is more or less
similar to that in MCM-41. From that it is concluded that the tetrahedral contribution
in BTEB should also be lower compared to bulk water. However, only water in B-PMO
was investigated in this study, therefore the amount of tetrahedral structuring in other
PMOs can not be inferred from these results. Furthermore, the relevant section of the

Raman spectrum is overlayed by peaks from the PMO material, making the interpolation
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of the water signal non-trivial.

The freezing and melting points of water are also interesting quantities to study in
confinement. It has generally been established that confinement leads to lower freezing
and melting points when compared to bulk water (see Section 2.2.3). Fig. 2.18 shows
the freezing and melting points for water confined in MCM-41 (Fig. 2.18A), B- and
BP-PMOs (Fig. 2.18B), as well as DVB- and DVA-PMOs (Fig. 2.18C), determined by
Mietner3! using DSC. One observes a dependence on the pore diameter in each of the
materials. However, this dependence is also strongly related to the material with MCM-
41 showing the strongest dependence on pore diameter.

This thesis aims to add to the knowledge about water in PMOs using of X-ray scat-
tering methods. Specifically, the structure of liquid water and ice confined in PMOs
with different functionalizations and pore diameters will be investigated. This is of par-
ticular interest, considering the conflicting conclusions from the the results presented
in Fig. 2.17 and those discussed in Section 2.2.3. In the latter, a more tetrahedrally
structured network has been suggested for water in pure silica nanopores using simula-
tion and scattering methods?%21:3% In contrast, the results of Malfait et al.® hint at
less tetrahedral water in PMOs and are therefore in agreement with other spectroscopy
studies on pure silica materials.?” This thesis aims to contribute to this discussion with
large scale X-ray scattering studies on the structure of water and ice under confinement
in a broad selection of PMOs.

The precise procedures and experiments, as well as the list and properties of the used

PMOs, are discussed in the following chapter.
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Figure 2.17: Results of Raman spectroscopy on water in a B-PMO, conducted by Mal-
fait et al® (a) Spectra for temperatures between +20 and —40°C. The
tetrahedral, distorted and free water contributions are indicated. (b) Con-
tributions of tetrahedral, distorted and free water to the Raman spectrum
of the confined water, as well as bulk water. Reused with permission from
the American Chemical Society.
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Figure 2.18: Freezing and melting temperatures for water confined in MCM-41 (A), B-
and BP-PMOs (B), as well as DVB- and DVA-PMOs (C) with different pore
diameters (”Porendurchmesser”) from Differential Scanning Calorimetry
(DSC). For each material, both the temperatures determined from the onset
(freezing: T ,, melting: T,,) and the maximum (T, Tsm) of the DSC
peak are plotted. Adapted from the dissertation of J. B. Mietner "Zu Gast
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3 Experimental Work

In the course of this work, three main X-ray scattering experiments were conducted,
which will be referenced throughout the rest of the manuscript. They were performed at
the P02.1, P03 and P21.1 beamlines of the PETRA III facility at Deutsches Elektronen-
Synchrotron DESY in Hamburg, Germany. In the first experiment, powder X-ray scat-
tering was conducted on water and ice in PMOs. The aim of the second one was to assess
orientations of ice crystals in PMOs using X-ray Cross Correlation Analysis (XCCA) and
the last was an in-situ study of the water-filling process of the PMO materials. In this
chapter, the synthesis and properties of the PMOs used, as well as each of the experi-

ments will be described in further detail.

3.1 Porous materials

Table 3.1 shows a list of the porous materials used in the studies to be discussed. The
samples represent a selection of various pore diameters between 4.9 and 3.4nm. The
nitrogen and water vapor adsorption isotherms, as well as the pore size distributions
and the chemical structures of the respective precursors of the materials are shown in
Fig. 3.1. The materials were provided by the Institute of Inorganic and Applied Chem-
istry at the University of Hamburg (AG Froba). Therefore, please refer to previously
published articles for a more detailed description of the process.?’?? To briefly sum-
marize, the synthesis of the BTEVB,3193 BTEVA3! and BTEVFB?*% precursors and
their reaction to the corresponding PMOs were carried out according to the synthesis in-
structions given in literature. The synthesis of the BTEVP precursor is a modified form
of literature synthesis.?® Deviating from the general three-step synthesis in the second
step, the preparation of 2,5-diethynylpyridine, was carried out in a modified way.?* The
charge in BTEVP+ samples was introduced afterwards using a postsynthetic pathway,
where it was exposed to iodomethane over two days.

In the experiments explained in Sections 3.2 and 3.3, the water was adsorbed into the
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Precursor dp Vb9 dorg p—po> Exp.
onset
jomn] | o] | [om)
B MCM41(3.9) MCM-41 3.9403 | 085 - 052 |1
+ BTEB(3.8) BTEB 3.84+1.1 1.26 0.76 - 1,3
BTEVB(3.8) BTEVB 3.8+£0.7 0.54 1.19 0.75 1,2
® BTEVFB(4.9) BTEVFB 4.9+1.4 0.83 1.20 - 1
» BTEVFB(4.4) BTEVFEFB 4.4+0.7 1.04 1.20 0.88 1
® BTEVFB(3.8) BTEVFEFB 3.8+0.4 0.61 1.18 - 2,3
A BTEVA(4.4) BTEVA 4.3+£0.3 0.83 1.18 - 1,3
< BTEVA(3.8) BTEVA 3.8+£0.4 0.67 1.18 0.67 1,2,3%
¢ BTEVA(3.4) BTEVA 3.4+0.4 0.64 1.18 - 1
® BTEVP(4.4) BTEVP 4.4 - - - 3
BTEVP(3.8) BTEVP 3.8+0.7 0.87 1.19 - 2
% BTEVP(3.5) BTEVP 3.51+0.8 0.63 1.19 0.56 1,3
BTEVP+(3.5) BTEVP+ | 3.5£0.5 | 047 | 118 ; 2
® BTEVP+(3.4) BTEVP+ | 3.4+0.6 | 0.60 | 118 ; 1
BTEVCI(S.S) BTEVCI 3.840.8 0.93 1.19 - 2
* BTEV[B:FB]|(3.8) | BTEV[B:FB] | 3.8 ; ; : 3

Table 3.1: List of porous materials used in the experiment. Shown are the precursors
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used for the PMO synthesis, the pore diameter dp (where the uncertainty is
given by the half width at half maximum of the pore size distribution), the
pore volume at 90 % relative pressure Vp .9, the organic unit periodicity dor,,

the onset of the water adsorption isotherm <£> and the experiment in

PO / onset

which the sample was used (1 = P02.1, 2 = P03). * Two different batches
of BTEVA(3.8) were used in the Exp. 1 and Experiments 2 and 3 but their
properties did not show any notable differences.
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Figure 3.1: Nitrogen (A, left) and water vapor (B) sorption isotherms, pore size distri-
butions (A, right) and chemical structures of the precursors (C) of porous

materials used.
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pores by use of a humidity chamber. This way, a complete filling of the pores could be

achieved.

3.1.1 Hydrophilicity assessment

Information on hydrophilicity can be obtained from water vapor sorption isotherms using
the onset before the capillary condensation step, as well as the slope of the isotherm in
the region of p/py < 0.5. Since the relative pressure region of the onset is determined
not only by the chemistry of the material surface but also by the pore radius, materials
with similar pore diameters should be compared for the determination of hydrophilicity
(see Fig. 3.1B). For materials with the same pore diameter, more hydrophilic materials
take more water at lower relative pressures, so capillary condensation occurs at lower
relative pressures than for more hydrophobic materials!.

In the relative pressure range p/pg < 0.5, the pure silica MCM-41(3.9) has the steep-
est slope. The onset of pore condensation of MCM-41(3.9) has the smallest value.
BTEVFB(4.4) has by far the lowest slope and the highest onset position of the cap-
illary condensation, indicating a comparatively higher hydrophobicity. In addition, it
does not reach a plateau level after condensation, thus the pores are not completely filled
even at higher relative pressures. BTEVA(3.8) and BTEVP(3.5) are found between the
samples mentioned above. While both have a similar slope, BTEVP(3.5) has a lower
onset position with p/py = 0.56 than the BTEVA(3.8) with p/py = 0.67. As with the
divinylbenzene bridged BTEVB-PMOs, no plateau of the condensation step is achieved
even at higher relative pressures. Since this material has the lowest slope and water
density on the surface, it can be classified as the most hydrophobic among the presented
materials. From the water vapor sorption analysis, the following series can be estab-

lished, in which the hydrophilicity increases from left to right:

BTEVFB < BTEVB < BTEVA < BTEVP < MCM-41

3.2 Powder X-ray scattering on water-filled PMOs

The first experiment was conducted in May 2021 at the P02.1 beamline at DESY.?> The
beamtime was awarded for proposal 1-20200440. Its goal was to obtain structural data on
water and ice in PMOs using powder X-ray scattering. A visualization of the beamline

endstation is shown in Fig. 3.2. The experiment was performed with a beam diameter
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3.2 Powder X-ray scattering on water-filled PMQOs

of approximately 1 mm and at an energy of 60 keV. The powder samples were filled into
glass capillaries with a diameter of 1.5mm and a wall thickness of 10 pm (Hilgenberg
GmbH). 30 scattering patterns were taken at each temperature for temperatures between
290 and 150 K with an exposure time of 1s each. These were then added up to increase
the overall signal intensity. At each temperature, the sample was given 15min time

to equilibrate. The cooling was controlled by a nitrogen cryostream surrounding the

diffractometer

high resolution
detector

optical

area detector elements

area detector

€ sample ' optics
translations environment sugport
support

Figure 3.2: A visualization of the endstation of the P02.1 beamline. The X-ray beam is
coming from the right-hand side in this image. The figure was created by
Dippel et al. and was previously published in the Journal of Synchrotron
Radiation under CC-BY 2.0 license.®

sample capillary. During cooling, the samples were rotated in order to increase the
powder averaging and avoid the formation of bulk ice outside the capillary. The error of
the temperature was estimated conservatively at 5 K, which is implied in all temperature
data. The temperature of the crysostream was pre-calibrated before the measurement.
Scattering patterns were recorded using a Perkin Elmer XRD1621 CN3 detector placed
750 mm downstream from the sample. LaBg was used as a calibration sample for the

measurements. The results of this experiment are mainly discussed in chapters 4 and 5.
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3.3 Nanofocused X-ray scattering on water-filled PMOs

The second experiment was performed at the nanofocus endstation of the P03 beamline
at DESY.?697 The proposal for which the beamtime was awarded is 1-20220503. The
setup and general procedure of the experiment were similar to the one at P02.1. However,
here, the beamsize was approximately 250 nm x 350 nm with a beam energy of 17.5keV.
The cooling of the sample was again achieved by the use of a nitrogen cryostream.
Contrary to the experiment at P02.1, the cooling here was not done in steps but a
temperature ramp was applied until 150 K were reached. 105 X-ray scattering patterns
were recorded at 150K in a pattern of five rows made up of 21 spots. This way, no spot
was measured twice in a given sample. The images were acquired by an Eiger X 9M

detector. The results of this experiments are presented in chapter 5.

3.4 In-situ X-ray scattering on PMOs during water adsorption

The goal of the third experiment was to observe the PMO material in-situ during water
adsorption. In order to achieve this, the sample was filled into an open sample holder,
which is placed in an airtight chamber.?>?® A sketch of this chamber is visualized in Fig.
3.3B. A humidifier was connected to the chamber in order to control the humidity inside
it. X-ray scattering signals were then taken while the humidity inside the chamber was
raised in a stepwise manner. This experiment was conducted at the P21.1 beamline with
a beam energy of 60 keV and a Pilatus3 X CdTe 2M detector for recording the scattering
patterns. Beamtime was awarded from proposal 1-20220497. An alternative technique
for water adsorption is the incipient wetness (IW) technique, in which water is directly
allocated to the sample with a syringe. The syringe is included in Fig. 3.3B but was not

used in the experiment. The results of this study are presented in chapter 6.
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3.4 In-situ X-ray scattering on PMOs during water adsorption

Syringe pump for IW

X-ray beam
| —
Water vapor
—_—
) y —x
—
Vacuum
Sample
. Top down
Front
ront view e holder

Figure 3.3: A A picture of the P21.1 endstation. The image was taken from the website
of the beamline.”” B A sketch of the chamber used for the in-situ study of
PMOs being filled with water in front (left) and top-down view (right). The
direction of the X-ray is downward in the right picture. The syringe pump
for the incipient wetness (IW) technique was not used in the experiment.
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4 Structure of Liquid Water in PMOs

This chapter discusses the structure of liquid water when confined in PMOs obtained
by X-ray scattering. The measurements discussed in this chapter were conducted in
the experiment explained in Section 3.2. This chapter is based on research that was
previously published under CC-BY 4.0 license in The Journal of Physical Chemistry
91

4.1 Extraction of the water signal

The first step in the analysis of the acquired data is the extraction of the water signal
from the filled and empty PMO signals. The water was adsorbed into the PMOs by
means of a humidity chamber where the humidity was gradually increased, thereby
achieving a complete filling of the pores. As both the water-filled and empty PMOs
were investigated, the water signal could be isolated by subtracting the signal of the
empty PMO from the filled one. However, the peaks from the PMO material change
upon the adsorption of water, leading to artifacts when simply subtracting the two signals
from each other. Specifically, changes in the intensity, as well as the peak position are
observed. The former can be explained by a change in contrast between the pore material
and its content when water is adsorbed, while the latter could be due to strain on the
material. A further discussion of this phenomenon in presented in Chapter 6. To mitigate
this effect, the PMO peaks were removed and interpolated before the subtraction. The
difference between the subtraction with and without removing the PMO peaks is shown
in Fig. 4.1A. Here, the solid lines show the signals with the peaks removed, while the
more transparent lines show the signals with the peaks present. Remaining artifacts are
visible in the water signal, plotted in blue. Fig. 4.1B shows the signals with PMO peaks
removed and with the limits of the y-axis chosen, such that features of the water signal
are visible. A typical shape for an X-ray scattering signal of water is visible, with its

two characteristic broad peaks.42:100,101
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4 Structure of Liquid Water in PMOs
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Figure 4.1: A The X-ray scattering signals of the empty (red) and filled (black) PMO
materials, as well as the resulting water signal (blue). Each is shown with
(solid line) and without (transparent line) peak removal. B The filled PMO,
empty PMO and resulting water signals plotted on a smaller intensity range
and the relevant g-range to highlight the features of the water signal.

Note that the result of this subtraction not only contains water-internal interactions
but also those of water molecules with the pore wall, which contribute for example to

3875 This issue is further discussed later

the pair distribution functions and thus the 1(q)
on in Sections 4.3 and 4.4. Because the electron density of the water molecule is mostly
located at the oxygen atom, this is the dominant contributor to the X-ray scattering
signal. As typical for X-ray studies, the computed quantities do therefore not contain
information about the bonding between the oxygen and hydrogen atoms but only about
the oxygen structure.®”

The extracted water signals for the PMOs at temperatures between 290 and 240 K are
shown in Fig. 4.2. One observes especially the growth of the second peak when going to
lower temperatures. This effect appears in all measured samples, while the peak shapes
and ratios vary throughout the materials.

One sample that stands out is BTEVB(3.8). Here, the intensities at different temper-
atures vary much more than in the other materials. For example, the signal at the lowest
temperature, plotted in dark blue, shows higher intensities than at the next highest tem-
perature, plotted in a lighter shade of blue, despite the plots at different temperatures
being shifted. As this effect is not present in any of the other samples, this could either

be artificially induced, e.g. by variations in the X-ray flux between the measurement

of the filled and the empty PMO. As the focus of the more detailed discussion of the
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4.2 Analysis methods

structure factor (Sec. 4.3) is focused on the positions rather than the intensities of the
peaks, this should not influence the results discussed there.

Another notable sample is BTEVP(3.4), where the first peak in the I(g) presents
a different shape compared to other materials. It is much more asymmetric and its
maximum is located at a lower ¢ than in the other plots. The ratio of the two peaks is

also shifted with the intensity of the first peak being much larger than that of the second

peak.
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Figure 4.2: Intensities over ¢ of water in different PMOs at temperatures between 290
and 240K. The plots at different temperatures are shifted vertically for

clarity.

In order to extract more information from the water signals, a number of analysis

methods are applied, which will be further explained in the following section.

4.2 Analysis methods

To investigate the structure of the confined water in more detail, we make use of the
(total) structure factor S(g). This quantity is discussed in Sec. 2.1.1 and can be computed

as described by Juhés et al.'0?:

. 2 2
(0= D= UGD U m

Here, I, is the coherent scattering intensity and f(q) the atomic scattering factor. In

n
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4 Structure of Liquid Water in PMOs

order to compute the coherent contribution of the scattering intensity, corrections have to
be applied which are further described by Juhés et al,!?? as well as Egami and Billinge.!%3
For the discussion of S(gq) we will focus on the region of ¢ between 1.5 to about 4A7
In this region bulk water typically shows two peaks: The first of which shifts to smaller
g upon cooling, while the second one shifts to large ¢q. The subsequent spread of the two
peaks can be used as a measure of the local order, such as the amount of tetrahedrally
structured water in bulk.'°%19" From the structure factor the pair distribution functions
(PDF's) can be computed follwing Eq. 2.6. S(q) and the PDFs were computed using the
PDFGetX3 software.'0?

An interesting quantity that contains information on the tetrahedral structuring of
water is the running coordination number nogo. 2142 It is calculated via the r-weighted
integral of the reduced PDF,

noo(r) = /T'g(r’) dr’, (4.2)
0

with g(r) = G(r) — 1. noo gives the coordination number at a distance r from the origin

atom.

4.3 Structure factor

The structure factors that were computed from the water signals in Fig. 4.2 are displayed
in Fig. 4.3. The observations from Fig. 4.2 are also reflected in the structure factors,
which is expected, as I(g) and S(q) are closely linked quantities (see Eq. 2.5 and Eq. 4.1).
The plots especially show different peak ratios in the various materials, the unique peak
shape in BTEVP(3.4), as well as the varying intensity in BTEVB(3.8). As mentioned in
Sec. 4.1, the analysis focuses on the peak positions, rather than the intensities, therefore
its variation should not influence the results and the conclusions drawn from them.
Figure 4.4A exemplary shows the structure factor of water confined in BTEVA(3.8)-
PMO at temperatures between 290 and 240 K. During cooling both a spread and a
growth of the two peaks is observed. This is a typical behaviour reported for water.
In bulk water this peak spread is often attributed to a more pronounced formation of

100,101

a tetrahedral hydrogen-bonded structure between the water molecules . However,

in confinement other interactions, like those between the water molecules and the pore
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Figure 4.3: Structure factors S(q) of water in different PMOs at temperatures between
290 and 240 K, computed from the intensity signals shown in Fig. 4.2.

wall, also have a considerable influence on the structuring of the molecules, 9213873

Figure 4.4B shows the position of the structure factor peaks for different PMOs, as
well as bulk water. The peak spread occurs in almost all samples with the exception of
BTEVP(3.8). Here the lower-¢ peak (S1) seems to shift to larger ¢ rather than lower
ones.

The spread of the peaks during cooling, i.e. the difference between the two peak posi-
tions, can be observed in Fig. 4.4C. A strong dependence of the peak spread Ag on the
confining material is found. Bulk water consistently shows the smallest values for Ag,
while also giving rise to the strongest increase of the spread during the cooling process.
The hydrophobic samples, which are shown with green markers in the figures, show a
slightly larger spread and smaller increase for lowering temperature. The hydrophilic
PMOs, as well as MCM-41(3.9), marked in red and black, respectively, show the largest
Ag but cause a smaller change during cooling. BTEVP(3.5) shows the most extreme be-
haviour compared to bulk water by staying at almost a constant value for Ag throughout
the cooling process.?

The further discussion of the structure factor, will be focused only on the position of
the first peak (S1), as the second peak does not show a strong dependence on the different
confinement, as well as bulk conditions. This reduces the statistical error compared to
the difference between the peak positions.

These S1 positions ¢; are shown in Fig. 4.5A. A roughly linear behaviour is found in all
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Figure 4.4: Structure factor peaks of various PMO materials at different temperatures.
A The structure factor S(g) of water in BTEVA(3.8)-PMO from 290 K (top)
to 240 K (bottom) as an example of the typical form of the structure factor. B
The structure factor peaks over different temperatures for water in different
PMOs as well as in bulk. The bulk data was obtained from Sellberg et al.'%
C The splitting Ag between the S(q) peaks. The LDA value was obtained

54

from Mariedahl et al'*



4.3 Structure factor

LYRE Biof Ciof
214 ¢ . 0.5 + = 0.5
T ) ° — 0.0 T 001
< 2.0 > 4y v u”.<
: .’it‘b " o 03 " g -05 —
c ™ —
219 7S ‘AAA . 2
=] A o -1.0 2 -1.0
: se0ses 2%+ | 2 * 8 -
< &
¥ 1.8+ 44 < g« S -1.5 £ _154
g CELLTT I PP 2 3
& ~ * & ] —& l
— »n —2.0 © —2.0 I
@ 1.7 g T
o —_—
-2.5 0 —2.51
1.6 4 e I I A R | I Y N —_+— __ ===yl Ep—— —
PET 2 A g A -3.0 4 -3.0
300 280 260 240 1.6 1.8 2.0 3 4 5
Temperature [K] q1@290K [A~1] Pore diameter [nm]
IQ- = Bulk LDA@79K [l MCM-41(3.9) o BTEVB(3.8) @ BTEVFB(4.9) P> BTEVFB(4.4) A BTEVA(4.3) <« BTEVA(3.8) ’ BTEVA(3.4) # BTEVP(3.5) I

Figure 4.5: Visualizations of the shift in the position of the first structure factor peak
of water in various PMOs. A Position of the first structure factor peak
in relation to the temperature. B The slope of the linearly fitted peak shift
against the peak position at 290 K of the same fit. C The slope of the linearly
fitted peak shift against the pore size.

samples, with the slopes depending on the type of porous material. At room temperature,
bulk water shows the highest ¢, which then decreases the most throughout the cooling
process. Next to the bulk water are the rather hydrophobic materials BTEVB and
BTEVFB, the latter of which were measured with two different pore diameters of 4.9
and 4.4nm. At lower g1, we then find more hydrophilic samples including BTEVA with
different pore diameters, as well as MCM-41(3.9). These also show a smaller slope than
bulk water and the more hydrophobic samples. BTEVP(3.5) shows a different behaviour
than the other samples with the lowest g1 at room temperature, which then increases
with lower temperatures. A shift of S1 to smaller ¢ in water under confinement has
consistently been reported in previous studies as well.?%104:105

Figure 4.5A also shows the ¢;-value for low density amorphous ice (LDA), as measured
by Mariedahl et al.'!. It provides a reference when comparing structural features in this

11,106 In our

context, as it has a strongly tetrahedral structure without interstitials
study, all samples seem to approach the value of low density amorphous ice (LDA) when
cooling, including BTEVP(3.5). In this sample, S1 starts in fact at a lower ¢; than LDA
and then rises upon cooling, thereby also approaching the value of LDA. Note also that
water under confinement has a smaller ¢; than bulk water for all observed materials and

temperatures.
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4 Structure of Liquid Water in PMOs

Fig. 4.5A suggests a correlation between the slope of the linearly fitted peak shift and
the peak position at room temperature. This relationship is shown in Fig. 4.5B. Here,
a clear trend with regard to material hydrophilicity is observed. At room temperature,
q1 is at lower values for hydrophilic samples, while the slopes of their S1 shifts are
larger. Hydrophobic pores lead to larger gi-values at room temperature while the slopes
are more negative. The correlation between the hydrophilicity (i.e. the water sorption
isotherm onset) and the ¢;-slope is shown in Fig. 4.6, further supporting this trend.
Here, the hydrophilic materials show slopes with lower absolute values compared to the
hydrophobic samples. Note that Fig. 4.6 only contains few samples. These are the ones

of which the water sorption isotherms are available to the author.
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Figure 4.6: ¢q1 slope against HsO sorption onset for sample where the water sorption
isotherms are available.

Fig. 4.5C shows the slope of the linearly fitted peak shift against the pore diameter.
For individual samples, a trend of the slope deviating further from bulk water in smaller
pores can be observed. This trend seems to be stronger between the hydrophilic pores
than the more hydrophobic ones. BTEVA(4.3) shows a slope closer to bulk water and
the hydrophobic samples than to BTEVA(3.8) and BTEVA(3.4). In the hydrophobic
samples, no such trend can be observed. In fact, they seem to show a decrease of the slope
for smaller pore diameters, notably even between BTEVFB(4.9) and BTEVFB(4.4),

which only differ in pore size. However, due to the pore size distributions (cf. Fig. 3.1A),
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errors in fitting parameters and the small number of measured samples, one should be
careful when interpreting this data.

In bulk water, a lower-q position of S1 is often attributed to a larger amount of
tetrahedrally structured water.®1%0 While this may also contribute to this effect, it
cannot fully be transferred to confined water, as interface and geometric effects become
non-negligible in this case. A particularly interesting quantity that varies in confinement
conditions is the density of water. It has been agreed upon that layers with different
densities form in water when confined in hydrophilic nanoporous material. ?-2173,107,108
More molecules adsorb to the pore wall in this case, leading to a higher number density
close to the interface and a lower density in the core of the pore. As discussed above,
the average density of water throughout the whole pore cross section under confinement
in MCM-41 is also considerably lower than that of bulk water.2:107

This effect could explain the material-dependent shift of the S1, as it is most promi-
nent in rather hydrophilic pores, with a strong wall-water interaction. As water confined
in hydrophobic pores has a larger contact angle with the pore wall, the density is not de-
creased as strongly and therefore the S1 shift is not observed as strongly as in hydrophilic
pores. Furthermore, due to geometric reasons, the negative pressure could scale with
smaller pore diameters. This might lead to the effect being more pronounced in smaller
pores than in larger ones, which is also reflected in the stronger S1 shift presented in
Fig. 4.5. The interplay of pore size and hydrophilicity seems to induce a very low den-
sity in BTEVP(3.5), which would be even lower than that of LDA and especially low at
room temperature. Note that while the density cannot completely be identified via the
structure factor, a smaller density would certainly lead to smaller values of ¢;%! and is
therefore in agreement with the data presented here, as well as previous studies.?!:104:105
The next sections will now move the discussion from reciprocal space to real space by

investigating the PDFs which were calculated from the structure factors, as well as the

running coordination numbers.

4.4 Pair Distribution Function

Figure 4.7A shows the structure factors at the highest and lowest studied temperatures
(Tmax and Thpin). In Figure 4.7B the computed pair distribution functions (PDFs) for
water in the various PMO materials are plotted once at Ty,.x and once at Ti,,. The

values for Tiax and Ty are noted in the individual plots for each sample in Figure 4.8.
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4 Structure of Liquid Water in PMOs

The highest temperature was 290 K in all cases except BTEVA(4.4), where it was 280 K
and BTEVB(3.8), where it was 275 K, while and the lowest was 240 K for MCM-41(3.9)
and BTEVA(3.8) and 245K for BTEVA(4.4), as well as BTEVP(3.8). For bulk water,
Tiax = 295.1K and Tyin = 254.1 K100

Figure 4.7B reveals qualitative differences in the structure of confined water compared
to bulk that are present in all PMO materials. The most striking one is the splitting of the
broad second neighbour peak of bulk water into several seperate ones. In MCM-41(3.9),
BTEVA(3.8), BTEVA(3.4) and BTEVP(3.5), two peaks are present in this region, while
the rest of the samples cause three peaks.

The appearance of several peaks emerging in the region from 3.5 to 5A can be at-
tributed to a more pronounced, albeit distorted, tetrahedrally bonded network, which
has also been observed in previous studies for (hydrophilically) confined water.2!-38:39:107
It also has been argued that the interaction between the silanol groups in the pore
wall and the confined water also contributes to the pair distribution function at a bond

A 3875 However, this effect does not seem to be reflected in

length of approximately 3.8
all measured data.

Comparing the rather hydrophilic samples BTEVA (4.3), BTEVA(3.8) and BTEVA(3.4)
shows a shoulder at 3.8 A in BTEVA(4.3), which cannot be observed for the latter two. If
the water-substrate interaction was a dominant effect in these pores, one would expect a
more prominent contribution in smaller pores, instead of larger ones. On the other hand,
this peak is quite prominent in the more hydrophobic BTEVB(3.8). An explanation for
this difference could be, that in the hydrophobic samples, more water molecules bind
to the silanol groups, as they interact less with the functional groups. In contrast, in
hydrophilic samples, the increased amount of interactions between the functional groups
and the confined water leads to less interactions with the silica in the pore wall. While
the water-silanol interaction contributes to the PDF's as well, we also propose another
explanation that addresses the emergence of three peaks in materials with larger pores
compared to only two in those with smaller ones.

While the broad peak in bulk water suggests a broad distribution of second-neighbour
distances, the two peaks present in the previously mentioned samples would hint at two
more discrete distances. The emergence of a third peak may indicate a more bulk-like
behaviour in these materials, such that the number of possible second-neighbour bonding
lengths is increased in comparison to the samples giving only two peaks. With this

interpretation, the results presented in Fig. 4.7B are consistent with literature,?!-383%107
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Figure 4.7: A Structure factor of water in the studied samples at the highest as well
as the lowest used temperature. The data for bulk water was measured by
Pathak et al.*2. The curves are set 1 unit apart of each other. B The pair
distribution functions at the same temperatures. goo(r < 2.2A) were set
to zero, as signal in this range comes from artifacts of the correlation. Bulk
data is from Skinner et al*. The curves are set 1.7 units apart of each other.
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4 Structure of Liquid Water in PMOs

as two peaks are predominantly present in smaller and more hydrophilic pores and three
peaks in larger, as well as more hydrophobic pores.

It is also possible that this splitting is due to artifacts from the calculation of the
PDFs. The PDF is defined as an infinite integral (see Eq. 2.6). By using finite inte-
gration boundaries, as necessary for experimental data, an oscillation is introduced into
the data, the so-called termination ripples.'%%109 Maxima in this oscillation could be
misinterpreted as PDF peaks. This effect therefore proposes itself as another source of

the third peak.

4.5 Running Coordination Number

The analysis of the pair distribution functions gave a first hint towards the presence of
tetrahedral structuring in the confined water. To gain more insight into this, we take a
look into the interstitial molecules between the first and second neighbour peaks. These
can be visualized by integrating the radial distribution function to obtain the running
coordination number ngo, following Eq. 4.211,21,42 - Te resulting curves for npo versus
the distance from an initial oxygen atom are shown in Fig. 4.8, again at the highest and
lowest temperatures for each sample. The curve for bulk water is also shown for compar-
ison. More or less pronounced plateaus are observed around 3.5 A in all samples, as well
as in bulk water. A more strongly pronounced plateau can be attributed to more tetra-
hedral structuring, as it indicates less or no interstitial oxygen atoms between the first
and second neighbour shells.*? From this we can derive another qualitative statement
about the presence of tetrahedrally structured water in the various confining materials.
The curves of BTEVA(3.8), BTEVA(3.4) and especially BTEVP(3.5) and MCM-41(3.9)
show a strongly pronounced plateau, indicating a larger ratio of tetrahedral water when
compared to bulk water. Water confined in the remaining materials shows a more bulk-
like plateau, indicating a more disordered water structure in these materials. These
results are again in agreement with the previously discussed findings that (hydrophilic)
confinement supports the formation of a tetrahedrally structured hydrogen bond net-

Work.21’38’39’107
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4 Structure of Liquid Water in PMOs

4.6 Summary

The presented results confirm that the structural behavior of water under confinement
in PMOs is strongly influenced by the properties of the confining material. In particular,
the shift of the first structure factor peak of water during cooling differs more strongly
from bulk water in hydrophilic pores than in more hydrophobic pores. This effect can
be attributed to a lower density of the confined water compared to bulk. It could also
be shown that by reducing the pore diameter, this effect can be further amplified. This
observation experimentally confirms previous simulation studies that propose a lowered
density, specifically in hydrophilic confinement, due to negative pressures inside the
pore.19-21

In the PDFs of water confined in PMOs, a distinction can be observed between ma-
terials which lead to either two and three peaks in the region of 3.5 to 5.5A, i.e. the
region of the second neighbour peak in the PDF of bulk water. While smaller pores
give two distinct peaks, confinement in larger pores leads to three peaks or no clear
peak structure at all. The presence of two peaks is attributed to the development of a

distorted tetrahedral bonding structure,?!:38:107

while the presence of a third peak could
hint at the restoration of more bulk-like conditions. Looking at the minimum between
the first and second PDF peak, as well as the running coordination number, a higher
amount of tetrahedral structuring in smaller and more hydrophilic pores was observed.
In contrast, larger and more hydrophobic pores show a weaker development of tetrahe-
dral structures. This is in agreement with conclusions from previous scattering studies,
which also observe that hydrophilic confinement supports tetrahedral structuring.?!3%39

It is however important to mention previous investigations of water, specifically under
confinement in PMOs concluded that this confinement actually hinders the development
of a tetrahderal network.3!:3% This discrepancy might be related to the fact that these
studies use spectroscopy techniques. It was mentioned before (Sec. 2.2.3) that spec-
troscopy and scattering-based techniques come to conflicting conclusions regarding the
tetrahedrality of confined water. While studies using spectroscopy tend to conclude less

31,36,37 scattering techniques tend to indicate a stronger

tetrahedrally structured water,
tetrahedral structuring.383? Considering this, the results of this investigation fall in line
with literature, despite conflicting previous studies of water in PMOs. It is also the first
X-ray scattering study of this kind specifically focused on water in PMOs.

Note that the study presented here only contains data at limited temperatures. It
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4.6 Summary

would be of great interest to investigate, how the observed behavior, especially the shift
of the first structure factor peak, continue under further supercooling. Furthermore, a
relatively limited range of pore diameters (3.4 to 4.9nm) was considered. Confinement
in smaller pores may further inhibit the formation of ice and therefore enable studies at
lower temperatures than in this study.

Despite these limitations, it can be concluded that by confinement in PMOs with vary-
ing pore diameters and pore wall chemistry, it is possible to tune fundamental properties

of water, such as density and amount of tetrahedral structuring.
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5 Structure of Ice in PMOs

This chapter investigates the effect of PMO confinement on the structure and orientation
of ice. To achieve this, powder X-ray scattering, as detailed in Sec. 3.2 was used to
determine the structure and lattice parameters. The orientation of ice crystallites was
investigated by nanofocused X-ray scattering in combination with X-ray cross correlation
analysis (XCCA, see Sec. 5.3.1). This chapter is largely based on research that was
previously published in The Journal of Chemical Physics.”?

5.1 The intensity signal

Before quantifying the structure of ice, e.g. by identifying the lattice parameters of
confined ice crystallites, a more qualitative analysis of the integrated intensities should
be conducted. Figure 5.1 shows the azimuthally integrated X-ray scattering intensity of
water confined in various PMOs at temperatures between 290 and 150 K. It was obtained
by subtracting the signal of an empty PMO from that of its water-filled counterpart.
In some samples, namely BTEVFB(4.9), BTEVA(4.4), BTEVA(3.8) and BTEVP(3.5),
this did not fully remove the signal from the empty PMO. Here, remaining peaks at
1.7 Afl, which stem from the periodicity of the functional groups in the pore wall, are
visible. The reason for this were on the one hand fluctuations of the X-ray intensity
during the measurement, which could not fully be compensated by normalization. On
the other hand, the electron density difference is lower for water-filled pores, hence the
PMO peaks are more prominent inempty (or air-filled) pores. In these cases, the (100)
peak of hexagonal ice overlaps with the PMO peak and was therefore not taken into

account when determining the lattice constants discussed later.

5.1.1 Freezing temperature and non-freezing layer

Fig. 5.2A shows the extracted water signals at the temperatures, where freezing occurs,

specifically between 245 and 220 K. From these, the temperature range in which freez-
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Figure 5.1: X-ray diffraction signal of water in several different PMOs at temperatures
between 290 (bottom, red) and 150 K (top, blue) in steps of 10K.
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5.1 The intensity signal

ing occurs can be determined more precisely for each material. The range covers the
temperatures between the last I(q), where no ice peaks are observed and the first where
ice peaks are clearly visible. These freezing ranges are plotted in Fig. 5.2B together
with the expected melting point for confined water, assuming a non-freezing layer thick-
ness between 0.4 and 0.7 nm.'®23 One observes that the determined freezing ranges are
similar to the expected melting points, which confirms that this signal originates from
confined water/ice, rather than e.g. intergranular ice. The plot also shows lower freez-
ing temperatures for smaller pores, as expected (see section 2.2.3). However, for pore
diameters smaller than approximately 4.0 nm, no further decrease is present. They are
also in a similar range as the freezing temperatures by Mietner, presented in Fig. 2.18.
Note that the two materials with the largest pore diameter, i.e. BTEVFB(4.9) and
BTEVFB(4.4) are also the only two more hydrophobic pores plotted here. No freezing
range for BTEVB(3.8) could be determined as the freezing point fell into the range that
is lost due to the re-measurements mentioned above in Sec. 5.1.

Using Eq. 2.11, it is now possible to estimate the thickness of the non-freezing layer
based on the temperature ranges presented in Fig. 5.2B. These are shown in Fig. 5.3,
where a decrease in the thickness with decreasing pore diameter is observed. However,
the values for the smallest pores are unphysical as the nearest-neighbor distance of two
water molecules, plotted in orange, is typically about 0.18 nm and therefore higher than
the lowest value for BTEVP+(3.4) and BTEVA(3.4). If these unphysical values are
disregarded, the non-freezing layer thickness is more or less constant between about
0.4 and 0.8nm, in agreement with the literature.?> Note that this is just a very rough
estimate, as the melting and freezing temperatures are not thermodynamically equivalent
and because the determination of the freezing temperature ranges is quite imprecise.
Furthermore, Kg7 is assumed to be the same for all materials, even though it can
vary depending on the material. However, the assumption should be reasonable, ass all

materials are silica-based and therefore rather similar.

5.1.2 Hexagonal, stacking disordered and amorphous phases

In most samples, characteristics of both Iy-like, sharp Bragg peaks and more ice I.-
like, diffuse peaks are visible. Specifically, in the regions between 1.5 and 2.0 A" and
between 2.5 and 3.5 A_l, an overlay between a broad diffuse peak and the triplet char-

acteristic for ice Iy, is observed. This structural behaviour of ice crystallization has
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Figure 5.2: Freezing ranges of water in PMOs. A I(q) of water in various PMOs in the
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range where freezing generally occures (245 (bottom) to 220K (top)) in steps
of 5K. The colors reflect those of the same temperature region in Fig. 5.1.
B Freezing ranges of water in various PMOs in relation to pore diameter. A
freezing range is defined as the range between the last temperature without
ice peaks in the I(g) and the first where they are clearly visible. T, was
calculated assuming a non-freezing layer of 0.4 to 0.8 nm.'®2?
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Figure 5.3: The thickness of the non-freezing water layer as calculated from the freezing
temperature ranges using a modified Gibbs-Thompson equation (eq. 2.11).2
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22,89

been found in previous simulation and experimental??!1%M11 studies on water in

nanopores. Fig. 5.4 shows a separation of the diffuse and Bragg contributions for the
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Figure 5.4: The cubic-like and hexagonal contributions to the integrated scattering pat-
tern at T =165 K are shown in blue and orange, respectively. The I(q) of
the confined water at 290 K is plotted for comparison (black), as well as the
peak locations for bulk cubic and hexagonal ice (dark grey). Bulk hexagonal
peaks are also located at the same positions as the bulk cubic peaks.

example of BTEVA(4.4). The contributions are marked in blue (diffuse) and orange
(Bragg). The diffuse part also contains the contribution from liquid, non-freezing in-
terfacial water, which is known to appear in nanopores??7%89, This contribution is not
marked in Fig. 5.4 as it is difficult to meaningfully separate it from the broad cubic-like
contribution. The confined water in the same pore at room temperature is also plotted
to visualize the general shape of this amorphous contribution. However, as discussed in
Sections 4.1 and 4.3, the first sharp diffraction peak of water grows and shifts to lower
g-values under confinement and even more during cooling, ending up closer to the first
diffuse peak.

The presence of both the diffuse and Bragg contributions suggest the formation of
stacking disordered ice I in the pore. The diffuse part implies small individual crystal-
lites with a large number of stacking faults while the Bragg contribution can probably be

described as ice I, with a large ratio of ®, to ®, according to Malkin et al.%. Going for-
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5.1 The intensity signal

ward, the Bragg contribution will therefore be referred to as the hexagonal contribution

even though it does probably not represent pure ice I,.
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Figure 5.5: The crystallite sizes of the hexagonal contribution in the measured samples
in relation to the pore diameter calculated using the Scherrer equation.

In order to estimate the sizes of individual crystallites, the Scherrer equation (Eq. 2.9)
can be applied, leading to values of 35 to 50 nm with no systematic difference between
the samples. The values are rather vague, as the Scherrer constant K strongly depends
on various factors as mentioned in section 2.1.2. In this case, cylindrical crystallites are
assumed, which generally leads to Scherrer constants K > 0.9. The number therefore
only serves as an estimate of the order of magnitude of the crystallite size, not as an
exact result. The crystallites of the diffuse constribution was calculated to be in the

1.22, stating that

range of 1 to 2nm. This is in agreement with findings of Moore et a
cubic ice domains in silica pores are in the range of only few layers. However, due to the
discussed amorphous contribution, a precise determination is not possible.

Some of the studied samples stand out in this regard. BTEVFB(4.9) shows the previ-
ously discussed general structure but has much higher relative intensities of the (hexag-
onal) ice peaks. This can be explained by its pore diameter, which is the largest of the

measured samples at 4.9nm. Therefore, the amount of ice present in the pore is larger

than for the other materials, leading to a stronger scattering signal. In BTEVB(3.8)
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5 Structure of Ice in PMOs

and BTEVP(3.5), one can see that the patterns differ at the five lowest tempera-
tures. These measurements were performed with a higher initial cooling rate than
the standard procedure with no equilibration steps being taken while cooling down to
180 K. In BTEVB(3.8), the PMO peak at 1.7 A" is more visible at these temperatures
while the overall structure is qualitatively the same as for the higher temperatures. In
BTEVP(3.5), however, we observe no hexagonal ice peaks at the separately measured
temperatures. This suggests that the emerging ice structure is dependent on the cooling
rate. Specifically, a higher cooling rate seems to hinder the formation of hexagonal ice.
Note also that BTEVB(3.8) represents the only sample in which no hexagonal ice peaks
were observed in both the standard measurement and the measurement with ramped

cooling.

5.2 Lattice constants of ice in PMOs

This section will investigate the hexagonal contribution to the signal with a focus on
the influence of the PMO confinement on the ice structure. Figure 5.6 shows the lattice
constants for the hexagonal ice contributions inside the different PMOs, as well as those
of bulk ice. The bulk ice values are based on the polynomial expression given by Rottger
et al.'1%13 to describe the lattice constants of hexagonal ice over a wide temperature
range sorted by pore size. While the measured samples follow the general trend as
expected in bulk ice, some notable deviations are observed.

The left panel of Fig. 5.6 shows ice in the largest pores with diameters > 4.4 nm.
While the more hydrophilically amine-functionalized BTEVA(4.4) closely follows the
lattice parameters of bulk ice, the two samples with the BTEVFB precursor do not
follow this behavior. In BTEVFB(4.4), both a and ¢ are larger than in bulk ice. Their
ratio, however, is still similar to bulk ice. This is not the case for BTEVFB(4.9), where
only ¢ differs from bulk, implying an elongated hexagonal unit cell.

This trend is also observable for MCM-41(3.9) in the middle panel. Similarly to
BTEVFB(4.9), hexagonal ice in MCM-41 seems to be elongated along its c-direction. In
contrast, BTEVB(3.8) gives a lower value for a and consequently also a lower value for
the ¢/a ratio.

The smaller BTEVA(3.4) and BTEVP+(3.5) in the right panel show a stronger de-
viation from bulk than the ones discussed previously. Note that BTEVA(3.4) differs in
particular also from its larger counterparts. While ice in BTEVA(3.4) and BTEVA(3.8)
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Figure 5.6: Lattice parameters a and c¢ of hexagonal ice in various porous materials, as
well as their ratio ¢/a. The three columns show materials with decreasing
pore diameters from left to right. Hydrophilic PMO samples are plotted in
a shade of red while more hydrophobic ones are a shade of green. MCM-41
is plotted in black. The lattice parameters of bulk ice are also plotted for
comparison. Bulk values were calculated according to Réttger et al.l'2113
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5 Structure of Ice in PMOs

structures similarly to bulk ice, in BETVA(3.4) it also shows an elongated hexagonal
cell with ¢/a that is above that of bulk ice. This may indicate that a pore size ef-
fect only becomes relevant below 3.8 nm, at least in BTEVA-PMOs. However, it is to
note that BTEVA(3.4) has a larger error margin, potentially stemming from the lower
amount of water adsorbed in the pore, which in turn gives a weaker scattering signal.
The other sample with a pore diameter in this range, BTEVP+(3.5), supports a pore
size-dependent deformation of the hexagonal structure as it shows the most elongated
c-parameter out of all materials. Note here that due to its synthesis, a residual iodide
ion is present in the BTEVP+(3.4), which takes up additional space in the vicinity of
a functional group. The ¢/a-ratio in BTEVP(3.5) is again more closely following that
of bulk ice, however, slightly larger lattice parameters for both a and ¢ are observed,
suggesting an overall expanded unit cell, similar to BTEVFB(4.4).

It is not obvious what causes these change in the lattice constants relative to bulk ice.
An explanation could be that the highly stacking disordered cubic-like phase leads to
connections with the hexagonal ice domains that would be unfavorable under bulk con-
ditions, leading to the observed elongated (BTEVFB(4.9), MCM-41(3.9), BTEVA(3.4),
BTEVP+(3.4)), expanded (BTEVFB(4.4), BTEVP(3.5)) or truncated (BTEB(3.8))
hexagonal unit cells. Notably, only BTEB(3.8) leads to a ¢/a smaller than bulk while
also being the sample with the smallest dorg at only 0.76 nm (see Table 3.1). This length
describes the distance between the silicon atoms at either end of the organic moiety.
With this, dog/c in BTEB(3.8) is close to 1, while for all other PMOs, the ratio is
closer to 1.5. While there is also the interfacial water between the pore wall and the ice,
this indicates that the length of the organic moieties could play an important role in
the development of ice in PMOs and seems to be a major factor in the observed lattice

constant shift.

5.3 Ice crystal orientation

The shifts in lattice parameters are most often not equal for ¢ and c¢. This could be
caused by a dependence of the lattice parameter shift on the orientation. Such a de-
pendence could stem from the pore wall chemistry. The interactions of water with the
organic moieties could force the molecules into arrangements that would not be favorable
under bulk conditions while hindering others that would. We shall now investigate the

orientation of these hexagonal crystals relative to the pore axis to evaluate such a de-
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Figure 5.7: A detector image of ice-filled BTEVP(3.8) at 150 K with a visualization of
the XCCA process. g1 is here the value for the signal from the PMO at
an angle ¢ while ¢o is that of the (002) peak of hexagonal ice at an angle

G2 = ¢1 + A.

pendence. In order to determine an orientational dependence, X-ray Cross Correlation
Analysis (XCCA) was conducted*®* 1114 Following Eq. 5.1, an angular correlation is
calculated between spots at two different g-values*®. We choose one g-value to be the
expected value for a (001) periodicity of the functional groups of the PMO and the other
that of hexagonal ice (see Fig. 5.7).

5.3.1 Application of XCCA

The background of XCCA is explained in further detail in Sec. 2.1.3. Briefly summarized,
the intensity I(qi,¢) at ¢1 and azimuthal angle ¢ is correlated with I(g2,¢ + A) as
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5 Structure of Ice in PMOs

g, 9 (g2, 0+ A))g
o &) = oy e 51)

If the ¢ values related to peaks from the PMO structure are now chosen as ¢; and those

related to ice structure as ¢o (cf. Fig. 5.7), the resulting correlation function C'(A) gives
a statistical insight into common angles A between the scattering planes of the PMO
and the ice crystallites (see discussion below).*547 Fig. 5.7 shows an exemplary detector
image from this experiment. The spots from the (00) reflections are clearly visible, e.g.
the one marked with (g1, ¢1). The spot marked with (g2, ¢2) relates to the ice formed
in the pore. It is much narrower compared to that of the PMO. Fig. 5.8shows three
detector images of the same sample but measured at different locations in the sample.
One observes that the Bragg reflections of the PMO material and ice appear at different
locations and with varying intensity on the detector. As described above, the intensities
of the PMO and ice reflexes are correlated in respect to the azimuthal angles between

them. This is done for all detector images in order to asses the presence of preferred
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Figure 5.8: Nanofocused scattering detector images of the same sample at different lo-
cations in the sample.

5.3.2 Measurements and XCCA corrections

The data presented in this chapter was obtained during the experiment described in
Section 3.3. At a constant temperature of 150 K, X-ray scattering patterns were taken
at 105 unique spots for each sample, arranged in rows of 21 spots, as illustrated in
Fig. 5.9B. Fig. 5.9A exemplary shows the azimuthally integrated intensity of all measured
signals in BTEVP(3.8). Each scan, and therefore each subfigure, is equivalent to one

row of measurement spots. In some signals, most prominently in the upper most signals
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5.3 Ice crystal orientation

of scans 11 and 12, larger ice peaks are present. These probably come from bulk ice
forming outside of the pores, as these are also the measurements at the outermost spots
in the sample capillary. In order to exclude XCCA contributions from this bulk ice,
these measurements were not taken into account during the correlation analysis.
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Figure 5.9: A X-ray scattering signals of each individual shot in BTEVP(3.8) at 150 K.
B Pattern of the spots at which X-ray scattering patterns were taken. C
Original (solid), background (dotted) and corrected (dash-dotted) correlation

functions of BTEVP+(3.5).

When XCCA is applied, artificial contributions to the correlation functions can occur.
These have their origin for example in sensitivity differences in the detector pixels and

stray or parasitic light. In order to mitigate these background correlations, a correction
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5 Structure of Ice in PMOs

was applied. In this correction, correlation between PMO and ice peaks were calculated
where the two peaks come from unrelated measurement points. For example, the (001)
PMO peak from image 1 was correlated with the (002) ice peak from images 2 through
105 (cf. Fig. 5.9B). Analogous to Eq. 5.1, this can be described for one pair of images as

(Im(q1, @) In(q2, ¢ + A))g
(Im(q1, ®)){In(q2, ®)) ¢

where m and n # m are the indices of the images. These were calculated for a large

Cm,n(Qla q2, A) = (52)

number of image combinations and then averaged to produce the background correla-
tion. Fig. 5.9C shows the original correlation function of BTEVP+(3.5), along with
the background correlation and the corrected signal. One observes that the background
correlations are the main contributor to the amplitude of the original signal. The back-
ground subtraction is therefore crucial to obtain meaningful information from these cross

correlations.

5.3.3 Regions of interest for XCCA

As discussed in Sec. 5.2, the lattice constants of ice in PMOs change in comparison to bulk
ice, causing a shift of the corresponding peak. This effect also appeared in some samples
in the I(q) of the nanofocus X-ray scattering experiment, specifically in BTEVP(3.8).
Fig.5.10 shows the area of the characteristic ice Iy, triplet peak in the measured samples.
In BTEVP(3.8), the three peaks all show a bimodality with one of the modes located
exactly at the bulk peak position. This is an indication that bulk ice formation has
occured in this sample, as already discussed in the section above. One observes that
when removing the suspected bulk contributions, these these modes decrease in intensity,
confirming that the removal of the bulk contaminated shots improves the quality of the
data for XCCA purposes.

For the implementation of XCCA, regions of interest (ROIs) around the relevant
peaks were defined. The intensity values inside these ROIs at a given angle ¢ were then
averaged in order to obtain the value used in the correlation. The ROIs for all peaks
are shown in Fig. 5.11 for the example of BTEVP(3.8), once in polar coordinates and
once in the averaged I(q). Note that only the second and third PMO peak, as well as

the second ice peak were used in the further analysis.
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Figure 5.10: Regions of interest (ROIs) for the (002) ice peak in the measured samples.
The plots show the I(q), averaged over all considered measurements for
each sample. Once with suspected bulk contributions removed (blue) and
and once with them included (orange). The ROIs are marked in green and
the bulk peak positions with a dashed line.

5.3.4 Orientation of ice crystals in PMO pores

Figure 5.12 shows a selection of correlation functions in PMOs with 3.8 nm pore diameter.
The correlations between the (002)-peak of ice with both the (001) and (002)-peaks of the
PMOs are shown in the subfigures 5.12A and 5.12B, respectively. The latter represent
the periodicity of the functional groups in the pore walls and therefore the pore axis
direction. Since (001)ppo and (002)pyo are parallel, both correlations should show
the same qualitative features. Their equivalence can therefore be used as an additional
indication if visible peaks are actual angular correlations or just artifacts, for example
from detector noise, background scattering or limited statistical accuracy. Note that the
angles of the correlation peaks are statistical values that indicate a preferred orientation.
Other orientations might also be present inside one pore. The analysis is therefore
sensitive to the specific area where the scattering pattern was taken.

The correlation functions in some materials show very clear peaks, while others do
not. The presence of peaks implies that some materials lead to certain angles A between
the (00l)-axis of the ice crystals and the pore axis being more common than others.
The absence of peaks can either mean the absence of ice crystals in these materials or
random orientations of crystals with respect to the pore axis. For the hydrophilic samples

(red), BTEVP+(3.5) shows a large peak at 180°, indicating a preferred prientation of
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Figure 5.11: Regions of interest of the PMO (red) and ice peaks (green) for the example
BTEVP(3.8). The upper plot shows the averaged detector image in polar
coordinates, while the lower plot shows the averaged I(q). Here, the bulk
ice peak positions are also plotted for reference.

the (001) axis of the ice parallel to the pore axis. A second large peak can be seen
at about 40°. BTEVP(3.8) shows a quite large peak at about 30° and some smaller
ones at approximately 60°, 120° and 150°. BTEVA(3.8) primarily shows a peak at 90°,
albeit less pronounced than in BTEVP(3.8). In contrast, the more hydrophobic samples,
BTEVB(3.8) also shows some pronounced peaks at 30°, 150° and two peaks slightly above
and below 90°, respectively. BTEVFB(3.8) only shows some weak peaks at 150°, 75° and
30°, although the latter is only visible in the correlation with (002)pymo. BTEVCI(3.8)
does not show any peaks at all. As the latter two are rather hydrophobic materials, the
data presented in Fig. 5.12 generally suggests stronger correlations between the pore and
ice crystal orientation in hydrophilic compared to hydrophobic pores with the exception
of BTEVB(3.8). However, in those samples that show strong peaks (i.e. BTEVB(3.8),
BTEVA(3.8), BTEVP(3.8), BTEVP+(3.5)), no systematic dependence of the correlation
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Figure 5.12: Angular correlations between spots of the (002) signals of hexagonal ice and
the (001) (panel A) and (002) (panel B) of the functional groups of various
PMOs. The plots are shifted vertically for clarity.
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5 Structure of Ice in PMOs

angles A on the material properties can be determined at these pore diameters but it is
notable that BTEVP+(3.5) shows the largest peak out of all measured materials while
also having the lowest pore diameter and volume.

Note that the absence of correlation peaks in BTEVFB(3.8) and BTEVCI(3.8) does
not necessarily imply that no preferred orientations occur in these samples. Instead, it
is also possible that the amount of averaged spots is too small in these cases and more
data would be required to reach a convergence. In any case, if preferred orientations are

present, they are much more weakly pronounced in comparison to the other samples.

5.4 Comparison of angular correlations and lattice parameter

shifts

Figure 5.13 compares the lattice constants (panel A) with the angular correlation func-
tions (panel B) for samples measured in both experiments. The obtained ice crystal
orientations relative to the pore axis in these samples are visualized in Fig. 5.13C. A
striking observation is that BTEVP+(3.4), which showed a strong unit cell elongation
along the c-axis, also gives a strong correlation at 180°. This suggests that the elongated
cells are often oriented along the pore axis. Additionally, another strong peak at about
45° and a third smaller peak at about 140° are visible. BTEVA(3.8), which closely sticks
to the bulk lattice parameters, seems to be mostly oriented orthogonal to the pore axis
as can be seen from its correlation peak at 90°. Smaller peaks at around 15° and 165°
are also present. The correlations in BTEVB(3.8), which is the only measured PMO
to exclusively show cubic-like ice characteristics, have two strong, symmetric correlation
peaks at 30° and 150° and additionally two smaller peaks at about 75° and 105°, which
are also symmetric. BTEVP(3.5) shows a strong peak at 30° and generally has a sim-
ilar profile to BTEVP+(3.4) with no correlation at 90° and an additional small peak
at around 150°, symmetric to its large peak at 30°. Both of these materials have the
same functional pyridine group, but in BTEVP+(3.4), this group possesses an additional

positive charge, a methyl group and the iodide counterion mentioned before.

5.5 Summary

The overall structure of ice confined in PMOs, consisting of cubic, hexagonal and amor-

phous contributions, which stem from the liquid layer at the pore wall??>?3, is well in
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Figure 5.13:

5.5 Summary
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5 Structure of Ice in PMOs

accordance with literature.?22372:8%10,111 We fuyrthermore found indications that the
structure is dependent on the way the sample is cooled. We consistently observed
hexagonal contributions when lowering the temperature in a step-wise manner, while
continuous cooling led to pure cubic (or cubic-like) ice.

While previous studies did not report lattice constant shifts of the hexagonal phase
in confinement,?® we observe that they deviate from bulk ice in several of our measured
samples. This effect depends on both the pore surface chemistry and the pore size of
the confining material. All of the hydrophobically functionalized materials discussed in
this study, i.e. BTEVFB(4.9), BTEVFB(4.4) and BTEB(3.8), show a deviation from
bulk properties, while in hydrophilic materials, this effect is mostly observable for small
pore diameters <3.8 nm. These shifts therefore seem to be dependent on both the pore
wall chemistry and especially the pore size as stronger shifts were observed in smaller
pores (i.e. BTEVP(3.7), BTEVP+(3.5), BTEVA(3.4)). We most commonly observe an
increased ¢/a ratio, meaning an elongation of the unit cell (see Fig. 5.6).

Cubic or stacking disordered ice and an amorphous non-freezing layer have consistently
been reported in similar pores in various studies.?>23111:115 The broad peaks observed
in our data are in agreement with the argumentation of Morishige et al.!'® and Moore et
al.,?? that confined cubic ice consists of small crystallites with a large number of stacking
faults to such a degree that it is better described as stacking disordered ice.5?

The sharp ice I, peaks that are observed in these systems were argued by Thangs-
wamy et al.'' to be in fact not hexagonal ice inside the pore but ice that crept out of
the pore during crystallization, forming bulk crystallites outside the pore, as suggested
by a calculated crystallite size that is considerably larger than the pore diameter.''! In
this study, similarly sized crystallites were found, calculated to be around 20 to 30 nm.
However, it can be assumed that the hexagonal contribution is in fact ice inside the
pores. The sharpness of the corresponding peaks and the implied large crystallite size
does not necessarily mean that they have to be outside of the pore. Instead they could be
caused by crystallites grown along the pore axis with the crystallite size describing the
length of a cylindrical crystallite. This way, it is in principle only limited by the length of
the pore. This is supported by the fact that larger pores lead to larger hexagonal peaks,
as in BTEVFB(4.9) or BTEVA(4.4) compared to smaller pores such as BTEVP(3.5)
or BTEVP+(3.4). Furthermore, we observe the previously discussed deviations in the
lattice parameters of the hexagonal contributions from those of bulk ice, both in the

powder and nanofocused X-ray scattering experiments.
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5.5 Summary

XCCA suggests preferred orientations of the hexagonal contributions in some sam-
ples (see Figs. 5.12 and Fig. 5.13). For a pore diameter of about 3.8 nm, it is found
that stronger correlations tend to occur in more hydrophilic pores. When comparing
the XCCA results to the lattice parameter shifts in specific samples (Fig. 5.13), more
prominent correlations are found in samples that also exhibit larger lattice parameter
shifts (e.g. BTEVP+(3.5)) or exclusively cubic-like ice (BTEVB(3.8)), implying a close
connection between the general structure of the ice and the orientation of its crystallites.
Constraints in the form of small pore diameters and pore wall functionalization may in-
fluence the crystal formation such that specific orientations are preferred. These could
in turn change the lattice parameters of the crystal. Note that the preferred orientations
are mostly observed in PMOs with hydrophilic moieties, which also show the strongest
density decrease and tetrahedral structuring in liquid water (see Chapter 4). This im-
plies that the observed behavior of lattice parameter shifts and preferred orientation

may be a result of the altered structure of liquid water under PMO confinement.
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6 Structural influence of water adsorption
on PMOs

It was mentioned in Section 4.1 that the Bragg peaks from PMO periodicities had to
be removed in order to analyze the water signal. This is because the adsorption of
water influences the structure of the PMOs themselves, leading to changes in the peak
position and intensity in the PMO peaks. A comparison of empty and HyO-filled X-ray
scattering signals of BTEVA(4.4), as well as the subtracted signal, are shown in Fig.6.1
as an example. Fig. 6.1A shows the ¢g-range relevant for the water signal while Fig. 6.1B
focuses on the (001) and (002) PMO peaks. Especially in Fig. 6.1B, changes in the peaks
are observed, resulting in artifacts in the subtracted signal. Both the peak position and
the intensity are affected by water adsorption. These changes in the (00) PMO peaks
will be further investigated in the following chapter by focusing on the PMOs instead of

the water signals. This was achieved by using in-situ X-ray scattering during the water

adsorption into the pores, following the experimental description in Section 3.3.

A B 25
401 — Filled — Filled
30 - — Empty 20 1 —— Empty
S5 —— Subtracted = —— Subtracted
8 20 s 157
) )
> 104 > 10+
& g
[} 01 9 51
IS 15
—101 0- /_/,_/————/\’—
—201 . : : ; -5 1 : . .
1 2 3 4 0.4 0.6 0.8 1.0 1.2
q A1 qlA 1]

Figure 6.1: Filled, empty and subtracted X-ray scattering signals of BTEVA(4.4) in the
g-range relevant for the water signal (A) and in the range of the (001) and
(002) PMO peaks (B). Data was obtained in the experiment at P02.1, de-
scribed in Section 3.2.
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6 Structural influence of water adsorption on PMOQOs

6.1 In-situ X-ray scattering signals of PMOs during adsorption

The azimuthally integrated X-ray scattering intensity signals for the measured PMOs
at relative humidities of 0 and 100 %RH are shown in Fig. 6.2. One observes that
difference in intensity at the two humidities are barely, if at all, visible in this scaling,
indicating that the contribution of the adsorbed water must be small. In fact, the
adsorption of water can not be verified just from these signals. Note especially the
signals of BTEVA(4.4), which show a much smaller difference than in the data presented
in Fig. 6.1. This could be explained by the way the water was adsorbed in the P02.1
experiment. Here, the powder was exposed to water vapor in a climate chamber for 1-2
days, while the adsorption in the in-situ X-ray scattering experiment took place in about
1-2 hours. Furthermore, only a fraction of the powder was directly exposed to water
vapor in the in-situ experiment. This, combined with the fact that only the relative
humidity in the humidifier is known, could lead to relative humidities at the sample that

are in fact lower than the given value.
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Figure 6.2: I(g) of PMOs at 0 and 100 %RH.

Only in BTEVP(3.4) the two curves are distinguishable in the relevant ¢-range (between
1 and 4 Afl). A visible effect presents itself in changes of the intensity of the first and /or
second diffraction peak from the PMO (i.e. the peaks at ¢ ~ 0.5 A" and qg~0.5 Afl).
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6.2 Verification of water adsorption

Specifically, both peaks decrease in intensity at high relative humidity in BTEVP(4.4)
and BTEVP(3.4), while in the remaining samples, only the second peaks shows a clear
decrease. A shift in ¢ is not visible in the presented scaling in either of the materials.
A further investigation of the changes in the PMO peak positions and intensities is

conducted in Sec. 6.3.

6.2 Verification of water adsorption

As a water signal can not be identified directly from the X-ray scattering signals pre-
sented in Fig. 6.2, this section aims at verifying that water adsorption has occured during
the in-situ measurements. For this, the water signal has been extracted, as explained in
Sec. 4.1. The extracted water signals for 70, 80, 90 and 100 %RH are shown in Fig. 6.3.
Water signals are observed in all samples, verifying the adsorption process. Background
measurements at all relative humidities are subtracted to ensure that the water signals
do not originate from the water vapor in the experimental cell.

A striking observation is that at 90 and 100 %RH, the strongest water signal is present
in BTEVP(3.4). This is surprising but can be explained by excess water. As it has the
smallest pore diameter, and is furthermore rather hydrophilic, the water is probably
adsorbed and condensated already at lower relative humidities than the other samples.
This is most likely the case between 70 and 80 %RH, as the water signal is similar
to the other samples at 80 %RH, despite its smaller pore diameter and therefore pore
volume. In contrast, there is no water signal present in BTEVP(3.4) at 70 %RH. Further
condensation could then occur outside the pore leading to intergranular excess water.
In fact, this process is possible in all measured samples, however, due to the otherwise
more uniform water signal intensity, it is reasonable to assume that this did not take
place.

The water signal with the lowest intensity at 100 %RH is observed in BTEV[B:FB](3.8),
which could be explained by its organic moieties. This material possesses alternating
fluorinated and unfluorinated BTEVB and BTEVFB groups, which are both rather hy-
drophobic. This arrangement may have the effect that it is very unfavorable for water

to adsorb into the pore, as the condensation first happens at the pore wall.
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Figure 6.3: Extracted water signals of in the in-situ filled PMOs at relative humidities
of 70, 80, 90 and 100 %RH.
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6.3 Changes in the PMO peaks

6.3 Changes in the PMO peaks

The X-ray scattering signals in Fig. 6.2 already gave some hints on the effect of water
adsorption into the PMO pores. After verifying the water adsorption, this section aims
to more closely investigate the changes of the PMO peaks.
The two panels on the left of Fig. 6.4 show the change in the scattering plane distance
Ad = 27 <i - L
g @
0 %RH and ¢y that at relative humidity H. The upper panel shows the values obtained
from the first peak, located at g = 0.5 A™'. This peak corresponds to the (001) Bragg

) for the first and second peak, where g is the peak maximum at

reflection, which is caused by the periodicity of the organic moieties in the pore wall.
Specifically, the distance d = 27 /q obtained from the peak position describes the length
of one group. Ad then gives the difference between this length at 0 %RH and at relative
humidity H.

Here, one observes varying behavior between the materials. While Ad stays roughly
around 0 in the BTEVP materials and BTEVA(3.8), it increases with the humidity in
pores with hydrophobic moieties, i.e. BTEV[B:FBJ(3.8), BTEVFB(3.8) and BTEB(3.8).
A less pronounced increase is also observed in BTEVA(4.4). While the values of these
changes are rather small (< 0.02 A) and the error margins quite large in comparison, this
still hints at a restructuring effect within the PMO material. Note that in the second
peak, the difference in behavior between the materials is not as stark as in the first peak
and distinctions between the materials cannot be meaningfully identified.

The two panels on the right of Fig. 6.4 show the relative change in the integrated
intensity of the two peaks. Again, the behavior of the materials is not uniform, especially
in the first peak. In the BTEVA, BTEVFB(3.8) and BTE[B:FB|(3.8), an increase of
the intensity is observed. BTEB shows a relatively stable peak that does not increase as
much as the ones mentioned before. In the BTEVP samples, the behavior is reversed,
with the peak intensity decreasing with increasing relative humidity. In the second peak,
all materials show a decrease in the peak intensity. However, the decrease is still strongest
in the BTEVP samples and lowest in the hydrophobically functionalized materials.

The changes in the PMO peaks can be explained by the interaction of water with
the functional groups in the pore wall. The decrease of the peak maximum in BTEVP
suggests a lower degree of order of the organic moieties. This could be invoked by
different configurations of the NH group of the pyridine. This group is able to rotate and

therefore lead to non-identical configurations between different instances of the moiety.
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Figure 6.4: The change of the interplanar distance Ad (panels on the left) and integrated
peak intensity (panels on the right) over relative humidity for the first and

second (00]) PMO peaks. The first peak is located at ¢ ~ 0.5 A" and the
second at g ~ 1.0A"
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6.3 Changes in the PMO peaks

When these non-identical groups interact with water, this could then lead to a decrease
in the order of the organic moieties, as this interaction would then not be uniform
throughout the pore wall. The discussion in Chapter 4 has shown that water interacts
rather strongly with BTEVP.

The fluorine group in BTEVFB has a similar capability to rotate (see Fig. 6.5). How-
ever, in this material, an increase of the peak maximum, and therefore an increase in
the order of the moieties, is observed. This discrepancy could be explained by the fact
that the fluorine group acts hydrophobically. This leads to the space around it not being
occupied by water, similar to the B-PMO shown in Fig. 2.13B. The uniform interaction
with the silica between the organic moieties could then lead to an increase in the order
of the moieties. As the water interacts strongly with the hydrophilic silica but not with
the organic moiety, the occupancy of water molecules in the space between the moieties
should be rather high, leading to the moieties being pushed apart by the water. This

could then also explain the increase of Ad in the left panel.
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Figure 6.5: Visualization of the rotation of a moiety in a BTEVFB-PMO. Reused from
Bracco et al.?® with permission from John Wiley and Sons.

A similar behavior would be expected for BTEB(3.8), as this also constitutes a PMO
with hydrophobic organic moieties. However, the distance between these is much smaller
than in BTEVFB(3.8) (see Tab. 3.1). Because of this, the amount of silica between the
moieties with which the water can interact is also lower, leading potentially to a weaker
force on the material and therefore less restructuring of the pore material.

The last materials in this study are BTEVA with pore diameters of 3.8 and 4.4 nm.
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6 Structural influence of water adsorption on PMOs

In these, an increase in the peak maximum is also observed in the first peak. Notably, in
BTEVA(3.8), the adsorption of water also induces a shift of the peak position to larger
distances, while this is not the case in BTEVA(4.4).

An interesting discrepancy in the results presented in Fig. 6.4 is that in the peak
intensities, the behavior in the first peak between the samples is different than in the
second. While there is diverging behavior between the materials in the first peak, it
decreases slightly in all of them in the second peak. As both peaks are identified with
the periodicity of the organic moieties (i.e. (001) for the peak at ¢ =~ 0.5 A" and (002)
for the peak at ¢ ~ 1.0 A_l), it is expected that these peaks should behave similarly. An
explanation for this variation could be the change of X-ray contrast between the pore
wall and its center when water gets adsorbed. As water has a higher electron density
than air, a higher scattered intensity will be present from water than from air. Therefore,
the ratio between the integrated intensity that is scattered from the pore wall material
to that inside the pore is shifted towards the latter in the case of water-filled pores. This
effect probably exists in combination with the physical effect discussed above. However,
for peaks at larger g, the decrease in contrast might become dominant, leading to the
apparent intensity decrease. An additional factor could be the signal of the water, which
is more strongly present in the second peak. As it is rather broad compared to the
Bragg peaks of the PMOs, it describes a background contribution in this context. When
isolating the PMO peaks, these could therefore appear smaller in comparison to the
empty PMO, as more intensity gets subtracted when isolating the peak.

The presence of the physical restructuring and the decrease in contrast is also sup-
ported by the fact that, while the peak maximum decreases in all samples in the second
peak, the order of the materials is similar to that in the first peak with BTEVP at the
bottom (i.e. with a stronger intensity decrease) and more hydrophobic materials and
BTEVA at the top (i.e. with a weaker intensity decrease). This indicates that while the
contrast decrease might be the dominant effect for this peak, there might be another

influence in the form of the aforementioned restructuring effect.

6.4 Summary

The in-situ study of water being adsorbed into PMOs confirms changes in the Bragg
peaks originating from the PMO moiety periodicities during water adsorption. By iso-

lating the contribution of the adsorbed water, it was confirmed that the process was
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successful. However, the amount of water is most likely lower than in the experiments
where the pores were filled ex-situ, as indicated by a barely noticeable difference between
the X-ray scattering signals at 0 and 100 %RH. This is most likely due to the longer and
more even exposure to water vapor in the climate chamber opposed to the experimental
cell in the in-situ experiment.

The adsorption led to changes in both the peak position and the peak intensity, espe-
cially in the (001) peak, i.e. the first-order peak that is identified with the periodicity of
the organic moieties in the PMO pore wall. Specifically the change in intensity varied
throughout the set of samples. BTEVFB(3.8), BTEV[B:FB|(3.8) and the two BTEVA
samples showed an increase of the intensity with higher relative humidities, while it de-
creased in the BTEVP samples. The intensity of the (001) peak stayed roughly the same
in BTEB(3.8). An increase of the intensity of implies a more ordered structure of the
corresponding lattice planes, while a decrease suggests the opposite. The hydrophobic or
hydrophilic interaction of the moieties with water might therefore cause a restructuring
of the moieties, which decreases the order in BTEVP, while increasing it in the other
samples. BTEB is not as strongly affected as the distance between two groups is much
smaller than in the other materials, leading to a weaker effect.

In the (002)-peak, a decrease of the intensity is observed in all samples. This can
be explained by a decrease of the X-ray contrast between the pore wall material and
the pore center. As this is not observed in the (001)-reflection, this might become a
dominant effect only at larger ¢q. Additionally, the water signal also contributes more
strongly at larger ¢ (i.e. at ¢ =~ 1 Afl). This means a stronger background signal that is
difficult to mitigate when isolating the PMO peak. Therefore the intensity of the peak
itself may appear lower than it is.

Previous studies of the influence of water adsorption on the structure of porous silica
showed that repeated adsorption leads to changes in the SAXS regime in SBA-15, i.e.
the (hk0) peaks of the material.''® The discussion in this chapter showed, that also in
the WAXS regime, i.e. the (00l) peaks of the PMOs, is affected by the adsorption.
While this study does not reveal if the process is repeatable and is based on only one
adsorption cycle, it still presents interesting results, especially since not many studies

are conducted regarding the WAXS regime in this context.
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7 Conclusion

The aim of this thesis was to explore the interactions between water and ice with confin-
ing PMO materials, using X-ray scattering. The structure of liquid water (Chapter 4)
and ice (Chapter 5) under confinement was investigated, as well as the influence that
the adsorbed water has on the PMO material (Chapter 6). The findings present the first
X-ray scattering study of water under confinement in a broad range of different PMO
materials with a large selection of PMO precursors and pore diameters.

Probing the structure factor of liquid water in PMOs revealed a decrease in its den-
sity when compared to bulk water. While this effect was present in all measured PMOs,
notable differences between the various materials were observed. The water confined in
hydrophobically functionalized PMOs retained a density closer to that of bulk water,
while in hydrophilic pores, it differed more from bulk. This observation experimentally
confirms previous simulation studies that propose a lowered density, specifically in hy-
drophilic confinement, due to negative pressures inside the pore.!® 2! This may be caused
by meniscii,?! which form at the pore opening, as well as bound water that adsorbs in-
side the pore wall, such that a clearly defined boundary between the wall and the water
cannot be established anymore.

The analysis of the pair distribution function and the running coordination number
proposed that confinement in pores with hydrophilic moieties and smaller pore diame-
ters supports the development of a more pronounced tetrahedral water network. This
result is in disagreement with previous spectroscopy studies, which observe less tetrahe-
dral structuring in PMOs.3136 As discussed before in Sections 2.2.3 and 4.5, there is a
discrepancy between studies on confined water that use spectroscopy methods and those
utilizing scattering and simulation techniques. The former tend to conclude less tetrahe-

31,36,37 wwhile the latter observe a more tetrahedrally structured

drally structured water,
network.20:21:38:39 The results from this thesis therefore agree with the scattering studies
that find more tetrahedral water, especially in silica confinement while disagreeing with

previous spectroscopy-based studies of water in PMOs.
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7 Conclusion

In PMO-confined ice, an X-ray scattering signal with various contributions was ob-
served. In most materials the signal contained diffuse stacking-disordered, amorphous
and hexagonal characteristics (see 5.1.2). This is in agreement with previous studies of
ice in mesoporous silica confinement.?>!1! However, a new finding was the presence of
a slight shift in the peaks from the hexagonal contribution. The corresponding lattice
parameters a and c therefore differ when compared to bulk ice I;,. This shift varies for
the PMO materials and is not isotropic in most materials. Instead an elongation of the
cell is observed, in which the c-parameter changes more strongly than a, resulting in a
larger ratio ¢/a compared to bulk ice.

Furthermore, preferred orientations of ice crystallites in respect to the pore were
found in BTEVP+(3.5) and BTEVP(3.8) and to a lesser extent also in BTEVA(3.8)
and BTEVB(3.8). From this it can be concluded that hydrophilic pore functionalization
is connected to crystallites growing in preferred orientations. Notably, these are also the
PMOs, which lead to the strongest density decrease and tetrahedral structuring in liquid
water. This suggests that the emergence of preferred ice crystal orientations is caused
by the strong pore wall-water interaction and the subsequent altered water structure.

Lastly, the effect of water adsorption on the structure of the PMO, specifically the
periodicity of the organic moieties, was investigated. Here, a restructuring is observed
in most of the measured materials, as indicated by changes in the peak positions and
intensities of the (001) peaks of the PMOs during water adsorption. A growth in peak
intensity, indicating a more ordered structure of the organic moieties, was present in
all samples except BTEB(3.8) and the BTEVP materials. The structure in BTEB(3.8)
was not strongly affected by the water adsorption, probably due to the short length of
its moieties. BTEVP(4.4) and BTEVP(3.4) showed a decrease in the peak intensity,
suggesting a decrease in the order of the functional groups. This could be caused by
varying orientations of the moieties, as their structure allows for rotation along its long
axis. This way, interactions of the strongly structured water network, which is present
in these materials (see Sec. 4.5), with the rotated organic moieties might cause strains
on the pore wall, leading to slight deformations.

It is important to note that the results presented in Chapters 4, 5 and 6 are closely
linked and influence each other. Chapter 4 discussed that the structure of water is
influenced by the PMO confinement. However, Chapter 6 showed that the PMO material
is just as well impacted by the adsorption of water. It can be assumed that this results in

a complex interplay between the two effects, where the PMO functionalization affects the
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water structure, which in turn alters the PMO structure and so on, until an equilibrium
state is reached. When lowering the temperature, the resulting water structure most
likely has a strong influence on the ice formation, as discussed in Chapter 5.

A striking observation that re-appears in the discussions is that confinement in PMOs
with hydrophilic functionalization results in behavior that is most different from bulk
water. This is especially the case for the structure factors (Sec. 4.3) and tetrahedral
structuring (Sec. 4.5) in liquid water, as well as the emergence of preferred orientations
of ice crystals (Secs. 5.3.4 and 5.4). A possible explanation for this phenomenon is that
in the hydrophilic PMOs water can form hydrogen bonds with the silica, as well as
the functional groups in the pore wall, thereby altering the water network directly. In
contrast, the interaction with hydrophobic moieties is rather defined by an absence of
bonds. As this is more of a indirect influence, the difference to bulk water may therefore
not be as strongly pronounced as in hydrophilically functionalized PMOs.

These results once again underline the peculiarities of water, especially when it is
subject to confinement. In particular, they imply that the interaction of water with a
confining medium has a strong influence on its structural behavior. An example of this
is the tetrahedral hydrogen-bond network, which has been shown to be affected by not
only the geometry of the confinement but also the pore wall chemistry. Subsequently,
the structure of ice forming in these pores is also affected.

Going forward, this could be used as a means to study fundamental properties of
water and ice. Confinement could for example be utilized for supercooling while tuning
the pore-water interaction such that the structure of the confined water is close to that
of bulk water. From Chapter 4 one can infer that this could be achieved by using a
hydrophilically functionalized PMO, as the structure factor peaks, as well as the amount
of tetrahedral structuring in these are closest to bulk water (cf. Figs. 4.4, 4.7 and
4.8). One could also utilize confinement interface effects to induce specific structural
properties. Examples of this are the lowered density of water presented in Sec. 4.3 or
the ice leading to the diffuse cubic-like ice signal discussed in Sec. 5.1.2.

The influence of the water adsorption on the confining material is also of great in-
terest with a number of studies investigating the imbibition of water into porous ma-
terials.!1"118 In this context, the findings from Chapter 6 could help to engineer new
functional hybrid materials based on water in conjunction with tunable porous materials,
which could for example serve as actuation materials. 19120

Generally, considering the prevalence of confined water and ice in nature, the interac-
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7 Conclusion

tions discussed above could be an important factor, for example in geological or biological

contexts and should be considered when investigating water and ice in confinement.
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