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Abstract

In the process of understanding the properties and behaviour of a com-
pound, and designing improved materials, probing the atomic-level struc-
ture is a decisive step. Single crystal X-ray diffraction, a widespread, non-
destructive technique, can certainly satisfy this requirement. However, suit-
able single crystals cannot always be obtained, especially in cases where com-
pounds are synthesised in situ or investigated while they are subjected to ex-
ternal stimuli that can compromise the integrity of the crystal. In these cases,
X-ray powder diffraction (XRPD) can be used. This method allows for anal-
ysis of the bulk material, regardless of the degree of the structural order in
the compound (crystalline or amorphous), and delivers information about the
crystal structure, local structure, microstructure, and phase composition.

In the present PhD thesis, several compounds belonging to different classes
of materials such as organic molecules, coordination compounds, inorganic
compounds, and polymers have been analyzed with the main aim of extract-
ing structural details and determining structural changes. XRPD was used
as the main technique, and complementary analyses such as thermal analy-
sis (TGA, DTA, DSC), scanning electron microscopy (SEM), and vibrational
spectroscopy (IR) supported the results.

This PhD thesis is divided in six main chapters. In the introduction and in
the second chapter, a brief overview of techniques, methods, and instruments,
extensively used in this PhD, is given. An illustration of the devices for in
situ and operando experiments, designed and built during this thesis, is also
provided.

The third chapter discusses the characterization of two compounds: fer-
rous glycine sulfate pentahydrate, currently used as an iron supplement, and
glycolaldehyde ammonia, recently synthesized in the lab of BASF SE in Lud-
wigshafen am Rhein (Germany). In both cases, a careful characterization of
the morphology by SEM, and the structural details by XRPD and IR were
performed. For the first case study, the use of the SEM coupled with BSE and

iX
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EDX, confirmed the stoichiometry (Fe:S:N ratio) and showed the presence
of heavily scattering particles, attributed to by-products of the synthesis. IR
revealed the denticity of the glycine is in the zwitterionic form, and the crys-
tal structure of the iron compound was determined by XRPD analysis. Upon
heating, the compound transforms to the anhydrous coordination complex,
through a less hydrated crystal form, as observed by TGA/DTA analysis and
temperature dependent in situ XRDP measurements. In the second case study,
after extracting the molecular structure information through IR, the crystal
structure was determined by XRPD analysis. Additionally, pair distribution
function (PDF) analysis was used to confirm the molecular conformation and
the crystal structure.

The fourth chapter is focused on the anisotropic thermal expansion anal-
ysis of two different organometallic systems: three isotypical copper com-
plexes showing photosalient behaviour and two isotypical interpenetrated MOFs.
The anisotropic thermal expansion was measured and visualized helping to
explain the phenomenon through the development of structural motifs in the
compounds. These studies showed the variation in the anisotropic thermal
expansion as a function of the different positions of fluorine atoms on the ben-
zene ring in the three isotypical photosalient crystals. In addition, temperature-
dependent in situ measurements in vacuum on one of the two MOFs revealed
a phase transition, which influences the optical properties.

The fifth chapter presents the investigation of the synthetic process of
Chabazite zeolite with two different approaches (solvent-free and solvent-
based), monitored through in situ XRPD and PDF measurements. In the first
approach, trends on reactants and products were followed, and the concur-
rent formation of sodium sulfate was identified. In the second approach, the
co-existence of the precursor and product was observed for a long period of
time before the reaction completed at 190 °C. Additionally, the kinetic study
revealed the possible presence of two reaction mechanisms.

The sixth chapter presents the crystal structure of a polymer, poly(p-
dinitrosobenzene). Although structure solution of polymers from XRPD can
be complicated, in this case, the comparatively high crystallinity of the stud-
ied compound allowed for structure solution through XRPD. In addition,
TGA/DTA/DSC analysis and temperature-dependent in situ XRPD measure-
ments showed thermal stability until circa 150 °C .

The last chapter details an extensive structural study of different forms
of metal thiocyanate coordination compounds and their thermal behaviour
by temperature-dependent in situ XRPD. The crystal structures and thermal
behaviour were determined for coordination compounds of cadmium, iron,
nickel, and manganese with 4-methoxypyridine, 4-picoline, 4-cyanopyridine,
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and 3- ethylpyridine as co-ligands.

Overall, various XRPD methods were applied to extract structural infor-
mation and enhance the understanding of the thermal behaviour and the for-
mation processes of compounds without any limitation on the class of mate-
rials and the aggregation state.

X1






1 Introduction

Due to the continued development and the increasing need for new, high
performance materials, the characterization at the atomic scale of new and
already existing compounds and their synthetic methods is ever critical. A
detailed insight into atomic-level structure of a material is absolutely crucial
for understanding its properties and then optimizing its performance or de-
signing a new, improved version.

Single-crystal X-ray diffraction (SC-XRD) is generally used to determine
the crystal structure of a compound. The modern methods and software made
this technique quite fast and straightforward to use, enabling relatively fast ac-
cess to reliable structure models also in cases where samples are smaller than
3 um in size [1]. However, single crystals with shape and size suitable for
SC-XRD analysis are not always easy to produce, since in certain cases (e.g.,
polymeric structures [2] or proteins [3]), the crystallization process requires
days or even months and many trials before the right crystallization conditions
can be found and optimized. Sometimes, these efforts are still inconclusive,
and other techniques must be used, such as X-ray powder diffraction [4—6]
and electron diffraction [7, 8].

X-ray powder diffraction (XRPD) can help scientists extract structural de-
tails in those cases where SC-XRD fails or an accurate model cannot be ob-
tained. Additionally, contrary to SC-XRD, where only a single crystal from
a synthesis batch is analysed, XRPD retrieves information about a large pop-
ulation of crystals. Despite the long story of powder diffraction (the first
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powder diffraction experiments were performed by Friedrich in 1912 and
1913 [9,10]), in the beginning the technique was not as frequently used as to-
day. The main reason is related to the intrinsic problem of the accidental and
systematic peak overlap caused by the projection of the three-dimensional re-
ciprocal space on to the one-dimensional 20 space of a powder pattern. After
this problem was partly solved by the Rietveld method [11, 12] and new fast
computers were developed, XRPD became a prominent tool in materials char-
acterization. This technique is nowadays commonly used for qualitative and
quantitative phase analysis, however, structure determination [13] and char-
acterization of microstructural defects (e.g. stacking faults [14]) by XRPD
can still be challenging.

Structure determination by SC-XRD and XRPD gives a crystallographic
model where the coordinates of the atoms are averaged over all diffracting
unit cells of the crystal (average structure). Small fluctuations around the
equilibrium positions are described using atomic displacement parameters,
but in certain crystalline materials (e.g. perovskites [15, 16]), the deviation
from the average structure is so strong that the symmetry can locally break.
Since this phenomenon can have a big impact on the properties, a careful char-
acterization of the local structure is crucial. With the term "local structure"
is meant the structure of the nearest neighbours around an atom in crystals
and molecules. This is usually probed with spectroscopic techniques such as
NMR [17], infrared [18] and X-ray absorption [19]. Another method used
to study the local structure is pair distribution function (PDF) analysis. This
technique uses the "total scattering”" approach, which treats both the Bragg
and diffuse scattering on an equal basis. As for XRPD, PDF is a technique
developed long time ago (beginning of the 20th century) [20,21] and has be-
come popular in the last few decades thanks to technological advancements.
The function gives a measure of the probability of finding a pair of atoms in
the material separated by a distance r. PDF studies are particularly useful for
amorphous [22] and nanocrystalline [23] species, and mixtures of different
phases such as crystalline and amorphous phases or liquid suspensions [24].

Since XRPD and PDF analysis are versatile and powerful tools in de-
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tecting and extracting structural information, they can be used for studying
synthetic processes and behaviour of compounds when they are exposed to
external stimuli (e.g. temperature, UV light, pressure, or mechanical stress).
One of the common ways to perform these studies is to do ex sifu analysis
where a number of experiments are performed at different conditions or at
the same condition but stopped at different reaction times, and subsequently
measured. However, this procedure works only when reaction kinetics are
slow and there are no metastable intermediates and reversible phase transi-
tions. In addition, the production of chemical waste is substantial with this
approach. To circumvent these disadvantages and obtain time-resolved infor-
mation, XRPD and PDF analysis have been combined with devices, such as
furnaces, UV lamps, pressure pumps, and mills [25]. The first application
dates back to 1921 with a diffraction study on iron and steel at high tem-
peratures [26], but it is with the advance in instrumentations, such as new
detectors, and the access to high flux beam (synchrotron) that this tool be-
came popular in the last few decades. By performing in situ XRPD and PDF
experiments, information such as structural changes, phase quantities, and
kinetics are extracted from a sample at a specific condition and as a func-
tion of the time of stimulus, regardless of the degree of the structural order
(crystalline/amorphous) and the state of matter (solid/liquid). Therefore, this
tool enables scientists to answer many problems related to the chemistry and
physics of materials in non ambient conditions. Investigation of solid state re-
actions, polymorphic analysis, and gas absorption experiments are only some
of the possible applications.

The thermal expansion of a material can also be monitored by in situ
XRPD. With powder diffraction, the position of each reflection is tracked as
function of the temperature and then related to the lattice parameters. By
using this information, the expansion can be quantified along the crystallo-
graphic axes of the unit cell (coefficient of thermal expansion, &) and com-
pared with the behaviour of similar compounds. The investigation of this be-
haviour may reveal anomalies, such as huge anisotropic thermal expansion,

where the expansion is remarkable in one direction (o > 100 x 10°K!) and



Introduction

ordinary or negative in another direction (ot < 0 x 10°K"") [27-29]. This phe-
nomenon may be due to structural peculiarities and molecular mechanisms
that make these materials promising candidates for applications as micro-
scale actuators or thermal expansion compensators. Therefore, understanding
the structure-property relationship is crucial to properly manipulate molecu-
lar motion and design sensitive thermomechanical devices [30].

In the process of investigating the formation mechanism and the crys-
tallization of certain materials, such as zeolites, which are produced by hy-
drothermal synthesis and investigated in this thesis, in situ experiments may
be challenging to perform owing to extreme conditions, such as high pres-
sures, high temperatures, and the need for sealed reaction chambers. In these
cases, the development of new strategies or devices is the first requirement to
satisfy for successful in situ experiments [31]. Most of these devices are small
(micro-reactors) in order to improve the heat transfer efficiency and have high
pressure tolerance. To facilitate the penetration of the X-ray beam, the wall
thickness of these devices is kept as small as possible, and these devices are
mostly used at high energy synchrotron light sources. However, since the ac-
cess to synchrotron facilities is possible only after the approval of a proposal,
is limited to a small period of time, and requires travelling to other places, the
need for micro-reactors suitable for laboratory diffractometers is growing.

In this thesis, I will present my research work with a focus on the atomistic
details of different compounds at ambient condition or while the samples are
subjected to external stimuli, such as pressure and temperature. The thesis in-
cludes the analysis of many compounds without any limitation on the classes
of materials. The targeted samples can be divided in organic molecules, metal
coordination compounds, inorganic materials, and polymers. The results are
distributed in different sections depending on the properties of the investi-
gated compounds and the type of analysis. For each class of material, I will
discuss in detail the open problems presented in this section, and consistently
report the results, the instrumentation and the methods used for each sam-
ple. XRPD was the main tool for conducting the research. Ab initio struc-

ture solution methods and Rietveld refinement were extensively employed
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for determining the crystal structures, whereas PDF analysis was used as a
complementary technique to confirm the structural models for the short-range
order and to monitor the presence of amorphous or weakly crystalline com-
pounds in the analysed samples. The investigation of the compounds in this
thesis is supported by supplementary techniques including vibrational spec-
troscopy (IR and Raman), elemental analysis, scanning electron microscopy
(SEM) coupled with EDX, and thermal analysis, such as thermogravimetric
analysis (TGA), differential thermal analysis (DTA) and differential scanning
calorimetry (DSC). In the next section, the diffraction techniques and the re-

lated methods will be briefly introduced.
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2 Powder diffraction analysis

and instrumentation

In this chapter, a brief introduction to the techniques, methods, and in-
strumentations that were used to investigate the different materials and solid
state reactions present in this thesis is given. In particular, XRPD and PDF
analysis, two techniques extensively employed in this research, the methods
for structure characterization, and laboratory and synchrotron light sources
will be briefly discussed. Additionally, the devices for in situ and operando
studies, used, designed, and built during this PhD, will be illustrated.

2.1 Basics of X-ray powder diffraction (XRPD)
and Pair distribution function (PDF)

The term "powder diffraction” describes a technique where radiation with

a wavelength comparable to interatomic distances is incident on a powder,

made of a high number of randomly oriented crystallites, generating the phe-

nomenon of diffraction. Different types of radiation can be used, such as

X-rays, neutrons, and electrons but herein I will exclusively focus on the X-
ray diffraction.

The principle of diffraction from a crystal was described by William

Lawrence Bragg, via the Bragg equation 2dsin®=A2, as a reflection of the beam
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Sample

Detector
X-ray
source

Figure 2.1. Schematic representation of a typical setup for XRPD measure-
ments in transmission (Debye-Scherrer) geometry.

with wavelength A by sets of parallel lattice planes, each of them separated
by a distance d and characterized by the Miller indices hkl. This results in a

@...;

Intensity
4

N
D

Figure 2.2. Schematic representation of the different parts of a XRPD pat-
tern: background/diffuse scattering (1), peak position (2), integrated peak
intensity (3), and peak profile (4).
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sharp spot of high intensity related to a specific angle of reflection 20. How-
ever, in the presence of a crystalline powder, constituted by a high number
of randomly oriented crystallites, Debye-Scherrer cones are formed (Figure
2.1). The cones on a screen perpendicular to the primary beam (e.g. 2D
detector) appear as rings, which become sharp peaks (Bragg peaks) in a one-
dimensional powder pattern (diffractogram or XRPD pattern) after orizontal
or vertical (depending on the diffractometer geometry) one-dimensional cut
through the rings [4]. Therefore, Bragg peaks (Figure 2.2) are related to spe-
cific lattice planes of a crystal structure and as a consequence, from the anal-
ysis of their positions, lattice types, lattice parameters, space group' (or at
least a subset of the possible ones), and macrostrain (i.e. uniform variation
of the d-spacing) can be revealed. In addition, since each substance produces
a characteristic diffraction pattern, the peak positions can be considered as a
sort of "fingerprint", which can be used to identify a compound (qualitative
phase analysis).

The dimension of the finite crystallite domains is one of the primary
sources of the peak broadening. This is usually measured from the full width
at half maximum (FWHM) by using the Scherrer equation [32,33]. The pres-
ence of disorder, such as a non uniform distortion of the inter-layer distance
d (microstrain) or stacking faults, has also an impact on the peak asymmetry
and broadening (peak profile). In addition, there are also instrumental contri-
butions affecting peak broadening that must be deconvoluted when accurate
sample-related information has to be extracted.

From the radiation-sample interaction, inelastic scattering (Compton ef-
fect) and coherent elastic scattering are generated. The latter has both Bragg
and diffuse components. The Bragg scattering originates from the presence
of a periodic arrangement of atoms in the sample and gives Bragg peaks,
as already discussed. From the area below the peak (intensity), the crys-

tal structure of a compound can be determined. In addition, details about

n this case, peak intensity is also fundamental, since the absence of classes of reflections
means the presence of one (or more than one) symmetry operator that enables to identify the
possible extinction symbols and the related possible space group(s).
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the site occupancy factor (SOF), temperature factors, and texture can also be
revealed and quantitative phase analysis carried out. The diffuse scattering
arises from the lack of long-range order and is visible as broad bumps in the
XRPD pattern. Standard XRPD analysis focuses on the information that can
be extracted from the Bragg peaks of crystalline materials and excludes the
diffuse scattering from the data analysis (unless a quantification of the amor-
phous phase is required) by treating it as a background signal. However, the
information coming from this portion of the diffractogram is substantial since
details about the local structure can be extracted. One of the techniques to
extract this information is the "total-scattering” or PDF analysis. The PDF is
a scaled histogram of all the atom—atom distances in the material [34]. It is
averaged over all atoms in the scattering volume and the total time of the ex-
periment, giving a measure of the average radial structural environment of all
the atoms (Figure 2.3). This is nowadays considered as a cutting-edge analy-
sis for investigating solutions, amorphous compounds, disordered structures,
and nanostructured materials, however the first applications go back to the
first half of the twentieth century with the experiments performed on carbon
by Warren [35] and Franklin [36]. Collecting data for generating PDF plots
means performing XRPD experiments. The difference is in the good statistics
and a high measured value of Q (Qmax, With Q=47sin(0)A 1), which require
the use of diffractometer with molybdenum or silver radiation (at the expense
of a long exposition time) or synchrotron light sources. The collected recip-
rocal space data are then corrected for the inelastic and self scattering to give
the reduced total-scattering structure factor, F(Q), which is then sine-Fourier

transformed to obtain the experimental PDF, G(r):

Qmax
G- 2 / F(Q)sin(Qr)dQ @1

i

min

This technique is both straightforward and intuitively easy to compre-
hend. In a PDF plot, which shows the G(r) as function of the interatomic dis-
tance, r, a positive peak at a given r corresponds to high correlation between

two atoms at distance r whereas G(r)=0 represents the average atomic den-

10
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sity of the irradiated sample (Figure 2.3). With PDF analysis, it is possible to

ri: 1L41A
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~ 21
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T T T ld
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Figure 2.3. Relationship between peaks in the PDF plot (left) and the actual
atom pair distances in the sample structure (right).

look at the structure with respect to the short-range order (SRO), the medium-
range order (MRO) and the long-range order (LRO) [37,38]. This means that
the function is sensitive to intramolecular correlations, such as atomic coordi-
nation, bond lengths, torsions, as well as molecular conformation (SRO), and
to intermolecular interactions, orientations, and packing (MRO).

In an ideal, perfect crystal, the relationships between atoms separated by
large distances are visible as distinct peaks. However, due to the presence
of crystalline domains, the inter-atomic relationships are lost and the PDF
signals damps out. This feature allows for the identification of the largest
distance within a coherently scattering domain (domain size). The signal-
attenuating effect, which is also related to the shape of the coherent domains,
can often be accounted for by modifying the ideal PDF signal for an infinitely

periodic crystalline system, G..(r), with a characteristic function, y(r) [39]:

G(r) = 7(r)Gel(r) 22

With this analytical expression, PDF of disordered samples can be described
by modulating the PDF of the same sample in a non-disordered state with the

proper function.

11
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2.2 Methods for structure determination and re-
finement from XRPD

The process for obtaining the crystal structure from XRPD can be bro-
ken into six steps: i) data acquisition, ii) determination of the unit cell (in-
dexing), iii) determination of the space group from the systematic absences,
iv) extraction of the integrated peak intensities and the refined lattice pa-
rameters (whole powder pattern decomposition methods), v) determination
of the crystal structure (reciprocal space methods and global optimization
methods®), vi) refinement of the crystallographic model structure (local op-
timization methods), and visual inspection for checking plausibility of the
crystal structure (e.g., chemical bonds and molecular geometry). This section
shortly deals with the last three steps with a focus on the methods that were
used during this thesis.

2.2.1 Whole powder pattern decomposition methods

Whole powder pattern decomposition methods differ from the single Bragg
peak fitting since they fit the whole XRPD pattern using instrumental (e.g.,
wavelength and axial divergence) and sample information (e.g., peak shape,
space group, and lattice parameters). From these methods, peak intensities
of all reflections can be extracted to be used as input in the structure deter-
mination process. The great advantage is that it is possible to obtain refined
parameters, such as lattice parameters or crystallite size, without any struc-
tural model. Two routines for the decomposition process, commonly used
nowadays, were developed in the 1980s by Pawley [40] and Le Bail [41].
The Pawley routine is based on least squares analysis of the XRPD pattern
where background parameters, instrumental zero error, unit cell parameters,
peak shape parameters and integrated intensities are refined during the fitting
process. Since the method assumes all hkl reflections as independent param-
eters, the least squares fitting can give any values. Therefore, although the

21n this thesis, I will focus on the last ones

12
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total area of a group of largely overlapping peaks are well determined, the
intensity of the single peaks may also assume negative values. To limit this
problem, constraints and restraints (slack constraints) were included in the
routine. The Le Bail method was developed to speed the fitting process and
avoid the intensity-related problem of the Pawley routine. In this method,
based upon Rietveld’s original method, the major difference is that the inten-
sities of the individual peaks are no longer treated as least squares parameters
and are never refined but adjusted in an iterative procedure. At the beginning,
the intensity are set to an arbitrary value, and they are treated as "calculated"
values as if they had been derived from a structural model. Then, by using
the refined parameters from the least-squares fitting, new intensity values can
be calculated, which are used in the subsequent cycles until convergence is
reached. However, it must be noted that in case of strong overlapping, both
methods tend to give erroneous values and care must be taken in using those
data.

2.2.2 Global optimization methods

Global optimization methods are used for structure determination. The
advantage of these methods is in the algorithm, which is able to locate the
global minimum from any random starting point without being trapped in a
local minimum (corresponding to an incorrect determined structure, Figure
2.4). Global optimization methods involve moving atoms around a known
unit cell until the best agreement with the observed diffraction data is ob-
tained. In order to understand if the best minimum has been reached, it is
possible to compare the obtained agreement factor value with that obtained
from a Pawley or Le Bail refinement [13]. To increase the chance of success,
different strategies were developed during these years. The main idea is to use
any chemical information as constraints or restraints (e.g. torsion angles, and
bond lengths and angles) to compensate for the reduced information content
of the XRPD pattern. In case molecules are present in the crystal structure, a

rigid body can be built and used, leaving only the position and the orientation

13
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of the molecule within the unit cell to be determined. Many methods have
been developed during these years such as the Grid Search method, Monte
Carlo method and the Simulated Annealing technique [4,42]. Since the last
technique was mostly used throughout this thesis, a brief description is now
given.

The simulated annealing algorithm belongs to the so-called direct space
methods and it is the most used and effective of the algorithms for structure
determination from XRPD data. The name refers to the annealing process
where a crystalline compound is obtained by slowly cooling from a melt.
In powder diffraction, a trial crystal structure is provided to the algorithm
(the atom coordinates are usually set to arbitrary numbers), which probes
the whole parameters space by generating a huge number of different crystal
structures. For each crystal structure, a XRPD pattern is calculated and com-
pared to the observed one by means of an agreement factor (usually R,,,, see
section 2.2.3.). After each cycle, the difference between the new agreement
factor and the old one is monitored. If this difference is negative, the varia-
tion led to an improvement of the fit and the new structure model is accepted.

If the difference is positive, the fit is worse but the structural model can be

b b
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(a) (b)

Figure 2.4. Schematic representation of the difference between global (a)
and local (b) optimization methods.
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accepted with a probability according to an acceptance criterion, which de-
creases with decreasing the temperature. This is the key feature that allows
the ’uphill moves’ in the global minimisation process and avoids the algo-

rithm to be trapped in a local minimum.

2.2.3 Local optimization methods

When a crystal structure is determined through global optimization meth-
ods or an isomorphic structure is used as starting model, the structural model
must be optimized with a local optimization method in order to find the global
minimum. The most used and common local optimization method is the Ri-
etveld refinement and it is based on least squares refinement [4]. The method
was introduced by Hugo Rietveld in 1969 as a profile refinement method for
nuclear and magnetic structures [11]. Nowadays it is mostly used for refining
crystal structures to XRPD patterns. The Rietveld refinement marked a turn-
ing point in powder diffraction since it does not use the integrated intensities,
which can be affected by errors due to accidental and/or systematic overlap
of some Bragg reflections, but employs directly the profile intensities (step-
scanned intensities) obtained from the XRPD pattern. This feature gave an
important contribution to the development of powder diffraction method by
enabling scientists using powder diffraction to be no longer limited to data
analysis by methods expressly developed for single crystal investigation.

The core of the algorithm of the Rietveld method is to use the least squares
procedure to refine the parameters related to the structure, specimen and in-
strument effects, and optimize the fit to the whole powder pattern available
in step-scanned intensity data. This procedure intrinsically accounts for peak

overlap. The function M to be minimized is the following:
1 2
M= Zwi{YObs,i - EYCalc,i} (2.3)
i

where the sum is over the N observed data points in the chosen 20 range,

Yobs,i and Yeqc.; are the observed and calculated step-scanned intensities, c is
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the scale factor, and w; is the weighting factor derived, e.g., from the variance
of Yobs,i aS UG(yobs,i)'
The calculated intensity y.q; can be expressed as the sum of the contri-

bution from the background (ypke i) and the Bragg reflections s=(hkl) (ys;):

Yecale,i = Ys,i + Ybkg,i 24

with:
Ys,i — SZ(‘Fcalc,s|2®s7icorrs,i) 2.5)
s

where the sum runs over all Bragg reflections s of a phase that contribute to
the position i in the powder pattern, S is the scaling factor applied to the re-
flection intensities, Corry; is the product of various correction factors (e.g.
multiplicity, absorption correction, Lorentz-polarization factor, and preferred
orientation correction) applied to the reflection intensities \Fcalc,s|2 that de-
pends on the diffraction geometry and individual reflection indices, and @y ;
is the profile function, which is determined by the instrumental profile and
microstructural parameters of the sample.

To assess the quality of the refinement of a structural model in powder
diffraction, different agreement factor (R-factor) have been introduced. Those
factors, as in SC-XRD, are based on the difference between the observed and
the calculated data.

The powder pattern R-factor R;,:

_ Zi |YObS,i 7Ycalc7i|

R (2.6)
P Zi Yobs,i
The weighted powder pattern R-factor Ryp:
R _ Zi Wi [YObs,i - Y(:alc,i]2 2.7)
P Zi Wiy?)bs,i

where the weight w is, e.g., derived from the variance of y, ; as 1/ o2 (Yobs,i)

The expected R-factor Rexp, which gives the value of the best possible fit
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based on counting statistics:

N-P
chp - (28)
Zl lyobs i

with N the number of data points and P the number of parameters.
By using Rexp and Ry, it is possible to calculate the GOF (or ), which is a
good measure of the quality of the Rietveld refinement:

GOF =

pr _ \/Ziv"i[}lobs,iY(:al,i]2 (2.9)

Rexp N-P

For comparison with single crystal data, the Bragg R-factor for each crys-
talline phase is introduced:
Zk |Iobs k—Lcale k|

Rprage = . . 2.10
Prage Zk Iobs,k ( )

where Iopsx and Icgcx are the “observed’ and calculated intensities for each
reflection k.

Of course, it should be noted that a careful visual inspection of the fit
and the crystal structure must always be performed in order to properly direct
the refinement process and discard wrong models with good R-factor but no

chemical sense.

2.3 Instrumentations

2.3.1 Laboratory source

The experimental setup of a laboratory diffractometer for XRPD mea-
surements consists of an X-ray source, optics, slits, a goniometric head, a
beam stop and a detector (Figure 2.5). Each of these elements is important in

obtaining high quality XRPD data. Assembling and choosing the right setup
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may avoid the collection of low quality diffractograms that can lead to mis-
leading results or prevent the data analysis from being performed.

Before an experiment, the X-ray source must be carefully chosen to pre-
vent sample-related issues such as absorption and fluorescence. When one
of these problems occurs, a different X-ray source (i.e. wavelength) must
be chosen. Usually the most common ones are those with silver (0.559 A),
molybdenum (0.709 A), copper (1.54 A) and cobalt (1.79 A) anodes. Silver
and molybdenum anodes can be used for laboratory PDF analysis. The use
of optics, such as filters and monochromators, helps to prevent background
noise and the formation of Bragg peak doublets in the final XRPD pattern by
removing unwanted radiations (e.g. Kg in copper anodes), focusing the beam
and selecting one characteristic wavelength (e.g. K1 in copper anodes). Slits
tune the shape, the intensity and the resolution of the Bragg peaks, whereas
new detectors, such as the Mythen 1K (Dectris) used during the course of this
PhD, reduce the data collection time and the background noise.

Laboratory XRPD diffractometers can mainly be found in two different
geometries: reflection (Bragg-Brentano) and transmission (Debye-Scherrer).
The first geometry is suitable for strongly X-ray absorbing samples whereas
the second one is suitable for less absorbing X-ray samples. In this thesis,
Bruker D8-Advance and STOE Stadi-P diffractometers with transmission ge-

ometry were the most used ones.

2.3.2 Synchrotron light source

A synchrotron light source is a source of electromagnetic radiation pro-
duced in a storage ring where charged particles (electrons) travel at relativistic
speeds. When their trajectory is forced to curve by a magnetic field, syn-
chrotron radiation (photons) is emitted.

During this PhD, the synchrotron light sources at ESRF (beamline ID15A,
France) and DESY (PETRA III, beamline P02.1, Germany) were used for
performing PDF experiments and testing the in situ XRPD devices. The rea-

sons behind this decision are mainly two: high flux beam and short radiation
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Detector

Figure 2.5. Schematic view of an experimental setup of a laboratory diffrac-
tometer in transmission geometry showing the different elements such as X-
ray source (anode), optics (monochromator), slits, beam stop and detector.

wavelength. The combination of these factors allows for high signal-to-noise
ratio and short measurement time, suitable for in situ experiments. In ad-
dition, XRPD patterns can be collected to a high Q maximum (Q),4y), very
important for PDF analysis, and high X-ray absorbing samples can be pene-

trated and measured in transmission mode.

2.3.3 Devices for in situ and operando studies

In situ measurements allow scientists to investigate their material in ’real
time’, while it is subjected to external stimuli such as temperature, pressure,
mechanical stress or UV radiation. When the structure and the activity of a
material, e.g. during a catalytic or a synthetic process, are measured while
the same parameters as in the actual working conditions are applied, the term
‘operando’ can be used [43,44]. Both experiments reveal important changes
in crystal structure, microstructure, and phase composition of a material that

can be related to its properties and used for improving its performance. In
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Figure 2.6. Instrumental setups used in this thesis to perform temperature-
dependent (a,b), UV (c,d) and pressure (e,f) in situ XRPD experiments.

the course of this thesis, several in sifu experiments were performed using
different reactors, which will now be briefly introduced.

Temperature-dependent in sifu measurements were performed using two
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different devices to access different temperature ranges. Temperatures in the
range of 25 °C-900 °C were reached with the mri reaction chamber (Figure
2.6,a) whereas temperatures in the range of -193 °C-227 °C were accessed
with the Oxford cryostream 800 PLUS, a cryogenic gas cooler (Figure 2.6,b).

In situ pressure measurements were performed with an in-house built cap-
illary microreactor and a T-Station 75 Turbomolecular pumping system (Fig-
ure 2.6,e-f). This system achieves low (vacuum conditions) and high pres-
sures, and allows for gas loading or solid-gas reaction experiments. In addi-
tion, temperature devices can also be added to this setup.

For in situ UV experiments, two devices were employed. When experi-
ments were performed on the STOE diffractometer, a UV lamp with a radi-
ation of 365 nm was used whereas for the Bruker D8, an in-house built UV
chamber was used (Figure 2.6,c-d).

Three reactors were designed and built in this research period in order

(c)

Figure 2.7. View of the reactors designed and built during this thesis. Reac-
tors for investigating suspensions (a-b) and autoclave-like microreactor (c).

21



Powder diffraction analysis and instrumentation

to investigate the synthesis and the crystallization process of different com-
pounds (Figure 2.7). The reactors are different with respect to purpose, use,
characteristics and size. The common idea was to design and build the de-
vices for using them with laboratory diffractometers. The first two devices,
made of glass, are very similar and they differ only in the capacity. They have
been designed for in situ and operando investigations of suspensions. These
glass devices have several inlets in the top part for connecting several compo-
nents (e.g. pH and temperature sensors, and mechanical stirrers), for inserting
liquids/gas in the reaction mixture or for venting any excess of gas out. The
last device is a mini autoclave reactor (with length of circa 30 mm), which
was designed to investigate the synthesis of certain materials, such as zeo-
lites, who required a closed and sealed system. The microreactor is made of
an open quartz capillary sealed on both sizes by two elements in aluminium.
The size of the aluminium element at the bottom allows this system to per-
fectly fit in a standard goniometric head of a STOE Stadi-P diffractometer
whereas the upper part is smaller so that the flow coming from the Oxford

cryosystem device can reach the capillary and heat (or cool) the sample.
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3 Characterization and

thermal behaviour studies

In this chapter, a detailed study of two compounds, ferrous glycine sul-
phate pentahydrate, Fe(C,HsNO,)SO4-5(H;0), and glycolaldehyde ammo-
nia, C¢H;503N3, will be presented. This includes the complete characteriza-

tion of the substances and the elucidation of their crystal structures.

3.1 Ferrous glycine sulfate pentahydrate

Ferrous glycine sulfate pentahydrate, contained in the iron supplement
for anaemia commercially known as ferro sanol duodenal®, was character-
ized by laboratory XRPD, scanning electron microscopy (SEM) and infrared
spectroscopy (IR). The thermal behaviour was elucidated by thermal analysis
(TGA and DTA) and in situ XRPD measurements. This work was published
in the journal Zeitschrift fiir anorganische und allgemeine Chemie and in
2019/12 was chosen as the front cover [45].

3.1.1 Introduction

Metal coordination compounds of glycine (CoH5NO9 = gly) with general
formula M2+ (gly)aAgyb -xH20 (M = Mg, Mn, Fe, Co, Ni, Cu, Zn) are

relevant for nutrition. Since they can act as a source of trace elements and
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amino acids in human and animal diets [46,47], most of these compounds are
commonly used in dietary supplements.

These compounds exhibit a huge variety of properties. Glycine based
salts of cobalt, zinc and manganese show positive effects in correcting mineral
deficiency in animals [48]. The iron based salt is used as therapeutic agent
to prevent or treat iron deficiency anaemia in infants [49], or lactating and
pregnant women as well as to fortify food [50].

Furthermore, it was demonstrated that some of these compounds have
physical properties like ferro-electricity [51], pyro-electricity [51], magnetism
[52] and non-linear optical properties [53, 54].

Concerning the Gly-M-SOy system, several crystal structures are reported
in literature, such as magnesium, cobalt, nickel and zinc glycine sulfate pen-
tahydrate [55-57]. However, in regard to the iron-based system, only few
compounds were studied. In particular, the crystal structure of the anhydrous
form was determined by XRPD [58], the pentahydrate form, included in the
PDF database®as an indexed compound only, was insufficiently described in
1960 and not completely characterized due to the low quality of the data [59].
The trihydrate was submitted to the CSD database only as private communi-
cation [60].

In this work, Fe(gly)SO4-5(H20) (1), contained in capsules of the dietary
supplement ferro sanol duodenal®, was characterized by using different tech-
niques (XRPD, IR, SEM). The thermal behaviour was investigated by thermal
analysis (TGA and DTA) and in situ XRPD measurements. Thermal analyses
revealed phase transitions from 1 to the anhydrous form through the trihy-
drate compound, Fe(gly)SO4-3H20 (2). Description of the crystal structures,
herein confirmed by independent ab initio structure solution and subsequent
Rietveld refinement, and an interpretation of the phase transition mechanism
was also included.

The aim of this work is to gain knowledge about the crystal structure and
the thermal behaviour of the dietary supplement. This information is impor-
tant in the process of finding new pharmaceutical drugs, and detecting drug

fraud and abuse, such as product counterfeiting where the type or the amount
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of the ingredients is incorrect. Additionally, information about storage and
drying conditions can also be extracted.

3.1.2 Results and discussion

Crystallites of 1 were initially inspected by SEM. Figure 3.1 (top) shows
aggregated crystallites with a broad distribution of dimensions ranging from
5 to 20 um. Inspection of the SEM image coupled with BSE detector re-
vealed traces of heavily scattering particles, probably elemental iron or an
iron oxide phase, which could be a side product of the synthesis (Red circle
in Figure 3.1, bottom). To obtain information about the stoichiometry of the
compound, SEM-EDX analysis was performed revealing a Fe:S:N ratio of
1:1:1, as expected (Table 3.1).

Figure 3.1. SEM image of crystallites of compound 1 with dimensions be-
tween 1-10 wm in width and 2-20 um in length (top); BSE-SEM image of 1
showing the presence of traces of heavily scattering particles, probably ele-
mental iron or iron oxide(white small particles), highlighted by the red circle.
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The IR spectrum of 1 at room temperature was collected with the aim of
confirming the presence of all expected co-ligands in the complex and gain-
ing information of their binding to the metallic centre. Selected excerpts of
the IR spectrum are enlarged for clarity in Figure 3.2. A tentative bands
assignment was made, based on the reported vibrational spectra of related
compounds like iron based glycine [61], glycine sulfates [62], and metal(II)
based glycine sulfate compounds [55]. Table 3.2 shows all the bands with the
corresponding assignments. It was possible to confirm the presence of water,
glycine and sulfate ions in the compound and to extract several features of
the crystal structure. Indeed, the bands in the (1600-1300) cm ™! range related
to antisymmetric and symmetric stretching modes of C-O and deformational
NH;-related N-H vibrations confirmed the presence of glycine molecules in
zwitterionic form and as monodentate ligands. Additionally, the presence of
a network of possible hydrogen bonds is supported by bands associated with
stretching and out-of-plane O-H(- - -O) and N-H(: - -O) vibration at 3222 cm !
and 785 cm !, respectively.

Compound 1 crystallizes in the triclinic space group P1 with lattice pa-
rameters a = 5.9951(1) A, b = 6.8013(1) A, ¢ = 13.4021(3) A, o = 85.414(1)
A, B =82.893(1)°, v = 83.072(1)° and V = 537.12(2) A®. This structure,
determined by Simulated Annealing, is isostructural with the Mg-, Mn-, Co-
and Zn-based pentahydrate compounds reported in literature. In the asym-
metric unit, two distinct octahedrally coordinated iron sites can be observed,
which are located on symmetry centres. One iron atom is exclusively co-
ordinated by six water molecules ([Fe(H30)g]% " complex ion) whereas the
other one is coordinated by four water molecules and two glycine molecules

([Fe(gly)Q(H20)4]2+ complex ion, Figure 3.3). A close inspection of the

Table 3.1. Composition of 1 detected by SEM-EDX. The values are given in
atomic percentage.

Element N S Fe
Average 10.1 11.7 10.8
S.D. 0.8 0.6 0.6
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Figure 3.2. Excerpts of the IR spectrum of 1 crystals measured at room
temperature. Adapted from [45].

Table 3.2. Bands assignment in the IR spectrum of 1.

Band no. IR wavelength®) Assignment
1 3222,mb v O-H(---0), v N-H(- - -0)
2 1692,w 8asNH;
3 1623,m vz COO™
4 1589,m 8as NH;
5 1491,m 85 NH;
6 1433,w 5 CHy
7 1387,m Vas COO™
8 1333,m T CHy
9 1306,w w CHa
10 1095,VS V3 SO4
11 1067,vs v3 SO4
12 983,sh v1 SO4
13 911,m 5 CH,
14 888,m vs CCN
15 785,sh v O-H(:--0), y N-H(: - -O)
16 635,s V4 SOy
17 604,sh w COO™
18 570,vb vs Fe-O, w COO
19 550,vb vs Fe-O, w COO™
20 527,vs 5 COO~
21 452,m V2 SOy

a)List of abbreviations: weak(w), medium(m), strong(s), very strong (vs),
shoulder (sh), broad (b), very broad (vb).
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Qre @o(H,0)

Figure 3.3. Coordination of the two iron sites in 1: [Fe(H50)61%" complex
ion (left) and [Fe(gly)Q(HQO)4]2Jr complex ion (right). Hydrogen atoms are
omitted for clarity.

complex ions shows that glycine molecules coordinate the iron site as mon-
odentate ligands, as expected from IR analysis, and in trans configuration.
The distinct complex ions arrange in the crystal by forming two different
layers parallel to the ab-plane, which are slip-stacked along the c-axis with
(SO4)? ions in between (Figure 3.4). In the [Fe(gly)2(H20)4]?" layer, the
complex ions are connected by hydrogen bonds between water molecules and
the glycine-related oxygen atoms [O(H30) - - - O(gly) distance: 2.58 A] and

Figure 3.4. Projections of the crystal structure of 1 along a- (left), b- (middle)
and c- (right) crystallographic axes. The 1D polymeric chains are highlighted
in different colors. Adapted from [45].

28



Characterization and thermal behaviour studies

“i

7‘%‘
@0(H,0)

Figure 3.5. Intra-layer interactions in [Fe(gly)2(H20)4]2+ (left) and
Fe(H20)6]%" layers (right) in 1. Adapted from [45].

between glycine ligands (H - -- O distance: 2.58 A, Figure 3.5, left). The
[Fe(H30)61%" layer is built up by interactions that the complex ions form
with the sulfate ions (O(SOZ’) --- O(H20) distance: (2.64-2.84) A, Figure
3.5, right). Additionally, the layers are kept together by a potential hydrogen
bond network with sulfate ions as acceptors.

The thermal behaviour of compound 1 was investigated by coupled
TGA/DTA and in situ XRPD measurements. The thermal analysis was per-
formed in a dynamic oxygen atmosphere and the sample was heated from 30
°C to 800 °C (Figure 3.6). The TGA-curve (Figure 3.6, black line) shows two
weight losses of 9.6 and 13.7 wt-% in the temperature range 74 °C - 119 °C
associated with two endothermic peaks ((1-2) in Figure 3.6, blue line). The
first step corresponds to the release of two water molecules (Amgac=11.7 wt-
%) and the second one to the release of three water molecules (Am,,).=17.6
wt-%, Table 3.3). The small discrepancy between experimental and calcu-
lated weight losses is likely due to the presence of amorphous or nanocrys-
talline by-products (probably iron or iron oxide), as observed in SEM image
and suggested by the hump in the background of the XRPD pattern (Figure
3.7). Further heating of the sample leads to poorly resolved and overlapped

weight losses associated with two broad exothermic peaks in the DTA curve
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Table 3.3. List of the results obtained from the TGA/DTA measurement of 1.

Step No. T/ °C Reaction assigned Amgog(cale)/ Amgot (exp)/
wt-% wt-%

@))] 74-100 Release of 2 HoO 11.7 9.6

2) 119-185 + Complete release of HoO 29.3 24.8

(3+4) 185-440  + Decomposition of gly and 47.9 54.9
oxidation of Fe(II)

@) 588-683 + Decomposition of FeoSO4 74.0 76.8
into Feo O3

((3+4) in Figure 3.6). These steps can be attributed to the decomposition of
the glycine and oxidation from iron(II) to iron(IIl), leading to formation of a
mixture of iron(Il) sulfate (mikasaite form) and iron(IIl) oxide. By heating
above circa 588 °C, the last weight loss step, corresponding to the complete
decomposition to iron(IIl) oxide, is observed ((5) in Figure 3.6). The pres-
ence of these two crystalline forms was confirmed by ex sifu analysis of the
residues obtained after further TGA measurement.

To further investigate the thermal behaviour of 1 and correlate the thermal

measurements to changes in the crystal structures, temperature dependent in
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Figure 3.6. TG (black), DTG (red) and DTA (blue) curves for 1 measured in
dynamic oxygen atmosphere. Adapted from [45].
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Figure 3.7. Rietveld plot of 1 at 30 °C. The observed pattern (blue circles,
the best Rietveld fit profiles (red line) and the difference curve between the
observed and calculated profile (grey line) are shown. Excerpt of the plot
starting at 26° in 20 is reported for clarity. Adapted from [45].

situ XRPD measurements were performed (Figure 3.8). Compound 1 was
first heated in static air atmosphere from 30 °C to 200 °C to prove the for-
mation of a less hydrated crystalline form (Figure 3.8, top) and then from 30
°C to 800 °C to compare it with the thermal analysis (Figure 3.8, bottom).
It should be noted that temperatures deviate from those in TGA/DTA exper-
iments due to the different atmospheres and sample environment(static and
open capillary for the XRPD measurements, and dynamic and Al2Os cru-
cible for TGA/DTA). The first experiment shows the presence of 1, stable up
to 50 °C, transforming into a new phase, Fe(gly)SO4-3H20 (2), whose peaks
gradually disappear at circa 150 °C. In the second experiment, performed
using a different heating device, it was possible to observe the transition of
compound 2 to the anhydrous form at 130 °C, which completely decomposes
above 250 °C. After the decomposition, it was possible to observe the forma-
tion of Feo(S0O4)3 (mikasaite) at 370 °C and FeoO3 (hematite) at 510 °C.

By comparing the results from thermal analysis and in situ XRPD mea-

surements, it was possible to observe and confirm many features like the for-
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Figure 3.8. Temperature dependent in situ XRPD measurements of 1 per-
formed in air atmosphere from 30 °C to 200 °C (top) and from 30 °C to 800
°C (bottom). Adapted from [45].

mation of a less hydrated structure (2) and the related anhydrous form. In the
temperature range 180 °C - 450 °C, where the TG curve showed two poorly
resolved weight losses, XRPD measurement did not show the presence of
crystalline compounds meaning that the complex thermal process occurs in
the amorphous state. Interestingly, in the first in situ XRPD experiment, it was
observed the disappearance of crystalline peaks of 2 instead of the formation
of the anhydrous form. This could be attributed to the formation of the anhy-
drous form in amorphous state, whose bio-availability could be higher than
in the crystalline one.

Crystal structure determination of 2 was carried out by Simulated An-
nealing using the high resolution XRPD pattern at 100 °C collected from the
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first in situ experiment. Compound 2 crystallizes in the monoclinic space
group P21/n with a = 9.0475(6) A, b = 10.5825(6) A, ¢ = 10.4127(5) A, B
= 112.68(10) A and V = 918.68(10) A®. The crystal structure is found to
be isostructural with the Zn [63] and Co trihydrate compounds. As in com-
pound 1, two distinct octahedrally coordinated iron sites, located on centres
of symmetry, can be observed: one iron site is coordinated by four water
molecules and 2 glycine-related oxygen atoms ([Fe(gly)2(H20)4]%>" com-
plex ion) whereas the other one by two water molecules, two sulfate ions and
two glycine ligands ([Fe(gly)2(SO4)2(H20)2]%>" complex ion). All ligands
coordinate to the iron in frans configuration with the glycine acting as a o
bridging ligand between the two distinct iron sites. This coordination type
allows the formation of 1D polymeric chains of different alternating complex
ions running along the b-axis (Figures 3.9 - 3.10). Additional interactions
support the chain motif, most likely hydrogen bonds, between sulfate ions
and water molecules [O(SO?[)- --O(H20) distance: 2.77 A], and between
water and glycine related oxygen atoms [O(H20)- - -O(gly) distance: 2.84
A]. Inter-chain interactions are also observed: sulfate ions form potential
hydrogen bonds with water molecules [O(SO?[) --O(H20) distances: 2.72,
2.92 and 2.98 A] and glycines [O(SO?{) --H(gly) distances: 1.88 and 2.06
A]. Hydrogen bonds involving exclusively water molecules are most likely
present in the crystal structure as indicated by the O- - -O distance of 2.94 A.

The study of the thermal behaviour of 1 showed the formation in the
crystalline solid state of a less hydrated structure (2) and the related anhy-
drous form. However no information about how these processes occur at
molecular level was extracted so far. Therefore, in order to understand the
dynamics behind these phase transitions, an interpretation of the mechanism
has been given herein. The analysis of the crystal structures of 1 and 2 shows
that the transition between the two forms also involves a change in the coor-
dination spheres of the iron sites. To better understand this transformation,
we should consider the chain motif running along the crystallographic [211]
direction, which consists of alternating different complex ions with a distance
between iron atoms of 9.15 A (Figure 3.11, left). Upon heating, the sulfate
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Figure 3.9. Projections of the crystal structure of 2 along a- (left), b- (middle)
and c- (right) crystallographic axes. The two complex ions are depicted in
different color. Adapted from [45].

@Fe @O(H,0)

Figure 3.10. View of the 1D polymeric chain in 2. Intra-chain interactions
are depicted in light blue. Adapted from [45].

ions, close to the iron site, replace the two water molecules in equatorial po-
sition whereas the two water molecules in axial position are removed and the
glycine ligands can bridge the two iron sites (light blue color in Figure 3.11).
As a consequence, the iron sites move closer (Fe- - -Fe distance: 5.29 A) and
the characteristic chain motif in 2 is formed. Additionally, the glycine ligand
acts as a spacer increasing the distance between the chains. During the tran-
sition to the anhydrous form, water molecules are completely removed from

the coordination sphere of iron and replaced by sulfate-related oxygen atoms
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leading to the condensation of FeOg octahedra. Consequently, the distance
between iron sites is reduced (Fe- - -Fe distance: 3.82 A) and the anhydrous

compound is formed.

d(Fe-Fe): 9,15 A d(Fe-Fe): 5,29 A d(Fe-Fe): 3,82 A
C ¢———>a
—
|
W Ll 1

= N
%
| \'(
= N

' N

|-
1 2 3

oFe ©.0(H,0)

Figure 3.11. Representation of the transition from compound 1 (left) to the
anhydrous (right) form through compound 2 (middle). The crystallographic
[211] direction for 1 is also given. Released water molecules are depicted in
light blue. Directions of the movements of the atom are highlighted in black
for the sulfate ions and in light blue for glycines. Distances between iron
atoms are reported as well. Adapted from [45].

3.1.3 Conclusions

Ferrous glycine sulfate pentahydrate, used in iron supplements, was char-
acterized using several techniques and its thermal behaviour investigated. A
large distribution of the particle sizes and the presence of traces of heav-
ily scattering particles, by-products of the synthesis, were revealed by SEM
coupled with BSE detector whereas the stoichiometry (Fe:S:N ratio) of the
sample was confirmed by EDX. The use of IR spectroscopy with the attenu-
ated total reflection (ATR) technique allowed to confirm the presence of the

expected ligands, and indicates possible OH- - -O/NH- - -O hydrogen bonds
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as well as the denticity of the glycine and its presence in zwitterionic form.
The crystal structure of compound 1 was determined by Simulated Anneal-
ing from laboratory XRPD data and refined by Rietveld method. Its thermal
behaviour was investigated by thermal analysis (TGA/DTA) and temperature
dependent in situ XRPD measurements. This investigation revealed that the
dehydration of 1 is a two-step process where 2, whose crystal structure was
determined by XRPD, is formed as intermediate. On further heating, it was
observed that the decomposition of glycine and the oxidation of iron leads to
Fe2(S04)3 (mikasaite) and then to FeoO3 (hematite).

3.1.4 Experimental section

Sample
Capsules containing the industrially produced sample 1 were purchased from
UCB Pharma GmbH, Germany (batch number 9868801).

Thermal Analysis

Coupled TGA/DTA measurements were carried out on a STA 449 F5-Jupiter
(Netzsch) device. 35.7 mg of 1 was placed in an AlyOs3 crucible and heated
from 30 °C to 600 °C with a heating rate of 2 K/min whereas 31.8 mg of 1
was heated from 3 °C to 800 °C with a heating rate of 5 K/min. In both cases,
measurements were carried out in a 20 mL/min oxygen stream. The TG curve

of the second experiment was corrected measuring a standard (AlxO3).

Scanning electron microscopy (SEM/BSE/EDX)
SEM/BSE images and EDX analysis of 1 were obtained with TESCAN Vega
TS 5130 MM equipped with x-MaxN 20 SDD (Oxford instruments).

IR spectroscopy
IR spectrum of 1 was recorded in ATR geometry on PerkinElmer Spectrum
Two equipped with a diamond crystal. The background spectrum was mea-

sured separately and subtracted.
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Figure 3.12. Rietveld plot of 2 at 100 °C. The observed pattern (blue circles,
the best Rietveld fit profile (red line) and the difference curve between the
observed and calculated profile (grey line) are shown. Excerpt of the plot
starting at 26° in 20 is reported for clarity.

Laboratory X-ray powder diffraction

All ex situ XRPD patterns were collected at room temperature on a labo-
ratory powder diffraction diffractometer in Debye-Scherrer geometry (Stadi
P Diffractometer, STOE) using Mo-K; radiation from primary Ge(111)-
Johann-type monochromator with 3 Mythen 1 K detectors (Dectris). All pat-
terns were measured within the 20 range from 0° to 110°.

Indexing, space group determination, Pawley refinement, crystal structure so-
lution through Simulated Annealing and Rietveld refinement were performed
with the program TOPAS 6.0 [64].

In situ X-ray powder diffraction measurements

Temperature dependent in situ XRPD measurements were carried out on two
laboratory powder diffractometers in Debye-Scherrer geometry: Stadi P-Dif-
fractometer (STOE), Mo-K; radiation from primary Ge(111)-Johann-type
monochromator, array of 3 Mythen 1 K detectors (Dectris) and Bruker DS§-

Advance, Mo-K 4 radiation from primary Ge(220)-Johannson-type monochro-

37



Characterization and thermal behaviour studies

Table 3.4. Crystallographic and Rietveld refinement data for compounds 1
and 2.

Compound 1 2
Molecular Formula  [Fe(H20)g]-[Fe(gly)2(H20)4]-2(SO4) Fea(gly)2(SO4)2(H20)6
Sum formula C4H3QN252022F62 C4H30N252022F62
Molecular 634.10 549.84
weight/g-mol !

Crystal system triclinic monoclinic
Space group (No.) P1(2) P21/n (14)
Wavelength/ A 0.7093 0.7093
al A 5.9952(1) 9.0462(6)
bl A 6.8014(1) 10.5824(6)
o A 13.4023(3) 10.4122(5)
ol ° 85.415(1) 90
B/° 82.894(1) 112.849(4)
7 83.073(1) 90

Vi A3 537.16(2) 918.6(1)
T/K 298 373

Z 1 2
refined parameters 69 60
DcaIC/g-cm’S 1.96 2.03
Ryp/ % 12! 3.48 2.94
R,/ % & 2.74 2.33
Rprage/ % 12! 1.65 1.08
Starting angle mea- 0 0
sured/ °2 0

Final angle mea- 110 110
sured/ °2 0

Starting angle used/ ° 2 2

20

Final angle used/ ° 2 50 50

0

Step width (° 2 6) 0.01 0.01
Time (hrs) 3 3

[al As defined in section 2.2.3.

mator, LYNXEYE detector (Bruker). For the experiment on the first device,
the XRPD patterns were measured in a 20 range from 2.0° to 110.0° applying
a total scan time of 3h per measurement. The sample was heated, using an
Oxford Cryosystem 500 device (Oxford Cryosystem), from 30 °C to 200 °C
in 10 °C steps with a heating rate of 2 K/min and applying 30 min delay to

ensure thermal equilibration of the sample. For the experiment on the second
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device, the XRPD patterns were measured in a 20 range from 2.0° to 41.0°
applying a total scan of 2h per measurement. The sample was heated, using
a TC-transmission furnace (MRI capillary heater), from 30 °C to 510 °C in
20 °C steps and from 510 °C to 810 °C in 50 °C steps with a heating rate of
5K/min and 10 min delay before each measurements.

Structural characterization

Ab initio structure solutions and Rietveld refinements of 1 and 2 were per-
formed with the software TOPAS 6.0. The crystal structure were determined
by the global optimization method of simulated annealing (SA) in real space.
The profile function was described with the fundamental parameter approach
implemented in TOPAS and the background was modelled using Chebyshev
polynomials. The hump in the background caused by the capillary and small
amounts of amorphous phase was described with a very broad Lorentzian type
peak. Glycine and sulfate molecules were described using rigid bodies in z-
matrix notation and their rotation and translation modes were let to refine.
Distinct isotropic displacement parameters were applied for iron, glycine,
sulfate and water (oxygen atoms) molecules. Hydrogen sites of water and
glycine related nitrogen atoms were omitted due to the limits of the powder
diffraction method. The final agreement factors are listed in table 3.4 and the
fits of the XRPD patterns are shown in Figures 3.7 and 3.12.
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3.2 Glycolaldehyde ammonia

Glycolaldehyde ammonia, a six-membered cyclic alkanolamine, was syn-
thesized by BASF SE through the combination of glycolaldehyde with gaseous
ammonia. The product was characterized by elemental analysis, SEM, vibra-
tional spectroscopy (IR and Raman), and laboratory XRPD. A systematic
analysis of the compound using PDF was carried out to confirm the results of
the molecular and crystal structure identification and further investigate the
short-range order. PDF and Rietveld co-refinement was performed to deter-
mine a robust model for the compound. Additionally, thermal behaviour was
investigated with thermal analysis (TGA/DTA) and temperature dependent in
situ XRPD. This work is in preparation for publication.

3.2.1 Introduction

Amines are an industrially important class of organic compounds [65].
They are formally derivatives of ammonia since they can be obtained by re-
placing one or more hydrogen atoms with different organic substituents [66].
Due to their chemical properties, amines are versatile compounds that can be
used as building blocks for amino acids, pharmaceutical drugs, herbicides,
agrochemicals, polymer additives, and surfactants.

Starting over more than a century ago, synthetic routes for the production
of new amino compounds were designed using small precursors like ammonia
and aldehydes. As an example, the combination of ammonia and formalde-
hyde [67, 68], the smallest aldehyde, results in the formation of hexamine,
which is used in the production of resins, fuel tablets, explosives, vulcan-
ization accelerators, anticorrosion agents, antibacterial agents, and preserva-
tives [65]. When aliphatic aldehydes are used in the presence of ammonia,
linear or cyclic amino compounds, such as alkanolamine or hexahydrotri-
azine, can be formed [65]. An example of formation of cyclic amines is the
reaction of acetaldehyde with ammonia yielding crystalline triethylhexahy-
drotriazine trihydrate [69, 70].
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In this work, a previously unknown cyclic amino alcohol compound, gly-
colaldehyde ammonia (2,4,6-Trihydroxymetil-1,3,5-triazinane, 1), recently
synthesized at BASF SE from the combination of glycoaldehyde and ammo-
nia, is presented. The aim of this project was to consistently investigate a rel-
atively small organic molecule using, besides techniques like IR and Raman
spectroscopy, electron microscopy (SEM), and thermal analysis (TGA/DTA),
XRPD and PDF. The potential of XRPD and PDF analyses, individually and
combined, was exploited to extract information about the short, medium and
long-range order of the target organic molecule.

3.2.2 Results and discussion

The molecular structure of compound 1 was initially investigated by ele-
mental analysis and solid state NMR by BASF SE. The first analysis showed
a chemical composition of C¢H5N303-H,O indicating the presence of water.
NMR identified two possible molecular models (Figure 3.13). The first model

H
0] NH, N
HO/\(
HN NH
H,N 0]

HO
(a) (b)

Figure 3.13. Representation of the two proposed molecular models: model 1
(a) and model 2 (b).

OH

(model 1) consists of a six-membered ring with two condensed oxygen atoms,

and two amine groups linked to the carbon atoms (Figure 3.13,a). The second
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Figure 3.14. IR (black) and Raman (blue) spectra of 1. The area of the
spectra where no visible band related to the presence of secondary ammines
is highlighted in red.

model (model 2) consists of a six-membered ring with three condensed nitro-
gen atoms, and three hydroxymethyl groups connected to the carbon atoms
(Figure 3.13,b). Since one of the differences in the two models is the pres-
ence of primary (model 1) and secondary amines (model 2), IR and Raman
spectra were collected (Figure 3.14). After a tentative band assignment (Ta-
ble 3.5) using spectroscopic results of related structures [71-78], the spectra
showed stretching bands above 3000 cm™! corresponding to O-H/N-H groups
and excluded the presence of possible structural water, as it is observed by
thermal analysis (Figure 3.24). More importantly, the vibrational spectra do
not show any band in the region around 1600 cm™! (Figure 3.14) excluding the
presence of secondary amine groups and, consequently, the proposed molec-
ular model 1.

The angular shaped crystalline particles with dimensions ranging from 5
to 60 um, as observed through SEM (Figure 3.15), were analysed by XRPD in
order to determine the crystal structure and unambiguously confirm the pres-

ence of one of the two proposed molecular models. Structure solution through
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Table 3.5. Band assignment for IR and Raman spectra for 1.

Position, cm’!, shape

IR Raman Assignment

3290, s 3292, vs OH/NH stretching, NH stretching
- 3153, vbr OH stretching/water NH stretching
3129, vbr - OH stretching, NH stretching

- 2969, sh CH stretching

2949, w 2945, sh CH/CH; stretching

- 2934, vs CH stretching

2918,w 2920 sh CH2 sym» CH2 asym, CH stretching
- 2871, m CH/CH, stretching

2857, br - CH stretching

2784, br -

- 2727, br

2703, br 2705, sh CH; bending

2590, br

1482, w 1480, m CH;bending

1456, sh 1462, sh

1440, s 1445, m CH; bending

1403, w -

- 1375, m NH/CH; bending, CN stretching
1365, m 1362, m

1338, m 1339, m HCCN/ Rgym/ CCH bending
1285, w -

1266, m 1262, s COH/CH, bending

1258, sh -

1174, m 1172, sh

1133, s 1132, sh CC/CN stretching, CH bending
1122,s -

1103, vs 1105, s CC/CN/CO stretching, CHy/ HCCN/ R bending
1073, m - R/CO stretching, R deformation
1040, vs 1040, w CN stretching, CH bending, R deformation
959, s 960, s C-OH stretching

910, vs 913, m CC stretching, CHa/Rsym bending
- 843, sh CNCC/Rgym/CH; bending

823, vs 829, m CH/CNCC/R5ym/CH,/NH bending
734, br - N-H bending

690, s 693, w

674, sh 673, w

624, s 624, vs

617, sh -

490, vs 493, s Lattice modes

435, w -

- 354, m

- 327, w

- 281, w

- 221, w

vs: very strong, s: strong, m: medium, br: broad, vbr: very broad, sh: shoulder, w: weak.
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ab initio simulated annealing against laboratory XRPD data revealed that the
compound crystallizes in the orthorhombic space group Ama?2 with lattice pa-
rameters a= 12.1054(2) A, b= 13.5537(2) A, c= 5.20741(8) A, V= 854.40(2)
A3, All crystallographic and Rietveld refinement data are listed in Table 3.8
while the Rietveld fit is depicted in Figure 3.25. The projections of the crystal
packing along the three crystallographic axes are depicted in Figure 3.16. The
inspection of the crystal structure confirmed the second proposed molecular
model and revealed the unit cell containing four molecules with the backbone
ring parallel to the ab plane and the hydroxymethylgroup almost parallel to
the c-axis. The asymmetric unit consists of half molecule that is completed
by the mirror plane perpendicular to the b-axis. In the crystal, the molecules
are stacked in columns along the c-axis with an intermolecular distance of
5.21 A, which corresponds to the c-axis. The molecules interact via inter-
and intra-columnar hydrogen bonding networks. The intracolumnar interac-
tions consists of CH- - -O hydrogen bonds (C-O distance: 3.51 A, CHO an-
gles: 152.8°-152.6°) involving the hydrogen attached to the carbon atom in
the backbone ring and the hydroxyl oxygen atom (Figure 3.17, a). The inter-

Figure 3.15. SEM image of 1 showing angular shaped crystalline particles
with dimensions in the range of 5-60 wm.
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Figure 3.16. Projections of the crystal structure of 1 along the crystallo-
graphic a- (a), b- (b) and ¢ (c)-axes.

columnar interactions are made up of N-O hydrogen bonds (distance: 2.8-2.9
A) involving the nitrogen atom of the backbone ring and the hydroxyl oxygen
atom (Figure 3.17, b). In addition, contrary to the results from the elemental
analysis, the absence of voids (probe radius: 1 A) further excludes the pres-
ence of structural water.

Since structure solution from XRPD gives only an average structural

(a) (b)

Figure 3.17. Representation of the intracolumnar (a) and intercolumnar (b)
interactions in 1. The interactions are depicted in blue.
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Figure 3.18. Experimental PDF of 1. The atomic pairs for each signals are
also assigned.

model of the molecule in the crystal and deviations from the model at low
concentration level are difficult to observe, a detailed study of the molecu-
lar conformation was performed by PDF analysis. In addition, PDF analysis
was used to extract more accurate molecular conformation since, due to the
high symmetry of the crystal and the use of a rigid body as scaffold for the
molecule, values of the bond lengths, angles and torsions were constrained
during the refinement.

PDF plot of 1 was obtained from synchrotron total scattering XRD data
(Figure 3.18). Excluding the peak at 0.83 A, which is a termination effect
due to the truncated Fourier transform of the measured data, the first peak can
be observed at circa 1.46 A, which corresponds to C-C/C-N/C-O bonds. The
peaks at around 2.43 A and 2.85 A correspond to atomic pairs Ciing-Cring,
Nring=Nrings C-Niing/O-Cring, and O-Nyjng, respectively while peaks at 3.78 A,
4.19 IOA, and 4.99 A are assigned to C-Cijpe, O-Ciipg, and O-C pairs, respec-
tively. Contribution from pairs containing hydrogen were not clearly visible
due to the low scattering power of the hydrogen atom for X-rays. The fea-

ture around 1.05 A may contain information from C/N/O-H bond pairs but is
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highly correlated to errors at low-r due to the data reduction procedure, which
can create artefacts close to this distance range (such as a variation of Qpax).
However, this peak position agrees with the expected average of the C/N/O-H
distances (C-H ~1.09 A, N-H ~1.0 A and O-H ~0.9 A) [79].

The rigidity of the molecular conformation of 1 and the presence of pos-
sible conformation errors were investigated by probing the short-range order
using PDF analysis. Different conformers were generated using the software
Mercury from the Cambridge Crystallographic Data Center (CCDC) [80].
The possibility of a boat conformation for the ring, less stable than the chair
one [81] and usually observed when hindered substituents are present [82,83],
was excluded from the investigation. Three conformers were obtained (Figure
3.19) and their PDFs were obtained from simulated scattering intensities us-
ing the Debye equation [84,85]. The simulated PDF plots were compared to
the observed PDF, and to the simulated PDFs of the isolated single molecule
from the XRPD refinement and of the intermolecular pairs (Figure 3.20). The
analysis excludes the presence of alternative conformations since their PDFs

1
(from XRPD)

254
%é;

X~
X X X

Alt. conformer Alt. conformer  Alt. conformer
N°1 N°2 N°3

Figure 3.19. Representation of the molecular structure of 1 and of the alter-
native conformations simulated with the software Mercury.
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Figure 3.20. Comparison of the experimental PDF of 1 (black) with the sim-
ulated PDFs of the isolated molecules obtained from the XRPD model (blue)
and from the alternative conformers (green, red, purple). The simulated PDF
accounting for the intermolecular correlations in 1 (grey) is also reported. The
difference in the PDFs between 6-7 A is highlighted in yellow.

show features between 6-7 A that are not evident in the measured data. There-
fore, it is unlikely that conformational errors exist at any significant concen-
tration, and the fidelity of the primary conformation can be confirmed.

To obtain a good model of the molecule and to observe any deviation
from the structural model obtained from XRPD analysis, several refinements
against the PDF curve were carried out. Three slightly different models with
different crystal systems and space groups were sequentially investigated with
the aim of monitoring the change of the local structure and the quality of the
fit as function of the symmetry in the model. In all three cases, when not
constrained by symmetry, bond lengths, and torsion and bond angles were
allowed to refine. To describe the r-dependent peak width in the PDF, af-
fected by thermal vibration and disorder, different strategies are described in

literature [86-88]. Due to the rigidity of the molecular conformation, and
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the use of restraints for bond lengths and torsions to address the remaining
flexibility, it was decided to not over-parametrize the refinements. Therefore,
two different isotropic thermal displacement factors for non-hydrogen (Begq,)
and hydrogen atoms (Beg,) as well as one additional parameter for all non-H
atoms and for the X-H covalent bonds in the same molecule (Bjpqa,) wWere
used. Crystallographic and fit data determined by PDF analysis are listed in
Table 3.6.

The first model, similar to the one used for structure solution and Ri-
etveld refinement, was built in the space group Ama2. It consists of a half
molecule, treated as rigid body, located on special position (mirror plane).
The refinement of the model to the PDF curve is consistent with the result
from Rietveld refinement and it gives a good agreement (Ryp= 17.3%) with
the experimental data in the long-range order but a only decent agreement in
the short-range order (Figure 3.21, a). This can be attributed to the actual
local structure of the compound, which is different from the averaged one ob-
tained from Rietveld refinement.

To increase the degree of freedom of the molecules in the unit cell, which

are constrained by symmetry, a second model was built. This model is com-

Table 3.6. Parameter values determined by PDF refinement of the three mod-
els in the range 1.2-15 A and 1.2-70 A for 1.

Model No. #1 #2 #3

Crystal system Orthorhombic Monoclinic Triclinic
Space group Ama2 c2 P1

al A 12.114(2) 12.114(5) 13.5570(8) 13.567(6) 13.5578(9) 13.565(8)
bl A 13.550(2) 13.637(3) 5.2103(3) 5.201(2) 5.2077(3) 5.207(3)
ol A 5.2087(7) 5.197(3)  12.1112(7) 12.140(4) 12.1125(7) 12.120(6)
o/ ° 90 90 90 90 89.96(3) 90.1(3)
p/e 90 90 90.05(2)  90.3(2) 90.03(3)  90.0(2)
v/ ° 90 90 90 90 90.09(3)  90.2(3)
vI A® 854.9(2) 858.6(7) 855.49(9) 856.7(6) 855.2(1)  856.0(8)
T/K 298 298 298
Refined parameters 16 24 47

Ry % @ 17.3 14.6 13.3 10.3 13.0 9.8
Starting ’r’-range 1.2 1.2 1.2 1.2 1.2 1.2
used/ A

Final *r*-range used/ 70 15 70 15 70 15

A

[l A5 defined in section 2.2.3.
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Figure 3.21. PDF fits of the models with Ama2 (a), C2 (b) and P1 (c) space
groups for 1 in a ‘r’-range from 1.2 to 70 A. The blue circles and red solid
line correspond to measured and simulated PDFs, respectively. The grey solid

(c)

line offset below denotes the difference curve.
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posed of one molecule, treated as rigid body, with the space group C2. Con-
trary to the previous model, the molecule can rotate and translate in the unit
cell without breaking the crystallographic symmetry. The refinement of the
model to the PDF curve gives a very good agreement with the experimental
data in the long-range order and this time, the quality of the fit in the short-
range order shows a substantial improvement with an Ry, of 13.3% (Figure
3.21,b).

The last model is composed by four crystallographically independent mol-
ecules with the space group P1. In this model, the four molecules can inde-
pendently rotate and translate without obeying any symmetry constraints. As
a result, the refinement of this model to the experimental PDF curve slightly
improved giving the best fit among the three models (Rw=13.0%, Figure 3.21,
C).

In addition, PDF refinements in the range 1.2-15 A were also carried out

in the same way as a further attempt to exclusively focus on the local struc-

== XRPD
= PDF

bl e N el
G LI L

Figure 3.22. Superimposition of the molecular structure from XRPD (red)
with those obtained from PDF fitting in the range 1.2-15 A (blue) using the
space groups Ama?2 (a), C2 (b) and P1 (c). The RMSDs are 0.0805, 0.087
and 0.0912, respectively.
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ture.

However, although the structural model in P1 space group shows a very
good agreement with the observed data, the molecular conformation in all
three investigated models does not remarkably deviate from the model ob-
tained from XRPD (Figure 3.22).

A XRPD/PDF co-refinement was performed with the aim of obtaining
one single model containing precise lattice parameters and arrangement of
the molecules extracted from the Rietveld refinement, and accurate molecular
conformation and bond lengths extracted from PDF analysis. The crystallo-
graphic and refinement parameters are listed in Table 3.7. Before carrying
this co-refinement out, a weighting factor was chosen so that both real and re-
ciprocal space datasets could equally contribute to the refinement and give the
optimal result. Several refinements were carried out using different weighting
factors for the PDF fitting and the agreement factor, R, for both refinements
was checked. The results obtained from the test are depicted in Figure 3.23,
which reveals the suitable weighting factor for the best agreement between

the two techniques with these datasets. The obtained value (10%) almost ap-
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Figure 3.23. Agreement factors (Ryp) obtained from the co-refinement as
function of the used weighting factor. The best value is highlighted by a
green circle.
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Table 3.7. Crystallographic and refinement parameters of 1 for the
XRPD/PDF co-refinement.

Crystal system Triclinic
Space group P1

al A 13.5545(1)
bl A 5.20787(5)
ol A 12.1060(1)
o/ ° 90.027(3)
B/ 90.022(4)
v/ ° 89.970(4)
vi A 854.58(1)
R,y % for XRPD (2! 5.28

Ry, % for PDF [a] 15.8

[al As defined in section 2.2.3.

proaches to the difference between the integrated intensity of the XRPD pat-
tern (Ixrpp) and the PDF (Ippr) multiplied by 10 (Ixrpp/(Ippr-10)). This
strategy was performed by refining the model in C2 space group and the
weighting factor was applied for the co-refinement with the model in P1 space
group.

Thermal behaviour was investigated by performing coupled TGA/DTA
and temperature-dependent in situ XRPD measurements. The thermal analy-
sis (TGA/DTA) (Figure 3.24,a) shows thermal stability up to 100 °C followed
by several mass loss steps, which are overlapped and difficult to separate. The
TGA-curve does not show any weight loss step related to water molecules and
confirms the anhydrous model obtained from XRPD. At 100 °C, overlapped
weight losses, associated with endothermic peaks, are observed. This likely
corresponds to the decomposition of the sample, which is also unstable for a
certain period of time (around 1-2 weeks) at room temperature. At 650 °C,
the sample is completely decomposed and due to the oxygen atmosphere, no
residue is observed at the end of the measurement. Temperature-dependent
in situ XRPD measurements (Figure 3.24,b) confirmed the thermal stability
up to circa 100 °C, where the sample decomposed and Bragg peaks disap-
peared. Since no crystalline phases are observed, it can be concluded that the

decomposition event only occurs in the amorphous state.
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Figure 3.24. TG (black) and DTA (blue) curves for 1 measured in dynamic
oxygen atmosphere (a) and temperature-dependent in situ XRPD measure-
ments of 1 performed in air atmosphere (b).

3.2.3 Conclusions

Compound 1, which could be used in the future as a build block for phar-
maceuticals or as an additive, was synthesized at BASF SE from the com-
bination of glycoaldehyde and ammonia. After an initial characterization
by elemental analysis, NMR, and IR performed at BASF SE, the molecular
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structure was confirmed by crystal structure determination using laboratory
XRPD data and synchrotron X-ray PDF analysis. The crystal structure shows
a columnar arrangement of the molecules along the c-axis. Thermal analysis
(TGA/DTA) and temperature-dependent in situ XRPD measurements tracked
the thermal profile of 1 showing the loss of crystallinity and decomposition
above 100 °C. This work offered a route that can also be used for the inves-
tigation of cyclic and macrocyclic compounds in cases where the molecular
conformation cannot accurately be determined. The use of PDF analysis al-
lows in particular to study low crystalline or amorphous compounds.

3.2.4 Experimental section

Synthesis process

The synthesis of 1 was performed by BASF SE Company. Gaseous glyco-
laldehyde was provided by evaporation of an aqueous solution of the glyco-
laldehyde dimer in THF (7.5 wt.-% glycolaldehyde dimer, 11.5 wt.-% THEF,
80 wt.-% water and 1 wt.-% tetraglyme) by heating the solution to 160 °C
in a tube evaporator comprising Raschig-rings. The gaseous feed was fed
into an unheated reaction chamber operated at ambient pressure. Gaseous
ammonia at room temperature was also fed to the reaction chamber through
a separate inlet. It was observed that colorless crystals formed at the cooler
parts of the reaction chamber. At the cooler, bottom of the reaction chamber,
a yellow-brownish clear solution condensed from the gas phase. The product
solution was drawn-off from the bottom of the reaction chamber through a
valve. The product solution was analyzed through gas chromatography (GC)
and yielded a distinct product peak, which was identical to the peak obtained
by performing a GC on the crystals. The other substances in the product
solutions were identified to be the solvents (THF, water, tetraglyme) from
which the glycolaldehyde was evaporated from excess ammonia. The total
yield of conversion products of glycolaldehyde and ammonia, including the

triazinane, was about 73%.
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Infrared spectroscopy (IR)
Infrared spectrum of 1 was recorded in attenuated total reflection (ATR) ge-
ometry on a PerkinElmer Spectrum Two equipped with a diamond crystal.

The background spectrum was measured separately and subtracted.

Raman spectroscopy
Raman spectrum of 1 was recorded in transmission geometry using a Horiba

iHR320 Imaging Spectrometer with a laser (A=633 nm) as excitation source.

Scanning electron microscope (SEM)
SEM images of 1 were obtained with a TESCAN Vega TS 5130 MM equipped
with X-MaxN 20 SDD (Oxford instruments). The sample was spattered with

gold nanoparticles before the analysis.

Thermal analysis

Thermal analyses were carried out using a STA 449 F5-Jupiter (Netzsch) de-
vice for TGA- and DTA-measurements. The sample were placed in an Al O3
crucible and heated up from 30 °C to 800 °C with a heating rate of 5 °C/min in
in a 20 mL/min O,-stream. An empty crucible was used as reference material.
After cooling down to room temperature, the residue of the thermal decom-
position was transferred into a 0.5 mm diameter borosilicate glass capillary
(WJM-Glas/Mueller GmbH), which was sealed and analysed by X-ray pow-
der diffraction (see below). The TGA-curve was corrected using the data of a

standard (Al,O3), which was measured with the same temperature program.

Laboratory X-ray powder diffraction

The X-ray powder diffraction pattern of 1 used for crystal structure solution
and Rietveld refinement was collected at room temperature on a laboratory
powder diffractometer in Debye-Scherrer geometry (Stadi-P Diffractometer
(Stoe), Cu-K; radiation from primary Ge(111)-Johann-type monochroma-
tor, 3 Mythen 1K detectors (Dectris)). The sample was gently ground and
filled in a 0.5 mm diameter borosilicate glass capillary (WIM-Glas/Mueller

GmbH), which was spun during the measurements. A total scan time of 12
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Table 3.8. Crystallographic and Rietveld refinement data for compound 1.

Compound 1

Sum formula C6H1503N3
Molecular weight/ g-mol™! 117.19
Crystal system Orthorhombic
Space group (No.) Ama?2 (40)
Wavelength/ A 1.5406

al A 12.1054(2)
bl A 13.5537(2)
ol A 5.20741(8)
v/ A® 854.40(2)
Z 4

T/K 298
Refined parameters 34

Deare/ g-cm‘3 1.35

R/ % 12 6.51

R,/ % 4.27
Rprage! % 1 5.30
Starting angle measured/°® 20 0

Final angle measured/® 20 110
Starting angle used/® 20 5

Final angle used/° 20 100

Step width/° 20 0.01

Time/ h 12

[al As defined in section 2.2.3.

hours was applied and the pattern was measured over a 26 range from 0° to
110°. Temperature dependent in siftu XRPD measurements were carried out
on a Bruker D8-Advance powder diffractometer in Debye-Scherrer geometry
with Cu-K 4 radiation from primary Ge(111)-Johannson-type monochroma-
tor and Vantec detector. The sample was loaded into a 0.7 mm diameter glass
capillary, which was spun during the measurements. The patterns were mea-
sured in a 20 range from 2.0° to 60.0°. A total scan time of 3 hours was
applied per each measurement. The temperature was adjusted using a TC-
transmission furnace (mri). The sample was heated from 30 °C to 150 °C in

20 °C steps with a heating rate of 5 °C/min. During each step, a diffraction
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Figure 3.25. Rietveld plot of 1 at ambient condition. The observed pattern
(blue circles, the best Rietveld fit profile (red line) and the difference curve
between the observed and calculated profile (grey line) are shown. Excerpt of
the plot starting at 50° in 20 is reported for clarity.

pattern was collected, after a delay time of 5 minutes to ensure thermal equi-
libration of the sample.

Indexing, space group determination, Pawley refinement, crystal structure so-
lution through Simulated Annealing and Rietveld refinement were performed
with the program TOPAS 6.0 [64].

Pair distribution function

Experiments were carried out using beamline P02.1 at the Petra III syn-
chrotron (DESY). The diffraction dataset was collected at room tempera-
ture using a 2D Perkin Elmer XRD1621 (2048 x 2048 pixels and 200 x 200
um pixel size) with sample-to-detector distance of 303.66 mm. The inci-
dent wavelength of the X-rays was A = 0.207 A (60 keV). Calibration of the

experimental setup was performed using a silicon standard sample. The in-
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vestigated powder was loaded into a 1 mm Kapton capillary and an empty
Kapton capillary was used as background. Raw 2D data were corrected for
geometrical effects and polarization, then azimuthally integrated to produce
1D scattering intensities versus the magnitude of the momentum transfer Q
(where Q = 47t sinB/A for elastic scattering) using the program Fit2D [89].
The program xPDFsuite [90] was used to perform the background subtrac-
tion, further corrections, and normalization to obtain the reduced total scat-
tering structure function F(Q), and Fourier transformation to obtain the pair
distribution function (PDF), G(r).

PDF refinements were performed with the program TOPAS 6.0 [64].
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4 Giant anisotropic thermal

expansion

This chapter is dedicated to the thermal expansion analysis of five com-
pounds belonging to two classes of compounds: photosalient crystals and
metal organic frameworks (MOFs). The first part gives a brief introduc-
tion of the anisotropic thermal expansion phenomenon of materials, whereas
the second part deals with three isotypical copper complexes showing pho-
tosalient behaviour. The last part focuses on two isotypical interpenetrated

MOFs where one compound undergoes structural transformation.

4.1 General aspects

Materials change their shape, area, and volume in response to external
stimuli, such as temperature. In general, they expand along all three direc-
tions upon heating (positive thermal expansion, PTE). A typical example of a
well-known material showing this property is mercury, which has been widely
used in thermometers.

However, certain compounds deviate from this tendency. Negative ther-
mal expansion (NTE) occurs when a materials exhibits compression upon
heating [91]. This phenomenon can be observed in ice in the range 0-4 °C,
where the density is smaller than liquid water, and in the range 10-75 K [92].

Interestingly, it has also been demonstrated that a small number of solids
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does not expand at all along one of the axes, i.e. zero thermal expansion
(ZTE) [93]. When the expansion does not occur equally along all three di-
rections, anisotropic thermal expansion can be observed. In these cases, the
analysis of the deviations of the axes allows to reveal this effect and few
combinations can be possible: PTE along all directions but with difference
magnitude, combined PTE/NTE or ZTE along one direction compensated by
PTE and NTE.

The study of thermal expansion is very important. Prominent examples
are railway tracks or bridges, where expansion during summer and contrac-
tion during winter occur. A careful analysis of the expansion helps to pre-
vent undesired effects, which can lead to serious consequences. Furthermore,
many applications in different fields like sensors, artificial muscles [94], and
temperature-sensitive drug delivery systems [95] can be found.

However, in order to design new materials with improved properties, the
knowledge of the underlying mechanism is fundamental. Possible mecha-
nisms behind this phenomenon can be e.g. conformational changes [93,96],
packing rearrangement [97], host-guest interactions [98, 99], and geometric
flexibility [100] (Figure 4.1).

Conformational changes Geometric flexibility
==\ 7\
Ly - % -—) 0<:>‘
Packing rearrangement Host-guest interaction
11 L 2 X TN
HEE == ¢6¢
EEN

L2 2 4

Figure 4.1. Schematic plot showing certain mechanisms involved in
anisotropic thermal expansion.
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To estimate the thermal expansion, the coefficient of thermal expansion
(CTE) of the volume and along the axes must be calculated. This coefficient
(o) is calculated by dividing the variation of the volume or the axes (x) by the

change in temperature (T) at constant pressure (4.1).

1 [/ dx

OLX:; (aT)p 4.1
In crystalline compounds, calculating CTE along the crystallographic axes
can be misleading. Considering only the variation of the crystallographic
axes in non-orthogonal crystal systems (i.e. trigonal, hexagonal, monoclinic,
and triclinic) may not provide an accurate picture of the actual expansion be-
haviour, since the expansion or compression involves also changes in the crys-
tallographic angles. Since the unit cell is not unique but a conventional con-
struct, it is possible to have different unit cells for the same crystal structure.
For example, if we consider a simplified system, such as a two-dimensional
molecular framework, where a *wine-rack’-like expansion [101] is involved,
two unit cells can be chosen: a rectangular unit cell and a rhombic unit cell
(Figure 4.2). It is obvious that in this mechanism of expansion along one side
involving a contraction in the perpendicular direction will not particularly af-
fect the axes (a; and b;) in the rhombic cell (Figure 4.2, green); instead, a
great variation will be recorded on the y angle, which is not easy to inter-
pret and also it will be less evident when only the crystallographic axes are
considered. Therefore, the choice of a rectangular cell (Figure 4.2, purple)
with all angles equal to 90° permits to easily observe the expansion along the
axes (az and b), enabling a better visualization and interpretation of thermal
expansion mechanism.

It is clear that the choice of a new unit cell, different from the standard
crystallographic one, can help to analyse the thermal phenomenon in many
cases. The determination of a new unit cell can be performed by orthogo-
nalizing the crystallographic axes in order to obtain new axes which are per-
pendicular to each other. This can be simple for some crystal systems but

it becomes difficult for low symmetry systems like monoclinic and triclinic
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Figure 4.2. Schematic plot showing the effect of two different unit cells on
the determination of the lattice expansion. The structural model was taken
from literature [102]. Directions of contraction (blue) and expansion (red)
are also given.

systems. In the projects that will be shown in this thesis, CTEs along the axes
of the transformed unit cells were determined with PASCal, a program that is
readily available online [103].

The program PASCal requires temperatures and lattice parameters for
each temperature step as input and it gives as output the coordinates of the
new axes, so-called principal axes (X,,), the CTEs along the volume and the
principal axes, and the expansivity indicatrix, which is a three-dimensional
surface plot centred at the unit cell origin showing the variation of the magni-
tude of o along the direction (Figure 4.3). The expansivity indicatrix allows
to visualizing the direction of the change in the unit cell as well as using color
codes for highlight an expansion (red) or a contraction (blue).

The use of the free online program PASCal and the careful analysis of the
crystal structure allowed to study and reveal the mechanism of the thermal

expansion in the compounds that will be discussed in this chapter.
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Direction

Axes a(MK-) oa (MK1)  a b c
X -226277256925 -0.3144-0.0000 0.9493
X 15.1746 16981  0.9902 0.0000 0.1395
X3 27.9902 22236 0.0000 -1.0000 0.0000
V 226459 23881

(b)

Change in length (%)

TK)

(c)

Figure 4.3. Outputs of the PASCal program: a) expansivity indicatrix, b)
CTFs (o) related to the principal axes (X;) and volume, and c) plot of the
change in lengths as function of the temperature.

4.2 Photosalient crystals

Three isotypical complexes, Cu(benzoate)L,, (1) with L=4-stryryrilpyridine
(4spy), (2) with 2’-fluoro-4-styrylpyridine (2F-4spy), and (3) with 3’-fluoro-
4-styrylpyridine (3F-4spy), were investigated by temperature dependent in
situ XRPD measurements. Sequential Pawley refinements revealed anisotropic
thermal expansion with large volumetric expansion coefficients. A possible
explanation for this peculiar thermal property was also given.

This study was done in collaboration with the research group of Prof. Ja-
gadese J. Vittal from the National University of Singapore who provided the
sample, characterized the crystal structures, and investigated the photosalient
behaviour. The results were published in the journal /UCrJ (2020) [104].

4.2.1 Introduction

Photosalient crystals belong to the class of materials known as “dynamic
molecular crystals”. The peculiar property of these materials is to transform
the strain energy accumulated by external stimuli, like heat, light, or pressure

into mechanical work [105]. Indeed, when exposed to light (photosalient
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effect, PE) or heat (thermosalient effect, TE), single crystals exhibit mechan-
ical effects involving either change of shape (curling, bending, and twist-
ing) [106,107] or movements (jumping, flipping, and rotation) [108,109]. As
regards the photosalient behaviour, the mechanical motions are observed in
single crystals where solid-state [2+2] cycloaddition reactions, [4 + 4] dimer-
ization, isomerization, ring opening and closing reaction, polymorphic phase
transition, and dynamic changes in the pseudorotaxane molecule can occur.

These compounds can also show anisotropic changes in lattice parame-
ters, which accompany many of the salient effects [105, 107]. Indeed, after
performing in situ measurements, the analysis of the lattice parameters vari-
ation revealed an anisotropic expansion and, in some compounds, very large
coefficients of thermal expansion were recorded [30, 110].

In this work, the thermal behaviour of the three isotypical copper com-

plexes 1), 2, and 3 was investigated (Figure 4.4). The crystal structures (mon-

Figure 4.4. View of the three investigated isotypical compounds 1-3. The
figure highlights the peculiar paddlewheel-like structure of the complexes.
Hydrogen atoms are omitted for clarity.

oclinic space group C2/c with Z=4) reveal distinct complexes, involving four
benzoate ions and two 4-spy ligands, with a paddlewheel-like structure. The
main difference in the three crystal structures is the presence and the position
of the fluorine atom on the spy-related aryl group. Each pyridyl ligand inter-
acts in a head-to-tail manner with one pyridyl from the neighbouring complex
via T - - - T interactions forming a one dimensional chain-like motif (Figure
4.5). The distances between the centres of the C=C bonds are 3.787 Ain
1, 3.765 A in 2 and 3.810 A in 3, which make these compounds, accord-
ing to Schmidt’s rule, suitable for [2+2] cycloaddition reaction [111]. As a

consequence, when exposed to UV light, these compounds show photosalient
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Figure 4.5. View of the one dimensional chain-like motif built up by ©--- 7
interactions. Hydrogen atoms are omitted for clarity.

behaviour. Furthermore, since these single crystals also move by rolling upon
heating, temperature dependent in sifru XRPD measurements were performed
in order to study this phenomenon. The analysis of the lattice parameters as
function of the temperature reveals very large anisotropic thermal expansion

upon heating to about 200 °C.

4.2.2 Results and discussion

The thermal behaviour of compounds 1-3 was investigated by temperature
dependent in situ XRPD measurements in the temperature range 30-200 °C.
The inspection of the XRPD patterns revealed a large peak shifting, which
is indicative of a remarkable thermal expansion (Figure 4.6). To study the

Time
100D

1894

5 10 15 20 25 30 35 40
26/ ° (Cu-K,,)

Figure 4.6. Two dimensional plot of the temperature dependent in situ XRPD
measurement of compound 3.

thermal expansion, sequential Pawley refinements were performed and the
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lattice parameters were extracted. Since these compounds crystallize in the
monoclinic space group C2/c, the program PASCal was used to calculate the
thermal expansion coefficients along the three principal axes (Table 4.1). The
principal X; axis is almost parallel to the directions [102] for 1 and 2, and
[101] for 3. The principal X2 axis is parallel to the b-axis in all three com-
pounds and the principal X3 axis is almost parallel to the directions [102]
for 1 and 3, and [101] for 2. Table 4.1 shows that all compounds exhibit
anisotropic thermal expansion with the biggest variation along the principal
X3 axis. Additionally, all solids exhibit relative small PTE except compound
3 that possesses a negative thermal expansion coefficient along the principal

X1 axis. The expansivity indicatrix for the three compounds also confirms the

Table 4.1. Thermal expansion coefficients of the volume and along the prin-
cipal axes for compounds 1-3 extracted from PASCal.

1 Direction

Axes o, 109K 64, 10°K! a b c

X; 13.9159 0.8233 0.5338  0.0000  0.8456
X 5.0233  1.0415 0.0000  1.0000  0.0000
X; 166.3843 5.5537 0.5291  0.0000  0.8486
1% 241.8234 6.4930

2 Direction

Axes o, 10°K! 64, 10°K!  « b c

X; 21.8943 0.4764 -0.3870  0.0000  -0.9221
X 38.3804  0.5909 0.0000  -1.0000  0.0000
X;3 167.7776 5.2979 0.8072  -0.0000  -0.5902
1% 233.1210 6.2627

3 Direction

Axes o, 10°K! 64, 10°K!  « b c

X; -13.8283 3.7014 0.6377  -0.0000 0.7703
X 64.5518  1.3444 0.0000  -1.0000  0.0000
X; 228.3639 9.0008 -0.3302  0.0000  0.9439
1% 285.6904 7.1723

o is the CTE, oy, is the error in the CTE, a, b and ¢ are the projections of X,
on the unit cell axes.
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anisotropic behaviour just as the plots of the volume and the variation of the
axes as function of the temperature, which, in addition, show no hysteresis

on cooling and the linearity of the expansion in the studied range (Figures

4.7,A.1,A2).

The explanation of the mechanism behind the anisotropic thermal expan-
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Figure 4.7. Results from analysing the thermal behaviour of 3 using PASCal
: a) expansivity indicatrix (units: MK™!), b) plot of the axes variations as
function of temperature and c) plot of the volume expansion as function of
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temperature. Adapted from [104].

sion behaviour is revealed by investigating the structural motifs in compounds
1-3. As stated before, the main structural motif is the one dimensional chain-

like structure formed by the paddlewheel complexes connected by ©-- -7
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Figure 4.8. Representation of the projections of the crystal structures for
compounds 1-3 along the crystallographic b-axis (above) and along the prin-
cipal X; axis (below). Crystallographic (a, b and c¢) and principal (X;, X3
and X3) axes are also given. The 1D chain-line structure motif formed by
7t - - - 7 interactions (blue circle) are depicted in green and yellow. F---H-
C interactions in compound 2 are highlighted in the red rectangle. Adapted
from [104].

interactions between the C=C bonds of the styrylpyridine ligands and by the
strong coordination bonds in the complex itself (Figure 4.8). This chain-like
motif runs in the [221] direction, which is a combination of the principal X
and X9 axes. Therefore, an expansion along these axes is inhibited by the
rigidity of the chain. Although the & - - 7 interactions are considered to be
weak, their determinant role was confirmed by the observation of the photore-
activity of these compounds in the temperature range 120-200 °C. This result
indicates that the Schmidt’s criteria for a [2+2] cycloaddition reaction in these
crystals is satisfied, which means that at high temperatures, the alignment of
the styrylpyridine ligands is retained.

The inspection of table 4.1 for the three compounds reveals differences in
magnitude and sign of the CTEs. Although the three compounds are isotypi-
cal, the differences such as the presence and the position of the fluorine atom

on the styrylpyridine-related phenyl group, affect the expansion behaviour.
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In compound 2, the fluorine atoms are involved in intermolecular F- - -H-C
interactions that connect neighbouring chains. These interactions inhibit the
expansion along the principal X9 axis and, as a result, the a2 coefficient in
2 is the smallest of the three compounds. Compound 3 shows intramolecu-
lar F- - -H-C interactions between the styrylpyridine and the benzoate ligands
that further strengthen the chain. This could explain the small contraction
along the principal X; axis, which is associated with a negative value of a.;.
The expansion along the principal X3 axis is promoted by mechanics and
the a3 value along the principal X3 axis is the largest one. Concerning 1,
this compound doesn’t have any fluorine atom that can give rise to F- - -H-C
interactions. Therefore, since the only effective interactions on the thermal
expansion are the 7 - - - T interactions, the values of o1, 02, and o3 are in the
intermediate range of the investigated compounds.

The values of the thermal expansion coefficients were compared with
those of organo-metallic complexes found in literature revealing a very high
expansion (Tables 4.2, A.2). However, it should be highlighted that, when
comparing values from literature, many factors should be considered like
different expressions used for calculating thermal expansion and the non-
linearity of the expansion.

Table 4.2. Comparison of thermal expansion coefficients of the volume and
along the principal axes from this work with those in literature.

Metal T range/ Axial TE, oy/ VTE, ay/ Ref.
complexes K 101.K1 101.K!
1 300-480 13.9,56.0,166.4 241.8 This
work
2 21.9,38.3,167,8 233.1
3 -13.8,64.5,228.4 285.7
PHA 220-350 260.4,39.4,-79.9 247.8 (o form)
[110]
100-270  124.0, 105.4, 255.5 (B form)
114.9
Cu(acac), 100-300 42,44,70 213.15
[112]
(Himd),[CuCly]  273-353  -38, 568, -184 346 [28]

All compounds in this table show linear expansion during heating.
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4.2.3 Conclusions

The thermal behaviour of three isotypic copper complexes with formula
Cu(benzoate)L, (with L=4spy, 2F-4spy, and 3F-4spy) was studied by temper-
ature dependent in situ XRPD measurements. The inspection of the XRPD
patterns showed big shifts in peak position, which are related to a large ther-
mal expansion. Lattice parameters were extracted by sequential Pawley re-
finement, and subsequently used as input values for the program PASCal.
The use of the program allowed to reveal the anisotropic thermal expansion
with the biggest variation along the principal X3 axis. The analysis of the
structural motifs allowed to disclose the mechanism behind the anisotropic
expansion where interactions like 7t- - - 7t and weak hydrogen bonds F- - -H-C
play an important role. In the end, the comparison of the values of the CTEs
with those of the literature confirmed the giant anisotropic thermal expansion

of the three studied compounds.

4.2.4 Experimental section

Samples

Synthesis and characterization of compounds 1, 2, and 3 were done by Dr.
Khushboo Yadava (National University of Singapore) according to the publi-
cation [104].

Temperature dependent in situ X-ray powder diffraction

Temperature dependent in situ XRPD measurements were carried out on
a Bruker D8-Advance diffractometer in Debye-Scherrer geometry with Cu-
K1 radiation from a primary Ge(111)-Johansson-type monochromator and
Vantec detector. The patterns for the thermal expansion analysis were col-
lected in a 20 range from 3° to 40° applying a total scan time of 2 hours per
measurement. The temperature was adjusted using a water-cooled capillary
heater (MRI) and the samples were heated following the thermal cycling pro-
gram (30-200-70-200-30) °C in 20 °C steps (in ranges 30-90 °C and 120-200
°C) and in 10 °C steps (in the range 90-120 °C) with a heating ramp of 2
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K-min'!. Before each measurement, a delay time of 10 minutes was applied
to ensure thermal equilibration of the sample.
Pawley refinement was performed with the program TOPAS 6.0 [64].

4.3 Interpenetrated Metal-Organic Framework

The thermal behaviour of two isostructural interpenetrated MOFs, M(pvb),
DMF (with M= Zn''/Cu!" and pvb= trans-2-(4-pyridyl)-4-vinylbenzoate) was
investigated by temperature dependent in situ XRPD measurements under
vacuum condition. Sequential Rietveld refinements allowed to observe the
phase transition from the Zn-bearing MOF (1) to the anhydrous form (2) and
to reveal a very large positive and negative thermal expansion in the temper-
ature range 30-150 °C.

This study was done in collaboration with the research group of Prof.
Jagadese J. Vittal from the National University of Singapore who provided
the samples, characterized the crystal structures and investigated the optical
properties. The results were published in the journal Angewandte Chemie
(2019) [113].

4.3.1 Introduction

MOFs are a class of porous polymeric materials formed by the coordi-
nation of organic bridging ligands (linkers) to metal ions (nodes) [114, 115].
These compounds show many applications in catalysis, separation, gas stor-
age, and molecular recognition [116—119]. Contrary to porous inorganic ma-
terials such as zeolites, the possibility to use different organic linkers allows
to potentially control the architecture and the functionalization of the pores
and, as consequence, to have flexibility in designing new structures [120].

Interpenetration is one of the peculiar phenomena that can also be found
in MOFs. It is observed in entangled structures where two or more inde-
pendent infinite networks interpenetrate each other. This phenomenon takes

inspiration from structures of compounds that the nature offers, such as the
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entangled strands in the DNA double helix. However, contrary to the DNA,
where the strands are held together by non-covalent bonds and no disrup-
tion is needed to disentangle them, in the interpenetrated MOFs, disentan-
glement is only possible when covalent bonds are broken [121, 122]. The
degree of interpenetration, defined by the term ’n-fold’ (where 7 is the num-
ber of independent nets), can vary from two to twelve but exceptions are also
possible [123]. Although MOFs are known to be very robust upon removal
of the guest molecules, it was observed that the degree of interpenetration
can be manipulated not only during the synthesis process [124, 125] but, sur-
prisingly, in the solid state as well. A few examples related to the change
of interpenetration in solid state can be found [126] and only some of them
show this phenomenon occurring in a single-crystal-to-single-crystal manner
(SCSC) [127,128].

Non-centrosymmetric crystal structures can exhibit second-order nonlin-
ear optical (NLO) properties, which make these materials eligible for appli-
cations in photonics, for example for optical signal transimission and pro-
cessing [129]. Additionally, the use of chiral ligands may allow MOFs to be
NLO active even though they do not ensure strong second harmonic genera-
tion (SHG) responses of the material. A strategy to obtain compounds with
these properties is to design and synthesize structures with diamondoid net-
work (dia net), which can be obtained by choosing metal atoms suitable for
tetrahedrally coordinating specific rigid bridging ligands. This network is the
most suitable geometry for obtaining these compounds as the lack of inver-
sion centres promote the formation of non-centrosymmetric solids [130].

During the study of Zn" and Cu'! MOFs, the research group of Prof.
Vittal was able to successfully synthesize and characterize two zinc MOF,
Zn(pvb),-DMF (1) and its anhydrous form (2), and one copper MOF with for-
mula Cu(pvb),-DMF (3). Compound 1, isomorphous to compound 3, crystal-
lizes in the non-centrosymmetric space group Cc. The zinc atoms have a five-
coordinate geometry and they are bonded to two pyridyl-related N atoms and
three carboxylate-related oxygen atoms. The structures reveals a diamandoid
framework, which is 7-fold interpenetrated (dia) (Figure 4.9). Despite this

74



Giant anisotropic thermal expansion

(b)

Figure 4.9. View of the dia net (a) and the 7-fold interpenetration (b) in
compound 1. Adapted from [113].

peculiarity, the compound exhibits voids filled with DMF molecules. Com-
pound 2 crystallizes in the non-centrosymmetric space group C2. In this case,
two distinct zinc atoms, one four-coordinated and the other six-coordinated,
are bonded to four ligands giving rise to a diamandoid cage. This framework
is 8-fold interpenetrated and, due to the dense packing, no voids are present
(Figure 4.10).

Crystals of 1 and 2 were tested for possible interesting optical properties.
Non-linear optical responses of 1 and 2 were analysed by mapping SHG and
2PPL responses of the single crystals. The results display that at the opti-
mum excitation wavelength of 950 nm, the SHG response at 475 nm from the

(a) (b)

Figure 4.10. View of the dia net (a) and the 8-fold interpenetration (b) in
compound 2. Adapted from [113].
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crystal 2 is circa 125 times larger that that of 1 whereas the 2PPL intensity of
sample 2, at the optimum excitation wavelength of 680 nm, is circa 14 times
stronger than that of sample 1.

In this project, the two interpenetrated MOFs, compounds 1 and 3, were
investigated by temperature dependent in sifzu XRPD measurements and their
interesting thermal behaviour as well as the relationship between the solvated

(1) and the anhydrous (2) form were revealed.

4.3.2 Results and discussion

The thermal behaviour of compound 1 was initially investigated by ther-
mogravimetric analysis in the temperature range 30-650 °C. The TG curve
reveals at around 120 °C a weight loss of 12.7 wt-% corresponding to the loss
of one molecule of DMF (Amgy).= 12.5 wt-%, Figure 4.11). This feature
is attributed to the removal of the DMF with possible transition to the anhy-

drous phase, which involves a switch of the degree of interpenetration, rarely

K \ Am=12.7%
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Figure 4.11. TG curve of compound 1 measured in dynamic nitrogen atmo-
sphere.
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Figure 4.12. Temperature dependent in situ XRPD measurement showing the
transition from compound 1 (a) to compound 2 starting at circa 110 °C (b).
Adapted from [113].

observed in literature.

Temperature dependent in situ XRPD measurements were performed in
order to elucidate the thermal behaviour of compound 1 observed in the TG-
curve. The compound was investigated in the temperature range 30 °C-190
°C under vacuum condition to easily remove the guest DMF molecules from
the framework. The experiment confirmed the transition to the anhydrous
compound 2 starting at circa 110 °C and ending at 160 °C with no other inter-
mediate forms (Figure 4.12). In contrast to the structure obtained from SC-
XRD at -100 °C [113], Rietveld refinement of the high temperature structure
of compound 2 shows the B angle close to 90° (B= 94.2° at -100 °C), which
is retained at 30 °C (Figure 4.20, Table 4.4). This peculiarity of compound 2
was further observed by performing an additional temperature dependent in

situ XRPD measurement of a mixture of compounds 1 and 2 in the tempera-
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ture range 30-430 °C (Figures 4.13).

A possible mechanism of the transition from the solvated to the anhy-
drous form can be derived from the analysis of the structural motifs. Upon
heating, the DMF molecules are removed from the 1D channels parallel to
the c-axis. In order to fill the voids, alternating dia components from adjacent
structures move towards each other by shrinking the whole crystal structure,

which explains the decrease in the cell volume by 312.4 A®. The proxim-
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Figure 4.13. Lattice parameters trend as function of the temperature de-
rived from sequential Pawley refinement (a) and temperature dependent in

situ XRPD measurements of a mixture of compounds 1 and 2 (b). Adapted
from [113].
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Figure 4.14. Plots of weight fractions of compounds 1 and 2 (a) and DMF
content (b) as function of the temperature derived from sequential Rietveld
refinements. Adapted from [113].

ity of different frameworks promotes the breakage and subsequent formation
of the Zn-ligand bonds, which is accompanied by a change in the coordina-
tion sphere of the zinc atoms (distorted trigonal bipyramidal to mixture of
octahedral and tetrahedral geometries). As a consequence, the degree of in-
terpenetration is increased from 7-fold to 8-fold.

The phase transition and the release of DMF as function of the tempera-
ture was monitored through sequential Rietveld refinements of both structures
via the XRPD patterns of the in situ experiment under vacuum condition (Fig-
ure 4.14). In addition, lattice parameters of the solvated form were extracted

in order to monitor the thermal expansion. Since compound 1 crystallizes in

79



Giant anisotropic thermal expansion

Table 4.3. Thermal expansion coefficients of the volume and along the prin-
cipal axes for compounds 1 extracted from the analysis using PASCal.

1 Direction

Axes o, 10°K! 6., 10°K! a4 b c

X, -199.5967 24.5302 -0.8393  0.0000  -0.5436
X, 88.8589  16.7810 -0.1614  -0.0000  0.9869
X; 225.0249 4.4317 0.0000  -1.0000  0.0000
1% 111.9961 4.8511

o is the CTE, oy, is the error in the CTE, a, b and ¢ are the projections of X,
on the unit cell axes.

a monoclinic space group, PASCal software was used to calculated the ther-
mal expansion coefficients along the three orthogonal principal axes. The
inspection of the CTEs (Table 4.3) reveals large anisotropic thermal expan-
sion with PTE along the principal X3 axis (0i3=225.0249 x 10°K"!, parallel to
the crystallographic b-axis), relatively small PTE along the principal X, axis
(012=88.8589 x 10°°K"!, almost parallel to the c-axis) and high NTE along
the principal X, axis (0t1=-199.5967 x 10°K"!, nearly parallel to the crystal-
lographic [201] direction with the g-axis as the most influential component
axis). All expansions are rather linear in the measured temperature range
(Figures 4.15).

The understanding of the mechanism behind the anisotropic thermal ex-
pansion of compound 1 is quite important in the process of finding a possible
application as well as for the rational design of new compounds. For this
reason, the crystal structure of compound 1, obtained by Rietveld refinement
(Figure 4.19) was carefully analysed and structural motifs identified. The key
to understand the mechanism is to focus on the base of the dia net, which can
be approximated to a rectangle containing six zinc atoms (Figures 4.16 and
A.3). The long side includes two ligands bridging three zinc atoms and it
runs along the [201] direction. The short side includes one ligand, bridging
two zinc atoms and it runs along the [112] direction. An expansion along both
directions is inhibited since it requires the stretching of the ligands. However,
the long side does not form a rigid unit but it may bend due to the possibility
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of a change in angle between the two ligands (black double arrows in Figure
4.16). The variation of the angle leads to a distortion of the rectangular motif
along b- and c-axes (principal X3- and X,- axes, respectively). In addition,
since the framework is packed along the c-axis, parallel to the direction of the
channels filled with DMF molecules, a possible movement of the dia frag-
ments along the direction of the channels is hindered whereas it is promoted
towards the channels (ab plane). Therefore, the preferred direction of the
expansion is along the b-axis. As a consequence, just like in Nuremberg scis-
sors, a compression along the principal X;-axis is promoted by mechanics.
From a comparison of the reported thermal expansion coefficients in liter-
ature and the herein discussed study (Table A.2), it is apparent that 1 exhibits

linear X,
linear X,
linear X,

Change in length (%)
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Temperature (K)
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340 360 380
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Figure 4.15. Results from PASCal program for compound 1: a) expansivity
indicatrix (units: MK™!), b) plot of the axes variations as function of the tem-
perature and c) plot of the volume expansion as function of the temperature.
Adapted from [113].
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Figure 4.16. Representation of the rectangular motif of dia net in 1 along
(a) a-axis, (b) b-axis and (c) c-axis. The long side is indicated by the light
blue line, the short side by purple and the angle formed by zinc nodes by
black double arrows. The principal and crystallographic axes are also given.
Adapted from [113].

a large and significant anisotropic thermal expansion.

The thermal behaviour of compound 3, isomorphous to compound 1, was
investigated by temperature dependent in situ XRPD measurements (Figure
4.17). Contrary to the zinc-based MOF, this compound did not show any
phase transition upon heating. However, through sequential Rietveld refine-

ments, it was possible to monitor the content of DMF as function of the tem-
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Figure 4.17. Selected XRPD patterns of 3 at different temperatures show-
ing that there is no drastic structural change visible upon DMF removal by
heating. Adapted from [113].
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Figure 4.18. Evolution of the content of DMF molecules in compound 3
during temperature dependent in situ XRPD measurements as a function of
temperature. Adapted from [113].
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perature and to observe the complete release of the guest molecules at 190 °C
(Figures 4.18).

4.3.3 Conclusions

The thermal behaviour of two interpenetrated MOFs, ZnMOF-DMF (1)
and CuMOF- DMF (3), was investigated by temperature dependent in situ
XRPD measurements.

Contrary to compound 3, where no transition was observed, compound 1
exhibits in vacuum a phase transition to the anhydrous form 2 associated with
a change in the degree of interpenetration. This interesting phenomenon is
rare in the solid state and only a few examples have been reported in literature
so far. Interestingly, this transition is accompanied by a giant enhancement
of the SHG (circa 125 times) and 2PPL (circa 14 times), which makes this
compound eligible for a possible application as NLO devices. In addition, a
remarkable anisotropic thermal expansion was observed in 1 through sequen-

tial Rietveld refinement, for which a possible mechanism was proposed.

4.3.4 Experimental section

Samples

Synthesis and samples characterization of compounds 1, 2, and 3 were mainly
done by Dr. Zhihui Chen (National University of Singapore) according to the
publication [113].

Temperature dependent in situ X-ray powder diffraction

XRPD and variable temperature in situ XRPD measurements of 1 were
carried out on two laboratory powder diffractometers in Debye-Scherrer ge-
ometry: Stadi P-Diffractometer (Stoe), Cu-K radiation from primary Ge(111)-
Johann-type monochromator, array of 3 Mythen 1 K detectors (Dectris) and
Bruker D8-Advance, Cu-Ky; radiation from primary Ge(111)-Johannson-
type monochromator, Vantec detector. For measurements on both diffrac-

tometers, the samples were loaded into 0.5 mm diameter quartz capillaries
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Table 4.4. Crystallographic and Rietveld refinement of compounds 1, 2 and
3.

Compound 1 2 3

Crystal system Monoclinic Monoclinic Monoclinic
Space group (No.) Cc (9) C2(5) Cc (9)
Wavelength/ A 1.5406 1.5406 1.5406

al A 13.3862(2) 21.777(2) 13.2309(3)
bl A 25.6147(6) 8.5362(6) 25.1532(6)
o/ A 8.4313(3) 3.620(2) 8.4936(2)
Bre 99.550(2) 90.34(1) 98.603(3)
vIA® 2850.9(1) 2532.2(3) 2794.9(1)
V4 4 4 4

T/ K 303 303 303
Refined parame- 54 46 58

ters

Deare/ g-cm™ 1.35 1.35 1.39

Ryp/ % 18] 3.82 4.18 5.46

R,/ % 12 3.16 3.40 4.17
Rprage! %o 1) 1.12 0.91 1.86
Starting angle 0 0 0
measured/® 20

Final angle mea- 110 110 110
sured/° 20

Starting angle 5 5 5

used/® 20

Final angle used/° 60 60 60

20

Step width/° 20 0.01 0.01 0.01

Time/ h 2 2 2

[a] As defined in section 2.2.3.

(WIM-Glas/Mueller GmbH), which were spun during the measurements. For
the measurements on the Stoe diffractometers, powder patterns were mea-
sured in a 20 range from 2.0° to 110.0° applying a total scan time of 2 hours
per measurement. The temperature was adjusted using an Oxford Cryostream
500 device (Oxford Cryosystems). The sample was heated from 30 °C to 190
°C and back to 30 °C in steps of 10 °C. During each step a diffraction pattern
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was collected after a delay time of 30 minutes to ensure thermal equilibration
of the sample. The experiment was carried out with a capillary microreactor
(designed in-house), connected to a pumping station (T-Station 75 Turbo-
molecular), which allowed the sample to be heated under vacuum condition
(Figure 2.6, e-f). For the measurements on the Bruker diffractometer, the
powder patterns were measured in a 20 range from 2.0° to 40.0° applying a
total scan time of 2 hours per measurement and the temperature was adjusted
using the TC-transmission furnace (MRI capillary heater). The sample was
heated from 30 °C to 430 °C in steps of 20 K. During each step a diffraction
pattern was collected after a delay time of 5 minutes to ensure thermal equili-
bration of the sample. XRPD patterns and variable temperature in situ XRPD
measurements of 3 were recorded on the laboratory powder diffractometer in
Debye-Scherrer geometry: Stadi P-Diffractometer (Stoe), Cu-K,; radiation
from primary Ge(111)-Johann-type monochromator, array of 3 Mythen 1 K
detectors (Dectris). The sample was loaded into a 0.5 mm diameter borosili-
cate capillary (WJM-Glas/Mueller GmbH), which was spun during the mea-
surements. The patterns were measured in a 26 range from 2.0° to 110.0°
applying a total scan time of 2 hours per measurement and the temperature
was adjusted using an Oxford Cryostream 500 device (Oxford Cryosystems).
Pawley and Rietveld refinements were performed with the program TOPAS
6.0 [64].
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Figure 4.19. Scattered X-ray intensities of compound 1 during in situ ex-
periment at 30 °C under vacuum conditions as a function of diffraction angle
20. The observed pattern (circles) measured in Debye-Scherrer geometry, the
best Rietveld fit profiles (line) and the difference curve between the observed
and the calculated profiles (below) are shown. The high angle part starting at
35°in 20 is enlarged for clarity.
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Figure 4.20. Scattered X-ray intensities of compound 2 after in situ exper-
iment at 30 °C under vacuum conditions as a function of diffraction angle
20. The observed pattern (circles) measured in Debye-Scherrer geometry, the
best Rietveld fit profiles (line) and the difference curve between the observed
and the calculated profiles (below) are shown. The high angle part starting at
35°in 20 is enlarged for clarity.
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Figure 4.21. Scattered X-ray intensities of compound 3 during in situ exper-
iment at 30 °C as a function of diffraction angle 26. The observed pattern
(circles) measured in Debye-Scherrer geometry, the best Rietveld fit profiles
(line) and the difference curve between the observed and the calculated pro-

files (below) are shown. The high angle part starting at 50° in 20 is enlarged
for clarity.
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5 Investigation of ultrafast

synthesis of zeolites

This chapter is dedicated to the study of two ultrafast synthetic processes
of Chabazite zeolite designed at BASF SE in Ludwigshafen am Rhein (Ger-
many). In particular, the first process, which is based on a solvent-free ap-
proach, was investigated through SEM (coupled with BSE and EDX) and
XRPD measurements using both laboratory and synchrotron light sources.
By using the synchrotron data collected at the beamline P02.1 in PETRA III
(DESY, Hamburg, Germany), the same process was analysed with two differ-
ent approaches: the reciprocal space approach, using the "standard" XRPD
analysis and the real space approach, using PDF analysis. The second pro-
cess is a solvent-based approach and it was studied by SEM and laboratory
in situ XRPD measurements. Isothermal solid state kinetic studies for both
processes are herein proposed as well.

5.1 Introduction

Zeolites are crystalline, microporous aluminosilicates. The term zeolite
derives from the Greek zéo and lithos (boiling stone) and it was coined in
1756 by the swedish mineralogist Alex Friedrik Cronstedt, who observed a

large amount of steam coming from this material during heating [131].
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Figure 5.1. Representation of the primary building unit (a), the secondary
building unit (b) and the framework types (c) in zeolites. Adapted from [132].

The crystal structure of a zeolite is composed by a three-dimensional net-
work of [AlO4]>" and [SiO4]* tetrahedra (the primary building unit, PBU)
linked to each other by sharing all the oxygen atoms (Figure 5.1, a). Several
tetrahedra arrange to form characteristic geometries (the secondary building
unit, SBU), which in turn assemble to form a three-dimentional framework,
denoted by three letters (Figure 5.1, b-c). The substitution of silicon with alu-
minium atoms creates a charge imbalance, which requires metal ions, such
as those from the first or second main group, to be present in the cavities to-
gether with water molecules.

The presence of pores and channels in the crystal structure, as well as
their dimensions and geometries, have a large impact on the properties and
applications of these solids. Indeed, zeolites are used as molecular sieves
[133], ion-exchangers, heterogeneous catalysts, feed additive [134], conduc-
tive films [135], and they are widely employed in many sectors of industry,
agriculture, medicine, chemical technology, environmental protection, and
engineering [136]. In 2016, the market size for zeolites was 5 million metric
tons, of which about 40% related to synthetic zeolites [137].

Zeolites occur in nature and they can mostly be found in sedimentary and
volcanoclastic deposits [138]. Naturally occurring zeolites are rarely pure
and are contaminated to varying degrees by other minerals, metals, or other

zeolites. Since industries require uniform, phase pure materials for many ap-
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0,5 pm

Figure 5.2. SEM image of Chabazite crystal morphology.

plications, and many commercially important products, such as zeolites A,
X, and Y, are not present in nature, these porous solids are synthetically pro-
duced.

Zeolites can be synthesized in different ways, all of which have in com-
mon the presence of a silicon/aluminium oxide source. Crystalline seeds of
the final product, alkalis or template agents may also be present in the syn-
thetic procedure. The most common method is hydrothermal synthesis, which
simulates the formation process occurred in nature millions of years ago. It
consists of heating an alkaline aqueous solution with a source of silicon and
aluminium, and a template agent (usually, quaternary ammonium salts) to a
temperature above 100 °C on autoclave [139]. This process usually lasts from
several hours to days until the final crystalline product is obtained. Since this
is a time- and energy-consuming process with relevant consequences in the
production costs, many strategies have been developed in the past decades to
shorten the synthesis time. Microwave-assisted, ultrasound-assisted, and dry
gel conversion syntheses are some of the strategies designed for this purpose.
However, these processes still require several hours until the final product
is obtained, and the drawback of short crystallization time is the low crys-
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tallinity of the target material [140]. The Ultrafast synthesis process over-
comes these aspects by shortening the reaction time and increasing the crys-
tallinity of the final product [141].

In this project, two different ultrafast synthesis processes of a zeolite were
mainly investigated by isothermal in situ X-ray powder diffraction. The target
product is Chabazite, which crystallizes in the trigonal space group R3m. This
crystal symmetry reflects on the morphology of the solid showing character-
istic pseudo cubic (rhombohedral shaped) crystals (Figure 5.2). Chabazite
crystals are industrially important for their catalytic abilities in helping to
remove the majority of harmful nitrogen oxides from diesel engine exhaust
gases through selective catalytic reduction (SCR) [142]. To elucidate the syn-
thesis process of both approaches, have a clear understanding of the reaction
processes and of the energy/kinetics for the designed reactions, freshly pre-
pared solutions were analysed using XRPD. This study contributes to obtain

information necessary to transfer the whole process to the plant level.

5.2 Results and discussion

The synthetic process of a zeolite requires the precursors being heated in
an autoclave, where a high pressure (more than 12 bars) is generated. In order
to investigate this process in situ, a sample holder that withstands high pres-
sure and with a hermetic seal must be chosen. Ordinary glass capillaries can-
not be used as sample holders because they are easily burst. In order to over-
come this problem, quartz capillaries were used to collect in sitru XRPD data
while the reaction occurred at high temperatures. Quartz capillaries withstand
pressure at least up to 12/14 bars and were sealed with an oxyhydrogen torch
and epoxy bi-component glue (Figure 5.3). For the solvent-free approach,
quartz wool was also used to hinder the shifting of the reaction mixture in the

capillary caused by the heating process and pressure development.
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Figure 5.3. Sealed capillary used for in sifu synchrotron measurements.

5.2.1 Solvent-free approach

The synthesis of Chabazite with the solvent-free approach was monitored
through in situ experiments using the synchrotron light source PETRA 1III
(DESY, Germany). Time-dependent in situ data at 190 °C were first analyzed
in reciprocal space (‘standard’ XRPD, Figure 5.4). The comparison of the
XRPD pattern of the mixture prior to heating, at room temperature (RT), with
those of the single precursors (experimental) and sodium sulfate (calculated)
revealed the presence of crystalline sodium sulfate forming from the reaction
between aluminium sulfate and sodium silicate (Figure 5.5,a). The compar-
ison of the mixture right before the end of the thermal treatment at 190 °C
showed the formation of Chabazite and the retention of the sodium sulfate

phase (Figure 5.5,b). The presence of Chabazite, with the characteristic cu-

Relative intensity/a.u.

2
26/° (A=0.20699 A)

Figure 5.4. Time-dependent in situ synchrotron XRPD measurements show-
ing the formation of Chabazite.
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Figure 5.5. Comparison of the XRPD patterns of the final mixture at RT
(a) and at the end of the heat treatment at 190 °C (B) with the precursors,
and sodium sulfate. The presence of sodium sulfate and the Chabazite is
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highlighted with dashed lines in green and blue, respectively.

bic morphology, was also observed by SEM while crystals of sodium sulfate

were confirmed by

Since the spatial resolution of the synchrotron XRPD patterns was not
high enough to extract structural data through Rietveld refinement (these pat-
terns were initally collected for generating PDF data), the final mixture was

re-measured using a laboratory XRPD diffractometer (Figure 5.7). The Ri-

SEM-EDX (Figure 5.6).
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Figure 5.6. SEM image of the cubic morphology of Chabazite (a) and
SEM/BSE image of sodium sulfate (brighter crystals) along with the EDX
results confirming the presence of sulfate (red rectangle, b).

etveld refinement, using Topas software, confirmed the presence of sodium
sulfate and Chabazite in the final mixture after the thermal treatment and al-
lowed to extract structural information about the Chabazite phase. The refined
structure of Chabazite, compared to the refined one from the seeds, showed a

— Dbest fit profile

30.000 M — observed pattern

— difference curve
| CHA
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\w waUuW‘wML
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Figure 5.7. Scattered X-ray intensities of the solvent-free reaction mixture
after the time-dependent in situ experiment at 190 °C as function of diffrac-
tion angle 20. The observed pattern (blue) measured in Debye-Scherrer ge-
ometry, the best Rietveld fit profile (red) and the difference curve between
the observed and the calculated profiles (below) are shown. The presence of
Chabazite and sodium sulfate is showed by their calculated reflections, repre-
sented by blue and green sticks, respectively.
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(a) (b)

Figure 5.8. Projections of the crystal structure of Chabazite from the indus-
trial seeds (a) and from the heat treatment at 190 °C (b) along the a-axis.

different content in the channels. After the heat treatment and storage at RT,
structure refinement resulted in a model with an equivalent of 6 oxygen atoms
per unit cell versus the 3.6 oxygen atoms per unit cell in the structure model
obtained from fitting the XRPD pattern of the seeds (Figure 5.8). Sequen-
tial fitting of the (111) peak for sodium sulfate and (012) peak for Chabazite
was performed in order to extrapolate the integrated area and the peak width.
The (012) peak for Chabazite was chosen because it is the least affected by
the presence of molecules in the pores. The integrated area gives information
about the relative amount of the compound in the crystalline state whereas the
peak width gives information about the crystallite size. Since no information
from a standard was used, a trend of the crystallite size and not the actual
value is given. The plot of the relative crystallite size of sodium sulfate and
Chabazite versus reaction time (Figure 5.9,a) showed a fast growth in the first
50-60 minutes of the experiment followed by a plateau. The plot of the nor-
malized integrated area of the (111) peak for sodium sulfate and (012) peak
for Chabazite versus time revealed a sigmoidal trend for the Chabazite phase

and negligible further formation of sodium sulfate (Figure 5.9,b).
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Figure 5.9. Plots of (a) relative crystallite size of Chabazite (red circles) and
sodium sulfate (blue circles) versus time and (b) normalized integrated area of
Chabazite (red circles) and sodium sulfate (blue circles) versus time. Due to
the low intensity/background ratio, the crystallite size values at the beginning
of the reaction are not reliable (black rectangle).

PDF patterns of the precursors and the target mixture were generated
from the same data collected at Petra III in order to confirm the results previ-

ously obtained and extract further information about the short range order. By

Mixture

— AN NN AANAN ~~— AN Na,S0, (calc)
NN NN S~ Nassilicate

~WMW\MV\- Al,(SO,4);'xH,0
NN Template

T T
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Relative intensity/a.u.

Figure 5.10. Stacking plot showing the experimental PDF patterns of the tar-
get mixture (before thermal treatment) and the precursors, and the calculated
PDF pattern of sodium sulfate.
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Figure 5.11. Superimposed PDF plots of the mixture at RT (before thermal
treatment, green) and at 190 °C, right before the end of the thermal treatment
(blue).

observing the short range signals of the PDFs (1-4.5 A), it can be seen that
the local structure signals of the final mixtures are primarily dominated by
Chabazite seeds and, in part, silica gel (Figure 5.10). PDF plots of the solvent-
free reaction mixture at RT, before the thermal treatment, and at 190 °C, right
before the end of the treatment, are superimposed showing the increase in the
signal intensity at medium/long range distances (10-40 A), which means that
large crystalline domains formed due to the heating process (Figure 5.11).

A sequential fitting of the first five peaks in the PDFs was performed in
order to reveal possible changes in the local structure of the target mixture.
The peaks were fit by a Gaussian function, and the expected value (maximum
of the peak) for each peak was extrapolated and plotted against the time (Fig-
ure 5.12). The analysis of the data suggested that by heating, the position of
the first two peaks (related to the T"-O™ and O™-O™ pairs in the same SiOy
tetrahedron) did not change whereas the peaks 3-4-5, related to atom pairs of
different tetrahedra, approached to the values of Chabazite seeds (rcpa). The
local range of the target mixture was fit using experimental PDF patterns col-
lected at RT. In particular, for the refinement, the experimental PDF patterns
of the precursors and the calculated PDF pattern of sodium sulfate were used

as a model. The scale factor (used to change the signal intensity of the model)
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Figure 5.12. (a) PDF pattern of Chabazite seeds at RT (0). (b-f) Plots of the
expected value of the first five peaks versus reaction time (1-5). For each plot,
the slope value of the trendline (m) and the expected value of Chabazite seeds
for the studied peak (rcya) were included.
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and the domain size (used to damp the signals at high r-value) were the only
parameters allowed to refine. Several attempts, using combinations of differ-
ent experimental patterns as models, were made to obtain the best profile fit.
It was observed that sodium silicate, Chabazite, and silica gel contributed to
the local-range of the sample (Figure 5.13).

Sequential PDF refinement was performed in order to extrapolate the
scale factor values and use them to track the trend of the phases in the reaction
system. The model, used to describe the mixture, was again built from a com-
bination of experimental and calculated PDF patterns (Table 5.1). The r-value
window investigated in the sequential PDF refinement ranged from 0 to 40 A.
During this refinement process, the only value allowed to refine was the scale
factor. For the precursors describing the short range order (silica gel, sodium
silicate and Chabazite-short range), the domain size values, obtained from the
refinement to the first PDF pattern, were fixed during the whole refinement
process. For the compounds describing the long range order (sodium sulfate

and Chabazite-long range), no domain size factor was used, since they are the

Table 5.1. Information about the PDF patterns used to describe the final
model for the sequential PDF refinement.

Type of pattern Compound Range Info

order

Experimental  Silica gel Short  Measured at RT

Experimental ~ Sodium silicate Short = Measured at RT

Calculated Chabazite Short ~ From PDF refinement of the model
obtained from lab XRPD refine-
ment to the last PDF pattern at 190
°C

Calculated Chabazite Long  From PDF refinement of the model
obtained from lab XRPD refine-
ment to the last PDF pattern at 190
°C

Calculated Sodium sulfate Long  From PDF refinement of the model

obtained from lab XRPD refine-
ment to the last PDF pattern at 190
°C
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Figure 5.13. PDF patterns of the final reaction mixture at RT. The model
was built from a combination of the experimental PDF patterns of: a) silica
gel, b) Chabazite seeds, ¢) Chabazite seeds and silica gel, d) Chabazite seeds,
silica gel and aluminium sulfate and e) Chabazite seeds, silica gel and sodium
silicate. The observed pattern (blue line), the best fit profile (red line) and the
difference curve between the observed and the calculated profile (below) are
shown. Agreement factors (R) for each refinement are reported in the top-
right part of plot.

crystalline components of the mixture with large domain sizes damped by the
experimental resolution. The refinement plots of the mixture at RT and 190

°C, right before the end of the thermal treatment, are shown in Figure 5.14.
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Figure 5.14. PDF patterns of the final solvent-free reaction mixture at RT
(a) and right before the end of the thermal treatment at 190 °C (b). The
observed pattern (blue line), the best fit profile (red line) and the difference
curve between the observed and the calculated profile (below) are shown. The
agreement factors (R) for each refinement are reported in the top-right part of

each plot.

The plot of the scale factor values as function of the reaction time revealed

almost no change for the phases describing the short range order (sodium

silicate, silica gel and Chabazite-short range) whereas a small formation of

crystalline sodium sulfate at the beginning of the reaction and a clear forma-
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tion of crystalline Chabazite were observed (Figure 5.15). The results from
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Figure 5.15. Plot showing the scale factor of the precursors and products
as function of the reaction time. Sodium silicate (black), silica gel (blue),
Chabazite-short range (yellow), Chabazite-long range (orange) and sodium
sulfate (green).

sequential PDF refinement showed crystalline Chabazite having a sigmoidal-
shape trend like in the sequential Rietveld refinement (Figure 5.9,b).

Kinetic studies on crystalline Chabazite were performed using data com-
ing from sequential peak fitting (reciprocal space approach) and PDF refine-
ment (real space approach). Due to the sigmoidal shape trend, the data can be
described by the Avrami equation for the isothermal case (Equation 5.1).

o =1-¢ (Ktto)” (5.1)

Equation 5.1. Avrami equation for the isothermal case. o is the amount of
transformed material, k the temperature-dependent rate constant, n the
Avrami’s exponent which is theoretically related to the crystallization

mechanism (it contains terms describing both the number of steps involved

in nucleation and the number of dimensions in which the nuclei grow) and t

is the reaction time (the induction period is excluded).
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The data values (integrated peak area in the first case and scale factor in the
second one) were normalized between O and 1 and used as input values (o)
in the Avrami equation whereas concerning the time values (t), an induction
period of 8 minutes was estimated and subtracted. To analyse the data, the
Avrami equation must be rearranged to find the n parameter (Equation 5.2).
The value of n can be determined by the Sharp-Hancock plots, which is a
plot of In[-In(1-o)] vs In(t). This gives a straight line whose slope is the n
parameter (Figure 5.16,a-b). This value is used as input value for generating
the temperature-dependent rate constant (Equation 5.3), Figures 5.16,c-d).

In(-In(1-a)) =nlnt+c¢ (5.2)
~In(1-oa) =k"t" (5.3)

Equations 5.2-5.3. Rearranged Avrami equation for the isothermal case

used for extrapolating the n (5.2) and k (5.3) parameters.

From Table 5.2, it can be observed that both approaches give very similar n
and k values. No discussion is done about the meaning of the n value and
how this can be related to the crystalline growth and nucleation process. The
results from the kinetic study indicated that both approaches give consistent
results and could be used for future experiments. It is worth noting that the
PDF method could also be used in cases where the reciprocal space method

fails due to amorphous/nanocrystalline reactants and products.

Table 5.2. List of n and k values for the reciprocal and real space approach.

Parameter Values

Reciprocal space (XRPD) Real space (PDF)
n 1.26(1) 1.07(1)
k/min’! 0.0149(2) 0.0144(1)
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Figure 5.16. Plots of In(-In(1-)) versus In(time) (a,b) and « versus time
(c,d) for the reciprocal (left) and real (right) space approach. The n and k
values are also reported.

5.2.2 Solvent-based approach

The solvent-based synthesis of Chabazite through interzeolite trasforma-
tion from Zeolite Y was monitored through XRPD in situ experiments using
the laboratory source. Time-dependent in situ XRPD measurements were
performed on a suspension that was freshly prepared in the lab right before
the experiment. The first XRPD pattern collected at 190 °C clearly showed
the presence of Zeolite Y, as the only crystalline compound in the suspen-
sion (Figure 5.17). The time-dependent XRPD experiments revealed the fast
formation of the crystalline Chabazite product (Figure 5.18). Interestingly,
the interconversion of the two zeolites is not instantaneous but co-existence
of the two zeolites was observed for a long period of time before Zeolite Y
completely transformed to Chabazite. This behavior is expected for a solid
reaction that proceeds by nucleation and growth of the forming crystalline

phase.
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Figure 5.17. Stacking plot showing XRPD patterns of (a) calculated and (b)
experimental Zeolite Y at the beginning of the reaction at 190 °C (black) and
XRPD patterns of (c) calculated and (d) experimental Chabazite at the end of
the reaction at 190 °C (blue).

Sequential fitting of the (111) peak for the Zeolite Y and 100 peak for
Chabazite was performed in order to extrapolate the integrated area (Figure
5.19). The plots of the normalized integrated area of the chosen peaks versus

time/min

26/° (Cu-Ky,)

Figure 5.18. Time-dependent in situ XRPD measurement of sample A at
190 °C showing: (a) Zeolite Y, (b) Zeolite Y and formation of Chabazite, (c)
Chabazite.
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Figure 5.19. Plot of normalized integrated peak area showing the consump-
tion of Zeolite Y (blue) and the formation of Chabazite (red) as function of
time.

time revealed a sigmoidal trend for the Chabazite product and a gradual con-
sumption of Zeolite Y during the reaction.

An attempt to study the kinetics of the crystalline formation of Chabazite
was done using data coming from sequential peak fitting. Due to the sig-
moidal shape trend, the data can be described by the Avrami equation for the
isothermal case. As in the solvent-free approach, the data values (integrated
peak area) were normalized between O and 1 and then used as input values
(o0) in the Avrami equation. Concerning the time values (t), an induction time
of 10 min was estimated and subtracted. From the fitting of the Avrami equa-
tion to the data, n and k values were extrapolated (Figure 5.20,a). A careful
inspection of the Sharp-Hancock plot revealed a change in the slope (Figure
5.20,b). When a change in the slope is observed, it suggests a change in the
reaction mechanism related to the nucleation or crystal growth process. The
change was observed after 35 minutes (x=0.73) from the starting of the mea-
surement.

The product, after the thermal treatment, was further investigated by SEM
in order to check the morphology and the size, which play an important role

on the catalytic performance. SEM images showed the presence of the char-
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Figure 5.20. Plots of « versus time (a) and In(-In(1-)) versus In(time) (b) for
the solvent-based synthesis approach. The n and k values are also reported.

T )

Figure 5.21. SEM image showing the presence of pseudo-cubic particles of
Chabazite with dimensions ranging between 400-600 nm.

acteristic pseudo-cubic particles of Chabazite with dimensions ranging be-

tween 400-600 nm (Figure 5.21).

5.3 Conclusions

In this chapter, two approaches for ultrafast synthesis of Chabazite crys-
tals were investigated through X-ray powder diffraction and electron microscopy.
In the solvent-free approach, the mixture heated at 190 °C was analysed
through sequential Bragg peak and PDF refinements using synchrotron X-

ray diffraction data. The investigation confirmed the presence of crystalline
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sodium sulfate originating from the mixing stage prior and not during the
heating process. The short range order was probed through PDF refinements
revealing that silica gel, Chabazite seeds, and sodium silicate are the most
abundant phases. Kinetics studies using the Avrami equation for solid state
reactions were performed on the results obtained from the Bragg peak and
PDF refinements. The results showed that both approaches give consistent
results and PDF could be used for future experiments especially in cases of
amorphous or nanocrystalline reactants where reciprocal space approaches
fail. In the solvent-based approach, the investigation of the reaction was per-
formed with laboratory data. Sequential peak refinements to the in situ XRPD
data at 190 °C revealed the co-existence of the precursor and the product for a
long period of time before the Zeolite Y completely transformed to Chabazite.
This is a behaviour expected for a solid reaction that proceeds by nucleation
and growth of the forming crystalline phase. In addition, the kinetics study
shows the possible presence of two reaction mechanisms related to the nucle-
ation and crystal growth process.

This study contributed to elucidating the synthetic process of both ap-
proaches and developing an understanding of the kinetics of the reactions,

which could be used to transfer the whole process to the plant level.

5.4 Experimental section

Samples

Samples were freshly prepared before each experiment according to the recipes
designed by BASF SE. For the solvent-free approach, silica gel (29.5 wt-%),
sodium silicate (30.4 wt-%), aluminum sulfate (13.1 wt-%), and Chabazite
seeds (3.6 wt-%) were added to a 50 wt-% aqueous solution of TMdAOH
(22.4wt-%) and water (VE, 1.0 wt-%). The solid solution was stirred with a
spatula before measuring it. For the solvent-based approach, Y zeolite (16.45
wt-%) was added to a solution composed by the template (24.36 wt-%) and
NaOH (10% water solution, 59.19 wt-%). The suspension was stirred with a

magnetic stirrer for 20 minutes.
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SEM

SEM images were collected with a Merlin SEM from Zeiss at an acceler-
ating voltage of 1.5 kV whereas SEM/BSE images and EDX analysis were
obtained with TESCAN Vega TS 5130 equipped with X-Man™ 20 SDD (Ox-

ford instruments).

X-ray powder diffraction

1) Laboratory source

The XRPD patterns were collected on a laboratory powder diffractometer in
Debye-Scherrer geometry (Stadi P- Diffractometer (Stoe), Cu-Ky; radiation
from primary Ge (111)-Johann-type monochromator, 3 Mythen 1K detectors
(Dectris)). For the in situ XRPD experiments of the solvent-based suspen-
sions, the XRPD patterns were measured in a 20 range from 2.0° to 54° for 5
minutes. No delay time was applied between each measurement. The temper-
ature was adjusted using an Oxford Cryosystem device (Oxford Cryosystem).
Pawley and Rietveld refinements were performed with the program TOPAS
6.0 [64].

1) Synchrotron light source

Time-dependent in situ synchrotron X-ray total scattering measurements at
190 °C used for both XRPD and PDF analysis were carried out at beamline
P02.1 at Petra III synchrotron (DESY, Germany) in a capillary transmission
geometry. The wavelength used for the experiment was 0.20699A (~60KeV)
and the 2D-detector was a PerkinElmer XRD1621. The capillary was spun
during the measurements and the temperature was adjusted using an Oxford
Cryosystem device (Oxford Cryosystem). A standard (nickel), all the precur-
sors, empty capillary (used as background) and the final mixture were mea-
sured in a 20 range from 0.55° (Q~0.29 A )1057.08° (Q=29A 1) applying
a total scan time of 1 min per measurement. Chabazite seeds and the empty
capillary were measured at RT and 190 °C, whereas the other precursors only
at RT. At the beginning, the total mixture was measured at RT, and then the
nozzle of the cryosystem device (already set at 190 °C) was moved close to

the sample. The mixture was measured at 190 °C for a total of 220 min,
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beyond which no further change in the patterns was observed. Pawley refine-
ment was performed with the program TOPAS 6.0 [64].
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6 Crystal structure of
1,4-dinitrosobenzene

polymer

The following chapter presents the study of an organic polymer, which
can potentially be used as a wide-bandgap semiconductor (WBG). In par-
ticular, the polymer poly(1,4-phenylenazine-N,N-dioxide) (PDNB), obtained
from polymerization of 1,4-dinitroso benzene, was investigated by X-ray pow-
der diffraction (XRPD), solid-state NMR (ssNMR) and thermal analyses (TGA/
DSC/ DTA). This study was done in collaboration with the research group of
Prof. Hrvoj Vancik from the University of Zagreb (Croatia) who provided
the sample, performed DFT calculations and studied the reversibility of the
polymerization reaction. The results are published the journal POLYMER
(2020) [143].

6.1 Introduction

C-nitroso compounds are a class of organic molecules having the nitroso
group (R-N=O) attached to a carbon atom. When R is an aryl group, aro-

matic C-nitroso compounds, a particular subset of nitroso compounds, can
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be obtained. Despite their long chemical history, aromatic C-nitroso com-
pounds continue to draw the attention of many scientists [144, 145]. This
ongoing interest is in part due to their numerous application in synthetic or-
ganic chemistry [146, 147], their role as reactive metabolites [148, 149] and
their use as spin traps [150, 151]. Another reason is the characteristic prop-
erty of these molecules to participate in a monomer-dimer equilibrium, which
can be exploited as a molecular ON-OFF switch. Indeed, even without any
special condition, monomers undergo a reaction that gives Z- and E-azodioxy
dimers (Figure 6.1). This phenomenon is mainly attributed to the energy of

e ge ¢
2 R—-N m— R-N=N-R + R—N+=I}l+—R
o
cis trans

Figure 6.1. Schematic plot of the dimerization reaction of two C-nitroso
molecules giving azodioxide compounds. The two possible geometric iso-
mers (cis-trans) are also depicted.
the N=N bond, which is weaker than a covalent bond and stronger than an
hydrogen bond, and to the low activation energy of the dimerization process
(less than 50 KJ/mol) [145]. At cryogenic temperatures, crystalline azodiox-
ides undergo photodissociation, which produces nitroso forms, while thermal
re-dimerization occurs above 80 K [152]. Interestingly, the dimerization pro-
cess can visually be monitored due to the different color of the monomer
(green or blue) and the product (colorless or pale yellow). The equilibrium
can be tuned by varying structure (substituents on the monomer) or environ-
mental conditions. For instance, the monomer is favoured in solution whereas
the dimer in the solid state.

When a dinitroso aromatic compound is used, polymers can be obtained
through a ’living’ polymerization [153], which does not require any spe-
cial conditions for initiation. The simplest azodioxide polymer, poly(1,4-

phenyleneazine-N,N-dioxide) (PDNB, 1), can be obtained using 1,4-dinitroso-
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benzene as monomer (Figure 6.2). In the past, the research groups of Hacker

o
04N\©\ A ‘{N—% : :>——N/\ o
“° hv © O[N < > N\,f

Figure 6.2. Schematic plot of the polymerization reaction of 1.

+

[154,155] and Vancik [156, 157] investigated the formation and stability of
this compound. These studies showed that PDNB is extraordinarily stable
against solvents, acids, and bases as well as having very low solubility in
organic solvents. Also, in the solid form, it can form crystals on the submi-
crometer scale.

In addition, this polymer appears to be 100% recyclable [155]. Indeed,
photolysis of 1 occurs at 12-15 K yielding the starting monomers, which by
heating to 120 K or more, re-polymerize to the starting polymer. The ther-
mal re-dimerization process is a fast process with low enthalpy of activation
(14.1 to 15.5 kJ mol'') and high negative entropy of activation (-179.7 to -
183.0 J K*' mol™") [157]. The low activation enthalpy has been explained by
the findings that nitroso groups, appearing in the solid after the photolysis of
azodioxide, retain their spatial position with the N-atoms close to each other
(topochemical argument) [158]. This hypothesis is additionally supported
by the fact that the polymerization of 1,4-dinitrosobenzene, starting from the
deposited monomer in vacuo on the cooled surface, follows a different mech-
anism with the parallel formation of both forms, the E and the Z azodioxides,
respectively [156].

The alternate aromatic and azodioxide planes could be the origin of inter-
esting physical properties in photoelectronics: indeed, the extent of the conju-
gated double bond system, depending on the angle between these two planes,
might affect its conductivity. Additionally, Hacker previously reported an ab-
sorption band of a film made of 1 at 400 nm [154]. This spectral characteristic
suggests an unusually low bandgap, which is an important feature for organic

semiconductors, a fast-developing class of compounds, used as solar cells,
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quantum dots or photodetectors [159-161].

In this project, the crystal structure of 1 was investigated by using XRPD
with the aim to support the topochemical argument of the mechanism of poly-
merization and re-polymerization of the 1,4-dinitrosobenzene proposed in the
past. Additionally, the crystal structure was used for DFT calculations in or-
der to elucidate the electronic structure of 1. Eventually, the thermal stability
of 1is investigated by TGA/DSC/DTA analysis in dynamic oxygen and argon
atmospheres and temperature dependent in situ XRPD measurement.

6.2 Results and discussion

Compound 1 was initially investigated by XRPD in order to determine the
crystal structure. The obtained structure revealed that the polymer crystallizes
in the monoclinic space group P2,/n' (a = 6.3858(2) A, b =11.2812(4) A, ¢
=3.6984(1) A, B =92.209(6)° and V = 266.233(15) A3, Table 6.1). The pro-
jections of the crystal structure along the crystallographic axes are depicted in
Figures 6.3-6.4. The asymmetric unit contains half of the monomer located
close to a centre of inversion. Structure solution reveals that the compound
polymerizes with the azodioxide group in the E configuration. As a con-
sequence, the crystal is made up of linear chains running parallel along the
crystallographic a-axis and stacked along the c-axis. The atoms in the poly-
meric chains lie on two different planes running in alternative fashion: one
plane is defined by the aromatic ring and the other by the ONNO azodiox-
ide system . The planes are rotated by a dihedral angle of 48.9(3)° (Figure
6.6). CH- - -O interactions between the oxygen and the arene-related hydro-
gen atoms (C- - -O distance: 3.110 A, CHO angle: 128.24°) and running along
the [011] direction are responsible for the connection of one polymeric chain
with four other chains (Figure 6.7).

Inspection of the XRPD pattern (Figure 6.5) of the polymer shows anisotropic
line-shape broadening. This feature was modelled by applying the phe-

1P2,/n was preferred over the standard cell setting P2;/c because of the monoclinic angle
being close to 90°.
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Figure 6.3. Projection of the crystal structure of 1 along the crystallographic
c-axis together with the symmetry elements.

nomenological Stephens model for the monoclinic crystal system as defined
in TOPAS [162]. The model was introduced to compensate the disorder in the
crystal structure, which leads to the anisotropic broadening of the reflection
(appearing as microstrain) [163,164]. Figure 6.8 shows the three-dimensional
distribution of the micro strain and its two-dimensional projection on the yz
plane (corresponding to bc plane). The strain is minimum along the poly-
meric chain direction along x (a-axis) but maximum along the diagonals of
the yz plane (corresponding to the shortest distance between neighbouring
stacks of chains, which are shifted by ¢/2 (Figure 6.4, a).

ssNMR was used to further confirm the crystal structure model, the
polymeric nature of the compound, and the absence of impurities (Figure
6.9). The '3C CP-MAS spectrum exhibits two signals at 121.9 and 139.0 ppm
corresponding to the three crystallographically independent carbon atoms in
the asymmetric unit of the crystal structure. The presence of two peaks is
attributed to the same chemical environment of two carbon atoms that makes
them indistinguishable at the NMR. However, the integrated intensity ratio of

2 between the two signals matches the double abundance of the carbon atom
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Figure 6.4. Projections of the crystal structure of 1 along the crystallographic
a (a), b (b) and ¢ (c¢) axes.

bound to nitrogen with respect to the carbon atom belonging to the rest of the
benzene ring. The '>’N NMR spectrum showed only one nitrogen signal at
82.7 ppm and there are no detectable peaks related to nitroso end-groups, as
expected for a polymer without impurities and full polymerization.
Compound 1 was further analysed by thermal analyses (TGA/DSC and
TGA/DTA) and temperature dependent in situ XRPD measurements in order
to investigate the thermal behaviour. The thermal analyses were conducted in
two different atmospheres to observe differences in the thermal behaviour of
the polymer when exposed to oxidizing and inert atmospheres (Figure 6.10).
The analysis of the two measurements reveals that the polymer is thermally
stable up to 100°C. A weight loss in the TG curve (Amexp= 78.4 wt-% in
Ar-flow and Ameyp=69.0 wt-% in O,-flow) associated with a sharp exother-
mic peak in the DTA/DSC curves is observed in both measurements. This

could be attributed either to a depolymerization or to a decomposition pro-

118



Crystal structure of 1,4-dinitrosobenzene polymer

700000 40000
. e MMM
¢ 500000
E 0 P e
=]
S 400000 4
} _200005(\)\‘ [ ;5 RN nﬁwé)u [ xsmsm " \7\0\\\\ i ;5 " numgéumnl ;;n‘ .uug\o
‘@ 300000 X
5 best fit profile
2
£ 5000004 o oPserved pattern
difference curve
reflection position
100000
[ ) DoS— - e A — ———
I | L | 1 AL LA TR T I T N R T
T T

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
20/ ° (Cu-K,,)

Figure 6.5. Scattered X-ray intensities of 1 at ambient conditions as a func-
tion of diffraction angle 20. The observed pattern (circles) measured in
Debye-Scherrer geometry, the best Rietveld fit profile (line), the difference
curve between the observed and the calculated profile (below), and the calcu-
lated reflection positions (vertical tick marks) are shown. The high angle part
starting at 50° in 20 is enlarged for clarity in the inset. Adapted from [143].

cess, which could be vigorous in presence of oxygen as it can be seen from

the feature at 200°C in the TG curve (the measurement was carried out twice

4&850

Figure 6.6. View of the dihedral angle between the planes defined by the
aromatic ring (blue) and the ONNO azodioxide system (green). The value of
the angle is showed in red.
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Figure 6.7. View of the CH- - -O interactions between the oxygen and the
arene-related hydrogen atoms. The interactions are depicted in light blue.

| 4000
|

2000 -

4 s L L L
| -4000 -2 0 4000

~4000 -

b
\

-5000 | /
Y
\

e
-4000 S
-2000 e
oo

.
2000 S
X 4000

Figure 6.8. Representation of the distribution of the anisotropic strain in 1
(arbitrary units) in 3D (left) and in 2D projections on the yz-plane (right).
Adapted from [143].
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Figure 6.9. 13C (a) and >N (b) CP/MAS ssNMR spectra of 1.

to confirm it). In the measurement with argon flow, this step is followed by a
gradual weight loss (Amey,= 6.6 wt-%) in the temperature range (200-800)°C
associated with a broad exothermic peak. At the end of the measurement, the
crucible contained a black residue (Ameyxp= 15 wt-%). Instead, the measure-
ment in the presence of oxygen reveals a two-step decomposition process with
the second weight loss of circa 27.9 wt-% associated with a broad exothermic
peak. After the thermal process, a very tiny amount of decomposition residue

was still present in the crucible (Ameyp= 3.1 wt-%). Temperature dependent
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Figure 6.10. TG (blue line) and DTA (red line) curves of 1 measured in dy-
namic oxygen atmosphere (a), and TG (blue line) and DSC (red line) curves
of 1 measured in dynamic argon atmosphere (b).

in situ XRPD measurements were performed to further investigate the ther-
mal behaviour of the polymer (Figure 6.11). The temperatures deviate from
those in the thermal analyses due to the different atmospheres and sample en-
vironment (static and closed capillary for XRPD measurements, whereas dy-
namic and Al,O3 crucible for the thermal analyses). The experiment shows
the stability of the sample until around 150°C where the decomposition oc-
curs without any crystalline intermediate. After the experiment, the capillary

contained a small amount of white solid.
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Figure 6.11. Temperature dependent in situ XRPD measurement showing the
thermal stability of 1 until approximately 150 °C. Artefacts from the oven are
visible at high temperatures.

6.3 Conclusions

In this work, the solution for a long-standing problem was achieved: the
crystal structure of 1 was successfully determined by XRPD after almost
thirty years of its discovery. The crystal structure was used by the research
group of Prof. Vancik as model for DFT calculations to investigate electronic
properties, such as semiconducting properties. Since the gap between con-
ducting and valence bands is 2.3 eV, 1 could be classified as a wide-bandgap
(WBG) semiconductor that absorbs in the spectral region around 400 nm. In
addition, the research group of Prof. Vancik observed that photolysis of 1
at cryogenic temperatures (15K) yields monomers that can re-polymerize at
temperatures higher than 80K giving the original polymorph. This result, as
well as the observed regularity of the molecular arrangements in the crystal
lattice, indicate that after the photolysis, monomeric molecules retain their
positions in the crystal. Such a topochemical condition explains the low acti-
vation enthalpy (14.1 to 15.5 kJ mol-1) that has previously been measured for
polymerization. These properties, as well as its high stability against heat (up
to 150 °C in a static air atmosphere of a closed capillary) and resistance to or-

ganic solvents show that this material is a promising candidate for molecular
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photoelectronic devices.

6.4 Experimental section

Sample and DFT calculation
Synthesis of the sample and DFT calculations were performed by the research

group and collaborators of Prof. Vancik according to the publication [143].

Thermal analysis

Thermal analyses were carried out using a STA 449 F5Jupiter (Netzsch) de-
vice for TGA/DTA- and TGA/DSC-measurements. For both measurements,
the sample was placed in Al,O3 crucible and heated from 30 °C to 800 °C
with a heating rate of 5 °C/min in a 20 mL/min Ar-/O,-stream. An empty
crucible was used as reference material.

Solid-state NMR

Solid-state NMR spectra were collected on a Bruker Neo 600 with a mag-
netic field of 14.1 T. 13C and >N ssNMR spectra were obtained under Cross-
Polarization Magic Angle Spinning conditions at Larmor frequencies of 150.9
MHz and 60.83 MHz, respectively.

X-ray powder diffraction

XRPD measurement for structure solution and Rietveld refinement of 1 was
carried out at room temperature on a Stadi-P Diffractometer (Stoe) in Debye-
Scherrer geometry with Cu-K | radiation from primary Ge(111)-Johann-type
monochromator and 3 Mythen 1K detectors (Dectris). The sample was loaded
into a 0.5 mm diameter boroglass capillary (WIM-Glas/Mueller GmbH), which
was spun during the measurement. The pattern was measured in the 20 range
from 0° to 110.0°. A total scan time of 12 hours was applied.

Temperature dependent in situ XRPD measurement was carried out on a
Bruker D8-Advance powder diffractometer in Debye-Scherrer geometry with

Cu-K radiation from primary Ge(111)-Johannson-type monochromator and
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Table 6.1. Crystallographic and Rietveld refinement data of compound 1.

Compound 1

Crystal system Monoclinic
Space group (No.) P2,/n (14)
Wavelength/ A 1.5406

al A 6.3858(2)
bl A 11.2812(4)
o A 3.6984(1)
B/ e 92.209(6)
vi A 266.23(2)
zZ 4

T/ K 298
Refined parameters 36

Deaie! g-cm'3 1.70

R/ % 1 3.53

R,/ % 2l 2.56
Rpragg! %o 1.74
Starting angle measured/® 20 0

Final angle measured/°® 20 110
Starting angle used/° 20 10

Final angle used/° 20 75

Step width/° 20 0.01
Time/ h 12

[a] A5 defined in section 2.2.3.

Vantec detector. The sample was loaded into a 0.5 mm diameter quartz capil-
lary, which was spun during the measurements. The patterns were measured
in the 20 range from 5.0° to 50.0°. A total scan time of 3 hours was applied
per measurement. The temperature was adjusted using a TC-transmission fur-
nace (mri). The sample was heated from 30 °C to 410 °C in 20 °C steps and
from 410 °C to 610 °C in 50°C steps with a heating rate of 5 °C/min. During
each step, a diffraction pattern was collected after a delay time of 5 minutes

to ensure thermal equilibration of the sample.
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Indexing, space group determination, Pawley refinement, crystal structure so-
lution through Simulated Annealing and Rietveld refinement were performed
with the program TOPAS 6.0 [64].
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7 Metal thiocyanate

coordination compounds

This chapter deals with the study of different metal thiocyanate coordi-
nation compounds. In particular, structure solutions and refinements as well
as investigation of the thermal transformation of different coordination com-
pounds with the general formula M(NCS),L, (with M as divalent transition
metal and L as a neutral co-ligand) were carried out using XRPD. This study
was done in collaboration with the research group of Prof. Christian Néather
from the Christian-Albrechts University in Kiel (Germany) who provided the

samples. The results were included in several publications [165—170].

7.1 Introduction

Metal thiocyanate coordination complexes with formula M(NCS),L,, (n=
1, 2, 4) are composed of a divalent transition metal (M2+), a neutral co-ligand
(L), and the thiocyanate group (NCS).

The thiocyanate ion is a pseudohalide for the similarity of its reactions to
that of halide ions and, together with cyanate and selonocyanate, belongs to
the chalcogenocyanates. Thiocyanate is a versatile ligand for the property of
being either ambidentate or a bridging ligand. Indeed, this group can coordi-
nate to a Lewis acid using either N or S atom or it can bridge two metal ions

with both terminal sides. This preference depends on many factors such as
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the nature of the metal ions, the type of co-ligand, and whether the complex
is in the solid state or in solution [171].

The ability of thiocyanate to show multiple coordination modes drew the
attention of many scientists in the last decades since a large number of co-
ordination compounds with different topologies of the coordination networks
can be obtained [172,173].

The synthetic procedures of thiocyanate coordination complexes are sim-
ilar to those of the coordination compounds or polymers, which are gener-
ally synthesized from solution. However, although the use of solvent can
be convenient for substance separation or product crystallization, it actually
may coordinate the metal centres giving different results than expected [174].
Therefore, other synthetic routes, based on solvent-free approaches, were de-
veloped in last years, such as the synthesis in a molten-flux of the organic lig-
ands [175,176] or the molecular milling synthesis [177-179]. An alternative
approach, frequently used by the research group of Prof. Nither in Kiel, is
the thermal decomposition of suitable discrete coordination complexes with
a higher number of ligands. These coordination compounds are intention-
ally synthesized to be decomposed by controlled heating. Under this process,
the ligands are stepwise released, whose now empty coordination sites are
replaced by thiocyanate acting as bridging ligand. As a consequence, the
formation of previously unknown compounds with condensed networks of
higher dimensionality can be obtained. In particular, through the irreversible
removal of ligands, metastable polymorphic or isomeric modifications, which
cannot be accessible in solution [180], may be synthesized in quantitative
yields [181, 182] (Figure 7.1).

However, using this approach, crystals suitable for single crystal X-ray
diffraction (SC-XRD) are difficult to obtain. Therefore, structural informa-
tion have to be extracted by XRPD using either ab initio structure solution
(e.g. simulated annealing) or Rietveld refinement. For the latter case, the re-
quired starting model is obtained by exploiting the different chemical affinity
of the transition metals for the thiocyanate related nitrogen or sulphur atom.

Indeed, structural models for new metastable coordination polymers, contain-
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Figure 7.1. Schematic plot of the structural changes in nickel thio-
cyanate coordination complexes by controlled thermal decomposition (L =
4-aminopyridine, OD = discrete complex, 1D = mono-dimensional network
(chain), 2D = two-dimensional network (layer)) adapted from Neumann et
al. [181].

ing less chalcophilic metals (such as Mn'', Fe!l, Co!" and Ni'!) bridged by the
thiocyanate ligands, can be obtained by crystallizing from solution the iso-
morphous compound with a more chalcophilic metal (e.g. Cd™), which can
be easily characterized by SC-XRD.

The discovery of new structures, in most cases polymorphic modifica-
tions, with different atomic arrangement led scientists to explore their prop-
erties and correlate them to the structure. Previous studies demonstrated
that thiocyanate coordination complexes exhibit several interesting proper-
ties such as magnetism [181, 182], non-linear optics [183], luminescence
[184, 185] and fluorescence [186, 187]. All these properties are mostly re-
lated to the type of the metal and the different connectivities of the ligands.
Therefore, these properties can be properly tuned by choosing appropriate
metal ions and ligands or by triggering a transition from a less active crys-
talline phase to a more active one.

In this project, an important contribution to the identification of new crys-

talline forms of metal thiocyanate coordination compounds and the develop-
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ment of new synthetic routes in the solid-state has been given. In particu-
lar, crystal structures of thiocyanate coordination compounds with Mn(II),
Fe(Il), and Cd(II) as metal centres and 4-picoline, 2-methoxypyridine and
4-cyanopyridine as neutral co-ligands were determined ab initio, and by Ri-
etveld refinement using XRPD. Furthermore, the synthesis of these com-
pounds by thermal decomposition of precursors were investigated by tem-

perature dependent in situ XRPD measurements.

7.2 Results and discussion

7.2.1 Cadmium thiocyanate coordination complexes

Systematic studies of cadmium thiocyanate with 4-methoxypyridine led
to the formation in solution of four different compounds. Two of them were
successfully obtained as single crystals and consequently characterized by
SC-XRD. No crystals suitable for SC-XRD characterization were obtained
for the other two compounds (Cd-I and Cd-II) and therefore, the crystal
structures were determined by XRPD.

Prior to the structure solution, both compounds were characterized by ele-
mental analysis and IR spectroscopy in order to extract information about the
molecular structure that can support the structure solution by XRPD. The first
analysis revealed that both compounds have the composition Cd(NCS),(4-
methoxypyridine),, suggesting that they are polymorphs. The IR spectra ex-
hibited CN stretching vibrations at 2045 cm™! for Cd-I and 2042 cm! for
Cd-II indicating that the thiocyanate anions coordinate the metal exclusively
through the nitrogen bond. As a consequence, both compounds should con-
sist of discrete complexes with no bridging thicyanate ions.

Since the two crystal structures consist of discrete complexes, single crys-
tals of Mn (NCS),(4-methoxypyridine)s, where manganese is a less chal-
cophilic metal and therefore thiocyanate-bridged complexes are less favoured,

were synthesized to obtain a structural model for XRPD characterization. The
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analysis of the XRPD spectra confirmed that the structure of the manganese-
based complex is isotypic and isomorphous to Cd-I. Therefore, the structure
of Cd-I was determined by Rietveld refinement using the atomic coordinates
of the isotypic manganese structure as starting point, whereas structure de-
termination of Cd-II was performed ab initio using the simulated annealing
method.

Compound Cd-I, isotypic to Mn(NCS);,(4-methoxypyridine)s, crystal-
Table 7.1. Crystallographic and Rietveld refinement data of compounds Cd-I
and Cd-IL.

Compound Cd-1 Cd-1I
Crystal system Monoclinic Tetragonal
Space group (No.) C2/c (15) P4, (76)
Wavelength/ A 1.5406 1.5406

al A 18.8364(7) 13.9707(2)
bl A 9.7410(4) 13.9707(2)
c/ A 19.0174(7) 15.6984(2)
Bre 119.237(3) 90

vIA® 3044.9(2) 3064.02(6)
z 4 4

T/ K 295 295
Refined parameters 42 63

Da/ g-em™ 1.70 1.44

R,/ % @ 2.86 4.29

R,/ % 2.27 3.17
Rprage! % 1@ 1.10 1.69
Starting angle measured/ 1 6

°20

Final angle measured/ ° 110 60

20

Starting angle used/ ° 26 6 6

Final angle used/ ° 20 80 60

Step width/ © 20 0.015 0.015

la] As defined in section 2.2.3.

lizes in the monoclinic space group C2/c (a = 18.8364(7) A, b=9.74104)
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A, ¢ =19.0174(7) A, p = 119.237(3) °, and V = 3044.9(2) A3, Table 7.1).
The asymmetric unit consists of one thiocyanate and two 4-methoxypyridine
molecules located on general positions, and the metal cation on a centre of
inversion. By considering the H-bonds between the sulphur atom and the 4-
methoxypyridine-related hydrogen atom (S- - -H-C distance: 2.884 A, S-H-C
angle: 161.02°), the complexes are arranged into chains running along the di-
agonals of the ab-plane (along [110] and [110] directions, alternately). These
chains are connected by weak interactions, most likely hydrogen bonds, be-
tween the 4-methoxypyridine ligands (Figure 7.2).

Compound Cd-II, a polymorphic form of Cd-I, crystallizes in the non-

(a) (b)

Figure 7.2. View along the c-axis of the chain-like structural motif formed
by hydrogen bonds (light blue) along the diagonal of the ab-plane in Cd-I (a)
and projection of the crystal structure along the c-axis in Cd-II (b).

centrosymmetric tetragonal space group P4 (a =13.9707(2) A, c=15.6984(2)
A and V = 3064.02(6) A3, Table 7.1). The asymmetric unit consists of
one metal cation, two thiocyanate molecules and four 4-methoxypyridine
molecules located on general positions. The crystal structure exhibits an ar-
rangement different from the previous compound. Indeed, as a consequence
of the four-fold screw axis, the complexes are stacked along the c-axis leading

to a helical arrangement (Figure 7.2).
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7.2.2 Iron thiocyanate coordination complexes

Synthetic studies in solution and in solid state of Fe(II) thiocyanate com-
pounds with 4-picoline led to the identification of several new coordination
complexes. Before these studies, only two crystal structures based on 4-
picoline as co-ligand with the chemical compositions [4-picolineH],>* [Fe
(NCS)2(4—picoline)4]2' and [Fe(NCS),(4-picoline)4-4-picoline] were reported
in literature [188, 189].

In aqueous solution, two new crystalline compounds were synthesised.
One compound (porous Fe(NCS),(4-picoline)4-solvate, 0-Fe) was character-
ized by SC-XRD, whe-reas for the other one (1-Fe), no single crystals were
obtained. The elemental analysis of 1-Fe suggested a chemical composition
Fe(NCS),(H,0),(4-picoline), but it was not possible to extract any informa-
tion about the coordination mode of the thiocyanate ligands from IR and Ra-
man spectroscopy. Ab initio structure solution from XRPD revealed that this
compound crystallizes in the monoclinic space group P2;/c (a = 10.2833(6)
A, b =123146(6) A, ¢ = 7.6860(3) A, P = 103.823(4)° and V = 945.12(8)
A3, Table 7.2). The metal cation is located on a centre of inversion and oc-
tahedrally coordinated by two thiocyanates, two water molecules and two 4-
picoline ligands. The different complexes are mainly connected by H-bonds
between thiocyanate and 4-picoline (S- - -H-C distance: 2.856 A, S-H-C an-
gle: 164.75°) giving a chain-like structural motif running along the [101] di-
rection (minor diagonal of the ac-plane). Weak H-bonds between thiocyanate
and water molecules (S- - -O distance: 3.227 A) allow the different chain mo-
tifs to interact with each other along the crystallographic c-axis (Figure 7.3,
a).

To investigate new 4-picoline deficient crystalline phases, controlled
thermal decomposition of 0-Fe and 1-Fe compounds was performed using
combined TGA/DSC measurements. The TG-curves shows distinct mass
losses related to the presence of at least two new compounds (Figure 7.4). The
first weight loss is associated with the removal of two 4-picoline ligands for
0-Fe (Am q1.=34.2 wt-%, Ameyp=35.1 wt-%, Figure 7.4, (1a)) and two water
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() (d)

Figure 7.3. View of the structural features of 1-Fe (a), 2-Fe-I (b), 2-Fe-II (c)
along the b-axis, and 3-Fe along the c-axis (d).

molecules for 1-Fe (Amcaic.=9.1 wt-%, Amey,= 8.8 wt-%, Figure 7.4, (1b)).
The second step shows a weight loss of 15.7 wt-% for 0-Fe (Amg,;.=17.1
wt-%, Figure 7.4, (2a)) and 24.4 wt-% for 1-Fe (Am,,.=23.6 wt-%, Figure
7.4, (2b)) and corresponds to the removal of one 4-picoline molecule. The
last weight loss corresponds to the removal of the last 4-picoline molecule
and the formation of Fe(NCS), (Ameyp=14.1 wt-%, Figure 7.4, (3a) and
Ameyp=22.5 wt-%, Figure 7.4, (3b)).

Additional TG measurements were carried out with the aim to selectively
obtain the phases after each mass loss step and characterize them with ex situ
XRPD. Surprisingly, three new 4-picoline deficient coordination complexes,
two polymorphs Fe(NCS),(4-picoline), (2-Fe-I and 2-Fe-II) and Fe(NCS), (4-
picoline) (3-Fe), were identified during this process.

2-Fe-1, synthesised by controlled thermal decomposition at 75 °C for
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TG/ arbitrary units
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Figure 7.4. TG curves of 0-Fe (top) and 1-Fe (bottom) measured at heating
rate of 1 °C/min in dynamic nitrogen atmosphere. Adapted from [166].

more than 43 hours, was found to be isotypic to a previously reported complex
based on cadmium [190, 191] and crystallizes in the monoclinic space group
C2/c (a=20.2576(8) A, b=9.3191(3) A, c = 19.2831(6) A, B=116.135(2) °
and V = 3268.1(2) A3, Table 7.2). The asymmetric unit consists of two crys-
tallographically independent metal cations octahedrally coordinated by two
4-picoline and four thiocyanate ligands. One metal site shows the 4-picoline
ligands and two thiocyanate ions in cis-position whereas on the other metal
site, they are in frans-position. Interestingly, the thiocyanate ligands bridge
the metal centres forming chains running along a direction almost parallel to
the minor diagonal of the ac-plane (Figure 7.3, b).

2-Fe-II was initially synthesised by controlled thermal decomposition at
a temperature slightly below 70 °C for around 1 hour. It was observed that
this compound transforms into 2-Fe-I upon extended heating at high tem-
perature. Rietveld refinement, using the previously reported crystal structure
of [Cu(NCS);(4-cyano-pyridine);], [192] as model, reveals that 2-Fe-II is

a polymorphic form of 2-Fe-I and crystallizes in the monoclinic space group
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P2i/c(a=11.2197(16) A, b=17.9492) A, ¢ =9.0538(12) A, = 112.712(7)°
and V = 1681.9(4) A3 , Table 7.2). In contrast to 2-Fe-I, all ligands, coordi-
nated to the two crystallographically independent iron atoms, are in trans-
position. As a consequence, the metals are linked by bridging thiocyanate
ions in linear chains running along the minor diagonal of the ac-plane (the
[101] direction, Figure 7.3, c).

3-Fe, the most 4-picoline deficient structure, was found to be isotypic to
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Figure 7.5. Temperature dependent in situ XRPD measurements of 0-Fe in a
sealed (1a) and in an open capillary (1b), and of 1-Fe in a sealed (2a) and in
an open capillary (2b). The calculated XRPD patterns of 0-Fe, 1-Fe, 2-Fe-I,
and 2-Fe-II are given in red. Adapted from [166].

the cadmium-related compound, which was previously characterized by Neu-
mann from the research group of Prof. Nither during this project and used
as model for the Rietveld analysis of the iron complex. The iron compound
crystallizes in the triclinic space group P1 (a = 5.6544(4) A, b =10.3052(8)
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Table 7.2. Crystallographic and Rietveld refinement data of compounds 1-Fe,
2-Fe-1, 2-Fe-II and 3-Fe.

Compound 1-Fe 2-Fe-1 2-Fe-I1 3-Fe
Crystal system Monoclinic Monoclinic Monoclinic Triclinic
Space group (No.) P2,/c (14) C2/c (15)  P2y/c(14) PI(1)
Wavelength/ A 0.7093 0.7093 0.7093 0.7093

al A 10.2833(6) 20.2576(8) 11.2197(16) 5.6544(4)
bl A 12.3146(6) 9.3191(3) 17.949(2) 10.3052(8)
ol A 7.6860(3) 19.2831(6) 9.0538(12) 10.4498(7)
o/ ° 90 90 90 70.083(5)
p/e 103.823(4) 116.135(2) 112.712(7) 78.969(7)
Y/ ° 90 90 90 75.518(4)
v/ A 945.12(8) 3268.1(2) 1681.9(4)  550.52(7)
z 2 8 4 2

T/ K 298 298 298 298
Refined parameters 40 59 50 55

Degie/ g-cm™ 1.371 1.456 1.415 1.581
Ryp/ % 1 3.82 2.23 2.44 3.12

R,/ % @ 2.97 1.68 1.91 2.50
Rirage! %o 1 2.18 0.98 0.68 1.46
Starting angle mea- 2 2 2 2

sured/° 20

Final angle mea- 50 50 50 50
sured/° 20

Starting angle used/° 2 2 2 2

20

Final angle used/° 26 40 40 30 40

Step width/° 20 0.015 0.015 0.015 0.015

[a] As defined in section 2.2.3.

A, ¢ =10.4498(7) A, o = 70.083(5)°, B = 78.969(7)°, y = 75.518(4)° and V
= 550.52(7) A3, Table 7.2). In the unit cell, the iron centre is octahedrally
coordinated by one 4-picoline and five thiocyanate ligands with all atoms on
general positions. The cations are linked by pairs of bridging thiocyanates
into linear chains running along the a-axis (Figure 7.3). It should be noted
that this structural motif is very rare and only few examples, mostly with
cadmium cations and only one with a less chalcolphilic metal (nickel), are
reported in literature [181, 193, 194].

The phase transitions and the formation of the 4-picoline deficient com-
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pounds were investigated in detail by performing temperature dependent in
situ XRPD measurements on 0-Fe and 1-Fe. Interestingly, the measurements
revealed two different thermal behaviours of the iron compounds when heated
in an open or a sealed capillary. Indeed, when 0-Fe is heated in an open cap-
illary, it decomposes at circa 130 °C without showing any phase transition to
a crystalline compound whereas if the measurement is repeated in a sealed
capillary, the porous compound transforms into 2-Fe-I through a crystalline
unknown compound (Figure 7.5, 1). When 1-Fe is heated in a sealed cap-
illary, it behaves like 0-Fe by undergoing a transition into 2-Fe-I. However,
when the measurement is repeated in an open capillary, the other polymorph,
2-Fe-11, is obtained (Figure 7.5, 2). Surprisingly, the transition from 2-Fe-
II to 2-Fe-I. as well as the formation of 3-Fe were not observed during TG
measurements, as shown by ex situ XRPD. This may be due to the different
sample environment (quartz capillary versus Al,O3 crucible), atmospheres

(static air versus continuous nitrogen flow) and heating program.

7.2.3 Nickel thiocyanate coordination complexes

Reaction of nickel(I) thiocyanate with 3-ethylpyridine in different sol-
vents led to the crystallization of two known discrete coordination complexes
with formula Ni(NCS),(3-ethylpyridine)s (two polymorphs, 1-I and 1-II),
already reported in literature [195], and many new compounds, among them
Ni(NCS);,(3-ethylpyridine),(H,0); (2, a discrete octahedral aqua complex)
and Ni(NCS), (3-ethylpyridine); (two polymorphs, 3-I and 3-I¢), having cations
linked by bridging thiocyanates into chains.

Our investigations on new 3-ethylpyridine deficient complexes and new
solvent-free synthetic routes were carried out through controlled thermal lig-
and removal using coupled TGA/DTA. Analysis of the TG and DTA curves
of 1-I and 1-II revealed that they possess the same thermal behaviour (Figure
7.6). In the DTA curve of 1-1, an endothermic peak can be observed at 98
°C. This feature, which is not associated with any mass loss in the TG curve,

can be attributed to the formation of a new polymorph ((0) inFigure 7.6,a).
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Further heating of the sample up to 300 °C leads to three well resolved mass
loss steps as shown in the DTG curve, which are associated with endothermic
events in the DSC curve at 152 °C, 184 °C and 211 °C, respectively. The first
step shows a weight loss of 35.4 wt-%, which corresponds to the removal of
two 3-ethylpyridine ligands (Acac=35.5 wt-%, (1) in Figure 7.6,a) and the for-
mation of a complex with the formula Ni(NCS),(3-ethylpyridine), (3-I, 3-I¢
or a mixture of them). The second and third steps correspond to the removal
of one ligand each (Acae=17.8 Wt-%, Aexp=18.1 wt-%, (2) in Figure 7.6,a and
Aexp=18.0 wt-%, (3) in Figure 7.6,a) and the subsequent formation of a new
3-ethylpyridine deficient complex with formula Ni(NCS),(3-ethylpyridine)
and lastly transforms to Ni(NCS),.

Temperature dependent in situ XRPD measurements were performed on

DTG DTG

@R
(0)
DTA lendo DTA lendo

DTA, TG and DTG/ arbitrary units
i
DTA, TG and DTG/ arbitrary units

100 200 300 400 100 200 300 400
Temperature/ °C Temperature/ °C

(a) (b)
Figure 7.6. DTG, TG and DTA curves for 1-I (a) and 1-II (b) measured with

a heating rate of 1 °C/min under a dynamic nitrogen atmosphere. Adapted
from [167].

1-1, 1-I1, 3-I and 3-Ic in order to extract structural information and further
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Figure 7.7. Temperature dependent in situ XRPD measurements of 1-I (1a),
1-II (1b), 3-I (2a) and 3-Ic (2b). The onsets of phase transformation are
marked with a blue line. The calculated XRPD patterns of 1-I, 1-11, 3-I, 3-I¢
and Ni(NCS);, are given in red. Adapted from [167].

explore the formation of new 3-ethylpyridine deficient nickel complexes, as
suggested by the thermal analysis. Measurements carried out on 1-I and 1-1I
showed the same thermal behaviour (Figure 7.7, 1a and 1b). Starting at about
80 °C, Bragg peaks corresponding to a new crystalline phase occurred. The
temperature matches that of the endothermic peak in the DSC curve where
no weight loss was observed. Therefore, a new crystalline polymorph of 1-I
and 1-II formed (4). Then, the formation of a mixture containing the phase
3-Ic and an unknown compound was observed at 160 °C. Further heating led

to the formation of a new crystalline compound, most likely with the chem-
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ical composition Ni(NCS),(3-ethylpyridine), followed by decomposition to
crystalline Ni(NCS),. Investigation of the two polymorphs 3-I and 3-Ic led
to two different results (Figure 7.7, 2a and 2b). The in situ measurements
of the first polymorph showed a transition at around 225 °C leading to a dif-
ferent unknown crystalline compound followed by a decomposition to a non
crystalline compound, most likely Ni(NCS),. Instead the second polymorph
exhibits at around 225 °C the formation of a mixture of unknown compounds
followed by the decomposition to Ni(NCS),. Unfortunately, given that in
most of the cases, mixtures were observed, it has not been possible to de-
termine the crystal structures of these new compounds for which even the
indexing procedure of the XRPD patterns did not provide any reasonable so-
lution. The only exception is observed for compound 4, for which a unit cell
and space group have been suggested (Table 7.3).

Table 7.3. Selected crystallographic information from the Pawley refinement
for compound 4.

Compound 4

Crystal system Tetragonal
Space group (No.) 141/acd (142)
Wavelength/ A 1.5406

al A 16.0804(2)
ol A 25.7072(3)
vi A 6647.4(2)
T/ K 298

R/ % 12 1.27

R,/ % 12 0.97
Starting angle measured/° 20 2

Final angle measured/°® 26 80

Starting angle used/° 20 6

Final angle used/° 20 70

Step width/° 20 0.015

[a] As defined in section 2.2.3.
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7.2.4 Manganese thiocyanate coordination complexes

4-picoline-based coordination compounds

Investigation of new coordination complexes of manganese thiocyanate
with 4-picoline (4-methylpyridine) in solution led to the synthesis of many
crystalline forms with formula [Mn(NCS),(4-picoline)4] - 0.67(4-picoline)-
0.33(H,0) (1-Mn), Mn(NCS);(4-picoline), (H,0), (2-Mn-H,0) and [Mn
(NCS);(4-picoline); |, (2-Mn-I). For these crystalline compounds, single crys-
tals suitable for SC-XRD analysis were obtained by the research group of
Prof. Nather.

The crystal structure of 1-Mn was already reported in literature [196] and
it consists of discrete complexes with terminally coordinated thiocyanate an-
ions, and solvent located in channels. Compound 2-Mn-H,O is isotypic to
0-Fe (see section 6.2.2). Contrary to 1-Mn, the crystal structure of 2-Mn-
H,O0 does not show any channels filled with solvent molecules but discrete
complexes where two crystallographically independent manganese atoms are
located on a inversion centre and coordinated by two terminally N-bonded
thiocyanate anions, two 4-picoline and two water molecules. Crystal struc-
ture of 2-Mn-1, isotypic to 2-Fe-I, consists of two crystallographically inde-
pendent metal ions, one located on a centre of symmetry and the other one
on a 2-fold axis, that are octahedrally coordinated by two 4-picoline and four
thiocyanate ions. In this case, the metals ions are linked by bridging thio-
cyanate ions in linear chains.

Combined TGA/DSC measurements were performed on 1-Mn and 2-
Mn-H;O in order to explore new 4-picoline deficient Mn complexes. For
both compounds, three weight loss steps, accompanied with three endother-
mic peaks in the DSC curve, were observed (Figure 7.8). A first weight loss
(38,7 wt-%) was observed for 1-Mn, correlated to an endothermic peak at
130 °C in the DSC, corresponding to the removal of the solvate molecules
and two 4-picoline ligands (Acyc= around 40.6 wt-%, (1) in Figure 7.8,a).
The second and third steps showed two weight losses of 16.3 wt-% and 15.6
wt-% associated with two endothermic peaks at 205 °C and 240 °C in the
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Figure 7.8. DTG, TG and DSC curves for 1-Mn (a) and 2-Mn-H,O (b) mea-
sured with a heating rate of 4 °C/min under a dynamic nitrogen atmosphere.
Adapted from [168].

DSC curve (Acaie= 15.2 wt-%, (2-3) in Figure 7.8,a). These two steps corre-
spond to the removal of one co-ligand each, and to the subsequent formation
of Mn(NCS),(4-picoline), (most likely 2-Mn-I) and new compounds with
formula Mn(NCS),(4-picoline), and Mn(NCS),. Similar discussion can be
made for 2-Mn-H,0O. The first step showed a mass loss of 7.6 wt-%, as-
sociated with an endothermic peak at 87 °C in the DSC curve, correspond-
ing to the removal of two water molecules (Acye= 9.2 wt-%, (1) in Figure
7.8,b). The second and third steps showed two weight losses of 22.8 wt-%
and 24.2 wt-%, associated with two endothermic peaks at 215 °C and 251 °C
in the DSC curve that correspond to the removal of one 4-picoline ligand each
(Acate= 23.6 wt-%, (2-3) in Figure 7.8,b).

Temperature dependent in situ XRPD measurements were performed on
1-Mn and 2-Mn-H,O in order to investigate the existence of new crystalline

polymorphs and 4-picoline deficient coordination complexes, as indicated by
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Figure 7.9. Temperature dependent in situ XRPD measurements of 1-Mn (a)
and 2-Mn-H,O (b). The calculated XRPD patterns of 1-Mn, 2-Mn-H,O,
2-Mn-I, 3-Mn and Mn(NCS); are given in red. Adapted from [168].

the thermal analysis. Although the transition temperatures were quite dif-
ferent, the general thermal transformation mechanism for both compounds
was found to be similar according to temperature dependent XRPD measure-
ments (Figure 7.9). Upon heating 1-Mn and 2-Mn-H; O, the transition to 2-
Mn-I was observed at around 90 °C and 70 °C, respectively. 2-Mn-I further
transformed to a new crystalline form (3-Mn) that decomposed to Mn(NCS),
above 220 °C. Surprisingly, no crystal structure for Mn(NCS), was reported
in literature.

To collect a high quality XRPD pattern of 3-Mn for structure determina-
tion, the new 4-picoline deficient complex was synthesised ex situ via con-
trolled thermal decomposition of 1-Mn and 2-Mn-H,O in a thermobalance.

The crystal structure of 3-Mn, isotypic to 3-Fe, was refined by Rietveld
refinement. The compound crystallizes in the triclinic space group P1 (a
= 5.7264(4) A, b = 10.3512(4) A, ¢ = 10.521(4) A, o = 70.867(3)°, B =
78.754(4)°, y="175.786(2)° and V = 568.29(4) A3, Table 7.4). The metal ions,
located on general positions, are octahedrally coordinated by two N- and three
S-bonding thiocyanate anions, and by one 4-picoline ligand. The refinement
showed the presence of positional disorder for the picoline molecule, which
in half of the cases is parallel and in the other half perpendicular to the ac-
plane. Additionally, the manganese atoms are linked by pu-1,3 (N,S) and p-
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Figure 7.10. Projections of the crystal structures of 3-Mn (a) and Mn(NCS),
(b) with view along the b-axis.

1,3,3 (N,S,S) bridging thiocyanate ligands. As a consequence, a double chain
running along the a-axis is formed (Figure 7.10, a).

By heating above circa 250 °C 1-Mn and 2-Mn-H,0, temperature de-
pendent in situ XRPD measurements revealed the formation of crystalline
Mn(NCS),. As stated before, surprisingly, no crystal structure for Mn(NCS),
was reported neither in literature nor in databases like ICSD (by FIZ Karl-
sruhe) and CSD (by CCDC). The structure, isotypic to Ni(NCS),, was de-
termined by Rietveld refinement and the compound crystallizes in the mono-
clinic space group C2/m (a = 10.7918(5) A, b =3.91042) A, ¢ =6.2309(4)
A, B = 104.267(3)° and V = 254.84(3) A3, Table 7.4). The asymmetric
unit consists of a metal ions located on an inversion centre and one thio-
cyanate ligand on a mirror plane. The metal cation is octahedrally coordi-
nated by four thiocyanate-related sulphur atoms on the equatorial plane and
two thiocyanate-related nitrogen atoms on axial sites. The sulphur atoms are
shared by the metal ions and they form chains running along the b-axis. These
chains are connected with each other through the p-1,3,3 (N,S,S) bridging
ligand forming layers parallel to the ab-plane and stacked along the crystal-
lographic c-axis (Figure 7.10, b).
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Table 7.4. Crystallographic and Rietveld refinement data of compounds 3-
Mn and Mn(NCS);.

Compound 3-Mn Mn(NCS),
Crystal system Triclinic Monoclinic
Space group (No.) P1(2) C2/m (12)
Wavelength/ A 0.7093 0.7093

al A 5.7264(2) 10.7918(5)
bl A 10.3512(4) 3.9104(2)
ol A 10.512(4)  6.2309(4)
o ° 70.867(3) 90

B/ e 78.754(4) 104.267(3)
v/ ° 75.786(2) 90

vIA® 568.29(4) 254.84(3)
T/ K 298 298
Refined parameters 83 37

Deaie/ g-em™ 1.526 2.230
Ryp/ % 12 2.80 3.98

R,/ % '# 2.15 2.70
Rprage! % 1.46 1.68
Starting angle measured/° 20 2 2

Final angle measured/® 20 50 55
Starting angle used/°® 26 2 2

Final angle used/° 20 40 40

Step width/° 26 0.015 0.015

[al As defined in section 2.2.3.

4-cyanopyridine-based coordination compounds

Synthetic studies of new coordination complexes of manganese thiocyanate
were performed using 4-cyanopyridine (CNpy) as co-ligand. This co-ligand
was chosen because, contrary to the 4-picoline, it does not only act as a termi-
nal ligand through the ring-related nitrogen atom but it also acts as bridging
ligand through the cyano group. Therefore, a different thermal behaviour
compared to the 4-picoline coordination compounds is expected, such as the
formation of 2D/3D coordination polymers.

Synthesis conducted in solution yielded new coordination compounds,
some of which with formula Mn(NCS),(CNpy)4 (1-MnCN), Mn(NCS), (H,0),
(CNpy)2 (2-MnCN), [Mn (NCS)>(H>0)2(CNpy)]-4(CNpy) (3-MnCN), [Mn

146



Metal thiocyanate coordination compounds

(NCS)2(CNpy)2], (4-MnCN) and [Mn (NCS),(CNpy)], (two polymorphic
forms, 5-MnCN-I and 5-MnCN-II). Compounds 3-MnCN, 4-MnCN and
5-MnCN-I were obtained as single crystals and characterized through SC-
XRD by the research group of Prof. Nither. The crystal structure of 3-MnCN
shows discrete complexes, having the metal ions octahedrally coordinated by
two thiocyanate atoms, two CNpy, and two water molecules ligands, linked to
non-coordinated CNpy ligands via hydrogen bonds. In compound 4-MnCN,
the metal atoms are octahedrally coordinated by four thiocyanate and two
CNpy and they are linked into chains by pairs of p-1,3-bridging thiocyanate
ligands. In the crystal structure of 5-MnCN-I, the coordination of the man-
ganese atoms is similar to that in 4-MnCN. However, p-1,3-bridging thio-
cyanate ligands bridge the metal ions by forming layers, which are connected
by bridging CNpy molecules to give a 3D network.

For 1-MnCN, 2-MnCN, and 5-MnCN-II, no single crystals could be
grown and therefore, structural information was obtained through XRPD anal-
ysis. Elemental analysis and IR spectroscopy were first applied to extract
structural information including the empirical formula and the coordination
environment of the 4-cyanopyridine ligands. Compound 1-MnCN crystal-
lizes in the monoclinic space group P2¢/c (a = 7.9069 (2) 10\, b =11.6319(3)
A, ¢ =15.7392(5) A, B = 94.4352(18)° and V = 1443.24(7) A3, Table 7.5).
The crystal structure shows the metal ions, located on a centre of inversion,
octahedrally coordinated by two terminal N-bonded thiocyanate ligands and
four CNpy ligands through the pyridine-related nitrogen atoms (Figure 7.11,
a). Compound 2-MnCN crystallizes in the monoclinic space group P2;/c (a
=10.8842(5) A, b= 12.4527(6) A, ¢ =7.5244(2) A, P = 104.966(3)° and V =
985.25(7) A3, Table 7.5). In this crystal structure (Figure 7.11, b), the man-
ganese atoms are located on a centre of inversion and they are octahedrally
coordinated by two water molecules, two thiocyanate and two CNpy ligands.
The thiocyanate and CNpy act as terminal ligands and they are bonded to
the metal ions via nitrogen atoms as in 1-MnCN. The discrete complexes are
connected to each other along the c-axis through hydrogen bonds between the
water molecules and thiocyanate ligands (O- - -S distance: 3.225 A). Along
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Figure 7.11. Projections of the crystal structures of 1-MnCN along the a-axis
(a), and of 2-MnCN (b) and 5-MnCN-I (c) along the c-axis.

the c-axis, the CNpy ligands are stacked into columns indicating possible
T - - - T interactions (shortest distance between aromatic rings: 3.3822 A, dis-
tance between aromatic ring centroids: 3.914 A). Compound 5-MnCN-II
crystallizes in the orthorhombic space group Fdd2 (a = 12.65419(2) A b=
17.2815(2) A, ¢ =9.8179(1) A and V = 2146.99(4) A3, Table 7.5). The crystal
structure (Figure 7.11, ¢) shows metal ions octahedrally surrounded by four
thiocyanate ligands and two CNpy molecules. Interestingly, contrary to the
previous compounds, the CNpy ligands, located on a 2-fold axis, connect the
metal cations into chains along the c-axis by using the cyano group as well.

Additionally, the metals are also linked by p-1,3-bridging thiocyanate ligands
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giving rise to a 3D network, which is rare for metal thiocyanate coordination
complexes and has to the best of our knowledge just been observed once so
far [197].

TG analysis was performed on compounds 1-MnCN, 2-MnCN, 3-MnCN,
and 4-MnCN in order to reveal hints for possible structural relationships
among the characterized compounds or the formation of new cyanopyridine-
deficient coordination complexes. In all the cases, the analysis of the TG
curves reveals the presence of several mass losses (Figure 7.12). In particu-
lar, the TG curve of 1-MnCN shows three mass losses corresponding to the
removal of two CNpy ligands in one step (Acaic= 35.4 Wt-%, Aexp= 35.0 wt-
%, Figure 7.12, (1a)) followed by the removal of one CNpy ligand per step

Table 7.5. Crystallographic and Rietveld refinement data of compounds 1-
MnCN, 2-MnCN and 5-MnCN-II.

Compound 1-MnCN 2-MnCN 5-MnCN-II
Crystal system Monoclinic ~ Monoclinic ~ Orthorhombic
Space group (No.) P2i/c (14) P2,/c (14) Fdd2 (43)
Wavelength/ A 0.7093 0.7093 1.5406

al A 7.9069(2) 10.8842(5)  12.65419(2)
bl A 11.6319(3) 12.4527(6)  17.2815(2)
c/ A 15.7392(5)  7.5244(2) 9.8179(1)
o/ ° 90 90 90

B/ 94.4352(18) 104.966(3) 90

v/ ° 90 90 90

vIA® 1443.24(7)  985.25(7) 2146.99(4)
T/K 298 298 298
Refined parameters 44 52 44

Deyie/ g-cm™ 1.352 1.387 1.703

R/ % @ 3.20 3.69 2.75

R,/ % 1@ 2.34 2.68 1.95
Rprage! % 1@ 1.63 1.70 2.88
Starting angle measured/° 20 0 0 3

Final angle measured/® 26 50 50 80

Starting angle used/° 26 3 3 3

Final angle used/° 20 40 40 80

Step width/° 20 0.015 0.015 0.015

[al As defined in section 2.2.3.

149



Metal thiocyanate coordination compounds

(Aexp= 18.4 wt-% and 17.4 wt-%, Figure 7.12, (2a-3a)). The TG curve of
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Figure 7.12. From top to bottom: TG curves for 1-MnCN, 2-MnCN,
3-MnCN, and 4-MnCN measured under a dynamic nitrogen atmosphere.
Adapted from [169].

the hydrated compound 2-MnCN shows three mass losses corresponding to
the removal of two water molecules in one step (Acac= 8.7 Wt-%, Aexp= 9.0
wt-%, Figure 7.12, (1b)) and two CNpy ligands (Aexp1= 25.0 wt-%, Aexpo=
25.0 wt-%, Figure 7.12, (2b-3b)). The TG curve of the solvated compound
3-MnCN reveals five mass losses. The first one (Acxp= 4.6 wt-%, Figure
7.12, (1¢)) corresponds to the removal of two water molecules (A= 4.3 wt-
%), the second and third one (Aexp= 22.9 wt-% and 27.8 wt-%, Figure 7.12,
(2¢-3c)) to the removal of the two noncoordinated CNpy co-ligands each,
whereas the fourth and fifth steps (Aexp= 22.9 wt-% and 27.8 wt-%, Figure
7.12, (4c-5¢)) to the removal of one coordinated CNpy coligand each Agqc=

12.5 wt-%). These results reveal the possibility of transitions from crystalline
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Figure 7.13. Temperature dependent in situ XRPD measurements of 1-
MnCN (a), 2-MnCN (b), 3-MnCN (c) and 4-MnCN (d). The calculated
XRPD patterns of 1-MnCN, 2-MnCN, 3-MnCN, 4-MnCN, 5-MnCN-I and
Mn(NCS), are given in red. Since the crystal structures used to calculate
the XRPD patterns were determined at low temperatures, differences in peak
positions can be observed. Adapted from [169].

CNpy- and/or water-rich- to CNpy-deficient manganese thyocyanate coordi-
nation compounds. To demonstrate the existence of these structural changes,
temperature-dependent in situ XRPD measurements were performed on the
same compounds previously investigated through TG analysis. The in situ
measurements of 1-MnCN and 2-MnCN show the same thermal behaviour
with the exception of the transition temperatures. Both compounds trans-
form first to the CNpy-deficient complex 4-MnCN and then to 5S-MnCN-1.
Upon further heating, Bragg peaks related to Mn(NCS), were observed (Fig-
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ure 7.13, a-b). In situ measurements on the solvated compound 3-MnCN
showed a direct transformation into 1-MnCN. This was surprising, as a grad-
ual release of the coordinating water, as well as 4-cyanopyridine with an in-
termediate phase was expected. However, both are simultaneously released,
forming 1-MnCN, which is stable up to about 100 °C. Upon further heat-
ing, it was observed the same thermal behaviour as just discussed for pure
1-MnCN (Figure 7.13, c). Interestingly, none of these measurements show
the formation of the second polymorph 5-MnCN-II, whose crystalline pow-
der was accidentally obtained in a time-resolved experiment from solution.
Temperature-dependent in situ XRPD measurements of 4-MnCN were per-
formed to investigate whether a transition to the polymorph 5-MnCN-II can
be obtained. However, as in the previous measurements, only crystalline 5-
MnCN-I is formed, followed by decomposition into Mn(NCS), (Figure 7.13,
d).

7.3 Conclusions

In this chapter, a major contribution to the structure determination of new
crystalline forms and to the development of new synthetic routes in the solid
state of Cd(II), Fe(Il), Ni(II), and Mn(II) thiocyanate coordination compounds
has been given. In particular, ab initio structure determinations (via simulated
annealing approach) and Rietveld refinements against laboratory XRPD data
were performed to reveal the structural features of the metal coordination
compounds obtained from solution and controlled thermal decomposition. In
some cases, rare structural motifs (as in 3-Fe) have been identified. Further-
more, temperature-dependent in situ XRPD measurements revealed structural
relationships among the studied crystalline forms and the formation of new
ones. This method, in combination with thermal analysis, contributed to the
development of new solvent-free synthetic strategies to obtain previously un-
known crystalline modifications in the solid, which in most of the cases are

not possible via solution.
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7.4 Experimental section

Samples

All the samples analysed in this project are synthesized and characterized
(elemental analysis, IR spectroscopy, SC-XRD) by the research group of Prof.
Nither according to the publications [165-169].

XRPD measurements

XRPD measurements for structure solution and Rietveld refinement of the in-
vestigated compounds were carried out at room temperature on two Stadi-P
Diffractometers (Stoe) in Debye-Scherrer geometry with Cu-Ky; and Mo-
K«1 radiation from primary Ge(111)-Johann-type monochromators and 3
Mythen 1K detectors (Dectris). The samples were loaded into 0.5 mm di-
ameter boroglass capillaries (WJM-Glas/Mueller GmbH), which were spun

during the measurement.

Temperature dependent in situ X-ray powder diffraction

Temperature dependent in situ XRPD measurements of the investigated sam-
ples were carried out on two Bruker D8-Advance powder diffractometers in
Debye-Scherrer geometry with two different radiation sources. The former
one has a Cu-K radiation from primary Ge(111)-Johannson-type monochro-
mator and Vantec detector. The latter, a Mo-K radiation from primary
Ge(220)-Johannson-type monochromator and LYNXEYE detector. The sam-
ples were loaded into 0.5 mm diameter quartz capillaries, which were spun
during the measurements. The temperature was adjusted using a TC-transmission
furnace (mri).

Indexing, space group determination, Pawley refinement, crystal structure so-
lution through Simulated Annealing and Rietveld refinement were performed
with the program TOPAS 6.0 [64].
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8 Conclusions

The focus of this PhD thesis lies in the investigation of the crystal struc-
tures and the structural changes upon temperature and pressure of a variety of
organic, organometallic, and inorganic compounds. These studies were car-
ried out predominantly by using X-ray powder diffraction (XRPD), a well-
established technique for identification, quantification, and structural char-
acterization of microcrystalline materials. Furthermore, the pair distribution
function (PDF), obtained from total scattering XRPD experiments, was used
to confirm the crystal structure and extract additional information about crys-
talline and amorphous species. These tools were also employed to study re-
actions in situ in the solid state. In particular, in situ XRPD and PDF exper-
iments were performed to monitor and elucidate the synthetic processes and
the behaviour of materials while they are exposed to external stimuli such as
temperature and pressure (vacuum). For this purpose, three reactors for in situ
and operando XRPD studies were designed and built. The first two reactors,
similar but different in capacity, were realized for studying synthetic pro-
cesses of crystalline compounds in relative large-volume suspensions where
heating, mixing, step-wise addition of reactants, and injection of inert gas are
needed while temperature and pH must be monitored. The other reactor is a
miniaturized autoclave, which was realized for studying synthetic processes
where a sealed reaction chamber is indispensable, such for the hydrothermal
synthesis of zeolites and MOFs. These reactors allow details of the crystal-

lization processes of compounds in a liquid medium (e.g. suspensions) or in
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the solid state to be revealed.

The results from each of the case studies presented in this thesis demon-
strate clearly how XRPD alone or combined with PDF analysis are essential
in retrieving atomistic details, reactions information, and properties of com-
pounds, regardless of their class of materials and their degree of structural
order.

In the third chapter, characterization and thermal behaviour studies demon-
strate that the combination of XRPD with PDF, SEM, IR/Raman spectroscopy,
and TGA/DTA, is powerful in elucidating the morphology, the crystal struc-
ture, and the thermal behaviour of an organic compound and an iron supple-
ment coming from industries. This information can be used as a cornerstone
for improving these materials, extracting storage and drying conditions but
also as a reference for detecting fraud and abuse, such as product counterfeit-
ing.

In the process of investigating multifunctional materials, the studies about
anisotropic thermal expansion, included in the fourth chapter, showed how
temperature-dependent in situ XRPD measurements are a crucial tool in elu-
cidating this phenomenon. Structural changes were monitored and crystal-
lographic parameters extracted. This information, together with an analysis
of the crystal structure and the interatomic interactions, was used to explain
the expansion in several crystalline organometallic materials, such as photos-
alient crystals and MOFs.

Furthermore, in situ experiments were used to study two synthetic ap-
proaches, solvent-free and solvent-based, for obtaining industrially important
crystalline Chabazite zeolite. After designing the suitable reaction environ-
ment, crucial for these reaction systems, time-dependent in situ PDF and
XRPD measurements at 190°C were carried out using either laboratory or
synchrotron light sources. The crystallization process was followed by fast
measurements, and the reactants and the product were monitored as func-
tion of time. PDF analysis confirmed the results obtained by reciprocal-space
XRPD analysis, and in particular, allowed the amorphous reactants, present

in the solvent-free approach, to be detected and quantified.
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XRPD technique was also successfully applied to investigate the molec-
ular and crystal structure of a polymer. Due to the comparatively high crys-
tallinity of the compound, the crystal structure of poly(p-dinitrosobenzene),
showing possible semiconducting properties, was determined ab initio through
the simulated annealing approach. Thermal analysis and temperature-dependent
in situ XRPD measurements confirmed the thermal stability up to 150°C.

The final part of the thesis, dedicated to a meticulous study of the thio-
cyanate coordination compounds of cadmium, iron, manganese, and nickel,
evidenced how XRPD analysis was decisive in determining the crystal struc-
tures and the thermal behaviour of those compounds. In particular, crys-
tal structures were determined by ab initio structure determination and Ri-
etveld refinements using laboratory XRPD data, whereas new compounds
were obtained in situ. Thanks to this contribution, a library of previously un-
known thiocyanate coordination compounds was obtained, and new solvent-
free strategies were developed allowing rare crystalline modifications to be
synthesized and characterized.

In conclusion, these results showed that powder diffraction is still an un-
derrated method with high potential for extracting structural information and
atomic details from compounds at ambient condition or when they are sub-
jected to external stimuli (e.g. temperature or pressure), regardless of the
structural order (e.g. amorphous or crystalline) and medium (e.g. solid or
liquid).

157



Conclusions

158



A Appendix

Giant anisotropic thermal expansion

Photosalient crystals

Table A.l.

Crystallographic data extracted from SC-XRD for

Cu(benzoate)(4spy), (1), Cu(benzoate)(2F-4spy), (2), and Cu(benzoate)(3F-

4spy)2 (3).
Compound 1 2 3
Crystal system monoclinic monoclinic monoclinic
Space group C2/c C2/c C2/c
al A 24.633(11) 24.9699(8) 24.480(2)
bl A 12.093(4) 12.1074(4) 12.0004(9)
e/ A 15.509(6) 15.4675(4) 15.598(1)
pre 108.48(1) 108.809(1) 108.802(2)
v/ A3 4381(3) 4426.4(2) 4461.7(5)
z 4 4 4
T/ K 100(2) 100(2) 100(2)
R; 0.0335 0.0309 0.0278
WR> 0.0821 0.0731 0.0738
GOF 1.030 1.025 1.126
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Table A.2. Selected thermal expansion coefficients of the volume and along
the principal axes from literature.

Compound T range/ K Axial TE, o,/ VTE, ay/ Ref.
101K 101K
Metal
complexes
PHA 220-350 260.4,39.4,-79.9 2478 [110]
(o form)
100-270 124.0, 105.4, 255.5
114.9 (B form)
Cu(acac); 100-300 42, 44,70 213.15 [112]
(Himd),[CuCly] 273-353 -38, 568, -184 346 [28]
MOFs
Cus(btc), 80-500 -4.1(1) [198]
FMOF1* 295-90 230 300 [199]
MCF-82 1* 112-300 61(1), 482(12), - 319(13) [200]
218(3)
1-DMF 171(4), 60(3), - 175(2) [200]
56(2)
1-DMA 85(1), 1034), - 138(2) [200]
51(3)
Ag3[Co(CN)g] 10-500 150 160 [27]
Organics
(S,S)-octa-3,5- 225-330 156<a,>516, [30]
diyn-2,7-diol* -32<0,>-85,
-48<0.>-204
18-crown-6- 180-273 -129(15), 311 [99]
nitromethane* 144(14), 282(16)
Organic salt
imidazolium 4-  100-360 -115, 18,210 110 [201]
hydrocybenzoate
Co-crystals
ABN:DMABN 100-300 24.3,90.9, 105 222 [202]
(1:2)
CBTA:BPE (1:2) 120-298 4(5), 25(4), 183 [203]
147(8) (monoclinic)
4PAzP:(4,6-diCl 290-260 -116, 29, 316 229 [204]
res) (2:1)
4PAzP:(4,6-diBr 170-250 -2(4), 93), 181(2) [205]
res) (2:1) 172(6)

*These materials do not show linear expansion during heating.
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Figure A.1. Results from PASCal program for compound 1: a) expansivity
indicatrix (units: MK™!), b) plot of the axes variations as function of the tem-
perature and c) plot of the volume expansion as function of the temperature.
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Figure A.2. Results from PASCal program for compound 2: a) expansivity
indicatrix (units: MK™!), b) plot of the axes variations as function of the tem-
perature and c) plot of the volume expansion as function of the temperature.
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Interpenetrated Metal-Organic Framework
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Figure A.3. Comparison between the rectangular motifs of 1 at 30°C (red)
and 110°C (blue) along (a) b-axis and (b) c-axis showing PTE and NTE. The
principal and crystallographic axes are also given.
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