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Abstract (Zusammenfassung)

To gain a better understanding of the chemical behaviour of the superheavy element
nihonium, several single-atom experiments with its lighter homologue thallium have
been performed in the past. As these studies yielded partly contradictory results
regarding the deposited species and their adsorption enthalpies, additional ther-
mochromatography experiments were carried out in this work. The thallium isotopes
19571 and 1°T1 were produced by irradiating a gold target at the cyclotron of the nu-
clear physics institute of the Czech academy of sciences, Rez. The experiments were
conducted offline, and the deposited species were analysed using gamma spectroscopy.
Measurements were performed on quartz glass columns using oxygen, helium, and
moist helium as carrier gases, and on an a-Al;O3 column using helium as the carrier
gas. Thallium was found to be highly reactive, readily forming compounds with trace
amounts of water or oxygen in the mobile phase or on the column surface. A species
with an adsorption enthalpy of —123%3kJ /mol was observed and, in agreement
with literature data, attributed to TIOH. In addition, several measurements with
reactive gases imply a complex system between thallium, the added gases and the
surface leading to species with different adsorption enthalpies. Due to the nearly
identical experimental conditions in the helium-based experiments on quartz glass
and a-aluminium oxide, the depositions observed on the latter were interpreted
in the same way as on quartz glass. The adsorption enthalpy of metallic thallium
could not be determined in the course of these studies, as no elemental thallium
was observed, likely due to its high reactivity, even under the most inert conditions
achievable in the experimental setup. In addition, experiments were conducted with
the aim of hydroxylating or dehydroxylating quartz glass surfaces and identifying
a suitable method to determine their hydroxylation state. Reflection—absorption
infrared spectroscopy (RAIRS) was found to be an appropriate analytical technique
for this purpose. Experimental results for the surface hydroxylation were largely
consistent with expectations.
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Um das chemische Verhalten des superschweren Elements Nihonium besser zu ver-
stehen, wurden in der Vergangenheit mehrere Einzelatom-Experimente mit seinem
leichteren Homologen Thallium durchgefiithrt. Da diese Untersuchungen teilweise
widerspriichliche Ergebnisse hinsichtlich der abgeschiedenen Spezies und ihrer Adsorp-
tionsenthalpien lieferten, wurden im Rahmen dieser Arbeit ergdnzende thermochro-
matographische Experimente durchgefithrt. Die Thalliumisotope '**T1 und *6TI
wurden durch Bestrahlung eines Goldtargets am Zyklotron des NPI CAS, Rez erzeugt.
Die Experimente wurden offline durchgefiihrt; die abgeschiedenen Spezies wurden mit-
tels Gammaspektroskopie analysiert. Die Messungen erfolgten an Quarzglaskolonnen
unter Verwendung von Sauerstoff, Helium und feuchtem Helium als Tragergas sowie
an a-AlyO3-Kolonnen mit Helium als Trégergas. Thallium erwies sich als hochreaktiv
und reagierte bereits mit Spuren von Wasser oder Sauerstoff in der mobilen Phase
oder auf der Kolonnenoberfldche. Es wurde eine Spezies mit einer Adsorptionsen-
thalpie von —12375kJ /mol beobachtet, die in Ubereinstimmung mit Literaturdaten
T1OH zugeordnet wurde. Dariiber hinaus implizieren mehrere Messungen mit den
reaktiven Gasen, dass ein komplexes System zwischen Thallium, den zugesetzten
Gasen und der Oberfliche besteht, die zu mehreren Spezies mit unterschiedlicher
Adsorbtionsenthalpie fiihrt. Aufgrund der nahezu identischen experimentellen Bedin-
gungen in den Helium-basierten Experimenten an Quarzglas und a-Aluminiumoxid
wurden auch die auf letzterem beobachteten Ablagerungen genauso interpretiert
wie auf Quartzglas. Die Adsorptionsenthalpie von metallischem Thallium konnte
im Rahmen dieser Arbeit nicht bestimmt werden, da kein elementares Thallium
nachgewiesen wurde, vermutlich aufgrund seiner hohen Reaktivitét, selbst unter den
inertesten im Experiment erreichbaren Bedingungen. Zusétzlich wurden Experimente
durchgefiithrt, um Quarzglasoberflichen gezielt zu hydroxylieren bzw. zu dehydrox-
ylieren und eine geeignete Methode zur Bestimmung ihres Hydroxylierungsgrades zu
finden. Es zeigte sich, dass die Reflexions-Absorptions-Infrarotspektroskopie (RAIRS)
eine geeignete Analysemethode fiir diesen Zweck darstellt. Die erzielten Ergebnisse
zur Hydroxylierung erfiillten zum grofien Teil die Erwartungen.
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Chapter 1

Introduction

In 1869, Dmitri Mendelejew introduced the periodic table, arranging all known
elements at the time by their atomic mass. He observed a recurring pattern in their
chemical behaviour, which formed the basis of the periodic table.X Over the years,
as new elements were discovered, the periodic table expanded and remains in use
today, albeit with modifications to its classification. 23 One significant change was
the shift from ordering elements by atomic mass to ordering them by the number of
protons, known as the atomic number Z. 34

Uranium (Z =92) has the highest atomic number among naturally occurring el-
ements. With the synthesis of the first transuranium elements, neptunium and
plutonium in 1940, a race to discover new elements began. B Over the following
decades, various research groups worldwide synthesized numerous new elements,
pushing the perceived limits of the periodic table. 35 To date, all elements up to
oganesson (Z = 118) have been successfully discovered. 874

Due to the high nuclear charge and the resulting Coulomb repulsion, the stability of
elements with Z > 104 cannot be explained by the liquid drop model alone. [G:710/]
Instead, these elements, starting from rutherfordium (Z =104), exist only due to
microscopic shell stabilization, as predicted by the nuclear shell model. These so-
called transactinide elements, also referred to as superheavy elements (SHE), exhibit
unique nuclear properties. %710 Since SHE are produced with extremely low cross
sections, typically resulting in the creation of only one atom at a time, traditional
macroscopic chemical investigations are impossible. This challenge has led to the
development of novel experimental approaches. 312

The periodic table allows for the prediction of certain chemical properties based
on the position of an element. % However, in the realm of SHE (and their lighter
homologs in the 7th. period), relativistic effects can cause deviations from estab-
lished periodic trends, making their chemical properties less predictable based on
periodic positioning alone. #1316 Several well-known chemical properties, such as the
characteristic color of gold, the stable oxidation states of lead, and the low melting
point of mercury, can only be explained by relativistic effects. I8 A comprehen-
sive understanding of the chemical behaviour of the lighter homologs of SHE is



crucial for predicting and interpreting gas chromatography experiments, as well as
for assessing the influence of relativistic effects on their chemical properties. 681119
According to the latest findings, the heaviest element whose chemical properties have
been investigated experimentally is moscovium (Z =115). 20 One proven method
for investigating SHE is gas chromatography using columns with surfaces made
of materials such as gold or quartz. 222 This technique enables a large number
of interactions with a solid surface, whereas the species are immobilized on the
surface for a certain time, which depends on the interaction strength between the
species and the surface, and than can be desorbed and transported by a gas flow
further along a chromatography column. Thus, a spacial separation of species with
different volatilities or reactivities can be achieved. These experiments allow for the
determination of the adsorption enthalpy, a key parameter in assessing the volatility
of the investigated elements. BOTITI419]

In this work, single-atom chromatography experiments will be discussed to de-
termine the adsorption enthalpy of thallium (Z =81), the lighter homolog of the
superheavy element nihonium (Z =113), on quartz glass and a-Al;O3. This investi-
gation is of great importance for characterizing nihonium’s chemical properties. To
achieve this, multiple experiments will be performed using different compositions of
helium, water and oxygen as the mobile phases. Additionally, the influence of varying
surface conditions of the chromatography columns on the experimental results will
be examined.



Chapter 2

Theoretical background

2.1 Stability of superheavy elements

The binding energy of a nucleus is used to describe its stability. B1523] This energy is
defined as the difference between the experimentally determined mass of the nucleus
and the theoretical mass obtained by adding up the masses of its constituents,
the protons and neutrons. 823 There are two widely spread models to describe the
binding energy per nucleon and following that the stability of different nuclides, the
liquid drop model and the shell model. B23]

2.1.1 The liquid drop model

The concept of the liquid drop model (LDM) was introduced by George Gamow
in 1930 and was expanded by Carl Friedrich von Weizsicker in 1935.5324 Ag the
name suggests, it is assumed that the atomic nucleus is an incompressible droplet
in which the charge and mass are equally distributed. Additionally the LDM
assumes that every proton and every neutron is identical and indistinguishable from
another, 32312527

With equation respectively it is possible to calculate the binding energy
of a certain nucleus without taking quantum mechanical effects into account. The
equation was introduced by von Weizsacker in 1935, further developed by Hans Bethe
in 1936, and is therefore called the Bethe-Weizsécker formula. #2729

Ep = Ey + Es + Ec + E4 + § MeV (21)

Here Ep represents the binding energy, Ey is the volume energy, Fg is the surface
energy, F¢ is the Coulomb energy, F 4 is the asymmetry energy and 6 is the pairing
energy. Bl

The volume energy term accounts for the attractive interactions between nucleons
within the nuclear volume. 327 The negative surface energy term reflects the lowering
of the binding energy originating from nucleons with less binding partners on the
surface of the nucleus. #27 The coulomb repulsion is taken into account by the negative
coulomb energy term. 327 The asymmetry energy term accounts for the fact that
nuclei with equal numbers of protons and neutrons are more stable than others. 27



Finally, the pairing energy term represents the empirical observation that nuclei with
an even number of protons and neutrons (even-even nuclei) exhibit increased stability,
whereas nuclei with an odd number (odd-odd nuclei) show decreased stability. For
nuclei with an odd-even or even-odd configuration, this term is zero. 327

Following these explanations for the different energy terms the Bethe-Weizsécker-
formula can also be written as shown in equation . B2

Z(Z - 1) (A—22)?

1 —cy - T + dMeV  (2.2)

2
EB:CV'A—CS'A3—CC'

W=

Here A stands for the number of nucleons, Z is the number of protons, the parameters
cy to ¢4 are proportionality constants obtained by mathematical fitting of empirical
data and ¢ is the pairing term.

A comparison between the binding energies obtained from mass measurements
and those calculated using the Bethe-Weizsacker formula shows overall good agree-
ment. However, for certain proton and neutron numbers, a larger deviation of the
experimental data from the theoretical data can be observed, showing a highly
increased stability for these nucleon numbers (see figure [2.1)). #2527 Notably stable
nuclei, so called “magical nuclei” deviate significantly from predictions based on
the liquid-drop model. These discrepancies are tied to closed shells in the nuclear
potential and signal quantized structural effects, which require a more detailed model
for explanation. B2527
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Figure 2.1: Differences between experimental atomic masses and masses calculated with the LDM
as a function of proton number (top) or neutron number (bottom). Taken from B!, Reprinted with
permission from Wiley and Sons.



2.1.2 The nuclear shell model

Compared to the liquid drop model (LDM), the nuclear shell model (NSM) differs in
two main aspects. First, the NSM does not assume a homogeneous distribution of
nucleons within the nucleus. Instead, it posits that nucleons are arranged in specific
‘shells’, similar to electrons. Secondly, the NSM assumes that two nucleons cannot
have the same quantum numbers. This can also be understood as the Pauli-principle,
known from electrons, applied to nucleons. 2#*27 Thus, in analogy to the Bohr model
of the atom, every nucleon can be described with four individual quantum numbers.
The main quantum number n describes the shell of the nucleon.2? Each shell is
divided in subshells with the name s, p, d, f and so on. Similarly to the electron
orbitals, two nucleons can fit into one subshell. The subshell of each nucleon is
described with the orbital quantum number [.27 The magnetic quantum number
m reflects the projection of the orbital angular momentum of the nucleons in the
associated orbital. 2% Finally, the spin quantum number s describes the angular
momentum of the nucleon. 27

Assuming a spherical symmetric harmonic oscillator as the nuclear potential of
the inert core made it possible to solve the Schrodinger equation for a nucleon
moving in this potential. This solution demonstrated the existence of nuclear
shell closures at proton and neutron numbers 2, 8, and 20.B23801 Solving the
Schrodinger equation beyond the third harmonic oscillator results in numbers for
completed shells that differ from the experimental expected “magical”ones. B50531 A
way to explain the observed higher “magical numbers” with shell closures is to take
the spin-orbit-interaction into account. This is the interaction between the orbital
angular momentum and the spin of the nucleons, which results in a new quantum
number j, the total angular momentum. This quantum number describes the split-
ting of spherical nuclei, which allows explaining the higher “magical numbers”, 325530
However, this is only an explanation for spherical nuclei thus to the assumption of
a spherical harmonic oscillator. The Nilsson model takes deformation of the nuclei
into account by adding an additional quantum number €2 and therefore describes
non-spherical nuclei too. &

2.1.3 Superheavy elements

According to the LDM superheavy elements should not exist. Looking at equation
(2.2)) it is obvious that a nucleus is only stable against spontaneous fission if the
short-range, attractive nuclear force compensates the long-range, repulsive Coulomb
force. Bl To describe the stability against spontaneous fission for a certain element the
fissility parameter X is used, which describes the ratio between the Coulomb energy
and the surface energy (see equation ) 652 The fissility parameter increases
with the proton number. At the same time the determined half-live of the elements
against spontaneous fission rapidly decreases for the actinides in this model. With
rutherfordium (Z=104) a half-live of ¢,/ = 107 s is reached (see figure , which
is the time that is needed to form an electron shell around a nucleus. Therefore,
only nuclei with a half-life longer than this 10~'*s are considered as elements. #1115



Superheavy elements (SHE) exist solely due to stabilizing nuclear shell effects. These
shell effects increase the spontaneous fission barrier to such an extent that, for many
SHE, alpha decay becomes the faster and thus dominant decay mode. B6715:33]
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Figure 2.2: Known spontaneous fission (sf) half-lives (¢,/2) of nuclides with even numbers of
protons and neutrons (dots) and calculated hypothetical half-lives (dashed line) based on the liquid
drop model plotted against the fissility parameter X. The dotted line shows the limit of 10~ s for
the half-live of a chemical element. Taken from©. Reprinted with permission from John Wiley and
Sons.

The NSM explains the increased stability of elements with certain shell configu-
rations. Thus, it is possible to predict that certain elements with magic nucleon
numbers, should be more stable than other proton-rich elements. The “island of
stability” describes these, not found yet but more stable SHE. [6:15]

The predicted location of this “island” changed over the years. First predictions
located the “island of stability” at a proton number of 126 and a neutron number of
184, which were changed to Z=114 and N=184 as research progressed. #3435 More
modern Hartree-Fock-type calculations confirmed the neutron number of 184 and
assume a proton number of Z=114, 120 or 126.™36 All of these calculations were done
for a spherical nucleus, but it is known today that the nuclei of superheavy elements
are deformed, because of their quadrupole moment. A change in the shape of the
nucleus also changes the position of neutrons and protons, which leads to further
shell closures of these deformed nuclei. This results in more “magical” numbers at
7Z=108 and N=162, so to speak a “sub island” that connects the known parts of
the periodic table with “the island of stability”. ™ Today, the exact location of “the
island of stability” is still in doubt as well as the predicted lifetimes for possible new
elements with the calculated magical shell numbers, mainly because of alpha-decay
in the region of the “island”. %47



2.2 Production of superheavy elements

The production of superheavy elements in a reactor via neutron capture and subse-
quent S~ -decay is not possible. The most proton rich element that can be synthesized
with this method is fermium, because there is no known fermium isotope that is
unstable against 3~ -decay. B61

Thus, every transfermium element has to be produced by heavy ion fusion reactions
in accelerators. 811 Tons of a specific isotope are accelerated in these facilities and
directed at a target nucleus with the intention of fusing both nuclei. B653138]

The so called Q-value reveals whether a nuclear reaction is endothermic or exothermic.
It is the rest-mass energy difference between the reacting nuclei and the product
nuclei. A positive Q-value means the reaction is exothermic, a negative Q-value
means it is endothermic. Heavy-ion nuclear fusions are endothermic reactions, which
means the ions directed at the target have to have at least this energy to make a
fusion possible. B58 But not only the Q-value has to be compensated, the repulsive,
Coulomb force between the nuclei has to be overcome by the kinetic energy of the
accelerated ion. If the kinetic energy is too low to overcome the Coulomb barrier,
the nuclei cannot touch each other and therefore cannot fuse; instead, scattering
reactions occur. B389

The nuclear fusion process starts when the two nucleons get so close that the at-
tractive nuclear force between both nucleons forms a dinuclear system. In this
system, nucleons can be exchanged between the nuclei. 233538 The nucleus formed
after complete fusion of both nuclei is called compound nucleus (CN). The CN is an
intermediate state containing the sum of all nucleons of the two initial nuclei. 143340l
In the case of quasi-fission, the system decays through fission before the CN is formed
completely. #38 The CN has a certain excitation energy, that depends on the selected
reaction and beam energy.™ There are two ways in which the CN can release
its excitation energy: by spontaneous fission or by evaporation of neutrons. The
competition between these two different processes is won by the faster process, which
in the vast majority of cases is fission. This results in the forming of new nuclei
from the compound nucleus (CN).B% However, in a few cases the de-excitation
takes place via the evaporation of neutrons. As neutrons are not electrically charged,
they do not have to overcome a coulomb barrier in order to leave the nucleus. The
evaporation of one neutron releases around 10 MeV (8 MeV of binding energy and
2 MeV of kinetic energy). After the evaporation of as many neutrons as needed to
lose the excitation energy, the so called evaporation residue (EVR) is formed, which
is the product of the fusion-evaporation reaction and the desired SHE. 81441 The
higher the excitation energy of the CN, the more neutrons need to be evaporated to
release this energy, a fact that reduces the likelihood of the nucleus surviving. ™

To achieve high cross-sections, two different approaches can be used. The first,
called cold fusion, aims to form a CN with the lowest excitation energy possible,
typically in the range of 10-20 MeV. This results in fewer neutrons needing to be
evaporated from the CN, leading to a higher survival rate of the nucleus against
fission. In this approach, targets typically made of lead or bismuth are used in



combination with heavier isotopes for the beam. 81415 The main disadvantage of
this approach is the higher coulomb barrier that has to be overcome in the fusion
process, caused by a correlation between the product of the atomic numbers of target
and beam and the height of the coulomb barrier. The second approach is the so
called hot fusion. Lighter isotopes are chosen for the beam, while heavier (actinide)
targets are used. This higher asymmetry between the nucleon numbers of the fusion
educts leads to a lower Coulomb barrier and consequently an easier fusion of the
nuclei. On the negative side, higher excitation energies (40-50 MeV) are achieved,
resulting in a lower survival rate of the nuclei against fission.

Cold Fusion:
Fe 208pp Fusion 266Hg
."."... “M‘.".
‘.‘-.'.'.".‘.l'f.
5x1016 b
Projectiles on target 1 atom
Hot Fusion:
25Mg 269,270H5

1x10'7 »
Projectiles on target 1 atom

Figure 2.3: Schematic illustration of the 2°*Pb(°®Fe, 1n)?%°Hs reaction as an example for a
cold-fusion reaction and 2*¥Cm(**Mg, 4-5n)?%9=270Hs for a hot-fusion reaction. Taken from [,
Reprinted with permission from Wiley and Sons.

In general, the probability that the EVR is formed depends on three different factors,
which are shown in equation ([2.3)).

OEVR = Ocap. * PCN * Wur. (2.3)

Here ogyr is the cross section that the EVR is formed, oe.p. is the capture cross
section, pon is the fusion probability with which two captured nuclei transform
into a compound nucleus and Wy, is the probability for the CN to survive the
evaporation process. ™ The effective cross section decreases exponentially with the
atomic number. This was compensated by using the double “magical” nucleus **Ca
as a projectile to discover the elements 113-118. 5342



2.3 Relativistic effects

As described previously, the periodic table provides a basis for predicting the chemi-
cal behaviour of elements based on their position. While this approach holds true
for lighter elements, deviations from established periodic trends are observed for
superheavy elements and their lighter homologues. These deviations arise primarily
from relativistic effects, which become increasingly significant with higher atomic
number, scaling with Z2.188 Relativistic effects dominate the chemistry of SHE and
are essential to explain various properties of other heavy elements, such as the colour
of gold, the preferred oxidation state 4+2 of lead, or the unusually low melting point
of mercury. 178!

In the Bohr model, the attractive Coulomb force is balanced by the centrifugal
force when an electron moves around the nucleus in a circular motion. This is
described by equation (2.4) 4.

Z2 e2
e :mv (24)

4dmegr? r

Here Z is the atomic number, e the elementary charge, £ the dielectric constant, r
the orbital radius, m, the mass of the electron and v is the speed of the electron.
If now the quantum condition mevr = nh is inserted into equation (2.4)) and the
equation is solved for r, the following equation is obtained. 4

2 47 €0 hQ
r=n 7 (2.5)
From equation (2.5)) it is clear that the radius of the circular motion of the electrons is
a function of its mass. Einstein’s theory of relativity says that the mass of an object
is a function of its velocity. Following that, equation shows the correlation
between the velocity of an electron and its mass. Thus, there is a direct connection
between the velocity of electrons and the radius of the circular motion around the
nucleus. 14 "
Myl = S — (26)
1 —(v/e)?
This results in the first relativistic effect, the direct relativistic effect. For higher
proton numbers, the Coulomb force inside the atom gets stronger. To compensate
for this effect, electrons move faster around the nucleus, which increases their mass
and consequently decreases the radius of their circular motion. #1443l Ag a result,
orbitals with a significant electron probability density near the nucleus, such as the
s- and p, jp-orbitals, are contracted and energetically stabilized. 01443

Based on the direct relativistic effect, orbitals without electron density at the
nucleus are better shielded from the nucleus because of the contracted orbitals. This
leads to a weaker binding of the electrons and therefore an expansion of the radius
of orbit. Following, these orbitals are energetically destabilized. This effect is called
the indirect relativistic effect. B6143]



The third and last relativistic effect, the spin-orbit coupling, splits the electron
level of [ > 0 (p, d, ... electrons) into j = [ + 1/2 states. The SO splitting is much
stronger for inner shells than outer shells with the same orbital quantum number [
and decreases with increasing orbital quantum number for the same main quantum
number 7. 614

All of the three described relativistic effects are in the same order of magnitude.
Their influence scale with about Z2. @417 Thig is why their influence is, especially
for SHE, of great importance. (614201

2.4 Single-atom-chemistry and Monte Carlo simu-
lation

2.4.1 Single-atom-chemistry and -chromatography

Short half-lives and low production rates of SHE allow no macroscopic studies of
these elements. Instead, only individual atoms are available for investigation. 3644
In this case, one of the most common equations in chemistry, the law of mass action,
is no longer applicable to describe a single atom chemical reaction. The classical law
of mass action describes the equilibrium of a chemical reaction with the chemical
activity of both the educts and products. ¥ Looking at only one atom at a time, it is
not possible for this atom to be on both the product and educt side. This leads to
a undefined equilibrium constant K. The same is true for the free enthalpy of the
reaction. 348 To overcome this problem, it is possible to use the probability of the
atom to be in the educt or product state to define K.B This makes chromatography
studies of great interest for superheavy elements. 4 In chromatography, an atom
or molecule frequently alternates between the mobile phase and adsorption on
the stationary phase. This dynamic equilibrium provides insight into which state
the particle is more likely to occupy under given conditions. Due to its rapid
transport and separation capabilities, gas chromatography (gas as the mobile phase) is
particularly well-suited for studies involving short-lived superheavy elements. #144447
Especially fully automated chemical apparatus attached to separators like TASCA
(TransActinide Separator and Chemistry Apparatus) at the GSI Helmholtzzentrum
fir Schwerionenforschung in Darmstadt, Germany, are very useful in this case,
because here the elements are brought into the chromatography column directly after
their production and separation. #3491 A COMPACT (Cryo OnlineMultidetector for
Physics And Chemistry of Transactinides) detector, consisting of two arrays of PIN
diodes covered with a column material like SiO5 or gold, works as the column and
an a-detector at the same time and is often used at TASCA.E%

Gas-solid chromatography relies on a series of adsorption-desorption processes on the
column walls that atoms undergo as they travel through the column. The time every
atom spends in a desorbed or adsorbed state depends for instance on the surface
material, the adsorption enthalpy and the temperature. Assuming that the surface
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of the column is smooth and homogeneous it is possible to describe the mean time
an atom spends adsorbed on the wall with the so called Frenkel-equation. #45152]

<_AHads.>
To " EXP | —=——F—+—

e (2.7)

7=
Here 7 is the lifetime of the species in the adsorbed state, 7y the period of oscillation
of the species in the adsorbed state, —AH,qs. the adsorption enthalpy, R the molar
gas constant and 7" the temperature. B45152]

In principle, there are two ways for the species to be adsorbed to the surface.
The first one, physisorption is based on Van der Waals bonding between the surface
and the species. #5354 Therefore, the strength of the bonding is dependent on the sur-
face texture (a rougher surface equals a larger surface area), the distance between the
bonding partners and the polarisation of the species. Due to the weak, non-covalent
nature of the interaction, physisorption is relatively weak, with adsorption enthalpies
typically below 50kJ/mol. The process is fully reversible via desorption. B154756]
The second type of adsorption, chemisorption, often requires overcoming an activation
energy (see figure . Chemisorption involves the formation of a chemical (often
covalent) bond between the surface and the adsorbed species. This process can be
accompanied by changes in the coordination number, the breaking and formation
of bonds, and alterations in the oxidation state. Chemisorption has a significantly
higher adsorption enthalpy than physisorption and, in contrast to physisorption, is
not always reversible. A desorbed species from this process might be chemically
different from the adsorbed one. B

A

activation
energy barrier

Ea AHags 1 distance from surface

physisorption

fo &9'

chemisorption

Potential energy

| physisorption

(b) Schematic of physisorption and chemisorp-
tion. For physisorption weak van der Waal bonds
(red) between the surface (grey) and the species

chemisorption

(a) Schematic one-dimensional diagram of the
potential energy of an atom near the surface.
The model assumes that a barrier from the ph-
ysisorption can be overcome to form a stronger

(green) lead to the adsorption of the species to
the surface. In the case of chemisorption stronger,
chemical bonds (blue) are formed between the
species and the surface. These can exist even

chemisorption. Taken from 52 (open access). after desorption.

There are two widely used chromatographic techniques: isothermal chromatogra-
phy (IC) and thermochromatography (TC). Both are based on these adsorption
and desorption processes, and can be performed on different surfaces like gold or
quartz glass. 97451 Ty jsothermal chromatography, the inert mobile phase flows
through the column at a constant temperature. Depending on this temperature and
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the adsorption enthalpy of the isotope, a certain fraction of the inserted atoms is
adsorbed long enough to decay inside the column. By repeating the experiment
at several temperatures and measuring the fraction of atoms passing through the
column (the so-called breakthrough), an integrated chromatogram can be obtained.
At a breakthrough of exactly 50%, the retention time equals the half-life of the
isotope. From the retention time and the corresponding temperature, the adsorption
enthalpy of the species can be calculated. B 7131453]

In contrast, thermochromatography involves applying a temperature gradient, typ-
ically negative, along the column. When the species reaches the temperature cor-
responding to its adsorption energy, it is adsorbed onto the surface and remains
there until it decays. From the position of the measured radiation inside the col-
umn, the adsorption temperature of the species can be determined, which in turn
allows for the calculation of the adsorption enthalpy. 2131453 Figyre illustrates

the yield as a function of temperature for both isothermal chromatography and
thermochromatography.
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Figure 2.5: Comparison of thermochromatography (left) and isothermal chromatography (right).

The deposition temperature (TC) and the temperature corresponding to 50 % breakthrough (IC)
are indicated. Modified from 7.
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2.4.2 Monte Carlo simulation

To calculate the adsorption enthalpy from the experimentally determined adsorption
temperature, a Monte Carlo simulation can be done.®? Monte Carlo simulations are
used in all kinds of fields. 8 The method assumes that the behaviour of an ensemble
can be predicted by a large number of random samples. For the calculation of the
adsorption enthalpy in chromatography experiments, the Monte Carlo simulation
developed by Zvara is used.¥ In this method, experimental parameters, such as
the temperature gradient or the composition of the mobile phase, are used as in-
put values for the simulation. Other parameters, such as the adsorption time on
the surface or the lifetime, are chosen randomly during the simulation based on a
defined distribution. 5869 The adsorption enthalpy is defined as an input parameter
and is varied until the simulation achieves the highest level of agreement with the
experimental data. 515359

The process of the Monte Carlo simulation is best described by following one
simulated atom through the chromatography column. At the beginning of the simu-
lation, each simulated particle is assigned a random lifetime based on the exponential
distribution of the half-life of the radionuclide. In offline experiments, the deposition
pattern of the activity is measured after the experiment. Thus, only particles whose
lifetime correspond to at least the experiment time can be measured. Therefore, for
offline experiments, it is assumed that the lifetime equals the experiment time. B15359
The simulated particle starts at the beginning of the column, position xy. In the
next step, a ’jump’ is simulated, in which the particle travels a random distance
based on an exponential distribution. This distribution is derived from the average
jump distance, which is calculated using various experimental parameters, like the
temperature or the gas flow rate. It is assumed that the particle is always adsorbed
when hitting the surface after the travelled jump length. ®%59 The position of the sim-
ulated particle in the column is updated to x; and the time the particle spent in the
gas phase (flight time) is calculated from experimental parameters like the gas flow
rate and the temperature. The atom is in an adsorbed state for a random timespan,
based on the mean adsorption time (see equation . After the random adsorption
time has passed, the atom is desorbed again. A freshly desorbed particle near the
surface is very likely to collide with the surface wall again, leading to adsorption.
Thus, the number of mean collisions with the surface after initial adsorption prolong
the time of a full adsorption cycle. After the desorption of the atom, the calculated
adsorption time is added to the flight time. This total time is compared to the
previously allocated lifetime. If the lifetime has already elapsed, the simulation for
this particle is terminated and its position in the column is recorded. 5% Otherwise,
the next jump is simulated. The position is updated once more, and the adsorption
cycle restarts until the combined flight and adsorption times reach the lifetime of the
simulated particle or the particle reaches the end of the column. To obtain a dataset
comparable to the experimental values, at least 5000 particles are simulated. 5159
Figure shows the flowchart for the described Monte Carlo simulation process.
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However, the Monte Carlo simulation makes some assumptions that should be
viewed critically. As it was already described before, the method assumes that
every time a particle hits the surface, it is adsorbed, which does not necessarily
have to be the case. Instead, the probability of adsorption is determined by the
sticking coefficient. In addition, the Monte Carlo simulation does not differentiate
between chemisorbed and physisorbed particles and the possibility to form a new
species on the surface is not taken into account. These concerns were addressed by
a Monte Carlo simulation extension, published by Dietzel et al. in 2024.52 The
central assumption of this extension is that a physisiorbed particle can become a
chemisorbed species by overcoming an energy barrier (see figure . By calculating
the probability of overcoming this barrier, it is possible to simulate the adsorption
enthalpy of both the original species and the new species formed through surface
reactions, as well as the height of the energy barrier for this reaction. ® The flowchart
of this extension is shown in figure [2.6b]

F 3
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next cycle starts
x;=0
Input *
parameters
and define ghore simulate jump
functions Xy
F Y
Definition ‘
live time no simulate
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(physisorption)
X =0
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— jump inside g ? passed?
column n, o
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o
= a . -
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! % exceeded deposition
» (chemisorption)}
Caleulate
flight time simulate jump
Simulation ‘
adsorption yes lifetime simulate
time exceeded deposition
l o (physisorption)
No Lifetime Yes .
exceedeq? " Storex. s Stop (b) Flowchart of the Monte Carlo extension

method for considering the difference between
(a) Flowchart of the Monte Carlo method accord- chemisorption and physisorption. Taken from 52
ing to Zvara. Based on 5% (Open access).
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2.5 The chemistry of thallium

Thallium is element 81 of the periodic table. The standard atomic mass is 204.38 u. 6
It was discovered by William Crookes in 1861 from seleniferous deposit of a sulphuric
acid factory by observing a green spectral line at 535 nm. This line also gave it its
name (from the greek word “thallos” meaning “green budding twig”). 6264

Thallium has two stable isotopes, 2%3T1 (29.52% nat. occurrence) and 2%T1 (70.48%
nat. occurrence). 2%°T1 is the end of the neptunium series decay chain. There
are currently 41 known thallium isotopes, with 2°'T1 as the only artificial isotope
produced in higher amounts for nuclear imaging. %68 Thallium makes up a mass
fraction in the earth’s shell of about 0.29 ppm. 6%

Thallium is part of the group 13 elements (triels), the other ones being boron,
aluminium, gallium, indium and nihonium. Consequently, thallium has the (non
relativistic) electron configuration [Xe] 4f'4 5d'° 6s% 6p'. 07 In its elemental form,
it has a similar appearance to its neighbour element, lead.®8 From its position in
the periodic table, it could be assumed that T1(III) is the dominant oxidation state.
However, due to the inert-pair effect, electrons in the 6s-orbital become an inert
pair, lowering the dominant oxidation state to T1(I). #6568 Due to their charge and
ionic radius, T1(I)-ions are very similar to K-ions. Following that, these T1(I)-ions
can enter living cells and disturb enzymatic processes in the cell. Thallium is highly
toxic in all of its forms, the lethal dose is between 8 and 15 mg/kg of body mass for
the average human. 6156571

2.5.1 Thallium hydroxides

The only known thallium hydroxide is TIOH. The pale yellow solid can be formed
from the reaction of elemental thallium with water at room temperature. At 100 °C,
the compound decomposes to TloO (on a macroscopic scale). TIOH has a very
similar chemical behaviour to KOH, it can act as a base and reacts with CO, to
form T1,COs, which is the only known water soluble heavy metal carbonate. 6572
The hypothetical TI(OH)3 or TIOOH do not exist or are unstable. Instead, Tl,O3 -
3H,0 and T1,03 - HyO are known, which are thallium oxides because of their crystal
structure. 6872

2.5.2 Thallium oxides

There are several known thallium oxides, the most common being T1(I)- and TI(III)-
oxides. 887 ¢-T1,03 is the oxide of the TI(III) oxidation state. The black solid
crystallizes in the LnyO3-C (Ln = lanthanide) structure and transforms into the
Aly O3 structure under pressure at 600°C (5-T1,03). The melting point of a-T1,03 is
756°C. Heating the hydrated oxides produces the dehydrated form. This dehydration
takes several hours. Heating the dehydrated oxide between 800°C and 1000°C reduces
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the compound to T1,0, the oxide of the TI(I) oxidation state. 88 TIl,0 crystallizes
in the anti CdCl, structure, has a melting point of 596°C and a formation enthalpy
of —179kJ/mol. Thallium metal oxidises very fast to Tl,O if exposed to air. This
oxide can also be produced by heating up thallium monohydroxide to 100°C. Tl,O is
a black solid, hygroscopic and easily soluble in water. 8372 A melt of T1,0 is capable
of damaging porcelain and glass by forming thallium silicate. 7

The oxide of the TI(II) oxidation state, T1O, is only stable in the gas phase or in a
matrix. % The mixed oxide T1;03 ((T1)LTI"O3) can be produced from a mixture
of T1,CO; and Tl,03.6872 The more uncommon thallium(I) hyperoxide, TI'O, is a
violet solid that can be obtained by electrolysis of T1,SOy4 in oxalic acid-containing
water at 20°C on a Pt-electrode. This oxide decomposes at 573°C. 5 Figure
shows an overview of the most common thallium species.

100 °C
TL,0 RT TIOH
H,O

Figure 2.7: Overview of the most common thallium species and reactions

2.5.3 Previous single atom studies of thallium

Experiments to determine the volatility of thallium have been performed since the
1970s. B. Eichler found the adsorption enthalpy of carrier free thallium on SiOs-glass
to be (=112 + 5)kJ/mol. @™ When experimental investigations of the chemical
properties of nihonium were in preparation, the gas phase chemical behaviour of
the lighter homologue thallium became the focus of attention again. Thus in 2013,
A. Serov et al. conducted new experiments. They reported updated values for the
adsorption on quartz glass and (for the first time) gold surfaces. ™ The authors used
different reactive gases for their experiments on quartz glass and only found one
species. Based on their results and experimental conditions, the authors suggested
that OH groups were adsorbed onto the quartz columns used in the experiment,
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where they reacted with thallium to form TIOH. Consequently, they attributed the
determined adsorption enthalpy of (—134 + 5) kJ/mol to TIOH. ™! Online isothermal
vacuum chromatography measurements by P. Steinegger et al. yielded a value for
the adsorption enthalpy of (—158 £ 3)kJ/mol for elemental thallium on quartz glass.
Possible reactions of the metallic thallium with impurities and the quartz glass were
precluded by the authors.™ In 2018, L. Lens et al. showed new measurements
with the COMPACT detector behind TASCA. In this article, no new adsorption
enthalpy was reported; instead, a lower limit of 67kJ/mol was published. However,
the reported thallium deposition profile showed good agreement with the previous
measurements by P. Steinegger et al. ™ In newer measurements performed by C. Gut
et al. in 2023 two different thallium species with adsorption enthalpies of —90 kJ/mol
and —140kJ/mol were observed. ™ The authors did not clearly assign the values to
specific species. ™ J. Wilson et al. presented the most recent results from both IC
and TC measurements at the NRC10 conference in 2024. Several thallium species
were observed, with adsorption enthalpies ranging from —96 kJ/mol to —202kJ/mol.
However, a definitive assignment of these species has not yet been made. ™ All
experimentally determined adsorption enthalpies of thallium species on quartz glass
are shown in table 2.1l

Table 2.1: Overview of experimentally determined adsorption enthalpies of thallium species on
quartz glass, along with the corresponding chemical species.

species ads. enthalpy [kJ/mol] method source
Tl —112 £ 5 vac. chrom. B. Eichler 7374
TIOH —134 £5 gas chrom. A. Serov!™!
Tl —158 + 3 vac. chrom. P. Steinegger ™
TIX —90, —140 gas chrom. C. Gutl™
sev. species —96 — (—202) gas chrom. J. Wilson 78

Adsorption enthalpies were determined not only experimentally, but also through
theoretical calculations. In 2016, V. Pershina performed calculations for the adsorp-
tion enthalpy of thallium atoms on quartz surfaces, resulting in a theoretical value
of —150.2kJ/mol. ™ This was in good agreement with the most recent experimental
data at that time, reported by P. Steinegger et al. In 2022, new calculations were
published by M. Ilias and V. Pershina. These updated studies distinguished between
terminal, vicinal, and geminal OH groups on quartz surfaces (see chapter ,
thereby providing distinct adsorption enthalpies for differently hydroxylated surfaces

(see table . 80
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Table 2.2: Overview of calculated adsorption enthalpies of thallium species on quartz glass, along
with the corresponding chemical species. If different surface hydroxylation levels are considered,
the predominant adsorption site is indicated as follows: [G] for geminal OH groups, [V] for vicinal
OH groups, and [B] for bridged siloxane groups.

species ads. enthalpy [kJ/mol] method source
Tl —150.2 ADF BAND® V. Pershina™
Tl —20.1[G], —44.2[V], —80.9[B]  AMS BAND® M. Ilias &

TIOH —133.1[G], —157.0[V], —324.5[B] AMS BAND® M. Tlias®0

(1): theoretical calculation method

2.6 Column surfaces

The most common column material for thermochromatography is SiOy or metallic
surfaces like gold. In general, a suitable material should be non reactive to the gases
used as mobile phase but show a certain reactivity with the atoms and molecules
being investigated. 20T Knowing the exact composition of the surface used is
crucial for ensuring better predictions and interpretations of the experimental results.
Contaminations, cracks, and other impurities on the column surface can influence
the experiment, leading to different adsorption enthalpies. 225!

2.6.1 Quartz glass

Quartz has the chemical formula SiOs and consist of a three-dimensional covalently
bonded network of (SiO,)*"-tetrahedra 82 A distinction is made between crystalline
quartz and quartz glass (vitreous silica). First, both quartz types share the same
basic unit and the same O-Si-O bond angle (109.5°) inside the tetrahedral structure.
However, the Si-O-Si bond angle and the rotational angle between adjacent tetrahedra
differ. Crystalline quartz consists of a periodical network of the (SiO4)*~ tetrahedra
with a defined unit cell. For vitreous silica, there is no such defined unit cell. Instead,
the three-dimensional network is more 'random’ than in the crystalline structure.
This was first described by Zachariasen in 1932. 83 The differences between these
structures is shown in figure |2.8|
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Figure 2.8: Schematic 2-dimensional comparison of the structure of crystalline (left) vs. non
crystalline silica (right). Taken from Bl Reprinted with permission from Springer Nature.

The primary functional groups of vitreous silica are siloxane (Si-O-Si bridge) and
silanol groups (Si-OH). PIT#84E6 The siloxane groups are largely inert (m-bonding),
making them relatively irrelevant for determining the reactivity of the silica surface. 87
Silanol groups exist in several modifications with different stabilities (shown in figure
, depending on the temperature and humidity. Terminal silanol groups are
isolated OH-groups on the surface, while vicinal silanol groups are so close to each
other, that there can be a hydrogen bond between the two OH-groups. Geminal
silanols are structures with two OH-groups attached to one surface Si-atom. P1T%E5]

Siloxane (terminal) vicinal geminal
groups Silanol Silanol Silanol
H
~ 2l
o o O o] ~o” H\O OfH
W e 3 R | | él, N/
i i i i i Si i Si
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Figure 2.9: Siloxane groups (Si-O-Si) and various types of silanol groups (Si-OH) on the surface
of vitreous silicas.

The initial silanol concentration on vitreous silica is dependent on the glass manufac-
turing method. Using a hydrogen-oxygen flame to melt the quartz granulate results
in a higher silanol concentration on the surface, whereas electro-melting in a vacuum
leads to a lower concentration. B#88] Tt is possible to influence the silanol concentration
on the surface of the quartz glass. Heating the glass to 1000 °C for several hours in
a vacuum leads to the silanol groups splitting off water, resulting in a decrease of
the silanol concentration. ™8%88! Heating the quartz glass in the presence of water
vapour or hydrogen increases the amount of silanol groups (hydroxylation), which
also increases the reactivity of the surface. B89 These reactions allow controlling
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the reactivity of the surface and thus make it possible to explain the results of the
thermochromatography experiments.

2.6.2 Aluminium oxide

Aluminium oxide exists in seven different crystal structures, with « (corundum) and
~v-Al;O3 being the most relevant. Under ultra-high vacuum conditions, the most sta-
ble surface termination of a-Al,Oj3 is the Al-terminated surface. The hydroxylation
of a-Al;O3 is an exothermic process, meaning that corundum readily reacts with
water to form Al(OH)s on its surface. ®92 The kinetics of this reaction depend on
various factors, including temperature and the amount of available water. 193] The
resulting hydroxylated, oxygen-terminated surface exhibits reduced reactivity toward
water due to surface saturation, but enhanced reactivity toward metals owing to
the Lewis basicity of the hydrated layer. This hydroxylated surface is structurally
similar to y-Al(OH);. 0

As with quartz glass surfaces, the number of surface O-H groups on aluminium
oxide can be reduced by heating the material in an inert atmosphere. The dehydra-
tion process occurs in two steps: first, physically adsorbed water is removed from the
Al(OH)3 surface; second, chemically bound water is removed via breaking of O—H
bonds. The remaining Al-O groups undergo coordination changes, forming oxygen
bridges between aluminium atoms, analogous to siloxane bridges on quartz glass. 2
It remains unclear whether full dehydroxylation is achievable under experimental
conditions. ¥ The hydroxylation/dehydroxylation mechanism is illustrated in figure
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Figure 2.10: Hydroxylation/dehydroxylation process of a corundum surface. Taken from 192]
Reprinted with permission from Elsevier.

In the case of pure corundum with a single crystal modification, the hydroxylation
and dehydroxylation processes are relatively straightforward. However, the columns
used in this work are composed of sintered aluminium oxide, meaning that numerous
Al; O3 crystallites are fused at high temperatures. This results in a broad spectrum
of surface conditions. Consequently, the surface consists of different O-H group types,
each involving varying coordination environments with surrounding aluminium atoms.
These differing configurations require different temperatures for dehydroxylation.
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This complicates the prediction of the required dehydroxylation temperature and
the resulting degree of surface hydroxylation. P45

2.6.3 Methods for surface examination

As described previously, surface composition is one of the key parameters in gas
chromatography. Consequently, the analysis of the adsorbed species on the quartz
glass surface is of high importance.

A widely used technique for surface characterization is X-ray photoelectron spec-
troscopy (XPS). This method utilizes the photoelectric effect to determine the
characteristic binding energies of photoelectrons from specific elements, enabling the
identification of the sample’s composition. 2l However, XPS has certain limitations:
it cannot detect hydrogen atoms, and both siloxane and silanol groups exhibit very
similar binding energies, making their distinction challenging. Additionally, quartz is
a non-conductive material, which leads to charging effects during XPS measurements,
further complicating the analysis. Consequently, this method cannot directly deter-
mine the silanol concentration on quartz glass surfaces without additional effort. 7
In contrast, infrared (IR) spectroscopy has been successfully applied for quartz
glass characterization in the past, making it a promising alternative for surface
analysis. [B688:95]

IR spectroscopy is a well-established and widely used technique in chemistry. It is
based on the absorption of infrared radiation by chemical bonds, causing them to
vibrate. Different bonds absorb specific wavelengths, allowing qualitative analysis
of molecules and materials. Additionally, quantitative analysis is possible using the
Lambert-Beer law. 22190 The most common IR technique, and the standard method
for examining quartz glass, is transmission IR spectroscopy. 8898 Here, an IR beam
passes through the sample, with part of the light being absorbed. By comparing
the emitted and detected light, precise information about the sample composition
can be obtained. 88810 However, this method provides information about the bulk
composition of the sample rather than the surface properties.

An alternative approach is attenuated total reflectance IR spectroscopy (ATR-IR),
where an ATR element enables total reflection of the incoming IR beam. A sample
in close proximity to this ATR element interacts with the evanescent waves at the
interface, allowing spectral analysis. However, ATR-IR spectra can only be directly

compared to transmission spectra after additional, and often complex, data process-
ing, 102103

A particularly promising technique for quartz surface analysis is reflection—absorption
infrared spectroscopy (RAIRS). This highly sensitive optical method combines ele-
ments of both transmission and reflection IR spectroscopy. F0#208 Tnfrared radiation
is directed onto the sample at a specific angle and interacts with adsorbed species,
here, OH groups formed by the dissociative adsorption of water on the surface, before
being reflected. The beam then passes through the adsorbed species again. Each time
the beam interacts with the adsorbed species, specific wavelengths are absorbed by
chemical bonds. After reflection, the beam is detected. Additionally, a portion of the
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radiation is scattered rather than reflected, reducing the IR intensity that reaches the
detector. Therefore, it is essential to position samples consistently at the same angle
relative to the radiation source to ensure uniform scattering conditions. 10104106107
Figure2.11] illustrates the working principle of RAIRS.
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Figure 2.11: Principle of reflection—absorption infrared spectroscopy. The radiation passes through
two adsorbed species. Si-OH bonds absorb radiation at specific wavelengths, while some radiation
is scattered by the glass surface instead of being absorbed or reflected.

RAIRS offers several advantages over other spectroscopic methods. Since the IR
beam is reflected, only species on the surface contribute to the detected signal
(provided the beam reflects directly from the sample surface). Additionally, because
the absorption of IR radiation is measured, the resulting spectra are more directly
comparable to previously observed quartz glass transmission IR spectra. BS104106]
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Chapter 3

Experimental and methods

To investigate the chemical behaviour of thallium on different surfaces, a series
of preparative and analytical methods was employed. This chapter outlines the
surface modification and characterization of quartz glass as well as the experimental
procedures and evaluation methods used in the thermochromatographic studies of
thallium.

3.1 Examination of quartz glass surfaces

3.1.1 Modification of quartz glass surfaces with (heavy)
water

Quartz glass plates were modified and examined using RAIRS. The change in the
OH-ratio on the surface of the plates allows for the validation of the applied mod-
ification methods. A total of five quartz glass plates were prepared, a reference
sample, two samples modified at room temperature, and two samples prepared at
high-temperatures.

These plates (quartz type: ilmasil® PN) were purchased from the manufacturer
QSIL SE and cut to a size of 1 x 1 ¢m using a diamond saw. Two of these pieces
were placed in two beakers each and submerged in either distilled water or DO (pu-
rity: 100 Atom% D). The beakers were covered with inverted, slightly larger beakers.
Regular checks were conducted to ensure that the plates remained submerged; if
necessary, liquid was refilled. After 13 days, the plates were removed from the liquids,

carefully dried and subsequently examined using RAIRS (see chapter [3.1.2)).
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The following setup was used for high-temperature modifying of quartz glass surfaces.
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Figure 3.1: Schematic of the setup used for hydroxylation at high temperatures of quartz glass
plates. The water/D2O storage was placed inside a T-shaped aluminium tube.

An argon gas bottle (purity: 99.999%) was connected to the setup via polytetra-
fluoroethylene-tubes (PTFE-tubes). A needle valve and a mass flow meter (Merck,
Aalborg Digital Mass Flow Meter) controlled the argon gas flow rate. The inert gas
flow was split into two T-shaped aluminium tubes, each containing a small beaker
filled with either distilled water or D2O. A heating foil (Thermo TECH; 24 V, 30 W)
was wrapped around each T-shaped tube. By applying power to the foil, the tube
was heated, causing the liquid inside the beaker to slowly evaporate. The resulting
vapour was transported by the gas flow into two quartz glass tubes, which were
placed inside a tubular furnace (CARBOLITE GERO, EST 12/300B). Inside each
tube, two quartz glass plates were positioned. Potential impurities were adsorbed on
a cold quartz wool pluck at the beginning of the quartz glass tube.

The experiment was conducted over 13 days. To initiate the hydroxylation process,
the oven was heated to 1000°C and a gas flow rate of 60-70 ml/min was set. A power
supply was used to heat the foils up to 50-60 °C (H2O: 16.0V, 0.80 A; D,O: 14.5V,
0.68 A). The system was switched off overnight and on weekends, resulting in a total
time at reaction temperature of 70 hours. Regular checks ensured that the beakers
contained sufficient liquid at all times. After completion, the quartz plates were
removed from the tubes and examined using RAIRS (see chapter [3.1.2).

3.1.2 Surface examination of the quartz plates using
reflection-absorption infrared spectroscopy (RAIRS)

All RAIRS measurements were conducted at the Surface Science Laboratory at the
Technical University Darmstadt. A Fourier-transform infrared-vacuum-spectrometer
(Bruker Corporation, VERTEX 80) was used to measure the reflection-absorption
infrared spectra of the pretreated quartz glass plates (see chapter . In addition,
an untreated quartz glass plate was measured as well. The obtained spectra are
difference spectra between the untreated and treated samples. Accordingly, the
observed changes in intensity reflect differences in surface hydroxylation resulting
from the treatment. Table shows the parameters used for the measurement.
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Table 3.1: Parameters of the RAIRS measurements of the quartz glass plates.

Parameter Value
reflection angle 83°
pressure 2.4 mbar
number of scans 1000

3.2 Thermochromatographic studies of thallium

3.2.1 Pre-treatment of the chromatography columns

Several chromatography columns (quartz glass and aluminium oxide) were pre-treated
in preparation for gas chromatography experiments. Quartz glass columns were pur-
chased from QSIL SE (outer diameter: (6.040.2) mm, inner diameter: (4.040.2) mm,
length: (10004 1) mm), while the alpha-aluminium oxide columns were manufactured
by Kyocera (DEGUSSIT AL23; diameter: (6.0 £ 0.3) mm, length: (1000 & 10) mm).

The following setup was used for dehydroxylation of the quartz glass tubes:

\I

naeiilevaie quartz glass tube

O

f—

-

oven

Figure 3.2: Schematic of the setup used for dehydroxylation of quartz glass columns. The oven
used a built-in temperature sensor.

The argon flow was regulated using a needle valve and a mass flow meter before the
gas is directed straight into the columns for dehydroxylation. Up to five quartz glass
columns could be treated simultaneously. The columns were connected to the PTFE
tubes using push-in fittings made of polybutylene terephthalate. All columns were
placed inside a tubular furnace (THERMCONCEPT, ROS 105/900/12).

Similarly to the pretreatment of the quartz glass plates (see chapter , the exper-
iment was conducted over several days. The gas flow rate was set to 60—70 sccm/min.
The temperature was maintained for 5 hours per day, after which the oven was
gradually cooled down over several hours. To prevent unwanted hydroxylation
during cooling, the gas flow was never fully stopped and was set to 35 sccm/min
overnight. After 20 hours at 1000 °C, the treated quartz columns were exchanged.
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The alpha-aluminium oxide columns were baked out for 10 hours using the same
setup. Instead of the push-in fittings, BOLA PTFE screw-in tube fittings had to be
used to connect the aluminium oxide columns to the teflon tubes due to a slightly
greater wall thickness.

3.2.2 Thermochromatographic studies

The same setup was used for all thermochromatography experiments. It consisted of
a gas purification system followed by multiple ovens holding the chromatography
column. Behind the ovens, the column was water-cooled to establish a temperature
gradient along the column. A charcoal filter was placed at the end of the column
to prevent radioactive particles from entering the gas exhaust. A schematic of the
setup is shown in figure [3.3]
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Figure 3.3: Schematic of the thermochromatography setup used for examining the adsorption
enthalpy of different thallium species. This system includes various cartridges for gas purification,
a mass flow controller (MFC) and a pressure indicator (PI).

gas
purification
system

charcoal
filter

Gas was transported to the experiment using PTFE or stainless steel capillaries.
The connections were made with either push-in fittings composed of polybutylene
terephthalate, Swagelok compression fittings made of stainless steel or BOLA PTFE
screw-in tube fittings in the case of Aly,O3. Helium (Linde, purity > 99.9999%) was
used as the carrier gas for all experiments. The gas purification system consisted of
several cartridges designed to remove water and oxygen impurities. These cartridges
were all made by Agilent Technologies and were a Spectromol Oxysorb (HyO <
30 ppb and Oz < 5ppb), a Spectromol Hydrosorb (H,O < 20 ppb), a Big Moisture
Trap, Model BMT-4 (H,O < 5ppb) and a Big Oxygen Trap, Model BMT-4 (Oy <
1ppb). To control the gas flow of both helium and the reactive gas, two mass flow
controllers (MKS, 1179AX; 1179BX) were used, along with a digital power supply
and readout unit (MKS, PR400B).

For all experiments, the pre-treated columns described in chapter |3.2.1] were used.

To ensure a smooth temperature gradient, the columns were placed inside a long
copper tube with high thermal conductivity. This copper tube was inserted into a
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shorter ceramic tube, which improved the stability inside the ovens and prevented
heat emission from the tubes. The setup contained a total of three ovens. The first
oven was used for heating the catcher foil and releasing thallium from it (in the
following called catcher foil oven). The other two ovens were used for generating
the temperature gradient. All heating ovens were manufactured by Heraeus Hanau
(type B/A 1.7/10) and had a maximum temperature range of 900-1200°C. The
temperature of each oven was controlled by varying the applied voltage from the
associated power supply (Elektro-Automatik, Power Supply EA-PS 2042-20 B). At
the end of the copper tube, two connected copper tube coils with circulating water
were used to cool both the copper tube and the chromatography column to room
temperature. To trap any activity passing the entire column, an activated charcoal
filter was placed at the column’s exit. A mass flow meter (Merck, Aalborg Digital
Mass Flow Meter) was installed just behind the filter. By comparing its readings with
those of the mass flow controller, potential leaks in the system could be identified.
Finally, the gas leaving the setup was vented into a fume hood.

All experiments were conducted at the cyclotron of UJF in Rez. A gold foil (7 Au,
1.6-3.0mg/cm?) was irradiated for several hours with a *He beam (48 MeV; beam
current: 200-600nA). Carbon catcher foils (thickness: 75 um) were used to collect nu-
clear reaction products recoiling from the target. In alignment with the calculations
performed with the software LISEcute++ and the experimental data from 1! (see
appendix table , the primary thallium isotope produced was '**T1 (t1/,=1.16h),
with a smaller fraction of 0T1/"™T1 (t('9°T1); /o =1.84h; t(*?"Tl); o =1.41h).

In the following section, the procedures of the different experiments will be ex-
plained.

Determining the adsorption enthalpy of Tl in a pure helium atmosphere
(T1-He-300)

First, the ovens were switched on and heated by applying specific voltages to them

(table [3.2).

Table 3.2: Voltages applied to the different ovens during the experiment T1-He-300.

Oven Applied voltage [V]
Catcher foil oven 18.0
Gradient oven 1 14.9
Gradient oven 2 11.0

As soon as the temperature inside the copper tube was stable (Tiax = (398 £ 20)°C),
the carbon catcher foil was placed inside the pretreated quartz glass column (see
chapter . The foil was inserted far enough into the tube outside the ovens to
ensure that it would later be positioned precisely inside the catcher foil oven (12 cm
from the tube’s edge). The column was then connected to the PTFE tubes, and a
helium flow of 100 scem/min was selected using the mass flow controller. No reactive
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gas was added to the mobile phase. After flushing for 10 minutes, the column was
inserted into the copper tube until the catcher foil was positioned in the middle of
the catcher foil oven, marking the start of the experiment. During the experiment,
the gas flow was continuously monitored, fluctuating between 99 and 101 sccm/min.

After 90 minutes, the helium flow was switched off, and the column was removed
from the ovens through the cold end. The column was sealed using NMR-tube caps
and left to cool for a few minutes. It was then cut into sections of (4 £ 0.2) cm.
The first 12 cm of the column, including the catcher foil, were kept separately. A
HPGe detector (Ortec Detector GMX20P4-70), which had been energy-calibrated
beforehand with a '®2Eu source, was used to measure ~ spectra of the catcher foil
after heating, the charcoal filter, and each column segment. All samples were placed
in a 3D-printed sample holder to ensure consistend measurement geometry. While
the v spectra were being recorded, a second quartz glass column was placed inside the
ovens. After the establishment of the temperature gradient, a 1 m long thermocouple
(type K) attached to a readout unit (Omega, HH801B) was used to measure the
temperature gradient every 2 or 4 cm depending on the steepness of the gradient
inside the column.

Determining the adsorption enthalpy of Tl in a pure helium atmosphere
with a higher starting temperature (T1-He-700)

The procedure for this experiment was nearly identical to the previous one. However,
a temperature gradient starting at a higher temperature was chosen (Tj,.x = (643 +
40)°C). The voltages applied to the ovens are shown in table [3.3]

Table 3.3: Voltages applied to the different ovens during the experiment T1-He-700.

Oven Applied voltage [V]
Catcher foil oven 28.6
Gradient oven 1 21.0
Gradient oven 2 14.4

The catcher foil was inserted into a new, pretreated quartz glass column. After
flushing with helium, the column was also placed inside the ovens. The experiment
runtime was reduced to 60 minutes, with the gas flow fluctuating between 99 and
100 scem/min.

After the experiment was completed, the column was treated and measured as
described before. Additionally, sections that showed significant thallium deposition
on their surfaces were further divided in half and measured again with the HPGe
detector.
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Determining the adsorption enthalpy of Tl in a helium and oxygen
atmosphere (T1-O2-700)

The applied voltages and therefore the temperature gradient for this experiment
remained unchanged compared to the experiment T1-He-700. The catcher foil was
placed inside a new pretreated quartz column, and the PTFE tubes were attached.
The mobile phase consisted of a gas mixture of 80 sccm/min helium and 20 sccm/min
oxygen (Linde, purity > 99.995%). The experiment runtime was again 60 minutes,
with the gas flow fluctuating between 102 and 109 sccm/min.

After the experiment, the column was cut into sections and analysed using the
HPGe detector. The temperature gradient was determined using the thermocouple
and the readout unit.

Determining the adsorption enthalpy of Tl in a wet helium atmosphere
(T1-H20-700)

For this experiment, the gas purification system was removed from the setup. Instead,
a T-shaped tube equipped with a heating foil was installed between the mass flow
controller and the column (see chapter [3.1.1). A beaker filled with distilled water
was placed inside this tube. By applying a voltage of 16.0 V to the heating foil, the
tube was heated to approximately 55 °C, causing the water to slowly evaporate and
be transported by the helium flow (100 sccm/min) into the chromatography column.
The applied voltages for the ovens were the same as in the previous experiments. The
experiment runtime was 60 minutes. During the experiment, the gas flow fluctuated
between 101 and 104 sccm/min.

After stopping the gas flow and removing the quartz glass column from the ovens,
the measurement of the v spectra and the determination of the temperature gradient
were carried out in the same manner as in the previous experiments.

Determining the adsorption enthalpy of Tl in a pure helium atmosphere
on aluminium oxide (T1-He-700-A1203)

For this experiment, a pretreated a-Al,O3 column was used instead of a quartz glass
column. To attach the column to the Teflon tubes, BOLA PTFE screw-in tube
fittings were required, because of a slightly greater wall thickness of the a-Al;O3
columns. The rest of the setup, the mobile phase, and the applied voltages were
identical to those used in experiment Tl-He-700. The experiment runtime was 90
minutes, with the gas flow fluctuating between 100 and 101 sccm/min.

Unlike the quartz glass columns, the ceramic column could not be cut. Instead,

(2+ 0.2) cm segments were marked on the outer surface. Using a lead block (wall
thickness: around 7cm (sides) and 1cm (front)) with two round, opposing openings
as a collimator and the HPGe detector, the entire column was then scanned segment
by segment. During the measurement, the collimator shielded the whole column
with an exception of a 2cm opening in front of the detector, allowing to scan the
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segments. The collimator was tested beforehand using an '*?Eu source, to make
sure that the shielding, especially for lower energetic gamma rays, is adequate. To
determine the temperature gradient, another a-Al,O3 column was placed inside the
ovens before measuring the gradient with the thermocouple as described above.

Determination of the adsorption enthalpy of Tl in a pure oxygen atmo-
sphere (Tl-pure-O2-700)

This experiment was conducted during an additional beamtime. The applied voltages
remained unchanged, when compared to the previous measurements. The catcher
foil was again placed inside a pretreated quartz column, and the PTFE tubes were
connected. A flow of 100 sccm/min of oxygen (Linde, purity > 99.995%) was set for
the mobile phase. The experiment was carried out for 47 minutes, and the actual
gas flow was measured to be around 150 sccm/min.

After the experiment, the column was once again cut into 4 cm long pieces, which
were analysed using the HPGe detector. The temperature gradient was determined
using a thermocouple connected to the readout unit.

3.2.3 Evaluation process

As described in the previous chapter, v-spectra of the column pieces were recorded
during the experiments. These spectra represent the number of detected v-rays at
specific energies. By comparing the measured spectra with literature values for energy
and relative intensity, it is possible to identify isotopes based on their character-
istic y-ray emissions, thereby enabling an analysis of the samples isotope composition.

To prove that the desired isotopes were produced in the nuclear reaction as predicted
by the calculations (see table , it would be beneficial to analyse the vy-spectrum of
the catcher foil used in the experiment. However, it was not possible to record a spec-
trum of the catcher foil immediately after irradiation due to its high activity, which
resulted in a measurement dead time exceeding 78 %. Instead, figure presents
the y-spectrum of the column section located directly adjacent to the catcher foil
from the TIl-He-700 experiment after the experiment.

A reliable method for element identification in the spectrum is the analysis of
X-ray peaks, which appear as intense peaks at lower energies. Based on these X-ray
peaks, it can be concluded that only '%TI and °T1/19™T1 were present in the
analyzed column piece. The X-ray lines of %6T1/1%™T] are so close to those of
195T] that they cannot be resolved in the full spectrum. This result agrees well
with the theoretically calculated and experimentally determined isotope distribution
(see table[7.5)). Even the low-intensity '%T1 peaks (I, &~ 2 %), are observed in the
obtained y-spectrum. 19

In comparison to 9T, 9T1/19™mT] were produced in smaller quantities. Con-
sequently, the lower-intensity ~-rays of this isotope were too weak to be distin-
guished from the spectral background. ™ Therefore, only the most intense peaks of
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1961 /196m T (I > 10 %) are visible in the spectrum.
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Figure 3.4: Determined 7y-spectrum of the first four centimetres next to the catcher foil of the
TI-He-700 experiment. In the first spectrum, the X-ray section is shown. The second spectrum
shows the rest of the spectrum. The most significant peaks are assigned to their corresponding
isotopes. The characteristic annihilation peak at 511 keV is also visible.

Four distinct ~-ray lines (70keV, 426 keV, 563keV, and 884 keV) were analysed in
all acquired spectra to obtain thermochromatograms. The peaks were fitted using
a Gaussian function which was subsequently integrated. The integral included a
constant baseline correction under the assumption that the baseline on both sides of
the peak was of similar height. If this assumption was not valid, a manual baseline
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correction was applied. In such cases, a previously determined linear baseline was
subtracted from the peak before integration. An example of a Gaussian fit, including
the determined baseline, is shown in figure , for the 884keV (I, = 10.6 %) line
from the spectrum in figure [3.4]

860 870 880 890 900 910
E [keV]

Figure 3.5: Gaussian fit of the 884 keV line of the y-spectrum of the first four centimeters next to
the catcher foil of the T1-He-700 experiment.

Next, the obtained net peak areas, along with their respective uncertainties, were
normalized to the measurement time in seconds (live time), yielding the count rate
in counts per second (cps). Since the spectra were recorded over several hours,
radioactive decay during this period had to be accounted for. To correct for that
decay, the activities were extrapolated to the start time of the first measurement
using the exponential decay law. The errors associated with the start and stop times
were assumed to be negligible. Since all column segments were manually cut, an
uncertainty of +2 mm in segment length was assumed. This uncertainty was added
to the total error, leading to an approximate increase of 10% in the extrapolated
activity uncertainty. To ensure that no + lines of impurities overlapped with the
v lines of T1, several lines were evaluated. Only if all these lines showed the same
deposition distribution inside the column it was assumed that no significant nuclear
impurities were present. As described in chapter [3.2.2] some column segments were
divided in half if they exhibited significantly higher activity than adjacent sections.
Consequently, in these cases, the examined segments were 2 cm long instead of the
usual 4 cm. For a consistent evaluation, it was necessary to standardize all column
pieces to the same length. It was assumed that the activity within a given segment
was homogeneously distributed, allowing for a proportional division of both length
and activity for all 4 cm pieces. This approach enabled direct comparison of activity
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across all measured segments. For the T1-He-300, T1-He-700-A1203 and the Tl-pure-
02-700 experiments, the 426 keV line was used for comparison, because it was the
strongest line in case of the first experiment, respectively the line that was collimated
the best. For all other experiments the 884 keV line was used.

To determine the adsorption enthalpies of the deposited species inside the columns,
Monte Carlo simulations following Zvéra’s approach were performed.? Multiple
simulations were conducted, varying the adsorption enthalpy as a parameter. The
simulation that best matches the shape of the thallium deposition provides the
adsorption enthalpy. To choose the best fitting parameter, y? was determined for all
simulations. The C++ code used for the simulation was developed by Katharina
Hermainski. M The input parameters for each experiment are provided in the re-
spective chapters. The simulation was conducted only for the region between the
catcher foil and the end of the column, as transport and deposition of thallium in
the opposite direction were considered unlikely due to the prevailing gas flow.

Additional experimental parameters used in the Monte Carlo simulations were
also subject to uncertainties, leading to variations in the determined adsorption
enthalpy. To estimate the uncertainty of the adsorption enthalpy, input parameters
were systematically varied within their respective error margins.

In the first step, the uncertainty of the gas flow rate ) was considered. According to
the manufacturer, the mass flow meter used to measure the gas flow had an error of
1%. Adding this error to the observed fluctuations in gas flow during the experiments
yielded the upper and lower bounds for each experiment.

In a subsequent simulation, the influence of pressure was examined. Although the
system was assumed to be open to atmospheric pressure (1 bar), a possible increase
in pressure due to the charcoal filter and Teflon capillaries was considered, leading
to a maximum assumed pressure of 1.1 bar.

The residence time of thallium atoms inside the column was also investigated. The
evaporation of thallium atoms results in a distribution of residence times, depending
on when each atom is released. For the initial simulation, based on previous experi-
ments with polonium, it was assumed that the catcher foil required five minutes to
reach a sufficient temperature to release most of the thallium atoms. This assumption
was based on the fact that the column, including the catcher foil, was inserted into a
preheated oven, leading to rapid heating. Additionally, the total experiment duration
was taken into account. The full runtime was chosen as the upper limit, while half
of the runtime was considered the lower limit. These limits were set to account for a
probable gradual decrease in the number of evaporated atoms during the runtime of
the experiment

Another parameter subject to uncertainty was the inner radius of the columns.
The manufacturer specified the inner diameter as (44+0.2) mm for the quartz glass
columns. Consequently, the radius was assumed to be 2 mm, with an upper limit of
2.2 mm and a lower limit of 1.8 mm.

For conducting the Monte Carlo simulations, the temperature gradient of the experi-

ment was required. The uncertainty of this gradient was estimated based on multiple
factors. The given uncertainty for the thermocouple was +2°C, and the error for
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the readout unit was 0.05%. Thus, the overall uncertainty could not be smaller
than the sum of these two values. However, a comparison of different measurements
of the same temperature gradient (same oven currents/voltages) revealed larger
deviations. Additionally, the position of the thermocouple inside the column was
subject to uncertainties. In particular, small positioning errors had a significant
impact in the hotter regions of the column, where the temperature gradient was
steep. Consequently, an additional uncertainty was assumed for these areas. As
a result, the total uncertainty ranged from 4+ 40°C in the hottest regions of the
column to approximately 4+ 2°C at room temperature. Temperature gradients were
measured at intervals of two centimetres and interpolated using the Akima spline
method to obtain a continuous profile. The final temperature gradients are provided

in the appendix (see tables - .

The influence of all considered parameters on the adsorption enthalpy for each
experiment is summarized in the respective chapters. Since it is not entirely certain
which thallium species are present in the depositions and the molar mass of the
species has only a minimal impact on the Monte Carlo simulation, the molar masses
used in the simulation were based on the weights of the respective investigated
isotopes.
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Chapter 4

Results

4.1 Examining of quartz glass surfaces

As described in chapter [3.1.2] the surfaces of treated and untreated quartz glass
plates were examined using RAIRS. To compare the resulting spectra of the five
samples, the spectrum of the untreated quartz glass was used as a reference spectrum
for the other samples. Figure shows the respective differences of each spectrum
from the reference spectrum.
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Figure 4.1: Differential spectra of the four treated quartz glass samples compared to the untreated
sample as a reference. The most important peaks are labelled with their corresponding wavenumbers
and assigned vibrations.
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In the case of the sample treated with D,O vapour at high temperatures, the intensity
of the O-H stretching peak is considerably lower than in the reference spectrum, while
the O-D stretching peak intensity is significantly increased. However, the surface of
the glass sample treated with water vapour at high temperatures shows an decreased
O-H stretching peak intensity. In addition, the background at the O-D stretching
peak is slightly increased. This is observed in all of the remaining samples. The two
samples treated at room temperature both show an increased O-H stretching peak
intensity, with the one treated in the water bath exhibiting a stronger increase. Both
the CHy asymmetric and symmetric stretching peaks are slightly increased in all
samples.

4.2 Thermochromatographic studies of thallium

4.2.1 Determination of the adsorption enthalpy of thallium
on quartz glass in a pure helium atmosphere

Thallium evaporation at 300 °C (T1-He-300)

Thallium deposition was only observed in the column segment adjacent to the catcher
foil. It was therefore decided that further evaluation of this experiment was not
meaningful, as the measured activity was extremely low (0.055 £0.003 counts/s
for the 426 keV line). Compared to activities observed in other measurements, it
was concluded that the temperature of the catcher foil oven was likely insufficient
to evaporate a significant amount of thallium. Therefore, further evaluation is
not meaningful. The corresponding histogram as well as the obtained activity per
segment are shown in the appendix (see figures[7.1] and [7.2)).

Thallium evaporation at 700 °C (TI1-He-700)

The activity of each column segment was determined as described in chapter|3.2.3|
Compared to the previously discussed experiment, the activity measured here was
several orders of magnitudes higher. Consequently, it was assumed that the evapora-
tion of T1 atoms from the catcher foil was successful, allowing for further evaluation.
The used input parameters for the Monte Carlo simulation is shown in table[4.1]
Figure[d.2] shows the measured thallium depositions as well as the Monte Carlo
simulation.
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Table 4.1: Input parameters used for the Monte Carlo simulation to determine the adsorption
enthalpy of T1 on a quartz glass column in pure helium. Here, M is the molar mass of T1, Fy,,, the
fraction of helium in the mobile phase, p the density at the boiling point, ) the gas flow rate, r the
inner radius of the column, p the pressure inside the column, 7y the period of oscillation at the
surface, T the temperature, and t., the experiment duration. It was assumed that the catcher
foil required five minutes to heat up and evaporate thallium; therefore, the experiment duration
assumed for the simulation was reduced by five minutes.

Input parameter Value Reference
MT] 195 g/ mol -
Mo 4 g/mol -
Fop 1 -
P11 11.85 g/cm? (68]
PHe 0.125 g/cm? [112]
Q 100 sccm/min -
T 2 mm -
P 1 bar -
o0 0.2-10712 g1 1
T see table -
texp 3300 s -
T T T T T 700
[ 1Exp. ™5TI
Temperature [*C]
0.3 1 8§ MCS 1: -AHS%: = 123 kJ/mol| [ 600
8 MCS 2: -AHS%: = 185 kJ/mol
g - 500
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Figure 4.2: Thermochromatogram of T1 (884 keV line) on pretreated quartz glass columns in
a pure helium atmosphere at an evaporation temperature of 700 °C. The measured deposition is
represented by the light green bars, while the Monte Carlo simulation is illustrated by the darker
green, striped bars. The temperature gradient is shown in blue. To improve comparability between
the simulation and the experimental data, the simulated activity was scaled by the ratio of the
activity of the corresponding experimental peak to the total experimental activity. 0 cm corresponds
to position of catcher foil. No T1 was detected in the charcoal filter.
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Two distinct deposition zones were observed in the column. A sharp deposition peak
A was found at a column temperature of around 250 °C and has a relative intensity
of around 40%. The broader deposition peak B shows a deposition temperature at
its maximum height of around 460 °C and relative intensity of around 60%. Using the
parameters listed in table [£.1], the best fit between simulation and experimental data
was obtained for adsorption enthalpies of —123 kJ/mol and —185kJ/mol, respectively.
It is noteworthy that, especially for peak B, the simulation does not fully reproduce
the peak shape of the actual measured deposition.

Table shows the used lower and upper limits of all considered input param-
eters as well as the corresponding influence on the adsorption enthalpy.

Table 4.2: Parameters varied in the simulation, their respective values, and the deviation from
the with the most probable value determined adsorption enthalpy A(—AH,qs.) for experiment
T1-He-700.

Parameter  Input value  A(=AH.gea)[2%] A(=AH,g5)[ 2]

mol mol

Qlow 98 sccm/min 0 -1
high 101 scem/min 0 0
Phigh 1.1 bar 0 -1
texplow 1800 s 2 4
texp,high 3600 s 1 0
Tlow 1.8 mm 1 1
T'high 2.2 mm 0 -2
Tow see table -3 -4
Thigh see table 3 5

To determine the overall uncertainty of the adsorption enthalpy, all individual
deviations (table 4.2) were summed. The final adsorption enthalpies, including
uncertainties, are:

kJ
~AH,gs4 = 12372 ——
mol

K

~AH,ge5 = 18513, —

38



4.2.2 Determination of the adsorption enthalpy of thallium
on quartz glass in a helium and oxygen atmosphere
(T1-O2-700)

The evaluation of the v spectra was performed as described for the previous mea-
surements. The input parameters used for the Monte Carlo simulation are shown in

table 4.3

Table 4.3: Input parameters used for the Monte Carlo simulation to determine the adsorption
enthalpy of T1 on a quartz glass column in a helium-oxygen atmosphere. Here, M is the molar
mass of T1, Fy,, the fraction of helium in the mobile phase, p the density at the boiling point,
Q@ the gas flow rate, r the inner radius of the column, p the pressure inside the column, 7y the
period of oscillation at the surface, T' the temperature, and t.x, the experiment duration. It was
assumed that the catcher foil required five minutes to heat up and evaporate thallium; therefore,
the experiment duration assumed for the simulation was reduced by five minutes.

Input parameter Value Reference
MTI 195 g/mol -
Mie 4 g/mol -
Mo, 32 g/mol -
Fap 0.8 -
o1 11.85 g/cm?® [68]
PHe 0.125 g/cm? [112]
PO 1.141 g/cm? 3]

Q 100 sccm/min -
r 2 mm -
P 1 bar -
0 0.2-10712 g1 al
T see table -
Lexp 3300 s -
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Figure 4.3: Thermochromatogram of T1 (884 keV line) on pretreated quartz glass columns in
a helium-oxygen atmosphere. The measured deposition is represented by the light green bars,
while the Monte Carlo simulation is illustrated by the darker green, striped bars. The temperature
gradient is shown in blue. To improve comparability between the simulation and the experimental
data, the simulated activity was scaled by the ratio of the activity of the corresponding experimental
peak to the total experimental activity. 0 cm corresponds to position of catcher foil. No Tl was
detected in the charcoal filter.

Two deposition zones were found in the column in this experiment as well. The broad
deposition zone B at a column temperature of around 430 °C and a relative intensity
of around 72% was assigned to an adsorption enthalpy of —184kJ/mol. This species
shows the same broad deposition form as the one with a similar adsorption enthalpy
described in chapter The second deposition zone C' was detected at the very
beginning of the column, next to the catcher foil at a column temperature of around
530 °C with a relative intensity of around 28%. An absolute value for the adsorption
enthalpy cannot be given, as the deposition appears to be diffusion-controlled and
might occur at higher temperatures if the column were initially hotter. Instead, the
Monte Carlo simulation yields a limit for the adsorption enthalpy of —AH, 4. > 206
kJ/mol.

The error of the adsorption enthalpies were determined as described in chapter
3.2.3l The flow fluctuated between 102 and 109 scem/min. This slightly increased
flow rate is caused by the calibration of the mass flow meter that was done with
pure helium. Because oxygen has a higher mass, the mass flow meter overestimated
the actual gas flow. To account for this increased uncertainty, the lower and upper
limit of the gas flow was adjusted accordingly (see table .
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Table 4.4: Parameters varied in the simulation, their respective values, and the deviation from
the with the most probable value determined adsorption enthalpy A(—AH,qs.) for experiment

T1-02-700.

Parameter  Input value  A(—=AHuqq5)[-L]  A(=AHuas0) (2]

Qlow 90 sccm/min 0 0
Qhigh 110 scem/min 1 1
Phigh 1.1 bar 0 0
fexpilow 1800 s 4 4
texp,high 3600 s 1 1
Tlow 1.8 mm 1 2
Thigh 2.2 mm -1 -1
Tiow see table -4 -5
Thigh see table 5 6

Following that, the final adsorption enthalpies, including uncertainties, are:

k
_AHadS'B = 184J_r58) 7J
k mol
k
_AHadS'C > 1967J
’ mol

The large errors of the adsorption enthalpies are mainly caused by the high uncer-
tainties of the higher temperatures in the column (see chapter |3.2.3]).
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4.2.3 Determination of the adsorption enthalpy of thallium
on quartz glass in a wet helium atmosphere (T1-H20-
700)

The evaluation of the taken ~ spectra was performed as described for the previous
measurements. Again the 884 keV line was selected for determining the adsorption
enthalpies of the depositions (figure . The input parameters used for the Monte
Carlo simulation are shown in table .5

Table 4.5: Input parameters used for the Monte Carlo simulation to determine the adsorption
enthalpy of Tl on a quartz glass column in wet helium. Here, M is the molar mass of T1, Fy,, the
fraction of helium in the mobile phase, p the density at the boiling point, () the gas flow rate, r the
inner radius of the column, p the pressure inside the column, 7y the period of oscillation at the
surface, T the temperature, and t., the experiment duration. It was assumed that the catcher
foil required five minutes to heat up and evaporate thallium; therefore, the experiment duration
assumed for the simulation was reduced by five minutes.

Input parameter Value Reference
M 195 g/mol -
My, 4 g/mol -
Fap 1 -
o1 11.85 g/cm?® [68]
PHe 0.125 g/cm? [112]

Q 100 sccm/min -
r 2 mm -
P 1 bar -
0 0.2-10712 g1 [51]
T see table -
Lexp 3300 s -
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Figure 4.4: Thermochromatogram of T1 (884 keV line) on pretreated quartz glass columns in a
wet helium atmosphere. The measured deposition is represented by the light green bars, while the
Monte Carlo simulation is illustrated by the darker green, striped bars. The temperature gradient
is shown in blue. To improve comparability between the simulation and the experimental data, the
simulated activity was scaled by the ratio of the activity of the corresponding experimental peak to
the total experimental activity. 0 cm corresponds to position of catcher foil. No T1 was detected in
the charcoal filter.

For this experiment, one sharp deposition zone C' was found in the column at a
temperature of around 510 °C. This deposition was observed at the very beginning of
the column. As it was described in chapter [£.2.2] it is not possible to give an absolute
adsorption enthalpy for this species. Following that, the Monte Carlo simulation
reveals a limit for the adsorption enthalpy of —AH,4s. > 203kJ/mol. This is the
lowest enthalpy value at which all simulated particles remain in the first section of
the column.

The errors of the adsorption enthalpy were determined as described in chapter
3.2.3l The flow fluctuated between 101 and 104 sccm/min. This slightly increased
flow rate is mainly caused by the water vapour added to the mobile phase. To
account for this increased uncertainty, the lower and upper limit of the gas flow rate
was adjusted accordingly (see table .
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Table 4.6: Parameters varied in the simulation, their respective values, and the deviation from
the with the most probable value determined adsorption enthalpy A(—AH,qs.) for experiment
TI1-H20-700.

Parameter — Input value — A(—AHuqq0) 2]
Qlow 95 scem/min 0
Qnigh 105 scem /min 0
DPhigh 1.1 bar -1
fexp.low 1800 s 4
texp,high 3600 s 1
Tlow 1.8 mm 1
Thigh 2.2 mm -1
Tow see table (7.2 -5
Thigh see table 5

Following that, the final limit of the adsorption enthalpy, including uncertainties,
are:

k
_AHadS'C > 192 7(]
’ mol

The large error is mainly caused by the high uncertainties of the higher temperatures
in the column (see chapter [3.2.3]).
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4.2.4 Determination of the adsorption enthalpy of thallium
in a pure helium atmosphere on alpha-aluminium oxide
(T1-He-700-A1203)

Due to the wall thickness of the collimator, there is a small offset of 0.5 cm between
the positions the gamma spectra were measured and the measurement points of the
temperature gradient. Because the Monte Carlo simulation does not allow step sizes
smaller than 1 cm, the temperature gradient was interpolated for 0.5 cm steps (see
table . The input parameters used for the Monte Carlo simulation are shown in
table H.71

Table 4.7: Input parameters used for the Monte Carlo simulation to determine the adsorption
enthalpy of T1 on a a-Al;O3 column in a pure helium atmosphere. Here, M is the molar mass of TI,
Fip the fraction of helium in the mobile phase, p the density at the boiling point, @} the gas flow
rate, 7 the inner radius of the column, p the pressure inside the column, 7y the period of oscillation
at the surface, T' the temperature, and tex, the experiment duration. It was assumed that the
catcher foil required five minutes to heat up and evaporate thallium; therefore, the experiment
duration assumed for the simulation was reduced by five minutes.

Input parameter Value Reference
My 196 g/mol -
Mie 4 g/mol -
Fop 1 -
o1 11.85 g/cm? 168
PHe 0.125 g/cm? 12l

Q 100 sccm/min -
T 2 mm -
D 1 bar -
To 0.2-10712 57! 1
T see table -
texp 5100 s -
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Figure 4.5: Thermochromatogram of Tl (426 keV line) on a a-AlyO3 column in a pure helium
atmosphere. The measured deposition is represented by the light green bars, while the Monte Carlo
simulation is illustrated by the darker green, striped bars. The temperature gradient is shown in
blue. To improve comparability between the simulation and the experimental data, the simulated
activity was scaled by the ratio of the activity of the corresponding experimental peak to the total
experimental activity. 0cm corresponds to position of catcher foil. No T1 was detected in the
charcoal filter.

In this experiment two depositions zones, D and FE were found in the column. De-
position zone D was found at a column temperature of around 140 °C and has a
relative intensity of around 25%. In comparison, deposition zone E has a deposition
temperature of 260 °C and a relative intensity of around 75%. The adsorption en-
thalpies values from the Monte Carlo simulations are —106 kJ/mol and —138kJ/mol.
The error of the adsorption enthalpies were determined as describe before. All varied
parameters are shown in table[4.8|

46



Table 4.8: Parameters varied in the simulation, their respective values, and the deviation from
the with the most probable value determined adsorption enthalpy A(—AH,qs.) for experiment
TI-He-700-A1203.

Parameter  Input value A(—AHadS;D)[ﬂ] A(—AH,us.8) [ﬁ]

mol mol
Qlow 98 scem/min 0 0
Qnigh 102 sccm/min 1 1
Phigh 1.1 bar 0 0
Lexp low 3600 s -2 -1
texp,high 5400 s 0 1
Tlow 1.8 mm 0 1
Thigh 2.2 mm -1 -1
Tiow see table [7.3 -1 -1
Thigh see table [7.3 1 1

Following the varied parameters, the final adsorption enthalpies, including uncertain-
ties, are:

kJ

—AHL2% = 10615 —
ads; D —4 mol

kJ

—AHL2% = 13875 ——
ads; -3 mol
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4.2.5 Determination of the adsorption enthalpy of thallium
on quartz glass in a pure oxygen atmosphere (Tl-pure-
02-700)

The evaluation of the taken ~ spectra was performed as described for the previous
measurements. The input parameters used for the Monte Carlo simulation are shown
in table 4.9

Table 4.9: Input parameters used for the Monte Carlo simulation to determine the adsorption
enthalpy of T1 on a quartz glass column in a pure oxygen atmosphere. Here, M is the molar mass of
T1, Finp the fraction of helium in the mobile phase, p the density at the boiling point, () the gas flow
rate, r the inner radius of the column, p the pressure inside the column, 7 the period of oscillation
at the surface, T' the temperature, and t.., the experiment duration. It was assumed that the
catcher foil required five minutes to heat up and evaporate thallium; therefore, the experiment
duration assumed for the simulation was reduced by five minutes.

Input parameter Value Reference
MTI 196 g/mol -
Mie 4 g/mol -
Mo, 32 g/mol -
Fop 0 -
o1 11.85 g/cm?® [68]
PHe 0.125 g/cm? [112]
PO 1.141 g/cm? 3]

Q 100 sccm/min -
r 2 mm -
P 1 bar -
0 0.2-10712 g1 al
T see table -
Lexp 2520 s -
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Figure 4.6: Thermochromatogram of T1 (426 keV line) on pretreated quartz glass columns in a
pure oxygen atmosphere. The measured deposition is represented by the light green bars, while the
Monte Carlo simulation is illustrated by the darker green, striped bars. The temperature gradient
is shown in blue. To improve comparability between the simulation and the experimental data,
the simulated activity was scaled by the ratio of the activity of the corresponding experimental
peak to the total experimental activity. 0 cm corresponds to position of the catcher foil. No T1 was
detected in the charcoal filter.

One deposition zone was found in the column for this experiment. This deposition
zone F' at a column temperature of around 220°C was assigned to an adsorption
enthalpy of -123kJ/mol. This enthalpy is identical to the enthalpy of deposition
zone A, that was found in experiment Tl-He-700. However, the peak shape appears
to be much broader.

The errors of the adsorption enthalpy were determined as described in chapter
[3.2.3] The flow was measured to be around 150 sccm/min. The higher measured
flow rate can be attributed to the use of a mass flow controller calibrated for helium.
When used with oxygen, it overestimates the flow rate by a factor of 1.4. Therefore,
the actual flow rate corresponded to the anticipated value of around 100 sccm/min.
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Table 4.10: Parameters varied in the simulation, their respective values, and the deviation from
the with the most probable value determined adsorption enthalpy A(—AH,qs.) for experiment

Tl-pure-O2-700.

Following that, the final adsorption enthalpies, including uncertainties, are:

Parameter  Input value — A(—AH,q5p) [ ]
Qlow 93 scem/min -1
Qhigh 107 scem/min 2
Phigh 1.1 bar -1
esep.low 1410 s -3
texp,high 2820 s 1
Tlow 1.8 mm 1
Thigh 2.2 mm -1
Tiow see table [7.4 -1
Thigh see table [7.4 1

kJ
~AH,gs.p = 12372 —
mol
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Chapter 5

Discussion and interpretation of
the results

5.1 Examination of quartz glass surfaces

The evaluation of the obtained infrared spectra (see figure yields results that do
not align well with theoretical expectations in most cases, although some findings
did align with them. A lower peak intensity corresponds to a reduced concentration
of the respective species on the surface compared to the reference sample, whereas
a higher intensity indicates an increased concentration. As previously described, it
was assumed that the concentration of O-H and O-D groups on the surface would
increase for samples treated with (heavy) water vapour at elevated temperatures.
Consequently, it is plausible that the spectrum of the sample treated with D50
vapour (see figure , red line) shows a decreased intensity of the O-H stretching
peak and an increased intensity of the O-D stretching peak. In this case, part of the
hydrogen atoms would be replaced with deuterium, and new O-D groups would be
formed on the surface.

For the sample treated at high temperatures with water vapour (see figure
green line), an increased concentration of O-H groups would be expected. Instead a
decrease was found in the infrared spectrum. A possible explanation is that, under
the given experimental conditions, dehydroxylation and hydroxylation processes
occur simultaneously and compete with each other. Additionally, the quartz wool
plug used in the setup likely reduces the amount of water reaching the sample surface,
shifting the chemical equilibrium towards dehydroxylation.

The sample treated in a DyO bath (see figure blue line) exhibits a pronounced
O-H signal, which is unexpected under these treatment conditions. This signal is
likely caused by the adsorption of water from ambient air after treatment. In contrast,
the sample treated in a regular water bath (see figure [1.1] violet line) shows the
highest O-H group concentration among all samples. Since it is known from the D,O
bath-treated sample that the actual increase in surface hydroxylation is limited, the
observed O-H signal likely originates from physically adsorbed water rather than
chemically formed hydroxyl groups.
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In summary, the results of the RAIRS measurements generally not align with
theoretical expectations. As previously discussed, literature broadly agrees that the
degree of hydroxylation of quartz glass can be modified using the methods applied
in this study. ®¥8 This was confirmed only for the sample treated with D,O at high
temperatures. The decrease in O-H concentration observed for the high-temperature
H50 treatment may be explained by the reduced water availability at the surface.
Moreover, the sensitivity of the RAIRS method to the exact positioning of the
sample within the spectrometer may contribute to the observed deviations, as even
minor misalignments can significantly affect the recorded spectra. Nevertheless,
the pronounced spectral changes observed in the treated samples indicate that the
surface modification method is effective and detectable via RAIRS, particularly
when compared to a reference sample. However, more measurements to confirm
the effectiveness of the RAIRS method are needed to develop a more robust and
error-resistant procedure for sample analysis, which is essential to improve reliability
of the quartz glass surface analysis.

5.2 Thermochromatographic studies of thallium

5.2.1 Determined adsorption enthalpies of thallium species
on quartz glass

The goal of these experiments was to determine the adsorption enthalpies of various
thallium species on quartz glass. In three experiments on quartz glass, a total of five
adsorption enthalpy values were measured. Considering the respective uncertain-
ties, it was found that some adsorption enthalpies values overlapped within error
margins, resulting in three distinct values: —123 + 5kJ/mol, —185*1*kJ/mol and
< —192kJ/mol (see chapter [1.2)). In the following (and also in the chapter 'Results’),
these enthalpies will be referred to as A, B, and C. Also the Tl-pure-O2-700 exper-
iment yielded an adsorption enthalpy of —123 kJ/mol but exhibited a very broad
deposition zone. Since the peak shape differed significantly from that observed for
A, this deposition was attributed to an additional species, hereafter referred to as F.
Table provides an overview of the identified deposition peaks along with their
corresponding adsorption enthalpies on quartz glass.

Table 5.1: Summary of the determined deposition peaks with corresponding deposition temperature
and adsorption enthalpy on quartz glass as well as the gas phase composition.

Experiment gas phase dep. temp. [°C] —AH,qs [kJ/mol] peak

TI-He-700 He ~ 250 123+5 A
T1-He-700 He ~ 460 18513, B
T1-02-700 He + O, ~ 430 18475 B
T1-02-700 He + O, ~ 530 > 196 C

TI-H20-700  He 4+ H,0O ~ 510 > 192 C

Tl-pure-02-700 O, ~ 220 12375 F
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The observation of three (respectively four) distinct adsorption enthalpies suggests
the presence of three (four) different thallium species in the experiments, indicating
that the initially formed thallium atoms must have undergone chemical reactions to
form additional species. Potential reaction partners could, in principle, be present
either on the column surface or in the gas phase.

Adsorption enthalpy A was solely determined from the T1-He-700 experiment. The
absence of reactive gases and the use of less reactive (pretreated) quartz columns in
this experiment was intended to prevent thallium atoms from undergoing chemical
reactions and forming new species. However, a second deposition peak corresponding
to adsorption enthalpy B was also observed, implying the presence of a second species
and, consequently, reactive components within the column during the experiment.
This suggests that enthalpy A is unlikely to correspond to elemental thallium due to
its high reactivity towards these components. The measured adsorption enthalpy
—12345kJ /mol is in good agreement with the literature value of —134+5kJ/mol, !
which has been attributed to thallium hydroxide.

Completely eliminating potential impurities from the experimental setup is nearly
impossible. Given that thallium is highly reactive (see chapter and reacts
readily with even trace impurities, it is likely that the measured adsorption enthalpy
corresponds to thallium hydroxide, which may have been formed through reactions
either with impurities in the gas phase or with residual active groups on the treated
surface. A minor discrepancy was observed between the peak shape of the actual
measured deposition and the Monte Carlo simulation. This can be attributed to
the fact that the thallium evaporation was not instantaneous (as assumed in the
simulation); instead, atoms were continuously released as the catcher foil was heated.
Consequently, retention times within the column varied among individual atoms.
A broad distribution of retention times, which influenced the peak shape of the
experimental data, must therefore be assumed. These effects could not be incorpo-
rated into the simulation, as the exact distribution of residence times was unknown.
Accounting for these effects would likely have resulted in a broader simulated peak.

However, this effect does not explain the discrepancy between the actual and sim-
ulated peak shape of deposition peak B. The species with adsorption enthalpy
B exhibits a very broad deposition peak, making it difficult to simulate using the
standard Monte Carlo approach. It is well established that deposition patterns
can broaden when chemical reactions occur during an experiment. 14116 Moreover,
enthalpy B does not correspond to any published literature value (see table [2.1)),
complicating its assignment to a specific species. The occurrence of the broad peak
in the experiment with added oxygen implies that it is caused by an oxide species.
Following that, the peak in the experiment with pure helium could be caused by
oxygen impurities in the gas phase or on the column surface or surface modifications
due to the oxygen. As discussed in chapter [2.5] several thallium oxide species are
known. The most stable and common oxides, Tl,O and T1;03, both contain two
thallium atoms per molecule. Thermochromatography is a single-atom technique
that detects individual thallium atoms. As the probability of atomic interactions is
negligible, the formation of multi-thallium species can be ruled out. Consequently,
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these oxides can be excluded as possible candidates for adsorption enthalpy B. How-
ever, certain mono-thallium oxide species are known. For example, TIO is stable
only in the gas phase, which suggests that it could exist under the experimental
conditions. Its general instability may account for the broad shape of the deposition
peak, provided that a transport reaction is involved in the process. TIOO represents
another possible mono-thallium oxide species. Thus, the peak shape of B could be
explained by the formation of one or several different thallium species, most likely
oxides.

Alternatively, another explanation for the broad deposition observed for B is possi-
ble. In the Tl-He-700 experiment, the amount of gas-phase impurities should have
been sufficiently low that reactions with the hot surface represent the more likely
pathway for reactions of previously elemental thallium. This would imply that B
could correspond to a reaction zone where elemental thallium interacts with residual
reactive groups on the quartz surface. Although the pretreatment of the columns
significantly reduces the concentration of O-H groups, it is unlikely that the surface
was completely dehydroxylated. If the formation of a more volatile species, such
as TIOH occurs the species would then desorb from the surface and be detected
in deposition zone A. Other, less volatile species would remain adsorbed on the
surface at higher temperatures. Given the available data, it is not possible to conclu-
sively clarify the origin of deposition zone B. A mixture of different species cannot
be excluded, nor can the presence of a reaction zone between thallium and the surface.

Adsorption enthalpy C was identified in experiments involving either a helium-
oxygen mixture or wet helium. As previously discussed, it was assumed that thallium
would react with water to form thallium hydroxide. Consequently, adsorption en-
thalpy A was expected to appear in the TI-H20-700 experiment as well. However, no
deposition of thallium hydroxide was detected. According to macroscopic chemistry
experiments with thallium, thallium hydroxide should have been present under these
conditions (see chapter 2.5)). Instead, the position of deposition zone C' directly
adjacent to the catcher foil suggests that the thallium species, once evaporated, was
immediately immobilized upon first contact, presumably as a result of a chemical
reaction with the hot surface. The resulting thallium species became strongly bound
to the surface, most likely through a bond between thallium atoms and oxygen atoms
on the quartz surface. All experiments in which deposition zone C' was observed
likely involved the presence of water. In the TI-H20-700 experiment water vapour
was added intentionally and in the T1-O2-700 experiment, it can be assumed that
water was present as an impurity in the oxygen gas. Therefore, it appears reasonable
to assume that water increases the reactivity between thallium and the hot quartz
surface, thereby enabling the formation of strong surface bonds.

Based on this assumption, the question arises why deposition zone C' was not detected
in the Tl-pure-O2-700 experiment. The obtained data suggest that with increasing
oxygen content, a growing proportion of the initially bound species was desorbed
from deposition zone C' and redeposited further downstream at deposition zones B
or F', respectively. This indicates that oxygen participates in the desorption process
of a thallium oxide, potentially enabling the cleavage of the strong T1-O-Si bonds
through oxidative mechanisms. These observations point to a complex interaction
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system involving thallium, the quartz surface, and the reactants water and oxygen,
which can be influenced by small changes in experimental conditions.

An unambiguous assignment, of deposition zones C, F', and (as discussed previ-
ously) B based on the available results is not possible. Even though there are
indications pointing toward specific species, alternative interpretations cannot be
excluded. The strongly bound species associated with peak C' could correspond to ele-
mental thallium chemisorbed onto the surface, but strongly bound hydroxide or oxide
species are also conceivable. Adsorption enthalpy F' could potentially be assigned to
thallium hydroxide, similar to enthalpy A, but due to the broad deposition zone, the
existence of another species with a coincidentally similar adsorption enthalpy cannot
be ruled out. Further experiments are required to achieve a definitive assignment.

Comparing these results to the literature data (see chapter does not yield
a clearer picture of single-atom thallium chemistry. As described earlier, the as-
signment of deposition zone A to TIOH was already proposed by Serov et al. ™!
The experimentally determined adsorption enthalpy of —123 + 5 kJ/mol for this
species is in good agreement with the value calculated by Ilias and Pershina for
TIOH adsorbed on geminal OH groups on quartz glass. B The adsorption enthalpies
determined for the other species, however, do not match any values reported in the
literature. This underlines the necessity of further experiments to allow for definitive
assignments. Notably, the most recent studies also reported similar difficulties in
assigning adsorption enthalpies to specific species. T8l

5.2.2 Determined adsorption enthalpies of thallium species
on alpha-aluminium oxide

As mentioned in chapter [2.6.2] the columns for the experiments on corundum were
composed of sintered aluminium oxide, resulting in a rougher and thus larger surface
area. This raises the question of whether such surface characteristics significantly
influence the adsorption process and therefore shifts the obtained adsorption enthalpy.
However, accompanying investigations (see appendix section indicate that this
effect is minor and can be neglected within the scope of the experimental uncertainties.
It is therefore useful to compare the results from the experiment using a-aluminium
oxide columns with those of the T1-He-700 experiment, as all experimental conditions
except for the column material were identical. While two distinct deposition peaks
(A and B; see chapter were observed on quartz glass, two corresponding
depositions peaks (D and E) were also identified on a-aluminium oxide. The
associated adsorption enthalpies were —10673 kJ /mol for peak D and —13813 kJ/mol
for peak E. Table [5.2| provides an overview of all identified deposition peaks along
with their corresponding adsorption enthalpies on aluminium oxide.
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Table 5.2: Summary of the determined deposition peaks with corresponding deposition temperature
and adsorption enthalpy on aluminium oxide as well as the gas phase composition.

Experiment gas phase dep. temp. [°C] —AH,qs [kJ/mol] peak

TI1-He-700-A1203 He ~ 140 10613 D
Tl-He-700-A1203 He ~ 260 13813 E

As in the case of quartz glass, the presence of two deposition zones implies the
presence of two thallium species. Given thallium’s high reactivity toward trace
impurities, it is reasonable to assume that these species were formed through reac-
tions with residual gases or surface functionalities in the column. Consequently, the
observed species are not elemental thallium. Since the experimental parameters were
identical, it is further assumed that the same thallium species were deposited in both
experiments. Deposition peak D was therefore assigned to TIOH, while peak F could
be conclusively attributed to a less volatile oxidized T1 species (see chapter .
It is noteworthy that the adsorption enthalpies obtained on a-aluminium oxide are
shifted to lower values compared to those on quartz glass. Since these are the first
thermochromatographic experiments with thallium on a-aluminium oxide, there are
no existing literature data for direct comparison. To further investigate the influence
of a-aluminium oxide on the adsorption behaviour of thallium species, additional
experiments using this material are recommended. Repeating the measurements
under the same conditions as for quartz glass columns would enable a direct com-
parison between the two substrates. Identifying systematic trends could improve
the predictive power for future studies involving lighter homologues or superheavy
elements themselves.
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Chapter 6

Summary and outlook

The first part of this thesis focused on the chemical treatment of quartz glass plates
with the aim of either hydroxylating or dehydroxylating their surfaces and identifying
a suitable method to examine the resulting surface groups. Since X-ray photoelectron
spectroscopy (XPS) did not yield the desired results, reflection—absorption infrared
spectroscopy (RAIRS) was employed. The observed behaviour of the quartz glass
surfaces did not fully align with the theoretical expectations for hydroxylation and
dehydroxylation. The decrease in O-H group concentration in a sample presumed to
undergo hydroxylation suggests that, at elevated temperatures, the hydroxylation
and dehydroxylation processes behave as a chemical equilibrium. Thus, a sufficient
partial pressure of water is likely required to shift the equilibrium more towards
surface hydroxylation. RAIRS has been identified as a promising technique for
the future characterization of hydroxylation states on quartz surfaces. To validate
its applicability, additional measurements are planned, starting with a systematic
investigation of the dehydroxylation process. Several samples will be heated in an
inert gas atmosphere at 1000 °C for varying durations. This simpler reaction, without
a competing hydroxylation process, will allow for validation of the RAIRS method
based on the observable trend of dehydroxylation on the examined sample surfaces.
Another promising technique for the characterization of quartz surfaces is ultraviolet
photoelectron spectroscopy (UPS). Measurements using that analytical method are
planned as well.

The second major part of this thesis focused on the thermochromatographic deter-
mination of adsorption enthalpies of various thallium species on quartz glass and
a-aluminium oxide. On quartz glass, a total of six deposition peaks was observed,
corresponding to three (four) distinct adsorption enthalpies. The theoretical assump-
tion that thallium is highly reactive towards even trace impurities was confirmed, as
no elemental thallium was detected in any of the experiments. The species with an
adsorption enthalpy of —123+5kJ/mol is in good agreement with the literature value
of —13445kJ/mol for TIOH and is thus also assigned to TIOH. ! A second, broader
deposition peak with an adsorption enthalpy of (—1857%) kJ/mol was not assigned
to a specific species. Instead, the possibility of a mixture of different thallium oxide
species or the presence of a reaction zone on the quartz column was discussed. A
third thallium species, with an estimated adsorption enthalpy of > —192kJ/mol,
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could only be reported as a lower limit due to its proximity to the catcher foil. Based
on its position and the experimental conditions, this species was attributed to a
thallium compound strongly bound to the surface. The results suggest a complex
and sensitive system involving multiple thallium species, the precise nature of which
remains to be clarified in future investigations.

In the experiment using an a-aluminium oxide column, two deposition zones were
identified. Since the experimental conditions were identical to those of one of the
quartz glass column experiments, in which two species were also observed, it was
assumed that the same species were deposited. To gain a better understanding of
how adsorption enthalpies of thallium (or other elements) differ between quartz glass
and a-aluminium oxide surfaces, additional thermochromatographic measurements
using corundum columns are recommended. Such data could support more reliable
predictions in future experiments, particularly those involving lighter homologues
or superheavy elements. The obtained adsorption enthalpies and the observed com-
plexity of the thallium species system provide valuable insights into the chemistry
of single thallium atoms. Thallium has been the subject of considerable scientific
debate in recent years, and the findings presented here confirm the high complexity
of its chemical behaviour. Additional measurements will be essential to obtain a
more comprehensive and conclusive understanding. It may also be beneficial to
complement chromatography experiments with ultra micro quantities (picogram to
microgram) of specific thallium compounds. By starting with a known species (e.g.
thallium hydroxide) a more systematic overview of the expected deposition behaviour
of the compound can be obtained.
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Chapter 7

Appendix

7.1 Evaluation of the TI-He-300 experiment
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Figure 7.1: Thermochromatogram of T1 (426 keV line) on pretreated quartz glass columns in a
pure helium atmosphere at 300 °C evaporation temperature. The measured deposition is represented
by the light green bars, while the Monte Carlo simulation is illustrated by the darker green, striped
bars. The temperature gradient is shown in blue. To improve comparability between the simulation
and the experimental data, the simulated activity was scaled by the ratio of the activity of the
corresponding experimental peak to the total experimental activity. 0 cm corresponds to position of
catcher foil. No T1 was detected in the charcoal filter.
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Figure 7.2: Histogram of the deposited activity of thallium isotopes on a preheated quartz glass
column at a starting temperature of 300°C.

7.2 Temperature gradients

Table 7.1: Interpolated temperature gradient for experiment T1-O2-700 and TI1-He-700. The
temperature was measured every second centimetre. The remaining values were interpolated using
the Akima Spline method. Ty, and Tiax describe the lower and upper limit of the error interval
of the measured temperature (see chapter

position [em| T [K] T K] Tmax [K]

0.0 320.75  280.75 360.75
1.0 301.31  261.31 341.31
2.0 340.75  300.75 380.75
3.0 450.98  410.98  490.98
4.0 596.25  556.25 636.25
5.0 783.15  743.15 823.15
6.0 902.75  862.75 942.75
7.0 906.44 866.44  946.44
8.0 909.75  869.75 949.75
9.0 913.44 873.44  953.44
10.0 912.19 872.19 952.19
11.0 857.67  822.67  892.67
12.0 813.05  783.05 843.05
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position [em| T [K]  Tin K] Tmax [K]

13.0 805.93  780.93 830.93
14.0 799.25  779.25 819.25
15.0 792.92  772.92 812.92
16.0 786.45  766.45 806.45
17.0 77837  758.37 798.37
18.0 769.35  749.35 789.35
19.0 758.95  738.95 778.95
20.0 746.35  726.35 766.35
21.0 731.81 714.81 748.81
22.0 716.75  701.75 731.75
23.0 699.81 687.81 711.81
24.0 681.85  671.85 691.85
25.0 665.24  655.24 675.24
26.0 648.85  638.85 658.85
27.0 632.94 622.94 642.94
28.0 617.65 607.65 627.65
29.0 604.69  594.69 614.69
30.0 993.25  583.25 603.25
31.0 582.11  575.11 089.11
32.0 572.05  566.05 978.05
33.0 563.66  558.66 568.66
34.0 556.45  551.45 561.45
35.0 549.57  544.57  554.57
36.0 542.85  537.85 247.85
37.0 536.68  531.68 541.68
38.0 5931.45  526.45 536.45
39.0 526.84 521.84 531.84
40.0 52226  517.26 527.26
41.0 517.70  512.70 522.70
42.0 513.15  508.15 518.15
43.0 508.62  503.62 513.62
44.0 504.11  499.11 509.11
45.0 499.59  494.59 504.59
46.0 495.05  490.05 500.05
47.0 490.04 485.04  495.04
48.0 484.22  479.22 489.22
49.0 AT7.71 47271 482.71
50.0 470.65  465.65 475.65
51.0 462.94 45794  467.94
52.0 454.71  449.71 459.71
53.0 446.45  441.45 451.45
54.0 438.65  433.65 443.65
55.0 431.27  426.27  436.27
56.0 424.02  419.02 429.02
57.0 417.01  412.01 422.01
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position [em| T [K]  Tin K] Tmax [K]

58.0 410.35 405.35  415.35
59.0 404.04 399.04  409.04
60.0 398.01  393.01 403.01
61.0 392.19  387.19 397.19
62.0 386.55  381.55 391.55
63.0 380.95  375.95 385.95
64.0 375.45  370.45 380.45
65.0 370.30  366.11 374.48
66.0 365.75  362.57  368.93
67.0 361.61  359.43 363.79
68.0 357.49  355.31 359.67
69.0 353.38  351.20 355.56
70.0 349.25  347.08 351.42
71.0 345.10  342.93 347.27
72.0 340.95 338.78 343.12
73.0 336.80  334.63 338.96
74.0 332.65 330.48 334.82
75.0 328.65  326.48 330.81
76.0 324.87  322.71 327.03
77.0 321.26  319.10 323.42
78.0 317.75  315.59 319.91
79.0 314.45  312.30 316.61
80.0 311.58  309.43 313.74
81.0 309.22  307.06 311.37
82.0 307.45  305.30 309.60
83.0 306.12  303.97  308.28
84.0 305.02 30287  307.18
85.0 304.14  301.98 306.29
86.0 303.45 301.30 305.60
87.0 302.89  300.74  305.04
88.0 302.36  300.21 304.51
89.0 301.83  299.68 303.98
90.0 301.25  299.10 303.40
91.0 300.51  298.36 302.66
92.0 299.65  297.50 301.80
93.0 298.89 296.74  301.04
94.0 298.45  296.30 300.60
95.0 298.30  296.15 300.45
96.0 298.25  296.10 300.40
97.0 298.25  296.10 300.40
98.0 298.25  296.10 300.40
99.0 298.24  296.09 300.39

100.0 298.25 296.10  300.40
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Table 7.2: Interpolated temperature gradient for experiment T1-H20-700. The temperature was
measured every second centimetre. The remaining values were interpolated using the Akima Spline
method. T,;, and Ti,.x describe the lower and upper limit of the error interval of the measured

temperature (see chapter
position [cm| T [K]  Toin K] Tmax [K]

0.0 321.85  281.85 361.85
1.0 400.85  360.85  440.85
2.0 479.85  439.85 519.85
3.0 958.85  518.85 998.85
4.0 637.85  597.85 677.85
5.0 809.80  769.80 849.80
6.0 981.75 941.75  1021.75
7.0 985.00 945.00  1025.00
8.0 988.25 948.25  1028.25
9.0 974.45 93445 1014.45
10.0 960.65 920.65  1000.65
11.0 880.50  845.50 915.50
12.0 800.35  770.35 830.35
13.0 792.05  767.05 817.05
14.0 783.75  763.75 803.75
15.0 775.85  755.85 795.85
16.0 767.95  747.95 787.95
17.0 757.05  737.05 777.05
18.0 746.15  726.15 766.15
19.0 731.75  T11.75 751.75
20.0 717.35  697.35 737.35
21.0 701.10  684.10 718.10
22.0 684.85  669.85 699.85
23.0 667.65  655.65 679.65
24.0 650.45  640.45 660.45
25.0 636.43  626.43 646.43
26.0 622.40 612.40 632.40
27.0 608.38  598.38 618.38
28.0 594.35  584.35 604.35
29.0 584.50  574.50 594.50
30.0 074.65  564.65 584.65
31.0 564.80  557.30 572.30
32.0 5954.95  548.95 560.95
33.0 5948.35  543.35 553.35
34.0 5941.75  536.75 546.75
35.0 5935.15  530.15 540.15
36.0 5928.55  523.55 933.55
37.0 524.18  519.18 529.18
38.0 519.80  514.80 524.80
39.0 515.43  510.43 520.43

75



position [em| T [K]  Tin K] Tmax [K]

40.0 511.05  506.05 516.05
41.0 506.65  501.65 511.65
42.0 502.25  497.25 507.25
43.0 497.85  492.85 502.85
44.0 493.45 488.45  498.45
45.0 487.15  482.15  492.15
46.0 480.85 475.85  485.85
47.0 474.55  469.55  479.55
48.0 468.25  463.25  473.25
49.0 461.03  456.03  466.03
50.0 453.80  448.80  458.80
51.0 446.58  441.58  451.58
52.0 439.35 434.35  444.35
53.0 432.33 42733  437.33
54.0 425.30  420.30  430.30
55.0 418.28  413.28  423.28
56.0 411.25 406.25  416.25
57.0 405.53  400.53  410.53
58.0 399.80 394.80  404.80
59.0 394.08  389.08 399.08
60.0 388.35  383.35 393.35
61.0 382.75  377.75 387.75
62.0 377.15  372.15 382.15
63.0 371.55  367.36 375.74
64.0 365.95  362.77  369.13
65.0 361.75  359.57  363.93
66.0 357.55  355.37  359.73
67.0 353.35 351.17  355.53
68.0 349.15  346.98 351.32
69.0 345.20  343.03 347.37
70.0 341.25  339.08 343.42
71.0 337.30  335.13 339.47
72.0 333.35  331.18 335.52
73.0 329.65 327.49 331.81
74.0 325.95  323.79 328.11
75.0 322.25  320.09 324.41
76.0 318.55  316.39 320.71
77.0 315.75  313.59 317.91
78.0 312.95  310.79 315.11
79.0 310.15  307.99 312.31
80.0 307.35  305.20 309.50
81.0 306.08  303.92 308.23
82.0 304.80  302.65 306.95
83.0 303.53  301.37  305.68
84.0 302.25  300.10 304.40
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position [em| T [K]  Tin K] Tmax [K]

85.0 301.85  299.70 304.00
86.0 301.45  299.30 303.60
87.0 301.05  298.90 303.20
88.0 300.65  298.50 302.80
89.0 300.45  298.30 302.60
90.0 300.25  298.10 302.40
91.0 300.05  297.90 302.20
92.0 299.85  297.70 302.00
93.0 299.70  297.55 301.85
94.0 299.55  297.40 301.70
95.0 299.40  297.25 301.55
96.0 299.25  297.10 301.40
97.0 299.20  297.05 301.35
98.0 299.15  297.00 301.30
99.0 299.10  296.95 301.25

100.0 299.05  296.90 301.20

Table 7.3: Interpolated temperature gradient for experiment T1-He-700-AI1203. The temperature
was measured every second centimetre. The remaining values were interpolated using the Akima
Spline method. T.;, and T, describe the lower and upper limit of the error interval of the
measured temperature (see chapter (3.2.3))

position [cm| T [K]  Toin K] Tmax [K]

0.0 369.65  329.65  409.65
0.5 371.85 331.85  411.85
1.0 378.87  338.87  418.87
1.5 389.11  349.11 429.11
2.0 400.95 360.95  440.95
2.5 415.80  375.80  455.80
3.0 436.76  396.76  476.76
3.5 464.80  424.80 504.80
4.0 500.85  460.85 540.85
4.5 561.47 52147  601.47
5.0 647.60  607.60 687.60
2.5 736.84  716.84 756.84
6.0 806.75  786.75 826.75
6.5 856.53  836.53 876.53
7.0 898.82  878.82 918.82
7.5 931.38 911.38 951.38
8.0 951.95 931.95 971.95
8.5 963.94 943.94  983.94
9.0 970.23  950.23 990.23
9.5 967.86  947.86 987.86
10.0 953.85  933.85 973.85
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position [em| T [K]  Tin K] Tmax [K]

10.5 931.40  921.40 941.40
11.0 906.99  896.99 916.99
11.5 882.59  872.59 892.59
12.0 860.15  850.15 870.15
12.5 837.61  827.61 847.61
13.0 814.49  804.49 824.49
13.5 795.16  785.16 805.16
14.0 783.95  773.95 793.95
14.5 779.61  769.61 789.61
15.0 777.08  767.08 787.08
15.5 775.04  T772.65 777.43
16.0 772.15  769.76 774.54
16.5 768.47  766.08 770.85
17.0 764.80  762.42 767.18
17.5 760.96  758.58 763.34
18.0 756.75  754.37  759.13
18.5 751.92  749.54 754.29
19.0 746.43  744.05 748.80
19.5 740.40  738.03 T42.77
20.0 733.95 731.58 736.32
20.5 727.12  724.75 729.48
21.0 719.83 71747  722.19
21.5 712.08  709.73 714.44
22.0 703.85  701.50 706.20
22.5 694.77  692.42 697.12
23.0 684.98 682.64  687.33
23.5 675.26  672.92 677.60
24.0 666.35  664.02 668.68
24.5 658.24  655.91 660.57
25.0 650.42  648.09 652.74
25.5 642.91  640.59 645.23
26.0 635.75  633.43 638.07
26.5 628.82  626.50 631.13
27.0 622.02 619.71 624.33
27.5 615.41 613.10 617.71
28.0 609.05  606.75 611.35
28.5 602.93  600.63 605.23
29.0 596.97  594.68 599.27
29.5 0991.16  588.86 593.45
30.0 585.45  583.16 o87.74
30.5 579.87  577.58 582.16
31.0 o74.47  572.19 976.76
31.5 569.32  567.03 571.60
32.0 564.45 562.17  566.73
32.5 5959.95 557.67  562.23
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position [em| T [K]  Tin K] Tmax [K]

33.0 5955.83  553.55 5958.11
33.5 5952.07  549.80 554.35
34.0 048.65  546.38 550.92
34.5 045.43  543.16 247.70
35.0 542.31  540.04 544.58
35.9 539.31  537.04 541.58
36.0 536.45 534.18 538.72
36.5 5933.66  531.40 935.93
37.0 530.92  528.65 5933.18
37.5 5928.28  526.02 530.55
38.0 525.85  523.59 528.11
38.5 523.56  521.30 525.82
39.0 521.31  519.05 923.58
39.5 519.11  516.85 521.37
40.0 516.95 514.69 519.21
40.5 514.82  512.56 517.08
41.0 512.70  510.44 514.96
41.5 510.58  508.32 0912.83
42.0 508.45  506.20 510.70
42.5 506.30  504.05 508.55
43.0 504.12  501.87  506.37
43.5 501.91  499.66 504.16
44.0 499.65  497.40 501.90
44.5 49721 49497  499.46
45.0 494.54  492.29 496.78
45.5 491.72 48947  493.96
46.0 488.85  486.61 491.09
46.5 486.01  483.76 488.25
47.0 483.10  480.86 485.34
47.5 479.99  477.75 482.23
48.0 476.55  474.31 478.79
48.5 472.83  470.59 475.06
49.0 469.03  466.79 471.26
49.5 465.21  462.98 467.44
50.0 461.45  459.22 463.68
50.5 457.75  455.52 459.98
51.0 454.06  451.83 456.28
51.5 450.36  448.14  452.59
52.0 446.65  444.43 448.87
52.5 442.88  440.66 445.10
53.0 439.06 436.84  441.28
93.5 435.23  433.02 437.45
54.0 431.45  429.23 433.67
54.5 42775 42554  429.96
55.0 42414  421.93 426.36
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position [em| T [K]  Tin K] Tmax [K]

95.5 420.64 418.43  422.85
56.0 417.25 415.04  419.46
96.5 413.96 411.76  416.17
57.0 410.75  408.54  412.95
57.5 407.58  405.38  409.79
58.0 404.45 402.25  406.65
58.5 401.31  399.11 403.51
59.0 398.20 39599  400.40
99.5 395.16  392.96 397.36
60.0 392.25  390.05 394.45
60.5 389.48  387.28 391.67
61.0 386.79  384.60 388.99
61.5 384.16 381.97  386.35
62.0 381.55  379.36 383.74
62.5 378.94  376.75 381.13
63.0 376.35 374.16 378.53
63.5 373.78  371.59 375.96
64.0 371.25  369.06 373.44
64.5 368.79  366.60 370.97
65.0 366.40  364.21 368.58
65.5 364.05 361.87  366.24
66.0 361.75  359.57  363.93
66.5 359.47  357.29 361.64
67.0 357.22  355.04  359.39
67.5 355.03  352.86 357.21
68.0 352.95 350.77  355.13
68.5 350.94  348.76 353.12
69.0 348.96  346.78 351.13
69.5 346.99  344.82 349.17
70.0 345.05  342.88 347.22
70.5 343.11  340.94  345.28
71.0 341.17  339.00 343.34
71.5 339.25  337.08 341.42
72.0 337.35  335.18 339.52
72.5 33549  333.32 337.65
73.0 333.66  331.49 335.82
73.5 331.85  329.68 334.02
74.0 330.05  327.88 332.22
74.5 328.26  326.10 330.43
75.0 326.50 324.34  328.66
75.5 324.76  322.60 326.92
76.0 323.05  320.89 325.21
76.5 321.40  319.24  323.56
77.0 319.83  317.67  321.99
77.5 318.32  316.16 320.48
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position [em| T [K]  Tin K] Tmax [K]

78.0 316.85  314.69 319.01
78.5 31542  313.27  317.58
79.0 314.06 311.91 316.22
79.5 312,77 310.61 314.93
80.0 311.55  309.39 313.71
80.5 310.41  308.26 312.57
81.0 309.35  307.20 311.50
81.5 308.34  306.18 310.49
82.0 307.35  305.20 309.50
82.5 306.33  304.18 308.49
83.0 305.34  303.18 307.49
83.5 304.49 30234  306.65
84.0 303.95 301.80 306.10
84.5 303.60  301.45 305.75
85.0 303.25 301.10 305.40
85.9 302.90  300.75 305.05
86.0 302.55  300.40 304.70
86.95 302.20  300.05 304.35
87.0 301.85  299.70 304.00
87.5 301.50  299.35 303.65
88.0 301.15  299.00 303.30
88.5 300.83  298.68 302.98
89.0 300.54  298.39 302.69
89.5 300.29 298.14  302.44
90.0 300.05  297.90 302.20
90.5 299.82  297.67  301.97
91.0 299.59 29744  301.74
91.5 299.37  297.22 301.52
92.0 299.15  297.00 301.30
92.5 298.94  296.79 301.09
93.0 298.74  296.59 300.89
93.5 298.54  296.39 300.69
94.0 298.35  296.20 300.50
94.5 298.16  296.01 300.31
95.0 29799 29584  300.14
95.5 297.85  295.70 299.99
96.0 297.75  295.60 299.90
96.5 297.70  295.55 299.85
97.0 297.67  295.52 299.82
97.5 297.66  295.51 299.80
98.0 297.65  295.50 299.80
98.5 297.65  295.50 299.79
99.0 297.64  295.49 299.79
99.5 297.64  295.49 299.79
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position [em| T [K]  Tin K] Tmax [K]
100.0 297.65  295.50 299.80

Table 7.4: Interpolated temperature gradient for experiment Tl-pure-O2-700. The temperature
was measured every second centimetre. The remaining values were interpolated using the Akima
Spline method. T.;, and Ty, describe the lower and upper limit of the error interval of the
measured temperature (see chapter

position [cm| T [K]  Toin K] Tmax [K]

0.00 308.55  268.55 348.55
1.0 305.14  265.14  345.14
2.0 315.55  275.55 355.95
3.0 331.09  291.09  371.09
4.0 377.85  337.85  417.85
5.0 545.80  505.80 585.80
6.0 750.05  710.05 790.05
7.0 904.18  864.18  944.18
8.0 1001.35 961.35  1041.35
9.0 1017.39  977.39  1057.39
10.0 1007.05  967.05  1047.05
11.0 990.69  955.69  1025.69
12.0 963.35  933.35 993.35
13.0 880.94  840.94  905.94
14.0 811.25  786.25 831.25
15.0 803.34  783.34  823.34
16.0 795.75  T75.75 815.75
17.0 785.86  765.86  805.86
18.0 775.15  755.15 795.15
19.0 762.49  742.49 782.49
20.0 748.55  T728.55 768.55
21.0 733.72  T716.72 750.72
22.0 717.15  702.15 732.15
23.0 698.04  686.04 710.04
24.0 678.85  668.85 688.85
25.0 660.97  650.97  670.97
26.0 643.35  633.35 653.35
27.0 625.82  615.82 635.82
28.0 609.75  599.75 619.75
29.0 597.16  587.16  607.16
30.0 586.65  576.65 596.65
31.0 976.25  569.25 583.25
32.0 566.25  560.25 572.25
33.0 556.96  551.96  561.96
34.0 5948.55  543.55 953.55
35.0 541.18  536.18 546.18
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position [em| T [K|  Toin K] Tmax [K]

36.0 534.95  529.95 539.95
37.0 529.48  524.48 534.48
38.0 524.55  519.55 529.55
39.0 520.00  515.00 525.00
40.0 515.75  510.75 520.75
41.0 511.79  506.79 516.79
42.0 507.85  502.85 512.85
43.0 503.95  498.95 508.95
44.0 500.05  495.05 505.05
45.0 49594  490.94 500.94
46.0 491.41  486.41 496.41
47.0 486.38  481.38  491.38
48.0 480.75  475.75  485.75
49.0 474.57  469.57  479.57
50.0 468.01  463.01 473.01
51.0 461.19  456.19  466.19
52.0 454.25  449.25  459.25
53.0 44710 44210  452.10
54.0 439.77  434.77 44477
55.0 43250 42750  437.50
56.0 42555  420.55  430.55
57.0 419.02  414.02  424.02
58.0 412.81  407.81 417.81
99.0 406.87  401.87  411.87
60.0 401.15  396.15  406.15
61.0 395.58  390.58  400.58
62.0 390.13  385.13  395.13
63.0 384.82  379.82 389.82
64.0 379.65  374.65 384.65
65.0 374.58  369.58  379.58
66.0 369.64  365.59  373.68
67.0 364.93  361.88  367.97
68.0 360.55  358.51 362.59
69.0 356.47  354.42 358.51
70.0 352.503  350.50  354.57
71.0 348.71  346.67  350.75
72.0 344.95 34291 346.99
73.0 341.18  339.14  343.21
74.0 33742 33539  339.45
75.0 333.81  331.78  335.84
76.0 330.45  328.42 332.48
77.0 327.38  325.35 329.40
78.0 324.46 32243  326.48
79.0 321.58  319.56  323.61
80.0 318.65  316.63  320.67
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81.0 315.56  313.54 317.59
82.0 312.39  310.37 31441
83.0 309.24  307.22 311.26
84.0 306.25  304.23 308.27
85.0 303.78  301.76 305.80
86.0 301.97  299.96 303.98
87.0 300.60  298.59 302.61
88.0 299.45  297.44 301.46
89.0 298.37  296.35 300.38
90.0 29737  295.35 299.38
91.0 296.48 29447  298.49
92.0 295.75  293.74 297.76
93.0 295.13  293.12 297.15
94.0 294.60  292.59 296.61
95.0 294.16  292.15 296.17
96.0 293.85  291.84 295.86
97.0 293.67  291.66 295.68
98.0 293.61  291.60 295.62
99.0 293.67  291.66 295.68
100.0 293.85  291.84 295.86

Table 7.5: Calculated and experimental isotope distribution from the reaction of a 48 MeV
3He beam and a '97Au foil. The calculations were made using the software LISEcute++. The
experimental data was taken from ref. £08I

Isotope calc. ratio exp. ratio calc. cross section [mb] exp. cross section [mb]

19571 85.9% 76.9% 1320 473 + 95
19677 8.9% 16.6% 134 102 + 20
1947 2.1% 6.5% 32.3 40+ 8
196 g 1.0% - 10.8 -

195 g 1.5% - 23.1 ;

193 Ay 0.4% - 7.69 _

192 Ay 0.2% - 4.62 ;
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7.3 Determination of the influence of the surface
roughness of different materials on the adsorp-
tion enthalpy

Experimental and methods

For quantification of the roughness of the surface of quartz glass and a-aluminium
oxide plates, surface roughness measurements were performed by Maxim Saifulin
at the Helmholtz Institute Mainz. A 100x magnification objective was used with
a KEYENCE VK-X3000 Series Confocal Laser Scanning Microscope. This setup
resulted in a measurement area of 144.7 um x 108.5 um on both the quartz glass
plates and the a-aluminium oxide plates. The samples were identical in material and
manufacturer to the columns used in the thermochromatography experiments (see
Chapters [3.1.1] and [3.2.1] respectively). Before evaluating surface roughness parame-
ters, the acquired topographical data was preprocessed by subtracting the mean plane
to correct for sample tilt, ensuring accurate analysis of the surface height distribution.

Further evaluation was done by Katharina Hermainski. A factor between the size
of the 'photographed’ surface excerpt and the ’actual’ size was calculated using the
software Gwyddion. Afterwards this factor was implemented into the C+4 code of
the Monte Carlo simulation as it was proposed by Zvéra. 5

Results

A comparison of the height profiles of the quartz glass and a-aluminium oxide plates
gives insight to the roughness of both materials. The taken images as well as the
corresponding height profiles of the surfaces are shown in figure [7.3]
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Figure 7.3: Laser scanning images and corresponding height profiles of a-aluminium oxide (left)
and quartz glass plates (right), measured using a CLSM by Maxim Saifulin. The height profiles
were plotted by Katharina Hermainski.

The determined surface roughness parameters, the seize of the 'photographed’ and

the ’actual’ surface as well as the calculated factors for both examined surfaces are
shown in table [7.6]

Table 7.6: Determined mean surface roughness parameters R, and S,, the mean area A of the
‘photographed’ and the ’actual’ surface as well as the calculated factors F for the a-aluminium
oxide and quartz glass plates. The evaluation was done by Katharina Hermainski.

Material R, [pm] Se [pm] Apic. [pm?]  Aper, [ppm?] F

Si04 0.0070£0.0003  0.0080£0.0003 15697 15797£20  1.006£0.001
a-Al,O3 0.411+0.02 0.429+£0.001 15697 19300+£200  1.23£0.01

Implementing the calculated factors into the Monte Carlo simulation and simulating
experiment TI-He-700 with the parameters shown in table |4.1] yields to the following
adsorption enthalpies.

kJ
A rough. — 194 =2
ads; A mol

kJ
—AH™EY — 186 ——
ads; B mol
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Discussion and interpretation of the results

By comparing the adsorption enthalpies determined in chapter (—123%3 kJ /mol
and 18572 kJ/mol) and the values from the previous chapter it becomes clear that
they fit well within the scope of the error. This means that the differing surface
roughness of the different materials is negligible in this case and the implementation of
the surface factor into the Monte Carlo simulation is not necessary for the evaluation.
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