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Abstract

Metal-organic frameworks (MOFs) offer a large application potential in various areas such as adsorption,
catalysis, and sensing. MOFs consist of metal ions connected by organic linker molecules and have gained
interest in recent decades due to their large surface area and variety of functional specifications. MOFs
exhibit interesting properties for gas storage and can be tailored to show ferromagnetism, even for such
high porosities. While many of these materials contain paramagnetic ions as major framework constituents,
electron paramagnetic resonance (EPR) investigations of MOF adsorption systems are often restricted to
powder materials since single crystals are only available in sub-millimeter sizes. However, elucidation
of the structure of those adsorption complexes requires knowledge about the orientation of the magnetic
tensors which can only be deduced from single crystal experiments. This work shows that it is feasible
to investigate small MOF crystallites by means of the widely used X-band EPR spectroscopy involving
sensitivity enhancing techniques, which are applied to a MOF investigation series for the first time.

This thesis highlights different approaches for the sensitivity enhancement, which have currently reached
an application level in EPR spectroscopy. First dielectric resonators (DRs) are employed in conventional
EPR sample tubes. This combination is inserted into cavity resonators with continuous-flow cryostats in
order to enhance the sensitivity of the EPR experiment significantly while still allowing for measurements at
non-ambient conditions in commercial spectrometers. The DRs have been found to enhance the signal by up
to a factor of 80. Second, the implementation of planar microresonators (PMRs) in commercial continuous
wave (cw) and pulsed EPR spectrometer setups is evaluated, revealing signal enhancements of more than a
factor of 51. These two methods are compared against other current developments in high sensitivity EPR,
and the selection of DRs for the present MOF studies is discussed.

Furthermore, this thesis summarizes the findings of DR-aided EPR investigations of paramagnetic Cu®*
ions in various MOFs. First the nature of a mononuclear Cu®* ion defect species in S[Cu'gCu"g(HZO)ng
Cly] was discovered. The study identified defective copper paddle-wheel (PW) units with one missing Cu®*
ion for the first time in MOFs. Second, the interactions between the Cu®* ions in Cug(btc), (HKUST-1)
and Cuy.9s5ZN0 035(btc), with adsorbed gas molecules was elucidated, which allowed for the description of
previously unknown structural data for the different adsorption states by identifying the magnetic tensor
orientations with respect to the crystal axes for the first time in MOFs. Third, the magnetic properties of
the SURMOF-2 thin film series were determined, revealing an unusual ferromagnetic phase. The thin film
material is thus found to be representative of one of the novel functionalized MOFs, and can be studied

effectively by the DR-aided cw EPR setup even for very small film thicknesses.
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Referat

Metallorganische Geriistverbindungen (engl. metal-organic frameworks (MOFs)) bieten vielfiltige Anwen-
dungsmdoglichkeiten in unterschiedlichen Bereichen, darunter bei der Trennung von Gasen oder als Kataly-
sator. Sie bestehen aus Metallionen, die iiber organische Molekiile verbriickt sind und konnten in den ver-
gangenen zwei Jahrzehnten wachsende wissenschaftliche Aufmerksamkeit erregen. Dies ist darin begriindet,
dass sie eine grofle innere Oberfliche und variable Funktionalisierbarkeit, beispielsweise fiir Ferromagneti-
ka, bieten. Da zudem MOF-Materialien bereits paramagnetische Ionen als maf3igebliche Geriistbestandteile
aufweisen, bietet die Paramagnetische Elektronenspin-Resonanzspektroskopie (engl. electron paramagnetic
resonance (EPR)) die Moglichkeit, MOF-Adsorptionssysteme effizient zu erforschen. Als problematisch
erwies sich jedoch, dass solche Untersuchungen auf Pulvermaterialien beschriankt blieben, da einzelne Kris-
talle zu geringe Spindichten aufweisen. Die vorliegende Dissertation zeigt auf, wie mit neuen Bauteilen an
iiblichen Spektrometern mit hoher Empfindlichkeit erstmals MOF-Einkristalle gemessen werden konnen.

Die vorliegende Arbeit beleuchtet dazu diverse Ansitze. Zunéchst werden Dielektrische Resonatoren (engl.
dielectric resonators (DRs)) mit hoher Permittivitit vorgestellt, welche in herkémmlichen EPR Rohrchen in
kommerziellen Hohlraumresonatoren eingesetzt werden konnen. Weil dies die Verwendung von Standard-
kryostaten ermoglicht, wird die Empfindlichkeit signifikant erhoht, ohne auf tiefe Temperaturen und Driicke
in kommerziellen EPR Spektrometern verzichten zu miissen. Die Empfindlichkeit kann um einem Faktor
von bis zu 80 erhoht werden. Des Weiteren wurde die Einbindung von Planaren Mikroresonatoren (engl.
planar microresonators (PMRs)) in EPR Spektrometer analysiert, wobei Verstarkungen um einen Faktor
von mindestens 51 erzielt wurden. Beide Methoden vergleicht die vorliegende Arbeit mit anderen neuen
und etablierten hochempfindlichen Messmethoden der EPR und diskutiert die Verwendung von DRs fiir
vorgenommene MOF-Untersuchungen.

SchlieBlich fasst diese Dissertation die Untersuchungen zusammen, welche mithilfe der DR an parama-
gnetischen Cu?* Tonen in diversen MOFs durchgefiihrt wurden. Hier konnten erstens die Eigenschaften
einer mononukleiren Cu®* Defektspezies in Og[Cu'gCu”g(HgO)g L>Clo] charakterisiert werden, wobei defekte
schaufelradformige (engl. paddle-wheel (PW)) Einheiten identifiziert wurden. Zweitens wurde die Wirkung
zwischen Cu?* Tonen in Cus(btc), und Cus gg5ZNng.035(btc)2 mit adsorbierten Gasen untersucht. Dies erlaubte,
zuvor unbekannte Strukturdaten unter Einfluss der verschiedenen Adsorbaten zu gewinnen, indem die magne-
tischen Tensororientierungen beziiglich des Kristallgitters erstmals in MOFs aufgelost werden konnten. Diese
Ergebnisse zeigen, dass konventionelle EPR Spektrometer trotz relativ niedriger X-Band Frequenzen durch
die Ausriistung mit DRs effizient fiir Einkristalluntersuchungen an MOFs benutzt werden konnen. Drittens
werden Experimente vorgestellt, bei denen die Eigenschaften von SURMOF-2 Diinnfilmen erforscht wurde.
Hier zeigte sich, dass eine ungewohnliche Kopplung in quasi-eindimensionalen Ketten eine ferromagneti-
sche Phase bei niedriger Temperatur und auch ohne externe Magnetfelder stabilisiert. Die charakteristische
Curie-Temperatur des Phaseniibergangs ist anomal hoch und kann zudem einfach durch die Wahl der organi-
schen Verbindungsmolekiile beeinflusst werden. Dies identifiziert die SURMOF-2 Familie als Vertreter der
neuartigen, funktionalisierten MOF-Materialien, welche ebenso durch die DR gestiitzte EPR selbst fiir sehr

diinne Schichtdicken untersucht werden konnen.
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1 New Frontiers in Sensitivity for EPR
Spectroscopy

1.1 Electron Paramagnetic Resonance of Crystalline Samples

In 1944, E. Zavoisky conducted the first experiment on paramagnetic relaxation, later more generally denoted
by electron paramagnetic resonance (EPR), in CuCl, - HoO in a magnetic field of 5.7 mT and detected by a
radio frequency (RF) of 150(5) MHz, at Kazan University in Russia. 11 Successive inventions for microwave
(mw) techniques such as radar helped to improve EPR spectroscopy significantly to nowadays spectrometers,
which are currently capable of utilizing superconducting magnets with several Tesla of magnetic field
strength and Terahertz radiation sources for excitation.!?! Despite the tremendous advancements that have
been made in increasing spectral resolution by increasing the average magnetic field strength and mw
frequency by four to six orders of magnitudes, compared to the experiment performed at Kazan more than
70 years ago, in principle, all EPR experiments still share that experiment’s underlying physics. A clear
majority of EPR spectroscopy even utilizes a similar instrumentation principle, the so-called continuous
wave (cw) EPR, even though pulsed EPR experiments have become readily available.>- In principle,
the nature of split energy levels of matter is obtained by radiating a paramagnetic sample exposed to a
known magnetic field with continuous or pulsed electromagnetic waves and observing the characteristic mw
power affected by absorption, free induction decays or spin echoes. From the various responses to these
advanced processes, a large amount of information on coordination, surrounding nuclei, and even dynamics
of unpaired electrons like radicals, 3! transition metal complexes, rare earth ions or triplet states,®10]

(12 or in biological matter like proteins can be obtained. !

dopants in semiconductors,!!! defect species,
Several other magnetic resonance techniques are closely linked to EPR, such as the older ferromagnetic
resonance (FMR) or — a link to nuclear magnetic resonance (NMR) — electron nuclear double resonance
(ENDOR). [1413]

In addition to spectral resolution, advancements in spin sensitivity represent another important milestone
for spectrometer development. Because sensitivity is a relevant issue for many applications, technical
improvements have been aimed at tackling the problem ever since. While it is true that in general, higher
frequencies increase the signal-to-noise ratio (SNR), the highest spin sensitivities are not only achieved
by ultra-high frequency EPR spectrometers.!'®! Considering reasonable cost efficiency, the peak of spin-
sensitivity versus frequency is further shifted to lower ranges if the general applicability, affordability, and
reproducibility for a wide range of laboratories is considered. One target for highly sensitive measurements

is given by single crystals, and while EPR spectroscopy of sufficiently large crystals has been done like many
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other spectroscopies for decades,!!”! the investigation of very small crystallites and thin films of porous,
low-density materials presents some challenges. Silica, zeolites and metal-organic frameworks (MOFs),
which frequently are investigated at relatively low mw frequencies of about 9 GHz at temperatures as low as
4.2 K, 118201 are not available in sufficient sizes but are often the subject of even more challenging adsorption
studies as powder materials. 21-23! This leaves a number of open questions: in principle, cw and pulsed EPR
spectroscopy of paramagnetic centers in disordered materials allow for the measurement of the principal
axis values of the magnetic interaction tensors and the relative principal axis orientations with respect to
each other. Nevertheless, these measurements cannot give insight into the orientation of magnetic tensors
with respect to the crystallographic axes themselves. Such information can only be obtained from single
crystal experiments, and may reveal valuable details about the structure and dynamics of the paramagnetic
adsorption complexes including, among others, distribution of complex geometries and motional effects of
the adsorbed molecules, which are hardly accessible from powder experiments alone. This work will focus
on this particular field of EPR and show how the SNR limits can be pushed to perform novel investigations
on samples which previously have been inaccessible by EPR. It presents for the first time reliable methods
for small single crystal EPR studies of paramagnetic adsorption complexes in porous, low-density materials

at relatively low, but common, X-band frequencies to give new insight into the elucidated structures.

1.2 Project Description and Organization of Thesis

In many fields, porous materials are prime candidates for future applications. MOF compounds, with
their large structural diversity, have great potential as tailored materials for specific tasks.?*2% The high
porosity of their structure often leads to the formation of small crystallites, which in the past have mostly
been investigated in EPR as powders due to the low signal intensity. To date, only studies of MOF single
crystals by methods such as single crystal X-ray diffraction (XRD) have been conducted.?”! Due to the
information which can be learned from the smallest particles, more efforts must be carried out to increase
the sensitivity in various fields. EPR has been regarded as a potential technique for improvements herein:
the German Research Foundation’s (German Deutsche Forschungsgemeinschaft, DFG) priority program
“SPP 1601 — New Frontiers in Sensitivity for EPR Spectroscopy: From Biological Cells to Nano Materials”
has therefore been devoted to developing methods for more sensitive measurements and the initiative of
Leipzig’s EPR group has in particular focused on the investigation of advanced techniques for regular X-
band EPR spectrometers as a demonstration of the high potential of those investigations at low temperatures
and non-ambient gas atmospheres.

From 2013 — 2016, different techniques have been developed through various collaborations and applied
to a selection of porous materials which had previously been investigated by powder cw and pulsed EPR.
However this left several questions, which now now can be addressed with the help of single crystals. In this
regard, after the general introductions in EPR, instrumentation and sensitivity in Chapter Two, Section 2.1,
it will be outlined, how cw EPR aided by dielectric resonators (DRs) described in Section 2.2 and planar
microresonators (PMRs) introduced in Section 2.3 has been carried out to investigate different MOF samples

which are presented in Section 2.4. The investigations performed on these different sensitivity-enhancing
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techniques are presented in Chapter Three, while a large part of this thesis is devoted to the novel insights
gained on structural properties of the MOF compounds in Chapter Four. Finally, Chapter Five compares the
two experimental methods, DRs and PMRs, in the context of other approaches and summarizes the MOF
studies.

Several parts of this work have already been published and are cited throughout the manuscript (listed in

chronological order):

(1) Friedlander, S., Petkov, P., Bolling, F., Kultaeva, A., Bohlmann, W., Ovchar, O., Belous, A., Heine,
T., Poppl, A., ’Continuous Wave Single Crystal Electron Paramagnetic Resonance of Adsorption of
Gases to Cupric Ions in the Zn(II) Doped Porous Coordination Polymer Cuy gg5Zng g35(btc)2’, J. Phys.
Chem. C 2016, 120, 48, 27399

(2) Friedlander, S., Liu, J.,! Addicoat, M., Petkov, P., Vankova, N., Riiger, R., Kuc, A., Guo, W., Zhou,
W., Lukose, B., Wang, Z., Weidler, P. G., Poppl, A., Ziese, M., Heine, T. and Woll, C., ’Linear Chains
of Magnetic Ions Stacked with Variable Distance: Ferromagnetic Ordering with a Curie Temperature
above 20K’ Angew. Chem., Int. Ed. 2016, 55, 41, 12683

(3) Friedlinder, S., Siménas, M., Kobalz, M., Eckold, P., Ovchar, O., Belous, A. G., Banys, J.,
Krautscheid, H., Poppl, A., ’Single Crystal Electron Paramagnetic Resonance with Dielectric Res-
onators of Mononuclear Cu?* Tons in a Metal-Organic Framework Containing Cu, Paddle-Wheel
Units’ J. Phys. Chem. C 2015, 119, 33, 19171

(4) Friedlander, S., Ovchar, O., Voigt, H., Bottcher, R., Belous, A., Poppl, A., 'Dielectric Ceramic EPR
Resonators for Low Temperature Spectroscopy at X-band Frequencies’ Appl. Magn. Reson. 20185, 46,
1,33

Additionally, the following publications have been coauthored but the results are not part of this thesis:

(5) Lorite, I., Kumar, Y., Esquinazi, P., Friedlander, S., Poppl, A., Michalsky, T., Meijer, J., Grundmann,
M., Meyer, T., Estrela-Lopis, 1., "Photo-Enhanced Magnetization in Fe-Doped ZnO Nanowires’ Appl.
Phys. Lett. 2016, 109, 1, 012401

(6) Lorite, 1., Zandalazini, C., Esquinazi, P., Spemann, D., Friedléinder, S., Poppl, A., Michalsky, T.,
Grundmann, M., Vogt, J., Meijer, J., Heluani, S. P., Ohldag, H., Adeagbo, W. A., Nayak, S. K., Hergert,
W., Ernst, A., Hoffmann, M., ’Study of the Negative Magneto-Resistance of Single Proton-Implanted
Lithium-Doped ZnO Microwires’ J. Phys. Condens. Matter 2015, 27, 25, 256002

(7) Bottcher, R., Poppl, A., Lorenz, M., Friedlinder, S., Spemann, D., Grundmann, M., >55Mn Pulsed
ENDOR Spectroscopy of Mn?* Tons in ZnO Thin Films and Single Crystal’ J. Magn. Reson. 2014,
245,0,79

!First and second author contributed equally
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(8) Lorenz, M., Bottcher, R., Friedléinder, S., Poppl, A., Spemann, D., Grundmann, M., ’Local Lat-
tice Distortions in Oxygen Deficient Mn-Doped ZnO Thin Films, Probed by Electron Paramagnetic
Resonance’ J. Mater. Chem. C 2014, 2, 25, 4947

In total, this thesis covers five chapters, cited in parts from publications (1 — 4) as listed above:
I Introduction (this chapter)
IT Theory of EPR and how instrumental sensitivity can be enhanced

IIT Results and discussion of experimental methods from this project
a) Efficiency of dielectric resonators for cw X-band EPR, published in (4)

b) Ultra high sensitivity X-band EPR with planar microresonators, unpublished

IV Results and discussion of DR aided cw EPR MOF material studies in this project

a) Postulation of a defect species in MOF single crystals of £[CUIQCUI|2(H20)2L2C|2], published in
3)

b) Gas adsorption effects in MOF single crystals of Cuz gg5Zng 035(btc)2, published in (1)

c¢) Discovery of ferromagnetism in (Cu,bdc) SURMOF-2, published in (2)

V Comparison of high sensitivity X-band EPR methods, conclusion and outlook
and an two appendices with
A Device details and respective experimental conditions

B Investigation procedures for relevant techniques of this work



2 Theory, Instrumentation and Sensitivity in

Electron Paramagnetic Resonance

In the present chapter, Section 2.1 introduces the principles of the predominant technique used for the
sensitivity enhancing spectroscopy methods. These methods are introduced in Section 2.2 — 2.3, and applied
to various model samples, such as «, a’-diphenyl-B-picryl-hydrazyl (DPPH) and «, y-bisdiphenylene- -
phenylallyl (BDPA) in this work, 28! as well as to characterize the real-world samples presented in Section 2.4.

2.1 Electron Paramagnetic Resonance Spectroscopy

EPR is a spectroscopic technique which probes energy levels related to the total spin of unpaired electrons
of certain samples by mw radiation while usually exposed to an external magnetic field. Historically, EPR
is founded on the early experiments of P. Zeeman,?! O. Stern and W. Gerlach,*! and subsequently, G. E.
Uhlenbeck and S. A. Goudsmit, *!] who studied the effects of magnetic fields on electromagnetic radiation
adsorption and discovered the quantum mechanical concept of electron spin.

Absorption spectra of various kinds have for a long time been the most powerful tools to investigate matter.
Typically, a beam of light or different kind of electromagnetic wave enters or passes through a gas, liquid or
thin, appropriately transparent piece of solid matter (or is reflected from it) and can interact with it. Suitably
spectrally separated and collected, the transmission or reflection gives rise to a spectrum of spatially ordered
and demodulated frequencies, interference points, lines or groups of lines (bands) which measure the energy
separation of two corresponding energy levels or other interactions with the atomic constituents of solid
matter.

For example, electromagnetic radiation from about 10° - - - 10" Hz will interact with molecules which have
a permanent electric dipole moment and probe molecular rotations. Higher frequencies of infrared light
with 10'2 .- - 10" Hz may interact with molecules with vibrational modes leading to the energy differences

s.119 For even higher frequencies (about 10'® Hz), reactions to visible light

induced by dipole oscillation
occur and lead to the various spectroscopic methods known from optics. At very high frequencies of about
10'® Hz electromagnetic bremsstrahlung interacts with the electron shell of atoms and gives rise to XRD
patterns. All of these interactions occur due to the interaction of the electric field component of the described
waves with electric dipoles of molecules or with specific electrons in matter. Additionally, in the presence
of an external magnetic field, the magnetic field component can interact with possible magnetic moments
in the sample. Here, electromagnetic radiation of about 107 - - - 10° Hz RF is the basis of probing nuclear

magnetic energy levels in the very versatile NMR which is physically and technically closely linked to
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EPR. Finally, microwaves from 10° - - - 10'2 Hz are used to induce and observe transitions of the energies of
electron magnetic moments in resonance with the mw radiation in paramagnetic samples, from which the
term electron paramagnetic resonance (EPR) is derived.

The physical concepts governing this latter effect will be described in Subsection 2.1.1, which is followed
by Subsection 2.1.2, providing a closer look at the characteristics of the EPR line itself. The possible
technical realization of EPR will be discussed in Subsection 2.1.3, while Section 2.1.4 shows how the
theoretical and practical conditions lead to the sensitivity of EPR spectroscopy and how this can be tuned.

Finally, Section 2.1.5 gives a short overview of related phenomena and techniques.

2.1.1 The Spin Hamiltonian of Paramagnetic Systems

The energy of an electron with electron spin S in an external magnetic field By can be written as Hamiltonian
;10

H = B.BogS + hSAL + hSDS — J§,S5 —g,, .Bol + HIQI .1
Hey, Furs Hrs Hox

The original theoretical formulation of Zavoisky’s experiments was published in 1951 by A. Abragam and
M.-H. L. Pryce. 32! Here, the two most important terms for this work are denoted by Hgz for the Electron
Zeeman interaction and Hygs for the hyperfine splitting (HFS) interaction term. In general, a paramagnetic
system can be composed of numerous constituents which contribute with further terms to the above Spin

Hamiltonian and it is often feasible to form groups of equivalent terms by summing them up as for example
Hiz = Z BeBogiS; (22)
i
if several species with different Spin Hamiltonian parameters g and S are present. Likewise,
Hurs = h »_ $iA; 2.3)
i

denotes the energies contributed by several systems with different HFS parameters. The stationary wave
functions for eigenfunctions @ and S of the electron spin S are!®!

Vo = (alexp (-wat), Wg = (Blexp (~iwpt) (2.4)

with w,, being the Larmor precession angular frequency defined later in Eqn. 2.10.13 For completeness, the

transition probability for a change between the two states of the two operators in Eqn. 2.4,

Mgo = (@IHIBY 0 (@) 25)

with o (w) defining the frequency distribution of the mw radiation, shows the involvement of H of Eqn. 2.1 for
the further considerations. It remains to explain the various quantities: Hyy refers to the Zeeman interaction

of the electron with spin S (spin operator S) in the external magnetic field By. (. is the Bohr magneton,
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while the magnitude of the external magnetic field vector By is denoted by magnetic field strength ||By|| = By
but is usually only referred to as magnetic field B for convenience, omitting the digit-zero identifier. Other
magnetic field vectors occurring in this thesis are never written without subscript.

The most important quantity in EPR, the g tensor, is defined as the proportionality factor between the total
angular momentum g and the total magnetic moment J, which in turn can be a sum of spin S, total electronic

orbital angular momentum L, and rotational momentum R. Typically, this is written as
pog-J. (2.6)

For a free electron, S = % and the g tensor reduces to the isotropic value g..! Free radicals like DPPH and
BDPA used in this work resemble this value almost, because L = 0. In general, for S > 0, L > 0, the value
g applies for total angular momenta including first order perturbations. >34l In solids, usually in first order
L = 0, but a part is restored, and L. quenches g in second order from the spin orbit coupling between S and L,
such that it probes the local crystal field. This topic will be expanded further in Eqn. 2.19-2.21. g is usually
diagonalizable and its diagonal components gy, gyy and g, are important characteristics in cw EPR, since
they often can be extracted from the spectra easily. The principal axis values g;; ini = x-, y- and z-directions
reflect the symmetry of the paramagnetic system. For simple and isotropic systems with g,x = gy, = gz
their magnitude is referred to as the g factor. For axial symmetry, gxx = gyy # & and the g factors are

often grouped as g,, g|. Systems with an orthorhombic g tensor exhibit three different principal axis values

8xx» 8yy and gz

Resonance condition for #gz In a more classical interpretation of H, for a paramagnetic system with
pure electron spin S = % the component of the precessing magnetic moment g along the By field in the

conventionally chosen z; axis orientation in the laboratory frame, p., is

Hz = —Begms, 2.7)

where mg is the magnetic spin quantum number attributed to the electron spin with possible values of
mg = i%. The negative sign in Eqn. 2.7 is due to the negative electron charge. The u, and u, components
are averaged to O over the spin ensemble and time in equilibrium. Due to the quantized electron spin, the
possible values of u, are discrete and quantized as well, which in turn leads to a quantized set of energies
W = —pu. By of the magnetic dipole in the external magnetic field By:

W = BeBogms (2.8)
Hence, for the latter electron spin S there are two possible values for W,

1
W= izﬁeBog, (2.9)

! All constants can be found on p. XII.
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and the electron spin can be excited by a mw quantum with energy AE = hvy,, to overcome the energy
separation between the (—%I and (+%| energy eigenstates which is proportional to By. Here, 4 is the Planck
constant and v, the microwave frequency. This energy diagram is depicted in Fig. 2.1A for a ®3Cu?* ion.
Cu?* has an electronic configuration of 3d° and therefore one unpaired electron in the 3d-orbital with § = %,

leading at first sight (left-hand mg lines, ‘]-752) to a doubled of energy levels (multiplicity (25 + 1) = 2).

Eqn. 2.9 and the mw energy can be combined to the central resonance condition of EPR, sometimes called

the Bohr frequency condition, and for S = %
hwmw = hvmw = ,BeBOg (2.10)

with Wy being the Larmor frequency in the classical picture of a precessing magnetic moment . !

Hyperfine splitting Hurs  Since ¥%°Cu2*

does not only possess an electron spin S but also a nuclear spin
of I = %, Fig. 2.1A shows a further energy level splitting on the right-hand side for FHiys. This is represented
by the second term in Eqn. 2.1 to describe the HES interactions of an electron spin S with a nuclear spin 7 # 0
in its vicinity. With a multiplicity of (21 + 1) =4 for [ = % instead of the doubled now four discrete energy
levels are obtained: m; = —I, =1 + 1,---I. This observation can be described by a local magnetic field
Bioc induced by the nucleus, leading to an effective magnetic field Beg. Bioc iS proportional to the nuclear
magnetic spin quantum number m; and the hyperfine splitting constant a. Then, By of Eqn. 2.10 is altered

by Beg to a new resonance field and for isotropic HFS
a
Begr = Bo¢#0§ = By — poamy. (2.11)

The nuclear HFS interaction splits each of the energy levels of FHiz in Fig. 2.1A into four energy levels and
the mw quantum of constant energy hvp,, excites four possible transitions. It is important to note that the mw
cannot interact with the nuclear spin itself at EPR resonance fields By, such that m; must remain constant
during an excitation while mg is allowed to change. This behaviour is the simplest so-called selection rule,

which in general prevents arbitrary transitions and allows only a few:
Amg = +1, Am; =0, B; 1L By (2.12)

The third condition is mentioned here for completeness (B is the mw magnetic field, cf. Section 2.1.3) and
justified by the fact that the precession of the magnetic moment g around By (z component in Eqn. 2.7) must

be perturbed along the instantaneous orientation in the py, u, plane to maximize the EPR effect.

In general, the HFS depends on all local nuclear magnetic fields near an electron spin S and can thus vary
with their orientation for non-isotropic systems. Then the HFS interaction is represented by the hyperfine
coupling tensor A with principal axis values Ay, Ay, and A,,. Here, A;; is the hyperfine coupling constant
measured in frequency units:

Aji = Begaii/h (2.13)
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Fig. 2.1 Energy level splitting and cw EPR simulation: Single oriented spectrum and angular dependency summarized
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(A) Energy diagram for 83Cu?* ions in ‘}?Ez and ‘f{HFS. Note the inverse B axis.
(B) The four resulting cw EPR absorption lines, here a single 83Cu?* species with g/g || A/A.

(C) First derivative EPR spectrum (blue: By L zps, zps: molecular frame g and A principal axis orientations).
(D) Angular dependency of 83Cu?* for rotation By L zp7 to By || zas (red). Dashed blue line: extra-singularity.

(E) First derivative single crystal EPR spectrum of single 83Cu?* species with By || zs.
(F) Single isotope %3Cu?* powder EPR spectrum as 4 spherically integrated single crystal spectra.
(G) Powder EPR spectrum of the same isotope shown in mw absorption.
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The right-hand side of Fig. 2.1A with dashed, gray lines depicts the dependence of AE on By (note the
descending abscissa for convenience here). The direct proportionality of iz on By results in increased
fields in an increased mw excitation frequency for the same EPR transition, which can be directly deduced
from the resonance condition Eqn. 2.10. Here it is also noteworthy that among others s does not depend
on By which is the reason that measurements at different mw frequencies may be used to elucidate the Spin
Hamiltonian parameters more reliably.

The four HFS energy level transitions indicated in Fig. 2.1A results in numerous absorbed mw energy
quanta. The quantity of absorbed energy scales roughly with the number of spins in the sample and possible
saturation effects, which depend on the excitation state lifetime versus mw irradiation power and will be
discussed later in Section 2.1.2. For Fig. 2.1B-G one can assume enough spins at non-vanishing and finite

lifetime to ensure a good signal intensity and narrow line shape as displayed here.

Magnetic susceptibility for cw EPR One can imagine a cw EPR excitation to be a continuous irradiation
in a (long) time interval Ar with mw energy Ey, and power Py = Enw/Atf. (28] If the reflected mw power
was measured in a suitable system as described in Section 2.1.3 and the magnetic field By was increased
during that time At, a fraction of E,,, would be absorbed by the sample at any allowed EPR resonance field
magnitude one after another. In general, the electron spin is closely connected to the magnetic susceptibility,

describing that in an external magnetic field H a field B is induced. While in vacuum B = uoH, in matter
B =(1+ xm) poH (2.14)

with magnetic susceptibility ymagz > 0 for paramagnetic samples. At a given resonance field By, the magnetic
susceptibility of the sample changes. ymae can be described as a complex number translating mw absorption

and dispersion (shift in frequency), y’” and y’, respectively:

Xmag = X/_i/\/” (2.15)

In EPR, the power Py, absorbed by the sample is measured and as shown later in Eqn. 2.32 it is proportional

’. Therefore, plots showing qualitative cw EPR spectra are often scaled in arbitrary units of y’’ (or

to x’
its field derivative, as explained later) with relative intensities as ordinate. Hence, the four absorptions of
83Cu?* in Fig. 2.1A would result in four absorption lines of y”’ as shown in Fig. 2.1B. The distinctively
colored background of Fig. 2.1B and G may remind the reader of the fact, that those first integral spectra are
not common in cw EPR for reasons explained in Section 2.1.3 but a spectrum such as that in Fig. 2.1C is

more likely to depict a common measurement.

Phenomenological explanation of anisotropy The right-hand side plots of Fig. 2.1 show the tensor
properties of g and A and their angular dependence with respect to By. For Fig. 2.1C, a species in a sample
with collinear g and A tensors of ®3Cu?* with axial symmetry is shown such that the principal axis orientations
of g and A form a 90° angle with By. Consequently, g, and A, are the parameters that define the center

field and line spread of the four lines, respectively. Fig. 2.1D represents the rotation of that very species by
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A@ = —90° around an axis perpendicular to the principal axis orientations of g and A and the direction of By
such that B( and the tensor principal axis orientations form an angle of 0° at the bottom end of Fig. 2.1D.

Phenomenologically, one finds that for axial symmetry, the g factor follows the general form

g= \/gﬁ cos2 6 + g2 sin2 6, (2.16)

where g| = g is the principal axis value along By/By and for Cu?* it is the largest g factor. The values
for g,, g as well as A;, A and the principal axis orientations of the respective tensors can be found
experimentally from such an angular dependency. Fig. 2.1E shows the spectrum of the same 53Cu®* species
such that the principal axis orientations of g and A are collinear and in parallel to Bg. Hence, g and A) can
be found by the center field and distance of the four lines. The situation described for Fig. 2.1C-E can be
found in solids with a single, oriented Cu®* species, for example in single crystals.

Fig. 2.1F and G show the cw EPR spectrum and its first integral representation of a disordered system
of infinitely many spins of ®3Cu?* with their principal axis orientations distributed over a unit sphere. This
is the case for many species orientations, for example many crystals in a powder. If finitely many vectors
are pointing from the center to the surface of a sphere such that the interception points with the surface
have a uniform distance from each other, at maximum only a single vector can point directly along a chosen
axis, say the z-axis. On the other hand, a comparably large number of spins is perpendicular to that axis
and is distributed on the equatorial plane of that sphere with respect to the z-axis. Therefore, powder EPR
absorption spectra of such a Cu?* species feature a singularity in the high B field, perpendicular part of
the spectrum with high intensity. Towards the low B field, parallel oriented region, the intensity profile
decreases. This situation can be observed in Fig. 2.1G as well. Again, for reasons explained in Section 2.1.3,
Fig. 2.1F is the first derivative of Fig. 2.1G, and the parallel and perpendicular properties of the g and A
tensors are manifested as peaks in the respective B field regions. As an extra property of Cu®* EPR spectra
the resonance line at highest B field does not originate from the perpendicular orientation, but an extra

powder edge singularity occurs for intermediate orientations. It is indicated by the dotted, blue line.

Further energy perturbations For Fig. 2.1 it was enough to take the Electron Zeeman interaction Hez
and the HFS interaction Hips. Eqn. 2.1 describes several more possible interactions that occur frequently in
paramagnetic samples. The third term takes into account the interactions between electron spins and spin-
orbit coupling if more than one unpaired electron (S > 1) or certain high spin ions in non-cubic symmetries
are present. 33 It is responsible for lifting the (25 + 1) fold energy level degeneracy of Hgz at By = 0 and
is therefore called the zero field splitting (ZFS) of the fine structure (FS). The FS tensors’ principal axis
values are D,, = 3/2D and (Dxx - Dyy) /2 = E, where D and E are the ZFS parameters but for the cubic
symmetry of the samples 2 and 3 reported about in this work D = E = 0. The FS is among others relevant
in EPR of semiconductors, !1:36:37]
The fourth term in Eqn. 2.1,
Hox = =J818s, 2.17)

describes the exchange interaction effects occurring whenever two orbitals of neighboring atoms overlap.

11
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Then the electrons can be exchanged between these atoms and various couplings can occur, which may have a
significant influence on the EPR spectrum. This topic will be discussed briefly in Section 2.1.5 and may play
a role for example for two antiferromagnetically coupled Cu?* with § = %, such that the total spin can result
from antiparallel or parallel alignment, leading to S = 0, 1, respectively. The exchange coupling constant J
denotes the energy difference between this singlet state S = 0 and the triplet state, and if J = 0, the spins
are ideally diluted and behave completely independently from each other. Eqn. 2.17 is called the Heisenberg
Hamiltonian after W. Heisenberg. 38!

The fifth, listed term in Eqn. 2.1 describes the nuclear Zeeman interaction of nuclear spins / > 0. Here,
[ is the nuclear magneton and g,, the nuclear g factor, which will be elaborated a little further in Eqn. 2.25.
The sixth term in Eqn. 2.1 involves nuclear quadrupole interactions of nuclear spins with 7 > 1/2 in formal
analogy to the electron-electron interaction of the third term. The latter term is not of primary interest for

the paramagnetic samples discussed in this thesis and therefore not described in this context.

For all systems involving host-ligand interactions additional terms of the next nearest neighbored ligand
nuclei can explicitly be considered. In contrast to the weak influence from the ligand nuclei, the interactions
to the central nucleus are much stronger. Therefore, the HFS of ligand molecules with low spin density
usually cannot be evaluated directly with cw EPR but require pulsed EPR methods.?°! This has not been
applied to the chemical systems investigated for this thesis in this work and was therefore not observed in
the single crystals, but earlier EPR studies on powder materials have dealt with these questions. “°! Also, the
internuclear interactions within the host system or with ligands have not been observed, since they are again
much weaker than all other interactions. They will therefore not be described in further detail and Chapter 4
will concentrate on the evaluation of '7:(EZ and '7:(HFS of the host Cu?* metal centers in different lattice site
environments and under the influence of various ligands. As mentioned in the beginning of this Subsection,
it is however very important to consider the effect of the ligand field to the host system itself.

Ligand field interaction The influence of the crystal or ligand field perturbs iz in second order: [
H = Be (L +g.S) By (2.18)

Here, L defines the influence by a neighboring ion quenching the g tensor of the studied system. As an
example, it shall be treated for a simple atomic model with an unpaired electron in a p orbital and four
ligands in the equatorial plane with respect to the z-axis. In Eqn. 2.22, this model is expanded to the d
orbitals involved in Cu®* systems. For now, the ligand coordinates are Lj 3 = (£x,0,0), L2 4 = (0, £y, 0)
with x < y. Since there are three p orbitals in total, one might chose p, along L and L3, py, along L; and L4
and the lone electron to be in p,. Then the ligand field from L; and L3 on the x axis interacts electronically
with possible electrons in the p, orbitals by the Coulomb-interaction and p, is influenced, likewise. 41 Due
to the stronger ligand potential at the shorter inter-atomic distance to L; and L3, more energy is required to
move the electron from p; to py than to p, for a field By pointing along x or y, respectively. One can thus

denote these energies by A; and A, < A; and show that the eigenvalues of the Hamiltonian in the basis of
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the improved ground state wave functions result in energies [*’

1 A 1 A
Wy = izﬁe (ge - ) By, Wy = izﬁe (ge A ) Bo, (2.19)

AQ A]
with A being the spin-orbit coupling constant. The situation is depicted in Fig. 2.2 and one can summarize
the principal axis values of the g tensor from the energy difference AE;; as

A A
8xx = 8e — 7 8yy =8¢~ 7> 8zz = 8e (2.20)

Ay’ Ay
for By along x, y and z. Clearly, the g tensor has thus become anisotropic, with the p, orbital as ground state
and the principal axis values are g,; > gy, > gxx. Further it can be shown in general that for an arbitrary
orientation of g along a unit vector (11, 12, n3) with respect to By[®!

8 (n1.m.n3) = gl + mgl, + g2, (2.21)

which has been introduced phenomenologically in Eqn. 2.16 and can be used to determine the influence of
a ligand field on a paramagnetic center by its effective g value with respect to a reference value. This can
be motivated as follows: when the field By points along x with the unpaired electron sitting mainly in p, as
initialized, the p, and p, orbitals are not degenerate. The spin-orbit coupling restores some orbital angular
momentum into y by rotating the spin about x in the yz plane, with a strength depending on A and A,,
implying that their ratio determines the deviation of g, from g.. While a similar mechanism applies for B
along y with Ay, only for By along z the rotation of the orbital does not transform it into one of the two other
orbitals, leaving g, unaltered. !

Finally, this theory can be expanded to the d orbitals involved in interactions with Cu?*. This is done with
great care in known textbooks like that from Atherton[®! and the result shall be given for the 3Cu nucleus
here, [

81
8z = 8¢ + A_z (2.22)

A
gxngyyng_zge"‘A_l,
The spin-orbit coupling constant A for Cu?* is 829/cm and the principal axis values of g are frequently
found to yield values of g, = 2.045---2.047, g = 2.165 - - - 2.349 for Cu?* in square-planar complexes and
reaches up to g, = 2.13, g = 2.44 for strong tetragonal distortions. *!

A last remark may concern the HFS interaction, because the principal axis orientations of the A tensor

are dependent on the g tensor and the principal axis values can be calculated in a similar manner as for
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Eqn. 2.22.1°! The energy differences for HFS transitions can be calculated as

1gAAgl
AW = B _— 2.2
W =gBeBo + \/ Tegl my (2.23)

with 1 = g—g. From Eqn. 2.23 it can be deduced that information about the A tensor can only be obtained
after learning the characteristics of the g tensor, which justifies the rule of determining g first to derive A for
EPR. Now, for 83Cu

2 11 4 4 A A
A =T[2-=Z|, A=-T gt o) (2.24)
T T A 7 Ay TA
0 _
T = 2225, fugn (P0u) ¢ (2.25)
T

with (#=3) = 8.455 for 83Cu as a distance measure of the effective nuclear charge and g, (63Cu) = 69.17 isthe

gn factor of the ®3Cu nucleus. The g value enters Eqn. 2.24 via the right-hand term inside the brackets.[?4?!

2.1.2 Temperature Dependence, Line Shapes and Line Broadenings

Ideally, EPR is performed in magnetically highly diluted paramagnetic spin systems to minimize mutual
spin effects which otherwise can lead to non-deterministic spin behaviors and high linewidths because of
the various dipole-dipole exchanges outlined in the following Section. A single mw absorption process
such as the one described in the previous Section 2.1 however leads to a single EPR resonance line of non-
existing width and diminutive intensity. Therefore, such infinitely diluted spins are not measurable and in
practice rather large spin ensembles of approximately 10'°~10"7 spins are measured frequently in current cw
EPR spectrometers. 3] For these concentrations and given the imperfection which experimental conditions
induce, various effects on the line shape and width are possible. Therefore, the observed cw EPR line is a
statistical average over the ensemble of spins that fulfills a given resonance condition required by Eqn. 2.10
in a non-resolved field interval. This signal may emerge from the same kind of spins, which are in some way
slightly differently excited, or from different spins, which either originate from different constituents of the
same sample or which interact with their surroundings and therefore may find their individual environment
altered slightly compared to other spins. Those interactions lead to a finite width of any cw EPR line and
the effects responsible for the variations in excitation shall be introduced in the present Subsection to give an
overview of the physics behind them.

The first mechanism to be explored is the spin-lattice relaxation time. An isolated magnetic dipole g with
its component y, along B contributes as a vector summand to the net magnetization per unit volume M with
M., respectively. The spin ensemble magnetization M, follows a time dependence upon a sudden change of
B(): (101

M. (1) = M° (1 — exp ;—t) (2.26)
1

T is the time required to raise M, to a fraction of é of its final magnetization value MS = M, (t > ).
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Despite denoting a time rather than a temperature here, the capital letter 7 is traditionally devoted to the
original notation in F. Bloch’s publication from 1946. 44! A change in M, is connected to a change in mg which
must be either induced by the mw energy absorption of magnitude /v or an interaction with the environment
of the spin. 7} characterizes this spin-lattice interaction and is hence called the spin-lattice relaxation time. It
is also the inverse of the sum of those transition probabilities P,g and Pg, which characterize the transition
between the populations of the two energy levels given by Hiz (Eqn. 2.9). These energy levels can be
denoted by N, and N for the upper and lower levels (ms (o) = +%, ms (B) = —%). It is assumed that the
spins are in some way coupled to the sample bulk or lattice. In a thermodynamic equilibrium of temperature

T, the distribution among the two levels is given by Boltzmann distribution: (1%
No _ ~(Wa=Wg) —gp.By
@ _ = 2.27
Ny P T T P hsT 227

From its defined nature as probability, 77 is a distinctive parameter for the mean lifetime of a spin in the
respective population level, and the Heisenberg uncertainty relation for energy and time, 4!

AWAt > i (2.28)
2n

leads to a first conclusion for the linewidth of an EPR line:[!°1 If 7} is an estimate of Az, T} scales inversely
proportional to AW. In this regard, a small value of 7; leads to a great variation in energy W and thus a
broad, smeared-out EPR line. This mechanism applies especially for transition metal ions. In principle,
linewidths in EPR may vary from a few uT to several hundreds of mT.

In this Subsection, the dash (") will now denote a first field derivative instead of the real part of a complex
number and the absorption y’ will simply be denoted as y, because the dispersion might be neglected in
this Section. As stated previously in Section 2.1.1, the typical cw EPR line is presented in the form of a
first derivative (now denoted by dy/dB := x’) of a full absorption curve, as with the four lines depicted
in Fig. 2.1B (which will now be denoted by y) for reasons explained in Section 2.1.3. It is often desired
to know the relative intensities of EPR lines to estimate quantitative, yet relative, spin numbers. The most

accurate procedure to do so involves a double integration of the latter first order derivative, %)

B> Bies B3> Bres
IDI = ff X/dBdB = f )(dB for 32 - B] Z 10F, (229)
B <Bies B <Bres

where the desired integration interval 10T is normalized to a width property of the curve explained below
and as shown in Fig. 2.3.

EPR lines can very often be described as Gauss or Lorentz functions. It is also possible to have a mixture
of both, a Voigtian line. Fig. 2.3 shows the typical parameters of a cw EPR line of a simple Hiz system
with § = % and Gaussian shape, listing its important characteristics such as the half width at half height

(HWHH) 2I', peak-to-peak linewidth AB,,,,, peak amplitude ymax and first derivative peak amplitude ;.-

A Gaussian curve (AB,, = él") occurs mostly for inhomogeneous line broadening effects and is much

15
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broader than the slim Lorentzian (AB,, = \/gl"), which occurs mostly for homogeneous line broadening
effects. 1]

Inhomogeneous line broadenings occur if the unpaired electrons are subjected to slightly different magnetic
fields and the sweeping field matches all resonance conditions for the spin packets slightly shifted with respect
to each other. Then the resultant line is a superposition of many lines and results in a Gaussian distribution.
This happens for inhomogeneous By fields, but also for randomly oriented systems in the solid state like
the anisotropic g and HFS interactions presented in Section 2.1.1.11% The physical origin for anisotropic
broadenings is called a strain and describes a distribution in a Spin Hamiltonian parameter due to small
structural variations among the paramagnetic centers in the sample.*?! In this way, a g strain describes a
distribution of the principal axis values of the g tensor. Inhomogeneous broadening may also occur for

unresolved HFS, where a multitude of lines merges into an observed envelope instead of resolved HFS lines.

For homogeneous line broadenings, the resultant line is Lorentzian, because the instantaneous magnetic
field at each spin is not equivalent although the time average is, contrary to the inhomogeneous line broad-
ening. Since the linewidth is greater than expected from 77, an additional 7, summarizes other relaxation
effects such as the electron spin—electron spin dipolar, and exchange interactions. In all solids, undiluted
spins interact by the magnetic field exerted by the precession of their magnetic moment to another spin in
distance r inversely proportional to 1/r3. Other broadening effects may be found mainly in free radicals,

such as the electron spin exchange, which is often dependent on the local concentration of spins. 1!

Chemical line broadenings can occur if the chemical environment of spins is altered. Further broadenings
can give valuable information about molecular dynamics and tumbling in liquid EPR spectra. These experi-
ment may influence the line shape as well: microwave power plays a role in the saturation of signals, which

could lead to a suppression of resonance lines in cases of homogeneous or inhomogeneous saturation. [46]
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2.1.3 Continuous Wave EPR Instrumentation

In the introduction, it was mentioned that magnetic resonance shares similarities to general absorption
spectroscopy. This perspective, however, is limited to the basic principles of atomic physics and does not
apply very much for the technical aspects. While primitive optical devices date back to our predecessors in
the cradles of civilization, application in terms of modern physics occurred in the 17th century when, for
example, the finding by W. van Roijen Snell allowed for a simple characterization of matter by its refractive
index.[*”] The basic technical tools for magnetic resonance spectroscopy, however, did not have their advent
until the militarily-driven developments from the two world wars, alongside the theory on quantum physic
which was established at about the same time. NMR and early implementations of EPR relied on RF
electromagnetic radiation theoretically predicted by J. C. Maxwell in 1867 and realized and investigated first
in 1887 by H. Hertz. 4849

Spin resonance spectroscopy has always benefited from developments in other fields such as radio com-
munication, material sciences and of course magnetism. Practically, modern EPR has been made possible by
the invention of non-visible electromagnetic wave emitting—vacuum tubes in 1937 by the American brothers
R. and S. Varian,P” which due to war times was needed for radar. For EPR, well known techniques have
been employed since its discovery, yet sensitivity did not reach a sufficient level at first. The major technical
difference between NMR and EPR is the usage of microwaves in EPR to access the different energy levels of
electrons. Microwave technique was developed later, and faced several difficulties such as those concerning
losses in materials (penetration depth) and the transmission abilities in wave guides and transmitters. Ad-
ditionally, resonant circuits cannot generally be realized with discrete electronic devices such as capacitors
and coils, as other types of resonators are needed. The benefits of EPR, however, include smaller, and
thus cheaper, magnetic fields at a higher sensitivity per spin density at a given, experimental temperature.
Additionally, the simpler cw method is still widely in use, while the pulse techniques made cw NMR obsolete
decades ago. 28! Although microwave generation and detection devices as well as data recorders have changed
during the past century, the principle techniques which were used by Zavoisky in 1946 can still be identified
in contemporary spectrometers. In this Subsection, the special devices and operational principles of cw EPR

spectrometers shall be presented.

Microwave generation Microwaves can be described mathematically by Maxwell’s equations and classi-
fied by means of their propagation into so-called modes. An electromagnetic wave oscillates in free space
with alternating electric (E;) and magnetic field magnitude (B;). Near a conducting wall, a reflected, stand-
ing wave polarized in x-direction can be expressed with the following, simple non-trivial form as complex

quantity: 51!

E. = -2iEsinkze'”', B, = /1070 cos kze'“’, (2.30)

where E(z) = 0 is a boundary condition at the (conducting) wall and Zy = /u/e is the characteristic
impedance of the medium. Here, the electromagnetic field has the form of a standing wave in front of

the wall with respect to the z-direction and the form of a travelling wave in the x-direction. Hence, this
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propagation can be described with an oscillating propagation factor e“!=%2) with the wave number k. At
every instance of time and in space each wave must fulfill all of Maxwell’s equations. Two of these equations

are

VxE:—@, LVXB=J+80@ (2.31)
ot o ot

with J = 0 in the interior of a microwave transmission line. Expressed in Cartesian components, the latter
equations can be reduced to represent the three possible wave configurations inside a wave guide:[?®! the
transverse electromagnetic wave (TEM) with components H, = E, = 0, the transverse electric wave (TE,
E, =0, H; # 0) and the transverse magnetic wave (TM H, = 0, E, # 0). A TEM mode is usually found in
coaxial cables while hollow wave guides carry TE and TM modes. In this Subsection, the notion of these

mw modes is employed in various descriptions of the devices used for this work.

The initial point of an mw network is a source for high frequency radiation. Especially in EPR, the
mw source and detector are often limited to a very narrow band of emission and detection. Historically,
microwave detectors did not allow a large frequency range detection and still do not in general as of today;
high quality resonators implied an inflexible design and flexible microwave sources were hard to achieve. 46!
Although later Fabry-Perét-interferometers could be used as highly tunable, high quality resonators®?! and
quite universally sweepable microwave sources emerged, 53¢ the principle EPR set-up of many modern
spectrometers still reflects that legacy. For economic reasons, the parts of the spectrometers dealing with the
high frequent electromagnetic waves of the experiment are still operated from a small range of frequencies,

although frequency variable devices were described by W. Urban in 1975.57]

In practice, the choice of the mw frequency is limited by considerations of energy absorption and losses in
the mw transmission network and the absorption minima of air define the preferred microwave frequencies
for EPR spectrometers. From the origin of EPR technology, radar, these frequencies met the available mw
sources’ typical specifications and thus, powerful mw bridges could be used after optimizing them in terms
of frequency stability and noise suppression. For this reason, in cw EPR X-band spectrometers are still
among the most used in the applied spectroscopy and principally large powers can be generated given the
radar history. The mw power, given by the Poynting vector,?! Py, = IRe (E1 X B*l‘) oc B? is delivered with
an attenuation of the mw network to the sample, which absorbs it with the magnitude

Pabs = 713 Viuw B} X (2.32)

where y is again the magnetic susceptibility from Eqn. 2.15. However, as saturation effects and sample
heating issues often limit the B; field magnitudes, Pp, is limited to only a fraction of what could be produced

by the radar mw sources they were derived from.

For EPR, the most frequently used mw sources were klystrons, which nowadays have been replaced
by microwave diodes. The latter use the same principle as the klystron or the even more basic drift
tubes (also denoted as space-charge-wave or velocity-modulated tube due to their operating mode): charge

carriers (electrons or holes) traverse a certain distance within a time with their drift velocity, here inside a
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semiconductor. Two major types are of importance: impact ionization by avalanche effects and transit time
(IMPATT-diode) and diodes using the Gunn effect. %31 IMPATT-diodes may be used for very large output
powers but provide a broad spectrum due to the avalanche effect. The Gunn effect was first observed in
GaAs semiconductors. Under certain conditions of large external electric fields the drift velocity of electrons
can me modified such that charge carriers bunch. The bunching domain drifts through the diode and is
converted at the electrodes to a current and field pulse. As in a space-charge-wave tube or the reflector-
gap-combination of the klystron the runtime of these bunched regions sets the frequency of the emerging
wave. In semiconductors, the drift area can be very small by proper spatially doping such that much higher

frequencies than in conventional tubes can be achieved.

Power induced signal saturation Typically, cw EPR experiments are operated with powers from nW to
200 mW. Pulse experiments may be performed with very high powers (= 1 kW). The mw power has a crucial
effect on the SNR, as the magnitude of the mw B increases the signal linearly and leads to an SNR increase
by the square root of the mw power. To achieve comparable results in a quantitative EPR measurement
avoiding changes in the line shape the excitation must be performed with the same incident mw power at the
sample, leading to ideally comparable signals proportional to the susceptibility given in Eqn. 2.32. Generally,
it is not desirable to expose the sample to very high microwave powers under continuous irradiation due to
heating and saturation effects.

Paramagnetic samples experiencing identical local magnetic field domains of B are assumed to be in a
thermal equilibrium with the incident mw power. This means the spin polarization spreads over all spins
fast enough and the line shape of the cw EPR signal is Lorentzian. A measure for the description of the
perturbation of the thermal equilibrium is the time 7; which describes the time that the spins need to spread
the energy until 1 — ‘13 of the spins are excited. If o is a parameter which relates the relaxation time 77 from

Eqn. 2.26 to T; by
T

o= (2.33)

then for o > 1 the higher energy levels are not populated fast enough and the system is out of the Boltzmann

equilibrium (Eqn. 2.27), while the latter holds for o < 1 and 46
1.2
g X ZBlTsz, (234)

such that o is dependent on the two relaxation times and the mw magnetic field. The intensity of the

absorption signal is proportional to

o %' (2.35)
This is the saturation dependence of a homogeneously broadened resonance line. For them, a maximum
signal intensity is reached for o (By) = 1, however in practice measurements are not conducted at the largest
possible mw field B; as the linewidth depending on Af = TLZ\/T(BQ has increased by a factor of V2
there already. For even larger mw powers the intensity drops again.[*66% This maximum of a specific,

homogeneously saturating specimen can be used to identify the conversion factor of a certain microwave
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network whenever mw power is delivered to an EPR measurement. The practical application of this principle

is outlined in Section B.2 in the Appendix.

Waveguides, microwave B, fields in resonators and signal detection An actual microwave network
further consists of the mw waveguides and in EPR different types can be found: first, conventional, mostly
rectangular, waveguides are traditionally used to guide microwaves. These waveguides are typically not
flexible but cheap to manufacture and can withstand both strong mechanical as well as mw power related
influences. Their dimensions also resemble the transmittable frequencies to some extent as shown later for
cavity resonators in Eqn. 2.37, such that a given waveguide cross section gives rise to a high-pass, cutoff
frequency v, and only waves with v,y > v can propagate. ?8! Second, dielectric waveguides are used widely
today as well, such as coaxial waveguides and strip line structures. They mostly differ by the transmitted
wave mode and in application area. All types of waveguides can be optimized for certain mw frequencies and
characteristic damping profiles.?8 The efficient delivery of microwaves through the various waveguides in a
mw network used to transport, compare and convert mw power is ensured by impedance matched waveguide
converters.

In magnetic resonance the electromagnetic mw field is guided in such a way towards the sample, that the
latter is mostly irradiated by B; instead of losing energy to electric dipoles in the sample via the E; field.
With a few exceptions, most of the EPR spectrometers employ a resonator of some kind to join mw energy
and sample and collect and enhance the emerging signal, [®-2] which helps to decrease noise by reducing
mw dissipation and unwanted external excitation of the sample and avoid stray fields. For RF frequencies,
resonant circuits are known to consist of coils and capacitors, which are nowadays used in NMR to house
the sample and tune the resonator system with respect to the RF network, respectively. For microwaves, this
lumped element model does not translate directly into reality as screening length and power issues usually
prevent microwaves from being able to travel through wires and electronic devices. Instead, the previously
mentioned waveguides are used and hence, modified waveguides are promising candidates for mw resonators.

Cavity resonators represent the simplest, classical resonator type. Like a piece of a waveguide, cavity
resonators can hold TEmnp and TMmnp-modes, where m, n and p denote the number of half wavelengths
fitting into the space spanned by the resonators walls. Hence, the cavity has a dimension in x-direction of

a = m/2 in units of the wavelengths. Then the wave number in x-direction
ky = — (2.36)

and in general, with the resonance frequency vy o = ‘2‘#72 the wave vector k£ of a mode with mnp half-

wavelengths is given by [?8!

2rv m2 n* p?
k:wox/,u_z%zﬂ ?-{-E-FE (237)

with ¢ being the velocity of light. From Maxwell’s Eqn. 2.30 in combination with Eqn. 2.36-2.37 one can

find the field distributions inside a cavity and calculate the resonant frequency for each possible mode. In
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Waveguide
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Fig. 2.4 Cavity resonator, mw field distribution:
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onator with sketched normal magnetic By L
B and electric E; mw field planes.

practice one can find dimensions for hollow waveguides and cavity resonators, that separate adjacent modes
in the desired frequency range maximally such that the energy exciting a cavity can be focused maximally
to a small bandwidth. In rectangular waveguides, the TE102 mode is the most dominant one, giving rise to
a maximum in the magnetic field in the center of the cavity and ideally to no electric field there, which is
shown in Fig. 2.4. There, a typical, rectangular cavity resonator is depicted, but other cavity resonators, such
as cylindrical cavities exist as well. In Sections 2.2 and 2.3, other types of resonators will be introduced,
which are closely related to the other, dielectric type of waveguides mentioned above. They all share the

principal condition to align B; L By (Eqn. 2.12), unless forbidden transitions shall be excited on purpose.

A resonator is designed to store and dissipate energy but does not guide the wave. The dimensions of
a resonator are chosen such that a standing wave is enhanced in the resonator and its most outstanding
characteristic is its ability to continuously reflect the mw power at its walls. The quality factor Q is the
characteristic parameter for a resonator system with confinement walls fulfilling Maxwell’s Eqn. 2.30. It

gives a measure of the mw energy dissipation per cycle:

27 - Stored Energy

= 2.38
Q Energy Dissipation per Cycle ( )

Additionally, the entire mw system can have ohmic losses, a (dielectric) sample holder and a paramagnetic

sample in it. Then the loaded Q;, can be computed from the reciprocal sums of the individual qualities:

Lot 1
QL Qwalls Qdielectric

+.. (2.39)

By Qdiclectric the quality of the medium inside the resonator walls is denoted. In resonance, per Eqn. 2.10 the
magnetic susceptibility of the sample changes and it absorbs a fraction of the stored energy of the resonator

with the rate as described in Eqn. 2.32. This change in the overall Q is the primarily detected quantity in cw
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EPR.

The reflected signal is detected, which has been the task of diodes since the 1960’s. Previously and
for some special applications today, the heating effect of microwave was used in bolometers, calorimeters
and thermistors. #6! First, Schottky diodes (metal pins pointing onto a silicon semiconductor surface) were
employed, while later the tunnel effect (backward-diodes) and so-called hot-carrier diodes were used. In
principle, signal detection works based on the fact that a diode barrier with a certain barrier capacity
and resistance absorbs microwave power which changes a current through the diode. This current can be
measured and because voltage across the barrier mostly depends on the incident mw power but not on the
frequency which might change upon dispersion at resonance, the effective detector voltage depends on the
mw frequency viny,. Hence, the mw power absorbed by the barrier can be deduced. (4!

As introduced in the beginning of this Subsection, klystrons and most modern diodes can be modified
in frequency only by a few percentage points with the help of additional resonators and different excitation
RF fields which allow for modern spectrometers to cover about 1 GHz of frequency range and to adapt to
different resonators with fixed frequency and different dielectric insets (such as samples and cryostats). Since
cw EPR is most cost-effectively performed with fixed-frequency resonators, it is the static Bg field which is

swept most often to scan through the resonance condition Eqn. 2.10.

External static B field and modulation For the most commonly used mw frequencies between 2 GHz (S-
band) and 35 GHz (Q-band), the static magnetic fields are reasonably low and can be reached by conventional
resistive magnets with sufficient sweeping abilities and field resolution as well as reasonable power and cooling
agent consumption compared to superconducting magnets applied from W-band frequencies onward. Most
higher frequencies can be accessed with superconducting magnets well known from NMR, although resistive
magnets are better suited for cw techniques with fixed mw frequency than superconducting magnets, which
cannot be altered in their magnetic field strength as quickly and easily.

The absolute signal changes of the absorbed mw power are very small compared to the mw output power.
Hence, a DC-based detection would have to be very sensitive. For this reason, all modern homodyne cw
EPR spectrometers are equipped with modulation coils, which manipulate the static magnetic field in time
and produce an AC outcome. ?8!

This method combines both a higher detection sensitivity and high stability of the measurement. While
a DC detector would have to cover a large range of absolute power levels with equal accuracy, lock-in
modulated measurements are only sensitive to changes of the absorption signal. This allows the detector to
be narrow-banded and suppress all other signals besides those from the desired frequency. Fig. 2.5 illustrates
the working principle behind the modulation of the static magnetic field. A time dependent modulation field
Bnoa (t) interferes with quasi-static By, such that the total field at the macroscopic sample position becomes

within an infinite time step [0]

1
Bsampte = Bo + EBmod - €08 (Wmogt), (2.40)

neglecting field inhomogeneities from the resonator and local field distortion effects inside the sample.

The modulation coils are placed either outside the resonator with the possible cryostat right next to the main
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I= Bmod (t)

X

Fig. 2.5 Magnetic field modulation: lllustration of the modula-
tion principle on EPR absorption spectra:
(A) By is altered in time by Bmoq (), thus the DC mi-
crowave absorption signal y is detected as AC signal
dy/dB (t).
(B) The resulting signal is the phase sensitive amplitude
o« %X and has under ideal circumstances the shape of

dB
the first field derivative of the EPR absorption signal as

Magnetic Field B is commonly referred to.

dx /dB

Helmbholtz-coils or directly around the resonator. The coils are powered by a modulation generator supplying
a constant but arbitrary RF current with frequencies of about 10 - - - 100 kHz and detected by a narrow-band
mw diode. The diode’s signal is amplified and lock-in coupled to a rectifier, such that the modulation phase
can be changed relative to the incident RF phase. This is important as the field derivative must be detected
with the correct sign to distinguish the indicated third (green) and last (red) point in Fig. 2.5. Calibrations
of the modulation magnitude are required to produce reliable and reproducible spectra. The mathematical

formulation shows the significant disadvantage of this method by expressing the time dependent AC signal

g—)g := A (t) at an instantaneous, modulated field (Eqn. 2.40) as Taylor series
dy L.,
15 = A(Bo, 1) = [A(BO) + 7A"(Bo) - B2t |+
7 1 1244
+ | A" (By)Bmod + §A (Bo) - Bfnod +...]| - cos (Wmogt) + (2.41)
1A” 2 1 ne 4 )
+ Z (B())Bmod + % (By) - Bmod +...]-cos 2wmodt) + ...,

in which the first terms are Taylor series in By themselves giving rise to the respective notation of the EPR
absorption signal emphasized repeatedly in the previous Subsection. As long as the modulation magnitude
Biod is small, A(¢) is proportional to the n-th derivative of the DC signal A (By). Indeed, it can be useful
to record higher derivatives as it increases the resolution but decreases sensitivity. If now Bpog increases,
higher derivatives become part of the detected signal and very high modulation magnitudes will cause the
signal to decrease. Therefore, the modulation magnitude must be chosen depending on the sample according

to the goal of maximizing the AC signal without distorting or smoothening it too much. This process is

practically an empirical one, but in good approximation the following estimation holds: [6!
AB
Bmod = 7 e ZAB, (242)

where AB is the linewidth of the smallest signal which shall be recorded. In this work, modulation coils have

been customized regarding the latter guideline.
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2.1.4 Sensitivity in EPR

An important task in the development of spectroscopic methods has always been the improvement of
sensitivity. It is of general scientific interest to investigate very small or thin samples or specimen, which
contain the actual probe particles in a very small concentration and still get a sufficient signal with respect
to other contributions to the spectrum. Also, magnetic resonance techniques have addressed this issue ever
since their development. While NMR is one of the least sensitive spectroscopies, as the population difference
of nuclear energy levels is in its nature very small, it has recently made remarkable advances even for the
challenging measurement conditions of high pressures. %3] In contrast to NMR, EPR can take advantage of
the significantly better spin population and its considerably lower typical magnetic fields, turning it into an
assistant for nuclear polarization in the dynamic nuclear polarization (DNP) spectroscopy.[®* Eventually,
the parameter estimating the sensitivity is the signal-to-noise ratio (SNR),

Isignal _ <Psigna1>

SNR = )
Inoise <Pnoise>

(2.43)
relating the signal intensity, / (cf. Eqn. 2.29, expressed by the signal power ideally proportional to the
susceptibility y, Eqn. 2.32), to the signal generated by noise. Here, the so called white noise of special
interest, which will be described in the following as indeterminable signal channel oscillations around zero
which do not originate from other, competing species, gives rise to signals with equal resonance conditions.
In practice, the SNR can be measured to rate the efficiency of a new spectroscopic technique or evaluated

[65,66

by finite-element simulations. 1 In this work, comparative measurements will be used to elucidate the

efficiency of the later employed spectroscopic techniques.

Without taking losses into account, the absorbed power P given in Eqn. 2.32 is proportional to the amount
of energy, that is dissipated in the resonator due to the sample in magnetic resonance. Regarding this power
in Eqn. 2.43 two principal possibilities are given to increase the SNR. Either, the signal is enhanced without
increasing the noise or the noise is decreased without limiting the signal. Noise that originates from the
microwave bridge and noise from the detector and the amplifiers must be regarded as given in the context of
this thesis as conventional spectrometers are employed as a basis for all measurements. Overall, the noise
can be estimated as loss power by

Pr = kgTAv, (2.44)

where Av is related to the bandwidth of acquisition.

Consequently, it is worth it to investigate the possibilities of increasing the signal intensity. Here, the
following points are of interest: the magnetic field Bg and mw frequency vy, joined in the resonance
condition Eqn. 2.10 correspond on the one hand directly to the spectral resolution as shown above. The
most thrilling developments here have been achieved for high-frequency EPR, such as W-band spectroscopy
or even beyond as of today.[°!67] Apart from increasing strain effects in high fields, the aim of this work is
the promotion of sensitivity increasing techniques for X-band EPR spectroscopy such that high frequencies
are not competitive within this study. Furthermore, the mw power leading to major improvements in pulse

EPR techniques and generally increasing the signal intensity as seen in Eqn. 2.32 shall be left out, as the
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relevant information about the investigated samples has been acquired by cw EPR. Whenever temperature
can be modified without harming the sample, the pure temperature induced spin polarization as given in
Eqgn. 2.27 increases the signal as it can reach almost unity for sufficiently low temperatures, which are
feasible in solid state EPR. Cooling the sample might also lead to a cooling of the resonator and thus may
change the mw properties as discussed in Section 2.2 or coupling and matching abilities to the microwave
network relevant for some recent developments as shown in Section 2.3. Also, an increase of the signals from
impurities in the resonator or cryostat may play a significant role, which disqualifies the temperature from
being a promising parameter for increasing the signal intensity unconventionally. Lastly, the already treated
modulation frequency and amplitude are ruled out as optimizers for their line shape disturbing properties.
The only easy method to improve the SNR is to increase the number # of accumulations then, which increases
the SNR by a factor of 4/n. Finally, there are two parameters which can be tremendously influenced by the
type of resonators employed without changing the spectrometer basis significantly. Tuning those resonator

properties is a way out of the above dilemma:

Filling factor As described before in Section 2.1.3, in EPR a sample is placed in a resonator to detect
changes in the absorbed mw power. The mw energy density w and with it the mw power (Blz) needs to be
high near the sample and it is obvious that parts of the microwave that do not penetrate the sample cannot
contribute to the signal. Consequently, one can define a filling factor n as

V(B2
2 2 N mw/’S
n = f B, dV f B, dV = Jomyls (245)
sample e / cavity " Vc<Br2nw>c

where the last step is valid provided the cavity is placed such that By L By. It is useful to express the filling
factor, that enters the SNR linearly for some special cases of interest. The integration for a point sample in
the middle of a rectangular cavity works straightforwardly by analyzing the sinusoidal field distribution in
the cavity and is given in large detail in standard textbooks, 28! next to a powder of these crystals in a filled
EPR tube with radius 7 in the same cavity yielding

Vsample Vsample
) Mtube = .

Mpoint = 2 (2.46)

Vcavity Vcavity

Considering that a small volume point-like probe is much smaller than an entirely filled sample tube, the
factor 2 due to the better mw field coverage between 77point and 77yupe does not play a role and such a signal may
give rise to several orders of magnitudes lower absorbed mw power. Therefore, it makes sense to increase
the filling factor dramatically by shrinking the cavity size and reducing the resonator basically to the size of
the sample. Two possible approaches for this consideration are given in Section 2.2 and Section 2.3.

Quality factor The second important parameter is the previously defined quality factor Q from Eqn. 2.38. To
relate 7 and Q to the SNR Eqn. 2.32 can be used, showing that it is possible to define the signal to be a change
in this power, AP. This difference with respect to the total detected power P can be phenomenologically

explained with a change in Q, which in turn means the resonator dissipates a different amount of power per
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cycle. This fraction is approximately 2!

AP A
53 ~ EQ =4nxnQ (2.47)

and using Eqn. 2.44 the SNR can finally be concluded as

AP P
SNR ~ AP, QP (2.48)
PL 8 VkBTAV

which is a linear expression in Bj, meaning it is proportional to the square root of the incident mw power.

Finally, the minimal number of detectable spins may well serve as a definition for the overall spin
sensitivity. [®! This quantity is dependent on the linewidth AB,,, of the detected cw EPR resonance line and

the frequency bandwidth A f of the detection system and recorded for a standardized time constant of 1s,

nV

N
in[~)= —" 2.49
mm(B) SNR+/AfAB,,, @49

where the number of spins N = nV refers to the sample used in the experiment with the respective observation
of its cw EPR signal with a certain SNR.

2.1.5 Beyond Paramagnetism — Antiferromagnetism and Ferromagnetism

This last Subsection of the basic introduction in the theoretical and technical background of EPR spectroscopy
shall be devoted to the magnetic susceptibility, which is revisited to broaden the view on the occurring physical
phenomena in magnetic resonance. In Eqn. 2.14 no special assumptions about the magnetic susceptibility
Xmag (or later y) have been made apart from it being strictly larger than zero. At this point, some more

precise options shall be presented. In general, substances with y can be called
diamagnetic & xgix <0, paramagnetic & Ypa >0

in general.[®! In this Section, the magnetization M will play a very important role. In

with | yaia| < |Xpar
general, it denotes the magnetic moment per unit volume of a body immersed in an external field linked via

the susceptibility y as proportionality constant to the magnetic field By:[°!

M = yB (2.50)
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The magnetization M of a system of N magnetically diluted, non-interacting paramagnetic spins is derived

as the statistical average of all single spins S with magnetizations nz,!
S5 apemesp (-1
(M) =-N S meB.Bo (2.51)
Zpems P (<257
SBeB
- Ngp.SBs(n, x = ELR, (2.52)
where Bg(x) is the Brillouin function, 7!
25 +1 25 +1 1 1
B — .coth| —— x| — — -coth| — x| . 2.
s (x) S co ( S x) 75 co (ZS x) (2.53)

In the high temperature approximation (hv < kpT), Eqn. 2.52 can be expanded as Taylor series and M or y
(Eqn. 2.50) follows an inverse-temperature behavior, !
N B2g*S(S+1)
=—e - 7 2.54

X par 3 kaT ( )
which is called Curie’s law.[”! Paramagnetic samples are pulled into an inhomogeneous magnetic field, while
a diamagnetic sample is forced out of it. Diamagnetism is present in almost every substance, originating
from most atomic nuclei. Therefore, diamagnetic samples with nuclear spin can be observed with NMR,
while paramagnetism can among others be studied with EPR as presented above. For the basic interactions
in 7:(EZ and 7:(1.[1:5, it was assumed that the individual paramagnetic spins do not interact with each other

(Section 2.1.1), while weak interactions usually lead to line broadenings (Section 2.1.2).

However, it is also possible for the spins to couple strongly and align with respect to each other, also
without the presence of an external magnetic field By. This interaction may lead to an antiparallel spin
alignment, which is called antiferromagnetism. Additionally, the spins may align parallel, a phenomenon
which is called ferromagnetism. The following model partly completes the abbreviated description of the
omitted terms in the Spin Hamiltonian, Eqn. 2.17 of Section 2.1.1. Here, ferromagnetism shows coupling
constants J > 0, while antiferromagnetism can be interpreted as two ferromagnetically coupled sublattices
with J < 0. The ordered spin states also remain in the presence of By or may even be induced only upon such
an influence. Typically, they persist at very low temperatures and transform into a paramagnetic phase above

70.721 The dependence of the magnetization M (By) of

the Néel temperature Ty or Curie temperature Tc.|
an antiferromagnet is more characteristic of a paramagnet, although it originates from different effects. For
antiferromagnets, the susceptibility y,r is a useful parameter for the description, and antiferromagnetically
coupling spins can be detected and described in terms of EPR with spin-spin interactions below Ty. In
contrast, below Tc xfr is no longer a useful parameter, since it is both field- and history-dependent.
Although it is possible to show these long-range phenomena both with and without external By, a typical
property of such ferromagnetically coupled spins is their ordering dependence on the direction of By,

such that the susceptibility takes significantly different values for x| and y, and a strong temperature
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dependence of those two values can be observed.”"! In this regard, the saturation magnetization My is
regarded as an important intrinsic property.!’3! These magnetization properties are commonly measured in
a superconducting quantum interference device (SQUID). Nevertheless, also ferromagnetism can also be
recorded in an EPR spectrometer, allowing for the study of important properties no competing spectroscopy
can reveal. This special application of EPR instruments for ferromagnetic samples was observed well
before Zavoisky’s experiments by W. Arkadiew in 1911,174! due to the much more intense signal. Relevant
theoretical descriptions were also given earlier in 1931 by L. Landau and E. Lifschitz,[”> and later by C.

Kittel.[76-7°1 The principles of this magnetic resonance are introduced below.

Theory of magnetic anisotropy Magnetic anisotropy describes the different total energies of the ground
state of ferromagnetic matter depending on the magnetization M, which is itself dependent on the direction of
the external magnetic field By. The magnetic anisotropy energy AEwaE is defined as the work needed to turn
Mg from the direction it points along without external fields towards the direction By/By. If the directional
change of Mg happens at a constant temperature, this difference corresponds to the differences in the free
energy, F. F is minimal for a magnetic easy axis and largest for a magnetic hard axis. Magnetic anisotropy
occurs due to both boundary conditions from the external shape as well as intrinsic lattice properties. For

example, a magnetic easy axis of thin films will always be in the film plane. 30-81]

Microscopically, two reasons are considered for the intrinsic, magnetocrystalline anisotropy: dipole-dipole
as well as spin-lattice interactions. In general, a magnetic dipole u induces a magnetic field B, in distance

Ty,
3 .
B, (r.) = Z—;; % - % (2.55)

and another dipole £ in distance r, has the corresponding energy Ex = & - B,,. Due to the lattice pinning
of the dipoles and the possibly different lattice constants a magnetic anisotropy might occur. The total free
energy in a lattice is then the sum of all dipolar interaction energies. Without many further comments on
the theory behind this summation, it is natural to assume without loss of generality that for a crystal with
volume V this summation can be transformed into an integral, allowing for the identification of the boundary

conditions as the origin of the external, shape anisotropy:

1
F=ZE1-:»F=vfMS-BﬂdV (2.56)
. \'%4

Hence, the free energy of a system can be deduced from its symmetry and approximate outer shape. For
the uniaxial geometry of the thin film samples studied in this work, a magnetocrystalline anisotropy energy
containing uniaxial second and fourth order anisotropy terms with anisotropy constants K, and Kj, is

required. The free energy density is then given by 3%

1
F=—-uyMg -H+ (EpoMg + Ku) cos? 6§ + K4, cos? 6, (2.57)
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where 6 denotes the angle between the magnetization vector and the film normal. It can be assumed that
both Mg and H = B(/uo are in a similar plane, which the film normal spans with the two of them, and
because they do not align collinearly, 6y shall denote the angle between By and the film normal, such that
Mg - H = MgH cos (6 — 6y). In general, F is a function of the temperature 7. Therefore, all anisotropy

fields described in the following are assumed to be saturated at low temperatures.

Ferromagnetic resonance (FMR) The actual FMR spectrometer does not differ from a cw EPR spec-
trometer as described in Section 2.1.3. The resonance condition Eqn. 2.10 adapts to the new resonance
field:

BT = uo (Ho + Ms) = poHSE,  hviw = g7 B BT (2.58)
2
= w=yB" y= —”g}f Pe (2.59)

In any measurement, only poHy is known, as the internal fields define the actual resonance field B incident
on the observed spins.

In contrast to the quasi isolated spins focused so far, strong interactions must be considered as leading
to strong internal fields. Additionally, anisotropy fields as discussed above perturb this field, which are all
collected in the effective field BS™. The gyromagnetic ratio y is more frequently used in FMR than the g
factor, which is now affected by the strong spin couplings. The time derivative of the torque by the total
moment of inertia u,, induced by J in BT can with the help of y be expressed by
dpu

5 = MX B, (2.60)

| =

which is integrated over a volume V to the total magnetization time derivative of thin ferromagnetic films

possessing usually aligned magnetic momenta:

dM

o =7 (M x B°T) (2.61)

This equation is the Landau-Lifschitz equation, reobtained later via quantum mechanics by J. H. van Vleck and

75831 The solution of the Landau-Lifschitz equation is the key to connect the anisotropy

used in the following.!
fields with the resonance fields found for an FMR signal, allowing to resolve the angular distribution of the
magnetic easy and hard axes and the respective anisotropy constants. An approach to this solution is given by
J. Smit and H. G. Beljers.®* It is based on the picture of the precessing magnetic moment describing a cone
around B (cf. Eqn. 2.7). Eqn. 2.61 can herein be expanded in its equations of motion based on the earlier
described angle 8 and an additional, azimuthal precession angle ¢ with the assumption that Mg = const.:
do 9B et 4o oBef gef

- = . . —'0:— =, —
&t T Tag T YPer @ MMUT TV g Latd

(2.62)

In a thermodynamic equilibrium Mg and B°T might be assumed to align for a moment and the equilibrium
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orientation of Mg in terms of 6 and ¢ can be found in the minima of F:

F F
Fa=2E Lo g =9

|
- =1 =0 (2.63)
90 6y 690 %0

However, since the alignment of Mg and B°T is not an initial requirement, small deviations are allowed and
can be expanded in a Taylor series involving second order derivatives of the equilibrium:

Fy = Fgo60 + Fo,60, F, = Fpg60 + Fpp60 (2.64)

From a Lagrangian equation of motion approach a combination of Eqn. 2.56 and Eqn. 2.62 can be used to

replace the left-hand sides of Eqn. 2.64 and obtain a set of linear differential equations, (']

0 (6¢p)
ot

M d (56 M
s Gng2 00 _ pso + Fopbp, —>sinf
Y

o = Fp960 + F 69 (2.65)

and a solution of Eqn. 2.65 is the resonance equation by Smit and Beljers, solved for the resonance field: [84]

w
woHy = — FooFpy — Fip (2.66)

b% = Msing

The latter equation lacks a solution for the case 6 = 0, therefore an equivalent solution by Baselgia et al.[8]
can considered instead:

w 1 Fop  cos@ Fop  cos \*
2= _\|F + R - [ - 220 2.67
y M\/ gg(snﬂg sin 6 ") (sin9 sin2@ ¢ (2.67)

Finally, it is necessary to expand the specific free energy for the sample of this work given in Eqn. 2.57 in
the formalism of Eqn. 2.67:

(Meff + %) cos 26 + 4t cos? 40 + Hy cos* 0

Hy = +

Koo 2cos (6 —0g) (2.68)
(Meff + %) cos 20 + % cos 40 — Mg cos2 6 + Hy cos* 0
+
2cos (6 —6gy)
Mg + H, H
Oy = 6 — arcsin eff 2 §in260 + — sin46 (2.69)
) 8Hy

: _ 2Kp, K4y
with Mg = Mo Ms *

easy axis is either perpendicular to the film plane or embedded in the plane. The mutual dependency of

— 41 My being the effective anisotropy field and Hy = For Mg < 0, the magnetic

Eqn. 2.68-2.69 can be fitted numerically. For the special case of By along an easy axis (either intentional or

due to large field strengths) and By and Mg in the thin film plane (6 = 6 = 90°) neglecting the Hy terms
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Eqn. 2.69 reduces to
(1oHo)* = Boy (Boj — Mer) (2.70)
and for By and Mg normal to the film plane (6 = 6 = 0°), it becomes

HoHo = Boy + Mg (2.71)

The FMR linewidth and 7=  Eqn. 2.67 can be expanded to predict the full line shape.3! In principle, the
FMR line is like a Lorentzian, homogeneously broadened EPR signal as outlined in Section 2.1.2. Hereby,
ABpp, = ,uoa)yzLMs is proportional to the Gilbert damping term G introduced by T. L. Gilbert in 1955
(however unpublished at the time). 87! At this point, it is not relevant to determine which microscopic process
leads to the signal broadening, but it is clear, that a dynamic motion of the spins would physically lead to a
broadened FMR line as in the case of EPR signals described in Section 2.1.2. The linewidth also depends

on the orientation, and it has been shown that!88!

2o G w
V3 ¥2M cos (6 — Op)

AB,, = (2.72)
Hence, the linewidth is small whenever Mg and B are parallel, for example in a magnetic easy axes. If they

are not parallel, AB,,, increases depending on the equilibrium angle 6.

A further dependency of the line shape and linewidth is observed upon changes of the temperature.
With decreasing temperature, the resonance fields shift both for the magnetic hard and easy axis to lower
external fields By, as the internal anisotropy fields typically increase. Ideally, the linewidth decreases linearly
with temperature until it saturates. Since the linewidth of the FMR signal is related to fluctuations of the
magnetization, T¢ can be determined from the linewidth as the onset of its decrease. [*°! This is demonstrated

in Section 4.3.1 of this work.

2.2 High Sensitivity EPR with Dielectric Resonators

Dielectric resonators (DRs) are a well-established technology in mw techniques and like many oscillators,
they are primarily used for frequency selection in filters, frequency stabilization in oscillators, and short-term
energy storage. A DR consists of a disk or ring of dielectric, non-conductive and non-magnetic material
with high quality factors, therefore opening up potential applications in cw EPR as well. In the following
Subsection, the requirements for this application will be elucidated in order to highlight the necessity of the

novel dielectric resonators employed in this work.
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Fig. 2.6 Dielectric resonator modes:
(A) The TE(; s of a DR with concentric E| and parallel B fields with respect to the disk normal. E; is concentrated
mostly in the outer ring sections, B has highest 77 in the center of the disk.
(B) DR coupled to TE102 of cavity resonator.
(C) Schematic drawing of applied dielectric resonator with 1.2 mm hole.

2.2.1 Dielectric Resonators for Microwave Applications

The principles of DRs have been known since 1939,°"! and dedicated theory has been under development
since 1960.°! Soon after, they were tested also for EPR,®?! however a broad application has been prevented
by the lack of materials with a sufficiently high dielectric constant, £, ~ 20...100, which appeared about
10 years later. Then, numerous applications were found for DRs and the benefiting properties like their high
QO (Eqn. 2.38) and high n (Eqn. 2.45) could also be employed for magnetic spectroscopy. This is possible
because the DR can easy be driven to oscillate in a suitable mode for application in EPR.

As seen in Section 2.1.3 about EPR cavity resonators, an important condition for regular cw EPR is the
orthonormality of By and B while having E; = 0 at the same point for every instance of time. A commonly
used mw mode with DRs is the TEy;s mode. This mode is depicted in Fig. 2.6A. In principle, it is not very
different from the TE102 mode. The TEy;s mode was introduced by Cohn!?3! and from a distance it looks
like a magnetic dipole. On the one hand, it has the advantage, that about 60 % of the magnetic field energy is
concentrated in the center of the DR already at €, ~ 40, which leads to the conclusion that a hole in the center
of the DR is a good choice for placing the sample.®* One the other hand the similarities in the modes’ field
lines allow for a simple coupling mechanism which was applied in this work and is depicted in Fig. 2.6B.
The electric field lines form concentric circles in the DR material and thus do not interfere with the sample,
if it is placed in a hole as shown in in Fig. 2.6C and in Fig. B.7 on page 104 in the Appendix in more detail.

The oscillation occurs due to energy transfer between electric and magnetic fields, reflected in the DR’s
boundaries and the surrounding air. In this way, a standing wave is formed and energy which is not
concentrated in the hole dissipates in the air around the DR with rapidly decreasing field magnitudes.
Despite the relatively simple shape of the depicted DR, the exact field distribution must be calculated with

1941 which have not been part of this work. Instead, a modest estimation achieved from

finite element methods,
such finite element simulations can be used to estimate the resonance frequency from such DRs. Kajfez and

Guillon " give a first approximation of the frequency for the TEq;s-mode if the ratio a/L of cylindrically



2.2.1 Dielectric Resonators for Microwave Applications

shaped DRs and their permittivity meet the reproduced requirements:

farz = (3 + 3.45), 0.5 < % <2and30 < &, < 50, (2.73)

34
ave, \L

where the radius of the DR is denoted by a and its height by L, both measured in units of mm. A more

accurate empirical formula was derived later from simulations by Kishk and Antar[®1:

2.921cg,0-46° a a\?
=————-(0.691 +0.319—-0.035(—) |, 2.74
Jake 2na - 10° L (L) @74

where c is the speed of light in vacuum. Kishk and Antar!®>] showed that for arbitrary &, individual
simulations would be necessary and if the ratio of a/L is out of the range as specified in Eqn. 2.73, other
modes may be enhanced while undesired modes can be suppressed. >

DRs consist of dielectric ceramics,®”! or ferroelectric materials with low loss tangents tan § and preferably
high temperature stability 7, = 122 1989 After higher &, ceramics were developed, the main limitation,
besides non-optimal temperature stability, preventing a universal use in EPR spectroscopy was the presence
of large amounts of paramagnetic impurities in the ceramics, giving rise to rich, temperature dependent
EPR baseline perturbations which limited the accessible temperature and spectral region. Recently, more

100

attempts have been carried out to overcome these limitations. Belous et al.[!%! have found dielectric ceramics

belonging to the wide family of barium lanthanide titanates (BLTss) with the structure of tetragonal tungsten
bronze (TTB) oxide ceramics depicted in Fig. 2.7. The DR materials with composition Bag_xLng,2x/3Ti1gOs4
(Ln = Sm, Nd) have been slightly modified by means of partial iso- and aliovalent substitution in their
crystalline lattices to suppress mw dielectric losses and improve the temperature stability of &,.!1% The

latter parameter is crucial in terms of suppressing the temperature changes of the resonant frequency of a

Fig. 2.7 Tetragonal tungsten bronze structure: Structural
representation of tetragonal tungsten bronze (TTB)
as a group of nonstoichiometric compounds (space
group P4/mbm) viewed along [0 0 1] axis (top) and
[110] axis (bottom). Tetragons indicate oxygen oc-
tahedra containing the cations in variable concen-
tration which represents a metal with a large variety
of species, among them the family of barium lan-
thanide titanates (BLTss) used for the DRs. [96]
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DR. In this regard, the DRs’ materials generally also contain slight amounts (up to 1. ..5 % wt.) of calcium,
strontium, and magnesium oxides. The ceramics were made by solid-state synthesis at a sintering temperature

100

of 1350 °C for 6 — 8h. A cylindrical compression mold of the required diameter was used.!!%! Therefore,

the DRs demonstrated low dielectric losses in the desired mw range (tan 6 below 10 x 1072 at 10 GHz), and

101] were able to show

good temperature stability of dielectric constant (7, = +5ppm/K). Golovina et al.!
that with these DRs at temperatures of 77 K, stable mw properties and acceptable background signal around

g = 2 could be achieved. The materials had a dielectric constant of £, ~ 35 by this time.

2.2.2 Implementation of Dielectric Resonators in EPR

Actual implementation of DRs for EPR requires an efficient coupling of the DR to the mw network. In
principle, a DR can be coupled via antennae like it was done in the discovery of microwaves by Hertz[*°! and

102 103]

for loop-gap resonators invented by Froncisz and Hyde 92!, which have become a standard in pulse EPR.!

104]

This has also been applied to DRs before, ! as well as experimentally in this work as seen in Fig. B.1 on

page 96 in the Appendix, but there exists an easier method which does not require alteration of the EPR setup

(105,106 Dye to the relatively collinear

significantly. This is the insertion of the DR into cavity resonators.
B, field distributions of DRs and cavity resonators as depicted in Fig. 2.6B, the TEq;s mode can be excited
in rectangular and cylindrical cavity resonators.[?>! The frequency of a free DR in standalone configuration
faeHz (Eqn. 2.74) that is usually considered as optimal when employed in cavity resonating systems should
be close to the frequency of that very metal cavity resonator. [101]

Today’s availability of DRs with high dielectric constants of &, ~ 80 allow for usage with coupling
provided via cavity resonators even in commercial flow cryostats, which have a relatively narrow inner
diameter that the DR must fit in. This limits the reachable frequency range (Eqn. 2.74) but is just enough for

(101 This easy-to-use setup would offer the opportunity to measure small single crystals

X-band frequencies.
and thin film samples at non-ambient atmospheres and a wide temperature range of 4.2K < T < 300K,
provided the DR does not have paramagnetic impurities detectable at those low temperatures. At room
temperature, DRs proved versatility for various solid state experiments ') and aqueous samples in stopped
flow experiments.[197-108] Although numerous different shapes and designs for various applications have

9T.109-112] 46 far all easily applicable measurements in commercial spectrometers with standard

been studied, !
cryostats have been limited to relative high temperatures, due to either dimensions that were too large for a
common cryostat,2 high impurity contents, '3 or substantial temperature dependencies on the stability of
&, To and of tan .14

As outlined above, very sophisticated ways of predicting the mw field distribution are available by

). [115-117] Thege theoretical

finite element simulation or novel improvements of coupled mode theory (CMT
investigations found that the TE(; s mode is able to couple in a parallel (symmetric, in phase) and antiparallel
(antisymmetric, out of phase) configuration with respect to the TE g, or TM9 modes of the rectangular
or cylindrical cavities, respectively. [101.11L115-117] The parallel field superposition results in lower resonance

frequencies, and the antiparallel field shows the opposite behavior with higher coupled mw resonance

ZPopular DRs were supplied by muRata Manufacturing Inc., Japan, and coupled in highly advanced, customized setups, [104:106.108]
but their outer diameters usually exceeded those given in Section A.1 in the Appendix.
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frequencies. Higher frequencies yield lower signal enhancements, while lower frequencies are the preferred
ones with even higher SNR gains. The low-frequency parallel mode was experimentally excited for DRs
with lower €, ~ 35, whereas the high frequency antiparallel mode is reported to be the dominating one for
DRs with higher &,.11°!) Mett et al.[!!3] state that with an iris coupling of electrically coupled cavity-DR
systems, only one of the modes can be excited at the same time, and the coupled resonance frequencies with
Santiparallel > fempty cav. > fparallel NEVET CroSs.

The goal of this work was to show that DRs provide an easy-to-use setup for commercial spectrometers,
where the DR is placed in a typical EPR sample tube together with the studied sample, as shown in Fig. 2.6C,
to perform experiments under non-ambient gas atmospheres, such as in vacuum or under gas loading at
temperatures below the 77 K reported so far. To achieve this, an optimal material which is sufficiently clean
from paramagnetic impurities, enhances the filling factor 1 reasonably, and enhances the B field reasonably
had to be found. While the first two points are self-explanatory, the third one is caused by the fact that
all experiments which compare the SNR must be carried out at the same measurement conditions. This,
however, results in the situation that the augmented mw B field magnitude must also be considered as it
enters the SNR (Eqn. 2.48) directly proportional via the mw power P. Since in cw EPR power is practically
unlimited (Section 2.1.3), at first sight increasing B; by using a DR does not assist the EPR measurement.
Moreover, for every coupled DR this factor must be known in order to correct the achieved SNR gain for
it. On the other hand, the increased B; does only affect the studied sample in the vicinity of the DR. If,
therefore, the DR can help to reduce the incident power on impurities which are outside the DRs high 7, one
can no longer reject the benefits of the B; field magnitude increase. A proportionality constant C for the
incident mw power to B;-field conversion which is referred to as probe’s efficiency parameter 2A, can be
given as!115116]

By = C:VP = 2AVP. (2.75)

In this work, C will be evaluated for the various DRs tested in Section 3.1.

2.3 Very High Sensitivity EPR with Planar Microresonators

Another recent method for ultra-sensitive cw and pulsed EPR methods was adapted from the development
of planar or spatially distributed miniaturized mw structures, which are applied widely in physics and
engineering. '8 For EPR, planar microresonators (PMRs) are a sophisticated approach for new resonators.
The following Section shall give an overview of the wide field which has been made possible by this
technology.

2.3.1 Electronic Strip Line Architecture in High Frequency Techniques

Like many other technologies, it is desirable for mw processing to happen in miniaturized design layouts
on physical circuit boards (PCB) to provide easy, reliable, and cheap production and handling. In the
1950’s, microwaves were processed on circuit boards that were designed similarly to coaxial wave guides.

Later, with further implementation of integrated circuit (IC)-technology and electronic circuitry, microstrips
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A B

Sample Space

E4

Conductor

PCB Substrate

Fig. 2.8 Microstrip TEM mode, planar microresonator: Magnetic field lines (blue) are concentrated around the sample,
while electric field lines (red) do not penetrate the sample.
(A) Cross section of dual-layer PCB strip line and sketched TEM mode with concentric B field which has highest
n close to the conductor.
(B) PMR coupled to strip line, the sample must be placed in the loop of the Q structure with highest 1 of B;.

were used instead. This type of waveguide provides the cheapest way to guide microwaves but struggles
with higher powers, stray fields, and cross talking interferences. Also, the limitation of appropriate PCB
materials proving high, constant ¢, and rigid mechanical properties in a large temperature range prevents
the technology from becoming as popular in microwave engineering as in other electronics. For EPR, the
paramagnetic impurities in the PCB materials set another limit. It is only recently that high £, PCB materials
partly overcoming these limitations have been introduced for example by Rogers Corp.,3 or single crystals
like sapphire with more challenging mechanical properties and known as DR material already were used as

wafer substrate. [97-120]

Classically, as explained above in Section 2.1.3, microwaves are guided along cavity structures and tend
to oscillate within resonators with dimensions of integer multiples and fractions of the mw wavelength A,
which for X-band frequencies implies structures of several cm in size. From microstrip waveguides, another
type of mw resonator can be deduced, and this was already applied for EPR in 1974 by Johansson et al.[?!]
based on the working principle of miniaturized lumped element structures, which can be sub-wavelength in
dimension. Inside individual parts of these structures there are no longer standing microwaves, but they may

102

nevertheless serve for EPR usage as shown already and outlined below.'%%! Fig. 2.8A shows the principal

layout of the parent microstrip waveguide principle. Nowadays, the complete implementation of the EPR
experiment (apart from the external magnetic field) on a circuit board or ICs can lead to new possible areas

of application. [122:123]

3See Fig. B.2 on page 98 for a Rogers Ro3010 EPR spectrum. [119]
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2.3.2 Implementation of Planar Microresonators in EPR

So far the EPR resonators which have been presented here have had a dimension of mnp half wavelengths,
optimized for standing waves in cavities or strip lines with low losses and high quality factors. Their advantage
is the high sensitivity to changes in Q which in most cases can compete with the low filling factors . The
design of the resonators allows for an easy substitution of samples within the resonator and of the resonators
at the spectrometer. Also, microwave losses between the resonator and the rest of the microwave network
are low, because the resonators are build to match characteristic impedances. Another approach for EPR
resonators is to increase the filling factor n by decreasing the resonator size below common integer fractions
of the wavelength, often in expense of the quality factor and impedance matching. This can only be of use
if the sample size cannot be increased arbitrarily without harming the integrity of the sample properties like
crystallographic unity, purity or homogeneity. Morita and Ohno!!?*) and Mahdjour et al.[%%] proposed the
use of non-resonant coils or microcoils adopted from NMR for the detection of low amounts of liquids. The
most simple microstrip resonator is a microstrip with impedance Z and half-wavelength A,y /2 strip line
length. It is separated from the waveguide strip line by a certain gap as shown for the straight strip line part
in Fig. 2.8B. Accurate predictions of the microstrip resonator dimensions and properties are the subject of
theoretical treatments by dedicated finite-element simulations. ['2>!26] Wallace and Silsbee!'?”! constructed
resonators and by decreasing the wafer and strip size they could increase the filling factor to almost unity. By
using this approach, a thin film could be investigated, however the sample size still needs to be in the range

of the wavelength.

128

A novel method of miniaturization is provided by Narkowicz et al. 28], proposing lumped-element layouts

inspired by macroscopic loop-gap resonators coupled to microstrips acting as antennae or integrated in the
conductor of a microstrip, resulting in the characteristic shape of a planar, capital Greek letter Q. These
are then referred to as planar microresonators (PMRs). Fig. 2.8B shows the typical layout and dimensions
of the Q-shaped PMRs. For X-band frequencies, two differently shaped microresonators had initially been

128,129

proposed, ! I and they were intended to confine the B;-field to a very limited space and address very

small domains or small samples. Later, the principle was also applied to planar loop-gap resonators and

1391 Via the small volume with high filling factors 7 of the lumped elements, a high

other array structures. !
mw power is achieved (Eqn. 2.48), leading as with the DRs to strong mw Bj fields. The resonance frequency
for the PMRs can be estimated by the following formula:

(L, +AL,) = (2.76)

c
2 foEer
Here, AL, is the heuristic length of the microstrip gaps at the outer ends of the PMR. This additional
length influences both the resonance frequency fj and the capacitance of the resonator, which is important
considering the requirement of the impedance matching. To evaluate the optimal structure for a matched

microstrip with a characteristic impedance of 50 Q and the desired field distribution, Narkowicz et al.[128]

optimized the properties by finite element simulations, !*>! and found the inverse proportionality, [>]

2A o d, (2.77)
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scheme: Schematic representation of a
metal-organic framework structure show-

ing the metal center and linker building M
blocks forming a regular network.

where d denotes the PMR loop diameter and 2A is used as in Eqn. 2.75 for the DRs. Furthermore, with
the mw efficiency of high B, fields inside the structure the detection sensitivity of the PMR in pulsed EPR
applications increases as its size gets smaller. As sketched in Fig. 2.8B, the PMR design is considered as very
advantageous due to its lack in E; and B, field overlap, which is a benefit for achieving higher quality factors
Q. However, the overall Q is still very low, making them also generally suitable for pulse EPR experiments.
The PMRs designed by the Suter group, TU Dortmund, are manufactured with PCB lithography technology
at TU Ilmenau. The easy layout simplifies production and reduces the resonator cost. However, the planar
structure requires very customized couplings, positioning in an optional cryostat and orientation of the
sample. Small samples are placed on the substrate inside the loop structure or a capillary is used to hold a
liquid sample in a drilled hole inside the loop. Due to the small dimensions, this positioning must be very
precise and it is difficult to manipulate the sample orientation other than under an optical microscope.

As outlined above, it is preferable to produce small PMRs. Sensitivity tests with DPPH samples resulted
in the remarkable sensitivity value according to Eqn. 2.49 of 2.3 x 10° spins/(G - Hz'/?) at 300 K.[28] The
PMRs also have been applied to ultra small single nanomagnets with volumes of (100nm)? for FMR
measurements (Section 2.1.5). 131 1 this work, the implementation of a PMR for an actual, low temperature

EPR investigation of a small, single crystal has been attempted.

2.4 Porous Metal-Organic Frameworks Investigated by EPR

Over the last couple of decades, an interest in MOFs as a discrete class of porous solids has emerged.[!3?]

MOFs, which are formed of metal centers and organic linkers as depicted in Fig. 2.9, are dedicated for
gas separation and storage?!l and reveal interesting properties for catalytic application. 331341 A growing
part of research is dedicated to the magnetic properties of MOFs, >33 such as the recently observed
ferromagnetism in dinuclear Cu?* based MOFs with Cux(CO0)4 paddle-wheels (PWS).“36] As many of
them already contain paramagnetic ions, or can be doped by paramagnetic ion sensors, EPR spectroscopy,
among other characterization methods, has been used to elucidate the nature of paramagnetic probes, 3]
including their interaction with diamagnetic and paramagnetic adsorbates in MOFs as well as structural
deformation processes upon gas adsorption.*>23 EPR can be used together with theoretical models like
those obtained from density-functional theory (DFT), allowing for the analysis of important aspects of MOF
structures, as the large variety of studies on MOFs shows. 221381391

The presented MOFs in this work have partly been analyzed previously as powder materials by other
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methods, including cw and pulsed EPR. Due to the information deficit for the elucidation of complex structures
regarding specific magnetic g and A tensor principal axis orientations with respect to crystallographic axes
obtained by powder studies, single crystal EPR of MOF crystals is needed to obtain get further insight into
the structures. Moreover, adsorption complexes formed with paramagnetic ions in porous materials such as
MOFs and also zeolites, AIPOs and SAPOs have been investigated widely, yet in powders only. [!140-143] For
single crystals, so far EPR has often not been feasible, since the low-density materials typically form small
crystallites of sub-millimeter size which themselves feature relatively few atoms due to the high porosity.
Therefore, single crystal EPR has been restricted to a few studies of framework substitutions in high-field
EPR experiments. 4! For this work, three examples of MOFs have been selected to show the opportunities

given by the new, sensitive methods introduced in Section 2.2 and 2.3.

2.4.1 A New Approach for Structure Determination in a Robust MOF

One of the most studied MOFs is the well-known HKUST-1 presented in Section 2.4.2.!1 The high
porosity found for HKUST-1 in numerous studies set benchmarks for adsorption capabilities of MOFs and

146

the effectiveness of the separation of CO, and CH,.!14%) Despite the benefiting properties, a number of

difficulties arise in large scale handling, among them instability against humid environments and low thermal

147

resilience, 47! which make it worthwhile to synthesize and investigate novel compounds. For this reason,

a MOF material with the chemical formula ;[Cu'gcu”g(HZO)szCIQ] (denoted in short as 1 throughout
this thesis) was prepared with solvothermal synthesis by P. Eckold.!!*814%1 " Here, L is a short form of
3,3’-(5,5’-(thiophene-2,5-diyl)bis(3-methyl-4H-1,2,4-triazole-5,4-diyl))dibenzoate, such that the extended
formula reads cS[Cu'gCu”g(HZO)z{(Me—trz—mba)gthio)}QCIg].

The structure of this more durable MOF was characterized by single crystal XRD analysis and discussed

1491 A presentation of the network with space group I 2;2;2; is shown in Fig. 2.10A.

by Siménas et al.!
The three-dimensional network contains both Cu* and Cu?* ions. The Cu?* ions build PW units coordinated
by four carboxylate groups of the ligand L and two water molecules on the apical positions. The Cu* ions
are coordinated by four nitrogen atoms of four bridging triazole rings resulting in a tetrahedral coordination
environment. Synthesis, crystal structure, and powder cw EPR spectroscopy data of the MOF have been

1491 A single crystal of that material with approximate dimensions

described and analyzed before this work. !
of 200 x 50 x 50 um?® (see Fig. B.5 on page 102 and Section B.3 in the Appendix) contains about 10'* unit

cells.
It was found that the Cu®* ions in Cu / Cu PW units are coupled antiferromagnetically and have an

(1501 The observed coupling is a direct

excited S = 1 electron spin state and an EPR silent S = 0 ground state.
consequence of the super exchange of two unpaired electrons residing in a single Cu/ Cu PW unit. Moreover,
a pronounced interdinuclear exchange of the excited spin triplets between neighboring Cu / Cu PW units in
the dehydrated MOF has been reported.['4°! In addition, the cw EPR experiments revealed a mononuclear
Cu?* ion species of unknown origin. The elucidation of the origin of such mononuclear Cu®* ions in MOFs
containing Cu/Cu PW units seems to be a general problem, since minor mononuclear Cu?* species have also

been observed in the formerly mentioned HKUST-1,2%1591 [Zn, _, Cu,(bdc)(dabco)o 5], '°! and STAM-I
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Fig. 2.10 3[Cu'>Cul'5(H20)2L2Cl2] with cw powder EPR spectrum:

(A) Structural ball-and-stick representation of 3[Cu'2Cu''2(H20)2L2Cl2] with indicated Cu* and Cu?* in the Cu
/ Cu PW units (for an isolated PW see Fig. 2.11A).

(B) (a) Experimental powder EPR spectrum at 7K, (b) sum of the simulated spectra of the two mononuclear
species, (c) species 1A, (d) species 1B. The lower line reproductions of the g|| part are magnified.

MOFs.[132] and have so far been attributed to extra framework impurities in high local concentrations from
untransformed reactants. However, in many cases, direct proof about the origin of these cupric ion defect
species has not been provided. Preliminary tests of powder materials of the mononuclear Cu?* ion species
in the as-synthesized crystals 1 were used to estimate the percentage of Cu?* ions with respect to other

153

framework constituents and their origin.!!>3 These will be shown below before the results of the single

crystal analysis of 1 are presented in Section 4.1.

X-Ray Diffraction During refinement of the crystal structure of 1 based on single crystal XRD data

153] Tn contrast to the Cu* ions, the anisotropic

a peculiarity concerning the Cu?* ions was observed.!
displacement factors for the Cu?* ion were slightly increased. To investigate the origin of this deviation the
site occupancy factors (sof) of Cu* and Cu®* ions were refined. Whereas the sof of the Cu* ions were found
to be 0.49 and 0.50, respectively (the positions of Cu* ions are located on twofold axes, so the expected sof
is 0.50), the sof for the Cu?* jon was refined to 0.933(4). A possible explanation for this observation is the
presence of defective PW units, in which only one Cu?* position is occupied. Based on the XRD data, about

13 % of all PWs would be defective.

Mononuclear Cu’** Concentration X- and Q-band powder EPR measurements of 3[Cu',Cu''s(Hz0),L2
Clo] have been repeated for this work as a preliminary test for the single crystal measurements presented in
Chapter 4.114%1531 Fig 2 10B shows the powder spectrum of 1 measured at X-band frequency and 7 K around
values of g = 2. The experimental spectrum of 1 Fig. 2.10B(a) (upper two lines, red) shows the well-known
anisotropic EPR powder pattern of mononuclear Cu®* ions with § = % electron spin interacting with the

nuclear magnetic moments of the 3Cu and 8°Cu isotopes with nuclear spin I = % each. The excited S = 1
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Tab. 2.1 3[Cu'2Cu''5(H20)2L2Cl2] simulation parameters: Axial g and A tensors’ principal axis values of mononuclear
Cu?* species 1A and 1B.

Parameter Species 1A Species 1B
8l 81 2.317(2),2.055(5) 2.359(2), 2.044(5)
A, AL /107 /em  173(1), 18(2) 153(1), 18(2)

spin state EPR resonance lines of the antiferromagnetically coupled Cu?* pair in the Cu/ Cu PW units are not
present in the spectrum due to the low temperature of 7 K. In the spectrum two different patterns assigned to
two axially symmetric Cu* species 1A and 1B can be identified in accordance to an earlier report.[4°1 Both
species show well resolved HFS signals in the g part of their powder pattern, indicating only moderate strain
effects. At 7K, the spectrum of each species can be simulated using Eqn. 2.2 and 2.3 from Eqn. 2.1 with
two terms each for species 1A and 1B. The principal axis values of the axially symmetric g and A tensors of
species 1A and 1B are given in Tab. 2.1. Though strain effects are moderate, the increasing line widths of
the HFS signals in the g part with increasing field for both Cu®* species are typical for correlated g and A
strain distributions. ">*1 Consequently, a correlated and Gaussian weighted distribution of the principal axis
values has been considered in the simulation of the EPR powder patterns of the Cu?* species 1A and 1B.
For the simulation of 1 a Gaussian distribution of the g components with a center given in Tab. 2.1 and a
width of Ag) = 0.015 has been assumed heuristically, taking the two species 1A and 1B as limits. The HFS

parameters A are in first approximation assumed to be correlated with the Gaussian distributed values g by
A =-m-g)+k (2.78)

where m and k are determined by a linear fit to the two g and A parameters of species 1A and 1B, such
that m = 476.2 x 107*/cm and k = 1276.4 x 10~*/cm. The simulations revealed almost equal intensities for

both species with axially symmetric and collinear g and A tensors as seen in Fig. 2.10B(b—d).

In addition to the mononuclear Cu?* ion signal, the fine structure pattern of Cu / Cu PW units (S = 1)
appears at temperatures above 50 K allowing for the determination determination of the ratio between the

1991 This can be done as per Eqn. 2.48, where

number of mononuclear Cu?* species and Cu/ Cu PW units.[
nOVP/ (8 \/m) is assumed to be equal for the mononuclear and dinuclear Cu?* centers.!!>3] However,
the temperature dependence of y of these two species differs significantly. The susceptibility of mononuclear
Cu?* centers at relatively high temperatures obeys the Currie law (Eqn. 2.54). In contrast, in the case of
Cu / Cu PW units it is governed by the Bleaney-Bowers equation?>152156-1381 and Simenas et al.[!4%]
have estimated the exchange coupling constant J (cf. H; in Eqn. 2.17) to be —278/cm. From this, the ratio
Nu/ Npw has been determined from a room temperature Q-band spectrum, (133 allowing for the complete fine
structure pattern of the § = 1 state of the Cu/ Cu PW units to be obtained. The intensities were determined
by double integration of the cw EPR spectra (Eqn. 2.29) and yielded the ratio Ny/Npw = 0.11(2). From
this, a net spin number of 10'® mononuclear Cu?* EPR spins in the single crystals of 1 was estimated, [!3]

which has also been found to be in excellent agreement with an improved analysis of magnetic susceptibility
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measurements of 1.!133 The principal aim in the scope of this work has thus been to elucidate these unknown

Cu?* species and the results of this analysis will be presented in Section 4.1.

2.4.2 The Classical MOF HKUST-1 Revisited

One of the most well studied MOFs is Cug(btc), (btc = benzene-1,3,5-tricarboxylate), also known as HKUST-
1 in honor of its invention at Hong Kong University, and it is shown in Fig. 2.11.1133:143] Tt will be denoted as
sample 2 and indices shall indicate the adsorption state. HKUST-1 is based on PW secondary building units
with two Cu?* ions (Fig. 2.11A) and forms a regular three-dimensional (3D) network with defined channels
and cages (Fig. 2.11B). This MOF was among the first commercially available representatives of these hybrid
materials with outstanding properties, as outlined before in Section 2.4.1.[1461 Besides MOF-5, 5%l HKUST-
1 is also one of the best-studied MOF materials. The structure of HKUST-1 belongs to the cubic space
group Fm3m and it contains antiferromagnetically coupled Cu?* ions which are coordinated in a square by
carboxylate groups whereas ligand molecules weakly bind to the residual axial binding site of the Cu?* ions
after synthesis (2as).[!3%1431 They can be easily removed from the Cu®* ions by a moderate heat treatment in
vacuum to form structurally well-defined accessible Lewis acid copper sites for catalytic applications.[!34]
The Cu?* pairs are connected by btc linker molecules to form a 3D porous network with interconnected
cages having two different pores (d; = 0.9nm and d, ~ 0.7 nm measured between the oxygen atoms of the

carboxylate groups). The cubic unit cell has a lattice constant of a = 26.3 A.

Powder EPR Studies Within the wide variety of applications of MOFs, it is crucial to tune their chemical
and physical properties without altering the underlying structural features. It has been shown, that this can be
achieved by either manipulating the organic linker molecule!'?! or by modifying the inorganic building unit.
An example of the latter is the partial substitution of the metal species to introduce local probes or special
adsorption sites.[!°!] Tt is possible to synthesize partially Zn?* substituted HKUST-1 to form binuclear Cu /
Zn PW building blocks (denoted as 3 here).*’! The Zn substitution offers the opportunity to explore Cu?*
adsorbate interactions and determine the structure of adsorption complexes. This is possible by the separation
of the binuclear, antiferromagnetically coupled Cu/Cu PW to Cu/Zn PW units, such that the excited S = 1
electron spin state and an EPR silent S = 0 ground state are replaced by a mononuclear Cu* ion with S = %

ground state which is accessible by EPR spectroscopy at low temperatures with high polarizability. ! The
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verification of such an isomorphous framework substitution has been shown by powder EPR spectroscopy
for low Zn?* concentrations and upon different gas adsorptions. [4%-14%-131.162] Degpite the limitations set for
studies of small, porous crystals discussed earlier, it is important to elucidate the structural changes upon gas
adsorption in terms of the magnetic g and A tensor principal axis orientations by single crystal EPR. Hereby,
it had to be considered that a single crystal of 2 or 3 with approximate dimensions of 200 X 100 x 100 um?
contains about 10" unit cells, and therefore 3 contains almost equally many S = % Cu/Zn PW with
single Cu?* spins, given that 3.5 % Zn2* equals roughly one substitution per unit cell.['%3! Given this content,
effective single crystal EPR is not feasible with conventional cavity resonators at X-band frequencies, if
different adsorption states and numerous crystals shall be measured angular-dependently with high angular
resolution. This has been addressed for the first time in this work by DR-aided single crystal cw EPR as
shown in Section 4.2.

Density-Functional Theory Calculations DFT was used to evaluate the g and HFS tensor principal axis

values and principal axis orientations (Section 4.2.3).[193] In contrast to earlier results from powder EPR of

purely axially symmetric tensors, the values found by DFT suggested a slightly rhombic deformation, [163-164]

40,149,151,162

yet close enough to the powder EPR experiments published earlier. ! 1 Motivated by recent exper-

163

imental findings from single crystal EPR,[!6*] DFT was used to optimize the structure of 3 to estimate the

possible effects of the isomorphous framework substitution and gas adsorption on the ideal structure.

2.4.3 The New Thin Film Class SURMOF-2

Dimeric copper was also widely investigated in molecular magnetism 63! long before it became interesting
in the MOF context. In numerous compounds, the spin-singlet state of dinuclear Cu?* dimers was found

to be the ground state with the triplet state becoming thermally populated at higher temperatures, leading

[166-169

to a characteristic broad susceptibility maximum. 1 Beyond this characteristic behavior, spin canting

and ferromagnetic order in Kagomé lattices was reported.!!7-172 While dinuclear Cu®* complexes in

MOFs typically show the characteristic Bleaney-Bowers behavior as outlined in Section 2.4.1, recently Shen

136

etal.[13%] observed ferromagnetism in several dinuclear Cu/ Cu unit-based MOFs. The occurrence of this state

depended on the nature of the non-magnetic molecular linkers, and it seemed that with extended m-electron
systems these linkers were most effective in mediating ferromagnetism. In view of recent developments in
the field of defect-induced ferromagnetism in semiconductors and graphene, a model for the ferromagnetic
order based on localized spins generated by Cu vacancies was proposed by Shen et al. [136]

The Cu / Cu units of recently developed MOFs can be arranged in a zip-fastener fashion, allowing for

139,173,174

the production of a quasi linear, 1D chain of copper ions. ! 1 This arrangement is of special interest

175

for both application in spintronic and data storage,!!”>], and as model system for the theoretical description

of magnetism in confined geometries. The first theoretical treatment of linear magnet arrangements was

176] and revealed that in a single, isolated 1D chain, no magnetic ordering is possible in the

reported by Ising!
ground state. In contrast, in many 2D and 3D spin lattices, theory predicts well-defined phase transitions to

a ferromagnetic state with a 7¢ depending on the magnetic coupling between the individual magnets. The
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Film normal

Fig. 2.12 Stacked thin film 2D layers and quasi 1D chain in struc-
tural representation of 4: Six stacked 2D-layers with 2 x 2
unit cells, each. In every unit cell, a Cu/ Cu PW unit is
accompanied by four half bdc linker molecules. The Cu?*
ion chain (blue arrow) is in-plane of the thin film, but normal

to the 2D-layers. The quasi 1D Cu?* chain are arranged in " b \”% o g \C) W

zipper-like fashion.

Ising-model is now one of the best-studied models in physics, and more recent work has revealed that 1D
systems can also show ferromagnetism if the linear (or quasi-linear) chains are embedded in a host matrix

s.1177-1801 However, a crystalline material which

providing very small, albeit finite, magnetic interaction
clearly exhibits 1D ferromagnetism at low temperatures in the absence of strong external fields and for which
the T¢ can be determined in a straightforward fashion has not yet been reported. Fe-MOF 74 is one example
with anti-ferromagnetic ordering in its ground state but showing ferromagnetic behavior when exposed to
high magnetic fields above 2 T with a very low transition temperature of 7c ~ 13 K.[181]

Shekhah et al.['73] introduced an easy-to-fabricate material class which is prospectively suited for appli-
cation and carried out a more detailed magnetic-property investigation of the isoreticular series SURMOF-
2.11741 The SURMOF-2 series can be fabricated in a straightforward fashion using a quasi-epitaxial liquid-
phase process and has already led to six different members characterized by DFT and XRD. [!74182] T the next
step, it is also required to investigate the magnetic properties of the SURMOF-2 class further. For this pur-
pose, two different SURMOF-2 members with various thin film thicknesses have been synthesized. (Cu,bdc)
SURMOF-2 (4) with the chemical formula Cuz(bdc),(H20), (bdc = benzdicarboxylic acid) was grown on a
COOH-terminated Au substrate in a layer-by-layer fashion, [!83184] resulting in the characteristic Cu/ Cu PW
unit layer network shown in Fig. 2.12. The bdc linker can also be exchanged with other molecules, giving
rise to different stacking distances of the Cu®* chains. As the second member of the SURMOF-2 class,
(Cu,bpdc) SURMOF-2 (5) with chemical formula Cux(bpdc)>(H20)2) has been investigated in this work.
The bpdc-linker denoting biphenyl-dicarboxylic acid results in longer separation distances of 15.28 A of the
Cu?* chains in each direction compared to those in (Cu,bdc) SURMOF-2 (10.71 A).

In Fig. 2.12, (Cu,bdc) SURMOF-2 is shown with six layers weakly bound by antiferromagnetic coupling.
The 2D-layers are fixed at one edge to the substrate and can be grown along the crystallographic [0 0 1] axis
direction with a tetragonal unit cell of P4 symmetry with lattice constants a = ¢ = 1.071 nmand b = 0.58 nm
(b-axis in-plane) to several um film thickness.!!”#l Perpendicular to these 2D-layers, a quasi 1D-chain of

1391 following

Cu?* jons is formed. The refined structure shown here was derived from DFT calculations!
surprising observations obtained by EPR measurements on (Cu,bdc) SURMOF-2 (Section 4.3). A concluded

ferromagnetic phase transition gave rise to the model outlined in Section 4.3.3.



3 Evaluation of Current Experimental Methods
for High-Sensitivity X-Band EPR

3.1 Efficiency of Dielectric Resonators for CW X-Band EPR

3.1.1 Customization of Dielectric Resonators

To match the frequencies of the available spectrometer mw source (Section A.1 in the Appendix), the DRs
must be suited for X-band frequencies between 9.1 - - - 9.9 GHz. The ESR 900 flow cryostat intended for the
low temperature measurements (Section A.1 in the Appendix) supports cylindrical sample tubes of up to 5 mm

(1851 For a safe operation the DRs’ outer diameter was fabricated with @op < 4 mm which

outer diameter.
enables the employment of quartz glass sample tubes with up to 500 um wall thicknesses to accommodate
the DR together with the sample in the test tube at non-ambient atmospheres. According to Eqn. 2.74 this
geometry requires relative permittivities of the DRs of 70 or more to serve for X-band frequencies.

Two sets of DRs having &, = 80 and &, = 85 labelled K80-H and K85-H, respectively, have been selected
for application in EPR spectroscopy. They are shown in Fig. 3.1A. The preparation and customization is
described in Section B.1.2 in the Appendix. The mw properties of the coupled DRs are given in Tab. 3.1
and Tab. B.1 in the Appendix. Here, the typical DR K80-H is compared to a thin DR named K80-H’ and
the DRs without hole, K-80 and K-85 for comparison. It can be seen that the DRs in general maintain their
mw properties also at low temperatures which makes them especially suited for these kind of experiments,
provided they do not show unwanted paramagnetic impurities below 77 K. The standing wave ratios allowing
to estimate the cw coupling to the mw network (cf. Section B.1.1 in the Appendix) are excellent at room
temperatures and drop towards lower temperatures. However, the DRs always stay closely coupled and will
allow a sufficient mw signal being transmitted. [13¢!

Fig. 3.1B shows the lowest-frequency modes obtained in a boxed, antenna coupling for a closely shielded
DR as depicted and explained in Fig. B.1A in the Appendix. Hereby, the DRs of types K80-H and K85-H
revealed three modes in the frequency range from 8.5 - - - 14.0 GHz and depending on the cylinder height L
these frequencies could be tracked as shown in Fig. 3.1C(2, 5, 8). While Eqn. 2.73 shows no closer matching
to these obtained values, Eqn. 2.74 from Kishk and Antar 1951 shows good agreements to the TEos (3), HE os
(6) and TM s (7) modes, which therefore could be assigned to the three modes observed in Fig. 3.1B. A
special remark shall be given to Fig. 3.1C(1 and 4). The constant (1) sets a lower limit for the frequencies
obtained for a DR in the cavity resonator (4), and because it is closest to the points (2) and approaches the

fit (3) in the low height region, the obtained frequencies (4) have been attributed to the antiparallel coupled
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Fig. 3.1 Dielectric resonator microwave adjustments:
(A) Excerpt of tested DRs, clockwise from left to bottom: K-80, K80-H, K80-H’, K-85.
(B) S12 transmission measurement of mw modes of a K80-H showing the three modes with lowest frequencies
assigned to TE g5, HE{9s and TM;s modes according to the closer mapping given in
(C) The obtained frequencies versus DR heights in comparison to Eqn. 2.74: 1 empty cavity resonator, 2 boxed

DR first mode,

TE9s (Kishk and Antarlgs]), 4 K80-H in cavity resonator, 5 boxed DR second mode, 6 HE o5
(Kishk and Antar[9]), 7 TM s (Kishk and Antar[9®]), 8 boxed DR third mode . The term ’boxed’ refers to the
experiment given in Fig. B.1A in the Appendix.

Tab. 3.1 Microwave parameters of dielectric resonators: DRs coupled to cavity resonator as explained in Section B.1.1
and Section B.3.2 in the Appendix. Errors AL = 0.05mm, Af = 5MHz.

resonant T g 2a L Sooxed  feouplea coupled O VSWR
system [K] [mm] [mm] [GHz] [GHz]
empty cavity 300 9.62 3400+50 1.005
resonator 8 3400+50 1.03
K80 300 80 3.6 2.9 9.05 9.73 2300450 1.025
8 2400+100 1.060
K80-H 300 2.8 9.12 9.75 2500+100 1.095
8 2500+100 1.160
K80-H’ 300 2.0 9.74 9.89 1500+100 1.61
8 2100+100 1.27
K85 300 85 3.4 2.8 9.14 9.86 2300+100 1.025




3.1.2 The Background Signal
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Fig. 3.2 Dielectric resonators materials’ EPR spectra:
(A) X-band EPR spectra of K80 and K85 DRs as seen in the plots for room temperature (10 scans) including an
inset showing more details around g = 2 and
(B) at 8K sample temperature. The arrows in Fig. 3.2B indicate impurity signals from the resonator-cryostat
combination and are therefore regarded as reference signals.

TE 05 mode. '8 This matches the theoretical prediction by Golovina et al.[!%!] that with an iris coupling
only one of the split modes can be excited. For more images of the actual DR employed in an EPR experiment
refer to Fig. B.7 in the Appendix. In general, from the mw properties alone all tested DRs can be rated
as excellently suited for EPR experiments and it remained to verify their EPR background signal at low

temperatures.

3.1.2 The Background Signal

To obtain the desired mw characteristics the ceramics for DRs is doped by several transition metal ions
and rare earth elements and some of them may give rise to paramagnetic impurities. EPR spectra of those
impurities should be inexistent or, if this is not possible, must at least not interfere with the studied EPR
signals in a broad temperature range. Therefore, EPR characterization of the used DR materials is inevitable
and has been carried out incrementally. '87) Spectra for the final materials originating from a typically sized

1861 At room temperature, the material with g, = 85 (K85) reveals almost no

DR are given in Fig. 3.2.!
paramagnetic signals (Fig. 3.2A). A weak signal with a large peak-to-peak line width of AB,,;, = 200 mT of
unknown origin can be subtracted from spectra as baseline correction. As seen from the inset in Fig. 3.2A
some very weak remaining signals around g ~ 2 with a SNR of 1 or less are visible after 10 scans which
cannot be attributed to any impurity directly. Furthermore, a small signal at g = 2.92 is visible; its intensity
is comparable to that of the impurities in the cryostat and cavity resonator and therefore acceptable. However,
at 8 K K85 has a very strong signal with By, = 480 mT which is much more pronounced.

In contrast to K85, at room temperature the DR material with &, = 80 (K80) has some more of the broad

signals and they are more intense than those of K85, among them the largest at g = 2.4 with AB,,, = 170 mT.
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Fig. 3.3 Dielectric resonator rollover saturation curves: Rollover saturation curve of BDPA at
(A) 300K and
(B) 8K of the cavity-coupled DRs K80, K80-H, dual-DR combination (two K80-H) and the resonator-cryostat
combination alone. VP denotes the root of the incident mw power and Sy = (S(P)/\/F)/(S(P’)/\/F) with a
reference value S(P’) from a non-saturating low power P’.[18°]

In addition, a weak signal at g = 1.995 could be attributed to V** as seen from the 8-line hyperfine pattern
due to the 7 = 7 nuclear spin of 'V (3d', § = 1) with the approximate SNR of 1 after 10 scans (inset
in Fig. 3.2A). At 8K the spectra of K80 reveals a weak and broad signal of unknown origin with a g-value
of 3.1 and a peak-to-peak line width of B, = 330 mT. Overall, the signal intensity of the signal in K80 is
comparable to that from the Fe3*-impurity in the cryostat as seen in Fig. 3.2B. The impurity signals at room
temperature from K80 may possibly interfere with EPR spectra of interest at room temperature and hence
K85 was better suited for room temperature measurements, whereas K80 DRs were selected for sensitivity

enhancement investigations at low temperatures. ['3¢!

3.1.3 Microwave Field Conversion

Relative mw conversion factors C;/C.s of the coupled DR systems in comparison to the resonator-cryostat
combination have been determined by saturation experiments as proposed by Nesmelov et al.['3°1 Fig. 3.3
shows the rollover saturation curves of the DRs K80 and K80-H coupled with the cavity resonator, '8 and
moreover, two DRs in an optimized relative distance which maximizes the magnitude of B;. In Fig. 3.3
the normalized saturation powers per square root of the incident mw power of a BDPA sample are plotted
versus the square root of the incident mw power. The DRs convert the mw power into stronger B; fields than
the cavity resonator alone. The BDPA sample saturates at about 1.4 times smaller mw powers if placed on
top of the DR K80 and at approximately 3.6 times smaller powers in K80-H (4.0 for two K80-H and close
to that, but not shown, 4.2 for K80-H’) than for the cavity resonator without DR. The C;/C:.s are obtained
by comparing the half saturation drop square root power values indicated by the vertical lines.!!8° They

are given in the second column of Tab. 3.2 in the next Section 3.1.4. A similar behavior is found for low



3.1.4 EPR Performance of DRs at Room and Low Temperatures
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Fig. 3.4 Dielectric resonator enhanced EPR spectra of MgO :Cr3*: EPR spectra of MgO:Cr3* at 60 "W mw power at
(A) room temperature and
(B) 8K sample temperature. The bottom spectrum in each plot represents the sample in the cavity resonator
alone, above them in combination with the different DRs to scale within one temperature. All values are given in
Tab. 3.2.

temperatures. 3¢/

In general, the DR behavior is similar at all temperatures, that means the order of B; field enhancement
is the same within the assumed errors.['8¢] Among all tested DRs, K80-H’ was the DR which enhances the
By field most (4.8 for K80-H’ at 8 K). Smaller L lead to higher frequencies as expected from Eqn. 2.73 and
higher C;/C:.t. Those with higher &, and comparable geometry enhance the field slightly more, while a hole
enhances the field significantly more because of the more suitable position of the sample.!!!!! The relative
stability of the C;/Crer as well as feouplea and Q at all measured temperatures (Tab. 3.1) supports the small
temperature dependencies of the dielectric constant and loss tangents reported for the DR material. 1% In
the following, this conversion factor is taken into account in all discussions, although the figures for the SNR

enhancements are not normalized with respect to C;/Cier On purpose.

3.1.4 EPR Performance of DRs at Room and Low Temperatures

As seen above, ring DRs with a hole in their middle can be used to achieve a much stronger B field, [!11:180]

and even two DRs can be employed to maximize Bj if desired. This feature helps to suppress signals from
impurities outside the DR; furthermore, a ring can be fixed and mounted very easily as seen in Fig. B.7 in
the Appendix. In contrast to disks, rings suppress higher modes, while the TE ;s is mainly unaffected. !
With these apparent advantages of ring shaped DRs it was predicable that this type would rule out the disk
DR, which has been checked experimentally. [!3¢]

The performance of the coupled DRs in the cavity resonator equipped with cryostat was tested with a

186

MgO:Cr®* sample with a moderate number of 10'* spins at room temperature, 77 K and 8 K.[18] The signal

enhancement for a selection of the investigated DRs at room temperature is depicted in Fig. 3.4A and the
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Tab. 3.2 Conversion factors and SNR gain of dielectric resonators: C;/C,¢, absolute and normalized SNR gains of
the different DRs and different cavity resonators at two selected temperatures. All DRs tested in combination with
rectangular cavity resonator.

Resonator C;/Cef SNR Gain Norm. Gain C;/C,r SNR Gain Norm. Gain
300K 8K

ER 4102ST 1 1 1 1 1

ER 4119HS 2.2 4.8 2.2 5 8 1.6

ER 4122SHQ | 2.5 6.6 2.6

K80 1.4+0.2 2.2+0.4 1.6+0.4 1.6£0.3 1.8+0.2 1.1+0.3

K85 1.5+0.2 2.8+0.5 1.9+0.5

K80-H 3.6£0.4 4043 122 42+0.5 36«2 8.5+2

K80-H’ 42+0.5 80+3 193 4.8+0.6 7443 15+2

1861 As expected,

SNR enhancements achieved in these EPR measurements are summarized in Tab. 3.2.1
K80 performs worst and has an absolute enhancement of 2.2, normalized by C;/Ci this corresponds to a
normalized gain in the SNR of only 1.6. The DRs with higher &, (K85) have only a slightly higher gain
in SNR which is not significant regarding the errors. Still, due to the lower background signal at room
temperature, the K85 series was considered as better suited for room temperature measurements. It must be
assumed that the actual SNR gain for larger samples can be less if their size extends from the center of the disk
shaped DRs such as thin films. The ring DRs K80-H and K80-H’ perform significantly better, if the sample
is placed well centered inside the hole. This observation has been stated by several authors before. [*+°7:10]
The absolute SNR enhancement for the highest gain of K80-H’ corresponds to a factor of 80 compared to
the cavity resonator without additional DR and is the highest achieved factor at room temperature as well
as the relative SNR enhancement of 19 which is the highest increase that was achieved with the DRs at
room temperature. The DRs K80 and K80-H/ K80-H’ were also investigated at low temperatures with the
MgO:Cr¥* powder sample while K85 is not suited for these measurements due to the background signal at
low temperatures. For multiple DRs no increased normalized SNR has been found. At 8K the observed
signals shown in Fig. 3.4B are, partly more pronounced than at room temperature in accordance to the
slightly enhanced Q-values in Tab. 3.1. Again, the DRs with smaller L perform somewhat better in general
and the highest SNR gains are likewise obtained for K80-H’ as in the room temperature experiments and
experiments at 77 K (not shown). '8! Overall, room and low temperature experiments lead to comparable
and very constant results.

It has been confirmed experimentally that our DRs enhance the SNR without affecting the noise in a wide

186] They perform best if they are shaped like a ring and the sample is positioned in

117

temperature range.!

the middle of its symmetry axis as it has been theoretically derived with CMT.!!!”! Hence, DRs are most

useful for the applications involving samples with small volume such as small single crystals as proposed

101 1891 but may also be helpful for thin films to some extent. In

110

I and Nesmelov et al.!
189

by Golovina et al.!

accordance to Nesmelov et al.['%1 and del Monaco et al.['1%1 we find an increase of C;/Cyef of about 4 to 5
for the ring shaped DRs, meaning an enhanced B field at constant incident mw power compared to the cavity

resonator alone. The Bj field can further be enhanced by using multiple DRs as the usage of two K80-H has
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shown (Fig. 3.3), however no further increase in normalized SNR is observed for this combination. Thinner
DRs results in higher By field gains. As the study has shown, our DRs are suited for a large magnetic field
and temperature range regarding residual impurities and SNR enhancements with a gain of more than 75
at all temperatures of which a normalized gain of more than 15 is not due to a higher ratio of C;/Cis but
presumably a higher filling factor.[!86] At temperatures below 77 K it was found that the DRs show slightly
less SNR enhancements which might be due to increasing tan ¢ as seen from Tab. 3.1 with the VSWR which
shows worse couplings at lower temperatures. Otherwise, from 300 to 8 K the ratio C;/Cir is constant within

the order of errors supporting the high stability on temperature 7, reported for the material. 10!

In all studied cases a significant shift of fioupled matched with the cavity resonator towards higher resonance

1861 This effect agrees well with the observation of

frequencies in comparison to the cavity alone was found.!
Golovina et al.!'%1 and points towards a TE;os mode coupling antiparallel with the cavity mode. With the
DRs coupled in cavity resonators, no further modes within a reasonable range of 1 GHz is observed, which
represents a benefiting situation for the suppression of unwanted mw power distribution into different modes
for narrow band cw EPR measurements. Additionally, from experiments with non-centered DRs and larger
DR diameters from other DR prototypes not presented here it has been confirmed that the VSWR coupling
can be improved by larger DRs, suggesting that it is the electric field component not present in the center of a
cavity resonator that leads to an excitation for these DRs. Obviously, because of the relatively small diameter
of the K80-H DRs and the small field overlap with a cavity mode the coupling therefore is a compromise
devoted to the required dimensions. The full potential of ring DRs is exploited for very small samples not
only because of the immanent signal enhancement. Another advantage is the fact, that the higher C; / Crer only
leads to stronger mw fields near the sample which has been calculated with CMT also.[!!3:116] Therefore,
the actual SNR increase in comparison with unwanted impurity signals from the cavity or cryostat may be
even higher than the normalized numbers we give in Tab. 3.2. In fact, as shown in Fig. 3.5, the DRs K80-H
may save several hundreds of accumulations for very small samples. Here, the Cu®** EPR spectrum of the
single crystals of c>f[Cu'QCu”g(Hgo)ngCIg] (1) presented in Section 2.4.1 is shown to illustrate this effect. It
was recorded under correction for C;/Cief, such that significantly less signals from the Cu?* impurities in
the cryostat contributed to the spectrum. Nevertheless, the Oi[Cu'gCuII 2(H20)2L2Cly] signal becomes clearly
visible already after only some, few accumulations, facilitating the efficient angular dependent spectrum
recordings presented later in Chapter 4. Above of that, it has been found that the optimal position of the
DR in a cavity resonator can very easily be found by inserting the DR into the cavity (which increases the
joint frequency) just to the point when the coupled frequency reaches a maximum. Then the DR is exactly
in the middle of the cavity resonator, which ensures automatically that the tiny sample is at an ideal position
for the By field modulation (Section 2.1.3) and additionally, the sample is automatically at an ideal position
of maximum B (if it was placed there within the DR initially). These features may ensure a successful
measurement of very tiny samples with low spin densities also for non-experienced experimentalists. Note
that this advantage and the easy handling is lost upon the usage of several DRs within one experiment, such
as two K80-H as shown above in Fig. 3.3. Here, the second DR is found to act mainly as a frequency tuner
and to achieve significantly higher SNR the first DR housing the sample is not necessarily in a corresponding

111

position to the modulation coils, ' which is why these combinations have not been studied further. Finally,
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Fig. 3.5 Dielectric resonator background noise suppression: EPR spectra of single crystal of 1
(A) with By in ac plane, aligned with the ¢ axis,
(B) By aligned with a axis, measured without DR (upper spectra) and with DR (lower spectra), both including all
background noise. The signals are normalized to the Cu?* HFS lines of the crystal and adjusted to correct for
the frequency offset. Note that the DR does not add noticeable background noise, while the lowered mw power
(62 uW versus 1.1 mW) reduces the Cu2* powder spectrum from the cryostat impurities, which are not to be
confused with the signal of interest.

the samples can be kept in thin quartz capillaries for EPR measurements under non-ambient atmospheres in a
wide temperature range and an easy transfer to investigations with other methods such as XRD analyses is still
possible. Therefore, the application of DRs in cw EPR measurements is extremely useful for efficient studies
of small samples with low spin concentrations under non-ambient atmospheres and variable temperatures

even at X-band frequencies. 8¢

3.2 Implementation of Planar Microresonators in X-Band EPR

3.2.1 The X-Band EPR Probe Head in the Microwave Network

Planar Microresonators Setup Evolution To implement the PMR into an EPR spectrometer setup a
scaffold as resonator holder connected to a helium-tight head for cryostats of the OXFORD CF-Series
(Section A.2) has been constructed. It is shown in Fig. 3.6A and has been used for the entire measurement
series with adoptions (Fig. 3.6B) for the various PMRs (Fig. 3.6C). The framework is also supposed to guide
all necessary mw and RF wiring and keep the modulation coils and possible matching mechanics at the right
position with respect to the PMR. The general design approach differs from the setup of a fixed resonator,
in which the sample usually can be rotated in its EPR sample tube to acquire angular dependent spectra as
it will be shown in Section 4.1 and 4.2 for the spectra received with the help of the DRs presented in the
previous Section 3.1. In contrast, now the sample attached to the PMR has been supposed to remain in a
fixed position due to the reasons explained in Section 2.3.2.

The construction constraints have been eased as the external magnets generating B available in this work
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Fig. 3.6

First general planar microresonator setup: Re-
lease R1 with PMR T1.

(A) Exploded view of cryostat inset for flow cryostats of
OXFORD CF-Series used for all PMR coupling setup
releases R1 — R2.1.

(B) PMR coupling R1 with PMR type T1.

(C) PMR T1 (A41) with DPPH sample incorporated in
Q-loop and tuning cover sheet to the left.

are revolvable themselves around the cylindrical CF cryostats and may therefore compensate for the issue

of the fixed sample in the PMR. However, to realize cw EPR, also the modulation coils close to the PMR

are required to follow the orientation of By and additionally, they must be designed such that the sample can

be easily manipulated in the PMR or the whole PMR can be replaced quickly in the entire setup. For that

Fig. 3.7

Later releases of planar microresonator setups:
Releases R2 and R2.1 with PMR T1 and T2, resp.
(A) Exploded view of mount for PMR coupling to
waveguide R2 with PMR of type T1: brass parts fix-
ing semi rigid wave guide, mSMP coupler and PMR
(yellow), revolvable modulation coil holder (white).
(B) The new setup allows for a 90° turn by mSMP
couplers facilitating modulation coils which can turn
by 6 around the PMR’s B;. Note the permanently
perpendicular external B field.

(C) Coupling R2.1 with new PMR T2 (5A26) with
sapphire substrate seen though new modulation
coils.

(D) Setup R2.1 with PMR T2 seen in iso top view
with large DPPH crystal in Q-loop.
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purpose, the modulation coils are separated from the PMR holder itself and mounted on a cylindrical shell
as shown in white in Fig. 3.7A, which is in some limits revolvable around the inner construction. The idea
is to leave the coupling of the PMR constant by not moving or turning it itself with respect to the sample
but turning the modulation coils inside the cryostat and the external magnets outside the cryostat. The inner
scaffold (brass color in Fig. 3.7A, photo composition in Fig. 3.7B) holds the PMR with sample, the mw guide
and a matching mechanism.

The first setup shown in Fig. 3.6B involved a massive brass body, keeping the SMA bulkhead jack and PMR
in place and in direction of the semi rigid waveguide. This setup release R1 with the first stage PMR T1 by
D. Suter et al. (see Appendix, Section B.6) followed the recommended design guides given so far, [1281291 byt
did not allow for angular dependent measurements with respect to By due to the smaller footprint of the used
cryostat and the special requirements of a fixed sample with respect to the PMR. To keep B perpendicular
to By, only one possible orientation of the setup in the cryostat was allowed.

To overcome this limitation, a second setup R2 depicted in Fig. 3.7B replaced the SMA jack with a Mini
SMP (mSMP) PCB straight plug with significantly smaller footprint resulting in a 90° turning of the mw
propagation. With this, B; can point in the same direction as the semi rigid mw cable, along the cryostat.
Then B can be rotated around this axis without violating a central selection rule of EPR, Eqn. 2.12: B; L By.
This construction principle has been maintained in a revised setup R2.1 depicted in Fig. 3.7C-D, which will

be explained in more detail below.

Microwave Properties of the Setups As a benefit of the improvements to R2, a better coupling was
achieved with mSMP plugs instead of the previously used SMA plugs. Fig. 3.8A shows a comparison of the
old coupling with a SMA plug versus the new one, involving mSMP plugs at room temperature and compares
these S11 reflection parameters to the actual setups with all mw wiring necessary to work at the spectrometer,
R1 and R2, respectively. It can be seen, that the actual implementations in the spectrometer lead to various
mw reflections in the cables and plugs, imitating high-quality resonant structures. At this point, however,
it can be stated already that tuning the spectrometer on such a peak does not enhance the sensitivity of the
cw EPR measurement. Instead, the SNR is governed by the underlying Q of the PMR. This is shown in
Tab. B.3 in the Appendix, comparing the SNR of various, narrow Si; reflections around the actual mode
frequency. As it can be seen, the SNR is not correlated to the quasi-quality factors of the reflections, but
instead resembles the inherit S1; curve of the PMR. It is further important to note in Fig. 3.8 A that the better
S11 reflection parameter of the new, mSMP coupling compared to the old, SMA coupling does not result in a
narrower frequency dip at a half-power drop, —3 dB reflection level, i.e. the characteristic width of the curve
remains constant and with it Q. It can be seen, that sharp quasi-resonances in R1 and R2 are not leading to
higher SNR gains but are just apparent reflections on top of the low quality (Q = 24) PMR S}, response. In
fact, they do not even necessarily match the resonance frequency of the PMR itself. From here it could be
concluded that the measurements should to be performed close to the actual frequency with a tolerance of
about +50 MHz. Due to the low Q of the PMR all achieved SNR values within a tolerable range with respect
to the best value can be regarded as acceptable.

During the experiments with setup R1, the PMRs of series T1 decreased significantly in quality, such that
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Fig. 3.8 Microwave characteristic improvements of PMR setups: Releases R1 through R2.1 with PMR T1 and T2,
resp. The arrows | mark the PMR resonance frequencies.
(A) From top to bottom: S;1 coupling (blue) of the PMR T1 to a SMA-microstrip waveguide transducer measured
directly, (cyan) as seen through actual wiring in setup R1, (red) with mSMP-coupler directly, (green) PMR T1 in
actual wiring of setup R2.
(B) S of (red) empty PMR T2 (5A26) coupled via mSMP and short wiring to network analyzer versus (brown)
implementation of T2 in improved setup R2.1 with small DPPH sample in Q-loop as seen by the spectrometer
through all microwave wiring of the probehead.
(C) Standing wave ratio (SWR) of (red) empty PMR T2 and (brown) PMR T2 with small DPPH sample via R2.1
at the spectrometer versus (cyan) T1 in setup R1.

even the improved setup R2 involving the new designed mSMP coupling was not able to improve the cw EPR
results, as it will be shown below. During the fabrication time of improved PMRs on a sapphire substrate,
labeled T2 here, also the modulation coils have been improved, as recorded spectra have shown that the line
width of a DPPH sample could not be improved above 0.12mT. The results from setups R1 — R2 lead to
an improved probehead R2.1 as seen in Fig. 3.7C-D, which could be employed with new PMRs of type T2.
Fig. 3.8B shows the S;; mw reflection of the new PMR at mSMP plug. The coupling could be repeatedly
optimized to achieve Sy curves in the complete probehead R2.1 almost identical to the bare mSMP coupling.
Note however, that the underlying Q of the PMR cannot differ between the direct coupling (T2@mSMP) and
the implementation of T2 in the probehead R2.1 either but the plot resembles most likely reflections in the
cable, imitating a high apparent Q value with no additional SNR gain on its own.

A significant difference in the interplay of PMR T2 with the improved setups versus PMR T1 with
probehead R1 can be seen in Fig. 3.8C. The SWR of R1 was significantly worse (around 1.2), while T2 in
combination with mSMP-jacks is almost ideally close to 1 with and without wiring in setup R2.1. The mode
at 9.345 GHz shows an excellent absorption of S;; = —28dB and Q ~ 60. This mode can be found safely in
a typical EPR spectrometers tuning procedure. It is still wide enough to avoid dispersion observations even
without the usage of an AFC. Together with improvements of the modulation coils PMR T2 in setup R2.1
was therefore more likely to receive valuable SNR gains compared to other, leading sensitivity enhancing
X-band cw EPR techniques and the current publications on PMRs, [128:129]

55



3 Evaluation of Current Experimental Methods for High-Sensitivity X-Band EPR

AB,, / G

Q
= 1 T T é 15
Fig. 3.9 First cw EPR tests and improve- = 3 ® =110
ments: (a) Release R1 with PMR T1 Y| D) EMX ; 15
versus (b) BRUKER high sensitivity cav-

ity and (c) setup R2 with PMR T1 lacking
competitive SNR gains. 0 20 40 60 80100

c) T1@R2
(1) The inset shows the improvements ) ‘ ‘ ‘ ‘ ‘Modul‘ation Voltage / %
made for the B() modulation field in 351 3515 352 3525 353 3535

setup R2.1 which is now linearly in- o
creasable to 1.5mT. Magnetic Field B (mT)

3.2.2 Planar Microresonators for CW X-Band EPR at Room Temperature

Successive improvements of the coupling lead to significantly increased S;; parameters and much more
ideal standing wave ratios. While the first setup with a flat pin coupling to the microstrip lacked a decent
mechanical connection, later probe head setups failed due to the decreasing qualities of the first batch PMRs
over time. Now, the latest setup R2.1 joined by the latest PMRs of type T2 is delivering an overwhelming S,
reflection suitable for cw EPR. The first actual cw EPR measurements with PMRs of type T1 are depicted
in Fig. 3.9(a) versus an experiment with the same DPPH sample of about 10'® spins in a BRUKER high
sensitivity cylindrical cavity at an EMX spectrometer in Fig. 3.9(b). The recorded spectrum (a) shows the
typical first derivative cw EPR line shape of the S = % radical sample but did neither resemble the same line
width, nor could it compete with the SNR of the cavity resonator.

The new setup R2 with the same PMRs T1 presented in Fig. 3.9(c) did not result in a better SNR either for
the DPPH spectrum. Also, the modulation field strength was limited to the same small value of about 0.1 mT
for reasons outlined above. In the measurements with PMR T1 in setup R2 the influence of the incident
microwave power, the modulation field amplitude and the SNR were tested in more detail. The DPPH sample
shown in the Q-loop of Fig. 3.6C with about 10'® spins shows saturation above 2.5mW at 9.038 GHz. In
the cylinder resonator BRUKER ER 4119HS this happens at 80 mW which can give a rough estimate of the
power conversion factor of the PMR T1 as factor of 30. The power conversion factor for the final setup has
been determined with higher precession and will be presented below. The new mSMP coupling improved the
line shape symmetry compared to the previous probehead R1. The SNR is increased slightly to about 1270.
The line width of 1.280 G corresponds to a 0.1 mT modulation in a calibrated BRUKER cavity resonator
at an EMX spectrometer. There, the SNR is 2510 with the same modulation and mw power at the same
sample. After all, the observed spectrum of the DPPH sample in PMR T1 at setup R2 is of acceptable SNR
compared to a current high sensitivity cavity resonator but does not enhance this value. Also, the high power
conversion does not point to an efficient SNR gain and makes it in contrary difficult to measure strongly
saturating samples such as BDPA.

During the development of R2.1, the modulation coils have been enlarged and narrowed such that tests with

the line width of a smaller DPPH sample with about 105 spins lead to improvements with the measured line
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Fig. 3.10 Final cw EPR SNR comparison: Releases R2.1 with PMR T2 versus other high sensitivity techniques with
highest absolute SNR gain per single scan without B field correction.
(A) Regular cavity resonator BRUKER ER 4102st with EMX spectrometer.
(B) DR K80-H in latter cavity resonator at same EMX spectrometer.
(C) PMR setup R2.1 at VARIAN spectrometer.
(D) Application specific integrated circuit (ASIC) cw EPR spectrometer in directly detected dispersion without
modulation. It is shown in Fig. B.3C in the Appendix.

width ABy,p, which was compared to the simulated line width. ?! The result is shown in the inset of Fig. 3.9
and Fig. A.1 on page 93 in the Appendix. With the new setup R2.1 and the improved modulation coils the
second PMR batch T2 could benefit from the experience gained with the first PMRs. Fig. 3.10A shows the
cw EPR spectrum of a small DPPH radical sample with about 10'® spins recorded with a single scan in a
rectangular BRUKER standard cavity resonator at an EMX spectrometer. For comparison, Fig. 3.10B shows
the same sample encapsulated by the DR K80-H presented in the previous Section 3.1. As expected, the
SNR was about 38 times higher as there was no correction for the incident mw power in this experiment.
Ultimately, the PMR setup R2.1 with recent sapphire PMRs T2 could record a signal from the same small
DPPH sample. The spectrum shown in Fig. 3.10C shows this single scan spectrum with a SNR gain of 51
compared to the rectangular standard cavity. Again, this spectrum was recorded with the same mw power
with no correction for the conversion factor but adjusted modulation field strength to obtain the same line
width. For comparison, in the high By field region of Fig. 3.10C the noise level of a spectral region away
from the signal recorded with 100 times higher receiver gain ins shown to justify the noisy trace of the main
graph. This is necessary, as all spectra are compared with the help of the same noise level but recorded with

differently accurate analog-digital-converters as outlined in Section A.1 in the Appendix.

Fig. 3.10D gives another current approach for high sensitivity EPR. The device is shown in Fig. B.3C in
the Appendix and the spectrum here displays the same sample recorded with an on-chip EPR spectrometer
by J. Anders et al. used in its simplest working principle without lock-in modulation as direct detection of
the frequency dispersion y’.['23] The dispersion has been acquired at constant frequency of 10,068.48 GHz

in a magnetic field sweep and due to the missing modulation and detection of y’ instead of absorption y”
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is differs significantly from a regular EPR spectrometer. However, it is remarkable that the detection of
the small DPPH sample is possible although the missing lock-in modulation in this work leaves the on-chip
spectrometer lagging significantly behind its potential.

With the recorded spectra from R2.1 and the spin number of 10'® spins one can estimate a spin sensitivity
according to Eqn. 2.49 with the DPPH line width of 0.19mT to be about 10° spins/(G x Hz'/?).[28] This
matches with the reported spin sensitivity of Narkowicz et al. [1?8! of a smaller Q-loop PMR of batch T1. Most
importantly, the new setup R2.1 with new PMRs T2 is significantly better suited for cw EPR measurements
than what was previously realized in this work. Furthermore, the quality of the PMRs allows for a stable,
over and over identifiable PMR mode even after multiple sample exchanges in the setup. From the saturation
power Py, measured for the small DPPH sample one can estimate that the B field is approximately 40
times larger in the PMR than in the rectangular cavity resonator. Various tests with differently shaped DPPH
samples have confirmed the inhomogeneous By field distribution in the Q-loop of the PMR. Larger samples
filling the loop were observed to produce inhomogeneously broadened lines due to this field inhomogeneity.
Therefore, the SNR gain of 51 presented above has not to be regarded as a maximum. Even smaller, planar
samples with diameters below 50 um (one tenth of the loop diameter) were observed to enhance the SNR —
depending on the position in the loop — by up to three times more than reported above and it is likely, that
the EPR signals from even smaller samples can be enhanced even more in comparison with conventional
cavity resonators. Then it is also likely, that after a correction for the power conversion an efficient usage is

possible for cw EPR. In the Appendix in Section A.2 an additionally tested sample is documented.

3.2.3 Planar Microresonators for Pulsed X-Band EPR at Room Temperature

The low quality factor of PMRs suggests a primary application in pulsed EPR instead of cw operational
modes. 1?8121 While in the scope of this thesis no pulsed EPR measurements have been conducted for the
investigation of those samples presented in the next chapter, Section 4.1 — 4.3, the typical pulsed methods
were aimed to be included in the PMR implementation research. The preliminary probehead releases R1 and
R2 in connection with a PMR of the first batch, T1, was tested without success for a signal reception. Even
worse, the narrow quasi-resonances observed for the unmodified setups R1 through R2 shown in Fig. 3.8A
and especially in R2.1 (Fig. 3.8B) prevented the effective usage as pulse setup, giving rise to drastic ringing
during echo detections. It can be assumed that the ringing is caused by reflections at badly matched cable
junctions and plugs rather than high quality resonant structures, nevertheless it was obvious that more efforts
would be needed to improve the mw wiring.

The first success was achieved with a setup combining the new PMR T2 with a modified R1 probehead
involving high quality mw cables and the SMA-flat pin coupling leading essentially to a S;; reflection as that
of T1 with SMA coupling (top curve in Fig. 3.8 A). The setup is shown in Fig. A.2 on page 94 in the Appendix.
This is possible as no modulation coils are needed for pulse EPR, restricting the space left for the PMR
probehead otherwise. With this setup and a Q of 60 for PMR of type T2, no ringing was observed for any
incident, pulsed mw power at all. Fig. 3.11 shows the echo detected two-pulse field sweep absorption spectra

of a micro crystalline diamond single crystal sample with implanted substitutional nitrogen (P1 defects) in
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Fig. 3.11 Pulsed field sweep with PMRs: Modified release R1 with PMR T2 via high quality 3.5 mm mw wiring.
(A) Echo detected 2-pulse 2-phase cycling field sweep electron spin echo (FS ESE) spectrum of the nitrogen
P1 defect in a single micro crystalline diamond crystal sample shown in Fig. A.2 on page 94 in the Appendix.
(B) The larger scan range shows the EPR silent substrate of PMRs T2. The measurement conditions are given
in Section A.3 in the Appendix.

a wide and more narrow field range spectrum, displaying the three N (/ = 1) HFS lines of the § = %
defect center incorporated at four magnetically inequivalent lattice sites. °*-19?] There are no signals visible
except from the micro crystal which is depicted in Fig. A.2 on page 94 in the Appendix. The measurement
conditions and pulse sequence specifications are given in Section A.3.

Fig. 3.12 shows the time traces of two-pulse and three-pulse electron spin echo envelope decay experiments
of the latter diamond crystal. The plots reveal the typical exponential decay of the real part of the acquired
data.

Tab. 3.3 shows the pulse EPR travelling wave tube amplifier (TWT) attenuation in logarithmic units of
the PMR setup versus the standard BRUKER pulse resonator type. The high attenuation even at shortest
pulse lengths shows the high B power conversion leading to high bandwidth and large power reserves. In

particular, comparing the TWT attenuations at a 30 ns pz pulse one obtains a power ratio of

P 34dB 2500
PMR _ ~ = 625, 3.1
Pups _ 6dB 4

which means that the PMR saves almost three orders of magnitude in power amplification. The conversion
factor for the B field is according to Eqn. 2.32 about 25 times higher than with the BRUKER standard MD5
resonator.

The presented electron spin echo (ESE) experiments with the applied amplifier attenuations in Tab. 3.3
show the principle applicability of the PMR setups for pulsed EPR and confirm the high potential for this field
from the excellent power conversion factors, high filling factors and low Q factors predicted by Narkowicz
et al.l'?8] An evaluation of the PMR measurements in comparison to other, high sensitivity measurement

methods will be given in Chapter 5.
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Fig. 3.12 Pulsed ESEEM with PMRs: Modified release R1 with PMR T2 via short SMA mw wiring.

(A) 2-pulse 2-phase cycling electron spin echo decay of a micro crystalline diamond single crystal sample with
three N-centers.
(B) 3-pulse 4-phase cycling electron spin echo decay. The measurement conditions are given in Section A.3 in
the Appendix.

Tab. 3.3 PMR pz pulse TWT attenuation: Pulse duration versus mw power shows ultra high bandwidth and power

reserve of PMR setups.

Resonator ‘ pz /ns  TWT attenuation / dB

MD5 | 30 6
4 22
8 28
PMR 16 31
R1/T2 20 32
30 34
40 36




4 Experimental Results and Discussion of
Single Crystal and Thin Film EPR

4.1 Determination of Structural Parameters of 3[Cu',Cu';(H20),L,Cls]

4.1.1 Single Crystal EPR of 3[Cu',Cu'3(H20),L,Cly]

As outlined in Section 2.4.1, a Cu®* species of unknown origin has been found in £[CU|2CU”2(H20)2LQC|2].
The aim of this work was to study its origin with the help of single crystal cw EPR experiments. Fig. 4.1A
shows the experimental single crystal spectrum with 40 accumulations and the By field vector in the ac plane
with +5° uncertainty for this experiment. Further information about the sample preparation and orientation
is given in Fig. B.5 on page 102 and in Section B.3.2 in the Appendix. Other experimental conditions are
outlined in Section A.l in the Appendix. The crystal is oriented such that its a axis and the direction of

(1531 The singe crystal spectra display several distinct, angular-dependent Cu®*

By form an angle of 20°.
EPR signals of varying width and resolution. These signals can be fitted using the Spin Hamiltonian terms
for the electron Zeeman and hyperfine interactions, as detailed in Eqn. 2.2 and 2.3 which are excerpts from
Eqn. 2.1 as described for the powder simulations in Section 2.4.1. The poor spectral resolution and the low
SNR in this experiment is the result of the low spin number of 10'® spins in the single crystals of 1 and the
line broadening effects among others caused by correlated g and A strains, as in the powder EPR spectra (cf.
Fig. 2.10 and Section B.5 in the Appendix). In this way, the EPR lines in the high field region are broader
compared to those in the low field region, and are consequently of a lower resolution. The simulated spectra
in Fig. 4.1A(b—f) will be explained in more detail below.

An example of complete angular dependence of the single crystal of 1 with By rotated in the ac plane
determined with an accuracy of +5° is shown in Fig. 4.1B. The spectra were taken about every 5°, and a
90° excerpt is presented in this figure. The resonance fields vary from B = 290 mT, which corresponds to
the parallel part of the powder spectrum of 1, to B = 340 mT, representing the perpendicular part of the
corresponding powder spectrum. The angular dependence shown here resembles a two-fold symmetry for
the rotation in the ac plane about the angle ¢ in regards to the respective crystallographic axes. Experimental
EPR spectra for rotations in the other, ab and bc planes are published in Friedlinder et al.['>3] Overall, four
angular-dependent sets of the four § = %, I = % single crystal copper HFS resonance field lines can be
identified. Two sets of resonance lines, denoted by A and B of 1, each follow the same angular dependence
(@ or beta), but with slightly different resonance positions and hyperfine splittings, and reach their maximum

respective copper HFS and effective g values under an angle of ¢ = +20(5)° with the @ axis. These two
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Fig. 4.1 Single crystal EPR spectra of 3[Cu'>Cul'(H20)2L2Cl2]: Single crystal EPR spectra of 1.
(A) (a) Experimental spectrum at 7 K, By in ac plane, the angle of B with the a axis is 20(5)°, the asterisks mark
artifacts from background subtraction, (b) sum of simulated spectra and individually for (c-f) 1A,, 1Ag, 1B, and
1Bg.
(B)BAngular dependent EPR spectra every 5° of the single crystal of 1 for a rotation of the magnetic field vector
B in the ac plane with +£5° accuracy for all angles. The colored and differently dashed lines mark the four sets
of simulated resonance fields of the two species A and B of 1, each for the two tensor orientations @ and S.

distinct sets of resonance lines have been assigned to the two mononuclear Cu?* species A and B of 1
observed in the EPR powder spectra of 3[Cu',Cu'5(Hp0)2L2Clo].1133! Consequently, the species (1A,, 1A,
1B, and 1Bg) with distinct angular dependencies are assigned to two orientations — @ and g of their g
and A tensors — representing two magnetically non-equivalent, symmetry-related incorporation sites of the
mononuclear Cu?* species of 1A and 1B. The rotations in the other two crystallographic planes provide only

153

one set of copper HFS lines for each species of 1A and 1B,[!%3] indicating that the projections of the tensor

orientations @ and S onto the ab and bc plane are equivalent.

The complete angular dependent resonance fields as measured in three orthogonal planes are summarized
in Fig. 4.2. The two species of 1A and 1B are fitted simultaneously for these three single crystal angular
dependencies. The fit yields similar principal axis values of the g and A tensors as found in the respective
powder spectrum (Tab. 2.1) and specific angles GZ”'ZC of the z principal axis directions of the g and A tensors
of the species 1A,, 1Ag, 1B, and 1Bg, with respect to the crystal axes a, b and ¢ of the orthorhombic
unit cell. Here, the z axes correspond to the symmetry axis of the two magnetic tensors. The angles
0°F = +20(5)°, GZ’B = 90(5)° and 6°* = F70(5)° of the two tensor orientations assigned to the two
magnetically non-equivalent incorporation sites of both species in 1A and 1B have been determined. Fig. 4.1
and 4.2 shows that for all three planes, the experimentally-obtained resonance fields fit well to the computed
angular dependencies (red and blue lines) using the obtained angles Ggfc and the principal values from
Tab. 2.1.

Discrepancies between the experimentally-obtained and computed resonance fields in the angular depen-

dencies are caused by different error contributions. First, in this experiment one must assume a systematic
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Fig. 4.2 Resonance field positions of 3[Cu'>Cul'3(H20)2L2Cl2]: Angular dependent EPR resonance field positions

of the mononuclear Cu?* species measured in three orthogonal planes (the size of the black open squares
resembles error limits) and the simulated angular dependencies of the single crystal of 1 (red, blue lines).

uncertainty of about 5° for all orientations with respect to the indicated angles. Second, a line broadening
effect by correlated g and A strains was observed in the powder EPR spectra (see Fig. 2.10). Therefore,
in the single crystal spectra, the resonance field lines in the high field region are broader, as compared to
those in the low fields. Consequently, resonance fields of the low field signals must be considered more
reliable for analysis of the angular dependency. Finally, the asymmetric experimental line shape, which is
due to insufficient background subtraction, line broadening effects, and the general low SNR, as seen in the
detailed background subtracted single crystal spectrum previously shown in Fig. 4.1A, introduce an appre-
ciable uncertainty of up to 1.5mT in the determination of the resonance field positions. Even when taking
into account these error contributions, the simulated resonance field positions reproduce the experimental

observations with acceptable accuracy.

Using the principal values of the g and A tensors of the two Cu?* species of 1 A and B (Tab. 2.1) and
the above determined angles GZZ . of the z principal axis directions with the crystallographic axes, it is now
possible to simulate the single crystal spectrum in Fig. 4.1A(b) with By in the ac plane. This spectrum
is composed of a superposition of the EPR spectra of the four species 1A, 1Ag, 1B, and 1Bg which
correspond to the two magnetically non-equivalent sites of species A and B of 1 with tensor orientations «
and B. A correlated g and A strain line broadening model using the same parameters as the simulation of
the powder pattern was also employed in the simulation of the single crystal spectra. This line broadening
model may also account for the increasing line widths of the copper HFS signals in the single crystals
spectrum, which range from lower to higher magnetic fields. However, one also observes that the low
field HFS line of the species 1Ag and 1Bg are broadened more than those of 1A, and 1B, indicating the
presence of an additional line broadening mechanism. For the given orientation, the magnetic field By is

approximately parallel to the symmetry axis of the g and A tensors for the tensor orientation « (species
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1A,, 1B,), whereas it forms an angle of 40° for the tensor orientation 8. As the latter orientation is more
affected by this second line broadening effect, a Gaussian distribution of the angles QZ’B and 93"8 with a

1531 Indeed, by considering both line broadening

small distribution width A@ ~ 2.4° has been proposed. !
mechanisms, one can simulate the single crystal spectrum in Fig. 4.1A(a) by a superposition of the EPR
signals of all four species in Fig. 4.1A(c—f), namely 1A, 1Ag, 1B, and 1Bg, with satisfying agreement.
In this simulation, identical intensities were assumed for species A and B, although in general, the intensity
ratio of species A and B of 1 may vary to a certain extent among different crystals. In the low field region of
Fig. 4.1A(a), it is relatively easy to identify the resonance fields, while at higher fields (300 mT — 340 mT),
the resonance lines are broader, less resolved and rather asymmetric. This also explains why the degree of
accuracy in determining the resonance fields in the range 300 mT — 340 mT is limited and leads to some
discrepancies between experimental and computed angular dependencies of the resonance fields in that field
range (Fig. 4.2).[153]

Furthermore, in this work, two approximately equally-populated, axially-symmetric Cu®* species A and
B of 1 that are incorporated into the framework at two magnetically non-equivalent, symmetry-related sites
(tensor orientations a, 3) have been identified.[!53!

4.1.2 Geometry of Paramagnetic Local Probes

The single crystal cw X-band EPR data reveal the presence of two distinct mononuclear Cu®* species
A and B in 1. EPR measurements on single crystals provided clear twofold angular dependencies of
their corresponding resonance fields. This can be linked to the crystal structure of 1 with space group
12,2, 2; with perpendicular screw axes along the three crystallographic axes leading to two magnetically
non-equivalent, symmetry related sites. Hence, the obtained angular dependency mirrors the crystal structure
of 1. Therefore, one may conclude that species 1A, 1Ag, 1B, and 1Bg are located at well-defined sites
within the MOF crystallites of 1 and are not formed in a minor amorphous impurity phase.'33! Moreover, the
well-resolved EPR powder patterns of A and B in 1 with only minor correlated g and A strain effects suggest
an incorporation of the mononuclear cupric ion species at well-defined lattice sites, as it is for instance known
for Cu®* ions in the Cu/ Zn PW units of a partial Zn?* substituted HKUST-1 MOF, which exhibit similar
EPR powder patterns of superior resolution without very pronounced strain effects.*” This particular issue
will be inspected further in Section 4.2. Otherwise, extra framework Cu?* species usually give rise to poorly
resolved powder spectra due to very substantial g and A strains or high local concentrations. 15!

There are three distinct metal ion sites in the framework of 1, two Cu* (Cu(l)) sites each with a distorted
tetrahedral coordination to four nitrogen atoms and the third Cu?* (Cu(ll)) site in the Cu / Cu PW units,
which have a local C4 symmetry axis along the Cu-Cu direction. In these Cu / Cu PW units the cupric
ions are coordinated by four basal oxygen atoms of bridging carboxylate groups of the ligands and an apical
oxygen atom of the axially coordinating solvent water molecule in a square pyramidal coordination symmetry
(Fig. 2.10). The two magnetically non-equivalent, symmetry related PW orientations are formed by the screw
axes in a, b, and c direction of space group I 2; 2; 2;.1153

Although it is usually not possible to deduce the exact metal ion coordination geometry from the principal
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values of the Cu?* g and A tensors, the g., and A,, parameters of the cupric ion species provide a rough
guide to the overall coordination geometry of the metal ion site. Based on a number of studies of Cu?* ions
in an oxygen coordination environment, 11941 A__ increases from ~ 0.007 cm™" for tetrahedral symmetry,
through elongated distorted, octahedral symmetry (~ 0.0130 cm™"), square pyramidal and trigonal pyramidal
to square planar symmetry (~ 0.0190 cm~"), whereas g, decreases from 2.516 to 2.245 for this sequence of
coordination symmetries. So the values of g,, ~ 2.42 and A;, ~ 0.0130/cm indicate a distorted octahedral
coordination of the Cu?* ions to six oxygen atoms, %! but g_, ~ 2.279 and A_, ~ 0.0190/cm suggest
rather a square planar coordination.?! In case of a coordination of the cupric ion to four nitrogen atoms,
a transformation from a tetrahedral to a planar coordination symmetry is accompanied by change from
8-z ~2.32and A, ~ 0.0080/cmto g,, ~ 2.18 and A, ~ 0.0200/cm. 1% The obtained parameters g.. and
A, of two distinct mononuclear Cu?* species A and B of 1 in Tab. 2.1 indicate a square pyramidal oxygen
environment. Alongside, comparable Cu?* Spin Hamiltonian parameters have been reported for cupric ions
with axially-coordinating water or methanol molecules in Cu / Zn PW units of a partially zinc substituted
HKUST-1 MOF as shown in Section 4.2. Furthermore, both tensors g and A are axially symmetric within the
bounds of the experimental accuracy levels in accordance with a square pyramidal coordination of the Cu?*
ions. 491 Therefore, for chemical aspects of improbable bond formations, one may rule out that the two Cu?*
species A and B in 1 are formed by oxidation of Cu* with their distorted tetrahedral nitrogen coordination.
One can rather assume the formation of defective PW units with one missing cupric ion as illustrated in
Fig. 4.3.

4.1.3 Discussion of the Defect Model

If the above defect model would describe the framework correctly, the z principal axes of the g and A tensors
of the metal ion should be directed along the local C4 symmetry axis of the former Cu / Cu PW unit. The
angular dependent EPR measurements on the small single crystals of 1 confirm this assignment. The C;
symmetry in the angular dependent spectra can be explained fully with the two magnetically non-equivalent
sites for the Cu / Cu PW units related via the 2; screw axes in the crystal structure of 1 with space group
12,22 as illustrated in Fig. 4.3. For both sites the local C4 symmetry axis of the Cu/ Cu PW units is

oriented parallel to the crystallographic ac plane and form an angle with the a lattice axis of about +21°.
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Tab. 4.1 compares the found angles 6,, 85 and 6., which describe the direction of the C4 symmetry axes
of the Cu / Cu PW units with respect to the crystallographic axes with those angles, the z principal axis
directions of the g and A tensors of the two Cu?* species A and B in 1 form with those axes for the two
tensor orientations @ and S. Both sets of angles are in accordance considering the experimental errors of the
determined angles of the z principal axis directions of the two tensors. The direction of the z principal axis
directions of the tensors g and A deviates only by £ (z,r) < 1° from the C4 symmetry axis r of the Cu/ Cu
PW units, neglecting the 5° uncertainty given for all measurements. Moreover, EPR angular dependencies
and the obtained two orientations « and S of the g and A tensors are in accordance with the two magnetically

non-equivalent sites of the PW units (Fig. 4.3) and reflect the crystal symmetry of 1.

This suggested defect model for the mononuclear Cu?* species A and B in 1 of a defective PW unit
with one missing cupric ion is supported by the results of XRD measurements and relative EPR intensity

(1531 The XRD refinement of the crystal structure of 1 gave a site occupancy factor of 0.933(4)

measurements.
for cupric ions in PW units. Consequently, approximately 13 % of the PW units are defective with one missing
cupric ion. The analysis of the relative intensities in the EPR powder spectra of 1 provide a ratio between
the mononuclear Cu®* species, in that case the defective PW units, and the intact Cu / Cu PW units. This
ratio of 0.11 corresponding to about 10 % defective PWs with respect to all PW units is in good accordance
with the XRD sof-analysis. The approximately 10 % of defective PWs must be compared to 0.01 % of the
PWs located at the surface of a single crystal with these dimensions, which rejects surface-related effects as

the source.

The proposed defective PW unit model helps to explain the associated EPR results of both powder and
single crystal studies of 1, as well as the XRD refinement of the crystal structure. However, an explanation for
the occurrence of two mononuclear Cu?* species A and B in 1 with identical orientations of the z principal
axis frames of their g and A tensors but with distinct principal values can only be attempted. The differences
in the g and HFS values indicate slightly different coordination environments of the two cupric ion species,
presumably caused by some minor but well-defined deformations of the defective PW units. One possible
explanation might be that a defective PW unit with one missing Cu?* ion carries a twofold negative charge that
must be compensated, for instance, by the protonation of the non-bonding oxygen atoms of the carboxylate
groups. The required two protons may either bind to two adjacent or two opposite lying oxygen atoms leading
to two slightly different coordination environments of the Cu?* ion in the defective PW unit. Otherwise, a
removal of the axial water ligand to the cupric ions in the PW units or its substitution by another polar solvent
molecule may lead to a modification of the axial ligand field at the metal ion and consequently likewise to a
small change in the g, and A, principal values of the tensors g and A.!'®* In both scenarios, the changes
to the coordination symmetry of the cupric ion are assumed to be small so that the axial symmetry of the g
and A tensors and its orientation is conserved within the experimental accuracy. It must be noted that the g
and A parameters of the two species in the compound MOF are very sensitive to minor structural changes of
the framework induced for example by different activation procedures as tested by Siménas et al.['*°1 This
shows the sensitivity of both tensors with respect to small changes in the coordination environment of the

Cu?* jons in the defective PW units. [153]
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@B

a,b,c
principal axis directions of g and A tensors of mononuclear Cu* ions with respect to crystallographic axes a, b
and ¢ and directions of the local C4 symmetry axis r of the Cu / Cu PW units as defined by the vector pointing
from one to the other Cu?* ion in the PW unit.

Tab. 4.1 Local 3[Cul2Cul'(H20)2L2Cl2] structure compared: EPR tensors and XRD results compared. ¢ of z

Angle | 637 oy F 0P
r +20.88°  90°  ¥69.12°
z +20(5)° 90(5)° F70(5)°

4.1.4 Conclusions for 3[Cu',Cu'3(H,0),L,Cl,]

Relatively identifiable, distinct, angular dependent EPR spectra of mononuclear Cu?* ion species have been
found in single crystals of the framework [j[Cu'gCu”g(Hzo)g L.oCl>] and lead to the assignment of these signals
to a crystalline phase incorporated in the framework. !53] It has been verified that this angular dependency
at three different rotations of By in the crystallographic ab, bc and ac plane as shown in the published
material. >3] The recorded spectra are sufficient to identify two species A and B in 1 of the mononuclear
Cu?* in two magnetically non-equivalent sites each. The angular dependencies can be fitted by the principal
values of the g and A tensors of the species 1A,, 1Ag, 1B, and 1Bg as determined from the corresponding
EPR powder spectra and the determined orientations @ and S of the z principal axis directions of the
magnetic tensors allow an assignment to defective PW units with one missing Cu?* ion. Based on EPR
intensities of powder materials and XRD studies of single crystals, it is possible that about 10 % of the PW
units are defective in the MOF structure, which represents an important addition to the so-far known crystal

153

structure. ['33 Additionally, it is one of the few cases, where the nature of defects has been successfully

identified in MOF materials.

4.2 Adsorption Characteristics of HKUST-1

Section 2.4.2 has shown that even for the well-studied MOF Cus(btc)s, there is a lack of information about
the local structure of the material, especially for the gas adsorption processes it is aimed at, and this can only
be resolved by single crystal studies. One possibility — that single crystal EPR investigations could reveal

formerly unknown properties of the material — will be presented here.

4.2.1 Dehydration and Adsorption of Methanol on Cus(btc),

It will be shown later that it is useful to address the pure MOF HKUST-1 (Cug(btc),) by means of single crystal
cw EPR. This may at first sight not seem reasonable since one does not expect to find the antiferromagnetically
coupled S = 1 state of the Cu/ Cu PW at low temperatures. Nevertheless, EPR spectra of 2, and 2yeon
are shown Fig. 4.4. Further information about the sample preparation and orientation is given in Fig. B.6
on page 102 of Section B.3 and again in Section A.1 and Section B.3.2 in the Appendix. While the spectra

of 2, can be explained with Cu?* impurities in the cryostat interfering often at low signal intensities, 1>
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surprisingly the CH3OH gas adsorption afterwards leads to a broad signal at 335 mT which has been assigned

to Cu?* in an unknown coordination. 93

! It is neither possible to detect apparent HFS signals nor to find an
evidence for an angular dependency of the signal. Moreover, and remarkably, it must be noted that after a
reactivation the signal disappears on repeated occasions. At this point, an interpretation of the observations
cannot be given, but for Fig. 4.11B a reference will be given to this observation to discuss a similar effect in

Cuz.965ZN0 035 (btC)s.

4.2.2 Dehydration and Gas Adsorption on Cus gg5Zng 035(btc),

Dehydrated Cus gs5Zng 035(btc),  After dehydration of 34s, the single crystals of 3 have been measured
and denoted as 3, according to the procedure given in Section B.3.2 in the Appendix. After this activation
process, the EPR spectra show well-resolved, angular dependent resonance field lines of several paramagnetic
Cu?* ion species as depicted in Fig. 4.5A(a) in comparison to the same orientation of other gas loaded samples
of 3 (Fig. 4.5A(b—d)). Fig. 4.5B shows four, individual single crystal spectra and simulations of 3,.;. They
will be explained in more detail later.

The complete experimental and simulated angular dependencies of the resonance fields of 3, for a
rotation of the external magnetic field By about the crystallographic [1 1 1] axis of the crystal 3, are plotted
in Fig. 4.6.  First, they can be fitted using the Spin Hamiltonian terms for the electron Zeeman and hyperfine
interactions, Eqn. 2.2 and 2.3 from Eqn. 2.1. The g and A tensors are axially symmetric with the principal
axis values given in Tab. 4.2. The principal axis orientations of the respective g and A tensors of all species
are found to be collinear.

Tab. 4.2 shows the principal axes values in columns 1-4 of the axially symmetric g and A tensors for all
investigated samples of Cus gg5Zng 035(btc)2. At present, the reader may focus on the first line for the sample
under discussion here (3,), and the fifth column may be consulted after further remarks in this Subsection.
To simulate the resonance field positions presented above in Fig. 4.6, the g and A principal axis values from

the respective powder samples have been used as initial values and optimized for the single crystals. 4]
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Fig. 4.6 Resonance field lines and simulations of 3ac: Angular dependent EPR resonance fields of Cu?* species
found for 3¢t at a quarter turn around the [1 1 1] axis (black squares). Solid lines represent simulated angular
dependencies of the resonance fields using the parameters in Tab. 4.2 and 4.3 for 83Cu2*, while 88Cu?* is
manifested in the line splitting around directions marked [1 1 0]. EPR signals of six magnetically non-equivalent
symmetry-related Cu®* species are observed, which can be grouped in two classes labelled by species of group
3lact and 3llact.
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Tab. 4.2 EPR tensor principal axis values of Cuz.g65Zng.035(btc)2: Principal axes values and angular distribution width
Aa of the g and A tensors of the most abundant Cu?* species 3Cu2* of groups 3! and 3Il in various single
crystals of Cup gg5ZNng.035(btc)2.

Sample 3 8zz 8xx,yy Az / Axxyy! Aa/®
10™%/cm  10™*/cm

3act 2.281(2) 2.046(1) 187(2) 32(2) 3.005)

3co, 2.293(2) 2.049(2) 182(2) 26(2) 5.0(5)

3co 2.300(1) 2.051(2) 1752) 23(2) 5.0(5)

3MeOH 2.336(2) 2.058(1) 158(2) 15(2) 6.0(5)

Tab. 4.3 EPR tensor principal axis orientations of Cug g65Zng.035(btc)2: Principal axis orientations (Euler angles ¢, )
of the g and A tensors of the Cu?* species of groups 3l and 3l in all single crystals of Cuz.965Zng.035(btc)2 with
respect to crystal frame according to EasySpin convention, [42] grrors A¢ = AB = +£1°, and deduced crystal axes
as explained in Section 4.2.3.

Species ‘ 0] 0 Group ‘ Crystal Axis

31 45°  —90° [110]
32 0 —45° 31 [101
33 90°  -45°

]
[ ]
34 45°  90° [1 10]

35 0 45° 311
36 90°  45°
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Deviations from the powder values will be presented and discussed in Section 4.2.3. It is obvious, that the
resonance fields shown in Fig. 4.6 originates from several different angular dependencies and in total six
magnetically non-equivalent, symmetry related and distinct species with an equal, sixfold symmetry have
been found. All six sets of resonance field lines have been fitted with the same g and A principal axis values,

but different principal axis orientations. These can be found in Tab. 4.3.

The first three orientations belong to a group of species referred to as 31 throughout this manuscript, while
the remaining three are marked 3II. The principal axis orientations of the g and A tensors are obtained by
a rotation of their z principal axis in the Bo-plane around the [1 1 1] axis (corresponding to the angle ¢)
to fit all resonance peaks. At first, three magnetically non-equivalent Cu?* incorporation sites can be fitted
(group 3I,.¢). They reach their largest effective HFS in a parallel orientation to the external magnetic field By
one after another separated by 60°. This effective HFS corresponds to the maximum HFS based on former
results on powder samples and the symmetry axes, denoted by z, of the g and A tensors of the three species
of group 3, are found to be embedded in the (1 1 1) plane.'63! The angular dependencies of the resonance
fields of two of the three species of the group 3I,. intersect every 30°. The low field HFS lines meet for
one intersection at about 285 mT and for the subsequent intersection at about 310 mT. The latter intersection
marks the orientation of the highest HFS of the third orientation of the species of group 3L, Secondly,
three further species labelled as set of species 311, are identified in the spectra mainly in the spectral region
305mT — 340 mT. They follow the angular dependencies of species 3l but are shifted to that by 30° such
that they reach their orientation with the largest effective HFS in the considered (1 1 1) plane where the three
species of group 31, do not have their maximum HFS. Hereby the z principal axis directions of the g and A
tensors of the group 311, species are lifted by about 55(1)° with respect to By and hence the (11 1) plane,
each. Altogether, the fitted single crystal angular dependencies for all six Cu?* species of 3, displayed in
Fig. 4.6 show a very good agreement for all identified resonance field positions. Due to the cubic symmetry
of HKUST-1, no further rotations than those around [1 1 1] axes have been carried out as all other rotational

planes would provide equal or less information.

To explore 3, in more detail, the reader’s attention shall now be directed back to Fig. 4.5B. Those single
crystal EPR spectra of 3, are measured for four distinct orientations of the magnetic field By within the
(111) plane. The presented spectra show the typical patterns of mononuclear Cu?* ions with § = % electron
spin interacting with nuclear magnetic moments of 3Cu and ®°Cu isotopes. The resonance fields vary from
278 mT to 344 mT. Fig. 4.5B displays the maximum HFS in this plane for species of group 3I, in the
spectrum recorded for By parallel to the crystallographic [1 1 0] axis which corresponds to By aligned along
the symmetry axes of the g and A tensors. In case of the second species in group 31l the maximum HFS

in the (1 10) plane is obtained for By along the crystallographic [1 1 2] axis.

For the individual spectral simulations, the exact line shapes have been taken into consideration. For that
purpose, a specific line broadening mechanism has been developed, which is adoptable to all investigated
samples. The requirements on this line broadening model were as follows: As seen in Fig. 4.5B, the spectra
with B along the crystallographic [1 1 0] axis suffers from almost no line broadening and the HFS lines
of the ®3Cu and ®°Cu isotopes are well-resolved for the low field signals. From this spectrum, a minimal

moderate line broadening of 1.3 mT peak-to-peak line width had been deduced for all resonance lines. Now,
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Fig. 4.7 Cu?* g and A Tensor Principal Axis Orientations: Cu* g and A tensor principal axis orientations (black)
as deduced by spectral simulations from EPR data (shades indicate Gaussian distribution). The tilting angle
distribution Ae and static tilting angle « are depicted in orange, respectively.

(A) Along the Cu—Op bond direction with single distribution A« as given in Tab. 4.2 per orientation around @ = 0.
(B) Along the Cu—Op bond direction with two distributions of width A« /2 per orientation around ag = * |@g| as
given in Tab. 4.4.

(C) In the more complex model between two Cu—Op bonds with two distributions of width Aa around ag = + |ag].
(D) Static angle ag deduced from DFT (grey arrows show mirror vectors).

at only 30° of rotation further with By along a crystallographic [1 12] axis, the resonance lines have become
significantly broader. From the comparison of the experimental and simulated powder spectra one possible
reason for a line width broadening can be identified. 16!

Although it is showing well-resolved HFS signals in the g,, part indicating only moderate strain and line
broadening effects, not all the four HES lines in the g,, part fit equally well in their line width: resonance
field lines for higher fields of By have slightly broader line widths as those for lower fields. Having aleady

observed this increasing line width in the single crystals 1 of Section 4.1,[153]

it was rated as a typical sign
for correlated g and A strain distributions. ¥ Consequently, such a correlated Gaussian g and A strain
distribution has been considered in the simulations of all single crystal spectra of 3.[193] The correlation
approximation and parameters are given in Section B.5 in the Appendix.

However, this was not enough to explain all line widths of the tested samples of 3, as all well-known,
conventional line broadening mechanisms presented in Section 2.1.2 would allow for the specific effects
observed in the powder materials but not in the single crystals. Instead, an additional distribution of the g and
A tensors’ principal axis orientations must be assumed to account for the observed line shapes of the Cu?*
EPR signals recorded in those spectra, where By is pointing along all non-canonical crystallographic axes

orientations. This can be motivated by the assumption that ligands, which are known to coordinate in such a
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position with respect to the Cy axis of the PW, might also be able to perturb the g and A tensor orientations

1641 In fact, it was found useful to apply a similar mechanism also to 3.,

[163

of PWs in presence of adsorbents. !
although with less pronouncement in terms of that assumed distribution.!6%! In the simulations, the g and
A tensor principal axis orientations have been distributed over a small set of angles o and weighted them
by a Gaussian distribution with width Aa around the respective equilibrium position ag = 0°. This is the
parameter given in the final, fifth column of Tab. 4.2.

In particular, for this modified simulation approach it was assumed that different models for the tilting
of the g and A tensor principal axis orientations away from the Cy4 axis of the PW could apply such that in
the simplest approach a typical projection onto the plane perpendicular to the C4 symmetry axis of the PW
points towards the PW’s oxygen atom along the existing Cu—Op bond direction. The statistical average over
a group of such tensors is distributed in a Gaussian fashion around the linear apical bond in each of the two
Cu—0Op directions, as well as for every of the six orientations given in Tab. 4.3. This is shown in Fig. 4.7A
for one of these six PWs. Considering a moderate value of Ao = 3.0°, this broadening mechanism together
with the correlated strain effects is sufficient to simulate all single crystal spectra in Fig. 4.5B including the
8xx,yy part of the corresponding powder pattern.

At this point, one could argue that also other models could be possible and assume a somewhat more
complex approach: a slightly bent adsorption complex structure with an angle «( as deviation from the linear
average complex, and for each bent configuration a similar, but separate Gaussian distribution. This means,
that every group of tensor orientations has a non-linear equilibrium position ag # 0°, as for example two
conformations with @g = + || and two corresponding Gaussian distribution widths of Aa/2 as depicted in
Fig. 4.7B.

To offer even more choices for the best model, for symmetry reasons it is also possible to propose a rotated
projection of these tilts in between two Cu—Op bonds, which is shown in Fig. 4.7C. For this model, it was
necessary to roughly double the Gaussian distribution width Aa with respect to the model in Fig. 4.7B
to achieve an appropriate line width of the spectra. The three competing models are discussed later in
Section 4.2.3. Then, they will be put into context with the DFT calculations presented in Section 2.4.2 and
displayed here as Fig. 4.7D already.

Adsorption of Carbon Monoxide on Cusgg5Zng o35(btc), The spectra of 3co show besides the broader,
but still well-resolved resonance field lines of Cu?* species of groups 3Ico and 3Ilgo a broad spectrum

1631 In the following, the relatively well-resolved

which was assigned to a third Cu®* species, species 311!
resonance field lines are presented, and will be similarly treated as those of 3,.. Following this, the very

broad background spectrum will be discussed further.

Cu?* Species of Group 3lco and 3lico  EPR spectra of 3co show the relatively well-resolved resonance
field lines which can be assigned to the previously described sixfold symmetric angular dependency of a
repeated four-line pattern of anisotropic EPR single crystal spectra of the two respective mononuclear 8¢5Cu
isotopes. These spectra are shown in Fig. 4.8 and can be fitted by the previously mentioned terms in Eqn. 2.1,

yielding the values presented in the third line of Tab. 4.2 and directions of Tab. 4.3. With these values, the
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Fig. 4.8 Resonance field lines and simulations of 3¢co: Angular dependent EPR resonance fields of Cu2* species
found for 3go at a quarter turn around the [1 1 1] axis (black squares). Solid lines represent simulated angu-
lar dependencies of the resonance fields using the parameters in Tab. 4.2 and 4.3. Again, EPR signals of six
magnetically non-equivalent symmetry-related Cu* species are observed, which can be grouped in two classes
labelled by species of groups 3lgo and 3ligo.

single crystal angular dependence of 3co shows again a good agreement for all identified resonance fields.
Again, the simulation has shown that the principal axes orientations of the g and A tensors are collinear with
an uncertainty of 3°. The individual single crystal spectra and simulations of 3co are shown in Fig. 4.9A.
Almost all the presented experiments show well-resolved single crystal anisotropic Cu®* spectra with the
resonance fields varying from approximately 279 mT to 346 mT, which is not so much different from 3¢o,.
However, the spectral resolution of the lines is less due to an increased line width especially towards the
crystallographic [1 li] axis orientation. In terms of the line broadening mechanism described above it
was found that the increased line width could rather be simulated by increasing the correlation parameters
given in Tab. B.4 on page 106 in the Appendix than the angular perturbation A, which is up to half of a
degree comparable to 3co,. For an exclusive fitting of the resolved angular peaks, no further adjustments

are necessary when compared to the simulations described before. 163

| Fig. 4.9B shows such an example,
where all individual simulations are separated from each other to show all six Cu®* incorporation sites for
one random orientation, which is depicted below in Fig. 4.10 on page 78 to show the applied Euler angles. It
was found that the spectral simulations for the resolved peaks of 3¢o correlate with the experimental spectra

with almost no exception.

Cu?* Species 3llico  Besides the well-resolved single crystal EPR resonance lines, an underlying, broad
and almost angular independent signal of a further Cu?* species 3111 is present in the &xx,yy Spectral range
of the Cu?* ion EPR spectra of 3co. This very behavior has also been found for the sample 3yeon, ¢3! and
it is important to note that the signal disappears on repeated occasions for reactivated samples 3,.. It can

be seen in Fig. 4.9B and Fig. 4.11B as broad baseline modulation of the experimental spectra of 3¢co and
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EPR spectra of 3co in detail
and the individual incorporation
sites of Cu?*:

(A) Selected experimental and
simulated Cu®* EPR spectra for
3co at a rotation around the crys-
tallographic [11 1] axis. For de-
tails of the simulation procedure
see text.

(B) Experimental EPR spectrum
of 1co (green, thick line) and the
composition of the respective sim-
ulation of both Cu?* isotopes in
six incorporation sites with Spin
Hamiltonian parameters for 1go
and correlated g and A strains.
The respective g and A principal
axis orientations with the Euler an-
gles from Tab. 4.3 used here are
depicted in Fig. 4.10 on page 78.

3meon around 335 mT. In actual simulations, the signal could not be identified clearly by means of the given
theoretical model with tested angular perturbations of up to Aa < 30°. For this reason, 3111 is not considered

in the spectral simulations anywhere in this manuscript.

Other Adsorbed Gases Other adsorbents have been tested for the single crystals of Cuz gg5Zng 035(btc)s.
3co, does not differ greatly from 3, in terms of the general Cu?* species found (no 3III), while it is similar
to 3co concerning the line broadening models shown in Fig. 4.7 and has similar g and A principal axis values
as 3co with only slightly less correlated g and A strains. 1631 [ jkewise, 3yeon shall only be introduced as that
sample with most deviating g and A principal axis values compared to 3, and even more pronounced line

163

broadening effects and correlated strains than those of 3co. 193! The interested reader is therefore guided to

the original publication for more details than those found in Tab. 4.2, Tab. 4.4 and Fig. 4.5A.

4.2.3 Discussion of the Experimental and Calculated Tensor Values and
Orientations

Review of DFT Results The optimized DFT calculations performed by P. Petkov initiated after the new

single crystal EPR results revealed a distinct distortion of the isolated mixed Cu / Zn PW units in contrast

163

to the idealized structure.!!93! The principal axis orientations of the g and A tensors can be analyzed from

the DFT data, and a schematic representation of the result is given in Fig. 4.7D for 3,DFT);,oy as excerpt of
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Tab. 4.4 DFT results for Cuz.965Zng,035(btc)2 under absorption: Principal axis orientations and angular tilting a of the
z principal axis directions of g and A tensors and binding energies of the ligand to the Cu2* in the DFT computed
PWs of Cuz.965Zn0.035(btc)2.

Computed 8zz 8yy 8xx Azl Ayy /| Axx/ ao/° BE/
Structure 10™%/cm eV

3,DF T, 2,179 2.045 2044 -274 -32 =30 1.0

3,DFT¢g, 2,182 2.047 2045 -273 -29 =23 04 -024
3,DFTo 2.195 2.050 2050 -260 -14 -14 0.3  -0.60
3,DFTyjcon | 2201 2.055 2.054 -270 -15 -15 20 -0.69

one PW from the periodic, unit cell cluster of Cus gg5Zng 035(btc), with about the same Zn?* concentration
as in the experimentally-studied 3. The results presented in Tab. 4.4 show overall axially symmetric g and
A tensors with principal axis values with a satisfying trend as known from powder EPR studies on the

40,149,151,1631 Additionally, geometric optimization by DFT on the MOF Cus.g55ZN0 035 (btc)2 has

material. [
revealed slightly perturbed but almost collinear g and A principal axis orientations not pointing along the Cy4
axis of the PW for all adsorption states from the ideal structure assumed in Fig. 2.11A which has now to be

discussed in context of the EPR results presented in the previous Subsection.

Overall, with an identical trend of increasing g factors with respect to an increasing magnitude of the binding
energies of the adsorbed ligands and decreasing HFS, DFT indeed provides a reasonable correspondence to
the experimental values. The binding energies of the axial ligand (if applicable) to the Cu* center of the
PWs determined by DFT are also summarized in Tab. 4.4. In the original publication it was additionally
introduced a hypothetical, isoelectronic but defective Cu/Cu PW containing one Cu* which can be a possible
modification in Cus.gg5ZNn0.gas(btc), with its major PW configuration of Cu / Cu PW metal centers. 193] Tt
was found that the binding energies of ligand-Cu?* (Cu / Zn PW ) and ligand-Cu* (Cu / Cu PW ) are very
similar and therefore the g and A tensors should not be very different.['93] Consequently, it suggests that
in cw EPR Cu/Zn PW and Cu/ Cu PW PWs might be difficult to distinguish. Thus, the ligand-Cu?*
coordination in Cu / Zn PW is primarily in this thesis. The previously mentioned rhombic deviation for
3,DFT¢g, of Ay, = —29 X 107*/cm # A = —23 x 107*/cm can now, regarding the experimental findings
given in Tab. 4.2 be compared with |Axx,yy| = 26(2) x 107*/cm right in between. This issue will also be

discussed below.

A tilting angle of 1.0° was found for 3,DFT,y, 0.4° for 3,DFTg,, 0.2° for 3,DFT¢o and 2.0° for
3,DFTy,on of the z principal axis directions of the g tensors of Cu®* in the static, optimized structures
with respect to the Cu/Zn axis of the PW. Note that this axis does not coincide with the direction of the
ligand-Cu?* bond found in the optimized structure. The z principal axis directions of the A tensors correlate
reasonably well with those of the g tensors (deviations of 0.1°, 0.2°, 0.0° and 0.3°, respectively) and can
therefore be seen as collinear in accordance to the experimental results presented above. The projections of
the g tensor z principal axis directions onto the plane spanned by the Cu—Op bonds in the PW are rotated
by 37°, 40°, 24° and 38°, respectively, from a Cu—Op bond and therefore situated mostly in between two

of the PWs’ four oxygens Op. The optimized structure itself resembles those angles by the finding, that for
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3,DFT,, 3,DFTy and 3,DFT),.o4 two adjacent Cu—Op bonds are about one percent longer than the two
other Cu—Op bonds, forming themselves a tilted PW, while in the frozen structure of 3,DF T, only a single
bond is shortened by that order of magnitude, leading to the rhombic g tensor pointed out in Tab. 4.4.

Principal Axis Values from EPR and XRD Regarding the results achieved from single crystal cw EPR and
presented in Section 4.2.2, the rotations of the single crystals of 3 with respect to By in the (11 1) plane
revealed the presence of six magnetically non-equivalent Cu?* incorporation sites in the single crystal of
Cuz gg5ZN0 035(btc). with the same principal axis values of their g and A tensors. Therefore, the six distinct
Cu?* species are chemically equivalent but incorporated at different crystallographic lattice sites. Their Spin
Hamiltonian parameters differ for each of the samples 3., 3co,, 3co, and 3weon (Tab. 4.2) but coincide
reasonably well given the mutual uncertainties with the findings for the powder samples, and indicate the
influence of the adsorption process on the cupric ion coordination. In particular, it was found that only
slight disagreements for Ag,, = —0.002 and AA,; = +3 X 10™*/cm for 3,¢ and Agyy.,yy = 0.002 for 3yeon

compared to publications of powder materials had to be taken into account, [40-163.164]

A variation of the principal axis values of the g and A tensors of the cupric ion indicates a change in the

193] The experimentally-obtained increase of g, and

coordination geometry as outlined in Section 2.1.1.!
the decrease of A,, correspond to a distortion of the square planar coordination geometry towards a square
pyramidal coordination. Such an increase of g,, is observed in combination with a decrease of the HFS upon
adsorption of all tested and calculated adsorbent compared to the activated material as found for the powder
materials before. %164 Furthermore, in the single crystals, the axial ligand field is found to be strongest for

CH3OH and decreases via CO and CO to the activated sample 3. [10%!

The DFT calculations supported the observations by predicting a decreasing trend in the computed g,
factors in an almost symmetric g tensor for the various PW configurations tested, 3,DFTy.on, 3,DFT o,
3,DFT¢p, and 3,DFT,, and increasing A, principal axis values of the HFS tensor as shown in Tab. 4.4.
This is correlated to the equally decreasing binding energies listed for the same computed models, except
for 3,DFT);.on Which shows slightly higher principal axis values for A than 3,DFT5. One assumption
is that the coordination of CH3OH involves several orientations with similar binding energies that could
lower especially the A,, value with respect to A, of 3,DFTco. Therefore, this deviation was attributed to

a computational insufficiency. [163

! The rhombic deviation in g, and 8yy of 3,DF T, can be explained by
the expected averaging from the CO, ligand molecule: while the DFT calculation presents a static, frozen
picture, it was shown earlier that the low energy required to rotate the CO, molecule at its bond to Cu?*
of 2kJ/mol can lead to several frozen-molecule positions with equivalent energy but almost unchanged g,
1641 The experimental finding for
3co, of Axx,yy = 26(2) X 107*/cm, which is very well the mean value of 3,DFTp, Axx = 23(2) X 107*/cm

and Ay, = 29(2) X 107*/cm, is the distribution of this averaged value measured by EPR and it confirms

values, while the g,y and gy, average out over a rotated azimuthal angle. !

therefore again the assumption of the averaged value. '3 Additionally, if such small deviations would really
be present, they could hardly be observed with the given experimental, spectral resolution of X-band EPR

spectroscopy.
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Fig. 4.10

Incorporation sites of Cu?* in
Cuz.965Zn0,035(btc)2:

(A) The principal axis orientations with respect to
the z axis of the simulated spectra in Fig. 4.9B
with indication of the Euler angles ¢, 8 used for
manipulation of the tensor system (Tab. 4.3) and a
[111] axis (thick, black).

(B) Schematic representation of the structure of
all PW orientations occurring in the hydrated MOF
Cuz.965Zn0.035(btc)2 viewed along a crystallographic
[111] axis (black dot). All PWs show g and A
tensors pointing from Zn%* to Cu* along each PW’s
C4 axis. Species of group 3l (red) are incorporated
in the (111) plane, species of 3l (cyan) are raised
from it.
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Deducing the Lattice Sites Geometrically, three species (group 3I) were found to be incorporated with
the z axes of their g and A tensors parallel to the crystallographic (1 1 1) plane and each aligned along the
crystallographic [1 1 O] axes, [0 1 i] axes or [1 0 i] axes. Additionally, three further species (group 3II) are
identified with z axes orientations along the crystallographic [1 1 0] axes, [0 1 1] axes and [1 0 1] axes of the

cubic crystal lattice.

HKUST-1 with its Fm3m space group has 36 Cu?* pairs in the lattice cell that are forming six magnetically
non-equivalent sites in accordance with the observed six magnetically non-equivalent Cu* species in the
studied Cup ge5Zng 035(btc)z crystals of 3ac, 3co,. 3co and 3uveon. 131 In a cubic lattice, the [111] axis
corresponds to a threefold screw axis. Indeed, for the rotation of the magnetic field about the [1 1 1] axis
two groups of angular dependencies (31 and 3II) were observed and each consists out of four resonance lines
belonging three species and showing a threefold symmetry. The PW units have a local C4 rotational axis
about the vector joining the two Cu?* ions in the pair. The C4 axes for the six magnetically non-equivalent
sites of the PWs point along the six face diagonals of the cubic lattice cell, the crystallographic [1 1 O] axes,
[0 1 i] axes, [1 0 i] axes, [1 1 0] axes, [01 1] axes and [1 0 1] axes. It is natural to assume that the symmetry
axis (z axis) of the cupric ion g and A tensors in the mixed PWs in which one Cu?* ion has been substituted
by Zn?* will also point along these local C, axes in perfect agreement with the six experimentally-found
z axes orientations of these tensors (Tab. 4.3) and the DFT results. Fig. 4.10B illustrates a projection
of the orientations of the six magnetically non-equivalent PWs units onto the (1 11) plane together with
experimentally-determined z axis orientations of the coaxial Cu?* g and A tensors of the mixed Cu / Zn
PW pairs. Consequently, one can conclude that the single crystal measurements further validate the powder
measurements by finding the Cu?* species in Cuz ge5ZNg 035(btc)2 at all crystallographically possible, former
dinuclear Cu/ CuPW sites of Cug(btc),, “?! representing another method to verify a successful substitution
of Cu?* by Zn?* ions in the PWs of this MOF. 163!
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4.2.4 Discussion of the Experimental Tensor Orientation Distributions

Powder spectra of zinc doped Cus g65ZNg 035(btc)2, both of activated materials and upon adsorption of CO»,
CO and CH3OH, can be satisfactorily simulated using correlated g and A strain effects (Section B.5 in the
Appendix). However, to explain the line shapes of the Cu?* EPR signals in the recorded single crystal spectra
of 3, it was found that is not enough to apply just such correlated strain effects, while also unresolved 'H
hyperfine couplings can be excluded based on an earlier ENDOR study of the material.*?! Therefore, a
simple model based on a tilt of the z symmetry axes of the Cu?* ions’ g and A tensors due to the adsorption
process was also chosen. In a first approach of such a model, it was assumed that a perturbation of the
local C4 symmetry of the PW unit could be observed. The z axes of both tensors are oriented such their
projections onto the plane perpendicular to the C4 axis and spanned by the four carboxylate oxygen atoms
Op of the PW unit binding to the Cu?* ion is along one of the four Cu—Op bonds. It was expected that
adsorbate molecules with a low symmetry such as CH3OH but also various linear molecules such as CO;
would form a bent adsorption complex with the Cu?* ions as is has been verified experimentally recently by

1641 and would hereby destroy the local C4 symmetry of the PW unit.

pulsed EPR spectroscopy by Jee et al.!
Consequently, the z axes orientation of the g and A tensors might deflect from the former C4 symmetry axes
and can be described by this model (Fig. 4.7A). Otherwise, a small linear symmetric molecule such as CO
or a highly symmetric one such as H,O adsorbed at the host PW’s Cu?* binding site is expected to point
straight along the Cy axis as depicted in Fig. 4.10B for adsorbed water (represented by the ligand’s central

164] Therefore, the z axes of the g and A tensors should also point along

O, atom for the hydrated structure).!
the local C; symmetry axis in such cases. Then, any distortion from this z axes’ alignment would indicate
deviations of the real structure from the ideal single crystal structure e.g. due to structural defects and should
be significantly less than in the above case of bent adsorption complexes formed by molecules with lower

symmetry.

The simulations implemented in the work involved a first, simple model from Fig. 4.7A. Here, it was
assumed that all four possible orientations of the tensors z axes would occur with equal probability and that
they could be distributed around the C; axis by A« in a Gaussian fashion with an average position oo = 0°.
The conducted simulation can now be used to find a Gaussian distribution width that the spectral simulations
would favor. After comparison of many spectra of 3, it was found that the tilt of the z axes of the g and
A tensors towards one of the Cu—Op bonds provides a reasonably accurately-broadened line shapes of the
Cu?* EPR resonance lines with Aa = 3.0(5)°...6.0(5)° in comparison to further models tested, another
model involves a bent adsorption structure with two equilibrium positions of the z principal axis orientations
with an intermediate splitting of 2ay, their projection at first along the Cu—Op direction and a distribution
of width Aa/2 (Fig. 4.7B) and further with the projections exactly between two of the Cu—Op bonds (45°
from one Cu—Op bond in the plane perpendicular to the C4 axis) and a distribution of width back at the
starting value of approximately Aa (Fig. 4.7C, A according to Tab. 4.2). However, upon further inspection
of these two models, there was no evidence pointing to significant improvements in the line broadening of
the spectral simulations. For the simulations with the model of Fig. 4.7B, the computational efforts doubled

in favor of a decreasing distribution width. For the model described by Fig. 4.7C, the distribution width was

79



80 4 Experimental Results and Discussion of Single Crystal and Thin Film EPR

Fig. 4.11 T
Comparison of broadening A B
models; 25ct, 2mMeoH cOMpared
to 3act; 3mMeoH and 3co.: .
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ening models with static angles | — - V W ﬂ
Aa delivered from DFT (see

Section 2.4.2) and tilting angle
distribution a( found by EPR.

(B) EPR spectra recorded for
a larger magnetic field range of
samples 24¢t and 2e0H (Cyan) in
comparison to the spectra of 3¢,
3co and 3peoH (lime).
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also found to be Aa with still the twofold number of spectra, which must be computed for the fit. Naturally,
even further amalgamations of these models and directions might occur.

Nevertheless, the experimentally-recorded EPR resonance lines did not allow for a more certain choice
between these models, as they all provided reasonably well broadened spectral simulations. Therefore, all
spectral simulations shown involved only the simplest model shown in Fig. 4.7A. Considering the unresolved
background signal of Cu?* species 3111, even this simplest model provides sufficiently accurately-broadened
resonance field lines. On the other hand, the more complex models tested for the spectral simulations
(Fig. 4.7B—C) also lead to similarly broadened EPR resonance lines, as Fig. 4.11A shows for 3yeon as an
example. Here, the equilibrium positions g = +2° # 0° were chosen and Aa was decreased to only half the
value of the original spectral simulation of 3yeon for the two Gaussian curves, each. As one can see, such
a small distribution of the tilting angle already leads to almost sufficiently broadened EPR lines. Therefore,
from the spectral simulations alone, it is difficult to decide for an appropriate model, as both the perturbation
direction and the distribution width can be chosen rather arbitrarily in the simulations. 163

The remaining discussion joins the DFT calculations and the spectral simulations of the single crystal cw
EPR spectra of 3, as one now can decide that the most complex model presented in Fig. 4.7C meets the DFT
results most accurately. It is therefore likely, that one can describe the changes of the Spin Hamiltonian g and
A principal axis orientations to involve at least one main tilting direction between two of the Cu—Op bonds,
each, leading to four possible tilting directions per PW. The equilibrium positions g given in Tab. 4.4 as

predicted by DFT can be a reasonable assumption also for the spectral simulations and, as the DFT data
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is derived from a single, perfect unit cell of Cuz gg5Zng g35(btc)s, it is likely that unaccounted strain effects
within the MOF framework, presumably caused by lattice defects, may lead to the deviations in the g and A
tensor orientations observed by EPR and described by the Gaussian distributions in the spectral simulations
with a distribution width amounted to A« as given in Tab. 4.2. Therefore, it was assessed that the DFT data
agrees sufficiently well to the model described in Fig. 4.7C for the experimental observations which because
of the SNR of individual line shapes alone otherwise would not allow to confirm a specific model. Within
the current scientific research in this area, such structural changes during activation and upon adsorption on
Zn?* substituted Cuz gg5ZN 035(btc)o single crystals have never been monitored with competing techniques
to EPR that could give estimates about this kind of behavior. 163

At this point, it is important to recall the results of a distinctively deformed baseline shown in Section 4.2.1.
With the knowledge about species 3111 obtained for 3co and 3meon of Cuz.ge5Zng 035 (btC)s it is reasonable to
attribute the broad signal observed for the single crystal cw EPR spectra of Cus(btc), (Fig. 4.4) to a similar
species as the latter ones noted. For them as well, neither apparent HFS signals nor clear evidence for an
angular dependency was found. It is remarkable to note that after a reactivation the signal disappears as
described earlier. Simulations with the proposed simple models from above using even distribution widths
up to Aa = 30° do not reproduce the signal shape, but it is very likely that the origin of species 3III and the
Cu?* EPR signal of 2 are similar, as Fig. 4.11B shows. Here, the signal of 2yyeon represents an almost ideal
baseline for 3¢co and 3yeoH-

As the Cu?* species 3111 thus occurs in both materials 2 and 3, it cannot be related to the Cu/ Zn PW but
seems to be a general feature of HKUST-1. Therefore, one has to conclude that whatever defect gives rise to
the spectra of species 3III is independent from the observations obtained for the species of group 3I and 311

in Cuz.965ZNg.035(btc)2 upon adsorption. Other than that, it is not addressed in the scope of this work.

4.2.5 Conclusions for Cus ge5ZNg g35(btc)2

197

While a former study addressed the HFS interaction to various ligands,'®”) in the recently published work

the influence of the adsorption of various gases on the Cu/Zn PW in 3 has been explored by DR aided single

163] These measurements demonstrate likewise the versatility of the DRs for

crystal cw EPR spectroscopy. !
EPR measurements at non-ambient conditions, in this case again at low temperatures and now in the presence
of various gas atmospheres. The adsorption of CO,, CO and CH3OH induces changes in the principal values
of the g and A tensors of the Cu?* ions as well as in the observed EPR line patterns both in the powder and
single crystal spectra of 3.1401 Otherwise, the single crystal EPR studies of 3 upon adsorption of various
gases indicate that the overall orientations of the cupric ion g and A tensors of the mixed Cu / Zn PW is not
significantly affected by the gas adsorption process.

In particular, nicely resolved, distinct, angular dependent EPR spectra of six mononuclear Cu?* ion incor-
poration sites according to the crystal structure in the single crystals of the framework Cuy gg5Zng 035(btc)2
were observed and their origin from mixed Cu / Zn PW units was confirmed.!'®3 Further, an important
line broadening effect was monitored, which can reasonably well be explained by a tilting of the g and A

z principal axis directions of the host Cu?* ions in the PWs by a few degrees. Different models for this
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perturbation have been proposed and inspired by DFT calculations it was suggested that a probable tilting
direction lays between two Cu—O bonds of the PW and an equilibrium tilting angle would be of the order
of a few degrees. Moreover, a distribution in the real structure was postulated and small differences for the
monitored adsorption of CO, CO, and CH3OH with respect to each of these parameters have been described.
It must be stressed that those minor changes in the z principal axis directions could never be observed by
powder EPR before in MOFs.

4.3 Ferromagnetic Resonance in SURMOF-2 Thin Films

This Section will present an overview of the results obtained for two members of the SURMOF-2 family,
(Cu,bdc) SURMOF-2 (4) and (Cu,bpdc) SURMOE-2 (5) (cf. Section 2.4.3). The content of this Section has
been published recently in parts in Friedlinder et al.!!3°] EPR measurements recorded for the SURMOF-2 4
and 5 reveal rather unexpected properties. The data recorded for (Cu,bdc) SURMOF-2 with the B oriented
in the film plane shows a very intense and relatively broad signal at a resonance field of 114 mT at 5.5 K. Both
the resonance field and the linewidth of this signal display pronounced dependencies on temperature and
film orientation. This signal disappears at temperatures 7 > 28 K and importantly it shows a characteristic
variation of the resonance field with the angle 6 between the substrate and the magnetic field. 3! Further
measurement conditions are summarized in Section A.1 in the Appendix. In principle, such a signal could
be explained by the presence of magnetic species with a high g-value of g; ~ 5.6 or even greater, but such
a species was not expected to be incorporated in the material from the fabrication conditions and the careful
analysis carried out before by J. Liu, M. Addicoat, P. Petkov, N. Vankova, R. Riiger, A. Kuc, W. Guo, W.
Zhou, B. Lukose, Z. Wang, P. Weidler, T. Heine and C. W6ll, who investigated and analyzed the sample by
XRD, infrared reflection absorption spectroscopy (IRRAS) and Raman spectroscopy. '3 At this point, the
EPR measurements presented below in Section 4.3.1 and further magnetic characterization by M. Ziese with
the help of a SQUID have been performed.! In Section 4.3.2, the conclusions drawn from all observations

and the DFT calculations performed by the group of T. Heine are discussed.

4.3.1 The Unusual g Factor and Exploration of the Magnetic Anisotropy

Images of the films and their treatment is given in Section B.3.3 of the Appendix. Preliminary tests with
SURMOF-2 on other substrates, SURMOF-2 powders and Q-band cw EPR measurements supported the
drawn conclusions presented below but did not reveal any further insights, especially regarding particular
S = 1 or other EPR signals of the Cu?* pairs that were expected but could not be resolved due to an
insufficient SNR. Of all tested sample configurations, thin films of SURMOF-2 frameworks show the most
well-reproducible EPR spectra with highest SNR in X-band. Therefore, these thin film measurements are
selected for the results given in the following. (3]

Fig. 4.12A shows the EPR spectra of (Cu,bdc) SURMOF-2 and (Cu,bpdc) SURMOF-2 at similar tem-
peratures and film orientations (Bg perpendicular to film normal). The signal with g; ~ 5.6 and g; = 7.8,

Isee also Sect. 1.2.4 in supporting information of [139]: http://dx.doi.org/10.1002/anie.201606016
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Fig. 4.12
FMR spectra of 4 and 5: Thin films

0"1 0;5 l 5 measured with cw EPR
C (A) Comparative spectra at 9K,
Q e |1 By Lfilmnormal (8 = 90°), the
© arrows mark cryostat Cu?* signal.
< L ___10.1 () signals with By || film normal
-Zf | 1;‘105;1 6,1 11 can be enhanced by DRs.

(C) FMR signal in dependence of
film thickness (double log. axes).
(D) Shows the three signals with lin-
ear intensity axis but shifted reso-
nance fields for presentation, aster-
isks mark Cu2* impurity.
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respectively, does not show any microwave power saturation at low temperatures. It disappears at tempera-
tures T > 28 K, where only a broad signal of the conduction electrons from gold layer coated MHDA substrate
is detected (see Fig. B.8 on page 105 in the Appendix). Though such high g values can be observed for
magnetic 4f and 3d ions with electron spins S > 5/2 and rare earth ions with J = 3,119 the characteristic
features of this signal are rather uncommon for EPR spectra of isolated paramagnetic species but typical for
FMR signals of two-dimensional structures. [80-82.1992001 Ejg 4 12B shows that the SNR can be increased
again by the help of DRs which was necessary to obtain the spectra of a 0.1 um thin film of 4 displayed
in Fig. 4.12C and D, where the dependence of the double integrated FMR signal on the film thickness is
shown. The experiment shows that the film thickness results in different intense FMR signals and magnetic

moments. The experiments are depicted in Fig. B.8 on page 105 in the Appendix.

Fig. 4.13A shows the dependence of the FMR signal of (Cu,bdc) SURMOEF-2 on the temperature, while
Fig. 4.13B summarizes the apparent g factor and B resonance fields for (Cu,bdc) SURMOF-2 and (Cu,bpdc)
SURMOF-2. The labels in Fig. 4.13A mark impurities from the resonator (Fe) and the MHDA substrate.
Below 20 K the linewidth decreases linearly with temperature until it saturates below about 8 K. For (Cu,bpdc)
SURMOF-2 the linewidth decreases linearly below a higher temperature of about 25 K. As outlined in
Section 2.1.5, the Curie temperature might be determined from the linewidth as the onset of the linewidth
decrease.®! In agreement with the T determined from the susceptibility, 3! this yields 7c = 18(1) K
for (Cu,bdc) SURMOF-2 and T¢ = 22(2) K for (Cu,bpdc) SURMOF-2, as indicated by the opaque line
construction in Fig. 4.13B. The g factor of the FMR signal of (Cu,bdc) SURMOF-2 decreases continuously
from g; = 5.6(1) at 5.5K to g; = 2.1(1) at 28K in the paramagnetic phase and from g; = 8.2(2) at 5.5K
to g7 = 2.3(2) at 32K for (Cu,bpdc) SURMOF-2. There the internal fields due to the magnetic ordering
have vanished and the g value approaches those of the now magnetically uncoupled paramagnetic species.
The observed value g; = 2.1(1) for the (Cu,bdc) SURMOF-2 film at 28 K (T > T¢) is typical for isolated
cupric ions and antiferromagnetically coupled cupric ion pairs in solids where the angular momentum is

1521932011 Tndeed, it is in agreement with literature values of the mean g factor of the spin

quenched. !
triplet state of Cu(ll) dimers measured for other MOFs.[4%152] In the ferromagnetic phase the resonance

field decreases considerably (increase of g;) which might, at first glance, be related to the ferromagnetic
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Fig. 4.13 Temperature dependent FMR spectra of 4 and 5:

(A) Thin film FMR spectra at different temperatures of (Cu,bdc) SURMOF-2 with the FMR signal indicated by +.
The connecting lines are guides for the eye. The arrows mark the substrate (Sub) visible at temperatures above
30K and the Fe3*-impurity signal of the resonator.

(B) Temperature dependence of the g factor (dots, dashed lines) and the peak-to-peak linewidth (triangles) of
the FMR signal measured for 6 = 90° for (Cu,bdc) SURMOF-2 (black) and (Cu,bpdc) SURMOF-2 (red). The
lines are guides for the eye. Above 28 K the g factor is about 2.1(1) The opaque lines illustrate the determination
of T¢ from the linewidth.

ordering. An important difference in the EPR results of (Cu,bdc) SURMOF-2 is manifested in a different
Curie temperature as presented in Fig. 4.13B.

Fig. 4.14A shows the dependence of the FMR signal of (Cu,bdc) SURMOF-2 on the thin film orientation
and Fig. 4.14B compares the resonance fields of (Cu,bdc) SURMOF-2 with the fitted behavior yielding
the magnetic anisotropy parameters indicated below. Both the resonance field and the line width change
periodically with the angle 8 which is characteristic for FMR signals of thin films."* The resonance field
for parallel configuration By || film normal (8 = 0°) approaches the resonance field at temperatures above
the ferromagnetic phase. It was observed that the extent of this anisotropy may vary for different films
and may also become smaller for prolonged storage times of a film sample. To understand the angular
dependence of the FMR signal, a magnetocrystalline anisotropy energy containing uniaxial second and
fourth order anisotropy terms as outlined in Section 2.1.5 and Eqn. 2.69 was assumed. The solid line in
Fig. 4.14B was obtained with anisotropy fields ygH>, = 2K>, /Ms =8 mT and puoHs, = 2K4, /Ms = 45mT
as well as a g factor of g™ = 4.3 and is in good agreement with the data. The total anisotropy field
pmoHA = poHyy + poHsy = 53mT is considerably smaller than the estimate above obtained from the
magnetization curves; 3% in view of the large uncertainty of the magnetization curve approach this might
be regarded as satisfactory. As it was already indicated by the temperature dependence of the resonance
field in Fig. 4.13B, the g factor strongly increases in the ferromagnetic phase. In the perpendicular field
orientation (fr = 0°) Eqn. 2.69 yields the resonance field Eqn. 2.71. Since the resonance fields in the

paramagnetic phase and in the ferromagnetic phase at 7 = 7 K for 6 = 0° are almost identical and By, + Meg
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Fig. 4.14 Angular dependent FMR spectra of (Cu,bdc) SURMOF-2: Angular dependent FMR spectra of 4:
(A) comparative spectra at 7 K measured at different angles 8 between the applied magnetic field and the film
normal.
(B) The resonance fields of (Cu,bdc) SURMOF-2 measured at 7K as a function of the angle 8r between the
applied magnetic field and the film normal (filled squares). The solid black line is a fit to Eqgn. 2.69.

steadily increases with decreasing temperature up to 114 mT at 5.5K (Fig. 4.13B), the gyromagnetic ratio
must increase with decreasing temperature. Such a strong g factor increase is unconventional and points
towards the unconventional coupling mechanism in this compound. Finally, for all studied SURMOEF-2 thin
film samples the obtained angular dependence of the FMR signal indicates an alignment of the magnetic
easy axis parallel to the film plane.

Total magnetization measurements by M. Ziese using a SQUID setup provided independent evidence for
the presence of ferromagnetism in the SURMOF-2 samples. [!3°! The magnetization curves of the (Cu,bdc)
SURMOF-2 are also very similar from those of the (Cu,bpdc) SURMOF-2 and yield a comparable Curie
temperature of 18.0(5) K and 22.0(5) K, respectively,'3°! in accordance to the FMR data. Similarly, these
experimental results clearly indicate the presence of intrinsic ferromagnetism which is not induced by high

[139.181] Ope can deduce also from the

magnetic fields, in contrast to the previously studied MOF systems.
magnetization hysteresis measured with By applied parallel and perpendicular to the film that the film normal

is a magnetic hard axis.

4.3.2 Discussion of the Spin-Canting Model

Under the assumption that all specimen had about the same sample sizes of about 3 x 3 mm? resulting in
about 10'® unit cells for the 1 um thick (Cu,bdc) SURMOF-2 film, it can be estimated by the DR aided SNR
enhancements shown in Fig. 4.12B-D that the FMR signal intensity relates to the film thickness by a power
law. This shows that the observed ferromagnetic phase is indeed originating from the bulk sample of the thin
film instead of being a surface effect. Further it was confirmed that for T > T, gy approaches the g value

found for square planar coordinated Cu?* in MOFs. 4!
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These magnetic properties exhibited by the (Cu,bdc) SURMOF-2 system cannot be understood based
on the previously published structure by Liu et al.['7#] The proposed, intact, non-deformed PW units of
Cu?* pairs herein are characterized by an antiferromagnetic singlet ground state as stated in the previous two
Sections, where the two spins of the adjacent metal ions couple antiferromagnetically with a coupling strength
of 38 meV or more. 2922931 On the basis of new powder-diffraction Rietveld XRD (PXRD) data obtained by
coauthors, 3% the structural model proposed in this earlier work must be rejected.!!”# Instead, the Rietveld
refinement yielded an unexpected strong deviation of Cu?* atoms aligned along a straight line (Fig. 2.12).
Since the quality of the PXRD-data is not sufficient for a determination of the O and C atoms in the (Cu,bdc)
SURMOF-2 compound, it was carried out a systematic theoretical re-investigation of the structure starting

1391 Hereby T. Heine and co-workers were able to obtain from ab initio

from the new experimental data.l
Born—Oppenheimer molecular dynamics (MD) and associated simulated annealing calculations the structure
shown in Fig. 2.12.113) While the position of the Cu?* atoms is essentially the same as that determined
by the Rietveld refinement of the PXRD data, this structure also shows violations of the intact PW units
and — unlike the defect PW units found in £[CU|QCUI|2(H20)2L2C|2]— consists of semi-PWs forming slightly
deformed 1D chains of Cu?* ions linked together in a zipper-like fashion. This novel Cu*—acetate structure
motive has two Cu—Cu distances, a short one of 2.47 A and a longer one of 3.85A. This is a very unusual
arrangement and has not yet been observed or considered in other Cu**—carboxylate based MOF type. A
motif with remote similarity has been found in copper phosphonates, where a weak ferromagnetism arising

204

from spin canting was observed.?°* In contrast to previous reports, 136! a clear orientation dependence of

the FMR signal on the direction of By is observed. Such an orientation dependence of the FMR signal, a

crucial signature for a FM ordering in a thin film, is thus reported for a MOF sample for the first time. 113"

4.3.3 Conclusions for (Cu,bdc) SURMOF-2 and (Cu,bpdc) SURMOF-2

The quasi-1D Cu?* chain is almost perfectly positioned in a plane and as the investigated specimen are
members of an isoreticular series of MOFs, the lattice-constant of these molecular solids can be changed
easily by using organic struts of different lengths like for example the bdc and bpdc linkers without changing
the Cu—Cu distances in the chain.!!”# The EPR measurements have shown that via this method the Curie
temperature can easily be scaled. FMR was observed for the first time in this kind of thin film MOF
materials in absence of strong external magnetic fields and the T¢ is remarkably high in comparison to

similar materials. 3]



5 Summary, Conclusion and Outlook

5.1 High Sensitivity EPR with Dielectric Resonators and Planar

Microresonators

In recent years, several new techniques have been applied in EPR spectroscopy. Ultra high field EPR is
available via different projects, 2°297] and highly advanced, ultra-short and arbitrarily shaped pulses known
from NMR can now be generated for pulsed EPR spectroscopy by a growing scientific community. [208-210]
These technological progresses have enhanced EPR sensitivity by orders of magnitude and allowed previously

211.2121 Besides the fact that these important improvements

unknown insights in matters of various kind.!
require expensive instrumentation, the scientific community needs widely applicable solutions that can
satisfy the necessity for an increased sensitivity for all contributors. Among those which could soon be
realized, single chip solutions may play the most radical role as low-cost resonators with high sensitivity in

the future. [120-213

1 As seen also in the context of this work, they even appear to be a promising alternative to
entire, current spectrometer designs, given their all-in-one chip approach. (8

One of these more established, high-sensitivity EPR spectroscopy methods based on PCB-like miniature
resonators is the PMR with typical sub-wavelength dimensions. Those lumped circuit resonators known for

16,1281 bt while integrated

their high filling factors have achieved outstanding performance in spin sensitivity, [
spectrometer ASICs including the resonator and all mw parts on one PCB try to become substitutes for whole
spectrometers, PMRs, which are cheap in fabrication, could possibly serve as an alternative to expensive,
high quality traditional resonators for measurements in which superior sensitivity for ultra-small samples
plays a key role. In the same way, in recent years DRs have gone from niche applications for a limited set
of radical samples and ambient measurement conditions to versatile, easy and cheap upgrades for existing
spectrometer setups at various temperatures and atmospheres. 186!

In the present work the latter two techniques have been presented and compared to other EPR resonators
in terms of pure sensitivity as SNR, but also normalized SNR gain with respect to the mw B, field. While for
PMRs the main focus was the implementation of an actual setup for cw and pulsed EPR at room temperature,
DRs have successfully been applied to various porous MOF samples with low spin density to obtain new
insights in the structures.!!3%153163] In particular, as shown in Section 3.1, it was possible to evaluate a
new series of effective EPR silent DRs based on barium lanthanide titanates solid solutions (BLTss) with
the general formula Bag_,Lng,24x3Ti1gOs54 (LN = Sm, Nd) with small dielectric losses and dielectric constants
of about 80.1% The DRs can easily be used in combination with cavity resonators and flow cryostats for

experiments in room temperature and down to 4.2K. The sample can be kept in quartz glass tubes for
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measurements of dehydrated or gas-loaded samples. Disk-shaped DRs can be employed to tune stacked,
double DRs or for measurements of thin film samples, and ring DRs are especially suited for low volume
samples such as tiny single crystals. The developed DRs have shown their experimental reliability and
proved to be applicable in various MOF material studies published recently and summarized below. [133:163]
As shown in Section 3.1.2, the impurity content has been optimized within the collaboration project, yielding
very low contents such that intrinsic EPR signals from the DRs are acceptable. Relatively thin, ring shaped
DRs perform best at all investigated temperatures with respect to both the relative conversion factors of the
mw B field and normalized SNR gain. The highest normalized SNR gain achieved was an enhancement of
19 at normalized mw power-B; conversion and room temperature, and up to 15 at low temperatures of 8 K.
The additional B; field enhancements only near the sample of a factor of maximally 4.8 at all temperatures
helps additionally to suppress impurity signals from the cryostat interfering with the specimen under study
as outlined in Section 3.1.3. Hence, although the latter B; field enhancements must be regarded separately
for most cw EPR applications, the combined SNR enhancement of a factor of 80 (see Tab. 3.2 for all results)

can be deemed the highest repeatedly achieved total SNR gain in the scope of this work.
In Section 3.2.2, the SNR enhancement efficiency of PMRs with home-build setups has been analyzed and

compared to high sensitivity cavity resonator combinations. With the most advanced probehead setup R2.1
and sapphire PMRs T2, a spin sensitivity of about 10° spins/(G x Hz'/?) has been estimated. This value
represents at least a reproduction of the previously reported value in Narkowicz et al.!?8] The achieved PMR
setup allows for a stable PMR mode ready for room temperature cw EPR measurements involving multiple
sample exchanges. Various tests with variations in the sample geometry have shown SNR gains of 51 or more
for very small, planar samples with diameters below 50 um in comparison to conventional cavity resonators.
It was shown that this SNR gain has not yet reached its maximum and holds an inverse relationship to the
sample size. For very small samples, the SNR enhancement can even outreach the correction for the B; field
enhancement, which at present tests was at least 25 times larger than a BRUKER MDS5 resonator. Due to
this property, it could be shown in Section 3.2.3 that the PMR setup can be excellently altered for pulsed
EPR measurements requiring significantly lower mw pulse powers by two orders of magnitudes, and can be
used to achieve higher bandwidths due to the low quality factor. Altogether, these results demonstrate the

significant potential of the PMR approach not only for pulse, but also for cw EPR.

The work has shown possibilities to increase the sensitivity with respect to cavity resonators alone by a
factor of 19, which has proven to save a factor in the order of several hundred over time for the acquisition
of cw EPR spectra of small, porous crystalline MOF samples. The spin sensitivity for ultra-small and flat
samples in the most advanced PMR setup built for this work was 1 x 10° spins/ GVHz, which can potentially
be decreased further for appropriate samples. This, however, may not compare to the spin sensitivity in high
field EPR, where for example a spin sensitivity of 4 x 108 spins/mT was reported already decades ago. !4
Nevertheless, this is a remarkable result for X-band EPR spectroscopy. Tab. 5.1 summarizes the obtained

SNR enhancements and By amplifications.
Finally, a comparison between the DRs and PMRs can only be discussed with respect to cw EPR as the
developed DRs are not suitable for pulsed EPR measurements. At present, the DR wins in the short-run, but

over time, it falters as the sample dimensions decrease. It is clear that the PMR represents the cheaper setup,



5 Summary, Conclusion and Outlook

Tab. 5.1 Summary — Comparison of DR and PMR: Achieved SNR enhancements and power conversion factors C;/Cyet
(Eqn. 2.75) for the DRs in combination with cavity resonators (comparable results for BRUKER ER 4102ST and
4119HS) and best PMR in comparison to the respective standard BRUKER resonators (lMD5 used with pulse
EPR for determination of CppR)-

Resonator DR K80-H* PMR T2
Ci / Cref 4.2 251
normalized SNR gain cavityx19

absolute SNR enhancement  cavityx80 > 51

both in terms of the price tag on the PMR itself as well as with regards to the fact that the required host
cavity resonator for the DR will always be more expensive than the PMRs alone. However, both DRs and
PMRs could be produced in larger scales and therefore more cheaply. With respect to cw EPR in particular,
the B, field enhancement must be considered as well. Here, the approximate B; enhancement of 25 might
be crucial if power saturation plays a role, hence if the sample size is measured in gm rather than nm length
scales, the PMR may be regarded as too advanced and overly complex in application. On the other hand,
for ultra-small samples, the option to decrease the Q2-loop diameter and the dual-use capability for pulsed
EPR measurements allow the PMR to be considered as advantageous in many cases, possibly winning the
high-sensitivity competition in the long term.

Concerning the MOF material studies conducted for this work, the decision made in favor of DRs or
PMRs therefore was a pragmatic outcome. Firstly, growing large single crystals from Cuy g5Zng.035(btc), or
Cusz(btc). and even more for o?,[CuI 20U”2(H20)2 LoCly] is a difficult task, while another issue was that the film
thickness of (Cu,bdc) SURMOF-2 and (Cu,bpdc) SURMOF-2 could not be extended as desired. However,
the total spin number in the different single crystal or thin film specimens did not fall below 10" spins
on average, and the smallest sample size was well above 10 um. As such, there was no need to optimize
resonators for ultra-small samples, and a higher prioritization could be afforded to the experimental handling
itself. This involved a relatively simple sample exchange with multiple measurements at low temperature.
Moreover, some sample preparations involved non-ambient atmospheres which would be difficult to achieve
in the case of PMRs. For this reason, the SNR gain of about 8.5 delivered for most applications by the
frequently applied DRs of type K80-H was substantial enough (cf. Tab. 3.2), instead of the hypothetical
orders of magnitudes in SNR, which are possible with small loop-diameter PMRs. The focus of the PMR
research during the majority of the project work was therefore attributed to the implementation of the PMR

in a working setup for the associated experimental situations.

5.2 New Insights in Porous Metal-Organic Frameworks by EPR

The novel insights gained by DR-aided high sensitivity cw EPR at low temperatures and non-ambient con-
ditions about 3[Cu'2Cu'"»(H20)2L,Cla], Cuz 96520 035 (btc)2, Cug(btc)e and (Cu,bdc) SURMOF-2/ (Cu,bpdc)
SURMOF-2 will now be summarized. Firstly, although nearly all EPR measurements involved single crys-

tals of only a few hundred micrometers sample size with as few as 10'® spins and thin films of only a



90

5 Summary, Conclusion and Outlook

few micrometers thickness have been performed in a conventional X-band EPR spectrometer, reasonable
angular dependent single crystal EPR spectra and thin film FMR signals could be obtained in almost ev-
ery experiment. The measurements have been performed frequently at 8 K sample temperature and below,
demonstrating the successful detection of signals originating from ferromagnetically coupled chains and
paramagnetic mononuclear Cu?* ions around g = 2 with almost no interfering signals from the sensitivity
enhancing DR. This demonstrates the feasibility and potential of the applied DR-aided cw EPR spectroscopy
at conventional X-band spectrometers for the study of small single crystals, even in the case of porous,
low-density materials like MOFs. Multiple results confirmed that the sensitivity enhancement is at least one

order of magnitude, 180

saving hundreds of accumulations for the angular resolved single crystal cw EPR
measurements.

The work described here revealed relatively well identifiable, distinct, angular dependent EPR spectra of
mononuclear Cu?* ion species in single crystals of the frameworks Og[CU'zCU”z(HzO)szC'z] (1) and very
well resolved spectra of Cuy.ge5Zng 035 (btc)2 (3). Additionally, similarities found between Cus(btc), (2) and 3
helped to interpret the data. In particular, the spectra of og[CuI 20U”2(H20)2 LoCl,] were sufficient to identify
two different species of mononuclear Cu?* ions which could be identified as magnetically nonequivalent
crystallographic lattice sites in the MOF network. [!33] This allowed the detection and determination as Cu?*
defect species for the first time by single crystal EPR. The verification of the defect species could only be
obtained from the angular dependent spectra, allowing the information to be related to the crystallographic
axes of 3[Cu',Cu'"5(H20)2L2Cly]. In the case of the studied MOF network Cuz.g65ZNn0 035 (btc)z it was possible
to classify six different species of the mononuclear Cu?* ions which can be identified as magnetically

163] From these angular dependent EPR spectra,

nonequivalent crystallographic lattice sites in the framework. !
the formation of substituted Cu / Zn PW pairs could be confirmed. The principal axis orientations of the g
and A tensors of Cu?* in Cu/Zn PW pairs have been obtained for numerous crystal specimen at different
adsorption states, and could be compared to results from DFT structural information. In this way, minor
changes in the cw EPR spectra could be tracked and interpreted as a slightly conformed network, and it was
possible to map the small distortions for the different adsorbents with high accuracy. These measurements
completed earlier powder EPR investigations and XRD studies and verified that the g and A tensors of the
Cu?* species in the compounds are very sensitive to minor structural changes in the framework. The minor
changes have never been observed by powder EPR or XRD before in MOFs. Furthermore, it was possible to
analyze an angular dependent FMR signal in (Cu,bdc) SURMOF-2 (4) and (Cu,bpdc) SURMOF-2 (5). Asa
result, it was possible to prove signatures of ferromagnetic behavior and determine the Curie temperature in
accordance with SQUID measurements.!3! In contrast to previous reports, a clear orientation dependence
of the FMR signal on the direction of the externally-applied magnetic field was observed, which helped to
develop an improved structural model of cupric metal ion chains with ferromagnetic coupling in the ground
state in the SURMOF-2 class.

Most importantly, the results of this work demonstrate that conventional cw X-band EPR, with the help
of inexpensive, new high-sensitivity enhancements, can aid in the exploration of defects and adsorption
sites in MOF compounds, suggesting an interesting field for new MOF studies using conventional EPR

spectrometers.



A Devices and Experimental Conditions

A.1 CW EPR Experiments at the BRUKER EMX Micro X-Band

Spectrometer

The cw EPR measurements at X-band frequencies were carried out using a BRUKER EMX Micro X-band
spectrometer equipped with various cavity resonators, optionally a flow cryostat and goniometer. Powder cw
EPR measurements at a frequency of 9.41 GHz were carried out using a BRUKER ER 4119HS cylindrical
cavity resonator. Typically, five accumulations were taken per spectrum with a conversion time of 20.48 ms
and a time constant of 10.24 ms with a resolution of 2 data points per 0.1 mT for a sweep width of 200 mT.
The spectra were recorded with moderate mw powers of 2mW for 3[Cu',Cu''s(Hp0),L2Cla] powders and
very low powers of 2 uW for Cusz gg5ZNg 035(btc)2 powders to minimize poorly resolved signals of other
paramagnetic centers such as Cu?* impurities in the cryostat or the identified Cu?* species 3IIL.

Single crystal cw EPR measurements at a frequency of 9.78 GHz were carried out using a BRUKER ER
4119HS cylindrical cavity resonator coupled with the DR (see Section B.1.1). Often, only two scans were
enough to resolve all resonance lines as for example of Cus g65ZN0 035(btc)o, while especially for og[Cu'QCu”Q
(H20)2L2Clo] and Cus(btc). in orientations with low intensity up to 40 accumulations were executed to ensure
a better signal detection. The single crystal spectra were recorded with very low powers of about 60 uW to
make use of the DR B enhancement suppressing the non-enhanced impurities in the cryostat.

The thin film EPR measurements did not lead to saturation effects of the FMR signals even at low
temperatures, such that a mw power of 5mW has been used for 4 and 5. Typically, Cu®* powder and single
crystal cw EPR spectra were recorded with a By modulation field strength of 0.5mT and a modulation
frequency of 100 kHz. FMR signals have been recorded with a modulation amplitude of 0.5 mT, too.

Low temperature EPR experiments at the BRUKER EMX Micro spectrometer for samples 1, 2 and 3 (cf.
list of samples, p. XI) were typically recorded at 8 K sample temperature achieved by a moderate He-gas
flow in the cryostat, while several temperature dependencies naturally required a heating of the cooling
agent. Room temperature experiments have been performed mostly without cryostat unless this was needed
to ensure comparability with respect to the B field conversion for SNR determinations.

Other resonators have been employed to adopt to non-standard experimental needs including dual insert
methods for stacked DR tests (illustration in Fig. B.1C). Quantification powder cw EPR measurements for the
determination of spin numbers have been carried out on the same spectrometer with a BRUKER ER 4105DR
dual cavity resonator. SNR comparison tests at room temperature have been carried out with various cavity
resonators, ranging from rectangular standard single cavities (BRUKER ER 4102ST) to ultra-high quality
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cavities (BRUKER ER 4122SHQ). [103]

Continuous Flow Cryostat: OXFORD ESR 900 Series The OXFORD ESR 900 flow cryostat was used to
regulate the temperature in the cavity resonators at the X-band EMX Micro spectrometer. The cryogen used
in the laboratory is gaseous helium which can cool down a sample in a low pressure evacuated sample tube to
minimal 5.5 K according to various commonly applied calibrations procedures. It is however hard to achieve
this temperature in a reproducible way such that 8 K was the most common low temperature employed for
the single crystal EPR measurements, limiting the He consumption reasonably. The cryostats inner support
quartz safely supports cylindrical EPR sample tubes of up to 5 mm outer diameter. '8 Because the ESR 900

is frequently applied in X-band cw EPR, it was used as dimension reference for the development of the DRs.

A.2 CW EPR Experiments at the VARIAN E-112 X-Band Spectrometer

The experimental PMR setups for cw EPR have been prepared at the legacy VARIAN Century E-Line
E112 spectrometer and optional immersion cryostat (Section A.2). Different PMRs from batch T1 and T2
were ordered from the SPP collaborator group of D. Suter et al. (see Section B.1.4) to match the klystron
frequency tunable between 8.6 - - - 9.6 GHz. The DPPH spectra were recorded with uncalibrated mw output
powers of 0.5 - - - 2mW, unless saturation experiments required more B, field strengths. DPPH EPR spectra
were recorded with a calibrated By modulation field strength of 0.19mT and a modulation frequency of
100 kHz. The home-written Hewlett Packard HP VEE digitizer uses a Meilhaus ME-300 10 bit analog-to-
digital converter (ADC), limiting the EPR signal detection to only 2' = 1024 voltage step divisions. To
overcome this limitation, it is crucial that SNR tests are recorded for two different receiver gains using the
largest setting possible at the spectrometer for the noise detection. Here, it may be helpful to record two
different spectral ranges to avoid the signal while detecting the noise figure.

The spectra taken for the calibration curve of the PMR probehead R2.1 with narrow modulation coils
designed to reach high modulation magnetic field strengths (inset of Fig. 3.9) are depicted in Fig. A.1A.
The spectra have been compared to the simulated linewidth of a S = % DPPH radical species with 0.19 mT
Gaussian linewidth derived by EasySpin (not shown).?42] The modulation coils have been prepared to
reach the inductance of the VARIAN standard cavities, which at are about L = 0.2---0.4 mH.

Among DPPH presented in Section 3.2.2 other samples have been tested to explore the usability for single
crystal EPR and prepare pulsed EPR measurements. As the cw EPR setup only supported room temperature
measurements, none of the samples 1 — S presented in this thesis were considered. However, several other
standard EPR samples such as BDPA and other single crystals like of a 5— Ni/Cu—11.6 complex provided by
the group of R. Kirmse, Leipzig, with a similar structure as described by Gruschinski and Rodenstein (213!

were tested in an angular dependent cw EPR measurement with excellent SNR as seen in Fig. A.1B.

Immersion Cryostat: OXFORD CF935 Series The VARIAN E-112 and BRUKER EELEXSYS (Sec-
tion A.3) spectrometers are equipped with cryostats of the OXFORD CF935 Series.[!®] Tt immerses the

entire probehead in the cryogen flow and was chosen for the PMR development because it is compatible with
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Fig. A.1 Planar microresonator modulation coil calibration and sample measurement:
(A) Experimental EPR spectra of § = % free radical DPPH with different modulation voltages applied to the
modulation coils of setup R2.1. The tuning caps were adjusted similarly for all measurements to achieve an
optimal response.
(B) Angular dependent single crystal room temperature cw EPR spectra of an non-oriented Cu?* species obtained
from 5—Ni/Cu—1 1.6 with R2.1 and T2 by turning the external magnets and the modulation coils. Spectra show
3° increments.

many different cavities with diameters smaller than 43.7 mm including modulation coils. The CF-cryostats

are used with liquid helium.

A.3 Pulsed EPR measurements at the BRUKER ELEXSYS E580

X-Band Spectrometer

The shown 2-pulse 2-phase cycling field sweep (FS ESE), 2-pulse 5 —7 — 7 — 7 2-phase / 3-pulse 7 —7— 5 —
T — 3 — 7 4-phase cycling electron spin echo envelope modulation (ESEEM) spectra have been recorded on
the BRUKER ELEXSYS E580 spectrometer as illustrated for the 5 — 7 — 7 — 7 pulse sequence in Fig. A.2A
using non-selective mw pulses of pz = 30ns and p, = 60 ns and a 2- and 4-step, respectively, phase cycle
to cancel out unwanted echoes, 2% and a mw power at 34 dB attenuation of the output travelling wave tube
amplifier (TWT/A) power, a mw frequency of 9.618 GHz and 39 dB video gain. The first sample tested was

the micro crystalline single crystal diamond described in Section 3.2.3 and shown in Fig. A.2B,C.
A.4 The Network Analyzer HP 8510B

The Hewlett Packard HP 8510B network analyzer is a wide dynamic range reflection and transmission
spectrometer for RF frequencies. The system contains a cw source and transmitter HP 83621A to cover
the range from 45 MHz - - - 20 GHz, a receiver unit (referred to as scattering “S” parameter test set) and data

manipulation and display unit. It may be used among others to record the S;; input reflection, S}, forward
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. T=400ns .
t

m=60ns

Fig. A.2 Prototype pulse setup for planar microresonators: The setup was only used for prototype testing in this work.
(A) lllustration of standard pulsed % — 17— — 7 EPR scheme with pulse positions, durations (p, p%).
(B) The prototype PMR setup combining PMR T2 with an earlier setup R1 attached to the network analyzer. The
PMR is loaded by a micro crystalline diamond sample.
(C)The micro crystalline diamond single crystal sample with P1 centers in the PMR Q-loop. [190-192]

transmission, (voltage) standing wave ratio VSWR (often shortened to SWR only), signal phase and Smith
diagram.?8217] The digital data can be exported to a home-written LabVIEW interface. In contrast to EPR
X-band spectrometers, the network analyzer is not using WG15 waveguides but PC-7 and 3.5 mm connectors,

which may be adapted to the widely-used N-type / SMA system. [218]



B Investigation Procedures

B.1 Auxiliary Microwave Techniques

The preparation for all customized resonator implementations involved resonance frequency and -quality
checks of the DRs and PMRs, coupling of the latter two to cavity resonators and microstrip plugs as well as
tests of self-customized cables and transducers. These tests have been performed with the network analyzer
introduced in Section A.4. The most important parameter is the scattering S input reflection coefficient,
which allows to evaluate the quality factor Q of a mw resonator system and the signal damping.?!”! The Sy,
parameter characterizes the quality of the impedance matching of the mw component in the network to the
50 Q standard used. A small value describes the absence of reflected signals and thus a good matching. It is
frequently measured in the logarithmic unit dB, such that S;; = —3 dB describes that about % of the incident

power is lost. The width at this power loss defines Q,

_ Afsas

¢ fo

(B.1)

where fj is the frequency of the minimum of a resonance. Typically, S;; < —50 dB for high quality, critically
coupled cw EPR cavity resonators and Q > 3000 for them. S;; can be directly related to the VSWR, which
is 1 for a perfectly matched resonator (S;; = —codB).?!”l Again, critical couplings of cavity resonators
typically are below VSWR < 1.001.

B.1.1 Dielectric Resonator Microwave Characterization

The main preparation task of the DR mw characterization consisted of the determination of the coupled
resonance frequency for the DR cylinder height reduction. Apart from that, the DR-cavity resonator
combinations have been checked for among others the coupled Q factors of all appearing DR modes and
possible applications of stacked DRs (illustration in Fig. B.1C) according to the procedures given above in
Section B.1. Those results have been summarized in Section 3.1 and Fig. 3.1. Also, the temperature dependent

186] To explore the

EPR experiments for the DR characterization have been monitored as shown in Tab. 3.1.!
possibilities of utilizing DRs coupled to antennae and find the frequencies shown in Fig. 3.1C(2,5,8) and other
properties of the DRs without coupling to a cavity resonator, small shields as those depicted in Fig. B.1A,B
with cavity dimensions @p < % have been constructed and the DRs measured therein have been coupled
with semi rigid waveguides used as antennae to acquire the Sj; reflection and S, forward transmission

damping.[® Due to the small shield boxing of the DR, this configuration is referred to as "boxed DR’ in

95
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A DR B
l Antenna 2

()

Antenna 1

Fig. B.1 Dielectric resonator characterization and configuration:
(A) Rectangular small shield for up to two DRs and two antennae allowing reflection S;; and transmission S,
scattering measurements.
(B) Cylindrical shield used for antennae orientation dependent tests for DR couplings.
(C) lllustration of stacked, dual DR in cavity resonator.
(D) Real and imaginary part of dielectric permittivity versus RF frequency f of DR K80-H measured by M.
Siménas, Vilnius.

Fig. 3.1. Fig. B.1C,D show a sketch of a dual DR application and the relative dielectric permittivity of the
final DR material.

The unmatched frequencies fyoxeq in Fig. 3.1C(2,5,8) of the TE;os-mode weakly coupled to the semi
rigid waveguide cable core antenna has been measured in a cylindrical shield of sub-wavelength dimensions
while the frequencies feoupled Of the coupled DRs and quality factors Q in Tab. 3.1 were acquired using the
network analyzer at the regular EPR setup, replacing the usual mw bridge. Usual values for the VSWR of
the coupled DRs in the cavity are between 1.05---1.3 and hence close to, but larger than those of empty
cavity resonators. Therefore, coupling can be limited to match only over three to four orders of magnitude
of mw power, especially at very low temperatures. Sy at critical coupling in a DR/ cavity resonator system

is typically around —45dB.

At optimal coupling obtained for the DR being centered in the vertical sample axis of the cavity resonator,
the coupled mode manifests in a united DR and cavity resonator frequency, which has a maximum. Off
center positions of the DR result in a lower-frequency, primary mode which still can be used for cw EPR (e.g.
in case of too high center-matched frequencies) but loses in SNR both due to non-optimal mw couplings
but also decreasing By modulation field strength with is typically only obtained around the center of the
cavity resonator. Additionally, the uncoupled DR mode emerges and increases in frequency for off center
DR positions, but the SNR is typically not sufficient for usage in EPR if it is frequency wise in reach at all.
After all, this phenomenon allows to find the optimal DR position in the cavity resonator by monitoring the

mode preview of the tuning and matching process.
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Tab. B.1 Coupled and boxed dielectric resonator modes microwaves properties: Cavity resonator coupled DRs’ Opr
factor (Egn. B.2) and standalone resonance frequency, scattering parameter, quality factor and voltage standing
wave ratio in antennae coupled boxed configuration. Errors in f, S;1 and VSWR in last digit given, AQ = +10.
The last line shows the properties of the DR without hole, K80, listed in Tab. 3.1. Those modes could be identified
as TEg1s and HE(s modes according to Fig. 3.1C.

DR height/ | in cavity TEy1s5 HE s

mm 0 f/GHz -S;;/dB Q@ VSWR [f/GHz -S,;/dB QO VSWR
1.96 2100 9.68 10 450 1.5 11.38 25 120 1.11
2.12 2820 9.64 16 240 1.3 11.10 26 110 1.10
2.25 3540 9.45 17 160 1.3 10.62 23 110 1.15
2.46 5210 9.19 9 230 1.9 10.10 29 70 1.06
2.57 5950 9.28 22 150 1.15 9.96 36 70 1.03
2.93 (K80) 8170 9.01 19 400 1.22 9.42 36 100 1.02

B.1.2 Dielectric Resonators in Use

The DRs obtained from A. Belous et al., Kyiv, [100] were further customized for the needs in our spectrometers
by reducing the cylinder height L to match the coupled DR—cavity frequency to the respective cavity
resonators in use (9.4 - - - 9.7 GHz). The final DRs are provided with a 1.2 mm hole for sample insertion as
shown in Fig. 3.1A and the DR radius finally was settled as ¢ = 1.8 mm. Different cylinder heights in the
range L = 1.7---2.9mm have been achieved by the grinding process. The EPR sample tubes applied are
4.4 mm x 0.3 mm, which in turn safely fit into the support quartz of the available cryostat (Section A.1). The
initial values for a, L and the dielectric constant &, = 75 - - - 85 of the DRs have been adopted to meet those
geometrical requirements by Eqn. 2.74 and tested to ensure the quality of the materials (Fig. B.1D). This has
been possible due to the excellent materials with desired properties available now (Section 2.2.1). 100!

The DRs have been tested with several cavity resonators available, without obtaining different results
within the uncertainties. This applies both for rectangular cavity types such as the BRUKER ER 4102st and
ER 4105DR dual cavity used in the publication, 186 but also high-sensitivity cylindrical cavities such as ER
4119hs. The measured overall quality factor Q of the coupled DR—cavity system is always lower than the
quality factor of the unloaded cavity resonator, and from Eqn. 2.39 it can be derived

1 1
OprR  Opricav.  Qcav.

(B.2)

Tab. B.1 lists the Q factors and other mw parameters for the two lowest frequency DR modes determined for
the boxed DR in the rectangular dual shield shown in Fig. B.1A and included in the plot of Fig. 3.1C(2,5).
The relatively large tolerance in Q is mostly due to the difficulty to separate the DR mode from reflections in
the microwave network. From all these modes, some few seem usable, but the majority has either a relatively
high VSWR, or the Q factor is rather small such that an actual usage for EPR would probably require much
more investigation which has been beyond the scope of this work.

DRs are in use in many fields of mw engineering. The selected DR material has been chosen after several

iterations of the manufacturing process by A. Belous et al. and variation in the material suppliers. Fig. B.2
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Fig. B.2 Alternative DR materials tested: EPR spectra of
approximately equal amounts of earlier DR materi- by
als, ['87] and materials with higher &, = 160 have MV/A\‘M 4 K80
been tested (K160) as well as the PCB material of “WN :4

dx” / dB

PMR T1, Rogers Corp. R03(010), here at room . o

temperature.[''91 C1 and C2 mark dielectric capac- W W C1

itor materials showing large amounts of paramag- | ‘ ‘ ‘ ‘ ‘ ‘ 02‘ n
netic impurities visible already at room temperature 100 200 300 400 500 600 70

and demonstrating the purity of the K80 material

used for the DRs K80-H. B (mT)

shows earlier DR materials and other DRs used in electronics tested by EPR and shows the high content of

paramagnetic impurities in contrast to the material finally selected for the DRs K80-H.

B.1.3 Planar Microresonator Microwave Network Tests

The network analyzer is the most important tool to implement a PMR in a mw network, because the PMR
mode is typically so broad that it cannot be detected in an EPR spectrometer during the tuning and matching
routine. During the evolution of the PMR setups it turned out, that it is moreover not always easy with all
PMRs to find the mode with many other reflections being present in the systems. Then, it can be identified
more easily by tuning the PMR frequency with the help of dielectric materials near the Q-loop to see the
frequency dependence of the modes of interest in the Sj; scattering plot. Fine tuning of the scattering
characteristics included improvements of cable junctions and plugs to cancel unwanted cable reflections,
match impedances for the PMR coupling and detect frequency shifts upon sample uptakes or temperature
changes. These characteristics have to be known to perform cw and pulsed EPR experiments.

B.1.4 Planar Microresonators in Use

Tab. B.2 shows the PMRs used for the various experiments. They were supplied by D. Suter et al. within the
SPP project. The large tolerances especially for T1 are attributed to the bad coupling in setup R1 leading to
a strong influence on the mw properties. Obviously, not the most suitable PMRs of T1 were used in the final
setups. This was due to the fast degeneration of the contacts on the Ro3010 PCB material. Batch T2 is the
new PMR type fabricated on sapphire single crystal substrate without hole in the Q-loop shown in Fig. B.3A
and C.

Fig. 3.8A shows the S;; reflection parameters with all mw wiring necessary (cyan and green curve). It
has been stated on page 55 that the implementations in the spectrometer lead to various mw reflections in
the cables and plugs, imitating high-quality resonant structures and that tuning the spectrometer on such a
peak does not enhance the sensitivity of the cw EPR measurement. Instead, the SNR is governed by the
underlying Q of the PMR. This is shown in Tab. B.3, comparing the SNR of various, narrow S;; reflections
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Tab. B.2 Planar microresonator mode microwaves properties: Resonance frequency, scattering parameter and qual-
ity factor of all 500 um Q-loop PMRs. Af = +0.1 GHz, AS|; = ¥5dB, AQ = +2

PMR PMR mw properties notes

batch label | f/GHz -S;;,/dB Q

#1 Al2 9.3 19 26 hole, used as T1
A21 9.3 28 25 no hole
A4l 9.1 9 18 hole, used as T1
A43 9.2 18 30 no hole

#2 5A12 9.61 14 65 T2-pulsed
5A25 9.35 16 55 cw-T2

Fig. B.3 Planar microresonator and chip spec-
trometer with samples: Close-up views
of high sensitivity chips.

(A) PMR T2 with small DPPH sample
(1 015 spins), showing the transparent sap-
phire single crystal substrate. The inner Q-
loop diameter is 500 um, the overall struc-
ture length shown here 4 mm.

(B) Side view of the PMR in cw EPR setup
R2.1 with a larger Cu?* MOF crystal which
is not further discussed here. The viewing
direction through the modulation coil axis
shows the mSMP coupling to the microstrip
line of the PMR.

(C) Integrated chip spectrometer ASIC by
J. Anders, Ulm, with the same DPPH sam-
ple in the single loop octagonal mw B coil
with about the same diameter as that of the
PMR.
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Tab. B.3 PMR probe head quasi-resonances: Related to Fig. 3.8A this table lists probable reflections in the waveg-
uides and transducers of R1 with high apparent Q factors tested with EPR revealing non-superior SNR at quasi-
resonance frequencies fry; with Af = fry; — fr1 versus PMR resonance frequency ft4.

AfIMHz Q SNR

0 (fr1) 24

-255 128 657
-188 320 867
-119 202 970
—51 301 1152
~0 454 1246
12 304 1297
91 320 1224
162 308 981

around the actual mode frequency. As it can be seen, the SNR is not correlated to the quasi-quality factors

of the reflections, but instead resembles the inherit S;; curve of the PMR.

B.2 EPR Microwave Power Calibration

B.2.1 Saturation Power for Dielectric Resonators with cw EPR

To test the relative conversion factors C;/Cier of all DR resonators coupled to the cavity resonator versus
the conversion factor of the unloaded cavity as reference Crr, a homogeneously saturating sample such as a
solid BDPA radical sample can be used.[?8! Fig. B.4 shows the typical saturation behavior known for such
samples, but a more accurate procedure is shown by Nesmelov et al., who relate the rollover saturation curves

1891 In the latter the resonators are compared by the point with half

to the square root incident mw power.|
rollover saturation. The method is in particularly advantageous for small saturation powers since it does not
rely on identifying a maximum in a saturation curve at powers as low as a few hundred nW. With the help
of this information the sensitivity enhancement due to a change in  and Q can be separated from the signal

enhancement due to the increasing B; mw power as shown in Fig. 3.3.

B.3 Sample Preparation

B.3.1 Single Crystal Preparation

S[CU'QCU”Q(HZO)ZLZC'Q] (1) was prepared by solvothermal synthesis with Ho,O/MeCN (water / acetonitrile,
volume ratio 1 : 1) as a solvent. '*°! The obtained crystals have a maximum length of about 200 um along the
crystallographic b axis and up to 50 um in a and ¢ direction (Fig. B.5A). The latter two are well distinguishable
due to the typical rooftop tails of the short needles as shown in Fig. B.5B. Crystal axis assignment for single
crystals of 1 was performed using a STOE IPDS-2T image plate detector system with laboratory Mo-Ka
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radiation (1 = 71.073pm) and the data was processed with the STOE X-AREA software by P. Eckold et
al..[219]

HKUST-1 (2) and the Zn®* doped material Cuy gg5ZNng 035(btc)2 (3) were prepared by a slightly modified
solvothermal synthesis established in literature and used earlier both for the pure and Zn-substituted HKUST-
1.140.1341 Tn 3 typical setup, 2.4 mmol of Cu(NOjz), - 3H,0 (0.5394 g) and 0.36 mmol of Zn(NOs); - 6 HO
(0.108 g) were dissolved in 10mL of a 1 : 1 volume mixture of water and ethanol in a 15 mL Pyrex vessel,
closed and placed in an autoclave. The autoclave was heated by 10 K/min in an oven to 398 K for 12 h. The
subsequent cooling was done with a rate of —5 K/min. The turquoise-blue product was filtered and washed
with 10 mL of ethanol three times, once per day. The resulting crystals are described below in Fig. B.6. S.
Kaskel et al. applied single crystal XRD to ensure a successful crystal growth and ICP-OES to detect the Zn

concentration in the crystals. 220!

B.3.2 Single Crystal Handling and EPR

Alignment The investigated single crystals of 1, 2 and 3 are shown in Fig. B.5A and Fig. B.6. For 1, the
green specimen is placed with its flat ab face on a quartz glass fiber end with 200 um diameter such that the
c axis is pointing along the axis of the wire. All single crystals are fixed, and 1 is additionally covered with
two component epoxy which neither has a measurable effect on the crystal lattice according to XRD nor it
gives any detectable EPR resonances. The coverage of o2[Cu'gCu”2(H20)2 LoClo] is crucial as it maintains the
crystal’s stability under multiple cooling and warming processes. However, it also prevents studies under
gas adsorption and leads to the blurred photo. It was learned later with 2 and 3 that very low cooling rates
(see B.3.2) can preserve the crystals’ structure even under gas adsorption, which allowed the careful fixing
of 2/ 3 only at one face, leaving the others open for gas transfer. Fig. B.5B shows the 1 crystal shape with
the corresponding crystal axes assignment. The alignment of the small crystal 1 can be altered both with
respect to the DR and the external magnetic field By in the cryostat by inserting the thin quartz glass fiber in
an impurity free quartz glass rod of 1 mm diameter beveled to house the fiber as shown in Fig. B.5C. This

rod fits in the hole of the DR as described later and places the crystal almost exactly in the radial and lateral



102 B Investigation Procedures

wr 00g

Fig. B.5 3[Cu'2Cu''3(H20)2L2Cl>] crystal axis assignment: Optical light microscopy image as published earlier. [5%]
(A) The single crystal of 1 taken for all experiments containing about 1013 spins of mononuclear Cu?* ions. It
is glued on a 200 um glass fiber such that the crystals’ ¢ axis is pointing along the axis of the wire. The glue
encloses the sample completely.

(B) Depicted crystal dual-rooftop needle outline with crystallographic axes indicated.
(C) Sketch of the beveled quartz glass rod with 1 mm diameter housing the crystal glued to the fiber. In that way,
the tiny crystal can be statically adjusted in one plane inside the DR, while the DR is rotated in the second plane.

Fig. B.6 Cuz.965Zng 035(btc)2 single crystals: Optical light microscopy images. All faces are normal to crystallographic
[111] axes.
(A) Single crystal of 355 containing about 104 spins of mononuclear Cu®* ions stuck in grease which was only
used for this image.
(B) Additional residual solvent liquid is present on another sample of 3ag.
(C) Almost perfect tetrahedral shape of this specimen.
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middle of the DR. The larger crystals of 2 and 3 have a side length of around 400 um. As the crystals result
into a typical tetrahedral shape as shown in Fig. B.6, every face is a (1 1 1) plane such that a simple crystal

orientation can be performed by face alignment as shown in Fig. B.6A.

De-/ Adsorption After synthesis the crystal 255 / 3as contain about 50% ethanol and have a light blue
color as seen in Fig. B.6. The activated samples 2, / 3, were dried under vacuum at 393K for 24 h to
obtain dehydrated materials with removed axial ligand molecules. The dehydration was performed while
having the crystal fixed in the EPR sample tube as ready-to-measure setup including the DR. The crystals of
2act / 3act then get a dark blue color; the final vacuum after evacuation was 3 x 1072 mbar. Subsequently, the
sample tubes as depicted later in Fig. B.7 on page 104 with the dehydrated materials were closed and cooled
to room temperature without further air contact. In the following, EPR measurements and gas adsorption
was performed at the same crystals and in the same setups: carbon dioxide adsorbed samples 3co, were
prepared from dehydrated samples 3, by adsorbing CO, and carbon monoxide adsorbed samples 3co by
adsorbing CO at 10 mbar at room temperature and methanol adsorbed samples 2peon / 3veon Were prepared
by adsorbing CH3OH at its vapor pressure at room temperature for 1 h, respectively. EPR measurements were
performed after very slow cooling in the EPR spectrometer to 8 K and a subsequent warming and reactivation
led to samples like 2, / 3,c; and could be reused again for gas adsorption. For that purpose, the evacuation
valve has been maintained during all EPR measurements. Fast cool-down and warm-up cycles during the
EPR measurements limited the reusability of the crystals. Best results have been achieved for slow cooling
and heating rates of about #500 K/h.

Low temperature cw EPR The DRs were placed at the lower end of a standard EPR quartz glass sample
tube with an inner diameter of 4 mm. For 1 one and the same single crystal was used to investigate the
angular dependence of the EPR spectra for rotations about three distinct axes. These axes were chosen to be
preferably parallel to the crystal axes a, b and c. Due to the distinct needle shaped crystal 1 it was possible
to specifically select the intended orientations, yet with a systematic error of at least +£5° for various reasons.
Firstly, the crystals faces are not perfectly aligned with the glass fiber. Secondly, the glass fiber has not
been oriented ideally in the beveled glass rod. Moreover, the glass rod is not fully erected along the DRs
symmetry axis and the DR is not entirely correctly aligned in the resonator, a compromise devoted to the
easy setup allowing for fast sample changes. Then the crystal was rotated by the angle ¢ about one of the
chosen axes, each in steps of Ap = 5°. This angle may have a systematic error of up to Acr¢p = 5°, too. The
rotations were followed up for at least 220° to meet all signals occurring for a C, rotational symmetry of 1.
The single crystals of 2 and 3 were glued with a (1 1 1) plane crystal face on the quartz glass fiber such that
a [111] axis is pointing along the axis of the EPR sample tube. The crystal is fixed but not covered with
two component epoxy which has no detectable EPR resonances to allow a dehydration of the crystal and gas
adsorption. Fig. B.7A shows an illustration and Fig. B.7B a photo of the actual crystal mounted on the fiber
and the fiber itself placed in a PTFE holder to align it in the EPR sample tube. The whole setup including
EPR sample tube, vacuum valve, DR and single crystal mounted in the latter has been rotated around one

of the crystals’ [1 1 1] axes (named z in Fig. B.7B) with a conventional goniometer inside the cryostat in the
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Cc

Sample Tube

Fig. B.7 Single crystal handling in dielectric resonators: Addition of the DR to a regular EPR sample tube allowing
for all gas adsorption experiments.
(A) Sketch of the PTFE holder (white) holding the transparent quartz glass fiber which positions the specimen
right in the middle of the DR (orange, opened for display here only).
(B) Photo of this setup in regular EPR sample tube with sample of 3 mounted. The DR is not slid fully down. The
external magnetic field B is rotated perpendicular to the indicated z-axis.
(C) Sketch of a sample tube inserted in a regular cavity resonator with flow cryostat.

cavity resonator (Fig. B.7C).

B.3.3 Thin Film Treatment

For (Cu,bdc) SURMOE-2 (4) and (Cu,bpdc) SURMOF-2 (5), a clean gold substrate (100 nm Au / 5 nm TiO,
deposited on Si wafers) was immersed into the ethanolic solutions of 16-ercaptohexadecanoic acid (MHDA)
with a concentration of 20 uM for about 2 days to obtain a carboxylic groups-terminated self-assembled
monolayers (SAMs) substrate and then rinsed with the pure ethanol and gently dried under nitrogen flux
before use. The procedure for the preparation of the SURMOFs investigated in this work was done using
an established high throughput spray system described in detail elsewhere.[?>!] The SAMs substrates were
sprayed with a 1 mM of Cu,(CH3COOQ)4 - H2O ethanol solution for 10 seconds and then with a 0.2 mM of
1,4-benzendicarboxylic acid (BDC) or 0.1 mM of 4,4’-biphenyl dicarboxylic acid (BPDC) ethanol solution
for 20 seconds at room temperature. In between, pure ethanol was used for rinsing to remove the unreacted
ligands (BDC or BPDC) or metal connectors (Cu acetates). The above steps were repeated to grow thicker
layers. An example of the thin film is shown in Fig. B.8.

Prior to the measurements, different Au layer thicknesses of the substrate have been tested to reduce effects
from conduction electrons on the cw EPR spectra, which finally could be carried out at relative high mw
power of 5mW and By modulation amplitudes of 0.5mT as stated above. Separate spectra for the substrate
have been acquired as presented in Fig. B.8A for all recorded temperatures and film orientations to exclude
that the observed effects originate from it. The SURMOF-2 films on their substrate with film thickness
of about 1 um and film area of about 0.1 cm? were mounted on a 3 mm quartz rod as shown in Fig. B.8B
and their orientation with respect to the external magnetic field By in the spectrometer was controlled by a

goniometer. Ultra-thin films have been placed on a DR as shown in Fig. B.8C.
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A |
| Fe** FMR

free Rad. 1

dx” /dB

FMR

7K SURMOF-2 |

| 6F =90° Gold Substrate |
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| | |
100 200 300 400
Magnetic Field B (mT)

Fig. B.8 SURMOF-2 thin film substrate and sample handling: To prevent fast degeneration, thin films were sealed in
EPR sample tubes.
(A) EPR spectra of the substrate, which does not have EPR signals to confuse with FMR signals or other signals
from the perpendicularly oriented (Cu,bdc) SURMOF-2 thin films. Au marks the common gold substrate signal
in both upper curves appearing above 20 K. Fe3* marks an iron impurity in the used ESR900 cryostat, the free
radical is inherit in the substrate material. The broad FMR signal is marked as such.
(B) The thin film is hold between to pieces of glass to orient it in the sample tube.
(C) (Cu,bdc) SURMOF-2 with very thin film thickness can be measured by placing it on a DR.
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Tab. B.4 Strain correlation parameters of 3¢y in various adsorption states of 3: Spin Hamiltonian principal axis
values and correlation of the mononuclear 83Cu species in single crystals of Cuz.965Zn0.035(btc)2. The 85Ccy
isotope’s values are derived directly from the given values.

Sample gl gL Ay/ AL/ Ag m/ k/
107*/em 10™*/cm 107*/em 10™*/cm
Loct 2281(2) 2.046(1) 1872)  32(1) <0.001 262 785
1co, 2.293(2) 2.049(2) 182(1) 26(1) 0.007 300 870
1co 2.300(1) 2.051(2) 175(2) 23(1) 0.005 350 980
Tueon | 2.336(2) 2.058(1) 158(2)  15(1)  0.007 420 1170

B.4 Crystal Structure Visualizations

Diamond 3.2f with POV-Ray and Avogadro were used to visualize the structures, 2222241

B.5 Spectral CW EPR Simulations

Analysis of the EPR spectra are based on the EasySpin numerical simulation package,*! installed in
MATLAB.

In the samples of 3 (Section 4.2.2) only moderate strain effects have been encountered, yet an increasing
line widths of the HFS signals in the g part with increasing By field for the Cu®* species points to

(1541 Consequently, such a correlated Gaussian g and A strain

slightly correlated g and A strain distributions.
distribution has been considered in the simulation of all spectral EPR simulations.

For the simulation of the single crystal spectra of 3 a Gaussian distribution of the g values with a center
at the given g value in Tab. B.4 and the width of Ag) therein was applied. The HFS parameters A are as
well assumed to be correlated with the Gaussian distributed values g (i) by Eqn. 2.78, where m and k are

fitted using the respective EPR spectra. These values are given in Tab. B.4 as well.

B.6 Computer Aided Construction

For this work many parts of the probehead and spectrometer / cryostat mountings have been constructed,
customized and improved. They were built by the faculty machinery shop according to construction blueprints
generated by a student’s version of Autodesk Inventor Professional software, which allowed precise design
plans involving 3D models of the produced parts. By this, design fails due to mismatches of the constructed
parts could be excluded and an efficient adoption to new ideas have been facilitated. On the following two

pages blueprints of the most important parts of the PMR probehead R2.1 are presented.
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