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ABSTRACT

The synthesis and characterization of molecules containing a direct, unsupported
lanthanide transition metal bond is an ambitious task. Adding to this challenge, it is
difficult to design a system in which both the lanthanide and transition metal can be
interchanged to assess the nature of this interaction. As metal-metal bonding has provided
significant insights into chemical bonding, catalysis, and electronic structure, it is
important to pursue this rarely reported interaction. Additionally, lanthanide-transition
metal heterometallics have drawn recent interest in the field of single-molecule magnetism
(SMMs).

Initially, dinuclear lanthanide complexes containing bridging chloride (CI) or triflate
(OCF3S0y) ligands were isolated as synthons for future reactions. These complexes were
successfully prepared by reacting a dysprosium salt with the previously reported 2,6-
bis(methylenecyclopentadienyl)pyridine disodium salt NaPyCp. (PyCp. = 2,6-
(CH2CsH3)2CsH3N]%) to yield [(PyCp2)Dy(u-OTf)]2 and [(PyCp2)Dy(u-Cl)]2. Of note,
this was the first structurally characterized organometallic dysprosium triflate complex.
These complexes exhibited properties of an SMM as evidenced by static and dynamic
magnetic measurements. Despite the identity of the bridging ligand differing in the
compounds, both exhibited a similar energy barrier (U) to reorient spin.

As dysprosium garners substantial attention in the field of SMMs, complexes
containing a Dy-TM were first targeted. The reaction between [(PyCp2)Dy(u-OTf)]2 and

anionic transition metal fragments KFp or KRp (Fp = [CpFe(CO).],, Rp = [CpRu(C0O).]),



afforded the complexes PyCp.Dy-FeCp(CO). and PyCp2Dy-RuCp(CO)z2. Infrared and
Maossbauer spectroscopic studies suggested this interaction to be strong TM—Dy bonding
interactions which is further supported by computational analysis. Magnetization
dynamics performed in this study determined both compounds exhibited field induced
slow magnetic relaxation with similar barriers despite different relaxation times. A later
study compared the spectroscopic and magnetic properties of (thf)PyCp.Ce-FeCp(CO):
to that of PyCp2Dy-FeCp(CO). and concluded that the identity of the lanthanide has an
influence on the magnetic properties of these heterobimetallic systems. Spectroscopic and
computational analysis demonstrated weaker TM—Ln interactions in the (thf)PyCp.Ce-
FeCp(CO)2 as compared to PyCp.Dy-FeCp(CO).. Preliminary findings on other Ln-TM

bonded complexes isolated with this ligand system will be shared.
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1. INTRODUCTION TO METAL-METAL BONDED COMPOUNDS

1.1 Introduction to Metal-Metal Bonding

Ever since Cotton’s report of metal-metal multiple bonding in [Re2Cls]* anion in 1964,
a significant portion of research has been dedicated to studying the bonding between
metals."? As the field evolved, studies were not only confined to homobimetallic
complexes, as compounds containing heterobimetallic metal-metal bonds were
successfully isolated.® These heterobimetallics have garnered significant interest given the
variety of compounds that can be prepared utilizing different metal combinations. These
types of complexes have encroached the fields of catalysis*? in addition to being vital in

the understanding of structure and bonding. "¢

While there were a variety of metal-metal bonded complexes reported during the
field’s infancy, metal-metal quadruply bonded compounds were most prevelant.! Most
interesting, there is speculation the first metal-metal quadruply bonded compound was
initially synthesized in 1844.7 As X-ray crystallography had yet to be developed until
1912, it was difficult, if not impossible, to observe the short distances between the two
metal centers. The limits of metal-metal multiple bonding continue to be explored, with
reports to expand the bond order to five and six.® As synthetic strategies developed and
evolved, the field of metal-metal bonding has even expanded to heterometallics and metal-
metal bonding between f-block elements and transition metals. These aspects will be

discussed in further detail later in the introduction, as will the current state of metal-metal



bonding. An emphasis will be placed on the electronic structure of these systems, as this

is what gives rise to their unique properties.

1.1.1 Metal-Metal Multiple Bonding in Transition Metal Complexes

As previously mentioned, most compounds containing metal-metal bonds studied were
homobimetallic metal-metal quadruply bonded systems. In particular, group six and group
seven transition metals (Re, Cr, Mo, W), were most common. The first complex reported
containing a metal-metal quadruple bond was octochlorodirhenate ([Re.Clg]*).? The
bonding between the two metals can be rationalized with molecular orbital theory and the

d-orbitals of the metals (Figure 1.1).
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Figure 1.1: Qualitative molecular orbital diagram of [Re2Cls]?". Adapted from Falvello et
al. (2014).°



Most notably in the diagram is the delta (3) bond between the two dyxy orbitals of the
rhenium centers. It was hypothesized that the chloride ligands in [Re2Cls]> were eclipsed
as opposed to the sterically favored staggered confirmation to allow for the greatest
overlap between the two dyxy orbitals. Strongest support for presence of this bond was most

reported in the photoelectron spectrum of octochlorodirhenate (Figure 1.2).%0

Binding Energy (eV)

Figure 1.2: Photoelectron spectrum of [Re2Clg]*. Adapted from Wang et al. (2000).1°
This bond contains two nodes and its strength is dependent on rotation about the metal-
metal bond. Consequently, this weak interaction compared to a ¢ or 7 bond imparts unique
properties to these complexes.
Evidence for 6 bond strength depending on the twist angles about the metal-metal bond
was demonstrated with molybdenum compounds containing halide and chelating
phosphine ligands. The addition of steric bulk around the phosphine ligands allowed for

systematic study of isostructural compounds with increasing torsional strain. In general,



the Mo-Mo distance increased as the twist angle between the two metal centers increased
from 0° to 45°.11

Destabilizing the 6 bond has also led to some metal-metal quadruply bonded complexes
acting as strong reducing agents. Specifically a series of W2(hpp)s (hpp = 1,3,4,6,7,8-
hexahydro-2H-pyrimido[1,2-a]pyrimidine complexes were reported to reduce TCNQ
(TCNQ = tetracyanoquinodimethane), fullerenes, and halogenated hydrocarbons.'??
These complexes reportedly had lower ionization energies (3.76 eV) to that of elemental,
gaseous cesium (3.89 eV). Computational analysis (DFT calculations) suggested the sp?
hybridized core of the guandinate ligands strongly destabilizes the electrons in the d
orbital. The electronic structure of these complexes has led to interest in other applications,
specifically light emitting diodes!*, metal-organic frameworks'®, and anticancer
treatment.
1.1.2 Metal-Metal Bonding in Transition Metal Heterobimetallic Complexes

The field naturally gravitated to the synthetic challenge of preparing complexes with
different metal-metal bond combinations. The earliest reports of these systems were
MoW/(OAC)s with later work studying first-row transition metal heterobimetallics in the
gas phase in the 1980s.17-* A significant challenge in preparing these systems is the
different electronic structure of each metal. This results in poor orbital overlap due to
energy differences in atomic orbitals and occasional non-bonding interactions (Figure

1.3).19
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Figure 1.3: Qualitative molecular orbital diagram of metal-metal multiply bonded
heterobimetallic system supported by porphyrin ligands. Differences in energy of the
metals is author’s rationale for complex’s paramagnetism. Figure adapted from Collman
et al. (1994).%°

Recently, the groups of Lu and Thomas have successfully isolated heterometallic
metal-metal multiply bonded systems utilizing three-fold symmetric ligand systems.?°
Most notably, both systems have stabilized heterobimetallic metal-metal bonded
complexes of first row transition metals. This is a significant accomplishment given
weaker metal-metal bonds between first row transition metals and poor spatial overlap 3d
transition metals.?22

While there have been strides both computationally and experimentally to evaluate the
nature of heterometallic metal-metal bonding, the field is still in its early stages. What has

been determined is the electronic structure is dependent on the ligand system and electron

count of each metal (Figure 1.4). More specifically, the bond order between the metals



tends to decrease as the difference in atomic number between the metals increases.?’ What
is hypothesized is the orbital energies become more disparate, ultimately preventing 6 and

n overlap between the metals.
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Figure 1.4: Qualitative molecular orbital diagram of four-fold and three-fold symmetric
homobimetallic complexes. The relative energy of the §/5" is variable as a function of
metal and ligand identity. Adapted from Krogman & Thomas (2014).%°

The polarity of the metal-metal bond has been exploited towards reactivity that is not
possible in monometallic systems. Of particular note, a complex containing a Cu-Fe bond
behaved as a catalyst in the photochemical borylation of benzene.> The authors proposed
a mechanism in which both the copper and iron center underwent a single electron
oxidation to facilitate catalysis. This mechanism contrasts single noble metal site
mechanisms of two electron processes occurring at the metal or previous attempts to

achieve catalysis at a single iron center.?? Other reports in literature describe small

molecule activation (such as COy), dinitrogen binding, and dinitrogen silylation by



heterometallic metal-metal bonded systems.?*?° It is proposed the polarized metal-metal
bond acts as a source of two electrons to achieve the desired reactivity.
1.1.3 Metal-Metal Bonding between f-block and Transition Metals

The final class of metal-metal bonds in molecules to be studied is a bond between a
transition metal and an f-block element (actinides and lanthanides). While there have been
numerous reports of metal-metal bonds between f-block elements and main group metals,
examples of discrete molecules with lanthanide-transition metal (Ln-TM) or actinide-
transition metal (An-TM) are scarce in literature (Figure 1.5).° The primary reason for
this can be attributed the synthetic challenges associated with isolating compounds with a

direct, unsupported Ln-TM or Ac-TM bond.
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Figure 1.5: Selected examples of complexes containing an unsupported Ln-TM bond.
Looking specifically at Ln-TM bonds, there have been two approaches to prepare the
target molecules (Figure 1.6). The earliest report of such a complex was by Beletskaya

and co-workers,? utilizing a halide bearing lanthanide synthon and an anionic transition



metal fragment such as Rp™ (Rp = [CpRu(CO)]") or Fp~ (Fp = [CpFe(CO)2]". This salt
elimination method has been employed in other work to generate more compounds
containing Ln-TM bonds.?” In contrast, Kempe and co-workers have synthesized similar
complexes via an alkane elimination between an acidic transition metal hydride and Ln-

alkyl species.?®
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Figure 1.6: Two common synthetic approaches to synthetize Ln-TM bonds, salt
elimination (top) and alkane elimination (bottom).

Although roughly a dozen of these compounds have been reported, studies have been
mostly limited to computational methods and no system has been reported to
systematically substitute the lanthanide or transition metal.>® Designing this system would
be valuable to assess the nature of Ln-TM bonding and provide a physical description of

the bond.

While Ln-M or Ac-M complexes have been isolated and sufficiently stable to

structurally characterize, experimental information has been mostly reserved to reactivity

studies. Examples have included CO, insertion, alcoholysis, and ketone insertion.?%-3!



Notably, there have not been any studies on the magnetization dynamics of Ln-TM bonded
molecules. As some of the strongest bulk magnets are lanthanide transition metal
heterometallics, it would be valuable to study if this behavior translates to the molecular
level.?? The electronic structure of lanthanide ions that make them appealing candidates
for single-molecule magnets (SMMs) and how to assess SMM behavior will be discussed

in later sections.

1.2 Single-Molecule Magnetism

Single-molecule magnets are an interesting class of compounds drawing attention to
the fields of high capacity data storage, qubits in quantum computing, and molecular
spintronics.®** Defined as single molecules that exhibit properties associated with bulk
materials, three main criteria are evaluated to determine if a molecule behaves as an SMM.
The molecule must possess a bistable magnetic ground state and magnetic anisotropy (1),
have an energy barrier associated with reorienting their molecular spin, U (2), and exhibit
magnetic hysteresis below a certain blocking temperature, Tg (3). Magnetic properties of
molecules are influenced by a variety of factors, including identity of the paramagnetic
center, ligand field effects, and ligand symmetry around the metal center.%

The first single molecule magnet reported was Mn12012(OACc)16(H20)4, colloquially
known as Mn1..3” This was the first molecule to exhibit magnetic hysteresis and the origin
of the term single-molecule magnet when it was published in 1993. Approximately 25
years later, a trivalent, metallocenium lanthanide complex [(Cp™™®)Dy(Cp*)]* (Cp™® =

penta-iso-propylcyclopentadienyl, Cp* = pentamethylcyclopentadienyl) exhibited



magnetic hysteresis up to 80 K.% This marked a significant achievement in the field of
SMMs, as this was the first report of a molecule exhibiting SMM behavior at temperatures
above the boiling point of liquid nitrogen (77 K). While the field is still in its infancy,
substantial progress has been made in molecular magnetism over the years and the theory
of molecular magnets continues to develop in order to rationally design systems towards
ideal magnetic behavior.

1.2.1 Characterizing SMMs

Assessing magnetic behavior is best achieved by using a Superconducting Quantum
Interference Device (SQUID) magnetometer. Utilizing liquid helium, a commercial
SQUID can reach temperatures as low as 1.8 K and fields up to 7 T (70000 Oe) can be
applied during measurements. A SQUID contains two superconducting coils which are
separated by insulating layers to form Josephson junctions.*® A SQUID magnetometer is
incredibly sensitive with the ability to detect magnetic fields as small as 10 T on
milligram amounts of material.*

Static magnetic properties are determined using direct current (dc) fields. Assuming
magnetization (M) depends linearly on field (H), M = yyH, where yv is the volume
susceptibility and dimensionless value. The magnetic susceptibility is dependent on a
paramagnetic (ypara) and diamagnetic (diamagnetic) COmponent. The diamagnetic component,
a result of paired electrons in a molecule, is a negative value and small in magnitude
compared to the paramagnetic component. According to Equation 1.1, yparamagnetic Can be

derived from the experimentally  value by applying a diamagnetic correction.*!

10



X = Xdiamagnetic t Xparamagnetic (EQuation 1.1)
The temperature susceptibility product, or T, is utilized to determine deviations from
paramagnetic behavior. According to the Curie Law (Equation 1.2), xT should be
constant for non-interacting spins and independent of temperature.*?

M _ Ng*upJg+1) _

X= 45~ 2kgT

g (Equation 1.2)

This operates under the assumption H is small and temperature is not too low as to
satisfy the relationship gugH <« kgT. The variable g is known as the Landé factor, a
value normally of 2 for transition metals and can be calculated based on Equation 1.3 for

lanthanides.

SEHD-LU+DHI+D) £ ion 1.3
2JJ+1) | |

g =1+
Based on the temperature dependence of y1, magnetic exchange interactions and Curie
behavior can be determined in a system. If a molecule obeys the Curie Law, a plot of y1
vs. T will result in a straight line parallel to the x-axis. In general, trivalent lanthanide
complexes obey the Curie Law at room temperature, but deviate from the Curie law as
temperature decreases. If the ymT value decreases, it is attributed to either a thermal
depopulation of Stark sublevels or antiferromagnetic interactions.® An increase in ymT
suggests the possibility of ferromagnetic interactions.

Another static magnetic measurement that can be performed is to determine the

effective magnetic moment, pesr. Calculated from the experimentally measured

11



susceptibility, it is expressed in Bohr magnetons (ug) and the field dependence of e can

assess magnetic saturation (Equation 1.4).

3kBT

Moy = = g*(J(J + 1)) Equation 1.4

Magnetization dynamic measurements are useful in estimating a barrier height (Uefr)
and predicting the likelihood a molecule will exhibit magnetic hysteresis. These
measurements are ideally performed in the absence of a dc field and the application of a
small alternating current (ac) field of about 2 Oe. By varying the frequency of the
oscillating field (), magnetization relaxation times (t) can be investigated. The total ac
susceptibility can be calculated according the Equation 1.5, where 7 is the isothermal
susceptibility and ys is the adiabatic susceptibility.*? At low frequencies of the oscillating
field (ot << 1), the spin system is in thermal equilibrium with the lattice and the measured
susceptibility is equal to a static one. On the contrary, the spin system is uncoupled in the
lattice if ot >> 1 at higher frequencies.*? The total ac susceptibility is equal to the sum of
the real (or in-phase) component (y”) and imaginary (out-of-phase) components (Equation
1.6, 7). This observation holds if the isothermal and adiabatic susceptibility are real.

Xo = Xs+ XT Ar—_Xs 22 Equation 1.5

1 XT— Xs_
X = 1+ w22

+ x, Equation 1.6

X' = % Equation 1.7
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It should be noted that t is not typically a single value. A parameter (o) is incorporated
into Equation 1.5 to account for this. The closer a. is to 0, the closer the relaxation time is
a result of a single relaxation process.*?

The in-phase and out-of-phase components of the ac susceptibility can be plotted to
generate a Cole-Cole plot (%’ vs. x’). From Cole-Cole plots, relaxation times can be
extracted. The Cole-Cole plots of each temperature can be fit utilizing a least squares
regression to the generalized Debye Equation (Equations 1.8, 9).** The extracted
relaxation times are used in an Arrhenius plot (In (1) vs. 1/T) to estimate a barrier height

for thermal relaxation.

1+(wt)1‘“sin(%x)

Xo = Xs+Qr = Xs) 1+2(wt)1—“sin(%a)+(wr)2—2“ Equation 1.8
(wt)l‘“cos("Ta)

1+2(wt)1-2 sin("Toc)+(o.n')2—2

Xw=r— xs)+ - Equation 1.9

There are two common ways to calculate a barrier. The first method is to fit the linear
portion of an Arrhenius plot (Equation 1.10). This assumes that magnetic relaxation
occurs solely via the Orbach mechanism. In an alternative method, multiple magnetic
relaxation pathways are considered to estimate U (Equation 1.11).** This equation
includes terms for relaxation mechanisms such as quantum tunneling of magnetization
(QTM), Raman, and direct (assuming a dc field was applied) processes.

“Uerr )
771 = 75'e k8T Equation 1.10

-U

Tt = AH*T + 1454y + CT™ + 15 e*sT Equation 1.11
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Specifically looking at quantum tunneling, it is a through barrier relaxation pathway.*
This phenomena is observed when sublevels on either side of the energy well are
degenerate and mixed, allowing the relaxation process of a magnet to circumvent the
associated energy cost of overcoming the thermal barrier.*® In the worst case scenario,
quantum tunneling hinders an SMM to the point that the effective barrier to reorient spin
is essentially zero. As a result of quantum tunneling observed in most SMMs, the barrier
(V) reported is an effective barrier (Uef).

Two common methods to overcome observed tunneling in an SMM are diamagnetic
dilutions and applying a dc field during ac susceptibility measurements.*® The purpose of

applying a dc field is to reduce mixing of magnetic sublevels (Figure 1.7).

Figure 1.7: Depiction of energy well diagram of Mn1. before (top) and after (bottom)
applying an external dc field. Figure adapted from Glaser.*®

Although this effectively reduces tunneling, it does not completely shut down the
tunneling relaxation pathway and merely reduces the rate of tunneling.*’ It should also be

noted that in cases when a material can exhibit slow relaxation in the presence of an



external dc field, the material itself is not a magnet as it will not show this relaxation under
zero applied field nor magnetic hysteresis. In the other method to suppress tunneling,
samples can be doped with a diamagnetic material. Cocrystallization of isostructural Y3*
is commonly used.***’ Diamagnetic dilutions result in reduction of dipole-dipole
interactions between the lanthanide ions within a crystal lattice which is one cause of fast
tunneling at lower temperatures.*>4/

A barrier can still be determined for a material that exhibits slow magnetic relaxation
under an applied dc field. Initially, an optimal field to run a temperature dependent study
is evaluated. This experiment involves applying various dc fields at a constant
temperature. Generally, relaxation times (t) increase with increasing field as contributions
from quantum tunneling decreases. However, further application of higher fields
introduces the possibility of direct relaxation processes and a subsequent decrease in T.
Cole-Cole plots can be generated from these field dependent studies to extract the
relaxation times. A plot of t vs. H can be fit to Equation 1.12, where A is a direct
relaxation parameter, B and B are quantum tunneling parameters, and D accounts for
field independent Orbach and Raman contributions to 1.*® After an optimal field is
determined, a variable temperature study of the ac susceptibility can be performed to
estimate a barrier using Equation 1.11. Normally, values obtained for parameters A, B1,

and B> are fixed with other parameters refined as to avoid over parameterization.

Tl = AH™T +

L + D Equation 1.12

B
1+ ByH?
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Although not directly correlated, a high value calculated for U (or Ue) generally is a
good indicator for magnetic blocking. To probe a molecule for magnetic hysteresis, a
certain scan rate is utilized to cycle through fields in a positive and negative direction.
When a field is applied, the system is magnetized up to a certain saturation point. The field
is lifted and a degree of that field is retained if there is magnetic memory. In order to return
to zero magnetization, a field of specific magnitude in an opposite direction is applied.
This field is known as the coercive field. The highest temperature in which hysteresis is
still observed is known as the blocking temperature, Tg. Due to efficient quantum
tunneling of magnetization under zero field, waist restricted hysteresis is typically
observed in SMMs (Figure 1.8).
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Figure 1.8: Generic hysteresis loop for bulk magnetic material*® (left) and waist restricted
hysteresis loop for molecule®® (right). The waist restricted loop is a consequence of
quantum tunneling. Adapted from Latendresse et al. (2017).
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1.2.2 Evaluating SMMs
The two primary parameters to evaluate the performance of SMMs are the barrier

height (U) and blocking temperature (Tg). The energy barrier represents the transition

16



between the two levels of the £ms ground states for transition metal based SMMs and £m;
states for lanthanide based SMMs (Figure 1.9).
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Figure 1.9: Barrier for reversal of magnetization for Dy** complex. Adapted from Ungur
& Chibotaru (2011).%*

The barrier height is influenced by the magnetic anisotropy and changes in the ligand
field. Maximizing the energy separation of the magnetic ground state and first excited
state is ideal to observe high barriers.

One of the difficulties in comparing Ts between molecules are the different definitions
and methods in reporting a blocking temperature. The most common method is the highest
temperature at which an opening in the hysteresis loop is observed. However, this
definition of Tg is scan rate dependent and sweeping the field at greater rates can result in
higher temperatures in which hysteresis is observed. Another definition involves zero-
field cooled dc experiments in which a sample is cooled prior to the application of a field.

The temperature at which the ZFC measurement deviates from a field cooled experiment
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indicates magnetic blocking and is considered an alternative definition of blocking
temperature. The final definition is the temperature at which a relaxation time of 100 s is
observed. This is an advantageous definition because it makes it easy to compare blocking
temperatures between compounds. In the rest of the thesis, the first definition described of
blocking temperature will be used.

1.2.3 Transition Metal based SMMs

The term single-molecule magnet originated in 1993 when describing the magnetic
behavior of Mn12.3” This compound had a reported barrier of 42 cm™ and opening of the
hysteresis loops were detected at temperatures below 4 K. The structure of Mni> was
described as an external ring of 8 Mn®* ions (S = 2) and 4 internal Mn** ions corresponding
to an S = 10 ground state. The large uniaxial anisotropy was ascribed to a Jahn-Teller
distortion that favors tetragonally elongated geometry.

Considering the equation accepted for the barrier, Uet = [D|S? (integer spin) and Ues =
ID|(S? — 0.25) (non-integer spin) where Ising-type anisotropy is expressed by the axial
zero-field splitting parameter, D, and S is the total spin of the molecule, initial efforts
focused on increasing S of molecules to achieve high barriers.>2 Focus transitioned later
to large Ising-type anisotropy once an S= 83/2 {Mn1o} cluster synthesized was determined
to have a barrier of 2.8 cm™ (4 K) and practically zero D value.®* Theoretical work
conducted by Neese and Pantazis proposed D varied nearly inversely with S.>® Following
this theory, focus shifted towards increasing anisotropy. This marked the transition to the

development of single-ion magnets of d and f-block elements.
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Since the report of Mnyy, significant strides have been made in transition metal based
SMMs. One notable example was a two-coordinate Co(ll) imido complex,
[(sIPr)Co'"NDmp] (sIPr = 1,3-bis(2,6-disopropylphenyl)-4,5-dihydro-imidizole-2-
ylidene, Dmp = 2,6-dimesitylphenyl). Additionally, a two-coordinate Fe(l) complex
[Fe(C(SiMes)s)2] reported exhibited a barrier of 226 cm™ and magnetic blocking below 4
K557 Despite the progress that has been made in the field of transition metal-based
SMMs, the best performing magnets in literature are typically lanthanide-based single-ion
magnets (SIMs).

1.2.4 Electronic Structure of Lanthanide lons

One of the most desired qualities in an SMM is magnetic anisotropy. As trivalent
lanthanide ions possess large inherent anisotropy, they are attractive candidates to
implement in SMMs. Additionally, most lanthanide ions have large unquenched angular
momentum.® Consequently, spin-orbit coupling splits the 25*1L; ground state into
different m; states with the ligand field acting as a small perturbation on the lanthanide.*
To obtain the most desirable magnetization dynamics in SMMs, the ground state should
be the largest magnitude +m; state with a large energy separation from the excited m;
states.>®

Of all the lanthanides, dysprosium(l11) based SMMs are the most commonly reported
lanthanide based SMMs. There are two factors contributing to the ubiquity of Dy** SMMs:
the high degree of magnetic anisotropy in Dy(l11) ions (1) and Dy** is a Kramers ion (odd

number of unpaired f electrons) (2). As dysprosium is a Kramers ion, the ground state will
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always be bistable (one criteria for an SMM). While lanthanide ions such as Th®*" have a
high degree of anisotropy, it is not a Kramers ion. Therefore, the ground state might not
be stable, and highly axial symmetry is necessary to observe a bistable ground state.

A prudent choice of ligand is also necessary in regards to designing an ideal SMM.
Depending on the identity of the lanthanide, the electron density around the ion can be
considered either an oblate or prolate shape.*’

A large energy separation between ground and excited m; states for oblate ions (such
as dysprosium) are expected if ligands place negative charge at the axial sites, whereas for
prolate ions (such as erbium), an equatorial field of negative charges would be preferred*’
Considering this trend, it is ideal to have rigid ligand designs that coordinate to axial sites
in the case of dysprosium. A common moiety utilized in SMM design considering this
factor is cyclopentadienyl (Cp) and its various derivatives.>®-°
1.25 Lanthanide based SMMs

The first lanthanide-based SIM (single-ion magnet) was reported in 2003 by Ishikawa
and coworkers. The trivalent double decker terbium pthalocyanate complexes exhibited
slow magnetic relaxation in a yttrium diluted sample. The reported barrier of the complex
[BusN][Tbooz2YossPcz] was 230 cm™.% The diluted dysprosium analogue was also
prepared, but the Th complex performed better in terms of barrier (Uest = 28 cm™?). It was
proposed that the strong axial field provided by the pthalocyanate ligands promoted the
ground state of the greatest magnitude (m; = £6 for Th) and large separation between the

ground state and first excited state (m; = £5). Upon a one-electron oxidation of the ligand
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system, the undiluted, neutral compound ThPc. was determined to have a Ues 0f 410 cm”
182 The increase in barrier was attributed to delocalization of the unpaired electron density
of the ligand interacting more strongly with the highly anisotropic Th®" center. Given that
this was the earliest example of a lanthanide SIM and the variability of the Pc ligand, this
remains one of the most studied systems in the field of SMMs.%? The field’s current
understanding of SMM behavior can mostly be credited the pthalocyanate system.

A ligand geometry that has provided promising results to lanthanide-based SMMs is
pentagonal bipyramidal (Dsn symmetry around the metal ion). More specifically, a
pentagonal bipyramidal geometry with strong axial ligands and weak equatorial ligands
has led to Dy-based SMMs with impressive barriers. For example, the complex
[Dy(Cy3P0)2(H20)s]Br3-(2CysP0O)-2H,0-2EtOH by Chen and coworkers exhibited a Ueft
=377 cm and a blocking temperature of 20 K (200 Oe/s scan rate).®® Quantum tunneling
of magnetization was reduced due to transverse anisotropy being quenched by the weak
equatorial ligand field. Another example of a high barrier magnet with Dsn symmetry
reported by Ding and coworkers [Dy(O'Bu)2(py)s][BPh4] contains anionic axial ligands
and weak pyridine equatorial ligands.®* This complex demonstrated magnetic blocking
according to ZFC/FC experiments at temperatures below 14 K. Despite mitigation of
quantum tunneling due to the weak equatorial ligands in these examples, it is not
completely quenched as evidenced by QTM observed in the hysteresis loops.

An important development in minimizing transverse anisotropy in oblate lanthanide

ions (such as Dy** and Th®") was reported by Chilton in 2015.% Ab initio calculations
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suggested ideal symmetry of C.. or D.. (only axial ligands) would result in record breaking
barriers and blocking temperatures. Calculations on the theoretical [Dy(N(SiMes)2)2]*
estimated the barrier to be 1800 cm™ with magnetic hysteresis above liquid nitrogen
temperatures (>77 K). Calculations that further supported this ideal symmetry
demonstrated a significant decrease in Uefs as the N-Dy-N angle deviated from 180° and
equatorial solvent molecules were introduced in the system.

Support for this hypothesis was reported a few years later. The first instance was
reported independently by Goodwin et al. and Guo et al. in 2017.%¢” The complex was
the dysprosocenium compound [Dy(Cp™,)[B(CsFs)4] (Cp™ = CsH2'Bus-1,2,4) and nearly
axial symmetry as demonstrated by the Cp™-Dy-Cp™ angle of 147.59(7)°. Hysteresis
studies for this complex reported blocking temperatures of 60 K (39 Oe/s scan rate). This
blocking temperature was further corroborated with ZFC/FC experiments and magnetic
relaxation studies.®®®” The axial symmetry was improved in the heteroleptic complex
[(Cp™™)Dy(Cp*)]1(BHa).28 The conclusion was supported by both the shorter average Cp-
Dy distances and wider Cp-Dy-Cp angle of [(Cp™™®)Dy(Cp*)]* (2.296[1] and2.284[1] A
and 152.845[2]°) as compared to [Dy(Cp™,)]* (2.32380[8] and 2.30923[8] A, Cp-Dy-Cp
147.59[7]°]. This stronger axial field translated to a record-breaking barrier, Uefr = 1541
cm* and blocking temperature, Ts = 80 K.

1.3 Lanthanide Transition Metal Heterometallic Survey
Heterometallic lanthanide transition metal complexes are currently an emerging field.

While extended structures and polymers incorporating f-block and transition metals have
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been reported in the early part of this century, discrete molecules containing lanthanides
and transition metals are uncommon.% Even more rare are examples of discrete complexes
containing direct, unsupported, lanthanide-transition metal bonds. Initial studies of these
heterometallics have been in the fields of catalysis, magnetism, and luminescence.
1.3.1 Single-Molecule Magnetism

While there have been no previous studies on the magnetization dynamics of Ln-TM
bonded molecules, mixed 3d/4f molecules have been recently reported. In most
established examples, the lanthanide ion in these systems is either Tb(II1) or Dy(l11) with
a variety of 3d metals coupled through single-atom or conjugated multi-atom bridges.*’
A notable mixed metal system is Mn21Dy cluster,
[Mn"VsMn'"'1sDyO20(OH)2(BU'CO2)20(HCO2)a(NO3)3(H20)7], which exhibited a barrier of
51 cm™ and T of 3 K (sweep rate of 700 Oe/s).%° There is current debate over the high
spin state or increased anisotropy is more important to magnetic properties in these
systems.”0"1

Efforts have also been made to design 3d/4f air stable SMMSs. As decomposition upon
exposure to air is one of the drawbacks of the current record holders for SMMs, there have
been efforts towards preparing molecules with SMM properties that are air stable. A recent
example was a series of isostructural mononuclear complexes with the formula
[Co(Tp)2]1.3[LN(NO3)2(dbm)2](NOz)os (Ln = Th, Dy, Er, Y; Tp = tris(pyrazolyl) borate;
dbm = 1,3-propanedionate).”? The dysprosium analogue exhibited a barrier of 67 cm™

under 200 Oe applied dc field.
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A final interesting example involves redox switchable SMMs. The complex
K(thf)s[Ln(fc(NSi(t-Bu)Mez)2)2 (Ln = Dy**, Er**) which contains a single lanthanide
center and two redox active ferrocene based ligands exhibited different dynamic magnetic
properties based on the oxidation state of the ferrocene.”® The dysprosium analogue
demonstrated slow magnetic relaxation as evidenced by a signal in %’ under no applied
dc field with Uerr = 27 cm™ and no signal in > upon a single oxidation of a Fc moiety
using lo. Further experimental analysis, such as UV-vis and *’Fe Mdssbauer spectroscopy,
suggested this single oxidation occurred locally at one of the iron centers in ferrocene.
Molecules with external stimuli controlling their magnetic properties can be potentially
implemented into molecular switches.

1.3.2 Catalysis

With the uncommon occurrence of Ln-TM bonded molecules, there is one example in
which a type of system has been utilized in catalysis. A series of Lu-Ni heterobimetallics,
NiLu('Pr,PCH2-NPh)s, NiLu(thf)('Pr,PCH2-NPh)s, and NiLu{(‘Pro.PCH2NAr)stacn} (tacn
= 1,4,7-tris(2-aminophenyl)1,4,7-triazacyclononane), were recently reported.* Two of
these complexes contain a Lu-Ni bond and were studied for their ability to catalytically
hydrogenate a series of olefins. It was discovered NiLu('Pr.PCH2-NPh)s hydrogenated
styrene to ethylbenzene in over 90% conversion with 2.5 mol% catalyst loading and 4 atm
H> according to NMR studies performed in dgs-toluene. It should be noted the Ni-Lu
heterobimetallic complex was a better catalyst when compared to monometallic Ni

complexes and the Lu metalloligand precursor. It was proposed that the Lu center drew
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electron density away from the Ni center, allowing for a more stable Ni(n?-H.) adduct
formation during the catalytic cycle.
1.3.3 Luminescence

Some lanthanides are attractive candidates for optical applications given their sharp f-
f transitions and high quantum yields.”* Implementing transition metals ions into a system
sensitizes the luminescence of a Ln(lll) system and improves their overall optical
properties. A common moiety encountered in literature are Zn'"/Ln'""' heterometallic
complexes containing Salen-type or Salamo-type ligands.”* These types of systems of
been studied towards implementing in optical, luminescent, and sensing applications.
1.4 Outlook

Metal-metal bonding has provided further understanding of chemical bonding and
allowed for interesting applications in fields such as magnetism and catalysis. With an
initial focus on metal-metal multiply bonded homobimetallic transition metal systems, the
field has evolved to include heterometallic bonds and nd-4f bonding. As there has yet to
be a ligand system designed to allow for a systematic study of Ln-TM bonded compounds,
we have developed a powerful synthetic method to perform a systematic study into the
nature of Ln-TM bonding.

Given the strength of bulk magnetic magnets containing Ln-TM interactions, an
interesting avenue yet to be studied are the magnetization dynamics of Ln-TM bonded
molecules. Our work has provided the foundation for magnetic properties of discrete

molecules and how the lanthanide influences magnetization dynamics in this system. To
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further characterize a Ln-TM bond, new spectroscopic and computational techniques
continue to be explored. Given the relative infancy of the field of Ln-TM bonding,

applications are ripe with possibility as demonstrated through other work in catalysis and

luminescence.

26



2. ACOMPARATIVE STUDY OF MAGNETIZATION DYNAMICS IN
DINUCLEAR DYSPROSIUM COMPLEXES FEATURING BRIDGING CHLORIDE

OR TRIFLUOROMETHANESULFONATE LIGANDS*

2.1 Introduction

Molecules possessing intrinsic magnetic anisotropy potentially display magnetic
hysteresis and slow magnetic relaxation. Development of such single-molecule magnets
(SMMs) allow the manufacture of high capacity data storage devices®® or spin qubit
devices.®* While the earliest SMM work reported transition metal based molecules, most
notably [Mn12012(OAC)16(H20)4],%" the field gravitated towards lanthanide compounds
given the large magnetic anisotropy of trivalent lanthanide ions.”” Organometallic
lanthanide complexes, particularly complexes containing the cyclopentadienide (Cp)
ligand, continued to be studied given their impressive magnetic properties. More
specifically, dinuclear complexes with bridging ligands are of interest given the variability
of the system. Modifications to the lanthanide ion’®, bridging ligand”” (both closed shell
and radicals), and Cp ring® allow for systematic studies to assess how each factor

contributes to magnetic behavior.

*The results of this chapter were published in Chem. Commun. 2017, 53, 8419-8422.
Reproduced by permission of The Royal Society of Chemistry Copyright, 2017 Royal
Society of Chemistry.
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The previously reported 2,6-Bis(methylenecyclopentadienyl)pyridine disodium salt
(PyCp2Naz) was of interest to me for two reasons. Firstly, attempts to isolate the po-Cl
bridged product by reacting DyCls and NaCp together resulted as a mixture of [Cp2Dy(p-
Cl)]2 along with a polymeric species [Cp2Dy(u-Cl)]n.”® It was predicted the pyridine
linking the two Cp rings would afford structural rigidity to prevent formation of a polymer.
Additionally, being able to incorporate triflates as the bridging ligand appealed to me in
regards to reactivity. Being a better leaving group as compared to halides, it was
hypothesized substitution chemistry would be more facile in the triflate system.

In this study, organometallic dinuclear Dy** complexes featuring bridging ‘OSO,CF3
([(Py(Cp2Dy-(u-02SOCF3)]2) (2-1) or CI" ([(Py(Cp2Dy-(u-Ch]2) (2-2) were structurally
characterized. A mononuclear complex, (PyCp2)Dy(OSO2CF3)(thf) (2-3) was also
prepared. All three complexes’ magnetic properties were studied. All three exhibited slow
magnetic relaxation while 2-1 and 2-2 displayed similar effective energy barrier to
magnetization (Uerr). Computational studies performed support the similarities in
magnetization dynamics observed in 2-1 and 2-2.

2.2 Materials & Methods
2.2.1 General Considerations

Synthesis  of  2,6-bis(methylenecyclopentadienyl)pyridine  disodium  salt,
[(PyCp2)Dy(p-OTf)]2 (2-1), [(PyCp2)Dy(thf)(OTf)] (2-3), and [(PyCp2)Dy(u-Cl)]2 (2-2)
were carried out under strictly anaerobic and anhydrous conditions using an Ar filled

glovebox (Vigor) and solvents dried and flushed with Ar using an SPS system (JC Meyer
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Solvent System). All glassware used in the glovebox was oven dried and cycled into the
glovebox overnight. 2,6-bis(hydroxymethyl)pyridine and thionyl chloride were used to
synthesize 2,6-bis(chloromethyl)pyridine and were purchased from Acros Organics and
EMD Millipore, respectively. Anhydrous DyCls, NaCp (0.1 mol in THF), and anhydrous
Dy(OTf)s were purchased from STREM. Elemental analyses were carried out by ALS
Group USA. All syntheses were based on previously reported procedures.”® Samples
used for magnetic characterization were either single crystalline material or
microcrystalline powders prepared by dissolving materials in minimal amounts of CH,Cl;
or THF followed by the addition of hexanes and placing in a freezer (-30 °C) overnight.
Magnetic samples of 2-1, 2-2, and 2-3 were prepared with an eicosane matrix in a high
purity NMR tube which was flame sealed under vacuum. The eicosane (Acros Organics)
was melted in a hot water bath (45 °C) and was dispersed homogeneously throughout the
sample. Magnetic characterization of 2-1, 2-2, and 2-3 as well as magnetically dilute
analogues of 2-1 and 2-2 were obtained using a Quantum Design MPMS 3 SQUID
magnetometer. Direct current (dc) measurements were acquired under an applied 1000 Oe
field at a temperature range of 2-300 K. Variable temperature ac measurements for all
compounds were taken under zero applied dc field at temperature ranges of 15-1.8 K with
2 Oe switching fields. *H NMR spectra were collected on Mercury 300 MHz spectrometer.
2.2.2 Synthesis

Synthesis of 2,6-bis(chloromethyl)pyridine (2-4). (similar to previous method’®-%)
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2,6- bis(hydroxymethyl)pyridine (10 g, 71.8 mmol) was weighed out in a 100 mL Schlenk
flask and thionyl chloride (50 ml) was added dropwise while stirring at 0 °C. The solution
was heated to 60 °C and stirred for 3 h. The reaction was cooled and added dropwise to 1
L of stirring ice water. The solution was neutralized with aqueous ammonia (25 %, EMD
Milipore), and the white precipitate collected was washed extensively with water followed
by vacuum drying. The solid was recrystallized from absolute ethanol/water (2:1 v:v) and
the white needles were vacuum dried overnight prior to use in further reactions (11.9 g,
94%). 'H NMR (300 MHz, CDCl3) & 7.77 ppm (1H, t, J = 6 Hz, py-H4), 7.45 ppm (2H,
dd, J = 6 Hz, py-H3,H5), 4.66 ppm (4H, s, methylene).

Synthesis  of  2,6-bis(methylenecyclopentadienyl)pyridine  disodium  salt
((PyCp2)Naz) (2-5). (similar to previous method’®8) To a stirring solution of NaCp (0.1
mol) in 100 mL THF, a solution of 2,6- bis(chloromethyl)pyridine (4.4010 g, 0.025 mmol)
in 150 mL THF was slowly added over time using an addition funnel. This solution was
stirred overnight and the reaction was filtered to remove the white precipitate and washed
with THF (3 X 25 mL). The orange filtrate was evaporated down to approximately 80 mL
and hexanes (150 mL) was slowly added to the solution and set aside overnight. The white
crystals were collected by filtration, washed with hexanes (3 X 50 mL), and dried under
vacuum to yield 3.1000 g (44 %). *H NMR (300 MHz, THF-dg) § 7.42 ppm (1H, t, ] = 6
Hz, py-H4), 6.92 ppm (2H, d, J = 9 Hz, pyH3,H5), 5.55 ppm (4 H, t, J = 3 Hz, Cp protons),

5.36 ppm (4 H, t, J = 3 Hz, Cp protons), 3.95 ppm (4 H, s, methylene).
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Synthesis of [(PyCp2)Dy(p-OTf)]2 (2-1). To a solution of Dy(OTf)s (1.2194 g, 2.00
mmol) in 30 mL of THF, a solution of (PyCp2)Naz (0.5460 g, 2.00 mmol) in 60 mL of
THF was added dropwise and kept in a cold well at -30 °C. The reaction was occasionally
stirred manually over 2 h and warmed to room temperature. After 2 d of stirring, the THF
was removed and replaced with CH>Cl> (30 mL) and left to stir overnight. The reaction
was filtered and hexanes (50 mL) was slowly added to the filtrate and left overnight. Pale
yellow crystals (0.125 g) were collected and the remaining mother liquor was collected
and solvent removed. This was redissolved in CH.Cl», layered with hexanes, and placed
in a freezer (-30 °C) overnight to collect more crystals. The total yield was 0.3589 g (33
%). Anal. Calcd. for CssH30Dy2FeN206S2 (2-1): C, 39.68; H, 2.77; N, 2.57. Found: C,
39.84; H, 2.73; N, 2.54.

Synthesis of [(PyCp2)Dy(thf)(OTf)] (2-3). Approximately 50 mg of 2-1 was dissolved
in 2 mL of THF and layered with 5 mL of hexanes and placed in a freezer (-30 °C)
overnight. The resulting colorless plates were collected for further characterization. Anal.
Calcd. for Anal. Calcd. for C20H1sDyFsNOz3sS (2-3(0.5 thf)): C, 41.35; H, 3.30; N, 2.41.
Found: C, 40.91; H, 3.10; N, 2.46.

Synthesis of [(PyCp2)Dy(u-Cl)]2 (2-2). The preparation followed the previously
reported method for the isolation of 2-2.8° To a suspension of DyCls (0.5095 g, 1.895
mmol) in 50 mL of THF, a solution of (PyCp2)Naz (0.5293 g, 1.895 mmol) in 60 mL of
THF was added dropwise and kept in a cold well at -30 °C. The reaction was occasionally

stirred manually for 2 h and warmed to room temperature. After 2 d of stirring, the reaction
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was filtered through Celite and the THF was removed and replaced with CH,Cl, (30 ml)
and stirred overnight. The reaction was filtered through Celite and hexanes (50 mL) was
slowly added to the filtrate and left overnight. The white microcrystalline material was
collected and dried, 0.3334 g (40 %). Dissolving crystalline material of 2-2 in thf and
crystallization via slow diffusion of hexanes into the solution resulted in the formation of
plate crystals of 2-2(thf).

Synthesis of magnetically dilute 2-1 [(PyCp2)Ln(p-OTf)]2 (Dy : Y =1:11.9). A
magnetically dilute sample of 2-1 was prepared by dissolving 60.7 mg (63.3 pmol) of
[(PyCp2)Y(u-OTf)]2 and 5.8 mg (5.3 pumol) of 2-1 in a minimal amount of CH2Cl,. The
solution of 2-1 was added to the solution of [(PyCp2)Y(u-OTf)]2, layered with hexanes,
and left in a freezer at -30 °C overnight to form crystals suitable to conduct magnetic
measurements. Unit cell parameters determined for single crystals of the dilute sample
matched those of 2-1.

Synthesis of magnetically dilute 2-2 [(PyCp2)Ln(p-Cl)]2 (Dy : Y =1 :12). A
magnetically dilute sample of 2-2 was prepared by dissolving 35.9 mg (49.1 pumol) of
[(PyCp2)Y(u-CD]2 and 3.6 mg (4.1 umol) of 2-2 in a minimal amount of CH2Clz. The
solution of 2-2 was added to the solution of [(PyCp2)Y(u-Cl)]2, layered with hexanes, and
left in a freezer at -30 °C overnight to form crystals suitable to conduct magnetic
measurements. Unit cell parameters determined for single crystals of the dilute sample

matched those of 2-2.
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2.2.3 X-Ray Crystallography

Data Collection. A Leica MZ 75 microscope was used to identify a suitable colorless
crystal (for 2-1: plate with dimensions (max, intermediate, and min) 0.185 x 0.14 x 0.138
mm? ; for 2-3: plate with dimensions 0.216 x 0.141 x 0.137 mm? ; for 2-2: needle with
dimensions 0.142 x 0.023 x 0.022 mm? ; for 2-2(thf): plate with dimensions 0.112 x 0.039
x 0.009 mm?) with very well defined faces from a representative sample of crystals of the
same habit. The crystal mounted on a nylon loop was then placed in a cold nitrogen stream
(Oxford) maintained at 110 K (100 K for 2-2(thf)). A BRUKER APEX 2 Duo X-ray
(three-circle) diffractometer was employed for crystal screening, unit cell determination,
and data collection for 2-1, 2-2, and 2-3 (for 2-2(thf) BRUKER Venture X-ray (kappa
geometry) diffractometer). The goniometer was controlled using the APEX2 software
suite, v2008-6.0.8 The sample was optically centered with the aid of a video camera such
that no translations were observed as the crystal was rotated through all positions. The
detector was set at 6.0 cm from the crystal sample (APEX2, 512x512 pixel). The X-ray
radiation employed was generated from a Mo sealed X-ray tube (K« = 0.70173A) for 2-1,
2-2, and 2-3 and a Cu-Ips X-ray tube (Ka = 1.5418A with a potential of 50 kV and a
current of 1.0mA) for 2-2(thf). 45 data frames were taken at widths of 1.0°. For 2-1 and
2-3, these reflections were used in the auto-indexing procedure to determine the unit cell.
A suitable cell was found and refined by nonlinear least squares and Bravais lattice
procedures. The unit cell was verified by examination of the h k | overlays on several

frames of data. No super-cell or erroneous reflections were observed. For 2-2, the unit cell
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was determined using Cell_Now,® which showed twinning. A suitable cell was found and
refined by nonlinear least squares and Bravais lattice procedures. After careful
examination of the unit cell, an extended data collection procedure (21 sets for 2-1; 23 sets
for 2-3; 25 sets for 2-2; 15 sets for 2-2(thf)) was initiated using omega and phi scans. Data
Reduction, Structure Solution, and Refinement. Integrated intensity information for each
reflection was obtained by reduction of the data frames with the program APEX281:83
(including both the twin domains for 2-2). The integration method employed a three-
dimensional profiling algorithm and all data were corrected® for Lorentz and polarization
factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
produce a suitable data set. The absorption correction program SADABS®* was employed
to correct the data for 2-1 and 2-3 for absorption effects (for 2-2: TWINABS® was
employed to correct the data for absorption effects as well as to generate TWIN4.hklI
containing only the major component, and TWINS.hkI with reflections from both the twin
domains; while the former was used for structure solution the latter was used for the final
least squares refinement).

Additional details for 2-1. Systematic reflection conditions and statistical tests of the
data suggested the space group P-1. A solution was obtained readily using XT/XS in
APEX2.8183 Hydrogen atoms were placed in idealized positions and were set riding on the
respective parent atoms. All non-hydrogen atoms were refined with anisotropic thermal
parameters. Absence of additional symmetry and voids were confirmed using PLATON

(ADDSYM).8 CHECKCIF suggested pseudo-merohedral twinning and was included in
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the refinement. The structure was refined (weighted least squares refinement on F?) to
convergence.38” Olex2 was employed for the final data presentation and structure plots.®’

Additional details for 2-3. Systematic reflection conditions and statistical tests of the
data suggested the space group P-1. A solution was obtained readily using XT/XS in
APEX2.8183 Hydrogen atoms were placed in idealized positions and were set riding on the
respective parent atoms. All non-hydrogen atoms were refined with anisotropic thermal
parameters. Absence of additional symmetry and voids were confirmed using PLATON
(ADDSYM).® The structure was refined (weighted least squares refinement on F?) to
convergence.838” Olex2 was employed for the final data presentation and structure plots.®’

Additional details for 2-2. Systematic reflection conditions and statistical tests of the
data suggested the space group P21/n. A solution was obtained readily (Z=2; Z'=0.5) using
XT/XS in APEX2.828 Dichloromethane was found partially solvated. Hydrogen atoms
were placed in idealized positions and were set riding on the respective parent atoms. All
non-hydrogen atoms were refined with anisotropic thermal parameters. Occupancy of the
solvent dichloromethane were refined to 0.882. Absence of additional symmetry and voids
were confirmed using PLATON (ADDSY M).8¢ The structure was refined (weighted least
squares refinement on F?) to convergence.8387

Additional details for 2-2(thf). Systematic reflection conditions and statistical tests of
the data suggested the space group Pnnm. A solution was obtained readily (Z=2; Z'=0.25)
using XT/XS in APEX2.828 A molecule of THF was found solvated and partially

occupied. Hydrogen atoms were placed in idealized positions and were set riding on the

35



respective parent atoms. All non-hydrogen atoms were refined with anisotropic thermal
parameters. Elongated thermal ellipsoid on C2S suggested disorder and was successfully
modeled between two positions. Considering symmetry and disorder, initial occupancy
refinement suggested 1/4th occupancy for C2S and was fixed to that value for the final
least squares refinement. Absence of additional symmetry or void were confirmed using
PLATON (ADDSYM).% The structure was refined (weighted least squares refinement on
F?) to convergence.8387
2.2.4 Computational Details

Ab initio calculations were performed on compounds 2-1, 2-2, and 2-3 utilizing the
MOLCAS 8.0 suite of computational chemistry programs.® All atom positions for each
compound were provided to the GATEWAY module from solved and refined single

8 was considered to account for the

crystal structures. Douglas—Kroll Hamiltonian
relativistic effects. 1-electron velocity integrals and 1-electron atomic mean field integrals
were computed with the SEWARD module, along with the 2-electron integrals which
were Cholesky-decomposed. All the atomic basis sets used were of the ANO-RCC type®
with the following contractions: hydrogen (2s), carbon, nitrogen, oxygen, and sulfur
(3s2pld), fluorine (3s2p), chlorine (5s4p2d1f), lutetium (7s6p4d2f) (used as a diamagnetic
place-holder for one dysprosium atom in the dimers), and dysprosium (8s7p5d3f2g1h).
The integrals computed were further used to develop starting orbitals for the compounds,

by way of the GUESSORB module. A Complete Active Space Self-Consistent Field

(CASSCF)®! calculation was implemented with an active space of the seven f-orbitals of
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dysprosium Dy(lI1) containing nine electrons, using the RASSCF module. The twenty-
one sextet roots of dysprosium Dy(l11) were found through the configuration interaction
procedure enacted by this module and then the resulting twenty-one states were mixed by
the RASSI module. The RASSI module was then used to determine the interactions
between the twenty-one roots, while taking into account spin-orbit coupling.®? The output
from RASSI was subsequently used by the SINGLE_ANISO module®® to compute the
magnetic properties (g-tensors and single-ion energy barrier) based on the eight low-lying
Kramers doublet (KDs). for the compounds featured in this paper. To model the exchange
and dipolar coupling present in the chloride (2-2) and triflate (2-1) dimer compounds, the
POLY_ANISO program®- was utilized by producing fits to the DC magnetic
susceptibility data for the two compounds (zJ = -0.01 cm™ for 2-1 and 2-2). The magnetic

couplings of compounds 2-1 and 2-2 are extracted using the following Hamiltonian.
I:Icoupling = —(JiS$iSi+1)

Here, J; = J&P°'" 4 Jexch (je. Jj are the total magnetic interaction in combination of
calculated JiP°" and fitted Ji®" parameters; this describes the interaction between the
intramolecular metal centers.)
2.3 Results & Discussion
2.3.1 Synthesis & Structure of Dy Compounds

Compound 2-1 can be prepared via the reaction of anhydrous Dy(OSO2CF3)s with the

disodium salt PyCpzNaz (Figure 2.1) and subsequent work up (see 2.2.2).7%-8°
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Figure 2.1: Synthetic overview of compounds 2-1, 2-2, and 2-3.

Single crystals of 2-1 can be obtained by crystallization from CH2Clz/hexane solvent
mixtures. Dissolution of 2-1 in thf and crystallization from thf/hexane solvent mixtures
results in crystalline material of monomeric 2-3. A dinuclear chloride-bridged complex 2-
2 is obtained by the reaction of DyClz with PyCpzNa in thf and subsequent extraction into
CHCI> and recrystallization. It is important to note that the analogous reaction of two
equivalents of NaCp with DyCls was previously reported to yield the desired dinuclear p.-
Cl bridged product only as a mixture with a polymeric species after sublimation.’® Clearly,
the intramolecular pyridine moiety blocks the formation of a polymeric side product and
allows for a more facile access to the desired dinuclear complexes. In contrast to 2-1, 2-2
does not dissociate in thf and crystalline material of 2-2(thf) was obtained. Thus, the
triflate anions in 2-1 are more labile leaving groups than the chloride ions in 2-2.

The molecular structures of neutral compounds 2-1, 2-2 and 2-3 were investigated by
means of single crystal X-ray diffraction studies (Figure 2.2, Tables A.1, A.2). The Dy**
ions in all three structures have a ligand bond number of nine, with bonds to two Cp and

one pyridine moiety and two additional ligands.

38



Figure 2.2: Molecular structures of 2-1, 2-3, and 2-2, respectively. Teal = Dy, yellow =S, red
= oxygen, blue = N, light green = F, green = Cl, and grey = C. Hydrogen atoms and co-
crystallized solvent molecules have been omitted for clarity. The pink transparent lines
indicate g, directions of the magnetic ground states.

In complexes 2-1, 2-2, and 2-3, the average Dy—C distances (2.63[1] A, 2.64[1] A, and
2.628[2] A, respectively), and the Dy—N distances (2.554[9] A, 2.581[9] A, and 2.538[2]
A, respectively) are fairly comparable for the two triflate complexes 2-1 and 2-3 and are
only slightly longer in the chloride bridged dimer 2-2. The Dy-Cl distances in 2-2
(2.683[3] A and 2.785[3] A) are much longer than the Dy-O distances in 2-1 (2.338[9] A

and 2.346[8] A) and 2-3 (Dy—Ounf = 2.456[1] A and Dy—Oort = 2.335[1] A).
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For dinuclear complexes 2-1 and 2-2, the relative orientation of the pyridine moieties
on each Dy®" ion to each other could result in cis or trans geometries. As has been noted
previously for closely related lanthanide [PyCp2]* complexes, the solid structure of 2-1
and 2-2 solely displays the trans isomer even though cis and trans isomers can readily
interconvert as suggested by variable temperature NMR solution studies.’®

The two bridging chloride ligands in 2-2 allow for an intramolecular Dy --Dy distance
of 4.252(1) A whereas the larger bridging triflate ligands in 2-1 result in larger Dy---Dy
distances of 6.068(1) A. The very tight crystal packing in crystals of 2-3 (Figure A.1)
results in close intermolecular Dy---Dy distances of 6.541(1) A. This close intermolecular
proximity likely results in intermolecular interactions leading to weak intermolecular
magnetic coupling as well as enhanced quantum tunneling of the magnetization (2.3.2) for
2.3.2 Magnetic Properties of Dy Complexes

The static magnetic properties of complexes 2-1, 2-2 and 2-3 were investigated by
means of variable temperature direct current (dc) magnetometry using an applied field of
1000 Oe (Fig 2.3). The room temperature ymT values of 27.90, 26.99, and 13.52 emu K
mol? obtained for 2-1, 2-2 and 2-3 respectively, are in good agreement with the expected
values of 28.34 emu K mol™? and 14.17 emu K mol*? for di- and mononuclear Dy®*

complexes (*Hisz, S =5/2, L =5, and g = 4/3).

40



"D:I‘DDL]DDDE[JDHDDDDDDDDDDD

0 -| T T T T d T y T T T
0 50 100 150 200 250 300
Temperature (K)

Figure 2.3: Temperature dependence of ymT for 2-1 (red triangles), 2-2 (black circles), and 2-
3 (blue squares) (1000 Oe; 2-300 K). The solid lines are fits of the data.

All complexes display decreases in their respective ymT values upon lowering the
temperature with a more significant decrease at low temperatures for 2-1 and 2-2. Such a
decrease in ymT values is typically observed and ascribed to the thermal depopulation of
the Stark sublevels of Dy** and/or possible magnetic interactions between Dy®" centers
(see 2.3.3.).1 Surprisingly, complex 2-3 features a slight increase of ywT at very low
temperatures (2 K) which may be indicative of intermolecular ferromagnetic coupling, but
this aspect was not further investigated.

Variable temperature magnetization vs. field measurements were carried out for 2-1
(Figure A.2), 2-2 (Figure A.4), and 2-3 (Figure A.6). For all three complexes, magnetic

saturation is approximately reached at 7 T. The magnetization values are significantly
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smaller than the expected free ion values (10 ps per Dy®" ion). This observation is
indicative of breaking the degeneracy of the ®His;> ground states by crystal/ligand field
effects. Additionally, the M vs. H/T curves for complexes 2-1 (Figure A.3), 2-2 (Figure
A.5), and 2-3 (Figure A.7) are non-superimposable as a result of the magnetically
anisotropic Dy*" ion(s).

The magnetization dynamics of compounds 2-1, 2-2 and 2-3 were probed by alternating
current (ac) magnetometry. All three complexes display signals in the out-of-phase
component (ym’’) of the ac magnetic susceptibility in the absence of an externally applied
dc field. The maximum of ym”’ of complex 2-1 (Fig. 2.4; see Figure A.8 for ym’) remain
temperature independent at temperatures between 1.8 and 6 K. At temperatures above 6
K, the maxima of ym’’ become temperature dependent and move to higher frequencies.
The latter observation indicates the dominant quantum tunneling of the magnetization
(QTM) at low temperatures (< 6 K) and a transition to a thermally activated process at
higher temperatures. This transitional behavior of the magnetization dynamics is also
qualitatively observed for complexes 2-2 and 2-3. For the mononuclear complex 2-3, the
signals in ym’” are observed at 0 Oe dc field, albeit at higher frequencies (Figure A.10,
Figure A.11). Above 9 K, the yv’> maxima shift to frequencies beyond the 1 kHz
instrument limit which prevents the extraction of an effective energy barrier to
magnetization reversal (Uefr). Application of dc fields resulted in significant shifts of the
yv’’ maxima to lower frequencies (as compared to zero field measurements) which were

clearly temperature dependent above 2.5 K. However, for all fields studied, we obtained
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ill-defined shoulders in the ac data which are indicative of the presence of multiple,
overlapping relaxation pathways (Figures A.12, A.13) The variable temperature ac
susceptibility of 2-2 (Figure 2.4 and Figure A.9) is well defined in the absence of dc
fields. The maxima of ym’’ remain temperature independent up to a temperature of 4 K

(QTM) and become temperature dependent at higher temperatures.
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Figure 2.4: Frequency dependence of the out-of-phase component (ym”) of the ac
susceptibility of 2-1 (top) and 2-2 (bottom) at an applied dc field of 0 Oe in the temperature
range of 1.8-15 K (2 Oe switching field).

Cole—Cole plots (ym’’ vs. ym’) corresponding to the above discussed ac magnetization

data for complexes 2-1 and 2-2 are shown in (Figure A.14, Figure A.15), respectively.

Quantitative relaxation times were extracted by fitting the data for each temperature using
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the generalized Debye model (solid lines in Figure A.14 and Figure A.15) and used to
construct the Arrhenius plots (In t vs. 1/T) as shown in Figure 2.5. The barrier height Ues
was determined by fitting the linear temperature dependent part of the Arrhenius plots (the
predominant Orbach relaxation mechanism). Interestingly, we obtained identical Uess
values for complexes 2-1 and 2-2 of 70 K (49 cm™) and pre-exponential factors 1o of 4.8
x 107" sand 7.2 x 107 s, respectively. The non-linear dependence of t at low temperatures
of the Arrhenius plot is indicative of the presence of other relaxation pathways such as

Raman and quantum tunneling processes.**
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Figure 2.5: Arrhenius plots of magnetization relaxation time data for 2-1 (red triangles) and 2-
2 (black circles) in no applied dc field. The lines correspond to fits to the Arrhenius equation
yielding Uesr = 70 K (49 cm ™) and 70 K (49 cm™), and 10 = 4.8 x 10 " sand 7.2 x 1077 s for 2-
1 and 2-2, respectively.

The similarity in the magnetization dynamics of 2-1 and 2-2 is also confirmed by ac
measurements performed for magnetically dilute (Dy : Y = 1:~12) analogues which
display almost identical temperature dependences of ym’ (Figure A.16, Figure A.18) and

w” (Figure A.17, Figure A.19).
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2.3.3 Computational Analysis of Dy Complexes

These surprising findings were further investigated by means of ab initio calculations
of the CASSCF/RASSI/SINGLE_ ANISO type, using the MOLCAS 8.0 program.® Both
Dy sites of dinuclear complexes 2-1 and 2-2 were calculated separately by replacing one
Dy®* ion with a diamagnetic Lu®* ion and displayed very similar properties (Table A.3).
The ground state Kramers doublets (KDs) of the Dy3* ions in all three complexes are
predominantly my = £15/2 in character with small contributions from m; = £11/2 (Figure
2.6) with corresponding g, values of 19.3, 19.1, and 18.8 for 2-1, 2-2, and 2-3, respectively.
The first excited state KDs of dinuclear complexes 2-1 and 2-2 are mostly my = £11/2 in
character whereas for mononuclear 2-3 a highly mixed doublet was calculated with

contributions from £5/2, +3/2, and +1/2 and others.
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Figure 2.6: Magnetization blocking barrier for single Dy sites in 2-1 (top), 2-3 (center), and 2-
3 (bottom) computed ab initio. The black lines indicate KDs as a function of computed
magnetic moments; green/blue and red arrows indicate pathways through Orbach/Raman
relaxation and QTM/TA-QTM. The numbers on each arrow are the mean absolute values for
of the transition magnetic moment. The donut diagrams
indicate the nature of the contributing m; states to KDs (light grey = combined contributions of
several other m; states).

and 134 cm™) and significantly higher than those of compound 2-3 (84 cm™). Based on
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the calculated probabilities for tunneling, Raman, and Orbach processes (arrows in Figure
2.6), we propose that the magnetic relaxation for all three complexes occurs via a
thermally assisted quantum tunneling of the magnetization (TA-QTM) process involving
the first excited state. The calculated values of 2-1 and 2-2 are in very good agreement
with the identical Ues values determined experimentally and suggest that the
magnetization dynamics in 2-1 and 2-2 are dominated by the single ion magnetic
anisotropy. This point is further supported by the small magnetic coupling constants (Jexch
= +0.018 cm™ and 0.138 cm™ ; Jaipolar = +0.032 cm™ and 0.0892 cm™) which were
calculated within the Lines model using the POLY-ANISO routine (fits in Figure 2.2 and
Tables A.4, A.5).1 Interestingly, substitution of “OSO,CF3 by CI- (in going from 2-1 to
2-2) results in a change from ferro- to antiferro-magnetic coupling (Jwotar = 0.05 cm™ and
0.05 cm™) but the small magnitude is expected to significantly affect the magnetization
dynamics only at much lower temperatures than the experimentally employed ones.
2.4 Conclusion & Outlook

A series of di- and mononuclear Dy** complexes were synthesized, structurally
characterized, and probed for SMM behavior. While all three complexes exhibited slow
magnetic relaxation under no applied dc field, a barrier was calculated only for complexes
2-1 and 2-2. Despite the identity of the bridging differing in these complexes, identical
Uerr values (49 cm™) were calculated for both. Experimental observations were further
supported by computational data and suggested magnetic relaxation dynamics involves

TA-QTM via the first excited state of the single Dy®* sites. The organometallic triflate
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complexes prepared will be further investigated in terms of substitution chemistry at the
triflate. The hypothesis that substitution chemistry will be more facile at the triflate site is

supported in future chapters 3, 4, and 5 of this work.
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3 STRUCTURE AND MAGNETIZATION DYNAMICS OF DY-FE AND DY-RU

BONDED COMPLEXES*

3.1 Introduction

Given the synthetic challenges associated with synthesizing a direct, unsupported bond
between a lanthanide (Ln) and transition metal (TM) in a discrete complex, little is
understood about the interaction.%® The earliest report of such a complex was by
Beletskaya and co-workers in 1993.26 This approach utilized a salt elimination with a
halide bearing lanthanide synthon and anionic transition metal fragment Rp-
([RuCp(CO)2]) to furnish a Lu-Ru bond. A similar synthetic route was later used to
prepare a Nd-Fe complex with a Nd synthon and Fp~ ([FeCp(CO)2]") anion.?” Another
synthetic approach known as an alkane elimination developed by Kempe and co-workers
involves a Ln-alkyl and acidic TM-hydride species. This synthetic route afforded a variety

of Ln-Re bonded species (Figure 3.1).%8

*The results in this chapter were published in Angew. Chem. Int. Ed. 2018, 57,
8144-8148, Copyright, 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 3.1: Examples of discrete molecules possessing direct, unsupported, Ln-TM
bonds.

While these methods proved valuable to isolate Ln-TM compounds, no synthetic
procedure currently allows for substitution of either Ln or TM to prepare an isostructural
set of compounds. This would allow for a systematic study to determine how the identity
of the lanthanide or transition metal influences the bonding. Identifying a system that is
viable towards metal substitution would allow for a thorough physical description of a Ln-
TM bond. This endeavor is ultimately valuable, as it could potentially provide insight into
the degree of covalency in metal-ligand bonding in f-block elements.®’-%°

In addition to this fundamental question, I am interested in studying the static and
dynamic properties of Ln-TM bonded complexes. To the best of my knowledge, no
magnetization dynamics have been reported for Ln-TM complexes. Lanthanides such as
Dy3* and Th®" are of particular interest, given the high degree of single ion anisotropy of

these trivalent ions.”

50



In this chapter, two complexes containing a Dy-TM bond, (PyCp2Dy-FeCp(CO3) (3-1)
([PyCp2]? = [2,6-(CH2CsH3)2CsHsN]?) and (PyCp2Dy-RuCp(CO).) (3-2), are discussed.
In addition to structural characterization of these compounds, spectroscopic, magnetic,
and computational analysis were performed to provide insights into the nature of the
bonding. Magnetization dynamic studies determined both complexes exhibit field-induced
slow magnetic relaxation and similar barriers to magnetization reversal despite relaxation
times differing between the two complexes. Spectroscopic analysis suggested strong
TM—Dy ¢ donation which was further supported by computational data.

3.2 Materials & Methods
3.2.1 General Considerations

Synthesis  of  2,6-bis(methylenecyclopentadienyl)pyridine  disodium  salt,
[(PyCp2)Dy(u-OTf)]2 (2-1), [(PyCp2) Dy(OTH)(thf)] (2-3), KFp, and KRp were carried out
under strict anaerobic and anhydrous conditions using an Ar filled glovebox (Vigor)
utilizing previous procedures’-8%1% and solvents dried and flushed with Ar using an SPS
system (JC Meyer Solvent System). All glassware used was oven dried and cycled into
the glovebox overnight. 2,6-bis(hydroxymethyl)pyridine and thionyl chloride to
synthesize 2,6-bis(chloromethyl)pyridine were purchased from Acros Organics and EMD
Millipore respectively. Anhydrous, Dy(OTf)s, bis(cyclopentadienyliron dicarbonyl), and
NaCp (0.1 mol in THF) were purchased from STREM. The complex
bis(cyclopentadienylruthenium dicarbonyl) dimer was purchased from Sigma Aldrich.
Samples used for magnetic characterization was crystalline material prepared by

dissolving materials in minimal amounts of THF and placing in a freezer (-30 °C)
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overnight. Magnetic samples of 3-1 and 3-2 were prepared with an eicosane matrix in a
high purity NMR tube which was flame sealed under vacuum. The eicosane (Acros
Organics) was melted in a hot water bath (42 °C) and was dispersed homogeneously
throughout the sample. Magnetic characterization of 3-1 and 3-2 were obtained using a
Quantum Design MPMS 3 SQUID magnetometer. Direct current (dc) measurements were
acquired under an applied 1000 Oe field at a temperature range of 2-300 K. Alternating
current (ac) measurements for 3-1 and 3-2 were taken under various dc fields at
temperature ranges of 10-2 K. Elemental analysis was carried out by Midwest Microlab.
All IR spectra were obtained in the solid state in an argon filled glove box (Vigor)
equipped with an Agilent CARY 630 FT-IR spectrometer (32 background scans, 32 scans
@ 650-4000 cm™, Apodization: Happ-Genzel). Mdssbauer spectra were collected on a
model MS4 WRC low-field, variable temperature spectrometer (See Co., Edina, MN).
Zero magnetic field spectra were obtained by removing the 500 G magnets from the
exterior of the instrument. Temperatures were varied using a temperature controller on the
heating coil on the sample holder. The instrument was calibrated using an a-Fe foil at
room temperature. Obtained spectra were fitted using WMQOSS software (See Co.).
3.2.2 Synthesis

Synthesis of PyCp2Dy-FeCp(CO)2 (3-1). A solution of KFp (34.4 mg, 159 pumol) in
THF (2 mL) and a solution of [(PyCp2)Dy(u-OTf)]2 (98 mg, 159 pumol) in THF (2 mL)
were placed in a freezer for 1 hour at -30 °C. The solution of KFp was added dropwise to
the solution of [(PyCp2)Dy(u-OTf)]. and placed in the freezer at -30 °C. Yellow crystals

suitable for X-Ray diffraction formed overnight and the solution was decanted off and
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crystals were dried for magnetic measurements in an 87.9% (80.0 mg) yield. IR (solid,
cm™, %T) 1910(vco, 68), 1840 (vco, 66), 1586 (81) 1567 (81), 1418 (78), 1414 (76), 1165
(80), 1008 (74), 859 (71), 776 (55).Anal. Calcd. C24HaoNO2DyFe C, 50.33; H, 3.52; N,
2.41. Found: C, 50.37; H, 3.60; N, 2.45.

Synthesis of PyCp2Dy-RuCp(CO)2 (3-2). The heterobimetallic complex was
synthesized similarly to 3-1. A solution of KRp (24.0 mg, 91.8 umol) in THF (2 mL) and
a solution of [(PyCp2)Dy(u-OTf)]2 (50.0 mg, 45.9 umol) in THF (2 mL) were placed in
a freezer for 1 hour at-30 °C. The solution of KRp was added dropwise to the solution
of [(PyCp2)Dy(u-OTf)]2 and placed in the freezer. Colorless crystals suitable for X-Ray
diffraction formed overnight and the solution was decanted off and crystals were dried for
magnetic measurements in a 38.4% (21.8 mg) yield. vco (solid, cm-1): IR (solid, cm-1,
%T) 1930 (vco, 77), 1851 (vco, 75), 1590 (85) 1566 (86), 1415 (81), 1415 (81), 1165 (85),
1008 (81), 843 (76), 772 (68). Anal. Calcd. C24H20NO2DyRu C, 46.64; H, 3.26; N, 2.27.
Found: C, 47.04; H, 3.40; N, 2.25.

3.2.3 X-Ray Crystallography

Data Collection. A Leica MZ 75 microscope was used to identify a suitable crystal
with dimensions (max, intermediate, and min) 0.138 x 0.12 x 0.069 mm? (for 3-1; yellow
block) or 0.226 x 0.142 x 0.08 mm? (for 3-2; colorless block) from a representative sample
of crystals of the same habit. For diffraction the crystal was centered focusing at the top
portion. The crystal mounted on a nylon loop was then placed in a cold nitrogen stream
(Oxford) maintained at 110 K. A BRUKER APEX 2 Duo X-ray (three-circle)

diffractometer was employed for crystal screening, unit cell determination, and data
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collection. The goniometer was controlled using the APEX2 software suite, v2008-
6.0.15.8! The sample was optically centered with the aid of a video camera such that no
translations were observed as the crystal was rotated through all positions. The detector
was set at 6.0 cm from the crystal sample (APEX2, 512x512 pixel). The X-ray radiation
employed was generated from a Mo sealed X-ray tube (K,= 0.70173A with a potential of
40 kV and a current of 40 mA). 45 data frames were taken at widths of 1.0°. These
reflections were used in the auto-indexing procedure to determine the unit cell. A suitable
cell was found and refined by nonlinear least squares and Bravais lattice procedures. The
unit cell was verified by examination of the h k | overlays on several frames of data. No
super-cell or erroneous reflections were observed.

For 3-1. After careful examination of the unit cell, an extended data collection
procedure (4 sets) was initiated using omega scans.

For 3-2. After careful examination of the unit cell, an extended data collection
procedure (5 sets) was initiated using omega scans. Data Reduction, Structure Solution,
and Refinement, and Integrated intensity information for each reflection was obtained by
reduction of the data frames with the program APEX2.8! The integration method
employed a three-dimensional profiling algorithm and all data were corrected for Lorentz
and polarization factors, as well as for crystal decay effects. Finally, the data was merged
and scaled to produce a suitable data set. The absorption correction program SADABS8
was employed to correct the data for absorption effects. Systematic reflection conditions
and statistical tests of the data suggested the space group Pnma. A solution was obtained

readily (Z=4; Z'=0.5) using XT/XS in APEX2.818 Hydrogen atoms were placed in
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idealized positions and were set riding on the respective parent atoms. All non-hydrogen
atoms were refined with anisotropic thermal parameters. Absence of additional symmetry
and voids were confirmed using PLATON (ADDSYM).% The structure was refined
(weighted least squares refinement on F?) to convergence.®-8 Olex2 was employed for the
final data presentation and structure plots.8’
3.2.4 Computational Details

X-ray crystal structures of 3-1 and 3-2 were imported into Gaussian 09, Revision
D.01' without further optimization (i.e. single point calculations). The BP86%2-103
functional was used, in combination with the 6-311G(d)*** basis set for the C, H, O, N
atoms, and the all-electron correlation consistent basis sets for Dy (cc-pVTZ-DK3),'% Ru
(cc-pVTZ-DK),1% Fe (cc-pVTZ-DK).2% The integration grid was set to ultrafine. The
Douglas-Kroll-Hess (DKH)'°1% 2nd order scalar relativistic scheme was applied.
Topological analysis (Quantum Theory of Atoms in Molecules, QTAIM)® was
performed based on the generated Kohn-Sham orbitals by employing AIMAILX® In
addition, both single point calculations and geometry optimizations have been performed
for 3-1 and 3-2 with Amsterdam Density Functional modeling suite (ADF 2017)0-112
utilizing BP86 functional, TZ2P™® basis sets and ZORA4!® method for scalar
relativistic effect. QTAIM analyses were successively performed by adf2aim utility,

which is part of the ADF package.
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3.3 Results & Discussion
3.3.1 Synthesis & Structure of Dy-TM Heterobimetallics

In selecting the lanthanide and transition metal for the synthesis of the target molecules,
lanthanide oxophilicity and sterics were considered. Firstly, the anionic charge must be
localized on the transition metal fragment as to favor a Ln-TM bond. Additionally, the
lanthanide ion must be sterically accessible. In the absence of these design principles,
bridging isocarbonyl structures, Ln-OC-TM, are more likely.!"1!8 With this in mind, we
identified the rigid, yet still sterically accessible [PyCp2]* ligand to carry out the synthesis
(Figure 3.2).7%% Reacting anhydrous Dy(OTf); with the disodium salt Na,PyCp;
afforded the bridging triflate dimer [(PyCp2)Dy(u-OTf)]2.1t° This dimer readily
dissociates in thf to the monomeric form [(PyCp2)Dy(thf)(OTf)] and reacts with
stoichiometric amounts of KFp or KRp to furnish PyCp.Dy-FeCp(CO). (3-1) and

PyCp2Dy-RuCp(CO)2 (3-2).
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Q cr O Qe 0
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Fig. 3.2: Synthetic schemes for Dy-TM heterobimetallic compounds.
The molecular structures of 3-1 and 3-2 (Figure 3.3; see also Tables B.1, B.2) feature
Dy-Fe and Dy-Ru distances of 2.884(2) A and 2.951(1) A. To the best of our knowledge,

these are the first direct, unsupported Dy-TM bonds reported thus far. It is interesting to
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note that the Dy-Ru bond in 3-2 is approximately 0.03 A longer than the Dy-Ru distances
in a reported hydride-bridged species.'?® All other Dy-ligand distances in 3-1 and 3-2 are
statistically the same (d(Dy-N) = 2.452(9) A and 2.470(3) A ; d(Dy-C) = 2.628(7) A and

2.631(3) A).

Figure 3.3: Molecular structure of 3-1 (left) and 3-2 (right).'?! Hydrogen atoms have
been omitted for clarity. Dy green, Ru purple, Fe orange, N blue, O red, C gray.

3.3.2 Spectroscopic Data for Dy-TM Heterobimetallic Complexes

The nature of the Ln-TM bond was probed using infrared and °'Fe Mdssbauer
spectroscopy (Figure 3.4). The energies of the CO stretching modes were assessed to
evaluate the electron density of the transition metal center. Given the similarity of these
energies (vco 1910/1840 cm™ for 3-1 and vco 1930/1851 cm™ for 3-2) with other
compounds such as Cu-Fp (1914/1849 cm™) and Zn-Fp (1944/1888 cm™), it can be

concluded compounds 3-1 and 3-2 contain a formally Ln®* ion bonded to a TM°.12
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Figure 3.4.: Infrared and °’Fe Mdssbauer spectrum of 3-1 (top) and infrared spectrum of
3-2 (bottom). IR spectra include spectra of starting materials.

This is further supported with >’Fe Mdsshauer spectroscopy. The isomer shift (3) is a
good indicator of the s electron density at the iron nucleus (6 decreases with increasing s
electron density). Complex 3-1 exhibited a single doublet at 5 K. This value is slightly
larger than other Fp species ligated to non-r donors such as Cp(CO)2Fe-CHs (8 = 0.069
mm/s, AEq = 1.746 mm/s at 78 K) and Cp(CO)2Fe-R.Ge*" (R2 = k?-[CsH3-2-(C(CF3)20)-
4(CH3)]%) (8 = 0.084 mm/s, AEq, 1.74 mm/s at 78 K).1*124 A possible explanation to
these differences in 8 is stronger Fe—Dy ¢ donation compared to the other species.

3.3.3 Computational Analysis of Dysprosium Heterobimetallics

There is precedence for utilizing the QTAIM model*®® to describe aspects of

heterometallic interactions in Ln-TM bonded complexes computationally.?® Accordingly,

we used DFT calculations to obtain relevant parameters. Our analysis was carried out
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using the Gaussian09*?” (BP86;1%213 Dy: cc-pVTZ-DK3 (all electron);*% Ru!® or Fe:10%®
cc-pVTZ-DK (all electron); 6-311G(d))*?®?° and ADF%!? (BP86; TZ2P; ZORA)
software packages. Both packages were used for calculations on the experimentally
observed molecular geometries of 3-1 and 3-2 from single-crystal X-ray diffraction, and
the geometries were optimized with the ADF package (Table B.4). In all cases, we
observed critical points along the lines between Dy and Fe or Dy and Ru (Figure 3.5). For
3-1, these LCPs are found at the very center of the Dy-Fe bond (d (Dy-LCP) = d(Fe-LCP)
= 1.44 A) while for 3-2, the LCPs are closer to the Dy than to the Ru ion (d(Dy-LCP):

1.41 A; d(Ru-LCP) = 1.54 A).

Figure 3.5: Basin paths with interatomic surface paths (center) and contour plots of V2p
(bottom) for 3-1 (left) and 3-2 (right)
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Interestingly, when the experimental crystal structure was used, the delocalization
index (DI-G09 or DI-ADF) was slightly larger for Dy-Fe (0.45 or 0.44) than for Dy-Ru
(0.43 or 0.42) while the reverse was true for geometry-optimized structures (DI(Dy,Fe) =
0.47; DI(Dy,Ru) = 0.48). Although the differences in the calculated DIs are admittedly
small, larger DlIs for the Dy-Fe as compared to the Dy-Ru bonded system would indicate
increased electron sharing between Dy and the first-row transition metal Fe as compared
to its heavier congener Ru. This surprising finding appears to be further supported by
consistently larger positive Laplacians of the electron density at the LCPs(V?p(LCP)) for
Dy-Ru than for Dy-Fe. As has been pointed out,*?°*° care must be taken in interpreting
these QTAIM results, and no direct translation of them into a chemist’s interpretation of
bond, bonding, or bond strength is obvious. However, these results do support a model in
which more direct interactions occur between Dy and Fe than between Dy and Ru.
Qualitatively, these findings are in line with the significantly greater nucleophilicity of
[FeCp(CO)2] as compared to that of [RUCpP(CO)2]",** and may be interpreted as a result
of the stronger ruthenium-ligand interactions (as compared to iron-ligand interactions),
which attenuate the contribution of the Ru-centered anionic charge to the electrostatic
stabilizing interaction of the polar, yet not purely ionic, Dy-Ru bond.

3.3.4 Magnetization Dynamics of Dysprosium Heterobimetallics

Static and dynamic magnetic measurements were carried out for complexes 3-1 and 3-
2. In the variable temperature studies under a constant direct current (dc) field of 1000 Oe
(Figure 3.6), the room temperature ym T values were determined to be 13.75, and 13.56,

emu K mol™ for 3-1 and 3-2 respectively. This is relatively close to the expected value of
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14.17 emu K mol™? for one Dy*" (°Hisp, S = 5/2 L = 5, g = 4/3) ion. Also, both have a
decrease in ymT values with decreasing temperature with a slight increase at 2 K. This
decrease is likely a thermal depopulation of Stark sublevels with possible ferromagnetic

interactions at 2 K.1%2
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Figure 3.6: dc magnetic susceptibility of complexes 3-1 (left) and 3-2 (right).

According to the M vs. H plots (Figures B.2, B.4), both complexes do not reach
magnetic saturation even at fields of 7 T with values much lower (4.73 ug for 3-1, 4.87 us
for 3-2) than the expected free ion value for Dy** (10 us). In addition, the M vs. H/T plots
of these two complexes are not superimposable (Figures B.3, B.5). This can be attributed
to breaking the degeneracy of the ®His2 ground state by crystal field effects and the high
magnetic anisotropy of the Dy®* ion.

To study the magnetization dynamics of complexes, alternating current (ac) magnetic
measurements were carried out (Figure 3.7). This is the earliest example of magnetization
dynamics being evaluated in Ln-TM bonded compounds. Under no applied dc field,
neither complex exhibits a signal in the out of phase component of the ac susceptibility

(%’). Therefore, the compounds do not exhibit slow magnetic relaxation. Both compounds,
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however, exhibit field induced slow relaxation in the presence of a dc field. A study to
determine the optimal dc field for each complex concluded the ideal field to be 1500 Oe
for 3-1 and 1600 Oe for 3-2.!! Complexes 3-1 and 3-2 exhibit signals in ’” at temperatures

10-2 K.
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Figure 3.7: Frequency dependence of yu” for 3-1 and 3-2. A dc field of 1500 and 1600
Oe was applied for 3-1and 3-2, respectively.

Generating Cole-Cole plots (x’ vs. x”’) based on the generalized Debeye model,
relaxation times (t) were extracted for the two compounds. These relaxation times were

used to construct Arrhenius plots (/n(z) vs. 1/T) in order to obtain an energy barrier to
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reverse spin (Uefr). There are two common methods to calculate Ues. The first is fitting the

linear portion of the Arrhenius plot based on Equation 1.

U
1= r5lexp (— eff/ka) Equation 1

This portion of the Arrhenius plot corresponds to the temperature region in which the
predominant relaxation mechanism is Orbach. After fitting the data, the Uegr for the
complexes were calculated to be 40 and 36 cm™ for 3-1 and 3-2 respectively. Another
method to fit the data considers other modes of relaxation, such as Raman and quantum

tunneling of relaxation (QTM) using Equation 2.**

_ - _ -U .
TV = AH*T + 133y + CT"? + t5texp( 7 k) Equation 2

Uerr values were reported to be 43 and 46 cm™ for complexes 3-1, and 3-2
respectively (Figure 3.8). The barriers to magnetization reversal are effectively identical
for 3-1 and 3-2 whereas the optimal dc fields are different, and, importantly, magnetic
relaxation is slower for 3-1 than for 3-2 at a given temperature, and 3-2 displays larger
coefficients for direct and Raman processes. These observations are likely to be
consequences of subtle changes in the nature of the Ln-TM bonding as well as changes of
the effect of spin—phonon coupling on magnetic relaxation,** as the energies of all
TM-ligand vibrational modes, and especially those of the Dy-TM one, will be strongly

altered upon going from 3-1 to 3-2.
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Figure 3.8: Arrhenius plots for 3-1 (orange circles) and 3-2 (purple squares). The solid
lines represent fits to the experimental data based on Equation 2.

3.4 Conclusion & Outlook

The first reported discrete molecules containing a Dy-Fe and Dy-Ru bond were
structurally characterized. These complexes were stable enough to perform magnetization
and spectroscopic studies. The data obtained for these molecules suggest strong TM— Dy
o donation with evidence supporting stronger Fe donation to Dy*" than other Fp-X
interactions. Despite faster relaxation times for 3-2 as compared to 3-1, similar Uesr values
were calculated (46 cm™ for 3-2 and 43 cm™ for 3-2) under an applied dc field.

The method developed and evaluated in this chapter has the potential to be a versatile
approach to prepare isostructural compounds of different Ln-TM combinations for
systematic studies. Work to prepare the entire lanthanide series with this system will be

discussed in later chapters.
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4. TOWARDS UNDERSTANDING OF LANTHANIDE-TRANSITION METAL

BONDING: INVESTIGATIONS OF THE FIRST CE-FE BONDED COMPLEX*
4.1 Introduction

Cerium takes a very special role in the chemistry of the lanthanide (Ln) ions.'3* It is the
most abundant member of the Ln series in the earth’s crust and the Ln-atypical +4
oxidation state is stabilized due to the favorable [Xe]4f° noble gas configuration of Ce**
such that molecular Ce** complexes are well known. The Ce®*"** redox-couple displays
unusually high sensitivity to ligand field effects and can span several volts.'® Recently,
Ce® complexes have been investigated for their photophysical properties and this has led
to exciting new discoveries of Ce3* species as UVA photosensitizers'® and potent
photoreductants for catalytic organic transformations.?3”-13 Another intriguing aspect of
Ce®" chemistry is the presence of magnetic anisotropy as a consequence of strong spin—
orbit coupling. As such, even though the Ce®*" ion is an S = 1/2 species, several examples
of Ce3* complexes that exhibit field induced slow magnetic relaxation have been
reported.t3°

Our group is particularly interested in studying magnetization dynamics of lanthanide—
transition metal (Ln—TM) bonded complexes?6-2/:68:140-141 and we have recently reported a
new synthetic approach that allowed us to isolate complexes containing unsupported Dy—

Fe and Dy—Ru bonds (See Chapter 3).

*The results in this chapter were published in Chem. Commun. 2018, 54,
Reproduced by permission of The Royal Society of Chemistry Copyright, 2018 Royal
Society of Chemistry.
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In the present work, we show that our synthetic methodology can be applied to the
much larger Ce3* ion'*? (rien(Dy®*) = 1.075 A; rin(Ce®) = 1.220 A) and report the
preparation and magnetic characterization of the first complex with an unsupported Ce®"—
TM bond, (thf)PyCp2Ce—FeCp(CO)2 (4-1).

The nature of the Ce—Fe bond is discussed as having highly ionic contributions as
judged by >'Fe Mossbauer and IR spectroscopy as well as QTAIM DFT computational
analysis. The structural and magnetic properties of 4-1 are further compared to those of
the new mononuclear complex (PyCp2)Ce(OSO2CFs)(thf) (4-3) and new dinuclear
[(PyCp2)Ce(u-02SOCF3)]2 (4-2) (Figure 4.1).

4.2 Materials & Methods
4.2.1 General Considerations

Synthesis of 2,6-bis(methylenecyclopentadienyl)pyridine disodium salt (Na2PyCp2)
and KFp were prepared as previously described®8%100119 and carried out under strict
anaerobic and anhydrous conditions using an Ar filled glovebox (Vigor) and solvents dried
and flushed with Ar using a solvent purification system (JC Meyer Solvent System). All
glassware used was oven dried and cycled into the glovebox overnight. Sodium
cyclopentadienide (0.1 mol in THF), and anhydrous Ce(OTf)s were purchased from
STREM. The Ce(OTf)s was dried for two days at 180 °C under vacuum prior to use.
Samples used for magnetic characterization were either single crystalline material or
microcrystalline powders. Magnetic samples of 4-1, 4-2, and 4-3 were prepared with an
eicosane matrix in a high purity NMR tube which was flame sealed under vacuum. The

eicosane (Acros Organics) was melted in a hot water bath (42 °C) and was dispersed
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homogeneously throughout the sample. Magnetic characterization of 4-1, 4-2, and 4-3
were obtained using a Quantum Design MPMS 3 SQUID magnetometer. Direct current
(dc) measurements were acquired under an applied 1000 Oe field at a temperature range
of 2-300 K. Alternating current (ac) measurements for 4-1, 4-2, and 4-3 under applied dc
fields ranging from 500 Oe to 4000 Oe at temperature ranges of 4 to 1.8 K. Elemental
analyses were carried out by Midwest Microlab. Cyclic voltammograms (CVs) were
recorded in an Ar-filled glovebox using a GAMRY Ref600 potentiostat with a three-
electrode setup: glassy carbon disk (BasInc) working electrode, silver pseudo reference
electrode, and platinum wire counter electrode (Alfa Aesar). All CVs were recorded in a
1.0 mM [(PyCp2)Ce(thf)(OTf)] THF solution with 0.1 M tetrabutylammonium
hexafluorophosphate as the supporting electrolyte. All potentials were referenced to the
ferrocene/ferrocenium redox couple measured for internally added ferrocene. IR spectra
were obtained in the solid state in an argon filled glove box (Vigor) equipped with an
Agilent CARY 630 FT-IR spectrometer (32 background scans, 32 scans @ 650-4000 cm”
1 Apodization: Happ-Genzel). >’Fe Mossbauer spectra were collected on a model MS4
WRC low-field, variable temperature spectrometer (See Co., Edina, MN). Temperatures
were varied using a temperature controller on the heating coil on the sample holder. The
instrument was calibrated using an a-Fe foil at room temperature. Obtained spectra were
fitted using WMOSS software (See Co.)
4.2.2 Synthesis

Synthesis of (thf)PyCp2Ce-FeCp(CO)2 (4-1): The material was prepared as

previously described for (PyCp2Dy-FeCp(CO)..1*® A solution of KFp (18.1 mg, 84 pmol)
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in THF (2 ml) and a solution of [(PyCp2)Ce(u-OTf)]2 (50 mg, 84 pumol) in THF (2 ml)
were placed in a freezer for 1 hour at -30 °C. The solution of KFp was added dropwise to
the solution of [(PyCp2)Dy(u-OTf)]2 and placed in the freezer. Yellow-orange block
crystals suitable for X-Ray diffraction formed over one week and the solution was
decanted off and crystals were dried in a 74.0 % (52.3 mg) vield. IR (solid, cm™) 1890
(vco), 1814 (vco), 1599, 1570, 1418, 1427, 1231, 1170, 1021, 885, 812, 759, 670 Anal.
Calcd. For CogH28CeFeNOs C, 54.03; H, 4.53; N, 2.25. Found: C, 53.82; H, 4.54; N, 2.22.
Synthesis of [(PyCp2)Ce(p-OTf)]2 (4-2). The material was prepared as previously
described for [(PyCp2)Dy(u-OTf)]2.798%11% A 25 mL THF solution of Na,PyCp, (0.5614,
2.01 mmol) was added dropwise to a 25 mL THF suspension of Ce(OTf)3z (2.00 mmol,
1.175 g). The reaction was occasionally stirred manually for 2 h in a cold well at -30 °C
and warmed to room temperature. After 2 d of stirring, the THF was removed and replaced
with DCM (30 mL) and left to stir overnight. The solution was filtered and hexanes (50
mL) was slowly added to the filtrate and left overnight. The product was collected as
golden yellow plate crystals in a 40.3 % (0.421 @) vyield. Anal. Calcd. For
CasH30Ce2FsN206S2 C, 41.38; H, 2.89; N 2.68. Found: C, 41.11; H, 2.94; N, 2.58.
Synthesis of [(PyCp2)Ce(thf)(OTf)] (4-3). The material was prepared as previously
described for [(PyCp2)Dy(thf)(OTf)].1*® Approximately 50 mg of 4-2 was dissolved in 2
mL of THF and layered with 5 mL of hexanes and placed in a freezer (-30 °C) overnight.
The resulting bright yellow block crystals were collected for further characterization.
Close to quantitative yields were obtained. Anal. Calcd. For C22H23CeFsNO4S C, 44.44;

H, 3.90; N, 2.36. Found: C, 44.32; H, 3.94; N, 2.29
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4.2.3 X-ray Crystallography

Compound 4-1. A Leica MZ 75 microscope was used to identify a suitable yellow
block with very well-defined faces with dimensions (max, intermediate, and min) 0.272 x
0.195 x 0.143 mm?3 from a representative sample of crystals of the same habit. The crystal
mounted on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained
at 110 K.

A BRUKER APEX 2 Duo X-ray (three-circle) diffractometer was employed for crystal
screening, unit cell determination, and data collection. The goniometer was controlled
using the APEX2 software suite, v2008-6.0.8%44 The sample was optically centered with
the aid of a video camera such that no translations were observed as the crystal was rotated
through all positions. The detector was set at 6.0 cm from the crystal sample (APEX2,
512x512 pixel). The X-ray radiation employed was generated from a Mo X-ray tube (K,
=0.71073 A with a potential of 40 kV and a current of 40 mA). 45 data frames were taken
at widths of 1.0°. These reflections were used in the auto-indexing procedure to determine
the unit cell. A suitable cell was found and refined by nonlinear least squares and Bravais
lattice procedures. The unit cell was verified by examination of the h k | overlays on
several frames of data. No super-cell or erroneous reflections were observed. After careful
examination of the unit cell, an extended data collection procedure (5 sets) was initiated
using omega scans.

Integrated intensity information for each reflection was obtained by reduction of the
data frames with the program APEX2.8! The integration method employed a three-

dimensional profiling algorithm and all data were corrected for Lorentz and polarization
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factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
produce a suitable data set. The absorption correction program SADABS®* was employed
to correct the data for absorption effects.

Systematic reflection conditions and statistical tests of the data suggested the space
group Pnma. A solution was obtained readily (Z=4; Z'=0.5) using XT/XS in APEX2.81:8
Hydrogen atoms were placed in idealized positions and were set riding on the respective
parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters.
Absence of additional symmetry and voids were confirmed using PLATON
(ADDSYM).® The structure was refined (weighted least squares refinement on F?) to
convergence,81:86-87

Compound 4-2. A Leica MZ 75 microscope was used to identify a suitable colorless
plate with very well-defined faces with dimensions (max, intermediate, and min) 0.221 x
0.218 x 0.083 mm?3 from a representative sample of crystals of the same habit. The crystal
mounted on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained
at 110 K.

A BRUKER APEX 2 Duo X-ray (three-circle) diffractometer was employed for crystal
screening, unit cell determination, and data collection. The goniometer was controlled
using the APEX2 software suite, v2008-6.0.818* The sample was optically centered with
the aid of a video camera such that no translations were observed as the crystal was rotated
through all positions. The detector was set at 6.0 cm from the crystal sample (APEX2,
512x512 pixel). The X-ray radiation employed was generated from a Mo X-ray tube (K

=0.71073 A with a potential of 40 kV and a current of 40 mA).
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45 data frames were taken at widths of 1.0°. These reflections were used in the auto-
indexing procedure to determine the unit cell. A suitable cell was found and refined by
nonlinear least squares and Bravais lattice procedures. The unit cell was verified by
examination of the h k | overlays on several frames of data. No super-cell or erroneous
reflections were observed.

After careful examination of the unit cell, an extended data collection procedure (10
sets) was initiated using omega and phi scans.

Integrated intensity information for each reflection was obtained by reduction of the
data frames with the program APEX2.8! The integration method employed a three-
dimensional profiling algorithm and all data were corrected for Lorentz and polarization
factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
produce a suitable data set. The absorption correction program SADABS®* was employed
to correct the data for absorption effects.

Systematic reflection conditions and statistical tests of the data suggested the space
group P21/n. A solution was obtained readily (Z=2; Z'=0.5) using XT/XS in APEX2.818
Hydrogen atoms were placed in idealized positions and were set riding on the respective
parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters.
Absence of additional symmetry and voids were confirmed using PLATON
(ADDSYM).® The structure was refined (weighted least squares refinement on F?) to
convergence,8:86-87

Compound 4-3. A Leica MZ 75 microscope was used to identify a suitable yellow

block with very well-defined faces with dimensions (max, intermediate, and min) 0.228 x

71



0.213 x 0.162 mm?3 from a representative sample of crystals of the same habit. The crystal
mounted on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained
at 110 K. ABRUKER APEX 2 Duo X-ray (three-circle) diffractometer was employed for
crystal screening, unit cell determination, and data collection. The goniometer was
controlled using the APEX2 software suite, v2008-6.0.82% The sample was optically
centered with the aid of a video camera such that no translations were observed as the
crystal was rotated through all positions. The detector was set at 6.0 cm from the crystal
sample (APEX2, 512x512 pixel). The X-ray radiation employed was generated from a Mo
sealed X-ray tube (K, = 0.70173A with a potential of 40 kV and a current of 40 mA).

45 data frames were taken at widths of 1.0°. These reflections were used in the auto-
indexing procedure to determine the unit cell. A suitable cell was found and refined by
nonlinear least squares and Bravais lattice procedures. The unit cell was verified by
examination of the h k | overlays on several frames of data. No super-cell or erroneous
reflections were observed.

After careful examination of the unit cell, an extended data collection procedure (6
sets) was initiated using omega scans.

Integrated intensity information for each reflection was obtained by reduction of the
data frames with the program APEX2.8! The integration method employed a three-
dimensional profiling algorithm and all data were corrected for Lorentz and polarization
factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
produce a suitable data set. The absorption correction program SADABS8* was employed

to correct the data for absorption effects.
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Systematic reflection conditions and statistical tests of the data suggested the space
group Pna2l. A solution was obtained readily using XT/XS in APEX2.818 Hydrogen
atoms were placed in idealized positions and were set riding on the respective parent
atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters.
Thermal ellipsoid on 018 suggested a disorder and was modeled successfully between
two positions with an occupancy ratio of 0.52:0.48. Appropriate restraints / constraints
were added to keep the bond distances, angles, and thermal ellipsoids meaningful.
Absence of additional symmetry and voids were confirmed using PLATON
(ADDSYM).® The structure was refined (weighted least squares refinement on F?) to
convergence. 8187
4.2.4 Computational Details

The X-ray crystal structure of 4-1 was imported into Gaussian 09, Revision D.01?’
without further optimization (i.e. single point calculations). The BP86%21%3 functional was
used, in combination with the 6- 311G*12® basis set for the C, H, O, N atoms, and the all-
electron correlation consistent basis sets for Ce (cc-pVTZ-DK3)!%, and Fe (cc-pVTZ-
DK)%, The integration grid was set to ultrafine. The Douglas-Kroll-Hess (DKH)7:145
2nd order scalar relativistic scheme was applied. Furthermore, both single point
calculations and geometry optimizations were performed for 4-1 with Orca 4.0.04
utilizing the BP86 functional, with the ZORA*2 Hamiltonian, in combination with the
ZORA recontracted basis set'*’ for Ce (SARC-ZORA-TZVP), Fe, C, N, O, and H (ZORA-
def2-TZVP). Topological analysis (Quantum Theory of Atoms in Molecules, QTAIM)!%®

was performed on the Kohn-Sham orbitals generated from both Gaussian and Orca by
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employing AIMAIL* In addition, both single point calculations and geometry
optimizations were performed for 4-1 with the Amsterdam Density Functional modeling
suite (ADF 2017)'%-112 ytilizing the BP86 functional, TZ2P**® basis sets and the ZORA
method for scalar relativistic effects. QTAIM analyses were performed with the adf2aim
utility, which is part of the ADF package.
4.3 Results and Discussion
4.3.1 Synthesis & Structure of Cerium Complexes

The [PyCp2]? ligand is a rare example of a strongly chelating and structurally rigid
binding platform that stabilizes organometallic Ln complexes without introducing
significant steric encumbrance around labile coordination sites of the Ln ion and was
therefore utilized in the present study. The reaction of anhydrous Ce(OSO,CF3)sz and the
disodium salt Na;PyCp> yielded the dimeric complex [(PyCp2)Ce-(u-O2SOCF3)]2 (4-2)
after crystallization from CH.Cl,-hexanes mixtures. Complex 4-2 readily dissociates in
thf solvent into the monomeric complex (PyCp2)Ce(O2SOCFs3)(thf) (4-3) which can be
crystallized from thf-hexanes solvent mixtures.

The weakly binding triflate anion of 4-3 is a good leaving group and allows for its
facile substitution by [FeCp(CO)2] in the reaction of 4-3 with stoichiometric amounts of
K[FeCp(CO).] in thf at low temperatures to yield crystalline material of the Ce—Fe bonded

complex (thf)PyCp2Ce—FeCp(CO)2 (Figure 4.1).
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Figure 4.1: Synthetic overview of complexes 4-1, 4-2, and 4-3.

The molecular structures of compounds 4-1, 4-2, and 4-3 were investigated by means
of single crystal X-ray diffraction studies (Figure 4.1 and Tables C.1 and C.2). While the
Ce—C distances are similar in 4-1 (2.759[2]-2.827[2] A), 2 (2.730[2]-2.794[2] A), and 4-
3(2.712[4]-2.825[4] A) the Ce—N distance in 4-1 (2.779[2] A) is significantly longer than
that in 4-2 (2.621[2] A) and 3 (2.618[3] A). There are several structural differences
observed between the mononuclear Ce3* complexes 4-1 and 4-3 as compared to their
previously reported Dy*" analogues 2-1 and 2-3.11%13 The binding of the triflate anion in
4-3 involves close interactions with two of the triflate O-atoms (d(Ce—Ovifiate) = 2.697[3],
2.749[3] A) while only one Dy—Otifiate interaction (2.335[1] A) was observed in 2-3. In
comparing the Ln—Fe bonded complexes 4-1 and 3-1, we notice that the increase in ionic
radius**? (1.075 A for Dy®* to 1.220 A for Ce®") allows for the additional binding of a thf
molecule to Ce. The Ce—Fe distance in 4-1 (3.1546[5] A) is longer than the Dy—Fe distance
in 3-1 (2.884[2] A) and is to the best of our knowledge the first structurally characterized

unsupported direct bond between an iron ion and a formally Ce®* ion.
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Figure 4.2: Molecular structure of 4-1 (top), 4-2 (bottom left), and 4-3 (bottom right).
Hydrogen atoms have been omitted for clarity. Ce yellow, Fe orange, N blue, O red, C

gray.
The binding of an additional thf solvent molecule to Ce in 4-1 also affects the
coordination environment of the Fe ion. While the Fe—Ccp and Fe—Cco distances in 4-1
(2.109[2] A and 1.733[2] A) and 3-1 (2.10[1] A and 1.716[9] A) are comparable, the
£(Ln—Fe—Cpcentroid) (121.8° in 4-1; 105.9° in 3-1) and £ (Cco—Fe-Cco) (95.4° for 4-1;
89.4° for 3-1) angles differ significantly.
4.3.2 Electrochemistry of 4-3
The Ce®*** redox potentials are known to be strongly dependent on the stabilizing
ligand and have been shown to span an unusually large electrochemical potential
window.**® Cyclic voltammograms of 4-3 in thf solution (Figure C.1) display a single
oxidation event at +200 mV (vs. Fc%* which is not reversible at low scan rates (100 mV
s1). Increasing the scan rates to values above 1 V s? results in partial recovery of the
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cathodic current at this potential. These observations suggest that the electrochemically
generated oxidized +3 species is not stable and undergoes fast chemical change (EC
mechanism). This irreversibility differs from other organometallic cerium systems such as
[Ce(COT’)]” (COT> = CgHs(SiMes)2) and [Li(thf)2Ce(MPB)y(thf)2] (MPB = 6-tert-
butyl-4-methylphenolate) which display reversible Ce**/** redox couples at 1.43 and 0.93
V. 149150 1t s therefore possible that the oxidation event observed for 4-3 involves
delocalized or ligand based orbitals.
4.3.3 Spectroscopic Properties of 4-1

These structural differences around the Fe site have direct consequences for the
spectroscopic parameters of 4-1 (Figure 4.3). The °’Fe Mdssbauer spectrum of 4-1 at 4.6
K indicates a single component with an isomer shift (5) of 0.133 mm s and a quadrupole
splitting (AEq) of 2.075 mm s, while we previously found & = 0.129 mm s and AEq =
1.859 mm st for 3-1 at 5 K. The significant difference in AEq (between 4-1 and 3-1) is in
agreement with the high sensitivity of AEq to changes in the geometry of the electric field
gradient around the Fe nucleus. However, given the above discussed structural variations,
we cannot include a direct comparison of the values of 6 of 4-1 and 3-1 into the

comparative discussion of the strength of electron donation from Fe—Ce or Fe—Dy.
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Figure 4.3: >'Fe Mossbauer (left) and infrared spectrum (right) of 4-1. Black dots are
experimental points whereas the red line corresponds to fit discussed in 4.2.

The solid-state IR spectra of Ce—Fe bonded 4-1 feature CO stretching modes at 1890
and 1814 cm™* which are at lower energies than the CO stretching frequencies in the Dy-
Fe analogue 3-1 (1910, 1840 cm™). This observation suggests stronger Fe—CO n-
backbonding interactions in 4-1 as compared to 3-1 and would therefore also imply higher
electron density on the Fe site in 4-1, which in turn could be a result of smaller Fe—Ce
donor interactions in 4-1 as compared to Fe—Dy interactions in 3-1. Indeed, this
interpretation is further supported by our computational analysis (Figure 4.4).

4.3.4 Computational Analysis of 4-1

To gain computational insight into the nature of the Ce—Fe bond in 4-1, we followed
the frequently employed QTAIM® approach utilizing Gaussian G09-D01,103-104127
BP86/Ce, cc-pVTZ-DK3 (all electron) Fe, cc-pVTZ-DK (all electron) C, N, O, H, 6-
311G*, Orca 4.0.0,104128-146 (single point and geometry optimizations with the ZORA
Hamiltonian; BP86/Ce, SARC-ZORA-TZVP; Fe, C, N, O, H, ZORA-def2-TZVP), and

ADF!0112 (single point and geometry optimizations with the ZORA Hamiltonian,
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BP86/TZ2P). The computational results following either single point calculations based
on the experimental crystal structure or after full geometry optimization are summarized
in (Tables C.3, C.4, and C.5) and are almost identical to each other, independent of the
approach. We readily identify a line critical point (Icp) between Ce and Fe which is slightly
more proximal to Fe than to Ce (d(Ce-Icp) = 1.60 A; d(Fe-lcp) = 1.55 A), which is in

contrast to the perfectly central position of the Icp between Dy and Fe in 3-1 (Figure 4.4).

Figure 4.4: Top: Basin paths with interatomic surface (IAS) paths. Bottom: Contour plots of
V2p.

Another striking difference between 4-1 and 3-1 is the much lower calculated
delocalization index (DI) of 0.35 for the Ce—Fe bond in 4-1 (DI(Dy-Fe in 3-1) = 0.45).

This result supports the formulation of weaker Fe—Ce donation in 4-1 as compared to
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Fe—Dy donation in 3-1 and is therefore in agreement with lower energy CO stretching
frequencies in 4-1 as compared to 3-1.
4.3.5 Magnetic Properties of Cerium Complexes

Although Ce®* is an S = 1/2 species, strong spin—orbit coupling results in significant
magnetic anisotropy and can lead to slow magnetic relaxation for Ce®* complexes.
Previously reported mononuclear Ce®*" complexes displayed solely field-induced slow
magnetic relaxation®®*>2 and only one example of a linear, trinuclear Zn(11)-Ce(lI1)—
Zn(11) complex'® has exhibited slow magnetic relaxation in the absence of static fields.
We therefore investigated the static and dynamic magnetic properties of complexes 4-1,
4-2, and 4-3. The temperature dependence of the molar magnetic susceptibility
temperature product (ymT) using a 1000 Oe direct current (dc) field are shown in Figures
C.2-4. The experimental room temperature ymT values of 0.71 (for 4-1), 1.63 (for 4-2),
and 0.75 (for 4-3) emu mol™ K are close to the expected values of 0.80 and 1.60 emu mol
1 K for one (4-1 and 4-3) or two (4-2) non-interacting Ce®* ions (?Fs;, S=1/2, L=3,J =
5/2, and g = 6/7). All three complexes exhibit decreases in ymT with decreasing
temperature, typically observed and attributed to thermal depopulation of Stark
sublevels®® in Ce®". All three complexes also exhibit a slight increase in ywT at 2 K, which
could possibly be indicative of weak intermolecular ferromagnetic interactions.

Variable temperature magnetization (M) versus Field (H) measurements (Figures C.5-
C.7 for M vs. H; Figures C.8-C.11) indicate that compounds 4-1, 4-2, and 4-3 do not
reach magnetic saturation even up to fields of 7 T (M at 1.8 K: 0.75 (for 4-1), 1.48 (for 4-

2), and 0.62 g (for 4-3)). Although the M vs. H/T plots appear to be fairly superimposable,
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the lack of magnetic saturation would be in agreement with some amount of magnetic
anisotropy which is consistent with the dynamic magnetic measurements discussed below.

In the absence of applied dc fields, none of the three investigated complexes exhibited
signals in the out-of-phase component of the alternating current (ac) magnetic
susceptibility (y’) at temperatures of 3 or 2 K. However, application of dc fields resulted
in signals with well-defined maxima in y’’ at temperatures below 4 K for all three

complexes (Figure 4.5 for 4-1, Figures C.11-C.16).
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Figure 4.5: Out-of-phase component of the ac susceptibility (ym’”) of 4-1 between 1.8-4
K (Hdc = 500 Oe)

Fits of the resulting Cole—Cole plots (Figures C.17-C.19) to the generalized Debye
equation resulted in the dc field-dependence of the magnetic relaxation times t for 4-1, 4-
2, and 4-3 (Figures C.20-C.22). All three complexes exhibit a typical initial increase of
magnetic relaxation times with increasing field up to an optimal dc field, followed by
decrease in t values at higher fields. This behavior can be interpreted by an initial decrease

of contributions from quantum tunneling of the magnetization (QTM) to relaxation,
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followed by introduction of field-induced direct processes at higher fields. The optimal dc
fields differ strongly for the three complexes (500 Oe for 4-1, 1500 Oe for 4-2, 4000 Oe
for 4-3), and interestingly is the smallest for Ce—Fe bonded complex 4-1. The optimal field
for Dy—Fe bonded 3-1 was previously reported as 1500 Oe. The field dependence of T was

fitted to Equation 4.1

71 = AH™T + + D Equation 4.1

Here, A represents the direct relaxation parameter, By and B are QTM parameters, and
D accounts for Orbach and Raman contributions which are field independent.”

Constraining n: to a value of 4, the value expected for a Kramers ion in the absence of
hyperfine interactions** (I = 0 for all Ce isotopes), we observe the fitting values for each
parameter as shown in (Table C.5) These optimal fields were applied to obtain the
temperature dependence of ym”’ (Figure 4.5 for 4-1, Figures C.26 C.27 for 4-2 and 4-3)
of each complex (Figures C.23-C.25 for ywm’). Extraction of the relaxation times from the
corresponding Cole—Cole plots (Figures C.28-C.30) allowed for generation of Arrhenius
plots shown in Figure 4.6. It should be mentioned that for compound 4-3 the appearance
of a second, slower relaxation process was observed at temperatures below 2.4 K.
Although both processes could be fitted using the CC fit software,'>* we only show the t
values associated with the faster process for 4-3 in Figure 4.6.

There are multiple approaches to estimating an effective energy barrier (Ue) to
magnetization reversal from Arrhenius plots. The linear regime of the temperature
dependent part of the Arrhenius plot can be fitted to estimate Ues, by assuming that

magnetic relaxation occurs solely via the Orbach mechanism, using Equation 4.2.
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~Uesr
171 = t5te kT Equation 4.2

The calculated barriers according to Equation 4.2 are 33 cm™, 24 cm™, and 21 cm?
with 1o values of 2.71 x 108, 1.51 x 107" s, and 5.85 x 10 s for compounds 4-1, 4-2, and
4-3, respectively. Alternatively, the data can be fit over the whole experimental

temperature range according to Equation 4.3.

U
Tt = AH*T + 14ty + CT™2 + 75" e*sT Equation 4.3

In the fitting routine, we restricted n, to a value of 5, which is the expected value for a
Kramers ion with low lying excited states,** and the values for A, B1, and B, were
restrained to the above determined values from the dc field dependence of 1 to avoid over
parameterization. According to this model, we obtained U values of 29 cm™, 28 cm™, and
38 cm with associated to values of 3.50 x 10° s, 3.02 x 10° s, and 1.66 x 100 s for

compounds 4-1, 4-2, and 4-3, respectively.
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Figure 4.6: Arrhenius plot of magnetization relaxation times 4-1 (red), 4-2 (blue), and 4-
3 (green) under optimal dc fields. Open circles correspond to experimental data, whereas
the lines correspond to the fit according to Equation 4.3.
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Although the reported U values are similar to other cerium compounds that exhibit
field induced slow magnetic relaxation, we are hesitant to make direct comparisons as the
reported examples did not account for direct relaxation processes in the fit equation.
Independent of the exact U values, we can summarize the dynamic magnetization
properties and note that the dc field dependence of the three complexes varies significantly
(with 4-1 showing the lowest optimal dc fields) and that under optimal dc fields, Ce—Fe
bonded complex 4-1 displays longer relaxation times at a given temperature. These
findings may suggest that the incorporation of Ln—TM bonding could contribute to future
SMM design guidelines.

4.4 Conclusion & Outlook

A series of organometallic cerium complexes were prepared and assessed for their
magnetic properties. Of particular note, complex 4-1 contained a direct, unsupported
lanthanide-transition metal bond between a cerium and iron ion. Structural, spectroscopic,
and computational comparisons with the Dy analogue 3-1 suggested that there was
stronger Fe—Dy ¢ donation as compared to Fe—Ce. While no cerium complex displayed
slow magnetic relaxation under zero field, complex 3-1 exhibited field-induced slow
magnetic relaxation at the lowest applied field with longer relaxation times as compared
to 4-2 and 4-3. Most importantly, this study demonstrated the PyCp2? ligand system can
be utilized to isolate Ln-TM bonds outside of Dy-TM, leading to the possibility of using
this system for a systematic study of Ln-TM bonding. Efforts towards this series will be

discussed in later chapters.
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5. ASSESSING THE NATURE OF LANTHANIDE-TRANSITION METAL

BONDING IN DISCRETE MOLECULES: A PERSPECTIVE

5.1 Introduction

As mentioned in previous chapters, the goal of the project was not only to prepare a
complex containing a lanthanide-transition metal bond, but also to design a system in
which the lanthanide and transition metal could be readily substituted to fully assess the
nature of the bond across the lanthanide series. This endeavor is certainly challenging, as
it requires rational ligand design in addition to time to fully characterize these new
compounds. We have previously reported the synthesis and characterization of complexes
containing Dy-TM (Chapter 3) and Ce-Fe bonds (Chapter 4) which were successfully
isolated utilizing the rigid, sterically accessible [PyCp2]?* ligand system. Spectroscopic
studies implied strong TM—Ln ¢ donation which was further supported via computational
analysis. Dynamic magnetization studies performed concluded all Ln-TM bonded
complexes exhibited field induced slow magnetic relaxation.

In this chapter, 1 will discuss the ongoing work to synthesize Ln-TM combinations
across the lanthanide series. Spectroscopic and magnetic analysis will be presented with
the goal to establish trends as how the substitution of the lanthanide changes the nature of
the metal-metal bond. Additionally, future work will be proposed in relation to the
synthesis of more Ln-TM bonded complexes, increased complex solubility, and new
spectroscopic methods sensitive enough to distinguish different Ln-TM bonds. Also,

proposed work will aim to improve SMM behavior in complexes bearing Ln-TM bonds.
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5.2 Materials & Methods
5.2.1 General Considerations

Synthesis  of  2,6-bis(methylenecyclopentadienyl)pyridine  disodium  salt,
[(PyCp2)Ln(u-OTf)]2 [(PyCp2)Ln(OTf)(thf)], KFp, and KRp were carried out under strict
anaerobic and anhydrous conditions using an Ar filled glovebox (Vigor) utilizing previous
procedures’®%1% and solvents dried and flushed with Ar using an SPS system (JC Meyer
Solvent System). All glassware used was oven dried and cycled into the glovebox
overnight. 2,6-bis(hydroxymethyl)pyridine and thionyl chloride to synthesize 2,6-
bis(chloromethyl)pyridine were purchased from Acros Organics and EMD Millipore
respectively. Anhydrous, Ln(OTf)s, bis(cyclopentadienyliron dicarbonyl), and NaCp (0.1
mol in THF) were purchased from STREM. Anhydrous Yb(OTf)s was purchased from
Millipore Sigma. All lanthanide triflate salts were dried under vacuum at 200 °C for 2
days prior to use. The complex bis(cyclopentadienylruthenium dicarbonyl) dimer was
purchased from Sigma Aldrich. Samples used for magnetic characterization was
crystalline material prepared by dissolving materials in minimal amounts of THF and
placing in a freezer (-30 °C) overnight. All magnetic samples were prepared with an
eicosane matrix in a high purity NMR tube which was flame sealed under vacuum. The
eicosane (Acros Organics) was melted in a hot water bath (42 °C) and was dispersed
homogeneously throughout the sample. Magnetic characterization of all compounds was
obtained using a Quantum Design MPMS 3 SQUID magnetometer. Direct current (dc)
measurements were acquired under an applied 1000 Oe field at a temperature range of 2-

300 K. Alternating current (ac) measurements for the compounds were taken under
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various dc fields at temperature ranges of 10-2 K. Elemental analyses were carried out by
Midwest Microlab. All IR spectra were obtained in the solid state in an argon filled glove
box (Vigor) equipped with an Agilent CARY 630 FT-IR spectrometer (32 background
scans, 32 scans @ 650-4000 cm, Apodization: Happ-Genzel). Mossbauer spectra were
collected on a model MS4 WRC low-field, variable temperature spectrometer (See Co.,
Edina, MN). Zero magnetic field spectra were obtained by removing the 500 G magnets
from the exterior of the instrument. Temperatures were varied using a temperature
controller on the heating coil on the sample holder. The instrument was calibrated using
an a-Fe foil at room temperature. Obtained spectra were fitted using WMQOSS software
(See Co.).
5.2.2 Synthesis

Synthesis of [(PyCp2)Pr(n-OTf)]2 (5-1). Method of synthesis as previously reported
by Paolucci et al. (2002).7°-80

Synthesis of [(PyCp2)Nd(n-OTf)]2 (5-2). Method of synthesis as previously reported
by to Paolucci et al. (2002).7°-8

Synthesis of [(PyCp2)Sm(u-OTf)]2 (5-3). Method of synthesis as previously reported
by Paolucci et al. (2002).7°-8

Synthesis of [(PyCp2)Eu(p-OTf)]2 (5-4). To a solution of Eu(OTf)3 (1.1983 g, 2.00
mmol) in 30 mL of THF, a solution of (PyCp2)Naz (0.5460 g, 2.00 mmol) in 60 mL of
THF was added dropwise and kept in a cold well at -30 °C. The reaction was occasionally
stirred manually over 2 h and warmed to room temperature. After 2 d of stirring, the THF

was removed and replaced with CH2Cl> (30 mL) and left to stir overnight. The reaction
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was filtered and hexanes (50 mL) was slowly added to the filtrate and left overnight. Dark
red crystals were collected and the remaining mother liquor was collected and solvent
removed. This was redissolved in CH2Cl., layered with hexanes, and placed in a freezer
(-30 °C) overnight to collect more crystals. The total yield was 0.2482 g (23 %). Anal.
Calcd. for CasH3oEu2FsN206S2:CH2Cl2 (5-4): C, 38.52; H, 2.80; N, 2.43. Found. C, 39.32;
H, 2.79; N, 2.34.

Synthesis of [(PyCp2)Gd(p-OTf)]2 (5-5). The synthesis was carried out in a similar
fashion as 5-4 using 1.2089 g (2.00 mmol) of Gd(OTf); and 0.5640 g (2.00 mmol) of
(PyCp2)Naz. The total yield was 0.3850 g (36 %). Anal. Calcd. for CzsH3z0Gd2FsN206S;
(5-5): C, 40.06; H, 2.80; N, 2.60. Found: C, 39.73; H, 2.78; N, 2.39.

Synthesis of [(PyCp2)Tb(u-OTf)]2 (5-6). The synthesis was carried out in a similar
fashion as 5-4 using 1.2122 g (2.00 mmol) of Th(OTf)3 and 0.5640 g (2.00 mmol) of
(PyCp2)Naz. The desired product was isolated as pale yellow crystals in a 24% (0.2578 g)
yield. Anal. Calcd. for CssHsoTh2FsN206S2 (5-6): C, 39.94; H, 2.79; N, 2.59. Found: C,
39.57; H, 2.68; N, 2.32.

Synthesis of [(PyCpz)Ho(n-OTf)]2 (5-7). The synthesis was carried out in a similar
fashion as 5-4 using 1.2243 g (2.00 mmol) of Ho(OTf); and 0.5640 g (2.00 mmol) of
(PyCp2)Naz. The desired product was isolated as pale orange crystals in a 27% (0.3000 g)
yield. Anal. Calcd. for C3sHzoH02FsN206S2-2CH2Cl2 (5-7): C, 36.15; H, 2.56; N, 2.22.
Found: C, 36.18; H, 2.68; N, 2.09

Synthesis of [(PyCp2)Er(u-OTf)]2 (5-8). The synthesis was carried out in a similar

fashion as 5-4 using 1.2289 g (2.00 mmol) of Er(OTf)3 and 0.5640 g (2.00 mmol) of
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(PyCp2)Na2. The desired product was isolated as light pink crystals in a 16.2% (0.1780 g)
yield. Anal. Calcd. for CssHzoEr2FeN20sS2-CHCl2 (5-8): C, 37.53; H, 2.72; N, 2.37.

Found: C, 37.37; H, 2.59; N, 2.10.

Synthesis of [(PyCp2) Tm(pn-OTf)]2 (5-9). The synthesis was carried out in a similar
fashion as 5-4 using 1.2323 g (2.00 mmol) of Tm(OTf)3 and 0.5640 g (2.00 mmol) of
(PyCp2)Na2. The desired product was isolated as pale yellow crystals in a 13% (0.1440 g)
yield. Anal. Calcd. for CssHaoTm2FsN206S2-CH2Cl2 (5-9): C, 37.42; H, 2.72; N, 2.36.
Found: C, 37.23; H, 2.72; N, 2.26.

Synthesis of [(PyCp2) Yb(u-OTf)]2 (5-10). Method of synthesis as previously reported
by Paolucci et al. (2002).7°-80

Synthesis of [(PyCpz)Lu(u-OTf)]2 (5-11). The synthesis was carried out in a similar
fashion as 5-4 using 1.2443 g (2.00 mmol) of Lu(OTf)3 and 0.5640 g (2.00 mmol) of
(PyCp2)Naz. The desired product was isolated as pale yellow crystals ina 11% (0.1230 g)
yield. Anal. Calcd. for CasHsoLu2FsN206S2-CH2Cl2 (5-9): C, 37.05; H, 2.69; N, 2.34.
Found: C, 36.97; H, 2.70; N, 2.75.

Synthesis of (thf)PyCp2Pr-FeCp(CO)2 (5-12). A solution of KFp (18.1 mg, 84.0
umol) in THF (2 mL) and a solution of [(PyCp2)Pr(thf)(OTf)] (50.0 mg, 84.0 umol) in
THF (2 mL) were placed in a freezer for 1 hour at -30 °C. The solution of KFp was added
dropwise to the solution of [(PyCp2)Pr(thf)(OTf)] and placed in the freezer at -30 °C.
Brownish yellow crystals suitable for X-Ray diffraction formed overnight and the solution

was decanted off and crystals were dried. No yield was obtained. IR (solid, cm™) 1890
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(vco), 1814 (vco), 1598, 1570, 1427, 1424, 1231, 1170, 886, 757 Anal. Calcd. for
CasH2sPrFeNOs (5-10) C, 53.95; H, 4.54; N, 2.24.

Synthesis of PyCp2Nd-FeCp(CO)2 (5-13). A solution (2 mL) of KFp (21.8 mg, 83
umol) in THF was added dropwise to a 2 mL solution of [(PyCp2)Nd(OTf)(thf)] (50.0 mg,
83 umol) and the mixture was stirred for 5 min. An aliquot of solution was placed in a vial
and this vial was added to a larger vial filled with toluene. Slow evaporation afforded
yellow crystals of the desired complex. No yield was obtained due to the small amount of
material produced.

Synthesis of (thf)PyCpzNd-FeCp(CO)2 (5-14). The heterobimetallic complex was
synthesized similarly to 5-10 using 68.2 mg (114 pmol) of [(PyCp2)Pr(thf)(OTf)] and 24.6
mg (114 umol) of KFp. The greenish yellow crystals were isolated in a 38.5 % (27.5 mg)
yield. IR (solid, cm™) 1908 (vco), 1838 (vco), 1565, 1560, 1417, 1415, 1228, 1165, 833,
771 Anal. Calcd. for C2sH2sNdFeNO3 (5-12) C, 53.67; H, 4.50; N, 2.24. Found: C, 52.75;
H, 3.80; N, 2.17.

Synthesis of PyCp2Sm-FeCp(CO)2 (5-15). The heterobimetallic complex was
synthesized similarly to 5-10 using 35.6 mg (58.9 umol) of [(PyCp2)Sm(thf)(OTf)] and
12.7 mg (58.9 umol) of KFp. The red crystals were isolated in a 44.2 % (14.6 mg) yield.
IR (solid, cm™) 1907 (vco), 1836 (vco), 1588, 1563, 1411, 1409, 1008, 833, 768 Anal.
Calcd. For (5-15) C24H24SmFeNO:> C, 51.42; H, 3.60; N, 2.50. Found: C, 50.63; H, 3.62;
N, 2.57.

Synthesis of PyCp2Gd-FeCp(CO)2 (5-16). The heterobimetallic complex was

synthesized similarly to 5-10 using 44.1 mg (57 umol) of [(PyCp2)Gd(thf)(OTf)] and 12.3
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mg (57 umol) of KFp. The yellow crystals were isolated in a 52.7 % (23.9 mg) yield. IR
(solid, cm™) 1909 (vco), 1840 (vco), 1589, 1566, 1417, 1411, 1166, 1008, 786, 772 Anal.
Calcd. for C24H24GdFeNO: (5-16) C, 50.79; H, 3.55; N, 2.47. Found: C, 50.55; H, 3.68;
N, 2.50.

Synthesis of PyCp2Th-FeCp(CO)2 (5-17). The heterobimetallic complex was
synthesized similarly to 5-10 using 48.9 mg (80 umol) of [(PyCp2) Th(thf)(OTf)] and 17.2
mg (80 pumol) of KFp. The yellow crystals were isolated in a 43.5 % (17.8 mg) yield. IR
(solid, cm™) 1910 (vco), 1836 (vco), 1589, 1566, 1414, 1411, 1166, 1034, 1007, 841, 768
Anal. Calcd. for C2sH24TbFeNO> (5-17) C, 50.64; H, 3.54; N, 2.46. Found: C, 49.90; H,
3.47; N, 2.68.

Synthesis of PyCp2Ho-FeCp(CO). (5-18). The heterobimetallic complex was
synthesized similarly to 5-10 using 45.2 mg (73 pmol) of [(PyCp2)Ho(thf)(OTf)] and 15.7
mg (73 pumol) of KFp. The yellow crystals were isolated in a 52.4 % (22.0 mg) yield. IR
(solid, cm™) 1912 (vco), 1831 (veo), 1590, 1566, 1455, 1417, 1166, 1008, 844, 772 Anal.
Calcd. for C2sH24HoFeNO: (5-18) C, 50.12; H, 3.50; N, 2.44. Found: C, 49.68; H, 3.57;
N, 2.39.

Synthesis of PyCpz2Er-FeCp(CO)2 (5-19). The heterobimetallic complex was
synthesized similarly to 5-10 using 30.0 mg (48 umol) of [(PyCp2)Er(thf)(OTf)] and 10.4
mg (73 umol) of KFp. The yellow crystals were isolated in a 49.9 % (13.9 mg) yield. IR
(solid, cm™) 1913 (vco), 1833 (vco), 1566, 1563, 1455, 1419, 1415, 1166, 1009, 774 Anal.
Calcd. for CosH24ErFeNO> (5-19) C, 49.91; H, 3.49; N, 2.43. Found: C, 49.84; H, 3.43; N,

2.47.
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Synthesis of PyCp2Tm-FeCp(CO)2 (5-20). The heterobimetallic complex was
synthesized similarly to 5-10 using 31.1 mg (50 umol) of [(PyCp2) Tm(thf)(OTf)] and 10.8
mg (50 umol) of KFp. The product was isolated as yellow crystals. No yield was obtained.
Anal. Calcd. for C2sH24TmFeNO> (5-20) C, 49.77; H, 3.48; N, 2.42. Found: C, 49.53; H,
3.53; N, 2.43.

Synthesis of PyCp2Yb-FeCp(CO). (5-21). The heterobimetallic complex was
synthesized similarly to 5-10 using 63.8 mg (102 pumol) of [(PyCp2) Yb(thf)(OTf)] and
22.0 mg (102 umol) of KFp. The brown crystals were isolated in a 22.6 % (13.5 mg) yield.
IR (solid, cm™) 1913 (vco), 1841 (veo), 1590, 1567, 1457, 1440, 1051, 1008, 860, 777
Anal. Calcd. for C2sH24YbFeNO> (5-21) C, 49.42; H, 3.46; N, 2.40. Found: C, 48.42; H,
3.64; N, 2.47.

Synthesis of PyCp2Lu-FeCp(CO)2 (5-22). The heterobimetallic complex was
synthesized similarly to 5-10 using 39.2 mg (62 umol) of [(PyCp2)Lu(thf)(OTf)] and 13.5
mg (62 pmol) of KFp. The yellow crystals were isolated in a 65.9 % (22.0 mg) yield. IR
(solid, cm™) 1915 (vco), 1833 (vco), 1592, 1567, 1454, 1419, 1166, 1041, 1009, 860, 778
Anal. Calcd. for C2sH24LUuFeNO> (5-20) C, 49.26; H, 3.44; N, 2.39. Found: C, 49.32; H,
3.61; N, 2.20.

Synthesis of PyCpzNd-RuCp(CO)z2 (5-23). A solution (2 mL) of KRp (26.8 mg, 107
umol) in THF was added dropwise to a 2 mL solution of [(PyCp2)Nd(OTf)(thf)] (61.3 mg,
107 umol) and the mixture was stirred for 5 min. An aliquot of solution was placed in a

vial and this vial was added to a larger vial filled with toluene. Slow evaporation afforded
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light blue crystals of the desired complex. No yield was obtained due to the small amount
of material produced.

Synthesis of PyCp2Sm-RuCp(CO)2 (5-24). The heterobimetallic complex was
synthesized similarly to 5-10 using 40.7 mg (67.2 umol) of [(PyCp2)Sm(thf)(OTf)] and
17.6 mg (67.2 umol) of KRp. The yellow crystals were isolated in a 74.8 % (30.5 mg)
yield. IR (solid, cm™) 1930 (vco), 1851 (veo), 1590, 1566, 1477, 1411, 1165, 1007, 768
Anal. Calcd. for C24H22SmRUNO- (5-24) C, 47.58; H, 3.33; N, 2.31. Found: C, 47.49; H,
3.38; N, 2.30.

Synthesis of PyCp2Gd-RuCp(CO)2 (5-25). The heterobimetallic complex was
synthesized similarly to 5-10 using 39.5 mg (64.6 pumol) of [(PyCp2)Gd(thf)(OTf)] and
16.9 mg (64.6 umol) of KRp. The colorless crystals were isolated in a 75.8 % (30.0 mg)
yield. IR (solid, cm™) 1912 (vco), 1831 (vco), 1590, 1566, 1455, 1417, 1166, 1008, 844,
772 Anal. Calcd. for C24H24GdRUNO:? (5-25) C, 47.04; H, 3.29; N, 2.29. Found: C, 46.95;
H, 3.39; N, 2.36.

Synthesis of PyCp2Tb-RuCp(CO)2 (5-26). The heterobimetallic complex was
synthesized similarly to 5-10 using 35.0 mg (57 umol) of [(PyCp2) Tb(thf)(OTf)] and 14.9
mg (57 umol) of KRp. The colorless crystals were isolated in a 68.5 % (24.0 mg) yield.
IR (solid, cm™) 1928 (vco), 1847 (vco), 1589, 1417, 1414, 1417, 1164, 1034 1007, 841,
769 Anal. Calcd. for C24H24TbRUNO? (5-26) C, 46.92; H, 3.28; N, 2.28. Found: C, 46.76;
H, 3.26; N, 2.01.

Synthesis of PyCp2Ho-RuCp(CO)2 (5-27). The heterobimetallic complex was

synthesized similarly to 5-10 using 38.9 mg (62 umol) of [(PyCp2)Ho(thf)(OTf)] and 16.3
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mg (62 umol) of KRp. The light pink crystals were isolated in an 81.9 % (31.9 mg) yield.
IR (solid, cm™) 1933 (vco), 1832 (vco), 1590, 1566, 1455, 1417, 1412, 1008, 844, 772
Anal. Calcd. for C2sH24HORUNO:? (5-27) C, 46.46; H, 3.25; N, 2.26. Found: C, 46.11; H,
3.25; N, 2.26.

Synthesis of PyCp2Er-RuCp(CO)2 (5-28). The heterobimetallic complex was
synthesized similarly to 5-10 using 30.0 mg (48 umol) of [(PyCp2)Er(thf)(OTf)] and 12.6
mg (48 pumol) of KRp. The light pink crystals were isolated in a 77.7 % (23.4 mg) yield.
IR (solid, cm™) 1912 (vco), 1831 (vco), 1590, 1566, 1455, 1417, 1166, 1008, 844, 772
Anal. Calcd. for C2sH24ErRUNO> (5-28) C, 46.29; H, 3.24; N, 2.25. Found: C, 46.21; H,
3.58; N, 2.19.

Synthesis of PyCp2Tm-RuCp(CO)2 (5-29). The heterobimetallic complex was
synthesized similarly to 5-10 using 31.0 mg (46 umol) of [(PyCp2) Tm(thf)(OTf)] and 12.0
mg (46 pumol) of KRp. The product was isolated as colorless crystals. No yield was
obtained due to the small amount of material produced. Anal. Calcd. for C2sH22TmMRUNO?
(5-29) C, 46.16; H, 3.23; N, 2.24. Found: C, 45.94; H, 3.33; N, 2.21.

Synthesis of PyCp2Yb-RuCp(CO)2 (5-30). The heterobimetallic complex was
synthesized similarly to 5-10 using 66.3 mg (106 pumol) of [(PyCp2)Yb(thf)(OTf)] and
27.6 mg (106 umol) of KRp. The product was isolated as brown crystals in a 51.5% (34.2
mg) vield. IR (solid, cm™) 1912 (vco), 1831 (vco), 1590, 1566, 1455, 1417, 1166, 1008,
844, 772 Anal. Calcd. for Co4H24HoFeNO; (5-30) C, 45.86; H, 3.21; N, 2.23. Found: C,

45.71; H, 3.50; N, 2.23.
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Synthesis of PyCp2Lu-RuCp(CO)2 (5-31). The heterobimetallic complex was
synthesized similarly to 5-10 using 37.1 mg (59 umol) of [(PyCp2)Lu(thf)(OTf)] and 15.4
mg (59 umol) of KRp. The colorless crystals were isolated in a 73.2 % (27.2 mg) yield.
IR (solid, cm™) 1934 (vco), 1855 (vco), 1567, 1417, 1414, 1166, 1009, 860, 776 Anal.
Calcd. for C2sH22LURUNO: (5-31) C, 45.72; H, 3.20; N, 2.22. Found: C, 45.72; H, 3.30;
N, 2.14.

5.2.3 X-Ray Crystallography
Compound 5-12. A Leica MZ 75 microscope was used to identify a suitable yellow

block with very well-defined faces with dimensions (max, intermediate, and min) 0.158 x

0.152 x 0.143 mm3 from a representative sample of crystals of the same habit. The crystal
mounted on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained
at 110 K.

A BRUKER Apex 2 Duo X-ray (three circle) diffractometer was employed for crystal
screening, unit cell determination, and data collection. The goniometer was controlled
using the APEX3 software suite.8! The sample was optically centered with the aid of a
video camera such that no translations were observed as the crystal was rotated through
all positions. The X-ray radiation employed was generated from a Mo Sealed X-ray tube
(K« = 0.71073A) with a potential of 40 kV and a current of 40 mA.

45 data frames were taken at widths of 1°. These reflections were used to determine
the unit cell. The unit cell was verified by examination of the h k | overlays on several

frames of data. No super-cell or erroneous reflections were observed.
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After careful examination of the unit cell, an extended data collection procedure (3
sets) was initiated using omega and phi scans.

Integrated intensity information for each reflection was obtained by reduction of the
data frames with the program APEX3.8! The integration method employed a three-
dimensional profiling algorithm and all data were corrected for Lorentz and polarization
factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
produce a suitable data set. The absorption correction program SADABS®* was employed
to correct the data for absorption effects.

Systematic reflection conditions and statistical tests of the data suggested the space
group Pnma. A solution was obtained readily (Z=4; Z'=0.5) using XT/XS in APEX3.818
Hydrogen atoms were placed in idealized positions and were set riding on the respective
parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters.
Absence of additional symmetry and voids were confirmed using PLATON
(ADDSYM).® The structure was refined (weighted least squares refinement on F?) to
convergence.38” Olex 2 was employed for the final data presentation and structure plots.®’

Compound 5-13. A Leica MZ 75 microscope was used to identify a suitable yellow

plate with very well-defined faces with dimensions (max, intermediate, and min) 0.142 x

0.134 x 0.054 mm3 from a representative sample of crystals of the same habit. The crystal
mounted on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained
at 110 K.

A BRUKER Quest X-ray (fixed-Chi geometry) diffractometer with a PHOTON 11
detector was employed for crystal screening, unit cell determination, and data collection.
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The goniometer was controlled using the APEX3 software suite.8* The sample was
optically centered with the aid of a video camera such that no translations were observed
as the crystal was rotated through all positions. The X-ray radiation employed was
generated from a Mo-Ips X-ray tube (Ka = 0.71073A).

45 data frames were taken at widths of 1°. These reflections were used to determine
the unit cell. The unit cell was verified by examination of the h k | overlays on several
frames of data. No super-cell or erroneous reflections were observed.

After careful examination of the unit cell, an extended data collection procedure (3
sets) was initiated using omega and phi scans.

Integrated intensity information for each reflection was obtained by reduction of the
data frames with the program APEX3.8! The integration method employed a three-
dimensional profiling algorithm and all data were corrected for Lorentz and polarization
factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
produce a suitable data set. The absorption correction program SADABS®* was employed
to correct the data for absorption effects.

Systematic reflection conditions and statistical tests of the data suggested the space
group Pnma. A solution was obtained readily (Z=4; Z'=0.5) using XT/XS in APEX3.818
Hydrogen atoms were placed in idealized positions and were set riding on the respective
parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters.
Absence of additional symmetry and voids were confirmed using PLATON
(ADDSYM).® The structure was refined (weighted least squares refinement on F?) to
convergence.38” Olex 2 was employed for the final data presentation and structure plots.®’

97



Compound 5-14. A Leica MZ 75 microscope was used to identify a suitable yellow

plate with very well-defined faces with dimensions (max, intermediate, and min) 0.172 x

0.142 x 0.031 mm3 from a representative sample of crystals of the same habit. The crystal
mounted on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained
at 110 K.

A BRUKER Quest X-ray (fixed-Chi geometry) diffractometer with a PHOTON I
detector was employed for crystal screening, unit cell determination, and data collection.
The goniometer was controlled using the APEX3 software suite.8® The sample was
optically centered with the aid of a video camera such that no translations were observed
as the crystal was rotated through all positions. The X-ray radiation employed was
generated from a Mo-Ips X-ray tube (Ka = 0.71073A).

45 data frames were taken at widths of 1°. These reflections were used to determine
the unit cell. The unit cell was verified by examination of the h k | overlays on several
frames of data. No super-cell or erroneous reflections were observed.

After careful examination of the unit cell, an extended data collection procedure (3
sets) was initiated using omega and phi scans.

Integrated intensity information for each reflection was obtained by reduction of the
data frames with the program APEX3.8! The integration method employed a three-
dimensional profiling algorithm and all data were corrected for Lorentz and polarization
factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
produce a suitable data set. The absorption correction program SADABS®* was employed

to correct the data for absorption effects.
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Systematic reflection conditions and statistical tests of the data suggested the space
group Pnma. A solution was obtained readily (Z=4; Z'=0.5) using XT/XS in APEX3.818
Hydrogen atoms were placed in idealized positions and were set riding on the respective
parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters.
Absence of additional symmetry and voids were confirmed using PLATON
(ADDSYM).® The structure was refined (weighted least squares refinement on F?) to
convergence.38” Olex 2 was employed for the final data presentation and structure plots.®’

Compound 5-15. A Leica MZ 75 microscope was used to identify a reddish orange
block with very well-defined faces with dimensions (max, intermediate, and min) 0.105 x
0.092 x 0.071 mm3 from a representative sample of crystals of the same habit. The crystal
mounted on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained
at 110 K.

A BRUKER APEX 2 Duo X-ray (three-circle) diffractometer was employed for crystal
screening, unit cell determination, and data collection. The goniometer was controlled
using the APEX3 software suite, v2017.3-0.8! The sample was optically centered with the
aid of a video camera such that no translations were observed as the crystal was rotated
through all positions. The detector (Bruker - PHOTON) was set at 6.0 cm from the crystal
sample. The X-ray radiation employed was generated from a Mo sealed X-ray tube (Ko =
0.71073A with a potential of 40 kV and a current of 40 mA).

45 data frames were taken at widths of 1.0°. These reflections were used in the auto-
indexing procedure to determine the unit cell. A suitable cell was found and refined by
nonlinear least squares and Bravais lattice procedures. The unit cell was verified by
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examination of the h k | overlays on several frames of data. No super-cell or erroneous
reflections were observed.

After careful examination of the unit cell, an extended data collection procedure (4
sets) was initiated using omega and phi scans.

Integrated intensity information for each reflection was obtained by reduction of the
data frames with the program APEX3.8! The integration method employed a three-
dimensional profiling algorithm and all data were corrected for Lorentz and polarization
factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
produce a suitable data set. The absorption correction program SADABS®* was employed
to correct the data for absorption effects.

Systematic reflection conditions and statistical tests of the data suggested the space
group Pnma. A solution was obtained readily (Z=4; Z'=0.5) using XT/XS in APEX2,818
Hydrogen atoms were placed in idealized positions and were set riding on the respective
parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters.
Absence of additional symmetry and voids were confirmed using PLATON
(ADDSYM).® The structure was refined (weighted least squares refinement on F?) to
convergence.38” Olex 2 was employed for the final data presentation and structure plots.®’

Compound 5-16. A Leica MZ 75 microscope was used to identify a suitable yellow

block with very well-defined faces with dimensions (max, intermediate, and min) 0.162 x

0.152 x 0.021 mm3 from a representative sample of crystals of the same habit. The crystal
mounted on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained
at 110 K.
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A BRUKER Quest X-ray (fixed-Chi geometry) diffractometer with a PHOTON I
detector was employed for crystal screening, unit cell determination, and data collection.
The goniometer was controlled using the APEX3 software suite.8* The sample was
optically centered with the aid of a video camera such that no translations were observed
as the crystal was rotated through all positions. The X-ray radiation employed was
generated from a Mo-Ips X-ray tube (Ka = 0.71073A).

45 data frames were taken at widths of 1°. These reflections were used to determine
the unit cell. The unit cell was verified by examination of the h k | overlays on several
frames of data. No super-cell or erroneous reflections were observed.

After careful examination of the unit cell, an extended data collection procedure (3
sets) was initiated using omega and phi scans.

Integrated intensity information for each reflection was obtained by reduction of the
data frames with the program APEX3.8! The integration method employed a three-
dimensional profiling algorithm and all data were corrected for Lorentz and polarization
factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
produce a suitable data set. The absorption correction program SADABS®* was employed
to correct the data for absorption effects.

Systematic reflection conditions and statistical tests of the data suggested the space
group Pnma. A solution was obtained readily (Z=4; Z'=0.5) using XT/XS in APEX3.818
Hydrogen atoms were placed in idealized positions and were set riding on the respective
parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters.
Absence of additional symmetry and voids were confirmed using PLATON
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(ADDSYM).® The structure was refined (weighted least squares refinement on F?) to
convergence.38” Olex 2 was employed for the final data presentation and structure plots.®’

Compound 5-17. A Leica MZ 75 microscope was used to identify a suitable yellow
block with very well-defined faces with dimensions (max, intermediate, and min) 0.118 x
0.093 x 0.084 mma3 from a representative sample of crystals of the same habit. The crystal
mounted on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained
at 110 K.

A BRUKER APEX 2 Duo X-ray (three-circle) diffractometer was employed for crystal
screening, unit cell determination, and data collection. The goniometer was controlled
using the APEX2 software suite, v2008-6.0.8! The sample was optically centered with the
aid of a video camera such that no translations were observed as the crystal was rotated
through all positions. The detector was set at 6.0 cm from the crystal sample (APEX2,
512x512 pixel). The X-ray radiation employed was generated from a Mo sealed X-ray
tube (K« = 0.70173A with a potential of 40 kV and a current of 40 mA).

45 data frames were taken at widths of 1.0°. These reflections were used in the auto-
indexing procedure to determine the unit cell. A suitable cell was found and refined by
nonlinear least squares and Bravais lattice procedures. The unit cell was verified by
examination of the h k | overlays on several frames of data. No super-cell or erroneous
reflections were observed.

After careful examination of the unit cell, an extended data collection procedure (3

sets) was initiated using omega and phi scans.
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Integrated intensity information for each reflection was obtained by reduction of the
data frames with the program APEX2.8! The integration method employed a three-
dimensional profiling algorithm and all data were corrected for Lorentz and polarization
factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
produce a suitable data set. The absorption correction program SADABS®* was employed
to correct the data for absorption effects.

Systematic reflection conditions and statistical tests of the data suggested the space
group Pnma. A solution was obtained readily (Z=4, Z'=0.5) using XT/XS in APEX2.818
Hydrogen atoms were placed in idealized positions and were set riding on the respective
parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters.
Absence of additional symmetry and voids were confirmed using PLATON
(ADDSYM).® The structure was refined (weighted least squares refinement on F?) to
convergence.38” Olex 2 was employed for the final data presentation and structure plots.®’

Compound 5-18. A Leica MZ 75 microscope was used to identify a yellow block with
very well-defined faces with dimensions (max, intermediate, and min) 0.183 x 0.107 x
0.062 mm3 from a representative sample of crystals of the same habit. The crystal
mounted on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained
at 110 K.

A BRUKER APEX 2 Duo X-ray (three-circle) diffractometer was employed for
crystal screening, unit cell determination, and data collection. The goniometer was
controlled using the APEX3 software suite, v2017.3-0.8! The sample was optically

centered with the aid of a video camera such that no translations were observed as the
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crystal was rotated through all positions. The detector (Bruker - PHOTON) was set at 6.0
cm from the crystal sample. The X-ray radiation employed was generated from a Mo
sealed X-ray tube (Ko = 0.71073A with a potential of 40 kV and a current of 40 mA).

45 data frames were taken at widths of 1.0°. These reflections were used in the auto-
indexing procedure to determine the unit cell. A suitable cell was found and refined by
nonlinear least squares and Bravais lattice procedures. The unit cell was verified by
examination of the h k | overlays on several frames of data. No super-cell or erroneous
reflections were observed.

After careful examination of the unit cell, an extended data collection procedure (4
sets) was initiated using omega and phi scans.

Integrated intensity information for each reflection was obtained by reduction of the
data frames with the program APEX3.8! The integration method employed a three-
dimensional profiling algorithm and all data were corrected for Lorentz and polarization
factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
produce a suitable data set. The absorption correction program SADABS®* was employed
to correct the data for absorption effects.

Systematic reflection conditions and statistical tests of the data suggested the space
group Pnma. A solution was obtained readily (Z=4; Z'=0.5) using XT/XS in APEX2.818
Hydrogen atoms were placed in idealized positions and were set riding on the respective
parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters.

Absence of additional symmetry and voids were confirmed using PLATON
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(ADDSYM).® The structure was refined (weighted least squares refinement on F?) to
convergence.38” Olex 2 was employed for the final data presentation and structure plots.®’

Compound 5-19. A Leica MZ 75 microscope was used to identify a yellow block with
very well-defined faces with dimensions (max, intermediate, and min) 0.085 x 0.043 x
0.038 mm3 from a representative sample of crystals of the same habit. The crystal
mounted on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained
at 110 K.

A BRUKER APEX 2 Duo X-ray (three-circle) diffractometer was employed for crystal
screening, unit cell determination, and data collection. The goniometer was controlled
using the APEX3 software suite, v2017.3-0.8! The sample was optically centered with the
aid of a video camera such that no translations were observed as the crystal was rotated
through all positions. The detector (Bruker - PHOTON) was set at 6.0 cm from the crystal
sample. The X-ray radiation employed was generated from a Mo sealed X-ray tube (Ko =
0.71073A with a potential of 40 kV and a current of 40 mA).

45 data frames were taken at widths of 1.0°. These reflections were used in the auto-
indexing procedure to determine the unit cell. A suitable cell was found and refined by
nonlinear least squares and Bravais lattice procedures. The unit cell was verified by
examination of the h k | overlays on several frames of data. No super-cell or erroneous
reflections were observed.

After careful examination of the unit cell, an extended data collection procedure

(3 sets) was initiated using omega and phi scans.
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Integrated intensity information for each reflection was obtained by reduction of the
data frames with the program APEX3.8! The integration method employed a three-
dimensional profiling algorithm and all data were corrected for Lorentz and polarization
factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
produce a suitable data set. The absorption correction program SADABS®* was employed
to correct the data for absorption effects.

Systematic reflection conditions and statistical tests of the data suggested the space
group Pnma. A solution was obtained readily (Z=4; Z'=0.5) using XT/XS in APEX2,818
Hydrogen atoms were placed in idealized positions and were set riding on the respective
parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters.
Absence of additional symmetry and voids were confirmed using PLATON
(ADDSYM).® The structure was refined (weighted least squares refinement on F?) to
convergence.®38” Olex 2 was employed for the final data presentation and structure plots.®’

Compound 5-20. A Leica MZ 75 microscope was used to identify a suitable colorless
block with very well-defined faces with dimensions (max, intermediate, and min) 0.182 x
0.164 x 0.16 mm3 from a representative sample of crystals of the same habit. The crystal
mounted on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained
at 110 K.

A BRUKER APEX 2 Duo X-ray (three-circle) diffractometer was employed for crystal
screening, unit cell determination, and data collection. The goniometer was controlled
using the APEX3 software suite, v2017.3-0.8! The sample was optically centered with the

aid of a video camera such that no translations were observed as the crystal was rotated
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through all positions. The detector (Bruker - PHOTON) was set at 6.0 cm from the crystal
sample. The X-ray radiation employed was generated from a Mo sealed X-ray tube (Ko =
0.71073A with a potential of 40 kV and a current of 40 mA).

45 data frames were taken at widths of 1.0°. These reflections were used in the auto-
indexing procedure to determine the unit cell. A suitable cell was found and refined by
nonlinear least squares and Bravais lattice procedures. The unit cell was verified by
examination of the h k | overlays on several frames of data. No super-cell or erroneous
reflections were observed.

After careful examination of the unit cell, an extended data collection procedure (4
sets) was initiated using omega and phi scans.

Integrated intensity information for each reflection was obtained by reduction of the
data frames with the program APEX3.8! The integration method employed a three-
dimensional profiling algorithm and all data were corrected for Lorentz and polarization
factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
produce a suitable data set. The absorption correction program SADABS®* was employed
to correct the data for absorption effects. Systematic reflection conditions and statistical
tests of the data suggested the space goup P2:1/n. A solution was obtained readily (Z=4;
Z'=0.5) using XT/XS in APEX3.818% Hydrogen atoms were placed in idealized positions
and were set riding on the respective parent atoms. All non-hydrogen atoms were refined
with anisotropic thermal parameters. Absence of additional symmetry and voids were

confirmed using PLATON (ADDSYM).8 The structure was refined (weighted least
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squares refinement on F?) to convergence.®38” Olex 2 was employed for the final data
presentation and structure plots.®’

Compound 5-21. A Leica MZ 75 microscope was used to identify a suitable brown
block with very well-defined faces with dimensions (max, intermediate, and min) 0.072 x
0.064 x 0.038 mma3 from a representative sample of crystals of the same habit. The crystal
mounted on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained
at 110 K.

A BRUKER Quest X-ray (fixed-Chi geometry) diffractometer with a PHOTON I
detector was employed for crystal screening, unit cell determination, and data collection.
The goniometer was controlled using the APEX3 software suite.8* The sample was
optically centered with the aid of a video camera such that no translations were observed
as the crystal was rotated through all positions. The X-ray radiation employed was
generated from a Mo-Ius X-ray tube (K« = 0.71073A).

45 data frames were taken at widths of 1°. These reflections were used to determine
the unit cell. The unit cell was verified by examination of the h k | overlays on several
frames of data. No super-cell or erroneous reflections were observed.

After careful examination of the unit cell, an extended data collection procedure (3
sets) was initiated using omega and phi scans.

Integrated intensity information for each reflection was obtained by reduction of the
data frames with the program APEX3.8! The integration method employed a three-
dimensional profiling algorithm and all data were corrected for Lorentz and polarization
factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
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produce a suitable data set. The absorption correction program SADABS®* was employed
to correct the data for absorption effects.

Systematic reflection conditions and statistical tests of the data suggested the space
group Pnma. A solution was obtained readily (Z=4; Z'=0.5) using XT/XS in APEX3.818
Hydrogen atoms were placed in idealized positions and were set riding on the respective
parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters.
Absence of additional symmetry and voids were confirmed using PLATON
(ADDSYM).® The structure was refined (weighted least squares refinement on F?) to
convergence.38” Olex 2 was employed for the final data presentation and structure plots.®’

Compound 5-22. A Leica MZ 75 microscope was used to identify a suitable yellow
block with very well-defined faces with dimensions (max, intermediate, and min) 0.172 x
0.144 x 0.072 mma3 from a representative sample of crystals of the same habit. The crystal
mounted on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained
at 110 K.

A BRUKER APEX 2 Duo X-ray (three-circle) diffractometer was employed for crystal
screening, unit cell determination, and data collection. The goniometer was controlled
using the APEX2 software suite, v2008-6.0.8! The sample was optically centered with the
aid of a video camera such that no translations were observed as the crystal was rotated
through all positions. The detector was set at 6.0 cm from the crystal sample (APEX2,
512x512 pixel). The X-ray radiation employed was generated from a Mo sealed X-ray

tube (K« = 0.70173A with a potential of 40 kV and a current of 40 mA).
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45 data frames were taken at widths of 1.0°. These reflections were used in the auto-
indexing procedure to determine the unit cell. A suitable cell was found and refined by
nonlinear least squares and Bravais lattice procedures. The unit cell was verified by
examination of the h k | overlays on several frames of data. No super-cell or erroneous
reflections were observed.

After careful examination of the unit cell, an extended data collection procedure (4
sets) was initiated using omega and phi scans.

Integrated intensity information for each reflection was obtained by reduction of the
data frames with the program APEX2.8! The integration method employed a three-
dimensional profiling algorithm and all data were corrected for Lorentz and polarization
factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
produce a suitable data set. The absorption correction program SADABS®* was employed
to correct the data for absorption effects.

Systematic reflection conditions and statistical tests of the data suggested the space
group Pnma. A solution was obtained readily (Z=4, Z'=0.5) using XT/XS in APEX2.8183
Hydrogen atoms were placed in idealized positions and were set riding on the respective
parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters.
Absence of additional symmetry and voids were confirmed using PLATON
(ADDSYM).® The structure was refined (weighted least squares refinement on F?) to
convergence.®38” Olex 2 was employed for the final data presentation and structure plots.®’

Compound 5-23. A Leica MZ 75 microscope was used to identify a suitable colorless

plate with very well-defined faces with dimensions (max, intermediate, and min) 0.212 x
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0.146 x 0.065 mm? from a representative sample of crystals of the same habit. The crystal
mounted on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained
at 110 K.

A BRUKER APEX 2 Duo X-ray (three-circle) diffractometer was employed for crystal
screening, unit cell determination, and data collection. The goniometer was controlled
using the APEX2 software suite, v2008-6.0.8! The sample was optically centered with the
aid of a video camera such that no translations were observed as the crystal was rotated
through all positions. The detector was set at 6.0 cm from the crystal sample (APEX2,
512x512 pixel). The X-ray radiation employed was generated from a Mo sealed X-ray
tube (K« = 0.70173A with a potential of 40 kV and a current of 40 mA).

45 data frames were taken at widths of 1.0°. These reflections were used in the auto-
indexing procedure to determine the unit cell. A suitable cell was found and refined by
nonlinear least squares and Bravais lattice procedures. The unit cell was verified by
examination of the h k | overlays on several frames of data. No super-cell or erroneous
reflections were observed.

After careful examination of the unit cell, an extended data collection procedure (4
sets) was initiated using omega and phi scans.

Integrated intensity information for each reflection was obtained by reduction of the
data frames with the program APEX2.8! The integration method employed a three-
dimensional profiling algorithm and all data were corrected for Lorentz and polarization

factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
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produce a suitable data set. The absorption correction program SADABS®* was employed
to correct the data for absorption effects.

Systematic reflection conditions and statistical tests of the data suggested the space
group Pnma. A solution was obtained readily (Z=4, Z'=0.5) using XT/XS in APEX2.818
Hydrogen atoms were placed in idealized positions and were set riding on the respective
parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters.
Absence of additional symmetry and voids were confirmed using PLATON
(ADDSYM).® The structure was refined (weighted least squares refinement on F?) to
convergence.B38” Olex 2 was employed for the final data presentation and structure plots.®’

Compound 5-24. A Leica MZ 75 microscope was used to identify a yellow block with
very well-defined faces with dimensions (max, intermediate, and min) 0.247 x 0.104 x
0.082 mm?3 from a representative sample of crystals of the same habit. The crystal mounted
on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained at 110 K.

A BRUKER APEX 2 Duo X-ray (three-circle) diffractometer was employed for crystal
screening, unit cell determination, and data collection. The goniometer was controlled
using the APEX3 software suite, v2017.3-0.8! The sample was optically centered with the
aid of a video camera such that no translations were observed as the crystal was rotated
through all positions. The detector (Bruker - PHOTON) was set at 6.0 cm from the crystal
sample. The X-ray radiation employed was generated from a Mo sealed X-ray tube (Ko =
0.71073A with a potential of 40 kV and a current of 40 mA).

45 data frames were taken at widths of 1.0°. These reflections were used in the auto-
indexing procedure to determine the unit cell. A suitable cell was found and refined by
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nonlinear least squares and Bravais lattice procedures. The unit cell was verified by
examination of the h k | overlays on several frames of data. No super-cell or erroneous
reflections were observed.

After careful examination of the unit cell, an extended data collection procedure (5
sets) was initiated using omega and phi scans.

Integrated intensity information for each reflection was obtained by reduction of the
data frames with the program APEX3.8! The integration method employed a three-
dimensional profiling algorithm and all data were corrected for Lorentz and polarization
factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
produce a suitable data set. The absorption correction program SADABS®* was employed
to correct the data for absorption effects.

Systematic reflection conditions and statistical tests of the data suggested the space
group Pnma. A solution was obtained readily (Z=4; Z'=0.5) using XT/XS in APEX2.818
Hydrogen atoms were placed in idealized positions and were set riding on the respective
parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters.
Absence of additional symmetry and voids were confirmed using PLATON
(ADDSYM).® The structure was refined (weighted least squares refinement on F?) to
convergence.38” Olex 2 was employed for the final data presentation and structure plots.®’

Compound 5.25 A Leica MZ 75 microscope was used to identify a suitable colorless
block with very well-defined faces with dimensions (max, intermediate, and min) 0.118 x

0.093 x 0.084 mm?3 from a representative sample of crystals of the same habit. The crystal
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mounted on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained
at 110 K.

A BRUKER APEX 2 Duo X-ray (three-circle) diffractometer was employed for crystal
screening, unit cell determination, and data collection. The goniometer was controlled
using the APEX2 software suite, v2008-6.0.8! The sample was optically centered with the
aid of a video camera such that no translations were observed as the crystal was rotated
through all positions. The detector was set at 6.0 cm from the crystal sample (APEX2,
512x512 pixel). The X-ray radiation employed was generated from a Mo sealed X-ray
tube (K« = 0.70173A with a potential of 40 kV and a current of 40 mA).

45 data frames were taken at widths of 1.0°. These reflections were used in the auto-
indexing procedure to determine the unit cell. A suitable cell was found and refined by
nonlinear least squares and Bravais lattice procedures. The unit cell was verified by
examination of the h k | overlays on several frames of data. No super-cell or erroneous
reflections were observed.

After careful examination of the unit cell, an extended data collection procedure (4
sets) was initiated using omega and phi scans.

Integrated intensity information for each reflection was obtained by reduction of the
data frames with the program APEX2.8! The integration method employed a three-
dimensional profiling algorithm and all data were corrected for Lorentz and polarization
factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
produce a suitable data set. The absorption correction program SADABS8* was employed
to correct the data for absorption effects.
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Systematic reflection conditions and statistical tests of the data suggested the space
group Pnma. A solution was obtained readily (Z=4, Z'=0.5) using XT/XS in APEX2,818
Hydrogen atoms were placed in idealized positions and were set riding on the respective
parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters.
Absence of additional symmetry and voids were confirmed using PLATON
(ADDSYM).® The structure was refined (weighted least squares refinement on F?) to
convergence.38” Olex 2 was employed for the final data presentation and structure plots.®’

Compound 5.26. A Leica MZ 75 microscope was used to identify a suitable pink block
with very well-defined faces with dimensions (max, intermediate, and min) 0.372 x 0.246
x 0.087 mm? from a representative sample of crystals of the same habit. The crystal
mounted on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained
at 110 K.

A BRUKER APEX 2 Duo X-ray (three-circle) diffractometer was employed for crystal
screening, unit cell determination, and data collection. The goniometer was controlled
using the APEX2 software suite, v2008-6.0.8! The sample was optically centered with the
aid of a video camera such that no translations were observed as the crystal was rotated
through all positions. The detector was set at 6.0 cm from the crystal sample (APEX2,
512x512 pixel). The X-ray radiation employed was generated from a Mo sealed X-ray
tube (K« = 0.70173A with a potential of 40 kV and a current of 40 mA).

45 data frames were taken at widths of 1.0°. These reflections were used in the auto-
indexing procedure to determine the unit cell. A suitable cell was found and refined by
nonlinear least squares and Bravais lattice procedures. The unit cell was verified by
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examination of the h k | overlays on several frames of data. No super-cell or erroneous
reflections were observed.

After careful examination of the unit cell, an extended data collection procedure (4
sets) was initiated using omega and phi scans.

Integrated intensity information for each reflection was obtained by reduction of the
data frames with the program APEX2.8! The integration method employed a three-
dimensional profiling algorithm and all data were corrected for Lorentz and polarization
factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
produce a suitable data set. The absorption correction program SADABS®* was employed
to correct the data for absorption effects.

Systematic reflection conditions and statistical tests of the data suggested the space
group Pnma. A solution was obtained readily (Z=4, Z'=0.5) using XT/XS in APEX2.818
Hydrogen atoms were placed in idealized positions and were set riding on the respective
parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters.
Absence of additional symmetry and voids were confirmed using PLATON
(ADDSYM).® The structure was refined (weighted least squares refinement on F?) to
convergence.38” Olex 2 was employed for the final data presentation and structure plots.®’

Compound 5-27. A Leica MZ 75 microscope was used to identify a suitable colorless
plate with very well-defined faces with dimensions (max, intermediate, and min) 0.212 x
0.146 x 0.065 mm? from a representative sample of crystals of the same habit. The crystal
mounted on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained

at 110 K.
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A BRUKER APEX 2 Duo X-ray (three-circle) diffractometer was employed for crystal
screening, unit cell determination, and data collection. The goniometer was controlled
using the APEX2 software suite, v2008-6.0.8! The sample was optically centered with the
aid of a video camera such that no translations were observed as the crystal was rotated
through all positions. The detector was set at 6.0 cm from the crystal sample (APEX2,
512x512 pixel). The X-ray radiation employed was generated from a Mo sealed X-ray
tube (K« = 0.70173A with a potential of 40 kV and a current of 40 mA).

45 data frames were taken at widths of 1.0°. These reflections were used in the auto-
indexing procedure to determine the unit cell. A suitable cell was found and refined by
nonlinear least squares and Bravais lattice procedures. The unit cell was verified by
examination of the h k | overlays on several frames of data. No super-cell or erroneous
reflections were observed.

After careful examination of the unit cell, an extended data collection procedure (4
sets) was initiated using omega and phi scans.

Integrated intensity information for each reflection was obtained by reduction of the
data frames with the program APEX2.8! The integration method employed a three-
dimensional profiling algorithm and all data were corrected for Lorentz and polarization
factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
produce a suitable data set. The absorption correction program SADABS8* was employed
to correct the data for absorption effects.

Systematic reflection conditions and statistical tests of the data suggested the space
group Pnma. A solution was obtained readily (Z=4, Z'=0.5) using XT/XS in APEX2.818
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Hydrogen atoms were placed in idealized positions and were set riding on the respective
parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters.
Absence of additional symmetry and voids were confirmed using PLATON
(ADDSYM).® The structure was refined (weighted least squares refinement on F?) to
convergence.38” Olex 2 was employed for the final data presentation and structure plots.®’

Compound 5-28. A Leica MZ 75 microscope was used to identify a suitable pink block
with very well-defined faces with dimensions (max, intermediate, and min) 0.342 x 0.286
x 0.064 mm?® from a representative sample of crystals of the same habit. The crystal
mounted on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained
at 110 K.

A BRUKER APEX 2 Duo X-ray (three-circle) diffractometer was employed for crystal
screening, unit cell determination, and data collection. The goniometer was controlled
using the APEX2 software suite, v2008-6.0.8! The sample was optically centered with the
aid of a video camera such that no translations were observed as the crystal was rotated
through all positions. The detector was set at 6.0 cm from the crystal sample (APEX2,
512x512 pixel). The X-ray radiation employed was generated from a Mo sealed X-ray
tube (K« = 0.70173A with a potential of 40 kV and a current of 40 mA).

45 data frames were taken at widths of 1.0°. These reflections were used in the auto-
indexing procedure to determine the unit cell. A suitable cell was found and refined by
nonlinear least squares and Bravais lattice procedures. The unit cell was verified by
examination of the h k | overlays on several frames of data. No super-cell or erroneous
reflections were observed.
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After careful examination of the unit cell, an extended data collection procedure (4
sets) was initiated using omega and phi scans.

Integrated intensity information for each reflection was obtained by reduction of the
data frames with the program APEX2.8! The integration method employed a three-
dimensional profiling algorithm and all data were corrected for Lorentz and polarization
factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
produce a suitable data set. The absorption correction program SADABS®* was employed
to correct the data for absorption effects.

Systematic reflection conditions and statistical tests of the data suggested the space
group Pnma. A solution was obtained readily (Z=4, Z'=0.5) using XT/XS in APEX2.818
Hydrogen atoms were placed in idealized positions and were set riding on the respective
parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters.
Absence of additional symmetry and voids were confirmed using PLATON
(ADDSYM).® The structure was refined (weighted least squares refinement on F?) to
convergence.38” Olex 2 was employed for the final data presentation and structure plots.®’

Compound 5-29. A Leica MZ 75 microscope was used to identify a suitable reddish,
colorless block with very well-defined faces with dimensions (max, intermediate, and
min) 0.249 x 0.218 x 0.153 mm?® from a representative sample of crystals of the same
habit. The crystal mounted on a nylon loop was then placed in a cold nitrogen stream
(Oxford) maintained at 110 K.

A BRUKER APEX 2 Duo X-ray (three-circle) diffractometer was employed for crystal

screening, unit cell determination, and data collection. The goniometer was controlled
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using the APEX2 software suite, v2008-6.0.8! The sample was optically centered with the
aid of a video camera such that no translations were observed as the crystal was rotated
through all positions. The detector was set at 6.0 cm from the crystal sample (APEX2,
512x512 pixel). The X-ray radiation employed was generated from a Mo sealed X-ray
tube (K« = 0.70173A with a potential of 40 kV and a current of 40 mA).

45 data frames were taken at widths of 1.0°. These reflections were used in the auto-
indexing procedure to determine the unit cell. A suitable cell was found and refined by
nonlinear least squares and Bravais lattice procedures. The unit cell was verified by
examination of the h k | overlays on several frames of data. No super-cell or erroneous
reflections were observed.

After careful examination of the unit cell, an extended data collection procedure (4
sets) was initiated using omega and phi scans.

Integrated intensity information for each reflection was obtained by reduction of the
data frames with the program APEX2.8! The integration method employed a three-
dimensional profiling algorithm and all data were corrected for Lorentz and polarization
factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
produce a suitable data set. The absorption correction program SADABS®* was employed
to correct the data for absorption effects.

Systematic reflection conditions and statistical tests of the data suggested the space
group Pnma. A solution was obtained readily (Z=4, Z'=0.5) using XT/XS in APEX2.818
Hydrogen atoms were placed in idealized positions and were set riding on the respective
parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters.
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Absence of additional symmetry and voids were confirmed using PLATON
(ADDSYM).® The structure was refined (weighted least squares refinement on F?) to
convergence.38” Olex 2 was employed for the final data presentation and structure plots.®’

Compound 5-30. A Leica MZ 75 microscope was used to identify a suitable brown
plate with very well-defined faces with dimensions (max, intermediate, and min) 0.281 x
0.217 x 0.105 mm?3 from a representative sample of crystals of the same habit. The crystal
mounted on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained
at 110 K.

A BRUKER APEX 2 Duo X-ray (three-circle) diffractometer was employed for crystal
screening, unit cell determination, and data collection. The goniometer was controlled
using the APEX2 software suite, v2008-6.0.8! The sample was optically centered with the
aid of a video camera such that no translations were observed as the crystal was rotated
through all positions. The detector was set at 6.0 cm from the crystal sample (APEX2,
512x512 pixel). The X-ray radiation employed was generated from a Mo sealed X-ray
tube (Ko = 0.70173A with a potential of 40 kV and a current of 40 mA).

45 data frames were taken at widths of 1.0°. These reflections were used in the auto-
indexing procedure to determine the unit cell. A suitable cell was found and refined by
nonlinear least squares and Bravais lattice procedures. The unit cell was verified by
examination of the h k | overlays on several frames of data. No super-cell or erroneous
reflections were observed.

After careful examination of the unit cell, an extended data collection procedure (4
sets) was initiated using omega and phi scans.
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Integrated intensity information for each reflection was obtained by reduction of the
data frames with the program APEX2.8! The integration method employed a three-
dimensional profiling algorithm and all data were corrected for Lorentz and polarization
factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
produce a suitable data set. The absorption correction program SADABS®* was employed
to correct the data for absorption effects.

Systematic reflection conditions and statistical tests of the data suggested the space
group Pnma. A solution was obtained readily (Z=4, Z'=0.5) using XT/XS in APEX2.818
Hydrogen atoms were placed in idealized positions and were set riding on the respective
parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters.
Absence of additional symmetry and voids were confirmed using PLATON
(ADDSYM).® The structure was refined (weighted least squares refinement on F?) to
convergence.38” Olex 2 was employed for the final data presentation and structure plots.®’

Compound 5-31. A Leica MZ 75 microscope was used to identify a suitable colorless
block with very well-defined faces with dimensions (max, intermediate, and min) 0.212 x
0.205 x 0.072 mma3 from a representative sample of crystals of the same habit. The crystal
mounted on a nylon loop was then placed in a cold nitrogen stream (Oxford) maintained
at 110 K.

A BRUKER APEX 2 Duo X-ray (three-circle) diffractometer was employed for crystal
screening, unit cell determination, and data collection. The goniometer was controlled
using the APEX2 software suite, v2008-6.0.8! The sample was optically centered with the

aid of a video camera such that no translations were observed as the crystal was rotated
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through all positions. The detector was set at 6.0 cm from the crystal sample (APEX2,
512x512 pixel). The X-ray radiation employed was generated from a Mo sealed X-ray
tube (K« = 0.70173A with a potential of 40 kV and a current of 40 mA).

45 data frames were taken at widths of 1.0°. These reflections were used in the auto-
indexing procedure to determine the unit cell. A suitable cell was found and refined by
nonlinear least squares and Bravais lattice procedures. The unit cell was verified by
examination of the h k | overlays on several frames of data. No super-cell or erroneous
reflections were observed.

After careful examination of the unit cell, an extended data collection procedure (4
sets) was initiated using omega and phi scans.

Integrated intensity information for each reflection was obtained by reduction of the
data frames with the program APEX2.8! The integration method employed a three-
dimensional profiling algorithm and all data were corrected for Lorentz and polarization
factors, as well as for crystal decay effects. Finally, the data was merged and scaled to
produce a suitable data set. The absorption correction program SADABS®* was employed
to correct the data for absorption effects.

Systematic reflection conditions and statistical tests of the data suggested the space
group Pnma. A solution was obtained readily (Z=4, Z'=0.5) using XT/XS in APEX2.818
Hydrogen atoms were placed in idealized positions and were set riding on the respective
parent atoms. All non-hydrogen atoms were refined with anisotropic thermal parameters.

Absence of additional symmetry and voids were confirmed using PLATON
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(ADDSYM).® The structure was refined (weighted least squares refinement on F?) to
convergence.38” Olex 2 was employed for the final data presentation and structure plots.®’
5.3 Results & Discussion

5.3.1 Synthesis & Structure of Synthesized Lanthanide-Transition Metal Bonded
Complexes

The synthetic approach introduced in Chapters 3 and 4 has proven itself as fruitful in
terms of generality. Starting from [(PyCp2)Ln(thf)(OTf)] synthons, various Ln-TM
bonded complexes across the entire lanthanide series can be accessed. In fact, many of the
prepared complexes are the very first examples of lanthanides bonded to a transition metal
(Pr, Sm, Tb, Ho, Er, Tm). While most Ln-TM combinations immediately result in crystals
upon addition of KFp (or KRp) to a solution of [(PyCp2)Ln(thf)(OTf)], it takes
approximately a week at -30 °C in a freezer until crystals are formed for some of the earlier
lanthanides. One possibility for this observation is the decreased Lewis acidity of the
earlier lanthanides. Given the decrease in ionic radii across the lanthanides, earlier
lanthanides are less Lewis acidic, leading to longer reaction times.**? In addition, the larger
lanthanides can accommodate the binding of an additional thf ligand with Ln-Fe
combinations Ce, Pr, and Nd having a thf molecule bound, as evidenced by the molecular
structure obtained via X-ray diffraction studies.

It should be noted, attempts to isolate a Eu-TM bonded complex have been ultimately
unsuccessful. Upon addition of a solution of KFp or KRp to [(PyCp2)Eu(thf)(OTf)], no
visible change occurs. Layering the reaction with hexanes results in dark red plate crystals
of the starting material [(PyCpz2)Eu(thf)(OTf)]. As the Eu®* is one of the most readily

reduced lanthanides, it is possible the highly reducing Rp~ or Fp~ molecules act as reducing
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agents.!>® Attempts to isolate a Eu(ll) complex from this synthesis have also been
unsuccessful.

Utilizing single-crystal X-ray diffractometry, the molecular structures of every
synthesized Ln-TM combination have been studied. Of particular significance, lanthanide
ions contract across the series, resulting in a decrease in ionic radii. This trend parallels
the trend in Ln-TM distances, which decrease going from Ce to Lu (Table 5.1). There is
also a substantial decrease in the Ln-TM distance transitioning from (thf)PyCp2Nd-
FeCp(CO)2to PyCp,Sm-FeCp(CO)2 (~0.25 A). In fact the three (thf)PyCp2Ln-FeCp(CO).
(Ln = Ce, Pr, Nd) have Ln-TM distances above 3 A, whereas all other combinations have

a distance of less than 3 A.
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Table 5.1: Summary of Ln-TM distances in prepared complexes.

Ln-Fe Ln-Fe Distance (&) Ln-Ru Ln-Ru Distance (A)
(thf)Ce-Fe 3.1546(5) Nd-Ru 3.0088(4)
(thf)Pr-Fe 3.1491(5) Sm-Ru 2.9872(3)
(thf)Nd-Fe 3.1516(8) Gd-Ru 2.9653(5)
Nd-Fe 2.9290(4) Tb-Ru 2.9648(5)
Sm-Fe 2.9051(10) Dy-Ru 2.9508(5)
Gd-Fe 2.893(2) Ho-Ru 2.9452(3)
Tb-Fe 2.891(2) Er-Ru 2.9351(5)
Dy-Fe 2.884(2) Tm-Ru 2.9286(5)
Ho-Fe 2.8766(8) Yb-Ru 2.9233(5)
Er-Fe 2.8652(19) Lu-Ru 2.9165(7)
Tm-Fe 2.8586(9)

Yb-Fe 2.8523(19)

Lu-Fe 2.838(1)

One interesting observation has to do with the molecular structure of Nd-Fe bonded

complexes (Figure 5.1).

Figure 5.1: Molecular structures of 5-13 (left) and 5-14 (right). Hydrogens have been
omitted for clarity. Carbon, gray; oxygen, red; nitrogen, blue; iron, orange; neodymium,
light blue.
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If the complex is crystallized in the freezer, the thf bound complex (thf)PyCp2Nd-
FeCp(CO): is isolated (Figure 5.1). In contrast, obtaining crystals via slow evaporation of
the solvent (thf) at room temperature results in the thf free complex PyCp2Nd-FeCp(CO)a.
Additionally, attempts to prepare PyCp:Nd-RuCp(CO). in the freezer have been
unsuccessful. It has only been successfully prepared via slow evaporation at room
temperature. Efforts to isolate larger quantities of the thf free complexes have been
challenging, as the crystals of both PyCp.Nd-FeCp(CO). and PyCp2Nd-RuCp(CO)2
immediately turn brown after decanting off mother liquor with some white powder mixed
in with the solid (presumed to be KOTf). The decomposed mixture is insoluble in Et.0,
toluene, and thf.

As versatile as this synthesis has been with preparing molecules containing a Ln-TM
bond, a major drawback is the lack of solubility of these complexes. The crystals isolated
from the reactions are insoluble in thf, toluene, Et.O, 1,4-dioxane, and 2-
methyltetrahydrofuran, and decompose in CH2Cl, and acetonitrile. In order to better
characterize these complexes, it is imperative to increase the solubility of them. One
possible route is to modify the Fp~ anion by replacing hydrogens with methyl groups.
Ideally, the reaction of KFp* (Fp* = [CsMesFe(CO)2]") and the lanthanide synthons will

generate complexes bearing a lanthanide-transition metal bond (Figure 5.2).1%
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2K + [CsMesFe(COp)ly ———————» 2 //Fe
THF, 1d &7
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Figure 5.2: Synthesis of Fp* (top) and proposed synthesis of Ln-Fp* complexes (bottom).

Naturally, the next step to study Ln-TM bonded complexes would be to study the effect
different transition metals have on the nature of this interaction. Ideally, other anionic
transition metal carbonyl fragments could be employed and behave similarly to KFp and
KRp. In other reports, anionic transition metal fragments such as Wp™ ([CpW(CO)3]’), Mc
(IMn(CO)s]), Mp~ ([CpMo(CO)s]), or Crp~ ([CpCr(CO)3]) have been utilized to

synthesize complexes bearing Cu-TM bonds (TM = W, Mn, Mo, Cr, Co) (Figure 5.3).%’

/dipp /dipp
N Na*[M] N
[ P—cu —Cl > [ P—Cu—I[M] + NaCl
N M = Fp", Rp, Wp", Mp™ N\
\dipp Mc", Crp™ Ccp’ dipp
dipp =
<

Na*[M]’
M = Fp’, Rp’, Wp", Mp™
Mc, Crp” Ccp™

|
Ne=—/|n—[M] + NaOTf

Figure 5.3: Synthesis of Cu-TM bonds via the synthesis of an N-heterocyclic carbene
copper complex and anionic metal carbonyl fragments (top). Proposed synthesis of Ln-
TM bonds with Ln-OTf complex (bottom). Adapted from Banerjee et al (2014).27
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An analogous synthesis with these fragments along with lanthanide synthons we have
prepared ([(PyCp2)Ln(thf)(OTf)] Ln = Ce, Pr, Nd, Sm, Eu, Gd, Tbh, Dy, Ho, Er, Tm, Yb,
Lu) is certainly plausible. A potential drawback to this approach has to do with the relative
nucleophilicities of these fragments (Table 5.2).

Table 5.2: Relative nucleophilicities of metal carbonyl anions.*®

Anion Relative Nucleophilicity
[CpFe(CO),] 70,000,000
[CPRU(CO)2] 7,500,000

[CPNi(CO)] 5,500,000

[Re(CO)s] 25,000

[CPW(CO)s] ~500

[Mn(CO)s] 77

[CPMOo(CO)s] 67

[CpCr(CO)3] 4

[Co(CO)4l 1

Previous work has demonstrated that Fp~ and Ru" are significantly better nucleophiles
than other anionic transition metal fragments.'® Fenske-Hall computational studies
performed suggested the anionic charge is localized on the metal center in the case of Fp
and Rp™ as opposed to the charge delocalization over the entire fragment observed in Mp,
Crp,, and Wp'. This lack of negative charge on the metal center of these fragments has

resulted in isolation of lanthanide isocarbonyl complexes as opposed to the desired Ln-
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TM bond.?6:15%-160 |t js possible that employing a triflate bearing synthon would lead to the
desired complex, as it has not been utilized before to the best of our knowledge

An alternative approach proposed is through the use of an anionic rhenium fragment.
An anionic Rhenium(I) B-diketiminate fragment has recently been used as a metalloligand

to generate a heterometallic complex containing Re-Zn and Zn-Zn bonds (Figure 5.4).16!

‘,"pp?l dipp -

=N—

S N\/Re\ﬁ xs Na \_H:Re_@ Na*
dipp THF, 23 °C, 4d !

SnCly” _’3 NaC[ dipp

-sn?
dipp = - "Na,0"
Figure 5.4: Synthesis of Na[CpRe(BDI)]. Adapted from Lohrey et al. (2019).1%*
This complex was successfully prepared via the reaction between ZnCl> and

Na[CpRe(BDI)] (BDI = N,N-bis(2,6-diisopropylphenyl)-3,5-dimethyl-B-diketiminate)

(Figure 5.5).
dipp
|
\ /N—.
/Re\N P dipp
dipp - Zn [
N OSqunCIz gpp 5/ P . 05 < N\Re_@
TN \Re—@ Na* 0.25 rjl % N~
\ THF 23 °C, 30 min =N~ge¢ Hipp
dipp - NaCl N

dipp \’(9

Figure 5.5: Synthesis of complex containing Re-Zn bonds. Adapted from Lohrey et al
(2019).161

Density functional theory (DFT) calculations concluded the Re-Zn interaction formed
via a dative interaction from a lone pair on Re located in a 5d orbital and an empty 4p Zn-
based orbital. A similar approach using Na[CpRe(BDI)] and [PyCp.Ln(OTf)(thf)] could

be employed to synthesize Ln-Re bonds (Figure 5.6). Considering the Ln-Fe and Ln-Ru
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has been characterized as a strong ¢ TM-Ln donation, this approach to form Ln-TM bonds

seems more viable than less nucleophilic anionic transition metal carbonyl fragments.

dipp LnX; ?iipp
[\ﬂ —| ) X=CI, OTf R _N—
pr— - - - — | —
X N,Re—@ Na* Ie N
\ -NaX |
di Ln i
ipp N ;Ipp

Figure 5.6: Proposed synthesis of Ln-Re bonded complex.
5.3.2 Spectroscopic Analysis of Lanthanide-Transition Metal Bonded Complexes

In evaluating the infrared and °’Fe Mdssbauer spectra of the Ln-TM bonded complexes
isolated with this system, it was determined the nature of the bond can be described as
showing strong TM—Ln ¢ donation. Infrared spectroscopy was used to assess the electron
density around the iron center. Most of the complexes have similar vco stretches to that of
TM-Fp bonded complexes (Table 5.3).1% It can be concluded that the bonding is best
described as a formally iron(0) ion binding to a trivalent lanthanide ion. It should be noted
that Ln-TM combinations containing a tetrahydrofuran molecule bound to the lanthanide
differ slightly than the later lanthanides in the series with no solvent molecule bound. The
CO stretching modes are complexes with a Pr-Fe and Ce-Fe bond are at slightly lower in

energy as compared to other complexes.
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Table 5.3: CO stretching frequencies of synthesized Ln-TM complexes.

Ln-Fe
(thf)Ce-Fe
(thf)Pr-Fe
(thf)Nd-Fe
Sm-Fe
Gd-Fe
Th-Fe
Dy-Fe
Ho-Fe
Er-Fe
Yb-Fe

Lu-Fe

It can be concluded that there is more electron density on the iron in complexes with a

bound thf molecule on the lanthanide ion. This is likely due to the weaker Ln-TM

veo (cm?)
1891/1814
1890/1814
1908/1836
1907/1836
1909/1840
1910/1836
1910/1840
1912/1831
1913/1843
1914/1843

1915/1833

Ln-Ru
Sm-Ru
Gd-Ru
Th-Ru
Dy-Ru
Ho-Ru
Er-Ru

Yb-Ru

Lu-Ru

veo (cm™?)
1930/1851
1930/1852
1928/1847
1930/1851
1933/1852
1933/1854
1934/1856

1934/1855

interaction given the electron donation of the thf molecule to the lanthanide.

Table 5.4: Summary of °’Fe Mdssbauer data for Ln-Fe complexes.
o (mm/s)

Ln-Fe
(thf)Ce-Fe
Dy-Fe

Lu-Fe

0.133

0.129

0.122
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The more positive isomer shift in 3-1 as compared to 5-21 suggests a stronger Fe—Ln
in the latter compound (Table 5.4). In order to establish this trend with more certainty,
more spectra are necessary.

Future studies would benefit from utilizing even more sensitive spectroscopic
techniques to potentially quantify covalency in Ln-TM bonded complexes. A possible
alternative avenue that has so far not been explored is resonance Raman experiments. In
contrast to traditional Raman experiments, resonance Raman involves selecting an
incident photon source close to that of the energy of the electronic transition of the
molecule of interest.'? The frequency resonance can lead to greatly enhanced intensity of
Raman scattering as compared to a traditional Raman experiment. Resonance Raman has
been utilized to study electronic communication in bimetallic complexes.'63-164

In a recent literature example, the weak iron-ruthenium interaction in a ferrocene

diamide complex was probed. (Figure 5.7)6°

Ha H
N- CI |
=N peny  21eqkoss SSTNG peng
L Ak T 2ka T RN
.-
Q_Hz Cl -2 'BUOH Q_N\HCI PPh,

Figure 5.7: Synthesis of ferrocene amido complex with Fe-Ru interaction. Adapted from
Green et al. (2013).16°

Initially, ultraviolet-visible (UV-Vis) spectroscopy exhibited weakly absorbing signals
attributed to an iron-ruthenium charge transfer band at 530 nm as well as other signals at
360 and 352 nm. When the intensity of the excitation laser wavelength was increased, the

vibrational mode signal of the complex at 342 cm™ significantly increased. Ultimately,
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this supported the existence of an iron-ruthenium interaction when compared to other
literature examples.'%®

In a similar manner, resonance Raman spectroscopy could be utilized to assess the
nature of Ln-TM bonds. Initially, UV-vis experiments will be carried out to identify any
Ln-TM charge transfer bands. The energy of this transition would indicate regions in the
Raman spectrum in which an enhanced signal could potentially be observed as a result of
resonance with the electronic transition. If these transitions differ in energy when
substituting a lanthanide, it can provide insight into the relative strength of different Ln-
TM bonds.

5.3.3 Assessment of Magnetization Dynamics of Lanthanide-Transition Metal
Complexes

Currently, no complex that has been discussed in this thesis containing a Ln-TM bond
has demonstrated slow magnetic relaxation under zero applied dc field. The Dy-TM
complexes discussed in Chapter 3 exhibited similar Ues values under an applied dc field.
Additionally, the Ce-Fe bonded complex exhibited field induced slow magnetic relaxation
at a lower optimum applied field (500 Oe for 4-1 verus 1500 Oe for 3-1 and 1600 Oe for
3-2), albeit at lower temperatures and a lower calculated Ues than 3-1 and 3-2. Other Ln-
TM heterobimetallic complexes such as Th-TM, Ho-TM, and Er-TM do not exhibit an
out-of-phase component of the ac susceptibility under any condition (Appendix D). It is
likely that for the case of non-Kramers oblate ions such as terbium the ligand symmetry
surrounding the ion leads to the lack of a bistable ground state. In the case of erbium or
holmium, the axial ligand field from the cyclopentadienide ligands is not ideal for prolate

ions resulting in no barrier for magnetization reversal. Additionally, static magnetic
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measurements, such as dc susceptibility, support the conclusion that magnetic behavior
arises from the paramagnetic lanthanide ion with no contributions from the transition
metal center.

The magnetic behavior of these complexes falls in line with current theory of single-
molecule magnets. Referring specifically to Dy-based SMMs, it is desirable for negatively
charged ligands to coordinate axially to achieve a large separation of the ground m; and
first excited state. Ligands that coordinate equatorially in the Dy case can either result in
the lowest m; value being the magnetic ground state, quantum tunneling of magnetization,
or both. 167

Comparing the magnetic properties of 2-3 and 3-1, only 2-3 demonstrates slow
magnetic relaxation (albeit at frequencies too high to measure on our SQUID
magnetometer) whereas 3-1 does not have a signal in the out-of-phase component of ac
susceptibility under no applied dc field. While these complexes have cyclopentadienide
ligands coordinated axially, their equatorial ligands differ. Triflate and thf in 2-3 are
weaker ligands in comparison to the anionic Fp™ in 3-1. The stronger equatorial ligand in
3-1 is the likely cause of the lack of barrier to magnetization reversal in the complex. This
conclusion is further supported in literature, with similar systems exhibiting better
performances as SMMs with weaker bound ligands in the equatorial field.6%16
Conversely, the axially coordinated Cp™ ligands on the Er system are likely the cause for
poor SMM behavior in the erbium analogue of 3-1.

In order to improve SMM behavior of Ln-TM bonded complexes, reducing the strength

of equatorial or axial ligands need to be considered. A possible approach could be
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implementing the anionic rhenium fragment [CpReBDI] previously described. The
negatively charged rhenium species readily reacts with ZnCl; to generate a heterometallic
complex supported by both Re-Zn and Zn-Zn bonds. Under similar conditions, trivalent

lanthanide salts such as ErCls or Er(OTf)s could be reacted in a 1:2 fashion (Figure 5.8).

« &

: ErX
dipp _ 3
| X = I, OTF R —— et —— o
—  ~“Re— + > /\ I\
2 SN @ Na™ 2 Nax N N N

N -
dipp dippw\dnpp dlpp/A)\dlpp
Figure 5.8: Proposed synthesis of Re-Er-Re sandwich complex.
The proposed molecule would contain two Re-Er bonds with the rhenium binding
equatorially. To remove the axially bound chloride or triflate, a weakly binding anion such
as tetrakis(pentafluorophenyl)borate could be utilized to generate a system similar to the

metallocenium complexes that are the current benchmarks in the field of SMMs (Figure

o D &
T X HSEGBCF]  fo g
TR T HSiE, /\ A
- 3
. NN NN [B(CeFs)al’
N N - XSiEt oo 1 T 6r5)a
dipo” | N\dipp dioo” | N\dipp iEts dipp [/ dipp dlpp/‘k%dlpp
L pp/v\
X=CI, OTf

Figure 5.9: Proposed synthesis of cationic erbium complex.
5.4 Conclusion & Outlook

After the successful synthesis and isolation of complexes containing Dy-TM and Ce-
TM bonds with the [PyCp2]? ligand system, analogous lanthanide synthons were prepared
to assess the ability to make Ln-TM bonds across the series. With the exception of

europium, promethium, and lanthanum, a Ln-Fe or Ln-Ru bonded complex could be
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successfully synthesized with this system. As predicted, the Ln-TM distance in these
complexes decreases as the ionic radius of the lanthanide decreases.

Spectroscopic characterization of these complexes via IR suggests that the electron
density of the transition metal center does slightly change as a function of the nature of
the lanthanide ion. This is also consistent with Mdssbauer spectroscopic measurements of
Lu-Fe and Dy-Fe bonded complexes. Efforts to find a spectroscopic method that will be
sensitive enough to unambiguously detect differences in Ln-TM bonding are currently
being pursued.

While Ln-TM bonded complexes 3-1, 3-2, and 4-1 exhibit slow magnetic relaxation
under applied dc fields, no compounds discussed in this chapter demonstrate any form of
slow magnetic relaxation. Possible improvements to enhance magnetic behavior are
suggested utilizing an anionic rhenium fragment. In addition, efforts to study different
lanthanide-transition metal combinations for bonding have been proposed using other

anionic transition metal carbonyl fragments.
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6. CONCLUSION

6.1 Magnetization Dynamics of Lanthanide Organometallic Dysprosium Complexes

Utilizing the [PyCp2]* ligand, dinculear dysprosium complexes were successfully
synthesized. These complexes were prepared via the reaction between anhydrous
Dy(OTf)3 or DyCls and Na2PyCp». It was determined that the bridging triflate interaction
in 2-1 as compared to 2-2 was weaker, as evidenced by the triflate complex breaking down
into a monomeric form 2-3 upon the addition of thf. Magnetization dynamic studies
concluded that all three complexes exhibited slow magnetic relaxation under zero applied
dc field, and Uesr was calculated for 2-1 and 2-2. The barrier for magnetization reversal
was identical (49 cm™) for 2-1 and 2-2 and demonstrated similar magnetic properties
according to computational analysis.

These complexes were prepared with the intention of implementing them in synthesis.
Specifically, these complexes were targeted to design a synthetic scheme to prepare
lanthanide-transition metal bonds in discrete molecules. We hypothesized that
incorporating triflate ligands in this system would allow the compounds to readily undergo
substitution chemistry. We were encouraged that the bridging complex 2-1 readily
dissociates in coordinating solvent, as it would seem to support that this interaction was
indeed weak.

6.2 Assessing Lanthanide-Transition Metal Bonding in Discrete Molecules
Through the use of the triflate complex [(PyCp2)Ln(p-OTf)]2 (or

[(PyCp2)Ln(OTf)(thf)]), molecules containing a Ln-TM bond can be successfully isolated.
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As the magnetization dynamics of these complexes was of interest to us, we initially
studied complexes 3-1 and 3-2 containing a Dy-TM bond (TM = Fe, Ru). Initially,
spectroscopic studies were performed after 3-1 and 3-2 were structurally characterized.
Infrared spectroscopy suggested the bonding was 6 donation from a transition metal center
with a formal oxidation state of O to the Dy ion with a formal oxidation state of +3. This
was further supported with °’Fe Mdossbauer spectroscopy. Computational studies
supplemented experimental findings, concluding that there is some electron sharing
between the two metals. Neither Dy-TM bonded complex displayed slow magnetic
relaxation under zero field, but both exhibited a signal in y’” under applied dc fields. These
magnetization dynamics studies determined 3-1 and 3-2 had similar calculated barriers
(43 cm™ for 3-1, 46 cm for 3-2) under similar applied dc fields (1500 Oe for 3-1, 1600
Oe for 3-2).

The versatility of this synthetic route to prepare Ln-TM complexes was further tested
with the earlier lanthanide cerium. The complex containing a Ce-Fe bond, 4-1, was
successfully synthesized and characterized. Spectroscopic studies performed concluded a
weaker Ln-TM interaction in 4-1 when compared to 3-1. The lower energy CO stretches
support this claim. It is likely the additionally bound THF molecule in 4-1 results in a
weaker Ce-Fe interaction. Complex 4-1 exhibited field induced slow magnetic relaxation
at a 500 Oe optimal field and had a calculated barrier of 29 cm™.

While this synthesis has proven to be a valuable approach to synthesize Ln-TM bonded
compounds, it is not universal across the lanthanide series. Attempts to synthesize

complexes containing a Eu-Fe, Pr-Ru, Ce-Ru, and Eu-Ru have been unsuccessful. Despite
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these shortcomings, this new approach has been utilized to great success and has resulted
in first ever examples of many Ln-TM bonds. Spectroscopic studies that have currently
been performed determined small changes in Ln-TM bonding upon substitution of the
lanthanide. Additionally, magnetization dynamic measurements performed as of now have
yet to determine a complex with a Ln-TM bond that exhibits slow magnetic relaxation
under zero field.

The next step in studying Ln-TM bonds would be preparing different Ln-TM
combinations. Other anionic transition metal carbonyl fragments are promising for this
synthesis along with a recently reported anionic rhenium species. More importantly, the
Re complex could be potentially utilized to improve SMM behavior in Ln-TM bonded
compounds. Other modifications to this system to improve solubility and reactivity are
currently underway.

Ultimately, this work has provided the most comprehensive look into lanthanide-
transition bonding to date. Not only has this work resulted in new Ln-TM bonding
combinations, but also it has resulted in extensive spectroscopic, magnetic, and
computational insights that had not been previously done before. Additionally, the ability
to compare Ln-TM bonding between 3d and 4d transition metal has been established with
this synthetic approach. The initial findings studies on this system has determined a strong
TM—Ln o donation that is relatively independent of lanthanide identity. Ideally, the work
discussed in this thesis will be able to open the doors to new Ln-TM bonding combinations
and contribute to efforts towards a system that supports Ln-TM bonds across the entire

lanthanide series.
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APPENDIX A

APPENDIX TO CHAPTER 2: A COMPARATIVE STUDY OF MAGNETIZATION

DYNAMICS IN DINUCLEAR DYSPROSIUM COMPLEXES FEATURING

BRIDGING CHLORIDE OR TRIFLUOROMETHANESULFONATE LIGANDS

3
i
i

Figure A.1: Packing diagram for 2-3 viewing along a-(left), b-(center), and c-axis (right).
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Figure A.2: Plot of Magnetization vs. Field at 8-1.8 K for 2-1.
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Figure A.3: Plot of Magnetization vs. H/T at 8-1.8 K for 2-1.
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Figure A.4: Plot of Magnetization vs. Field at 8-1.8 K for 2-2.
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Figure A.5: Plot of Magnetization vs. H/T at 8-1.8 K for 2-2.
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Figure A.6: Plot of Magnetization vs. Field at 8-1.8 K for 2-3
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Figure A.7: Plot of Magnetization vs. H/T at 8-1.8 K for 2-3.
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Figure A.8: Frequency dependence of the in-phase component (ym’) of 2-1.
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Figure A.9: Frequency dependence of the in-phase component (ym”) of 2-2.
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Figure A.10: Frequency dependence of the in-phase component (ym’) of 2-3.
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Figure A.11: Frequency dependence of the out-of-phase component (ym’”) of 2-3.
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Figure A.12: Frequency dependence of the in-phase component (ym’) of 2-3, 1000 Oe.

160



. 1.8 K mmmmm ) 10 K

£ ) :
L04- . z:t B:

s
=0.2 1

0.0

1 10 100 1000
Frequency (Hz)

Figure A.13: Frequency dependence of the out-of-phase (ym’”) of 2-3, 1000 Oe.
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Figure A.14: Cole-Cole plots under zero dc field for 2-1.
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Figure A.15: Cole-Cole plots under zero dc field for 2-2.
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Figure A.16: Frequency dependence of the in-phase component (ym’) of dilute 2-1.
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Figure A.17: Frequency dependence of out-of-phase (ym’”) of dilute 2-1.
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Figure A.18: Frequency dependence of the in-phase component (ym’) of dilute 2-2.
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Figure A.19: Frequency dependence of (ym”’) of dilute 2-2.
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Table A.1: Crystallographic Data for 2-1, 2-2, and 2-3.

Compound 2-1-CH2Cl2 2-2:CHCl2 2-2(thf)
Formula C3sH34ClsDy2FeN206S2  Cas.76H33.53DYy2N2 C22H23DyF3NO4S
Crystal system Triclinic Monoclinic Triclinic
Space group P-1 P21/n P-1
a A 12.259(1) 14.876(1) 8.2141(3)
b, A 13.208(1) 7.1590(7) 11.0008(4)
c, A 13.751(1) 16.663(2) 12.1504(5)
,° 92.254(4) 90 82.426(2)
B.° 90.145(4) 92.235(4) 78.374(2)
y,° 107.140(4) 90 88.147(2)
Volume, A3 2096.9(3) 1773.3(3) 9937.9(14)
z 2 2 2
T,K 110 110 110
pealcd (Mg/m?) 1.995 1.896 1.922
F(000) 1220 976 606
Omin, Omax, ° 1.482, 25 3.908, 62.443 1.725, 27.664
R1?, WR2" (I > 0.0617, 0.1560 0.0678,0.1748 0.0149, 0.0361
20(D))

R1?, wR2P (all data)

0.0773, 0.1690

0.0831, 0.1845

0.0169. 0.0373

3R1 = 3||Fol-|Fell/3|Fo|- "WR2 = [3[W(Fo? — F2)21/3[W(Fod)A]% W = 1/6%(Fo?) + (aP)? + bP,

where P = [max(0 or F¢?) + 2(Fc2)]/3.



Table A.2: Selected Bond Lengths and angles in molecular structures 2-1, 2-2, and 2-3.

2-1 2-2 2-3

Dy-C, A (range)  2.5911-2.657(13)  2.61(1)-2.68(1)  2.587(2)-2.669(2)

2.603(12)-
2.670(13)
Dy-N, A 2.562(9) 2.581(9) 25375(16)
2.546(9)
Dy-O, A (triflate)  2.322(9), 2.354(8) - 2.3352(14)

2.315(8), 2.376(8)

Dy-O, A (thf) - - 2.4560(13)
0-Dy-O, ° 75.4(3) - 72.99(5)
75.6(3)
Dy-Cl, A - 2.683(3),
2.785(3)
Cl-Dy-Cl, ° - 77.94(9)

166



Table A.3: Calculated g-tensor for Kramer’s doublets of individual Dy sites.

Kramers | g-tensor 1 2-3 2-2
doublet |components
1 Dy 1 Dy 2 Dy Dy 1 Dy 2
¢ 0.0083 0.0083 | 0.0995 | 0.0081 | 0.0082
x
8y 0.0250 0.0249 | 0.2004 | 0.0226 | 0.0227
g: 19.3038 | 19.2283 | 18.7695 | 19.0501 | 19.1629
Ex 1.2368 1.2365 | 0.2639 | 0.2529 | 0.2543
) 8y 6.7989 6.7729 | 0.9190 | 0.9696 | 0.9741
g 12.5748 | 12.5515 | 17.9002 | 15.9790 | 16.0269
Ex 0.6673 0.6575 | 7.5583 | 2.8529 | 2.8664
3 gy 3.8125 3.8120 | 7.1917 | 3.3862 | 3.4131
g: 7.3693 7.3392 4.0711 14.1677 | 14.2213
gx 2.8646 2.8650 | 3.8984 | 2.1680 | 2.1828
4 gy 4.4304 4.4306 | 4.9813 | 3.8553 | 3.8731
g 10.8902 | 10.8632 | 8.5726 | 12.2455 | 12.2824
gx 1.5013 1.4897 | 0.8492 | 0.6206 | 0.6193
5 8y 1.6700 1.6659 4.0447 1.0619 1.0724
g 15.0689 | 15.0696 | 9.5789 | 15.5567 | 15.5648
8x 8.6380 8.6308 | 4.8145 | 8.2151 | 8.2826
6 8y 6.9324 6.9118 | 5.9396 | 7.9019 | 7.9017
g 3.3646 3.3529 | 7.8326 | 3.6546 | 3.6824
8x 0.2139 0.2097 | 1.0721 | 0.1068 | 0.1122
7 8y 0.9202 0.9192 | 1.8331 | 2.1232 | 2.1333
g 15.7195 | 15.6790 | 13.7933 | 13.1789 | 13.2285
8 8x 0.4479 0.4472 | 0.0298 | 1.0347 | 1.0348
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Table A.4: Lowest exchange doublets arising from magnetic coupling.

# Energy (cm™) Tunneling g
splitting (cm?)

1 0.000000000000 1.28 x 10°® 38.532
0.000001275082

2 0.239069593853 1.50 x 10°® 0.081
0.239071092639

3 138.005807071743 4.85x 10 31.648
138.006292097241

4 138.127649799422 5.73x 103 28.514
138.133378788417

5 138.154082220392 5.81x 103 0.368
138.159893316113

6 138.274405289145 6.65 x 10 0.232
138.275070635627

Table A.5: Lowest exchange doublets arising from magnetic coupling.

# Energy (cm™) Tunneling g
splitting (cm™)

1 0.000000000000 1.59 x10°® 0.130
0.000001593754

2 1.582867138374 2.21x10° 38.211
1.582869352357

3 133.742118771048 1.79 x 10 0.102
133.742136639318

4 133.953725623240 8.95x 107 0.082
133.953815131459

5 135.098096546347 7.34x 107 35.068
135.098169984440

6 135.247962328973 1.40 x 10* 35.070
135.248102733045

168




APPENDIX FOR CHAPTER 3: STRUCTURE AND MAGNETIZATION DYNAMICS

APPENDIX B

OF DY-FE AND DY-RU BONDED COMPLEXES

Table B.1: Crystallographic Data for 3-1 and 3-2.

Compound (PyCp2)DyFe(Cp)(CO)2 (1) (PyCp,)DYRuU(Cp)(CO). (2)
Formula Ca4H20DyFeNO; C24H20DYNO2Ru
Crystal system Orthorhombic Orthorhombic
Space group Pnma Pnma
a, A 16.055(6) 16.209(2)
b, A 13.092(5) 13.082(2)
c, A 9.136(4) 9.134(1)
a,° 90 90
B,° 90 90
Y, ° 90 90
Volume, A3 1920.3(13) 1936.9(4)
VA 4 4
T,K 110 110
Pealed (MQ/M3) 1.981 2.119
F(000) 1116 1188
Onmin, Omax, ° 2.537, 24.983 2.513, 25.242
R4 WR2" (1 > 0.0407, 0.0892 0.0215, 0.0525
20(I))
R:?, WR2’ (all 0.0620, 0.1000 0.0525, 0.0540
data)

R1 = 3||Fo|-|Fell/3|Fo|. "WR2 = [3[W(Fo?— F?)?]/3[w(Fo?)?]]%, w = 1/6%(Fo?) + (aP)? + bP, where P
= [max(0 or Fo?) + 2(Fc?)]/3.
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Table B.2: Selected interatomic distances observed for 3-1 and 3-2.

distances, A 3-1 (TM = Fe) 3-2(TM =Ru)
Dy-TM 2.883(2) 2.9508(5)
Dy-N 2.452(9) 2.470(3)
Dy-C 2.644(7) 2.640(3)
2.671(7) 2.594(3)
2.646(7) 2.593(3)
2.584(7) 2.650(3)
2.597(7) 2.680(3)
TM-C(CO) 1.716(9) 1.834(3)
TM-C(Cp) 2.09(1) 2.286(4)
2.101(7) 2.270(3)
2.106(8) 2.295(3)

Table B.3: Results from QTAIM Analyses (G09).

Compound  (PyCp2)DyFe(Cp)(CO). (PyCp2)DyRu(Cp)(CO).
(3-1) (3-2)
d(Dy-TM), A 2.88305 2.95182
d(DyALCP), 1.44 1.41
d(LCPA-TM), 1.44 1.54
DI (Dy, TM) 0.45 0.43
p(lcp)? 0.036 0.04
v2p (Icp)° 0.047 0.061
G (Icp)° 0.019 0.023
V(Icp)® -0.026 -0.031
H(lcp)® -0.007 -0.008

3 (Icp): Electron density at line critical point (e/bohr®)
b¥2p (Icp): Laplacian of electron density (e/bohr®)
°G (Icp): Lagrangian form of kinetic energy density (hartree/bohr®)
4/ (Icp): Virial Field = Potential energy density (hartree/bohr®)

®H (Icp): Electronic energy density (hartree/bohr®)
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Table B.4: Results from QTAIM Analyses (ADF, Crystal Structure).
Compound  (PyCp.)DyFe(Cp)(CO). (PyCp2)DyRu(Cp)(CO);

(3-1) (3-2)
d(Dy-TM), A 2.88305 2.95182
d(Dy-LCP), 1.44 1.41
A
d(LCP-TM), 1.44 154
A
DI (Dy, TM) 0.4374 0.422
o(lcp)? 0.036 0.04
V2p (Icp)° 0.045 0.058
G (lcp)° 0.019 0.023
V(Icp)? -0.026 -0.032
H(lcp)e -0.007 -0.008

3 (Icp): Electron density at line critical point (e/bohr®)

bv2p (Icp): Laplacian of electron density (e/bohr®)

°G (Icp): Lagrangian form of kinetic energy density (hartree/bohr®)
4 (Icp): Virial Field = Potential energy density (hartree/bohr®)

®H (Icp): Electronic energy density (hartree/bohr®)

Table B.5: Results from QTAIM Analyses (ADF, Geometry Optimized Structure).
Compound  (PyCp,)DyFe(Cp)(CO), (PyCp2)DyRu(Cp)(CO);

(3-1) (3-2)

d(Dy-TM™), A 2.86 2.95

d(DyALCP), 1.44 1.41

d(LCPA-TM), 1.42 154
DI (Dy, TM) 0.4748 0.4826

p(lcp)? 0.037 0.04
v2p (Icp)P 0.046 0.054
G (Icp)? 0.02 0.022
V(Icp)? -0.028 -0.032
H(lcp)® -0.009 -0.009

% (Icp): Electron density at line critical point (e/bohr®)

by2p (Icp): Laplacian of electron density (e/bohr®)

°G (Icp): Lagrangian form of kinetic energy density (hartree/bohr®)
4/ (Icp): Virial Field = Potential energy density (hartree/bohr®)

®H (Icp): Electronic energy density (hartree/bohr®)
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Table B.6: Results obtained from fitting the field dependence of 3-1 and 3-2.

3-1
A, sTKITH 1550
By, st 750
Bz, T 9920
D, s 0

3-2
3124
267
778
10.07

Table B.7: Parameters obtained from fitting of the Arrhenius Plots of 3-1 and 3-2.

Compound 3-1 3-2
A, KT 1550 3124
C,siK?® 0.0017 0.012
TQT™, S 0.300 0.0746
tiomm, st 3.32 13.4
nz, 5 5
Uetr, cm™ 43.0 45.5
10, S 1.00*%10°® 5.36*107"
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Figure B.1: °'Fe Mdossbauer of 3-1 at 120 K.

Figure B.2: Magnetization versus field of 3-1 at indicated temperatures.
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Figure B.4: Magnetization versus field of 3-2 at indicated temperatures.
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Figure B.5: Magnetization versus H/T for 3-2 at indicated temperatures.
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Figure B.6: Frequency dependence of the in-phase component (ym”) of 3-1.
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Figure B.7: Frequency dependence of the out-of-phase component (ym’’) 3-1.
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Figure B.8: In-phase (x’m) and out-of-phase (y%’’m) components of 3-2.
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Figure B.9: Cole-Cole plots for 3-1 with varying dc fields at 4 K.
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Figure B.10: Cole-Cole plots for 3-2 with varying dc fields at 4 K.
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Figure B.11: Field dependence of t for 3-1 at 4 K.
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Figure B.12: Field dependence of 1 for 3-2 at 4 K.
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Figure B.13: Frequency of the in-phase (ym”) component of 3-1.

2.5

' (€mu mol™)

Figure B.14: Frequency of the in-phase (ym’) component of 3-2.

10 100
Frequency (Hz)

10 100
Frequency (Hz)

179



0.0 05 1.0 15 2.0
' (€mu mol™)

Figure B.15: Cole-Cole plots for 3-1 under 1500 Oe dc field.
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Figure B.16: Cole-Cole plots for 3-2 under 1600 Oe dc field.
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Figure B.17: Arrhenius plot for 3-1 (linear fit).

010 015 020 025 0.30 035
1T (K

Figure B.18: Arrhenius plot for 3-2 (linear fit).
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APPENDIX C

APPENDIX FOR CHAPTER 4: TOWARDS UNDERSTANDING OF

LANTHANIDE-TRANSITION METAL BONDING: INVESTIGATIONS OF THE

FIRST CE-FE BONDED COMPLEX

Table C.1: Crystallographic Data for 4-1, 4-2, and 4-3.

Compound 4-1 4-2 4-3
Formula CogH2sCeFeNO3  CazsH30Ce2FsN206S2  Co2H23CeFsNO4S
Crystal Orthorhombic Monoclinic Orthorhombic
system

Space group Pnma P21/n Pna2;

a, A 17.612(2) 9.9043(3) 14.8353(4)
b, A 13.421(2) 9.2078(2) 9.9906(3)
c, A 10.146(1) 30.3459(6) 15.3663(4)
a,°® 90 90 90
B.,° 90 102.970(1) 90
Y, °© 90 90 90
Volume, A3 2398(1) 1808.2(1) 2277.5(1)
Z 4 2 4
T, K 110 110 110
pealcd (MG/mM3) 1.724 1.919 1.734
F(000) 1244 1020 1180
Omin, Omax, ° 4.637, 27.498 2.054, 27.499 2.432, 32.990
R:3, WR2 (1> 0.0195, 0.0444 0.0165, 0.0380 0.0242, 0.0453
20(D))
R¢’, é/sz)b (@l 0.0226,0.0464  0.0174,0.0384  0.0425.0.0520
ata

3R1 = 3||Fo|-|Fc||[/3|Fo|. "WR2 = [3[W(Fo? — Fc?)?]/3[W(Fo?)?]]%, w = 1/6%(Fo?) + (aP)? + bP,

where P = [max(0 or F¢?) + 2(F:2)]/3.
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Table C.2: Selected bond lengths and angles in molecular structures of 4-1, 4-2, and 4-
3.

4-1 4-2 4-3
Ce-C, A 2.712(4) -
(min-max range) 2.759(2) — 2.827(2) 2.730(2) — 2.794(2) 2.825(4)
Ce-N, A 2.779(2) 2.621(2) 2.618(3)
Ce-Fe, A 3.1546(5) - -
Ce-0, A (triflate) - 2.561(1) 2.749(3)
- 2.546(1) 2.697(3)
Ce-0, A (thf) 2.533(2) - 2.556(3)
0-Ce-0,° - 77.22(4) 76.5(1)
- 75.4(1)
Fe-Ce-O, ° 86.67(5) - -

0.4
0.2
0.0
-0.24
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-0.6-
-0.8-4

'1 0 T T T T 1
0.6 04 0.2 00 -02 -04

Potential vs Fc”*, V

100 mvs™'
—— 250 mvs™'
——500 mvs™
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—— 1500 mVs™'
——2000 mvs™'

J, mAcm?

Figure C.1: Cyclic voltammograms of 4-3.
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Figure C.2: Temperature dependence of ymT at 1000 Oe field for 4-1.
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Figure C.3: Temperature dependence of ymT at 1000 Oe field for 4-2.
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Figure C.4: Temperature dependence
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of ymT at 1000 Oe field for 4-3.
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Figure C.5: Plot of Magnetization Vs

. Field at 8-1.8 K for 4-1.
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Figure C.6: Plot of Magnetization Vs. Field at 8-1.8 K for 4-2.
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Figure C.7: Plot of Magnetization Vs. Field at 8-1.8 K for 4-3.
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Figure C.8: Plot of Magnetization Vs. H/T at 8-1.8 K for 4-1.
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Figure C.9: Plot of Magnetization Vs. H/T at 8-1.8 K for 4-2.
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Figure C.10: Plot of Magnetization Vs. H/T at 8-1.8 K for 4-3.

3000 Oe I 60 Oc

0.10 ARZRA! gé%iéi%iéi:? 3

1 10 100 1000
Frequency (Hz)

Figure C.11: In phase (ym’) component of the ac susceptibility of 4-1.
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Figure C.12: Out of phase (ym’’) component of the ac susceptibility of 4-1.
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Figure C.13: In phase (ym’) component of the ac susceptibility of 4-2.
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Figure C.14: Out of phase (ym’”) component of the ac susceptibility of 4-2.
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Figure C.15: In phase (ym”’) component of the ac susceptibility of 4-3.
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Figure C.16: Out of phase (ym’”) component of the ac susceptibility of 4-3.
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Figure C.17: Variable field Cole-Cole plot at 3 K for 4-1.
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Figure C.18: Variable field Cole-Cole plot at 3 K for 4-2.
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Figure C.19: Variable field Cole-Cole plot at 3 K for 4-3.

0.0015-
0.0014
0.0013-

__0.0012

2,

=0.0011 -
0.0010+
0.0009

0.0008

000 0.05 0.10 0.15 0.20 0.25 0.30
H (T)

Figure C.20: Field dependence of t for 4-1 at 3 K.
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Figure C.21: Field dependence of 1 for 4-2 at 3 K.
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Figure C.22: Field dependence of t for 4-3 at 3 K.
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Figure C.23: In phase (ym’) component of the ac susceptibility of 4-1 at 500 Oe.
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Figure C.24: In phase (ym’) component of the ac susceptibility of 4-2 at 1500 Oe.
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Figure C.25: In phase (ym’) component of the ac susceptibility of 4-3 at 4000 Oe.
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Figure C.26: Out of phase (ym’”) component of the ac susceptibility of 4-2, 1500 Oe.
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Figure C.27: Out of phase (ym’”) component of the ac susceptibility of 4-3, 4000 Oe.
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Figure C.28: Variable temperature Cole-Cole plot for 4-1 under 500 Oe field.

196



)

©c o o o o o

o o ©o o o =

S N & o ® o
1 1 1 1 1 1

-1

v (emu mol

000 005 010 015 020 0.25
' (€mu mol™)

Figure C.29: Variable temperature Cole-Cole plot for 4-2 under 1500 Oe field.
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Fig. C.30: Variable temperature Cole-Cole plot for 4-3 under 4000 Oe field.

197



In(t)

1T (KT

0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60

Figure C.31: Arrhenius plot for 4-1 (red), 4-2 (blue), and 4-3 (green) (linear fit).

Table C.3: Computational analysis of 4-1 (Gaussian & Orca).

Gaussian Single Point Orca Single Point Orca Full
Optimization
d(Ce-lcp), A 1.60 1.60 1.60
d(F?g_\ICp)’ 1.55 1.55 1.55
DI 0.3541 0.3424 0.3424
p(lcp)? 0.028 0.028 0.028
Vzp (Icp)b 0.030 0.026 0.027
G (Icp)® 0.012 0.011 0.012
V(lcp)d -0.016 -0.016 -0.016
H(lcp)® -0.004 -0.005 -0.004

% (Icp): Electron density at line critical point (e/bohr®)

bv2p (Icp): Laplacian of electron density (e/bohr®)

°G (Icp): Lagrangian form of kinetic energy density (hartree/bohr®)
4/ (Icp): Virial Field = Potential energy density (hartree/bohr®)

®H (Icp): Electronic energy density (hartree/bohr®)
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Table C.4: Computational analysis of 4-1 (ADF).

ADF Single Point ADF Full Optimization

d(Ce-lcp), A 1.60 1.60
d(Fczlcp), 1.55 1.54
DI 0.3549 0.3626
p(lcp)? 0.028 0.029
Vzp (Icp)b 0.029 0.031
G (Icp)® 0.012 0.013
V(lcp)® -0.017 -0.018
H(lcp)® -0.005 -0.005

3 (Icp): Electron density at line critical point (e/bohr?)

by2p (Icp): Laplacian of electron density (e/bohr®)

°G (Icp): Lagrangian form of kinetic energy density (hartree/bohr®)
4/ (Icp): Virial Field = Potential energy density (hartree/bohr®)

®H (Icp): Electronic energy density (hartree/bohr®)

Table C.5: Parameters obtained from fitting the field dependence of 4-1, 4-2, and 4-3.

Compound 4-1 4-2 4-3
A, sTKITH 14553 6076 621
Bist 1224 3791 1296
Ba, T2 39975 3624 114
D, s? 700 2628 1696

Table C.6: Parameters obtained from fitting of the Arrhenius plots 4-1, 4-2, and 4-3.

Compound 4-1 4-2 4-3
A, sTKITH 14553 6076 621
C,s'K?® 1.86 8.41 6.41
TQT™, S 0.083 0.022 0.015
lomm, st 12.1 46 68
nz, 5 5 5
Uetr, Mt 29 28 38
T0, S 3.50-107° 3.02-:10° 1.66-101°
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APPENDIX D
APPENDIX FOR CHAPTER 5: ASSESSING THE NATURE OF LANTHANIDE-
TRANSITION METAL BONDING IN DISCRETE MOLECULES: A PERSPECTIVE

Table D.1: Crystallographic Data for 5-12

Compound (thf)(PyCp2)PrFe(Cp)(CO),
Formula CasH2sPrFeNO;
Crystal system Orthorhombic
Space group Pnma
a, A 17.580(6)
b, A 13.375(6)
c, A 10.120(8)
a,° 90
B,° 90
Y, °© 90
Volume, A3 2378(3)
z 4
T,K 110
Pealcd (mg/ms) 1.740
F(000) 1248
emin, emax, ° 5.127, 30.718
R:% WR2" (1 > 0.0204, 0.0455
26(1)
R4, WR2" (all 0.0257, 0.0481
data)

3Ry = 3||Fol-|Foll/3|Fo|. "WR2 = [3[W(Fo?— F2)2J/3[W(Fod)A]% W = 1/6%(F,2) + (aP)? + bP, where P
= [max(0 or Fo?) + 2(Fc?)]/3.
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Table D.2: Crystallographic Data for 5-13, 5-14, and 5-23.

Compound 5-13 5-14 5-23
Formula  CasH2sNdFeNO3 Ca4H20NdFeENO2 C24H20NdRUNO2

Crystal Orthorhombic Orthrombic Orthorhombic

system

Space Pnma Pnma Pnma

group

a, A 17.567(4) 16.209(8) 16.350(8)
b, A 13.235(3) 13.236(4) 13.239(8)
c, A 13.092(8) 9.153(2) 9.199(7)
o’ 90 90 90
B,° 90 90 90
Y, ° 90 90 90
Volume, A3 2362(1) 1964(1) 1992(1)
Z 4 4 4
T, K 110 110 110
Pealcd 1.762 1.875 2.000
(mg/md)

F(000) 1252 1092 1164
Omin, Omax,  2.327, 27.535 2.983, 27.495 5.220, 27.497
R1% WR® (I 0.0321, 0.0687 0.0133, 0.308 0.0129, 0.0305

>26(1))
R:%, WR®  0.0388,0.0746  0.0138,0.0313  0.0137.0.0308
(all data)

"R, = 3[|Fol-[Fell/3|Fo- "WR2 = [3[W(Fo?— F2)2/3[W(Fo2)2]]% W = 1/X(Fo?) + (aP)? + bP,

where P = [max(0 or F¢?) + 2(Fc2)]/3.
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Table D.3: Crystallographic Data for 5-15 and 5-24.

—Compound (PyCp,)SmFe(Cp)(CO); (PyCp,)SmRu(Cp)(CO),
Formula C24H20SmFeNO; C24H20SMNO-Ru
Crystal system Orthorhombic Orthorhombic
Space group Pnma Pnma
a, A 16.151(4) 13.322(2)
b, A 13.176(3) 13.197(2)
c, A 9.138(3) 9.183(6)
a,° 90 90
B,° 90 90
Y, ° 90 90
Volume, A3 1944(1) 1978(4)
z 4 4
T, K 110 110
Pealed (MQ/M3) 1.915 2.034
F(000) 1110 1172
emin, emax, ° 2522, 26.298 2496, 30.236
R4 WR2" (1 > 0.0286, 0.0560 0.0170, 0.0422
20(D))
R:%, WR" (all 0.0412, 0.0612 0.0199, 0.0438
data)

R1 = 3||Fo|-|Fell/3|Fo|. "WR2 = [3[W(Fo?— F?)?]/3[w(Fo?)?]]%, w = 1/6%(Fo?) + (aP)? + bP, where P
= [max(0 or Fo?) + 2(Fc?)]/3.
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Table D.4: Crystallographic Data for 5-16 and 5-25.

Compound (PYCp2)GdFe(Cp)(CO), (PyCp,)GdRuU(Cp)(CO).
Formula C24H20GdFeENO; C24H20GdNOzRuU
Crystal system Orthorhombic Orthorhombic
Space group Pnma Pnma
a, A 16.068(3) 13.260(6)
b, A 13.138(3) 13.144(5)
c, A 9.133(2) 9.144(1)
a,° 90 90
B,° 90 90
Y, ° 90 90
Volume, A3 1972(1) 1954(4)
z 4 4
T, K 110 110
pealed (Mg/Ms) 1.938 2.082
F(000) 1118 1180
Omin, Omax, ° 2.522, 26.298 2.946, 28.576
R4 WR2" (1 > 0.0318, 0.0560 0.0223, 0.0559
20(D))
R:?, WR2’ (all 0.0364, 0.0612 0.0258, 0.0573
data)

R1 = 3||Fo|-|Fell/3|Fo|. "WR2 = [3[W(Fo?— F?)?]/3[w(Fo?)?]]%, w = 1/6%(Fo?) + (aP)? + bP, where P
= [max(0 or Fo?) + 2(Fc?)]/3.
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Table D.5: Crystallographic Data for 5-17 and 5-26.

Compound (PyCp2) ThFe(Cp)(CO), (PyCp,) TbRU(Cp)(CO),
Formula CasH20TbFeNO; Ca4H20TbNO2RuU
Crystal system Orthorhombic Orthorhombic
Space group Pnma Pnma
a, A 15.954(8) 16.259(2)
b, A 13.016(6) 13.114(8)
c, A 9.070(5) 9.162(1)
a,° 90 90
B,° 90 90
Y, ° 90 90
Volume, A3 1884(1) 1954(4)
VA 4 4
T,K 110 110
Pealed (MQ/M3) 2.007 2.089
F(000) 1112 1184
Omin, Omax, ° 2.553, 25.824 2.505, 28.761
R4 WR2" (1 > 0.0382, 0.0789 0.0209, 0.0501
20(D))
R:?, WR2’ (all 0.0513 0.0831 0.0234, 0.0511
data)

R1 = 3||Fo|-|Fell/3|Fo|. "WR2 = [3[W(Fo?— F?)?]/3[w(Fo?)?]]%, w = 1/6%(Fo?) + (aP)? + bP, where P
= [max(0 or Fo?) + 2(Fc?)]/3.
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Table D.6: Crystallographic Data for 5-18 and 5-27.

Compound (PyCpz)HoFe(Cp)(CO), (PyCp,)HORU(Cp)(CO),
Formula Ca4H20HOFeNO; C24H20HONO2Ru
Crystal system Orthorhombic Orthorhombic
Space group Pnma Pnma
a, A 16.087(2) 13.624(5)
b, A 13.114(2) 13.096(1)
c, A 9.143(5) 9.143(7)
a,° 90 90
B,° 90 90
Y, ° 90 90
Volume, A3 1929(1) 1945(3)
VA 4 4
T,K 110 110
Pealed (MQ/M3) 1.981 2.118
F(000) 1120 1192
Omin, Omax, ° 2.522, 26.298 2.507, 30.119
R4 WR2" (1 > 0.0268, 0.0523 0.0170, 0.0422
20(I))
R:%, WR" (all 0.0390, 0.0568 0.0187, 0.0497
data)

R1 = 3||Fo|-|Fell/3|Fo|. "WR2 = [3[W(Fo?— F?)?]/3[w(Fo?)?]]%, w = 1/6%(Fo?) + (aP)? + bP, where P
= [max(0 or Fo?) + 2(Fc?)]/3.
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Table D.7: Crystallographic Data for 5-19 and 5-28.

Compound (PyCp2)ErFe(Cp)(CO), (PyCp,)ErRu(Cp)(CO)>
Formula Ca4H20ErFeNO; C24H20ErNO2RuU
Crystal system Orthorhombic Orthorhombic
Space group Pnma Pnma
a, A 16.049(9) 16.223(9)
b, A 13.101(7) 13.105(7)
c, A 9.127(5) 9.134(3)
a,° 90 90
B,° 90 90
Y, ° 90 90
Volume, A3 1919(1) 1942(3)
z 4 4
T, K 110 110
pealed (Mg/Ms) 1.999 2.130
F(000) 1124 1196
Omin, Omax, ° 2.538, 24.998 4.380, 30.117
R4, WR2® (1 > 0.0286, 0.0777 0.0241, 0.0588
20(I))
R:%, WR" (all 0.0602, 0.0847 0.0330, 0.0650
data)

R1 = 3||Fo|-|Fell/3|Fo|. "WR2 = [3[W(Fo?— F?)?]/3[w(Fo?)?]]%, w = 1/6%(Fo?) + (aP)? + bP, where P
= [max(0 or Fo?) + 2(Fc?)]/3.
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Table D.8: Crystallographic Data for 5-20 and 5-29.

Compound (PyCp2) TmFe(Cp)(CO), (PyCp,) TMRuU(Cp)(CO)»
Formula CaH20TmMFeNO; Ca4H20TMNO2RuU
Crystal system Orthorhombic Orthorhombic
Space group Pnma Pnma
a, A 16.040(6) 16.239(2)
b, A 13.088(4) 13.090(4)
c, A 9.121(3) 9.182(9)
a,° 90 90
B,° 90 90
Y, ° 90 90
Volume, A3 1915(1) 1940(6)
z 4 4
T, K 110 110
Pealed (MQ/M3) 2.009 2.137
F(000) 1128 1200
Omin, Omax, ° 2.569, 28.810 5.124, 27.495
R4, WR2® (1 > 0.0285, 0.0578 0.0210, 0.0545
20(I))
R:%, WR" (all 0.0409, 0.0650 0.0245, 0.0571
data)

R1 = 3||Fo|-|Fell/3|Fo|. "WR2 = [3[W(Fo?— F?)?]/3[w(Fo?)?]]%, w = 1/6%(Fo?) + (aP)? + bP, where P
= [max(0 or Fo?) + 2(Fc?)]/3.
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Table D.9: Crystallographic Data for 5-21 and 5-30.

Compound (PyCp2)YbFe(Cp)(CO), (PyCp,)YbRuU(Cp)(CO),
Formula CasH2YbFeNO; Ca4H20YBNO2RU
Crystal system Orthorhombic Orthorhombic
Space group Pnma Pnma
a, A 16.035(1) 16.242(8)
b, A 13.035(3) 13.072(5)
c, A 9.125(1) 9.136(2)
a,° 90 90
B,° 90 90
Y, ° 90 90
Volume, A3 1907(2) 1940(3)
z 4 4
T, K 110 110
Pealed (MQ/M3) 2.031 2.152
F(000) 1132 1204
Omin, Omax, ° 2.725, 27.491 5.258, 27.500
R4 WR2" (1 > 0.0481, 0.0874 0.0206, 0.0536
20(I))
R:%, WR" (all 0.0862, 0.1052 0.0234, 0.0560
data)

R1 = 3||Fo|-|Fell/3|Fo|. "WR2 = [3[W(Fo?— F?)?]/3[w(Fo?)?]]%, w = 1/6%(Fo?) + (aP)? + bP, where P
= [max(0 or Fo?) + 2(Fc?)]/3.
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Table D.10: Crystallographic Data for 5-23 and 5-31.

Compound (PyCp2)LuFe(Cp)(CO)2 (PyCp,)LURU(CP)(CO)>
Formula CasH20LUFeNO> C24H20LUNO2RuU
Crystal system Orthorhombic Orthorhombic
Space group Pnma Pnma
a, A 15.970(4) 13.178(3)
b, A 13.041(3) 13.026(2)
c, A 9.088(2) 9.103(2)
a,° 90 90
B,° 90 90
Y, ° 90 90
Volume, A3 1893(1) 1919(1)
z 4 4
T, K 110 110
Pealed (MQ/M3) 2.054 2.183
F(000) 1136 1208
Omin, Omax, ° 3.396, 24.986 2.518, 24.997
R4 WR2" (1 > 0.0252, 0.0518 0.0192, 0.0415
20(I))
R:%, WR" (all 0.0355, 0.0575 0.0258, 0.0452
data)

R1 = 3||Fo|-|Fell/3|Fo|. "WR2 = [3[W(Fo?— F?)?]/3[w(Fo?)?]]%, w = 1/6%(Fo?) + (aP)? + bP, where P
= [max(0 or Fo?) + 2(Fc?)]/3.
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Figure D.1: IR spectrum of 5-12.
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Figure D.2: IR spectrum of 5-14.
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Figure D.3: IR spectra of 5-15 (left) and 5-24 (right).

N .

4000 3000 2000 1000 4000 3000 2000 1000
- A
Frequency (cm™) Wavenumber (cm™)

Figure D.4: IR spectra of 5-16 (left) and 5-25 (right).
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Figure D.5: IR spectra of 5-17 (left) and 5-26 (right).
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Figure D.6: IR spectra of 5-18 (left) and 5-27 (right).
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Figure D.7: IR spectra of 5-19 (left) and 5-28 (right).
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Figure D.8: IR spectrum of 5-21.
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Figure D.9: IR spectrum of 5-30.
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Figure D.10: IR spectra of 5-22 (left) and 5-31 (right).
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Figure D.11: >'Fe Mgssbauer spectrum of 5-22 at 5 K.
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Figure D.12: In phase (ym’) component and out of phase component (ym’”) 5-17.
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Figure D.13: In phase (ym’) and out of phase component (ym’”) of 5-26, no field.
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Figure D.14: In phase (ym’) and out of phase component (ym’’) of 5-26, under field.
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Figure D.15: In phase (ym’) and out of phase component (ym’”) of 5-18, no field.
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Figure D.16: In phase (ym’) and out of phase component (ym’’) of 5-27, no field.
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Figure D.17: In phase (ym’) and out of phase component (ym’”) of 5-27, under field.
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Figure D.18: In phase (ym’) and out of phase component (ym’’) of 5-19, under field.
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