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Abstract

Single-molecule magnets (SMMs) have been lauded for their application in next generation devices for
their enhanced information storage capabilities, increased processing speeds, and increased storage
densities compared to bulk magnets. However, the success of SMMs in such applications and their
technological readiness is hindered by their operation temperatures and memory lifetimes. SMMs are
molecular species that possess a bistable ground state and magnetic anisotropy, which together result in an
energy barrier to the reorientation of the magnetic moment. The magnetic memory response relies on its
ability to retain magnetization in the absence of an external field. To this end, lanthanide ions with their
large inherent magnetic anisotropy combined with well-defined crystal field microstates are attractive
candidates for eliciting higher operation temperatures and lifetimes. This dissertation focuses on the use of
lanthanide ions in the development of high barrier SMMs with a close emphasis on the magnetic anisotropy

and crystal field manipulation through geometry, design, and modification.

In the pursuit of lanthanide (Ln)-based SMMs, two cyclooctatetraenyl (COT?) complexes of the
non-Kramers ion, Tm", [Tm"(#*-COT)I(THF).] and [K(18-C-6)(THF):][Tm"(#*-COT).], were isolated.
As an ion that possess an integer angular momentum projection (J = 6), it was vital that a highly symmetric
local environment was utilized to observe field-induced slow magnetic relaxation. The static and dynamic
properties of Tm'"(#3-COT)I(THF),] and [K(18-C-6)(THF),][Tm"!(#*-COT),] were characterized revealing
Uerr of 7.93 K and 53.3 K, respectively. More importantly, the effect of increased symmetry was observed
on the rate of quantum tunneling of the magnetization (QTM), where the rate was two orders of magnitude
faster in the heteroleptic complex. This emphasized the importance of local symmetry for non-Kramers

ions and contributed to the rare class of Tm™ SMMs.

Due to the prevalent role of QTM in Ln-based SMMs, a common strategy is to induce magnetic
communication between Ln ions to overcome its detrimental effects. To this end, bridging units should be
sufficiently small enough to bring the Ln ions close in proximity, yet the surrounding environment of the
metal center should still promote uniaxial magnetic anisotropy. We compared the effect of ancillary ligands
11T

on the magnetic properties of two dinuclear Dy

complexes [Dy"™{N(SiMe3),}2(u-C1)(THF)]> and [Dy"(#*-COT)(u-C1)(THF)]> were characterized with

compounds with the same {u-Cl}, core bridge. The

static and dynamic magnetic measurements. The well-matched ligand field of the silyl amide ligands with
the Dy ion, precluded the observation of zero field tunneling. While both complexes are characterized by
antiferromagnetic coupling, it is evident that peripheral ligands also play a vital role in determining the

performance of multinuclear SMMs.
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Magnetic coupling between 4f centers is classically weak; however, the use of ligands with diffuse
electron clouds may penetrate the shielded 4f orbitals to effectively promote communication. One such
ligand that had not previously been investigated for its ability to couple the magnetic moment of Ln ions
was the trianionic cycloheptatrienyl. Utilizing Ln silyl amides, in situ deprotonation afforded the dinuclear
complexes [KLn"("-C7H7){N(SiMes)2}4] (Ln = Gd™, Dy™, Er'). The static and dynamic magnetic
characterization revealed rare and highly sought-after ferromagnetic coupling in a Ln-based system. The
ancillary silyl amide ligands were a necessity for the isolation of these dinuclear species yet did not provide
a synergistic ligand field for the Ln ions when combined with the cycloheptatrienyl bridge, ultimately

preventing the observation of slow relaxation in some of the variants studied.

Pseudo-linear complexes, those molecules with strong axial donors have shown immense promise
in the design of highly efficient SMMs. Our work has shown that amides are effective in directing the
anisotropy of the Ln ions, thus the removal of the central organometallic bridge from the previous
compounds would effectively create a highly anisotropic complex. This was achieved in our study of a
formally five-coordinate complex of a ferrocene diamide ligated Dy™ ion, [(NNTE$)Dy!™[(THF),]. The
static and dynamic magnetic properties were characterized, yielding U.x= 771 K with open magnetization
hysteresis loops at zero-field, due in part to the axial disposition of the nitrogen atoms of the diamide ligand.
Computational analysis of the parent compound and its fragments was completed. Our results indicated that
the presence of equatorially coordinated solvent molecules such as THF, influence the axiality in the crystal

field microstates more significantly than the coordinated halide.

The removal of coordinated solvent such as THF, is imperative to improve the performance of Dy™

SMMs. By way of a bulky bisanilide ligand that precludes the approach of solvent to the metal center,
combined with a large bite angle, [K(DME),][LA'Dy"(X),], a formally four coordinate complex, was
investigated. In contrast to the complex of the ferrocene diamide ligand, retention of the magnetic moment
was not observed at zero-field, despite the fact that the slow relaxation dynamics occurred over a greater
temperature range for which U.sr= 1278-1334 K. In addition, variants of the bound halide (X = Cl, I) were
examined for their effect on the static and dynamic magnetic properties, revealing zero field relaxation

times that were on average 5.6x longer for the heavier congener.

The collective results of the findings presented herein are being utilized to synthesize new low-
coordinate Ln-based SMMs. Combining divalent and redox chemistries with bulky amido ligands will
ideally elicit even larger energy barriers to spin reversal and higher blocking temperatures, supporting the

push towards Ln-based SMMs with increased technological readiness.
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Chapter 1

Introduction to Lanthanide Single-Molecule Magnets

1.1 Opening remarks

In the early 90s, a pinnacle discovery was made; a molecular transition metal complex could retain
magnetization for long periods of time, at liquid-helium temperatures, in the absence of an external
magnetic  field.">  This  molecule, the infamous multinuclear — manganese  cluster,
[Mn"sMn"5012(0Ac)16(H20)4] (Mni2Ac), had initiated the field of single-molecule magnets (SMMs).?
This fundamental discovery sparked great interest and excitement for SMMs and for their potential to be
incorporated into, and developed for new technological devices. Akin to traditional bulk ferromagnets, such
as neodymium-iron boride magnets that are currently used for information storage and processing,* SMMs
are considered to be their molecular counterparts and hold great potential for these types of applications.
Perhaps more noteworthy, is that the scale and molecular nature of SMMs may afford enhanced capabilities
for information storage and processing, including increased processing speeds and increased storage

densities compared to bulk magnets.>

Within bulk magnets, the magnetic memory is domain dependent. Meaning that within spatial
regions of these materials, individual spins are aligned; these distinct regions are separated by domain walls.
Magnetic memory is observed in these types of materials because there is an energy cost associated with
breaking or reorganizing these domain walls.” Thus, the magnetization persists for an extended period of
time. Conversely, in SMMs the spins are not confined by magnetic domains, instead each molecule behaves
as its own independent “domain”. SMMs are paramagnetic molecules characterized by a bistable magnetic
ground state and magnetic anisotropy. Collectively, these features give rise to an energy barrier, Uk, for
the reorientation of their molecular spins.*® When subjected to an external magnetic field, the spins of the
molecule align with the magnetic field, which represents the most energetically favourable orientation.
Thus, when the field is removed the magnetic moment persists in that orientation for a given amount of
time. Fundamentally, when the energy barrier is significantly large enough, the rate for the reorientation of
the moment becomes sufficiently slow. It is this feature that gives rise to a magnetic memory response in

SMMs below a certain blocking temperature, Ts.
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Figure 1.1 The magnetization and relaxation processes at the spin quantum number (M) level for single-

molecule magnets. Adapted from ref. 105.

The magnitude of the barrier is closely linked to the anisotropy of an ion or system which is the result
of zero-field splitting (ZFS). In a system with a total spin (S), there are 25+1 possible spin states, each with
a spin quantum number (M), that is the sum of the individual spin quantum numbers of the unpaired
electrons (ms). Thus, a system with § total spin, can have M; states that range from S to -S, where each state
corresponds to the relative orientation of the spin, i.e., “spin up” or “spin down”. Here, ZFS acts by
removing the degeneracy in the M; states, yielding an energy spectrum of £M; states characterized by a
double well potential (Figure 1.1). Effectively, the spins will populate one of the low-energy M; states/wells
(+ or - ); whichever one is most energetically favourable with the applied magnetic field. To achieve an
equilibrated state, the spins must traverse the energy barrier through higher excited M states. For many
SMMs, there is an energetically favorable direction for the magnetic moment to align, this is known as the
anisotropy axis. Thus, the extent of the transverse anisotropy in these states directly relates to the time scale

of the relaxation decay and time with which information can be retained on devices.

For most SMMs (i.e., transition metal SMMs), the properties which are highly applicable and
desirable are only achievable at liquid helium temperatures, and for much of the last decade efforts have
been focused on improving this variable. There are now modern SMMs based on lanthanide ions which
have achieved this goal,” however several challenges regarding the physics still remain in order to make
SMMs technologically relevant.'®!" The high-level interest in lanthanide-based SMMs, and in particular
mononuclear SMMs or single-ion magnets (SIMs), originates from (1) the stronger intrinsic magnetic
anisotropy than transition metals and (2) the weaker spin-phonon interactions. Collectively, the result is

longer relaxation times and longer magnetization lifetimes than their transition metal counterparts.



1.2 Electronic Structure of Lanthanides

The origin of SMM properties in lanthanide-based compounds is more complicated owing to spin-orbit
coupling, thus the double well containing = Ms numbers is no longer accurate for lanthanides. As a
consequence of Russell-Saunders coupling, the spin (S) couples to the orbital moment (L) resulting in total
angular momenta (J), meaning that an >*'L; term must be used instead of S as is for transition metals. The
spin-orbit interaction splits the 25*! state into well separated multiplets with different J (Figure 1.2).
Typically, at room temperature and without an external bias, such as light, the spins will only populate the

lowest lying, or ground state >*"'L; as the states are very well separated by several thousands of

wavenumbers (ca. 10* cm™).
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Figure 1.2 Schematic representation of the electronic structure of a lanthanide ion with a °Hjs; ground
state term, such as Dy"!. The energy axis is not drawn to scale. Not all of the spin-orbit coupled states

are depicted. The Stark sublevels are represented as 8 Kramers doublets of m; states. Adapted from ref.

76.

When the lanthanide ion is placed within an electric field provided by surrounding ligands, the spin-orbit
term is further split into 2J+1 Stark sublevels; for which each sublevel possess a M; quantum number as
opposed to an M number.'>!* The LF acts to remove the degeneracy of these M; states (spanning ca. 10*-
10° cm™), which is a direct consequence of magnetic anisotropy. And thus, there is a directional component

for the magnetic moment in each of these states. As a result, the largest M; projection is not guaranteed to



be the most stabilized, or lowest in energy. It is widely understood that different Ln ions exhibit different
magnetic anisotropies when subjected the same LF;!*!* this means that the order and relative energies of
the Mj states are both metal and ligand dependent. Nevertheless, the LF splitting of the multiplets usually
occurs over a much larger energy range than transition metals, meaning that the potential energy barriers

that could be achieved for Ln-based SMMs are fundamentally larger.

1.3 Relaxation of the Magnetization

In the presence of an external magnetic field the M; states, or crystal field microstates as is for mononuclear
SMMs, are split into respective -my and +mj states. There is an energy difference between these “up” and
“down” states, albeit small in magnitude (ca. 10' cm™), thus it is necessary for the system (i.e., the
compound) to exchange energy with the environment (i.e., the crystalline lattice) as magnetic relaxation
occurs. This exchange of energy is effectively termed spin-lattice relaxation.!®!” Transitions between the
+my states are facilitated by the available phonons of the crystalline lattice, thus requiring phonons of a
specific energy to allow for the relaxation through certain m; states. For example, when phonons of the
appropriate energy are not available in the system, the relaxation pathway effectively becomes “blocked”.
There are a number of mechanisms in which thermodynamic equilibrium between these states and the
vibrational modes of the surroundings (i.e., lattice phonons) may be reached. Each process has a
characteristic temperature and/or field dependence on the relaxation times (7) or more specifically, the
relaxation rates (z!) that are obtained from the alternating current magnetic (ac) susceptibility (Equations

1.1-1.2).

(T, = Torm (T, H)™ + Torpach(T) ™ + Traman (T) ™" + Tpgrece (T, H) ™! (1.1)
B U 1+ C,H? (1.2)
-1 _ 1 -1 eff) 1 n 4
=0+ - T™ + ATH
1+B,HZ ' 1O eXp( keT) T “ 1+ C,H?

These unique processes are usually dominant over specific temperature regimes; meaning that the relaxation
occurs through the most efficient pathway or fastest route. As such, the expression is often simplified to

consider only the temperature (in)dependent portions (Equation 1.3).

_ _ _ Uett
Tl = 14ty + T texp (— k;T) + CT" (1.3)

Ideally an efficient SMM will use as many excited my states as possible before relaxing to the other spin
state via one of the spin-lattice mechanisms. To achieve this, magnetic anisotropy must be maintained in
the ground state and each of the higher excited states (i.e., g>>>gy, gx). The molecular geometry, strength

of the electric/ligand field, and the magnitude of the transverse anisotropy will dictate the axiality in each



doublet. In the absence of a perfectly axial crystal field, mixing between the m; states occurs, it is therefore
of the utmost importance to ensure that off-axis contributions to the crystal field are minimized to preserve
the purity of the m; states and promote their sequential ordering. Additionally, the electrical field about the
metal ion, may be influenced by several factors within a crystalline lattice; that which are not limited to the
charges of the bound ligands, but also solvent molecules and counter ions. These peripheral interactions

result in changes in the energies of the m; states and may be reflected in the relaxation pathways.

1.3.1 Quantum Tunneling of Magnetization

Quantum tunneling of the magnetization (QTM) is perhaps the most prevalent mechanism in Ln-based
SMMs, and it is often viewed as a nuisance as it limits the relaxation times of a system typically at low
temperatures. This relaxation mechanism does not require the spin to surmount an energy barrier and it is
an effective means for relaxation from the -m; to +m; states without requiring any thermal activation. Thus,
this process is also referred to as a through-barrier relaxation pathway. Specifically, the rate of QTM in a
sample should be very slow such that the internal magnetic field of the crystalline sample is sufficient to
bring the + m; states out of resonance with one another.'®!” Conversely, this may also be modulated with
the application of an external static applied field, acting to remove the degeneracy of the ground state
doublet. However, the applied field should not be so great that the direct relaxation process becomes
operable (vide infra), this commonly happens when the applied external field is significantly larger than the
internal field of the crystal.?® If slow relaxation dynamics are observed in this case, the system is therefore
a field-induced SMM. An applied external field may also help with the observation of slow relaxation in
systems that have integer angular momenta (non-Kramers ions), as ground state QTM is not formally
forbidden, as per Kramers theorem.?! If, however, the angular momenta is half-integer (Kramers ions), the
strict double degeneracy of the ground state should preclude any QTM from occurring, however in practice
this is rarely the case. When QTM occurs in the ground state doublet, the effect on the relaxation time is
temperature independent. However, if this resonant tunneling occurs at higher excited state doublets, the
processes are temperature and frequency dependent. This mechanism is termed thermally assisted quantum
tunneling of the magnetization (TA-QTM). Only when the rate of the tunneling exceeds the rate of the

thermally activated processes is the height of the barrier defined.

1.3.2 Spin-Phonon Interactions

When the temperature of the system is sufficiently high enough, other relaxation mechanisms may become
operable; for example, the Orbach process at higher temperatures and the second-order Raman processes
at intermediary temperatures. The Orbach process is a two-phonon energy transfer process that occurs via
an intermediate excited state. For simplicity, the spin system will be assumed to already be in the excited

state (Figure 1.3). Under these conditions, a phonon of energy equal to the difference between [3> and |2>



is first absorbed, followed by the emission of a second phonon equal to the energy difference for which

magnetic relaxation is occurring (hws>1).
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Figure 1.3 Schematic overview of the common spin-lattice relaxation processes observed in lanthanide-
based SMMs: direct, Raman, and Orbach. The grey circles represent the initial states, and the orange
circles represent the final state of the transition, assuming that the spin system is already in an excited

state. Transitions are depicted as black arrows. Adapted from ref. 106.

The Orbach process has an exponential dependence on temperature (Figure 1.4). As a result, it will appear
in the linear high temperature region of an Arrhenius plot, In(z) vs. T*!, where the slope corresponds to the
energy barrier to spin reversal (Ues) and the y-intercept is the attempt time, or pre-exponential factor (zo).
Often for thermal relaxation, 7o is expected in the range 10° — 10712 5,22 although smaller times are frequently
obtained in high-barrier lanthanide SMMs (Ues > 1000 K).?* On the contrary, larger attempt times are
typically correlated with relaxation contributions from other pathways (i.e., not thermally activated

pathways); likely pathways include QTM.*?

The second order, two-phonon Raman process occurs in a similar manner as the Orbach process.
Again, assuming that the spin system is already in the excited state, relaxation occurs via absorption of an
incident phonon (/i) to a short lived virtual excited state, and subsequent emission of a second phonon
(hws). The difference in energy between these two phonons is equal to the energy difference for which the
magnetic relaxation is occurring. This process follows a power law dependence on temperature, meaning
that when the relaxation times are plotted on log-log scale, the Raman relaxation regime will appear as a
straight line (Figure 1.4). This is an excellent handle for quickly determining if a compound relaxes via this

mechanism. To remain physically reasonable, the exponent () can only be values of 1-9 and should



approximate to n = 7 for a non-Kramers ion (integer J) but should tend to n = 9 for a Kramers ion (half
integer J).>* However, regular deviations from these expected values occur; and while the origin for which

is not fully understood some of the high-barrier SMMs frequently produce smaller # values.
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Figure 1.4 Schematic representation of the temperature dependence of the magnetic relaxation time (t)
represented on an Arrhenius plot (left) and (b) log-log scales (right). The dashed line represents
hypothetical relaxation data and the solid lines correspond to the relative profiles and temperature
regimes of Raman (purple), Orbach (orange), and QTM (blue) pathways. The red line corresponds to the

sum of the individual processes.

Unlike the Orbach and Raman processes, the direct process is a single-phonon process, where the
energy of this spin transition is equal to that of the lattice phonon energy. The spin system emits a phonon
of energy equal to the difference in states upon relaxation from, i.e. |2> - |1>.The direct process is both
field and temperature dependent and often requires the use of a static field to be observed owing to the very
small energy different between the ground states. Thus, the direct process becomes much more evident at
larger applied fields. Fitting for this process must occur via field dependent data or data which is collected
under an applied static field, without this the entire term will tend to zero. Like the exponent parameter in
the Raman term, the exponent parameter in the direct term has expected values for non-Kramers and
Kramers ions of 2 and 4, respectively. In high-performance SMMs, the Orbach and Raman relaxation
mechanisms may be sufficiently suppressed for transitions between +mi; and -m; states thus the direct
process can then facilitate subsequent transitions between M; and M; +1 states. This sequential climbing of
the M; states will occur until tunneling rate exceeds it; therefore, the dynamics still abide by the Arrhenius

law in this case.>?



1.4 Magnetic Characterization of SMMs

The magnetic properties of SMMs are often evaluated with the use of a superconducting quantum
interference device (SQUID). This sensitive instrument has the capabilities to detect very small changes in
magnetic flux densities, detecting magnetic fields as small as 101> T.2® As a result the magnetic moment of
a sample can be determined with great accuracy. In practice, a SQUID converts small changes in magnetic
flux into a voltage. A bias current is supplied to a superconducting ring with two Josephson junctions (i.e.,
a weak superconductor) in parallel. If this bias is larger than the maximum current that can flow through
the junctions, a voltage is created across the SQUID coil/ring. A magnetic field disrupts the flow of
electrons through the junctions on the coil; specifically, the field results in quantum mechanical interference
between the two junctions. Any changes to the magnetic flux (increase or decrease) within the coil, by way
of a sample, changes the quantum mechanical phase difference across the junctions, affecting the current
flow through the SQUID coil.?® The change in voltage across the coil is detected with conventional
electronics. Although simplified, this is the basis for obtaining two types of SQUID measurements (1) direct
current magnetometry and (2) alternating current magnetometry, both of which will be discussed in more

detail below.

1.4.1 Direct Current Magnetic Measurements
The static magnetic properties of a sample are determined via direct current (dc) magnetic measurements.
The movement of a sample through the SQUID coils while a constant static field is applied will elicit a
magnetic response as per Equation 1.4.

M (1.4)

Xdczﬁ

In the case of a paramagnetic sample, with no magnetic interactions, the magnetic susceptibility will follow
the Curie law (Equation 1.5) and would appear as a constant value across the measured temperature range.
Typically, a deviation from this behavior, at low temperatures, would be indicative of ferromagnetic
(increase) or antiferromagnetic (decrease) interactions within the sample.

M Ngug
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As a consequence of the Russell-Saunders coupling scheme in Ln ions, the >*''L; term can be used to
determine the Landé g-factor as per Equation 1.6, and then subbed into the Curie Law to determine the free
ion susceptibility. It should be noted that this only applies when the ground J term is well isolated from the

excited states.?’
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In practice, the experimental room temperature susceptibility of a 4f sample is usually consistent with, or

slightly smaller than the predicted value from the Curie law. This is due in part to the splitting imposed by
the crystal field.”® Additionally, a gradual decrease in the susceptibility often occurs as the temperature is
sweeped lower. It should be noted that in the case of a 4f ion, this decrease in susceptibility is not necessarily
a consequence of antiferromagnetic interactions. Often, depopulation of higher energy levels may account
for this gradual reduction in susceptibility. In the case of highly anisotropic ions, more precipitous decreases
are very frequently observed at low temperatures. This is indicative of magnetic blocking, where the
magnetic moment becomes pinned along the anisotropy axis. For these reasons, a traditional Currie-Weiss
(Equation 1.7) treatment of the susceptibility data to quantify magnetic interactions (0) is not appropriate
for Ln ions as the low temperature susceptibility does not describe solely ferromagnetic or
antiferromagnetic interactions. Thus, one must consider the crystal field splitting of the microstates to
accurately determine the magnetic interactions in an anisotropic Ln ion system, for which this requires ab

initio calculations.?’

M _Ng*upS(s+1) 1 (1.7)
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The dependence of the magnetization on the applied field (/) and the reduced applied field (HT™)

Xdc

are often measured at low temperatures. The shapes of the curves can provide valuable insight into the
ground state of the complex and also serve as a means for evaluating the presence of magnetic anisotropy
in a sample. In a system with perfect uniaxial anisotropy (i.e., pure myj states) the isothermal curves in the
reduced magnetization plot, M vs HT' should overlap. However, this is rarely obtained, thus, small
separations between the isothermal curves are indicative of magnetic anisotropy as the magnetization is a
function of the effective g-tensor. Another point of comparison in the magnetization data is the saturation
value (Msa); typically, in the absence of angular momenta M, is directly proportional to the product of the
total spin and the g-factor. However, with highly efficient Ln SMMs, the saturation value is both dependent
on the ground state m; and the effective g-tensor for that state, given by the relationship in Equation 1.8.
For example, a magnetization saturation value of ca. 5 pg is expected for a Dy ion with a +m; = 15/2

ground state that has an effective g-tensor of ca. 20.00 (with perfectly axial anisotropy).

1 1.8
M;qt =deffN.uB (1.8)

Moreover, due to the large anisotropies that Ln ions possess they are predisposed to an experimental
phenomenon, magnetic torquing. This means, that in the presence of a large magnetic field, such as in the

high field limit (7 T in a conventional magnetometer), as the moment approaches saturation, the crystallites



in the sample may physically move to align in a preferred orientation. In practice, the sample must be
sufficiently restrained in a matrix, usually of grease or eicosane to prevent this movement. The movement

of crystallites will create artificial artefacts in the magnetization data.

1.4.2 Alternating Current Magnetic Measurements

Alternating current (ac) magnetic susceptibility measurements can be used evaluate the presence of slow
magnetic relaxation, which is a dynamic process and therefore time dependent (Equation 1.9). Such
measurements monitor the change in magnetic response of a material with respect to an oscillating field of
minimal field strength (ca. 2-4 Oe). More importantly, these measurements allow for the quantification of
relaxation rates which provide valuable insight into the relaxation dynamics of a particular system.

_w (1.9)
Xac = 9H

These measurements are much more sensitive to the changes in the magnetic response to an applied field
as the magnetization does not vary linearly like in the case of dc measurements. As a result, there is a phase
shift of the magnetization signal with respect to the drive signal (¢) and both the amplitude and the phase
of the magnetization is recorded by the instrument (Figure 1.5). y.. therefore has two components (Equation
1.10), the real or in-phase (y’) component (Equation 1.11) and the imaginary or out-of-phase (y”)

component (Equation 1.12).
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Figure 1.5 Left: Schematic representation of the frequency dependence of the in-phase (y’) and out-of-
phase () ac magnetic susceptibility. The isothermal (yr) and adiabatic (ys) susceptibilities are shown
on the graph. Right: The amplitude and phase (¢) of the measured susceptibility broken down into y’ and
x” susceptibilities. Adapted from ref. 28.
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X' = xcos(p) (L11)

X" = xsin(g) (1.12)

Under thermal equilibrium conditions, i.e., the low frequency limit, the equilibrium magnetization will be
the same as the static magnetic properties. At high frequency, the rearrangement of the magnetic moment
may be slower than the driving field, this results in an increase in the y”” signal and a simultaneous decrease
in the y’ signal (Figure 1.5), prompting differences between the magnetization of the sample and the
equilibrium magnetization value. When this occurs, the system will achieve thermal equilibrium again by
relaxing via one of the spin-phonon mechanisms discussed above in Section 1.3. More importantly, as the
frequency of the driving field becomes much larger, the sample will eventually no longer be responsive to
the oscillations in the field, and the y” signal will decrease. A peak maximum of the x” signal then
effectively corresponds to the resonance where the frequency matches the relaxation time as described by

Equation 1.13; where v represents the linear ac frequency.

r= (2m)! (1.13)

When the phase shift in the magnetization becomes unchanged with respect to decreasing temperature, the
relaxation time becomes constant; the result is overlapping peak maxima that is commonly associated with

QTM.

Traditionally, the resonance frequencies were determined from Gaussian or Logistic fits of the
experimental data and then later fit to the Arrhenius law (on a plot of In(z) vs. T") to extract the
corresponding Uesr and 7o values. This treatment to obtain the resonance frequency assumes that there is a
single relaxation time to characterize the magnetization at a given temperature. In practice, this assumption
can be an oversimplification, as a distribution of relaxation times may exists. To account for this, the
generalized Debye model is invoked, introducing a distribution parameter (a). To remain physically
reasonable, this a-value can take on a value between 0 and 1. When the a-value is any value other than 0,
a distribution of relaxation times exists. Using the expressions for the generalized Debye model, the
individual components of the ac susceptibility y’ (Equation 1.14) and y” (Equation 1.15) can be fit
independently and the parameters may be compared. Here, yr is the isothermal susceptibility and ys is the

adiabatic susceptibility as shown in Figure 1.5.
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While this treatment of the data works well when there exists a distribution of the relaxation times at a
given temperature; if there are two distinct relaxation profiles (i.e., a bimodal out-of-phase signal), the
independent relaxation times can be obtained through the summation of the individual generalized Debye

models; effectively resulting in a deconvolution of the relaxation times.

It is important to note that the relaxation times should only be fit and obtained from the frequency
dependent ac susceptibility data, not temperature dependent ac susceptibility data. There are two key
reasons: (1) Tails in the low temperature region of the ac susceptibility can prevent the elucidation of
resonance frequencies in the low frequency limit. An increase in the y* and y” signals at low temperature is
a consequence of QTM. (2) Asymmetry in the peak shape can be induced when an applied static field is
used in conjunction with the ac field. Static fields are often employed to eliminate the presence of ground
state QTM, providing a clearer picture of the relaxation mechanisms. Unfortunately, the remaining
dominant mechanisms are thus temperature dependent, and may have a region in which they are both
operable (i.e., Raman and Orbach). The result is an asymmetric peak, and a resonance frequency which
differs from the true value, eliciting inconsistences in the reported relaxation times and rates. For these
reasons, it is crucial to obtain the relaxation rates solely from frequency dependent ac susceptibility

measurements.

1.4.3 Magnetic Hysteresis and ZFC/FC Magnetization

Fundamentally, magnetic hysteresis measurements and zero-field cooled/field cooled (ZFC/FC)
magnetization measurements are static field measurements (i.e., direct current magnetic susceptibility
measurements), but, more importantly, they also provide crucial information regarding the viability of a
SMM and its ability to retain information. These measurements provide insights into some of the different
temperatures for blocking temperature (7g). Hysteresis measurements are those where the temperature is
kept constant, and the field is varied at a specified rate. These loops are cycled through positive and negative
applied static fields, producing symmetric loops (Figure 1.16). Openings in the hysteresis loops will be the
largest at low temperatures owing to longer relaxation times. However, this is not the case in systems that

experience significant QTM effects. When the temperature is increased in each successive measurement,
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the loops will gradually decrease until there is no longer an opening, even at larger fields. From these
measurements, the blocking temperature is defined by the highest temperature at which open hysteresis
loops at H = 0 Oe are observed. Conversely, when there is no retention of the magnetic moment when the
field is removed, the remnant magnetization (M) is zero, and the spins of the sample will simply follow
the direction of the applied field passing through H =0 Oe. There are significant challenges with quantifying

a vital parameter such as 7p in this manner, more will be discussed in the following section.
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Figure 1.6 Schematic hysteresis curve (M vs. H) for (a) a superparamagnetic material or SMM below its
blocking temperature and (b) for a paramagnetic material or SMM above its blocking temperature. Mg
represents the remnant magnetization; the residual magnetization when the field is turned off (H = 0 Oe).
M. represents the saturation magnetization value. The coercivity is represented by C. Schematic ZFC-

FC curves for (a) superparamagnetic material and (b) for a paramagnetic material.

Zero-field cooled, field-cooled (ZFC-FC) magnetization measurements involve cooling a sample in the
absence of an applied magnetic field, then the magnetization of the sample is recorded upon increasing
temperature (ZFC). This process is then repeated, where the sample is cooled in the presence of an applied
magnetic field (FC). If the sample has the ability to retain magnetization, the two curves will differ. When
the sample is cooled with the applied field, the spins will remain aligned with the applied field. However,

in the zero-field cooled case, the spins do not have any preferential orientation upon cooling, thus when the
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field is applied to begin measuring in the warming mode, the spins will retain their random orientation until
a specific temperature, that is the blocking temperature. From this measurement, the blocking temperature
is defined by the temperature at which the two ZFC and FC curves bifurcate. This measurement is also
sweep rate dependent. Ideally, both methods would be utilized, and the results compared for the

characterization of 7 in an SMM.

1.5 The Challenges with Comparing SMMs

Historically, early SMMs often had large contributions from QTM, this would make obtaining a blocking
temperature near impossible, as such many researchers frequently used U.sr as figure for merit for assessing
the quality of an SMM. Virtually all molecules that exhibited an out-of-phase signal in their ac susceptibility
were treated with the Arrhenius law. This equation assumes that there is some-kind of thermal equilibrium
at play that allows for the spins of molecules to surmount a barrier before relaxing. However, now with a
greater understanding of the various relaxation pathways accessible to Ln ions, this assumption that all
molecules relax via the Orbach mechanism is an oversimplification at best. Even the highest performing
SMMs to date, have shown contributions to their slow relaxation from other pathways such as Raman,
direct, and QTM (although there are many more less studied mechanisms). This means that are some
molecules that do not necessarily have an Orbach relaxation yet have U values reported for them in
literature. Further to this, the amount of data points utilized to determine the U.s also presents errors, where
points that are not strictly linear or apart of the Orbach relaxation are utilized, resulting in overlap with
other relaxation processes, namely Raman. This can both inflate and decrease the Uk value. As such, there
are substantial challenges in correlating the performance of SMMs with their U.sr; despite this there have
been significant milestones achieved, pushing the field of Ln-based SMMs to new heights (vide infra).
Unfortunately, this difficulty in comparison also arises for other figures of merit, such as the blocking

temperature (7).

A number of definitions exist in the literature for blocking temperature. Fundamentally it is agreed
upon that it represents the temperature at which the magnetic moment becomes blocked to spin reversal,
i.e., this is the highest temperature at which magnetization persists in the absence of an applied field. Yet
there are many ways to characterize this figure of merit. The most abundantly used methods are (1) M vs.
H hysteresis measurements; (2) ZFC-FC measurements; and to a lesser extent (3) the 100 s relaxation time.
Importantly, many of the measurements are temperature and/or field dependent and direct comparisons to

reported values can be inaccurate due to different sweeping rates, and different methods used.

In the literature there is a large discrepancy in the sweep rates used to complete hysteresis

measurements (10 Oe s — 500 Oe s1).3° For research groups with access to a Physical Property
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Measurement System, the continuous sweeping mode allows for very fast sweeping rates, as high as 500
Oe s'. Not only are sweeping rates of this magnitude not obtainable with a conventional SQUID
magnetometer, a constant sweeping speed is difficult, if not impossible, to achieve over the entirety of the
measurement. This can have significant effects on the observed magnetization profile; for example, quickly
sweeping the applied magnetic field near the zero-field region of a magnetic hysteresis loop (M vs. H) may
indicate retention of the magnetic moment, when in fact there is no retention. Thus, these discrepancies
often lead to inflation in the reported 7 values from traditional M vs. H hysteresis measurements. ZFC-FC
measurements have also become popular for approximating the blocking temperature, however this value
is also highly dependent on the user and the way in which the measurement is executed. The metric
identified from this measurement is 7irev, Which is the temperature at which the independent ZFC and FC
curves bifurcate. This is sometimes used as an approximation of the blocking temperature. Unlike hysteresis
measurements, it is not yet commonplace to disclose the sweep rate of the temperature used for ZFC-FC
measurements in the literature, making the comparison much more difficult. Like hysteresis measurements,
increasing sweeping speeds will artificially increase the observed 7g. In an effort to standardize the
determination and reporting of 7g values and to eliminate the sweep rate dependence, the 100 s relaxation
time alternative was introduced.?! This interpretation of Ty is not applicable to all SMMs as a relaxation
time of 100 s must be measurable and not extracted from the relaxation dynamics. There is also the
challenge that not all SMMs exhibit the same relaxation dynamics over the same temperature range or at
the same rate. Thus, this limits the comparison of SMMs to those that are high performing and structurally

similar.

1.6 Significant Milestones and Lessons learned from 4f SMMs

From the concepts discussed above, a staggering amount of 4f SMMs have been synthesized and studied,

11T

with the most abundant ion being Dy". This is largely a result of the half-integer angular momenta

1T

projection of the °Hs;» ground state of Dy, which ensures that the ground state will at least be doubly

degenerate in a field.?! Thus, slow relaxation of the magnetization has been observed in Dy™

-based systems
that are not strictly axial, or of high symmetry. These systems provide valuable insight into the
fundamentals that govern the slow relaxation in 4f SMMs, revealing the influential aspects of ligand design,
molecular structure, crystalline structure, and electronic structure on the overall slow relaxation dynamics.
For the synthetic chemist, the examples that follow serve as lessons towards the development of new high-
performing magnets with the intention of developing compounds that are technologically relevant for future

devices.
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1.6.1 Early Ln SMMs

The first Ln-based SMMs contained only a single metal center, despite much of the work, at the time, in
the synthesis of SMMs being focused on multinuclear transition metal clusters.’?° These seminal 4f-
SMMs were of the general formula [LnPc,]” (Ln = Tb"™, Dy™, Ho", Pc = phthalocyanide, n = -1, 0, +1),
and they had D4d local symmetry (Figure 1.7).°%37 The slow relaxation performance of these molecules
(Uer = 330 K) surpassed the performance of their transition metal counterparts at the time of their
discovery.** This finding paved the way for several key achievements in the field of Ln-based SMMs; not
only did it demonstrate the viability of Ln SMMs, it simultaneously showed that a single metal center was

sufficient for the observation of magnetic relaxation.

Moreover, within the ligand field provided by the phthalocyanide, the magnetic axiality of the Tb'!

I compound; meaning that a larger m; projection was stabilized in the

derivative was greater than the Dy
case of Tb™" over Dy™ (m; = £6 for Tb™ and m; = 13/2 for Dy™). This elicited greater SMM performance
from [Tb"™Pc,][TBA] (TBA = tetrabutylammonium) than [Dy"Pc,][TBA]; Uer = 330 K vs. 40 K. This
energy barrier was obtained from the fit of the experimental data to the Arrhenius law, and had assumed
complete relaxation through the first excited state on account of the correlation between the ac magnetic

susceptibility measurements and the doublet states that were determined from dc measurements and NMR .

Figure 1.7 Solid state molecular structure of [Tb"Pc,] viewed from (a) the side and (b) from the
top/above depicting its square antiprismatic (Dsd) local environment.*® Colour code: Yellow (Tb), blue

(N), grey (C). Hydrogen atoms have been removed for clarity.

However, in a later study it was found that QTM plays a significant role in the relaxation dynamics of this
compound.*' Magnetic hysteresis measurements revealed a classic stair-case structure associated with

tunneling between degenerate crystal field microstates.'** Furthermore, a recent report on the slow
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relaxation dynamics of [Tb™Pc,]" has revealed the field dependence of the magnetic relaxation (i.e.
relaxation via the direct mechanism may be possible);*! providing further evidence that relaxation dynamics

are much more complicated than initially offered in 2003.3%%

The discovery of slow magnetic relaxation in [LnPc,]" was followed by the polyoxometalates,
Na[Ln(WsOis).] (Ln = Tb™, Dy, Ho"™, Er'"), which similarly possessed D.d local symmetry about the
metal center (Figure 1.8).* Comparatively, the Er'" derivative had superior SMM properties out of all the
prepared lanthanide congeners. Notably, despite both Er''" and Dy having m; = + 15/2 ground states, the
directional dependence of the magnetic moment of these states is drastically different, i.e., the m; =+ 15/2

I is prolate, whereas the m; = + 15/2 state of Dy is oblate; requiring differing ligand fields to

state for Er
stabilize the large magnetic moment of this spin-orbit coupled ground state. Ultimately, Na[Dy™(WsOs)2]
did not exhibit any SMM properties. With respect to Na[Er''(WsO;s),], the my = £ 13/2 was the most
stabilized, which afforded the observation of the slow relaxation dynamics. This is in stark contrast to
[Er''P¢,], where the CF state with the largest magnetic moment was significantly destabilized, resulting in
a my = +1/2 ground state, despite both molecules having local Dsd symmetry.*** Consequently, the origin
for this behaviour is best described by the structural differences of the molecules imposed by the
coordinating ligands. Here, the zenith angle (¢), the angle of the main rotational axis of the molecule, the
metal ion, and a coordinating atom of the ligand, describes how axial or equatorial a LF is, for which larger
angles are representative of a more equatorial LF. For the polyoxometalates, the ¢ angle is 58.5° and for the

phthalocyanides this angle is slightly more acute at 54.5°.* This is particularly important when discussing

the stabilization of certain m;y projections in these molecules with Did symmetry.

Figure 1.8 Solid state molecular structure for [Ln(WsOi3)2]", depicting its square antiprismatic (Dasd)
local environment.**Colour code: Green (Er), dark blue (W), red (O). Sodium cations have been removed

for clarity.
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It is thus crucial that the placement of coordinating atoms about the metal center are in energetically
favourable positions so as to minimize any electronic repulsions and elicit stabilization of the largest m;
projection. Failure to do so, often results in the stabilization of small m; states and loss of purity of the m;y

states. Regardless, the relaxation, if any at all, is often characterized by fast ground state QTM in this case.

1.6.2 SMMs with Equatorial Ligand Fields

Following the success of the early Ln SMMs, organometallic SMMs (i.e., those with metal-carbon bonding
interactions) became increasingly popular. The first report of an organometallic Ln SMM was in 2010, and
the N-bridged dinuclear dysprosium molecule, [{Cp.Dy"(u-bta)}.] (Cp = cyclopentadienyl, btaH = 1H-
1,2,3-benzotrazole), utilized cyclopentadienyl ligands,* which was the first in several uses of aromatic

carbocyclic ligands in the field of SMMs (Figure 1.9).4

Figure 1.9 Solid state molecular structure of [ {Cp.Dy'(u-bta)},], the first organometallic SMM reported
in 2010.% Colour code: Dark red (Dy), blue (N), grey (C). Hydrogen atoms have been omitted for clarity.

Carbocyclic ligands, such as cyclooctatetraenyl (COT*) have been utilized widely in the field of
SMMs, because metallocenes, or sandwich complexes, impart a particularly well suited LF for harnessing
the maximum magnetic anisotropy of certain 4f ions.'* In this regard, the first organometallic sandwich
complex was reported by Gao in 2011,* this molecule, [(7°-Cp*)Ln(5#*-COT)] (Cp* =
pentamethylcyclopentadienyl, Ln = Tb™, Dy, Ho™, Er'l, Tm'"), possessed an overall bent molecular
structure with C; point symmetry (Figure 1.10). The mirror plane bisects the centroids of the two aromatic

1 derivative,

rings and the metal center. The most pronounced SMM properties were observed in the Er
with two thermally activated processes being identified with Uer = 322 K and 197 K, and magnetic
hysteresis below 5 K. Of the remaining 4f ions, only Dy and Ho™ produced an out-of-phase signal in the
ac susceptibility when placed within a diamagnetic matrix, and yet, the barriers obtained are at best an entire

order of magnitude smaller than those for [(7°>-Cp*)Er"(5*-COT)].
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Figure 1.10 Solid state molecular structure for [(’-Cp*)Er'(#5-COT)], the first organometallic
sandwich complex based on the COT ligand.*’ Transparent grey plane bisects the carbon atoms of the
COT ligand, depicting the tilt angle. Colour code: Green (Er), grey (C). Hydrogen atoms have been

omitted for clarity.

The bend in the molecular structure of [(7°-Cp*)Ln(53-COT)] was believed to be the contributing factor
towards QTM that inhibited the relaxation dynamics in this series of molecules. As such replacing one of
the aromatic ligands became a desirable approach for increasing the local symmetry and improving the
overall slow relaxation dynamics. Substituted COT frameworks were explored as a means for providing
steric protection and increased stability to the resulting complexes. Homoleptic 4f complexes of COT?*
require counterions, usually alkali metal ions from the synthesis to yield an electrically neutral molecule.
In the metallocene [Dy™(COT”),Li(THF)(DME)] (COT” = 1,4-bis(trimethylsilyl)cyclooctatetraene),** >0
one of the COT” ligands acts as a bridge between the Dy" ion and the Li ion, resulting in a longer Dy-
centroid distance, ultimately yielding an unsymmetrical compound (Figure 1.11a). While a modest Uk of
43 K was obtained, the multimodal ac susceptibility of this complex revealed the presence of multiple
relaxation processes.’® This compound demonstrated the complexity of 4f single-ion magnetism, yet also
provided a platform for which the magnetic properties of 4f ions could be investigated as a function of the
peripheral structural modifications; that is, finite tailoring of the ligand substituents and alkali metal ion
interactions. The gradual deviations from ideal symmetry, which result as a consequence of the external
silyl substituents, diminish the axiality and are responsible for the prevalent QTM observed in

[Dy"(COT”),Li(THF)(DME)].
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Figure 1.11 Solid state molecular structure of (a) [Dy"(COT”),Li(THF)(DME)] and (b) [K(18-crown-
6][Er'l(COT),].5%* Colour code: Dark red (Dy), green (Er), purple (K), white (Li), teal (Si), red (O),

grey (C). Hydrogen atoms have been removed for clarity.

To improve upon the magnetic properties, the ion-separated complex, [Li(DME);][Ln"(COT”),] (Ln =

111

Dy'"!, Er'") was prepared and studied. The discrete Dy metallocene had a Li-Ccor distance nearly double
that observed for [Dy™(COT”),Li(THF)(DME)] and equivalent Dy-centroid distances; yet, prominent
QTM was still present, resulting in a U of 25 K, with no hysteretic behaviour.’! 4b initio calculations on
this compound determined the orientation of the ground state magnetic axis to be tilted away from the
centroid-Dy-centroid axis, aligning with the silyl substituents. The ground state Kramers doublet (KD) is
described by the my = + 1/2, whereas the highest energy doublet state was comprised by the my = + 15/2
state and was highly axial (g, = 19.9927), suggesting that the replacement of Dy with Er'" would give
significantly improved relaxation dynamics. Indeed, switching the ion resulted in open hysteresis loops
with a blocking temperature of 8 K, and efficient thermal relaxation which only displayed Orbach-like (Uer
=187 K) dynamics over the entire temperature range studied.>? While no formal QTM regime was observed
in the ac magnetic susceptibilities, a prominent step at zero field in the hysteresis curves of [Er"(COT”),]
is indicative of tunneling in the ground state of this complex. Moreover, removal of the silyl groups to
afford [K(18-crown-6][Ln(COT),] (Ln=Dy", Er'") did not improve the magnetic properties of Dy despite
preserving the 8-fold symmetry in the molecule (Figure 1.11b).>* The low-lying energy spectrum of
[Dy"™(COT),] is dense, with the ground state doublet corresponding to the m; =+9/2, with the next highest
excited states corresponding to my =+£11/2 and £7/2. Not only are the relative energies of the m; states out
of order, the anisotropy axes in the ground state and first excited KDs are perpendicular to one another.

Contrary to this, [Er'(COT).] has exceptional slow relaxation dynamics, such that below 12 K a signal in
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the ac susceptibility could not be observed as the relaxation time is longer than 10 s. Overall an effective
barrier of 286 K is achieved which corresponds to thermal relaxation via the second excited state. Further

supporting this, is the co-axial alignment of the anisotropy axes in these Kramers doublets.

Given the prolate shape of the m; ==+ 15/2 state of Er'!!, even larger aromatic carbocyclic rings have
been investigated. The complex [Er"(COT)(CNT)] (CNT = cyclononatetraenyl; CoHy'), utilizes the 9-
membered aromatic ring to provide a larger equatorial LF, with the goal of stabilizing the my = + 15/2.3
The experimental Uesr of 361 K correlates well with the ab initio predicted barrier of 385 K through the m;
=+ 1/2 state, with low lying doublet ordering of my =+ 15/2,+ 13/2, and + 1/2. Moreover, it may be possible
to improve upon the properties of [Er''(COT)(CNT)] with substitution of the COT ligand with another CNT
to afford the homoleptic species. Indeed, the synthesis of divalent homoleptic [Ln"(CNT),] (Ln= Sm®, Eu",

Tm", Yb") complexes has already been reported.>

A fundamental understanding of the effects of the ligand field on the orientation of the main
magnetic axis was achieved through the above studies and molecules. Importantly, comparisons between
Er' and Dy™ complexes of COT provided pivotal evidence that the ligand field imposed by the COT ligand

did not yield the desired orientation of the anisotropy for Dy™!!

ions. This difference in the spheroid shape
of the my = + 15/2 for Dy and Er'" (i.e., prolate vs. oblate), combined with the lack of an axial LF for Dy

was crucial in explaining and understanding the inferior SMM performance of this ion.

1.6.3 SMMs with Axial Ligand Fields

Despite the large CF splittings that are obtainable for Dy™ in the LF provided by the COT ligand,
stabilization of the largest spin-orbit state with the largest magnetic moment is not possible owing to its
oblate electron density. Thus, efforts to tailor the LF to this ion have elicited different synthetic and design
approaches for maximizing the axial contributions of the LF, while simultaneously minimizing any off-axis
contributions. This ideology has been supported by ab initio studies on relatively simple molecular
frameworks, [Dy™O]" and [Dy"F,]" for which efficient multi-step magnetic relaxation is predicted.’**’
Unfortunately, these molecules are not trivial to synthesize,’® but the sequential ordering of their m; states,
in combination with the large energy splitting of the Kramers doublets have provided ample inspiration for
synthetic chemists. There are now several examples of magnetic relaxation in Dy"-based SMMs in which

relaxation utilizes several excited state Kramers doublets through employing an axially dominant LF .6

Molecules with Dsh point symmetry have become increasingly sought after as SMMs because a
true Dsh point group does not have transverse CF terms and perfect axiality can be achieved in every
Kramers doublet.>”-*® This means that magnetic relaxation should occur via multiple steps as the angle

between the anisotropic axes of each doublet state will be very small or negligible. In reality, obtaining
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perfect Dsh symmetry is not easy but the angle between axes of different doublets can be minimized with
strong dominant axial LF and CF components,® or by imparting symmetry axes such as Cs, C; and Cs.46
Thus, even molecules with near perfect Dsh symmetry have shown notable anisotropy enhancements
leading to large Uerand Ts values. Prominent examples of such molecules include [Dy"(bbpen)Br] (Figure
1.12a; Hybbpen =  N,N’-bis(2-hydroxybenzyl)-N,N’-bis(methylpyridyl)ethylenediamine))®®  and
[Dy"(Cy3PO)2(H,0)s]Br3 (Figure 1.12b; CysPO = tricylohexyl phosphine oxide)®’; at the time of their
discovery, they respectively held the records for largest Uy (1025 K) and largest 7 (20 K). While
[Dy"l(bbpen)Br] had the largest U.r value, it possessed waist-restricted hysteresis, and conversely,
[Dy"(Cy3PO)2(H20)s]Brs had a modest Ues of 543 K despite displaying zero-field coercivity up to 20 K.
The stark contrast in performance of these two molecules is suggested to be a consequence of different
coordinating atoms in the equatorial plane of the molecule, causing a deviation in the relative orientation

of the main magnetic axis with respect to the perceived Cs axis.

Figure 1.12 Solid state molecular structures of (a) [Dy"(bbpen)Br] (H:bbpen = N,N’-bis(2-
hydroxybenzyl)-N,N’-bis(methylpyridyl)ethylenediamine)) and (b) [Dy™(Cy;PO).(H20)s]Br; (Cys;PO =
tricylohexyl phosphineoxide).®®¢” Colour code: Dark red (Dy), orange (P), plum (Br), red (O), blue (N),

and grey (C). Hydrogen atoms and counterions have been omitted for clarity.

It is evident that the atoms in the equatorial position of pentagonal bipyramidal Dy™ have a
significant effect on the ensuing magnetic properties. In a later work, the effect of the axial position on the
relaxation dynamics was investigated by way of comparison for [Dy™(OR)X(L)s]** and [Dy™(OR)x(L)s]**
(X = Cl, Br; OR = "OCMe;, "OSiMes, "OPh; L = THF, pyridine, 4-methylpyridine).®® By systematically
varying the ligands in the axial positions, a correlation between the spin reversal barrier and the blocking

temperature was achieved. Additionally, compounds with one halide in the axial position characteristically
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exhibited a QTM regime, whereas those compounds with the same axial ligand did not. Aside from slight
variations in the height of the energy barriers among the studied compounds, a marked change in the
relaxation rate at which the Raman process becomes dominant over the Orbach relaxation occurred more
quickly and at higher temperatures for the asymmetric derivatives. Unfortunately, these findings are very
specific to the geometry about the metal-center, and more magneto-structural correlation studies are needed

to fully understand the effects of through barrier relaxation processes.

Another approach for imposing a highly axial ligand field is by use of cyclopentadienyl ligands.
The smaller ring size of the cyclopentadienyl anion affords a greater concentration of electronic density in
a localized area compared to the larger carbocyclic rings such as COT and CNT which impose more of an
equatorial LF. To illustrate this, Cp ligands have much smaller centroid-Dy-Ciie angles (ca. 27°) compared
to COT (ca. 44°),5%7 yielding greater axiality (i.e., it describes how small the tunneling gap between
doublets is).”" 4b initio studies on [(Cp*).Dy"]" predicted very small tunneling gaps in the 3™ and 4"
Kramers doublets, which would yield a high-performing SMM.”? Unfortunately, the synthesis and isolation

jon and (2) the relatively small

of this species is challenging owing to (1) the highly electropositive Dy
size of the Cp*. However, a family of [(Cp?).Ln]" compounds has been reported in which substituents on
the Cp ring block the approach of other ligands and solvents from the equatorial positions of the 4f ion,
although minimal short-contacts with ligand substituents and the metal occur in some bulky variants of the
Cp ligand. As a consequence, the orientation of the main magnetic axis deviates in higher excited states as

these interactions would begin to introduce transverse components to the CF; indeed, there are already

studies which have begun to look at this relationship.”

The bulky Cp-based ligand, Cp" (CsH2'Bus-1,2,4; ‘Bu = C(CH3);) was utilized in the synthesis of
the first dysprosocenium cationic complex [(Cp™).Dy™][B(CsFs)a]. ¢-7° Access to this homoleptic species
was afforded by halide abstraction from [(Cp™).Dy"(Cl)] (Figure 1.13a); for which negligible slow
relaxation properties were observed.”®’* For [(Cp™).Dy™][B(CeFs)4], the two Cp™ rings are fairly linear
with a centroid-Dy-centroid angle of ca. 153° (Figure 1.13b). The ab initio calculations revealed highly
ordered and pure Kramers doublets with superimposed orientations for the main magnetic axis,
characterized by my==+15/2, £13/2, £11/2,£9/2, £7/2, and +5/2. Only in the highest two Kramers doublets
is the purity lost and the mixing elicits anisotropy axes that are perpendicular to the other six Kramers
doublets.® Overall, this leads to an astonishing Uesr of 1760 K/1837 K, with notable contributions from the
Raman relaxation process. The Raman process becomes dominant at 60 K and this temperature is consistent
with the blocking temperature obtained from hysteresis measurements as well as the ZFC-FC
measurements. Combined ab initio calculations and experimental measurements suggest that the vibrations

of the C-H bonds on the Cp™ ligand facilitate the transition between the ground and first excited state
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doublet. It is suggested that fine tuning the ligand and its substituents to impose greater molecular rigidity
can increase the energy of the vibrations and optical phonons, shifting it out of resonance with the CF

microstates, while simultaneously ensuring the population of the ground state through ligand design.

Figure 1.13 Solid state structures of (a) [(Cp™).Dy"™(CD)], (b) [(Cp™).Dy™]*, (¢) [(Cp™>).Tb"], (d)
[(Cp*)Dy"(Cp™™)]".2¢%7075 Colour code: Dark red (Dy), yellow (Tb), green (Cl), grey (C). Hydrogen

atoms and counter anions have been omitted for clarity.

Divalent metallocenes of Cp-based ligands have also been prepared. The complexes, [(Cp™>),Ln]
(Cp™ = Cs'Prs; Ln = Tb", Dy"), are prepared from the reduction of [(Cp™™),Ln"(I)] yielding a perfectly
linear divalent complex (Figure 1.13¢).” The resulting electronic configurations for the reduced species are
485d" (Tb') and 4f°5d' (Dy"), and they are representative of Kramers and non-Kramers systems,
respectively. Thus, the divalent Tb complex acts a model system for the isolation of a highly symmetrized
Dy'"! ion in a linear metallocene environment. While it is difficult to compare because the 5d orbital is
occupied in [(Cp™™),Tb"], the Uerrof 1734 K and 100 s 73 of 52 K demonstrates the significance of a highly
linear and symmetrical coordination environment in the development of new Dy'!'-based SMMs. In addition
to the symmetry effects, the physical placement of ligands about the metal center may also have drastic
effects on the magnetic properties. Magneto-structural correlations on the family [(Cp™™®),Dy"|[B(CsFs)4]
(R = H, Me, Et, iPr) have shown the inter-complementary role of the centroid-Dy-centroid angle and the
Dy-centroid distance. Ideally large angles, that approach 180° and short Dy-centroid distances should be
sought; however this is incredibly difficult to achieve. Bulky substituents will promote a more linear angle
yet increase the Dy-centroid distance, thus lacking a strong metal-ligand interaction for directing the
anisotropy axis. A recent example has found a Dbalance between these requirements.
[(Cp*)Dy™(Cp™)][B(CeFs)a] utilizes two different Cp ligands to obtain a staggering Uer of 2217 K and a
hysteresis blocking temperature of 80 K (Figure 1.13d).” The steric bulk provided by Cp™™ shields the

11T

equatorial positions of the Dy, and the smaller Cp* ligand reduces ligand-ligand repulsions and affords a

smaller Dy-centroid distance. Interestingly, while the first dysproscenium ion, [(Cp™).Dy™]*, relaxes via
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the 6" Kramers doublet,* the thermal barrier in [(Cp*)Dy™(Cp™™)]* is defined by the 5" Kramers doublet
despite the overall crystal field splitting occurring over a larger energy range. Moreover, the out-of-plane
vibrations of the Cp* ligand (632.9 cm™ and 640.5 cm™) are postulated to mediate the transition from the
ground state to the first excited state (AE = 672 cm™); the energies of which are in good agreement with

this hypothesis.

It is evident that optical and acoustic phonons play a significant role in determining the accessibility
of higher excited states for magnetic relaxation in the [(Cp®),Dy"]* family. This class of SMMs have
brought forth new considerations for the performance of SMMs and they must be understood and addressed
to be effectively used in future devices. Many of these concerns related to the vibrational modes of the
surrounding and the phonon density of states have been discussed in the context of solid-state materials for

magnetic memory and devices,’® but remain a challenge for the synthetic chemist to address.

1.6.4 Materials from Molecules: Low coordinate, high symmetry

The incorporation and use of SMMs in future devices will require them to be combined with other
functional materials so that individual molecules may be addressed (i.e., for read and write applications)
and this has resulted in several different approaches for the immobilization of SMMs. Some of these include
both the surface functionalization and internal deposition of SMMs on, and in, carbon nanotubes
(CNTs),””7® and graphene,” as well as the encapsulation of SMMs into the pores of metal-organic
frameworks (MOFs).* Encapsulating SMMs is a way to impart a physical barrier between the SMM and
the substrates by minimizing intermolecular interactions that are known to be deleterious to the spin reversal
barrier as well as the coercivity. Typically, when deposited onto the surface of substrates, SMMs have lost
these functionalities; the results of which have been largely attributed to the phonon bath of the substrate

and the vibrational modes of the molecules being in resonance with one another.®!

The encapsulation of 4f SMMs in CNTs is a desirable approach for incorporating SMMs as the
CNT provides a buffer from other surfaces and phonons. Unfortunately, the encapsulation and confinement
of [Dy"(acac);(H20).] (acac = acetylacetonate) in CNTs did not elicit the same (or any) relaxation
dynamics as the SMM on its own (Uer = 0 K vs. Uer = 66 K).*>* The lack of organizational control
represents a hurdle for maintaining and controlling the magnetic axiality. In this regard, endohedral metallo-
fullerenes (EMFs) are able to control the symmetry,®* as well as the exchange and dipolar interactions more
precisely. EMFs are also easily sublimed, making them attractive for device fabrication techniques, and
EMFs also have increased stability towards moisture and oxygen.® Specifically, the use of nitride-based
EMFs Ln'"sN@Cso have become increasingly popular owing in part to their interesting magnetic properties,
some of which include frustrated paramagnetism (Ho"sN@Cso and Tb"™sN@Cs),% ferromagnetism

(Gd"5N@Cs0),Y” and waist-restricted hysteresis (Dy™Sc"",N@Cso).®
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The hallmark example, Dy"Sc";N@Cso, possessed a single paramagnetic Dy ion and two

diamagnetic Sc'!

ions (Figure 1.14). This SMM has been the subject of numerous studies including an
investigation on the effects of different diamagnetic matrices on QTM, and in a separate study the effects
of varying the number of spins within the EMF was also investigated (i.e., altering the relative proportions
of Dy and Sc™ ions).” In both studies, QTM steps in the hysteresis curves were reduced, or eliminated,
when either the EMF was suspended in a polystyrene matrix (i.e., magnetic dilution) or when a second Dy
ion was introduced into the core of the fullerene (i.e., ferromagnetic coupling). In the latter case, the

introduction of the third paramagnetic center to give Dy™

3sN@Cso did not result in retention of the magnetic
moment at any field in the hysteresis; this is a consequence of a frustrated ground state with competing

ferromagnetic and antiferromagnetic interactions.

Figure 1.14 Solid state molecular structures of (a) Dy"Sc">N@Cso, (b) Dy",Sc"™N@Cso, and (c)
Dy"sN@Cs0.2° Colour code: Dark red (Dy), white (Sc), blue (N), grey (C). Counter ions omitted for
clarity.

The utilization of radical-based ligands for coupling the spins of paramagnetic ions, and specifically
4f ions, is a well-established approach for increasing the magnetic communication between otherwise
weakly interacting 4f ions.”’ Thus, the use of radical fullerenes can enhance the coupling between the
encapsulated 4f ions and reduce fast zero-field tunneling. Incredibly strong coupling was achieved in
Gd",@C»N, with 4f-radical coupling of -350 cm™ (Figure 1.15a).”> Remarkably, this is an order of
magnitude larger than the previous benchmark complex [K(18-crown-6)]({(MesSi)oN}2(THF)Gd™)x(u-
n’m*Na), J = -27 em (Figure 1.15b).” Despite the strong metal-radical interaction, the metal-metal

coupling was characteristically weak (-0.4 cm™).2* 4b initio calculations on the Dy

analog of this complex
(Dy"™,@C79N) predicted a highly axial ground state m; == 15/2 doublet with a minimal transverse magnetic

moment, < 0.001 pp.** While this compound is expected to be an exceptional SMM, it remains elusive
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synthetically. Thus, a closely related compound, Dy"™,@Cso(CH,Ph), has been prepared and studied
(Figure 1.15¢).”* Here, the metal-radical coupling is considerably smaller (+32 ¢cm™), yet relaxation through
the exchange coupled states is still viable, producing a U of 613 K. The benzyl adduct of
Dy"™,@Cso(CH,Ph) is anticipated to play a prominent role in the relaxation dynamics and pathways,

because the fullerene is far too rigid to assist with relaxation via vibrational coupling.

Figure 1.15 Solid state molecular structure of (a) Gd"™,@CwN, (b) [K(18-crown-
6)]({(Me3Si)oN}o(THF)GA™)o(u-n*nm>-N2), and (c) Dy"™,@Cso(CH2Ph).*>* Colour code: Blue-grey
(Gd), dark red (Dy), teal (Si), blue (N), red (O), grey (C). Hydrogen atoms, cations, and disorder have

been removed for clarity.

A common theme throughout these Ln-based SMM milestones, is that the magnetic moment of a
SMM is restricted to the orientation of the J quantum number (i.e., the m; states, or CF microstates), and
the energies, ordering, and relative purity of these states is largely dictated by the ligands surrounding the
4f ion. Likewise, the relative environment of a single-atom magnet adsorbed onto a substrate will also
respond in a similar way, and the immediate surrounding atoms will behave as the LF dictating the ordering

and relative energies of the atom’s m; states. An unsuccessful attempt at showcasing this with Ho ions on

111

a Pt(111) surface,””¢ was followed by the discovery of a single-atom Ho™ magnet.”” The combination of

M jon (C4v) with an insulating MgO layer afforded magnetic

the symmetry-protected position of the Ho
hysteresis with remanence and coercivity up to 30 K and 1 T, and a lifetime of 1500 s at 10 K for the
magnetic moment. The MgO layer plays a vital role in the success of this system, as it acts by decoupling
the magnetic moment of the Ho™" from the phonon and conduction bands of the Ag(100) substrate on which

the device is built. This is a necessity for limiting the through barrier relaxation mechanisms, and the long-
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term maintenance of the magnetic moment. Overall, these are very challenging systems as the magnetic
moment of single atoms is readily destabilized by interactions with the surface electrons, nuclear spins, and
the lattice vibrations of the substrate on which they are deposited.”® % Often, the lifetime of the magnetic
moment in such systems is less than a millisecond, even when subjected to large external applied
fields;'9%1%1 thus further demonstrating the significance of achieving bistability, and maintenance of the

magnetic moment for 1500 s at 10 K.

The success of surface adsorbed single-atom magnets is dependent on the properties of the substrate
(i.e., the phonon density of the material) and not solely the symmetry or strength of the LF. In the previous
example, the MgO layer was chosen specifically for its lower phonon density compared to that of the
conductive substrate, Ag(100), thereby limiting potential vibrational modes that could shortcut the energy
barrier.’” Moreover, the bonding interactions with the substrate orbitals also significantly affect the ground
state of the surface adsorbed 4f ion.'”> When subjected to different substrates, namely Pt(111) and Cu(111),

the relative stabilization of the m; projections of an adsorbed Er'!!

ion was different. The largest m; state (+
15/2; oblate) was stabilized on the Pt(111) surface, owing in part to the more diffuse 5d orbitals of Pt,
whereas the smallest my (+ 1/2; prolate), of opposing spherical projection, was stabilized on the Cu(111)
substrate; meaning that an efficient Er'! SMM is more likely when deposited on Pt(111). Lastly, beyond
single-atom systems, ab initio studies have investigated the effects of surface adsorbed HoO" and DyO"
diatomic units.’” These theoretical diatomics are of significance to the field of 4f SMMs, as the Dy
congener was first theorized to have a CF splitting of >2100 cm™, with an expected Ues greater than 3000
K, although it remains synthetically elusive.’® This system showcased the abilities of new computational
methods for predicting the CF of Ln-based SMMs, namely multiconfigurational methods (e.g. complete
active space self-consistent crystal field, CASSCF) via MOLCAS software,'®!* which have become
prominent and reliable computational methods in the field. Nevertheless, the deposition of HoO* and DyO*
onto MgO would take advantage of the highly axial CF imposed by the coordinated O-atom, as well as the
symmetry protected position of the MgO surface combined with its reduced phonon density, eliciting a Ues
that would be larger than the trivalent ion itself. This work demonstrates the significance of ligands in

directing and controlling the anisotropy at a given metal-center, and that this dominant interaction is often

more impactful than the local symmetry in determining the performance of a molecular magnet.
1.7 Conclusions and Outlook

It is evident that lessons that are learned on the molecular scale directly impact the properties of ensuing
materials. Thus, using the smallest possible units, single-ion magnets (SIMs), a fundamental understanding
of the structural and electronic properties which govern the slow relaxation and long-term maintenance of

the magnetic moment can be gleaned, and this is of immediate value. From the previous work completed
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in the field of Ln-based SMMs, it is unmistakable that a strictly axial ligand field or point group symmetry
is not a necessity for obtaining large spin reversal barriers. In fact, all that is required is a dominant CF
interaction along a defined direction, whether that be from a ligand that imparts an axial or equatorial LF.
However, optimizing the relaxation efficiency and retention of the magnetic moment requires a deeper
understanding of the molecular structure and lattice effects. Through synthetic modifications, the strength
of these interactions can be modulated, and the nature of the relaxation processes can also be fined-tuned.
The future use of SMMs in technology require their incorporation into solid-state materials, and this
requires a thorough understanding of their quantum behaviours and spin-phonon interactions such as the
vibrational coupling. To accomplish this, SIMs represent the smallest possible unit with which to study the

effects that govern the relaxation dynamics, and this warrants their continued investigation.

In the subsequent chapters of this dissertation, the themes discussed here will be relevant to the
molecules presented and their observed properties. In Chapter 2, slow magnetic relaxation is achieved in
non-Kramers Tm'! by favouring the prolate electron density of the m; = 6 state with a largely equatorial
ligand field and then investigating the effects of increased local symmetry via ligand substitution. In
Chapter 3, the themes of magnetic axiality and magnetic coupling are investigated in two dinuclear Dy
SMMs. The different ancillary ligands result in significant variation in the observed slow relaxation
dynamics, and energy barriers to spin reversal, despite both molecules possessing the same internal bridging
motif. Thus, the ancillary ligands define the height of the barrier. Chapter 4 continues with the theme of
magnetic coupling in dinuclear lanthanide complexes of Gd™, Dy™, and Er''; however, the internal bridging
motif is substituted for an aromatic cyclomultiene. The cycloheptatrienyl trianion facilitates ferromagnetic
exchange coupling, which is not commonly observed in the 4f ions. Unfortunately, the ancillary amide
ligands were found to be deleterious to the slow relaxation dynamics when used in combination with this
organometallic bridge. In Chapter 5, the bridging motifs are removed, focusing on a SIM framework that
includes a bis-amide ligand that stabilizes the m; = 15/2 state of Dy'"" and multistep magnetic relaxation is
obtained. Unfortunately, the height of the spin reversal barrier is limited by the bite angle of the bis-amide
ligand employed and the surrounding equatorial ligands. Thus, in Chapter 6 a bis-anilide ligand in which
the bite angle is significantly more obtuse is utilized, and the number of hard donor atoms surrounding the

s reduced. This structural modification and crystal field engineering results

equatorial position of the Dy
in a highly axial and efficient Dy SIM. In Chapter 7, the cumulation of these efforts and lessons is brought
forth to obtain a highly desirable bonding arrangement in a 4f ion; near linear ligation of Yb" is achieved
and represents a synthetic and structural blueprint for obtaining even larger spin reversal barriers and more

efficient SMMs with improved retention of the magnetic moment, for which continued work is needed.
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Chapter 2

Relaxation Dynamics in Single-Molecule Magnets of Non-Kramers
TmIII

2.1 Introduction

Mononuclear lanthanide complexes have become prolific in the design of new molecular magnetic
materials, specifically, single-molecule magnets (SMMs).!* These complexes are ideal candidates for the
goal of developing high performance SMMs, as the presence of a single metal center allows for fine tuning
of the electronic structure based on crystal field contributions. Of late, research efforts have been directed
towards the study of low coordinate, high symmetry, mononuclear lanthanide complexes.’>”” They have the
potential to possess staggering energy barriers to magnetization reversal (U.sr) due to the extremely well
separated nature of the crystal field (CF) microstates, which have been theorized to span energies as large
as ca. 1800 cm™ for specific geometries.! Thus, in recent years, molecular geometry and crystal field
considerations have largely dictated the design of SMMs based off the highly anisotropic lanthanide ions,
for which organometallic ligands have become fashionable.® Perhaps most notable, was the successful
application of crystal field engineering in the development of [Dy™(Cp™),]" (Cp™ = 1,2,4-tri(tert-
butyl)cyclopentadienide), a molecule which possess a Uesr of 1837 K and blocking temperature of 60 K.’
Much less studied, are SMMs based on non-Kramers ions, Tb™, Ho™, and Tm".!° Since the seminal

lanthanide example, [Tb™(Pc),]" (Pc = phthalocyanine), a non-Kramers system,'!

very few examples of
non-Kramers SMMs have been reported, especially if that ion is Tm'™.'?!* This is due in part to their integer
angular momenta (J), which results in intrinsic tunneling gaps, promoting magnetic relaxation through the
ground state CF multiplet.'® This facile and efficient relaxation process, known as quantum tunneling of the
magnetization (QTM), drastically reduces U.s, and tends to preclude hysteresis with coercivity. Indeed, the

approach of designing highly symmetric ligand environments to promote multistep relaxation pathways

may also be applied to the development of SMMs of non-Kramers ions.

Previously, the Murugesu group reported that areneides, such as the cyclooctatetraenide (COT?)
are very effective in producing significant magnetic axiality in the ground state of [Er'(COT),],
subsequently favoring magnetic relaxation through higher CF states.!® These contributions have
demonstrated that the n-electron cloud of COT provides a dominant ligand field, which enhances uniaxial
magnetic anisotropy in prolate Er'" ions.!"” While Er'" is a Kramers ion with J = 15/2, theoretically, the

ligand field generated by COT may also yield the same desirable effects in other prolate ions, even those
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with integer angular momentum projections, such as Tm'™

. This may allow for stabilization of the largest
magnetic moment in the ground CF multiplet as well as enhanced purity of the m; states, leading to the
observation of slow magnetic relaxation in non-Kramers ions like Tm'!. While others have sought to elicit
SMM behavior from this ion,'*!® there remains a fundamental interest in determining the factors which
contribute to its performance. Given the vital roles of the ligand environment and the molecular symmetry
on the performance of non-Kramers SMMs, this study aims to elucidate the improvement in SMM

properties when Tm'! is subjected to an ideal environment.

In this study, a non-traditional synthetic route towards lanthanide bis-COT complexes is utilized to
systematically install COT rings on to the Tm"" ion. In a stepwise fashion, a piano stool complex, [Tm™(55-
COT)I(THF),] (1-Tm) is first isolated, and subsequently a metallocene sandwich complex [K(18-crown-
6)(THF),][Tm!(#%-COT),] (2-Tm). Herein, the synthesis, structure, and magnetic characterization of the
hetero- and homoleptic complexes are reported. The importance of local symmetry for the slow relaxation
in non-Kramers Tm'! is discussed as it pertains to the relaxation dynamics observed under an applied static

field.

2.2 Results and Discussion

2.2.1 Synthesis and Structure

Previously, the reducing power of Tml, had been utilized to perform successive reductions of COT and
other arenes.!” This methodology was utilized to generate a piano stool complex with a single COT dianion
bound to the Tm'" ion. Thus, 1-Tm was prepared through two subsequent one electron reductions of COT
by Tml,, generating Tmls as a by-product (Figure 2.1). Treatment of 1-Tm with one equivalent of K,COT
results in the formation of [Tm™(#%-COT),]", which upon addition of one equivalent of 18-crown-6 and
storage at room temperature for 48 h resulted in X-ray quality crystals of 2-Tm. The synthetic route
employed towards the synthesis of 2-Tm uniquely allows for the isolation of a mono-COT complex,
whereas the traditional route subjects the respective LnCls salt to a solution of K,COT to obtain the
homoleptic compound in one step.!®?° To the best of our knowledge, this is the first structural account of
the ion-separated sandwich complex of the [Tm™(#3-COT),]" anion, however analogous structures of the
other 4f congeners have been reported,'®* as well as [Li(THF);][Tm"(#%-COT),] which exhibits the

metallocene structure with an inner sphere lithium ion, making this molecule unsymmetrical.*!
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Figure 2.1 Synthesis of [Tm"(#*-COT)I(THF)] (1-Tm) and [K(18-crown-6)(THF),][Tm"(#3-COT).]
(2-Tm); COT = cyclooctatetraene.

The structure of 1-Tm was previously reported by Fedushkin et al.,' but to aid in the comparison
of the two complexes and their magnetic properties, the structure collected during our study will be
discussed. 1-Tm crystallizes in the monoclinic space group P2i/n, where each asymmetric unit contains
one Tm'" jon bound to one #-COT dianion (Figure 2.2). A Tm"-COT centroia distance of 1.75 A is achieved,
which is comparable to 1.76 A, as observed in [(Tp)Tm"(COT)] (Tp = hydrotris(3,5-dimethyl-1-
pyrazolyl)borate).'> The immediate coordination sphere is completed by an iodide ligand and two THF
molecules. Interestingly, there is a slight elongation of the Tm-Ccor bond distances for those C-atoms which
lie above the THF molecules, demonstrating a slight asymmetry in the Tm"™-COT bonding (Table 2.1). This
is likely caused by the steric requirements of the THF molecules compared to that of iodide. Within the

1___Tm'" intermolecular distance of 6.84 A (Figure

lattice, the molecules are oriented such that there isa Tm
2.3a), Conversely, 2-Tm crystallizes in the triclininc space group P-1. The Tm" ion is bound to two COT
rings in an #®-mode, with average Tm-Ccor bond distances of 2.61 A (Figure 2.2 and Table 2.1). The two

Il jon sits on a

COT rings exhibit an eclipsed conformation; however, this is not surprising as the Tm
crystallographic inversion center, making the COT rings symmetry related. This in turn results in equivalent
Tm™---COTentroid distances of 1.85 A, which are approximately 0.1 A larger than the Tm™---COTcentroia
distance in 1-Tm and analogous to the previously reported [Tm!(#3-COT”),], COT” = 1,4-
bis(trimethylsilyl)cyclooctatetraenyl, (1.85 A).?2 Nevertheless, short contacts exist between the complex

anion-cation pair, however, no contacts exists between paramagnetic species, with the shortest

intermolecular Tm"---Tm" distance of 7.74 A (Figure 2.3b). The C---H short contacts result in distances
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of 2.87 and 2.79 A between H14 and C2/C3, respectively. As well as C---H distances of 2.81 and 2.80 A
between H9 and C7/C8. As evidenced from the crystallographic parameters, 2-Tm exhibits greater local
symmetry and this is expected to decrease the intrinsic tunneling gap in this non-Kramers ion and afford

improved slow magnetic relaxation properties over its parent compound, 1-Tm.
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Figure 2.2 Molecular structure of [Tm"(#*-COT)I(THF),] 1-Tm (left) and [Tm"(#*-COT),]" 2-Tm
(right). Colour code: Teal (Tm'™), purple (K), pink (I), red (O), grey (C). Hydrogen atoms, disorder, and
the cation [K(18-crown-6)(THF),] have been omitted for clarity.

Table 2.1 Tm-Ccor bond distances obtained from single crystal X-ray diffraction studies

Bond 1-Tm 2-Tm

Tml-C1 (A) 2.534(6) 2.615(2)
Tm1-C2 (A) 2.555(7) 2.598(2)
Tm1-C3 (A) 2.533(7) 2.598(2)
Tm1-C4 (A) 2.525(7) 2.617(2)
Tm1-C5 (A) 2.515(7) 2.620(2)
Tm1-C6 (A) 2.524(6) 2.600(2)
Tm1-C7 (A) 2.515(5) 2.598(2)
Tm1-C8 (A) 2.516(5) 2.604(2)
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2-Tm
b-axis

Figure 2.3 Solid state intermolecular Tm'!---Tm'" distances. (a) View along the a-axis of the unit cell in
1-Tm. (b) View along the b-axis of the unit cell in 2-Tm. Colour code: Teal (Tm'™), purple (K), pink (I),
red (O), grey (C). Hydrogen atoms and disorder have been omitted for clarity.

2.2.2 Direct Current Magnetic Susceptibility

The magnetic properties of 1-Tm and 2-Tm were investigated with the use of a SQUID magnetometer. The
variable temperature susceptibility plot (y7 vs. T) for 1-Tm and 2-Tm depicts similar behavior; where upon
decreasing temperature, the y7 product experiences minimal deviation from linearity (i.e., Curie Law
behaviour) until significantly low temperatures. The ability of the complexes to match closely with the
Curie Law demonstrated that intermolecular interactions are negligible and may also suggest the presence
of a well separated ground state. The room temperature T values of 6.96 and 7.23 cm* K mol™! for 1-Tm
and 2-Tm respectively, are close to the expected value of 7.15 cm® K mol™! for a Tm"™ (412, *He, S=1, L =
5, g =7/6) ion (Figure 2.4a). Both complexes experience a rapid decrease in their y7 products below 4 K,
to reach final values of 4.08 and 5.48 cm*Kmol! at 1.8 K. The swift drop of the T product at low
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temperature may be indicative of magnetic blocking arising from the significant magnetic anisotropy
inherent to the Tm'" ion. Close analysis of the isothermal magnetization curves revealed magnetization
values of 3.05 and 2.54 ug at 1.9 K and 7 T for 1-Tm and 2-Tm (Figure 2.4b-e¢). While these deviate
significantly from the expected value of 7 up, similar results have been reported for [(;°-Cp*)Tm!(#-
COT)] (Cp* = pentamethylcyclopentadienide).'** Collectively, the data strongly suggests that the low-
lying energy spectrum of the CF doublets are well separated, and this bodes well for the slow magnetic
relaxation properties, as it ensures that magnetic relaxation will at least occur through the first excited state

CF doublet.
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Figure 2.4 (a) Temperature dependence of the y7 product at 1000 Oe for 1-Tm (red) and 2-Tm (blue).
Solid state field dependence of the magnetization for (b) 1-Tm and (c¢) 2-Tm, and the reduced

magnetization for (d) 1-Tm and (e) 2-Tm at the indicated temperatures.

2.2.3 Alternating Current Magnetic Susceptibility

To elucidate the presence of slow magnetic relaxation, alternating current (ac) magnetic susceptibility
measurements were completed. With respect to 1-Tm, an absence of an out-of-phase (y”) signal was
observed under zero applied dc field. This behaviour was not unexpected owing to the presence of
inequivalent ligand donors, minimal symmetry, and the electronic configuration of the Tm" ion. As
previously discussed, the non-Kramers nature of the Tm™ ion does not ensure that a doubly degenerate

ground state will be obtained, nor does it preclude QTM. As such, to facilitate the observation of the slow

relaxation in 1-Tm, frequency dependent measurements as a function of applied dc field were completed
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with fields of 200 Oe — 1600 Oe (Figure 2.5). Under these conditions, a signal was obtained in the y* and
" susceptibilities. At high frequency, a signal in the y” susceptibility is observed, and the signal is
augmented by increasing static fields until 800 Oe, at which point there is a decrease in the observed
intensity. As a result, the optimal field to observed field-induced magnetic relaxation is 800 Oe.
Comparatively, when 2-Tm was subjected to the same field dependent measurements (0 Oe — 1600 Oe)
two tails were obtained in the high frequency and low frequency regions of the y” susceptibility. At 0 Oe,
the signal is exclusively in the high frequency regime, however at 200 Oe, the signal is dominant in the low

frequency regime, and exhibits the greatest intensity despite the peak maxima not being observable under

the frequency conditions of the magnetometer.
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Figure 2.5 Frequency dependence of the (a-b) in-phase (y’) and (c-d) out-of-phase (y”’) components of
the ac magnetic susceptibility as a function of applied static field at 2 K for 1-Tm (top) and 2-Tm

(bottom). Lines are a guide for the eye.

At the optimal dc field of Hy. = 800 Oe, a frequency dependent signal was observed for 1-Tm in the y” and
x” susceptibilities within the temperature range 1.9-10 K (Figure 2.6). Unfortunately, minimal shifting of
the y” peak maxima is observed below 1500 Hz; this is likely attributed to significant QTM. To elucidate

the source of this signal, the relaxation times of the individual isothermal curves were extracted with the
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1‘24

generalized Debye model.** Perhaps unsurprisingly, given the high frequency peaks, very small z-values

are achieved (1.20 x 10*—2.66 x 10 s) throughout the entirety of the temperature range studied.
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Figure 2.6 Frequency dependence of the (a-b) in-phase (y’) and (c-d) out-of-phase (y”’) components of
the ac magnetic susceptibility for 1-Tm at Hg. = 800 Oe (fop), and for 2-Tm at Hac = 200 Oe (middle).
Lines are a guide for the eye. (¢) Temperature dependence of the magnetization relaxation times (z) for
1-Tm (hallow circles) and 2-Tm (hollow squares). The solid purple lines represent best-fits to Equation
2.1. The orange, teal, and pink lines are the individual components of the magnetization relaxation for

QTM, Raman, and Orbach processes, respectively.
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Such small values suggest that the magnetic relaxation in 1-Tm may be largely dictated by QTM, a process
which is enhanced in non-Kramers systems. Further insight into the relaxation dynamics of 1-Tm were
obtained through the fit of the 7! vs. T plot to Equation 2.1 (Figure 2.6¢). Wherein the various components
are representative of the common relaxation mechanisms in Ln-based SMMs, Orbach, Raman, and QTM.
The first term represents magnetic relaxation that occurs via the Orbach process with parameters 70! and

Ui, the second contains Raman terms C and 7, and lastly, 7'qrm which represents the rate of QTM.

Uetr
kaT

1 =15texp (— ) +CT™ + 141y 2.1)

The best fit parameters for 1-Tm to Equation 2.1 are recorded in Table 2.2. A minimal energy barrier to
magnetization reversal of 7.93 K is achieved, however this is not surprising given the obtained Raman
exponent (n = 6.20), which is close to expected value for a non-Kramers system (n = ca. 7).! Combined
with a QTM rate on the order of milliseconds, magnetic relaxation through excited CF states is improbable
for this system. Thus, even with the application of a static field to lift the degeneracy of the CF states, rapid
relaxation through the ground state remains. The presence of coordinated solvent is likely to drastically
influence the orientation of the main magnetic axis in the ground state,® further facilitating this type of
relaxation. In non-Kramers systems such as 1-Tm, asymmetric components such as these in the molecular

structure drastically influence the intrinsic tunneling gap, resulting in diminished SMM properties. !>

Table 2.2 Summary of best-fit parameters to Equation 2.1

Compound 1-Tm 2-Tm

Hy / Oe 800 200

Uer / K 7.93 53.3

T0/8 1.18 x 10* 1.28 x 104
C/s'K™ 0.059 0.010

n 6.20 3.66
torm/ 87! 373.1 2.695

In stark contrast to the data obtained for 1-Tm, 2-Tm displays a signal in its y’ and y”
susceptibilities in the absence of an applied static field (Hs. = 0 Oe), yielding only high frequency tails

(Figure 2.7). The presence of these tails precludes the determination of zero field slow relaxation dynamics.
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Although, with the application of a small dc field, Hic = 200 Oe, as determined from the field dependent
measurements, frequency dependent behavior is obtained (Figure 2.6). The application of such a small dc
field in order to observe relaxation is rare in Tm' complexes, as much larger fields have been employed
previously (1 - 2 kOe).!>!® At this magnitude of field (~200 Oe for 2-Tm), the potential for inducing
intermolecular interactions and long-range magnetic ordering is significantly reduced unlike the previous

examples.
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Figure 2.7 Frequency dependence of the in-phase, y’, (a) and out-of-phase, y”, (b) components of the ac
magnetic susceptibility for 2-Tm in the absence of an applied static field (Hg. = 0 Oe).

Within the temperature range 9-20 K, a single peak is observed in the y” susceptibility, and when below 8
K, a bimodal isothermal susceptibility is observed, such that there is an onset of high frequency tails in
addition to the main relaxation process. Each isothermal susceptibility curve was fit to the generalized
Debye model, assuming a single process, to extract the relaxation times. Not only do the y’ and y” signals
of 2-Tm occur over a greater temperature range than 1-Tm, but the relaxation times that are achieved (1.82
x 107 - 0.538 s) for 2-Tm are orders of magnitude larger than those measured for 1-Tm. Indeed, this is
correlated with the obtained best fit parameters from the fit of the 7! vs. T plot to Equation 2.1, which are
recorded in Table 2.2. The results of which reveal a Raman exponent of 3.66, this is lower than what is
expected for a non-Kramers system (n = ca. 7),> which may suggest that there are not enough lattice phonons
of appropriate frequency to efficiently promote this type of relaxation.? In comparison to 1-Tm, the rate of
QTM occurs on a much slower time scale (2.68 x 102 s vs. 0.371 s), providing evidence that magnetic
relaxation through this process is less efficient than it is in 1-Tm. Collectively, the decrease in efficiency
of the Raman and QTM processes allows 2-Tm to relax through a slower pathway which is likely through
thermally accessible CF states, producing a U of 53.3 K. The energy barrier to magnetization reversal of

2-Tm results in an 85% increase over 1-Tm, illustrating that QTM in the ground state is minimized in 2-
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Tm compared to 1-Tm. As a consequence of the reduced tunneling in 2-Tm, a small opening in the
magnetic hysteresis measurements at 1.8 K and zero-field is afforded (Figure 2.8). Comparatively, the same
measurement on 1-Tm produced only a butterfly-shaped curve, with openings at higher fields. The absence
of coercivity in 1-Tm at the lowest measurable temperature of 1.8 K demonstrates the dominance of QTM
in this system. Notably, at higher temperatures, 2-Tm does not exhibit the same zero-field openings in its
magnetization hysteresis measurements, and the openings in the high-field region quickly dissipate for 1-

Tm at elevated temperatures.
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Figure 2.8 Magnetic hysteresis data for (a) 1-Tm and (b) 2-Tm collected at 1.8 K and an average sweep
rate of 23 Oe s\, In all measurements, data were collected starting at H = 0 Oe, sweeping to H = 50 kOe

and then cycling to H = -50 kOe and back to H =50 kOQe.

23 Summary and Conclusion

This chapter has presented a successful stepwise addition of cyclooctatetraenyl to [Tm™(#3-COT)I(THF)]
(I-Tm) to obtain [K(18-crown-6)(THF)][Tm"(#3-COT),] (2-Tm). This resulted in increased local
symmetry at the Tm™ ion by removal of the coordinated solvent molecules and iodide ligands. Through the
characterization of the static and dynamic magnetic properties of these hetero- and homoleptic species,

field-induced SMM behaviour was elucidated for both compounds.

Overall, 2-Tm showed greater improvements in the magnetic relaxation dynamics over 1-Tm. A
larger energy barrier to spin reversal was achieved, Uer = 53.3 K, under a smaller applied field of 200 Oe
for 2-Tm; whereas a static field of 800 Oe was needed to observe an out-of-phase signal for 1-Tm.
Moreover, the rate of QTM was two orders of magnitude faster for the heteroleptic 1-Tm. Collectively, this
demonstrated the significance of increased local symmetry at the metal center, for decreasing the
contributions of fast through-barrier relaxation mechanisms such as QTM. This illustrates that small

perturbations in the crystal field of non-Kramers SMMs can cause drastic reductions from their ideal
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performance. Thus, if we wish to take advantage of the immense angular momenta afforded by Tm'", then

careful synthetic design and isolation of highly symmetric ligand environments are necessary.

2.4  Experimental Details

2.4.1 General Procedures

All reactions and subsequent manipulations were performed under anaerobic and anhydrous conditions
using a standard Schlenk-line or nitrogen-atmosphere glovebox. Tetrahydrofuran (THF) and
dimethoxyethane (DME), were dried on columns of activated alumina using a J.C. Meyer solvent
purification system, degassed with successive freeze-pump-thaw cycles, and stored over activated 3 A
molecular sieves. Anhydrous Tml, and potassium metal were purchased from Sigma Aldrich; these
chemicals were used as received. 18-crown-6 (18-c-6) was purchased from Sigma Aldrich and purified via
vacuum sublimation at 0.019 Torr. 1,3,5,7-cyclooctatetraene was purchased from TCI and bubble degassed
with argon prior to use. K COT was prepared as previously reported,?’ with the only modification occurring
for the solvent, where THF was replaced with DME. The preparation of [Tm!(#3-COT)I(THF),]," was
modified from previously published report as described below. Infrared spectra were recorded on a Nicolet
Nexus 550 FT-IR spectrometer using transmission mode in the 4000-600 cm™! range; solid samples were
prepared under an inert atmosphere and sandwiched between transparent NaCl plates. NMR spectra were
acquired on a Bruker Avance-II 300 MHz spectrometer at 298 K. Elemental analysis were conducted by

Canadian Microanalytical, Delta, BC.

2.4.2 Experimental Procedures

Synthesis of [Tm"'(3#%-COT)I(THF);] (1-Tm). Under an inert atmosphere, a solution of 1,3,5,7-
cyclooctatetraene (0.1 mL, 0.888 mmol) in THF was added slowly to a slurry of Tml, (368 mg, 0.870
mmol) in THF. The green slurry became red upon immediate addition of 1,3,5,7-cyclooctatetraene. The
solution was stirred for 30 min at room temperature and then filtered over a fine frit to remove any
remaining Tml, and Tml;. The filtrate was collected and concentrated, additional Tmls was precipitated.
Tml; was removed via filtration over Celite, red block X-ray quality single crystals were grown from the
filtrate at room temperature overnight. Isolated crystals are air and moisture sensitive. Yield = 72-74%. IR
(neat, cm™). 2972 (br), 2892 (m), 1866 (m), 1754 (m), 1621 (m), 1563 (w), 1482 (w), 1470 (w), 1445 (w),
1366 (w), 1344 (m), 1311 (m), 1245 (m), 1182 (m), 1068 (m), 1018 (m), 853 (m), 799 (m), 750 (m), 717
(m), 671 (m), 627 (m). '"H NMR (THF-&®, 298 K, &/ppm): 2.54 (s, 8 H, THF, FWHM: 92 Hz), 1.15 (s, 8 H,
THF, FWHM: 138 Hz), -182.32 (br, s, 8 H, CgHs, FWHM: 4044 Hz). CHN analysis (found, calc.) for
Ci6H2410,Tm: C (34.40, 35.31); H (4.60, 4.45); N (<0.3, 0.00).
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Synthesis of [K(18-¢c-6)(THF),][Tm"(3#3-COT);] (2-Tm). Under an inert atmosphere, a solution of
K>;COT (27 mg, 0.07 mmol) in THF is added dropwise to a solution of 1-Tm (33 mg, 0.06 mmol) in THF
at -35°C. The solution is stirred at room temperature for 20 min and the reaction mixture filtered over Celite
and subsequently washed three times with THF. The filtrate was collected and concentrated. 1 equivalent
of 18-crown-6 (16mg, 0.06 mmol) was added in 1 mL of THF. Single-crystal X-ray quality red needles
were obtained after 48 h at room temperature. Isolated crystals are air and moisture sensitive. Yield = 66%.
IR (neat, cm™).2852 (w), 1599 (w), 1469 (m), 1349 (m), 1282 (m), 1246 (m), 1234 (m), 1104 (m), 964 (s),
897 (s), 838 (s), 800 (m), 760 (m), 743 (s), 681 (s), 628 (w). 'H NMR (THF-d®, 298 K, 8/ppm): 78.22 (br,
s, 24 H, 18C6, FWHM: 1075 Hz), 5.40 (br, s, 8 H, THF, FWHM: 388 Hz), 0.07 (br, s, 8 H, THF, FWHM:
308 Hz), -177.72 (br, s, 16 H, CsHs, FWHM: 9554 Hz). CHN analysis (found, calc.) for C3¢HssKOsTm: C
(52.09, 52.42); H (6.17, 6.84); N (<0.3, 0.00).

2.4.3 Crystallography

Structural information has been previously reported for 1-Tm. However, for the purposes of completeness
our parameters are included below. Data collection results for compounds 1-Tm and 2-Tm represent the
best data sets obtained in several trials for each sample. The crystals were mounted on thin glass fibers
using paraffin oil. Prior to data collection crystals were cooled to 200 K. Data were collected on a Bruker
AXS KAPPA or SMART single crystal diffractometer equipped with a sealed Mo tube source (A=10.71073
A) APEX II CCD detector. Raw data collection and processing were performed with APEX II software
package from BRUKER AXS.% Initial unit cell parameters were determined from 60 data frames with 0.3°
w scan each, collected at the different sections of the Ewald sphere. Semi-empirical absorption corrections
based on equivalent reflections were applied.”’ Systematic absences in the diffraction data set and unit-cell
parameters were consistent with monoclinic P2;/n (Nel4) for compound 1-Tm and triclinic P-7 (Ne2) for
compound 2-Tm. Solutions in the centrosymmetric space groups for both samples yielded chemically
reasonable and computationally stable results of refinement. Structures were solved by direct methods,
completed with difference Fourier synthesis, and refined with full-matrix least-squares procedures based

on F?,

For all the compounds all hydrogen atoms positions were calculated based on the geometry of related non-
hydrogen atoms. All hydrogen atoms were treated as idealized contributions during the refinement. All
scattering factors are contained in several versions of the SHELXTL program library, with version v.7.14

being used.?®
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Table 2.3 Crystallographic data for 1-Tm and 2-Tm

Compound 1-Tm 2-Tm
Empirical formula C16H24102Tm C36H56KOng
Formula weight 544.18 824.83
Crystal size, mm 0.130x0.080x0.060 0.300x0.100x0.070
Crystal system Monoclinic Triclinic
Space group P2:/n P-/
Z 4 1
a, A 8.4178(2) 7.7365(2)
b, A 9.3602(3) 9.3103(2)
c, A 22.0805(6) 13.1135(3)
a, ° 90 85.0171(12)
B, ° 97.3536(14) 83.5823(11)
Y, © 90 89.4078(13)
Volume, A3 1725.46(8) 935.09(4)
Calculated density, Mg/m? 2.095 1.465
Absorption coefficient, mm! 3.930 2.530
T (K) 200(2) 200(2)
F(000) 1032 424
® range for data collection, ° 2.366 t0 28.317 2.196 to 28.320
Limiting indices h==+11,k==%112,1=+29 h=%10,k==%12,1=+17
Reflections collected / unique 14763 8104
R(int) 0.0219 0.0130
Completeness to ® = 28.32, % 98.7 97.7
Max. and min. transmission 0.7457 and 0.4954 0.7457 and 0.5254
Data / restraints / parameters 4228/96/199 4519/6/220
Goodness-of-fit on F? 1.046 1.033
Final R indices [[>2c(])]* R1=0.0341,wR2=0.0743 R1=0.0198, wR2 =0.0525
R indices (all data) R1=0.0420, wR2 =0.0780 R1=0.0199, wR2 =0.0525
Largest diff. peak/hole, e- A 2.897 and -2.889 0.792 and -0.519

"R =Ry = X[[Fo| - [Fell/ Z[Fol; wR2 = {X[w (Fo? — F&)>/Z[w(Fo)’1]"%; w = 1/[&*(Fo®) + (ap)* + bp], where p =

[max (F¢?, 0) +2F:*]/3

2.4.4 Magnetometry

The magnetic susceptibility measurements were obtained using a Quantum Design SQUID magnetometer

MPMS-XL7 operating between 1.8 and 300 K. DC measurements were performed on polycrystalline

samples of 12 mg for 1-Tm and 2-Tm. The samples were wrapped in a polyethylene bag under an inert

atmosphere, and subjected to a field of 0 to 7 T. The magnetization data were collected at 100 K to check

for ferromagnetic impurities that were absent in both samples. Diamagnetic corrections were applied for

the sample holder and the inherent diamagnetism of the sample was estimated with the use of Pascals

constants.
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Chapter 3

Modulating the Relaxation Dynamics in Dinuclear Single-Molecule
Magnets via Ancillary Ligands

3.1 Introduction

Single-molecule magnets (SMMs) are discrete molecules which display a bistable ground state separated
by an energy barrier which a spin must overcome in order to reverse the orientation of its magnetic
moment.'? Energy is required in order to accomplish this flip and is acquired through an energy transfer
between the paramagnetic system and the lattice, effectively known as spin-lattice relaxation.?
Unfortunately, quantum tunnelling of the magnetization (QTM) is prevalent in lanthanide (Ln) ions,
facilitating the transition of the magnetic moment through the ground state without surmounting an energy
barrier. This is due in part to the classically dense energy spectra for Ln ions combined with saturated
coordination environments that typically result in tunnel splittings.* Overall, this fast process limits the
potential energy barrier to spin inversion and prohibits SMMs from becoming technologically relevant.
Previously, weak exchange interactions in the SMM [Mn4O3Cls(O2CEt)3(py)3]2 (O2CEt = propionate; py =
pyridine), were reported to shift the tunnel resonances away from zero-field,” demonstrating that exchange
coupling is an effective means for moderating QTM and promoting slow relaxation of the magnetization.
Indeed, this has already been demonstrated in a number of Dy'!-based SMMs.®!* This requires that the
strength of magnetic coupling between spin carriers be larger than the temperature domain of QTM.!'!!12
However, this is not trivial; a substantial drawback is that polynuclear lanthanide complexes often exhibit
weak magnetic coupling (exchange and dipolar) owing to their shielded 4f valence orbitals. This means that
their magnetic properties are often dictated by the single-ion properties of the isolated metal ions and their
respective single-ion magnetic anisotropies.'*'* Therefore, a combination of both strong single-ion
anisotropy and suitable exchange coupling should be used as design elements to obtain even better and
more efficient SMMs. Several strategies are now widely accepted and employed for increasing the magnetic

15,16

axiality of a 4f SMM. These include increasing the local symmetry at the metal ion, approximating

17,18

specific symmetry point groups which are absent of transverse crystal field operators, and creating

strong metal-ligand interactions along a defined axis or plane.!'2!

In this study the static and dynamic magnetic properties of two structurally related dinuclear Dy™
compounds, [Dy™{N(SiMes),}»(u-C1)(THF)]> (3-Dy) and [Dy"(#*-COT)(u-C1)(THF)]. (4-Dy), are

presented and analyzed. While a number of previous studies have investigated the identity, orientation, and
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number of bridging atoms on the magnetic coupling of 4f ions,*? few consider the effects of the remaining
coordination sphere on the overall magnetic properties. The structurally similar {Dy»(u-Cl),} core of the
presented molecules allowed for the comparison of the ancillary ligand effects on the relaxation dynamics,
the magnetic anisotropy and axiality, as well as the extent of coupling between the 4f ions. The
trimethylsilyl amido and cyclooctatetraenyl (COT) ancillary ligands were chosen for their respective and
differing ligand fields and stabilization effects on the J = 15/2 manifold of the Dy ion. The large diffuse
n-electron cloud of the COT ligand produces a largely equatorial ligand field resulting in the destabilization
of the Ising states with the largest magnetic moment (i.c., crystal field mcirostates).!>>* Whereas, the amido-
based ligands provide direct coordination of a mostly localized negative charge, which when strategically

1 jon, can elicit significant stabilization of the Ising states.* Ab initio calculations on

placed about the Dy
compounds 3-Dy and 4-Dy are presented to facilitate the comparison and understanding of the role of

differing ancillary ligands on the relaxation dynamics and magnetic properties of dinuclear Dy SMMs.

3.2 Results and Discussion

3.2.1 Synthesis and Structure

With the rigorous exclusion of oxygen and moisture 3-Dy and 4-Dy were synthesized with modifications
to the previously reported preparations of [Dy"™{N(SiMes),}2(u-C1)(THF)],* and [Er'(#3-COT)(u-
C1)(THF)]».2* Compound 3-Dy was prepared from the direct reaction of DyCl; and NaN(SiMe;), in THF
(Figure 3.1). To prevent the formation of the #ris-amido compound, [Dy"™{N(SiMe;),}3], the addition of
NaN(SiMes3), is performed at reduced temperatures (-35°C) over a period of 20 minutes, after which the
reaction mixture is gradually warmed to room temperature. To ensure the removal of NaCl, the THF was
removed in vacuo and the product extracted into toluene. Following centrifugation, and the resuspension

of the solid in pentanes, the product was obtained as colourless needless in 62% yield, that were of X-ray

quality.
\ L
4 NaN(SiMe3), \g\/ N—S{
-4 NaCl I
2DyCl; — 7 o O-p /C'\Dé
THF VY ~c \°
-35°C - RT /Si———N\ —Ri~
o 7 N L
/N -
3-Dy

Figure 3.1 Synthesis of [Dy"{N(SiMe3),}»(u-C1)(THF)], (3-Dy).
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Figure 3.2 Synthesis of [Dy"!(3-COT)(u-C1)(THF)], (4-Dy).

Preparation of 4-Dy was completed by the slow addition of K,COT(THF); to a slurry of DyCl; (Figure
3.2); KoCOT(THF), was prepared from the direct alkali metal reduction of cyclooctatetraene with two
equivalents of K°. The addition of K;COT(THF), to DyCl; must be slow as to prevent the formation of the
bis-COT compound, [Dy(#3-COT),], and loss of the chloride ligands. The salt by-products were removed
by centrifugation following the completion of the reaction, and the solvent was removed from the
supernatant. Extraction into hot THF, followed by hot filtration and diffusion of n-hexanes afforded X-ray
quality yellow crystals of 4-Dy in 40% yield.

Single crystal X-ray diffraction (SCXRD) data collected on 3-Dy, matches the previously reported
metrics (vide infra).”® Additionally, while the Er'' congener of 4-Dy has been reported,* the present study

includes the isotypic structure for Dy™

(Figure 3.3). Both complexes possess a planar {Dyx(u-Cl),} core,
with internal Cl11-Dy1-Cl1’ angles of 74.57° (3-Dy) and 81.62° (4-Dy), and internal Dy1-Cl1-Dy1’ angles
of 105.43° and 98.38°, for 3-Dy and 4-Dy respectively (Table 3.1). These angles give rise to different

10, .

intramolecular Dy"!:--Dy'!" distances effectively resulting in a longer distance for 3-Dy (4.3419(5) A)
compared to 4-Dy (4.135(1) A). Moreover, the primary coordination sphere of both complexes includes
one molecule of THF per Dy ion. The Dy-Orur bond distances are nearly a tenth of an angstrom longer
in 3-Dy (2.412(3) A ) than 4-Dy ( 2.368(2) A), and their relative orientations about the {Dy(u-Cl),} core
differ significantly due to the ancillary ligands employed. The Dy-Orur bond of 3-Dy is nearly coplanar
with the {Dy2(u-Cl),} core (O1-Dy1-Cl1£ = 149.04(7)°), while the Dy-Orur bond of 4-Dy is perpendicular
to the {Dy2(u-Cl),} core(z = 81.30(5)°). Given the oxophilic nature of the 4f ions, this relative orientation

of the O-atom about the metal center is expected to have significant effects on the magnetic axiality of each

compound.
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More specifically, the coordination environment of 3-Dy is completed by two trimethylsilyl amide

ancillary ligands per Dy™

ion. This results in a pentacoordinate geometry which closely resembles that of
(NNTBS)DyI(THF),, (NNTBS = fo(NHSi‘BuMe»),, fc = 1,1’ ferrocenediyl; 7-Dy; presented in Chapter 5, vide
infra), a diamide-based SMM with a large multistep relaxation pathway (Uer = 770 K).?” The structure of
3-Dy contains short Dy-N bond distances of 2.215(3) A and 2.236(3) A with a N1-Dy1-N2 angle of
117.8(1)°, which is expected to be a strong director for the orientation of the main magnetic axis in the
ground state. In the case of 4-Dy, a single cyclooctatetraenyl (COT?) ancillary ligand coordinates to each
Dy ion in a #*-fashion (Dy1-Caye = 2.55 A). The COT? ligands slightly tilt away from the intramolecular
Dy'!!l--Dy'! axis, resulting in a COTcentroid-Dy1-Dy1’ angle of 153.41(1)°. A Dy-COTeentroid distance of
1.7891(4) A is comparatively shorter than the homoleptic [Dy"(#75-COT),]- complex (1.89(3) A and 1.91(8)
A)," suggesting that greater electrostatic interactions are present in this compound, which may have an

influence over the resulting magnetic properties.?*?

3-Dy 4-Dy

Figure 3.3 Molecular structure of [Dy"{N(SiMes),}2(u-C1)(THF)], 3-Dy (left) and [Dy"(#*-COT)(u-
C1)(THF)], 4-Dy (right). Colour code: Dark red (Dy™), teal (Si), green (Cl), blue (N), red (O), grey (C).

Hydrogen atoms omitted for clarity.
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Table 3.1 Selected bond lengths and angles from single crystal X-ray diffraction studies for 3-Dy and 4-

Dy

Metric 3-Dy 4-Dy
Dyl-Cll (A) 2.737(1) 2.7350(9)
Dyl-Cl1’ (A) 2.720(1) 2.728(1)
Dyl1-01 (A) 2.412(3) 2.368(2)
Dyl-L (A)° ;;;‘6‘83 1.789
Dyl---Dyl’ (A) 4.3419(5) 4.135(1)
Dyl1-Cl1-Dyl1’ (°) 105.43(3) 98.38(2)
Cl1-Dy1-Cl1’ () 74.57(3) 81.62(2)
01-Dyl-ClI (°) 149.04(7) 81.30(5)
N1-Dyl-N2 () 117.8(1) ;

“The Dyl-L distance for compound 4-Dy corresponds to the Dy-COTcentroia distance

3.2.2 Direct Current Magnetic Susceptibility

The direct current (dc) magnetic susceptibility measurements revealed a characteristic temperature
dependence for both compounds. The near identical behaviour for 3-Dy and 4-Dy results in a gradual
decrease of the susceptibility in the plot of y7T' vs. T from 27.51 cm*Kmol™! and 28.45 cm?Kmol ™! at 300 K,
for 3-Dy and 4-Dy respectively (Figure 3.4a). These values are in good agreement with the expected value
of 28.34 cm*Kmol™! for two non-interacting Dy ions (*Hisp, S = 5/2, L = 5, g = 4/3). This means that any
interactions between metal centers are negligible at 300 K, which is anticipated for the 4f ions owing to
their shielded valence orbitals. The variable temperature susceptibility of both 3-Dy and 4-Dy revealed
similar profiles, where upon cooling from 300 K there is a slight decrease in the y7 products until 20 K.
This gradual decrease is most likely a result of thermal depopulation of the microstates of the J = 15/2
manifold. Below 20 K, a substantial decrease in the yT products results in final values of 14.22 cm*Kmol!
(3-Dy) and 5.33 cm*Kmol! (4-Dy) at 1.8 K. This marked decrease in the susceptibility is not surprising
given the expected contribution from magnetic interactions such as dipole-dipole interactions between spin
carriers within these molecules.®® This is further supported by the close intramolecular Dy':--Dy!
distances of 4.3419(5) A (3-Dy) and 4.134(1) A (4-Dy). While exchange interactions may also be operable
in these systems via u-Cl ions, the classically weak nature of such interactions suggests that dipole-dipole

interactions are dominant. Further to this, we suspect that these interactions would be stronger in 4-Dy due

10, . II. .

to the shorter intramolecular Dy --Dy!"" distance, as well as closer intermolecular Dy --Dy'! distances
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(10.30 A vs. 7.10 A), leading to an overall smaller yT value at 1.8 K. Nevertheless, in both systems
contributions from unquenched orbital angular momentum, leading to magnetic blocking on the time scale
of the experiment, may also be influencing the low temperature behaviour of the y7 products. Isothermal
magnetization measurements were completed in the temperature range of 1.8-7 K under applied static fields
up to 7 T (Figure 3.4b-c). Under these conditions, the magnetic moments of 10.84 pg (3-Dy) and 10.41 ug
(4-Dy) are obtained at 1.9 K and largest possible field of 7 T. While the magnetization values are in the

11T

expected range for dinuclear Dy complexes, the shape of the curves do not exhibit a clear plateau in the

high field region; this may be indicative of low-lying excited states. Moreover, the reduced magnetization

exhibits non-superimposable isothermal curves (Figure 3.4d-e), which may be attributed to the inherent

111

magnetic anisotropy of the Dy ions or low-lying excited states.
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Figure 3.4 (a) Temperature dependence of the y7 product at 1000 Oe for 3-Dy (blue) and 4-Dy (red).
Solid state field dependence of the magnetization for (b) 3-Dy and (c) 4-Dy, and the reduced
magnetization for (d) 3-Dy and (e) 4-Dy at the indicated temperatures.

3.2.3 Alternating Current Susceptibility

To probe the presence of magnetic anisotropy in these systems, alternating current (ac) magnetic
susceptibility measurements were performed on 3-Dy and 4-Dy with a 3.78 Oe driving field (Hac = 3.78
Oe) and zero applied static field (Ha. = 0 Oe). The in-phase (y’) and out-of-phase (¥”’) components of the
ac susceptibility as a function of ac frequency (v) display prominent SMM behaviour for both 3-Dy and 4-
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Dy (Figure 3.5). Frequency dependent behaviour was observed below 40 K for 3-Dy. Below 8 K, peak
maxima in the y”” component of the ac susceptibility were not observable. In the case of 4-Dy, frequency
dependent behaviour was observable at much lower temperatures, beginning at 9 K, a single peak shifted
towards lower frequencies with decreasing temperature until 5 K. Below this temperature, the frequency
dependent behaivour was arrested, coinciding with a marked decrease in the ac susceptibility values from
5-1.8 K. This behaviour contrasts what is often observed in frequency independent relaxation (i.e., quantum
tunneling of the magnetization (QTM)), which typically exhibits increased ac susceptibility at the low
temperature limit.>! For both compounds, the y* and y”” data were satisfactory fit to the generalized Debye
model,*>33 assuming a single relaxation time (7). A narrow distribution of the relaxation times was achieved
with average a-parameters of 0.029 (3-Dy) and 0.036 (4-Dy). This supports the use of a single relaxation

time model for describing the dynamics in these systems.
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Figure 3.5 Frequency dependence of the (a-b) in-phase (y’) and (c-d) out-of-phase (y”’) components of
the ac magnetic susceptibility for 3-Dy (top) and 4-Dy (bottom) collected in the absence of an applied
external field (Ha. = 0 Oe). Solid lines represent the best-fits to the generalized Debye model.
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Figure 3.6 (a) Arrhenius plot of the relaxation times (7) obtained from the generalized Debye model for
3-Dy (red) and 4-Dy (blue) for data under a zero-applied dc field (Hs. = 0 Oe). Solid lines represent best-
fits to Equation 3.1. Temperature dependence of the magnetic relaxation times when Hy. = 0 Oe for (b)
3-Dy and (c) 4-Dy. The red solid lines represent the sum of the relaxation processes as per Equation 3.1.
The orange, teal, and purple lines are the individual components of the magnetization relaxation for

Orbach, Raman, and QTM processes, respectively.
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To gain insight into the relaxation dynamics which govern the slow magnetic relaxation in 3-Dy
and 4-Dy, the temperature dependent relaxation times were fit using Equation 3.1, accounting for
contributions from QTM, Orbach and Raman relaxation mechanisms (Figure 3.6). The best-fit parameters

are summarized in Table 3.2.

_ _ _ Ue 3.1
T 1=TQ%M+T01exp(—k;T)+CT" 3.1)

With respect, to 3-Dy, at the high temperature limit of the slow relaxation, the dominant process is the
thermally activated Orbach pathway, eliciting an energy barrier to spin reversal of U= 517.8 K (359.9
cm!) with a pre-exponential factor of 7o = 8.47 x 107!! s. The obtained Uer is in excellent agreement with
the computed energy of the second excited stated, 357.1 cm™'; this means that thermal relaxation likely
occurs through this state. While the Orbach process dominates the high temperature limit, the /og-log plot
(! vs. T) of the relaxation rates is characterized by a strongly linear relationship with temperature, this
suggests that the overall dominant pathway is Raman (Figure. 3.6b). Notably, these relaxation times for

Mions.? Attempts to

3-Dy do not follow the typical T° dependence for Kramers systems, as expected for Dy
restrain the exponent to n =9 or n = 7, in the case of a strongly coupled system or one with field induced
mixing of excited states,** did not reproduce the data successfully. However, deviations from the expected
T° dependence have been previously observed in other SMMs of highly anisotropic ions (i.e., Dy,
Co').213537 Across the entirety of the temperature range studied, no other contributions from additional
relaxation processes were needed to reproduce the data; meaning that a QTM regime was not observed for

3-Dy.

Table 3.2 Magnetic relaxation parameters obtained from the fit of the temperature dependent relaxation
times for 3-Dy and 4-Dy to Equation 3.1. Best fits were obtained with QTM (4-Dy), Orbach and Raman

contributions.

3-Dy 4-Dy
Hy. =0 Oe Hy. =0 Oe

Uesr 517.8K/359.9 cm™ 139.6 K/97.0 cm™

70 8.47x 10!'s 3.54x 10's
C 3.53x10° st K™ 6.22x 103 st K™
n 5.36 6.34

TQT™ - 27.7 s
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Comparatively, analysis of the relaxation times for 4-Dy revealed that the relaxation dynamics
incorporate components of Orbach, Raman, and QTM processes. Like 3-Dy, the high temperature regime
is best represented by the thermally activated Orbach process with an energy barrier to spin reversal of Uest
=139.6 K (97.0 cm™) and a pre-exponential factor of 7= 3.54 x 10! s. It should be noted that this process
is only characteristic of a minor portion of the collected data, that is both a consequence of the magnetic
relaxation only being observable below 9 K, and with the Raman process being more dominant over the
studied temperature range. However, the experimentally obtained U.s-value matches the computed energy
of 97.7 em™ corresponding to relaxation through the second excited state for 4-Dy. This alludes to the
validity of the fitted parameters despite few data points corresponding to this process. Furthermore, with
decreasing temperature the Raman pathway becomes predominant, as evidenced by the linear portion of
the relaxation times on the /og-log scale (Figure 3.6c). The relaxation times for 4-Dy deviate from the
expected 7° dependence associated for Kramers ions,* this was similarly observed for 3-Dy; however, in

' jons. Despite

the case of 4-Dy this may arise from the intramolecular magnetic coupling between the Dy
attempts to restrain this Raman exponent to n = 7, the slope of the relaxation times was not accurately
reproduced; however, the obtained value of n = 6.34 is close to this anticipated value. Lastly, at the low
temperature limit, below 5 K, the relaxation times begin to plateau, and are best characterized as QTM with

a relaxation rate of 27.7 s\

The presence of a non-negligible QTM regime in the relaxation dynamics of 4-Dy prompted the
investigation of the field-dependent relaxation dynamics in 4-Dy. Magnetic relaxation will occur through
the path of least resistance; with respect to QTM, degenerate microstates allow for facile relaxation without
surmounting an energy barrier. To circumvent this, applied static fields may be utilized to shift the
microstates out of resonance with one another, allowing for the observation of more effective and more
clear magnetic relaxation. As such, ac measurements were performed on 4-Dy at a fixed temperature of 2
K and the applied static field was varied from 0-2000 Oe in 200 Oe increments (Figure 3.7a). Frequency
dependent behaviour was observed, with shifting peak maxima in the y” component from ca. 4.2 Hz at 0
Oe to 0.16 Hz at 2000 Oe. Above 2000 Oe, a peak maximum was not observed as the signal shifted beyond
the frequency limitations of the magnetometer, thus, preventing the full elucidation of the relaxation
dynamics. To observe the full range of the relaxation behavior, the same frequency dependent measurement
was completed at a slightly elevated temperature of 5 K. Under these conditions, the y” component of the
ac susceptibility did not produce a frequency dependent signal; and all iso-field susceptibilities appeared to
perfectly trace on top of each other (Figure 3.7b). However, upon fitting the field dependent ac
measurements at 5 K with the generalized Debye model, minor differences in the relaxation times were

obtained that were not prominent on the log-frequency scale. These relaxation times, and the relaxation

66



times from the fit of the 2 K field dependent data were further analyzed to determine the contributions from

various field dependent relaxation mechanisms to the overall relaxation dynamics for compound 4-Dy.
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Figure 3.7 Frequency dependence of the out-of-phase (x”) component of the ac susceptibility as a
function of applied static field, collected at a constant temperature of (a) 7=2 K and (b) 7= 5 K for
4-Dy. Individual curves are presented for each field in the range 0-2000 Oe in 200 Oe increments. Solid

lines represent best fits to the generalized Debye model.

The field dependent relaxation times were fit using Equation 3.2, accounting for contributions from
QTM and direct relaxation mechanisms (Figure 3.8). The best-fit parameters are summarized in Table 3.3.
In this function, a constant (D) was included to account for any thermally accessible relaxation pathways.
While this is expected to be negligible at the experiment’s temperature of 2 K, due to low-lying excited

states and the lack of saturation observed in the magnetization, M vs. H plots, it may be necessary to invoke
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for the fit of the 5 K data. The inclusion of this constant is commonly employed when the field dependent

measurement cannot be completed at the lowest measurable temperatures.*

1= AH* + _ B D (3.2)
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Figure 3.8 (a) Field dependence of the magnetic relaxation times (z) for 4-Dy collected at 2 K (hollow
diamonds) and 5 K (hollow circles). Solid red lines represent best fits to the Equation 3.2. (b) Individual
components of the magnetic relaxation represented by their individual functions; QTM (purple) and

direct (pink).
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At 2 K, the fit of the field-dependent relaxation times is characterized solely by QTM (B1/(1+B>H?)). Within
this term, the B parameter is approximated to the rate of QTM from the temperature dependent data. Here,
the tunneling rate is in perfect agreement with the rate determined from the fit of the temperature dependent
data; the QTM rate from the field dependent fit at 2 K was 27.1 s™! and the rate from the temperature
dependent fit was 27.7 s”.. Comparatively, the fit of the relaxation times at 5 K required terms for QTM,
direct and thermally activated processes. The best fit parameters produced a larger B, term of 48.10 s,
which fundamentally implies that QTM is more efficient at 5 K vs. 2 K. While the origin of this behaviour
is not clear or easily understood, a number of factors may contribute, such as temperature and field

111

dependent QTM,*! coupling between the Dy' ions (as evidenced by the decrease in susceptibility),!! and

enhanced direct processes.*?

Table 3.3 Summary of best-fit parameters of the field dependent relaxation times to Equation 3.2 for

4-Dy

Temperature 2K 5K

A/ s'0e*K! - 1.16 x 1071
Bl/s! 27.08 48.10

B2/ Qe 3.72x 10 2.71x 10
D - 149.19

3.2.4 Theoretical Analysis

Ab initio calculations on the full molecular structures of 3-Dy and 4-Dy were performed using MOLCAS-
8.2 package.” X-ray atomic positions were employed without further computational refinement. All ab
initio calculations were of the CASSCF / RASSI / SINGLE ANISO kind* using only the 4f" shell of one

11T

lanthanide ion as the active space. The neighbouring Dy ion in 3-Dy and 4-Dy were described by a

jon, which has a fully occupied 4f shell. This computational change is considered to have

diamagnetic Lu
only a minor effect on the extracted crystal field splitting on the individual metal sites. All atoms were
described by ANO-RCC basis sets,* which include relativistic corrections as of second-order Douglas-
Kroll Hess theory.**7 All electronic states for $=5/2, 3/2 and 1/2 arising from 4f° electronic configuration
were computationally optimized and employed further in the spin-orbit coupling in RASSI.***° This means
that the spin-orbit coupling matrix built within the RASSI calculation included all 735 spin states, giving

rise to 2002 spin-orbit states. All the spin-orbit eigenstates were further employed for the computation of
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the EPR g-tensor on individual metal sites (Table 3.4) and the corresponding main magnetic axes (Figure

3.9, dashed lines) and parameters of the crystal field.?

Table 3.4 Ab initio predicted low-lying energy spectra for 3-Dy and 4-Dy (in cm™). Bolded values

correspond to the height of the experimental anisotropy barrier (U.).

3-Dy 4-Dy
VDZP VTZP VDZP VTZP
0.0 0.0 0.0 0.0
188.7 194.8 76.9 79.5
357.1 368.9 97.7 96.1
499.6 516.9 122.1 129.6
607.9 629.1 165.5 183.5
690.0 713.8 175.6 204.6
741.0 767.2 292.8 230.8
858.5 882.6 641.9 648.4
Main values of the g tensor of the ground Kramers doublet
1.95x 10* 2.77 x 10 0.061 0.103
2.75x 10+ 3.89x 10 0.109 0.108
19.787 19.781 19.608 19.389

3-Dy 4-Dy

Figure 3.9 Ab initio calculated main anisotropy axes (dashed lines) in the ground state for (a) 3-Dy and

M sites in the ground

(b) 4-Dy. Blue arrows show the orientation of the local magnetic moments on the Dy
exchange coupled state. Colour code: Purple (Dy™), cyan (Si), green (Cl), blue (N), red (O), grey (C),

white (H).
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The orientation of the main magnetic axis in the ground state is shown superimposed on the
molecular structures of both 3-Dy and 4-Dy in Figure 3.9. Notably, the magnetic axiality of the individual

Dy sites in 3-Dy is much higher compared to the magnetic axiality of the Dy™

sites in 4-Dy. This fact is
reflected in the larger ratio between axial/non-axial crystal field parameters and in the perpendicular
components of the g-tensor, gx and gy (Table 3.4). While both molecules possess highly axial ground states,
the perpendicular g-tensors for 3-Dy (gx = 2.77 x 10, gy = 3.89 x 10*) are three orders of magnitude
smaller than 4-Dy (gx = 0.103, gy = 0.108). The main anisotropy axes in 3-Dy lie in the plane formed by
N1-Dyl-N2, revealing the dominant role of the trimethylsilyl amide ligands for stabilizing this particular
arrangement of the magnetic axiality in the ground state. The same anisotropy motif was previously found
in several Ln-based molecular magnets.>*? One possible route to further improve the single-ion axiality
would be in separating one of the Dy {N(SiMe3),}» units in 3-Dy as far as possible from the other N-Dy-N
site and also from chloride ions. This would allow for significant lowering of the equatorial ligand field in
the perpendicular direction to the main anisotropy axis, which would make the axial field even stronger.
The dominant role of the trimethylsilyl amide ligands is due to a cumulative effect of covalent and
electrostatic interactions. The calculated LoProp atomic charges®® on the bonded nitrogen ligand atoms are
-1.3, twice as large as compared to chlorine ligand atoms. In addition to this negative charge, the Dy-N
bonds are significantly shorter than other Dy-L bonds, showing strong covalence and electrostatic effects.
Overall, this results in greater crystal field splitting, with the microstates spanning 882.6 cm™!, representing
the theoretical height for which magnetic relaxation could occur, albeit assuming no/limited transverse

effects.

In 4-Dy, the orientation of the main magnetic axis is the result of the cumulative effects of the
COT?* and THF ligands. The COT?* taken alone exerts an equatorial ligand field, stabilizing the states with
my==£1/2 components in the ground state; with respect to the axis connecting the Dy and the center of the
COT? ring. Whereas the THF ligand, taken alone, brings an axial contribution along the Dy-O chemical
bond. Since the Dy-O bond is almost perpendicular to the Dy-COT axis, the two effects are cumulative,
and therefore set the anisotropy axis as depicted in Figure 3.9b. In both cases, 3-Dy and 4-Dy, the effect of
the bridging chlorine ligands seems to induce neutral and/or destructive effects on the magnetic axiality;
these ions contribute towards increasing the non-axial ligand field, i.e., ligand field contributions that are

I jons is not

perpendicular to the main magnetic axis. Moreover, if the magnetic coupling between Ln
sufficiently strong to warrant the presence of these bridging moieties it is best for the overall performance

of the SMM to minimize metal-ligand interactions in this equatorial position.

To obtain an estimate of the extent of the exchange interaction between metals sites in the presented

compounds, the broken-symmetry density-functional theory (BS-DFT) approach was used.’*° In this
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context, the BS-DFT calculation was performed using ORCA-3.0%" code on the X-ray molecular structures
of 3-Dy and 4-Dy using def2-SVP basis sets, B3LYP density functional, tight integration grids, and
convergence thresholds. These BS-DFT calculations predicted that weak antiferromagnetic coupling exists

' jons in 3-Dy which is approximately =~ -1.0 cm™ in strength, and stronger

between the Dy
antiferromagnetic coupling is predicted for 4-Dy, that is approximately = -10 cm™. This order of magnitude
difference between the two complexes suggests that the decrease observed in the y” susceptibility (Figure
3.5¢) is a result of the stronger antiferromagnetic coupling in 4-Dy.”! The intramolecular Dyl---Dy1’
distance is marginally smaller in 4-Dy (4.135(1) A) than the intramolecular distance in 3-Dy (4.3419(5) A),
which may account for this difference in coupling strength. Nevertheless, the magnetic exchange
interactions in both compounds are antiferromagnetic, and are not sufficiently strong compared to other

previously investigated systems,?* which further supports the focus on the ancillary ligands to achieve more

efficient SMMs.

3.3 Summary and Conclusion

Overall, the analysis of the field and temperature dependent relaxation times for 3-Dy and 4-Dy
effectively demonstrate that increased axial anisotropy leads to slower relaxation rates,”® This is a highly
attractive feature in the design of more efficient SMMs which magnetically relax through over barrier
mechanisms. The analysis presented herein elicited effective energy barriers to magnetization reversal of
Ueir = 517.8 K (359.9 cm™) for 3-Dy and Uerr = 139.6 K (97.0 cm™) for 4-Dy, corresponding to relaxation
through the second excited state for both compounds. The absence of a tunnelling component in 3-Dy is
thus attributed to the presence of the amide ancillary ligands, and these findings support that amide ancillary
ligands are more effective in harnessing uniaxial magnetic anisotropy in Ln-based SMMs over arene style

11T

ligands, especially in the Dy context. Moreover, the trimethylsilyl amide ligands produce a dominant

ligand field, acting on the crystal field of the Dy™ ion more strongly than COT. This resulted in the splitting
of the microstates to occur over 882.6 cm™, representing a 1.4x increase over the splitting for 4-Dy (648.1

cm).

It is interesting to note that while 4-Dy is by no means a high-performing SMM, it is the most
effective COT-containing Dy"-based SMM (Ues = 139.6 K) that has been characterized thus far on the
basis of measured Uesr values (Uer = 9-43 K).!>1659°62 4.Dy is the only Dy"-based COT SMM where the
Dy centre is also strongly influenced by a hard 6-donor through direct coordination (i.e., the THF ligands)
in addition to aromatic n-ligands. These THF ligands are the main directors for magnetic anisotropy, and

the COT plays a secondary role. Moreover, the predicted coupling between the Dy™

ions in 4-Dy is an
order of magnitude larger than 3-Dy, albeit the coupling is antiferromagnetic in nature. This combined with

the axiality of the molecule provides ample evidence for the reconsideration of COT and other bulky
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aromatic ligands in the design of Dy"-based SMMs and warrants their continued investigation. Although,
if the overall goal is to produce high-energy barrier magnets with promise of technological relevance,
amido-based ligands may also prove useful owing to their strong electrostatic (and potentially covalent)
interactions which yield greater magnetic axiality and crystal field splitting, and as a consequence more

efficient relaxation dynamics.

3.4 Experimental Details

3.4.1 General Procedures

All operations were performed in a M. Braun glovebox under an atmosphere of purified dinitrogen or using
high vacuum standard Schlenk techniques. Solvents were dried using a J.C. Meyer solvent system, degassed
with successive freeze-pump-thaw cycles, and stored over activated 3A molecular sieves for 48 h prior to
use. Anhydrous DyCl; was purchased from Strem Chemicals and used as received, 1,3,5,7-
cyclooctatetracne was purchased from Alfa Aesar and bubble degassed with argon prior to use.
Tetrahydrofuran-ds and CDCIls; were purchased from either Cambridge Isotope Laboratories or C/D/N
Isotopes, degassed with successive freeze-pump-thaw cycles and dried over activated 3A molecular sieves.
Celite used for filtration was dried under vacuum while heating to 180 °C for 5 days. K.COT was prepared
according to literature procedure.’! [Dy™{N(SiMes),}2(u-C1)(THF)]. (3-Dy) was previously reported,”
however, modifications to the procedure are detailed below. [Dy™(#-COT)(u-Cl)(THF)], (4-Dy) was
prepared with modifications to the synthesis of the reported Er'! analogue, [Er'"(#®-COT)(u-C1)(THF)]..%
All NMR data reported were measured using a Bruker AVANCE 1I 300 MHz spectrometer at 298 K, and
the '"H NMR spectra were referenced to the residual solvent signal. Infrared spectra were recorded on a
Nicolet Nexus 550 FT-IR spectrometer using transmission mode in the 4000-600 cm™! range; solid samples
were prepared under an inert atmosphere and sandwiched between transparent NaCl plates. Elemental

analyses were conducted by Canadian Microanalytical, Delta, BC.

3.4.2 Experimental Procedures

Synthesis of [Dy™{N(SiMe;).}.(u-C1)(THF)], (3-Dy). The synthesis of 3-Dy was adapted from the
literature substituting DyCls; for LnCl; (Ln = Gd, Yb).% To a 20 mL scintillation vial, DyCl; (300 mg, 1.116
mmol) was added along with 5 mL of THF to form a slurry. NaN(Si(CH3)3), (409 mg, 2.232 mmol) was
added to a second vial and dissolved in 15 mL of THF. Both vials were cooled to -35 °C. At -35 °C, the
NaN(Si(CHj3)3)2 solution was pipetted into the DyCl; slurry while stirring and the mixture was left to stir
overnight gradually warming to room temperature. The THF was removed in vacuo and the solids were
extracted into 15 mL toluene. After stirring for 1 h, the white precipitates were removed by centrifugation
(30 min, 3360 rpm) and the toluene was removed from the supernatant in vacuo. 15 mL of pentanes was

added to the solids, left to stir for 1 h, then the undissolved solids removed by centrifugation. From the

73



supernatant, crystals were obtained at -35 °C as colourless, translucent needles. Yield = 62 %. IR (neat, cm"
1: 3775 (w), 3718 (w), 3633 (w), 3578 (m), 2272 (m), 3327 (w), 2947 (s, br), 2895 (s, br), 2702 (w), 2496
(W), 2468 (m), 2387(w), 2349 (m), 2280 (w), 2257 (w), 2219 (w), 2081 (m), 1996 (w), 1952 (w), 1908 (m),
1855 (m), 1722 (w), 1640 (m), 1565 (w), 1451 (s), 1370 (m), 1346 (m), 1334 (m), 1284 (s), 1239 (s), 1187
(m), 978 (s), 934 (s), 861 (m), 828 (s), 808 (s), 769 (m), 729 (W), 693 (W), 671 (m), 611 (s), 517 (W), 491
(m), 465 (m), 441 (m), 415 (m). '"H NMR (CDCls, 298 K, &/ppm): 3.20 (br, d, 16 H, THF-coordinated),
0.55 (d, 130 H, THF-free solvent), -102.90 (s, 72 H, N(Si(CH3)3)2). CHN analysis (found, calc.) for
C3:HssN4O2SisCloDy»: C (31.25, 32.53); H (7.74, 7.51); N (4.95, 4.74).

Synthesis of [Dy"(#®-COT)(u-Cl)(THF)],*(THF)x (4-Dy). Synthesis of 4-Dy was modified from the
previously reported procedure for the Er'! analog [Er'(#3-COT)(u-CI)(THF)]2;%° the only modification was
the replacement of ErCl; with DyCls. A slurry of DyCl; (470 mg, 1.748 mmol) was prepared in a 50 mL
round bottom flask with 10 mL of THF. To this, a solution of KoCOT (571 mg, 1.748 mmol) in 20 mL of
THF was added dropwise over a 20 min period. Following complete addition, the reaction mixture stirred
for 12 h at room temperature, followed by centrifugation (30 min, 3360 rpm). The supernatant was collected
and the THF removed via reduced pressure. The solids were extracted into minimal THF with heat (100
°C) in a sealed 20 mL scintillation vial. Any remaining solids were removed by filtration over Celite. Yellow
crystals were obtained by hexanes diffusion into the THF solution. Yield =40 %. IR (neat, cm™): 2954 (m),
2921 (m), 2848 (m), 2726 (w), 2348(w), 2044 (w), 1888 (w), 1855 (w), 1743 (m), 1603 (m), 1555 (w),
1537 (w), 1463 (s), 1378 (s), 1365 (m), 1341 (w), 1312 (w), 1295 (w), 1261 (m), 1215 (m), 1185 (w), 1160
(w), 1130 (w), 1074 (s), 1021 (s), 973 (w), 884 (s), 808 (w), 762 (W), 749 (s), 702 (s), 435 (s, br). 'H NMR
(THF-ds, 298 K, d/ppm): 63.44 (br, s, 8 H, C8HS), 6.76 (d, 8 H, THF). CHN analysis (found, calc.) for
CxH3:0,Cl,Dy>OC4Hg: C (41.25, 40.99); H (5.89, 4.91); N (<0.3, 0.00); 1 eq. of THF was added in

calculations to account for experimental results.

3.43 Crystallography

Data collection results for 4-Dy represent the best data sets obtained in several trials. The crystals were
mounted on thin glass fibers using paraffin oil and were cooled to 200 K prior to data collection. Data were
collected on a Bruker AXS Smart single crystal diffractometer equipped with a sealed Mo tube source (A =
0.71073 A) and APEX II CCD detector. Raw data collection and processing were performed with APEX
II software package from Bruker AXS. Data was collected using ¢ and ® scan collection strategies. Semi-
empirical absorption corrections based on equivalent reflections were applied. Systematic absences in the
diffraction data set and unit cell parameters were consistent with monoclinic P2;/c (Nel14). Solutions in the
centrosymmetric space group yielded chemically reasonable and computationally stable results of

refinement. The structure was solved by direct methods, completed with difference Fourier synthesis, and
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refined with full matrix least-squares procedures based on /2. All hydrogen atom positions were calculated
based on the geometry of related non-hydrogen atoms. All hydrogen atoms were treated as idealized
contributions during the refinement. All scattering factors are contained in several versions of the

SHELXTL program library, with version v.7.14 being used.

Structural information has been previously reported for 3-Dy,* as such unit cell measurements of single-
crystals were obtained and found to match the previously reported sample. Details regarding the unit cell

measurements obtained in this study are summarized in Table 3.6.

Table 3.5 Crystallographic data for 4-Dy

Compound 4-Dy
Empirical formula C24H3,C12Dy,0»
Formula weight 748.39
Crystal size, mm 0.463 x 0.240 x 0.170
Crystal system Monoclinic
Space group P2/
Z 2
a, A 9.4808(3)
b, A 11.070(3)
c, A 12.574(3)
a, ° 90
B, ° 110.647(5)
Y, © 90
Volume, A3 1225.3(6)
Calculated density, Mg/m? 2.028
Absorption coefficient, mm 6.287
T (K) 200(2)
F(000) 716
O range for data collection, © 2.313-31.371
Limiting indices h=%13, k=+15,-18 <1< 17
Reflections collected / unique 28915/3823
R(int) 0.0323
Completeness to ® =28.32, % 99.9
Max. and min. transmission 0.7462 and 0.3458
Data / restraints / parameters 3823/0/136
Goodness-of-fit on F? 1.102
Final R indices [[>2o(I)]* R1=0.0201, wR, = 0.0467
R indices (all data) R1=0.0218, wR> = 0.0473
Largest diff. peak/hole, e- A= 1.166 and -1.153

R =Ry = X |[Fo| - [Fe||[/ Z[Fol; wRa2 = {X[w (Fo> — FA)/2[w(Fo)*11"% w = 1/[8%(Fo?) + (ap)* + bp], where p =

[max (F¢%, 0) +2F:*)/3
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Table 3.6 Comparison of crystallographic data for compound 3-Dy

Compound 3-Dy (previous) 3-Dy (this work)
Empirical formula C32H38DYQN402SisC12 C32HggDY2N40zSigC12
Formula weight 1181.66 1181.66
Crystal system Monoclinic Monoclinic
Space group P2i/n P2i/n
a, A 14.2365(15) 14.33
b, A 12.9802(13) 13.03
c, A 16.4682(19) 16.46
a, ° 90 90
B, ° 113.943(3) 113.77
Y, ° 90 90
Volume, A’ 2781 2817
T (K) 223 200

3.44 Magnetometry

The magnetic susceptibility measurements were obtained using a Quantum Design SQUID magnetometer
MPMS-XL7 operating between 1.8 and 300 K. DC measurements were performed on polycrystalline
samples 0f 20.0 mg for 3-Dy and 9.2 mg 4-Dy. The samples were restrained with silicon grease and wrapped
in a polyethylene bag under an inert atmosphere, and subjected to a field of 0 to 7 T. The magnetization
data were collected at 100 K to check for ferromagnetic impurities that were absent in both samples.
Diamagnetic corrections were applied for the sample holder and the inherent diamagnetism of the sample

was estimated with the use of Pascals constants.

3.4.5 Computational Details
All calculations were performed using MOLCAS-8.2 package* and employed SCXRD structural data. All
calculations were of the CASSCF/RASSI/SINGLE_ANISO kind.* Active space for the CASSCF method

M jon was replaced with a

included the 4f" configuration only. The neighbouring paramagnetic Dy
diamagnetic Lu™ ion, for which the 4f shell is fully occupied. All atoms were described with ANO-RCC
basis sets VDZP and VTZP.* These include relativistic corrections of second-order Douglas-Kroll Hess
theory.*®47 All electronic states for S = 5/2, 3/2, and 1/2 arising from the 4f° electronic configuration were
computationally optimized and employed further in the spin-orbit coupling in RASSIL.**4° The spin-orbit
coupling matrix built within the RASSI calculation included all 735 spin states, giving rise to 2002 spin-

111

orbit states. All the spin-orbit eigenstates were then used to compute the g-tensors on individual Dy sites.
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Chapter 4

Utilizing Amides to Elicit Magnetic Relaxation within Organometallic
Bridged Complexes

4.1 Introduction

The use of y-cyclopentadienyl (1°-CsRs), n-arene (7°-CsRs) and 5-cyclooctatetraenyl (55-CsRs)
ligands in the synthesis of organolanthanide complexes is widespread. These complexes are extensively
studied for their unique physical properties arising from their core 4f orbitals. While the cycloheptatrienyl
trianion was first spectroscopically characterized by Bates ef al in 1977;! only a single example of a ”-C7R7
lanthanide complex is known.? There are only four reported examples of the isolation of f-element

compounds with z-cycloheptatrienyl,”*

and only two of those reports describe their use in dinuclear
systems.>* The limited exploration of such species resides in the difficulty of synthetic preparation and

isolation of the elusive 10 w-electron seven-membered ring with f-elements (Figure 4.1).

Ln *@-Ln Ln @—Ln Ln—@—Ln

6-membered 7-membered 8-membered
4-,10x 3-,10n 2-,10x

Figure 4.1 Ln"" ions bridged by 6-, 7- and 8-membered rings.

The amplified interest in the isolation of dinuclear lanthanide complexes with different bridging
motifs arises from the ability to probe magnetic communication between metal ions, as they represent the
most fundamental unit with which to study magnetic exchange interactions. Some of these reported
molecules exhibit slow relaxation of the magnetization below their blocking temperature; these molecules
are termed single-molecule magnets (SMMs).>!! Since the discovery of the first organometallic SMMs in
2010," several complexes were reported to exhibit this nanomagnetic behavior.'>”!7 Most of the described
examples are mononuclear compounds; however, the study of dinuclear systems is of the utmost importance
when we consider the technological prerequisites of the future, which, in regards to SMMs, include
increasing the total spin of molecular magnets through expanding the number of paramagnetic centres.
While many different bridging systems exist,'*!®!° few examples have demonstrated the importance of

planar aromatic organometallic ligands towards garnering favourable magnetic interactions.?’?? These
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systems are an appealing design strategy as they may be employed as building blocks to generate higher
nuclearity compounds, while they are more notably effective in harnessing the inherent magnetic anisotropy
of 4f and 5f ions.!*1517:232% Previous reports from the Murugesu group with cyclooctatetraenyl->**! and
arene-*? bridged systems show that a weak, yet non-negligible, interaction can be observed with coupling
constants between Gd" ions of -0.644 cm™ and -0.488 ¢cm’!, utilizing the isotropic spin Hamiltonian (H = -

JSa*Sh, Sa = Sy = 7/2) for each system respectively.

Herein, the role of the 7-membered, cycloheptatrienyl, ring in the magnetic exchange between
lanthanide ions is examined and compared with its counterparts, 7°-CsRs and 73-CsRs. In this study we
investigated how subtle structural differences in a family of rare inverse sandwich compounds influence
the overall magnetic properties and clearly demonstrate the significance of #’-C;R; on the bridging
interactions and magnetic axiality. The synthesis and characterization of the first structurally reported Gd',
Dy'", and Er'! compounds of the cycloheptatrienyl trianion are described. The static and dynamic magnetic
properties of three isostructural dinuclear complexes, [KLn'"(57-C7H7) {N(SiMe3):}4] (Ln= Gd™ (5-Gd),
Dy!! (5-Dy), Er'" (5-Er)) and one structurally analogous complex, [K(THF),Er'",(57-C7H7) {N(SiMe3)2} 4]
(6-Er) are presented.

4.2 Results and Discussion

4.2.1 Synthesis and Structure

Since the first report of the synthesis of a uranium cycloheptatrienyl sandwich complex in 1995,° there has
been limited exploration into the isolation of other f-element complexes containing cycloheptatrienyl.
However, other areas of chemistry, such as organic chemistry have made use of the 6 m-electron
cycloheptatrienyl cation (the tropylium ion),” and there have been reports of the 10 n-electron derivative
in transition metal chemistry.?® Thus, the preparation of the above mentioned complexes, was carefully
designed to result in the facile formation of the trianion through employing chemistry that was previously
known for lanthanide ions. In particular, this chemistry involved the polarization of C-H bonds,*” and was

further complimented by highly basic and sterically demanding ancillary ligands.

Inspired by the work of Arliguie ef al,* who had utilized borohydride chemistry towards the
isolation of a f-element ”-C7H; complex, in our initial synthetic attempts towards the desired late lanthanide
derivatives, lanthanide borohydrides were utilized to support the inverse sandwich architecture. However,
due to the highly reactive/reducing nature of the borohydrides and the non-innocent character of the
cycloheptadienide ligand, isolation of such systems proved to be difficult. In order to combat the
aforementioned issue, we employed bis(trimethylsilyl) amido ancillary ligands and have since prepared a

series of dinuclear complexes of Ln = Dy, Gd", Er'" (Figure 4.2). Synthesis of Ln"{N(SiMes),}3 was
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first reported by Bradley et al,*®*° and has since been revisited in order to investigate the SMM properties
of the complexes, arising from their distinctive crystal field.*® Conversely, the seven-membered bridging
motif may be prepared from the commercially available 1,4-cycloheptadiene, whereupon a one-electron
reduction with potassium metal in the presence of Et;N, cycloheptadienide (C;Hy) (Figure 4.2) is afforded.

The salt, KC7Hy, remains stable for several days under inert conditions at -35 °C.

KO, Et;N, ® 2 Ln[N(SiMe3),l5 )
THF ‘I K Toluene (Me3Si),N F\IS'M%)Z
16h, 0°C - RT 12h, -35 °C - RT NG, S
> MesSi N/ h'd
; e
-2 HN(SiMe3), (MesSi), (SiMes),
5-Gd: Ln = Gd"'
5-Dy: Ln = Dy"'
THF 5.Er: Ln = Er'l
(MesSi),N (CMes)z
\Ln L e THE
oSN J/ N THF
(Me;Si), (SiMes),
6-Er

Figure 4.2 Synthesis of 5-Ln (Ln = Gd", Dy", Er'") and 6-Er.

Solutions of lanthanide #ris(bis(trimethylsilyl) amido) and potassium cycloheptadienide are
combined at -35 °C in toluene and warmed to room temperature gradually. Further reduction of the
cycloheptadienide to the aromatic trianion, cycloheptatrienyl, is supported by a mechanism previously

ion results in polarization of the methylene

reported by Miller and Dekock.?” Initial coordination of the Ln
C-H bond and subsequent proton abstraction by a strong base. Interestingly, it was first postulated that the
highly basic nature of the C;Ho  may be responsible for this abstraction, resulting in the formation of 1,4-
and 1,3- isomers of cycloheptadiene. However, in this case, the loss of an amido ligand from each of the

1

bridging Ln™ ions may suggest that the abstraction occurs via the amido, thus inducing the generation of
soluble HN(SiMe;), species. The presence of such species was confirmed in the crude 'H NMR of

compound 5-Er as a singlet at 0.1 ppm in toluene-ds at 298 K.

Nevertheless, collection of the filtrate followed by treatment with toluene and hexanes yields
compounds 5-Ln. Conversely, the solvated derivative, compound 6-Er, can be obtained from 5-Er via
extraction into THF (Figure 4.3), resulting in the coordination of two molecules of THF to the bound
potassium ion, and thereby limiting intermolecular interactions. X-ray quality crystals of 6-Er were isolated
from the subsequent treatment with a toluene/hexanes mixture, confirming the nature of the solvated

species.

85



5-Er

Figure 4.3 Molecular structures of (a) [KEr'"(37-C7H7) {N(SiMes),}4] 5-Er and (b) [K(THF),Er'™(5’-
C;H7){N(SiMe3).}4] 6-Er. (c) View along the b-axis of the unit cell in 5-Er. Intermolecular K---C short
contacts are shown as red dashed lines. Colour code: green (Er), purple (K), teal (Si), blue (N), red (O),
grey (C). Hydrogen atoms and disorder have been omitted for clarity.

Single-crystal X-ray diffraction (SCXRD) studies revealed that compounds 5-Gd, 5-Dy, and 5-Er
are isostructural and crystallize in the monoclinic space group P2i/n, whereas the analogous compound, 6-

1l analogue, 5-Er, will be the

Er, crystallizes in the monoclinic space group C2/c. The structure of the Er
representative structure described herein (Figure 4.3a), and the structural details of 6-Er will be discussed
for comparison (Figure 4.3b). The molecular structure of 5-Er revealed an inverse cycloheptatrienyl

1 jons bridged by the 10 n-electron

sandwich complex. The dinuclear compound is composed of two Er
cycloheptatrienyl CsH* trianion in a #’-bound fashion, with an Er-C bond distance range of 2.484(8)-
2.629(9) A (Table 4.1). The remaining coordination environment is occupied by two [N(SiMe;),]” ligands.
Interestingly, one K ion is bound to one side of the molecule via N atoms (N3, N4) of the [N(SiMes),]

ligands, thus making this dinuclear unit unsymmetrical. Due to this binding configuration, the N3-Er2-N4
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angle of 98.6(2)° is much smaller than the N1-Er1-N2 angle of 105.7(2)°. It is noteworthy that in the case
of 6-Er, due to crystal packing effects the symmetry of the molecule is slightly higher than in 5-Er. Other
notable differences include two bound THF solvent molecules, which complete the coordination sphere of

the K ion.

Table 4.1 Selected distances and angles from single crystal X-ray diffraction studies

5-Gd 5-Dy 5-Er 6-Er
232 A 228 A 226 A
233 A 2.29 A 227 A 2.26 A
Lo-N (4) 238 A 235 A 232 A 2324
239A 235A 233 A
Ln-C (A) 254268 A  251-2.65A 248263A 249-268 A
2.93 A 2.92 A 293 A
KN@A) 2.96 A 295 A 295 A 3.054
K-Orxr (A) - - - 2.68 A
. 97.8° 98.3° 98.6° 102.1°
N-Ln-N (%) 106.2° 106.3° 105.7° 111.0°
Ln---Ln (A) 4.09 A 4.02A 3.96 A 3.97 A

Close inspection of the packing arrangement of 5-Er reveals a close contact between the K ion and
a carbon atom (C14) from the [N(SiMe;)»] (3.206(8) A), which subsequently promotes a linear chain-like
arrangement of the molecules (Figure 4.3c). Interestingly, in the case of compound 6-Er a head-to-tail
packing arrangement is still observed, generating a chain-like array, however, there are no close contacts

T___Er'™ distance

that exist beyond H-H interactions.’! In regards to compound 5-Er, the intramolecular Er
of 3.9580(7) A is slightly shorter than the distance observed in a COT” (1,4-
bis(trimethylsilyl)cyclooctatetraenyl dianion) bridged Er, dimer (4.1109(5) A) or arene bridged Er,
compound (4.067(1) A).2"22 A similar Sm, inverse sandwich analogue was reported with a bridging COT
and terminal [N(SiMejs),] ligands with a Sm"'---Sm'" distance of 4.308(1) A.>2 However, the larger distance
in the case of the Sm" example is primarily due to the larger ionic radii of the Sm™ ion. Finally, it is
noteworthy that the Nd"™ analogue of the reported example exhibits a Nd"---Nd" distance of 4.213(3) A,

this is presumably a result of the electron rich borohydride ancillary ligands, which allow for increased

electron donation to the electropositive Nd™ ions.?

The central cycloheptatrienyl ligand adopts a planar geometry, owing to its 10zw-electron aromatic
configuration, with the largest atom deviation being 0.06 A out of the plane formed by the seven C atoms.
111

The high charge (-3), planarity of the bridging ligand, along with the close proximity of Er" ions, is

expected to lead to non-negligible magnetic interactions via the delocalized m-orbitals of the
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cycloheptatrienyl ligand. Therefore, this molecule represents an ideal candidate to probe the exchange
interactions between metal ions, while also studying the ligand field effects of the bridging unit in

comparison with its COT and arene counterparts.

4.2.2 Direct Current Magnetic Susceptibility

Direct current (dc) magnetic susceptibility measurements were performed using a SQUID magnetometer
on crushed crystalline samples of complexes 5-Ln and 6-Er, prepared under an inert atmosphere. Variable
temperature magnetic susceptibility measurements under a 0.1 T applied field in the temperature range 1.9-
300 K are shown in Figure 4.4. At room temperature, the y7 values of complexes 5-Gd, 5-Dy, 5-Er, and 6-
Er are 15.37, 28.34, 22.54 and 22.49 cm?Kmol, respectively. These values are in good agreement with
the expected theoretical values of 15.76 (Gd™: 8S7,, S=7/2, L =0, gy = 2), 28.34 (Dy"™: ®H\sp, S=5/2, L =
5, g1 = 4/3) and 22.49 cm®*Kmol™! (Er'™: *I;5n, S = 3/2, L = 6, g; = 6/5) for two non-interacting lanthanide
ions. For 5-Gd, the yT product remains constant down to 50 K, followed by a gradual decrease with
temperature to reach a minimum value of 5.84 cm®*Kmol™! at 1.9 K. This downturn of the y7 product can be

attributed to the intramolecular antiferromagnetic interactions between the spin carriers (4.0869(7) A).
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Figure 4.4 Temperature dependence of the y7 product at 0.1 T for compound 5-Gd (@), 5-Dy (A), 5-

Er (d), and 6-Er (), with y being the molar magnetic susceptibility per molecule defined as M/H. Solid

line for 5-Gd represents the fit as determined from the application of the 2 formalism. Solid lines for 5-

Dy, 5-Er, and 6-Er correspond to ab initio calculated magnetic susceptibilities, using the method

described in the text. The calculated susceptibility for 5-Dy has been scaled by +2.5%.
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Owing to the isotropic nature of Gd" ions, the strength of interactions between the two lanthanide ions can
be quantified. Application of the Van Vleck equation to the Kambe’s vector coupling method was
completed by using the isotropic spin Hamiltonian (Equation 4.1), with S, = Sy = 7/2, which was used to fit
the variation of yT vs. T. The best-fit yielded a J value of -0.134 cm™ for compound 5-Gd. The obtained J
value is rather weak as a consequence of the shielded 4f-orbitals of Gd™ having minimal orbital overlap

with the bridging ligand.

H=-2] Z S-S, (4.1)
{@b)

In comparison with the 6- and 8-membered rings, the obtained coupling constant for Gd"™ is slightly
smaller, and unfortunately did not lead to a direct trend related to ring size and charge density. When
considering both the dipolar and exchange contributions to the coupling, as determined by ab initio methods
(vide infra), both components for the 7-membered ring remain the smallest of any of the computed
parameters. Perhaps an explanation for this lies within the ligand field contributions from the ancillary
ligands. This may be considered from a formal charges perspective, such that the cycloheptatrienyl bridge
adopts a formal charge of -3, which, when distributed over seven atoms, is diluted to approximately -0.43
per C atom. Conversely, the charge distribution over the amido N-atom remains highly concentrated. Thus,
the interaction with the amido ligands remains dominant (vide infra) compared to the donating ability of
the bridging Cs-moiety. This was further proven through our computational studies of the main magnetic
axis and LoProp charges (vide infra). Lastly, the presence of the potassium ion prevents the Ln'" ions from
receiving equal electronic donation from the amido ancillary ligands, where the electron density of N3 and

N4 would be split between Er2 and K1, thereby making Er2 less electron rich in comparison to Erl.

In the case of the anisotropic compounds 5-Dy, 5-Er, and 6-Er, the y7 profile differs significantly
from the Gd™ analogue. For example, the yT product of compound 5-Dy decreases very slowly from 300
K with temperature, followed by a more rapid decrease below 20 K to reach a minimum value of 23.15 cm®
K mol " at 1.9 K. Whereas, the yT product of compounds 5-Er and 6-Er exhibit a slightly different trend
upon decreasing temperature. The y T products for compounds 5-Er and 6-Er decrease gradually from 300
K to a minimum value below 15 K of 19.64 cm?® K mol™! and 20.53 cm? K mol™!, respectively. This decrease
in the yT product is followed by a rapid increase below 10 K to reach maximum values of 20.92 ¢cm? K mol
Pand 22.58 cm?® K mol™!, respectively. The final increase in the value of the y7 product is attributed to

I §

intramolecular ferromagnetic interactions between the Er'"' ions. This will be further confirmed through ab

initio calculations (vide infra).
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Figure 4.5 Solid state field dependence of the magnetization for 5-Gd (a), 5-Dy (b), 5-Er (c), and 6-Er
(d). Field dependence of the reduced magnetization for 5-Gd (e), 5-Dy (f), 5-Er (g), and 6-Er (h).

As seen in Figure 4.5, the field dependence of the magnetization measurements performed at low
temperatures exhibit non-saturation, even at 7 T and 1.9 K, for all compounds. This can be attributed to
weak intramolecular antiferromagnetic interactions between the Ln™ ions, thereby making the low-lying
excited states accessible by applying a magnetic field, even at the lowest measurable temperature of 1.8 K.
This finding is further exemplified through ab initio calculations where the energies of the first and second
excited exchange coupled states are minimally separated from the ground state (vide infra). In the case of
compounds 5-Dy, 5-Er, and 6-Er the presence of magnetic anisotropy is also likely to contribute to this
lack of saturation in the magnetization. Contrary to the COT” bridged counterparts, no hysteretic behaviour
was observed down to 1.8 K; therefore, alternating current (ac) magnetic susceptibility measurements were
performed to investigate the potential SMM behaviour of the anisotropic compounds 5-Dy, 5-Er, and 6-

Er.

4.2.3 Alternating Current Magnetic Susceptibility

An ac driving field of 3.78 Oe was utilized to probe the slow relaxation dynamics of the anisotropic
compounds; however, no ac signal was observed at zero applied dc field for all compounds. This is
commonly observed for lanthanide systems with significant quantum tunneling of the magnetization
(QTM). However, this QTM can be minimized upon application of a static dc field. As such a frequency
dependent signal was observed for all three compounds (Figure 4.6) with the application of an optimized

dc field. With respect to compound 5-Dy, the application of a dc field of 2000 Oe allowed for the
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observation of a low frequency signal below 4 K. The out-of-phase susceptibility (y”) of this process

exhibited minimal shifting in peak maxima with regards to frequency upon decreasing temperature.
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Figure 4.6 Frequency dependence of the (a-c) in-phase (y’) and (d-f) out-of-phase (y”’) components of
the ac susceptibility for 5-Dy under Hy. = 2000 Oe, 5-Er under Hy. = 800 Oe, and 6-Er under Hy. = 2000
Oe between 0.1 and 1000 Hz, at the indicated temperatures. Lines are a guide for the eye.

This type of behaviour may be indicative of a dominant QTM regime. This is not surprising due to the
potential for low lying exchange coupled states, thereby enabling a shortcut in the energy barrier such that
the first excited state lies only minimally above the ground state with a calculated energy of 1.9 x 107 cm

! (vide infra, Table 4.3). However, we cannot rule out the possibility of intermolecular interactions, as
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application of large static fields has been shown to propagate spin-spin interactions.>*>** These types of
interactions may lead to the formation of magnetic domains, consequently precluding the analysis from a
molecular perspective. Due to these phenomena, an effective energy barrier for this process could not be
extracted from this data set. Alternatively, a frequency-dependent ¥ signal was observed under a static dc
field for 5-Er (Figure 4.6¢). The lack of overlapping peak maxima at low temperatures suggests that QTM
is minimized with the application of an optimal static field of 800 Oe. Observation of shifting peak maxima
to lower frequencies below 7 K demonstrates the presence of slow relaxation of the magnetization in 5-Er,
indicating field-induced slow relaxation. From the y”” component of the ac data measured between 7 and 3
K the Arrhenius law (Equation 4.2) was employed in order to extract an effective energy barrier of 58 K,
and a pre-exponential factor of 2.9 x 108 s (Figure 4.7). More notably, the frequency dependent behaviour
is most likely attributed to single-ion properties, as the observation of a second relaxation process at high
frequencies becomes evident below 3.75 K. Full analysis of this process could not be completed due to
frequency limitations (0.1-1500 Hz) of the magnetometer. From a structural perspective, the observed
single-ion behaviour of 5-Er is not surprising given the non-centrosymmetric nature of the molecule.
Inequivalent metal ion sites have elicited dual relaxation processes at low temperatures in previous
studies.*>*! However, with respect to compound 5-Er, this is easily visualized via the lack of inversion

center within the molecule as a consequence of the coordinated potassium ion.
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Figure 4.7 Arrhenius plot using y” ac data for 5-Er collected under an applied static field, Hs. = 800 Oe.

The red line represents the fit of the linear high temperature region to Equation 4.2.

92



The observed magnetic behaviour of 5-Er greatly contrasts the results obtained for the Dy

analogue, 5-Dy, suggesting that the cycloheptatrienyl trianion, along with the [N(SiMes).] ancillary

1T 5

ligands, provide a more suitable ligand field for Er"™ ions. These findings strongly correlate with previous

work in the Murugesu group, including studies on COT’’ bridging ligands, where the zero field energy

11

barrier was improved upon from 25 K for the Dy analogue to 306 K for Er'".22! Moreover, the Murugesu

group also demonstrated that the ligand field provided by the delocalized m-cloud promoted greater

111 11T

magnetic axiality in Er'™! ions over Dy™ ions in single-ion sandwich complexes of COT.** While this

remains true of the delocalized m-cloud and Er'"

ions in the present study, the effects of the amido ligands
proved dominant over the cycloheptatrienyl, effectively generating greater magnetic axiality in 5-Dy, (vide

infra). This is in accordance with previous studies, such that the axial orientation of highly charged negative

11T 43-48

donor atoms favour the oblate electron density of Dy ions.

The out-of-phase magnetic component of the ac susceptibility for 6-Er revealed two independent
relaxation processes below 4 K, similar to compound 5-Er (Figure 4.6). Once again this is not surprising
given the unsymmetrical nature of the complex.*>** In order to probe each of these processes, an optimal
dc field of 1000 Oe was used to elucidate the nature of the high frequency process, whereas an optimal field
of 2000 Oe was employed in the study of the low frequency process. Unfortunately, the nature of the
collected data precluded the extraction of an energy barrier to spin reversal, however, it did prove fruitful
in gaining further understanding of the interactions occurring within this system. Interestingly, the low
frequency processes exhibited similar characteristics as 5-Dy, whereupon decreasing temperature, the
resulting y” signal increased in intensity but demonstrated little-to-no frequency dependent behaviour.
Again, this is most likely a result of the low-lying exchange states, which promote QTM. Our computational
studies (vide infra) elucidated a first excited state energy of 7.7 x 10~ ¢m !, for compound 6-Er further
supporting the nature of this process. Once more, it is worth noting that at large magnetic fields it becomes
difficult to confer whether the observed properties are solely molecular in nature, due to the potential of

induced spin-spin intermolecular interactions.**-*

Nonetheless, the presence of the secondary relaxation
process at higher frequencies exhibits shifting peak maxima towards lower frequency upon decreasing
temperature (Figure 4.6). Interestingly, this plot is characterized by decreasing susceptibility intensity for
an iso-temperature curve with decreasing temperature. This type of behaviour has been similarly noted in
single-chain magnets , where inter-chain spin-spin interactions give rise to decreasing susceptibility
values.***® Even under the optimal field of 1000 Oe, there is a decrease in intensity of the y” component
(Figure 4.8). While it is difficult to fully characterize the nature of the high frequency process, the

preliminary data suggests that it relies on an intermolecularly driven process/relaxation. This finding may

also
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Figure 4.8 Frequency dependence of the (a) in-phase (y’) and (b) out-of-phase (y””) components of the
ac susceptibility for 6-Er under Hy¢. = 1000 Oe between 0.1 and 1000 Hz, at the indicated temperatures.

Lines are a guide for the eye.

explain the tails observed in the high frequency region of the out-of-phase susceptibility for compounds
5-Dy and 5-Er. In fact, it is not uncommon in Ln-based systems to observe a secondary process as a result
of intermolecular interactions.**!">* Further investigation into the frequency dependent ac susceptibility
measurements as a function of dc field for 5-Dy, 5-Er, and 6-Er (Figure 4.9), revealed an unusual field
dependence in the second relaxation, such that, the high frequency process appears to be augmented by
weak static fields. This is likely a result of a direct relaxation process which is promoted by neighbouring

spins,**** thus, supporting the proposed intermolecularly driven relaxation process.

94



ERL L I L B B | L LY I L L L
12 et e st es 1gg 181 T=2K
BT 5DY 00 |
10 r—o‘t’.‘“\:\"'*«--«._ ] % ~
l ::_\;.&‘\ . gy g ] J
s 8p -:\%}::;:k»t,* : 2400 Oe 4}
E S MhmriiTrealuTmel "/
« o e D ] i
= L T=2K ‘-‘.’.1—;:::‘:":;;—3.;;_';—_:3 41
2 4pooe s
2t 1l 5Dy ]| WA o, Tk ]
F 2400 Oe 1 L% B e S
0 Ll Ll T R | 0.0 A e N 7 107 = ST T bl s o
0.1 1 10 100 1000 0.1 1 10 100 1000
v/ Hz v/ Hz
b T T T T e 24 T T T
P e . T=2K g
b al RS 20k ooe 5-Er 4
- [ - < 18}
— - - —_
s 8r e, 7 Qe 1800 Oe
E 6 b~ T E 42t /
™ D Y T k) : :
E bl E oal
C 4t "'--17:1*:‘::5;“:5:3 2 08 L3 J
~ oL 5-Er = 04 rr._*.;':*':"';"**;"ﬁas = S
F18000e T=2K 1 Fooos S
O bl vl il il O Pt e Tl
0.1 1 10 100 1000 0.1 1 10 100 1000
vIHz vIHz
c LR | AR | T LRI | f 36 T AR T T T T
C T=2K P
00e 6-Er A
30 - N ‘_L
P
‘E E 2.4 |- 2000 Oe /
C & = 1.8
5} 5}
2 ., BN 212 ‘
N & = i 7 .
2f 6Er |  CO6F/ .o THERT
I 2000 Oe 1 Iy e
Ol il vl vl 0.0 Bt LT en iyt R
0.1 1 10 100 1000 0.1 1 10 100 1000

vl Hz v/ Hz

Figure 4.9 Frequency dependence of the (a-c) in-phase (y’) and (d-f) out-of-phase (¥”’) components of
the ac susceptibility as a function of applied static field at 2 K for 5-Dy (top), 5-Er (middle), and 6-Er
(bottom). Lines are a guide for the eye.

4.2.4 Theoretical Analysis

Ab initio calculations for 5-Dy, 5-Er, and 6-Er were performed to gain additional insight into the electronic
and  magnetic structures of these compounds. All calculations performed  were
CASSCF/RASSI/SINGE ANISO,*” and employed SCXRD structural data. Electronic and magnetic
properties of the individual Ln™ sites were obtained through fragment ab initio calculations. Calculated
structures are identical to those obtained for 5-Dy, 5-Er, and 6-Er, where the neighbouring Ln sites are

computationally replaced by the diamagnetic Lu™ ion. The CASSCF wave function included all possible
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electron distributions within the 4f° (for Dy™) and 4/!! (for Er'"), shells only, while the remaining orbitals
were kept doubly occupied. The orbitals and coefficients of the individual configurations were optimized
self consistently for all electronic states arising from this definition of the active space. The spin-orbit
interaction (described within the AMFI approximation) included all optimized spin states for Er'" (5-Er
and 6-Er), while for 5-Dy only a limited number of states could be mixed, namely 21 spin sextet, 128 spin
quartet and 130 spin doublet states, which resulted in 898 spin-orbit levels. The obtained low-lying states,

arising from the ground J=15/2 multiplet on individual Ln sites, are provided in Table 4.2.

Table 4.2 Electronic and magnetic properties of the individual metal sites in compounds 5-Dy, 5-Er, and

6-Er, obtained from ab initio calculations (in cm™).

5-Dy 5-Er 6-Er
Dyl Dy2 Erl Er2 Er1l Er2
0 0 0 0 0 0
116 69 122 74 68 88
328 270 148 138 136 149
530 441 211 188 182 199
720 614 262 231 228 249
851 754 334 285 289 332
1010 854 525 476 476 523
1214 1021 573 501 508 589
Main values of the g tensor in the ground Kramers doublet
0.008 0.027 0.016 0.013 0.007 0.019
0.020 0.089 0.039 0.057 0.049 0.064
18.825 18.370 17.763 17.978 17.883 17.782
Angle with the N-Ln-N plane (degrees)
1.3 1.3 87.0 88.6 89.3 90.0

As observed in Table 4.2, the g-tensors in the ground Kramers doublet states of the individual sites in
compounds 5-Dy, 5-Er, and 6-Er are relatively axial in nature (gx,y << gz). Where the axiality of the ground
doublet states are also related to the axiality of the crystal field acting on the Ln sites. For the Dy sites,
the main anisotropy axis is oriented in plane of the N-Dy-N atoms, almost parallel to the N-N direction
(Figure 4.10). This orientation is related to the much stronger crystal field effect arising from the N-atoms.
In particular, the calculated LoProp charges®® on the N-atoms (-1.28) are the largest among all neighbouring
atoms of the Ln'" sites. The covalent ligand field effect arising from the N-atoms is also dominant among
all neighbouring atoms. This is revealed by the Dy-N bonds, which are the shortest formed by the lanthanide
11

sites in this environment. In this respect, the role of the central ring in the local axiality of the Dy'" sites is

diminished and is in fact rather destructive as compared to the ligand field imposed by amido groups. In a
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case where the central ring and the neighbouring Ln™ site were absent, the magnetic axiality on one Dy

site would be significantly stronger. These findings were not surprising given that recent reports have
demonstrated the significant impact of highly anionic donor ligands in linear-like coordination geometries,

with which such compounds should theoretically yield staggering energy barrier values.* 46

111

Figure 4.10 Ab initio calculated main anisotropy axes (dashed lines) on the Ln™ sites in the ground state

for (a) 5-Dy and (b) 5-Er. Green arrows show the orientation of the local magnetic moments on the Ln'"
sites in the ground exchange coupled state. Colour code: Purple (Dy™), light blue (Er'"), teal (Si), pink

(K), blue (N), grey (C). Hydrogen atoms omitted for clarity.

In stark contrast to these Dy-based findings, significantly different orientations for the ground state
magnetic anisotropies were obtained for the Er sites in compounds 5-Er and 6-Er (Table 4.2, Figure 4.10b).
For these compounds, the main magnetic axes are oriented almost perpendicular to the N-Er-N planes. This
drastic change in the orientations of the main magnetic axes between Dy and Er'" atoms in a very similar
axial ligand field is due to the opposite signs of the Stevens parameters, ¢ and £, which are related to the
second and fourth rank operators of the ground ionic J=15/2 multiplet for Dy and Er'".>’ This is seen from
the fact that the anisotropy of the highest (8™) Kramers doublet of the Dy sites (which are greatly
destabilized due to the crystal field) is in fact almost parallel to the anisotropy of the ground doublet for the
Er' ion in the same crystal field, thus demonstrating the complementary nature of Dy and Er'"" ions. This

effect was previously observed in the case of [Er'(#*-COT),]" and [Dy"(#%-COT),]" anions.*> Similar
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arrangements of the local magnetic axes were revealed with the previously studied Er"™,Cs (7°-C¢Re)

compounds.?

The above reported ab initio results for separate Ln'" sites in 5-Dy, 5-Er, and 6-Er were further
employed in the computation of the exchange spectrum and magnetic properties of the dinuclear complexes
using the POLY _ANISO program.*®*° In this approach, the exchange interaction between magnetic sites is

considered within the Lines model,*®

describing the exchange interaction between the localized spins in the
absence of the spin-orbit interaction on sites by one parameter for the interacting metal pair. By explicitly
considering the spin-orbit interaction on metal sites, the Lines model leads to an exchange matrix, which
effectively describes the anisotropic exchange interaction between sites. In particular, the contribution of
the intramolecular dipole—dipole magnetic coupling is accounted for exactly, because all the necessary data
are made available through the ab initio calculations. On the basis of the resulting exchange spectrum of
the entire system, all macroscopic magnetic properties were computed. The total magnetic interaction
(exchange + dipolar) between the lowest Kramers doublets on lanthanide sites can be cast in a good
approximation by the non-collinear Ising Hamiltonian (Equation 4.3), where Jexen and Jaip are parameters of
the exchange and dipolar couplings respectively, while the 51, = ' is the pseudospin of the ground states of
the metal sites. Best-fit exchange parameters, Jexch, and the calculated parameters of the dipolar magnetic
coupling, J4ip, for the investigated compounds, alongside the resulting exchange spectrum are given in Table

4.3.

Hexch = _(]exch +]dip)slz * Sz (4.3)

An alternative approach for the estimation of the exchange coupling parameters in di- and poly-
nuclear compounds is given by the broken-symmetry density functional theory approach (BS-DFT).%?
Unfortunately, the BS-DFT approach is not directly applicable for most of the lanthanides given the
multiconfigurational nature of their ground states and their near-degenerate status as a result of weak crystal
field effects. However, an estimation of the exchange in lanthanide-containing compounds is still
achievable from the BS-DFT calculations. To this end, the isotropic closest metals computationally replace
the anisotropic metal sites of the investigated compounds, while the ligand framework is kept intact.
BS-DFT calculations are performed straightforwardly for the isotropic equivalent of the investigated
compound. The extracted Jis, parameter has to be later rescaled to reflect the exchange Hamiltonian between
the true spins of the original anisotropic metal sites. This method was employed with reasonable success in
several previous studies.®® For the present compounds, the estimated exchange parameters from the

BS-DFT studies are ferromagnetic 1.14 cm™ for 5-Dy, 2.45 cm™ for 5-Er and 3.16 cm™ for 6-Er, correlating
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reasonably with the ferromagnetic exchange values obtained within the Lines model (Table 4.3). A
comparison between the calculated and measured magnetic susceptibilities is depicted in Figure 4.4. A clear
reduction in the dipolar magnetic coupling values for 5-Dy, 5-Er, and 6-Er is obtained with respect to the
previously investigated dinuclear compounds containing the 6-membered bridging moiety.?? The reduction

I sites,

of Jaip is attributed to the different relative orientations of the local magnetic axes of the two Ln
imposed by the different dihedral angles between the N-Ln-N planes. Thus, by controlling this angle
through synthetic means we could, in principle, modify the magnetic dipolar interaction (and possibly the
exchange) in such compounds. Through this study, we attempted to computationally assess the role of the
dihedral angle between N-Ln-N planes in the dinuclear model systems 5-Dy, and 5-Er, and 6-Er, as well
as the role of the bridging ligand, in the magnetic behaviour as compared to those with 6- and 8- membered

bridging rings. The results show that the dihedral angle in all three cases is very similar, while the Ln"!--

Ln™ distance decreases with increasing bridging ring size. We conclude, therefore, that the bulky ancillary
ligands (i.e., [N(SiMes).] ligands), and the resulting crystalline packing, are the factors responsible for

defining the relative orientations of the local anisotropy axes in this series of compounds.

Table 4.3 Exchange coupled states and their magnetic anisotropy in compounds 5-Dy, 5-Er, and 6-Er,
employing the reported coupling parameters. Exchange and dipolar coupling parameters are given with

respect to Equation 4.3

5-Dy 5-Er 6-Er
Jaip = -0.603 Jaip =-0.601 Jaip = -0.475
Jexeh = +1.384 Jexeh = +1.789 Jexeh = +3.149
Low-lying exchange coupled states (cm™)
0.000000 0.000000 0.000000
0.000019 0.000032 0.000077
0.391064 0.598359 1.337034
0.391092 0.598405 1.337149
69.220130 74.152765 68.455939
69.220149 74.152981 68.461815
69.503274 74.260012 68.544184
69.503276 74.260236 65.550104
gz values” in the ground and first excited exchange doublet state
29.8 28.5 27.9
22.3 21.6 22.4

“ gX=gY=0 for Ising doublets, according to the Griffith’s theorem;®! (i.e., for systems with even number of

electrons).
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4.3 Summary and Conclusion

Compounds 5-Ln and 6-Er represent the first examples of SMMs based on the cycloheptatrienyl trianion
ligand. The synthetic route to achieve the aforementioned compounds has been carefully designed to yield
the facile formation of the trianion, taking advantage of sterically demanding and highly basic ancillary
ligands. When combined with lanthanide ions, this type of bridging motif generated a weak, yet non-
negligible, magnetic coupling constant of J = -0.134 cm™! for the isotropic analogue. Through our
computational modelling of the anisotropic compounds, we elucidated that the exchange coupling is more
significant than the dipolar coupling, with the largest Jexeh being +3.149 cm™ for compound 6-Er, thereby
demonstrating the desirable effects of the seven-membered bridging moiety in generating exchange-
coupled dinuclear lanthanide systems. This is an area of significant modern interest in quantum physics,
where mediating the interaction of two metal centres via tuning the redox properties of the bridging motif
is a method to induce significant quantum communication.’*%> Moreover, the incorporation and
measurement of these materials in molecular spintronics devices are often limited to the millikelvin
regime,® where the surface effects on such materials are only beginning to be better understood.®! Hence,
increasing the energy barrier to spin reversal of SMMs will relax the rigorous experimental requirements
to study these systems. Thus, the current high-energy barriers associated with 4f ions, attributed to single-
ion behaviour, will not be sufficient. It is vital that we look to more creative ways to induce significant

interactions between lanthanide ions.

4.4 Experimental Details

4.4.1 General Procedures

All reactions and subsequent manipulations were performed under anaerobic and anhydrous conditions
using a standard Schlenk-line or nitrogen-atmosphere glovebox. Tetrahydrofuran (THF), toluene, and n-
hexanes were dried on columns of activated alumina using a J.C. Meyer solvent purification system.
Pentanes were dried via distillation over calcium hydride and subsequent passage over activated alumina.
All solvents were at least reagent grade and were stored over activated 3A molecular sieves. Anhydrous
toluene-dg and anhydrous chloroform-d were purchased from CDN Isotopes and Sigma Aldrich
respectfully, and used without further purification. Anhydrous LnCl; was purchased from Strem Chemicals,
sodium bis(trimethylsilyl)amide, potassium, and 1,3-cycloheptadiene were purchased from Sigma Aldrich;
these chemicals were used as received. Triethylamine was purchased from Alfa Aesar and dried by
refluxing over calcium hydride, distillation, and storage over activated 3A sieves. Potassium
cycloheptadienide®” and lanthanide tris(bis(trimethylsilylamido))®-®® were prepared from previously
reported procedures with modifications as described below. Infrared spectra were recorded on a Nicolet

Nexus 550 FT-IR spectrometer using transmission mode in the 4000-600 cm™ range; solid samples were
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prepared under an inert atmosphere and sandwiched between transparent NaCl plates. Elemental analyses
were carried out with a Costech EOS 4010 CHNSO analyzer. NMR spectra were acquired on a Bruker
Avance-II 300 MHz spectrometer at 298 K

4.4.2 Experimental Procedures

Synthesis of K(C7Hy). Under an inert atmosphere, K° (360 mg, 9.22 mmol) was added to a reaction vessel
containing 6 mL of THF and 0.96 mL of Et;N (6.91 mmol). With vigorous stirring 1,3-cycloheptadiene (2
mL, 18.4 mmol) was added slowly to the vessel at 0 °C. Following the addition of the diene, the vessel was
allowed to gradually warm to room temperature for 16 h. Addition of n-hexanes and subsequent exposure
to -35 °C yielded yellow needle-like crystals. Collection of the crystals over a fine frit and subsequent
washings with n-hexanes provided the product in 70% yield. IR (neat, cm™). 2826 (w), 1557 (m), 1529 (m),
1444 (m), 1363 (m), 1318 (m), 1274 (w), 1235 (w), 1215 (w), 1155 (m), 1125 (m), 1041 (m), 1006 (w),
948 (w), 889 (s), 867 (s), 771 (w), 710 (s), 634 (w), 541 (s). 'H NMR (CDCls, 298 K, 8/ppm): 5.79 (m, 5H,
Csp3-H), 2.13 (m, 4H, Csp-H).

Synthesis of [Ln"{N(SiMe3),}s], Ln = Gd, Dy, Er. Under an inert atmosphere, a slurry of LnCls (1.86
mmol) in THF was combined with a THF solution of NaN(SiMes), (5.57 mmol) at -35 °C. The reaction
mixture was gradually warmed to room temperature over 16 h. Solvent was removed under reduced
pressure and the subsequent solid treated with n-pentanes. The solution was filtered over Celite, the
collection of the filtrate and storage at -35 °C, resulted in the formation of needle-like crystals of
[Ln{N(SiMes;)2}3]. Unit cell determinations matched previously reported structures for Ln = Dy and Er,

however; no previous report of Ln = Gd exists.

Select characterizations for [Gd"{N(SiMe3),}3]. Yield = 52 % IR (neat, cm™): 2934 (br), 1436 (m), 1235
(s), 1186 (w), 1094 (w), 1045 (w), 978 (s), 807 (W), 765 (w), 655 (m), 601 (s). 'H NMR (CDCls, 298 K,
&/ppm): -11.67 (br, s, Si(CHs)3, FWHM: 5233.11 Hz).

Select characterizations for [Dy"{N(SiMes),}s]. Yield = 49 % IR (neat, cm™): 2944 (br), 1424 (m), 1236
(s), 1090 (w), 1048 (w), 974 (s), 827 (m), 768 (m), 656 (s), 604 (s). 'H NMR (CDCls, 298 K, 8/ppm): -
102.37 (b, s, Si(CHs)s, FWHM: 846.39 Hz).

Select characterizations for [Er""{N(SiMes)}s]. Yield = 51 % IR (neat, cm™): 2945 (br), 1423 (m), 1235
(s), 1090 (w), 1050 (w), 972 (s), 827 (m), 769 (m) 654 (m), 603 (m). 'H NMR (CDCls, 298 K, &/ppm):
62.86 (br, s, Si(CHs)s, FWHM: 2670.44 Hz).

Synthesis of [KGd"™(5#"-C7H7){N(SiMe3):}4] (5-Gd). Under an inert atmosphere, Gd"{N(SiMe;).};
(58%, 0.350 mmol) was added to a cold solution of K(C7Hy) (80 mg, 0.605 mmol) at -35 °C in 10 mL of
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toluene. The reaction mixture was stirred for 12 h, gradually warming to room temperature. The filtrate was
then collected and solvent was removed under reduced pressure to achieve an orange-brown oil. Subsequent
treatment with toluene and n-hexanes yielded X-ray quality crystals of 5-Gd, (yield = 22 - 26 %). Isolated
X-ray diffraction quality crystals are air and moisture sensitive. Bulk purity of compound 5-Gd was
determined by X-ray powder diffraction, vide infra. IR (neat, cm™).2940 (w), 2892 (w), 1587 (br), 1494
(w), 1433 (br), 1240 (s), 1180 (w), 1066 (w), 992 (m), 931 (w), 872 (m), 815 (s), 740 (m), 693 (W), 655
(m). "HNMR (toluene-ds, 298 K, 8/ppm): -196.04 (br, s, 17.8H, Si(CHs);, FWHM: 24.52 Hz), -196.93 (br,
s, 7H, C7H7, FWHM: 34.76 Hz), -197.28 (br, s, 16.9H, Si(CH3)3, FWHM: 34.46 Hz), -198.09 (br, s, 35.8H,
Si(CHs)s, FWHM: 26.38 Hz). '"H NMR integrations have been calibrated to seven protons on C7H;. Anal.
Calcd. for C31H79Gd,KN4Sis: C, 34.28; H, 7.33; N, 5.16. Found: C, 34.60; H, 7.12; N, 4.93.

Synthesis of [KDy",(#’-C7H7){N(SiMes):}4] (5-Dy). Compound 5-Dy was prepared in an analogous
manner to 5-Gd. X-ray quality crystals of 5-Dy, (yield = 22 - 26 %). Isolated X-ray diffraction quality
crystals are air and moisture sensitive. Bulk purity of compound 2 was determined by X-ray powder
diffraction, vide infra. IR (neat, cm™).2939 (w), 2891 (w), 1595 (br), 1494 (w), 1421 (br), 1241 (s), 1180
(w), 1083 (W), 999 (m), 932 (w), 879 (m), 820 (s), 729 (m), 694 (w), 662 (m). 'H NMR (toluene-ds, 298 K,
&/ppm): 95.43 (br, s, 17.5H, Si(CHs);, FWHM: 3604.57 Hz), -34.12 (br, s, 17.9H, Si(CH;);, FWHM:
3739.31 Hz), -76.68 (br, s, 36.9H, Si(CHs)3, FWHM: 305.09 Hz), -100.81 (br, s, 7H, C:H7, FWHM: 256.67
Hz). '"H NMR integrations have been calibrated to seven protons on C;H;. Anal. Caled. for
C31H7Dy>KN4Sis: C, 33.95; H, 7.26; N, 5.11. Found: C, 33.71; H, 6.97; N, 5.43.

Synthesis of [KEr",(5"-C;H7){N(SiMe3):}4] (5-Er). Compound 5-Er was prepared in an analogous
manner to 5-Gd. X-ray quality crystals of 5-Er, (yield = 22 - 26 %). Isolated X-ray diffraction quality
crystals are air and moisture sensitive. Bulk purity of compound 3 was determined by X-ray powder
diffraction, vide infra. IR (neat, cm™): 2949 (w), 2892 (w) 1662 (w), 1603 (w), 1495 (w), 1435 (br), 1249
(s), 1180 (m), 1079 (w), 988 (m), 931 (m), 882 (w), 822 (s), 728 (m), 693 (w), 661 (m). 'H NMR (toluene-
ds, 298 K, &/ppm): 45.98 (br, s, 17.6H, Si(CH3);, FWHM: 723.42 Hz), 40.81 (br, s, 37.2H, Si(CHs)3,
FWHM: 758.32 Hz), 15.85 (br, s, 7H, C7H7, FWHM: 1807.98 Hz), -98.44 (br, s, 17.8H, Si(CH3)3, FWHM:
963.65 Hz). 'H NMR integrations have been calibrated to seven protons on C;H;. Anal. Caled. for
C31H7ErKN,4Sis: C, 33.65; H, 7.20; N, 5.06. Found: C, 33.26; H, 7.09; N, 4.86.

Synthesis of [K(THF):Er'";(#7-C7H7){N(SiMe3)2}4] (6-Er). Under an inert atmosphere, Er''{N(SiMes).} 3
(223 mg, 0.350 mmol) was added to a cold solution of K(C7Hy) (80 mg, 0.605 mmol) at -35 °C in 10 mL
of toluene. The reaction mixture was stirred for 12 h, gradually warming to room temperature. The filtrate
was collected, extracted into THF, and the subsequent filtrate was evaporated to dryness with reduced

pressure to achieve an orange-brown oil. Treatment with toluene and n-hexanes yielded x-ray quality
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crystals of 6-Er, (yield = 32 %). Isolated X-ray diffraction quality crystals are air and moisture sensitive.
IR (neat, cm™): 2941 (s), 2884 (s), 1461 (w), 1425 (m), 1369 (w), 1243 (s), 1181 (w), 1085 (s), 1052 (m),
989 (m), 869 (m), 818 (m), 753 (m), 711 (w), 691 (w), 662 (m), 603 (m). '"H NMR (toluene-ds, 298 K,
&/ppm): 45.15 (br, s, 17.9H, Si(CHs)3, FWHM: 914.35 Hz), 40.86 (br, s, 35.7H, Si(CH3);, FWHM: 883.96
Hz), 35.62 (br, s, 7.9H, THF, FWHM: 570.66 Hz), 21.36 (br, s, 7.9H, THF, FWHM: 594.09 Hz), 15.60
(br, s, 7H, C;H7, FWHM: 110.97 Hz), -99.35 (br, s, 17.7H, Si(CH;);, FWHM: 184.19 Hz). 'H NMR
integrations have been calibrated to seven protons on CsH7. Anal. Caled. for C3oHosEr, KN4O,Sis: C, 37.46;
H, 7.66; N, 4.48. Found: C, 37.91; H, 7.29; N, 4.51.

4.4.3 X-Ray Powder Diffraction

XRPD experiments were performed using a RIGAKU Ultima IV diffractometer, equipped with a Cu-Ka
radiation source (A = 1.541836 A), and a graphite monochromator. Scanning of the 26 range was performed
from 5-35°. XRPD pattern was consistent in 26 values with the generated pattern from XRD, with slight

discrepancies in some intensities of peaks attributed to preferred orientation and some broad amorphous

character present.
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Figure 4.11 X-ray powder diffraction of 5-Gd (red), 5-Dy (green), and 5-Er (blue), in the 5-35° 20

region, as compared with the theoretical pattern generated from single crystal X-ray data (black).
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4.4.4 Crystallography

Data collection results for compounds represent the best data sets obtained in several trials for each sample.
The crystals were mounted on thin glass fibers using paraffin oil. Prior to data collection crystals were
cooled to 200.15 K. Data were collected on a Bruker AXS KAPPA single crystal diffractometer equipped
with a sealed Mo tube source (A = 0.71073 A) APEX II CCD detector. Raw data collection and processing
were performed with APEX II software package from BRUKER AXS.% Diffraction data was collected
with a sequence of 0.30° wscans at 0.00, 120.0, and 240.0° in ¢. Initial unit cell parameters were determined
from 60 data frames with 0.3° @ scan each, collected at the different sections of the Ewald sphere. Semi-
empirical absorption corrections based on equivalent reflections were applied.”® Systematic absences in the
diffraction data set and unit-cell parameters were consistent with monoclinic P2;/n (Nel1) for compounds
5-Ln, and monoclinic C2/c (Ne15) for compound 6-Er. Solutions in the centrosymmetric space groups for
all samples yielded chemically reasonable and computationally stable results of refinement. Structures were
solved by direct methods, completed with difference Fourier synthesis, and refined with full-matrix least-

squares procedures based on F2.

For all the compounds all hydrogen atoms positions were calculated based on the geometry of related non-
hydrogen atoms. All hydrogen atoms were treated as idealized contributions during the refinement. All
scattering factors are contained in several versions of the SHELXTL program library, with version v.6.12

being used.”!
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Table 4.4 Crystallographic data for 5-Ln (Ln = Gd™, Dy, Er'™).

Compound 5-Gd 5-Dy 5-Er
Empirical formula C31H79Gd2KN4Six C31H79Dy2KN4Sig C31H79EI‘2KN4Sig
Formula weight 1086.30 1096.80 1106.32
Crystal size, mm 0.290x0.203x0.139 0.210x0.140x0.120 0.800x0.543x0.430
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2./n P2/n P2:/n
Z 4 4 4
a, A 14.1700(7) 14.1259(4) 14.09464(7)
b, A 14.2848(7) 14.2954(4) 14.2965(8)
c, A 25.4039(12) 25.2343(6) 25.1055(13)
a, ° 90 90 90
B, ° 95.518(2) 95.2741(13) 95.170(3)
Y, °© 90 90 90
Volume, A3 5118.3(4) 5074.1(2) 5038.3(5)
Calculated density, Mg/m? 1.410 1.436 1.459
Absorption coefficient, mm! 2.861 3.217 3.606
T (K) 200(2) 200(2) 200(2)
F(000) 2208 2224 2240
® range for data collection, ° 1.584 to 30.595 1.723 t0 28.424 1.598 to 30.659
Limiting indices h=+19, k =420, h=+18, k==+18, h =+20, k =420,
1=+36 [=+33 1=+35
Reflections collected / unique 25502 58488 26202
R(int) - 0.0334 -
Completenes;)to ® =28.32, 99.6 99.3 99.5
Max. and min. transmission 0.746071 and 0.746065 and
0.531793 0.7457 and 0.5770 0.304526
Data / restraints / parameters 15195/0/416 12645 /0/ 415 15164/0/416
Goodness-of-fit on F? 1.055 1.019 1.063
Final R indices [[>20(])] R1=0.0330,wR2=  R1=0.0299, wR2 = R1=10.0443
0.0626 0.0642 wR2=10.1120
R indices (all data) R1=10.0544 R1=10.0424 R1=10.0648
wR2 =0.0725 wR2 =0.0693 wR2 =0.1336
Largest diff. peak/hole, e-A- 2.022 and -0.913 1.430 and -1.064 3.653 and -2.021

“R =Ry = Z|[Fo| - [Fe|l/ Z[Fol; wR2 = {Z[w (Fo* — F)*/X[w(Fo)*]]"?; w = V/[&(Fo’) + (ap)’ + bp], where p =
[max (F¢%, 0) +2F:*)/3
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Table 4.5 Crystallographic data for 6-Er.

Compound 6-Er
Empirical formula C39HosErKN4O,Sis
Formula weight 1250.52
Crystal size, mm 0.677x0.530x0.200
Crystal system Monoclinic
Space group C2/c
Z 4
a, A 20.1042(7)
b, A 18.7574(6)
c, A 16.5696(6)
a, © 90
B, ° 107.8505(17)
Y, ° 90
Volume, A3 5947.6(4)
Calculated density, Mg/m? 1.397
Absorption coefficient, mm! 3.066
T (K) 200(2)
F(000) 2560
O range for data collection, ° 1.520 to 28.381
Limiting indices h =426,k =+251=422
Reflections collected / unique 23004
R(int) 0.0258
Completeness to ® =28.32, % 98.1
Max. and min. transmission 0.7457 and 0.4771
Data / restraints / parameters 7321/657/286
Goodness-of-fit on F? 1.071
Final R indices [[>20(1)] R1=0.0384, wR2 =0.1251
R indices (all data) R1=0.0438, wR2 =0.1325
Largest diff. peak/hole, e-A- 1.380 and -2.107

“R =Ry = Z[[Fo| - [Fe|l/ Z[Fol; wR2 = {Z[w (Fo* — F)*/X[w(Fo)*]]"? w = V/[&*(Fo’) + (ap)’ + bp], where p =
[max (F¢?, 0) +2F.2]/3
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4.4.5 Magnetometry

The magnetic susceptibility measurements were obtained using a Quantum Design SQUID magnetometer
MPMS-XL7 operating between 1.8 and 300 K. DC measurements were performed on polycrystalline
samples of 12 mg, 15 mg, 11 mg, and 21 mg of 5-Gd, 5-Dy, 5-Er, and 6-Er respectively. Samples were
wrapped in a polyethylene bag, and subjected to a field of 0 to 7 T. The magnetization data were collected
at 100 K to check for ferromagnetic impurities that were absent in all of the samples. Diamagnetic
corrections were applied for the sample holder and the inherent diamagnetism of the sample was estimated

with the use of Pascals constants.

4.4.6 Computational Details

All calculations performed were CASSCF/RASSI/SINGLE ANISO,* and employed SCXRD structural
data. All atoms were described with ANO-RCC basis sets: MB-basis (minimal); VDZP-basis (medium);
VTZP-basis (large). Active space for the CASSCF method included the 4f* configuration only. Active

orbitals have a weight of ~95% on the atomic 4f basis of the lanthanide. For Dy™

sites in 5-Dy, 21 spin
sextet, 128 spin quartet and 130 spin doublet states were mixed by the spin-orbit coupling within RASSI
method. All states correspond to the 4f-4f transitions, i.e., are of ligand field type. No charge transfer states
were considered. For the modeling of the exchange interaction between Ln' sites the VTZP results were
111

employed. Analysis of the multiplet-specific crystal-field for the Ln
SINGLE ANISO program in MOLCAS. The results of which, use the ab inito CASSCF/RASSI wave

sites were completed using the

function and energies to compute the parameters of the crystal-field of the ground J multiplet, which are

summarized in Table 4.6.
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Table 4.6 Parameters of the ab initio crystal field for the individual Ln'"" sites in 5-Dy, 5-Er, and 6-Er (TZP

basis).

K 5-Dy 5-Er 6-Er
q Dyl Dy2 Erl Er2 Erl Er2
-2 -0.535140E-01 -0.140417E+00 -0.546539E+00 0.194653E-01 -0.189670E+00 -0.202116E-03
-1 0.201439E+01 -0.837609E+00 -0.371786E+00 0.126786E+00 0.401697E+00 -0.248221E+00

2 0 -0.551468E+01 -0.471389E+01 -0.244231E+01 -0.204053E+01 -0.205323E+01 -0.236264E+01
1 0.231254E+00 -0.468048E+00 -0.269014E+00 -0.417252E-01 0.228275E-01 -0.964296E-01
2 0.649035E+01 0.518941E+01 0.231406E+01 0.218899E+01 0.244990E+01 0.311724E+01
-4 -0.467820E-02 -0.841583E-02 0.126499E-01 0.268865E-02 0.860376E-02 -0.257562E-02
-3 -0.709719E-01 0.278916E-01 -0.580828E-02 0.190522E-02 -0.101570E-02 0.307589E-02
-2 -0.117192E-02 -0.427150E-02 0.288370E-02 0.513570E-03 0.160784E-02 -0.615698E-03
-1 -0.287663E-01 0.141000E-01 0.269479E-02 -0.596242E-03 -0.167835E-02 0.944818E-03

4 0 0.292096E-02 0.518216E-02 0.269434E-03 -0.144163E-03 -0.940719E-04 0.911350E-04
1 0.407627E-02 0.109271E-02 0.355323E-03 -0.126146E-03 0.122872E-02 0.430922E-03
2 0.423533E-01 0.483016E-01 -0.192298E-01 -0.178598E-01 -0.178150E-01 -0.201671E-01
3 0.757695E-02 0.744148E-02 0.101029E-01 -0.784807E-03 -0.240173E-02 0.157817E-01
4 0.302131E-01 0.338922E-01 -0.415297E-01 -0.471105E-01 -0.442765E-01 -0.407549E-01
-6 0262912E-05 _ -0.173971E-07 __ 0.811522E-04 _ 0.136673E-04 __ 0.386364E-04 _ -0.397995E-05
-5 -0.352270E-03 0.114006E-03 -0.124379E-03 0.171786E-05 -0.160369E-03 0.983794E-04
-4 -0.252467E-05 -0.158880E-04 -0.842563E-04 -0.156848E-04 -0.350193E-04 0.157681E-04
-3 0.598729E-04 -0.857549E-05 0.971150E-04 -0.426555E-04 -0.484972E-04 -0.510964E-05
-2 0.299320E-05 0.767148E-05 0.151308E-04 0.248996E-05 -0.132274E-05 0.469280E-05
-1 0.662807E-04 -0.420457E-04 -0.158505E-04 0.191147E-04 0.384596E-05 0.967831E-05

6 0 -0.178829E-05 -0.595496E-05 -0.207138E-04 -0.197021E-04 -0.194103E-04 -0.210516E-04
1 -0.688711E-04 0.240167E-04 0.292318E-04 0.166737E-04 -0.304174E-04 0.371577E-06
2 -0.115581E-03 -0.104506E-03 0.518185E-04 0.982957E-05 0.196359E-04 0.665648E-04
3 -0.700622E-05 -0.463034E-04 -0.750018E-04 -0.797069E-04 0.456875E-04 -0.163746E-03
4 0.120817E-03 0.114721E-03 0.187624E-03 0.188058E-03 0.170024E-03 0.162188E-03
5 0.672395E-04 -0.540420E-04 0.122807E-03 -0.122831E-03 0.106352E-03 0.310352E-03
6 0.135509E-04 0.856097E-06 -0.556321E-04 -0.985607E-04 -0.124296E-03 -0.171449E-03
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Chapter 5

Influence of Equatorial Ligands in a Highly Axial Bis-Amide Single-
Molecule Magnet

5.1 Introduction

Magnetic anisotropy is arguably the most influential parameter that determines the performance of a
lanthanide single-molecule magnet (SMM). The ability to design molecular species with defined magnetic
axiality has allowed chemists to produce molecules with large energy barriers to spin reversal (Ues) and, in
some cases, magnetic blocking, reaching blocking temperatures (75) as high as 80 K.! Those SMMs
containing only a single metal center, single-ion magnets (SIMs), have recently garnered significant interest
in the field of molecular magnetism, as the observed magnetic properties exist in the absence of magnetic
exchange interactions, meaning that the experimentally determined performance of SIMs must arise from
the combination of unquenched orbital angular momentum and crystal field contributions. This allows for
a tailored synthetic approach, which, in recent years, has evolved to include high symmetry crystal fields,?”
> the introduction of main group ligands,® and the implementation of bulky ligands to obtain low
coordination numbers.” The common theme among all of these approaches is to harness the maximum
magnetic anisotropy from the lanthanide (Ln) ion. The inherent magnetic anisotropy of the 4f ions results
from the combination of large magnetic moments and spin-orbit coupling, in which contributions from the
crystal field can significantly enhance the magnetic anisotropy of a lanthanide SIM. In this respect, recent

reports focused on generating design criteria for eliciting strictly axial anisotropy.®?

The motivation for the study presented herein resulted from the work presented in Chapter 4, along
with the findings from a previous study in the Murugesu group. These independent reports investigated the
magnetic coupling and SMM behaviour in a series of dinuclear lanthanide SMMs bridged through aromatic
carbocycles.!®!! Both studies confirmed that despite magnetic coupling occurring through the 7- and 6-
membered rings, their presence ultimately hindered the SMM properties. More specifically, the work on
the 6-membered tetranionic biphenyl systems utilized a rigid ferrocene diamide framework to support the
inverse sandwich architecture, that possessed unprecedented uniaxial anisotropy, along the shortest Dy-N
bond.!® Thus, by removing the central bridging moiety, the crystal field imposed by the amide groups
would, in theory, lead to enhanced SMM properties, since linearly coordinated negatively charged donor

o .

atoms may harness the maximum angular momentum of the Dy™" ion. This unique class of diamide ligands

parallels the structural features of the diketiminates that have been popular in the fields of molecular

116



magnetism, catalysis, and bioinorganic chemistry.'>!* However, the ferrocene diamides are dianionic as
opposed to the monoanionic nature of diketiminates and have the ability to produce a wider bite angle,

while still maintaining a rigid backbone. The latter is an attractive feature for increasing the linearity and

11T

mimicking two-coordinate Dy" compounds, which remain a synthetic challenge. Thus, these designer

111

ligands represent a promising alternative to generating pseudo-axiality in Dy compounds. To this end, the

static and dynamic magnetic properties of (NNTB$)Dy"[(I)(THF),, 7-Dy (NN™®8 = fc(NHSi'BuMe,),, fc =

1,1" ferrocenediyl, Figure 5.1) are presented herein, along with fragment ab initio calculations which

11T

together elucidate a unique approach toward Dy molecules with defined magnetic axiality.

7-Dy

Figure 5.1 Molecular structure of (NN™®3)Dy"(I)(THF),, 7-Dy (NN = f¢(NHSi'BuMe,),, fc = 1,1’
ferrocenediyl). Colour code: dark red (Dy™), orange (Fe), pink (1), teal (Si), blue (N), red (O), grey (C).

Hydrogen atoms and disorder have been omitted for clarity.

5.2 Results and Discussion

5.2.1 Structural Description

The synthesis and structure of 7-Dy were previously reported along with the tetranionic biphenyl
complexes;'? however, for the purpose of establishing a connection between the molecule and its magnetic
properties, the structure will be discussed herein. Complex 7-Dy crystallizes in the triclinic space group P-

11T

1. Each asymmetric unit contains one Dy" ion coordinated to one NN™9 ligand through two anionic

nitrogen atoms, producing a bite angle of 134.7(2)°. The coordination sphere is completed by two molecules
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of THF and an iodide. The exact geometry of this five-coordinated Dy was confirmed via SHAPE

analysis, producing results consistent with a trigonal bipyramidal geometry of D3, symmetry (Table 5.1).'4

Table 5.1 SHAPE analysis of 7-Dy relative to an ideal 5-vertex polyhedron shown.'* The best match is

displayed in bold.
SI;:?(:ZE (l;::;tp Description 1-Dy
PP-5 Dsh Pentagon 34.648
vOC-5 Cay Vacant octahedron 7.187
TBPY-5 D Trigonal bipyramid 1.004
SPY-5 Cay Square pyramid 5.330
JTBPY-5 D Johnson trigonal bipyramid 4.762

Short Dy-N distances of 2.21(2) and 2.20(6) A are observed, with less than fifteen reported examples with
Dy-N distances shorter or equal to 2.20 A;'*?* a significant number of these examples are endohedral
metallofullerenes (ca. 2.06 A) in which the N-atom does not bear any substituents.?*2° The Dy-N distances
of 7-Dy are smaller than the sum of the ionic radii (2.62 A),”” suggesting that a dominant electrostatic

interaction exists between the N-atoms of the NN'®S [igand and the Dy™

ion. The presence of such strong
interactions in the axial positions of this Kramers ion has the ability to harness significant magnetic
anisotropy, through taking advantage of its oblate electron density.?® Theoretically, large T and Uesr values
may be expected to arise from such a bonding interaction. Moreover, the remaining ligands are expected to
play a less dominate role for the orientation of the anisotropy axis. The Dy-I distance of 3.090(2) A is
marginally longer than that found in [Dy"(°-Cp”)2(I)] (Cp” = 1,2,4-tris(trimethylsilyl)cyclopentadienyl,
2.901 A),?° [Dy"™(Cp*)>(I)(THF)] (2.982 A),* and [Dy"(%-COT)(I)(THF).] (3.053 A);*' whereas the Dy-
O distances of 2.367(3) A and 2.389(6) A are commonly observed for molecules with coordinated THF.
Within the lattice, a minimum Dy"-Dy"' distance of 9.776(5) A is achieved. While direct and
superexchange pathways have been considered negligible at this distance, intermolecular dipolar
interactions remain a possibility. At such a scale, slower relaxation processes have been attributed to dipolar
mediated relaxations in 5f SIMs.*? Collectively, the presence of strong metal-ligand interactions along a
defined orientation and the well separated nature of the paramagnetic centers are expected to yield strong

slow relaxation dynamics originating from the Dy ion.
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5.2.2 Direct Current Magnetic Susceptibility

The magnetic properties of 7-Dy were measured using a SQUID magnetometer. Under an applied static
field of 1000 Oe, a room temperature y7 value of 13.99 cm*Kmol! is achieved, that is in good agreement
with the theoretical value of 14.17 cm*Kmol™! for a Dy™ (*Hsp, S = 5/2, L = 5, g = 4/3) ion (Figure 5.2).
The obtained value is slightly smaller than the theoretical value, presumably due to the splitting of the *Hjs,
ground state.? Upon cooling, the y T product remains relatively constant until 8 K, revealing a well separated
low-lying energy spectrum (vide infra). Below this temperature, the y T product rapidly drops, to a minimum
value of 9.67 cm*Kmol™! 1.8 K. The abrupt decrease in the T profile is indicative of magnetic blocking,
where the system cannot reach an equilibrated population distribution. This phenomenon has been observed
in other highly anisotropic SMMs.%"**3* To complement this, the iso-temperature magnetization curve at
1.9 K saturates at 5.28 pg mol™!, further suggesting the well separated nature of the ground state (Figure
5.3). Large separations between the ground state and excited states are highly sought after as they typically
lead to large spin reversal barriers. This finding is also in accordance with the ab initio determined energy
of the second Kramers doublet (KD), possessing an energy of 414.6 cm™ (vide infra). This is one of the
largest separations observed between the ground and excited states in any Dy SMMs.>73334 This large
separation ensures that thermal relaxation will at least occur via this energy, yielding an impressive barrier

to the slow relaxation of the magnetization.
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Figure 5.2 Temperature dependence of the y T product at 0.1 T for 7-Dy. Experimental data is represented

by black circles and ab initio calculated magnetic susceptibility depicted by the solid red line.
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Figure 5.3 (a) Field dependence of the magnetization and (b) the reduced magnetization for 7-Dy at the

indicated temperatures

As the variable temperature susceptibility and variable field magnetization measurements have
indicated desirable properties in terms of magnetic anisotropy, the presence of magnetic blocking was then
probed with magnetic hysteresis measurements. Using an average field sweep rate of 23 Oes™!, the dc field
was sweeped in the range of 50 to -50 kOe eliciting clear magnetic hysteresis at 1.9 K for 7-Dy (Figure
5.4).
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Figure 5.4 Magnetic hysteresis data for 7-Dy between 1.9 and 15.5 K. Data were collected at an average
sweep rate of 23 Oe s!. In all measurements, data were collected starting at H = 0 Oe, sweeping to H =
50 kOe, and then cycling to H = -50 kOe and back to H = 50 kOe. Inset: magnetic hysteresis data
depicting coercivity at 1.9 K.
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With successive cycling, the temperature was increased to 2.0 K and up to a maximum of 15.5 K in
increments of 0.5 K. Distinct openings at zero field were observed up to a maximum temperature of 5 K,
after which only minor openings can be observed up to 14 K at higher magnetic fields. Comparatively, the
abrupt drop in the y7 product at 8 K also serves as a reference in terms of magnetic blocking. However, the
discrepancy between these observed values may result as a consequence of mixed relaxation processes,
specifically Raman and direct relaxation mechanisms that can occur at low temperatures.” The possibility
of mixed relaxation mechanisms cannot be discarded given the low temperature data of the alternating

current (ac) susceptibility, as well as the obtained distribution of relaxation times (vide infra).

5.2.3 Alternating Current Magnetic Susceptibility
Ac susceptibility measurements were completed in the absence of an applied static field (Ha. = 0 Oe), within
the range 0.1-1500 Hz. Under these conditions, a signal was observed in the in-phase (y’) and out-of-phase

(x”") components of the ac susceptibility between 1.9 and 60 K (Figure 5.5).

3

¥ cm” mol

Figure 5.5 Frequency dependence of the (a-b) in-phase (y’) and (c-d) out-of-phase (y”’) components of
the ac susceptibility for 7-Dy in the absence of an applied static field, Hs. = 0 Oe (fop), and under an
applied field, Hyg. =150 Oe (bottom), at the indicated temperatures. Solid lines represent best fits to the

generalized Debye model.
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Frequency dependent behaviour was obtained with shifting peak maxima toward lower frequency,
indicating slow relaxation of the magnetization. The relaxation times (7) were extracted for each
isotemperature curve of the y’ and y” susceptibilities via the generalized Debye model.*> A narrow
distribution of relaxation times was found, yielding a-values < 0.17 over the entire data set. Comparatively,
fitting the Argand plots to the generalized Debye model produced similar results (o < 0.22), with only a
single deviation occurring for the 6 K curve (a=0.50), therefore indicating that a reasonable and

reproducible fit of the relaxation times was achieved.

The zero-field relaxation times extracted from the »” data were then plotted on /n(z) vs. T axes
and fit to the Arrhenius law (i.e., linear fit) to determine the extent of magnetic relaxation via thermally
activated processes, namely Orbach relaxation (Equation 5.1). The best-fit parameters yielded an effective
energy barrier to spin reversal of Uer = 770.8 K (535.7 cm™) and a pre-exponential factor of 1o =
8.20 x 10! s (Figure 5.6a). While there are now examples of energy barriers that exceed this, a U of this
magnitude is rare in lanthanide-based systems as they often exhibit significant ground state tunneling
arising from their classically dense energy spectra.*® Indeed, there are only a few compounds which belong

to this family of high Uerr (>700 K) SIMs. 1-37-33:37
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Figure 5.6 Arrhenius plot using y” ac data for 7-Dy collected (a) in the absence of an applied static field,
Hac = 0 Oe, and (b) under an applied field, Hs. = 150 Oe. The solid line represents the fit of the linear
high temperature region to Equation 5.1.
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With respect to 7-Dy, the obtained U, of 770.8 K is in good agreement with the calculated thermally
activated relaxation through the third and fourth KDs (Figure 5.8). The plot of /n(z) vs. T"! remains linear
in the high temperature regime (Figure 5.6a), strongly correlating to a dominant thermally activated Orbach
relaxation regime.*® The plot remains linear until 26 K, when it experiences a deviation from linearity and
the Arrhenius law. The observed behavior may arise from mixed relaxation mechanisms (e.g., Orbach and
Raman, Raman and QTM, etc.), although it is likely dominated by QTM, which was abundantly present in

the magnetization hysteresis measurements.

To probe any contribution of QTM to the obtained U.sr at zero-field, ac measurements were
completed at a fixed temperature 7 = 2 K, and the applied static field was varied from 0-1200 Oe (Figure
5.7). The plot of y” vs. ac frequency yielded a bimodal profile. At 100 Oe, a shoulder at low frequencies
becomes evident, and is augmented by increased static fields until 400 Oe, where no signal was observed.
This has similarly been observed at small fields in other Dy SIMs.** The Argand plots were fit via the
generalized Debye model, providing a distribution of field dependent relaxation times with 0.89 > a. > 0.25.
To determine the origin of the secondary process, ac measurements were completed under an optimal dc
field of 150 Oe. Within the temperature range 1.9-54 K a frequency dependent signal in the y’ and y”
components of the ac susceptibility was observed (Figure 5.5). Below 16 K, there is minimal shifting of the
" peak maxima, as well as the introduction of the second, low frequency, process. Fitting the data to the
Arrhenius laws yields Uer = 348.9 K (242.5 cm™) and 7o = 3.27 x 107 s (Figure 5.6b). Fitting this process
revealed a distribution of relaxation times to give 0.011 <0 <0.404. From these observations, the

application of static fields diminishes the SMM behavior of 7-Dy.
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Figure 5.7 Frequency dependence of the (a) in-phase (y’) and (b) out-of-phase (y””) components of the
ac susceptibility as a function of applied static field at 2 K for 7-Dy. Lines are a guide for the eye.
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5.2.4 Theoretical Analysis

Ab initio calculations were performed in order to gain additional insight into the magnetic properties and to
analyze the factors that govern the magnetization blocking barrier. The magnetization blocking barrier for
7-Dy was calculated using a previously established methodology (Figure 5.8).*%#! The presence of zero-
field SMM behaviour is rationalized on the basis of a small transverse magnetic moment of 1.5x10* pg in
the ground state, that limits QTM. Similarly, tunneling through thermally activated m; = £13/2 states (KD2;
assuming purity of the low lying KDs is maintained) is also minimized, this is due to the co-linearity of the
anisotropic axes of the first and second KDs (Figure 5.9). These findings correlate with the obtained g-
tensors (Table 5.2), demonstrating significant magnetic axiality even at the m; = +11/2 states (KD3). Given
the transverse magnetic moments (indicated above the arrows in Figure 5.8), the most probable pathway
for magnetic relaxation encompasses the third and fourth KDs, while the Ue lies only marginally below
the third KD. Thus, the presence of mixed relaxation mechanisms may contribute to the lowering of Uesr
from the anticipated energy of the third KD. Notably, the magnetic moment of an Orbach relaxation from
m;=-13/2 (KD2-) to m;=+9/2 (KD4+) is only narrowly smaller than the tunneling between m; =+11/2
states (KD3), 4.2 x 10" pp vs. 4.5 x 107! up, that would suggest that a competition between these two

pathways may also contribute to the lowering of the experimental barrier.
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Figure 5.8 Magnetization blocking barrier of 7-Dy. Arrows depict the most probable path for magnetic
relaxation (red), QTM (blue), and Orbach relaxation (green). At temperatures where In(7) = f (%)

dependence is linear, the temperature assisted relaxation via KD4 is dominant.
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Figure 5.9 Calculated orientation of the main axis of 7-Dy superimposed on the (a) molecular structure
and (b) the fragment of the molecule depicting the metal-ligand bonding. Red dashed lines represent the
magnetic axis in the ground, first excited, and second excited KD states (KD1-KD3). Colour code: dark
red (Dy), orange (Fe), pink (I), teal (Si), blue (N), red (O), grey (C). Hydrogen atoms and disorder have

been omitted for clarity.

Moreover, at a first glance, the matrix element connecting the opposite components of KD3 is
sufficiently large (0.45 ug) to suggest that this doublet is the top of the barrier. However, this transition
matrix moment is much larger (2.9 pg) for KD4, so that tunneling through the barrier can take place at this
doublet when the temperature is sufficiently high. The rate of the thermally assisted tunneling transition is
the product of the Boltzmann population of a given doublet and the rate of the incoherent tunneling
transition between the components with opposite magnetization (i.e., KD3+ and KD3-).*> The latter is

roughly proportional to the square of the magnetic moment, y, of the corresponding doublet state,*' the rate

of the thermally assisted tunneling is proportional to ~ ,uze_%, where E is the energy of the doublet and &
is the Boltzmann constant. Using the data from Table 5.2 and Figure 5.8, the temperature dependence of
this function is plotted below (Figure 5.10). At 7= 52 K, the ratio between relaxation via KD4 and KD3 =
2, while this ratio doubles its value already at 7' = 70 K; this ratio exhibits a near linear increase with
temperature, implying that the activated relaxation via the KD4 becomes dominant in the temperature

domain where a linear In(z) = f (%) dependence is observed.
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Figure 5.10 Temperature dependence of the ratio between the thermally assisted tunneling transition

rates in KD4 and KD3 of 7-Dy.

It is important to mention that ab initio results are not based on direct fitting of the experimental
data (compared to various phenomenological models).** The methods may also be applied for the
investigation of molecules prior to their synthesis for the evaluation of molecular properties. In this respect,
three different models have been developed and analyzed in addition to 7-Dy, in order to study the effects
of the THF and iodide ligands on the magnetic properties of the title molecule. The three models have been
prepared from the sequential removal of the ancillary ligands (I or THF) and their respective formal charges,
producing three chemically sensible models: 7-noTHF — containing no THF ligands, 7-nol — containing
no iodide ligand and 7-noTHFnol- where THF and iodide ligands were removed from the molecular
structure (Figure 5.11). These models allow for a direct study of the ligand field effects that originate in 7-
Dy. In understanding the factors that contribute to lowering the U.f, improved methods for augmenting the

M gystems may be developed. The energy splitting of the

local magnetic axiality in other low coordinate Dy
ground free ion J = 15/2 was obtained for all models and the title compound (Figure 5.12 and Table 5.2).
Analysis of the low-lying energy spectra reveals a strong increase in the splitting of the ground free ion in
7-noTHF, as well as in 7-nol. With respect to the second KD, there is a 15.8 % and 15.1 % increase in the
energy splitting for 7-noTHF and 7-nol, respectively. While the difference between 7-noTHF and 7-nol
is minimal, in the third KD, the effect of the THF compound is greater. Removal of such moieties produces

a 22.2 % increase over 7-Dy, whereas removal of the iodide ligand only produces a 13.7 % increase.
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7-Dy

Figure 5.11 Structural representations of the title compound (7-Dy) and the computational models based
on the sequential removal of the equatorial ligands and their respective formal charges. Hydrogen atoms

and disorder have been omitted for clarity. Colour code: dark red (Dy), orange (Fe), pink (I), teal (Si),

blue (N), red (O), grey (C).
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Figure 5.12 Comparison of the energy splitting of the ground free ion J = 15/2 multiplet for 7-Dy and

the three computational models.

This is conceivable as Dy-I bonds are characteristically weak, meaning that their contribution to the total

ligand field of 1-Dy is less relative to the oxophilic interaction of Dy with THF. It is suspected that the
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THF molecules are producing a competitive ligand field, perpendicular to that generated by the N-atoms of

NNTBS which likely contributes to the diminished Uks.

Table 5.2 Energy splitting of the ground free ion J=15/2 multiplet in various computational models (cm™)

and magnetic anisotropy in the lowest four Kramers doublet states.

KD 7-Dy 7-noTHF 7-nol 7-noTHFnol
1 0.0 0.0 0.0 0.0
2 414.6 492.5 488.8 622.2
3 692.2 890.3 802.0 1166.5
4 803.0 1176.9 921.4 1591.1
5 903.3 1359.1 1111.5 1874.0
6 1038.8 1557.3 1364.1 2025.3
7 1197.7 1804.6 1653.0 2112.5
8 1327.8 2030.6 1911.8 22134
g tensors in the low-lying Kramers doublet states
gx 44x10* 24x10° 43x10* 3.2x10%
1 gy 49x10* 3.0x 107 5.6x10* 1.6 x 107
gz 19.8894 19.8986 199113 19.9677
gx 0.0066 2.0x 107 0.0412 2.5x10°
2 gy 0.0104 2.6x 107 0.0651 2.6x 107
gz 16.9721 16.8893 16.7914 17.0067
gx 0.8911 0.1210 2.2968 0.0010
3 gy 1.7114 0.1662 6.0679 0.0011
gz 13.2157 13.7224 10.5290 14.1568
gx 3.8174 2.0871 7.2834 0.0328
4 gy 5.0097 3.0000 6.0380 0.0350
gz 11.4701 9.7303 1.5554 11.4146

In the absence of transverse ligands, 7-noTHFnol displays a 33.3 % increase in the energy splitting
of the first KD, with gz >> gx, gy, even in the fourth KD (Table 5.2). This produces a near three-fold
improvement (535.7 cm™ vs. 1591.1 cm™) on the Uer compared to that of 7-Dy. The obtained g-tensors for
7-nol in the fourth KD are less axial in comparison to 7-Dy, whereas 7-noTHF and 7-Dy display similar
g-tensors. The inferior axiality of 7-nol can be explained once again by the ligand field generated by the
remaining THF, thus demonstrating the immediate significance of removing or replacing these moieties
with weaker-field ligands. Through this systematic study of g-tensors combined with the low-lying energy
spectra, new insights to improve the local magnetic axiality of molecular species are achieved. Therefore,
suitable equatorial ligands that do not affect the crystal field splitting of the lanthanide ion are required or

if possible, new molecular systems should preclude the use of equatorial ligands.”
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5.3 Summary and Conclusion

The work presented herein highlights a new design approach towards mimicking the elusive two

coordinate Dy™

, although the presence of coordinated solvent and an iodide ligand prevent the maximum
U.sr that could theoretically be achieved for such a system (x1600 cm™). The functionalized ferrocene
backbone of the NN ligand offers a unique synthetic approach towards harnessing single-ion anisotropy.
Through careful synthetic modifications, the contributions of the equatorial/transverse ligands may be
altered by replacement with weaker crystal field ligands, effectively allowing for fine tuning of the magnetic

axiality. While two coordinate Dy

compounds will undoubtedly remain a synthetic challenge, the use of
rigid diamide ligands represents a promising approach for imposing pseudo-axial ligand fields in the

development of high temperature lanthanide-based SIMs with predictable and defined magnetic axiality.

5.4 Experimental Details

5.4.1 Magnetometry

The magnetic susceptibility measurements were obtained using a Quantum Design SQUID magnetometer
MPMS-XL7 operating between 1.8 and 300 K for dc fields ranging from -7 to 7 T. Dc susceptibility
measurements were performed on a polycrystalline sample (30 mg) of 1-Dy sealed in a polyethylene
membrane prepared under an inert atmosphere, and subjected to a field of 0 to 7 T. Ac susceptibility
measurements were carried out under an oscillating field of 3.78 Oe and ac frequencies 0.1 to 1500 Hz and
dc fields ranging from 0 to 1200 Oe. The magnetization data were collected at 100 K to check for
ferromagnetic impurities that were absent in the sample. Diamagnetic corrections were applied for the

sample holder and the inherent diamagnetism of the sample was estimated with the use of Pascals constants.

5.4.2 Computational Details

All calculations were of the CASSCF/RASSI/SINGLE ANISO kind using the MOLCAS-8.0 program
package.** All atoms were described using all electron relativistic ANO-RCC basis sets.*’ Basis set
contractions are given in Table 5.3. Standard complete active space self-consistent field (CASSCF)
calculations on the full molecular structure were performed.* In these calculations, the 4/ electronic shell
of the Dy is explicitly correlated, i.e., the active space, while the remaining orbitals are described in the
mean field approach (as in the conventional Hartree-Fock SCF model). All possible electronic states (of
various total spins) arising from the chosen active space were optimized self-consistently and a subset of

them was further mixed by the spin-orbit coupling (RASSI).*’
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Table 5.3 Contractions of the employed basis sets describing each atom in the investigated molecules

(7-Dy, 7-noTHF, 7-nol, and 7-noTHFnol).

Atom Basis set contraction

Dy 8s7p5d3f2glh ANO-RCC-VTZP.
I Ts6p4d2flg ANO-RCC-VTZP.
Fe 6s5p3d2flg ANO-RCC-VTZP
Si S5s4p2d1f ANO-RCC-VTZP
o 4s3p2d1f ANO-RCC-VTZP
N 4s3p2d1f ANO-RCC-VTZP
C (close) 4s3p2d1f ANO-RCC-VTZP
C (distant) 3s2pld ANO-RCC-VDZP
H 2slp ANO-RCC-VDZP

Relativistic effects were considered in two steps, both based on Douglas Kroll Hess Hamiltonian. Scalar
relativistic effects are included in the basis sets describing each atom (Table 5.3). All mono and bielectronic
integrals (Couloumb, Exchange, angular momentum, AMF]I, etc.) in this basis are computed and used in
the subsequent calculations. Complete active space self consistent-field calculations were carried out using
the 4/° shell of the Dy'! site as active space. All possible electronic states arising from the active space were
calculated in the mean field of other electrons. 21 spin sextet, 128 spin quartet and 130 spin doublet states
were admixed by the spin-orbit coupling in the RASSI method. The spin orbit coupling was accounted
within Atomic Mean Field approximation (AMFI). On the basis of the resulting spin-orbit states, all
magnetic properties were computed within the SINGLE ANISO program in MOLCAS 8.0. The parameters

of the effective crystal-field Hamiltonian were extracted and are displayed in Table 5.4.
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Table 5.4 Parameters of the crystal field acting on the ground J = 15/2 multiplet for all investigated
structures, corresponding to the ab initio calculations described above. Quantization axis is chosen as the

main anisotropy axis in the ground Kramers doublet state (approx. N1-N2 direction).

Rank Proj. 7-Dy 7-noTHF 7-nol 7-noTHFnol
-2 -0.400645E+01 0.101038E+00 -0.106631E+01 -0.161376E+01
-1 0.405941E+00 -0.466676E+00 -0.184903E-01 0.440251E-01
2 0 -0.647155E+01 -0.103589E+02 -0.862108E+01 -0.129657E+02
1 -0.258180E+00 0.129652E+00 -0.993762E-01 0.351901E-01
2 -0.536278E+00 0.716930E+01 0.891364E+01 0.156931E+01
-4 -0.176839E-01 -0.314061E-02 0.872897E-02 -0.232835E-03
-3 0.182484E-02 0.166613E-02 -0.553989E-03 -0.650243E-03
-2 0.161532E-01 -0.580665E-02 0.103611E-01 -0.649060E-02
-1 -0.218958E-02 0.321342E-02 -0.140399E-03 0.318659E-03
4 0 -0.740658E-02 -0.552651E-02 -0.845928E-02 -0.719447E-02
1 0.205642E-02 -0.129581E-02 0.244054E-03 -0.388185E-03
2 0.129277E-01 0.234839E-02 -0.195618E-01 -0.138344E-02
3 0.245634E-02 -0.238604E-02 -0.200580E-04 -0.531144E-03
4 0.194404E-01 -0.373949E-02 -0.190455E-01 -0.196106E-02
-6 -0.660711E-04 -0.319114E-04 0.149223E-03 -0.196025E-05
-5 0.769051E-04 0.530290E-04 -0.270091E-04 0.492283E-05
-4 -0.737630E-04 -0.479799E-04 0.303649E-04 0.764432E-05
-3 0.838110E-05 0.359969E-04 -0.581991E-05 -0.501807E-06
-2 -0.830042E-05 0.320602E-04 -0.677317E-04 0.105020E-03
-1 -0.114537E-04 0.627986E-05 0.478879E-05 0.452025E-06
6 0 0.487678E-05 0.208189E-04 0.165015E-04 0.335544E-04
1 -0.364130E-05 0.793350E-05 -0.218247E-06 0.463353E-05
2 -0.671008E-04 -0.152339E-03 -0.408894E-04 -0.311725E-04
3 0.394618E-04 -0.226759E-05 0.536208E-05 0.982786E-05
4 0.151552E-03 -0.223556E-04 -0.156674E-03 -0.344556E-04
5 -0.112542E-04 -0.501193E-04 -0.626646E-05 0.332071E-05
6 -0.155335E-03 -0.267344E-04 -0.142060E-03 -0.113796E-04
Recovery factor of the initial ab initio CF matrix*
99.2% 99.0% 99.3% 99.0%
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Chapter 6

Relaxation Dynamics in See-Saw Shaped Dy Single-Molecule
Magnets

6.1 Introduction

Since the discovery of domain-independent magnetism of molecular origin in 1993, single-molecule
magnets (SMMs) have captivated the imagination of researchers for their potential use in advanced
magnetic materials and applications. In particular, these molecules exhibit a magnetic memory response,
or hysteresis, where molecular magnetization persists upon removal of the external magnetic field.%* This
makes SMMs potentially suitable for new high-capacity, magnetic-based data storage devices or even
quantum computing.*> A major drawback, however, is the magnetic blocking temperature (73), a figure of
merit for the ability to retain magnetization, that is often limited to cryogenic temperatures typically nearing
the boiling point of liquid helium. While several factors can affect 7z and SMM activity, an important
parameter to overall SMM performance is the effective energy barrier to magnetic spin reversal (Ussr). Large

Uesr values (> 1000 K / 695 cm™) are requisite for maintaining SMM activity at elevated temperatures.®®

In this regard, recent attention has been focused on the development of lanthanide based SMMs
with staggering Ues.>® Traditionally, the core-like 4f-orbitals were described as insensitive to covalent
ligand field contributions, which allows for significant orbital degeneracy and spin-orbit coupling that gives
way to large magnetic moments. However, both electrostatic and covalent contributions to the crystal field
affect the splitting of magnetic microstates, thus enhancing the magnetic anisotropy.’*° Based upon crystal
field theory, the symmetry, point charge effects, and the relative shape of the 4f free-ion electron density
should be considered when designing ligand frameworks to maximize magnetic anisotropy and

consequently Uesr values.®™3

This strategy has recently proven effective with oblate-shaped Dy™

dominant crystal fields.}*?2 For instance, in Chapter 5, the compound (NNTE)Dy"{(I)(THF), (7-Dy; NNTBS

in near-linear or linearly

= Fc(NHSi'BuMe.)»), utilized a diamide ligand to produce a highly axial crystal field for the Dy ion with
N-Dy-N = 134.7(2)°, affording a SMM with an appreciable Ut = 770.8 K (535.7 cm™) / 910 K (632.5
cm™).192 Although not mononuclear, in a related system, the two monodentate anilide ligands in
[Dy"(NRR )(4=CI)K ] (NRR = (N(SiMes)(CsHiPr2-2,6)1) afforded a Ut = 1578 K in zero field. In
[Dy"™(O'Bu)2(py)s][BPha], the trans oriented (O-Dy-O = 178.91(9)°) alkoxide donors and, in relation, the
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less donating equatorially-bound pyridine ligands gave rise to a SMM with a tremendous Uer = 1815 K
(1261.5 c¢cm™') and Ty = 14 K (ZFC-FC susceptibilities).’® This was recently surpassed by
[(Cp™)Dy"(Cp*)][B(CsFs)a] (Cp™ = 1,2,3,4,5-('Pr)sCs; Cp* = 1,2,3,4,5-(Me)Cs), which fully excludes
equatorial ligands to give near-linear coordinated dysprosium (Cp-Dy-Cp = 162.507(1)°). In this case, the
metal complex displays a record setting Uerr = 2217 K (1541 cm™) and a remarkable T = 80 K (25 Oe s)
that exceeds the temperature of liquid nitrogen (77 K).*

These results clearly demonstrate a successful design criterion for enhancing magnetic anisotropys;
yet several questions remain. With respect to Dy, the linear deviation tolerance of the axial ligation mode
is not fully established. While linear two-coordinate dysprosium has been predicted as optimal for
maximizing U, five-coordinate and seven-coordinate Dy in (NNTBS)Dy"{(I)(THF), (7-Dy) and
[Dy"™(O'Bu)2(py)s][BPhs], respectively, still exhibit notable magnetic anisotropy enhancements due to
strong metal-ligand interactions along a defined axis, regardless of their molecular geometry or symmetry.
This strong interaction and axiality enhancement define the barrier of magnetization spin reversal; however,
as energy barriers continue to rise, the through-barrier mechanisms become increasingly more important to
understand. Spin-vibrational coupling has been identified for facilitating these processes (i.e., Raman
relaxation). Strategies to suppress vibrational coupling have been reported as ways to improve the
performance of SMMs without necessarily increasing the Ue+.>?® Increasing the rigidity of ligand
frameworks represents the most accessible and tunable approach for synthetic chemists.?”?® Thus, the
effects of coordination geometry, total coordination number, and the identity/role of the ligands in processes

beyond quantum tunneling of the magnetization (QTM) have yet to be completely determined.

The synthesis and characterization of the U™ compound LAUM(I)(DME) (LA* = {CeHa[(2,6-
PrC¢H;)NCsHa4]2}%) was previously reported, featuring a terphenyl bisanilide ligand with near-linear
coordinated nitrogen atoms (N1-U1-N2 =162.8(1)°).% In LA"U"(I)(DME), the uranium atom is tethered
above a central phenyl ring, which exhibits nominal metal-arene interactions. As such, this central ring acts
to block several coordination sites on the metal. Structurally, this platform provides a number of attractive
features for utilization with Dy in pursuit of enhanced SMM properties. It possesses a defined orientation
for the magnetic anisotropy (N1-M-N2), as well as a tethered backbone for increased ligand stiffness,

combined with an X-ligand which represents a tunable position for the investigation of halide effects on the

overall magnetic properties.

In this chapter, the magnetic characterization of two Dy" metal complexes,
[K(DME)s][LADy"(Cl),] (8-Dy) and [K(DME)s][L*Dy"(I),] (9-Dy), which each feature a Dy"" ion with

an unusual see-saw geometry and near-linear N-Dy-N arrangement are presented. The relaxation dynamics
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of each system are analyzed, and a fundamental link between the different structural features (i.e., the
transverse ligand architecture and halide ancillary ligands) and the observed magnetic properties is

investigated.

6.2 Results and Discussion

6.2.1 Synthesis and Structural Studies

Following the procedure for the synthesis of the N,N-chelated {[ArNCC(Me)].CH}Dy"(Cl),(THF),,* a
solution of DyCl; and [K(DME),].LA"in THF was heated at 60 °C for two days, giving a mixture from
which 8-Dy was isolated in low yield as a THF solvate. Notably, the formation of 8-Dy-THF under these
conditions is accompanied by unreacted DyCls and a significant amount of protonated HoLA* despite strictly
anhydrous conditions. This result suggested that 8-Dy may become unstable at elevated temperatures. To
counter this, addition of DyCls to a thawing THF solution of [K(DME),],LA® followed by warming to room
temperature and stirring for 12 h gives 8-Dy as air and moisture sensitive crystals in 47% yield after
recrystallization from DME (Figure 6.1). Similarly, 9-Dy was synthesized using identical conditions to

those of 8-Dy, giving 55% crystalline yield.

DyX3

(DME),,
THF/DME
-108 °C - RT
_—

-KX

8-D
9-D

Figure 6.1 Synthesis of [K(DME);][LArDy"(Cl),] (8-Dy) and [K(DME)4][LArDy"(I).] (9-Dy).

y:X=Cl,n=3
y:X=1l,n=

4

Compound 8-Dy crystallizes at -25 °C in the monoclinic space group Cc (Table 6.3). The X-ray
diffraction analysis at 100 K reveals two independent molecules in the asymmetric unit, each exhibiting
severe positional and solvent disorder. However, data collection at 15 K under a He cryostream shows a
crystallographic phase transition to monoclinic Pn with four well-resolved molecules in the asymmetric
unit (8-Dy1, 8-Dy2, 8-Dy3, 8-Dy4; Figure 6.2). Comparatively, 9-Dy crystallises at -35 °C in the triclinic
space group P1 (Figure 6.3). As compared to 7-Dy, (NN"®$)Dy"(I)(THF), (Dy-N = avg. 2.21 A),
[Dy"™(NRR),(u-Cl1):K]s (Dy-N = avg. 2.25 A), and [Li(THF)4][Dy"(NPh,)s] (Dy-N = avg. 2.29 A),192431
the Dy-N distances in 8-Dy (2.379(9)-2.416(8) A) and 9-Dy (2.402(7)-2.438(8) A) are substantially

elongated.
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.“l -.“ ! r- .‘.- !o.. .
7 N1t - N2 © U N3 : . N4
I ¥ 2.406(9) A £)2.393(9) A .- -. 2.412(1) A X '2.378(9) A\g I
Dy1-C_.. 2.58 A Dy2-C . 2.56 A
Dy1-Cl1 2.521(3) A Dy2-CI3 2.527(3) A
Dy1-Cl2 2.563(2) A Dy2-Cl4 2.563(2) A

8-Dy4

LR L}
- -
*

Ly o . -
N7 . b N8
W 2.4149)A X 2.417(9) A g

Dy3-C.on 2.55 A Dy4-C,,. 2.58 A
Dy3-CI5 2.515(3) A Dy4-CI7 2.510(3) A
Dy2-CI6 2.579(3) A Dy4-Cl8 2.572(2) A

Figure 6.2 Molecular structures of the four crystallographically independent molecules in the
asymmetric unit of 8-Dy (monoclinic Pn) collected under a He cryostream at 15 K. Colour code: Dark
red (Dy™), green (Cl), blue (N), grey (C). Protons and [K(DME);] cations are removed for clarity. The
dotted arch depicts the N-Dy-N angle, and the Dy-N distances are displayed below their representative

bonds on the molecules. Dy-Ceeni and Dy-Cl distances are presented below the molecules.

These larger Dy-N distances may be attributed to the transverse structure of the bis-anilide ligand,
constraining the N-donor atoms into positions where the Dy-N distances are relatively long. Yet, the ligand
bite angle in 8-Dy (N-Dy-N = avg. 159.9°) and 9-Dy (N-Dy-N = 160.4(2)°) is more obtuse than that of 7-
Dy, (NNTB$)Dy"(T)(THF), (N-Dy-N = 134.7(2)°) and [Dy™(N®*),(u-C1),K]. (N-Dy-N = avg. 131.6°).
Collectively, this demonstrates the inter-complementary role of the bite angle and distances in the ligand

Il jon and the central

design of such metal complexes. Although the extent of the interactions between the Dy
terphenyl ring (Dy-Ceent = avg. 2.56 A for 8-Dy, and Dy-Ceene= 2.55 A for 9-Dy) cannot be fully excluded
from the discussion, they are assumed to be minimal due to the neutral charge of this moiety.
Comparatively, the compound [((**M°ArO);mes)Dy'"] exhibits a similar tethered arene backbone (Dy-Ceent

= 2.368 A),* further supporting the weak Dy-arene interaction in 8-Dy and 9-Dy. Thus, any metal-t
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interactions present in 8-Dy and 9-Dy are not strong directors of the magnetic anisotropy (vide infra). The

1 jon are occupied by two halide ions, which possess distances

remaining coordination sites on the Dy
typical for Dy-X (8-Dy; Dy-Cl = 2.510(3)-2.579(3) A and 9-Dy; Dy-I = 2.9355(7)-2.9771(5) A).** Thus,
the Dy ion in 8-Dy and 9-Dy adopts an unusual see-saw type geometry because of the coordination

environment enforced by the bulky, transverse ligand architecture.

Dy1-C,,, 2.547 A
Dy1-12 2.9771(5) A
Dy1-13 2.9355(7) A

9-Dy

Figure 6.3 Molecular structure of 9-Dy. Colour code: Dark red (Dy™), pink (I), blue (N), grey (C).
Protons and [K(DME)4] cation are removed for clarity. The dotted arch depicts the N-Dy-N angle, and
the Dy-N distances are displayed below their representative bonds on the molecules. Dy-Ccent and Dy-

Cl distances are presented below the molecule.

6.2.2 Theoretical Analysis

ADb initio calculations on two of the molecules in the asymmetric unit of 8-Dy featuring the maximum (8-
Dy2) and minimum (8-Dy4) N-Dy-N angles (162.7" and 156.2°, respectively) as well as 9-Dy were
completed with SO-CASSCF(9,7)/ANO-RCC in MOLCAS 8.0.>* The computed eight Kramer’s doublets
(KDs) of °His/2 span 1120 cm™ (8-Dy2), 998 cm! (8-Dy4), and 1173 cm™ (9-Dy) (Table 6.1). The ground
KDs have large principal g-tensors; g, = 19.9567 (8-Dy2), 19.8300 (8-Dy4), and 19.883 (9-Dy), in which
the magnetic axis is nearly collinear to the Dy-N bonds. Compounds 8-Dy and 9-Dy are isotypic and as a
representative example, the main magnetic axis in the ground state of 8-Dy2 is superimposed on the
molecular structure in Figure 6.4. Previously, the amido N-atoms of (NNT2)Dy"(I)(THF),, 7-Dy were
proven to be greater directors of magnetic anisotropy over the bound halide and solvent (THF).* Thus, it

is not surprising that the strong electrostatic interaction of the N-atoms of the bisanilide ligand in 8-Dy and
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9-Dy dictates the orientation of the main magnetic axis of the Dy ions more strongly than the coordinated

halide ions or any interactions from the central terphenyl ring.

Figure 6.4 Calculated orientation of the main magnetic axis in the ground Kramers doublet of 8-Dy2
superimposed on the molecular structure. Colour code: Dark red (Dy™), green (Cl), blue (N), grey (C).

Protons and [K(DME)s] cations are removed for clarity.

There is negligible transverse anisotropy in the ground state KDs of all the species studied, suggesting that
there should be an absence of ground-state QTM. The first excited KD lies at 323 cm™!, 294 cm™ and 337
cm’! for 8-Dy2, 8-Dy4, and 9-Dy respectively. The second and third excited state KDs also have highly
axial principal g-values, which suggests that thermally activated relaxation should occur at least through
these states. Significant transverse components of the g-tensor are observed at the 4™ KD for 8-Dy2 (g’ =
2.7977, g’y = 6.161, g’, = 8.9011), 8-Dy4 (g’x = 1.9353, g’y = 3.4765, g’, = 10.1002), and 9-Dy (g’x =
1.6501, g’y = 1.3082, g’, = 11.1331). Large principal g-tensors; g’, = 19.0299 (8-Dy2), 19.0753 (8-Dy4),
and 18.714 (9-Dy); are obtained once again in the 8" KD for all species. Thus, thermal relaxation is
expected to occur via the 4" KD for both 8-Dy and 9-Dy with activation energies of 1088-1204 K (8-Dy)
and 1304 K (9-Dy).

As a representative example, the calculated transition matrix probabilities of compound 8-Dy2
displays minimal ground state QTM, with a transition magnetic moment of 8.2 x 10 g (Figure 6.5). The
transition magnetic moment of the 2" KD is two orders of magnitude larger (5.1 x 10~ ug) than the ground
state (1% KD), which coincides with an increase in the transverse components of the g-tensor for the 2" KD
(g’x=0.0138, g’y = 0.0165). At the 3" KD, the transition magnetic moment is an order of magnitude larger
(4.2 x 10 pg) than the previous and correlates to a proportional increase in the transverse components of
the g-tensor (g’x=0.1142, g’y = 0.1363). The vertical transition moments connecting the states of the same
magnetization in increasing energy (Figure 6.5; blue lines) are significantly larger than the corresponding

transverse moments, promoting a multistep relaxation pathway until the 4™ KD. Here, the transverse
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moment (1.6 pg) becomes sufficiently large enough to yield efficient thermally activated quantum
tunnelling of the magnetization (TA-QTM). To confirm the anisotropy and relaxation dynamics predicted
via ab initio methods for 8-Dy and 9-Dy, the magnetic properties were analyzed with SQUID

magnetometry.

Table 6.1 Energy splitting of the ground free ion J = 15/2 multiplet and the effective g-tensors for the low
lying KDs for 8-Dy2, 8-Dy4, and 9-Dy.

KD 8-Dy2 8-Dy4 9-Dy
1 0 0 0
2 323 294 337
3 630 567 663
4 837 756 906
5 882 789 1028
6 936 841 1051
7 1000 884 1089
8 1120 998 1173
g-tensors for low lying Kramers doublet states
g'l 0.0003 0.0003 0.0001
1 g2 0.0002 0.0002 0.0001
g3 19.9567 19.8300 19.883
g'l 0.0138 0.0132 0.0106
2 g2 0.0165 0.0156 0.0094
g3 17.1339 17.0367 17.0716
g'l 0.1142 0.1233 0.0365
3 g2 0.1363 0.1518 0.0279
g3 14.2045 14.1589 14.2201
g'l 2.7977 1.9353 1.6501
4 g?2 6.161 3.4765 1.3082
g3 8.9011 10.1002 11.1331
g'l 13.0964 0.8381 2.4631
5 g?2 3.9578 0.1176 3.5013
g3 1.275 17.9999 12.3088
g'l 8.1422 11.3617 10.8352
6 g?2 10.693 5.5460 3.7841
g3 3.326 4.3763 0.9453
g'l 15.9639 0.1488 12.14865
7 g?2 1.1859 0.9389 6.1477
g3 0.4726 14.7273 1.9997
g'l 0.0181 0.0439 0.3807
8 g?2 0.0981 0.0198 0.2456
g3 19.0299 19.0753 18.714
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Figure 6.5 Ligand field splitting of the ground term °H;s,, of 8-Dy2 (black bars) and 8-Dy4 (grey bars)
where each KD components are spaced according to the effective magnetic projections (x-axis). Blue
lines depict transitions with largest transition moments calculated with SINGLE ANISO* whereas red
lines depict unlikely transitions. The effective barrier for relaxation of the magnetization due to thermally

activated process is limited by the energy of the 4™ KD.

6.2.3 Direct Current Magnetic Susceptibility Studies

The direct current (dc) magnetic susceptibility studies revealed a characteristic temperature dependence for
both compounds. The near identical behaviour for 8-Dy and 9-Dy results in a gradual decrease in the plot
of T vs. T from 13.97 cm?-K-mol! (8-Dy) and 13.89 cm?*K-mol"! (9-Dy) at 300 K down to ca. 7 K
suggesting strong crystal field splitting (Figure 6.6). Below this temperature, a rapid decrease to final y7T
products of 7.92 cm*-K-mol™! (8-Dy) and 7.93 cm*-K-mol™ (9-Dy) at 1.8 K are observed. This behaviour is
typical of high-performing SMMs as a result of the onset of magnetic blocking. The high temperature y 7T

117 ;
ion (*Hisp,

products of 8-Dy and 9-Dy are close to the expected value of 14.17 cm* K-mol™! for a free Dy
S =52, L =25, g=4/3). The general shape of the susceptibility, in addition to the values, is in good
agreement with the ab initio calculated susceptibility which considers the local electrostatic environment
of the Dy ion. The field dependent magnetization collected at 1.9, 3, 5, and 7 K for 1 and 2 exhibits
sinusoidal character at low fields and reaches saturation values of 5.096 ug (8-Dy) and 5.122 s (9-Dy) at

70 kOe (Figure 6.7). The low saturation values are indicative of an axial, well isolated ground state.*’*13¢

39

144



Figure 6.6 Temperature dependence of the yT product under an applied dc field of 1000 Oe for (a) 8-Dy
and (b) 9-Dy. Experimental data is represented by black hollow circles. 4b initio calculated magnetic
susceptibility depicted by solid lines. For 8-Dy, two of the four crystallographically independent
molecules, 8-Dy2 (red) and 8-Dy4 (blue) which possess the upper and lower limits of the metrical data;
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Figure 6.7 Solid state field dependence of the (a-c) magnetization and (d-f) reduced magnetization at the
indicated temperatures. Experimental data is represented by hollow circles and the calculated data
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The field-cooled (FC) and zero-field cooled (ZFC) susceptibility measurements were collected to
confirm the presence of magnetic blocking as suggested by the low temperature profiles of the variable
temperature susceptibility (Figure 6.8). A clear divergence of the FC and ZFC curves occurs at 4.4 K (0.21
K min™') for both compounds, although the maximum in the ZFC susceptibilities are at 4.0 K, which is often
used as a mark of 7. Given this prospect of magnetic blocking, the magnetic hysteresis properties of 8-Dy
and 9-Dy were measured. A mean field sweep rate of 13.6 and 12.2 Oe s!, was used for 8-Dy and 9-Dy,
respectively (Figure 6.9). Under these conditions, nearly identical waist-restricted magnetization hysteresis
loops were observed from 1.8-5.8 K for 8-Dy and 9-Dy. At 1.8 K, the hysteresis loops are open when H #
0 Oe, with a maximum coercive field of 3687.2 Oe for 8-Dy and 3274.5 Oe for 9-Dy. When nearing 0 Oe,
the magnetization experiences a drastic decrease with no retention of the magnetic moment, indicative of
QTM. At 5.8 K, the loops remain open when H # 0 Oe with a coercive field of 448.0 Oe (8-Dy) and 407.3
(9-Dy), above this temperature openings were not observable. The identical ZFC-FC susceptibilities and
magnetic hysteresis loops of 8-Dy and 9-Dy suggests that the presence of a light vs. heavy halide has little
effect on the blocking properties and the compound’s ability to retain magnetization. However, due to the
variability of T with applied field and sweeping rate (of field or temperature), relaxation times were

investigated for these compounds with the use of ac magnetic susceptibility.
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Figure 6.8 Zero-field-cooled and field-cooled (ZFC-FC) curves for (a) 8-Dy and (b) 9-Dy under an
applied static field of 1000 Oe. Data were collected at a mean sweep rate of 0.21 K min™'. ZFC-FC

susceptibilities bifurcate at 4.4 K as indicated by the arrow in both samples.
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Figure 6.9 Magnetic hysteresis data for (a) 8-Dy and (b) 9-Dy in the temperature range 1.8-5.8 K.
Magnetic hysteresis data at the lowest measured temperature 7= 1.8 K for (c) 8-Dy and (d) 9-Dy. The

average sweep rate was calculated at different field intervals, with a mean sweep rate of (¢) 13.6 Oe s’

and () 12.2 Oe s™!, respectively.

6.2.4 Alternating Current Magnetic Susceptibility Studies

The high temperature magnetic relaxation times were probed by ac magnetic susceptibility measurements
in the temperature range of 1.9-70 K for 8-Dy and 7-62 K for 9-Dy. using a driving field of H.c = 3.78 Oe
and Hgc = 0 Oe. The in-phase (y’) and out-of-phase (y”’) components of the ac susceptibility as a function
of ac frequency (v) for 8-Dy display prominent SMM behaviour, with frequency dependent behaviour
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observable below 70 K (Figure 6.10). Below 15 K, there is little frequency dependence on y”.
Comparatively, in the y’ and y” susceptibilities for 9-Dy, a signal was observed at a marginally smaller
temperature of 62 K and persists as a frequency dependent signal until 8 K (Figure 6.10). It should be noted
that the loss of frequency dependence behaviour occurs at a lower frequency for 9-Dy than 8-Dy (0.8 Hz
vs. 8 Hz), suggesting that QTM effects in 8-Dy are greater. The magnetization relaxation times (7) were
extracted by fitting the individual »” and y” isothermal curves to the generalized Debye model.***! Across
the entirety of the temperature range studied, a minimal distribution of the relaxation times was obtained

for 8-Dy, a,; = 0-0.256 and a,» = 0-0.286, as well as for 9-Dy, a,, = 0.015-0.460 and a,» = 0.048-0.336.
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Figure 6.10 Frequency dependence of the (a-b) in-phase (y’) and (c-d) out-of-phase (y”’) components of
the ac susceptibility for 8-Dy and 9-Dy collected in the absence of an applied static field, Hi. = 0 Oe, at

the indicated temperatures. Solid lines represent best fits to the generalized Debye model.
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Due to the limited frequency dependence of the y’ and y” signals at low temperatures, ac
measurements were performed at a fixed temperature of 20 K and the applied static field was varied from
0-5000 Oe (Figure 6.11). Frequency dependent behaviour was observed between 0 and 400 Oe for 8-Dy,
above which very minute changes in the characteristic frequency were observed. Similarly, 9-Dy displayed
frequency dependent behaviour between 0 and 1000 Oe; however, the deviation in peak maxima occurred
over a much narrower frequency range (2-5 Hz vs. 2-14 Hz). A local minimum in the characteristic
frequency was obtained at 600 and 1200 Oe for 8-Dy and 9-Dy, respectively (Figure 6.11c). At these fields,
QTM effects are minimized, yielding longer relaxation times. The field dependent relaxation times were
obtained via the generalized Debye model and reveal a 6-fold increase in the relaxation time upon
application of a static field for 8-Dy. The short relaxation time of z =12 ms, when Hy. = 0 Oe, increases to
7= 72 ms at 600 Oe; comparatively, the optimal field of 1200 Oe for 9-Dy results in a relaxation time of
84 ms, a 2.5x increase from the zero-field time (7 = 34 ms). This relaxation time is longer than that obtained
under the optimal static field for the chloro-derivative, despite the need for a larger applied static field. In
fact, across the entirety of the studied field range, the iodo-derivative, 9-Dy, exhibits longer relaxation times

compared to 8-Dy.
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Figure 6.11 Frequency dependence of the out-of-phase (y”’) component of the ac susceptibility as a
function of applied static field, collected a constant temperature, 7= 20 K, for (a) 8-Dy and (b) 9-Dy. (c)
Field dependence of the relaxation times (7) at a fixed temperature of 20 K for compound 8-Dy (red) and
compound 9-Dy (blue). The relaxation times were obtained from the generalized Debye model. The
minimum represents the optimal static field for which the relaxation time is the longest and QTM is

reduced.

With the goal of increasing the SMM performance of both 8-Dy and 9-Dy by limiting the zero-field
QTM, ac susceptibility studies were completed at their respective optimal fields, 600 Oe for 8-Dy and 1200

Oe for 9-Dy. The effects of intermolecular interactions should also be negligible, as a field of 400 Oe or
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greater was determined to be necessary for decoupling the dipolar interaction between nearest neighbours
in the crystal lattice. Under these conditions, 8-Dy exhibited frequency dependent behaviour in the * and
x” components of the ac susceptibility throughout the entirety of the measured temperature range 7' = 10-
70 K (Figure 6.12). The z-values were obtained from the fits of the y’ and y” isotherms to the generalized
Debye model,'* which produced o, = 0-0.0745 and a,» = 0-0.0561, indicating a very narrow distribution of
the relaxation times. With respect to 9-Dy, upon application of a static field of 1200 Oe, frequency
dependent behaviour was observed from 10-62 K in the y’ and y” susceptibilities (Figure 6.12). Below 10
K, a maximum was not observed in the y” vs. v plot. A narrow distribution of relaxation times was also

found for this data set (o' = 0-0.371 and a,» = 0-0.264).
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Figure 6.12 Frequency dependence of the (a-b) in-phase (y’) and (c-d) out-of-phase (y’) components of
the ac susceptibility for 8-Dy and 9-Dy collected under an applied static field of optimal strength for both
8-Dy (Hac. = 600 Oe) and 9-Dy (Ha. = 1200 Oe). Solid lines represent best fits to the generalized Debye

model.

Insight into the magnetic relaxation dynamics was obtained through the analysis and fitting of the

! vs. T plots of 8-Dy and 9-Dy (Figure 6.13). Commonly, relaxation in SMMs is described by QTM,
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Orbach, and Raman mechanisms (Equation 6.1). Each of these processes possess unique temperature and
field dependences which allow for the interpretation of the relaxation dynamics of each SMM. To account
for these different relaxation regimes, the temperature dependent relaxation times were fit for QTM,

Orbach, and Raman relaxations (Equation 6.2).

-1 _ -1 -1 -1 6.1
T - TQTM + Torbach + TRaman ( )
U
T = 1oty + 75 exp <— ke;f> +CT™ (6.2)
B

These five parameters effectively reproduce the experimental relaxation times over their respective
temperature domains. For compounds 8-Dy and 9-Dy, the Orbach relaxation is dominate above ca. 48 K,
the Raman is active between ca. 10-48 K, and only at Hy. = 0 Oe is QTM observed below ca. 10 K. The

best fit parameters are summarized in Table 6.2.

Table 6.2 Magnetic relaxation parameters obtained from the fit of the temperature dependent relaxation

times for 8-Dy and 9-Dy. Best fits were obtained with QTM, Orbach, and Raman contributions.

8-Dy 9-Dy
Hg. =0 Oe Hy. =600 Oe Hgy. =0 Oe Hy.=1200 Oe
TQTM 0.023 s - 0.33s -
70 7.01x 105 481 x10M"s 337x10 s 3.58x10"%s

Uer  1334K /927 ecm” 1366 K /949 cm™ 1278 K /888 cm™ 1016 K/ 705 cm™!
C 3.0l x 103 s K™ 480x 10°s'K™ 9.89x10*s!'K™ 3.61 x10° s K™
n 3.0 4.17 3.35 4.22

The fit of the relaxation dynamics reveals large spin reversal barriers in zero field, Uesr = 1334
K/927 cm! (8-Dy) and 1278 K/888 cm™! (9-Dy), with attempt times (7o) in the range 1071103 s, as is for
other high-U.r SMMs (> 1000 K/ 695 cm™").1315161842 The Jack of change in the energy barrier despite the

difference in halide ion bound to the Dy'!

ion is likely a consequence of the halide not being situated along
the anisotropy axis; instead the transverse bisanilide ligand dictates the height of the barrier. To support
this, there is little change in the energy barriers with application of the respective optimal static fields as
this process is a function of the crystal field splitting manifold. For compounds 8-Dy and 9-Dy, the U.s
values are in good agreement with the prediction from the ab initio results, that magnetic relaxation would

occur via the 4" KD (ca. 900 cm™).
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Figure 6.13 Temperature dependence of the magnetic relaxation times (7) when Hy. = 0 Oe for (a) 8-Dy

and (b) 9-Dy. The respective analysis on the field-induced relaxation times when (c) Hac

600 Oe for

8-Dy and (d) Hqc = 1200 Oe for 9-Dy. The red solid lines represent best-fits to Equation. 6.2. The orange,

teal, and purple lines are the individual components of the magnetization relaxation for Orbach, Raman,

and QTM processes, respectively. The estimated standard deviations of the relaxation time have been

calculated from the a-parameters of the generalized Debye fits with the log-normal distribution.

With respect to Raman relaxation, the C and n parameters remain relatively constant for 8-Dy (C =
3.01 x 10°s'K™; n = 3.0) and 9-Dy (C = 9.89 x 10*s'K™; n = 3.35) at zero field. Despite the similar
parameters, the relaxation times for this regime are longer for 9-Dy. In fact, at zero field, and 30 K, the
relaxation time is more than twice (2.62 x) as long for 9-Dy (0.011 s) compared to 8-Dy (0.006 s). While
at their respective optimal fields, the discrepancy in the Raman relaxation times at this temperature is

negligible (r = 0.016 s). At the higher temperature limit of this relaxation process, there are only minor
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differences in the relaxation times for 8-Dy and 9-Dy. This may be indicative of contributions from the

Orbach relaxation as the two compounds have very similar crystal field splittings (vide supra).

Lastly, at zero-field, the relaxation dynamics of 8-Dy and 9-Dy at low temperature are characterized
by a QTM rate on the order of milliseconds. In the absence of an applied static field, 9-Dy has notably less
contributions from tunnelling pathways compared to 8-Dy. The rate of tunnelling is considerably slower in
the iodo-derivative compared to the rate of 8-Dy (43.48 s vs. 3.03 s™!). This represents a decrease in the

efficiency of the QTM process by a factor of 14 for 9-Dy.
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Figure 6.14 (a) Temperature dependence of the magnetic relaxation times (r) when Hy. = 0 Oe (blue)
and Hg.= 600 Oe (red) for compound 8-Dy. Solid lines represent best-fits to Equation 6.2. The estimates
standard deviations of the relaxation time have been calculated from the a-parameters of the generalized
Debye fits. (b) The corresponding data for compound 9-Dy. The dashed lines represent the QTM rates
for compound 8-Dy (green) and 9-Dy (purple), demonstrating a faster QTM rate for 8-Dy.
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To illustrate this significant difference, the QTM rates of 8-Dy (green) and 9-Dy (purple) have been
represented as dotted lines on the opposing 7 vs.T ' plots (Figure 6.14). This means the tunnelling
mechanism is more efficient and faster in the chloro-derivative which may be a consequence of the shorter
Dy-X distance of 8-Dy (2.510(3)-2.579(3) A) vs. 9-Dy (2.9355(7)-2.9771(5) A), resulting in marginally
larger transverse components (g’x, g’y) of the anisotropy for 8-Dy (vide supra). Nonetheless, it is evident

that varying the halide ions results in notable changes in the rate of the through-barrier relaxations.

6.3 Summary and Conclusion

In conclusion, the bisanilide terphenyl ligand [LA]*, when coordinated to Dy™

, gives rise to an unusual,
see-saw shaped metal ion geometry. The transverse coordination mode of the ligand, combined with the
free-ion oblate-shaped electron density of Dy, leads to two SMMs with impressive energy barriers to spin
reversal U= 1334 K (927cm™) and 1299 K (903 cm™) in zero field. The crystal field imposed by the
bisanilide ligand is the most dominant influence on the crystal field regardless of the ancillary halide (Cl
vs. 1), thus it defines the height of the energy barrier. However, it is clear that the presence of a heavy halide
leads to longer relaxation times on average, resulting in a 564% increase in zero field. While it has been
proposed that the weaker more diffuse interaction of the iodide ligand would lead to overall greater SMM
performance, the direct effects of this are not indicated by the Uk, instead small changes to relaxation
dynamics are observed. Most notably, a 14x increase in the efficiency of the QTM pathway is observed
when chloride ions are bound to the Dy ion. When dominant, the Raman relaxation pathway is more than
twice (2.62x) as fast in the chloride (8-Dy) analogue vs. the iodide (9-Dy) Thus, incorporating heavier atoms

11T

into high-performing Dy SMMs is an effective way to increase the relaxation times of through-barrier
relaxation pathways, which would ultimately allow the Orbach process to preside over a wider temperature
regime. Yet, their incorporation will not necessarily improve the Uk or the blocking capabilities of a SMM,
as the relative location of the heavy atoms with respect to the anisotropy axis combined with the other

contributors to the crystal field are all vital to defining these features.

6.4 Experimental Details

6.4.1 General Procedures

All air and moisture-sensitive operations were performed in a M. Braun dry box under an atmosphere of
purified dinitrogen or using high vacuum standard Schlenk techniques. Solvents were dried using a Pure
Process Technology Solvent Purification System and subsequently stored under a dinitrogen atmosphere
over activated 4 A molecular sieves. Anhydrous DyCl; was purchased from Strem Chemicals Inc. at 99.9%
purity. DyI3(THF); s was synthesized using previously reported methods.* [K(DME),],L*" was synthesized

according to the literature procedure.”’ THF-ds and benzene-ds were purchased from Cambridge Isotope
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Laboratories Inc. and dried over activated 4 A molecular sieves for 24 h prior to use. Celite used for
filtration was dried under vacuum while heating at 250 °C for 24 h, subsequently cooled under vacuum,
and stored under dinitrogen. All NMR data reported were measured using a Bruker AVANCE 111 400 MHz
spectrometer, and the 'H NMR spectra are referenced to SiMes using the residual 'H solvent peaks as
internal standards. UV/vis-NIR spectra were recorded using a Cary 5000 spectrophotometer. Elemental
Analyses were performed by Midwest Microlabs, LLC. UV-vis/NIR spectra were recorded on a Cary 5000

spectrophotometer using toluene as a solvent.

6.4.2 Experimental Procedures

Synthesis of [K(DME);] [LA'Dy'"(Cl),] (8-Dy) . In a 20 mL scintillation vial, DyCl; (40.7 mg, 0.15 mmol)
was added to THF (2 mL) with stirring, forming a colorless suspension. In a separate vial, [K(DME),],LA
(150.0 mg, 0.15mmol) was dissolved in THF (4 mL), making a dark red solution. Both vials were frozen
in a liquid nitrogen cooled cold-well within a glovebox. Upon thawing, the [K(DME),],LA" solution was
added dropwise to the thawing, stirring DyCls suspension. The reaction was allowed to warm to room
temperature and stirred for 12 h, resulting in a brown-yellow turbid solution. The mixture was filtered
through a plug of Celite supported on a glass frit, passing a clear, brown-yellow solution. The filtrate was
dried under reduced pressure to give a light brown-yellow solid. The solid was dissolved in DME (1 mL)
and crystals of 8-Dy were grown from storage of the DME solution at -25 °C for 3 days. Yield: 78.8 mg,
47.4%. "HNMR (25 °C, 400 MHz, THF-ds): 8 -401.5 (br s), -300.3 (br s, fwhm = 8,211 Hz), -102.8 (br s),
-0.2 (br s), 12.6 (br s), 33.2 and 35.8 (overlapping br s), 64.3 (br s), 117.4 (br s), 148.7 (br s), 156.9 (br s),
212.8 (br's, fwhm = 6,276 Hz), 294.9 (br s), 317.3 (br s). UV-vis (toluene, 0.29 mM, 25 °C, L-mol!-cm
1:297 (6=11,808), 406 (¢ = 1,992). Anal. Calcd for CssH76NOsKDyCl,: C, 57.81; H, 6.84; N, 2.50. Found:
C, 58.02; H, 7.00; N, 2.58.

Synthesis of [K(DME),][LA"Dy"(I);] (9-Dy) . In a 20 mL scintillation vial, DyI;(THF)35(285.0 mg, 0.288
mmol) was added to THF (6 mL) with stirring, forming a colorless suspension. In a separate vial,
[K(DME),],LA" (252.7 mg, 0.25 mmol) was dissolved in THF (4 mL), making a dark red solution. Both
vials were cooled down to -35 °C in a cold-well within a glovebox. Then, the [K(DME),].LA" solution was
added dropwise to the cold, stirring Dyl3(THF); s suspension. The reaction was allowed to warm to room
temperature and stirred for 12 h, resulting in a brown-red turbid solution. The mixture was filtered through
a plug of Celite supported on a glass frit, passing a clear, brown-red solution. The filtrate was dried under
reduced pressure to give a red solid. The solid was dissolved in DME (2 mL) and layered with pentane (2
mL). Crystals of 9-Dy were grown from storage of the DME/pentane solution at -35 °C for 3 days. Yield:
221.7 mg, 55.7%. "H NMR (25 °C, 400 MHz, THF-ds):  -348.6 (br s), -156.9 (br s, fwhm = 1,052 Hz), -
349 (brs), 11.3 (brs), 11.7 (br s), 12.5 (br s), 12.7 (br s), 13.3 (br s), 45.6 (br s, fwhm = 2,764 Hz), 53.3
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(brs), 73.1 (br s, fwhm = 1,488 Hz), 80.9 (br s), 93.2 (brs), 95.1(brs), 118.9 (brs), 123.4 (br s), 129.6 (br
s, fwhm = 2,148 Hz), 136.9 (br s), 165.5 (br s, fwhm = 3,208 Hz), 183.9 (br s, fwhm = 1,800 Hz), 291.3 (br
s), 328.2 (br s, fwhm = 3,252 Hz). UV-vis (toluene, 0.122 mM, 25 °C, L-mol!-cm™): 285 (¢ = 18,860),
438 (e = 1,435). Despite several independent attempts, a combustion analysis of 9-Dy gave unsatisfactory

values, which may be due to impurities or poor combustion properties

6.4.3 Crystallography

Single crystal X-ray studies for 8-Dy and 9-Dy were initially carried out on a Bruker 3-axis platform
diffractometer equipped with an APEX I CCD detector using a graphite monochromator with a Mo Ka X-
ray source (A =0.71073 A) at 100(2) K under a flow of nitrogen gas during data collection. Alternatively,
for 8-Dy, low temperature data (15(2) K under a flow of helium gas) was collected at ChemMatCARS
located at the Advanced Photon Source (APS), Argonne National Laboratory (ANL), using synchrotron
radiation (A = 0.41328 A) in conjunction with a Bruker D8 three-circle platform goniometer equipped with
Dectris PILATUS 100 detector. Samples were coated in NVH crystallographic immersion oil and mounted
on a glass fiber prior to diffraction. Data was collected using ¢ and ® scan collection strategies. Data
collection and cell parameter determination were conducted using the SMART* program. Integration of
the data and final cell parameter refinements were performed using SAINT* software with data absorption
correction implemented through SADABS.* Structure solutions were completed using direct methods
determinations in SHELXTL*"*® or Olex2* crystallographic packages. All hydrogen atom positions were

idealized and treated as riding on the parent atom.
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Table 6.3 Crystallographic data for 8-Dy and 9-Dy.

Compound 8-Dy 8-Dy (100 K) 9-Dy
[K(DME):][LADy(Cl).] [K(DME)3][L*Dy(Cl)] [K(DME)s][L*Dy(I).]
(15 K) (100 K) (100 K)
Empirical formula DyN2ClCa2H32'K(C4Hi1002);  DyN2ClaCa2Hz2-K(CsHi1002)s  DyN2l2CaxHza-K(CsH1002)4
Formula weight 1121.76 1121.76 1881.21
Crystal habit, colour Block, red orange Block, red orange Block, red
Crystal size, mm 0.15x0.15x0.14 0.12x0.13x0.21 0.15x0.15x 0.25
Crystal system Monoclinic Monoclinic Triclinic
Space group Pn Cc P1
V4 2 4 1
a, A 21.2253(8) 21.287(2) 13.2019(4)
b, A 15.87848(7) 15.8231(9) 13.5333(4)
c, A 34.262(1) 34.353(2) 18.6052(5)
a, ° 90 90 104.305(2)
B, ° 105.304(1) 105.354(2) 94.039(2)
Y, ° 90 90 108.319(2)
Volume, A3 11072.1(8) 11157.9(1) 3017.91(2)
Calculated density, 1342 1338 1035
Mg/m?
Absorption c_ciefﬁment, 1568 0.184 1205
mm
F(000) 4626.3 4400 953.0
Total no. reflections 267074 153297 180319
Unique reflections 43121 25858 19676
Final R indices R =0.0464 R =0.0543 R1=0.0730
[1>20(1)] wR> =0.01259 WR> =0.01459 WR> =0.01463
Largest djggea”h(’le’ 2.3 and 2.2 2.0and 2.9 -3.43 and 4.23
Goodness-of-fit 1.043 1.119 1.153

6.44 Magnetometry

The magnetic susceptibility measurements were obtained using a Quantum Design SQUID magnetometer
MPMS-XL7 operating between 1.8 and 300 K. DC measurements were performed on polycrystalline
samples of 17.0 mg for 8-Dy and 23.0 mg for 9-Dy. The samples were restrained with silicon grease and
wrapped in a polyethylene membrane under an inert atmosphere. The samples were subjected to DC fields
of -7to 7 T, and a 3.78 Oe driving field was used for AC measurements. The magnetization data were
collected at 100 K to check for ferromagnetic impurities that were absent in both samples. Diamagnetic
corrections were applied for the sample holder and the inherent diamagnetism of the samples were estimated

with the use of Pascals constants.
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6.4.5 Computational Details

Electronic structure calculations were performed using MOLCAS-8.0 program?* with the following basis
set: Dy-ANO-RCC-VTZP; O and Cl, N- ANO-RCC-VDZP; C and H — ANO-RCC-VDZ.3*? Cholesky
decomposition with the “high” accuracy threshold was used for the two electron integrals to speed up the
calculation and reduce memory requirements.*>* Scalar relativistic effects were accounted using second
order Douglas-Kroll-Hess approximation.> Active space for CASSCF>¢ calculation of spin-free states

consists of seven 4f orbitals with 9 electrons for Dy™

. Spin-orbit coupling was computed using the mean-
field approximation®” as implemented in RASSI. Molar magnetic susceptibility and magnetization were
computed using SINGLE _ANISO® routine together with the ligand field parameters for Stevens operator

equivalence representation of the ground term with the total momentum J = 15/2.1
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Table 6.4 Parameters of the crystal field acting on the ground J = 15/2 multiplet for 8-Dy2, 8-Dy4, and

9-Dy.
Rank Proj. 8-Dy2 8-Dy4 9-Dy

2 0.13759277070001E+01  -0.79920811552959E-01 0.16752865084159E+00

-1 0.60568258227511E+01  0.28599494401362E+00  0.39646482700936E+00

2 0  -0.55064478748947E+01 -0.52311665514918E+01  -0.66530092985073E+01
1 0.41850561175636E+01  0.11885846759185E+01  -0.44784204178090E+00

2 -0.68657368182833E+00  0.13981371879997E+01  0.11089368721060E+01

-4 -0.91760884828230E-02  -0.79920811552959E-01 0.39880372896653E-02

-3 -0.14086244655349E-01 0.28599494401362E+00  -0.26482342836212E-02

-2 -0.14285025336814E-02  -0.52311665514918E+01  -0.90851456298114E-02

-1 0.20680347114299E-01 0.11885846759185E+01  -0.13738781928699E-02

4 0 -0.70841322519724E-02 0.13981371879997E+01  -0.71951245336476E-02

1 0.20734433397404E-01  -0.79920811552959E-01  -0.31869352368885E-02

2 0.10289683903598E-01 0.28599494401362E+00  0.38389874398895E-02

3 -0.14943562628113E-01 -0.52311665514918E+01  -0.23892900704950E-04

4  -0.42423524791366E-02 0.11885846759185E+01  0.34016686935758E-02

-6 0.86158469752200E-04 -0.79361156154741E-04  -0.79361156154741E-04

-5 -0.10633981818438E-03 -0.27267292140858E-04 0.19242112830489E-03

-4 0.18642583169091E-04 0.68422938523818E-04  -0.20432267401460E-04

-3 0.24224997515557E-03 0.29869891007048E-04  -0.87061230531053E-04

-2 -0.10245005043998E-04 -0.17417071280434E-03 0.29821568924351E-04

-1 -0.23938258563324E-03  -0.31526907569805E-04 0.15038172178457E-03

6 0 0.23586180988534E-04 0.35836414935033E-04 -0.81422340169123E-06

1 -0.30055714833460E-03  -0.54142123313893E-04 0.41048821195452E-04

2 -0.10163342384825E-03  -0.38183385612794E-04 0.37107631720323E-04

3 0.21065400387940E-05 -0.60463654159698E-05 -0.11360069075366E-03

4  -0.14861094420313E-04  -0.47082382123324E-04  -0.20689940768087E-04

5 0.37422404611554E-03 0.26440266706367E-04 0.23766420845702E-04

6 0.17707052063856E-03 0.18254608171442E-03  -0.74637611785098E-05
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Chapter 7

Conclusion and Future Directions

7.1 Highly Anisotropic Lanthanide SMMs

This thesis presented a series of mono- and dinuclear lanthanide SMMs and analyzed their respective
magnetic properties to gain a more thorough understanding of the factors that govern the relaxation
dynamics in 4f systems. Often one of the features of lanthanide SMMs that limit their performance is
quantum tunneling of the magnetization (QTM), and this is even more prevalent in non-Kramers ions (i.e.,
those with integer angular momenta). In Chapter 2 this was investigated in two closely related Tm™-COT
compounds, [Tm"(#3-COT)I(THF),] (1-Tm) and [K(18-crown-6)(THF),][Tm'"(#%-COT),] (2-Tm). The
findings of this work demonstrated the importance of controlling symmetry at the metal center to decrease
the efficiency of QTM while also simultaneously increasing the effective barrier. One of the ways to
circumvent the drastic effects of QTM is to invoke magnetic coupling between spin centers. In this context,
dinuclear SMMs have become ubiquitous models for studying this over several different styles of bridging
units (e.g., diamagnetic organic ligands, inorganic anions, open-shell ligands, etc.) While the identity of the
bridging moiety between spin-carriers is important, arguably the ancillary ligands in dinuclear and even
polynuclear SMMs are just as significant in dictating the performance of an SMM. Indeed, comparing
[Dy"™{N(SiMe3),}(u-C1)(THF)]2 (3-Dy) and [Dy"(#3-COT)(u-C1)(THF)]. (4-Dy) in Chapter 3 revealed
greater magnetic axiality for 3-Dy and relaxation dynamics free of QTM. Whereas 4-Dy is predicted to
have increased magnetic coupling, this is likely a result of the relative orientations of the anisotropic axes
of the Dy ions, furthering supporting the vital role that ancillary ligands play in the magnetic properties.
Moreover, it was identified that the presence of bridging chloride ions diminishes the magnetic axiality of
the lanthanide, hindering the SMM potential of the compounds. This sentiment was echoed in Chapter 4
where the diffuse and electron rich m-cloud of the cycloheptatrienyl trianion was thought to enhance the
magnetic coupling in dinuclear compounds [KLn",(7-C7H7) {N(SiMes).}4] (5-Ln) and [K(THF),Er'™", (-
C7H7){N(SiMes)»}4] (6-Er) leading to reduced QTM and greater SMM performance. While ferromagnetic
coupling between the 4f ions was determined for this set of compounds, the presence of the
cycloheptatrienyl trianion reduced the magnetic axiality at the individual magnetic sites. This meant that
the strength of the magnetic coupling was not great enough to overcome the transverse crystal field effects
and QTM was still a prevalent feature of the relaxation dynamics in these dinuclear species. Thus, to truly

enhance the performance and limit ground state relaxation, the individual metal sites would need to be
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separated; this was achieved with the use of a ferrocene diamide ligand in [(NNT®5)Dy"[(THF).] (7-Dy).

Here the diamide imposes a dominant ligand field on the Dy™

ion, yielding a larger energy barrier to spin
reversal (U = 771 K) with open hysteresis loops. However, the directionality on the anisotropy imposed
by the ferrocene diamide was not strong enough to preclude the observation of QTM. In fact, the presence
of two THF molecules and an iodide ligand in the equatorial positions of this ion introduce transverse
components to the crystal field, effectively promoting QTM and limiting the over barrier relaxation. We
identified that the THF ligands limit this by up to 33 % more than the iodide ligand itself. It was apparent
that the THF ligands would need to be removed from the primary coordination sphere, indeed in Chapter 6
the presented compounds [K(DME);][LADy"(Cl):] (8-Dy) and [K(DME)4][LA"Dy"™(I),] (9-Dy) were
devoid of solvent in the primary coordination sphere. While the identity of the halide was found to have

little effect on the overall magnetic properties of the Dy™

ion, the wider more obtuse bite angle of the
bisanilide ligand employed combined with the lack of THF in the equatorial position, preserved the axiality
in the excited states of these compounds enabling multistep magnetic relaxation. This elicited the highest
energy barriers observed throughout this work, with U= 1278-1334 K in zero field. From this work it is
clear that a careful balance must be achieved between the angle of donor atoms from the amido ligands, the
Ln-N bond distances, and the identity of the equatorial ligands (i.e., the transverse components to the crystal
field) in order to obtain efficient SMMs. The collective results of these findings are being utilized to guide

the synthetic efforts of new low-coordinate lanthanide SMMs.

7.2 Next Steps from the Lessons Learned

Viewed as a holy grail approach for harnessing the maximum magnetic anisotropy of a Dy'" ion is the 2-

coordinate linear molecular geometry. In this arrangement, the effective crystal field of the Dy™ spans

several hundreds of wavenumbers;'

combined with the lack of equatorial ligands this geometry will
theoretically produce an SMM whose U and Ts reach far beyond what has been reported to date.’
However, this represents a significant synthetic challenge. The large ionic radii of the trivalent lanthanide
ions are often saturated by several donor atoms/ligands readily yielding coordination numbers of 8 and 9.
When lanthanide ions possess large cationic charges that are not sufficiently quenched by the ligands,

solvent coordination and/or intramolecular reactions will occur to afford the most stabilized compound,

which can drastically reduce the performance of a SMM.*

The work presented herein shows the strong role and emphasis of amido-based ligands in producing
high-energy barrier SMMs as the localized charges of the N-atoms are very strong directors for magnetic
anisotropy. Even in the earlier chapters, the dinuclear compounds presented, namely 3-Dy, 5-Ln, and 6-Er
were highly axial despite the presence of equatorial bridging ligands and magnetic coupling; this testifies

to the ability of the amide to direct the anisotropy. Unfortunately, the silyl amide used in compounds 3-Dy,
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5-Ln, and 6-Er is not sufficiently bulky to prevent other equatorial ligands from approaching, and with
such a small R-group (SiMes), the tris-compounds can be readily formed. Thus, inspired by earlier work
on transition metal compounds,’ we decided to use the ligand KN(SiMePh), for its steric bulk and solubility
in an attempt to isolate two-coordinate linear 4f compounds. This salt is easily prepared from the
deprotonation of HN(SiMePh,), with potassium hydride.® To ensure the installment of only two amido
ligands, the reaction of KN(SiMePh,), with divalent lanthanides was investigated. Divalent lanthanide
diioides, such as Ybl, were solvated in a solution of THF, resulting in a colour change which signifies the
formation of YDbI(THF)x. Subsequent addition of a solution of KN(SiMePhy), afforded
Yb"{N(SiMePh,),}, (10-Yb), a divalent two-coordinate 4f compound (Figure 7.1)

SN .
N i |
si” si H2 N

4

@\ /0 0.5 Ybl,
\ -2KI

Si
N THF
41D
GO
SQN‘

/N
10-Yb
[Yb'"{N(SiMePh,),},]

I [0]

[Yb"{N(SiMePh,),},]*

Figure 7.1 Synthetic scheme towards low coordinate 4f SMM:s.

The divalent compound 10-Yb was obtained as dark red crystals, for which we obtained a single-

crystal X-ray structure (Figure 7.2). The structure revealed a two-coordinate, near linear (N-Yb''-N =
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171.6°) yetterbium ion coordinated by two of the [N(SiMePh»),]” ligands, which yield Yb"-N distances of
2.34 A and 2.36 A (Table 7.1). These are highly desirable features in the pursuit of a Dy™ two-coordinate
system, and we view 10-Yb as a model in this pursuit. Notably, the predicted features for a Dy derivative
require the trivalent oxidation state. A recent report has demonstrated that divalent Sm', Tm" and Yb" can
be oxidized with either ‘BuCl or [Fc][PF¢] to give the resulting trivalent ion with a bound halide.’
Unfortunately, this requires an additional step to remove the bound halide, and a work-up to remove the
spent oxidant. As such, we have been investigating the use of oxidants to facilitate this process from the
divalent species 10-Yb to the trivalent species directly, without the need of performing a halide abstraction.
This will require the use of a compound that is bulky enough to preclude its approach to the highly activated

Lewis acidic center while also being readily accessible to participate in the necessary redox chemistries.

10-Yb

Figure 7.2 Solid state molecular structure of Yb"{N(SiMePh,),}> (10-Yb). Colour code: orange (Yb"),
teal (Si), blue (N), grey (C). Hydrogen atoms have been omitted for clarity.

With a fully optimized oxidation pathway, there is great promise in this route for developing new high-
performing lanthanide SMMs. The work presented in this thesis has gradually shown the progression in the
anisotropy barrier and relaxation dynamics from [Dy™{N(SiMe3),}2(u-C1)(THF)], (3-Dy) and [KLn'",(7’-
C7H7){N(SiMes),}4] (5-Ln), whose ground states were highly axial despite the presence of significant
transverse effects, to mononuclear amido-based compounds like [(NNTES)Dy™(I)(THF).] (7-Dy),
[K(DME);][LADy"(Cl),] (8-Dy), and [K(DME)4][LADy"™(I),] (9-Dy). Perhaps unsurprisingly, a trend
emerges such that a wider more obtuse N-Ln-N angle is desirable for promoting axiality in each doublet
state, yet a strong and short Ln-N bond distance is also required. These are often competing and differing

features which need to be carefully balanced to achieve even greater amido-based lanthanide SMMs. Thus,
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a barrier that closely resembles that predicted for [Dy™ImPP"NCI,(THF);] (ca. 3700 K) may be achievable
using the synthetic route that is being developed; if the structural metrics of 10-Yb are any indication, it

should exhibit a barrier much larger than even the highest reported herein (ca. 1300 K for 8-Dy and 9-Dy).

Table 7.1 Structure-property relationships at a glance.

Compound N-Ln-N ()  Ln-NQA)“ U (K)/ Hac (Oe) 7o1m (5
1-Tm - 1.75 7.93 /800 373.1
2-Tm - 1.85 53.3/200 2.70
3-Dy 117.8 2.21-2.24 518/0 (°]
4-Dy - 1.79 140/ 0 27.7
5-Gd 97.8-106.2  2.32-2.39 (€] (€]
5-Dy 98.3-106.3  2.28-2.35 (] (]
5-Er 98.6-105.7  2.26-2.33 58 /3800 (€]
6-Er 102.1-111.0  2.26-2.32 (4] (4]
7-Dy 137.7 2.20-2.21 770/ 0 [e]
8-Dy 163.2 2.38-2.41 1334 /0 43.48
9-Dy 160.3 2.40-2.44 1278 /0 3.03
10-Yb 171.6 2.34-2.36 U U
Dy(ImP"N),  ca. 180 221 3761 -

l“l for COT-based compounds the distance corresponds to the Ln-COTcentroid distance; "' QTM not observed
in experimental data; 1! isotropic compound, no ac data collected; I slow relaxation dynamics not observed
during experiment; )/ QTM observed but not quantified; /! diamagnetic compound, no magnetic data
collected; ¥ theoretical compound, calculated from [Dy™ImPPPNCI,(THF);]®

7.3 Outlook and Commentary on Lanthanide SMMs

The technological relevance of SMMs hinges on raising the blocking temperature (73) for the long-term
maintenance of the magnetic moment. The quest for understating the fundamental link between the energy
barrier to spin inversion (U.f) and 75 remains an ongoing challenge in the field. New work suggests a close
link between the blocking temperature and Raman relaxation in high-Ues SMMs,’ yet no conclusive
correlation exists for all SMMs. Experimentalists and theorists have a thorough understanding of the factors
that influence the height of the anisotropic barrier; however, a similar and definitive understanding for the
blocking temperature is lacking. This has resulted in SMMs with very large barriers and minimal magnetic
hysteresis and has resulted in the non-linear advancement of blocking temperatures. During the course of

my doctorate work, the 75 of SMMs has seen massive improvements from 7 = 14 K (which was the highest
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reported for many years),'®!" to 7T = 20 K,'? and then with blocking at liquid nitrogen temperatures and
beyond.>!*!* Closely linked to these advancements in lanthanide-based SMMs are the concurrent

advancements in synthetic 4f chemistry,!>!® 4f oxidation state diversity,'*

and computational
chemistry.?'> It goes without saying that many of the discoveries and synthetic work in the field of
lanthanide SMMs (and in this thesis) have been made possible due to significant advances in computational
modelling of 4f systems.?*2® 4b initio methods now exist for accurately determining the orientation of the
anisotropy axes in molecules from structural data and/or models (i.e., without experimental and/or structural
data); these predictive methods have guided efforts towards the isolation of new SMMs."?”-?8 Undoubtedly,
continued advances in computational methods for 4f systems will continue to aid in the development of

new SMMs and continue to guide experimentalists.

When I began, a well-established approach in the Murugesu group was employing the rigorous
synthetic and design control that lanthanide organometallic chemistry afforded to isolate high-performing
SMMs. Previously, the Murugesu group demonstrated the effectiveness of arenes such as cyclooctatetraene

i

in the maximizing the anisotropy of prolate Er'! ions.!®*+* More recently, a significant focus on

cyclopentadienyl complexes of oblate Dy

ions continues to yield large figures of merit for SMM
performance,’! making organometallic chemistry a mainstay in the field of lanthanide SMMs. Notably,
many of the top performing lanthanide based SMMs require strict anaerobic conditions owing to their lack
of thermodynamic stability, and involve the use of glovebox and Schlenk techniques, the examples
presented within this thesis are no different. Some believe that this represents a significant barrier for SMM-

based technologies in terms of practicability and application and will need to be addressed to increase the

technological readiness of SMMs.

Moreover, to exploit the properties of these molecules, in applications such as information storage,
spintronics, etc., it is crucial to transfer the molecules from the crystalline state to surfaces. In this form, the
molecules can be electrically addressed by STM methods such as probe microscopy with single-molecule
sensors.*?* It is of great interest to develop systems which are sublimable for surface functionalization and
ultimately device fabrication.*® Indeed, this is an area of research itself with challenges associated to the
retention of the magnetic properties once the molecules are deposited onto surfaces.*® While much of the
work in the field of lanthanide SMMs is burgeoning, there are still a lot of improvements to be made from
a practical perspective. For example, for molecules to be easily sublimable on to surfaces, requires thermal
stability and stability with respect to a vacuum. However, after more than two decades of research, the field
of single-molecule magnets approaches the pinnacle era for the applications that they were initially
proposed for circa 1993. This warrants their continued investigation and efforts by chemists, physicists, and

theorists.
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