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Abstract
Metal-Radical Magnetic Exchange: From Molecules to Metal-Organic Frameworks
by
Lucy Elizabeth Darago
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Jeffrey R. Long, Chair

This dissertation describes several investigations into the use of paramagnetic ligands to drive
new electronic behaviors in molecules and materials. In the field of single-molecule magnetism,
radical bridging ligands are primarily of interest as a mode of generating strongly exchange-
coupled magnetic units for use in high-density data storage. Incorporation of radical ligands into
metal-organic frameworks may provoke a more diverse set of behaviors, including electronic
conductivity, redox activity, and bulk magnetic ordering. Chapter 1 provides a perspective on the
field of metal-radical coordination chemistry, highlighting some of the most notable metal-radical

materials in the literature.
I

Chapter 2 details the study of a three-dimensional metal-radical solid composed of Fe™ centers
and  paramagnetic  semiquinoid  linkers, (NBus):Fe»(dhbq);  (dhbg**~ = 2,5-
dioxidobenzoquinone/1,2-dioxido-4,5-semiquinone). UV-Vis-NIR diffuse reflectance

measurements reveal that this framework exhibits Robin-Day Class II/I1I ligand mixed valence,
one of the first such observations in a metal-organic framework. The mixed-valence ligand
manifold is shown to facilitate high electronic conductivity in addition to strong metal-ligand
magnetic exchange. Slow-scan cyclic voltammetry is used to probe the redox activity of the
framework, leading to synthesis of the reduced framework material Nag o(NBua): sFe'''>(dhbq)s via
a post-synthetic chemical reduction reaction. Differences in electronic conductivity and magnetic
ordering temperature between the two compounds are correlated to the relative ratio of the two
different ligand redox states. Overall, the transition metal-semiquinoid system is established as a
particularly promising scaffold for achieving tunable long-range electronic communication in
metal-organic frameworks.

In Chapter 3, a series of two-dimensional lanthanide-quinoid metal—organic frameworks of the
formula Lny(dhbq)3(DMF),-yDMF (Ln = Y, Sm-Yb, DMF = N,N-dimethylformamide) is
synthesized and post-synthetically reduced to produce the series of lanthanide-semiquinoid
frameworks Na,Lny(dhbq);(DMF),(THF). (THF = tetrahydrofuran). This set of lanthanide-radical
frameworks is investigated using IR and UV-Vis-NIR spectroscopies, which confirm the presence
of radical ligands. Magnetic susceptibility measurements indicate that lanthanide-radical magnetic
exchange is relatively weak and localized. The systematic analysis of magnetic behaviors of
lanthanide-radical coordination solids incorporating a series of lanthanide ions allows for new
discussion regarding enhancement of lanthanide-radical magnetic exchange in extended solids.



Chapter 4 reports the synthesis and characterization of the trinuclear 4d-4f complexes
[(CsMes):Ln(p-S)2Mo(p-S)Ln(CsMes)2][Co(CsMes)2] (Ln = Y, Gd, Tb, Dy), containing the
highly polarizable and paramagnetic MoS4>~ bridging unit. UV-Vis-NIR diffuse reflectance and
electron paramagnetic resonance spectroscopies reveal substantial charge transfer between MoV
and Ln'! centers. This metal-to-metal charge transfer enables strong ferromagnetic Ln—Mo
exchange, giving rise to one of the largest Gd™! magnetic exchange constants, JGd-Mo, Observed to
date, +16.1(2) cm™!. Both the Tb™ and Dy™ complexes are shown to exhibit slow magnetic
relaxation via ac magnetic susceptibility measurements, with the Dy'! congener exhibiting the
largest thermal relaxation barrier yet reported for a complex containing a 4d metal center, 68 cm™
!, These results demonstrate a generalizable route to enhanced nd-4f magnetic exchange, revealing
opportunities for the design of new nd-4f single-molecule magnets.
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Chapter 1: An Introduction to the Magnetism of
Metal-Radical Materials



1.1 Introduction

High-performance magnetic materials underpinned many technological achievements of the
20" century, including the development of portable electronics, electric motors, and data recording
media.! The signature property of magnetic materials is their hysteresis loop, a magnetization
versus applied magnetic field curve that demonstrates the magnetic memory effect, or the degree
to which the material remains magnetized upon removal of an applied magnetic field. Magnetic
materials are further evaluated by a few key experimental parameters, including the magnetic
transition temperature, below which the material exhibits magnetic hysteresis and thereby retains
spin information, the saturation magnetization, Ms, which reflects the density of magnetic moments
in a material, and the coercive field, H., which reflects the magnetic anisotropy of the material
(Figure 1.1, right).

The intermetallic materials Nd;Fei4B and SmCos (Figure 1.1), both discovered in the latter
half of the twentieth century,>” still reign as the best permanent magnet materials known today.
Materials of this type combine the intrinsic anisotropy of the lanthanide ions, stemming from
unquenched orbital angular momentum, with strong lanthanide-transition metal exchange coupling
with itinerant 3d electrons to optimize magnetic behavior. However, efforts towards improving the
magnetic properties of intermetallic materials have stagnated since the development of Nd-Fe-B
magnets.

As ideas for improved intermetallic magnetic materials waned, the field of coordination
chemistry was gaining momentum. Understanding of magnetic structure and development of
predictive models for magnetic behaviors have been enduring motivations for the field of
coordination chemistry over the past several decades. In particular, efforts to enhance magnetic
exchange in coordination solids, as well as to develop new single-molecule magnets, molecular
units that show magnetic properties akin to those of bulk magnets, have flourished. Several
ambitious goals are in ongoing pursuit, including the development of both bulk metal-organic
magnets and single-molecule magnets that exhibit magnetic hysteresis above room temperature.
Further, development of multifunctional magnetic metal-organic materials, which exhibit
secondary functions, for instance, response to gas, solvent, or ionic guest molecules, electronic
conductivity, or multiferroic behavior, are of active interest, with much to be done to achieve the
same degree of electronic structure diversity for metal-organic materials as is already known for
solid-state materials.

Radical ligands, organic linkers hosting an unpaired electron, play a unique role in the ongoing
development of magnetic molecules and materials. The often substantial spin density on the
coordinating atoms of radical ligands prompts overlap of spin-carrying metal and ligand orbitals
that can drive a number of new behaviors. In molecules, radical bridging ligands are particularly
pertinent to the design of lanthanide-based single-molecule magnets as a mode of generating
strongly exchange-coupled, but still highly anisotropic magnetic units for use in high-density data
storage. In extended solids, properties such as electronic conductivity, redox activity, and bulk
magnetic ordering may be observed in metal-radical materials, with implications for metal-organic
battery electrode, electrocatalyst, thermoelectric, sensing, bulk magnetic, and magnetoelectric /
multiferroic materials design.

The ultimate goal of the work herein is to understand which specific metal and radical pairings
will lead to high-performance magnetic molecules and materials. To this end, models for magnetic
exchange and a qualitative relationship between exchange strength and magnetic ordering are
discussed in Section 1.2. Section 1.3 describes how magnetic exchange can impact the electronic



structure and magnetic relaxation behaviors of single-molecule magnets. Section 1.4 discusses
how insights from model molecular systems can be translated to the design of new metal-radical
magnetic materials. Finally, section 1.5 examines a select number of known metal-radical
materials to demonstrate the diversity of properties that may be observed.

Nd,Fe B

Figure 1.1. Left and center: Crystal structures of SmCos and Nd2Fe14B permanent magnet materials. Green, purple,
teal, orange, and blue spheres represent Sm, Co, Nd, Fe, and B atoms, respectively. The unit cell of each structure is
indicated by solid lines. Right: Magnetic hysteresis loop with magnetic performance metrics Hc and Ms indicated.

1.2 Magnetic Exchange in Coordination Chemistry

To begin, some formative models for prediction of the type and strength of magnetic exchange in
molecules and extended solids will be discussed, followed by a strategy to estimate magnetic
ordering temperature once exchange coupling strength is known.5’

The Anderson Model for Singlet-Triplet Energy Splitting. The Anderson model® provides
one of the earliest explorations of the mechanisms behind magnetic coupling, considering the
simplest model possible: a system consisting of two S = 1/2 spins, which may either be paired in
opposing directions (antiferromagnetic exchange to generate a singlet state) or in the same
direction (ferromagnetic exchange to generate a triplet state). When predicting the nature of this
interaction, two types of excited state interactions are considered. The first is the transfer of an
electron from the magnetic orbital of a donor (D) into the magnetic orbital of an acceptor (A),
producing the pair, D*A". Since these electrons are occupying the same orbital, they must be
antiparallel, or antiferromagnetically coupled. This antiferromagnetically-coupled excited state
contributes to the energy of the magnetic ground state by an energy term named kinetic exchange:

AE, = —4B%/U
where S is the transfer integral, which is dependent on the orbital overlap of the magnetic orbitals
involved, and U is the Coulombic repulsion energy (electron pairing energy) associated with two
electrons occupying the same orbital. The second type of excited state to consider instead stabilizes
a ferromagnetic interaction between the two S = 1/2 spins, named the potential exchange:
AE, = 2K
where K is the intramolecular exchange integral associated with ferromagnetic coupling. This
exchange integral must be similar in energy to the pairing energy U to favor ferromagnetic
exchange. Charge transfer between an empty or doubly occupied orbital and a singly-occupied



magnetic orbital (SOMO) can be described by these terms in addition to further terms describing
charge transfers of the HOMO and LUMO to the SOMO, allowing predictions of exchange
coupling type and strength in more complex systems.’

These terms reveal some obvious guidelines to enhance different types of magnetic exchange.
To enhance antiferromagnetic coupling, overlap between magnetic orbitals must be as large as
possible. Such a scenario may be achieved by decreasing distances between spin centers, or
increasing the overlap between spin-carrying orbitals (for example, by replacing a 3d cation with
a 4d cation). Further, reductions in the Coulombic repulsion energy, for instance via addition of
electronegative substituents to the acceptor center, should also favor antiferromagnetic exchange.
In contrast, increases in the pairing energy and reductions in the degree of magnetic orbital overlap,
either by distance or orbital orthogonality, will favor ferromagnetic exchange.

Spin Polarization. While the Anderson model considers the full transfer of an electron from
donor to acceptor site, spin polarization models, which reflect excitations on the same spin center,
must also be considered to accurately describe many exchange phenomena in molecular
magnetism. Spin polarization occurs via mixing of the SOMO into the HOMO to generate new
regions of positive and negative spin density, and is particularly necessary in discussion of spin
density on radical ligands.!®!! The charge transfer salts [MCp*,][TCNE'] (M = Cr, Fe, Mn, Co,
Ni; Cp* = pentamethylcyclopentadienyl; TCNE = tetracyanoethylene) are excellent illustrations
of systems requiring consideration of spin polarization to correctly predict magnetic behaviors.!?
In the case of the complex [CrCp*;][TCNE], since both cation and anion consist of half-filled
orbitals, we would expect virtual charge transfers to stabilize antiferromagnetic ordering between
the Cr'! spins and the TCNE" radical spin.!* However, ferromagnetic coupling is observed, and
can instead be described by a negative spin polarization of the Cp* rings by the positive spin
density on the metal cation, which couples antiferromagnetically to the positive spin density on
the TCNE radical ligand, leading to ferromagnetic alignment of Cr'! and TCNE- spins.

Predicting Magnetic Ordering Temperatures in Extended Solids. If the strength of
magnetic exchange between building blocks in an extended solid is known, or can be estimated,
the mean-field expression derived by Langevin, Weiss, and Néel can be used to predict the
magnetic ordering temperature of extended solid, as follows:

Z ] 4/ Cc A C B

Nag?ug?

where T¢ is the magnetic ordering temperature, z is the number of magnetic nearest-neighbors, J
is the magnetic exchange coupling constant, C, and Cg are the Curie constants of spin centers A
and B, g is the Landé factor, and ug is the Bohr magneton.!* This expression was initially
developed to predict ordering temperatures in metal-oxide ferrimagnets, in which non-equivalent
spins or spin sublattices are coupled antiferromagnetically, yielding a net magnetic moment. It has
since been modified for use in a variety of molecule-based magnetic materials. Importantly, this
expression predicts that enhancement of the number of magnetic neighbors, the strength of
magnetic exchange, or the magnitude of the spins involved should lead to increases in magnetic
ordering temperature of the corresponding extended solid.

Tc =

1.3 Single-Molecule Magnets with Radical Ligands

Single-molecule magnets are molecules that possess a bistable magnetic ground state with an
energy barrier to spin inversion, U. These molecules act as nanoscale permanent magnets with
physical properties similar to those of bulk magnets, most critically that of magnetic hysteresis,



which allows single-molecule magnets to record and retain spin information.!> As a result, single-
molecule magnets are of great interest for high-density data storage, as well as quantum
computation, spintronics,'® and dark matter detection.!” Since the discovery of single-molecule
magnets in the 1990s,!3-2! the enhancement of their operating temperatures has been the primary
motivation for researchers in the field. This goal requires both increases in magnetic anisotropy
and magnetic relaxation times.

Considering the first goal, increases in magnetic anisotropy require definition of a preferred
magnetic axis in combination with retention of orbital angular momentum. Such a combination is
difficult to achieve in transition-metal-based magnetic molecules, in which strong metal-ligand
bonding frequently quenches orbital angular momentum. In contrast, the lanthanide ions exhibit
intrinsic magnetic anisotropy due to strong spin-orbit coupling of spin and orbital angular
momentum, but require strong ligand fields to define a magnetic axis. In principle, both conditions
may be met in a single-ion transition metal or lanthanide complex placed in a highly axial, strong
ligand field. In such systems, spin, S, and orbital angular momentum, L, combine to give a total
angular momentum, J. The combined effects of the ligand field and spin-orbit coupling remove
the degeneracy of the 2J + 1 My states, as depicted in Figure 1.2 for an imaginary two-coordinate
dysprosium complex. The separation between the lowest and highest M; states is the barrier to
magnetic relaxation, U. In practice, the measured barrier to slow magnetic relaxation, Uk,
determined from an Arrhenius fit of relaxation times, T, versus temperature according to the
equation:

t71 = g5 leUert/KT
is typically much lower than U. Continuing with the single-ion example, deviations from perfectly
axial symmetry can break the orbital degeneracy required to preserve orbital angular momentum,
and can lead to mixing of M; states. Mixing of M; states often leads to fast magnetic relaxation via
lower M; states.
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Figure 1.2. Left: Effective barrier height versus the highest temperature at which magnetic hysteresis is observed for
notable single-molecule magnets. The lines represent the correlation between Ukt and the hysteresis temperature,
assumed to correspond to a 100-s magnetic relaxation time, using the Arrhenius law, =1 = 75teVeft/*T | with the
two given 7o values. Right: Energy level diagram for the J = 1%/5 state of the fictional molecule [Dy(OR):]" (far right).
The numbers at each line are the M, values, with values for M= = 7/2, 5/2, and 3/2 omitted due to crowding, but
which occur at the expected lines above M;= +9/2. The angle of magnetization is the angle between the molecular
magnetic moment and the molecular axis. Dysprosium and oxygen are represented by green and red spheres,
respectively.



Nevertheless, large U.sr values have been obtained using low-coordinate or pseudo-low-
coordinate ligand geometries (Figure 1.2, left). In contrast, the second condition for higher single-
molecule magnet operating temperatures, slow magnetic relaxation times, has largely eluded
researchers. Mononuclear single-molecule magnets are particularly vulnerable to through-barrier
magnetic relaxation mechanisms. Such mechanisms include Raman relaxation, or magnetic
relaxation through a virtual magnetic excited state, and quantum tunneling, in which tunneling
between ground M; states at low temperature precludes magnetic relaxation through a thermal
barrier. One strategy to prevent through-barrier relaxation is simply maximization of magnetic
anisotropy, which leads to more substantial splitting of Mjstates, reducing the degree of M, mixing.
This strategy may be achieved through the use of ionic ligands that ideally act as point charges,
and reside as close to the metal center as possible;*>% for instance, alkoxide and phenoxide ligands
have long been used to enable axial magnetic anisotropy in lanthanide complexes.?6-2® Special
symmetries such as Dg; and Cs, have also been suggested to minimize M) mixing.?%3! Further,
recent studies on the effects of molecular vibrations on through-barrier relaxation pathways
suggest that use of a lightweight, rigid coordination environment may be advantageous, for
example by driving vibrations involving the metal center to very high energies.>>3* Recent reports
on the molecule [Dy(Cp™),]" (Cp™ = 1,2,4-tri(tert-butyl)cyclopentadienide), which was found to
display blocking temperatures as high as 60 K in conjunction with an effective barrier of ~1230
cm!, demonstrates the successful realization of many strategies in a single molecule via its
pseudo-two-coordinate environment, strong ligand field, and limited vibrational modes.’*3
Further improvements in blocking temperature for single-ion lanthanide complexes can likely only
be achieved via isolation of the Dy ion in a rigorously linear, two-coordinate environment, and
this synthetically-challenging moiety is the subject of many efforts in the field.

Moving away from single-ion complexes, one of the most effective means by which to reduce
through-barrier magnetic relaxation is the coupling of multiple spins to produce a molecule with a
coupled, large total angular momentum ground state. Exchange interactions have been
demonstrated in particular to suppress magnetic relaxation via quantum tunneling.’*3% Initial
efforts in the field of single-molecule magnetism focused on exchange coupling of transition metal
centers, though it was ultimately determined that magnetic anisotropy could not be appreciably
increased in such systems.?” In contrast, the exchange coupling of multiple lanthanide centers has
been demonstrated to be one of the most successful strategies to increase the magnitude of the total
angular momentum ground state while retaining orbital angular momentum.*® Radical ligands have
been demonstrated to engage the lanthanide ions in magnetic exchange of unprecedented strength,
in spite of the small radial extension of the 4f orbitals. Magnetic exchange in multinuclear
lanthanide complexes is most easily evaluated by fitting of the gadolinium congener using the
Heisenberg Hamiltonian, possible due to the spin-only nature of the Gd'"'ion:

H = —2Jga-raaSraa - (Scaqy + Sca)

One of the most successful instances of an exchange-coupled lanthanide single-molecule
magnet is a dilanthanide complex bridged by a radical N»*~ unit (Figure 1.3, left). ¥** The highly
diffuse N»* 7* orbital, which lies perpendicular to the Ln—N>—Ln plane, enables strong magnetic
exchange via direct w*-4fyy, orbital overlap,*® quantified by the Gd™-N»*- exchange coupling
constant, JGdrad of —20 to —27 cm™! (dependent on the lanthanide coordination environment).
When this strong magnetic exchange, which prompts generation of an exchange-coupled ground
state with large total angular momentum, is paired with the use of anisotropic lanthanide ions, they
together can produce high-operating-temperature single-molecule magnets.*!*?



Table 1.1. Select multinuclear Gd"!-radical complexes and their magnetic exchange constants,
assuming the 2/ formalism.

Compound’ JGdorad (cm™) Ref.
[((HBpz3)2Gd)2(pu-Clodhbg) ] -2.09 43
+2.75

[Gd(acac)2(NITPhO)], (Joa.a=—0.08 cm) 44
(Cp*2Gd)3(us-HAN®) 5.0 45
[(Cp*2Gd)2(p-tppz>)]~ —6.29 46
[(Cp*2Gd)2(p-tppz)]* —6.91 46
[(Cp*2Gd)2(p-bpym")]* -10
[(Cp*>Gd)a(u-ind*")]- ~11.04 47
[ {CpMe*ty(THF)Gd }2(u-No3H)| -20.1 42
[{[(Me3Si)N]o(THF)Gd}2(u-N2*)]- 27 39
Gd@C7oN* +175 49

"HBpzs = hydrotris(1-pyrazol-1-yl)borate; Cp* = pentamethylcyclopentadienide; Cladhbq = 2,5-chloro-3,6-
dihydroxo-1,4-benzoquinone, NITPhO = 2-(2'-hydroxyphenyl)-4,4,5,5-tetrmethyl-imidazoline-1-oxyl-3-oxide, HAN
= hexaazatrinapthylene; tppz = 2,3,5,6-tetra(2-pyridyl)pyridine; bpym = 2,2'-bipyrimidine; ind = indigotin, (2E)-2-(3-
oxo-1H-indol-2-ylidene)-1H-indol-3-one

In this case, Jad-rad refers to exchange between two Gd** ions and an electron “trapped” in a Gd-Gd bonding-type
orbital.

Interestingly, the barrier U in magnetically-anisotropic lanthanide-radical single-molecule
magnets can be directly related to the magnitude of the exchange coupling constant, Jin-rad, using
the Hamiltonian:>°

ﬁ = _2]Ln—rad§rad ' (jLn(l) + jLn(Z)) + Z Bg 03(1,)
i=Ln(1),Ln(2)

This model assumes a large axial anisotropy, represented by the BY parameter, as well as an
isotropic exchange interaction between the angular momenta of the Ln'" centers and the N3~
radical spin.’!? When applied to the variable temperature magnetic susceptibility-temperature
product (ym7T) data for the complex [(CpMe*H,Tb)2(u-N2*7)], a coupling constant Jin-raq of —23.1
cm ! is obtained with slight modulation of the g;value away from that expected for the Tb'! ion.
Excited state energies defined by Ising exchange coupling correspond to multiples of Jin-rad based
on the magnitude of AJ resulting from a spin flip. For instance, in [(CpM*,Tb),(u-N2*)], the
first excited state, corresponding to a flip of a single Tb'! spin, has an energy of 12J7p-rad, While
the second state, corresponding to a flip of both Tb'! spins, has an energy of 24.J1y-rad. Using this
formalism, a U.s estimate of 277 cm™' can be obtained, in excellent agreement with the
experimentally observed value 276 cm™!. This model also estimates a second excited state energy
double that of the first, or 554 cm™! for [(CpMe*H,Tb)2(1-N2*")]-, which is in reasonable agreement
with the experimentally observed value of Utz = 564 cm™!.



The excited states defined by exchange coupling within these molecules will certainly mix
with crystal-field-split M states to generate a perturbed excited state spectrum, and a more accurate
assessment of the electronic structure would therefore entail utilizing multiple exchange
parameters. Regardless, the simple model seems to have surprising utility for predicting excited
state energies, and thereby magnetic relaxation barriers for lanthanide-radical complexes. By
linking the magnitude of U with the magnitude of exchange coupling, this model further provides
a direct pathway to higher-barrier exchange-coupled lanthanide magnets— the enhancement of
magnetic exchange (provided sufficiently large uniaxial anisotropy is maintained). Towards this
end, new dilanthanide molecules exhibiting strong magnetic exchange are discussed in Chapter 4.
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Figure 1.3. Left: The N2*-radical-bridged complex [(CpM**"2Tb)2(u-N2*")]". Grey, blue, and red spheres represent C,
N, and Tb atoms, respectively. Hydrogen atoms, counter-cation, and molecules of solvation are not shown for clarity.
Middle: Ladder of exchange-coupled excited states for molecules of the type Tba(u-N2>"). Right: Models of ymT data
for the complex [(CpM**,Tb)2(1-N2>")]  using the Hamiltonian in Equation 1.x. Figure are modified from ref. 42.

1.4 Towards Metal-Organic Bulk Magnets: Inspiration from Magnetic Molecules

Coordination solids are an ideal synthetic platform in which to develop structure-property
relationships due to the precise control possible over each framework’s three main components:
metal ion, ligand, and topology. Study of coordination solids, and in particular the related class of
materials metal-organic frameworks,>*¢ defined by coordination bonds between metal ion or
cluster and organic linker, as well as an open, potentially porous framework, has led to advances
in gas storage and separations,”’>® catalysis, °° and sensing.® However, long-range electronic
communication in metal-organic frameworks and its consequent properties, including electronic
conductivity and bulk magnetic ordering, has largely eluded researchers.’! Most metal-organic
frameworks are essentially ionic solids, with little to no electronic communication due to frequent
use of closed-shell metal ions (Zr*, Mg?", Zn**) and closed-shell linkers that promote long metal-
metal distances, cutting off opportunities for communication between metal-based frontier
orbitals. However, the achievement of electronic communication in metal-organic frameworks
would open avenues to new applications for this class of materials as battery electrodes,
supercapacitors, electrocatalysts, bulk magnets, multiferroics, and more.

Fortunately, strategies to enhance electronic communication between metals and/or organic
ligands have been extensively developed in molecular chemistry. Since metal-organic frameworks
are essentially combinations of molecular building blocks, study of electron delocalization in
molecules should enable judicious choice of framework subunits to produce new metal-organic
frameworks exhibiting continuous pathways for electronic communication. Two of the most
successful and relevant strategies to engender electronic and magnetic communication in
coordination solids are mixed valence and inclusion of radical bridging ligands. Incorporation of



paramagnetic bridging ligands is the primary strategy used to engender electronic communication
and thereby strong magnetic exchange in extended solids in Chapters 2 and 3. However, many of
the materials investigated therein are also mixed-valence, such that concepts from both of these
strategies are relevant and, ultimately, highly interrelated.

Mixed Valence. Mixed-valence complexes contain either a metal or ligand that is present in
more than one valence state. One of the first observations of this phenomenon was in the material
Prussian blue, and mixed-valence was later demonstrated in molecular complexes such as the
canonical Creutz-Taube ion, [(NH3)sRu(pz)Ru(NH3)s]**.6? Mixed-valence compounds may be
classified by the degree of electronic coupling between centers of differing valence, with a general
aim to determine the spatiotemporal localization of electrons in a given system. Traditionally, the
degree of valence delocalization is described within the Robin-Day classification scheme.®® Using
the example of metal-centered mixed-valence, full localization (Class I mixed-valence) is observed
when metal centers are in extremely different chemical environments, as determined by both
ligand symmetry and ligand field strength, or are very far apart, and thus unable to engage in
significant electronic coupling. Some electronic coupling between centers occurs when metal ions
are in sufficiently similar environments, generating a thermal barrier to electron transfer (Class 11
mixed-valence). Finally, full electron delocalization— or electron itinerancy in extended
systems— defines Class III mixed-valence, achieved via strong electronic coupling between metal
centers. In this case, strong electronic coupling between metal-centers yields a single electronic
ground state best described by assigning an intermediate valence to each metal. Mixed-valence
compounds are often initially identified by an intense, optical absorption in the near-IR or visible
regions, independent from optical absorptions related to the elements in either of their anticipated
oxidation states. This new coloration can typically assigned as an intervalence charge transfer band
(IVCT), which results from an optical excitation to provoke electron transfer.5%

To a first approximation, pursuit of highly delocalized mixed valence systems simplifies to
maximization of the orbital overlap between involved centers and minimization of the
reorganization energy necessary for transfer of an electron between centers. Continuing with the
example of metal mixed valence, choice of metal centers with minimal geometry differences, for
instance octahedral d°/d® pairings (e.g. Fe''/Fe'l, either both high-spin or both low-spin), will
minimize reorganization energy as exchange occurs between essentially non-bonding orbitals.
Similarly, organic radicals (e.g. semiquinoid radicals) are often delocalized across extended = or
aromatic systems, and as such exhibit minimal changes in bond length with changing redox state,
leading to low reorganization energies.*® Significantly, when both centers are paramagnetic, Class
IT and Class III mixed-valence are typically coincident with substantial magnetic exchange. In
addition to minimizing reorganization energy, in order for an electron to be delocalized across
multiple centers, those centers must be sufficiently close in distance, and bridged by a metal or
ligand with orbitals of suitable symmetry so as to mediate electron delocalization.®” These are the
same conditions necessary to engender magnetic exchange.

Since most mixed-valence molecules consist of multiple metals but only a single bridging
ligand, mixed-valence molecules almost always exhibit metal-based, rather than ligand-based,
mixed-valence. However, extended redox-active metal-organic solids have a variety of metal-to-
ligand radical molar ratios, and as such are more likely to demonstrate ligand-based mixed valence.

Paramagnetic Bridging Ligands. Direct magnetic exchange via overlap of spin-carrying
orbitals is, intuitively, always stronger than magnetic superexchange between paramagnetic
centers as mediated by a diamagnetic bridge. Thus, metal-ligand pairings that engage in direct
magnetic exchange are an appealing strategy by which to pursue strong multidimensional magnetic



communication, and, in turn, metal-organic magnets with high magnetic ordering temperatures.
This strategy requires use of both paramagnetic metals and paramagnetic linkers, which crucially
have spin density on their coordinating atoms, enabling direct overlap of spin-carrying orbitals.
Molecular examples of radical-bridged dinuclear transition metal complexes have produced
some of the strongest magnetic exchange couplings known, as high as —900 cm™.386870 Some of
the metal-radical molecules studied most in-depth, and still under ongoing investigation, are
complexes consisting of two transition metal ions and various redox states of the ligand 1,4-
dihydroxy-2,5-benzoquinone (dhbq™").5%7!8! One such example is the molecule [((TPyA)Co")2(u-
dhbg-CL*)]" (TPyA = (tris(2-pyridyl)methylamine), which exhibits a large antiferromagnetic
exchange coupling constant, Jcorad, of =52 cm™! (Figure 1.4, right).””-”® An incredible diversity of
delocalization-related properties, including redox-induced-electron-transfer, spin crossover,
double exchange, and valence tautomerism, have been observed for this class of molecules,
inspiring use of this unit as a building block for the metal-organic frameworks studied herein.

[((TPyA)Co"),(u-dhbq-Cl *)]*

Figure 1.4. Crystal structure of [((TPyA)Co™)2(u-dhbg-Cl2*)]" (TPyA = (tris(2-pyridyl)methylamine) adapted from
ref. 78. Dark purple, neon green, grey, blue, and red spheres represent Co, Cl, C, N, and O atoms, respectively. Counter
ions, hydrogen atoms, and molecules of solvation are omitted for clarity.

1.5 Metal-Radical Coordination Solids

In solution, the free ions of most organic radicals are highly reactive and therefore relatively
difficult to study. However, a number of radical ligands can be successfully stabilized in one-, two-
, and three-dimensional coordination solids. A few organic radicals of interest are shown in Figure
1.5. Not that in addition to bearing an unpaired electron, each molecule also contains functional
groups capable of coordinating multiple metal ions.

NC._._CN . _CN
_ N = = R
NS -N P R
C C 5 -0 (0) )\
I eo,N\ N‘.O ‘N SN
: Y -0~ o \
NC*=¥cN N
TCNE~ TCNQ~ DCNQI~ NIT dhbq3' DTDA

Figure 1.5. Some of the most commonly used radical bridging ligands in coordination solids. Only one resonance
structure for each ligand is shown. TCNE = tetracyanoethylene; TCNQ = 7,7',8,8'-tetracyanoquinodimethane; DCNQI
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= N,N'—dicyanoquinonediimine; NIT = 2-R-4,4,5 5-tetramethylimidazoline-1-oxyl-3-oxide; Rodhbq = 2,5-R-3,6-
dihydroxo-1,4-benzoquinone; DTDA = 4-R-1,2,3,5-dithiadiazolyl.

Metal-NIT chains. Nitronyl-nitroxide (NIT)-based materials make up one of the earliest-
known and most diverse classes of metal-radical materials.®? Nitroxides, one of the few known
charge-neutral and stable radical ligands, have an N-O group with an unpaired electron in a m*
orbital that is roughly equally shared between the nitrogen and oxygen atom. Perhaps the most
notable use of nitronyl nitroxides in magnetic materials is in the design of single-chain magnets,
one-dimensional coordination polymers with a bistable magnetic ground state and large uniaxial
magnetic anisotropy. Coordination polymers of the formula [Co'(hfac):(u-NIT)] (hfac =
hexafluoroacetylacetonate) have been shown to exhibit high magnetic blocking temperatures, up
to 14 K, and large coercive fields, up to 4.9 T (at 4 K) (Figure 1.6).3%%* These polymers can also
undergo three-dimensional magnetic ordering when interchain separation is not sufficiently large,
which can then prompt even higher temperature magnetic blocking behavior, > 45 K, and
increased coercive fields, > 6 T.*> Chains consisting of NIT radicals and the lanthanide ions have
also been synthesized and studied, revealing antiferromagnetic Ln"!'-NIT interactions, and single-
chain magnetism for the Dy polymer [Dy(hfac);(u-(R-NIT))] (R = ethyl).86-88

Figure 1.6. Crystal structure of [Co"(hfac)2(u-(R-NIT))] (R = pyrenyl) adapted from ref. 83. Purple, neon green, grey,
blue, and red spheres represent Co, F, C, N, and O atoms, respectively. Solvent molecules and hydrogen atoms are not
shown for clarity.

Metal-TCNE materials. In general, radical ligands based on conjugated polynitriles,
including TCNE and the related radical linkers TCNQ and DCNQI (Figure 1.4), are by far the
most commonly observed ligands in two- and three-dimensional metal-radical solids.
Tetracyanoethylene (TCNE) exhibits a low-lying m* orbital into which an electron can be
transferred to form the radical ligand TCNE". The largest spin densities on the TCNE™ ligand are
located on the coordinating nitrogen atoms and the central C—C bond.?® The radical TCNE™ ligand
was a component of the first ferromagnetic containing spins in a p-orbital, [FeCp*,][TCNE].*°
Coordination solids containing TCNE include a number of high-ordering-temperature metal-
organic magnets, most famously the room-temperature magnetic material V(TCNE), * yCH2Cla (Tn

~ 400 K).”! While V(TCNE),*yCH:Cl, is amorphous, the related material Fe(TCNE)(C4(CN)s)1/2
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-yCH,CL, (Tn = 84 K),°** containing sheets of ps- TCNE™ radical ligands bridged by a pa-
(C4(CN)g)12 ligands (i.e., a dimerized TCNE™ unit) has been structurally characterized”® (Figure
1.7) and may be considered a starting point for the structure of V(TCNE),*yCH>Cl,. In
comparison, each metal center in V(TCNE),*yCH>Cl, is expected to have six magnetic neighbors,
rather than the four magnetic neighbors per metal of Fe(TCNE)(C4(CN)s)1/2 *yCH2Cly, enabling
its high magnetic ordering temperature. Furthermore, the larger 3d orbitals of V! relative to Fe!
may be anticipated to lead to stronger metal-radical magnetic exchange. Metal-radical exchange
coupling constants can be estimated for these materials using a modification of the Langevin,
Weiss, and Néel expression for ferrimagnets (commonly used for Prussian blue derivatives):*®

_ \ZMZTCNE I]M—TCNEI\/SM(SM + 1) x Srene(Srene +1)
B 3kg

Tc

where T, is the magnetic ordering temperature, J,_rcyg 1S the nearest-neighbor magnetic coupling
constant, z is the number of magnetic neighbors for each magnetic center (estimated as z = 6 for
both metal and radical in V(TCNE):*yCH2Cly; z = 4 for both metal and radical for
Fe(TCNE)(Cs(CN)g)1/2*y CH2Clp), x is the number of TCNE radical ligands per metal center (x =
2 for V(TCNE)2*y CH2Clz; x = 1 for Fe(TCNE)(C4(CN)s)12 *y CH2Cl2), and kj is the Boltzmann
constant, to result in values of Jv.reng = —58.6 cm™ and Jretene = —20.6 ¢cm™!. Ordering
temperatures and coercive fields for V(TCNE),*y CH2Cl> have shown to be highly sensitive to
vanadium precursor and solvent,’””® and show expected decreases in magnetic ordering
temperature with increasing Fe!' substitution.” Interestingly, V(TCNE),-yCH,Cl, is also
semiconducting, exhibiting a room-temperature conductivity of about 10 S/cm,!° and shows a
small magnetoresistance effect.!?!19 Coordination solids of TCNE have additionally been formed
with some of the lanthanide ions, showing antiferromagnetic Ln"-radical exchange and magnetic
ordering at 8.5 K for a material of estimated formula unit Dy(TCNE); - xCH3CN.!% Reactivity of
TCNE with uranium(III) has also been explored.!?

Figure 1.7. Powder X-ray diffraction structure of Fe(TCNE)(C4(CN)s)12 - yCH2Clo, adapted from ref. 95. Grey, blue,
and orange spheres represent C, N, and Fe atoms, respectively. It was not possible to locate solvent molecule positions
from the powder X-ray diffraction data, but some amount of CH2Cl: is present in this structure.
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Metal-TCNQ Materials. Metal-organic materials based on the TCNQ linker and its
derivative DCNQI (Figure 1.5) have been shown to exhibit a diverse range of properties including
magnetic ordering, electronic conductivity, and adsorbate response. For instance, the two-
dimensional coordination solids Cu(2,5-R-DCNQI), can show metallic conductivity, attributed to
strong 7-d conjugation between ligand and metal ions and close energy match of TCNQ®~ and
Cu" redox potentials, leading to a mixed-valence metal manifold.!?¢-1%® Coordination solids of the
formula M(TCNQ).*yCH2Cl> ( M = Mn, Co, Fe, Ni) have displayed glassy magnetic behavior,
with the Mn!! congener exhibiting the highest temperature increase in magnetization, indicative of
some degree of magnetic ordering, at 44 K.'% Of special interest is a series of materials that
combine (Ru'), paddlewheels with charge-neutral TCNQ to form charge-transfer solids, in which
some degree of charge is transferred from the donor Ru, paddlewheel to the acceptor TCNQ,
forming radical TCNQ™ bridging ligands during material synthesis.!!® A series of Ru,-TCNQ
materials with a tunable degree of metal-ligand charge transfer has been achieved via use of linkers
and paddlewheels with energetically matched HOMO-LUMO levels.!!! Further, the type of
magnetic order observed for two-dimensional Rux-TCNQ materials has been shown to be strongly
dependent on interlayer distance as well as adsorbate.!'? In a final example of interest, the
material {Ru2(O2CPh-0-Cl)4} 2 TCNQ(MeO). (TCNQ(MeO), = 2,5-dimethoxy-7,7,8,8-
tetracyanoquinodimethane) (Figure 1.8) has been shown to change from an antiferromagnet with
In =75 K to a ferromagnet with 7c = 56 K simply upon removal of an interstitial CH2Cl»
molecule.!!3 These behaviors highlight the complexity of structure-property relationships in metal-
radical magnetic materials.

Figure 1.8. Single-crystal X-ray diffraction structure of {Rux(O2CPh-0-Cl)4}:TCNQ(MeO): (TCNQ(MeO)2 = 2,5-
dimethoxy-7,7,8,8-tetracyanoquinodimethane) adapted from ref. 113. Grey, blue, red, green, and orange spheres
represent C, N, O, Cl, and Ru atoms, respectively. Hydrogen atoms are omitted for clarity.
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Chapter 2: Electronic Conductivity, Ferrimagnetic
Ordering, and Reductive Insertion Mediated by
Organic Mixed-Valence in a Ferric Semiquinoid

Metal-Organic Framework
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2.1 Introduction

Long-range electronic communication and its consequent properties, including charge mobility
and, if unpaired spins are present, magnetic coupling, are highly dependent on the distances
between the participating atoms or ions within a material. As such, the realization of electronic
conductivity and magnetic ordering in low-density materials presents an intriguing objective—one
that is seemingly at odds with itself. Through reticular chemistry, metal-ligand bond strength has
been used with remarkable success to produce extremely low-density, porous materials by design.!
The resulting metal-organic frameworks are three-dimensional microporous materials composed
of inorganic nodes and organic linkers. To date, this highly modular class of materials has proven
most promising for applications in gas storage, separations, chemical sensing, and catalysis.? In
contrast, engendering long-range charge transport and high-temperature magnetic ordering in this
class of materials remains relatively unexplored. Mastery of these features could result in new
applications for metal-organic frameworks as battery electrodes, thermoelectrics, electrochemical
sensors, electrocatalysts, bulk magnets, and magnetoelectrics or multiferroics.>* Recent advances
in the field have taken advantage of methods such as n-m stacking, motifs with one-dimensional
chains that promote short metal-metal distances, and donor-acceptor pairings to achieve electronic
conductivity.> Moreover, study of two-dimensional frameworks exhibiting strong n-d conjugation
has led to the observation of record electronic conductivities for metal-organic frameworks.®
However, despite these notable examples, the field of metal-organic frameworks exhibiting non-
insulating electronic structures presents an exciting and open research frontier.

While solid-state permanent magnets and most electronic conductors rely on band-type
electronic structures constructed from itinerant electrons, most metal-organic frameworks are
essentially ionic solids with large band gaps and little to no long-range electronic communication.’
That is, their chemistry is localized and molecular in nature. Pervasive use of large diamagnetic
linkers and oxophilic metal ions is in large part to blame. Although this combination helps promote
framework stability, rigidity, and permanent porosity, it propagates large metal-metal distances,
cutting off essential electronic exchange between the transition metal centered frontier orbitals
responsible for charge transport and magnetic coupling.

The most promising means of gaining control over electronic structure in metal-organic
frameworks is through the strategic manipulation of metal-ligand frontier orbital overlap and
energy match. Judicious choice of metal and ligand, as well as the use of post-synthetic ion
insertion, should enable control over electronic band gaps, carrier densities, magnetic coupling
strength, and magnetic ordering behavior. To achieve a metal-organic framework with strong
multi-dimensional electronic communication via this means, the metal and ligand should be open
shell, have frontier orbitals of similar potential, and exhibit maximal orbital overlap to promote
charge delocalization. While the topic of intramolecular electron exchange has long fascinated the
molecular inorganic chemistry community, the bounty of metal-ligand combinations known to
produce significant charge delocalization, with the exception of several variations on the valence-
ambiguous nickel-dithiolene system, " has not yet been exploited in design of metal-organic
frameworks.

One of the best-known redox-active organic moieties with frontier orbitals energetically
similar to those of the transition metals is 2,5-dihydroxybenzoquinone.® Three valence states of
this ligand (Figure 2.1) are accessible in a variety of metal-organic motifs.’® Transition metal-
based systems containing the radical trianion dhbq®~ reveal features characteristic of
intramolecular charge delocalization, such as intervalence charge transfer bands in their electronic
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absorption spectra and strong magnetic coupling.’ Herein, we report a metal-organic framework
constructed of Fe and mixed-valent dhbq®>”*~ ligands that presents one of the highest
conductivities yet observed for a metal-organic framework in addition to high-temperature
magnetic interactions. We further demonstrate that this behavior is associated with the first
instance of a Robin-Day Class II/III mixed-valency yet reported for a metal-organic framework.
Finally, rare and precise control of reductive insertion within the porous structure is demonstrated
to afford significant differences in electronic conductivity and magnetic coupling.

— —
~ ~
-0 o +t¢ -0~ o *t¢ O (o
thb*~ dhbqg?- dhbqg?-

Figure 2.1. Redox states of linkers deriving from 2,5-dihydroxybenzoquinone that have previously
been observed in metal-organic molecules or coordination solids. Notably, dhbg* is a
paramagnetic radical bridging ligand.

2.2 Experimental Information

General Information. All manipulations of (NBus):Fe'">(dhbq)s (1) following its initial synthesis
were performed inside a N»-filled glovebag or within the Ar atmosphere of a VAC Atmospheres
glovebox. All reactions and subsequent manipulations for Nago(NBus): sFe''>(dhbq)s (2) were
performed within the Ar atmosphere of a VAC Atmospheres glovebox. Tetrahydrofuran (THF)
was dried using a commercial solvent purification system designed by JC Meyer Solvent Systems
and subsequently stored over 4-A molecular sieves. The compound 2,5-diaminobenzoquinone was
prepared from 2,5-diaminohydroquinone dihydrochloride following a published procedure.!® The
compound 2,5-diaminohydroquinone dihydrochloride (97%) was purchased from Alfa Aesar and
used as received. The compounds Fe(SOs)-7H20 (>99%) and tetrabutylammonium bromide
(>98%) were purchased from Sigma-Aldrich and used as received. All other chemicals were
purchased from commercial vendors and used as received. Carbon, hydrogen, and nitrogen
analyses were obtained from the Microanalytical Laboratory at the University of California,
Berkeley.

Synthesis of (NBus):Fe''';(dhbq)s (1). A suspension of 20.0 mg (0.144 mmol) of 2,5-
diaminobenzoquinone, 121 mg of Fe(SO4)-7H,O0 (0.434 mmol), and 250 mg of
tetrabutylammonium bromide (0.775 mmol) in 3.0 mL of deionized water titrated to a pH of 3.0
with concentrated HCI was loaded into a thick-walled borosilicate tube. The reaction suspension
was degassed via four freeze-pump-thaw cycles, following which the tube was flame-sealed and
loaded into an oven set to 120 °C. Caution: improperly flame-sealed glass vessels may burst if
heated above the boiling point of the reaction solvents they contain. The suspension was heated at
120 °C for 24 h, at which point the tube was removed from the oven and allowed to cool to room
temperature. After cooling, the resulting black cubic crystals were recovered via vacuum filtration
inside a Nz-atmosphere glovebag. The product was dried by heating the solid crystals at 150 °C
under reduced pressure for 1 h. Yield: 21.0 mg, 43%. Anal. Calcd for CsoH7sFeaN2Or12: C, 59.41;
H, 7.78; N, 2.77. Found: C, 59.19; H, 7.87; N, 2.93. IR (solid-ATR): 2956 (w), 2929 (w), 2869
(W), 2731 (w), 2538 (w), 1804 (w), 1488 (s), 1470 (s), 1364 (s), 1291 (m), 1270 (m), 1244 (s),
1208 (s), 1025 (m), 884 (m), 860 (s), 830 (m), 807 (s), 758 (m), 731(m).
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Synthesis of Nago(NBuy): sFe!';(dhbq)s (2). Prior to chemical reduction, cubic crystals of 1
were ground into a microcrystalline powder using a mortar and pestle in an Ar-atmosphere
glovebox. Then, a stirred suspension of 50 mg (0.049 mmol) of 1 in 3.0 mL of THF was prepared.
Na-naphthalenide was prepared by stirring 6.3 mg (0.049 mmol) of naphthalene (CioHs) over a
roughly ten-fold excess of sodium metal in 2.0 mL of THF for 3 h. The resulting solution was
filtered and added drop-wise to the stirred suspension of 1 in THF at room temperature. The
mixture was stirred for 12 h, after which 2 was recovered as a brown microcrystalline powder by
vacuum filtration, washed with 2 x 2.0 mL of THF, and dried for 1 h under reduced pressure. ICP
analysis indicated that 0.9 molar equivalents of Na" ions were introduced per mole of 1. Low
percentages of C and H in elemental analysis indicated that roughly 10% of (NBus)"ions had been
exchanged for Na*. Thus, the true level of reduction in 2, or otherwise stated the number of
electrons introduced into framework 1, was 0.7 e per mole of 1. Two independently synthesized
batches of 2 yielded identical elemental and ICP analyses. Yield: 46.0 mg, 96%. Anal. Calcd for
Ca68H708Fe2N18sNapoO12: C, 57.18; H, 7.26; N, 2.56. Found: C, 56.91; H, 7.07; N, 3.02. ICP
Found: Fe:Na, 2.23(1):1. IR (solid-ATR): 2957 (w), 2931 (w), 2870 (w), 2738 (w), 2545 (w), 1820
(w), 1489 (s), 1470 (s), 1372 (s), 1292 (m), 1270 (m), 1246 (s), 1208 (s), 1026 (m), 8§76 (m), 861
(s), 830 (m), 807 (s), 758 (m), 731(m).

111

Figure 2.2. (a) Illustration of a single Fe''! center in 1, showing that two radical (dhbg*") bridging
ligands and one diamagnetic (dhbg?") bridging ligand are coordinated to each metal site. (b) A
portion of the crystal structure of 1, illustrating the local environment of two dhbq" -bridged Fe'!
centers. (c) A larger portion of the crystal structure of 1, showing one of the two interpenetrated
(10,3)-a nets that together generate the porous three-dimensional structure. (d) The two
interpenetrated (10,3)-a lattices of opposing chiralities that together compose 1. Charge balancing
NBuy" cations are not depicted for clarity.

2.3 Results and Discussion

Synthesis and Characterization of (NBus)2Fe!'>(dhbq)s (1). Synthesis of 1 was performed under
anaerobic conditions using the ligand 2,5-diaminobenzoquinone, which undergoes in situ
hydrolysis to become dhbg?". The reaction of three molar equivalents of Fe(SO4)-7H,O with one
equivalent of 2,5-diaminobenzoquinone and excess tetrabutylammonium bromide in
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deoxygenated water for 24 h at 120 °C afforded 1 as black cube-shaped crystals. Attempts to
synthesize 1 starting with Hodhbq rather than 2,5-diaminobenzoquinone only produced amorphous
brown or black solids. The monohydrate of 1, with the oxidation state assignment
(NBua)2[Fe'>(dhbg?)3]-H20, was previously reported in Ref 11. However, in our hands, some
modification on this reported synthesis was required in order to obtain phase-pure 1. Notably, if 1
was prepared under pH-neutral conditions, an unidentified ferromagnetic impurity, likely some
form of Fe>O3, was co-precipitated with 1, preventing an unqualified magnetic analysis.

The structure of 1 was elucidated using single-crystal x-ray analysis. The compound
crystallizes in the cubic space group [43d as two interpenetrated (10,3)-a nets of opposing
chiralities (Figure 2.2d). In this topology, which is rare for dhbq*-based coordination solids,!!:!?
neighboring metal centers within each lattice of 1 are all of the same chirality (Figure 2.2b and
2.2¢), generating a three-dimensional structure. This differs from the classic two-dimensional
honeycomb structure-type frequently observed for coordination solids of dhbg? and derivative
ligands, in which neighboring metal centers are of opposing chiralities.!® The tetrabutylammonium
countercations in 1 were located crystallographically inside the pores and appear to be filling the
pores near completely, with no large voids present. Interestingly, preliminary attempts at forming
materials with the topology of 1 but with smaller countercations, such as tetrapropylammonium or
methyltributylammonium, have thus far proven unsuccessful. This may imply that the
tetrabutylammonium cations are crucial to templating the three-dimensional structure of 1, as
transition metal coordination solids containing the dhbg® ligand typically adopt one- or two-
dimensional structures.®!*!* Similar cation-dependent morphology changes have been observed
for transition metal-oxalate coordination solids with the analogous chemical formula
[A*]2M'5(0x)3.1° Two adsorption isotherms, 77-K N> and 195-K CO», were performed for 1 after
heating at 150 °C under vacuum for 1 h, with both measurements confirming a lack of
microporosity (Figure S2.1).

While an early indication of the intervalence charge-transfer present in 1 came from its black
color, as coordination solids composed solely of the dianionic dhbg?~ ligand are typically bright or
dark red,®>!° the crystal structure analysis provided additional evidence that electron transfer had
taken place during synthesis (Table S2.1 and Figure S2.2). The Fe-O distances in 1 are 2.008(7) A
and 2.031(7) A, significantly shorter than the Fe-O distances in Fe'-based molecules and
coordination solids containing dhbg-type ligands.?-'® Additionally, C-O distances for the dhbq"
ligands in 1 are slightly longer (1.281(11) A, 1.308(12) A) than those observed for dhbg*
coordination complexes (typically in the 1.26-1.29 A range).%

Mossbauer spectroscopy was used to unequivocally establish the oxidation state of the iron
centers in 1. At 100 K, the >’Fe Mossbauer spectrum (Figure 2.3) is comprised of a doublet with
an isomer shift of § = 0.574(2) mm/s, a quadrupole splitting of |[AEq| = 1.279(5) mm/s, and a line
width of I' = 0.326(8) mm/s (Figure 2.3, top). These parameters are similar to those of other high-
spin Fe'' compounds; the isomer shift, in particular, is quite close to those exhibited by
mononuclear high-spin Fe'! molecules ligated by three semiquinones.!” The large quadrupole
splitting is consistent with the extensive m-bonding presumed to occur in the compound. The
Mossbauer spectrum does not show any significant changes across the temperature range 20 to
300 K. Below 20 K, however, a poorly resolved sextet begins to appear as a consequence of
magnetic ordering in 1.
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Figure 2.3. °>"Fe Mossbauer spectra for 1 (top) and 2 (bottom) at 100 K, with the fits to the spectra

shown in orange. Both fits have parameters consistent with high-spin Fe'!l,

The observations made from crystallographic analysis and Mdssbauer spectroscopy led to the
assignment of 1 as (NBuy)z Fe''';(dhbq)s. Concomitant with the assignment of the iron centers as
trivalent is the assumption that at least some of the dhbq”~ ligands are spontaneously reduced by
Fe!! during the synthesis in order to generate a charge-balanced material. Separate one-electron
redox couples for dhbg?*/dhbg®~ and dhbg?/thb* have been observed in previous work on dhbg?-
-containing molecules.’ Thus, the ligands in 1 were assumed to be a combination of the dhbg?~ and
the organic radical dhbg?~ oxidation states. Ignoring the possibility of ligand-based redox non-
innocence, in order to achieve charge balance, the ligand redox states should be a 2:1 ratio of
dhbg* to dhbg?" (Figure 2.2a).

Slow-Scan Cyclic Voltammetry. In order to better understand the redox behavior of 1, slow-
scan cyclic voltammetry (SSCV) was performed. This technique, while in common use for
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inorganic intercalation solids, has passed largely unutilized for redox-active metal-organic
frameworks. This may be the result of the assumption that most metal-organic frameworks are
completely insulating, prompting the use of fast-scanning CV techniques that only investigate
redox activity at the crystallite surface. However, a number of recent reports have addressed the
reductive insertion of lithium ions in certain metal-organic frameworks using galvanostatic
methods.!'®

A voltammogram of 1 using lithium reference and counter electrodes in 0.1 M LiBF4 in
propylene carbonate was collected at a scan rate of 30 puV/s (Figure 2.4). Given a tentative
composition of Li,[NBus]2Fe''»(dhbq)s, the material could be reduced to x = 3.7 quasi-reversibly
with 77% Faradaic efficiency. Despite this relatively low Faradaic efficiency for a reductive
insertion reaction, we were encouraged by the possibility of reducing 1 to a composition with a
radical located on every ligand in the framework. Integration of the first quasi-reversible peak
corresponds to 1.1 electrons per mole of 1. This one-electron couple likely corresponds to reduction
of the remaining dhbg?~ ligand in 1 to a dhbg’" radical. Moreover, the total reduction activity
observed, close to four electrons per mole of 1, is postulated to correspond to solely ligand-based
reduction activity, since a four-electron reduction would correspond to reduction of all three dhbq"~
ligands to the thb* oxidation state. As discussed below, these expectations are consistent with
chemical reduction reactions using sodium naphthalenide as a stoichiometric reductant, as probed
via Mdssbauer spectroscopy of the resulting products. In light of the results from the chemical
reductions, we expected the Fe" redox manifold to be accessible at more reducing potentials.
Unfortunately, however, attempts to electrochemically reduce the material beyond x = 3.7 resulted
in decomposition of the framework.
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Figure 2.4. Slow-scan cyclic voltammetry of 1. Lithium reference and counter electrodes were
used with an electrolyte solution of 0.1 M LiBF4 in propylene carbonate. A scan rate of 30 uV/s
was used. The data shown uses the IUPAC current convention.

Chemical Reduction of 1. A one-electron chemical reduction of 1 was pursued using a
stoichiometric amount of sodium naphthalenide in THF. The recovered product was studied using
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ICP analysis and discovered to have a Fe:Na ratio of 2.23(1):1. In addition, elemental analysis
revealed low amounts of carbon and hydrogen, indicating a small exchange (10%) of NBus*
cations for Na*. The combination of these analyses supports an assignment of the formula unit of
the reduced material as Nao.o(NBus)18Fe2(dhbq)s (2), which corresponds to a 0.7 e /mol reduction
of 1. The reduced framework shows a highly crystalline powder x-ray diffraction pattern that
almost perfectly overlays with that simulated for 1, indicating little if any change in unit cell
(Figure S2.3).

The Mossbauer spectrum of 2 (Figure 2.3, bottom) also shows little change compared to that
of 1, indicating that the ligands, not the Fe!!' centers, were reduced during the chemical reduction.
Compound 2 exhibits an isomer shift of § = 0.570(3) mm/s, a quadrupole splitting of |AEq| =
1.252(7) mm/s, and a line width of I = 0.381(6) mm/s, compared to the values of § = 0.574(2)
mm/s and |AEq| = 1.279(5) mm/s observed for 1. Again ignoring possible ligand-based redox non-
innocence, in order to achieve a charge balanced material the ligand redox states in 2 should be a
2.7:0.3 ratio of dhbg*>" to dhbg?". Notably, the iron sites in this material are close to fully bridged
by the radical trianion linker dhbg’".

A further chemical reduction was performed using four equivalents of sodium naphthalenide
per mole of 1 (see the Supporting Information) in order to determine whether the redox chemistry
observed in the electrochemical analysis was entirely ligand-based, or partially metal-based. ICP
analysis indicated that the resulting product has a putative chemical formula of
Nas2(NBus)i sFe'l,(dhbq)s, As with 2, the resulting powder x-ray diffraction pattern almost
perfectly overlays with that of 1 (Figure S2.4). Mdssbauer spectroscopy revealed two iron sites
(Figure S2.5). The first site, accounting for 51% of the iron centers, exhibits § = 0.47(3) mm/s,
|AEq| = 0.79(2) mm/s, and I' = 0.50(5) mm/s, while the second site, corresponding to 49% of the
iron centers, exhibits § = 0.58(1) mm/s and |AEq| = 1.26(3) mm/s, and I = 0.36(2) mm/s. Since
both sites have parameters consistent with Fe'l, chemical reduction of 1—at least up to 3
equivalents of Na* per mole—is ligand-based, generating first dhbq®>~ and then thb* ligands. On
the basis of its hyperfine parameters, the first site could possibly be assigned to low-spin Fe'l, but
at this time, the assignment to high-spin Fe''is preferred. This further chemical reduction of 1 in
addition to other chemical reductions beyond 0.7 € /mol of 1 are still under investigation due to
the presence of multiple iron sites lending additional complexity to their electronic structures.
Thus, only frameworks 1 and 2 will be discussed further here.

Infrared Spectroscopy. With the valency of the iron cations in 1 and 2 established, the valence
of the ligands was further studied using infrared spectroscopy. The spectrum of 1 (Figure 2.5)
presents strong near-IR absorption suggestive of intervalence charge transfer. In addition, the high
degree of asymmetry of the peaks in the spectra for 1 and 2 is likely due to significant coupling of
electronic modes to vibronic modes, a feature also associated with intervalence charge transfer
(IVCT). Crucially, both spectra display a very broad peak over 1510-1450 cm™!, which we assign
to the C=0 stretching vibration. This stretch is typically much sharper and at higher wavenumbers
for materials containing only the dhbg?~ ligand.* Moreover, in dhbg*-containing molecules, this
stretch is typically observed to shift to lower energy by ~50 cm™' when reduced to dhbg*~.° Thus,
the appearance of one broad stretch or possibly two overlapping stretches across the 1510-1450
cm™! region supports assignment of the dhbq" ligands as dhbgq??~. This broad C=0 stretch, in
addition to the strong absorbance in the near-IR region, encouraged further investigation of ligand
intervalence using UV-Vis-NIR spectroscopy.
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Figure 2.5. Solid-ATR infrared spectra of 1 and 2 shown in blue and orange, respectively.

UV-Vis-NIR Diffuse Reflectance Spectroscopy. The electronic absorption spectra of 1 and 2
(Figure 2.6) show a broad absorbance extending across the range 4500 to 14000 cm™!, with vmax=
7000 and 6300 cm™!, respectively. These intense absorption features are attributed to ligand-based
IVCT. Notably, a solid-state UV-Vis-NIR spectrum of a molecular Fe'! semiquinone-catecholate
compound shows a similar, though narrower, IVCT band at vmax = 5200 cm™.!” Since all of the
iron centers in 1 and 2 were confirmed to be trivalent by Mossbauer spectroscopy, the origin of the
IVCT must be the organic dhbg?>”>~ moieties. Interestingly, in both cases the bands display a very
sharp absorption edge at low energy (4500 cm™), one of the best-known signatures of Robin-Day
Class II/IIT mixed-valency.?’ This represents the first observation of a Class II/III mixed-valency
in a metal—organic framework of which we are aware, and provides a definitive signature of strong
electronic correlation within these materials. A higher energy absorbance observed at 21500 cm™!
is tentatively assigned to a m-n* transition, though the feature may also be due to ligand-to-metal
charge transfer (Figure S2.6). The observation of a low-lying IVCT band in the electronic
absorption spectra of 1 and 2 is indicative of thermally activated charge transport within the lattice,
and this motivated us to explore the electronic conductivity of these materials.

Metal-organic frameworks seldom exhibit either metal’¢!82! or ligand®®:6¢:18.22 redox activity,
and control of the redox states in a framework is even more rarely achieved. Post-synthetic
chemical redox reactions of metal-organic frameworks are typically performed using a large
excess of a redox reagent or not quantified, making full characterization of the resulting products
difficult. Also, the majority of ligand redox activity observed in metal-organic frameworks thus
far has been characterized using spectroelectrochemical measurements, in contrast to post-
synthetic analysis of bulk redox reaction products. Thus, the synthesis of 1 and 2 provided a unique
opportunity to study a pair of materials with precise chemical redox states and correlate their
electronic and magnetic behaviors.
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Figure 2.6. Diffuse reflectance UV-Vis-NIR spectra of 1 and 2 shown in blue and orange,
respectively. F(R) is a Kubelka-Munk conversion of the raw diffuse reflectance spectrum.

Electronic Conductivity. Electronic conductivity was investigated via two-point dc
conductivity measurements performed on pressed pellets of 1 and 2. For compound 1, a room-
temperature conductivity of 0.16(1) S/cm was determined and found to be Ohmic within =1 V of
open circuit. To the best of our knowledge, this is the highest conductivity value yet observed for
a three-dimensionally connected metal—organic framework. While several higher values have been
reported for lamellar solids, the mode of conductivity in these materials is often attributed to n-d
conjugation through square planar metal centers.’” To date, no clear strategy of extending this
mechanism to three-dimensional solids has emerged. In contrast, compound 2 was found to be
considerably less conductive, exhibiting a conductivity of 0.0062(1) S/cm at 298 K.

The foregoing results suggest a mode of conductivity consistent with electron hopping within
the dhbg>”*~ redox manifold. Considering the reduction to yield 2, this model would agree that
with population of the dhbgq® vacancies, such that fewer unpaired electrons on radical dhbg*~
linkers have a nearest neighbor dhbg?~ vacancy to hop to, the carrier mobility and in turn the
conductivity should indeed decrease. As such, fractional oxidation of 1 could be expected to yield
even higher conductivities. Unfortunately, clean synthetic conditions for the oxidative deinsertion
of the tetrabutylammonium cations have not yet been identified.

Variable-temperature conductivity measurements were performed in the temperature range 70-
300 K. Both 1 and 2 were confirmed to be semiconducting with an Arrhenius temperature
dependence. An Arrhenius fit to the data revealed an activation energy of just 110 meV for 1
(Figure 2.7, Figures S2.7 and S2.8). In contrast, a considerably larger activation energy of 180
meV was obtained for 2 (Figure 2.7, Figures S2.7, S2.8, and S2.9). The stronger temperature
dependence of the conductivity for 2 is again consistent with a further divergence of the dhbg®~ to
dhbg? ligand ratio from the optimal mixed-valence ratio of 1:1.

While it is expected that the conductivity results obtained by two-point pressed pellet
measurements may be limited by crystallite boundaries and electrode contacts, the activation
energies of 1 and 2 are of reasonable magnitude to be consistent with the broad low energy

27



absorption bands observed in the infrared and UV-Vis-NIR spectra. The cubic symmetry of the
conduction pathway is quite rare for conductive coordination solids. It was found to be
advantageous in this case, however, owing to mitigation of the texturing effects often observed in
pressed pellet measurements of one- and two-dimensional conductors. A final consideration is that
while the carrier mobility should decrease as the stoichiometry moves further from that of optimal
mixed-valence, the charge carrier density should increase as more dhbg?~ ligands are reduced to
the radical dhbg®~ species. Our present work suggests that charge carrier mobility is the greater
predictor of conductivity in these materials, as 2 has a decreased conductivity compared to 1.

Log(o) (S/cm)

0 (NBu,),Fe,(dhbg),
Naolg(NBu4)1_BFez(dhbq)3

LB L L B R B B B L LR R |
50 100 150 200 250 300
7(K)
Figure 2.7. Variable-temperature conductivity data for 1 and 2, shown by blue squares and orange
circles, respectively. Arrhenius fits to the data are shown by black lines.

Magnetic Properties. Concurrently, the presence of dhbg® radicals in 1 and 2 prompted us to
investigate their magnetic behaviors. Previously studied metal-organic materials with transition
metals bridged by organic radicals have demonstrated strong magnetic coupling, leading to high-
temperature magnetic ordering.?*> The most famous example is the room-temperature magnet
V(TCNE),'xCH:Cl, (TCNE = tetracyanoethylene).?* Variable-temperature dc magnetic
susceptibility measurements of 1 under an applied magnetic field of 0.1 T revealed strong metal-
radical magnetic interactions, eventually leading to magnetic ordering at 8 K (Figure 2.8, top). The
ordering temperature, confirmed using ac magnetic susceptibility measurements (Figure S2.10),
was significantly lower than anticipated based on the strong magnetic coupling that has previously
been observed in Fe'-dhbg?®~ molecules.”® However, strong deviations from Curie-Weiss behavior
below 250 K shed some light onto the low magnetic ordering temperature (Figure 2.8, middle).
Such deviations from Curie-Weiss behavior have been previously observed in systems with strong
n-d interactions,?® and previously attributed to local magnetic order (in contrast to bulk magnetic
ordering) or competing ferromagnetic and antiferromagnetic interactions leading to magnetic
glassiness,? both of which could be present in 1.

A Curie-Weiss fit of the inverse magnetic susceptibility data for 1 from 250 K to 300 K results
in a Curie temperature of §# = 134 K and a Curie constant of C = 6.1 emu-K/mol. The positive
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Curie temperature reveals that ferromagnetic interactions are dominant at high-temperature in 1,
and its magnitude suggests that quite high temperature magnetic coupling occurs in 1. In contrast,
the magnetic behavior at low temperature indicates that ferrimagnetic coupling predominates. The
shape of the magnetization (Figure S2.11) versus temperature from 40 to 2 K is a gradual, nearly
linear increase, rather than the sharp increase and magnetization saturation typically associated
with bulk ferromagnets. In addition, low temperature magnetic hysteresis data reveal a saturation
magnetization of 7.3 pug/mol, much closer to the 8.94 pug/mol expected for ferrimagnetic coupling
rather than the 10.95 pus/mol expected for ferromagnetic coupling. Thus, the low magnetic ordering
temperature of 1 is attributed to a competition of ferromagnetic and antiferromagnetic interactions
that prevents true three-dimensional order, until antiferromagnetic metal-radical interactions and
thus bulk ferrimagnetic order prevails at low temperature.

Compound 2, which is much closer to a fully dhbg*~-bridged framework, was expected to show
an increased magnetic ordering temperature due to the greater number of paramagnetic linkers.
Indeed, a higher magnetic transition temperature of 12 K was observed, as determined using ac
magnetic susceptibility measurements (Figure S2.10). The room-temperature product of magnetic
susceptibility and temperature (ym7) for 2 is 11.2 emu-K/mol, compared to 10.9 emu-K/mol for 1.
Accordingly, the difference between the two frameworks is 0.3 emu-K/mol at 300 K, close to the
0.26 emu-K/mol difference expected with addition of 0.7 equivalents of an § = % spin, assuming
magnetically isolated metal and radical spins. Moreover, Curie-Weiss analysis of the magnetic
susceptibility data for 2 in the temperature range 250 to 300 K results in § =144 K and C = 5.90
emu-K/mol (Figure 2.9). The higher Curie temperature as compared to 1 is in keeping with the
greater density of magnetic exchange interactions expected for 2.

Finally, low temperature (2 K) magnetic hysteresis measurements reveal that 2 is a harder
magnet than 1, with coercive fields of 350 Oe and 100 Oe observed, respectively (Figure 2.8,
bottom). The saturation magnetization (Figure S2.12) of 2 is 7.11 pug/mol, lower than that of 1, as
expected due to the additional ligand radical spins coupling antiferromagnetically to the Fe!!
centers, and close to the predicted value of 7.94 ps/mol for ferrimagnetic coupling. The lower than
predicted saturation magnetization values of both 1 and 2 at low temperature are attributed to
antiferromagnetic interactions between the two sublattices that comprise the framework. In
general, the conflict between the high Curie temperatures observed for 1 and 2 and their
comparatively low magnetic ordering temperatures can potentially be resolved by counterion
changes. Altering the counter-ion A* in the two-dimensional materials [A*]Fe'"Fe"'(oxalate)s, for
example, has been shown to shift their magnetic ordering temperatures across a temperature range
of 17 K.23-%7

Interestingly, the foregoing results qualitatively adhere to the relation between the number of
magnetic neighbors (z) and magnetic ordering temperature, 7c & z, first introduced by Néel and
later popularized during magnetic studies of Prussian blue analogues.?® As a result, we believe
there is an exciting future in chemically tuning metal-organic radical frameworks to maximize the
number of magnetic neighbors and the magnitude of metal-radical magnetic coupling in order to
achieve high-temperature magnetic ordering.
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Figure 2.8. Top: Dc magnetic susceptibility data for 1 and 2 represented by blue squares and
Middle: Inverse of magnetic susceptibility versus temperature for 1
and 2. Curie-Weiss fits to the data in the temperature range 250-300 K are shown by solid blue and
orange lines for 1 and 2, respectively. Bottom: Magnetization (M) versus applied dc magnetic field
and orange, respectively. Hysteresis loops were recorded at a sweep
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rate of 2 mT/s. Solid lines are guides for the eye. Figure S2.12 shows the full hysteresis loops in
an applied dc magnetic field range of =7 T to 7 T.

2.4 Conclusions and Outlook

Overall, the work herein extends the oft-praised tunability of metal-organic frameworks to affect
electronic structure, enabling control over bulk electronic and magnetic properties. Ongoing efforts
are directed towards altering the transition metal, linker substituents, and charge-balancing cations
in 1 to control the mixed-valency behavior, provoking changes in magnetic ordering temperature
and electronic conductivity. In addition, we believe that further work on the transition metal-
semiquinoid framework studied here could potentially expose new applications for metal-organic
frameworks. For instance, organic mixed-valence has long been considered an appealing means
for achieving high gravimetric density electrochemical energy storage, despite the common pitfall
of large structural changes upon reduction or oxidation that result in limited cyclability.?’ Metal—
organic frameworks with redox-active linkers can circumvent this issue since the redox-active
moieties are locked within a rigid metal-ligand lattice. While the materials studied here show only
quasi-reversible ligand redox couples, ion exchange of the tetrabutylammonium ions for smaller
cations may engender permanent porosity in 1, allowing for ion-insertion with enhanced
reversibility. Further, chemical oxidation of 1 to the charge neutral Fe'»(dhbg?"); formula could
result in a metal-organic framework whose pores are filled only by solvent. This hypothetical
material is predicted*®>! to have a large accessible surface area of 5070 m?/g upon activation and
could likely support both cation and anion insertion. Overall, the Fex(dhbq)s system could
potentially exhibit up to 8 electrons per formula unit of redox activity, making it an intriguing
candidate for metal-organic framework-based electrodes.

Furthermore, magnetic ordering and semiconducting or metallic behaviors typically stem from
separate sub-lattices when observed in the same coordination solid, such as in tetrathiafulvalene
salts with paramagnetic counterions.*? In contrast, materials like 1 and 2, for which the electronic
and magnetic properties extend from the same origin (in this case ligand mixed-valency), present
an especially valuable opportunity to pursue magnetoelectric or multiferroic metal-organic
frameworks.

In conclusion, the foregoing work demonstrates a rare example of a metal-organic framework
composed of metal ions bridged by paramagnetic linkers that additionally displays ligand mixed-
valency. The effects of ligand-mixed valency on the electronic, magnetic, and ion-insertion
behaviors of the framework have been explored. Importantly, the electronic conductivities
obtained are some of the highest yet observed for metal-organic frameworks, indicating that ligand
mixed-valency can serve as a highly effective charge transport mechanism within metal-organic
frameworks. Also included is one of the first instances of post-synthetic chemical redox control
over a metal-organic framework. Specifically, control over the ligand redox states in the
framework was established using post-synthetic chemical redox reactions, resulting in synthesis
of a 0.7-electron reduction of framework 1. Correlated changes in electronic conductivity and
magnetic ordering temperature were observed for the two frameworks. Explicitly, this work
establishes the transition metal-semiquinoid system as a promising scaffold for delocalized and
tunable electronic structures in metal-organic frameworks. More broadly, it highlights the
technique of post-synthetic redox control over a metal-organic framework as a means to achieving
specific desired electronic properties, possibly enabling new applications for these materials in
electronic devices.
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Chapter 2 Supporting Information
S2.1 Experimental Details

Synthesis of Naz2(NBus); sFe'"';(dhbq)s. Prior to chemical reduction, cubic crystals of 1 were
ground into a microcrystalline powder using a mortar and pestle inside an Ar-atmosphere
glovebox. Then, a suspension of 53.3 mg (0.053 mmol) of 1 in 3.0 mL of THF was prepared. Na-
naphthalenide was prepared by stirring 27.0 mg (0.211 mmol) of naphthalene (CioHs) over a
roughly 10-fold excess of sodium metal in 2.0 mL of THF for 3 h. The resulting solution was
filtered and added drop-wise to the stirred suspension of 1 in THF at room temperature. The
mixture was stirred for 12 h, after which Naz 2(NBus): sFe''';(dhbq)s; was recovered as a dark brown
microcrystalline powder by vacuum filtration, washed with 2 x 2.0 mL THF, and dried for 1 h
under reduced pressure. ICP analysis indicated that 3.2 molar equivalents of Na* ions were
introduced per mole of 1. Unfortunately, C, H, and N elemental analysis was unsuccessful for
Nas2(NBus)i sFe''ls;(dhbq)s, resulting in unrealistically low percentages of C, H, and N. While
originally we believed that this result could indicate that much higher levels of cation exchange
had occurred than previously observed for framework 2, the obvious crystallinity and lack of unit
cell change for Nas 2(NBuas)i sFe''>(dhbq)s (Figure S2.4) to us was indicative that no significant
increase in cation exchange had taken place. Thus, the level of cation exchange in
Nas 2(NBus)i sFe''';(dhbq)s was assumed to be the same as for 2 (10% exchange of NBus* for Na*)
due to the similar conditions of the reduction. This resulted in a chemical formula assignment of
Nas 2(NBus)i sFe''';(dhbq)s, which corresponds to 3.0 electrons introduced per mole of framework
1. Notably, during the synthesis of 2, 0.7 moles of electrons were introduced into framework 1 per
mole of the reducing agent sodium naphthalenide added. In the case of Na3 2(NBua); sFe''>(dhbq)s,
0.75 moles of electrons were introduced into the framework per mole of sodium naphthalenide
added. Considering this similarity in addition to the other characterization performed (ICP
analysis, powder x-ray diffraction, IR spectroscopy, Mdssbauer spectroscopy), we believe that the
postulated chemical formula Nas>(NBus)i sFe">(dhbq)s is a reasonable one. ICP Found: Fe:Na,
0.63(1):1. IR (solid-ATR): 2955 (w), 2931 (w), 2861 (w), 1498 (s), 1469 (s), 1379 (s), 1292 (m),
1270 (m), 1248 (s), 1209 (s), 1150 (s), 1029 (m), 878 (m), 864 (s), 834 (m), 810 (s), 755 (m).

Procedure for Metal Content Analysis via ICP-OES. About 15 mg of sample were placed in a
20 mL glass vial and digested with 5 mL 5% HNOj in Millipore water at 80 °C. This solution was
then diluted with 15 mL 5% HNOs3 in Millipore water. Standard solutions ranging from 1 to 32
ppm of Fe and Na were prepared for the calibration curve.

Single Crystal X-Ray Diffraction. X-ray diffraction analyses were performed on single crystals
coated with Paratone-N oil and mounted on MiTeGen loops. Crystals were frozen at a temperature
of 100 K by an Oxford Cryosystems Cyrostream 800 Plus using N> during the experiment. Data
was collected at Beamline 11.3.1 at the Advanced Light Source, Lawrence Berkeley National
Laboratory using synchrotron radiation (A = 0.8856 A) and a Bruker PHOTON100 CMOS
diffractometer. Raw data were integrated and corrected for Lorentz and polarization effects using
Bruker AXS SAINT software.? Absorption corrections were applied using SADABS.? The
structure was solved using direct methods with SHELXS*? and refined using SHELXL® operated
in the OLEX27 interface. Thermal parameters were refined anisotropically for all non-hydrogen
atoms. Hydrogen atoms were placed in ideal position and refined using a riding model. Refinement
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of the crystal of 1 resulted in a Flack parameter of 0.507(8). Thus, it was refined as a 2-component
inversion twin, resulting in a lower R1 and wR2. The tetrabutylammonium countercation required
distance and extended rigid bond restraints, due to its severe disorder over three positions on a
three-fold axis in the structure.

Powder X-Ray Diffraction. Microcrystalline samples of 1 and 2 were loaded into 1.0 mm boron-
rich glass capillaries inside an Ar atmosphere glovebox, and then the capillaries were flame-sealed.
High-resolution x-ray powder diffraction data were subsequently collected at beamline 17-BM at
the Advanced Photon Source (APS) at Argonne National Laboratory. Diffraction patterns were
collected at 100 K with a wavelength of 0.72768 A.

NIR-UV-Visible Spectroscopy. UV-visible-NIR diffuse reflectance spectra were collected using
a CARY 5000 spectrophotometer interfaced with Varian Win UV software. The samples were
held in a Praying Mantis air-free diffuse reflectance cell. Polyvinylidene fluoride (PVDF) powder
was used as a non-adsorbing matrix. The Kubelka-Munk conversion (F(R) vs. wavenumber) of
the raw diffuse reflectance spectrum (R vs. wavenumber) was obtained by applying the formula
F(R) = (1 —R)*/2R.

Maoéssbauer Spectroscopy. Iron-57 Mossbauer spectra were obtained at 100 K with a constant
acceleration spectrometer and a cobalt-57 rhodium source. Prior to measurements the spectrometer
was calibrated at 290 K with a-iron foil. The isomer shifts are relative to room temperature o-iron
foil. Samples were prepared inside an Ar atmosphere glovebox and contained roughly 25 mg/cm?
of sample (2.8 mg/cm? of iron) diluted with boron nitride. All spectra were fit with symmetric
Lorentzian quadrupole doublets using the WMOSS Mossbauer Spectral Analysis Software.!

Variable Temperature Two-Point Electronic Conductivity. Variable temperature conductivity
was conducted in a home built 2-electrode screw cell (Scheme S2.1) with a contact area of 0.04757
cm?. In an argon-filled glove box, pellets of the materials studied were pressed between two copper
rods with contacts polished to a mirror finish. Sample thicknesses were measured with a caliper
and were typically in the range of 300 to 700 um; thicker pellets were used for 1 to accommodate
the larger crystallite size. The screw cell was sealed with Torr Seal ® low vapor pressure epoxy to
make an airtight seal.

Conductivity measurements were performed in a Quantum Design MPMS2 SQUID
magnetometer with a standard sample rod modified to accommodate two 26 AWG silver coated
copper cables sealed at the top of the rod with a air tight Swagelok fitting and Torr Seal ® low
vapor pressure epoxy. The sample cell was attached to the SQUID sample rod and descended into
the cryostat-equipped SQUID chamber. I-V profiles were collected with a Bio-Logic SP200
potentiostat with 30 nA current resolution. All data collected was Ohmic within a £1 V window
with a very small apparent temperature hysteresis that vanished after thermal cycling and
equilibration at 300 K.

The resulting I-V profiles were modeled with Ohm’s law, E-¢ = I, where FE is the applied field

and I is the current density, to determine the sample conductivity, o, with units of Q! cm™!. The

_Ea
temperature dependence of conductivity was fit the to the Arrhenius equation, 0 = g, *BT, where
o is the conductivity, gy is the pre-exponential factor, Ea is the Arrhenius activation energy, ks is
the Boltzmann constant, and 7 is the temperature.
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Electrochemical Methods. Materials were characterized electrochemically in an argon-filled
glovebox. A custom build air tight three-electrode cell was constructed using a 1/2 inch diameter
Swagelok PFA union tee and Ti current collectors machined to fit snugly. Lithium metal was
smeared onto the counter and reference electrodes and polished to a mirror finish. Electrodes were
prepared by drop casting a slurry of 60 wt% sample, 30 wt% conductive carbon Super P (Alfa
Aesar), and 10 wt% PVDF (Sigma Aldrich) and electrolyte soaked quartz fiber was used as the
separator. Slow-scan cyclic voltammograms were collected at 30 uV/s using a Bio-Logic VMP-3
multipotentiostat fitted to an argon glovebox. Data were analyzed with the free software package
EC-Lab v10.41 offered by Bio-Logic.

Magnetic Measurements. Samples were prepared by adding crystalline powder of 1 (50.0 mg)
and 2 (20.5 mg) to a 5 mm inner diameter quartz tube containing a raised quartz platform. Solid
eicosane was added to cover the sample to prevent crystallite torqueing and provide good thermal
contact between the sample and the cryostat. The tubes were fitted with Teflon sealable adapters,
evacuated on a Schlenk line, and flame-sealed under static vacuum. Following flame sealing, the
solid eicosane was melted in a water bath held at 40 °C. Magnetic susceptibility measurements
were performed using a Quantum Design MPMS2 SQUID magnetometer. Dc magnetic
susceptibility measurements were collected in the temperature range 2-300 K under applied
magnetic fields of 0.1 T, 0.5 T, and 1 T. Magnetic hysteresis measurements were performed at a
sweep rate of 2 mT/s. Diamagnetic corrections were applied to the data using Pascal’s constants
to give yp = —0.00060348 emu/mol (1), yp = —0.00056417 emu/mol (2), and yp = —0.00024306
emu/mol (eicosane).
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Table S2.1. Crystal data and structure refinement for (NBus).Fe">(dhbq)s (1).

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

a (A)

b (&)

c(A)

Volume (A%)

Z

Peaicd (mg/m3)

u (mm)

F(000)

Crystal size

Theta range (°)

Reflections

Independent reflections
Completeness to theta = 30.185°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>20(])]

R indices (all data)

Largest diff. peak and hole (e./A?)

CsoH7sFe2N2012

1010.84

100(2) K

0.8856 A

Cubic

[-43d

22.1401(5)

22.1401(5)

22.1401(5)

90

90

90

10852.7(7)

8

1.237

1.061

4320

0.05 x 0.05 x 0.05 mm?
2.808-30.185

46510

1397 [R(int) = 0.0640]
100.0 %

Semi-empirical from equivalents
0.979 and 0.857
Full-matrix least-squares on F?
1397/ 118 /203

1.168

R1=0.0733, wR2 =0.1966
R1=0.0834, wR2 = 0.2064
0.344 and -0.527
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Figure S2.1. 77-K N2 (left) and 195-K CO: (right) adsorption isotherms for 1 confirming

nonexistent microporosity. Adsorption isotherms were performed after heating solid samples of 1

under vacuum at 150 °C for 1 h.

Fe-O1 (A) 2.005(7)
Fe-02 (A) 2.030(7)
01-C1 (A) 1.278(13)
02-C2 (A) 1.312(14)
C1-C2 (A) 1.521(12)
C2-C3 (A) 1.324(16)

Figure S2.2. Asymmetric unit of the single crystal x-ray diffraction structure of 1 with selected
bond distances shown.
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Figure S2.3. Simulated x-ray powder diffraction pattern for 1 and x-ray powder diffraction pattern
for 2 at 100 K.
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Figure S2.4. Simulated x-ray powder diffraction pattern for 1 and x-ray powder diffraction
patterns for 2 and Na3»(NBus)i sFe!'>(dhbq)s at 100 K, shown by blue, orange, and green lines,
respectively.
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Figure S2.5. >’Fe Mossbauer spectrum for Naz 2(NBus)i sFe''';(dhbq)s at 100 K with the fit to the
spectrum shown in orange. The fit has parameters consistent with two different high-spin Fe'!
centers (dark blue: Area =51(1)%, 6 = 0.47(3) mm s™!, |AEq| = 0.79(2) mm s, "= 0.50(5) mm s~
I; pale blue: Area = 49(1)%, 6 = 0.58(1) mm s™!, |AEg|=1.26(3) mm s}, "= 0.36(2) mm s7').
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Figure S2.6. Full UV-Vis-NIR diffuse reflectance spectra for 1 and 2. F(R) is a Kubelka-Munk
conversion of the raw diffuse reflectance spectrum.
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Figure S2.7. Variable-temperature conductivity data for 1 and 2 shown by blue squares and orange
circles, respectively. Arrhenius fits to the data are shown by black lines.
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Scheme S2.1. Schematic of the cell used for variable-temperature conductivity. Outer diameter of
the cell is 7 mm.
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Figure S2.8: I-V curves collected on 1 from 300 K to 200 K display Ohmic response between +1
and —1 V. Similar linearity was observed down to 60 K for this sample.
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Figure S2.9: I-V curves collected on 2 from 300 K to 200 K display Ohmic response between +1
and —1 V. Similar linearity was observed down to 90 K for this sample.
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Figure S2.10. Variable-temperature ac magnetic susceptibility data at zero dc magnetic field and
in a 4 Oe ac oscillating magnetic field for 1 (top, circles) and 2 (bottom, squares). Data under
frequencies of 100 Oe, 200 Oe, 300 Oe, 400 Oe, and 500 Oe is shown by red, orange, yellow,
green, and blue symbols, respectively. Lines are to guide the eye.
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Figure S2.11. Variable-temperature magnetization data for 1 and 2 at low temperature. The
gradual increase in magnetization and lack of obvious magnetization saturation below the
magnetic ordering temperature is indicative of ferrimagnetic ordering.
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Figure S2.12. Magnetization (M) versus applied dc magnetic field data (/) for 1 and 2 in blue and

orange, respectively. Hysteresis loops were recorded at a sweep rate of 2 mT/s.
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Chapter 3: Magnetic Exchange in Two-Dimensional
Lanthanide-Semiquinoid Frameworks
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3.1 Introduction

The lanthanide ions have been an enduring component of high-performance magnetic materials
for the last century due to their unquenched orbital angular momentum, leading to intrinsic
magnetic anisotropy, along with, for the later lanthanide ions, large magnetic moments. Many of
the technological gains of the 20" century, including portable electronics, data recording media,
and electric motors and generators were enabled by the discovery and optimization of lanthanide-
based permanent magnets.! Magnetic materials such as Nd>FesB*? and SmCos* utilize the
intrinsic anisotropy of the lanthanide ions, along with exchange coupling with itinerant 3d
electrons, to yield high-ordering-temperature magnets with both large magnetic anisotropy and
large saturation magnetization.

In contrast to these dense intermetallic solids, metal—organic frameworks, a comparatively new
class of solids consisting of metal ion or cluster units bridged by organic linkers, have utilized
modularity of metal, linker, and framework topology to produce an enormous range of low-
density, porous materials with applications in gas storage, separations, sensing, and catalysis.>®
Development of metal-organic magnets with characteristics mirroring those of their solid-state
counterparts, namely high-temperature magnetic ordering and large coercive fields, is intrinsically
challenging due to the low-density nature of metal-organic systems. Magnetic ordering
temperature in particular is known to be proportional to the number of magnetic neighbors and the
strength of their magnetic exchange,’ the latter of which is limited by the long distances between
paramagnetic metal centers in metal-organic frameworks, often greater than 10 A. As such,
strategies to enhance magnetic exchange, and thereby magnetic ordering temperature, in metal—
organic frameworks are critical to their use in magnetic applications, including magnetic
shielding,® magnetically-responsive guest sensing,”!? and even simply as bulk magnets.!!:!2

Conveniently, use of paramagnetic radical bridging ligands as the linker in extended solids
concomitantly increases the number of magnetic neighbors and the strength of magnetic
exchange— metals participate in direct exchange with the spin-carrying ligand orbitals, rather than
in superexchange interactions across a diamagnetic linker. Combinations of transition metals and
radical ligands have already yielded a number of high-performance magnetic materials, including
the room-temperature magnet V(TCNE),-yCH,Cl, (TCNE = tetracyanoethylene).!® In contrast,
only a few lanthanide-radical frameworks have been investigated thus far, and are mainly based
on the TCNE ligand and the related linker 7,7,8,8-tetracyanoquinodimethane (TCNQ).!*!7 Recent
work has revealed that the paramagnetic trianion of the redox-active ligand 2,5-dihydroxy-1,4-
benzoquinone linker (Figure 3.1) can be incorporated into extended two- and three-dimensional
frameworks to provoke strong magnetic exchange and electronic conductivity.!3-2* However, thus
far dhbg* radical ligands have been incorporated into extended solids primarily via combination
of sufficiently reducing metal ions, such as Fe'!, with the dhbg?~ ligand to prompt a metal-to-ligand
electron transfer during framework synthesis. Considering the majority of lanthanide chemistry,
excepting that performed in extremely reducing conditions, utilizes trivalent, redox-inert
lanthanide ions, methods such as post-synthetic chemical redox reactions must be pursued in order
to incorporate dhbg*~ linkers into extended solids of the lanthanide ions. Herein, dhbg?-bridged
two-dimensional lanthanide frameworks, Ln>(dhbq)s(DMF),* yDMF (1-Ln, Ln =Y, Sm-Yb), are
synthesized and post-synthetically reduced to produce, in the cases of Ln =Y, Tb—Yb, their dhbg’~
-bridged congeners (2-Ln). These radical-bridged lanthanide frameworks are characterized
spectroscopically and magnetically, revealing, in some variants, low-temperature metamagnetic
behavior and glassy magnetic ordering.
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Figure 3.1. Redox states of 2,5-dihydroxy-1,4-benzoquinone that have previously been isolated in
metal-organic molecules or coordination solids.

3.2 Experimental Information

General Information. The compounds 2,5-dihydroxy-1,4-benzoquinone (Hadhbq) (98%),
Sm(NO3)3-6H20 (99.999%), Eu(NO3)3-H20 (99.99%), Dy(NO3)3-:6H20 (99.9%), Tm(NO3)3-5H20
(99.9%), naphthalene (99%), and sodium metal (99.9%) were purchased from Sigma Aldrich and
used as received. The compound Yb(NO3)3-6H20 (99.99%) was purchased from Alfa Aesar and
used as received. The salts Ln(NO3)3*6H>0 (Ln = Gd, Tb; 99.9%) and Ln(NO3)3-H>0O (Ln = Ho,
Er, Y; 99.9%) were purchased from Strem and used as received. For the synthesis of 1-Ln, N,N-
dimethylformamide (DMF) was purchased from Sigma-Aldrich and used as received. Anhydrous
DMF—used in the synthesis of DMF-solvated 1-Ln and 2-Ln—was prepared by passage over
activated molecular sieves using a JC Meyer solvent system and stored over 4 A sieves.
Tetrahydrofuran (THF) was prepared by passage over activated molecular sieves using a JC Meyer
solvent system and stored over 4 A sieves. The compounds 1-Ln were prepared under a
combination of ambient (in air) and anhydrous conditions. Following the isolation of 1-Ln,
subsequent preparation of 2-Ln (Ln =Y, Tb-YDb) and all manipulations of 2-Ln were performed
under an Ar atmosphere in a VAC glovebox. Carbon, hydrogen, and nitrogen analyses were
obtained from the Microanalytical Laboratory at the University of California, Berkeley.
Synthesis of Th2(dbhq)3;(DMF)42DMF (1-Tb). A solution of H>dhbq (260.6 mg, 1.860 mmol)
in DMF (4 mL) was layered on top of a solution of Tb(NO3)3-6H2O (561.7 mg, 1.240 mmol) in
DMF (4 mL) in a 20 mL scintillation vial. The vial was then placed in a steel heating block atop a
hot plate set to 60 °C. Dark red solid 1-Tb, including single crystals, formed after 1 d. Heating was
continued for a total of 3 d, upon which the vial was removed from the heating block and allowed
to cool. After cooling, crystalline 1-Tb was isolated by filtration and the product was dried under
reduced pressure for 4 h. The 1-Tb material is quite hydroscopic. Rigorously water-free material
was required in the preparation of 2-Th, which uses water-reactive sodium naphthalenide as a
reducing agent. Accordingly, solid Tbz(dbhq)s(DMF)s(H20), was brought into an argon-
atmosphere VAC glovebox, crushed into a pink powder, and soaked in anhydrous DMF for 12 h.
The solid was subsequently isolated by filtration and dried under reduced pressure for 15 min.
Elemental analysis indicated that material treated in this manner is fully solvated by DMF, with a
formula unit of Tba(dbhq)3;(DMF)s, and this solid was subsequently used for preparation of 2-Th.
Yield: 211.8 mg (14.6%). Anal. Calcd. for C36HasTb2N6O1s: C, 36.94; H, 4.13; N, 7.18. Found: C,
36.63; H, 3.98; N, 7.10.

The same synthesis and DMF-solvation procedures described above were followed in the
preparation of the other 1-Ln materials (Ln =Y, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb, see Supporting
Information).

Synthesis of Naz7Tb2(dbhq)s(DMF)23(THF).6 (2-Tb). A solution of sodium naphthalenide was
prepared by stirring naphthalene (42.8 mg, 0.334 mmol) in THF over ~2-fold excess sodium for 3

49



h. The dark green sodium naphthalenide solution was then added to a stirring suspension of 1-Th
(130.3 mg, 0.1110 mmol) in THF (4 mL). This suspension was stirred for 12 h, during which time
the suspended solids changed in color from pink-red to green. Solids of 2-Tb were isolated by
filtration, washed with 2 mL of THF, and dried for 15 min. The formula unit was determined by
simultaneous fitting of C, H, N, and Na elemental analysis, in which Na content was obtained by
inductively coupled plasma (ICP) analysis. Yield: 113 mg (100%). Anal. Calcd. for
C273H269N2.3Na 7014.9Tb, (Naz 7Tba(dbhq);(DMF)23(THF)os): C, 32.61; H, 2.70; N, 3.20. Found:
C, 32.47; H, 3.16; N, 3.09. ICP Calcd: Na, 6.17; Found: Na, 6.13.

The same procedure was followed in the preparation of 2-Ln (Ln =Y, Dy, Ho, Er, Tm, Yb, see
the Supporting Information).

Attempted reduction of 1-Sm, 1-Eu, and 1-Gd. Post-synthetic reduction reactions were
attempted using materials 1-Sm, 1-Eu, and 1-Gd in a manner similar to preparation of 2-Tb.
However, the resulting solids were amorphous, and the magnetic data of these solids showed only
minimal differences compared to that of their starting materials (see Figure S3.1 for a comparison
of magnetic susceptibility data of 1-Gd and “1-Gd-reduction conditions”). To complicate matters,
elemental analysis and ICP data of the resulting solids yielded found molar values of Na close to
that found for 2-Tb and expected for the corresponding 2-Ln materials, indicating that some
reduction, and corresponding incorporation of sodium countercations, did occur. Similarly, IR
spectroscopy revealed a shift in the dhbq” carbonyl stretch of the reduced products, indicating that
at least surface reduction of the dhbg?™ ligands had occurred (see Figure S3.2 for a comparison of
infrared spectra of 1-Gd and “1-Gd-reduction’). The amorphous nature of the reduction products
and negligible change in magnetic behavior likely indicate that the sodium naphthalenide diffused
less efficiently into the two-dimensional frameworks 1-Sm, 1-Eu, and 1-Gd compared to the other
1-Ln materials. The materials 1-Sm, 1-Eu, and 1-Gd conspicuously crystallize in a different
structure type compared to the materials 1-Y, 1-Th, 1-Dy, 1-Ho, 1-Er, 1-Tm, and 1-Yb, making
such a difference in reactivity plausible. A buildup of reducing reagent on the surface of the
materials 1-Sm, 1-Eu, and 1-Gd would enable over-reduction of the ligand to the tetraanionic
redox state, thb*. Materials containing this diamagnetic linker would be expected to show
magnetic behavior similar to that of the starting material 1-Ln, and would explain the presence of
sodium countercations in the reduced products.

3.3 Results and Discussion

Synthesis and structural characterization of 1-Ln. Two-dimensional frameworks of the general
formula Lny(X2dhbq)s(solv).(solv), have been previously characterized—in particular the series
an(dhbq)3(H20)x'yH20 (Ln =Y, La, Ce, Gd, Yb, Lu), an(CIthbq)3(H20)x'yH20 (Ll’l = SC, Y,
La, Pr, Nd, Gd, Tb, YD), and Lnz(Brdhbq)3(solv),ysolv (solv = dimethylsulfoxide or H,O; Ln =
La-Yb).2*26 However, frameworks of the type Lnx(dhbq)3;(DMF),yDMF were not previously
known. The compounds 1-Ln were prepared by initially combining 3 equivalents of 1,4-
dihydroxy-2,5-benzoquinone (H2dhbq) with 2 equivalents of Ln(NO;)3(H20). in N,N-
dimethylformamide (DMF). Each mixture was heated between one and three days at 60 °C to yield
dark red crystalline powders and single crystals of Lnz2(dhbq);(DMF),yDMF (1-Ln), in yields
ranging from 7-30%. Longer reaction times (~3 d) were used for the preparation of 1-Sm, 1-Eu,
1-Gd, and 1-Tb, which formed much more slowly than the other variants. Reaction times longer
than 3 days, or reaction temperatures much greater than 60 °C (e.g. 120 °C) resulted in the gradual
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production of amorphous brown solids, attributed to thermal decomposition of DMF. Yields of 1-
Ln for lanthanides with larger ionic radii than Eu** were too low to allow for full characterization.
Single-crystal X-ray characterization of 1-Ln revealed that the material crystallizes in two
different space groups depending on the size of the lanthanide ion. For the larger lanthanides Sm,
Eu, and Gd, 1-Ln crystallizes in the space group C2/c with the formula unit
Lny(dhbq)3;(DMF)eyDMF (Figure 3.2, left). Each lanthanide ion is nine-coordinate, with its
coordination sphere occupied by three dhbg?~ ligands and three DMF molecules; intersheet DMF
molecules could not be crystallographically resolved. In contrast, compounds of the smaller
lanthanides Tb-Yb crystallized in the space group P2;/c with the formula unit
Lny(dhbq)3;(DMF)4-2DMF (Figure 3.2). In this case, each lanthanide ion is eight-coordinate, with
three dhbg?™ ligands and two DMF molecules filling the coordination sphere; two intersheet DMF
molecules could also be crystallographically resolved, in agreement with the elemental analysis
results. It was not possible to obtain a single-crystal structure for 1-Y due to poor crystal quality,
but this compound appears to be isostructural with the P2;/c frameworks based on its powder X-
ray diffraction pattern (Figure S3.3), an unsurprising result given the similar ionic radii of Y** and
the later lanthanides. Elemental analysis of bulk 1-Y was also consistent with the analysis
performed for the later lanthanides, yielding a formula unit of Y2(dhbq)3(DMF)42DMF.

These frameworks were particularly appealing from a synthetic standpoint due to the high
reduction potential of DMF, which is unreactive toward reducing agents as strong as sodium
naphthalenide (=3.1 V vs. Fc¢/Fc*).?7 As such, isolation of the series 1-Ln allowed for use of post-
synthetic reduction techniques to obtain extended frameworks containing radical dhbg®~ ligands.
All 1-Ln powders were found to be quite hygroscopic, however, requiring removal of adventitious
water prior to reaction of 1-Ln with strong reducing reagents. Thus, the as-isolated powders were
soaked in anhydrous DMF and dried under reduced pressure in an anhydrous argon atmosphere
(see Experimental Details). Elemental analysis of 1-Ln (Ln = Sm, Eu, Gd) indicated that only the
coordinated DMF molecules remain in the isolated anhydrous powders—giving a formula of
Lny(dhbq)3;(DMF)e. In contrast, elemental analysis of anhydrous 1-Ln (Ln = Tb—Yb) indicated that
all of the crystallographically-ordered DMF molecules remained present in the dry powders,

yielding a formula unit of Ln>(dhbq);(DMF)42DMF.

Ln = Tb, Dy, Ho,

Ln = Sm, Eu, Gd Er, Tm, Yb

Figure 3.2. Left: Representative structure of Lnz(dhbq)3(DMF)syDMF (Ln = Sm, Eu, Gd) with
Ln = Gd. Right: Representative structure of Lnz(dhbq)3(DMF)42DMF (Ln = Tb—Yb) with Ln =
Ho. Dark grey, blue, red, orange, and purple spheres represent C, N, O, Gd, and Ho atoms,
respectively. Coordinated DMF molecules are highlighted on one lanthanide center in each
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structure. Other coordinated DMF molecules, DMF molecules of solvation, and hydrogen atoms
are omitted for clarity.

Synthesis and powder X-ray diffraction characterization of 2-Ln (Ln =Y, Tb-Yb). Post-
synthetic chemical reduction has only been utilized in a few cases to achieve stoichiometric control
over metal and ligand valence states in metal-organic frameworks, and thereby over the
framework electronic structure.!®20282% The choice of reducing agent is important both to ensure
a sufficiently high reduction potential and to provide a charge-balancing cation of size suitable for
incorporation into the pores or free space of the extended solid. The electrochemical reduction of
dhbg-type ligands has been studied in a variety of molecular complexes, and the dhbg?>”*~ and
dhbg®/thb* couples can been placed at approximately —1.4 and —2.0 V versus Fc/F¢* (Fc =
ferrocene), respectively.?*3! We chose sodium naphthalenide as our reducing agent since it is
sufficiently reducing (=3.1 V vs. Fc/Fc*)?’ to generate dhbg®™ and because the relatively small
charge-balancing sodium cation should be able to intercalate between the Lny(dhbq);(DMF),
sheets. Given that the potential of sodium naphthalenide is high enough to over-reduce the dhbg?"
ligand to diamagnetic thb*", we utilized a 1:1 ratio of dhbg? to reducing reagent to target clean
formation of the desired dhbg?~ species. A dark green THF solution of sodium naphthalenide was
added dropwise to a stirring suspension of powdered crystalline 1-Ln in THF at ambient
temperature; over the course of the reaction (12 h), the solids changed in color from red-pink to
green, and the solution color changed from dark green to colorless. The resulting green solids were
isolated by filtration in > 88% yield, indicating a clean reaction and minimal framework
decomposition. In the case of 1-Sm, 1-Eu, and 1-Gd, the reduction reactions produced only
amorphous powders that were not characterized further—Ilikely the result of a buildup of sodium
napthalenide on the particle surfaces that was attributed to the distinct structure of 1-Sm, 1-Eu,
and 1-Gd relative to the other 1-Ln congeners.

Powder X-ray diffraction data for 2-Ln (Ln = Y, T-Yb) revealed crystalline materials with

several low angle peaks similar to those of 1-Ln (Ln = Tb-Yb, see Figures S3.2 and S3.3), but
structural solutions were not pursued due to the low crystal symmetry. Instead, the 2-Ln
compounds were characterized by CHN combustion and sodium ICP analysis to quantify the
extent of chemical reduction. It was found that each framework contained 2.2 to 3 molar
equivalents of sodium, in addition to a mixture of DMF and THF solvent molecules (see
Supporting Information for further details).
Spectroscopic Characterization of 1-Ln and 2-Ln. The carbonyl infrared stretch of quinoid-type
ligands is considered a diagnostic handle for the ligand oxidation state. Thus, we first turned to
infrared spectroscopy to investigate changes to the ligand manifold in 1-Ln upon chemical
reduction (Figure 3.3, Figures S3.4-S3.6). In 1-Ln, the carbonyl stretch ranges from 1491-1496
cm !, which is consistent with the expected dhbg?™ assignment,*? while in 2-Ln the carbonyl
stretch shifts to lower energies ranging from 1452-1454 cm™!, indicative of ligand reduction.?
Indeed, in the dilanthanide complexes [CoCp*2][(HBpz;3),Ln(pu-Clodhbq)Ln(HBpz;3),] (Ln = Dy,
Tb, Gd, Y; HBpz;~ = hydrotris(pyrazol-1-yl)borate) bridged by Clodhbg®", the radical carbonyl
stretch was reported at 1450 cm™!,3! coinciding well with the observed carbonyl stretches and
supporting reduction of dhbg?~ ligands to the dhbq®” state. When the 2-Ln compounds are exposed
to air, the carbonyl frequencies shift back to higher energies, consistent with aerobic oxidation of
dhbg?” to dhbg? (Figure S3.6).
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Figure 3.3. Expanded view of the solid-ATR infrared spectra of 1-Tb (purple) and 2-Tb (green)
highlighting the carbonyl stretch of the dhbq”™ ligands. The full IR spectrum of 2-Tb is given in
Figure S3.4.

Similarly, UV-Vis-NIR spectra of 1-Ln and 2-Ln were collected to further study framework
changes upon chemical reduction. The spectra within each series were found to be qualitatively
similar, exhibiting the same features across a small range of shifts, and thus the spectra of the Tb
congeners are discussed in detail below as representative examples (Figure 3.4). In the case of 1-
Ln, the UV-Vis-NIR spectra exhibit two bands; for 1-Tb, the first band centered at 30,000 cm ™!
was assigned to the -7" transition of the dhbg?®~ ligand, and the second, much less intense band
centered at 19,300 cm™! was tentatively assigned to an n-m* transition. The latter assignment is
consistent with electronic transitions of the related ligand p-benzoquinone,** and a similar band
was also observed in the UV-Vis-NIR spectra of [(HBpz;),Ln(u-Clodhbq)Ln(HBpz;),] 3! As
expected, no charge transfer transitions were observed in the spectra due to the poor energy match
of the dhbg?™ ligands with the Ln'! cations.

In contrast, the spectra of 2-Ln exhibit five features (Figure 3.4). Again using the
representative spectrum of 2-Tb, a feature centered at 30,500 cm™! was assigned to a ligand 7-1"
transition, and three somewhat sharp bands at 21,550, 22,890, and ~24,300 cm™! were assigned to
dhbq®" m*-m* transitions—again consistent with features in the spectrum of [(HBpz;),Ln(u-
Clodhbq)Ln(HBpz;),]®' as well as the spectrum of the two-dimensional material
((CH3)2NHz)3Als(dhbg?")3(dhbg® )3-3DMF?® and molecular (dhbg-Cl,)*-bridged complexes.3®
Finally, a weaker, broad feature at 14,600 cm™! was assigned to an intervalence charge transfer
(IVCT) transition, arising from the mixture of dhbq?" and dhbg*®" ligands in the material. This
broad band may obscure n-7” transitions, predicted to occur at 19837 cm™! and 22062 cm ™! for the
radical anion p-benzosemiquinone.’’ Intervalence charge transfer bands have been previously
observed for extended transition metal solids containing mixed-valence dhbq"™ ligands,'®*!-23 but
these bands typically appear at lower energies and with higher intensities than reported here for 2-
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Ln due to better energy matching of the transition metal frontier orbitals with those of the dhbq"™
manifold. Such close metal-ligand orbital energy match can enable Class II/III mixed valence, in
which an electron experiences a small thermal barrier to charge transfer and can exhibit
spectroscopic characteristics associated with localization or delocalization, depending on the
timescale. Alternatively, Class III mixed-valence, in which an electron is fully delocalized across
the involved centers, can also be observed. Both scenarios can produce IVCT bands with increased
intensity.*®4° In the case of 2-Ln, the lanthanide 4f orbitals are much higher in energy than the
dhbq" orbitals and also have very limited radial extension. As a result, dhbq?>™~ ligands are
unlikely to communicate extensively via lanthanide orbitals, leading to Class II mixed valence
wherein electrons on units of differing valence are localized on their respective centers and
experience a thermal barrier to electron transfer.
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Figure 3.3. Normalized UV-Vis-NIR diffuse reflectance spectra of 1-Tb (purple) and 2-Tb
(green), with the most intense feature set to F(R) = 1.

Magnetic characterization of 2-Ln. The compounds 2-Ln were further characterized via dc
magnetic susceptibility measurements to better quantify the paramagnetic dhbg®™ ligands present
and to investigate the degree of magnetic exchange between the lanthanide ions and radicals. A
summary of the resulting relevant magnetic parameters is given in Table 3.1.
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Table 3.1. Calculated values of the magnetic susceptibility times temperature (ym7) or Curie
constant (C) in units of emu-K/mol; experimental values of ym7 (emu-K/mol); and experimental
Curie-Weiss temperatures (6, units of K) for 2-Ln (Ln =Y, Tb-Yb). All data were collected at
300 K and 0.1 T, unless otherwise specified.

2-Ln | dhbg?™ ligands® | Caled ymT or C Expt ymT 0 C
2-Y 2.2 0.83 0.75 (0.65)} —89.6" 0.84"
2-Tb 2.7 24.69 23.27 -10.0 24.2
2-Dy 2.5 29.28 29.75 -10.5 31.0
2-Ho 3 29.27 27.57 -12.7 28.8
2-Er 2.7 23.97 23.79 -11.9 24.8
2-Tm 3 15.43 14.97 -17.6 15.9
2-Yb 22 5.97 570 (512 (=70.9)" (6.3)"

TProposed number per formula unit based on molar equivalents of Na

Data collected at 1 T

*Fits to the Curie-Weiss equation were performed on data collected at | T in order to minimize contributions from
excited states.

SCurie-Weiss fit values are potentially distorted by contributions from excited states that persisted even undera 1 T
magnetic field, as reflected by the imperfect matching between C and Caled ymT (equivalent to Calcd C).

Compound 2-Y was first measured as a benchmark to confirm that the chemical reduction of
1-Ln results in paramagnetic dhbg>~ linkers, and not simply a mixture of diamagnetic dhbq®™ and
thb*~ ligands—indeed, because Y is diamagnetic, the presence of any paramagnetism for 2-Y
should be solely ligand-based. Under an applied magnetic field of 0.1 T, the room-temperature
(300 K) value of the magnetic susceptibility times temperature (ym7) for 2-Y is 0.75 emu-K/mol,
while under an applied field of 1 T this value decreases slightly to 0.65 emu-K/mol (Figure 3.5).
Both these ymT products approach the value of 0.83 emu-K/mol expected for 2.2 magnetically-
isolated S = 1/2 spins. The ymT product decreases steadily with decreasing temperature, behavior
indicative of antiferromagnetic coupling between radical spins. The 1 T data were fit to the Curie-
Weiss equation:

C
X=7"% (3.1
where C and 6 represent the Curie and Weiss constants, respectively. The fit yielded a value of C
= 0.84 emu-K/mol—consistent with the expected value of 0.83 emu-K/mol for 2.2 isolated S = 1/2
spins—and a large negative 6 of —89.6 K. The magnitude and sign of the Weiss constant affords a
qualitative picture of the nature and strength of magnetic exchange within a system, and such a
large negative value is indicative of substantial antiferromagnetic exchange between radical spins.
For comparison, ligand radical-radical exchange across Y'!! cations has been evaluated for a series
of yttrium nitronyl nitroxide chains to range from —15 to —24 cm'.*' High-resolution X-ray
diffraction, polarized neutron diffraction, and DFT characterization of an yttrium—semiquinone
radical complex indicated that charge and spin transfer from the semiquinone to Y™ occurs from
a m-type orbital—delocalized on the semiquinone oxygen and carbon atoms—to both the 4d and
5s orbitals of Y!.#2  Similarly, superexchange between dhbg® radicals in 2-Y is expected to
proceed through the unoccupied yttrium 4d and 5s orbitals. The magnetization of 2-Y at 7 T and
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2 K is 0.37 us, somewhat higher than the expected value of 0.2 ug for antiferromagnetic ordering
between radical spins, possibly indicating that the framework has a noncollinear magnetic ground
state. Unexpectedly, 2-Y also exhibits waist-restricted magnetic hysteresis at 2 K (Figure 3.5,
inset). Low-temperature ac magnetic susceptibility measurements revealed that this hysteresis
arises from metamagnetic behavior, wherein magnetic ordering is triggered by an applied magnetic
field of requisite strength. A field of 2 T promotes magnetic ordering in the case of 2-Y, as
indicated by a cusp in the in-phase magnetic susceptibility (y') data collected at 3 K (Figure S3.7).
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Figure 3.5. Magnetic susceptibility times temperature product (ym7) versus temperature for the
material 2-Y, collected under applied magnetic fields of 0.1 T and 1 T. Inset: Magnetization versus
field data for 2-Y collected at 2 K, using a magnetic field sweep rate of 0.20 mT/s.

Most of the lanthanide ions exhibit intrinsic magnetic anisotropy due to spin-orbit coupling of
their spin and orbital angular momentum. It was anticipated that this magnetic anisotropy may
produce magnetic materials with enhanced magnetic hysteresis behavior. To begin, material 2-Tb
was studied under an applied magnetic field of 0.1 T, at which a ym7 product of 23.27 emu * K/mol
was observed, somewhat lower than the expected 24.69 emu-K/mol, for two Tb™ ions and 2.7
radical ligands (Figure 3.6). The ym7 product decreased to 19.97 emu*K/mol at 20 K, followed
by arise in ym7 to 24.03 emu- K/mol at 4 K. Magnetic hysteresis measurements at 2 K revealed a
small magnetic hysteresis with a coercive field, Hc, of 130 Oe. In order to determine whether bulk
magnetic ordering occurred, ac magnetic susceptibility measurements were performed. A peak in
the out-of-phase magnetic susceptibility was observed for 2-Tb at 3 K and 1000 Hz, concurrent
with a rise in the in-phase susceptibility (Figure S3.9). Both the in- and out-of-phase magnetic
susceptibility signals moved to lower temperatures with lower frequency, indicative of glassy
magnetic ordering. Magnetic glassiness can be ascribed to either local magnetic order, in which
ordered spin clusters of varying size are present, or to magnetic frustration. ** Due to the anticipated
localized nature of lanthanide-radical magnetic exchange in the 2-Ln series, we ascribe the glassy
behavior observed for 2-Tb to local magnetic ordering.
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Figure 3.6. Magnetic susceptibility times temperature product (ym7) versus temperature for the
material 2-Tb, collected under an applied magnetic field of 0.1 T. Inset: Zoomed-in hysteresis
(magnetization versus field) data for 2-Tb collected at 2 K, using a field sweep rate of 0.20 mT/s.

Materials 2-Dy, 2-Ho, 2-Er, 2-Tm, and 2-Yb exhibit magnetic behavior similar to that of 2-
Tb (Table 3.1 and Figure 3.7). Each material shows a ym7 product close to that expected for its
number of radical dhbg®~ ligands (Table 1), followed by a decrease in ym7 with decreasing
temperature. None of these four materials exhibited magnetic ordering or magnetic hysteresis. The
compounds 2-Dy, 2-Ho, 2-Tm, and 2-Yb show local minima in their ym7 products at 18 K, 19 K,
12 K, and 17 K, respectively, followed by a small rise in ym7 with further decreasing temperature.
Unusually, 2-Er shows a much higher-temperature local minimum, occurring at 75 K, but with
little if any subsequent rise in ym7. When 2-Ln incorporates an anisotropic lanthanide ion, the
temperature dependence of its ym7 product reflects the combination of magnetic exchange effects
and effects due to depopulation of the lanthanide ions’ crystal-field-split Mjmultiplets, as well as
a typically small contribution from Zeeman splitting. It is possible that 2-Er experiences stronger
crystal field splitting of its Ln'! ions than 2-Tb, 2-Dy, 2-Ho, and 2-Tm, obscuring the effects of
lanthanide-radical and radical-radical magnetic exchange. Though the crystal structure of 2-Ln is
unknown, a predominantly equatorial crystal field would be expected to lead to stronger crystal
field splitting in the case of lanthanide ions with axially-elongated (“prolate”) electron density,
such as 2-Er, 2-Tm, and 2-Yb.** While the difference in temperature dependence of ym7 is most
obvious for 2-Er, the local minima and subsequent increases in ym7 ascribed to magnetic exchange
are less pronounced for 2-Tm and 2-Yb as well when compared to those of 2-Tb, 2-Dy, and 2-
Ho.

Interestingly, the Curie-Weiss temperature, 0, the magnitude of which should reflect the
strength of radical-radical and lanthanide-radical magnetic exchange, appears to trend with
decreasing lanthanide ionic radius, increasing from —10 K for 2-Tb to —17.6 K for 2-Tm (Table
3.1). This trend may possibly be ascribed to a decreasing bond distance between the lanthanide
ions and the oxygen atoms of the dhbq”~ ligands, expected as the ionic radius of the lanthanide ion
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decreases and effective nuclear charge increases. Magnetic exchange strength, both for direct
magnetic exchange and superexchange, is dependent on the distance between participating spin
centers. Considering that substantial spin density resides on the oxygen atoms of the dhbg?~
ligands, small changes in the lanthanide-oxygen distance, such as those expected with changing
lanthanide ionic radius, may significantly affect magnetic exchange strength.
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Figure 3.7. Magnetic susceptibility times temperature product (ym7) versus temperature for the
materials 2-Dy, 2-Ho, 2-Er, 2-Tm, and 2-Yb, represented by green circles, purple upside-down
triangles, pink squares, dark blue triangles, and light blue circles, respectively, collected under an
applied magnetic field of 0.1 T.

Next, the compound 2-Yb was of particular interest due to its lower reduction potential, which
may enable better energy match of the 4f orbitals with the frontier orbitals of the dhbq"™ ligands,
leading to stronger metal-radical magnetic exchange. Unfortunately, 2-Yb did not exhibit magnetic
ordering. The material 2-Yb appears to exhibit temperature-independent paramagnetism behavior,
in which magnetic excited states are populated with increasing temperature, leading to a linear
increase in ym7 with increasing temperature (Figure 3.7). At 300 K, ym7 values of 5.70 (0.1 T)
and 5.12 (1 T) emu* K/mol are observed for 2-Yb, compared to the expected value of 5.97 emu-
K/mol. While the ymT values of 2-Yb were not unrealistic, the corresponding Curie-Weiss fit of
the 1 T data produced a large 8 value of —70.9 K (Table 3.1). Given the lack of bulk magnetic
ordering in 2-Yb, this large 6 value seemed unrealistic, likely reflecting a disruption in ideal Curie
behavior due to participation of magnetic excited states. This assumption notwithstanding, large 6
values have been previously observed without leading to bulk magnetic ordering in cases of
localization of metal-radical exchange, for instance in the related material (H,NMe»)1 5Cr2(dhbq)s,
which may produce exchange-coupled metal-radical clusters that are magnetically isolated from
one another, rather than a continuous magnetic exchange pathway throughout the bulk material.?*
Given the previously mentioned limitation of dhbq" ligand communication via the poor radial
extension and high energy of the 4f orbitals, it is not impossible that such a 6 value is real, and
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simply reflects highly localized magnetic exchange. These competing scenarios may only be
distinguished through continued study of lanthanide-radical coordination solids in series.

Finally, the lack of bulk magnetic order in the series 2-Ln (Ln = Tb —Yb), though
disappointing, is interesting to explore. One related system of interest, a three-dimensional
lanthanide-catecholate framework composed of Ho'! ions and thb*  ions, has been shown to
ferromagnetically order at 11 K with a moderate coercive field of 170 Oe at 2 K. % It was
anticipated that incorporation of paramagnetic dhbg*~ centers in the place of thb* ions could only
increase the magnetic ordering temperature in this class of materials. One explanation for this
discrepancy lies in the substantial antiferromagnetic radical-radical exchange observed for 2-Y.
Antiferromagnetic radical-radical superexchange is likely to compete with comparatively weaker
lanthanide-radical antiferromagnetic exchange, preventing bulk magnetic order. An ideal
lanthanide-radical magnetic material would instead exhibit strong antiferromagnetic lanthanide-
radical exchange and either ferromagnetic radical-radical exchange or negligible radical-radical
magnetic exchange to generate a ferrimagnetic ground state with opposing lanthanide and radical
spins.

3.4 Conclusions and Outlook

In conclusion, a series of semiquinoid radical-bridged lanthanide frameworks has been synthesized
via post-synthetic chemical reduction techniques and investigated spectroscopically and
magnetically. IR and UV-Vis-NIR spectroscopy exhibit features consistent with the presence of
dhbg*>" radical ligands in the two-dimensional frameworks 2-Ln. Magnetic susceptibility
measurements on the yttrium derivative 2-Y indicate that antiferromagnetic radical-radical
exchange occurs. While the material 2-Tb exhibits glassy magnetic ordering at low temperature
with a small coercive field of 130 Oe at 2 K, the materials 2-Dy, 2-Ho, 2-Er, 2-Tm, and 2-Yb
surprisingly do not exhibit magnetic ordering. Effects such as the crystal field environment
generated by the radical ligands and competing radical-radical and lanthanide-radical exchange
pathways are discussed as complicating factors for the pursuit of bulk magnetic order in
lanthanide-radical extended solids.
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Chapter 3 Supporting Information
S3.1 Experimental Details.

Synthesis of Sm2(dbhq);(DMF)s (1-Sm). Material 1-Sm was prepared in a manner similar to 1-
Tb. A solution of 329.0 mg (2.35 mmol) of H2dhbq in 4 mL of DMF was layered on top of a
solution of 695.9 mg (1.57 mmol) of Sm(NO3)3*6H20 in 4 mL of DMF in a 20 mL scintillation
vial. The vial was then placed in a steel heating block placed on a hot plate set to 60 °C. Solids of
1-Sm, including single crystals, formed after 1 d. Heating was continued for a total of 3 d, upon
which the vial was removed from the heating block and allowed to cool. After cooling, dark red
crystalline solids of 1-Sm were isolated by filtration. The product was dried under reduced pressure
for 4 h. Solids of 1-Sm were brought into a VAC glovebox under an argon atmosphere. These
solids were crushed into a pink powder and soaked in anhydrous DMF for 12 h, isolated by
filtration, and dried under reduced pressure for 15 m. Yield: 137.0 mg (6.7%). Anal. Calcd. for
C36HasSmoN6O1s: C, 37.48; H, 4.19; N, 7.29. Found: C, 37.35; H, 4.05; N, 7.33.

Synthesis of Euz(dbhq);(DMF)s (1-Eu). Material 1-Eu was prepared in a manner similar to 1-
Tb. A solution of 245.4 mg (1.75 mmol) of Hadhbq in 4 mL of DMF was layered on top of a
solution 0f 415.7 mg (1.17 mmol) of Eu(NO3)3*H20 in 4 mL of DMF in a 20 mL scintillation vial.
The vial was then placed in a steel heating block placed on a hot plate set to 60 °C. Solids of 1-
Eu, including single crystals, formed after 1 d. Heating was continued for a total of 3 d, upon
which the vial was removed from the heating block and allowed to cool. After cooling, dark red
crystalline solids of 1-Eu were isolated by filtration. The product was dried under reduced pressure
for 4 h. Solids of 1-Eu were brought into a VAC glovebox under an argon atmosphere. These solids
were crushed into a pink powder and soaked in anhydrous DMF for 12 h, isolated by filtration,
and dried under reduced pressure for 15 m. Yield: 103.5 mg (7.7%). Anal. Calcd. for
Ci6HasEwN6O1s: C, 37.38; H, 4.18; N, 7.27. Found: C, 37.75; H, 4.29; N, 7.49.

Synthesis of Gd2(dbhq)3;(DMF)s (1-Gd). Material 1-Gd was prepared in a manner similar to 1-
Tb. A solution of 237.3 mg (1.69 mmol) of Haodhbq in 4 mL of DMF was layered on top of a
solution of 509.6 mg (1.13 mmol) of Gd(NO3)3°6H20 in 4 mL of DMF in a 20 mL scintillation
vial. The vial was then placed in a steel heating block placed on a hot plate set to 60 °C. Solids of
1-Gd, including single crystals, formed after 1 d. Heating was continued for a total of 3 d, upon
which the vial was removed from the heating block and allowed to cool. After cooling, dark red
crystalline solids of 1-Gd were isolated by filtration. The product was dried under reduced pressure
for 4 h. Solids of 1-Gd were brought into a VAC glovebox under an argon atmosphere. These
solids were crushed into a pink powder and soaked in anhydrous DMF for 12 h, isolated by
filtration, and dried under reduced pressure for 15 m. Yield: 115.3 mg (8.7%). Anal. Calcd. for
C36HasGd2N6O1s: C, 37.04; H, 4.14; N, 7.20. Found: C, 37.26; H, 4.23; N, 7.40.

Synthesis of Dy>2(dbhq)3(DMF)4 * 2 DMF (1-Dy). Material 1-Dy was prepared in a manner similar
to 1-Tb. A solution of 246.0 mg (1.76 mmol) of H2dhbq in 4 mL of DMF was layered on top of a
solution of 534.6 mg (1.17 mmol) of Dy(NO3);°6H>0 in 4 mL of DMF in a 20 mL scintillation
vial. The vial was then placed in a steel heating block placed on a hot plate set to 60 °C. Solids of
1-Dy, including single crystals, formed after 1 d. Heating was continued for a total of 36 h, upon

62



which the vial was removed from the heating block and allowed to cool. After cooling, dark red
crystalline solids of 1-Dy were isolated by filtration. The product was dried under reduced pressure
for 4 h. Solids of 1-Dy were brought into a VAC glovebox under an argon atmosphere. These solids
were crushed into a pink powder and soaked in anhydrous DMF for 12 h, isolated by filtration,
and dried under reduced pressure for 15 m. Yield: 237.0 mg (17.1%). Anal. Calcd. for
C36HasDy2NgO1s: C, 36.71; H, 4.11; N, 7.14. Found: C, 36.46; H, 3.99; N, 7.08.

Synthesis of Ho2(dbhq)3;(DMF)4* 2 DMF (1-Ho). Material 1-Ho was prepared in a manner similar
to 1-Tb. A solution of 318.9 mg (2.28 mmol) of H2dhbq in 4 mL of DMF was layered on top of a
solution of 532.6 mg (1.52 mmol) of Ho(NO3)3*H20 in 4 mL of DMF in a 20 mL scintillation vial.
The vial was then placed in a steel heating block placed on a hot plate set to 60 °C. Solids of 1-
Ho, including single crystals, formed after 1 d. Heating was continued for a total of 36 h, upon
which the vial was removed from the heating block and allowed to cool. After cooling, dark red
crystalline solids of 1-Ho were isolated by filtration. The product was dried under reduced pressure
for 4 h. Solids of 1-Ho were brought into a VAC glovebox under an argon atmosphere. These
solids were crushed into a pink powder and soaked in anhydrous DMF for 12 h, isolated by
filtration, and dried under reduced pressure for 15 m. Yield: 279.3 mg (15.6%). Anal. Calcd. for
C36HasEraNgOis: C, 36.56; H, 4.09; N, 7.11. Found: C, 36.24; H, 3.94; N, 7.04.

Synthesis of Er(dbhq);(DMF)4°2 DMF (1-Er). Material 1-Er was prepared in a manner similar
to 1-Tb. A solution of 337.4 mg (2.41 mmol) of H2dhbq in 4 mL of DMF was layered on top of a
solution of 567.2 mg (1.61 mmol) of Er(NO3)3*H>0 in 4 mL of DMF in a 20 mL scintillation vial.
The vial was then placed in a steel heating block placed on a hot plate set to 60 °C. Solids of 1-Er,
including single crystals, formed after 1 d. Heating was continued for a total of 36 h, upon which
the vial was removed from the heating block and allowed to cool. After cooling, dark red
crystalline solids of 1-Er were isolated by filtration. The product was dried under reduced pressure
for 4 h. Solids of 1-Er were brought into a VAC glovebox under an argon atmosphere. These solids
were crushed into a pink powder and soaked in anhydrous DMF for 12 h, isolated by filtration,
and dried under reduced pressure for 15 m. Yield: 358.7 mg (19.0 %). Anal. Calcd. for
C36HasErNsOrs: C, 36.42; H, 4.08; N, 7.08. Found: C, 36.27; H, 3.92; N, 7.08.

Synthesis of Tmz(dbhq);(DMF)4*2 DMF (1-Tm). Material 1-Tm was prepared in a manner
similar to 1-Th. A solution of 204.3 mg (1.46 mmol) of Hodhbq in 4 mL of DMF was layered on
top of a solution of 432.7 mg (0.97 mmol) of Tm(NO3)3*5H>0 in 4 mL of DMF in a 20 mL
scintillation vial. The vial was then placed in a steel heating block placed on a hot plate set to 60
°C. Solids of 1-Tm, including single crystals, formed after 1 d. Heating was continued for a total
of 36 h, upon which the vial was removed from the heating block and allowed to cool. After
cooling, dark red crystalline solids of 1-Tm were isolated by filtration. The product was dried
under reduced pressure for 4 h. Solids of 1-Tm were brought into a VAC glovebox under an argon
atmosphere. These solids were crushed into a pink powder and soaked in anhydrous DMF for 12
h, isolated by filtration, and dried under reduced pressure for 15 m. Yield: 339.0 mg (29.3%). Anal.
Calcd. for C36HasTmoNeO1s: C, 36.32; H, 4.06; N, 7.06. Found: C, 36.28; H, 4.07; N, 7.17.
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Synthesis of Yb2(dbhq)3;(DMF)4*2 DMF (1-Yb). Material 1-Yb was prepared in a manner similar
to 1-Tb. A solution of 222.9 mg (1.59 mmol) of Hodhbq in 4 mL of DMF was layered on top of a
solution of 495.6 mg (1.06 mmol) of Yb(NO3)3*6H20 in 4 mL of DMF in a 20 mL scintillation
vial. The vial was then placed in a steel heating block placed on a hot plate set to 60 °C. Solids of
1-Yb, including single crystals, formed after 1 d. Heating was continued for a total of 36 h, upon
which the vial was removed from the heating block and allowed to cool. After cooling, dark red
crystalline solids of 1-Yb were isolated by filtration. The product was dried under reduced pressure
for 4 h. Solids of 1-Yb were brought into a VAC glovebox under an argon atmosphere. These
solids were crushed into a pink powder and soaked in anhydrous DMF for 12 h, isolated by
filtration, and dried under reduced pressure for 15 m. This allowed all manipulations of 1-Yb to
be performed under ambient conditions. Yield: 385.6 mg (30.3%). Anal. Calcd. for
C36HasYb2N6Ois: C, 36.07; H, 4.04; N, 7.01. Found: C, 36.04; H, 3.93; N, 7.01.

Synthesis of Y2(dbhq)3(DMF)4°2 DMF (1-Y). Material 1-Y was prepared in a manner similar to
1-Tb. A solution of 266.5 mg (1.90 mmol) of Hodhbq in 4 mL of DMF was layered on top of a
solution of 485.8 mg (1.27 mmol) of Y(NO3)3*H20 in 4 mL of DMF in a 20 mL scintillation vial.
The vial was then placed in a steel heating block placed on a hot plate set to 60 °C. Solids of 1-Y,
including single crystals, formed after 1 d. Heating was continued for a total of 36 h, upon which
the vial was removed from the heating block and allowed to cool. After cooling, dark red
crystalline solids of 1-Y were isolated by filtration. The product was dried under reduced pressure
for 4 h. Solids of 1-Y were brought into a VAC glovebox under an argon atmosphere. These solids
were crushed into a pink powder and soaked in anhydrous DMF for 12 h, isolated by filtration,
and dried under reduced pressure for 15 m. Yield: 243.3 mg (18.6%). Anal. Calcd. for
C36HasY2N6Ois: C, 41.96; H, 4.69; N, 8.15. Found: C, 41.58; H, 4.41; N, 7.91.

Synthesis of Naz 7 Tb2(dbhq)3(DMF),.3(THF)o.s (2-Tb). A solution of the reducing agent sodium
napthalenide was prepared by stirring 42.8 mg (0.334 mmol) of naphthalene in tetrahydrofuran
over roughly 2-fold excess sodium for 3 h. The dark green sodium naphthalenide solution was then
added to a stirring suspension of 130.3 mg (0.111 mmol) of 1-Tb in 4 mL of THF. This suspension
was stirred for 12 h, during which the suspended solids changed in color from pink-red to green.
Solids of 2-Tb were isolated by filtration, washed with 2 mL of THF, and dried for 15 m. The
formula unit was determined by simultaneous fitting of C, H, N, and Na elemental analysis, in
which Na content was obtained by inductively coupled plasma (ICP) analysis. Yield: 112.5 mg
(100%). Anal. Calcd. for Ci73H269N23Naz70149Tb: (Na247Tb2(dbhq)3(DMF)243(THF)046)Z C,
32.61; H, 2.70; N, 3.20. Found: C, 32.47; H, 3.16; N, 3.09. ICP Calcd: Na, 6.17; Found: Na, 6.13.

Synthesis of Naz sDy2(dbhq)3(DMF)2.9(THF);.7 (2-Dy). A solution of the reducing agent sodium
napthalenide was prepared by stirring 57.1 mg (0.446 mmol) of naphthalene in tetrahydrofuran
over roughly 2-fold excess sodium for 3 h. The dark green sodium naphthalenide solution was then
added to a stirring suspension of 175.0 mg (0.149 mmol) of 1-Dy in 4 mL of THF. This suspension
was stirred for 12 h, during which the suspended solids changed in color from pink-red to green.
Solids of 2-Dy were isolated by filtration, washed with 2 mL of THF, and dried for 15 m. The
formula unit was determined by simultaneous fitting of C, H, N, and Na elemental analysis, in
which Na content was obtained by inductively coupled plasma (ICP) analysis. Yield: 155.9 mg
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(92.7%). Anal. Calcd. for C3345H3949N249Na24501646Dy2 (Na245Dy2(dbhq)3(DMF)QQ(THF)147): C,
35.57; H, 3.56; N, 3.59. Found: C, 35.60; H, 3.40; N, 3.59. ICP Calcd: Na, 5.08; Found: Na, 5.18.

Synthesis of NazHoz(dbhq)3(DMF):.9(THF):1.4 (2-Ho). A solution of the reducing agent sodium
napthalenide was prepared by stirring 59.0 mg (0.460 mmol) of naphthalene in tetrahydrofuran
over roughly 2-fold excess sodium for 3 h. The dark green sodium naphthalenide solution was then
added to a stirring suspension of 181.6 mg (0.154 mmol) of 1-Ho in 4 mL of THF. This suspension
was stirred for 12 h, during which the suspended solids changed in color from pink-red to green.
Solids of 2-Ho were isolated by filtration, washed with 2 mL of THF, and dried for 15 m. The
formula unit was determined by simultaneous fitting of C, H, N, and Na elemental analysis, in
which Na content was obtained by inductively coupled plasma (ICP) analysis. Yield: 160.4 mg
(92.7%). Anal. Calcd. for C323H37.5N29Na30163H02 (Na3H02(dbhq)3(DMF)QQ(THF)144): C, 34.45;
H, 3.36; N, 3.61. Found: C, 34.49; H, 3.25; N, 3.57. ICP Calcd: Na, 6.13; Found: Na, 6.13.

Synthesis of Na.7Er2(dbhq)3;(DMF),.7(THF)18 (2-Er). A solution of the reducing agent sodium
napthalenide was prepared by stirring 64.2 mg (0.501 mmol) of naphthalene in tetrahydrofuran
over roughly 2-fold excess sodium for 3 h. The dark green sodium naphthalenide solution was then
added to a stirring suspension of 198.1 mg (0.167 mmol) of 1-Er in 4 mL of THF. This suspension
was stirred for 12 h, during which the suspended solids changed in color from pink-red to green.
Solids of 2-Er were isolated by filtration, washed with 2 mL of THF, and dried for 15 m. The
formula unit was determined by simultaneous fitting of C, H, N, and Na elemental analysis, in
which Na content was obtained by inductively coupled plasma (ICP) analysis. Yield: 172.9 mg
(91.1%). Anal. Calcd. for Cs33H393N27Na2 7016.5Er2 (Naz 7Er2(dbhq);(DMF)..7(THF)18): C, 35.15;
H, 3.48; N, 3.32. Found: C, 35.17; H, 3.23; N, 3.42. ICP Calcd: Na, 5.45; Found: Na, 5.44.

Synthesis of NazTmz(dbhq)3;(DMF),.s5(THF)13 (2-Tm). A solution of the reducing agent sodium
napthalenide was prepared by stirring 33.7 mg (0.263 mmol) of naphthalene in tetrahydrofuran
over roughly 2-fold excess sodium for 3 h. The dark green sodium naphthalenide solution was then
added to a stirring suspension of 104.5 mg (0.088 mmol) of 1-Tm in 4 mL of THF. This suspension
was stirred for 12 h, during which the suspended solids changed in color from pink-red to green.
Solids of 2-Tm were isolated by filtration, washed with 2 mL of THF, and dried for 15 m. The
formula unit was determined by simultaneous fitting of C, H, N, and Na elemental analysis, in
which Na content was obtained by inductively coupled plasma (ICP) analysis. Yield: 85.4 mg
(88.7%). Anal. Calcd. for C30.7H33.9N2.5Na30158Tm, (Na3Tma(dbhq)s(DMF).s(THF):13): C, 33.6;
H, 3.11; N, 3.19. Found: C, 33.52; H, 3.06; N, 3.19. ICP Calcd: Na, 6.28; Found: Na, 6.40.

Synthesis of Naz,Yb2(dbhq)3;(DMF),.4(THF)1.2 (2-Yb). A solution of the reducing agent sodium
napthalenide was prepared by stirring 65.1 mg (0.508 mmol) of naphthalene in tetrahydrofuran
over roughly 2-fold excess sodium for 3 h. The dark green sodium naphthalenide solution was then
added to a stirring suspension of 203.0 mg (0.169 mmol) of 1-Yb in 4 mL of THF. This suspension
was stirred for 12 h, during which the suspended solids changed in color from pink-red to green.
Solids of 2-Yb were isolated by filtration, washed with 2 mL of THF, and dried for 15 m. The
formula unit was determined by simultaneous fitting of C, H, N, and Na elemental analysis, in
which Na content was obtained by inductively coupled plasma (ICP) analysis. Yield: 175.0 mg
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(96.3%). Anal. Calcd. for C30H32.4N2.4Na22015.6Yb2 (Na22Yb2(dbhq);(DMF)2.4(THF): 2): C, 33.59;
H, 3.04; N, 3.13. Found: C, 33.32; H, 3.33; N, 3.08. ICP Calcd: Na, 4.71; Found: Na, 4.69.

Synthesis of Naz,Y2(dbhq)3;(DMF)2(THF)o8 (2-Y). A solution of the reducing agent sodium
napthalenide was prepared by stirring 75.9 mg (0.592 mmol) of naphthalene in tetrahydrofuran
over roughly 2-fold excess sodium for 3 h. The dark green sodium naphthalenide solution was then
added to a stirring suspension of 0.2034 mg (0.197 mmol) of 1-Y in 4 mL of THF. This suspension
was stirred for 12 h, during which the suspended solids changed in color from pink-red to green.
Solids of 2-Y were isolated by filtration, washed with 2 mL of THF, and dried for 15 m. The
formula unit was determined by simultaneous fitting of C, H, N, and Na elemental analysis, in
which Na content was obtained by inductively coupled plasma (ICP) analysis. Yield: 187.1 mg
(%). Anal. Calcd. for CoH30.6N2.6Na220154Y2 (Na22Y2(dbhq)3(DMF)26(THF)og): C, 39.12; H,
3.46; N, 4.09. Found: C, 39.10; H, 3.80; N, 4.08. ICP Calcd: Na, 5.68; Found: Na, 5.55.

Procedure for Metal Content Analysis via ICP-OES. About 15 mg of 2-Ln were placed in a 20
mL borosilicate glass vial and digested with 5 mL 5% HNOj in Millipore water. This solution was
then diluted to a total volume of 100 mL with 5% HNOs in Millipore water. An aliquot of 10 mL
of this solution was separated, to which 1 mL of a 2.5 ppm ytrrium standard solution was added to
act as an internal standard. This solution was then further diluted to a total volume of 25 mL with
5% HNO; in Millipore water. Standard solutions ranging from 0.1 to 15 ppm of Na, and each
containing 0.1 ppm Y as an internal standard, were prepared for the calibration curve. ICP analysis
of 2-Y was performed without an internal standard due to the presence of yttrium in the material.

Single-Crystal X-Ray Diffraction. X-ray diffraction analysis was performed on single crystals
coated with Paratone-N oil and mounted on a MiTeGen loops. The crystals were frozen at 100 K
by an Oxford Cryosystems Cryostream 700 Plus. Data were collected at Beamline 12.2.1 at the
Advanced Light Source at Lawrence Berkeley National Laboratory using synchrotron radiation (A
=0.7288 A) on a Bruker D8 diffractometer equipped with a Bruker PHOTON II CPAD detector.
Raw data were integrated and corrected for Lorentz and polarization effects using Bruker AXS
SAINT software.! Absorption corrections were applied using SADABS.? The structures were
solved using intrinsic phasing with SHELXT?* and refined using SHELXL>® operated in the
OLEX27 interface. No significant crystal decay was observed during data collection. Thermal
parameters were refined anisotropically for all non-hydrogen atoms. Hydrogen atoms were placed
in ideal positions and refined using a riding model for all structures. Frameworks that crystallized
in the P2, /c spacegroup exhibited stacking disorder that could not be satisfactorily modelled.
Consequently, framework ligands required the use of strong geometric and displacement
parameter restrains. Residual electron density near the framework ligands and lanthanide centers
triggered several level A and B alerts in checkCIF. Responses to these alerts can be found in the
CIFs and checkCIF reports. Unassigned electron density in the voids of some structures results
from disordered solvent that could not be modeled. The unassigned electron density was accounted
for using SQUEEZE? as implemented in the PLATON? interface.

Powder X-Ray Diffraction. Powder X-ray diffraction patterns were collected at Beamline 12.2.2
at the Advanced Light Source using a wavelength of 0.4973 A (25 keV). The wavelength was
determined using a CeO: standard. Two-dimensional Debye-Scherrer diffraction rings from
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powder measurements were collected on a MAR345 image plate detector and integrated using
Dioptas software.!°

Infrared Spectroscopy. Infrared spectra were collected on a Perkin Elmer Avatar Spectrum 400
FTIR spectrometer. Spectra of 1-Ln were collected under ambient conditions, and due to the
hydroscopic nature of 1-Ln, exhibits the presence of some absorbed water. A homebuilt glovebag
attachment was used to perform air-free measurements of 2-Ln under a dinitrogen atmosphere.

NIR-UV-Visible Spectroscopy. UV-visible-NIR diffuse reflectance spectra were collected using
a CARY 5000 spectrophotometer interfaced with Varian Win UV software. The samples of 2-Ln
were held in a Praying Mantis air-free diffuse reflectance cell. Spectroscopy of 1-Ln was
performed in ambient conditions, but the Praying Mantis diffuse reflectance cell cover was still
used in order to minimize differences in background spectra of 1-Ln and 2-Ln. Barium sulfate
powder was used as a non-adsorbing matrix. The Kubelka-Munk conversion (F(R) vs.
wavenumber) of the raw diffuse reflectance spectrum (R vs. wavenumber) was obtained by

applying the formula F(R) = (1 — R)2/2R.

Magnetic Measurements. Samples of 2-Ln were prepared by adding crystalline powder of 2-Ln
to a 5 mm inner diameter quartz tube containing a raised quartz platform. Solid eicosane was added
to cover the sample to prevent crystallite torqueing and provide good thermal contact between the
sample and the cryostat. The tubes were fitted with Teflon sealable adapters, evacuated on a
Schlenk line, and flame-sealed under static vacuum. Following flame sealing, the solid eicosane
was melted in a water bath held at 40 °C. Magnetic susceptibility measurements were performed
using a Quantum Design MPMS2 SQUID magnetometer. Dc magnetic susceptibility
measurements were collected in the temperature range 2—-300 K under applied magnetic fields of
0.1 T. Diamagnetic corrections were applied to the data using Pascal’s constants.
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Table S3.1. Crystallographic data for 1-Sm, 1-Eu, 1-Gd, 1-Tb, and 1-Dy.

Formula

Temperatur
e (K)
Crystal
System

Space
Group

a, b, c(A)

a f,y (%)
V(A%
Z

Radiation,
A (A)

20 Range
for Data
Collection
)
Completen
ess to 20

Data /
Restraints /
Parameters

Goodness
of Fit on F>

Ri%, wRa?
(I>2a(1))
R4, wR2®
(all data)

Largest
Diff.
Peak
Hole
(eA?)

and

Smz(dhbq);(DM  Euz(dhbq);(DMF  Gdz(dhbq);(DMF  Tbz(dhbq);(DM  Dy2(dhbq);(DM

F)s:2DMF )s* 1.5SDMF )6 1.5SDMF F)4:2DMF F)4:2DMF

C42H62N3O20Sm2 CaosHsssN7sOros CaosHss sN7.sO1os C36HasN6O15Tb2  C3sHasNsO1sDy2
Ew Gdz

100(2) 100(2) 100(2) 100(2) 100(2)

Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic

C2/c C2/c C2/c P2,/c P2,/c

23.0022(10), 22.9448(10), 22.9371(6), 15.8310(5), 15.6111(6),

13.2773(6), 13.2482(6), 13.2424(3), 21.6125(8), 21.9355(9),

18.2784(8) 18.2511(8) 18.1988(5) 12.97924(5) 12.9149(5)

90, 114.768(2), 90, 114.779(2), 90, 114.8350(14), 90, 91.248(2),90 90, 91.475(2), 90

90 90 90

5068.8(4) 5037.1(4) 5016.5(2) 4436.4(3) 4421.1(3)

4 4 4 4 4

Synchrotron, Synchrotron, Synchrotron, Synchrotron, Synchrotron,

0.7288 0.7288 0.7288 0.7288 0.7288

3.728 t0 69.41

100.0%
(26 = 51.860°)

10148 /21 /286

1.403

0.1008, 0.1945

0.1144, 0.1996

1.770 and —2.434

3.736 t0 69.414

99.9%
(26 = 51.860°)

10072 /42 /286

1.382

0.1012, 0.2004

0.1128, 0.2049

1.595 and —2.276

3.738 t0 56.476

100.0%
(26 = 51.860°)

5745/ 21/286

1.359

0.0949, 0.1818

0.1084, 0.1866

1.430
-1.332

and

2.638 t0 62.740

100.0%
(26 = 51.860°)

13546 /246 /571

1.175

0.0942, 0.2476

0.1056, 0.2526

9.537
—8.637

and

2.676 to 58.136

100.0%
(26 = 51.860°)

10967 /126/571

1.175

0.0995, 0.2307

0.1092, 0.2349

7.563
—8.520

and

“Ri = Z|Fo| = [Fll/ZIFol. "wRx = {Z[w(Fo* = FEPVEIw(Fa 1} 2
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Table S3.2. Crystallographic data for 1-Ho, 1-Er, 1-Tm, and 1-Yb.

Formula
Temperature (K)
Crystal System

Space Group
a, b, ¢ (A)

a f,y (%)
V(A%
Z

Radiation,

A (A)

20 Range for
Data Collection
)
Completeness to
20

Data / Restraints /
Parameters

Goodness of Fit
on F?

R, wRo"
(I>2a(1))
R4, wR2?
(all data)
Largest Diff.

Peak and Hole
(e A7)

Hoz(dhbq)3(DMF)s-

2DMF

Er2(dhbq);(DMF)s-

2DMF

Tm2(dhbq)s(DMF)s+
2DMF

Yba(dhbq)s(DMF)s+

2DMF

C36HasN6sO1sHoz
100(2)
Monoclinic

P2,/c

15.5431(7),
21.9774(11),
12.9073(6)

90, 91.714(2), 90
4407.1(4)

4

Synchrotron,
0.7288

2.688 t0 63.756

100.0%
(26 = 51.860°)

14051/0/571

1.098

0.0356, 0.0684

0.0513,0.0729

1.152
—2.170

and

C36HasN6O18Er2
100(2)
Monoclinic

P2,/c

15.5200(5),
21.8478(7),
12.9213(4)

90, 91.6877(19)
4379.4(2)

4

Synchrotron,
0.7288

2.692 to 52.082

100.0%
(26 = 51.860°)

8022 /93 /571

1.092

0.0531, 0.1233

0.0696, 0.1295

3.970
~3.444

, 90

and

C36HasN6O15Tmo2
100(2)
Monoclinic

P2,/c

15.5434(6),
21.7317(10),
12.9262(5)

90, 91.675(2), 90
4364.4(3)

4

Synchrotron,
0.7288

2.688 to 54.190

100.0%
(26 = 51.860°)

8935/141/571

1.125

0.1197, 0.2823

0.1347, 0.2890

11.701
-10.712

and

C36H4sNsO18Y b2
100(2)
Monoclinic

P2,/c

15.4935(7),
21.7088(11),
12.9479(6)

90, 91.899(3), 90
4352.6(4)

4

Synchrotron,
0.7288

2.696 to 58.130

99.8%
(26 = 51.860°)

10787 /291 /571

1.089

0.1373,0.3523

0.1498, 0.3585

13.511
-15.210

“Ri=Y||Fo| = |Fe/YIFo|. "wR2 = {F[W(Fo* = FEP /Y [w(FP)]} 2.
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Attempted Chemical Reduction of 1-Gd:

Synthesis of 1-Gd-reduction conditions. A solution of the reducing agent sodium napthalenide
was prepared by stirring 44.9 mg (0.350 mmol) of naphthalene in tetrahydrofuran over roughly 2-
fold excess sodium for 3 h. The dark green sodium naphthalenide solution was then added to a
stirring suspension of 136.5 mg (0.117 mmol) of 1-Gd in 4 mL of THF. This suspension was stirred
for 12 h, during which the suspended solids changed in color from pink-red to green. Solids of 1-
Gd-reduction conditions were isolated by filtration, washed with 2 mL of THF, and dried for 15
m. The formula unit was determined by simultaneous fitting of C, H, N, and Na elemental analysis,
in which Na content was obtained by inductively coupled plasma (ICP) analysis. Yield: 117.2 mg
(94.5%). Anal. Calcd. for C302H33N2.6Na2.7015.7Gd2 (Na2.7Gd2(dbhq);(DMF)2.6(THF)1.1): C, 34.21;
H, 3.14; N, 3.44. Found: C, 34.27; H, 3.02; N, 3.43. ICP Calcd: Na, 5.85; Found: Na, 5.84. 1-Gd-
reduction conditions was amorphous and did not exhibit differences in magnetic behavior,
compared to 1-Gd, that were substantial enough to suggest bulk chemical reduction.

18
16 R L
~ 3
<)
£ 14 %
x ke
2 3
J 12 1 I=
I\E g
N Y
10 =
11-Gd 1-Gd
8 1-Gd-reduction conditions 01T 1-Gd-reduction conditions
——— 7 ———— T
0 50 100 150 200 250 300 1800 1600 1400 1200 1000
T (K) Wavenumber (cm™")

Figure S3.1. Left: Magnetic susceptibility times temperature product (ym7) versus temperature
for the materials 1-Gd and 1-Gd-reduction conditions, collected under an applied magnetic field
of 0.1 T. Right: IR spectra zoomed in on the region of interest for 1-Gd and 1-Gd-reduction
conditions, represented by purple and green lines, respectively.
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Powder X-Ray Diffraction:
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= =
S S
> >
2 &
{ o= [
e 2
£ =
I % & F & T % &% ¥ v LA R A
5 10 15 5 10 15
26(°), 2=0.4973 A 26(°), 2=0.4973 A
1-Ho
2-Ho
5
S
2
K7
[
Qo
=V
| T L
5 10 15

26(°), 1= 0.4973 R

Figure S3.2. Powder X-ray diffraction patterns for 1-Tb and 2-Tb, 1-Dy and 2-Dy, and 1-Hoe and
2-Ho, where 1-Ln and 2-Ln are represented by purple and green lines, respectively.
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Figure S3.3 Powder X-ray diffraction patterns for 1-Y and 2-Y, 1-Er and 2-Er, 1-Tm and 2-Tm,
and 1-Yb and 2-Yb, where 1-Ln and 2-Ln are represented by purple and green lines, respectively.
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Infrared Spectroscopy:
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Figure S3.4. Full IR spectrum for 1-Tb and 2-Tb, shown by purple and green lines, respectively.
Changes to the IR spectra between the 1-Ln and 2-Ln series are consistent across all lanthanides
Ln =Y, Sm-Yb. The intense peaks between 3000 and 2850 cm™! for 2-Tb reflect C-H stretching
modes of THF, which was used to clean the sample stage in between samples. Since the 2-Tb
spectra were collected in a home-built nitrogen glovebag setup, it was not possible to fully purge
the atmosphere of THF solvent vapor.
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Figure S3.5. IR spectra zoomed in on the region of interest for 1-Tb and 2-Tb, 1-Dy and 2-Dy,
and 1-Ho and 2-Ho, where 1-Ln and 2-Ln are represented by purple and green lines, respectively.
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Figure S3.6. IR spectra zoomed in on the region of interest for 1-Y and 2-Y, 1-Er and 2-Er, 1-
Tm and 2-Tm, and 1-Yb and 2-Yb, where 1-Ln and 2-Ln are represented by purple and green
lines, respectively. The grey dotted line represents a sample of 2-Er exposed to air for 5 minutes,
and exhibits the return of the carbonyl stretch to its value in 1-Er, as the ligand is oxidized back

to dhbg?"
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Magnetic Measurements:
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Figure S3.7. In-phase ac magnetic susceptibility measurements of 2-Y collected under applied
magnetic field strengths ranging from 0 to 2 T, with a frequency of 100 Hz and an oscillating ac
field of 4 Oe. No out-of-phase ac signal was observed for 2-Y.
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Figure S3.8. Zero-field-cooled and field-cooled magnetization measurements of 2-Tb, showing a
divergence at 4 K.
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Figure S3.9. Ac magnetic susceptibility measurements of 2-Tb collected under zero applied
magnetic field using frequencies ranging from 1 — 1000 Hz, with an oscillating ac field of 4 Oe.
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Chapter 4: Strong Ferromagnetic Exchange Coupling
and Single-Molecule Magnetism in MoS4*-Bridged
Dilanthanide Complexes
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4.1 Introduction

Single-molecule magnets, discrete molecules that exhibit a well-isolated bistable magnetic
ground state with a thermal barrier to relaxation of the magnetization, U, are of potential utility in
high-density information storage and quantum information processing.! However, to date even the
most promising systems are limited by low operating temperatures, with upper limits defined by
the blocking temperature, 7y, of a given molecule. Below this temperature the magnetization
remains pinned along the molecular magnetic easy axis and is not susceptible to thermal
fluctuations, akin to the magnetic polarization within bulk magnetic materials. One particularly
successful strategy for generating single-molecule magnets with high blocking temperatures has
been through the design of systems exhibiting strong magnetic exchange interactions between
highly anisotropic lanthanide ions, perhaps best illustrated by the diterbium(III) complex
{[(Me3Si)2N),Ln(THF)]2(u-N2")} 1.2 In this system, the diffuse spin orbital of the N>~ radical
bridge is able to penetrate the core 4f magnetic orbitals to engender strong lanthanide-radical
exchange coupling, resulting in a highly anisotropic molecular species with a 100-s magnetic
blocking temperature of 14 K, one of the highest known values for an exchange-coupled system.
A blocking temperature of 20 K was subsequently observed for the related N>*> -bridged complex,
{[(CsMesH)>Tb]2(u-N2")} 17, and in this and other exchange-coupled complexes the barrier to
magnetic relaxation, which tracks to some extent with 73, has been shown to be a function of the
magnitude of the magnetic exchange coupling.>* While recent efforts to enhance crystal field
splitting and axiality of magnetic excited states in single-ion lanthanide magnets has led to
outstanding advances in 100-s magnetic blocking temperatures, up to 53 K,’ the combination of
large magnetic anisotropy and large total angular momentum achieved via strong exchange
between lanthanides remains a promising route to still higher blocking temperatures.

Radical-bridged lanthanide complexes offer the advantage of ligands with spin-carrying atoms
directly ligated to the lanthanide ion and thereby close enough to engage in direct exchange with
the lanthanide spin density. In contrast, magnetic interactions of lanthanides with other metal ions
have to date proceeded via superexchange pathways across ligand atoms. So, while lanthanide-
transition metal pairings offer many additional synthetic handles with which to design exchange-
coupled single-molecule magnets, nd-4f single-molecule magnets typically exhibit very weak
magnetic coupling, in most cases less than 5 cm™'.% This weak coupling in turn leads to slow
magnetic relaxation that is single-ion in origin or prompts low-lying exchange-coupled excited
states that preclude large relaxation barriers.*6>%¢

The heavier 4d and 5d transition metals have the potential to facilitate strong superexchange
with the lanthanides since their more diffuse d orbitals are more likely to have enhanced overlap
with ligand orbitals.” Furthermore, there is better energy matching of 4d/5d spin-containing orbitals
with the spin-carrying 4f and empty 5d lanthanide orbitals as compared to 3d transition metals.
Nearly all lanthanide coordination compounds that incorporate 4d and 5d paramagnetic metal ions
(M) utilize cyanide-ligated building units,® and all®® of these compounds have yet to yield M—Gd
coupling magnitudes of greater than 1.6 cm™!.3¢8i

Considering candidate 4d bridging moieties with the potential for enhanced exchange strength,
we turned to the MoS#”™ (y = 2, 3) unit. The range of oxidation states available to molybdenum and
the polarizability of the single-atom sulfide bridges render this moiety a promising ligand to
facilitate magnetic communication. Herein, we report the synthesis and characterization of the
MoS4*-bridged complex salts [Co(CsMes)2][(CsMes).Ln(u-S)>2Mo(u-S):Ln(CsMes)2], 1-Ln,
accessed via one-electron reduction of the neutral MoV!-bridged complexes (CsMes)Ln(u-
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S):Mo(u-S)Ln(CsMes). Static magnetic susceptibility measurements reveal strong 4f/5d-4d
ferromagnetic exchange coupling, which is proposed to occur via charge transfer from MoV to
Ln', as supported by electron paramagnetic resonance and NIR-Uv-Vis spectroscopies. Moreover,
slow magnetic relaxation behaviors are observed for 1-Tb and 1-Dy.

4.2 Experimental Information

General Information. All manipulations and syntheses described were conducted with rigorous
exclusion of air and water using standard Schlenk line and glovebox techniques under an argon or
nitrogen atmosphere. Solvents were sparged with UHP argon (Praxair) and dried by passage
through columns containing Q-5 and molecular sieves prior to use. NMR solvents (Cambridge
Isotope Laboratories) were dried over NaK alloy, degassed by three freeze-pump-thaw cycles, and
vacuum transferred before use. Reagents Co(CsMes)> (Aldrich) and (NH4)2MSs (M = Mo, W;
Aldrich), were used as received. The lanthanide trichlorides LnCls; (Ln =Y, Gd, Tb, Dy) were dried
according to literature procedures by heating a mixture of the hydrated trichloride with an excess
of NH4CL.!? Potassium bis(trimethylsilylamide) (K[N(SiMes):], Aldrich, 95%) was purified via
toluene extraction before use. Pentamethylcyclopentadiene, (CsMesH, Aldrich, 95%) was dried
over molecular sieves and degassed using three freeze-pump-thaw cycles before deprotonation
with K[N(SiMe3)2] to form the ligand KCsMes.!! The precursor compounds (CsMes): Y (C3Hs),!?
(CsMes)2Ln(u-Ph)2BPh,"? (Ln =Y, Gd, Tb, Dy), and (PPh4)>MoS4'* were prepared using literature
procedures. Proton NMR spectra were recorded on Bruker GN500 or CRYO500 MHz
spectrometers ('*C{'H} at 125 MHz) at 298 K, unless otherwise stated, and referenced internally
to residual protio-solvent resonances. Samples for IR spectroscopic analysis were prepared as KBr
pellets and spectra were obtained on a Jasco FT/IR-4700 or Varian 1000 spectrometer; EPR spectra
were collected using X-band frequency (9.3-9.8 GHz) on a Bruker EMX Spectrometer equipped
with an ER041XG microwave bridge, and the magnetic field was calibrated with DPPH (g =
2.0036). UV-visible-NIR diffuse reflectance spectra were collected using a CARY 5000
spectrophotometer interfaced with Varian Win UV software. The samples were held in a Praying
Mantis air-free diffuse reflectance cell. Barium sulfate powder was used as a non-adsorbing matrix.
The Kubelka-Munk conversion (F(R) vs. wavenumber) of the raw diffuse reflectance spectrum (R
vs. wavenumber) was obtained by applying the formula F(R) = (1 — R)2/2R. Elemental analyses
were conducted on a Perkin-Elmer 2400 Series II CHNS elemental analyzer.

(CsMes)2 Y (u-S)2Mo(u-S):Y(CsMes)z. A slurry of (PPhs)2MoS4 (0.043 g, 0.048 mmol) in 3 mL
of THF was added to a solution of (CsMes), Y (u-Ph)>BPh; (0.066 g, 0.097 mmol) in 2 mL of THF.
The solution immediately became dark brown/purple and cloudy. After stirring for 1 h, the mixture
was centrifuged to produce a purple supernatant and dark grey insoluble material. The supernatant
was collected by filtration and the THF solvent was removed under reduced pressure to yield a
dark brown/purple solid. The brown/purple solid was dissolved in toluene (5 mL) and cooled
overnight at —35 °C to yield dark purple crystals (0.018 g, 43%) suitable for X-ray diffraction,
which enabled identification of the compound as MoVYl-bridged (CsMes).Y (u-S)>Mo(u-
S)2Y(CsMes),. '"H NMR (CgDe): & 2.09 (s, CsMes, 60H). BC{'H} NMR 128.4 (CsMes), 12.2
(CsMes). IR (cm™!): 2960m, 2900s, 2850s, 2720w, 1960w, 1440m, 1380m, 1020m, 800w, 730m,
700w, 490s. Anal Calcd for C40HeS4Y2Mo: C, 50.97; H, 6.42. Found: C, 50.69; H, 6.52.

(CsMes):Gd(u-S):Mo(u-S):Gd(CsMes),- C4HgO. This compound was prepared as described:
(PPh4)2MoS4 (0.120 g, 0.133 mmol) and (CsMes)>Gd(u-Ph),BPh, (0.203 g, 0.272 mmol) were
combined to yield dark purple solids of (CsMes)>Gd(u-S)2Mo(u-S)2Gd(CsMes)z (0.120 g, 83%).
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Crystals suitable for X-ray diffraction were grown from a concentrated toluene solution stored at
—35 °C overnight. IR (cm™!): 2901s, 2855s, 1591w, 1494m, 1433m, 1378m, 1189s, 1022w, 732m,
698m, 493s, 469m. Multiple elemental analyses are consistent with the inclusion of a THF
molecule. Anal Calcd for C40He0S4Gd2Mo-C4HsO: C, 45.89; H, 5.95. Found: C, 45.96; H, 5.96.

(CsMes)2 Th(u-S)2Mo(u-S): Th(CsMes),. This compound was prepared as described above for
(CsMes)2Y (u-S)2Mo(u-S)2 Y (CsMes)z: (PPhs)2MoS4 (0.135 g, 0.150 mmol) and (CsMes)>Tb(u-
Ph)>BPh> (0.230 g, 0.307 mmol) were combined to yield the product as a purple powder (0.089 g,
55%). Crystals suitable for X-ray diffraction were grown from a concentrated toluene solution
stored at —35 °C overnight. IR (cm™): 2963s, 2900s, 2855s, 2725w, 2360m, 2341m, 2244m 2056w,
1435m, 1378m, 1022m, 732m, 489s, 478s, 434m. Anal Calcd for C4HeoS4aTbaMo: C, 44.36; H,
5.58. Found: C, 44.51; H, 5.58.

(CsMes):Dy(u-S)2Mo(u-S):Dy(CsMes),. This compound was prepared as described above for
(CsMes)2Y (u-S)2Mo(u-S)2Y(CsMes)z: (PPh4)2MoS4 (0.142 g, 0.157 mmol) and (CsMes)2Dy(u-
Ph),BPh» (0.243 g, 0.323 mmol) were combined to yield the product as a purple/brown powder
(0.115 g, 67%). Crystals suitable for X-ray diffraction were grown from a concentrated toluene
solution stored at —35 °C overnight. IR (cm™"): 2963s, 2901s, 2854s, 2724w, 1434m, 1431m,
1378m, 1022m, 733m. Anal Caled for C40HeoS4sDy2Mo: C, 44.07; H, 5.55. Found: C, 44.36; H,
5.41.

[Co(CsMes):][(CsMes): Y(u-S):Mo(u-S):Y(CsMes)2], 1-Y. To a stirred solution of
(CsMes)2Y (u-S)2Mo(u-S)2Y(CsMes), (0.082 g, 0.087 mmol) in 6 mL of THF was added
Co(CsMes)2 (0.027 g, 0.082 mmol) in 4 mL of THF. The solution changed from purple to red
immediately. After 1 h, the solvent was removed under reduced pressure to produce a red solid.
The solid was washed with toluene (3 %X 2 mL) and dried under reduced pressure to yield the
product as a red solid (0.077 g, 74%). Recrystallization of this solid from concentrated THF
solutions at —35 °C overnight afforded red block-shaped crystals suitable for X-ray diffraction. 'H
NMR (THF-ds): 8 2.38 (s, br, 60H, CsMes), 2.26 (s, br, 30H, Co(CsMes),). IR (cm™!): 2957s, 2892s,
2851s, 2719w, 1475m, 1446m, 1427m, 1376m, 1259w, 1065m, 1022m. Anal Calcd for
Ce0HooS4Y2CoMo: C, 56.64; H, 7.13. Found: C, 56.42; H, 7.19.

[Co(CsMes):][(CsMes):Gd(u-S):Mo(u-S):Gd(CsMes):]|, 1-Gd. This compound was prepared
as described above for 1-Y. (CsMes)2Gd(u-S)2Mo(u-S)2Gd(CsMes)2 (0.120 g, 0.111 mmol) and
Co(CsMes)2 (0.0350 g, 0.106 mmol) were combined in THF to yield a red solution. The THF was
removed from this solution under reduced pressure to yield a red powder. Recrystallization from
concentrated THF solutions at —35 °C overnight gave the product as red block-shaped crystals
(0.087 g, 58%) suitable for X-ray diffraction. IR (cm™!): 2962m, 2888s, 2851s, 2721w, 1476m,
1450m, 1432m, 1388m, 1377m, 1066w, 1023m. Anal Calcd for CsoHoS4Gd>CoMo: C, 51.15; H,
6.44. Found: C, 49.86; H, 6.32. Low carbon and hydrogen values were obtained even after multiple
analysis attempts using different batches of samples. Found H/C ratios support an empirical
formula having CeoHoo, so incomplete combustion of the EA sample likely occurred.

[Co(CsMes):] [(CsMes): Th(u-S)2Mo(u-S): Th(CsMes)z], 1-Tb. This compound was prepared
as described above for 1-Y. (CsMes)Tb(u-S)2Mo(u-S)2Tb(CsMes)2 (0.089 g, 0.084 mmol) and
Co(CsMes)2 (0.026 g, 0.079 mmol) were combined in THF to yield a red solution. The THF was
removed from this solution under reduced pressure to yield a red powder. Recrystallization from
concentrated THF solutions at —35 °C overnight afforded the product as red block-shaped crystals
(0.041 g, 37%) suitable for X-ray diffraction. IR (cm™!): 2961m, 2889s, 2851s, 2718w, 1476m,
1449m, 1428m, 1385s, 1377s, 1066m, 1024m. Anal Calcd for CssHosS4OTbCoMo: C, 51.78; H,
6.65. Found: C, 52.05; H, 6.42.
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[Co(CsMes):] [(CsMes):Dy(u-S)2Mo(u-S):Dy(CsMes)z], 1-Dy. This compound was prepared
as described above for 1-Y. (CsMes)2Dy(u-S)2Mo(u-S)2Dy(CsMes)2 (0.119 g, 0.109 mmol) and
Co(CsMes)2 (0.037 g, 0.112 mmol) were combined in THF to yield a red solution. The THF was
removed from this solution under reduced pressure to yield a red powder. Recrystallization from
concentrated THF solutions at —35 °C overnight afforded the product as red block-shaped crystals
(0.055 g, 35%) suitable for X-ray diffraction. IR (cm™"): 3372w, 2960s, 2889s, 2852s, 2722m,
2361m, 2344m, 1475m, 1447m, 1428m, 1377m, 1024m, 732m, 434s. Anal Calcd for
Cs4H9sS40Dy>CoMo: C, 51.53; H, 6.62. Found: C, 51.49; H, 6.79.

Scheme 4.1. Synthetic scheme for (CsMes)2Ln(u-S)2Mo(u-S)2Ln(CsMes).and 1-Ln (Ln =Y, Gd,

Tb, Dy).
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4.3 Results and Discussion

The tetrathiomolybdate unit, MoS4"", has previously been shown to bridge multiple metal centers
in transition metal complexes containing Cu,'> Fe,!¢ and Nb,!” which have primarily found interest
in nonlinear optics and as models for the Fe-Mo cofactor in nitrogenase. The compound
(PPhs)[(CsMes)2Sm(u-S)>2Mo(u-S)>Sm(CsMes):], containing an S = % MoS4>~ unit bridging two
Sm'!! centers, has also been previously synthesized, demonstrating the ability of a MoS4" unit to
bridge two lanthanide(IIT) centers.!® Since the later lanthanides are known to facilitate magnetic
exchange and slow magnetic relaxation via their large magnetic moments and magnetic
anisotropies, analogues with Gd, Tb, and Dy were pursued.

Toward this goal, the purple trimetallic MoS4* -bridged complexes (CsMes)2Ln(u-S)>Mo(u-
S):Ln(CsMes)2 (Ln =Y, Gd, Tb, Dy) were synthesized according to the first step of Scheme 4.1.
Crystallographic characterization (Table S4.1) revealed two Ln'' centers capped by two
pentamethylcyclopentadienyl ligands each and bridged by a MoS4>~ ion with a pseudo-tetrahedral,
diamagnetic  MoY! center. One-electron reduction of these compounds using
decamethylcobaltocene (Co(CsMes)2, —1.94 V vs. Fc?1")!9 resulted in a red powder that could be
isolated directly from the THF reaction mixture after removing the solvent under reduced pressure.
Cooling a concentrated THF solution of this solid to —35 °C overnight afforded X-ray quality
crystals and enabled structural characterization of 1-Ln.
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In the structure of the gadolinium congener (Figure 4.1, right), the two Gd'™ centers are not
equivalent by symmetry, and two different Gd--Mo distances of 3.4378(3) and 3.4419(3) A are
observed (Table 4.1). The Mo—S bond lengths support the occurrence of a Mo-centered reduction,
with the average Gd-S bond lengthening from 2.1906(12) A in (CsMes)Gd(u-S)Mo(u-
S)2Gd(CsMes), to 2.2278(10) A in 1-Gd. The tetrahedral MoSs unit is compressed along the
Gd---Gd axis, resulting in S—-Mo-S angles of 110.96(4)°, 110.72(4)°, 106.49(4)°, and
106.65(4)°.The axis and degree of distortion of the MoS4 tetrahedron is consistent across the 1-Ln
series.

Comparing the structure of 1-Gd with that of 1-Y (Figure 4.1), some intriguing differences
arise. While the Mo—S bond lengths in 1-Gd are all relatively similar, those of 1-Y exhibit a distinct
asymmetry. On one side of the molecule, long Mo—S bonds are observed, with an average bond
length of 2.2391(13) A, in addition to short Ln—S bond lengths, averaged to 2.7408(12) A. On the
opposite side, short Mo—S bonds, averaging to 2.2325(13) A, and long Ln—S bonds, averaging to
2.7557(13) A, are observed. This asymmetry suggests a localization of the unpaired Mo" electron
on one side of the molecule. Since the MoV unpaired electron populates a Mo—S antibonding
orbital, Mo—S bond lengths should increase on the side of the charge localization, while Ln—S
bonds on the same side may be expected to decrease due to an Ln—MoS4 bonding-type interaction.
The structures of 1-Tb and 1-Dy are isostructural with that of 1-Y and show a similar asymmetry
of the Mo—S and Ln—S bond lengths, again suggesting some degree of charge localization.

[(Cp*,Y),(1-MoS ) [(Cp*,Gd),(u-MoS )]

Figure 4.1. Left: Structure of the MoS4*-bridged diyttrium complex anion in 1-Y. Right: Structure
of the MoS4>-bridged digadolinium complex anion in 1-Gd. Relevant bond lengths in units of A
are overlaid. Maroon, cyan, purple, yellow, and grey ellipsoids represent Y, Gd, Mo, S, and C
atoms, respectively. Hydrogen atoms, a [Co(CsMes)2]" countercation, and cocrystallized solvent
molecules are omitted for clarity.

The EPR spectrum of 1-Y collected at 77 K in frozen THF (Figure 4.2) shows a primary signal
consistent with an S = !/ molybdenum center (**Mo, I = 0, 75% abundance; *’Mo, I = />, 25%
abundance). Interestingly, the spectrum can only be reasonably fit?* when including hyperfine
coupling to a single 3°Y center (I = !/2, 100% abundance), rather than coupling to both 3°Y centers.
Three g values of gx = 1.972, gy = 1.980, and g, = 1.988 were included in the fit, along with three
%Mo coupling constants, both sets of which are consistent with reported MoV EPR spectra.!®2° In
contrast, the ¥Y hyperfine coupling constants of 4. =23 MHz, and 4| = 26 MHz are substantially
larger than previously observed yttrium-transition metal hyperfine couplings,?!?? suggesting a non-
negligible electron delocalization from the MoS4>~ unit onto one of the Y centers. Indeed, the
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Figure 4.2. X-band EPR spectrum of 1-Y collected at 77 K. The dotted black line represents a fit
to the data, shown by a maroon line, as described in the text and Supporting Information. Fitting
parameters are shown in Table S4.3. The fitting parameters gx, gy, and gz, obtained as described in
the Supporting Information, are shown as dashed grey lines.

divalent yttrium complex [K(2.2.2-cryptand)][(CsH4SiMes)3 Y], with a single electron localized in
a 5d.? orbital, exhibits an only four-fold higher hyperfine coupling of 4is, = 102.6 MHz.%* Charge
transfer involving only a single yttrium center is further supported by the single-crystal X-ray
diffraction structure of 1-Y, which exhibits asymmetry of Mo—S and Y-S bond distances as
described above, leading to two distinct Mo---Y separations of 3.4320(5) A and 3.4263(6) A. The
shorter Mo---Y distance corresponds to longer Mo—S and shorter Y-S average distances,
potentially demarcating this side of the molecule as the charge transfer pathway (Table 4.1).
Considering the character of the filled MoV orbital, and thereby the mechanism of Mo-Ln
charge transfer, the observation from the EPR spectrum that g-> g., g, suggests that the d.? orbital
is populated.?* The crystallographic parameters of the MoS4>~ unit may in theory be assessed to
determine the nature and orientation of the d orbital; if the d.? orbital is populated, the MoS4>~ unit
should be elongated along the z axis due to a Jahn-Teller distortion away from 7, symmetry.?
Across the 1-Ln series, the MoS4>~ tetrahedron is elongated perpendicular to the Ln--Ln axis.
However, the MoS4? tetrahedra in (CsMes)>Ln(u-S)>2Mo(u-S)2Ln(CsMes), are distorted to a similar
degree along the same axis, suggesting that any MoS4*~ distortion away from tetrahedral symmetry
is a consequence of the coordination of two LnCp™ units, rather than a Jahn-Teller perturbation.
The MoV unpaired electron is then assigned to a d.? orbital with the z axis lying parallel to the
Ln---Mo---Ln axis, in agreement with preliminary DFT calculations and molecular orbital analysis
of a known trinuclear MoS4"-bridged complex.'®® Given the large Y hyperfine coupling, which
suggests substantial Mo—Y charge transfer, one can envision a coupling mechanism that engages
an empty yttrium 4d orbital. In a bent metallocene, the d.? orbital is lowest in energy, and the z axis
is perpendicular to the plane defined by the CsMes ring centroids and the molecular C>-axis.?® The
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proposed orbital picture (Figure 4.3) allows for charge transfer to both lanthanide centers. Thus,
the origin of the asymmetric crystal structures of 1-Y, 1-Th, and 1-Dy, as well as the unidirectional
charge transfer implied by Y-Mo hyperfine coupling incorporating only a single Y center, is still
under investigation. Notably, the countercation [CoCp*>]"is located on the same side as that of the
proposed charge localization in the crystal structures of 1-Y, 1-Tb, and 1-Dy, and as such may
play a role in enforcing asymmetric charge transfer. However, such an argument would not explain
the solution EPR spectrum of 1-Y, in which crystal packing effects should not be possible.

S

“\\Sh,, /

Ln \S,Mo\
N\t &

Figure 4.3. Proposed participant orbitals and magnetic coupling pathway in 1-Ln.

Table 4.1. Comparison of Ln--Mo distances for 1-Ln.

Parameter Lnl-Mo Ln2-Mo A( A)
Complex (A) (A)

1-Y  3.4263(6) 3.4320(5) 0.0057(6)
1-Gd  3.4378(3) 3.4419(3) 0.0041(3)
1-Tb  3.4389(6) 3.4454(5) 0.0065(6)
1-Dy  3.4285(4) 3.4328(4) 0.0043(4)

UV-Vis-NIR diffuse reflectance measurements of 1-Ln (Figure 4.4) exhibit a number of
features consistent with a (MoS4)*~ unit.?!° As an example, 1-Gd exhibits transitions at 33675 cm™
"'and 21789 cm™!, assigned to LMCT (S—Mo) t2—e and tl—e transitions, respectively, 18486
cm!, tentatively assigned to a triplet charge transfer transition,?’” and 11977 cm™' and 10895 cm™!,
assigned to (Mo) ligand field e—t2 transitions, approximating the symmetry of the MoS4*~
tetrahedron as 7, In addition, an intense near-IR feature is observed at 5397 cm™!, which is
assigned to a metal-to-metal charge transfer transition (MMCT; Mo—Ln). The MMCT transition
increases slightly in energy to 5444 cm™! and 5559 cm™! for 1-Tb and 1-Dy, respectively, and
diminishes substantially in intensity from 1-Gd to 1-Tb to 1-Dy, trending with the decreasing size
of the 4f and 5d orbitals. Metal-to-metal charge transfer involving a lanthanide ion is exceedingly
rare, with other reported examples occurring at much higher energies with much lower intensity.?®
The low energy of the MMCT transition can be ascribed to the highly reducing nature of the MoV
ion, which should have a decent energy match with the Ln"/Ln! reduction potential. Further,
strong-field cyclopentadienyl ligands have been shown to preferentially stabilize the lanthanide
5d.? orbital,>® and as such the 5d.? orbital in these organometallic complexes should be more

accessible compared to complexes with Ln'" ions in weaker ligand fields. The low-energy MMCT
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indicates that 1-Ln may have accessible Ln'//Ln"! reduction potentials that permit isolation of
derivatives with Ln! centers; this avenue will be explored in future work.
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Figure 4.4. Normalized diffuse reflectance UV-vis-NIR spectra of 1-Gd, 1-Tb, and 1-Dy shown

in purple, green, and blue, respectively. F(R) is a Kubelka-Munk conversion of the raw diffuse
reflectance spectrum. Spectra are normalized with the strongest absorbance set to F(R) = 1.

Variable-temperature dc magnetic susceptibility measurements were performed from 2-300 K
in order to investigate the nature of any magnetic communication between the lanthanide centers
and MoV in 1-Gd, 1-Tb, and 1-Dy. For 1-Gd, the product of magnetic susceptibility times
temperature, ym7, at room temperature was found to be 19.1 emu K/mol under an applied field of
0.1 T. This is higher than the expected magnitude of 16.135 emu K/mol for two magnetically
isolated S = 7/» Gd"! centers and an S = !/, MoV center (Figure 4.5), suggesting the presence of
significant ferromagnetic Gd—Mo exchange. Indeed, the ym7 product for 1-Gd rises steadily with
decreasing temperature until reaching a maximum value of 31.6 emu K/mol at 6 K, in good
agreement with the expected value of 31.875 emu K/mol for an S = /> ground state. The small
downturn in the ym7 product below 6 K can be ascribed to Zeeman splitting of this large spin
ground state. The nature and strength of the Gd—Mo magnetic coupling were evaluated by fitting
the ym7 data® using the following Hamiltonian:

A = ~254-w0)Guo - (Soac + Saa )+ ). meSigi (@D)
i=Gd,Mo
where Jgq_mo 18 the Gd—Mo magnetic coupling constant. Good agreement between data and fit
was obtained using a Jgq_mo value of +16.1(2) cm™!, along with a yrip contribution of 0.0053(2)
emu/mol. The Jgq_mo Value represents one of the largest magnetic coupling constants observed to
date between Gd™ and another spin center. The record value of Jgq_.- = +175 cm™! was recently
determined for coupling between Gd™ and a radical “trapped” in a metal-metal bonding-type
orbital in Gd>@C79N,*° and is followed in magnitude by coupling constants of /] = —27 ¢m! 223!
and —20 cm™!® determined for the interaction between Gd™ and an N»*" radical bridge. Notably,
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the extracted Gd—Mo coupling is the strongest yet observed between gadolinium and a transition
metal center, superseding the previous record of +10.1 cm™! for a Gd—Cu complex.?? As expected
for a strongly exchange-coupled complex, low-temperature magnetization versus applied magnetic
field curves collected from 2—-10 K agree well with simulated Brillouin curves for a § = /> ground
state with g = 2.05 (Figure S4.2).

- oo = +16.1(2) cm”
] Z7p = 0.0053(2) emu/mol
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Figure 4.5. Plot of the magnetic susceptibility times temperature product (ym7) versus temperature
for 1-Gd. Purple circles represent data collected under an applied magnetic field of 0.1 T. The
black line represents a fit to the data using the Hamiltonian in Equation 4.1.

The strong Gd—Mo charge-transfer exchange interaction can be attributed to a number of
factors. First and most simply, the more diffuse character of the 4d orbitals relative to those of the
3d transition metal series should promote enhanced orbital interactions with the empty 5d orbitals
of the lanthanides, while the higher energy of the 4d orbitals should enable better energy matching
with the lanthanide 4f orbitals. However, given the small Ln—Mo couplings observed for cyanide-
bridged complexes, the nature of the bridging thiometallate in 1-Gd must also be considered
essential to achieving strong coupling. The close Gd---Mo distance of ~3.44 A facilitated by the
single-atom sulfide bridges is likely the primary aid in enhancing magnetic interactions. Indeed,
Gd"-MoV interactions across larger distances have been shown to be quite weak, for instance
Jod-Mo = —0.68 cm™! for an [MoY(CN)s]*-Gd™ chain compound with a Gd---Mo separation of 5.7
A 34 The diffuse and polarizable nature of the S*~ bridges should additionally enable enhanced spin
polarization compared to cyanide ligands; the sulfide ligands of thiometallate units have been
previously shown to support substantial charge and spin delocalization.’® Finally, despite the
relatively short Gd-~-Mo distance in 1-Gd, the overlap integral between the Mo" 4d and Ln' 5d
orbitals is still likely to be quite small, leading to an ideal scenario for charge-transfer-driven
ferromagnetic coupling—i.e., charge transfer from a SOMO of MoS4*~ to an empty Gd'"! 5d orbital,
with minimal to no SOMO/SOMO overlap.3*

Interestingly, the dc magnetic susceptibility data for 1-Tb and 1-Dy do not show the same
signatures of strong ferromagnetic coupling incorporating both lanthanide centers; instead, ym7
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versus 7 data for each compound exhibit much weaker temperature dependences (Figure 4.6). At
room temperature and under an applied field of 0.1 T, the ym7 product for 1-Tb is 25.35 emu
K/mol, slightly higher than the expected value of 24.015 emu K/mol for two magnetically isolated
Tb'™ centers and an S = /> MoV center. This ymT value, in conjunction with the steady rise in ymT
with decreasing temperature and corresponding absence of a local minimum, supports the presence
of ferromagnetic interactions between spins, analogous to 1-Gd. However, ymT increases only
slightly to a maximum of 26.59 emu K/mol at 85 K, indicating that either the Ln—Mo coupling is
weak relative to that present in 1-Gd, or possibly that the MoV center couples to only a single Tb'!!
center. The latter explanation is better supported by the EPR observation of Y-Mo hyperfine
coupling with only a single yttrium center in 1-Y, as well as a disparity in Tb---Mo distances, as
was observed in 1-Y (see Table 4.1). In this scenario, the ym7 data should simply reflect the sum
of ymT for a coupled Tb"'-Mo" pair with that of a magnetically-isolated Tb™ center, and as such
will show reduced temperature dependence because of the absence of a fully coupled ground state
involving both Tb™ ions.
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Figure 4.6. Magnetic susceptibility times temperature products (ym7) versus temperature of 1-Th
and 1-Dy, represented by green triangles and cyan circles, respectively, collected under an applied
magnetic field of 0.1 T. Inset: Magnetization versus applied magnetic field curve for 2-Tb collected
at 2 K with a field sweep rate of 0.4 mT s !.

The room temperature ym7 product for 1-Dy is 28.82 emu K/mol under an applied field of 0.1
T, also close to the expected value of 28.615 emu K/mol for two magnetically isolated Dy'! centers
and an S'= !/, MoV center. The slightly higher than expected ymT value again supports the presence
of ferromagnetic interactions, while two distinct Dy---Mo separations (Table 4.1) and a weak
increase in ym7 with decreasing temperature support magnetic coupling of the MoV to only a single
Dy!!! center. The decrease in ymT observed for both 1-Tb and 1-Dy at low temperatures is attributed
to thermal depopulation of exchange-coupled and crystal-field-split states. The nature of the
seemingly unilateral Ln—-Mo magnetic exchange in 1-Tb and 1-Dy remains under investigation,
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while the participation of both Gd'! centers in coupling to the MoV spin in 1-Gd—in contrast to
the Y'!', Tb™, and Dy™ congeners— is consistent with the proposed orbital picture (Figure 4.3).

Finally, 1-Tb and 1-Dy were investigated using ac magnetic susceptibility measurements to
elucidate any features of slow magnetic relaxation. We note that while magnetic coupling of metal
centers can in principle generate a well-isolated, large-spin ground state conducive to slow
magnetic relaxation under zero applied magnetic field, only a few 4f-nd (n = 4, 5) molecular
complexes have actually been found to exhibit slow magnetic relaxation.’?*%¢ Variable-
temperature ac magnetic susceptibility data were collected for 1-Tb and 1-Dy under zero dc field
using a 4-Oe field oscillating at frequencies ranging from 1 to 1500 Hz. Between 2 and 13 K, both
1-Tb (Figure S4.3) and 1-Dy (Figure 4.7, top) exhibit asymmetric peaks in the out-of-phase
susceptibility, x”, indicative of slow magnetic relaxation. Plots of the in-phase susceptibility, y/,
versus the out-of-phase susceptibility, ", (Cole-Cole plots) appear as broad and asymmetric
semicircles, suggesting the overlap of more than one time regime for the magnetization relaxation
and hence more than one relaxation process. The severity of this overlap precluded extraction of
precise relaxation time data for distinct processes (Figure S4.4), and instead the Cole-Cole plot
data for both compounds were approximately fit using a single modified Debye model,'? yielding
values for the relaxation time, 7, at each temperature. Among the resulting fitted parameters is the
a value, which provides a measure of the uniformity of relaxation and ranges from 0 to 1, with
smaller values corresponding to relaxation dominated by a single process. Values of « as high as
0.4-0.5 at the lowest temperatures for both 1-Tb and 1-Dy confirm the presence of multiple
processes.

To gain some insight into the nature of the slow magnetic relaxation exhibited by 1-Tb, we
examined the temperature dependence of the natural log of the relaxation times (Figure S4.5) and
found pronounced curvature instead of the Arrhenius behavior of a thermally-activated over-
barrier relaxation process. The temperature dependence of 7 was best fit using the expression 7!
=CT", with C=12.3 s K" and n=2.5 (Figure S4.5), indicating that at least one Raman relaxation
mechanism, a spin—lattice relaxation process that occurs through virtual magnetic excited states,
likely dominates in the examined temperature and frequency range. Under an applied field between
2 and 5 K, the relaxation time of 1-Tb is also sufficiently long to observe waist-restricted magnetic
hysteresis (Figure 4.6, inset, and Figure S4.6).

In contrast, no magnetic hysteresis was observed for 1-Dy using the same field sweep rate and
for temperatures as low as 2 K (Figure S4.9), although this compound exhibits ac peaks over a
similar temperature and frequency range as 1-Tb (Figures 4.7, S4.7, and S4.8). Relaxation times
extracted from ac magnetic susceptibility data suggest that slow magnetic relaxation for 1-Dy
arises due to both Raman relaxation and thermally-activated Orbach relaxation. Accordingly, an
Arrhenius plot of the relaxation times could be fit to the equation:

U
T1=CT" + 15t exp <— k;;f”) (4.2)

with C=102s 1 K", n=22,170=57x 107" s, and Uetr = 68 cm™! (Figure 4.6, bottom). It is
possible that the barrier to magnetization reversal exhibited by 1-Dy derives from Dy'!! single-ion
anisotropy, as opposed to the energy landscape of the total coupled system, although with the
present data it is not possible to make a definitive determination. Nevertheless, the 68 cm™! barrier
is the highest yet observed for any complex containing a lanthanide ion and a 4d metal center,

nearly double the prior record of 30 cm™! for a Dy ion coordinated to a ruthenium acetylide
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Figure 4.7. Top: Variable-temperature out-of-phase magnetic susceptibility versus frequency data
for 1-Dy, collected at temperatures ranging from 2 to 13 K under zero applied magnetic field.
Colored symbols represent data points and lines represent fits of the data to a generalized Debye
model. Bottom: Arrhenius plot of magnetic relaxation times, T (log scale) versus temperature
(inverse scale) for 1-Dy. Data are represented by cyan circles. Orange and maroon lines represent
the Raman and Orbach components, respectively, of the fit to the data, while the black line
represents the total fit to Equation 4.2, as described in the text, with values of C=10.2 s ' K™, n
=22, 70=57x10"s, and Uer= 68 cm .

moiety.”® Moreover, the barrier for 1-Dy is the highest for any complex simply containing a 4d
metal center.”® Although it is not possible to distinguish whether one or both Ln™ centers (one of
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which is coupled to the MoV spin) contribute to slow magnetic relaxation, we note that a
temperature-independent regime is not observed in the Arrhenius plot for either 1-Th or 1-Dy,
indicating the absence of zero-field tunneling behavior, possibly inhibited by Ln'™-Mo"
exchange.*3

The absence of large barriers to magnetic relaxation in both 1-Tb and 1-Dy likely arises due to
two main factors. First, in both complexes the Mo" spin is proposed to be coupled only to a single
lanthanide center, preventing formation of a fully-coupled, large-spin ground state. Second, since
the strongly donating (CsMes)!™ ligands should define the magnetic axis of each lanthanide
(assuming an oblate electronic state)*¢” and the (CsMes)!'~ ligands on each lanthanide in 1-Tb and
1-Dy are in planes roughly perpendicular to one another, the anisotropy axes of the lanthanide
centers are likely close to perpendicular. Systems containing magnetic ions with non-collinear
magnetic axes typically exhibit mixed axiality ground states, which enable quantum tunneling of
magnetization as well as low-lying excited states.*® Improved single-molecule magnet behavior
could be achieved via rational synthesis of a molecule with collinear lanthanide anisotropy axes,
in which both lanthanides can strongly engage in 4f/5d-nd interactions. With this in mind, we are
now pursuing dilanthanide molecules incorporating octahedral or square planar 4d or 5d
complexes with the single-atom bridging ligands that should enable strong magnetic exchange.

4.4 Conclusions and Outlook

Mechanisms of nd-4f magnetic exchange have long captivated the molecular magnetism
community.* The foregoing results demonstrate for the first time that 4d, and likely 5d, metal
centers can achieve strong magnetic interactions with lanthanide ions in molecular complexes.
Polarizable bridging ligands that facilitate charge and spin transfer and sufficiently short
lanthanide-transition metal distances likely play crucial roles in the strength of magnetic exchange.
While strong ferromagnetic coupling is observed between both Gd™ centers and MoV in 1-Gd,
unilateral coupling seems to occur in 1-Tbh and 1-Dy, and the origins of this distinct behavior
remain under investigation. Compounds 1-Tb and 1-Dy also exhibit slow magnetic relaxation,
with the latter compound displaying the largest value of U.fr yet observed for both a 4f-4d complex
and any 4d-metal-containing complex. Altogether, these results highlight new strategies with
which to achieve strong magnetic exchange with the trivalent lanthanide ions and suggest the
possibility of accessing larger barrier nd-4f single-molecule magnets via enhanced nd-4f magnetic
exchange.
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Chapter 4 Supporting Information
S4.1 Experimental Details
X-ray Data Collection, Structure Solution and Refinement

For (CsMes):Y(u-S):Mo(u-S):Y(CsMes)2, 1-Y: A purple crystal of approximate dimensions
0.088 % 0.163 x 0.264 mm was mounted on a glass fiber and transferred to a Bruker SMART
APEX 1I diffractometer. The APEX2! program package was used to determine the unit-cell
parameters and for data collection (35 sec/frame scan time for a sphere of diffraction data). The
raw frame data was processed using SAINT? and SADABS? to yield the reflection data file.
Subsequent calculations were carried out using the SHELXTL* program. There were no systematic
absences nor any diffraction symmetry other than the Friedel condition. The centrosymmetric
triclinic space group P1 was assigned and later determined to be correct. The structure was solved
by direct methods and refined on F? by full-matrix least-squares techniques. The analytical
scattering factors® for neutral atoms were used throughout the analysis. Hydrogen atoms were
included using a riding model. Carbon atoms C(31)-C(40) were disordered and included using
multiple components with partial site-occupancy-factors. There was one-half molecule of toluene
solvent present. The solvent was located about an inversion center and was disordered. Hydrogen
atoms associated with the solvent were not included in the refinement. At convergence, wR2 =
0.0929 and Goof = 1.023 for 584 variables refined against 9829 data (0.78 A), R1 = 0.0373 for
those 8373 data with I > 2.0c(]).

For (CsMes):Gd(u-S):Mo(u-S)2Gd(CsMes)z, Gd: A purple crystal of approximate dimensions
0.095 x 0.144 x 0.200 mm was mounted on a glass fiber and transferred to a Bruker SMART
APEX 1I diffractometer. The APEX2! program package was used to determine the unit-cell
parameters and for data collection (10 sec/frame scan time for a sphere of diffraction data). The
raw frame data was processed using SAINT? and SADABS? to yield the reflection data file.
Subsequent calculations were carried out using the SHELXTL* program. There were no systematic
absences nor any diffraction symmetry other than the Friedel condition. The centrosymmetric
triclinic space group P1 was assigned and later determined to be correct.

The structure was solved by dual space methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors® for neutral atoms were used throughout the analysis.
There were two molecules of the formula-unit present (Z = 4). Hydrogen atoms were included
using a riding model. There was one-half molecule of toluene solvent present per formula-unit.
The solvents were located about inversion centers and were disordered. Hydrogen atoms
associated with the solvents were not included in the refinement. Least-squares analysis yielded
wR2 =0.0791 and Goof = 1.045 for 929 variables refined against 21640 data (0.75A), R1=0.0314
for those 17706 data with I > 2.05(I).

For (CsMes);Tb(u-S)2Mo(u-S):Tb(CsMes)z, Th: A purple crystal of approximate dimensions
0.095 x 0.144 x 0.200 mm was mounted in a cryoloop and transferred to a Bruker SMART APEX
I1 diffractometer. The APEX2! program package was used to determine the unit-cell parameters
and for data collection (60 sec/frame scan time for a sphere of diffraction data). The raw frame
data was processed using SAINT? and SADABS? to yield the reflection data file. Subsequent
calculations were carried out using the SHELXTL? program. There were no systematic absences
nor any diffraction symmetry other than the Friedel condition. The centrosymmetric triclinic space
group P1 was assigned and later determined to be correct.
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The structure was solved by dual space methods and refined on F? by full-matrix least-squares
techniques. The analytical scattering factors® for neutral atoms were used throughout the analysis.
There were two molecules of the formula-unit present (Z = 4). Hydrogen atoms were included
using a riding model. There was one-half molecule of toluene solvent present per formula-unit.
The solvents were located about inversion centers and were disordered. Hydrogen atoms
associated with the solvents were not included in the refinement. Least-squares analysis yielded
wR2 = 0.0812 and Goof = 1.010 for 929 variables refined against 19675 data (0.78A), R1 =0.0329
for those 15075 data with I > 2.0c(I).

(CsMes):Dy(u-S)2Mo(u-S):Dy(CsMes)z, Dy: A brown crystal of approximate dimensions 0.063
% 0.083 % 0.316 mm was mounted in a cryoloop and transferred to a Bruker SMART APEX II
diffractometer. The APEX2! program package was used to determine the unit-cell parameters and
for data collection (60 sec/frame scan time for a sphere of diffraction data). The raw frame data
was processed using SAINT? and SADABS?® to yield the reflection data file. Subsequent
calculations were carried out using the SHELXTL?* program. There were no systematic absences
nor any diffraction symmetry other than the Friedel condition. The centrosymmetric triclinic space
group P1 was assigned and later determined to be correct. The structure was solved by direct
methods and refined on F? by full-matrix least-squares techniques. The analytical scattering
factors® for neutral atoms were used throughout the analysis. Hydrogen atoms were included using
a riding model. Carbon atoms C(31)-C(40) were disordered and included using multiple
components with partial site-occupancy-factors. There was one-half molecule of toluene solvent
present. The solvent was located about an inversion center and was disordered. Hydrogen atoms
associated with the solvent were not included in the refinement. At convergence, wR2 = 0.0625
and Goof = 1.021 for 534 variables refined against 9845 data (0.78 A), R1 =0.0274 for those 8254
data with I > 2.0c(1).

[(CsMes) Y (u-S):Mo(u-S):Y(CsMes): ] [Co(CsMes)2], Y: A red crystal of approximate
dimensions 0.203 x 0.235 % 0.491 mm was mounted on a glass fiber and transferred to a Bruker
SMART APEX II diffractometer. The APEX2! program package was used to determine the unit-
cell parameters. Data was collected using a 25 sec/frame scan time for a sphere of diffraction data.
The raw frame data was processed using SAINT? and SADABS? to yield the reflection data file.
Subsequent calculations were carried out using the SHELXTL* program. There were no systematic
absences nor any diffraction symmetry other than the Friedel condition. The centrosymmetric
triclinic space group P 1 was assigned and later determined to be correct. The structure was solved
by direct methods and refined on F? by full-matrix least-squares techniques. The analytical
scattering factors® for neutral atoms were used throughout the analysis. Hydrogen atoms were
included using a riding model. There were three molecules of tetrahydrofuran solvent present.
Several atoms were disordered and included using multiple components with partial site-
occupancy-factors. Least-squares analysis yielded wR2 = 0.1975 and Goof = 1.035for 658
variables refined against 18095 data (0.73 A), R1 = 0.0623 for those 14603 with 1> 2.05(I).
[(CsMes),Gd(u-S):Mo(u-S):Gd(CsMes)2 ] [Co(CsMes)2], 1-Gd: A red crystal of approximate
dimensions 0.028 x 0.021 % 0.014 mm was coated in Paratone-N oil and mounted on a MiTeGen
loop. The crystal was frozen at 100 K by an Oxford Cryosystems Cryostream 700 Plus. Data were
collected at Beamline 12.2.1 at the Advanced Light Source at Lawrence Berkeley National
Laboratory using synchrotron radiation (A = 0.7288 A) on a Bruker D8 diffractometer equipped
with a Bruker PHOTON II CPAD detector. Raw data were integrated and corrected for Lorentz
and polarization effects using Bruker AXS SAINT software.? Absorption corrections were applied
using SADABS.? Subsequent calculations were carried out using the SHELXTL* program
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operated in the OLEX2® interface. No significant crystal decay was observed during data
collection. Thermal parameters were refined anisotropically for all non-hydrogen atoms. Hydrogen
atoms were placed in ideal positions and refined using a riding model for all structures. Least-
squares analysis yielded wR2 = 0.0648, R1 =0.0294, and Goof = 1.042.

[(CsMes), Th(u-S):2Mo(u-S): Th(CsMes):][Co(CsMes)z2], 1-Th: A red crystal of approximate
dimensions 0.160 x 0.294 x 0.392 mm was mounted on a glass fiber and transferred to a Bruker
SMART APEX II diffractometer. The APEX2! program package was used to determine the unit-
cell parameters. Data was collected using a 20 sec/frame scan time for a sphere of diffraction data.
The raw frame data was processed using SAINT? and SADABS? to yield the reflection data file.
Subsequent calculations were carried out using the SHELXTL* program. There were no systematic
absences nor any diffraction symmetry other than the Friedel condition. The centrosymmetric
triclinic space group P1 was assigned and later determined to be correct. The structure was solved
by dual space methods and refined on F? by full-matrix least-squares techniques. The analytical
scattering factors® for neutral atoms were used throughout the analysis. Hydrogen atoms were
included using a riding model. There were three molecules of tetrahydrofuran solvent present.
Several atoms were disordered and included using multiple components with partial site-
occupancy-factors. Least-squares analysis yielded wR2 = 0.1233 and Goof = 1.029 for 690
variables refined against 17277 data (0.76 A), R1 = 0.0442 for those 14006 with 1> 2.05(I).
[(CsMes)2Dy(u-S)>Mo(u-S):Dy(CsMes)2][Co(CsMes)2], 1-Dy: A red crystal of approximate
dimensions 0.309 x 0.316 % 0.392 mm was mounted on a glass fiber and transferred to a Bruker
SMART APEX II diffractometer. The APEX2! program package was used to determine the unit-
cell parameters. Data was collected using a 15 sec/frame scan time for a sphere of diffraction data.
The raw frame data was processed using SAINT? and SADABS? to yield the reflection data file.
Subsequent calculations were carried out using the SHELXTL* program. There were no systematic
absences nor any diffraction symmetry other than the Friedel condition The centrosymmetric
triclinic space group P1 was assigned and later determined to be correct. The structure was solved
by dual space methods and refined on F? by full-matrix least-squares techniques. The analytical
scattering factors® for neutral atoms were used throughout the analysis. Hydrogen atoms were
included using a riding model. There were three molecules of tetrahydrofuran solvent present.
Several atoms were disordered and included using multiple components with partial site-
occupancy-factors. Least-squares analysis yielded wR2 = 0.0884 and Goof = 1.064 for 690
variables refined against 17208 data (0.76 A), R1 = 0.0336 for those 15764 with 1> 2.05(]).
Definitions:

wR2 = [E[w(F,*-F?)?] / Z[w(F,?)?] 12

R1 = Z||Fo|-[F¢|| / Z|F|

Goof = S = [Z[w(F>-F?)?] / (n-p)]"> where n is the number of reflections and p is the total
number of parameters refined.

98



Fitting Details for EPR Spectrum of 1-Y

The spectrum was clipped to remove data above and below the actual signal; the final spectral
range as 335 mT to 363 mT. In addition, every other point was removed to reduce the number of
data points and hasten fitting the spectrum.

The spectrum was fit using EasySpin’ using second-order perturbation theory. Three g
values and three Mo hyperfine coupling constants, A(°>Mo), were used in the fit, but the other
parameters were fit as though the spectrum were axial (two principal components for A(®Y) and
g-strain). The spectrum was fit using two sets of hyperfine coupling constants. The strong central
signal is due to Mo isotopes with even atomic mass numbers; it displays coupling to a single atom
with T = 1/2, presumably %Y. The spectrum cannot be fit as well if two I = 1/2 isotopes are
included. The spectrum was fit allowing either the g-strain or hyperfine coupling constants of the
central peak to vary but not both at the same time. Since the hyperfine coupling is not resolved for
the high field peaks, g-strain has a similar effect on the simulated spectrum as does AL (*Y)
resulting in strong correlation between these parameters. The smaller features in the spectrum are
due to hyperfine coupling to the **Mo (16% abundance) and *’Mo (9.6% abundance). Since their
nuclear moments are similar, they were fit using a single species with I = 5/2.

Fitting was performed iteratively. The central feature (even mass number Mo isotopes) was
fit to determine the values of g and A(®Y). These values were used (and not allowed to vary) for
a second species along with another A matrix for ®>Mo. In the second step, °>Mo hyperfine coupling
and g-strain of the Mo species were fit. After the fit had converged, the central feature was fit
again, and the values obtained for g and A(®Y) were transferred to the > Mo species, and A(*>Mo),
the line width and g-strain of the Mo species were fit again. This process continued until an
acceptable fit was obtained.

The agreement between the simulated and experimental spectra is good apart from the
region around 346 mT where the *>Mo hyperfine features parallel to the z-axis are too narrow in
the simulation relative to the spectrum. Increasing the g-strain in this direction did not improve the
fit. The hyperfine coupling to the I = 1/2 nucleus is only resolved along one axis (assigned to the
z-axis or parallel axis). Consequently, the hyperfine coupling constant in the perpendicular
direction has a large uncertainty due to strong correlation with the g-strain in this direction. The
%Mo hyperfine coupling constants also have a large uncertainty due to the limited amplitude of
the features and because the central portion of the spectrum is obscured by the strong signal due
to the Mo isotopes with even mass numbers.

Magnetic Measurements

Samples were prepared by adding crystalline powder of 1-Gd (13.9 mg), 1-Tb (18.7 mg), or 1-Dy
(16.9 mg) to a 5 mm inner diameter quartz tube containing a raised quartz platform. Solid eicosane
was added to cover the sample to prevent crystallite torqueing and provide good thermal contact
between the sample and the cryostat. The tubes were fitted with Teflon sealable adapters, evacuated
on a Schlenk line, and flame-sealed under static vacuum. Following flame sealing, the solid
eicosane was melted in a water bath held at 40 °C. Magnetic susceptibility measurements were
performed using a Quantum Design MPMS2 SQUID magnetometer. Dc magnetic susceptibility
measurements were collected in the temperature range 2—300 K under applied magnetic fields of
0.1 T, 0.5, and 1 T. Diamagnetic corrections were applied to the data using Pascal’s constants to
give yp = —0.0008057 emu/mol (1-Gd) yp = —0.0008037 emu/mol (1-Tb), yp = —0.00104808
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emu/mol (1-Dy), and yp=—0.00024306 emu/mol (eicosane).
Fitting of AC Susceptibility Data

AC susceptibility data for 1-Tb and 1-Dy were fit using a generalized Debye function. While data
for both complexes clearly reflects more than one relaxation process, shown by additional
components not accounted for by the fit on both high and low frequency ends of the data collected,
the close overlap of the timescales of these relaxation processes did not allow for accurate
extraction of multiple relaxation times per temperature. As such, the standard single-process Debye
function was used to fit both data sets. Applied magnetic fields did decreased the magnitude of
peaks in y"" and shifted them to lower frequency, without significantly altering the peak breadth.
Solvent-diluted magnetic samples were not possible due to the limited solubility of 1-Tb and 1-
Dy.

Figure S4.1. ORTEP diagram of 1-Tb with ellipsoids shown at 50% probability. Hydrogen atoms
and co-crystallized solvent molecules have been removed for clarity.
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Table S4.1. Crystallographic details for (CsMes)Ln(u-S)2Mo(u-S)>Ln(CsMes)s.

Ln Y Gd Tb Dy

Empirical formula Ca0HeoM0S4Y2  CaoHeoM0S4Gdz®  CaoHsoMo0S4Thy:  CaoHeoMoS4Dyo*
15(C7Hsg) 72(C7Hg) 72(C7Hg) 72(C7Hg)

Formula weight 988.94 1125.62 1128.96 1136.12

Temperature (K) 88(2) 88(2) 133(2) 88(2)

Space group P1 P1 P1 P1

a(A) 10.6530(5) 10.6470(7) 10.6478(14) 10.653(7)

b(A) 13.7219(6) 17.2551(11) 13.7560(18) 13.779(9)

c(A) 17.1935(8) 26.5973(16) 17.199(2) 17.175(11)

o (°) 109.1095(5) 100.9140(7) 109.0658(16) 109.161(7)

L) 106.3207(6) 97.6421(7) 106.5415(16) 106.358(7)

7 (°) 94.7936(6) 106.6827(7) 94.5822(16) 94.614(7)

Volume (A3) 2236.02(18) 4503.9(5) 2240.5(5) 2243(2)

Z 2 4 2 2

Peated (Mg/m?) 1.469 1.660 1.673 1.682

u (mm) 3.065 3.339 3.612 3.787

R1¢ 0.0373 0.0314 0.0279 0.0274

wR2? 0.0475 0.0736 0.0639 0.0583

Table S4.2. Crystallographic details for [(CsMes)>Ln(u-S)>Mo(u-S)2Ln(CsMes)2][Co(CsMes)a],

1-Ln.
1-Y 1-Gd 1-Tb 1-Dy
Empirical formula CeoHooM0S4Y  CeoHooM0S4Gd2  CsoHooM0S4Tbz  CeoHooMoS4Dys:
2°3(C4Hg0) 2.5(C4H30) 3(C4Hsg0) 3(C4Hsg0)
Formula weight 1488.56 1589.18 1628.58 1635.74
Temperature (K) 163(2) 100(2) 173(2) 163(2)
Space group P1 Pi Pi Pi
a(A) 13.4367(7) 13.6260(4) 13.4660(14) 13.4326(6)
b(A) 15.5484(8) 14.9561(5) 15.5735(17) 15.5499(7)
c(A) 17.8903(9) 17.5531(5) 17.9456(19) 17.8967(8)
a (°) 96.6278(7) 84.647(2) 96.5915(13) 96.6247(5)
L) 97.2769(7) 80.781(2) 97.3365(13) 97.2624(5)
7 (°) 93.2738(7) 80.980(2) 93.1581(14) 93.2596(5)
Volume (A%) 3673.0(3) 3478.77(19) 3698.6(7) 3673.7(3)
Z 2 2 2 2
Peated (Mg/m?) 1.346 1.517 1.462 1.479
wu (mm™) 2.109 6.750 2.430 2.555
R1° 0.0623 0.0294 0.0442 0.0336
wR2? 0.1855 0.0648 0.1134 0.0864
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Table S4.3. EPR Parameters of complex 1-Y.

gy 1.980
gz 1.988
Ax(**Mo) 107.2 MHz
Ay(**Mo) 89.3 MHz
A,(*>Mo) 59.6 MHz
A.Rotation.z 19°
A.Rotation.y 29°
A.Rotation.z 18°
AL®Y) 23.4
A3Y) 26.2
Linewidth 0.168 mT
Perpendicular g-strain (even number 0.0081
Mo)
Parallel g-strain (even number Mo) 0.0038
Perpendicular g-strain (**Mo) 0.0117
Parallel g-strain (°>Mo) 0.0003

Table S4.4. Comparison of 1-Y EPR parameters with relevant MVY-containing compounds. All
hyperfine coupling constants 4 are reported in MHz.

MoS*~ Mo’ in o Cai x
Parameter Y>Mo 3 [(NC)(OC)3Re(MOQS4)Re(CO)3(CN)]3 n 31(5’04 Y. MoOj, 1!

gx 1.972 1.973 1.965 1.9511 1.8925

gy 1.980  1.973 1.965 1.9511 1.8753

gz 1.988  1.953 2.019 1.9773 1.9780
Ax(®*Mo) 107.2 140 — — 116
Ay(**Mo) 893 140 — — 128
A,(**Mo)  59.6 83 — — 67
A®Y) 234 — - 4.2 _—
A®Y) 262 — — 4.8 —
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H(T)

Figure S4.2. Variable-temperature M versus H curves for 1-Gd collected from 0 to 7 T. Data
points are represented by colored circles and solid lines reflect the Brillouin function for an S =
15/, system with g = 2.05. The Brillouin function was modeled using PHI.'?
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Figure S4.3. Molar in-phase (ym') and out-of-phase (ym") magnetic susceptibility versus
frequency for 1-Th. Colored circles represent data points and while colored lines represent fits to
a generalized Debye model as referenced in the main text.
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Figure S4.4. Cole-Cole plots for 1-Th. Colored circles represent data points and colored lines
represent fits to a generalized Debye model. Data were fit with 0.14 < a < 0.42.

0.1
0.01 -
s
h -]
1E-3 4
] C=124s"'K"
7 n=25
i PALH EELE N R P ' y T
108 6 4 2

7(K)

Figure S4.5. Plot of the relaxation time (log scale) versus temperature (inverse scale) for 1-Tb.
Data points are represented by cyan circles and the solid black line represents a fit of the data to
the equation for a single Raman relaxation process, 7! = CT".
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Figure S4.6. Left: Magnetization versus field data for 1-Tb collected at 2 K using a field sweep
rate of 0.4 mT s7!, revealing magnetic hysteresis. Right: Magnetization versus field curves for 1-
Tb from 2 to 6 K.
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Figure S4.7. Variable-temperature in-phase (yv') and out-of-phase (yv") magnetic susceptibility
versus frequency data for 1-Dy, collected at temperatures ranging from 2 to 13 K under zero
applied magnetic field. Colored circles represent data points and colored solid lines represent fits
to a generalized Debye function as referenced in the main text. All data were fit with 0.19 < a <
0.50.
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Figure S4.8. Cole-Cole plots for 1-Dy. Colored circles represent data and colored lines represent
fits to a generalized Debye model.
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Figure S4.9. Magnetization versus field plot for 1-Dy collected at 2 K, collected using a field
sweep rate of 0.5 mT s\,
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