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ABSTRACT

Considerable efforts are being devoted to designing enhanced molecular magnetic
materials, in particular single molecule magnets (SMMs) that can meet the requirements
for future technologies such as quantum computing and spintronics. A current trend in
the field is enhancing the global anisotropy in metal complexes using single-ion
anisotropy. The work in this dissertation is devoted to the synthesis and characterization
of new building blocks of the highly anisotropic early transition metal ion V(111) with the
aim of incorporating them into heterometallic molecular materials. The results
underscore the importance of tuning the local coordination environments of metal ions in
order to ensure enhanced single ion anisotropy.

A family of mononuclear axially distorted vanadium (111) compounds, A[L3;VX3] (3-
9) (X =F, Clor Br, A" =EtN", nBuyN" or PPN" , L3 = Tp or Tp* (Tp = tris(-1-
pyrazolyl)borohydride), Tp* = tris(3,5-dimethyl-1-pyrazolyl)borohydride)), and
[Tp*V(DMF)3](PFs), were studied. Replacement of the Tp ligand in 3 with the stronger
n-donor Tp* results in a near doubling of the magnitude of the axial zero-field splitting
parameter D, (D, = -16.0 cm™ in 3, and -30.0 cm™ in 4) as determined by magnetic
measurements. Such findings support the idea that controlling the axial crystal field
distortion is an excellent way to enhance single-ion anisotropy. High Field-High
Frequency EPR measurements on 4 revealed an even higher D value, -40.0 cm™.
Interestingly, compound 4 exhibits evidence for an out-of-phase ac signal under dc field.

In another effort, a new series of vanadium cyanide building blocks,

PPNV (acac),(CN),]-PPNCI (13) (acac = acetylacetonate), A[V(L)(CN),] (A" = EtN",



L = N,N'-Ethylenebis(salicylimine) (14), A = PPN", L = N,N'-Ethylenebis(salicylimine)
(15), L = N,N'-Phenylenebis(salicylimine) (16), and L = N,N'-Ethylenebis(2-
methoxysalicylimine) (17)) were synthesized. Magnetic studies revealed moderate D,
values (-10.0, 5.89, 3.7, 4.05 and 4.36 cm™ for 13-17 respectively).

The first family of cyanide-bridged lanthanide containing molecules with a trigonal
bipyramidal (TBP) geometry, (EtsN),[(Re(triphos)(CN)3)2(LN(NO3)3)3]--4CH3CN (19-27
with Ln = La, Ce, Pr, Nd, Sm, Gd, Th, Dy and Ho) were prepared using the
[(triphos)Re(CN)s] building block, results that add valuable information to our database
of compounds with a TBP geometry. Magnetic studies revealed diverse magnetic
responses including slow relaxation of the magnetization at zero field for 25 and 26 , an

indication of SMM behavior.
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CHAPTER |

INTRODUCTION

Molecular Magnetism

Molecular magnetism is a fascinating, interdisciplinary field of research that
incorporates basic concepts of chemistry, physics, and materials science. The evolution
of the field has been described in detail in several reviews and books.'™ To date,
technologically important conventional magnetic materials are exclusively based on
simple robust and cheap inorganic materials including pure magnetic metals such as Fe,
Mn, Co, and Nd, metallic alloys such as SmCos and Nd;Fe;4B, and simple metal
oxides.*®® Such materials currently form the basis for important technological
applications of magnets, but the quest for new materials to overcome the current
limitations of the size and functionality of magnetic particles has fueled an interest in
molecule-based materials from a “bottom-up” approach.” Practical advantages of
molecular magnetic materials as a potential alternative to traditional, atomically simple
solid-state magnets include lower densities and ease of synthesis and processing due to
higher solubilities, lower temperature self-assembly, and mechanical flexibility.*%
Also, molecular materials offer systematic approaches for the study of structure-property
relationships which leads to a deeper understanding of the factors that affect magnetic
interactions which ultimately makes it easier to tune the properties. Furthermore, the
molecular nature of these materials opens up new horizons for combining different

physical properties which leads to multifunctional magnetic materials.?*?°



The field of molecular magnetism began with the study of the exchange interactions
in simple metal complexes such as the dinuclear copper(ll) acetate complex by Bleany
and Bowers in 1951.% It was not long after this study before molecular magnetic
materials expanded into different arenas by the development of many new types of
materials that exhibit unusual behavior including high T, molecule-based

203136 gnin cross-over compounds, and photomagnets.®”® The discovery

ferromagnets,
of molecule-based materials that exhibit slow relaxation of magnetization, known as
single molecule magnets (SMMs), by Gatteschi and Sessoli in 1993 and simultaneously
by Christou and Hendrickson represented a major breakthrough in the field.***° The
intermolecular magnetic interactions in these materials are negligible as compared to the
intramolecular interactions therefore their properties are attributed to single molecules.
The incredible variety of available molecular materials with different dimensionalities,
nuclearities, and compositions has opened up important new venues for chemical
approaches to the preparation of electronic and magnetic devices with unprecedented
precision at the nanoscale.** These devices represent potential candidates for use as

7

memory storage units of molecular size,’ including “non-volatile” memory with

bistability induced by a resistance change rather than current flow which makes them
capable of operating at increased speeds with less energy expenditure.*? They are also
excellent candidates as carriers of quantum bits of information for quantum computing

43-56

purposes*® and as components of spintronic devices (Figure 1.1).°"%2
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Figure 1.1 Single-molecule memory device based on [TbPc;] SMMs on Au (111) (top).
Spin direction can be controlled using spin-polarized STM. A bottom-contact type field
effect transistor device based on [TbPc,] SMMs (bottom). Adapted from (59)



Basic Concepts in Molecular Magnetism

Magnetic moment is a physical quantity related to the motion of charged particles in
an electric field. The spin of protons and electrons in atoms gives rise to spin magnetic
moment while their motion relative to each other results in an orbital magnetic moment.
The coupling of both types of magnetic moments in an atom or a molecule results in the
magnetic ground state of the atom or the molecule. A magnetic spin ground state in
purely isolated individual atoms or molecules gives rise to discrete atomic or molecular
magnetic moments. Such magnetic moments can engage in interatomic/intermolecular
interactions of different types and ranges, which govern the macroscopic behavior of the
magnetic material.

The effect of an applied magnetic field on the magnetic moments of the atoms or
molecules in a material can be used to reveal the nature of the magnetic interactions
between them. The magnetization of a substance (magnetic moment per unit volume; M)
can be measured as a function of temperature under an applied field (H). The molar
magnetic susceptibility (y = M/H) and xT product can then be calculated and plotted vs.
T to reveal the magnetic behavior of the material (Figure 1.2). In a material of non-
interacting atoms with paired electrons, the field-induced electron circulations of the
paired electrons generate a field opposite to the applied field resulting in diamagnetic
molar susceptibility (yp) that is negative and typically ranges from -1 to -100 x 10°®
emu-mol™(emu = electromagnetic unit). Such a response is temperature independent,
thus, a diamagnetic contribution, known as Pascal’s constant, can be calculated for any

atom based on its atomic number.5



For a material of non-interacting, discrete atomic or molecular spins, the atomic
magnetic moments align with the external field and the material is referred to as
paramagnetic. The non-interacting spins in paramagnets thermally relax to random
orientations upon the removal of external field and lose their magnetization.
Paramagnetic molar susceptibilities (yp) are typically positive and temperature
dependent. Temperature independent paramagnetism (TIP) can exist in magnetic
systems wherein there is a permanent mixing of the wavefunctions of the ground state
and a paramagnetic excited state or states regardless of the temperature. Typically being
on the order of 10 emu/mol, however, TIP is significantly smaller than temperature
dependent paramagnetism at low temperatures.

In discrete molecules, the interatomic interactions that lead to a parallel alignment of
spins is called ferromagnetic coupling whereas the interaction that favors antiparallel
alignment is known as antiferromagnetic coupling. The latter can lead to either an
antiferromagnetic (nonmagnetic) ground state or a ferrimagnetic state depending on the
magnitude of different spins (Figure 1.2). The presence of nearest neighbor
interatomic/intermolecular interactions in materials with extended structures often leads
to long-range magnetic ordering that favors certain alignment of spins even upon
removal of the external field resulting in retention of magnetization in the absence of an
applied field below a certain critical temperature. When the magnetic moments interact
in such a way that favors parallel alignment (ferromagnetically coupled) the material is a

ferromagnet.
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Figure 1.2 Different types of interactions (top). y7' vs. T plot for different responses to
an external field paramagnetic (black), ferromagnetic (green), antiferromagnetic (red)
and ferrimagnetic (blue) (bottom).



Above the critical temperature (known as the Curie temperature, Tc) thermal
fluctuations overcome the energy of the interactions between the spins and the material
will relax to a paramagnetic state.

An interaction that favors antiparallel alignment of spins (antiferromagnetic
coupling) can result in two different magnetic behaviors based on the magnitude of the
interacting spins. Antiferromagnetically coupled spins of equal magnitude will cancel
each other resulting in an antiferromagnet, whereas spins of unequal magnitude will
have an overall magnetic moment resulting in a ferrimagnet. In a similar fashion to
ferromagnets, above the critical temperature (Neel Temperature, Ty), antiferromagnets
and ferrimagnets revert to a paramagnetic state.

The nature of the exchange interactions between spins can be classified into four
categories: direct exchange, super-exchange, indirect exchange and itinerant exchange.
Indirect and itinerant exchange pertain to the coupling via the conduction electrons in
magnetic conductors. Direct exchange and super-exchange pertain to insulator cases
where the magnetic moments are strongly localized on the magnetic centers. In such
cases, the interaction occurs directly through space or through bridging chemical bonds.

Super-exchange is an orbital overlap interaction. When the overlap leads to non -
orthogonal orbital ground state, spins pair up in a bonding fashion resulting in
antiferromagnetic coupling (Scheme 1.1). On the other hand, the overlap that leads to
orthogonal orbitals will lead to single occupation of electrons in a parallel alignment,

and a ferromagnetic coupling is established (Scheme 1.1).
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Scheme 1.1 The Heisenberg Hamiltonian: H = -2JSxSg, where the two spins of the
electron are coupled by the exchange interaction parameter J.

J < 0 for antiferromagnetic coupling (interactions of non-orthogonal orbitals) while
orthogonal orbitals result in ferromagnetic coupling (J > 0).




In both cases, the Heisenberg, Dirac, Van Vleck Hamiltonian (HDVV), H = -2JS$;S,,
where S; and S, are the two interacting spin centers and J is the exchange interaction
parameter, is used to describe the magnetic exchange interaction between the spin
centers. With this Hamiltonian, positive J values indicate ferromagnetic coupling
whereas negative values indicate antiferromagnetic coupling (Scheme 1.1)-%

In the 1950’s, Bleaney and Bowers achieved what is considered a pioneering
discovery in molecular magnetism by predicting the singlet-triplet gap in
Cuy(0O,CCH3)4L, (L = solvent) by employing the Van Vleck equation for two S=1/2
interacting spin centers to fit the temperature dependent magnetic behavior of the sample.
This prediction was experimentally verified by subsequent magnetic, crystallographic and
spectroscopic studies.®"® Later on, models relating chemical bonding to exchange
interactions were described by Anderson™, Goodenough’?, and Kanamori’® for three-
dimensional solids. Hoffman" introduced a description of the interaction of unpaired
electrons in a molecule in terms of molecular orbital theory. In the case of the exchange
coupling for spin % dimers, the antiferromagnetic contribution is expressed in terms of
(ea-€p), Where €, and gy, are the energies of the bonding and antibonding combinations of
the magnetic orbitals respectively. Similarly, Kahn used an approach based on a
different quantum mechanical basis set to more clearly delineate the role of the overlap
in determining the value of the exchange coupling” based on rational design of specific
systems,”® work that underscored the success and promise of the field of Molecular

Magnetism for the design of magnets with tailored properties.



Origins of Bistability in Single Molecule Magnets

One of the most important breakthroughs in the field of molecular magnetism is the
discovery of slow paramagnetic relaxation of magnetization in discrete molecules known
as Single Molecule Magnets (SMMs) wherein a single molecule retains its magnetization
and exhibit magnetic hysteresis of molecular origin below a blocking temperature
(Te).”"® This discovery triggered a renaissance in the field of molecular magnetism,
which opens interesting venues for magnetic data storage device miniaturization as well

81-83

as other interesting future technologies based on quantum phenomena such as

43-56 57-62

quantum computing and spintronics.

Magnetic bistability in SMMs is of molecular origin. It arises from the combination
of a high ground state electron spin (S) and a large negative global anisotropy (A) (axial
zero-field splitting (D) in the classical case) within this ground state.”®®%# The highest
spin (Ms) sub-levels are stabilized by the negative axial anisotropy creating a bistability
gap with an energy barrier (U) to the reversal of the magnetization (M) (Scheme 1.2).
Below a certain blocking temperature (Tg), the thermal energy is not sufficient to
overcome the energy barrier (U) on the time scale of the experiment. In such a situation,
trapping one of the two spin configurations is possible by applying a magnetic field (Hqc)
below Tg, which leads to a saturation of magnetization (M). Upon removing the applied
field, a slow relaxation of magnetization occurs with a certain relaxation time, (t). For

thermally activated relaxation of magnetization, the energy barrier is proportional to

S?|A| or (S? - 1/4)|A| for molecules with integer and non-integer S, respectively.

10
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Scheme 1.2 Energy diagram for an SMM with S = 10 ground state in zero field
reflecting the energy barrier (AE = U = SZ| A|) where S is the total spin and A is the
global anisotropy.
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Even below Tg faster relaxation rates (Uesr < U) are possible due to quantum
tunneling of the magnetization. These quantum tunneling pathways increase with
decreasing temperature, however, they can be partially or totally circumvented by
applying small dc field in order to remove the degeneracy of +Ms sublevels. The
relaxation mechanism in bulk magnets is different. In a bulk magnet, hysteresis results
from the magneto-crystalline anisotropy and domain wall motion. A bulk magnet can
retain its magnetization (remnant magnetization) upon the removal of the external field;
an application of a magnetic field in the opposite direction (coercive field) is required to
demagnetize the material.

The first example of an SMM, [Mn;,01,5(0,CMe)16(H20)4]-2MeCO,H 4H,0
(Mn1;0Ac), was synthesized by Lis.®® It took 13 years for Gatteschi and coworkers to
make the discovery by magnetically characterizing the compound and observing slow
relaxation of magnetization up to 3.5K (Figure 1.3a).>**° Later on, a whole family of the
mixed-valent Mni; SMMs with the general formula [Mn;2012(0,-CR)16(H20)4] (R = Et,
Ph, etc.) was reported with an S = 10 ground state, Tg = 3.5 K and U values up to 74
K.86-101

The vast majority of single-molecule magnets have anisotropy barriers to spin
reversal lower than 60 cm™ (86 K), which corresponds to a 2 months relaxation time at
2K,% or 4 K relaxation time of approximately 2 5.'% Thus, a major challenge in this field
is to design and synthesize molecules that have higher blocking temperatures. Numerous
efforts have been launched in response to the quest for enhanced barriers for

magnetization reversal.

12



In the early stages of investigation most of these efforts focused on traditional oxo -
based SMMs in an attempt to increase the total spin of the cluster as the main
strategy.'*'®® Numerous clusters with huge nuclearities and large spins have been
reported such as a Mn;g molecule exhibiting a ground state of 83/2 reported by Powell et
al,"® and Mnss and Mng4 molecules, by Christou et al., having spin ground states of S =
51/2 and S = 6, respectively (Figure 1.3c).**%**! Another very large cluster is Mo7,Fes
reported by Muller and coworkers with 30 Fe(lll) centers but it only has an S=5/2
ground state.'®% Increasing spin value, however, has not led to an appreciable increase
in the barrier height, since the low local symmetry of metal ions in these clusters
significantly reduces the anisotropy.

Another route towards designing improved SMMs is controlling the type and
magnitude of magnetic coupling within the cluster in order to ensure a ground state
isolation that switches quantum tunneling pathways. In this vein, Christou and
coworkers were successfully able to switch the magnetic interaction between metal
centers in the hexametallic complex [Mn"'s0,(sa0)s(O2CPh)o(EtOH)s] (saoH, =
salicylaldoxime) into ferromagnetic coupling through partial replacement of acetate

ligands. The resulting molecule had S = 12 and D = -0.43 cm™ in the ground state

resulting in a Uess = 86.4 K and a Tg ~ 4.5 K (Figure 1.3b).™?

13
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Figure 1.3 Single molecule magnets; (a) [Mn12012(0.CMe)16(H20)4]-2MeCO,H 4H,0
(Mn,0Ac) first SMM with a barrier of 43.2 cm™ and 7, = 2.1 x 107 s. (b)
[Mn"'50,(sa0)s(02CPh),(EtOH),] with ferromagnetic coupling. (c) Mnys, large spin
SMM (S =51/2) molecule. Adapted from references (110,112,113).
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Recent theoretical work has championed the idea of focusing on strong single-ion
anisotropy of the clusters as a method for increasing the blocking temperature, Tg, of
SMM materials wherein relatively large ZFS values provide a chance to design SMMs
based on smaller complexes with smaller number of spins. In his discussion of this

114

issue,”" Waldmann pointed out that the direct proportionality of the energy barrier

height to the square of spin value, according to the formula U = S?DJ, is not technically

correct. He also pointed out, along with others,™>

that the coexistence of high spin value
along with large anisotropy is not possible due to the inverse proportionality between
them.* These theoretical findings clearly suggest that we should focus synthetic efforts
towards enhancing the global anisotropy in metal complexes rather than the spin, S, for
obtaining higher barriers in SMMs. In order to achieve this goal, a greater structural
control on cluster architectures is required to ensure certain local symmetries for metal
ions with larger single ion anisotropies. Such control can be achieved using the building
block strategy, wherein pre-designed molecular precursors are synthesized using capping
ligands to prevent the growth toward one-, two-, or three-dimensional extended
structures. These building blocks are then allowed to react into a pre-designed structural
motif.**® This need for more structurally controlled chemical syntheses requires the use
of other bridging ligands with less tendency for serendipitous bridging modes, such as
cyanide.**” Cyanide is known for its tendency to form linear M-CN-M' bridges between
two transition metal atoms and the unsymmetrical nature of cyanide with a harder carbon
and a relatively softer nitrogen end allows for the selective binding of two different

transition metals which enriches the available varieties of metal combinations in cyanide
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bridged heterometallic complexes. Moreover the polycyanometallate precursors are
typically stable in solution rendering them excellent building blocks for further chemical
modifications. In addition, in terms of magnetic properties, the cyanide ligand allows for
predictable exchange coupling between the spin carriers because of the linear
configuration of the M-CN-M" unit by considering the symmetry of the metal-based

magnetic orbitals involved.'®

The Effect of Single-ion Anisotropy

The unquenched orbital momenta in degenerate ground states and their mixing with
the spin via first order spin-orbit coupling were reported to result in a strong anisotropy
in Fe"-CN-Cu" and Fe''-CN-Ni" model complexes.’**? When these dinuclear units
are incorporated into poly-nuclear cyanometalate, large negative zero-field splitting,
ZFS, |D| values could be achieved depending on the geometry.'’® In addition, the
incorporation of this type of anisotropic metal ion into magnetic clusters induces
antisymmetric exchange interactions which represent another interesting source of global
anisotropy for the molecule.*#*%

Early 3d transition metals as well as 4d and 5d transition metals are excellent
candidates that can introduce large single-ion anisotropy into clusters potentially
resulting in a large negative value of D. Moreover, the diffuse d orbitals can give rise to
improved overlap with the m and n* orbitals of the cyanide ligand resulting in larger

superexchange constants |J| between metal centers *2>*%°

which ensures that the magnetic
ground state is well-isolated from higher spin states to prevent relaxation via population

of excited states. Indeed, the combination of V" (t,®) and Cr'"" (t,,°) metal centers in
16



Prussian blue analogues has led to bulk magnets with ordering temperatures well above
room temperature. **?712% Similarly, Ruiz et al., in theoretical treatments of cyanide
bridged model compounds, predicted that super-exchange interactions between the
hexacyanomolybdate(l11) ion and the early 3d metal centers V" and Cr" should be
extremely strong (J = -422 cm™ for Mo"'V" and J = -186 cm™ for Mo"'Cr').*8
Impressive manifestations of the single ion anisotropy effect on Ues have been reported
including slow relaxation of magnetization in low nuclearity molecules such as the
pentanuclear ~ TBP  {[Mn"(tmphen),]s[Mn"(CN)e].},**®  the  pentanuclear
{IMn"(pysMe,)]a[Re™(CN);](PFe)s,"* the heptanuclear K{[(Mestacn)Mo"'(CN)s]e.
Mn"}(ClO,)3,**! and octanuclear {[(triphos)Re"(CN)s]s[Mn"CI]s}(triphos = 1,1,1-

tris(diphenylphosphino-methyl)ethane))**

clusters, all of which behave as SMMs
(Figure 1.10). The literature is witnessing increasingly larger numbers of SMMs with
smaller sizes and spin states, with notable examples being based on the linear trinuclear
[Mn"',;M""] units (M = Fe: S = 9/2 ground state, ferromagnetic coupling; M = Cr: S = 5/2
ground state, antiferromagnetic coupling), with Ue values of 9.3 cm™ and 16 cm™,
respectively.”***** Studies of the heavier 4d and 5d congeners by Bendix et al.,
NEts[Mn"';(5-Brsalen),(MeOH),M"(CN),] (M = Fe, Ru, Os), has led to enhanced
barriers, as predicted, to 11.8 cm™ and 13.2 cm™ for the Ru and Os compounds
respectively (Figure 1.4)."3%% Recently, Long et al. reported a record ferromagnetic
exchange through cyanide by incorporating the highly anisotropic 5d metal ion (Re'")

into cyanide bridged chain with (Cu'").**°
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Figure 1.4 Structure of the Mn-M-Mn unit (M = Ru, 0s).*®® Top right: out-of-phase ac
susceptibility of the Mn,Ru SMM with an effective barrier of 11.8 cm™®.**® Bottom
right: out-of-phase ac susceptibility of the Mn,Os SMM giving a Ugs = 13.2 cm™. %%

18



More interestingly, efforts towards making anisotropy-enhanced SMMs led to the
observation of slow relaxation of magnetization in mononuclear complexes (Table
1.1).° Long and coworkers reported the first family of mononuclear SMMs based on
trigonal pyramidal iron(ll) complexes of the general formula [M(solv)n][(tpaR)Fe] (tpa
= tris(pyrrolyl-R-methyl)amine, M = Na, R = tert-butyl (1), phenyl (4); M = K, R =
mesityl (2)).**** In this family, the height of the anisotropy barrier was found to be
directly proportional to ligand field strength. Jurca and coworkers reported slow
relaxation in smaller spin (3/2) system based on mononuclear cobalt(Il) complexes, (2,6-
{ArN=C(R)},NCsH3)Co(NCS), (R=Me or Ph).*** Mossin et al. reported that the five
coordinate trigonal bipyramid Fe(l111) complex (PNP)FeCl, (PNP = N[2-P(CHMe,),-4-
methyl-phenyl],’) also exhibited slow relaxation without the need to apply a dc field with
an energy barrier of 47 K.** More recently, Long et al. developed a series of two-
coordinate Fe(ll) complexes with the highest anisotropy barrier reported to date for a
mononuclear SMM, as high as 181 cm™(Figure 1.5b).1*

In the vein of increasing single-ion anisotropy, heavy lanthanide and actinide ions are
of special interest due to their large spin states accompanied by large Ising-type single
ion anisotropy. Several early examples of the high-profile family of double decker

152-155

complexes by Ishikawa revealed that individual 4f centers can exhibit SMM

behavior up to 40 K. Recently, more efforts have been directed towards understanding

and improving SMM behavior in single lanthanide ions by controlling the crystal field

156-165

environment. Exciting examples have emerged including organometallic

159,160 164-168

lanthanide complexes as well as actinide complexes (Figure 1.6).
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Table 1.1 Transition metal mononuclear (Single lon) single molecule magnets

Ground

Ueff

Formula State (cm™) To () Ref.
[Na(solv)n][(tpa(tBu))Fe"] 2 65 6.7.101 14
[K(solv)n][(tpa(Mes))Fe'] 2 42 - 142
[Na(solv)n][(tpa(Ph))Fe'] 2 25 - 142
Fe" [N(SiMes)(CgHs-2,6-Pr's)], 2 181 1-10* 149
Fe" [C(SiMe3)s], 2 146 4.10°° 149
Fe" [N(H)(CgH3-2,6-(CsH3-2,6-Pr'y),)]2 2 109 5.10°° 149
Fe" [N(H)(CgH3-2,6-(CsH2-2,4,6-Pr'5),)]- 2 104 4-10°° 149
Fe'' [O(CgH3-2,6-(CgH3-2,6-Pr'5)s]> 2 43 3-10°7 149
(2,6-{ArN=C(Me)},NCsHs3)Co" (NCS), 3/2 16 3.6.10°% %
(2,6-{ArN=C(Ph)},NCsH3)Co" (NCS), 3/2 24 51.107 %
(Ph4P)2[C0" (SPh).] 3/2 21 1-10°7 145
Co" ((4,5-diph-1H-imidazolyl)phenol), 3/2 34 75.10°
Co'"((4,5-diph-imidazolyl)methoxyphenol), 312 29 14107
[(PNP)Fe'"'Cly] 312 36 2:10°° 14
(HNEt3)(Co"Co"'5L¢) 3/2 86 1-10°7 147
cis-[Co" (dmphen),(NCS),]-0.25EtOH 1/2 17 4-10°' 148
[(3G)Co"CI](CF3S053) 1/2 24 1.9-10° 10
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Figure 1.5 Examples of transition metal mononuclear single molecule magnets;
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Enhancing Single-ion Anisotropy in Metal Complexes

The axial zero-field splitting parameter, D, one of the main types of single-ion
anisotropy, is typically described as resulting from the mutual effect of both trigonal
crystal field distortion, A, and spin orbit coupling, A, according to the equation (D =
A%/A).** Recent studies revealed that ligand spin-orbit coupling can contribute to the
overall A and significantly alter both the sign and magnitude of D in a metal
complex.'®**"® Moreover, theoretical studies have predicted that the relationship between
D and A depends on the orbital degeneracy of the system where it could be directly
proportional in case of complexes with orbitally degenerate ground states. 2112

The vanadium (lI11) ion is an excellent candidate for probing these issues as it is
known to exhibit very large zero-field splitting with axial components |D| up to - 20 cm’
1113178 additionally, V(111) has been reported to give rise to very strong ferromagnetic

interactions in dinuclear species, "™

which makes it very promising to introduce single
ion anisotropy into magnetic clusters as supported by several interesting examples
including the first room temperature molecule-based magnet, V(TCNE),(T¢ = 350K),
reported by Miller,®® and the first room temperature cyanide-based magnet,
V"o_42V”'0_58[Cr'"(CN)6]0_86°2.8H20 (Tc = 315K), reported by Verdaguer’s group.34
Despite these interesting properties and achievements, there is very little literature on

32,34,173-185 The

V"' molecular magnetic materials. incorporation of hexacyanovanadate

(1) anion [V"(CN)¢]* into PB-structured materials has proven to be synthetically

challenging, presumably due to the ease of oxidation of V"' to V'V 3318-18 Djscrete

magnetic molecules based on cyanovanadate building blocks are quite rare. 88
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The work described in this dissertation highlights our recent efforts to develop new
building blocks suitable for incorporating highly anisotropic early transition metals
(V(111)), 5d metals (Re(ll)) and lanthanides into heterometallic molecular magnetic
materials, and gives insight into the different factors affecting zero-field splitting as a
source for single ion anisotropy. In Chapter Il, attempts at rational control of the local
coordination environment of metal ions in order to ensure larger orbital contributions to
their magnetic moments is described. The synthesis of a series of trigonally distorted
mononuclear vanadium(l11) complexes is described with emphasis on the effect of both
the magnitude of the trigonal field and the ligand spin-orbit coupling contribution on zfs
parameters. The results presented in Chapter Il describe the syntheses along with the
structural, spectroscopic and magnetic studies of a new series of vanadium cyanide
building blocks suitable for incorporating the highly anisotropic vanadium(lll) ion into
cyanide bridged molecular materials. Chapter 1V outlines a building block approach that
involves the use of capping ligands as a viable synthetic route to various heterometallic
discrete molecules. The results presented in this chapter describe the structural and
magnetic properties of an unprecedented series of trigonal bipyramidal molecules
containing lanthanides with various magnetic responses. Overall, the work presented in
this dissertation provides insight into new methods for enhancing magnetic properties
via control of metal ion coordination environments (Chapter I1) and highlights the use of
metal cyanide precursors for the synthesis of new magnetic molecular materials

(Chapters 111 and 1V).
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CHAPTER I
EXPLORING THE FACTORS CONTROLLING ZERO-FIELD SPLITTING

PARAMETERS AS A SOURCE FOR SINGLE ION ANISOTROPY

Magnetic bistability in single molecule magnets (SMMs), in a classical case, arises
from the combination of a high ground state electron spin (S) and a large negative axial
zero-field splitting (D) within this ground state.”®#°%* The best route towards SMMs with
more readily accessible blocking temperatures has been debated for some time
now. 8114119190192 pacent theoretical work has suggested that, rather than a high spin
value, we should focus on the inherent magnetic anisotropy of the molecules as a method
for increasing the blocking temperature, T,, of SMM materials wherein relatively large
values of D translate into smaller complexes with relatively smaller S values behaving
comparably if not better than larger spin molecules.***'%*%% This strategy has led to
remarkable new examples of SMMs based on mononuclear transition metal complexes,
which capitalize on the large single ion anisotropy of metals with unquenched orbital
angular momenta.**141721% The examples reported in this vein underscore the fact that
controlling local symmetries of the metal ions is crucial for engendering larger orbital
contributions to the magnetic moment, and hence, a higher degree of anisotropy which is
a key factor in the realization of single molecule magnetic behavior. This strategy was
successfully employed to prepare several families of mononuclear SMMs based on
iron(11),*****2172 jron(111)** and cobalt(11)4314>1%5.1%

In order to better understand the origins of zero-field splitting as one of the main

types of single ion anisotropy, several studies have been reported on model compounds
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revealing that it is a result of the mutual effect of both trigonal crystal field distortion A
and spin orbit coupling A according to the equation (D = A2/A) (Figure 2.1).

The significance of the global spin-orbit coupling in the system has been supported
by the fact that ligand spin-orbit coupling can contribute to and significantly alter both
the sign and magnitude of D in a metal complex.*®**"® In our recent work, the axial
trigonal distortion of the crystal field was shown to be crucial for the presence of an
energy barrier in the [triphosRe(CN)s]s[MnCI]s SMM.*®" Moreover, theoretical studies
of the first cyanide-based SMM  prepared in  our laboratories,
[Mn(CN)g]2[Mn(tmphen).]s, predicted that a great enhancement in the energy barrier
could be achieved by increasing the magnitude of the trigonal distortion of the crystal
field of Mn(l1l) ions.*24174172

The vanadium (I11) ion is an excellent candidate for probing these issues for two
reasons; it is known to exhibit very large zero-field splitting with axial components |D|

173-178

up to - 20 cm™ which makes it a very promising ion for enhancing SMMs and it

has been reported to give rise to very strong ferromagnetic interactions in dinuclear
species which is also an attractive feature.!’31"

Studying the electronic structure of such a complicated system requires a
combination of experimental techniques. V(I11) has been the subject of a number of

studies using optical and magnetic resonance spectroscopy.'®®*

Properties of
Vanadium(111) hexa-aqua complexes have been previously investigated using electronic
absorption,?°*?®* Raman spectroscopy techniques®® as well as by theory.??*?°® Single-

crystal electronic spectra for Vanadium(Ill) doped into Al(acac)s; has been reported
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Figure 2. 1 Zero-field splitting of a d® metal ion in trigonally distorted coordination
environment.
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by Piper and Carlin®® and electronic spectra for V(acac); and VCls(thf); have been
reported by Machin and Murray.

EPR studies are of special importance for vanadium complexes. As an S = 1 system,
vanadium (I11) ion exhibits zfs that depends on its local symmetry. In a high symmetry
environment, zfs is small enough to make spin-allowed (AMs = £1) EPR transitions
measurable with conventional X band EPR methods.?®” Introducing axial distortions that
cause a lowering of the cubic symmetry leads to “EPR silent” vanadium (III) systems
since zero-field splitting in such systems usually becomes well above the microwave
frequency (~0.3 cm™ for X-band EPR). In such a case, all spin-allowed (AMs = +1) EPR
transitions are far higher than the field/ frequency range.

The emergence of high-field and high- frequency EPR (HFEPR; v > 94 GHz; By up
to ~35 T) spectrometers has promoted a renaissance of traditional “EPR silent” systems.
208209 HFEPR spectroscopy has been recently reported for V (I1I) compounds in pure
RbV alum and as a CsGa alum dopant.?'® Krzystek and coworkers reported an excellent
study for a family of V(I1I) molecular complexes with S=1 ground state that exhibit
significant zfs due to their highly distorted pseudo-octahedral environments.?** The
results revealed large axial zfs, with D values of ~ 8 cm™ for V(acac); upto ~ -16 cm™ in

VBr(thf)s.2*? HFEPR studies the “hole” counterpart, Ni (II) (3d%), have been reported

213 214-217

also both as a dopant into diamagnetic hosts“™* and as pure molecular complexes.
Ruamps and coworkers were able to measure a Ni(Il) molecule with D value as high as -

180 cm™ using HFEPR.?"/
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In view of these principles, the effects of both axial crystal-field distortions and spin-
orbit coupling on the magnitude of zero field splitting parameters have been explored in
a family of mononuclear trigonally distorted vanadium complexes. In this series, the
magnitude of the trigonal field distortion was systematically varied depending on the
difference of ligand field strength for different ligand combinations while the magnitude
of spin-orbit coupling in the system was varied using ligand spin-orbit coupling
contributions (the heavy halide effect). Herein we report the syntheses, structural
characterization and properties investigation of a family of mononuclear trigonally
distorted vanadium complexes of the general type A[LVX3] (X = F, Cl or Br, A" =
Et;N*, "BusN* or PPN*, PPN = bis(triphenylphosphoranylidene)ammonium, L = Tp or
Tp*, Tp = tris(-1-pyrazolyl)borohydride), Tp* = tris(3,5-dimethyl-1-

pyrazolyl)borohydride) and [Tp*V(DMF)3](PFs)2.
Experimental

Syntheses

Starting Materials. All chemicals and solvents used are of reagent grade quality.
VCI3(THF); (Aldrich), (Et4N)CI (Aldrich), (nBusN)CI (Aldrich), (PPN)CI (Aldrich),
KTp and KTp* (Strem) were used as received. Anhydrous (Et;N)F was prepared by
distillation from anhydrous ethanol. Acetonitrile and CH,Cl, were pre-dried over 4 A
molecular sieves and freshly distilled under a nitrogen atmosphere. Anhydrous DMF
(Alpha Aesar), THF and diethyl ether (Aldrich) were used as received. All reactions

were performed under nitrogen using standard dry box and Schlenk-line techniques.
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Physical Measurements. Elemental analyses were performed by Atlantic Microlab Inc.
(Norcross, GA). Infrared spectra were recorded as Nujol mulls in the range 220-4000
cm™ on a Nicolet Nexus 470 FTIR spectrophotometer.

[TpVCI, THF] (1). The compound was synthesized by modification of a previously
reported procedure.?’® A quantity of KTp (1.35 g, 5.35 mmol) was added slowly to a
solution of VCI3(THF)3; (2.0 g, 5.35 mmol) in 30 mL of CH,CIl, which was stirred
overnight. The green mixture was filtered through ™Celite to remove KCI. The filtrate
was reduced under vacuum at room temperature to 5 mL and treated with 50 mL of
hexanes with stirring to precipitate a blue green powder. The product was collected by
filtration, washed with hexanes (3x5 mL) and dried under vacuum (Yield =1.53 g, 72%)
IR(Nujol): (vB-H) 2490(m) cm™.

[Tp*VCI, THF] (2). The compound was synthesized as previously reported.”® A
quantity of KTp* (1.8 g, 5.35 mmol) was added slowly to a solution of VCl3(THF); (2.0
g, 5.35 mmol) in 30 mL of THF. The resulting solution was stirred overnight, to give a
green mixture which was evacuated to dryness. The green residue was extracted with 20
mL of CH,Cl, and filtered through ™Celite to remove KCI. The volume of the green
filtrate was reduced under vacuum at room temperature to 5 mL after which time 50 mL
of hexanes were added with stirring to effect the precipitation of a lime green powder.
The product was collected by filtration and washed with hexanes (3x5 mL) and finally
dried under vacuum (Yield = 1.35 g, 51.3%) IR(Nujol): (vB-H) 2544(m) cm™.
(PPN)[TpVCI3]-CHCI; (3). A solution of (PPN)CI (230 mg, 0.4 mmol) and 1 (162 mg,

0.4 mmol) in 10 mL of CH3CN was stirred for 2 hours. The volume of the green solution
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was reduced under vacuum at room temperature to 5 mL and treated with 20 mL of
diethyl ether to give pale green needles of the product which were filtered, washed with
diethyl ether (2x3 mL) and recrystallized from CH,Cl,/ diethyl ether mixture to give pale
green crystals suitable for single crystal X-ray crystallography (Yield = 331 mg, 77%).
Elemental analysis: Calcd. for C4sH42BN7P.ClsV (3): C, 55.59; H, 4.26; N, 9.87; Found:
C, 55.41; H, 4.45; N, 10.26 %. IR(Nujol): v(B-H) 2520(m); v(P=N) 1587(s), v(V-CI)
324(s), 281(s) cm™.

(PPN)[Tp*VCI3] (4). A solution of (PPN)CI (230 mg, 0.4 mmol) and 2 (197 mg, 0.4
mmol) in 10 mL of CH3CN was refluxed for 1 hour. The volume of the green solution
was reduced under vacuum at room temperature to 5 mL and treated with 20 mL of
diethyl ether which resulted in the formation of green crystals which were collected by
filtration, washed with diethyl ether (2x3 mL) and then recrystallized from
CH3CN/diethyl ether at room temperature which produced green crystals suitable for
single crystal X-ray crystallography (Yield = 290 mg, 73%). Elemental analysis: Calcd.
for Cs;Hs,BN7P,Cl3V (4): C, 61.63; H, 5.23; N, 9.87; Cl, 10.71; Found: C, 61.41; H,
5.16; N, 9.30; Cl, 10.30 %. IR(Nujol): v(B-H) 2550(m); v(P=N) 1587(s), v(V-Cl)
327(s), 303(s) cm™.

(EtN)[Tp*VClI3] (5). A solution of (Et;N)CI (66 mg, 0.4 mmol) and 2 (197 mg, 0.4
mmol) in 10 mL of CH3CN was refluxed for 30 minutes. The volume of the green
solution was reduced to 3 mL which led to a color change to purple. Upon cooling down
to room temperature, green crystals of the product suitable for single crystal X-ray
crystallography formed. The crystals were filtered off and washed with diethyl ether
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(2x3 mL) (Yield = 155 mg, 66%). Elemental analysis: Calcd. for C,3H42,BN;CI3V (5): C,
47.20; H, 7.18; N, 16.76; Found: C, 47.52; H, 7.21; N,17.19%. IR(Nujol): v(B-H)
2548(m); v(V-Cl) 326(s), 303(s) cm™.

(nBusN)[Tp*VCls] (6). A solution of (nBusN)CI (113 mg, 0.4 mmol) and 2 (0.2 g, 0.4
mmol) in 10 mL of CH3CN was stirred for 2 hours. The volume of the green solution
was reduced under vacuum at room temperature to 5 ml then 20 ml diethyl ether were
added and left overnight resulting in green crystals of the product which was collected
by filtration, washed with diethyl ether (2x3 mL) (Yield = 193 mg, 69%). Elemental
analysis: Calcd. for C3;HsgBN/P,Cl3V (6): C, 53.37; H, 8.32; N, 14.06; Found: C,
53.81; H, 8.56; N, 13.36%. IR(Nujol): v(B-H) 2534(m); v(V-Cl) 330(s), 299(s) cm™.
(Et4N)[Tp*VBrs3] (7). A solution of KTp* (580 mg, 1.72 mmol) in 10 mL of CH3CN
was slowly added to a solution of VBr; (500 mg, 1.72 mmol) in 15 mL of CH3CN. The
resultant mixture was stirred overnight then filtered through ™Celite into EtsNBr (361
mg, 1.72 mmol). The yellow solution was refluxed for 2 hours and then reduced in
volume at room temperature to 5 mL. Addition of 25 mL of Et,O resulted in an orange
product which was collected by filtration, washed with diethyl ether (2x3 mL) and
recrystallized from an CH3CN/ diethyl ether mixture to give orange crystals suitable for
single crystal X-ray crystallography (Yield = 567 mg, 46%). Elemental analysis: Calcd.
for C3H42BN7Br3V (7): C, 38.44; H, 5.84; N, 13.65; Found: C, 38.37; H, 5.76; N, 13.66
%. IR(Nujol): v(B-H) 2553(m); v(V-Br)279(s), 254(s) cm™.

(EtN)[Tp*VF3]-H,0 (8). A solution of (Et4N)F (181 mg, 1.21 mmol) and 2 (197 mg,

0.4 mmol) in 20 mL of CH3CN was stirred overnight. The resulting green solution was
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reduced under vacuum at room temperature to 5 mL and treated with 20 mL diethyl
ether to yield green crystals of the product which were filtered, washed with diethyl
ether (2x3 mL) and recrystallized from CH3CN/ diethyl ether to give bright green
crystals suitable for single crystal X-ray crystallography (Yield = 139 mg, 60%).
Elemental analysis: Calcd. for C,3H44BN7F;0V (8): C, 49.92; H, 8.01; N, 17.72; Found:
C,50.11; H, 7.86; N, 17.89 %. IR(Nujol): v(B-H) 2522(m); v(V-F) 775(s) cm™.

[Tp*V(DMF)3](PFg)2 (9). A solution of TIPFg (70 mg, 0.2mmol) in 3 mL of DMF was
added to 2 (50 mg, 0.1 mmol) in 5 mL of DMF which led to the instantaneous
precipitation of a white solid with the color of the solution slowly changing to red. The
solution was stirred overnight, filtered through ™Celite then layered with benzene
which diffused into the red filtrate to yield red crystals suitable for single crystal X-ray
crystallography which were filtered and washed with diethyl ether (2x3 mL) (Yield = 45
mg, 52.5%). Elemental analysis: Calcd. for C4H4,BNgO3P2F1,V (9): C, 33.63; H, 4.90;
N, 14.71; Found: C, 33.47; H, 5.01; N,14.76 %. IR(Nujol): v(B-H) 2561(m), v(C=0)

1652(s) cm™.
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Single Crystal X-Ray Diffraction

The X-ray single crystal data were collected on a Bruker-APEX CCD diffractometer
at 110 K. Crystals were mounted on cryoloops in oil. The data sets were collected with
Mo-Ka radiation (k = 0.71073 A) as four w-scans at a 0.3-0.4° step width. Data
integration and processing, Lorentz-polarization and absorption corrections were
performed using the Bruker SAINT?® and SADABS?* software packages. Solutions

L??? suite of

and refinements of the crystal structures were performed using the SHELX
programs within the graphical interface X-SEED.?* The structures were solved by direct
methods and refined by alternating cycles of full-matrix least-squares methods on F?,
using SHELXL which resolved all non-hydrogen atoms. All non-hydrogen atoms were
refined anisotropically for the final refinement cycles. The hydrogen atoms were located
using difference Fourier maps, assigned with isotropic displacement factors and included
in the final refinement cycles by use of either geometrical constraints (HFIX for
hydrogen atoms with parent carbon atoms) or restraints (DFIX for hydrogen atoms with
parent nitrogen or oxygen atoms). A summary of the crystallographic data and unit cell
parameters, conditions related to data collection and some features of the structural
refinements are provided in Table 2.1 and Table 2.2. Selected metal-ligand bond

distances and angles are provided in Table 2.3 for compounds 3-5 and in Table 2.4 for

compound 6-8.
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Table 2.1 Crystal structural data and refinement parameters for compounds 3-6

Compound
Space group

Unit cell

Unit cell volume, V

z
Density, peaic
Abs. coeff., u

Crystal color and habit

Crystal size
Temperature
Radiation, 4
Min. and max. &

Reflections collected

Independent reflections

Data/parameters/restrai
nts

R [Fo > 40(F.)]
G.o.f. on F2

Max./min. residual
densities, e-A~

@)
P-1
a=8.9587(18) A
b =15.589(3) A
¢ =17.465(4) A
a=101.16(3)°
£ =95.83(3)°
¥=95.02°
2366.2(8) A3

2
1.417 glem®
0.604mm™*

green block

0.20 x 0.20 x 0.10 mm
110K

Mo-Ka, 0.71073 A
1.97 to 27.51°

15525[R;y =0.0163]
10411

10411/572/0

R, =0.0519
WR, =0.116
1.026

1.14,-0.68

4)

P21/C
a=9.7417(19) A
b=61577(12) A
€ =16.864(3) A
B=95.53(3)°

10069(3) A®

8
1.310 g/cm®
0.462 mm™*

Green block

0.18 x0.13x0.12 mm
110K

Mo-Ka, 0.71073 A
1.79 to 21.05°

67346 [Rin =0.0628]
10847

10847/1191/0

R; = 0.0567
WR, = 0.0818
1.117

0.33,-0.37

5)

Cc
a=17.598(4)A
b =10.385(2)A
c=16.984(3) A
B£=111.87(3)°

2880.5(10) A®

4
1.348 glcm®
0.648 mm*

dark-green block

0.16 x 0.13 x 0.10 mm
110K

Mo-Ka, 0.71073 A
2.32t024.31°

12623 [Rin =0.0312]
4613

4613/330/2

R, =0.0302
WR, = 0.0641
1.069

0.2,-0.3

(6)

P21/C
a=28.470(6) A
b= 14.224(3) A
c=18.359(4) A
B=90.83(3)°

7434(3) A3

8
1.245 glcm®
0.518 mm*

green block

0.18x0.17x0.07 mm
110K

Mo-Ka, 0.71073 A
1.60 to 20.93°

46894 [Rin, = 0.0790]
7842

7842/803/0

R; =0.0693
WR, = 0.1403
1.028

1.2,-0.57

Ri= 2 [(Fo-Fo)]/ £ (Fo). wR» (Fo2)={ = [W(For—Fc2)2/ & [w(Fo2)]}v.
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Table 2.2 Crystal structural data and refinement parameters for compounds 7-9

Compound
Space group

Unit cell

Unit cell volume, V

Z
Density, Oeaic
Abs. coeff., u

Crystal color and habit

Crystal size
Temperature
Radiation, A
Min. and max. &

Reflections collected

Independent reflections

Data/parameters/restraints

R [Fo > 40(F,)]

G.o.f. on F?

Max./min. residual densities, e-A~

()
Cc
a=17.686(4) A
b =10.535(2) A
c=17.1633) A
B=111.24(3)°

2980.6(10) A®

4
1.600 g/em®
4.380 mm™*

Bright orange block

0.18 x 0.10 x 0.08 mm
110 K

Mo-Ka, 0.71073 A
2.29 t0 19.73°

7912 [Riy =0.0292]
2646

2646/330/2

R, = 0.0248
WR, = 0.0570
1.023

0.38,-0.3

8

Cmc2,
a=12.169(2) A
b =15.627(3) A
c=15.320(3) A

2913.4(10) A®

4
1.303 g/cm®
0.392 mm™*

Bright green needle

0.16 x 0.11 x 0.07 mm
110 K

Mo-Ka, 0.71073 A
2.12to 27.67°

16994 [Ryy, =0.2242]
3545

3545 /208 /1

R, = 0.0271
WR, = 0.0724
1.085

1.23,-0.92

©)

P-3

a= 12.3550(17) A
b= 12.3550(17) A
c= 14.651(3) A
B=120.00"°

1936.8(5) A®

2
1.470 glem®
0.436 mm™*

red-brown block

0.11x0.10x0.09 mm
110 K

Mo-Ka, 0.71073 A
1.39to 27.57°

21837 [Rin = 0.1142]
2968

2968 /219/0

R, = 0.1427
WR; = 0.3951
1.558

1.06,-0.9

Ri= 2 [(Fo-Fo)]/ £ (Fo). wRz ={  [W(For—Fe2)/ = [W(Fo2)2]} 2.
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Table 2.3 Selected bond distances (A) and bond angles (°) for 3-5

Compound 3 Distance (A) Angle (°)
V(1)-N() 2136(2)  CI(1)-V(1)-CI(2) 97.51(2)
V(1)-N(3) 2116(2)  CI(1)-V(1)-CI(3) 92.26(2)
V(1)-N(5) 2125(2)  CI(2)-V(1)-CI(3) 93.19(2)
V(1)- CI(1) 2.3238(9)  CI(1)-V(1)-N(1) 91.42(5)
V(1)- CI(2) 2347(1)  CI(1)-V(1)-N(3) 90.53(5)
V(1)- CI(3) 2376(1)  CI(1)-V(1)-N(5) 171.58(6)
V(1) ... V() 8.629(1)  N(1)-V(1)-N(3) 84.93(7)
Compound 4 Distance (A) Angle (°)
V(1)-N(1) 2.137(3) CI(1)-V(1)-CI(2) 92.06(4)
V(1)-N(3) 2.143(3) CI(1)-V(1)-CI(3) 94.65(4)
V(1)-N(5) 2.158(3) CI(2)-V(1)-CI(3) 93.54(4)
V(1)-CI1)  2.334(1) CI(L)-V(1)-N(L) 175.74(9)
VA)-CI2)  2.362(1) CI(1)-V(1)-N(3) 92.38(9)
V(1)-CI(3)  2.363(1) CI(1)-V(1)-N(5)  90.12(9)
V(1)...V(2)  12.853(1)  N(1)-V(1)-N@3) 85.1(1)

N(1)-V(1)-N(5)  86.3(1)
Compound 5  Distance (A) Angle (°)
V(1)-N(1) 2.138(2) CI(1)-V(1)-CI(2) 93.07(3)
V(1)-N(3) 2.148(2) CI(1)-V(1)-CI(3) 92.79(3)
V(1)-N(5) 2.151(3) CI(2)-V(1)-CI(3) 94.23(3)
V(1)-CI(1)  234228)  CI(1)-V(1)-N(1) 90.97(6)
VA)-CI2)  2.367(1) CI(1)-V(1)-N(3) 176.22(6)
V(1)-CI@)  2.354(1) CI(1)-V(1)-N(5)  90.84(6)
V(1)...V(2) 10175(1)  N(1)-V(1)-N@3) 86.21(8)

N(1)-V(1)-N(5)  83.68(8)
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Table 2.4 Selected bond distances (A) and bond angles (°) for 6-8

Compound 6 Distance (A) Angle (°)
V(1)-N(1) 2.184(4) CI(1)-V(1)-CI(2)  93.56(6)
V(1)-N(3) 2.135(4) CI(1)-V(1)-CI(3)  93.03(5)
V(1)-N(5) 2.134(4) CI(2)-V(1)-CI(3)  92.09(6)
V(1)- CI(1) 2.349(2) CI(1)-V(1)-N(1)  89.8(1)
V(1)- CI(2) 2.287(2) CI(1)-V(1)-N(3) 88.9(1)
V(1)- CI(3) 2.344(2) CI(1)-V(1)-N(5B)  172.5(1)
V(1)...V(2)  8.84(4) N(1)-V(1)-N@3)  85.1(1)
Compound 7 Distance (A) Angle (°)
V(1)-N() 2.147(5) Br(1)-V(1)-Br(2) 92.07(4)
V(1)-N(2) 2.149(5) Br(1)-V(1)-Br(3) 93.91(4)
V(1)-N(3) 2.157(6) Br(2)-V(1)-Br(3) 92.15(4)
V(1)- Br(1) 2.521(1) Br(1)-V(1)-N(1)  174.6(1)
V(1)-Br(2)  2.486(1) Br(1)-V(1)-N(3)  89.5(1)
V(1)- Br(3) 2.519(2) Br(1)-V(1)-N(5)  91.6(1)
V(1)...V(Q2)  10293(1)  N(1)-V(1)-N@) 87.02)
Compound 8 Distance (A) Angle (°)
V(1)-F(1) 1.929(1) F()-V(1)-N(1) _ 90.93(6)
V(1)-F(2) 1.843(1) F(1)-V(1)-N(2)  174.64(5)
V(1)-N(1) 2.148(2) F()-VQ)-F2)  92.12(5)
V(1)-N(2) 2.116(1) N(1)-V(1)-N(@2)  83.73(6)
V(1)...V(2)  9.903(1)

Compound 9 Distance (A) Angle (°)
V(1)-O(1) 1.994(4) 0(1)-V(1)-O(1A) 89.8(2)
V(1)-O(1A)  1.993(7) O(1)-V(1)-N(1)  90.9(1)
V(1)-N(1) 2.083(3) O(1)-V(1)-N(1A) 92.1(2)
V(1)-N(1A)  2.082(2)

V(1) ... V(2)  9.72(1)
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Results and Discussion
Syntheses and Infrared Spectral Studies

The precursors 1-2 were synthesized following reported procedures.?'®2%
Compounds 3-8 were synthesized by a substitution reaction of the coordinated solvent
molecule in TpVX,THF {where X = CI or Br) with the corresponding halide in a molar
ratio of 1:1 in acetonitrile. Compound 9 was prepared by abstracting chloride from
Tp*VCI, THF in DMF using TIPFs. All compounds are air-sensitive in solution but more
stable in the solid state. Exposing an acetonitrile solution of 4 to air then layering with
Et,O results in bright green crystals of the decomposition product PPN[VO,Cl;] whose
composition was determined using single crystal X-ray methods.

Compounds 3-9 exhibit characteristic bands in the v(B-H) stretching region (Table
2.5).°""2 The IR spectrum of 3 exhibits v(B-H) stretches at 2520 cm™. Similarly, the v(B-
H) stretches observed for 4, 5 and 6 appear at 2550, 2547 and 2536 cm™ respectively
which are slightly shifted compared to the corresponding mode of the precursor 1 (2543
cm™).” For other compounds, the energies vary from 2522 cm™ for 8 to 2553 cm™ for 7
and 2561 cm™ for 9. The v(C=N) (imine) stretching frequency of the pyrazol ring
appears at ~1540 for the Tp* complexes and 1500 for the Tp complex.

The halide stretching v(V-Cl) for 3 appears at 324 cm™ whereas for 4-6 it is located
at 327 cm™. In the case of 8 the metal fluoride feature appears at 775 cm™ and for the
weaker bromide ligand in 7 it shifts to 280 cm™.?*® The stretching mode of the v(P=N)

for the PPN* cation is observed for both 3 and 4 at 1587 cm™* and the v(C=0) stretch for

DMF in 9 appears at 1652 cm .
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Table 2.5 Selected IR frequencies (cm™) for 1-9

Compound  vB-H  v(C=N) v(P=N) v(C=0) v(X) %

1 2489(m)  1540(s) - ]

2 2542(m)  1544(s) - ]

3 2520(m)  1500(s) 1587(s) - 323(s) 281(s)
4 2550(m)  1543(s) 1587(s) - 327(s) 303(s)
5 2547(m)  1540(s) - - 329(s) 299(s)
6 2536(m)  1541(s) - - 327(s) 303(s)
7 2553(m)  1540(s) - - 280(s) 254(s)
8 2522(m)  1539(s) - - 775(s)

9 2561(m)  1542(s) - 1652(s) - -

s = strong, m = medium
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Single Crystal X-Ray Diffraction Study

X-ray crystallographic studies of 3 revealed that it crystallizes in the triclinic space
group P-1 (Table 2.1) with trigonally distorted coordination geometry for the complex
anion consisting of three nitrogen atoms from the Tp ligand and three terminal chlorides
(Figure 2.2). The local symmetry deviates from the Cs, with bond angles, CI1-V-CI2
97.51(2), CI1-V-CI3 92.26(2), Cl2-V-CI3 93.19(2) and distances V/(1)-CI(1) 2.3238(9),
V(1)-CI(2) 2.347(1), V(1)-CI(3) 2.376(1). Both bond lengths and angles lie within the
values for previously reported vanadium Tp or Tp* complexes.?*®%1*??* The crystal
contains a dichloromethane molecule of crystallization and the V----V separation is
8.629A.

Complex 4 crystallizes in the monoclinic space group P2,/c (Table 2.1). The
asymmetric unit contains two vanadium centers with a trigonally distorted octahedral
environment for the complex anion consisting of three nitrogen atoms from the Tp*
ligand and three terminal chlorides (Figure 2.3). The local symmetry of both centers is
almost identical and deviates from ideal Csv symmetry with a smaller variation in bond
angles than 3; CI1-V-CI2 92.06(4), CI1-V-CI3 94.65(4), CI2-V-CI3 93.54(4) and bond
lengths; V(1)-CI(1) 2.334(1), V(1)-CI(2) 2.362(1), V(1)-CI(3) 2.363(1) being evident.
Both bond distances and angles lie within the values for previously reported vanadium
Tp or Tp* complexes.?’®#9%* The large size of the PPN* cation is convenient as it
reduces the V----V intermolecular distances [12.72\] which is helpful for minimizing the

dipolar zero-field quantum tunneling relaxation pathway.
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P(2) N(7) P(1)

CI(5)

C(46)

Cl(4)

Figure 2.2 Thermal ellipsoid plots of PPN[TpVCI;]-CH,CI, 3. Ellipsoids are projected
at the 50% probability level. Hydrogen atoms are omitted for the sake of clarity.
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Figure 2.3 Thermal ellipsoid plots of PPN[Tp*VCl3], 4. Ellipsoids are projected at the
50% probability level. Hydrogen atoms are omitted for the sake of clarity.
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The single crystal structure of 5 reveals that it crystallizes in the monoclinic space
group C. (Table 2.1). The coordination environment is essentially identical to 4 with a
trigonally distorted octahedral environment of three nitrogen atoms from the Tp* ligand
and three terminal chlorides (Figure 2.4). Similarly, the local symmetry deviates from
ideal Cs, as evidenced by the angles, CI1-V-CI2 92.73(4), CI1-V-CI3 93.11(4), CI2-V-
CI3 94.25(4), N1-V-N3 84.94(1), N1-V-N5 85.43(1), N3-V-N5 85.7(1) and distances
V(1)-ClI(1) 2.3422(8), V(1)-CI(2) 2.367(1), V(1)-CI(3) 2.354(1). Both bond lengths and
angles lie within the wvalues for previously reported vanadium Tp or Tp*
complexes.?*#21°2% Compound 5 has a smaller VV-----V spacing of 10.17 A.

Complex 6 crystallizes in the monoclinic space group P2;/c (Table 2.1) with an
asymmetric unit similar to 4 with two vanadium centers with trigonally distorted
octahedral environments consisting of three nitrogen atoms from Tp* ligand and three
terminal chlorides (Figure 2.5). Similarly the local symmetry slightly deviates from Cs,:
Cl1-V-CI2 93.56(6), CI1-V-CI3 93.03(5), CI2-V-CI3 92.09(6), N1-V-N3 85.10(1), N1-
V-N5 85.43(1), N3-V-N5 85.7(1) and V(1)-ClI(1) 2.349(2), V(1)-CI(2) 2.287(2), V(1)-
CI(3) 2.344(2). Both sets of metrical parameters lie within the values for previously
reported vanadium Tp and Tp* complexes.?*#219224 The \/-----V/ spacing in 6 is 8.84 A.

Complex 7 is iso-structural with 5 and crystallizes in the monoclinic space group C.
(Table 2.2). The coordination environment is essentially identical to 4 with a trigonally
distorted octahedral environment of three nitrogen atoms from a Tp* ligand and three

terminal bromide ligands (Figure 2.6).
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Figure 2.4 Thermal ellipsoid plots of (Et;N)[Tp*VCls] 5. Ellipsoids are projected at the
50% probability level. Hydrogen atoms are omitted for the sake of clarity.
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Figure 2.5 Thermal ellipsoid plots of (BusN)[Tp*VCls] 6. Ellipsoids are projected at the
50% probability level. Hydrogen atoms are omitted for the sake of clarity.
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Br(2)

Br(1)

N(7)

Figure 2.6 Thermal ellipsoid plots of (Et;N)[Tp*VBr3] 7. Ellipsoids are projected at the
50% probability level. Hydrogen atoms are omitted for the sake of clarity.
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The angles and distances within the immediate coordination sphere indicate
distortion from ideal C3, symmetry: Brl-V-Br2 92.07(4), Brl-V-Br3 93.91(4), Br2-V-
Br3 92.15(4), and bond angles, V(1)-Br(1) 2.521(1), V(1)-Br(2) 2.486(1), V(1)-Br(3)
2.519(2). The V-Br distances lie within the values for previously reported vanadium
bromide complexes.??*?*" The metal - metal spacing in 7 is 10.29 A.

Complex 8 crystallizes in the orthorhombic space group Cmc2; (Table 2.2) in a
trignoally distorted octahedral environment of three nitrogen atoms from the Tp* ligand
and three terminal fluoride ligands (Figure 2.7). The local symmetry deviates from Cs,
with slight differences in the bond angles, namely F1-V-F2 92.12(5), F1-V-F3 88.88(6),
F2-V-F3 92.12(5) and bond distances V(1)-F(1) 1.929(1) A, V(1)-F(2) 1.843(1) A,
V(1)-F(3) 1.929(1) A. The V-F bond distances are slightly shorter than the values for
previously reported vanadium(l1l) fluoride complexes.?®??® The asymmetric unit
contains a water molecule of crystallization that is engaged in hydrogen bonding with
terminal fluoride ligands. The V------ V spacing is 9.90 A,

Complex 9 crystallizes in the hexagonal space group P-3 (Table 2.2) in a trignoally
distorted octahedral environment of three nitrogen atoms from the Tp* ligand and three
oxygen atoms of DMF ligands (Figure 2.8). The local symmetry is almost Cs, with
practically identical bond angles, O1-V-O1A 89.8(2) and bond distances V(1)-O(1)
1.994(4) A, V(1)-O(1A) 1.993(7) A, V(1)-O(1B) 1.994(7) A. The V-O bond distances
lie within the values for previously reported vanadium(l11) DMF complexes.”® The V---
---V spacing is 9.72 A. Both the coordinated DMF molecules and the PFs anions suffer

from disorder which was solved by division over two sites with 50% occupancy.
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F(1)

Figure 2.7 Thermal ellipsoid plots of (EtsN)[Tp*VF3]-H,O 8. Ellipsoids are projected at
the 50% probability level. Hydrogen atoms are omitted for the sake of clarity.
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F(5)
F(4)
F(3) F(3)

P(2)

F(2)

FU)’ N(2)
P(1)

0o(1) N(1)

Figure 2.8 Thermal ellipsoid plots of; asymmetric unit of 9 (top), molecular structure of
[Tp*V(DMF)3](PFs). 9 (bottom). Ellipsoids are projected at the 30% probability level.
Hydrogen atoms are omitted for the sake of clarity.
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Electronic Spectroscopy

Electronic absorption spectra were performed on a Shimadzu UV-1601PC
spectrophotometer using air-free cuvette. Compounds 3-8 were measured in CH,CI,
compound 9 was measured in anhydrous DMF (Figure 2.9, 2.10 and 2.11). The observed
electronic absorption features for complexes 3-9 are listed in Table 2.6 along with their
assignments. Typical electronic transitions for a d® octahedral molecule were
observed.??® The band corresponding to the *T;g — >T,g transition appeared at ~14,500
cm™* whereas the *T:1g(P) — >T.1g(F) transitions were observed at ~21,500 cm™. The *Tyg
— 3A,g is expected to lie at approximately 30,000 cm™, but they are obscured by the
strong band at ~25,500 cm™ which is assigned to a CT transition. Based on these
observed transitions, the octahedral splitting parameters (B and 10 Dq) were determined
using the Tanabe-Sugano diagram. Analysis of the spectrum for 3 revealed an octahedral
splitting (10 Dq) of 15,986 cm™. Complexes 4-6 exhibit relatively similar 10 Dq values
of 15,653, 15,608 and 15,585 cm™ respectively. The octahedral field splittings (10 Dq)
for complex 8 and 9 were found to be 17,512 cm™ and 15,276 cm™ respectively. These

values of 10 Dq lies within the range of previously reported vanadium complexes. 2%
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Figure 2.9 Electronic spectra of 3 (top) and 4 (bottom).
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Figure 2.10 Electronic spectra of 5 (top) and 6 (bottom).
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Figure 2.11 Electronic spectra of 8 (top) and 9 (bottom).
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Table 2.6 Electronic transitions for complexes 3-9

Compound Tig — *Tog T1g(P) — *T1g(F) V3! 3Tig — A B (cm™) | 10 Dg (cm™)
nm cm’ ¢ |nm cm® ¢ | nm cmt ¢ predicted
3 672 14,880 35 | 462 21,645 96 |- - - 30,867 524 15986
4 688 14,534 28 | 465 21,505 68 | 390 25,641 350 30,188 539 15653
5 690 14,492 31 | 466 21,459 71 | 395 25,641 352 30,101 537 15608
6 691 14,471 20 | 464 21,551 59 | 388 25,773 355 30,057 536 15585
8 615 16,260 45 | 428 23,364 90 | 314 31,847 360 33,772 603 17,512
9 705 14,184 21 | 481 20,790 130 | - - - 29,460 525 15,276
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Magnetic Properties

The DC susceptibility data for samples of crushed crystals of compounds 1-9 were
measured from 2-300 K using a plastic bag in an applied dc field of 1000 G on a
Quantum Design SQUID, Model MPMS. The measurements at mK temperatures were
performed in collaboration with Dr. Wolfgang Wernsdorfer in Grenoble, France using
micro-SQUID techniques. All compounds showed a decrease in T as the temperature is
lowered, which, in this case, is an indication of large zero-field splitting. Zero field
splitting parameters were calculated by fitting the reduced magnetization data using
ANISOFIT.*!
TpVCI, THF (1). The temperature dependent magnetic susceptibility of 1 exhibits a
similar behavior to 1 (Figure 2.12a). The room-temperature »7 value of 0.92 emu-K-mol™
is consistent with an isolated V"' jon with g = 1.8, Weiss constant, © = -6.5K and TIP of
0.48x10" emu-K-mol™ (C= 0.81 emu-K-mol™). The 4T value decreases with temperature
which could be attributed to zero field splitting with a minor contribution of
intermolecular dipole-dipole interactions. The field dependence of the magnetization
data at temperatures between 2 and 4.5 K reveal a non-superposition of the iso-field lines
indicating the presence of significant zero-field splitting (Figure 2.12b). Additionally,
even at 7 T and 2 K, the magnetization is well below the saturation value of 2.0 ug
expected for an S = 1 ground state with a g = 2.0 in the absence of zero-field splitting
(Figure 2.12Db, inset). The magnitude of zero-field splitting parameters were estimated

using ANISOFIT which gave D = -8.8 cm™ and E = 2.62 cm™ with g = 1.46.
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Tp*VCIL,THF (2). The room-temperature »7 value of 0.93 emu'K-mol™ for 2 (Figure
2.13a) is consistent with an isolated V"' ion with g = 1.74, Weiss constant, © = -3.5K
and Temperature independent paramagnetism TIP of 7.0-10” emu'K'mol™ (C= 0.75
emu'K'mol™). The 47 value decreases with temperature which could be attributed to
zero field splitting with a minor contribution of intermolecular dipole-dipole
interactions. The field dependence of the magnetization data at temperatures between 2
and 4.5 K reveal a non-superposition of the iso-field lines indicating the presence of
significant zero-field splitting (Figure 2.13b). Additionally, even at 7 T and 2 K, the
magnetization is well below the saturation value of 2.0 ug expected for an S = 1 ground
state with a g = 2.0 in the absence of zero-field splitting (Figure 2.13b, inset). The
calculated zero-field splitting parameters were found to be D = -18.53 cm™ and E = 2.79
cm™ with g = 1.63. The comparison of the axial zero field splitting parameter D in 1 (-
8.8 cm™) and 2 (-18.53 cm™) suggests a direct relationship between the D value and the
trigonal crystal field which is larger for the stronger n-donor Tp* ligand in 2.

PPN[TpVCls]-CH.CI, (3). The room-temperature 7' vs. T value of 0.85 emu'K'mol™ is
consistent with one isolated V"' spin center with g = 2.0 and © = -50K (Figure 2.14a).
The value of yT decreases as the temperature is lowered which is attributable to zero-
field splitting and/or intermolecular interactions. The non-superposition of the iso-field
lines at temperatures between 2 and 4.5 K (Figure 2.14b) and the lack of saturation of
the magnetization curve indicate the presence of significant zero-field splitting.
ANISOFIT led to values of D = -16.0 cm™, E = 3.0 cm™ and g = 1.26. The ac magnetic

susceptibility data under an applied dc field did not show a signal.

57



- 0.14
1 R o3
o
3 oo000000°°77 % 012
00©0©
08 © SR
g - 0.1
3 <>
£ 3
¥ 06 - - 008 E
= >
£ £
A oL
= - 0.06 =
> 04 -
3
o o T - 0.04
0.2 - o
OM - 0.02
o V0000000000000 00000 0
0 50 100 150 200 250 300
Temperature (K)
1 e 1T X
A 2T W
0.9 m 3T
0.8 ® 4T
— X 5T
=
o 0.7 + 6T
= x 7T
-S 0.6 Theory
<
N 2
@ 05
> =15
S 04 =
= 1
0.3 =
(]
EO.S
0.2 / g
Y]
© 0@ T T T
0.1 = 0 20000 40000 60000
Magnetic field (Oe)
O T T T T
0 10 20 30 40
H/T (kOe/K)

Figure 2.12 (a) Temperature dependence of x (0) and %T product (0) for 1. (b) Reduced
magnetization data at different external fields. Solid lines correspond to the best-fit
curves using ANISOFIT (D = -8.8 cm™, E = 2.62 cm™, g = 1.46). Inset: Field dependent
magnetization for 1 (o). The solid line corresponds to the Brillouin function (S = 1, Qayg
=2.0).
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Figure 2.13 (a) Temperature dependence of x () and %T product (0) for 2. (b) Reduced
magnetization data at different external fields. Solid lines correspond to the best-fit
curves using ANISOFIT (D = -18.53 cm™, E = 2.79 cm™, g = 1.63). Inset: Field
dependent magnetization for 2 (o). The solid line corresponds to the Brillouin function
(S =1, gayg = 2.0).
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Figure 2.14 (a) Temperature dependence of y (0) and T product (o) for 3. (b) Reduced
magnetization data at different external fields. Solid lines correspond to the best-fit
curves using ANISOFIT (D = -16.0 cm™, E = 3.0 cm™, g = 1.26). Inset: Field dependent
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PPN[Tp*VCl;] (4). Temperature-dependent magnetic susceptibility data for 4 are
dominated by the signature of large zero-field splitting for the S = 1 state (Figure 2.15a).
The room-temperature y7 value of 0.87 emu-K-mol™ is consistent with an isolated V"
ion with g = 2.0 and a Weiss constant, © = -50K (C= 1 emu'K'mol™). The »7 value
decreases with temperature which could be attributed to zero field splitting with a minor
contribution of intermolecular dipole-dipole interactions which should not be
appreciable given the large V---V intermolecular distances (12.7 A). The field
dependence of the magnetization data at temperatures between 2 and 4.5 K reveal a non-
superposition of the iso-field lines indicating the presence of significant zero-field
splitting (Figure 2.15b). Additionally, even at 7 T and 2 K, the magnetization is well
below the saturation value of 2.0 ug expected for an S = 1 ground state with a g = 2.0 in
the absence of zero-field splitting (Figure 2.15b, inset). The magnitude of zero-field
splitting parameters were estimated using ANISOFIT which gave D = -30.0 cm™ and E =
-0.8 cm™ with g = 1.54. Similarly, the larger D value of 4 compared to 3 indicates a
direct relationship between the D value and the magnitude of the trigonal crystal field
which is larger for the stronger n-donor Tp* ligand in 4.

Given that mononuclear complexes with large zero field splittings recently have been
found to exhibit SMM behavior'##143146:172232 " tha magnetization reversal dynamics of
compound 4 were probed with the use of AC susceptometry. The ac magnetic
susceptibility data under a 1000 Oe applied dc field manifest slow relaxation of the

magnetization (Figure 2.16a).
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Figure 2.15 (a) Temperature dependence of x (0) and T product (0) for 4. (b) Reduced
magnetization data at different external fields. Solid lines correspond to the best-fit
curves using ANISOFIT (D = -30.0 cm™, E = -0.81 cm™, g = 1.85). Inset: Field
dependent magnetization for 4 (o). The solid line corresponds to the Brillouin function
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Figure 2.16 (a) Temperature dependence of the imaginary (y") part of the ac
susceptibility for 4 measured under various oscillating frequencies (1-1500 Hz). The
solid lines are a guide for the eye. Inset: dependence of the logarithm of the relaxation
rate (1/z) on the inverse temperature (1/T). The solid line represents the best linear fit to
the Arrhenius law (Ue = 4 cm™ and 7o = 6.34 x 10 s). (b) Cole-Cole plot for 4. The
solid line represents the least squares fit by a generalized Debye model.
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Figure 2.17 Field dependence of the magnetization on an oriented crystal of 4
measured on a micro-SQUID along the b axis (a) below 1.3 K with a sweep field
rate of 0.14 T/s and (b) below a sweep rate of 0.280 T/s at 0.03 K.
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The corresponding rise in the “out-of-phase” susceptibility, ym”, is shown in Figure
2.16 for frequencies of 100, 500, 1000, and 1500 Hz. In each case, ym" achieves a
maximum at a temperature at which the switching of the magnetic field matches the
relaxation rate, 1/t, for the magnetization of the molecule. The y\" data indicates a
blocking temperature, Tg, of 3.5 K at 1 kHz. In addition, the shape of the Cole-Cole plot
is nearly symmetrical (Figure 2.16b) indicating that a single relaxation time, t, can be
considered. As for typical SMMs, the relaxation times follow an Arrhenius relationship:
T = 7o eXP(Uesi/ksT). Accordingly, a plot of In(1/t) vs. 1/T is linear (Figure 2.16a, inset)
with a least-square fit yielding 1, = 5 x 10 s and Ue = 4.0 cm™. Hysteresis loops were
collected using a micro-SQUID on easy-axis oriented single crystal samples.
Temperature dependent scans reveal butterfly shape hysteretic behavior for 4 at low
temperatures (Figure 2.17), which is a typical behavior in mononuclear SMMs due to
quantum tunneling.”

In conclusion, the combined ac and dc measurements gathered at low temperatures
on 4 using SQUID and Micro-SQUID indicate unambiguously that it exhibits SMM
behavior induced by a large zero-field splitting, D = -30.0 cm™. These measurements
clearly indicate that compound 4 represent the first mononuclear SMM based on
vanadium. Such interesting findings reveals the importance of careful tuning of the local
coordination environment for a simple trigonally distorted pseudooctahedral complex in
order to increase the orbital contribution to the magnetic moment resulting in a

significant D value as a basis for molecular magnetic bistability.
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(ET4N)[Tp*VCIs] (5). The magnetic properties of 5 behave similarly to compound 4.
The room-temperature y7' vs. T value of 0.86 emu'K-'mol™ is consistent with one isolated
V" jon with g = 2.0 and © = -50K (C=1.0 emu'K'mol™; Figure 2.18). The value of yT
decreases as the temperature is lowered which is attributable to zero-field splitting
and/or intermolecular interactions. As in the case of compound 4, the non-superposition
of the iso-field lines of the field dependence of the magnetization data at temperatures
between 2 and 4.5 K (Figure 2.18) and the lack of saturation of the magnetization curve
for compound 5 indicate the presence of significant zero-field splitting. The ANISOFIT
calculation for zfs parameters resulted in D = -30.0 cm™ and E = -0.85 with g = 1.5. The
ac susceptibility data under an applied dc field showed only a weak and noisy signal.

(nBusN)[Tp*VCls] (6). The magnetic properties of 6 behave similarly to compound 4.
The room-temperature y7'vs. T value of 0.85 emu'K-'mol™ is consistent with one isolated
V" spin center with g = 2.0 and © = -50K (C = 1.0 emu-K'mol™; Figure 2.19a). The
value of yT decreases with decreasing temperature which is attributable to zero-field
splitting and/or intermolecular interactions. As in the case of compound 4, the non-
superposition of the iso-field lines from the magnetization data at temperatures between
2 and 4.5 K (Figure 2.19b) and the lack of saturation of the magnetization curve for
compound 5 indicate the presence of significant zero-field splitting which was calculated
by ANISOFIT to give D = -22.7 cm™, E = -1. 53 cm™ and g = 1.36. The ac magnetic
susceptibility data under an applied dc field did not show a signal probably due to the
increased dipole-dipole interaction as a result of the closer V-----V intermolecular

distances.
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Figure 2.18 (a)Temperature dependence of y (0) and ¢T product (o) for 5. (b) Reduced
magnetization data at different external fields. Solid lines correspond to the best-fit
curves using ANISOFIT (D = -30.0 cm™, E = -0.85 cm™, g = 1.50). Inset: Field
dependent magnetization for 5 (o). The solid line corresponds to the Brillouin function
(S=1, gay = 2.0).
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Figure 2.19 (a)Temperature dependence of y (0) and T product (o) for 6. (b) Reduced
magnetization data at different external fields. Solid lines correspond to the best-fit
curves using ANISOFIT (D = -22.7 cm™, E = -1.53 cm™, g = 1.36). Inset: Field
dependent magnetization for 6 (o). The solid line corresponds to the Brillouin function
(S =1, gayg = 2.0).
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(EtuN)[Tp*VBrs] (7). The room-temperature 7 vs. T value of 1 emu'K'mol™ is
consistent with one isolated V" spin center with g =2.0, © = -50K and TIP of 0.5 x 107
emu'K'mol™ (Figure 2.20a). The value of »7 decreases as the temperature is lowered
which can be attributed to zero-field splitting and/or intermolecular interactions. As in
the case of compound 3, the non-superposition of the iso-field lines of the field
dependence of the magnetization data at temperatures between 2 and 4.5 K (Figure
2.20b) and the lack of saturation of the magnetization curve for compound 7 evenat 7 T
indicate the presence of significant zero-field splitting. The fitting of the field
dependence of the magnetization data using ANISOFIT resulted in D = -22.9 cm™, E =
0.001 cm™ and g = 1.21. The D value is unexpectedly close to that of 4 although a
significant increase was expected as a result of the increased spin-orbit coupling
contribution of the halide by replacing the chloride ligand (A = 530 cm™) with the
heavier bromide (. = 2530 cm™). Surprisingly, the compound does not show an ac signal

as well despite the large D value.
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Figure 2.20 (a)Temperature dependence of x (¢) and T (o) for 7. (b) Reduced
magnetization data at different external fields. Solid lines correspond to the best-fit
curves using ANISOFIT (D = -22.9 cm™, E = 0.001 cm™, g = 1.21). Inset: Field
dependent magnetization for 7 (o). The solid line corresponds to the Brillouin function
(S=1, gayg = 2.0).




(Et4N)[Tp*VF;3]-H,O (8). The magnetic properties of a polycrystalline sample of 8
behave very similarly to compound 3. The room-temperature 7' vs. T value of 0.88
emu-K-mol™ is consistent with one isolated V" spin center with g = 1.79, © = -4K and
TIP = 0.3x10° emu'K'mol™ (0.88 emu'K'mol™; Figure 2.21a). The value of yT
decreases at lower temperatures which is attributable to zero-field splitting and/or
intermolecular interactions. The non-superposition of the iso-field lines of the field
dependence of the magnetization data at temperatures between 2 and 4.5 K (Figure
2.21Db) and the lack of saturation of the magnetization curve for compound 8 indicate the
presence of significant zero-field splitting with a D value of 7.13 cm™ which is
significantly smaller than 4 as a result of both smaller trigonal field and smaller spin-
orbit coupling contribution of the lighter fluoride ligands.

[Tp*V(DMF)3](PFe); (9). The room-temperature 7 vs. T value of 1.015 emu-K-mol™
is consistent with an isolated V""" complex with g = 1.95 © = -5K and TIP = 0.32 x 10°®
emu'K'mol™ (C = 1 emuK'mol™; Figure 2.22a). The value of 4T decreases at lower
temperatures which is attributable to zero-field splitting and/or intermolecular
interactions. As in the case of compound 3, the non-superposition of the iso-field lines of
the field dependence of the magnetization data at temperatures between 2 and 4.5 K
(Figure 2.22b) and the lack of saturation of the magnetization curve for compound 9
indicate the presence of significant zero-field splitting with D value of -19.9 cm™ which

is surprisingly comparable to 4 despite the smaller spin orbit coupling of the system.
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Figure 2.21 (a)Temperature dependence of x (0) and T (o) for 8. (b) Reduced
magnetization data at different external fields. Solid lines correspond to the best-fit
curves using ANISOFIT (D = 7.13 cm™, E = -0.124 cm™, g = 1.51). Inset: Field
dependent magnetization for 8 (0). The solid line corresponds to the Brillouin function
(S =1, gayg = 2.0).
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Figure 2.22 (a)Temperature dependence of y (0) and T (o) for 9. (b) Reduced
magnetization data at different external fields. Solid lines correspond to the best-fit
curves using ANISOFIT (D =-19.9 cm™ E = 2.19 cm™, g = 1.92). Inset: Field dependent
magnetization for 9 (o). The solid line corresponds to the Brillouin function (S = 1, gayg
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Table 2.7 ZFS parameters of 1 - 9

-1

-1

Compound g Dcm Ecm
1 1.46 -8.8 2.62

2 1.38 -18.5 2.79

3 1.26 -16.0 3.0

4 1.54 -30.0 -0.81
5 1.50 -30.0 -0.85
6 1.36 -22.76 1.53
7 1.21 -22.9 0.001
8 1.51 7.13 -0.124
9 1.92 -19.9 -2.19
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High Field EPR Spectroscopy
Single-crystal HF-HFEPR measurements were carried out using a 35 T resistive
magnet with a cavity perturbation technique. The microwave source and detector used
were a Millimeter vector network analyzer in combination with a series of schottky
diodes and several different frequency multipliers. The experiment was performed at 1.4
K in the frequency range (50-225 GHz). Trials to measure powder spectra on pure
sample pressed pellets or pellets of powder dispersed in eicosane were unsuccessful.
Based on the predicted large magnetic anisotropy and the lack of reliability of ZFS
parameters extracted from magnetic measurements, single crystal HF-HFEPR
measurements were performed on 4 (Figure 2.23). The crystal was rotated about a fixed
axis to ensure that the applied field is parallel to the molecular hard plane. Three EPR
peaks were observed in the spectrum which correspond to the three different molecular
orientation in the crystal as shown in figure 2.24.
The EPR data were simulated using the following Hamiltonian, where ¢ is the angle
between the field and the molecular hard axis:
H=DSZ+E(S2—S2)+ g - g - B(cos(9)Sy, + sin(¢) S,) Eq2.1
The value of D was calculated indirectly by fitting the observed hard plane transitions
revealing a D value of -40 cm™ and E value of -1.1 cm™ with g, = 1.6, g, = 1.15and g, =

2 which is close to the values extracted from magnetic data.
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Figure 2.24 Different molecular orientations of the easy axis in 4
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Conclusions

The mononuclear complexes in this chapter highlight the importance of the careful
tuning of the local coordination environments of metal ions in order to achieve enhanced
single ion anisotropy. The magnetic data indicate that designing mononuclear vanadium
complexes with a simple axially distorted pseudo-octahedral coordination environment,
such as A[L3VX3] (X =F, Clor Br, A" = Et4N*, nBusyN" or PPN*, L3 = Tp or Tp*, and
[Tp*V(DMF);3](PFs), can lead to a single ion SMM.

The effects of both axial crystal field distortion and spin-orbit coupling on the
magnitude of zero-field splitting parameters in this family of compounds were explored
Table 2.7). Both the magnitude of the trigonal field distortion and the spin-orbit coupling
were varied by systematically tuning the m-donor ability of the ligand and the ligand
spin-orbit coupling contribution. The change of D parameter from 8 (7.13 cm™) with
terminal fluoride ligands to values with larger magnitude and negative sign in the
heavier chloride congeners, 4-6 (~-30.0 cm™) supports the previous reports of the heavy
halide effect in Nickel analogues.'®®*#** The larger axial zero field splitting parameter D
in 2 (-18.53 cm™) and 4 (-30.0 cm™) compared to 1 (-8.8 cm™) and (-16.0 cm™) suggests
a direct relationship between the D value and the trigonal crystal field which is larger for
the stronger m-donor Tp* ligand in 2 and 4. The large D value in 9 (-19.9 cm™) which
lacks any spin-orbit coupling contribution from halides supports this conclusion. The
control of both factors introduces a relatively untapped strategy for designing and

enhancing mononuclear SMM, sometimes referred to as single ion, SMM behavior.
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CHAPTER I

NEW VANADIUM (I11) CYANIDE BUILDING BLOCKS

The use of a building block approach employing cyanometallate-based SMMs,

3335128 s an alternate

analogues of Prussian-blue-based high-temperature magnets,
strategy for increasing the energy barrier, Uesr, and hence the blocking temperature, Tg,
observed in traditional oxo-bridged SMMs. In this strategy, relatively large values of D
are engendered by controlling the local symmetry of the metal ions which allows for
smaller complexes with relatively small spin ground states to exhibit a barrier. For
example it is known that the magnetic contribution of the unquenched orbital momenta
in degenerate ground states and their mixing with the spin via first order spin-orbit
coupling induces a strong anisotropy in linear Fe"'-CN-Cu" and Fe"'-CN-Ni" model
complexes.™**? For this reason, it is necessary to control cluster architectures to ensure
axially distorted local symmetries for metal ions in order to maximize orbital
contribution. Structural control can be achieved by using a building block or modular
approach in which capping ligands are used to make pre-designed discrete molecular
precursors which then self-assemble into a discrete structural architecture rather than
growing to form one-, two-, or three-dimensional face-centered cubic PB phases.'*®

The low-valent early 3d transition metals Ti, V, and Cr are excellent candidates for
introducing large single ion anisotropy into molecular materials, a topic that was the
subject of an interesting theoretical paper by Ruiz and coworkers.® In their calculations,

in addition to the potential for large ZFS parameters, the diffuse d orbitals of these

metals were predicted to give rise to improved overlap with the m and ©n* orbitals of the
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bridging cyanide ligand resulting in large superexchange constants |J| between metal
centers.”®*% Such large J values are crucial to ensure that the magnetic spin ground
state is well-isolated from excited spin states, thereby preventing relaxation via a
manifold of excited spin states. In support of this contention is that fact that the
combination of V" (tz5®) and Cr'" (t,,*) metal centers in Prussian blue analogues has led
to bulk magnetic ordering temperatures well above room temperature, 3127128

The 3d transition metal ion vanadium (I11) ion has been reported to give rise to very

strong ferromagnetic interactions in dimeric species'**"

and often exhibits very large
zero-field splitting with axial components |D| up to - 20 cm™.***"" This makes it a very
promising building block for SMMs that rely on a moderate spin ground state with a
large negative zero-field splitting. Despite these interesting properties and the fact that

234-238

some vanadium cyanide building blocks were known long time ago, including

K4[V(CN)g],2* K3[VO(CN)s]?*® and Et;N[V(CN)s],® there is very little literature on

V" molecular magnetic materials. 323417318239 The

incorporation of hexacyanovanadate
(111) anion [V"(CN)]* into PB-structured materials has proven to be synthetically
challenging, presumably due to the ease of oxidation of V"' to V'V.2%18 However few
are the examples of vanadium magnetic molecules, there is some key evidence of its
potential for enhancing molecular magnetic materials such as V(TCNE), and other
examples discussed earlier in chapter 1, 33-36127.183.184,239-241

Discrete magnetic molecules based on cyanovanadate building blocks are quite

rare.’®31% The only example of a cyanide-bridged cluster containing vanadium (111) was

reported by Long and co-workers. The reaction of [(cyclen)V(CF3S03)2](CF3SO3) with
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four equivalents of (Et4N)CN in DMF produces the seven-coordinate complex
[(cyclen)VV(CN)s] while using only 1.5 equivalents produces the cage complex,
[(cyclen)sV4(CN)s]®* which has a tetrahedral geometry and antiferromagnetic coupling
resulting in ground state of $=0. ‘%3

In the quest for making vanadium (I11) cyanide building blocks, salen ligands (salen
= N,N'-ethylenebis(salicylimine)) and acac (acac = acetylacetonate) are good capping
ligands for dicyanide building blocks. Salen-based cyanide building blocks have been
reported for several metals.”****® The building block Naz[Ru(salen)(CN),] has been
reported by Leung and coworkers in 1989.2? In 2005, Yeung and coworkers reported the
incorporation of this building block into cyanide bridged complexes. %9%! |n addition,
B-diketonates have been used as capping ligands in cyanide building blocks.492%02°2-2%

The syntheses of salen based vanadium (Ill) precursors of general formula
[V(L)CI(THF)] (where L = salen ligand) have been reported using various synthetic
routes. *"*® The mononuclear acetylacetonate precursors [M(acac)Cly(THF);] and
[M(acac),CI(THF)] where (M= Ti"', V""" or Cr'") have been prepared from several
different routes including reactions between Hacac and MCl3(THF)3.2>%%°

In this chapter the syntheses, structural characterization and magnetic studies of new
vanadium cyanide building blocks based on acetylacetone and a family of salen-based
ligands are reported. The ligands are salen (salen = N,N'-Ethylenebis(salicylimine)),
salphen (salphen = N,N'-Phenylenebis(salicylimine)) and 2-methoxysalen (2-
methoxysalen = N,N'-Ethylenebis(2-methoxysalicylimine)). Attempts to incorporate

them into heterometallic magnetic molecules are also presented.
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Experimental

Syntheses

Starting Materials. All chemicals and solvents were of reagent grade quality. The
starting material VCl3(THF); (Aldrich) was used as received. The salts (Et4;N)CN and
(PPN)CN were synthesized by simple metathesis reaction of KCN with corresponding
cation. The tetradentate Schiff base ligands; salenH,, MeOsalenH,, and salphenH; were
prepared according to a literature method.”®® The compounds V(acac),CI(THF),
[V(salen)Cl],, and {[Mn(salen)(H.0)]}.(ClO,), were synthesized according to reported
procedures.®"#%%%2 Diethyl ether (Aldrich) and Dimethyl formamide (Alpha Aesar)
were used as received. Acetonitrile was dried over 3 A molecular sieves and distilled
prior to use. All syntheses were performed under nitrogen using standard dry box and
Schelnk-line techniques.

Physical Measurements. Elemental analyses were performed by Atlantic Microlab Inc.
(Norcross, GA). Infrared spectra were recorded as Nujol mulls in the range 400-4000
cm™ on a Nicolet Nexus 470 FTIR spectrophotometer.

[VSalphenCIDMF] (10). Sodium hydride (0.21 g, 8.7 mmol) was slowly added to a
THF (100 mL) solution of SalphenH; (1.41 g, 4.5 mmol). The suspension was stirred
until complete dissolution was achieved to yield a yellow solution. The reagent
VCI3(THF); (1.62 g, 4.35 mmol) was then added with stirring which resulted in a
reddish maroon solution and the deposition of a finely divided dark brown
microcrystalline solid. The solid was collected on a fine frit, washed with THF (2x3 mL)

then diethyl ether (3x5 mL). Recrystallization from DMF/diethyl ether resulted in large
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red crystals of the product which were collected by filtration and washed with diethyl
ether (3x5 mL) and then dried. (Yield = 1.91 g, 92.7%) Elemental analysis: Calcd. for
Ca3 Hz1 N3 O3 Vi Cly (10): C, 58.30; H, 4.47; N, 8.87; Found: C, 58.23; H, 4.41; N,
8.81. IR(Nujol): v(C=N) 1661(s) cm .

[V(MeOsalen)(CIl)(DMF)] (11). Compound 11 was prepared in a fashion analogous to
that described above for compound 10 using MeOsalenH; (1.48 g, 4.5 mmol). (Yield =
1.8 g, 83%). Elemental analysis: Calcd. for C,;H2sCIN3OsV (11): C, 51.92; H, 5.19; Cl,
7.30; N, 8.65; Found: C, 51.81; H, 5.16; N, 8.59. IR(Nujol): v(C=N) 1620(s) cm*.
(EtsN)z[V(acac)(CN)4] (12). A solution of (Et4N)CN (0.32g, 2 mmol) in 5 mL CH3;CN
was added to a solution of V(acac),CI(THF) (0.35 g, 1 mmol) in 10 mL CH3CN. The
color of the reaction mixture turned orange upon stirring overnight. Diethyl ether was
slowly added to the orange solution resulting in white precipitate which was collected by
filtration then the filtrate was left to stand overnight where more bluish white precipitate
formed. The solution was filtered one more time after which time a few drops of diethyl
ether were added and the solution was left to stand overnight. Orange crystals of X-ray
quality deposited during this time period. The product was collected by filtration
collected by filtration then washed with diethyl ether (3x5 mL) then dried. (Yield = 0.14
g, 23%). Elemental analysis: Calcd. for for C,sH47NgO,V (12): C, 58.35; H, 9.21; N,
16.33; Found: C, 58.23; H, 9.16; N, 16.29. IR(Nujol): v(C=N) 2046(s) cm ™.
(PPN)[V(acac)2(CN)2]-PPNCI-CH3CN (13)-CH3CN. A solution of (PPN)CN (2.3g, 4
mmol) in 5 mL CH3CN was added to a solution of V(acac),CI(THF) (0.71 g, 2 mmol) in

5 mL CH3CN which led to a color change from green to dark orange-red and an orange
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precipitate after 12 hours. Additional product was obtained by slowly adding diethyl
ether to the orange solution. The product was collected by filtration, washed with diethyl
ether (3x5 mL) and dried. Recrystallization from acetonitrile/diethyl ether resulted in
orange crystals of X-ray quality. (Yield = 2.45 g, 82%). Elemental analysis: Calcd. for
Cg4H74CIN,O4P,V (13): C, 71.36; H, 5.28; N, 3.96; Found: ): C, 71.31; H, 5.17; N, 3.89.
IR(Nujol): v(C=N) 2045(s) cm ™.

(Et4N)[V(salen)(CN),] (14). A solution of (Et4N)CN (0.624g, 4 mmol ) in 5 mL of
CH3CN was added to a solution of [V/(salen)Cl], (0.7g, 1 mmol) in 15 mL of DMF. The
reaction mixture was stirred overnight to yield a pale reddish brown precipitate which
was collected by filtration. More products were obtained by layering the mother liquor
with diethyl ether. The precipitates were combined and washed with diethyl ether (3x5
mL) and dried. X ray quality crystals were obtained by recrystallization from
DMF/diethyl ether. (Yield = 0.8 g, 80%). Elemental analysis: Calcd. for
Ca6H34NsO,V(14): C, 62.52; H, 6.86; N, 14.02; Found: C, 62.43; H, 6.78; N, 14.05.
IR(Nujol): v(C=N) 2104(m), v(C=N) 1618(s) cm ™.

(PPN)[V(salen)(CN),] (15). A solution of (PPN)CN (1.15g, 2 mmol ) in 5 mL CH3;CN
was added to a solution of [V (salen)Cl], (0.35g, 0.5 mmol) in 15 mL DMF. The reaction
mixture was stirred overnight. The reaction solution was layered with diethyl ether and
left overnight which led to the formation of dark reddish-brown X-ray quality crystals.
The product was collected by filtration, washed with acetonitrile (1 x 3 mL) followed by

diethyl ether (3 x 5 mL) and then dried. (Yield = 0.76 g, 83%). Elemental analysis:
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Calcd. for Cs4H44Ns0,P,V(15): C, 71.44; H, 4.89; N, 7.71; Found: C, 71.37; H, 4.86; N,
7.66. IR(Nujol): v(C=N) 2100(s), v(C=N) 1620(s) cm .

(PPN)[V(MeOsalen)(CN);] (16). A solution of (PPN)CN (1.15g, 2 mmol) in 5 mL of
CH3CN was added to a solution of 11 (0.48 g, 1 mmol) in 15 mL of DMF. The reaction
mixture was stirred overnight then layered with diethyl ether and left overnight to yield
dark reddish-yellow crystals for X-ray crystallography. The product was collected by
filtration, washed with acetonitrile (1 x 3 mL) followed by diethyl ether (3 x 5 mL) and
then dried. (Yield = 0.71 g, 73%). Elemental analysis: Calcd. for for CsgHsgsNsO4P,V
(16): C, 69.49; H, 5.00; N, 7.24; Found: C, 69.43; H, 4.88; N, 7.17. IR(Nujol): v(C=N)
2102(s), v(C=N) 1660 (s) cm ™.

(PPN)[V(salphen)(CN),;]-DMF-2CH3CN (17)-DMF-2CH;3CN. A solution of (PPN)CN
(1.15g, 2 mmol) in 5 mL of CH3CN was added to a solution of 10 (0.47 g, 1 mmol) in 15
mL of DMF. The reaction mixture was stirred overnight and layered with diethyl ether
which produced dark red-brown crystals. The product was collected by filtration and
washed with acetonitrile (1x3mL) followed by diethyl ether (3x5 mL) and then dried.
(Yield = 0.91 g, 88%). Elemental analysis: Calcd. for for C¢1Hs1NgO3P2V (17): C, 70.26;
H, 5.17; N, 10.09; Found: C, 70.14; H, 4.89; N, 9.89. IR(Nujol): v(C=N) 2102(s),
v(C=N) 1666 (s) cm ™.

[V(salen)(CN);][Mn(salen)]n-5CH3CN (18). A solution of [Mn(salen)(H20)]CIO,4
(176 mg, 0.4 mmol) in 10 mL of CH3CN was added to a solution of 14 ( 200 mg, 0.4
mmol) in 5 mL of a 1:1 CH3;CN:DMF solution which led to instantaneous precipitation

of a yellow-brown precipitate. The product was collected by filtration, washed with
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diethyl ether (3 x 5mL) and dried. (Yield = 0.26 g, 73%). Elemental analysis: Calcd. for
CugHi3MNN1;04V (18): C, 59.00; H, 4.84; N, 17.20; Found: C, 58.93; H, 4.83; N, 17.14.

IR(Nujol): v(C=N) 2130(s), v(C=N) 1621 (s) cm™*.

Single Crystal X-Ray Diffraction

Single crystal X-ray data were collected on a Bruker-APEX Il CCD diffractometer at
110 K. Crystals were mounted on cryoloops and placed in the N cryostream. The data
sets were collected with Mo Ko radiation (k = 0.71073 A) as four o scans at a 0.3 — 0.4°
step width. Data integration and processing, Lorentz-polarization and absorption
corrections were performed using the Bruker SAINT?® and SADABS?* software
packages. Solution and refinement of the crystal structures were carried out using the
SHELX??? suite of programs and the graphical interface X-SEED.?*® The structures were
solved by direct methods and refined by alternating cycles of full-matrix least-squares
methods on F? using SHELXL which resolved all non-hydrogen atoms. All non-
hydrogen atoms were refined anisotropically at the final refinement cycles. The
hydrogen atoms were located from difference Fourier maps, assigned with isotropic
displacement factors and included in the final refinement cycles by use of either
geometrical constraints (HFIX for hydrogen atoms with parent carbon atoms) or
restraints (DFIX for hydrogen atoms with parent nitrogen or oxygen atoms). A summary
of the crystallographic data, unit cell parameters, and pertinent data collection and
structure refinement parameters are provided in Table 3.1 and Table 3.2. Selected metal—
ligand bond distances and angles are provided in Table 3.3 for compounds 10-13, Table

3.4 for compounds 14-15 and Table 3.5 for compounds 16-17.
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Table 3.1 Crystal structural data and refinement parameters for compounds 10, 12-14.

Compound
Space group
Unit cell

Y

Z

Density, ocaic
Abs. coeff., u
Crystal color and
habit

Crystal size
Temperature
Radiation, A
Min. and max. @
Reflections collected
Independent
reflections

Data/parameters/rest
raints

R [Fo > 40(F,)]

G.o.f.on F2
Max./min. residual
densities, e-A~

(10)

P21/C
a=11.694(2)A
b = 24.123(5)A
¢ = 7.3026(15)A
B =91.75(3)°

2059.1(7)A3
4

1.528 glcm®
0.643 mm*

dark red plate

0.24x0.11 x 0.08 mm
110 K

Mo-Ka, 0.71073 A
1.69 to 23.92°

3181 [Rin =0.079]
3181

3181/282/0

R, =0.0603
WR, =0.1273
1.056

0.75, -0.58

12)

P2,2,2;

a= 11.360(2) A
b= 13.530(3) A
c= 18311(4) A

2814.5(10) A®
4

1.215 glem®
0.384 mm*

yellow needle

0.21 x 0.1 x 0.05 mm
110 K

Mo-Ka, 0.71073 A
1.87 to 23.56°

21932 [Rin =0.0743]
4122

4122/317 /0

R, =0.092
WR, =0.24
1.049

1.56, -0.48

(13)

P-1
a=9.5928(19)A
b = 12.696(3)A
c=17.423(4)A
a=91.29(3)°
B=105.22(3)°
7= 108.39(3)°
1930.1(7)A?

1

1.287 g/cm?
0.302 mm*

orange block

0.25x0.2x0.08 mm
110 K

Mo-Ka, 0.71073 A
1.7 to 25.26°

18819 [Rin = 0.0279]
6948

6948/470/0

R; = 0.0526
WR, =0.1126
1.037

0.44,-0.49

(14)
Fdd2
a=21.108(4) A
b=12.724(3) A
c=18.699(4) A

5022.3(17) A®
8

1.321 glem®
0.427 mm*

pale red block

0.18 x 0.17 x 0.08 mm
110K

Mo-Ka, 0.71073 A
2.16to 27.45°

9827 [Rin =0.0221]
2841

2841/157 /1

R, =0.0386
wR, =0.0921
1.042

0.22,-0.25

Ri= 2 [(Fo-Fo)]/ £ (Fo). wR» (Fo2)={ = [W(For—Fc2)2/ & [w(Fo2)]}v.
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Table 3.2 Crystal structural data and refinement parameters for compounds 15-17.

Compound
Space group

Unit cell

\

z

Density, peaic
Abs. coeff.,

Crystal color and habit

Crystal size

Temperature
Radiation, 4
Min. and max. @

Reflections collected

Independent reflections

Data/parameters/restraints

R [Fo > 4o{F)]

G.o.f. on F2

Max./min. residual
densities, e- A~

(15)

Pcca

a=14.294(3)A
b =12.999(3)A
¢ =24.114(5)A

4480.4(16)A°
4

1.346 g/cm’
0.342 mm*

red orange plate
0.25x0.18 x 0.12 mm
110K

Mo-Ka, 0.71073 A
2.21t0 27.54°

50227 [Rin =0.0442]
5177
5177 /290/0

R; =0.0384
WR, =0.0843
1.033

0.47,-0.40

(16)

P2]_/C
a=13.149(3)A
b =15.671(3)A
¢ =14.067(3)A
B=93.81(3)°

2892.2(10)A3
2

1.218g/cm?
0.278 mm™

red block
0.23x0.13x0.13 mm
110 K

Mo-Ka, 0.71073 A
1.31028.73°

33023 [Rin = 0.0403]
7031
7031/349/0

R, = 0.085
WR, = 0.2436
1.060

1.91,-042

a7

P21/n
a=20.534(4) A
b =13.220(3) A
¢ =22.389(5) A
B111.11(3) °

5670(2) A3

4

1.302 glcm®
0.286 mm*

red block
0.20 x 0.20 x 0.10 mm
110 K

Mo-Ka, 0.71073 A
1.81to 23.32°

35151 [Rin =0.0814]
7055
7055 /716 /0

R, = 0.0741
0.864

0.34,-0.41

Ri= 2 [(Fo-Fo)]/ £ (Fo). wRo (Fo2)={ = [W(Foz—Fc2)2/ & [W(Fo2)2]}1r2.



Table 3.3 Selected metal-ligand bond distances (A) and bond angles (°) in
the crystal structures of compounds 10, 12 and 13.,

[V(salphen)(DMF)CI] (10)

V(1)-N(1) 2.099(2) O(1)-V-N(1)  88.0(1)
V(1)-N(2) 2.101(3)  O(1)-V-N(2)  164.1(1)
V(1)-O(1) 1.914(2) O(1)-V-O(2)  108.81(9)
V(1)-0(2) 1.922(2)  O(1)-V-O(3)  85.92(9)

V(1)-0(3) 2.076(2) O(1)-V-CI(1)  89.26(7)

V(1)-Cl(1) 2.378(1) N(1)-V-N(2)  77.0(1)
N(1)-V-Cl(1)  100.18(7)
V(1)- salphen  24.6(6)

(EtuN)2[V(acac)(CN)a] (12)
V(1)-0(2) 1.983(6) O(1)-V-0(2) 87.0(2)
V(1)-0(2) 1.948(4) O(1)-V-C(1)  90.4(3)
V(1)-C=Ngx 2.132(9) O(1)-V-C(2)  90.3(3)
V(1)-C=Ngq 2.144(8) O(1)-V-C(3)  95.5(3)
C=N 1.12(1) 0O(1)-V-C(4) 176.1(3)
V(1)- C=N 177.9(7)
V(1)- acac 22.569(6)
(PPN)[V(acac),(CN),]-PPNCI (13)

V(1)-0(1) 1.966(2) O(1)-V-O(2)  88.97(6)
V(1)-0(2) 1.978(2)  O(1)-V-O(1A) 180.00(6)
V(1)-C=N 2.168(2)  O(1)-V-O(2A) 91.03(6)
0(1)-C(3) 1277(3)  O(1)-V-C(1)  89.29(7)
C=N 1.151(3)  O(1)-V-C(1A) 90.71(7)

0(2)-V-C(1)  89.94(7)
V(1)- C=N 179.6(2)
V(1)- acac 19.169(6)

 ax = axial, eq = equatorial
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Table 3.4 Selected metal-ligand bond distances (A) and bond angles
(°) in the crystal structures of compounds 14 and 15.,

(Et.N)[V(salen)(CN).] (14)

V(1)-N(2) 2.093(2) O(1)-V-N(2)  87.30(9)
V(1)-0(1) 1.921(2)  O(1)-V-C(1)  92.0(1)
V(1)-C(1) 2.182(3)  O(1)-V-N(2A) 164.80(9)
0(1)-C(9) 1.326(3)  O(1)-V-O(1A) 107.81(9)
C=N 1.157(4)  O(1)-V-C(1A) 91.6(1)

N(2)-V-N(2A) 77.67(9)
V(1)- C=N 175.6(2)
V(1)- salen 19.848(6)

(PPN)[V(salen)(CN),] (15)

V(1)-N(2) 2.099(1) O(1)-V-N(2)  86.82(5)
V(1)-0(1) 1.913(1)  O(1)-V-C(1)  90.01(5)
V(1)-C(1) 2.190(1)  O(1)-V-N(2A) 163.16(5)
0(1)-C(9) 1.321(2)  O(1)-V-O(1A) 109.19(5)
C=N 1.154(2)  O(1)-V-C(1A) 90.85(5)

N(2)-V-N(2A) 77.82(5)
V(1)- C=N 173.3(1)
V(1)- salen 24.661(6)
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Table 3.5 Selected metal-ligand bond distances (A) and bond angles
(°) in the crystal structures of compounds 16 and 17.

PPN[V(MeOsalen)(CN),] (16)

V(1)-N(2) 2.084(3) O(1)-V-N(2)  87.1(1)
V(1)-0(1) 1.909(2) O(1)-V-C(1)  92.7(1)
V(1)-C(1) 2.177(3)  O(1)-V-N(2A) 164.3(1)
0(1)-C(9) 1.318(4)  O(1)-V-O(1A) 107.6(1)
C=N 1.145(4)  O(1)-V-C(1A) 91.4(1)

N(2)-V-N(2A) 78.9(1)
V(1)- C=N 172.0(3)
V(1)- salen 23.633(6)

PPN[V(salphen)(CN).] (17)

V(1)-0(1) 1.902(2) O(1)-V-0(2)  106.7(1)
V(1)-0(2) 1.925(2)  O(1)-V-N(4)  88.3(1)
V(1)-N(3) 2.110(3)  O(1)-V-N(3)  164.2(1)
V(1)-N(4) 2077(3) O(1)-V-C(2)  88.7(1)
V(1)-C(1) 2.192(5)  O(1)-V-C(1l)  93.4(1)
V(1)-C(2) 2.167(4)  N@3)-V-N(@4)  77.1(1)
C=N 1.147(66)  V(1)- C=N 177.5(3)

V(1)- salen 25.78(6)
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Results and Discussion
Syntheses and Infrared Spectral Studies

The precursor [V(acac),CI(THF)] was synthesized following the reported
procedure.”®  Attempts to prepare  (EtsN)[(acac);V(CN),] by reacting
[V(acac),CI(THF)] with two equivalents of (Et;N)CN in acetonitrile resulted in
yellow crystals of (Et;N),[acacV(CN),] 12 (Figure 3.2, Table 3.3) as a result of
ligand scrambling as illustrated in scheme 3.1. The reaction of [V(acac),CI(THF)]
with two equivalents of (PPN)CN in acetonitrile afforded yellow crystals of the
desired product PPN[(acac),V(CN).]-PPNCI, 13 (Figure 3.3, Table 3.3) which is
apparently stabilized by co-crystallization with PPNCI. The presence of terminal
cyanide in both compounds is evidenced by a v(C=N) stretch at 2045 cm™.

Several trials to incorporate compound 13 into heterometallic molecules were
carried out. Compound 13 was reacted with [Co(dppe).(CH3CN)](BF,), leading to
[Co(dppe).CN](BF,) as confirmed by X-ray measurements. This result suggests that
cyanide groups in 13 are labile. The reaction of 13 with [Mn(acac),(H20)](CIOy)
resulted in yellow powders with all attempts to crystallize the product using slow
diffusion and re-crystallization techniques were unsuccessful. Further attempts were
performed with other precursors such as [M(CH3CN)g](BF4)2{M=Mn,Co and Ni},
and compounds with trans labile coordination sites, [Mn(salen)(H,O)]CIO, or
Mn(cyclam)Cl, (Scheme 3.2). The reactions were attempted at low temperatures in
order to stabilize the labile cyanide ligands of 13 and to stimulate crystallization of

the product but the results were not fruitful.
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Scheme 3.1 Proposed mechanism of ligand scrambling in 13.
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Scheme 3.2 Proposed reactions to incorporate [V(acac)2(CN).] building block into
1D chains.
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The precursor [V(salen)Cl], was reacted with two equivalents of (Et;N)CN in
DMF/CH3CN resulting in brown powder. Recrystallization from DMF/diethyl ether
gave pale red-brown crystals of the dicyanide building block (Et;N)[V/(salen)(CN);]
(14) (Figure 3.4). A similar reaction with two equivalents of (PPN)CN produces
(PPN)[V(salen)(CN)2] (15) (Figure 3.5). The same scheme was used to make the
analogous building block, (PPN)[V(MeOsalen)(CN),] (16) (Figure 3.6). The
precursor [V(salphen)CI(THF)] was synthesized according to the literature and
recrystallized from DMF/diethyl ether to give red crystals of [V(salphen)CI(DMF)]
(10) (Figure 3.1, Table 3.3). Reaction of 10 with two equivalents of (Et;N)CN in
DMF/CH3CN resulted in a brown powder but no crystals. Reaction of 10 with two
equivalents of (PPN)CN in DMF/CH3CN gave
(PPN)[V(salphen)(CN),]-DMF-2CH3CN (17)-DMF-2CH3CN (Figure 3.7, Table 3.5).
IR spectra of the building blocks are consistent with the presence of cyanide as
indicated by the presence of v(C=N) stretching frequencies around ~2100 cm™ (Table
3.6). As the data in Table 3.6 indicate, the IR spectra of 14-17 exhibit stretches that
are shifted from the energies of the corresponding modes observed for the simple
organic cyanide salts and, therefore, are assigned to the terminal cyanides. The
presence of coordinated Schiff base ligands is indicated by the v(C=N) stretching
frequencies of the Schiff base imine group.

Attempts to incorporate this family of building blocks into cyanide-bridged chains
through the reaction with other precursors that contain trans labile coordination sites

such as manganese (I11) salen complexes were performed as illustrated in Scheme

95



3.3. All the resultant products were found to suffer from the lack of crystallinity.
Trials to obtain crystals using different crystal growth techniques were unsuccessful.
The reaction of 14 with [Mn(salen)(H20)](ClO,) in DMF/acetonitrile resulted in
yellow-brown powders of [V(salen)(CN).][Mn(salen)]n-SCH3CN (18) (Scheme 3.3).
The IR spectrum of 18 exhibits a cyanide stretching frequency at 2130 cm™ which is
shifted to higher energy as compared to the building block (2100 cm™) indicating a
bridging rather than a terminal cyanide ligand (Table 3.6).*” Trials to obtain crystals

of 18 using different crystal growth and slow diffusion techniques were unsuccessful.

' N >
_N///"V W= [MnSalen]" C \N/ == "——.V/ \/

N B ————— e U 1 N=/— R ——N M==-===-=
<y e (A=A

N

Scheme 3.3 Proposed structure of [V(salen)(CN),][Mn(salen)]n-5CH3CN (18) 1D
chain.
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Table 3.6 Characteristic infrared cyanide stretches for compounds 13-18 in cm™

Compound v(C=N) cm™ v(C=N) cm™
13 2045(m) - i
14 2104(s) 1618(s)  1595(s)
15 2100(s) 1620(s) 1597(s)
16 2102(s) 1614(s)  1596(s)
17 2105(s) 1600(s)  1576(s)
18 2130(s) 1621(s) 1599(s)
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Single Crystal X-Ray Diffraction Studies

X-ray crystallographic data for 10 revealed that it crystallizes in the monoclinic
space group P2;/c (Table 3.1). The structure consists of discrete neutral molecules
with a pseudo-octahedral environment for the central vanadium ion with the N,O,
donor sites of the salen ligand filling the equatorial coordination sites and the axial
sites being occupied by a terminal chloride and an oxygen atom from DMF molecule
(Figure 3.1). Selected bond distances and angles are listed in Table 3.3. The bond
distances are very close to the THF adduct that was reported previously except for
the V(1)-O(3) distance [2.076(2) A] which is slightly shorter than the corresponding
THF bond [2.155(6) A].?®® Similarly, the bond angles are comparable to the THF
adduct with the angle O1-V-02 [108.81(9) ‘] slightly enlarged. The coordination of
salphen to vanadium deviates from planarity with the N,O chelate ring forming a
dihedral angle of 24.6 .

Compound 12 crystallizes in the orthorhombic space group P2,2,:2; (Table 3.1).
The structure is ionic consisting of a pseudo-octahedral dianion [V/(acac)(CN)4]* and
two isolated Et;N* cations. Two of the equatorial coordination sites in the central
vanadium ion are filled with the O donor atoms of the acac ligand while the other
two equatorial sites and the axial sites are occupied with carbon donors of terminal
cyanide ligands (Figure 3.2). Selected bond distances and angles are provided in
table 3.3. The V(1)-O bond distances [1.983(2) A and 1.948(3) A] lie within the
range of vanadium(l11) diketonate complexes.®®® The two equatorial cyanide

distances [V(1)-C(1) = 2.132(9) A, V(1)-C(2) = 2.135(8) A] and the axial cyanide
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ci(1)

Figure 3.1 Molecular structure of [V"""(salphen)(DMF)CI] (10). Ellipsoids projected
at the 50% probability level. Hydrogen atoms omitted for the sake of clarity.
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Figure 3.2 Structure of (EtsN),[V!"" (acac)(CN).] (12). Thermal ellipsoids are drawn
at the 50% probability level. Hydrogen atoms omitted for the sake of clarity.
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N(2)
P@2) cn @
P(1)

N(3)
C(43)
0(2)
0(1) \: -
v(1) c) Ny

Figure 3.3 Thermal ellipsoid plots of (top) Asymmetric unit (bottom) Molecular
structure of (PPN)[ V""" (acac),(CN),]-PPNCI-2CHsCN  (13)-2CH5CN. Thermal
ellipsoids are drawn at the 30% probability level. Hydrogen atoms are omitted for the
sake of clarity.
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distances [V(1)-C(3) = 2.122(8) A, and V(1)-C(4) = 2.144(8) A] are similar to those
reported for (EtsN)s[V(CN)s].**® The average C=N bond length is 1.15(1) A. The
cyanide ligands bind to the metal in almost linear fashion with an average angle of V-
C=N =177.9(3) ; the chelate ring of acac ligand forms a dihedral angle of 22.569 .

Compound 13 crystallizes in the triclinic P-1 space group (Table 3.1) with the
anion consisting of a vanadium center with four equatorial O atoms from two acac
ligands and two axial cyanide ligands (Figure 3.3). The charge of the anion complex
is neutralized with a PPN™ cation. The co-crystalization of the compound with a
(PPN)CI and an acetonitrile molecule may increase the stability of the dicyanide
complex anion and prevent ligand scrambling. Selected bond distances and angles
are listed in Table 3.3. The V(1)-O bond distances [1.966(2) A and 1.978(3) A] are
close to those observed in 12. The average metal cyanide distance is V(1)-C=N =
2.168(2) A which is slightly longer than 12. The average C=N bond length is
1.151(3) A. The cyanide ligands are close to linear with an average angle of V-C=N
= 179.6(2) " and the chelate ring of the acac ligand is slightly twisted with a dihedral
angle of 19.169".

Compound 14 crystallizes in the orthorhombic space group Fdd2 (Table 3.1). The
central vanadium ion is in a pseudo-octahedral environment in the complex anion
with the N,O, donor atoms of the salen ligand filling the equatorial coordination sites
while the axial sites are occupied with carbon donors of axial cyanide ligands (Figure

3.4). The charge of the anion complex is balanced with a (Et;N)" cation. Selected
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bond lengths and angles are listed in table 3.4. The compound has a V(1)-O(1) bond
distance of 1.921(2) A, and V(1)-N(2) bond distance of 2.093(2) A which are
comparable to those observed in 10, while the average metal cyanide distance [V(1)-
C=N = 2.182(3) A] is slightly longer than 12 and 13. The average C=N bond is
1.157(2) A. The cyanide ligands binds to the metal in a slightly bent fashion with an
average angle of V-C=N = 175.6(2) °, while the chelate ring of salen ligand forms a
dihedral angle of 19.848(6) ".

Compound 15 crystallizes in the orthorhombic space group Pcca (Table 3.2).
Selected bond lengths and angles are listed in table 3.4. The complex anion exhibits
an identical distorted octahedral coordination environment in the central vanadium
ion as 14 (Figure 3.5). The compound has a V(1)-O(1) bond distance of 1.913(1) A,
and V(1)-N(2) bond distance of 2.099(1) A, while the average metal cyanide
distance is V(1)-C=N = 2.190(1) A. The average C=N bond is 1.154(2) A. Similarly,
the cyanide ligands binds to the metal in a slightly bent fashion with an average angle
of V-C=N = 173.3(1) °, while the N,O chelate ring of salen ligand forms a dihedral
angle of 24.661(6) ".

Compound 16 crystallizes in the monoclinic space group P2:/c (Table 3.2) with a
similar pseudo-octahedral coordination environment in the complex anion with the
N,O, donor atoms of the MeOsalen ligand filling the equatorial coordination sites
while the axial sites are occupied with carbon donors of axial cyanide ligands (Figure

3.6). The charge of the anion complex is neutralized with PPN™ cation.
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V(1)

o)

Figure 3.4 Thermal ellipsoid plots of (top) asymmetric unit (bottom) molecular
structure of (EtsN)[V{""(salen)(CN),](14). Ellipsoids projected at the 50%probability
level. Hydrogen atoms omitted for the sake of clarity.
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Figure 3.5 Thermal ellipsoid plots of (top) asymmetric unit (bottom) molecular
structure of (PPN)[V{""(salen)(CN),](15). Ellipsoids projected at the 50%probability
level. Hydrogen atoms omitted for the sake of clarity.

105



Selected bond lengths and angles are listed in table 3.5.The compound has bond
distances [V(1)-O(1) = 1.909(2) A, and V(1)-N(2) = 2.084(3) A] very similar to 14,
while the average metal cyanide distance [V(1)-C=N = 2.177(3) A] and the average
C=N bond [1.145(4) A] are slightly shorter. The metal-cyanide angle [V-C=N =
172.0(1) ] is a little more bent than 14, while the N,O chelate ring of MeOsalen
ligand forms a similar dihedral angle of 23.633(6) ".

Compound 17 crystallizes in the monoclinic space group P2;/n (Table 3.2) with
the central vanadium ion encountering pseudo octahedral environment in the
complex anion. The equatorial coordination sites are filled with the N,O, donor
atoms of the salphen ligand, while the axial sites are occupied with carbon donors of
axial cyanide ligands (Figure 3.7). Selected bond lengths and angles are listed in
table 3.5. The bond distances [V(1)-O(1) = 1.902(2) A, and V(1)-N(3) = 2.110(3) A]
are very close to 10. The average metal cyanide distance [V(1)-C=N = 2.192(3) A] is
similar to that observed in 14-16. The average C=N bond is 1.147(6) A. The cyanide
ligands binds to the metal in almost linear fashion with an average angle of V-C=N =
177.5(1) °, while the N,O chelate ring of salphen ligand forms a dihedral angle of
25.780(6) °. The crystal contains a DMF and two acetonitrile molecules of

crystallization
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Figure 3.6 Thermal ellipsoid plots of (top) Asymmetric unit (bottom) Molecular
structure  of (PPN)[V{""(MeOsalen)(CN),] (16). Ellipsoids projected at the
50%probability level. Hydrogen atoms omitted for the sake of clarity.
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Figure 3.7 Thermal ellipsoid plots of PPN[V""(salphen)(CN),]-DMF-2CH3CN (17).
Ellipsoids projected at the 50% probability level. Hydrogen atoms omitted for the
sake of clarity.
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Magnetic Properties

DC magnetic measurements were performed on freshly prepared crushed
polycrystalline samples over the temperature range of 2-300 K in an applied magnetic
field of 1000 Oe on a Quantum Design SQUID, Model MPMS with 7 Tesla magnet.
(PPN)[(acac),V(CN)2]-PPNCI (13). The y and %T versus T plots of 13 over the range
1.8 - 300K (Figure 3.8) show a room temperature ¥T value of 1.05 emu-mol*-K at 300
K which is consistent with an isolated V" ion with S = 1 and g = 2.05 and temperature-
independent paramagnetism (TIP) = 2.0-10* emu-mol™. Upon lowering the
temperature, the susceptibility decreases to 0.44 emu-mol*-K at 2 K (Figure 3.8a),
indicating zero field splitting and may be intermolecular dipole-dipole interactions. The
magnetization versus field data for 13 (figure 3.8 inset) is consistent with the presence of
a single vanadium (I11) center. The lack of saturation even at 7 T is not unusual due to
the anisotropic nature of V(IIl). Field-dependent magnetization data at temperatures
between 1.8 and 4.5 K show non-superposition of the iso-field lines indicating the
presence of large zero-field splitting (Figure 3.8b). The fitting using ANISOFIT
estimated ZFS parameters of D =-10.0 cm™ and E = 0.01 cm™ with g = 1.98.
(Et;N)[V(salen)(CN),] (14). The room temperature »T value of 0.98 emu-mol™-K is
consistent with one isolated V""" ion with S=1 and g = 1.94 and temperature-independent
paramagnetism (TIP) = 1.8:10* emu-mol™ (0.98 emuK-mol™). Upon lowering
temperature, the susceptibility decreases to 0.36 emu-mol™-K at 2 K (Figure 3.9a),
which may be due to zero field splitting and some contribution of intermolecular dipole-

dipole interactions.
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Figure 3.8 (a) Temperature dependence of y (0) and yT product (0) for 13(S=1,9 =
2.05, TIP = 2.0-10* emu mol ™) and (b) reduced magnetization of 13. Solid lines
correspond to the best-fit curves using ANISOFIT (D = -10.0 cm™, E = 0.01 cm™, g =
1.98). Inset: Field-dependent magnetization curve at 1.8 K (o). The solid line
corresponds to the Brillion function (S = 1, gayg = 2.0).
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The magnetization versus field data for 14 (figure 3.9b inset) is consistent with the
presence of single vanadium (Il1) center. Data of field dependent magnetization at
temperatures between 1.8 and 4.5K show a non-superposition of the iso-field lines
indicating the presence of large zero field splitting (Figure 3.9b). The fitting using
ANISOFIT estimated ZFS parameters of D = 5.89 cm™ and E = -0.0108 cm™ with g =
1.89. The magnetization does not saturate even at 7 Tesla.

(PPN)[V(salen)(CN),] (15). Compound 15 exhibits a room temperature T value of 1
emu-mol*-K at 300 K which is consistent with an isolated V""" ion with S =1 and g =
2.03 and temperature-independent paramagnetism (TIP) = 1.0-10* emu-mol™ (1.03
emu'K-mol™). At lower temperatures, the susceptibility decreases to 0.72 emu-mol™*-K
at 2 K (Figure 3.10a), which could be attributed to zero field splitting and some
contribution of intermolecular dipole-dipole interactions. The magnetization versus field
data for 15 (figure 3.10b inset) does not saturate due to strong anisotropy. Field
dependent magnetization data at temperatures between 1.8 and 4.5K reveal a non-
superposition of the iso-field lines indicating the presence of significant zero field
splitting (Figure 3.10b). The fitting using ANISOFIT estimated ZFS parameters of D =
3.7cm™*and E=-0.01 cm™ with g = 2.1.

(PPN)[V(MeOsalen)(CN),] (16). Compound 16 exhibits a room temperature 4T value
of 0.93 emu-mol*-K at 300 K as expected for V" with S = 1 and g = 1.88 and a
temperature-independent paramagnetic (TIP) term of 1.8-10* emu-mol™. As the
temperature is lowered, the susceptibility decreases to 0.51 emu-mol *-K at 2 K (Figure
3.11a), indicating zero field splitting and intermolecular dipole-dipole interactions. The
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magnetization versus field data for 16 (figure 3.11b inset) is consistent with the presence
of single vanadium (I11) center but there is no saturation. Field dependent magnetization
data at temperatures between 1.8 and 4.5K shows a non-superposition of the iso-field
lines indicating the presence of large zero field splitting (Figure 3.11b). The fitting using
ANISOFIT led to ZFS parameters of D = 4.01 cm™ and E = -0.016 cm™ with g = 1.79.

(PPN)[V(salphen)(CN),;]-DMF-2CH3;CN (17). Compound 17 exhibits a room
temperature »T value of 0.89 emu-mol™-K at 300 K in accord with an isolated V" ion
with S=1and g = 1.85 and (TIP) = 2.0-10* emu-mol . Upon lowering temperature, the
susceptibility decreases to 0.43 emu-mol *-K at 2 K (Figure 3.12a), indicating significant
zero field splitting and some contribution of intermolecular dipole-dipole interactions.
The magnetization versus field data for 17 (figure 3.12b inset) are consistent with the
presence of single vanadium (111) center. The lack of saturation even at 7T is probably
due to the anisotropic nature of V/(I11). Field dependent magnetization data between 1.8
and 4.5 K shows a non-superposition of the iso-field lines indicating the presence of
large zero field splitting (Figure 3.12b). The fitting using ANISOFIT led to ZFS
parameters of D = 4.36 cm™ and E = 0.112 cm™ with g = 1.77. ZFS parameters of all the

series of vanadium dicyanide building blocks are summarized in table 3.7.

112



Table 3. 7 ZFS parameters for 13-17.

Compound g D(m?")  E(cm?)
13 1.98 -10 0.01
14 1.89 5.89 -0.01
15 2.1 3.7 -0.01
16 1.79 4.05 -0.016
17 1.76 4.36 0.112
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Figure 3.9 (a) Temperature dependence of y (0) and yT product (o) for 14 (S=1,9 =
1.94, TIP = 1.8:10* emu mol™) and (b) reduced magnetization of 14. Solid lines
correspond to the best-fit curves using ANISOFIT (D = 5.89, E = -0.01cm™, g = 1.89).

Inset: Field-dependent magnetization curve at 1.8 K (0). The solid line corresponds to
the Brillion function (S = 1, gayg = 2.0).
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Figure 3.10 (a) Temperature dependence of y (0) and T product (0) for 15(S=1,g =
2.03, TIP = 1.10* emu mol™) and (b) reduced magnetization of 15. Solid lines
correspond to the best-fit curves using ANISOFIT (D = 3.7, E = -0.01 cm™, g = 2.1).

Inset: Field-dependent magnetization curve at 1.8 K (0). The solid line corresponds to
the Brillion function (S = 1, gayg = 2.0).
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[V(salen)(CN);][Mn(salen)],~5CH3CN  (18). Compound 18 exhibits a room
temperature 4T value of 3.57 emu-mol *-K at 300 K, which is consistent with V""" ion (S
=1,g=19) and Mn"" ion (S =2, g = 1.97) At lower temperatures, the susceptibility
decreases to a minimum of 1.79 emu-mol *-K at 8 K (Figure 3.13a), which can be
attributed to antiferromagnetic interactions between metal spins. Decreasing the
temperature further results in a slight increase in #T value up to 2.23 emu-mol *-K at 2
K. The magnetization versus field data for 18 (figure 3.13b) are consistent with the
presence of antiferromagnetically coupled vanadium (I11) and manganese (111) centers as
indicated by a gradual increase and near saturation at 7 T for an S = 1 ground state. The
4T versus T data were simulated using a ferrimagnet Heisenberg chain model®® in
addition to incorporating inter-chain interactions, J', in the frame of the mean-field

approximation:

H= —=2]yn-v z.(SMn,i “Svi + Suni " Svi+1) (Eq.3.1)
l
x= ;(2?‘” (Eq.3.2)
1- N g2 Xenain

with (gwn = 1.95, gy = 1.85,J = -4.4cm™, zJ’ = -0.55 cm™).

The relaxation dynamics of the compound were studied using ac susceptibility
measurements. An “in-phase” and an “out-of-phase” signal were observed in the
temperature dependent AC measurements under zero field (Figure 3.14). The frequency
dependent AC measurements were fitted using an extended Debye model resulting in an

energy barrier of 13.4 cm™ with t = 1.52x10® s (Figure 3.15).
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High Field EPR Spectroscopy

Single-crystal HF-HFEPR measurements were carried out in collaboration with Dr
Steven Hill in the magnet lab, Tallahassee, Florida. The experiment was performed using
a cavity perturbation technique on a 15 T superconducting magnet. The microwave
source and detector used were a Millimeter vector network analyzer in combination with
a series of schottky diodes and several different frequency multipliers. The experiment
temperature was 1.4 K within the frequency range (50-225 GHz).
Based on the predicted large magnetic anisotropy and the lack of reliability of ZFS
parameters extracted from magnetic measurements, single crystal HF-HFEPR
measurements were performed on 15 (Figure 3.16). The crystal was rotated about a fixed
axis to ensure that the applied field is parallel to the molecular easy axis. Two EPR
peaks were observed which correspond to the two different molecular orientations in the
structure (A and B) as shown in figure 3.17.
The EPR data were simulated using the following Hamiltonian, where ¢ is the angle
between the field and the molecular easy axis:

H=DSZ+E(S2—S2)+ g - g - B(cos(9)Sy, + sin(¢) S,) Eq3.3

The value of D was calculated indirectly by fitting the observed transitions revealing a D
value of 3.8 cm™ and E value of 0.0 cm™ with gay, = 1.94 which is close to the values
extracted from magnetic data. The unambiguous assignment of the sign of D was not

possible due to the lack of rhombic anisotropy (E = 0.0).
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Figure 3. 17 Different molecular orientations of the easy axis in 15
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Conclusions

A family of new anisotropic vanadium cyanide building blocks based on
acetylacetonate and salen type ligands were synthesized and structurally characterized
The ligands acetylacetonate, salen (salen = N,N'-Ethylenebis(salicylimine)), salphen
(salphen = N,N'-Phenylenebis(salicylimine)) and 2-methoxysalen (2-methoxysalen =
N,N'-Ethylenebis(2-methoxysalicylimine)) were used. A study of the magnetic
properties revealed moderate zfs parameters with D values of -10.0, 5.89, 3.7, 4.05 and
4.36 cm™ for 13-17 respectively which make these building blocks very promising for
introducing single ion anisotropy into heterometallic cyanide bridged clusters. The
variation of the capping ligand in the salen building block family does not seem to affect
the magnitude of D. The magnitude of D for 15 (3.8) was confirmed by HFEPR
measurements in collaboration with Dr Steven Hill in the magnet lab, Tallahassee,
Florida, however, the assignment of the sign was not possible because of the lack of
rhombic anisotropy (E = 0.0). To date, attempts to incorporate them into heterometallic
complexes proved to be very challenging due to the high cyanide lability in solution and
difficulty in crystallization products presumably due to speciation issues. The reaction of
14 with [Mn(salen)(H,0)](CIO4) resulted in powders which we proposed to be
[V(salen)(CN).][Mn(salen)], -5CH3CN (18). Magnetic studies of 18 were interpreted as
being due to an antiferromagnetically coupled cyanide bridged V-CN-Mn 1D chain. The
estimated coupling constant is -4.4 cm™. Susceptibility studies of the ac type led to an

estimated energy barrier of 13.5 cm™ with t = 1.52x10%s.
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CHAPTER IV
A SERIES OF CYANIDE BRIDGED TRIGONAL BIPYRAMIDAL

MOLECULES BASED ON 5D AND 4F METALS

Single Molecule Magnets (SMMs) are a remarkable class of molecules that display
magnetic bistability of a molecular origin.**"® This magnetic bistability provides an
excellent potential for their use as memory storage units of molecular size,®’ carriers of

4714836 and components of spintronic devices.”’ Currently,

quantum bits of information
the main challenge in this field is to improve the energy barriers and blocking
temperatures in order to make them more feasible for practical applications. Recent
studies have focused on increasing the global magnetic anisotropy of the molecule as a
key factor for enhancement of SMM properties,}0%11412326726% 5 this vein, heavy
lanthanide and actinide ions are of special interest due to their large spin states
accompanied by large single ion anisotropies. Lanthanide elements have a long history
of forming materials with extraordinary magnetic properties, including the strongest
magnets known, SmCos and Nd,Fe14B.***® The properties of these materials are largely a
result of the interaction between the lanthanide ions and the conduction band. Synthetic
chemists recently began to use f-elements in solution chemistry for the elaboration of
single-molecule magnets, resulting in a rapid expansion of the field."***>>*%%® Several
early examples of the now famous family of double decker complexes studied by

152-155
3

Ishikawa and coworkers in 200 revealed that individual 4f centers can exhibit

slow paramagnetic relaxation of the magnetization up to 40 K.
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To understand the SMM behavior in single lanthanide ions, an emerging trend is to
control the crystal field and coordination environment.****% The ligand field strength
and geometry around the central lanthanide ion have been found to govern the
stabilization of the magnetic ground state as well as its isolation from the excited states.
A well-isolated ground state is crucial for eliminating thermal relaxation pathways
through accessible excited states, thereby increasing the blocking temperatures in

lanthanide-based SMMs. Exciting examples that have been reported include

159,160 164-168

organometallic lanthanide complexes as well as actinide complexes.
In another approach, recent studies showed that, surprisingly, the role of exchange
interactions between 4f metal centers is a very important factor.2’®%%2%¢ | ong and
coworkers reported a family of N,> bridged lanthanide dimers that exhibit magnetic
hysteresis at a record temperature (14 K) due to the large exchange coupling between
lanthanide ions afforded by the interaction of the lanthanide d-orbitals with the N,*
side-on radical bridges.?®>.>® Several other interesting radical bridged complexes have
also been reported.?®>?%° Other examples of homo- and heterometallic 4f aggregates are
known including Lns triangles,®®?*® Dys pyramids?®*®, 3d-4f TBP ** 3d-4f
octahedron *? and 5d-4f dimers®®***. Powell and coworkers reported an interesting
family of Dys triangles showing slow relaxation of magnetization despite the strong
antiferromagnetic interaction which leads to a toroidal non-magnetic ground state.?**2%*
Among heterometallic bridged lanthanide compounds, several examples of cyanide
305-307

bridged d/f cages of different nuclearities and dimensionalities including; dimers,

1D chains, %3 2D, %5316 and 3D networks,****'"38 as well as other geometries have
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been reported.?%30°314316-335  Magnetic exchange interactions with lanthanide ions
through bridging cyanides are typically weak, nevertheless interesting magnetic
properties have been observed including slow relaxation of the magnetization,*®® long

range ordering, 3%

as well as strong luminescence combined with interesting magnetic
properties in multifunctional materials.®’#* Sieklucka and coworkers reported a
detailed study of the ligand-field splitting parameters and the exchange interaction
between lanthanide centers and 5d transition metal in a family of cyanide-bridged W>*-
CN-Ce** compounds.®* The study indicated a ferromagnetic cyanide-mediated {W-CN-
Ce} interaction of magnitude Jcew ~ 2 cm™.

In view of the vast expansion of lanthanide molecular magnetism and, in particular,
the subset of cyanide bridged d/f complexes, research in this area was pursued in my
dissertation studies and | discovered an unprecedented family of cyanide-bridged
trigonal  bipyramidal  (TBP)  5d-4f aggregates of general  formula
(EtzN)2[(triphosRe(CN)s3),(Ln(NOs)3)s]-4CH3CN (19-27) where Ln" = La, Ce, Pr, Nd,
Sm, Gd, Th, Dy and Ho respectively. Compounds 25 and 26 exhibit a frequency

dependence in the ac susceptibility data at zero field below 3 K, a typical behavior of

SMMs.
Experimental

Syntheses
Starting Materials. All chemicals and solvents were of reagent grade quality. The

synthesis of the precursor (Ety;N)[triphosRe(CN)s] was performed according to the
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reported procedure. '® All reactions were carried out under nitrogen using standard
Schlenk-line techniques.

Physical Measurements. Elemental analyses were performed by Atlantic Microlab Inc.
(Norcross, GA). Infrared spectra were recorded as Nujol mulls in the range 220-4000
cm™ on a Nicolet IR/42 spectrophotometer.

General Procedure: Single crystals were obtained by mixing solutions of Ln(NOs3);
-:6H,0 {where Ln = La, Ce, Pr, Nd, Sm, Gd, Tbh, Dy or Ho} (0.075 mmol) in 2 mL of
CH3CN with solutions of (Et;N)[triphosRe(CN)s] (50mg, 0.049 mmol) in acetonitrile (3
mL). After standing overnight, the solutions produced orange-brown crystals of the
products (EtyN)2[(triphosRe(CN)3)2(Ln(NO3)3)3]-4CH3CN {where Ln = La, Ce, Pr, Nd,
Sm, Gd, Tb, Dy or Ho } which were harvested and washed with Et,0.
(EtyN)2[(triphosRe(CN)3)2(La(NO3)3)3]-4CH3CN  (19-4CH3CN). (Yield = 62 mg,
83%). Elemental analysis: Calcd. for Re;LazCigqH118N17027Ps: C, 41.46; H, 3.95; N,
7.90; Found: C, 41.24; H, 4.06; N, 8.06%. IR (Nujol): v(C=N) 2072(m), 2090(m) cm ™.
(EtsN);[(triphosRe(CN)3)2(Ce(NO3)3)3]-4CH3CN  (20-4CH3CN). (Yield = 66 mg,
89%). M. Elemental analysis: Calcd. for Re,Ce3Cio4H118N17027P6: C, 41.41; H, 3.94; N,
7.89; Found: C, 41.14; H, 4.03; N, 7.86%. IR (Nujol): v(C=N) 2073(m), 2091(m) cm*.
(EtyN)2[(triphosRe(CN)3)2(Pr(NO3)3)3]-4CH3CN (21-4CH3CN). (Yield = 68 mg,
92%). Elemental analysis: Calcd. for Re;Pr3Cio4H118N17027Ps: C, 41.37; H, 3.94; N,

7.88; Found: C, 41.18; H, 3.94; N, 8.08%. IR (Nujol): v(C=N) 2073(m), 2092(m) cm ™.
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(EtyN)2[(triphosRe(CN)3)2(Nd(NO3)3)3]"4CH3CN  (22:4CH3CN). (Yield = 64 mg,
92%). Elemental analysis: Calcd. for Re;Nd3CigsH118N17027Ps: C, 41.24; H, 3.93; N,
7.86; Found: C, 41.08; H, 3.96; N, 8.08%. IR (Nujol): v(C=N) 2077(m), 2095(m) cm .
(EtyN)2[(triphosRe(CN)3)2(Sm(NO3)3)3]*4CH3CN  (23-4CH3CN). (Yield = 65 mg,
87%). Elemental analysis: Calcd. for Re;Sm3CiosH118N17027Ps: C, 40.99; H, 3.90; N,
7.81; Found: C, 40.81; H, 3.89; N, 7.91%. IR (Nujol): v(C=N) 2078(m), 2096(m) cm .
(EtyN)2[(triphosRe(CN)3)2(Gd(NO3)3)3]-4CH3CN  (24-4CH3CN). (Yield = 58 mg,
77%). Elemental analysis: Calcd. for Re,Gd3Cip4H118N17027Ps: C, 40.71; H, 3.88; N,
7.76; Found: C, 40.08; H, 3.93; N, 7.78%. IR (Nujol): v(C=N) 2086(m), 2101(m) cm ™.
(EtsN);[(triphosRe(CN)3)2(Tb(NOs3)3)3]-4CH3CN  (25-4CH3CN). (Yield = 62 mg,
82%). Elemental analysis: Calcd. for Re;Th3Cio4H118N17027Ps: C, 40.65; H, 3.87; N,
7.75; Found: C, 40.38; H, 3.86; N, 7.78%. IR (Nujol): v(C=N) 2086(m), 2102(m) cm*.
(EtsN);[(triphosRe(CN)3)2(Dy(NOs3)3)3]-4CH3CN  (26:4CH3CN). (Yield = 64 mg,
84%). Elemental analysis: Calcd. for Re;Dy3C104H118N17027Ps: C, 40.50; H, 3.86; N,
7.72; Found: C, 40.08; H, 3.86; N, 7.88%. IR (Nujol): v(C=N) 2086(m), 2103(m) cm ™.
(EtsN);[(triphosRe(CN)3)2(Ho(NO3)3)3]-4CH3CN  (27-4CH3CN). (Yield = 61 mg,
82%). Elemental analysis: Calcd. for Re,H03C104H118N17027Ps: C, 40.41; H, 3.85; N,

7.70; Found: C, 40.08; H, 3.76; N, 7.78%. IR (Nujol): v(C=N) 2087(m), 2105(m) cm*.
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Single Crystal X-Ray Diffraction

X-ray single crystallographic data were collected on a Bruker-APEX CCD
diffractometer at 110 K. The data sets were collected with Mo-Ka radiation (k =
0.71073 A) as four w-scans at a 0.3 — 0.4° step width. Data integration and processing,
Lorentz-polarization and absorption corrections were performed using the Bruker
SAINT?? and SADABS?*! software packages. Solution and refinement of the crystal
structures was carried out using the SHELX?*? suite of programs within the graphical
interface X-SEED.??® The structures were solved by direct methods and refined by
alternating cycles of full-matrix least-squares methods on F?, using SHELXTL which
resolved all non-hydrogen atoms which were refined anisotropically at the final
refinement cycle. The hydrogen atoms were located from difference Fourier maps,
assigned with isotropic displacement factors, and included in the final refinement cycles
by use of either geometrical constraints (HFIX for hydrogen atoms with parent carbon
atoms) or restraints (DFIX for hydrogen atoms with parent nitrogen or oxygen atoms). A
summary of the crystallographic data and unit cell parameters, conditions related to data
collection and structural refinement statistics is provided in Table 4.1 and Table 4.2.
Selected metal-ligand bond distances and angles are given in Table 4.3 for compound
19, Table 4.4 for compounds 21-22, Table 4.5 for compounds 23-24 and in Table 4.6 for

compounds 25-26.
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Table 4.1 Crystal structural data and refinement parameters for compounds 19-23

Compound
Space group
Unit cell

Unit cell volume, V

Z
Density, parc
Abs. coeff., u

Crystal color and habit

Crystal size
Temperature
Radiation, A
Min. and max. &

Reflections collected

Independent reflections

Data/parameters/restraints

R [Fo > 40(Fo)]

G.o.f. on F?

Max./min. residual
densities, e- A~

(19)

C2/c
a=36.170(7) A
b=13.788(3) A
¢ = 26.153(5) A
B = 103.07(3)°

12704.9 A3

4
1.6305 g/cm®
3.037mm™*

Orange Block

0.18 x 0.13x 0.12 mm
110 K

Mo-Ka, 0.71073 A
1.16 to 27.46°

64608 [Riy =0.0939]
14379

14379/775/0

R, =0.0381
WR, = 0.0959
1.073

0.33, -0.37

(21)
C2/c
a=36.377(7) A
b=13.749(3) A
¢ = 26.090(5) A
B=104.29(3)°

12645.1 A3

4
1.6720 g/cm®
3.196mm™

Orange Block

0.11 x 0.1 x 0.06 mm
110K

Mo-Ka, 0.71073 A
1.59 to 26.02°

64447 [Riy =0.0503]
12434

12434/779 /0

R, =0.0358
wR, =0.0918
1.175

1.06, -1.59

(22)

C2lc
a=36.469(7) A
b=13.776(3) A
c=26.224(5) A
B=104.15(3)°

12775(4) A®

4
1.660 glcm?
3.24mm*

Orange Block

0.27x0.22x0.15 mm
110K

Mo-Ka, 0.71073 A
2.271020.70°

70942 [Riy = 0.0615]
15300

15300/779/0

R: =0.0516
WR, =0.1072
1.081

2.32,-1.17

(23)
C2lc
a=36.481(7) A
b=13.726(3) A
c =26.184(5) A
B=103.53(3)°

12692 A3

4
1.6806 g/cm®
3.420 mm™

Orange Block

0.14 x 0.11 x 0.09 mm

110K
Mo-Ka, 0.71073 A
2.1910 25.51°

25826[Riy =0.0313]
11712

11712/779 /0

R1=0.0401
WR, = 0.0814
1.025

1.63,-0.76

Ri= 2 [(Fo-Fo)]/ = (Fo). wR, (Fo2)={ & [W(Foz—Fc2)2/ = [W(Fo2)2] }1r2.
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Table 4.2 Crystal structural data and refinement parameters for compounds 24-26.

Compound
Space group

Unit cell

Unit cell volume, V

Z
Density, pearc
Abs. coeff., u

Crystal color and habit

Crystal size
Temperature
Radiation, 1
Min. and max. &

Reflections collected

Independent reflections

Data/parameters/restrai
nts

R [Fo>40(F,)]

G.o.f. on F?
Max./min. residual
densities, e- A3

(24)

C2/c
a=36.324(7) A
b=13.822(3) A
c=26.263(5) A
B=104.03(3)°

12792(4) A2

4
1.678 g/cm’
3572 mm™*
Orange Block

0.18 x 0.10 x 0.08 mm
110 K

Mo-Ka, 0.71073 A
1.16 to 27.83°

70413 [Rin =0.0802 ]
14685

14685/779/0

R, =0.0942
WR; = 0.1261
1.012

1.34,-1.8

(25)
C2/c
a=236.149(7) A
b=13.737(3) A
¢ =26.215(5) A
B =103.85(3)°

12640(4) A®

4
1.701 g/cm®
3.719 mm™
Orange Block

0.25x0.18 x 0.12 mm
110 K

Mo-Ka, 0.71073 A
1.59 to 27.64 °

70362 [Rin=0.0311]
14560

14560/779/0

R, =0.0733
WR;, =0.1692
1.082

1.63,-0.78

(26)
C2/c
a=36.167(7) A
b=13.819(3) A
c =26.339(5) A
B=104.08(3)°

12768(4) A®

4
1.690 g/cm?
3.775 mm*

Orange Block

0.16 x 0.11 x 0.07 mm
110 K

Mo-Ka, 0.71073 A
1.58 to 27.43°

68472 [Rin =0.0492 ]
14093

14093/779 /0

R; =0.0875
wR, =0.1519
1.066

1.23,-0.92

Ri= 2 [(Fo-Fo)]/ £ (Fo). wR» (Fo2)={ = [W(Fo—Fc2)2/ & [w(Foz)]}us.
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Table 4.3 Selected bond distances (A) and bond angles (°) for 19.

Compound 19 Distance (A) Angle (°)
La(1)-N(1) 2.567(4) N(1)- La(l)-0(1)  139.7(1)
La(1)-N(@3)  2.580(4) N(1)- La(1)-0(2)  77.4(1)
La(1) - O(1) 2.732(3) N(1)- La(1)-0(3)  110.2(1)
La(l) - O(2) 2.739(4) N()- La(1)-O(4)  69.6(1)
La(l) - O(3) 2.8100(7) N(1)- La(1)-O(5)  80.3(1)
La(1) — O(4) 2.606(5) N(1)- La(1)-O(6)  143.2(1)
La(1) - O(5) 2.567(3) N(1)- La(1)-0(7)  133.4(1)
La(1) - O(6) 2.556(3) N()- La(1)-0@8)  73.3(1)
La(1) - O(7) 2.575(4) N(L)- La(1)-N(3)  71.6(1)
La(1) - O(8) 2.600(4) La(l)- N(1)-C(1)  159.7(4)
Re(1) — C(1) 2.071(4) La2)- N(2)-C(2)  158.7(3)
Re(1) - C(2) 2.059(4) La3)- N(3)-C(3)  157.8(3)
Re(l)-C(3)  2.077(4) La(l)- O(1)-La(2)  166.2(1)
C(1) = N(Q) 1.157(5) Re(1)- C(1)-N(1)  171.1(4)
C(2) = N(2) 1.163(5) Re(1)- C(2-N(2)  173.0(4)
C(3) - N@3) 1.154(6) Re(1)- C(3)-N(3)  170.9(4)

La(l)...La(2)  5.399(1)
La(2)...La@3)  5.399(1)
La(l)...La(3)  5.609(1)
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Table 4.4 Selected bond distances (A) and bond angles (°) for 21-22.

Compound 21 Distance (A) Angle (°)
Pr(1)-N(2) 2.502(4) N(1)- Pr(1)-0(2) 81.3(1)
Pr(1) — N(3) 2.497(5) N(1)- Pr(1)-0(2) 115.6(1)
Pr(1) - O(2) 2.665(4) N(1)- Pr(1)-0(3) 69.0(2)
Pr(1) - O(2) 2.656(4) N(1)- Pr(1)-O(4) 77.4(1)
Pr(1) - O(3) 2.7821(7) N(1)- Pr(1)-O(5) 142.9(1)
Pr(1) — O(4) 2.588(4) N(1)- Pr(1)-O(6) 126.5(1)
Pr(1) — O(5) 2.514(4) N(1)- Pr(1)-0O(7) 71.9(2)
Pr(1) — O(6) 2.513(4) N(1)- Pr(1)-O(8) 71.9(2)
Pr(1) - O(7) 2.530(5) N(1)- Pr(1)-N(3) 140.7(2)
Pr(1) — O(8) 2.560(5) Pr(1)- N(1)-C(2) 165.7(2)
Re(1) - C(2) 2.078(5) Pr(2)- N(2)-C(2) 155.7(5)
C(1) - N(2) 1.147(7) Pr(3)- N(3)-C(3) 160.9(4)
Pr(l) ... Pr(2)  5.260(1) Pr(1)- O(1)-Pr(2) 157.3(4)
Pr(1) ... Pr(3) 5.561(1) Re(1)- C(1)-N(2) 170.9(5)
Compound 22 Distance (A) Angle (°)
Nd(1)-N(1) 2.497(4) N(1)- Nd(1)-0(1) 77.6(1)
Nd(1) — N(3) 2.501(4) N(1)- Nd(1)-0(2) 72.2(1)
Nd(1) - O(1) 2.640(3) N(1)- Nd(1)-O(3) 72.1(1)
Nd(1) — O(2) 2.642(4) N(1)- Nd(1)-O(4) 81.5(1)
Nd(1) — O(3) 2.7832(6)  N(1)- Nd(1)-0O(5) 139.7(2)
Nd(1) — O(4) 2.580(4) N(1)- Nd(1)-O(6) 142.8(2)
Nd(1) — O(5) 2.589(6) N(1)- Nd(1)-O(7) 76.4(1)
Nd(1) — O(6) 2.546(6) N(1)- Nd(1)-O(8) 75.2(1)
Nd(1) — O(7) 2.511(4)  N(1)- Nd(1)-N@3)  141.1(2)
Nd(1) — O(8) 2.503(4) Nd(1)- N(1)-C(1) 157.1(4)
Re(1) - C(2) 2.071(5) Nd(2)- N(2)-C(2) 161.1(4)
C(1) - N(2) 1.155(7) Nd(3)- N(3)-C(3) 154.8(4)
Nd(1) ... Nd(2) 5.2382(9)  Nd(1)- O(1)-Nd(2)  166.6(1)
Nd(1) ... Nd(3) 5.564(1) Re(1)- C(1)-N(2) 170.6(4)
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Table 4.5 Selected bond distances (A) and bond angles (°) for 23-24.

Compound 23 Distance (A) Angle (°)
Sm(1)-N(1) 2.459(4) N(1)- Sm(1)-0O(1) 77.4(1)
Sm(1) — N(3) 2.453(4) N(1)- Sm(1)-O(2) 72.6(1)
Sm(1) - O(1) 2.628(3) N(1)- Sm(1)-O(3) 77.2(2)
Sm(1) - O(2) 2.611(3) N(1)- Sm(1)-O(4) 75.2(1)
Sm(1) - O(3) 2.472(3) N(1)- Sm(1)-O(5) 81.0(1)
Sm(1) - O(4) 2.466(4) N(1)- Sm(1)-O(6) 71.2(2)
Sm(1) - O(5) 2.539(3) N(1)- Sm(1)-O(7) 139.9(1)
Sm(1) — O(6) 2.7724(6) N(1)- Sm(1)-O(8) 143.1(1)
Sm(1) - O(7) 2.563(5) N(1)- Sm(1)-N(3) 140.3(1)
Sm(1) — O(8) 2.512(5) Sm(1)- N(1)-C(2) 158.4(4)
Re(1) - C(2) 2.068(5) Sm(2)- N(2)-C(2) 161.6(4)
C(1) - N(2) 1.159(7) Sm(3)- N(3)-C(3) 156.7(4)
Sm(1) ... Sm(2) 5.1953(9) Sm(1)- O(1)-Sm(2)  166.9(1)
Sm(1) ... Sm(3) 5.544(1) Re(1)- C(1)-N(2) 170.4(4)
Compound 24 Distance (A) Angle (°)
Gd(1)-N(1) 2.431(6) N(1)- Gd(1)-0(1) 77.5(2)
Gd(1) - N(3) 2.431(5) N(1)- Gd(1)-0(2) 72.7(2)
Gd(1) - O(2) 2.624(4) N(1)- Gd(1)-O(3) 77.1(2)
Gd(1) - 0(2) 2.604(5) N(1)- Gd(1)-O(4) 75.1(2)
Gd(1) - 0(3) 2.467(5) N(1)- Gd(1)-O(5) 81.2(2)
Gd(1) - O(4) 2.456(5) N(1)- Gd(1)-O(6) 71.5(2)
Gd(1) - O(5) 2.523(5) N(1)- Gd(1)-O(7) 142.9(2)
Gd(1) - O(6) 2.7639(7)  N(1)- Gd(1)-O(8) 139.6(2)
Gd(1) - O(7) 2.482(8) N(1)- Gd(1)-N(3) 140.1(2)
Gd(1) - 0(8) 2.537(8) Gd(1)- N(1)-C(2) 159.2(5)
Re(1) - C(2) 2.056(7) Gd(2)- N(2)-C(2) 161.9(5)
C(1) - N(2) 1.159(9) Gd(3)- N(3)-C(3) 157.5(5)

Gd(1) ... Gd(2) 5196(1)  Gd(1)- O(1)-Gd(2)  167.5(2)
Gd(1) ... GA(3) 5527(1)  Re(1)- C(1)-N(1) 169.5(6)
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Table 4.6 Selected bond distances (A) and bond angles (°) for 25-26.

Compound 25 Distance (A) Angle (°)
Th(1)-N(1) 2.409(7) N(1)- Th(1)-O(1) 72.7(2)
Th(1) - N(3) 2.401(6) N(1)- Th(1)-O(2) 77.3(2)
Th(1) - O(1) 2.580(7) N(1)- Th(1)-O(3) 71.6(2)
Th(1) - O(2) 2.603(6) N(1)- Th(1)-O(4) 81.9(2)
Th(1) - O(3) 2.7604(7)  N(1)- Thb(1)-O(5) 142.1(3)
Th(1) - O(4) 2.506(6) N(1)- Th(1)-O(6) 139.7(3)
Tb(1) — O(5) 2.470(9) N(1)- Th(1)-O(7) 75.1(2)
Tb(1) — O(6) 2.523(8) N(1)- Th(1)-O(8) 76.7(2)
Th(1) - O(7) 2.450(7) N(1)- Th(1)-N(3) 140.1(2)
Th(1) — O(8) 2.457(5) Tb(1)- N(1)-C(1) 159.5(6)
Re(1) - C(1) 2.059(8) Tb(2)- N(2)-C(2) 161.2(6)
C(1) — N(2) 1.15(2) Tb(3)- N(3)-C(3) 159.5(6)
Tb(1) ... Tb(2) 5.160(1) Tb(1)- O(1)-Th(2) 167.9(2)
Tb(1) ... Tb(3) 5.521(1)  Re(1)- C(1)-N(1) 170.5(7)
Compound 26 Distance (A) Angle (°)
Dy(1)-N(1) 2.387(7) N(1)- Dy(1)-0(1) 77.0(2)
Dy(1) — N(3) 2.379(7) N(1)- Dy(1)-0(2) 73.1(3)
Dy(1) - O(1) 2.621(6) N(1)- Dy(1)-O(3) 71.1(2)
Dy(1) - O(2) 2.576(7) N(1)- Dy(1)-O(4) 81.3(2)
Dy(1) - O(3) 2.7743(7)  N(1)- Dy(1)-0(5) 75.2(2)
Dy(1) — O(4) 2.496(6) N(1)- Dy(1)-O(6) 77.5(2)
Dy(1) — O(5) 2.447(7) N(1)- Dy(1)-O(7) 139.7(3)
Dy(1) — O(6) 2.444(5) N(1)- Dy(1)-O(8) 142.9(3)
Dy(1) - O(7) 2.524(8) N(1)- Dy(1)-N(3) 139.1(3)
Dy(1) — O(8) 2.471(9) Dy(1)- N(1)-C(2) 160.5(7)
Re(1) - C(2) 2.074(8) Dy(2)- N(2)-C(2) 162.5(6)
C(1) - N(2) 1.15(1) Dy(3)- N(3)-C(3) 159.2(7)

Dy(1) ... Dy(2) 5.186(1)  Dy(1)- O(1)-Dy(2)  167.5(2)
Dy(1) ... Dy(3) 5549(1)  Re(l)- C(1)-N(1)  169.7(7)
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Results and Discussion
Syntheses and Infrared Spectroscopy

The reaction of (EtsN)[triphosRe(CN)s] with Ln(NO3)3*6H,0 in acetonitrile resulted
in orange crystals of the target compounds. The compounds are air stable, but loss of
interstitial solvent occurs after the crystals are removed from their mother liquor. In
addition, if the crystals of compounds 19-27 are left to stand for ~ 1 month in the mother
liquor they slowly decompose to yield a green solution and an unidentified white
powder.

The IR data for the [triphosRe(CN)3] ion and compounds 19-27 are summarized in
Table 4.7. Compounds 19-27 exhibit characteristic bands in the v(C=N) stretching
region. A comparison of the observed IR data to the v(C=N) stretching frequencies for
the precursor anions helps in assigning the cyanide bands in the new compounds to
either bridging or terminal CN™ ligands. The IR spectrum of 19 confirms the existence of
bridging cyanide by the appearance of cyanide stretches at 2072 and 2090 cm™ which
are higher than those for the [triphosRe(CN)s]™ ion (2060 and 2070 cm™).**® The
presence of nitrate anions is indicated by the absorptions at 1292, 1089, 834 cm™.
Similarly, the IR spectra of 20-27 exhibit characteristic peaks for nitrate anions as well
as two cyanide stretching frequencies that are shifted to higher frequencies as compared
to the corresponding mode of the [triphosRe(CN)s]  ion (Table 4.7), therefore, these

modes are reasonable to assign to bridging cyanides.
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Table 4.7 Selected infrared spectral data (cm™) for 19-27.

Compound v(C=N) cm™ (NO3) cm™ Ref
[triphosRe(CN)s]~ 2060 2070 - - - 336

19 2072 2090 1292 1089 834 This work

20 2073 2091 1291 1090 834 This work

21 2073 2092 1291 1090 834 This work

22 2077 2095 1292 1090 835 This work

23 2078 2096 1292 1090 835 This work

24 2086 2101 1296 1090 836 This work

25 2086 2102 1297 1091 835 This work

26 2086 2103 1298 1091 836 This work

27 2087 2105 1297 1092 836 This work
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Single Crystal X-Ray Diffraction Studies

X-ray crystallographic measurements of the compounds revealed an iso-structural
family that crystallizes in the C2/c space group (Table 4.1, Table 4.2). The molecular
structures (19 is shown in Figure 4.1, Figure 4.2) consist of a trigonal bipyramidal core
of two [triphosRe(CN)3] anions in the axial positions, bridged through cyanide ligands
to three lanthanide ions in the equatorial positions. Three nitrate anions further bridge
the lanthanide ions in the plane with two additional chelating nitrate anions coordinated
above and below the plane (Figure 4.1). Two tetraethyl ammonium cations exist to
balance the charge of the dianionic cluster along with four acetonitrile molecules.
Selected bond distances and angles are listed in Table 4.3, 4.4 and 4.5. As illustrated for
19 in Figure 4.1, the local coordination environment around each ten-coordinate
lanthanide ion is nearly identical to form a distorted hexadecahedral polyhedron with a
N,Og coordination sphere; O, donor atoms of the bridging nitrate and O, donor atoms of
the chelating nitrate with bond lengths which are in the range of bond lengths for
previously reported lanthanide complexes.®*"3% The two apical sites are occupied by
nitrogen atoms from cyanide groups with a La(1)-N(1) bond of 2.600(4) A. The La(1)-
N(1)-C(1) angle is significantly bent, 159.7(4)° whereas the angle Re(1)-C(1)-N(1) is
171.1(4) °. The bridging oxygen bond angle La(1)-O(1)-La(2) is 166.2(1) ° and the
Lnl...Ln2 shortest contact is 5.160 A. A packing diagram projected in the ac-plane is
provided in Figure 4.2, which shows the arrangement of the TBPs in 3D. The shortest

intermolecular Ln - Ln distance is 11.098 A.
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Figure 4.1 (a) Distorted hexadecahedral polyhedron of La** center. (b) plot of
[(triphosRe(CN)s3)2(La(NO3)3)s]* dianion in (19). Ellipsoids are projected at the 50%
probability level and hydrogen atoms were omitted for the sake of clarity.
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Figure 4.2 Molecular representation of the crystal packing of 19 in the ac-plane.
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Magnetic Properties

Magnetic susceptibility measurements in the DC mode were performed on crushed
single crystals of the title compounds with the use of a Quantum Design MPMS-XL
SQUID magnetometer operating in the temperature range of 1.8-300 K at 1000 G. AC
magnetic susceptibility measurements were performed on the same sample with an
oscillating field of 5 Oe. Simulation of the magnetic susceptibility curves were carried
out using PHI** for 19 or MAGPACK?3* for 24.
(EtsN);[(triphosRe(CN)3)2(La(NO3)3)3]-4CH3CN (19-4CH3CN). Temperature-

dependent magnetic susceptibility data for 19 were fitted using PHI.3*

It’s dominated by
the signature of large temperature independent paramagnetism (TIP) of Re(ll) (figure
4.3a). The room temperature T value of 1.42 emu.K.mol™ for 19 is in a good agreement
with 2 isolated Re(Il) ions with one unpaired electron each (C = 0.65) and (¥TIP =
2.49x10" emu.K.mol™). The 4T value gradually decreases as the temperature is lowered
as result of the large TIP reaching a minimum of 0.63 emu.K.mol™ at 2K. Similar
behavior was previously noted in case of the Re(ll) precursor itself.*® The
magnetization versus field data of 19 (Figure 4.3b inset) is consistent with the presence
of two Re(ll) ions only following a Brillion function (S=1/2, g=1.78).

(EtsN);[(triphosRe(CN)3)2(Ce(NO3)3)3]-4CH3CN (20-4CH3CN). The room
temperature yT value of 2.82 emu.K.mol™ for 20 is consistent with two Re(ll) ions
(S=1/2, g = 1.87) and three Ce(lll) ions (g = 0.85, J=5/2) (C= 3) (figure 4.4a). The 4T
curve displays a smooth monotonic decrease with lowering temperature until 10K,

followed by a sharp decrease reaching a minimum of 0.64 emu.K.mol™ at 2K. This
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decrease in T is mostly due to the depopulation of Stark excited sublevels of Ce(111)**

and possibly antiferromagnetic exchange interaction between the metal ions. The
magnetization versus field data of 20 (Figure 4.4b, inset) is comparable with the
presence of two Re(ll) ions and three Ce(lll) ions. The lack of saturation evenat 7 T is
attributed to the anisotropic nature of both Re(I1) and Ce(l11).**! The field dependence of
the magnetization data at temperatures between 1.8 and 4.5 K reveal a non-superposition
of the iso-field lines which indicates strong spin-orbit coupling (Figure 4.4b). No
significant features were observed in the AC-susceptibility data measured down to 1.8
K.

(EtyN)2[(triphosRe(CN)3)2(Pr(NO3)3)3]-4CH3CN (21-4CH3CN). The room temperature
T value of 5.12 emu.K.mol™ for 21 is consistent with two Re(ll) ions (S=1/2, g = 1.88)
and three Pr(l11) ions (g = 0.8, J=4) (C=5.47) (figure 4.5a). The 4T gradually decreases
at lower temperatures reaching a minimum of 0.64 emu.K.mol™ at 2K giving a Weiss
constant of -44 K. This decrease in yT mainly is due to the depopulation of Stark excited
sublevels of Pr(l11) and possibly weak antiferromagnetic exchange interactions between
the metal ions.®* The lack of saturation in the magnetization versus field data of 21
(Figure 4.4b, inset) even at 7 T is due to the anisotropic nature of both Re(1l) and Pr(l1l)
ions. The field dependence of the magnetization data at temperatures between 1.8 and
45 K show a non-superposition of the iso-field lines indicating the presence of
significant spin orbit coupling (Figure 4.5b). No significant features were observed in

the AC susceptibility data measured down to 1.8 K.
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Figure 4.3 (a) Temperature dependence of x (0) and T product (0) for 19. Solid line
corresponds to fit using PHI (S=1/2, g = 1.88 and TIP =2.49 x10®). (b) Reduced
magnetization data at different external fields. Inset: field dependent magnetization
(0). The solid line corresponds to the Brillion function (S = 1/2, gayg = 1.78).
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Figure 4.4 (a) Temperature dependence of x (0) and ¥T product (o) for 20. (b) Reduced
magnetization data at different external fields. Inset: field dependent magnetization for
20 (0).
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Figure 4.5 (a) Temperature dependence of x (0) and ¥T product (0) for 21. (b) Reduced
magnetization data at different external fields. Inset: field dependent magnetization for
21(0).
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(EtyN)2[(triphosRe(CN)3)2(Nd(NO3)3)3]-4CH3CN (22-4CH;3CN). The room
temperature »T value of 5.02 emu.K.mol™ for 22 is consistent with two Re(lI) ions (S =
1/2, g = 1.87) and three Nd(llI) ions (g = 0.72, J= 4.5) (C= 5.46) (Figure 4.6a). The 4T
curve shows a monotonic decrease at lower temperatures down to 10 K followed by a
sharper decrease reaching a minimum of 1.44 emu.K.mol™ at 2 K giving a Weiss
constant of -49 K. This decrease in T might be an indication of both depopulation of
Stark excited sublevels of Nd(IIl) and possibly antiferromagnetic exchange interaction
between the metal ions. The lack of saturation the magnetization versus field data of 22
(Figure 4.6b, inset) even at 7T is considered to be a result of the anisotropic nature of
both Re(ll) and Nd(IIl) ions. The field dependence of the magnetization data at
temperatures between 1.8 and 4.5 K show a non-superposition of the iso-field lines
indicating the presence of significant spin orbit coupling (Figure 4.6b). No significant
features were observed in the AC susceptibility data.

(EtyN)2[(triphosRe(CN)3)2(Sm(NO3)3)3]-4CH3CN (23-4CH3CN). The room
temperature »T value of 1.75 emu.K.mol™ for 23 is consistent with two R(ll) ions
(S=1/2, g = 1.8) and three Sm(III) ions (g = 0.56, J= 1/2) (C= 0.7) (Figure 4.7a). The T
gradually decreases at lower temperature until 7K where a sharper decrease occurs
reaching a minimum of 0.41 emu.K.mol™ at 2K giving a Weiss constant of -1.25 K. This
decrease in T might be an indication of antiferromagnetic exchange interaction between
the metal ions. The lack of saturation even at 7T is probably due to the anisotropic nature
of both Re(ll) and Sm(lll). No out-of-phase signals were observed in the AC-

susceptibility data measured down to 1.8 K.
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Figure 4.6 (a) Temperature dependence of y (0) and yT product (0) for 22. (b)
Reduced magnetization data at different external fields. Inset: field dependent
magnetization for 22 (0).
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(EtyN)2[(triphosRe(CN)3)2(Gd(NOs3)3)3]-4CH3;CN (24-4CH;3CN). The room
temperature »T value of 24.6 emu.K.mol™ for 24 is consistent with two Re(ll) ions (S =
1/2, g = 1.87) and three Gd(IIl) ions (g = 2, J= 3.5) (C= 24.1) (Figure 4.8a). The 4T
slowly decreases with lowering temperature reaching a minimum of 20.7 emu.K.mol™ at
4 K then increases to 21.7 at 2 K giving a Weiss constant of -1.6 K which may be an
indication of antiferromagnetic exchange interactions between the metal ions.
Simulation of the »T data was carried out using MAGPACK resulting in an
antiferromagnetic cyano-mediated {Re-CN-Gd} interaction of the magnitude Jrecyd =~ -
0.25 cm™ as compared to a weaker antiferromagnetic nitrato mediated {Re-CN-Gd}
interaction of the magnitude Jegeq ~ -0.02 cm™

The magnetization versus field data of 24 (Figure 4.8b, inset) are consistent with the
presence of two Re(ll) ions and three Gd(IIl) ions. The lack of saturation even at 7 T
(20.3 pp) is likely due to the anisotropic nature of Re(Il) and the presence of low lying
excited states as indicated by the non-superposition of the iso-field lines of the field
dependence of the magnetization data at temperatures between 2 and 4.5 K (Figure

4.8b). No significant features were observed in the AC susceptibility measurements.
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Figure 4.8 (a) Temperature dependence of x (0) and ¥T product (0) for 24. (b) Reduced
magnetization data at different external fields. Inset: field dependent magnetization for
24 (0).
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(EtyN),[(triphosRe(CN)3)2(Tb(NO3)3)3]"4CH;CN  (25-4CH3CN).  The  room
temperature T value of 34.6 emu.K.mol™ for 25 is in accord with two non-interacting
Re(ll) (S=1/2, g = 1.88) and three Th(lll) ions (g = 1.45, J= 6) (C= 33.8) (Figure 4.9a).
The 4T slowly decreases on lowering temperature and then increases back to a maximum
of 42 emu.K.mol™ at 2 K giving © = -6 K which can be attributed to the depopulation of
excited sublevels of Tb(Ill) and possibly antiferromagnetic interactions. The
magnetization versus field data (Figure 4.9b, inset) reveals a fast increase in slope below
0.6 T followed by a slow increase up to 15.4 yg at 7 T which is consistent with the value
calculated for three uncorrelated Th(lll) ions (3x4.5 pg) and two uncorrelated Re(ll)
magnetic moments (2x1 pg). The field dependence of the magnetization data at
temperatures between 2 and 4.5 K exhibit a non-superposition of the iso-field lines
indicating the presence of significant spin orbit coupling (Figure 4.9b). Given the
anisotropic nature of the compounds, the AC susceptibility studies were carried out for
25. An obvious temperature dependence of y** was observed below 4 K (Figure 4.10a)
indicating slow relaxation of the magnetization, a characteristic of SMM behavior but
with no maxima being observed. The energy barriers and relaxation times were

approximated following a method reported by Bartolome et. al.**? based on the equation:

1 x” = In( )+E“ Eq 4.1
n " = IN(WTo- kBT q 4.

The calculated energy barrier and relaxation time for 25 are 8.49 cm™ and 1.51 x 10% s
resepctively (Figure 4.10b). Appying a 1000 Oe DC field led to an energy barrier of 5.86

cm™ and relaxation time of 3.6x10” s(Figure 4.11)
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Figure 4.9 (a) Temperature dependence of y (0) and yT product (0) for 25. (b)
Reduced magnetization data at different external fields. Inset: field dependent
magnetization for 25 (0).
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(EtyN)2[(triphosRe(CN)3)2(Dy(NO3)3)3]:4CH3CN (26-4CH;3CN). The room
temperature »T value of 48.5 emu.K.mol™ for 26 matches two non-interacting Re(Il)
ions (S=1/2, g = 1.9) and three Dy(lll) ions (g = 1.41, J= 15/2) (C= 48.2). Similarly, the
xT slowly decreases at lower temperatures and then increases to a maximum of 33.9
emu.K.mol-1 at 2 K giving; the Weiss constant is -7 K. This decrease in yT is an
indication of both depopulation of Stark excited sublevels of Dy(lll) and a possible
antiferromagnetic exchange interaction between the metal ions. Similar behavior was
observed for 26 (Figure 4.12 inset) with a maximum of 19.8 g at 7T. This value is
consistent with that calculated for three uncorrelated Dy(Ill) magnetic moments (3 x
5.23 ug) and two uncorrelated Re(Il) magnetic moments (2 x 1ug). Given the anisotropic
nature of the compounds, the AC susceptibility studies were performed for 26. An
obvious temperature dependence of x'* was observed below 4K (Figure 4.13) indicating
slow paramagnetic relaxation of the magnetization which is indicative of SMM behavior
but no maxima were observed. The energy barriers and relaxation times were roughly

evaluated following Bartolome method>* based on the following equation:

1 x" = In( )+Ea Eq 4.2
n " = IN(wT- %BT q 4.
The calculated energy barrier and relaxation time for 26 were estimated to be 2.9 cm™
and 6x107 s respectively. The measurements were repeated under a 1000 Oe applied DC

field resulting in an increase in the energy barrier to 4.2 cm™ with a relaxation time of

7.36x107 s (Figure 4.14)
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Figure 4.12 (a) Temperature dependence of y (0) and yT product (0) for 26. (b)
Reduced magnetization data at different external fields. Inset: field dependent
magnetization for 26 (0).
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(EtyN)2[(triphosRe(CN)3)2(Ho(NO3)3)3]-4CH3CN  (27-4CH3CN).  The  magnetic
behavior of 27 was investigated as shown in the temperature dependence of y and yTas
well as magnetization measurements (Figure 4.15). The room temperature T value of
42 emu.K.mol™ for 27 is consistent with two non-interacting Re(ll) ions (S=1/2, g = 1.8)
and three non-interacting Ho(lll) ions (g = 1.25, J= 8) as well as a large TIP (ytip =
2.0x107%) (C= 42.85). The 4T value slowly decreases as the temperature is lowered and
then it reaches a minimum of 12 emu.K.mol™ at 2 K with a Weiss constant of -9 K
(Figure 4.15). This monotonic decrease in T value might be an indication of both the
depopulation of Stark excited sub-levels of the Ho(lll) ions and possibly
antiferromagnetic exchange interactions between the different metal ions. The field
dependence of the magnetization data at temperatures between 2 and 4.5 K exhibit a
non-superposition of the iso-field lines indicating the presence of significant spin orbit

coupling (Figure 4.15Db).
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Figure 4. 15 (a) Temperature dependence of y (0) and the T product (0) for 27. (b)
Reduced magnetization data at different external fields. Inset: field dependent
magnetization for 27 (0).
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Conclusions

A homologous series of 5d/4f cyanide bridged aggregates of general formula
(EtaN)2[(triphosRe(CN)3)2(Ln(NO3)3)3]-4CH3CN (19-27) where Ln = La, Ce, Pr, Nd,
Sm, Gd, Th, Dy and Ho were synthesized and structurally characterized. The family of
compounds described in this chapter represents the first family of cyanide-bridged
lanthanide containing TBPs which adds valuable information to our reservoir of
compounds with TBP geometry. The SQUID studies of the magnetic properties revealed
a variety of magnetic responses. Compounds 25 and 26 exhibit slow paramagnetic
relaxation of magnetization at zero field below 3 K, indicative of SMM behavior. The
relaxation dynamics parameters were estimated by fitting the temperature dependence of
the AC data resulting in an energy barrier of 8.49 cm™ and relaxation time of 1.51 x 10
s for 25 and a barrier of 2.9 cm™ with relaxation time of 6x10” s in case of 26. The AC
measurements were repeated for both compounds under 1000 Oe applied DC field
resulting in a decrease in the energy barrier in 25 and an increase in case of 26. The
nearly symmetric ligand field around the lanthanide centers affects the properties by
providing more accessible low-lying excited states that serve to enhance the relaxation

rate of the magnetization.
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CHAPTER V

CONCLUSIONS AND FUTURE OUTLOOK

The growing need for new and improved technologies for electronics and magnets
has sparked a huge upsurgence of research in the design of potential alternatives to
conventional materials in order to overcome the current limitations on the particle size
and functionality. This areas is commonly referred to as spintronics. *®% In the past few
decades, molecular magnetic materials have come to the forefront owing to advantages
which include ease of synthesis and processing due to higher solubilities, low
temperature self-assembly and improved mechanical flexibility.*** Additionally,
molecular materials offer systematic approaches for the study of structure-properties
relationships in order to gain a deeper understanding of what affects magnetic
interactions in order to better modify and tune the properties. The molecular nature of
these materials opens up new horizons for combining different physical properties into
multifunctional magnetic materials.?*2%%%7

The discovery of single molecule magnets (SMMs) represents a major breakthrough
in the field of magnetism and, indeed, coordination chemistry in general.*® The variety
of available molecular materials with diverse dimensionalities, nuclearities, and
compositions has opened up important new venues for chemical approaches to the
preparation of electronic and magnetic devices with unprecedented precision at the
nanoscale.*’ These devices represent potential candidates for use as memory storage

6,7,42,81

units of molecular size, as carriers of quantum bits of information for quantum

44-56,60,81 56-62

computing purposes and as components of spintronic devices.
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In response to the challenge of making SMMs with more readily accessible
blocking temperatures and longer relaxation times, different approaches have been
launched. 293198112114 The main focus in the early stages was towards increasing the total
spin as a tool for enhanced properties, 1% but recent theoretical studies clearly suggest
that we should focus synthetic efforts on enhancing the global anisotropy of metal
complexes rather than the spin, S, for obtaining higher barriers in SMMs. **#** Early 3d
transition metals as well as 4d and 5d transition metals are excellent candidates for
introducing large single-ion anisotropy into clusters.*?>*?® In the vein of increasing
anisotropy with spin-orbit coupling, heavy lanthanide and actinide ions are another
source of special interest plus they have larger spin states than 3d metal ions and some of
the trivalent ions exhibit Ising-type single ion anisotropy.*****°

The work described in this dissertation highlights my efforts to isolate and
characterize new building blocks suitable for incorporating highly the anisotropic early
transition 3d metal ion V(Ill) and the 5d metal ion Re(ll) as well as lanthanides into
heterometallic molecular magnetic materials, and gives insight into the different factors
affecting zero-field splitting as a source for single ion anisotropy. In Chapter Il, attempts
at rational control of the local coordination environment of the metal ions in order to
ensure larger orbital contributions to their magnetic moments are presented. The
synthesis of a series of trigonally distorted mononuclear V(111) complexes is presented
with emphasis on the effect of both the magnitude of the trigonal field and the ligand
spin-orbit coupling contribution on the zero-field splitting parameters. In this series, the

magnitude of the trigonal field distortion was systematically varied depending on the
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differences in ligand field strength for specific ligand combinations; the magnitude of
the spin-orbit coupling in the system was varied using ligand spin-orbit coupling
contributions (the heavy-halide effect).®*#3%*® The mononuclear complexes in this
chapter highlight the importance of careful tuning of the local coordination environments
of metal ions in order to achieve enhanced single ion anisotropy. The change of D
parameter from 8 (7.13 cm™) with terminal fluoride ligands to values with larger
magnitude and negative sign in the heavier chloride congeners, 4-6 (~-30.0 cm™)
supports the previous reports of the heavy halide effect in Nickel analogues.'®®#®
Replacing Tp ligand in 1 and 3 with the stronger & donor, Tp*, in 2 and 4 (Tp = tris(-1-
pyrazolyl)borohydride), Tp* = tris(3,5-dimethyl-1-pyrazolyl)borohydride)) resulted an
axial zero field splitting parameter D, of -18.5 for 2 and -30.0 cm™ for 4 versus -8.8 for 1
and -16.0 cm™ for 3 as calculated by fitting the iso-field lines in magnetization curves.
These results suggest a direct relationship between the D value and the trigonal crystal
field which is larger for the stronger n-donor Tp* ligand in 2 and 4. The large D value in
9 (-19.9 cm™) which lacks any spin-orbit coupling contribution from halides supports
this conclusion. A more accurate determination of the magnitude of D in 4 was achieved
using HF-HFEPR in collaboration with Prof. Steven Hill at the National High Field
Magnet Lab, Tallahassee, Florida. The EPR measurements on single crystal samples of 4
provided a more accurate value for the zero-field splitting which is -40.0 cm™, an even
higher value than was estimated from magnetic data. Efforts to measure the remaining

compounds in the family are ongoing as it is necessary to wait for more magnet time.
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These findings are promising in terms of using the strategy of tweaking axial crystal
field distortions to enhance single ion anisotropy. In fact, the control of both factors,
crystal field and spin-orbit coupling effects in a single compound is a relatively untapped
strategy, and one which is ideal for designing enhanced mononuclear SMMs, sometimes
(albeit a misnomer) referred to as single ion, single molecule magnets (SIMs). The
magnetic data indicate that designing mononuclear vanadium(lll) complexes with a
simple axially distorted pseudo-octahedral coordination environment, such as A[L3VX3]
(X = F, Cl or Br, A" = EyN’, nBuN" or PPN* , Lz = Tp or Tp* and
[Tp*V(DMF)3](PFs), can lead to a SIM. The ac susceptibility studies for 4 revealed an
out-of-phase ac signal below 3.5 K under a 1000 Oe dc field. The fitting of Cole-Cole
plots using the Debye model yielded 1, = 5 x 10 s and U = 4.0 cm™. Hysteresis loops
were collected using a micro-SQUID on easy-axis oriented single crystal samples. The
results of temperature-dependence magnetization measurements reveal butterfly shape
hysteretic behavior for 4 at low temperatures (Figure 2.17), which is typical for
mononuclear SMMs due to rapid quantum tunneling.’® Theoretical calculations using
complete active space (CAS) methods and ligand field analysis were initiated in
collaboration with Prof. Frank Neese at the Max Planck institute, Mulheim, Germany in
order to gain a deeper understanding of what affect SMM behavior in this type of
complex.

The results presented in Chapter Il describe the syntheses and the structural,
spectroscopic and magnetic studies of a new series of cyanide building blocks suitable

for incorporating the highly anisotropic vanadium(lll) ion into cyanide bridged
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molecular materials. The ligands acetylacetonate, salen (salen = N,N'-
Ethylenebis(salicylimine)), salphen (salphen = N,N'-Phenylenebis(salicylimine)) and 2-
methoxysalen (2-methoxysalen = N,N'-Ethylenebis(2-methoxysalicylimine)) were used.
A study of the magnetic properties revealed moderate zero-field splitting parameters
with D, values of -10.0, 5.89, 3.7, 4.05 and 4.36 cm™ for 13-17 respectively which make
these building blocks very promising for introducing single-ion anisotropy into
heterometallic cyanide bridged clusters. The variation of the capping ligand in the salen
building block family does not seem to affect the magnitude of D,. The magnitude of D,
for 15 (3.8) was confirmed by HF-HFEPR measurements in collaboration with Dr
Steven Hill in the National High Magnetic Field Laboratory (NHMFL), in Tallahassee,
Florida, however, the assignment of the sign of D was not possible because of the lack of
rhombic anisotropy (E = 0.0). To date, attempts to incorporate these building blocks into
heterometallic complexes have proven to be very challenging due to the high cyanide
lability in solution and difficulty in crystallization presumably due to the presence of
multiple products in solution. The reaction of 14 with [Mn(salen)(H.0)](ClO,) resulted
in powders which we propose to be [V(salen)(CN);][Mn(salen)],-5CH3CN (18) on the
basis of elemental analysis and magnetic studies which are in accord with an
antiferromagnetically coupled cyanide bridged V-CN-Mn 1D chain. The estimated
exchange coupling constant is -4.4 cm™. Susceptibility studies of the ac type led to an
estimated energy barrier of 13.5 cm™ with © = 1.52x10® s. Synthetic efforts towards
finding the optimum conditions for incorporating these interesting building blocks into

heterometallic complexes will continue to be pursued.
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Chapter IV outlines the use of capping ligands as a viable synthetic route to isolating
various heterometallic discrete molecules. The results presented in this chapter describe
the structural and magnetic properties of a series of lanthanide-containing trigonal
bipyramidal (TBP) molecules of general formula
(EtsN)2[(triphosRe(CN)3)2(Ln(NO3)3)3]-4CH3CN (19-27) where Ln = La, Ce, Pr, Nd,
Sm, Gd, Th, Dy and Ho. These compounds constitute the first cyanide-bridged
lanthanide containing TBPs and their investigation adds valuable information to the
literature of rare earth compounds in various architectures. The SQUID studies revealed
a variety of magnetic behavior including the fact that compounds 25 and 26 exhibit slow
paramagnetic relaxation of magnetization at zero field below 3 K which hints at SMM
behavior. Frequency dependent ac measurements of 26 revealed the appearance of a
second relaxation process under an applied field. The nearly symmetric ligand field
around the lanthanide centers affects the properties by providing more accessible low-
lying excited states that serve to enhance the relaxation rate of the magnetization.

Overall, the work presented in this dissertation provides insight into new methods for
enhancing magnetic properties via control of metal ion coordination environments using
ligand donor properties and ligand spin-orbit coupling contributions (Chapter 11) and
provides clear evidence for the potential of the use of vanadium(lll) as a means of
incorporating single-ion anisotropy into cyanide bridged molecular materials (Chapter
[11). Additionally, the work highlights the use of cyanide precursors for the synthesis of
new magnetic molecular materials containing lanthanides as a source of single ion

anisotropy (Chapter V).
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