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ABSTRACT 

 

Single-molecule magnets are known for their high uniaxial anisotropy and 

slow magnetic relaxation. Trigonal bipyramidal Ni(II) complex 

[Ni(Me6tren)Cl](ClO4) (1, Me6tren = tris[2-(dimethylamino)ethyl]amine) has 

recently been shown to possess large, uniaxial magnetic anisotropy. Direct 

observation of the transitions between Zeeman-split states in far-IR 

magnetospectrocopy (FIRMS) gives the axial ZFS parameter D = -110.7(3) cm-1. 

Hirshfeld surface analysis of the crystal structure of 1 has been performed, 

revealing the interactions between the cation and anion in a molecule of 1 as well 

as among the molecules of 1 in crystals. Dy(acac)3(H2O)2 (2, acac = 

acetylacetonate) is a Dy(III) complex with distorted D4d symmetry. It has a high 

barrier to magnetic relaxation due to its electron. A magnetic peak is identified at 

175.5 cm-1 and there is evidence of another peak observed in FIRMS. Multiple 

phonons are identified and avoided crossings that are characteristic of spin-

phonon coupling are evident. Although inelastic neutron scattering (INS) alone 

cannot identify the magnetic peak in this case, the 0 K spectrum calculated with 

Vienna Ab-initio Simulation Package (VASP) does agree with experimental INS 

spectrum at 5 K. Furthermore, the irreducible representation of each phonon was 

identified. Yb(trensal) [3, H3trensal = 2,2’,2”-tris(salicylideneimino)trimethylamine] 

is a 7-coordinate, S = 1/2 Yb(III) complex with C3v local symmetry. The far-IR 

spectrum shows a distinct repetitive pattern that needs further investigation and 
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modelling to explain. If a magnetic peak could be identified via far-IR and/or 

inelastic scattering neutron (INS) spectroscopy would be helpful in confirming the 

magnetic peak, but INS cannot be used as a stand-alone identifier in this case. 

Furthermore, there is disagreement between the calculated and experimental 

spectra at low frequency and many of the irreducible representations cannot be 

computed based upon the complexity of the molecule and its interactions. Both 2 

and 3 have complicated magnetic properties which are difficult to model and will 

require additional studies in the future. 
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1.1. Single-molecule magnets 

Single-molecule magnets (SMMs) consist of metalorganic compounds 

which exhibit superparamagnetic behavior, the ability to change spins, below a 

certain blocking temperature (TB). Below this temperature, these molecules 

exhibit hysteresis or alignment of their magnetic dipoles to an external magnetic 

field.1 This alignment occurs in the most energetically favorable direction, the 

easy–axis (z direction) or –plane (x,y direction), and results in magnetic 

anisotropy.2 The alignment remains even after the external field is removed due 

to the presence of an effective energy barrier to reversal (Ueff). SMMs typically 

have a high-spin metal center, large magnetic anisotropy, and a bistable 

electronic ground state. One particular type of SMMs is the single-ion magnets 

(SIMs) which typically consist of one metal center with unpaired electrons as 

opposed to a metal cluster.1 

 Prospective uses for SMMs include high-density data storage, molecular 

spintronics, and quantum computing. Spintronics takes advantage of spin 

properties of electrons to improve upon traditional electronics based the charges 

of electrons. SMMs would be the components for a spintronic circuit and could be 

used to create molecular spin valves as well as spin transistors.3 In addition to 

storing and retrieving data, SMMs with molecules spaced far enough apart to 

prevent intermolecular interactions provide promise for information processing as 

well. The quantum properties such as superposition and entanglement which 
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these compounds possess are necessary for quantum bits (qubits) used in 

quantum computers.4 

In order to make the more widespread use of SMMs, we need to first 

overcome hurdles such as the low temperature required for SMMs to retain their 

magnetization, the sensitivity of these compounds to magnetic fields and 

radiation, and the need for a reliable way to deposit and address single 

molecules. Typically, the blocking temperature for SMMs tend to be very low 

(below the boiling point of liquid nitrogen) making cooling the molecules 

prohibitively expensive. Even below the blocking temperature, stray radiation 

may be enough to overcome the effective barrier and allow for spin-reversal. 

Molecules with higher magnetic anisotropy have larger energy barriers to prevent 

spin reversal (Figure 1.1).5 Therefore, SMMs need to have higher blocking 

temperatures as well as high anisotropy. Another challenge is the sensitivity of 

SMMs to external magnetic fields. If the field is large enough, it will magnetize or 

re-magnetize the molecule which could result in the loss of previously stored 

information. Even if these issues are addressed, we will still need to be able to 

deposit the molecules in designated positions and address specific molecules in 

order to efficiently store and retrieve data. The current work focuses on probing 

the spin-lattice interactions in SMMs.   
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Figure 1.1. Schematic energy barrier of a system with spin (S). The two wells 

represent two spin states. Reproduced from Ref. 5 with permission from the 

Royal Society of Chemistry.  
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1.2. Transition-metal vs. lanthanide-based SMMs 

Magnetic properties of transition metal complexes have been actively 

studied recently in part to understand the fundamental nature of the complexes 

and in part to probe their potential applications as SMMs and chemical     

qubits.2, 6-23 For these SMMs, the orbital angular momentum can be quenched or 

unquenched. Unquenched angular momentum results when there are two or 

more degenerate orbitals that an electron can move between.6 Such complexes 

typically have first-order SOC, often giving large separations of the SOC levels. 

Even if the symmetry of the molecule predicts unquenched angular momentum, 

Jahn-Teller distortions resulting from slight imperfections in the geometry may lift 

the degeneracy of the states, thereby quenching the orbital angular momentum. 

For quenched angular momentum, where the electrons cannot orbit the 

molecule because there are no suitable orbitals do so (as degenerate states are 

all half-filled or fully-filled). In this case, 2nd order spin-orbit coupling (SOC) 

occurs.2, 6-12, 14-20, 22-24 Here, the anisotropy barrier U is based on the ground state 

spin S and axial zero-field splitting (ZFS) parameter D. When S is an integer, U = 

|D|S2 and when S is a half-integer U = |D|(S2 – 1/4). While D can be positive or 

negative, SMM behavior is typically observed when D < 0 because the transition 

between ground magnetic levels is forbidden (largest Ms levels are lower in 

energy when D < 0). However, there are well-known exceptions where D is 

positive for a complex and slow magnetic relaxation still occurs for the complex. 

The rhombic ZFS parameter E affects the magnetic relaxation of the SMMs. 
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When E  0, different Ms states (such as Ms = 3/2 and 1/2) can mix. Such 

mixing may make transitions between Ms = -3/2 and +3/2 states, which are not 

normally allowed, occur. These ZFS parameters are terms found in the spin-

Hamiltonian:7, 25 

 

𝐻 = 𝐷 (𝑆̂𝑧
2 −

𝑆(𝑆+1)

3
) + 𝐸(𝑆̂𝑥

2 − 𝑆̂𝑦
2) + 𝜇𝐵𝑔𝑆̂ ∙ 𝐻̂   (Eq. 2.1) 

 

where 𝜇𝐵 is the Bohr magneton, 𝑆̂ is the spin operator, 𝐻̂ is the magnetic field 

vectors.  

Both D and E parameters serve to lift the degeneracy of the 2S + 1 (S > 

1/2) microstates, MS, in the absence of magnetic field.26 For transition metal-

based SIMs, research has been directed at making complexes with large 

anisotropy D (Figure 1.2).  

For lanthanide compounds, f orbitals are buried in the metals, forming 

weak bonds with ligands, making the ligand field typically weak and  the metal-

ligand bonds ionic in nature.19 For these complexes, the crystal field is normally 

weaker than spin-orbital coupling (SOC), as the example in Figure 1.3 shows.2 

Thus, SOC is considered first, giving, e.g., 6H15/2 as the ground state for the 

Dy(III) ion. Upon the formation of complexes with ligands, the crystal field further 

splits the ground states (Figure 1.3).1 This large SOC is the main feature of f-

element based SMMs.27-30  
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 

 

 

 

 

Figure 1.2. ZFS configuration of a d7 complex in a D4h ligand field. 
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Figure 1.3. Low energy electronic structure of the Dy(III) ion with sequential 

perturbations of electron-electron repulsions, spin–orbit coupling, and the crystal 

field. Reproduced from Ref. 19 with permission from the Royal Society of 

Chemistry.  
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Using the Hamiltonian, H = Hfree ion + Hcrystal field, we can determine the 

crystal field structure which will give the optimal SMM behavior for a given 

lanthanide complex. The basic shapes for the lowest J states in an axial 

reference frame are described mathematically by the quadrupole moment of the 

f-electron charge cloud which can be oblate, prolate, or isotropic. The shape of 

this cloud depends upon the strong angular dependence of f orbitals, as depicted 

in Figure 1.4.19 Oblate ions have the largest anisotropy when placed in a crystal 

field with the ligand electron density being concentrated above and below the x,y-

plane. Prolate ions have increased anisotropy with an equatorially-coordinated 

geometry. Isotropic ions tend to have highest anisotropy with a high-symmetry 

ligand field. These geometries will minimize the repulsion between ligand and f-

electron charge clouds (Figure 1.4).19 This approach explains the prominence of 

axial and equatorial-coordinating ligands in lanthanide complexes as well as 

suggesting a method for making SMMs with strong single-ion anisotropy form 

strongly prolate ions.19 For example, Er(III) and Dy(III) ions are typically present 

in complexes with SIM properties which are both highly anisotropic.19 

 

1.3. Magnetic relaxation 

For SMMs, phonons within a certain range can interact with the magnetic 

moment, providing an outlet for spin-reversal below U. This lower energy 

relaxation Ueff is allowed by spin-phonon coupling and governed by Eq. 2:2, 31, 32 
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Figure 1.4. Quadrupole approximations of the 4f-shell electron distribution for the 

tripositive lanthanides (Top). Depictions of low- and high-energy configurations of 

the f-orbital electron density with respect to the crystal field environment for a 4f 

ion of oblate (Bottom-Left) and prolate (Bottom-Right) electron density. The 

green arrow represents the orientation of the spin angular momentum coupled to 

the orbital moment. Reproduced from Ref. 19 with permission from the Royal 

Society of Chemistry. 
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𝜏−1 = 𝐴𝐻𝑛1𝑇 + 𝐶𝑇𝑛2 + 𝜏0
−1 + 𝜏QTM

 -1   (Eq. 2.2) 

 

Here, A, C, and 𝜏0
−1 are parameters related to the spin-phonon coupling matrix 

and the speed of sound while T is temperature, kB is the Boltzmann constant, n1 

and n2 are values that can be found in the literature, and QTM refers to quantum 

tunneling of magnetization.33  

The four terms of this equation correspond to the four different types of 

relaxation. The first is a transition from the spin-excited state to the ground state 

with the emitted energy taken up by the lattice as a phonon which is known as a 

direct relaxation (Figure 1.5).32 These transitions are typically very small in 

energy and are only prominent below the liquid helium temperature since very 

few phonons are present at these low energy levels. Direct transitions are known 

as single phonon processes because they only involve a single transition from 

one state to another.  

The second type of relaxation involves two phonons and is known as a 

Raman process.32 When the molecule relaxes in a first-order Raman process, 

the energy is taken up by a superposition of two phonons. The energy released 

by relaxation will match the difference between the energies of these two 

phonons. The dashed line here represents a virtual intermediate state. In the 

second-order Raman process, the molecule is excited to a second virtual state 

before relaxing to the ground state. Otherwise, it is the same as the first-order 

process.   
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Figure 1.5. Comparison of direct, 1st-order Raman, Orbach, and 2nd-order 

Raman relaxation mechanisms. Reproduced from Ref. 32 with permission from 

the Royal Society of Chemistry. 

  

https://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeContent.ImageService.svc/ImageService/Articleimage/2015/CS/c5cs00222b/c5cs00222b-f3_hi-res.gif
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The third type is the Orbach process wherein a phonon is absorbed to 

reach a low energy excited state of the molecule.32 This excited state will then 

emit a phonon and relax back to the ground state.  

The fourth type of relaxation, QTM, disrupts SMM behavior. The direct and 

Raman processes tend to dominate the transition-metal relaxation process for 

SMMs, since the Orbach term is several times smaller at low temperatures and 

the relaxation process involves many transitions between MS states. On the other 

hand, relaxation in f-element SMMs occurs entirely through Raman, Orbach, and 

quantum tunneling pathways at low temperatures.31 

 

1.4. Spectroscopic studies 

In order to represent the direct, Raman, Orbach, and QTM relaxation 

mechanisms, a minimum of six parameters are needed. However, no single 

technique can adequately address so many parameters.34 Therefore, a variety of 

techniques are used to characterize the magnetic relaxation. Under certain 

experimental conditions, some relaxation mechanisms can be excluded. For 

example, Kramers ions will not undergo the direct process without an external 

magnetic field. Single crystal magnetic susceptibility is also commonly used as 

an indirect method of determining the magnetic barrier. However, it cannot be 

used to measure the energies between ground and excited magnetic excited 

states or the spin-phonon couplings that lead to magnetic relaxation. In order to 

probe magnetic excited states, we have utilized far-IR magnetospectroscopy 
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(FIRMS), Raman magnetospectroscopy, and inelastic neutron spectroscopy 

(INS). Phonon calculations have also been used in our studies to obtain phonon 

properties of the solids of the SMMs.34 

 

1.4.1. Far-IR magnetospectroscopy (FIRMS) 

Far-IR spectroscopy can be used to determine the transition between the 

ground and excited states of a complex in the far-IR range (10-667 cm-1 or 0.3-

20.0 THz).35, 36 FIRMS involves sweeping in the frequency domain (down to 20 

cm-1) while the magnetic field is fixed [in contract to the electron paramagnetic 

resonance (EPR), where the frequency is fixed and magnetic field is swept]. 

FIRMS is a direct technique to probe transitions such as those among ZFS states 

in transition metal complexes and magnetic transitions in f-element complexes.14, 

37-46 It involves the use of magnetic fields in probing a sample by far-IR 

spectroscopy.37-39, 47, 48  

For d-complexes with unquenched orbital angular momenta and f-

complexes, transitions among the first-order SOC states may be electric-dipole 

or magnetic-dipole allowed, although the electric-dipole allowed transitions are 

typically much stronger. For d-compounds with quenched orbital angular 

momenta (and thus second-order SOC), earlier work by Brackett and Richards 

demonstrated that transitions among the ZFS states are magnetic-dipole 

allowed.47 Thus, the ZFS splitting can be directly measured with far-IR 

spectroscopy.47 In FIRMS, the sample is placed in variable magnetic        
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fields.37-39, 47, 48 The Zeeman effect on the magnetic levels shifts the magnetic 

peaks in FIRMS, thus helping reveal and identify magnetic transitions in metal 

complexes that are too large to be measured by high-field/high-frequency 

electron paramagnetic resonance (HF-EPR). This ability to obtain both frequency 

and field information over a relatively wide range is the main advantage of using 

far-IR under magnetic fields.37-39, 47-49 For example, our group has recently used 

far-IR and Raman spectroscopies to report distinct spin-phonon coupling for 

Co(acac)2(H2O)2 (1) and two of its deuterated isotopologues, Co(acac)2(D2O)2  

(1-d4) and Co(acac-d7)2(D2O)2 (1-d18).38 When increasing the external magnetic 

field, we observed a magnetic-dipole-allowed, inter-Kramers-doublet MS = ±1/2 

 ±3/2 transition shifting to higher energy. Our group has also used far-IR to 

probe the transitions between Kramers doublets (KDs) in an f-complex, SMM 

Er[N(SiMe3)2]3.49  

 

1.4.2. Raman under magnetic field 

Raman spectroscopy, a light-scattering technique based upon exciting an 

electron to a higher virtual state and allowing the particle to relax back to a 

different vibrational or electronic state in the ground electronic state, can also be 

used to determine the energies of the excited states.50 For lanthanide complexes 

and d complexes with the first-order SOC, their states have both orbital 

components and transitions among them are considered as electronic. Such 

electronic Raman spectroscopy has been studied.51, 52 However, regarding 
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Raman for ZFS transitions, whether or not it is intrinsically allowed is still not well-

understood. While magnetic peaks themselves are not visible in Raman 

spectroscopy, it is possible to observe changes in the phonons resulting from 

changes in the magnetic field as well as spin-phonon coupling (interactions 

between the magnetic peak and phonons). In the Raman study of 1 and its 

deuterated isotopologues, the spin-phonon coupling was observed as avoided 

crossings with coupling constants of 1-2 cm-1.38 

 

1.4.3. Inelastic neutron scattering (INS) 

INS is used to study atomic/molecular motion as well as magnetic and 

electronic excitations.53 Since neutrons have a spin, they carry a magnetic 

moment.54 The magnetic field created by unpaired electrons in a sample interacts 

with this magnetic moment causing the incident neutrons to be scattered. The 

resulting spectrum gives a direct measurement of the excitations corresponding 

to allowed transitions between MS or MJ sublevels for the atoms.26  

Neutrons may interact with nuclei of atoms as well, the probability of which 

is measured by the cross section of the atoms. For example, hydrogen atoms 

have a large incoherent scattering cross-section, leading to a large background 

signal.55, 56 Deuteration can be used to decrease this. Additionally, neutrons can 

be scattered coherently to reveal phonon excitations.55 When neutrons interact 

with crystalline solids, they can absorb or emit energy equal to a quantum of 
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phonon energy, h (h = Planck constant;  = frequency), by oscillating about 

their equilibrium position in the lattice at a given frequency.57, 58  

One feature of INS is the lack of a symmetry-based selection rule. Thus, 

all vibrational modes are expected with this single analytical technique.56 Unlike 

IR and Raman spectroscopies which are based on photons (or electromagnetic 

irradiation), neutrons are scattered via the interactions with atomic nuclei or 

electrons. While there are both internal modes (change in center-of-mass) and 

external modes (lattice vibrations) for molecular crystals, INS techniques do not 

distinguish between the internal and external modes.57, 58 Thus, they are both 

called phonons.  

 

1.5. Phonon computations and simulations of INS spectra 

Ab-initio calculations give phonon energies and their symmetries. Since 

INS give all phonons, the computed phonons may be compared with the INS 

spectra. Magnetic transitions in INS are those not provided by the phonon 

calculations. Thus, comparing the calculated phonon spectra and the 

experimental INS spectra would reveal the magnetic transitions, including the 

magnetoelastic coupling.59, 60 Vienna Ab-initio Simulation Package (VASP) is a 

computer program used for materials modeling on the atomic scale.61 It can be 

used to perform many types of computations such as calculating the electronic 

structure or modeling quantum-mechanical molecular dynamics. We have 

chosen to use VASP computations to calculate the phonon peaks for SMMs 
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while simulating the VISION spectra at 0 K. As an example, our group recently 

used ab-initio calculations to better understand the magnetoelastic coupling in 1-

d4 and 1-d18.38 

 

1.6. Hirshfeld surface calculations 

Understanding intermolecular interactions helps probe whether SMMs 

behave truly as individual molecules/magnets or the interactions among the 

molecules in the crystals of the compounds, e.g., relaxation from magnetic 

excited states. Hirshfeld surface analysis is a newly developed method to study 

interactions of an individual molecule with its nearest neighbor molecules.62-65 It 

is a simple approach of mapping void space in molecular crystals. A Hirshfeld 

surface is an isosurface calculated from the weight function w(r) of the sum of 

spherical atom electron densities in Eq. 3: 

 

𝑤(𝒓) =
𝜌𝑝𝑟𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒(𝒓)

𝜌𝑝𝑟𝑜𝑐𝑟𝑦𝑠𝑡𝑎𝑙(𝒓)
= ∑ 𝜌𝐴(𝒓)  / ∑ 𝜌𝐴(𝒓)𝐴∈𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝐴∈𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒              (Eq. 2.3) 

 

where promolecule(r) = sum of the molecular electron density over the atoms in the 

molecule of interest (the promolecule); procrystal(r) = similar sum over the crystal 

(the procrystal). 

The Hirshfeld surface leads to a visual 3-D representation of the 

intermolecular close contacts in the crystal and computations of surface areas 
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and volumes of the voids in the crystals.66 Hirshfeld surface analysis is an 

excellent method to study molecular environment and interactions of compounds 

independent of the overall space group symmetry. We recently used the 

Hirshfeld surface analyses to study structures of metalloporphyrins Fe(TPP)Cl 

(TPP2- = tetraphenyl porphyrinate),67 M(TPP)(NO)67 (M = Fe, Co) and 

Mn(TPP)Xsolvent68 (X = Br, solvent = CHCl3, CH2Cl2; X = I, solvent = CHCl3, 

CDCl3 and 1.5CHCl3). These analyses show that intermolecular interactions 

contribute significantly to structural disorders of Fe(TPP)Cl and phase changes in 

M(TPP)(NO) (M = Fe, Co).67 

 

1.7. Overview of the thesis 

 This thesis serves to explore the magnetic properties of three highly 

anisotropic molecules using spectroscopic studies and calculations.  

The first compound, [Ni(Me6TREN)Cl]ClO4 (2), has been probed by 

FIRMS, Raman magnetospectroscopy, and Hirshfeld computations. Far-IR 

studies are used to directly observe the transition between ZFS states (i.e., 

magnetic transition) and Hirshfeld surface analyses models intermolecular 

interactions in the crystal.  

The second compound, Dy(acac)3(H2O)2 (3), and its isotopologues 

Dy(acac-d7)3(H2O)2 (3-d21) and Dy(acac-d7)3(D2O)2 (3-d25), exhibit typical SMM 

behavior including spin-phonon coupling, as shown by FIRMS studies. Although 

no new information is gained, Raman magnetospectroscopic studies are 
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performed. INS studies can be used to confirm magnetic peaks. Furthermore, 

VASP computations can be applied to calculate a 0 K spectra which is 

comparable to the experimental data. This spectra was used to compute the 

symmetry of the phonons (irreducible representations). By looking at the 

deuterated isotopologues, we can observe the effect of deuteration on SMM 

behavior.  

The third compound, Yb(trensal) (4), can act as both an SMM and qubit 

depending on the concentration. We use far-IR, Raman, and INS studies as well 

as VASP computations to look at the magnetic properties of 4 which should 

behave as an SMM.  
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CHAPTER 2. DIRECT DETERMINATION OF LARGE AXIAL 

ANISOTROPY IN A NICKEL(II) COMPLEX 
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This chapter is taken in part from the following publication: 

 

Direct Observation of Magnetic Transitions in a Nickel(II) Complex with Large 

Anisotropy 

Widener, C. N.; Bone, A. N.; Ozerov, M.; Richardson, R.; Lu, Z.; 

Thirunavukkuarasu, K.; Smirnov, D.; Chen, X.-T.; Xue, Z-L. Chin. J. Inorg. Chem. 

2020, 36, 1149-1156. http://doi.org/10.11862/CJIC.2020.126 

  

http://doi.org/10.11862/CJIC.2020.126
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2.1. Abstract 

  Trigonal bipyramidal Ni(II) complex [Ni(Me6tren)Cl](ClO4) (1, Me6tren = 

tris[2-(dimethylamino)ethyl]amine) has recently been shown by Ruamps and 

coworkers to possess large, uniaxial magnetic anisotropy.69 Their HF-EPR 

studies gave rhombic ZFS parameter E = 1.56(5) cm-1 for 2. However, the axial 

ZFS parameter D has not been determined. We have used FIRMS at 0-17.5 T 

and 5 K to probe the magnetic transitions between the MS = 1 and MS = 0 states 

of the ground spin state S = 1 in 2. Direct observation of the transitions between 

Zeeman-split states in FIRMS give axial ZFS parameter D = -110.7(3) cm-1. 

Hirshfeld surface analysis of the crystal structure of 2 has been performed, 

revealing the interactions between the cation and anion in a molecule of 2 as well 

as among the molecules of 2 in crystals. 

 

2.2. Introduction 

 Magnetic properties of transition metal complexes have been actively 

studied recently in part to understand the fundamental nature of the complexes 

and in part to probe their potential applications as SMMs and chemical      

qubits.6-18, 20-23, 70, 71 For paramagnetic compounds with S  1 and quenched 

orbital angular momenta, the ground electronic states of the compounds are split 

(ZFS) from second-order SOC involving the ground electronic                     

states.6-12, 14-18, 20, 22, 23, 70, 71 The degree of the magnetic anisotropy is measured 

by axial (D) and rhombic (E) ZFS parameters.7 Ni(II) complexes displaying SMM 
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properties have been reported.72-77 The d8 complex in the current study, 2, 

contains a trigonal bipyramidal cation (Figure 2.1). In the trigonal crystal structure 

of 2 (R3c space group, No. 161), the [Ni(Me6tren)Cl]+ cation sits on a 3-fold axis 

(Figure 2.1b). Thus, the crystallographic point group symmetry of the metal site 

(paramagnetic center) is axial and 3-fold. In other words, the x,y directions are 

degenerate. However, as discussed below, Jahn-Teller distortion leads to the 

breakup of the degeneracy.  

The d orbitals in the Ni ion in 2 are split by the ligand field into three sets 

as shown in Figure 2.1-Right. There are three electrons in the middle level, a 

degenerate set (e). Jahn-Teller distortion of the molecule of 2 to lower the energy 

leads to the splitting of the degenerate orbitals, as shown in Figure 2.1-Right. 

With such five non-degenerate d orbitals in the Jahn-Teller distorted cation 

[Ni(Me6tren)Cl]+, the orbital angular momentum is quenched. The two unpaired 

electrons in the Ni(II) complex (S = 1) undergo second-order spin-orbital coupling 

with excited electronic states, leading to zero-field splitting (ZFS) of the triplet 

ground electronic state 3A2 into the MS = 0 and doublet MS = 1 states. When the 

axial parameter D < 0, as in 2, the molecule has an easy axis of magnetization in 

the z direction (or uniaxial magnetic anisotropy) which is typically assumed to be 

parallel to the C3 axis. When D > 0, the molecule possesses an easy plane of 

magnetization in the x,y direction. In the Jahn-Teller distorted [Ni(Me6tren)Cl]+, 

there is additional splitting of the degenerate MS = 1 states by the rhombic (E) 

parameter (Figure 2.2). The determination of the ZFS parameters is vital to   
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Figure 2.1. (Left) [Ni(Me6tren)Cl]+ cation in 2 with local C3v symmetry. (Right) 

View of the cation and anion in 2 looking down the crystallographic c axis, 

showing that the cation is on a C3 axis. a axis: red; b axis: green. (Bottom) 

Splitting of the d orbitals in the [Ni(Me6tren)Cl]+ cation. The a1 and e symbols 

refer to the symmetries of the d orbitals in the C3v point group. 
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Figure 2.2. Ground-state triplet levels in high-spin, d8 complexes with C3v 

symmetry and uniaxial magnetic anisotropy (D < 0). E  0 leads to additional 

splitting of the degenerate MS = 1 states. Under magnetic fields, the Zeeman 

effect shifts the MS = -1 and MS = +1 states. The MS = -1  0 and MS = +1  0 

transitions at low temperatures are allowed. 
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understanding magnetic properties of the complex.6-12, 14-18, 20, 22, 23, 70, 71 

Magnetometry (or direct-current magnetic measurements) is often 

employed to estimate the ZFS in metal complexes, even though this is an indirect 

method based on essentially a multi-parameter fit of susceptibility and 

magnetization data by the spin-Hamiltonian.14 In addition, the sign of D is often 

not easily determined by magnetometry. HF-EPR has been used to study ZFS 

typically up to ~33 cm-1 (1 THz).14, 25 Ruamps and coworkers have used HF-EPR 

to probe a single crystal of 2 to give E = 1.56(5) cm-1 and gz = 2.34(7). The D 

value in 2 was estimated to be between -120 and -180 cm-1.69 A subsequent 

semiempirical model study of the Ni(II) ion in 2 has been conducted to analyze 

the large ZFS.78   

In the current work, we have used FIRMS at 5 K to probe the ZFS 

transitions in 2. By using E = 1.56 cm-1 from the earlier HF-EPR studies, 

simulating the far-IR data gives D = -110.7(3) cm-1.69 Hirshfeld surface analyses 

of the crystal structure of 2 show the interactions among the ions (cations 

[Ni(Me6tren)Cl]+ and anions ClO4
-) in the crystalline solid of 2. 

 

2.3. Experimental 

2.3.1. Synthesis 

The ligand Me6TREN was prepared by mixing tris(2-aminoethyl)amine 

(also known as TREN), formic acid, formaldehyde, and water at an elevated 

temperature. Then, complex 2 was synthesized according to the literature.69 
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Crystals were formed by slow cooling a hot saturated methanolic solution 

overnight.  

 

2.3.2. Far-IR studies 

Far-IR spectroscopic studies were conducted at the National High 

Magnetic Field Laboratory (NHMFL) at Florida State University. Transmittance 

far-IR spectra were collected using the powdered samples. The samples were 

mixed with eicosane and pressed into pellets that were approximately 1 mm 

thick. Spectra were collected at 5 K using a Bruker Vertex 80v FT-IR 

spectrometer coupled with a superconducting magnet (SCM 3) with fields up to 

17.5 T.  

 

2.3.3. Raman studies 

Raman samples were prepared with unoriented single crystals of 2 (green 

crystal in Figure 2.3). Data were collected by a backscattering Faraday geometry 

using a 532 nm laser at an 18 T superconducting magnet (SCM 2) in the DC 

Field facility or at a 14 T SCM in the Electron Magnetic Resonance (EMR) facility. 

Crystals of samples were cooled at 4.5 K (18 T). Collected scattered light was 

guided via an optical fiber to a spectrometer equipped with a liquid nitrogen-

cooled CCD camera.   
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Figure 2.3. Photos of the samples of 2 for far-IR (Left) and Raman (Right) 

spectroscopic studies. 
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2.3.4. Hirshfeld surface calculation  

Hirshfeld surfaces were calculated using CrystalExplorer (version 17) 

software from the crystal-structure coordinates supplied in the format of 

crystallographic information file (CIF).79 The reported X-ray CIF file of 2 at 100(1) 

K (CCDC 893397) was used.69 Hirshfeld surfaces were calculated at an isovalue 

of 0.5 e au-3. Void volumes were calculated using an isovalue of 0.002 e au-3.66  

 

2.4. Results and discussion 

2.4.1. FIRMS studies 

The ZFS in the Ni compound was studied by FIRMS. This technique 

employs the Fourier-transform spectrometer to measure the magnetic response 

from the sample in the frequency domain (down to 20 cm-1). The sample was 

placed in a cryostat equipped by a vertical bore superconducting magnet and 

coupled to the spectrometer through the evacuated optical beam line. In this 

manner, the intensity of far-IR radiation transmitted through the sample was 

recorded with magnetic fields (up to 17 T) and at temperature of 4.5 K. In all 

measurements, the magnetic field was applied in Voigt geometry (magnetic field 

perpendicular to the wave vector of the radiation). All samples were a mixture of 

the eicosane matrix with microcrystalline powders and different trials were made 

for a variety of mixture ratios and sample thicknesses. The FIRMS spectra and a 

contour plot of normalized transmission are shown in Figure 2.4. Transmission of   
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Figure 2.4. (Top) Far-IR spectra of 2 at 0 and 17 T magnetic fields. (Bottom) 

Contour map of normalized transmission in 0–17 T magnetic fields by the Filled 

Contour Plot in SigmaPlot 2000. Low-intensity regions indicate the presence of 

peaks. Simulations by the EasySpin program for the Zeeman splittings in the 

B||x, B||y and B||z directions are given.  
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2 normalized to the zero-field spectrum TB/T0 at 1-17 T is given in Figure A1 in 

Appendix.  

For the interpretation of far-IR data of the Ni compound 2, the measured 

data are presented in terms of normalized transmission. The transmission 

spectrum measured at each magnetic field was normalized to the reference 

spectrum computed as an averaging of spectra for all magnetic fields and 

removing outlier points. Such normalization reveals field-induced features 

masked at the original spectra due to the overlapping of the feature with 

phononic or intramolecular vibrational excitations. The quantitative contribution of 

magnetic excitations to absolute absorption of the sample is determined by the 

decrease in the normalized transmission. Therefore, this experimentally 

accessible quantity allows direct access to the transition intensity between field-

dependent spin energy levels. 

An in-house simulation program was written in Matlab for analysis of the 

magnetic field dependence of normalized transmission. The program is based on 

the EasySpin toolbox, allowing the calculations of the transition matrix element of 

the magnetic dipole transitions. Originally developed for the simulating and fitting 

a wide range of EPR spectra, the EasySpin toolbox provides frequency-domain 

simulation capabilities.80 The simulation is performed for single magnetic center 

with the S = 1 spin Hamiltonian  

 

𝐻̂ = 𝜇𝐵𝐵⃗ ∙ 𝑔̂ ∙ 𝑆 + 𝑆 ∙ 𝐷̂ ∙ 𝑆   (Eq. 2.1) 
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where 𝜇𝐵 is Bohr magneton constant, 𝐵⃗  is magnetic field vector, 𝑆  is vector spin 

operator, and 𝑔̂ = (

𝑔𝑥 0 0
0 𝑔𝑦 0

0 0 𝑔𝑧

) is  Landé tensors of the electron spin, and 𝐷̂ =

(

 
 
−
1

3
𝐷 + 𝐸 0 0

0 −
1

3
𝐷 − 𝐸 0

0 0 −
2

3
𝐷
)

 
 

 is the ZFS tensor expressed by commonly used 

D and E zero-field splitting parameters. The input parameters gx = gy = 2.4, gz = 

2.34 and E = 1.56 cm-1 were fixed and taken from Ref. 69. D was only one 

variable parameter. The final absorption intensity spectra are obtained by 

introducing the line broadening parameter onto the calculated transition 

probabilities. The results of the simulation are shown in Figure 2.4-Bottom. The 

simulations yielded D = -110.7(3) cm-1. 

 

2.4.2. Raman spectra 

Raman spectra of a cut crystal of 2 show no discernible magnetic feature 

(Figure 2.5). The ZFS transition in the range of the magnetic feature in far-IR 

(Figure 2.4) was not observed in Raman spectra. Although the ZFS transition 

was not observed in Raman spectra of Co(acac)2(H2O)2 (1, acac- = 

acetylacetonate), the spin-phonon coupling of the ZFS transition and nearby 

Raman-active phonons allow the ZFS transitions to obtain the intensities of the 

phonon transitions, leading to the observation of both ZFS and phonon peaks.38   
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Figure 2.5. (Top) Raman spectra of 2 at 5 K and 0-12 T external magnetic fields. 

(Bottom) Contour plot of the Raman spectra at 0-12 T magnetic fields. Raman-

active phonon peaks have higher intensity.  
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However, there is apparently no Raman-active phonons near the ZFS transition 

in the Ni(II) complex 2 here (Figure 2.5). 

 

2.4.3. Hirshfeld surface analyses  

Hirshfeld surface of 2 at 100(1) K is presented in Figure 2.6 with views 

from the top, bottom and side of the cation [Ni(Me6tren)Cl]+. Sites of close 

contacts are shown in red dots. Although there is close contact involving the “top” 

N atom on the C3 axis, the void between two [2-(dimethylamino)ethyl]amine 

“arms” involves close contact with the anion ClO4
-, as revealed in the top and 

side views in Figure 2.6. The bottom views (Figure 2.6) show that Cl- ligand is in 

close contact with the H atoms of the methyl groups on the neighboring 

molecules. Additional views of the Hirshfeld surface with the packing diagram are 

given in Figures A2 and A3 in Appendix. The volumes and surface areas of the 

cation, anion ClO4
- and the void in the crystal of 2 from the Hirshfeld surface 

analyses are given in Table 2.1. 

Fingerprint plots, such as those in Figure 2.6 derived from the Hirshfeld 

surface, provide a “fingerprint” of the intermolecular interactions in the crystal of 

the compound.62-66, 81 They give a visual summary of the frequency of de and di 

combinations across the surface of a molecule.82 de is the distance from the 

surface to the nearest nucleus external to the surface. di is the distance from the 

surface to the nearest nucleus internal to the surface.64, 83 Each point on the 2D 

graph (Figure 2.7) represents a bin of width 0.01 Å in de and di with color   
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Figure 2.6. Hirshfeld surface of 2 showing normalized close distances of the pro-

molecule at 100(1) K. Semi-transparent view reveals the enclosed cation and 

anion. (Top) Hirshfeld surface – Top views (Looking down the N-Ni bond); 

(Middle) Side view; (Bottom) Bottom views (Looking down the Cl-Ni bond) with a 

packing diagram.  
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Table 2.1. Volumes and surface areas in 2 from Hirshfeld surface analyses 

 Volume (A3) Surface area (A2) 

[Ni(Me6tren)Cl]+ cation 382.57 294.87 

ClO4
- anion 71.77 90.57 

Void 298.76 956.27 
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Figure 2.7. Hirshfeld fingerprint plots.  

(a) All contacts below (b) H-H contacts (blue-green) below 

           

  (c) Cl-H contacts (blue-green) below  (d) O-H contacts (blue-green) below 
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indicating the fraction of surface points in that bin: blue (relatively few points), 

green (moderate fraction) and red (many points).64 As Spackman and coworkers 

indicated, the de and di range varies considerably across the Hirshfeld surface, 

and the change depends on the atoms in the molecule (i.e., size dependence) 

and the type of intermolecular interaction involved (i.e., interaction 

dependence).84 Figure 2.7 shows that the closest contacts correspond to the 

minimum values of de + di are: 2.2 Å for H···H (Figure 2.7b); 2.6 Å for Cl···H 

(Figure 2.7c); 2.4 Å for O···H (Figure 2.7d). The H···H contacts, as like···like 

contacts are featured more along the diagonal (Figure 2.7b).85 The 'wings' in 

Figure 2.7a are due to the Cl···H (Figure 2.7c) and O···H interactions (Figure 

2.7d). 

At present, the links between the results of the Hirshfeld surface analyses 

and relaxation of 2 from its magnetic excited (ZFS) state are not clear. However, 

it is believed that the interactions between the cation and anion in 2 and between 

molecules of 2 are part of the phonons (i.e., both intramolecular and 

intermolecular vibrational modes) in the solid of 2. Through spin-phonon 

coupling, the interactions revealed by the Hirshfeld surface analyses may 

contribute to the magnetic relaxation.  

 

2.5. Conclusions 

In summary, the current work led to explicit observation of the transition 

between ZFS states in 2 by FIRMS, directly determining the axial ZFS parameter 
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D = -110.7(3) cm-1. Thus, both ZFS parameters, D and the rhombic E = 1.56(5) 

cm-1 from earlier HF-EPR studies, are obtained, providing an excellent example 

of using combined spectroscopies to determine accurately the spin-Hamiltonian 

parameters in an SMM. Hirshfeld surface analyses of the crystal structure of 2 at 

100(1) K give volumes and surface areas of the cation [Ni(Me6tren)Cl]+, anion 

ClO4
- and void in 2. In addition, “fingerprints” of the intermolecular interactions 

reveal the intermolecular interactions in the crystal. 
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 CHAPTER 3. SPECTROSCOPIC PROPERTIES OF A 

DYSPROSIUM(III) SINGLE-MOLECULE MAGNET COMPLEX 
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3.1. Abstract 

 Dy(acac)3(H2O)2 (3) is a Dy(III) complex with approximately D4d symmetry 

(based upon Dy-O bonds).86 The energy separation, 27.8 cm-1, between the 

ground state (MJ = ±13/2) and first excited state (MJ = ±11/2) has been 

determined by Jiang using susceptibility studies and computations.86 We have 

perform FIRMS studies to observe magnetic peaks, phonon peaks, and the 

interactions between the two (spin-phonon coupling). Deuterating the complex 

results in slightly lower energy peaks. Far-IR spectra of crystals show the 

behavior of the magnetic peaks more clearly than far-IR spectra of powders 

when there are multiple phonons close together. Furthermore, Raman 

magnetospectroscopy is used to identify phonons not found in far-IR as well as 

confirm the presence of magnetic hysteresis, a key feature of SMMs. Finally, INS 

and VASP computations are used to identify all magnetic and phonon peaks in 

the complete neutron scattering range and determine their symmetries. 

 

3.2. Introduction 

 The Dy(III) ion has a 4f9 spin-orbit coupled ground state. The strong orbital 

contribution to the magnetic moment results in a 6H15/2 collection of states (where 

S = 5/2; L = 5; J = 15/2).19 This is important because the SOC is typically much 

stronger than the splitting of the crystal field for complexes of lanthanides and 

actinides as shown in Figure 1.3. The ground state is 16-fold degenerate with MJ 

= ±15/2, ±13/2, ±11/2, ±9/2, ±7/2, ±5/2, ±3/2, and ±1/2 KDs. This creates a 
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relatively large spin barrier to relaxation, as the magnetic relaxation would need 

to take the electrons from the MJ = +15/2 state to the MJ = +1/2 state in 

increments of 1 before descending to the MJ = -15/2 state. Therefore, higher 

degeneracy allows for a higher energy barrier. However, mixing of the states may 

lead to QTM, allowing the molecule to crossover from the +MJ state to the -MJ 

state (For example, MJ = +5/2 to MJ = -5/2 in Figure 3.1)  

The Dy(III) ion has a strongly oblate spheroid electron density (Figure 1.3) 

which causes Dy(III) complexes to have an almost unparalleled magnetic 

anisotropy. Environments that consist of a strong axial crystal field and a weak 

equatorial crystal field, such as in 3, further enhance the anisotropy of the Dy(III) 

ion in the complexes. Furthermore, the Dy(III) ion is described by Kramers 

theorem. In a complex with at least 3-fold symmetry on the metal ion that 

contains an odd number of electrons (and thus a half-integer total spin), its 

energy levels are at least doubly degenerate. Therefore, the molecule will display 

magnetic bistability as required for SMMs. 

3 (Figure 3.2) has approximately D4d symmetry (based upon Dy-O 

bonds).87 X-ray diffraction study reveals 3 has a monoclinic crystal structure 

(P21/n space group, No. 14). AC magnetic susceptibility measurements of 3 

revealed a Ueff of 45.9 cm-1.87 The energy of the magnetic transition, i.e., the 

excited state, is not given for the complex. Instead, the energy separation (E = 

27.8 cm-1) between the ground state (MJ = ±13/2) and first excited state (MJ = 

±11/2) has been determined via DC magnetic susceptibility.   
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Figure 3.1. Relaxation pathways derived from ab-initio calculations of a fused-

ring Dy(III) SMM where darker lines mean larger contribution to the overall 

relaxation. Reprinted with permission from Ref. 31. Copyright 2018 American 

Chemical Society. 
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Figure 3.2. Dy(acac)3(H2O)2 (3). (Left) Structure and (Right) View of 3 looking 

down the crystallographic c axis.  
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3.3. Experimental 

3.3.1. Synthesis 

Complex 3 was prepared according to the literature procedure.88  

Deuterated acetylacetone was prepared by the method of Frediani et al.89 

The deuteration level (ranging from 89 to 96%) was determined for each 

synthesis batch using mass spectrometry. 

Partially and fully deuterated isotopologues, Dy(acac)3(D2O)2 (3-d4), 

Dy(acac-d7)3(H2O)2 (3-d21) and Dy(acac-d7)3(D2O)2 (3-d25), have been prepared, 

by an analogous process, using D-acac-d7 and/or D2O89 in place of Hacac and/or 

H2O. In order to form 3-d4 and 3-d25, EtOD was used as a solvent rather than 

EtOH to prevent an H/D exchange between D2O and EtOH. Additionally, the 

deuterated reactions should be performed in a water-free (N2) environment in 

order to prevent H-exchange with water in the air, especially for 3-d21 and 3-d25. 

 

3.3.2. FIRMS studies 

Far-IR studies of 3 and its deuterated isotopologues, 3-d4 and 3-d25, were 

performed in SCM 3 at NHMFL with variable magnetic fields (0-17.5 T) at 5 K. 

Transmittance spectra of the fully deuterated sample, 3-d25, were obtained by 

barely covering bottom of the sample well with a powdered sample and then 

adding eicosane on top (Figure 3.3). Instrument parameters were set to default 

except for the frequency of 7.5 KHz and 2 consecutive 3 min spectra were   



47 
 

     

Figure 3.3. Photos of the samples of 3 for (Left) powder far-IR, (Middle) single-

crystal far-IR, and (Right) Raman spectroscopic studies.  
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collected at different magnetic fields in 1 T increments from 0 to 17 T. The fully 

protonated sample, 3, was run as a single crystal affixed to the sample well. The 

partially deuterated sample, 3-d4, was run as a single crystal at fields of 0 to 17.5 

T in 0.5 T steps. All instrument parameters were kept consistent between the 

studies.  

 

3.3.3. Raman studies 

Raman samples were prepared with unoriented single crystals of 3. Data 

was collected by a backscattering Faraday geometry using a 532 nm laser at 

SCM 2 (18 T) in the DC Field facility at NHMFL. Crystals of samples (Figure 3.3) 

were cooled at 4.5 K. Collected scattered light was guided via an optical fiber to a 

spectrometer equipped with a liquid nitrogen-cooled CCD camera. 

 

3.3.4. INS study and phonon computations  

Variable-temperature (VT) INS measurements at 5-150 K were taken on 

the VISION beam in the Spallation Neutron Source (SNS) at ORNL.  

The crystal-structure information from the CIF file was loaded into VASP 

and used to generate the input file of phonon frequencies and polarization 

vectors (also gives irreducible representations). Then, OCLIMAX calculated 

VISION parameters (generates 0 K spectra). The reported X-ray CIF file of 3 at 

100(1) K (CCDC 770557) was used.88 
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3.4. Results and discussion 

3.4.1. FIRMS studies 

In collecting far-IR spectra of 3 and its deuterated isotopologues inside 

magnetic fields, the samples were placed in a cryostat equipped by a vertical 

bore SCM and coupled to the spectrometer through the evacuated optical beam 

line. In this manner, the intensity of far-IR radiation transmitted through the 

sample was recorded with magnetic fields (up to 17 or 17.5 T) and at 

temperature of 4.5 K. In all measurements, the magnetic field is applied in Voigt 

geometry (magnetic field perpendicular to the wave vector of the radiation). All 

samples were a mixture of the eicosane matrix with microcrystalline powders or 

single crystal samples and different trials were made for a variety of deuterated 

compounds. The FIRMS spectra of 3, 3-d4, and 3-d25, transmittance normalized 

to the zero-field spectra, and a contour plot are shown in Figures 3.4, 3.5, and 

3.6, respectively. 3-d21 needs to be re-run because too much sample was used 

resulting in complete absorbance of the incident phonons in some regions.  

For the interpretation of far-IR data of the Dy(III) compounds, the 

measured data are presented in terms of normalized transmission. The 

transmission spectrum at each magnetic field was normalized to the reference 

spectrum computed as an averaging of spectra for all magnetic fields and 

removing outlier points. Such normalization shows up field-induced features that 

might be masked at the original spectra due to overlap with phononic excitations. 

The quantitative contribution of magnetic excitations to absolute absorption of the  
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Figure 3.4. (Top) Far-IR spectra of 3 at 0 and 17 T magnetic fields. (Middle) 

Transmission normalized to the zero-field spectrum TB/T0 at 1-17 T. (Bottom) 

Contour map of normalized transmission in 0-17 T magnetic fields by the Filled 

Contour Plot in SigmaPlot 2000. Low-intensity regions indicate the presence of 

peaks. Each black dotted line indicates the location of a potential phonon.  
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Figure 3.5. (Top) Far-IR spectra of a single crystal of 3-d4 at 0 and 17.5 T 

magnetic fields. (Middle) Transmission normalized to the zero-field spectrum 

TB/T0 at 1-17 T. (Bottom) Contour map of normalized transmission in 0-17 T 

magnetic fields by the Filled Contour Plot in SigmaPlot 2000. Low-intensity 

regions indicate the presence of peaks. Each black dotted line indicates the 

location of a potential phonon.  
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Figure 3.6. (Top) Far-IR spectra of 3-d25 at 0 and 17 T magnetic fields. (Middle) 

Transmission normalized to the zero-field spectrum TB/T0 at 1-17 T. (Bottom) 

Contour map of normalized transmission in 0-17 T magnetic fields by the Filled 

Contour Plot in SigmaPlot 2000. Low-intensity regions indicate the presence of 

peaks. Each black dotted line indicates the location of a potential phonon.  
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sample is determined by the decrease in the normalized transmission. Therefore, 

this experimentally accessible quantity allows direct access to the transition 

intensity between field-dependent spin energy levels.  

There is clear indication of a magnetic peak at 175.5 cm-1 in the spectra of 

3. Furthermore, the contour plot (Figure 3.4) shows evidence of multiple phonon 

peaks (164.5, 190.0, 202.0, 224.0, 240.5, and 255.5 cm-1). Additional peaks 

found in the normalized transmittance spectra include 111.0, 159.0, 213.5, 233.5, 

and 275.5 cm-1. Each phonon peak couples with at least one magnetic peak 

(spin-phonon coupling). As the magnetic field is increased, the frequency of the 

magnetic peak shifts. When it is close to a phonon with similar character, the two 

repel one another. This causes the magnetic peak to take on the characteristic of 

the phonon peak and vice versa. This is called an avoided crossing. We can infer 

the presence of multiple magnetic peaks from the presence of more than one 

avoided crossing at a single frequency as occurs at 255.5 cm-1. Due to the 

proximity between the magnetic peaks and the numerous phonon peaks, it is not 

possible to accurately model the spin-phonon coupling at this time. 

FIRMS spectra of complex 3-d4 (Figure 3.5) are similar to those of 3, but 

the changes as the magnetic field is increased are much less pronounced. 

Disregarding the difference in intensity, the contour plot of the 3-d4 FIRMS data 

normalized by average is almost identical to that of 3. The biggest difference 

between the two complexes is that the magnetic peak and the identified phonons 

have slightly different energies. The magnetic peak only shifts by 0.5 cm-1. 
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Similarly, the phonons identified in the contour plot of 3 (Figure 3.4) are shifted 

0.5-2.0 cm-1 to lower frequencies of 164.0, 189.5, 200.0, 240.0, and 254.0 cm-1, 

respectively. Only the phonon at 224.0 cm-1 does not shift. The normalized 

transmission spectra are also similar with the additional peaks at 213.5, 164.5, 

and 190.0 cm-1 remaining unchanged while those at 111.0, 213.5, 233.5, and 

275.5 cm-1 are shifted to lower frequencies of 110.5, 213.0, 232.5, and 275.0  

cm-1, respectively. Therefore, it seems that certain readily identifiable peaks in 

the partially deuterated (3-d4) compound are slightly shifted to lower frequencies. 

Additionally, due to the smaller incoherent scattering D (as opposed to H), the 

noise levels will be lower, allowing additional features such as the potential peaks 

at 132.0, 143.0, and 287.0 cm-1 in the normalized transmission spectra. These 

replace the peak at 159.0 cm-1 in Figure 3.4. 

FIRMS spectra of complex 3-d25 (Figure 3.6) share many similar features 

with those of 3 and 3-d4. While possible phonons (133.0, 161.5, 170.0, 179.0, 

188.0, 196.0, 203.0, 224.5, 235.0, 242.0, 255.0, 264.0, 278.0, and 286.0 cm-1) 

can be found by comparing the spectra, normalized transmission, and 

normalized contour, the magnetic changes such as the v-shaped shifting of the 

two peaks around 200 cm-1 make the phonon peaks and spin-phonon coupling 

behavior harder to identify. This is because each magnetic peak has 3 possible 

shifting patterns (based upon if the magnetic field is along the x, y, or z axis). 

When a single crystal is used, the crystal is in one orientation. However, all 

orientations are mixed in the powder sample. As such, the FIRMS spectra of 3-
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d25 cannot be compared with those of 3 or 3-d4 unless an additional study is 

performed on a crystalline sample of 3-d25 at a later date. 

 

3.4.2. Raman magnetospectroscopic studies of 3 and 3-d25 

We have studied Raman magnetospectra of 3 and 3-d25, but no magnetic 

feature was observed. For 3, even fields were collected with increasing magnetic 

field and odd fields were collected while decreasing the magnetic field (Figure 

3.7). The difference in spectra is most likely due to magnetic hysteresis (retention 

of magnetic field) as the field is decreased.  

There is a possibility of a coupling with the Raman-active phonon peaks, 

causing the Raman-inactive magnetic peak to gain the phonon features and 

showing up in the Raman spectra, as in the Raman spectra of Co(acac)2(H2O)2 

(1).38 However, in this case, there is no evidence of such coupling despite the 

presence of multiple phonon peaks in the applicable range (near 175.5 cm-1 

according to the far-IR spectra). 3-d25 has similar Raman spectra to those of 3 

except the field was increased (never decreased) from 0-17 T during the 

experiment (Figure 3.8).  

 

3.4.3. INS study and phonon computations 

VT-INS studies using powder samples of 3 were performed at VISION. 

The Bose-corrected forward scattering spectra are shown in Figure 3.9. There is  
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Figure 3.7. Raman spectra of 3 at 4.5 K and 0-17 T external magnetic fields. (Top) even fields; (Bottom) odd fields.
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Figure 3.8. Raman spectra of 3-d25 at 4.5 K and 0-17 T external magnetic fields.  
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Figure 3.9. INS spectra of 3 at 5, 25, 50, 75, 100, 125 and 150 K on VISION. 

Calculated INS spectrum by VASP is shown in grey for comparison. 
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evidence of the same magnetic peak identified using far-IR in the INS spectra 

(175.5 cm-1). However, it is not possible to identify this peak using INS alone due 

to the rapid decrease in intensity of multiple peaks as temperature is increased. 

However, this may also be due to the presence of multiple magnetic peaks as 

some peaks decrease faster than others.  

VASP calculations resulted in a calculated (0 K) spectrum that match well 

with collected data, except at low frequencies where the agreement is poor. The 

symmetry analysis went well and each phonon was assigned an irreducible 

representation based upon the C2h symmetry of the crystal. Based upon the 

forward scattering (FS) and back scattering (BS) intensities of the phonon peaks, 

we were able to determine the prevalent phonons in the region on interest (100-

300 cm-1). These phonons are modeled using Jmol (Animations 1-8).90 Their 

intensities and symmetries are given in Table 3.1. 

 

3.5. Conclusions 

In summary, the current work led to direct observation of a magnetic 

transition in 3 (175.5 cm-1) as well as other transitions perhaps between various 

MJ states. The utility of FIRMS studies using single-crystal samples (rather than 

powder) to get a clearer picture was demonstrated. Furthermore, it is likely that 

deuteration may slightly lower the energy gap between states although further 

studies are needed to confirm this observation. 
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Table 3.1. Animated phonons in Dy(acac)3(H2O)2 (3) from VASP calculations 

Frequency 

(cm-1) 

BS 

Intensity 

FS 

Intensity 

Symmetry Animation File 

104.68 

121.97 

143.79 

169.21 

194.96 

221.53 

241.14 

255.82 

0.894(6) 

2.358(9) 

1.706(5) 

1.354(7) 

1.707(1) 

0.644(8) 

0.491(8) 

0.452(9) 

0.415(8) 

1.246(4) 

0.973(2) 

0.911(3) 

1.066(6) 

0.424(9) 

0.322(4) 

0.297(5) 

Au 

Au 

Ag 

Bg 

Bu 

Bg 

Bg 

Au 

1_Complex 3_104.69_Au.mp4 

2_Complex 3_121.97_Au.mp4 

3_Complex 3_143.79_Ag.mp4 

4_Complex 3_169.21_Bg.mp4 

5_Complex 3_194.98_Bu.mp4 

6_Complex 3_221.53_Bg.mp4 

7_Complex 3_241.14_Bg.mp4 

8_Complex 3_255.82_Au.mp4 
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CHAPTER 4. SPECTROSCOPIC PROPERTIES OF A 

YTTERBIUM(III) SINGLE-MOLECULE MAGNET COMPLEX 
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4.1. Abstract 

 Trigonal pyramidal Yb(III) complex Yb(trensal) (4, H3trensal = 2,2’,2”-

tris(salicylideneimino)trimethylamine) has recently been shown by Pederson and 

coworkers to exhibit single molecule magnet behavior through DC and AC 

susceptibility measurements. Luminescence spectroscopy revealed the first 

excited electronic doublet at 454 cm-1.91 We have used FIRMS) at 0-17.5 T and 5 

K to probe the magnetic behavior of IR-active peaks, revealing a repetitive 

pattern. INS and VASP computations reveal the phonons in the full neutron 

scattering range as well as the symmetry of many modes.  

 

4.2. Introduction 

Yb(trensal) (4) is a 7-coordinate, S = 1/2 complex with C3v local symmetry 

(Figure 4.1-Left).91, 92 4 was reported by Costes and coworkers in 1999.93 In their 

synthesis of 4, the ligand precursor H3trensal was prepared first before its 

reaction with Yb(NO3)3·6H2O to give Yb(trensal)·H2O in 82% yield. Bernhardt and 

coworkers synthesized 4 by a different approach – Direct reaction of Yb(NO3)3·5-

6H2O with salicylaldehyde and tris(2-aminoethyl)amine (TREN amine) without 

prior synthesis of H3trensal and reported the work in 2001.92 Here, the Yb(III) ion 

acts as a template in forming 4. Bernhardt and coworkers determined the crystal 

structure of Yb(trensal) (4) at 296 K, showing that it has the trigonal space group 

P-3c1 (No. 165).92 They also studied x-ray photoelectron spectroscopy of the 

complex, giving the binding energy of its 4d electrons at 185.4 eV.94 Pedersen   
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Figure 4.1. (Top) Structure of Yb(trensal) (4), (Middle) energy splitting diagram 

(Bottom) View (looking down the c axis) of a molecule of 4 in its crystallographic 

unit cell; a axis: pointing to the top; b axis: pointing to the left. 
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and coworkers reported in 2015 that 4 behaves as a SMM through DC and AC 

susceptibility measurements.91 In their studies, 4 was synthesized from the 

reaction of ytterbium triflate Yb(OTf)3 with salicylaldehyde and tris(2-

aminoethyl)amine. The use of lanthanide triflates (rather than lanthanide nitrates 

as in Ref. 92) was reported earlier by Masatoshi and Toshiro for the preparation 

of other lanthanide Ln(trensal) complexes.95 

Crystal structure of 4 at 122(1) K was determined and showed that it is 

similar to that at 296 K with the trigonal space group P-3c1 (No. 165).91, 92 High-

resolution absorption and luminescence spectroscopies reveals that the first 

excited electronic doublet in 4 is nearly 500 cm-1 above the ground state.92 The 

spin-orbital coupled ground state in an Yb(III) ion is 2F7/2. These spectroscopic 

studies point to the crystal-field splitting in Figure 4.1-Right. 

Single-crystal X-band (frequency = 9.62 GHz) EPR spectra of ∼5% Yb(III) 

in Eu(trensal) at 10 K give g factors (g∥ = 4.29, and g⊥ = 2.90) and hyperfine 

coupling constants [A∥I=5/2 = -0.03123(1) cm-1, A⊥I=5/2 = −0.02244(9) cm−1 for 173Yb 

(I = 5/2, 16% natural abundance); A∥I=1/2 = 0.11243(4) cm−1, and A⊥I=1/2 = 

0.07407(4) cm−1 for 171Yb (I = ½, 14% natural abundance)]. 

Pedersen and coworkers reported in 2015 that 7% Yb(III) in Lu(trensal) 

behaves as a chemical qubit.4 By diluting the complex, the distance between 

molecules will increase, thereby decreasing intermolecular interactions. When 

the molecules are far enough apart to minimize the effect of decoherence on the 
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superposition of states, the compound will exhibit qubit behavior. Otherwise, it 

exhibits SMM behavior. 

 

4.3. Experimental 

4.3.1. Synthesis 

Complex 5 was prepared by adding tris(2-aminoethyl)amine to a solution 

of ytterbium triflate in acetonitrile at 70-80 °C. Salicylaldehyde was added to the 

solution. The resulting solution was cooled, allowing some of the product to 

precipitate out. This precipitant was then filtered, washed, and dried. After 

cooling the filtrate for a few days, microcrystals formed which were ground to 

make a powder. 

Crystals of 4 were prepared by a similar process that involved adding 

tris(2-aminoethyl)amine to a solution of ytterbium triflate in acetonitrile and 

refluxing for at least 15 min. The solution was allowed to cool and placed in a 50 

mL test tube. Acetonitrile and salicylaldehde were layered on top. After 1 week, 

single crystals formed. These crystals were collected via filtration, rinsed with 

acetonitrile, and dried. 

 

4.3.2. FIRMS study 

FIRMS studies of 4 were performed in SCM 3 at NHMFL with variable 

magnetic fields (0-17 T) at 5 K. Transmittance spectra were obtained by barely 
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covering bottom of the sample well with a powdered sample and then adding 

eicoseine on top. Instrument parameters were set to default except for the 

frequency of 7.5 KHz and two 3-min spectra were collected at different magnetic 

fields in 1 T increments from 0 to 17 T. The crystalline transmittance spectra 

were collected by covering the sample well with a single layer of small single 

crystals (Figure 4.2). 

 

4.3.3. Raman magnetospectroscopic study 

Raman samples were prepared with unoriented single crystals (Figure 

4.2). Data was collected by a backscattering Faraday geometry using a 532 nm 

laser at SCM 2 (18 T) in the DC Field facility at NHMFL. Crystals of samples 

were cooled at 4.5 K. Collected scattered light was guided via fiber optics to a 

spectrometer equipped with a liquid nitrogen-cooled CCD camera.  

 

4.3.4. INS study and computations  

VT-INS measurements were taken with a vibrational spectrometer 

(VISION beamline) in SNS at ORNL. The samples, approximately 0.5 g, were 

sealed in an aluminum container. The INS spectra of 4 were measured at 5, 25, 

50, 75, 100, 125 and 150 K for 1 h at each temperature. The phonon population 

effect was corrected by normalizing the INS intensity at energy transfer ω with 

coth (
ℏ𝜔

2𝑘𝐵𝑇
).56  
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Figure 4.2. (Left) Photo of a mosaic of crystals of 4 for far-IR spectroscopy; 

(Right) Photo of the sample of 4 for Raman magnetospectroscopy.  
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The crystal-structure information from the CIF file was loaded into VASP 

and used to generate the input file of phonon frequencies and polarization 

vectors (also gives irreducible representations). Then, OCLIMAX calculated 

VISION parameters (generates 0 K spectra). The reported X-ray CIF file of 4 at 

100(1) K (CCDC 1044477) was used.92 

 

4.4. Results and discussion 

4.4.1. FIRMS study 

The energy splittings in 4 were studied by the FIRMS technique. This 

technique employs the Fourier-transform spectrometer to measure the magnetic 

response from the sample in the frequency domain (down to 20 cm-1) while the 

magnetic field is fixed. The sample is placed in a cryostat equipped by a vertical 

bore SCM and coupled to the spectrometer through the evacuated optical beam 

line. In this manner, the intensity of far-IR radiation transmitted through the 

sample was recorded with magnetic fields (up to 17 T) and at temperature of 5 K. 

In all measurements, the magnetic field is applied in Voigt geometry (magnetic 

field perpendicular to the wave vector of the radiation). All samples were a 

mixture of the eicosane matrix with microcrystalline powders or a layer of single 

crystals arranged to cover the sample area held in place by eicosane. The 

FIRMS spectra and a contour plot of a mosaic of single crystals are shown in 

Figure 4.3.  
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Figure 4.3. (Top) Far-IR spectra of a mosaic of crystals of 4. (Middle) 

Transmission normalized to the zero-field spectrum TB/T0 at 1-17 T. (Bottom) 

Contour map of normalized transmission in 0-17 T magnetic fields by the Filled 

Contour Plot in SigmaPlot 2000. Low-intensity regions indicate the presence of 

peaks. Each black dotted line indicates the location of a potential phonon.  
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For the interpretation of far-IR data of 4, collected data are presented as 

normalized transmission. The transmission spectrum measured at each magnetic 

field was normalized to the reference spectrum computed as an averaging of the 

spectra at all magnetic fields with outlier points removed. Such normalization 

reveals field-induced features that are otherwise masked in the original (un-

normalized) spectra due to the overlaps with phononic or intramolecular 

vibrational excitations. The quantitative contribution of magnetic excitations to 

absolute absorption of the sample is determined by the decrease in the 

normalized transmission. Therefore, this experimentally determined quantity 

allows direct access to the transition intensity between field-dependent spin 

energy levels.  

For 4, a magnetic peak at 464 cm-1 is expected, corresponding to the 

splitting between the electronic ground doublet and the first excited crystal field 

state as determined by luminescence spectroscopy.91 However, there is no clear 

indication of this transition in the spectra. Furthermore, the contour plot shows 

multiple phonon peaks with a repeating pattern, the clearest of which occur at 

402.0, 437.0, 470.0, and 515.5 cm-1. This pattern is different from the avoided 

crossings observed in other SMMs, making it difficult to model.  

FIRMS spectra of powders, prepared by grinding crystals of 4, are shown 

in Figure 4.4. While the locations of the peaks observed in the normalized 

transmittance spectra and contour plots in Figures 4.3 and 4.4 are the same, the 

shifts of the peaks in the contour are different. The far-IR spectra of the powder   
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Figure 4.4. (Top) Far-IR spectra of a power sample of 4. (Middle) Transmission 

normalized to the zero-field spectrum TB/T0 at 1-17 T. (Bottom) Contour map of 

normalized transmission in 0-17 T magnetic fields by the Filled Contour Plot in 

SigmaPlot 2000. Low-intensity regions indicate the presence of peaks. Each 

black dotted line indicates the location of a phonon from Figure 4.3.  
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and crystal mosaic samples also show several similar features, although there 

are notable differences between the spectra in Figures 4.3 and 4.4. This is likely 

due to the difference in orientation between the powder and crystal mosaic 

samples.  

 

4.4.2. Raman magnetospectroscopic study 

Raman spectra for 4 under variable magnetic fields are given in Figure 

4.5. No magnetic feature could be identified in the spectra. Even (0, 2, 4….16) 

fields were collected when increasing the magnetic field during the experiment, 

and odd fields were collected while decreasing the magnetic field. The difference 

in spectra is most likely due to magnetic hysteresis (retention of magnetic field) 

as the field was decreased.  

There is a possibility of an interaction with the Raman-active phonon 

peaks causing the Raman-inactive magnetic peak to show up as a shift in 

position of the phonon peaks. However, there is no evidence of such a shift 

despite the presence of multiple phonon peaks in the 350–600 cm-1 range. 

 

4.4.3. INS study and phonon computations 

INS studies using powder samples of 4 were performed at VISION with 

variable temperatures. Magnetic transitions, i.e., intramanifold transitions among 

the crystal-field split KDs within the spin-orbital coupled 2F7/2 state are not  
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Figure 4.5. Raman spectra of Yb(trensal) (4) under external magnetic fields. 
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obvious from the Bose-corrected forward scattering INS spectra in Figure 4.6.  

VASP calculations resulted in a calculated (0 K) spectrum that somewhat 

matched the experimental (5 K) spectra, albeit with some major discrepancies 

such as the low frequency region and the double peak near 3,000 cm-1. The 

symmetry analysis resulted in many phonons being assigned an irreducible 

representation based upon the C2h symmetry of the crystal. However, most 

calculated phonons could not be assigned due to the large, complex nature of 

the system. Based upon the back-scattering intensity of the phonon peaks, we 

were able to determine the prevalent phonons in the region on interest (350-600 

cm-1). These phonons are modeled using Jmol (Animations 9-16).90 Their 

intensities and symmetries are given in Table 4.1. 

 

4.5. Conclusions 

4 shows a repetitive pattern in FIRMS studies. However, clear differences 

are shown between powder and crystal samples. Raman spectra do not clearly 

reveal magnetic features. Furthermore, the intramanifold transitions are not 

obvious in INS studies. Although the calculated (0 K) spectrum shows very good 

agreement with the experimental INS data, many of the phonon modes could not 

be assigned.  
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Figure 4.6. INS spectra of 4 at 5, 25, 50, 75, 100, 125 and 150 K on VISION. 

Calculated 0 K INS spectrum by VASP in grey for comparison.  
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Table 4.1. Animated phonons in Yb(trensal) (4) from VASP calculations 

Frequency 

(cm-1) 

BS 

Intensity 

FS 

Intensity 

Symmetry Animation File 

371.43 

384.55 

407.09 

423.65 

456.15 

489.98 

554.67 

571.57 

0.256(6) 

0.164(6) 

0.101(4) 

0.348(8) 

0.249(4) 

0.179(1) 

0.198(0) 

0.175(7) 

0.177(9) 

0.113(8) 

0.068(0) 

0.262(9) 

0.200(0) 

0.141(4) 

0.166(5) 

0.148(0) 

Bu 

N/A 

Ag 

N/A 

N/A 

Bu 

Au 

N/A 

9_Complex 4_371.43_Bu.mp4 

10_Complex 4_384.53.mp4 

11_Complex 4_407.09_Ag.mp4 

12_Complex 4_423.65.mp4 

13_Complex 4_456.15.mp4 

14_Complex 4_489.98_Bu.mp4 

15_Complex 4_554.67_Au.mp4 

16_Complex 4_571.57.mp4 
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CHAPTER 5. FUTURE WORK 
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The research in the current thesis could be expanded upon in several 

ways.  

The first is to perform INS studies and ab-initio computations of phonons 

in 2. Temperature-dependent INS studies could provide supporting evidence for 

the energy of the ZFS transition as well as provide a complete list of phonon 

energies in the INS spectra. Ab-initio computations of the phonons would confirm 

these phonon energies as well as give their symmetries.  

Secondly, additional FIRMS, Raman, and INS studies of crystal samples 

of various partially and fully deuterated isotopologues of the dysprosium complex 

where the acac and/or water ligand is deuterated would complete the studies, 

providing supporting or contradicting evidence for the theory that deuteration 

slightly lowers the energy of phonons. FIRMS studies of the partially and fully 

deuterated isotopologues with a deuterated acac ligand (3-d21 and 3-d25, 

respectively) would be performed on crystal samples since the magnetic and 

phonon peaks as well as their spin-phonon coupling behavior are more clearly 

visible in spectra of crystal samples than those of powders. Both 3-d21 and 3-d25 

are more heavily deuterated than the compounds we currently have single-

crystal FIRMS studies of (3 and 3-d4) so any decrease in phonon energy should 

be more pronounced. Raman magnetospectroscopy studies of dysprosium(III) 

complexes with either ligand deuterated (3-d4 or 3-d21) would provide insight into 

the magnetic behavior of the Raman-active phonons as well as the effect of 

deuteration on these peaks. INS studies of the deuterated samples 3-d4, 3-d21, 
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and 3-d25 may also reveal additional information as the incoherent neutron 

scattering (and thus background noise in the spectra) is smaller for D atoms than 

H atoms. 

Finally, spectroscopic studies of diluted Yb(III) trensal [7% in Lu(trensal)] 

could be used to observe how qubit properties differ from the SMM properties of 

undiluted Yb(trensal). This would require FIRMS, direct optic Raman 

spectroscopy, VT-INS studies, and VASP computations. Due to the low 

concentration of this mixture [7% Yb(trensal) in Lu(trensal)], it may be useful to 

test other dilution levels and see how the magnetic properties change. HF-EPR 

may also be useful in determining how the energy gaps change with different 

Yb(III) concentrations in the Yb(III)/Lu(III) mixtures. 
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Figure A1. Transmission FIRMS of 2 normalized to the zero-field spectrum TB/T0 

at 1-17 T. 
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Figure A2. Additional top view of the Hirshfeld surface of 2 showing the packing 

diagram. 
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Figure A3. Additional side view of the Hirshfeld surface of 2 showing the packing 

diagram. 
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