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Abstract

The primary focus of this dissertation is using inelastic neutron scattering (INS) to
probe magnetic excitations in paramagnetic complexes including single-molecule
magnets (SMMs). Other related studies include the following: (1) Simulating vibrational
frequencies to understand spin-phonon coupling (SPC) in a single-molecule magnet; (2)
Using quasi-elastic neutron scattering (QENS) to study molecular dynamics of a
paramagnet. Zero-field splitting (ZFS) parameters (axial: D and rhombic: E) of
metalloporphryins Fe(TPP)X [X = F, Br, I; H2TPP = tetraphenylporphyrin] have been
directly determined by INS. These studies provide a complete determination of ZFS
parameters for a metalloporphryin halide series demonstrating that D increases from F
to | complexes. Ab initio methods were led to the understanding of the origin of the
halide trend. INS has also been used to probe several Co(ll) and an Er(lll) SMMs. The
magnetic excitations were determined by a variety of methods demonstrating that INS is
a unique technique to determine the magnitude of these excitations. Most prominently,
INS conducted under variable magnetic fields, reveals magnetic excitations in single
crystals and powder samples in the energy region above 40 cm™. In addition, this work
shows a unique strength of INS to show the origin of spin-phonon entangled peaks at 0
T. Vibrational frequencies and simulation of atomic displacements in Co(ll) SMMs have
been calculated via ab intio methods to study SPC. Raman spectroscopy of
Co(acac)2(H20):2 (acac = acetylacetonate), Co(acac)2(D20)2 and Co(acac-d7)2(D20)2
gives experimental SPC constants of different magnitudes. By probing the
displacements in atoms in the SMMs, a correlation between the largest bond angle

change in the first coordination sphere and largest SPC constant has been discovered.

\



This work leads to understanding of how the electron spins in the Co(ll) complexes
interact with phonons in the energy region near the magnetic excitation. QENS has
been used to study methyl rotation in Co(acac)2(D20)2, which behaves as a paramagnet
in the temperature range probed (80—100 K). The use of external magnetic fields leads
to the observation of field-dependent methyl rotation. This field-dependent behavior

sheds light on intermolecular interactions in the solid state.

vi
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Chapter 1

Introduction



1.1. Molecular Magnetism

Conventionally, intermetallic alloys such as Nd2Fe14B are used as magnetic
materials for many technological applications.! However, with the desire to miniaturize
technology it is essential to find new magnetic materials for data storage and quantum
computing that can represent the smallest possible unit as spin-based devices. Single-
molecule magnets (SMMs) have been proposed to fit this criterion, with magnetism
stemming from the intrinsic electronic structure (magnetic anisotropy) of the individual
molecules.> Many metal complexes have unpaired electrons, making them
paramagnetic. In transition metal complexes with quenched orbital contribution in the
ground state, their magnetic anisotropy stems from zero-field splitting (ZFS).3

Initially, ZFS in paramagnetic complexes such as metalloporphyrins, was studied
to gain a fundamental understanding of their magnetic properties.* Renewed interest in
ZFS came about from the field of molecular magnetism which began with the first SMM,
[MN12012(0OACc)16(H20)4]-2HOAC-4H20 or known as Mn12Ac, in the 1990s.° Today, ZFS
remains central to interest in molecular magnetism of transition metals.

ZFS parameters are the terms in the spin-Hamiltonian (SH) for transition metal
complexes to describe the magnetic anisotropy in systems with quenched angular

momentum:5-7

H =D(S:~S(S +1)/3) + E(S+°~ S,%) + 1,9 S- H (Eq. 1.1)

where ug is the Bohr magneton, D and E represent the axial and rhombic ZFS,
respectively, S is the spin operator, A is the magnetic field vectors.
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D and E serve to lift the degeneracy of the 2S + 1 (S > %) microstates, Ms, in the
absence of magnetic field.? Eq. 1.1 is widely used in the SMM field to describe
experimental data from magnetometry measurements. ZFS is caused by the second-
order spin-orbital coupling (SOC) when angular orbital momentum is quenched for the
complex.'? First-order SOC describes mixing of the spin and orbital component of the
electronic ground state whereas second-order SOC describes mixing the ground into
the excited states which possess an orbital component.! Complexes with first-order
SOC include low-coordinate transition metal and f-elements ions and are represented

with m, states.?®

SMMs behave as superparamagnets which display magnetic hysteresis or slow
magnetic relaxation of molecular origin below their blocking temperature (Tg). This
magnetic bi-stability leads to an energy barrier to spin reversal giving stable magnetic
moments. Magnetic anisotropy stems from the preferential alignment of the magnetic
moment, which will occur in the most energetically favorable direction, the easy—axis (z
direction) or —plane (xy direction).! It is desirable to maintain magnetic stability for as
long as possible in zero external field.

D can be positive or negative. However, SMM behavior is typically observed only
when D < 0. In the positive D case, the smallest Ms levels are the lowest in energy,
making the transition allowed between the ground magnetic levels.! However, in the
negative D case, this transition is forbidden because the largest Ms levels are lower in
energy. This forbidden transition provides the ideal SMM properties. Nevertheless, there
are some well-known exceptions to this rule where positive D SMMs can give slow

magnetic relaxation.610-11



Not only is the magnetic anisotropy in SMMs critical, but also are the phonons at
a relevant energy range to interact with the magnetic moment.121> The phonons provide
an outlet for spin reversal at energies lower than the separation of the magnetic levels
U.% This under barrier relaxation Ueft is promoted by spin-phonon coupling (SPC)
(Figure 1.1). There are three relaxation processes as described by Eqg. 1.2:12 (1) Direct
mechanism which involves relaxation of the ground state (xMs for quenched orbital
angular momentum) with an emission of a phonon of the same energy; (2) Orbach
mechanism which is an absorption of a phonon of energy U and subsequent relaxation
from an excited state; (3) Raman mechanism which is similar to the Orbach mechanism
expect that the relaxation occurs through a virtual instead of a real state. The
magnitudes of these mechanisms are determined from a multi-parameter fit of the

temperature vs. relaxation times obtained from AC susceptibility (Eq. 1.2).

T7l= AH™MT + CT™ + 1, lexp (%) (Eq. 1.2)

Direct Raman Orbach

where A, C and 7, are parameters that contain the spin-phonon coupling matrix element

and the speed of sound, T is temperature, and kg is the Boltzmann constant.

Recent advances in the field of SMMs have revealed the importance of
understanding the phonons interactions. Conventionally it was assumed that phonons in
SMMs follow the Debye model.1#16 This model predicts the phonon density of states to

be relevant up to the Debye frequency. This model, however, only accounts for acoustic
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Figure 1.1. Representation of under barrier spin relaxation for an S = 3/2 (D < 0) SMM,
where ZFS is the spectroscopically observed excitation (U) and hAw is a lower energy
phonon which contributes to faster reversal of the magnetic moment giving an effective

barrier to relaxation Ues.



phonon frequencies.'?14 The problem with this assumption is optical phonons also play
a role in the aforementioned relaxation processes. Therefore, SPC is not well
understood in part because previous efforts have focused on tuning the static spin
properties to reach higher Ueft, but neglected how to improve spin dynamics considering
the unique phonon structure in each SMM and the strength of SPC.'214 Indeed, it has
been theoretically proposed that low-frequency off-resonance phonon modes play a role
in the barrier to relaxation.? Experimentally, this can be observed by comparing Uett
obtained from AC susceptibility to the spectroscopically obtained barrier U. As the Ts of
SMMs is increased, it will become important to understand the vibrations that are

activated at higher temperatures.

1.2. Experimental Studies
In order to classify the properties of molecular magnets many techniques have
been developed to extract important information on the magnetic level separation.?
Indeed determination of magnetic excitations is vital to understanding anisotropy and

improving SMM properties. Magnetic excitations amongst Ms or m, levels can reach

well over 100 cm™. To gain a complete understanding of SMM properties it is
necessary to accurately quantify these splittings. Spectroscopic measurements such as
inelastic neutron scattering (INS) serve to explicitly determine magnetic excitations.
The most prominent method to characterize SMMs has been the use of
magnetometry.2 Firstly, the temperature dependence of the product of magnetic
susceptibility and temperature (ymT) can be measured typically showing a sharp

decrease at low T. The behavior can be modelled with the SH to determine D and E. In



addition, magnetization data as a function of field (typically performed at variable
temperatures) is a secondary method to extract these SH parameters. However, there
are several shortcomings associated with solely using magnetometry methods to
determine the SH parameters including: (1) Intermolecular effects at low temperatures
from impurities could cause ferro- or anti-ferromagnetic ordering in the bulk sample; (2)
Sign of D is unpredictable since the data can often be modelled equally well using both
D > 0 and D < 0; (3) Accuracy of ZFS parameters from a multi-parameter fit of Eq. 1.1.

Resonance techniques such as electron paramagnetic resonance (EPR) have
been used to study SMMs.3® EPR is an accurate way to extract ZFS values. However,
this method is limited by frequencies of conventional X- or Q-band EPR up to 1 cm-?,
ZFS of SMMs exceeding 1 cm requires the use of higher frequency and field EPR (HF-
EPR).2 HF-EPR can only be used to accurately measure magnetic excitations up to ~33
cm? (1 THz).2 HF-EPR is, nevertheless, successful at the determination of the sign of
D.17

Frequency-domain magnetic resonance (FDMR) spectroscopy has also been
developed to sweep the microwave (sub-THz or THz) frequencies in zero field (vs.
sweeping the field in EPR experiments). This technique is limited to measuring
separations <40 cm.2 Far-infrared techniques can be used to measure higher
frequencies not accessible by FDMR.3

Inelastic neutron scattering (INS) has been used to determine magnetic
excitations.®2 INS is beneficial because it does not have the lower and upper energies

limitation of other techniques. This method will be discussed in detail in Section 1.3.



Spectroscopic methods like FDMR, far-IR and INS, as techniques that sweep the
frequency, require differentiating magnetic peaks from those of phonons in the spectra.

This will be further discussed in Chapters 2-3.

1.3. Neutron Scattering
1.3.1. Basics of Neutron Scattering

When neutrons of kinetic energy E;i interact with a sample, they are scattered,
altering both momentum Q and energy E of the neutrons and the sample.*® During the
collision, the energy lost by the neutron will be gained by the sample. The probability
that incident neutrons will be scattered from a sample is a function of the final wave
vector ks given its initial wave vector ki. The scattering triangle (Scheme 1.1) shows the
kinematical conditions ki and ks that must be fulfilled to obtain a desired energy and
momentum transfer; Q = ki — ki. Q corresponds to the reciprocal space wavevectors for

excitations.

1.3.2. INS to Probe Magnetic Excitations

Neutrons have spin and therefore carry a magnetic moment. There is a strong
interaction between the magnetic field (magnetization density) created by unpaired
electrons in the sample and magnetic moment of the neutrons. This interaction causes
the incident neutrons to be scattered from the magnetization density of the
paramagnetic ions. The resulting INS spectrum exhibits allowed transitions between Ms

or m, sublevels, thereby giving a direct measurement of the excitations. The cross-

section for magnetic scattering corresponds to the number of neutrons scattered per
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Scheme 1.1. Schematic of the INS process, Q = ki - ks is the scattering vector of the
momentum transfer where ki and ks refer to the wavevector of the incoming and

outgoing neutrons, respectively.



second, due to the magnetic interactions described above.® Scattering from unpaired
electrons gives a distribution of the spin and orbital magnetization in the Q space. This
dependence of the intensity on Q is a major difference between INS and optical
spectroscopies, where the modes are observed at Q = 0.19-20

Neutron magnetic scattering cross-section is described as neutrons scattered
into a solid angle d2 with energy transfer between hw and h(w + dw), divided by the
flux of the incident neutrons.® For unpolarized neutrons, identical magnetic ions with
localized electrons, and spin-only scattering, the magnetic scattering cross-section is

expressed by Eq. 1.3:81821

d%c
dQdw

= () L9 F@Pe @3, (805 —2532) 57 (Qw)  (Eq. 1.3)

where ois the neutron cross section, y is the gyromagnetic ratio, r, is the classical
radius of an electron, g is the Landé g- factor, F(Q) is the dimensionless magnetic form
factor defined as the Fourier transform of the normalized spin density associated with

magnetic ions, e2W(Q js the Debye-Waller factor caused by thermal motion, S*#(Q,w) is

QaQﬁ
a,B_ Qz

the magnetic scattering function, (6 ) is the polarization factor which implies

neutrons can only couple to magnetic moments or spin fluctuations perpendicular to Q,
Q is the scattering vector of the momentum transfer (Scheme 1.1), hw is the energy

change experienced by the sample, and w is the angular frequency of neutron.

10



In Eq. 1.3, the magnetic form factor F(Q) reveals the distribution of spin and
orbital magnetization from unpaired electrons. It falls off with increased scattering vector
Q.2 Therefore, peaks of magnetic origin decrease in intensity with increased Q. In
contrast, peaks of vibrational origin increase with increased Q. However, strong
incoherent scattering from samples containing hydrogen atoms may smear out Q
dependence of the magnetic peaks and instrumentation constraints might limit the
accessible Q range, leading to roughly constant intensities of the magnetic peaks

throughout the observable Q range in the samples.82223

1.3.3. Scattering from Nuclei and Phonons

Neutrons also can interact with nuclei of atoms. The probability of neutron-
nuclear interaction is measured by the cross section of atoms, the operative area that
the nucleus presents to an incident neutron.*® For example, H-atoms have a large
incoherent scattering cross section, leading to a dominating contribution of unstructured
scattering in Q-space from H-atoms in the neutron scattering spectrum (on = 80.27 and
ob = 2.05 barns; 1 barn = 10?8 square meter).1®2! Using a different isotope as an
alternative, deuteration is often a technique used in INS to decrease the incoherent
scattering background contribution of H-atoms in the spectrum.

In addition to the background incoherent scattering from H-atoms, neutrons are
simultaneously scattered in coherent ways, revealing phonon excitations in the INS
spectrum.?! Phonons are produced by oscillations of nuclei in a harmonized fashion
about their equilibrium position in the lattice.?* When interacting with crystalline solids,

neutrons can absorb or emit energy equal to a quantum of phonon energy, hv.
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There are no symmetry-based vibrational selection rules in INS spectroscopy.®®
Thus, in principle, all modes are observable in INS. This arises because neutrons are
scattered by atomic nuclei via the strong interaction, in contrast to infrared and Raman
spectroscopies where photons are scattered by electrons.

In molecular solids, modes in which the molecules vibrate primarily as a whole
with little internal distortion, i.e., lattice vibrations, are often characterized as external
(intermolecular) modes, whereas significant distortions of atoms that comprise a part of
the molecule with a small displacement of the molecular center-of-mass are often
characterized as internal modes (intramolecular).?* In other words, if the primary
features of the mode involve significant distortions of atoms in the molecule, it is called
an internal mode. The internal modes are also known as molecular vibrations, and they
typically have much higher frequencies than the external modes. The external modes
include translational and librational modes.® However, the internal and external modes
often couple. In other words, all modes are essentially mixed. From the perspectives of
solid-state physics, the internal and external modes originate from the same governing
equations, and have the same mathematical representations.

For molecular crystal containing n atoms in m molecules per unit cell, there are
3n-6m internal modes and 6m-3 external modes, in addition to 3 acoustic modes.?* Both
internal and external modes as well as acoustic modes in molecular crystals are called
phonons.'® The internal and external modes are also named optical phonons. This

dissertation, in general, does not distinguish internal and external modes.
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1.4. Current Dissertation

This dissertation serves to address three major current central points of debate in
the field of molecular magnetism: (1) Use of only magnetometry to characterize
magnetic excitations; (2) Neglect of the phonon spectrum and how it promotes spin-
phonon coupling; (3) Inattention to interactions that exist between paramagnetic

molecules in the solid state.

1.4.1. Chapter 2

The zero-field splitting (ZFS) parameters of nondeuterated metalloporphyrins
Fe(TPP)X [X =F (1), Br (2), and | (3); H2TPP = tetraphenylporphyrin] have been
determined by inelastic neutron scattering (INS). This work provides a rare, complete
determination of ZFS values for a metalloporphyrin halide series in which D is found to
increase from F to I. Ab initio calculations confirm the trend in D values and reveal that it

is correlated in part to increased covalency of the Fe-X bond.

1.4.2. Chapter 3

INS is a unique technique to directly probe the magnetic excitations in several
SMMs. The magnetic separations of Co(ll) and Er(Ill) SMMs have been detected using
several methods to determine peaks of magnetic origin in INS including the following:
(1) Temperature dependence; (2) |Q| dependence; (3) Diamagnetic control; (4)
Application of an external magnetic field. This body of work collectively shows how to
best study SMMs with INS and to overcome technical challenges typically associated

with using neutrons, such as sample size and increased background from strong

13



incoherent scattering from H-atoms leading to a decrease in sensitivity.

1.4.3. Chapter 4

Interaction of a magnetic moment with lattice vibrations (spin-phonon coupling) is
a detrimental relaxation pathway in single-molecule magnets. However, there is little
understanding how lattice vibrations lead to relaxation of the magnetic moment. This
chapter examine Co(ll) SMMs to understand how the unpaired electron spin interacts

with phonon near the magnetic excitation.

1.4.4. Chapter 5

Molecular dynamics is a fundamental property of metal complexes. These
dynamical processes are not well understood for paramagnetic complexes under
external magnetic fields. Quasi-elastic neutron scattering (QENS) has been used to
study the dynamics of Co(acac)z2(D20)2 (8-d4). The dominant dynamical process is
methyl group rotation which is found to have a field-dependent rotation times. This field-
dependent behavior is indicative of interactions between Co(acac)2(D20)2 molecules.
We speculate these interactions may originate from the presence of unpaired electron
spins dispersed on peripheral hydrogen atoms or from a structure change in the

molecules stemming from a magnetic field effect on the paramagnetic Co(ll) ions.
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Chapter 2

Magnetic Transitions in lron Porphyrin
Halides by Inelastic Neutron Scattering and

Ab Initio Studies of Zero-Field Splittings
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The ab initio studies of zero-field splittings in the work were conducted by M. Atanasov
and F. Neese. This author conducted the synthesis and characterization of Fe(TPP)X [X
=F (1), Br (2), and I (3)] as well as interpretation and simulation of their INS data. The
ab initio studies of zero-field splittings are included in the chapter to provide a

comprehensive understanding of the chemistry.
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2.1. Abstract

Zero-field splitting (ZFS) parameters of nondeuterated metalloporphyrins
Fe(TPP)X [X = F, Br, I; H2TPP = tetraphenylporphyrin] have been directly determined by
inelastic neutron scattering (INS). The ZFS values are D = 4.49(9) cm™ for tetragonal
polycrystalline Fe(TPP)F (1), and D = 8.8(2) cm™, E = 0.1(2) cm™t and D = 13.4(6)
cm™, E = 0.3(6) cm™ for monoclinic polycrystalline Fe(TPP)Br (2) and Fe(TPP)I (3),
respectively. Along with our recent report of the ZFS value of D = 6.33(8) cm™ for
tetragonal polycrystalline Fe(TPP)CI, these data provide a rare, complete determination
of ZFS parameters in a metalloporphyrin halide series. The electronic structure of
Fe(TPP)X (X = F, CI, Br, I) has been studied by multireference ab initio methods: the
complete active space self-consistent field (CASSCF) and the N-electron valence
perturbation theory (NEVPT?2) with the aim of exploring the origin of the large and
positive zero-field splitting D of the ®A1 ground state. D was calculated from wave
functions of the electronic multiplets spanned by the d° configuration of Fe(lll) along
with spin—orbit coupling accounted for by quasi degenerate perturbation theory. Results
reproduce trends of D from inelastic neutron scattering data increasing in the order from
F, Cl, Br, to I. A mapping of energy eigenvalues and eigenfunctions of the S = 3/2
excited states on ligand field theory was used to characterize the o- and mm-antibonding
effects decreasing from F to I. This is in agreement with both similar results deduced
from ab initio calculations on CrXe3~ complexes and the spectrochemical series showing
a decrease of the ligand field in the same directions. A correlation is found between the
increase of D and decrease of the 7- and g-antibonding energies e;* (A = g, m) in the

series from X = F to |. Analysis of this correlation using second-order perturbation theory
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expressions in terms of angular overlap parameters rationalizes the experimentally
deduced trend. D parameters from CASSCF and NEVPT2 results have been calibrated
against those from the INS data, yielding a predictive power of these approaches.
Methods to improve the quantitative agreement between ab initio calculated and
experimental D and spectroscopic transitions for high-spin Fe(lll) complexes are

proposed.

2.2. Introduction

The chemistry of metalloporphyrins has the potential to impact our understanding
of biological and geological roles that the naturally occurring systems play.?>?° The
diverse biological functions of heme proteins are often attributed to the varying degree
of changes in the local heme environment as shown in Table 2.1 which is discussed
below. Many metalloporphyrins often have unpaired electrons, making the compounds
paramagnetic. One intrinsic property in paramagnetic compounds is the zero-field
splitting (ZFS). For compounds with spin S = 1, the interaction of the electron spins
mediated by spin orbital coupling leads to a splitting of the spin states of otherwise
degenerate states.”-30-31

As introduced in Chapter 1, ZFS manifests as differences among energy levels in
the absence of an external magnetic field. For d® Fe(lll) porphyrin complexes here, the
electronic ground states of S = 5/2 complexes are split as shown in Scheme 2.1. The
resulting energy spectrum exhibits 2D and 4D peaks that are associated with transitions
in ZFS. The rhombic ZFS, E, mixes AMs = 2 states. Thus, Ms = +1/2 states interact

with either Ms = +5/2 or +3/2, leading to the shift of the energy levels in Scheme 2.1d.
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Table 2.1. Comparison of D (cm™) values of different Fe(lll) porphyrin halides determined by different methods

Fe(TPP)X by other methods

Fe(TPP)X by INS
including the

current work

Fe(lll) protoporphyrin
(IX) dimethyl ester

halides by far-IR

Fe(lll)
deuteroporphyrin
(IX) dimethyl

ester halides by

far-IR
X =
F - 4.49(9) 5.0(1)% 5.55(11)%
Cl 6.5 (far-IR),& 6.33(8)* 6.95(14)% 8.95(18)%
D = 3.2-11.9 determined by other methods®*
Br 4.9 (magnetic susceptibility)3® 8.8(2) 9.75% 11.80(23)%?
9.15 (far-IR)*
12.5(5) (magnetic
susceptibility)36-37
13.5(5)% 13.4(6) 14.5% 16.40(15)%

19




Ph

—+ deye D>0 Mg =52 " T
u'lll/ E
Ph 4 d,2 4D
" S=52 —
Ph “_ 20
(a) (b) (c)E=0 (d)E#0

Scheme 2.1. (a) Structures of metalloporphyrins in the current studies. (b) d orbital
splitting and ZFS in compounds with S = 5/2 with D > 0. (c) E = 0 (for D < 0 energy

levels will be inverted). (d) E # 0, mixing of pure doublet states. (Pure states are only

retained if E << D.”)
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ZFS is of fundamental importance to understanding molecular magnetism. While
ZFS parameters have been actively studied, there is still a limited understanding on how
ZFS parameters relate to the geometric and electronic structures of transition metals
compounds, including how metal-ligand bonding affects ZFS.”*° Knowledge of the
effects of metal-ligand bonding on ZFS also helps design better single molecule
magnets (SMMs) as data storage and quantum computing materials.®

ZFS, including that of metalloporphyrins, has been investigated by several
techniques, including electron paramagnetic resonance (EPR), magnetic susceptibility
measurement, nuclear magnetic resonance (NMR), far-infrared (far-IR), Mossbauer
spectroscopy, magnetic circular dichroism (MCD), and inelastic neutron scattering
(INS).25:31.39-41 The effect of ZFS on a transition metal ion is to partially or totally remove
the (2S + 1)-fold degeneracy of the ground-state multiplet. In the case of d° Fe(lll)
compounds the ZFS in Scheme 2.1, the magnetization density that interacts with the
spin of neutrons is the spin dipole moment from 5 unpaired d electrons, as the orbital
angular momentum of the d electrons in the complexes is quenched. The resulting
energy spectrum exhibits peaks associated with transitions from Ms = £1/2 to +3/2 (2D)
and from Ms = £3/2 to £5/2 (4D) in Scheme 2.1.

To our knowledge, few bioinorganic complexes have been studied by INS. We
recently reported direct determination of ZFS parameters of several non-deuterated
metalloporphyrins M(TPP)CI (M = Fe, Mn, Cr) and Mn(TPP) (H2TPP =
tetraphenylporphyrin).34 With the nature of how ligands affect ZFS relatively unknown,
the current study focuses on iron(lll) porphyrin halides, which are common inorganic

ligands, with two-fold interest: (a) The first is determination of ZFS parameters for
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Fe(TPP)X [X=F (1), Br (2), and | (3)] by INS. Thus, along with Fe(TPP)CI, a compound
we recently studied,3 this is a rare complete series of biomimetic halide compounds
with the ZFS values determined.3? (b) The second is the ab initio study of the electronic
structure and magnetic anisotropy of the metalloporphyrins to explore the origin of the
large and positive zero-field splitting of the A1 ground state.

There have been many previous studies of the ZFS of Fe(lll) compounds with a
6A1 ground state. Solomon and co-workers have investigated the origin of the A1
ground state zero-field splitting in axially distorted high-spin d° [FeCla].3° Brackett and
co-workers have reported D values of four Fe(lll) deuteroporphyrin IX dimethyl ester
halides (Chart 2.1) that were determined by far-IR (Table 2.1).32 Goff and co-workers
have reported correlations of axial ligand field strength and zero-field splittings in the C-
13 NMR spectra of 5- and 6-coordinate high-spin Fe(lll) porphyrin complexes.*? Ohya
and Sato conducted a comparative study of Méssbauer spectra of three halides
Fe(TPP)X (X = Cl, Br, |) to probe electronic effects of substituents and axial ligands.*? In
addition, D parameters of Fe(TPP)Br and Fe(TPP)I have been determined by magnetic
susceptibility measurements.3>-37 For Fe(TPP)Br, D = 13.0(5) cm™ was reported
intially®® and later revised to 12.5(5) cm™ based on reanalysis of the data. For Fe(TPP)I,
the reported D = 13.5(5) cm-1.%7 Far-IR studies by Uenoyama gave D = 9.15 cm™ for
Fe(TPP)Br (Table 2.1).22 To our knowledge, ZFS of Fe(TPP)F has not been studied.
Although both molecules of Fe(TPP)Br (2) and Fe(TPP)I (3) have 4-fold symmetry, their
crystals are in the monoclinic system. Thus the rhombic parameter E in Eq. 1.1 is
required to explain ZFS properties of their crystalline samples. However, the earlier

determination of ZFS parameters by magnetic susceptibility measurements and far-IR
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Chart 2.1

OMe

X=F,Cl,Br,l
Fe(lll) protoporphyrin (IX) dimethyl ester halide
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did not determine the E values.3>%"Several experimental measurements, such as
magnetic susceptibility and HFEPR, that allow for the determination of the g-factor
require the use of a magnetic field, which prevents the direct measurement of zero-field
splitting (ZFS).

INS has been used to probe the magnetic properties of metal complexes,
especially excitations among low-lying energy levels.??-2344-47 For example, the low-lying
energy levels of magnetic clusters have been characterized by INS.7:2244-48 D for single-
molecule magnets MnsO3X(OAc)s(dbm)s [X = Br, Cl, OAc, and F] have been studied by
Gudel and coworkers to see how the D values change with the axial X~ ligands.?? The
state-of-the-art facilities at Spallation Neutron Source (SNS) at Oak Ridge National
Laboratory (USA) have made it possible to probe magnetic properties of nondeuterated
metal complexes in detail.*®¢ We have used the Cold Neutron Chopper Spectrometer
(CNCS)* at SNS to determine both the size and the sign of ZFS parameters D for
nondeuterated metalloporphyrins Fe(TPP)X [X = F (1), Br (2), and | (3)] as well as the
best fit E values for Fe(TPP)X [X = F (1), Br (2), and | (3)]. In addition, we have
calculated the electronic structure of Fe(TPP)X [X = F (1), Br (2), and | (3)] by multi-
reference ab initio methods to explore the origin of their D values of the ®A1 ground

state. A correlation is found between the increase of D and the decrease of the =- and
c-antibonding energies e;)f (A = o, m) in the series from X = F to |. Analysis of this

correlation using second-order perturbation theory expressions in terms of angular

overlap parameters allows us to rationalize the experimentally deduced trends.
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2.3. Results and Discussion
2.3.1. INS Studies

Peak position in INS spectra gives a direct measurement of the eigenvalues of
the spin Hamiltonian. When there is no external magnetic field and the compound is in
the tetragonal environment, the spin Hamiltonian is defined by a single anisotropy
parameter D and depends on the spin projection along z. The E parameter provides a
distortion which removes the axial symmetry, and introduces anisotropy in the xy plane.
For Fe(TPP)X, two magnetic INS peaks are observed, as discussed below. The D and
E parameters were then determined from the spin Hamiltonian in Eq. 1.1 using INS
data, as described below.

Simulated INS spectra were obtained by calculating the energies and
corresponding wave functions via exact diagonalization of the spin Hamiltonian
expressed in Eq. 1.1. These calculations can be used to get the INS intensity which is
proportional to the scattering function S*#(Q, w). The experimental and simulated INS
spectra are given for comparison.

In Fe(TPP)F (1), the Fe(lll) ion has a high spin (S = 5/2) configuration, and its
electronic ground state is split into three Kramers doublets: Ms = +1/2, +3/2, and £5/2
(Scheme 2.1). The spacings among the three doublets are 2D and 4D, respectively. In
the INS spectra of 1, a peak at 8.99 cm* was observed (Figure 2.1) at 1.6, 10, 50, and
100 K. This peak corresponds to the first excitation from the Ms = £1/2 to the Ms = +£3/2
states. Magnetic intensities are based on Boltzmann statistics. Therefore, as the
temperature is increased, the 2D peak decreases in intensity, as shown in Figure 2.1. In

addition, the first-excited states are populated with the temperature increase. The
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Figure 2.1. (Left) INS spectra of Fe(TPP)F (1) with incident neutron energy Ei = 24.20

cm?, Q = 0.5-1.3 At and a step size of 0.024 cm™. (Right) Theoretical INS spectra of an

S = 5/2 spin system with D = 4.49 cm-2.
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excitation from the first excited, Ms = +3/2 states to the second excited, Ms = £5/2 states
produced the second, 4D peak. This peak is observed at 18.05 cm, which is
approximately twice the energy (8.99 cm?) of the 2D peak. The intensity of the 4D peak
increases with temperature, indicating its magnetic origin. Analyses of the temperature
dependence of experimental and calculated intensities are given in Figures A.6-A.8).

INS may also give the sign of D for these S = 5/2 systems. Because the 2D peak
was observed at a low temperature before the 4D peak, the axial D parameters of these
complexes (X = F, Br, I) are positive. If D < 0, the ground state would be Ms = +5/2 and
the first peak observed at 1.6 K would be 4D (Scheme 2.1c).

In addition, peaks with negative energy transfers were also observed in INS.
When the temperature was raised to 10 K, a peak at -8.99 cm* appeared, indicating
that the incident neutrons gained energy from the sample in the INS process. In other
words, molecules at the £3/2 states in Scheme 2.1 returned to the ground +1/2 states,
transferring the energy to the neutrons. Thus, the ZFS parameters are D = 4.49(9) cm™?
and E = 0 cm. The error analysis is given in Figures A.5 and Tables A.1-A.2.

The E parameter in the monoclinic crystals of Fe(TPP)Br (2) leads to a change of
the energy levels in Scheme 2.1d. The transitions from Ms = +1/2 to +3/2 and from Ms =
+3/2 to +5/2 (E << D) are no longer 2D and 4D, respectively.” There is now an E
component inside these transitions that is not independent of D. Experimentally, the
energy of the 4D peak is very close to twice the energy of the 2D peak, demonstrating
this compound is close to the axial symmetry with a small E value (see Figure 2.4 to
view how E affects the energy levels of S = 5/2 compounds). The INS spectra of 2 are

given in Figure 2.2. The first and second magnetic peaks are located at +17.5 and 35.04

27



cm?, respectively. Thus, the ZSF parameters are D = 8.8(2) and E = 0.1(2) cm™.A
comparison of the temperature dependence of experimental and calculated intensities,
given in Figures A.11-A.13 in Appendix A, confirms the magnetic nature of the peaks.
Other peaks (~11.5 and 26 cm™) in the spectra have different linewidths. In comparison
to the magnetic peaks, they are broader and not well shaped. The differences suggest
that the peaks are not due to transitions from well determined energy levels but rather
from phonon density of states. This argument is confirmed by comparing how the
intensities of the peaks change with different Q ranges with low to high Q values. The
peaks at 11.5 and 26 cm! were identified as phonons as they have the greatest
intensities at high Q as shown in Figure A.14. It should be noted that, in addition to a
magnetic peak at 18.3 cm™ (Table 2.1), Uenoyama also observed the 11.5 cm™ peak,
which was not identified in the far-IR spectrum of 2.3 The error analysis is given Figures
A.9-A.13 and Table A.3.

Two incident energies had to be used to observe two magnetic transitions in the
INS spectra. An incident neutron energy of E; = 40.89 cm™ only displayed the first
magnetic peak at 26.8 cm (Figure 2.3a). At a higher incident energy E; = 97.35 cm™,
the second magnetic peak at 53.3 cm appeared (Figure 2.3b). Analysis of the INS
spectra for Fe(TPP)I (3) and the determination of ZFS parameters were analogous to
those for 2. The temperature dependence of experimental and calculated intensities is
shown in Figure A.17 in Appendix A. The second magnetic peak is broad and almost
overlaps with a phonon peak, meaning this magnetic peak is not as resolved as the first
due to the proximity of a phonon peak. Therefore, there is a larger error associated with

the use of this peak to calculate the D and E parameters. Eq. 1.1 gave the ZFS
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Figure 2.2. (Left) INS spectra of Fe(TPP)Br (2) with Ei = 40.89 cm, Q = 0.48-1.8 A

and a step size of 0.016 cm2. (Right) Theoretical INS spectra of an S = 5/2 spin system

with D =8.8 cmtand E =0.1 cm™.
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Figure 2.3. (a) INS spectra of Fe(TPP)I (3) with E;j = 40.89 cm™%, Q = 0.5-1.0 At and a step size of 0.024 cm®. (b) INS

spectra with Ei = 97.35 cm®, Q = 0.48-1.8 Al and a step size of 0.024 cm™.. (c) Theoretical INS spectra of an S = 5/2 spin

system with D = 13.4 cm*and E = 0.3 cm™.
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parameters D = 13.4(6) cm™ and E = 0.3(6) cm™. As with 2, the spectra for 3 also have
additional peaks with broad linewidths which were determined to be from phonon
density states. The presence of phonon peaks is confirmed by examining the Q
dependence of the peaks in Figures A.18-A.19. As expected, the phonon peaks are
more pronounced at high Q, while the magnetic peaks stay constant or decrease in
intensity. The error analysis is given Figures A.15-A.17 and Table A.4.

Both 2 and 3 have a small E value. This in turn translates into small variations of
the 2D and 4D peak positions. When the E parameter is small, there is little mixing of
the energy levels until E > 2 cm™ as observed in Figure 2.4. For example, in 3 with D =
13. 4 cm, changing from E = 0 to 0.3 cm™ leads to 0.58% increase and 0.11%
decrease in the positions of 2D and 4D peaks, respectively.

The D values for Fe(TPP)X [X = F (1), Br (2), CI** and I (3)] from the INS studies
are listed in Table 2.1. D values of Fe(TPP)X, determined by other methods, and Fe(lll)
protoporphyrin/deuteroporphyrin IX dimethyl ester halides are also summarized there.
Several methods gave D = 3.2-11.9 cm* for Fe(TPP)CI and 4.9-12.5(5) cm™ for 2. Our
INS studies®* gave accurate values for the complexes. It is also interesting to note that
the D values for Fe(TPP)X are similar to those of corresponding Fe(lll) protoporphyrin

IX dimethyl ester halides (Table 2.1).

2.3.2. Calculated Coordination Geometries
The geometries of the first-coordination spheres of the four Fe(TPP)X complexes
are square pyramidal (Figure 2.5) with four equatorial Fe-N and one axial Fe-X bond.

Structural parameters from X-ray data are well reproduced by the DFT geometry
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Figure 2.5. Structural view of the series of complexes as revealed by X-ray and neutron

diffraction studies and DFT geometry optimizations.
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optimization (Table 2.2). The set of Cartesian coordinates for each DFT optimized

structure are listed in Appendix A.

2.3.3. Multiplet Energies and the Zero-Field Splitting (D)

From CASSCF and NEVPT2 calculations for Fe(TPP)X at DFT-optimized
geometries we can conclude that all four complexes are in a A1 ground state. Quartet
(S = 3/2) excited states originate from the *G, “D, “F and “P states of the free Fe(lll) ion
split by the Cav ligand field in the complex. Energies of CASSCF and NEVPT2 of these
terms in the energy range below 50000 cm are included in Tables A.5 and A.6. From
all these, the states with the 4T1 cubic parentage split into “E and %Az terms. Their
mixing with the 6A1 ground state via spin-orbit coupling leads to splitting of its Ms = +5/2,
+3/2 and +£1/2 sublevels thus governing the sign and magnitude of the zero-field splitting
terms. From the three 4T1 cubic terms, only two yield essential contributions to D. Their
energies and calculated D values are depicted in Figure 2.6. Second-order perturbation

theory yields the following A1 ground state expression for D:

apy_Serp 11

] (Eq. 2.1)

with ¢ is the effective SOC constant and A(*A,) and A(‘E) are the energies of the “E

and %Az Cav sublevels of each 4T1 term.
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Table 2.2. Experimental (X-ray diffraction, X = F, CI, Br, I; neutron diffraction, X = CI) vs.

DFT structural parameters of the Fe(TPP)X [X = F (1), Br (2), Cl and | (3)] complex

series
X F () Cl Br (2) 1 (3)
X-ray DFT | X-ray®®/ | DFT X-ray®! DFT | X-ray® DFT
neutron
Fe-X (A) - 1.815 2.194/ 2.210 2.348 2.360 2.554 2.566
2.200
Fe-N (R) - 2.069 2.061
2.063 2.052/ 2.061 2.074 2.057 2.076 2.054
2.067 2.057 2.055
2.078 2.074
ZXFeN (°) - 104.10 102.94
102.78 | 100.99/ | 102.89 103.89 | 102.37 | 103.38 | 101.86
101.96 103.67 103.26
103.04 101.83
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Figure 2.6. Term energies from CASSCF and NEVPT2 calculations governing the sign
and magnitude of the A1 ground state D value of the series of Fe(TPP)X [X = F (1), ClI,

Br (2), 1 (3)] complexes; Color code: red-CASSCF, blue—NEVPT?2.
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From Eq. 2.1, it is evident that when the energy of the “E excited state is greater
than the “A: excited state (Figure 2.6) from the lowest cubic #T1 term, a positive D value
results, while if the energy of the excited states is reversed (“E < “Az) a negative D value
results. Because of the larger 4T1-6A1 energy separation for the second excited “T1
state, the positive term dominates and determines the positive sign of D for the entire
complex. Qualitative predictions of the positive sign of D for such coordination
geometries of Fe(lll) using angular overlap model consideration have been published.3

In Figure 2.7 and Table 2.3, we compare calculated and experimental values of
D. While the experimental trend D(F) < D(CI) < D(Br) < D(l) is well reproduced,
computed CASSCF values of D are about one order of magnitude (8-10) smaller than
the experimental values. This can be attributed to the ionic nature of the CASSCF wave
functions where metal-ligand covalence is largely underestimated. In agreement with
these results, dynamical correlation accounted for by NEVPT2 improves the quantitative
agreement with the experimental data, now D(NEVPTZ2) values differing by a factor of 3-
4 compared with the experimental ones. This will be thoroughly discussed in a separate
section below. The changes from the CASSCF to NEVPT2 results are reflected by the
drop down in energy of the A2 and “E lowest excited states by as much as 10000 cm
and by about half this amount for the second excited state of the same Cav symmetry.
The trends in D across the series are nicely reflected by the concerted lowering of the
transitions energies from F to | in the series. The contributions to D from the two 4T
states (Tables A.5 and A.6 in comparison with Eq. 2.1) show that the improvement of
the D parameters upon NEVPT2 corrections is largely dominated by the lowest 4T1 term

and the lowering of the excitation energy to “Az (by about 10250 cm™) which exceeds
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Figure 2.7. Calibration between experimental and CASSCF/NEVPT2 calculated values
of the zero-field splitting parameter D for the Fe(TPP)X series; D (exp, INS) = 8.326

D(CASSCF) + 0.997, standard deviation = 0.18 cm; D (exp, INS) = 4.625 D(NEVPT?2).
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Table 2.3. Metal-ligand bonding and electron repulsion parameters for the Fe(TPP)X [X = F (1), CI, Br (2), | (3), DFT
optimized structures] series (cm) from ab initio ligand field analysis and a best fit of the angular overlap model to the
CASSCF/NEVPT2 (CAS(5,5) active space) quartet excited state energies; For the sake of comparison values of the

calculated and experimental (in parenthesis) ZFS parameter D (cm™?) are listed

X F (1) Cl Br (2) 1 (3)
Ligand field CASSCF | NEVPT2 CASSCF NEVPT2 CASSCF NEVPT2 CASSCF NEVPT2
parameters (C%)®
e: 6260 7355 4200 5348 3358 4501 2798 4055
(15) (21) (25) (31)
e;( 2340 2625 1177 1287 843 873 523 474
(11) (8) 3 (-10)
e,',“ 5650 6058 5784 6266 5862 6372 5930 6467
(1) (8) (8) (8)
B 1145 1032 1127 1023 1122 1022 1114 1018
(B/Bo) 0.88 0.83 0.87 0.82 0.86 0.82 0.85 0.82
C 4297 4698 4231 4735 4219 4761 4197 4800
(CICo) 0.89 1.05 0.87 1.05 0.87 1.06 0.87 1.07
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Table 2.3. Continued

X F (1) Cl Br (2) 1 (3)
Ligand field CASSCF | NEVPT2 CASSCF NEVPT2 CASSCF NEVPT2 CASSCF NEVPT2
parameters (C%)°
¢ 436 436 429 429 415 415 392 392
(41¢0) 0.92 0.92 0.91 0.91 0.88 0.88 0.83 0.83
D (calc) 0.45 1.54 0.59 1.98 0.96 2.60 1.48 3.45
D (exp, INS) 4.49(9) 6.33(8) 8.8(2) 13.4(6)

N

2 parameterization was done under the following simplifying assumptions: e = e" =

Tc

b Percentage covalence C%, defined as {[e4(NEVPT2) - e,(CASSCF)]/es(NEVPT2)} x 100 (A = o, n), is listed in brackets.

(See Ref. 80, p. 187 for details.)

¢ Nephelauxetic ratios of the Racah parameters B, C and the spin-orbit coupling parameter ¢'in the complex with respect

to the computed values Bo, Co, and & for the free Fe(lll) ion: 1301,4844, 472 (CASSCF) and 1240, 4490, 472 cm'?

(NEVPTZ2), respectively.
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the energy lowering of the higher, excited “E state (by about 7800 cm™). This is a
differential correlation effect which increases with Fe-X covalence increasing in the
series F, CI, Br, and I.

A calibration of the CASSCF and NEVPT2 values of D allows one to predict the
experimental D starting from the computed ones. The latter are compared with the
experimental D values in Figure 2.7. A least-square fit between the experimental and

the theoretical D values leads to the following expressions:

D (exp, INS) = 8.326 D(CASSCF) + 0.997 (cm™Y) (EqQ. 2.2)

D (exp, INS) = 4.625 D(NEVPT2) - 2.8255 (cm-L) (Eq. 2.3)

with a standard deviation of 0.18 cm between the two data sets.

2.3.4. Metal-Ligand Bonding of the CASSCF and NEVPT2 Many-Electron States
and the Correlation with D
Bonding in Fe(TPP)X is governed by two types of donors — The equatorial
nitrogen of the TPP and axial X ligands. Angular overlap expressions (Angular Overlap
Ligand Field Analysis) for the energies of 3d-type MOs in the simple case of square-

pyramidal FeNsX with ligands at the x,y and z axes are given by:

e(bI’ de—yZ) = 3e¢,7\l

e(a,d,,)=eX +e —4ell —eX +4(elel)"? (Eq. 2.4)

e(e,d, ) =¢e" +2e"

Xz,yz
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e(b,,d,,) =4e,

l

Two sets of parameters ¢ , e and e, ¢* are introduced to account for ¢ and =-

N
ll

antibonding, with ¢, and e], describing iron-nitrogen in- and out-of-plane n-

interactions, respectively. The parameters e)| and e}, account for the stabilization of the

dz2 orbital due to partial hybridization with the 4s one. The mixing of these two orbitals is

induced by the fourfold symmetry where both orbitals are of the a1 type. Since the N

N
ll

atoms of the porphyrin ligand do not possess electrons for in-plane n-bonding, €, can

be safely set to zero. Even so, one is left with six parameters from which only three are
independent in the given point group. To achieve further realistic approximation to
reduce the number of parameters we considered a Fe(TPP)* complex without the X

atom. For such a complex (Dsh symmetry), Eq. 2.4 is simplified to:

e(bl’ dx2—y2) = 3821

e(a,,d,,)=e" —4el} (Eq. 2.5)
e(e!dxz,yz) = zezl;lL
e(b,,d,,) =0

Abestfitof e, e and el and B to energy eigenvalues from CASSCF

calculations of a Fe(TPP)* model complex resulted, respectively in values 5725, 99,

1289 and 990 cm*. These results show that while keeping to an approximate CASSCF
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wavefunction e can be safely neglected. We thus arrive at a model with three
parameters e/, eX and e, where e}, and e}, have been neglected. Parameters ¢!, ¢
and e and B have been obtained from a best fit to energies from CASSCF and

NEVPT2 calculations for transitions from the 6A; ground into the S = 3/2 excited states
(Table 2.3). In this procedure, the detailed angular geometry as given by the DFT
structure optimizations was taken into account. While the energy of the Fe-N
antibonding e is almost constant between the various members, ¢* and ¢* decrease
across the series from F to | and thus correlate with the increase of D in the same
direction (Figure 2.8). The bonding parameters from Table 2.3 have been used to
deduce the ligand field splitting pattern of the 3d-MOs (Figure 2.8) which we in turn
employ to rationalize D vs e’ and e correlation. According to Eq. 2.1, the value of D is
dominated by contributions from “E and “A, terms for the lower and the upper 4T,

states. All four transitions are governed by increase of interelectronic repulsion when

going from the A, ground state (five unpaired electrons on each 3d MO) into excited

states with electronic configurations, where one orbital becomes doubly occupied (an

energy which equals roughly 10B + 6C for both “T, states). Excitations from the ¢A;
ground state into the lower “E and #A, pair correspond to e — t, transitions with a gain

of ligand field energy (ligand field de-excitation). As illustrated in Figure 2.9 (middle left),

this gain is larger for the %A, state than for the “E state, leading to an energy ordering
A(*E) > A(*A,) and, according to Eq. 2.1, a positive contribution to D. Transitions to the
upper 4T, state are of the t, — e type. Therefore, when exciting from ¢A,, they are
adding energy to the 10B + 6C term. According to Figure 2.9 (middle, right), a A(*E) <
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A(*A2) term sequence for the upper “T: state leads to a negative contribution to D.
Coming from a lower lying transition, positive contributions to D clearly dominate and
determine the overall sign of D. With e and e decreasing across the series X = F to |,
Both %Az, the lowest excited state, and “E, the second excited state, become lower in
energy. However (Table A.5), the changes of the energy of “A2 dominate over those of
“E and are mainly responsible for the observed increase in D. As shown in a
comparison between the CASSCF and NEVPT2 results in Tables A.5 and A.6, the

effect is enhanced when taking dynamical correlation into account.

2.3.5. Magnetic Anisotropy (D) and Metal-Ligand Covalence in the Fe(TPP)X

Series

Changes in covalence in 3d complexes affect D: (1) Decrease in the spin-orbit
coupling (SOC, quantified by ¢) reduces D (Eqg. 2.1); (2) Reduction the interelectronic
repulsion (quantified by the Racah parameters B and C) with respect to the free ions
(non-relativistic and relativistic nephelauxetic effects, respectively) increases D. Ab initio
ligand field analyses clearly manifest a decrease of B and ¢ across the series (Table
2.3, CASSCF/NEVPT2 results) reflecting the expected increase of metal-ligand
covalence from F to I, as shown in Figures A.20. It is worth considering these two

effects on D separately.

2.3.6. Effect of Spin-Orbit Coupling (SOC) on D
Desrochers and coworkers studied ZFS in 4-coordinate Csv Ni(ll) complexes

Tp*NiX [Tp* = hydrotris(3,5-dimethylpyrazole)borate; X = Cl, Br, I] by HFEPR, reporting
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D = +3.93(2), -11.43(3), -22.81(1) cm™, for X = Cl, Br, I, respectively, forthe d® S =1
complexes.>* Studies by the Angular Overlap Model (AOM)>* and wave-function-based
ab initio methods®® show that the final signs and magnitudes of D parameters here are
mostly determined by the metal-ligand covalency and low symmetry in the scorpionate
complexes. These 4-coordinate, d® Ni(ll) complexes are more covalent than the 5-
coordinate, high spin d® Fe(TPP)X in the current work. Theoretical studies of [NiXa]?~ (X
=F, CI, Br, 1) also showed the increasing contribution of intra-ligand spin-orbit coupling
to ZFS from F, Cl, Br to | in [NiX4]?", leading to a sign reversal, between Br and I, of the
spin-orbit splitting within the t2-orbitals of Ni?* ions.%® Being relatively more ionic, the
effect of the intrinsic spin-orbit couplings of the heavier ligands on D in the Fe(TPP)X
series is not as strong as the one in the Tp*NiX or [NiXs]?~ complexes. In other words,
the {Fe''-X'}" — {Fe'-X*}’ charge transfer is much higher in energy than {Ni"-X}!° —
{Ni'-X*}1° so that the large SOC of I- cannot affect D considerably. Although the N atoms
(on the porphyrin ligand) and halides X in Fe(TPP)X are involved in strong ¢ bonding

with Fe(Ill) (as quantified by the parameters ¢ and ¢* in Eq. 2.4), there is no first-order

spin-orbit coupling in the 8A1 ground state. Thus the impact of all these factors on the

ZFS of the Fe(TPP)X series is not as large as in the Ni(ll) complexes.

2.3.7. Effect of the Nephelauxetic Reduction of B and Con D

D values of axial Fe!" complexes are generally underestimated by both CASSCF
and NEVPT2 methods. Correlation effects in the S = 5/2 ground state and S = 3/2
excited state are quite different. Dynamical correlation in the latter states is much more

pronounced and is largely underestimated at both the CASSCF and NEVPT2 level of
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theories. This differential correlation effect results in inter-electronic repulsion
parameters B and C distinctly larger than ones deduced from experiment. This leads to:
(a) A larger gap between the A1 ground state and the *A2/*E excited states; (b) Small
values of D according to Eq. 2.1. To quantify the effect we have adapted the angular
overlap model with parameters from Table 2.3 and studied the dependence of D on B,
while keeping the ratio C/B unchanged. A model calculation for Fe(TPP)CI as an
example shows a dramatic increase of D when lowering B (Figure 2.10). Such
(nephelauxetic) reduction of B is a measure of metal-ligand covalence. The rather large
values of B deduced from the multireference ab initio calculations (1000-1100 cmt)
reflect the rather ionic CASSCF wavefunctions. Due to this ionicity, the nephelauxetic
reduction of B is largely underestimated at the ab initio level. The effect can be
guantified by getting B that reproduces D from the INS work. Adapting again the angular
overlap model with same values of the parameters for the complexes (Table 2.3,
NEVPT2 set), we obtain B = 579 (F), 557 (Cl), 540 (Br), and 518 (1) cm™. In other
words, they are twice as small as their ab initio counterparts (both CASSCF and
NEVPT2, Table 2.3). Taking this result with precaution (owing to the model character of
the given considerations), we can conclude that the reduction of B is largely governed
by the TPP ligand and further modified by the covalence of the Fe-X bond increasing
from F to I. Finally, the large reduction of the parameters B deduced from the INS data
implies a shift of the electronic transitions 6A1 — 4A2 (*T1) and %A1 — 4E (*T1) from their
ab initio values [NEVPT2: 11135 and 20006 (F) to 8960 and 16089 cm- (l), Table A.6]
to the near-IR and IR regions [explicitly: 4738/8878 (F), 3685/9035 (Cl), 2738/7652 (Br),

and 1719/6135 (1)]. Thus these transitions are falling down in energy below the Soret
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Figure 2.10. Variation of D with B for Fe(TPP)CI taken as a model example. The figure
has been constructed using the AOMX program package with model parameters set

(NEVPTZ2) from Table 2.3. A C/B ratio of 4.63 has been adapted using the same data.
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(= 24000 cm™) and Q-bands (16000-20000 cm™)%7 n-n* absorption region. This opens

an interesting perspective for their spectroscopic characterization.

2.4. Conclusions

Zero-field splittings in Fe(TPP)X [X = F (1), Br (2), | (3)]have been studied by
inelastic neutron scattering, providing a rare, complete determination of ZFS parameters
in a metalloporphyrin halide series. Ligand field analysis of the ab initio data show that
the relatively large D values for these complexes is due delocalization of the ¢ d-
electrons on the TPP ligand, which lowers the parameter B and reduces the energy gap
between the ground ®A: ground and the #A:z excited state. The trend of the increase in
D, from X = F, Cl, Br, to I, is further correlated with the increase in the covalency of the
Fe-X bond in the same order. Ab initio multireference electronic structure calculations
and their ligand field analysis allow one to relate the increase in the D values with the
lowering of the energy gap between the A1 ground state and the 4T1 lowest excited
state. This lowering is attributed to the weakening of both the ¢ and the = antibonding
interactions between the Fe(lll) ion and the axial halide ligand. Quantitative
magnetostructural correlation were derived between D and the angular overlap model
parameters e and er, characterizing the bonds of iron(lll) ion to the axial ligands.

Single-ion magnets (SIMs) are of intense current interest. There is a significant
debate regarding the strategy for the design and synthesis of SIMs. To rationally design
SIMs, key factors dictating the sign and magnitude of D values in metal complexes need
to be identified. The current work not only reports ZFS parameters by inelastic neutron

scattering for the 5-coordinate halide complexes but also identifies key factors that
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determine the sign and magnitude of D values in these Fe'" single ion complexes.
An important point we learn from the current study is that, for square pyramidal 5-
coordinate high-spin d® complexes, D may become negative if the equatorial ligand

donors are weaker than the axial one.

2.5. Experimental
2.5.1. Synthesis of Fe(TPP)X

Fe(TPP)X [X =F (1), Br (2), | (3)] were prepared by following a literature
method®>® with modifications. Since only general procedure for the synthesis of several
metalloporphyrins is available in the literature,3>4258 details of our syntheses of
Fe(TPP)X [X = F, Br, I] are given in Appendix A. The overall synthesis is shown in
Scheme 2.2.

Air-stable solid products of Fe(TPP)X [X = F, Br, 1] were characterized by UV—
visible spectroscopy (Figure A.1) and powder X-ray diffraction (Figures A.2-A.4).
Powder diffraction patterns were obtained on the PANalytical Empyrean diffractometer
using Cu Ka radiation (A = 1.5418 A) with samples of 1-3 on a zero-background plate
holder. Powder X-ray diffraction of 1 is consistent with the simulated pattern predicted
from the single-crystal X-ray diffraction data of Fe(TPP)CI (Figure A.2).5° We could not
use the reported single-crystal X-ray structure of 1, as some key data are not
available.®® The reported crystal structure does, however, indicate that the solid sample
is in the tetragonal system,®® as the crystal structure of Fe(TPP)CI.%° Indexing of our
powder X-ray diffraction data from 1 sample by the McMaille method also yielded the

same tetragonal cell.®°
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Scheme 2.2. Synthesis of Fe(TPP)X [X =F (1), Br (2), | (3)].
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The powder X-ray diffraction of the Fe(TPP)Br (2) sample is consistent with the
simulated pattern from the single-crystal X-ray diffraction data of 2,561 indicating that
the solid sample is in the monoclinic crystal system. It should be noted that Skelton and
White originally reported the structure in P21/c [a =10.191(2), b = 16.121(5), ¢ =
23.223(4) A, B = 115.34(1)°].5! This space group could be converted to
P21/n.51 Conversion by the matrix and software at
http://lwww.cryst.ehu.es/cryst/celltran.html (using a primitive P cell) yields P2i/n, a =
10.191(2), b = 16.121(5), ¢ = 20.990(4) A, B = 90.69(1)°. The powder X-ray diffraction of
the 3 sample is consistent with the simulated pattern predicted from the single-crystal X-
ray diffraction data of 3 [P21/n, a = 10.118(3), b = 16.352(4), ¢ = 21.211(7) A, B =
89.56(2)°],%? indicating that the sample is also in the monoclinic crystal system. Because
INS peaks other than the two expected magnetic transitions were observed for 2 and 3
as discussed below, elemental analyses of the two samples were performed (Appendix
A), confirming the purity of the samples. Attempts to obtain mass spectra of Fe(TPP)X
[X = F, Br, 1] by MALDI/TOF (matrix-assisted laser desorption ionization time-of-flight)
led to the observation of Fe(TPP)*, indicating dissociation of the Fe—X bonds during the

mass spectroscopic process (Appendix A).

2.5.2. INS Studies of Fe(TPP)X [X = F (1), Br (2), | (3)]

The INS measurements were carried out on the CNCS which is a direct
geometry, time-of-flight spectrometer that receives a beam from a coupled cryogenic H2
moderator.*® For energy selection, the CNCS employs four chopper assemblies. The

speeds and slit widths of the choppers can be varied, allowing adjustments in the
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instrumental resolution and intensity of the incident beam. Approximately 500 mg of
each sample was loaded into a ¥2-inch-thick aluminum tube. The three tubes, containing
Fe(TPP)X [X =F (1), Br (2), | (3)] each, were placed in a sample holder. The sample
holder was mounted in a standard liquid helium cryostat with a base temperature of T =
1.6 K. An oscillating radial collimator was used to reduce background scattering form
the tail of the cryostat. Vanadium was used as a standard for the detector efficiency
correction.

The incident neutron energy for every measurement was chosen to cover the
anticipated region of interest in both the energy E and scattering-vector Q space.!® 2!
The small incident energy is especially important to observe excitations near the elastic
peak (at energy transfer close to 0 cm?) as the full-width-at-half-maximum (FWHM) of
the elastic peak, which is typically 1.5-2% of the incident energy, would be narrow,
giving better energy resolution.

For 1, measurements were performed at 1.6, 10, 50, and 100 K with incident
neutron beam energies E; = 24.20, 40.89, and 97.35 cmL. For 2 and 3, measurements
were performed at 1.6, 10, and 50 K with E;j = 24.20, 40.89, and 97.35 cm-*. It took
approximately 24 h to run the 3 samples at various temperatures and incident neutron
energies. Data were then reduced and analyzed using the DAVE (Data Analysis and

Visualization Environment) program package.®?

2.5.3. Computational Details
Although the crystal structures of Fe(TPP)X [X = F (1),%° CI,%0 Br (2),° and | (3)%7]

complexes have been reported, only atomic coordinates for the structures of X = Cl, Br,

53



and | are available. In addition, the structure of X = Cl is disordered.>? Therefore, for the
sake of our analysis, we have used DFT geometries for all four complexes. Calculations
for the available experimental structures show no major differences (Table A.7). DFT
geometry optimization of all four complexes Fe(TPP)X [X = F (1), CI, Br (2), | (3)]
complexes was done with the BP86 functional and def2-TZVP basis sets. van der
Waals correction for non-bonding interactions were included following Grimme.53-64
Because of the participation of heavy ligands to the coordination sphere of Fe3* scalar
relativistic corrections were included with the Douglas-Kroll-Hess method along with
appropriate basis sets.%® Structural parameters from these computations are compared
with X-ray data in Table 2.2.

The d° configuration of Fe'' gives rise to one S = 5/2 ground (6 microstates) and
to 24 S = 3/2 (96 microstates) and 75 S = 1/2 (150 microstates) electronically excited
states. Because the SOC operator connects only AS = 0, £1 and AL = 0, +1 states, the
spin-components of the S = ¥ states do not couple to the S = 5/2 ground state and
have been neglected. Non-relativistic energy levels and wave functions have been
computed using the Complete-Active-Space-Self-Consistent Field (CASSCF) method, ¢
averaging over the electron densities of all considered states and taking an active space
with 5 electrons distributed over the 5 3d-MOs (CAS(5,5)). Dynamical (short range)
correlation effects were accounted for by using N-Electron Valence Perturbation Theory
to Second order (NEVPT2).67-"1 The effect of NEVPT2 on the energy levels is to replace
the diagonal matrix elements of the configuration interaction (Cl) matrix given by
CASSCF by improved diagonal energies. Such a replacement provides more accurate

(but still approximate) energetics while keeping to the same (zeroth order) CASSCF
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wave functions. CASSCF and NEVPT2 methods have been efficiently implemented in
the program package ORCA’? and allow computations on real systems (without
necessity of model truncations) with unprecedented size (up to 100-200 atoms, 2000
contracted basis functions). From the resulting energies of many-electron states spin-
Hamiltonian parameters were computed applying a computational protocol described
elsewhere.”® To this end, spin-orbit coupling (SOC) was taken into account using a
mean-field spin-orbit coupling operator.’#’> Spin-orbit mixing of non-relativistic Cl
eigenfunctions and splitting of the corresponding eigenvalues are accounted for by
Quasi Degenerate Perturbation Theory (QDPT).”® In these, as well as in the correlated
calculations triple-¢ valence quality basis sets (def2-TZVP)’%7” were used. Ground state
ZFS parameters have been computed by diagonalizing the state interaction SOC matrix
non-perturbatively using effective Hamiltonian theory. CASSCF and NEVPT2 energies
for the lowest 17 excited states are listed in Tables A.5 and A.6.

Metal ligand antibonding energies have been derived using the angular overlap
model (AOM)"87° of the ligand field with parameters which have been obtained from a
least squares fit to 5x5 ligand field matrices resulting from the ab initio ligand field theory
(AILFT) method.8%8 Inter-electronic repulsion between the 3d-electrons has been
modelled in terms of two Racah parameters B and C. AOM calculations were carried

out with the AOMX program.8?
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Chapter 3

Direct Determination of Magnetic
Excitations in SMMs by Inelastic Neutron

Scattering
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This author helped collect the INS data on (A)2[Co(NOs3)4] [A = PhaP* (4), MePhsP* (5)
and PhsAs* (6)] at CNCS and conducted the analysis of the INS data. In addition, she
compared the INS results with other data (HF-EPR and magnetometry measurements).
This author interpreted the differences in relaxation processes in
(PPh4)2[Co(NOs3)4]-CH2Cl2 (4) and (MePPhs)2[Co(NOs)4] (5) using the AC susceptibility
measurements and INS data. The magnetometry and HF-EPR studies, conducted by
the co-authors, are included in this Chapter to fully understand the project and add

context to the INS work presented here.
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3.1. Abstract

Inelastic neutron scattering (INS) has been used to probe magnetic excitations in
several mononuclear complexes: (1) SMMs (A)2[Co(NOs3)4] (A = Ph4P*, 4; MePhsP*, 5)
and non-SMM (PhsAs)2[Co(NO3)4] (6); (2) SMM [Co(12C4)2](13)2(12C4) (12C4 = 12-
crown-4)] (7); (3) SMMs Co(acac)2(D20)2 (8-d4) and Co(acac-d7)2(D20)2 (8-d1s); (4)
SMM Er[N(SiMe3)2]3 (10). The magnetic excitations U = 2(D? + 3E2)Y2 for 4-6, 7, 8-d4
and 8-dis and m; (KDground to KDexcited; KD = Kramers doublet) for 10 have been
determined by INS through the following methods: (1) Temperature dependence; (2) |Q|
dependence; (3) Diamagnetic control; (4) Application of an external magnetic field. The
|Q| dependence to determine magnetic excitation is unique to INS. These studies
represent the first in the United States to determine magnetic excitations in SMMs by a
variety of neutron instruments such as the Disk Neutron Chopper Spectrometer (DCS)
at the NIST Center for Neutron Research and Cold Neutron Chopper Spectrometer
(CNCS) and Vibrational Spectrometer (VISION) at Oak Ridge National Laboratory
(ORNL). The main findings of this work include the following: (1) Use of magnetic fields
to determine large magnetic separations (>40 cm). (2) Direct determination of
separations in protonated SMMs such as single crystals of 7. The use of the single
crystals improves the data quality by reducing broadening of the magnetic peak typically
observed in powder samples as a result of different orientations of the powders inside
the magnetic fields. (3) Probe of the origin of spin-phonon entangled peaks with |Q]|
dependence. INS has been underutilized to determine magnetic separations in SMMs.
Studies of several different SMMs with varying magnitudes of magnetic separations

here demonstrate how to best study these compounds with INS.
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3.2. Introduction
3.2.1. Methods to Probe SMMs with INS

There exist many challenges in identifying magnetic excitations with
spectroscopic methods, including the overall weakness of expected magnetic
contribution and identifying the magnetic peak amongst many phonon peaks. Inelastic
neutron scattering (INS) is a unique, direct probe to study magnetic excitations in
complexes of both d-822:4583-91 gnd f-metals.®>%8 In INS, magnetic excitations can be
determined by a variety of methods: (1) Temperature dependence; (2) |Q| dependence;
(3) Diamagnetic control; (4) Application of an external magnetic field. One challenge
that is relevant solely to INS is the strong incoherent scattering from H atoms in ligands
of metal complexes. However, with a combination of the aforementioned techniques
INS can reveal the magnetic excitations in the complexes. The observation of the
magnetic excitations in SMMs is particularly significant.

The use of temperature dependence and diamagnetic controls has been
previously utilized as a method to distinguish magnetic excitations in INS. For example,
deuterated carbonate-bridged lanthanide (Ho and Er) triangles were synthesized along
with the diamagnetic Y analogue (for comparison of phonon background) to find the
magnetic excitation with variable temperatures.®? These excitations were found to be
<24 cm™ (3 meV). Magnetic and phonon peaks exhibit different temperature
dependences. The Bose correction has been used to reveal the magnetic excitation by
INS of a Co"-Y" dinuclear SMM.8 A peak at ~95.2 cm* was determined to show the
greatest intensity drop between 4 and 100 K and therefore assigned to be a magnetic

excitation.
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Upon increasing the temperature, the intensity of the magnetic excitation will
decrease according to Boltzmann statistics whereas phonon peaks should remain
consistent with temperature. Often the Bose-correction (f,orrectea (E), EQ. 3.1) is used to

eliminate any temperature dependence of the phonon peaks.

fcorrected(E) = L_ZE X f(E) (Eq 3-1)
1+exp( )

where E is the energy, kp is the Boltzmann constant (= 0.6950476 cm/K), T is the

temperature, and f(E) is the uncorrected intensity of the INS data.

|Q| dependence has been used to probe a deuterated sample of a Th-Cu di-
nuclear SMM.®3 Magnetic intensity falls off with increased Q as scattering of the
unpaired electrons in the outermost electronic orbitals in reciprocal space decreases.
Therefore, peaks of magnetic origin decrease in intensity with increased Q. In contrast,
peaks of vibrational origin increase in intensity with increased Q. However, strong
incoherent scattering from samples containing non-deuterated complexes may smear
out Q dependence of the magnetic peaks and instrumentation constraints might limit the
accessible Q range, leading to roughly constant intensities of the magnetic peaks
throughout the observable Q range in the samples.

There are few examples of using INS to determine magnetic excitations in
mononuclear SMMs.%%:97 The current methods based on diamagnetic controls and

temperature dependence, to probe magnetic excitations by INS, are not always
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successful. For example, INS was unsuccessful at determining the magnetic excitation
of an Yb3* SMM.'® The authors attributed this to overall weakness of the expected
magnetic contribution and background contributions from H atoms.® Often Q
dependence studies require deuteration of the SMMs, especially >50 cm* where
phonons are prominent.

One unexplored area is combining magnetic fields with INS to study SMMs.
While magnetic transition would be subjected to the Zeeman effect and therefore will
shift in energy with field, phonons for the most part will remain unchanged (if there are
no spin-phonon coupled peaks). INS with field is still not a routine measurement as, to
our knowledge; no example of measurements on a mononuclear SMM has been
reported. Early work includes the archetypical polynuclear Mni2Ac SMM which has a
magnetic excitation <11.3 cm™.% It is often challenging to determine magnetic peaks at
higher energies due to the prevalent phonons. These measurements are needed, as
they are a critical part to understanding the properties of SMMs.

A variety of mononuclear SMMs including (1) (A)2[Co(NO3)4] [A = PhaP* (4),
MePhsP* (5) and PhsAs* (6)]; (2) [Co(12C4)2](13)2(12C4) (12C4 = 12-crown-4, 7); (3)
Co(acac)2(D20)2 (8-d4) and Co(acac-d7)2(D20)2 (8-dis) and (4) Er[N(SiMes)2]s (10) have
been probed to examine how INS can be used to study SMMs with magnetic excitations
at a variety of energy ranges. Different neutron spectrometers and sample
environments have been explored to address the current challenges of using INS to
magnetic excitations. Non-deuterated and deuterated samples as well as powder and
single crystals have been studied to reveal the full potential of neutron scattering, as, at

current, INS measurements are not routine.
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3.2.2. Instrumentation in INS

There are two types of time-of-flight inelastic scattering instruments for INS,
direct and indirect geometry spectrometers (Scheme 3.1). Cold Neutron Chopper
Spectrometer (CNCS, Oak Ridge National Laboratory,*® Oak Ridge, TN) and Disk
Chopper Spectrometer (DCS,1%° NIST National Center for Neutron Research,
Gaithersburg, MD) are examples of direct geometry instruments in the United States.
Vibrational Spectrometer (VISION,°1 ORNL) is an example of an indirect geometry
instrument. Each type of the spectrometers has advantages and disadvantages as
summarized below.

A direct geometry spectrometer has a fixed incident energy E; and the energy
transfer between the neutrons and the sample is obtained by measuring scattered
intensity as a function of E:.?! E; is defined by a chopper that selects a single energy
from an incident white beam and Er is measured by time-of-flight.1°2 There are a large
number of detectors (array) at different scattering angles enabling a wide range of (Q,w)
space to be measured.

As an example, CNCS routinely accesses Ei between 8 and 400 cm™ (1 and 50
meV) with an energy resolution between 2 and 3% of E; at the elastic line.'%® In addition,
the Q range between 0.05 and 10 A gives access to smaller Q.

Direct geometry instruments can also be paired with external magnetic field in
the sample environment. For example, CNCS can reach fields up to 8 T,1%4 while DCS

upto10T.
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Scheme 3.1. (Top) Depiction of direct (left panel) and indirect geometry (right panel)
instrumentation. (Bottom) Representation of trajectories in (Q, w) space for a direct
geometry spectrometer with detectors at angles between 3° and 135° (red lines).
Indirect geometry spectrometer with scattering angles of 45° and 135°, forward

scattering and backscattering, respectively (blue dashed lines).
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Indirect geometry spectrometers rely on a fixed Er by a crystal or filter while E; is
measured by time-of-flight of neutrons arriving on a small detector area.'® Es is usually
specified to be small in energy (~28.2 cm™ for VISION). Neutrons spread out in time
traveling from the source to the sample arriving at times that relate to the incident
wavelengths. This technique gives energy of 0-4000 cm™ and Q ~2-13 A1 (0.48-3.1 A).
The energy resolution of <1.5% AE/E is not determined by E; as is the case with direct
geometry instruments.?%101 While these instruments have good energy resolution, the
exchange is a fixed trajectory through Q space.'® For most energy transfers, Ei is much
larger than Es. Thus, the momentum transfer Q is almost equal to ki irrespective of the
scattering angle. Therefore, the Q value is dependent on E giving the relationship: E =
16.7Q2.2° VISION has two banks of analyzers with two different scattering angles, one
at 45° (forward scattering) and another at 135° (backscattering) giving two spectra per

run.

3.2.3. (A)2[Co(NO3)4] [A = PhaP* (4), MePhsP* (5) and PhsAs* (6)]

Three mononuclear Co(ll) nitrate complexes (A)2[Co(NOs3)4] (Figure 3.1) with
different counter-cations, Ph4P* (4), MePhsP* (5) and PhsAs* (6) have been studied by
X-ray crystallography, magnetic measurements, INS and HF-EPR. The X-ray diffraction
studies showed that the structure of tetranitrate cobalt anion varies with the counter-
cation. 4 and 5 have highly irregular seven-coordinate geometries while the central
Co(ll) ion of 6 is in a distorted dodecahedral configuration. These complexes are S = 3/2
systems with a magnetic separation equal of U = 2(D? + 3E?)Y2 (Scheme 3.2). Several

seven-coordinate Co(ll)-SIMs in the distorted pentagonal bipyramid geometry have
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Scheme 3.2. (a) ZFS energy diagram, D > 0 with the application of a magnetic field. (b)

ZFS energy diagram, D < 0 with the application of a magnetic field. U = 2(D? + 3E?)'2,
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been reported to exhibit large positive anisotropy.1® Due to the limited number of known
high-coordinate SMMs based on d-block ions, it is highly desirable to have more
examples of high-coordinate SMMs in order to get an insight into the relationships
between the coordination environment, local symmetry, magnetic anisotropy, and
dynamic magnetic properties of SMMs.

Inelastic neutron scattering (INS) has been used to probe the magnetic
properties of metal complexes, especially excitations among low-lying energy
levels.?4.106-107 Most of the INS studies were limited to paramagnetic metal
clusters,18:22:44.106-107 gnd few reports have been published on mononuclear metal
complexes®47-48.108 including one Co(Il)-28 and Re(IV)-based SIM. INS has been
conducted here to directly measure U = 2(D? + 3E?)2, determine the sign of D, and

study the phonons near the ZFS peak.

3.2.4. [Co(12C4)2](13)2(12C4) (12C4 = 12-crown-4) (7)

[Co(12C4)2](13)2(12C4) (12C4 = 12-crown-4) (7), an eight-coordinate Co(ll) SMM
(D < 0), was previously reported to exhibit slow magnetic relaxation (Figure 3.2).17 This
compound was the first eight-coordinate 3d mononuclear complex classified as an SMM
(with applied DC field of 500 Oe).” Typically, low-coordinate SMMs are more desirable
because the d orbitals have a small separation between electronic ground and excited
states allowing SOC to take place.>8110 The ZFS diagram, for this S = 3/2 system
under the perturbation of field is shown in Scheme 3.2b.

Previously, the DC magnetic susceptibility measurements was fit using the spin-

Hamiltonian (Eq. 1.1) to yield D = -37.6 and E = 0.1 cm™.%7 In addition, field-dependent
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Figure 3.2. Structure of the cation, [Co(12-crown-4)2]?*, showing the local Cs axis

indicated by the black arrow.
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magnetization was performed at applied magnetic fields of 1-7 T and temperatures
between 1.8 and 5.0 K. Modeling the data with Eq. 1.1 gave D =-38.0 cm™ and E= -
0.75 cm. To determine the sign of D, HF-EPR of 7 was collected between 100 and 700
GHz (3.3 and 23.3 cm™!) with magnetic fields from 0 to 25 T.%” These results were
consistent with a large negative D (transition between the +3/2 is forbidden since AMs =
3; Scheme 3.2b). The ZFS parameters were also calculated using the CASPT2 method
to yield values of D = -70.1 and E = 1.05 cm™.. AC magnetic susceptibility
measurements provided an effective barrier Uef= 17.0 cm™.

As discussed in Chapter 1, determining the ZFS by magnetometry
measurements is often inaccurate due to a multi-parameter fit of Eq. 1.1. Therefore, INS
with the application of an external magnetic field has been utilized to directly determine
U on oriented single crystals of 7. Figure 3.2 shows the orientation of the magnetic axis
which the crystals were aligned parallel to observe a discrete U peak shift. This
compound possesses a challenge to study by INS as each molecule of 7 has 48 H

atoms.

3.2.5. Co(acac)2(D20)2 (8-d4) and Co(acac-d7)2(D20)2 (8-d1s)

Co(acac)2(H20)2 (8) is a prototypical example of an SMM with a positive D and
large U.0 Typically complexes with D > 0 are not considered to be SMMs due to the
spin-allowed intra-Kramer transition (Ms = -1/2 — +1/2).1 8 is a high-spin, d’ hexa-
coordinated complex with a pseudo-tetragonal structure (Figure 3.3a). X-ray diffraction
at 100 K, shows C2n molecular symmetry. If the local symmetry around the Co(ll) ion is

approximated to Dan, the ground electronic state is 4Azg (*Ag for Czn).1! For high-spin, d’
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Figure 3.3. (a) Structures of 8, 8-d4 and 8-dis. (b) The quartet levels in 8 with lower
symmetry [E/D = 0, D > 0, U = 2(D? + 3E?)Y2], where the mixing coefficients a = cos
and b = sin B are described by the mixing angle 8 obtained from the spin Hamiltonian (S
= 3/2) with large D in the absence of field.11>113 Mixing depends on the rhombicity as
tan 28 = V3 (E/D) (Sl of ref. 10). (c) Representation of spin-phonon coupled excitations

presentin 8, 8-d4 and 8-dis.

69



complexes in Dan symmetry, ZFS leads to two Kramers doublets (KDs) that, in the
absence of rhombicity in zero field, can be labelled by Ms = +1/2 and +3/2. When D < 0,
E/D = 0, the Ms = +3/2 KD is the ground state (Scheme 3.1b) with an easy axis of
magnetization along the z-direction. For sufficiently large |D|, fields up to a few Tesla
cannot mix the two KDs and induce any measurable magnetization in the x- or y-
directions. In contrast, for D > 0 and E/D = 0 complexes (Figure 3.3c), the ground state
KD Ms = +1/2 is split into Ms = -1/2 and +1/2 states by Zeeman splitting which is
strongly direction-dependent. SMM behaviors in such complexes are not expected
because transitions between these two states are spin-allowed.

Gomez-Coca and coworkers showed that 8 behaves as an SMM (in external DC fields)
despite its low symmetry and dominating large rhombicity observed in EPR.1° Magnetic
susceptibility fittings revealed large D = 57 cm™. EPR spectra showed typical rhombic
effective g*-values (2.65, 6.95, 1.83), rendering an easy axis of magnetization (along y),
but this is far from the usual axial situation encountered for D <0, E/D ~ 0, namely g' =
(0, 0, g%2). The best global parametrization for EPR and susceptibility data was favored
to have large rhombicity, E/D = 0.31, and moderate g anisotropy [for S = 3/2, g = (2.50,
2.57, 2.40)]. But in principle almost any value of E/D could be adopted, if the anisotropy
of g is increased. The effects are covariant, because both rhombicity and g anisotropy
are mixing Ms functions, at least for finite fields, as visualized in Figure 3.3b. SH
parameters cannot be deduced experimentally because no EPR spectrum is feasible for
such highly excited “Ms = £3/2” KD in 1. Ab initio calculations yielded different values: D
=91.2, E=10.1 cm™* (CASSCF) and D = 63.3, E =9.3 cm™ (CASPT2).

Their ZFS transitions have been probed by a combination of Raman, far-IR and
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INS spectroscopies. (Only INS will be discussed in this dissertation.) Nearly degenerate
ZFS and phonon peaks undergo spin-phonon couplings at 0 T, as revealed by these
spectroscopies (Figure 3.3c). In magneto-Raman spectra, the magnetic features of
these coupled peaks move and interact with other phonons of g symmetry as avoided
crossings (coupling constants ~ 1-2 cmt). Phonon features of the coupled peaks are
directly observed with applied magnetic fields. Far-IR spectra reveal magnetic features
of these spin-phonon-coupled peaks, while INS exhibits both the magnetic and phonon

features of the coupled peaks.

3.2.6. Er[N(SiMe3s)2]3 (10)

Er[N(SiMes)2]s (10) was the first equatorial, Er-based SMM.!!4 Lanthanide-based
SMNMs are attractive based on their innate spin-orbital coupling.t*® For Er(lll) ions it is
desirable to have prolate shaped electron densities.'® This prolate geometry minimizes
charge contact with the axially located f-element electron density, stabilizing the m,
states. Low-coordinate SMMs give highly axial equatorially coordinate geometries
yielding large magnetic anisotropies.8-114 Er[N(SiMe3z)2]z (10) (Figure 3.4) has trigonal
geometry with a Cs axis with a magnetic ground state of m, = £15/2.114 This low
geometry enhances the uniaxial anisotropy by the crystal field only in equatorial
positions.

The crystal field splitting pattern was previously simulated by the crystal field

Hamiltonian for Cav Er(lll).1** The magnetic ground to first excited state (m, = +15/2 —

+13/2) was computed to be 82 cm™ (Figure 3.5). Alternatively, the first excited state was

found to be at 85 cm! from fitting of the In(z) vs T-! data (7 = relaxation time in the AC
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Figure 3.4. Structure of Er[N(SiMe3s)2]3 (10).
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Figure 3.5. Energy and m, values of the sublevels of the ground multiplet of 10. The red

arrow indicates the transition from m, = +15/2 —» +13/2.

72



susceptibility measurement; T = temperature).'4 Ab initio calculations in MOLCAS were

used to compute m, = +15/2 — +13/2 of 10 to be 101 cm™.1%

INS in an external magnetic field has been utilized to directly measure the

magnetic excitation of this protonated complex with a large magnetic separation.

3.3. Results and Discussion
3.3.1. (A)2[Co(NOs3)4] [A = Ph4P* (4), MePhsP* (5) and PhsAs™ (6)]
3.3.1.1. Static Magnetic Properties

Before discussing the INS data, it is beneficial to understand the static magnetic
properties of (PPha4)2[Co(NOs3)4]-CH2Cl2 (4), (MePPhs)2[Co(NOs)4] (5) and
(AsPha)2[Co(NO3)4] (6). Variable-temperature, direct-current (DC) magnetic
susceptibilities were measured for polycrystalline samples of 4-6 at a field of 2000 Oe in
the temperature range of 1.8-300 K. The resulting xmT versus T curves are shown in
Figure 3.6. At room temperature, the yuT values are 2.41, 2.16 and 2.31 cm? K mol,
consistent with an S = 3/2 spin center with g = 2.27, 2.15 and 2.22 for 4-6, respectively.
These values show a significant decrease below 60, 130 and 50 K for 4-6, reaching
values of 1.65, 1.45 and 1.60 cm? K mol*at 1.8 K, respectively. In the absence of
intermolecular magnetic interactions judged by the long Co---Co distances and no
significant contacts among the ligands, this decline at low temperature is attributed to
the intrinsic magnetic anisotropy of the Co(ll) ions in 4-6 and therefore the presence of
ZFS.

The field-dependent magnetizations were measured for 4-6 at applied magnetic

fields in the range of 1-7 T at 1.8 K (Figure B.8). The magnetizations do not reach
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Figure 3.6. Variable-temperature DC susceptibility data under an applied DC field of

2000 Oe 4 (brown circles), 5 (blue squares) and 6 (red diamonds). Solid black lines

indicate the best fits with the PHI program.36
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saturation at 7 T with 2.44, 2.30 and 2.58 N for 4-6, respectively. Low-temperature
magnetization data from 1.8 to 5.0 K at various applied DC fields were also measured
for 4-6 (Figures B.9-B.11). Non-saturation of magnetization at 7 T and the non-
superposition of M versus H/T curves suggest the presence of significant magnetic
anisotropies in 4-6. To estimate the zero-field splitting parameters D and E, the ymT
versus T and M versus H/T curves at different temperatures were simultaneously fitted
using the PHI program?!8 by the anisotropic spin Hamiltonian (SH) (with gx= gy) as
given in Eg. 1.1, which includes the axial/rhombic ZFS and Zeeman interactions.

The best fits afforded the parameters for 4-6 in Table 3.1. The signs of axial ZFS
parameters D for 4-6 are positive. The D value for 6 is smaller than those for 4 and 5,
probably due to the different coordination environments of 4 and 5 compared to 6. It is
known that DC magnetic data usually could not yield accurate values for D and E,
especially their signs. Therefore, HF-EPR and INS studies have been performed to
further investigate their magnetic anisotropy. It should be noted that the initial fittings of
the magnetometry data led to D values of -12.5, -9.0, -6.8 cm™ for 4-6, respectively.
Upon receiving the INS results, the DC magnetic data were refit to give the D values

presented in Table 3.1.

3.3.1.2. INS Studies

To further investigate the magnetic anisotropy, the polycrystalline samples of 4-6
were studied by INS. Data for 4 were collected at varying temperatures to observe the
sole ZFS transition in zero-field for the S = 3/2 system. The resulting energy spectrum

exhibits a peak associated with transitions from Ms = £1/2 to +3/2 (Scheme 3.2a). The
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splitting between the two Kramers doublets is U = 2(D? + 3E?)Y2, (It is 2D for the axial
symmetrical system when E = 0.) In the INS spectra of 4, a peak at 22.5(2) cm is
observed with an incident energy of 53.7 cm™ (Figures 3.7; B.1, Table B.1 in Appendix
B). As the temperature is increased from 1.7 to 100 K, the population in the ground
state is decreased leading to a less intense transition. At 50 K, a peak at —22.5(2) cm™
is observed, indicating that the incident neurons gain energy from the sample in the INS
process. During the scattering process, those molecules return to the ground state
transferring the energy to the neutrons. Therefore, the zero-field splitting value of U =
2(D? + 3E?)Y2 was determined to be 22.5(2) cmfor 4 from the sole magnetic transition.
Peaks of magnetic excitations fall off with increasing |Q|, as a result of the decrease in
the distribution of spin and orbital magnetization from unpaired electrons. The opposite
is true for peaks of the vibrational origin which increase in intensity with |Q|. The
decrease in magnetic excitations follows the square of the magnetic form factor F(Q) in
is true for peaks of the vibrational origin which increase in intensity with |Q|. The
decrease in magnetic excitations follows the square of the magnetic form factor F(Q) in
Eq. 1.3. Additional information about the magnetic peak in the INS spectra of 4 are
provided by 2-D scattering intensities vs. |Q| plots in Figure B.6.

In order to determine the sign of the D in 4, further INS measurements were
performed under a magnetic field, which leads to additional splitting (AMs = + 1) of the
ground KD transition as shown in Scheme 3.2a. If D > 0, an additional magnetic
transition, Ms = -1/2 — +1/2, would be observed at low energy and low temperatures
(Scheme 3.2a). However, if D < 0 the first magnetic transition, Ms = -3/2 — +3/2, would

be forbidden (Scheme 3.2b). Measurements for 4 were taken at 0.0, 0.5, 1.0,and 2.0 T
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Table 3.1. Zero-field splitting parameters obtained experimentally for complexes 4-6

4 5 6
Fittings of the DC magnetic data

D (cm?) 12.85 23.21 7.95

E (cm?) 3.60 0.64 1.88

0: 241 2.29 2.03

Oxy 1.89 1.83 2.31

INS
U = 2(D? + 3E?)Y2 (cm™) 22.5(2) 26.6(3) 11.1(5)
INS/HFEPR

D (cm™) 10.90(2) 12.74(2) 4.50(3)
E (cm?) 1.56(2) 2.20(2) 1.00(2)
0: 2.39(1) 2.20(1) 2.40(2)
Oxy 2.23(1) 2.21(1) 2.30(2)
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at 1.7 K. The incident energy of 13.4 cm™ was used to see if the magnetic transition, Ms
=-1/2 —» +1/2, would be observed at low temperatures (Scheme 3.2a). An excitation
appeared at 2.0 cm™ when a 2 T magnetic field was applied (Figure 3.8; B.4, Table B.4
in Appendix B). This peak confirms easy-plane anisotropy in 4. It should be noted that
signal to noise ratio in Figure 3.8 is significantly reduced compared to measurements
without the magnet in the sample environment.

The INS studies are usually performed to probe the magnetic excitations in
molecular magnetism with zero magnetic field. The application of a magnetic field is
expected to lead to more information about the compound, as shown in this study. Only
limited studies of INS under applied magnetic fields have been reported, which were
focused on magnetic clusters Crs, Fes, Mo72Feso, Cr7Ni, %122 and low-dimensional
antiferromagnets.123125 To the best of our knowledge, such INS under magnetic fields
has not been performed on mononuclear metal complexes including SMMs. Our study
here provides the first example using INS with magnetic fields to determine the sign of
magnetic anisotropy for a mononuclear metal complex.

In the INS spectrum of 5, a peak at 26.6 cm™* was observed with an incident
energy of 40.3 cm™ (Figures 3.9 and B.2 and Table B.2 in Appendix B). From INS
measurements the zero-field splitting 2(D? + 3E?)Y2 was determined as 26.6(3) cm™. In
the INS spectra of 6, a peak at 11.1(5) cm™ was observed with an incident energy of
24.2 cm™ representing 2(D? + 3E2)Y2 (Figures 3.10 and B.3 and Table B.3). The ZFS
transitions of 5 and 6 are of magnetic nature due to their temperature dependence and
decreasing |Q| dependence as observed in Figures 3.9 and 3.10. An additional plot

showing how the magnetic peak in the INS spectrum of 6 at 1.7 K changes in two
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Figure 3.7. (Left) INS spectra of (PPha4)2[Co(NO3)4]-CH2Cl2 (4) with incident neutron
energy Ei = 53.7 cm?, |Q| = 0.5-1.3 Al and a step size of 0.081 cm™. (Right) Change in
intensities of the magnetic peak at 22.5(2) cm™ vs |Q| at 1.7 K. The solid line represents

the calculated intensity of the magnetic excitation.
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Figure 3.8. INS spectrum of (PPha4)2[Co(NO3)4]-CH2Cl2 (4) at 1.7 K, showing the Ms
=-1/2 —» +1/2 transition at 2 T (indicated by the blue arrow) with the incident neutron

energy of Ej = 13.4 cm?, |Q| = 0.4-1.3 AL, The solid lines are for eye guide.
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different |Q| ranges are given in Figure B.7.

It is interesting to note that a broad optical phonon peak centered around 18
cm?, even at 1.7 K, is very close to the ZFS transition of 4 (Figure 3.7). The intensity of
this peak increases quadratically with |Q| as shown in Figure B.5 in Appendix B,
confirming its phonon nature. No such phonon peak near the magnetic peak is obvious

in the INS spectra of 5 (Figure 3.9).

3.3.1.3. HF-EPR Studies

The above INS analysis shows that the values of zero-field splitting U = 2(D? +
3E?)Y2are 22.5, 26.6 and 11.1 cm* for 4, 5, and 6, respectively. However, the D and E
values could not be separately determined from the sole INS transition. In order to
determine the sign and values of D and E, the polycrystalline samples of 4, 5, and 6
were investigated by high-frequency and -field electron paramagnetic resonance (HF-
EPR)*1:1%6 in the frequency range of 60-350 GHz (2.0-11.7 cm™). The HF-EPR spectra
of 4 and 5 contain three main features, typical for an S = 3/2 system with large and
positive D values,188127-131 which are from the intra-Kramers transitions within the Ms =
+1/2 doublets. By using the constraint imposed by the values of 2(D? + 3E?)Y2 obtained
by INS, the field vs. frequency data were fitted to give the spin-Hamiltonian parameters
in Table 3.1.

The combination of INS and HF-EPR studies discussed above clearly
demonstrate the easy-plane magnetic anisotropy in the high-coordinate Co(ll)
complexes 4-6. Similar approach has been used to determine the D and E values for

Re(IV)-SIM by Pedersen et al.1%® The D values in Table 3.1 from INS and HF-EPR are
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Figure 3.9. (Left) INS spectra of (MePPhs)2[Co(NOs3)4] (5) with incident neutron energy
Ei= 40.33 cm?, |Q| = 0.5-1.3 A1 and a step size of 0.081 cm™. (Right) Change in
intensities of the magnetic peak at 26.6 cm™ vs |Q| at 1.6 K. The solid line represents

the expected intensity of the peak calculated from the magnetic form factor.
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Figure 3.10. (Left) INS spectra of (AsPha)2[Co(NOs)4] (6) with the incident neutron
energy of Ej = 24.2 cm?, |Q| = 0.5-2.0 A1 and a step size of 0.081 cm™. (Right) Change
in intensities of the magnetic peak at 11.1(5) cm* vs |Q| at 1.6 K. The solid line

represents the expected intensity of the peak calculated from the magnetic form factor.
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smaller than those from the fitting of the DC magnetic data, suggesting that the D

values were over-estimated by the magnetic data.

3.3.1.4. Dynamic Magnetic Properties

It is generally accepted that a negative zero-field splitting was required for the
single-molecule magnetism.3? In 2012, Long et al.'* firstly observed the slow magnetic
relaxation in a four-coordinate Co(ll) complex with easy-plane anisotropy. Subsequently
several SIMs with S = 3/2 ions including Co(l1)11:88105,127-128,133-138 gnd Re(IV)1%° have
been reported to have positive D values. In order to investigate single-molecule
magnetism for 4-6, temperature- and frequency-dependent alternative-current (AC)
susceptibility measurements were performed. At 1.8 K, no out-of-phase AC
susceptibility (xm”) signal was observed for 4-5 under zero applied DC field, which is
probably due to the occurrence of quantum tunneling of the magnetization (QTM)
(Figures B.12-B.13 in Appendix B). The application of an external magnetic field could
induce the strong frequency-dependent AC susceptibilities. For 4, the maximum of ym”
appeared at 200 Oe, which shifted to low frequencies with the increase in the applied
magnetic field up to 600 Oe and then stayed at the nearly same frequency as the
magnetic field increases further (Figures B.12-B.13). Therefore, a magnetic field of 600
Oe was used in temperature- and frequency-dependent AC measurements in the
temperature range of 1.8-7.0 K (Figure 3.11). The temperature- and frequency-
dependence of AC susceptibility signals indicate that both 4 and 5 exhibit the slow
magnetic relaxation processes and thus behave as field-induced SMM. As shown in

Figure 3.11, the peaks of ym” signals for 4 and 5 appear at 398 Hz and 35 Hz,
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Figure 3.11. Frequency dependence of the AC susceptibility from 1.8 to 2.6 K under
600 Oe DC field for (PPh4)2[Co(NO3)4]-CH2Cl2 (4) and (MePPhs)2[Co(NO3)4] (5). The

solid lines are for eye guide.
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respectively, at 1.8 K, suggesting the magnetic relaxation is faster in 4 than in 5 (due to
inverse relationship of frequency and time). In contrast with 4 and 5, no significant out-
of-phase signals (x"v) were observed for 6 with the frequency of 1-1488.1 Hz at 1.8 K
using an applied magnetic field in the range of 0-2500 Oe (Figure B.14 in Appendix B),
suggesting that 6 does not exhibit the SMM properties.

The relaxation times extracted from the Debye model were fit by the Arrhenius law

7 =1,exp(U, /KT) to give Uert = 12 cm™ (r, = 4.14 x 108 s) for 4 and Uert = 20 cm™ (¢, =

2.1 x 109 s) for 5, respectively (Figure 3.12). Such derivation of the effective energy
barrier is based on the assumption that the thermally activated Orbach process is the
dominant relaxation mechanism in the studied temperature range. However, these
energy barriers obtained by AC susceptibility measurements are much smaller than the
ZFS energy difference between the ground and excited states accurately determined
from INS studies [22.5(2), 26.6(3) cm for 4 and 5, respectively]. This suggests that the
results obtained by AC susceptibility measurements underestimate the energy barriers
and other mechanism such as Raman process may occur in the magnetic relaxation of
4 and 5. Several detailed studies show that Raman mechanism has significant
contributions to relaxation process for Co(ll)-based SIMs with easy-plane magnetic
anisotropy.10:88,105,129,138

Our INS spectra showed the presence of a phonon peak around 18 cm™ in 4
(Figure 3.7), which is absent in the INS spectra of 5 (Figure 3.9). In each unit cell
[2479.1(8) A3] of complex 4, containing two molecules each of (PPha)2[Co(NOs)4] and
CH2Clz, there are a total of 224 atoms. In comparison, in each unit cell of 5, containing

two molecules of (MePPhs)2[Co(NOs)4] (5), there are a total of 186 atoms, a reflection of
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the smaller cation and the lack of CH2Clz in the cell. Since phonon modes are lattice
and intramolecular vibrations,*° the larger number of atoms in the unit cell of 4 is
expected to lead to more low-energy delocalized vibrations in its INS spectra.3?

The absence of phonon peaks in the same region in the INS spectra of 5 (Figure
3.9) is perhaps a result of a smaller number of atoms in its unit cell. There could be few
phonons of appropriate frequency to promote a more efficient relaxation in 5. The
phonon peak around 18 cm in 4, which is fairly low in energy, could be involved in the
Raman-type relaxation in 4, leading to its faster magnetic relaxation than 5, as observed
in the AC susceptibility studies. Carretta and co-workers have observed that low-energy
optical phonon modes in an Fes complex enhances its magnetic relaxation process.4°

It is also worth noting that, in addition to giving the ZFS transitions, INS, a
spectroscopic method, also directly shows phonon modes in the samples. Unlike
electromagnetic IR and Raman spectroscopies with selection rules for vibrational peaks,
there is no selection rule for the vibrational peaks in the INS spectroscopy, which is
based on the kinetic energy transfer between incident neutrons and the samples.
Additional studies linking the INS spectra to the AC susceptibility data to understand

relaxation mechanisms are needed.

3.3.2. [C0(12C4)2](13)2(12C4) (7)

TOPAZ, the single-crystal neutron diffractometer at the ORNL Spallation Neutron
Source (SNS) was used to orientate two single crystals of 7 along the molecular z-axis,
the magnetic anisotropic axis. The molecular z-axis is pointed nearly along the

crystallographic reciprocal c* axis, (0 0 -1) (Figure 3.2). With the c* determined, the
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single crystals were aligned parallel to the vertical external magnetic field to observe the
Zeeman splitting of the zero-field splitting peak in the B orientations.

The two crystals orientated at TOPAZ are shown in Figure 3.13. The first crystal
(Figure 3.13-Left) is 100.1 mg and 8 x 3.25 x 2 mm and the second crystal (Figure 3.13-
Right) is 80.0 mg and 8 x 2.75 x 1 mm. In addition to the orientations of two single
crystals, neutron diffraction data were collected at 100 K to obtain the neutron crystal
structure of a third crystal. The single-crystal structure by X-ray diffraction has been
previously reported at 293 K. This single-crystal structure by neutron diffraction at 100 K
was used for the Vienna Ab Initio Simulation Package (VASP) phonon calculations.

The crystals orientated at TOPAZ were then mounted at Cold Neutron Chopper
Spectrometer (CNCS) so that the direction of the field would be parallel to the c* axis,
i.e., the molecular z-axis (Figure 3.14). An 8 T vertical magnet was placed in the sample
environment. Due to its position in the spectrometer, the magnet blocks a sizable
portion of the detectors (~70%). An unknown factor was whether the experiment would
be technically possible due to the portion of detectors blocked and the large incoherent
scattering from hydrogen atoms (48 H atoms/molecule) in the sample.

Measurements were performed at 0, 2, 5and 8 T at 2.0 K. The spectra are
shown in Figures 3.15 and 3.16. The U peak is evident at 49.4 cm™ where the magnetic
intensity is observed to shift to higher energies, as the field is increased. The leftover
intensity around 49.4 cm is due to an overlapping phonon that seems unaffected by

field. The ZFS intensity eventually overlaps with another phonon at 58 cm2at 8 T.
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Figure 3.13. Crystals of [Co(12C4)2](13)2(12C4) (7) that were orientated at TOPAZ with
miller indices shown. The c* axis is indicated. The red lines are an overlay of the

predicted crystal faces.
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Figure 3.14. Crystals of [Co(12C4)2](I3)2(12C4) (7) that were orientated for the CNCS
experiment (prior to wrapping the sample plate with Al wires to keep the crystals in
position in the magnetic field). Note the mount from the TOPAZ experiment was glued

on the crystal and was not able to be removed for the CNCS experiment.
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Figure 3.15. INS of [Co(12C4)2](I3)2(12C4) (7) at variable magnetic fields showing the

ZFS peak at 49.42 cm™. The |Q| range is summed from 1-3 AL, The spectrum to the

right is offset.
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Figure 3.16. (Left) Zoomed-in INS of [C0o(12C4)2](13)2(12C4) (7) at variable magnetic
fields showing the ZFS peak at 49.42 cmL. The |Q| range is summed from 1-3 AL, The
solid blue line represents the position of the phonon peak (initially overlapping at 0 and
2 T) and the blue arrow represents the blue shift of the ZFS peak. (Right) Estimated
shift of magnetic transition based on intensity changes with field. Error is taken to be

10% of the position.
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INS spectra were also recorded at variable temperatures from 10 to 125 K at
VISION (Figure 3.17) to see if temperature dependence (with or without the Bose
correction) could be used to determine the ZFS peak. The phonon peaks from the
CNCS (Figure 3.15) and VISION (Figure 3.17) are consistent with each other. Due to
the overlap of U with a phonon of similar energy, it is challenging to tell where the U
peak is in the spectra. A peak with a large intensity change (signifying intensity of
magnetic origins) did not stand out in this region. Therefore, variable temperatures and
the Bose-corrected data are insufficient to observe the reveal U transition by VISION in
the case of 7. In addition, studying temperature dependence in this energy region is
challenging as a reduction of the phonon intensity is expected because of the Debye-
Waller factor that describes a thermal induced effect caused by coherent scattering of
nuclei.

The VASP phonon calculation of the INS spectrum were completed using the
structure from single-crystal neutron diffraction at TOPAZ at 100 K. Figure 3.18 shows
the comparison of the phonon calculations and the experimental VISION spectra at 5 K.
Overall, there is a good match between experimental and calculated INS spectra. Only
the database of irreducible representations for a few point group types at the I point are
implemented in Phonopy.'#! The point group for 7, 2/m (Space group 15, C2/c), is not
available in Phonopy. Therefore, we were not able to assign the symmetry of the
phonon modes. These calculations well reproduce the phonon spectrum. Accurate
phonon calculations, such as those by the method used here, are needed as a first step

to understand the atomic displacements in SMMs that lead to SPC (Chapter 4).
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Figure 3.17. Forward scattering INS spectra (VISION) of [Co(12C4)2](13)2(12C4) (7) at

variable temperatures. The intensity is Bose-corrected.
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These studies reveal the following: (1) Magnetometry should not be used as the
only confirmation of the ZFS magnitude. Indeed the difference in the U value from
indirect magnetometry and direct INS measurements is 9%. (2) INS and an external
magnetic field can be used to probe a protonated SMM (48 H-atoms/molecule). (3) Use
of a single crystal sample (180 mg total mass of both orientated crystals) can be utilized
to get adequate get orientation dependent splittings. (4) INS can probe low-energy

phonons that may play a role in SPC leading to magnetic relaxation.

3.3.3. Co(acac)2(D20)2 (8-d4) and Co(acac-d7)2(D20)2 (8-d1s)

INS, unlike optical spectroscopy, is based on kinetic energy transfers between
incident neutrons and samples.? Since both magnetic and phonon peaks are allowed in
INS, both contribute to the observed peaks in Co(acac)2(D20)2 (8-d4) and Co(acac-
d7)2(D20)2 (8-d1s) in Figures 3.19-3.21. Magnetic scattering is more prominent at small
scattering-vector |Q|, whereas phonon scattering prevails at high |Q|, allowing
discrimination of both events.?! It should be noted that INS experiments using a 10 T
magnet at DCS are particularly challenging, as the magnet blocks a large portion of the
detectors, leading to low signal/noise ratios of the peaks.

All spectroscopic evidence leads to the assignment of the magnetic excitation in
8-digat ~113 cm (Figures 3.19, 3.21). However, this transition is revealed to have a
complicated nature not solely reminiscent of pure magnetic origin. Separation of low
and high |Q| ranges in the INS spectrum of the intensity centered at 113 cm™ (0 T) is
consistent with the nature of peaks A and B (Figure 3.19a). At low |Q|, B is dominant,

indicating it is mostly magnetic. At larger |Q|, B mostly disappears and largely phonon A
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Figure 3.19. (a) 0 T INS spectra at small |Q| (1.4—2.6 A1) and large |Q| (3.5-5.0 AY).
(b) Variable-field INS spectra of 8-dis at 0 and 10 T summed over all |Q|. The green

arrow represents peaks Aand B atO T.
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Figure 3.21. INS spectra at variable temperatures without external magnetic fields: (a)
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is prominent. Other spectroscopic techniques such as far-IR or Raman cannot directly
distinguish between magnetic and phonon intensity at O T.

At 0 T, the overlapping peaks A and B at 113 cm™ are more intense. The INS
spectra for 8-dis is from a powder sample. Therefore, it is hard to statistically support
where the magnetic peak shifts to at 10 T because of the broadening of the magnetic
intensity by different orientations of the powders of the sample inside the field (B, By,
Bx). However, the change in the intensity at 113 cm™* between 0 and 10 T is clear
(Figure 3.19b). At 10 T, there is evidence that B shifts and broadens in the region
between 120 and 134 cm™* (Figure 3.19b).

The Zeeman splitting was calculated for 8-dis to probe where the
orientation-dependent magnetic intensity shifts in the experimental spectra for the
powder sample. Based on the increase in energy of the magnetic peak it is expected to
stem from the Ms = -1/2 — +3/2 transition. The Zeeman splitting calculations shows this
transition will shift to the energy region between 127 and 134 cm given the three
different orientations, Bx, By and B; (Scheme 3.3). This is consistent with the
experimental data in Figure 3.19b. The |Q| dependence of the 113 cm™ intensity at 0 T
is shown in Figure 3.20. The data in Figure 3.19a reveal this peak is composed of two
peaks of different |Q| dependences: magnetic (B-red line) and phononic (A-blue line).
When studied over the entire |Q| range range, Figure 3.20 confirms the complex nature
of this intensity. This inter-Kramers doublet transition is not purely magnetic, as the
intensity does not decrease as |Q| increases, following the single-ion form factor for
Co(ll). This transition is also not purely a phonon either, since it does not increase by

|Q|? as |Q| increases. The |Q| dependence is relatively constant throughout the studied
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|Q| range. Because it neither consistently increases nor decreases with |Q|, this
supports the assignment of the 113 cm™ as being composed of both magnetic and
phonon contribution entangled together. Due to the complicated nature of the |Q|
dependence of the spin-phonon coupled peaks A/B, further studies are needed to fully
understand its origin.

The spin-phonon coupled peaks A and B in 8-d4 and 8-dis are present in the
variable-temperature INS (without a magnet) on VISION (Figure 3.21). Initially
overlapping at 5 K, B (115.4 cm for 8-d4 and 112.7 cm? for 8-d1s) decreases intensity
with temperature increase, when the excited ZFS state is gradually populated,
confirming its magnetic origin. Phonon A is revealed at 150 K (8-d4) and 25 K (8-d1s).
The phonon on the right shoulder of B (~120 cm™) in 8-d4 is an Ay mode (Figure 3.21a)
and is therefore not observed in Raman. It should be pointed out that, unlike far-IR and
Raman spectra, external magnetic fields are not necessary to determine ZFS peaks in
INS in this case. Additional INS spectra from VISION and their discussions are given in
Figures B.16 and B.17 in Appendix B.

A comparison of 8-d4 with Zn(acac)2(D20)2 (9-d4) reveals how a diamagnetic
control can be used to identify the ZFS transition. The Zn(ll) complex was used as a
diamagnetic analogue of 8-da. The effect of substituting the Co(ll) ion with the heavier
metal Zn(ll) ion is apparent as the INS spectrum of 9-da is red shifted (Figure 3.22). It is
evident in Figure 3.22 that there are two phonon peaks that “sandwich” the magnetic
intensity in 8-d4 at ~114 cm, a point to be discussed later in Chapter 4. As the
temperature is increased, the magnetic excitation decreases based on Boltzmann

statistics (as evidenced at 150 K). At 150 K the magnetic excitation should be weak in
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Figure 3.22. Comparison of the INS spectra of Co(acac)2(D20)2 (8-d4; 5 and 150 K)

with diamagnetic Zn(acac)2(D20)2 (9-d4; 5 K) at VISION.
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8-d4 while, in 9-d4, it does not exist. The spectrum of 8-d4 at 150 K is consistent with the
5 K spectrum of 9-d4 confirming the assignment of the ZFS peak.

INS and magnetic fields were used to determine the sign of D at 1.7 K. The
transitions between the levels ¢1 and ¢2 of the ground-state Kramers doublet (KD1,
Figure 3.3c) of 8-dis, are shown in Figure 3.23. For example, when the field is 2.00(2) T
this peak is in the range of ca. 2—6 cm™. The transition broadens (due to effects of
different orientations of the powder sample: Bx, By, Bz) and shifts to higher energy with
the increasing field up to 10.0(1) T.

To confirm the origin of the low energy transition is in fact magnetic scattering,
the |Q| dependence of the ground-state intra-Kramers doublet (KD1) was studied. The
experimental |Q| dependence was fitted with the single-ion magnetic form factor of
Co(ll) ion'*2 in Figure 3.24 [4.00(4) T data used as a representative data set]. This fitting
of the data shows a decrease of the intensity as |Q| increases, which reveals its pure

magnetic origin.

3.3.4. Er[N(SiMes)2]3 (10)
The INS experiment on Er[N(SiMes)2]3 (10) were performed at DCS. At 0 T, the

transition from ground (m, = +15/2) to first excited state (m; = +13/2) is at 102 cm™.

When the magnetic field was applied, both Kramers doublets split (Figure 3.25a). Two

transitions are possible depending on the temperature: m; = -15/2 — -13/2 and +15/2 —
+13/2. However, since our experiment was conducted at 1.5 K, only the ground state m,
= -15/2 is expected to be populated and m, = -15/2 — -13/2 transition is expected. In
addition, the separation between m, = -15/2 — -13/2 states increase in magnetic fields
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Figure 3.23. Variable-magnetic-field INS of 8-dis at DCS, revealing the ¢1 — ¢2

transition (Figure 3.3b) at 1.7 K.
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(Figure 3.25a). In the INS spectrum, m, = -15/2 — -13/2 transition/peak shifts to higher

energies at larger magnetic fields. At 5 T, the magnetic peak shifted to 105.1 cm™*
(Figure 3.25b). At 10 T, the magnetic peak further shifted into the shoulder of a phonon
peak, and its energy could not be determined. However, both the area and full width at
half maximum (FWHM) of the phonon peak increased at 10 T due to the overlap with
the magnetic peak (Table 3.2). It is evident from Figure 3.26 that, at O T, the magnetic
excitation overlaps with a phonon at ~97 cmL. The difference between INS and the
measured Uett and the calculated first excited state via crystal field Hamiltonian is 16.6%
and 19.6%, respectively. The excitation is remarkably close to the calculated value by
the ab initio method with the MOLCAS package at 101 cmt.1%7

Variable-temperature INS have also been performed at VISION without magnetic
field (Figure 3.27). The INS spectra at VISION are similar to the data taken at DCS. The
magnetic peak at 103 cm is visible on the shoulder of a phonon peak at low
temperatures. This peak disappears with increasing temperatures as Boltzmann
statistics predicts. However, without the knowledge of the position of the magnetic peak
using a magnetic field, this peak would be difficult to locate in the variable-temperature
spectra because it is a weak transition on the shoulder to a phonon. The spectra in
Figure 3.27 show the magnetic peak disappear by 100 K. At higher momentum and
energy transfers, the Debye Waller factor is strong and there are higher energy peaks
that survive at 100 K. The observations are supporting evidence that this peak is a
magnetic excitation.

Phonon calculations of vibrations in Er[N(SiMes)2]s (10) using VASP'44 show that

the experimental and calculated phonon peaks are consistent in Figure 3.28. This
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Figure 3.26. Fitting of the phonon and magnetic peaks in Er[N(SiMes)z]z (10) with

Gaussian functions at O T.

Table 3.2. Area and FWHM of the phonon peak located at 115 cm™ at 10 T for

Er[N(SiMes)2]s (10). At this field the magnetic peak is a shoulder off this phonon

Area FWHM (cm)
0T 53.9 7.20
10T 55.7 8.56
% Difference 3.2% 15.9%
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Figure 3.27. Forward scattering INS spectra (VISION) of Er[N(SiMes)2]s (10) at variable

temperatures. The intensity was Bose-corrected.
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comparison of experimental INS data with high-level phonon calculations is needed to
eventually lead to better an understanding of relaxation processes in SMMs.

These results demonstrate that Uest should not be used to estimate the magnetic
excitation between the ground and first excited Kramers doublet. This work also shows
that a protonated sample with a large energy separation could be used to determine the
magnetic excitation. Spectroscopically, we observe phonons of lower energy than the
magnetic excitation, which could interact with the unpaired electron spin leading to the

relaxation barrier Uert = 85 cm™* obtained from AC susceptibility.

3.4. Conclusions

This chapter has demonstrated the power of directly determining the separations
between magnetic energy levels with INS based on the temperature, magnetic field and
|Q| dependences. In the case of (PPha)2[Co(NO3)4]-CH2Cl2 (4), MePPh3)2[Co(NO3)4] (5)
and (AsPh4)2[Co(NO3)4] (6) (Section 3.3.1), INS reveals not only the magnitude of
the magnetic separations but also the sign of D parameters which previously could not
be determined by magnetometry measurements. The measurement of this magnetic
separation was crucial to both magnetometry and HF-EPR measurements as both
techniques relied on information provided by INS. In addition, the presence of a phonon
observed in the INS spectra reveal the importance of spectroscopically examining the
vibrational peaks close in energy to the ZFS peak when probing possible spin-phonon
coupling mechanisms. This work also provides the first example of using an external
field and INS to study a mononuclear SMM. These SMMs reveal one of the benefits of

INS, observing the low energy spectra <50 cm™,
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The work on the crystals of [Co(12C4)2](13)2(12C4) (7) (Section 3.3.2) again
reveals the power of INS to directly determine U when magnetometry measurements
over-estimated the ZFS parameters. This experiment also demonstrates that deuterated
samples are not required to study U > 30 cm™ with a magnet in the sample
environment. Another technical challenge was overcome when the small sample of 180
mg of single crystals of 7 was successfully used in INS measurements. A magnet
coupled with INS is crucial when the variable-temperature INS alone failed to determine
the ZFS peak. The use of single crystals also provided a clear transfer of the magnetic
intensity in the spectra, without the broadening typically observed by powder samples,
providing the first example of a single crystal mononuclear SMM to be studied with INS
and magnetic field. Many low-energy phonons near the U peak in 7 are revealed in the
INS spectra that the spin could interact with, although detailed spin-phonon couplings
from experiments or calculations are needed to see which phonons interact most
strongly.

The study of Co(acac)2(D20)2 (8-d4) and Co(acac-d7)2(D20)2 (8-d1s) (Section
3.3.3) provides a unigue case where the ZFS peak is coupled to a nearly degenerate
phonon peak. Both variable—field and variable—temperature spectra show the
magnitude of the magnetic separation, demonstrating in this particular case that
magnetic fields are not required to extract the U peak. This work provides the first
example of using temperature-dependent properties of magnetic and phonon peaks
above >95 cm to confirm the ZFS separation. Variable-field INS is also capable of
independently determining the sign of the D parameter. The unigue momentum transfer

(Q) properties of neutrons demonstrates the presence of spin-phonon entangled peaks
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near 113 cm, revealing information about the nature of the peaks that far-IR and
Raman spectroscopies could not provide.

Lastly, Er[N(SiMes)2]s (10, Section 3.3.4) was probed with INS inside magnetic
field, which allowed for the determination of the magnetic separation of 102 cm*. This
case represents an example of the largest magnetic separation that has been able to be

probed with INS and magnetic fields with a protonated sample (54 H atoms/molecule).

3.5. Experimental
3.5.1. (A)2[Co(NO3)4] [A = PhaP* (4), MePhsP* (5) and PhaAs* (6)]

The INS measurements were carried out on Cold Neutron Chopper Spectrometer
(CNCS)* at Spallation Neutron Source, Oak Ridge National Laboratory. CNCS is a
direct geometry, time-of-flight spectrometer that receives a beam from a coupled
cryogenic H2 moderator. For energy selection, CNCS employs four chopper assemblies.
The speeds and slit widths of the choppers may vary, allowing adjustments in the
instrumental resolution and intensity of the incident beam. Approximately 500 mg of
each sample was loaded into a ¥2-inch-thick aluminum tube. For the INS work without a
magnet, three tubes, containing (A)2[Co(NO3)4] (4-6), each were placed in a sample
changer. The sample holder was mounted in a standard liquid helium cryostat with a
base temperature of T = 1.6 K. An oscillating radial collimator was used to reduce
background scattering from the tail of the cryostat. Vanadium was used as a standard
for the detector efficiency correction.

The incident neutron energy for every measurement was chosen to cover the

anticipated region of interest in both the energy E and scattering-vector Q space. A
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small incident energy is especially important to observe excitations near the elastic peak
(at energy transfer close to 0 cm™) as the full-width-at-half-maximum (FWHM) of the
elastic peak, which is typically 1.5-2% of the incident energy, would be narrow, giving
better energy resolution.

For 4, zero-field measurements were performed at 1.7, 5, 10, 20, 30, 50, and 100
K with an incident neutron energy of 53.7 cm™. For 5 and 6, measurements were
performed at 1.6, 10 and 50 K with incident neutron beam energies of 24.2 and 40.3
cml. Data were then reduced and analyzed using the MantidPlot'*> and DAVE (Data
Analysis and Visualization Environment) program package.®?

Another INS experiment for the powder sample of 4 was performed at 1.7 K
using a 5 T cryomagnet with vertical field at CNCS. Aluminum spacer was added to the
headspace of the sample can to prevent the sample reorientation in the applied field.
Magnetic fields at 0.5, 1.0 and 2.0 T were used with the incident neutron energy of 13.4
cmL. The cryomagnet sample room allows only one sample at a given time.

The linewidths of the INS peaks lie within experimental accuracy determined by
the instrumental resolution. The effective resolution function R(Q,E) of CNCS is nearly
Gaussian in energy.*® Therefore, the INS intensities were fit assuming Gaussian line
shapes with FWHM of the energy resolution for the CNCS spectrometer. Additional
details of data processing are provided in Appendix B. The crystal structures of the

anions of [Co(NOz3)4]? is given in Figure B.15 in Appendix B.
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3.5.2. [Co(12C4)2](13)2(12C4) (7)

The INS experiments were completed at CNCS. The crystals were glued to the
sample plate with the fluoropolymer glue, CYTOP (this fluoropolymer glue was used to
eliminate scattering from hydrogen). The 8 T magnet, which blocks ~70% of detectors,
was placed in the sample environment. Each field measurement (0, 2, 5 and 8 T) was
run for approximately 8 hr. The incident energy and temperature for the measurements
was 12.07 meV (97.3 cm™) and 2 K, respectively.

TOPAZ is a neutron time-of-flight single crystal Laue diffractometer. The single
crystal samples were mounted on Kapton tubes. The crystals orientated at TOPAZ were
8 x2.75x 1 mm (80.0 mg) and 8 x 3.25 x 2 mm (100.1 mg). The goniometer was
rotated to varying w and @ angles to view different faces of the crystals. Orientation
data were collected at 293 K on different faces of the crystals and indexed to assign
Miller indices. The data analysis program ISAW (Integrated Scattering Analysis
Workbench) provides sample orientation (UB matrix) by auto-indexing. The orientation
matrix, UB, describes the sample orientation with respect to the diffractometer angles.
Crystal orientations were optimized with CrystalPlan!4’ (an experiment planning tool for
time-of-flight Laue experiment). CrystalPlan is used to simulate the coverage of
reciprocal space of detectors of an instrument, giving a list of sample orientations (peak
prediction and placement). This program predicts w and @ angles required for the

sample orientation that would place a given reflection at a particular spot on a detector.
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3.5.3. Co(acac)2(D20)2 (8-d4) and Co(acac-d7)2(D20)2 (8-d1s)

Two INS studies using different instruments were conducted: (a) Variable-
magnetic-field (0-10 T) INS spectra of 8-d1s at 1.7 K at the time-of-flight DCS% at the
NIST Center of Neutron Research. This study leads to the identification of the ZFS peak
and measurements of the Ms = -1/2 (¢1) > +1/2 (¢2) and -1/2 (¢1) > +3/2 (¢4) transitions
with magnetic fields. (b) Variable-temperature INS spectra of 8-d4 and 8-d1s, without a
magnet, at VISION. Both studies used powder samples.

In the variable-magnetic-field INS data at DCS'%, the 10 T vertical magnet with a
dilution refrigerator was used in the sample environment. Approximately 2 g of 8-dis
were put on a piece of aluminum foil, rolled into a cigar shape, and then placed inside
an aluminum sample holder. Data were collected at 1.7 K and 4.5 A (32.6 cm™) for 0, 2,
4,6, 8 and 10 T. In addition, the higher energy region was studied at 1.7 K and 1.8 A
(203.6 cm™t) for 0 and 10 T. At DCS, a direct geometry instrument, data were collected
up to 196 cm-*. All data processing was completed with DAVE.52

For variable-temperature INS at VISION, the samples, approximately 2 g, were
sealed in an aluminum container. The INS spectra of 8-d4 was measured at 5, 50, 100,
150 K for 1 hr at each temperature. 8-dis was measured at 5, 25, 50, 100, 150 K for 2 h
at each temperature. VISION,1°! an inverted geometry instrument, provides data up to
4000 cm. The inverted geometry design at VISION offers two banks of detectors for
both forward (low |Q]) and back (high |Q]) scattering of neutrons.*°! The phonon

population effect was corrected by normalizing the INS intensity at energy transfer w

with coth ()19
B
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With the addition of the 10 T magnet to the sample environment at DCS, there is
a degradation by a factor of 2.5 in the incident beam size in comparison to the normal,
full beam. In addition, there is background contribution from the small aperture of the
magnet and shadowing of detectors by the magnet, giving ~33% detector efficiency.
However, even with these limitations, results from INS here are consistent with those

from Raman and far-IR spectra.

3.5.4. Er[N(SiMes)2]s (10)

INS was performed at the DCS on 2.3 g of 10 loaded in an aluminum foil ‘cigar’
and placed in an aluminum sample can (wedged in place so the field would not move
the sample). The incident energy was 1.81 A (201.6 cm™). The magnet interfered with
energy transfers over 145 cm™. Thus, only the spectra <145 cm are used. Data were
collected at 1.5 K at 0, 5 and 10 T magnetic fields to reveal the magnetic excitation. In
addition, data at 20 K at 0 T were collected but no significant difference between the
spectra at 1.5 and 20 K (0 T) was observed. The variable-temperature VISION was

collected at 5, 25, 50, 75 and 100 K.
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Chapter 4

Ab Initio Calculations of Phonons in Co(ll)
Complexes. Understanding Spin-Phonon

Couplings in the Complexes

116



This part is based on the following paper:

Moseley, D.H.; Stavretis, S.E.; Cheng, Y.; Daemen, L.; Thirunavukkuarasu, K.; Ozerov,
M.; Ludwig, J.; Lu, Z.; Smirnov, D.; Craig, B.; Atanasov, M.; Bill, E.; Neese, F.; Pandey,
A.; Ramirez-Cuesta, A.J.; Lamb, A.; Xue, Z.-L., Spin-phonon couplings in transition
metal complexes with slow magnetic relaxation. Spectroscopic and computational

studies. Manuscript in preparation.

This author performed the phonon calculations and interpretation, including making the

phonon animations. The Raman and far-IR experimental spectra are included to give

context to her work.
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4.1. Abstract

Limited understanding of how spin-phonon coupling leads to magnetic relaxation
is recognized as one of the obstacles preventing design of better SMMs with high
blocking temperatures. Our Raman spectroscopy data has revealed entangled spin-
phonon peaks in Co(acac)2(D20)2 (8-d4) and Co(acac-d7)2(D20)2 (8-d1s), allowing
experimental determination of spin-phonon coupling constants. (The Raman spectrum
is not part of this dissertation.) The phonon modes in the two isotopologues have been
calculated through simulated atomic displacements to understand the non-uniform
nature of spin-phonon couplings by the vibrations as well as to probe the atomic
displacements that are the most detrimental in the energy regions of 8-d4 and 8-d1s

near their ZFS transitions.

4.2. Introduction

Spin-phonon coupling is often the mechanism of magnetic relaxation in
SMMs. 13115148154 The interaction of the magnetic moment with phonons gives
accessible pathways for spin reversal at lower energies than those determined from the
magnetic anisotropy barrier U (Figure 1.1). Indeed, these fast, under-the-barrier,
magnetic relaxation processes are a prominent obstacle to the increase in blocking
temperature above the boiling point of liquid nitrogen and beyond. One reason for this
obstacle is that there is little understanding of how these interactions lead to relaxation
in SMMs. Phonons of SMM crystals include both intramolecular (or molecular) and
lattice vibrations.1®® Recently, there has been a drive, using theoretical models,'?13.156 to

understand how phonons lead to relaxations in SMMs. Goodwin and co-workers have
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reported that [Dy(Cp™)2][B(CeFs)4] (Cp™ = 1,2,4-BusCsHz2) displays magnetic hysteresis
up to 60 K.°® The spin-phonon coupling of this SMM reduces the magnetic relaxation
rate due to unique, constrained metal-ligand vibrational modes. The magnetic relaxation
is attributed to displacements primarily involving the C-H motions on the Cp™ rings.
Experimental studies of phonons in SMMs are needed to directly observe, and thus help
understand, how phonons interact with unpaired electron spins. Recent experimental
work in this area includes that by Rechkemmer and coworkers to observe spin-phonon
couplings of two field-dependent, far-IR absorptions of a Co(ll) SMM.1®> However, to our
knowledge, there has been no work combining experimental and theoretical studies of
phonons. We have obtained INS, Raman and far-IR spectra of Co(acac)2(D20)2 (8-d4)
and Co(acac-d7)2(D20)2 (8-d1s) which reveal both phonon and spin-phonon coupled
modes. In the current chapter, our calculations of the phonon modes in the region near
the magnetic excitations of 8-d4 and 8-d1s as well as modelling of important modes are
reported. The phonons have been calculated with VASP, an ab initio method. The
calculated phonons are compared with those from spectroscopies. The work is an
attempt to understand what leads to the spin-phonon coupling in 8-d4 and 8-das.

It is imperative to understand each vibration to identify ones that would most
likely lead to spin relaxation by modulating spin energy levels and modifying magnetic
anisotropy of the SMM. The most influencing modes are often those that significantly
interfere with the coordination environment of the metal.?'3 Indeed, most of the
unpaired electron spins that the phonons would interact with are localized on the metal
center. However, there is evidence that modes only slightly distorting the first

coordination sphere are still detrimental.*3
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The chemical structures of SMMs need to be tuned so that slow relaxation at
high temperatures is achieved. Currently, most work has focused on modifying SMMs to
reach large Uesf values.?14 How the lattice interacts with the spin to exchange energy,
leading to magnetic relaxation, is not understood when only considering Uet.
Importantly, spin-phonon coupling is influenced by certain phonon modes to a stronger
extent.1>13 In other words, how the displacements of the atoms (lattice vibrations) affect
the unpaired electron spins in the SMMs is vital to understanding spin relaxation.
Currently, with AC measurements, only the low temperature region is probed <20 K.
Therefore, the vibrational states populated at this temperature (and participate in spin

relaxation) are limited to the low energy region of the phonon spectrum.

4.3. Results and Discussion

Ab initio calculations of the phonon modes for C2n 8-d4 and 8-dis are calculated
by VASP, giving both external, internal and acoustic modes. During spin-phonon
coupling, the phonon, which is either a molecular vibration (internal mode) or lattice
vibration (external mode), modulates the electric field of the magnetic ion, leading to
magnetic relaxation in SMMs. In the region of interest around the ZFS excitation
(Section 3.3) at ~115 cm?, vibrations are not localized but involve atomic displacements
of the whole molecule. Animations of the vibrations are given as an electronic
attachments, Files 1-4.

The phonon calculations are used to understand the nature of the phonon
overlapping with the ZFS peak. 8-d4 and 8-dis, like Co(acac)2(H20)2 (8), have a center

of symmetry. Therefore, g symmetry modes are expected to be observed in the Raman

120



spectra and the u symmetry modes in the IR spectra (Table 4.1). INS is expected to
reveal all possible modes of both g and u symmetries as seen by the presence of
overlapping peaks in Figures 3.21 and 4.1.

The very low-energy region is full of intermolecular phonon modes whose
frequencies are very sensitive to the accuracy of the crystal structure determined by
single-crystal X-ray diffraction and the intermolecular interactions. Frequency calculation
of these modes is well known to be challenging. Therefore, it is not surprising that the
match of the modes between experiments and calculations is not perfect. However, the
full range of the calculated spectra vs. the experimental data matches well (Figure 4.1).
The modes and thus atomic displacements of 8 and 8-d4 are similar in the region of the
ZFS peak (Figure 4.2). Therefore, for simplicity, 8-d4 and 8-d1s are compared.

Deuteration significantly changes the INS spectra (Figures 3.21 and 4.1). With
deuteration, modes that involve hydrogen scattering appear weaker or disappear from
the spectrum. Since the INS scattering involves a momentum transfer, the spectrum
also shows phonons related to wave vectors throughout the Brillouin zone.'>” The
Raman scattering involves only the center of the Brillouin zone (Q = 0).2*" IR is also
limited to the center of the Brillouin zone.

Table 4.1 demonstrates a good match between calculated and experimental
peaks positions, providing an understanding of the phonons near the ZFS peak in the
spectroscopic data. The phonon calculations (Table 4.1) confirm the presence of an
Ag/Bg phonon (peak A) near the ZFS peak in the INS (Figure 3.21) and Raman (Figure
4.3) spectra of 8, 8-d4 and 8-dis. This phonon peak A is entangled with the ZFS peak B

as discussed in Section 3.3.3. The calculated peak position suggests there is no Ay or

121



Table 4.1. Comparisons of peak positions of phonons near the ZFS peak in 8-d4 (top)

and 8-d1s (bottom). All units are given in cm*

8-d4. Calculated energy | Symmetry Peak label Raman Far-IR
99.1 A, (r37,4) - - 101.2
103.6 As (T5,) - 96.8 -
107.0 By (1?4) - 100.2 -
109.2 Ag (F;4) A 115.2 -
120.3 A, (1?4) - - 120.0
125.0 B, (F37,4) - - 123.4
126.0 By (1?4) C 124.4 -
129.3 Ag (F§4) D 129.0 -
135.6 B, (F3f4) - - 131.9
140.1 Ay (F3f4) - - 133.8
142.7 By (1—‘;4) E 139.2 -

8-dis; Calculated energy | Symmetry Peak label Raman Far-IR
91.3 By (%) - 90.9 -
93.5 A (T5,) - - 96.9
95.7 A (T5) - 96.4 -
103.3 Aq (1“311) - 106.2° -
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Table 4.1. Continued

8-dig; Calculated energy Symmetry Peak label Raman Far-IR
109.8 Aq (F§4) - 106.2° -
114.3 A (Ty,) - - weak
116.3 By (F;4) A 1125((00T) -
115(6T)
116.6 Bu (I3, - - weak

a Symmetries of vibrations are listed following Mulliken notations for the C2n group. The
vibronic states (in parentheses) are denoted using notations for the C2n’ double group
as defined in Table 15 of ref. 158.

b Either one of those calculated modes could be attributed to the experimental phonon
observed at 106.2 cm L. However, without information on the calculated intensity of
these Raman-active peaks, a definitive assignment cannot be made. While there are

two calculated peaks in this region, only the one with experimental intensity is observed.
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Figure 4.1. Calculated phonons and INS intensities (O’climax) and comparison with the

experimental INS data from VISION: (Top) 8-d4 and (Bottom) 8-das.
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Figure 4.2. Comparison of the calculated phonon spectra of 8 and 8-da. In the energy

region around 100 cm, the modes are similar. Therefore, only the calculated modes of

8-d4 are discussed.

125



18 : * 1.00(10) cm™
16 - ° .
[
14 . o
= °
; 12 4 °
B [ J
L 107 e 2.05(10) cm™
o [ J
2 gl o
2 N B
g 61 e
> )
44 e
[ ]
21 e
[ ]
0] eA 09515 cm® C D E
115 120 125 130 135 140

Raman Shift (circles, cm™)
Figure 4.3. ZFS and phonon peak positions vs. magnetic fields in the Raman spectra of
8. Solid lines represent fittings. Arrows point to corresponding avoided crossings for

|/\|_160

126



Bu phonon mode directly overlapping with the ZFS peak (~115 cm for 8-d4 and
~112 cm for 8-d1s) in far-IR. However, the phonon calculations of the peak positions
show two phonons of u symmetry in the 115 cm region (i.e., 114.3 and 116.3 cm™,
Table 4.1) for 8-dis. Experimentally, these features are weak (Figure 4.4). In order to
show the weakness in intensities of these features, the intensities of the far-IR phonon
modes in this region were calculated (Figure 4.4). It is clear there are not quantifiable
peak intensities from phonon modes in this region, suggesting that these peaks are very
weak in far-IR. Far-IR intensities were derived using the method by Gianozzi and co-
workers.1%°

It was determined from the Raman spectroscopy with external magnetic fields
that vibrational modes with g symmetry couple to the ZFS peak (Table 4.1 and Figure
4.3). The phonon calculations were used to simulate animations of the atomic
displacements to understand how the SMM is likely to be altered by vibrations leading
to magnetic relaxation. It is clear there is a trend in the magnitude of |A] and the
distortion of the O-Co-O equatorial bond angle. The modes with the largest spin-phonon
coupling constant |A| (Figure 4.3), E in 8/8-d4 (File 3) and A in 8-d1s (File 4), have greatly
mismatched vector magnitudes of the equatorial O atoms, leading to a larger net
change in this bond angle (Table 4.2 and Figures 4.5-4.6). These vibrations significantly
distort the first coordination sphere and perhaps lead to the larger |A|. Therefore, we
rationalize that, if these phonons are involved in magnetic relaxation, the O-Co-O
equatorial-bond-angle distortion plays a key role in the spin reversal. These spin
changes of the excited KD is of prime importance for the magnetic relaxation at

elevated temperatures where the excited KD is populated. Likewise, low-energy
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Figure 4.4. Comparison of experimental (O T) and calculated far-IR spectra of 8-dus.

128



Table 4.2. Distortion of the O-Co-O bond angles in the equatorial plane from the vibrations compared with the spin-

phonon coupling constants |/A|. These bond angles are determined from the geometry-optimized crystal structure

Complex Calculated vibration (cm™) Equilibrium Distorted bond Change Spin-phonon
(Peak label) bond angle (°) angle (°) in bond coupling

angle (°) constants |A|
8-d4 126.0 (C) 90.75 90.93 -0.18 0.95(15)
8-d4 129.3 (D) 90.75 90.85 -0.10 1.00(10)
8-d4 142.7 (E) 90.75 92.15 -1.4 2.05(10)
8-dis 116.3 (A) 90.75 89.88 0.87 2.15(10)
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Mode E

Figure 4.5. Displacement (arrows) of atoms in 8-d4 for modes C, D and E (two different orientations of the molecule).
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Figure 4.6. Displacement (arrows) of atoms in 8-dis for mode A.

131



phonons (not included in Table 4.2) are responsible for the low-temperature shortcut of
the relaxation time. Modes C and D (8-d4, Files 1 and 2) have less distortion of the O-
Co-0O equatorial bond angle and therefore, we reason, do not couple as strongly with
spin (Figure 4.5). These findings are in line with recent calculations of spin-phonon
couplings in [(tpaP")Fe]~ [HatpaP" = tris((5-phenyl-1H-pyrrol-2-yl)methyl)amine] by Lunghi
and coworkers demonstrating that the vibrations perturbing the bending angle of the
equatorial N atoms coordinated to the Fe(ll) ion are strongly coupled to the spin.1?

The methyl hydrogen (deuterium) atoms have the largest displacements in
Figures 4.5-4.6 out of any atoms in the phonons near the ZFS peak, i.e., C, D and E, of
8-d4 (A of 8-dis). However, due to the distance from these atoms to the Co(ll) center
(~4.5-5 A), it is hard to imagine that they have a large role in magnetic relaxation.
Therefore, in the case of the aforementioned phonons, these cannot be used to explain

the differences in the coupling constants |A| reported here.

4.4. Conclusions

This work demonstrates the necessity of calculating vibrational modes and
modeling the atomic displacements to help understand the role chemical structures play
in magnetic relaxation. Here, the calculated modes are compared to those observed in
the far-IR and Raman spectra. The coupling constants obtained from Raman
spectroscopy are non-uniform. To understand why certain modes couple more strongly
to the spin, the displacements of the atoms have been studied. It was determined that
modes with the largest coupling constant involved the greatly mismatched vector

magnitudes of the equatorial O atoms, leading to a larger net change in this bond angle.

132



This study is the first to use both experimental coupling constants and modeling of the
vibrational atomic displacements to understand how these particular could lead to

relaxation at higher temperatures.

4.5. Experimental

VASP44 calculations on 8, 8-d4 and 8-d1s were conducted. Geometry
optimizations were performed on the single-crystal X-ray structure of 1 at 100 K.16° The
optimized structure completed at O T was used for the phonon calculations. Spin-
polarized, periodic DFT calculations were performed using VASP with the Projector
Augmented Wave (PAW)161-162 method and the local density approximation (GGA)63 +
U (U = 5.37)16%.164 exchange correlation functional. An energy cut off was 900 eV for the
plane-wave basis of the valence electrons. Total energy tolerance for electronic
structure minimization was 10 eV. The optB86b-vdW, a non-local correlation functional
that approximately accounts for dispersion interactions, was applied.®® For the structure
relaxation, a 1 x 3 x 1 Monkhorst-Pack mesh was applied. Phonopy,*4' an open source
phonon analyzer, was used to create a 140 atom, 1 x 2 x 1 supercell structure. VASP
was then employed to calculate the force constants on the supercell in real space using
DFT. The crystal structure of 8 was determined to have Czn symmetry.16° The
O’CLIMAX software'®® was used to convert the DFT calculated phonon results to the
simulated INS spectra (Figure 4.1). Jmol was used to create the animations (Files 1-4).
Since the INS (and far-IR and Raman) peaks of 8 and 8-d4 near 115 cm are similar,

only the calculated phonons of 8-d4 are presented.
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Chapter 5

Effect of Magnetic Fields on the Methyl
Rotation in a Paramagnetic Cobalt(ll)
Complex. Quasielastic Neutron Scattering

Studies
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This part is based on the following paper:

Stavretis, S.E.; Mamontov, E.; Moseley, D.H.; Cheng, Y.; Daemen, L.; Ramirez-Cuesta,

Xue, Z.-L., Effect of Magnetic Fields on the Methyl Rotation in a Paramagnetic Cobalt(ll)

Complex. Quasielastic Neutron Scattering Studies. Submitted for publication.

This author conducted the QENS experiment and spin density calculations in

collaboration with scientists at ORNL. She interpreted all data.
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5.1. Abstract

Molecular dynamics is a fundamental property of metal complexes. These
dynamic processes, especially for paramagnetic complexes under external magnetic
fields, are in general not well understood. Quasielastic neutron scattering (QENS) in 0-4
T magnetic fields has been used to study the dynamics of Co(acac)2(D20)2 (8-d4, acac
= acetylacetonate), a field-induced single-molecule magnet (SMM) at <400 mK. At 80-
100 K, rotation of the methyl groups on the acac ligands is the dominant dynamical
process. Surprisingly, this rotation is slowed down by the magnetic field increase.
Rotation times at 80 K are 5.6(3) x 10° s at 0 T and 2.04(10) x 10°s at 4 T. The
variable-field QENS studies suggest methyl groups in these paramagnetic Co(ll)
molecules are not behaving as isolated units. In other words, there are intermolecular
interactions between them. We speculate these interactions may originate from the
presence of unpaired electron spins dispersed on peripheral hydrogen atoms or from a
structure change in the molecules stemming from a magnetic field effect on the
paramagnetic Co(ll) ions. Methyl torsions in 8-d4 have also been observed at 5-100 K in
inelastic neutron spectroscopy (INS). Although the temperatures in the current QENS
studies are higher than the range in which Co(acac)2(H20)2 (8) shows SMM behavior,
the QENS and INS results here help understand the dynamics of the compound and

may shed light on intermolecular interactions in the solid state.

5.2. Introduction
SMMs are actively studied due to their slow magnetic relaxation, quantum

tunneling, and potential applications in, e.g., information storage and quantum
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computation.! One major focus of SMM research is to increase the blocking
temperature Ts above liquid nitrogen of 78 K, and hopefully room temperature in the
future, to eliminate the need of the current cryogenic temperatures to observe slow
magnetic relaxation. Goodwin and co-workers have recently reported that
[Dy(Cp')2][B(CeFs)4] (Cp™ = 1,2,4-BusCsH2) displays magnetic hysteresis up to 60 K.1%¢
The magnetic relaxation rate of this dysprosocenium-based SMM is significantly
reduced due to improved relaxation dynamics. With increased Ts, more dynamical
processes in SMMs would be activated. The dynamics of the ligands/groups of SMMs is
believed to play a major role in the relaxation processes, allowing the magnetic moment
to re-orientate randomly and thus quenching the magnetic hystersis.%6:16” Studies of the
dynamical processes in molecular complexes help understand the properties of the
metal complexes at a fundamental level and assist the design of better SMMs.

Gomez-Coca and coworkers have recently reported that, at low temperatures
(<400 mK), Co(acac)2(H20)2 (8), a Kramers ion, behaves as a field-induced single-
molecule magnet (SMM), displaying magnetic hystersis.'? At higher temperatures, 8 is
considered to be a paramagnetic complex with unpaired electrons (S = 3/2) that are not
localized but dispersed throughout the molecule, including the ligands.168

There have been few direct spectroscopic studies of the dynamics. Although the
dynamics of SMMs can be probed by a variety of methods, most often by AC
susceptibility for magnetic relaxation, quasielastic neutron scattering (QENS) has been
rarely used to study paramagnetic complexes.6%170 QENS was employed to study a Th-
based SMM.*70 In this work, Kofu et al. determined the dynamics (i.e., magnetic

relaxation) was activated around 20 K. The dynamics detected by QENS in the Tb-
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based SMM is a new relaxation process at the ns and ps timescale, which AC
susceptibility studies are not able to reveal. The authors believe that the newly identified
relaxation process may stem from either thermally activated tunneling in the higher
excited states or unpaired electron spins coupled to the motion of H atoms near the
magnetic ions. A paramagnetic oxidized ferrocene complex (not an SMM) was probed
with QENS and an external magnetic field.*®® The QENS spectra with the applied field
showed that the rotation dynamics of the cyclopentadienyl (Cp) rings was unaffected by
an external field up to 2.5 T.1%9 No further interpretation of the field-independent
dynamics was given.

Neutron backscattering spectrometers can be used to obtain high-resolution
QENS spectra.l’*172 QENS probes small energy exchanges in a small-energy inelastic
process that appears almost elastic. The translational or rotational motion of atoms or
molecules cause quasielastic broadening of the elastic peak in comparison to
instrument resolution spectrum that has a maximum around E = 0 cm™.1"1 At adequately
high temperatures, the molecular motions cause measurable energy transfer to or from
the neutrons during the scattering event at a given energy resolution of the
spectrometer.1’3174 For metal complexes, QENS has been used to probe rotations of
methyl and Cp groups?’%175-176 and an exchange between a hydride ligand and
peripheral methyl groups in a complex'’” in addition to the studies of the magnetic
relaxation in the Th-based SMM.1’° QENS has also been used to characterize a
precursor in spinel GeCo0204 that, below its Neel temperature, becomes

antiferromagnetically coupled ferromagnetic subunits.’8
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Internal rotations, such as methyl rotation in ethane and ethane-like molecules,
have been the subjects of both theoretical and experimental studies since the early
years of quantum chemistry.1’9-188 Hindered rotations and barriers to internal rotations
contribute to the conformations of molecules. The nature of the rotations is of
fundamental interest in part as the rotations determine some critical characters of the
structures and functions of molecules.'®-184 However, the nature of barrier factors, even
for ethane, is still debated.184.186-187 E|ectronic origin of the barriers has been considered
in terms of steric repulsions, electrostatic models and hyperconjugation, among
others.184v186'187

We report here our QENS studies of Co(acac)2(D20)2 (8-d4) with two acac and
two deuterated water ligands in the equatorial and axial planes, respectively (Figure
5.1). The acac ligands contain a total of four methyl groups per molecule of 8-d4. QENS
has been used in conjugation with an applied magnetic field up to 4 T to probe field-
dependent dynamics of 8-d4 at 80-100 K, revealing the rotation of the methyl groups. In
addition, INS of 8-d4 has been investigated at the vibrational spectrometer VISION to
examine the methyl torsion peaks and calculate the activation energy of methyl rotation.
The methyl groups weakly interact with each other. Thus, the rotations are collective in
nature. However, since the interaction/coupling is very weak, the torsion or rotation is
nearly independent among molecules and can be considered to be an internal mode. To
our knowledge, this is the first time that field-dependent dynamics of the methyl rotation
has been observed. Although 8-d4 does not behave as an SMM at 80-100 K (the
temperature range of the current work), the results here help understand the molecular

dynamics and the effect of the magnetic fields on the dynamics.
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Figure 5.1. (Top) Structure of 8-d4. (Bottom) Fixed window elastic scattering neutron

intensity scan at |Q| = 0.3 A1 between 2 and 275 K. |Q| dependence of the fixed window

scan is shown in Figure C.1.
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5.3. Results and Discussion
5.3.1. QENS Data and Calculation of Methyl Rotation Times

To probe the temperature range where the measurable dynamical processes
occur, Backscattering Spectrometer (BASIS), a QENS instrument, was utilized. A fixed
window scan, where the elastic (within the energy resolution of the spectrometer)
intensity is recorded as a function of temperature, was performed on 8-d4 as shown in
Figure 5.1-Bottom between 2 and 275 K. Based on Figure 5.1, the temperature range
where the QENS signal could be probed by BASIS is between 70 and 120 K. Under 70
K, the dynamics is too slow to be detected by BASIS and the elastic intensity shows
little temperature dependence aside from the thermal Debye-Waller factor due to the
vibrational degrees of freedom that are always present. However, once the temperature
is increased to ~70 K, there is a drop in elastic intensity signifying the presence of
guasielastic behavior, or broadening of the scattering signal, at the expense of the
intensity measured at w = 0. The dynamics detected in this region is associated with
classical stochastic methyl rotations.

QENS data at 80, 90, and 100 K show broadening compared to the resolution
function of the sample measured at 2 K. Representative QENS data compared to the
resolution function are given in Figures C.2-C.3 in Appendix C. The intensity of the
QENS component was found to increase with Q, indicating localized motion (rather than
magnetic scattering signal). The QENS spectra were fit with the Cole-Cole model
dynamic structure factor (Eqgs. 5.1-5.2). Here, Eo, signifies the broadening of the QENS

signal. Eo is analogous to the HWHM (7) parameter of a Lorentzian function, which is

the limiting case when the “stretching” parameter a = 0.18° Eo values from these fits are
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shown in Tables 5.1 and C.1. It should be noted that initially an attempt was also made
to fit the data with the Lorentzian (rather than the Cole-Cole) model dynamic structure

factor, but it was not successful. Thus, the data were fit using the following equations:*°

1(Q,E) = [X(Q)S(E) + (1~ x(Q))S(Q, E)|® R(Q,E) + B(Q,E) (Eq. 5.1)

where JE) is a delta function centered at zero energy transfer (E = 0), x(Q) represents
the fraction of elastic scattering in the signal, B(Q,E) is a linear background term, B(Q,E)
= C1(Q)E + C2(Q), R(Q,E) is the resolution function, and S(Q,E) is the Cole-Cole model

dynamic structure factor (Eq. 5.2):

1 (EQ)/E,(Q) @ cos 74D

2 (Eq. 5.2)

S(QE)=
Q) 14 2EQ)/E,Q) @ sin 02 + Q)1 E @)

The Cole-Cole scattering function has been previously used in dielectric
measurements to interpret the “stretched” relaxation character in the frequency space,
but has also been demonstrated as a function to fit QENS data.'® A representative fit of
the data is given in Figure C.4. From Eo extracted from data fitting, it is evident that the
signal becomes narrower as field increases (Table 5.1). For example, Eo are 1.19(6)
and 0.323(17) pyeV at 0 and 4 T, respectively. Methyl rotation time z is defined to be the

time needed to complete one 120° rotation!’® around the C-CHz bonds in the acac

ligand. 1/z is thus the frequency of the methyl rotation. The rand Eo parameters have an
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Table 5.1. Eo and 7 values of 8-d4 at different temperatures and 0 and 4 T from QENS

Field Temp (K)? Eo (peV)® 7 (S)°
80 1.19(6) 5.6(3) x 10
0T 90 2.43(12) 2.71(13) x 1010
100 4.5(2) 1.48(7) x 1010
80 0.323(17)" | 2.04(10) x 10°
4T 90 1.14(6) 5.8(3) x 1010
100 2.61(13) 2.53(12) x 1010

a Uncertainty in temperature (cT = 0.1 K)

b Total uncertainties ctotal in Eo are given in Table 5.1
here:1% ciotal = oran? + osys2. Random uncertainty oran for
each Eo value is obtained from the fitting of the QENS
data using Eqg. 5.1. Systematic uncertainty osys in Eo
from the QENS studies here is estimated to be 5% of Eo.

¢ The largest uncertainties inrat0 and 4 T are 2.8 x 10!
s and 10 x 1019 s, respectively. These are used to
calculate uncertainties in Ea and 7, by Egs. 5.7-5.8,
respectively.

d QENS signals as narrow as the one presented here have been
measured in the past on BASIS'1"19 and backscattering

spectrometers elsewhere.'®*
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inverse relationship, = h/Eo (h = h/2=; h: Planck constant). An increase in Eoindicates

a decrease in 7. rvalues at different temperatures and 0 and 4 T fields, calculated from

the Eo values, are given in Table 5.1.

5.3.2. Activation Energies Ea of the Methyl Rotation at0Oand 4 T
Thermal dependence of rotation times z vs. temperature is found to follow the

Arrhenius equation (Eg. 5.3):

r = gyefa/ksT (Eq. 5.3)

where Ea is the activation energy or barrier of the methyl rotation, z, is the pre-

exponential factor and, in the current case, attempt frequency o for 120° rotation (/o =

1/zy), and ks is Boltzmann constant.

The Arrhenius plots In zvs. 1000/T at 0 and 4 T are given in Figure 5.2. The
slopes of the fit lines give Ea for the rotation of the methyl groups in 8-d4 at the two
magnetic fields. The y-axis intercepts give z,. We have derived error propagation
formulas (Section 5.5) to estimate the uncertainties in Ea and 7, from such fits based on
the Arrhenius equation in Eq. 5.3. The approach to derive the formulas is analogous to
those used to derive error propagation formulas for the Eyring equation by Girolami and
coworkers!® and for the Van't Hoff equation (changes in equilibrium constant, Keq, of a

chemical reaction vs. temperature) by us.196-197
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Figure 5.2. Arrhenius plots of In z vs. 1000/T at O (red points and the fit line) and 4 Tesla

(blue points and the fit line).
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Fittings of the Arrhenius plots in Figure 5.2 give activation energies at O [Ean=0)]
and 4 T [Ear=4m)]: Eat=0) = 46(4) meV [3.7(3) x 10?2 cm; 1.05(0.10) kcal/mol] and
Eat=41) = 72(5) meV [5.8(4) x 102 cm™; 1.67(0.12) kcal/mol]. As expected, the rotation
becomes faster (with smaller 7) when temperature is increased (Table 5.1). Notably, the
rotation slows down at 4 T (with larger 7) and the activation energy Ean=41) for the
methyl rotation inside the external magnetic field is larger than Eam=0) at O T. In other
words, methyl rotation time z, as measured by QENS, becomes larger under the applied
field.

Energies of the attempt frequency /o determined are 0.86 (6.9 cm™, 0 T) and
11.8 meV (95.1 cm, 4 T). o from methyl rotations are typically between 2 (16 cm?)
and 5 meV (40 cm™).1% [pat 0 and 4 T are found to be field-dependent and are outside
the typical range. The magnetic field effect on methyl rotations could indicate
interactions between magnetic moments of the methyl groups or Co(ll) ions on
neighboring molecules at 0 and 4 T, which is discussed below.

The activation energy Ea may also be deduced from neutron vibrational
spectroscopy. The torsions of a methyl group refer to the motions within a single
potential well (or oscillations about the minimum) (Figure 5.3).183 That is, the H atoms of
the CHs groups do not traverse the saddle point of the potential barrier (Figure 5.3).
Torsions are typically in the meV range (1 meV = 8.065 cm) and are measurable at as
low as 5 K by vibrational spectroscopies, including inelastic neutron scattering (INS).
When the thermal energy in the system becomes sufficient for H atoms to overcome the
potential barrier to perform a 120° jump (that is, at finite temperatures), the process is

referred to as rotation or stochastic reorientation (Figure 5.3).
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Figure 5.3. Torsion and rotation of a methyl group. Eais the activation energy of the

methyl rotations; v = 0 is the ground torsional level; Vs is the 3-fold barrier height.
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Peaks of methyl torsion (e.g., v =0 — 1 transition in Figure 5.3) are observed at
VISION without external magnetic field. (Currently no external magnetic field can be
applied at VISION.) These peaks should be intense in the VISION spectrum since they
stem from large displacements of hydrogen atoms which have a large cross section for
neutron scattering.'®® At BASIS, the effective activation barrier is observed. No
particular vibrational mode was activated in the QENS process. In other words, the
temperature probed at BASIS (70-100 K) causes many modes to be activated. In
comparison, using the VISION data, we are able to calculate Ea for a particular methyl
torsional mode based on its energy. The most intense vibrational mode (methyl torsion)
in the VISION spectrum is at 20.3 meV (164 cm?, Figure C.5 in Appendix C) which can
be considered a mostly internal mode. This mode shows strong torsions of the methyl
groups. The 20.3 meV mode is used as a representative methyl torsion in the VISION
data. Using the hindered methyl rotor dynamics program in DAVE®? [methyl rotational
constant = 0.65 meV (5.2 cm?)], the Schrodinger equation was solved for various V3
(height of the potential barrier). From this equation, if the ground state of 10.6 meV
(85.5 cm™), V3 is 82.0 meV (661 cm™). Then, the Ea value from the VISION data is 71.4
meV (576 cm; 1.65 kcal/mol). Considering the two different approaches in determining
Ea, the VISION data are comparable to the E4 value (~50 meV at 0 T) from the
Arrhenius fitting of the BASIS data in Figure 5.2. Since Ea from the BASIS data is
extracted from the Arrhenius plot, the differences from the Ea extracted from the VISION
data could be attributed to processes that are not described by the Arrhenius model

such as quantum tunneling.1%
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5.3.3. Effect of the External Magnetic Fields on the Rotation Times =

The effect has been studied at 100 K (Figure 5.4). Rotation times from QENS
were collected for a total of 10 different fields between 0 and 4 T, providing enough data
points to see a trend of 7 vs. the magnetic field H (Table C.1 in Appendix C). Figure C.6
shows an exponential trend in the rate of the methyl rotation. From 0 to 1.5 T, there is
little change in z. However, as the field is increased >1.5 T, the pace of change in zis
faster, suggesting that the observed methyl rotation time is more hindered as the
magnetic field is raised.

To our knowledge, how external magnetic fields affect molecular dynamics such
as methyl rotation in Co(acac)2(D20)2 (8-d4) has not been investigated. The
experimental data (Table C.1 in Appendix C) show the following exponential relationship

in Eq. 5.4:

T(H) - T(H=0) = ae?H (a and b: fitting constants) (Eq. 5.4)

or the linear relationship between In () - 7v=0)) and H in Eq. 5.5, as demonstrated in

Figure 5.4:

In (z(n) - 7H=0)) = In @ + bH (Eq. 5.5)

If the partial electron spin on an H atom (discussed below) behaves similarly as an
electron, the partial spin is expected to have two degenerate, spin-up and spin-down

states. When a molecule of 8-d4 is placed inside the external magnetic fields, Zeeman
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Figure 5.4. Plot of In (zH) - 7(H=0)) VS H at 100 K. The larger uncertainties at smaller fields
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effect leads to the splitting of the spin-up and spin-down states, as is the case for an
unpaired electron inside the field. Why the data in Figure 5.4 give the linear relationship
between In (z) - 7H=0)) and H in Eq. 5.5 deserves theoretical studies which are beyond

the scope of the current work.

5.3.4. Calculations of Spin Densities

Considering the lack of calculated spin densities for Co(acac)z(H20)z (8), its spin
densities have been calculated with the Vienna Ab Initio Simulation Package (VASP) to
understand how the spin in the molecule of Co(acac)2(D20)2 (8-d4) is dispersed onto the
peripheral methyl H-atoms. It should be pointed out that the current work focuses on
using QENS to probe molecular dynamics. The VASP calculations are not designed to
be of high-level but were conducted to provide a quantitative scale to show the
presence of spin densities on peripheral H atoms of 8. VASP patrtitions electrons

according to the Wigner Seitz radius ae in Eq. 5.6:2%°

ae = (3/41ne)13 (Eq. 5.6)

where neis electron density. Each atom is considered as a sphere and ae defines the

radius “occupied” by one atom in a sample.

This method leads to the absence of densities between atoms, i.e., densities of bonds.
Therefore, the sum of the magnetic moment on all atoms combined, 2.97, is slightly

smaller than the total, 3 (= 3 unpaired electrons), on the complex. The spin densities ps
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for the atoms of 8 are given in Table 5.2.

The results of spin density calculations, although not at a high level, show that
the unpaired electron spin density is transferred from the central Co(ll) ion to the atoms
on both acac and H20 ligands. In other words, the unpaired electrons are not localized
on a single point, such as the Co(ll) ion, but dispersed over the entire molecule. The
results are consistent with NMR studies of such paramagnetic compounds,?°*2°3 and an
earlier report by Lohr, Miller and Sharp.*! It is well known that NMR resonances of
ligands in paramagnetic complexes are typically shifted as a result of the electron spin
densities on the ligand atoms.?%1-203 | ohr and coworkers reported spin densities in
Mn(acac)2(H20)2 (S = 5/2) that were calculated using the unrestricted Hartree-Fock
method.!1! The spin densities on the H atoms of the methine and methyl groups have
an average value of -1.5 x 10 and 7.2 x 10, respectively. The value for the water
protons is much higher at 4.3 x 103, Lohr and coworkers also attempted to do the same
calculations for Co(acac)2(H20)z (8, S = 3/2) but indicated they could not obtain
computationally significant values using their method.!

The transfer of spin density is probably through both spin delocalization and
polarization mechanisms, as shown by the sign of ps in Table 5.2. Such a model has
been used to explain spin delocalization in paramagnetic molecules.?°1-292 |t should be
pointed out, however, a majority of the unpaired electron spin density (~95%) is
localized on the Co(ll) ion. Only 0.03% unpaired electron spin is localized on the 12 H
atoms of four methyl groups in the two acac ligands, while 0.3% is localized on the
carbon atoms of the methyl groups. On average, each methyl group carries 7.16 x 10-°

(Table C.2 in Appendix C).
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Table 5.2. Spin densities ps of the atoms in one molecule of 82

2There are two molecules in

a unit cell of 8. The total spin
density for the unit cell is
twice of the total density in

this table.
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Atom Ps
H6 -2.57 x 10°
H3-5 + H7-9 8.60 x 10*
H1-2 3.60 x 103
C6 6.80 x 107
C2-3 -3.74x 103
C15 8.20 x 1073
02-3 1.08 x 10?
o1 3.81x 102
Col 2.81
Total 2.97




It is not clear why the methyl rotation is slower when magnetic field is applied. It
is possible that this is due to the presence of electron spin density on the methyl
hydrogen atoms. If the spin density on each H atom is considered as a tiny magnet, the
three magnets on the three H atoms of a methyl group will align in the direction of the
external magnetic field when the field is applied. In this simple, classic picture, rotating
of the three magnets inside the external field is expected to be more difficult. An earlier
QENS study of an exchange between the Hhydride ligand and Ho-methyt atoms of the
mesityl group in trans-W(=Cmesityl)(dmpe)zH [mesityl = 2,4,6-trimethylphenyl; dmpe =
1,2-bis(dimethylphosphino)ethane] showed that Hnydride and Ho-methyl atoms, which are
4.25 A apart, undergo jump diffusion.'’” Analyses of the crystal structure of
Co(acac)2(H20)2 (8) at 298 K'° show that the H-H distances between methyl groups of
neighboring molecules are as close as 2.734, 2.836 and 2.907 A. It would not be
surprising that the H atoms of these methyl groups with electron spin densities have
magnetic interactions among them, contributing to the intermolecular interactions
between the neighboring molecules of 8. We note the calculated unpaired electron
densities on the methyl H atoms are small and temperatures of 80-100 K required for
this study provide large thermal energy to the H atoms.

Another possible factor is the intermolecular interactions stemming from the
paramagnetic metal of the complex. Gomez-Coca et al. have shown that there are
intermolecular interactions in the solids of Co(acac)2(H20)2 (8).1° The interactions are
significantly reduced in magnetically diluted solids of Coo.05Zno.9s(acac)2(H20)2
containing 95% diamagnetic Zn(ll) ions. Such intermolecular interactions between metal

centers have also been observed in other SMMs.1%2%4 |nside external magnetic fields,
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such interactions perhaps alter the structure of two neighboring molecules, possibly
making it more difficult for the methyl groups to rotate due to changes in distances
between the peripheral methyl groups. However, powder neutron diffraction of Co(acac-
d7)2(D20)2 (8-d1s) at 0 and 7 T and 4 K using the High Resolution Powder Diffractometer
(BT-1) at U.S. NIST Center for Neutron Research showed no observable structure
changes beyond errors of the method.*®° Thus, there is no experimental data at this

time to confirm such a structure change under magnetic field.

5.4. Conclusions

The current work shows that external magnetic fields influence the rotations of
the methyl groups in 8-d4. To our knowledge, this is the first report of field-dependent
methyl group rotation. The variable-field QENS studies here suggest that the methyl
groups on the paramagnetic molecule probably do not behave alone. That is, there are
intermolecular interactions among neighboring molecules. While further work is needed
to understand the origin of the changes of methyl group rotation with field, it is clear that
the rotation of these groups is susceptible to magnetic field changes. Our results are
different from those of Kofu et al.1’® as the dynamics observed here occurs at higher
temperatures and is ascribed to molecular lattice dynamics instead of magnetic
relaxation. The work here helps understand the dynamics in the molecules of 8-d4

which behave as SMMs at lower temperatures.
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5.5. Experimental

QENS experiments were performed at Backscattering Spectrometer (BASIS) at
SNS, ORNL.?% In a QENS experiment, neutron scattering intensity is measured as a
function of the neutron energy transfer, defined as the difference between the incident
and detected neutron energy. The energy transfer range probed was £100 ueV,
whereas the Q-averaged energy resolution was 3.4 peV, full width at half maximum.
This resolution value corresponds to longest measurable relaxation time of about 0.4
ns. The Q-averaged (0.3-1.9 A1) QENS spectra were fit with the Cole-Cole equation at
each temperature/field. Approximately 3.8 g of polycrystalline sample was packed into
an aluminum sample can. This can were then topped with aluminum foil to prevent the
powders from moving in the magnetic field. A 5 T vertical magnetic was used in the
sample environment. The QENS data were fit with the Cole-Cole equation in DAVE.52
VISION data on 8-d4 were collected on ~2 g of samples for 1 h at 5 and 100 K. The
unpaired electron spin density was calculated simultaneously with the geometry
optimization of Co(acac)2(H20)2 (8) in the VASP with the MAGMOM tag on. Geometry
optimizations were conducted on the single-crystal X-ray structure of 8 at 100 K60
described in Section 4.5.

The total uncertainties in the rotation time at 0 and 4 T were used in the In zvs
1000/T plot in Figure 5.2 and error propagation calculations below. The activation
energies Ea were calculated from an unweighted nonlinear least-squares procedure
contained in the SigmaPlot Scientific Graph System. The uncertainties in Ea and m were
computed from the following error propagation formulas (Egs. 5.7-5.9), which were

derived from the Arrhenius equation (Eqg. 5.3).
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(GEa)2 = ke?Tmax? Tmin? (Tmax2 + Tmin2) [|n(’tmax/’tmin)]2 (GT/T)Z/AT4 +

2kBZTmaszminZ(O"lT/’E)Z/AT2

(CS‘I:O/’I:O)2 = 2Tmax?Tmin? [|n(‘tmax/‘tmin)]2 (GT/T)Z/ AT +

(Tmax2 + Tminz)(G’l?/’E)z/AT2

where AT = (Tmax - Tmin).

For Arrhenius equation in the following form:

1/t = (1/70) e VkeT (k = Boltzmann constant)

(GU)Z = k2Tmax®Tmin? (Tmax2 + Tminz) [|n(‘tmax/‘tmin)]2 (GT/T)Z [ AT* +

2k2Tmax2Tmin2(G‘C/’E)2 | AT?
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(Eq. 5.8)

(Eq. 5.9)



Chapter 6

Conclusions and Recommendations
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6.1. Conclusions

This dissertation is focused on three main subjects: (1) Determination of
magnetic excitations by inelastic neutron scattering (INS) in paramagnetic complexes
including single-molecule magnets (SMMs); (2) Probing the origins of spin-phonon
coupling in Co(acac)2(D20)2 (8-d4) and Co(acac-d7)2(D20)2 (8-d1s); (3) Investigating
field-dependent methyl rotation of 8-d4 with quasielastic neutron scattering (QENS).

In Chapter 2 INS is utilized to directly determine the zero-field splitting (ZFS)
parameters of nondeuterated metalloporphyrins Fe(TPP)X [X = F (1), Br (2), | (3);
H2TPP = tetraphenylporphyrin]. The ZFS values are D = 4.49(9) cm™ for tetragonal
polycrystalline Fe(TPP)F (1), and D = 8.8(2) cm™, E = 0.1(2) cm™t and D = 13.4(6)
cm™, E = 0.3(6) cm™ for monoclinic polycrystalline Fe(TPP)Br (2) and Fe(TPP)I (3),
respectively. Along with the previously reported value D = 6.33(8) cm™ for Fe(TPP)CI,
this work reveals D increases from F to I. Ligand field at the ab initio level shows that
the origin of D stems in part from delocalization of ¢ d-electrons on the TPP ligand
which reduces the Racah parameter and the energy gap between the ground 6A:
ground and the #Az excited state.

Chapter 3 demonstrates the strengths of using INS to probe magnetic excitations
in multiple Co(Il) complexes and an Er(lll) SMM. These studies reveal the following: (1)
Necessity of determining magnetic excitations directly instead of solely relying on
estimates obtained magnetometry measurements. Indeed, discrepancies of the values
reported from magnetometry measurements have been found to overestimate the size
of the separations between ground and first excited magnetic levels. (2) Viability of

using an external magnetic field in INS to determine the magnetic excitations of
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protonated samples with for large separations (40 and 105 cmt) where phonons are
prevalent. The use of single crystal SMMs eliminated peak broadness under the
application of field due to different orientations of the powder samples Bx, By, Bz. (3) Use
of |Q| dependence from the INS data to disentangle spin-phonon coupled peaks at O T,
revealing the magnetic and vibrational origin of these peaks.

Chapter 4 highlights the utility of calculating vibrational modes and modeling the
displacements of atoms in SMMs. Based on experimental spin-phonon coupling
constants (|/\|) extracted from magneto-Raman spectroscopy, it is determined that some
phonon modes have larger |/| than others. The displacements of the atoms show that
the modes with the largest couplings |A| have the greatest net change in the equatorial
O-atom bond angles. This study is unique in that it is the first to use both experimental
coupling constants and modeling of the vibrational atomic displacements to understand
how phonons near the magnetic excitation could interact with magnetic moments,
leading to relaxation.

Chapter 5 provides a unique approach to examine the molecular dynamics in the
temperature range where 8-d4 behaves as a paramagnet. Our quasielastic neutron
scattering results show the primary dynamical process is methyl rotation. With the
application of external magnetic field, the methyl rotation is slowed down demonstrating
field-dependent behavior. This field-dependent behavior may be from the intermolecular

interactions between molecules of 8-da.
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6.2. Recommendations

Several recommendations for future work are made by looking at the total picture
obtained from this dissertation. INS shows the full spectrum of vibrational peaks with no
selection rules. When using other spectroscopic techniques, such as Raman and IR,
some vibrational peaks may be forbidden. The work outlined in Chapter 3 demonstrates
the importance of the following determinations: (1) Exact energy of the magnetic
excitation; (2) Energies where the phonons are located, especially in relation to the
magnetic excitation. For example, low-energy phonons are found to participate in spin
relaxation to significantly reduce the observed spectroscopic barrier (i.e., magnetic
separation between ground and first excited state). Therefore, it is of critical importance
to create desirable SMMs to maximize the magnetic anisotropy and to design the
phonon spectrum, reducing spin-phonon coupling especially in the energies close to the
magnetic excitation. Spectroscopies including INS can help probe next generation
SMMs.

Ueff is determined by the phonon energies that are specific to each SMMs.
Therefore, finding ways to fine-tune the phonon energies will be important to engineer
future SMMs. It could be possible to increase magnetic relaxation by increasing the
energies of lowest energy phonon to slow down direct relaxation between nearly
degenerate magnetic ground states. In the high temperature regime, where the Orbach
processes is applicable, it is perhaps desirable to increase the energies of phonons so a
mode that strongly couples would be at higher energies. A potential avenue for
increasing magnetic relaxation could be with pressure. For example, 8 has been probed

under pressures up to 2.0 GPa (Figure 6.1) in a preliminary study. The low energy
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phonons sensitive to intermolecular changes are the most affected. However, how this
blue-shift in the low energy phonons affects magnetic relaxation is not known. Extensive
work with AC susceptibility measurements under pressure is needed to gain a full
understanding of the potential for this method.

In addition, as inelastic neutron scattering instrumentation improves, the ability to
probe magnetic excitation will become easier, requiring less time per measurement and
smaller sample sizes. In the time of this dissertation, the INS with external magnetic
field only has about 33% detector efficiency. However, instrumentation advances such
as new radial collimator to extend detector coverage acquired for Cold Neutron Chopper
Spectrometer (CNCS) will increase detector efficiency to 80%. In essence, the radial
collimators can decrease background scattering from the sample environment by
collimating the scattered neutron beam, to eliminate beam divergence, giving better
signal-to-noise ratios.?%® This advancement will make INS and magnetic fields even

more attractive as a spectroscopic technique to probe SMMs.
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Figure 6.1. INS spectra of Co(acac)2(H20)2 (8) at VISION between ambient and 2.0

GPa pressure (5 K).
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Synthesis of Fe(TPP)X [X =F (1), Br (2), | (3)]

Iron halide (Felzehydrate, FeBrzehydrate, FeFze3H20; 1.5 equiv) was added to 1
equiv of H2TPP refluxing in 100 mL of DMF. Solution was checked periodically by UV-
visible spectroscopy in toluene to see if the reaction was completed. Once product was
confirmed, the solution was iced and crystals were collected via filtration and
recrystallized in methylene chloride. It should be noted that column chromatography
was used in attempts to purify the product. However, degradation of the product on the
column was observed and column chromatography was thus not used to purify the
product.

3 was the most difficult to prepare and purify as the reaction to prepare 3 also
gave the y-oxo dimer derivative Fe(TPP)20. In order to eliminate the oxo dimer, the
product mixture was dissolved in chloroform and HI (57 wt%) was added dropwise, as
to not demetallate the compound, until the color changed from green to brown/red
solution.®® Recrystallization in methylene chloride yielded 3.

Conversion of Fe(TPP)X [X = Br (2), | (3)] to Fe(TPP)20 and Fe(TPP)F (1), to
Fe(TPP)OH was observed by UV-visible spectroscopy when water was added to the
reaction mixtures after reflux to crystalize the products.>® Therefore after several
unsuccessful attempts, the procedures for the metalloporphyrin preparation were

revised to eliminate water addition after the reflux to prevent undesired products.
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Figure A.1. UV-visible spectra of Fe(TPP)F (1, Left),A! Fe(TPP)Br (2, Middle),** and Fe(TPP)I (3, Right)*? in toluene. The

spectra are consistent with those reported in the literature.
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Figure A.2. (Top) Simulated diffraction pattern of Fe(TPP)CI single crystal data.
(Bottom) Diffraction pattern of 1 obtained from a sample used for INS. Crystal structure
of Fe(TPP)F reported gave the following: tetragonal space group, T =293(1) K, a =
13.381(2) A, ¢ =9.767(2) A, V = 1748.79 A3. However, details of the structure needed
for the simulation of powder diffraction were not provided. The structure is, however,
similar to that of Fe(TPP)CI®® [T = 293(2) K, 14, a = 13.5374(2) A, ¢ = 9.8247(2), V =
1800.49(5) A%]. Thus, the simulation of powder diffraction from single-crystal diffraction

of Fe(TPP)CI®® is used here for comparison.
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Figure A.3. (Top) Simulated diffraction pattern of 2 from single crystal data. (Bottom)

Diffraction pattern of Fe(TPP)Br obtained from a sample used for INS.
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Figure A.4. (Top) Simulated diffraction pattern of 3 from single crystal data. (Bottom)
Diffraction pattern of 3 obtained from a sample used for INS.
Elemental analyses were thus performed on 2 and 3 to rule out the presence of

impurities that may contribute to these peaks. The analyses gave satisfactory results.
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Anal Calcd for FeCasH2sN4Br: C, 70.61; H, 3.77; N, 7.44. Found: C, 70.49; H, 3.64; N,
7.65. Anal Calcd for FeCaaH2sNal: C, 66.44; H, 3.55; N, 7.04. Found: C, 66.52; H, 3.66;
N, 7.19. The nonmagnetic INS peaks were shown to be from phonons as discussed in
the text and below.

Mass spectroscopy was performed on all compounds using an ABI (Foster City,
CA) Voyager-DETM PRO matrix assisted laser desorption ionization time-of-flight
(MALDI/TOF) mass spectrometer. However, the parent peak for all samples was
Fe(TPP)*, showing the dissociation of the Fe-X bonds. Thus, MALDI was not capable of

determining the identity of the axial ligand.

Additional INS Plots and Error Analysis

INS spectra are functions of the incident neutron energy Ei, scattering vector Q,
and temperature of the sample. Sufficient Ei is needed to excite the sample to the first
and second magnetic excited states in the current samples. In Fe(TPP)I (3), e.g., Ei =
97.35 cm* was required to observe the second magnetic peak, as indicated below.
However, larger E; often leads to a larger elastic peak and lower resolution of the
magnetic peaks. Thus, whenever possible, INS spectra with small E;j were used to
locate the magnetic peaks.

Variable-temperature INS spectra were used to analyze the change of the
magnetic peaks vs. temperatures in part to support the assignment of the peaks as
magnetic. The negative peaks were used to make the assignment as well. The positions
of the negative peaks were also used to calibrate the elastic peak at Energy Transfer =

0 cmL. Magnetic peaks at each available temperature were verified by using a baseline

199



correction on experimental data and then fitting the data with a Gaussian function to find
the maximum intensity. Experimental values were then compared with calculated
values. The experimental and calculated intensities were scaled using the most intense
peak.

The intensity of the magnetic peaks decreases with the increase in the scattering
vector Q, while phonon peaks increase with the increase in Q.A? However, as described
in the text, various factors can limit the Q dependence of magnetic intensities.
Therefore, in the experimental data we looked for consistent intensities in the magnetic
peaks. The data were plotted at different Q ranges, with low to high Q values, to confirm

the presence of phonon peaks.

Area 0.0090(1)
0.015] Center 8.960(5) cm?
FWHM 0.83(1) cm™

0.010

Background 0.00347(5)

Intensity (Arbitrary Unit)

0.005- &

7.26 8.07 8.87 9.68 1048
Energy Transfer (cm™)

Figure A.5. Typical first magnetic peaks of for Fe(TPP)F (1) used for calibration of the
elastic peak and calculation of the D value (Ei = 24.17 cm, 10 K). FWHM = Full width

at half maximum.
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For the spectrum at 1.6 K (Figure 2.1), there is no negative magnetic peak to
calibrate the elastic peak. Therefore, the spectrum at 1.6 K was not used to locate the
first magnetic peak. Only the spectra at 10 K, 50 K, and 100 K were used. The INS
spectra at these temperatures using Ei = 24.20 cm?, |Q| = 0.5-1.3 A1 give the best
resolution and were thus used to locate the first magnetic peaks. These peaks, their

average and standard deviation are listed in Table A.1.

Table A.1. Analysis of the first magnetic peaks and random errror in the peak position in

Fe(TPP)F
Temperature First magnetic peak (cm™)
100 K 8.961
50 K 9.005
10K 8.993
Average = 8.986; 0,1 = 0.0227; Typical 10% FWHM = 0.0832 from Figure A.5

Step size in Figure A.5 is 0.00866 cm™. Since usually the error associated with a
peak position is ca. 10% of FWHM (= 0.0832 cm in the current case), 0.0832 cm™ is

treated as systematic error.

Otota’® = (0.0832)2 + (0.0227)?; Ototal = 0.0862 ~ 0.09 cm™*

2D =8.986 cm™; D = 4.49(9) cm™.

The exact peak location of 4D for Fe(TPP)F (1) was not critical for the

determination of the ZFS parameters as there was no E parameter to cause shifting of
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this peak. However, the center and FWHM with corresponding errors are listed in table

below to compare how close the 4D peak location is to 2D.

Table A.2. Position and FWHM of the 4D peak in Fe(TPP)F (1)

0.8

0.6 -

1]

0.4 4

Temperature (K) Center (cm?) FWHM (cm™)
10 18.15 1.8
50 18.01 1.7
100 17.99 1.1
Ave. = 18.05
on1 = 0.09
Temp (K) Expt. Calc. % Error
@ Experimental
TS 1.6 1.0000 | 1.0000 | N/A
10 0.7673 | 0.7729 0.725%
° 50 0.4469 | 0.4483 | 0.290%
100 0.3925 | 0.3912 0.332%
2‘0 | 46 | 66 | 86 120

Temperature (K)

Figure A.6: (Left) Experimental and calculated intensities vs. temperature for the 2D

peak in INS spectra of 1. At 1.6 K, the peak is most intense. Therefore, it was used to

scale the rest of the temperatures. (Right) Table of error calculations comparing the

intensities.
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> @

[ 33

® Experimental
Calculated
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0.0
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Temperature (K)

40

50

Temp (K) Expt. Calc. % Error
1.6 0.0000 | 8.799%e-4 N/A
10 0.6756 0.6151 9.75%
50 0.9536 1.0064 5.25%
100 1.0000 1.0000 N/A

Figure A.7: (Left) Experimental and calculated intensities vs. temperature for the 4D

peak in INS spectra of Fe(TPP)F (1). At 100 K the peak is most intense. Therefore, it

was used to scale the rest of the temperatures. (Right) Table of error calculations

comparing the intensities.

1.0

0.8 -

I“100 K

0.4 4

0.2 4

0.0 -

0.6 -

® Experimental
Calculated

A

[ 13

Temp (K) | Expt. Calc. % Error
1.6 0.0000 | 8.801e-4 N/A
10 0.7385 0.6151 20.1%
50 0.9684 | 1.0064 3.77%
100 1.0000 1.0000 N/A
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Figure A.8: (Left) Experimental and calculated intensities vs. temperature for the -2D

peak in INS spectra of Fe(TPP)F (1). At 100 K the peak is most intense. Therefore, it

was used to scale the rest of the temperatures. (Right) Table of error calculations

comparing the intensities.
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Figure A.9. Typical first magnetic peak of Fe(TPP)Br (2) used for the calibration of the
elastic peak and calculation of the D and E values (Ei = 40.89 cm, 50 K). This peak
also has the largest error associated with the standard deviation and FWHM. It was

used to estimate the total error.
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Figure A.10. Typical second magnetic peak of Fe(TPP)Br (2) used for the calculation of

the D and E values (Ei = 40.89 cm™, 50 K).
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For the spectrum at 1.6 K (Figure 2.2), there is no negative magnetic peak to
calibrate the elastic peak. Therefore the spectrum at 1.6 K was not used to locate the
first magnetic peak. Only the spectra at 10 K and 50 K were used. INS peaks using the
larger incident energy E; = 97.35 cm™ show much larger errors than those using E; =
40.89 cm. Therefore the INS spectra from Ei = 97.35 cm™ were not used in the location
of the magnetic peaks.

The INS spectra (Figure 2.2) at these temperatures using Ei = 40.89 cm%, |Q| =
0.5-1.0 A1 give the best resolution and were thus used to locate the first magnetic
peaks. These peaks, their average and standard deviation are listed in Table A.3.

The second magnetic peaks (both positive and negative) are more prominent in
the spectra at 50 K (Figure 2.2). In order to obtain an average for the position of the
positive, second magnetic peak, spectra at three different Q ranges were obtained. After
calibration of the elastic peak using the first magnetic peaks, the positions of these

second magnetic peaks are given in Table A.3.
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Table A.3. Analysis of the magnetic peaks and random error in the peak positions (Ei =

40.89 cm?) in Fe(TPP)BTr (2)

Temperatures, First magnetic peak (cm™) Second magnetic peak (cm™)

scattering vectors |Q|

10 K, 0.5-1.0 A 17.40 -
50 K, 0.5-1.0 A 17.66 -
50 K, 0.48-1.8 A - 35.02
50 K, 0.5-1.3 A - 35.11
50 K, 0.5-2 A - 34.99
Average = 17.53 Average = 35.04
on1=0.184 on1 = 0.0624

Typical 10% FWHM = 0.113 | Typical 10% FWHM = 0.0908 from

from Figure A.9 Figure A.10

The step size in Figures A.9-A.10 is 0.008066 cm*. For systematic error, 10% of
FWHM (= 0.113 cm? for the first magnetic peak which is larger than that for the second
magnetic peak) is used. on-1 = 0.184 for the first magnetic peak is also larger than that

for the second magnetic peak. It is used as random error.

Ototal® = (0.113)? + (0.184)?; Ototas = 0.216 ~ 0.22 cm™?

The first and second magnetic peaks are 17.5(2) cm* and 35.0(2) cm™,
respectively. Using the spin-Hamiltonian in Eq. 1.1 gives D = 8.8(2) cm™; E = 0.1(2)

cmL. x? of the calculated vs. observed peak positions = 0.00005146.
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1.0

o o Temp (K) Expt. Calc. % Error
0.8 1.6 1.0000 | 1.0000 N/A

5§' 071 10 0.9270 | 0.9264 0.065%
] 50 0.4843 | 05492 | 11.82%
051 @ Experimental °

A Calculated

0.4 : : : : : : : ; ; ;
0 10 20 30 40 50
Temperature (K)

Figure Al1l: (Left) Experimental and calculated intensities vs. temperature for the 2D
peak in INS spectra of Fe(TPP)Br (2). At 1.6 K the peak is most intense, therefore it was
used to scale the rest of the temperatures. (Right) Table of error calculations comparing

the intensities.

0.3
® Experimental ¢ Temp Expt. Calc. % Error
A Calculated
0.2 | (K)
E 1.6 | 0.0000 | 3.88le-7 N/A
0.1 10 0.2719 0.2214 22.81%
50 1.0000 1.0000 N/A
0.0 o . T T !
0 2 4 6 8 10

Temperature (K)
Figure A12: (Left) Experimental and calculated intensities vs. temperature for the 4D
peak in INS spectra of Fe(TPP)Br (2). At 50 K, the peak is most intense. Therefore, it
was used to scale the rest of the temperatures. (Right) Table of error calculations

comparing the intensities.
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A

® Experimental

Calculated

0 2 4 6
Temperature (K)

8

10

Temp (K) | Expt. Calc. % Error
1.6 0.0000 | 2.461e- N/A
7
10 0.2178 | 0.2214 | 1.63%
50 1.0000 | 1.0000 N/A

Figure A.13: (Left) Experimental and calculated intensities vs. temperature for the -2D

peak in INS spectra of Fe(TPP)Br (2). At 50 K the peak is most intense. Therefore, it

was used to scale the rest of the temperatures. (Right) Table of error calculations

comparing the intensities.
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Figure A.14. Q dependence of the peaks in the INS spectra of Fe(TPP)Br (2) at 40.89
cm comparing different Q ranges. Q ranges of [0.5, 1], [1, 1.5], [1.5, 2], and [2, 2.5] are
represented by the black, red, blue, and pink points respectively. It is observed that as
Q increases, the phonon peaks at ~11.5 and 26 cm™ increase while the magnetic peak

at 17.5 cm stays constant or decreases with increasing Q.
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0.014~ Area 0.0065(3)
0.012 -
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Energy Transfer (cm")
Figure A.15. Typical first magnetic peak of Fe(TPP)I (3) used for calibration of the

elastic peak and calculation of the D and E values (Ei = 40.89 cm%, 50 K).

0.020 - Area 0.0206(7)
z Center 51.9(1) cmt
;% 0015 FWHM 5.6(8) cm-t
::; Background | 0.0106(5)
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T T T T
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Energy Transfer (cm™)

Figure A.16. Typical second magnetic peak of Fe(TPP)I (3) used for the calculation of
the D and E values (Ei = 97.35 cm?, 50 K). This peak also has the largest error
associated with the standard deviation and FWHM. It was used to estimate the total

error.
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As shown in Figures 2.3, only the INS spectrum at 50 K with E; = 40.89 cm™
(Figure 2.3a) gives the negative, first magnetic peak. The positive and negative peaks
at 50 K here were used to calibrate the elastic peak. In order to obtain an average for
the position of the positive, first magnetic peak, spectra at four different Q ranges were
obtained, as listed in Table A.4.

Ei = 40.89 cm is not sufficient to excite the molecules to the second excited
state. E; = 97.35 cm™ is needed to give make the excitation (to show the second
magnetic peak). However, at this high incident energy, the negative magnetic peaks in
Figure 2.3b could not be located. Without those negative peaks, we could not directly
calibrate the elastic peak. Thus, we used a different approach to calibrate. The position
of the first magnetic peak, 26.82 cm, from the spectrum at E; = 40.89 cm* (Figure
2.3a, 50 K; Table A.4) was used so the first magnetic peak of the spectrum in Figure
2.3b (Ei = 97.35 cm™) is fixed at this value, yielding the position of the second magnetic
peak. Again only the 50 K spectrum in Figure 2.3b (Ei = 97.35 cm™) was used to locate
the second magnetic peak, as the peak is more visible and also because the calibration
for the first magnetic peak involves the 50 K spectrum in Figure 2.3 (Ei = 40.89 cm™). In
order to obtain an average for the position of the positive, second magnetic peak,

spectra at three different, low ranges were obtained, as listed in Table A.4.
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Table A.4. Analysis of the magnetic peaks and random error in the peak positions in

Fe(TPP)I (3)

Scattering vectors |Q|

First magnetic peak (cm?)

Second magnetic peak (cm-

Ei =40.89 cm™ h
Ei=97.35cm™
0.5-1.0 At 26.88 N/A
0.8-2.0 At 26.77 53.10
1.0-2.5 At 26.75 53.35
0.48-1.8 Al 26.89 53.41

Average = 26.82

On1 = 0.0727

Average = 53.29

On1=0.164

Typical 10% FWHM = 0.14

from Figure A.15

Typical 10% FWHM = 0.56

from Figure A.16

As shown in Table A.4, the error from the weaker, second magnetic peak

dominates in both 10% FWHM and standard deviation. Therefore it was used to

calculate the total error. The step size in Figures A.15-A.16 is 0.008066 cm. As in the
studies of Fe(TPP)F (1) and Fe(TPP)Br (2), 10% of FWHM (= 0.56 cm! for the second
magnetic peak which is larger than that for the first magnetic peak) is treated as

systematic error. on-1 = 0.164 for the second magnetic peak is also larger than that for

the first magnetic peak. It is used as random error.

Gtota? = (0.164)2 + (0.56)2; Gtotal = 0.5835 ~ 0.6 cm'.
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The first and second magnetic peaks are 26.8(6) cm; 53.3(6) cm™, respectively.
Using the spin-Hamiltonian in Eq. 1.1 gives D = 13.4(6) cm, E = 0.3(6) cm™. The chi-

square test yields x? of the calculated vs. observed peak positions = 0.001951.

- Temp | Expt. | Calc. | % Error
e Experimental
10 . 4 Calculated (K)
;087 1.6 1.0000 | 1.0000 N/A
- 10 |0.9601 | 0.9797 | 2.00%
0.6 4
* 50 0.5626 | 0.6413 | 12.27%
0.4 T T T T T T T T T
10 20 30 40 50

Temperature (K)
Figure A.17: (Left) Experimental and calculated intensities vs. temperature for the 2D
peak in INS spectra of Fe(TPP)I (3). At 1.6 K the peak is most intense. Therefore, it was
used to scale the rest of the temperatures. (Right) Table of error calculations comparing

the intensities.
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—e— [0.5,1]
—e— [1,1.5]
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—e— [3,3.5]
—e— [3.5, 4]

Intensity

0 20 3 4 50 60
Energy Transfer (cm™)
Figure A.18: Q dependence plot of 3 at Ei = 97.35 cm* showing an increase of intensity
of the phonon peak ~15 cm. This peak grows in intensity as Q increases. The Q
ranges of [0.5, 1.0], [1.0, 1.5], [1.5, 2], [2, 2.5], [2.5, 3], [3, 3.5], and [3.5, 4] are

represented as black, red, light green, blue, pink, brown, and dark green, respectively.
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Figure A.19: (Left) Q dependence plot of INS spectra of Fe(TPP)I (3) with Ei =40.89

cm showing the difference between a phonon and a magnetic peak. Q =[0.5, 1], [1,

1.5], [1.5, 2], and [2, 2.5] are represented by black, red and green, and blue,

respectively. (Right) Q dependence plot of INS spectra of 3 with Ej = 97.35 cm™

comparing a peak at ~47 and 53 cm. Q =[0.5, 2] and [2, 3.5] are represented by black

and red points, respectively.
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The peaks between 10 and 20 cm™ in Fe(TPP)I (3) are indicative of phonon
peaks, becoming more prominent at higher Q. It was also observed that the magnetic
peak at 26.8 cm! drops in intensity at high Q [2, 2.5].

Q dependence of the INS peaks of Fe(TPP)I (3) at ~47 and 53 cm™* with E; =
97.35 cmtis given in Figure A.19, Right. Since these peaks are close together it was
necessary to distinguish the phonon peak from the magnetic 4D peak. It was observed
that the peak at 47 cm™* becomes broader and more intense at high Q, while the peak at

53 cm linewidth and intensity is consistent.
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Computational Details
Table A.5. Quartet excited state energies (cm™) from CASSCF calculations with an
active space of five d-electrons distributed of the five 3d MOs [CAS(5,5)] for Fe(TPP)X

[X=F (1), Cl,Br(2),1(3)]?

On Ca | X=F(1) X =Cl X = Br (2) X=1(3)
T, | “A; | 21026(1.75) | 20425(1.80) | 20024(1.87) 19592(1.95)
“E | 26930(-0.97) | 25826(-0.88) | 25264(-0.80) 24616(-0.70)
T, | B, | 31123(0) 30900(0) 30228(0) 29554(0)
“E | 31439(-0.02) | 31130(-0.04) | 31070(-0.04) 30832(-0.03)
%, %A1 | ‘AL | 32419(0) 31487(0) 31631(0) 31417(0)
By | 32535(0) 31907(0) 31725(0) 31612(0)
‘A, | 32854(0) 32350(0) 32240(0) 32068(0)
T, “E | 38368(-0.06) | 38164(-0.04) | 38133(-0.03) 38011(-0.01)
B, | 39122(0) 38596(0) 38202(0) 37843(0)
E ‘A, | 39985(0) 39004(0) 39067(0) 38984(0)
‘B, | 40765(0) 40214(0) 40083(0) 39843(0)
T, ‘E | 43312(-1.40) | 42086(-1.42) | 41826(-1.28) 41661(-1.02)
‘N, | 47964(1.17) | 47641(1.16) | 47721(1.22) 47735(1.31)

2 Ground state 6A1 was taken as energy reference.
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Table A.6. Quartet excited state energies (in cm™) from NEVPT2/CASSCF calculations
with an active space of five d-electrons distributed of the five 3d MOs [CAS(5,5)] for

Fe(TPP)X [X=F (1), CI, Br (2), I (3)]2

On Caw | X=F(1) X =Cl X = Br (2) X=1(3)

“T, | %A, | 11335(3.24) | 10182(3.61) | 9574(3.91) 8960(4.26)
“E | 20006(-1.31) | 17987(-1.26) | 17056(-1.18) | 16089(-1.06)

T, | “B. 24903 26509 25618 24866
“E 26354 25618 25328 24580

iE, ‘AL | ‘A 28554 25554 25782 25593

B, 29257 28579 28361 27974
Ay 29556 28969 28843 28661

T, E 31031 30989 31088 31110
4B, 32453 32772 32513 32308

“E A 34019 31731 31577 31244
By 35195 34611 34471 34224

T, “E | 40581(-1.50) | 39532(-1.52) | 39324(-1.36) | 39362(-1.08)
‘N, | 45274(1.24) | 44857(1.23) | 4847(1.30) | 44770(1.39)

aThe energy of the ground state ®A1 was taken as energy reference.
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Figure A.20. Non-relativistic (left) and relativistic (right) covalence reduction of the
parameters B and ¢, respectively, from CASSCF/NEVPT2 calculations of the Fe(TPP)X

[X =F (1), Cl, Br (2), I(3)] series. Parameters for the plot are taken from Table 2.3.
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Table A.7. Comparison of calculated zero-field splitting parameters (cm™) of Fe(TPP)X

[X = Cl, Br (2), | (3)] using the reported crystal structures with those using the DFT-

optimized geometries

X Cl Br (2) I (3)
CASSCF NEVPT2 CASSCF NEVPT2 CASSCF NEVPT2
D 0.575 1.894 0.929 2.311 1471 3.155
E 0.000 0.000 0.006 0.003 0.004 0.002
(using
reported
crystal
structures)
D 0.590 1.980 0.960 2.600 1.480 3.450
E 000 0.000 0.000 0.000 0.000 0.000
(using DFT-
optimized
structures)
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Cartesian Coordinates Resulting from DFT-Geometry Optimizations of the

Fe(TPP)X Series

X =F (1)

Fe 0.00000246182137

F

z

o o o o o o o o o o o O O
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0.49957145365003
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1.74174813869489

2.49337673749366

2.85941796279152

3.55734423480112

3.89605103368324

0.36150862671476

-0.38624784087698

-1.70405683732934

-1.77071514650083

0.00000216827730

0.00000513764469

0.49957235711009

1.94890641922755

-1.94890379399719

-0.49957142063433

-0.36151075511782

0.38624056990997

1.70405059126765

1.77071260589555

2.94080021167935

4.21846512955844

4.84434544401435

6.04834582159698

6.63889935458462

3.02273241840167

4.24668524845783

3.90945678158107

2.47640442176219
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0.62380361087049

2.43910172862482

0.16750408128732

0.16750839821146

0.16751079321731

0.16751294268320

0.14073802380082

0.10522290997586

0.10533580434278
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0.10340010964384

1.29421884765235
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-4.21846070725419
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0.38623900147649
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4.84433729810292

6.04834015492983

6.63889425108300

4.81349534531343

6.01750707768571

2.83923126373491

3.53717910653817

-4.81349686097711

-6.01751298867147

-3.02272876810222

-4.24668049433850

-3.90945333594507

1.74174522947728

2.49336928622330

2.85940551343680

3.55732643230029

3.89603140445272

-3.02272837710311

-4.24668121771078

-3.90945768632923

-2.47640494963039

-1.74174729063155

-2.49337606412133

-2.85941165172246

-3.55733396825856
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X =

4.32462833950519

6.47645082039213
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Error Analysis of Variable-Temperature INS Data for (PPh4)2[Co(NO3)4]-CH2Cl2 (4),
(MePPh3)2[Co(NO3)4] (5) and (AsPh4)2[Co(NO3)4] (6)

INS spectra are functions of the incident neutron energy Ei, scattering vector Q,
and temperature of the sample. Sufficient Ei is needed to excite the sample to the
magnetic excited state. However, larger E; often leads to a larger elastic peak and lower
resolution of the magnetic peaks. Thus, whenever possible, INS spectra with small E;
were used to locate the magnetic peak for the S = 3/2 systems.

In general, the intensity of the magnetic peaks decreases with the increase in |Q],
while phonon peaks increase with the increase in |Q|. We have looked at INS spectra at
different |Q| to select the best for presentation in Figures 3.7 and 3.9-3.10.

Variable-temperature INS spectra were used to analyze the change of the
magnetic peak vs. temperatures in part to support the assignment of the peaks as
magnetic. When possible the negative magnetic peaks were used to calibrate the
elastic peak at Energy Transfer = 0 cm2. If there was no transition present indicating
that the incident neutrons gain energy from the sample in the INS process, the elastic
peak was fit using a Gaussian function and its position was used to correct the magnetic
transition position. For example, if the elastic band was fitted and displayed a slight shift
towards a positive energy transfer, the magnetic transition was corrected for the amount

the elastic peak had shifted by subtracting the elastic peak’s difference from 0 cm™.
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Area 0.00076(3)

0.008 —|

Center 22.68(1) cm?

FWHM 1.07(3) cm™

0.006 —

Background 0.00285(7)

0.004 —

Intensity (Arbitrary Units)

0.002 —

20.97 21,78 22.58 23.39 24.20

Energy Transfer (cm)

Figure B.1. Typical magnetic peak of (PPh4)2[Co(NO3)4]-CH2Cl2 (4) used for
determination of magnetic transition and calculation of the 2(D? + 3E?)Y2 value (Ei =

53.7 cm, 1.7 K). FWHM = Full width at half maximum.

Most of the temperatures with the exception of 50 K do not have negative energy
transfer peaks that were possible to be fit with Gaussians (Figure 3.7). Therefore, fitting
of the elastic peak was used to correct for the shifting of the elastic peak from 0 cm?
during the experiment and applied to the magnetic transition. The 50 K data were
calibrated with the negative energy transfer peak since it was available.

The INS spectra at these temperatures using Ei = 53.7 cm™, |Q| = 0.5-1.3 A?
give the best resolution and were thus used to locate the magnetic peaks. These peaks,

their average and standard deviation are listed in Table B.1.
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Table B.1. Analysis of the magnetic peak and random error in the peak position in

(PPh4)2[Co(NO3)4]-CH2Cl2 (4)

Temperature Magnetic peak (cm™)

100 K 22.18
50K 22.42*
30K 22.65
20K 22.53
10K 22.48
5K 22.44
17K 22.46

Average = 22.45

On1=0.142
Typical 10% FWHM = 0.107
from Figure B.1

*Negative magnetic peak was used to calibrate the elastic band.

Step size in Figure B.1 is 0.0801 cm™. Since usually the error associated with a
peak position is ca. 10% of FWHM (= 0.107 cm™ in the current case), 0.107 cm™ is

treated as systematic error.

Otota’® = (0.107)? + (0.142)?; Ototar = 0.177 ~ 0.18 cm™t

2(D? + 3E?)Y2 = 22.5(2) cm?; (D? + 3E?)Y2 = 11.2(2) cm’?
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Figure B.2. Typical magnetic peak of (MePPhs)2[Co(NO3)4] (5) used for determination

of magnetic transition and calculation of the 2(D? + 3E?)Y2 value (Ei = 40.3 cm™, 1.6 K).

There is no negative magnetic peak to calibrate the elastic peak (Figure 3.9).
Therefore, fitting of the elastic peak was used to correct for the shifting of the elastic
peak from 0 cm* during the experiment and applied to the magnetic transition for all
temperatures.

The INS spectra at these temperatures using Ei = 40.3 cm?, |Q| = 0.5-1.3 A
give the best resolution and were thus used to locate the magnetic peaks. These peaks,

their average and standard deviation are listed in Table B.2.
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Table B.2. Analysis of the magnetic peak and random error in the peak position in

(MePPh3)2[Co(NO3)4] (5)

Temperature Magnetic peak (cm™)
50 K Could not be fit
10K 26.54
1.6 K 26.66

Average = 26.60
On-1 = 0.0849
Typical 10% FWHM = 0.30

from Figure B.2

Step size in Figure B.2 is 0.0807 cm™. Since usually the error associated with a
peak position is ca. 10% of FWHM (= 0.30 cm™ in the current case), 0.30 cm™ is treated

as systematic error.

Otota? = (0.30)2 + (0.0849)2; Gtotar = 0.312 ~ 0.31 cm'?

2(D? + 3E2)12 = 26.6(3) cm'L; (D2 + 3E2)2 = 13.3(3) cm'?
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Figure B.3. Typical magnetic peak of (AsPha)2[Co(NO3)4] (6) used for determination of

magnetic transition and calculation of the 2(D? + 3E?)Y2 value (Ei = 24.2 cm™, 10 K).

For the spectrum at 1.6 K (Figure 3.10), there is no negative magnetic peak to
calibrate the elastic peak. Therefore, fitting of the elastic peak was used to correct for
the shifting of the elastic peak from 0 cm during the experiment and applied to the
magnetic transition. The 10 and 50 K data was calibrated with the negative energy
transfer peak since it was available.

The INS spectra at these temperatures using Ei = 24.2 cm™, |Q| = 0.5-2.0 A?
give the best resolution and were thus used to locate the magnetic peaks. These peaks,

their average and standard deviation are listed in Table B.3.
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Table B.3. Analysis of the magnetic peak and random error in the peak position in

(AsPha)2[Co(NO3)4] (6)

Temperature Magnetic peak (cm™)
50 K 11.65*
10K 10.85*
16K 10.74

Average = 11.08
On1 = 0.497
Typical 10% FWHM = 0.055

from Figure B.3

*Negative magnetic peak was used to calibrate the elastic band.
Step size in Figure B.3 is 0.0807 cm. Since usually the error associated with a
peak position is ca. 10% of FWHM (= 0.055 cm™ in the current case), 0.055 cm™ is

treated as systematic error.

Otota? = (0.055)2 + (0.497)2; Gtotar = 0.500 ~ 0.50 cmt

2(D? + 3E?)Y2 = 11.1(5) cm'; (D? + 3E?)Y2 = 5.5(5) cmt
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INS in Variable Magnetic Fields for (PPh4)2[Co(NOz)4]-CH2Cl2 (4),
(MePPh3)2[Co(NO3)4] (5) and (AsPh4)2[Co(NO3)4] (6)

Table B.4 shows a new magnetic peak present in the INS spectra after the
application of magnetic fields in (PPha4)2[Co(NO3)4]-CH2Cl2 (4) (Figure 3.8). As the field
increases from 0.5 to 2.0 T, the peak position is more certain as the error and FWHM
become smaller. At higher magnetic fields, the peak is shifted further away from the
elastic band. Even though the data at 0.5 T have a large error, the presence of this peak

at higher fields confirms that D > 0.

Table B.4. Analysis of the -1/2 — +1/2 magnetic peak and random error in the peak

position in (PPh4)2[Co(NOs3)4]-CH2Cl2 (4)

Field Strength (T) Magnetic Transition (cm?) FWHM (cm™)
0.0 Not present -
0.5 0.73(1.0) 4.96(29.0)
1.0 1.25(9) 0.8(5)
2.0 2.19(6) 0.4(4)

244



Intensity

8 7 6 5 4 -3 2-10 12 3 45 6 7 8
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Figure B.4. INS spectrum of (PPha4)2[Co(NO3)4]-CH2Cl2 (4) at 1.7 K, showing the Ms

-1/2 — +1/2 transition at 1 T (indicated by the black arrow) with the incident neutron

energy of Ei = 13.4 cm?, |Q| = 0.4-1.3 AL, The solid lines are for eye guide.
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|Q| vs. Intensity Plots for (PPha4)2[Co(NO3)4]-CH2Cl2 (4), (MePPhs)2[Co(NOs)4] (5)
and (AsPha4)2[Co(NOs)4] (6)

For the plots in Figures 3.7 (Right), 3.9-3.10 (Right), and B.5 (below), 2-
dimensional peak intensity vs |Q| plots were used to guide the selection of the magnetic
and phonon peaks. The baselines of the peaks were corrected and the peaks were
fitted with a Gaussian function to obtain their intensities. The error was estimated to be
the 10% of the intensity. Figures 3.7 (Right) and 3.9-3.10 (Right) confirm the presence

of a magnetic excitation. Figure B.5 shows that the peak at 17.8 cm™ in Figure 3.7 (left)

is phonon.

Intensity

QI (A
Figure B.5. Change in the intensity of the phonon peak at 17.8 cm™ vs |Q] at 1.7 K in

(PPh4)2[Co(NO3)4]-CH2Cl2 (4). The data are fitted with the quadratic formula.
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In INS spectra, peaks of magnetic excitations decrease in intensity with
increased scattering-vector |Q|, while those from vibrations increase in intensity with
increased |Q|. Thus, the 2-D plots of scattering intensities vs. |Q| may be used to
identify the magnetic peaks. However, if the magnetic peak and phonon overlap, the
peak intensity may not change with increased |Q|.

Hydrogen atoms in samples 4-6 contribute strongly incoherent scattering to the
background. However, for the current studies at CNCS, SNS, deuteration of the
samples was not necessary in order to reveal the magnetic peaks in 4-6. As discussed
in the manuscript, both temperature dependence and |Q| dependence of the magnetic
peaks were used to distinguish the ZFS transitions. A straightforward way to look at how
peaks change in intensities vs. |Q] is to examine the plots in Figure B.6. The left plot
shows a sharp magnetic band (pointed out by a yellow arrow) at 1.7 K. The intensity is
roughly constant through the observable |Q| range due to partial overlap with the nearby
phonon and the high background from hydrogen in the sample. A phonon peak is
observable at high |Q| around 18 cm™. As the sample is warmed up to 30 K (Figure B.6,

right) the ZFS peak loses intensity and the phonon peak at 18 cm™ is more visible at

high |Q|.

247



- 323

£ ]
% 16.1} 0
a : =
¢ 0.0 S— <
o - )
'_ H -
= -16.1 o
ED c
2 323 E

0.5 1.0 1.5 2.0 2.5 3.0 3.5
Q| (A?)

_. 323 _
T - 10.04 2
G 16.1 >
5 F40.03
2 00 ™
© -
o 0.02 ©
= -16.1 -
S 0.01 =
g 323 T
w

0.5 1.0 15 2.0 25 30 35
Q| (AY)

0.00

Figure B.6. (Left) Change in the peak intensities in (PPha4)2[Co(NO3)4]-CH2Cl2 (4) vs |Q|
a 1.7 K. Incident neutron energy: 53.7 cm. (Right) Change in the peak intensities in 4

vs |Q| a 30 K. Incident neutron energy: 53.7 cmt. The yellow arrows represent the ZFS

transition.
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Figure B.7 shows the change in peak intensity for the ZFS peak of

(AsPha)2[Co(NO3)4] (6) summed over two |Q| ranges. At a higher |Q| range (red line),

the peak is less intense.

—— |Q[=0.9-1.1 A"
—— Q| =1.7-1.9A"

Intensity

6 7 8 9 10 11 12 13 14

Energy Transfer (cm™)

Figure B.7. INS spectra of (AsPha)2[Co(NOs)4] (6) at 1.6 K showing a comparison of the

ZFS transition at different |Q| ranges. The baseline of the peak has been corrected.
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Additional Magnetic Susceptibility Plots for (PPh4)2[Co(NO3)4]-CH2Cl2 (4), and

(MePPh3)2[Co(NO3)4] (5) and (AsPh4)2[Co(NO3)4] (6)

0 10 20 30 40 50 60 70
H/ KOe

Figure B.8. The isothermal field dependence of magnetization at 1.8 K for
(PPh4)2[Co(NO3)4]-CH2Cl2 (4, green line), (MePPh3)2[Co(NO3)4] (5, blue line) and

(AsPha)2[Co(NOs3)4] (6, red line).
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Figure B.9. Variable-temperature, variable-field DC magnetization data collected on a
polycrystalline sample of for (PPh4)2[Co(NOs3)4]-CH2Cl2 (4). Fields of 1-7 T were used at
temperatures from 1.8 to 5 K. Solid black lines indicate the best fits with PHI program,

as discussed in the main text.
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Figure B.10. Variable-temperature, variable-field DC magnetization data collected on a
polycrystalline sample of (MePPhs)2[Co(NO3)4] (5). Fields of 1-7 T were used at
temperatures from 1.8 to 5 K. Solid black lines indicate the best fits with PHI program as

discussed in Section 3.3.1.
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Figure B.11. Variable-temperature, variable-field DC magnetization data collected on a
polycrystalline sample of (AsPhas)2[Co(NOs3)4] (6). Fields of 1-7 T were used at

temperatures from 1.8 to 5 K. Solid black lines indicate the best fits with PHI program,

as discussed in the main text.
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Figure B.12. Frequency dependence of out-of-phase (ym”) AC susceptibility at 1.8 K
under the different applied static fields from 0 to 2500 Oe for (PPh4)2[Co(NO3)4]-CH2Cl2

(4). The solid lines are for eye guide.
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Figure B.13. Frequency dependence of out-of-phase (xm”) AC susceptibility at 1.8 K
under the different applied static fields from 0 to 2500 Oe for (MePPhz)2[Co(NOs3)4] (5).

The solid lines are for eye guide.
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Figure B.14. Frequency dependence of out-of-phase (ym”) AC susceptibility at 1.8 K
under the different applied static fields from 0 to 2500 Oe for (AsPha)2[Co(NO3)4] (6).

The solid lines are for eye guide.
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Crystal Structures of 4-6

Figure B.15. Structures of the anions [Co(NOz)4]% in 4-6. Pink, red, and blue spheres
represent Co, O, and N atoms, respectively. H atoms are omitted for clarity. Only one

set of the two disordered nitrate groups centered around N(2) atom is shown for clarity.
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Additional VISION Spectra for Co(acac)2(D20)2 (8-d4) and Co(acac-d7)2(D20)2 (8-d1s)
Most phonons observed in Figure 3.21 seem to soften, or decrease in energy,
with increasing temperature. The softening is generally attributed to thermal
expansion.?* It should be noted that even after applying the Bose correction, reduction
of the phonon intensity is still expected because of the Debye-Waller factor, especially
at high energy transfers (with relatively high |Q| determined by the instrument geometry;
Figures B.1610-B.17). We note that in Co(acac)2(D20)2 (8-d4) and Co(acac-d7)2(D20)2
(8-d1s), the magnetic peaks are strong. Thus, it is easy to distinguish the temperature
dependences between magnetic and phonon peaks. However, if the magnetic peak is
weak and/or overlapping with a phonon, it would be very difficult to use the temperature-

dependence method.
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Figure B.16. (a) Forward scattering (low |Q|), Bose-corrected spectra of Co(acac-
d7)2(D20)2 8-d1s. (b) Backscattering intensity (high |Q|), Bose-corrected spectra of 8-dis.
(c) Forward scattering, non-Bose-corrected spectra of 8-dis. (d) Backscattering, non-

Bose-corrected spectra of 8-dis. Spectra collected at VISION.
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Figure B.17. (a) Forward scattering (low |Q|), Bose-corrected spectra of
Co(acac)2(D20)2 8-da. (b) Backscattering intensity (high |Q]|), Bose-corrected spectra of
8-d4. (c) Forward scattering, non-Bose-corrected spectra of 8-d4. (d) Backscattering,

non-Bose-corrected spectra of 8-d4. Spectra collected at VISION.
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Appendix C

Supporting Information for Chapter 5
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Figure C.1. Fixed window elastic scattering neutron intensity scan at variable |Q| in

Co(acac)2(D20)2 (8-da).
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Figure C.2. Comparison of resolution function at 2 K with QENS data of

Co(acac)2(D20)2 (8-d4) at 100 K (Left, 0 T; Right, 4 T).
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Figure C.3. Comparison of resolution function at 2 K with QENS data of

Co(acac)2(D20)2(8-d4) at 0 and 4 T and 100 K.
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Figure C.4. The use of the Cole-Cole equation to fit a representative data set of

Co(acac)2(D20)2(8-d4) at 100 Kand O T.
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Figure C.5. VISION spectra at 5 and 100 K showing the strongest methyl torsion peak

at 164 cm (20.3 meV) in Co(acac)2(D20)2 (8-d4)..
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Figure C.6. Plot of zy/z=0) vs. H at 100 K. a, b and c are fitting constants.
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Figure C.7. Plot of In (z¢1) — 0.984180 7(H=0)) VS H. The number a = 0.984180 is from the

fitting of Figure C.6.
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Table C.1. Comparison of the broadening and elastic parameters of the QENS peak at

different fields in (8-d4). The error in the Eo and elastic parameters are in parentheses

80 K, summed over all Q

Field (T) Eo, peV Elastic scattering fraction, x 7 (S)
0.0 1.19(6) 0.632(4) 5.6(3) x 1010
4.0 0.323(17) 0(0) 2.04(10) x 10°

90 K, summed over all Q

Field (T) Eo, peV Elastic scattering fraction, x 7 (S)
0.0 2.43(12) 0.577(2) 2.71(13) x 10°%°
4.0 1.14(6) 0.332(5) 5.8(3) x 1010

100 K, summed over all Q

Field (T) Eo, peV Elastic scattering fraction, x 7(S)
0.0 4.46(22) 0.537(1) 1.48(7) x 10°1°
0.1 4.43(22) 0.541(1) 1.49(8) x 1020
0.5 4.43(22) 0.543(1) 1.49(8) x 10°1°
1.0 4.35(22) 0.538(1) 1.51(8) x 100
1.5 4.23(21) 0.537(1) 1.55(8) x 1010
2.0 4.00(20) 0.515(1) 1.64(8) x 10°1°
2.5 3.75(19) 0.490(2) 1.75(9) x 10°1°
3.0 3.55(18) 0.484(2) 1.85(9) x 1010
35 3.13(16) 0.446(2) 2.10(11) x 1010
4.0 2.61(13) 0.396(2) 2.53(12) x 10°1°

267



Total uncertainties ctotal in Eo are given in Table C.1 here: cota® = Gran® + Gsys’.
Random uncertainty cran for each Eo value is obtained from the fitting of the QENS data

using Egs. 5.1-5.2. Systematic uncertainty osys in Eo from the QENS studies here is

estimated to be 5% of Eo.

Table C.2. Average spin density ps-average per atom in Co(acac)2(H20)2 (8). See Table

5.2
Atom Ps-average
H6 -1.28 x 10°
H3-5 or H7-9 7.16 x 10°
H1-2 9.00 x 10*
C6 3.40x 103
C2-3 -9.34 x 10*
C1,5 2.10x 103
02-3 2.70 x 102
o1 1.91x 10%
Col 2.81
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