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ABSTRACT

Extended Metal Atom Chains (EMACs) are compounds that consist of thre@rer metal
atoms that are directly bonded with the support of equatorial organ@$igdhis dissertation is
focused on the high frequency electron magnetic resonance study of trooetallexes, the
simplest form of EMACs before moving to study of longer chains. Chapter 3nmete
detailed cw-EPR and acddc magnetic susceptibility studies afymmetrical trichromium
Cry(dpa)Cl,. Large negative zero-field splitting paramef@rand frequency dependence of
imaginary part of magnetic susceptibility indicate the singldecule magnet nature of this
complex. The spin dynamics @r;(dpa)Cl; is studied in Chapter 4, which revealed the longest
spin spin relaxation tim&, reported so far in concentrated molecular magnet. The strong angular
dependence of, was also identified for the first time, providing us a unique way of tufirxy
adjusting the orientation of magnetic field relative to the $amogystal. Chapter 5 describes the
detailed cw-EPR study of an unsymmetrical trichromium compoudd(dpa)CIBF,;. Very
similar magnetic properties were found as compared to its payemhetrical counterpart
Crs(dpa)Cl, and the origin of this similarity was explored experimentally andrétigally from
DFT calculations. Chapter 6 discusses th&EPR results on hetermetallic complexes
CrCrMn(dpa)Cl, and MoMoMn(dpay)Cl,. It was found that the seemly innocent diamagnetic
Cr=Cr and M&EMo units are actually playing an important role in influencing the ntagne
properties of MA" center. Chapter 7 displays our efforts to expand the one dimensionahlrimet
complexes into multi-dimensions Prussian blue analogues through the [Fe)gdtCianide
linkage. Interesting electronic and magnetic properties will be prese@tepter 8 describes
summary of main results, which should contribute to the advancement andnémdh

understanding of EMACs.
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CHAPTER 1

INTRODUCTION AND OUTLINE

The main focus of this dissertation is to study the magnetic properties and electuotices of
extended metal atom chain (EMAC) complexes. Specifically, these inthedbomometallic
trichromium complexes Gdpa)Cl, (dpa = di-2,2"-dipyridylamide) and &dpa)CIBF,; and
heterometallic complexes CrCrMn(dp@), and MoMoMn(dpa)Cl,. This work represents the
first major effort to study magnetic properties of EMACs in detail sng electron
paramagnetic resonance (EPR) and highlights some intriguing eledtargtures and magnetic
properties of these compounds. The indication of single molecule magnet (SMM) behavior of the
trichromium complex fromac magnetic susceptibilityed us to study the spin spin relaxation
time (T2) by pulsed EPR spectroscopy. The strong orientation dependefgeathbws us to
suggest a new method to control fhein a SMM. Efforts are also made to expand the EMAC
complexes into three dimensional networks through the EMACs with Pmusisia analogues
[M'(CN)e]**(M = Fe, Co). Electron or charge transfer between M center idpd)]** and M’

unit in [M'(CN)g]**is observed, depending on the specific metal atom pair. All this work should
contribute significantly to the advancement in the field of EMACs. Thagpter provides a brief
introduction of EMACSs, especially the trinickel, tricobalt and trichromazomplexes studied in

this dissertation. The last section presents the summary and outline of gitatEs

1.1 Introduction

Extended metal atom chains (EMACSs) are molecules that consist méaa btring of directly
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bonded metal atoms, surrounded by organic ligands. They are an extension of theadinuc
compounds with metahetal bonds. By using expanded bridging ligand, more metal atoms could
be linkedinto the linear chain. Thus these compounds could provide impetus for the bottom-up
approach to nanoelectronitslhe simplest example of EMACs is trimetal complexes, which

could be synthesized using the tridentate ligand di-2,2'-pyridylamide, dpa (Ridgre

di-2,2'-pyridylamide (dpa)

Figure 1.1: The tridentate ligand di-2,2' pyridylamide, abbreviated as dpa.

Figure 1.2: Molecular structure of Fdlpa)X, shown perpendicular to the sMhain (a) and
along the M chain(b).


http://en.wikipedia.org/wiki/Ligand

These compounds have common molecular structure as shown in Figure 1.2mé€ked tihain

is wrapped by four dpa ligand helically with a torsion angle of %fffn end to end due to
steric repulsions between opposite pyridyl hydrogen atoms in thegdpal.| The metal ions are
usually in +2 oxidation state and the axial ligands vary from halidesB€) to pseudohalides

(CN*, NCS) and to more complex anions, suctB&s’, Ag(CN,* & A &BtK.

Figure 1.3 displays the general sequence of molecular orbitals witmaonmetal character for

trimetal complexes Mdpa)Cl,.The d orbital manifold consists of bonding, nonbonding, and
anti-ERQGLQJ FRPELQDWLRQV RI RUELWDOV ZLWK EEH@E'DQG / V\
orbitals along the trimetal chain, and their energies are mdstyseparated, due to the largest

orbital overlap between adjacent metal¥y KH & VHW RUELWDOV,, bridH, IRUPHG
RUELWDOV ZKLFK KDYH OHVYV ith® &tdJclosestHrseDargy W teR@n vidtK LOH /
the almost negligible g orbitals overlaps. Even higher in energies are the three antibonding
orbitals ¥ between metal center and equatorial ligands. The reason for the c&nirdiital

being highest in energy is that the deprotonated amino ligand is macetheas the pyridine

ones and it haa shorter distance to the central M than the other two M-N bond lengthshA&nd t

two terminal M-N* orbitals are almost degenerate in energy. The geseraénce of the energy

levelsis shown in Figure 1.3, but this order could change, depending on the specifialarolec

symmetry and molecular structures.

The first example of EMACs is the trinickel complex"Ndpa)Cl,, through the di-2,2"

pyridylamide (dpd) ligand? This complex is described to have two high spin terminal Ni (1)
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relative sequence of the energy levels might differ when the specificutelstructure changes
from one species to another.



ions that couple to each other antiferromagneticaly through the low-spiaginetic central Ni,
yielding a singlet ground state.’ The coupling strengths are found to be inversely
related,thought not quite linearly to the Ni---Ni separations, withatiger Ni---Ni distances, the
weaker antiferromagnetic coupling andce vers® This magnetic exchange coupling
mechanism is proposed to be through the central Ni atom;ttehital of the central Ni has an
electron pair that becomes spin polarized by interactions with thérespspins in the 4
orbitals of the terminal Ni atoms (Figure 1%)This electron configuration is confirmed by the
DFT calculation onNis(dpa)Cl..> ’ The 24 electrons are arranged in the sequence of
PEZFPE EL T un " T LQVWHEG? /REE & 1.2 1% Note that bothW Ky 1
1 orbitals and the two highHH QHU J\ O H ¥;i{ @&ighZ dnAthe términal Ni atoms and are
singly occupied. The delocalization of the singly occuplgd D Q Gorhitals on the central Ni
atom is either forbidden by symmetry or remains weak otherwise, ordaswe with the
assignment of the spin polarization to the terminal atoms. Thespigtterminal atoms therefore
behave as magnetic centers and give rise to the antiferromagrietactions. However, the
superexchange coupling involving theelectrons via the dpa ligands could not be rule out. In
spite of their different mechanisms, this antiferromagnetic coupliegireh configuration is

consistent with their molecular structures, magnetic data as well asdtilations >~

Subsequently, tricobalttriruthenium? trirhodium? trichromium® and tricoppéel complexes of
dpa®”have been synthesizedd.these complexes, the metal ions are usually in +2 oxidation state
and the axial ligands varies from halides (Cl, Br) to pseudohalides (CN, ND8)to more
complex anionsEF;, Ag(CN, & A & K. The tricobalt compound gdpa)Cl, has been

extensively studies both experimentally and computationally, because thellmclzad
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Figure 1.4: Proposed pathway of magnetic exchange coupling between daharisi along the
trinickel chain.
crystallize in a number of different solvatésThe structures and magnetic properties were
dramatically different, even if G@pa)Cl, crystallize in the same solvate, such as
dichloromethané? The symmetrial form Cay(dpa)Cl,-CH,Cl, is orthorhombic with space
group Pnn2 while the unsymmetricaCos(dpa)Cl,-CH,Cl, is a tegragonal form with space
group 1#4. The former has equivalent Co-Co bond length 2.34 A and the latterfleasrdiCo-
Co distances of 2.30 and 2.47 A, as shown in Figure"*1Fhough symmetrical and
unsymmetrical molecules @oz(dpa)Cl, are clearly distinguishable in the solid state, solutions
made from eithes- Cos(dpa}Cl,- CH,Cl, or u- Coz(dpa)Cl,- CH,CI, are identical and appear to
be symmetrical moleculés. Magnetic measurements show both crystal forms exhibit spin-
crossover behaviors, but their temperature dependent paths are diffenerigase 1.6. For the
symmetrical form, the effective magnetic mo@&p;has a plateau of 2.0k between 8 K and
160 K, indicating a spin 1/2 and g factor of 2.38, which agrees well withagnetization data.
As temperature increases above 160 §,increasesIUDGXDOO\ OLNH D VSLQ FURVYV
saturate till 350 K. For the unsymmetrical form, thgincreases from 2.90 to 4.4yfrom 10 K
to 300 K. At low temperature of 10 K, the effective magnetic moment 2.@thigher than the
expected value foa spin only 1/2 ground state. And the saturation value of 4.47 300 K

clearly suggests a spin &= 3/2 and g factor of 2.52.
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Figure 1.6: Temperature dependence of effective magnetic moment fonesyoal form
Cos(dpa)Cl, (a) and unsymmetrical for@os(dpa)Cl..

To understand these unusual magnetic properties, DFT calculatioasareied out® *° First
computational work revealed only one symmetrical ground Satel/2, corresponding to the

electron configuratiofiA,, F &, /* & E1,* 7ZR & VHWVY DQG RQH / VHW KD
occupied and have no contribution to the metal-metal interactions. ofvthe remaining 3
HOHFWURQV ILOO WKH 1 ERQGLQJ R} BrbiWwIDND UDspramaliecaH WKL U
doublet state is found in this work. The symmetrical high spin statatignalized to be a

promotion of one electron from theRIXEO\ RFFXSLHG / RUELWDO WR XQRFF.
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the XQV\PPHWULFDO KLJK VSLQ WM briatéledtrqnvtiarfdiH Mowsueti D/ :/
WKLV DVVLIJQPHQW GRHVQYIW IXOO\ H[SODLQ GNKI XQOHV XL
unsymmetrical molecule at various temperatdfé®e-examination of the electronic structures

1.1° And a new excited staf®, which

on Cos(dpa)Cl, is carried out recently by McGraay a
provides a smooth energetic pathway between the symalemiound state’A, and
unsymmetrial excited statéB is identified.’B state could be described to be a high-spin Co(ll)
ion (S = 3/2) coupled to a high spin Co-Co bonded Uit (1) antiferromagnetically, yielding
total spin of 1/2. A spin flip within the Co-Co bonded unit resuftBrstate, which has a high-
spin Co(ll) ion &= 3/2) attached to a low spin Co-Co bonded usit Q), resulting in the total

spinS= 3/2!° as observed in the magnetic d&ta.

Crs(dpa)Cl, had been reported to be symmetritahtil the detailed experimental work in 2004
resolved its unsymmetrical structures (Figure ¥ 7his confusion primarily lies in the fact that
there are two crystallographically disordered chair=Cet--Cr, and Cr---(ECr with roughly
equal amount. And the geometric average of these two orientations iglequito the
symmetrical formOn replacing the axial ligan@| *with other coordination ligandr* 1%, NOs*
CH:CN, BR,* CN% SCN: OCN* & A &3tis found that CeCr bond lengths are very different,
depending strongly on the nature of axial ligands.Mt IDOVR GHPRQVWUDWHG WKL
donating ligands such as CRvor a symmetrical GEr «£r chain, while the weak ligands such
asBF,*lead to strongly unsymmetrical chains. Magnetically, these coemplak exhibit a$ 7
value of about 3 emu-K-mdlover a wide temperature range of 10-300 K, equivalent of total
spin S = 2. Theg-factor and Curie-Weiss constants vary slightly, depending on specifit axi

ligand pairs. Surprising, no EPR signawas observed from the frozen solution of these



trichromium complexes at X-band (~ 9.5 GHz) at 1& ISpin unrestricted DFT calculation on
Cry(dpa)Cl, reveals a symmetrical ground state with electronic configurafi@®? /., /™ G*.
YRXU XQSDLUHG H,0WH FNQS®Biias hiv&tBtal spin of 2, agreeing well with the
magnetic data. A slightly unsymmetrical stafd. W K {Cr) & 0.306 A lies only 0.97dal-mol*

! above the ground state. Even the very unsymmetrical chainwiti&Cr= 0.679 A is only
10.12 lcal'mol® with respect to the symmetrical ground state, which could bestadiilized by

the unsymmetrical axial ligands, such ag(@a)CIBF..

X—Cr—Cr—Cr—X X —(.iﬂ“/dri X
S-Crs(dpa),Cl, u-Cry(dpa),Cl,

Figure 1.7: Molecular structures of symmetrica) &nd unsymmetrical) Crz(dpa)Cl..

While changing the axial ligand is one way to modify the molecwannsetry and their
properties of EMACs, developing new equatorial ligand is another importagt twa
functionalize such complexes. A series of polypyridylamide ligandui&id.8) have been
developed to hold fivé® ** sever?® and niné" metal atoms along the chain. These EMACs are

not the focus of this dissertation and will thus not be discussed in detailed here.

EMACs with different metal atoms along the chain are also desirelksigning the specific

property and functionality of complexes. So far, two types of heterometalliesgeve been



synthesized that have the metals in an#Mg #Ma or an My M Mp arrangement. The first
type of molecules synthesized are represented by CoPdCgitfa)CuPdCu(dpall, and
CuPtCu(dpa)lCl».2® The unpaired electrons from the terminal Co and Cu atoms are coupled
antiferromagnetically through the central square planar diamagretimsl But the coupling
constants are small, as Pd and Pt do not accept spin density daisityBerk 1V J LBRtKeS
University of Wisconsin, Madison, pioneered the synthesis and study oktoads type of
heterometallic complexes. CrCrFe(dj&2l},>* CrCrCo(dpa)Cl, and MoMoCo(dpaCl,,?
CrCrMin(dpa)Cl,?® and MoMoMn(dpa)Cl,*® have recently been reported. The=@Qr and
Mo=Mo quadruply bonded units are considered to be diamagnetic, the Fe (II), Co(Mndihd

ions are the only paramagnetic centers of the molecules and will be responsible for their

(0 )
N N N N N
© S
tripyridyldiamide = tpda
x X N G
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N N N N N N N
© © ©

tetrapyridyltriamide = teptra

TR R g - I
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pentapyridyltetraamide = peptea

Figure 1.8: Polypyridylamide ligands for EMACs, which could respectively hold $exeen, and
nine metal atoms along the chain.
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coaresponding magnetic properties. However, the diamag@e€r and M&EMo units do have
substantial influence on the magnetic properties of the paramagaat&rs’® Penget al. also
reported recently the compounds of RuRuNi(dpk)and RuRuCu(dpafl,,®>’ which adopt an
Ru>" ™" electron configuration, instead of the anticipated Rug)(Il) #(ll) formulation.
Therefore RuRuCu(dp#ll, has magnetic properties similar to many othey’Reomplexes: an
S = 3/2 ground spin state, while tlodserved magnetic moment fRURuUNi(dpajCl, results
from the coupling between the spin of tRe&°" (S = 3/2) and that of the heterometallic*Ni

center 6= 1/2).

1.2 Outline

The study of EMACSs in this dissertation focuses primarily on their magnetic propertieshgnce
large majority of these compounds contain unpaired electrons. This dieseidatirganized as
follows. Chapter 2 describes most of the instruments ustiils work. More attention is paid to
the three most used ong3D-SQUID Magnetic Property Measurement System for magnetic
susceptibility and magnetization measurements, Quasi-Optical homBtheteon Paramagnetic
Resonance for obtaining the overall spin Hamiltonian information and QuasaDpti
superheterodyne Electron Paramagnetic Resonance for single crystal measunedngits spin
relaxation study. Chapter 3 will present the detaileeEPR study of GXdpa)Cl,, a rare C7*
oxidation state complex which was reported to be EPR diléftie temperature dependence of
both the powder and the frozen solution will be presented. Angular dependensesiofiié
crystal was studied to identify the zero-field splitting tensathiwithis complex. Chapter 4
presents the spin spin relaxation timig on Cry(dpa)Cl, compound, a potential SMM as
revealed by thac magnetic susceptibility measurements. Detailed temperaturadiape ofT,
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will be explored and the strong orientation dependence ofTthis highlighted. Chapter 5
describes the detailed-EPR study of CGXdpa)CIBF,, a derivative of its parent compound
Crs(dpa)Cl,. By removing one axial Cl lignad and replacing it with a weakeyliggnd, the
trichromium chain becomes unsymmediticBoth the magnetic properties and electronic
structures of these symmetricai;(dpa)Cl, and unsymmetricaCrs(dpa)CIBF, compounds are
compared experimentally and theoretically from DFT calculations. Hetalim complexes
CrCrMn(dpa)Cl, and MoMoMn(dpa)Cl, are discussed in Chapter Bhe quadruply bonded
Cr=Cr and MEMo units are diamagnetic, leaving Krthe only paramagnetic center in these
complexes. However, the diamagnetic units do play an important role luenning the
magnetic properties of M center, as revealed by our high frequency EPR measurements.
Chapter 7 shows our initial efforts to expand the one dimensional chain czesjho three
dimensions Prussian blue structures through(dpa)Cl, and Ng(dpa)Cl, linkage with
[Fe/Co(CN}]3*units. These two trimetal complexes are chosen as the stamty maé to their
relative less air-sensitive properties and easy handing during nitigesis. Finally Chapter 8

presents a summary of the main results in this dissertation.
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CHAPTER 2

EXPERIMENTAL TECHNIQUES

This chaper preserg a brief outline of basic principles and instrumental setup for the
characterization techniques used in this dissertation. The techniqueader (1)
Superconducting quantum interference device (SQUID), which is used tanmeasand dc
magnetic susceptibility and magnetization; (2) Bruker Elexsys X-banddQband Electron
Paramagnetic Resonance (EPR) spectrometer with Oxford Instrument (Wadable
Temperature Unit); (3) Quasi-Optical Homodyne Multi-frequency EPR insintinwith the
microwave frequency range of 26 -550 GHz. (4) Quasi-Optical Heteranlyaad pulsedhigh
frequency-EPR; (bX-ray Diffractometer; (§ Perkin EImer Spectrum 100 FT-IR spectrometer;
(7) PerkinElImerLambda 900 UV-visible-near-IR spectrophotomg(8) CH Instruments 600D
electrochemical analyzer; (9) X-ray absorption near edge structureE®ABpectroscopy; (10
Mossbauer spectroscopy; afid) scanning electron microscope with an energy-dispersive X-

ray (EDX) technique.

2.1 Superconducting Quantum Interference Devicé®>?

Our departmental Quantum Design SQUID magnetometer MRMSunit is an analytal
instrument configured specifically to study the magnetic properties all s®perimental
samples over a broad temperature range oK1@400 K, magnetic field range of Telsa to +

7 Telsa andhc frequency range of 0.01 Hz to 1500 Hz. It enables various measurement options

13



in this dissertation, such as the real and imaginary components ad thagnetic susceptibility
as a function of frequency, temperatwme magnetic field amplitude ardt magnetic field value;
Thedc magnetic moment as a function of temperaturedandagnetic field. It offers 10® emu

sensitivity and allows measurements on small single crystals.

Josephson junction, known as two superconductors coupled by a thin insulating bathier, is
key component in SQUID that provide extremely high sensitive measnt®nf schematic
diagram of the equivalent circuit of thle-SQUID including the Josephson junctions is shown in
Figure 2.1. When the magnetic sample is moving in and out of the pic&Hypvhich is located
inside of the superconducting magnet, a current will be generated iroieel duperconducting
loop. This superconducting loop consists of a pick-up coil and an input coiinptecoil is
coupled magnetically to the primary coil of the SQUID, which consi$téwo Josephson
junctions indicated by marks in Figure 2.1. So now another screening current will be induced
in the primary coil loop, generating a magnetic field to cancel tlipled magnetic flux from
the input coil. As the external magnetic flux increase, the sagenrrent increases. Once the
screening current reaches its critical current for the Josephson junetioltage appears across
the two junctions and the primary coil loop is not in the superconductig ahy more at this
moment. With the voltage across the two junctions, it will dwthe current direction inside the
primary coil and the Josephson junctions return back to superconducting Beateurent inside
the primary coil increases agasexternal magnetic flux continue to increase until it reaclses it
critical current. So the screening current in the SQUID and output vai@gescillating as a
function of the magnetic flux from the sample. By measuring the outitaiye, one can retrieve

the samplanagietic moment during measurements.
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The superconducting magnet is working at liquid helium temperature ardilm®gharged to a
maximum of £7 Tesla with high homogeneity of £ 0.01% within 40 mm lengtie. MPMS
features a Continuous Low Temperature Control fromA480 K and temperature sweep rate

from 0.001 to 10 K/min. The temperature control system elements are shéiguie 2.2. The

9 mm diameter cylindrical sample chamber is housed inside a vaeskgaigd cooling annulus.
Helium gas drawn from the dewar through a pair of capillary tubes at ttoenbof the chamber

flows around the sample chamber inside the cooling annulus to provide uniforraraémg

control. There is a gas heater at the bottom of the sample chamber and a chamber heater wrappe
around the sample tube, providing necessary heating. Two negative dampearoefficient
thermometers are used to measure the temperature. One thermonagténeiscenter of the

pickup coils and the other is at the bottom of the sample tube.

Figure 2.1: Scheme of equivalent circuit of teeSQUID for a magnetometer.
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Figure 2.2 Temperature Control Module Elements.

2.2 X-band and Q-band Electron Paramagnetic Resonante*®

Interchangeable X-band (~ 9.5 GHz) and Q-Band (~ 35 GHz) measurements latdeawai our
departmental facility Bruker Elexsys E 500 EPR spectrometer, witremae field from 0-1.5
Telsa. Temperature is controlled through Oxford Instruments liquid Helmmtincious flow
cryostats (X-band model: ESR 900, Q-band model: CF935P) from 3-300 K. Figure 2.3 shows the

instrument setup used in this work.
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Figure 2.3: Bruker Elexsys E500 EPR spectrometer.

2.3 Quasi-Optical Homodyne Multi-frequency EPR Instrument’: %

This Quasi-Optical Homodyne Multi-frequency EPR instrument is home-auilhe National

High Magnetic Field Laboratory in Tallahassee, Florida with mick@sMaequency range @5
GHz-550 GHz. These variable microwave frequencies are obtained through Gunn diode
generator, combined by a Schottky-diode multiplier. The microwaveestdd by a system of
mirrors, enters a corrugated waveguide and reaches the sample. Thercrihwawa gets
reflected from the sample and travel further through a system of mirrordidqaid-Helium
cooled bolometer detector (InSb mixer). The quasi-optical arrangementha use of a
corrugated waveguide minimize the microwave power losses. The raimgontering into the

sample and that reflected from the sample into the detector are polarized perpdggdicul
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Figure 2.4: Schematic diagram of Muti-frequency EPR set up used.

resulting in significant noise reduction. No resonant cavity is employéuas instrument. The
magnetic field from O up to 15 Telsa is enabled by factory-calibratedcsuquiicting magnet,
with highest field sweep rate of 8 mT/s. Field modulation and phasihsemetection using a
lock-in amplifier is employed. Polycrystalline powder, sealed liquid sample arabdaitfor

measurement. Temperature control is achieved with an Oxford Instrunfel29@continuous-
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flow liquid-helium cryostat and an ITC503 controller, over the range of 3-30Witk, a

precision of 0.1 K.

2.4 Quasi-Optical Spuerheterodynew and pulsedHF-EPR*® %°

In the instrument, available frequencies 120, 240 and 336 GHz are obtainquhbgealocked
microwave source with Schottky multipliers. The Quasi-optical progeaie similar to those
describe above: the generated microwave enters the millimetervalge, reflected by a 45
Faraday rotator, and then incident on the sample after passing MRuipplett interferometer , a
polarization converter. The signal detection component is configured as sapmdimee that
results in much better sensitivity. In a heterodyne, the EPR sgynat directly observed at the
frequency of the incident microwaves, but rather is mixed with a senmndwave frequency to
generate a difference frequency oG6iz in this setup. Another 6 GHz phase shifter is equipped
in the reference channel, which enable the two signhip8@se difference and hence a phase
correction for the observed spectra. This configuration is called superheterodyne. In the cw mode,
the highest sensitivity is obtained by applying linearly polariméciowaves and detecting the
signal in the cross-polarized reflected mode. The superconducting magnieleprmagnetic
field up to 12.5 Telsa. Temperature is controlled over the range of #4P0 K using also an
Oxford Instruments CF-1200 continuous-flow helium cryostat in a slightly inegraxay, with a

precision of about 0.05 K.

Obtained HF-EPR spectra are compared with those simulated thdlyretisag the computer

programSPINwritten by Andrew Ozarowski. This program involves the matrix diagaatadiz
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of the electron Zeema(g) and the zero-field splitting tensapsandE for a given value of spin
in the molecular frame. The spectra are simulated with a givest geD andE parameters and
a line shape of a Gaussian or Lorentzian form (or their mixture), and yisoailpared with the

experimental ones. The parameters are varied until a visually satisfactogbtidised. For the

Figure 2.5: Schematic diagram of the Quasi-optical Superheteratlynand pulsedEPR
instrument.
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case of a powder sample, the simulation process involves construgbogder pattern, by
averaging over all spatial orientations of the single crystdl wspect to the magnetic field. |
am grateful to Dr. Han van Tol and Dr. Andrew Ozarowski for their continuousihelpg this

study.

2.5 X-ray Diffractometer

Powder X-ray diffractionis performed on a Rigaku DMAX 300 Ultima Il powder X-ray

diffractometer using Cu. radiation ( = 1.54185 A) and Ge as an internal standard.

Single crystal X-ray diffraction is carried out on a Bruker AXS SMART ditiveneter equipped
with an APEX-II CCD detector. In a typical experiment, a seledteglescrystal is suspended in
Paratone-N oil (Hampton Research) and mounted on a cryoloop, which is placetlLircad
stream and cooled down to the desired data collection temperaterelaia sets were recorded
as &scans at 03step width and integrated with the Bruker SAINT software packagée
space group determinatigs performed with XPREF whereas the solution and refinement of
the crystal structures were carried out using the SHELX progtafitee final refinement was
performed with anisotropic atomic displacement parameters for all ladorHs. Almost all of

the work was carried out with help from Dr. Ronald Clark and<will Kovnir .

2.6 Infrared Spectrometer

Infrared (IR) spectra were measured in the 600-4008 tange on solid samples pressed on a
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zinc selenide crystal of the universal attenuated total reflect@idR) sampling accessory on a

Perkin Elmer Spectrum 100 FT-IR spectrometer.

2.7 Diffuse Reflectance Spectroscopy

The diffuse reflectance spectra were collected on a Perkin-Elambda 900 UV-visible-near-
IR spectrophotometer equipped with a 160 mm integrating sphere. The spa@reollected as
total reflectance spectra and converted to Kubelka-Munk units with tpefrioen Dr. Adrian

Lita.

2.8 Electrochemistry

Cyclic voltammograms (CV) were recorded on a CH Instruments 600Dcalketnical analyzer,
using a Pt disc working electrode, a Pt wire auxiliary electrode, andgéAg+ reference
electrode containing 0.01 M AgN@nd 0.1 M ByNPF; in acetonitrile. CV measurements were
performed at room temperature undes, Mith a 0.1 M solution of BANPF; in DMF as
supporting electrolyte at the sweep rate of 0.1%v-All the potentials were referenced to the
Fc'/Fc couple (Fc = ferrocene) which was added as an internal standard upon iconapleach

experiment.

2.9 XANES Spectroscopy

The X-ray absorption near edge structure (XANES) spectra were coliec@doeamline of
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DORIS-III storage ring (HASYLAB/DESY, Hamburg, Germany). The spestge acquired at
K-Ni absorption edge (8333 eV) in transmission mode at room temperature. Thecystze
Si(311) monocromator with the energy resolution of ~8.5%#i&/E (~0.7 eV at 8333 eV) was

used. This was done with the help frédexander Yaroslavtsev and Dr. Roman Chernikov.

2.10 Mossbauer Spectroscopy

Mossbauer spectra were acquired using a conventional constantrattmelspectrometer
operated in multi-channel scaling mode. The gamma-ray source comgist&ad mCi of>'Coin

a rhodium metal matrix that was maintained at ambient temperdtueepulse height analysis
spectrum for th&’Co/Rh 14.4 keV gamma-ray source was determined using a Reuter-Stokes gas
proportional counter filled to 1 atm with a Kr/GQyas mixture. The isomer shifts were
determined relative to the center of an Fe foil absomber Andrew Ozarowski helped on the

measurements.
2.11 Scanning Electron Microscope
Elemental analysis is carried out on a JEOL 5900 scanning electraysctipe with an energy-

dispersive X-ray (EDX) microanalysis. | thank @orey M. Thompson and Dr. Robert Goddard

(NHMFL) for assistancwith the EDX analysis.
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CHAPTER 3
MAGNETIC PROPERTIES OF Crs(dpa),Cl, (dpa= Di-2,2'-

PYRIDYLAMIDE): A S=2 SINGLE MOLECULE MAGNET

This chapter describes detailed high frequency, high field-EPR @&H:E magnetic
susceptibility, and density function calculation studies og(dpa)Cl,, I, a linear chain of three
Cr(ll) ions. | is the simplest example of Extended Metal Atom Chains (EMARsany well

resolved HF-EPR peaks were detected for the first tong, in contrast tats earlier mentioned

EPR-silent behavio’

3.1 Introduction

Extended Metal Atom Chains (EMACs) have been subject to reseasrisiist for decades
because of their potential applications in molecular conductors and esvittff and their
versatile structures as a consequence of changes in axial ligands as wsligh&evjronment”
10.11,16. 17, 475\ mong them, Gy(dpa)Cl,, 1,*° attracted our attention due to its rare +2 oxidation
state of Cr [3dl. | is also the simplest example of the EMACSs, without much compmitétom
hyperfine effects since the dominant Cr isotop&8r(, >“Cr, natural abundance 90.5%) have no
nuclear spin, hence they are good models for achieving a fundamental amdlagstof the
metal-metal bonding and electronic structures of these complexes. The conhgoids@l, was
first synthesized by Cottoet al,’® and was reported to belong to the space groupnaf with

symmetri@l Cr+&U ERQG OHQJWRé&sh &lwas a diglent ion, with a’3electron
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configuration and coupled antiferromagnetically to its neighbors, yieldiogahdpinS = 2, as
confirmed bydc magnetic susceptibility measuremefftOFT calculations were then used to
support this assignment, and it was concluded that the ground state was indeed synwittrical

four unpaired electrons, but with a slightly unsymmetrical configuratiomtddcat only 0.97

kcal/mol above the ground stafeReexamination fol- CH,Cl, in 2004 by the& RWW R Q' V JUR X ¢

revealed, however, this central Cr among @neCr £r chain to be disordered in two positions
ZLWK WKHL d=®1224k D\Qile idorifirming its unit cell parameters and total spin df 2. |

was also mentioned that complex was essentially EPR-sitedtbend when using frozen

solution of Cg(dpa)Cl, / CH,Cl, even down to 10 K’ 3(35 VLOHQF H ~spiR byste@WHJH U

usually caused by a very large zero-field splittibg, (which exceeds the microwave quantum
energy of 0.3 ci for X-band or 1.2 ci for Q-band®® >? A high frequency high magnetic field
EPR (HF-EPR) study was thus thought worthwhile and the comp@:Cl, was investigated
utilizing HF-EPR facilities available at the National Hilylagnetic Field Laboratory (NHMFL)
in Tallahassee, FL. As discussed below, we detected strong aresaledHF-EPR spectra at
higher microwave frequencies that remain well resolved even at roopeit&iure, implying a

robustS= 2 ground state.

3.2 Synthesis

Complex! was synthesized using the literature procedfiféTypically, 0.628 g, 4.00 mmol of
di-2,2'-dipyridylamine (Hdpa) ligand was dissolved in 20 mL of tetrahydrofurbiTh a 100
mL schlenk flask, followed by cooling with aceton/dry ice bath dowd7® °C. While cooling,

4 mmol of Methyllithium was added dropwise with stirring to preventatt@imulation of heat
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released from this deprotonation process. The clear solution turned milky avidteipon
reaction completion, the mixture was allowed to warm up to amteemterature. 0.368 g, 3.00
mmol of anhydrous CrGlwas added to the above mixture and the suspension was heated up and
refluxedfor 6 hunder N flow. The color of the mixture gradually turned red and then dark green
The resulted dark green precipitate was filtered off and the solid wagavasveral times with

THF to remove any excess ligand. After drying, the green precipvaderedissolved in 30 mL
air-free dichloromethane (DCM) solvent in a new schlenk flask and 30 mL of hexase
layered carefully on top of it. Dark-green crystals of size Immx1mmx&mare harvested after

one week. The authenticity of the compound as well as the single crystal morphology (needed for
the EPR study) was ascertained via X-ray diffraction on several singlalsmyth help from Dr.

RomldClarkfV KHOS

3.3 Molecular Structure

Figure 3.1: (a) Molecular structure of complex(@pa)Cl., ;1% *Red atoms are Cr, Green Cl,
Blue N, while light Grey balls represent C. H atoms are emittectléoity; (b) Molecular
structure ofl viewed along the CE€r £r chain, the four dpa ligands forms paddle wheel pattern
around the chain.
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The ligand di-2,2'-pyridylamide (dpa) was found to support the formation att divetal-metal
bonding in 19937 The crystal structures of trichromium complewas first reported in 1997,
as shown in Figure 3.1 (a). Three Cr atoms form direct metal- metal bondagpped by four
dpa ligand with a paddle wheel pattern (Figure 3.1 (b)). Tw#&Cdistances are equivalent with
the value of 2.365 A. Cl atoms are capped to both ends of chromium chaiidevitical Cr«€l
distance of 2.551 A. Careful study of the ellipsoid structuré r@fvealed an elongation of the
central Cr electron clouds deviating from a sphere structure. This prompted éeal. to

restudy the molecular structuteThe structure is better explained by the disordered central Cr at

Figure 3.2 (a) Reinterpretation of molecular structure foCH,Cl,,'" with the central Cr
disordered at two positions; and (b) A cartoon of @ex£r«Lr chain, showing the
antiferromagnetic interaction between the nearest neighbors.
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two different positions along the @cr«£r chain. The distance between the two disordered

positions is 0.224 A. The nature of this disorder (static or dynamic), howevernegmaiclear.

Interestingly, despite the disorder of the central Cr atom, th€rQlistances on both ends are

the same, 2.550 A. Thus the two fold symmetry perpendicular to the chaihdsstroyed by

the disorder. A slight bending of the &r£r chain is also noticed. Important structural

information and unit cell parameters IocCH,CI, from different reports are compared in Table

3.1.

Table 3.1: Crystallographic comparison betwdwreported structurger Crz(dpa)Cl,- CH.Cl,.

clert€r€r €’

Crs(dpa)- CH:Cl, 1997%° 2000"° 2004

Crystal system Orthorhombic  Orthorhombic Orthorhombic

Space group Pn2 Pnn2 Pnr2

a, A 12.996(2) 12.996(2) 12.996(2)

b, A 14.1381(8) 14.1381(8) 14.1381(8)

c, A 11.3306(13) 11.3306(13) 11.331(1)

cl<r, A 2.551(2) 2.549 (2) 2.550(2)

cr€r, A 2.3651) 2.366(1) 2.254(4)

crL£r A 2.3651) 2.366(1) 2.477(4)

crt<r A 4.7292) 4.731(2) 4.731(2)

cr<lt A 2.551(1) 2.549 (2) 2.550(2)

Angle, degCrt €r* €r’)  178.85 179.00 178.98

deg 90 90 90

v, A3 2081.9(4) 2081.9(4) 2081.9(4)

V4 2 2 2

Rindices (all data) R1=0.0557 R1=0.053 R1= 0.0533
wR2=0.118 wR2=0.1155

28



3.4 Magnetic Susceptibility

3.4.1dc Magnetic Susceptibility

Variable-temperaturelc magnetic susceptibility § data were obtained on a microcrystalline
powdered sample df CH,Cl, with anapplied 200 G magnetic field in the 1.8-300 K range. The
diamagnetic correction§ was derived to be 11.5xf@mu/mol according to the literature

method>*

Figure 3.3: Plot of$ ¥sTand %s Tfor |-CH,Cl, from 1.8 K to 300 K.$ &aturates at ~ 3.05
emu-K P RO vsT# linear, with a diamagnetic correction of 11.5%Enu/mole. Red lines
are theoretical fits, confirming tH&= 2 ground state.

/s T is plotted in kgure 3.3, where dis seen to vary linearly witd over the whole

temperature range of 1.8-300 K. By fitting the data to the Curie-WaissS°lusing a least-
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squares procedure, we fidl= 3.065 emu-K/mol and = +0.251 K, with an R-value of 0.9999.
Figure 3.3 also shows & 7vs T plot with an observed high-temperatufe7value of 3.05
emuK/mol. Comparing this value to the expected value of 3 emu-K/mol fd a2 system
with g = 2.0°> *®it is clear that this compound has a ground sSate2. $ femains at an almost
constant value of 3.05 emu-K/mol in the temperature range of 30 K and 300id&tiimg that
the exchange coupling between the neighboring Crs along the chal@HsCl, is very strong.
Below 30 K, $ #alue starts decreasing which could be attributed to the zero4figtthg of the
quintet state and/or intermolecular interactions. Our data and conclumgoes with those
reported earliet® The exchange interactions along thé €r* £r° chain has a form
=20 AA AA-2%AA
The interaction between atoms 1 and 3 is expected to be mudbrsitmah the interactions 1, 2
and 2, 3. The energies of possible spin states can be found using tHenamall-Kambe
DSSURDFK > @ 7DNLQJ WA A+ A a0dihe tvRlkssk DAV B %S LAQY
we have” = -2, A A- 2% A Aand the energies of ther|% ! VWDWHY FDQ EH ZULWW
E(Sr 671 1+X 61 69 ISHSr+1) + 3S(S+1)

+X{ S1(S+1)+ S(Ss+1)}
The terms on the second line contribute the same amount to each lemetgnd can thus be
RPLWWHG 7KH 6T QXPEHU FDQ DWYWB+H5YDRUHNDIEIR BT WIRHU
St YDOXHV 4% R PV R 6.8Witl6 antiferromagnetic (negative), the minimum energy
occurs for the quintet stater|S ! _ I ( 11203, -and the next lowest level is a
triplet state with E(1,3)= 1412}
For inverting this energy sequence,wbuld have to be ferromagnetic and larger thah/2,

which is unlikely. Spectrum of th&= 2 state only is seen in EPR at all temperatures (see below).
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Also, the productd is constant except for the decay at the lowest temperatures, imglittett
the S= 2 state is the only one populated and therefaris, tbo large to be determined from the

magnetic susceptibility data.

Therefore, the magnetic susceptibility data are analyzed by using theaspiltddian:

H= + g-S+DI[S/ £(1/3)(S+1)] +E (S° S Eq. (3.1)
where as usual the symb@ss the electron spin, is electronic magneton, amgdepresents the
gyromagnetic ratio. The first term comes from the Zeeman splitiihde the second and third
terms denote the axial and rhombic zero-field splitting termgentisely. The effect of the
rhombic zero-field splittindge term on the magnetic susceptibility is small and was not taken into

account. The principal magnetic susceptibilities can be derived from thdesiaguatior® as

D 2D
2Ng? £ &hr) g Ve
B e /e’ 2e/eT 20/l
) (kBT )(ge(z%sT) 7e(%sT) 28( Z%BT))
g (NGEy /%0 Ea. (3.3)
A kT e(z%T) 2e(%*T) 2¢! DT

F /% 2’% Eq. (3.4)

Fitting of the magnetic susceptibility data by applying Eq. (32})(resulted in the spin
Hamiltonian parameterg, = 1.998(9),g5= 2.031(5) andD = +1.65 (5) crit. The magnetic
susceptibility is not sensitive to the signf&and another set of parameters could also be used to
fit the data:gy = 2.013(6),g5= 2.022(2), P| = 1.99 (2) cnt. The sign ofD could not be
determined exclusively from magnetic susceptibility data only, ERR was needed to obtain

the sign.
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3.4.2ac Magnetic Susceptibility

The above discussedt magnetic susceptibility § data showed$ Aalue of 3.0 emuK/mol,
confirming Sy = 2 withg = 2.0'® *' The possibility of a large negati value, indicating this
complex might be a single molecule magret. magnetic susceptibility  and ($) were
examined at various temperatures, but no frequency dependence was obsteexbsence of

an applied magnetic field. Under 0.1 Telda magnetic field, however, the frequency
dependence o$and $ started showing up and when the field was increased to 0.2 Telsa and 0.5
Telsa, the peaks shifted to higher temperatures, as shown in FiguréBW8.4requency

dependence disappearedlafield of 1 Telsa or higher.

It is usual to analyzef. in terms of a relaxation tim& where 2is taken to be2= DW WKH
temperature where the peak appe&@sassumed to follow an Arrhenius behavior.
1/2 1/ 3 exp(-U/KT) Eq. (3.5)
Figure 3.5 shows a linear relationship of relaxation rate with ll#ast-square fit of this plot to
Eq. (3.5) gives effective energy barriegJ9.6 K with constant 1 = 2.2x10 s*. This energy

barrier is in excellent agreement with that expe&8dS Svalue of 9.6 K® This frequency

dependence of $ with applied magnetic field indicateldCH,CI, is a field induced single
molecule magnet, due to the only paramagnetic property in the temperature range of 1.8 K to 300
K>" and no other magnetic feature would induce the frequency dependence. &hee abis
frequency dependence atl€field is probably due to the low energy barrier and fast tunneling at
1.8 K>° Millikelvin magnetization measurements ®onCH,Cl, should help reveal its SMM

behavior.
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Figure 3.4 Frequency dependence 8ffor |- CH,CI, with applieddc magnetic field of 0.2 Telsa
(a) and 0.5 Telsgb), respectively. The peak temperatures shift to higher ones ds thagnetic
field increases from 0.1 to 0.5 Telsa.
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Figure 3.5: Plot of relaxation rates.reciprocal temperature for compl&xCH,Cl, with applied
dc field of 0.5 Telsa in the oscillating frequencies from 200 to 1,500 Hz. The realiline is
least-squares fitted to the Arrhenius equation Eq. (3.5), with the activation energQ &f. ~

3.5 Electron Paramagnetic Resonance on Powder

With the indication of a large negatiizevalue from the above magnetic susceptibility data, EPR
measurements were carried out over the wide frequency range of 35-43%G&dtra of &= 2
state were observed at all temperatures and frequencies. The EPR spectra we layalying

the spin Hamiltonian Eq. (3.1) given above.

3.5.1 Q-band EPR

Since earlier EPR studi€shad reported compldxCH,Cl, to be EPR silent at X-band (9.5 GHz),

we attempted to verify this conclusion. Our own X-band measurements on a pdWwd&,Cl,
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showed a single unsymmetrical peak at around 0.46 Telsa withitgpakk width of 0.05 Telsa.

Figure 3.6: (a) EPR spectrum for powder sample GH,Cl, at 34 GHz, 298 K. The thick black

curve is the experimental spectrum, while the thin red line isithelation withgy,= 1.995(5) g,
=1.995(5) g~ 1.975(5)D = @.620(2)Gem* andE = @.033(1) Gecm™ for aS= 2 system. The

SHDN ZLWK 3~ LV DVVLIQHG WR WKH LLIRB X bdWh\sanpidrie LW YD
Energy level diagrams fd//z, H/ly, andH//x are plotted in black solid, magenta dash dot, and

blue dash lines respectively. The EPR transitions and their corresporpaergreental peaks are

guided by the vertical dashed line.

As the spin ground state ¢fCH,Cl, was known to beS = 2, a single peak was clearly
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unexpected. We then extended the measurements to Q-band (34 GHz). Asean ireFigure
3.6, we observed an intense spectrum at this frequency, and at @@t Khe knowledge o0& =

2 from the magnetic susceptibility data, we can simulate the spectrum using thenpB&jNC>

® with gy= 1.995(5) g, = 1.995(5) g~ 1.975(5)\D G G'RRIE G G FP
! as illustrated in the red curve in Figure 3.6 (a). The simulation fitsxperimental spectrum
quite well. The first peak corresponds to the transition fitfm direction (molecular main axis)
as shown in Figure 3.6 (b), while the other two peaks are fronHttyeand H//x direction,
UHVSHFWLYHO\ 7KH fBdhaN indpDrieyHa® HsAnténsity éhanged from batch to
batch. Simulation of the spectra, however, is insensitive to the ddign. As this limited
information of EPR transitions at Q-band did not allow accurate deteramradtthe parameters,

we resorted to high frequency high field EPR spectrometer available at NEMFEL.

3.5.2 High Frequency EPR56-400 GHz)

HF-EPR measurements were made on a powder sampl€IdfCl, to ensure that the spectra
are typical of the bulk preparation. About 30 mg of single crystals@#f,Cl, were collected,
ground into powder and loaded in the sample capsule. Figure 3.7 shows BRiRapectra a
frequency of 224 GHz and temperature of 280 K (a) and 5 K (b). At this high frequenmgy, ma
more well resolved peaks become observable than those in X or Q bardsigrothese peaks
to the various spin energy levels, the spectra were simulated bsimyagramSPIN® ®* The
best-fit simulations are also shown in Figure 3.7 (a) (b) (red curves). Figure Blis{cates an
energy level diagram at 5 K with magnetic field parallel to mh&n, molecular axis, as

highlighted by the dashed lines. Note that the intensity of the pesdoat 2.7 Telsa shows the
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largest increase in intensity on temperature decrease from 286 K,tindicating that this is
the ground state transition froms= = : mg= £1. This observation in return established the
sign of D to be negative. All other peaks involve higher energy levels and dedreatensity.
In particular the peak involving the transition fromg . Mg = +2 became undetectable at 5

K, in accordance with the Boltzmann effect.

Various frequencies (56, 112, 157, 197, 224, 305, 331, 406, 432 GHz) were used to accurately
determine the g-tensor components, and@hand E values. Figure 3.8 shows the measured
resonance fieldrs frequency data (red squares) and their simulation curves using the program
SPIN®® ®At 30 K, gx = 1.9978(4) g, = 1.9972(4), and, = 1.9808(4)D = +1.643(1) crif E= %
0.0339(4) crit are obtained from the multi-frequency fitting. It should also bedhtitatD is
negative and quite large with its value #fl.643(1) crit. Slight rhombic anisotropy Witk =

0.0336 + 0.0005 crhis probably due to the different lengths of fbar N-Cr bonds in thexy

plane: 2.105, 2.142, 2.098 and 2.1@@espectively?®

It is found also thaD valueis strongly temperature dependent, wiitlgalues remain essentially
the same. Quantitative data on the temperature dependeDosest obtained by comparing the
observed spectra at various temperatures with simulations, as showars ¥ (a). Figure 3.9
(b) shows the temperature dependenc® ofalue, withD increases as temperature decreases.
The study of temperature dependenc® afalue® revealed at least two factors. The first called
static, is related to the lattice thermal expansion, such asgyetan bond lengths and bond
angles; The second part is due to vibrational effects, structural indlughelectron-phonon

interaction including acoustic phonons and optical phonons.

37



Figure 3.7: EPR spectra of complexCH,Cl, at 224 GHz and at 280 K (a) and 5 K (b). Peaks
highlighted by arrows belong to the principal symmetry (z axis) directf the CrtCr tCr chain.

The other features correspond to the transitions for the x and y princigetiahs of theZFS
tensor. Spectra in red are simulations at each temperature. (c) Energy leMéls dmection.

Using the simplified static and vibrational modelo¥ one can write:

D = Do+ Dy A+ D, Axp(-0U/T) Eq. (3.6)
where the first two terms arise from the static part, whichssa@ated with the lattice expansion
coefficient, while the last term originates from vibrational cewitibn. D, is an adjustable

parameter which describes the strength of the electron-phonon interacttoguite 3.9 (b), the

experimentaD values were fitted to Eq. (3.6). The fitting parametersiare +1.647 (1)cm®,
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D= +0.05 + 0.1 K, D,=0.038 (3) cni 0 =50 + 5 K. We may notice thé, is very small,
which results in smalD; A term comparable to the const&yt This means the lattice expansion
parameter is effectively temperature independent. The important parash&tined from Figure
3.9 is the energy value di 8 which is 50 + 5 K, or about 35 ¢ In a general sense, this is a
measure of some phonon energy. The small magnitude of the frequency tmglidss must
arise from the heavy ions i.e. the £€r £r chain itself. Low temperature scattering experiments

could provide more definitive information on this point.

Figure 3.8 Resonance field vs. frequency plot for comple€H,Cl,, at 30 K. Red squares
represent experimental resonance fields while the lines are calctbat@ S = 2 with g =
1.9978(4),0, = 1.9972(4),g, = 1.9808(4),D = +1.643(1)cm™ E = £0.0339(4)cm™. Green,
magenta and black lines represent correspond to resonances for molecuotatiansx, y andz,
respectively.
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Figure 3.9: (a) HF-EPR spectra of powdle€H,Cl, at various temperatureg) derived zero-
field splitting D values as a function of temperature for comple@H,Cl,. Black dots are
experimental values with 1.5 % error while the red curve are fitting data to Eq. (3.6).
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3.6 Electron Paramagnetic Resonance on Frozen Solution

Figure 3.10: EPR spectraloin CH,CI, frozen solution at 10 K, and frequency of 220.8 GBiz.
= #.643(1)cm™ was observed, which agrees with that for powder sample. The rh&@mBic
parameteE, however, was determined to be negligibly small.

To check that the above proposed role of phonons in causing the temperpanmgedee of D,
and the more realistic molecule structurd @gbbviating lattice-induced structure modification),
we repeated the powder study using frozen, dilute solutions. About 5 mg ofexdnglstals
were collected and redissolved in 10 mICH solution under Bflow. Then about 2 ml of this
solution was added to a sample container, followed by an immediatefopezing in liquid N.
Before loading the frozen solution for measurement, both the instrument probe andrchambe
were pre-cooled below 77 K to prevent the sample from melting. HF-EPBunee@ents were
conducted on the Homodyne Quasi-Optical instrument for various microwayeefiges.A

typical experimental spectrum is shown in Figure 3.10 (back curve) entpdrature at 10 K,
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frequency of 220.8 GHz. Simulation of this spectrum was carried out by SPIKaprfy®
using the spin Hamiltonian equation in £§.1). We obtained spin Hamiltonian parametgrs

gy = 1.9940,~ 1.985 and = +1.643(1)cm®, which are similar to that for the powder sample at
the same temperature. Interestingly, t&evalue is reduced to O this case, suggesting the
equatorial distortion was released when the sample is dissolvealuitios. The spectra at

various temperatures from 5 K to 80 K demonstrated no temperature dependend \cdlthes.

3.7 Electron Paramagnetic Resonance on Single Crystals

Figure 3.11: Molecular packing 6fCH,Cl; in its unit cell. There are two orientations of the+Cr
Cr£r chains, namely Set 1 and Set 2. Both chains are in the same plapgaeallel toab
plane or (001) plane. But they are forming an angle bf@ative to each other. The other atoms
except Crs are omitted for better view of the chain packing.
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A well shaped single crystal df CH,Cl, was face-indexed by single crystal XRD, with the
molecular structure shown in Figure 3.1, whér atoms are bonded directly. Each' G3d")
has a spirS = 2, coupled antiferromangetically to yield a net ground §pm 2. Figure 3.11
illustrates that there are two orientations of the€XZeCr chains within its unit cell, namely Set 1
and Set 2. Both chains are parallebtoplane or 001) plane and they are abos@® away from

each other witla axis bisecting them.

Figure 3.12: Typical single crystal EPR spectréomn |-CH,Cl, at 298 K, 240 GHz (red).
Simulation retrieves four peaks from Set 1 (black) and four from Set 2 (green). &amnpa
between the experimental and the simulated peaks are guided by dashed lines. Adirthenall
peaks are from forbidden transitions according the simulation.

A face-indexed single crystal was carefully mountedanfEPR goniometer in such a way that

the magnetic field is along tleeaxis of the unit cell and remains parallel ®.Q) plane when the
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crystalwas rotated along the rotating axis perpendiculaiOtd) plane. For & = 2 system, one
expects four peaks at room temperatbgeutilizing spin Hamiltonian Eq. (3.1)H = + g-S+

D[ S* +(1/3) S(S+1)] + E ( S& +S7) and its parameterg, = 1.9942 (4)g, = 1.9942 (4)g; =
1.9775 (4)D = +1.616(1) crif, E = +0.0327(4) crit at 298 K>”  Since there are two sets of
differently orientated moleculaa |-CH,Cl,, one would observe eight peaks in most cases with
microwave frequency of 240 GHz. Figure 3.12 shows an example of EPR spectrakaivizB8
expected eight peaks. Four of them are assigned to Set 1 molecuits witiin axisD,,; 29 to
magnetic fieldB, while the other four from Set 2 molecules, with, 38 to B. In order to get a
whole picture oD tensors relative to the molecules and unit cell, the crystatated 180with

a step size of 9 Resonance field.s.rotating angle from Set 1 and Set 2 is plotted separately in

Figure 3.13.

As both chains are parallel to th@0() plane according to the above unit cell structure, if the

main axes of th® tensorsD,,;, D,») are along the chains, then we expect the rotating axis to be

about 3 to bothD,,;andD,». After rotating the crystal in this plane £&tnd fitting the angular
dependence in to tH@PINprogram® ®we found that,, (R, D) =62, - (R D) = 88: , (R,

D.;2) = 52, - (R Dy = 92°, where, , is the angle between rotating afsandD,, - is the

angle betweeiR and D,y This indicates th®,,; D,»are about 28and 37 to the plane 10,

which is close to the case of 3The slight deviation of ~%is within the alignment error-

values of 88 and 9% from R to Dy, Due respectively, suggestirBya, Dy are perpendicular to

the b axis. According to the definition @ tensor,Dyy is hormal toD,,. S0 Dyx1, Dyx2 are both
perpendicular to th@bor 00) SODQH KDWYV PRUH DW WKH VWDUWLQ.

magnetic field is along the axis, magnetic field is 9¢ to the main axi®,,, andD,, from the
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unit cell structure. The comparison of the experimental and sirdutgtectra gives the angle
betweerB andD,,;andD,» both about 88 in well agreement with the expected @dgles. The
D tensor could thus be tentatively assignedbggalong its corresponding QCr £r chain,Dyy

perpendicular to thab plane andyy in ab plane and perpendicular to bdd, andD,.

Set 1 Set 2

Figure 3.13: Angular dependence of the EPR resonant transitions at 298 K, 246r GiSimgle
crystal I -CH,CI, with the field parallel to(010) plane. Eight transitions are observed at each
angle, with four from Set 1 and four from Set 2. Each set resonant fields asegdoately as a
function of angles for better view and convenience of simulationfduresmooth colored lines
are from the simulation with the angle of rotatin% axis relative tdtheD,» , R, Dy = 62,

- RDw) =88 | R D) =53 -R Dy =9L.

In order to confirm this assignment, the crystal was reoriented to arpbkition so that the
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magnetic field is along the line wherg&l() and Q01) planes intersect and the magnetic field
keeps parallel to theDQ1) plane when W V U R W D W Headego® dDEPR tésan&htfields
for the two sets of molecudds plotted separately in Figure 3.14. Simulation of the angular
dependence curves ISPIN progranmi® ®! gives the angles between this rotation d@iand D
WHQVRWY,)s9F -RDw)=0 ,RD;)=9F +R Dy =0 respectively.

Set 1 Set 2

Figure 3.14: Angular dependence of the EPR transitions at 298 K, 240G06HLH,CI, with
the field oriented parallel td01 SODQH 6LP X0 BWLRAY JIRYDBl) =0
(R D) =90 <R Dy = @ respectively in thisQ01) rotating plane.

This shows that the rotation axis is perpendicular to bot.af D,,> Since the rotation axis is
always perpendicular t®Q1) plane during this rotatiol),,; andD,,,are both in theQ01) plane.
It is exactly the case whdb,,; andD,,; are along their corresponding €r £r chains, where
the chains are in0P1 SODQH RDG = D Q GR; Dy = ( indicates that th®,,
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components for both chains are parallel to rotation Rxghich further confirms our previou®
tensor assignments. In addition, the phase difference between Set 1 ahdsSe$ from
simulation, agreeing very well with the two molecule angle &f B&nce further confirming the

correct assignment of th tensor.

Setl Set 2
Figure 3.15: Angular dependence of the EPR transitions at 298 K, 240G06HLH,CI, with

the field oriented parallel td{0 SODQH 6LPXORW,L)RAY JIRYM,),=90 |,
(R D) =17 <R Dyo) = 9, respectively, in this plane.
A third crystal orientation is designed so that the magnetic $ielgs parallel to thel@0) plane,

when the crystal is rotated. The angular dependence of EPR resorgmfdiethe two sets of

molecules are plotted in Figure 3.15. Simulation of these da@Phly prograni® * gives the
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angles between this rotating axis and main axéstehsors:, R, D) =80 - R, Dy = 90
, R Dy) =17 -(R Dxo) = 90, respectively, indicating,,; andD,» are 18 and 78 away
from the (10 plane. Taking the abov@ tensor assignment, that i3;,;, D,» are along their
corresponding chains, theby,,, and D, are 18 and 78 to the (10 plane according to the
molecule packing in the unit cell. The %6ff is well within experimental misalignment.
Meanwhile, Dyx; and Dy, are assigned to be perpendicular @01 plane, which are
perpendicular to this rotating a¥®s ([SHULPHQW D @ BRQ)GRE VDRI (R, Dyyo) =

90° are exactly as expected.

Figure 3.16: Temperature dependence of HF-EPR splecttaCH,Cl, D W *+] ZRWK
D,,) = 16. Gradual peak splitting is observed below 90 K.

Overall, the single crystal EPR data from three different rotation mansistently gives the

same picture of thé tensor for these two sets ofCH,Cl, molecules:D,; is along its
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corresponding C£r £r chain,Dy perpendicular to both the @Er «£r chain and @01 plane,

while Dyy in (001) plane and perpendicular to bddg, andDys.

Temperature dependence of tHE-EPR spectra was studied on a single crystdl-GH,CI,
with the magnetic field aligned about®l@lative toD,,; within the Q01) plane. Gradual peak
broadening and eventual peak splitting at aroun& ®@re observed, as shown in Figure 3.16.
This broadening and eventual doubling of equal intensity peaks impliesrtamdydisorder of
the central Cr, since the static behavior would not be tempemépendent. In addition, the
elongated thermal ellipsoid for the central Cr atom was observed irRDBed4dta at temperature
of 213 K;" while spherical electron clouds were observed for the terminal Cr atdmsever,
only one peak was observed at this temperature from the HF-EPR sSpefigare 3.16. This
could be understood by examining the disordered structure of & €r chain in theScheme

1. As discussed above in Figure 3.2, the central Cr actually demonsimagésngated ellipsoid,
including parta andb, with their separation of about 0.224'AMagnetically,a andb could be
inter-converted to each other. At high temperatures, their inter-comweiaie is fast enough,
such that HF-EPR spectroscopy could not distingaigindb. But & the temperature decreases

down to 90 K, their inter-conversion rate slows down, andathadb units have long enough
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life time that they exhibit their own resonance fields, the peaktisglin Figure 3.16. By
calculating the peak separatian%= B, B, = 0.01 TelsaD W . ZH REWDLQY®E&

1.7x10 s & which is equivalent to the nanosecond time scale®>¥0 ,W{V DOVR QRWLFH(
Cl <r distances on both ends are identical, despite this disorder. If the disai@gicisthe Cr+

Cr* «£r* would be unsymmetriat with Cr' ££r* and Cf £r° bond length 2.254 A and 2.478 A,
respectively. Therefore, there is no reason faf3Cbond lengths to be the same, in the presence

of chain distortion. Our results thus show that the mechanism dirgplit 1-CH,CI, is the

slowing down of the dynamic motion of the central Cr alongGhe«Cr £r chain, and that there

is clear dynamics at the nanosecond time scale iGtEer £r chain.

3.8 Summary

HF-EPR signals have been observed and analyzed in detail for theniestrdim the trinuclear
Cr** complex Cg(dpa)Cly, |, which in earlier studies ( at X-band) was mentioned as being EPR
silent. We have demonstrated that the HF-EPR techniqae effective method for observing
the EPR signals from such materials. Our EPR results clearly confilmettal ground spin
state asS = 2 with aD value of +1.643 cnt, a large negative value, explaining why complex
was reported to be EPR silent at the X-band 18 Khe large negativ® value andac magnetic
susceptibility suggest this complex is a field induced single cutdemagnet. The dynamic
nature of the central Cr was suggested, according to the gradual peailgsgtitt 90 K and the
same CeCl bond lengths at two ends. The observation of well-resolved EPR sigeaisae
room temperature suggests the ground spin state is well defined, whiather unique foa

single molecular magnet.
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CHAPTER 4
PULSED ELECTRON PARAMAGNETIC RESONANCE STUDY

ON Cr3(dpa)4C|2

This chapter summarizes oyulsedEPR studies on the comple&r;(dpa)Cl,-CH.Cl,
(I-CHCIy), a field induced single molecule magnet (SMM). Since SMMs areidayes as
potential candidates for quantum computafiband a critical parameter for such an application
is the spin decoherence time or spin spin relaxation figneve carried out such a study on

| -CH,Cl,. This chapter summarizes this study.

4.1 Introduction

The findingl-CH,Cl, a single molecule magnet encouraged us to study its spin-saxatieh

T, process. The understanding and control of magnetic and/or spin relaxation in arolecul
systems of exchange coupled spins is of crucial importance for their poapitlications in
information storage and quantum compufind*®® In materials with a relatively high spin
concentration, however, the spin-spin relaxation tifpgends to be dominated by the strong
electron-electron spin dipolar interactions, resulting in a very shotime that cannot be
measured directly by commercial pulsed electron paramagnetic resonance (ERp)sdible to
use dilute frozen solutions of the molecular magnetic systems to rédsicipolar contribution

to the spin decoheren&&’* but not without introducing random strain from the frozen glass and
a random orientational distribution. Another way of reducing the decoherend® diyaolar
coupling to nearby spins in pure single crystals was recenthtrdbesl for N-V centers in
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diamond? and applied to single crystal of molecular magfets: "*By strongly polarizing the
electron spins using high magnetic fields and low temperatures, the mohspén pairs that can
undergo a spin exchange (flip-flop) would be strongly suppréSseflowing a direct
measurement of th&, relaxation in the EPR time domain, even in highly concentrateednsgst
Here we report spin relaxation measurement inGheCr £r linear chain complex-CH,Cl,
with total spinS= 2. We have achieved &, time of ~ 2.6x18 ns, which is significantly longer
than previous reported, times in single crystalline molecular magn®ts’* “°Moreover, by
incorporating two symmetry-related but differently orien@d€Cr £r sites within the unit cell,
we are able to tune th& relaxation time continuously from 800 ns to ~ 2.6xH8 by
manipulating the direction of static magnetic field relative to @e£r£r chain axis,
representing a step forward moving toward potential applications invaiolgcular magnets.
This finding opens up a unique way of controlling spin decoherence: by chemically designing the

ligand group and introducing symmetry related multiple molecular sites in a crystal

4.2 Spin-Spin Relaxation TimeT,

An important aspect of this study was that we used single crystdlsee molecular magnet
Crs(dpa)Cly:CH,Cl, (1-CH,CL,).X* *® " Measurements were carried out using a 240 GHz
superheterodynegw and pulsed EPR spectrometer along with a 12.5 Telsa superconducting
magnet.” "®The sample probe enabledsitu sample rotation about an axis perpendicular to the
magnetic field. A single crystal with approximate dimensions ofn@hi x 0.1 mm % 0.1 mm

was selected and face-indexed by single crystal XRD.t@imperature was carefully controlled
over the range of 1.50-2.00 K by changing the pressure of superfluid liquid helamQOrford

Instrument CF-1200, and a calibrated cernox sensor with a precisiapbK.
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Figure 4.1: An example of the single crystal EPR spectrunh-6H,Cl, in theab plane at 290 K:

(a), energy level diagram and transitions,a(Bo, D,2) = 9¢ (black arrows); (b) experimental

spectrum; (c) energy level diagram and transitions 4By, D) = 30 (red arrows). Dashed

OLQHV LQGLFDWH WKH SHDN DVVLJQPBQWLWNQEB QWKH RH SEQDH
the twoZ axes relative to the direction of the magnetic figd

The structure of-CH,Cl, is shown in Figure 4.1. The molecular packing within the crystal unit

cell contains two differently orientate@r £r £r chains, et 1 and st 2 are displayed in Figure

3.11. Spin Hamiltonian parameters for this complexSe2, gy« = 1.9978 (4)gyy = 1.9972 (4),

0., = 1.9808 (4)D = +1.643(1) cnt, E = +0.0339(4) crit at 30 K, as determined from an
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earlier powder EPR study.From the orientation dependence of tive EPR signals of a face-
indexed single crystal at 298 K, we determined the directions of theigafiraxesD,y, Dyy, and
D, of the zero-field splitting tensor for both sites in the unit cell:ghecipal axisD, is along

the CrLr £r chain direction,D,, is along thec axis andDyy, is normal toD,, and Dy A
distinctive aspect of the present work is that this is the first dpagoherence study of an
organometallic cluster in a concentrated crystal that hastwivalent but differently orientated
sites of molecules in its unit cell is these two molecular orientations that lead to the strong

angular dependence of spin decoherence, as discussed below.

Figure 4.2 Echo signal area as a function of echo delay by an approximate Hahn seg#2tce
WS+H\echo)at , (Bo, D) ~ 90 and temperature of 1.50 K with resonance field of 11.435
Telsa. The solid red line is a fit using a single exponential eguafihe inset displays echo-
detected EPR signals as a function of the magnetic field. The anmws she field at which the
echo was measured.
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Pulsed EPR measurements were carried out on a single cryst@HCl, with the direction of

the Zeeman fiel®, at various orientations within tla plane. The orientation of the zero-field
splitting tensoD relative to the magnetic field direction could thus be easily tracked when the
crystal was rotated around tbhexis during the measurement. An example oftcili&PR spectra

at 240 GHz and 290 K shown inFigure 4.1 (b), where the magnetic fieldajusted to be
perpendicular to th& axes of thé tensor foithe site 1 chaing),,: In this case, thB,, for the

site 2 chains forms an angle of about ®@th the magnetic field direction, &,;andD,, are

about 62 away from each other @b plane At 290 K, all the excited states are populated and
four possible transitions from each of the two sites are observable, as can be seen éFigure
(b). The four peaks from Set 1 molecules with the ang(Bo, D) ~ 97’ are guided by black
arrows to their corresponding transitions in the energy level diagram in Figure 4.1 (a), with the
ground state transition at 11.415 Telsa at this temperature. The other four peaks highfighted b
the red arrows in Figure 4.1 (c) are from the set 2 molecules in the unit cell, BthD,») ~

3 7KH SHDNV ODEHOHG ZLWK 3~ DUH WKH REVHUYHG IRUELG

The transverse relaxation tinfe was investigated in thab plane by pulsed EPR at 240 GHz.
By measuring the echo intensity as a function of the delay Wthean approximate Hahn echo
sequence $2 +WSH\Aecho)!® as shown irScheme 2TheT, was obtained by fitting to a mono-

exponential decay ~ exg{ W,). The width of the applied pulses was adjusted to maximize the
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echo signals and was of the order of 300-400 ns without using a res&@iaterthe difference
between energy sublevek = +2 andms= %1 states at the resonance fields is always 11.5 K at
the microwave frequency of 240 GHz, the spins are almost completalyzgadl in themg = +2
lowest lying state at temperatures below 234.theT, was measured at the resonant field of the
ground state transition which depends on the principle axes of the complie rédathe
magnetic field direction. In addition, the excitation bandwidth (~ 0.1 Isa)ef the pulses is
quite small compared with the EPR linewidth (~ 80 mTelsa), ordgnall portion of spins is
actually being manipulated during tiig measurement. Figure 4.2 shows the echo signal area as
a function of delay time for the transition framg= +2 toms= %1 atT = 1.50 + 0.05 K with the
magnetic field direction perpendicular to Be,z , (Bo, D,z) ~ 9¢”. The spin decoherence time
T, at this temperature and orientation is found to be 257Thesinsetof Figure 4.2shows the
result of echo-detected field-sweep EPRTat 1.50+ 0.05 K which corresponds to the EPR
transitions fromms = +2 tomg= 1. It should be mentioned that as was reported e&fliee

also observe a variation of tig as function of the position within the resonance line. In our

analysis we have taken the value of the maxinfgmvithin the resonance line.

4.3 Temperature Dependence of,

The spin echo decay was investigated in detail as a function pétatare from 1.53 K up to
1.90 K at the resonance field of 11.428 Telsa. A strong temperature depend&niseobiserved,
with their values increasing from 590 ns at 1.90 K to 2271 ns at 1.53 K, a8 gh&igure 4.3
|68, 72, 73

This temperature dependence could be well described using the sgioglimode

wherein the main decoherence mechanism is attributed to the flanto&nheighboring electron
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spins in the electron spin bath. T&@n flip-flop rate is proportional to the numbermaf andms

+ 1 spin pairs, and therefore it depends strongly on the spin bath polar?fazﬁ’m(t.l.53 K and
11.428 Telsa, more than 95% ©f 3 spins are polarized in thes = +2, the lowest lying state,
which reduces the spin flip-flop rate significantly. FoB& 1/2 system, spin bath decoherence
was described® "> and for a multilevel systet. " In our case of & = 2 system with two
equivalent but differently oriented molecular sites, the spin filp-flop model is modifiedltude

both sites and their interaction, as described by:

1 1
Al TWIMG)R, P 0 [ WIML)R, P 1] e Eq. (4.1)
2 mg 2 mg, 2
e i .
e kT
”‘s.l 2

wm) | (my 1my|S S, mymy D | (mgmy 1SS my 1my )G 12)

Eq. (4.3)
where A is a temperature independent parameétgyis a residual relaxation rate, attributed to
temperature independent decoherence sources. Eq. (4.1) and Eq. (4.2) inditaspirt
decoherencéime is dependent not only on the energy levels of resonant spins dbwnallsose
from the other set of non-resonant spins. In many orientations, the lattardaminates th@&,
process as explained in detail later. From Eq. (4.1)-(4.3), we obtairttthg Gurve shown in
Figure 3.19, w hich agrees reasonably well with the experimentalAtaBg = 11.428 Telsa, Set
2 principal axiD,,,makes an angle of 88with the magnetic field, (Bo, D,,9 ~ 8&, while D,
is about 38 away from the magnetic field with (Bo, D) ~ 30. &, betweermg= +2 andms

= +1 levels for &t 2 resonant spins is 8.01 ¢mat 240 GHz and 11.428 Telsa, while the

57



corresponding differencds; for set 1 non-resonant spins at the same magnetic field is 14.26 cm
! As &; is much larger thani,, the temperature dependenceTefvill be dominated by Set 2
spins, according to Eq. (4.1)-(4.3). The fitting parameters are obtdire6:27 + 0.01 n$ and

*ss = 0.03 + 0.03 |i§ The relatively small residual rate indicates that at evererow

temperature3's of tens of microseconds are possible.

Figure 4.3: Temperature dependence @ at resonance field 11.428 Telsa with Error bars. The
inset shows th&, as a function of temperature.

4.4 Angular Dependence of

To further confirm the effect of the non-resonant spins on the decoherence of repomaiit
was studied at various orientations within dieplane at 1.50 + 0.05 K. The relaxation time

as a function of orientations is plotted in Figure 3.20. Beginning from 2570 n¢Bat Z,) ~ +
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90 at resonant field 11.435 TeJsk decreases to 790 ns at(By, Zo) ~ +50 . While at angles
between+20 and 40 degrees, the echo is not observed, but appears again at an ardh® abov
degrees and thd, rapidly increases again with increasing anglBg using the obtained
parameteré\ = 0.27 ns', and #es = 0.03 p& from the above temperature dependenc&oénd

the fixed temperature of 1.50 K into the Eq. (4.1), a smooth curve idateltiasthe green line

in Figure 4.4. This theoretical curve agrees very well with the trend of expesimesatiues, as

Figure 4.4: Angular dependence of the spin decoherenceTtimiel.50 K for the resonant S&t
VSLQV %ODFN VTXDUH WV, valuesiwiiti Krror HratHeddh Rk Wl O-,).
Green smooth curve are the calculated one from the Eq. (4.1AwitD.27 ng, and *.s= 0.03
us®. Red dashed line is the energy differenfie betweerms= +2 andms= +1 levels for Set 1
spins, suggesting that this is an important parameter contrdfing

well as the angular dependence &} shown by the dashed lin€, decreases a#3; decreases,

where gt 1 spins dominate the spin flip-flop process. ABgipasses the closest positiondg;
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T, starts to increase, indicating Set 2 molecules win back thendoge in the spin relaxation
process. So thsignificance of the presented model has two folds: the decoherence beoul
accelerated by the non-resonant spins when they have less energy splitting tesoriet ones
due to the fast local field fluctuation around the resonant spins ancttre ef acceleration
correlates to the energy splitting from non-resonant spins; on thehathdr when the energy
splitting of the non-resonant spins is much larger than the resonant @mentiiesonant chains
will have no or little effect on the resonant chains and it works lagadh effect, making the

resonant spins twice more separated and diluted, yieldingloMgLPH XS WR Vv

In addition, as critical test of the model, efforts were madeddent the crystal so that the

magnetic field will be parallel to thec plane when the crystal is rotated. At this orientation, the

magnetic field will always have the same angles reldtvine two sites of chains from 3

90”. In other words, the two QEr «£r chains will be equivalent to the magnetic fiBlgand will

always have the same energy splitting. No angular dependence wouldetiexpected at this

situation. Figure 4.5 shows the data obtained. Indeed, much weaker angular depehdenc

was observed in this rotation plane, even though the rotating plane was dboffiti®ac plane

in the actual experiment;, as a function of rotating angle instead of the actual angleebatw

magnetic field andZ axes is displayed, for better view of the trendsToéluring rotation.T,

YDULHG IURP a V WR V ZKHQ WKH FWHMMWaDge oz2% URWDW
V WR OHVV \WipRee. The €ndrgy difference of the non-resonant spins also displayed

much less angular dependence (red curve in Figure 4.5). These results provatesfyiort to

the possibility of tuningr, relaxation inab plane by changing the orientation of magnetic field

relativeZ axes ofD tensor.
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Figure 4.5: Angular dependence of the spin decoherenceTtilatel.50 K for the resonant Set 2
spins in theac plane with 18 off. T, is much less angular dependent in delane than that in
theab plane inFigure 4.4

4.5 Summary

In summary, a new method is reported for manipulating spin decoherence tanaalecular
magnet: by introducing two (or more) symmetry related sites withiruitecell, the magnetic
field orientation could work as a unique tool to control the decoherem=ze The good
agreement of theoretical modeling of the strong orientation dependence pr@avide/ sensitive
test of the decoherence mechanism. Such Tongnd such strond, anisotropy have not been
reported before in the area of undiluted single molecule magnetsbalieve that these
observations have significant implications for controlling spin fluctuatioeExation and
decoherence in spin systems that could serve as potential unitafdumuinformation storage

and manipulation.
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CHAPTER 5

MAGNETIC PROPERTIES OF Cr 3(dpa),CIBF, COMPLEX

The staticversusdynamic nature of the central, disorderedirCthe trichromium complexf
Crs(dpa)Cly-CH:,Cl, (I-CH,Cl,) has been a controversial question over dec®dé$.*’ In
Chapter 3, we presented our high frequency EPR (HF-EPR) studie€IlesCl,, revealing an
unexpected doubling of EPR peaks below 100 K. This result was a strong evideribe
dynamic behavior of the central Cr in the @Cr chain, a hopping between two stable
positions, consistent with XRD data of the ellipsoid electron densitythiercentral Cr in
|.CH,CL,.*" In order to verify this assignment, similar trichromium chain witediposition for
the central Cr is desired. By selectively removing the CI from oneamireplacingt with a
weakly coordinatin@F, ligand, the complexCr=Cr---Cr(dpa)CIBF,, Il was obtaied Inll the
CI=Cr---Cr chain was very unsymmeticnd the ellipsoid of the central Cr was remotfed.
This Chapter presentsHFEPR study ol and compares the results with thatle@H,Cl,. At

the end, the EPR data are discussed along with a DFT calculation.

5.1 Introduction

In order to obtain a detailed understanding of the disorder behavior cdritralcCr atom along
the Cr£r«£r chain in symmetril Crs(dpa)ClyCH,Cl, (I-CH.CL,),** 1 7 Cotton and

4% 18 replaced one of the capping's<hy a BF,* ligand, yielding the unsymmetst

coworker
complex Crz(dpa)CIBF;-2CH,CI, (Il -2CH,CIy). In contrast td -CH,Cl,, complexll -2CH,Cl,

experiences strong distortion along its~GCr* € linear chain withCr---Cf and Cf£r’
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distances 2.643 A and 1.995 A, respectively. The two distances diffetaogeadd of 0.65 A.
The structure was thus considered as one quadru=Eér@ond and one isolated Cr(ll) brought
together by the tridentated bi-2,2'-pyridylamide (dpa) lig&rgisoder of the central ds thus
removed inll . The associated energy gain of distorted chain With= 0.65 A lies about 48.5
kJ-mol* above that for symmet@at ground state according to a DFT calculation by Roheter
al.® 17 3 8gych small energy could be well stablized by the unsymmetricall lagands Cl
and BR. In the unsymmetred chain confornrDW LR Q dwe&&edicted to be similao
those for the symmetiat one, butthe02 FR P EL QD W L Ri@ndRrig @Gouldl Qexurned off
More recent theoretical calculation of transmission spectra on symmetcal unsymmetrical,

- Cry(dpaX(NCS), Cry(dpa}(NCS), by McGrady? demonstrated similar findings: strong
asymmetry of theCr€£r£Lr chain HITHFWLYHO\ FORVHV RII WKH @&elORFDOL
trichromium, but thel ER Q G L Q J V,4 thArn& is Qnlylifted by 0.1 eV wheid reaches up
to 0.71 A in its unsymmetrical form compared to the total symnatlein. In order to evaluate
the theoretical predictions, we undertook a detailed high-frequency leigh-&lectron
paramagnetic resonance (HF-EPR) studyiloomver a wide temperature range, from 10 K to
ambient temperature, because the zero-field splitting paraDeiethe Cr&r £r chain should
reflect the distribution of the valence electrons in the various @bitéle results provide fairly
clear experimental evidence for the unbroken 3-centekFG-HFWURQ 1loflWUDTWélZRUN
observed, very similar zero-field splitting) for I andIl, strongly suggest that even when
GLVWRUWHG E\ na@rbNElK tedrbain ésder@ialy andisturbed. DFT calculations by
using the ORCA program pack&gevere also carried out to ascertain this conclustiREPR
on a single crystal dl was carefully examined at different orientations, where peak broadening

and splitting were also observed. The origin of the EPR peak splittihgsmiscussed.
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5.2 Synthesis

The unsymmetrig trichromium chain complexl was synthesized following the literature
procedure® 0.44 g, 0.44 mmol of parent compoun@H,Cl, wasdissolved in 30 ml anhydrous
air-free CHCI,solvent in a 100 mL schlenk flask. This solution was added into a suspehsion
0.086 g, 0.44 mmol AgBF/ 15 mL CHCI, in another 100 mL schlenk flask at room
temperature under Nlow. After reaction under stirring for 6 hr, The dark green solution turned
black and there was some white precipitate at the bottom of flaskor&bipitate was removed
by filtration through Celite under Nflow. The solute was concentrated to about 15 mL, onto
which anhydrous air-free hexane solvent was carefully laydfieatsize back green crystals
were obtained after one week of slow solvent diffusion. Fiie P S R Xa@l&fiti¢ity as well as

the single crystal face indexing was ascertained via single crysta dfaction.

5.3 Molecular Structure

Figure 5.1 (a) depicts the molecular structurdl ofvith the space group C 2/2:'° Along the
trichromium chain, two of th€r" (d*) ions are very close to each other, with the short distance
of 1.995 A. The third Cr is attached to the dimer and is suppbytthe tridentate ligand (dpa)

and capped by a ClI ligand on the other end. The three chromium atomsnf@xada linear

chain (188) without any deviation. Distance of 2.643 A between the isolated Cr and its
neighboring Cr could be considered as too long to form a bond between them. This
unsymmetrical arrangement of the Cr's removed the disorder of the central Cr atom,razdvide

by the ellipsoid structure df -2CHCl,, without any elongation of the central Cr electron cloud,
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which was observed in the symmealicomplex|-CH,Cl.."" The total spin of this complex
Il -2CH,Cl, is found to beS = 2 from the magnetic susceptibility ddfaMolecular packing
within the Il -2CH,ClI, unit cell was illustrated in Figure 5.1 (b). All the Cr--«£r chains are
parallel to each other and are perpendiculd01®) plane. But careful examination revealed that
there are actually two molecular orientationQ DPHO\ 9 vibtQriGthe unit cell. At

temperatures 100 K and above, these two anti-parallel molecules are relateartgryyh™®

Figure 5.1: (a) Molecular structure of compléx H and solvent atoms are omitted for clarity;
Two of theCr' atoms are close to each other with distance of 1.995 A, while the third one
separated, coordinating to a terminal Cl atom. (b) CrZ#&€chain packing in the unit cell with
space group C 2/c. The organic ligands are omitted for clarity and to giewelative
orientation of the Cr---CE€r chains. All the chains are perpendicular to ©0( plane, with
WZR RSSRVLWH PROHFX @ithid thReuhtt@ WDWLRQV 9 DQG ;

5.4 High Frequency Electron Paramagnetic Resonance

5.4.1 HF-EPR on Powder

Powder of Il -CH,CI, was prepared by grinding its single crystals and to obtain the best principal

values for theg tensor and zero-field splitting tensor components. A typicdF-EPR spectrum
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at 203.2 GHz, 290 Ks shown in Figure 5.2. Various well resolved peaks allow us to simulate

the spectra by the progra8PIN® ®*using the spin Hamiltonian shown in Eq. (5.1). Best fit of

the spectra yielded the paramet8s:. 2,0, =09y = 1.994,9,=1.998D G ERBD@ES
G F'is
H= + g-S+DI[S/ £(1/3)(S+1)] +E (S° S Eq. (5.1)

Figure 5.2: TypicaHF-EPR spectrum of powder &f-CH,Cl, at 203.2 GHz and 290 K. The
black line is experimental spectrum and the blue one is from siowlaith spin Hamiltonian
parameter§= 2,0, = g, = 1.994,g, = 1.998D = A.62 cn™ G D @ & @.34 cni* G The peak
labeled * is from an oxidized impurity.

To determine the sign @ andE, variable temperatures bf~-EPR spectra were recorded from
290 K down to 30 K, as shown in Figure 5.3 (a). By comparing the resonant peaierdy

levels for magnetic fiel®, parallel to the principl& axis, illustrated in Figure 5.3 (b), we found

the intensity of the peak at around 2.0 Telsa increased as the temperature diesuggssting
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Figure 5.3: (a) Temperature dependence of HF-EPR on pdiw@&H,Cl, at 203.2 GHz. (b)
Energy levels for the magnetic field parallel to the principahxis; At this orientation, the
experimental peaks and their corresponding energy transitions are guideddbaghHmes. The
other peak features belong to the transitions floandY principle direction oZFStensor. The
most intense peak labeled as *, is from the oxidized impurity.

this peak is from the ground state transition. This in return establiBhéd be negative
according to the energy level. We assume Ehit of the same sigasD, as usual® We also
noticed from Figure 5.3 (a) that the peak gdfonly slightly as temperature changed from 290

K to 30 K, suggesting the spin Hamiltonian parameters IfeRCH,Cl, are much less

temperature dependent than thosé-{@H,Cl,. Detailed stuiks by simulating the experimental
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spectra withSPIN prograni® ®* give theD values as function of temperature. These are shown

in open circles | in Figure 5.4. Indeed, temperature effect is only slight shown, mainlyodue

the thermal expansion or shrinking of the lattice. Linear relatioffsfiipm Eq. (5.2) is used to
describe behavior d values in this chain complex, yielding paramei@ys 17438 G,

D=Dg+ D1 Ar Eq. (5.2)
andD; = +0.49 G-K%. This is in contrast to the strong temperature depender@e¥D O XHV v
for the more symmetrical counterpar€H,Cl,,%®> which deviate a lot from linearityln fact the

variation ofD for |-CH,Cl, could be well described by an exponential f8rtRq. (3.6) earlier).

Figure 5.4. Comparison of the temperature dependencBsvafues for Compounds CH,Cl,
and Il -2CH,CI,. A linear relation (Eq. (5.2)) was observed for compleCH,Cl,, while a
more complicated exponential function (Eqg. (3.6)) was needed for com@lexCl..

We attribute these differences in the magnetic behavior to tleusalidifferences: im- CH,Cl,,
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the central& U KDV GLVRUGHUHG &RMRWA, R1Q the Zentvak CW\eKrHhids hop
between the two equilibrium positions along thexQrLr chain axis, while il -2CH,CI,, all
the Cr positions are fixed with no disordered central Msreover, the deviatiofrom exact

lineaiity in 1-CH,CI,'* 16 7

allows for more flexible motion. But in thétter compound, the
trichromium chain is exalst linear, with an angle of 180° Rigidness of the chains both along
theZ axis and inXY planefor Il -2CH,Cl, leads to a much smaller temperature dependence of the

D value, as compared to that feCH,Cl,.

Another interesting finding is that tli2 andE values forll -2CH,CI, are very close to those for

I-CH,Cl,. Thiswas unexpected, because the magnetic behaviibr 2CH,Cl, is expected to be

similar to that of an isolated £(S = 2) ion, independent from the diamagneti=CrBF, part.

Isolated mono-nuclear Ercomplexes usually exhibiD values over + 2.2 cnit,>* 8" 88
significantly larger than th® value of 1.6 cm™ found here foitl -2CH,Cl,. Recent theoretical
calalations on the Cr chain compleérs(dpa)y(NCS),?? showed that strong distortion of the
Cr--Crt&U FRUH HIITHFWLYHO\ WXUQV RIl WKH @otBrRa® GB&/3DPRQJ
center-3HOHFWURQ 1 ERQGLQJ PRGH DORQJ\ukitdl i5 KitBd@lyD Q G W K
by 0.1 eV when the Cr---QEr chain is distorted by as much as 0.71 A. If we could apply this
scenario to the strohgdistortedll -2CH,Cl, and slightly distorted-CH,Cl, .} orbital from

Il -2CHCI; is slightly lifted relative to that fot-CH,Cl,. Then the energy gaps between the

ground state and the first excited state should be very similar focbotplexes. Consequently

the extent of mixing of those two states in the two complexes wouddridar, and so should be

their D and E values. This agrees with our experimental findings. Detailed thesr&@FT

calculations are needed to ascertain this assumption, as illustrated thie chapter.
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5.4.2 HF-EPR on Single Crystals

A well shaped single crystal ¢F-2CH,CI,, was face-indexed by single crystal XRD, and the
crystal was aligned carefully, so that the magnetic field pasllel to 010) plane when the
crystal was reoriented during measurements. The maingxus theD tensor is expected to be
along the CeCr«r chain, as it was for its parent compoun@H,Cl,.> If this is the case, the
magnetic fieldwill always be perpendicular to th#axis, since the CEr £r chains are normal

to the 010 plane (Figure 5.1 (b)). Figure 5.5 (a) shows an example of HF-EPR at 240 GHz, and
290 K in this rotating plane. Simulation of the spectrum in Figure 5.5g¢eea very well with

the experimental one, by using spin Hamilton param&erg, g« = gy = 1.994,9, = 1.998,D =

+1.62 cm™ andE = +0.34 cni’, (B, 2) = 9, T = 290 K. This clearly shows that tEeaxis is

along the CeCr Cr chain. The origins of the peaks are assigned to their corresponding energy
level transitions guided by the dashed lines in Figure 5.5 (c). Moreoven, tiveecrystal was
rotated to different orientations in this plane, the peak positions didhaoge, which further

confirms the correct assignment of thaxis to be along the GEr Cr chain.

Another important reasaio studyll -2CH,Cl, was to see if these EPR peaks would start splitting
at low temperatures, as had been found lf@H,Cl,.*> HF-EPR measurements on a single
crystal ofl-CH,Cl,, showed the single peaks split into two below 100 K (Figure 3.16)hand t
temperatures where the peaks start splitting are independent ofdted alignment relative to
the magnetic field. The origin of the peak splitting is atteduio the disorder and dynamics of
the central Cr along the chain. On the other Handl -2CH,Cl,, no peak splitting is expected,

since the positions of the central Cr are fixed.
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Figure 5.5: An example of single crystal EPR spectrdl f@CHCl, at 298 K, 240 GHz (Black)
with the magnetic field3y aligned perpendicular to the Cr---€r chains. Simulation (Blue)
agrees very well with the experimental one, with spin Hamiltoniaanpeters listed in the text.
Comparison between the peaks and energy level transitions are guidedhdy lilass. All the
other small peaks are assigned to the forbidden transitions.

Figure 5.6 (a), however, does show the peak splitting as the temperat@asds to 65 K when
the magnetic field is P7to theZ axis, (Bo, Z) = 77. Even more unexpected was the finding
that, the temperature at which the peak starts splitting ysar@sotropic, as can be noted from
Figure 5.6 (a)d). The peak splitting temperature drdpsA5 K when (Bo, 2) = 23 in Figure
4.6 (b), and less than 10 K, when(Boy, 2) = 158. The anisotropy of the peak splitting
temperature is very different from that foiCH,Cl,,?® indicating that the mechanisms of peak

splitting for these two complexes are different. The gradual peak bragdend splitting

exclude the static effect such as dipole-dipole interaction wittenctystal. So the molecular
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symmetry lowering below 100 K leadingto M&XLYDOHQW WZR PROHFXOH VLWHYV
molecular vibrations about the Cr---&€r chains are tentatively assigned to this anisotropy of

peak splitting forll -2CH,Cl..

Figure 5.6: Strong orientation dependence of the peak splitting temperaasesbserved in
Il -2CHCl,, with (a) Splitting temperature of 65 K a{By, Z) = 77; (b) that of 55 K at (Bo, 2)
= 35% (c) that of 45 K at (Bo, Z) = 23 (b) that of 10 K at (Bg, Z) = 15

These observations can be interpreted as motional effects using tHiednBttich equation&’

For a given correlation time the greater the line splitting the higher would be the coalescenc
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temperature, and smaller correlation tin®s derived by using? ¥ % KHUH -LV IUHH
HOHFWURQ PDJQHWRJ\UL F-ttji2ak WikthRaQtenpifatuteMvhat tHe Sdiel

just coalesces into singlet. The large anisotropy of the correlation time is tédstiaigure 5.7

The strong angular dependence of the peak splitting and correlation tghe bei due to the

lowering of symmetry below 70 K. The motion that causes these effects must be pefpetalic

the chain axis.

Figure 5.7: Anisotropy of correlation time as function of temperdirrk - 2CH,Cl..

5.5 Density Function Calculations

HF-EPR studies ofi -2CH,CI, concluded a very similar spin Hamiltonian parameters as those in

|.CH,Cl,. This suggested that the unsymmetrimomplexil did not behave like an isolated"Cr
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(S = 2) ion, independent from the diamagneticCrBF, fragment even though its molecular
structure suggests so. In order to understand why compow@idsCl, andll -2CH,Cl, behavior
similarly in their magnetic properties, and to justify the trymraetry of trichromium chain in
complex I-CH,CIl,, DFT calculations were carried out on both complexes using ORCA

program®®

5.5.1 Electronic Structures

Unsymmetri@l molecular structure df'’

was used as the initial input of atomic positions for the
calculation, with the two adjacent @r distance 2.254 A and 2.477 A respectively. The
molecular structure was allowed to optimize freely by minimiziregfinal point energy. Koht

Sham orbital and energy diagram fois obtained as in Figure 5.8, with spin-up orbitals in red
OLQHV DQG VSLQ GRZQ RUELWDOV th® tHe® Kid aldngBiRQI&InQJ LV
Three-center thredd O H F YWVddoRa( along the chain are lying lowest in the frontier orbital
HQHUJ\ GLDJUDP & ZRii@aenDehhinabCt'©dané Ddallzed d,; orbital type

electrons are from G@rin contrast to the all localizedydelectrons, the electrons from terminal
Crdy-W\SH RUELWDOV DUH GHORFDOL]HG ORAH VWK HGdg O H YWAHRD !
orbital fromCp LV ORFDOL]J]HG ZLWK KLJKHOQHHEFQHRQWKDBPEX &8 WKH C
XS W\SH RUELWDOV DQG HOHFWURQV JR WR WKKIHWWORZHVW
+202 WKH VSLQ XS FRRIRIQ@QHQUIWURO WMekshHin down component b

orbital.

Electronic structure for unsymmetrical compléxwas also calculated by minimizing energy
from the initial input of atomic positions reported by Cotetnal.!® KohniSham orbital and
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energy diagram foll is presented in Figure 5.9, with spin-up orbitals in red lines and spin down

Figure 5.8: Frontier Koh#Sham orbital and energy diagram torwith spin up orbitals in red

and spin down orbitallh EOXH 5HSUHVHQWDWLYH 1 & / SLFWXUHV IR
to shown their bonding situations. Three electM® K UHH FHQWHU 1 ERQGLQJ LV HJ
WKUHH &UV & DQG / ERQGV ZHUH GaHIOM, i 4 HGarEgWw ZHHQ W
orbitals from Cs are localizd in the center of the chain.

RUELWDOV LQ E Caéstlextende®k @ @k @Qidhrbrium chain, even though the chain
distortion (1 @ 0.648 A in this comple¥ & ERQGLQJ KRZHYHU LV OLPLWHG R
Crprand Cg ZLWK WKHLU HQHUJLHpfohdbiyHIQe © Rhe Wdsy SHettDARr 1

distance and good overlap of ti@ymmetry orbitals. ,d and ¢, from the third Cgis essentially
ORFDOL]JHG ZLWK KL JKéhding @hitdlsetwekrDIandNCK Whidh is expected.

/ ERQGLQJ LV WRW,D®udals BErohR tReHtredd @Q<Garé all localized on their own

corresponding nuclei. This suggests there is almost no overlagyhmetry orbitals between
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any of the Cr's along the chain.. HOHFWURQV RFFXS\ WKH ORZHVW VSLC
electrons go to the lowest spin down orbitals, giving total §in +202 LV IURP WKH 1
orbital with the spin up component, while LUMO is frory drbital for central Cr atom with

spin up component as well.

Figure 5.9: Frontier KohtSham orbital and energy diagram for compliexwith red lines for

spin up orbitals and blue ones for spin down orbitals. RepresentativéE / SLFWXUHV IRU
orbitals are shown on the side. Three electttk UHH FHQWHU 1 ERQGLQJ LV ZH
complex, even though the trichromium chain is unsymnatricE ERQGYV ZHUH GHOR
between Crand Cg, while d,, dy, orbitals from Cg are localizd on its own nucleus. Little
RYHUODS RI / VIPPHWU\ RUELWDOV LV RE\DHXGOBGIsDaRrRRQJ D O
essentially localized on their own atoms.

5.5.2 Theoretical EPR Results from DFT Calculation

To further understand the origin of the large negaflvealue in complexes andll, magnetic
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properties were calculated based on the electronic structures shovwenfeom th& optimized
molecular structures. The calculat®dvalue is usually composed of spin-orbit coupling (SOC)
and spin-spin (SS) contributions, which could be express&d as:
D total = D spin-orbit + D spin-spin Eq. (5.2)
The spin-orbit contribution could be further beskdown into four major partsSOM0O: 902

: ), '202:6202 : ,6202:6202 .: ,and'202:902 .., where SOMO is
singly occupied molecular orbital, DOMO is doublycapied molecular orbital, VMO represents virtual
molecular orbital with close to 0 electron occupalfcA total D value of +1.150 cni was obtained
for | from the calculationin comparison with the experimental value .617 cni'. Towards
the total theoreticaD value, the second order spin orbital coupling (SOC) term has major

contributions to the totdD value in this transition metal complex,

Table 5.1: Comparison @FSD andE parameters for andll between experimental values and
DFT calculations with freely optimized structures. The breakdown of thedividual
contributions from DFT calculations is also displayed. The units are aihih

Crs(dpa)Cly, | Cr3(dpa)CIBF,, Il
DFT Exp., powder EXxp., solution | DFT Exp., powder
D total #.150 H4.617 H4.617 $.969 +1.621
Spin-Orbit $.980 9.748
6202:902 .: 9.050 0.115
'202:6202 0.094 0.242
6202:6202 .: 0.977 #1.018
'202:902 L. 0.047 €.087
Spin-Spin $.169 0.221
E/D 0 0.021 0 0.001 0.020

as can be seen from Table 5.1. But the first order spin-spin (SS) dipoforent is also
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appreciable with its contribution of about 15% to the tBtalh more detailed examination of the

SOC term illustrates thatW KH 6202:6202 .: LV WKH OHDGLQJ WHUP DV |
%1 and accounts for over 85% towards the fiBalalue. TheE term is 0, indicating there is
essentially no equatorial distortion in freely optimized symmatstructure. Howeverz/D =

0.02 was found from EPR spectroscopy on the powder sampleCbkCl,. An interesting

finding is when we tried to fix the whole structure to the one from reaxpatal XRD data

except H atom&’ E/D of 0.028 was obtained, in good agreement with the experinetie on

powder samples. Thus the slight distortion in the equatorial plane coudtiriimited to the
crystallization and solvent effect. Even more impressive, when exriplvas dissolved in

CH,CI, solvent, EPR data from this frozen solution revealedBhelue of 0. This in turn

confirmedthe distortion was introduced during the process of crystallization and solvent effect.

The totalD value of +0.969 cni* was obtained for the unsymmedid! , slightly less than the
calculatedD value of +1.150 cni® for symmetria@l |. But it still agrees reasonably well with its
experimental value oft1.62 cni*. As expected again, the second order SOC term has major
contributions to the totaD value in this transition metal complex. But the first order SS
component is also appreciable with its contribution of about 23%lfoAmong the main
componenV RI 62& FRQWULEXWLRQ WKH 6202:6202 .:ILH& BAMKH O
Neesé&’, with its value of 4.018 cni', even larger than the fin& value in this complex. The

large positive componentsiURP 6202:902 . DQG '202:6202
FROQOWULEXWLRQV FRXQWHUEDODQFH WKH QHJDWLHMG 6WER2:6
slightly smaller totaD value from calculation, as compared to thatlfoFhus it is clear that the

similar D values inl andlIl are caused by tiresimilar contributionsl URP 6202:6202
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an electron flip from spin up to spin down on the singly occupied moleculaalofite
E term forll from the freely optimized structure is O, indicating there is no egahtlistortion
in this situation. BU€&/D = 0.02 was found from EPR measurement on the crystalline powder
sample ofll, similar to that fol. The slight distortion in the equatorial plane could be attributed

to the lattice effect and solvent effect, as found in comiplex

5.5.3 The True Symmetry of the Trichromium Chain inCr 3(dpa)sCl,- CH,ClI,

Table 5.2: Selected atomic distances-@H,Cl,: comparison between the DFT calculation and
literature values.

Crs(dpa)-CH:Cl, 1997%° 2004 DTF calculation
cl<rt A 2.551(2) 2.550(2) 2.507(1)
crt£r? A 2.365(1) 2.254(4) 2.364(1)
cr<r, A 2.365(1) 2.477(4) 2.364(1)
cr<r A 4.729(2) 4.731(2) 4.728(2)
ce€l’ A 2.551(1) 2.550(2) 2.507(1)

Angle, deg (Ct€* <€)  178.85 178.98 180.00

The freely optimized structure is found to be symmatiic |, even though the calculation starts
from the literature reported unsymme#fione with the CrCr distances 2.254 A and 2.478 A
respectively:’ Selected CtCr and CrEl bond lengths are compared in Table 5.2 between the
calculated values and experimental orf8st® ' The agreement is quite good: the total chain
length CF-CP is calculated to be 4.278 (2) A, in excellent agreement with experimahia of
4.729(2) R® and 4.731(2) A. And the chain is theoretically exhctlinear, without any
deviation, which is different from the experimental findifgs/Vhile earlier X-ray results

reported the adjacent Cr distance €r° and Cf «£r° from calculation to be both 2.364 (1) A,
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agreeing very well with the earlier interpreted symmati@r £r distances of 2.365 (1)'A But
Berry et al!’ later reexamined the structure and found the ellipsoid central Cr eleftiushamd
slightly bending of the C&£rLr is better interpreted as disordered Cr distance and
unsymmetrial structure. Whether the disorder of central Cr is static or dynamic, remiaing-a
standing question. Careful examination of the crystal structure revdadedtlantical Cr-Cl
distance of 2.550 A on both ends, favoring the dynamic properties of the @mtia justify

this assumption, only the @Er distances are fixed to the experimental values of 2.254 A and
2.478 A and all the rest atom positions are optimized. Interestingly, the calculatedsteswitsl
different Cr-Cl distances, 2.525 A and 2.494 A, respectively. This suggesis tta chain is
truly unsymmetrial, different Cr-Cl distances would be expected. This calculation irlyirec
revealed the dynamic nature of the disordered central Cr. We sulggethd dynamics of the
central Cr movings out of theab plane, and lead to the deviation of linear chain and keeping the
symmetry elements d*nn2space group. The difference of final single point energy between the
symmetri@l freely optimized structure and partially €r £r chain fixed unsymmetrat one is

only 1.54 kJ-mot, which could be well stabiled by the crystal distortion and thermal energy.

In order to get a better picture of how energy difference would change & £r£r chain is
distorted, a series of calculations were performed, by fixing the tb&h dength, but the
adjacent CeCr distances differing from 0 up to 0.8 A. Taking the energy for the symmiletric
form as 0, their final single point energy difference between the diststtadture and
symmetri@l one is plotted as a function of distortion in Figure 5.10. A shallow smootk @urv
obtained with less than 14 kJ-nfoknergy gained as the distortion reached 0.8 A and tH8rCr

distances 1.965 A and 2.765 A, respectively. This low energy cost for theidistoduld be
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accounted for the versatile structuresl ofvith different crystallization solvent and equatorial

10, 17

ligangds.

Figure 5.10: Final single point energy increase on compléx induced by the CErLr
distortion, compared to its symmetrical counterpart. But the custeaitow enough for thermal
and lattice compensation effect.

5.6 Conclusions

The present HF-EPR studies bn2CH,CI, reveal a large negative zero-field splittibgof +
1.620 cni®, which is very close to that for-CH,Cl,. Temperature dependence bBf value,
however, is experimentally found to be much weakell iRCHCl,, as compared to that for
|-CH,Cl,. This could be probably due to the definite Cr poes along the unsymmetalc

chains and no deviation from the exact linear chaih.ifhe principalZ axis of theD tensoiis
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found to be along the QEr«£r chain direction, as it is in-CHCl,. The gradual peak
broadening and splitting at low temperature is strongly anisotropy witkirgptemperature of

65 K, when the magnetic field is 7% the chain axis and that decreased down to about 10 K
when (B, 2) = 15. This anisotropy can be traced to the effect of symmetry logest
molecular motion normal to the chain axis. This is very different ftbex same splitting

temperature at all orientationslin

The origin of the similar spin Hamiltonian parametersifandll was investigated by density
functional calculations. The results revealed that the unbroken 3O HFWURQ 1 IUDPH.
is retainedin the unsymmetrical compourd, even though the GECr distance is distorted by

0.65 A, as compared to no distortion of £r distance inl. The calculated EPR parameters

agree quite well with their corresponding experimental values witje laegativeD for both

complexes. The leading contributionto®eSDUDPHWHU RULJLQDWHYV IURP 6202
a spin flip on the singly occupied molecular orital. It is this tern lsead to the similar spin
Hamiltonian parameters for both complexésralues from the freely optimized structures are 0

for both complexes, but smal values for fixed CeCrAr chain were induced during
calculation. This indicates the molecular distortiorthe equatorial plane is very likely induced

during lattice formation and steric effects. DFT calculation and XR@& Hath supports the
symmetry of the chain ih : KD W { VthE &4ddider of the central Cr was found to be dynamic

and its motion is out ddb plane, accounting for the slight bending of the chainh the shallow

curve of the energy gain as &€r £r is distorted, results in the disorder of central Cr and

versatile structures afcomplexes with different crystallization solvents.
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CHAPTER 6
MAGNETIC PROPERTIES OF HETEROMETALLIC

COMPLEXES Cr ,Mn(dpa)4Cl, (111) AND Mo ,Mn(dpa),Clx(1V)

The previous three chapters present the interesting magnetic ppadielectronic structures

of homometallic complexed, and Il. This chapter discusses the molecular, and magnetic
properties of their heterometallic analogues. Crystal structures of tdm@retallic compounds
Cr=Cr---Mn(dpa)Cl, (lll ), and M&EMo---Mn(dpa)Cl, (IV) show disorders in the metal atom
positions such that the lineara=Ma---Mg array for a given molecule in the crystal is oriented
in one of two opposing directions. Despite the fact that the direct cobodirephere of the
metals in the two crystallographically independent orientatioiteigtical, subtle differences in
some metal-ligand bond distances are observe¥ idue to differences in the orientation of a
solvent molecule of crystallization. The Mn(ll) ion serves as a themdocal spectroscopi
probe that has been interrogated Hiy-EPR spectroscopy. The subtle differences in the two
independent Mn sites iV unexpectedly give rise to unusually large differences in the measured
Mn ZFS (D). Variable temperaturélF-EPR studies have allowed the determination of the
temperature dependebt tensors inlV: D is oriented along the metal-metal axis andhows
significantly different dynamic behavior with temperature. The differencé&s are reproduced

by density functional calculations on truncated modelslothat lack the quadruply-bonded
Ma=Ma groups, though the magnitude of the calculated effect is not asaarat observed
experimentally. It is sugge=d that the large observed differencesDrfor the individual sites

could be due to the influence of the strong diamagnetic anisotropy afutddruply-bonded
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M=M unit. Some of this work has been reported receffty.

6.1 Introduction

Heterometallic complexes offer chemical and physical complexitysasul features that are
currently of interest to applications in synthesi& catalysis’™™ *°°and molecular magnetistt:

195 and are often encountered in natural systeftS? The nature of interactions (bonded or non-
bonded) between two different metals that are held in close proximity rstadtd to define, but
insights can be gained through systematic variation of the iderfitttye metals in structurally
analogous compounds. In order to gain such insight, heterometallic complexes
Cr=Cr---Mn(dpa)Cl,, 1l and Mo=Mo---Mn(dpa)Cl,, IV have been introduced. Metal-metal
multiply bonded groups are well known to possess strong magnetic anisbfPepgmagnetic
dimetal complexes such as Ruspecies have unusually large axial zero-field splitttfig*and
guadruply bonded species, such as those in our compounds, have strong diamagoietipyanis
which is known to cause well-defined shifts in NMR experiments sirtoldhe ring current in
benzené!? M3A significant focus of this work was in determining if the magnetisatropy of
the metal-metal bond would have any effect on the anisotropy of the)Nor(#l as probed by
the zero-field splitting). Thus detailed EPR studies of the compoufidandlV are presented

in this chapter.

6.2 Synthesis

The synthesis of heterometallic trinuclear compounds MMM'@@iakould be achieved by the
metalzaiton of quadruply bonded dinuclear syntifdnShe starting materialdlo,(dpak,?
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Cry(dpa),*** were prepared according to literature procedures. Synthesis of compbuadsl

IV are reported by Nipplet al..?°

Compound Il Cr,Mn(dpa)4Cl,-CH,Cl,: THF (25 mL) was added to a mixture of solid orange
crystalline Cg(dpa), (200 mg, 0.25 mmol) and white Mn&2THF (100 mg, 0.37 mmol). The
mixture was stirred and heated to reflux for ~8 hr and subsequently concentrat@®dnbd. The
microcrystalline brown solid was separated by filtration, washedheitanes (40 mL) and dried
under vacuum. The solid was dissolved in,CH (25 mL) and the resulting dark brown solution

was filtered and layered with hexanes. Crystals grew within 1 day of diffusion.

Compound IV, Mo,Mn(dpa)4Cl,-Et,O: Solid red Mg(dpa), (250 mg, 0.23 mmol) and white
MnCl,-2THF (100 mg, 0.37 mmol) were combined with naphthalene (4.00 g) in a Schlenk flask.
The flask was placed whilst stirring into a sand bath that had beerafgeéhte ~230 °C. The

flow rate of the nitrogen inlet stream was reduced to a minimum andaipiethalene that
sublimed onto the flask walls was melted using a heat gun. Aftdrr-dat 230 °C the color
changed to brown and the mixture was cooled to room temperature. The mixtunasteesl

with hot hexanes (2 x 50 mL) to remove the naphthalene and the resultibgoren solid was
dried under vacuum for 30 min. The solid residue was extracted witICE80 mL), and the

resulting brown solution was layered wHiy,O. Crystals ofV were obtained after 1 day.

6.3 Molecular Structures

All structurally important intramolecular parameters of the Mn atonil imndIV are given in
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Table 6.1. At 97 K, the compourit crystallizes in the orthorhombic space grdup?2. The
metal atoms are disordered over two positions that are relatedriggtallographic 2-fold axis
such that both orientations of the molecule are required to be strlyctegaiivalent. The

occupancies of the two orientations are therefore also required to be 50% in this space group.

Il v
Figure 6.1: Left panel shows molecular structureBlofvith disordered ratio of 50%/50% over
two orientation at 97 K. right panel, molecular structurd\of with disordered ratio of 70%
130% at 97 K2° Hydrogen atoms and solvent molecules have been omitted for clarity.
The Mn(Il) ion displays typical structural features for high-spin Mn@)=(5/2), in agreement
with the experimentally determined room temperature magnetic simiiypaf 111 $ 7
emu-K-mol'). The Mn(ll) ion resides in a pseudo octahedral / square pyramidal ligand
environment with 4 equatorial pyridine N-atoms,yNd(Mn #,,) = 2.190[1] A), one axial Cl
ion (d(Mn<Cl) = 2.259(2) A) and one axial Cr---Mn interaction (d(Mn---Cr) = 2.781(1) A). The
Mn atom is pushed out of the plane of the four pyridine ligands by 0.5 % fiora the central

Cr atom. The CtCr distance of 2.040(1) A is in good agreement with the distance of 2.025(2) A

observed in its isostructural counterparsf@(dpa)Cl,,*° and all other Ctigand distances are

86



gualitatively and quantitatively similar to those in,E#(dpa)Cl,. The solvent molecule GBI,

is disordered over two positions at this temperature.

Crystallographic data ofll at 11 K, however, indicated the diffraction pattern no longer
correspond td®nr2 or any other orthorhombic space gréfipnstead, the resulting diffraction
patterns are best explained by a twinned monoclinic cell Ritlspace group. Then space
group lacks the crystallographic 2-fold axis relating one end of the uledeto the other, so in
this phaselll have two crystallographically distinct Mn sites. A similar phasasition is
known to occur in the isostructural homometallic tricobalt moletulhe overall metal-ligand
distances of the two orientation chainglinat 11 K vary only marginally from those obtained at
97 K (Table 6.1). The 11 K structure ldf reveals structurally almost identical Mn(ll) ions for
orientation 1 and 2(Mn-Cl) = 2.251 (2) and 2.257 (2) A(Mn-N) = 2.197 (2) and 2.205 (1)
A; d(Mn---Cr) = 2.804 (3) and 2.838 (3) A. The relative occupancies are 48 % and 52 for
two orientations (Figure 6.2). The solvent £ molecule is, even at this temperature,
disordered and the intermolecular Mn---C¢CH) and Cl---H(CHCI,) are similar for both
orientations. The orientation of the disorde@=Cr---Mn chains in the unit cell of at 11 K is

shown inFigure 6.2 (top).

The crystal structure diV was determined at 97 K (Figure 6°3)The molecule crystallizes in
the monoclinic space group2;/c. The metal atoms are disordered with relative occupancies of
oppositely oriented V=Mo---Mn chains of 70 % / 30 %. As in the structurdlbf there is no
sign of disorder in the dpa ligand moieties or the Cl atoms. The twnatlisrientations feature

small structural differences in the geometry of the metal sitdfor instance, the pseudo-

87



octahedral Mn(ll) ions in orientations 1 and 2 show very similar€rdistances of 2.330(4)

and 2.321(3) A as well as M and Mn---Mo distances of 2.248[4] and 2.256[5] A and and
2.790(2) and 2.797(5) A, respectively. The presence of évMajuadruple bond is established

by the Mo#o distances of 2.096(2) and 2.104(5) A. The only major structural difference
between the two orientations is the non-bonded intermolecular digtatize solvent molecule:

The Mn-----O(EfO) distances are 6.08 A and 6.53A in orientations 1 and 2, respectively. The
orientations of the disordered Ello---Mn chains in the unit cell dvV at97 K are shown in

Figure 6.2 (bottom).

Table 6.1: Crystallographically determined geometric parameters artwengbaramagnetic
transition metal ions at 97 K foil andIV and 11 K forll .2°

compound 1] v
space group (T, K] Pnn2(97 K) Pn (11 K) P2(1)fc (97 K)
orientation 1(48%) 2(52%) | 1(70 %) 2 (30%)
M-CI, A 2.259(2) | 2.251(2) 2.257(2) | 2.330(2) 2.321(3)
M-N, A 2.190(1) | 2.197(2) 2.205(1) | 2.248(4) 2.256(5)
M---M', A 2.781(1) | 2.804(3) 2.838(3) | 2.790(2) 2.797(5)
M-N,4 plane , A 0.499 0.511 0.514 0.466 0.456
103.1(2) |103.43(7) 103.46(7) | 102.0(1) 101.7(2)
178.9(4) |178.50(4) 178.41(4) | 177.6(1) 178.3(2)
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Figure 6.2: Simplified presentation of the unit cell compositiohloait 11 K (top) andV at 97
K (bottom), showing the metal atom disorder (48/521Mioy 70/30 forlV) within the two relative
orientations of the trimetallic chaiR.

6.4 Magnetic Properties from EPR Measurements

The earlier magnetic susceptibility results showed that the@tagproperties of compound

and IV could be ascribed to a total spth= 5/2, with a Lande g-factor of essentially 2.0,
suggesting that source of magnetism must be the Mn (1) ion wittalffilled 3P shell in the
high-spin (S FRQILIXUDWLRQ 7K kh theZbBth &ahpléxes @Gst ehRg he

FRXSOHG DQWLIHUURPDJQHW L RiDilkDton tokH2 @&gdeliinQJ HDFK RWKH
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6.4.1 X-band EPR on Frozen Solution of Ill and IV

Preliminary X-band (9.4 GHz) EPR measurements from a frozen solutitth @nd IV are
shown in Figure 6.3. The observation of just two large peaks with a small inuime center, as
opposed to the expected larger number of peaks for an anisd&epi¢2 system, implied that

the splitting between the neighboring magnetic levels is grefader the microwave quantum
number. Comparison of the experimental spectra with those simulatedthesipgogramSPIN
(Figure 6.3), indicated that the spectra could be simulated in tays:wvith only the g-tensor
andD = 0, or with aD which must be larger than the employed X-band microwave quantum and
an isotropicg factor. To resolve this ambiguity, and to accurately measurey,tie and E

parameters, we resorted to HF-EPR spectroscopy.

Figure 6.3 X-band EPR spectra for frozen solutionlbf in (a) andlV in (b). Limited peaks
FRXOGQIYW SURYLGH GHILQLWH VSLQ +DPLOWRQLDQ SDUDPHW
Compounddll andIV were investigated by means of variable temperature varialgaemney

EPR spectroscopy. The high resolution afforded by high frequency high field (240 GRz) EP

spectroscopy revealed very precise details on the magnetic pasapfetke individual Mn(ll)
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ions inlll andIV . Four issues will be addressed in the following: (1) temperature depenafenc
powder sample spectra bf andlIV; (2) temperature dependence of single crystal spectra; (3)
angular dependence of single crystal spectra at 2.6 K; (4) temperapgedénce of the zero-

field splitting parametebD.

6.4.2 Temperature Dependence of Powder Sample of Ill and IV

The powder spectra (KBr pellet) d4f were then obtained at 220.8 GHz in the range between
10-296 K (A and B Figure 6.4) and the spectraléf were collected at 203.2 GHz at
temperatures from 10-260 K (A and B in Figure 6.5). At this high frequenayy mare well
resolved peaks are detected. The best-fit spectidl fandlV are also shown in Figures 6.4 and
6.5 (red curves). At 290 K the obtained parameterdiifofS = 5/2) aregy= gy= g,= 2.000,D =
0.449cm®, E = 0.00747cm®, indicating axial anisotropy of the zero-field splitting, in good
agreement with the axi&él, symmetry of the molecule. Tihgevalues obtained fdiv (S= 5/2) at
260 K are also very close to the free-electron vaiye ¢y = g,= 2.0023), but interestingly, two
sets ofD values D(1) = 0.324cm™®, D(2) = 0.280cm™®) are observed with the sarBe= 0.00747
cm®, indicating the presence of at least two magnetically distinENio--Mn molecules in the
sample, with different axial zero-field splitting. The powder EPR spdotraoth lll and IV
both display strong temperature dependences. Peak assignments wierebynaomputer

simulation** *%yielding the energy level diagrams shown in Figures 6.4 and 6.5.

The parameters fdi at 10 K aregy= 1.993,g, = 1.991,g,= 1.990D = 0.498cm*, E =

0.00747cm™. It is noteworthy that the ground state transition shifts from 9.814 Telsa at 290 K to
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10.069 Telsa at 10 K due to an increase imthe DOXH 7KH SHDNY ODEHOHG DV 3

minor impurities of an air-oxidized component, as their intensities vary from pepetliet and

over time. We note that only one setbialues is observed, indicating that all Mn(ll) ions are

Figure 6.4: EPR spectra of a KBr pelletiibf at 216 GHz at 300 K and 10 K (A and B) and their
peak assignments via simulation (C).

chemically equivalent at the resolution of these powder measurerttestaoteworthy that at
290 K, all five 2 R U L H QWN\V=HI1Gtrainsitions (arrows in Figure 6.4) are observed, indicating
significant Boltzmann population of the higher energy levels at higphdsatures. At 10 K the
peak at the lowest field side becomes undetectable and theap#ak highest field increases,
indicating that the former originates from transitions between the stigimergy levels and the

latter from the ground state. This assignment in turn establishe® tigfpositive, which is
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usually the case for octahedrally coordinated mononuclear Mn(ll) compfExE8The central

three transitions overlap with the signals fromxfandy directions.

Figure 6.5: EPR spectra of a KBr pelletldf at 203.2 GHz at 260 K (A) and 10 K (B) and their
peak assignments via simulation (C). Curves in black are the experim@etaia while those in
red are simulations using the parameters listed in the textodideand the dashed line arrows
indicate the z-transitions of the two sites with the 70:30 stalgbopulations, respectively (see
text and also Figure 6.8

Lowering the temperature to 10 K also changes the EPR paramet®rsgt g, = g,= 1.993,

D; = 0.352cm®, D, = 0.294cm® andE = 0.00747cm™®. In contrast to the case df , two
nonequivalent Mn(ll) sites are clearly present here, with significadifferent D values.
Simulations of the 10 K spectra bf are shown in Figure 6.6, which include the observed peak

intensity ratio of 70 % (i in Figure 6.6) and 30 % (ii in Figure 6.6) for orientatdigds = 0.352

cm®) and 2 D, = 0.294 cm®) match the experimental data reasonably well. The
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spectroscopically determined intensity ratio of 70/30 is exactly thee sa® the
crystallographically observed occupancies for the two orientations.nidwsity of the ground
state transition increases at low temperature, indicating éiveoBi value and shifts to 8.768

Telsa (from 8.5688 Telsa at 260 K), due to an increase iD tladue at low temperature.

Figure 6.6: Comparison of the simulated and the experimental powder EPR spBttet @D K.
Spectrumi is for D; = 0.352 cni* andii for D, = 0.294 cnt". Some minor peaks are highlighted
ZLWK 3"~ WKH\ DUH FRQVLGHUHG WR BEXWHWHOQ QN RXY VLR Q JFRH

(see text).

Thus, the powder results fo and IV suggest the presence of one and two magnetically
distinct Mn(Il) sites forlll andlV, respectively, and indicate temperature dependence @ the

values for both compounds. Crystal structures of HbtlandlV contain two independent Mn(ll)
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sites, which are shown to be magnetically equivalentlfigrbut, interestingly, inequivalent for
IV. Additionally, much more precise information on the assignment ofDthalues to the

independent sites il andlV was obtained from single crystal measurement(infrg).

6.4.3 Temperature Dependence of Single Crystal Spectra of Il and IV

The temperature dependence of the single-crystal speditaaridIlV are shown in Figures 6.7
and Figures 6.8. At higher temperatures (>250 K), there are more than 10 mekiksy the

assignment of the spectra difficult. At 2.6 K only 4 dominant signals are obtaindd &odIV .

Figure 6.7: Temperature dependence of single crystal EPR spettranath the magnetic field
close to theab plane. Note that essentially only four peaks are observed at thetlowe
temperature, which can be directly assigned to four magnetically di€mn€r #vin molecules,
following the numbering scheme of Figure 6.2.
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These originate fronMs = + :  +3/2 ground-state transitions of the four magnetically
distinct molecular orientations. Integration of the 4 peaks obtaindt fgrelds a peak intensity
ratio of 49/51 for peaks 1 and 2 (from set A in Figure 6.2) or 3 and 4 (set B), whichery
good agreement with the relative occupancies of 48 % and 52% observegstajlagraphy.
The 70/30 disorder of the =Mo---Mn chain in the crystal structure b is also quantitatively
reproduced by the relative peak intensities observetV/fat 2.6 K: the ratio of peak 1 to peak 2
is 71/29 and the ratio of peak 3 to peak 4 is 67/33. Low intensity featwgmesent in the

spectra of both compounds at 2.6 K, corresponding to transitions between higher energy,

Figure 68: Temperature dependence of single crystal EPR spedivawith the field in the @,
#, 1) plane. Note that essentially only four peaks are observed at & temperature, which
can be directly assigned to four magnetically distinct #Mo #Mn chains, following the
numbering scheme of Figure 6.2. The arrow highlights the shoulder that is/&yntscribed to
a phase transition below 10 K.
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sparsely occupied magnetic statbk € +3/2 : £ 1/2). As expected, these peaks are of much
lower intensity, compared to the other four ground state transitions, folloin@dltzmmann
distribution. For Il the peaks broadened below 100 K, which is indicative of the
crystallographically established phase transition (see above)VFarsmall shoulder on peak 1
in Figure 6.8 can be seen (highlighted by an arrow), which may also meiqattase transition

below 10 K, though crystallographic support for this assignment is lacking.

6.4.4 Angular Dependence of Single Crystal Spectra of lll and IV at 2.6 K

Figure 6.9: Angular dependence of EPR peakslfoat 2.6 K with the field orientated close to
theab plane. The pink and blue curves are assigned to molecules2l(aetdA), and the red and
black ones are from the molecules 3 and 4 (set B). Green and browarkndse to the first
excited state transitiokls = + Mg = +1/2.
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To assign the four peaks to the four magnetically distinct moleotikmtations in the unit cell
of lll andIV and to gain information about the directions of Ehéensors, EPR spectra were
measured of the single crystals at 2.6 K with the crystal symnageg oriented at several
known angles relative to the magnetic field. In the angular dependent spdttralodre are two
peaks close to each other at all angles. They follow curves 1 @figw2e 6.9) with the same
angular variation trend with their maximum resonance field obtained angle of 29°.
Additionally, there are two neighboring peaks following curves 3 and 4, sharinmilars
rotational pattern, reaching maximum resonance fields &t Athough similar maximum and
minimum resonance fields are obtained for these four signals, the anguésuddece patterns

for curves 1 and 2 are different from those of 3 and 4. It is thus clear that curves 1 and 2 arise

from one orientation of disordered=0r---Mn molecules (set A and B in Figure 6.2) while 3
and 4 are from the other orientation. This deduction is rationalized by the at@mtioned peak
intensity ratio between 1 and 2 (or 3 and 4) of about 49: 51 at all angesnly marginally
different maximum and minimum resonance fields for sets A and B indizatt¢heirD values

are nearly the same, in good agreement with the almost ideotiestations of the two
disordered C=Cr---Mn chains (178.66° and 178.50° for set A and B, respectively). By
simulating the experimental angular dependence data, two slightly difiereaues of 0.504
cm® (set A) and 0.486m* (set B) were found with the sangetensors E-values and angles
between the magnetic field and the molecular chain axes. The conticwwes in Figure 6.9
are those calculated theoretically from the spin Hamiltonian paeasn-tensor,D and E
values) obtained from the above simulation at 2.6 K, which match the experimental da

exceptionally well. Thus the pink, blue, red, and black curves correspond to molecula
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orientations 1, 2, 3, and 4, respectively. Additionally, there are two cumgrgeen and brown,

which involveMs = * : Ms= %1/2 transitions from set A and set B molecules (see above).

Figure 6.10: Angular dependence of the HF-EPR peaks Hvomlt 2.6 K with the field oriented

close to the fi, #, 1) plane. The pink and blue curves are assigned to molecules 1 and 2 (set A),
the red and black curves are from molecules 3 and 4 (set B).

The single crystal spectiat IV at various angles show also two different pairs of signals from

sds A and B, which are in close proximity to each other at all arfglgare 6.10). The angular
dependence patterns for peaks 1 and 2 are very different from those of peaks 3 and 4, and in stark
contrast to the results obtained for compouhld the signal pairs show strongly different
maximum and minimum resonance fields. It is thus clear that curved12aare from one

orientation (A or B) while 3 and 4 are from the other orientation. This deductiagais

rationalized by the peak intensity ratio of 71/29 (curve 1/2) and 67/33 (curve [3ieh) 8 in
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agreement with the crystallographic data. Utilizing the same agpesatorlll , we obtain now
aD value of 0.35&m™ for set A molecules 1 and 3 and 0.294 for set B molecules 2 and 4,
respectively. The calculated curves in Figure 6.10 are pink and blue forveeiteAthe red and
the black curves are from set B. The large differenc® imalues (0.05&m®) for the two
orientations is remarkable and manifests the magnetic inequalitg aivb independent Mn(ll)

ions.

For HF-EPR spectra at each orientation, the angles between thetiodigld and the principle
direction of theD tensor from simulation match the actual angles between the mafggidtend
the metal chain axis from the crystal structure. Thus the main axine &f tensor is directed
along the trimetallic chain for each molecule. In all, a close exatron of the angular
dependence of EPR peaks enables us to determine the directions and magnitude sesfdties
for each molecule individually. We note that the high resolution provideeniptoying high
frequency EPR spectroscopy complements and expands upon the insights gaineatifiola

temperature X-ray diffraction.

6.4.5 Temperature Dependence @ in Il and IV

The experimental spectra exhibit strong temperature dependencensaghetic parameters, in
particular the zero-field splittingD). Measurements were carried out on powdered pellet
samples at several temperatures between 10 and 2901K fand 4 and 298 K folV. These
spectra were simulated am and E values were obtained combining the single crystal data.
Figure 6.11 shows the temperature dependence of averagkies of the disordered molecules
in 1l . The average value is taken here because the differencel@¥tiees from the two sets is
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too small (~ 0.01&m™ at 2.6 K) to be accurately assigned to the two sets above 10ute Fig
6.12 shows the temperature dependence oDthalues for set A (molecules 1,3) and set B
(molecules 2,4) inV. On lowering the temperature, tBevalue changes rapidly at first. For

it levels off at around 30 K and ftv at ~50 K.

Figure 6.11: Temperature dependence of the avédagdues of all the four moleculesih v

with an error bar of 0.001 crfi for the 4 molecules and their fit to Eq. 3.6 (red line). See text for
parameters. The arrow highlights the temperature of onset of a structural phase transition.
Such a variation of th® value has been observed before for’Min CdC} crystal§® and a
phenomenological model was propostths well as the temperature dependend? wdlues for
complexl. The same model in Eqg. 3.6 is used to interpret our data here. The fit for confijbound
according to Eq. 3.6 (red curve in Figure 6.11), yields the following Heg&fametersbD, =

0.496 + 0.00cm®, D;= 0.8 + 0.2 G ¥, D,= +0.124 + 0.002m?, (18= 165 + 5 K. The

important parameter obtained from Figure 6.11 is the value of tmgyel@rrier G 8 which is a
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general measure of phonon energies affecting the zero-field splittiagrm&l magnitude of the
phonon frequency (165 K, or 120 &nimplies that this must come from the heavy ions, i.e.
vibrations of the (=Cr---Mn chain itself. The san®,, D;, D,, and 0 8values can be used to
model signals 1-4 for compourd, consistent with the nearly identical environment of the Mn

ions in the disordered =Cr---Mn chains.

Figure 6.12: Temperature dependenc®anh IV for the molecules 1 and 3 (set A), and its fit to
Eq. 3.6 (red curve), with the parameters listed in the E2xalues for molecules 2 and 4 (set B)
show quite different temperature dependence (see text).

We used the same procedure to fit the experim@&ntallues in compounty/ (Figure 6.12). The
best-fit parameters for the two set A molecules 1 and 3 (70 % abundand®y,ar®.355 +
0.001cm *, Dia= 1.8 £ 0.1 K*, D,,= 0.020 + 0.002 cnf, (1§ = 70 + 8 K. For the two set B

molecules 2 and 4 we obtaiDg,= 0.295 + 0.00tm £, D;p= +0.415 + 0.K &, Dy,= +0.007 +

0.010cm ®, (1§ = 210 + 70 K. The accuracy of the parameters employed in the model for
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molecules 2 and 4 is much lower than for molecules 1 and 3, due to theafrghemnge irD of
only 0.014 crit over the experimental temperature range. Nevertheless, giverribtursil
similarity of the Mn(ll) ions in orientations 2 andw 1 and 3, it is surprising that the two
oppositely aligned M=Mo---Mn chains exhibit significantly different motional dynamics and

zero-field splitting parameters.

6.5 Density Functional Calculation&®

The experimental results presented above indicate unusual sgnsifivihe spectroscopic
parameters (zero-field splitting) to what one would normally consider veryaninor structural
differences inlV. Compoundlll exhibits moH 3QRUPDO" EHKDYLRU ZLWK
structural and magnetic features, whereas weak intermolecwdeaations inlV result in slight
structural differences that have surprisingly large spectroscopic conseguenero-field
splitting has its origin in molecular geometric anisotroflyis property is apparent from the spin

Hamiltonian terms from which it is derived (Eq. 3.1 and EQ)..4.1

It is well known from NMR studies that metal-metal quadruple bonds hatg magnetic
anisotropy cheme R ** **'The Mn(ll) ion inIV both in a region of space that is strongly
affected by the magnetic anisotropy of th=MWlquadruple bond. We thus surmise that the zero-
field effect of Mn(ll) may be influenced by the presence of tt=M\bond, thereby amplifying
small changes that would otherwise not be observable. A preliminatyotethe above
hypothesis involves using density functional theory (DFT) to calculaespectroscopically

observableD value for model ofV that do not contain =M bonded groups. The truncated
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modelsIVm involved are shown in Scheme 4. Ideally, calculated resuli fufr IVm can be
compared to those parameters calculated for the whole moleculésis Aime, however, the
hetero-trimetallic molecules are, lamentably, computationalhadtable. Successful modeling
of their electronic structure most likely necessitates a net#tichinental approach that is
currently prohibitively expensive. Thus, we will discuss here only thetsesticomputational

work on the monocationic tetrapyridine model compouvith.

Scheme 3

In an effort to elucidate the electronic origin of the unexpected varw@rnidevalues for the two
nonequivalent Mn(ll) ions ihV, truncated computational modelgm, for the two distinct Mn
sites inlV were constructed using coordinates from the 11 K crystal structurela&@alos were
performed with the crystallographically determined geometries of Aitmsd B inlV. To test
the effect of the solvent molecules on ##%€S IVm was calculated both witH\(mA(Et) and

IVmB(Et) , Figure 6.13) and without\mA andIVmB) the ether molecules present.

The positions of all atoms in the calculations were fixed and the gaomas not optimized.
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Site A has the shorter intermolecular Mn---O distance to the ether utmléc08 A, and sit@®
has the longer distance, 6.53 A. For Ien models, siteA is calculated to be lower in energy
than siteB by ~ 5 kdJ/mol. The energy difference is enlarged to ~19 kFmalen the ether
molecule is included. Though these results do not include vibrationakexodpoint energy
corrections, they are consistent with the experimektdd ratio of 70:30 observed in the crystal

structure oflV and the peak intensity ratio determined by EPR spectroscopy. The calculated

Scheme 4

Figure 6.13: Truncated models Bf for site A (VmA(EtL), left) and B [VmB(Et), right)
employed in DFT calculatiorfs.
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(isotropic) g values are consistent with those seen experimentally and agthe thei
interpretation that there is little deviation from the free electrdmevaCalculated values are
larger than those seen experimentally by roughly a factor of two, whielngesr than typical
computational errors observed for Mn(ll) compleX&3/Ne attribute this error to the truncation

of IV to the model compounds m.

The crystallographic results show that there are only minute differencé® coordination
geometry of the Mn ions in sit¢sandB \HW WKHUH LV D O-D 0.0607 @, linHUHQFH
theD values measured for the two sites by high-field EBRzalues folV mA andIlV mB were
computed to test whether or not the small geometric differences imy8tal structure can lead

to a difference D R1 WKLV RUGHU R P DIfQUWWA Gridl [V mEB i€ H®0299 G
cm®, which is somewhat smaller than that observed experimentally, thsitegh is correctly
predicted to have the largdd value. Addition of ether molecules in crystallographically
established distances (i.e., Mn---O separations of 6.08 and 6.53 A fok sitet, respectively)

did not change thB value for siteB (D(IV mB) = D(IV mB(Et)) = 0.725cm®), as we expected.
However, addition of the ether molecule to site A surprisingly lotver<alculated value by
130 G D (IVmA) = 0.755cm®, D (3mA(Et) = 0.743cm™. The effect of the ether molecule
(with no contact to thdV mA model shorter than the sum of the van der Waals radii of
neighboring atoms) ob in site A is also evidenced by the calculated Mulliken spin population
on the ether oxygen atom. AMmMB(Et), a very small spin population of 8.7-1@ppears in the

O p orbitals, but fodVV mA(Et) the spin population is about twice as large, 18: Remarkably,
these results show that a seemingly innocent and non-bonded solvatellenckn exert an

influence on the magnetic properties and molecular dynamics of a magm#écule. Such
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effects have been noted in the case of magnetic clusters withhigryspin, such as Ms
acetaté?**?°|n this case, two C#€OOH solvent molecules are in close proximity t&a;»-
acetate unit. Without the two acidic acid moleculels;, has 3 point symmetry. With the
solvates included,Mnj-acetate was found to have four different geometries by X-ray
diffraction.*®® These four structures were predicted to have four diffddeand E values, with

the maximum difference of 0.028m® and 0.003cm® for D and forE, respectively. Such
differences inD and E values were supported by HF-EPR spectros¢BpWe note that the
solvent effect oD values inMnj,-acetate is smaller than that found in comgdMx despite the
fact that the CBCOOH molecules engage in strong hydrogen bonds to the-ddetate

clustert®®

For complexIV, DFT calculations oD of the truncated models reproduce the trends seen
experimentally, but the magnitude of the effects are calculated tofieeedi from those
observed experimentally. These results suggest that the smatk éfffgicslightly alteiD may be
magnified when the EM multiply-bonded unit is present, though this hypothesis remains to be
rigorously tested. A further, quantitative physical model is needed tonahre these

observations.

6.6 Summary

X-ray diffraction experiments conducted on single crystal oflHndt 97 K and 11 K evidence a
phase transition from the orthorhombic space g to monoclinicPn at low temperatures.
Lowering the symmetry generates two independent orientatio®3=&r---Mn chains inlll .

HF-EPR experiments reveal very simil@rvalues for the two independent orientations within
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[l . In contrast to compoundll , the two crystallographically independent orientations of
Mo=Mo---Mn chains iV contain magnetically different Mn(ll) ion®(A) = 0.353 crit, D(B)

= 0.294 crif), even though the coordination geometries around the two Mn atoms are essentially
the same. Furthermore, both sites exhibit different dynamic magnetic propastiesuld be
shown by the temperature dependence ofCthealues. The most striking structural difference
between the two orientations is the intermolecular distance to @omted solvent (ED)
molecule. Results from DFT calculations on truncated model compounds (ldle&ifdy unit)
support the influence of the & molecule on th® value of the Mn(ll) ions, but do not suggest
this interaction as the major contribution. It is therefore proposed hérdehguadruply bonded
M=M unit magnifies the magnetic anisotropy of MnlVh to an unprecedented extent that allows
spectroscopic differentiation of two nearly identical metal sites physical phenomenon has,
to our knowledge, not been observed before, creates a challenging new pabieeorfy, and
opens up the possibilities of site-specific magnetic excitationstaosferring a microwave

guantum between two sites where their EPR signals overlap.
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CHAPTER 7
TRIMETALLIC [M (dpa),]>* COMPLEXES (M= Co, Ni) AS
BUILDING BLOCKS FOR CYANIDE-BRIDEGED

COORDINATION POLYMERS

This Chapter describes our efforts to expand one dimensional chain infea®works. This
was achieved by the reactions between linear trimetal exaplM(dpa).Cl, (M = Co, Ni), and
Prussian blue analogues (Bl)3;>0¢ &I@ O ) H restiling in the formation of CN-
bridged coordination polymers. The analysis of products suggests they hawrzeiires,
where ditopic [M(dpa}]?* linkers bridge 4F R Q Q H F W H¢f3*nofles &tb an extended layer.
The synthesis of {{Csfdpa)]1.¢AFe(CN)]}Cl o5 (1) is accompanied by an electron transfer from
the tricobalt to hexacyanoferrate units that results in the formatiofCaf(dpa)]®** and
[Fe(CN)]** fragments. In{[Ni(dpa)].7{Fe(CN)]}Cl 045 (3), a partial charge transfer between
the trinickel and hexacyanoferrate units leads to the temperature-dep&edérd’ mixed
valence, with lower temperatures favoring the thermodynamid' Fground state.
{[Cos(dpa)]2.0dCo(CNX]}Cl 1.1 (2) exhibits spin-glass behavior with the spin-freezing point of ~
4.8 K, due to the magnetic superexchange betwees tha/2 [Ca(dpa)]*" units through the

diamagnetic [Co(CN}]®*linkers. Some of this work has been published edrfer,
7.1 Introduction

Despite the tercentennial history of Prussian blue (PB), considered by asatiye first
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molecule-based coordination compound, this solid and its analogues cootinei¢hie focus of
extensive research. Over the last two decades, the PB-type compgmuadbeen shown to
exhibit such fascinating properties as high-temperature magnéfisMphotomagnetism? 13

hydrogen gas uptaké® ***and negative thermal expansiti’*® Recent efforts in the synthesis

of new derivatives of PB have been developing along two main direclibadirst one employs
EORFNLQJ OLIJDQGV WKDW 3FXW RXW’ I-l—D\/EtFUQL(BeI-bGPﬁ’UnILQLWH
this manner, a large number of unique low-dimensional structures havprbpared, especially

for the study of single-chain magn&fs“® and single-molecule magnéfs:**® The other

direction focuses on expanding the building blocks that constitute the PRistruihus, metal-

metal bonded dimmer¥ "1 or octahedral metal clustér$'? have been substituted for

single metal ions, either preserving the PB topology or resulting in novel structuifal mot

Scheme 5
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| P ‘ pZ
N N N
==
N S S
M X

Our interest in designing novel coordination compounds derived from Prussidrablies us to

explore trimetallic clusters Mdpa)X, (M = Cr, Co, Ni, Ru; dpa = di- -pyridylamide; X = Cf;
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CN* BF,Y that were studied in detail by the Peng and Cotton grbdp$.!* " " **These
unique molecules have been largely overlooked as possible building blocasgtnr holecule-
based structures. The two sites occupied by axial ligandcKefne % offer convenient points
for the structural expansion. Moreover, the trimetallic clusters theass&xhibit interesting
electronic and magnetic properties;s@pa)Cl, and Ng(dpa)Cl, exhibit gradual temperature-

induced spin crossover? 14

To this date, only a few structures built by extension of the trineetellisters have been
reported’ all of them with the [Nj({dpa)]** building block. The trimetallic units were connette
by mono- or dianionicR-bridging ligands into chain compounds, §{dipa}( RL)](X) (L/X =
(MeO)C,057BF+% N3 PR )™ and [Ni(dpa)( PL)] (L = phthalate or 3-nitrophthalatéy® The

use of [Ni(dpa)]** in conjunction with another metal-containing building block produced either
chain structures, {{N(dpa)][(TPP)Mn(L)]}(CIO,4) (TPP = tetraphenylporphyrinate, L = 3- or 4-
pyridylcarboxylate, 4-pyC&),"’ or finite complexes, {[Nj[dpa)][(TPP)Zn(4-pyCQ)],} >’ and

{[Ni 3(dpaX][Ag(CN)-]-}.**® The latter is the only known structure based on the(dpa)]**

building blocks that utilizes CRas bridging ligand.

Inspired by the aforementioned examples of PB-like structures based on ekjanldéeng
blocks, we have decided to substitute the trimetallig(@i#a)]** units for the single metal ions
in the PB structure. Herein, we report findings from our initial efforts indinection, including
the synthesis of CN-bridged coordination polymers with trinickel and tricahadters, their
possible structures and magnetic behavior, and unprecedented temperatndetepbarge

transfer involving trimetallic units.

111



7.2 Synthesis

All reactions were performed in an inertjNatmosphere using standard Schlenk techniques,

unless noted otherwise. All reagents were purchased from Aldrich and usexteased.

Cos(dpa)Cl,**® and Ni(Hdpa)GF were synthesized according to the published procedures.

(BwuN); >0 &I O JH &R ZHUH SUHSDUHG E\ PL[LQJ D
corresponding potassium salt with a 2 M aqueous solution aNjBW and recrystallizing the
obtained precipitate from CGEl,/hexanes. Anhydrous commercial solvents were additionally

purified by passing through a double-stage drying/purification system (Glass Contour Inc.).

Niz(dpa)4Cl,-1.2CH,Cl,. To a mixture of Ni(Hdpa)Gl(0.903 g, 3.00 mmol) and Hdpa (0.171 g,
1.00 mmol) in a 100 mL Schlenk flask was added 30 mL of anhydrous THF. Aftebtdieed
suspension was cooled t&8°C in a dry ice/acetone bath, 2.5 mL of a 1.6 M solution of
methyllithium in diethyl ether (4.0 mmol) was added dropwise. The colorduimeellow-
brown. The mixture was allowed to warm up to room temperature, at which theirmolor
changed to dark brown-reddish. The mixture was heated to reflux overnight undiemwN
resulting in a dark purple suspension. After cooling down to room temperature, teetsshs
evaporated to dryness under reduced pressure. A solid residue obtained wasdewithcB0
mL of dichloromethane to give a dark-purple solution, onto which was dgriefyered 50 mL
of hexanes. Large purple-red needle-like crystals were obtained aftezkl Weld = 84.3 %

( 0.868 ). Gi2HoaN12ClsNiz (Nig(dpak-1.2CHCl,): calcd. C 48.06, H 3.37, N 16.32, Cl

15.15; found C 48.06, H 3.27, N 16.18, CI 15.06.
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{[Cos(dpa)s]1.0AFe(CN)e]}Clos (1): A solution of (BuN)s[Fe(CN)] (0.042 g, 0.045 mmol) in
10 mL of DFM was added dropwise to a solution og(@pa),Cl, (0.148 g, 0.135 mmol) in 10
mL of DMF with vigorous stirring. A dark-brown precipitate formed quickly.eAfstirring the
mixture for 1 hour at room temperature, the precipitate was recoveredratydiitand washed
consecutively with DMF (3x15 mL) and acetone (3x15 mL). Yield = 0.062 g.
C0s.9FeCh 6012 dN2o (Caa.dHss » (1-12.6H0): calcd. C, 47.23 (47.33); H 4.12; N 19.25, Cl 1.32;

found, C 47.33, H 3.77, N 18.89, CI 1.26.

{[Cos(dpa)a]20d CO(CN)e[}Cl 1.1 (2), {[Nis(dpa)a]7dFe(CN)e]}Cl 0.45 (3), and

{[Ni 3(dpa)s]1.51C0o(CN)g]}Cl .3 (4) were obtained as dark-brown, dark-purple, and dark-purple
precipitates, respectively, in a manner analogous to that descfiiyedl above.
C07.2Cly 1011 N30 Cgs.4Hss s (2-11.3H0): calcd. C 47.76, H 4.01; N, 19.35, Cl, 1.75; found C
47.74, H 3.52, N 18.87, Cl 2.08li5 JFeCh 4506 1N26.dCr5.6He7.0 (3-6.1H0): calcd. C 49.68; H
3.74; N 20.60, Cl 0.87; found C 49.85, H 3.72, N 20.73, Cl 0N69C0Cl 305 dN24.8Cs8.8He2.0

(4-5.9H,0): calcd. C 49.27; H 3.73; N 20.74, Cl 0.63; found C 49.14, H 3.58, N 20.66, CI 0.56.

7.3 Proposed Structures

It is known that the preparation of the trinickel complex(#pa)Cl, requires the use of
rigorously dehydratelliCl,.°> Berryet al. demonstrated that the synthesis could be simplified by
using a Ni(Hdpa)XCl, precursor, deprotonation of which with methyllithium afforded the desired
trinuclear complex® In this process, however, 1/3 of Hdpa molecules were not included in the

final product. We have found that Ni(Hdpa)ttan be used as an alternative precursor. A
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reaction between Ni(Hdpa)Chnd free Hdpa in a 3:1 molar ratio in the presence ofLCH
produces crystalline Midpa)Cl,-1.2CHCI, in 85% yield. In addition to the improved yield, no
Hdpa ligand is wasted in the course of the reaction. The tricobaikiciuas synthesized by the

reported methodf®

Reactions of the trinuclear complexesg(tpa)Cl, (M = Co, Ni) with hexacyanometallates
(BuN);>0e+ &t O0¢ )H &R LQ '0) UHVXOW LQ SUHFLSLWDWLRQ F
The precipitate forms over the course of several minutes in the case @dvand after several

KRXUV LQ WKH FDVH RI1 O 1L 7KH O O-e-d&gerdiv® WrhyR(EBX)WDEO L\
microanalysis are given in Table 7.1. The obtained elementlysendata allow us to formulate

a general composition of these materials as s{fiday].x>0¢ &BCly. The derived
compositions are in good agreement with the results of conventional (C, €l) Blemental

analysis (see the Experimental Section below).

Table 7.1: Elemental analysis of compouteé

00- Color 00 &0.D
( QuaxVis) ratio (EDX)’

ColFe () dark brown (567 nm) 5.9:1.0:0.8 {[Cos(dpak]iefFe(CNE}Cl os
Col/Co @) dark brown (613 nm) 6.4:1.0 {[Cos(dpa)]..odCO(CN)J}CI 11
Ni/Fe 3) dark purple (595 nm) 5.2:1.0:0.45 {[Ni 3(dpak]1.74Fe(CNX]}Cl 0.5

Ni/Co (4) dark purple (636 nm)  4.7:1.0:0.3  {[Ni 5(dpak]1.s{Co(CN)]J}Cl 0.3

% The uncertainty of the EDX elemental analysiseé®w 0.1. The proposed compositions are chargabeth
within this uncertainty.
7KH 0 0 &0 DWRPLF PDWLR-HVOJLYHQ IRU

Proposed composition

The insolubility of1-4 in all common solvents suggests that their structures correspond to CN-
bridged coordination polymers, similar to the formation of insoluble products ofrtissigéh

blue family*®® The building blocks used in the synthesisg(@pay]?* DQ G > 04*&chn be
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considered as a ditopic linker and a hexa-connected node, using the commoology for
metal-organic frameworks. The most obvious way to combine these unit<CM-laridged

structure is to form a 3-D framework |-Mz(dpa)}]s[M « & d}Cls EXW WKH 0 OmUDWLR
such a framework is much higher than the ratios found-th (Table 7.1). Therefore, the
FRQQHFWHGQHVYV ¢ noteK should bek decreased in order to conform to the
determined composition. The most likeWWUXFW XUH WR JLYH6 Wtdélorte e UD WL |
ZKLFK >QF¥*®&ns act as tetra-connected nodes bound via the ditopiclply]** linkers

into a two-dimensional coordination polym&cheme & The ideal composition of such layered
structure ig[ B-Ms(dpa)]. >0+ &JCl, which is close to the ones found experimentally. The

next possibility is the formation of a one-dimensional coordination polymer,hinhweach

>0+ &lnode is connected to only two fdipa)]®" linkers, but in such a structiH 0 0

which is much lower than determined experimentally.

Scheme 6Proposed layered structure of compouhds The trimetallic [My(dpa)]**
units (M = Co, Ni) are shown with grey cylinders.
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The foregoing considerations suggest that prodlietsire likely to have layered 2-D structures,
in which each [M(CNJJ** unit uses four of its CKligands to connect to [Mdpa)]?* units,
while the other two CNligands remain terminal. The formation of the proposed 2-D structure
instead of the anticipated PB-like 3-D framework can be justifieidiganto account the bulky
organic sheath of four dpéigands that surround the trimetallic unit (Scheme 5). It is likedy

six sterically demanding [Mdpa)]?* units cannot fit around the central [Fe(GRYj ion to
afford the 3-D CN-bridged polymer. On the other hand, in the 2-D structure seoh s
limitations can be avoided through buckling of the layers. The experiryenitaerved decrease
IURP WKH LGHDO UDWLR RI O O« foRMtwnPDvQcaBdieshH $1© DL QH C
positions of [M(dpa)] fragments, which appears to correlate with the content dc@inter
ions (Table 7.1) to maintain the overall charge balance. This is not sugpras a similar
situation is observed for Prussian blue type structurg®,>0 e« &y, (A *alkali metal), in
ZKLFK WKH FRQFH QWU iavandrRs) cdrrelate8 wighlthe concentration of the A
counter ions® %2 A significant disorder is quite common for such insoluble, quickly
precipitating products, as indicated by the broad distribution of observed coomdibir
productsl-4, as well as by their amorphousness evident from the lack of discepoiltier X-

ray diffraction patterns.

7.4 Méssbauer Spectroscopy

Mossbauer spectra were acquired using a conventional constantratamelspectrometer
operated in multi-channel scaling mode. Mdssbauer spectra of Fe-contampiexesl and3

were collected at 5 and 295 K (Table 7.2). At both temperaturegpebtriem ofl (Figure 7.1a)
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is dominated by a singlet with low isomer shiff(which is characteristic of LS Feons. A

much weaker signal with lov@and large quadrupole splittingKg) is assigned to LS Feions.

Table 7.2: Parameters of MOssbauer spectra of compduaruts3.

Complex T, K Fe type /I PP " (@ mm/s Relative content
1 295 LS-Fd' .07 89%
LS-Fe" .13 1.25 11%
5 LS-Fé' 0.00 85%
3 295 LS-Fd' .04 45%
LS-Fd" .16 1.32 55%
5 LS-Fé€' 0.02 29%
LS-Fd" 0.05 1.81 71%

Figure 7.1: MOssbauer spectra df(a) and3 (b). The blue and green lines are simulated
contributions of LS Feand LS F& ions, respectively. The red line represents the sum of
contributions for all types of Fe in the sample.
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In contrast, the 295-K spectrum 8f(Figure 7.1b) reveals the presence ofHgb-and LSFé"

ions in comparable amounts (45:55%). Moreover, this ratio is temperature-depesdén,
relative amount of L=€" significantly increases at 5 K (21:79%). When the sample is warmed
up to 295 K again, the 45:55% ratio is fully recovered, indicating the revysibithe charge-

transfer process.

7.5 Infrared Spectroscopy

Infrared (IR) spectra were measured in the 600-4008 mange on solid samples pressed on a

zinc selenide crystal of the universal attenuated total reflecf@IcR) sampling accessory on a

Perkin Elmer Spectrum 100 FT-IR spectrometer. Terminal cyanides @N)fte(CN)] and
(BusN)3[COo(CN)s @ H [K L E L W{NY ¥rBtth&s at 096 ctand 2106 cnf, respectively. For

bridging CN* O L J D Q GuoN strittckes usually shift to higher frequency, due to the depletion of
HOHFWURQ GHQVLW\ LQ WKH ZHD N 6ligdddJ WndEeR Qhe IREpectta R U E L W
of2and4 ERWK RI ZKLFK FRQWDLQ KH[DF\D& &rie®ieDaDINgbtNV H 1UD J
higher energy than that observed for {B)[Co(CN)s] (Figure 7.2 and Table 7.3). In striking

contrast, the IR spectra df and 3 exhibit SU R Q R XQ Btt¢iGhes at significantly lower

IUHT XHQFLHKY of M(BUNX[Fe(CN)]. Noteworthy, the peaks observed for the
hexacyanometallate precursors in the 2800-3000" cenge and attributed to characteristic
vibrations of ByN" cations (Figure 7.2, bottom) are absent in the specttadothus confirming

that these cations are not included in the final products (Table 7.1).

These observations support the findings of Mdssbauer spectroscopy by providinghg
indication for the presence of 'Feenters in products and3. Only such scenario can justify the
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VLIQLILFDQW GdW strigtehiny frequepcy\deHo the increassihck-bonding from the

Fe' ions. A similar situation is observed when the classical Prussian blue is prepared by

Figure 7.2: Infrared spectra of produgtand2 (top) and3 and4 (middle), and starting materials
(BugN)3[M ¢CN)e], M e= Fe, Co (bottom). Insets: magnified region C {N) stretching
frequencies, with the arrows indicating specific features discussed taxhand summarized in

Table 7.3.
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reaction between aqueous solutions of Bad [F&'(CN)¢3* ions. Because of instantaneous

electron transfer, the final product is formulated d8,ffee" (CN)g]s- 14H,0. It contains Feions

in the environment of C-bound bridging ENJD Q GV D Q Gy ¥/2080Zcw.” This value,

ZKHQ FRPSDRJoftBe & [FE(CN)g**ion (2040 cni), appears at higher energy, as

expected for bridging cyanides.

Table 73: Q&A1 VWUHWFKHV D Q%n W IR Llspecavof cadnipBurdd3divavid

some reference complexes.

Compound Q&Ailcm* 2[ VWDWH F
1 2051(ter), 2110(br) e
2 2127(ter), 2160(br) o
3 2064(ter), 2116 (br) !
2116(ter), 2146(br) Fe'
4 2129(ter), 2162(br) co"
Ka[Fe"(CN)g] 2040(ter) 137
K,Co'[FE'(CN)g] 2080(br) 163
(BusN)s[Fe" (CN)e] 2096 (ter) This wok
Ni"3[Fe" (CN)el2 2166(br) 164
(BuaN)s[Co" (CN)¢] 2106 (ter) This wok
Ca'5[Co" (CN)g)2 2170(br) 164
Ni"s[Co" (CN)g]- 2176(br) 164

% ter = terminal; br = bridging

%HVLGHYVY WKH DIRUHPHQWLRQHG LQWHQYHG HDRQNW K EHLHIH B Q
stretches foil-4 (Figure 7.2, insets). These peaks are summarized in Table DORQ 4nZLWK
values of some reference compounds. By correlating the obtained IR spetteapimposed

structure ofl-4 6 FKHPH ZH DVV Ly QrewhésodsenwdRgAL2Y cni’) and4
(2129 cm) to the terminal CNligands of [C8'(CN)s]** units, while the shoulders at2160 and
2162 cni', respectively, are assigned to bridging TNyands. Taking into account the
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O]VVEDXHU GDWD WK Hy SretehesUinll (26T Xi'Rdnd 3 (2064 cnt’) are
assigned to the terminal ClNgands at F&ions. The shoulder at 2110 énin the spectrum of
is attributed to the bridging CNigands of F& 4 {N € oy(dpa) fragments. The spectrum 8fis
somewhat different, because it contains not just a shoulder to the higtgyr side of 2064 cm
! EXW D SHDN WKH VWUXFW X UHpeRk oBsetvEKin lthé specRun@dd U WR V
(Figure 7.2). Yet again using the findings of Mdssbauer spectroscopy, i.e-théstence of
comparable amounts of L&' and LSF€" ions in3, we attribute the higher-energy feature in
the IR spectrum of this complex to the terminal Tiyands at the Féions (2116 cnt) and to
the bridging CNfligands of F& 4 {N «£os(dpa), fragments(2146 cif). We also expect that the
cn Stretch for F& € {N «£os(dpa), fragments should be observed as a shoulder of the 2184 cm

band, but it is masked by the peak at 2116'cm

7.6 Electrochemistry

The IR and Mossbauer spectralofind3 conclusively establish the presence of E&-ions,
which is the result of complete or partial electron transfer taking pladgag the synthesis. It
appears that contains predominantly L&€' ions, while3 contains the mixture of L&€" and
LS-Fe" ions, whose ratio is temperature-dependent. To understand these resismiee
redox properties of the precursors used for the preparatibif.of he processes of interest in the

present context are the oxidation of(fpayCl, DQG WKH UHGXFWLRQ RI >0« &1

Cyclic voltammograms (CV) were recorded on a CH Instruments 600D elsetnozal analyzer,

using a Pt disc working electrode, a Pt wire auxiliary electrode, andgéAg+ reference
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electrode containing 0.01 M AgN@nd 0.1 M BuNPF; in acetonitrile. CV measurements were
performed at room temperature undes, Mith a 0.1 M solution of BANPF; in DMF as
supporting electrolyte at the sweep rate of 0.1%-All the potentials were referenced to the
Fc'/Fc couple (Fc = ferrocene) which was added as an internal standard uporticongpleach
experiment. The formal potentials for corresponding half-reactions are shovabla 7.4. It is
obvious that [Co(CNJ>*should be electrochemically inert with respect to botg(dpa)Cl, and
Nis(dpa)Cl,. On the other hand, the higherBralue of the [Fe(CN)*7[Fe(CN)]** couple
relative to that of the G¢dpa)Cl,"/Cox(dpa)Cl, couple indicates the possibility to oxidize
Cos(dpa)Cl, by [Fe(CN}]** In the case of Njdpa)Cl,, however, the oxidation by [Fe(C§§*

is not feasible, although thg Evalues of the corresponding redox couples are quite close.

T%ble 7.)4|:_|E,2§L/zsllqlues for half-reactions involving §tipa)Cl, 0 &R 1L DQ@*>0-. &1

Redox couple Eip V (vs. FE/Fc) Reference
Cos(dpa)Cl,'/Cos(dpa)Cl, 0.32 165
Niz(dpa}Cl, /Nis(dpa)Cl, 0.49 44

[Fe(CN)]*7[Fe(CN)]** 0.41 This work
[Co(CN)]*7[Co(CN)e]** .45 This work

Of course, the relative redox potentials will be influenced by the foomati the CN-bridged
structure, but we do not expect these changes to be very dramatic. In fact, the algsieisima
accord with the findings of Mossbauer spectroscopy. Thé&d'Szenters prevail in sample
suggesting complete electron transfer fromy(@pa)Cl, to [Fe(CN)]**upon formation of this
complex. Since the Gd-e ratio in the elemental analysis formulalof ~2:1 (Table 7.1), the
oxidation state of about one half of the tricobalt unitd iis described as [¢&Cd"(dpa)]®”,
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while the other half remain in the original [Gdpa)f* state. A small amount of LE€" ions
was also observed in the Mdssbauer spectruth (@able 7.2), which can be due to either the

existence of trapped states or the presence of a minor impurity.

Sample3 is a mixed-valent system that exhibits an equilibrium betwbe LSFe' and LSFe"

ions, thus suggesting a partial charge transfer between thé&ghl]** and [Fe(CNY**
fragments. The PYFe' ratio increases for lower temperatures, which indicates thafehe
containing configuration is the ground state of the system. This ggeement with the analysis

of electrochemical data that showed the oxidation gfdga)Cl, by [Fe(CN}]**to be unlikely.
Nevertheless, the energetic proximity of the s[Mpa)]®*"/[Fe(CNX]** configuration to the
[Nis(dpa)]**/[Fe(CN)]** ground state results in the progressive population of the former as the

temperature is increased. Indeed, at 295 K tHgfe ratio already approaches 1 (Table 7.2).

7.7 XANES Spectroscopy

The Mdssbauer spectroscopy results convincingly demonstrate the mixedevafeFe in3.
Unfortunately, this method is not readily available for the study of tidatien state of Ni.
corroborate the partial charge transfer froms(®a)]?* to [Fe(CN}]** we turned to X-ray

absorption near edge structure (XANES) spectroscopy, which has been usezffastave tool

for the determination of oxidation state of various metal 16Hh3%’

The room-temperaturli K-edge XANES spectra & and4 reveal several contributions to the

absorption threshold that are resolved completely or partially (Figure. 7T8& strong

123



contribution A is due to the main dipols:1 p electron transition. The features B1 and B2 are
due to the 4: s transition, which is probably split by the crystal field. The weakepige
features C1 and C2 are caused by the dipole-forbidden crystal-field transitiothigocore &

level to the empty states ofl Bevel, which is possiblypthybridized by the ligand$? 1%

Figure 7.3:Ni K-edge XANES spectra & and4 (a) and their second derivatives (b). The main
spectral contributions are marked.

The shifts of main XANES contributions to the higher energies canaitedan increase in the
oxidation state of Ni. On the basis of foregoing discussion of electrachlentR, and
Mdssbauer data, compourddshould contain Ni only in the +2 state, whereas the average
oxidation state of Ni in3 should increase because of the partial charge transfer from
[Nis(dpa)]®* to [Fe(CN)]** One can estimate, however, that even at room temperature, when
the degree of charge transfer and the concentration"otdteers are the highest, the average
oxidation state of Ni should not exceed +2.09. Such a small difference wiltdilg resolved in

the Ni K-edge XANES spectra because of various peak broadening mechanismecdhe s

derivative of experimental spectra (Figure 7.3b) allows more accuratgatsh of the peak
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positionst®® Our analysis reveals that all XANES contributions experience pesitiifts upon
going from samplel to sample3 (Table 7.5). This points to a total positive shift of the entire

absorption threshold and to a corresponding increase in the average oxidation state of Ni.

Figure 7.4. Pre-edge features extracted from XANES spec8ad4. The fitting functions for
C1/C2 contributions are also shown to clearly demonstrate the sligho&tik pre-edge i3
relative to that ird.

Table 7.5: Positions of XANES main features derived from the minima afeitend derivatives
of the experimental spectra (see Figure 7.3b).

Position, eV
XANES feature : : Shift, eV
Ni-Co sample Ni-Fe sample
A 8346.75 8346.79 0.04
Bl 8338.27 8338.30 0.03
B2 8336.74 8336.77 0.03
C1 8333.87 8333.96 0.09
C2 8331.69 8331.75 0.06

The values of spectral shifts, however, are extremely small (argdtlse expected change in the
average oxidation state) and actually beyond the accuracy of the methayesnndlherefore,

we also evaluated the Ni oxidation state by analyzing the pre-edge features C1 ancatiCaravhi
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located around 8333 eV (Figure 7.3a). The intensity of these dipole-forbidden features i
approximately 30-35 times lower than the absorption edge intensity, bpbshmsn, shape, and
number of pre-edge peaks are very sensitive to the oxidation state and ¢mor@ingironment

of the 31 metal ion'®® **The pre-edge region is much less influenced by medium and long-
range crystal structure effect, which makes it more attractivehforatcurate estimation of

oxidation states than the second derivative of the experimental spectra.

The pre-edge features for sampBeand4 (Figure 7.4) were extracted by means of XANES pre-
edge analysis proposed in the literattfféThey consist of two contributions, C1 and C2 (a third,
small feature at 8336 eV is due to imperfection of pre-edge extractionpoEiten of C1 is the
same for both samples, but C2 is shifted to slightly higher energtes ispectmn of 3 relative

to its position in the spectrum df(by ca. 0.15 eV). This shift might indicatiee slight increase

in the Ni oxidation state.

0.04 Ni-Fe sample Cc2 1 0.04 Ni-Co sample Cc2
exp ex
------- fit /Cl / P ¢l

~ 0.03t 1 0.03t
5 ~ 0 5
2 0.02+ 2 0.02
© ©
T T

0.01¢t 0.01}

0.00E5 . . e 000w e

832 8330 8332 8334 8336 8¢ 8328 8330 8332 8334 8336 8:

E (eV) E (eV)

Figure 7.5: Fitting of XANES pre-edge features in sampl@sft) and4 (right).

Although XANES data suggest a slight increase in the averddation state of Ni in samplé
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relative to sampld, the exact value of this increase cannot be obtained, becausela salely
containing Ni* ions in a similar coordination environment is unavailable. Besidesextracted
shifts of main XANES contributions and the pre-peak centroid (Figure 7.5) spdwtrum of3

in comparison to the spectrum 4fare extremely small. Therefore, the XANES spectroscopy
results confirm a small increase in the Ni oxidation state, whichascord with the analysis of

Mossbauer data.

7.8 Magnetic Properties

We first present and discuss the magnetic behavidraoid4, which can be considered as model
compounds fofl and3, respectively, because they contain diamagnetid [CbI)¢]**fragments
and do not exhibit changes in the oxidation state afdpB)]** units as compared to the starting

materials.

At 300 K, the A value of2 is 3.74 emu-K-mat, which can be normalized to 1.82 emu-K-rhol
per [Ca(dpa)]?* unit. The latter value falls in the range @&F reported for symmetrad (1.28
emu-K-mof) and unsymmetri (2.47 emu-K-mof) forms of the Cg(dpa)Cl, starting
material'® Therefore, it can be assumed that both forms of the tricobalt unit aretpireske
structure of2, which is not at all unexpected, given the amorphous disordered nature of this
material. The temperature dependence Affor 2 essentially follows that of its precursor
complex and exhibits a gradual decrease as the temperature is IqWgy@@ 7.6a). This

decrease is associated with the well-established spin crossover toicbbalt cluster, which is

due to depopulation of th8 = 5/2 andS = 3/2 states in favor of th® = 1/2 ground state of
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[Cos(dpa)]?*. The field-dependent magnetization measured at 1.8 K exhibits the maximum value
of 2.53 R, or 1.23 R, per [Ca(dpa)]®* unit, at 7 Telsa (Figure 7.7), which is in good agreement

with the saturation magnetization of 1.B9reported for Cg(dpa)Cl,.*?

Figure 7.6:Temperature dependences $ffor 1 and2 (a) and3 and4 (b) measured in an
applied magnetic field of 0.1 Telsa.
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Nevertheless, unlike G@pa)Cl,, sample2 exhibits an abrupt increase off at lower
temperatures. Temperature-dependent magnetization measurements perforaero-field-
cooled (ZFC) and field-cooled (FC) modes showed a divergence betweerrGhand FC
magnetization curves at 4.8 K (Figure 7.8). Consequently, the alternatigic @c)

susceptibility was examined around this temperature, and this revealednrgglependent

peaks in the real and imaginary parts of the susceptibility (Figureing&t). The empirical

Mydosh parameter was calculated ) @s T T, wheret . is the temperature of the
Tx(log 5 log )

maximum in the Fvs. T curve at the corresponding frequency. The obtained valud/of
0.052(2) is in the range of typical for spin glasses (0.004-&’®8he spin-glass transition arises
from the magnetic superexchange coupling between thgd@a,]**, which is mediated by the
diamagnetic [Co(CN)3* bridges. Such coupling was also proposed to operate in other
assemblies with diamagnetic hexacyanometallate linKerd’* and was confirmed by

experimental evidenceé$

Figure 7.7 Field-dependent magnetizationhf2, and3 measured at 1.8 K.
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Figure 7.8 Temperature dependence of field-cooled (FC) and zero-field-cooled (ZFC)
magnetizations o2 measured in an applied magnetic field of 0.0005 Telsa. Inset: Tatuer
dependence of the real partaafmagnetic susceptibility at various frequencies.

Sample4 exhibits a 30K A value of 1.20 emu-K-mdl Normalizing this value gives ~ 0.76
emu-K-mof* per [Nb(dpa}]” unit, which is in good agreement with the value of 0.75
emu-K-moF* reported for Ni(dpax(dca} (dca = dicyanamide), a complex with a similar
coordination environment of the trinickel ufiiSimilar to the latter, thefl curve of4 gradually

decreases as the temperature is lowered and becomes close to aeré®& (Figure 7.6b),

owing to essentially complete population of the diamagnetic ground state.

The 300 K A value for sampld. is 3.33 emu-K-mdt, or 1.69 emu-K-mdt per [Ca(dpa)]®*
unit, which is slightly lower than the value observed for sanZp{¢.82 emu-K-moF). If no
electron transfer between [gdpa)]*" and [Fe(CNY**ions took place during the synthesis, the
A value of1 should increase relative to that &f The electron transfer, however, not only

results in diamagnetic Fecenters, buit is also expected to lower the spin state of the oxidized
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trimetallic units. Indeed, [Ggdpa)Cl,](BF,) exhibitalower A value (0.91 emu-K-mdlat 300
K)!® than Caq(dpa}Cl, (>1.28 emu-K-maf). Therefore, the decrease in th& value upon
going from2 to 1 is in agreement with the electron-transfer event establishedeobasis of
Mossbauer and IR data. Th@ of 1 gradually decreases with lowering temperature, but remains
quite large below 100 K, and even higher than #eof 2 (Figure 7.6 (a)). The maximum
magnetization value attained at 1.8 K and 7 Telsa is B&18r 1.11 R per [Ca(dpa)]** unit,
which is slightly lower than the value obtained for sampleyet again in accord with the

presence of diamagnetic'Fens and oxidized [Ggdpa)]** units in sampld..

The A value of3 at 300 K is 1.83 emu-K-md| or 1.05 emu-K-mdt per [Ni(dpa}]** unit, and

the A curve remains higher than that4fn the entire temperature range (Figure 7.6 (b)). This
agrees with the presence of paramagrieicé" ions in the sample. Below 50 K, th& value
reaches a plateau of ~ 0.35 emu-K-fhpker formula unit, which is close to the value of 0.375
emu-K-moF* expected for a singl§= 1/2 center. The saturation magnetization value of B74
per formula unit at 1.8 K and 7 Telsa is slightly lower than expgécteS = 1/2, which might be

explained by anisotropy of tlgefactor.

7.9 Summary

This study demonstrates that the trimetallic complexg&dph)Cl, (M = Co, Ni) are useful
building blocks for the construction of CN-bridged coordination frameworks. To the best of
knowledge, compoundk-4 represent the first examples of coordination polymers incorporating

the [Ms(dpa)]®* XQLWY 7KH ODWWHU DFW DV GLWAERSDD LRGW HUV FF
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Fe, Co) into an extended 2-D structure. The bulkiness of thé ldpads that surround the
trimetallic core in [M(dpa)]?* precludes the formation of a 3-D structure with the PB topology.
The unique properties of the trimetallic clusters translate into ititggedectronic and magnetic
behavior of the obtained extended structures. The combination of IR andbduéss
spectroscopy in conjunction with the analysis of redox behavior of the employed building blocks,
indicates the oxidation of [G@pa)]** ions by [Fe(CNJ**ions and partial charge transfer
between [Ni(dpa}]** and [Fe(CNJ**ions upon formation of the corresponding frameworks.
These findings incite us to further explore the chemistry of trimmetadlilding blocks, which

have implications for the preparation of coordination polymers capable of tdibi

temperature- and light-induced spin transitions.
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CHAPTER 8

MAIN RESULTS AND CONCLUSIONS

This dissertation focused on the studies of magnetic properties and elestrocitires of
trimetal complexes, a typical class of extended metal atomms(BMACS), usingdc and ac
magnetic susceptibility and high frequency electron paramagnetmnaiese (HF-EPR)
measurements. These complexes include: homometallic compoundédpagCl,,
Crs(dpa)CIBF, and heterometallic CrCrMn(dp®)l. and MoMoMn(dpa)Cl,. Spin-spin
relaxation timeT, was also measured on single crystals a{dpa)Cl,, in relationship to its
single molecule magnet behavior. The very long relaxation time aedected witim this
concentrated spin system. Work was also dedicated to expand the EMA&xesninto two or
three dimensional networks through the EMACs with Prussian blue analog(&Naf* (M =

Fe, Co). Below im summary of the important findings and conclusions from this work.

Chapter 3 described the detailed magnetic susceptibility and vafraljigency EPR studies on
the trichromium complex Gfdpa)Cl,- CH,Cl,, where Cr is in its rare oxidation state +2. This is
the first work that presented the observable EPR signals, whiles iteparted to be EPR silent
in earlier studies at X-barfd.Both magnetic susceptibility andF-EPR data revealed a total
spin S = 2 for this complexHF-EPR enables us to explore more information on the spin
Hamiltonian parametersy = 1.9978(4)gy = 1.9972(4), and, = 1.9808(4)D = +1.643(1) crit

E = +0.0339(4) crit at 30 K, as presented in this chapter. The large negative aroalield
splitting parameteb value is probably the reason that it was reported to be EPR *SilEne.

large negativé® value indicates that this complex might be a single molecule magnet (M)

133



PDIJQHWLF VXVFHSWLE Leduegnty $lepe@BPridelnf e Geak EeR@erdture under
slightly applieddc magnetic field of 0.1 Telsa. Thus this complex could be consider@des
class of field-induced SMM. Single crystal EPR measurements thome different rotation
plans identify the principak axis of theD tensorfor Crs(dpa)Cl,-CH,CI, to be along thé€r +
Cr£r chain, X axis perpendicular t& axis and parallel to unit celab plane, andY axis
perpendicular to botiX and Z axes. With this information, we were able to align the ¢rnysta
any desired orientation. Temperature dependence the EPR spectra shonsdua peak
broadening and eventual peak splitting at around 90 K, suggesting the dymetomie of the

central Cr chain.

Spin relaxation in single molecular magnets is of high interest for guamformation
processing.Chapter 4 presented tlgudy of spin spin relaxation tim& on the new SMM
complexCrs(dpa)Cl,- CH,CI, by pulsedEPR.T; of as long a.6 pswas found, théongest spin

spin relaxation time reported so far for a concentrated molecularmsy8&tong angular
dependence of, was also discovered in this compldx.could be tuned continuously from less
than 0.5 ps to up to 2.6 sy changing the orientation of the external magnetic field rel&ive
the crystal axes Such a strong@, anisotropy is unprecedented in molecular magnetism, and is
probably causedyy fluctuations of the electron spin bath due to spin state exchange of
neighboring molecules, which are magnetic-dipole couplgds finding provicgts a new
technique for controlling the decoherence tilmen a molecular magnet, using a single crystal

that contains tweymmetry relatedites in theunit cell.

HF-EPR studies on unsymmetrical compo@re(dpa)CIBF,-2CH,Cl, are discussed in Chapter
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5. Large negative zero-field splittifg of +1.620 cni" was found. This value is very close to
that for its parent symmetrical compour@ls(dpa)Cl,-CH,Cl,. Much weaker temperature
dependence dd value inCrs(dpa)CIBF,-2CHCl,, as compared to that f@rz(dpa)Cl,- CHyCl,.

is probably due to the definite Cr positions along the unsymmaétcicains in the former
compound. HF-EPR spectra on single crystalg{dpa)CIBF,-2CHClI,, also showed a gradual
peak broadening and splitting at low temperatures. But the peak sphttnpgrature is strongly
anisotropy, indicating a different peak splitting mechanism with thaCfg(dpa),Cl,- CH,Cl..
Density functional calculations were carried out on both symmetticédipa)Cl,- CH,Cl,, and
unsymmetrical compoun@rs(dpa)CIBF,-2CH,CI,, in order to shed some lights to the origin of
the unexpectedly similar spin Hamiltonian parametershiese two compounds. The unbroken
3-center-SHOHFWURQ 1 fourd PoHb&daunédirLtiie unsymmetrical compound, despite
the large CrCr---Cr distortion i@r3(dpa)CIBF,-2CHCl.. It is this 1bonding combination that
lead to their similaD values within the two complexes, because their major contributidhe to
D parametersRULJLQDWHYV IURP 6 20,2n@20SOMQ is thel, orbitals for both
complexes. It is also identified that theal E values from EPR data were induced by the
crystallization process, not the molecule itself. DFT calcutatilso supports the symmetry of
the Cr £r £r chain inCrz(dpa)Cl,- CH,CI, and the dynamic nature of the disordered central Cr.
A shallow curve of the energy gains.Cr £r £r distortion is theoretically predicted, accounting

for the versatile structures Gfr;(dpa),Cl, with different crystallization solvents.

Heterometallic complexes CrCrMn(dp@),- CH.Cl, and MoMoMn(dpa)Cl,-Et,O were studied
in Chapter 6. Two disorderddr=Cr---Mn andMo=Mo---Mn chains were also revealed in their

corresponding compounds by XRD experiméftsiF-EPR measurements discovered very
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similar D values for the two independent orientations molecules within
CrCrvin(dpa)Cl,- CH,Cl,. But two differentD parameters{(A) = 0.353 crit, D(B) = 0.294
cm?), are required to explain the HF-EPR data for MoMoMn(gPa)Et,O. The most striking
structural difference between the two complexes is the non-bondeatsoleiecules. Results
from DFT calculations on truncated model compounds (lacking themt), however, but do
not support this interaction as the major contribution. Thus it is propoaédhth quadruply

bonded MEMo unit magnifies the magnetic anisotropy of Mn in MoMoMn(d@&} Et,O.

Chapter 7 demonstrated our work on trying to expand the linear trimetalliplexes
Ms(dpa)xCl, (M = Co, Ni) into 2-D networks by using the Prussian blue analogu@s &]t*
DQLRQV 0+ aghhe BhRages. The bulkiness of the dpa ligand that surrounds the
trimetallic core in [M(dpa)]?* prevents the formation of a 3-D structures. The combination of
IR and Mdssbauer spectroscopy in conjunction with the analysis of redox drelbévihe
employed building blocks, indicates the oxidation of {@pa}]** ions by [Fe(CNY**ions and
partial charge transfer between jdipaX]?* and [Fe(CNY** ions upon formation of the
corresponding frameworks. This study represented the first examples of coordinagimerpol
incorporating the [M(dpa)]®* units. These interesting findings in their electron and charge
transfers incite us to further explore the chemistry of trimetalliadmgl blocks, which might

exhibit fascinating temperature- and light-induced spin transitions.
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