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ABSTRACT 
 

Extended Metal Atom Chains (EMACs) are compounds that consist of three or more metal 

atoms that are directly bonded with the support of equatorial organic ligands. This dissertation is 

focused on the high frequency electron magnetic resonance study of trimetal complexes, the 

simplest form of EMACs before moving to study of longer chains. Chapter 3 presents the 

detailed cw-EPR and ac/dc magnetic susceptibility studies of symmetrical trichromium 

Cr3(dpa)4Cl2. Large negative zero-field splitting parameter D and frequency dependence of 

imaginary part of magnetic susceptibility indicate the single molecule magnet nature of this 

complex.  The spin dynamics in Cr3(dpa)4Cl2 is studied in Chapter 4, which revealed the longest 

spin spin relaxation time T2 reported so far in concentrated molecular magnet. The strong angular 

dependence of T2 was also identified for the first time, providing us a unique way of tuning T2 by 

adjusting the orientation of magnetic field relative to the sample crystal. Chapter 5 describes the 

detailed cw-EPR study of an unsymmetrical trichromium compound Cr3(dpa)4ClBF4. Very 

similar magnetic properties were found as compared to its parent symmetrical counterpart 

Cr3(dpa)4Cl2 and the origin of this similarity was explored experimentally and theoretically from 

DFT calculations. Chapter 6 discusses the cw-EPR results on hetermetallic complexes 

CrCrMn(dpa)4Cl2 and MoMoMn(dpa)4Cl2. It was found that the seemly innocent diamagnetic 

Cr Cr and Mo Mo units are actually playing an important role in influencing the magnetic 

properties of Mn2+ center. Chapter 7 displays our efforts to expand the one dimensional trimetal 

complexes into multi-dimensions Prussian blue analogues through the [Fe/Co(CN)6]
3�± cyanide 

linkage. Interesting electronic and magnetic properties will be presented. Chapter 8 describes a 

summary of main results, which should contribute to the advancement and fundamental 

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 electronic structures of 

extended metal atom chain (EMAC) complexes. Specifically, these include the homometallic 

trichromium complexes Cr3(dpa)4Cl2 (dpa = di-2,2'-dipyridylamide) and Cr3(dpa)4ClBF4; and 

heterometallic complexes CrCrMn(dpa)4Cl2 and MoMoMn(dpa)4Cl2. This work represents the 

first major effort to study magnetic properties of EMACs in detail by using electron 

paramagnetic resonance (EPR) and highlights some intriguing electronic structures and magnetic 

properties of these compounds. The indication of single molecule magnet (SMM) behavior of the 

trichromium complex from ac magnetic susceptibility led us to study the spin spin relaxation 

time (T2) by pulsed EPR spectroscopy. The strong orientation dependence of T2 allows us to 

suggest a new method to control the T2 in a SMM. Efforts are also made to expand the EMAC 

complexes into three dimensional networks through the EMACs with Prussian blue analogues 

[M'(CN)6]
3�± (M = Fe, Co). Electron or charge transfer between M center in [M3(dpa)4]

2+ and M' 

unit in [M'(CN)6]
3�± is observed, depending on the specific metal atom pair. All this work should 

contribute significantly to the advancement in the field of EMACs. This chapter provides a brief 

introduction of EMACs, especially the trinickel, tricobalt and trichromium complexes studied in 

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

 

1.1 Introduction 

 

Extended metal atom chains (EMACs) are molecules that consist of a linear string of directly 
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bonded metal atoms, surrounded by organic ligands. They are an extension of the dinuclear 

compounds with metal-metal bonds. By using expanded bridging ligand, more metal atoms could 

be linked into the linear chain. Thus these compounds could provide impetus for the bottom-up 

approach to nanoelectronics.1 The simplest example of EMACs is trimetal complexes, which 

could be synthesized using the tridentate ligand di-2,2'-pyridylamide, dpa (Figure 1.1). 

 

 

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

 

  

 

Figure 1.2: Molecular structure of M3(dpa)4X2 shown perpendicular to the M3 chain (a) and 

along the M3 chain (b).  

http://en.wikipedia.org/wiki/Ligand
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These compounds have common molecular structure as shown in Figure 1.2. The trimetal chain 

is wrapped by four dpa ligand helically with a torsion angle of ~ 500 from end to end due to 

steric repulsions between opposite pyridyl hydrogen atoms in the dpa ligand. The metal ions are 

usually in +2 oxidation state and the axial ligands vary from halides (Cl�±, Br�±) to pseudohalides 

(CN�±, NCS�±)  and to more complex anions, such as BF4
�±, Ag(CN)2

�±�����&�A�&�3�K�± etc..  

 

Figure 1.3 displays the general sequence of molecular orbitals with dominant metal character for 

trimetal complexes M3(dpa)4Cl2.The d orbital manifold consists of bonding, nonbonding, and 

anti-�E�R�Q�G�L�Q�J���F�R�P�E�L�Q�D�W�L�R�Q�V���R�I���R�U�E�L�W�D�O�V���Z�L�W�K���1�����Œ���D�Q�G���/���V�\�P�P�H�W�U�\�����7�K�H���1���V�H�W���L�V���I�R�U�P�H�G���E�H�Wween dz
2 

orbitals along the trimetal chain, and their energies are most widely separated, due to the largest 

orbital overlap between adjacent metals���� �7�K�H�� �Œ�� �V�H�W�� �R�U�E�L�W�D�O�V�� �D�U�H�� �I�R�U�P�H�G�� �E�H�W�Z�H�H�Q�� �Gxz and dyz 

�R�U�E�L�W�D�O�V�����Z�K�L�F�K���K�D�Y�H���O�H�V�V���H�Q�H�U�J�\���V�H�S�D�U�D�W�L�R�Q�����Z�K�L�O�H���/���R�U�Eitals are closest in energy in relation with 

the almost negligible dxy orbitals overlaps. Even higher in energies are the three antibonding 

orbitals �1* between metal center and equatorial ligands. The reason for the central �1* orbital 

being highest in energy is that the deprotonated amino ligand is more basic than the pyridine 

ones and it has a shorter distance to the central M than the other two M-N bond lengths. And the 

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

levels is shown in Figure 1.3, but this order could change, depending on the specific molecular 

symmetry and molecular structures.  

 

The first example of EMACs is the trinickel complex NiII
3(dpa)4Cl2, through the di-2,2'- 

pyridylamide (dpa�±) ligand.2 This complex is described to have two high spin terminal Ni (II)  
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Figure 1.3: The schematic diagram of molecular orbital energies among M3(dpa)4X2.
3, 4 Their 

relative sequence of the energy levels might differ when the specific molecular structure changes 
from one species to another.  
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ions that couple to each other antiferromagneticaly through the low-spin diamagnetic central Ni, 

yielding a singlet ground state.5, 6 The coupling strengths are found to be inversely 

related,thought not quite linearly to the Ni···Ni separations, with the larger Ni···Ni distances, the 

weaker antiferromagnetic coupling and vice versa.6 This magnetic exchange coupling 

mechanism is proposed to be through the central Ni atom: the dz
2 orbital of the central Ni has an 

electron pair that becomes spin polarized by interactions with the unpaired spins in the dz
2 

orbitals of the terminal Ni atoms (Figure 1.4).6  This electron configuration is confirmed by the 

DFT calculation on Ni3(dpa)4Cl2.
3, 7 The 24 electrons are arranged in the sequence of 

�12�Œ4�/nb
2�/*2�Œnb

4�Œ*4�1nb
1�1*1�/M-N

*1�/M-N
*1 �L�Q�V�W�H�D�G�� �R�I�12�Œ4�/nb

2�/*2�Œnb
4�Œ*4�1nb

2�1*2. Note that both �W�K�H�� �1nb, 

�1* orbitals and the two high �H�Q�H�U�J�\�� �O�H�Y�H�O�V�� �Z�L�W�K�� �/M-N
*weight on the terminal Ni atoms and are 

singly occupied. The delocalization of the singly occupied �1nb �D�Q�G���1* orbitals on the central Ni 

atom is either forbidden by symmetry or remains weak otherwise, in accordance with the 

assignment of the spin polarization to the terminal atoms. The high-spin terminal atoms therefore 

behave as magnetic centers and give rise to the antiferromagnetic interactions. However, the 

superexchange coupling involving the �/ electrons via the dpa ligands could not be rule out. In 

spite of their different mechanisms, this antiferromagnetic coupling electron configuration is 

consistent with their molecular structures, magnetic data as well as DFT calculations.3, 5-7 

 

Subsequently, tricobalt,8 triruthenium,9 trirhodium,9 trichromium10 and tricopper11 complexes of 

dpa�± have been synthesized. In these complexes, the metal ions are usually in +2 oxidation state 

and the axial ligands varies from halides (Cl, Br) to pseudohalides (CN, NCS)  and to more 

complex anions (BF4, Ag(CN)2���� �&�A�&�3�K�� etc. The tricobalt compound Co3(dpa)4Cl2 has been 

extensively studies both experimentally and computationally, because the molecule could 
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Figure 1.4: Proposed pathway of magnetic exchange coupling between the Ni atoms along the 
trinickel chain.  
 

crystallize in a number of different solvates.12 The structures and magnetic properties were 

dramatically different, even if Co3(dpa)4Cl2 crystallize in the same solvate, such as 

dichloromethane.12 The symmetrical form Co3(dpa)4Cl2·CH2Cl2 is orthorhombic with space 

group Pnn2, while the unsymmetrical Co3(dpa)4Cl2·CH2Cl2 is a tegragonal form with space 

group I�±4. The former has equivalent Co-Co bond length 2.34 Å and the latter has different Co-

Co distances of 2.30 and 2.47 Å, as shown in Figure 1.5.12 Though symmetrical and 

unsymmetrical molecules of Co3(dpa)4Cl2 are clearly distinguishable in the solid state, solutions 

made from either s- Co3(dpa)4Cl2·CH2Cl2 or u- Co3(dpa)4Cl2·CH2Cl2 are identical and appear to 

be symmetrical molecules.13 Magnetic measurements show both crystal forms exhibit spin-

crossover behaviors, but their temperature dependent paths are different, as in Figure 1.6. For the 

symmetrical form, the effective magnetic mome�Q�W����eff has a plateau of 2.01 ��B between 8 K and 

160 K, indicating a spin 1/2 and g factor of 2.38, which agrees well with its magnetization data. 

As temperature increases above 160 K, ��eff increases �J�U�D�G�X�D�O�O�\���O�L�N�H���D���V�S�L�Q���F�U�R�V�V�R�Y�H�U���D�Q�G���G�R�H�V�Q�¶�W��

saturate till 350 K.  For the unsymmetrical form, the ��eff increases from 2.90 to 4.47��B from 10 K 

to 300 K. At low temperature of 10 K, the effective magnetic moment 2.90��B is higher than the 

expected value for a spin only 1/2 ground state. And the saturation value of 4.47��B at 300 K 

clearly suggests a spin of S = 3/2 and g factor of 2.52.  
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Figure 1.5: Molecular structures of symmetrical and unsymmetrical Co3(dpa)4Cl2 forms.  

 

 

Figure 1.6: Temperature dependence of effective magnetic moment for symmetrical form 
Co3(dpa)4Cl2 (a) and unsymmetrical form Co3(dpa)4Cl2. 
 

To understand these unusual magnetic properties, DFT calculations were carried out.14, 15 First 

computational work revealed only one symmetrical ground state S = 1/2, corresponding to the 

electron configuration 2A2, �1
2�Œ4�/nb

2�/*2�Œnb
4�Œ*4�1nb

1.14 �7�Z�R���Œ�� �V�H�W�V���D�Q�G���R�Q�H���/�� �V�H�W���K�D�Y�H���E�H�H�Q���G�R�X�E�O�\��

occupied and have no contribution to the metal-metal interactions. Two of the remaining 3 

�H�O�H�F�W�U�R�Q�V�� �I�L�O�O�� �W�K�H�� �1�� �E�R�Q�G�L�Q�J�� �R�U�E�L�W�D�O�� �D�Q�G�� �W�K�H�� �W�K�L�U�G�� �R�Q�H�� �J�R�H�V�� �L�Q�W�R�� �1nb orbital. No unsymmetrical 

doublet state is found in this work. The symmetrical high spin state is rationalized to be a 

promotion of one electron from the d�R�X�E�O�\�� �R�F�F�X�S�L�H�G���/�
�� �R�U�E�L�W�D�O���W�R���X�Q�R�F�F�X�S�L�H�G���1�
�� �R�U�E�L�W�D�O���� �Z�K�L�O�H��
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the �X�Q�V�\�P�P�H�W�U�L�F�D�O�� �K�L�J�K�� �V�S�L�Q�� �V�W�D�W�H�� �L�Q�Y�R�O�Y�H�V�� �W�K�H�� �D�� �/�
�:�/M-N* one-electron transfer.14  However, 

�W�K�L�V�� �D�V�V�L�J�Q�P�H�Q�W�� �G�R�H�V�Q�¶�W�� �I�X�O�O�\�� �H�[�S�O�D�L�Q�� �W�K�H�� �X�Q�X�V�X�D�O�� �V�W�U�X�F�W�X�U�D�O�� �F�K�D�Q�J�H�V�� �R�E�V�H�U�Y�H�G�� �L�Q�� �W�K�H��

unsymmetrical molecule at various temperatures.12 Re-examination of the electronic structures 

on Co3(dpa)4Cl2 is carried out recently by McGrady et al..15 And a new excited state 2B, which 

provides a smooth energetic pathway between the symmetrical ground state 2A2 and 

unsymmetrical excited state 4B is identified. 2B state could be described to be a high-spin Co(II) 

ion (S = 3/2) coupled to a high spin Co-Co bonded unit (S = 1) antiferromagnetically, yielding a 

total spin of 1/2. A spin flip within the Co-Co bonded unit result in 4B state, which has a high-

spin Co(II) ion (S = 3/2) attached to a low spin Co-Co bonded unit (S = 0), resulting in the total 

spin S =  3/2,15 as observed in the magnetic data.12  

 

Cr3(dpa)4Cl2 had been reported to be symmetrical16 until the detailed experimental work in 2004 

resolved its unsymmetrical structures (Figure 1.7).17 This confusion primarily lies in the fact that 

there are two crystallographically disordered chains CrCr···Cr, and Cr···CrCr with roughly 

equal amount. And the geometric average of these two orientations is equivalent to the 

symmetrical form. On replacing the axial ligand Cl�± with other coordination ligands Br�±, I�±, NO3
�±, 

CH3CN, BF4
�±, CN�±, SCN�±, OCN�±�����&�A�&�3�K�±, it is found that Cr�±Cr bond lengths are very different,  

depending strongly on the nature of axial ligands. It i�V�� �D�O�V�R�� �G�H�P�R�Q�V�W�U�D�W�H�G�� �W�K�D�W�� �W�K�H�� �V�W�U�R�Q�J�� �1��

donating ligands such as CN�± favor a symmetrical Cr�±Cr�±Cr chain, while the weak ligands such 

as BF4
�± lead to strongly unsymmetrical chains. Magnetically, these complexes all exhibit a �$�7 

value of about 3 emu·K·mol�±1 over a wide temperature range of 10-300 K, equivalent of total 

spin S = 2. The g-factor and Curie-Weiss constants vary slightly, depending on specific axial 

ligand pairs. Surprisingly, no EPR signal was observed from the frozen solution of these 
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trichromium complexes at X-band (~ 9.5 GHz) at 10 K.17 Spin unrestricted DFT calculation on 

Cr3(dpa)4Cl2 reveals a symmetrical ground state with electronic configuration �12�Œ4�/2�/nb
1�/*1�Œnb

2. 

�)�R�X�U���X�Q�S�D�L�U�H�G���H�O�H�F�W�U�R�Q�V���I�U�R�P���/nb�����/
*�����D�Q�G���Œnb orbitals give total spin of 2, agreeing well with the 

magnetic data. A slightly unsymmetrical state �Z�L�W�K���û�����&�U�±Cr) = 0.106 Å lies only 0.97 kcal·mol�±

1 above the ground state. Even the very unsymmetrical chain with �û�����&�U�±Cr) = 0.679 Å is only 

10.12 kcal·mol�±1 with respect to the symmetrical ground state, which could be well stabilized by 

the unsymmetrical axial ligands, such as Cr3(dpa)4ClBF4. 

 

 

Figure 1.7: Molecular structures of symmetrical (s-) and unsymmetrical (u-) Cr3(dpa)4Cl2.  

 

While changing the axial ligand is one way to modify the molecular symmetry and their 

properties of EMACs, developing new equatorial ligand is another important way to 

functionalize such complexes. A series of polypyridylamide ligands (Figure 1.8) have been 

developed to hold five,18, 19 seven,20 and nine21 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 desired in designing the specific 

property and functionality of complexes. So far, two types of heterometallic species have been 
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synthesized that have the metals in an MA�±MB�±MA or an MA�±MA�±MB arrangement. The first 

type of molecules synthesized are represented by CoPdCo(dpa)4Cl2,
22 CuPdCu(dpa)4Cl2, and 

CuPtCu(dpa)4Cl2.
23 The unpaired electrons from the terminal Co and Cu atoms are coupled 

antiferromagnetically through the central square planar diamagnetic d8 ions. But the coupling 

constants are small, as Pd and Pt do not accept spin density easily. John Berr�\�¶�V�� �J�U�R�X�S at the 

University of Wisconsin, Madison, pioneered the synthesis and study of the second type of 

heterometallic complexes. CrCrFe(dpa)4Cl2,
24 CrCrCo(dpa)4Cl2 and MoMoCo(dpa)4Cl2,

25 

CrCrMn(dpa)4Cl2
26 and MoMoMn(dpa)4Cl2

26 have recently been reported. The CrCr and 

Mo Mo quadruply bonded units are considered to be diamagnetic, the Fe (II), Co(II) and Mn(II) 

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

 

 

Figure 1.8: Polypyridylamide ligands for EMACs, which could respectively hold five, seven, and 
nine metal atoms along the chain.  
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corresponding magnetic properties. However, the diamagnetic Cr Cr and Mo Mo units do have 

substantial influence on the magnetic properties of the paramagnetic centers.26 Peng et al. also 

reported recently the compounds of RuRuNi(dpa)4Cl2 and RuRuCu(dpa)4Cl2,
27 which adopt an 

Ru2
5+�±M+ electron configuration, instead of the anticipated Ru(II)�±Ru(II)�±M(II) formulation. 

Therefore RuRuCu(dpa)4Cl2 has magnetic properties similar to many other Ru2
5+ complexes: an 

S = 3/2 ground spin state, while the observed magnetic moment for RuRuNi(dpa)4Cl2 results 

from the coupling between the spin of the Ru2
5+  (S = 3/2) and that of the heterometallic Ni+ 

center (S = 1/2). 

 

1.2 Outline 

 

The study of EMACs in this dissertation focuses primarily on their magnetic properties, since the 

large majority of these compounds contain unpaired electrons. This dissertation is organized as 

follows. Chapter 2 describes most of the instruments used in this work. More attention is paid to 

the three most used ones: QD-SQUID Magnetic Property Measurement System for magnetic 

susceptibility and magnetization measurements, Quasi-Optical homodyne Electron Paramagnetic 

Resonance for obtaining the overall spin Hamiltonian information and Quasi-Optical 

superheterodyne Electron Paramagnetic Resonance for single crystal measurements and spin spin 

relaxation study. Chapter 3 will present the detailed cw-EPR study of Cr3(dpa)4Cl2, a rare Cr2+ 

oxidation state complex which was reported to be EPR silent.17 The temperature dependence of 

both the powder and the frozen solution will be presented. Angular dependence of its single 

crystal was studied to identify the zero-field splitting tensor within this complex. Chapter 4 

presents the spin spin relaxation time T2 on Cr3(dpa)4Cl2 compound, a potential SMM as 

revealed by the ac magnetic susceptibility measurements. Detailed temperature dependence of T2 
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will be explored and the strong orientation dependence of the T2 is highlighted. Chapter 5 

describes the detailed cw-EPR study of Cr3(dpa)4ClBF4, a derivative of its parent compound 

Cr3(dpa)4Cl2. By removing one axial Cl lignad and replacing it with a weaker BF4 ligand, the 

trichromium chain becomes unsymmetrical. Both the magnetic properties and electronic 

structures of these symmetrical Cr3(dpa)4Cl2 and unsymmetrical Cr3(dpa)4ClBF4 compounds are 

compared experimentally and theoretically from DFT calculations. Hetermetallic complexes 

CrCrMn(dpa)4Cl2 and MoMoMn(dpa)4Cl2 are discussed in Chapter 6. The quadruply bonded 

Cr Cr and Mo Mo units are diamagnetic, leaving Mn2+ the only paramagnetic center in these 

complexes. However, the diamagnetic units do play an important role in influencing the 

magnetic properties of Mn2+ center, as revealed by our high frequency EPR measurements. 

Chapter 7 shows our initial efforts to expand the one dimensional chain complexes into three 

dimensions Prussian blue structures through Co3(dpa)4Cl2 and Ni3(dpa)4Cl2 linkage with 

[Fe/Co(CN)6]
3�± units. These two trimetal complexes are chosen as the start, mainly due to their 

relative less air-sensitive properties and easy handing during the synthesis. Finally Chapter 8 

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

EXPERIMENTAL TECHNIQUES 

 

This chapter presents a brief outline of basic principles and instrumental setup for the 

characterization techniques used in this dissertation. The techniques include: (1) 

Superconducting quantum interference device (SQUID), which is used to measure ac and dc 

magnetic susceptibility and magnetization; (2) Bruker Elexsys X-band and Q-band Electron 

Paramagnetic Resonance (EPR) spectrometer with Oxford Instrument VTU (Variable 

Temperature Unit); (3) Quasi-Optical Homodyne Multi-frequency EPR instrument with the 

microwave frequency range of 26 -550 GHz. (4) Quasi-Optical Heterodyne cw and pulsed-high 

frequency-EPR; (5) X-ray Diffractometer; (6) Perkin Elmer Spectrum 100 FT-IR spectrometer; 

(7) Perkin-Elmer-Lambda 900 UV-visible-near-IR spectrophotometer; (8) CH Instruments 600D 

electrochemical analyzer; (9) X-ray absorption near edge structure (XANES) spectroscopy; (10) 

Mössbauer spectroscopy; and (11) scanning electron microscope with an energy-dispersive X-

ray (EDX) technique.  

 

2.1 Superconducting Quantum Interference Device 28-32 

 

Our departmental Quantum Design SQUID magnetometer MPMS XL unit is an analytical 

instrument configured specifically to study the magnetic properties of small experimental 

samples over a broad temperature range of 1.8 K to 400 K, magnetic field range of  �±7 Telsa to + 

7 Telsa and ac frequency range of 0.01 Hz to 1500 Hz. It enables various measurement options 
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in this dissertation, such as the real and imaginary components of the ac magnetic susceptibility 

as a function of frequency, temperature, ac magnetic field amplitude and dc magnetic field value; 

The dc magnetic moment as a function of temperature and dc magnetic field. It offers �’  10�±8 emu 

sensitivity and allows measurements on small single crystals.  

 

Josephson junction, known as two superconductors coupled by a thin insulating barrier, is the 

key component in SQUID that provide extremely high sensitive measurements. A schematic 

diagram of the equivalent circuit of the dc-SQUID including the Josephson junctions is shown in 

Figure 2.1. When the magnetic sample is moving in and out of the pick-up coil, which is located 

inside of the superconducting magnet, a current will be generated in the closed superconducting 

loop. This superconducting loop consists of a pick-up coil and an input coil. The input coil is 

coupled magnetically to the primary coil of the SQUID, which consists of two 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 the coupled magnetic flux from 

the input coil.  As the external magnetic flux increase, the screening current increases. Once the 

screening current reaches its critical current for the Josephson junctions, a voltage appears across 

the two junctions and the primary coil loop is not in the superconducting state any more at this 

moment. With the voltage across the two junctions, it will switch the current direction inside the 

primary coil and the Josephson junctions return back to superconducting state. The current inside 

the primary coil increases again as external magnetic flux continue to increase until it reaches its 

critical current. So the screening current in the SQUID and output voltage are oscillating as a 

function of the magnetic flux from the sample. By measuring the output voltage, one can retrieve 

the sample magnetic moment during measurements.  
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The superconducting magnet is working at liquid helium temperature and could be charged to a 

maximum of ±7 Tesla with high homogeneity of ± 0.01% within 40 mm length. The MPMS 

features a Continuous Low Temperature Control from 1.8 �± 400 K and temperature sweep rate 

from 0.001 to 10 K/min. The temperature control system elements are shown in Figure 2.2. The 

9 mm diameter cylindrical sample chamber is housed inside a vacuum jacketed cooling annulus. 

Helium gas drawn from the dewar through a pair of capillary tubes at the bottom of the chamber 

flows around the sample chamber inside the cooling annulus to provide uniform temperature 

control. There is a gas heater at the bottom of the sample chamber and a chamber heater wrapped 

around the sample tube, providing necessary heating. Two negative temperature coefficient 

thermometers are used to measure the temperature. One thermometer is at the center of the 

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

 

 

 

Figure 2.1: Scheme of equivalent circuit of the dc-SQUID for a magnetometer.  
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Figure 2.2: Temperature Control Module Elements. 

 

2.2 X-band and Q-band Electron Paramagnetic Resonance33-36 

 

Interchangeable X-band (~ 9.5 GHz) and Q-Band (~ 35 GHz) measurements are available on our 

departmental facility Bruker Elexsys E 500 EPR spectrometer, with a Zeeman field from 0-1.5 

Telsa. Temperature is controlled through Oxford Instruments liquid Helium continuous 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 Instrument37, 38 

 

This Quasi-Optical Homodyne Multi-frequency EPR instrument is home-built at the National 

High Magnetic Field Laboratory in Tallahassee, Florida with microwave frequency range of 95 

GHz-550 GHz. These variable microwave frequencies are obtained through Gunn diode 

generator, combined by a Schottky-diode multiplier. The microwave is directed by a system of 

mirrors, enters a corrugated waveguide and reaches the sample. Then the microwave gets 

reflected from the sample and travel further through a system of mirrors to a liquid-Helium 

cooled bolometer detector (InSb mixer). The quasi-optical arrangement and the use of a 

corrugated waveguide minimize the microwave power losses. The microwave entering into the 

sample and that reflected from the sample into the detector are polarized perpendicularly,  
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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 employed in this instrument. The 

magnetic field from 0 up to 15 Telsa is enabled by factory-calibrated superconducting magnet, 

with highest field sweep rate of 8 mT/s. Field modulation and phase-sensitive detection using a 

lock-in amplifier is employed. Polycrystalline powder, sealed liquid sample are suitable for 

measurement. Temperature control is achieved with an Oxford Instruments CF1200 continuous-
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flow liquid-helium cryostat and an ITC503 controller, over the range of 3-300 K, with a 

precision of 0.1 K.  

 

2.4 Quasi-Optical Spuerheterodyne cw and pulsed HF-EPR39, 40 

 

In the instrument, available frequencies 120, 240 and 336 GHz are obtained by a phase-locked 

microwave source with Schottky multipliers. The Quasi-optical properties are similar to those 

describe above: the generated microwave enters the millimeter-wave bridge, reflected by a 450 

Faraday rotator, and then incident on the sample after passing Martin �±Pupplett interferometer , a 

polarization converter. The signal detection component is configured as superheterodyne that 

results in much better sensitivity. In a heterodyne, the EPR signal is not directly observed at the 

frequency of the incident microwaves, but rather is mixed with a second microwave frequency to 

generate a difference frequency of 6 GHz in this setup. Another 6 GHz phase shifter is equipped 

in the reference channel, which enable the two signal 900 phase 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 polarized microwaves and detecting the 

signal in the cross-polarized reflected mode. The superconducting magnet provides magnetic 

field up to 12.5 Telsa. Temperature is controlled over the range of 1.27 �± 400 K using also an 

Oxford Instruments CF-1200 continuous-flow helium cryostat in a slightly improved way, with a 

precision of about 0.05 K.  

 

Obtained HF-EPR spectra are compared with those simulated theoretically, using the computer 

program SPIN written by Andrew Ozarowski. This program involves the matrix diagonalization 
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of the electron Zeeman (g) and the zero-field splitting tensors D and E for a given value of spin 

in the molecular frame. The spectra are simulated with a given set of g, D and E parameters and 

a line shape of a Gaussian or Lorentzian form  (or their mixture), and visually compared with the 

experimental ones. The parameters are varied until a visually satisfactory fit is obtained. For the 

 

 

Figure 2.5: Schematic diagram of the Quasi-optical Superheterodyne cw and pulsed-EPR 
instrument.  
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case of a powder sample, the simulation process involves constructing a powder pattern, by 

averaging over all spatial orientations of the single crystal with respect to the magnetic field. I 

am grateful to Dr. Han van Tol and Dr. Andrew Ozarowski for their continuous help during this 

study. 

 

2.5 X-ray Diffractometer 

 

Powder X-ray diffraction is performed on a Rigaku DMAX 300 Ultima III powder X-ray 

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

 

Single crystal X-ray diffraction is carried out on a Bruker AXS SMART diffractometer equipped 

with an APEX-II CCD detector. In a typical experiment, a selected single crystal is suspended in 

Paratone-N oil (Hampton Research) and mounted on a cryoloop, which is placed in an N2 cold 

stream and cooled down to the desired data collection temperature. The data sets were recorded 

as �&-scans at 0.30 step width and integrated with the Bruker SAINT software package.41 The 

space group determination is performed with XPREP,42 whereas the solution and refinement of 

the crystal structures were carried out using the SHELX programs.43 The final refinement was 

performed with anisotropic atomic displacement parameters for all but H atoms. Almost all of 

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

 

2.6 Infrared Spectrometer 

 

Infrared (IR) spectra were measured in the 600-4000 cm�±1 range on solid samples pressed on a 



22 
 

zinc selenide crystal of the universal attenuated total reflectance (ATR) 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-Elmer-Lambda 900 UV-visible-near-

IR spectrophotometer equipped with a 160 mm integrating sphere. The spectra were collected as 

total reflectance spectra and converted to Kubelka-Munk units with the help from Dr. Adrian 

Lita. 

 

2.8 Electrochemistry 

 

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

using a Pt disc working electrode, a Pt wire auxiliary electrode, and an Ag/Ag+ reference 

electrode containing 0.01 M AgNO3 and 0.1 M Bu4NPF6 in acetonitrile. CV measurements were 

performed at room temperature under N2, with a 0.1 M solution of Bu4NPF6 in DMF as 

supporting electrolyte at the sweep rate of 0.1 V·s�±1. All the potentials were referenced to the 

Fc+/Fc couple (Fc = ferrocene) which was added as an internal standard upon completion of each 

experiment. 

 

2.9 XANES Spectroscopy 

 

The X-ray absorption near edge structure (XANES) spectra were collected at C beamline of 
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DORIS-III storage ring (HASYLAB/DESY, Hamburg, Germany). The spectra were acquired at 

K-Ni absorption edge (8333 eV) in transmission mode at room temperature. The double-crystal 

Si(311) monocromator with the energy resolution of ~8.5×10�±5 dE/E (~0.7 eV at 8333 eV) was 

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

 

2.10 Mössbauer Spectroscopy 

 

Mössbauer spectra were acquired using a conventional constant acceleration spectrometer 

operated in multi-channel scaling mode. The gamma-ray source consisted of ~60 mCi of 57Co in 

a rhodium metal matrix that was maintained at ambient temperature. The pulse height analysis 

spectrum for the 57Co/Rh 14.4 keV gamma-ray source was determined using a Reuter-Stokes gas 

proportional counter filled to 1 atm with a Kr/CO2 gas mixture. The isomer shifts were 

determined relative to the center of an Fe foil absorber. Dr. Andrew Ozarowski helped on the 

measurements.  

 

2.11 Scanning Electron Microscope 

 

Elemental analysis is carried out on a JEOL 5900 scanning electron microscope with an energy-

dispersive X-ray (EDX) microanalysis. I thank Dr. Corey M. Thompson and Dr. Robert Goddard 

(NHMFL) for assistance with the EDX analysis.  
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CHAPTER 3 

MAGNETIC PROPERTIES OF Cr3(dpa)4Cl2 (dpa =  Di-2,2'- 

PYRIDYLAMIDE): A S = 2 SINGLE MOLECULE MAGNET 

 

This chapter describes detailed high frequency, high field-EPR (HF-EPR), magnetic 

susceptibility, and density function calculation studies on Cr3(dpa)4Cl2, I ,  a linear chain of three 

Cr(II) ions. I  is the simplest example of Extended Metal Atom Chains (EMACs). Many well 

resolved HF-EPR peaks were detected for the first time for I , in contrast to its earlier mentioned 

EPR-silent behavior.17  

 

3.1 Introduction 

 

Extended Metal Atom Chains (EMACs) have been subject to research interests for decades 

because of their potential applications in molecular conductors and switches 44-46 and their 

versatile structures as a consequence of changes in axial ligands as well as crystal environment. 5, 

10, 11, 16, 17, 47-50 Among them, Cr3(dpa)4Cl2, I ,
10 attracted our attention due to its rare +2 oxidation 

state of Cr [3d4]. I  is also the simplest example of the EMACs, without much complication from 

hyperfine effects since the dominant Cr isotopes (52Cr , 54Cr, natural abundance 90.5%) have no 

nuclear spin, hence they are good models for achieving a fundamental understanding of the 

metal-metal bonding and electronic structures of these complexes. The compound I· CH2Cl2 was 

first synthesized by Cotton et al.,10 and was reported to belong to the space group of Pnn2 with 

symmetrical Cr�±�&�U�� �E�R�Q�G�� �O�H�Q�J�W�K�V�� �R�I�� ������������ �Ö����Each Cr was a divalent ion, with a 3d4 electron 
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configuration and coupled antiferromagnetically to its neighbors, yielding a total spin S = 2, as 

confirmed by dc magnetic susceptibility measurements.16 DFT calculations were then used to 

support this assignment, and it was concluded that the ground state was indeed symmetrical, with 

four unpaired electrons, but with a slightly unsymmetrical configuration, located at only 0.97 

kcal/mol above the ground state.51 Reexamination of I· CH2Cl2 in 2004 by the �&�R�W�W�R�Q�¶�V���J�U�R�X�S17 

revealed, however, this central Cr among the Cr�±Cr�±Cr chain to be disordered in two positions 

�Z�L�W�K���W�K�H�L�U���G�L�V�W�D�Q�F�H���û��d = 0.224 Å, while confirming its unit cell parameters and total spin of 2. It 

was also mentioned that complex was essentially EPR-silent at X-band when using frozen 

solution of Cr3(dpa)4Cl2 / CH2Cl2 even down to 10 K.17 �³�(�3�5���V�L�O�H�Q�F�H�´���I�R�U���L�Q�W�H�J�H�U-spin system is 

usually caused by a very large zero-field splitting (D), which exceeds the microwave quantum 

energy of 0.3 cm-1 for X-band or 1.2 cm-1 for Q-band.35, 52 A high frequency high magnetic field 

EPR (HF-EPR) study was thus thought worthwhile and the complex I ·CH2Cl2 was investigated 

utilizing HF-EPR facilities available at the National High Magnetic Field Laboratory (NHMFL) 

in Tallahassee, FL. As discussed below, we detected strong and well-resolved HF-EPR spectra at 

higher microwave frequencies that remain well resolved even at room temperature, implying a 

robust S = 2 ground state.  

 

3.2 Synthesis 

 

Complex I  was synthesized using the literature procedure.10, 17 Typically, 0.628 g, 4.00 mmol of 

di-2,2'-dipyridylamine (Hdpa) ligand was dissolved in 20 mL of tetrahydrofuran (THF) in a 100 

mL schlenk flask, followed by cooling with aceton/dry ice bath down to �±78 °C. While cooling, 

4 mmol of Methyllithium was added dropwise with stirring to prevent the accumulation of heat 
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released from this deprotonation process. The clear solution turned milky white and upon 

reaction completion, the mixture was allowed to warm up to ambient temperature. 0.368 g, 3.00 

mmol of anhydrous CrCl2 was added to the above mixture and the suspension was heated up and 

refluxed for 6 h under N2 flow. The color of the mixture gradually turned red and then dark green. 

The resulted dark green precipitate was filtered off and the solid was washed several times with 

THF to remove any excess ligand. After drying, the green precipitate was redissolved in 30 mL 

air-free dichloromethane (DCM) solvent in a new schlenk flask and 30 mL of hexane was 

layered carefully on top of it. Dark-green crystals of size 1mm×1mm×1mm were 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 single crystals with help from Dr. 

Ronald Clark�¶�V���K�H�O�S�� 

 

3.3 Molecular Structure 

 

  

 

Figure 3.1: (a) Molecular structure of complex Cr3(dpa)4Cl2, I ;
10, 16 Red atoms are Cr, Green Cl, 

Blue N, while light Grey balls represent C. H atoms are emitted for clarity; (b) Molecular 
structure of I  viewed along the Cr�±Cr�±Cr 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 of direct metal-metal 

bonding in 1990.53 The crystal structures of trichromium complex I was first reported in 1997,10 

as shown in Figure 3.1 (a). Three Cr atoms form direct metal- metal bonding, wrapped by four 

dpa ligand with a paddle wheel pattern (Figure 3.1 (b)). Two Cr�±Cr distances are equivalent with 

the value of 2.365 Å. Cl atoms are capped to both ends of chromium chain with identical Cr�±Cl 

distance of 2.551 Å. Careful study of the ellipsoid structure of I  revealed an elongation of the 

central Cr electron clouds deviating from a sphere structure. This prompted Berry et al. to 

restudy the molecular structure.17 The structure is better explained by the disordered central Cr at 

 

 

Figure 3.2: (a) Reinterpretation of molecular structure for I ·CH2Cl2,
17 with the central Cr 

disordered at two positions; and (b) A cartoon of the Cr�±Cr�±Cr chain, showing the 
antiferromagnetic interaction between the nearest neighbors.  
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two different positions along the Cr�±Cr�±Cr chain. The distance between the two disordered 

positions is 0.224 Å. The nature of this disorder (static or dynamic), however, remained unclear. 

Interestingly, despite the disorder of the central Cr atom, the Cl�±Cr distances on both ends are 

the same, 2.550 Å.  Thus the two fold symmetry perpendicular to the chain is not destroyed by 

the disorder. A slight bending of the Cr�±Cr�±Cr chain is also noticed. Important structural 

information and unit cell parameters of I ·CH2Cl2 from different reports are compared in Table 

3.1.   

 

Table 3.1: Crystallographic comparison between the reported structures for Cr3(dpa)4Cl2·CH2Cl2. 
Cl0�±Cr1�±Cr2�±Cr3�±Cl4 

 
Cr3(dpa)4·CH2Cl2  1997 10 2000 16 2004 17 

Crystal system Orthorhombic Orthorhombic Orthorhombic 

Space group Pnn2 Pnn2 Pnn2 

a, Å 12.996(2) 12.996(2) 12.996(2) 

b, Å 14.1381(8) 14.1381(8) 14.1381(8) 

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

Cl0�±Cr1, Å 2.551(2) 2.549 (2) 2.550(2) 

Cr1�±Cr2, Å 2.365(1) 2.366(1) 2.254(4) 

Cr2�±Cr3, Å 2.365(1) 2.366(1) 2.477(4) 

Cr1�±Cr3, Å 4.729(2) 4.731(2) 4.731(2) 

Cr3�±Cl4, Å 2.551(1) 2.549 (2) 2.550(2) 

Angle, deg (Cr1�±Cr2�±Cr3) 178.85 179.00 178.98 

������deg 90 90 90 

V, Å3 2081.9(4) 2081.9(4) 2081.9(4) 

Z 2 2 2 

R indices (all data) R1 = 0.0557 

  

R1 = 0.053 

 wR2 = 0.118 

R1= 0.0533 

 wR2 = 0.1155 
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3.4 Magnetic Susceptibility 

 

3.4.1 dc Magnetic Susceptibility   

 

Variable-temperature dc magnetic susceptibility (�$) data were obtained on a microcrystalline 

powdered sample of I ·CH2Cl2 with an applied 200 G magnetic field in the 1.8-300 K range. The 

diamagnetic correction �$d was derived to be 11.5×10-4 emu/mol according to the literature 

method. 54 

 

 

Figure 3.3: Plot of �$�7��vs T and �����$��vs T for I ·CH2Cl2 from 1.8 K to 300 K. �$�7 saturates at ~ 3.05 
emu·K ���P�R�O���������$ vs T is linear, with a diamagnetic correction of 11.5×10-4 emu/mole. Red lines 
are theoretical fits, confirming the S = 2 ground state.  
 

�����$ vs T is plotted in Figure 3.3, where �����$��is seen to vary linearly with T over the whole 

temperature range of 1.8-300 K. By fitting the data to the Curie-Weiss law 55 using a least-
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squares procedure, we find C = 3.065 emu·K/mol and �� = �± 0.251 K, with an R-value of 0.9999. 

Figure 3.3 also shows a �$�7 vs T plot with an observed high-temperature �$�7 value of 3.05 

emu·K/mol. Comparing this value to the expected value of 3 emu·K/mol for an S = 2 system 

with g = 2.0,55, 56 it is clear that this compound has a ground state S = 2. �$�7 remains at an almost 

constant value of 3.05 emu·K/mol in the temperature range of 30 K and 300 K, indicating that 

the exchange coupling between the neighboring Crs along the chain in I ·CH2Cl2 is very strong. 

Below 30 K, �$�7 value starts decreasing which could be attributed to the zero-field splitting of the 

quintet state and/or intermolecular interactions. Our data and conclusions agree with those 

reported earlier.16 The exchange interactions along the Cr1�±Cr2�±Cr3 chain has a form 

�¨  = -2J1 ���Å1 �Å2 �����Å2 �Å3) - 2J2�Å1 �Å3  

The interaction between atoms 1 and 3 is expected to be much smaller than the interactions 1, 2 

and 2, 3. The energies of possible spin states can be found using the well-known Kambe 

�D�S�S�U�R�D�F�K���>�����@�����7�D�N�L�Q�J���W�K�H���µ�L�Q�W�H�U�P�H�G�L�D�W�H���V�S�L�Q�¶���Å�¶�  �Å1+ �Å3 and the total spin �ÅT � �Å1���Å2���Å3� ���Å
�¶���Å2 

we have �¨  = -2J1 �Å2 �Å
�¶ - 2J2�Å1 �Å3 and the energies of the |ST���6�¶�!���V�W�D�W�H�V���F�D�Q���E�H���Z�U�L�W�W�H�Q���D�V 

E(ST���6�¶����� �����-1+J2���6�¶���6�¶���������± J1ST(ST+1) + J1S2(S2+1) 

+J2{ S1(S1+1)+ S3(S3+1)} 

The terms on the second line contribute the same amount to each energy level and can thus be 

�R�P�L�W�W�H�G�����7�K�H���6�¶���Q�X�P�E�H�U���F�D�Q���D�V�V�X�P�H���Y�D�O�X�H�V���I�U�R�P�������W�R���������_�61-S3| to S1+S3������ �)�R�U���H�D�F�K���6�¶���W�K�H�U�H���D�U�H��

ST �Y�D�O�X�H�V�� �I�U�R�P�� �_�6�¶-S2�_�� �W�R�� �6�¶���62. With antiferromagnetic (negative) J1, the minimum energy 

occurs for the quintet state |ST���6�¶�!� �_�������!���� �(������������ � �� �����-1+20J2, and the next lowest level is a 

triplet state with E(1,3)= 10J1+12J2 

For inverting this energy sequence, J2 would have to be ferromagnetic and larger than �± J1/2, 

which is unlikely. Spectrum of the S = 2 state only is seen in EPR at all temperatures (see below). 
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Also, the product �$T is constant except for the decay at the lowest temperatures, indicating that 

the S = 2 state is the only one populated and therefore, J1 is too large to be determined from the 

magnetic susceptibility data. 

 

Therefore, the magnetic susceptibility data are analyzed by using the spin Hamiltonian: 

H = ���+· g·S + D [Sz
2 �± (1/3) S(S+1)] + E (Sx

2 �± Sy
2)                                                            Eq. (3.1) 

where as usual the symbols S is the electron spin, �� is electronic magneton, and g represents the 

gyromagnetic ratio. The first term comes from the Zeeman splitting, while the second and third 

terms denote the axial and rhombic zero-field splitting terms respectively. The effect of the 

rhombic zero-field splitting E term on the magnetic susceptibility is small and was not taken into 

account. The principal magnetic susceptibilities can be derived from the van Vleck equation55 as  
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Fitting of the magnetic susceptibility data by applying Eq. (3.2)-(3.4) resulted in the spin 

Hamiltonian parameters g// = 1.998(9), g�O= 2.031(5) and D = �± 1.65 (5) cm-1. The magnetic 

susceptibility is not sensitive to the sign of D and another set of parameters could also be used to 

fit the data: g// = 2.013(6), g�O= 2.022(2), |D| = 1.99 (2) cm-1. The sign of D could not be 

determined exclusively from magnetic susceptibility data only, thus EPR was needed to obtain 

the sign.  
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3.4.2 ac Magnetic Susceptibility   

 

The above discussed dc magnetic susceptibility (�$) data showed �$�7 value of 3.0 emu·K/mol, 

confirming ST = 2 with g = 2.0.16, 57 The possibility of a large negative D value, indicating this 

complex might be a single molecule magnet. ac magnetic susceptibility (�$') and  (�$'') were 

examined at various temperatures, but no frequency dependence was observed in the absence of 

an applied magnetic field. Under 0.1 Telsa dc magnetic field, however, the frequency 

dependence of �$' and �$'' 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 Figure 3.4. But frequency 

dependence disappeared at dc field of 1 Telsa or higher.  

 

It is usual to analyze �$ac in terms of a relaxation time �2, where �2 is taken to be �2 = �������� �D�W�� �W�K�H��

temperature where the peak appears. �2 is assumed to follow an Arrhenius behavior. 

1/�2� 1/�20 exp(-Ueff/kT)                                                                                                   Eq. (3.5) 

Figure 3.5 shows a linear relationship of relaxation rate with 1/T. Least-square fit of this plot to 

Eq. (3.5) gives effective energy barrier Ueff, 9.6 K with constant 1/�20 = 2.2×105 s-1. This energy 

barrier is in excellent agreement with that expected�ŠD·S2�Švalue of 9.6 K.58 This frequency 

dependence of  �$'' with applied magnetic field indicated I ·CH2Cl2 is a field induced single 

molecule magnet, due to the only paramagnetic property in the temperature range of 1.8 K to 300 

K57 and no other magnetic feature would induce the frequency dependence. The absence of 

frequency dependence at 0 dc field is probably due to the low energy barrier and fast tunneling at 

1.8 K.59 Millikelvin magnetization measurements on I ·CH2Cl2 should help reveal its SMM 

behavior.  
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Figure 3.4: Frequency dependence of �$'' for I ·CH2Cl2 with applied dc magnetic field of 0.2 Telsa 
(a) and 0.5 Telsa (b), respectively. The peak temperatures shift to higher ones as the dc magnetic 
field increases from 0.1 to 0.5 Telsa. 
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Figure 3.5: Plot of relaxation rate v.s. reciprocal temperature for complex I ·CH2Cl2 with applied 
dc field of 0.5 Telsa in the oscillating frequencies from 200 to 1,500 Hz. The solid red line is 
least-squares fitted to the Arrhenius equation Eq. (3.5), with the activation energy of ~ 10 K. 
 

3.5 Electron Paramagnetic Resonance on Powder  

 

With the indication of a large negative D value from the above magnetic susceptibility data, EPR 

measurements were carried out over the wide frequency range of 35-432 GHz. Spectra of a S = 2 

state were observed at all temperatures and frequencies. The EPR spectra were analyzed by using 

the spin Hamiltonian Eq. (3.1) given above. 

 

3.5.1 Q-band EPR  

 

Since earlier EPR studies17 had reported complex I ·CH2Cl2 to be EPR silent at X-band (9.5 GHz), 

we attempted to verify this conclusion. Our own X-band measurements on a powder of I ·CH2Cl2 
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showed a single unsymmetrical peak at around 0.46 Telsa with peak-to-peak width of 0.05 Telsa. 

 

Figure 3.6: (a) EPR spectrum for powder sample of I ·CH2Cl2 at 34 GHz, 298 K. The thick black 
curve is the experimental spectrum, while the thin red line is the simulation with gx = 1.995(5), gy 

= 1.995(5), gz= 1.975(5), D =�G1.620(2)�G cm-1 and E = �G0.033(1) �G cm-1 for a S = 2 system. The 
�S�H�D�N���Z�L�W�K���³�
�´���L�V���D�V�V�L�J�Q�H�G���W�R���W�K�H���L�P�S�X�U�L�W�\�����V�L�Q�F�H���L�W���Y�D�U�L�H�V���D�P�R�Q�J���G�L�I�I�H�U�H�Q�W���E�D�W�F�Kes of samples. (b) 
Energy level diagrams for H//z, H//y, and H//x are plotted in black solid, magenta dash dot, and 
blue dash lines respectively. The EPR transitions and their corresponding experimental peaks are 
guided by the vertical dashed line.  
 

As the spin ground state of I ·CH2Cl2 was known to be S = 2, a single peak was clearly 
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unexpected. We then extended the measurements to Q-band (34 GHz). As can be seen in Figure 

3.6, we observed an intense spectrum at this frequency, and at 298 K. With the knowledge of S = 

2 from the magnetic susceptibility data, we can simulate the spectrum using the program SPIN 60, 

61 with gx = 1.995(5), gy = 1.995(5), gz= 1.975(5), D � ���G�����������������G���F�P-1 and E � ���G�������������������G���F�P-

1, as illustrated in the red curve in Figure 3.6 (a). The simulation fits the experimental spectrum 

quite well. The first peak corresponds to the transition from H//z direction (molecular main axis) 

as shown in Figure 3.6 (b), while the other two peaks are from the H//y and H//x direction, 

�U�H�V�S�H�F�W�L�Y�H�O�\���� �7�K�H�� �S�H�D�N�� �O�D�E�H�O�H�G�� �³�
�´�� �L�V from an impurity, as its intensity changed from batch to 

batch. Simulation of the spectra, however, is insensitive to the sign of D. As this limited 

information of EPR transitions at Q-band did not allow accurate determination of the parameters, 

we resorted to high frequency high field EPR spectrometer available at NHMFL.37, 62   

 

3.5.2 High Frequency EPR (56-400 GHz) 

 

HF-EPR measurements were made on a powder sample of I ·CH2Cl2 to ensure that the spectra 

are typical of the bulk preparation. About 30 mg of single crystals of I ·CH2Cl2 were collected, 

ground into powder and loaded in the sample capsule. Figure 3.7 shows typical EPR spectra at a 

frequency of 224 GHz and temperature of 280 K (a) and 5 K (b). At this high frequency, many 

more well resolved peaks become observable than those in X or Q bands. To assign these peaks 

to the various spin energy levels, the spectra were simulated using the program SPIN.60, 61 The 

best-fit simulations are also shown in Figure 3.7 (a) (b) (red curves). Figure 3.7 (c) illustrates an 

energy level diagram at 5 K with magnetic field parallel to the main, molecular axis, as 

highlighted by the dashed lines. Note that the intensity of the peak at about 2.7 Telsa shows the 
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largest increase  in intensity on  temperature decrease from 280 K to 5 K, indicating that this is 

the ground state transition from mS = �± �����:��mS = �± 1. This observation in return established the 

sign of D to be negative. All other peaks involve higher energy levels and decrease in intensity. 

In particular the peak involving the transition from mS � ���������:��mS = +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 the D and E values. Figure 3.8 shows the measured 

resonance field vs frequency data (red squares) and their simulation curves using the program 

SPIN.60, 61 At 30 K, gx = 1.9978(4), gy = 1.9972(4), and gz = 1.9808(4); D = �± 1.643(1) cm-1 E = �±

0.0339(4) cm-1 are obtained from the multi-frequency fitting. It should also be noted that D is 

negative and quite large with its value of �± 1.643(1) cm-1. Slight rhombic anisotropy with E = 

0.0336 ± 0.0005 cm-1 is probably due to the different lengths of the four N-Cr bonds in the xy 

plane: 2.105, 2.142, 2.098 and 2.118 �Ö, respectively.16  

 

It is found also that D value is strongly temperature dependent, while E values remain essentially 

the same. Quantitative data on the temperature dependence of D were obtained by comparing the 

observed spectra at various temperatures with simulations, as shown in Figure 3.9 (a). Figure 3.9 

(b) shows the temperature dependence of D value, with D increases as temperature decreases. 

The study of temperature dependence of D value,63 revealed at least two factors. The first called 

static, is related to the lattice thermal expansion, such as changes in bond lengths and bond 

angles; The second part is due to vibrational effects, structural influence of electron-phonon 

interaction including acoustic phonons and optical phonons. 
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Figure 3.7: EPR spectra of complex I ·CH2Cl2 at 224 GHz and at 280 K (a) and 5 K (b). Peaks 
highlighted by arrows belong to the principal symmetry (z axis) direction of the Cr�tCr�tCr chain. 
The other features correspond to the transitions for the x and y principal directions of the ZFS 
tensor. Spectra in red are simulations at each temperature. (c) Energy levels for H//z direction. 
 

Using the simplified static and vibrational models of D,63 one can write: 

D = D0 + D1�Â T+ D2�Âexp(-�ûU/T)                                                                                          Eq. (3.6) 

where the first two terms arise from the static part, which is associated with the lattice expansion 

coefficient, while the last term originates from vibrational contribution. D2 is an adjustable 

parameter which describes the strength of the electron-phonon interaction. In Figure 3.9 (b), the 

experimental D values were fitted to Eq. (3.6). The fitting parameters are D0 = �± 1.647 (1) cm�±1, 
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D1 = �± 0.05 ± 0.1 K�±1, D2 = 0.038 (3) cm�±1�����ûU = 50 ± 5 K. We may notice that D1 is very small, 

which results in small D1 �ÂT term comparable to the constant D0. This means the lattice expansion 

parameter is effectively temperature independent. The important parameter obtained from Figure 

3.9 is the energy value of �û�8, which is 50 ± 5 K, or about 35 cm�±1.  In a general sense, this is a 

measure of some phonon energy. The small magnitude of the frequency implies that this must 

arise from the heavy ions i.e. the Cr�±Cr�±Cr chain itself. Low temperature scattering experiments 

could provide more definitive information on this point. 

 

 

Figure 3.8: Resonance field vs. frequency plot for complex I ·CH2Cl2, at 30 K. Red squares 
represent experimental resonance fields while the lines are calculated for a S = 2 with gx = 
1.9978(4), gy = 1.9972(4), gz = 1.9808(4); D = �± 1.643(1) cm�±1 E = �± 0.0339(4) cm�±1. Green, 
magenta and black lines represent correspond to resonances for molecular orientations x, y and z, 
respectively. 
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Figure 3.9: (a) HF-EPR spectra of powder I ·CH2Cl2 at various temperatures; (b) derived zero-
field splitting D values as a function of temperature for complex I ·CH2Cl2. 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 spectra of I  in CH2Cl2 frozen solution at 10 K, and frequency of 220.8 GHz. D 
= �±1.643(1) cm-1 was observed, which agrees with that for powder sample. The rhombic ZFS 
parameter E, however, was determined to be negligibly small. 
 

To check that the above proposed role of phonons in causing the temperature dependence of D, 

and the more realistic molecule structure of I  (obviating lattice-induced structure modification), 

we repeated the powder study using frozen, dilute solutions. About 5 mg of complex I  crystals 

were collected and redissolved in 10 ml CH2Cl2 solution under N2 flow. Then about 2 ml of this 

solution was added to a sample container, followed by an immediate quick freezing in liquid N2. 

Before loading the frozen solution for measurement, both the instrument probe and chamber 

were pre-cooled below 77 K to prevent the sample from melting. HF-EPR measurements were 

conducted on the Homodyne Quasi-Optical instrument for various microwave frequencies. A 

typical experimental spectrum is shown in Figure 3.10 (back curve) with temperature at 10 K, 
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frequency of 220.8 GHz. Simulation of this spectrum was carried out by SPIN program,60, 61 

using the spin Hamiltonian equation in Eq. (3.1). We obtained spin Hamiltonian parameters gx = 

gy = 1.994, gz= 1.985 and D = �± 1.643(1) cm�±1, which are similar to that for the powder sample at 

the same temperature. Interestingly, the E value is reduced to 0 this case, suggesting the 

equatorial distortion was released when the sample is dissolved in solution. The spectra at 

various temperatures from 5 K to 80 K demonstrated no temperature dependence of the D values.  

 

3.7 Electron Paramagnetic Resonance on Single Crystals  

 

 

 

Figure 3.11: Molecular packing of I ·CH2Cl2 in its unit cell. There are two orientations of the Cr�±
Cr�±Cr chains, namely Set 1 and Set 2. Both chains are in the same plan that is parallel to ab 
plane or (001) plane. But they are forming an angle of 620 relative 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 of I ·CH2Cl2 was face-indexed by single crystal XRD, with the 

molecular structure shown in Figure 3.1, where CrII atoms are bonded directly. Each CrII (3d4) 

has a spin S = 2, coupled antiferromangetically to yield a net ground spin S = 2. Figure 3.11 

illustrates that there are two orientations of the Cr�±Cr�±Cr chains within its unit cell, namely Set 1 

and Set 2. Both chains are parallel to ab plane or (001) plane and they are about 620 away from 

each other with a axis bisecting them.  

 

 

 

Figure 3.12: Typical single crystal EPR spectrum for I ·CH2Cl2 at 298 K, 240 GHz (red). 
Simulation retrieves four peaks from Set 1 (black) and four from Set 2 (green). Comparison 
between the experimental and the simulated peaks are guided by dashed lines. All the other small 
peaks are from forbidden transitions according the simulation.  
 

A face-indexed single crystal was carefully mounted on an EPR goniometer in such a way that 

the magnetic field is along the c axis of the unit cell and remains parallel to (010) plane when the 
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crystal was rotated along the rotating axis perpendicular to (010) plane. For a S = 2 system, one 

expects four peaks at room temperature, by utilizing spin Hamiltonian Eq. (3.1):  H  = ���+· g·S + 

D[ Sz
2 �± (1/3) S(S+1)] + E ( Sx

2 �± Sy
2) and its parameters gx = 1.9942 (4), gy = 1.9942 (4), gz = 

1.9775 (4), D = �± 1.616(1) cm-1, E = �± 0.0327(4) cm-1 at 298 K.57   Since there are two sets of 

differently orientated molecules in I·CH2Cl2, one would observe eight peaks in most cases with 

microwave frequency of 240 GHz. Figure 3.12 shows an example of EPR spectra at 298 K with 

expected eight peaks. Four of them are assigned to Set 1 molecule with its main axis Dzz1 290 to 

magnetic field B, while the other four from Set 2 molecules, with Dzz2 380 to B. In order to get a 

whole picture of D tensors relative to the molecules and unit cell, the crystal is rotated 1800 with 

a step size of 90. Resonance field v.s. rotating angle from Set 1 and Set 2 is plotted separately in 

Figure 3.13.  

 

As both chains are parallel to the (001) plane according to the above unit cell structure, if the 

main axes of the D tensors (Dzz1, Dzz2) are along the chains, then we expect the rotating axis to be 

about 310 to both Dzz1 and Dzz2. After rotating the crystal in this plane 1800 and fitting the angular 

dependence in to the SPIN program,60, 61 we found that, �,  (R, Dzz1) = 620, �-  (R, Dxx1) = 880; �,��(R, 

Dzz2) = 530, �-  (R, Dxx2) = 910, where, �,��is the angle between rotating axis R and Dzz, �-��is the 

angle between R and Dxx. This indicates the Dzz1, Dzz2 are about 280 and 370 to the plane (010), 

which is close to the case of 310. The slight deviation of ~ 50 is within the alignment error. �-  

values of 880 and 910 from R to Dxx1, Dxx2 respectively, suggesting Dxx1, Dxx2 are perpendicular to 

the b axis. According to the definition of D tensor, Dxx is normal to Dzz. So Dxx1, Dxx2 are both 

perpendicular to the ab or (001) �S�O�D�Q�H���� �:�K�D�W�¶�V�� �P�R�U�H���� �D�W�� �W�K�H�� �V�W�D�U�W�L�Q�J�� �U�R�W�D�W�L�Q�J�� �S�R�L�Q�W���� �Z�K�H�U�H�� �W�K�H��

magnetic field is along the c axis, magnetic field B is 900 to the main axis Dzz1 and Dzz2 from the 
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unit cell structure. The comparison of the experimental and simulated spectra gives the angle 

between B and Dzz1 and Dzz2 both about 880, in well agreement with the expected 900 angles. The 

D tensor could thus be tentatively assigned as: Dzz along its corresponding Cr�±Cr�±Cr chain, Dxx 

perpendicular to the ab plane and Dyy in ab plane and perpendicular to both Dzz and Dxx.  

 

 

 

Set 1 

 

Set 2 

Figure 3.13: Angular dependence of the EPR resonant transitions at 298 K, 240 GHz for a single 
crystal I ·CH2Cl2 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 are plot separately as a 
function of angles for better view and convenience of simulation. The four smooth colored lines 
are from the simulation with the angle of rotating axis relative to the Dzz1, Dzz2�����,����R, Dzz1) = 620, 
�-����R, Dxx1) = 880�����,����R, Dzz2) = 530�����-����R, Dxx2) = 910. 
 

 

In order to confirm this assignment, the crystal was reoriented to another position so that the 
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magnetic field is along the line where (110) and (001) planes intersect and the magnetic field 

keeps parallel to the (001) plane when i�W�¶�V���U�R�W�D�W�H�G���� �$�Q�J�X�O�D�U���G�H�Sendence of EPR resonant fields 

for the two sets of molecules is plotted separately in Figure 3.14. Simulation of the angular 

dependence curves by SPIN program60, 61 gives the angles between this rotation axis R and D 

�W�H�Q�V�R�U�V�����,����R, Dzz1) = 900�����-����R, Dxx1) = 00�����,����R, Dzz2) = 900�����- (R, Dxx2) = 00, respectively.  

 

 

 

Set 1 
 

Set 2 

Figure 3.14: Angular dependence of the EPR transitions at 298 K, 240 GHz for I ·CH2Cl2 with 
the field oriented parallel to (001�����S�O�D�Q�H�����6�L�P�X�O�D�W�L�R�Q�V���J�L�Y�H���,����R, Dzz1) = 900�����-����R, Dxx1) = 00�����,��
(R, Dzz2) = 900�����- (R, Dxx2) = 00 respectively in this (001) rotating plane. 
 

 

This shows that the rotation axis is perpendicular to both of Dzz1, Dzz2. Since the rotation axis is 

always perpendicular to (001) plane during this rotation, Dzz1 and Dzz2 are both in the (001) plane. 

It is exactly the case when Dzz1 and Dzz2 are along their corresponding Cr�±Cr�±Cr chains, where 

the chains are in (001���� �S�O�D�Q�H���� �$�Q�G�� �-�� ��R, Dxx1) = 00 �D�Q�G�� �-�� ��R, Dxx2) = 00 indicates that the Dxx 
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components for both chains are parallel to rotation axis R, which further confirms our previous D 

tensor assignments. In addition, the phase difference between Set 1 and Set 2 is 650 from 

simulation, agreeing very well with the two molecule angle of 620, hence further confirming the 

correct assignment of the D tensor.   

 

 

 

Set 1 

 

Set 2 
 

Figure 3.15: Angular dependence of the EPR transitions at 298 K, 240 GHz for I ·CH2Cl2 with 
the field oriented parallel to (110�����S�O�D�Q�H�����6�L�P�X�O�D�W�L�R�Q�V���J�L�Y�H���,����R, Dzz1) = 800�����-����R, Dxx1) = 900�����,��
(R, Dzz2) = 170�����- (R, Dxx2) = 900, respectively, in this plane. 
 

A third crystal orientation is designed so that the magnetic field stays parallel to the (110) plane, 

when the crystal is rotated. The angular dependence of EPR resonant fields for the two sets of 

molecules are plotted in Figure 3.15. Simulation of these data by SPIN program60, 61 gives the 
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angles between this rotating axis and main axes of D tensors: �,����R, Dzz1) = 800�����-����R, Dxx1) = 900; 

�,����R, Dzz2) = 170�����- (R, Dxx2) = 900, respectively, indicating Dzz1 and Dzz2 are 100 and 730 away 

from the (110) plane. Taking the above D tensor assignment, that is, Dzz1, Dzz2 are along their 

corresponding chains, then Dzz1 and Dzz2 are 160 and 780 to the (110) plane according to the 

molecule packing in the unit cell. The ~50 off is well within experimental misalignment. 

Meanwhile, Dxx1 and Dxx2 are assigned to be perpendicular to (001) plane, which are 

perpendicular to this rotating axis R�����(�[�S�H�U�L�P�H�Q�W�D�O���Y�D�O�X�H�V���R�I���-����R, Dxx1) = 900�����D�Q�G���- (R, Dxx2) = 

900 are exactly as expected.  

 
 

Figure 3.16: Temperature dependence of HF-EPR spectra for I ·CH2Cl2 �D�W���������� �*�+�]�����Z�L�W�K���,����R, 
Dzz1) = 160. Gradual peak splitting is observed below 90 K. 
 

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

same picture of the D tensor for these two sets of I ·CH2Cl2 molecules: Dzz is along its 
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corresponding Cr�±Cr�±Cr chain, Dxx perpendicular to both the Cr�±Cr�±Cr chain and (001) plane, 

while Dyy in (001) plane and perpendicular to both Dzz and Dxx. 

 

 

Temperature dependence of the HF-EPR spectra was studied on a single crystal of I ·CH2Cl2, 

with the magnetic field aligned about 160 relative to Dzz1 within the (001) plane. Gradual peak 

broadening and eventual peak splitting at around 90 K were observed, as shown in Figure 3.16. 

This broadening and eventual doubling of equal intensity peaks implies the dynamic disorder of 

the central Cr, since the static behavior would not be temperature dependent. In addition, the 

elongated thermal ellipsoid for the central Cr atom was observed in the XRD data at temperature 

of 213 K,17 while spherical electron clouds were observed for the terminal Cr atoms.  However, 

only one peak was observed at this temperature from the HF-EPR spectra in Figure 3.16. This 

could be understood by examining the disordered structure of the Cr�±Cr�±Cr chain in the Scheme 

1. As discussed above in Figure 3.2, the central Cr actually demonstrates an elongated ellipsoid, 

including part a and b, with their separation of about 0.224 Å.17 Magnetically, a and b could be 

inter-converted to each other. At high temperatures, their inter-conversion rate is fast enough, 

such that HF-EPR spectroscopy could not distinguish a and b. But as the temperature decreases 

down to 90 K, their inter-conversion rate slows down, and the a and b units have long enough 
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life time that they exhibit their own resonance fields, the peak splitting in Figure 3.16. By 

calculating the peak separation �û�%0 = Bb���s Ba = 0.01 Telsa �D�W���������.�����Z�H���R�E�W�D�L�Q���û�&��� �� ��e�� ���û�%0 = 

1.7×109 s���s 1, which is equivalent to the nanosecond time scale ~10���s 9 �V���� �,�W�¶�V���D�O�V�R���Q�R�W�L�F�H�G���W�K�D�W���W�K�H��

Cl�±Cr distances on both ends are identical, despite this disorder. If the disorder is static, the Cr1�±

Cr2�±Cr3 would be unsymmetrical with Cr1�±Cr2 and Cr2�±Cr3 bond length 2.254 Å and 2.478 Å, 

respectively. Therefore, there is no reason for Cl�±Cr bond lengths to be the same, in the presence 

of chain distortion. Our results thus show that the mechanism of splitting in I·CH2Cl2 is the 

slowing down of the dynamic motion of the central Cr along the Cr�±Cr�±Cr chain, and that there 

is clear dynamics at the nanosecond time scale in the Cr�±Cr�±Cr chain.  

 

3.8 Summary 

 

HF-EPR signals have been observed and analyzed in detail for the first time from the trinuclear 

Cr2+ complex Cr3(dpa)4Cl2, I , which in earlier studies ( at X-band) was mentioned as being EPR 

silent. We have demonstrated that the HF-EPR technique is an effective method for observing 

the EPR signals from such materials. Our EPR results clearly confirmed the total ground spin 

state as S = 2 with a D value of �± 1.643 cm�±1, a large negative value, explaining why complex I 

was reported to be EPR silent at the X-band 10 K. 17 The large negative D value and ac magnetic 

susceptibility suggest this complex is a field induced single molecule magnet. The dynamic 

nature of the central Cr was suggested, according to the gradual peak splitting at ~ 90 K and the 

same Cr�±Cl bond lengths at two ends. The observation of well-resolved EPR signals even at 

room temperature suggests the ground spin state is well defined, which is rather unique for a 

single molecular magnet.  
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CHAPTER 4 

PULSED ELECTRON PARAMAGNETIC RESONANCE STUDY 

ON Cr3(dpa)4Cl2 

 

This chapter summarizes our pulsed-EPR studies on the complex Cr3(dpa)4Cl2·CH2Cl2 

(I ·CH2Cl2), a field induced single molecule magnet (SMM). Since SMMs are considered as 

potential candidates for quantum computation,59 and a critical parameter for such an application 

is the spin decoherence time or spin spin relaxation time T2, we carried out such a study on 

I ·CH2Cl2. This chapter summarizes this study.  

 

4.1 Introduction 

 

The finding I ·CH2Cl2 a single molecule magnet encouraged us to study its spin-spin relaxation 

T2 process. The understanding and control of magnetic and/or spin relaxation in molecular 

systems of exchange coupled spins is of crucial importance for their possible applications in 

information storage and quantum computing.59, 64-68 In materials with a relatively high spin 

concentration, however, the spin-spin relaxation time T2 tends to be dominated by the strong 

electron-electron spin dipolar interactions, resulting in a very short T2 time that cannot be 

measured directly by commercial pulsed electron paramagnetic resonance (EPR). It is possible to 

use dilute frozen solutions of the molecular magnetic systems to reduce this dipolar contribution 

to the spin decoherence,69-71 but not without introducing random strain from the frozen glass and 

a random orientational distribution. Another way of reducing the decoherence due to dipolar 

coupling to nearby spins in pure single crystals was recently illustrated for N-V centers in 
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diamond72 and applied to single crystal of molecular magnets.68, 73, 74 By strongly polarizing the 

electron spins using high magnetic fields and low temperatures, the number of spin pairs that can 

undergo a spin exchange (flip-flop) would be strongly suppressed,75 allowing a direct 

measurement of the T2 relaxation in the EPR time domain, even in highly concentrated systems. 

Here we report spin relaxation measurement in the Cr�±Cr�±Cr linear chain complex I ·CH2Cl2 

with total spin S = 2. We have achieved a T2 time of ~ 2.6×103  ns, which is significantly longer 

than previous reported T2 times in single crystalline molecular magnets.68, 74, 76 Moreover, by 

incorporating two symmetry-related but differently oriented Cr�±Cr�±Cr sites within the unit cell, 

we are able to tune the T2 relaxation time continuously from 800 ns to ~ 2.6×103 ns by 

manipulating the direction of static magnetic field relative to the Cr�±Cr�±Cr chain axis, 

representing a step forward moving toward potential applications involving molecular 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 Time T2 

 

An important aspect of this study was that we used single crystals of the molecular magnet 

Cr3(dpa)4Cl2·CH2Cl2 (I ·CH2Cl2).
10, 16, 17 Measurements were carried out using a 240 GHz 

superheterodyne, cw and pulsed EPR spectrometer along with a 12.5 Telsa superconducting 

magnet.77, 78 The sample probe enabled in-situ sample rotation about an axis perpendicular to the 

magnetic field. A single crystal with approximate dimensions of 0.1 mm × 0.1 mm × 0.1 mm 

was selected and face-indexed by single crystal XRD. The temperature was carefully controlled 

over the range of 1.50-2.00 K by changing the pressure of superfluid liquid helium in an Oxford 

Instrument CF-1200, and a calibrated cernox sensor with a precision of 0.05 K.  
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Figure 4.1:  An example of the single crystal EPR spectrum of I ·CH2Cl2 in the ab plane at 290 K: 
(a), energy level diagram and transitions at �,  (B0, Dzz1) = 900 (black arrows); (b) experimental 
spectrum; (c) energy level diagram and transitions at �,  (B0, Dzz2) = 300 (red arrows). Dashed 
�O�L�Q�H�V���L�Q�G�L�F�D�W�H���W�K�H���S�H�D�N���D�V�V�L�J�Q�P�H�Q�W���D�Q�G���W�K�H���³�
�´���S�H�D�N�V���D�U�H���I�R�U�E�L�G�G�H�Q���W�U�D�Q�V�L�W�L�R�Q�V�����7�K�H���L�Q�V�H�U�W�V���V�K�R�Z��
the two Z axes relative to the direction of the magnetic field B0. 
 

The structure of I ·CH2Cl2 is shown in Figure 4.1. The molecular packing within the crystal unit 

cell contains two differently orientated Cr�±Cr�±Cr chains, set 1 and set 2 are displayed in Figure 

3.11. Spin Hamiltonian parameters for this complex are S = 2, gxx = 1.9978 (4), gyy = 1.9972 (4), 

gzz = 1.9808 (4), D = �± 1.643(1) cm-1, E = �± 0.0339(4) cm-1 at 30 K, as determined from an 
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earlier powder EPR study.57 From the orientation dependence of the cw EPR signals of a face-

indexed single crystal at 298 K, we determined the directions of the principal axes Dxx, Dyy, and 

Dzz of the zero-field splitting tensor for both sites in the unit cell: the principal axis Dzz is along 

the Cr�±Cr�±Cr chain direction, Dxx is along the c axis and Dyy is normal to Dzz and Dxx. A 

distinctive aspect of the present work is that this is the first spin decoherence study of an 

organometallic cluster in a concentrated crystal that has two equivalent but differently orientated 

sites of molecules in its unit cell. It 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 sequence (�S/2�±
�W�±�S�±�W�±echo) at �,  (B0, Dzz2) ~ 900 and temperature of 1.50 K with resonance field of 11.435 
Telsa. The solid red line is a fit using a single exponential equation. The inset displays echo-
detected EPR signals as a function of the magnetic field. The arrow shows the field at which the 
echo was measured.  
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 Pulsed EPR measurements were carried out on a single crystal of I ·CH2Cl2 with the direction of 

the Zeeman field B0 at various orientations within the ab plane. The orientation of the zero-field 

splitting tensor D relative to the magnetic field direction could thus be easily tracked when the 

crystal was rotated around the c axis during the measurement. An example of the cw-EPR spectra 

at 240 GHz and 290 K is shown in Figure 4.1 (b), where the magnetic field is adjusted to be 

perpendicular to the Z axes of the D tensor for the site 1 chains, Dzz1. In this case, the Dzz2 for the 

site 2 chains forms an angle of about 300 with the magnetic field direction, as Dzz1 and Dzz2 are 

about 620 away from each other in ab 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 in Figure 4.1 

(b). The four peaks from Set 1 molecules with the angle �,  (B0, Dzz1) ~ 900 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 highlighted by 

the red arrows in Figure 4.1 (c) are from the set 2 molecules in the unit cell, with �,  (B0, Dzz2) ~ 

300�����7�K�H���S�H�D�N�V���O�D�E�H�O�H�G���Z�L�W�K���³�
�´���D�U�H���W�K�H���R�E�V�H�U�Y�H�G���I�R�U�E�L�G�G�H�Q���W�U�D�Q�V�L�W�L�R�Q�V�� 

 

 

The transverse relaxation time T2 was investigated in the ab plane by pulsed EPR at 240 GHz. 

By measuring the echo intensity as a function of the delay time �W in an approximate Hahn echo 

sequence (�S/2�±�W�±�S�±�W�±echo),79 as shown in Scheme 2. The T2 was obtained by fitting to a mono-

exponential decay ~ exp(�±2�W/T2). 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 resonator. Since the difference 

between energy sublevel mS = �± 2 and mS = �± 1 states at the resonance fields is always 11.5 K at 

the microwave frequency of 240 GHz, the spins are almost completely polarized in the mS = �± 2 

lowest lying state at temperatures below 2 K. So the T2 was measured at the resonant field of the 

ground state transition which depends on the principle axes of the complex relative to the 

magnetic field direction. In addition, the excitation bandwidth (~ 0.1 mTelsa) of the pulses is 

quite small compared with the EPR linewidth (~ 80 mTelsa), only a small portion of spins is 

actually being manipulated during the T2 measurement. Figure 4.2 shows the echo signal area as 

a function of delay time for the transition from mS = �± 2 to mS = �± 1 at T = 1.50 ± 0.05 K with the 

magnetic field direction perpendicular to the Dzz2, �,  (B0, Dzz2) ~ 900. The spin decoherence time 

T2 at this temperature and orientation is found to be 2570 ns. The inset of Figure 4.2 shows the 

result of echo-detected field-sweep EPR at T = 1.50 ± 0.05 K, which corresponds to the EPR 

transitions from mS = �± 2 to mS = �± 1. It should be mentioned that as was reported earlier,80 we 

also observe a variation of the T2 as function of the position within the resonance line. In our 

analysis we have taken the value of the maximum T2 within the resonance line.  

 

4.3 Temperature Dependence of T2 

 

The spin echo decay was investigated in detail as a function of temperature from 1.53 K up to 

1.90 K at the resonance field of 11.428 Telsa. A strong temperature dependence of T2 is observed, 

with their values increasing from 590 ns at 1.90 K to 2271 ns at 1.53 K, as shown in Figure 4.3. 

This temperature dependence could be well described using the spin flip-flop model,68, 72, 73 

wherein the main decoherence mechanism is attributed to the fluctuation of neighboring electron 
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spins in the electron spin bath. The spin flip-flop rate is proportional to the number of mS and mS 

± 1 spin pairs, and therefore it depends strongly on the spin bath polarization.72, 75 At 1.53 K and 

11.428 Telsa, more than 95% of Cr 3 spins are polarized in the mS = �± 2, the lowest lying state, 

which reduces the spin flip-flop rate significantly. For a S = 1/2 system, spin bath decoherence 

was described,72, 75 and for a multilevel system.73, 74 In our case of a S = 2 system with two 

equivalent but differently oriented molecular sites, the spin filp-flop model is modified to include 

both sites and their interaction, as described by: 
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where A is a temperature independent parameter, �*res is a residual relaxation rate, attributed to 

temperature independent decoherence sources. Eq. (4.1) and Eq. (4.2) indicate that spin 

decoherence time is dependent not only on the energy levels of resonant spins but also on those 

from the other set of non-resonant spins. In many orientations, the latter factor dominates the T2 

process as explained in detail later. From Eq. (4.1)-(4.3), we obtain the fitting curve shown in 

Figure 3.19, w hich agrees reasonably well with the experimental data. At B0 = 11.428 Telsa, Set 

2 principal axis Dzz2 makes an angle of 880  with the magnetic field, �,  (B0, Dzz2) ~ 880, while Dzz1 

is about 300 away from the magnetic field with �,  (B0, Dzz1) ~ 300. �GE2 between mS = �± 2 and mS 

= �± 1 levels for set 2 resonant spins is 8.01 cm-1 at 240 GHz and 11.428 Telsa, while the 
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corresponding difference �GE1 for set 1 non-resonant spins at the same magnetic field is 14.26 cm-

1. As �GE1 is much larger than �GE2, the temperature dependence of T2 will be dominated by Set 2 

spins, according to Eq. (4.1)-(4.3). The fitting parameters are obtained: A = 0.27 ± 0.01 ns�±1 and 

�*res = 0.03 ± 0.03 µs-1. The relatively small residual rate indicates that at even lower 

temperatures T2's of tens of microseconds are possible. 

 

Figure 4.3: Temperature dependence of 1/T2 at resonance field 11.428 Telsa with Error bars. The 
inset shows the T2 as a function of temperature. 
 

4.4 Angular Dependence of T2 

 

To further confirm the effect of the non-resonant spins on the decoherence of resonant spins, T2 

was studied at various orientations within the ab plane at 1.50 ± 0.05 K. The T2 relaxation time 

as a function of orientations is plotted in Figure 3.20. Beginning from 2570 ns at �,  (B0, Z2) ~ �± 
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900 at resonant field 11.435 Telsa, T2 decreases to 790 ns at �,  (B0, Z2) ~ �± 500. While at angles 

between �± 20 and 40 degrees, the echo is not observed, but appears again at an angle above 50 

degrees and the T2 rapidly increases again with increasing angles. By using the obtained 

parameters A = 0.27 ns�±1, and �*res = 0.03 µs-1 from the above temperature dependence of T2, and 

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

in Figure 4.4. This theoretical curve agrees very well with the trend of experiments T2 values, as  

 

 

Figure 4.4: Angular dependence of the spin decoherence time T2 at 1.50 K for the resonant Set 2 
�V�S�L�Q�V�����%�O�D�F�N���V�T�X�D�U�H�����v�����D�U�H���W�K�H���H�[�S�H�U�L�P�H�Q�W�D�O��T2 values with error bar at each angle of �,  (B0, Dzz2). 
Green smooth curve are the calculated one from the Eq. (4.1) with A = 0.27 ns-1, and �*res = 0.03 
µs-1. Red dashed line is the energy difference �GE1 between mS = �± 2 and mS = �± 1 levels for Set 1 
spins, suggesting that this is an important parameter controlling T2.  
 

well as the angular dependence of �GE1 shown by the dashed line. T2 decreases as �GE1 decreases, 

where set 1 spins dominate the spin flip-flop process. After B0 passes the closest position to Dzz1, 
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T2 starts to increase, indicating Set 2 molecules win back the dominance in the spin relaxation 

process. So the significance of the presented model has two folds: the decoherence could be 

accelerated by the non-resonant spins when they have less energy splitting than the resonant ones 

due to the fast local field fluctuation around the resonant spins and the extent of acceleration 

correlates to the energy splitting from non-resonant spins; on the other hand, when the energy 

splitting of the non-resonant spins is much larger than the resonant one, the non-resonant chains 

will have no or little effect on the resonant chains and it works as dilution effect, making the 

resonant spins twice more separated and diluted, yielding long T2 �W�L�P�H���X�S���W�R�������������V�� 

 

In addition, as critical test of the model, efforts were made to reorient the crystal so that the 

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

magnetic field will always have the same angles relative to the two sites of chains from 300 to 

900. In other words, the two Cr�±Cr�±Cr chains will be equivalent to the magnetic field B0 and will 

always have the same energy splitting. No angular dependence would thus be expected at this 

situation. Figure 4.5 shows the data obtained. Indeed, much weaker angular dependence of T2 

was observed in this rotation plane, even though the rotating plane was about 100 off the ac plane 

in the actual experiment. T2 as a function of rotating angle instead of the actual angle between 

magnetic field and Z axes is displayed, for better view of the trends of T2 during rotation. T2 

�Y�D�U�L�H�G���I�U�R�P���a�����������V���W�R�������������V���Z�K�H�Q���W�K�H���F�U�\�V�W�D�O���Z�D�V���U�R�W�D�W�H�G�����D�V���F�R�P�S�D�U�H�G���W�R���W�K�H��T2 range of ~2.6 

���V���W�R���O�H�V�V���W�K�D�Q�����������V���L�Q��ab plane. The energy difference of the non-resonant spins also displayed 

much less angular dependence (red curve in Figure 4.5). These results provide further support to 

the possibility of tuning T2 relaxation in ab plane by changing the orientation of magnetic field 

relative Z axes of D tensor. 
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Figure 4.5: Angular dependence of the spin decoherence time T2 at 1.50 K for the resonant Set 2 
spins in the ac plane with 100 off. T2 is much less angular dependent in the ac plane than that in 
the ab plane in Figure 4.4. 
 

4.5 Summary 

 

In summary, a new method is reported for manipulating spin decoherence time in a molecular 

magnet: by introducing two (or more) symmetry related sites within the unit cell, the magnetic 

field orientation could work as a unique tool to control the decoherence time. The good 

agreement of theoretical modeling of the strong orientation dependence provides a very sensitive 

test of the decoherence mechanism. Such long T2 and such strong T2 anisotropy have not been 

reported before in the area of undiluted single molecule magnets. We believe that these 

observations have significant implications for controlling spin fluctuations, relaxation and 

decoherence in spin systems that could serve as potential units for quantum information storage 

and manipulation.  
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CHAPTER 5 

MAGNETIC PROPERTIES OF Cr 3(dpa)4ClBF4 COMPLEX 

 

The static versus dynamic nature of the central, disordered Cr in the trichromium complex of 

Cr3(dpa)4Cl2·CH2Cl2 (I ·CH2Cl2) has been a controversial question over decades.10, 16, 17 In 

Chapter 3, we presented our high frequency EPR (HF-EPR) studies on I ·CH2Cl2, revealing an 

unexpected doubling of EPR peaks below 100 K. This result was a strong evidence for the 

dynamic behavior of the central Cr in the Cr-Cr-Cr chain, a hopping between two stable 

positions, consistent with XRD data of the ellipsoid electron density for the central Cr in 

I ·CH2Cl2.
17 In order to verify this assignment, similar trichromium chain with fixed position for 

the central Cr is desired. By selectively removing the Cl from one end, and replacing it with a 

weakly coordinating BF4 ligand, the complex Cr Cr···Cr(dpa)4ClBF4, II  was obtained. In II  the 

Cr Cr···Cr chain was very unsymmetrical and the ellipsoid of the central Cr was removed.16 

This Chapter presents a HF-EPR study on II  and compares the results with that on I ·CH2Cl2. 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 of the central Cr atom along 

the Cr�±Cr�±Cr chain in symmetrical Cr3(dpa)4Cl2·CH2Cl2 (I ·CH2Cl2),
10, 16, 17 Cotton and 

coworkers10, 16 replaced one of the capping Cl's by a BF4
�± ligand, yielding the unsymmetrical 

complex Cr3(dpa)4ClBF4·2CH2Cl2 (II ·2CH2Cl2). In contrast to I ·CH2Cl2, complex II ·2CH2Cl2 

experiences strong distortion along its Cr1···Cr2�±Cr3 linear chain with Cr1···Cr2 and Cr2�±Cr3 
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distances 2.643 Å and 1.995 Å, respectively. The two distances differ by a large �ûd of 0.65 Å. 

The structure was thus considered as one quadruple CrCr bond and one isolated Cr(II) brought 

together by the tridentated bi-2,2'-pyridylamide (dpa) ligand.16 Disoder of the central Cr is thus 

removed in II . The associated energy gain of distorted chain with �ûd = 0.65 Å lies about 48.5 

kJ·mol�±1 above that for symmetrical ground state according to a DFT calculation by Rohmer et 

al..16, 17, 51, 81 Such small energy could be well stablized by the unsymmetrical axial ligands Cl 

and BF4. In the unsymmetrical chain conform�D�W�L�R�Q���� �1�� �D�Q�G�� �1nd were predicted to be similar to 

those for the symmetrical one, but the �0�2���F�R�P�E�L�Q�D�W�L�R�Q���R�I���Œ���D�Q�G���/ bonding would be turned off. 

More recent theoretical calculation of transmission spectra on symmetrical s- and unsymmetrical, 

��- Cr3(dpa)4(NCS)2, Cr3(dpa)4(NCS)2 by McGrady82 demonstrated similar findings: strong 

asymmetry of the Cr�±Cr�±Cr chain �H�I�I�H�F�W�L�Y�H�O�\�� �F�O�R�V�H�V�� �R�I�I�� �W�K�H�� �G�H�O�R�F�D�O�L�]�H�G�� �Œ�� �F�K�D�Q�Q�H�O�V�� �D�O�R�Q�J��the 

trichromium, but the �1���E�R�Q�G�L�Q�J�V���U�H�P�D�L�Q�����1nd channel is only lifted by 0.1 eV when �ûd reaches up 

to 0.71 Å in its unsymmetrical form compared to the total symmetrical chain. In order to evaluate 

the theoretical predictions, we undertook a detailed high-frequency high-field electron 

paramagnetic resonance (HF-EPR) study on II  over a wide temperature range, from 10 K to 

ambient temperature, because the zero-field splitting parameter D of the Cr�±Cr�±Cr chain should 

reflect the distribution of the valence electrons in the various orbitals. The results provide fairly 

clear experimental evidence for the unbroken 3-center-3-�H�O�H�F�W�U�R�Q�� �1�� �I�U�D�P�H�Z�R�U�N��of II . The 

observed, very similar zero-field splitting (D) for I  and II , strongly suggest that even when 

�G�L�V�W�R�U�W�H�G���E�\�������������c�����W�K�H�L�U���1���D�Q�G���1nd orbitals remain essentially undisturbed. DFT calculations by 

using the ORCA program package83 were also carried out to ascertain this conclusion. HF-EPR 

on a single crystal of II  was carefully examined at different orientations, where peak broadening 

and splitting were also observed. The origin of the EPR peak splitting in II  is discussed. 
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5.2 Synthesis 

 

The unsymmetrical trichromium chain complex II  was synthesized following the literature 

procedure.16 0.44 g, 0.44 mmol of parent compound I ·CH2Cl2 was dissolved in 30 ml anhydrous 

air-free CH2Cl2 solvent in a 100 mL schlenk flask. This solution was added into a suspension of 

0.086 g, 0.44 mmol AgBF4 / 15 mL CH2Cl2 in another 100 mL schlenk flask at room 

temperature under N2 flow. After reaction under stirring for 6 hr, The dark green solution turned 

black and there was some white precipitate at the bottom of flask. The precipitate was removed 

by filtration through Celite under N2 flow. The solute was concentrated to about 15 mL, onto 

which anhydrous air-free hexane solvent was carefully layered. Mm-size black green crystals 

were obtained after one week of slow solvent diffusion. The �F�R�P�S�R�X�Q�G�¶�V��authenticity as well as 

the single crystal face indexing was ascertained via single crystal X-ray diffraction. 

 

5.3 Molecular Structure 

 

Figure 5.1 (a) depicts the molecular structure of II  with the space group C 2/c. 
10, 16 Along the 

trichromium chain, two of the CrII (d4) ions are very close to each other, with the short distance 

of 1.995 Å. The third Cr is attached to the dimer and is supported by the tridentate ligand (dpa) 

and capped by a Cl ligand on the other end. The three chromium atoms form an exact linear 

chain (1800) without any deviation. Distance of 2.643 Å 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, as evidenced 

by the ellipsoid structure of II ·2CH2Cl2, without any elongation of the central Cr electron cloud, 
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which was observed in the symmetrical complex I ·CH2Cl2.
17 The total spin of this complex 

II ·2CH2Cl2 is found to be S = 2 from the magnetic susceptibility data.16 Molecular packing 

within the II ·2CH2Cl2 unit cell was illustrated in Figure 5.1 (b). All the Cr···Cr�±Cr chains are 

parallel to each other and are perpendicular to (010) plane. But careful examination revealed that 

there are actually two molecular orientations, �Q�D�P�H�O�\�� �9�� �D�Q�G�� �; within the unit cell. At 

temperatures 100 K and above, these two anti-parallel molecules are related by symmetry.10, 16 

 

   

 

Figure 5.1: (a) Molecular structure of complex II ; H and solvent atoms are omitted for clarity; 
Two of the CrII  atoms are close to each other with distance of 1.995 Å, while the third one is 
separated, coordinating to a terminal Cl atom. (b) Cr···Cr�±Cr chain packing in the unit cell with 
space group C 2/c. The organic ligands are omitted for clarity and to show the relative 
orientation of the Cr···Cr�±Cr chains. All the chains are perpendicular to the (010) plane, with 
�W�Z�R���R�S�S�R�V�L�W�H���P�R�O�H�F�X�O�D�U���R�U�L�H�Q�W�D�W�L�R�Q�V���9���D�Q�G���; within the unit cell. 
 

5.4 High Frequency Electron Paramagnetic Resonance 

 

5.4.1 HF-EPR on Powder  

 

Powder of  II ·CH2Cl2 was prepared by grinding its single crystals and to obtain the best principal 

values for the g tensor and zero-field splitting D tensor components. A typical HF-EPR spectrum 
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at 203.2 GHz, 290 K is shown in Figure 5.2. Various well resolved peaks allow us to simulate 

the spectra by the program SPIN60, 61 using the spin Hamiltonian shown in Eq. (5.1). Best fit of 

the spectra yielded the parameters: S = 2, gx = gy = 1.994, gz = 1.998, D � ���G�����������F�P�±1 �G�D�Q�G��E = 

�G�����������F�P�±1�G���� 

H = ���+· g·S + D [Sz
2 �± (1/3) S(S+1)] + E (Sx

2 �± Sy
2)                                                            Eq. (5.1) 

 

 

Figure 5.2: Typical HF-EPR spectrum of powder of II ·CH2Cl2 at 203.2 GHz and 290 K. The 
black line is experimental spectrum and the blue one is from simulation with spin Hamiltonian 
parameters S = 2, gx = gy = 1.994, gz = 1.998, D = �G1.62 cm�±1 �G�D�Q�G��E = �G0.34 cm�±1�G. The peak 
labeled * is from an oxidized impurity.  
 

To determine the sign of D and E, variable temperatures of HF-EPR spectra were recorded from 

290 K down to 30 K, as shown in Figure 5.3 (a). By comparing the resonant peaks to energy 

levels for magnetic field B0 parallel to the principle Z axis, illustrated in Figure 5.3 (b), we found 

the intensity of the peak at around 2.0 Telsa increased as the temperature decreased, suggesting  
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Figure 5.3: (a) Temperature dependence of  HF-EPR on powder II ·2CH2Cl2 at 203.2 GHz. (b) 
Energy levels for the magnetic field parallel to the principal Z axis; At this orientation, the 
experimental peaks and their corresponding energy transitions are guided by the dash lines. The 
other peak features belong to the transitions from X and Y principle direction of ZFS tensor. The 
most intense peak labeled as *, is from the oxidized impurity.  
 

this peak is from the ground state transition. This in return established D to be negative 

according to the energy level. We assume that E is of the same sign as D, as usual.35 We also 

noticed from Figure 5.3 (a) that the peak shifted only slightly as temperature changed from 290 

K to 30 K, suggesting the spin Hamiltonian parameters for II ·2CH2Cl2 are much less 

temperature dependent than those in I ·CH2Cl2. Detailed studies by simulating the experimental 
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spectra with SPIN program60, 61 give the D values as a function of temperature. These are shown 

in open circles ���|�� in Figure 5.4. Indeed, temperature effect is only slight shown, mainly due to 

the thermal expansion or shrinking of the lattice. Linear relationship84 from Eq. (5.2) is used to 

describe behavior of D values in this chain complex, yielding parameters D0 = �±17438 G, 

D = D0 + D1�Â T                                                                                                                    Eq. (5.2) 

and D1 = �± 0.49 G·K�±1. This is in contrast to the strong temperature dependence of D �Y�D�O�X�H�V�����v����

for the more symmetrical counterpart I ·CH2Cl2,
85 which deviate a lot from linearity.  In fact the 

variation of D for I ·CH2Cl2 could be well described by an exponential term86 (Eq. (3.6) earlier).  

 

 

Figure 5.4: Comparison of the temperature dependences of D values for Compounds I ·CH2Cl2 
and II ·2CH2Cl2.  A linear relation (Eq. (5.2)) was observed for complex II ·2CH2Cl2, while a 
more complicated exponential function (Eq. (3.6)) was needed for complex I ·CH2Cl2. 
 

We attribute these differences in the magnetic behavior to the structural differences: in I ·CH2Cl2, 
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the central �&�U���K�D�V���G�L�V�R�U�G�H�U�H�G���S�R�V�L�W�L�R�Q�V���Z�L�W�K���W�K�H���û��d = 0.224 Å, and the central Cr can thus hop 

between the two equilibrium positions along the Cr�±Cr�±Cr chain axis, while in II ·2CH2Cl2, all 

the Cr positions are fixed with no disordered central Cr. Moreover, the deviation from exact 

linearity in I ·CH2Cl2
10, 16, 17 allows for more flexible motion. But in the latter compound, the 

trichromium chain is exactly linear, with an angle of 1800.16 Rigidness of the chains both along 

the Z axis and in XY plane for II ·2CH2Cl2 leads to a much smaller temperature dependence of the 

D value, as compared to that for I ·CH2Cl2.  

 

Another interesting finding is that the D and E values for II ·2CH2Cl2 are very close to those for 

I ·CH2Cl2. This was unexpected, because the magnetic behavior of II ·2CH2Cl2 is expected to be 

similar to that of an isolated CrII (S = 2) ion, independent from the diamagnetic CrCrBF4 part. 

Isolated mono-nuclear CrII complexes usually exhibit D values over �± 2.2 cm�±1,52, 87, 88 

significantly larger than the D value of �± 1.6 cm�±1 found here for II ·2CH2Cl2. Recent theoretical 

calculations on the Cr chain complex Cr3(dpa)4(NCS)2,
82 showed that strong distortion of the 

Cr···Cr�±�&�U���F�R�U�H���H�I�I�H�F�W�L�Y�H�O�\���W�X�U�Q�V���R�I�I���W�K�H���Œ���E�R�Q�G�V���D�P�R�Q�J���W�K�H���W�K�U�H�H���&�U�V�����E�X�W���G�R�H�V not break the 3-

center-3-�H�O�H�F�W�U�R�Q���1���E�R�Q�G�L�Q�J���P�R�G�H���D�O�R�Q�J���W�K�H���F�K�D�L�Q���D�Q�G���W�K�H���+�2�0�2���I�U�R�P���1nb orbital is lifted only 

by 0.1 eV when the Cr···Cr�±Cr chain is distorted by as much as 0.71 Å. If we could apply this 

scenario to the strongly distorted II ·2CH2Cl2 and slightly distorted I ·CH2Cl2���� �1nb orbital from 

II ·2CH2Cl2 is slightly lifted relative to that for I ·CH2Cl2. Then the energy gaps between the 

ground state and the first excited state should be very similar for both complexes. Consequently, 

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

their D and E values. This agrees with our experimental findings. Detailed theoretical DFT 

calculations are needed to ascertain this assumption, as illustrated later in this chapter.  



70 
 

5.4.2 HF-EPR on Single Crystals  

 

A well shaped single crystal of II ·2CH2Cl2, was face-indexed by single crystal XRD, and the 

crystal was aligned carefully, so that the magnetic field was parallel to (010) plane when the 

crystal was reoriented during measurements. The main axis (Z) of the D tensor is expected to be 

along the Cr�±Cr�±Cr chain, as it was for its parent compound I ·CH2Cl2.
85 If  this is the case, the 

magnetic field will always be perpendicular to the Z axis, since the Cr�±Cr�±Cr 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 5.5 (b) agrees very well with 

the experimental one, by using spin Hamilton parameters S = 2, gx = gy = 1.994, gz = 1.998, D = 

�± 1.62 cm�±1 and E = �± 0.34 cm�±1, �� (B0, Z) = 900, T = 290 K. This clearly shows that the Z axis is 

along the Cr�±Cr 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). Moreover, when the crystal was 

rotated to different orientations in this plane, the peak positions did not change, which further 

confirms the correct assignment of the Z axis to be along the Cr�±Cr Cr chain. 

 

Another important reason to study II ·2CH2Cl2 was to see if these EPR peaks would start splitting 

at low temperatures, as had been found for I ·CH2Cl2.
85 HF-EPR measurements on a single 

crystal of I ·CH2Cl2, showed the single peaks split into two below 100 K (Figure 3.16) and the 

temperatures where the peaks start splitting are independent of the crystal alignment relative to 

the magnetic field. The origin of the peak splitting is attributed to the disorder and dynamics of 

the central Cr along the chain. On the other hand for II ·2CH2Cl2, no peak splitting is expected, 

since the positions of the central Cr are fixed. 



71 
 

 

Figure 5.5: An example of single crystal EPR spectra for II ·2CH2Cl2 at 298 K, 240 GHz (Black) 
with the magnetic field B0 aligned perpendicular to the Cr···Cr�±Cr chains. Simulation (Blue) 
agrees very well with the experimental one, with spin Hamiltonian parameters listed in the text. 
Comparison between the peaks and energy level transitions are guided by dashed lines. All the 
other small peaks are assigned to the forbidden transitions.  
 

Figure 5.6 (a), however, does show the peak splitting as the temperature decreases to 65 K when 

the magnetic field is 770 to the Z axis, �� (B0, Z) = 770. Even more unexpected was the finding 

that, the temperature at which the peak starts splitting is very anisotropic, as can be noted from 

Figure 5.6 (a)-(d). The peak splitting temperature drops to 45 K when �� (B0, Z) = 230 in Figure 

4.6 (b), and less than 10 K, when �� (B0, Z) = 150. The anisotropy of the peak splitting 

temperature is very different from that for I ·CH2Cl2,
85 indicating that the mechanisms of peak 

splitting for these two complexes are different. The gradual peak broadening and splitting 

exclude the static effect such as dipole-dipole interaction within the crystal. So the molecular 
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symmetry lowering below 100 K leading to ine�T�X�L�Y�D�O�H�Q�W���W�Z�R���P�R�O�H�F�X�O�H���V�L�W�H�V�����9���D�Q�G���;�����R�U���G�\�Q�D�P�L�F��

molecular vibrations about the Cr···Cr�±Cr chains are tentatively assigned to this anisotropy of 

peak splitting for  II ·2CH2Cl2. 

 

  

  

 
Figure 5.6: Strong orientation dependence of the peak splitting temperatures was observed in 
II ·2CH2Cl2, with (a) Splitting temperature of 65 K at �� (B0, Z) = 770; (b) that of 55 K at �� (B0, Z) 
= 350; (c) that of 45 K at �� (B0, Z) = 230; (b) that of 10 K at �� (B0, Z) = 150. 
 

These observations can be interpreted as motional effects using the modified Bloch equations.89 

For a given correlation time �2����the greater the line splitting the higher would be the coalescence 
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temperature, and smaller correlation time. �2 is derived by using �2��� ���¥���������
�û�%����90 �Z�K�H�U�H�������L�V���I�U�H�H-

�H�O�H�F�W�U�R�Q���P�D�J�Q�H�W�R�J�\�U�L�F���U�D�W�L�R���D�Q�G���û�%���L�V���W�K�H���S�H�D�N-to-peak width at temperature where the doublet 

just coalesces into singlet. The large anisotropy of the correlation time is illustrated in Figure 5.7. 

The strong angular dependence of the peak splitting and correlation time might be due to the 

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

the chain axis.  

 

 

Figure 5.7: Anisotropy of correlation time as function of temperature for II ·2CH2Cl2. 

 

5.5 Density Function Calculations 

 

HF-EPR studies on II ·2CH2Cl2 concluded a very similar spin Hamiltonian parameters as those in 

I ·CH2Cl2. This suggested that the unsymmetrical complex II  did not behave like an isolated CrII 
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(S = 2) ion, independent from the diamagnetic CrCrBF4 fragment even though its molecular 

structure suggests so. In order to understand why compounds I ·CH2Cl2 and II ·2CH2Cl2 behavior 

similarly  in their magnetic properties, and to justify the true symmetry of trichromium chain in 

complex I ·CH2Cl2, DFT calculations were carried out on both complexes using ORCA 

program.83  

 

5.5.1 Electronic Structures 

 

Unsymmetrical molecular structure of I  17 was used as the initial input of atomic positions for the 

calculation, with the two adjacent Cr�±Cr distance 2.254 Å and 2.477 Å respectively. The 

molecular structure was allowed to optimize freely by minimizing the final point energy. Kohn�±

Sham orbital and energy diagram for I  is obtained as in Figure 5.8, with spin-up orbitals in red 

�O�L�Q�H�V�� �D�Q�G�� �V�S�L�Q�� �G�R�Z�Q�� �R�U�E�L�W�D�O�V�� �L�Q�� �E�O�X�H���� �1�� �E�R�Q�G�L�Q�J�� �L�V�� �H�[�W�H�Q�G�H�G�� �W�R��the three Crs along the chain. 

Three-center three-�H�O�H�F�W�U�R�Q�� �1b orbitals along the chain are lying lowest in the frontier orbital 

�H�Q�H�U�J�\���G�L�D�J�U�D�P�����Œ���E�R�Q�G�V���D�U�H���G�H�O�R�F�D�O�Lzed between terminal Cr's and localized dxz, dyz orbital type 

electrons are from Cr2. In contrast to the all localized dxy electrons, the electrons from terminal 

Cr dxy-�W�\�S�H�� �R�U�E�L�W�D�O�V�� �D�U�H�� �G�H�O�R�F�D�O�L�]�H�G�� �D�Q�G�� �W�K�H�L�U�� �O�H�Y�H�O�� �H�Q�H�U�J�L�H�V�� �O�L�H�� �V�H�F�R�Q�G���O�R�Z�H�V�W�� �F�O�R�V�H�� �W�R�� �1b. dxy 

orbital from Cr2 �L�V���O�R�F�D�O�L�]�H�G���Z�L�W�K���K�L�J�K�H�U���H�Q�H�U�J�\���W�K�D�Q���Œb. �����.���H�O�H�F�W�U�R�Q�V���R�F�F�X�S�\���W�K�H���O�R�Z�H�V�W�������V�S�L�Q��

�X�S���W�\�S�H���R�U�E�L�W�D�O�V���D�Q�G�����������H�O�H�F�W�U�R�Q�V���J�R���W�R���W�K�H���O�R�Z�H�V�W���V�S�L�Q���G�R�Z�Q���R�U�E�L�W�D�O�V�����J�L�Y�L�Q�J���W�R�W�D�O���V�S�L�Q��S = 2 with 

�+�2�0�2�� �W�K�H�� �V�S�L�Q�� �X�S�� �F�R�P�S�R�Q�H�Q�W�� �R�I�� �W�K�H�� �1nb orbital and LUMO the spin down component of �1nb 

orbital.  

 

Electronic structure for unsymmetrical complex II  was also calculated by minimizing energy 

from the initial input of atomic positions reported by Cotton et al..16 Kohn�±Sham orbital and 
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energy diagram for II  is presented in Figure 5.9, with spin-up orbitals in red lines and spin down 

 

Figure 5.8: Frontier Kohn�±Sham orbital and energy diagram for I , with spin up orbitals in red 
and spin down orbitals in �E�O�X�H�����5�H�S�U�H�V�H�Q�W�D�W�L�Y�H���1�����Œ�����/���S�L�F�W�X�U�H�V���I�R�U���V�S�L�Q���X�S���R�U�E�L�W�D�O�V���D�U�H���G�L�V�S�O�D�\�H�G��
to shown their bonding situations. Three electron-�W�K�U�H�H���F�H�Q�W�H�U���1���E�R�Q�G�L�Q�J���L�V���H�[�W�H�Q�G�H�G���D�P�R�Q�J���W�K�H��
�W�K�U�H�H���&�U�V���� �Œ���D�Q�G���/�� �E�R�Q�G�V���Z�H�U�H���G�H�O�R�F�D�O�L�]�H�G���E�H�W�Z�H�H�Q���W�H�U�P�L�Q�D�O���&�U1 and Cr3, while dxz, dyz and dxy 
orbitals from Cr2 are localizd in the center of the chain.  
 

�R�U�E�L�W�D�O�V�� �L�Q�� �E�O�X�H���� �1�� �E�R�Q�G�L�Q�J�� �L�V��also extended to the trichromium chain, even though the chain 

distortion �û�G is 0.648 Å in this complex.16 �Œ���E�R�Q�G�L�Q�J�����K�R�Z�H�Y�H�U�����L�V���O�L�P�L�W�H�G���R�Q�O�\���W�R���W�K�H���W�Z�R���F�O�R�V�H�V�W��

Cr1 and Cr2���� �Z�L�W�K�� �W�K�H�L�U�� �H�Q�H�U�J�L�H�V�� �H�Y�H�Q�� �O�R�Z�H�U�� �W�K�D�Q�� �1b, probably due to the very short Cr1�±Cr2 

distance and good overlap of the �Œ symmetry orbitals. dxz and dyz from the third Cr3 is essentially 

�O�R�F�D�O�L�]�H�G���Z�L�W�K���K�L�J�K�H�U���H�Q�H�U�J�\���W�K�D�Q���W�K�H���Œ-bonding orbitals between Cr1 and Cr2, which is expected. 

�/�� �E�R�Q�G�L�Q�J�� �L�V�� �W�R�W�D�O�O�\�� �E�U�R�N�H�Q�� �D�Q�G�� �Gxy orbitals from the three Crs are all localized on their own 

corresponding nuclei. This suggests there is almost no overlap of �/ symmetry orbitals between 
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any of the Cr's along the chain. �����.���H�O�H�F�W�U�R�Q�V���R�F�F�X�S�\���W�K�H���O�R�Z�H�V�W�������V�S�L�Q���X�S���W�\�S�H���R�U�E�L�W�D�O�V���D�Q�G����������

electrons go to the lowest spin down orbitals, giving total spin S � �� ������ �+�2�0�2�� �L�V�� �I�U�R�P�� �W�K�H�� �1nb 

orbital with the spin up component, while LUMO is from dxy orbital for central Cr atom with 

spin up component as well. 

 

 

Figure 5.9: Frontier Kohn�±Sham orbital and energy diagram for complex II , with red lines for 
spin up orbitals and blue ones for spin down orbitals. Representative �1�����Œ�����/���S�L�F�W�X�U�H�V���I�R�U���V�S�L�Q���X�S��
orbitals are shown on the side. Three electron-�W�K�U�H�H�� �F�H�Q�W�H�U�� �1�� �E�R�Q�G�L�Q�J�� �L�V�� �Z�H�O�O�� �U�H�V�H�U�Y�H�G�� �L�Q�� �W�K�L�V��
complex, even though the trichromium chain is unsymmetrical���� �Œ�� �E�R�Q�G�V�� �Z�H�U�H�� �G�H�O�R�F�D�O�L�]�H�G��
between Cr1 and Cr2, while dxz, dyz orbitals from Cr3 are localizd on its own nucleus. Little 
�R�Y�H�U�O�D�S�� �R�I�� �/�� �V�\�P�P�H�W�U�\�� �R�U�E�L�W�D�O�V�� �L�V�� �R�E�V�H�U�Y�H�G�� �D�P�R�Q�J�� �D�O�O�� �W�K�H�� �W�K�U�H�H�� �&�U�� �D�W�R�P�V�� �D�Q�G�� �Gxy orbitals are 
essentially localized on their own atoms.  
 

5.5.2 Theoretical EPR Results from DFT Calculation 

 

To further understand the origin of the large negative D value in complexes I and II , magnetic 
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properties were calculated based on the electronic structures shown above from their optimized 

molecular structures. The calculated D value is usually composed of spin-orbit coupling (SOC) 

and spin-spin (SS) contributions, which could be expressed as:91 

D total = D spin-orbit + D spin-spin                                                                                               Eq. (5.2)  

The spin-orbit contribution could be further broken down into four major parts: SOMO�:�9�0�2��

���.�:�� ), �'�2�0�2�:�6�2�0�2�������:���� , �6�2�0�2�:�6�2�0�2�����.�:����, and �'�2�0�2�:�9�0�2�������:�.�� , where SOMO is 

singly occupied molecular orbital, DOMO is doubly occupied molecular orbital, VMO represents virtual 

molecular orbital with close to 0 electron occupancy.92 A total D value of �± 1.150 cm�±1 was obtained 

for I  from the calculation, in comparison with the experimental value of �± 1.617 cm�±1. Towards 

the total theoretical D value, the second order spin orbital coupling (SOC) term has major 

contributions to the total D value in this transition metal complex, 

 

Table 5.1: Comparison of ZFS D and E parameters for I and II between experimental values and 
DFT calculations with freely optimized structures. The breakdown of their individual 
contributions from DFT calculations is also displayed. The units are all in cm�±1.  
 
 Cr3(dpa)4Cl2, I  Cr3(dpa)4ClBF4, II  

 DFT Exp., powder Exp., solution DFT Exp., powder 

D total  �±1.150 �±1.617 �±1.617 �±0.969 �± 1.621 

Spin-Orbit �±0.980 �±0.748 

�6�2�0�2�:�9�0�2�����.�:������ �±0.050 0.115 

�'�2�0�2�:�6�2�0�2�������:����  0.094 0.242 

�6�2�0�2�:�6�2�0�2�����.�:���� �±0.977 �±1.018 

�'�2�0�2�:�9�0�2�������:�.��  �±0.047 �±0.087 

Spin-Spin  �±0.169  �±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) dipolar component is also 
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appreciable with its contribution of about 15% to the total D. A more detailed examination of the 

SOC term illustrates that �W�K�H���6�2�0�2�:�6�2�0�2�����.�:�������L�V���W�K�H���O�H�D�G�L�Q�J���W�H�U�P���D�V���M�X�V�W�L�I�L�H�G���E�\���1�H�H�V�H47, 

91 and accounts for over 85% towards the final D value. The E term is 0, indicating there is 

essentially no equatorial distortion in freely optimized symmetrical structure. However, E/D = 

0.02 was found from EPR spectroscopy on the powder sample of I· CH2Cl2. An interesting 

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

except H atoms,17 E/D of 0.028 was obtained, in good  agreement with the experimental value on 

powder samples. Thus the slight distortion in the equatorial plane could be attributed to the 

crystallization and solvent effect. Even more impressive, when complex I was dissolved in 

CH2Cl2 solvent, EPR data from this frozen solution revealed the E value of 0. This in turn 

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

 

The total D value of �± 0.969 cm�±1 was obtained for the unsymmetrical II , slightly less than the 

calculated D value of �± 1.150 cm�±1 for symmetrical I . But it still agrees reasonably well with its 

experimental value of �± 1.62 cm�±1. As expected again, the second order SOC term has major 

contributions to the total D value in this transition metal complex. But the first order SS 

component is also appreciable with its contribution of about 23% for II . Among the main 

component�V���R�I���6�2�&���F�R�Q�W�U�L�E�X�W�L�R�Q�����W�K�H���6�2�0�2�:�6�2�0�2�����.�:�������L�V���W�K�H���O�H�D�G�L�Q�J���W�H�U�P���D�V���M�X�V�W�L�I�L�H�G���E�\��

Neese47, with its value of �±1.018 cm�±1, even larger than the final D value in this complex. The 

large positive components �I�U�R�P�� �6�2�0�2�:�9�0�2�� ���.�:������ �D�Q�G�� �'�2�0�2�:�6�2�0�2�� �����:������

�F�R�Q�W�U�L�E�X�W�L�R�Q�V�� �F�R�X�Q�W�H�U�E�D�O�D�Q�F�H�� �W�K�H�� �Q�H�J�D�W�L�Y�H�� �6�2�0�2�:�6�2�0�2�� ���.�:������ �F�R�Q�W�U�L�E�X�W�L�R�Q�� �D�Q�G���O�H�D�G�� �W�R��

slightly smaller total D value from calculation, as compared to that for I . Thus it is clear that the 

similar D values in I  and II  are caused by their similar contributions �I�U�R�P�� �6�2�0�2�:�6�2�0�2��
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���.�:��������an electron flip from spin up to spin down on the singly occupied molecular orbital. The 

E term for II  from the freely optimized structure is 0, indicating there is no equatorial distortion 

in this situation. But E/D = 0.02 was found from EPR measurement on the crystalline powder 

sample of II , similar to that for I . The slight distortion in the equatorial plane could be attributed 

to the lattice effect and solvent effect, as found in complex I .  

 

5.5.3 The True Symmetry of the Trichromium Chain in Cr 3(dpa)4Cl2·CH2Cl2 

 

Table 5.2: Selected atomic distances in I ·CH2Cl2: comparison between the DFT calculation and 
literature values. 
 

Cr3(dpa)4·CH2Cl2  1997 10 2004 17 DTF calculation 

Cl0�±Cr1, Å 2.551(2) 2.550(2) 2.507(1) 

Cr1�±Cr2, Å 2.365(1) 2.254(4) 2.364(1) 

Cr2�±Cr3, Å 2.365(1) 2.477(4) 2.364(1) 

Cr1�±Cr3, Å 4.729(2) 4.731(2) 4.728(2) 

Cr3�±Cl4, Å 2.551(1) 2.550(2) 2.507(1) 

Angle, deg (Cr1�±Cr2�±Cr3) 178.85 178.98 180.00 

 

The freely optimized structure is found to be symmetrical in I , even though the calculation starts 

from the literature reported unsymmetrical one with the Cr�±Cr distances 2.254 Å and 2.478 Å 

respectively.17 Selected Cr�±Cr and Cr�±Cl bond lengths are compared in Table 5.2 between the 

calculated values and experimental ones. 10, 16, 17 The agreement is quite good: the total chain 

length Cr1-Cr3 is calculated to be 4.278 (2) Å, in excellent agreement with experimental value of 

4.729(2) Å10 and 4.731(2) Å17. And the chain is theoretically exactly linear, without any 

deviation, which is different from the experimental findings.17 While earlier X-ray results 

reported the adjacent Cr distance Cr1�±Cr2 and Cr2�±Cr3 from calculation to be both 2.364 (1) Å, 



80 
 

agreeing very well with the earlier interpreted symmetrical Cr�±Cr distances of 2.365 (1) Å10. But 

Berry et al.17 later reexamined the structure and found the ellipsoid central Cr electron cloud and 

slightly bending of the Cr�±Cr�±Cr is better interpreted as disordered Cr distance and 

unsymmetrical structure. Whether the disorder of central Cr is static or dynamic, remains a long-

standing question. Careful examination of the crystal structure revealed the identical Cr-Cl 

distance of 2.550 Å on both ends, favoring the dynamic properties of the central Cr. To justify 

this assumption, only the Cr�±Cr distances are fixed to the experimental values of 2.254 Å and 

2.478 Å and all the rest atom positions are optimized. Interestingly, the calculated results showed 

different Cr-Cl distances, 2.525 Å and 2.494 Å, respectively. This suggests that if the chain is 

truly unsymmetrical, different Cr-Cl distances would be expected. This calculation indirectly 

revealed the dynamic nature of the disordered central Cr. We suggest that the dynamics of the 

central Cr moving is out of the ab plane, and lead to the deviation of linear chain and keeping the 

symmetry elements of Pnn2 space group. The difference of final single point energy between the 

symmetrical freely optimized structure and partially Cr�±Cr�±Cr chain fixed unsymmetrical one is 

only 1.54 kJ·mol�±1, which could be well stabilized by the crystal distortion and thermal energy.  

 

In order to get a better picture of how energy difference would change as the Cr�±Cr�±Cr chain is 

distorted, a series of calculations were performed, by fixing the total chain length, but the 

adjacent Cr�±Cr distances differing from 0 up to 0.8 Å. Taking the energy for the symmetrical 

form as 0, their final single point energy difference between the distorted structure and 

symmetrical one is plotted as a function of distortion in Figure 5.10. A shallow smooth curve is 

obtained with less than 14 kJ·mol�±1 energy gained as the distortion reached 0.8 Å and the Cr�±Cr 

distances 1.965 Å and 2.765 Å, respectively. This low energy cost for the distortion would be 
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accounted for the versatile structures of I with different crystallization solvent and equatorial 

ligangds. 10, 17  

 

 

Figure 5.10: Final single point energy increase on complex I  is induced by the Cr�±Cr�±Cr 
distortion, compared to its symmetrical counterpart. But the curve is shallow enough for thermal 
and lattice compensation effect. 
 

5.6 Conclusions 

 

The present HF-EPR studies on II ·2CH2Cl2 reveal a large negative zero-field splitting D of �± 

1.620 cm�±1, which is very close to that for I·CH2Cl2. Temperature dependence of D value, 

however, is experimentally found to be much weaker in II ·2CH2Cl2, as compared to that for 

I ·CH2Cl2. This could be probably due to the definite Cr positions along the unsymmetrical 

chains and no deviation from the exact linear chain in II . The principal Z axis of the D tensor is 
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found to be along the Cr�±Cr�±Cr chain direction, as it is in I ·CH2Cl2. The gradual peak 

broadening and splitting at low temperature is strongly anisotropy with splitting temperature of 

65 K, when the magnetic field is 770 to the chain axis and that decreased down to about 10 K 

when �� (B0, Z) = 150. This anisotropy can be traced to the effect of symmetry lowering or 

molecular motion normal to the chain axis. This is very different from the same splitting 

temperature at all orientations in I . 

 

The origin of the similar spin Hamiltonian parameters for I  and II  was investigated by density 

functional calculations. The results revealed that the unbroken 3-center-3-�H�O�H�F�W�U�R�Q���1�� �I�U�D�P�H�Z�R�U�N��

is retained in the unsymmetrical compound II , even though the Cr�±Cr distance is distorted by 

0.65 Å, as compared to no distortion of Cr�±Cr distance in I . The calculated EPR parameters 

agree quite well with their corresponding experimental values with large negative D for both 

complexes. The leading contribution to the D �S�D�U�D�P�H�W�H�U���R�U�L�J�L�Q�D�W�H�V���I�U�R�P���6�2�0�2�:�6�2�0�2�����.�:����, 

a spin flip on the singly occupied molecular orital. It is this term that lead to the similar spin 

Hamiltonian parameters for both complexes. E values from the freely optimized structures are 0 

for both complexes, but small E values for fixed Cr�±Cr�±Cr chain were induced during 

calculation. This indicates the molecular distortion in the equatorial plane is very likely induced 

during lattice formation and steric effects. DFT calculation and XRD data both supports the 

symmetry of the chain in I �����:�K�D�W�¶�V���P�R�U�H�� the disorder of the central Cr was found to be dynamic 

and its motion is out of ab plane, accounting for the slight bending of the chain in I . The shallow 

curve of the energy gain as Cr�±Cr�±Cr is distorted, results in the disorder of central Cr and 

versatile structures of I  complexes with different crystallization solvents. 
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CHAPTER 6 

MAGNETIC PROPERTIES OF HETEROMETALLIC 

COMPLEXES Cr 2Mn(dpa)4Cl2 (III) AND Mo 2Mn(dpa)4Cl2(IV) 

 

The previous three chapters present the interesting magnetic properties and electronic structures 

of homometallic complexes, I  and II . This chapter discusses the molecular, and magnetic 

properties of their heterometallic analogues. Crystal structures of the heterometallic compounds 

Cr Cr···Mn(dpa)4Cl2 (III ), and Mo Mo···Mn(dpa)4Cl2 (IV ) show disorders in the metal atom 

positions such that the linear MA MA···MB array for a given molecule in the crystal is oriented 

in one of two opposing directions. Despite the fact that the direct coordination sphere of the 

metals in the two crystallographically independent orientations is identical, subtle differences in 

some metal-ligand bond distances are observed in IV  due to differences in the orientation of a 

solvent molecule of crystallization. The Mn(II) ion serves as a sensitive local spectroscopic 

probe that has been interrogated by HF-EPR spectroscopy. The subtle differences in the two 

independent Mn sites in IV  unexpectedly give rise to unusually large differences in the measured 

Mn ZFS (D). Variable temperature HF-EPR studies have allowed the determination of the 

temperature dependent D tensors in IV : D is oriented along the metal-metal axis and it shows 

significantly different dynamic behavior with temperature. The differences in D are reproduced 

by density functional calculations on truncated models for IV  that lack the quadruply-bonded 

MA MA groups, though the magnitude of the calculated effect is not as large as that observed 

experimentally. It is suggested that the large observed differences in D for the individual sites 

could be due to the influence of the strong diamagnetic anisotropy of the quadruply-bonded 
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M M unit. Some of this work has been reported recently. 26 

 

6.1 Introduction 

 

Heterometallic complexes offer chemical and physical complexity as useful features that are 

currently of interest to applications in synthesis,93-98 catalysis,99, 100 and molecular magnetism,101-

105 and are often encountered in natural systems.106-109 The nature of interactions (bonded or non-

bonded) between two different metals that are held in close proximity is often hard to define, but 

insights can be gained through systematic variation of the identity of the metals in structurally 

analogous compounds. In order to gain such insight, heterometallic complexes of 

Cr Cr···Mn(dpa)4Cl2, III  and Mo Mo···Mn(dpa)4Cl2, IV  have been introduced. Metal-metal 

multiply bonded groups are well known to possess strong magnetic anisotropy.1 Paramagnetic 

dimetal complexes such as Ru2
5+ species have unusually large axial zero-field splitting,110, 111 and 

quadruply bonded species, such as those in our compounds, have strong diamagnetic anisotropy, 

which is known to cause well-defined shifts in NMR experiments similar to the ring current in 

benzene.112, 113 A significant focus of this work was in determining if the magnetic anisotropy of 

the metal-metal bond would have any effect on the anisotropy of the Mn(II) ions as probed by 

the zero-field splitting (D). Thus detailed EPR studies of the compounds III  and IV  are presented 

in this chapter. 

 

 6.2 Synthesis 

 

The synthesis of heterometallic trinuclear compounds MMM'(dpa)4Cl2 could be achieved by the 

metalzaiton of quadruply bonded dinuclear synthons.24 The starting materials Mo2(dpa)4,
25 
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Cr2(dpa)4,
114 were prepared according to literature procedures. Synthesis of compounds III  and 

IV  are reported by Nipple et al..26  

 

Compound III Cr 2Mn(dpa)4Cl2·CH2Cl2: THF (25 mL) was added to a mixture of solid orange 

crystalline Cr2(dpa)4 (200 mg, 0.25 mmol) and white MnCl2·2THF (100 mg, 0.37 mmol). The 

mixture was stirred and heated to reflux for ~8 hr and subsequently concentrated to ~10 mL. The 

microcrystalline brown solid was separated by filtration, washed with hexanes (40 mL) and dried 

under vacuum. The solid was dissolved in CH2Cl2 (25 mL) and the resulting dark brown solution 

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

 

Compound IV , Mo2Mn(dpa)4Cl2·Et2O: Solid red Mo2(dpa)4 (250 mg, 0.23 mmol) and white 

MnCl2·2THF (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 been preheated to ~230 °C. The 

flow rate of the nitrogen inlet stream was reduced to a minimum and the naphthalene that 

sublimed onto the flask walls was melted using a heat gun. After ~1 hr at 230 °C the color 

changed to brown and the mixture was cooled to room temperature. The mixture was washed 

with hot hexanes (2 x 50 mL) to remove the naphthalene and the resulting red-brown solid was 

dried under vacuum for 30 min. The solid residue was extracted with CH2Cl2 (30 mL), and the 

resulting brown solution was layered with Et2O. Crystals of IV  were obtained after 1 day. 

 

6.3 Molecular Structures 

 

All structurally important intramolecular parameters of the Mn atoms in III  and IV  are given in 
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Table 6.1. At 97 K, the compound III  crystallizes in the orthorhombic space group Pnn2. The 

metal atoms are disordered over two positions that are related by a crystallographic 2-fold axis 

such that both orientations of the molecule are required to be structurally equivalent. The 

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

 

 

III  

 

IV  

Figure 6.1: Left panel shows molecular structures of III  with disordered ratio of 50%/50% over 
two orientation at 97 K. right panel, molecular structure of IV , with disordered ratio of 70% 
/30% at 97 K.26 Hydrogen atoms and solvent molecules have been omitted for clarity.  
 

The Mn(II) ion displays typical structural features for high-spin Mn(II) (S = 5/2), in agreement 

with the experimentally determined room temperature magnetic susceptibility of III  ���$���7��� ������������

emu·K·mol-1). The Mn(II) ion resides in a pseudo octahedral / square pyramidal ligand 

environment with 4 equatorial pyridine N-atoms (Npy) (d(Mn�±Npy) = 2.190[1] Å), one axial Cl- 

ion (d(Mn�±Cl) = 2.259(2) Å) and one axial Cr···Mn interaction (d(Mn···Cr) = 2.781(1) Å). The 

Mn atom is pushed out of the plane of the four pyridine ligands by 0.5 Å away from the central 

Cr atom. The Cr�±Cr distance of 2.040(1) Å is in good agreement with the distance of 2.025(2) Å 

observed in its isostructural counterpart Cr2Fe(dpa)4Cl2,
26 and all other Cr�±ligand distances are 
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qualitatively and quantitatively similar to those in Cr2Fe(dpa)4Cl2. The solvent molecule CH2Cl2 

is disordered over two positions at this temperature. 

 

Crystallographic data of III  at 11 K, however, indicated the diffraction pattern no longer 

correspond to Pnn2 or any other orthorhombic space group.26 Instead, the resulting diffraction 

patterns are best explained by a twinned monoclinic cell with Pn space group. The Pn space 

group lacks the crystallographic 2-fold axis relating one end of the molecules to the other, so in 

this phase III  have two crystallographically distinct Mn sites. A similar phase transition is 

known to occur in the isostructural homometallic tricobalt molecule.12 The overall metal-ligand 

distances of the two orientation chains in III  at 11 K vary only marginally from those obtained at 

97 K (Table 6.1). The 11 K structure of III  reveals structurally almost identical Mn(II) ions for 

orientation 1 and 2: d(Mn-Cl) =  2.251 (2) and 2.257 (2) Å; d(Mn-N) =  2.197 (2) and 2.205 (1) 

Å; d(Mn···Cr) =  2.804 (3) and 2.838 (3) Å. The relative occupancies are 48 % and 52 % for the 

two orientations (Figure 6.2). The solvent CH2Cl2 molecule is, even at this temperature, 

disordered and the intermolecular Mn···C(CH2Cl2) and Cl···H(CH2Cl2) are similar for both 

orientations. The orientation of the disordered Cr Cr···Mn chains in the unit cell of at 11 K is 

shown in Figure 6.2 (top).  

 

The crystal structure of IV  was determined at 97 K (Figure 6.1).26 The molecule crystallizes in 

the monoclinic space group P21/c. The metal atoms are disordered with relative occupancies of 

oppositely oriented MoMo···Mn chains of 70 % / 30 %. As in the structure of III , there is no 

sign of disorder in the dpa ligand moieties or the Cl atoms. The two distinct orientations feature 

small structural differences in the geometry of the metal atoms. For instance, the pseudo-
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octahedral Mn(II) ions in orientations 1 and 2 show very similar Mn�±Cl distances of 2.330(4) 

and 2.321(3) Å as well as Mn�±N and Mn···Mo distances of 2.248[4] and 2.256[5] Å and and 

2.790(2) and 2.797(5) Å, respectively. The presence of a Mo�±Mo quadruple bond is established 

by the Mo�±Mo distances of 2.096(2) and 2.104(5) Å. The only major structural difference 

between the two orientations is the non-bonded intermolecular distance to the solvent molecule: 

The Mn·····O(Et2O) distances  are 6.08 Å and 6.53Å in orientations 1 and 2, respectively. The 

orientations of the disordered MoMo···Mn chains in the unit cell of IV  at 97 K are shown in 

Figure 6.2 (bottom).  

 

Table 6.1: Crystallographically determined geometric parameters around the paramagnetic 
transition metal ions at 97 K for III  and IV  and 11 K for III .26              
 
 
 
 

compound III  IV  

space group (T, K) Pnn2 (97 K) Pn (11 K) P2(1)/c (97 K) 

orientation 

 

1 (48%) 2 (52%) 1 (70 %) 2 (30%) 

M-Cl, Å  2.259(2) 2.251(2) 2.257(2) 2.330(2) 2.321(3) 

M-N , Å 2.190(1) 2.197(2) 2.205(1) 2.248(4) 2.256(5) 

M---M' , Å 2.781(1) 2.804(3) 2.838(3) 2.790(2) 2.797(5) 

M-N4 plane , Å 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 composition of III  at 11 K (top) and IV  at 97 
K (bottom), showing the metal atom disorder (48/52 for III ; 70/30 for IV ) within the two relative 
orientations of the trimetallic chains.26 
 

6.4 Magnetic Properties from EPR Measurements 

 

The earlier magnetic susceptibility results showed that the magnetic properties of compound III  

and IV  could be ascribed to a total spin S = 5/2, with a Lande g-factor of essentially 2.0, 

suggesting that source of magnetism must be the Mn (II) ion with its half-filled 3d5 shell in the 

high-spin ( S � �� ���������� �F�R�Q�I�L�J�X�U�D�W�L�R�Q���� �7�K�H���W�Z�R���&�U�¶�V�� �D�Q�G���0�R�¶�V��in the both complexes must thus be 

�F�R�X�S�O�H�G���D�Q�W�L�I�H�U�U�R�P�D�J�Q�H�W�L�F�D�O�O�\�����F�D�Q�F�H�O�L�Q�J���H�D�F�K���R�W�K�H�U�V�¶���F�Rntribution to the magnetism.   
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6.4.1 X-band EPR on Frozen Solution of III and IV 

 

Preliminary X-band (9.4 GHz) EPR measurements from a frozen solution of III  and IV  are 

shown in Figure 6.3. The observation of just two large peaks with a small hump in the center, as 

opposed to the expected larger number of peaks for an anisotropic S = 5/2 system, implied that 

the splitting between the neighboring magnetic levels is greater than the microwave quantum 

number. Comparison of the experimental spectra with those simulated using the program SPIN 

(Figure 6.3), indicated that the spectra could be simulated in two ways: with only the g-tensor 

and D = 0, or with a D which must be larger than the employed X-band microwave quantum and 

an isotropic g factor. To resolve this ambiguity, and to accurately measure the g, D and E 

parameters, we resorted to HF-EPR spectroscopy. 

 

  

Figure 6.3: X-band EPR spectra for frozen solution of III in (a) and IV  in (b). Limited peaks 
�F�R�X�O�G�Q�¶�W���S�U�R�Y�L�G�H���G�H�I�L�Q�L�W�H���V�S�L�Q���+�D�P�L�O�W�R�Q�L�D�Q���S�D�U�D�P�H�W�H�U�V. 
 

Compounds III  and IV  were investigated by means of variable temperature variable frequency 

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

spectroscopy revealed very precise details on the magnetic parameters of the individual Mn(II) 
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ions in III  and IV . Four issues will be addressed in the following: (1) temperature dependence of 

powder sample spectra of III  and IV ; (2) temperature dependence of single crystal spectra; (3) 

angular dependence of single crystal spectra at 2.6 K; (4) temperature dependence of the zero-

field splitting parameter D. 

 

6.4.2 Temperature Dependence of Powder Sample of III and IV 

 

The powder spectra (KBr pellet) of III  were then obtained at 220.8 GHz in the range between 

10-296 K (A and B Figure 6.4) and the spectra of IV  were collected at 203.2 GHz at 

temperatures from 10-260 K (A and B in Figure 6.5). At this high frequency, many more well 

resolved peaks are detected. The best-fit spectra for III  and IV  are also shown in Figures 6.4 and 

6.5 (red curves). At 290 K the obtained parameters for III  (S = 5/2) are gx = gy = gz = 2.000, D = 

0.449 cm�±1, E = 0.00747 cm�±1, indicating axial anisotropy of the zero-field splitting, in good 

agreement with the axial C4 symmetry of the molecule. The g-values obtained for IV  (S = 5/2) at 

260 K are also very close to the free-electron value (gx = gy = gz = 2.0023), but interestingly, two 

sets of D values (D(1) = 0.324 cm�±1, D(2) = 0.280 cm�±1) are observed with the same E = 0.00747 

cm�±1, indicating the presence of at least two magnetically distinct MoMo···Mn molecules in the 

sample, with different axial zero-field splitting. The powder EPR spectra for both III  and IV  

both display strong temperature dependences. Peak assignments were made by computer 

simulation,115, 116 yielding the energy level diagrams shown in Figures 6.4 and 6.5.  

 

The parameters for III  at 10 K are gx = 1.993, gy = 1.991, gz = 1.990, D = 0.498 cm�±1, E = 

0.00747 cm�±1. 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 in the D �Y�D�O�X�H�����7�K�H���S�H�D�N�V���O�D�E�H�O�H�G���D�V���³�
�´���D�U�H���D�V�V�L�J�Q�H�G���W�R��

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

over time. We note that only one set of D values is observed, indicating that all Mn(II) ions are  

 

 

Figure 6.4: EPR spectra of a KBr pellet of III  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 measurements. It is noteworthy that at 

290 K, all five z-�R�U�L�H�Q�W�H�G�� �ûMs = 1 transitions (arrows in Figure 6.4) are observed, indicating 

significant Boltzmann population of the higher energy levels at high temperatures. At 10 K the 

peak at the lowest field side becomes undetectable and the peak at the highest field increases, 

indicating that the former originates from transitions between the highest energy levels and the 

latter from the ground state. This assignment in turn establishes that D is positive, which is 
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usually the case for octahedrally coordinated mononuclear Mn(II) complexes.117, 118 The central 

three transitions overlap with the signals from the x and y directions.  

 

 

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

Lowering the temperature to 10 K also changes the EPR parameters of IV : gx = gy = gz = 1.993, 

D1 = 0.352 cm�±1, D2 = 0.294 cm�±1 and E = 0.00747 cm�±1. In contrast to the case of III , two 

nonequivalent Mn(II) sites are clearly present here, with significantly different D values. 

Simulations of the 10 K spectra of IV  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 orientations 1 (D1 =  0.352 

cm�±1) and 2 (D2 = 0.294 cm�±1) match the experimental data reasonably well. The 
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spectroscopically determined intensity ratio of 70/30 is exactly the same as the 

crystallographically observed occupancies for the two orientations. The intensity of the ground 

state transition increases at low temperature, indicating a positive D value and shifts to 8.768 

Telsa (from 8.5688 Telsa at 260 K), due to an increase in the D value at low temperature. 

 

 

Figure 6.6: Comparison of the simulated and the experimental powder EPR spectra of IV at 10 K. 
Spectrum i is for D1 = 0.352 cm�±1 and ii for D2 = 0.294 cm�±1. Some minor peaks are highlighted 
�Z�L�W�K���³�
�´�����W�K�H�\���D�U�H���F�R�Q�V�L�G�H�U�H�G���W�R���E�H���H�[�W�U�D�Q�H�R�X�V�����D�V���F�R�Q�I�L�U�P�H�G���E�\���P�H�D�V�X�U�H�P�H�Q�W�V���R�Q���V�L�Q�J�O�H���F�U�\�V�W�D�O�V��
(see text). 
 

Thus, the powder results for III  and IV  suggest the presence of one and two magnetically 

distinct Mn(II) sites for III  and IV , respectively, and indicate temperature dependence of the D 

values for both compounds. Crystal structures of both III  and IV  contain two independent Mn(II) 
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sites, which are shown to be magnetically equivalent for II I , but, interestingly, inequivalent for 

IV . Additionally, much more precise information on the assignment of the D values to the 

independent sites in III  and IV  was obtained from single crystal measurements (vide infra). 

 

6.4.3 Temperature Dependence of Single Crystal Spectra of III and IV 

 

The temperature dependence of the single-crystal spectra of III  and IV  are shown in Figures 6.7 

and Figures 6.8. At higher temperatures (>250 K), there are more than 10 peaks, making the 

assignment of the spectra difficult. At 2.6 K only 4 dominant signals are obtained for III  and IV . 

 

 

Figure 6.7: Temperature dependence of single crystal EPR spectra of III  with the magnetic field 
close to the ab plane. Note that essentially only four peaks are observed at the lowest 
temperature, which can be directly assigned to four magnetically distinct Cr�±Cr�±Mn molecules, 
following the numbering scheme of Figure 6.2.  
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These originate from Ms = �± �������� �:�� �± 3/2 ground-state transitions of the four magnetically 

distinct molecular orientations. Integration of the 4 peaks obtained for III  yields 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), which is in very 

good agreement with the relative occupancies of 48 % and 52% observed by crystallography. 

The 70/30 disorder of the MoMo···Mn chain in the crystal structure of IV  is also quantitatively 

reproduced by the relative peak intensities observed for IV  at 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 features are present in the 

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

 

 

Figure 6.8: Temperature dependence of single crystal EPR spectra of IV  with the field in the (�±1, 
�±1, 1) plane. Note that essentially only four peaks are observed at the lowest temperature, which 
can be directly assigned to four magnetically distinct Mo�±Mo�±Mn chains, following the 
numbering scheme of Figure 6.2. The arrow highlights the shoulder that is tentatively ascribed to 
a phase transition below 10 K.  
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sparsely occupied magnetic states (Ms = �± 3/2 �:�� �± 1/2). As expected, these peaks are of much 

lower intensity, compared to the other four ground state transitions, following the Boltzmann 

distribution. For III  the peaks broadened below 100 K, which is indicative of the 

crystallographically established phase transition (see above). For IV , a small shoulder on peak 1 

in Figure 6.8 can be seen (highlighted by an arrow), which may also indicate a phase transition 

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

 

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

 

 

Figure 6.9: Angular dependence of EPR peaks for III  at 2.6 K with the field orientated close to 
the ab plane. The pink and blue curves are assigned to molecules 1 and 2 (set A), and the red and 
black ones are from the molecules 3 and 4 (set B). Green and brown lines are due to the first 
excited state transition Ms = �± ���������:��Ms = �± 1/2.  
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To assign the four peaks to the four magnetically distinct molecular orientations in the unit cell 

of III  and IV  and to gain information about the directions of the D tensors, EPR spectra were 

measured of the single crystals at 2.6 K with the crystal symmetry axes oriented at several 

known angles relative to the magnetic field. In the angular dependent spectra of III , there are two 

peaks close to each other at all angles. They follow curves 1 and 2 (Figure 6.9) with the same 

angular variation trend with their maximum resonance field obtained at an angle of 29°. 

Additionally, there are two neighboring peaks following curves 3 and 4, sharing a similar 

rotational pattern, reaching maximum resonance fields at 171o. Although similar maximum and 

minimum resonance fields are obtained for these four signals, the angular dependence 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 CrCr···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 above mentioned peak 

intensity ratio between 1 and 2 (or 3 and 4) of about 49: 51 at all angles. The only marginally 

different maximum and minimum resonance fields for sets A and B indicate that their D values 

are nearly the same, in good agreement with the almost identical orientations of the two 

disordered Cr Cr···Mn chains (178.66° and 178.50° for set A and B, respectively). By 

simulating the experimental angular dependence data, two slightly different D values of  0.504 

cm�±1 (set A) and  0.486 cm�±1 (set B) were found with the same g-tensors, E-values and angles 

between the magnetic field and the molecular chain axes. The continuous curves in Figure 6.9 

are those calculated theoretically from the spin Hamiltonian parameters (g-tensor, D and E 

values) obtained from the above simulation at 2.6 K, which match the experimental data 

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

which involve Ms = �± ���������:��Ms = �± 1/2 transitions from set A and set B molecules (see above).  

 

 

Figure 6.10: Angular dependence of the HF-EPR peaks from IV  at 2.6 K with the field oriented 
close to the (�±1, �±1, 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 spectra of IV  at various angles show also two different pairs of signals from 

sets A and B, which are in close proximity to each other at all angles (Figure 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 compound III , the signal pairs show strongly different 

maximum and minimum resonance fields. It is thus clear that curve 1 and 2 are from one 

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

rationalized by the peak intensity ratio of 71/29 (curve 1/2) and 67/33 (curve 3/4) which is in 
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agreement with the crystallographic data. Utilizing the same approach as for III , we obtain now 

a D value of 0.353 cm�±1 for set A molecules 1 and 3 and 0.294 cm�±1 for set B molecules 2 and 4, 

respectively. The calculated curves in Figure 6.10 are pink and blue for set A while the red and 

the black curves are from set B. The large difference in D values (0.059 cm�±1) for the two 

orientations is remarkable and manifests the magnetic inequality of the two independent Mn(II) 

ions.  

 

For HF-EPR spectra at each orientation, the angles between the magnetic field and the principle 

direction of the D tensor from simulation match the actual angles between the magnetic field and 

the metal chain axis from the crystal structure. Thus the main axis of the D tensor is directed 

along the trimetallic chain for each molecule. In all, a close examination of the angular 

dependence of EPR peaks enables us to determine the directions and magnitudes of the D tensors 

for each molecule individually. We note that the high resolution provided by employing high 

frequency EPR spectroscopy complements and expands upon the insights gained from variable 

temperature X-ray diffraction. 

 

6.4.5 Temperature Dependence of D in III and IV  

 

The experimental spectra exhibit strong temperature dependence of the magnetic parameters, in 

particular the zero-field splitting (D). Measurements were carried out on powdered pellet 

samples at several temperatures between 10 and 290 K for III  and 4 and 298 K for IV . These 

spectra were simulated and D and E values were obtained combining the single crystal data. 

Figure 6.11 shows the temperature dependence of average D values of the disordered molecules 

in III . The average value is taken here because the difference of the D values from the two sets is 
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too small (~ 0.018 cm�±1 at 2.6 K) to be accurately assigned to the two sets above 10 K. Figure 

6.12 shows the temperature dependence of the D values for set A (molecules 1,3) and set B 

(molecules 2,4) in IV . On lowering the temperature, the D value changes rapidly at first. For III  

it levels off at around 30 K and for IV  at ~50 K. 

 

 

Figure 6.11: Temperature dependence of the average D values of all the four molecules in III  ���v����
with an error bar of 0.001 cm �±1 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 the D value has been observed before for Mn2+ in CdCl2 crystals63 and a 

phenomenological model was proposed,119 as well as the temperature dependence of D values for 

complex I. The same model in Eq. 3.6 is used to interpret our data here. The fit for compound III  

according to Eq. 3.6 (red curve in Figure 6.11), yields the following best-fit parameters: D0 = 

0.496 ± 0.001 cm�±1, D1 = �± 0.8 ± 0.2 G K�±1, D2 = �± 0.124 ± 0.002 cm�±1, �û�8 = 165 ± 5 K. The 

important parameter obtained from Figure 6.11 is the value of the energy barrier �û�8, which is a 
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general measure of phonon energies affecting the zero-field splitting. The small magnitude of the 

phonon frequency (165 K, or 120 cm�±1) implies that this must come from the heavy ions, i.e. 

vibrations of the CrCr···Mn chain itself. The same D0, D1, D2, and �û�8 values can be used to 

model signals 1-4 for compound IV , consistent with the nearly identical environment of the Mn 

ions in the disordered CrCr···Mn chains. 

 

 

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

We used the same procedure to fit the experimental D values in compound IV  (Figure 6.12). The 

best-fit parameters for the two set A molecules 1 and 3 (70 % abundance) are D0a = 0.355 ± 

0.001 cm �±1, D1a = �± 1.8 ± 0.1 K �±1, D2a = 0.020 ± 0.002 cm �±1, �û�8a = 70 ± 8 K. For the two set B 

molecules 2 and 4 we obtain: D0b = 0.295 ± 0.001 cm �±1, D1b = �± 0.415 ± 0.2 K �±1, D2b = �± 0.007 ± 

0.010 cm �±1, �û�8b = 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 the minimal change in D of 

only 0.014 cm-1 over the experimental temperature range. Nevertheless, given the structural 

similarity of the Mn(II) ions in orientations 2 and 4 vs 1 and 3, it is surprising that the two 

oppositely aligned MoMo···Mn chains exhibit significantly different motional dynamics and 

zero-field splitting parameters.  

 

6.5 Density Functional Calculations26 

 

The experimental results presented above indicate unusual sensitivity of the spectroscopic 

parameters (zero-field splitting) to what one would normally consider to be very minor structural 

differences in IV . Compound III  exhibits mor�H�� �³�Q�R�U�P�D�O�´�� �E�H�K�D�Y�L�R�U���� �Z�L�W�K�� �Q�H�D�U�O�\�� �L�G�H�Q�W�L�F�D�O��

structural and magnetic features, whereas weak intermolecular interactions in IV  result in slight 

structural differences that have surprisingly large spectroscopic consequences. Zero-field 

splitting has its origin in molecular geometric anisotropy. This 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 have a strong magnetic 

anisotropy (Scheme 3).1, 120, 121 The Mn(II) ion in IV  both in a region of space that is strongly 

affected by the magnetic anisotropy of the MM quadruple bond. We thus surmise that the zero-

field effect of Mn(II) may be influenced by the presence of the MM bond, thereby amplifying 

small changes that would otherwise not be observable. A preliminary test of the above 

hypothesis involves using density functional theory (DFT) to calculate the spectroscopically 

observable D value for model of IV  that do not contain MM bonded groups. The truncated 
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models IVm involved are shown in Scheme 4. Ideally, calculated result of D for IVm can be 

compared to those parameters calculated for the whole molecules. At this time, however, the 

hetero-trimetallic molecules are, lamentably, computationally intractable. Successful modeling 

of their electronic structure most likely necessitates a multideterminental approach that is 

currently prohibitively expensive. Thus, we will discuss here only the results of computational 

work on the monocationic tetrapyridine model compound  IVm. 

 

Scheme 3 

 

 

In an effort to elucidate the electronic origin of the unexpected variance of D values for the two 

nonequivalent Mn(II) ions in IV , truncated computational models, IVm, for the two distinct Mn 

sites in IV  were constructed using coordinates from the 11 K crystal structure. Calculations were 

performed with the crystallographically determined geometries of sites A and B in IV . To test 

the effect of the solvent molecules on the ZFS, IVm was calculated both with (IVmA(Et)  and 

IVmB(Et) , Figure 6.13) and without (IVmA  and IVmB ) the ether molecules present.  

 

The positions of all atoms in the calculations were fixed and the geometry was not optimized.  
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Site A has the shorter intermolecular Mn···O distance to the ether molecule, 6.08 Å, and site B 

has the longer distance, 6.53 Å. For the IVm models, site A is calculated to be lower in energy 

than site B by ~ 5 kJ/mol. The energy difference is enlarged to ~19 kJ·mol�±1 when the ether 

molecule is included. Though these results do not include vibrational and zero-point energy 

corrections, they are consistent with the experimental A: B ratio of 70:30 observed in the crystal 

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

 

Scheme 4 

 

 

 

Figure 6.13: Truncated models of IV  for site A (IVmA(Et) , left) and B (IVmB(Et) , right) 
employed in DFT calculations.26  
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(isotropic) g values are consistent with those seen experimentally and agree with the 

interpretation that there is little deviation from the free electron value.  Calculated D values are 

larger than those seen experimentally by roughly a factor of two, which is larger than typical 

computational errors observed for Mn(II) complexes.122 We attribute this error to the truncation 

of IV  to the model compounds IV m.   

 

The crystallographic results show that there are only minute differences in the coordination 

geometry of the Mn ions in sites A and B�����\�H�W���W�K�H�U�H���L�V���D���O�D�U�J�H���G�L�I�I�H�U�H�Q�F�H�����ûD ~  0.0607 cm-1, in 

the D values measured for the two sites by high-field EPR.  D values for IV mA and IV mB were 

computed to test whether or not the small geometric differences in the crystal structure can lead 

to a difference in D �R�I�� �W�K�L�V���R�U�G�H�U���R�I�� �P�D�J�Q�L�W�X�G�H���� �� �,�Q�G�H�H�G���� �ûD for IV mA and IV mB is ~ 0.0299 

cm�±1, which is somewhat smaller than that observed experimentally, though site A is correctly 

predicted to have the larger D value. Addition of ether molecules in crystallographically 

established distances (i.e., Mn···O separations of 6.08 and 6.53 Å for sites A and B, respectively) 

did not change the D value for site B (D(IV mB) = D(IV mB(Et)) =  0.725 cm�±1), as we expected. 

However, addition of the ether molecule to site A surprisingly lowers the calculated D value by 

130 G (D (IV mA) = 0.755 cm�±1, D (3mA(Et) = 0.743 cm�±1. The effect of the ether molecule 

(with no contact to the IV mA model shorter than the sum of the van der Waals radii of 

neighboring atoms) on D in site A is also evidenced by the calculated Mulliken spin population 

on the ether oxygen atom.  For IV mB(Et), a very small spin population of 8.7·10-5 appears in the 

O p orbitals, but for IV mA(Et)  the spin population is about twice as large, 16·10-5. Remarkably, 

these results show that a seemingly innocent and non-bonded solvate molecule can exert an 

influence on the magnetic properties and molecular dynamics of a magnetic molecule. Such 
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effects have been noted in the case of magnetic clusters with very high spin, such as Mn12-

acetate.123-125 In this case, two CH3COOH solvent molecules are in close proximity to a Mn12-

acetate unit. Without the two acidic acid molecules, Mn12 has S4 point symmetry. With the 

solvates included, Mn12-acetate was found to have four different geometries by X-ray 

diffraction.123 These four structures were predicted to have four different D and E values, with 

the maximum difference of 0.028 cm�±1 and 0.003 cm�±1 for D and for E, respectively. Such 

differences in D and E values were supported by HF-EPR spectroscopy.125 We note that the 

solvent effect of D values in Mn12-acetate is smaller than that found in complex IV , despite the 

fact that the CH3COOH molecules engage in strong hydrogen bonds to the Mn12-acetate 

cluster.123  

 

For complex IV , DFT calculations of D of the truncated models reproduce the trends seen 

experimentally, but the magnitude of the effects are calculated to be different from those 

observed experimentally. These results suggest that the small effects that slightly alter D may be 

magnified when the MM multiply-bonded unit is present, though this hypothesis remains to be 

rigorously tested. A further, quantitative physical model is needed to rationalize these 

observations. 

 

6.6 Summary 

 

X-ray diffraction experiments conducted on single crystal of and III  at 97 K and 11 K evidence a 

phase transition from the orthorhombic space group Pnn2 to monoclinic Pn at low temperatures. 

Lowering the symmetry generates two independent orientations of Cr Cr···Mn chains in III . 

HF-EPR experiments reveal very similar D values for the two independent orientations within 
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III . In contrast to compound III , the two crystallographically independent orientations of 

Mo Mo···Mn chains in IV  contain magnetically different Mn(II) ions (D(A) =  0.353 cm-1, D(B) 

=  0.294 cm-1), even though the coordination geometries around the two Mn atoms are essentially 

the same. Furthermore, both sites exhibit different dynamic magnetic properties, as could be 

shown by the temperature dependence of the D values. The most striking structural difference 

between the two orientations is the intermolecular distance to a non-bonded solvent (Et2O) 

molecule. Results from DFT calculations on truncated model compounds (lacking the M2 unit) 

support the influence of the Et2O molecule on the D value of the Mn(II) ions, but do not suggest 

this interaction as the major contribution. It is therefore proposed here that the quadruply bonded 

M M unit magnifies the magnetic anisotropy of Mn in IV  to an unprecedented extent that allows 

spectroscopic differentiation of two nearly identical metal sites. This physical phenomenon has, 

to our knowledge, not been observed before, creates a challenging new problem for theory, and 

opens up the possibilities of site-specific magnetic excitations, or transferring a microwave 

quantum between two sites where their EPR signals overlap. 
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CHAPTER 7 

TRIMETALLIC [M 3(dpa)4]
2+  COMPLEXES (M= Co, Ni) AS 

BUILDING BLOCKS FOR CYANIDE-BRIDEGED 

COORDINATION POLYMERS  

 

This Chapter describes our efforts to expand one dimensional chain into 2-D frameworks. This 

was achieved by the reactions between linear trimetal complexes M3(dpa)4Cl2 (M = Co, Ni), and 

Prussian blue analogues (Bu4N)3�>�0�•���&�1��6�@�� ���0�•�� � �� �)�H���� �&�R��, resulting in the formation of CN-

bridged coordination polymers. The analysis of products suggests they have 2-D structures, 

where ditopic [M3(dpa)4]
2+ linkers bridge 4-�F�R�Q�Q�H�F�W�H�G���>�0�•���&�1��6]

3�± nodes into an extended layer. 

The synthesis of {[Co3(dpa)4]1.97[Fe(CN)6]}Cl 0.8 (1) is accompanied by an electron transfer from 

the tricobalt to hexacyanoferrate units that results in the formation of [Co3(dpa)4]
3+ and 

[Fe(CN)6]
4�± fragments. In{[Ni3(dpa)4]1.74[Fe(CN)6]}Cl 0.45 (3), a partial charge transfer between 

the trinickel and hexacyanoferrate units leads to the temperature-dependent FeIII /FeII mixed 

valence, with lower temperatures favoring the thermodynamic FeIII  ground state. 

{[Co3(dpa)4]2.06[Co(CN)6]}Cl 1.1 (2) exhibits spin-glass behavior with the spin-freezing point of ~ 

4.8 K, due to the magnetic superexchange between the S = 1/2 [Co3(dpa)4]
2+ units through the 

diamagnetic [Co(CN)6]
3�± linkers. Some of this work has been published earlier.126 

 

7.1 Introduction 

 

Despite the tercentennial history of Prussian blue (PB), considered by many as the first 
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molecule-based coordination compound, this solid and its analogues continue to be the focus of 

extensive research. Over the last two decades, the PB-type compounds have been shown to 

exhibit such fascinating properties as high-temperature magnetism,127-129 photomagnetism,130, 131 

hydrogen gas uptake,132, 133 and negative thermal expansion.134-136 Recent efforts in the synthesis 

of new derivatives of PB have been developing along two main directions. The first one employs 

�E�O�R�F�N�L�Q�J���O�L�J�D�Q�G�V���W�K�D�W���³�F�X�W���R�X�W�´���H�[�W�H�Q�G�H�G���R�U���I�L�Q�L�W�H���I�U�D�J�P�H�Q�W�V���I�U�R�P���W�K�H����-D structure of PB.137 In 

this manner, a large number of unique low-dimensional structures have been prepared, especially 

for the study of single-chain magnets138-140 and single-molecule magnets.141-146 The other 

direction focuses on expanding the building blocks that constitute the PB structure. Thus, metal-

metal bonded dimmers104, 147-149 or octahedral metal clusters150-152 have been substituted for 

single metal ions, either preserving the PB topology or resulting in novel structural motifs. 

 

Scheme 5 

 

 

Our interest in designing novel coordination compounds derived from Prussian blue has led us to 

explore trimetallic clusters M3(dpa)4X2 (M = Cr, Co, Ni, Ru; dpa = di-�������•-pyridylamide; X = Cl�±, 
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CN�±, BF4
�±) that were studied in detail by the Peng and Cotton groups.1, 5, 8, 10, 17, 57, 153 These 

unique molecules have been largely overlooked as possible building blocks for larger molecule-

based structures. The two sites occupied by axial ligands X (Scheme 5) offer convenient points 

for the structural expansion. Moreover, the trimetallic clusters themselves exhibit interesting 

electronic and magnetic properties; Co3(dpa)4Cl2 and Ni3(dpa)4Cl2 exhibit gradual temperature-

induced spin crossover.5, 12, 154 

 

To this date, only a few structures built by extension of the trimetallic clusters have been 

reported,4 all of them with the [Ni3(dpa)4]
2+ building block. The trimetallic units were connected 

by mono- or dianionic �P2-bridging ligands into chain compounds, [Ni3(dpa)4(�P-L)](X) (L/X = 

(MeO)C4O3
�±/BF4

�±, N3
�±/PF6

�±)155 and [Ni3(dpa)4(�P-L)] (L = phthalate or 3-nitrophthalate).156 The 

use of [Ni3(dpa)4]
2+ in conjunction with another metal-containing building block produced either 

chain structures, {[Ni3(dpa)4][(TPP)Mn(L)]}(ClO4) (TPP = tetraphenylporphyrinate, L = 3- or 4-

pyridylcarboxylate, 4-pyCO2
�±),157 or finite complexes, {[Ni3(dpa)4][(TPP)Zn(4-pyCO2)]2}

157 and 

{[Ni 3(dpa)4][Ag(CN)2]2}.
158 The latter is the only known structure based on the [M3(dpa)4]

2+ 

building blocks that utilizes CN�± as bridging ligand. 

 

Inspired by the aforementioned examples of PB-like structures based on expanded building 

blocks, we have decided to substitute the trimetallic [M3(dpa)4]
2+ units for the single metal ions 

in the PB structure. Herein, we report findings from our initial efforts in this direction, including 

the synthesis of CN-bridged coordination polymers with trinickel and tricobalt clusters, their 

possible structures and magnetic behavior, and unprecedented temperature-dependent charge 

transfer involving trimetallic units. 
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7.2 Synthesis 

 

All reactions were performed in an inert (N2) atmosphere using standard Schlenk techniques, 

unless noted otherwise. All reagents were purchased from Aldrich and used as received. 

Co3(dpa)4Cl2
159 and Ni(Hdpa)Cl2

2 were synthesized according to the published procedures. 

(Bu4N)3�>�0�•���&�1��6�@�� ���0�•�� � �� �)�H���� �&�R���� �Z�H�U�H�� �S�U�H�S�D�U�H�G�� �E�\�� �P�L�[�L�Q�J�� �D�� ���� �0�� �D�T�X�H�R�X�V�� �V�R�O�X�W�L�R�Q�� �R�I�� �W�K�H��

corresponding potassium salt with a 2 M aqueous solution of (Bu4N)Cl and recrystallizing the 

obtained precipitate from CH2Cl2/hexanes. Anhydrous commercial solvents were additionally 

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

 

Ni3(dpa)4Cl2·1.2CH2Cl2. To a mixture of Ni(Hdpa)Cl2 (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. After the obtained 

suspension was cooled to �±78°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 color turned to yellow-

brown. The mixture was allowed to warm up to room temperature, at which point the color 

changed to dark brown-reddish. The mixture was heated to reflux overnight under N2 flow, 

resulting in a dark purple suspension. After cooling down to room temperature, the solvent was 

evaporated to dryness under reduced pressure. A solid residue obtained was extracted with 30 

mL of dichloromethane to give a dark-purple solution, onto which was carefully layered 50 mL 

of hexanes. Large purple-red needle-like crystals were obtained after 1 week. Yield = 84.3 % 

( 0.868 g). C41.2H24.4N12Cl4.4Ni3 (Ni3(dpa)4·1.2CH2Cl2): calcd. C 48.06, H 3.37, N 16.32, Cl 

15.15; found C 48.06, H 3.27, N 16.18, Cl 15.06.  
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{[Co3(dpa)4]1.97[Fe(CN)6]}Cl 0.8 (1): A solution of (Bu4N)3[Fe(CN)6] (0.042 g, 0.045 mmol) in 

10 mL of DFM was added dropwise to a solution of Co3(dpa)4Cl2 (0.148 g, 0.135 mmol) in 10 

mL of DMF with vigorous stirring. A dark-brown precipitate formed quickly. After stirring the 

mixture for 1 hour at room temperature, the precipitate was recovered by filtration and washed 

consecutively with DMF (3×15 mL) and acetone (3×15 mL). Yield = 0.062 g. 

Co5.9FeCl0.8O12.6N29.6C84.8H88.2 (1·12.6H2O): 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, Cl 1.26. 

 

{[Co3(dpa)4]2.06[Co(CN)6]}Cl 1.1 (2), {[Ni3(dpa)4]1.74[Fe(CN)6]}Cl 0.45 (3), and  

{[Ni 3(dpa)4]1.57[Co(CN)6]}Cl 0.3 (4) were obtained as dark-brown, dark-purple, and dark-purple 

precipitates, respectively, in a manner analogous to that described for 1 above. 

Co7.2Cl1.1O11.3N30.7C88.4H88.5 (2·11.3H2O): calcd. C 47.76, H 4.01; N, 19.35, Cl, 1.75; found C 

47.74, H 3.52, N 18.87, Cl 2.08. Ni5.2FeCl0.45O6.1N26.9C75.6H67.9 (3·6.1H2O): calcd. C 49.68; H 

3.74; N 20.60, Cl 0.87; found C 49.85, H 3.72, N 20.73, Cl 0.69. Ni4.7CoCl0.3O5.9N24.8C68.8H62.0 

(4·5.9H2O): calcd. C 49.27; H 3.73; N 20.74, Cl 0.63; found C 49.14, H 3.58, N 20.66, Cl 0.56.  

 

7.3 Proposed Structures 

 

It is known that the preparation of the trinickel complex Ni3(dpa)4Cl2 requires the use of 

rigorously dehydrated NiCl2.
5 Berry et al. demonstrated that the synthesis could be simplified by 

using a Ni(Hdpa)2Cl2 precursor, deprotonation of which with methyllithium afforded the desired 

trinuclear complex.11 In this process, however, 1/3 of Hdpa molecules were not included in the 

final product. We have found that Ni(Hdpa)Cl2
2 can be used as an alternative precursor. A 
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reaction between Ni(Hdpa)Cl2 and free Hdpa in a 3:1 molar ratio in the presence of CH3Li 

produces crystalline Ni3(dpa)4Cl2·1.2CH2Cl2 in 85% yield. In addition to the improved yield, no 

Hdpa ligand is wasted in the course of the reaction. The tricobalt cluster was synthesized by the 

reported method.159 

 

Reactions of the trinuclear complexes M3(dpa)4Cl2 (M = Co, Ni) with hexacyanometallates 

(Bu4N)3�>�0�•���&�1��6]: ���0�•�� � �� �)�H���� �&�R���� �L�Q�� �'�0�)�� �U�H�V�X�O�W�� �L�Q�� �S�U�H�F�L�S�L�W�D�W�L�R�Q�� �R�I�� �K�L�J�K�O�\�� �L�Q�V�R�O�X�E�O�H�� �S�U�R�G�X�F�W�V����

The precipitate forms over the course of several minutes in the case of M = Co and after several 

�K�R�X�U�V���L�Q���W�K�H���F�D�V�H���R�I�� �0�� � �� �1�L���� �7�K�H���0���0�•���&�O���U�D�W�L�R���H�V�W�D�E�O�L�V�K�H�G���E�\�� �H�Q�H�U�J�\-dispersive X-ray (EDX) 

microanalysis are given in Table 7.1. The obtained elemental analysis data allow us to formulate 

a general composition of these materials as {[M3(dpa)4]2�±x�>�0�•���&�1��6]}Cl y. The derived 

compositions are in good agreement with the results of conventional (C, H, N, Cl) elemental 

analysis (see the Experimental Section below).  

 

Table 7.1: Elemental analysis of compounds 1-4. 

�0���0�• Color 
(�Omax-vis) 

�0���0�•���&�O���D�W�R�P�L�F��
ratio (EDX)a Proposed composition 

Co/Fe (1) dark brown (567 nm) 5.9 : 1.0 : 0.8 {[Co3(dpa)4]1.97[Fe(CN)6]}Cl 0.8 

Co/Co (2) dark brown (613 nm) 6.4 : 1.0b 
{[Co3(dpa)4]2.06[Co(CN)6]}Cl 1.1 

Ni/Fe (3) dark purple (595 nm) 5.2 : 1.0 : 0.45 {[Ni 3(dpa)4]1.74[Fe(CN)6]}Cl 0.45 

Ni/Co (4) dark purple (636 nm) 4.7: 1.0 : 0.3 {[Ni 3(dpa)4]1.57[Co(CN)6]}Cl 0.3 
a The uncertainty of the EDX elemental analysis is below 0.1. The proposed compositions are charge balanced 
within this uncertainty. 

b �7�K�H�����0���0�•�����&�O���D�W�R�P�L�F���U�D�W�L�R���L�V���J�L�Y�H�Q���I�R�U��2�����V�L�Q�F�H���0��� ���0�•�� 
 

The insolubility of 1-4 in all common solvents suggests that their structures correspond to CN-

bridged coordination polymers, similar to the formation of insoluble products of the Prussian 

blue family.160 The building blocks used in the synthesis, [M3(dpa)4]
2+ �D�Q�G���>�0�•���&�1��6]

3�±, can be 
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considered as a ditopic linker and a hexa-connected node, using the common terminology for 

metal-organic frameworks. The most obvious way to combine these units in a CN-bridged 

structure is to form a 3-D framework {[�P2-M3(dpa)4]3[M �•���&�1��6]}Cl 3�����E�X�W���W�K�H���0���0�•���U�D�W�L�R������������ in 

such a framework is much higher than the ratios found in 1-4 (Table 7.1). Therefore, the 

�F�R�Q�Q�H�F�W�H�G�Q�H�V�V�� �R�I�� �W�K�H�� �>�0�•���&�1��6]
3�± nodes should be decreased in order to conform to the 

determined composition. The most likely �V�W�U�X�F�W�X�U�H�� �W�R�� �J�L�Y�H�� �W�K�H�� �0���0�•�� �U�D�W�L�R�� �R�I�� �a 6 is the one in 

�Z�K�L�F�K���>�0�•���&�1��6]
3�± ions act as tetra-connected nodes bound via the ditopic [M3(dpa)4]

2+ linkers 

into a two-dimensional coordination polymer (Scheme 6). The ideal composition of such layered 

structure is {[ �P2-M3(dpa)4]2�>�0�•���&�1��6]}Cl, which is close to the ones found experimentally. The 

next possibility is the formation of a one-dimensional coordination polymer, in which each 

�>�0�•���&�1��6] node is connected to only two [M3(dpa)4]
2+ linkers, but in such a structu�U�H���0���0�•��� ������������

which is much lower than determined experimentally. 

 

Scheme 6  Proposed layered structure of compounds 1-4. The trimetallic [M3(dpa)4]
2+ 

units (M = Co, Ni) are shown with grey cylinders. 
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The foregoing considerations suggest that products 1-4 are likely to have layered 2-D structures, 

in which each [M(CN)6]
3�± unit uses four of its CN�± ligands to connect to [M3(dpa)4]

2+ units, 

while the other two CN�± ligands remain terminal. The formation of the proposed 2-D structure 

instead of the anticipated PB-like 3-D framework can be justified taking into account the bulky 

organic sheath of four dpa�± ligands that surround the trimetallic unit (Scheme 5). It is likely that 

six sterically demanding [M3(dpa)4]
2+ units cannot fit around the central [Fe(CN)6]

3�± ion to 

afford the 3-D CN-bridged polymer. On the other hand, in the 2-D structure such steric 

limitations can be avoided through buckling of the layers. The experimentally observed decrease 

�I�U�R�P�� �W�K�H�� �L�G�H�D�O�� �������� �U�D�W�L�R�� �R�I�� �0���0�•�� �L�R�Q�V�� �F�D�Q�� �E�H�� �H�[�S�O�D�L�Q�H�G�� �E�\�� �W�K�H��formation of vacancies in the 

positions of [M3(dpa)4] fragments, which appears to correlate with the content of Cl�± counter 

ions (Table 7.1) to maintain the overall charge balance. This is not surprising, as a similar 

situation is observed for Prussian blue type structures, Ax�0�>�0�•���&�1��6]y (A �± alkali metal), in 

�Z�K�L�F�K�� �W�K�H�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �R�I�� �>�0�•���&�1��6]
n�± vacancies correlates with the concentration of the A+ 

counter ions.161, 162 A significant disorder is quite common for such insoluble, quickly 

precipitating products, as indicated by the broad distribution of observed compositions for 

products 1-4, as well as by their amorphousness evident from the lack of discernible powder X-

ray diffraction patterns. 

 

7.4 Mössbauer Spectroscopy 

 

Mössbauer spectra were acquired using a conventional constant acceleration spectrometer 

operated in multi-channel scaling mode. Mössbauer spectra of Fe-containing complexes 1 and 3 

were collected at 5 and 295 K (Table 7.2). At both temperatures, the spectrum of 1 (Figure 7.1a) 
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is dominated by a singlet with low isomer shift (�G), which is characteristic of LS FeII ions. A 

much weaker signal with low �G and large quadrupole splitting (�' EQ) is assigned to LS FeIII  ions.  

 

Table 7.2: Parameters of Mössbauer spectra of compounds 1 and 3. 

Complex T, K Fe type �/�����P�P���V �û�(Q, mm/s Relative content 
1 295  LS-FeII  �±0.07  89% 

  LS-FeIII  �±0.13 1.25 11% 

 5  LS-FeII  0.00  85% 

  LS-FeIII  �±0.05 1.76 15% 

3 295 LS-FeII  �±0.04  45% 

  LS-FeIII  �±0.16 1.32 55% 

 5 LS-FeII  0.02  29% 

  LS-FeIII  0.05 1.81 71% 

 

 

Figure 7.1: Mössbauer spectra of 1 (a) and 3 (b). The blue and green lines are simulated 
contributions of LS FeII and LS FeIII  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 of 3 (Figure 7.1b) reveals the presence of LS-FeII and LS-FeIII  

ions in comparable amounts (45:55%). Moreover, this ratio is temperature-dependent, as the 

relative amount of LS-FeIII  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 reversibility of the charge-

transfer process. 

 

7.5 Infrared Spectroscopy 

 

Infrared (IR) spectra were measured in the 600-4000 cm�±1 range on solid samples pressed on a 

zinc selenide crystal of the universal attenuated total reflectance (ATR) sampling accessory on a 

Perkin Elmer Spectrum 100 FT-IR spectrometer. Terminal cyanides of (Bu4N)3[Fe(CN)6] and 

(Bu4N)3[Co(CN)6�@���H�[�K�L�E�L�W���V�K�D�U�S�������&�{N) stretches at 2096 cm�±1 and 2106 cm�±1, respectively. For 

bridging CN�± �O�L�J�D�Q�G�V�����W�K�H����CN stretches usually shift to higher frequency, due to the depletion of 

�H�O�H�F�W�U�R�Q���G�H�Q�V�L�W�\���L�Q���W�K�H���Z�H�D�N�O�\���D�Q�W�L�E�R�Q�G�L�Q�J�����1���R�U�E�L�W�D�O���R�I���W�K�H���&�1�± ligand.137 Indeed, the IR spectra 

of 2 and 4�����E�R�W�K���R�I���Z�K�L�F�K���F�R�Q�W�D�L�Q���K�H�[�D�F�\�D�Q�R�F�R�E�D�O�W�D�W�H���I�U�D�J�P�H�Q�W�V�����U�H�Y�H�D�O����CN stretches at slightly 

higher energy than that observed for (Bu4N)3[Co(CN)6] (Figure 7.2 and Table 7.3). In striking 

contrast, the IR spectra of 1 and 3 exhibit �S�U�R�Q�R�X�Q�F�H�G�� ��CN stretches at significantly lower 

�I�U�H�T�X�H�Q�F�L�H�V�� �W�K�D�Q�� ��CN of (Bu4N)3[Fe(CN)6]. Noteworthy, the peaks observed for the 

hexacyanometallate precursors in the 2800-3000 cm�±1 range and attributed to characteristic 

vibrations of Bu4N
+ cations (Figure 7.2, bottom) are absent in the spectra of 1�±4, thus confirming 

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

 

These observations support the findings of Mössbauer spectroscopy by providing a strong 

indication for the presence of FeII centers in products 1 and 3. Only such scenario can justify the 
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�V�L�J�Q�L�I�L�F�D�Q�W���G�H�F�U�H�D�V�H���L�Q���W�K�H����CN stretching frequency due to the increased �S back-bonding from the 

FeII ions. A similar situation is observed when the classical Prussian blue is prepared by a  

 

 
 
Figure 7.2: Infrared spectra of products 1 and 2 (top) and 3 and 4 (middle), and starting materials 
(Bu4N)3[M �•(CN)6], M�• = Fe, Co (bottom). Insets: magnified region of �Q(C�{N) stretching 
frequencies, with the arrows indicating specific features discussed in the text and summarized in 
Table 7.3. 
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reaction between aqueous solutions of FeII and [FeIII (CN)6]
3�± ions. Because of instantaneous 

electron transfer, the final product is formulated as FeIII
4[FeII(CN)6]3·14H2O. It contains FeII  ions 

in the environment of C-bound bridging CN�± li �J�D�Q�G�V���D�Q�G���V�K�R�Z�V����CN = 2080 cm�±1.[51] This value, 

�Z�K�H�Q�� �F�R�P�S�D�U�H�G�� �W�R�� ��CN of the free [FeII(CN)6]
4�± ion (2040 cm�±1), appears at higher energy, as 

expected for bridging cyanides. 

Table 7.3: �Q���&�A�1���� �V�W�U�H�W�F�K�H�V�� �D�Q�G�� �W�K�H�L�U�� �D�V�V�L�J�Q�P�H�Q�W�Va in the IR spectra of compounds 1�±4 and 
some reference complexes. 

 
Compound �Q���&�A�1���� cm�±1 �2�[�����V�W�D�W�H���R�I���0�• 

1 2051(ter), 2110(br) FeII  

2 2127(ter), 2160(br) CoIII  

3 
2064(ter), 2116 (br) 

2116(ter), 2146(br) 
FeII  
FeIII 

4 2129(ter), 2162(br) CoIII  

K4[FeII(CN)6] 2040(ter) 137 

K2CoII[FeII(CN)6]  2080(br) 163 

(Bu4N)3[FeIII (CN)6] 2096 (ter) This wok 

Ni II3[FeIII (CN)6]2 2166(br) 164 

(Bu4N)3[CoIII (CN)6] 2106 (ter) This wok 

CoII
3[CoIII (CN)6]2 2170(br) 164 

Ni II3[CoIII (CN)6]2 2176(br) 164 
 a ter = terminal; br = bridging 

 

�%�H�V�L�G�H�V���W�K�H���D�I�R�U�H�P�H�Q�W�L�R�Q�H�G���L�Q�W�H�Q�V�H���S�H�D�N�V�����Z�H�D�N�H�U���V�L�J�Q�D�O�V���D�U�H���D�O�V�R���R�E�V�H�U�Y�H�G���L�Q���W�K�H���U�H�J�L�R�Q���R�I����CN 

stretches for 1-4 (Figure 7.2, insets). These peaks are summarized in Table 7�������� �D�O�R�Q�J���Z�L�W�K����CN 

values of some reference compounds. By correlating the obtained IR spectra to the proposed 

structure of 1-4 ���6�F�K�H�P�H�����������Z�H���D�V�V�L�J�Q���W�K�H���L�Q�W�H�Q�V�H��CN stretches observed in 2 (2127 cm�±1) and 4 

(2129 cm�±1) to the terminal CN�± ligands of [CoIII (CN)6]
3�± units, while the shoulders at2160 and 

2162 cm�±1, respectively, are assigned to bridging CN�± ligands. Taking into account the 
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�0�|�V�V�E�D�X�H�U�� �G�D�W�D���� �W�K�H�� �O�R�Z�H�U�� �I�U�H�T�X�H�Q�F�\�� ��CN stretches in 1 (2051 cm�±1) and 3 (2064 cm�±1) are 

assigned to the terminal CN�± ligands at FeII ions. The shoulder at 2110 cm�±1 in the spectrum of 1 

is attributed to the bridging CN�± ligands of FeII�±C�{N�±Co3(dpa)4 fragments. The spectrum of 3 is 

somewhat different, because it contains not just a shoulder to the higher energy side of 2064 cm�±

1���� �E�X�W�� �D�� �S�H�D�N���� �W�K�H�� �V�W�U�X�F�W�X�U�H�� �R�I�� �Z�K�L�F�K�� �L�V�� �V�L�P�L�O�D�U�� �W�R�� �W�K�H�� ��CN peak observed in the spectrum of 4 

(Figure 7.2). Yet again using the findings of Mössbauer spectroscopy, i.e. the co-existence of 

comparable amounts of LS-FeII and LS-FeIII  ions in 3, we attribute the higher-energy feature in 

the IR spectrum of this complex to the terminal CN�± ligands at the FeIII  ions (2116 cm�±1) and to 

the bridging CN�± ligands of FeIII �±C�{N�±Co3(dpa)4 fragments(2146 cm�±1). We also expect that the 

��CN stretch for FeII�±C�{N�±Co3(dpa)4 fragments should be observed as a shoulder of the 2164 cm�±1 

band, but it is masked by the peak at 2116 cm�±1. 

 

7.6 Electrochemistry 

 

The IR and Mössbauer spectra of 1 and 3 conclusively establish the presence of LS-FeII ions, 

which is the result of complete or partial electron transfer taking place during the synthesis. It 

appears that 1 contains predominantly LS-FeII ions, while 3 contains the mixture of LS-FeII  and 

LS-FeIII  ions, whose ratio is temperature-dependent. To understand these results, we examine 

redox properties of the precursors used for the preparation of 1-4. The processes of interest in the 

present context are the oxidation of M3(dpa)4Cl2 �D�Q�G���W�K�H���U�H�G�X�F�W�L�R�Q���R�I���>�0�•���&�1��6]
3�±. 

 

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

using a Pt disc working electrode, a Pt wire auxiliary electrode, and an Ag/Ag+ reference 
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electrode containing 0.01 M AgNO3 and 0.1 M Bu4NPF6 in acetonitrile. CV measurements were 

performed at room temperature under N2, with a 0.1 M solution of Bu4NPF6 in DMF as 

supporting electrolyte at the sweep rate of 0.1 V·s�±1. All the potentials were referenced to the 

Fc+/Fc couple (Fc = ferrocene) which was added as an internal standard upon completion of each 

experiment. The formal potentials for corresponding half-reactions are shown in Table 7.4. It is 

obvious that [Co(CN)6]
3�± should be electrochemically inert with respect to both Co3(dpa)4Cl2 and 

Ni3(dpa)4Cl2. On the other hand,  the higher E1/2 value of the [Fe(CN)6]
3�±/[Fe(CN)6]

4�± couple 

relative to that of the Co3(dpa)4Cl2
+/Co3(dpa)4Cl2 couple indicates the possibility to oxidize 

Co3(dpa)4Cl2 by [Fe(CN)6]
3�±. In the case of Ni3(dpa)4Cl2, however, the oxidation by [Fe(CN)6]

3�± 

is not feasible, although the E1/2 values of the corresponding redox couples are quite close. 

 

Table 7.4: E1/2 values for half-reactions involving M3(dpa)4Cl2 ���0�� � �� �&�R���� �1�L���� �D�Q�G�� �>�0�•���&�1��6]
3�± 

���0�•��� ���)�H�����&�R���� 

 
Redox couple E1/2, V (vs. Fc+/Fc) Reference 

Co3(dpa)4Cl2
+/Co3(dpa)4Cl2 0.32 165 

Ni3(dpa)4Cl2
+/Ni3(dpa)4Cl2 0.49 44 

[Fe(CN)6]
3�±/[Fe(CN)6]

4�± 0.41 This work 

[Co(CN)6]
3�±/[Co(CN)6]

4�± �±1.45 This work 
 

 

Of course, the relative redox potentials will be influenced by the formation of the CN-bridged 

structure, but we do not expect these changes to be very dramatic. In fact, the above analysis is in 

accord with the findings of Mössbauer spectroscopy. The LS-FeII centers prevail in sample 1, 

suggesting complete electron transfer from Co3(dpa)4Cl2  to [Fe(CN)6]
3�± upon formation of this 

complex. Since the Co3:Fe ratio in the elemental analysis formula of 1 is ~2:1 (Table 7.1), the 

oxidation state of about one half of the tricobalt units in 1 is described as [CoIIICoII
2(dpa)4]

3+, 
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while the other half remain in the original [CoII
3(dpa)]2+ state. A small amount of LS-FeIII  ions 

was also observed in the Mössbauer spectrum of 1 (Table 7.2), which can be due to either the 

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

 

Sample 3 is a mixed-valent system that exhibits an equilibrium between the LS-FeII and LS-FeIII  

ions, thus suggesting a partial charge transfer between the [Ni3(dpa)4]
2+ and [Fe(CN)6]

3�± 

fragments. The FeIII /FeII ratio increases for lower temperatures, which indicates that the FeIII -

containing configuration is the ground state of the system. This is in agreement with the analysis 

of electrochemical data that showed the oxidation of Ni3(dpa)4Cl2 by [Fe(CN)6]
3�± to be unlikely. 

Nevertheless, the energetic proximity of the [Ni3(dpa)4]
3+/[Fe(CN)6]

4�± configuration to the 

[Ni 3(dpa)4]
2+/[Fe(CN)6]

3�± ground state results in the progressive population of the former as the 

temperature is increased. Indeed, at 295 K the FeIII /FeII ratio already approaches 1 (Table 7.2). 

 

7.7 XANES Spectroscopy 

 

The Mössbauer spectroscopy results convincingly demonstrate the mixed valence of Fe in 3. 

Unfortunately, this method is not readily available for the study of the oxidation state of Ni. To 

corroborate the partial charge transfer from [Ni3(dpa)4]
2+ to [Fe(CN)6]

3�±, we turned to X-ray 

absorption near edge structure (XANES) spectroscopy, which has been used as an effective tool 

for the determination of oxidation state of various metal ions.166, 167 

 

The room-temperature Ni K-edge XANES spectra of 3 and 4 reveal several contributions to the 

absorption threshold that are resolved completely or partially (Figure 7.3a). The strong 
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contribution A is due to the main dipole 1s�:�� p electron transition. The features B1 and B2 are 

due to the 1s�:�� s transition, which is probably split by the crystal field. The weak pre-edge 

features C1 and C2 are caused by the dipole-forbidden crystal-field transition from the core 1s 

level to the empty states of 3d level, which is possibly 4p-hybridized by the ligands.168, 169 

 

 
Figure 7.3: Ni K-edge XANES spectra of 3 and 4 (a) and their second derivatives (b). The main 
spectral contributions are marked. 
 

The shifts of main XANES contributions to the higher energies can indicate an increase in the 

oxidation state of Ni. On the basis of foregoing discussion of electrochemical, IR, and 

Mössbauer  data, compound 4 should contain Ni only in the +2 state, whereas the average 

oxidation state of Ni in 3 should increase because of the partial charge transfer from 

[Ni3(dpa)4]
2+ to [Fe(CN)6]

3�±. One can estimate, however, that even at room temperature, when 

the degree of charge transfer and the concentration of FeII centers are the highest, the average 

oxidation state of Ni should not exceed +2.09. Such a small difference will be hardly resolved in 

the Ni K-edge XANES spectra because of various peak broadening mechanisms. The second 

derivative of experimental spectra (Figure 7.3b) allows more accurate estimation of the peak 
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positions.168 Our analysis reveals that all XANES contributions experience positive shifts upon 

going from sample 4 to sample 3 (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 spectra of 3 and 4. The fitting functions for 
C1/C2 contributions are also shown to clearly demonstrate the slight shift of the pre-edge in 3 
relative to that in 4.  
 

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

XANES feature 
Position, eV 

Shift, eV 
Ni-Co sample Ni-Fe sample 

A 8346.75 8346.79 0.04 

B1 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 (and so is the expected change in the 

average oxidation state) and actually beyond the accuracy of the method employed. Therefore, 

we also evaluated the Ni oxidation state by analyzing the pre-edge features C1 and C2, which are 
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located around 8333 eV (Figure 7.3a). The intensity of these dipole-forbidden features is 

approximately 30-35 times lower than the absorption edge intensity, but the position, shape, and 

number of pre-edge peaks are very sensitive to the oxidation state and coordination environment 

of the 3d metal ion.168, 169 The pre-edge region is much less influenced by medium and long-

range crystal structure effect, which makes it more attractive for the accurate estimation of 

oxidation states than the second derivative of the experimental spectra. 

 

The pre-edge features for samples 3 and 4 (Figure 7.4) were extracted by means of XANES pre-

edge analysis proposed in the literature.169 They consist of two contributions, C1 and C2 (a third, 

small feature at 8336 eV is due to imperfection of pre-edge extraction). The position of C1 is the 

same for both samples, but C2 is shifted to slightly higher energies in the spectrum of 3 relative 

to its position in the spectrum of 4 (by ca. 0.15 eV). This shift might indicate the slight increase 

in the Ni oxidation state. 

 

8328 8330 8332 8334 8336 8338
0.00

0.01

0.02

0.03

0.04

 

�P 
(a

rb
.u

ni
ts

)

E (eV)

Ni-Fe sample
 exp
 fit

C1

C2

     

8328 8330 8332 8334 8336 8338
0.00

0.01

0.02

0.03

0.04

 

�P 
(a

rb
.u

ni
ts

)

E (eV)

Ni-Co sample
 exp
 fit C1

C2

 

Figure 7.5: Fitting of XANES pre-edge features in samples 3 (left) and 4 (right). 
 

Although XANES data suggest a slight increase in the average oxidation state of Ni in sample 3 
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relative to sample 4, the exact value of this increase cannot be obtained, because a sample solely 

containing Ni3+ ions in a similar coordination environment is unavailable. Besides, the extracted 

shifts of main XANES contributions and the pre-peak centroid (Figure 7.5) in the spectrum of 3 

in comparison to the spectrum of 4 are extremely small. Therefore, the XANES spectroscopy 

results confirm a small increase in the Ni oxidation state, which is in accord with the analysis of 

Mössbauer data. 

 

7.8 Magnetic Properties 

 

We first present and discuss the magnetic behavior of 2 and 4, which can be considered as model 

compounds for 1 and 3, respectively, because they contain diamagnetic [CoIII (CN)6]
3�± fragments 

and do not exhibit changes in the oxidation state of [M3(dpa)4]
2+ units as compared to the starting 

materials. 

 

At 300 K, the �FT value of 2 is 3.74 emu·K·mol�±1, which can be normalized to 1.82 emu·K·mol�±1 

per [Co3(dpa)4]
2+ unit. The latter value falls in the range of �FT reported for symmetrical (1.28 

emu·K·mol�±1) and unsymmetrical (2.47 emu·K·mol�±1) forms of the Co3(dpa)4Cl2 starting 

material.12 Therefore, it can be assumed that both forms of the tricobalt unit are present in the 

structure of 2, which is not at all unexpected, given the amorphous disordered nature of this 

material. The temperature dependence of �FT for 2 essentially follows that of its precursor 

complex and exhibits a gradual decrease as the temperature is lowered (Figure 7.6a). This 

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

due to depopulation of the S = 5/2 and S = 3/2 states in favor of the S = 1/2 ground state of 
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[Co3(dpa)4]
2+. The field-dependent magnetization measured at 1.8 K exhibits the maximum value 

of 2.53 �PB, or 1.23 �PB per [Co3(dpa)4]
2+ unit, at 7 Telsa (Figure 7.7), which is in good agreement 

with the saturation magnetization of 1.20 �PB reported for Co3(dpa)4Cl2.
12 

 

 

Figure 7.6: Temperature dependences of �$�7 for 1 and 2 (a) and 3 and 4 (b) measured in an 
applied magnetic field of 0.1 Telsa. 
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Nevertheless, unlike Co3(dpa)4Cl2, sample 2 exhibits  an abrupt increase of �FT at lower 

temperatures. Temperature-dependent magnetization measurements performed in zero-field-

cooled (ZFC) and field-cooled (FC) modes showed a divergence between the ZFC and FC 

magnetization curves at 4.8 K (Figure 7.8). Consequently, the alternating-current (ac) 

susceptibility was examined around this temperature, and this revealed frequency-dependent 

peaks in the real and imaginary parts of the susceptibility (Figure 7.8, inset). The empirical 

Mydosh parameter was calculated as 
)�� log�� (logT

TT

21
��
max

��
max

��
max

1

21

��
��

� �M  , where 1��
maxT  is the temperature of the 

maximum in the �F�• vs. T curve at the corresponding frequency. The obtained value of �M = 

0.052(2) is in the range of typical for spin glasses (0.004-0.08).170 The spin-glass transition arises 

from the magnetic superexchange coupling between the [Co3(dpa)4]
2+, which is mediated by the 

diamagnetic [Co(CN)6]
3�± bridges. Such coupling was also proposed to operate in other 

assemblies with diamagnetic hexacyanometallate linkers137, 171 and was confirmed by 

experimental evidences.172 

 

 

Figure 7.7: Field-dependent magnetization of 1, 2, and 3 measured at 1.8 K. 
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Figure 7.8: Temperature dependence of field-cooled (FC) and zero-field-cooled (ZFC) 
magnetizations of 2 measured in an applied magnetic field of 0.0005 Telsa. Inset: Temperature 
dependence of the real part of ac magnetic susceptibility at various frequencies. 
 

Sample 4 exhibits a 300 K �FT value of 1.20 emu·K·mol�±1. Normalizing this value gives ~ 0.76 

emu·K·mol�±1 per  [Ni3(dpa)4]
2+ unit, which is in good agreement with the value of 0.75 

emu·K·mol�±1 reported for Ni3(dpa)4(dca)2 (dca = dicyanamide), a complex with a similar 

coordination environment of the trinickel unit.6 Similar to the latter, the �FT curve of 4 gradually 

decreases as the temperature is lowered and becomes close to zero below 60 K (Figure 7.6b), 

owing to essentially complete population of the diamagnetic ground state. 

 

The 300 K �FT value for sample 1 is 3.33 emu·K·mol�±1, or 1.69 emu·K·mol�±1 per [Co3(dpa)4]
2+ 

unit, which is slightly lower than the value observed for sample 2 (1.82 emu·K·mol�±1). If no 

electron transfer between [Co3(dpa)4]
2+ and [Fe(CN)6]

3�± ions took place during the synthesis, the 

�FT value of 1 should increase relative to that of 2. The electron transfer, however, not only 

results in diamagnetic FeII centers, but it is also expected to lower the spin state of the oxidized 
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trimetallic units. Indeed, [Co3(dpa)4Cl2](BF4) exhibit a lower �FT value (0.91 emu·K·mol�±1 at 300 

K)165 than Co3(dpa)4Cl2 (>1.28 emu·K·mol�±1). Therefore, the decrease in the �FT value upon 

going from 2 to 1 is in agreement with the electron-transfer event established on the basis of 

Mössbauer and IR data. The �FT of 1 gradually decreases with lowering temperature, but remains 

quite large below 100 K, and even higher than the �FT of 2 (Figure 7.6 (a)). The maximum 

magnetization value attained at 1.8 K and 7 Telsa is 2.19 �PB, or 1.11 �PB per [Co3(dpa)4]
2+ unit, 

which is slightly lower than the value obtained for sample 2, yet again in accord with the 

presence of diamagnetic FeII ions and oxidized [Co3(dpa)4]
3+ units in sample 1. 

 

The �FT value of 3 at 300 K is 1.83 emu·K·mol�±1, or 1.05 emu·K·mol�±1 per [Ni3(dpa)4]
2+ unit, and 

the �FT curve remains higher than that of 4 in the entire temperature range (Figure 7.6 (b)). This 

agrees with the presence of paramagnetic LS-FeIII  ions in the sample. Below 50 K, the �FT value 

reaches a plateau of ~ 0.35 emu·K·mol�±1 per formula unit, which is close to the value of 0.375 

emu·K·mol�±1 expected for a single S = 1/2 center. The saturation magnetization value of 0.74 �PB 

per formula unit at 1.8 K and 7 Telsa is slightly lower than expected for S = 1/2, which might be 

explained by anisotropy of the g-factor. 

 

7.9 Summary 

 

This study demonstrates that the trimetallic complexes M3(dpa)4Cl2 (M = Co, Ni) are useful 

building blocks for the construction of CN-bridged coordination frameworks. To the best of our 

knowledge, compounds 1-4 represent the first examples of coordination polymers incorporating 

the [M3(dpa)4]
2+ �X�Q�L�W�V�����7�K�H���O�D�W�W�H�U���D�F�W���D�V���G�L�W�R�S�L�F���O�L�Q�N�H�U�V���F�R�Q�Q�H�F�W�L�Q�J���W�K�H���>�0�•���&�1��6]

3�± �D�Q�L�R�Q�V�����0�•��� ��



132 
 

Fe, Co) into an extended 2-D structure. The bulkiness of the dpa�± ligands that surround the 

trimetallic core in [M3(dpa)4]
2+ precludes the formation of a 3-D structure with the PB topology.  

The unique properties of the trimetallic clusters translate into interesting electronic and magnetic 

behavior of the obtained extended structures. The combination of IR and Mössbauer 

spectroscopy in conjunction with the analysis of redox behavior of the employed building blocks, 

indicates the oxidation of [Co3(dpa)4]
2+ ions by [Fe(CN)6]

3�± ions and partial charge transfer 

between [Ni3(dpa)4]
2+ and [Fe(CN)6]

3�± ions upon formation of the corresponding frameworks. 

These findings incite us to further explore the chemistry of trimetallic building blocks, which 

have implications for the preparation of coordination polymers capable of exhibiting 

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 electronic structures of 

trimetal complexes, a typical class of extended metal atom chains (EMACs), using dc and ac 

magnetic susceptibility and high frequency electron paramagnetic resonance (HF-EPR) 

measurements. These complexes include: homometallic compounds Cr3(dpa)4Cl2, 

Cr3(dpa)4ClBF4 and heterometallic CrCrMn(dpa)4Cl2 and MoMoMn(dpa)4Cl2. Spin-spin 

relaxation time T2 was also measured on single crystals of Cr3(dpa)4Cl2, in relationship to its 

single molecule magnet behavior. The very long relaxation time was detected within this 

concentrated spin system. Work was also dedicated to expand the EMAC complexes into two or 

three dimensional networks through the EMACs with Prussian blue analogues [M'(CN)6]
3�± (M = 

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

 

Chapter 3 described the detailed magnetic susceptibility and variable frequency EPR studies on 

the trichromium complex Cr3(dpa)4Cl2·CH2Cl2, where Cr is in its rare oxidation state +2. This is 

the first work that presented the observable EPR signals, while it was reported to be EPR silent 

in earlier studies at X-band.17 Both magnetic susceptibility and HF-EPR data revealed a total 

spin S = 2 for this complex. HF-EPR enables us to explore more information on the spin 

Hamiltonian parameters: gx = 1.9978(4), gy = 1.9972(4), and gz = 1.9808(4); D = �± 1.643(1) cm-1 

E = �± 0.0339(4) cm-1 at 30 K, as presented in this chapter. The large negative axial zero-field 

splitting parameter D value is probably the reason that it was reported to be EPR silent.17 The 

large negative D value indicates that this complex might be a single molecule magnet (SMM). ac 
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�P�D�J�Q�H�W�L�F�� �V�X�V�F�H�S�W�L�E�L�O�L�W�\�� �$�
�
�� �G�D�W�D�� �G�L�G�� �V�K�R�Z�� �Irequency dependence of the peak temperature under 

slightly applied dc magnetic field of 0.1 Telsa.  Thus this complex could be considered as a new 

class of field-induced SMM.  Single crystal EPR measurements from three different rotation 

plans identify the principal Z axis of the D tensor for Cr3(dpa)4Cl2·CH2Cl2 to be along the Cr�±

Cr�±Cr chain, X axis perpendicular to Z axis  and parallel to unit cell ab plane, and Y axis  

perpendicular to both X and Z axes. With this information, we were able to align the crystal in 

any desired orientation. Temperature dependence the EPR spectra showed a gradual peak 

broadening and eventual peak splitting at around 90 K, suggesting the dynamic nature of the 

central Cr chain.  

 

Spin relaxation in single molecular magnets is of high interest for quantum information 

processing. Chapter 4 presented the study of spin spin relaxation time T2 on the new SMM 

complex Cr3(dpa)4Cl2·CH2Cl2 by pulsed-EPR. T2 of as long as 2.6 µs was found, the longest spin 

spin relaxation time reported so far for a concentrated molecular system. Strong angular 

dependence of T2 was also discovered in this complex. T2 could be tuned continuously from less 

than 0.5 µs to up to 2.6 µs, by changing the orientation of the external magnetic field relative to 

the crystal axes.  Such a strong T2 anisotropy is unprecedented in molecular magnetism, and is 

probably caused by fluctuations of the electron spin bath due to spin state exchange of 

neighboring molecules, which are magnetic-dipole coupled. This finding provides a new 

technique for controlling the decoherence time T2 in a molecular magnet, using a single crystal 

that contains two symmetry related sites in the unit cell. 

 

HF-EPR studies on unsymmetrical compound Cr3(dpa)4ClBF4·2CH2Cl2 are discussed in Chapter 
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5. Large negative zero-field splitting D of �± 1.620 cm�±1 was found. This value is very close to 

that for its parent symmetrical compound Cr3(dpa)4Cl2·CH2Cl2. Much weaker temperature 

dependence of D value in Cr3(dpa)4ClBF4·2CH2Cl2, as compared to that for Cr3(dpa)4Cl2·CH2Cl2. 

is probably due to the definite Cr positions along the unsymmetrical chains in the former 

compound. HF-EPR spectra on single crystal of Cr3(dpa)4ClBF4·2CH2Cl2, also showed a gradual 

peak broadening and splitting at low temperatures. But the peak splitting temperature is strongly 

anisotropy, indicating a different peak splitting mechanism with that for Cr3(dpa)4Cl2·CH2Cl2. 

Density functional calculations were carried out on both symmetrical Cr3(dpa)4Cl2·CH2Cl2, and 

unsymmetrical compound Cr3(dpa)4ClBF4·2CH2Cl2, in order to shed some lights to the origin of 

the unexpectedly similar spin Hamiltonian parameters for these two compounds. The unbroken 

3-center-3-�H�O�H�F�W�U�R�Q���1���I�U�D�P�H�Z�R�U�N���L�V��found to be retained in the unsymmetrical compound, despite 

the large CrCr···Cr distortion in Cr3(dpa)4ClBF4·2CH2Cl2. It is this �1 bonding combination that 

lead to their similar D values within the two complexes, because their major contributions to the 

D parameters �R�U�L�J�L�Q�D�W�H�V���I�U�R�P���6�2�0�2�:�6�2�0�2�����.�:����, where SOMO is the �1nb orbitals for both 

complexes. It is also identified that the small E values from EPR data were induced by the 

crystallization process, not the molecule itself. DFT calculation also supports the symmetry of 

the Cr�±Cr�±Cr chain in Cr3(dpa)4Cl2·CH2Cl2 and  the dynamic nature of the disordered central Cr. 

A shallow curve of the energy gain v.s. Cr�±Cr�±Cr distortion is theoretically predicted, accounting 

for the versatile structures of Cr3(dpa)4Cl2 with different crystallization solvents. 

 

Heterometallic complexes CrCrMn(dpa)4Cl2·CH2Cl2 and MoMoMn(dpa)4Cl2·Et2O were studied 

in Chapter 6. Two disordered Cr Cr···Mn and Mo Mo···Mn chains were also revealed in their 

corresponding compounds by XRD experiments.26 HF-EPR measurements discovered very 
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similar D values for the two independent orientations molecules within 

CrCrMn(dpa)4Cl2·CH2Cl2. But two different D parameters (D(A) =  0.353 cm-1, D(B) =  0.294 

cm-1), are required to explain the HF-EPR data for MoMoMn(dpa)4Cl2·Et2O. The most striking 

structural difference between the two complexes is the non-bonded solvent molecules. Results 

from DFT calculations on truncated model compounds (lacking the M2 unit), however, but do 

not support this interaction as the major contribution. Thus it is proposed that the quadruply 

bonded MoMo unit magnifies the magnetic anisotropy of Mn in MoMoMn(dpa)4Cl2·Et2O. 

 

Chapter 7 demonstrated our work on trying to expand the linear trimetallic complexes 

M3(dpa)4Cl2 (M = Co, Ni) into 2-D networks by using the Prussian blue analogues �>�0�•���&�1��6]
3�± 

�D�Q�L�R�Q�V�� ���0�•�� � �� �)�H���� �&�R�� as the linkages. The bulkiness of the dpa ligand that surrounds the 

trimetallic core in [M3(dpa)4]
2+ prevents the formation of a 3-D structures. The combination of 

IR and Mössbauer spectroscopy in conjunction with the analysis of redox behavior of the 

employed building blocks, indicates the oxidation of [Co3(dpa)4]
2+ ions by [Fe(CN)6]

3�± ions and 

partial charge transfer between [Ni3(dpa)4]
2+ and [Fe(CN)6]

3�± ions upon formation of the 

corresponding frameworks. This study represented the first examples of coordination polymers 

incorporating the [M3(dpa)4]
2+ units. These interesting findings in their electron and charge 

transfers incite us to further explore the chemistry of trimetallic building blocks, which might 

exhibit fascinating temperature- and light-induced spin transitions.  
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