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ABSTRACT 

Molecule-based functional magnetic materials are of great interest due to their 

promising potential applications in new generation of electronic devices. Single 

molecule magnets (SMMs) and spin-crossover (SCO) moieties are two important 

categories of molecular materials that exhibit magnetic bistability. Solid state assemblies 

of these molecules combined with other functional moieties, such as 

tetracyanoquinodimethane (TCNQ) and metal organic frameworks (MOFs) can result in 

an enhancement of the original properties and/or coexistence/synergistic interactions of 

more than one functionality. The goal of the research in this dissertation was to explore 

ways to manipulate solid state structures and physical properties of SMMs and SCO 

building blocks by (1) manipulating supramolecular interactions between TCNQ and 

SCO/SMM units and (2) using crystalline MOFs platforms for nanostructuring SMMs 

for potential applications in electronic devices. 

Two types of molecular magnetic bistability, SMM properties (in 

[CoII(Fctp)2](TCNQ)2 (1)) and SCO (in [CoII(Fctp)2](TCNQ)2·MeCN (2) and 

[CoII(Fctp)2](TCNQF)2·MeCN (3)), have been achieved with the same transition metal 

complex, [CoII(Fctp)2]
2+, by using the two TCNQ radicals, TCNQ.- and TCNQF.-. Single 

crystal structures and theoretical computational studies reveal that the supramolecular 

interactions play important roles in the tuning of the magnetic properties. 

A mixed-stacked of partially charged TCNQ (electron acceptor) and the 

phenothiazinyl (PTZ, electron donor) group on the SCO molecule ([Co(PTZ-tpy)2]
2+) 
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were achieved in the compound [Co(PTZ-tpy)2]2(TCNQ)4.5·2.5MeCN (6)  by 

introducing charge transfer interactions between conducting and SCO building blocks. 

The temperature dependent solid state structures as well as the magnetic and conducting 

properties were compared to the non-SCO Zn analogues, [Zn(PTZ-

tpy)2]2(TCNQ)4.5·2.5MeCN (7) which revealed synergistic behavior of SCO and electron 

transfer between different TCNQ stacks as well as the semiconducting properties. The 

results demonstrate that introducing supramolecular interactions is a promising way to 

manipulate solid state structure as well as to realize interesting synergistic effects 

between different functionalities. 

Finally, the installation of octahedral CoII single SMM sites in the mesoporous 

MOF, UMCM-1, was achieved via post synthetic ion exchange reactions. Detailed 

studies of magnetization relaxation processes of the installed CoII SMMs moieties were 

performed. The results indicate that the undesired Raman and direct relaxation processes 

were suppressed by using the mesoporous MOF as a platform for the SMMs assembly. 
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CHAPTER I  

INTRODUCTION  

Molecule-Based Multifunctional Materials: Molecular Magnetic Bistability 

Molecular materials with different properties such as magnetic bistability, 

electrical conductivity and optical properties, are categories of materials for new 

generations of electronic devices due to their intrinsic quantum nature and structural 

diversity thanks to powerful organic and/or inorganic synthetic methodologies.  

Molecular bistability has gained enormous attention in the field of molecular 

functional materials over the past three decades. Traditional bulk magnets such as 

metals, metallic alloys, and metal oxides are not able to preserve their magnetic 

bistability at the nanoscale level when the size of the ferromagnetic/ferromagnetic 

particles reach their single-domain limit and exhibit superparamagnetic behavior. In 

order to pursue high-density data storage and processing applications, achieving 

magnetic bistability at the molecular level is an important goal for producing future 

generations of electronic devices. Apart from a few examples of molecular magnetic 

stability in purely organic molecules, such as π-stacked 1,3,2-dithiazolyl radicals1-2, the 

majority of molecular  materials that exhibit magnetic bistability contain transition metal 

and lanthanide spin centers. Two major categories of compounds with magnetic 

bistability are single molecule magnets (SMMs) and spin-crossover (SCO) compounds. 

Both of these types of materials have been extensively investigated; key concepts and 

findings are described in the following sections. 
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Single Molecule Magnets 

Single molecule magnets (SMMs) are molecular compounds that are able to 

retain their magnetization orientation in a zero external magnetic field below a certain 

temperature known as the blocking temperature, TB. Two signature behaviors of SMMs 

are slow relaxation of the magnetization under an alternating current (AC) magnetic 

field and magnetic hysteresis below TB. The first example of an SMM, 

[Mn12O12(O2CCH3)16·4H2O], also known as “Mn12”, is a dodecanuclear manganese 

compound  bridged by twelve μ3-oxo and twelve acetate bridges reported by Gatteschi 

and coworkers as well as Christou and Hendrickson in the 1990s.3-5 An S = 10 spin 

ground state is achieved for Mn12 by antiferromagnetic coupling between four MnIV (S = 

3/2) and eight MnIII (S = 2) units bridged by μ3-oxo ligands. The effective energy barrier 

was found to be 61 K with a blocking temperature of ~ 3 K.5  In this type of SMM, the 

energy barriers (U) and blocking temperatures are dependent on the spin ground states 

(S) and magnetic anisotropy (negative axial anisotropy parameter Dz) induced by the 

splitting of magnetic sublevels (Figure I-1). For an SMM with quenched first-order 

orbital angular momentum such as Mn12, the relationship between energy barriers, S and 

D are: 

𝑈 = |𝐷|𝑆2 for integer S                             Equation 1.1 

𝑈 = |𝐷|(𝑆2 − 1/4) for half integer S                  Equation 1.2 

In the first decade, research focused almost exclusively on the synthesis of 

SMMs with high nuclearities in order to achieve a huge spin ground state, S, to increase 

the energy barrier. Although compounds with gigantic spin ground states have been 
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synthesized, for example, Mn19 (S = 83/2)6, Mn25 (S = 61/2)7 and Mo8Mn14 (S = 31)8 

compounds, it was found that the lack of proper local symmetries of the single ion spin 

centers in these compounds results in a decrease in anisotropy, and a general lack of 

SMM behavior was found.  

 

Figure I-1 Energy-ms diagram for an SMM with S = 10 ground state and negative 

axial zero field splitting parameter D. 

 

Another important strategy for increasing the energy barrier is improving the 

axial anisotropy for single-ion transition metal and lanthanide complexes by 

manipulating the symmetry and ligand field strength of the coordination sphere. 

Recently, a breakthrough was reported by Layfield and the coworkers9 who prepared the 

dysprosium metallocene single-molecule magnet, [(η5-Cp*)Dy(η5-CpiPr5)][B(C6F5)4] 
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which exhibits magnetic hysteresis above the boiling point of liquid nitrogen (77 K) up 

to 80 K. It is noted that the highest energy barrier record for transition metal based 

SMMs is [(sIPr)CoIINDmp] with an effective energy barrier of 413 cm-1.10 

For compounds with quenched orbital angular momentum, the spin state S is a 

good quantum number and the single-ion anisotropy is caused by second order spin-orbit 

coupling. The Hamiltonian of such a system can be described as: 

�̂� = 𝐷[�̂�𝑧
2 − 𝑆(𝑆 + 1)/3] + 𝐸(�̂�𝑥

2 − �̂�𝑦
2)                   Equation 1.3 

where D and E are the axial and rhombic (transverse) zero field splitting parameters;  �̂�𝑥, 

 �̂�𝑦 and  �̂�𝑧 are spin operators along x, y and z directions. A large and negative D value 

creates an energy barrier for magnetization relaxation. The transverse parameter E is also 

critical, as a large magnitude of E causes mixing between the ms = ±S microstates and 

other ms states by the �̂�𝑥
2 and  �̂�𝑦

2 operators as the  �̂�𝑧 operator does not commute with the 

total Hamiltonian �̂�. Significant quantum tunneling of magnetization is observed under 

these conditions and results in an under-barrier spin relaxation.11-12 Thus, realizing the 

|E/D| ~ 0 condition via controlling the coordination environment around the metal ion is 

essential for designing high-performance SMMs. 

For the spin systems that involve unquenched orbital angular momentum or 

having spin-orbit coupling effects stronger than the ligand field, such as lanthanide ions 

with well-shielded 4f electrons, the spin quantum number S is no longer a valid 

parameter for the system. The total angular momentum, J = L + S, instead of S, is used 

to describe the magnetic states. The anisotropy induced by the crystal field can be 

described with the Stevens operators �̂�𝑘
𝑞(𝑱) as: 



 

5 

 

�̂�𝐶𝐹 = ∑ 𝜃𝑘𝐵𝑘
𝑞�̂�𝑘

𝑞(�̂�)𝑘,𝑞                            Equation 1.4 

where 𝐵𝑘
𝑞
 is the crystal field parameters and 𝜃𝑘 is the operator equivalent factors, k = 2, 

4, 6,…, 2J and –k ≤ q ≤ +k .13-14 The 𝐵𝑘
𝑞
 parameters with q = 0 terms are related to the 

axial anisotropy while other terms are related to the transverse anisotropy. Enhancing the 

axial anisotropy and minimizing the transverse ones are key strategies to increase the 

energy barrier for SMMs and, indeed, much research effort over the past decade has 

been directed at developing strategies for enhancing the SMM properties by 

manipulation of the ligand field around the single ions.15-20 

For the experimental aspects, alternating current (ac) magnetization 

measurements are used to probe the relaxation time and energy barrier. The ac magnetic 

susceptibility χ(ω)consists of in-phase (𝜒′(ω)) and out-of-phase (𝜒′′(ω)) components:  

χ(ω) =  𝜒′(ω) − 𝑖𝜒′′(ω)                               Equation 1.5 

where ω is the angular frequency and ω = 2π𝑓. The Cole-Cole equation can be used to 

extract the relaxation time (τ): 

χ(ω) =  𝜒𝑠 +
𝜒𝑇−𝜒𝑠

1+(𝑖𝜔𝜏)1−𝛼                               Equation 1.6 

where 𝜒𝑠, 𝜒𝑇 are susceptibility at static and infinite frequency; τ and α are the 

characteristic relaxation time and the factor that relates to the distribution of relaxation 

times.21-22 (α is in the range of 0-1 and α = 0 corresponds to the Debye model with a 

single relaxation time τ). The possible processes that contribute to relaxation are Orbach, 

Raman, Direct, and Quantum tunneling processes.14 The Orbach thermal mechanism 

involves the spin relaxation over the energy barrier, U, which is through the excited 
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states of magnetic sublevels. The temperature dependence of the relaxation time for an 

Orbach process is described by the Arrhenius equation: 

𝜏𝑂𝑟𝑏𝑎𝑐ℎ
−1 =  𝜏0

−1𝑒
−

𝑈eff
𝑘𝐵𝑇                                       Equation 1.7 

where 𝜏0, 𝑈eff, 𝑘𝐵 and T are the pre-exponential factor, effective energy barrier, 

Boltzmann constant and temperature, respectively. Besides the Orbach process, quantum 

tunneling is also critical in certain systems with non-negligible transverse anisotropy.  

The typical form of the QTM contribution is: 

𝜏𝑄𝑇𝑀
−1 =

𝐵1

1+𝐵2𝐻2                                        Equation 1.8 

where B1 and B2 are the parameters that relate to the tunneling splitting and inter-level 

transition time and H is the external static magnetic field.23 The quantum tunneling rate 

decreases by ~ H-2 under a large magnetic field at low temperatures. Although the 

expression does not explicitly include the temperature dependence, studies by Zheng and 

coworkers indicate that the temperature dependence of QTM correlates with the 

temperature promoted phonon that originates from the dynamic crystal field.24 

The two phonon-assisted relaxation processes are direct spin-lattice relaxation 

and Raman processes.25 The former one involves one-phonon absorption/emission with 

the resonance energy (ħω) to flip the spin. It is both temperature and magnetic field 

dependent: 

𝜏𝑑𝑖𝑟𝑒𝑐𝑡
−1 = 𝐴𝐻𝑛1𝑇                                        Equation 1.9 
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where A is a constant; H and T are the external magnetic field and temperature. The 

power 𝑛1 = 2 for a non-Kramers doublet and 4 for a Kramers doublet. The relaxation 

times for Raman relaxation are merely temperature dependent and follow the power law: 

𝜏𝑅𝑎𝑚𝑎𝑛
−1 = 𝐶𝑇𝑛2                                         Equation 1.10 

where C is a constant, T is the temperature; 𝑛2 = 7 for non-Kramers doublet and 9 for 

Kramers doublet, although 𝑛2 with other values between 1 and 6 are possible when both 

optical and acoustic phonons are involved.14, 26 

If one considers the contributions from all four relaxation processes, the 

expression of relaxation times can be expressed as: 

𝜏𝑡𝑜𝑡𝑎𝑙
−1 = 𝜏0

−1𝑒
−

𝑈eff
𝑘𝐵𝑇 +

𝐵1

1+𝐵2𝐻2 + 𝐴𝐻𝑛1𝑇 +  𝐶𝑇𝑛2                 Equation 1.11 

The direct fit of relaxation times with Equation 1.11 can result in an over-

parameterization issue. In order to prevent such problems, parameters B1, B2 and A can 

be obtained by fitting the field dependence of relaxation time with the magnetic field-

dependent relaxation time data sets at fixed temperatures with Equation 1.12: 

𝜏−1(𝐻) =
𝐵1

1+𝐵2𝐻2 + 𝐴𝐻𝑛1𝑇 + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                    Equation 1.12 

Then, the parameters 𝑈eff, C and 𝑛2 can be obtained by fitting the temperature dependent 

relaxation time data sets at a fixed static magnetic field with Equation 1.11.  

Spin-crossover  

Spin-crossover (SCO) compounds are another category of molecules with 

magnetic bistablity which involves spin transitions between high-spin (H.S.) and low-

spin (L.S.) states in d-block metal complexes triggered by external stimuli such as 
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temperature, irradiation, and pressure. The SCO phenomenon was first identified in FeIII 

complexes with thiocabamate ligands by Cambi and coworkers in 1931.27 This 

phenomenon was also observed in the important biological FeII-heme coenzyme for 

oxygenation.28  The topic of SCO behavior have been extensively developed over the 

last several decades including the structural and functional varieties,  theoretical aspects 

and practical applications.29 The most typical SCO compounds are 3d transition metal 

complexes with d4-d7 electronic configurations; these systems include MnIII (d4), FeIII 

(d5), FeII (d6), CoII (d7) in octahedral/pseudo-octahedral geometries. (Table I-1)  Rare 

SCO examples of NiII with the d8 configuration have been observed in square planar30 

and square prismatic31 geometries. The process of SCO involves the reconfiguration of 

electron populations in different d orbitals and induces a change in the number of 

unpaired electrons as well as the overall metal-ligand bonding (Figure I-2).  The 

phenomenon requires comparable ligand field stabilization energy of the L.S. and H.S. 

states, which is determined by the energy of the ligand field splitting, Δ, and the 

repulsion of paired electrons, P. For example for 3dn configuration ions in an octahedral 

geometry, appropriate ligand field strengths for SCO can be found around the crossover 

point of ground states in the Tanabe-Sugano diagrams. (Table I-1) The example of d7 is 

shown in Figure I-3.32 The SCO behavior changes the magnetic properties of transition 

metal centers due to the difference in spin states and also changes the geometry of the 

coordination sphere as a result of population of bonding, antibonding and non-bonding 

orbitals. Here we take CoII (d7) ion as an example (Figure I-2). The electron 

configuration changes from t2g
5eg

2 to t2g
6eg

1 as it goes from a H.S. (S = 3/2) state to a 
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L.S. (S = 1/2) state. The ligand field splitting, Δoct, becomes larger for the L.S. state to 

compensate for the additional electron pairing energy in the t2g orbitals. As the electron 

population of the eg orbitals (σ-antibonding orbitals) decreases from the H.S. state to the 

L.S. state, a decrease in the metal-ligand bond distances is expected, in the range of 0.1-

0.2 Å.33 Significant Jahn-Teller effects are also observed in cases that involve states with 

degeneracies in σ-antibonding orbitals which causes changes in the coordination sphere 

as well as electric dipole moments.34 The optical properties that relate the transitions 

involving d orbitals also change during the SCO process. 35-36 

 

 

Figure I-2 The d orbital splitting diagrams of d7 electron configurations in an 

octahedral geometry. 

 

The signature magnetic behavior of thermal spin-crossover is an “S” shaped 

curve (Figure I-4 (a)) of the χT vs T plot due to the changes in H.S. and L.S. state 

populations at different temperatures. The curve is described by equation37: 

ln [
1−𝑛𝐻𝑆

𝑛𝐻𝑆
] =

[Δ𝐻+𝛤(1−2𝑛𝐻𝑆)]

R𝑇
−

𝛥𝑆

𝑅
                     Equation 1.13 
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where  𝑛𝐻𝑆 is the mole fraction of high-spin species, Δ𝐻, 𝛥𝑆 and 𝛤  are the molar enthalpy, 

molar entropy and SCO cooperativity parameters respectively and R is the gas constant. For the 

non-cooperative case, such as in the gradual SCO system, the SCO cooperativity parameters 𝛤 =

0 and the equation are described by the equation: 

ln [
1−𝑛𝐻𝑆

𝑛𝐻𝑆
] =

Δ𝐻

𝑅𝑇
−

𝛥𝑆

𝑅
                                       Equation 1.14 

and the ln [
1−𝑛𝐻𝑆

𝑛𝐻𝑆
] vs 1/T plot has a linear relationship with 

Δ𝐻

𝑅
 as slope and −

𝛥𝑆

𝑅
 as the 

intersection with the y-axis. The transition temperature, T1/2, at which the population of 

H.S. state and L.S. states are equal, is expressed as: 

𝑇1/2 =  
Δ𝐻

𝛥𝑆
                                              Equation 1.15 

 

Figure I-3 Tanabe-Sugano diagram for a d7 octahedral configuration and the 

crossover point. 
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Table I-1 Spin configurations and related parameters for d4-d7 3d transition metals 

in an octahedral geometry 

Electronic 

configurations 

ions L.S. 

states 

H.S. 

states 

Crossover point 

ligand field (Δoct/B)* 

ΔSel (J K-1 

mol-1)** 

d4 MnIII 3T1 

(S = 1) 

5E  

(S = 2) 

27.1 4.2 

d5 FeIII 2T2 

(S = 

1/2) 

6A1 

(S = 

5/2) 

28.6 9.1 

d6 FeII 1A1 

(S = 0) 

5T2 

(S = 2) 

18.9 13.4 

d7 CoII 2E  

(S = 

1/2) 

4T1 

(S = 

3/2) 

21.9 5.8 

* The values correspond to the Δoct, the ligand field splitting in an octahedral 

geometry, at which the energy levels of H.S. state and L.S. state exhibit crossover on 

Tanabe-Sugano diagrams. B is the  Racah interelectronic repulsion parameter.38 

** ΔSel = Rln[(2SH.S.+1)/( 2SL.S.+1)] is the molar entropy change contribution from the 

change of spin multiplicity. 
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Figure I-4 χT vs T plots of (a) typical SCO behavior and (b) SCO behavior with 

thermal hysteresis 

 

Certain compounds, particularly [Fe(pz)[Pt(CN)4]]·solvates,39 exhibit thermal 

hysteresis behaviors wherein the χT vs T curves of heating and cooling processes do not 

overlap. Such behavior originates from cooperative effects in the solid state and has 

potential applications in the memory storage application.40 Recently, devices with single 

SCO molecules as molecular junctions have been fashioned by sandwiching a single 

SCO molecule between gold electrodes at the nanoscale level. The conductivity 

switching induced by a transition between the L.S. and H.S. states with external stimuli, 

such as light irradiation41-42 and electric field43 was achieved at the single-molecule 

level. Recently, merging conducting properties with the SCO phenomenon has become a 

forefront topic by combining organic conducting moieties such as organocyanide 

compounds with SCO complexes. A detailed discussion of this subject is provided in the 

following sections.  
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Organocyanide-Based Conducting/Semiconducting Materials 

Polydentate organocyanide compounds, such as 7,7,8,8-tetracyanoquinodimethane 

(TCNQ) and its derivatives, are well-known redox active molecules used in the design of 

multifunctional materials. The electron withdrawing effect of the four cyano groups on TCNQ 

renders it an excellent electron acceptor that can undergo two reversible reductions to TCNQ.- 

radical and TCNQ2- dianion (Figure I-5). Given the structural characteristics of TCNQ, there 

are four important features that enable interactions between TCNQ and magnetic 

coordination complexes: (1) The π-conjugation system on TCNQ for the π…π 

interactions (2) The negative charge of TCNQ.- radical/ partially charged TCNQ for 

electrostatic interactions (3) The electron acceptor characteristic for charge transfer 

interactions and (4)The coordination ability of four cyano groups of TCNQ. Moreover, 

the four hydrogen atoms on the aromatic ring can be substituted with other functional 

groups such as halides, alkyl groups and alkoxy groups and others to tune the dipole 

moments and redox potentials of the TCNQ derivatives. Select reduction potentials of 

TCNQ derivatives are summarized in Table I-2. These characteristics of TCNQ 

derivatives make them ideal building blocks for the synthesis of functional organic and 

inorganic-organic hybrid materials. 
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Figure I-5 Structure of TCNQ, possible interactions and reduced anion and di-

anionic species. 
 

Table I-2 Redox potentials of select TCNQ derivatives in MeCN (vs Fc/Fc+) with 0.1 

M TBA(PF6) electrolyte at room temperature. 

Derivatives E1/2(Q/Q.-)/V E1/2(Q.-/Q2-)/V 

TCNQMe2 -0.28 -0.76 

TCNQ -0.18 -0.72 

TCNQF -0.09 -0.62 

TCNQI2 +0.03 -0.42 

TCNQCl2 +0.05 -0.46 

TCNQBr2 +0.06 -0.43 

 

Semiconducting behavior is one of the most important signature properties of 

TCNQ and its derivatives. The origins of conductivity in the solid state are organized 

into three different charge transport mechanisms: (a) charge transport through band 

structure, (b) charge hopping and (c) proton-conductivity (Figure I-6).44-45 In the case of 

TCNQ-based conducting/semiconducting materials, the major mechanism of charge 
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transport is through the band structure formed by the one-dimensional π…π stacking of 

TCNQ moieties. In metal-TCNQ binary compounds, such as Tl(TCNQCl2)
46 (Figure I-

7), the band structure formed by the coordination bonding between metal centers and 

TCNQ moieties also has critical contributions to the solid state conductivity. Theoretical 

studies of metal-TCNQ compounds47 indicate that the transfer integral between π-

orbitals between TCNQ derivatives are significantly larger than the ones between TCNQ 

derivatives coordinated to metal centers and causes larger delocalization of conducting 

electrons along the π…π stacking direction. Although the metal-based bands are more 

localized, the contribution to conductivity can still be significant if the energy is close to 

the empty TCNQ antibonding-π orbital based bands. The temperature-dependent 

semiconducting behavior in such a system is described by the Arrhenius equation: 

𝜎(𝑇) =  𝜎0𝑒
−

𝐸a
𝑘𝐵𝑇                                       Equation 1.16 

where 𝜎, 𝜎0, 𝐸a, 𝑘𝐵and 𝑇 are conductivity, pre-exponential factor, thermal activation 

band gap, Boltzmann constant and temperature.  

Apart from the band conducting mechanisms, charge hopping is another 

important mechanism that enables high conductivities in materials with significant 

donor-acceptor charge transfer interactions such as TTF-TCNQ thin films.48 In contrast 

to the band conducting mechanism, the charge hopping mechanism involves the 

electron/hole transfer between the donor and acceptor without direct orbital overlap. 
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Figure I-6 Conducting mechanisms in solid state: (a) band conducting via orbital 

overlaps, (b) charge hopping and (c) proton-conductivity. 

 

Interesting TCNQ-protonated heterocyclic materials with` coupled protonic and 

electronic conduction have been synthesized.49-54 The protonic conductivity in such 

compounds is facilitated by the hydrogen bonding between co-crystallized protonated 

heterocyclic compounds such as benzimidazolium, 4,4’-biimidazolium and protonated 

1,4-diazabicyclo[2.2.2]octane.  
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Figure I-7 Conducting pathway in Tl(TCNQCl2)46 through (a) π…π stacking and 

(b) chemical bonds. Adapted from Figure 2 in Ref. 46 with permission of John 

Wiley and Sons. 

 

In addition to the protonic conducting mechanism, the other two mechanisms are 

highly related to the charge state of the TCNQ moieties. Single crystal X-ray diffraction 

and spectroscopic studies are powerful tools for charge state analysis. Since the negative 

charge on reduced TCNQ species, such as TCNQ.- and TCNQ2-, is fully delocalized on 

the antibonding π* orbital, the C-C bond lengths and the C-C/C-N vibration frequencies 
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are highly dependent on the charge state of TCNQ moieties. From the information of 

solid state structures, an empirical formula, developed by Kistenmacher and 

coworkers55, can be used to evaluate the charge state on TCNQ molecules: 

 𝜌 = 𝐴 [
c

b+d
] + 𝐵                             Equation 1.17 

where 𝜌 is the charge density on TCNQ moiety, A and B are empirical parameters which 

equal to -41.667 and 19.833 respectively. Variables, b, c and d, are the C-C bond lengths 

as indicated in Figure I-8.  

      Infrared spectroscopy is another powerful tool to probe the oxidation state changes 

of TCNQ molecules. Redshifts of C≡N  stretching frequencies (νCN) and C-H bending 

frequencies (δCH) in the IR spectra are expected when the negative charge on TCNQ 

increases.56 The νCN and δCH modes are located at 2222 and 860 cm-1 for neutral TCNQ 

and 2207, 2196, 2179 and 826 cm-1 for TCNQ.- in LiTCNQ. 

 

 

Figure I-8 Carbon-carbon bonds of TCNQ used for charge state evaluation with 

the Kistenmacher formula. 

 

In the history of the development of TCNQ-based functional materials, the most 

well-known compound is the organic binary charge transfer compound, TTF-TCNQ 

which exhibits metallic conducting behavior.57 Given this spectacular finding, a great 
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deal of research effort by organic and material scientists has focused on designing 

functional materials with TCNQ and various electron donor organic molecules such as 

polythiophene, pyrene and coronene.58-59 In addition to the purely organic phases, metal-

TCNQ binary compounds are also another important category of functional materials. 

The first example of such a material with notable electric properties is CuI(TCNQ) 

which was reported by Acker and Hertler in 1962.60 In spite of the fact that this 

discovery occurred over a half century ago, studies of Cu(TCNQ) and other metal-

TCNQ materials is still a hot topic in the field of inorganic chemistry and materials 

science for their numerous applications in gas sensors,61-63 high-performance batteries,64-

67 catalysis68-72 and conducting devices.73-75 Compounds with higher structural 

complexities, such as TCNQ-based redox active metal-organic frameworks (MOFs), 

have also been reported over last decade. TCNQ-dianion-based porous MOFs were first 

developed by Kitagawa and other researchers with interesting guest-host interactions 

between TCNQ2- skeletons and encapsulated guest molecules.76-82 Miyasaka and 

coworkers have carried out extensive work on classes of carboxylate-bridged 

diruthenium transition metal-TCNQ charge transfer compounds that exhibit interesting 

conducting and magnetic properties.83-97 

The Dunbar group also has a rich tradition of research in this field. One of the 

benchmarks in our research is the discovery of polymorphism in CuI(TCNQ) which 

resolved the irreproducibility of the voltage-controlled switching behavior of 

CuI(TCNQ) based electronic devices.98 Another landmark result was the discovery of a 

crystal-to-crystal phase transition between poorly and highly semiconducting phases in 
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Tl(TCNQ) metal-organic frameworks by Dr. Carolina Avendano from our group.99 A 

family of transition metal-TCNQ binary compounds, MII(TCNQ)2 (M = Mn, Fe, Co, Ni), 

with magnetic ordering and semi-conductivity were prepared by Dr. Hanhua Zhao from 

our group during his search for cooperative magnetism and conductivity.100 By 

introducing the organic bridging ligand 4,4’-bipyridine, a highly conducting 

coordination polymer, {[Mn(4,4’-bpy)(1-TCNQ)2(MeOH)2]TCNQ}0.5MeOH, with a 

3.8 Scm-1 room temperature conductivity was prepared by Dr. Maria Ballesteros Rivas 

in the Dunbar group. This compound was the first such highly conducting metal-organic 

polymer of its kind and it remains a unique example of the combination of a metal-

ligand backbone flanked by partially charged stacks of TCNQ radicals.101  

More recently, our group demonstrated that, by assembling 3d-4f moieties 

[(valpn)CuTb(H2O)4]
2+ with TCNQF-·radical anions, one can introduce conducting 

properties into the material and also achieve a higher energy barrier for single chain 

magnet (SCM) behavior compared to its [Fe(CN)6]
3-

 bridged counterpart.102 As 

compared to the bulk magnetic behavior mentioned above, single molecule magnet and 

spin-crossover (SCO) properties which can be realized in finite molecular systems do 

not require long-range magnetic ordering to operate and are more promising for the 

miniaturization of electronic devices.29, 103-104  
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For TCNQ based conducting SMM hybrid materials, it was recently reported by 

our group that [Dy(TPMA)(µ-TCNQ)(µ-OH)](TCNQ)2·CH3CN, in which the Dy(III) is 

capped with the tetradentate ligand tris(2-pyridylmethyl)amine (TPMA), assembles by 

direct coordination of the TCNQ radical anion.105  This compound exhibits slow 

relaxation of the magnetization over the temperature range of 5.0-8.0 K and 

semiconductivity from 180-350 K.  Efforts have also been made to combine the spin-

crossover moieties with TCNQ derivatives as the conducting part. The compound, 

[Co(terpy)2](TCNQ)3·MeCN, which is composed of the SCO moiety [Co(terpy)2]
2+ and 

partially charged TCNQ layers, was crystallized and studied by Dr. Xuan Zhang in our 

group.106 Synergistic effects between the SCO units and semiconducting behavior were 

observed which are triggered by SCO induced structural changes in the coordination 

sphere which perturb the solid-state packing of the TCNQ stacks. To date, there are only 

seven examples of semiconducting TCNQ complexes with SCO behavior reported in the 

literature.107-113 Most of these compounds are based on FeII or FeIII SCO moieties with 

the exception of one with a MnIII SCO moiety112 and two based on CoII SCO 

moieties.108, 110 The conductivities (σ300K), activation gaps (ΔEgap) and SCO transition 

temperatures (T1/2) for these materials are summarized in Table I-3.  

Compounds [FeII(tpma)(xbim)](ClO4)(TCNQ)1.5·DMF,107 

[CoII(terpy)2](TCNQ)3·CH3CN,108 [FeII(HC(pz)3)2](TCNQ)3,
109 

[CoII(terpy)2](TCNQ)4·3DMF·0.5H2O
110 and [FeIIIsal2-trien)](TCNQ)2·CH3OH111 

exhibit gradual SCO behavior along with semiconducting properties over the same 

temperature ranges. Compounds [MnIII(5-Cl-sal-N-1,5,8,12)]TCNQ1.5·2CH3CN112 and 
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[FeII
2(bpypz)2(TCNQ)2](TCNQ)2 

113 exhibit SCO behavior with thermal hysteresis. The 

SCO temperature of the MnIII compound is lower than the semiconducting region and an 

abrupt SCO transition in the case of [FeII
2(bpypz)2(TCNQ)2](TCNQ)2 led to fractures in 

the crystals. TCNQ units in all seven compounds form segregated stacking in the solid 

state and the SCO moieties are not directly involved in the conducting pathway except 

for some TCNQ units that are directly  coordinated to the SCO FeII centers in compound 

[FeII
2(bpypz)2(TCNQ)2](TCNQ)2.  

As the aforementioned discussion attests, results thus far have demonstrated bi-

functionality of molecular magnetism and conductivity in TCNQ-coordination 

complexes but systematic studies of functionalities via ligand design to introduce and 

enhance synergistic interactions between different functionalities has not been 

comprehensively investigated. Given that the underlying basis for synergistic effects 

between different functionalities in molecular multi-functional materials is 

intermolecular interactions, the introduction of weak forces is key to successful 

realization of true multi-functionality. 
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Table I-3 Summary of conductivity (σ300K), activation gap (ΔEgap) and SCO 

transition temperature (T1/2) of published SCO-semiconducting compounds with 

TCNQ building blocks. 

Compound σ300K (S cm-1) ΔEgap
 
(meV) T1/2 (K) 

[FeII(tpma)(xbim)](ClO4)(TCNQ)1.5·DMF107 0.2 110 145 

[CoII(terpy)2](TCNQ)3·CH3CN108 0.13 470 ~390 

[FeII(HC(pz)3)2](TCNQ)3
109 1.5×10-2 170 445 

[CoII(terpy)2](TCNQ)4·3DMF·0.5H2O110 3.3×10-4 175 >300 

[FeIIIsal2-trien)](TCNQ)2·CH3OH111 1.5 50 410 

[MnIII(5-Cl-sal-N-

1,5,8,12)]TCNQ1.5·2CH3CN112 

1×10-4 200 73/123 

[FeII
2(bpypz)2(TCNQ)2](TCNQ)2 113 7.4×10-2 57 337/339 

 

Supramolecular Interactions in Multifunctional Materials 

Supramolecular interactions are a category of non-covalent interactions such as 

van de Waals force, hydrogen bonding, π…π interactions, electrostatic interactions and 

charge transfer interactions.114-115 Although they are not as strong as covalent bonding, 

these secondary interactions are critical in determining the structural and functional 

diversities in biological systems such as secondary/tertiary/quaternary proteins116 and 

nucleic acid structures.117 Apart from the natural existing molecules, supramolecular 

interactions are also essential in artificial molecular machines.118 The Nobel Prize in 

Chemistry for 2016 was awarded to Jean-Pierre Sauvage, Sir J. Fraser Stoddart and 
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Bernard L. Feringa for “their design and production of molecular machines.” The 

supramolecular interactions not only enable the self-assembly of these molecular 

machines but also control of nanoscale dynamics.  

In the quest for multifunctional materials with synergistic interactions between 

different properties, it is crucial to understand that supramolecular interactions are key 

elements for enhancing interactions between different functional moieties. As discussed 

in prior sections, TCNQ and its derivatives have the potential to engage in a wide range 

of supramolecular interactions including π…π stacking, electrostatic interactions, charge 

transfer and coordination bonding (Figure I-9). 119 As such, the main goal of the research 

in this dissertation is to design magnetic moieties whose properties are engaged in an 

interplay with TCNQ radicals through these supramolecular interactions. The compound 

[CoII(terpy)2](TCNQ)3·CH3CN108 studied by our group is a good starting point for 

modification of the SCO moiety, [CoII(terpy)2]
2+, in order to engender stronger 

interactions with TCNQ moieties which is the main strategy for the work described in 

this dissertation. 

 

 

Figure I-9 Energy scales of supramolecular interactions. Adapted from Fig. 8 in 

Ref. 119. with permission of The Royal Society of Chemistry. 
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By modifying the substituents on the terpyridine ligand, the solid state structure 

of SCO-TCNQ assemblies can be tuned such that one can obtain segregated stacking of 

TCNQ units as well as mixed-stacking between TCNQ moieties and pendant groups on 

SCO moieties if the supramolecular interactions between TCNQ and the pendant groups 

are stronger than the inter-TCNQ interactions. The possible structural modifications of 

SCO – TCNQ multifunctional materials are depicted in Figure I-10. Although the 

mixed-stacking structure may lower the conductivity of the material to some extent, the 

direct involvement of the SCO moieties in the conducting pathway is expected to 

introduce a stronger synergistic interaction between different functionalities and result in 

novel physical properties.  

With these objectives in mind, research presented in this dissertation describes 

the syntheses and structure-function studies of new materials that explore how 

intermolecular interactions can be used to tune magnetic properties and lead to 

synergistic interactions between functionalities. In Chapter II, mechanisms of how two 

different molecular bistabilities, SMM and SCO properties, can be achieved with the 

same cationic moiety by introducing supramolecular interactions between the pendant 

groups on magnetic cationic moieties and organocyanide anions are presented. Chapter 

III describes the synthesis of a novel charge transfer complex with an SCO induced 

electron transfer phenomenon in the solid state. Detailed structure-function relationships 

revealed a synergistic effect between SCO and switching of semiconducting behavior. 

The results in Chapter IV describe the effect of installing SMM molecules in a 

mesoporous metal-organic framework as a promising method for suppressing magnetic 
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relaxation by minimizing magnetic interactions between magnetic centers. The overall 

conclusions and future outlooks are discussed in Chapter V. 

 

 

Figure I-10 Solid-state structural modifications of SCO – TCNQ multifunctional 

materials 
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CHAPTER II  

TUNING MAGNETIC PROPERTIES OF COBALT (II) BIS-FERROCENYLTERPY 

CATIONS VIA SUPRAMOLECULAR INTERACTIONS WITH ORGANOCYANIDE 

RADICAL ANIONS 

Introduction 

Molecule-based materials that exhibit magnetic bistability are promising 

candidates for the design of new generations of electronic and magnetic devices, two 

important categories of which are spin-crossover (SCO) compounds120-122 and single-

molecule magnets (SMM).123-126 The up/down spin states or the differences in magnetic 

moments between high-spin states and low-spin states provide the basic units for data 

storage and/or quantum computing.  

Supramolecular interactions are well known for their capacity to tune SCO127-129 

and SMM130-135 behavior.  Our particular interest is the study of supramolecular 

interactions of Co(II) SCO moieties with anions and solvent molecules.17, 136  In general, 

the low-spin (L.S.) CoII state is favored as the ground state in bis(terpy) derivatives due 

to the strong ligand field of the terpyridine ligand.137-139 The SCO phenomenon in 

[CoII(terpy)2]
2+ cations can be mediated by geometric restrictions and supramolecular 

interactions, the effects of which lower the energy gap between H.S. and L.S. states. In 

addition to these intrinsic effects in the solid state, there are several rare examples of 

                                                 
 “From spin-crossover to single molecule magnetism: tuning magnetic properties of Co(II) bis-

ferrocenylterpy cations via supramolecular interactions with organocyanide radical anions” H. Xie, K. R. 

Vignesh, X. Zhang and K. R. Dunbar, J. Mater. Chem. C, 2020, 8, 8135 DOI: 10.1039/D0TC00830C-

Reproduced by permission of The Royal Society of Chemistry. 
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compounds with either SCO or SMM properties whose properties can be inter-converted 

via ligand or crystal field modifications or light irradiation.139-146 Recently, Wang and 

co-workers reported that the presence or absence of water molecules in the interstices of 

a crystal triggers a single-crystal to single-crystal transition that induces a switching 

between SCO and SMM behavior.147   These interesting findings notwithstanding, 

difficulties in predicting the position and intermolecular interactions of solvents in a 

crystal renders this approach untenable for the rational design of materials with tunable 

properties.  

The introduction of supramolecular interactions between magnetic cations and 

counter anions constitutes a more promising strategy than random packing of solvent 

molecules for tuning solid-state structures and magnetic functionalities. Recently, 

Hayami and coworkers129 achieved tuning of the SCO behavior of the [FeII(qnal)2]
+ 

cation by introducing aromatic counterions, but structure-function relationships were not 

possible given that larger conjugated aromatic anions altered not only the π⋯π 

interactions between the anion and the SCO metal cation but also the overall geometric 

parameters.  

In the current study, the co-crystallization of [CoII(Fctp)2]
2+ cations (Fctp = 4’-

ferrocenyl-2,2’:6’,2’’-terpyridine) that contain redox-active pendant ferrocenyl groups 

with TCNQ.- and TCNQF.- radical anions (TCNQ = 7,7,8,8-tetracyanoquinodimethane, 

TCπNQF = 2-fluoro-7,7,8,8-tetracyanoquinodimethane) led to the isolation of 

supramolecular assemblies of the magnetic cations and the tunable organocyanide 

anions. The introduction of the ferrocenyl pendant group changes the solid state 
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architecture, with respect to the geometry of the cation moiety and introduces π⋯π 

interactions between the ferrocenyl and TCNQ/TCNQF moieties. The advantages of 

introducing TCNQ.- or TCNQF.- are (1) π-conjugation enables π⋯π interactions with 

cationic moieties that contain aromatic groups; (2) the fluorine substituent on TCNQF.-  

tunes the frontier orbital energies as well as its electron accepting ability and introduces 

a dipole moment which engenders dipole-dipole interactions and (3) similar van der 

Waals radii of fluorine (1.47 Å) and hydrogen atoms (1.20 Å)148-150 allows for the 

preservation of the solid state structure with minimum perturbations form steric effects. 

The three compounds [CoII(Fctp)2](TCNQ)2 (1), [CoII(Fctp)2](TCNQ)2·MeCN, (2), and 

[CoII(Fctp)2](TCNQF)2·MeCN, (3), were obtained as crystals from co-crystallization of 

[CoII(Fctp)2]
2+ cations with TCNQ.- and TCNQF.- radical anions. The paramagnetic 

moiety, [CoII(Fctp)2]
2+,  in 1 exhibits SMM behavior under an applied field whereas the 

isomorphs 2 and 3 exhibit non-identical SCO behavior. Structural, magnetic and 

computational studies were performed to probe the structure-property relationships in 

the solid state. 

Experimental Section 

Synthetic Procedures 

LiTCNQ151 and LiTCNQF152-153 salts were prepared according to reported 

methods. All experiments were performed under a N2 atmosphere. Solvents were 

purified by distillation under N2. 
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Synthesis of the Fctp Ligand 

The synthesis of Fctp has been reported in the literature.154 A modified one-pot 

synthesis was used for the ligand synthesis.155 A quantity of NaOH (0.8 g, 20 mmol) was 

suspended in 15 mL of Polyethylene Glycol 300 at 0 ℃   and 2-acetylpyridine (2.42 g, 

20 mmol) was added at 0 ℃ with stirring for 10 minutes after which time 10-methyl-3-

formylphenothiazine (2.41 g, 10mmol) was added to form a dark red solution. Stirring at 

0 ℃ was continued for an additional 2 hours after which time the temperature was 

gradually increased to room temperature. An aliquot of NH3·H2O (30%, 30 mL) was 

added and the mixture was refluxed for 12 hours. After the solution had cooled to room 

temperature, 50 mL of water was added and the resulting yellow-brown precipitate was 

collected by filtration, washed with 50 mL of hot ethanol and dried in air. The yield was 

1.27 g (2.8 mmol, 28%) of orange powder. 1H-NMR (300 MHz, CDCl3): δ (in ppm) 8.75 

(d, 2H), 8.66 (dt, 2H), 8.52 (d, 2H), 7.88 (td, 2H), 7.36 (ddd, 2H), 5.02 (t, 2H), 4.47 (t, 

2H), 4.10 (s, 5H). IR (KBr, cm-1): 1602.9 (s), 1581.6 (s), 1566.2 (m), 1548.8 (m), 

1465.9(s), 1408.0 (s), 1386.8 (m), 1103.3 (m), 819.7 (s), 800.5 (s), 787.0 (s), 731.0 (s), 

669.3 (s), 657.7 (m), 621.1 (m).  

Synthesis of [CoII(Fctp)2](PF6)2 

The salt [CoII(Fctp)2](PF6)2 was prepared by a modified literature method.154 A 

sample of Co(OAc)2·4H2O (0.5 mmol, 125 mg) was dissolved in 5 mL of methanol and 

Fctp (1 mmol, 419 mg) in 4 mL CHCl3 was added gradually which led to the formation 

of a dark purple solution. The mixture was stirred at room temperature for 30 minutes 

and 508 mg of a dark purple powder was obtained by adding an aqueous solution of 
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KPF6 (278 mg in 10 mL H2O). The product was collected and dried in air; 85.3% yield. 

IR (KBr, cm-1): 1610.6(m), 1543.0 (m), 1496.8 (m), 1471.7 (m), 1433.1 (m), 1251.8 (m), 

1107.1 (m), 1031.9 (m), 829.4 (vs), 790.8 (s), 746.5 (m), 671.2 (m), 655.8 (m). 

Synthesis of [CoII(Fctp)2](TCNQ)2·MeCN 

The salts [CoII(Fctp)2](PF6)2(0.05 mmol, 59 mg) and LiTCNQ(0.1 mmol, 21 mg) 

were separately dissolved in 5 mL of MeCN/MeOH (1:1, v/v). The two solutions were 

layered in a 20 mL test tube for one week. During this time, two distinct phases of 

crystals formed with different colors and morphologies. A manual separation of the two 

phases gave 23 mg of purple block crystals (1, [CoII(Fctp)2](TCNQ)2) and 8 mg of 

intensely coloured blue platelets (2, [CoII(Fctp)2](TCNQ)2·MeCN). IR of 1 (KBr, cm-1): 

3097.7 (w), 2169.9 (s), 2148.7 (s), 1583.6 (s), 1543.0 (m), 1504.5 (s), 1471.7 (m), 

1433.1 (s), 1350.2 (s), 1176.6 (s), 1012.6 (m), 825.5 (s), 787.0 (s). Elemental analysis of 

1: calculated (%): C (68.27), H (3.56), N (15.06); found: C (67.99), H (3.55), N (15.15). 

IR of 2 (KBr, cm-1): 3076.5 (w), 2173.8 (s), 2150.6 (s), 1602.8 (m), 1568.1 (s), 1504.5 

(s), 1433.1 (m), 1361.7 (s), 1170.8 (s), 1004.9 (m), 825.5 (s), 788.9 (s), 746.4 (m), 669.3 

(m), 574.8 (m). Elemental analysis of 2: calculated (%): C (67.69), H (3.68), N (15.65); 

found: C (67.71), H (3.74), N (15.53). 

Synthesis of [CoII(Fctp)2](TCNQF)2·MeCN 

Samples of [CoII(Fctp)2](PF6)2(0.05 mmol, 59 mg) and LiTCNQF(0.1 mmol, 23 

mg) were dissolved in 5 mL of MeCN/MeOH(1:1, v/v) and layered in a 20 mL test tube 

for one week. A 32 mg quantity of a pure phase in the form of intensely coloured blue 

platelet crystals (3, [CoII(Fctp)2](TCNQF)2·MeCN) were obtained. IR (KBr, cm-1): 
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3078.4 (w), 2179.6 (s), 2160.3 (s), 1599.0 (s), 1570.0 (m), 1543.0 (m), 1494.8 (s), 

1433.1 (m), 1381.0 (s), 1357.9 (s), 1253.7 (m), 1188.2 (m), 1016.5 (m), 825.5(m), 788.9 

(s), 746.4 (m), 729.1 (m), 669.3 (m), 574.8 (m). Elemental analysis: calculated (%): C 

(66.20), H (3.44), N (15.24); found: C (66.08), H (3.40), N (15.15). 

Synthesis of [ZnII(Fctp)2](PF6)2 

The salt [ZnII(Fctp)2](PF6)2 was prepared by a modified literature method.154 A 

sample of Zn(OAc)2·4H2O (0.25 mmol, 64 mg) was dissolved in 5 mL of methanol and 

Fctp (0.5 mmol, 209.5 mg) dissolved in 4 mL of CHCl3 was gradually added which led 

to the formation of a dark purple solution. The mixture was stirred at room temperature 

for 30 minutes and 250 mg of a dark purple powder was obtained by adding an aqueous 

solution of KPF6 (278 mg in 10 mL H2O) which was collected and dried in air; 80 % 

yield. IR (KBr, cm-1): 1612.5(m), 1600.9(m), 1572.0(m), 1548.8 (m), 1473.6 (m), 1431.2 

(m), 1252.6 (m), 1030.0 (m), 1014.6 (m), 825.2 (vs), 792.7 (s), 767.7 (m), 671.2 (m), 

655.8 (m), 555.5(m). 

Synthesis of [ZnII(Fctp)2](TCNQ)2  

The salts [ZnII(Fctp)2](PF6)2(0.05 mmol, 60 mg) and LiTCNQ (0.1 mmol, 21 mg) 

were separately dissolved in 5 mL of MeCN/MeOH (1:1, v/v). The two solutions were 

layered in a 20 mL test tube for one week. A pure phase of dark block purple crystals 

that had formed during this period were filtered to give 25 mg of purple block crystals 

(1’, [ZnII(Fctp)2](TCNQ)2) IR of 1’ (KBr, cm-1): 3090.7 (w), 2164.9 (s), 2145.6 (s), 

1610.5 (s), 1600.9 (s), 1572.0 (s), 1548.8 (m), 1501.3 (s), 1473.6 (m), 1431.2 (s), 1352.2 

(s), 1252.7 (m), 1164.9 (m), 1030.0 (m), 1012.6 (m),  827.5 (s), 790.8 (s), 555.5(s). 
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Elemental analysis of 1’: calculated (%): C (67.93), H (3.54), N (14.98); found: C 

(67.73), H (3.56), N (15.01).  

Single Crystal X-ray Crystallography  

Single-crystal diffraction data of 1 were collected at 100 K with the synchrotron 

radiation source (λ=0.41328 Å) at the ChemMatCars beamline 15-ID-B at the Advanced 

Photon Source (APS), Argonne National Laboratories. Crystals of 2 and 3 were 

collected at 120 K on a Bruker D8 Quest diffractometer equipped with a microfocus 

MoKα radiation source (λ=0.71073 Å) with an Iμs CMOS detector. The data sets were 

recorded by the φ-scan and -scan methods and integrated with Bruker APEX 3 

software package. Absorption corrections were performed in the SADABS-2016/2 

(Bruker, 2016/2) package. Solution and refinement of the crystal structures was carried 

out using the SHELXT156 and SHELXL157 programs and the graphical interface 

Olex2.158  

Powder X-ray Diffraction 

Powder X-ray diffraction data were collected on a Bruker D8 powder X-ray 

diffractometer at room temperature with Cu X-ray radiation to verify the phase purity of 

the bulk products. Powder diffraction patterns were simulated from single-crystal X-ray 

structural data by using Mercury CSD 2.0. 

Magnetic Measurements 

A Quantum Design MOMS-XL SQUID instrument was used for magnetic 

measurements over the temperature range of 1.8-300 K and in the field range of 0-7 T. 

The ac measurements were performed with a 2 Oe measuring field with frequencies 
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from 1 to 1000 Hz.  The diamagnetic contributions of sample holders and diamagnetic 

contributions of atoms were corrected by using a calibrated empty sample holder and 

Pascal’s constants.  

Computational Details 

Ab initio CASSCF (Complete Active Space Self-Consistent Field) calculations 

were performed to compute the ZFS (D) of the CoII, ion for 1 using the ORCA 3.0 suite 

of programs.159 The BP86 functionals were employed along with scalar relativistic 

ZORA Hamiltonians and ZORA-def2-TZVP basis sets for the metal ions and the first 

coordination sphere and def2-SVP was used for the remainder of the atoms. The RI 

approximation with secondary TZV/J Columbic fitting basis sets were used along with 

increased integration grids (Grid 5 in ORCA convention). The tight SCF convergence 

was used throughout the calculations (1x10-8 Eh). The SOC contributions in the ab initio 

framework were obtained using second-order perturbation theory as well as by 

employing the effective Hamiltonian approach which enables calculations of all matrix 

elements to be made numerically with the anisotropic spin Hamiltonian from the ab 

initio energies and wave functions. The state average-CASSCF (Complete Active Space 

Self-Consistent Field) method was used to compute the ZFS. The active space comprises 

seven active electrons in five active d-orbitals (d7 system; CAS (7,5)) for the CoII ion. 

With this active space, 10 quartet and 40 doublet states were computed for the CoII ion 

by the configuration interaction procedure. 160 In order to understand the SCO behavior 

of 2, calculations were performed using the TPSSh functional161-162 with Alhrich163-164  

triple- ζ basis set as implemented in the Gaussian 09 suite of programs. The d-orbital 
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ordering was plotted using 'LOEWDIN-energies' from the ORCA output that contains 

each root contribution and the corresponding electronic arrangement along with their 

plausible transition energies. The Effective Hamiltonian from the CASSCF calculation 

provides the calculated D and E parameters with their "Individual contribution to the D-

tensor". For each contribution, the program predicts the plausible transition energies 

between the d-orbitals and those D values compared with the LOEWDIN energies.   

DFT calculations were performed to investigate the intermolecular interactions 

between [CoII(Fctp)]2+ and (TCNQ)2
2-/(TCNQF)2

2- using the Gaussian 09 program.165 A 

long-range corrected functional with dispersion corrections, ωB97x-D,166 was employed 

for the single point energy calculation with cc-pVTZ basis sets for metal ions and 6-

311++G** basis sets for the other atoms. 

Results and Discussion 

X-ray Crystallographic Studies 

For the reaction between [CoII(Fctp)2](PF6)2 and LiTCNQ, two types of pseudo-

polymorphic products with different colors and morphologies, 1 and 2, were obtained. 

The major product is the purple block phase 1 ([CoII(Fctp)2] (TCNQ)2, phase-I) and the 

minor one is the dark blue platelet phase of 2, ([CoII(Fctp)2] (TCNQ)2·MeCN, phase-II). 

The structures of 1 (at 100 K) and 2 (at 120 K) were elucidated by single-crystal X-ray 

diffraction methods (Figure II-1 (a) and (b), Table II-1).  The Co(II) ions in both phases 

are six-coordinate with nitrogen atoms from two Fctp ligands, but the Co-N distances are 

significantly different in 1 and 2 as evidenced by the data compiled in Table II-2. In 

phase 1, the cobalt center is in a compressed octahedral geometry and exhibits relatively 
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long, and nearly equal, axial Co1-N1 (2.045(2) Å) and Co1-N2 (2.054(2) Å) distances 

which fall into the range of high-spin CoII species.139 In contrast, the phase-II structure 

exhibits shorter axial Co-N bond distances of 1.877(2) Å for Co1-N1 and 1.936(2) Å for 

Co1-N2, an indication that the Co(II) center is in the low-spin state. 136, 139, 167 

Continuous shape measure (CShMs) analysis was performed with SHAPE 2.1168 and the 

results are summarized in Table II-3. The smallest deviation values for Co(II) centers in 

1 (5.283) and 2 (2.771), are found for the octahedral geometry. Compound 1 exhibits a 

larger deviation from the octahedral geometry than 2, which is in accord with reported 

values of high-spin and SCO Co(II)-bis(terpy) compounds.147 

A single crystal phase, [CoII(Fctp)2](TCNQF)2·MeCN phase-II (3), was obtained 

when the reaction was performed with LiTCNQF. Compounds 2 and 3 are isomorphs as 

evidenced by the unit cell dimensions and contents (at 120 K, Table II-1, Figure II-2). 

The Co-N bond distances in 3 slightly deviate from the ones in 2 but all are within the 

range for L.S. Co(II) compounds. The fluorine substituent on TCNQF.- in 3 disordered 

and was modeled with partial occupancies that sum to 1 for each TCNQF.- asymmetric 

unit. 
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Supramolecular interactions, especially π…π contacts, play an important role in 

organizing the solid-state structures of the new materials. In the case of 1, the interplanar 

distance for the two distinct TCNQ.- radicals is 2.911 Å in 1 (Figure II-3 (a)), much 

shorter than the sum of the van der Waals radii of two carbon atoms (3.40 Å). This short 

contact is an indication that the TCNQ.- radical anion pairs exist as antiferromagnetically 

coupled π-dimers169 which is also confirmed by the magnetic measurements of the Zinc 

analog (1’) of 1. The ferrocenyl group also engages in a short contact (3.108 Å) with a 

TCNQ.- radical anion which serves to constrain the geometry of the [CoII(Fctp)2]
2+ 

cation.  Two other short contacts that involve pyridyl groups on the Fctp ligand are also 

observed with relatively longer distances (3.316 Å for ferrocenyl…pyridyl and 3.402 Å 

for TCNQ…pyridyl). (Figure II-3 (a)) These short contacts propagate a one-dimensional 

chain along the a axis of the unit cell (Figure II-3 (b)). 
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Figure II-1 The asymmetric units in the crystal structures of (a) 

[CoII(Fctp)2](TCNQ)2 (1), (b) [CoII(Fctp)2](TCNQ)2·MeCN (2) and (c) 

[CoII(Fctp)2](TCNQF)2·MeCN (3) with thermal ellipsoids drawn at the 70% 

probability level. The fluorine atoms are disordered in TCNQF and the hydrogen 

atoms are omitted for the sake of clarity. Color code: carbon: grey; nitrogen: blue;  

cobalt: purple; iron: orange; fluorine: yellow.  
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Figure II-2 Views along the a crystal axis of (a) 2 and (b) 3. The crystal origins of 3 

were reset to the same position as 2 by a (1/2, 1/2, 1/2) translation. Hydrogen atoms 

were omitted for the sake of clarity. Color code: carbon: grey; nitrogen: blue; 

cobalt: purple; iron: orange; fluorine: yellow.  
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Figure II-3 a) Short contacts of TCNQ, pyridyl and ferrocenyl groups involved in 

intermolecular interactions in 1. (b) The packing assemblies of 1 along the a axis of 

the unit cell with intermolecular interactions.  Hydrogen atoms were omitted for 

the sake of clarity. Color code: carbon: grey; nitrogen: blue; cobalt: purple; iron: 

orange.  
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Table II-1 Crystallographic and refinement parameters for [Co(FcTp)](TCNQ)2 

compounds. 
Compound 1 1’ 2 3 

Empirical 

formula 

C74H46CoFe2N14 C74H46 ZnFe2N14 

 

C76H49CoFe2N15 C76H47CoF2Fe2N1

5 

Formula 

weight 

1301.88 1308.32 1342.93 1378.91 

Temperature/

K 

100 110 120 120 

Crystal system triclinic triclinic triclinic triclinic 

Space group P-1 P-1 P-1 P-1 

a/Å 12.0595(5) 12.0572(3) 12.2917(3) 12.2558(5) 

b/Å 12.6422(5) 12.6478(3) 15.1866(4) 15.3186(6) 

c/Å 19.9814(8) 20.0264(5) 18.3369(4) 18.3379(7) 

α/° 88.0990(10) 88.1340(10) 95.632(2) 96.059(2) 

β/° 84.1870(10) 83.998(2) 100.2620(10) 99.428(2) 

γ/° 71.5970(10) 71.4820(10) 113.4630(10) 113.636(2) 

Volume/Å3 2875.7(2) 2879.97(12) 3035.00(13) 3055.0(2) 

Z 2 2 2 2 

ρcalcg/cm3 1.504 1.509 1.47 1.499 

μ/mm-1 0.192 0.972 0.803 0.805 

F(000) 1334 1340.0 1378 1410 

Crystal 

size/mm3 

0.053 × 0.045 × 

0.04 

0.2 × 0.15 × 0.1 0.2 × 0.1 × 0.02 0.15 × 0.14 × 0.06 

Radiation Synchrotron (λ= 

0.41328) 

MoKα (λ = 

0.71073) 

MoKα (λ = 

0.71073) 

MoKα (λ = 0.71073) 

2Θ range for 

data 

collection/° 

2.296 to 34.2820. 3.942 to 55.044 4.132 to 55.042 4.146 to 55.118 

Index ranges -17 ≤ h ≤ 16, -18 ≤ 

k ≤ 13, -28 ≤ l ≤ 

28= 0.06 

15 ≤ h ≤ 15, -16 ≤ k 

≤ 16, -26 ≤ l ≤ 26   

 

-15 ≤ h ≤ 15, -19 ≤ 

k ≤ 19, -23 ≤ l ≤ 23 

-15 ≤ h ≤ 15, -19 ≤ k 

≤ 19, -23 ≤ l ≤ 23 

Reflections 

collected 

56557 67792 106824 121984 

Independent 

reflections 

16730 [Rint = 

0.0648, Rsigma = 

0.0676] 

13233 [Rint = 

0.0614, Rsigma = 

0.0414] 

13900 [Rint = 

0.0631, Rsigma = 

0.0320] 

14000 [Rint = 

0.1183, Rsigma = 

0.0571] 

Data/restraints

/parameters 

16730/0/820 13233/0/820 13900/0/848 14000/0/911 

Goodness-of-

fit on F2 

1.008 1.082 1.1 1.044 

Final R 

indexes 

[I>=2σ (I)] 

R1 = 0.0398, wR2 = 

0.0889= 

R1 = 0.0344, wR2 = 

0.0729 

R1 = 0.0438, wR2 = 

0.1072 

R1 = 0.0453, wR2 = 

0.1055 

Final R 

indexes [all 

data] 

R1 = 0.0645, wR2 = 

0.0972 

R1 = 0.0344, wR2 = 

0.0729 

R1 = 0.0547, wR2 = 

0.1131 

R1 = 0.0598, wR2 = 

0.1135 

Largest diff. 

peak/hole / e 

Å-3 

0.41/-0.51 0.49/-0.53 1.43/-0.80 0.68/-0.74 

R1 = Σ(||F0| – |FC||)/Σ|F0|.wR2 = [Σw(|F0|2 – |FC|2)2/(Σw|F0|2)2]1/2. w= 0.75/ (σ 2 (Fo) + 0.00010 Fo
 ). Goodness-of-fit = {∑ [w(Fo

2 - Fc
2) 2]/(n-p)} 

1/2, where n is the number of reflections and p is the total number of parameters refined. 
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Table II-2 Co-N bond distances in 1 (100 K), 2 (120 K) and 3 (120 K).  
Bond 

length/Å 
1([CoII(Fctp)2] 

(TCNQ)2) 
2([CoII(Fctp)2] 

(TCNQ)2·MeCN) 
3([CoII(Fctp)2] 

(TCNQF)2·MeCN) 
Co1-N1 2.045 (2) 1.877(2) 1.873(2) 
Co1-N2 2.054 (2) 1.936(2) 1.944(2) 
Co1-N3 2.195(2) 1.987(2) 1.978(2) 
Co1-N4 2.161 (2) 1.998(2) 1.990(2) 
Co1-N5 2.153(2) 2.157(2) 2.162(2) 
Co1-N6 2.155(2) 2.136(2) 2.138(2) 

 

Table II-3 Continuous shape measure analysis results from SHAPE v2.10 

Symmetry Shape Deviation value (CShMs) 

  1 1' 2 3 

D6h Hexagon 33.793 33.603 32.841 32.642 

C5v Pentagonal pyramid 17.461 18.037 21.455 21.16 

Oh Octahedron 5.283 5.413 2.771 2.819 

D3h Trigonal prism 7.504 7.794 10.037 9.968 

C5v Johnson pentagonal pyramid J2 21.636 22.23 25.221 24.894 

 

Magnetic Properties 

Temperature-dependent magnetic susceptibility measurements of 1, 1’, 2 and 3 

were performed under a 0.1 T DC field over the temperature range of 1.8-300 K. The 

phase purities of 1, 1’, 2 and 3 (Figure II-4) were verified by powder X-ray diffraction. 

The isomorphic zinc analog (1’) of 1 was synthesized and characterized to evaluate the 

magnetic contribution from TCNQ.-. The magnetic susceptibility and magnetization 

measurements of 1’ (Figure II-5) indicate that the sample is almost diamagnetic. χT vs T 

plot shows only a small temperature-independent paramagnetism (4.5×10-4 emu mol-1). 

The magnetization at 2K is only ~0.017 μB at 7T which demonstrates the diamagnetic 

nature of the (TCNQ)2
2- dimer in the phase-I structure which corresponds well with 

results reported in the literature.170 
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 The room temperature χT value of 1 is 3.00 emu K mol-1 which is higher than 

the expected value for a  spin-only S = 3/2 (1.88 emu K mol-1) ion due to spin-orbit 

coupling. The decrease of χT value at low temperature is attributed to zero-field splitting 

effects. Magnetization data at 1.8 K and reduced magnetization data from 1.8 to 5 K 

were also collected (Figure II-6 (b)). The Hamiltonian in Equation 1.3 was used to 

simultaneously fit the temperature-dependent (Figure II-6 (a)) and field-dependent 

(Figure II-6 (b) and (c)) static magnetic susceptibility data. The best fit gives D = -57.0 

cm-1, E = -17.9 cm-1, gx = 2.07, gy = 2.20 and gz = 3.06. The D value from the fitting was 

comparable to the reported value for high-spin Co(II) bis-terpyridine compounds.147 A 

reasonable unique fit was obtained by using these parameters; the shapes of field-

dependent magnetization curves indicate strong dependence on the anisotropy of g 

tensor at low temperature. 

An AC study of compound 1 was performed under 0-6000 Oe external DC 

fields at 1.8 K. (Figure II-9) No out-of-phase signals were observed under 0 Oe 

which is due to fast quantum tunneling of the magnetization (QTM). The 

relaxation times (τ) under different DC fields were extracted from fittings of Cole-

Cole plots (Table II-4). The τ value increases as the field increases from 250 Oe to 

1750 Oe and then decreases up to 6000 Oe.  Two relaxation processes, QTM and 

direct spin-phonon relaxation, were taken into consideration to fit the field-

dependence of τ-1 with Equation 1.12. The least-square fitting yielded A = 7.77× 

103 T-4 K-1s-1, B1 = 0.97 × 103 s-1 and B2 = 3.39 × 102 T-2. The individual 

components of the contributions from different relaxation processes are shown in 
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Figure II-10 (a), from which it can be ascertained that the effect of QTM is 

suppressed as the field increases. Conversely, the contribution from direct spin-

phonon relaxation increases as the field strength increases. The τ-1 reaches its 

minimum at approximately Hdc = 1750 Oe.  

The temperature dependence of the relaxation time was also investigated 

under two different DC fields (500 Oe and 1750 Oe). The in-phase, out-of-phase 

signals and Cole-Cole plots are shown in Figure II-7 and II-8. The relaxation 

times were extracted with Cole-Cole equation and listed in Table II-5 and II-6. 

Two additional terms, an Orbach process and a Raman process, were introduced 

to model the temperature dependence of τ-1 with Equation 1.11. The best fit yields: 

Ueff = 19.1 K, τ0 = 9.8 × 10-6 s, C = 3.4 × 10-4 K-9 s-1, n = 9. (Figure II-10. (b) and 

(c)) The Ueff and τ0 values are comparable to reported field-induced SMMs with 

six-coordinate CoII centers.18 The Raman components C and n are in the range 

expected for a Kramers ion (n = 6-9 and C < 0.1).14, 171 The QTM process under 

1750 Oe is well suppressed compared to a field of 500 Oe. At low temperatures, 

the contribution to τ-1 is primarily from an Orbach process under a 1750 Oe DC 

field whereas the contribution from the Raman process is insignificant at low 

temperature but increases rapidly as the temperature increases.  

The χT values for 2 (Figure II-11) increase from 0.748 emu K mol-1 at 2 K, 

which corresponds to two S = 1/2 spin centers (χT = 0.375 for S = 1/2, g = 2.00), 

to 1.96 emu mol-1 K-1 at 300 K. The contribution to χT at 2 K is from low-spin 

CoII and the non-dimerized TCNQ radical which is in good agreement with the 
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observed crystal structure. The high-spin state of CoII in 2 is not fully populated at 

300 K compared to that of 1 for which the χT value is ~ 3 emu mol-1 K-1 at 300 K. 

Similar spin-crossover behavior for 3 was observed. The χT value at 2 K is 0.848 

emu K mol-1, slightly higher than the value for 2, and increases more rapidly than 

2 to reach a value of 3.20 emu K mol-1 at 300 K. These results indicate that the 

L.S. to H.S. transition of the [CoII(Fctp)2]
2+ cation is facilitated in 3 compared to 

2. The incomplete spin-state transition of 3 at low temperature is attributed to the 

geometric constraints of the crystal lattice and coordination sphere and/or 

supramolecular interactions.167, 172-174  

Equation 1.13 was used to fit the spin-crossover behaviors of 2 and 3. The 

𝑛𝐻𝑆 values at certain temperatures were calculated from the equation as follows: 

𝑛𝐻𝑆(𝑇) = [𝜒𝑇 − (𝜒𝑇)𝐿𝑆 − (𝜒𝑇)𝑟𝑎𝑑 − (𝜒𝑇)𝑇𝐼𝑃]/[(𝜒𝑇)𝐻𝑆 − (𝜒𝑇)𝐿𝑆] Equation 2.1 

where (𝜒𝑇)𝐻𝑆, (𝜒𝑇)𝐿𝑆, (𝜒𝑇)𝑟𝑎𝑑 and (𝜒𝑇)𝑇𝐼𝑃 are the 𝜒𝑇 values for high-spin 

Co(II), low-spin Co(II), TCNQ.-/ TCNQF.- radical and temperature-independent 

paramagnetism. The (𝜒𝑇)𝐻𝑆, (𝜒𝑇)𝐿𝑆 and  (𝜒𝑇)𝑟𝑎𝑑 values were fixed 

as (𝜒𝑇)𝐻𝑆   =  3.00 emu K mol−1 (S = 3/2, giso = 2.53 from 1) and (𝜒𝑇)𝐿𝑆 =

 (𝜒𝑇)𝑟𝑎𝑑 = 0.375 emu K mol−1  (S = 1/2, g = 2.00).  On the other hand, 𝜒𝑇 value 

at certain temperature can be expressed as: 

𝜒𝑇 = 𝑛𝐻𝑆(𝜒𝑇)𝐻𝑆 + (1 − 𝑛𝐻𝑆)(𝜒𝑇)𝐿𝑆 + (𝜒𝑇)𝑟𝑎𝑑 + 𝜒𝑇𝐼𝑃𝑇       Equation 2.2 

The approximately linear relationships of the plots Figure II-12 (a) and (b) 

indicates that the Γ terms are negligible for 2 and 3 and that equation S2 can be 

rewritten as Equation 1.14. The slope of ln [
1−𝑛𝐻𝑆

𝑛𝐻𝑆
]  vs 1/T plot is 

Δ𝐻

𝑅
 and the 
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intersection with the y-axis is−
Δ𝑆

𝑅
.  The parameters from least-squares fitting with 

Equations 1.14 and 2.2 of χT vs T plots are summarized in Table II-7. The 

transition temperature, T1/2, is defined as the temperature at which nHS = nLS so 

that the T1/2 can be expressed as 𝑇1/2 =  
Δ𝐻

𝛥𝑆
. The best fits of χT vs T curves are 

shown in Figure II-11. The fit matches well with experimental data for 2 from 2 - 

300 K.  Differences between the fitting and experimental data, however, were 

observed for 3 below 120 K. Similar phenomena have been observed for several 

SCO systems with geometric constraints of the crystal lattice and coordination 

sphere and/or supramolecular interactions.167, 172-174 Since the steric effect of the 

fluorine substitution on TCNQF.- is insignificant, the incomplete SCO transition is 

attributed to the electric dipole interaction between the TCNQF.- and [Co(Fctp)2]
2+ 

moieties. The best fit of χT vs T curves led to values of ΔH = 8.69 kJ mol-1, ΔS = 

25.8 J K-1 mol-1 for 2 which exhibits a T1/2 of 336 K and ΔH = 3.12 kJ mol-1, ΔS = 

13.8 J K-1 mol-1 for 3 with a T1/2 of 226 K. The magnitude of ΔH and ΔS for 2 and 

3 are comparable to the reported CoII-bisterpy SCO compounds.147, 175  Given that 

2 and 3 are isostructural, the only variance that can account for the difference in 

SCO behavior is the presence of TCNQ.- versus the TCNQF.- radical anions. As 

expected, no out-of-phase signals were observed for 2 and 3 at 1.8 K under 

external DC fields from 0 to 6000 Oe which is consistent with an S = 1/2 ground 

state with no energy barrier between Ms = ±1/2 states.  
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Figure II-4 Powder X-ray diffraction for (a) 1, (b) 2, (c) 3 and (d) 1’ The red lines 

represent the experimental data; the black lines represent the simulated diffraction 

patterns based on the single crystal structure data.  
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Figure I-4 Continued 
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Figure II-5 (a) χT vs T plot, the circles represent the experimental data and the 

read line represents the linear fit; (b) magnetization plot for 1’.  
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Figure II-6 (a) χT vs T plot and (b) field-dependent magnetization curve at 1.8 K 

for compound 1. (c) Reduced magnetization plots from 1-7 T. The solid lines are the 

best fit from the Hamiltonian in Equation 1.3.  
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Figure II-7 Frequency dependence of (a) in-phase and (b) out-of-phase ac 

susceptibility data from 1 Hz to 1000 Hz under HDC = 500 Oe from 1.8 K to 5.8 K  

and (c) Cole-Cole plots with best fits (solid lines) for 1 from 1.8 to 5.8 K.  
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Figure II-8 Frequency dependence of (a) in-phase and (b) out-of-phase ac 

susceptibility from 1 Hz to 1000 Hz under HDC = 1750 Oe from 1.8 K to 5.8 K  and 

(c) Cole-Cole plots with best fits (solid lines) for 1.  
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Figure II-9 Frequency dependence of (a) in-phase and (b) out-of-phase ac 

susceptibility from 1 Hz to 1000 Hz at T = 1.8 K under Hdc fields from 0 Oe to 6000 

Oe and (c) Cole-Cole plots with best fits (solid lines) for 1.  
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Figure II-10 (a) Magnetic field dependence, (b) and (c) temperature dependence of 

1 with the best fits by using Equation 1.12 and Equation 1.11. The solid lines are 

the total fit (red lines) and contributions of different relaxation processes (orange, 

yellow, green and blue represent the contribution from Orbach, Raman, Direct and 

QTM processes respectively) for the inverse relaxation time τ-1.  
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Figure II-11 χT vs T plots of 2 and 3. The open circles represent the experimental 

data and the solid lines represent the fitting by using Equation 1.14.  
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Figure II-12 𝐥𝐧 [
𝟏−𝒏𝑯𝑺

𝒏𝑯𝑺
]  vs 1/T plots of (a) 2 and (b) 3 for fitting the SCO 

thermodynamic parameter.  
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Table II-4 Fitting parameters of the Cole-Cole plots for variable-field AC magnetic 

susceptibilities data for 1 at T = 1.8 K. 

H/Oe s / emu mol-1 T / emu mol-1 τ / s  

250 0.803029 1.513700 0.001505 0.079183 

500 0.335141 1.560120 0.003292 0.132153 

750 0.168002 1.556210 0.004961 0.162339 

1000 0.095445 1.540634 0.006498 0.185753 

1250 0.059656 1.512402 0.007815 0.202525 

1500 0.036339 1.491969 0.009086 0.224662 

1750 0.019631 1.439722 0.009915 0.244189 

2000 0.021347 1.324544 0.009453 0.221707 

2500 0.014191 1.143987 0.008248 0.215059 

3000 0.005019 0.987262 0.006757 0.227973 

3500 0.003641 0.795444 0.004431 0.212963 

4000 0.002684 0.632542 0.002736 0.199705 

5000 0.000000 0.422131 0.001042 0.210715 

6000 0.000000 0.310067 0.000555 0.247732 
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Table II-5 Fitting parameters of the Cole-Cole plots for variable-field AC magnetic 

susceptibilities of 1 under HDC = 500 Oe. 

T/ K s / emu mol-1 T / emu mol-1 τ / s  

1.8 0.225751 1.138662 0.003434 0.136459 

2.0 0.205087 1.034141 0.002908 0.134518 

2.2 0.186434 0.937890 0.002444 0.131322 

2.4 0.172673 0.863551 0.002102 0.126461 

2.6 0.160589 0.798571 0.001814 0.122552 

2.8 0.150670 0.744174 0.001581 0.117771 

3.0 0.141917 0.695506 0.001376 0.112655 

3.2 0.132523 0.658052 0.001205 0.115585 

3.4 0.127941 0.615099 0.001031 0.099231 

3.6 0.122480 0.582680 0.000890 0.090950 

3.8 0.117484 0.552504 0.000760 0.082234 

4.0 0.113100 0.525014 0.000646 0.072830 

4.2 0.108839 0.500463 0.000546 0.064389 

4.4 0.105106 0.478085 0.000460 0.055670 

4.6 0.101473 0.457583 0.000386 0.047800 

4.8 0.098021 0.438861 0.000324 0.040724 

5.0 0.095132 0.421581 0.000273 0.033889 

5.2 0.091647 0.405395 0.000229 0.028894 

5.4 0.087712 0.390752 0.000192 0.025647 

5.6 0.084745 0.377088 0.000162 0.020391 

5.8 0.080182 0.364228 0.000136 0.020008 
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Table II-6 Fitting parameters of the Cole-Cole plots for variable-field AC magnetic 

susceptibilities of 1 under HDC = 1750 Oe. 

T/ K s / emu mol-1 T / emu mol-1 τ / s  

1.8 0.017743 0.812731 0.006616 0.223733 

2.0 0.016241 0.752787 0.005724 0.222138 

2.2 0.017212 0.688890 0.004811 0.207378 

2.4 0.018110 0.641018 0.004144 0.193241 

2.6 0.019375 0.596736 0.003547 0.176140 

2.8 0.020208 0.559781 0.003051 0.160736 

3.0 0.020929 0.528463 0.002616 0.145613 

3.2 0.020737 0.503347 0.002232 0.135550 

3.4 0.022243 0.473873 0.001844 0.111759 

3.6 0.022456 0.454479 0.001537 0.098005 

3.8 0.022818 0.432519 0.001255 0.082040 

4.0 0.022991 0.413782 0.001021 0.068815 

4.2 0.022907 0.397285 0.000825 0.055039 

4.4 0.022789 0.384167 0.000671 0.046723 

4.6 0.022706 0.369304 0.000544 0.039098 

4.8 0.022320 0.355687 0.000442 0.034189 

5.0 0.021981 0.342535 0.000359 0.027009 

5.2 0.022217 0.331465 0.000295 0.020961 

5.4 0.022328 0.321776 0.000243 0.012717 

5.6 0.022875 0.315234 0.000202 0.006265 

5.8 0.021158 0.308997 0.000168 0.004965 

Table II-7 Fitting parameters of χT vs T plots for 2 and 3 obtained from the least 

squares method 
Compound 2 3 

Δ𝐻 (kJ mol-1) 8.69 3.12 

Δ𝑆 ( J K-1 mol-1) 25.8 13.8 

𝜒𝑇𝐼𝑃 (emu mol-1) 0.00102 0.00224 

T1/2(K) 336 226 
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Theoretical Calculations 

Ab initio CASSCF calculations were carried out to probe the origin and sign of 

the observed D values of CoII ion in 1. Computed gx, gy and gz values along with the 

transition energies of the first four excited states and their contributions to the D value 

for 1 are listed in Table II-8. Calculations yielded a g value of 2.36, in good agreement 

with the experimentally determined g value of 2.44.  

The CASSCF computed splitting of the d orbitals for the CoII ion in 1 is 

depicted in Figure II-13. These results indicate that the first transition of the β spin 

occurs between the dxz and dyz orbitals with the same |ml| level which leads to a 

negative D value.176-177 This low energy transition (~1013 cm-1) contributes a 

large D value (70.2 cm-1). The second transition occurs between dxy and dyz 

orbitals with different |ml| levels which contributes a positive D (+8.4 cm-1) to 

the total D value.  Small contributions (3.9 cm-1) from the third and fourth 

transition (+1.1 cm-1) do not affect the overall negative D value in a significant 

manner. The CASSCF computed D value of -59.9 cm-1 is in excellent agreement 

with the experimental D value of -57.2 cm-1 for 1.  

DFT calculations using the TPSSh functional (See computational details) 

were undertaken to unravel details of the spin-crossover features observed for 

2.178 Computed structural parameters for 2 along with its X-ray structural 

parameters are summarized in Table II-9. The structural parameters of the 

optimized structures are generally in good agreement with the X-ray structural 

parameters. The optimized low-spin (S=1/2) structure in particular closely 
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resembles the X-ray structure. The computed energies of 2 are provided in Table 

II-10.  For 2, the Low-Spin (LS) state was found to be the ground state which is 

consistent with experimental data; the High-Spin (HS) state lies at 13.6 kJ/mol for 

2. Moreover, the small LS-HS energy difference is in the expected range of 0 to 

25 kJ/mol for the observation of spin-crossover behavior in 2 which confirms the 

spin-crossover features.179-180 

DFT calculations with the ωB97x-D functional were also performed to 

investigate the intermolecular interactions between the high-spin [CoII(Fctp)2]
2+ 

cation and the (TCNQ)2
2-/(TCNQF)2

2- π-dimers with the phase-I structure. Phase-I 

is the structure that involves π⋯π stacking between ferrocenyl group and TCNQ. 

The comparison was made to address why the TCNQF does not favor the phase-I 

structure. The energy diagram of the frontier molecular orbitals for 

{[Co(Fctp)2](TCNQ)2}(c1) and {[Co(Fctp)2](TCNQF)2}(c2) complexes is 

depicted in Figure II-14. The HOMO (E= - 6.544 eV for c1 and -6.584 eV for c2) 

and LUMO (E= -2.492 eV for c1 and -2.715 eV for c2) levels for both compounds 

are based on the (TCNQ)2
2-/(TCNQF)2

2- π-dimer bonding and antibonding 

orbitals. (Figure II-15 and Figure II-16) The HOMO and LUMO energies are 

slightly lower for c2 due to the electron withdrawing effect of the fluorine 

substituent on TCNQF⋅-. The LUMO+1 orbital (E= -1.106 eV) of c1 is mainly 

based on the π-antibonding orbital on the terpyridine ligand and the d orbital on 

the ferrocenyl group attached to it. The LUMO+2 orbital of c2 is nearly identical 

to the LUMO+1 of c1 but lies at higher energy (-0.670 eV). In contrast, the 
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LUMO+1 orbital of c2 has similar characteristics to the orbital compositions of 

LUMO+2 but is located on the terpyridine ligand that is distal from the 

(TCNQF)2
2- π-dimer. The destabilization of the LUMO+1 and LUMO+2 orbitals 

of c2 is caused by an increase of Columbic repulsion due to the presence of the 

fluorine atom on (TCNQF)2
2-. Thus, the energy gap of the (TCNQ)2

2-/(TCNQF)2
2- 

charge transfer to [CoII(Fctp)2]
2+ which involves the π⋯π interactions, ΔEd→a,  

increases from 5.438 eV to 5.914 eV when TCNQ.- is replaced by TCNQF.-. 

 

 

Figure II-13. CASSCF computed d-orbital ordering for the Co(II) ion in 1. Spin-up 

(black) and spin-down (red) arrows represent α and β electrons. The pink and blue 

regions indicate the positive and negative signs of wave functions respectively.  
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Figure II-14. DFT computed frontier molecular orbitals energy diagram of 

{[Co(Fctp)2](TCNQ)2} and {[Co(Fctp)2](TCNQF)2} complexes. The orbital surfaces 

were plotted with 0.02 isovalues. The yellow and blue regions indicate the positive 

and negative signs of wave functions respectively.  
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Figure II-15. Plots of frontier molecular orbital surfaces of (a) HOMO (b) LUMO 

(c) LUMO+1 for {[Co(Fctp)2](TCNQ)2} with isovalues = 0.02  from DFT 

calculations. The yellow and blue regions indicate the positive and negative signs of 

the wavefunctions respectively.  
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Figure II-16. Plots of frontier molecular orbital surfaces of (a) HOMO (b) LUMO 

(c) LUMO+1 for {[Co(Fctp)2](TCNQF)2} with isovalues = 0.02  from DFT 

calculations. The yellow and blue regions indicate the positive and negative signs of 

the wavefunctions respectively.  
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Table II-8. CASSCF computed D, E/D and gx, gy and gz values, transition energies 

(cm-1) and contributions to D value from the first four excited states for 1.  
D (in cm-1)  and E/D gx, gy, gz Excited state Energy D Contribution 

-59.9 and 0.15 2.07, 2.22, 2.80 
 

First 
Second 
Third 
Fourth 

1013.0 
2624.4 
7075.8 
7805.4 

-70.2 
8.4 
-3.9 
1.1 

 

Table II-9. Selected structural parameters of 2 computed using TPSSh functionals  

(see Figure II-1 for labels). 

2 Bond distances (Å) and angles() 

 

Co-N1 

Co-N2 

Co-N3 

Co-N4 

Co-N5 

Co-N6 

N1-Co-N2 

N3-Co-N4 

N5-Co-N6 

X-ray HS LS 

1.877 

1.936 

1.987 

1.998 

2.157 

2.136 

171.1 

161.6 

156.8 

2.056 

2.056 

2.155 

2.194 

2.155 

2.194 

173.0 

151.4 

151.3 

1.874 

1.936 

2.005 

2.007 

2.183 

2.182 

179.5 

162.2 

157.2 

 

Table II-10. Energy of the spin states produced by the TPSSh/DFT calculations. 

Spin State, S Es (Hartree) ΔE = E3/2 – E1/2 (kJ/mol) 

3/2 -6166.810104 13.55 

1/2 -6166.815266 
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Discussion 

The fact that reactions between [CoII(Fctp)2]
2+ and TCNQ.-/ TCNQF.- produce 

compounds with different magnetic properties presents an ideal case for probing the role 

of supramolecular interactions. For the TCNQ.- case, two phases were obtained, namely 

a major product, 1 (phase-I), with SMM properties and a minor product, 2 (phase-II) 

with SCO behavior. In contrast, only one compound, 3 (phase-II), was isolated under the 

same experimental conditions. These findings indicate that phase-I is more favored when 

TCNQ.- is used as a counterion and phase-II is more favored for the TCNQF.- derivative.   

An important finding in this work is the isolation of compound 1 which exists in 

the H.S. state. Typically, CoII complexes with terpyridine ligands exist in the L.S. 

ground state with the H.S. state as excited state137-139 and, in fact, there are only a few 

examples of Co(II)-bis(terpyridine)-type compounds that exist in the H.S. state and 

which exhibit SMM behavior.147, 181-182   Thus phase-II products should be favored in all 

cases.  The increase in energy required to stabilize [CoII(Fctp)2]
2+ in the high-spin state 

in compound 1 (phase-I) is provided by the supramolecular interactions between the 

ferrocenyl groups and TCNQ.-. As mentioned above, a significant difference in the 

structures of phase-I and phase-II is the presence of short contacts between the 

ferrocenyl group on [CoII(Fctp)2]
2+ with the TCNQ.- π-dimer (~3.108 Å, Figure II-3) in 

the former material, which is quite short and falls into the category of π⋯π 

interactions.183  

The energy contributions from the π⋯π interactions can be decomposed into the 

sum of electrostatic (ΔEelectrostat), Pauli (ΔEPauli), and orbital interaction (ΔEorb) terms.184 
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Given the evidence of destabilization of the LUMO+1 and LUMO+2 orbitals of c2 from 

the DFT calculations, the ΔEelectrostat and ΔEPauli terms are augmented by the increase in 

electron density on (TCNQF)2
2- as compared to (TCNQ)2

2-  which renders the π⋯π 

interaction unfavorable. The ΔEorb term, the absolute value of which is inversely related 

to ΔEd→a of the donor-acceptor pair involved in the π⋯π stacking184-185, also plays an 

important role in stabilizing the high-spin Co(II) ion in the phase-I structure. The energy 

diagram obtained from the calculations (Figure II-14), indicates that the ΔEd→a value 

increases from 5.438 eV to 5.914 eV due to the fluorine substituent.  The energy of the 

donor HOMO is lowered by the electron-withdrawing effect of the fluorine and the 

LUMO+1 on the acceptor is raised in energy by Columbic repulsion from the electron 

density on the fluorine substituent; therefore the ΔEorb term is more negative for the 

TCNQ.- case. Given these findings, the π⋯π interactions are weaker for the 

{[Co(Fctp)2](TCNQF)2} material than for {[Co(Fctp)2](TCNQ)2}.  As a result, the 

phase-I structure is more favored with TCNQ.- and less favored for TCNQF.- owing to 

the differences in π⋯π interaction strength between the [CoII(Fctp)2]
2+ cations and 

TCNQ.-/TCNQF anions. 

Compounds 2 and 3 are isomorphs with the only difference being the fluorine 

substituent on the TCNQ.- radical anion. The disparity in SCO behavior between 2 and 3 

is attributed to the differences in polarities of TCNQ.- and TCNQF.-. The asymmetrically 

substituted TCNQF.- radical anion in 3 (Figure II-17) is disordered in the structure with 

uneven site occupancies which indicates that the interaction of dipole moments between 

[CoII(Fctp)2]
2+ and TCNQF.- are significant at the crystallization temperature of ~298 K. 
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The enthalpy change, ΔH, decreases from 8.69 kJ mol-1 for 2 to 3.12 kJ mol-1 for 3.  The 

changes in ΔH may be caused by the electric dipolar interactions in the solid-state which 

reduce the energy difference between the high-spin state and low-spin state in phase-II 

structures.  

The entropy changes, ΔS, are also critical for determining the T1/2 values for the 

SCO phases in this study. The ΔS decreases from 25.8 J K-1 mol-1 for 2 to 13.8 J K-1 mol-

1 for 3. Similar trends for Fe(II) SCO complexes have been observed in solution phases 

with different solvent polarities.186 The contributions to ΔS are mainly from two sources, 

the electronic contribution, ΔSel, and vibrational contribution, ΔSvib. The major variation 

in  ΔS  for 2 and 3 is ascribed to the differences in ΔSvib since ΔSel (~5.76 J K-1 mol-1)187 

is the same for Co(II) in 2 and 3. Experimental and theoretical calculations support the 

conclusion that the major contribution to ΔSvib in SCO systems is due to metal-ligand 

vibrations that corresponding to Jahn-Teller distortions associated with the spin-state 

transition,188-194 which also induce dipole moment changes of the six-coordinate CoII ion 

in 2 and 3 (Figure II-18). Thus, considering the non-zero dipole moment of TCNQF.-, the 

electric dipole interactions between [CoII(Fctp)2]
2+ and TCNQF.- are responsible for the 

differences in ΔS for 2 and 3 which leads to the distinct SCO behaviour of these 

materials. 
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Figure II-17 Asymmetric disordered fluorine substituent on TCNQF-. in 3. The 

refined occupancies for F1a, F1b, and F1c are 0.566, 0.099 and 0.335 respectively. 

Hydrogen atoms were omitted for the sake of clarity.  

 

 

 

Figure II-18 Dipole moments of (a) low-spin (0.7688 Debye) and (b) high-spin 

(4.0338 Debye) [Co(Fctp)2]2+ cations from the DFT calculations.  
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Conclusions 

Three new compounds [CoII(Fctp)2] (TCNQ)2 (1), [CoII(Fctp)2] (TCNQ)2·MeCN 

(2) and [CoII(Fctp)2] (TCNQF)2·MeCN, (3), were prepared and found to exhibit diverse 

magnetic properties owing to the presence of the radical anion TCNQ.- versus TCNQF.-. 

Two pseudopolymophic products, 1 as the major product and 2 as the minor product, 

were obtained from the same reaction. Compound 1 exhibits SMM behavior under 

applied DC fields with an effective energy barrier Ueff of 19.1 K and a pre-exponential 

factor of τ0 = 9.8 × 10-6 s, whereas 2 exhibits SCO behavior. The use of TCNQF.- instead 

of TCNQ.- exclusively leads to the isolation of 3 which is isostructural with 2. Both 2 

and 3 exhibit SCO behavior but with different transition temperatures, T1/2 = 336 K for 2 

and T1/2 = 226 K for 3. The collective results of single-crystal X-ray studies, theoretical 

calculations, and thermodynamic parameters indicate that the preference for different 

phases and SCO behavior is related to supramolecular interactions between 

[CoII(Fctp)2]
2+, and the assemblies of the radical anions TCNQ.- and TCNQF.-. These 

results demonstrate that redox-active organic anions are useful tools for introducing 

supramolecular interactions and for fine-tuning the magnetic properties of open-shell 

metal cations by taking advantage of conjugation for π⋯π interactions, the presence of 

tunable frontier orbital energies, and the polarity of the organic moieties. 
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CHAPTER III  

CONDUCTING SPIN-CROSSOVER CHARGE-TRANSFER COMPLEXES BASED 

ON THE COBALT(II) BIS-(NMETHYLPHENOTHIAZINETERPY) MOIETY WITH 

PARTIALLY CHARGED 7,7,8,8-TETRACYANOQUINODIMETHANE 

 

Introduction 

The design of multifunctional molecular magnetic materials exhibiting a 

cooperative effect of magnetic behavior and other functionalities (e.g., conducting 

properties and spin-crossover), in addition to control of synergistic effects between 

different chemical sub-lattices are important challenges in the development of new 

generations of electronic devices. Extensive studies of such materials have been ongoing 

for several decades.195 In this vein, polydentate organocyanide compounds such as 

7,7,8,8-tetracyanoquinodimethane (TCNQ) and its derivatives that exhibit tunable redox 

potentials are excellent choices for multifunctional materials that exhibit both magnetic 

ordering and conductivity due to their versatility to form coordination bonds as well as 

to engage in extended π-conjugated stacking. Applications of these concepts to the field 

of molecular magnetism, single molecule magnet and spin crossover (SCO) behavior in 

finite molecular systems that do not require long-range magnetic ordering are promising 

for the miniaturization of electronic devices. 

Recently, examples of partially charged TCNQ based conducting SCO 

compounds have been reported by us and other researchers.107-113 Results thus far have 

demonstrated bi-functionality of molecular magnetism and conductivity in TCNQ-
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coordination complexes, but systematic tuning of functionalities via ligand design in 

order to introduce and enhance synergistic interactions between different functionalities 

has not been yet extensively investigated. The basis of synergistic effects between 

different functionalities in molecular multi-functional materials is intermolecular 

interactions. Thus, introducing different intermolecular interactions is key to successful 

realization of true multi-functionality. 

Charge transfer complexes are remarkable compounds that have applications in 

the elaboration of molecular devices.196-199 Intermolecular charge transfer can lead to 

conducting properties and also aid in the coupling of spin centers. Therefore, combining 

electron donor groups with partially charged TCNQ as an acceptor in the solid state 

could enhance and/or introduce new functionalities into the molecular system.96 In this 

case we chose the phenothiazine (PTZ) moiety as the electron donor because it is known 

to form strong charge-transfer interactions with neutral TCNQ.200-201 

Experimental Section 

Synthetic Procedures 

Synthesis of N-methylphenothiazineterpydine (PTZ-tpy)  

The synthesis of the PTZ-tpy molecule has been reported in the literature.202 In 

the present work, a modified one-pot synthesis was used for the ligand synthesis. A 

quantity of NaOH (0.8 g, 20 mmol) was suspended in 15 mL of PEG-300 at 0 ℃, 2-

acetylpyridine (2.42 g, 20 mmol) was added with stirring at 0 ℃ for 10 min and then 10-

methyl-3-formylphenothiazine (2.41 g, 10mmol) was added to give a dark red solution. 

The stirring was continued and for an additional 2 h with the temperature gradually 
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being increased to room temperature and NH3·H2O (30%, 30 mL) was added. The 

mixture was refluxed for 12 h, cooled to room temperature and treated with 50 mL of 

water. The resulting yellow-brown precipitate was collected by filtration, washed with 

50 mL of hot ethanol and dried in air. Yield is 1.27 g (2.8 mmol, 28%) pale yellow 

product. 

Synthesis of [Co(PTZ-tpy)2]2(BF4)2 (4) 

A sample of PTZ-tpy (444mg, 1.0 mmol) was added to a solution of 

Co(BF4)2·6H2O (0.17g, 0.5 mmol) in 10 mL of acetonitrile to give a dark red solution 

which was stirred for 2 h. After this time, 100 mL of H2O was added, the solution was 

filtered to obtain a dark brown precipitate which was washed with dichloromethane and 

dried in air. Yield is 522 mg (0.46 mmol, 93%). Single crystals of [Co(PTZ-

tpy)2](BF4)2·2MeCN·Et2O  were grown by slow diffusion of EtO2 into an acetonitrile 

solution of product. 

Synthesis of [Zn(PTZ-tpy)2]2(BF4)2 (5) 

A quantity of PTZ-tpy (222mg, 0.5mmol) was added to a solution of 

Zn(BF4)2·6H2O (0.087g, 0.25 mmol) in 10 mL of acetonitrile. The resulting dark red 

solution was stirred for 2 h, treated with 100 mL of H2O and filtered. An orange 

precipitate was collected, washed with dichloromethane and dried in air. Yield is 260 mg 

(0.23 mmol, 92%). Single crystals of [Zn(PTZ-tpy)2](BF4)2·2MeCN were grown by slow 

diffusion of diethyl ether into an acetonitrile solution of the product.  

Synthesis of [Co(PTZ-tpy)2]2(TCNQ)4.5·2.5MeCN (6) 
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Samples of (n-Bu4N)(TCNQ) (31 mg, 0.075 mmol) and (Et3NH)(TCNQ)2 (12.5 

mg, 0.025 mmol) were dissolved in 6 mL of acetonitrile and layered with 

[Co(PTZtp)2]2(BF4)2 (56 mg, 0.05 mmol) dissolved in 6 mL of acetonitrile. Thin dark 

green platelet crystals were collected by filtration, washed with acetonitrile and dried in 

air. Yield is 48 mg (0.017 mmol, 67%). 

Synthesis of [Zn(PTZ-tpy)2]2(TCNQ)4.5·2.5MeCN (7) 

Samples of (n-Bu4N)(TCNQ) (31 mg, 0.075 mmol) and (Et3NH)(TCNQ)2 (12.5 

mg, 0.025 mmol) were dissolved in 6 mL of acetonitrile and layered with a solution of 

[Zn(PTZtp)2]2(BF4)2 (57 mg, 0.05 mmol) in 6 mL of acetonitrile. Thin dark green 

platelet crystals were collected by filtration. Washed with acetonitrile. Dried in air and 

gave 36 mg product (0.013 mmol, 50%). 

Single Crystal X-ray Crystallography  

Single-crystal diffraction data for 4-7 were collected at 110 K on a Bruker D8 

Quest diffractometer equipped with a microfocus MoKα radiation source (λ=0.71073 Å) 

with an Iμs CMOS detector. The temperature-dependent data of 6 and 7 were collected 

from 100 K to 300 K with the synchrotron radiation source (λ = 0.41328 Å) at the 

ChemMatCars beamline 15-ID-B at the Advanced Photon Source (APS), Argonne 

National Laboratories. The data sets were recorded by φ-scan and -scan methods and 

integrated in the Bruker APEX 3 software package. Absorption corrections were 

performed in the SADABS-2016/2 (Bruker, 2016/2) package. Solutions and refinements 

of the crystal structures were carried out using the SHELXT156 and SHELXL157 

programs and the graphical interface Olex2.158  
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Powder X-ray Diffraction 

Powder X-ray diffraction data were collected on a Bruker D8 powder X-ray 

diffractometer at room temperature with Cu X-ray radiation to verify the phase purity of 

the bulk products. Powder diffraction patterns were simulated from single-crystal X-ray 

structural data by using Mercury CSD 2.0. 

Magnetic Measurements 

A Quantum Design MPMS-XL SQUID instrument was used for magnetic 

measurements over the temperature range of 1.8-300 K and in the field range of 0-7 T. 

The diamagnetic contributions of sample holders and diamagnetic contributions of atoms 

were corrected by using an empty calibrated sample holder and Pascal’s constants.  

X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy measurements were conducted on the Omicron 

XPS system with an Argus detector using Omicrons DAR 400 dual Mg/Al X-ray source 

at room temperature.  The voltage was set as 15 kV with current equals 20 mA. 

Conductivity Measurements 

Conductivities of 6 and 7 were measured by a two-point probe method under 

vacuum. Pellet samples were prepared by compressing the crystalline powder in a mold 

with an inner diameter of 25 mm at a pressure of 20 kPa in air. The electrical resistance 

was measured with a Keithley 2450 SourceMeter.  
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Table III-1 Crystallographic and refinement parameters for 4-7 

Compound 4 5 6 7 

Empirical 

formula 

C64H56B2CoF8N10O

S2 
C60H46B2F8N10S2Zn C171H105.5Co2N36.5S4 C171H105.5N36.5S4Zn2 

Formula 

weight 
1277.85 1210.18 2917.51 2930.39 

Temperature/K 110.02 110.02 110.01 110.01 

Crystal system monoclinic monoclinic triclinic triclinic 

Space group P21/c P21/c P-1 P-1 

a/Å 16.9942(7) 16.0758(10) 14.136(2) 14.077(3) 

b/Å 19.7937(9) 18.4621(12) 15.999(3) 15.925(4) 

c/Å 18.4254(8) 18.7046(12) 30.719(4) 30.760(7) 

α/° 90 90 96.986(5) 96.345(8) 

β/° 110.678(2) 99.274(3) 95.077(4) 94.676(7) 

γ/° 90 90 91.989(5) 93.364(8) 

Volume/Å3 5798.6(4) 5478.8(6) 6861.8(18) 6814(3) 

Z 4 4 2 2 

ρcalcg/cm3 1.464 1.467 1.412 1.428 

μ/mm-1 0.448 0.603 0.376 0.487 

F(000) 2636 2480 3010 3022 

Crystal 

size/mm3 
0.23 × 0.21 × 0.14 0.2 × 0.15 × 0.08 0.22 × 0.14 × 0.03 

0.022 × 0.013 × 

0.004 

Radiation 
MoKα (λ = 

0.71073) 

MoKα (λ = 

0.71073) 

MoKα (λ = 

0.71073) 

MoKα (λ = 

0.71073) 

2Θ range for 

data 

collection/° 

4.51 to 50.754 4.934 to 50.722 4.364 to 50.77 4.408 to 50.7 

Index ranges 
-20 ≤ h ≤ 20, -23 ≤ 

k ≤ 21, -22 ≤ l ≤ 22 

-19 ≤ h ≤ 19, -22 ≤ 

k ≤ 21, -22 ≤ l ≤ 22 

-17 ≤ h ≤ 17, -19 ≤ 

k ≤ 19, -37 ≤ l ≤ 37 

-16 ≤ h ≤ 16, -19 ≤ 

k ≤ 19, -37 ≤ l ≤ 36 

Reflections 

collected 
40957 36202 99500 182753 

Independent 

reflections 

10604 [Rint = 

0.0956, Rsigma = 

0.0779] 

10012 [Rint = 

0.1040, Rsigma = 

0.0923] 

25020 [Rint = 

0.0972, Rsigma = 

0.1022] 

24879 [Rint = 

0.1393, Rsigma = 

0.1064] 

Data/restraints/

parameters 
10604/0/799 10012/0/752 25020/478/2091 24879/608/2091 

Goodness-of-

fit on F2 
1.072 1.038 1.277 1.06 

Final R indexes 

[I>=2σ (I)] 

R1 = 0.0720, wR2 = 

0.1887 

R1 = 0.0579, wR2 = 

0.1358 

R1 = 0.1140, wR2 = 

0.3068 

R1 = 0.1267, wR2 = 

0.3108 

Final R indexes 

[all data] 

R1 = 0.1008, wR2 = 

0.2069 

R1 = 0.1104, wR2 = 

0.1590 

R1 = 0.1426, wR2 = 

0.3332 

R1 = 0.1601, wR2 = 

0.3376 

Largest diff. 

peak/hole / e Å-

3 

1.73/-1.06 0.77/-0.79 1.47/-1.04 0.88/-0.94 
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Table III-2 Temperature dependent M-N bond lengths in 6 (Co) and 7 (Zn) 

Temperature/K Co1-N1 Co1-N2 Co1-N3 Co1-N4 Co1-N5 Co1-N6 

100 2.052(5) 2.147(6) 2.141(6) 2.040(4) 2.165(5) 2.150(5) 

110 2.052(4) 2.146(6) 2.143(4) 2.042(4) 2.166(5) 2.152(5) 

120 2.051(5) 2.149(6) 2.144(6) 2.042(4) 2.168(5) 2.152(5) 

140 2.055(5) 2.148(6) 2.148(6) 2.042(4) 2.167(5) 2.151(5) 

160 2.056(4) 2.151(6) 2.148(6) 2.046(4) 2.167(5) 2.153(5) 

180 2.059(4) 2.149(6) 2.150(6) 2.048(4) 2.170(5) 2.152(5) 

200 2.061(5) 2.148(6) 2.150(6) 2.046(4) 2.169(5) 2.149(5) 

220 2.059(4) 2.151(6) 2.153(6) 2.046(4) 2.175(5) 2.151(5) 

240 2.056(5) 2.151(6) 2.155(6) 2.041(4) 2.174(5) 2.149(5) 

260 2.058(5) 2.157(6) 2.154(6) 2.041(4) 2.175(5) 2.150(5) 

280 2.064(5) 2.160(6) 2.162(6) 2.045(5) 2.179(5) 2.154(7) 

300 2.050(4) 2.133(4) 2.126(4) 2.044(3) 2.166(3) 2.154(3) 

Temperature/K Co2-N7 Co2-N8 Co2-N9 Co2-N10 Co2-N11 Co2-N12 

100 1.930(5) 2.047(4) 2.046(4) 1.979(5) 2.163(5) 2.164(5) 

110 1.935(5) 2.055(4) 2.053(4) 1.982(4) 2.163(5) 2.162(5) 

120 1.941(5) 2.058(4) 2.059(4) 1.985(5) 2.160(5) 2.159(5) 

140 1.952(5) 2.069(4) 2.071(4) 1.992(5) 2.156(5) 2.159(5) 

160 1.967(5) 2.082(4) 2.085(4) 1.999(5) 2.157(5) 2.157(5) 

180 1.982(5) 2.093(4) 2.098(4) 2.005(4) 2.151(5) 2.160(5) 

200 1.993(5) 2.098(4) 2.107(4) 2.008(5) 2.149(5) 2.160(5) 

220 2.003(5) 2.109(6) 2.115(4) 2.016(5) 2.149(5) 2.163(5) 

240 2.011(5) 2.106(6) 2.120(4) 2.017(5) 2.145(5) 2.167(5) 

260 2.018(5) 2.114(6) 2.125(6) 2.021(5) 2.144(5) 2.166(5) 

280 2.030(5) 2.110(6) 2.134(6) 2.025(5) 2.149(5) 2.172(5) 

300 2.018(4) 2.097(4) 2.127(4) 2.026(4) 2.144(3) 2.159(3) 
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Table III-2 Continued: 

Temperature/K Zn1-N1 Zn1-N2 Zn1-N3 Zn1-N4 Zn1-N5 Zn1-N6 

100 2.130(9) 2.17(1) 2.23(1) 2.093(9) 2.223(8) 2.18(1) 

110 2.084(9) 2.18(1) 2.19(1) 2.063(9) 2.196(8) 2.161(8) 

120 2.093(9) 2.17(1) 2.187(8) 2.095(6) 2.190(8) 2.14(1) 

140 2.110(9) 2.17(1) 2.18(1) 2.090(6) 2.206(8) 2.14(1) 

160 2.105(9) 2.17(1) 2.18(1) 2.094(6) 2.192(8) 2.14(1) 

180 2.115(9) 2.18(1) 2.19(1) 2.099(9) 2.195(8) 2.14(1) 

200 2.096(6) 2.173(9) 2.190(8) 2.083(6) 2.209(8) 2.13(1) 

220 2.103(9) 2.188(9) 2.192(8) 2.085(6) 2.197(8) 2.18(1) 

240 2.103(9) 2.198(9) 2.187(8) 2.090(6) 2.196(8) 2.19(1) 

260 2.099(6) 2.208(9) 2.189(8) 2.091(6) 2.198(6) 2.21(1) 

280 2.096(6) 2.209(9) 2.205(8) 2.090(6) 2.193(6) 2.207(9) 

300 2.075(9) 2.184(9) 2.187(8) 2.079(6) 2.205(8) 2.182(9) 

Temperature/K Zn2-N7 Zn2-N8 Zn2-N9 Zn2-N10 Zn2-N11 Zn2-N12 

100 2.089(9) 2.192(8) 2.215(9) 2.101(9) 2.200(9) 2.181(8) 

110 2.054(9) 2.144(8) 2.186(9) 2.075(9) 2.187(8) 2.188(9) 

120 2.101(6) 2.173(8) 2.198(8) 2.113(6) 2.179(8) 2.181(8) 

140 2.100(9) 2.171(8) 2.20(1) 2.112(9) 2.17(1) 2.185(9) 

160 2.097(9) 2.169(8) 2.206(9) 2.117(6) 2.176(8) 2.187(8) 

180 2.106(9) 2.177(8) 2.219(9) 2.136(9) 2.193(8) 2.207(8) 

200 2.094(6) 2.175(7) 2.209(7) 2.107(6) 2.182(8) 2.194(8) 

220 2.095(6) 2.176(8) 2.203(7) 2.104(6) 2.183(8) 2.202(8) 

240 2.091(6) 2.182(8) 2.207(7) 2.112(6) 2.187(8) 2.206(8) 

260 2.094(6) 2.183(8) 2.208(7) 2.107(6) 2.187(8) 2.214(8) 

280 2.090(6) 2.196(8) 2.208(7) 2.106(6) 2.187(8) 2.212(8) 

300 2.085(6) 2.163(8) 2.199(7) 2.085(6) 2.182(8) 2.212(8) 
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Table III-3 Temperature-dependent interplanar distance between TCNQ units and 

phenothiazinyl groups in compound 6 (Co). 

Temperature/K A-B/Å B-C/Å D-D/Å E-E/Å PTZ-A/Å PTZ-D/Å PTZ-E/Å 

100 3.111 3.315 2.838 3.221 3.482 3.388 3.280 

120 3.122 3.32 2.856 3.235 3.483 3.389 3.282 

140 3.133 3.319 2.884 3.247 3.497 3.392 3.286 

160 3.137 3.316 2.898 3.257 3.504 3.396 3.291 

180 3.150 3.325 2.927 3.270 3.516 3.401 3.298 

200 3.176 3.317 2.937 3.282 3.519 3.409 3.301 

220 3.176 3.324 2.949 3.292 3.520 3.415 3.308 

240 3.197 3.323 2.962 3.303 3.529 3.420 3.308 

260 3.217 3.320 2.967 3.312 3.533 3.431 3.318 

280 3.252 3.320 2.991 3.328 3.547 3.446 3.332 

300 3.214 3.311 3.053 3.361 3.561 3.442 3.325 

 

Table III-4 Temperature-dependent interplanar distance between TCNQ units and 

phenothiazinyl groups in compound 7 (Zn). 

Temperature/K A-B/Å B-C/Å D-D/Å E-E/Å PTZ-A/Å PTZ-D/Å PTZ-E/Å 

100 3.074 3.391 2.928 3.105 3.548 3.418 3.394 

120 3.111 3.323 2.800 3.123 3.535 3.447 3.412 

140 3.095 3.309 2.837 3.148 3.554 3.450 3.399 

160 3.097 3.297 2.809 3.162 3.562 3.452 3.389 

180 3.132 3.367 2.856 3.191 3.580 3.482 3.441 

200 3.118 3.350 2.842 3.175 3.562 3.471 3.424 

220 3.144 3.309 2.865 3.206 3.558 3.480 3.418 

240 3.161 3.340 2.904 3.225 3.567 3.475 3.413 

260 3.170 3.301 2.917 3.239 3.561 3.485 3.414 

280 3.196 3.357 2.925 3.263 3.559 3.502 3.401 

300 3.156 3.301 2.951 3.264 3.542 3.472 3.400 
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Table III-5 Formal charges that estimated by Kistenmatcher’s formula on TCNQ 

in compound 6 at 110K. 

Co 110K b c d ρ occupancy charge Total charge 

A 1.424 1.406 1.423 -0.75 1 -0.75 -3.72 

B 1.427 1.421 1.410 -1.04 1 -1.04 
 

C 1.442 1.352 1.414 0.11 0.5 0.06 
 

D 1.412 1.422 1.425 -1.05 1 -1.05 
 

E 1.436 1.420 1.414 -0.93 1 -0.93 
 

 

Table III-6 Formal charges that estimated by Kistenmatcher’s formula on TCNQ 

in compound at 110K. 

Zn 110K b c d ρ occupancy charge Total charge 

A 1.407 1.410 1.419 -0.96 1 -0.96 -4.04 

B 1.427 1.433 1.403 -1.27 1 -1.27 
 

C 1.413 1.375 1.420 -0.40 0.5 -0.20 
 

D 1.422 1.423 1.416 -1.06 1 -1.06 
 

E 1.440 1.398 1.418 -0.55 1 -0.55 
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Table III-7 Temperature-dependent M-N distances (Å) of 6 and 7. 

Temperature/K Co1-N1 Co1-N2 Co1-N3 Co1-N4 Co1-N5 Co1-N6 

100 2.052(5) 2.147(6) 2.141(6) 2.040(4) 2.165(5) 2.150(5) 

110 2.052(4) 2.146(6) 2.143(4) 2.042(4) 2.166(5) 2.152(5) 

120 2.051(5) 2.149(6) 2.144(6) 2.042(4) 2.168(5) 2.152(5) 

140 2.055(5) 2.148(6) 2.148(6) 2.042(4) 2.167(5) 2.151(5) 

160 2.056(4) 2.151(6) 2.148(6) 2.046(4) 2.167(5) 2.153(5) 

180 2.059(4) 2.149(6) 2.150(6) 2.048(4) 2.170(5) 2.152(5) 

200 2.061(5) 2.148(6) 2.150(6) 2.046(4) 2.169(5) 2.149(5) 

220 2.059(4) 2.151(6) 2.153(6) 2.046(4) 2.175(5) 2.151(5) 

240 2.056(5) 2.151(6) 2.155(6) 2.041(4) 2.174(5) 2.149(5) 

260 2.058(5) 2.157(6) 2.154(6) 2.041(4) 2.175(5) 2.150(5) 

280 2.064(5) 2.160(6) 2.162(6) 2.045(5) 2.179(5) 2.154(7) 

300 2.050(4) 2.133(4) 2.126(4) 2.044(3) 2.166(3) 2.154(3) 

Temperature/K Co2-N7 Co2-N8 Co2-N9 Co2-N10 Co2-N11 Co2-N12 

100 1.930(5) 2.047(4) 2.046(4) 1.979(5) 2.163(5) 2.164(5) 

110 1.935(5) 2.055(4) 2.053(4) 1.982(4) 2.163(5) 2.162(5) 

120 1.941(5) 2.058(4) 2.059(4) 1.985(5) 2.160(5) 2.159(5) 

140 1.952(5) 2.069(4) 2.071(4) 1.992(5) 2.156(5) 2.159(5) 

160 1.967(5) 2.082(4) 2.085(4) 1.999(5) 2.157(5) 2.157(5) 

180 1.982(5) 2.093(4) 2.098(4) 2.005(4) 2.151(5) 2.160(5) 

200 1.993(5) 2.098(4) 2.107(4) 2.008(5) 2.149(5) 2.160(5) 

220 2.003(5) 2.109(6) 2.115(4) 2.016(5) 2.149(5) 2.163(5) 

240 2.011(5) 2.106(6) 2.120(4) 2.017(5) 2.145(5) 2.167(5) 

260 2.018(5) 2.114(6) 2.125(6) 2.021(5) 2.144(5) 2.166(5) 

280 2.030(5) 2.110(6) 2.134(6) 2.025(5) 2.149(5) 2.172(5) 

300 2.018(4) 2.097(4) 2.127(4) 2.026(4) 2.144(3) 2.159(3) 
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Table III-7 Continued: 

Temperature/K Zn1-N1 Zn1-N2 Zn1-N3 Zn1-N4 Zn1-N5 Zn1-N6 

100 2.130(9) 2.17(1) 2.23(1) 2.093(9) 2.223(8) 2.18(1) 

110 2.084(9) 2.18(1) 2.19(1) 2.063(9) 2.196(8) 2.161(8) 

120 2.093(9) 2.17(1) 2.187(8) 2.095(6) 2.190(8) 2.14(1) 

140 2.110(9) 2.17(1) 2.18(1) 2.090(6) 2.206(8) 2.14(1) 

160 2.105(9) 2.17(1) 2.18(1) 2.094(6) 2.192(8) 2.14(1) 

180 2.115(9) 2.18(1) 2.19(1) 2.099(9) 2.195(8) 2.14(1) 

200 2.096(6) 2.173(9) 2.190(8) 2.083(6) 2.209(8) 2.13(1) 

220 2.103(9) 2.188(9) 2.192(8) 2.085(6) 2.197(8) 2.18(1) 

240 2.103(9) 2.198(9) 2.187(8) 2.090(6) 2.196(8) 2.19(1) 

260 2.099(6) 2.208(9) 2.189(8) 2.091(6) 2.198(6) 2.21(1) 

280 2.096(6) 2.209(9) 2.205(8) 2.090(6) 2.193(6) 2.207(9) 

300 2.075(9) 2.184(9) 2.187(8) 2.079(6) 2.205(8) 2.182(9) 

Temperature/K Zn2-N7 Zn2-N8 Zn2-N9 Zn2-N10 Zn2-N11 Zn2-N12 

100 2.089(9) 2.192(8) 2.215(9) 2.101(9) 2.200(9) 2.181(8) 

110 2.054(9) 2.144(8) 2.186(9) 2.075(9) 2.187(8) 2.188(9) 

120 2.101(6) 2.173(8) 2.198(8) 2.113(6) 2.179(8) 2.181(8) 

140 2.100(9) 2.171(8) 2.20(1) 2.112(9) 2.17(1) 2.185(9) 

160 2.097(9) 2.169(8) 2.206(9) 2.117(6) 2.176(8) 2.187(8) 

180 2.106(9) 2.177(8) 2.219(9) 2.136(9) 2.193(8) 2.207(8) 

200 2.094(6) 2.175(7) 2.209(7) 2.107(6) 2.182(8) 2.194(8) 

220 2.095(6) 2.176(8) 2.203(7) 2.104(6) 2.183(8) 2.202(8) 

240 2.091(6) 2.182(8) 2.207(7) 2.112(6) 2.187(8) 2.206(8) 

260 2.094(6) 2.183(8) 2.208(7) 2.107(6) 2.187(8) 2.214(8) 

280 2.090(6) 2.196(8) 2.208(7) 2.106(6) 2.187(8) 2.212(8) 

300 2.085(6) 2.163(8) 2.199(7) 2.085(6) 2.182(8) 2.212(8) 
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Table III-8 Temperature dependent formal charges that estimated by 

Kistenmatcher’s formula on TCNQ in compound 6. 

Temperature/K A B C D E Total Total w/o C 

100 -0.80 -1.22 -0.58 -1.02 -0.95 -4.28 -3.99 

110 -0.91 -1.19 -1.44 -1.05 -0.89 -4.76 -4.04 

120 -0.82 -1.07 -0.05 -1.02 -0.90 -3.84 -3.81 

140 -0.88 -1.24 -0.20 -1.07 -0.85 -4.14 -4.04 

160 -0.93 -1.29 -0.09 -1.09 -0.82 -4.18 -4.13 

180 -0.99 -1.20 -0.22 -1.05 -0.85 -4.20 -4.09 

200 -0.99 -1.05 -0.03 -1.06 -0.85 -3.97 -3.95 

220 -1.08 -1.14 -0.54 -1.09 -0.83 -4.41 -4.14 

240 -1.05 -1.18 -0.25 -1.18 -0.71 -4.25 -4.12 

260 -1.02 -1.09 -0.79 -1.11 -0.73 -4.35 -3.95 

280 -1.15 -1.30 -0.72 -1.16 -0.69 -4.66 -4.30 

300 -1.30 -1.18 -2.44 -1.11 -0.60 -5.41 -4.19 

 

Table III-9 Temperature-dependent formal charges that estimated by 

Kistenmatcher’s formula on TCNQ in compound 7. 

Temperature/K A B C D E total charge total charge/C 

100 -0.93 -1.15 0.15 -1.07 -0.64 -3.72 -3.79 

110 -1.07 -1.22 -0.34 -1.00 -0.56 -4.02 -3.85 

120 -1.07 -1.3 -1.37 -1.29 -0.78 -5.13 -4.44 

140 -1.07 -1.37 -1.79 -1.15 -0.64 -5.13 -4.23 

160 -1.07 -1.37 -3.59 -1.22 -0.57 -6.03 -4.23 

180 -1.00 -1.15 -2.48 -1.44 -0.5 -5.33 -4.09 

200 -1.15 -1.3 -1.07 -1.07 -0.85 -4.91 -4.37 

220 -1.22 -1.45 -0.63 -1.15 -0.57 -4.71 -4.39 

240 -1.15 -1.3 -1.45 -1.22 -0.57 -4.97 -4.24 

260 -1.07 -1.37 -1.53 -1.15 -0.50 -4.86 -4.09 

280 -1.15 -1.3 -1.46 -1.00 -0.57 -4.75 -4.02 

300 -1.22 -1.22 -0.71 -1.00 -0.56 -4.36 -4.00 
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Table III-10 Temperature dependent formal charges that estimated by 

Kistenmatcher’s formula on TCNQ triads in compound 6. 

Temperature/K {ABCBA} {D2} {E2} 

100 -4.04 -2.04 -1.90 

110 -4.20 -2.10 -1.78 

120 -3.78 -2.04 -1.80 

140 -4.24 -2.14 -1.70 

160 -4.44 -2.18 -1.64 

180 -4.38 -2.10 -1.70 

200 -4.08 -2.12 -1.70 

220 -4.44 -2.18 -1.66 

240 -4.46 -2.36 -1.42 

260 -4.22 -2.22 -1.46 

280 -4.90 -2.32 -1.38 

300 -4.96 -2.22 -1.20 

 

 

Table III-11 Temperature dependent formal charges that estimated by 

Kistenmatcher’s formula on TCNQ triads in compound 7. 

Temperature/K {ABCBA} {D2} {E2} 

100 -4.16 -2.14 -1.28 

110 -4.58 -2.00 -1.12 

120 -4.74 -2.58 -1.56 

140 -4.88 -2.30 -1.28 

160 -4.88 -2.44 -1.14 

180 -4.30 -2.88 -1.00 

200 -4.90 -2.14 -1.70 

220 -5.34 -2.30 -1.14 

240 -4.90 -2.44 -1.14 

260 -4.88 -2.30 -1.00 

280 -4.90 -2.00 -1.14 

300 -4.88 -2.00 -1.12 
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Figure III-1 Asymmetric units of (a) 6 and (b) 7. Hydrogen atoms and solvent 

molecules were omitted for the sake of clarity. Colour code: carbon: grey; nitrogen: 

blue; cobalt: purple; sulfur: orange. 
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Figure III-2 There different TCNQ packing patterns that exist in the solid state 

structures of 6 and 7.  
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Figure III-3 Interlayer stacking patterns of 6 and 7 in (a) (002) and (b) (001) plane. 
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Figure III-4 Temperature dependence of M-N coordination bond lengths in (a) and 

(b): compound 6 (M = Co); (c) and (d): compound 7 (M = Zn). 
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Figure III-4 Continued 
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Figure III-5 Temperature dependence of charges on TCNQ units in (a) compound 6 

and (b) compound 7. 
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Figure III-6 Temperature dependence of charges on TCNQ stacking modes in (a) 

compound 6 and (b) compound 7. 
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Figure III-7 Intermolecular distances between TCNQ and PTZ groups in 

compound (a) 6 (b) 7. 
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Figure III-8 Temperature-dependent TCNQ-TCNQ interplanar spacing between 

(a) A-B, (b) B-C, (c) D-D and (d) E-E in compound 6 and 7. 
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Figure III-8 Continued 
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Figure III-9 Temperature-dependent TCNQ-PTZ interplanar spacing between (a) 

PTZ-A, (b) PTZ-D and  (c) PTZ-E in compound 6 and 7. 
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Results and Discussion 

Structural Characterizations 

Crystals of [CoII(PTZ-tpy)2](BF4)2·2MeCN·Et2O(4) and [ZnII(PTZ-

tpy)2](BF4)2·2MeCN(5) adopt the monoclinic space group P21/c with similar unit cell 

parameters. (Table III-1) The metal centers are in compressed pseudo-octahedral 

coordination environments. The axial Co-N distances (1.867(3) Å and 1.914(3) Å) fall 

into the range between high-spin CoII and low-spin CoII compounds which indicates 

spin-crossover behavior is occurring for the [CoII(PTZ-tpy)2]
2+ moiety. The axial Zn-N 

distances (2.070(3) Å and 2.084(3) Å) are longer which is not unusual given that the ZnII 

ion has a d10 closed shell electronic configuration which fills all of the eg antibonding 

orbitals. Crystals of [Co(PTZ-tpy)2]2(TCNQ)4.5·2.5MeCN (6) and [Zn(PTZ-

tpy)2]2(TCNQ)4.5·2.5MeCN (7) adopt the P-1 space group and are isostructural with 

similar unit cell parameters at 110 K. Pseudo-merohedral twinning was resolved in order 

to solve both structures. The twin laws for 6 and 7 were calculated by PLATON 

software as [-1 0 0 0 -1 0 0.403 0.479 1] and [-1 0 0 0 -1 0 0.386 0.447 1] with BASF 

values as 0.222 and 0.325 respectively. There are two different [M(PTZ-tpy)2]
2+ moieties 

in each asymmetric unit. (Figure III-1) The M-N bond lengths of the coordination 

spheres are listed in Table III-2. For the ZnII analog, 7, the Zn-N bond lengths range 

from 2.06 to 2.19 Å for the two different moieties are very similar to each other and are 

nearly identical to the ones in 5. In contrast, the Co-N bond distances for Co1 and Co2 

are significantly different from each other. For Co1, the axial Co-N bond distances are 

2.028(6) Å (Co1-N1) and 2.027(6) Å (Co1-N4) which are close to the Zn-N bond 
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distances in 5 and 7 and fall into the category of high-spin CoII. On the other hand, Co2-

N7 (1.875(6) Å) and Co2-N10 (1.937(6) Å) are shorter and are compatible with low-spin 

CoII which is similar to the values in 4. 

Similar packing modes of TCNQ moieties are observed for the [M(PTZ-

tpy)2]2(TCNQ)4.5·2.5MeCN compounds (M = Co for 6 and M = Zn for 7). Four (denoted 

as A, B, D and E) and one-half (denoted as C with 0.5 occupancies) TCNQ molecules 

are in the asymmetric unit with three different packing styles. (Figure III-2) Unlike most 

of the reported stacking modes, TCNQ moieties in 6 and 7 exhibit a mixed-stacking 

pattern with phenothiazinyl(PTZ) groups. The TCNQ moieties of type A, B and C stack 

with the PTZ group P1(on M1) and P2(on M2) and form columns in the (002) plane 

which propagate along the [120] crystal direction with a {…P2P1ABCBAP1P2…}  repeat 

pattern. The interplanar distances between different TCNQ moieties and phenothiazinyl 

(PTZ) groups are compiled in Table III-3 and III-4. The short distances between TCNQ, 

range from ~2.8 to 3.3 Å, are an indication of π… π interactions between TCNQ units. 

The molecular plane of TCNQ-C passes through the inversion center at (0,0,1/2) which 

is at half-occupancy in the asymmetric unit which leads to a positional disorder of 

TCNQ-C. Apart from this face-to-face stacking feature, side-by-side packing along the a 

axis is also observed. (Figure III-3 (a))  The repeat unit consists of three layers (L1: 

{…P1AP1AP1A…}; L2: {…P2BP2BP2B…} and L3: {…SolvCSolvCSolvC…}) and 

propagate as {…L1 L2 L3 L2 L1…}. The L1 and L2 layers consist of an alternating repeat 

unit of phenothiazinyl groups and TCNQ whereas in L3 the acetonitrile solvent is present 

instead of the phenothiazinyl group. 
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The packing fashion of D and E in (001) planes are different from the ones in the 

(002) planes. The phenothiazinyl group, P3, on M1, stacks with D along the a axis as

{…P3DDP3…}. (Figure III-3 (b)) Two type-D TCNQ units are correlated by the 

inversion center as a π-dimers. Short contacts between D and P3 are observed. In 

contrast, instead of packing as columns, TCNQ-E forms discrete {P4EEP4} moieties 

with a (TCNQ)2 π-dimer sandwiched between two P4 (on M2) phenothiazinyl groups. No 

face-to-face packing between two P4 groups is observed. 

As dictated by the stoichiometry of [MII(PTZ-tpy)2]2(TCNQ)4.5 (6 and 7), the 

TCNQ moieties are in partially charged states: 4.5 TCNQ moieties share four negative 

charges. The well-known empirical Kistenmatcher’s formula was used to estimate the 

charges on different TCNQ species (Table III-5 and III-6). For 6 (M = Co) at 110K; the 

negative charges on A (-0.75), B (-1.04), D (-1.05) and E (-0.93) are close to -1 whereas 

C (+0.11) is essentially in its neutral form. The total charges in 6 add up to -3.72 which 

corresponds well with the +4 charge of the [CoII(PTZ-tpy)2]
2+ moieties. Thus, three 

different types of TCNQ triads observed in the solid-state structure of 6 can be described 

as a pentamer {ABCBA}4- and two dimers, {D2}
2- and {E2}

2-. Interestingly, the 

estimated charges of TCNQ moieties in 7 reveal a different distribution. The charge on 

D (-1.06) remains almost unchanged and the charges on A (-0.96), B (-1.27) and C (-

0.40) indicate that the pentamer {ABCBA}5- has a total of  -5 charges instead of -4. The 

charge on E (-0.55) also suggests a different oxidation state for {E2}
-, namely that the 

isolated [TCNQ2]
-. dimer shares only one negative charge. Although the unit cell 
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parameters and packing styles are very similar to each other, the charge state of TCNQ 

triads are clearly different.  

In order to investigate the SCO behavior of [CoII(PTZ-tpy)2]
2+ moieties in 6, 

temperature-dependent single-crystal X-ray diffraction studies were performed with a 

synchrotron radiation source from 100-300 K.  The Co1-N bond lengths (Figure III-4 

(a)) exhibit moderate temperature dependence for all six bonds from 100-300 K which is 

an indication that the Co1 center remains in the high-spin state over this temperature 

range. On the contrary, two axial (Co2-N7, from 1.93 to 2.02 Å, and Co2-N10, from 

1.98 to 2.03 Å) and two equatorial (Co2-N8, from 2.05 to 2.10 Å, and Co2-N9, from 

2.05 to 2.13 Å) Co2-N bonds gradually increase as the temperature increases and 

approach the value of the Co1-N bond distances, (Figure III-4 (b), Table III-7) which 

reveals spin-crossover behavior for the Co2 moiety. No significant temperature 

dependence for [ZnII(PTZ-tpy)2]
2+ moieties in 7 are observed for the Zn1-N and Zn2-N 

bonds. (Figure III-4  (c) and (d)). 

The temperature-dependent charge distributions were evaluated by using the 

empirical Kistenmatcher formula. (Figure III-5) For compound 6 (M = CoII), significant 

trends in temperature dependence were observed. The negative charge on type A 

increases from -0.8 to -1.3 whereas the negative charge on type E decreases from -0.95 

to -0.60, which becomes closer to the charge on E in the case of 7 at 110 K. In contrast, 

the charge on type D decreases only slightly from -1.02 to -1.11 as the temperature 

increases and the charge on B varies from -1.18 ± 0.13 with no significant temperature 

dependence. The evaluated charge on type C (Table III-8 and III-9) is less reliable due to 
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the low precision of C-C bond lengths induced by the disorder of TCNQ which resides 

on an inversion center. Therefore, it is not valid to evaluate the charge on type C directly 

from the empirical formula. Nevertheless, information about the charge state of type C 

moieties can be ascertained from the known charges on the [CoII(PTZ-tpy)2]
2+ moieties 

and the stoichiometry of the unit cell contents. The sum of negative charges on A, B, D 

and E have a variation of -4.06 ± 0.25 which corresponds well with the total charge (+4) 

for two cationic [CoII(PTZ-tpy)2]
2+ moieties in a crystallographic asymmetric unit; this 

assessment indicates that type C TCNQ remains essentially neutral over the temperature 

range of 100-300 K.  

The evaluation of TCNQ charges for compound 7 (M = ZnII) are relatively less 

accurate as the precision of C-C bond lengths (~0.02 Å) are less than those for 6 (~0.01 

Å). Nevertheless, several conclusions of temperature dependence can be extracted from 

a charge state analysis. The total charges on A, B, D and E are approximately -4.15 ± 

0.36 which agrees well with the total charge on the cationic counterions but with larger 

variations and overestimations compared to 6, an indication that the type C TCNQ is in 

its neutral form as in the case of 6. Charges on B (-1.29 ± 0.16) and D (-1.15 ± 0.29) in 7 

are also close but larger than the ones in 6. The most significant difference between 6 

and 7 is the temperature dependence of charges on TCNQ type A and E. No significant 

increase/decrease trends of negative charges on type A and E were observed in 

compound 7 compared to the ones in 6. The negative charge on A varies over the range 

of -1.10 ± 0.17 and is -0.60 ± 0.25 for type E.  



 

102 

 

From the TCNQ charge state analysis described above, the temperature 

dependence of 6 and 7  can be summarized as follow: 

 (1) The summation of charges on all TCNQ units in the asymmetric units are all 

approximately -4, which indicates that the type C TCNQ is in its neutral form (TCNQ0) 

for both 6 and 7.  

(2) Type B TCNQ is in the anionic radical form for both 6 and 7 over the 

temperature range of 100-300 K. 

 (3) Type A TCNQ remains in its TCNQ.- form over the investigated temperature 

range for 7 whereas an increase of negative charge (-0.8 to -1.3) for 6 is observed with 

increasing temperature. Thus, the pentamer {ABCBA} changes from {ABCBA}4- to 

{ABCBA}5- in 6 as the temperature increases, whereas it remains in {ABCBA}5- form 

for the compound 7 case. (Figure III-6) 

(4) Type D TCNQ is in its {D2}
2- form and does not exhibit significant 

temperature dependence in the cases of 6 and 7. 

(5) The charge on the type E TCNQ decreases from -0.95 to -0.60 for 6 as the 

temperature increases, which indicates a transition of the TCNQ charge state from 

TCNQ.- to TCNQ-0.5 (from {E2}
2- to {E2}

.-) whereas the TCNQ dimer is most likely in 

the {E2}
.- form in compound 7. This evidence supports the conclusion that a 

temperature-dependent electron transfer occurs from the {E2} dimer to the {ABCBA} 

pentamer as the temperature increases for 6 while no significant changes of the TCNQ 

charge states occur for 7.  
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The temperature-dependent intermolecular TCNQ-TCNQ and TCNQ-PTZ 

distances were also investigated for 6 and 7 (Figure III-7, Table III-10, III-11), and were 

found to be similar. The spacing between A-B, D-D and E-E pairs (Figure III-8 (a), (c) 

and (d) respectively) and the negatively charged (TCNQ)2
δ- dimers exhibit temperature-

related trends over the temperature range of 100-300 K. The thermal expansion of the 

interplanar spacing can be rationalized by the thermally activated inter-layer vibrational 

modes of pancake bonding.203-205 On the contrary, the B-C spacing, which is larger than 

other interplanar distances between TCNQ units, exhibits less temperature dependence 

(Figure III-8 (b)). Such differences are related to the weaker intermolecular interactions 

between negatively charged type B TCNQ units and the neutral type C TCNQ.  

In considering the TCNQ-PTZ distances, different trends are observed for 6 and 

7 (Figure III-9). For the packing {…P3DDP3…} only involves the phenothiazinyl groups 

from Co1/Zn1 units and the D-P3 spacing increases as the temperature increases for both 

6 (3.388 to 3.446 Å) and 7 (3.418 to 3.502 Å) (Figure III-9 (b)). The distances between 

type A(E) TCNQ and the PTZ groups (Figure III-9  (a) and (c)) increase from 3.482 to 

3.561 Å (3.280 to 3.332 Å)  as the temperature is raised for 6 but there is no significant 

temperature-dependent trend for 7. In terms of the two types of packing cases observed 

for 6, {…P2P1ABCBAP1P2…} and {P4EEP4}, both involve the phenothiazinyl groups, 

P2 and P4, on the spin-crossover Co2 moiety. The spin-crossover behavior of Co2 

corresponds to the temperature dependence of the TCNQ-PTZ intermolecular spacing, as 

less temperature dependence is observed for 7 with the ZnII ions. 
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Table III-12 EPR fitting parameters: g values, 59Co hyperfine coupling parameters 

(A) and line width (lw) of compound 4 in solid state.

T/K gx gy gz gaver Ax/ 10-4 cm-1 Ay/ 10-4 cm- Az/ 10-4 cm- lw/ mT 

4 1.99 2.09 2.32 2.14 1.6 28.9 35.7 18.5 

25 2.00 2.08 2.31 2.13 1.6 28.9 35.7 15.0 

50 2.02 2.07 2.31 2.14 1.5 21.4 48.2 16.1 

75 2.02 2.07 2.31 2.14 1.5 21.4 48.2 14.0 

Table III-13 EPR fitting parameters: g values, 59Co hyperfine coupling parameters 

(A) and line width (lw) of compound 6 in solid state.

T/K gx gy gz gaver Ax/ 10-4 cm-1 Ay/ 10-4 cm-1 Az/ 10-4 cm-1 lw/ mT 

4 2.02 2.04 2.35 2.14 6.3 3.7 22.6 36.6 

25 2.03 2.03 2.35 2.14 4.2 4.9 24.9 34.1 

50 2.03 2.02 2.35 2.14 2.9 3.0 23.9 34.1 

75 2.02 2.03 2.33 2.13 3.9 4.1 34.1 26.1 

RT N.A. 

T/K grad lw/ mT percentage 
4 N.A. 

25 N.A. 

50 2.00 6.8 0.51% 

75 2.00 6.8 0.50% 

RT 2.00 6.8 N.A. 

Table III-14 EPR fitting parameters: g values and line width of compound 7 in 

solid state. 

T/K giso lw/ mT 

4 2.000 1.97 

25 2.000 1.62 

50 2.000 1.91 

75 2.000 1.58 

RT 2.000 2.00 
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Figure III-10 Temperature-dependent X-band EPR spectra of (a) 4, (b) 5 and (c) 6. 

The black solid lines represent the best fit with the parameters in table III-12, III-

13 and III-14. The resonance intensities were all scaled by the maximum intensity. 
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Electron Paramagnetic Resonance (EPR) Studies 

EPR is a powerful tool for determining g factors for paramagnetic species in the 

solid state. Temperature-dependent X-band EPR measurements were conducted on 

crystalline powders of 4, 6 and 7 from 4–75 K and at room temperature (Figure III-10). 

Compound 4 (Figure III-10 (a)) exhibits typical resonance patterns for L.S. CoII (S = 

1/2) at 4 K with rhombic g tensors under cryogenic temperatures whereas only a weak 

broad background is observed at room temperature due to the transition of CoII centers 

from L.S. (S = 1/2) to H.S. (S = 3/2) and rapid spin relaxation at room temperature. The 

resonance of H.S. CoII is not visible due to its extremely short relaxation time.206-207 

Fittings of the EPR spectra were performed with the EasySpin 5.2.28 package.208 The 

parameters from the best fits are summarized in Table III-12. The gx, gy and gz values for 

4 at 4 K are 1.99, 2.09 and 2.32 respectively with 59Co (I = 7/2) hyperfine coupling 

constants (Ax, Ay and Az) being 1.6, 28.9 and 35.7 × 10-4 cm-1. The estimated hyperfine 

coupling constants are qualitative values as the coupling patterns are not fully resolved 

with X-band EPR data on crystalline powder samples. Nevertheless, the magnitudes of gi 

and Ai (i = x, y, z) values are similar to the reported ones for CoII(bis-terpy) compounds 

in the literature.209 No significant temperature dependence of the gi values were observed 

from 4-75 K. 

. 
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Similar EPR patterns were observed for 6 with evaluated gi and Ai (i = x, y, z) 

values of (2.02, 2.04, 2.35) and (6.3, 3.7, 22.6) × 10-4 cm-1 respectively at 4 K. No 

contribution from free radicals was observed at 4 K. The gi values also exhibit little 

variation up to 75 K (Table III-13). Additional shoulder peaks appeared at ~ 3300 Oe at 

50 and 75 K which are attributed to the contribution from trace radical species (~0.5 %, 

giso = 2.00) of TCNQ (Figure III-10 (b)). In contrast to the EPR spectra collected on 4, a 

sharp resonance for a free radical was observed for 6 at room temperature.  In the case of 

compound 7, a resonance from an organic radical with giso = 2.000 is observed at all 

temperatures that were investigated (Figure III-10 (c), Table III-14). The results of EPR 

measurements correspond well with the temperature-dependent charge distribution on 

the TCNQ units in 6 and 7 estimated from single-crystal XRD structures. 

Table III-15 Fitting parameters of χT vs T plots for 4 and 6 found via the least-

squares method. 
Compound 4 6 

Δ𝐻 (kJ mol-1) 3.91 5.12 

Δ𝑆 ( J K-1 mol-1) 9.83 21.6 

𝜒𝑇𝐼𝑃 (emu mol-1) 0.0029 0.0019 

T1/2(K) 397 237 
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Table III-16 Evaluated temperature-dependent (TCNQ)2
.- radical fraction from 

charges on type E TCNQ and the reaction constants K. 

T/K charge on E nrad K

100 -0.95 0.10 0.01

110 -0.89 0.22 0.06

120 -0.90 0.20 0.05

140 -0.85 0.30 0.13

160 -0.82 0.36 0.20

180 -0.85 0.30 0.13

200 -0.85 0.30 0.13

220 -0.83 0.34 0.18

240 -0.71 0.58 0.80

260 -0.73 0.54 0.63

280 -0.69 0.62 1.01

300 -0.60 0.80 3.20
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Figure III-11 The T vs T plots, (a), (c), (e), and the Magnetization vs H plots, (b), 

(d), (e), for compound 4, 6 and 7 respectively. The open circles represent the 

experimental data points. The solid lines indicate the theoretical fittings. 
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Figure III-11 Continued 
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Figure III-11 Continued 
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Figure III-12 (a) 𝐥𝐧 [
𝒏𝒓𝒂𝒅

𝟐

(𝟏−𝒏𝒓𝒂𝒅)
 ] vs 1/T plot and (b) the localized radical contribution 

to χT. 
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Figure III-13 𝐥𝐧 [
𝟏−𝒏𝑯𝑺

𝒏𝑯𝑺
]  vs 1/T plots of (a) 4 and (b) 6 for fitting the SCO 

thermodynamic parameters. 
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Figure III-14 Magnetization vs magnetic field (H) at 1.8 K of 1 (open circle) and 

simulation (solid lines) with (a) L.S. CoII (S = 1/2, gaver = 2.14) and (b) 93% L.S. CoII 

(S = 1/2, gaver = 2.14) and 7% H.S. CoII (S = 3/2, giso = 2.62 and D = + 44.9 cm-1). 
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Figure III-15 . Magnetization vs magnetic field (H) at 1.8 K of 6 (open circle) and 

simulation (solid lines) with L.S. CoII (S = 1/2, gaver = 2.14) and H.S. CoII (S = 3/2, 

giso = 2.62 and D = + 44.9 cm-1) at (a) 2 K, (b) 3 K, (c) 5 K and (d) 7 K. 
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Figure III-15 Continued 
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Magnetic Properties 

Direct current magnetic susceptibility studies of compounds 4, 6 and 7 were 

performed with a SQUID magnetometer. A typical spin-crossover behavior for CoII was 

observed in the case of 4 with T values increasing from 0.657 to 2.467 emu K mol-1 as 

the temperature is raised from 2 to 300 K (Figure III-11 (a)). The T value at 2 K is 

higher than 0.430 emu K mol-1 (with gave = 2.14, from EPR spectra), which suggests an 

incomplete SCO transition at 2 K which is attributed to defects and/or constraints of the 

crystal lattice.18, 167, 172-173 Based on the experimental T value at 2K, the magnetization 

curve at 1.8 K (Figure III-11 (b), III-14) can be fit well with 93% L.S. CoII (gaver = 2.14) 

and 7% H.S. CoII (giso = 2.62 and D = +44.9 cm-1). The thermodynamic equation, 

Equation 1.13 was applied for fitting the thermodynamic parameters of the SCO 

behavior of compound 4.210-211 For compound 4, 𝑛𝐻𝑆 values at certain temperatures were

determined from the equation as follow: 

𝑛𝐻𝑆(𝑇) = [𝜒𝑇 − (𝜒𝑇)𝐿𝑆 − (𝜒𝑇)𝑇𝐼𝑃]/[(𝜒𝑇)𝐻𝑆 − (𝜒𝑇)𝐿𝑆]                 Equation 3.1

Note that the 𝜒𝑇 value in Equation 3.1 was rescaled by 𝜒𝑇′ = [𝜒𝑇 − 𝑥(𝜒𝑇)𝐻𝑆]/(1 − 𝑥),

where x, determined as 7%, is the H.S. CoII fraction that undergoes the incomplete SCO 

behavior. The 𝜒𝑇 value of 4 at a certain temperature can be expressed as: 

𝜒𝑇 = (1 − 𝑥)[𝑛𝐻𝑆(𝜒𝑇)𝐻𝑆 + (1 − 𝑛𝐻𝑆)(𝜒𝑇)𝐿𝑆 + 𝜒𝑇𝐼𝑃𝑇] + 𝑥(𝜒𝑇)𝐻𝑆 Equation 3.2

The linear relationships are shown on plots Figure III-13. The slope and the 

intersection with the y-axis of ln [
1−𝑛𝐻𝑆

𝑛𝐻𝑆
]  vs 1/T plot are Δ𝐻/𝑅  and −Δ𝑆/𝑅

respectively. A reasonable fit of the SCO behavior of compound 4 can be obtained with 
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the thermodynamic parameters ΔH = 3.91 kJ mol-1 and ΔS = 9.83 J K-1 mol-1 and T1/2 

= 397 K (Table III-15). The ΔS is larger than the contribution from a solely 

electronic spin state transition, ΔSel = 5.8 J K-1 mol-1 the difference is attributed to 

contributions from molecular and lattice vibrations.175, 189, 210-211 

The magnetic behavior of 6 is more complicated, as four paramagnetic spices 

(H.S. CoII, SCO CoII, localized and delocalized spin centers on TCNQ) coexist in the 

same crystal lattice. Based on the EPR spectral analysis of compound 6, the magnetic 

species that contribute to the magnetization at low temperature are H.S. and L.S. CoII 

centers. The magnetization vs H curves from 2 to 7 K (Figure III-11 (d) and Figure III-

15) can be simulated well with one L.S. CoII (S = 1/2, gaver = 2.14, from EPR) and one

H.S. CoII (S = 3/2, giso = 2.62 and D = +44.9 cm-1) per asymmetric unit. For temperature 

dependence of the 𝜒𝑇 curve, the contributions from different magnetic components are 

described with the equation as follows: 

𝜒𝑇 = 𝑛𝐻𝑆(𝜒𝑇)𝐻𝑆 + (1 − 𝑛𝐻𝑆)(𝜒𝑇)𝐿𝑆 + 𝑛𝐻𝑆(𝜒𝑇)𝐻𝑆 +  (𝜒𝑇)𝑟𝑎𝑑 + 𝜒𝑇𝐼𝑃𝑇   Equation 3.3

where (𝜒𝑇)𝐻𝑆, (𝜒𝑇)𝐿𝑆, (𝜒𝑇)𝑟𝑎𝑑 and (𝜒𝑇)𝑇𝐼𝑃 are the 𝜒𝑇 values for high-spin Co(II),

low-spin Co(II), localized TCNQ based radical and temperature-independent 

paramagnetism. The (𝜒𝑇)𝐿𝑆 value was fixed as (𝜒𝑇)𝐿𝑆 = 0.430 emu K mol-1 (S = 1/2,

gaver = 2.14, from EPR). The (𝜒𝑇)𝐻𝑆 value is simulated with S = 3/2, giso = 2.62 and D =

44.9 cm-1. (𝜒𝑇)𝑟𝑎𝑑 was estimated from the charge on type E TCNQ and the relationship

between the Gibbs free energy (ΔG) and the equilibrium constant (K). A qualitative 

thermodynamic model was applied to estimate the contribution of localized TCNQ based 

radicals to χT values by considering the electron transfer process: 
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 Equation 3.4 

The reaction constant can be expressed as: 

K =  
𝑛𝑟𝑎𝑑

2

(1−𝑛𝑟𝑎𝑑)
Equation 3.5 

where 𝑛𝑟𝑎𝑑 is the fraction of localized radical spices. 

The reaction constant can be related to the molar Gibbs free energy (Δ𝐺) and thus the 

molar enthalpy (Δ𝐻) and molar entropy (Δ𝑆) as follow: 

ln 𝐾 = −
Δ𝐺

𝑅𝑇
= −

Δ𝐻

𝑅𝑇
+

𝛥𝑆

𝑅
Equation 3.6 

A linear regression was used to extract the thermodynamic parameters (Figure III-12 

(a)). The slope and the intersection with the y-axis of ln [
𝑛𝑟𝑎𝑑

2

(1−𝑛𝑟𝑎𝑑)
 ] vs 1/T plot are 

−Δ𝐻/𝑅  and Δ𝑆/𝑅 respectively. The best fit yielded ΔH = 5.06 kJ mol-1 and ΔS = 16.5 J

K-1 mol-1 (Table III-16). Thus, the 𝑛𝑟𝑎𝑑 value can be solved by integrating Equitation 3.5

and 3.6 at certain temperatures. The localized radical contribution to χT can be 

calculated by the following equation: 

(𝜒𝑇)𝑟𝑎𝑑 = 0.375 ×
𝑛𝑟𝑎𝑑

2
 𝑒𝑚𝑢 𝐾 𝑚𝑜𝑙−1 Equation 3.7 

The result is shown in Figure III-12 (b). The T contribution from the localized radical 

is insignificant (<0.001 emu K mol-1) below 50 K and gradually increases to ~0.11 emu 

K mol-1 (0.18 emu K mol-1 for full conversion) at 300K (Figure III-12). 

The thermodynamic equation, Equation 1.13 was also applied for the 

thermodynamic parameters of the SCO behavior of compound 6.The temperature 

dependence of 𝑛𝐻𝑆 values were determined from the equation as follow: 
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𝑛𝐻𝑆(𝑇) = [𝜒𝑇 − (𝜒𝑇)𝐿𝑆 − (𝜒𝑇)𝐻𝑆 − (𝜒𝑇)𝑟𝑎𝑑 − (𝜒𝑇)𝑇𝐼𝑃]/[(𝜒𝑇)𝐻𝑆 − (𝜒𝑇)𝐿𝑆]    Equation 3.8 

The linear relationships shown in the plots Figure. III-13 (b) indicate that the Γ terms are 

negligible for 6 such that Equation 1.13 can be rewritten as Equation 1.14. The slope and 

the intersection with the y-axis of ln [
1−𝑛𝐻𝑆

𝑛𝐻𝑆
]  vs 1/T plot are Δ𝐻/𝑅  and −Δ𝑆/𝑅

respectively. With the fitting parameters of L.S. and H.S. CoII centers and the estimated 

temperature-dependent localized TCNQ radical contributions obtained above, the SCO 

behavior and the contributions from a delocalized radical (TIP) were fit with ΔH = 5.12 

kJ mol-1 and ΔS = 21.6 J K-1 mol-1 with T1/2 = 237 K and  TIP = 1.90 × 10-3 emu mol-1

(Table III-15). The enthalpy (ΔH) and entropy (ΔS) changes for 6 are larger than for 4. 

As 4 and 6 have the same SCO moiety, [CoII(PTZ-tpy)2]
2+, these differences can be 

attributed to additional intermolecular interactions, lattice constraints and 

available vibration modes present in 6. 

In the case of 7, the magnetization curve at 2 K can be fit well with one-half of a 

localized radical spin center (S = 1/2, g = 2.00) (Figure III-11 (f)) per asymmetric unit, 

but the T vs T curve has a significant deviation from the Curie law for 0.5 radical 

centers with S = 1/2, g = 2.00. The strong deviation of the room temperature T value 

(1.43 emu K mol-1) from the expected value (0.188 emu K mol-1) and the linear 

relationship between T and T indicates a large temperature-independent susceptibility. 

There are two possible origins of temperature-independent susceptibility (TIP). One is 

the contribution from the magnetic moments of delocalized electron spins (Pauli 

paramagnetism) and the other one is the van Vleck TIP caused by state mixing with low 
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lying magnetic excited states. The latter one is usually observed in the system with 

heavy elements but not significant for first-row transition metals and organic 

compounds. Thus, it is more appropriate to attribute the χTIP value as Pauli 

paramagnetism (Pauli) and, indeed, this phenomenon has been reported in acceptor-

doped polymers with electron donors.212-214 The fitting of magnetic susceptibilities with 

the equation: T = C +PauliT yields C = 0.186 emu K mol-1 and Pauli = 4.17×10-3 emu 

mol-1 (Figure III-11 (e)).  The Curie constant is very close to the expected value (0.188 

emu K mol-1) for one-half of a localized radical, which is in accord with the fitting of 

magnetization curve at 2 K, the charge states of TCNQ estimated from the solid state 

structure, as well as the EPR spectra for 7. The relatively large Pauli value is indicative 

of delocalized radical spins and the magnitude is directly related to the density of states 

near the Fermi level by the relationship of Pauli = μB
2(EF) where μB is the Bohr 

magneton and (EF) is the density of states at the Fermi level. The calculated (EF) = 

3.7×1022 eV-1 cm-3 is larger than the reported value of 5.7 ×1021 eV-1 cm-3
 in a 2-D 

system with TCNQF4 doped  polythiophene.212  
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Table III-17 Redox potential and current intensities of cyclic voltammetry 

measurements of 4, 5 and TCNQ. 
Redox 

Events 

[Co(PTZ-

tpy)2]3+/[Co(PTZ-tpy)2]5+ 

[Co(PTZ-

tpy)2]2+/[Co(PTZ-tpy)2]3+ 

[Co(PTZ-

tpy)2]+/[Co(PTZ-tpy)2]2+ 

Ec/V +0.406 -0.212 -1.198

Ea/V +0.478 -0.146 -1.138

E1/2/V +0.442 -0.179 -1.168

ΔE/mV 72 66 60 

ic/μA 3.58 2.30 2.33 

ia/μA 4.09 2.38 2.10 

ic/ ia 0.87 0.97 1.10 

Redox 

Events 

[Zn(PTZ-

tpy)2]2+/[Zn(PTZ-tpy)2]4+ 

 [Zn(PTZ-

tpy)2]+/[Zn(PTZ-tpy)2]2+ 

[Zn(PTZ-

tpy)2]0/[Zn(PTZ-tpy)2]+ 

Ec/V +0.382 -1.658 -1.799

Ea/V +0.443 -1.613 -1.737

E1/2/V +0.413 -1.636 -1.768

ΔE/mV 61 45 62 

ic/μA 6.05 3.19 2.33 

ia/μA 5.74 2.87 2.16 

ic/ ia 1.05 1.11 1.07 

Redox Events TCNQ0/TCNQ- TCNQ-/TCNQ2- 

Ec/V -0.252 -0.784

Ea/V -0.184 -0.734

E1/2/V -0.218 -0.759

ΔE/mV 68 50 

ic/μA 4.00 4.16 

ia/μA 3.80 4.13 

ic/ ia 1.05 1.00 

Table III-18 Potential, current intensities and full width of half maximum (FWHM) 

of differential pulse voltammetry peaks of compound 4 and 6. 

4 E/ V A/ μA FWHM/ V 6 E/ V A/ μA FWHM/ V 

0.507 12.5 0.106 0.390 3.46 0.108 

0.452 12.5 0.118 0.359 3.46 0.108 

-0.130 13.1 0.113 -1.885 2.04 0.136 

-1.133 12.5 0.106 -1.967 2.10 0.128 
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Figure III-16 cyclic voltammetry diagram of compound 4, 5 and TCNQ in 

acetonitrile (vs Fc/Fc+) with 2 M NBu4PF6 as electrolyte. 
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Figure III-17 Differential pulse voltammetry plots of (a) 4 and (b) 5 and the fitting 

of peaks with Gaussian function. 
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Cyclic Voltammetry Measurements 

The cyclic voltammograms of 4 and 5 in acetonitrile (vs Fc/Fc+) also reveal the 

redox activities of the [M(PTZ-tpy)2]
2+ moieties (Figure III-16, Table III-17). The first 

redox couples are related to PTZ based events with E1/2 = +0.442 V for CoII and E1/2 = 

+0.413 V for ZnII. The redox couple at E1/2 = -179 mV only appears in the M = Co case 

which corresponds to the CoII/ CoIII redox couple. The features at the negative potentials 

of E1/2 = -1.168 V for 4 and E1/2 = -1.636 V/ -1.768 V for 5 are terpy-based reductions. 

The current intensities of the PTZ redox events for 4 and 5 are approximately twice the 

magnitude than other redox events, which indicates a coupled two-electron redox 

process. The differential pulse voltammetry measurements for 4 and 5 (Figure III-17) 

have also been performed to confirm the number of electrons involved in the redox 

events. The peaks that correspond to the PTZ group can be fitted with two Gaussian 

functions with similar peak currents and FWHM (full width at half maximum) as other 

redox events (Table III-18). The redox couples of TCNQ0/TCNQ- and TCNQ-/TCNQ2- 

occur at -0.218 V and -0.759 V. The TCNQ0/TCNQ- couple is very close to the 

[Co(PTZ-tpy)2]
2+/[Co(PTZ-tpy)2]

3+ one with only a 0.039 V difference and is 0.660 V 

and 0.631 V from the PTZ based [Co(PTZ-tpy)2]
3+/[Co(PTZ-tpy)2]

5+ and [Zn(PTZ-

tpy)2]
2+/[Zn(PTZ-tpy)2]

4+ couples. The TCNQ-/TCNQ2- couple is close to the terpyridine 

based redox events (ΔE = 0.409 V for [Co(PTZ-tpy)2]
+/[Co(PTZ-tpy)2]

2+ and 0.877 mV 

for [Zn(PTZ-tpy)2]
+/[Zn(PTZ-tpy)2]

2+). From these data, it can be concluded that the 

TCNQ0 species could be an electron acceptor in 5 and 7 and undergo charge-transfer 
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interactions with PTZ groups and/or CoII centers whereas the TCNQ2- species can act as 

an electron donor in interactions with the terpyridine ligand moieties. 

 

Figure III-18 (a) Solid state UV-vis absorption spectra of 6 and 7. The intensities 

were scaled by the absorption of maximum peaks. (b) UV-vis spectra of of 

compound 4-7, TBA(TCNQ) and TEA(TCNQ)2 in acetone solution. 
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Figure III-19 (a) UV-vis absorption spectra of 4 and 5. (b) Gaussian decomposition 

of 1 with two different components. 
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Figure III-20 (a) UV-vis absorption spectra of 6 and 7. (b) UV-vis absorption 

spectra of TCNQ starting material TBA(TCNQ) and TEA(TCNQ)2. 
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Figure III-21 . UV-vis absorption spectra of (a) 6; and (b) 7 and the contributions 

from deferent components. 
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UV-vis Spectra 

The solid state UV-vis spectra were measured for compounds 6 and 7. 

Significant absorption maxima at ~695 nm and ~772 nm were observed for both 

compounds in the range of 600-800 nm and in the range of 380-600 nm, two absorption 

peaks at ~437 nm and ~484 nm were observed for both 6 and 7 while there were two 

additional peaks observed at 404 nm and 526 nm for compound 3. In order to decipher 

the electronic transitions in the solid state, the UV-vis spectra (Figure III-18) of 

compounds 4-7 as well as the TCNQ salts TBA(TCNQ) and TEA(TCNQ)2 in acetone 

solution were measured. The spectra of the tetraflouroborate salts (Figure III-19 (a)) 4 

and 5 reveals the absorption properties of [M(PTZ-tpy)]2+ (M = Co, Zn). The lowest 

absorption band for compound 5 is at 431 nm (ε = 2.0 × 104 L mol-1 cm-1) which 

corresponds to the intra-ligand charge transfer (ILCT) from the PTZ to the terpyridine 

group. In contrast, the spectrum of 4 has an absorption at 441 nm with a shoulder at 523 

nm (Figure III-19 (b)). The presence of two features can be attributed to the coexistence 

of H.S. and L.S. [Co(PTZ-tpy)]2+ species with the same type of ILCT transitions. The 

spectra for compound 6 and 7 (Figure III-20) are relatively complicated as the [M(PTZ-

tpy)]2+ cation and TCNQ with different oxidation states coexist in the solution. By 

comparing with the UV-vis spectra of TCNQ starting materials, TBA(TCNQ) and 

TEA(TCNQ)2 (Figure III-20 (b)), the peaks in the 400-450 nm and 650-800 nm ranges, 

which were also observed in the solid state, correspond to the absorptions of the TCNQ.- 

radical anion. The additional absorption features at ~486 nm that appear in the solution 

phase spectra of 6 and 7 as well as in the solid state, can be attributed to the contribution 
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of the TCNQ2- dianion215-217 which corresponds well with the estimated negative charge 

on type A TCNQ, which is higher than -1 on the average (the mixture of TCNQ.- and 

TCNQ2-), at room temperature in compound 6 and 7. The total extinction coefficient 

curves of 6 and 7 are nicely simulated by considering the contributions from [M(PTZ-

tpy)]2+, the TCNQ.- radical and the TCNQ2- dianion (Figure III-21). Although the 

TCNQ2- species exists in solid state, there are other possible sources of the TCNQ2- 

dianion in solution, such as the disproportion of the TCNQ.- radical anion and/or charge 

transfer between the redox-active PTZ moiety and TCNQ moiety .215-217 The charge 

transfer hypothesis is supported by the fact that no absorption features for neutral TCNQ 

spices were observed in spectra of 6 and 7 as it is likely converted to TCNQ.-/ TCNQ2- 

by the charge transfer mechanism. The additional two peaks (404 nm and 526 nm) for 6 

in the solid state are attributed to the contribution of the L.S. [Co(PTZ-tpy)]2+ 

component. 
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Figure III-22 XPS spectra for S2p of compound (a) 4, (b) 5, (c) 6 and (d) 7. The 

blue, green and red lines represent the experimental data, fits of S2p3/2 and S2p1/2 

respectively. The short dots represents for the sum of total fits. 
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Figure III-22 Continued 
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Figure III-23 . XPS spectra for C1s of compound (a) 4, (b) 5, (c) 6 and (d) 7. The 

blue represents the experimental data. The short dots represent the full fitting. The 

red and green lines represent for the different C1s components in compound 6 and 

7.
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Figure III-23 Continued 
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Figure III-24 XPS spectra for N1s of compound (a) 4, (b) 5, (c) 6 and (d) 7. The blue 

represents the experimental data. The short dots represent the full fitting. 
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Figure III-24 Continued 
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Figure III-25 XPS spectra for Co2p of compound (a) 4 and (b) 7. The blue 

represents the experimental data. The short dots represent the full fitting. The red 

and purple lines represent the fitting for Co2p3/2 and Co2p1/2 while green and azure 

lines represent for the fitting of their satellite peaks. 
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X-ray Photoelectron Spectroscopy (XPS)

The X-ray photoelectron spectroscopy measurements of compounds 4-7 were 

performed to investigate the oxidation states of sulfur on the phenothiazinyl groups. The 

typical S2p peaks at ~163 eV which can be deconvoluted into two spin-orbit splitting 

components, S2p3/2 and S2p1/2 were observed for all compounds (Figure III-22). The 

energy separations and peak area ratio of S2p3/2 and S2p1/2 were set to 1.2 eV and 2:1 for 

the peak deconvolution.218-219 The positions of S2p3/2 peaks for compounds 4-7,162.85, 

163.05, 163.15 and 162.95 eV respectively, are very close to each other and correspond 

well with reported values for C-S-C bonding.219 The reported binding energy for C-S+-C, 

~167.5 eV, 218-219 is significantly higher than the values observed here. Therefore, a 

conclusion can be drawn that no significant changes of sulfur oxidation were observed 

for the phenothiazinyl group when the [M(PTZ-tpy)2]
2+ cations are co-crystallized with 

TCNQ species in compounds 6 and 7 which rules out a paramagnetic contribution from 

PTZ+· radical.

Other than the peaks for sulfur, peaks of C1s (Figure III-23), N1s (Figure III-24) 

for 4-7 and Co2p (Figure III-25) for 4-7 were observed. The C1s peak at ~284.6 eV, 

which corresponds to CHx species, was observed in all four compounds while an 

additional peak, at ~286.0 eV, for carbons on TCNQ cyano groups was observed for 

compounds 6 and 7.220 For the N1s case, only one peak at ~398.8 eV was observed for 

all four compounds as the N1s binding energy values for pyridinic-N219, 221-222 and 

cyano-N220 are very close to each other in the range of 398.4-398.6 eV. The XPS spectra 

for Co2p for 4 and 6 exhibit similar patterns with Co2p3/2 peaks at 780.52 eV and 779.75 
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eV as well as Co 2p1/2 peaks at 795.78 eV and 795.10 eV along with smaller satellite 

peaks. The peak positions match well with the expected values for a terpyridine ligand 

coordinated CoII species.221, 223 

 

 

Figure III-26 Ln of relative resistance vs inverse temperature plots of 6 (blue open 

circle) and 7 (red open circle) with the linear fits (dash lines) in the range of 100-

300 K. 

 

Conducting Properties 

Due to the small size of the crystals, the temperature-dependent resistivity 

measurements were performed on pressed pellets of 6 and 7 over the temperature range 

of 100-300 K. The room temperature resistivities are ρ = 4.0×106 Ω·cm (σ = 2.5 ×10-7 S 
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cm-1) for 6 and ρ = 9.3×106 Ω·cm (σ = 9.3 ×10-7 S cm-1) for 7. These values are 

relatively higher than the previously reported values for partially charged 

semiconducting complexes which can be due to contact resistivity and anisotropic 

conducting behavior along different crystal axis.224  To investigate the temperature 

dependence of resistivities, the ln of relative resistance versus inverse temperature plots 

were evaluated and are depicted in Figure 10. The resistances of both 6 and 7 increase as 

the temperature decreases which is typical of semiconducting behavior. The relative 

resistance values of 6 and 7 are very close to each other and range from 3.3 × 10-3 to 4.5 

× 10-3 K-1 (over the range 300 to 220 K) and exhibit linear trends with similar values for 

the thermal activation band gap (Eg), namely 178 meV for 6 and 173 meV for 7 by 

applying the Arrhenius equation, R = R0 exp(Eg/kBT) (Figure III-26). The activation 

energy values are similar to reported TCNQ compounds with fractional charge states. 109, 

111, 113, 224-228 The similarities of the activation energies and relative resistance values are 

attributed to the similar structures and charge distributions on the TCNQ stacks between 

6 and 7 in the high-temperature region. The temperature dependence of 7 follows the 

linear trend to ~160 K and then transitions to a plateau in the range of 160–100 K with a 

lower energy gap of  ~8 meV. Such changes are likely due to the transition from intrinsic 

semiconducting behavior to the extrinsic semiconducting region of 7.229 In contrast, the 

temperature-dependent relative resistance of 6 deviates from the Arrhenius equation and 

behaves differently from 7 below 200 K. The gradual changes of ln(R/R300K) values for 6 

can be attributed to the changes in the charge states of TCNQ stacks in synergy with the 

SCO behavior of the [Co(PTZ-tpy)2]
2+ moiety. 
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Conclusions 

In this work, CoII based spin-crossover charge transfer complex with redox-

active partially charged TCNQ counter anions, namely [Co(PTZ-

tpy)2]2(TCNQ)4.5·2.5MeCN(3), as well as the ZnII analog, [Zn(PTZ-

tpy)2]2(TCNQ)4.5·2.5MeCN(7)  have been synthesized. Temperature-dependent single-

crystal X-ray studies revealed an electron transfer behavior between different TCNQ 

stacks in the solid state which accompanies spin-crossover behavior of the CoII  ions in 6.  

In contrast, compound 7 exhibits less temperature-dependent structural changes. 

Magnetic measurements as well as the EPR spectra support synergistic SCO and 

electron transfer. The temperature-dependent resistivity measurements indicate that both 

compounds 6 and 7 exhibit semiconducting behavior in the temperature range of 100-

300 K. The differences in ln(R/R300K) vs 1/T curves of 6 and 7 in the SCO temperature 

range suggests that the conducting behavior in 6 is affected by the SCO induced electron 

transfer. These results demonstrate that introducing the PTZ pendant group to the SCO 

system which has strong charge-transfer interactions with TCNQ moieties, [Co(PTZ-

tpy)2]
2+, not only results in interesting packing patterns in the solid state, but also 

induces synergistic effects between magnetic bistability and electrical transport 

properties. 
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CHAPTER IV  

MAGNETIC CHARACTERIZATION OF METAL-ORGANIC FRAMEWORKS 

FUNCTIONALIZED WITH SINGLE MOLECULE MAGNETS 

 

Introduction 

Metal-organic frameworks (MOFs) are a category of crystalline materials that 

consist of metal ions or molecular building blocks connected by organic linkers. 

Enormous achievements have been made in the structural manipulation, 

functionalization and practical applications of MOFs over the past two decades.230 The 

structural and functional flexibilities of MOFs are enabled by the powerful organic 

synthesis tools used for bridging ligand design and the variations in coordination modes 

of metal ions/clusters nodes. The highly crystalline nature of MOFs enables the 

investigation of structure-function relationships via single-crystal X-ray diffraction. 

Apart from the traditional applications of MOFs in gas absorption, storage and 

separation and catalysis, the integration of optical, electrical and magnetic properties into 

the highly ordered porous structure has been a forefront topic in recent years. The first 

example of a multifunctional material with cooperative magnetic ordering and metallic 

conductivity is the combination of the magnetic [MnIICrIII(C2O4)3]
-
∞ anionic MOF 

skeleton with stacked bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) moieties.231 In 

order to introduce magnetic ordering in MOFs, short linkers such as oxalate, formate and 

cyanide ligands, are required to allow for an appreciable superexchange interaction 

between spin centers.232 Another strategy in this vein is the introduction of paramagnetic 
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bridging ligands, such as semiquinoid, tetracyanoethene (TNCE) and TCNQ radicals. 

Instead of diamagnetic ligands which mediate superexchange, the radical bridging 

ligands engage in magnetic coupling between spin centers via strong direct exchange 

interactions. 233-235 

Introducing molecular magnetic bistability into MOFs, such as the properties 

exhibited by single molecule magnets is an interesting possibility. 232, 236-248 Specifically, 

MOFs are an ideal platform to minimize the spin relaxation in molecules contained 

either as a unit in their architecture or in their pores. There are several positions that can 

be capitalized upon to install the SMM moieties including the metal nodes, bridging 

linkers and the porous cavities (Figure IV-1).  

Collaborative research between the Dunbar group and Dr. Mario Wriedt’s group 

at Clarkson University have demonstrated that the long-range nanostructuring of SMM 

moieties, such as Mn12 and its derivatives, can be achieved by using mesoporous MOFs 

as temperates.236, 243, 247 Thermal stabilities of SMMs are enhanced by their incorporation 

into pores of MOFs with the preservation of magnetic properties. An excellent example 

of this point is the work of Zhou and co-workers who demonstrated that post-synthetic 

modification methods can be used to replace the diamagnetic carboxylate ligands with 

CoII (Py)nCl2 moieties (n = 2 or 4)  which led to the observation of SMM behavior.245 

Other reports of cooperating metal clusters based SMMs,237, 240, 242 transition metals,244 

and lanthanides232, 238-239, 246 single-ion magnets into the metal nodes have also been 

published. The most well-known transition metal based SMM moieties are CoII
 SMMs 

with octahedral geometry as metal nodes for MOFs244, 249-254 as the d7 electronic 
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configuration in an octahedral coordination sphere due to the prediction of large 

magnetic anisotropy. The synthetic methods of the reported MOFs with SMMs as nodes 

are mainly based on the direct reaction between the bridging ligands and simple cobalt 

metal salts such as CoCl2 and Co(NO3)2. The topologies of these MOFs are typically 

interpenetrating networks such that the distances between metal centers are less than the 

span of the bridging ligands which causes a larger dipolar interaction between magnetic 

centers.  

In the current studies, we used post-synthetic methods to incorporate the CoII 

based SMM moiety into the Zn4O nodes of the well-known MOF, UMCM-1. The 

reasons for selecting UMCM-1 are: (1) the mechanism of metal ion exchange between 

Zn4O nodes and Co2+ have been reported by Dinca and the coworkers who determined 

that the CoII  ion can be incorporated as a CoZn3O metal node (Figure IV-2).255 (2) The 

mesoporous structure of UMCM-1 ensures the efficient exchange of the metal ions and 

(3) the shortest distance between metal nodes is ~12.9 Å which is sufficiently large to 

suppress dipolar interactions between magnetic centers.  Given that the direct synthesis 

of the UMCM-1 structure with CoII substituted M4O metal nodes is unknown, the post-

synthetic ion-exchange chemistry is critical for the installation of CoII ions into the metal 

nodes. 
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Figure IV-1 Structural positions of MOFs that can be used to install SMMs  

 

In this chapter, the magnetic characterization and analysis of a CoII SMM 

incorporated into the UMCM-1 metal-organic framework (MOF) is described. The 

project is a collaboration between the Dunbar group at Texas A&M University and the 

Wriedt group at Clarkson University. The samples were prepared by Dr. Darpandeep 

Aulakh in the Wriedt group and the solid state UV, magnetic measurements and analyses 

were performed by Haomiao Xie, the author of this dissertation, in the Dunbar 

laboratories. 

Experimental Section 

Sample Preparation  

UMCM-1-pink  

The pristine MOF UMCM-1, which was prepared according to the reported 

procedure in the literature,256 was soaked in a 10 mL acetonitrile solution of CoCl2 (0.03 

M) for 12 hours. The color of the crystalline sample turned pink during the soaking 

period. The prepared sample, UMCM-1-pink (8), was washed with acetonitrile followed 
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by diethyl ether under a nitrogen atmosphere. The solid sample was sealed in a quartz 

NMR tube for magnetic characterization. 

UMCM-1-blue  

The pristine MOF UMCM-1 was soaked in10 mL of an acetonitrile solution of 

CoCl2 (0.03 M) for one week. The color of the sample turned to pink first and then 

turned an intense blue color as the time of soaking increased. The prepared sample, 

UMCM-1-blue (9),  was washed with acetonitrile followed by diethyl ether under a 

nitrogen atmosphere. The solid sample was sealed in a quartz NMR tube for magnetic 

characterization. 

Neutron Activation Analysis(NAA) 

The neuron activation analyses were performed by the Elemental Analysis Lab at 

Texas A&M University. The samples of 8 and 9 were pre-dried under a nitrogen 

atmosphere. Aliquots of 0.5 mL each of the Co (SCP Science Plasma CAL, Cat. No. 

140-051-271) and Zn (Alfa Aesar Specpure, Stock No. 13835) calibrator solutions 

(nominally 1000 g/mL) were accurately transferred by pipet and heat-sealed in acid-

washed 2/5-dram polyethylene irradiation vials.  The MOF samples of approximately 7 

mg each were transferred into pre-weighed, acid-washed irradiation vials inside of a dry-

nitrogen glove box.  The sample masses were determined with a calibrated analytical 

balance with readability of 0.01 mg.  The closed sample vials were weighed in ambient 

atmosphere and heat-sealed prior to irradiation. The neutron irradiations were performed 

sequentially in the pneumatic-tube facility of the TEES Nuclear Science Center 1 MW 

TRIGA reactor.  The subsequent gamma-ray spectrometry was performed using a high-
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purity Ge (HPGe) gamma-ray detector (from Ortec), and the data reduction was 

performed using NAA software from Canberra Industries. 

Solid State UV-vis Spectra 

Solid state UV-visible spectra were measured on a Shimadzu UV-2450 with a 

diffuse reflectance accessory. BaSO4 was used as the blank substrate and reference to 

correct the baseline. The ground samples were directly pressed onto the BaSO4 substrate 

for measurements.  

Magnetic Measurements 

A Quantum Design MPMS-XL SQUID instrument was used for magnetic 

measurements over the temperature range of 1.8-300 K. Samples were sealed in quartz 

tubes under nitrogen. The diamagnetic contributions of sample holders and diamagnetic 

contributions of atoms were corrected by using an empty sample holder as a blank and 

Pascal’s constants257, respectively. The program PHI v3.1.1 was used for the fitting of dc 

magnetic susceptibilities. 258 

 

 

Figure IV-2 Exchange mechanism of the Co2+ metal ion with the Zn4O nodes.  
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Results and Discussion 

Elemental Analysis and Solid State UV-vis Spectra  

The Co2+ ion exchange with the Zn4O nodes in UMCM-1 resulted in two 

different products, 8 and 9, with significantly different colors. The one from the shorter 

reaction time (12 hours), 8, is pink color while the longer one (1 week), 9, is an intense 

blue color. The color changes of the samples correspond well with the reported 

phenomenon.255 The pink color is from a CoII center in an octahedral geometry whereas 

the blue color is from CoII centers in a tetrahedral coordination environment. The 

substitution of CoII centers occurs at the solvated octahedral environment first and the 

additional substitution of CoII ions results in the presence of CoII centers in the 

tetrahedral sites. (Figure IV-2) The elemental analysis results from neutron activation 

(Table IV-1) suggest that sample 8 has 0.2 CoII substitution per M4O cluster and sample 

9 has 1.3 CoII substitutions per M4O cluster. The substitution values are close to the 

reported ones, 0.5 per M4O and 1.5 per M4O, respectively, in the literature.255 

 

Table IV-1Elemental analysis results from NAA experiment 

Sample Zn [wt%] ± u (2s) Co [wt%] ± u (2s) Zn:Co (molar) Co per node 

8 22.3 0.5 1.2 0.1 17:1 0.2 

9 11.4 0.3 4.8 0.2 2.2:1 1.3 

 

The solid state UV-vis spectra of 8 and 9 were also collected to investigate the 

CoII coordination environments. (Figure IV-3) For 8, only one absorption peak was 

observed at 504 nm which corresponds to the CoII centers in an octahedral environment. 
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In the spectrum of 9, apart from the peak at 504 nm, an additional feature at 623 nm and 

a shoulder at 583 nm was observed. The additional peaks correspond to the CoII centers 

in a tetrahedral geometry. The absence of CoII (Td) in sample 8 suggests that only the 

mono-substituted cluster CoZn3O exists in the product due to the low loading of CoII 

centers per M4O node. The coexistence of CoII species in both Oh and Td environments 

indicate the existence of Co2Zn2O and/or CoZn3O node types.  

 

Figure IV-3. Solid state UV-visible spectra of 8 (pink) and 9 (blue). 

 

Magnetic Properties 

Magnetic measurements of 8 and 9 were performed on freshly prepared samples 

sealed in quartz tubes. Temperature-dependent direct current (dc) susceptibility 
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measurements were carried out under a 1000 Oe dc field over the temperature range of 

1.8-300 K. All molar magnetic susceptibility values were calculated based per molar 

CoII centers. The χT value of 1 at 300 K is 3.61 emu K mol-1 which is higher than the 

expected spin-only value for S = 3/2 of 1.88 emu K mol-1 due to spin-orbit coupling 

magnetic anisotropy. 259 The χT value drops as the temperature decreases as shown in 

Figure IV-4 which is likely due to the zero-field splitting rather than the 

antiferromagnetic coupling since the solid state UV-vis spectrum of 8 suggests only 

mono-substituted CoZn3O in the sample and the M4O nodes are well separated from 

each other by the ligands. A fit of the static magnetic susceptibility was performed based 

on the Hamiltonian in Equation 4-1: 

Ĥ = 𝑔𝑖𝑠𝑜𝛽𝐻�̂� + 𝐷[�̂�𝑧
2 − 3�̂�(�̂� + 1)] + 𝐸(�̂�𝑥

2 − �̂�𝑦
2 )                      Equation 4.1      

where g, H, β, D and E represent the g factor, the magnetic field strength, the 

Bohr magneton and the axial and rhombic magnetic anisotropy, respectively. The best fit 

of magnetic susceptibility gives g = 2.82, D = +68.0 cm-1 and E = - 0.004 cm-1. These 

values are comparable to the previously reported examples of pseudo-octahedral CoII 

SMMs. 176, 244, 254, 260-269 On the contrary, the χT value for 9 (Figure IV-5) is 1.88 emu K 

mol-1 at 300 K, which is close to the anticipated spin-only value. The 1/χ vs T curve 

from 150 K to 300 K was fit to the Curie-Weiss law and yielded C = 2.90 emu K mol-1 

and θ = - 164 K. The large negative Weiss constant is a further indication of the presence 

of antiferromagnetic coupling between CoII centers within the M4O nodes. 259, 270 
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Figure IV-4 . Temperature-dependent magnetic susceptibility data for 8 (open 

circles) measured under a field of H = 1000 Oe.  The solid line represents the best 

fit with the Hamiltonian shown in Equation 4.1. 
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Figure IV-5 Temperature dependence of (a) T (black circles) and (b) 1/ (open 

circle) of 9 with Curie-Weiss law: 1/ = T/C – θ, where C is Curie constant and θ is 

Weiss constant. The best fit yield C = 2.90 emu K mol-1 and θ = -164 K. 
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Figure IV-6 Frequency dependence of (a) in-phase and (b) out-of-phase ac 

susceptibility data from 1 Hz to 1000 Hz under a dc field ranging from 0 Oe to 6000 

Oe at T = 2.5 K and (c) Cole-Cole plots with best fit (solid lines) for 8. 
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Figure IV-7 Frequency dependence of (a) in-phase and (b) out-of-phase ac 

susceptibility data from 1 Hz to 1000 Hz under dc fields ranging from 0 Oe to 6000 

Oe at T = 3.0 K and (c) Cole-Cole plots with best fit (solid lines) for 8 
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Table IV-2 . Fitting parameters of the Cole-Cole plots of variable-field AC 

magnetic susceptibilities of 8 at T = 2.5 K 

H/Oe s / emu mol-1 T / emu mol-1 τ / s  

500 0.048025 0.149116 0.000453 0.101837 

1000 0.019116 0.149921 0.000598 0.095763 

1500 0.013057 0.148033 0.000642 0.098210 

2000 0.012442 0.145572 0.000649 0.091232 

2500 0.01295 0.142927 0.00062 0.081471 

3250 0.014057 0.138781 0.000524 0.069251 

4000 0.015453 0.134167 0.000408 0.055973 

4500 0.016126 0.130005 0.000335 0.048595 

5250 0.017487 0.123825 0.000243 0.044222 

6000 0.019698 0.11763 0.000176 0.047376 

 

Table IV-3 Fitting parameters of the Cole-Cole plots of variable-field AC magnetic 

susceptibilities of 8 at T = 3.0 K. 

H/Oe s / emu mol-1 T / emu mol-1 τ / s  

500 0.038249 0.121041 0.000277 0.100956 

1000 0.016958 0.120311 0.000336 0.083543 

1500 0.013802 0.119564 0.000363 0.079775 

2000 0.01372 0.118601 0.000362 0.079460 

2500 0.01527 0.117519 0.000351 0.072274 

3250 0.017 0.114912 0.000306 0.057845 

4000 0.018489 0.112992 0.000253 0.047448 

4500 0.019691 0.111256 0.000217 0.040481 

5250 0.020549 0.107505 0.000166 0.032391 

6000 0.023681 0.104054 0.000128 0.026309 
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Figure IV-8 Field dependence of the inverse of relaxation time τ-1 of 8 at 2.5 K (red 

circle) and 3.0 K (black square). The solid lines show the best fit to the data with 

Equation 1.12. 
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Figure IV-9 Field dependence of the inverse relaxation time τ-1 at (a) 2.5 K and (b) 

3.0 K. Red lines show best fits to data with Equation 1.12. The red and blue lines 

show relative contributions from QTM and direct spin-phonon relaxation 

processes. 
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Figure IV-10 Frequency dependence of (a) in-phase and (b) out-of-phase ac 

susceptibility data from 1 Hz to 1000 Hz under HDC = 500 Oe and (c) Cole-Cole 

plots with best fits (solid lines) for 8. 
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Figure IV-11 Frequency dependence of (a) in-phase and (b) out-of-phase ac 

susceptibility data from 1 Hz to 1000 Hz under HDC = 1500 Oe and (c) Cole-Cole 

plots with best fits (solid lines) for 8. 
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Figure IV-12 Frequency dependence of (a) in-phase and (b) out-of-phase ac 

susceptibility data from 1 Hz to 1000 Hz under HDC = 4000 Oe and (c) Cole-Cole 

plots with best fits (solid lines) for 8. 
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Table IV-4 Fitting parameters of the Cole-Cole plots of variable-temperature AC 

magnetic susceptibilities for 8 under HDC = 500 Oe. 

T/K s / emu mol-1 T / emu mol-1 τ / s  

1.8 0.064046 0.211021 0.00094 0.162058 

2 0.057975 0.190165 0.000758 0.147664 

2.2 0.053046 0.170924 0.000609 0.132715 

2.4 0.049716 0.157085 0.0005 0.119836 

2.6 0.046502 0.144957 0.000418 0.112276 

2.8 0.04396 0.134642 0.000348 0.102194 

3 0.041556 0.125355 0.000293 0.093808 

3.2 0.039334 0.117642 0.000246 0.088404 

3.4 0.036259 0.110526 0.000202 0.090973 

3.6 0.036631 0.104504 0.000176 0.065853 

3.8 0.036703 0.099049 0.000152 0.048318 

4 0.034173 0.093839 0.000125 0.048676 

4.2 0.033069 0.089474 0.000101 0.040764 

 

 

 

Table IV-5 Fitting parameters of the Cole-Cole plots of variable-temperature AC 

magnetic susceptibilities for 8 under HDC = 1500 Oe. 

T/K s / emu mol-1 T / emu mol-1 τ / s  

1.8 0.008383 0.250611 0.001629 0.100128 

2 0.007218 0.229349 0.001486 0.108827 

2.2 0.008756 0.20564 0.000932 0.093082 

2.4 0.009875 0.190006 0.000739 0.087286 

2.6 0.010123 0.175769 0.000584 0.084064 

2.8 0.011128 0.16305 0.000467 0.076611 

3 0.012277 0.152981 0.000381 0.068837 

3.2 0.013571 0.143471 0.000312 0.057156 

3.4 0.015231 0.134947 0.000256 0.039969 

3.6 0.016499 0.127684 0.000211 0.031635 

3.8 0.01774 0.120898 0.000176 0.019100 

4 0.018963 0.114812 0.000146 0.008477 

4.2 0.019083 0.109408 0.000121 0.000000 
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Table IV-6 Fitting parameters of the Cole-Cole plots of variable-temperature AC 

magnetic susceptibilities for 8 under HDC = 4000 Oe. 

T/K s / emu mol-1 T / emu mol-1 τ / s  

1.8 0.010746 0.156897 0.000767 0.074839 

2 0.012656 0.151721 0.000654 0.058220 

2.2 0.012969 0.14565 0.00054 0.064376 

2.4 0.015281 0.138374 0.000456 0.053306 

2.6 0.016593 0.13105 0.00038 0.052720 

2.8 0.017946 0.123869 0.000319 0.047807 

3 0.018195 0.117405 0.000264 0.053103 

3.2 0.019689 0.111282 0.000223 0.048557 

3.4 0.019945 0.105381 0.000184 0.049549 

3.6 0.022735 0.10008 0.00016 0.029844 

3.8 0.024945 0.095025 0.000137 0.015786 

4 0.025873 0.090805 0.000117 0.009896 

4.2 0.021201 0.086562 0.000080 0.034069 
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Figure IV-13 Temperature dependence of the inverse of relaxation time τ-1 of 1 

under HDC = 500 (black squares), 1500 (red circle) and 4000 Oe (blue triangles). 

The solid lines show the best fits to the data with Equation 1.11. 
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Figure IV-14 Temperature dependence of the inverse relaxation time τ-1 under (a) 

500 Oe and (b) 1500 Oe and (c) 4000 Oe. Black lines show fits to data with Equation 

1.11. The red, blue, green and teal lines show relative contributions from Orbach, 

direct, Raman relaxation and QTM processes. 
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To study the magnetic relaxation dynamics, alternating-current (ac) magnetic 

susceptibility studies of 8 were performed under different static fields in the range of 0 – 

6000 Oe. No significant out-of-phase magnetic susceptibilities (χ’’) signals were 

observed under zero static field, which is attributed to fast quantum tunneling of the 

ground states due to the positive D value with ms = ±1/2 as ground states. Out-of-phase 

signals appeared when a small static field (≥500 Oe) was applied. In order to investigate 

the field dependence of the dynamic magnetic susceptibility in detail, variable-frequency 

ac data were collected in the range of 0 – 6000 Oe at two different temperatures, 2.5 K 

and 3.0 K (Figure IV-6 and IV-7). The fitting of the Cole-Cole plot (χ’’ vs χ’) gives the 

field dependence of relaxation times τ (Table IV-2 and IV-3).  Two relaxation 

mechanisms, quantum tunneling and direct spin-phonon relaxation processes, 

respectively, are considered for the magnetic field dependence of τ-1 at constant 

temperature in Equation 1.12. The power of the magnetic field for the direct relaxation 

term is 4 for a Kramers doublet.14 The field dependence of τ-1 (Figure IV-8) follows the 

same trend at both temperatures in that the value decreases when the field increases from 

500 Oe to 1500 Oe, which indicates the existence of direct quantum tunneling in the 

ground state. The value of τ-1 then increases as the field increases up to 6000 Oe, which 

is caused by the direct spin-phonon relaxation process. The least-square fitting yields A 

= 17.6(7) ×103
 T

-4 K-1s-1, B1 = 1.4(2) ×103 s-1 and B2 = 1.0(4) ×102 T-2. The contributions 

of the quantum tunneling mechanism (QTM) and the direct spin-phonon relaxation are 

shown in Figure IV-9. The contribution of QTM dominates at low fields and then is 
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quenched as the field strength increases. On the contrary, the contribution of the direct 

spin-phonon process is insignificant at low fields but increases rapidly at higher fields.  

The temperature dependence of the relaxation time was also studied under three 

different static fields (500, 1500 and 4000 Oe, shown in Figure IV-10, IV-11, IV-12). 

The relaxation time values, τ, fitted with a generalized Debye mode are given in Table 

IV-4, IV-5, IV-6.  Four terms were included to fit the τ-1 values including the field-

dependent terms, QTM and direct spin-phonon relaxation processes, and temperature-

dependent terms which are Orbach and Raman processes (Equation 1.11). Parameters for 

the field-dependent terms that were determined above were used here to prevent over-

parameterization. The n value is fixed as 9 for the Kramers doublet.14, 244 The best fit 

(Figure IV-13) yields the following set of parameters: Ueff = 10.6(9) K, τ0 = 1.3(5) × 10-5 

s, C = 0.003(4) K-9 s-1 with n = 9. The relative contributions of four relaxation processes 

are shown in Figure IV-14. The main trend of the temperature dependence of τ-1 results 

from an Orbach process. The contribution from a Raman process is insignificant over the 

temperature range of 1.8-3.8 K. Compared to the previously reported example of a 3D 

MOF that built from CoII SMM with a pseudo-octahedral geometry244 (Table IV-7), the 

coefficients for the direct and Raman relaxation processes, A and C, of 8 are much 

lower.  Although the nearest distance between CoII centers in different nodes is 12.92 Å 

which is smaller than that in previously reported work (13.39 Å), the highly dilute nature 

of 8 significantly inhibits the direct and Raman relaxation processes, which is a desirable 

feature for practical application. Whereas, for 9, no signal for χ’’ was observed even 

under applied static fields up to 6000 Oe as a result of a non-magnetic ground state from 
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antiferromagnetic coupling. The absence of an AC signal also suggests the majority of 

M4O nodes are in the Co2Zn2O form, despite the loading rate is 1.3 Co per node, as the 

CoZn3O node would exhibit some slow relaxation if it existed in sample 9. 

 

Table IV-7. Fitting parameters of relaxation processes of 8 and reported example of 

{[(Co(NCS)2)3(k3-TPT)4]·a(H2O)·b(MeOH)}n 
 8 {[(Co(NCS)2)3(k3-

TPT)4]·a(H2O) ·b(MeOH)}n 

A/ T-4 K-1s-1 1.76(7)×104 1.43×108 

C/ K-n s-1 0.003(4) 0.94 

n 9 8.97 

 

Conclusions 

The successful functionalization of UMCM-1 with octahedral a CoII SMM has 

been realized by post-synthetic ion exchange between the Zn2+ ions in the Zn4O metal 

nodes and Co2+ ions in solution. Different ion exchange times result in two distinct 

products, 8 (12 hours, pink) and 9 (1 week, blue). The loading rates and composites of 8 

and 9 were confirmed by elemental analyses, solid state UV-vis spectroscopy and 

magnetic studies. Sample 8 exhibits a typical field-induced SMM behavior with Ueff = 

10.6(9) K.  On the other hand, 9 exhibits antiferromagnetically coupled behavior with C 

= 2.90 emu K mol-1 and θ = - 164 K. The contributions of different relaxation processes 

to the relaxation time were analyzed in detail. The direct relaxation and QTM processes 

can be suppressed by applying an optimized field (1500 Oe). The major relaxation 

process is an Orbach one while the contribution from a Raman process is insignificant. 

Compared to the reported SMMs with CoII in an octahedral environment, the direct and 

Raman relaxation processes are significantly suppressed. These results demonstrate the 
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feasibility of installing the CoII SMM moiety into a mesoporous MOFs via post-synthetic 

ion exchange methods. The analysis of relaxation time contributions from different 

mechanisms suggests that the direct and Raman process can be suppressed via installing 

the SMM moiety to the mesoporous MOF, UMCM-1. 
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CHAPTER V  

SUMMARY AND FUTURE OUTLOOK 

In order to reach the demand of miniaturization and new functionalities for future 

generations of electronic devices, materials with multiple functionalities, such as 

electrical, magnetic, optical properties etc., are of high interest. Molecule-based 

materials have advantages in tackling these goals under nanoscale conditions, as their 

properties can be preserved and manipulated at the molecular level. Key tools for 

realizing the synthesis, assembly and property tuning of molecular materials are 

supramolecular interactions, such as π…π stacking, electrostatic and charge-transfer 

interactions. They are not only critical in determining the solid state assembly of these 

molecular building blocks, but also essential in achieving tunability and synergistic 

interactions between different functionalities. The work presented in this dissertation are 

mainly focused on using TCNQ and its derivatives along with structurally functionalized 

molecular magnetic moieties as building blocks to introduce supramolecular interactions 

in order to probe their effect on synergistic interactions of functionalities. In an unrelated 

effort, the installation of SMM units into a mesoporous MOF to reduce undesirable 

relaxation processes were demonstrated.   

In Chapter II, TCNQ anion-radical derivatives were used to fine tune the 

magnetic properties of the [CoII(Fctp)2]
2+ cation in the solid state.  The co-crystallization 

of [CoII(Fctp)2]
2+ and TCNQ results in two pseudo-polymorphic products, namely 

[CoII(Fctp)2] (TCNQ)2 (1) and [CoII(Fctp)2] (TCNQ)2·MeCN (2). It was also found that 

the reaction with TCNQF.- yields only [CoII(Fctp)2] (TCNQF)2·MeCN (3). Compound 1 
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exhibits field-induced SMM properties SMMs property with Ueff = 19.1 K and τ0 = 9.8 × 

10-6 s. The studies of magnetic relaxation mechanisms for 1 revealed that the main 

contributions are from Orbach and Raman processes in the optimal field of 1750 Oe. 

Compounds 2 and 3 are isostructural and exhibit spin-crossover behavior with different 

transition temperatures of T1/2 = 336 K and 226 K, respectively. Close inspection of solid 

state structure along with theoretical DFT calculations reveal that the differences in the 

magnetic properties of [CoII(Fctp)2]
2+ originate from supramolecular interactions 

between [CoII(Fctp)2]
2+ and tunable TCNQ⋅-/TCNQF⋅-  anion-radical derivatives. The 

substitution of the fluorine substituent on the TCNQ radical anion introduces more 

repulsion between the ferrocenyl group on [CoII(Fctp)2]
2+ and the electrons on fluorine 

compared to the hydrogen atom on original TCNQ. The π…π interactions between 

TCNQF⋅- and the ferrocenyl group in the phase-I structure are also weakened by the 

larger energy gap between the LUMO on the ferrocenyl group and the HOMO on the 

(TCNQF)2
2- dimer. These differences result in the phase-I product being unfavored in 

the reaction with TCNQF.-. The difference in SCO transition temperatures of the 

isostructural products, 2 and 3, are likely caused by electric dipole interactions between 

the [CoII(Fctp)2]
2+ moiety and TCNQ.- (zero net dipole)/ TCNQF.- (non-zero dipole). The 

work presented here demonstrates that supramolecular interactions can be used to tune 

molecular magnetic properties, but the results are limited to the existence of two kinds of 

molecular magnetic bistability in two distinct crystal structures. It will be more 

promising if the switches can be enabled by external stimuli, such as irradiation, in the 

same crystal structure. Embedding photoswitchable building blocks, such as 
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diarylethenes and azobenzenes,248 into the SCO moieties with co-crystallized248 into the 

SCO moieties and cocrystallize with TCNQ radical anions could be a promising strategy 

for this purpose.  

Chapter III describes the synthesis and characterizations of conducting SCO 

compounds with synergistic interactions between the magnetic and semiconducting 

properties. The SCO moiety, [CoII(PTZ-tpy)2]
2+ and its diamagnetic analog, [ZnII(PTZ-

tpy)2]
2+, were synthesized and co-crystallized with partially charged TCNQ moieties to 

give [Co(PTZ-tpy)2]2(TCNQ)4.5·2.5MeCN (6) and [Zn(PTZ-tpy)2]2(TCNQ)4.5·2.5MeCN 

(7). The mixed-stacking patterns of the TCNQ and PTZ groups on the SCO moieties 

were achieved in compounds 6 and 7 as TCNQ has strong charge-transfer interactions 

with the PTZ group. Compounds 6 and 7 are isostructural and exhibit different magnetic 

and semiconducting behavior. Temperature-dependent single-crystal X-ray structures 

were collected with synchrotron irradiation at the Advanced Photon Source facility 

located in Argonne National Laboratories. Detailed analysis of the temperature-

dependent M-N coordination bond distances and the charge states of different TCNQ 

moieties reveals that the synergy between the SCO behavior and electron transfer 

between different TCNQ moieties was found for compound 6 whereas the diamagnetic 

zinc analog, compound 7, did not exhibit any significant changes in bond distances and 

TCNQ charge states. Magnetic susceptibility measurements revealed that one of the CoII 

centers preserves SCO properties in compound 6 but only the contributions of localized 

and delocalized radical species from TCNQ moieties were observed in compound 7. The 

EPR spectra of 6 and 7 further confirm the identities of the paramagnetic species in 
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compound 4, 6 and 7. The temperature-dependent conductivity measurements of 6 and 7 

indicate that the semiconducting properties of 6 and 7 are similar at room temperature 

while differences are observed at low temperature which is attributed to the SCO 

induced charge transfer in 6. The results obtained thus far demonstrate that introducing 

supramolecular interactions, such as charge transfer interactions between conducting and 

SCO moieties, can be used to modify the solid state structures as well as realize 

synergism between SCO and semiconducting behavior. There are still several aspects 

that can be further investigated in such systems: (1) the PTZ group on [CoII(PTZ-tpy)2]
2+ 

is not planar as the sulfur is in sp3 hybridization. Planar electron donor moieties such as 

the phenazine radical and tetrathiafulvalene would be good choices to achieve better 

overlap between electron donor moieties and the electron acceptor TCNQ, (2) replacing 

TCNQ with other TCNQ derivatives as electron acceptors in such system would be 

useful for investigating how the redox potential of TCNQ moieties can affect the 

synergistic interactions between SCO and semiconducting behavior and (3) Other spin-

crossover moieties, such as those based on FeII that undergo abrupt transitions may lead 

to more pronounced synergistic interactions between SCO and semiconducting behavior. 

Other than enhancing the intermolecular interactions, minimizing the spin-spin 

and spin-phonon relaxations are critical for high-performance SMMs.  Chapter IV 

describes a method of installing octahedral CoII based SMM intoSMMs to the metal 

nodes of the mesoporous MOF, UMCM-1, via ion exchange. Two samples with different 

CoII loading percentages, 8 and 9 were synthesized and characterized. The direct current 

and alternating current magnetic characterizations indicate that sample 8 with a 0.3 Co 
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per M4O node loading shows typical octahedral CoII SMM behavior under applied fields, 

while sample 9, with a higher loading percentage, exhibits antiferromagnetic coupling 

between the CoII centers. A detailed investigation of the relaxation processes indicates 

that the Raman and direct relaxation processes can be suppressed by loading the SMM 

moiety into the mesoporous MOF. This work is an excellent proof-of-concept to 

demonstrate a method for introducing SMM moieties into mesoporous MOFs to 

minimize undesired relaxation processes. Thus, incorporating SMMs with high energy 

barriers, such as lanthanide SMMs, into mesoporous MOFs is expected to be very 

promising for practical applications.  The way in which the topology of MOFs, such as 

connectivity, symmetry and distance between metal nodes, will affect the relaxation 

mechanism is also worth being investigated using different types of MOFs. 
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