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Single-molecule magnets (SMMs) offer a molecular approach to nanoscale 

magnetic materials. These molecules, below their blocking temperature, function as 

single-domain magnetic particles and exhibit the classical macroscale property of a 

magnet-magnetization hysteresis. In addition, SMMs straddle the classical/quantum 

interface in also displaying quantum tunnelling of magnetization (QTM) and quantum 

phase interference. Potential applications of SMMs include high-density information 

storage and qubits for quantum computing. 
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 There are numerous synthetic and technical challenges to this end, the most 

significant of which involves maximization of the barrier to magnetization reversal 

(Ueff) and understanding the factors that control QTM.  To meet these goals, closely-

related families of Mn3
III-based complexes have been synthesized, in which the ground 

state spin values, uniaxial anisotropies, and magnetization reversal barriers were varied 

as a result of systematic changes in the coordinating ligands and co-crystallizing cations.  

Detailed single-crystal magnetization hysteresis and high-frequency EPR studies on 

these complexes provide unprecendented insight towards the mechanism and selection 

rules for QTM in these complexes, as applicable to all SMMs. 

 SMMs have also been widely touted as a ‘bottom-up’ approach to the 

construction of molecular magnetic materials, though very few examples adequately 

demonstrate this concept.  Families of higher-nuclearity Mn3
III-based complexes have 

thus been synthesized, for which dimeric structures, infinite 1-D chains, 2-D grids, and 

porous 3-D frameworks have been achieved.  Through systematic synthetic variations, 

these complexes exhibit magnetic properties that span the range from isolated SMMs, to 

weakly coupled SMMs, to correlated single-chain magnets (SCMs).  The porous 3-D 

structures also possesses unique multi-functional properties such as the observation of 

slow magnetization relaxation and the selective adsorption of gases such as CO2 and H2.  
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1.1.  Introduction 

Single-molecule magnets (SMMs) are single-domain molecular clusters in 

which the barrier to magnetization reversal is the consequence of an appreciable 

molecular ground state spin (S) and a negative (easy-axis) anisotropy (D).1-3  This was 

first discovered in 1993 for the mixed-valence complex 

[Mn12O12(CH3COO)16(H2O)4]·2CH3COOH·4H2O (Mn12-acetate), in which the intrinsic 

size of the molecular clusters bridge the gap between classical and quantum regimes.1, 4  

Fascinating effects have been observed for these clusters, in which the molecular 

dimensions are smaller than the length over which the spin wave functions remain 

sensitive to phase changes.5  This crossover from classical to quantum behavior has 

been explored by looking for signatures of quantum mechanical behavior, namely the 

tunneling of electrons through the anisotropy barrier.4  This approach has been applied 

to other magnetic systems such as small grains, spin glasses, and thin films, among 

others, yet has been met with limited success due to problems involving the intrinsic 

inhomogeneity of those systems.6-10  One illustrative example involves the observation 

of a low-temperature resonance in the magnetization hysteresis loops for the iron-

storage protein ferritin, which was controversially attributed to quantum tunneling of 

the magnetization (QTM).10, 11   

1.1.1.  Polydispersity and Quantum Phenomena 

The magnetic core of ferritin is a spherical cage of the mineral ferrihydrite and 

phosphate that is between 3 nm and 8 nm in diameter.10  The fully packed ferritin 

protein contains approximately 4500 antiferromagnetically coupled FeIII ions that 

possess a small net magnetic moment due to the noncompensation of collinear spin 
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sublattices.10  The spin of the sublattice is on the order of 5000, while the 

noncompensated spin is much smaller at approximately 100.  These excess spins exist 

in one of two preferred directions, behaving as a superparamagnetic particle above 13 

K.10, 12  Below 13 K the thermal processes for magnetization reversal are essentially 

frozen, suggesting the transition from S to –S occurs due to QTM.10, 12, 13  One of the 

major obstacles to proving this claim involved the broad distribution of core sizes in 

ferritin, in which the averaged ensemble of magnetic behaviors were observed.  In fact, 

each independently prepared sample was shown to possess different magnetic behaviors, 

which in some cases even precluded the observation of a vertical step in the hysteresis 

loops.10, 12  Although QTM was eventually shown to exist in ferritin, little additional 

insight could be extracted from even the best measurements due to the wide distribution 

of particle sizes and very limited resolution of the magnetic data.11, 13 

1.1.2.  Intrinsic Advantages of Single-Molecule Magnets  

By taking into account the well-defined crystalline structures, spin ground states, 

and magnetic anisotropies of SMMs, it is apparent why these materials represent the 

most promising candidates to observe and study the fundamental origins of quantum 

magnetic phenomena.14-16  The regular assembly of identical molecules into large 

crystals of SMMs provides direct access to single-molecule properties such as QTM.  A 

plot of the magnetization hysteresis for an aligned single crystal of 

[Mn12O12(O2CMe)16(H2O)4]·CH3CO2H·4H2O (hereafter "Mn12-acetate") is provided in 

figure 1 (bottom), in which the swept magnetic field was applied along the exact easy-

axis of the crystal.17, 18  The vertical steps in this plot are notably well-defined, owing to 

the monodispersity of the discrete molecules within the crystal.  It is important to note 
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that these experiments require a single molecular orientation within the unit cell, which 

excludes a large number of SMMs (i.e. many that crystallize in monoclinic space 

groups).  The complexes presented in chapters 4 and 5 demonstrate these 

crystallographic considerations in detail.    

The aforementioned vertical steps in the hysteresis loops occur at well-defined 

field intervals and correspond to quantum tunneling transitions between the ms levels of 

opposite spin projection, i.e. ms = –10 to ms = +10 at H = 0 T.  As the longitudinal field 

is swept, the energy levels on opposing sides of the anisotropy barrier shift according to 

the Zeeman interaction, making QTM possible between spin states with ∆|ms|≠0. 18  

These Zeeman-induced interactions between different ±ms levels occur at equally 

spaced intervals of the axial zfs D, as shown in figure 2.2   Thermally activated quantum 

tunneling is also observed in SMMs when the available thermal energy is greater than 

the separation between the ground state and excited state(s), yet less than the overall 

barrier height.4  Because this phenomenon is based upon thermal transitions such as 

phonons, the characteristic relaxation time is strongly dependent upon the temperature, 

as evident by the observation of temperature- and sweep-rate dependent hysteresis loops.  

These combined properties make up the characteristic fingerprint of an SMM and 

differentiate this unique class of molecules from all other magnetic materials.1, 18 

The underlying motivations for studying these quantum phenomena are twofold: 

(i) the quest towards an understanding of the fundamental principles involved and (ii) 

possible implications toward quantum computing applications.  In the latter, the primary 

long-term goal involves the construction of a “Quantum Information Processing 

System” (QIPS), which involves the manipulation of entangled wavefunctions that  
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Figure 1.1.  (top) Molecular structure for [Mn12O12(O2CMe)16(H2O)4]· 

CH3CO2H·4H2O.17  (bottom) Hysteresis loops for Mn12-acetate.18 
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Figure 1.2.  Representative Zeeman diagram for an axially aligned S = 9/2 SMM.  The 

equally spaced red arrows indicate possible QTM transitions between different ±ms 

levels, which are labeled as k = 0-4. 
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Figure 1.3.  Double-well potential for an S = 10 SMM (i.e. Mn12-acetate, Fe8) at a 

negative longitudinal applied field of Hz = –2|D|.  The k = 2 thermally-activated 

tunneling resonance is represented by the double-headed arrow.24 
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are comprised of multiple sub-systems in the QIPS.5, 16, 19-23  Although the details for 

such a system are beyond the scope of this work, what is important to note here is the 

extremely complex nature of the quantum states, which also turn out to be very easily 

disturbed by interactions with the environment.19  A thorough understanding of the 

underlying physics is a clear prerequisite for constructing a viable QIPS system, in 

which one must have a means to probe and manipulate the individual spin states.25   

1.1.3.  Examples of Quantum Coherence in SMMs: "Fe8" and "Fe4" Clusters 

This most basic requirement has been satisfied in only two SMM systems to 

date, the first of which has a formula of [Fe8O2(OH)12(C6H15N3)6]Br8·9H2O (“Fe8”) and 

was studied via pulsed HFEPR spectroscopy in 2009 by Takahashi et al.26  The spin 

decoherence time T2 was estimated from the decay rate of the pulsed microwave spin-

echo, resulting in a maximum value of 712 ns after spin polarization of the sample.26  

An appreciable value of T2 is a requirement for proposed applications in quantum 

memory, computing, and molecular spintronics devices, to allow for the manipulation 

and understanding of the spin energy levels in the system.27, 28  The pulsed HFEPR 

results on a single crystal of Fe8 are unprecedented due to the tendency for SMMs to 

couple to their environment, resulting in non-specific QTM that leads to information 

loss.19  Thus, these results on Fe8 are significant because they demonstrate the ability to 

coherently manipulate the quantum spin states in an SMM on a measurable timescale.22, 

26   

The only other example in which it was possible to manipulate the spin of an 

SMM in a coherent manner is the Fe4 "iron-star" complex with formula 

[Fe4
III(acac)6(Br-mp)2], where acac is acetyl acetonate and Br-mp

3– is the anion of  
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Figure 1.4.  Molecular representation of the structure and spin orientation in the S = 10 

complex [Fe8O2(OH)12(C6H15N3)6]Br8·9H2O.26 
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2-(bromomethyl)-2-(hydroxymethyl)-1,3-propanediol.29  Similar observations to Fe8 

were obtained for frozen solutions of Fe4, resulting in decoherence times on the order of 

630 ns.  It is notable that both of these examples are comprised of I = 0 FeIII metal 

centers, which is in contrast to the majority of SMMs, most of which contain I = 5/2 

MnIII metal centers.  Although the nuclear spin has been shown to drive QTM in Mn12-

acetate, it remains to be determined what effect this interaction has upon the rate of spin 

decoherence and magnitude of T2.21                   

1.1.4.  Origins of Quantum Tunneling of the Magnetization 

An even more basic question that must be answered to this end is, “what causes 

quantum tunneling?”  From a theoretical basis, one will expect QTM to occur between 

spin states whose wavefunctions are mixed by a configuration interaction such as an 

applied transverse magnetic field or transverse anisotropy.  These interactions are those 

that occupy off-diagonal positions in the spin Hamiltonian matrix for the system.  In a 

SMM, the axial spin and anisotropic terms reside along the matrix diagonal, whereas all 

transverse perturbations exist at off-diagonal positions according to their symmetry.  

For example, a two-fold or 'rhombic' zfs anisotropy (E= 2
2B ) mixes diagonal matrix 

elements with ∆ms = ±2 due to the presence of second-rank raising and lowing operators 

for the corresponding Stevens operator 2
2Ô , as shown for k = 2 and q = ± 2 in table 1.   

Other transverse terms in the spin Hamiltonian may be due to the application of 

an external field, presence of nuclear hyperfine interactions, or from the existence of  

intermolecular interactions.  The extent of mixing of spin states on opposite sides of the 

anisotropy barrier dictates the tunneling probability according to the magnitude of the          



11 

 

 

Figure 1.5.  Molecular representation of the structure and spin orientation in the S = 5 

complex [Fe4
III(acac)6(Br-mp)2].29 
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tunnel splitting (∆), according to the Landau-Zener-Stuckelberg equation given in eq. 1 

below.25, 30, 31 

                                              (1) 

In this equation, m and m’ are the quantum numbers of the two spin states, dHz/dt is the 

constant field sweeping rate, and ħ is Planck’s constant.  Described another way, the 

tunnel splitting represents the breaking of the degeneracy of m and m’ energy levels, 

which converts exact energy level crossing points into energy level anticrossings.  This 

is depicted visually in the Zeeman diagram in figure 2, in which the 

crossing/anticrossing points occur at intervals of D.  This explains the experimental 

observation of equally spaced QTM resonances in hysteresis loops on well-behaved 

SMMs such as Mn12-acetate (see figure 1 (bottom)).  Interestingly, despite variations in 

the molecular symmetry and corresponding transverse anisotropy terms, consecutive 

QTM resonances have always been observed in experimental examples prior to the 

work presented here.  This is the subject of chapter 5, in which the symmetry-dependent 

selection rules for QTM are presented for the first time.32 

Another selection rule for QTM involves the symmetry of the ground state with 

respect to time reversal.  This quantity is associated with the Kramers degeneracy of 

half-integer spin systems, which leads to a doubly degenerate ground state that is 

invariant to time reversal.  QTM is thus prohibited in the absence of any applied 

magnetic fields, which is indeed expressed in half-integer SMMs such as the reduced 

anionic S = 19/2 Mn12-based complex (PPh4)[Mn12O12(O2CEt)16(H2O)4] and the 

tetranuclear S = 9/2 complex with formula [Mn4O3(OSiMe)3(OAc)3(dbm)3].33-35  In 
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Table 1.1.  Extended Stevens operators q

kÔ . 

k q 
q

kO  

2 0 sS z −23  
 ±1 [ ]+−+± ± SSSc z ,  

 ±2 ( )22
−+± ± SSc  

4 0 ( ) ( )ssSsS zz 63253035 224 −+−−  

 ±1 ( )[ ]+−+± ±+− SSSsSc zz ,137 2  

 ±2 ( )[ ]+−+± ±+− 222 ,57 SSsSc z  

 ±3 [ ]+−+± ± 33, SSSc z  

 ±4 ( )44
−+± ± SSc  

6 0 ( ) ( ) ( )sssSssSsS zzz 60405294525105735315231 232246 +−−+−+−−  

 ±1 ( ) ( )[ ]+−+± ±+−+−− SSSssSsSc zzz ,12105153033 235  

 ±2 ( ) ( )[ ]+−+± ±++++− 22224 ,102101231833 SSssSsSc zz  

 ±3 ( )[ ]+−+± ±+− 333 ,59311 SSSsSc zz  

 ±4 ( )[ ]+−+± ±+− 442 ,3811 SSsSc z  

 ±5 [ ]+−+± ± 55, SSSc z  

 ±6 ( )66
−+± ± SSc  

[ ]+BA, indicates the symmetrised product ( ) 2BAAB + , and s = S(S+1), c+=1/2, c–=–i/2. 
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particular, (PPh4)[Mn12O12(O2CEt)16(H2O)4] exhibits a dramatically reduced rate of 

QTM at H = 0 relative to its parent S = 10 [Mn12O12(O2CMe)16(H2O)4] complex.   

The presence of intermolecular interactions has also been shown to affect the 

magnetic and quantum mechanical properties of SMMs.  In the simplest case, the 

interactions between adjacent molecules act merely as a biasing magnetic field, with no 

mixing or 'entanglement' of the molecules' wavefunctions.  This was observed in a 

family of tetranuclear NiII-based complexes with a general formula of 

[Ni(hmp)(ROH)Cl]4, where hmp– is the anion of 2-hydroxymethylpyridine, and R = 

alkyl.36  In these complexes, smaller coordinated alcohol groups such as MeOH and 

EtOH were found to facilitate stronger intermolecular interactions, whereas bulkier 

alcohols such as 3,3-dimethyl-1-butanol were found to magnetically insulate the 

discrete clusters.  The steric bulk of the chelating hmp– ligand was also modulated 

through the incorporation of large tert-butyl groups in (t-Buhmp–).  These observations 

were made based upon the field-shift of the  k = 0 transition, which represents tunneling 

between ms levels of equivalent magnitude (i.e. ms = –4 to ms = +4).  In the absence of 

any field bias, this resonance is expected to occur at exactly Hz = 0 T, whereas a field 

bias will shift this resonance away from Hz = 0 T.  This is apparent in the derivative plot 

dM/dH vs HL in figure 6, in which the resonance peaks are shifted according to the 

identity of the coordinating ligands.     

Intermolecular interactions may also lead to coupling of the individual 

molecules' wavefunctions, as first observed in the complex [Mn4O3Cl4(O2CEt)3(py)3]2.37, 

38  Each S = 9/2 cluster is comprised of three MnIII ions and one MnIV ion arranged in a 

cubane structural topology.37, 38  Antiferromagnetic exchange coupling interactions are  
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Figure 1.6.  Plot of the first derivative (dM/dH) of the magnetization versus magnetic 

field for single crystals of [Ni(hmp)(dmb)Cl]4 (3), [Ni(hmp)(chp)Cl]4 (4), 

[Ni(hmp)(dmb)Br]4 (5), and [Ni(t-Buhmp)(dmb)Cl]4 (6).  The field was swept at a rate 

of 0.035 T/s.  Complexes 4-6 clearly show an antiferromagnetic exchange bias of about 

–20, –71, and –10 mT, respectively, while complex 3 presents a ferromagnetic 

intermolecular coupling of about 12 mT.36 
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observed between neighboring Mn4 clusters through six C–H···Cl hydrogen bonds, for 

adjacent molecules that are oriented in a "head to head" arrangement.  The weak 

intermolecular interactions in this complex result in a mixing of the spin states for the 

neighboring molecules, leading to quantum behaviors that are different from that of the 

individual SMMs.37, 38  This system was understood by taking into account the linear 

combinations of spin states for the quantum-mechanically coupled [Mn4]2 pairs, which 

also provided insights towards the spin coherences in this system.38  The chemist's 

ongoing charge is to selectively modify the exchange couplings in these types of 

systems, allowing for a control over the key parameters required for a viable QIPS 

system.  This goal has yet to be accomplished in a predictable manner, in spite of the 

considerable synthetic flexibility afforded in these molecular systems.  Chapter 8 in this 

work is concerned with systematic modulation of the magnetic interactions between 

SMM subunits via substitution of the linking groups in 1-D and 2-D structures.   

1.1.5.  Optimization of the Relaxation Behavior in SMMs: Ueff and τB 

Another central goal in the field of molecular magnetism is concerned with 

maximizing the barrier to magnetization reversal to technologically relevant 

temperatures, i.e. 77 K.  Although large barriers (Ueff) in excess of 80 K have been 

reported for a few SMMs1, 39, the onset of fast relaxation via QTM and thermally-

assisted QTM serves to short-cut these barriers such that the maximum observed 

blocking temperatures (τB) for SMMs remain below 8 K.  Techniques for raising the 

blocking temperature have focused on increasing the magnitude of the spin ground state 

S, which affects the value of Ueff according to eqs. 2 and 3 for integer and half-integer 

spin SMMs, respectively. 
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Figure 1.7.  ORTEP of the complex [Mn4O3Cl4(O2CEt)3(py)3]2, in which the 

intermolecular H-bonding interactions are described by dotted lines.  Ellipsoids are 

shown at 50% probability.38 
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2
zeff SDU =               (2) 

        ( )412 −= zeff SDU         (3) 

The most commonly employed method to attain this goal involves the synthesis of 

higher nuclearity structures via spontaneous self-assembly reactions.  Although higher 

nuclearities do not necessarily ensure higher spin ground states, this approach has 

serendipitously led to a number of impressively large spin complexes.  One example is 

the mixed-valence complex [Mn12
IIIMn7

IIO8(N3)8(HL)12(CH3CN)6]Cl2·10MeOH· 

CH3CN, which possesses a record S = 83/2 spin ground state.40  The ligand H3L in this 

complex is 2,6-bis(hydroxymethyl)-4-methylphenol.  This complex crystallizes in the 

rhombohedral space group R–3, in which the single-ion MnIII JT anisotropy axes are 

oriented toward alternating corners of a cube.  The net result of this structural 

arrangement is a nearly isotropic molecular anisotropy, as evident by the extremely 

small (positive) D-value of +0.0006 K.41  Consequently, this molecule does not behave 

as an SMM.   

An additional example of a high-nuclearity and high-spin complex was 

synthesized by Murugesu in 2008, and possesses a molecular formula of 

[Mn25O18(OH)2(N3)12(pdm)6(pdmH)6]Cl2, in which pdmH2 = pyridine-2,6-dimethanol.42  

The molecular structure for this complex is presented in figure 9, revealing the presence 

of a large and aggregated magnetic core topology.  This complex possesses a very large 

ground state spin of S = 51/2 and a small negative D-value of –0.029(3) K, which 

suggests the possibility of SMM behavior.  Although temperature-dependent hysteresis 

loops were in fact obtained at temperatures below 0.4 K, the loops are smooth/S-shaped  
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Figure 1.8. Molecular structure of the S = 83/2 complex 

[Mn12
IIIMn7

IIO8(N3)8(HL)12(CH3CN)6]Cl2·10MeOH·CH3CN.40  The larger spheres 

represent manganese ions.                              
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Figure 1.9. Molecular structure of the S = 51/2 complex 

[Mn25O18(OH)2(N3)12(pdm)6(pdmH)6]Cl2.42  The larger spheres represent manganese 

ions. 
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Figure 1.10.  Molecular structure of the S = 37 complex 

[Mn17O8(N3)5(O2CMe)4(pd)10(py)10(CH3CN)2(H2O)2](ClO4)3.43  The larger spheres 

represent manganese ions. 
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and lacking in additional features that are indicative of QTM.   

A third example of a high-nuclearity and high-spin molecular cluster is the 

complex [Mn17O8(N3)5(O2CMe)4(pd)10(py)10(CH3CN)2(H2O)2](ClO4)3, in which pdH2 = 

1,3-propanediol and py = pyridine.  This complex is shown in figure 10 and possesses 

an S = 37 spin ground state and D = –0.013 K.  The corresponding hysteresis loops 

reveal nonzero coercivities below 0.6 K, yet a broadened appearance that is similar to 

the aforementioned Mn19 and Mn25 complexes.  This is likely due to the positional and 

occupational disorders in the large number of weakly coordinated pyridine, acetonitrile, 

and water solvate molecules.   

The above survey of three representative high-nuclearity and high-spin 

complexes allow for three common themes to be identified: (i) anisotropies that are very 

small and scale approximately inversely with the spin, (ii) observation of significantly 

broadened single-crystal hysteresis loops that are devoid of features corresponding to 

quantum phenomena, and (iii) the presence of small Ueff barriers to magnetization 

reversal.  All of these observations are detrimental with respect to the maximization of 

Ueff and towards a better understanding of the quantum magnetic properties of SMMs.   

With reference to eqs. 2 and 3, an alternative approach involves the 

maximization of D while maintaining an appreciable ground state spin S.  This is clearly 

the case for the SMMs that possess the highest blocking temperatures, in which 

appreciable Ising anisotropies on the order of D = –0.5 K to –0.8 K are combined with 

ground states ranging from S = 10 to S = 12.1, 3, 4, 39, 44-46  Although it has been possible 

to modify the spin ground state in a few of these complexes through redox chemistry, 

structural distortions, or metal replacement, precious little is known regarding the 
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maximization of anisotropy in SMMs.34, 39, 46-50  Interestingly, the relationship between 

the spin and anisotropy has been extensively studied in other systems such as thin films, 

spin glasses, and Mott insulators 51-53  Chapters 4, 6, and 8 investigate this relationship 

for different families of systematically constructed SMMs, and provide insight towards 

maximization of the corresponding Ueff barriers.  Indeed, the results are interesting in 

that they indicate an approximate inverse or inverse square relationship between D and 

S for each distinct family of complexes. 

1.1.6.  Crystallographic Considerations 

Maximization of the crystalline quality is also a primary consideration for the 

study of SMMs due to the direct relationship between the monodispersity and the 

quality of the magnetic/spectroscopic data obtained.  This has been documented in a 

large number of SMMs to date, in which crystallographic disorders and partial 

evaporation of co-crystallized solvate molecules result in distributions of molecular 

environments that consequently lead to broadening of the magnetic transitions that are 

of interest.  This is clearly apparent in the aforementioned high-spin and high-nuclearity 

Mn19, Mn25, and Mn17 complexes, in which smooth and very broad single-crystal 

hysteresis loops were obtained.  In contrast, some of the cleanest demonstrations of 

quantum phenomena are observed in derivatives of the Mn4 cubane, Mn12 cluster, and 

Ni4 cubane complexes from above.1, 36, 37, 54  By systematically comparing the 

crystalline properties of these high-quality SMMs, an 'ideal' SMM may thus be 

characterized by: (i) the lack of co-crystallized solvate molecules, (ii) absence of 

positional or occupational disorder, (iii) presence of a single molecular orientation 

within the unit cell, and (iv) magnetic isolation between adjacent SMM clusters.   
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Though many of the above properties remain dependent upon serendipitous 

crystallization processes, it is possible to obtain a degree of synthetic control via careful 

design of the coordinating ligands.  For example, the Mn12-based complex 

[Mn12O12(tBuCH2CO2)16(CH3OH)4]·CH3OH possesses very clean steps in the hysteresis 

loops and sharp HFEPR resonances as a result of its high-quality tetragonal I–4 

crystalline packing.55  There is no observable disorder in any of the atoms in this 

structure, which contrasts with other derivatives such as Mn12-butyrate, in which broad 

QTM resonances are associated with positional disorders in the alkyl fragments of the 

coordinating carboxylate groups.2  Another reason for the high quality data in Mn12-

(tert-butyl acetate) is the minimization of intermolecular interactions via the bulky 

diamagnetic tert-butyl groups that decorate the perimeter of each discrete cluster.55        

Although the previously described tetranuclear [Mn4O3(OSiMe)3(OAc)3(dbm)3] 

and [Ni(hmp)(dmb)Cl]4 cubane complexes exhibit measurable intermolecular 

interactions, the corresponding magnetization hysteresis and HFEPR data still reveal 

well-formed QTM steps and spin-state transitions, respectively.33, 34, 36, 54  This is largely 

due to the absence of solvate molecules in these complexes, which arises from the 

efficient crystallographic packing arrangements in three-fold symmetric rhombohedral 

(R–3) and four-fold symmetric tetragonal (I41/a) space groups, respectively.  Both of 

these space groups fortuitously exhibit a single molecular orientation within the unit cell 

packing, allowing for oriented single crystal techniques.  The high-resolution data 

obtained from these measurements made possible the study of phenomena such 

quantum phase interference56, 57, spin-spin cross relaxation58, exchange bias36, 37, 59, spin 
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parity effects35, 60, 61, and quantum coherence38, all of which serve as cornerstones in the 

study of SMMs.    

Drawing upon these results, the approach employed here involves the systematic 

construction and investigation of low-nuclearity heterometallic SMMs that possess 

large uniaxial anisotropies and appreciable spin ground states.  Low-nuclearity 

triangular and cubane-based structural topologies were chosen due to their ability to 

pack efficiently in a variety of crystallographic space groups, providing the opportunity 

to investigate the effects of symmetry upon the selection rules for quantum phenomena 

such as QTM. 

 

1.2.  Dissertation Outline 

Two related families of tetranuclear cubane Mn3
IIIXII (X = NiII, ZnII) complexes 

are presented in chapters 2 and 3, revealing insights towards the relative rates of QTM 

for a variety of molecular symmetries.  The molecular anisotropies were also found to 

vary for these two isostructural families of complexes, which has implications for the 

systematic construction of SMMs that possess higher blocking temperatures.  These 

structures possess respective S = 5 and S = 6 spin ground states for Mn3
IIINiII and 

Mn3
IIIZnII, which demonstrates a further degree of synthetic control over the magnetic 

properties of these systems.  The structural topology for these integer-spin complexes 

also bears a close structural resemblance to the benchmark half-integer Mn3
IIIMnIV 

cubane complexes described above, allowing for direct spin-parity comparisons to be 

drawn.   
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Chapters 4-6 continue this idea further to a different family of highly anisotropic 

pentanuclear complexes represented by Mn3
IIIY2

II, in which Y = ZnII, MnII.  

Remarkably, these structures possess synthetically variable spin ground states ranging 

from S = 1 to S = 11, along with very large uniaxial molecular anisotropies of up to D = 

–3.3 K) that arise from the near-alignment of MnIII single-ion anisotropy axes.  The 

detailed structural, magnetic, and spectroscopic results from these studies indicate: (i) 

large spin state changes due to metal and ligand substitution, as well as due to steric and 

crystallographic packing effects, (ii) the intrinsic relationship between the spin (S) and 

anisotropy (D) for isostructural and isomorphic analogs, (iii) observation of large Ueff 

barriers of up to 48 K, (iv) the first experimental demonstration of the symmetry-

dependent selection rules for QTM, and (v) the specific roles of dipolar intermolecular 

interactions and tilting of the single-ion Jahn-Teller axes with regard to QTM.  These 

notable results arise from the unsurpassed crystalline quality of these low-nuclearity 

structures, which is correlated with the absence of crystallographic disorder, co-

crystallized solvate molecules, and appreciable intermolecular interactions, combined 

with the presence of a single molecular orientation within the unit cell.  The presence of 

three bulky and diamagnetic co-crystallizing cations in these complexes also serves to 

magnetically isolate adjacent molecules, resulting in nearly monodisperse crystals that 

yield the sharpest QTM resonances and HFEPR transitions for any SMM to date.  These 

observations validate the approach employed, in which families of systematically 

constructed low-nuclearity systems were explicitly targeted. 

Chapter 7 is concerned with the synthesis and magnetic characterization of a 

family of Mn6
IIIZ2

II complexes (Z = ZnII, CdII), which are comprised of two inversion-
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related halves of the Mn3
IIIY2

II complexes in chapters 4-6.  These results demonstrate 

the synthetic flexibility afforded in these discrete anionic complexes, for which larger 

dimeric structures are possible through modulation of the co-crystallizing cation, 

coordinating groups, and synthetic conditions. 

Chapter 8 describes the assembly of the aforementioned Mn3
IIIY2

II and Mn6
IIIZ2

II 

complexes into infinite 1-D and 2-D coordination networks, in which the linkages 

between repeating subunits were systematically varied to selectively obtain single-chain 

magnetic systems that exhibit long-range intermolecular interactions along the chain, or 

alternatively, SMM systems separated by diamagnetic groups that are set into extended 

structural networks.  Chapter 9 describes two unprecedented porous 3-D metal-organic 

frameworks that are comprised of Mn3
IIIY2

II SMM building blocks.  Remarkably, these 

complexes exhibit slow magnetization relaxation behaviors that are correlated with the 

respective integer and half-integer spin ground states, as well as interesting physical 

properties such as the selective and hysteretic adsorption of CO2(g) and the inverse 

temperature-dependent adsorption of H2(g).   

Chapters 10 and 11 describe numerous other complexes that are based upon 

heptanuclear arrays and cubane-based structural subunits, respectively, with an 

emphasis on the structural and magnetic relationships between complexes. 
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2.1.  Introduction 

The discovery of a tetranuclear mixed-valence manganese complex at the active 

site of the oxygen-evolving center (OEC) in photosystem II (PSII) led to intense interest 

in synthesizing model complexes that would exhibit similar structural and spectroscopic 

properties and led to the serendipitous preparation of high-valent Mn4 cubane 

complexes.1-10  These complexes gained additional significance with the discovery of 

SMMs, as numerous examples exhibited such behavior.5, 11 SMMs are individual 

molecules that possess a significant barrier to magnetization reversal as the result of a 

large ground-state spin value (S) and significant easy-axis (Ising) magnetic 

anisotropy.11-13  This anisotropy is reflected by a negative value of the axial zero-field 

splitting (ZFS) parameter (D), resulting in a theoretical barrier to magnetization reversal 

of |D|·S2 and |D|·(S2-1/4) for integer and half-integer S-values, respectively.  A 

significant barrier leads to slow relaxation of the magnetization, resulting in frequency-

dependent out-of-phase ac magnetic susceptibility signals (χ”M) and hysteresis loops in 

plots of magnetization versus applied dc field.   

Two well-studied types of Mn4 cubane SMMs include 

[Mn4O3X(O2CMe3)3(dbm)3], where X– is Cl–, Br–, N3
–, NCO–, OH– or MeO–, and dbm– 

is the anion of dibenzoylmethane; and [Mn4O3Cl4(O2CR)3(py)3], where  R is Me or Et, 

and py is pyridine.5, 11  The complexes in both series exhibit well-isolated S = 9/2 spin 

ground states and contain a distorted-cubane [Mn4(µ3-O)3(µ3-X)]6+ mixed-valent core of 

MnIVMn3
III ions.  The magnetic properties of these complexes reveal interesting 

quantum phenomena such as: spin-parity dependent quantum tunneling of 

magnetization (QTM)1, spin-spin cross relaxation (SSCR)2, and quantum coherence 
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(QC)3.  The discovery of antiferromagnetically coupled dimers of two MnIVMn3
III 

complexes led to the observation of unique hysteresis loops, where the intermolecular 

exchange interaction results in a bias that shifts from zero field the magnetic field at 

which the quantum tunneling occurs.4  The exchange bias within this [Mn4]2 dimer has 

also made possible the study of QC, where linewidths of the HFEPR transitions allowed 

for estimation of the quantum coherence times on the order of 1 ns.3  These findings 

have important implications for potential applications such as molecular memory 

devices, where a bit of information would be stored on a single molecule, and quantum 

information processing, where each molecule would function as a quantum bit.16-18             

In the present work, we investigate the structural and magnetic properties of a 

related new family of heterometallic cubanes.  These complexes exhibit a well-isolated 

S = 5 spin ground state with 1NiII and 3MnIII ions in a core structure similar to the S = 

9/2 Mn4 cubanes.  Important differences in magnetic properties exist as the result of the 

integer-spin ground state and molecular symmetry of these complexes, particularly with 

respect to their spin Hamiltonian parameters, hysteresis loops, and rate of QTM.  The 

results of in-depth magnetization and HFEPR experiments are described and the 

similarities and differences between the previously reported S = 9/2 Mn4 SMMs and our 

new S = 5 Mn3Ni SMMs are highlighted.         

 

2.2.  Experimental Section  

2.2.1  Materials and Synthesis.  All the starting materials were of reagent grade and 

used as received.  Caution! NaN3 is toxic and potentially explosive.  Although no 
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problems were encountered in this work, these materials should be handled with 

extreme care. 

[Mn3<i(hmp)3O(<3)3(C7H6O2)3]·2CHCl3 (1).  Mn(benzoate)2·4H2O (0.376 g, 

1.08 mmol) and NiCl2·6H2O (0.256 g, 1.08 mmol) were added to 40 mL of CHCl3.  

NaN3 (0.070 g, 1.08 mmol), hmpH (0.22 mL, 2.28 mmol), and NBu4MnO4 (0.092 g, 

0.255 mmol) were quickly added and the mixture stirred for 30 minutes.  The red-brown 

solution was decanted from a sticky white precipitate and layered with Et2O.  Large red-

brown block crystals formed overnight in 75% yield (based on Mn).  Anal. Calcd. for 

C41H35Mn3NiN12O10Cl6 (1): C, 38.11; H, 2.73; N, 13.01.  Found: C, 39.39; H, 3.19; N, 

14.08. 

[Mn3<i(hmp)3O(<3)3(C9H9O2)3] (2).  Mn(NO3)2·4H2O (0.280 g, 1.12 mmol) 

and Ni(NO3)2·6H2O (0.170 g, 0.59 mmol) were added to 40 mL of a stirring CHCl3 

solution of NaN3 (0.090 g, 1.38 mmol), 2–phenylpropionic acid (0.190 g, 1.27 mmol), 

and hmpH (0.22 mL, 2.28 mmol).  n-NBu4MnO4 (0.092 g, 0.255 mmol) was added over 

5 minutes and the resulting mixture stirred for 3 hours.  The dark brown filtrate was 

then layered with isopropyl ether and left undisturbed for 1 week.  Black cube-shaped 

crystals were retrieved in 71% yield (based on Mn).  Anal. Calcd. for 

C45H45Mn3NiN12O10 (2): C, 47.52; H, 3.99; N, 14.78.  Found: C, 47.21; H, 3.87; N, 

14.96. 

[Mn3<i(hmp)3O(<3)3(C11H16O2)3]·CH2Cl2 (3).  Mn(NO3)2·4H2O (0.250 g, 

1.00 mmol) and Ni(NO3)2·6H2O (0.200 g, 0.70 mmol) were added to 50 mL of a 

stirring CH2Cl2 solution of NaN3 (0.070 g, 1.08 mmol), 1-adamantanecarboxylic acid 

(0.25 g, 1.39 mmol), and hmpH (0.22 mL, 2.28 mmol).  NBu4MnO4 (0.092 g, 0.255 
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mmol) was added over 5 minutes and the resulting mixture stirred for 30 minutes.  The 

dark red filtrate was then carefully layered with Et2O.  Long black needles (10mm x 

1mm x 1mm) were collected after 3 days (82% yield based on Mn).  Anal. Calcd. for 

C52H68Mn3NiN12O10Cl2 (3): C, 47.66; H, 4.85; N, 12.83.  Found: C, 47.71; H, 4.99; N, 

12.89.     

[Mn3<i(hmp)3O(<3)3(CH3O2)3] (4).  Mn(OAc)2·4H2O (0.730 g, 2.98 mmol) 

and Ni(OAc)2·4H2O (0.354 g, 1.42 mmol) were added to 50 mL of CHCl3.  NaN3 

(0.200 g, 3.08 mmol) and hmpH (0.812 mL, 8.43 mmol) were slowly added and the 

resulting mixture stirred overnight.  The resulting red-brown solution was filtered and 

carefully layered with Et2O.  Well-formed dark red pyramidal crystals were obtained in 

64% yield (based on Mn) after 3 weeks.  Anal. Calcd. for C21H27Mn3NiN12O10 (4): C, 

30.35; H, 3.28; N, 20.23.  Found:  C, 30.79; H, 3.17; N, 20.77.  

[Mn3<i(hmp)3O(<3)3(C3H5O2)3]·2CHCl3 (5).  Mn(NO3)2·4H2O (0.250 g, 1.00 

mmol) and Ni(NO3)2·6H2O (0.200 g, 0.70 mmol) were added to 50 mL of a stirring 

CHCl3 mixture of NaN3 (0.070 g, 1.08 mmol), propionic acid (0.30 mL, 4.02 mmol), 

and hmpH (0.22 mL, 2.28 mmol).  The mixture was filtered after stirring for 15 

minutes, leading to a small amount of red-brown microcrystalline precipitate and a dark 

brown-red filtrate.  Brown block-shaped crystals formed from the standing filtrate after 

2 days in 45% crystalline yield (based on Mn).  The microcrystalline precipitate yielded 

an IR spectrum identical to that of the crystalline product, resulting in a combined yield 

of 67%.  Anal. Calcd. for C28H34Cl3Mn3N12NiO10 (5): C, 32.75; H, 3.34; N, 16.38.  

Found:  C, 32.72; H, 3.33; N, 17.09.  
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[Mn3<i(hmp)3O(<3)3(C4H7O2)3]·CHCl3 (6).  Mn(NO3)2·4H2O (0.125 g, 0.50 

mmol) and Ni(NO3)2·6H2O (0.100 g, 0.35 mmol) were added to 40 mL of a stirring 

CHCl3 mixture of NaN3 (0.035 g, 0.54 mmol), butyric acid (0.2 mL, 2.19 mmol), and 

hmpH (0.11 mL, 1.14 mmol).  The mixture was filtered after stirring for 10 minutes, 

leading to a red-brown microcrystalline precipitate and a dark brown-red filtrate.  

Brown block-shaped crystals formed from the standing filtrate after 2 days in 34% 

crystalline yield (based on Mn).  The microcrystalline precipitate yielded an IR 

spectrum identical to that of the crystalline product, resulting in a total combined yield 

of 58%.  Anal. Calcd. for C31H40Cl3Mn3N12NiO10 (6): C, 34.83; H, 3.77; N, 15.73.  

Found:  C, 34.02; H, 3.33; N, 14.39. 

[Mn3<i(hmp)3O(<3)3(C4H5O2)3]·CHCl3 (7).  Mn(NO3)2·4H2O (0.250 g, 1.00 

mmol) and Ni(NO3)2·6H2O (0.200 g, 0.70 mmol) were added to 50 mL of a stirring 

CHCl3 mixture of NaN3 (0.070 g, 1.08 mmol), crotonic acid (0.35 g, 4.07 mmol), and 

hmpH (0.22 mL, 2.28 mmol).  NBu4MnO4 (0.092 g, 0.255 mmol) was then added in 

small portions over 5 minutes.  The mixture was stirred for an additional 30 minutes, 

resulting in a dark red-brown solution and a small amount of sticky white precipitate.  

Red-brown block-shaped crystals formed from the standing filtrate after 2 days in 53% 

yield (based on Mn). 

 

2.2.2.  Physical Measurements   

Elemental analyses were performed by NuMega Resonance Labs (San Diego, 

CA) for complexes 1-7.  DC magnetic susceptibility measurements were performed on 

finely ground polycrystalline samples of complexes 1-7, restrained in eicosane to 
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prevent torquing of the micro-crystallites in an externally applied magnetic field.  

Measurements were carried out on a Quantum Design MPMS-5 magnetometer 

equipped with a 5.5 T magnet.  Magnetic susceptibility measurements were performed 

in the 1.8-300 K temperature range with applied fields of 0.1-50 kG.  Ac magnetic 

susceptibilities measurements were obtained between 1-5 K with a 3 G ac field, at 

frequencies in the range of 10-997 Hz, with zero applied DC magnetic field on a 

Quantum Design MPMS-2 magnetometer.  Data were corrected for diamagnetic 

contributions resulting from the sample rod, capsule and eicosane.  Corrections for 

diamagnetism were estimated from Pascal’s constants yielding the overall paramagnetic 

contribution to the molar magnetic susceptibility.  Single-crystal magnetization 

hysteresis and magnetic relaxation measurements done below 1.8 K were performed 

using a micro-SQUID array.5  High frequency (40 – 160 GHz) electron paramagnetic 

resonance (HFEPR) measurements were carried out between 2-20 K on single-crystals 

of complexes 1, 2, and 5 using a millimeter-wave vector network analyzer (MVNA) and 

a sensitive cavity technique.6  A split-pair superconducting magnet was used to apply a 

transverse DC magnetic field in the range from 0-7 T.  The angle dependence of 

complexes 1 and 2 were investigated using the stepper motor associated with a 

Quantum Design PPMS to rotate the sample in the applied DC magnetic field. The 

temperature was also controlled by the PPMS.    

X-ray Crystallography.  Diffraction intensity data for complexes 1, 4, 5-7 were 

collected at -173 °C  and at -65 °C for complexes 2 and 3.  A Bruker Smart Apex CCD 

diffractometer was used and the resulting data were integrated using the Bruker SAINT 

software program, and corrected for absorption using the Bruker SADABS program.   
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Figure 2.1.  ORTEP of [Mn3Ni(hmp)3O(N3)3(CH3CO2)3] (1) at the 50% probability 

level.  Manganese, nickel, oxygen, nitrogen, and carbon atoms are represented by 

purple, green, red, blue, and grey ellipsoids, respectively. 
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Figure 2.2.  ORTEP of [Mn3Ni(hmp)3O(N3)3(C9H9O2)3] (2) at the 50% probability 

level.  Manganese, nickel, oxygen, nitrogen, and carbon atoms are represented by 

purple, green, red, blue, and grey ellipsoids, respectively. 
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Figure 2.3.  Labeled ORTEP of [Mn3Ni(hmp)3O(N3)3(C11H16O2)3]·CH2Cl2 (3) at the 

50% probability level.  Manganese, nickel, oxygen, nitrogen, and carbon atoms are 

represented by purple, green, red, blue, and grey ellipsoids, respectively. 
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Crystal data, data collection, and refinement parameters for complexes 1-7 are given in 

table 1.  Complexes 1-7 were solved by direct methods (SHELXS-97), developed by 

successive difference Fourier syntheses, and refined by full matrix least squares on all 

F2 data.  All non-hydrogen atoms were refined as being anisotropic and hydrogen atoms 

were placed in calculated positions with temperature factors fixed at 1.2 or 1.5 times the 

equivalent isotropic U of the C atoms to which they were bonded.  Unresolved solvent 

in complex 1 was accounted for by using the PLATON program SQUEEZE which 

found 673 electrons/unit cell or 2 molecules of chloroform (58 electrons/molecule) per 

molecular unit. Solvent electron density was included in the molecular formula as 2 

(CHCl3).  The methylene chloride solvate molecule in complex 3 is threefold 

disordered, resulting in 2/3 chlorine occupancy in each of the three sites.  The 

occupancies were determined through refinement using the FVAR command in 

SHELXS-97. 

 

2.3.  Results and Discussion 

2.3.1.  Synthesis 

In certain cases it has been possible to obtain a degree of synthetic control over 

the formation of polynuclear transition metal complexes that function as SMMs, by 

selectively modifying the periphery of preformed structural types, as has been shown 

through carboxylate replacement in the well-studied family of 

[Mn12O12(O2CR)16(H2O)4] complexes.12, 22-26   These ligand substitutions have been 

instrumental in understanding the nature of magnetization relaxation in these 
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complexes, particularly with respect to intermolecular interactions and coupling to the 

environment. 27-29   

In view of the synthetic insight gained through these and similar studies, we 

decided to investigate heterometallic reactions involving 2-pyridinemethanol and 

sodium azide.  This approach was taken for many reasons.  First, heterometallic 

complexes should provide the opportunity for tuning the spin of the ground state, the 

magnetic exchange interactions, and the anisotropy relative to homometallic 

examples.30, 31  This has previously been seen in [Mn11CrO12(O2CCH3)16(H2O)4], where 

a CrIII ion occupies the place of a MnIII ion in the parent [Mn12O12(O2CCH3)16(H2O)4] 

complex.7  This modification results in a change of the spin ground state from S = 10 to 

S = 19/2 and the observation of phenomena such as dipolar-biased QTM. 7    

The ligand 2-pyridinemethanol was chosen because of its versatility as a 

bridging ligand in polynuclear complexes.8-12  The azide anion was chosen because it 

has been shown to facilitate ferromagnetic exchange interactions when bridging 

transition metal ions in the commonly seen end-on (µ-η1:η1) bridging mode.13  This 

could give SMMs with higher blocking temperatures since the height of the barrier for 

magnetization reversal is affected by changes to the spin ground state S.  Although the 

azido ligands in complexes 1-7 do not ferromagnetically couple magnetic centers as 

initially hoped, they are a required component for the synthesis of these new complexes.  

As a result, our initial interest in synthesizing heterometallic examples of a known 

polynuclear SMM has been accomplished. 

 

2.3.2.  Description of the Structures of 1-7   
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The molecular structures of the representative complexes 1-3 are shown in 

figures 1-3.  Crystallographic data for all seven complexes are shown in tables 1-3.  A 

simplified view of the core structure of complexes 1, 3-7 is given in figure 4 and a 

similar view of complex 2 is given in figure 5.  Selected bond distances and angles are 

summarized in table 5 for complexes 1, 3-7 and in table 6 for complex 2.     

Each compound possesses a [Mn3NiO4]6+ cubane core structure, and can be 

described as a Mn3Ni trigonal pyramid with the NiII ion at the apex and a Mn3
III triangle 

at the base.  The hexacoordinate NiII coordination environment is composed of three 

bidentate hmp– ligands, with each alkoxo- arm bridging to a MnIII ion.  For all structures 

except 2, the MnIII ions are arranged in an equilateral triangle by virtue of their 

crystallographically imposed C3 symmetry.  A single µ3-O2- ion bridges the MnIII ions, 

and resides between 0.691-0.730 Å out of the plane of the three Mn atoms.  Each 

remaining MnIII ion is also coordinated by a terminal N3
– and two oxide ions of a 

bidentate carboxylate group.  The ligand arrangement for complexes 1-7 imparts a 

handedness to each molecule, allowing both ∆ and Λ isomers to be identified.  All 

complexes crystallize as equal mixtures of isomers, with complex 3 being the only 

example exhibiting two crystallographically unique isomers.  All other examples exhibit 

both isomer types in equal amounts as the result of the glide plane symmetry operation.  

Assignment of the 3MnIII and NiII oxidation states were made based on charge 

considerations, presence of Jahn-Teller (JT) elongation axes, and bond valence sum 

(BVS) analysis.  A summary of BVS results is given in table 4.  As a generalized 

example, complex 1 has JT elongation axes determined by the atoms O1 and O4, which 

correspond to carboxylate and alkoxo- atoms,  respectively.  The canted orientation of 
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individual JT elongation axes is consistent with the propeller-like hmp– ligand 

arrangement and non-centrosymmetric space groups.   The shortest metal-oxygen bond 

distance is between each MnIII ion and the O2- oxide atom, as found in many other oxo-

bridged polynuclear Mn complexes.     

In addition to the above similarities for these complexes, there are structural and 

crystallographic differences between complexes 1-7.  The most significant difference 

between these 4 complexes is found in the presence or absence of C3 molecular 

symmetry.  Complexes 1, 3-7 possess crystallographic C3 symmetry, whereas complex 

2 does not, as detailed below.  The lack of C3 symmetry in 2 has significant effects on 

its magnetic properties, as will be discussed later.   

[Mn3<i(hmp)3O(<3)3(C7H5O2)3]·2CHCl3 (1).  Complex 1, where C7H5O2
– is 

the benzoate anion, crystallizes in the trigonal space group R3c (No. 161), with the 

Ni(1)-O(3) vectors aligned with the crystallographic c-axis.  The individual JT axes at 

each MnIII atom are tilted ~40˚ from the Mn3 plane, resulting in a net axial anisotropy 

collinear with the Ni(1)-O(3) molecular axis (c-axis).  When viewed along this axis, 

there is a symmetry-imposed misalignment of 12.1˚ between successive Mn3Ni 

molecules stacked along the C3 axis.  An equal mixture of ∆ and Λ isomers is present, 

as evident by the arrangement of hmp– chelate rings, ligand substituents, and spiral 

orientation of JT elongation axes.  Alternating isomeric forms are observed for 

successive molecules aligned in the c-direction.  The JT axes have bond lengths of: 

Mn(1)-O(4), 2.375 Å and Mn(1)-O(1), 2.177 Å.  The aromatic benzoate rings are 

twisted 22.7˚ relative to the O(1)-C(17)-O(2) plane, consistent with the handedness of 

hmp– rings, JT axes, and N3
– orientation.  In spite of the high crystal diffraction quality, 
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it was not possible to determine the positions of co-crystallized solvent molecules.  As a 

result, SQUEEZE and elemental analysis results were used to determine the existence 

of two CHCl3 solvate molecules.  A stereo view of the crystal packing for complex 1, 

neglecting disordered solvate molecules, is given in figure 6.  Thus, there are two 

CHCl3 solvate molecules packed between neighboring Mn3Ni complexes and they are 

disordered to give an effective C3 symmetry in the stack.  

[Mn3<i(hmp)3O(<3)3(C9H9O2)3] (2).  Complex 2, where C9H9O2
– is the 2-

phenylpropionate anion, crystallizes in the monoclinic space group Cc (No. 9), with no 

co-crystallized solvate molecules present.  Conformational flexibility of the 

phenylpropionate ligand allows for the observed asymmetric structure.  Two of these 

ligands are oriented with phenyl rings up (towards the Ni2+ ion), whereas the third 

ligand exhibits a downward facing phenyl ring.  This ligand asymmetry imposes C1 

molecular symmetry and necessitates a lower symmetry space group, as satisfied by the 

Cc assignment.  Geometric asymmetries are further observed within the core structure, 

notably with respect to the JT elongation axes.  The JT axes associated with the ‘up’ 

facing ligands have lengths of: (Mn(1)-O(3), 2.407 Å; Mn(2)-O(6), 2.167 Å) and 

(Mn(3)-O(2), 2.412 Å; Mn(3)-O(10), 2.173 Å).  The ‘down’ associated JT axis has 

corresponding bond lengths of (Mn(2)-O(4), 2.332 Å; Mn(2)-O(8), 2.182 Å).  The 

asymmetric unit contains a complete molecule, with the c- glide plane relating two 

distinct molecular orientations for ∆ and Λ isomers in the crystal structure.  The net 

easy axes between isomers are separated by 14.15˚ and have a torsion angle of 7.32˚, 

resulting in important implications for single-crystal HFEPR and magnetic studies.  

This further distinguishes complex 2 from the other analogs, as all other examples  
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Table 2.1.  Crystal Data and Structure Refinement Parameters for Compounds 1-3. 

compound 1 2 3 

formula C41H35Mn3NiN12O10Cl6 C45H45Mn3NiN12O12 C52H68Mn3NiN12O10Cl2 

fw 1292.02 1137.42 1310.54 

cryst syst trigonal monoclinic hexagonal 

space grp R3c (No. 161) Cc (No. 9) P63 (No. 173) 

a (Å) 15.453 (4) 25.724 (2) 16.264 (5) 

b (Å) 15.453 15.9015 (13) 16.264 (5) 

c (Å) 38.060 (10) 14.1776 (11) 24.634 (5) 

α (deg) 90.00 90.00 90.00 

β (deg) 90.00 122.9980 (10) 90.00 

γ (deg) 120.00 90.00 120.00 

V (Å3) 7870 (3) 4863.9 (7) 5643 (3) 

Z 6 4 4 

T (K) 100 (2) 208 (2) 208 (2) 

µ (mm–1) 1.430 1.212 1.148 

D (g cm-3) 1.636 1.553 1.543 

F000 3816 2328 2704 

refls meas 17761 16334 40546 

refls used 2870 7299 5038 

params 196 640 487 

R1a 0.0367 0.0411 0.0383 

wR2b 0.0394 0.0501 0.0488 

GOF on F2 1.090 0.983 1.028 

( ) ( ) 2
1

22222 /2)).(00.2(/1 



 ∑∑ −=>∑∑ −= oco

b
oco

a FwFFwwRIIFFFR σ  (all data). 
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Table 2.2.  Crystal Data and Structure Refinement Parameters for Compounds 4-6. 

compound 4 5 6 

formula C21H27Mn3NiN12O10 C29H35Mn3NiN12O10Cl6 C31H34Mn3NiN12O10Cl3 

fw 867.05 1145.871 1063.534 

cryst syst cubic trigonal trigonal  

space grp I-43d (No. 220) R3c (No. 161) R3c (No. 161) 

a (Å) 23.469 (6) 15.0233 (10) 14.8030 (12) 

b (Å) 23.469 (6) 15.023 14.8030 (12) 

c (Å) 23.469 (6) 35.017 (2) 34.490 (3) 

α (deg) 90.00 90.00 90.00 

β (deg) 90.00 90.00 90.00 

γ (deg) 90.00 120.00 120.00 

V (Å3) 12926 (6) 6844.5 (6) 6545.2 (9) 

Z 16 6 6 

T (K) 100 (2) 208 (2) 208 (2) 

µ (mm–1) 1.793 1.632 1.522 

D (g cm-3) 1.782 1.668 1.610 

F000 21024 3456 3186 

refls meas 14794 8520 12088 

refls used 1527 1868 2371 

params 152 185 182 

R1a 0.0320 0.0561 0.0349 

wR2b 0.0459 0.0611 0.0358 

GOF on F2 0.842 1.061 1.064 

( ) ( ) 2
1

22222 /2)).(00.2(/1 



 ∑∑ −=>∑∑ −= oco

b
oco

a FwFFwwRIIFFFR σ  (all data). 
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Table 2.3.  Crystal Data and Structure Refinement Parameters for Compound 7. 

compound 7 

formula C31H34Cl3Mn3N12NiO10 

fw 1061.908 

cryst syst trigonal 

space grp R3c (No. 161) 

a (Å) 14.8030 (12) 

b (Å) 14.8030 (12) 

c (Å) 34.490 (3) 

α (deg) 90.000 (2) 

β (deg) 90.000 (2) 

γ (deg) 12.0000 (10) 

V (Å3) 6545.2 (9) 

Z 6 

T (K) 100 

µ (mm–1) 1.522 

D (g cm-3) 1.610 

F000 3186 

refls meas 12088 

refls used 2453 

params 182 

R1a 0.0349 

wR2b 0.0927 

GOF on F2 1.064 

( ) ( ) 2
1

22222 /2)).(00.2(/1 



 ∑∑ −=>∑∑ −= oco

b
oco

a FwFFwwRIIFFFR σ  (all data). 
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Figure 2.4.  Representation of the core bond connectivities for C3 complexes 1, 3-7.  

Selected carbon and nitrogen atoms have been removed for clarity.  
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Figure 2.5.  Representation of the core bond connectivities for complex 2.  Selected 

carbon and nitrogen atoms have been removed for clarity. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



55 

 

Table 2.6.  Selected Bond Distances (Å) and Bond Angles (deg) for complex 2 
 
Mn(1) – O(1) 1.884(3)  Mn(3) – O(10)       (JT) 2.173(3) 

Mn(1) – O(2) 1.941(3)  Mn(3) – N(7) 1.944(4) 

Mn(1) – O(3)       (JT) 2.402(3)  Ni(1) – O(2) 2.060(3) 

Mn(1) – O(6)       (JT) 2.170(3)  Ni(1) – O(3) 2.056(3) 

Mn(1) – O(7) 1.922(3)  Ni(1) – O(4) 2.084(3) 

Mn(1) – N(10) 1.949(4)  Ni(1) – N(1) 2.038(4) 

Mn(2) – O(1) 1.898(3)  Ni(1) – N(2) 2.058(4) 

Mn(2) – O(3) 1.944(3)  Ni(1) – N(3) 2.046(4) 

Mn(2) – O(4)       (JT) 2.328(3)  Ni(1) – O(1) 3.376(4) 

Mn(2) – O(8)       (JT) 2.182(3)  Mn(1) – O(1) – Mn(2)  107.85(14) 

Mn(2) – O(9) 1.932(3)  Mn(2) – O(1) – Mn(3) 106.87(14) 

Mn(2) – N(4) 1.952(4)  Mn(3) – O(1) – Mn(1) 107.63(14) 

Mn(3) – O(1) 1.887(3)  O(2) – Ni(1) – O(3) 84.05(12) 

Mn(3) – O(2)       (JT) 2.408(3)  O(3) – Ni(1) – O(4) 82.57(12) 

Mn(3) – O(4) 1.944(3)  O(4) – Ni(1) – O(2) 82.97(13) 

Mn(3) – O(5) 1.935(3)  µ3-oxo out-of-plane, ∆ 0.691 
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Figure 2.6.  Stereo view of the core cubane structure of complexes 1, 5-7. 

 

Figure 2.7.  Stereo view of the core cubane structure of complex 2. 
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Figure 2.8.  Stereo view of the core cubane structure of complex 3. 

 

 

 

Figure 2.9.  Stereo view of the core cubane structure of complex 4. 
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except 4 exhibit an alignment of net easy axes in the bulk solid-state structure.  These 

geometric properties are described for the core structure of complex 2 as a stereo view 

in figure 7. 

[Mn3<i(hmp)3O(<3)3(C11H16O2)3]·CH2Cl2 (3).  Complex 3, where C11H16O2
– 

is the 1-adamantanecarboxylate anion, crystallizes in the hexagonal space group P63, 

with one C3 disordered CH2Cl2 molecule per cubane unit.  Interestingly, the disordered 

solvate molecule mimics a CHCl3 molecule, resulting in 2/3 occupancy at each C3-

symmetric position.  The incorporation of chloroform as a co-crystallized impurity was 

ruled out based on the electron count of SQUEEZE, replicate crystallizations from pure 

CH2Cl2, and elemental analysis results.  Crystallographically independent ∆ and Λ 

isomers are observed in the asymmetric unit.  This distinguishes complex 3 from the 

other analogs, as this represents the only case where the two isomers are not purely 

related by symmetry.  These independent molecules exhibit similar but differing bond 

geometries.  The ∆-isomer has JT bond lengths of (Mn(2)-O(5), 2.248 Å; Mn(2)-O(7), 

2.105 Å) and the Λ-isomer JT bond lengths of (Mn(1)-O(1), 2.295 Å; Mn(1)-O(4), 

2.135 Å).  Each isomer is arranged in columns along the crystallographic c-axis, with 

net JT axes collinear with the c-axis.  Adjacent columns contain the other isomeric 

form.  Successive molecules exhibit a 60.5˚ rotation along this axis.  Cubane-solvate 

contact interactions are realized through Cl(2)···N(4) (3.083 Å) and O(2)···C(35) 

(3.156 Å), resulting in a 3-dimensional network encompassing all µ3-O2– ions, azido 

ligands, and solvate molecules.  However, due to the imposed C3 site disorder on a non-

C3 symmetric solvate molecule, the exact nature of this interaction cannot be gauged.  A 

stereo view of the unit cell packing for complex 3 is given in figure 8.    
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[Mn3<i(hmp)3O(<3)3(CH3O2)3] (4).  Complex 4, where CH3O2
– is the acetate 

anion, crystallizes in the cubic space group I-43d (No. 220), with no co-crystallized 

solvate molecules.  The crystals are observed as dark red pyramid-shaped blocks.  Four 

molecular orientations are observed, as the result of the intrinsic crystallographic 

symmetry operations: C2, C3, S4 axes.  These orientations can be observed in figure 9, 

where the viewing perspective is near the C3 rotation axis.    Both isomers are present in 

4, with ∆ and Λ isomers alternating for successive molecules along the C3 axes.  These 

aligned molecules exhibit an 8.42˚ rotation between adjacent Mn3 triangles.  However, 

misalignment of the net JT axes between the four orientations of molecules leads to 

bulk compensation of axial anisotropy, resulting in an isotropic solid-state structure.  

  [Mn3<i(hmp)3O(<3)3(C3H5O2)3]·2CHCl3 (5).  The propionate-based complex 

5 is structurally similar to 1 above, crystallizing in the same trigonal R3c space group 

with two co-crystallized CHCl3 solvate molecules.  One solvate molecule is well-

ordered, residing in the cavity formed by the conical arrangement of propionate ligands, 

whereas the second CHCl3 molecule is positionally disordered with respect to the 

chloroform carbon atom.  It appears that this second solvate molecule may be more 

weakly incorporated in the crystalline structure, as elemental analysis results on 

replicate samples of 5 indicate only one CHCl3 molecule per Mn3Ni cubane.  This 

assertion is further supported by the observance of crystal desolvation, as evident by 

increased crystal brittleness and poorly resolved X-ray reflections for samples that have 

been removed from their mother liquor.          

[Mn3<i(hmp)3O(<3)3(C4H7O2)3]·CHCl3 (6).  Like complexes 1 and 5 above, 6 

crystallizes in the trigonal space group R3c with only one disordered CHCl3 solvate 
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molecule per unit cell.  This was determined on the basis of elemental analysis results 

and the calculated electron density via SQUEEZE.       

[Mn3<i(hmp)3O(<3)3(C4H5O2)3]·CHCl3 (7).  Complex 7 is 

crystallographically very similar to the trigonal examples above, yet with one ordered 

CHCl3 solvate molecule per Mn3Ni cluster.  The remaining structural properties are not 

significantly different from the analogous C3-symmetric examples above, and will not 

be discussed further.     

  

2.3.3.  Comparison to S = 9/2 Mn4 cubanes   

There are structural similarities between complexes 1-7 and the S = 9/2 family 

of Mn4 SMMs.  The most notable similarity is the presence of a triangle of MnIII ions, 

where an out-of-plane µ3-bridging group facilitates ferromagnetic exchange interactions 

between MnIII ions.  The identity of the bridging group is O2– in complexes 1-7 and has 

been varied as Cl–, Br–, N3
–, NCO–, OH– or MeO– in the Mn4 complexes.  Substitution 

of different µ3-bridging groups results in little change to the magnitude of ferromagnetic 

exchange interactions, even as the charge of the bridging group is varied from 1– (S = 

9/2 Mn4 complexes) to 2– (complexes 1-7).  This point is discussed further below.     

The previously published [Mn4O3X(O2CMe3)3(dbm)3] family [hereafter referred 

to as Mn4(dbm)] is comprised of complexes that exhibit Cs and C3v molecular 

symmetry.11, 38  This is in comparison to C1 molecular symmetry for complex 2 and C3 

symmetry for complexes 1, 3-7.  The coordination environment in Mn4(dbm) consists of 

three dibenzoylmethane anions chelated to three MnIII ions arranged in an equilateral 

triangle.  The dbm– groups form a conical cavity, in which a µ3-X– anion resides (where 
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X is Cl–, Br–, N3
–, NCO–, OH– or MeO–).  This arrangement bears marked semblance to 

what is observed in complexes 1-7, where bound carboxylates form a cavity and a µ3-

O2– anion bridges the three MnIII ions.  The apical MnIV ion in Mn4(dbm) is connected 

to the Mn3
III triangle through three bridging carboxylate and three µ3-O2– bridging ions.  

In comparison, the apical NiII ion in complexes 1-7 is connected to the Mn3
III triangle 

through three bridging alkoxo- groups.  The orientations of individual-ion Jahn-Teller 

elongation axes differ between Mn4(dbm) and complexes 1-7.  The JT axes in 

Mn4(dbm) are described by the vectors drawn from the µ3-X– anion to each MnIII ion.  

In contrast, the JT axes in complexes 1-7 do not include the µ3-O2– anion and are more 

noticeably canted with respect to each other.  This results in complexes 1-7 possessing 

smaller individual-ion projections to the molecular easy axis when compared with the 

Mn4(dbm) complexes.  This is verified quantitatively, with complexes 1-7 exhibiting D 

values (vide infra) in the range of -0.20 to -0.33 cm-1, and Mn4(dbm) complexes 

exhibiting D values in the range of -0.29 to -0.38 cm-1.  Detailed susceptibility and 

magnetization measurements were performed to further investigate these differences 

and are described below.   

                                 

2.3.4.  Magnetochemistry 

2.3.4.1  Direct Current Magnetic Susceptibility Studies   

Variable-temperature magnetic susceptibility studies were performed on ground 

crystalline samples of complexes 1-7.  The samples were restrained in eicosane to 

prevent torquing and subjected to a 10 kG field in the 1.8-300 K range.  The data for 

complexes 1-7 are shown as χMT vs. T plots in figures 10-13. 
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The value of χMT for complex 1 slowly increases from 10.73 cm3 mol-1 K at 300 

K to a maximum of 13.60 cm3 mol-1 K at 70 K and then after a plateau in the 70-20 K 

range sharply decreases to 6.24 cm3 mol-1 K at 1.8 K.  Complex 2 exhibits similar 

behavior, with χMT increasing from 10.41 cm3 mol-1 K at 300 K to a maximum value of 

12.83 cm3 mol-1 K at 70 K, then decreasing to 6.15 cm3 mol-1 K at 1.8 K.  For complex 

3, χMT increases from 9.98 cm3 mol-1 K at 300 K to a maximum of 12.56 cm3 mol-1 K at 

70 K.  A minimum χMT value of 5.77 cm3 mol-1 K is observed for 3 at 1.8 K.  Complex 

4 has a χMT value of 10.90 cm3 mol-1 K at 300 K, a maximum of 13.51 cm3 mol-1 K at 

60 K, followed by a decrease to 6.16 cm3 mol-1 K at 1.8 K.  Complex 5 has a 300 K χMT 

value of 10.50 cm3 mol-1 K, followed by a steady increase to 13.21 cm3 mol-1 K at 50 K 

and slight decrease to 12.37 cm3 mol-1 K at 1.8 K.  Complex 6 possesses a χMT value of 

10.44 cm3 mol-1 K at 300 K, a maximum of 13.25 cm3 mol-1 K at 50 K and 60 K, and a 

near-constant susceptibility below 50 K.  Finally, complex 7 possesses a χMT value of 

10.33 cm3 mol-1 K at 300 K, a maximum of 12.87 cm3 mol-1 K at 50 K and 60 K, 

followed by a slight decrease to 12.30 cm3 mol-1 K at the minimum recorded 

temperature of 1.8 K.   The maximum χMT values for complexes 1-7 are close to the 

spin-only (g = 1.9) value expected for a complex with an S = 5 ground state (13.54 cm3 

mol-1 K).  Deviation from this χMT value at higher temperatures is due to the thermal 

population of excited states with S < 5, while the decrease below ~20 K is likely due to 

Zeeman effects, zero-field splitting (ZFS), or perhaps weak antiferromagnetic exchange 

interactions between molecules.   

In order to determine the pairwise exchange interactions within each molecule, 

the χMT vs. T data for complexes 1-7 were fit to the spin Hamiltonian given by eq. 1 
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Table 2.7.  Parameters obtained from fitting the 0.1 T susceptibility data for complexes 

1-7.a 

param/ complex    1    2    3    4    5    6    7 

     g 1.85 1.91 1.88 1.84 1.83 1.85 1.83 

     JNi-Mn (K) -5.2 -5.2 -5.1 -5.4 -4.7 -4.6 -5.3 

     JMn-Mn (K) 8.3 8.1 8.3 8.7 7.5 8.0 8.5 

   ∆E (S=6) (K) 85.0 60.8 59.7 62.9 84.2 63.1 62.1 

    ∆E (S=4) (K) 112.7 97.4 99.7 103.8 111.6 99.5 101.7 
aThe energies of the two lowest energy excited states are also given.        

 

 

Table 2.8.  Parameters obtained from the literature for [Mn4O3Cl4(O2CCH3)3(C5H5N)3] 

(Mn4(Im)) and [Mn4O3Cl(O2CCH3)3(dbm)3] (Mn4(dbm)).14, 15 

parameter/ complex    Mn4(Im)    Mn4(dbm) 

     g    1.86    1.91 

     IIIIV MnMn
J

−
 (cm-1)    -30.3    -23.4 

      IIIIII MnMn
J

−
 (cm-1)    11.1    8.3 

    E (S=7/2) (cm-1)    223.7    180 

    E (S=11/2) (cm-1)    333.3    250 
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Figure 2.10.  Magnetic Susceptibility data for complexes 1 (top) and 2 (bottom).  The 

best-fit line is shown from 300-20 K using parameters in the text. 
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Figure 2.11.  Magnetic Susceptibility data for complexes 3 (top) and 4 (bottom).  The 

best-fit line is shown from 300-20 K using parameters in the text. 
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Figure 2.12.  Magnetic Susceptibility data for complexes 5 (top) and 6 (bottom).  The 

best-fit line is shown from 300-20 K using parameters in the text. 
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Figure 2.13.  Magnetic Susceptibility data for complex 7.  The best-fit line is shown 

from 300-20 K using parameters in the text. 
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         ( ) ( )434232413121
ˆˆˆˆˆˆ2ˆˆˆˆˆˆ2ˆ SSSSSSJSSSSSSJH MnMnMn!i ++−++−= −−                (1) 

where NiII = S1 = 1 and MnIII = S2 = S3 = S4 = 2.  In order to solve this Hamiltonian for 

the appropriate eigenvalue expression, the Kambe vector coupling method was used.16  

The spins of the three MnIII ions are coupled vectorially to give SA (= S2 + S3 + S4), 

followed by coupling to the NiII spin S1 to give the total spin ST (= SA + S1).  By 

applying this coupling scheme, eq. 1 can be converted to a form that involves only S2 

operators from which it is possible to write eq. 2.  This equation gives the eigenvalues 

for all spin states.  The overall degeneracy for a NiIIMn3
III complex is 375.   

          ( ) ( ) ( )( )[ ] ( )[ ]111, +−+−+−= −− AAMnMnAATTMn!iAT SSJSSSSJSSE              (2) 

There are 18 different spin states, where SA varies in integer values from 0 to 6 and ST 

varies from 0 to 7 in integers.  Substitution of these values into the Van Vleck equation 

provides a theoretical expression for the molar susceptibility (χM) of a NiIIMn3
III 

complex with C3 symmetry.  The exchange Hamiltonian matrix was block diagonalized 

using a computer program that incorporates the following parameters: an average g for 

the Zeeman interactions, JNi-Mn, and JMn-Mn.30  

It should be noted that, unlike the other complexes, 2 is not of rigorous C3 

symmetry.  Fitting procedures employing three or four exchange coupling constants led 

to parameters comparable to the two-J results but suffered from overparameterization.  

Further information such as inelastic neutral scattering data is required to obtain 

convergence to a unique parameter set.   

Although the 2-J model assumes C3 symmetry, the Mn3NiO4 core of complex 2 

is essentially superimposable with the cores of complexes 1 and 3-7 and thus provides a 
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consistent means of comparison between complexes.  The solid lines in figures 10-13 

represent the best fits of experimental data measured in the 300-20 K range to the 

theoretical susceptibility equation.  The exchange parameter JNi-Mn is antiferromagnetic 

and ranges from -4.6 cm-1 to -5.4 K in the series of the four complexes, while JMn-Mn is 

ferromagnetic and ranges from 7.5 cm-1 to 8.7 K.  The values of g, JNi-Mn, and JMn-Mn are 

summarized in table 4 for complexes 1-7.  The ground state for each complex is ST = 5 

(SA = 6), with the first and second excited states of ST = 6 (SA = 5) and ST = 4 (SA = 5), 

respectively.  The energy separations calculated for these excited states relative to the 

ground state are given in table 7 and indicate a reasonably well-isolated ground state.  

These values are similar to the fitting parameters obtained for the S = 9/2 Mn4 cubane 

complexes, as summarized in table 8.  The large energy separation between ground and 

first excited spin states for the S = 9/2 Mn4 family and complexes 1-7 result in well-fit 

susceptibility and magnetization data, as described below.     

 

2.3.4.2.  Magnetization versus Magnetic Field Studies   

The above analysis of susceptibility data, which employs the eigenvalues from 

eq. 2 and the Van Vleck equation, does not account for Zeeman interactions at low 

temperatures or the effects of zero-field splitting (zfs).  As a result, magnetization 

versus dc field data were collected for samples of 1-7 to evaluate the magnitude of the 

zfs parameter D and to confirm the ST = 5 spin ground state.  Ground crystalline 

samples were embedded in eicosane to prevent torquing of the magnetically anisotropic 

particles and subjected to fields of 10-50 kG in the temperature range of 5-1.8 K.  Plots 

of reduced magnetization, M/!µB where M is the molar magnetization, ! is Avogadro’s 
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number and µB is the Bohr magneton, versus H/T are shown in figures 14-17.  At the 

lowest measured temperature of 1.8 K and highest field (5 T), M/!µB saturates at values 

close to 9, which is less than the M/!µB value of gS = 10 expected for a S = 5 complex 

experiencing no zero-field splitting.  Furthermore, it is clear that the five isofield curves 

for each complex do not superimpose, which indicates that each of these complexes 

experiences zero-field interactions.                

Since the fitting of 1 T variable temperature magnetic susceptibility data 

indicates a well-isolated S = 5 ground state, fitting of the variable field magnetization 

data from 1.8-5 K and 1-5 T for complexes 1, 3-7 was performed using the spin 

Hamiltonian of eq. 3   

                                       ( ) BSgSSESDH Byxz ⋅+−+= ˆˆˆˆ 222 µ                                         (3) 

where D is the axial ZFS parameter, E is the rhombic ZFS parameter, iŜ  is the spin 

projection operator along i (= x, y, z), g is the Landé g-factor,  µB is the Bohr magneton, 

and B is the applied field.  This Hamiltonian assumes only the ground state is populated 

at these temperatures and magnetic fields, and includes isotropic Zeeman interactions, 

axial ZFS ( 2ˆ
zSD ) and rhombic ZFS ( )22 ˆˆ

yx SSE − ; a full powder average was calculated.9  

Only the axial ZFS ( 2ˆ
zSD ) and Zeeman interactions were considered for complexes 1, 

3-7 due to the C3 crystal site symmetry; that is, the presence of C3 symmetry precludes 

rhombic ZFS i.e., ( )22 ˆˆ
yx SSE − .  The M/!µB  versus H/T data for complexes 1, 3-7 were 

least-squares fit and the two 11 x 11 spin Hamiltonian matrices diagonalized for each 

setting of the parameters g and D.  The resulting eigenvalues, Ei, and their dependency 
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on the magnetic field, δEi/δB, were used to calculate the magnetization according to eq. 

4.   

                     ( ) ( ) ( )∑∑ −−=
i

i

i

ii kTEkTEBE!M expexpδδ                         (4) 

Good fits were achieved to an S = 5 ground state as illustrated by the solid lines in 

figures 14-17, with fits to S = 4 and S = 6 ground states yielding very large fitting errors 

and unreasonable g (g = 1.6 or g = –0.54) and D-values (D = 0.039 K or D = –0.032 K).  

A fixed temperature independent paramagnetism (TIP) value of 6 x 10-4 cm3 mol-1 was 

used for all complexes.  Table 9 summarizes the best-fit parameters for complexes 1-7.  

Two fitting minima were obtained for each complex, corresponding to fits with negative 

and positive D-values, however the fits with negative D values were found to be better.  

The HFEPR spectra confirm that D < 0.  Because complex 2 has C1 site symmetry, the 

rhombic ZFS term ( )22 ˆˆ
yx SSE −  was included in the fitting of the reduced magnetization 

data, employing the spin Hamiltonian given in eq. 3.  Fitting of the experimental data 

resulted in a good fit with parameters of: g = 1.89, D = –0.30 K, E = 0.007 K.   

 

2.3.4.3.  Alternating Current Magnetic Susceptibility Studies   

Ac susceptibility measurements were performed in the 1.8-5 K range using a 3.0 

G ac field oscillating at frequencies in the 50-997 Hz range.  If the net magnetization 

relaxes fast enough to keep up with the oscillating ac field, then there is no imaginary 

(out-of-phase) (χ”M) signal and the real (in-phase) susceptibility (χ’M) is equal to the dc 

susceptibility.  However, if the effective barrier to magnetization relaxation is 

significant in comparison to the thermal energy (kT), then a nonzero χ”M value is seen, 
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Table 2.9.  Best-fit parameters obtained for multi-field magnetization data for 

complexes 1-7.  A constant TIP value of 6 x 10-4 cm3 mol-1 was used for all fits.   

param/complex 1 2 3 4 5 6 7 

g  1.88  1.89  1.87  1.81  1.85  1.84  1.86 

D (K) -0.32 -0.30 -0.33 -0.47 -0.29 -0.29 -0.29 

E (K)     – 0.007     –     –     –     –     – 
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Figure 2.14.  Multi-field magnetization data for complexes 1 (top) and 2 (bottom) from 

1-5 T and 1.8-5 K. 



74 

 

 

Figure 2.15.  Multi-field magnetization data for complexes 3 (top) and 4 (bottom) from 

1-5 T and 1.8-5 K. 



75 

 

 

Figure 2.16.  Multi-field magnetization data for complexes 5 (top) and 6 (bottom) from 

1-5 T and 1.8-5 K. 
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Figure 2.17.  Multi-field magnetization data for complex 7 from 1-5 T and 1.8-5 K.  

The solid black lines describe the least-squares fit for parameters discussed in the text. 
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Figure 2.18.  Representative plot of the error of least-squares fitting vs the axial zero-

field splitting parameter (D) for the S=5 ground state of complexes 1-7.  The above data 

are for [Mn3Ni(hmp)3O(N3)3(C9H9O2)3] (2), in which the g value was held constant at g 

= 1.893. 
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accompanied by a concomitant decrease in χ’M.  If such a magnetization reversal barrier 

exists, then χ’M and χ”M will also be frequency-dependent.  Frequency-dependence of 

the out-of-phase ac susceptibility is a characteristic property of SMMs, though also 

expressed in materials such as spin-glasses below their transition temperature.17, 18  For 

complexes 1, 2, and 3, the in-phase value extrapolates to a value of 12-13 cm3mol-1 K 

at 0 K, slightly less than the 14-15 cm3mol-1 K expected for a S = 5 ground state with g 

< 2.  This lower value may be attributed to the presence of weak intermolecular 

antiferromagnetic exchange interactions and/or the effects of anisotropy at low 

temperatures.  The χ’M and χ”M plots for 1, 2, and 3 are shown respectively in figures 

19-21.  The out-of-phase susceptibilities for 1, 2, and 3 are of a very small magnitude 

with respect to the in-phase signal.  The strongest χ”M signal is observed in 3, 

corresponding to 3.1% of χ’M at 997 Hz and 1.8 K.  Under the same conditions, 

complexes 1 and 2 each have an out-of-phase signal that, at the lowest temperatures, is 

0.6% of their respective in-phase components.  These observations make qualitative 

sense based on the magnitude of D, where complexes 1 and 2 have comparable D-

values and complex 3 a significantly larger D.   The χ”M signal for complex 2 

approaches an apparent peak maximum at 1.8 K for ac fields of 997 and 750 Hz; the 

peak maxima for all other complexes clearly lie well below 1.8 K.      

In light of the small relative χ”M values at low temperatures, the presence of 

these frequency-dependent ac susceptibility signals suggest that complexes 1-7 may 

behave as SMMs.  To investigate this possibility, single-crystal hysteresis 

measurements were carried out down to 0.04 K using a micro-SQUID instrument.20, 42 

2.3.5.  Single-Crystal Magnetization Versus Field Hysteresis Loops   
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Figure 2.19.  In-phase (top) and out-of-phase (bottom) ac susceptibility for complex 1 

from 1.8-5 K at the frequencies shown. 
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Figure 2.20.  In-phase (top) and out-of-phase (bottom) ac susceptibility for complex 2 

from 1.8-5 K at the frequencies shown. 
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Figure 2.21.  In-phase (top) and out-of-phase (bottom) ac susceptibility for complex 3 

from 1.8-5 K at the frequencies shown. 
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With predispositions for SMM behavior such as the S = 5 ground state, D < 0, 

and ac out-of-phase signals, magnetization (M) vs. applied dc field scans were 

conducted for single crystals of complexes 1, 2, and 3 employing a micro-SQUID 

magnetometer.20, 42  Complex 4 was not studied due to the nearly isotropic molecular 

arrangement in the solid state structure.  Complexes 5-7 were not studied using this 

technique due to their crystallographic, structural, and magnetic similarities to 1 and 3.  

Experiments were conducted at (i) 0.008 T/sec field sweep rate in the temperature range 

of 0.04-1.1 K (upper panels of figures 22-25); and (ii) at 0.04 K with field sweep rates 

of 0.008-0.140 T/sec (lower panels of figures 22-25).  Hysteresis loops were observed 

for these complexes, indicating they function as SMMs.   

A single easy axis orientation for complexes 1 and 3 allowed for external 

magnetic field application along the molecular c-axis.  The resulting hysteresis curves 

are characterized by temperature and sweep-rate dependence, a small coercive field, and 

observation of vertical steps in the hysteresis curve.  The first step observed in sweeping 

the field from one saturating value to another occurs at zero field, where the potential 

energy double-well is degenerate (in resonance).  The steps are positions of increased 

magnetization relaxation rate, corresponding to tunneling through an anisotropy barrier.  

These vertical steps are a diagnostic signature of QTM, and their periodic separation 

∆H is proportional to the ZFS parameter D via eq. 5 

)cos(/ 0 αµµ BgDkH =∆                                               (5) 

where k is the Boltzmann constant and α is the bisecting angle (deg) between the 

applied dc field and the easy axis of the molecule; in the case of 1 and 3, α = 0. 19-21  

The large step near H = 0 indicates fast quantum tunneling at zero field, as expected for 
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a non-Kramers degenerate S = 5 complex.22-25  The vertical step at ~ ±0.2 T corresponds 

to QTM from the mS = +5 ground state through the anisotropy barrier to the mS = -4 

state.  The fast QTM rate explains the narrow coercive field at M/Ms = 0 for complexes 

1-3.  In contrast, the S = 9/2 family of C3v-symmetric Mn4 cubanes exhibit a large 

coercive field at M/Ms = 0 as a result of their half-integer spin ground state.  It is 

important to note that the axial C3 symmetry of complexes 1 and 3 seemingly precludes 

the presence of rhombic zero-field splitting interaction ( )22 ˆˆ
xx SSE − .   The rhombic term 

( )22 ˆˆ
yx SSE − , which equals zero in axial symmetry, represents a source of state mixing 

on either side of the energy barrier, which leads to the occurrence of QTM.  Complexes 

that exhibit low symmetry possess larger rhombic terms leading to increased state 

mixing and faster QTM rates.  This has been directly observed in Mn4 examples and in 

complexes 1-3 (figures 22-25), where lowering the symmetry from C3 to C1 leads to 

faster tunneling rates.  Because mixing by off diagonal terms in the spin Hamiltonian 

accounts for QTM, the lack of an E-term in complexes 1 and 3 suggests a different 

source of mixing leading to QTM.  The existence of disordered solvate molecules in the 

lattices of complexes 1 and 3 likely contributes to the observation of fast QTM in these 

molecules.  However, it is also possible that the fast tunneling arises from higher-order 

ZFS interactions.  These factors will be investigated further in chapter 5 of this work.                           

  Because complex 2 assumes two molecular orientations in the solid-state 

crystalline structure, the external field was applied halfway between the net easy axes at 

an angle of α = ~7˚.   Application of eq. 5 to the hysteresis data of complex 2 results in a 

calculated D-value of –0.21 cm-1, in exact agreement with the value of D = –0.21 cm-1 
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Figure 2.22.  Temperature-dependent (top) and sweep-rate dependent (bottom) single-

crystal magnetization hysteresis loops for complex 1.  The field was applied along the 

easy-axis of the molecule.   

 



85 

 

 

Figure 2.23.  Temperature-dependent single-crystal magnetization hysteresis loops for 

complex 2.  The field was applied along the easy-axis of the crystal. 
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Figure 2.24.  Sweep-rate dependent single-crystal magnetization hysteresis loops taken 

at 0.04 K (top) and 0.3 K (bottom) for complex 2.  The field was applied along the easy-

axis of the crystal. 
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Figure 2.25.  Temperature-dependent (top) and sweep-rate dependent (bottom) single-

crystal magnetization hysteresis loops for complex 3.  The field was applied along the 

easy-axis of the molecule.   
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derived from fitting the variable field magnetization data.  As mentioned previously, 

complex 2 differs from 1 and 3 in that it does not exhibit C3 symmetry.  This has 

implications for the magnetization relaxation properties, namely with respect to the 

observance of an E term and the origin of QTM.  As expected, complex 2 exhibits a 

smaller coercivity and faster rate of QTM than complexes 1 and 3.  In fact, the rate of 

quantum tunneling for complex 2 is so fast that there appears to be very little coercivity 

at M/Ms = 0.  The SMM character of 2 is established, as evident by the observed 

temperature and sweep rate dependence of the hysteresis loops.  These results are 

consistent with the hysteresis data for S = 9/2 Mn4, where low symmetry complexes 

yield faster tunneling rates in comparison to the higher symmetry analogues.  

Considering the significant impact that the symmetry and the rhombic anisotropy 

( )22 ˆˆ
yx SSE −  has upon QTM rates, high-frequency electron paramagnetic resonance 

(HFEPR) spectroscopy was employed to accurately determine the magnitude and sign 

of the spin-Hamiltonian parameters. 

 

2.3.6.  Single-Crystal High-Frequency Electron Paramagnetic Resonance (HFEPR) 

Spectroscopy 

Single-crystal HFEPR has become an important tool for studying systems with 

high-spin ground states that exhibit significant magnetoanisotropy.  While 

magnetization measurements based on polycrystalline bulk magnetic susceptibility data 

yield reasonable estimates of Hamiltonian parameters, HFEPR can unambiguously 

determine the spin of the ground state,26 as well as the sign and magnitude of the axial 

zero-field splitting (ZFS) parameter D.27  Most notably, it is a vital tool for 
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characterizing transverse ZFS terms [e.g. rhombic 2 2ˆ ˆ( )x yE S S−  and fourth-order 

( 4 4
4 4

ˆB O )].28  The presence of transverse terms gives rise to the mixing of ms states (ms is 

the projection of the spin, S, onto the magnetic quantization axis) of opposite projection 

that leads to QTM.29, 30  Minima observed in the EPR spectra result from magnetic-

dipole  transitions between the 2S+1 ground state spin sub-levels differing in  ms by ±1 

(i.e. −5 → −4, −4 → −3…etc.).  For the isotropic case (no ZFS), the resulting 2S 

transitions are degenerate, and only a single EPR peak should be observed.  However, 

to a first approximation, anisotropic terms in the Hamiltonian (i.e. ZFS) split the 

spectrum into 2S discrete peaks.  If both the spin, S, and magnetoanisotropy are large, 

then strong magnetic fields (B) and high frequencies ( f ) may be needed to resolve all 

2S transitions.31  By recording spectra as a function of temperature, one can determine 

the absolute sign of D based on the thermal populations of ms levels inferred from the 

spectra.43, 44  

A general Hamiltonian, similar to eq. 3, but expanded to include higher order 

ZFS terms is given by eq. 6:  

            2 2 2 0 0
4 4 4,6..

ˆˆ ˆ ˆ ˆ ˆˆ ˆ( ) T

B z x yH S g B DS E S S B O H'µ= ⋅ ⋅ + + − + + +
rt

O                    (6) 

The first three terms are as previously described in eq. 3; the next term represents 

fourth-order axial anisotropy (containing 4ˆ
zS ), which we find to be significant for these 

complexes; the fifth term represents possible higher-order (4th and 6th order) 

contributions to the transverse anisotropy; finally, the last term, Ĥ' , parameterizes all 

other perturbations, e.g. dipolar and inter-molecular exchange interactions. 
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In order to locate the easy- (z-) axis and hard- (xy-) plane of complex 1, a face-

indexed single-crystal was carefully oriented within a cylindrical TE01n mode cavity so 

that angle-dependent HFEPR measurements could be performed for field rotation in a 

plane inclined reasonably close to the estimated easy-axis direction.  Angle-dependent 

data obtained at 110 GHz (figure 26) exhibit two-fold behavior, consistent with the 

axial crystallographic symmetry.  To exactly locate the hard-plane, fine (2˚ steps) angle 

dependence measurements were performed at 50.9 GHz and 5 K centered around the 

estimated hard plane direction, as shown in figure 27. 

Figure 28 illustrates the hard-plane temperature dependence of the spectrum for 

1 collected in the range from 2 K to 20 K, and at 59.9 GHz. As the temperature 

decreases, the thermal (Boltzmann) weighting of the spectrum shifts towards transitions 

occurring at higher magnetic fields, as expected for a system with a negative D value.  

The peak assignments (refer to caption) are based on the energy level diagram in 

figure 29 which was generated using the obtained ZFS parameters (vide infra), where 

the labeling corresponds to a high-field limit (gµBB > |DS|) in which ms represents the 

projection of the spin onto the applied magnetic field axis (see figure 29 right).  Even at 

the lowest temperature of 2 K, significant populations exist among excited ms levels due 

to the relatively weak ZFS in this complex. 

The spectra in figure 28 exhibit considerable asymmetry and line broadening 

that increases for transitions occurring at higher magnetic fields.  HFEPR studies of 

many other polynuclear transition metal complexes have shown that such ms 

dependence of the line shapes and widths is caused by disorder, often involving the 

ligand groups and/or solvate molecules.17, 49  This leads to inhomogeneous distributions  
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Figure 2.26. (top) Angle dependent EPR spectra of complex 1. f = 101 GHz. T = 2 K. 

Angle step is 10 degrees.  (bottom) Peak position data of the highest field positioned 

peak in fig. 26 (top).  The maximum corresponds to the approximate hard plane 

orientation of the crystal relative to the applied magnetic field.  
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Figure 2.27. Angle dependent EPR spectra around the assumed hard plane of 1 by 2 

degree steps. f = 50.9 GHz. T = 5 K.  The angle at which the red spectrum was recorded 

corresponds to the hard plane. 
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Figure 2.28. (top) Temperature dependent HFEPR spectra for the hard plane of 

complex 1 from 2 to 20 K at 59.9 GHz.  The transition peaks are labeled as a, b, c, d, e, 

f, g and X (see text and Figure 29 for details).  (bottom) Plot of the simulated hard plane 

temperature dependence for D < 0. 
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Figure 2.29.  Energy level diagram for the hard plane of complex 1.  The blue upward-

pointing arrows indicate the EPR transitions labeled a-g in figure 28, and the red 

upward-pointing arrows indicate the EPR transition labeled X. 
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of the local g and D tensors, giving rise to  g- and D-strain.45-48  In particular, it has been 

well documented that D-strain, as well as small distributions in the orientations of the 

local magnetic easy axes (with < 1o width), can cause asymmetries in the hard-plane 

spectra such as those seen in figure 28 (top). D-strain induces broadening which is 

linear in the absolute value of ms associated with the level from which a given transition 

is excited, i.e. the linewidth increases with increasing ms.  Since the overall peak area 

must be conserved, peak intensity (height) is lost due to this line broadening.  In light of 

this, we can account for the overall trends observed in the temperature dependent data 

in figure 28.  First of all, the peaks near the center of the spectrum (e, f, g), associated 

with the lowest absolute ms values, are considerably sharper than the highest field 

peaks.  This fact, combined with the associated transition probabilities 

[∝ (S + ms + 1)(S − ms)] which are also stronger for the lower |ms| transitions, results in 

a situation in which the central peaks dominate the spectrum in the high temperature 

limit for which the Boltzmann weights are quite similar for all transitions.  In the low-

temperature limit, the spectral weight shifts to high fields. Nevertheless, the ground 

state transition (a: ms = −5 to −4) remains weaker than the first excited state transition 

(b: ms = −4 to −3) at 2 K for the reasons discussed above. 

An interesting feature in Figure 28 is the broad temperature dependent peak seen 

at ~0.7 T (labeled X).   The origin of the peak can clearly be seen in Figure 29 

(indicated by red arrows).  In the zero-field limit, the lowest lying pair of doubly 

degenerate levels correspond to ms = ±5 and ±4, where ms now refers to the spin 

projection onto the molecular easy (or z-) axis.  As can be seen by inspection of figure 

29, there is a convergence of these levels upon application of a transverse magnetic 
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field, although they ultimately repel and their separation is minimum at around 1.7 T.  

The 0.7 T peak corresponds to the transitions between these levels, as indicated by the 

arrow at ~0.7 T in figure 29.  There are several factors that contribute to the broad 

nature of this peak: first of all, due to the considerable mixing of ms states for B⊥z (and 

for gµBB ~ |DS|), the absorption at around 0.7 T actually corresponds to multiple 

transitions (between the four lowest-lying levels) which are not quite degenerate in this 

field range; second, the non-linear field dependence of the EPR frequencies (separations 

between the ms = ±5 and ±4 states) associated with these transitions tends to broaden the 

resonance peak on the low-field side; thirdly, because the spin-projections associated 

with the states involved in these transitions is large (i.e. ms ≈ ±5 and ±4), the D-strain 

will also be large for this peak.  Frequency dependence studies were carried out on 1 

between 50 and 135 GHz with the field (a) close to the easy-axis and (b) precisely 

aligned in the hard-plane; the positions of EPR peaks seen for these two orientations at 

various different frequencies are plotted in figures 30(a) and (b) respectively.  The solid 

curves represent the best simulations of the data obtained via exact diagonalization of 

eq. 6 using the following parameters: S = 5, D = −0.23 cm−1, B4
0 

= −5.68 × 10−5 cm−1, 

gz = 2.02 and gx = gy = 1.95.  This single set of parameters gives good overall agreement 

with the data obtained for both orientations, and does not require the inclusion of 

transverse ZFS parameters for the hard-plane.  While this does not conclusively rule out 

the presence of transverse ZFS terms (indeed, they must be present in order to explain 

the QTM), it suggests that they must be rather weak, a finding which is consistent with 

the high symmetry (C3) of complex 1.  Similar results were obtained for mixed-valent 
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Figure 2.30.  Least squares fits of the easy-axis (top) and hard-plane (bottom) 

frequency dependence data for complex 1.  Hollow spheres indicate the peaks obtained 

from the multi-frequency HFEPR spectra. 
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high-symmetry (C3v) IV III
3Mn Mn  cubane complexes.32  It is also worth noting that the 

values for the 4th order axial ZFS parameter, B4
0, obtained for both complex 1 and 2 

(vide infra), are essentially identical to those obtained for the IV III
3Mn Mn  cubane 

complexes even though the D values are significantly smaller for the present 

heterometallic systems (D is on the order of 0.5 cm−1 for a typical high-symmetry Mn4).  

At present, we do not understand the significance of this finding. Finally, we note that 

the simulation in figure 30(a) required the inclusion of a significant tilt angle of 26o 

between B and z, indicating that our attempts to align the sample within the cavity were 

not entirely successful.  Nevertheless, the ability to obtain multi-frequency HFEPR data 

for two distinct field orientations (i.e. parallel and approximately perpendicular to the 

hard plane) provides considerable constraints on the obtained ZFS parameters.  Angle 

dependence data for complex 2 were recorded at two frequencies and temperatures: 2 K, 

102.8 GHz; and 3 K, 55.2 GHz. The spectra for this complex (2) are complicated by the 

fact that there exist two molecular orientations (∆ and Λ isomers) within the unit cell. 

Thus, after an initial coarse angle-dependence, measurements were performed at 

55.2 GHz using finer angle steps (2o) close to the suspected hard plane orientations. A 

series of such spectra are displayed in figure 32, and the position of the highest field 

peak is plotted versus angle (with arbitrary offset) in figure 33.  Two hard directions are 

clearly visible from the two peak position maxima which are separated by about 22 

degrees (figure 33).  

The presence of two distinct hard-planes is consistent with the crystallographic 

structure of complex 2.  Molecules in Cc space group symmetry are related by the  
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Figure 2.31. Angle dependent EPR spectra (15° steps) for complex 2. f = 102.8 GHz. T 

= 2 K.  The periodic peak shift is shown around g = 2 position (~ 3.6 T) in the range of 

180 degrees. 
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Figure 2.32.  Angle dependent HFEPR spectra (2° steps) for complex 2 at 55.2 GHz 

and 3 K.  The angles of the red spectra correspond to the hard-plane orientations, which 

are separated by ~22°. 
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Figure 2.33.  Plot of the positions of the highest-field peaks in Figure 17 as a function 

of angle for complex 2.  The values of the peak positions at the maxima differ by 0.15 

T.  The two hard-plane directions are given by the angles at which the maxima occur. 
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symmetry operations x, -y, ½ + z, and the glide plane in c leads to a 14.15˚ angle 

between the easy-axis orientations of the two symmetry related molecules, together with 

a torsion angle of 7.32˚.  A particularly notable feature of the angle dependence studies 

close to the two hard planes is the fact that there is a roughly 0.15 T field separation 

between the two maxima in figure 32. One explanation would be that the ZFS 

parameters for the isomers differ slightly. However, as noted above, the two sites are 

related by a simple symmetry operation, thus ruling out this possibility. The most 

plausible explanation involves transverse anisotropy, which could be appreciable for 

this low-symmetry space group. While we again attempted to align the sample in the 

cavity prior to cooling, we can infer that the plane of field rotation was significantly 

tilted relative to the easy-axes associated with the two isomers, i.e. it was not orthogonal 

to either hard plane. This fact can account for two key features of the resulting data: (a) 

the 0.15 T field separation of the maxima in figure 32; and (b) the fact that the 

experimental angle separation between these maxima is 22o, whereas the X-ray data 

suggest that the orientations of the two isomers differ by only 14.15o. The latter 

observation finds a natural explanation in terms of an inclined field rotation plane; 

indeed, one would only expect to observe a precise angle separation of 14.15o for the 

situation in which the field intersects both hard planes in a mutually orthogonal plane of 

rotation. 

The local C3 axial symmetry imposed on complex 1 is lifted for the C1 molecular 

site symmetry and, thus, allows for the presence of a rhombic 2 2ˆ ˆ( )x yE S S−  term (as well 

as many higher-order terms) in the Hamiltonian for complex 2. In addition, the easy-

axis tilt angle between the two isomers likely enhances the transverse anisotropy 
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leading to faster rates of QTM for complex 2, as observed from the aforementioned 

magnetization hysteresis loops. Because of the inclination of the field rotation plane 

inferred from the angle-dependence measurements, it is likely that the field intersects 

the two hard planes at different locations within the respective local xy-coordinate 

frames associated with the two isomers. This fact, combined with a transverse 

anisotropy term would then result in different spacings between the hard plane peaks 

observed for the two isomers, hence the 0.15 T difference between the maxima in 

figure 32. Therefore, the angle dependence studies provide clear evidence for a 

significant transverse anisotropy associated with complex 2 which we attempt to deduce 

below. 

Figure 34 displays hard-plane temperature dependent spectra obtained at 94.8 

GHz for the two estimated hard-plane orientations. As with the studies of complex 1, 

one can again see the spectral weight shift to the high-field peaks as the temperature is 

reduced, which again signifies a negative axial anisotropy, i.e. D < 0. However, we now 

see two strong peaks in the limit of low temperature, corresponding to the two 

differently oriented isomers.  These two peaks, which correspond to the transitions from 

the ground states of each isomer (nominally ms = −5), have been labeled GS1 and GS2 

in figure 19; GS1 (GS2) is seen at higher field when the field is parallel to hard plane 1 

(hard plane 2). It is evident that the spectral weight associate with GS1 and GS2 (area 

under the resonances) is roughly equivalent, which is consistent with the 50:50 ratio of 

∆ and Λ isomers. It is also notable that the hard plane peaks are considerably sharper for 

complex 2 when compared to the data in figure 28 (even though the data were obtained 

at different frequencies, the linewidths should be frequency/field independent). This 
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finding is consistent with HFEPR studies of many other SMMs which suggest that a 

major contributing factor to the D-strain comes from disordered solvate molecules.33-38  

In the present case, we note that crystals of 2 do not contain any solvate molecules, 

whereas crystals of 1 do.  

An interesting point to note from Figure 34 is the emergence of excited state 

intensity in between GS1 and GS2; in particular, the two peaks labeled ES1 and ES2 in 

the top panel. These two peaks of roughly equal intensity represent transitions from the 

first excited states of each isomer (ms = −4). However, the appearance of these peaks in 

between GS1 and GS2 implies that the first excited state transition associated hard 

plane 1 (ES1) occurs at a higher field than the ground state transition (GS1). 

Nevertheless, the field is not aligned within the hard plane for this isomer for the 

situation displayed in the top panel of figure 34 (likewise for hard plane 1 in the lower 

panel). Indeed, simulations (not shown) indicate that the order of these peaks does in 

fact reverse for this frequency (94.8 GHz) once the field is tilted significantly (> 15o) 

away from the hard plane, thus confirming the behavior seen in the experiment. Finally, 

we note that clusters of double quantum transitions (∆ms = ±2) are clearly visible at 

magnetic field strengths below 3 T in Figure 34. Such peaks are often seen in hard plane 

measurements, particularly in parallel EPR mode where the microwave (AC) and DC 

magnetic fields have parallel components.39  Thus, the intensities of the ∆ms = ±2 

transitions relative to the standard peaks (∆ms = ±1) tend to depend sensitively on field 

orientation, as can clearly be seen from comparisons between the upper and lower 

panels in figure 34. We point out that these additional peaks greatly complicate our 

following analysis of the frequency dependent spectra. 
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Figure 2.34. Temperature dependent hard-plane HFEPR spectra for complex 2 at 94.8 

GHz and 2-20 K, with the field aligned parallel to the hard plane of isomers 1 (bottom) 

and 2 (top).  Peaks corresponding to the ground-state (GS) and excited-state (ES) 

transitions of the two isomers are assigned.  Double-quantum transitions (∆ms = ±2) are 

clearly evident below 3 T. 
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As with complex 1, frequency dependence studies were carried out on 2 

between 50 and 150 GHz at 7 K, with the field (a) as close as possible to one of the two 

easy-axes and (b) precisely aligned in hard-plane 2 (see upper panel of figure 34); the 

positions of EPR peaks seen for these two orientations are plotted in figures 35 (top) 

and (bottom) respectively. Again, the solid curves represent the best simulations of the 

data obtained via exact diagonalization of eq. 6.  Before presenting the optimum ZFS 

parameters, one or two details of our procedure should be discussed. The angle 

dependence studies were used in order to orient the field reasonably close (36° away 

from c) to the easy axis of one of the species so that the strongest peaks are seen at the 

lowest fields.  As can be seen from figure 34(a), many other peaks from the second 

species contaminate the data (more so at some frequencies than others).  Nevertheless, 

we can clearly identify the first two to three stronger easy-axis peaks, which have been 

emphasized in red in the figure. It is these peaks that are first used to constrain the axial 

ZFS parameters D and B4
0, with two additional adjustable parameters being gz and the 

field orientation.  The latter two parameters constrain the slopes and curvature of the 

solid curves, while D and B4
0 fix the horizontal spacings: just three peaks provide a 

reasonable constraint on these two parameters. Best agreement is again obtained with 

S = 5, and axial ZFS parameters: D = −0.17 cm−1, 0
4B  = −6.68 × 10−5 cm−1 and gz = 

1.98. 

Next we turn to the hard plane 2 data [figure 34 (bottom)]. A representative 

spectrum obtained at 81.5 GHz and 7 K is shown in figure 37 in order to illustrate the 

problem associated with assigning peaks to the two species. Nevertheless, by comparing 

frequency and temperature dependence data, this is achievable. The short upward  
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Figure 2.35.  Frequency-dependent HFEPR peak positions for complex 2 between 50 

and 150 GHz with the field (a) as close as possible to one of the two easy axes (36 away 

from the c axis) and (b) precisely aligned with hard plane 2.  The solid curves represent 

the best simulations of the data using parameter values obtained from exact 

diagonalization of the Hamiltonian (eq. 6).  Red circles represent data points used to 

constrain the values of the axial ZFS parameters D and B0
4 (see the text for parameter 

values used). 
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Figure 2.36. Energy level diagram for the hard plane of complex 1.  the blue upward-

pointing arrows indicate the EPR transitions labeled a-g in figure 28, and the red 

upward-pointing arrows indicate the EPR transition labeled X. 
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Figure 2.37.  Representative spectrum of hard plane 2 for complex 2 at 81.5 GHz and 7 

K.  The upward-pointing arrows indicate the peaks assigned to hard plane 2.  Peaks for 

both isomers are labeled according to the scheme described in figure 34.   
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pointing arrows indicate the positions of peaks which we associate with hard plane 2; 

some of the peaks have been labeled according to the scheme adopted in figure 33, 

including GS1 and ES1 corresponding to the other species. The peak positions for hard 

plane 2 obtained at several frequencies are plotted in figure 34 (bottom). In addition to 

the axial parameters, D and B4
0, hard plane HFEPR spectra are also highly sensitive to 

transverse interactions.40  In fact, we find that it is impossible to obtain simultaneous 

agreement between the data in figures 34 (top) and (bottom) using only axial ZFS 

parameters.  Therefore, as previously noted, it becomes necessary to consider transverse 

anisotropies.  Because the orientation of the field within hard plane 2 is not known, it is 

impossible to obtain precise values for these parameters.  Nevertheless, the data do 

provide valuable insights into the nature of the transverse anisotropy.  Surprisingly, we 

find it impossible to obtain good agreement with the data in figure 34 (bottom) using 

only a rhombic E parameter, suggesting the importance of higher order anisotropies.  

The simulated curves were generated using the following parameters (in addition to the 

previously obtained axial ones): E = 6.68 × 10−3 cm−1, 2
4B  = −1.00 × 10−4 cm−1 and gx = 

gy = 1.95.  We stress that these parameters give reasonable agreement with the data, but 

that there could be many other equally good parameter sets involving, e.g. terms such as 

B4
3, B4

4, B6
3, etc..  The available data do not provide sufficient constraints to distinguish 

between these different parameter sets.  The main point of these studies is to 

demonstrate that complex 2 possesses significant transverse anisotropy, in contrast to 

the other complexes, and that this is the reason for the faster tunneling in 2. 

 

2.4.  Conclusions 
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     In summary, the structures and magnetic properties of seven new integer-spin 

Mn3
IIINiII cubane complexes, with 1, 3-7 exhibiting C3 molecular symmetry and 2 

possessing C1 symmetry.  These complexes exhibit a close structural resemblance to the 

well-studied half-integer S = 9/2 Mn3
IIIMnIV cubane family. Detailed magnetic 

susceptibility studies on complexes 1-7 indicate ferromagnetic MnIII-MnIII exchange 

interactions and antiferromagnetic MnIII-NiII exchange interactions, resulting in well-

isolated S = 5 spin ground states.  Oriented single-crystal HFEPR studies confirm the 

spin ground state and establish negative D-values for complexes 1 and 2.  Single-crystal 

micro-SQUID hysteresis measurements confirm that these complexes function as 

SMMs exhibiting fast QTM, with low-symmetry complex 2 exhibiting the fastest rate 

of QTM.  This parallels results obtained for related Mn3
IIIMnIV examples, where 

complexes with rhombic ZFS (E) exhibit increased QTM rates with respect to higher 

symmetry examples.  Additionally, the fast QTM rates for complexes 1-3 highlight the 

importance of spin-parity effects in SMMs, as these non-Kramers degenerate SMMs 

exhibit significantly smaller coercivities in comparison to related examples in the S = 

9/2 Mn4 cubane family. 

 Chapter 2, in part, is a reprint of the material as it appears in: P.L. Feng, C.C. 

Beedle, C. Koo, W. Wernsdorfer, M. Nakano, S. Hill, D.N. Hendrickson, Inorg. Chem. 

2008, 47, 3188.  The dissertation author was the primary investigator and author of this 

paper.    
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3.1.  Introduction 

The concept of heterometallic substitution has been employed in a number of 

SMM systems to modify the spin of the ground state and the associated uniaxial 

anisotropy, as demonstrated in the previous chapter and in other works.1-8  The majority 

of these systems in the literature are comprised of anisotropic combinations of 3d-4f 

metal ions, with the goal of increasing the barrier to magnetization reversal via 

cooperative effects of the single-ion spins and anisotropies.4-9  Earlier efforts 

concentrated on Cu/Gd systems, which are inherently ferromagnetically coupled and 

produce high-spin ground states, but shown negligible anisotropy.6, 9  Recently, a new 

approach has been to combine 3d and 4f metal ions that exhibit high-spin and/or single-

ion anisotropy.5, 8  A few examples include Cu6Dy3 or Co2Gd complexes, which 

possess Ueff values of 25 K and 28 K, respectively.5, 8  Although these approaches have 

been met with some synthetic success, significant limitations include the difficulties 

associated with understanding the spin states in these complicated systems as well as 

Ueff values that remain modest relative to many simpler homometallic SMMs (i.e. >80 

K for Mn12-acetate).10   

An alternative motivation for employing heterometallic ions in SMMs involves 

the systematic study of magnetic effects associated with specific metal-ion replacement.  

One such example is the study of the complex 

[Mn11CrO12(O2CCH3)16(H2O)4]·2CH3COOH·4H2O, which differs from the very well-

studied “Mn12-acetate” family in the replacement of an s = 2 MnIII ion by an s = 3/2 

CrIII ion.2  The important magnetic effects associated with this substitution include a 

change in the spin ground state from S = 10 in “Mn12-acetate” to S = 19/2 in “Mn11Cr” 
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and the observance of very similar metric paramters/uniaxial anisotropies.  These 

changes allowed for detailed studies on the effects of integer and half-integer spin 

ground states upon the mechanism for QTM, including the specific role of dipolar-

biased tunneling processes.2, 3 

It is along these lines that we introduce a family of heterometallic Mn3
IIIZnII 

cubane complexes, which possess a general formula of [Mn3Zn(hmp)3O(N3)3(RCOO)3], 

in which hmp– is the anion of 2-hydroxymethylpyridine.  These examples are 

isostructural to the Mn3
IIINiII analogs presented in the previous chapter and possess 

ferromagnetic interactions leading to an isolated S = 6 spin ground state.  This is the 

direct result of replacing the antiferromagnetically coupled s = 1 NiII ion in Mn3
IIINiII 

by an s = 0 ZnII ion in Mn3
IIIZnII.  Single-crystal HFEPR and magnetization hysteresis 

measurements on these Mn3
IIIZnII analogs reveal a smaller molecular anisotropy than in 

Mn3
IIINiII and a faster corresponding rate of QTM.  These combined observations have 

allowed for detailed comparisons to be drawn relating to the origin of anisotropy in 

these Mn3Ni and Mn3Zn cubane analogs, as well as the specific factors affecting the 

rate of magnetization relaxation and QTM.                               

 

3.2.  Experimental Section 

3.2.1  Materials and Synthesis 

All the starting materials were of reagent grade and used as received.  Caution! 

NaN3 is toxic and potentially explosive.  Although no problems were encountered in 

this work, these materials should be handled with extreme care. 
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[Mn3Zn(hmp)3O(<3)3(CH3O2)3] (1).  Mn(OAc)2·4H2O (0.730 g, 2.98 mmol) 

and Zn(NO3)2·6H2O (0.354 g, 1.42 mmol) were added to 50 mL of CHCl3.  NaN3 

(0.200 g, 3.08 mmol) and hmpH (0.812 mL, 8.43 mmol) were slowly added and the 

resulting mixture stirred overnight.  The resulting red-brown solution was filtered and 

carefully layered with Et2O.  Well-formed dark red pyramidal crystals were obtained in 

35% yield (based on Mn) after 3 weeks.  Selected IR data (cm-1): 3440 (b), 2972 (w), 

2852 (w), 2058 (s), 1560 (s), 1389 (m), 1281 (m), 1048 (m), 762 (m), 619 (w), 586 (m).   

[Mn3Zn(hmp)3O(<3)3(C3H5O2)3]·2CHCl3 (2).  Mn(NO3)2·4H2O (0.250 g, 1.00 

mmol) and Zn(NO3)2·6H2O (0.200 g, 0.67 mmol) were added to 50 mL of a stirring 

CHCl3 mixture of NaN3 (0.070 g, 1.08 mmol), propionic acid (0.30 mL, 4.02 mmol), 

and hmpH (0.22 mL, 2.28 mmol).  The mixture was filtered after stirring for 15 

minutes, leading to a small amount of red-brown microcrystalline precipitate and a dark 

brown-red filtrate.  Brown block-shaped crystals formed from the standing filtrate after 

2 days in 35% crystalline yield (based on Mn).  The microcrystalline precipitate yielded 

an IR spectrum identical to that of the crystalline product, resulting in a combined yield 

of 57%.  Selected IR data (cm-1): 3442 (b), 2977 (w), 2849 (w), 2061 (s), 1564 (s), 1395 

(m), 1286 (m), 1051 (m), 760 (m), 586 (m).    

[Mn3Zn(hmp)3O(<3)3(C4H7O2)3]·CHCl3 (3).  Mn(NO3)2·4H2O (0.125 g, 0.50 

mmol) and Zn(NO3)2·6H2O (0.100 g, 0.34 mmol) were added to 40 mL of a stirring 

CHCl3 mixture of NaN3 (0.035 g, 0.54 mmol), butyric acid (0.2 mL, 2.19 mmol), and 

hmpH (0.11 mL, 1.14 mmol).  The mixture was filtered after stirring for 10 minutes, 

leading to a red-brown microcrystalline precipitate and a dark brown-red filtrate.  Red-

brown block-shaped crystals formed from the standing filtrate after 2 days in 38% 
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crystalline yield (based on Mn).  The microcrystalline precipitate yielded an IR 

spectrum identical to that of the crystalline product, resulting in a total combined yield 

of 58%.  Selected IR data (cm-1): 3441 (b), 2978 (w), 2061 (s), 1564 (s), 1396 (m), 1285 

(m), 1049 (m), 762 (m), 669 (m), 585 (m), 512 (w)        

[Mn3Zn(hmp)3O(<3)3(C4H7O2)3]·2CHCl3 (4).  Mn(NO3)2·4H2O (0.125 g, 0.50 

mmol) and Zn(NO3)2·6H2O (0.100 g, 0.34 mmol) were added to 40 mL of a stirring 

CHCl3 mixture of NaN3 (0.035 g, 0.54 mmol), isobutyric acid (0.2 mL, 2.19 mmol), and 

hmpH (0.11 mL, 1.14 mmol).  The mixture was filtered after stirring for 10 minutes, 

leading to a red-brown microcrystalline precipitate and a dark brown-red filtrate.  

Brown block-shaped crystals formed from the standing filtrate after 2 days in 43% 

crystalline yield (based on Mn).  The microcrystalline precipitate yielded an IR 

spectrum identical to that of the crystalline product, resulting in a total combined yield 

of 61%.  Selected IR data (cm-1): 3444 (b), 2924 (w), 2058 (m), 2036 (w), 1633 (m), 

1384 (m), 1082 (w), 590 (m)   

[Mn3Zn(hmp)3O(<3)3(C9H9O2)3] (5).  Mn(NO3)2·4H2O (0.280 g, 1.12 mmol) 

and Zn(NO3)2·6H2O (0.170 g, 0.57 mmol) were added to 40 mL of a stirring acetonitrile 

mixture of NaN3 (0.090 g, 1.38 mmol), 2–phenylpropionic acid (0.190 g, 1.27 mmol), 

and hmpH (0.22 mL, 2.28 mmol).  n-NBu4MnO4 (0.092 g, 0.255 mmol) was added over 

5 minutes and the resulting mixture stirred for 3 hours.  The dark brown filtrate was 

then layered with isopropyl ether and left undisturbed for 1 week.  Black cube-shaped 

crystals were retrieved in 68% yield (based on Mn).  Selected IR data (cm-1): 3443 (b), 

2059 (s), 1608(m), 1561 (m), 1399 (m), 1049 (m), 761 (w), 590 (m).   
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[Mn3Zn(hmp)3O(<3)3(C11H16O2)3]·CH3C< (6).  Mn(NO3)2·4H2O (0.250 g, 

1.00 mmol) and Zn(NO3)2·6H2O (0.200 g, 0.67 mmol) were added to 50 mL of a 

stirring acetonitrile mixture of NaN3 (0.070 g, 1.08 mmol), 1-adamantanecarboxylic 

acid (0.25 g, 1.39 mmol), and hmpH (0.22 mL, 2.28 mmol).  NBu4MnO4 (0.092 g, 

0.255 mmol) was added over 5 minutes and the resulting mixture stirred for 30 minutes.  

The dark red filtrate was then carefully layered with Et2O.  Elongated icosahedral 

crystals (0.5mm x 0.1mm x 0.1mm) were collected after 3 days in 74% yield (based on 

Mn).  Selected IR data (cm-1): 3435 (b), 2903 (s), 2846 (m), 2055 (s), 1543 (m), 1376 

(m), 1309 (w), 1050 (m), 760 (m), 594 (m), 494 (w).   

 

3.2.2.  Physical Measurements  

Infrared spectra were recorded for KBr discs on a Thermo-Nicolet Avatar 360 

FT-IR spectrometer.  Elemental analyses were performed by Numega Resonance Labs 

(San Diego, CA).  DC magnetic susceptibility data were collected using a Quantum 

Design MPMS-2 SQUID magnetometer equipped with a 5 T magnet.  AC magnetic 

susceptibility data were collected on a Quantum Design MPMS SQUID magnetometer 

equipped with a 1 T magnet, as part of the W.M. Keck Center for Interface and 

Materials Sciences (CIMS) laboratory at the University of California-San Diego.  

Crystalline samples for bulk magnetic studies were pulverized and immobilized in 

eicosane to prevent field-induced torquing.  Pascal's constants were employed as 

diamagnetic corrections to the magnetic susceptibility data.  Bulk magnetization 

hysteresis measurements were conducted on field-aligned powder samples, where a 

static 5 T field was applied at 330 K, followed by cooling to 10 K.  This procedure led 
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to partially aligned samples, in which the molecular easy axes were approximately 

aligned with the applied magnetic field.     

X-ray Crystallography   

Representative single-crystals were selected from the crystallization solvent and 

mounted on a CryoLoop with Paratone-N oil.  Diffraction intensity data were collected 

at 200 K for complexes 1, 3, 4 and at 100 K for complexes 2, 5, 6 on a Bruker Smart 

Apex or Apex II CCD-based diffractometer employing Mo Kα radiation.  The 

reflection data were integrated using the Bruker SAINT software program and 

corrected for absorption effects using the Bruker SADABS program.  

Complexes 1-6 were all solved by direct methods using SHELXS-97, utilizing 

successive difference Fourier syntheses, and refined by full matrix least squares on all 

F2 data.  All non-hydrogen atoms were refined anisotropically by full-matrix least-

squares regression.  Hydrogen atoms were designated in calculated positions using a 

riding model.  Disordered co-crystallized solvate molecules in complexes 2 and 6 were 

treated using the program SQUEEZE, the details of which may be found in the CIF file.  

Two CHCl3 solvate molecules were determined from the residual 117 e– density in 2 

(116 e– calculated).  A residual electron density of 126 e– was found for 6, 

corresponding to 1 CH3CN molecule (132 e– calculated).  Disordered ligands and 

solvate molecules were absent in the remaining complexes, in which well-behaved 

thermal ellipsoids were observed for the structure factors assigned to the observed 

electron densities. 

 

3.3.  Results and Discussion 
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3.3.1.  Description of Structures   

The Mn3
IIIZn complexes presented here are isostructural to the Mn3

IIINi 

complexes described in chapter 2.  The molecular structures for these complexes are 

shown in figures 3-8 for 1-6.  Substitution of the s = 1 NiII ion in Mn3
IIINi with a 

diamagnetic ZnII ion in these analogs has been observed to change the ground state spin 

from S = 5 to S = 6, combined with structural changes that affect the strength of the 

magnetic exchange interactions and molecular anisotropy.  A discussion of these 

structural changes will be provided here, whereas the corresponding magnetic 

properties will be discussed in detail below. 

Complex 1 has the formula Mn3Zn(hmp)3O(N3)3(C2H3O2)3·CHCl3 where hmp– 

is the anion of hydroxymethylpyridine and C2H3O2
– is the acetate anion.  This complex 

crystallizes in the trigonal space group R3c as one unique molecule in a single 

molecular orientation.  One ordered CHCl3 and two H2O co-crystallized solvates 

molecule are present, in which the CHCl3 molecule resides 3.816 Å away from the µ3-

oxo that is centered among the three MnIII ions (O1).  The C3 symmetry of CHCl3 is 

consistent with the trigonal symmetry of the complex.  One of the co-crystallized H2O 

molecules (O6) resides 2.658 Å away from (N4), as labeled in figure 3.  The structure 

for complex 2 is similar to 1, crystallizing in the same R3c space group with very 

similar unit cell parameters.  However, 2 possesses two disordered CHCl3 molecules in 

the unit cell, as determined from the electron count in SQUEEZE.  This difference is 

not too surprising considering the differences in void space volume associated with a 

change in the bridging carboxylate, from acetate to propionate in 1 and 2, respectively.   

Indeed, the longer linear carboxylate butyrate was employed in the synthesis of 3,  
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Table 3.1.  Crystallographic data and refinement parameters for complexes 1, 2. 

Complex 1  2  
Formula  C25 H32 Cl3 Mn3 N12 O12 Zn C29 H35 Cl6 Mn3 N12 O10 Zn 
Formula weight  1029.158 1154.583 
Temperature [K] 200(2)  100(2)  
Wavelength [Å] 0.71073 Å 0.71073 Å 
Crystal system  Trigonal Trigonal 
Space group  R3c R3c 
a [Å] 14.4152(7)  14.744(2)  
b [Å] 14.4152(7)  14.744 
c [Å] 36.041(3)  35.186(5)  
α [deg] 90 90 
β [deg] 90 90 
γ [deg] 120 120 
Volume [Å3] 6485.9(7)  6623.9(14) 
Z 6 6 
Dcalc [Mg/m3] 1.651 5.21 
abs. coefficient [mm-1] 1.664 mm-1 5.409 
F(000) 3230 10440 
Crystal size [mm3] 0.35 x 0.3 x 0.3  0.25 x 0.25 x 0.2  
Theta range for data 
collection 1.98 to 25.18° 2.76 to 25.03° 

Index ranges 
-17<=h<=17, -17<=k<=17, -
43<=l<=42 

-17<=h<=17, -16<=k<=17, -
41<=l<=36 

Reflections collected 46643 10070 
Independent reflections 2590 [R(int) = 0.0486] 2548 [R(int) = 0.0567] 
Completeness to theta 
= 25.50° 100.0 %  99.9 %  
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / 
parameters 2590 / 1 / 184 2548 / 1 / 161 
Goodness-of-fit on F2 1.106 1.038 
Final R indices 
[I>2sigma(I)] R1 = 0.0375, wR2 = 0.0968 R1 = 0.0470, wR2 = 0.1191 
R indices (all data) R1 = 0.0433, wR2 = 0.1028 R1 = 0.0507, wR2 = 0.1212 
Absolute structure 
parameter -0.016(19) 0.00 
Largest diff. peak and 
hole 0.955 and -0.289 e.Å-3 0.653 and -0.355 e.Å-3 

( ) ( ) 2
1

22222 /2)).(00.2(/1 



 ∑∑ −=>∑∑ −= oco

b
oco

a FwFFwwRIIFFFR σ  (all data). 
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Table 3.2.  Crystallographic data and refinement parameters for complexes 3a, 3b. 

Complex 3a  3b  
Formula  C31 H40 Cl3 Mn3 N12 O10 Zn C31 H40 Cl3 Mn3 N12 O10 Zn 
Formula weight  1077.286 1077.286 
Temperature [K] 200(2)  100(2) K 
Wavelength [Å] 0.71073 Å 0.71073 Å 
Crystal system  Trigonal Monoclinic  
Space group  R3c Cc 
a [Å] 14.722(2)  25.036(5)  
b [Å] 14.722(2)  43.360(5)  
c [Å] 36.060(9)  14.584(5)  
α [deg] 90 90.000(5) 
β [deg] 90 124.907(5) 
γ [deg] 120 90.000(5) 
Volume [Å3] 6768(2)  12983(5)  
Z 6 4 
Dcalc [Mg/m3] 1.584 1.636 
abs. coefficient [mm-1] 1.586 1.653 
F(000) 3270 6420 
Crystal size [mm3] 0.3 x 0.2 x 0.2  0.3 x 0.2 x 0.2  
Theta range for data 
collection 2.77 to 24.18° 2.20 to 22.19° 

Index ranges 
-16<=h<=16, -16<=k<=16, -
41<=l<=41 

-26<=h<=26, -46<=k<=46, -
14<=l<=15 

Reflections collected 14951 44443 
Independent reflections 2400 [R(int) = 0.0578] 14140 [R(int) = 0.0204] 
Completeness to theta 
= 25.50° 99.9 %  98.7 %  
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / 
parameters 2400 / 1 / 182 14140 / 2 / 730 
Goodness-of-fit on F2 1.062 0.897 
Final R indices 
[I>2sigma(I)] R1 = 0.0340, wR2 = 0.0790 R1 = 0.0733, wR2 = 0.2433 
R indices (all data) R1 = 0.0375, wR2 = 0.0815 R1 = 0.1058, wR2 = 0.2716 
Absolute structure 
parameter -0.01(2) 0.00 
Largest diff. peak and 
hole 0.460 and -0.331 e.Å-3 1.092 and -1.061 e.Å-3 

( ) ( ) 2
1

22222 /2)).(00.2(/1 



 ∑∑ −=>∑∑ −= oco

b
oco

a FwFFwwRIIFFFR σ  (all data). 
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Table 3.3.  Crystallographic data and refinement parameters for complexes 4, 5. 

Complex 4  5  
Formula  C32 H41 Cl6 Mn3 N12 O10 Zn C45 H45 Mn3 N12 O10 Zn 
Formula weight  1196.663 1144.118 
Temperature [K] 200(2)  100(2) K 
Wavelength [Å] 0.71073 Å 0.71073 Å 
Crystal system  Monoclinic Monoclinic 
Space group  Cc Cc 
a [Å] 25.00(2)  25.725(2)  
b [Å] 15.600(2)  15.9218(14)  
c [Å] 14.4576(13)  14.1706(12)  
α [deg] 90 90 
β [deg] 122.17 122.3540(10) 
γ [deg] 90 90 
Volume [Å3] 4833(382)  4903.1(7)  
Z 4 4 
Dcalc [Mg/m3] 1.588 1.55 
abs. coefficient [mm-1] 1.648 1.307 
F(000) 2252 2336 
Crystal size [mm3] 0.35 x 0.3 x 0.3  0.35 x 0.35 x 0.3  
Theta range for data 
collection 1.61 to 28.15° 1.59 to 25.41° 

Index ranges 
-30<=h<=31, -20<=k<=20, -
19<=l<=18 

-28<=h<=31, -19<=k<=19, -
17<=l<=16 

Reflections collected 14776 18905 
Independent reflections 14776 [R(int) = 0.0000] 6746 [R(int) = 0.0399] 
Completeness to theta 
= 25.50° 97.10% 100.0 %  
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / 
parameters 14776 / 2 / 578 6746 / 2 / 640 
Goodness-of-fit on F2 0.913 1.013 
Final R indices 
[I>2sigma(I)] R1 = 0.0621, wR2 = 0.1221 R1 = 0.0225, wR2 = 0.0537 
R indices (all data) R1 = 0.1091, wR2 = 0.1461 R1 = 0.0235, wR2 = 0.0544 
Absolute structure 
parameter 0.003(16) 0.014(6) 
Largest diff. peak and 
hole 1.449 and -0.982 e.Å-3 0.250 and -0.228 e.Å-3 

( ) ( ) 2
1

22222 /2)).(00.2(/1 



 ∑∑ −=>∑∑ −= oco

b
oco

a FwFFwwRIIFFFR σ  (all data). 
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Table 3.4.  Crystallographic data and refinement parameters for complex 6. 

Complex 6  
Formula  C53 H66 Mn3 N13 O10 Zn 
Formula weight  1275.37691 
Temperature [K] 100(2) K 
Wavelength [Å] 0.71073 Å 
Crystal system  Hexagonal 
Space group  P6(3) 
a [Å] 15.9214(10)  
b [Å] 15.9214(10)  
c [Å] 40.287(5)  
α [deg] 90 
β [deg] 90 
γ [deg] 120 
Volume [Å3] 8844.3(14)  
Z 6 
Dcalc [Mg/m3] 1.431 
abs. coefficient [mm-1] 1.097 
F(000) 3748 
Crystal size [mm3] 0.4 x 0.15 x 0.15  
Theta range for data 
collection 1.48 to 25.36° 

Index ranges 
-13<=h<=19, -19<=k<=8, -
48<=l<=47 

Reflections collected 36280 
Independent reflections 10652 [R(int) = 0.0628] 
Completeness to theta 
= 25.50° 99.9 %  
Refinement method Full-matrix least-squares on F2 
Data / restraints / 
parameters 10652 / 1 / 352 
Goodness-of-fit on F2 1.108 
Final R indices 
[I>2sigma(I)] R1 = 0.1779, wR2 = 0.3797 
R indices (all data) R1 = 0.1863, wR2 = 0.3845 
Absolute structure 
parameter 0.00 
Largest diff. peak and 
hole 1.858 and -2.895 e.Å-3 

( ) ( ) 2
1

22222 /2)).(00.2(/1 



 ∑∑ −=>∑∑ −= oco

b
oco

a FwFFwwRIIFFFR σ  (all data). 
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Figure 3.1.  Representation of the core bond connectivities for C3 complexes 1-3, 6.  

Selected carbon and nitrogen atoms have been removed for clarity. 
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Figure 3.2.  Representation of the core bond connectivities for the low-symmetry 

complexes 4, 5.  Selected carbon and nitrogen atoms have been removed for clarity. 
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Table 3.6.  Selected Bond Distances (Å) and Bond Angles (deg) for complex 4 

Mn(1) – O(1) 1.883  Zn(1) – O(2) 2.149 
Mn(1) – O(2) 1.982  Zn(1) – O(3) 2.160 
Mn(1) – O(3)       (JT) 2.319  Zn(1) – O(4) 2.169 
Mn(1) – O(6)       (JT) 2.163  Zn(1) – N(1) 2.051 
Mn(1) – O(7) 1.918  Zn(1) – N(2) 2.077 
Mn(1) – N(10) 1.889  Zn(1) – N(3) 2.071 
Mn(2) – O(1) 1.891  Zn(1) ··· O(1) 3.520 
Mn(2) – O(3) 1.951  Mn(1) ··· Mn(2) 3.033 
Mn(2) – O(4)       (JT) 2.292  Mn(2) ··· Mn(3) 2.988 
Mn(2) – O(8)       (JT) 2.163  Mn(3) ··· Mn(1) 3.022 
Mn(2) – O(9) 1.922  Mn(1) – O(1) – Mn(2)  106.94 
Mn(2) – N(4) 1.942  Mn(2) – O(1) – Mn(3) 104.80 
Mn(3) – O(1) 1.881  Mn(3) – O(1) – Mn(1) 106.82 
Mn(3) – O(2)       (JT) 2.317  O(2) – Zn(1) – O(3) 79.86 
Mn(3) – O(4) 1.936  O(3) – Zn(1) – O(4) 77.61 
Mn(3) – O(5) 1.946  O(4) – Zn(1) – O(2) 79.20 
Mn(3) – O(10)       (JT) 2.195  µ3-oxo out-of-plane, ∆ 0.724 
Mn(3) – N(7) 1.942    

 
 
 

Table 3.7.  Selected Bond Distances (Å) and Bond Angles (deg) for complex 5 

Mn(1) – O(1) 1.900  Zn(1) – O(2) 2.179 
Mn(1) – O(2) 1.951  Zn(1) – O(3) 2.152 
Mn(1) – O(3)       (JT) 2.307  Zn(1) – O(4) 21.49 
Mn(1) – O(6)       (JT) 2.195  Zn(1) – N(1) 2.084 
Mn(1) – O(7) 1.938  Zn(1) – N(2) 2.093 
Mn(1) – N(10) 1.956  Zn(1) – N(3) 2.076 
Mn(2) – O(1) 1.889  Zn(1) ··· O(1) 3.499 
Mn(2) – O(3) 1.948  Mn(1) ··· Mn(2) 3.050 
Mn(2) – O(4)       (JT) 2.371  Mn(2) ··· Mn(3) 3.030 
Mn(2) – O(8)       (JT) 2.185  Mn(3) ··· Mn(1) 3.032 
Mn(2) – O(9) 1.928  Mn(1) – O(1) – Mn(2)  107.17 
Mn(2) – N(4) 1.954  Mn(2) – O(1) – Mn(3) 106.74 
Mn(3) – O(1) 1.886  Mn(3) – O(1) – Mn(1) 106.41 
Mn(3) – O(2)       (JT) 2.371  O(2) – Zn(1) – O(3) 79.21 
Mn(3) – O(4) 1.947  O(3) – Zn(1) – O(4) 80.71 
Mn(3) – O(5) 1.935  O(4) – Zn(1) – O(2) 79.38 
Mn(3) – O(10)       (JT) 2.188  µ3-oxo out-of-plane, ∆ 0.710 
Mn(3) – N(7) 1.958    
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Table 3.8.  Comparison of the bond distances and angles for [Mn3Ni(hmp)3O(N3)3 

(C3H5O2)] and [Mn3Zn(hmp)3O(N3)3(C3H5O2)] (2). 

 Mn3<i(propionate) Mn3Zn(propionate) (2) 
Mn-OA 1.900 1.898 
Mn-OB    (JT) 2.348 2.308 
Mn-OB 1.956 1.934 
Mn-OC    (JT) 2.158 2.164 
Mn-OD 1.927 1.938 
Mn-NA 1.938 1.946 
Ni(Zn)-OB 2.076 2.165 
Ni(Zn)-NB 2.057 2.082 
Ni(Zn)···OA 3.433 3.554 
Mn···Mn 3.029 3.013 
Mn-OA-Mn 106.16 105.13 
OB-Ni(Zn)-OB 82.25 78.21 
µ3-oxo out-of-
plane shift, (∆) 0.712 0.758 

JT Torsion 
Angle, (δ) 37.87 36.97 

 
 
 
Table 3.9.  Comparison of the bond distances and angles for [Mn3Ni(hmp)3O(N3)3 

(C4H7O2)] and [Mn3Zn(hmp)3O(N3)3(C4H7O2)] (3a). 

 Mn3<i(butyrate) Mn3Zn(butyrate) (3a) 
Mn-OA 1.903 1.900 
Mn-OB    (JT) 2.353 2.327 
Mn-OB 1.946 1.962 
Mn-OC    (JT) 2.180 2.188 
Mn-OD 1.931 1.946 
Mn-NA 1.953 1.952 
Ni(Zn)-OB 2.088 2.173 
Ni(Zn)-NB 2.048 2.084 
Ni(Zn)···OA 3.419 3.556 
Mn···Mn 3.045 3.034 
Mn-OA-Mn 106.35 105.93 
OB-Ni(Zn)-OB 81.47 78.60 
µ3-oxo out-of-
plane shift, (∆) 0.714 0.738 

JT Torsion 
Angle, (δ) 37.92 37.15 
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Figure 3.3.  Partially labeled molecular structure of complex 1.  Hydrogen atoms have 

been omitted while carbon and symmetry equivalent atoms have been left unlabeled, 

for clarity. 
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Figure 3.4.  Partially labeled molecular structure of complex 2.  Hydrogen atoms have 

been omitted while carbon and symmetry equivalent atoms have been left unlabeled, 

for clarity. 
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Figure 3.5.  Partially labeled molecular structure of complex 3.  Hydrogen atoms have 

been omitted while carbon and symmetry equivalent atoms have been left unlabeled, 

for clarity. 

. 
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Figure 3.6.  Partially labeled molecular structure of complex 4.  Hydrogen atoms have 

been omitted while carbon and symmetry equivalent atoms have been left unlabeled, 

for clarity. 
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Figure 3.7.  Partially labeled molecular structure of complex 5.  Hydrogen atoms have 

been omitted while carbon and symmetry equivalent atoms have been left unlabeled, 

for clarity. 
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Figure 3.8.  Partially labeled molecular structure of complex 6.  Hydrogen atoms have 

been omitted while carbon and symmetry equivalent atoms have been left unlabeled, 

for clarity. 
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yielding remarkably similar crystallographic parameters to 1 and 2 for the structure  

taken at 200 K (complex 3a in table 9).  In spite of the similarities of 3a to complexes 1 

and 2, the incorporation of solvate molecules within the void spaces of 3a differ from 

the previous examples, in which only one ordered CHCl3 molecule is observed.  

Interestingly, structural determination of complex 3 was not possible upon direct 

cooling to 100 K, resulting in poorly defined diffraction peaks and failed attempts to 

determine the unit cell parameters.  However, the monoclinic structure labeled 3b in 

table 2 was obtained for a crystal of complex 3 that was gradually cooled from 200 K to 

100 K over a period of 35 minutes.  It is important to note that this represents a 

temperature-dependent polymorphic crystallographic transition, in which exactly the 

same molecular formulae are evident in both structures.  This notable observation was 

confirmed via reversible determination of the respective trigonal and monoclinic unit 

cells at 200 K and 100 K.  Heat capacity measurements were also collected on a ground 

crystalline sample of 3 (figure 9), yielding a sharp peak at 130.0 K that provides 

additional evidence for a crystallographic phase transition.  This observation has 

important implications for the single-crystal HFEPR spectroscopy, as will be discussed 

below.         

To further investigate the effects of crystallographic packing within these 

analogs, the branched chain carboxylate isobutyrate was also employed.  This 

substitution led to a change in the crystalline packing to the lower-symmetry 

monoclinic Cc space group at 200 K, with two co-crystallized CHCl3 solvate molecules.  

The lower symmetry is also evident in the orientation of the isobutyrate groups, in 

which the methyl groups on the ligand corresponding to O5 and O6 are consistent with 
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the handedness of the hmp– chelating groups.  The methyl groups on the two remaining 

isobutyrate groups are oriented opposite the rotation direction of the hmp– ligands.  An 

investigation of the intermolecular short contact interactions reveals an approximately 

linear association between a CHCl3 solvate molecule and two neighboring Mn3Zn 

clusters.  The corresponding distances were found to be 3.067 Å and 3.179 Å for 

N4····Cl5 and N11···Cl6, respectively.  Interestingly, complex 4 exhibits 

crystallographic behavior that is reminiscent of 3, where an apparent phase transition 

occurs between 200 K and 100 K.  The structure for 4 was collected at 200 K, as it was 

not possible to obtain meaningful diffraction data at lower temperatures, even for very 

slow cooling rates (-0.5 K/min).  Another intriguing observation is that complex 3 

exhibits a transition from a 200 K trigonal R3c space group to a monoclinic Cc space 

group at 100 K, while 4 possesses a monoclinic Cc space group at 200 K.  Although it 

is not possible to speculate on the nature of the crystallographic phase transition in 4, it 

is notable that this change must be fundamentally different from that of 3. 

Another low-symmetry molecule is the phenylpropionate (phprop–) derivative 

complex 5, which also crystallizes in the monoclinic space group Cc.  As in the 

[Mn3Ni(hmp)3O(N3)3(phprop)3] analog in chapter 2, 5 does not possess any co-

crystallized solvate molecules and exhibits considerable asymmetry in the core 

structure and orientation of the phprop– groups.  This is evident in the bond distances 

and angles listed in table 7, as well as in figure 7, where two phprop– ligands are 

oriented upward towards the apical ZnII ion and one oriented in the opposite direction.  

These changes result from the rotational flexibility of the ethyl linkage in phprop–.  

The bulky 1-adamantanecarboxylate ligand was used in the synthesis of  
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Figure 3.9.  Heat capacity for complex 3 from 300-20 K.  The peak corresponding to a 

crystallographic phase transition occurs at 130.0 K. 
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complex 6, resulting in icosahedral crystals that form in the hexagonal chiral space  

group P63.    Because these crystals were obtained from a CH3CN solution, the 

crystalline packing differs considerably from the comparable CH2Cl2-derived Mn3Ni 

analog.  Interestingly, there are three independent molecules in a crystal of 6 that lie at 

unique symmetry positions within the unit cell.  Because each Mn3Zn molecule in 6 

possesses a chiral structure, the result of this arrangement is the observation of a net 

chirality in the solid state.  Although magneto-chiral effects are expected to be observed 

this SMM, no observable ellipsivity was detected in the room-temperature circular 

dichroism spectrum for a sample of 6 dissolved in CH3CN.  This is likely due to rapid 

interconversion of optical isomers in solution, which is expected due to the labile nature 

of these MnIII-based complexes.11                    

It is of interest to compare the Mn3Ni complexes in chapter 2 and the Mn3Zn 

structures presented here, especially considering their close crystallographic similarities.  

The structural parameters for the Mn3Ni/Mn3Zn propionate and butyrate are compiled 

in tables 8 and 9 to summarize the direct similarities and differences between these 

isostructural and isomorphic analogs.  It is apparent that the most significant difference 

between these structures involves the geometry surrounding the apical divalent ion.  

The distance from the NiII ion to the µ3-oxo is approximately 0.1 Å shorter than in the 

corresponding ZnII distance for each isostructural pair.  This observation is 

compounded with the existence of ~4° larger OB–X–OB bond angles and 0.1 Å shorter 

X–OB bond distances in the Mn3Ni complexes relative to Mn3Zn, where X = NiII or ZnII.  

In light of these differences, there are also important structural similarities between 

these two families of complexes, including the existence of similar single-ion JT torsion 



143 

 

angles (δ), Mn–OA–Mn alkoxide bridging angles, and µ3-oxo out-of-plane shifts (∆).  

All of these factors help to maintain a constant Mn3
III core geometry, allowing for 

identification of the specific magnetic changes that arise from divalent metal ion 

substitution. 

 

3.3.2.  Magnetochemistry 

3.3.2.1.  Direct Current Magnetic Susceptibility Studies   

Variable-temperature magnetic susceptibility and variable-field reduced 

magnetization studies were performed on ground crystalline samples of complexes 1-6.  

The samples were restrained in eicosane to prevent torquing and subjected to a 1-5 T 

field in a temperature range of 1.8-300 K.  The data for complexes 1-6 are shown as 

χMT vs. T plots in the upper panels of figures 10-15, respectively. 

The 0.1 T magnetic susceptibility data for the C3-symmetric complexes 1-3, 6 

were fit from 300-20 K to the Hamiltonian in eq. 1.  The spins of the three MnIII ions 

are coupled vectorially to give ST (= S1 + S2 + S3).  By applying this coupling scheme, 

eq. 1 can be converted to a form that involves only S
2 operators from which it is 

possible to write eq. 2.  This equation gives the eigenvalues for all spin states.   

                                 ( )313221
ˆˆˆˆˆˆ2ˆ SSSSSSJH MnMn ++−= −                        (1) 

                 ( ) ( )[ ]1, +−= − TTMnMnAT SSJSSE                   (2) 

There are 15 different spin states, where ST varies in integer values from 0 to 6.  

Substitution of these values into the Van Vleck equation provides a theoretical 

expression for the molar susceptibility (χM) of a Mn3
III complex with C3 symmetry.  The 
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exchange Hamiltonian matrix was block diagonalized using a computer program that 

incorporates the following parameters: an average g for the Zeeman interactions and 

JMn-Mn.12  The data below 20 K were not fit via this procedure due to the effects of 

Zeeman and zero-field splitting, which become significant at low temperatures.  The 

obtained parameters are provided in table 10, revealing larger Mn–Mn intramolecular 

exchange parameters and increased energy separations to the excited spin states than in 

the analogous Mn3Ni complexes.  An analogous 3-J fitting model was employed to fit 

the low-symmetry complexes 4 and 5 as a result of the unique pairwise exchange 

pathways within these structures.   

3.3.2.2.  Magnetization versus Magnetic Field Studies   

The above analysis of susceptibility data, which employs the eigenvalues from 

eq. 2 and the Van Vleck equation, does not account for Zeeman interactions at low 

temperatures or the effects of zero-field splitting (zfs).  As a result, magnetization 

versus dc field data were collected for samples of 1-6 to evaluate the magnitude of the 

zfs parameter D and to confirm the ST = 6 spin ground state.  Plots of reduced 

magnetization, M/!µB where M is the molar magnetization, ! is Avogadro’s number 

and µB is the Bohr magneton, versus H/T are shown in the lower panels of figures 10-

15.  At the lowest measured temperature of 1.8 K and highest field (5 T), M/!µB 

saturate at values from ~11-13, which is close to the M/!µB value of gS = 12 expected 

for a S = 6 complex experiencing no zero-field splitting.  Furthermore, it is clear that 

the five isofield curves for each complex do not superimpose, which indicates that each 

of these complexes experiences zero-field interactions.  However, the small separation 

between the 4 T and 5 T data suggests an anisotropy that is less than in the analogous   
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Figure 3.10.  χmT versus T (top) plot and field dependence of magnetization (bottom) 

at the fields indicated for complex 1.  The solid lines are the best fits using values given 

in the text. 
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Figure 3.11.  χmT versus T (top) plot and field dependence of magnetization (bottom) 

at the fields indicated for complex 2.  The solid lines are the best fits using values given 

in the text. 
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Figure 3.12.  χmT versus T (top) plot and field dependence of magnetization (bottom) 

at the fields indicated for complex 3.  The solid lines are the best fits using values given 

in the text. 
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Figure 3.13.  χmT versus T (top) plot and field dependence of magnetization (bottom) 

at the fields indicated for complex 4.  The solid lines are the best fits using values given 

in the text. 



149 

 

 

 

Figure 3.14.  χmT versus T (top) plot and field dependence of magnetization (bottom) 

at the fields indicated for complex 5.  The solid lines are the best fits using values given 

in the text. 
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Figure 3.15.  χmT versus T (top) plot and field dependence of magnetization (bottom) 

at the fields indicated for complex 6.  The solid lines are the best fits using values given 

in the text. 
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Table 3.10.  Parameters obtained from fitting the 0.1 T susceptibility data for 

complexes 1-6a 

parameter/ complex    1    2    3    4    5    6 

     g 1.98 2.01 1.97 1.98 1.90 1.88 

     JMn-Mn (K) 11.78 10.56 10.57 

11.29, 

9.88, 

11.43 

11.96, 

10.73, 

9.99 

11.99 

   ∆E (S=5) (K) 119.18 106.93 107.00 109.58 116.11 116.40 

    ∆E (S=4) (K) 216.84 194.55 194.67 200.43 212.36 212.90 

 a The energies of the two lowest energy excited states are also given.  
 
 
 
 
 
 
 

Table 3.11.  Best-fit parameters obtained for multi-field magnetization data for 

complexes 1-6.  A constant TIP value of 4 x 10-4 cm3 mol-1 was used for all fits.   

param/complex 1 2 3 4 5 6 

g 1.98 2.01 2.04 2.07 1.86 1.90 

D (K) –0.18 –0.19 –0.17 –0.17 –0.24 –0.30 

E (K) – – – 0.005 0.006 – 
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Mn3Ni complexes from chapter 2.  This point will be investigated further in the 

discussion of the HFEPR spectra for these complexes below.               

Since the fitting of 0.1 T variable temperature magnetic susceptibility data 

indicates a well-isolated S = 6 ground state, fitting of the variable field magnetization 

data from 1.8-5 K and 1-5 T for complexes 1-6 was performed using the spin 

Hamiltonian of eq. 3 

                                 ( ) BSgSSESDH Byxz ⋅+−+= ˆˆˆˆ 222 µ                                 (3) 

where D is the axial ZFS parameter, E is the rhombic ZFS parameter, iŜ  is the spin 

projection operator along i (= x, y, z), g is the Landé g-factor,  µB is the Bohr magneton, 

and B is the applied field.  This Hamiltonian assumes only the ground state is populated 

at these temperatures and magnetic fields, and includes isotropic Zeeman interactions, 

axial ZFS ( 2ˆ
zSD ) and rhombic ZFS ( )22 ˆˆ

yx SSE − ; a full powder average was calculated.13  

Only the axial ZFS ( 2ˆ
zSD ) and Zeeman interactions were considered for complexes 1-3, 

6 due to the C3 crystal site symmetry; that is, the presence of C3 symmetry precludes 

rhombic ZFS i.e., ( )22 ˆˆ
yx SSE −  = 0.  The M/!µB versus H/T data for complexes 1-6 were 

least-squares fit and the two 13 x 13 spin Hamiltonian matrices diagonalized for each 

setting of the parameters g, D, E.  The resulting eigenvalues, Ei, and their dependency 

on the magnetic field, δEi/δB, were used to calculate the magnetization according to eq. 

4.   

                     ( ) ( ) ( )∑∑ −−=
i

i

i

ii kTEkTEBE!M expexpδδ                         (4) 
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Good fits were achieved to an S = 6 ground state as illustrated by the solid lines 

in figures 10-15, with fits to S = 4 and S = 5 ground states yielding very large fitting 

errors and unreasonable g and D-values.  A fixed temperature independent 

paramagnetism (TIP) value of 4 x 10-4 cm3 mol-1 was used for all complexes.  Table 11 

summarizes the best-fit parameters for complexes 1-6.  Importantly, the axial zfs 

parameters (D) for 1-6 are noticeably smaller than in the corresponding Mn3Ni analogs.  

With reference to the previous discussion of the close structural similarities between 

these families of complexes, it is apparent that the smaller anisotropies in Mn3Zn are 

associated with the presence of an s = 0 ZnII ion in place of a distorted apical s = 1 NiII 

ion in Mn3Ni.  This is interesting considering that octahedral NiII d8 complexes have an 

isotropic electronic distribution in the dx2-y2 and dz2 orbitals that generally leads to little 

distortion from an ideal octahedron and thus to weak magnetic anisotropy.14  In the case 

of Mn3Ni, the noticeable deviations from a perfectly octahedral ligand environment 

around NiII results in an enhanced anisotropy for the entire cluster.                  

   

3.3.2.3.  Alternating Current Magnetic Susceptibility Studies 

Ac susceptibility measurements were performed on the representative Mn3Zn 

complex 2 in the range of 1.8-5 K using a 3.0 G ac field oscillating at frequencies of 

250-997 Hz (figure 16).  These data reveal the distinct lack of any out-of-phase 

susceptibility (χm''), indicating the absence of slow magnetization relaxation at this 

temperature and frequency range.  This behavior is in contrast to the isostructural 

Mn3Ni analogs in chapter 2, in which frequency-dependent out-of-phase susceptibilities 

were observed under the same experimental conditions.  This is an interesting  
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Figure 3.16.  In-phase (top) and out-of-phase (bottom) ac susceptibility for complex 2 

from 1.8-5 K at the frequencies shown. 
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observation with respect to the relative rate of QTM in these respective families, as the 

Mn3Ni complexes possess an average Ucalc of 8.2 K, whereas the Mn3Zn analogs 

possess a similar Ucalc value of 7.5 K.  These calculated magnetization reversal barriers 

are interesting in that they suggest an inverse exponential relationship between the spin 

and anisotropy of these analogous complexes, which is confirmed by the reduced 

magnetization fitting results for 1-6.  This concept will be investigated further in 

chapter 4 for a different molecular system.  In addition to this observation, the lack of a 

χm'' signal in 2 implies a faster rate of QTM in Mn3Zn, which leads to values of Ueff that 

are smaller than Ucalc, along with a corresponding shift of the out-of-phase 

susceptibilities to lower temperatures (higher frequencies).   

 

3.3.3.  Single-Crystal Magnetization Versus Field Hysteresis Loops   

Although no out-of-phase susceptibility was observed for complex 2 above, one 

may expect it to show SMM behavior as a result of its S = 6 ground state and negative 

uniaxial anisotropy.  As a result, magnetization (M) vs. applied dc field scans were 

conducted on single crystals of the representative Mn3Zn complex 2 employing a 

micro-SQUID magnetometer.15, 16  Experiments were conducted at (i) 0.008 T/sec field 

sweep rate in the temperature range of 0.04-0.4 K (figure 17); and (ii) at 0.4 K with 

field sweep rates of 0.008-0.140 T/sec (figure 18).  Hysteresis loops were observed for 

these complexes, indicating 2 functions as an SMM.   

The single easy axis orientation for complexes 2 allowed for external magnetic 

field application along the molecular c-axis.  The resulting hysteresis curves are 

characterized by temperature- and sweep-rate dependence, a virtually non-existent  
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Figure 3.17.  Variable-temperature hysteresis loops for a single crystal of complex 2 at 

a constant sweep rate of 0.008 T/s.  The magnetic field was applied along the easy-axis 

of the crystal. 
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Figure 3.18.  Sweep-rate dependent hysteresis loops for a single crystal of complex 2 at 

a constant temperature of 0.4 K.  The magnetic field was applied along the easy-axis of 

the crystal. 
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coercive field, and observation of vertical steps in the hysteresis curve.  The first step 

observed in sweeping the field from one saturating value to another occurs at zero field, 

where the potential energy double-well is degenerate (in resonance).  The steps are 

positions of increased magnetization relaxation rate, corresponding to tunneling 

through the anisotropy barrier.  The large step near H = 0, frequently described as the k 

= 0 resonance, indicates fast quantum tunneling at zero field, as expected for a non-

Kramers degenerate S = 6 complex.17-20  The vertical step at ~ ±0.2 T corresponds to 

the k = 1 resonance, and indicates QTM from the mS = +6 ground state through the 

anisotropy barrier to the mS = –5 state.  A very fast rate of QTM at k = 0 explains the 

vanishing coercive field at M/Ms = 0 for complex 2.  Temperature-independent 

tunneling is also indicated in figure 17, as evident by the superimposable hysteresis 

loops for temperatures below 0.1 K.  This corresponds to QTM between the lowest 

possible ms energy levels of the S = 6 ground state.  The magnitude of the negative 

uniaxial zfs D may thus be estimated by the ±0.18 T step position of the k = 1 tunneling 

resonance, which corresponds to D = –0.24 K.  This anisotropy is slightly larger than 

the value determined from fitting of the reduced magnetization data for 2.  This 

observation parallels the results obtained for the Mn3Ni analogs, in which the uniaxial 

anisotropy estimated from the hysteresis loops is slightly larger than the value 

determined from fits to the reduced magnetization data. 

 

3.3.4.  High-Frequency Electron Paramagnetic Resonance (HFEPR) Spectroscopy 

Cavity-based HFEPR spectroscopy was employed on single crystals of 

complexes 2-4, 6 to confirm the spin ground state as well as precisely determine the 
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sign and magnitude of the zfs parameters.  As for the Mn3Ni complexes studied in 

chapter 2, a general Hamiltonian, similar to eq. 3, but expanded to include higher order 

ZFS terms is given by eq. 6:  

                      2 2 2 0 0
4 4 4,6..

ˆˆ ˆ ˆ ˆ ˆˆ ˆ( ) T

B z x yH S g B DS E S S B O H'µ= ⋅ ⋅ + + − + + +
rt

O                    (6) 

The first three terms are as previously described in eq. 3; the next term represents 

fourth-order axial anisotropy (containing 4ˆ
zS ), which we find to be significant for these 

complexes; the fifth term represents possible higher-order (4th and 6th order) 

contributions to the transverse anisotropy; finally, the last term, Ĥ' , parameterizes all 

other perturbations, e.g. dipolar and inter-molecular exchange interactions. 

In order to locate the easy- (z-) axis and hard- (xy-) plane of complex 2, a face-

indexed single-crystal was carefully oriented within a cylindrical TE01n mode cavity so 

that angle-dependent HFEPR measurements could be performed for field rotation in a 

plane inclined reasonably close to the estimated easy-axis direction. Angle-dependent 

data obtained at 66.9 GHz (figure 19 (top)) exhibit two-fold behavior, consistent with 

the axial crystallographic symmetry of the molecule. To exactly locate the hard-plane, 

fine (2˚ steps) angle dependence measurements were performed at 80.9 GHz and 8 K 

centered around the estimated hard plane direction, as shown in figure 19 (bottom).  

Figure 20 (top) illustrates the hard-plane temperature dependence of the spectrum for 1 

collected in the range from 2 K to 20 K, and at 80.9 GHz. As the temperature decreases, 

the thermal (Boltzmann) weighting of the spectrum shifts towards transitions occurring 

at higher magnetic fields, as expected for a system with a negative D value.  It is 

notable that even at the lowest temperature of 2 K, there is significant population of the 
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first excited ms level due to the relatively weak ZFS in this complex.  This is evident 

upon inspection of the broad and asymmetric 2 K peak near 3.5 T, which possesses a 

fine structure on the low-field side of the peak.  The ms = 5 → ms = 4 first excited state 

transition is manifested as the peak shoulder that is observed at ~3.4 T, while the barely 

visible peak at ~3.1 T corresponds to the ms = 4 → ms = 3 second excited state 

transition (figure 20 (top)).  Comparison of these temperature-dependent spectra for 2 

to the results obtained for the C3-symmetric Mn3Ni complex 

[Mn3Ni(hmp)3O(N3)3(C7H5O2)3] reveal interesting differences with respect to the 

molecular environment of each complex.  With reference to figure 14 (top) from 

chapter 2 and to figure 20 (top) here, it is apparent that the Mn3Zn complex 2 exhibits 

hard-plane temperature-dependent spectra that are sharper and more symmetric than for 

[Mn3Ni(hmp)3O(N3)3(C7H5O2)3].  This suggests a reduction in the inhomogeneous 

distributions of the local g and D tensors that are known to give rise to g- and D-

strain.21-24  It has been well documented that D-strain, as well as small distributions in 

the orientations of the local magnetic easy axes (with < 1o width), can cause 

asymmetries in the hard-plane spectra, implying a more monodisperse molecular 

environment in 2 than in the Mn3Ni complex [Mn3Ni(hmp)3O(N3)3(C7H5O2)3] 

·2CHCl3.           

Frequency dependence studies were carried out on 2 between 50.4 GHz and 

136.5 GHz with the field (a) precisely aligned in the hard-plane and (b) close to the 

easy-axis; the positions of EPR peaks seen for these two orientations at various 

different frequencies are plotted in figures 20 (bottom) and 21 (bottom), respectively. 

Figure 22 summarizes the experimental data; simulations to these data are shown as 
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solid curves and were obtained via exact diagonalization of eq. 6 using the following 

parameters: S = 6, D = −0.153 K, B4
0 

= −8.15 × 10−5 K, E = 0.016 K, gz = 2.01 and gx = 

gy = 1.99. This single set of parameters gives good overall agreement with the data 

obtained for both orientations.  Contrary to the simulations obtained for 

[Mn3Ni(hmp)3O(N3)3(C7H5O2)3] ·2CHCl3, it was necessary to include the presence of a 

transverse second-order anisotropy (E) for 2, in spite of the C3 crystallographic 

symmetry.  Although it is not possible to comment on the specific origin of this 

anisotropy, it is likely that there is a freezing of the disordered CHCl3 molecules at 

these very low temperatures, resulting in an effective symmetry-lowering relative to the 

100 K crystalline structure.  Another possibility is a polymorphic change in crystalline 

structure upon cooling, from a trigonal space group at 100 K to a lower-symmetry 

space group at lower temperatures.  Indeed, this seemingly unlikely possibility has been 

observed experimentally for the analogous Mn3Zn(butyrate) complex 3, as will be 

discussed below.  Finally, we note that the simulation in Figure 22 required the 

inclusion of a significant tilt angle of 25o between B and z, indicating that our attempts 

to align the sample within the cavity were not entirely successful. Nevertheless, the 

ability to obtain multi-frequency HFEPR data for two distinct field orientations (i.e. 

parallel and approximately perpendicular to the hard plane) provides considerable 

constraints on the obtained ZFS parameters. 

Analogous HFEPR experiments were conducted on the C3-symmetric complex 

6; the angle-dependent spectra are shown in figure 23.  Multiple sets of peaks are 

observed in the temperature- and frequency-dependent hard-plane spectra (figure 24), 

suggesting the presence of multiple molecular environments.  This is consistent with  
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Figure 3.19.  (top) Angle-dependent HFEPR spectra for complex 1 at 66.9 GHz and 4 

K.  (10º angle steps).  (bottom) Fine-angle dependence around the hard-plane of 1 at 

80.9 GHz and 8 K (0.5º angle steps).  The spectrum indicated with the red arrow 

corresponds to the hard-plane orientation. 
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Figure 3.20.  (top) Temperature-dependent HFEPR spectra for the hard-plane 

orientation of 1, at 80.9 GHz and 2-20 K.  (bottom) Hard-plane frequency-dependent 

HFEPR spectra for 1 from 50.4-136.5 GHz, at 8 K. 
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Figure 3.21.  (top) Temperature-dependent HFEPR spectra for the easy-axis orientation 

of 1, at 91.3 GHz and 2-20 K.  (bottom) Easy-axis frequency-dependent HFEPR spectra 

for 1 from 57.1-136.5 GHz, at 8 K. 
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Figure 3.22.  Simulations of the hard-plane (top) and easy-axis (bottom) frequency-

dependent HFEPR data for 1.  Crosses depict the experimental HFEPR resonances 

while solids lines describe the simulations corresponding to the parameters in the inset. 
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the crystallography of 6, in which three unique molecules are observed.  Furthermore, 

the HFEPR spectra suggest the presence of a unique anisotropy for each independent 

molecule, assuming each molecule possesses an S = 6 ground state.  This assumption is 

justified on the basis of the fits to the dc susceptibility and reduced magnetization data 

for 6.  As a result, the relative splittings of the transition peaks implies the presence of 

two molecules with similar axial zfs, and a third molecule with a significantly larger 

axial anisotropy.  Again, these observations are entirely consistent with the solid state 

structure, in which one crystallographically independent molecule possesses notably 

longer MnIII JT elongation axes and smaller JT tilts than either of the other independent 

molecules, as observable for the metric parameters of molecule 6c in table 5.   

Angle-dependent HFEPR spectra collected on a face-indexed crystal of complex 

3 reveal a two-fold rotational dependence, as expected for a uniaxial orientation of the 

molecular easy axes within the crystal.  However, the temperature-dependent spectra 

for the hard-plane orientation of 3 (figure 27 (top)) reveal an unusual temperature 

dependence that is quite different from the corresponding spectra for 1.  Instead of an 

expected shift in the spectral weight to the high-field transition peaks at lower 

temperatures, the spectra in figure 27 (top) reveal the emergence of two broad peaks at 

low temperatures.  These broad transitions are further characterized by a significant fine 

structure and relatively little temperature-dependence below 6 K.  The easy-axis 

temperature-dependent spectra for 3 also lack the qualitative features expected for this 

analog.  The spectra reveal a large peak at ~2.1 K that is most significant at 

temperatures between 8 K and 3 K.  For reasons not directly understood, this peak 

becomes less significant at temperatures above 8 K or below 3 K.  Equally interesting  
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Figure 3.23.  Angle-dependent HFEPR spectra for complex 6 at 104.8 GHz and 4 K.  

(10º angle steps).   
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Figure 3.24.  (top) Temperature-dependent HFEPR spectra for the hard-plane 

orientation of 6, at 131.0 GHz and 2-20 K.  (bottom) Hard-plane frequency-dependent 

HFEPR spectra for 6 from 75.5-131.0 GHz, at 4 K. 
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Figure 3.25.  Frequency-dependent HFEPR data taken at 4 K for the easy-axis 

orientation of 6.  The red circles, green triangles, and blue squares indicate the separate 

sets of peaks corresponding to the three independent molecules in the unit cell.   
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Figure 3.26.  Angle-dependent HFEPR spectra for complex 3 at 62.6 GHz and 2.5 K.  

(0.5º angle steps). 
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Figure 3.27.  Temperature-dependent HFEPR spectra for the hard-plane (top) and easy-

axis (bottom) orientation of 3, taken from 2-20 K at 119.2 GHz and 62.6 GHz, 

respectively.      
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Figure 3.28.  Angle-dependent HFEPR spectra for complex 4 at 52.0 GHz and 4 K, for 

10 degree angle steps (top) and 0.5 degree angle steps near the hard plane (bottom). 
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is the observation of a 2 K spectrum that is reminiscent of the comparable spectrum for  

the Mn3Ni(benzoate) analog, as seen in figure 14 (top) from chapter 2.  In either case, it 

was not possible to obtain reasonable frequency-dependent spectra for 3 due to a 

combination of inhomogeneous line broadening effects25, 26 and presence of peaks of 

unknown origin.  These problems are most likely associated with the polymorphic 

crystallographic transition that occurs at 130 K (vide supra).  Although both 

crystallographic forms exhibit a single molecular orientation, the presence of significant 

g- and D-strain is suggested by the larger thermal ellipsoids and lower quality structure 

observed for the identical single crystal at 100 K.  The more significantly disordered 

low-temperature crystal structure indicates an incomplete or imperfect phase transition 

between trigonal (3a) and monoclinic (3b) crystallographic forms at 200 K and 100 K, 

respectively.  Similar HFEPR measurements on the isobutyrate complex 4 reveal a 

slightly different behavior, although equally difficult to interpret.  Instead of the 

presence of a few broad peaks with significant fine structure, the spectra for 4 are 

characterized by the presence of numerous small but sharp peaks at irregular intervals.  

This observation is best rationalized by considering a crystallographic phase transition 

below the 200 K temperature at which the structure was determined, analogous to the 

results for 3 above.  This is again supported by the observation of exceedingly poor 

diffraction characteristics for a crystal of 4 at 100 K, in spite of the successful structural 

determination of the same crystal at 200 K. 

 

3.4.  Conclusions 
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The synthesis and detailed characterization of a family of S = 6 Mn3
IIIZn cubane 

complexes has provided insight toward the interplay between spin and anisotropy, via 

comparisons to the analogous S = 5 Mn3
IIINi complexes in chapter 2.  An approximate 

inverse relationship between S and D is observed from the magnetization data fitting 

and single-crystal HFEPR results, which is significant considering the nearly identical 

Mn3
III core geometries in these analogs.  This is observed experimentally as D-values of  

–0.17 K to –0.24 K for Mn3Zn complexes, which compares to values of –0.29 K to –

0.47 K in the corresponding Mn3Ni analogs.  These related families of complexes also 

reveal the crystallographic considerations related to the rate of QTM in SMMs, 

specifically the role of co-crystallized solvate molecules and the observance of 

crystallographic phase transitions.  The former has implications for the monodispersity 

of the samples, which are manifested in the observed peak widths of the spin-state 

transitions and QTM resonances in HFEPR experiments and magnetization hysteresis 

measurements, respectively.  The latter point of crystallographic phase transitions is 

equally important for practical and experimental reasons, in which uninterpretable data 

are observed for complexes 3b and 4 in single-crystal spectroscopic and magnetic 

studies.    
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Chapter 4 

Crystallographic and Structural Modulation of the Spin and Anisotropy in a Family of S 

= 1 to S = 6 Mn3
IIIZn2

II SMMs 
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4.1.  Introduction 

Oxide-centered M2
IIIMII and M3

III (M = Cr, Mn, Fe, Ru) triangles have garnered 

extensive interest due to their interesting magnetic and redox-active properties, as well 

as their relevance toward larger structures comprised of these simple building blocks.1-15  

The vast majority of these trinuclear complexes are oxo-centered clusters bridged by six 

carboxylate ligands, possessing a general formula of [M3O(RCOO)6L3]n+, in which L 

represents a neutral monodentate ligand such as pyridine or water.  These complexes 

have been shown to exhibit multistep redox processes, which are particularly clear in 

the electrochemically reversible and highly redox-tunable Ru analogs.2, 7, 16-20  In-depth 

studies on the analogs of Ru3O, Fe3O, and Mn3O provided considerable insight towards 

the factors governing the nature and rate of intramolecular electron transfer in these 

complexes, which is affected by the nature of the co-crystallized solvate molecules, 

electronic structure of the neutral coordinating ligand, and the crystalline symmetry.2, 14  

For example, it is possible to turn on or off the intramolecular electron transfer in Fe3O 

by changing the identity of the solvent.  This is due to the transition from a valence-

trapped to a valence-detrapped system as the temperature is raised above 100 K.  In the 

detrapped mode, the Fe3O complexes have enough thermal energy to convert from one 

vibronic state to another by going over or tunneling through a potential energy barrier 

that is largely affected by the solvent used. 

Perhaps more relevant to the work presented here are the low-temperature 

magnetic properties for the aforementioned trinuclear carboxylate-bridged complexes.  

Appreciable antiferromagnetic exchange interactions are observed in all of the above 

M3 analogs, leading to spin-frustrated low-spin ground states.  Taking into account the 
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representative S = 3/2 [MnIIMn2
III(O2CCH3)6(py)3]·py and S = 1/2 

[MnIIMn2
III(O2CCH3)6(py)2(H2O)]·0.5CH3CN complexes, it is clear that one may obtain 

differing spin ground states through subtle variations in the synthetic conditions.21  This 

change has been attributed to the relative magnitudes of the antiferromagnetic exchange 

interactions, as confirmed by computational analysis and fitting of the magnetization 

data.21  Thus by varying the ratio of exchange parameters in MnIIMn2
IIIO, it was 

possible to obtain an S ≠ 1/2 ground state, which is noteworthy for these complexes. 

Even more surprising was the synthesis of the first ferromagnetically coupled 

Mn3O triangle in 2005, which has a formula of [Mn3
IIIO(bamen)3](ClO4) (where 

H2bamen is 1,2-bis(biacetylmonoximeimino)ethane).11  The structure of this complex is 

shown in figure 1, revealing a symmetric planar central Mn3
IIIO unit coordinated to 

three hexadentate bridging ligands via oximate groups.  The N4O3 coordination sphere 

around each metal center is nearly pentagonal-bipyramidal and bears a resemblance to 

the bonding arrangement in the antiferromagnetic carboxylate-bridged analogs, with 

oximate bridges replacing the six carboxylates and two neutral imine groups taking the 

place of the coordinated pyridine group in [MnIIMn2
III(O2CCH3)6(py)3]·py.  Importantly, 

the relative arrangement of MnIII JT axes in [Mn3
IIIO(bamen)3](ClO4) are similar to the 

carboxylate-bridged analogs, exhibiting a propeller-like orientation around the 

molecular easy axis, which is perpendicular to the Mn3
III plane.  These JT elongation 

axes are described by the red bonds in figure 1.   

A more recently synthesized family of ferromagnetic S = 6 Mn3
IIIO-based 

complexes are those presented in the preceding chapter, possessing a cubane structural 

topology and a general formula of [Mn3
IIIZn(hmp)3O(N3)3(RCOO)3].22  Interestingly,  
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Figure 4.1.  ORTEP of [Mn3
IIIO(bamen)3](ClO4) at the 50% probability level.11  The 

single-ion JT elongation axes are described by the bonds shown in red.  The disordered 

ClO4
– anion has been omitted, for clarity. 
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this formulation is intermediate between that of the all-carboxylate bridged 

antiferromagnetic complexes and the carboxylate-free ferromagnetic complex 

[Mn3
IIIO(bamen)3](ClO4).11, 21  These Mn3

IIIZn complexes are comprised of a µ3-oxo 

group that is significantly displaced out of the Mn3
III plane and three bridging 

carboxylate ligands below the same plane.  Three bridging alkoxides replace the three 

carboxylate groups from [MnIIMn2
III(O2CCH3)6(py)3]·py, residing above the Mn3

III 

plane.  It is notable that the large µ3-oxo out-of-plane shift (∆) in Mn3
IIIZn is due to the 

structural distortion associated with this replacement, from a three-atom carboxylate 

bridge to a one-atom alkoxide bridge.  This effectively puckers the manganese triangle 

such that the µ3-oxo is forced out of the plane.  The single-ion MnIII JT axes in these 

complexes are oriented similarly to the previous antiferromagnetic and ferromagnetic 

examples, exhibiting a propeller-like arrangement relative to the net easy axis for the 

molecule.  The axial zfs for these complexes were determined via HFEPR, possessing 

values on the order of D = –0.18 K.  These single-crystal experiments were enabled by 

the single-molecular orientation within the unit cell of this complex, resulting in 

discrete EPR signals that reflect the individual transitions within a single molecule.  

This property has important implications for the detailed study of SMMs, as will be 

emphasized below.    

Another example of a ferromagnetically coupled Mn3
III complex is the oximate 

and carboxylate-bridged [Mn3
IIIO(O2CR)3(mpko)3](ClO4) family, in which mpko– is the 

anion of methyl 2-pyridyl ketone oxime.12, 23  The trinuclear core magnetic unit in this 

complex is similar to the Mn3
IIIZn family above, with the exception of three oximate 

bridging groups in place of the three alkoxides above the Mn3
III plane.  The structural  
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Figure 4.2.  Molecular structure of [Mn3Zn(hmp)3O(N3)3(C3H5O2)3].22  The single-ion 

JT elongation axes are described by the bonds shown in red.  The disordered CHCl3 

solvate molecule has been omitted, for clarity. 
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Figure 4.3.  Molecular structure of [Mn3
IIIO(O2CR)3(mpko)3](ClO4).12  The single-ion 

JT elongation axes are described by the bonds shown in red.  The disordered ClO4
– 

anion has been omitted, for clarity. 
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effects associated with the presence of a two-atom oximate bridge in this complex 

includes a µ3-oxo out-of-plane shift (∆ = 0.29 Å) that is intermediate between the values 

observed for the analogous three-atom carboxylate bridged complex 

[Mn3
III(O2CCH3)6(py)3]·py (∆ = 0.01 Å) and the one-atom alkoxide bridged complex 

[Mn3
IIIZn(hmp)3O(N3)3(RCOO)3] (∆ = 0.74 Å).22  As in the previous examples, the 

single-ion JT axes are significantly canted with respect to each other in 

[Mn3
IIIO(O2CR)3(mpko)3](ClO4), leading to an axial zfs value of D = –0.48 K.  It is 

significant to note that this value is more than 2.5 times that of Mn3
IIIZn due to the less 

significantly canted single-ion JT axes in [Mn3
IIIO(O2CR)3(mpko)3](ClO4), leading to 

larger projections onto the molecular easy-axis.  This difference is the result of the 

structural changes linked to differing 'upper' bridging groups in these complexes, which 

is manifested as a puckering of the Mn3
IIIO core and gauged by the magnitude of ∆.  In 

spite of these interesting properties, all of the [Mn3
IIIO(O2CR)3(mpko)3](ClO4) analogs 

synthesized to date crystallize in low-symmetry monoclinic space groups with least two 

molecular orientations in the unit cell.  These crystals also contain significant amounts 

of co-crystallized dichloromethane solvate molecules and disordered perchlorate 

counter ions, leading to lower quality single crystals that exhibit broad and non-

homogenous distributions of molecular environments and orientations.  These non-ideal 

properties undermine any attempts at detailed analysis via oriented single-crystal 

techniques such as magnetization hysteresis and HFEPR.24    

In spite of these limitations, it is possible to draw a number of conclusions for 

these different classes of Mn3
IIIO complexes, based on the results described above: (i) 

Antiferromagnetic interactions are observed for an in-plane µ3-oxo, while ferromagnetic 
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interactions are realized for the complexes with an out-of-plane µ3-oxo.  (ii) The 

magnitude of the µ3-oxo out-of-plane shift is governed by the geometry of the bridging 

ligand above the Mn3
III plane; bridges shorter than carboxylate lead to larger values for 

∆, while the six carboxylate-bridged complex has ∆ = 0 Å.  (iii)  The molecular 

anisotropy (D) is inversely related to the magnitude of ∆, as gauged by the tilting of the 

single-ion JT elongation axes relative to the net easy-axis (δ). 

Herein we present a family of Mn3
III complexes that are structurally distinct 

from all of the examples described above.  These complexes are described by the 

representative formula [cation]3[Mn3Zn2(R-salox)3O(N3)6X2], where ([cation]+ = 

[NEt4]+, [AsPh4]+), (salox2– = salicylaldoximate), (R = H, Me, Et, NO2), and (X– = Cl–, 

Br–, I–, N3
–).  The diamagnetic ZnII ions in these complexes serve as rigid structural 

placeholders, while magnetic exchange interactions within the Mn3
IIIO core are 

mediated by an in-plane µ3-oxo and three oximate bridges of the µ-η1:η1:η1 

salicylaldoximate ligands.  These complexes exhibit nearly aligned MnIII JT axes, which 

is unique among the previously described Mn3
III examples and advantageous for 

maximizing the molecular anisotropy and barrier to magnetization reversal.  Indeed, 

very large D-values ranging from –1 K to –3 K were determined via magnetization data 

fitting, HFEPR, and single-crystal magnetization hysteresis measurements.  Appreciable 

corresponding kinetic barriers of up to 48 K were determined from the ac susceptibility 

data, which contrasts with barriers of 7 K and 11 K for the S = 6 complexes 

[Mn3
IIIZn(hmp)3O(N3)3(RCOO)3] and [Mn3

IIIO(O2CR)3(mpko)3](ClO4), respectively.22, 

25 
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In addition to the observation of large barriers to magnetization reversal, these 

Mn3
IIIZn2

II complexes exhibit a sensitive relationship between the geometry of the 

oximate bridging ligand and the observed magnetic properties.  Ground states ranging 

from a spin-frustrated S ≈ 1 to a relatively well-isolated S = 6 were observed as a result 

of structural and crystallographic packing influences associated with subtle changes in 

the molecular composition.  These changes include substitutions of the co-crystallizing 

cation, symmetry of the coordinating ions, and variations in the steric bulk of the 

functionalized salicylaldoxime ligand.  Finally, these complexes are special in that they 

are unrivaled in their crystalline quality and properties.  Among these are the absence of 

co-crystallizing solvate molecules, lack of positional disorder in the atomic coordinates, 

presence of bulky diamagnetic co-crystallizing cations, and presence of a single 

molecular orientation within the unit cell.  Each of these attributes are favorable for the 

detailed study of SMMs, as will be described in detail below and explored further in 

chapter 5.                                        

   

4.2.  Results and Discussion 

4.2.1.  Description of Structures   

The molecular structures of complexes 1-13 are shown in figures 1-14.  Each of 

these complexes are comprised of a [Mn3O]7+ core magnetic unit, in which the µ3-oxo 

resides nearly in the plane of the three manganese ions.  Doubly deprotonated 

salicylaldoximate ligands covalently bridge adjacent MnIII ions within the triangle, in 

which significant differences in the bridging torsion angle were observed.  Each of these 

complexes exhibit a trigonal bipyramidal arrangement of metal ions, in which the 
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diamagnetic ZnII ions and coordinating ligands serve to insulate the Mn3
III magnetic 

core from intermolecular magnetic interactions.  Bridging η1:η1-azides occupy the axial 

coordination sites of each MnIII ion and three of the tetrahedral coordination sites for 

each ZnII, resulting in nearly aligned single-ion Jahn-Teller (JT) elongation axes for the 

high-spin MnIII ions.  It is also likely that this bonding arrangement forces the µ3-oxo 

into the Mn3 plane, as deviations from planarity would result in increased geometric 

strain.  An out-of-plane µ3-oxo would require the JT axes to tilt inward toward the 

central oxide, thus preventing equivalent coordination sites for ZnII ions above and 

below the Mn3
III plane.  Indeed, this is confirmed experimentally in the previously 

reported [Mn3O(Me-salox)3(2,4'-bpy)(ClO4)]·0.5MeCN complex, where the JT axes' 

projections above and below the buckled [Mn3O(µ3-oxo)] plane forms a cone of 

increasing diameter.26  The structural rigidity of complexes 1-13, compared with the 

relative coordinative flexibility of previous Mn3
III triangles, likely accounts for the in-

plane µ3-oxo in these structures.           

[<Et4]3[Mn3Zn2(salox)3O(<3)6Cl2] (1).  Complex 1 crystallizes in the trigonal 

space group R3c and serves as a reference point for discussion of the other [Mn3Zn2]13+ 

analogs.  This C3-symmetric complex crystallizes as well-formed trigonal pyramids in 

85% yield over a period of 4 days.  This high yield is somewhat rare in manganese 

cluster chemistry, where low yields of crystalline products are typically isolated from 

complex reaction mixtures as the kinetically or thermodynamically favored products.  In 

addition to this distinction, 1 also exhibits crystallographic properties that are favorable 

for the detailed structural, magnetic, and spectroscopic study of this complex.  These 

properties include a uniaxial molecular symmetry, the presence of a single molecular 
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orientation within the unit cell, absence of co-crystallized solvate molecules and 

disordered atoms, and the existence of large intermolecular distances between adjacent 

[Mn3Zn2]13+ molecules.  This is evident by the closest intermolecular MnIII-MnIII 

distance of 10.30 Å.  Each of the above considerations are vital for the detailed study of 

this complex from the perspective of oriented single-crystal studies on highly 

monodisperse samples, as will be discussed below.   

In addition to possessing the general  trigonal bipyramidal core strcuture 

described above, complex 1 is comprised of three bulky [NEt4]+ co-crystallizing cations 

that are well localized at specific atomic coordinates within the solid state molecular 

structure.  These cations serve important roles as structure-directing and magnetically 

insulating ions, which have been found to have very significant effects upon the 

crystalline packing and observed magnetic properties.  These [NEt4]+ cations separate 

neighboring [Mn3Zn2]13+ molecules that exist along the c- crystallographic axis, which 

also corresponds to the exact easy-axis for the individual molecules within the crystal, 

as shown in figure 5.  Also consistent with the C3 symmetry of the molecule is the chiral 

arrangement of MnIII ions within the structure.  Though the MnIII single-ion JT 

elongation axes are nearly parallel in this structure, there exists a relative canting of 

these axes (δ = 8.50°) relative to the projection of the molecular easy axis.  Combined 

with the trigonal symmetry and orientation of µ-η1:η1 azido ligands in 1, this canting 

leads to a chiral structure for the tri-anionic metal cluster.  However, the presence of a 

c-glide plane symmetry operation within the R3c space group leads to a racemic 

mixture of chiral pairs within the crystal.  Molecules with opposite chiralities are rotated 

by 27° with respect to each other about the C3 axis.     
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Figure 4.4.  Partially labeled molecular structure of complex 1.  Hydrogen atoms have 

been omitted while carbon and symmetry equivalent atoms have been left unlabeled, for 

clarity. 
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Figure 4.5.  Representation of the trigonal R3c crystal packing in complexes 1, 2, 6-8, 

12.  Pink bipyramids represent octahedral MnIII ions, grey pyramids tetrahedral ZnII ions, 

blue pyramids [NEt4]+ cations, and green spheres Cl– ions.  The molecular easy-axis is 

along the long (c-) axis of the unit cell. 
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[<Et4]3[Mn3Zn2(salox)3O(<3)6Br2]  (2).  Complex 2 is analogous to 1 above, 

crystallizing in the trigonal R3c space group with virtually identical crystalline packing 

and lattice parameters.  This is clearly evident in comparisons between these complexes, 

where the θ torsion angles only differ by 0.03°, ∆ out-of-plane shifts by 0.004 Å, and 

intramolecular Mn–Mn distances by 0.002 Å.  Consequently, the magnetic properties of 

2 are also very similar to 1.   

[<Et4]3[Mn3Zn2(salox)3O(<3)8]  (3).  Although complex 3 retains a similar core 

structure as 1, the presence of bent terminal azide ligands to ZnII serves to lower the 

symmetry of the structure to C1, as evident by crystallization in the monoclinic space 

group P21/n.  Also associated with this change is a modification of the Mn-O-N-Mn 

oximate torsion angle (θ), single-ion JT torsion angles (δ), and deviation from C3 

symmetry (Φ), as described in figure 18 and tabulated in table 1 for all of these closely 

related complexes.   

The unit cell of complex 3 contains two symmetry-related orientations of the 

[Mn3Zn2]13+ metallic complex, along with a co-crystallized MeOH molecule.  The 

MeOH solvate molecule undergoes a hydrogen bonding interaction with an oximate 

oxygen atom, which is also consistent with the reduced symmetry of the molecule.  The 

net easy axes for the two molecular orientations are mis-aligned by 40.68°, resulting in 

crystallographic properties that are less than ideal for oriented single-crystal studies.  

More specifically, the presence of two canted molecular orientations leads to a net 

reduction of the uniaxial anisotropy within a single-crystal and complications associated 

with interpretation of the HFEPR spectra and magnetization hysteresis loops.  The 
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closest intermolecular MnIII-MnIII distance in 3 was found to be 8.611 Å, which is closer 

than the distance in 1.   

  [AsPh4]3[Mn3Zn2(salox)3O(<3)6Cl2]  (4).  Complex 4 crystallizes in the 

trigonal space group R-3c and differs from 1 in the identity of the co-crystallizing cation, 

where bulky [AsPh4]+ cations replace the smaller [NEt4]+ ions.  Although both 

complexes crystallize in related trigonal space groups, the structural effects associated 

with a change in cation include a significant flattening of the oximate phenyl rings 

relative to the Mn3
III plane and a corresponding reduction of the Mn-N-O-Mn torsion 

angles (θ=11.93°) in 4.  Other structural changes relative to 1 are less obvious, yet 

include a reduction in the µ3-oxo out of plane shift (∆) to 0.017 Å and a decrease in JT 

torsion angles to δ = 5.06°, as listed in table 1.  The molecules in this structure possess a 

single molecular orientation, where the molecular easy axes are exactly aligned with the 

c- crystallographic axis, as in 1.  Furthermore, no co-crystallized solvate molecules are 

present within this structure.   Interestingly, the closest intermolecular MnIII-MnIII 

distance in 4 is reduced to 8.701 Å in spite of the presence of bulkier [AsPh4]+ cations.      

[<Et4]3[Mn3Zn2(salox)3O(<3)6I2]·2MeOH (5).  In contrast to the very close 

similarities between the C3-symmetric structures 1 and 2 above, complex 5 crystallizes 

in the monoclinic space group P21/c and exhibits significantly different structural and 

magnetic properties.  This observation highlights the important role of crystallographic 

packing in these analogs, as 1, 2, and 5 only differ in the identity of the terminal halide 

ion, from Cl– to Br– and I–, respectively.  Presumably, the larger I– ion prevents 

crystallization in the trigonal space group R3c due to steric considerations.     
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Figure 4.6.  Partially labeled molecular structure of complex 3.  Hydrogen atoms have 

been omitted while carbon atoms have been left unlabeled, for clarity. 
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Figure 4.7.  Representation of the P21/n monoclinic crystal packing in complex 3.  Pink 

bipyramids represent octahedral MnIII ions, grey pyramids tetrahedral ZnII ions, blue 

lines N3
– groups, and blue pyramids [NEt4]+ cations. 
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Two independent molecules are observed in the unit cell of 5, in which each 

Mn3Zn2 cluster possesses C1 point symmetry.  Application of the c-glide symmetry 

operation within this space group increases the orientational complexity within the 

crystal, leading to four unique molecular orientations in the solid state structure.  By 

combining the vector projections for the molecular easy axes of these four orientations, 

one may observe that the long 48.22 Å b-axis corresponds to the net easy axis for the 

entire crystal.  It is important to compare this result to the axially symmetric structural 

analogs (1, 2, 4, 6, 7, 8), in which case the anisotropy in a single crystal is maximized 

due to perfect alignment of the molecular easy axes within the crystal.     

In addition to the aforementioned structural properties, the two independent 

Mn3Zn2 molecules in 5 also exhibit significant differences relative to each other.  

Among these are differences with respect to the nature and magnitude of θ torsion  

angles, as evidenced by the orientation of salicylaldoximate phenyl rings above and 

below the Mn3
III plane in the molecule labeled 5b in table 1.  This is in contrast to the 

other analogous complexes, where the salox2– phenyl rings were all found to reside on 

the same side of the Mn3
III plane.  Coupled with this high degree of asymmetry in 5 are 

deviations from tetrahedral coordination geometry for the ZnII ions.  This is observable 

in figure 9, where the bond angles around ZnII range from 105.33° to 126.44°.  The 

highly distorted orientation of the Zn3–I3 bond leads to a 3.160 Å weak close contact 

interaction with H36 of the adjacent molecule.  A perfectly tetrahedral coordination 

environment around Zn3 would lead to greater steric interactions between molecules 

and a shorter I3··H36 distance.  The multiple molecular orientations and crystalline 

packing in 5 is shown in figure 10.         
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Figure 4.8.  Partially labeled molecular structure of complex 4.  Hydrogen atoms have 

been omitted while carbon and symmetry equivalent atoms have been left unlabeled, for 

clarity.   
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Figure 4.9.  Molecular representation of complex 5, highlighting the close-contact 

between I3 and H38. 
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Figure 4.10.  Representation of the monoclinic P21/c crystal packing in complex 5.  

Pink bipyramids represent octahedral MnIII ions, grey pyramids tetrahedral ZnII ions, 

and purple spheres I– ions.  Disordered [NEt4]+ cations have been omitted for clarity. 
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[<Et4]3[Mn3Zn2(Me-salox)3O(<3)6Cl2]  (6).  Complex 6 is isostructural and 

isomorphic to 1, crystallizing in the same trigonal R3c space group with very similar  

lattice parameters.  This observation is not particularly surprising considering the only 

compositional difference between these molecules is a change in the identity of the 

oximate ligand, from salox2– in 1 to Me-salox2– in 6.  Indeed, complex 6 exhibits similar 

intermolecular Mn-Mn distances, a comparable µ3-oxo out of plane shift, and a similar 

degree of single-ion JT axis canting, when compared to 1.  In light of these similarities, 

however, these complexes differ most noticeably in their respective Mn-N-O-Mn 

torsion angles, in which the slightly bulkier Me-salox ligand in 6 leads to a 4° increase 

in θ.  This has been found to have important implications for the magnetic properties, 

which will be subsequently discussed in detail.  

[<Et4]3[Mn3Zn2(Me-salox)3O(<3)6Br2]  (7).  This isostructural analog of 6 

differs compositionally only in the identity of the terminal halide ion, from Cl– to Br–.  

Upon close inspection of the structural parameters, the most significant difference 

relative to 6 is an increase in the µ3-oxo out of plane shift, from 0.010 Å in 6 to 0.027 Å 

in 7.  Another difference between 6 and 7 is a change in the JT torsion angle, from 8.44° 

to 8.55°, respectively.  Though small in magnitude, geometric differences such as these 

are important to determine the structure-property relationships in these simple SMMs.  

Systematic observations of this type are noticeably lacking in the SMM literature to 

date.    

[<Et4]3[Mn3Zn2(Me-salox)3O(<3)6I2]  (8).  Complex 8 represents the third 

halide analog in the Me-salox2– Mn3Zn2 series.  This is comparable to complex 5 in the 

salox2– based structures.  However, 9 is interesting in that it crystallizes in the trigonal 



200 

 

space group R3c, which is in contrast to the low-symmetry monoclinic structure in 5.  

Inspection of the structural parameters in 8 reveals similarities to 1 and 2, in which only 

small differences are observed.  These differences include the smallest θ torsion angles, 

∆ out of plane shift, and δ JT torsion angles, in addition to the largest intramolecular 

Mn–Mn distances.  These values are tabulated in table 1 and are significant in the 

context of the relaxation behavior for 8, as will be described below. 

[<Et4]3[Mn3Zn2(Et-salox)3O(<3)6Cl2]  (9).  Complex 9 is comparable to 1 and 

6, except for the use of Et-saloxH2 instead of saloxH2 and Me-saloxH2, respectively.  

Important structural changes are observed as a result of this modification, the most 

notable being the formation of a low symmetry C1 structure that crystallizes in the 

monoclinic noncentrosymmetric space group Cc.  The structural basis for this change is  

the nature of the Et-saloxH2 ligand, where the ethyl groups may orient in either of two 

preferred directions.  This is evident in figure 14, where two ethyl groups are oriented 

towards the lower half of the molecule and one ethyl group towards the upper half.  

Note that this description assumes the upper portion of the molecule is described by the 

Mn3Zn half that includes the Et-salox2– phenyl rings.  This structural asymmetry leads 

to subtle changes in the geometric core of this complex, resulting in implications for the 

selection rules and rate of QTM, as will be described in chapter 5. 

[<Et4]3[Mn3Zn2(Et-salox)3O(<3)6Br2]  (10).  Complex 10 reveals a further 

degree of crystallographic variation, where replacement of the Cl– ions in 9 by Br– leads 

to crystallization of two independent C1-symmetric molecules in the monoclinic chiral 

space group Pc.  In this structure the two independent molecules differ in the relative 

orientations of ethyl groups, where two ethyl groups point towards the upper half of the  
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Figure 4.11.  Partially labeled molecular structure of complex 6.  Hydrogen atoms have 

been omitted while carbon and symmetry equivalent atoms have been left unlabeled, for 

clarity. 
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Figure 4.12.  Partially labeled molecular structure of complex 7.  Hydrogen atoms have 

been omitted while carbon and symmetry equivalent atoms have been left unlabeled, for 

clarity. 
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Figure 4.13.  Partially labeled molecular structure of complex 8.  Hydrogen atoms have 

been omitted while carbon and symmetry equivalent atoms have been left unlabeled, for 

clarity. 
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first molecule 10, and toward the lower half of the second molecule 10.  The molecular 

easy axes for 10 and 10 differ by 29.5°, and when taken in combination with the c-glide 

symmetry operation, lead to four unique molecular orientations within the solid state 

structure.  The vectoral projections of these easy axes within a single-crystal of 10 leads 

to a uniaxial crystalline anisotropy that is collinear with the c-axis.            

[<Et4]3[Mn3Zn2(salox-<O2)3O(<3)6Cl2]  (11).  The formulation of 11 is similar 

to that of 1, except for the replacement of salicylaldoxime with 3-nitrosalicylaldoxime.  

The use of this ligand results in the crystallization of two independent molecules in the 

triclinic P-1 space group.  The inversion center symmetry operation in this space group 

results in only two uniaxial orientations, as the easy axis for each independent 

molecules is merely inverted within the cell.  The geometric parameters for each 

independent molecule are quite different from each other, as evidenced by the larger θ 

torsion angles for the molecule labeled 11b in table 1. 

[<Et4]3[Fe3Zn2(salox)3O(<3)6Cl2]  (12).  By analogy to 1, complex 12 employs 

FeIII ions in place of MnIII.  This replacement leads to few structural changes, as 

evidenced by the isostructural molecule and isomorphic crystalline packing.  The extent 

of JT elongation in 12 is less than that of 1, as expected for low-spin FeIII ions relative 

to high-spin MnIII ions.  Other associated geometric changes relative to 1 include a 

2.61° reduction in θ, a 0.02 Å decrease in ∆, and a 0.74° decrease in the JT tilting angle 

δ.  

[PPh4]3[Fe3Zn2(salox)3O(<3)6ICl]  (13).  Complex 13 represents another 

Fe3Zn2 analog, in which the [NEt4]+ co-crystallizing cation in 12 has been replaced with 

[PPh4]+.  The identity of the terminal halide coordinated to ZnII ions has also been  
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Figure 4.14.  Partially labeled molecular structure of complex 9.  Hydrogen atoms have 

been omitted while carbon atoms have been left unlabeled, for clarity. 
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changed, in which one I– and one Cl– ion are bound to the two ZnII ions.  With reference 

to the comparisons between MnIII analogs 1 and 4, 13 compares closely with 12 above, 

where the most noticeable difference is the decrease in θ torsion angle in 13 and a 

corresponding flattening of the salox2– phenyl rings relative to each other.  Importantly, 

12 and 13 present the opportunity to compare the nature of magnetic exchange in 

isostructural FeIII-based complexes, similarly to the extensive series of MnIII-based 

SMMs above.                            

 

4.2.2.  Magnetochemistry 

4.2.2.1.  Dc Magnetic Susceptibility and Magnetization versus Magnetic Field 

Studies        

Dc magnetic susceptibility measurements were recorded on ground crystalline 

samples of complexes 1-13.  The powders were immobilized in an eicosane matrix to 

prevent field-induced torquing of the microcrystallites.  Measurements were recorded 

from 300-1.8K at fields ranging from 0.01-5T to determine the nature and magnitude of 

pairwise exchange interactions, as well as the magnitude of the axial zero-field splitting 

(zfs) parameter D.  Due to the large number of analogous complexes, only a 

representative number of complexes will be discussed specifically.     

Variable-temperature magnetic susceptibility measurements collected on 1 

reveal dominant ferromagnetic magnetic exchange interactions, as evident by the 

increase in χMT as the temperature is decreased.  The 0.1T χMT product at 300 K was 

found to be 9.00 cm3·K·mol-1, which is exactly the calculated value expected for three 

uncorrelated s = 2 MnIII ions and g = 2.0.  The susceptibility increased slightly as the  
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Figure 4.15.  Partially labeled molecular structure of complex 11.  Hydrogen atoms and 

disordered [NEt4]+ cations have been omitted, while carbon atoms have been left 

unlabeled for clarity. 
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Figure 4.16.  Partially labeled molecular structure of complex 12.  Hydrogen and 

carbon atoms have been left unlabeled for clarity. 
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Figure 4.17.  Partially labeled molecular structure of complex 13.  Hydrogen and 

carbon atoms have been left unlabeled for clarity. 
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Figure 4.18.  Description of the torsion angles given in eq. 1.     
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Table 4.1.  Selected Structural Parameters for Complexes 1-13. 

Complex 
Mn–N–O–Mn 

Torsion Angle (θ, 
deg) 

µ3-oxo out-of-
plane shift (∆, Å) 

Jahn-Teller Torsion 
Angle (δ), (deg) 

Mn–Mn Distance 
(Å) 

1 32.05 0.029 8.50 3.276 

2 32.08 0.025 8.09 3.274 

3 5.18, 9.81, 13.49 0.012 3.47, 3.68, 1.35 3.270, 3.276, 3.260 

4 11.93 0.017 5.06 3.272 

5a* 18.68, 8.03, 18.38 0.014 7.36, 2, 4.72 3.274, 3.278, 3.260 

5b* -16.25, 14.48, 5.55 0.040 2.09, 3.16, 2.74 3.263, 3.268, 3.277 

6 36.10 0.010 8.44 3.263 

7 36.15 0.027 8.55 3.271 

8 35.08 0.005 8.34 3.276 

9 35.17, 34.13, 36.51 0.056 7.37, 9.07, 9.47 3.266, 3.283, 3.261 

10a* 30.77, 36.42, 36.61 0.040 9.07, 8.65, 7.67 3.262, 3.256, 3.269 

10b* 32.34, 32.79, 34.41 0.049 6.24, 8.39, 9.84 3.267, 3.258, 3.272 

11a* 19.36, 16.32, 10.43 0.041 8.65, 2.47, 3.30 3.262, 3.270, 3.259 

11b* 24.05, 27.39, 15.20 0.049 5.87, 4.78, 4.46 3.241, 3.251, 3.273 

12 29.44 0.010 7.76 3.333 

13 8.57 0.016 4.21 3.340 

*Complexes 5, 10, and 11 crystallize as two independent molecules. 
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Table 4.2.  Crystallographic data and refinement parameters for 1, 2. 

Complex  1 2 
Formula  C45 H75 Cl2 Mn3 N24 O7 Zn2 C45 H75 Br2 Mn3 N24 O7 Zn2 
Formula weight  1430.73 1546.48 
Temperature [K] 100(2)  100(2)  
Wavelength [Å] 0.71073 0.71073 
Crystal system  Trigonal Trigonal 
Space group  R3c R3c 
a [Å] 13.4536(8)  13.4023(17) 
b [Å] 13.4536(8)  13.4023(17)  
c [Å] 60.451(7)  60.923(8)  
α [deg] 90 90 
β [deg] 90 90 
γ [deg] 120 120 
Volume [Å3] 9475.7(14) 9477(2)  
Z 6 6 
Dcalc [Mg/m3] 1.674 1.626 
abs. coefficient [mm-1] 2.071 2.666 
F(000) 4770 4650 
Crystal size [mm3] 0.35 x 0.30 x 0.30  0.40 x 0.30 x 0.30  
Theta range for data 
collection 1.87 to 25.50° 2.21 to 23.82° 

Index ranges 
-16<=h<=13, -16<=k<=11, -
72<=l<=70 

-15<=h<=14, -15<=k<=15, -
67<=l<=68 

Reflections collected 18864 19896 
Independent reflections 3836 [R(int) = 0.0493] 3118 [R(int) = 0.0461] 
Completeness to theta = 
25.50° 99.9 %  99.7 %  
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / 
parameters 3836 / 1 / 254 3118 / 1 / 254 
Goodness-of-fit on F2 1.023 1.067 
Final R indices 
[I>2sigma(I)] R1 = 0.0332, wR2 = 0.0701 R1 = 0.0206, wR2 = 0.0486 
R indices (all data) R1 = 0.0446, wR2 = 0.0762 R1 = 0.0218, wR2 = 0.0491 
Absolute structure 
parameter 0.017(14) 0.003(8) 
Largest diff. peak and 
hole 0.563 and -0.272 e.Å-3 0.402 and -0.224 e.Å-3 

( ) ( ) 2
1

22222 /2)).(00.2(/1 



 ∑∑ −=>∑∑ −= oco

b
oco

a FwFFwwRIIFFFR σ  (all data). 
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Table 4.3.  Crystallographic data and refinement parameters for 3, 4. 

Complex  3 4 
Formula  C46 H79 Mn2 N20 O8 Zn2 C93 H75 As3 Cl2 Mn3 N21 O7 Zn2 
Formula weight  1475.91 2189.99 
Temperature [K] 100(2)  100(2)  
Wavelength [Å] 0.71073 0.71073 
Crystal system  Monoclinic Trigonal 
Space group  P21/n R3-c 
a [Å] 18.1918(9)  20.282(3)  
b [Å] 19.9808(10)  20.282(3)  
c [Å] 18.4894(9)  83.734(12)  
α [deg] 90 90 
β [deg] 106.8040(10) 90 
γ [deg] 90 120 
Volume [Å3] 6433.7(6)  29830(7)  
Z 5 18 
Dcalc [Mg/m3] 1.52 1.461 
abs. coefficient [mm-1] 1.38 1.953 
F(000) 3040 13212 
Crystal size [mm3] 0.50 x 0.30 x 0.30  0.35 x 0.3 x 0.3  
Theta range for data 
collection 1.38 to 25.37° 2.14 to 25.02° 

Index ranges 
-21<=h<=21, -24<=k<=23, -
22<=l<=22 

-23<=h<=24, -24<=k<=23, -
99<=l<=99 

Reflections collected 60710 171334 
Independent reflections 11774 [R(int) = 0.0851] 5855 [R(int) = 0.0628] 
Completeness to theta = 
25.50° 99.9 %  99.9 %  

Refinement method 
Full-matrix least-squares on 
F2 Full-matrix least-squares on F2 

Data / restraints / 
parameters 11774 / 0 / 815 5855 / 0 / 394 
Goodness-of-fit on F2 0.999 1.076 
Final R indices 
[I>2sigma(I)] R1 = 0.0417, wR2 = 0.0871 R1 = 0.0556, wR2 = 0.1496 
R indices (all data) R1 = 0.0719, wR2 = 0.0999 R1 = 0.0599, wR2 = 0.1532 
Absolute structure 
parameter   
Largest diff. peak and 
hole 0.852 and -0.395 e.Å-3 2.379 and -1.274 e.Å-3 

( ) ( ) 2
1

22222 /2)).(00.2(/1 



 ∑∑ −=>∑∑ −= oco

b
oco

a FwFFwwRIIFFFR σ  (all data). 
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Table 4.4.  Crystallographic data and refinement parameters for 5, 6. 

Complex  5 6 
Formula  C47 H83 I2 Mn3 N24 O9 Zn2 C48 H81 Cl2 Mn3 N24 O7 Zn2 
Formula weight  1677.72 1472.81 
Temperature [K] 100(2)  100(2)  
Wavelength [Å] 0.71073 0.71073 
Crystal system  Monoclinic Trigonal 
Space group  P21/c R3c 
a [Å] 18.918(5)  13.5805(13)  
b [Å] 48.221(11)  13.5805(13)  
c [Å] 14.693(3)  61.748(6)  
α [deg] 90 90 
β [deg] 102.521(3) 90 
γ [deg] 90 120 
Volume [Å3] 13085(5)  9862.4(17)  
Z 8 9 
Dcalc [Mg/m3] 1.238 1.488 
abs. coefficient [mm-1] 2.27 1.426 
F(000) 4656 4572 
Crystal size [mm3] 0.3 x 0.1 x 0.07  0.30 x 0.30 x 0.30  
Theta range for data 
collection 2.04 to 25.03° 2.18 to 25.02° 

Index ranges 
-22<=h<=22, -57<=k<=57, -
11<=l<=17 

-16<=h<=16, -16<=k<=16, -
72<=l<=72 

Reflections collected 137261 48251 
Independent reflections 22830 [R(int) = 0.1182] 3857 [R(int) = 0.0316] 
Completeness to theta = 
25.50° 98.6 %  99.6 %  
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / 
parameters 22830 / 0 / 1004 3857 / 1 / 264 
Goodness-of-fit on F2 0.953 1.047 
Final R indices 
[I>2sigma(I)] R1 = 0.0597, wR2 = 0.1485 R1 = 0.0526, wR2 = 0.1436 
R indices (all data) R1 = 0.1005, wR2 = 0.1598 R1 = 0.0550, wR2 = 0.1457 
Absolute structure 
parameter  0.05(3) 
Largest diff. peak and 
hole 1.253 and -1.663 e.Å-3 0.778 and -0.352 e.Å-3 

( ) ( ) 2
1

22222 /2)).(00.2(/1 



 ∑∑ −=>∑∑ −= oco

b
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Table 4.5.  Crystallographic data and refinement parameters for 7, 8. 

Complex  7 8 
Formula  C48 H81 Br2 Mn3 N24 O7 Zn2 C48 H81 I2 Mn3 N24 O7 Zn2 
Formula weight  1561.72 1655.72 
Temperature [K] 100(2)  100(2)  
Wavelength [Å] 0.71073 0.71073 
Crystal system  Trigonal Trigonal 
Space group  R3c R3c 
a [Å] 13.4747(6)  13.5648(5)  
b [Å] 13.4747(6)  13.5648(5)  
c [Å] 62.370(3)  62.310(3)  
α [deg] 90 90 
β [deg] 90 90 
γ [deg] 120 120 
Volume [Å3] 9807.2(7)  9929.2(7)  
Z 6 9 
Dcalc [Mg/m3] 1.587 1.661 
abs. coefficient [mm-1] 2.574 2.268 
F(000) 4788 5004 
Crystal size [mm3] 0.40 x 0.30 x 0.30  0.40 x 0.30 x 0.30  
Theta range for data 
collection 1.86 to 25.35° 1.85 to 25.37° 

Index ranges 
-16<=h<=16, -16<=k<=16, -
74<=l<=74 

-16<=h<=15, -16<=k<=16, -
74<=l<=74 

Reflections collected 20530 17385 
Independent reflections 3961 [R(int) = 0.0342] 4039 [R(int) = 0.0260] 
Completeness to theta = 
25.50° 100.0 %  99.4 %  
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / 
parameters 3961 / 1 / 264 4039 / 1 / 264 
Goodness-of-fit on F2 1.062 1.003 
Final R indices 
[I>2sigma(I)] R1 = 0.0240, wR2 = 0.0643 R1 = 0.0611, wR2 = 0.1865 
R indices (all data) R1 = 0.0253, wR2 = 0.0650 R1 = 0.0629, wR2 = 0.1915 
Absolute structure 
parameter 0.002(9) 0.03(3) 
Largest diff. peak and 
hole 0.427 and -0.313 e.Å-3 1.067 and -3.201 e.Å-3 
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Table 4.6.  Crystallographic data and refinement parameters for 9, 10. 

Complex  9 10 
Formula  C51 H90 Cl2 Mn3 N24 O7 Zn2 C51 H90 Br2 Mn3 N24 O7 Zn2 
Formula weight  757.45 1601.25 
Temperature [K] 100(2)  100(2) K 
Wavelength [Å] 0.71073 0.71073 Å 
Crystal system  Monoclinic Monoclinic 
Space group  Cc Pc 

a [Å] 23.1921(12)  21.7 
b [Å] 13.4593(7)  14.4 
c [Å] 22.4135(11)  22.325 
α [deg] 90 90° 
β [deg] 101.2640(10) 93.08 
γ [deg] 90 90° 
Volume [Å3] 6861.6(6)  6966 
Z 4 2 
Dcalc [Mg/m3] 1.466 1.52 
abs. coefficient [mm-1] 1.368 2.418 
F(000) 3144 3248 
Crystal size [mm3] 0.40 x 0.30 x 0.25  0.35 x 0.3 x 0.25  
Theta range for data 
collection 1.76 to 25.37°. 1.68 to 25.35° 

Index ranges 
-27<=h<=27, -16<=k<=16, -
26<=l<=26 

-26<=h<=26, -17<=k<=17, -
26<=l<=26 

Reflections collected 53364 82689 
Independent reflections 12514 [R(int) = 0.0360] 25153 [R(int) = 0.0449] 
Completeness to theta = 
25.50° 99.9 %  100.0 %  
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / 
parameters 12514 / 2 / 817 25153 / 2 / 1628 
Goodness-of-fit on F2 0.999 1.022 
Final R indices 
[I>2sigma(I)] R1 = 0.0361, wR2 = 0.0908 R1 = 0.0529, wR2 = 0.1281 
R indices (all data) R1 = 0.0382, wR2 = 0.0923 R1 = 0.0711, wR2 = 0.1390 
Absolute structure 
parameter 0.008(8) 0.00 
Largest diff. peak and 
hole 0.874 and -0.746 e.Å-3 1.085 and -1.237 e.Å-3 
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Table 4.7.  Crystallographic data and refinement parameters for 11, 12. 

Complex  11 12 
Formula  C45 H75 Cl2 Mn3 N27 O13 Zn2 C45 H75 Cl2 Fe3 N24 O7 Zn2 
Formula weight  1568.75 1433.45 
Temperature [K] 100(2)  100(2)  
Wavelength [Å] 0.71073 0.71073 
Crystal system  Triclinic Trigonal 
Space group  P-1 R3c 
a [Å] 14.9343(10)  13.518(3)  
b [Å] 20.8878(14)  13.518(3)  
c [Å] 23.9678(16)  59.192(12)  
α [deg] 100.9100(10) 90 
β [deg] 96.9030(10) 90 
γ [deg] 107.2360(10) 120 
Volume [Å3] 6886.8(8)  9368(3)  
Z 4 6 
Dcalc [Mg/m3] 1.128 1.521 
abs. coefficient [mm-1] 1.351 1.589 
F(000) 2300 4428 
Crystal size [mm3] 0.45 x 0.15 x 0.15  0.35 x 0.3 x 0.3  
Theta range for data 
collection 1.45 to 25.43° 2.06 to 25.01° 

Index ranges 
-18<=h<=17, -25<=k<=25, -
28<=l<=28 

-7<=h<=16, -16<=k<=12, -
66<=l<=70 

Reflections collected 61482 20556 
Independent reflections 25230 [R(int) = 0.0402] 3546 [R(int) = 0.0659] 
Completeness to theta = 
25.50° 99.6 %  99.9 %  
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / 
parameters 25230 / 0 / 1171 3546 / 1 / 254 
Goodness-of-fit on F2 0.934 1.057 
Final R indices 
[I>2sigma(I)] R1 = 0.0609, wR2 = 0.1592 R1 = 0.0295, wR2 = 0.0708 
R indices (all data) R1 = 0.1030, wR2 = 0.1743 R1 = 0.0299, wR2 = 0.0710 
Absolute structure 
parameter  0.039(11) 
Largest diff. peak and 
hole 1.006 and -0.902 e.Å-3 0.463 and -0.707 e.Å-3 
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Table 4.8.  Crystallographic data and refinement parameters for 13. 

Complex  13 
Formula  C93 H75 Cl1 Fe3 I1 N21 O7 P3 Zn2 
Formula weight  2152.32 
Temperature [K] 100(2)  
Wavelength [Å] 0.71073 
Crystal system  Trigonal 
Space group  R-3c 
a [Å] 20.365(3)  
b [Å] 20.365(3)  
c [Å] 81.974(13)  
α [deg] 90 
β [deg] 90 
γ [deg] 120 
Volume [Å3] 29444(8)  
Z 18 
Dcalc [Mg/m3] 1.405 
abs. coefficient [mm-1] 1.367 
F(000) 12168 
Crystal size [mm3] 0.35 x 0.3 x 0.2  
Theta range for data collection 2.13 to 25.03° 
Index ranges -24<=h<=22, -24<=k<=22, -66<=l<=96 
Reflections collected 51803 
Independent reflections 5790 [R(int) = 0.0599] 
Completeness to theta = 25.50° 99.9 %  
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5790 / 0 / 394 
Goodness-of-fit on F2 1.511 
Final R indices [I>2sigma(I)] R1 = 0.1011, wR2 = 0.3261 
R indices (all data) R1 = 0.1119, wR2 = 0.3444 
Absolute structure parameter  
Largest diff. peak and hole 5.178 and -3.448 e.Å-3 
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temperature was lowered to approximately 70 K.  Below 70 K, the value of χMT was 

found to increase more rapidly, reaching a maximum of 18.22 cm3·K·mol-1 at 7.86 K.  

These observations are consistent with weak ferromagnetic interactions between the 

three s = 2 MnIII ions.  The maximum χMT value of 18.22 cm3·K·mol-1 also compares to 

the value of 19.60 cm3·K·mol-1 expected for an S = 6 system with g = 1.93 (vide supra).  

Below 7.86 K the susceptibility decreased rapidly in a field-dependent fashion, as 

anticipated for a molecular spin system experiencing appreciable axial zero-field 

splitting.   

Variable-field reduced magnetization experiments were also conducted on 1 to 

further gauge the spin ground state and quantify the axial zfs parameter D, both of 

which are intrinsically linked to the observation of slow magnetization in SMMs.  The 

data, plotted as reduced magnetization (M/!µβ) vs. (H/T), where ! is Avogadro's 

number, µβ is the Bohr magneton, and M (=χMH) is the molar magnetization, are 

indicative of an significant spin ground state experiencing large axial zfs.  This is 

evident in the large separation between isofield lines, as well as the magnetization 

saturation that even occurs at fields as small as 2 T.  For comparison purposes, an 

M/!µβ value of 8.60 cm3·K·Oe is observed at 1.8 K and 5 T.  It is notable that the 

magnetic susceptibility and reduced magnetization data for complex 2 are virtually 

identical to 1, and will not be discussed further. 

Dc susceptibility studies on complex 3 revealed a strikingly different magnetic 

behavior, in which dominant antiferromagnetic magnetic exchange interactions are 

indicated by a decrease in χMT at temperatures below 300 K.  Inspection of the 0.1 T 

variable-temperature susceptibility data reveal a 300 K χMT value of 7.66 cm3·K·mol-1, 



220 

 

which is less than the 300 K susceptibility for 1.  The value of χMT in 3 decreases 

steadily as the temperature is lowered, reaching a minimum value of 3.85 cm3·K·mol-1 

at 4.83 K, followed by a slight increase to 3.98 cm3·K·mol-1 at 1.8 K.  The 

corresponding reduced magnetization data for 3 provide further evidence for the lower 

spin ground state, as evident by a maximum M/!µβ value of 2.80 cm3·K·Oe at 1.8 K 

and 5 T, indicating an approximately S = 2 spin ground state.   

Similar experiments performed on complex 4 also reveal dominant 

antiferromagnetic interactions that are of a comparable magnitude to those in 3.  The 

300 K χMT value of 7.67 cm3·K·mol-1 for 4 compares closely to the analogous 

measurement for 3, and was also found to also steadily decrease with decreasing 

temperature.  A minimum χMT value of 3.29 cm3·K·mol-1 was observed at the lowest 

recorded temperature of 1.8 K for 4, which is slightly less than the minimum value of 

3.85 cm3·K·mol-1 for 3.  The reduced magnetization measurements also indicate an 

approximate S = 2 spin ground state, where a maximum M/!µβ value of 2.54 cm3·K·Oe 

was observed at 1.8 K and 5 T.  It is significant to note that complex 3 possesses C1 

point symmetry, whereas 4 possesses C3 point symmetry, providing important 

symmetry restrictions on the pairwise exchange interactions between MnIII ions, as will 

be discussed in the magnetization fitting section below.  Briefly stated, these restrictions 

have been observed to directly affect the spin of the ground state and the relative 

energies of the excited states.   

The low-symmetry complex 5 exhibits χMT and reduced magnetization data that 

is intermediate between the ferromagnetic and antiferromagnetic examples described 

above.  The 300 K 0.1 T χMT value of 8.87 cm3·K·mol-1 compares closely with that of  
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Figure 4.19.  (top) χMT vs T plot comparing the 0.1 T variable-temperature magnetic 

susceptibility data for complexes 1-6 from 300-1.8 K.  (bottom) Description of the 

magnetostructural trends observed for the magnetic Mn3
III core, emphasizing the 

salicylaldoximate phenyl ring orientation. 
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the ferromagnetic complexes 1 and 2.  As the temperature is lowered, the susceptibility 

decreases steadily to a minimum value of 2.25 cm3·K·mol-1.  The magnetic 

susceptibility for 5 is larger than in 3 and 4 at all temperatures, indicating the presence 

of weaker antiferromagnetic interactions.  This qualitative observation is also true for 

the reduced magnetization data, where the saturation value of 4.16 cm3·K·Oe is larger 

than the corresponding value in complexes 3 and 4.      

The dc susceptibility data for complex 6 are reminiscent of 1, where dominant 

ferromagnetic exchange interactions are indicated at reduced temperatures.  As will be 

discussed further in the magnetization fitting section, the increased Mn-O-N-Mn torsion 

angle (θ) in 6 leads to stronger ferromagnetic interactions between MnIII ions.  This is 

an important observation, as few SMM families permit detailed magnetostructural 

studies, as most examples are either too complex or structurally different.  The stronger 

ferromagnetic interactions in 6 are qualitatively evident by the larger susceptibilities 

and reduced magnetization values at all temperatures and fields when compared to the 

data for 1.  Complex 6 possesses a 300 K χMT value of 11.34 cm3·K·mol-1, which 

exceeds the value of 9.00 cm3·K·mol-1 expected for three uncorrelated s = 2 MnIII ions.  

This suggests the presence of ferromagnetic exchange interactions at 300 K, which may 

also be interpreted as the population of correlated spin states at this temperature.  

Additionally, the rate of increase in χMT and peak maximum for 6 is greater than in 1, 

assuming a value of 20.85 cm3·K·mol-1 at 13.89 K.  The decrease in χMT below 13.89 K 

is again due to the combination of zfs and Zeeman effects from the applied magnetic 

field.  This assertion is further supported by the observation of a larger decrease in χMT 

at higher applied fields. 
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Variable-field reduced magnetization studies on 6 also indicate an appreciable 

spin ground state of S = 5 or S = 6 that is split by a significant zfs.  The 5 T saturation 

value of M/!µβ (=9.64 cm3·K·Oe) is larger than in 1, which may be a result of a number 

of possible factors such as variations in anisotropy, g-value, or the extent of mixing with 

excited spin states.  These possibilities necessitate a detailed investigation of these data 

via magnetization fitting, HFEPR, and single-crystal magnetization hysteresis 

measurements, as will be presented below. 

The dc susceptibility and reduced magnetization data for complexes 7 and 8 bear 

a close resemblance to 6 above, with only small variations in the peak maxima in χMT 

and saturation value of M/!µβ.  Summarizing these results, complex 7 possesses a 0.1 T 

χMT value of 10.49 cm3·K·mol-1 at 300 K, which increases to a maximum value of 

21.20 cm3·K·mol-1 at 12.92 K before decreasing to a minimum value of 13.42 

cm3·K·mol-1 at 1.8 K.  Complex 8 possesses a 0.1 T χMT value of 10.05 cm3·K·mol-1 at 

300 K, which increases to a maximum value of 19.28 cm3·K·mol-1 at 14.94 K before 

decreasing to a minimum value of 11.84 cm3·K·mol-1 at 1.8 K.  The reduced 

magnetization 5 T saturation value for 7 assumes a value of 9.78 cm3·K·Oe, whereas 

the analogous value for 8 is noticeably reduced at 8.74 cm3·K·Oe. 

Magnetic susceptibility and reduced magnetization measurements on the low-

symmetry complex 9 also revealed dominant ferromagnetic interactions and a large zfs 

anisotropy.  The χMT value of 10.58 cm3·K·mol-1 at 300 K was found to increase 

gradually to a maximum of 18.32 cm3·K·mol-1 at 15.96 K before decreasing to a value 

of 11.51 cm3·K·mol-1 at 1.8 K.     Interestingly, the 300 K susceptibility for 9 is the 

largest of the ferromagnetic analogs while the peak susceptibility also occurs at the 
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highest temperature.  However, the magnitude of the maximum susceptibility in 9 is 

among the smallest of the ferromagnetic examples.  The significance of these 

observations will be discussed below.   

The reduced magnetization data for 9 reveal a field-dependent behavior that is 

qualitatively very similar to the other ferromagnetic analogs.  There exists a large 

separation between isofield lines, as indicative of a significant zfs, combined with a 

significant 5 T saturation value of 9.01 cm3·K·Oe.     

The dc susceptibility data for the low-symmetry complex 11 indicate dominant 

antiferromagnetic exchange interactions, in which the 300 K χMT value of 10.58 

cm3·K·mol-1 at 300 K was observed to decrease with decreasing temperature, to a 

minimum value of 2.20 cm3·K·mol-1 at 1.8 K.  The reduced magnetization data is 

consistent with this behavior, in which an estimated S = 2 spin ground state is suggested 

by the 5 T saturation value of 2.73 cm3·K·Oe.  It is important to note that like 

complexes 4 and 10, the magnetic response in 11 is the combined contributions of the 

two independent molecules within the unit cell of this complex. 

  The dc susceptibility data for the Fe3Zn2 complexes 12 and 13 reveal 

antiferromagnetic exchange interactions that are stronger than in any of the Mn3Zn2 

analogs, as evident by the steep decrease in χMT as the temperature is decreased.  The 

small χMT values of across the entire temperature range are further confirmation of the 

low-spin ground state.  For example, the value of χMT in 12 is 3.08 cm3·K·mol-1 at 300 

K, decreasing nearly linearly to a value of 0.19 cm3·K·mol-1 at 1.8 K.  The reduced 

magnetization data for 12 are consistent with these observations, where a maximum 

value of only 0.49 cm3·K·Oe is observed at the strong field-low temperature limit of 5 T 
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and 1.8 K.  This value is less than the 0.956 cm3·K·Oe expected for an S = 1/2 complex 

(g = 2.0) at 5 T and 1.8 K.  Although magnetization saturation is not reached, the non-

superimposability of the isofield lines implies a nonzero zfs, in spite of the very small 

ground state spin.  The magnetic data for 13 are similar to 12, yet indicate weaker 

antiferromagnetic interactions between FeIII ions, as evident by the larger magnetic 

susceptibility and reduced magnetization values (Figure 30).  These observations are 

opposite that of the Mn3Zn2 analogs; the larger torsion angles in 12 indicate stronger 

antiferromagnetic interactions than in 13.  Nonetheless, neither of these low-spin Fe3Zn2 

complexes is expected to function as a SMM. 

 

4.2.2.2.  Fitting of the dc Susceptibility Data via Full-Matrix Diagonalization 

Fits to the variable-temperature and variable-field dc magnetic susceptibility 

data for complexes 1, 2, 3, 4, and 6 were performed via full-matrix diagonalization of 

the spin Hamiltonian shown in eq. 1.  Although computationally much more demanding, 

this approach is superior to other fitting procedures because it simultaneous fits the data 

corresponding to the high-temperature/low-field and low-temperature/high-field 

regimes, i.e. it simultaneously takes into account isotropic exchange interactions, zfs, 

and Zeeman interactions.  This is particularly advantageous in elucidating the 

Eigenenergies for excited spin states that lie closely to the ground state, as frequently 

observed in complexes where the magnitude of the anisotropy approaches that of the 

magnetic exchange interaction.   
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In eq. 1 above, iŝ  represents the total spin operator and isαˆ  ( α = x, y, z) 

represent the respective components associated with each MnIII ion.  Uniaxial ZFS 

interactions in the local coordinate frame of each MnIII ion are parameterized by di (<0), 

with δ and φ describing the tilting of each MnIII Jahn-Teller axis.  The Landé g tensor at 

each site is parameterized by ig
t , whereas Jij describes the isotropic exchange couplings 

between pairs of MnIII ions.   For Mn3
III, the dimension of the three spin Hamiltonian 

matrix is just [(2s+1)3]2 = 125 × 125, which is trivial compared to the ~108 × 108 

Hamiltonian matrix for Mn12-OAc.  The single-ion MnIII matrices are further simplified 

in the C3-symmetric Mn3
III examples, as the application of this symmetry operation 

results in a single exchange constant J1.  This simplified case is applicable to all of the 

analogs except for the low symmetry complexes 3, 5, 9, 10, 11. 

The best fit to the magnetic data for ferromagnetic complex 1 is represented by 

solid black lines in figure 20 (top), and corresponds to microscopic spin Hamiltonian 

parameters of g = 1.93, d = –4.8 K, J1 = +2.4 K, and δ = 8.43°.  Figure 20 (bottom) 

shows the resulting zero-field eigenvalue spectrum for these values, indicating an S = 6 

ground state and S = 5 first excited spin state.  The ms multiplets corresponding to these 

spin states are in fact slightly nested, with 0.4 K of overlap between the (S = 6, ms = 0) 

and (S = 5, ms = ±5) states.  The energy separation (∆E) between the (S = 6, ms = ±6) 
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and (S = 5, ms = ±5) states was also determined for 1, and found to equal 43.3 K.    To 

extract the axial ZFS parameters from these data, the barrier shape for the S = 6 ground 

state was fit to the giant-spin Hamiltonian (eq. 2), yielding molecular parameters of S = 

6, g = 1.93, D = –1.191(1) K and 0
4B  = –1.10(3) × 10-4 K.  This fit is indicated by the 

thin red line in figure 20 (bottom).           

( ) ( )[ ] ( ) ( ) }1316ˆ25130ˆ35{1
3
1ˆˆˆ 22240

4
2 +++−−+−+



 +−+⋅⋅=− SSSSSSSSBSSSDSgBH zzzBspingiant µ        

(2) 

The fitting results for complex 2 indicate very similar parameters, as 

summarized in table 9.  In contrast, the analysis of magnetic data for complex 6 reveals 

differences in comparison to 1 and 2.  The best fit for complex 6 is provided in figure 

21 (top) for eq. 1 parameters of g = 2.01, d = –4.3 K, J1 = +4.7 K, δ = 8.44°.  Fitting of 

the ground state to eq. 2 resulted in giant-spin parameters of S = 6, D = –1.100(1) K and 

0
4B  = –3.75(6) × 10-5 K.  The most notable comparisons of 6 to complex 1 includes a 

nearly identical axial anisotropy and a two-fold increase in magnitude of J1, resulting in 

a more isolated S = 6 ground state.  Figure 21 (bottom) reveals this clearly, where the 

ground and first excited state multiplets in 6 are no longer nested but instead have a 

29.0 K separation between the (S = 6, ms = 0) and (S = 5, ms = ±5) states.  This also 

leads to a larger energy separation of ∆E = 69.2 K for the gap between (S = 6, ms = ±6) 

and (S = 5, ms = ±5) states.  Additionally, complex 6 has a value of 0
4B  that is nearly 

one-third that of 1 and 2.  These observations have implications for explaining the 

differences in relaxation behavior between 1 and 6, which will be discussed in the ac 

susceptibility, HFEPR, and magnetization hysteresis sections below.  
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In contrast to the ferromagnetic results above, least-squares fitting of the low-

symmetry complex 3 led to optimized single-ion parameters of g = 2.02, d = –8.5 K, J1 

= –5.0 K, J2 = –5.0 K, and J3 = –0.1 K; the corresponding fit is shown as solid black 

lines in Figure 6 (top).  The JT torsion angles of δ = 3.28°, 3.50°, 1.28° and φ = 0°, 

118.69°, 217.32° were taken into account, and were determined from the crystal 

structure.  The second JT torsion angle (Φ) was necessary for the magnetization data 

fitting of this complex to account for deviations from C3 symmetry.  Interestingly, the 

obtained fitting parameters indicate a reasonably isolated S = 2 spin ground state (∆E = 

35 K), as observed in figure 23.   

Magnetic data for the antiferromagnetic C3-symmetric complex 4 were also 

analyzed in detail, providing the opportunity to compare the effects associated with 

changes in molecular symmetry.  The experimental data for 4 were well fit to eq. 1 by 

the following parameters: g = 1.94, d = –6.2 K, J1 = –4.1 K, δ = 5.06°, resulting in a 

highly spin-mixed ground state.  The giant-spin Hamiltonian is clearly not appropriate 

here due to the presence of low-lying excited states.  Figure 24 (bottom) describes this 

visually, where six excited spin states are shown to reside within 7 K of the ground state.  

This is in contrast to complex 3, where the first excited state was determined to lie 35 K 

above the S = 2 ground state.  This may be rationalized by considering the geometric 

relationships between interacting spins in a triangular structure.  A high degree of spin 

frustration exists in a high-symmetry antiferromagnetic triangle, whereas some of this 

frustration is relieved for a non-equilateral triangle.  Thus the observation of a 

reasonably isolated S = 2 ground state in 3 is not surprising considering the low 

molecular symmetry and weak J3 exchange parameter.  A similar fitting of the magnetic  
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Figure 4.20.  (top) Logarithmic plot of χMT data for complex 1 from 300-1.8K and at 

0.01-5T.  Black lines describe the least-squares fit for the parameters shown.  (bottom) 

Zero-field eigenvalue spectrum for complex 1 for parameters discussed in the text. 
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Figure 4.21.  (top) Logarithmic plot of χMT data for complex 2 from 300-1.8K and at 1-

5T.  Black lines describe the least-squares fit for the parameters shown.  (bottom) Zero-

field eigenvalue spectrum for the S = 6 ground state of complex 2.  The red line 

describes the barrier shape fitting for a molecular S = 6 ground state, using parameters 

discussed in the text.. 
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Figure 4.22.  (top) Logarithmic plot of χMT data for complex 6 from 300-1.8K and at 1-

5T.  Black lines describe the least-squares fit for the parameters shown.  (bottom) Zero-

field eigenvalue spectrum for complex 6, derived from fitting of the magnetization data.  

The red line describes the barrier shape fitting for a molecular S = 6 ground state, using 

parameters discussed in the text. 
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data for complex 5 was not possible, as the presence of two independent molecules 

results in overparameterization.  On the basis of the above results for 1 and 6, it is 

apparent that θ torsion angles greater than ~32° result in stronger ferromagnetic 

interactions between MnIII ions.  By also taking into account the large anisotropy that 

arises from the large projections of the single-ion JT axes in 1, it is clear that one must 

employ the full-matrix diagonalization fitting method described above to accurately 

describe the eigenstates in this weakly exchange coupled system.  This is apparent in 

figure 20 (bottom), where the S = 5 excited state spin manifold is observed to be nested 

with the S = 6 ground state.  This is indeed apparent in fits to the variable-temperature 

susceptibility data for 1, employing the Hamiltonian in eq. 3, which assumes an isolated 

molecular spin ground state and only takes into account isotropic exchange interactions. 

( )323121
ˆˆˆˆˆˆ2ˆ SSSSSSJH MnMn ++−= −                                 (3) 

Attempts to fit these data for 1 using the Hamiltonian in eq. 3 resulted in unreasonable 

g-values (less than 1.7 or greater than 2.2) and artificially large intramolecular exchange 

parameters, while attempts to fit the variable-field magnetization data to a single spin 

ground state resulted in unreasonable g-values (g ≈ 2.2) and very large axial zfs 

parameters (D ≈ –1.7 K) (vide infra).  These results highlight the importance of taking 

into account both the effects of anisotropy and low-lying excited states for the weakly 

coupled complex 1.  However, an analogous procedure for the more strongly coupled 

complex 6 yielded fitting parameters similar to those obtained from full-matrix 

diagonalization method described above.  This result is not entirely surprising 

considering the more isolated S = 6 ground state in 6 that arises from the stronger 

ferromagnetic interactions.  As a result, described below are the magnetic susceptibility  



234 

 

 

 
 

Figure 4.23.  (top) Logarithmic plot of χMT data for complex 3 from 300-1.8K and at 

0.01-5T.  Black lines describe the least-squares fit for the parameters shown.  (bottom) 

Zero-field eigenvalue spectrum for complex 3, for parameters discussed in the text. 
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Figure 4.24.  (top) Logarithmic plot of χMT data for complex 4 from 300-1.8K and at 

0.01-5T.  Black lines describe the least-squares fit for the parameters shown.  (bottom) 

Zero-field eigenvalue spectrum for complex 4, for parameters discussed in the text. 
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fitting results for complexes 6, 7, 8, 9 which all are expected to have stronger exchange 

interactions as a result of θ torsion angles of 35-36°.      

Detailing this fitting method further, a Heisenberg-Dirac-van Vleck (HDVV) 

spin Hamiltonian was employed.  The spin Hamiltonian for a Mn3
IIIZn2

II complex with 

C3 symmetry is given by eq. 3, where S1=S2=S3=2.  The corresponding eigenenergies 

are provided by eq. 4, where ST = S1 + S2 + S3.  

                                          ( ) ( )[ ]1+−= − TTMnMnT SSJSE                        (4) 

Determination of the values of JMn-Mn for complex 6 was accomplished by substitution 

of these energies into the van Vleck equation.  A relatively isolated S = 6 ground state 

(∆ES=5=68 K) was obtained with best-fit parameters of g = 2.01 and JMn-Mn = +5.1 K.  A 

similar approach was followed for 7, resulting in an S = 6 ground state (∆ES=5=75 K) 

and parameters of g = 2.01 and JMn-Mn = +6.4 K for the fit shown in figure 25 (top).  

Fitting results for the iodide Mn3
IIIZn2

II analog 8 are shown in figure 26 resulted in an S 

= 6 ground state (∆ES=5=66 K) and fitting parameters of g = 1.96 and JMn-Mn = +4.8 K. 

The reduced magnetization data for these complexes were also fit 

independently, using the results for complex 6 to test the validity of this approach.  

These data were fit to the spin Hamiltonian in eq. 5, in which a well-isolated 'giant-spin' 

ground state is assumed.           

ZZBZ HSgSDH ˆˆ
0

2 µµ+=                                  (5)   

This fitting procedure for 6 resulted in least-squares fitting parameters of S = 6, g = 2.01, 

D = –1.122(1) K, all of which are nearly identical to the full-matrix diagonalization 

fitting results for this complex.  In contrast, inconsistent fitting parameters were 

obtained for an analogous procedure on the more weakly coupled complexes 1 and 2, 
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attesting to the importance of an isolated ground state for the application of this fitting 

procedure.   

Least-square fitting of the reduced magnetization data for complex 7 resulted in 

the fit shown in figure 25 (bottom) for parameters of S = 6, g = 2.02, D = –1.002(3) K.  

The corresponding parameters for 8 were determined as S = 6, g = 1.96, D = –1.187(1) 

K for the fit shown in figure 26 (bottom).  It is notable that the trends in D are consistent 

with the structures of these three complexes, where 8 possesses largest molecular zfs 

(D) and the smallest JT torsion angle (δ).   

 

4.2.2.3.  Ac Magnetic Susceptibility Data 

Ac susceptibility measurements were performed on ground crystalline samples 

of complexes 1-11.  Comparisons of these ac susceptibility data revealed significant 

differences in relaxation behavior.  The most obvious difference exists between the low-

spin complexes 3-5 and the ferromagnetic S = 6 complexes 1, 2, and 6.  Complexes 3 

and 4 have very small in-phase susceptibilities (χ'M ≈ 1.0 cm3mol-1 at 1.8 K) and no 

observable out-of-phase susceptibility in the temperature and frequency range studied.  

These results are not surprising due to the fast quantum tunneling processes in 

complexes 3 and 4.  In complex 3, the efficiency of QTM is enhanced due to the low 

molecular symmetry and associated transverse anisotropy.  This effect has been well 

documented, where lower symmetry complexes have been shown to exhibit faster 

quantum tunneling rates.27, 28  In complex 4, the magnetic relaxation is likely of a 

different origin, namely the highly spin-mixed ground state arising from the presence of 

numerous low-lying excited states.  The absence of out-of-phase susceptibility signals  
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Figure 4.25.  χmT versus T (top) plot and field dependence of magnetization (bottom) at 

the fields indicated for 7.  The solid lines are the best fits using values given in the text. 

 



239 

 

 

 
Figure 4.26.  χmT versus T (top) plot and field dependence of magnetization (bottom) at 

the fields indicated for 8.  The solid lines are the best fits using values given in the text.   
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Figure 4.27.  χmT versus T (top) plot and field dependence of magnetization (bottom) at 

the fields indicated for 9.  The solid lines are the best fits using values given in the text. 
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Figure 4.28.  χmT versus T (top) plot and field dependence of magnetization (bottom) at 

the fields indicated for 11.  The solid lines are the best fits using values given in the 

text. 
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Figure 4.29.  χmT versus T (top) plot and field dependence of magnetization (bottom) 

for the Fe3
IIIZn2

II complex 12.  The solid lines are the best fits using values given in the 

text. 
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Figure 4.30.  χmT versus T (top) plot and field dependence of magnetization (bottom) 

for the Fe3
IIIZn2

II complex 13.  The solid lines are the best fits using values given in the 

text. 
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for complexes 3 and 4 are thus likely due to the presence of small barriers for 

magnetization reversal and QTM that is too fast to observe at the operating limits of our 

SQUID.  Complex 5 possesses low frequency χ'M values that are very similar to 3 and 4, 

yet unexpectedly shows measurable out-of-phase susceptibilities (Figure 34).  In fact, at 

997 Hz and 1.8 K, the value of χ''M is approximately 10% of χ'M.  Intermolecular 

exchange interactions likely contribute to the slow magnetic relaxation in 5, as 

numerous close contacts are observed between neighboring molecules.  Complex 5 also 

has two disordered methanol solvate molecules in the unit cell, which may facilitate 

intermolecular interactions through hydrogen bonds.  

Ac susceptibility measurements on the ferromagnetic complexes 1, 2, and 6 

reveal much different relaxation behavior, where robust frequency-dependent peaks in 

χ''M are observed.  Closer inspections of these data also reveal a significant variation of 

χ''M in the out-of-phase susceptibility, where the out-of-phase peak position has been 

observed to shift as a result of changes in the strength of ferromagnetic exchange 

interactions.  This result is particularly interesting because it allows for systematic 

structure-relaxation comparisons to be made.  These comparisons are validated, since 

complexes 1, 2, and 6 all crystallize in the trigonal space group R3c and have very 

similar crystalline packing arrangements.   

Complexes 1 and 6 have virtually identical formulae of [NEt4]3[Mn3Zn2(R-

salox)3O(N3)6Cl2], where R = H (1) or Me (6).  The out-of-phase ac susceptibility data 

display well-fit Gaussian peak shapes for both of these complexes, yet show noticeably 

different peak positions.  The 997 Hz χ''M peak position for 1 occurs at 4.32 K, whereas 

the corresponding peak in complex 6 occurs at 5.36 K (figure 35).  The multi-frequency 



245 

 

ac data for these complexes were further analyzed by constructing an Arrhenius plot, as 

shown in figures 32 and 36 and described by eq. 6  below. 

                                              ( ) ( ) kTU eff−= 01ln1ln ττ                                       (6) 

Fitting of the 100-997 Hz χ''M data to this equation resulted in values of Ueff = 

44.0 K and τ0 = 3.8·10–8 s for complex 1, and Ueff = 45.6 K and τ0 = 2.1·10–7 s for 

complex 6.  Thus, the stronger ferromagnetic interactions in complex 6 not only raises 

the kinetic barrier by 1.6 K, but also results in a six-fold increase in the value of the pre-

exponential factor τ0.  We rationalize this observation in the context of low-lying 

excited spin states, where the more isolated ground state in 6 leads to an enhancement in 

Ueff and τ0 via reduction of relaxation through an excited state pathway.  The optimized 

(slower) rate of magnetization tunneling in complex 6 is also evident as a reduced zero-

field QTM step and larger coercivity at M/Ms = 0  in the powder hysteresis loops shown 

in figures 44 (1) and 46 (6), which will be described in detail below.   

Comparison of the ac susceptibility data for complexes 1, 2, and 3 also reveal 

subtle differences that are helpful in further understanding the factors affecting 

magnetization relaxation.  It was shown above that the rate of magnetization relaxation 

is reduced in complex 6 relative to 1 as a result of stronger exchange interactions and a 

more isolated ground state.  This is also the case in comparing 6 and 7, where a larger 

Ueff is observed for the more strongly coupled complex 7.  However, this explanation is 

no longer adequate in explaining the further enhanced barrier in 8, as this complex 

possesses an exchange parameter that is comparable to 6 and smaller than 7.  Instead, 

the large Ueff value of 47.9 K in 8 may be explained in terms of the largest molecular 

anisotropy of D = –1.187 K, which arises from the smallest JT torsion angles of these  
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Table 4.10.  Ueff and τ0 values determined from Arrhenius plots to the observed ac out-

of-phase susceptibility (χ'') for complexes 1, 2, 6-10.      

 
Complex 1 2 6 7 8 9 10 

Ueff (K) 44.0 43.7 45.6 46.7 47.9 45.3 41.4 

τ0 (s) 3.8·10-8 5.8·10-8 2.1·10-7 2.4·10-7 2.6·10-7 9.9·10-8 4.4·10-9 

 



247 

 

 

Figure 4.31.  In-phase (top) and out-of-phase (bottom) ac susceptibility for complex 1 

from 1.8-5 K at the frequencies shown. 
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Figure 4.32.  Arrhenius plot of complex 1.  The temperatures were obtained from 

Gaussian fits to the peak shape of χ''. 
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Figure 4.33.  In-phase (top) and out-of-phase (bottom) ac susceptibility for complex 2 

from 1.8-7 K at the frequencies shown. 
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Figure 4.34.  In-phase χ'M (top) and out-of-phase χ''M (bottom) ac susceptibilities for 

complex 5, from 1.8-5 K at the ac frequencies shown. 
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Figure 4.35.  In-phase (top) and out-of-phase (bottom) ac susceptibility for complex 6 

from 1.8-7 K at the frequencies shown. 
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Figure 4.36.  Arrhenius plot of complex 6.  The temperatures were obtained from 

Gaussian fits to the peak shape of χ''. 
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Figure 4.37.  In-phase (top) and out-of-phase (bottom) ac susceptibility for complex 7 

from 1.8-7 K at the frequencies shown. 
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Figure 4.38.  Arrhenius plot of complex 7.  The temperatures were obtained from 

Gaussian fits to the peak shape of χ''. 
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Figure 4.39.  In-phase (top) and out-of-phase (bottom) ac susceptibility for complex 8 

from 1.8-7 K at the frequencies shown. 
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Figure 4.40.  Arrhenius plot of complex 8.  The temperatures were obtained from 

Gaussian fits to the peak shape of χ''. 
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Figure 4.41.  In-phase χ'M (top) and out-of-phase χ''M (bottom) ac susceptibilities for 

complex 9, from 1.8-5 K at the ac frequencies shown. 
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Figure 4.42.  Arrhenius plot of complex 9.  The temperatures were obtained from 

Gaussian fits to the peak shape of χ''. 
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Figure 4.43.  Comparison of the 1000 Hz ac out-of-phase susceptibility (χM'') for 

complexes 1, 6-9.  The dotted lines describe the temperatures corresponding to the peak 

maxima in χ'' for each complex. 

 

 

 

 

 

 



260 

 

Me-salox2– analogs (δ = 8.34°).  The energy barrier to magnetization reversal (Ueff = 

45.3 K) in complex 9 is reduced relative to complexes 6-8 as a result of the reduced 

symmetry of the molecule, and in spite of the largest calculated thermodynamic barrier 

(i.e. the largest uniaxial anisotropy, D = –1.20 K).    

The aforementioned results obtained for these complexes provides insight 

towards the optimization of magnetic relaxation behavior for this family of SMMs, 

revealing the subtle relationships between factors such as spin maximization, 

intramolecular exchange, anisotropy, and molecular symmetry.  A comparison of the 

1000 Hz out-of-phase susceptibilities is shown in figure 43 to summarize these 

differences for complexes 1, 6-9.  These properties were investigated further via 

magnetization hysteresis loop measurements, as described in the following section.   

 

4.2.2.4.  Powder Magnetization Hysteresis Measurements on Complexes 1, 6, 9 

Magnetization hysteresis studies were carried out on microcrystalline samples of 

1, 6, and 9 to investigate the effects of magnetic exchange and symmetry upon the 

observed magnetization relaxation.  The samples were restrained in eicosane after 

alignment with an applied magnetic field.  This was accomplished by heating the 

sample to 330 K (above the melting point of eicosane) and applying a 5 T field.  This 

led to the partial easy-axis alignment of the microcrystallites as a result of the large 

uniaxial anisotropy and appreciable magnetization at this temperature.  The sample was 

then cooled to 1.8 K in the presence of the 5 T applied field, followed by measurement 

of the hysteresis loops at sweep rates of 0.116 T/min and 0.034 T/min.  Each of the 

studied samples exhibited behavior indicative of single-molecule magnetism, namely 
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the observance of temperature- and sweep-rate dependent hysteresis loops and the 

presence of vertical steps corresponding to QTM.  Further investigations of the 

hysteresis loops also illustrate the differences in relaxation behavior that are associated 

with variations in molecular symmetry and the strength of magnetic exchange 

interactions.   

The hysteresis loops for complex 1 are illustrated in figure 44, revealing 

temperature- and sweep-rate dependent behavior.  As expected, the largest coercivity is 

observed for the hysteresis loop corresponding to the lowest temperature of 1.8 K and 

fastest sweep rate of 0.116 T/min.  As the sweep rate is decreased at a constant 

temperature of 1.8 K, the probability for tunneling from ms = –(+)6 → ms = +(–)5 does 

not change, as evident by the equivalent peak heights at B|| = ±0.73 T in the derivative 

plot shown in figure 45 (top).  This resonance is commonly described as the k = 1 

tunneling transition, as it connects spin states of opposite projection differing by |∆ms| = 

1.  In contrast, the k = 0 QTM resonance (|∆ms| = 0) is highly sweep-rate dependent at 

1.8 K.  This is evident in figure 45 (top) as a significantly reduced k = 0 derivative peak 

for the faster 0.116 T/min field sweep rate.  The Landau-Zener-Stückelberg equation is 

frequently employed in SMM systems to describe the relationships between the 

nonadiabatic tunneling probability, tunnel splitting, and longitudinal field sweep rate.29    
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In this equation, m and m' are the quantum numbers of the avoided level crossing, ∆ is 

the tunnel splitting, dHz/dt is the constant field sweeping rate, ħ is Phanck's constant, 

and µ0 is the Bohr magneton.  The tunnel splitting ∆ arises from the wavefunction 
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mixing of ms states on opposite sides of the anisotropy barrier as a result of transverse 

terms in the spin Hamiltonian.  These terms may arise from an applied tranverse 

magnetic field, nuclear hyperfine interactions, intermolecular interactions, or transverse 

anisotropy that is intrinsic to the symmetry of the molecule.  The QTM in 1 is consistent 

with these considerations, in which the increased tunneling probability at k = 0 is 

associated with a slower field sweep rate. 

Another notable observation is the abrupt shift in the position of the k = 1 

tunneling resonance at 0.034 T/min and 2.0 K.  This is apparent in figure 45 (bottom), 

where the 2.0 K k = 1 QTM resonance shifts from 0.70 T to 0.46 T for sweep rates of 

0.116 T/min and 0.034 T/min, respectively.  This shift is attributed to the occurrence of 

thermally-assisted QTM, in which tunneling occurs between excited ms spin states.  The 

large shift in the resonance position is directly associated with the large value of fourth-

order axial anisotropy ( 0
4B ), which arises from the weak exchange between MnIII ions, 

as determined conclusively via HFEPR (vide infra).   

Magnetization hysteresis loops were also collected on a partially aligned 

microcrystalline sample of 6, revealing distinct differences to 1.  The most apparent 

difference is the relatively large ~1.3 T coercivity in 6 at M/Ms = 0 (dH/dt = 0.116 

T/min, T = 1.8 K), which compares to the small ~0.15 T corresponding value in 1.  A 

slower rate of tunneling at H = 0 T is also observed in complex 6, as evident by the 

smaller decrease in magnetization reversal relative to 1.  Comparisons of the 

temperature-dependence of the hysteresis for 6 also provide evidence for thermally 

activated QTM, as indicated by a shift in the k = 1 resonance to ±0.51 T at temperatures 

above 1.8 K.  Interestingly the derivative plots for 6 at 2.0 K also reveal sharp  
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Figure 4.44.  Magnetization hysteresis loops for complex 1 at the listed sweep rates and 

temperatures, for a field-aligned microcrystalline sample restrained in eicosane. 
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Figure 4.45.  Derivative plots for the hysteresis data on 1. 
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Figure 4.46.  Magnetization hysteresis loops for complex 6 at the listed sweep rates and 

temperatures, for a field-aligned microcrystalline sample restrained in eicosane. 
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Figure 4.47.  Derivative plots for the hysteresis data on 6. 
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Figure 4.48.  Magnetization hysteresis loops taken at 1.8 K for complex 9 at the listed 

sweep rates, for a field-aligned microcrystalline sample restrained in eicosane. 
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Figure 4.49.  Derivative plots for the hysteresis data on 9. 
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resonances at ±0.25 T, which may also be attributed to thermally assisted QTM through 

a different excited state (i.e. ms = -4 → ms = +3).  Confirming the results from ac 

susceptibility measurements, these hysteresis loops indicate a slower rate of QTM in the 

more strongly exchange coupled complex 6 than in 1.   

Complex 9 was also investigated via magnetization hysteresis to determine the 

effects of symmetry upon the rate of QTM.  A large k = 0 resonance was observed at 1.8 

K, indicating a rate of QTM that is comparable to the high symmetry/more weakly 

coupled complex 1 and slower than the high-symmetry/more strongly coupled complex 

6.  The magnetization hysteresis derivative plots for 9 reveal a split-peak k = 1 

resonance that is essentially sweep-rate independent at 1.8 K.  These peaks occur at 

~0.8 T and ~0.6 T, suggesting a slightly larger anisotropy than in 1 and 6.  The 

anisotropy may be independently gauged from the spacing between resonances, where 

conversion factors of 0.933 cm-1/T and 1.439 K/cm-1 may be employed.  As a result, the 

axial zfs for 9 was found to be D = –1.074 K, which compares closely to the value 

determined from fitting of the reduced magnetization data.  

 

4.2.2.5.  Single-Crystal Magnetization Hysteresis Measurements on Complex 3 

Magnetization hysteresis measurements were conducted on a face-indexed sub-

millimeter size single crystal of 3, using a high-sensitivity micro-Hall effect 

magnetometer in the temperature range of 0.3-1.3 K.30  The longitudinal magnetic field 

was applied midway between the easy-axes for the two symmetry-related molecules in 

the unit cell, resulting in the hysteresis loops shown in figure 50.  These temperature- 

and sweep-rate dependent hysteresis loops possess nonzero coercivities under the given  
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Figure 4.50.  (top) Single-crystal magnetization hysteresis loops for complex 3 at 0.4 

T/min for the temperatures shown.  The data have been normalized to the saturation 

magnetization, Ms.  (bottom) Magnified view of the above data, from –0.2 T to 0.2 T.   
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Figure 4.51.  First derivative (dM/dH) of the magnetization hysteresis data in figure 50. 
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Figure 4.52.  Fitting of the magnetization data to a hyperbolic tangent function, at a 

temperature above the blocking temperature of 3 (2.3 K).  The red curve describes the 

experimental data while the black line describes the fit for S = 1.7 and g = 2.0. 

 

 

 

 

 

 

 



273 

 

experimental conditions, providing clear evidence for magnetization relaxation and 

SMM behavior.  This is especially apparent in figure 50 (bottom), in which vertical 

steps corresponding to QTM are observed.  The associated derivative (dM/dH) plot is 

provided in figure 51, revealing the presence of two temperature-dependent resonances.  

The large peak is located at 0.01 T for temperatures from 30-300 mK, and at –0.01 T for 

temperatures above 300 mK.  A similar shift is observed for the peak located near 0.1 T, 

suggesting the observance of excited state relaxation processes.  Fitting of the hysteresis 

loop to a hyperbolic tangent above the blocking temperature resulted in an approximate 

spin of S = 1.7 (figure 52), which is close to the S = 2 ground state indicated from full-

matrix fitting of the dc susceptibility data.  An extremely large uniaxial anisotropy of D 

= –3.3 K is indicated by the blocking temperature of 200 mK for 3.  It is important to 

note that this value represents the minimum value for |D|, due to the frequency-

dependent nature of this experiment.  This huge molecular anisotropy is also consistent 

with the single-ion values determined from fits to the dc susceptibility data, in which 

the value of d for the S = 2 complex 3 was observed to twice that of the ferromagnetic S 

= 6 complexes 1, 2, and 6 (see table 9).  These observations highlight the intrinsic, 

approximately inverse relationship between the spin and anisotropy in these related 

complexes.  The observation of magnetization hysteresis loops for complex 3 provides 

clear evidence for SMM behavior, which is significant due to the low-spin ground state.  

In fact, complex 3 is the smallest spin SMM to date.         

 

4.2.3.  High-Frequency Electron Paramagnetic Resonance Studies   
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Field-orientation-dependent high-frequency electron paramagnetic resonance 

(HFEPR) studies were carried out on single-crystal samples of complexes 1, 2, 4 and 6-

8.  The quality of the spectra obtained for complexes 1, 2 and 6-8 are exceptionally high 

(narrow resonances), which we attribute to the lack of disordered solvent molecules in 

their structures.31  Indeed, these spectra are likely the cleanest reported for any SMM, 

which allows for very precise analysis. 

In order to locate the easy- (z-) axis and hard- (xy-) plane of complex 1, a face-

indexed single-crystal was carefully oriented within a cylindrical TE01n mode cavity so 

that angle-dependent HFEPR measurements could be performed for field rotation in a 

plane inclined reasonably close to the estimated easy-axis direction. Angle-dependent 

data obtained at 91.2 GHz exhibit two-fold behavior, consistent with the axial 

crystallographic symmetry. To exactly locate the hard-plane, fine (0.5˚ steps) angle 

dependence measurements were performed at f = 66.9 GHz and 10 K centered around 

the estimated hard plane direction, as shown in figure 53. 

Figure 54 illustrates the hard-plane temperature dependence of the spectrum for 

1 collected in the range from 2 K to 20 K, at 104.1 GHz and 125.7 GHz. As the 

temperature decreases, the thermal (Boltzmann) weighting of the spectrum shifts 

towards transitions occurring at higher magnetic fields, as expected for a system with a 

negative D value.  These spectra also indicate a large magnitude of D, as evident by the 

disappearance of ms excited state transition peaks below 2 K.       

Figure 55 illustrates the easy-axis temperature dependence of the spectrum for 1 

collected in the range from 2 K to 20 K, at 287.1 GHz.  These spectra are consistent 
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with the observations derived from the hard-plane data, namely a large negative value 

of D.     

Frequency dependence studies were carried out on 1 between 50.5 and 327.4 

GHz with the field close to the easy-axis and precisely aligned in the hard-plane; the 

positions of EPR peaks seen for the hard-plane orientation at various different 

frequencies are plotted in figure 56.  The data for both orientations are summarized in 

figure 57, where each data point corresponds to a peak in the frequency-dependent 

HFEPR.  The solid curves in figure 57 represent the best simulations of the data 

obtained via exact diagonalization of eq. 7 using the following parameters: S = 6, D 

= −1.157(7) K, B4
0 

= −7.6(1) × 10−5 K, gz = gx = gy = 1.97.  

      2 2 2 0 0
4 4 4,6..

ˆˆ ˆ ˆ ˆ ˆˆ ˆ( ) T

B z x yH S g B DS E S S B O H'µ= ⋅ ⋅ + + − + + +
rt

O                   (7) 

For the simulations, D and B4
0 were constrained to the values obtained from the easy-

axis measurements.  Interestingly, no transverse ZFS interactions are needed to simulate 

the hard-plane spectra for complex 1 (only the values of gx and gy were adjusted).  

Detailed angle-dependent measurements were also performed on complex 1 for field 

rotations within the hard plane of each crystal.  To within the experimental scatter of the 

data, no detectable modulation of the peak positions was observed, suggesting very 

weak or non-existent transverse anisotropy (figure 58).  Nevertheless, we infer very 

weak transverse ZFS for this complex as well due to the fact that no additional 

transverse ZFS parameters were needed for the hard-plane simulations in figure 57.  

The giant spin Hamiltonian parameters deduced from these measurements are 

summarized in table 11.  It is also worth noting that the simulation in figure 57 did not  
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Figure 4.53. Angle dependent EPR spectra around the assumed hard plane of 1 by 0.5 

degree steps at f = 66.9 GHz and T = 10 K.  The red arrow describes the spectrum 

corresponding to the hard-plane orientation.   
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Figure 4.54. Temperature dependent HFEPR spectra for the hard plane of complex 1 

from 2 to 20 K at 104.1 GHz (top) and 125.7 GHz (bottom).   
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Figure 4.55.    Temperature dependent HFEPR spectra for the hard plane of complex 1 

from 2.5 to 20 K at 287.1 GHz. 
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require the inclusion of a tilt angle between B and z, indicating successful alignment 

(within 0.5°) of the crystal within the HFEPR cavity.  The remarkable sharpness of the 

EPR resonances for these distinct field orientations combined with the exact crystal 

alignment provides considerable constraints on the obtained ZFS parameters. 

Similar HFEPR studies were conducted on complex 2, revealing similar spectra 

and zfs parameters.  The hard-plane spectra for 2 reveal extremely clean EPR 

resonances that exceed the sharpness observed for 1.  The high-field ground transition 

peak for 2 also does not show any satellite peaks, in contrast to the small peak shoulder 

observed at 2 K for complex 1.  These observations indicate a more highly 

monodisperse molecular environment in 2, which may be due to a decrease in the weak 

dipolar interactions between adjacent molecules.  However, upon comparing the easy-

axis spectra for 1 and 2 the opposite appears to be true.  The easy-axis ground transition 

peak in 2 shows a significant amount of splitting at temperatures below 20 K.  This 

behavior is not observed in complex 1, which is puzzling considering the respective 

hard-plane EPR spectra for these complexes.  These observations are reminiscent of the 

HFEPR on the S = 4 Ni4 cubanes, where the peak splitting at low temperatures is 

indicative of multiple molecular environments arising from the freezing of a 

positionally disordered 3,3’-dimethylbutanol ligand.32  In spite of these spectral 

similarities, it is not immediately apparent how this can be the case for 2, as the 

complex forms extremely high quality crystals (R1 = 2%) that are devoid of disordered 

atoms.  Nonetheless, it is notable that the peak splittings observed for 2 are relatively 

small when compared to the typical (broad) peak widths observed for crystals of SMMs.                        
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Figure 61 displays representative angle-dependent data obtained for complex 4 

for field rotations in a plane containing the easy-axis of the crystal, as determined from 

the face indexing results obtained for a representative crystal of 4.  It is immediately 

apparent that the data are strikingly different to those obtained for the other three 

complexes, i.e. one observes a broad angle-dependent peak with a highly irregular 

lineshape and a sharper angle-independent peak at the isotropic (g = 2.00) position.  

Clearly this difference in behavior is connected with the fact that the interactions in this 

complex are antiferromagnetic, leading to frustrated spin-spin (superexchange) 

interactions within the cluster and to many low-lying spin states.  Meanwhile, the angle-

dependence associated with the broad peak reflects the anisotropy within the cluster 

originating from the Jahn-Teller distortions on the individual MnIII centers.  It is 

impossible to fit these data to any meaningful spin Hamiltonian, i.e. the ground state of 

the cluster does not possess a well defined spin value.  However, such findings are 

entirely consistent with those obtained on the basis of magnetic measurements.  HFEPR 

spectra for the Me-salox2- complexes 6-8 reveal close similarities to the spectra for 

complexes 1 and 2 and are shown in figures 62-68.  Surprisingly, the bromide Me-salox 

derivative (complex 7) exhibits an easy-axis splitting of the ground transition peak 

through the third excited transition peak that is reminiscent of the analogous bromide 

salox2- complex 2.  This is an interesting observation considering the bromide 

complexes 2 and 7 are the only analogs that show this behavior.  Close investigation of 

the magnetic properties and crystalline structure failed to produce reasonable 

explanations for this behavior, though a possible phase transition may explain these 

observations, as in Ni4. 32  Indeed, the temperature-dependent position of the easy-axis  
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Figure 4.56.  Frequency dependent HFEPR spectra for the hard plane of complex 1 

from 50.5 GHz to 136.4 GHz at 10 K.     

 



282 

 

 

 

Figure 4.57.  Easy-axis (top) and hard-plane (bottom) EPR peak positions at 10 K for 

complex 1 plotted as function of frequency. The solid lines represent the best simulation 

of the data using the giant spin Hamiltonian of eq. 7. 
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Figure 4.58.  Plot of the ms = 5 → ms = 4 transition peak position for field rotations 

within the exact hard-plane of complex 1. 
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Figure 4.59.    Temperature dependent HFEPR spectra for the hard plane (top) and easy 

axis (bottom) of complex 1 from 2.5 to 20 K at 68.5 GHz and 287.1 GHz, respectively.     
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Figure 4.60.  Easy-axis (top) and hard-plane (bottom) EPR peak positions at 10 K for 

complex 2 plotted as function of frequency. The solid lines represent the best simulation 

of the data using the giant spin Hamiltonian of eq. 7. 
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 Figure 4.61.  Angle dependent EPR spectra for complex 4 taken at 50.4 GHz and 8 K. 
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Figure 4.62.  (top) Temperature-dependent EPR spectra for complex 6 at 92.1 GHz, 

with the magnetic field applied perpendicular to the easy-axis.  (bottom) Hard-plane 

EPR peak positions at 10 K for complex 6 plotted as a function of frequency.  The solid 

lines represent the best simulation of the data using the giant spin Hamiltonian of eq. 7.  

The obtained parameters are listed in table 6. 
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Figure 4.63.  (top) Temperature-dependent EPR spectra for complex 6 at 324.2 GHz, 

with the magnetic field applied parallel to the easy-axis.  (bottom) Easy-axis EPR peak 

positions for complex 6 at 10 K plotted as a function of frequency.  The solid lines 

represent the best simulation of the data using the giant spin Hamiltonian of eq. 7.  The 

obtained parameters are listed in table 11. 
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Figure 4.64.  Temperature dependent HFEPR spectra for the hard plane (top) and easy 

axis (bottom) of complex 7 from 2.5 to 40 K at 92.1 GHz and 292.3 GHz, respectively. 
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Figure 4.65.  Frequency dependent HFEPR spectra for the hard plane of complex 7 

from 50.5 GHz to 136.7 GHz at 10 K.    
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Figure 4.66.  Easy-axis (top) and hard-plane (bottom) EPR peak positions at 10 K for 

complex 7 plotted as function of frequency. The solid lines represent the best simulation 

of the data using the giant spin Hamiltonian of eq. 7. 
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Figure 4.67.  Temperature dependent HFEPR spectra for the hard plane of complex 8 

from 2 to 20 K at 106.1 GHz. 
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Figure 4.68.  Temperature dependent HFEPR spectra for the easy axis of complex 8 

from 2 to 20 K at 278.6 GHz (top) and 314.2 GHz (bottom), respectively. 
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ground transition peak in 7 suggests the presence of two species that possess slightly 

different anisotropies.      

Given the exceptionally high quality of the easy axis data for complexes 1, 2 and 

6-8, it is interesting to assess the validity of the giant spin Hamiltonian which was used 

to simulate the data for these complexes.  Inspection of table 11 indicates that the 

dominant 2nd order axial parameter (D) is virtually identical for these three complexes.  

However, the 4th order parameters differ by a factor of two, i.e. ~ −7.6(1) × 10−5 K for 

complexes 1 and 2 and −3.6(1) × 10−5 K for complex 6.  Our previous studies of 

tetranuclear NiII complexes have shown that this 4th order anisotropy arises through 

mixing of spin multiplets33, i.e. it is indicative of low-lying spin multiplets and to a 

breakdown of the rigid giant spin approximation.  With this in mind, it is interesting to 

note that the two complexes with the weaker intra-molecular ferromagnetic exchange 

display the larger B4
0 values.  In other words, complexes 1 and 2 possess smaller 

exchange coupling parameters, J, leading to lower-lying excited spin multiplets and to 

greater spin-state mixing.  This, in turn, results in the larger B4
0 values for these two 

complexes in comparison to complex 6.   

The above suggests that the giant spin approximation may not be the most 

appropriate description of complexes 1, 2 and 6-8, as was clearly the case for the 

antiferromagnetic complex 4.  We can instead use eq. 1 to simulate the ZFS within the 

ground state for each complex.  In doing so, one can estimate the intramolecular 

exchange coupling constants, J, something that was previously though to be the sole 

domain of inelastic neutron scattering (INS) spectroscopy.34  The procedure by which 

we do this is described elsewhere.24  For the present case, we assumed a single 
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exchange parameter, J, and aligned Jahn-Teller axes at the three MnIII sites.  The 

obtained single-ion anisotropies (di) and molecular J values are included in table 11 for 

complexes 1, 2 and 6. It is notable that these are in reasonable agreement with those 

obtained from fits to the magnetic data obtained using the same Hamiltonian.  This may 

be the first time that EPR and magnetic data have been compared in this way for a 

family of isostructural complexes, where J is systematically varied without significantly 

affecting the single-ion anisotropy.  Importantly, this work clearly illustrates the 

interplay between the isotropic (superexchange) and anisotropic (spin-orbit) interactions 

within the cluster.  We note also that very poor agreement would be achieved if one 

were to use standard methods for analyzing the magnetic data for the more weakly 

coupled complexes 1 and 2, i.e. an isotropic model for fitting the χMT versus T data, and 

a giant spin model for fitting the reduced magnetization.  Such an approach can only 

yield reliable parameters in the very few instances in which the exchange and 

anisotropy scales are very well separated, i.e. J >> di.                  

 

4.3.  Experimental Section. 

4.3.1.  Physical Measurements   

Infrared spectra were recorded for KBr discs on a Thermo-Nicolet Avatar 360 

FT-IR spectrometer.  Elemental analyses were performed by Numega Resonance Labs 

(San Diego, CA).  DC magnetic susceptibility data were collected using a Quantum 

Design MPMS-2 SQUID magnetometer equipped with a 5.5 T magnet.  AC magnetic 

susceptibility data were collected on a Quantum Design MPMS SQUID magnetometer 
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equipped with a 1 T magnet, as part of the W.M. Keck Center for Interface and 

Materials Sciences (CIMS) laboratory at the University of California-San Diego.  

Crystalline samples for bulk magnetic studies were pulverized and immobilized in 

eicosane to prevent field-induced torquing.  Pascal's constants were employed as 

diamagnetic corrections to the magnetic susceptibility data.  Bulk magnetization 

hysteresis measurements were conducted on field-aligned powder samples, where a 

static 5 T field was applied at 330 K, followed by cooling to 10 K.  This procedure led 

to partially aligned samples, in which the molecular easy axes were approximately 

aligned with the applied magnetic field.  High-frequency electron paramagnetic 

resonance (HFEPR) experiments were conducted on oriented single crystals of 

complexes 1-13 using either of two super Heterodyne cavity-based EPR spectrometers 

at the National High Magnetic Field Laboratory (NHMFL), operating from 0-15 T at 

temperatures down to 1.7 K.   

X-ray Crystallography   

Representative single-crystals were selected from the crystallization solvent and 

mounted on a CryoLoop with Paratone-N oil.  Diffraction intensity data were collected 

at 100 K on a Bruker Smart Apex or Apex II CCD-based diffractometer employing Mo 

Kα radiation.  The reflection data were integrated using the Bruker SAINT software 

program and corrected for absorption effects using the Bruker SADABS program.  

Complexes 1-13 were all solved by direct methods using SHELXS-97, utilizing 

successive difference Fourier syntheses, and refined by full matrix least squares on all 

F2 data.  All non-hydrogen atoms were refined anisotropically by full-matrix least-

squares regression.  Hydrogen atoms were designated in calculated positions using a 



298 

 

riding model.  Disordered [NEt4]+ cations and co-crystallized solvate molecules in 

complex 5, 9, and 11 were treated using the program SQUEEZE, the details of which 

may be found in the CIF file.  Disordered ligands and solvate molecules were absent in 

the remaining complexes, in which well-behaved thermal ellipsoids were observed for 

the structure factors assigned to the observed electron densities. 

4.3.2.  Synthesis 

Starting materials were of reagent grade and used as received, unless otherwise 

noted.  Caution! NaN3 is toxic and potentially explosive.  Although no problems were 

encountered in this work, these materials should be handled with extreme care.  

Salicylaldoxime derivatives were synthesized via the condensation of stoichiometric 

amounts of R-salicylaldehyde (R = NO2, OEt, Ph), acetophenone, or 2'-

hydroxypropiophenone with hydroxylamine hydrochloride in an 80:20 (v/v) mixture of 

methanol/water.  The mixture was refluxed for 2 hours and the methanol subsequently 

removed, resulting in white or off-white crystals that were then washed with water and 

used without further purification.   

[<Et4]3[Mn3Zn2(salox)3O(<3)6Cl2] (1).  Sodium azide (0.26 g, 4.00 mmol) and 

salicylaldoxime (0.28g, 2.07mmol) were added to a stirring methanol solution (125 mL) 

of MnCl2·4H2O (0.40 g, 2.02 mmol) and ZnCl2 (0.28 g, 2.05 mmol).  The mixture was 

stirred for 15 minutes, after which 0.7mL of a 20% solution of NEt4OH (in H2O) was 

added.  The green solution was stirred for 5 additional minutes, resulting in a green-

yellow filtrate and a small amount of shiny green-black precipitate.  The filtrate was 

collected and left undisturbed.  After 4 days, numerous trigonal pyramidal crystals 

formed in high yield (85% based on Mn).  Identical IR spectra and elemental analysis 
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results were obtained for the crystals and green-black precipitate.  Elemental analysis 

data for 1: Found: C, 38.00%; H, 4.66%; N, 23.43%. Calcd: C, 37.78%; H, 5.28%; N, 

23.50%.  Selected IR data (cm-1): 3428 (b), 2979 (w), 2078 (s), 1594 (m), 1436 (m), 

1286 (m), 1040 (m), 913 (m), 771 (m), 669 (m). 

[<Et4]3[Mn3Zn2(salox)3O(<3)6Br2]  (2).  A similar procedure to 1 was 

followed, except using MnBr2·4H2O (0.6 g, 2.09 mmol) and ZnBr2 (0.3 g, 1.33 mmol) 

instead.  No precipitate formed after stirring, and larger pyramid shaped crystals were 

obtained in 90% yield after 2 days.  Elemental analysis data for 2: Found: C, 36.11%; 

H, 5.13%; N, 22.71%. Calcd: C, 35.57%; H, 4.97%; N, 22.12%.  Selected IR data (cm-

1): 3425 (b), 2979 (w), 2071 (s), 1603 (m), 1281 (m), 1037 (m), 911 (m), 669 (m), 441 

(w).  

[<Et4]3[Mn3Zn2(salox)3O(<3)8]  (3).  Mn(NO3)2·4H2O (0.5 g, 1.99 mmol), 

Zn(NO3)2·6H2O (0.393 g, 1.32 mmol), and NaN3 (0.26 g, 1.91 mmol) were added to 

30mL of MeOH and stirred for 1 hour. Salicylaldoxime (0.28 g, 2.07 mmol) and 1.0 mL 

of a 20% solution of NEt4OH (in H2O) were added to the clear solution and the 

resulting mixture was stirred overnight. Large black block-shaped crystals formed over 

2 weeks in 82% yield (based on Mn). Elemental analysis data for 3: Found: C, 37.82%; 

H, 5.59%; N, 27.87%. Calcd: C, 37.43%; H, 5.40%; N, 28.47%.  Selected IR data (cm-

1): 3435 (b), 2989 (w), 2096 (s), 2074 (s), 2037 (m), 1595 (m), 1439 (m), 1290 (m), 

1029 (m), 918 (m), 759 (w), 676 (m).  

[AsPh4]3[Mn3Zn2(salox)3O(<3)6Cl2]  (4).  A similar procedure to 1 was 

followed, using Mn(NO3)2 (0.50 g, 1.99 mmol), Zn(NO3)2 (0.393 g, 1.32 mmol), NaN3 

(0.26 g, 4.00 mmol), salicylaldoxime (0.28 g, 2.07 mmol), NaOH (0.02 g, 5.00 mmol), 
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and AsPh4Cl (0.846 g, 2.02 mmol) instead. Large olive green trigonal bipyramidal 

crystals formed over 2 days in 88% yield (based on Mn). Elemental analysis data for 4: 

Found: C, 49.77%; H, 3.57%; N, 13.19%. Calcd: C, 51.00; H, 3.45%; N, 13.43%.  

Selected IR data (cm-1): 3435 (b), 2074 (s), 1595 (m), 1439 (s), 1283 (m), 1199 (w), 

1029 (m), 918 (w), 649 (m), 645 (m), 464 (w).   

[<Et4]3[Mn3Zn2(salox)3O(<3)6I2]·2MeOH (5).  A similar procedure to 1 was 

followed, using Mn(NO3)2·6H2O (0.50 g, 1.74 mmol), Zn(NO3)2·6H2O (0.393 g, 1.32 

mmol), NaN3 (0.26 g, 4.00 mmol), salicylaldoxime (0.28 g, 2.07 mmol), NEt4OH 

(0.7mL of a 20% solution in H2O), and NaI (0.3 g, 2.00 mmol).  The NaI was pre-

dissolved in 1mL of H2O prior to addition.  Long green needle-shaped crystals formed 

from a standing MeOH solution over 3 days in 75% yield (based on Mn). Elemental 

analysis data for 5: Found: C, 32.41%; H, 4.25%; N, 21.25%. Calcd: C, 33.57; H, 

4.84%; N, 20.43%.  Selected IR data (cm-1): 3430 (b), 2075 (s), 1637 (m), 1595 (s), 

1439 (m), 1291 (m), 1199 (w), 1029 (m), 918 (s), 676 (s), 645 (m).  

[<Et4]3[Mn3Zn2(Me-salox)3O(<3)6Cl2]  (6).  A similar procedure to 1 was 

followed, except using Me-saloxH2 (0.32 g, 2.13 mmol) and 50mL of methanol.  The 

dark brown-olive solution was filtered after stirring for 2 hours, resulting in a clear 

filtrate and no precipitate.  Green-yellow elongated bipyramidal crystals formed from 

the standing MeOH solution after 4 days in 71% yield (based on Mn).  Elemental 

analysis data for 6: Found: C, 39.00%; H, 5.14%; N, 23.13%. Calcd: C, 39.14%; H, 

5.54%; N, 22.82%.  Selected IR data (cm-1): 3433 (b), 2981 (w), 2078 (s), 1595 (w), 

1436 (m), 1312 (m), 1245 (w), 1019 (m), 863 (m), 771 (m), 676 (s), 571 (w), 479 (w). 
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[<Et4]3[Mn3Zn2(Me-salox)3O(<3)6Br2]  (7).  A similar procedure to 2 was 

followed, except using Me-saloxH2 (0.32 g, 2.13 mmol) and 50mL of methanol.  The 

dark brown-olive solution was filtered after stirring for 2 hours, resulting in a clear 

filtrate and no precipitate.  Green-yellow elongated bipyramidal crystals formed from 

the standing MeOH solution after 4 days in 65% yield (based on Mn).  Selected IR data 

(cm-1): 3434 (b), 2077 (s), 1436 (m), 1312 (m), 1017 (m), 862 (w), 771 (m), 672 (s).   

[<Et4]3[Mn3Zn2(Me-salox)3O(<3)6I2]  (8).  A similar procedure to 5 was 

followed, except using Me-saloxH2 (0.32 g, 2.13 mmol) and 50mL of methanol.  The 

dark brown-olive solution was filtered after stirring for 2 hours, resulting in a clear 

filtrate and no precipitate.  Green-yellow elongated bipyramidal crystals formed from 

the standing MeOH solution after 4 days in 65% yield (based on Mn).  Selected IR data 

(cm-1): 3440 (b), 2980 (w), 2077 (s), 1633 (w), 1488 (m), 1312 (m), 1711 (w), 862 (m), 

770 (m), 672 (s), 476 (w). 

[<Et4]3[Mn3Zn2(Et-salox)3O(<3)6Cl2]  (9).  A similar procedure to 1 was 

followed, except using Et-saloxH2 (0.32 g, 2.13 mmol) and 50mL of methanol.  The 

dark brown-olive solution was filtered after stirring for 2 hours, resulting in a clear 

forest green filtrate.  Large dark green crystals (1.5mm x 1.5mm x 1.5mm) formed from 

an Et2O-layered MeOH solution after 6 days in 51% yield (based on Mn).  Selected IR 

data (cm-1): 3444 (b), 2073 (s), 1634 (w), 1595 (w), 1435 (m), 1316 (m), 1070 (w), 

1006 (m), 940 (w), 676 (s), 571 (w). 

[<Et4]3[Mn3Zn2(Et-salox)3O(<3)6Br2]  (10).  A similar procedure to 2 was 

followed, except using Et-saloxH2 (0.32 g, 2.13 mmol) and 50mL of methanol.  The 

dark brown-olive solution was filtered after stirring for 3 hours, resulting in a clear 
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forest green filtrate.  Dark green-black crystals formed from the undisturbed MeOH 

solution after 4 days in 56% yield (based on Mn).  Selected IR data (cm-1): 3444 (b),  

2980 (w), 2072 (s), 1631 (w), 1432 (m), 1316 (m), 1004 (m), 941 (w), 673 (s), 570 (w).  

[<Et4]3[Mn3Zn2(salox-<O2)3O(<3)6Cl2]  (11).  A similar procedure to 1 was 

followed, except using H2salox-NO2 (0.32 g, 2.13 mmol) and 40mL of methanol.  The 

dark brown-olive solution was filtered after stirring for 3 hours, resulting in a clear 

brown-green filtrate.  Dark green-black crystals formed from the undisturbed MeOH 

solution after 4 days in 38% yield (based on Mn).  Selected IR data (cm-1): 3443 (b), 

2978 (w), 2071 (s), 1638 (w), 1538 (s), 1356 (s), 1708 (m), 861 (m), 767 (m), 670 (s), 

482 (w).    

[<Et4]3[Fe3Zn2(salox)3O(<3)6Cl2]  (12).  A similar procedure to 1 was 

followed, except using FeCl2·4H2O (0.40 g, 2.02 mmol) and 75 mL of methanol.  The 

intensely dark red-brown solution was filtered after stirring for 30 minutes, resulting in 

a clear red-brown filtrate and a moderate amount of brown-red precipitate.  The filtrate 

was collected and layered with an equal amount of Et2O.  After 2 days, numerous 

trigonal pyramidal crystals were collected in 42% crystalline yield (based on Mn).  

Identical IR spectra was obtained for the crystals and brown-red precipitate.  The total 

calculated yield for the combined products was determined to be 83% (based on Mn).  

Elemental analysis data for 12: Found: C, 38.12%; H, 5.17%; N, 22.85%. Calcd: C, 

37.78%; H, 5.29%; N, 23.51%.   

[PPh4]3[Fe3Zn2(salox)3O(<3)6ICl]  (13).  A procedure similar to 4 was 

followed, except using FeCl2·4H2O (0.40 g, 2.02 mmol) in 50 mL MeOH.  Well-formed 

icosahedral red-purple crystals formed from the undisturbed filtrate after 1 week.  The 
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yield was determined as 43% based on Mn.  Elemental analysis data for 13: Found: C, 

54.70%; H, 3.38%; N, 12.89%. Calcd: C, 53.34%; H, 3.61%; N, 14.06%. 

Chapter 4, in part, is a reprint of the material as it appears in: P.L. Feng, C. Koo, 

J.J. Henderson, P. Manning, M. Nakano, E. del Barco, S. Hill, D.N. Hendrickson, Inorg. 

Chem. 2009, 48, 3480.  The dissertation author was the primary author of this paper. 
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5.1.  Introduction 

The fascinating observations of basic quantum phenomena offered by single-

molecule magnets (SMMs)1-12 and their potential use in quantum information 

technologies2 has boosted the interest in these materials, and resulted in a better 

understanding of the basic laws governing the quantum dynamics of magnetization in 

nanoscale systems. In the bottom-up approach provided by supramolecular chemistry, 

the quantum mechanical properties of SMMs are essentially dictated by the molecular 

composition and configuration. Molecular and crystallographic symmetries thus play an 

essential role in the quantum tunneling of the magnetization (QTM) in SMMs. An 

elegant example of this is the observation of Berry phase quantum interference effects 

between equivalent tunneling trajectories, which are determined by transverse 

anisotropy terms in the Hamiltonian directly imposed by the molecular symmetry.6, 9 

Crucially, symmetry also enforces spin selection rules in tunneling, only 

allowing tunneling transitions with a change of spin projection, |∆mS|, equal to the order 

of the creation/annihilation spin operators associated with the transverse anisotropy 

terms in the Hamiltonian. Thus, e.g., molecules with S4 symmetry (e.g. Mn12tBuAc; 

tetragonal crystal lattice), should only tunnel when |∆mS| = 4n, where n is an integer; 

and molecules with C3 (e.g. Mn3; trigonal lattice) or D2 (e.g. Fe8; triclinic lattice) 

symmetries should only tunnel when |∆mS| = 3n and 2n, respectively.13-19  Surprisingly, 

in all experimental studies on SMMs to date, QTM is found to occur at all resonances, 

regardless of the spin selection rules imposed by the molecular symmetry, of which 

only subtle manifestations have been reported so far.6, 20, 21  There are many possible 
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reasons for this. One is that intrinsic disorder (coming from solvent loss, ligand disorder 

or crystalline defects) lowers the local molecular symmetry so that an applied 

longitudinal field induces a distribution of transverse magnetic field components.7-9 

Other possibilities include the dynamic fields from nuclear spins, and dipolar 

interactions.21  What has been lacking so far is a clear-cut experimental demonstration 

of the role of molecular symmetry in QTM, in which all of these extraneous effects are 

either eliminated or accounted for. 

A demonstration of these symmetry effects is the subject of this chapter, for a 

high-quality crystal of a simple Mn3
III complex. The crystalline quality is demonstrated 

by the unsurpassed sharpness of the X-ray diffraction and EPR absorption peaks.13, 14  

We observe a sequence of very sharp QTM steps, out of which one resonance appears 

only at high temperature. We show that the high temperature relaxation at this 

resonance is associated with tunnel transitions involving excited states with |∆mS| = 3n, 

as dictated by the C3 symmetry of the molecule, which forbids tunneling from the 

lowest metastable state at low temperature. In addition, a rotation of the local zero-field-

splitting (ZFS) tensors following the tilts of the Jahn-Teller axes of the MnIII ions, in 

combination with intermolecular dipolar interactions, accounts for the observed 

behavior in all QTM resonances, including transitions forbidden by the molecular 

symmetry. 

 

5.2.  Results and Discussion 

The two complexes [NEt4]3[Mn3Zn2(salox)3O(N3)6Cl2] (1) and 

[NEt4]3[Mn3Zn2(salox)3O(N3)6Br2] (2) were first presented in chapter 4, revealing 
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remarkably clean crystallographic properties and HFEPR resonances.13, 14  The metallic 

cores of these complexes are comprised of a µ3-oxo-centered triangle of MnIII ions and 

two capping ZnII ions located above and below the Mn3
III plane, resulting in a rigid 

trigonal bipyramidal structure.  The diamagnetic Zn2+ ions and bulky [NEt4]+ cations 

isolate the Mn3 magnetic core from intermolecular magnetic interactions, as evident 

from the absence of significant intermolecular contacts and the 10.30 Å minimum 

separation between MnIII ions in neighboring molecules. Both complexes crystallize in 

the trigonal space group R3c as racemic mixtures of C3-symmetric chiral molecules 

(with equal population of molecules with opposite chirality, rotated by 27 degrees about 

the C3 axis with respect to each other). Neither structure contains solvate molecules, 

which is quite rare for SMMs and likely explains the extremely high resolution 

spectroscopic data (solvents evaporate easily, causing disorder).22  Ferromagnetic 

exchange interactions between MnIII ions are propagated by the central µ3-oxo ion and 

through the coordinating oxime, resulting in a molecular spin S = 6 ground state at low 

temperature. These structural and crystallographic properties differentiate 1 and 2 from 

other ferromagnetic Mn3 triangles, each of which possesses appreciable intermolecular 

interactions, low molecular symmetry, or co-crystallized solvate molecules.15-19  We 

observe only subtle differences in the magnetic behavior of 1 and 2; we will thus 

consider them identical in the context of the discussion below. 

Magnetization hysteresis measurements were carried out on sub-millimeter size 

single crystals of both 1 and 2, using a high-sensitivity micro-Hall effect magnetometer 

in the temperature range of 0.3-2.6 K.23  A face-indexed single crystal of 1 was oriented 

such that the molecules were aligned exactly with an applied longitudinal magnetic field,  
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Figure 5.1.  Alignment of a single crystal of complex 1 near the zy-plane, at 300 mK 

and 1 T/min.  The minimum located at 15° in the inset describes the angle position at 

which the applied field is aligned with the easy axes of the molecules, to an accuracy of 

±2.5°.  
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Figure 5.2.  Field derivative of the magnetization curves obtained for a single crystal of 

complex 1 at different temperatures, with the field swept at 1 T/min along the easy axes 

of the molecules. 
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as shown in figure 1.  Figure 2 shows the first derivative of the magnetization for 1 

plotted versus the longitudinal magnetic field, HL (along the easy anisotropy axes of the 

molecules), at different temperatures.  Narrow peaks corresponding to the 

k = 0, 1, 2 and 3 QTM resonances are clearly observed at almost regular field intervals 

(∆H ~ 0.85 T).  Resonance k = 1 (0.85 T) is not visible at the lowest temperatures in 

figure 2; it appears only upon application of a transverse field (see figures 3 and 5), or 

upon raising the temperature above 1.5 K, when it appears suddenly at a lower field 

value (0.80 T).  To the best of our knowledge, this is the first occasion in which a QTM 

resonance (e.g. k = 1) within a series of resonances is found to be absent, while lower 

and higher resonances are observed.21  As we show below, this constitutes definite 

evidence for the influence of spin selection rules for QTM in a SMM. 

The observed shift of all resonances to lower fields with increasing temperature 

indicates a transition from the pure quantum tunneling regime, in which the relaxation 

occurs from the ground spin state, to thermally activated tunneling between excited 

states.4  The fact that the resonances associated with excited states appear at lower field 

values is indicative of a fourth order uniaxial anisotropy term in the Mn3 Hamiltonian 

(i.e. 0 0
4 4

ˆB O ), coming from a relatively weak exchange interaction constant (J) between 

the manganese ions in the single-ion spin Hamiltonian given by:24  

( ) ∑∑
≠

⋅⋅+⋅⋅−⋅⋅⋅⋅=
)(, jiji

ji

i

iBii

T

ii sJsBgssRDRsH
rtrrtrrtttr

µ .                         (1) 

Here the first term represents the magnetic anisotropy of the i-th ion, D
t

 being the ZFS 

(diagonal) tensor given by Dxx = e, Dyy = -e and Dzz = -d, with d and e the uniaxial and 

second order transverse anisotropy parameters, respectively. iR
t

 is the Euler matrix 
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specifying the anisotropy axes of the three Mn ions in the molecule, defined by the 

Euler rotation angles θi, φi and ϕi. The second term is the Zeeman coupling to the 

applied magnetic field, and the last term is the exchange interaction between 

neighboring ions.  The positions of the QTM resonances observed in both quantum and 

thermally activated regimes (figure 2) can accurately be accounted for using the 

following set of parameters: si = 2, d = 4.2 K, e ~0.9 K, isotropic g = 2 and J = 4.88 K.  

The single-ion second order anisotropy (e) is needed to explain the observed QTM rates.  

Similar d and e values have been reported for MnIII ions in the literature (see, for 

example, Ref. 25).  We additionally rotated the anisotropy axes for the three MnIII ions 

such that θ = 8.5o (with ϕi = 0), and φ1 = 0, φ2 = 120o and φ2 = 240o, in order to account 

for the local tilts of the Jahn-Teller axes and to preserve the C3 symmetry.13, 14 

Figure 3 shows the magnetization curve obtained at 300 mK for a single crystal 

of 1, corresponding to the derivative data in figure 2.  From the measured changes in 

magnetization at the resonances, we can obtain a rough estimate of the tunnel splittings 

associated with the superposition of different spin states at each resonance.  At 

resonance k = 1, the splitting (∆-6,+5 ~1×10-6 K) is found to be one order of magnitude 

smaller than those at resonances k = 0 (∆-6,+6 ~7×10-6 K), k = 2 (∆-6,+4 ~1×10-5 K) and 

k = 3 (∆-6,+3 >1×10-5 K).  These tunnel splitting values are estimates using the Landau-

Zener formalism in eq. 2, and should be considered as lower limits for the low field 

sweep rates used in the experiment, for which reshuffling of dipolar fields during 

relaxation can have a significant effect.   
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Figure 5.3.   Magnetization versus longitudinal magnetic field recorded at 0.3 K in a 

Mn3-Cl single crystal. The indicated tunnel splitting values are order of magnitude 

estimates from the change of magnetization at each resonance. The insets show the 

increase of the QTM probability at resonances k = 1 and 2 (upper-left) and the dM/dH 

peak at resonance k = 1 (lower-right) upon application of a transverse magnetic field. 
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Figure 5.4.  Energies of the mS levels for 2 as a function of the longitudinal magnetic 

field. Symbols highlight level crossings between different spin states, indicating the 

degeneracies (red circles) and avoided crossings (blue squares) expected for the C3 

symmetry of the structures. Inset: field derivatives of the magnetization curves 

(dM/dHL) measured for a single crystal of 2 at different temperatures, with field sweep 

rates of 0.05 T/min (data below 1.7 T) and 0.2 T/min (data above 1.7 T). 
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Figure 5.5.  Transverse field dependence of the magnetization, taken for an aligned 

single-crystal of 1 at 300 mK for applied transverse fields of 0-0.6 T. 
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                               (2) 

In eq. 2, Pm,m' represents the tunneling probability between m and m', ∆m,m' is the tunnel 

splitting, and dHz/dt is the field sweep rate.  Interestingly, the absent resonance (k = 1) 

can clearly be observed by decreasing the field sweep rate (figure) or by applying a 

transverse field. The insets to figure 3 show the growth of the k = 1 peak (lower-right) 

and the calculated QTM probability at resonances k = 1 and k = 2 (upper-left) as a 

function of the transverse field magnitude.  For these experiments, the transverse field 

was applied after sweeping the field through resonance k = 0 in the absence of a 

transverse field, in order to initialize all measurements from the same magnetic 

configuration.  Thermal avalanches were extremely frequent in this sample and 

restricted the results for k = 2, which were obtained by sweeping the magnetic field at 

different angles with respect to the easy anisotropy axis of the molecules.  The 

curvature of the probability at k = 1 near zero magnetic field is indicative of a saturation 

caused by intermolecular dipolar interactions, whose magnitude (~250 G) can be 

estimated from the width of the peaks. 

The C3 symmetry of the Mn3 complexes should only allow tunneling between 

states on opposite sides of the barrier with spin-projection (mS) values differing by a 

multiple of three.  According to this selection rule, the only resonances observable 

below the crossover temperature separating the pure quantum tunneling regime from the 

thermally activated one should be k = 0 (tunneling from mS = -6 to mS = +6, 

∆mS = 12 = 4×3) and k = 3 (tunneling from mS = -6 to mS = +3, ∆mS = 9 = 3×3).  

Figure 4 shows the energy of the mS levels as a function of the longitudinal field,  
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Figure 5.6.  Ground state tunnel splittings associated with resonances k = 0 (black 

squares), k = 1 (red circles), k = 2 (green triangles) and k = 3 (blue stars) as a function of 

the transverse field, HT, with the Jahn-Teller axes aligned along the z-axis (thin lines) 

and tilted θ = 8.5o away from the z-axis (thick lines). A few symbols per curve have 

been added to help in their identification. The grey shaded region in the vicinity of zero 

transverse field represents the strength of the dipolar magnetic field (~250 G) felt by the 

Mn3 molecules within the single crystal. The horizontal lines within the grey region 

indicate the order of magnitude of the splitting values attained at resonances k = 1 and 

k = 2 for a transverse field of 250 G. 
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calculated from exact diagonalization of the Hamiltonian in eq. 1.  The first allowed 

QTM transition for each resonance is indicated at the anti-crossings between the 

respective spin levels (blue squares).  Note that the lowest level-crossings involving the 

k = 1 and k = 2 resonances are degenerate (red circles in figure 4), since they involve 

transitions that are not a multiple of three (i.e. ∆mS = 11 for the ground state at k = 1 and 

∆mS = 10 and ∆mS = 8 for the ground and first excited states at k = 2, respectively).  

This explains why resonance k = 1 only becomes visible at high temperatures in figure 2, 

since an excited state needs to be populated for the QTM to take place (i.e. the transition 

from mS = -5 to mS = +4, ∆mS = 9 = 3×3).  Consequently, the temperature dependence of 

resonance k = 1 constitutes firm evidence for the spin selection rules imposed on QTM 

in a SMM. 

Following the same arguments, and contrary to the experimental observations, 

one should expect resonance k = 2 to be absent at low temperatures as well (see 

figure 3).  This inconsistency can be understood in terms of tilting of the Jahn-Teller 

axes of the manganese ions within the molecule.  This can clearly be observed in figure 

6, which shows the dependence of the ground state tunnel splittings on the magnitude of 

the transverse field for all resonances observed in the experiment (k = 0-3), calculated 

via exact diagonalization of the Hamiltonian in eq. 1 using the parameters given above 

for two different situations: a) With the Jahn-Teller axes aligned with the z-axis, i.e. 

θ = 0 (thin lines in figure 6); and, b) including a tilting of the Jahn-Teller axes of each 

ion out of the crystallographic z-axis (molecular easy-axis), given by the Euler angle 

θ = 8.5o (thick lines in figure 6), determined from X-ray crystallography data.13, 14  The 

tilting is represented by a sketch in figure 6. In both cases, resonances k = 1 and k = 2 
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are degenerate in the absence of a transverse field (∆k=1 = ∆k=2 = 0). If the Jahn-Teller 

axes are not tilted, large transverse fields (HT > 0.2 T) are required to bring the tunnel 

splittings up to the magnitudes observed in the experiment.  However, the inclusion of a 

tilting of the Jahn-Teller axes by 8.5o has a profound influence on the transverse field 

behavior of the ground-state splittings at resonances k = 1 and k = 2. This effect is 

particularly significant in the case of resonance k = 2 (observed at the lowest 

temperature), for which a splitting magnitude on the order of 10-5 K is achieved for 

fields below ~250 G, while the ground-state splitting at resonance k = 1 remains more 

than an order of magnitude smaller for the same range of transverse field values. As 

shown above, intermolecular dipolar interactions can provide magnetic fields (~250 G) 

which are strong enough to induce a tunnel splitting in the k = 2 resonance of the level 

observed in the experiment. Meanwhile, their effect on the k = 1 resonance is nearly two 

orders of magnitude weaker, thereby explaining the absence of this QTM step in our 

studies of carefully aligned crystals (see figure 3). 

Hard-plane rotation experiments were conducted on complexes 1 and 2 to 

investigate the angular and field-dependence of the magnetization with respect to an 

applied transverse magnetic field.  Figure 7 shows the expected modulation of the 

tunnel splitting values for the k=0-2 resonances for transverse fields applied at varying 

angles within the hard-plane.  These expected behaviors are noticeably absent from the 

experimental data shown in figure 8, which show no transverse field angular 

dependence.  These results are identical to those obtained for the analogous HFEPR 

hard-plane rotation experiments presented in the preceding chapter.  There are two 

possible reasons for this behavior: (i) three-fold and six-fold zfs anisotropies that have  
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Figure 5.7.  Angle-dependent modulation of the tunnel splittings for the k = 0 (top), k = 

1 (middle), and k = 2 (bottom) resonances for rotations in the hard-plane of the 

molecule.  
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Figure 5.8.  Transverse field dependence of the tunneling probability in complex 1, for 

rotations within the exact hard-plane of the crystal. 
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Figure 5.9.  (top) Magnetization hysteresis loop collected on a large (0.4×0.4×0.4 mm) 

single crystal at 300 mK and 2 T/min.  (bottom)  Derivative plot (dM/dH) for the above 

hysteresis data as a function of the applied longitudinal field. 
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magnitudes less than the detection limits/peak widths in these experiments, and (ii) the 

combination of two-fold and three-fold modulation frequencies, along with the 27° 

molecular rotation along the c- crystallographic axis (easy-axis) leads to the absence of 

a net variation in the tunnel splitting.  Finally, it is important to note that the 

experimental data are dependent on the size of the crystal used.  Figure 9 illustrates the 

hysteresis data for a large (0.4×0.4×0.4 mm) crystal of 1, collected at 300 mK and a 

sweep rate of 2 T/min.  In addition to the observation of the k = 4 resonance (due to the 

faster sweep rate), these data differ from previous studies on smaller crystals in the 

observation of split peaks for the k = 3 and k = 4 resonances.  This behavior is attributed 

to the presence of spin-spin cross relaxation processes, which are mediated by dipolar 

interactions between molecules.26, 27  It is thus apparent that larger crystals of 1 and 2 

lead to a greater degree of intermolecular interactions, which is due to the higher 

probability of defects in the crystalline structure.     

 

5.3.  Conclusions 

The above results exemplify the remarkable influence of the molecular 

symmetry on the magnetic relaxation of molecular nanomagnets and provide the first 

pristine demonstration of spin selection rules on the QTM for a SMM. The observed 

behavior must be attributed to the extremely high crystalline quality of these complexes, 

enabling deep insights into fundamental quantum behavior that were previously 

impossible. Of special significance is the remarkable finding that a rotation of the ZFS 

tensors of the individual ions (in a manner consistent with the crystallographic 

symmetry) has a profound effect on the transverse field behavior of the tunnel splitting 
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in resonances forbidden by the molecular symmetry. It has been shown that a small 

Jahn-Teller axis tilt (8.5o) is sufficient to increase the tunnel splitting value for the k = 2 

resonance up to an observable level for transverse field magnitudes commonly provided 

by intermolecular dipolar interactions or as a result of weak disorder. Note that the ZFS 

tensors are almost never parallel in real structures and, according to our results, this 

combined with dipolar fields and/or disorder may be the ultimate reason behind the 

apparent absence of spin selection rules in previous studies of QTM in SMMs. 

Much of chapter 5 is a reprint of the material as it appears in Phys. Rev. Lett. 

2009, 103, 017202.  The dissertation author was a co-author of this paper.   
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Chapter 6   

Large Spin-State Changes from S = 1 to S = 11 in Isostructural Mn3
IIIMn2

II Complexes 

Comprised of Oximate and Azide Ligands 
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6.1.  Introduction   

Considering the remarkable insight provided by the Mn3
IIIZn2

II complexes 

presented in the preceding two chapters, it was of interest to investigate the possible 

replacement of ZnII ions by MnII.  This was successfully accomplished by excluding 

zinc from the reaction conditions and modifying the corresponding stoichiometric ratios.  

Described here are three isostructural Mn3
IIIMn2

II complexes that exhibit highly variable 

spin ground states ranging from S = 1 to S = 11.  The ferromagnetic S = 11 complex 1 is 

described by [NEt4]3[Mn5(salox)3O(N3)6Br2], as shown in figure 1.  The analogous S = 

6 Me-salox2– complex 2 retains a similar molecular structure, and is described as 

[NEt4]3[Mn5(Me-salox)3O(N3)6Cl2].  The antiferromagnetic S = 1 complex 3 has the 

formula [NEt4]3[Mn5(salox)3O(OCN)6Cl2] and differs from 1 and 2 in the identity of the 

µ-η1:η1
 groups, where six OCN– bridges replace the corresponding azides.  On the basis 

of previous magnetostructural studies on Mn3
IIIZn2

II analogs, these complexes each 

possess a ferromagnetic S = 6 Mn3
III core structure, with the overall spin ground state 

being determined by the µ-η1:η1 azide bridging geometry in 1 and 2 and the switch to 

cyanate-mediated antiferromagnetic interactions in 3.  Taking into account the highly 

variable spin ground states and similar geometric projections of the single-ion zero-field 

splitting (zfs) anisotropies onto the molecular easy axis, one may anticipate these 

molecules to exhibit significantly different magnetization reversal barriers, estimated as 

∆E ≈ |D|·Sz
2.  This was surprisingly not the case for 1-3, in which very similar Ueff 

values ranging from 33.9 K to 39.4 K were observed.  This is explained by an inverse 

square relationship between S and D in complexes 1 and 2, in spite of the very similar 

geometric projections of the single-ion JT axes in these structures.  This implies that the 
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ground state anisotropy originates from the differences in projection coefficients of the 

single-ion anisotropy to spin states of different total spin quantum number S, rather than 

the simple geometric distortions of the metal ions in the structure.  This type of behavior 

has previously been characterized in a hexanuclear Mn6
III complex reported by Piligkos 

et al.1  Another observation unique to these Mn3
IIIMn2

II complexes is the absence of 

vertical steps in the magnetization hysteresis loops.  This is described in the context of 

low-lying excited states, in which a near continuous distribution of eigenstates leads to 

behavior that is reminiscent of a classical magnetic nanoparticle.                     

 

6.2.  Results and Discussion 

6.2.1.  Crystal Structures   

The molecular structures for the Mn3
IIIMn2

II complexes 1-3 are shown in figures 

1-3, revealing similar bond connectivities and virtually identical metric parameters 

compared to the Mn3
IIIZn2

II complexes presented in chapters 4 and 5.  However these 

Mn3
IIIMn2

II complexes extend the idea of spin modification a step further, in which it 

has been possible to obtain S = 1 to S = 11 spin ground states as a result of structural 

and synthetic variations in the µ-η1:η1 MnII–MnIII bridging group.  Comparison of the θ 

torsion angles in table 3 to the magnetostructural relationships derived in chapter 4, it is 

apparent that complexes 1-3 each possesses a planar S = 6 Mn3
III core.  Thus, the S = 11 

and S = 6 ground states in 1 and 2 are the direct consequence of the bridging azide 

geometry, while the S = 1 ground state in 3 is due to the antiferromagnetic interactions 

between MnII and MnIII ions that are mediated by bridging cyanate groups. 
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Figure 6.1.  Partially labeled molecular structure of complex 1.  Hydrogen atoms have 

been omitted while carbon and symmetry-equivalent atoms have been left unlabeled, for 

clarity. 
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Figure 6.2.  Partially labeled molecular structure of complex 2.  Hydrogen atoms have 

been omitted while carbon and symmetry-equivalent atoms have been left unlabeled, for 

clarity. 
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Figure 6.3.  Partially labeled molecular structure of complex 3.  Hydrogen atoms have 

been omitted while carbon and symmetry-equivalent atoms have been left unlabeled, for 

clarity. 
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Table 6.1.  Crystallographic data and refinement parameters for complexes 1, 2. 

Identification code  1    2    
Formula  C45 H75 Br2 Mn5 N24 O7 C48 H84 Cl2 Mn5 N24 O7 
Formula weight  1498.73 1454.93 
Temperature [K] 100(2) K 100(2)  
Wavelength [Å] 0.71073 Å 0.71073 
Crystal system  Trigonal Trigonal 
Space group  R3c R3c 
a [Å] 13.481(5)  13.6691(13)  
b [Å] 13.481(5)  13.6691(13)  
c [Å] 60.88(2)  60.259(6)  
α [deg] 90 90 
β [deg] 90 90 
γ [deg] 120 120 
Volume [Å3] 9583(6)  9750.7(16)  
Z 6 6 
Dcalc [Mg/m3] 1.558 1.422 
abs. coefficient [mm-1] 2.277 1.09 
F(000) 4584 4152 
Crystal size [mm3] 0.04 x 0.04 x 0.01  0.10 x 0.05 x 0.05  
Theta range for data 

collection 1.87 to 27.77° 1.85 to 26.60° 

Index ranges 
-17<=h<=17, -17<=k<=17, 

-50<=l<=78 
-16<=h<=15, -16<=k<=16, 

-74<=l<=74 
Reflections collected 40270 16767 
Independent reflections 4079 [R(int) = 0.0611] 4153 [R(int) = 0.0401] 
Completeness to theta = 

25.50° 99.9 %  100.0 %  

Refinement method 
Full-matrix least-squares 

on F2 
Full-matrix least-squares 

on F2 
Data / restraints / parameters 4079 / 1 / 250 4153 / 1 / 288 
Goodness-of-fit on F2 1.024 1.073 
Final R indices [I>2sigma(I)] R1 = 0.0277, wR2 = 0.0680 R1 = 0.0603, wR2 = 0.1637 
R indices (all data) R1 = 0.0322, wR2 = 0.0695 R1 = 0.0678, wR2 = 0.1678 
Absolute structure parameter 0.015(7) 0.00 
Largest diff. peak and hole 0.589 and -0.490 e.Å-3 1.187 and -0.528 e.Å-3 

( ) ( ) 2
1

22222 /2)).(00.2(/1 



 ∑∑ −=>∑∑ −= oco

b
oco

a FwFFwwRIIFFFR σ  (all data). 
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Table 6.2.  Crystallographic data and refinement parameters for complex 3. 

Identification code  3   plfdnh191_0m 

Formula  C51 H75 Cl2 Mn5 N12 O13 
Formula weight  1409.81 
Temperature [K] 100(2) K 
Wavelength [Å] 0.71073 Å 
Crystal system  Trigonal 
Space group  R3c 
a [Å] 13.4091(17) 
b [Å] 13.4091(17) 
c [Å] 61.213(8)  
α [deg] 90 
β [deg] 90 
γ [deg] 120 
Volume [Å3] 9532(2) 
Z 6 
Dcalc [Mg/m3] 1.395 
abs. coefficient [mm-1] 1.114 
F(000) 3918 
Crystal size [mm3] 0.35 x 0.3 x 0.3  
Theta range for data 

collection 2.20 to 25.03° 
Index ranges -15<=h<=15, -14<=k<=14, -72<=l<=72 
Reflections collected 14618 
Independent reflections 3696 [R(int) = 0.0388] 
Completeness to theta = 

25.50° 99.9 %  
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3696 / 1 / 254 
Goodness-of-fit on F2 1.077 
Final R indices [I>2sigma(I)] R1 = 0.0413, wR2 = 0.1217 
R indices (all data) R1 = 0.0433, wR2 = 0.1250 
Absolute structure parameter 0.02(2) 
Largest diff. peak and hole 1.295 and -0.789 e.Å-3 

( ) ( ) 2
1

22222 /2)).(00.2(/1 



 ∑∑ −=>∑∑ −= oco
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Table 6.3.  Selected structural parameters for complexes 1-3. 

Complex 1 2 3 
θ (deg) 33.58 37.07 31.93 
εupper (deg) 109.89 105.50 108.23 
εlower (deg) 108.25 112.30 105.27 
MnIII–MnIII (Å) 3.286 3.283 3.284 
MnIII–MnII

upper (Å) 3.588 3.546 3.627 
MnIII–MnII

lower (Å) 3.573 3.693 3.560 
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Relevant metric parameters for complexes 1-3 are provided in table 3, revealing 

θ torsion angles ≥ 32o and variations in the MnIII–N–MnII angles (ε).  As will be 

described below, 1 possesses an S = 11 ground state, which is the maximum possible 

spin for a complex comprised of three s = 2 MnIII ions and two s = 5/2 MnII ions.  This 

requires ferromagnetic interactions between all of the metal ions in 1, indicating that ε 

values between 108-110o mediate ferromagnetic exchange interactions for  µ-η1:η1 azide 

bridges between MnII and MnIII.  In contrast, the Me-salox2– supported complex 2 

exhibits larger θ torsion angles of 37.07o, leading to a more strongly coupled 

ferromagnetic MnIII triangle.  The observed S = 6 ground state in 2 may thus be 

rationalized by the presence of one MnII ion that is ferromagnetically coupled to the 

Mn3
III core and a second MnII ion that is antiferromagnetically coupled to the Mn3

III 

core.  This expectation is supported structurally, in which the ε angles above and below 

the Mn3
III plane assume differing values of 105.50o and 112.30o, respectively.  Although 

it is not possible to specifically assign each of these exchange pathways, this 

observation provides unprecedented insight towards understanding the azide-bridged 

exchange interactions between MnII and MnIII.  To the best of our knowledge, no 

systematic magnetic study of this interaction pathway has been reported to date.   

 

6.2.2.  Magnetochemistry 

6.2.2.1.  DC Magnetic Susceptibility Studies          

Dc magnetic susceptibility measurements were recorded on ground crystalline 

samples of complexes 1-3.  The powders were immobilized in an eicosane matrix to 

prevent field-induced torquing of the microcrystallites.  Measurements were recorded 
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from 300-1.8K at fields ranging from 0.01-5 T to assess the nature of the magnetic 

exchange interactions, as well as the magnitude of the axial zero-field splitting (zfs) 

parameter D. 

The variable-temperature dc magnetic susceptibility data for 1-3 are remarkably 

different, as evident in figure 4.  Complex 1 possesses a 300 K χMT value of 19.78 

cm3·K·mol-1, which increases at low temperatures to a maximum value of 54.02 

cm3·K·mol-1 at 2.81 K.  In contrast, the susceptibility behavior for 2 indicates a smaller 

ground state due to the much reduced maximum χMT value of 32.67 cm3·K·mol-1 at 

20.01 K.  Interestingly, in spite of the much smaller maximum susceptibility, the χMT 

values for 2 are larger than the corresponding values for 1 for temperatures between 300 

K and 40 K.  As in the Mn3
IIIZn2

II complexes presented in chapter 4, this observation is 

indicative of stronger magnetic exchange interactions between the s = 2 MnIII ions in 2, 

which is also supported by the structural observations above.  The cyanate-bridged 

complex 3 possesses susceptibility data that are indicative of dominant 

antiferromagnetic exchange interactions at low temperatures.  The 300 K χMT value of 

16.02 cm3·K·mol-1 is less than in 1 and 2, while a nearly constant susceptibility is 

observed until approximately 60 K.  A nearly linear decrease in χMT is observed below 

50 K, reaching a minimum 0.1 T value of 1.08 cm3·K·mol-1 at 1.8 K.  This vanishingly 

small low temperature susceptibility is consistent with an S = 0 or S = 1 ground state for 

3.   

Although it was not possible to reliably fit the above data to a simple exchange 

Hamiltonian, reduced magnetization data were collected on 1-3 at large fields of 1-5 T  
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Figure 6.4.  Plot of the 0.1 T χMT data for complexes 1-3, from 300-1.8 K.  The solid 

lines serve as guides for the eye. 
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and low temperatures of 1.8-4 K to estimate the ground states spin and axial anisotropy.  

These data were fit to the spin Hamiltonian of eq. 1   

                               ( ) BSgSSESDH Byxz ⋅+−+= ˆˆˆˆ 222 µ                                              (1) 

where D is the axial ZFS parameter, E is the rhombic ZFS parameter, iŜ  is the spin 

projection operator along i (= x, y, z), g is the Landé g-factor,  µB is the Bohr magneton, 

and B is the applied field.  This Hamiltonian assumes only the ground state is populated 

at these temperatures and magnetic fields, and includes isotropic Zeeman interactions, 

axial ZFS ( 2ˆ
zSD ) and rhombic ZFS ( )22 ˆˆ

yx SSE − ; a full powder average was calculated.2  

Only the axial ZFS ( 2ˆ
zSD ) and Zeeman interactions were considered due to the C3 

crystal site symmetry; that is, the presence of C3 symmetry precludes rhombic ZFS i.e., 

( )22 ˆˆ
yx SSE − .  The M/!µB  versus H/T data for complexes 1 and 2 were least-squares fit 

and the two spin Hamiltonian matrices diagonalized for each setting of the parameters g 

and D.  The resulting eigenvalues, Ei, and their dependency on the magnetic field, 

δEi/δB, were used to calculate the magnetization according to eq. 2.   

                     ( ) ( ) ( )∑∑ −−=
i

i

i

ii kTEkTEBE!M expexpδδ                         (2) 

Good fits to the 2-5 T data for 1 were achieved for parameters of S = 10, g = 

1.91, and D = –0.29 K (figure 5 (bottom)).  In spite of the high-quality fits to these 2-5 

T data, it was not possible to simultaneously fit the 1-5 T data, indicating the population 

of multiple spin states under these conditions.  A similar procedure was followed for 2, 

resulting in the fit shown in figure 6 (bottom) for parameters of S = 6, g = 1.84, and D = 

–0.86 K.  In comparing these results for 1 and 2, it is interesting to note the three times  
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Figure 6.5.  (top) 0.1 T and 1 T dc magnetic susceptibility data for 1, taken from 300-

1.8 K.  The solid lines serve as guides for the eye.  (bottom) Reduced magnetization for 

1, taken at 1-5T from 1.8-4.0K.  Black lines describe the fit to the 2-5 T data for 

parameters described in the text. 
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Figure 6.6.  (top) 0.01-1 T dc magnetic susceptibility data for 2, taken from 300-1.8 K.  

The solid lines serve as guides for the eye.  (bottom) Reduced magnetization for 2, 

taken at 1-5T from 1.8-4.0K.  Black lines describe the fit to the 1-5 T data for 

parameters described in the text. 
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Figure 6.7.  (top) 0.01-1 T dc magnetic susceptibility data for 3, taken from 300-1.8 K.  

The solid lines serve as guides for the eye.  (bottom) Reduced magnetization data for 3, 

taken at 1-5 T from 1.8-4 K. 
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larger axial anisotropy in 2, which is consistent with the full-matrix diagonalization 

fitting results obtained for the high-spin and low-spin Mn3
IIIZn2

II analogs in chapter 4.  

More specifically, this corresponds to an approximate inverse relationship between the 

spin and anisotropy in these closely related complexes.  It was not possible to fit the 

reduced magnetization data for 3 to eq. 2, implying the invalidity of the giant-spin 

Hamiltonian for this complex.  Indeed, the nearly linear isofield lines at low fields and 

increasing separations between the higher-field data indicate the significant population 

of higher-spin excited states at larger temperatures and fields.   

 

6.2.2.2.  AC Magnetic Susceptibility Studies 

Because the relationship between spin and anisotropy has direct implications for 

raising the thermodynamic magnetization reversal barrier in SMMs, ac susceptibility 

measurements were collected on samples of 1-3.  The obtained results are remarkable 

considering the very similar values obtained for Ueff and τ0, in spite of the large 

variation in ground state spin.  This further confirms the large variation in molecular 

anisotropy, as determined from fits to the reduced magnetization data.  The Arrhenius 

fitting parameters are summarized in table 4, and were determined from Gaussian fits to 

the out-of-phase (χ’’) susceptibility data.   

The ac susceptibility data for 1 are shown in figure 8, revealing well-formed and 

remarkably narrow peaks in χ’’.  The corresponding Arrhenius plot for 1 is shown in 

figure 9 (top), while the 0 K in-phase extrapolation is plotted in figure 9 (bottom).  The 

extrapolation value of 65.93 cm3·K·mol-1 compares very closely to the S = 11 value of 

66.20 cm3·K·mol-1, confirming the ferromagnetic ground state for 1.  The ac 
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susceptibility data for 2 possess noticeably broader peaks in χ’’, as evident in figure 10.  

Although the significance of this observation is unclear, the relaxation parameters for 2 

compare relatively closely to the values determined for 1.  Extrapolation of the in-phase 

susceptibility to 0 K indicates a spin ground state of S = 5-6, which is qualitatively 

consistent with the reduced magnetization fitting results.   

Perhaps the most surprising result is the observation of robust peaks in χ’’ for 

the low-spin complex 3.  The extrapolation of χ’MT to 0 K indicates an S = 0-1 spin 

ground state, which is consistent with small spin value indicated by the low-temperature 

dc susceptibility data.  Thus, the observation of clear peaks in χ’MT were initially 

thought to arise from the presence of a higher spin impurity.  This possibility was ruled 

out on the basis of reproducible elemental analysis data and replicate ac susceptibility 

measurements on samples comprised of large single crystals of 3.  In addition to this 

high-temperature peak at 2.5-3.3 K, the onset of a second, larger peak below 2 K is also 

apparent in the ac data for 3 (figure 12).  It is difficult to comment on the specific origin 

of this signal in 3, especially considering the low-spin ground state and exceedingly 

small expected magnetization reversal barrier (Ueff ≈│D│Sz
2).  Furthermore, this 

observation cannot be simply explained by the possible existence of low-lying high-spin 

excited states, as the dc reduced magnetization data up to 5 T still indicate a very low-

spin ground state for 3. 

 

6.2.3.  Single-Crystal Magnetization Hysteresis on Complex 1 

Magnetization hysteresis measurements were collected on a face-indexed single 

crystal of complex 1, with the field applied exactly along the easy-axis of the crystal.   
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Table 6.4.  Summary of the Ueff and τ0 parameters for complexes 1-3.  The values were 

determined from Arrhenius plots of the χM’’ data. 

Complex/ Parameter Ueff (K) τ0 (sec) 
1 36.37 3.34·10–8 
2 39.45 1.16·10–7 
3 33.94 3.63·10–8 

 

 

 



348 

 

 

Figure 6.8.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 1 at 

1.8-7 K from 10-1000 Hz. 
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Figure 6.9.  (top) Arrhenius plot of complex 1.  The temperatures were obtained from 

Gaussian fits to the 1000-10 Hz peaks in χ''.  (bottom) Extrapolation of the 50 Hz in-

phase (χ’mT) susceptibility to 0 K. 
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Figure 6.10.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 2 

at 1.8-7 K from 25-1000 Hz. 
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Figure 6.11.  (top) Arrhenius plot of complex 2.  The temperatures were obtained from 

Gaussian fits to the 1000-10 Hz peaks in χ''.  (bottom) Extrapolation of the 50 Hz in-

phase (χ’mT) susceptibility to 0 K. 

 



352 

 

 

Figure 6.12.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 3 

at 1.8-7 K from 25-1000 Hz. 
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Figure 6.13.  (top) Arrhenius plot of complex 3.  The temperatures were obtained from 

Gaussian fits to the 1000-10 Hz peaks in χ''.  (bottom) Extrapolation of the 50 Hz in-

phase (χ’mT) susceptibility to 0 K. 
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The resulting hysteresis loops are shown in figure 14, taken at a field sweep rate of 0.2 

T/min for temperatures between 235 mK and 4.2 K.  Peculiarly, the change in 

magnetization occurs smoothly as the field is swept from –2.0 T to +2.0 T and vice 

versa.  These data are notably different from similar measurements collected on the 

analogous S = 6 Mn3
IIIZn2

II complexes, as described in chapter 5.  The most obvious 

difference is the absence of vertical steps in the hysteresis loops for 1, which contrasts 

with the exceedingly sharp and well-defined QTM steps in Mn3
IIIZn2

II.  A plot of the 

coercive field as a function of temperature is provided in figure 15, revealing a collapse 

of the coercivity at temperatures above 1.9 K.  This blocking temperature corresponds 

to a magnetization reversal barrier of 36-38 K, which is consistent with the value of Ueff 

determined from ac susceptibility measurements.  Fitting of the magnetization data to a 

hyperbolic tangent function above the blocking temperature results in an approximate 

spin ground state of S = 10-11, which is also consistent with the results obtained from 

the bulk dc susceptibility/reduced magnetization and ac susceptibility measurements.  

This hyperbolic tangent fit is shown as the dotted lines in figure 14; the details for this 

procedure are found elsewhere.3   

Although the observed hysteresis loops for 1 do not exhibit the vertical steps 

that are characteristic of QTM, the plateau in the coercivity below 0.8 K indicates the 

presence of temperature-independent tunneling, which is difficult to understand.  The 

relatively large coercivity of 1.1 T at 0.8 K suggests a slow rate of QTM, which can 

only be reconciled with these data if the width of the tunnel splittings are smaller than 

the separation between QTM resonances.  Another possibility is the presence of a large 

distribution of anisotropy barriers, spin values, or anisotropy orientations, in which  
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Figure 6.14.  Hysteresis loop measurements for a single crystal of 1 from 0.235 K to 

4.2 K, at a sweep rate of 0.2 T/min.  The magnetization is normalized by the saturation 

value Ms. 
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Figure 6.15.  Temperature dependence of the magnetization hysteresis coercive field 

from 235 mK to 4.2 K.  The plateau below 0.8 K is indicative of temperature-

independent relaxation (tunneling) processes. 
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QTM may not be distinguishable.  Because complex 1 contains no disordered atoms or 

solvate molecules and forms high-quality trigonal R3c crystals, it is unlikely that this 

possibility arises from crystallographic defects such as g- and D-strain.4-7  Instead, the 

presence of multiple excited states is more likely due to the weak exchange interactions 

in 1.  This may result in a quasi-continuum of spin states, resulting in a system that 

behaves similar to a classical magnetic nanoparticle.      

 

6.3.  Conclusions 

Three isostructural and crystallographically isomorphic Mn3
IIIMn2

II complexes 

have been synthesized and characterized to possess highly variable spin ground states as 

a result of subtle structural and synthetic variations in the µ-η1:η1 bridging groups.  

Based on the magnetostructural relationships determined in chapter 4, these complexes 

each possess a triangular S = 6 Mn3
III core structure, as evident by Mn–N–O–Mn torsion  

angles that are greater than 31º.  Thus, the overall spin for these structures is solely 

determined by the nature of the exchange interactions between MnII and MnIII. 

The azide-bridged complexes 1 and 2 are coordinated via salox2– and Me-salox2– 

respectively, and possess MnII–Nazide–MnIII bond angles that vary from 105.27º to 

112.30º.  These changes result in a switch from ferromagnetic MnII–MnIII interactions 

above and below the Mn3
III plane in 1 [S=(6+5/2+5/2)=11] to a balance of ferro- and 

antiferromagnetic MnII–MnIII interactions in 2 [S=(6+5/2-5/2)=6].  The cyanate-bridged 

complex 3 possesses entirely antiferromagnetic MnII–MnIII exchange interactions, 

resulting in an [S=(6-5/2-5/2)=1] spin ground state.  In spite of these large changes in 

the ground state spin, remarkably similar Ueff barriers are observed for 1-3, revealing an 
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inverse square relationship between the spin (S) and molecular anisotropy (D).  This 

observation provides insight towards the optimization of SMM properties in these 

complexes, i.e. it is not possible to vary either parameter independent of the other.  

These results may also be compared to those obtained for the analogous S = 6 

Mn3
IIIZn2

II structures in chapter 4, revealing larger anisotropies and Ueff values for the 

aforementioned heterometallic examples.  In addition to this behavior, vertical steps 

corresponding to QTM are absent in the single-crystal hysteresis loops for 1, suggesting 

the presence of an additional mechanism(s) for magnetization relaxation.  This 

mechanism likely involves the presence of multiple low-lying excited states as a result 

of the weak magnetic exchange interactions between the Mn ions in this complex.  This 

may lead to a quasi-continuous distribution of spin states, resulting in hysteretic 

behavior that contrasts with the clean QTM steps observed for the isostructural 

Mn3
IIIZn2

II analogs, and is reminiscent of a classical magnetic nanoparticle. 

 

6.4.  Experimental Section 

6.4.1.  Physical Measurements 

Infrared spectra were recorded for KBr discs on a Thermo-Nicolet Avatar 360 

FT-IR spectrometer.  Elemental analyses were performed by Numega Resonance Labs 

(San Diego, CA).  DC magnetic susceptibility data were collected using a Quantum 

Design MPMS-2 SQUID magnetometer equipped with a 5.5 T magnet.  AC magnetic 

susceptibility data were collected on a Quantum Design MPMS SQUID magnetometer 

equipped with a 1 T magnet, as part of the W.M. Keck Center for Interface and 

Materials Sciences (CIMS) laboratory at the University of California-San Diego.  
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Crystalline samples for bulk magnetic studies were pulverized and immobilized in 

eicosane to prevent field-induced torquing.  Pascal's constants were employed as 

diamagnetic corrections to the magnetic susceptibility data.  Magnetization hysteresis 

measurements were conducted on single crystals of complex 1, in which the magnetic 

field was applied precisely along the easy axis of the crystal.       

X-ray Crystallography   

Representative single-crystals were selected from the crystallization solvent and 

mounted on a CryoLoop with Paratone-N oil.  Diffraction intensity data were collected 

at 100 K on a Bruker Smart Apex or Apex II CCD-based diffractometer employing Mo 

Kα radiation.  The reflection data were integrated using the Bruker SAINT software 

program and corrected for absorption effects using the Bruker SADABS program.  

Complexes 1-3 were all solved by direct methods using SHELXS-97, utilizing 

successive difference Fourier syntheses, and refined by full matrix least squares on all 

F2 data.  All non-hydrogen atoms were refined anisotropically by full-matrix least-

squares regression.  Hydrogen atoms were designated in calculated positions using a 

riding model.  No apparent disorder or solvate molecules were observed in any of these 

samples; well-behaved thermal ellipsoids were observed for the structure factors 

assigned to the observed electron densities. 

 

6.4.2.  Synthesis 

[<Et4]3[Mn5O(salox)3(<3)6Br2] (1).  MnBr2
.4H2O (477 mg, 1.67 mmol) was 

dissolved in ethanol (80 mL), affording a pale pink solution.  NaN3 (130 mg, 2.00 

mmol) and H2salox (137 mg, 1.0 mmol) were added sequentially. Sodium azide was 
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allowed to completely dissolve before the addition of salox.  Following the addition of 

the reagents, the dark green solution was stirred for 15 minutes before a 20% aqueous 

solution of tetraethylammonium hydroxide (0.7 mL) was added drop-wise.  The dark 

green solution was stirred for an additional 15 minutes before being gravity filtered.  

The solution was left to stand overnight.  A mixture of dark green trigonal prisms and 

dark brown parallelograms formed the next day.  The parallelograms were removed via 

dissolution in cold MeOH, leaving the insoluble dark green prisms in 37% yield (based 

on Mn).   Selected IR data (cm-1): 3387 (m), 2977 (m), 2078 (s), 1594 (m), 1436 (m), 

1039 (m), 665 (m). 

[<Et4]3[Mn5O(Me-salox)3(<3)6Cl2] (2).  MnCl2
.4H2O (330 mg, 1.67 mmol) 

was dissolved in ethanol (25 mL), affording a pale pink solution.  NaN3 (130 mg, 2.0 

mmol) and Me-saloxH2 (137 mg, 1.0 mmol) were added consecutively.  The dark green 

solution was stirred for 5 minutes before 0.7 mL of a 20% aqueous solution of 

tetraethylammonium hydroxide was added drop-wise, resulting in a dark green 

precipitate.  The dark green solution was stirred for 45 minutes before being gravity 

filtered and layered with diethyl ether (2:1 v:v).  A mixture of thin dark brown plates 

and dark green trigonal prisms formed over 7 days.  The crystals were washed with 

water and hand separated in 8% yield (based on Mn).   Selected IR data (cm-1): 3432 (b), 

2979 (w), 2074 (s), 1594 (m), 1312 (m), 670 (m). 

[<Et4]3[Mn5O(salox)3(OC<)6Cl2] (3).  MnCl2
.4H2O (0.330 g, 1.67 mmol) was 

dissolved in ethanol (25 mL), affording a pale pink solution.  NaOCN (0.130 g, 2.0 

mmol) was pre-dissolved in 1 mL of H2O and added to the above solution.  After 

stirring for 15 minutes, H2salox (0.137 g, 1.00 mmol) was added in small portions.  The 
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medium green solution was stirred for 5 minutes before 0.7 mL of a 20% aqueous 

solution of tetraethylammonium hydroxide was added drop-wise.  The dark green 

solution was stirred for 45 minutes before being gravity filtered and layered with diethyl 

ether (1:1 v:v).  Very large (2mm × 1.5mm × 1.5mm) green-brown trigonal pyramidal 

crystals formed after 3 days in 22% isolated yield (based on Mn).   Selected IR data 

(cm-1): 3369 (b), 2979 (w), 2058 (s), 2006 (w), 1590 (m), 1551 (m), 1452 (s), 1218 (s), 

1042 (s), 684 (m). 
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Chapter 7 

Dimeric S ≈ 3 to S ≈ 8 Mn6
IIIZ2

II Complexes Comprised of Mn3
IIIZII Structural Subunits 

(Z = ZnII, CdII) 
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7.1.  Introduction 

The preceding chapters are concerned with SMM systems based upon the 

triangular Mn3
III core magnetic unit, in which it has been possible to obtain larger 

magnetization reversal barriers via changes in the anisotropy and spin ground state.  

Fourteen new complexes are presented here, each of which possess a general formulae 

of [cation]2[Mn6X2(salox)6O2(N3)6(MeOH)2Y2], where [cation]+=[NEt4]+, [NPr4]+, 

[NBu4]+, [AsPh4]+, [PPN]+; X = ZnII, CdII; and Y = Cl–, Br–, I–, OH–, N3
–, MeOH.  

These dimeric complexes are comprised of two offset and inversion-related halves of 

the Mn3
IIIX2

II complexes presented in chapter 4, and provide the potential for increasing 

the spin to a maximum of S = 12.  Indeed, this presents an important goal for SMMs due 

to the quadratic relationship between the spin and the predicted magnetization reversal 

barrier, as approximated by Ucalc ≈ │D│·Sz
2 for integer-spin systems.  These 

octanuclear complexes also possess nearly aligned MnIII JT elongation axes that yield 

large vectorial projections onto the molecular easy axis.  By systematically varying the 

co-crystallizing cation and coordinating groups, it has been possible to modify the spin 

ground state from S = 0 to S = 8, resulting in Ueff values of up to 53 K.  Although this 

represents an increase over the Mn3
IIIX2

II complexes in chapters 4-6, these larger 

structures possess more significantly spin-mixed ground states and complicated 

relaxation processes as a result of the weak exchange interactions between the two 

halves of the dimer.    

     

7.2.  Results and Discussion 
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7.2.1.  Crystal Structures   

The molecular structures of complexes 1-14 are shown in figures 1-14.  Each of 

these complexes are structurally related to the Mn3
IIIZn2

II complexes described in 

chapters 4 and 5 and are comprised of two Mn3
IIIXII core magnetic units that are related 

by an inversion center.  All of these Mn6
IIIX2

II (X = ZnII, CdII) complexes possesses a 

low-symmetry structure in which the only point group symmetry elements are the 

identity (E) and inversion (i).  Bridging µ-η1:η1 azides bridge the MnIII ions to the 

diamagnetic ZnII or CdII ions, which cap the top and bottom faces of the Mn6
III core.  

The two Mn3
IIIZnII halves of the molecule are connected via two µ3- alkoxide groups 

that are covalently bonded to the oximate nitrogen of salicylaldoxime.  The manganese 

coordination environments in these Mn6
IIIX2

II complexes differ from those in Mn3
IIIZn2

II, 

where two MnIII ions are five-coordinate and two MnIII ions are each coordinated by a 

neutral MeOH or EtOH molecule.  An adjacent salicylaldoxime phenoxide oxygen on 

the neighboring Mn3
IIIZnII half-molecule is oriented such that it appears to occupy the 

‘open’ coordination site of the five-coordinate MnIII.  This distance is labeled (ε) in 

table 8 and has been shown to vary considerably for complexes 1-14.  In spite of these 

differences, the individual subunits in these octanuclear structures maintain a high 

degree of similarity to the previously described Mn3
IIIZn2

II clusters in that they feature a 

µ3-oxo that is centered relative to each Mn3
III triangle.  Another similarity to the 

structurally related 'single-decker' Mn3
IIIZn2

II complexes is a significant degree of 

coordinative flexibility associated with the oximate groups that bridge adjacent MnIII 

ions.  These complexes also exhibit variations in the single-ion Jahn-Teller torsion 

angles (δ), which have been shown to be intrinsically linked with the molecular  
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Table 7.1.  Crystallographic data and refinement parameters for 1, 2. 

Identification code  1 2 

Formula  
C69 H98 Cl2 Mn6 N26 O17 
Zn2 

C77 H114 Cl2 Mn6 N26 O17 
Zn2 

Formula weight  2095.00 2207.21 
Temperature [K] 100(2)  100(2)  
Wavelength [Å] 0.71073 0.71073 
Crystal system  Monoclinic Monoclinic 
Space group  P21/n P21/c 
a [Å] 11.3881(15)  15.265(4)  
b [Å] 25.802(3)  21.395(5)  
c [Å] 15.3977(19)  15.321(4)  
α [deg] 90 90 
β [deg] 106.846(2) 99.860(3) 
γ [deg] 90 90 
Volume [Å3] 4330.2(10)  4930(2)  
Z 2 2 
Dcalc [Mg/m3] 1.322 1.502 
abs. coefficient [mm-1] 1.364 1.349 
F(000) 1748 2292 
Crystal size [mm3] 0.4 x 0.4 x 0.3 0.5 x 0.4 x 0.4  
Theta range for data 
collection 1.58 to 25.35° 1.65 to 25.36° 

Index ranges 
-13<=h<=13, -31<=k<=31, -
17<=l<=18 

-18<=h<=18, -25<=k<=25, -
18<=l<=18 

Reflections collected 44610 84460 
Independent reflections 7914 [R(int) = 0.0508] 6968 [R(int) = 0.0621] 
Completeness to theta = 
25.50° 99.9 %  99.6 %  

Refinement method 
Full-matrix least-squares on 
F2 Full-matrix least-squares on F2 

Data / restraints / 
parameters 7914 / 0 / 535 6968 / 0 / 601 
Goodness-of-fit on F2 1.010 1.119 
Final R indices 
[I>2sigma(I)] R1 = 0.0521, wR2 = 0.1276 R1 = 0.0526, wR2 = 0.1440 
R indices (all data) R1 = 0.0657, wR2 = 0.1365 R1 = 0.0678, wR2 = 0.1514 
Absolute structure 
parameter   
Largest diff. peak and 
hole 2.867 and -1.365 e.Å-3 1.247 and -0.718 e.Å-3 

( ) ( ) 2
1

22222 /2)).(00.2(/1 



 ∑∑ −=>∑∑ −= oco

b
oco

a FwFFwwRIIFFFR σ  (all data). 
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Table 7.2.  Crystallographic data and refinement parameters for 3, 4. 

Identification code  3 4 

Formula  
C61 H82 I2 Mn6 N26 O17 
Zn2 C71 H108 Mn6 N26 O21 Zn2 

Formula weight  2165.69 2122.19 
Temperature [K] 100(2) K 100(2) K 
Wavelength [Å] 0.71073 0.71073 
Crystal system  Monoclinic Monoclinic 
Space group  P21/c P21/c 
a [Å] 17.199(3)  18.566(3)  
b [Å] 12.269(2)  15.196(3)  
c [Å] 21.095(4)  18.566(3)  
α [deg] 90 90 
β [deg] 110.014(2) 113.98 
γ [deg] 90 90 
Volume [Å3] 4182.7(13)  4786.0(15)  
Z 2 2 
Dcalc [Mg/m3] 1.737 1.396 
abs. coefficient [mm-1] 2.255 1.328 
F(000) 2180 2052 
Crystal size [mm3] 0.35 x 0.2 x 0.15  0.4 x 0.4 x 0.3  
Theta range for data 
collection 1.26 to 25.40° 2.21 to 25.03° 

Index ranges 
-20<=h<=20, -14<=k<=14, -
24<=l<=25 

-21<=h<=21, -18<=k<=18, -
22<=l<=21 

Reflections collected 63801 28809 
Independent reflections 7694 [R(int) = 0.0977] 7277 [R(int) = 0.1185] 
Completeness to theta = 
25.50° 100.0 %  85.9 %  

Refinement method 
Full-matrix least-squares on 
F2 Full-matrix least-squares on F2 

Data / restraints / 
parameters 7694 / 0 / 529 7277 / 0 / 549 
Goodness-of-fit on F2 1.021 0.874 
Final R indices 
[I>2sigma(I)] R1 = 0.0441, wR2 = 0.0993 R1 = 0.0629, wR2 = 0.1429 
R indices (all data) R1 = 0.0669, wR2 = 0.1117 R1 = 0.1338, wR2 = 0.1564 
Absolute structure 
parameter   
Largest diff. peak and 
hole 1.814 and -1.017 e.Å-3 1.060 and -0.643 e.Å-3 

( ) ( ) 2
1

22222 /2)).(00.2(/1 



 ∑∑ −=>∑∑ −= oco

b
oco

a FwFFwwRIIFFFR σ  (all data). 
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Table 7.3.  Crystallographic data and refinement parameters for 5, 6. 

Identification code  5 6 

Formula  
C74 H118 Cd2 I2 Mn6 N26 
O22 

C70 H102 Cd2 I2 Mn6 N26 
O18 

Formula weight  2532.15 2403.98 
Temperature [K] 100(2)  100(2)  
Wavelength [Å] 0.71073 0.71073 
Crystal system  Monoclinic Monoclinic 
Space group  P21/n C2/c 
a [Å] 23.906(2)  36.119(5)  
b [Å] 15.2136(14)  12.8145(19) 
c [Å] 29.028(3)  21.672(3)  
α [deg] 90 90 
β [deg] 101.2870(10) 100.108(3) 
γ [deg] 90 90 
Volume [Å3] 10353.5(16)  9875(3)  
Z 8 8 
Dcalc [Mg/m3] 1.257 1.652 
abs. coefficient [mm-1] 1.756 1.863 
F(000) 3768 4896 
Crystal size [mm3] 0.3 x 0.3 x 0.2  0.25 x 0.2 x 0.2  
Theta range for data 
collection 2.15 to 25.03° 1.15 to 25.38° 

Index ranges 
-28<=h<=28, -18<=k<=18, -
34<=l<=34 

-43<=h<=42, -15<=k<=15, -
26<=l<=26 

Reflections collected 69691 58373 
Independent reflections 18040 [R(int) = 0.1063] 9079 [R(int) = 0.0754] 
Completeness to theta = 
25.50° 98.7 %  100.0 %  

Refinement method 
Full-matrix least-squares on 
F2 Full-matrix least-squares on F2 

Data / restraints / 
parameters 18040 / 0 / 829 9079 / 0 / 584 
Goodness-of-fit on F2 0.891 1.000 
Final R indices 
[I>2sigma(I)] R1 = 0.0766, wR2 = 0.1791 R1 = 0.0329, wR2 = 0.0670 
R indices (all data) R1 = 0.1533, wR2 = 0.2031 R1 = 0.0517, wR2 = 0.0742 
Absolute structure 
parameter   
Largest diff. peak and 
hole 3.244 and -2.243 e.Å-3 1.069 and -0.488 e.Å-3 

( ) ( ) 2
1

22222 /2)).(00.2(/1 



 ∑∑ −=>∑∑ −= oco

b
oco

a FwFFwwRIIFFFR σ  (all data). 
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Table 7.4.  Crystallographic data and refinement parameters for 7, 8. 

Identification code  7 8 

Formula  
C92 H78 As2 Cl2 Mn6 N24 
O16 Zn2 

C119 H110 Cd2 Cl2 Mn6 N26 
O19 P4 

Formula weight  2456.91 2957.56 
Temperature [K] 100(2)  100(2)  
Wavelength [Å] 0.71073 0.71073 
Crystal system  Monoclinic Triclinic 
Space group  C2/c P-1 
a [Å] 19.9331(12)  14.5164(4)  
b [Å] 13.1366(8)  15.1658(4)  
c [Å] 38.078(2)  15.7422(5)  
α [deg] 90 68.29 
β [deg] 95.7790(10) 77.1240(10) 
γ [deg] 90 74.58 
Volume [Å3] 9920.2(10)  3073.83(15)  
Z 4 2 
Dcalc [Mg/m3] 1.64 1.608 
abs. coefficient [mm-1] 2.005 1.109 
F(000) 4912 1504 
Crystal size [mm3] 0.35 x 0.3 x 0.25  0.35 x 0.3 x 0.25  
Theta range for data 
collection 2.05 to 25.02° 1.41 to 25.38° 

Index ranges 
-23<=h<=23, -15<=k<=15, -
45<=l<=45 

-17<=h<=17, -18<=k<=18, -
18<=l<=18 

Reflections collected 44752 38256 
Independent reflections 8717 [R(int) = 0.0924] 11223 [R(int) = 0.0402] 
Completeness to theta = 
25.50° 99.4 %  99.8 %  

Refinement method 
Full-matrix least-squares on 
F2 Full-matrix least-squares on F2 

Data / restraints / 
parameters 8717 / 0 / 650 11223 / 0 / 799 
Goodness-of-fit on F2 1.039 0.988 
Final R indices 
[I>2sigma(I)] R1 = 0.0358, wR2 = 0.0938 R1 = 0.0444, wR2 = 0.1063 
R indices (all data) R1 = 0.0412, wR2 = 0.0963 R1 = 0.0591, wR2 = 0.1140 
Absolute structure 
parameter   
Largest diff. peak and 
hole 1.230 and -0.584 e.Å-3 2.481 and -1.128 e.Å-3 

( ) ( ) 2
1

22222 /2)).(00.2(/1 



 ∑∑ −=>∑∑ −= oco

b
oco

a FwFFwwRIIFFFR σ  (all data). 
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Table 7.5.  Crystallographic data and refinement parameters for 9, 10. 

Identification code  9 10 

Formula  
C68 H94 Br2 Mn6 N26 O16 
Zn2 

C79 H122 Cd2 I2 Mn6 N26 
O19 

Formula weight  2151.86 2548.24 
Temperature [K] 100(2)  100(2)  
Wavelength [Å] 0.71073 0.71073 
Crystal system  Monoclinic Monoclinic 
Space group  P21/n P21/n 
a [Å] 11.3794(6)  14.3331(14)  
b [Å] 25.9748(13)  21.296(2)  
c [Å] 15.4612(8)  18.4738(17)  
α [deg] 90 90 
β [deg] 107.1660(10) 103.5760(10) 
γ [deg] 90 90 
Volume [Å3] 4366.4(4) 5481.3(9)  
Z 4 4 
Dcalc [Mg/m3] 1.631 1.594 
abs. coefficient [mm-1] 2.368 1.685 
F(000) 2168 2644 
Crystal size [mm3] 0.35 x 0.3 x 0.2  ? x ? x ?  
Theta range for data 
collection 2.09 to 25.03° 2.05 to 25.02° 

Index ranges 
-13<=h<=13, -30<=k<=30, -
17<=l<=18 

-17<=h<=16, -25<=k<=23, -
21<=l<=21 

Reflections collected 51381 44210 
Independent reflections 7702 [R(int) = 0.0372] 9670 [R(int) = 0.0519] 
Completeness to theta = 
25.50° 99.9 %  99.9 %  

Refinement method 
Full-matrix least-squares on 
F2 Full-matrix least-squares on F2 

Data / restraints / 
parameters 7702 / 0 / 546 9670 / 0 / 634 
Goodness-of-fit on F2 1.023 1.042 
Final R indices 
[I>2sigma(I)] R1 = 0.0261, wR2 = 0.0660 R1 = 0.0560, wR2 = 0.1363 
R indices (all data) R1 = 0.0301, wR2 = 0.0685 R1 = 0.0696, wR2 = 0.1487 
Absolute structure 
parameter   
Largest diff. peak and 
hole 0.975 and -0.609 e.Å-3 4.336 and -1.626 e.Å-3 

( ) ( ) 2
1

22222 /2)).(00.2(/1 



 ∑∑ −=>∑∑ −= oco

b
oco

a FwFFwwRIIFFFR σ  (all data). 
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Table 7.6.  Crystallographic data and refinement parameters for 11, 12. 

Identification code  11 12 

Formula  
C86 H129 Cd2 I2 Mn6 N29 
O14 

C105 H112 As2 Cl2 Mn6 N24 
O17 Zn2 

Formula weight  2601.39 2663.32 
Temperature [K] 100(2)  100(2)  
Wavelength [Å] 0.71073 0.71073 
Crystal system  Triclinic Monoclinic 
Space group  P-1 P21 
a [Å] 13.9249(6)  12.3305(7)  
b [Å] 17.3124(8)  36.598(2)  
c [Å] 24.2073(15)  12.8105(7)  
α [deg] 102.3020(10) 90 
β [deg] 104.1480(10) 103.4570(10) 
γ [deg] 106.1120(10) 90 
Volume [Å3] 5183.4(5)  5622.2(5)  
Z 2 4 
Dcalc [Mg/m3] 1.559 1.509 
abs. coefficient [mm-1] 1.771 1.775 
F(000) 2328 2492 
Crystal size [mm3] 0.4 x 0.4 x 0.1  0.3 x 0.2 x 0.2  
Theta range for data 
collection 1.33 to 28.07° 2.06 to 25.03° 

Index ranges 
-17<=h<=16, -18<=k<=22, -
28<=l<=20 

-14<=h<=14, -39<=k<=43, -
15<=l<=15 

Reflections collected 12174 54014 
Independent reflections 9356 [R(int) = 0.0252] 19150 [R(int) = 0.0351] 
Completeness to theta = 
25.50° 99.4 %  99.9 %  

Refinement method 
Full-matrix least-squares on 
F2 Full-matrix least-squares on F2 

Data / restraints / 
parameters 9356 / 0 / 1210 19150 / 1 / 1423 
Goodness-of-fit on F2 1.032 1.038 
Final R indices 
[I>2sigma(I)] R1 = 0.0507, wR2 = 0.1422 R1 = 0.0424, wR2 = 0.1154 
R indices (all data) R1 = 0.0597, wR2 = 0.1510 R1 = 0.0452, wR2 = 0.1177 
Absolute structure 
parameter  0.00 
Largest diff. peak and 
hole 1.912 and -1.047 e.Å-3 2.345 and -0.712 e.Å-3 

( ) ( ) 2
1

22222 /2)).(00.2(/1 



 ∑∑ −=>∑∑ −= oco

b
oco

a FwFFwwRIIFFFR σ  (all data). 
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Table 7.7.  Crystallographic data and refinement parameters for 13, 14. 

Identification code  13 14 

Formula  
C85 H94 Cl2 Mn6 N26 O17 
Zn2 

C125 H128 Cd2 Mn6 N32 
O19 P4  

Formula weight  2283.13 3060.90 
Temperature [K] 100(2)  100(2)  
Wavelength [Å] 0.71073 0.71073 
Crystal system  Monoclinic Triclinic 
Space group  P21/n P-1 
a [Å] 12.563(3)  13.172(13)  
b [Å] 29.089(7)  13.277(13)  
c [Å] 14.069(4)  22.80(2)  
α [deg] 90 77.495(13) 
β [deg] 106.820(4) 83.925(13) 
γ [deg] 90 60.836(11) 
Volume [Å3] 4921(2)  3399(6)  
Z 2 2 
Dcalc [Mg/m3] 1.556 1.486 
abs. coefficient [mm-1] 1.355 1.011 
F(000) 2348 1558 
Crystal size [mm3] 0.3 x 0.2 x 0.07  0.3 x 0.2 x 0.15  
Theta range for data 
collection 1.40 to 25.46° 2.16 to 25.03° 

Index ranges 
-15<=h<=15, -35<=k<=35, -
16<=l<=17 

-15<=h<=15, -15<=k<=15, -
27<=l<=27 

Reflections collected 49830 58870 
Independent reflections 8984 [R(int) = 0.0485] 11659 [R(int) = 0.0616] 
Completeness to theta = 
25.50° 98.9 %  97.2 %  

Refinement method 
Full-matrix least-squares on 
F2 Full-matrix least-squares on F2 

Data / restraints / 
parameters 8984 / 0 / 637 11659 / 0 / 865 
Goodness-of-fit on F2 1.019 1.025 
Final R indices 
[I>2sigma(I)] R1 = 0.0346, wR2 = 0.0839 R1 = 0.0508, wR2 = 0.1289 
R indices (all data) R1 = 0.0485, wR2 = 0.0903 R1 = 0.0686, wR2 = 0.1442 
Absolute structure 
parameter   
Largest diff. peak and 
hole 0.907 and -0.365 e.Å-3 1.834 and -1.013 e.Å-3 

( ) ( ) 2
1

22222 /2)).(00.2(/1 



 ∑∑ −=>∑∑ −= oco

b
oco

a FwFFwwRIIFFFR σ  (all data). 

 

 

 



372 

 

Table 7.8.  Selected Structural Parameters for Complexes 1-7. 

Complex 

Mn–N–
O–Mn 

Torsion 
Angles (θ, 

deg) 

µ3-oxo 
out-of-

plane shift 
(∆, Å) 

Jahn-
Teller 

Torsion 
Angles (δ, 

deg) 

Mn–Mn 
Distance1 

(Å) 

Mn–Mn 
Distance2 

(Å) 

Mn-O 
Distance 
(ε, Å) 

Mn-O-Mn 
Angle (ζ, 

deg) 

1 
31.21, 
28.42, 
25.03 

0.001 1.42, 
8.18, 4.80 

3.241, 
3.279, 
3.292 

3.245 2.826 98.12 

2 
33.04, 
23.62, 
9.17 

0.000 0.54, 
5.67, 1.77 

3.250, 
3.278, 
3.275 

3.245 2.697 97.20 

3 
32.27, 
24.25, 
26.13 

0.010 4.77, 
6.98, 6.06 

3.233, 
3.260, 
3.264 

3.234 2.718 97.26 

4 
30.00, 
18.55, 
31.00 

0.027 5.78, 
4.51, 2.75 

3.280, 
3.279, 
3.290 

3.349 2.817 101.23 

5a 
27.69, 
21.60, 
28.11 

0.093 1.79, 
8.37, 3.52 

3.271, 
3.244, 
3.262 

3.272 2.874 98.33 

5b 
34.10, 
25.08, 
28.09 

0.125 3.29, 
6.99, 4.80 

3.254, 
3.282, 
3.257 

3.244 2.716 98.66 

6 
35.29, 
30.36, 
27.75 

0.071 4.00, 
9.81, 6.08 

3.265, 
3.268, 
3.280 

3.204 2.583 95.95 

7 
29.24, 
15.23, 
10.84 

0.037 2.23, 
3.10, 2.00 

3.260, 
3.264, 
3.288 

3.363 2.657 98.10 

1Distance between Mn ions in each Mn3
III triangle.  2Closest Mn–Mn distance between Mn3

III triangles 
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Table 7.9.  Selected Structural Parameters for Complexes 8-14. 

Complex 

Mn–N–
O–Mn 

Torsion 
Angles (θ, 

deg) 

µ3-oxo 
out-of-

plane shift 
(∆, Å) 

Jahn-
Teller 

Torsion 
Angles (δ, 

deg) 

Mn–Mn 
Distance1 

(Å) 

Mn–Mn 
Distance2 

(Å) 

Mn-O 
Distance 
(ε, Å) 

Mn-O-Mn 
Angle (ζ, 

deg) 

8 
33.67, 

20.57,    -
2.62 

0.081 9.86, 
1.12, 1.43 

3.266, 
3.262, 
3.278 

3.290 2.689 98.69 

9 
31.25, 
28.60, 
24.89 

0.022 4.84, 
8.38, 1.18 

3.278, 
3.247, 
3.291 

3.238 2.828 98.10 

10 
31.77, 
19.91, 
23.75 

0.076 4.99, 
6.72, 1.21 

3.271, 
3.256, 
3.248 

3.303 2.748 98.01 

11a 
43.81, 

25.62,    -
16.80 

0.184 4.85, 
3.63, 2.06 

3.278, 
3.241, 
3.263 

3.272 2.378 98.33 

11b 
42.12, 
28.18, 
17.52 

0.158 6.25, 
6.83, 0.91 

3.257, 
3.227, 
3.286 

3.246 2.409 96.54 

12 

33.27, 
32.27, 
33.58, 
39.10, 
25.49, 
33.35 

0.059, 
0.038 

2.10, 
4.08, 
5.07, 
4.52, 

7.41, 5.26 

3.292, 
3.257, 
3.225, 
3.274, 
3.267, 
3.230 

3.256 2.655, 
2.861 

96.28, 
95.18 

13 
32.48, 
29.31, 
35.92 

0.016 4.49, 
6.33, 6.43 

3.269, 
3.223, 
3.242 

3.235 2.743 95.76 

14 
35.93, 
24.94, 
41.05 

0.066 5.12, 
7.24, 7.08 

3.307, 
3.259, 
3.270 

3.217 2.683 94.76 

1Distance between Mn ions in each Mn3
III triangle.  2Closest Mn–Mn distance between Mn3

III triangles 
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anisotropy of the cluster.  An important structural difference in these octanuclear 

'double-decker' complexes relative to the pentanuclear 'single-decker' Mn3
IIIZn2

II 

complexes is the observance of variations in the planarity of the µ3-oxo bridging group 

with respect to the Mn3
III plane.  These structural variations have been shown to 

influence the nature and magnitude of magnetic exchange interactions and range from 

exactly in-plane to shifted 0.20 Å out-of-plane.  Thus, these complexes provide a 

flexible platform from which to investigate the magnetostructural relationships 

associated with (i) changes in the co-crystallizing cation, (ii) changes in the identity of 

the oximate ligand, (iii) changes in the identity of the divalent metal ion, (iv) changes in 

the coordinated solvent molecules, (v) changes in the terminal halide ion, and (vi) 

changes in the crystallizing conditions. 

[<Pr4]2[Mn6Zn2(salox)6O2(<3)6Cl2(MeOH)2]·MeOH  (1).  Complex 1 

crystallizes in the monoclinic space group P21/n with one co-crystallized methanol 

solvate molecule.  Two molecular orientations are observed as a result of the n-glide 

plane symmetry operation, which tilts the molecular easy axes for each molecule 55.48º 

relative to their symmetry-related counterparts.  Three unique Mn-N-O-Mn torsion 

angles of θ = 31.21º, 28.42º, 25.03º are observed, as consistent with the Ci point group 

symmetry for the molecule.  The µ3-oxo bridging group in this complex is merely 0.001 

Å out of the Mn3
III plane, which has been previously shown to lead to nearly parallel 

single-ion JT elongation axes for the MnIII ions.  This is indeed the case for 1, where 

small δ torsion angles of 1.42º, 8.18º, and 4.80º are observed.  A summary of these and 

other selected structural parameters are provided in tables 8 and 9 for complexes 1-14.  

With reference to figure 1, a 2.832 Å hydrogen bonding interaction exists between O7 
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and O8; these atoms correspond to the bridging oximate oxygen and hydroxide oxygen 

of the coordinated methanol, respectively.  Another relevant structural parameter is the 

distance between O2 and Mn3 (2.826 Å in 1), which is expected affect the extent of 

magnetic exchange between the two Mn3
III triangles.  

[<Bu4]2[Mn6Zn2(salox)6O2(<3)6Cl2(MeOH)2]·MeOH  (2).  Complex 2 

maintains a similar formula to 1 above, differing only in the substitution of a bulkier 

[NBu4]+ cations in place of [NPr4]+ counter-ions.  In spite of its similar chemical 

composition, complex 2 exhibits crystallographic and geometric parameters that are 

distinct from 1.  This is immediately apparent upon comparing the Mn-N-O-Mn torsion 

angles (θ), in which complex 2 possesses the largest θ angle of 33.04º, followed by an 

intermediate angle of 23.62º, and a small angle of 9.17º.  Variations in these torsion 

angles are of particular interest, since the oximate bridging geometry has been shown to 

directly affect the nature and magnitude of the exchange interactions between MnIII 

ions.  Complex 2 also possesses an ordered co-crystallized MeOH solvate molecule, 

which takes part in a 2.854 Å hydrogen bonding interaction with O5.  An intramolecular 

2.830Å H-bonding interaction occurs between O3 and O8 (figure 2), while a O4····Mn1 

distance of 2.697 Å is observed.    

[<Et4]2[Mn6Zn2(salox)6O2(<3)6I2(MeOH)2]·MeOH  (3).  Complex 3 employs 

[NEt4]+ as the charge-balancing cation and iodide terminal ligands to ZnII.  The 

resulting monoclinic P21/c crystal packing includes one co-crystallizing MeOH solvate 

molecule, in which the alcohol oxygen (O8) resides 2.900 Å from O5.  An 

intramolecular hydrogen bonding interaction of 2.913 Å is also present between O9 and 

O2, according to the atom labeling in figure 3. The c-glide plane symmetry operation in 
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this space group leads to two molecular orientations with easy-axis projections that 

differ by 104.97º.  This observation is crucial to the crystalline magnetoanisotropy of 

this complex, as the nearly orthogonal arrangement of molecular easy axes will lead to 

an effective easy-plane anisotropy for a single crystal of 3.  This is unfavorable from the 

perspective of oriented single-crystal studies, and is an important practical consideration 

regarding the study of these SMMs.                                  

[<Pr4]2[Mn6Zn2(salox)6O2(<3)6(OH)2(MeOH)2]·3MeOH  (4).  Complex 4 

possesses a molecular formula that is quite similar to 1 above, except for the 

replacement of terminal Cl- ions with OH- ions.  Although the specific electron density 

corresponding to the hydroxyl/water protons could not be adequately resolved, this 

assignment was made on the basis of charge balance and the observed ZnII-O bond 

distance.  Complex 4 is also distinct from the other Mn6
IIIX2

II analogs in the orientation 

of the coordinating MeOH molecules bound to Mn1.  This is evident in figure 4, where 

the methyl group bonded to O8 is oriented inward towards the inversion center of the 

molecule.  This is contrasted with the other analogs, where the comparable methyl 

group is oriented approximately 120 º away from the position in 4.  This difference 

leads to a significantly longer O8····O4 bond distance of 4.067 Å in 4, which is 

expected to weaken any magnetic exchange interactions that may occur through this 

pathway.  Another metric parameter that differentiates 4 from the previously described 

analogs is a large Mn3-O5-Mn3 bond angle of 101.23º, based on the atom labeling in 

figure 4.  Although three co-crystallized MeOH molecules were calculated using 

SQUEEZE, attempts to localize their positions proved unsuccessful, indicating a high 

degree of solvate disorder. 
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[<Pr4]2[Mn6Cd2(salox)6O2(<3)6I2(MeOH)2]·6MeOH  (5).  Complex 5 differs 

from 1-4 in the identity of the diamagnetic metal ion, where CdII was employed in place 

in ZnII.  This change, along with the use of [NPr4]I, led to the crystallization of two 

independent molecules in the monoclinic P21/n space group, resulting in four molecular 

orientations within the unit cell.  Surprisingly, the easy axes for each of these 

orientations project large contributions to a single axis, which approximately 

corresponds to the c- crystallographic axis.  Comparisons of the two independent 

molecules of 5 reveal significant differences in geometric parameters, most notably θ 

and ∆.  The molecule labeled 5a in table 8 possesses θ angles of 27.69º, 21.60º, and 

28.11º and a ∆ out-of-plane shift of 0.093 Å.  The molecule 5b possesses larger θ angles 

of 34.10º, 25.08º, and 28.09º and a increased ∆ out-of-plane shift of 0.125 Å.  

Additionally, 5b   Nevertheless, significant disorder exists within this crystal, including 

six MeOH solvate molecules and a [NPr4]+ co-crystallizing cation.  The procedure 

SQUEEZE was applied to account for the electron density associated with these 

disordered groups.  The corresponding formula was also confirmed via elemental 

analysis results.   

[<Pr4]2[Mn6Cd2(salox)6O2(<3)6I2(MeOH)2]·2MeOH  (6).  Complex 6 exhibits 

structural parameters that differ considerably from the values observed in 1-5.  

Although the individual Mn3
III triangles in 6 possess similar metric parameters, the 

largest difference arises from the relative separation and interaction between these 

triangular subunits.  One measure of this is the Mn-Mn distance 2, as summarized in 

table 8.  Complex 6 exhibits the smallest distance of 2.583 Å for O6···Mn2 (ε), which 

implies the possibility for stronger magnetic exchange interactions through this pathway.  



378 

 

Another significant difference in 6 is the 95.95º Mn3-O5-Mn3 bridging angle (ζ) 

between the two halves of the molecule, which is smaller than in all of the above 

analogs.  As will be seen in the discussion of the magnetic data below, these changes 

result in a higher-spin ground state in 6 when compared to complexes 1-5.  Completing 

the discussion of the crystallography, complex 6 possesses two well-ordered co-

crystallized MeOH solvate molecules in the monoclinic C2/c space group, as well as 

two molecular orientations that are tilted 47.02º with respect to each other.  Projections 

of these two molecular anisotropy axes within the crystal result in a net anisotropy that 

is collinear with the a-axis.              

   [AsPh4]2[Mn6Zn2(salox)6O2(<3)6Cl2(MeOH)2] (7).  Complex 7 is 

compositionally similar to 1 and 2 except for the use of bulky tetrahedral [AsPh4]+ 

cations in place of [NPr4]+ and [NBu4]+, respectively.  This complex crystallizes in the 

monoclinic space group C2/c as one independent molecule in two symmetry-related 

orientations along the c- crystallographic axis.  Like the previous complexes 1-6 above, 

the two molecular orientations are the result of the glide plane symmetry operation that 

exists within this space group.  No solvate molecules or apparent disorder are observed 

in the structure, as evident by the absence of residual electron density and presence of 

well-behaved thermal ellipsoids, respectively.  Complex 7 is unique relative to the 

above examples, most clearly due to the large separation distance between closest MnIII 

ions of adjacent triangles (Mn-Mn distance 2 in table 8).  The 3.363 Å distance in 7 is 

larger than in any other analog, implying the weakest superexchange interaction 

between the two Mn3
IIIZnII ‘halves’.  Interestingly, in spite of this large separation 

between Mn3
III triangles, there exists an intramolecular 2.711 Å H-bonding interaction 
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that occurs between O4 and O5 in figure 7, along with a moderate O6····Mn1 distance 

of ε = 2.657 Å.   

[PP<]2[Mn6Cd2(salox)6O2(<3)6Cl2(MeOH)4]·MeOH  (8).  Complex 8 

employs the large co-crystallizing cation bis(triphenylphosphoranylidene)ammonium 

[PPN]+ and CdII, resulting in a triclinic P-1 crystalline structure.  This triclinic space 

group differs from the other analogs, in which a variety of monoclinic space groups are 

observed.  The significance of this difference lies in the observation of a single 

molecular orientation within a single crystal of 8, greatly simplifying the analysis via of 

oriented crystal data from HFEPR and magnetization hysteresis studies.  In addition to 

differences in crystalline space group, the five-coordinate CdII coordination sphere in 8 

also differs from the tetrahedral CdII and ZnII geometries observed for all of the other 

analogs.  This five-coordinate environment may be described as a highly distorted 

trigonal bipyramidal coordination geometry, where a coordinating MeOH molecule and 

a µ-η1:η1 azide represent the axial groups.  The orientation of salicylaldoximate ligands 

in 8 are also unique, where two phenyl groups for each triangle are oriented in the 

upward direction and one in the downward direction.  This is also evident in the θ 

torsion angles, where angles of 33.67º, 20.57º, and -2.62º are observed.  The negative 

angle for the third measurement implies a reversal of the torsion with respect to the two 

other oximate linkages.  This behavior is also seen only in complex 11, where this effect 

is pronounced even further.  The out-of-plane shift (∆) in 8 assumes a relative large 

value of 0.081 Å, along with a fairly large Mn-O-Mn angle of ζ = 98.69º.  A final 

notable observation is the single-ion JT torsion angles in 8, which have wide-ranging 

values of 9.86º, 1.12º, and 1.43º.             
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  [<Pr4]2[Mn6Zn2(salox)6O2(<3)6Br2(MeOH)2]  (9).  Complex 9 crystallizes as 

high-quality parallelogram blocks in the monoclinic space group P21/n (R1 = 2.61%).  

The chemical and crystallographic formulation of 9 is very similar to its chloride 

counterpart in 1, as also evident in the similar metric parameters shown in table 8.  

However, complex 9 is more attractive from a practical point of view considering its 

noticeably higher crystalline quality and lack of co-crystallized solvate molecules.   

[<Bu4]2[Mn6Cd2(salox)6O2(<3)6I2(MeOH)2]·3MeOH  (10).  Complex 10 

crystallizes in the monoclinic space group P21/n with three MeOH solvate molecules.  

The highly distorted tetrahedral coordination environment of the terminal CdII ions are 

reminiscent of the comparable pentanuclear [NEt4]3[Mn3Zn2(salox)3O(N3)6I2] complex 

described in chapter 4.  The bonds angles surrounding CdII in complex 10 range from 

97.60º to 121.70º, which makes sense considering the space-filling representation of the 

molecule in the molecular unit cell.  The relatively tight crystalline packing coupled 

with the large atomic radius for I– require structural deviations from tetrahedral, 

particularly with respect to close-contact interactions between the I– ions and the phenyl 

groups of adjacent molecules of 10.  Multiple hydrogen bonding interactions are also 

present in a crystal of 10 as a result of the two coordinated and three co-crystallized 

MeOH solvent molecules.  With reference to figure 10, an intramolecular H-bonding 

interaction of 2.887 Å is observed between the bridging oximate oxygen O6 and 

methanol oxygen O8.  Another such interaction occurs between the alkoxide oxygen O4 

of salicylaldoxime and O10, exhibiting a separation distance of 2.977 Å.  The O10 

oxygen also hydrogen bonds to O9 of the nearby MeOH molecule, at a distance of 

2.726 Å.  In other structural considerations, complex 10 possesses moderate θ torsion 
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angles of 31.77º, 19.91º, and 23.75º.  The first angle of 31.77º corresponds to the torsion 

in the oximate linkage that also serves to interconnect the two Mn3
III triangular halves of 

the molecule.  It is notable that this angle is the largest in 10, which is also true for the 

majority of complexes 1-14.  

[<Bu4]2[Mn6Cd2(Me-salox)6O2(<3)6I2]·3CH3C<  (11).  The crystalline 

structure of 11 is very different from all of the other complexes within this family.  This 

complex crystallizes in the triclinic space group P-1 as two independent molecules in 

two molecular orientations.  The structural differences in 11 arise from the synthetic 

effects associated with a change in the reaction solvent, from methanol to acetonitrile.  

Inspection of the structure of 11 reveals the absence of coordinating solvate molecules, 

which affects the coordination geometry of the oximate linkages between the two 

Mn3
IIIZnII halves of the molecule.  Most obvious is a dramatic decrease in the Mn1-O6 

distance in 11a (and Mn4-O14 in 11b), which is approximately 0.4 Å shorter than the 

comparable distance in complexes 1-10 and 12-14.  This remarkable structural change 

is coupled with a large increase in the neighboring Mn–N–O–Mn torsion angle (θ = 

43.81º and 42.12º in 11a and 11b, respectively).  It is also notable that this oximate 

linkage straddles the molecular inversion center and serves to interconnect the two 

halves of the molecule, which is expected to intimately affect the nature and magnitude 

of magnetic exchange within each molecule.  In addition to these differences, the two 

independent molecules in complex 11 both exhibit significant ∆ out-of-plane shifts of 

0.184 Å and 0.158 Å, which are by far the largest among this family of complexes.  The 

twisting of the oximate bridges in 11a is also noteworthy, where two salicylaldoximate 

phenyl rings are oriented upward and one downward for each Mn3
III triangle.  This was 
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previously mentioned in the description of complex 8, where a reversal of the torsion 

orientation was observed.  Interestingly, this observation was not apparent for the 

molecule 11b, suggesting its origin arises from the steric effects associated with 

crystallographic packing.  Finally, the Mn–O–Mn angles (ζ) in 11a and 11b were 

determined as 98.33º and 96.54º, respectively.  The angle for 11b is among the smallest 

for these complexes, while the value for 11a is approximately the same as the other 

analogs. 

[AsPh4]2[Mn6Zn2(Et-salox)6O2(<3)6Cl2(MeOH)2]·MeOH  (12).  Complex 12 

possesses a molecular formula that is very similar to 7 above, differing in the identity of 

the salicylaldoxime ligand and the presence of a methanol solvate molecule.  This 

molecule crystallizes in the chiral monoclinic space group P21, in which two molecular 

orientations are realized as a result of the 21 screw axis symmetry operation.  

Furthermore, this C1 symmetric structure crystallizes with Z’ = 1, in which the inversion 

symmetry operation is no longer present.  The structural changes associated with the use 

of Et-saloxH2 in place of saloxH2 are numerous, including a significant increase in the 

average θ torsion angle.  Equally important as the maximization of the average value for 

θ are the relative values of these torsion angles, in which comparably large values are 

observed for 12.  This is in contrast to complex 11, where a single large torsion angle is 

observed, along with an intermediate and small value.  These considerations have been 

found to affect the ground state spin for these complexes, as described in the 

magnetization data discussion below.  Other structural properties that are unique to 

complex 12 include small Mn–O–Mn angles (ζ) and highly variable Mn–O distances 

(ε).  In the former, bond angles of ζ = 96.28º and 95.18º are observed for Mn1–O7–Mn4 
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and Mn1–O15–Mn4, respectively.  Although these are the smallest ζ observed for any 

of the analogs, the Mn1–Mn4 distance is comparable.  This suggests Mn–O bonds that 

are longer in 12 than in the other complexes, as confirmed the 2.396 Å and 2.434 Å 

Mn1–O15 and Mn4–07 bond distances.  These values are approximately 0.1 Å longer 

than the comparable bond lengths in complexes 1-11 and 13-14.  Bond distances of ε = 

2.655 Å and 2.861 Å are present in 12, corresponding to Mn2–O6 and Mn3–O10.  

These values are interesting when compared to the other analogs because they represent 

the second shortest and the longest ε bond distances, respectively.   

[<Et4]2[Mn6Zn2(<aph-salox)6O2(<3)6Cl2(MeOH)2]·MeOH  (13).  Complex 

13 is comprised of [NEt4]+ co-crystallizing cations, chloride terminal ions, and the 

derivatized salicylaldoxime ligand Nap-saloxH2.  Like many of the previously described 

complexes, this molecule crystallizes in the monoclinic space group P21/n as one 

unique molecule in two molecular orientations that differ by 67.90º.  Similar to complex 

12 above, this molecule exhibits significant and nearly equivalent θ torsion angles of 

32.48º, 29.31º, and 35.92º.  In fact, upon inspection of the parameters listed in table 8, it 

is clear that complex 13 possesses many structural similarities to that of 12.  This is 

surprising considering the vastly different magnetic behavior observed for these 

complexes (vide infra).  With this in mind, a relevant structural difference is a larger 

extent of intramolecular H-bonding in 13, where distances of 3.035 Å and 2.977 Å are 

observed for O8····O5 and O8····O6, respectively.  This compares to corresponding 

distances of 2.994 Å and 3.117 Å in 12, revealing a lengthening of the latter distance in 

12.  Although this represents a noticeable difference between complexes, it is unlikely 

to account for the large change in the magnetism between 12 and 13.  Saving an in- 
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Figure 7.1.  Partially labeled molecular structure of complex 1.  Hydrogen atoms have 

been omitted while carbon and symmetry equivalent atoms have been left unlabeled, for 

clarity. 
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Figure 7.2.  Partially labeled molecular structure of complex 2.  Hydrogen atoms have 

been omitted while carbon and symmetry equivalent atoms have been left unlabeled, for 

clarity. 
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Figure 7.3.  Partially labeled molecular structure of complex 3.  Hydrogen atoms have 

been omitted while carbon and symmetry equivalent atoms have been left unlabeled, for 

clarity. 
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Figure 7.4.  Partially labeled molecular structure of complex 4.  Hydrogen atoms have 

been omitted while carbon and symmetry equivalent atoms have been left unlabeled, for 

clarity. 
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Figure 7.5.  Molecular structure of complex 5, emphasizing the two independent 

molecules in the unit cell.  Hydrogen atoms have been omitted, for clarity. 
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Figure 7.6.  Partially labeled molecular structure of complex 6.  Hydrogen atoms have 

been omitted while carbon and symmetry equivalent atoms have been left unlabeled, for 

clarity. 
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Figure 7.7.  Partially labeled molecular structure of complex 7.  Hydrogen atoms have 

been omitted while carbon and symmetry equivalent atoms have been left unlabeled, for 

clarity. 
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Figure 7.8.  Partially labeled molecular structure of complex 8.  Hydrogen atoms have 

been omitted while carbon and symmetry equivalent atoms have been left unlabeled, for 

clarity. 
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Figure 7.9.  Partially labeled molecular structure of complex 9.  Hydrogen atoms have 

been omitted while carbon and symmetry equivalent atoms have been left unlabeled, for 

clarity. 
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Figure 7.10.  Partially labeled molecular structure of complex 10.  Hydrogen atoms 

have been omitted while carbon and symmetry equivalent atoms have been left 

unlabeled, for clarity. 
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Figure 7.11.  (Left) Molecular structure of complex 11, emphasizing the two 

independent molecules in the unit cell.  (Right) Partially labeled core molecular 

structure for complex 11.  Carbon and hydrogen atoms have been omitted while 

symmetry equivalent atoms have been left unlabeled, for clarity. 
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Figure 7.12.  Partially labeled molecular structure of complex 12.  Hydrogen atoms 

have been omitted while carbon and symmetry equivalent atoms have been left 

unlabeled, for clarity. 
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Figure 7.13.  Partially labeled molecular structure of complex 13.  Hydrogen atoms 

have been omitted while carbon and symmetry equivalent atoms have been left 

unlabeled, for clarity. 
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Figure 7.14.  Partially labeled molecular structure of complex 14.  Hydrogen atoms 

have been omitted while carbon and symmetry equivalent atoms have been left 

unlabeled, for clarity. 
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depth discussion for later, it is more probable that the θ = 29.31º torsion angle and 

inversion symmetry of 13 lead to a decrease in the spin of the ground state relative to 

complex 12. 

[PP<]2[Mn6Zn2(Me-salox)6O2(<3)8(MeOH)2]·3MeOH  (14).  Complex 14 

crystallizes in the triclinic space group P-1 with Z’ = 0.5 and one molecular orientation 

within the crystal.  The bulky [PPN]+ cation was employed to balance the 2– charge of 

the metal complex, along with Me-saloxH2 as the chelating oximate ligand.  Bent 

terminal azide groups occupy the terminal coordination sites of the apical ZnII ions.  

The resulting structure possesses large θ angles of 35.93º, 24.94º, and 41.05º, which is 

consistent with the results obtained for the structurally related ‘single-decker’ 

Mn3
IIIZn2

II complexes.  Notably, complex 14 possesses the second shortest Mn3–Mn3’ 

distance of 3.217 Å and the smallest Mn3–O5–Mn3’ angle of ζ = 94.76º, when 

compared to the analogous values in complexes 1-13.  This suggests a relatively strong 

interaction between the two Mn3
IIIZnII halves of the molecule.  Additionally, weak 

magnetic exchange interactions between the two triangles may occur through a 2.999 Å 

intramolecular H-bond interaction between O6 and O8, as labeled in figure 14.        

 

7.2.2.  Magnetochemistry 

7.2.2.1.  Dc Magnetic Susceptibility and Magnetization versus Magnetic Field 

Studies   

Dc magnetic susceptibility measurements were recorded on ground crystalline 

samples of complexes 1-14.  The powders were immobilized in an eicosane matrix to 

prevent field-induced torquing of the microcrystallites.  Measurements were recorded 
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from 300-1.8K at fields ranging from 0.01-5 T to assess the nature of the magnetic 

exchange interactions, as well as the magnitude of the axial zero-field splitting (zfs) 

parameter D.   

Fitting of the variable field magnetization data from 1.8-5 K and 1-5 T for 

complexes 1-14 was performed using the spin Hamiltonian of eq. 1,   

                               ZZBZ HSgSDH ˆˆ
0

2 µµ+=                                  (1) 

where D is the axial ZFS parameter, zŜ  is the spin projection operator along the z 

direction, g is the Landé g-factor,  µB is the Bohr magneton, and Hz is the applied 

magnetic field.  This Hamiltonian assumes only the ground state is populated at these 

temperatures and magnetic fields, and includes isotropic Zeeman interactions and axial 

ZFS ( 2ˆ
zSD ); a full powder average was calculated.1     

Variable-temperature magnetic susceptibility measurements collected on 1 

reveal behavior that is consistent with competing ferromagnetic and antiferromagnetic 

interactions, as evident by the nearly constant susceptibility from 300-80 K, combined 

with a modest decrease in χmT below 80 K.  The 300 K χmT value of 16.77 cm3·K·mol-1 

is slightly less than the value of 18.06 cm3·K·mol-1 expected for six uncorrelated s = 2 

MnIII ions and g = 2.0.  The decrease below 80 K is indicative of the population of spin 

states that possess antiferromagnetic interactions between MnIII ions.  The susceptibility 

data below 5.86 K exhibit a strong field dependence, in which the 0.01 T and 0.1 T data 

assume a χmT value of 9.99 cm3·K·mol-1 at 1.8 K, whereas the 1 T data assumes a much 

reduced value of 4.61 cm3·K·mol-1 at 1.8 K.  This behavior is attributed to the effects of 

zfs and Zeeman interactions with the applied magnetic field.   
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Field-dependent reduced magnetization data were collected on 1 to investigate 

this behavior in more detail, via the Hamiltonian in eq. 1.  The M/!µB  versus H/T data 

for complex 1 was least-squares fit to an S = 5 spin ground state and the two 11 x 11 

spin Hamiltonian matrices diagonalized for each setting of the parameters g and D.  The 

resulting eigenvalues, Ei, and their dependency on the magnetic field, δEi/δB, were used 

to calculate the magnetization according to eq. 2.   

                     ( ) ( ) ( )∑∑ −−=
i

i

i

ii kTEkTEBE!M expexpδδ                         (2)           

Best-fit parameters of S = 5, g = 1.99, and D = –1.47 K were obtained from this 

procedure, resulting in an excellent correlation to the experimental data.  Attempts to fit 

the reduced magnetization data to a molecular S = 4 or S = 6 ground state resulted in 

very poor fits and unrealistic values of g = 2.47 and g = 1.44, respectively. 

The magnetic susceptibility results for complex 2 reveal temperature-dependent 

behavior that is different from that of 1.  The 300 K χmT value of 14.54 cm3·K·mol-1 is 

significantly less than the value of 18.06 cm3·K·mol-1 expected for six uncorrelated s = 

2 MnIII ions and g = 2.0, indicating the population of antiferromagnetic spin states at 

this elevated temperature.  The susceptibility for 2 decreases at an increasing rate as the 

temperature is lowered, assuming a minimum value of 3.51 cm3·K·mol-1 at 0.1 T and 

1.8 K.  The corresponding reduced magnetization data (M/!µβ) for 2, from 1.8-4.0 K 

and 1-5 T are indicative of a smaller spin ground state than observed for 1.  This is 

evident by the smaller magnetization saturation value of 5.03 cm3·K·Oe at the high-

field and low-temperature conditions of 5 T and 1.8 K.  Attempts to fit these M/!µβ data 

to eqs. 1 and 2 resulted in large fitting deviations to the experimental data, indicating  
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Figure 7.15.  (top) Temperature dependence of the dc magnetic susceptibility (χMT) of 

1 from 1.8-300 K at applied fields of 0.01-1 T.  Solid lines serve as guides for the eye.  

(bottom) Reduced magnetization for complex 1, taken at 1-5T from 1.8-4.0K.  Black 

lines describe the fit to the data for parameters described in the text. 



402 

 

 

 

Figure 7.16.  (top) Temperature dependence of the dc magnetic susceptibility (χMT) of 

2 from 1.8-300 K at applied fields of 0.01-1 T.  Solid lines serve as guides for the eye.  

(bottom) Reduced magnetization for complex 2, taken at 1-5T from 1.8-4.0K.  Black 

lines describe the fit to the data for parameters described in the text. 
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that the simple giant-spin Hamiltonian in eq. 1 is an inadequate model to describe this 

system.  This is seen in figure 16 (bottom), where the best-fit is shown as black lines for 

the fitting parameters of S = 3, g = 1.73, and D = –1.37 K.  The low correlation of the 

least-squares fit indicates the likelihood of a spin-mixed ground state in 2 and/or low 

lying excited states that are thermally populated at these temperatures and magnetic 

fields. 

Complex 4 was also studied via variable-temperature magnetic susceptibility 

studies, revealing behavior that is intermediate that of complexes 1 and 2 above.  The 

0.01 T susceptibility product χmT assumes a value of 17.34 cm3·K·mol-1 at 300 K, 

which remains nearly constant until approximately 130 K.  The susceptibility decreases 

at an increasing rate that is reminiscent of 1 until ~40 K, below which the χmT value 

decreases at a nearly linear rate.  Interestingly, the 0.1 T and 1 T data for 4 reveal χmT 

values that are smaller than the 0.01 T data at all temperatures.  Although this behavior 

is sometimes associated with mass errors in small samples and improper diamagnetic 

corrections, this feature was found to be reproducible for large, independently 

synthesized samples of 4.  Reduced magnetization measurements on 4 suggest an S = 3 

ground state experiencing appreciable zfs, as evident by the M/!µβ saturation value of 

5.98 cm3·K·Oe and non-superimposability of the 1-5 T isofield data collected at 1.8-4.0 

K.  Least-squares fitting of these data according to the procedure detailed above resulted 

in best-fit parameters of S = 3, g = 1.84, and D = –1.28 K, as indicated by the black 

lines in figure 17 (bottom).   

The dc magnetic data for complex 5 are indicative of competing ferromagnetic 

and antiferromagnetic interactions.  The 0.1 T χmT value of 15.95 at 300 K gradually 
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increases to a maximum value of 18.06 at 50 K, followed by a nearly linear decrease to  

10.58 cm3·K·mol-1 at 5.84 K.  Below 5.84 K, the susceptibility decreases at an even 

faster rate, to a value of 8.79 cm3·K·mol-1 at 1.80 K.  The presence of multiple 

temperature-dependent segments of the susceptibility curves are indicative of 

competing magnetic exchange interactions, which is not surprising considering the 

numerous unique MnIII–MnIII exchange pathways.  The reduced magnetization data 

were fit according to eqs. 1 and 2, resulting in best-fit parameters of S = 4, g = 2.01, and 

D = –1.28 K.  It is important to note that the data used to obtain this fit represent the 

averaged magnetic response for the two unique molecules in the unit cell of 5.   

The compositionally similar yet geometrically distinct complex 6 exhibits  

magnetic behavior that is different from 5.  The 300 K χmT value of 17.94 cm3·K·mol-1 

is larger than in 1-5 and almost identical to the 18.06 cm3·K·mol-1 expected for six 

uncorrelated s = 2 spins.  A nearly constant susceptibility is observed until ~100 K, 

below which the χmT value increases in a highly field-dependent fashion.  Illustrating 

this point further, a maximum χmT value of 33.08 cm3·K·mol-1 is observed at 2.81 K for 

fields of 0.01 T and 0.1 T, while a maximum 1.0 T value of 22.35 cm3·K·mol-1 is 

observed at 13.90 K.  These observations suggest dominant weak ferromagnetic 

interactions, as indicated by the increase in χmT at only very low temperatures.  Fitting 

of the dc reduced magnetization data confirms the expected higher spin ground state in 

6.  This is apparent by the 11.83 cm3·K·Oe saturation value of M/!µβ at 1.8 K and 5.0 

T, which is nearly identical to the value of 12.00 cm3·K·Oe expected for an S = 6 

system with g = 2.0.  Indeed, fitting of these data to eq. 1 led to best-fit parameters of S 

= 6, g = 2.02, and D = –1.01 K.           
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Figure 7.17.  (top) Temperature dependence of the dc magnetic susceptibility (χMT) of 

complex 4 from 1.8-300 K at applied fields of 0.01-1 T.  Solid lines serve as guides for 

the eye.  (bottom) Reduced magnetization for complex 4, taken at 1-5T from 1.8-4.0K.  

Black lines describe the fit to the data for parameters described in the text. 
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Figure 7.18.  (top) Temperature dependence of the dc magnetic susceptibility (χMT) of 

5 from 1.8-300 K at applied fields of 0.01-1 T.  Solid lines serve as guides for the eye.  

(bottom) Reduced magnetization for complex 5, taken at 1-5T from 1.8-4.0K.  Black 

lines describe the fit to the data for parameters described in the text. 



407 

 

The [AsPh4]+ charge-balanced complex 7 exhibits dc magnetic behavior that is 

distinct from the previously described analogs.  The curvature of the 300-20 K magnetic 

susceptibility for 7 is reminiscent of the χmT plot for 2.  However, the susceptibility 

below 20 K for complex 7 maintains a nearly constant value of 9.5 cm3·K·mol-1 at 0.01 

T and 0.1 T.  Least-squares fitting of the corresponding reduced magnetization data for 

7 indicate an S = 4 spin ground state with g = 1.97 and a large axial zfs of D = –1.95 K. 

The magnetic susceptibility data for 8 are qualitatively similar to 7 above, in 

which a small horizontal step is observed at low temperatures.  The M/!µβ reduced 

magnetization data for 8 assumes a saturation value of 7.30 cm3·K·Oe at 5 T.  Although 

some deviations are expressed in the fits to these data (figure 21 (bottom)), parameters  

of S = 4, g = 2.05, and D = –1.33 K reasonably describe the experimental results.  

Complex 9 exhibits variable-temperature magnetic susceptibility behavior that is 

qualitatively and quantitatively very similar to that of 1.  However, attempted fitting of 

the reduced magnetization results for 9 indicates an S ≈ 6 ground state that cannot be 

adequately described by the giant-spin Hamiltonian in eq. 1.  This is apparent in the 

best-fit shown in figure 22 (bottom), where large deviations from the experimental data 

are observed.  As in the fitting results for 2, the large deviations for complex 9 indicates 

the likelihood of a spin-mixed ground state and/or the presence of low lying excited 

states that are thermally populated at these temperatures and magnetic fields.          

Inspection of the magnetic susceptibility data for complex 10 from 0.01-1 T and 

300-1.8 K reveal clear field- and temperature-dependent behavior.  Most interesting is 

the observation of larger magnetic susceptibilities at larger dc magnetic fields.  This  
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Figure 7.19.  (top) Temperature dependence of the dc magnetic susceptibility (χMT) of 

6 from 1.8-300 K at applied fields of 0.01-1 T.  Solid lines serve as guides for the eye.  

(bottom) Reduced magnetization for complex 6, taken at 1-5T from 1.8-4.0K.  Black 

lines describe the fit to the data for parameters described in the text. 
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Figure 7.20.  (top) Temperature dependence of the dc magnetic susceptibility (χMT) of 

complex 7 from 1.8-300 K at applied fields of 0.01-1 T.  Solid lines serve as guides for 

the eye.  (bottom) Reduced magnetization for complex 7, taken at 1-5T from 1.8-4.0K.  

Black lines describe the fit to the data for parameters described in the text. 
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behavior is indicative of the presence of excited states that are separated from the 

ground state by energies that are small relative to the corresponding Zeeman splittings.  

Thus, larger susceptibilities are observed at the larger fields as a result of Zeeman 

crossover and the population of these higher-spin excited states.  This assertion is 

further confirmed by the inability to fit the reduced magnetization data to the giant-spin 

Hamiltonian in eq. 1.  The best fit is shown in figure 10 (bottom), revealing large 

deviations from the experimental data for parameters of S = 6, g = 1.98, and D = –0.64 

K. 

Complex 11 possesses a 300 K χmT value of 15.18 cm3·K·mol-1, which increases 

gradually to a maximum of 19.67 cm3·K·mol-1 at 30 K, followed by a precipitous drop 

to 3.12 cm3·K·mol-1 at 1.8 K.  These data show very little field dependence from 0.01-

1.0 T, as evident from the nearly superimposable 300-1.8 K susceptibility data.  This is 

in contrast to the previously described complexes 1-10, in which large field-dependent 

differences are apparent in plots of χmT vs. T.  The reduced magnetization data for 11 

are equally curious, where the differences in magnetization between the 2 T and 3 T 

isofields are significantly larger than any of the other field separations.  Furthermore, 

the range of M/!µβ spanned by the 1-5 T fields is ~11.5 cm3
·K·Oe, which is 

unexpectedly large.  The curvature of M/!µβ at 1 T and 2 T also indicates magnetization 

saturation at these small fields, which suggests a large degree of excited state spin 

mixing into the ground state.  It was indeed impossible to fit these data to the spin 

Hamiltonian in eq. 1.  Taking into account these observations, it appears that 11 

possesses the largest degree of spin mixing of the complexes within this family. 

The dc magnetic data for complex 12 indicates the largest ground state spin, as  
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Figure 7.21.  (top) Temperature dependence of the dc magnetic susceptibility (χMT) of 

8 from 1.8-300 K at applied fields of 0.01-1 T.  Solid lines serve as guides for the eye.  

(bottom) Reduced magnetization for complex 8, taken at 1-5T from 1.8-4.0K.  Black 

lines describe the fit to the data for parameters described in the text. 
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Figure 7.22.  (top) Temperature dependence of the dc magnetic susceptibility (χMT) of 

complex 9 from 1.8-300 K at applied fields of 0.01-1 T.  Solid lines serve as guides for 

the eye.  (bottom) Reduced magnetization for complex 9, taken at 1-5T from 1.8-4.0K.  

Black lines describe the fit to the data for parameters described in the text. 
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Figure 7.23.  (top) Temperature dependence of the dc magnetic susceptibility (χMT) of 

complex 10 from 1.8-300 K at applied fields of 0.01-1 T.  Solid lines serve as guides for 

the eye.  (bottom) Reduced magnetization for complex 10, taken at 1-5T from 1.8-4.0K.  

Black lines describe the fit to the data for parameters described in the text. 
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evident by the ferromagnetic χmT data and large reduced magnetization values.  At an 

applied field of 0.1 T, the relatively large 300 K χmT value of 18.07 cm3·K·mol-1 

increases with decreasing temperature to a maximum of 31.65 cm3·K·mol-1 at 6.85 K, 

which is larger than the spin-only value of 28.10 cm3·K·mol-1 expected for an S = 7 

system with g = 2.0.  Fits to the reduced magnetization data for 12 also indicate a high-

spin ground state, as evident by the black lines in figure 25 (bottom) for fitting 

parameters of S = 8, g = 1.87, D = –0.59 K.  This enhanced ferromagnetic behavior is 

attributed to the large Mn–O–N–Mn torsion angles (θ) in 12, relative to the previously 

described complexes 1-11. 

Although the magnetic Mn6
III core of 13 bears numerous structural similarities 

to complex 12 (table 9), the observed magnetic behaviors are not comparable.  Instead, 

the susceptibility and reduced magnetization of 13 is reminiscent of complex 1, which 

was found to possess an S = 5 spin ground state on the basis of fits to the reduced 

magnetization data.  This difference is likely due to the distribution of θ torsion angles 

in 12 and 13, which has been shown in chapter 4 to affect the nature and magnitude of 

the magnetic exchange between MnIII ions.  Comparing these observations with the θ 

torsion angles in table 9, it is apparent that values less than ~31º lead to 

antiferromagnetic interactions, while angles larger than this value lead to ferromagnetic 

interactions.  This observation has been previously determined in the structurally related 

Mn3
IIIZn2

II complexes.2  Because complex 13 possesses an inversion center, one may 

expect the presence of two S ≈ 2 triangles, based on this criterion.  The overall S = 5 

ground state may thus be rationalized as the ferromagnetic exchange between the two S  
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Figure 7.24.  (top) Temperature dependence of the dc magnetic susceptibility (χMT) of 

complex 11 from 1.8-300 K at applied fields of 0.01-1 T.  Solid lines serve as guides for 

the eye.  (bottom) Reduced magnetization for complex 11, taken at 1-5T from 1.8-4.0K. 



416 

 

 

 

Figure 7.25.  (top) Temperature dependence of the dc magnetic susceptibility (χMT) of 

complex 12 from 1.8-300 K at applied fields of 0.01-1 T.  Solid lines serve as guides for 

the eye.  (bottom) Reduced magnetization for 12, taken at 1-5T from 1.8-4.0K.  Black 

lines describe the fit to the data for parameters described in the text. 
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Figure 7.26.  (top) Temperature dependence of the dc magnetic susceptibility (χMT) of 

complex 13 from 1.8-300 K at applied fields of 0.01-1 T.  Solid lines serve as guides for 

the eye.  (bottom) Reduced magnetization for 13, taken at 1-5T from 1.8-4.0K. 
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Figure 7.27.  (top) Temperature dependence of the dc magnetic susceptibility (χMT) of 

complex 14 from 1.8-300 K at applied fields of 0.01-1 T.  Solid lines serve as guides for 

the eye.  (bottom) Reduced magnetization for 14, taken at 1-5T from 1.8-4.0K.  Black 

lines describe the fit to the data for parameters described in the text. 
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≈ 2 triangles in 13.  Extending this idea to complex 12 above, one may expect an S = 6 

and an S ≈ 2 triangle to exist, on the basis of the low molecular symmetry and six 

unique θ torsion angles.  The S = 8 ground state in 12 may thus be rationalized as the 

ferromagnetic exchange between these two Mn3
III triangles.         

The dc magnetic data for the Me-salox2– supported complex 14 bears a 

resemblance to the data obtained for 12, particularly with respect to the dominant 

ferromagnetic exchange interactions that are indicated at reduced temperatures.  

However, it is notable that 14 possesses a 300 K χmT value of 12.30 cm3·K·mol-1, which 

is much less than that of 12.  As the temperature is lowered, the value of χmT in 14 

quickly increases to a maximum of 26.36 cm3·K·mol-1 at 6.85 K and 0.1 T.  The 

reduced magnetization data were well-fit to an S = 6 spin ground state for fitting 

parameters of g = 1.99 and D = –0.75 K, as shown in figure 27 (bottom).  These 

observations are correlated with the large θ torsion angles of 41.05° and 35.93° that are 

observed in 14. 

 

7.2.2.2.  Ac Magnetic Susceptibility Studies 

Because complexes 1-14 possess a broad range of high-spin ground states and 

large uniaxial anisotropies, ac magnetic susceptibility experiments were conducted to 

assessthe nature of magnetization relaxation in these complexes, as well as to determine 

the spin of the ground state in the absence of an applied magnetic field.  Indeed, the ac 

susceptibility results reveal a large variation in the calculated value of Ueff, as well as a 

range of χ’mT values that have been extrapolated to 0 K.  The values of Ueff in table 10 

were determined from the ac susceptibility data, in which Arrhenius plots were 
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constructed from the peaks in the out-of-phase (χ’’m) component.  Extrapolation of the 

in-phase susceptibility (χ’mT) provides an estimation of the ground state spin in the 

absence of the Zeeman effects associated with interactions with an applied field.  This is 

especially important in these salox2– based complexes, in which low-lying excited states 

have been shown to exist as a result of the weak magnetic exchange interactions 

between MnIII ions.2, 3  An external field will thus split these spin states differently 

according to their relative magnitudes, favoring the population of the highest spin levels 

at low temperatures and high magnetic fields.  Since the ac susceptibility measurements 

were conducted at zero applied field, extrapolation of the in-phase component of the ac 

susceptibility to 0 K eliminates multiple factors that complicate the determination of the 

spin ground state.  However, it is important to note this method does not take into 

account the effects of intermolecular antiferromagnetic interactions, which may arise 

from H-bonding or weak dipolar interactions between adjacent molecules. 

Figure 28 shows the ac susceptibility results obtained for a ground crystalline 

sample of complex 1, revealing temperature- and frequency-dependent magnetic 

relaxation behavior.  This is evident as the onset of significant out-of-phase (χ’’m) ac 

susceptibilities, combined with corresponding decreases in the in-phase susceptibilities 

(χ’m).  Interestingly, there are two peaks that occur in χ’’m for 1: a small high-

temperature peak that is observed at T ≈ 3-4 K for f = 10-1000 Hz, and a significantly 

larger low-temperature peak that is observed at T ≈ <1.8 to 2 K.  The presence of an 

impurity was ruled out based on identical replicate measurements and expected 

elemental analysis results on the corresponding ac susceptibility samples.  As a result, 

the separate peaks in χ’’m most likely arise from the presence of two distinct  
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microenvironments and/or partial desolvation of the crystal leading to structural and 

magnetic changes within the sample.  Due to the large molecular weight of the sample, 

the loss of co-crystallized MeOH does not lead to significant changes in the expected 

microanalytical results, making discrimination via EA impossible.  Instead, these 

possibilities were investigated further via separate measurements on samples that were 

dried under vacuum.  An increase in the intensity of the high-temperature peak was 

observed for the dried sample, confirming the suspected magnetic changes associated 

with removal of the co-crystallized MeOH.  Unfortunately, single crystals of 1 were 

observed to crack upon solvent removal, which prohibited any direct structural 

comparisons via X-ray crystallography.  Extrapolation of the 50 Hz in-phase 

susceptibility product (χ’mT) for 1 resulted in a value of 10.11 cm3·K·mol-1 at 0 K, 

which compares to the value of 10.03 cm3·K·mol-1 expected for an S = 4 ground state 

and g = 2.0.  This is different from the ground state obtained from fitting of the reduced 

magnetization data, implying population of the S = 5 excited state at magnetic fields of 

1-5 T.   

Ac susceptibility measurements on complex 2 revealed well-defined peaks in 

χ’’m that gradually transition from Lorentzian peak shapes at higher frequencies to 

Gaussian at lower frequencies.  Although the significance of this finding is not known, 

it has also been observed for a few other complexes within this family of complexes.  

An Arrhenius plot was constructed for 2, according to eq. 3 below. 

( ) ( ) kTU eff−= 01ln1ln ττ                                      (3)     

In this plot, the relaxation times (τ) were determined from the oscillating ac frequency, 

whereas the temperatures were determined from the peak maxima that were obtained 



423 

 

from fits to χ’’m.  The corresponding least-squares fit for 2 yielded parameters of Ueff = 

25.57 K and τ0 = 3.41·10-7 sec, which more than twice the value of Ucalc = 12.29 K 

expected for S = 3 and D = –1.37 K, as determined from fitting of the dc reduced 

magnetization data.  Extrapolation of the 50 Hz χ’mT value for 2 resulted in a value of 

7.15 cm3·K·mol-1, which is slightly larger than the value of 6.02 cm3·K·mol-1 expected 

for S = 3.  Considering the poor fit to the reduced magnetization data (figure 16 

(bottom)), it is thus likely that the unexpectedly large value of Ueff arises from the 

enhanced relaxation via low-lying higher-spin excited states that are populated at these 

temperatures, and/or the presence of an axial zfs that is significantly larger than D = –

1.37 K. 

2
Zcalc SDU =                         (4) 

Similar ac susceptibility measurements on 4 reveal clear peaks in χ’’m that become 

broader at lower ac oscillating frequencies.  In fact, a virtually constant maximum χ’’m 

value is observed in the broad temperature range of 1.8-2.15 K at 25 Hz, as evident in 

figure 32.  Another notable observation is a shift in the baseline surrounding each peak 

in χ’’m, which has also been observed in the weakly exchange-coupled ‘single-decker’ 

complex [NEt4]3[Mn3Zn2(salox)3O(N3)6Cl2] described in chapters 4 and 5.  

Interestingly, this behavior was not evident in the more strongly coupled and 

isostructural Me-salox ‘single-decker’ analog, suggesting it arises from the presence of 

weak exchange interactions and the corresponding energy overlap of ground and 

excited states.  Fitting of the 100-1000 Hz χ’’m data to eq. 3 resulted in parameters of 

Ueff = 30.38 K and τ0 = 5.14·10-8 sec, which is surprising considering the small 

extrapolated χ’mT value of 3.94 cm3·K·mol-1 at 0 K.  This is between the g = 2.0 values  
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Figure 7.28.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 1 

at 1.8-5 K from 25-1000 Hz. 
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Figure 7.29.  Extrapolation of the 50 Hz in-phase (χ’mT) susceptibility for 1 to 0 K.  



426 

 

 

Figure 7.30.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 2 

at 1.8-5 K from 25-1000 Hz. 
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Figure 7.31.  (top) Arrhenius plot of complex 2.  The temperatures were obtained from 

Lorentzian fits to the 1000-100 Hz peaks in χ'' and Gaussian fits to the 50-25 Hz peaks 

in χ''.  (bottom) Extrapolation of the 50 Hz in-phase (χ’mT) susceptibility to 0 K. 
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of 3.01 cm3·K·mol-1 and 6.02 cm3·K·mol-1 expected for S = 2 and S = 3 ground states, 

respectively.  These spin states require extremely large respective D-values of 7.60 K 

and 3.38 K to account for the observed magnetization reversal barrier in 4.  Referring to 

the well-fit reduced magnetization data for 4, the obtained fitting parameters of S = 4 

and D = –1.28 K lead to Ucalc = 20.45, which is still only two-thirds that of the 

experimentally determined effective barrier.  In fact, it is interesting that an S = 5 

ground state with an equivalent zfs anisotropy matches Ueff more closely, yielding a 

calculated barrier of 31.95 K.  These observations suggest a more complicated 

mechanism for magnetization relaxation than the simple double-well explanation that is 

typically invoked.  

Complex 5 shows similarly interesting ac susceptibility relaxation behavior, in 

which asymmetric baseline-shifted χ’’m peaks are observed from 1.8-5.0 K at 10-1000 

Hz.  The asymmetric peak shape for 5 is not particularly surprising considering the 

presence of two unique molecules in the unit cell.  However, the relative peak heights 

are virtually the same from 10-1000 Hz, which is typically not observed in well-

behaved SMM systems.  Equally puzzling is the large magnetization reversal barrier of 

Ueff = 49.18 K, which is nearly double the effective barriers obtained for complexes 2 

and 4.  Furthermore, the well-fit reduced magnetization data suggest a much smaller 

Ucalc = 20.51 K for 5, based on the fitting parameters of S = 4 and D = –1.282.  

Extrapolation of the 50 Hz in-phase susceptibility product (χ’mT) to 0 K resulted in a 

value of 7.02 cm3·K·mol-1, which is slightly larger than the 6.02 cm3·K·mol-1 expected 

for S = 3 and g = 2.0.  Like complex 4 above, the ac susceptibility results for 5 reveal a 

magnetization relaxation barrier that is much larger than the value calculated from a 
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simple consideration of the molecular parameters S and D.        

The ac susceptibility data for complex 8 show clear frequency-dependent peaks 

in χ’’m from 1.8-5.0 K and 25-1000 Hz.  Inspection of the 500-1000 Hz data reveals the 

onset of a second, lower temperature peak that exists below the 1.8 K operating limit of 

our ac SQUID.  This behavior is reminiscent of complex 1, in which two separate peaks 

in χ’’m are indicated.  We attribute this behavior in 8 to the same origin as in 1, namely 

the structural and magnetic changes associated with the loss of the co-crystallized 

MeOH solvate molecule.  An Arrhenius plot was constructed from Gaussian fits to the 

high-temperature χ’’m peak in 8, resulting in best-fit parameters of Ueff = 41.91 and τ0 = 

3.41·10-7 sec.  As in the previous examples, this barrier exceeds the expectation value 

based on the reduced magnetization fitting parameters of S = 4, D = –1.33 K and the S ≈         

2-3 ground state indicated by extrapolation of  χ’mT to 0 K ( 4.37 cm3·K·mol-1). 

Even more puzzling is the ac relaxation behavior observed for complex 9.  A 

spin ground state of S ≈ 6 was determined on the basis of the reduced magnetization 

data, while a 0 K extrapolated value of χ’mT was determined as 10.99 cm3·K·mol-1.  

This value of  χ’mT indicates an S = 4 ground state and is the largest such value among 

complexes 1-8.  In spite of these indications of a higher spin ground state, no peaks in 

the out-of-phase susceptibility χ’’m are observed from 1.8-5.0 K and 10-1000 Hz.  This 

is in remarkable considering the predicted barrier to magnetization reversal is 

approximated by eq. 4, in which larger spin values should lead to an exponential 

increase in the thermodynamic barrier.  A possible reason for the shift of χ’’m peaks to 

low temperatures is a fast rate of QTM, which serves to reduce the effective (kinetic) 

barrier.  As described in chapters 4 and 5, the probability of QTM is linked to the  
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Figure 7.32.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 4 

at 1.8-5 K from 25-1000 Hz. 
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Figure 7.33.  (top) Arrhenius plot of complex 4.  The temperatures were obtained from 

Gaussian fits to the 1000-100 Hz peaks in χ''.  (bottom) Extrapolation of the 50 Hz in-

phase (χ’mT) susceptibility to 0 K.  
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Figure 7.34.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 5 

at 1.8-5 K from 10-1000 Hz. 
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Figure 7.35.  (top) Arrhenius plot of complex 5.  The temperatures were obtained from 

Lorentzian fits to the 1000-10 Hz peaks in χ''.  (bottom) Extrapolation of the 50 Hz in-

phase (χ’mT) susceptibility to 0 K.  
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Figure 7.36.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 8 

at 1.8-5 K from 10-1000 Hz. 
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Figure 7.37.  (top) Arrhenius plot of complex 8.  The temperatures were obtained from 

Gaussian fits to the 1000-100 Hz peaks in χ''.  (bottom) Extrapolation of the 50 Hz in-

phase (χ’mT) susceptibility to 0 K for 8. 
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presence of transverse terms in the spin Hamiltonian, which may arise from symmetry 

effects, intermolecular interactions, and/or molecular disorder, among others.  However, 

upon comparison with complexes 1-8, there are no obvious differences with respect to 

these considerations, as 9 possesses a similar low-symmetry Ci structure, as well as no 

solvate molecules or disordered atoms.  More detailed studies such as single-crystal 

magnetization hysteresis or inelastic neutron scattering (INS) spectroscopy are required 

to understand this behavior in more detail.4 

The ac susceptibility results for complex 10 are consistent with the spin-mixed 

ground state indicated by dc susceptibility and reduced magnetization measurements.  

This is evident by the absence of clear peaks in χ’’m, which are instead replaced by out-

of-phase susceptibilities that are frequency-dependent yet reminiscent of a shift in the 

baseline, i.e. a constant value for χ’’m below a certain threshold value.  It was not 

possible to construct an Arrhenius plot from these data, though an S ≈ 2-3 ground state 

was determined from the 4.26 cm3·K·mol-1 extrapolation value of χ’mT.  Interestingly, 

this contrasts significantly with the S ≈ 6 ground state indicated by the reduced 

magnetization saturation value at 5 T, confirming the energy crossover of low-lying 

higher-spin ground states with the S ≈ 2-3 ground state upon application of a magnetic 

field. 

The ac susceptibility data for complex 11 illustrates this concept to a greater 

degree, in which the M/!µβ saturation value of 12.94 cm3·K·Oe indicates an S ≈ 7 spin 

ground state, whereas the extrapolation of χ’mT to 0 K indicates an S = 0 ground state.  

Inspection of the susceptibility data reveal two peaks in χ’’m from 1.8-7.0 K and 50-

1000 Hz, which is consistent with the two independent and structurally diverse  
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Figure 7.38.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 9 

at 1.8-5 K from 10-1000 Hz. 
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Figure 7.39.  Extrapolation of the 50 Hz in-phase (χ’mT) susceptibility to 0 K for 9.  
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Figure 7.40.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 10 

at 1.8-5 K from 100-1000 Hz. 
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Figure 7.41.  Extrapolation of the 100 Hz in-phase (χ’mT) susceptibility to 0 K for 10. 
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molecules that exist within the unit cell.  The Arrhenius behavior for these two 

relaxation processes are plotted in figure 43 (top), revealing remarkably similar Ueff 

values of 40.96 K and 37.20 for the high-temperature and low-temperature peaks, 

respectively.  However, a comparison of the pre-exponential factors for the two sets of 

peaks shows a three order of magnitude difference in τ0, indicating vastly different 

magnetization relaxation rates for the two independent molecules in 11.      

The ac susceptibility data for complex 12 are characterized by robust frequency-

dependent peaks in χ’’m that are approximately half the magnitude of the in-phase 

susceptibility χ’m.  Extrapolation of χ’mT to 0 K indicates an S = 4 ground state, as 

evident by the value of 10.73 cm3·K·mol-1, which is close to the S = 4 spin-only value 

of 10.03 cm3·K·mol-1.  However, like many of the previously described analogs, fitting 

of the reduced magnetization of 12 to eq. 1 results in a different ground state, yielding 

fitting parameters of S = 8, g = 1.859, and D = –0.589 K.  Surprisingly, these parameters 

correspond to a fit that correlates very well to the experimental data, in spite of the S = 4 

ground state indicated by the ac susceptibility χ’mT extrapolation.  In the absence of 

simultaneous fitting of the variable-temperature susceptibility and variable-field 

reduced magnetization data via full-matrix diagonalization, it is not possible to 

comment further on the reasons behind this observation.   

The dominantly ferromagnetic complex 14 possesses ac susceptibility data that 

are unique among complexes 1-13.  The most significant difference is the 0 K 

extrapolation value of χ’mT for 14, which assumes a value of 27.54 cm3·K·mol-1.  This 

is close to the spin-only value of 28.07 cm3·K·mol-1 expected for a molecular S = 7 

system with g = 2.0.  This value is significantly greater than any of the other analogs,  
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Figure 7.42.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 11 

at 1.8-5 K from 50-1000 Hz. 
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Figure 7.43.  (top) Arrhenius plot of complex 11, emphasizing the two separate peaks 

in χ''.  The temperatures for the high-temperature (HT) peak were determined from the 

peak maxima derived from Gaussian fits to χ''.  Due to the irregular peak shape, the 

low-temperature (LT) peaks were estimated as the maxima in χ''.  (bottom) 

Extrapolation of the 50 Hz in-phase (χ’mT) susceptibility to 0 K for 11.  
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Figure 7.44.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 12 

at 1.8-7 K from 10-1000 Hz. 
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Figure 7.45.  (top) Arrhenius plot of complex 12.  The temperatures were obtained 

from Gaussian fits to the 1000-10 Hz peaks in χ''.  (bottom) Extrapolation of the 50 Hz 

in-phase (χ’mT) susceptibility to 0 K for 12. 
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Figure 7.46.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 13 

at 1.8-7 K from 10-1000 Hz. 
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Figure 7.47.  Extrapolation of the 50 Hz in-phase (χ’mT) susceptibility to 0 K for 

complex 13. 
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Figure 7.48.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 14 

at 1.8-7 K from 10-1000 Hz. 
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Figure 7.49.  (top) Arrhenius plot of complex 14.  The temperatures were obtained 

from Gaussian fits to the 1000-100 Hz peaks in χ''.  (bottom) Extrapolation of the 50 Hz 

in-phase (χ’mT) susceptibility to 0 K for 14.   
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and is further differentiated because it exceeds the S = 6 ground state determined from 

fitting of the corresponding reduced magnetization data for 14.  In all of the other 

complexes, the ground state spin determined from the reduced magnetization fitting 

results was always found to exceed the χ’mT extrapolation value, in some cases by up to 

∆S = 7.  In any case, the Arrhenius behavior for 14 indicates least-squares fitting 

parameters of Ueff = 29.16 K and τ0 = 2.34·10-8 sec.  This behavior is reminiscent of 

complex 9, where the larger ground state spin is not accompanied by an enhancement in 

the relaxation properties, but instead a decrease in Ueff (relative to complexes 4, 5, 8, 

11).                    

 

7.3.  Conclusions 

The structures and magnetic properties on complexes 1-14 above reveal some of 

the intrinsic difficulties in understanding the magnetic behavior of SMMs of increased 

complexity.  These structures possess spin ground states ranging from S = 0 to S = 8 

that exhibit varying degrees of spin-mixing with low-lying excited states.  These 

observations are apparent from comparisons of the magnetic data collected at low 

temperatures and high fields with the data collected at low temperatures and low/zero 

applied field.  This is particularly apparent in complex 10, where the reduced 

magnetization data suggest an S = 7 ground state, while the ac susceptibility data 

indicate an S = 0 ground state.   

The ac susceptibility data for these complexes also provide evidence for the 

existence of complicated relaxation processes, as evident by the observance of 

irregularly shaped peaks in the out-of-phase ac susceptibility, along with effective 
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magnetization reversal barriers (Ueff) that do not correlate with the trends in Ucalc.  For 

example, complex 4 was determined to have an S = 3 spin ground state and D = –1.28 K 

on the basis of reduced magnetization data fitting and 0 K extrapolation value of the in-

phase ac susceptibility data.  The corresponding value of Ueff was found to be 30.38 K, 

which is nearly three times larger than Ucalc.  This is clearly not possible for a well 

behaved isolated spin-state system, in which Ueff ≤ Ucalc.  Furthermore, the S = 6 

complex 14 was found to possess a D-value of –0.75 K and Ueff = 29.16 K, which is 

close to the Ucalc value of 27.0 K for these parameters.  In spite of the above 

complicating factors, these Mn6
IIIX2

II complexes accomplish two of the initial goals set 

forth in this work: (i) generating higher nuclearity structures based upon the Mn3
IIIO 

building block subunit and (ii) increasing the effective kinetic barrier to magnetization 

reversal.  These two considerations are also the focus of the next chapter, in which 

infinite 1-D and 2-D structures have been synthesized and characterized to have large 

Ueff values, some in excess of 100 K.   

 

7.4.  Experimental Section 

7.4.1.  Physical Measurements   

Infrared spectra were recorded for KBr discs on a Thermo-Nicolet Avatar 360 

FT-IR spectrometer.  Elemental analyses were performed by Numega Resonance Labs 

(San Diego, CA).  DC magnetic susceptibility data were collected using a Quantum 

Design MPMS-2 SQUID magnetometer equipped with a 5 T magnet.  AC magnetic 

susceptibility data were collected on a Quantum Design MPMS SQUID magnetometer 

equipped with a 1 T magnet, as part of the W.M. Keck Center for Interface and 
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Materials Sciences (CIMS) laboratory at the University of California-San Diego.  

Crystalline samples for bulk magnetic studies were pulverized and immobilized in 

eicosane to prevent field-induced torquing.  Pascal's constants were employed as 

diamagnetic corrections to the magnetic susceptibility data.  Bulk magnetization 

hysteresis measurements were conducted on field-aligned powder samples, where a 

static 5 T field was applied at 330 K, followed by cooling to 10 K.  This procedure led 

to partially aligned samples, in which the molecular easy axes were approximately 

aligned with the applied magnetic field.     

X-ray Crystallography   

Representative single-crystals were selected from the crystallization solvent and 

mounted on a CryoLoop with Paratone-N oil.  Diffraction intensity data were collected 

at 100 K on a Bruker Smart Apex or Apex II CCD-based diffractometer employing Mo 

Kα radiation.  The reflection data were integrated using the Bruker SAINT software 

program and corrected for absorption effects using the Bruker SADABS program.  

Complexes 1-14 were all solved by direct methods using SHELXS-97, utilizing 

successive difference Fourier syntheses, and refined by full matrix least squares on all 

F2 data.  All non-hydrogen atoms were refined anisotropically by full-matrix least-

squares regression.  Hydrogen atoms were designated in calculated positions using a 

riding model.  Disordered co-crystallized solvate molecules in complexes 1, 4, and 5 

were treated using the program SQUEEZE, the details of which may be found in the 

CIF file.  One MeOH solvate molecule was determined from the residual 40 e- density 

in 1 (36 e- calculated).  A residual electron density of 101 e- was found for 4, 

corresponding to 3 MeOH molecules (108 e- calculated).  An electron density of 1277 e- 
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was determined for 5, corresponding to three disordered [NEt4]+ cations and six MeOH 

solvate molecules (1288 e- calculated).    Disordered ligands and solvate molecules were 

absent in the remaining complexes, in which well-behaved thermal ellipsoids were 

observed for the structure factors assigned to the observed electron densities. 

 

7.4.2.  Synthesis 

[<Pr4]2[Mn6Zn2(salox)6O2(<3)6Cl2(MeOH)2]·MeOH  (1).  MnCl2·4H2O (0.40 

g, 2.0 mmol) and ZnCl2 (0.26 g, 2.0 mmol) were dissolved in 40 mL of MeOH, 

followed by the addition of salicylaldoxime (0.28 g, 2.1 mmol) and sodium azide (0.26 

g, 4.0 mmol).  The mixture was stirred for an additional 30 minutes, followed by the 

addition of NPr4I (0.70 g, 2.3 mmol) and NaOH (0.04 g, 1.0 mmol).  The resulting dark 

green-brown mixture was filtered after stirring for 20 minutes and left undisturbed.  

Large black block-shaped crystals formed from the filtrate after 3 days in 55% yield 

(based on Mn).  Selected IR data (cm-1): 3434 (b), 2974 (w), 2101 (s), 2073 (s), 1598 

(m), 1439 (m), 1291 (m), 1201 (w), 1026 (m), 919 (m), 754 (w), 675 (s), 650 (m), 462 

(w). 

[<Bu4]2[Mn6Zn2(salox)6O2(<3)6Cl2(MeOH)2]·MeOH  (2).  MnCl2·4H2O (0.40 

g, 2.0 mmol) and ZnCl2 (0.26 g, 2.0 mmol) were dissolved in 40 mL of MeOH, 

followed by the addition of salicylaldoxime (0.28 g, 2.1 mmol) and sodium azide (0.26 

g, 4.0 mmol).  Tetrabutylammonium hydroxide (2 mL of a 1 M solution in MeOH) was 

slowly added to this mixture, resulting in immediate solution darkening.  The resulting 

dark green-brown mixture was filtered after stirring for 20 minutes and left undisturbed.  

Large black block-shaped crystals formed from the filtrate after 3 days in 58% yield 
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(based on Mn).  Selected IR data (cm-1): 3435 (b), 3030 (w), 2077 (s), 1596 (s), 1484 

(m), 1440 (m), 1287 (s), 1029 (m), 918 (m), 677 (s), 465 (m). 

[<Et4]2[Mn6Zn2(salox)6O2(<3)6I2(MeOH)2]·MeOH  (3).  Mn(NO3)2·4H2O 

(0.50 g, 2.0 mmol) and Zn(NO3)2·6H2O (0.50 g, 1.6 mmol) were dissolved in 40 mL of 

MeOH, followed by the addition of sodium azide (0.26 g, 4.0 mmol).  The mixture was 

stirred until the NaN3 dissolved completely, followed by addition of salicylaldoxime 

(0.28 g, 2.1 mmol), NaI, (0.20 g, 1.3 mmol), and NEt4OH (0.7 mL of a 20% solution in 

H2O).  The resulting solution was stirred for 30 minutes, resulting in black shiny 

precipitate and dark green-black filtrate.  The filtrate was left undisturbed, yielding 

large black blocks in 48% crystalline yield (based on Mn) after 5 days.  Selected IR data 

(cm-1): 3449 (b), 2074 (s), 1595 (w), 1384 (m), 1289 (m), 1026 (m), 918 (m), 761 (w), 

676 (m), 645 (m), 463 (w).  

[<Pr4]2[Mn6Zn2(salox)6O2(<3)6(OH)2(MeOH)2]·3MeOH  (4).  

Mn(NO3)2·4H2O (0.50 g, 2.0 mmol) and Zn(NO3)2·6H2O (0.25 g, 0.84 mmol) were 

dissolved in 40 mL of MeOH, followed by the addition of sodium azide (0.26 g, 4.0 

mmol).  The mixture was stirred until the NaN3 dissolved completely, followed by 

addition of salicylaldoxime (0.28 g, 2.1 mmol), and NPr4OH (1.0 mL of a 20% solution 

in H2O).  The resulting solution was stirred for 30 minutes, resulting in a dark green-

black filtrate.  The filtrate was layered with 20 mL of Et2O, yielding very large black 

blocks (2mm × 2mm × 2mm) in 66% crystalline yield (based on Mn) after 2 days.  

Selected IR data (cm-1): 3441 (b), 2975 (m), 2939 (w), 2881 (w), 2104 (s), 2078 (s), 

1597 (s), 1439 (m), 1283 (s), 1029 (s), 916 (m), 677 (s), 463 (w). 
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[<Pr4]2[Mn6Cd2(salox)6O2(<3)6I2(MeOH)2]·6MeOH  (5).  A procedure 

analogous to that for complex 1 was employed, except for the use of Cd(NO3)2·6H2O 

(0.36 g, 1.0 mmol) in place of ZnCl2.  Very large block-shaped crystals (2.5mm × 2mm 

× 2mm) formed from the standing filtrate after 10 days in 34% yield (based on Mn).  

Selected IR data (cm-1): 3442 (b), 2970 (w), 2084 (s), 2063 (s), 1597 (m), 1439 (m), 

1384 (m), 1282 (m), 1029 (m), 915 (m), 758 (m), 674 (s), 645 (m), 463 (w). 

[<Pr4]2[Mn6Cd2(salox)6O2(<3)6I2(MeOH)2]·2MeOH  (6).  A procedure 

identical to that of complex 5 was employed, except for the addition of 20 mL of Et2O 

to the filtrate mixture.  Numerous black bar-shaped crystals (0.5 mm × 0.3mm × 

0.2mm) formed overnight in 65% yield (based on Mn).  Selected IR data (cm-1): 3442 

(b), 2970 (m), 2878 (w), 2065 (s), 1630 (m), 1598 (s), 1440 (m), 1282 (m), 1030 (m), 

917 (m), 757 (m), 678 (s), 646 (m), 464 (w). 

[AsPh4]2[Mn6Zn2(salox)6O2(<3)6Cl2(MeOH)2] (7).  MnCl2·4H2O (0.20 g, 1.0 

mmol) and ZnCl2 (0.09 g, mmol) were dissolved in 100 mL of MeOH, followed by the 

addition of salicylaldoxime (0.14 g, 1.1 mmol) and sodium azide (0.13 g, 2.0 mmol).  

The mixture was stirred for an additional 30 minutes, followed by the addition of 

AsPh4Cl (0.42 g, 1.0 mmol) and NaOH (0.08 g, 2.0 mmol).  The resulting dark forest 

green soluion was filtered after stirring for 20 minutes and left undisturbed.  Large 

black-green block-shaped crystals formed from the filtrate after 5 days in 41% yield 

(based on Mn).  Selected IR data (cm-1): 3454 (b), 2091 (m), 2077 (s), 1637 (w), 1597 

(m), 1438 (m), 1287 (m), 1027 (m),  918 (m), 679 (s), 645 (m), 530 (w).  

[PP<]2[Mn6Cd2(salox)6O2(<3)6Cl2(MeOH)4]·MeOH  (8).  CdCl2 (0.15 g, 0.82 

mmol) was dissolved in 1 mL of MeOH and added to a stirring solution of MnCl2·6H2O 



456 

 

(0.20 g, 1.0 mmol) in 35 mL MeOH.  bis(triphenylphosphoranilydene)ammonium 

chloride (0.572 g, 1.0 mmol) and NaN3 (0.13 g, 2 mmol) were added and stirred until 

dissolved (20 min).  Salicylaldoxime (0.14 g, 1.1 mmol) and NaOH (0.01 g, 0.25 mmol) 

were then added and the resulting solution stirred for 35 minutes.  Large geometric 

blocks formed from the standing filtrate after 4 days in 38% yield (based on Mn).  

Selected IR data (cm-1): 3440 (b), 3055 (w), 2064 (s), 1598 (s), 1438 (s), 1280 (s), 1115 

(m), 1029 (s), 915 (m), 676 (s), 532 (m), 463 (w).  

[<Pr4]2[Mn6Zn2(salox)6O2(<3)6Br2(MeOH)2]  (9).  Mn(NO3)2·4H2O (0.50 g, 

mmol) and Zn(NO3)2·6H2O (0.50 g, 1.7 mmol) were dissolved in 40 mL of MeOH, 

followed by the addition of sodium azide (0.26 g, 4.0 mmol).  The mixture was stirred 

until the NaN3 dissolved completely, followed by addition of salicylaldoxime (0.28 g, 

2.1 mmol), NPr4Br, (0.74 g, 2.9 mmol), and NaOH (0.08 g, 2.0 mmol).  The resulting 

solution was stirred for 30 minutes, resulting in black shiny precipitate and dark green-

black filtrate.  The filtrate was left undisturbed, yielding large black blocks in 48% 

crystalline yield (based on Mn) after 5 days.  Selected IR data (cm-1): 3450 (b), 2973 

(w), 2101 (s), 2073 (s), 1589 (m), 1439 (m), 1384 (m), 1200 (w), 1025 (m), 916 (m), 

675 (s), 650 (m), 462 (w).   

[<Bu4]2[Mn6Cd2(salox)6O2(<3)6I2(MeOH)2]·3MeOH  (10).  A procedure 

analogous to that for 9 was followed, with the exception of Cd(NO3)2·6H2O (0.36 g, 

mmol) used in place of Zn(NO3)2·6H2O.  The solvent volume was also increased to 75 

mL of MeOH.  Exceptionally large (10mm × 7mm × 5mm ) spiky crystals formed from 

the standing filtrate after 5 days in 74% yield (based on Mn).  Selected IR data (cm-1): 
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3451 (b), 2961 (m), 2873 (w), 2066 (s), 1598 (m), 1440 (m), 1284 (s), 1030 (s), 917 (m), 

677 (s), 464 (w).    

[<Bu4]2[Mn6Cd2(Me-salox)6O2(<3)6I2]·3CH3C<  (11).  Mn(NO3)2·4H2O (0.50 

g, 2.0 mmol) and Cd(NO3)2·6H2O (0.36 g, 1.0 mmol) were dissolved in 60 mL of 

acetonitrile, followed by the addition of salicylaldoxime (0.28 g, 2.1 mmol) and sodium 

azide (0.26 g, 4 mmol).  The mixture was stirred for 30 minutes, followed by the 

addition of NPr4I (0.70 g, 2.3 mmol) and NaOH (0.07 g, 1.8 mmol).  The resulting dark 

green mixture was filtered after stirring for 8 hours and left undisturbed.  Large black 

block-shaped crystals formed from the filtrate after slowly evaporating for 2 weeks (in 

50% yield, based on Mn).  Selected IR data (cm-1): 3448 (b), 2961 (w), 2874 (w), 2086 

(m), 2064 (s), 2037 (w), 1596 (w), 1434 (m), 1054 (m), 862 (w), 678 (m), 468 (w).   

[AsPh4]2[Mn6Zn2(Et-salox)6O2(<3)6Cl2(MeOH)2]·MeOH  (12).  A procedure 

analogous to that of 7 was followed, with the exception of Et-saloxH2 (0.18 g, 1.1 

mmol) used in place of saloxH2.  Large irregular block crystals formed from the filtrate 

after 2 days in 41% yield (based on Mn).  Selected IR data (cm-1): 3423 (b), 2934 (w), 

2065 (s), 1597 (m), 1437 (m), 1320 (w), 1048 (m), 1007 (m), 944 (m), 752 (w), 665 (m), 

573 (w). 

[<Et4]2[Mn6Zn2(<aph-salox)6O2(<3)6Cl2(MeOH)2]·MeOH  (13).  

MnCl2·4H2O (0.20 g, 1.0 mmol) and ZnCl2 (0.09 g, 0.67 mmol) were dissolved in 150 

mL of MeOH, followed by the addition of Nap-saloxH2 (0.25 g, 1.4 mmol) and sodium 

azide (0.13 g, 2 mmol).  The resulting mixture was stirred for 45 minutes, followed by 

addition of NEt4OH (0.70 mL of a 20% solution in H2O).  Thin blade-shaped amber 

crystals formed from the standing solution in 59% yield after 1 week.   
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[PP<]2[Mn6Zn2(Me-salox)6O2(<3)8(MeOH)2]·3MeOH  (14).  A procedure 

analogous to that of complex 8 was followed, with the exception of ZnCl2 (0.11 g, 0.81 

mmol) used in place of CdCl2 and Me-saloxH2 (0.17 g, 1.1 mmol) used in place of 

saloxH2.  Small black blocks formed over 3 days in 27% yield (based on Mn) after 

layering with 30 mL of Et2O.       

 

7.5.  References 

1. Yoo, J.; Yamaguchi, A.; Nakano, M.; Krzystek, J.; Streib, W. E.; Brunel, L. C.; 
Ishimoto, H.; Christou, G.; Hendrickson, D. N., Inorg. Chem. 2001, 40, 4604. 

2. Feng, P. L.; Koo, C.; Henderson, J. J.; Manning, P.; Nakano, M.; Barco, E. d.; 
Hill, S.; Hendrickson, D. N., Inorg. Chem. 2009, 48, 3480. 

3. Carretta, S.; Guidi, T.; Santini, P.; Amoretti, G.; Pieper, O.; Lake, B.; Slageren, 
J. v.; Hallak, F. E.; Wernsdorfer, W.; Mutka, H.; Russina, M.; Milios, C. J.; 
Brechin, E. K., Phys. Rev. Lett. 2008, 100, 157203. 

4. Andres, H.; Basler, R.; Gudel, H. U.; Aromi, G.; Christou, G.; Buttner, H.; 
Ruffle, B., J. Am. Chem. Soc. 2000, 122, 12469. 

 
 



 

459 

 

 

 

 

 

 

Chapter 8 
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8.1.  Introduction 

The quantum magnetic behaviors observed in SMMs arise by virtue of the size 

and magnetic isolation of these single-domain particles.  The ability to synthesize these 

isolated molecules via bottom-up synthetic methods has allowed the study of 

magnetization relaxation dynamics and other quantum phenomena such as QTM.1-5  

Other molecular magnetic systems that exhibit a barrier to magnetization reversal 

include classical bulk magnets and spin glass-like materials, in which the long-range 

interactions produce magnetic domains that are the source of the slow relaxation.6  

These correlated systems thus do not exhibit the unique quantum mechanical properties 

that are expressed in SMMs.   

Recent research on various types of SMMs has shown that the inter-SMM 

interactions act to modulate the intrinsic properties of SMMs and to create new 

magnetic systems that include correlated systems such as single-chain magnets 

(SCMs).7, 8  Single-chain magnets are made up of magnetically isolated chains 

possessing a finite magnetization that arises from the presence of anisotropic spin 

carrier ions that interact along the 1-D axis of the chain.9  These compounds may be 

assembled from metal ions10, organic radicals11, or metal-ion clusters7 that can be 

coupled ferro- or antiferromagnetically.  The latter case corresponds only to systems 

with a noncompensation of spins along the chain, which requires ferromagnetic, 

ferrimagnetic, or canted-antiferromagnetic arrangements.  These systems are similar to 

SMMs in that they exhibit slow magnetization relaxation at low temperatures in the 

absence of an applied magnetic field, yet different in that they do not exhibit quantum 

properties such as QTM.   
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Interest in this field began in 1963, when R.J. Glauber predicted that chains of 

ferromagnetically coupled Ising spins should display slow magnetization of the 

magnetization12; experimental systems exhibiting this behavior were not obtained until 

much later.  In 2002 Gambardella et al. reported an isolated chain of Co atoms arranged 

on a platinum surface that exhibited ferromagnetic behavior.10  Another system reported 

around the same time was a CoII–organic radical alternating chain that is comprised of 

the antiferromagnetic coupling between the anisotropic S = ½ of CoII and the isotropic S 

= ½ of the radical.11  Yet another example of an early SCM system was a 

ferromagnetically coupled chain of anisotropic S = 3 MnIII–NiII spin units.7  These 

systems were among the first to show behavior similar to that predicted by Glauber’s 

model, now called Glauber’s dynamics.  Although much work has been done on the 

theoretical and experimental aspects of SCM systems, little is known about the 

intermediate case involving the transition from SMM to SCM. 

Indeed, only a few SCM systems have been constructed from spin carrier units 

that are SMMs in their discrete form. 7, 13-15  One of the most well studied SCMs of this 

type is the S = 3 MnIII–NiII chain above, in which the discrete dinuclear SMM building 

block subunits were found to exhibit QTM behavior.  In contrast, the 1-D chain system 

comprised of these subunits exhibited an enhanced value for Ueff and broad S-shaped 

hysteresis loops, both of which are indicative of a long-range ordered system.  An 

approximate expression for an Ising chain with narrow domain walls and single-ion 

anisotropy is given in eq. 1, in which J represents the exchange coupling between 

adjacent spin carriers in the chain.   

                       228 SDSJU eff +=                                               (1) 
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Another SCM comprised of SMM subunits was synthesized by our group, in which a 

mixed-valence tetranuclear SMM with formula [Mn4(hmp)6Br2(H2O)2]Br2·4H2O was 

assembled into a 1-D SCM chain via bridging bromide ions.13  Similar Mn2
IIIMn2

II-

based SCM systems were also synthesized employing dicyanamide and azide ligands, 

which modulated the inter-SMM exchange interactions from ferromagnetic to 

antiferromagnetic, respectively.14, 15   

In contrast to the SCMs and bulk magnetic systems mentioned above, the 

antiferromagnetically coupled S = 0 dimer represented by [Mn4O3Cl4(O2CEt)3(py)3]2 

exhibits exchange-biased QTM as a result of the weak intermolecular interactions 

between the discrete Mn3
IIIMnIV clusters.16  This example, along with similar results on 

the tetranuclear nickel SMMs with general formula [Ni(hmp)(ROH)Cl]4, demonstrate 

the feasibility of perturbing the quantum superposition of spin states in these molecules 

via intermolecular interactions.17, 18  These observations are a requirement for 

applications in quantum computing, yet are disadvantageous in other applications such 

as quantum information storage.  Thus it is important to both understand and control the 

quantum properties of SMMs.   

The work presented below was conducted with this goal in mind, in which the 

bridging groups in extended 1-D and 2-D infinite structures were systematically varied 

as Na+, N3
–, Cl–, Br–, and dicyanamide groups for a variety of Mn3

III-based structures.  

These changes were found to affect the magnitude of the exchange interaction between 

neighboring SMM subunits, resulting in extended structures that span the range from 

long-range ordered SCMs to diamagnetically separated SMMs set into infinite 1-D and 

2-D scaffolds.       
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Table 8.1.  Crystallographic data and refinement parameters for complexes 1, 2. 

Identification code  1   1048  2   1048 w/ Et-sal 

Formula  C97 H91 Cl Mn3 N26 Na 
O11 P4 Zn2 

C68 H80 Mn3 N19 Na O12 
P2 Zn 

Formula weight  2270.262 1668.304 
Temperature [K] 100(2)  100(2) K 
Wavelength [Å] 0.71073 0.71073 Å 
Crystal system  Triclinic Monoclinic 
Space group  P-1 P21/c 
a [Å] 10.996(3) 24.998(4)  
b [Å] 19.848(5) 13.669(2)  
c [Å] 24.198(6)  22.940(3)  
α [deg] 104.373(4) 90 
β [deg] 91.755(4) 106.528(2) 
γ [deg] 92.851(4) 90 
Volume [Å3] 5104(2)  7514.6(19)  
Z 2 4 
Dcalc [Mg/m3] 1.478 1.47 
abs. coefficient [mm-1] 1.002 0.929 
F(000) 2321 3400 
Crystal size [mm3] 0.3 x 0.3 x 0.25  0.35 x 0.3 x 0.3  
Theta range for data 
collection 0.87 to 25.32° 2.06 to 25.03° 

Index ranges -13<=h<=12, -23<=k<=23, -
29<=l<=29 

-29<=h<=29, -16<=k<=15, -
27<=l<=27 

Reflections collected 48158 74546 
Independent reflections 16346 [R(int) = 0.0417] 13252 [R(int) = 0.0259] 
Completeness to theta = 
25.50° 96.6 %  99.8 %  

Refinement method Full-matrix least-squares on 
F2 

Full-matrix least-squares on 
F2 

Data / restraints / 
parameters 16346 / 0 / 1304 13252 / 0 / 1025 

Goodness-of-fit on F2 1.041 1.054 
Final R indices 
[I>2sigma(I)] R1 = 0.0453, wR2 = 0.1049 R1 = 0.0478, wR2 = 0.1253 

R indices (all data) R1 = 0.0622, wR2 = 0.1146 R1 = 0.0518, wR2 = 0.1285 
Largest diff. peak and 
hole 1.081 and -0.923 e.Å-3 1.788 and -1.526 e.Å-3 

( ) ( ) 2
1

22222 /2)).(00.2(/1 



 ∑∑ −=>∑∑ −= oco

b
oco

a FwFFwwRIIFFFR σ  (all data). 
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Table 8.2.  Crystallographic data and refinement parameters for complexes 3, 4. 

Identification code  3   955 4   936 
Formula  C50 H62 Cd2 Mn6 N24 O22 C50 H62 Mn8 N24 O22 
Formula weight  1907.88203 1789.951 
Temperature [K] 100(2) K 100(2)  
Wavelength [Å] 0.71073 Å 0.71073 
Crystal system  Triclinic Triclinic 
Space group  P-1 P-1 
a [Å] 13.166(5)  13.1465(19)  
b [Å] 13.540(3)  13.4950(19)  
c [Å] 13.897(3)  13.907(2) 
α [deg] 118.936(3) 61.185(2) 
β [deg] 94.003(4) 63.473(2) 
γ [deg] 112.924(4) 67.426(2) 
Volume [Å3] 1891.6(9)  1889.0(5)  
Z 1 1 
Dcalc [Mg/m3] 1.666 1.562 
abs. coefficient [mm-1] 1.6 1.374 
F(000) 944 892 
Crystal size [mm3] 0.4 x 0.4 x 0.3  0.4 x 0.4 x 0.35 
Theta range for data 
collection 2.06 to 25.03° 1.76 to 25.42° 

Index ranges -15<=h<=15, -16<=k<=16, -
16<=l<=16 

-15<=h<=15, -16<=k<=16, -
16<=l<=16 

Reflections collected 30313 33509 
Independent reflections 6653 [R(int) = 0.0622] 6932 [R(int) = 0.0504] 
Completeness to theta = 
25.50° 99.4 %  99.9 %  

Refinement method Full-matrix least-squares on 
F2 

Full-matrix least-squares on 
F2 

Data / restraints / 
parameters 6653 / 0 / 485 6932 / 0 / 473 

Goodness-of-fit on F2 1.073 1.069 
Final R indices 
[I>2sigma(I)] R1 = 0.0557, wR2 = 0.1520 R1 = 0.0302, wR2 = 0.0872 

R indices (all data) R1 = 0.0761, wR2 = 0.1625 R1 = 0.0334, wR2 = 0.0893 
Largest diff. peak and 
hole 1.214 and -1.785 e.Å-3 0.951 and -0.288 e.Å-3 

( ) ( ) 2
1

22222 /2)).(00.2(/1 
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Table 8.3.  Crystallographic data and refinement parameters for complexes 5, 6. 

Identification code  5   916 6   1082 

Formula  C63 H90 Cd2 Cl2 Mn6 N26 
O19 

C63 H90 Br2 Cd2 Mn6 N26 
O19 

Formula weight  2142.06 2229.959 
Temperature [K] 100(2)  100(2)  
Wavelength [Å] 0.71073 Å 0.71073 
Crystal system  Monoclinic Monoclinic 
Space group  C2/c C2/c 
a [Å] 14.171(9)  14.131(2)  
b [Å] 24.705(16)  24.472(3)  
c [Å] 24.954(16)  24.835(4) 
α [deg] 90 90 
β [deg] 97.855(9) 97.484(2) 
γ [deg] 90 90 
Volume [Å3] 8654(10)  8515(2)  
Z 4 4 
Dcalc [Mg/m3] 1.411 1.503 
abs. coefficient [mm-1] 1.453 2.353 
F(000) 3616 3760 
Crystal size [mm3] 0.3 x 0.3 x 0.1  0.3 x 0.3 x 0.1  
Theta range for data 
collection 1.65 to 17.61° 1.65 to 25.40° 

Index ranges -12<=h<=12, -20<=k<=20, -
21<=l<=18 

-17<=h<=17, -29<=k<=29, -
29<=l<=29 

Reflections collected 13873 48613 
Independent reflections 2775 [R(int) = 0.0599] 7811 [R(int) = 0.0570] 
Completeness to theta = 
25.50° 99.5 %  99.9 %  

Refinement method Full-matrix least-squares on 
F2 

Full-matrix least-squares on 
F2 

Data / restraints / 
parameters 2775 / 0 / 429 7811 / 0 / 444 

Goodness-of-fit on F2 1.055 0.959 
Final R indices 
[I>2sigma(I)] R1 = 0.0429, wR2 = 0.0965 R1 = 0.0574, wR2 = 0.1528 

R indices (all data) R1 = 0.0560, wR2 = 0.1019 R1 = 0.0723, wR2 = 0.1608 
Largest diff. peak and 
hole 0.655 and -0.370 e.Å-3 1.526 and -2.700 e.Å-3 

( ) ( ) 2
1

22222 /2)).(00.2(/1 
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Table 8.4.  Crystallographic data and refinement parameters for complex 7. 

Identification code  7   CS #82C 
Formula  C63 H90 Mn8 N32 O19 
Formula weight  2038.21 
Temperature [K] 100(2)  
Wavelength [Å] 0.71073 
Crystal system  Monoclinic 
Space group  P21/c 
a [Å] 13.5597(7)  
b [Å] 24.9220(12) 
c [Å] 25.0413(12) 
α [deg] 90 
β [deg] 99.6380(10) 
γ [deg] 90 
Volume [Å3] 8342.9(7)  
Z 4 
Dcalc [Mg/m3] 1.592 
abs. coefficient [mm-1] 1.253 
F(000) 4076 
Crystal size [mm3] 0.45 x 0.40 x 0.10  
Theta range for data collection 1.16 to 28.25° 
Index ranges -17<=h<=17, -32<=k<=32, -33<=l<=31 
Reflections collected 138378 
Independent reflections 19417 [R(int) = 0.0655] 
Completeness to theta = 25.50° 100.0 %  
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 19417 / 0 / 1092 
Goodness-of-fit on F2 1.071 
Final R indices [I>2sigma(I)] R1 = 0.0584, wR2 = 0.1229 
R indices (all data) R1 = 0.0764, wR2 = 0.1304 
Largest diff. peak and hole 1.815 and -1.126 e.Å-3 

( ) ( ) 2
1

22222 /2)).(00.2(/1 
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Table 8.5.  Crystallographic data and refinement parameters for complexes 8, 9. 

Identification code  8   1000 9   955 w/ DCA 

Formula  C27 H39 I2 Mn3 N21 Na3 
O13 Zn2 C52 H54 Mn6 N12 O22 

Formula weight  1480.754 1527.976 
Temperature [K] 100(2)  100(2)  
Wavelength [Å] 0.71073 0.71073 
Crystal system  Monoclinic Triclinic 
Space group  C2/c P-1 
a [Å] 27.973(2)  10.228 
b [Å] 16.2485(12)  12.418 
c [Å] 32.541(2)  13.117 
α [deg] 90 83.43 
β [deg] 95.6960(10) 68.94 
γ [deg] 90 72.06 
Volume [Å3] 14717.4(18)  1479.1 
Z 8 2 
Dcalc [Mg/m3] 1.216 1.703 
abs. coefficient [mm-1] 2.035 1.331 
F(000) 5196 764 
Crystal size [mm3] 0.35 x 0.35 x 0.1  0.3 x 0.3 x 0.25  
Theta range for data 
collection 2.32 to 24.41° 1.66 to 25.42° 

Index ranges -32<=h<=32, -18<=k<=18, -
37<=l<=37 

-12<=h<=12, -14<=k<=14, -
15<=l<=15 

Reflections collected 80206 19224 
Independent reflections 12106 [R(int) = 0.0737] 5420 [R(int) = 0.0411] 
Completeness to theta = 
25.50° 99.9 %  99.5 %  

Refinement method Full-matrix least-squares on 
F2 

Full-matrix least-squares on 
F2 

Data / restraints / 
parameters 12106 / 0 / 576 5420 / 0 / 418 

Goodness-of-fit on F2 1.123 1.042 
Final R indices 
[I>2sigma(I)] R1 = 0.0630, wR2 = 0.1780 R1 = 0.0371, wR2 = 0.0911 

R indices (all data) R1 = 0.0850, wR2 = 0.1882 R1 = 0.0473, wR2 = 0.0968 
Largest diff. peak and 
hole 1.676 and -2.066 e.Å-3 0.991 and -0.560 e.Å-3 

( ) ( ) 2
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8.2.  Results and Discussion 

8.2.1.  1-D Chains Comprised of <a+ Bridged Mn3
III-based Subunits (1, 2) 

The molecular structures for complexes 1 and 2 are shown in figures 1 and 2, 

revealing similarities with respect to the identity of the molecular building blocks.  Both 

of these complexes are infinite 1-D chains comprised of Mn3
IIIZn2 or Mn3

IIIZn repeating 

subunits in a linear stair-step or linear zig-zag structural arrangement for 1 and 2, 

respectively.  Both chain complexes exist as anionic species, in which the charge-

balance is maintained by bulky [PPN]+ co-crystallizing cations.  Both of these structures 

also feature Na+ ions that are covalently bonded along the chain, which also serve to 

magnetically separate the adjacent Mn3
III magnetic triangles in each complex.  A more 

detailed description of each structure is provided below. 

Complex 1 crystallizes in the low-symmetry triclinic space group P-1 and 

possesses a core structure that is similar to the large family of discrete Mn3
IIIZn2

II 

complexes presented in chapter 4.  What separates 1 from these examples is the 

presence of Na+ ions that connect neighboring Mn3
IIIZn2

II subunits through oximate, 

alkoxide, and azide bridging groups.  With reference to figure 1, the oximate oxygen O2 

and phenoxide oxygen O3 bridge Na1 to Mn1, while N18 of the µ-η1:η1:η3 azide group 

is terminally bound to Na1.  The atom N16 of the same azide group bridges Mn2 and 

Zn2 in a µ-η1:η1 bridging mode.  The coordination environment around Na1 is best 

described as distorted trigonal bipyramidal, in which the axial ligands are MeOH 

molecules.  The coordinated MeOH oxygen O9 is significantly distorted towards the 

neighboring phenoxide oxygen O5, revealing a 2.797 Å hydrogen bonding interaction 

between these atoms.  Other H-bonding interactions are realized for O6··H··O10 and  
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Figure 8.1.  Partially labeled molecular structure of the infinite 1-D chain complex 1.  

Hydrogen atoms have been omitted while carbon atoms have been left unlabeled, for 

clarity. 
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Table 8.6.  Selected Bond Distances (Å) and Bond Angles (deg) for complex 1 

Mn(1) – O(1) 1.874  Zn(1) – N(10) 2.003 
Mn(1) – O(2) 1.917  Zn(2) – N(13) 2.063 
Mn(1) – O(3)        1.886  Zn(2) – N(16) 2.020 
Mn(1) – N(1)        2.003  Zn(2) – N(19) 1.984 
Mn(1) – N(4)        (JT) 2.271  Na(1) – O(2) 2.364 
Mn(1) – N(13)      (JT) 2.492  Na(1) – O(3) 2.020 
Mn(2) – O(1) 1.881  Na(1) – O(8) 2.297 
Mn(2) – O(4) 1.918  Na(1) – O(9) 2.322 
Mn(2) – O(5) 1.885  Na(1) – N(18) 2.618 

Mn(2) – N(2)    2.016  Mn(1) – N(1) – O(4) – 
Mn(2) Torsion 

10.80 

Mn(2) – N(7)        (JT)  2.273  Mn(2) – N(2) – O(6) – 
Mn(3) Torsion 

22.63 

Mn(2) – N(16)      (JT) 2.411  Mn(3) – N(3) – O(2) – 
Mn(1) Torsion 

11.51 

Mn(3) – O(1) 1.907  δMn1 Torsion 1.43 
Mn(3) – O(6) 1.935  δMn2 Torsion 2.98 
Mn(3) – O(7) 1.863  δMn3 Torsion 4.19 
Mn(3) – N(3) 2.016  Mn(1) – Mn(2) 3.248 
Mn(3) – N(10)      (JT) 2.248  Mn(2) – Mn(3) 3.292 
Mn(3) – N(19)      (JT) 2.285  Mn(3) – Mn(1) 3.267 
Zn(1) – N(4) 2.008  µ3-oxo out-of-plane, ∆ 0.022 
Zn(1) – N(7) 2.001    
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Figure 8.2.  Partially labeled molecular structure of the infinite 1-D chain complex 2.  

Hydrogen atoms have been omitted while carbon atoms have been left unlabeled, for 

clarity. 
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Table 8.7.  Selected Bond Distances (Å) and Bond Angles (deg) for complex 2 

Mn(1) – O(1) 1.893  Zn(1) – N(7) 2.013 
Mn(1) – O(2) 1.862  Zn(1) – N(10) 2.005 
Mn(1) – O(7)        1.913  Na(1) – N(18) 2.468 
Mn(1) – N(1)        2.014  Na(1) – O(3) 2.494 
Mn(1) – O(8)        (JT) 2.381  Na(1) – O(8) 2.431 
Mn(1) – N(4)        (JT) 2.261  Na(1) – O(9) 2.434 
Mn(2) – O(1) 1.885  Na(1) – N(10) 2.310 
Mn(2) – O(3) 1.937  Na(1) – N(11) 2.329 

Mn(2) – O(4) 1.867  Mn(1) – N(1) – O(3) – 
Mn(2) Torsion 

34.60 

Mn(2) – N(2)    2.022  Mn(2) – N(2) – O(5) – 
Mn(3) Torsion 

31.70 

Mn(2) – O(9)        (JT)  2.343  Mn(3) – N(3) – O(7) – 
Mn(1) Torsion 

32.90 

Mn(2) – N(9)        (JT) 2.226  δMn1 Torsion 2.66 
Mn(3) – O(1) 1.891  δMn2 Torsion 5.76 
Mn(3) – O(5) 1.927  δMn3 Torsion 3.25 
Mn(3) – O(6) 1.887  Mn(1) – Mn(2) 3.272 
Mn(3) – N(3) 2.005  Mn(2) – Mn(3) 3.264 
Mn(3) – N(16)      (JT) 2.322  Mn(3) – Mn(1) 3.271 
Mn(3) – N(10)      (JT) 2.347  µ3-oxo out-of-plane, ∆ 0.080 
Zn(1) – N(4) 2.005    
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O10··H··O11, which correspond to oximate to MeOH and MeOH to MeOH hydrogen 

bonds at distances of 2.796 Å and 2.788 Å, respectively 1.  Complex 1 also possesses 

two JT elongation axes of 2.492 Å and 2.411 Å, which are longer than in the isolated 

Mn3
IIIZn2

II complexes presented in chapter 4.  Additional structural parameters for 1 are 

summarized in table 6.  Finally, it is important to recall that complex 1 possesses an 

approximate 50% disorder in the positions of the axial ZnII ligands Cl– and N3
–, as 

described more fully in the preceding X-ray crystallography section.             

The molecular structure for the related complex 2 is provided in figure 2.  

Complex 2 was synthesized using a similar procedure to 1 above, except for the use of 

Et-saloxH2 in place of saloxH2.  Although infinite 1-D chains were obtained in both 

reactions, there are numerous structural and magnetic differences between 1 and 2.  One 

significant difference between these complexes is the formulation of the core structural 

subunits.  Complex 2 is based on an Mn3
IIIZnII repeating unit, which is effectively an 

Mn3
IIIZn2

II trigonal bipyramidal structure that is missing a 'lower' ZnII ion.  Also 

associated with this difference is a change in the charge for the individual subunits in 

the chain.  The repeating units in 1 possess a 2– charge, while the subunits in 2 possess a 

1– charge.  This difference illustrates the synthetic flexibility associated with variations 

in the charge of these structures, as will be further explored for the 1-D and 2-D 

extended structures 3-9 in this chapter and for the 3-D frameworks in chapter 9.   

Other structural changes between 1 and 2 include the absence of bridging µ-η1:η1 

azide ligands below the Mn3
III plane in 2, which are replaced by a terminal azide and 

two µ-η1:η1 MeOH molecules (O8 and O9) that bridge Na1 to Mn3, Mn1 and Mn2, 

respectively.  The oximate oxygen O3 also serves to bridge Na1 and Mn2 via a long 
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2.494 Å Na1–O3 bond.  The coordination environment around Na1 is best described as 

distorted octahedral, in which the distortion is primarily due to the orientation of the 

Na1–O3 bond.  Complex 2 crystallizes in the monoclinic space group P21/c, in which 

the c-glide symmetry operation leads to an infinite 1-D zig-zag structural arrangement.   

Another important structural difference between complexes 1 and 2 relates to 

the Mn–N–O–Mn torsion angle (θ), which has been previously shown to govern the 

nature and magnitude of intramolecular exchange interactions between MnIII ions.  

Complex 1 possesses relatively small torsion angles of θ = 10.80, 11.51, and 22.63, 

whereas larger angles of θ = 32.90, 31.70, and 34.60 are observed in 2.  Based on the 

structural and magnetic studies on oximate-bridged triangles in chapters 4-7, these 

torsion angles are expected to mediate weakly antiferromagnetic and ferromagnetic 

exchange interactions in complexes 1 and 2, respectively.   

 

8.2.1.1.  Dc and Ac Magnetic Susceptibility Studies on 1   

Dc magnetic susceptibility measurements were recorded on ground crystalline 

samples of complexes 1.  The powders were immobilized in an eicosane matrix to 

prevent field-induced torquing of the microcrystallites.  Measurements were recorded 

from 300-1.8K at fields ranging from 0.01-5T to determine the nature and magnitude of 

the pairwise exchange interactions, as well as the magnitude of the axial zero-field 

splitting (zfs) parameter D. 

The 0.1 T variable-temperature magnetic susceptibility data for 1 are shown in 

figure 3 (top), revealing the presence of dominant antiferromagnetic interactions 

between MnIII ions.  These data were fit from 300-20 K to the Hamiltonian in eq. 2.  
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The spins of the three MnIII ions are coupled vectorially to give ST (= S1 + S2 + S3).  By 

applying this coupling scheme, eq. 1 can be converted to a form that involves only S2 

operators from which it is possible to write eq. 2.  This equation gives the eigenvalues 

for all spin states.   

    ( ) ( ) ( )133322211
ˆˆ2ˆˆ2ˆˆ2ˆ SSJSSJSSJH +−−=                               (2) 

                 ( ) ( )[ ]1, +−= − TTMnMnAT SSJSSE                         (3) 

There are 15 different spin states, where ST varies in integer values from 0 to 6.  

Substitution of these values into the Van Vleck equation provides a theoretical 

expression for the molar susceptibility (χM) of a Mn3
III complex with C1 symmetry.  The 

exchange Hamiltonian matrix was block diagonalized using a computer program that 

incorporates the following parameters: an average g for the Zeeman interactions and 

JMn-Mn.  Specific details for this fitting procedure are provided elsewhere.19  The data 

below 20 K were not fit via this procedure due to the effects of Zeeman and zero-field 

splitting, which become significant at low temperatures.  The obtained parameters of S 

= 1, g = 1.87, J1 = –2.87 K, J2 = +1.84 K, and J3 = –11.13 K indicate dominant 

antiferromagnetic interactions, as expected from the aforementioned structural analysis.  

Furthermore, the weak antiferromagnetic and ferromagnetic exchange interactions 

indicated by J1 and J2 suggest a weakly correlated ground state, as also evident by the 

small 12.8 K separation to the S = 2 first excited state.  This is particularly important 

considering the large anisotropy indicated by the nearly aligned MnIII single-ion JT 

elongation axes in 1, as the value of D for the isolated subunits is of a similar magnitude 

as the obtained exchange parameters (vide infra).  This is expected to lead to a  
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Figure 8.3.  (top) 0.1 T and 1 T dc magnetic susceptibility data for 1, taken from 300-

1.8 K.  The solid lines correspond to the fit for parameters shown in the inset.  (bottom) 

Reduced magnetization for 1, taken at 1-5T from 1.8-4.0K.  Black lines describe the fit 

to the 1-5 T data for parameters described in the text.   
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significant degree of spin-mixing and the significant crossover of low-lying ms levels 

upon application of a magnetic field. 

Fitting of the variable field magnetization data from 1.8-5 K and 1-5 T for 

complex 1 was performed using the spin Hamiltonian of eq. 4   

                                     ( ) BSgSSESDH Byxz ⋅+−+= ˆˆˆˆ 222 µ                                        (4) 

where D is the axial zfs parameter, E is the rhombic zfs parameter, iŜ  is the spin 

projection operator along i (= x, y, z), g is the Landé g-factor,  µB is the Bohr magneton, 

and B is the applied field.  This Hamiltonian assumes only the ground state is populated 

at these temperatures and magnetic fields, and includes isotropic Zeeman interactions, 

axial zfs ( 2ˆ
zSD ) and rhombic zfs ( )22 ˆˆ

yx SSE − ; a full powder average was calculated.13  

Although this complex is expected to possess a non-zero rhombic zfs as a result of its 

low-symmetry C1 structure, a reasonable fit was achieved for ( )22 ˆˆ
yx SSE −  = 0.  This is 

not particularly surprising considering that powder susceptibility measurements are 

relatively insensitive to the presence of rhombic zfs, which has also been found to be 

small (E/D < 0.001) for analogous structures that have been previously characterized.  

The M/!µB versus H/T data for complex 1 was least-squares fit and the two 5 × 5 spin 

Hamiltonian matrices diagonalized for each setting of the parameters g and D.  The 

resulting eigenvalues, Ei, and their dependency on the magnetic field, δEi/δB, were used 

to calculate the magnetization according to eq. 5.   

                     ( ) ( ) ( )∑∑ −−=
i

i

i

ii kTEkTEBE!M expexpδδ                         (5) 

A good fit was achieved to an S = 2 ground state as illustrated by the solid lines in 
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figure 3 (bottom), with fits to S = 1 and S = 3 ground states yielding very large fitting 

errors and unreasonable g and D-values.  A fixed temperature independent 

paramagnetism (TIP) value of 4 x 10-4 cm3 mol-1 was used.   

Interestingly, the S = 2 ground state determined from fits to the reduced 

magnetization data contrasts with the S = 1 ground state determined from fitting of the 

300-20 K magnetic susceptibility.  This observation is attributed to the weak magnetic 

exchange between MnIII ions and large relative value of D.  Although this casts some 

doubt on the reduced magnetization fitting parameters, the very large value for D 

parallels the full-matrix diagonalization fitting results for the isolated Mn3
IIIZn2

II 

complexes.   

Ac susceptibility measurements on 1 confirm the low-spin ground state, as 

evident by the 0 K extrapolated value of the 50 Hz in-phase susceptibility, χ'mT.  The 

plot corresponding to this procedure is provided in figure 5, in which the extrapolated 0 

K value of 1.82 cm3·K·mol-1 is midway between the g = 2.0 values of 1.01 cm3·K·mol-1 

and 3.02 cm3·K·mol-1 expected for S = 1 and S = 2 ground states, respectively.  This 

observation is also provides further evidence for the spin-mixed ground state, in this 

case at low temperatures and in the absence of an applied magnetic field.  Further 

inspection of the ac susceptibility in figure 4 reveal the onset of an out-of-phase signal 

(χ''m) for temperatures below 4 K and frequencies from 10-1000 Hz.  Although this 

frequency-dependent response is evidence for slow magnetization relaxation in 1, this 

signal is weak relative to the in-phase component of the susceptibility, in which no 

perceptible decrease is observed for χ'm.  Nonetheless, it is remarkable that any out-of-

phase susceptibility is observed for this low-spin complex. 
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Figure 8.4.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 1 at 

1.8-7 K from 10-1000 Hz.  
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Figure 8.5.  Extrapolation of the 50 Hz in-phase (χ’mT) susceptibility of 1 to 0 K. 
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8.2.1.2.  DC and AC Magnetic Susceptibility Studies on 2   

Similar bulk susceptibility measurements were conducted on 2, revealing 

significant differences to the low-spin complex 1.  The 0.1 T variable-temperature 

magnetic susceptibility for 2 is shown in figure 6, with the solid line describing the 

least-squares fit to the experimental data.  Ferromagnetic interactions are indicated by 

the rise in χmT at lower temperatures, as confirmed by fitting parameters of S = 6, g = 

2.00, J1 = +2.99 K, J2 = +5.61 K, and J3 = +4.61 K.  Reduced magnetization 

measurements were also collected on 2 from 1.8-4 K at 1-5 T and fit to eq. 3, yielding 

best-fit parameters of S = 6, g = 1.76, D = –0.80 K.  It is notable that this axial zfs is 

more than six times smaller than the value of D determined for complex 1.  This 

observation qualitatively parallels the fitting results obtained for the discrete Mn3
IIIZn2

II 

complexes in chapter 4, in which case larger single-ion D-values were observed for the 

lower spin analogs.  This result is of significance because it has important implications 

towards the maximization of Ueff barriers for all SMMs.  This point will be returned to 

in the general discussion of these complexes found at the concluding section of this 

chapter. 

The 10-1000 Hz ac susceptibility for 2 reveal robust frequency-dependent peaks 

in χ''m for data taken at temperatures between 1.8 K and 7 K.  Large corresponding 

decreases in the in-phase susceptibility are also apparent, indicating the participation of 

a large majority of the spins in the observed relaxation process.  An Arrhenius plot for 2 

was constructed from the peaks determined from Gaussian fits to the χ''m curves, 

resulting in parameters of Ueff = 39.7 K and τ0 = 2.53·10–9 sec.  Extrapolation of the 50 

Hz in-phase ac susceptibility (χ'mT) to 0 K resulted in a value of 19.98 cm3·K·mol-1,  
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Figure 8.6.  (top) 0.1 T and 1 T dc magnetic susceptibility data for 2, taken from 300-

1.8 K.  The solid lines correspond to the fit for parameters shown in the inset.  (bottom) 

Reduced magnetization for 2, taken at 1-5T from 1.8-4.0K.  Black lines describe the fit 

to the 1-5 T data for parameters described in the text. 
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Figure 8.7.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 2 at 

1.8-7 K from 10-1000 Hz.     
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Figure 8.8.  Arrhenius plot of complex 2.  The temperatures were determined from the 

peak maxima derived from Gaussian fits to χ''.  (bottom) Extrapolation of the 50 Hz in-

phase (χ’mT) susceptibility of 2 to 0 K.     
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Figure 8.9.  Magnetization hysteresis loops for complex 2 taken at 1.8 K for the listed 

sweep rates.  The microcrystalline sample was partially aligned in a 5 T field and 

restrained in eicosane prior to measurement. 
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which is slightly less than the calculated spin-only value of 21.10 cm3·K·mol-1 for an S 

= 6 system with g = 2.0. 

Based on these strong indications of SMM behavior, magnetization hysteresis 

loops were collected on a partially aligned ground crystalline sample of 2, according to 

the procedure described in the experimental section above.  The hysteresis loops were 

collected at 1.8 K and for sweep rates of 0.116 T/min and 0.034 T/ min, and are shown 

in figure 9.  It is significant that neither of these loops exhibit any apparent coercivity, 

nor the presence of vertical steps that correspond to the acceleration of magnetization 

relaxation via QTM.  This is contrasted with the hysteresis loops collected under 

identical conditions for the isolated S = 6 Mn3
IIIZn2

II complexes from chapter 4.  In 

those examples, evidence for ground state and excited state QTM were observed as a 

result of large vertical steps, along with strong temperature and sweep-rate dependence 

of the hysteresis loops.  The most likely reasons for a lack of this behavior in 2 include 

one or a combination of the following: (i) a fast rate of magnetization tunneling that is 

associated with the presence of large transverse anisotropy terms that originate from the 

low-symmetry structure (ii) fast magnetization reversal via other mechanisms such as 

relaxation via low-lying excited states (iii) presence of weak long-range/intermolecular 

interactions along the chain, leading to the loss of quantum mechanical information (i.e. 

possible transition to a single-chain magnetic (SCM) system).  Unfortunately, it is not 

possible to comment further on the origins of this behavior, given the sparse hysteresis 

data that is limited by the 1.8 K lowest operating temperature for our SQUID.   
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8.2.2.  1-D Chains Comprised of µ-η1:η1:η3 Azide Bridged Mn6
III-based Subunits. 

(3, 4)                            

The structures for complexes 1 and 2 above are based on the discrete tri-anionic 

Mn3
IIIZn2

II complexes presented in chapter 4, in which the infinite structures were 

obtained via the partial replacement of unbound alkylammonium co-crystallizing 

cations by Na+ ions that are a part of the 1-D chain structure.  This idea was extended to 

the di-anionic Mn6
IIIX2

II family of complexes presented in chapter 7, resulting in infinite 

1-D complexes with formulae of [Mn6Cd2(salox)6O2(N3)6(MeOH)6]∞·2MeOH  (3) and  

[Mn8(salox)6O2(N3)6 (MeOH)6]∞·2MeOH  (4), as shown in figures 10 and 11.  The 

advantages of constructing a 1-D chain via di-anionic building block subunits are 

apparent, as the neutral complexes 3 and 4 form readily from analogous reactions that 

exclude co-crystallizing cations such as [NPr4]+ and [PPN]+.  Thus, by changing from 

diamagnetic CdII ions in 3 to s = 5/2 MnII ions in 4, it was possible to modulate the 

intrinsic magnetic properties of these 1-D chains, i.e. transition from a diamagnetically-

separated arrangement of discrete SMMs set in an infinite 1-D scaffold, to a single-

chain magnet (SCM) that exhibits slow magnetization relaxation as a result of the long-

range magnetic exchange interactions along the chain.  These complexes are also 

remarkable in that they are virtually identical from a structural standpoint, possessing 

similar metric parameters and differing only in the identity of the divalent metal ion.  In 

fact, both complexes crystallize in the same triclinic P-1 space group in isomorphic 

crystalline lattices. 

 

8.2.2.1.  Dc and Ac Magnetic Susceptibility Studies on 3 
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Figure 8.10.  Partially labeled molecular structure of the infinite 1-D chain complex 3.  

Hydrogen atoms have been omitted while carbon atoms have been left unlabeled, for 

clarity. 
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Figure 8.11.  Partially labeled molecular structure of the infinite 1-D chain complex 4.  

Hydrogen atoms have been omitted while carbon atoms have been left unlabeled, for 

clarity. 

 



490 

 

Table 8.8.  Selected structural parameters for complexes 3 and 4.  Bond lengths are in 

angstroms (Å) while angles are in degrees (º). 

Parameter/ Complex 3 4 
Mn(1) – O(1) 1.872 1.878 
Mn(1) – O(2) 1.870 1.875 
Mn(1) – O(7) 1.926 1.929 
Mn(1) – N(1) 2.018 2.023 
Mn(1) – N(7)           (JT) 2.233 2.240 
Mn(1) – O(8)           (JT) 2.308 2.320 
Mn(2) – O(1) 1.881 1.879 
Mn(2) – O(3) 1.925 1.919 
Mn(2) – O(4) 1.852 1.857 
Mn(2) – N(2) 1.986 1.989 
Mn(2) – N(13)         (JT) 2.229 2.243 
Mn(3) – O(1) 1.883 1.876 
Mn(3) – O(5) 1.971 1.975 
Mn(3) – O(5')          (JT)   2.306 2.305 
Mn(3) – O(6) 1.886 1.890 
Mn(3) – N(3) 1.986 2.001 
Mn(3) – N(10)         (JT) 2.192 2.194 
X(1) – N(7) 2.225 2.179 
X(1) – N(10) 2.249 2.201 
X(1) – N(13) 2.313 2.245 
X(1) – O(9) 2.279 2.208 
X(1) – O(10) 2.309 2.238 
X(1) – N(6) 2.372 2.300 
Mn(1) – Mn(2) 3.268 3.268 
Mn(2) – Mn(3) 3.255 3.254 
Mn(3) – Mn(1) 3.238 3.235 
Mn(3) – Mn(3’) 3.247 3.246 
Mn(1)–N(7)–X(1) 120.08 121.83 
Mn(2)–N(13)–X(1) 117.24 117.74 
Mn(3)–N(10)–X(1) 116.58 118.66 
Mn(1)–N(1)–O(3)–Mn(2) 19.22 18.77 
Mn(2)–N(2)–O(5)–Mn(3) 37.88 38.01 
Mn(3)–N(3)–O(7)–Mn(1) 25.44 25.39 
δMn1 Torsion 1.50 0.77 
δMn1 Torsion 5.70 5.44 
δMn1 Torsion 12.60 11.80 
∆, Out-of-plane shift 0.016 0.009 
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Dc susceptibility measurements were collected on 3 from 300-1.8 K and at 

fields of 0.01-1 T.  These data are indicative of dominant but weak ferromagnetic 

exchange interactions within the [Mn3
III]2 magnetic core of the Mn6

IIICd2
II repeating 

unit.  The 300 K χmT value of 19.78 cm3·K·mol-1 stays nearly constant at the 

temperature is lowered, increasingly slightly below ~130 K for the 1 T data.  Below 50 

K, the χmT values increase sharply in a field-dependent fashion, assuming maximum 

values of 33.57 cm3·K·mol-1 at 11.92 K, 41.60 cm3·K·mol-1 at 4.83 K, and 52.08 

cm3·K·mol-1 at 2.81 K, for fields of 1 T, 0.1 T, and 0.01 T, respectively.  In the absence 

of full-matrix diagonalization of the full Hamiltonian (i.e. presence of isotropic 

exchange, Zeeman, zfs terms), it was not possible to reliably fit these data to a 

simplified isotropic exchange Hamiltonian.  This was previously discussed in chapter 6, 

where low-lying excited states complicate the magnetic analysis of these low-symmetry 

complexes.  In spite of this observation, fitting of the 1-5 T reduced magnetization data 

to eq. 4 was possible for fitting parameters of S = 8, g = 1.97, and D = –1.08 K.  

However, these values should only be taken as estimates, as the Hamiltonian in eq. 4 

assumes a well-isolated spin ground state.     

Ac susceptibility measurements were conducted on 3, revealing very clear peaks 

in the out-of-phase susceptibility (χ''m) and corresponding decreases in the in-phase 

susceptibility (χ'm), as shown in figure 13.  The peaks in χ''m were fit to Gaussian 

functions, allowing for the construction of the Arrhenius plot shown in figure 14 (top).  

It is notable that a large Ueff of 57.0 K is indicated, along with a pre-exponential factor 

of τ0 = 4.12·10-10 sec.  Both of these parameters are comparable to the corresponding 

values determined for the closely-related discrete Mn6
IIIX2

II SMMs presented in chapter  
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 Figure 8.12.  (top) Temperature dependence of the dc magnetic susceptibility (χMT) of 

complex 3 from 1.8-300 K at applied fields of 0.01-1 T.  Solid lines serve as guides for 

the eye.  (bottom) Reduced magnetization for complex 3, taken at 1-5T from 1.8-4.0K.  

Least-squares fits are shown as black lines for parameters described in the text. 
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Figure 8.13.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 3 

at 1.8-7 K from 10-1000 Hz. 
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Figure 8.14.  Arrhenius plot of complex 3.  The temperatures were determined from the 

peak maxima derived from Gaussian fits to χ''.  (bottom) Extrapolation of the 50 Hz in-

phase (χ’mT) susceptibility of 3 to 0 K. 
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Figure 8.15.  (top) Hysteresis loop for complex 3, taken at a sweep rate of 0.034 T/min 

and a temperature of 1.8 K.  (bottom) Derivative dM/dH plot for the above hysteresis 

loop. 
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7.  Extrapolation of the 50 Hz in-phase susceptibility product (χ'mT) for 3 resulted in a 0 

K value of 21.21 cm3·K·mol-1. which is virtually identical to the value of 21.10 

cm3·K·mol-1 expected for an S = 6 system with g = 2.0.  These combined dc and ac 

susceptibility results indicate an S = 6 ground state and the presence of low-lying 

excited states with S = 8 that are appreciably populated at temperatures below 12 K for 

fields larger than 0.01 T. 

To further gauge the nature of the relaxation processes, magnetization hysteresis 

experiments were conducted on a partially aligned ground crystalline sample of 3.  One 

such measurement is presented in figure 15 (top) for a sweep rate of 0.034 T/min and T 

= 1.8 K, revealing a relatively smooth hysteresis loop that exhibits a moderate 

coercivity at zero magnetization.  Close inspection of this loop reveals an apparent 

inconsistency at H = 0 T, which was found to be a reproducible feature for 

independently synthesized samples.  This vertical step is evident in the corresponding 

derivative plot provided in figure 15 (bottom), suggesting that this feature may arise 

from QTM.  However, this step is much too weak to make any conclusive 

determinations; more detailed single-crystal hysteresis studies are required to obtain 

further insight regarding the nature of magnetization relaxation in 3.   

 

8.2.2.2.  DC and AC Magnetic Susceptibility Studies on 4 

In spite of the very close structural similarities between complexes 3 and 4, the 

magnetic properties for 4 are expected to differ significant from that of 3 due to the 

presence of two s = 5/2 MnII ions.  In addition to affecting the properties of the core  
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Figure 8.16.  (top) Temperature dependence of the dc magnetic susceptibility (χMT) of 

complex 4 from 1.8-300 K at applied fields of 0.01-1 T.  Solid lines serve as guides for 

the eye.  (bottom) Reduced magnetization for complex 4, taken at 1-5T from 1.8-4.0K. 
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Mn6
IIIX2

II magnetic unit, this change leads to magnetic exchange interactions that may 

propagate along the length of the 1-D chain, which differentiates 4 from 1-3.  Indeed, 

the 300-1.8 K magnetic susceptibility measurements on 4 indicate a complex magnetic 

behavior, as evident from the temperature- and field-dependent susceptibility from 

0.01–1T and at 300-1.8 K.  At all of the fields tested, the smooth decrease in χMT from 

300–30K is indicative of dominant antiferromagnetic interactions along the chain.  The 

0.01T susceptibility below 30 K continues this decrease, reaching a minimum value of 

5.55 cm3·K·mol-1 at 1.8K.  Surprisingly, the low temperature χMT susceptibility data 

taken at larger fields of 0.1T and 1T do not exhibit this behavior but instead increase to 

maxima of 22.03 cm3·K·mol-1 at 5.84K and 19.29 cm3·K·mol-1 at 13.9K, respectively.  

Notably, these observations are opposite the typical behavior observed for a high-spin 

complex experiencing significant zfs.  As a result, the field-dependent behavior of 4 

suggests the Zeeman population of low-lying higher-spin excited states or a possible 

spin-flop transition at fields larger than 0.01T, leading to a ferrimagnetic 1-D chain.  

Unfortunately, fitting of these susceptibility data for 4 was not possible due to 

overparameterization arising from the low symmetry and presence of numerous 

exchange pathways.   

Variable-field magnetization data collected on a powder sample of 4 from 1.8–

4K and at 1–5 T are interesting in that they reveal magnetization saturation even at 1 T 

and indicate an S = 5 or S = 6 ground state experiencing significant zero-field splitting.  

It was not possible to fit these data to a single spin ground state, suggesting the presence 

of low-lying excited states, as also characterized for a number of the isolated Mn6
IIIX2

II 

analogs in chapter 7, and commonly seen for complexes containing MnII.20  A spin-  
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Figure 8.17.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 4 

at 1.8-7 K from 10-1000 Hz. 
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Figure 8.18.  Arrhenius plot of complex 4.  The temperatures were determined from the 

peak maxima derived from Gaussian fits to χ''.  (bottom) Extrapolation of the 50 Hz in-

phase (χ’mT) susceptibility of 4 to 0 K. 
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Figure 8.19.  (top) Hysteresis loop for complex 4, taken at a sweep rate of 0.034 T/min 

and a temperature of 1.8 K.  (bottom) Derivative dM/dH plot for the above hysteresis 

loop. 
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mixed ground state is also indicated by the larger magnetization values observed at the 

higher temperatures for the 2-5 T data, which indicates thermal population of excited 

spin states that possess spin values larger than the ground state.  The inability to fit 

these data highlights the advantage of studying isostructural and isomorphic analogs, in 

which the uniaxial anisotropy for Mn6
IIICd2

II (3) and Mn6
IIIMn2

II (4) are expected to be 

very similar (MnII and CdII are nearly isotropic). 

Ac susceptibility measurements on 4 are shown in figure 17, providing clear 

evidence for frequency-dependent magnetization relaxation.  The corresponding 

Arrhenius plot is shown in figure 18 (top) for fitting parameters of Ueff = 100.3 K and τ0 

= 1.48·10-12 sec.  These parameters represent a 75% increase in the value of Ueff and a 

two order of magnitude smaller value for τ0, relative to complex 3.  Extrapolation of the 

in-phase susceptibility (χ'mT) for 4 resulted in a 0 K value of 21.28 cm3·K·mol-1, which 

is virtually identical to the comparable value for 3 and the S = 6 spin-only value of 

21.10 cm3·K·mol-1.  The remarkable enhancement in Ueff for 4 is attributed to the 

observation of single-chain magnetic behavior, which originates from the formation of 

domain walls via long-range intermolecular exchange interactions along the 1-D chain.              

  Magnetization hysteresis measurements on 4 were collected at 1.8 K for a sweep 

rate of 0.034 T/min, as shown in figure 19 (top).  The lack of magnetization saturation 

at ±3 T is consistent with the spin-mixed reduced magnetization results, while the 

significant coercivity at M/Ms = 0 is consistent with the presence of a barrier to 

magnetization reversal.  Inspection of the derivative plot in figure 19 (bottom) reveals 

the absence of vertical steps, which is expected for an SCM system in which only 

classical effects are observed.  The broad peaks in dM/dH are not significant and are 
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due to the small hysteresis effects associated with the direction of the swept longitudinal 

field.                                        

 

8.2.3.  1-D Chains Comprised of µ-η1:η1 Azide and Halide-Bridged Mn6
IIIZ2

II-

based Subunits (5-7)  

Complexes 5-7 bear a structural resemblance to 3 and 4 above, possessing an 

Mn6
IIIX2

II repeating unit set in an infinite 1-D chain structure (X = CdII, MnII).  

However, instead of being bridged µ-η1:η1:η3 azide ligands, complexes 5-7 are 

assembled via µ-η1:η1 chloride, bromide, and azide groups, respectively.  

Crystallographic and structural changes are observed as a result of this substitution, the 

most significant being the observation of a more closely co-planar arrangement of 

salicylaldoximate bridging ligands and a lower corresponding spin ground state, as will 

be discussed below.  The molecular structures for 5-7 are shown in figures 20 and 24, 

while selected structural parameters for these complexes are summarized in table 9.     

 

8.2.3.1.  Dc and Ac Magnetic Susceptibility Studies on Complexes 5 and 6 

Dc and ac susceptibility measurements were conducted on complexes 5 and 6, 

revealing virtually superimposable data.  This is not surprising considering the very 

similar crystalline structures and metric parameters for these Cl– and Br– bridged 

analogs.  However, one significant structural difference deserves mention, which is the 

distance between Cd(1) and Cd(1').  This intermolecular distance was found to be 2.425 

Å and 3.903 Å for 5 and 6, respectively.  This implies that the intermolecular 

interactions along the 1-D chain are negligible with respect to the bulk magnetic and 
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relaxation properties for these analogs.  For the sake of brevity, only the magnetic data 

for 5 will be discussed. 

The dc susceptibility data for 5 are shown in figure 21 (top) and were collected 

at 0.01-1 T from 300-1.8 K.  Dominant antiferromagnetic interactions are indicated by 

the decrease in χMT at reduced temperatures for all fields.  This qualitative assessment is 

supported by the 2-5 T reduced magnetization data (figure 21 (bottom)), which were 

least-squares fit to the Hamiltonian in eq. 4 for parameters of S = 4, g = 1.84, D = –2.10 

K.  It was not possible to simultaneously fit the 1-5 T data, suggesting that multiple spin 

ground states may be populated under these conditions, i.e. the validity of the fit cannot 

be directly verified.   

This suspicion was confirmed by the ac susceptibility results, in which the 0 K 

in-phase extrapolation value of 6.14 cm3·K·mol-1 is close to the S =3 spin-only value of 

6.03 cm3·K·mol-1.  The shape of the in-phase and out-of-phase ac data in figure 22 are 

also peculiar, indicating a complicated process for magnetization relaxation.  The peaks 

in χ'' are perhaps most intriguing, where very broad shoulders are observed above and 

below the peak maxima.  The relaxation behavior is also highly temperature- and 

frequency-dependent, in which the peaks are observed to broaden for the data collected 

at lower temperatures/frequencies.  Although it was not possible to fit these χ'' data to a 

Gaussian or Lorentzian function, an Arrhenius plot was constructed for the estimated 

peak maxima that were picked visually.  These data are shown in figure 23 (top) for 

fitting parameters of Ueff  = 31.6 K and τ0 = 3.53·10-8 sec.  These values are very similar 

to the results obtained for the low-spin discrete 'double-decker' complex  
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Figure 8.20.  Partially labeled molecular structure of the infinite 1-D chain complex 5.  

Hydrogen atoms have been omitted while carbon and symmetry equivalent atoms have 

been left unlabeled, for clarity. 
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Table 8.9.  Selected structural parameters for complexes 5 and 6. 

Parameter/ Complex 5 6 
Mn(1) – O(1) 1.888 1.878 
Mn(1) – O(2) 1.893 1.882 
Mn(1) – O(7) 1.982 1.984 
Mn(1) – N(1) 2.014 2.003 
Mn(1) – O(7’)           (JT) 2.399 2.396 
Mn(1) – N(4)            (JT) 2.179 2.164 
Mn(2) – O(1) 1.902 1.888 
Mn(2) – O(3) 1.919 1.905 
Mn(2) – O(4) 1.866 1.882 
Mn(2) – N(2) 2.023 1.996 
Mn(2) – O(8)           (JT) 2.299 2.316 
Mn(2) – N(7)           (JT) 2.266 2.264 
Mn(3) – O(1) 1.883 1.874 
Mn(3) – O(5) 1.910 1.913 
Mn(3) – O(6)            1.864 1.857 
Mn(3) – N(3) 2.009 2.003 
Mn(3) – N(10)         (JT) 2.189 2.165 
Cd(1) – N(4) 2.311 2.300 
Cd(1) – N(7) 2.336 2.345 
Cd(1) – N(10) 2.339 2.327 
Cd(1) – Cl(1)/Br(1) 2.602 2.734 
Cd(1) – Cl(2)/Br(2) 2.606 2.712 
Cd(1) – Cd(1’) 2.425 3.903 
Cd(1) – O(9) 3.845 2.398 
Mn(1) – Mn(2) 3.281 3.262 
Mn(2) – Mn(3) 3.271 3.251 
Mn(3) – Mn(1) 3.274 3.257 
Mn(1) – Mn(1’) 3.393 3.376 
Mn(1)–N(4)–Cd(1) 121.19 121.13 
Mn(2)–N(7)–Cd(1) 124.14 122.62 
Mn(3)–N(10)–Cd(1) 120.27 120.53 
Mn(1)–N(1)–O(3)–Mn(2) 19.87 19.43 
Mn(2)–N(2)–O(5)–Mn(3) 20.00 19.42 
Mn(3)–N(3)–O(7)–Mn(1) 28.61 28.80 
δMn1 Torsion 6.89 5.08 
δMn2 Torsion 5.31 5.13 
δMn3 Torsion 6.42 6.53 
∆, Out-of-plane shift 0.015 0.014 
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Figure 8.21.  (top) Temperature dependence of the dc magnetic susceptibility (χMT) of 

complex 5 from 1.8-300 K at applied fields of 0.01-1 T.  Solid lines serve as guides for 

the eye.  (bottom) Reduced magnetization for 5, taken at 1-5T from 1.8-4.0K.  Solid 

lines describe the best-fit to the 2-5T experimental data, for parameters discussed in the 

text.   



508 

 

 

Figure 8.22.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 5 

at 1.8-7 K from 10-1000 Hz. 
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Figure 8.23.  (top) Arrhenius plot of complex 5.  The temperatures were obtained from 

the estimated peak maxima in the 1000-50 Hz χ'' data.  (bottom) Extrapolation of the 50 

Hz in-phase (χ’mT) susceptibility of 5 to 0 K. 
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[NPr4]2[Mn6Zn2(salox)6O2(N3)6(OH)2(MeOH)2]·3MeOH, which was presented as 

complex 4 in chapter 7.                                 

     

8.2.3.2.  Dc and ac Magnetic Susceptibility Studies on Complex 7 

The dc magnetic susceptibility for 7 reveal a decreased field dependence and the 

observation of smaller low-temperature χMT values than in 5 and 6.  The 300 K χMT 

value of 21.20 cm3·K·mol-1 for 7 is much less than the value of 26.84 cm3·K·mol-1 

expected for a system containing six uncoupled s = 2 MnIII ions and two s = 5/2 MnII 

ions, indicating the population of antiferromagnetic spin states at 300 K.  Dominant 

antiferromagnetic interactions are also indicated by the appreciable and relatively field-

independent decline in χMT below 30 K.  Interestingly, the 1-5 T reduced magnetization 

data indicate a relatively large S = 6 or S = 7 ground state by the ~12 cm3·K·Oe 

magnetization saturation value at 5 T.  Further evidence for a discrepancy in the ground 

state value is provided by the 0 K extrapolation value of the in-phase ac susceptibility, 

which indicates an S = 3 ground state (figure 27 (bottom)).  As in many of the 

previously described spin-mixed complexes, this is best explained as the population of 

low-lying higher spin excited states upon application of a magnetic field.  However, the 

ac susceptibility for complex 7 (figure 26) differs from the other spin-mixed complexes 

in the observation of well-defined Gaussian peak shapes in χ''.  This is clearly evident 

upon comparison with the analogous 1-D chain complex 5, in which very broad and 

irregularly shaped peaks in χ'' are apparent (figure 22).  The Arrhenius plot shown in 

figure 27 (top) indicates that 7 possesses relaxation parameters of Ueff  = 34.2 K and τ0 = 

2.11·10-9 sec.  This value for Ueff is only 3 K larger than in the diamagnetically  
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Figure 8.24.  Partially labeled molecular structure of the infinite 1-D chain complex 7.  

Hydrogen atoms have been omitted while carbon and symmetry equivalent atoms have 

been left unlabeled, for clarity. 
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Figure 8.25  Molecular structure of the repeating unit in 7, emphasizing the 57.63° non-

planarity between adjacent Mn3
III planes. 
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Table 8.10.  Selected structural parameters for complex 7. 

Parameter/ Complex 7  Parameter/ Complex 7 
Mn(1) – O(1) 1.875  Mn(7) – N(21) 1.993 
Mn(1) – O(2) 1.877  Mn(7) – N(28)           (JT) 2.187 
Mn(1) – O(7) 1.948  Mn(7) – O(2)             (JT) 2.799 
Mn(1) – N(1) 1.995  Mn(1) – Mn(2) 3.262 
Mn(1) – O(15)          (JT) 2.401  Mn(2) – Mn(3) 3.263 
Mn(1) – N(4)            (JT) 2.239  Mn(3) – Mn(1) 3.233 
Mn(2) – O(1) 1.897  Mn(1) – Mn(4) 3.752 
Mn(2) – O(3) 1.928  Mn(2) – Mn(4) 3.872 
Mn(2) – O(4) 1.868  Mn(3) – Mn(4) 3.740 
Mn(2) – N(2) 2.007  Mn(1) – Mn(5) 3.396 
Mn(2) – O(8)           (JT) 2.300  Mn(5) – Mn(6) 3.261 
Mn(2) – N(7)           (JT) 2.268  Mn(6) – Mn(7) 3.249 
Mn(3) – O(1) 1.863  Mn(7) – Mn(5) 3.247 
Mn(3) – O(5) 1.909  Mn(5) – Mn(8) 3.815 
Mn(3) – O(6)            1.852  Mn(6) – Mn(8) 3.917 
Mn(3) – N(3) 2.010  Mn(7) – Mn(8) 3.757 
Mn(3) – N(10)         (JT) 2.190  Mn(1)–N(4)–Mn(4) 116.39 
Mn(4) – N(4) 2.176  Mn(2)–N(7)–Mn(4) 121.15 
Mn(4) – N(7) 2.178  Mn(3)–N(10)–Mn(4) 116.71 
Mn(4) – N(10) 2.203  Mn(5)–N(22)–Mn(8) 120.51 
Mn(4) – N(13) 2.224  Mn(6)–N(25)–Mn(8) 120.78 
Mn(4) – N(16) 2.171  Mn(7)–N(28)–Mn(8) 117.93 
Mn(4) – O(9) 1.863  Mn(1)–N(1)–O(3)–Mn(2) 26.60 
Mn(5) – O(10) 1.873  Mn(2)–N(2)–O(5)–Mn(3) 13.74 
Mn(5) – O(15) 1.956  Mn(3)–N(3)–O(7)–Mn(1) 19.67 

Mn(5) – N(19) 1.999  Mn(5)–N(19)–O(11)–
Mn(6) 

0.01 

Mn(5) – N(22)         (JT) 2.182  Mn(6)–N(20)–O(13)–
Mn(7) 

17.11 

Mn(5) – O(7)           (JT) 2.511  Mn(7)–N(21)–O(15)–
Mn(5) 

31.59 

Mn(6) – O(9)     1.895  δMn1 Torsion 12.48 
Mn(6) – O(11) 1.896  δMn2 Torsion 3.99 
Mn(6) – O(12) 1.872  δMn3 Torsion 0.45 
Mn(6) – N(20) 1.997  δMn5 Torsion 5.66 
Mn(6) – O(16)         (JT) 2.416  δMn6 Torsion 4.16 
Mn(6) – N(25)         (JT) 2.236  δMn7 Torsion 6.52 
Mn(7) – O(9) 1.876  ∆1, Out-of-plane shift 0.038 
Mn(6) – O(13) 1.898  ∆2, Out-of-plane shift 0.033 
Mn(6) – O(14) 1.856    
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Figure 8.26.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 7 

at 1.8-7 K from 10-1000 Hz. 
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Figure 8.27.  (top) Arrhenius plot of complex 7.  The temperatures were obtained from 

Gaussian fits to the 50-1000 Hz peaks in χ''.  (bottom) Extrapolation of the 50 Hz in-

phase (χ’mT) susceptibility of 7 to 0 K. 
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separated chain complex 5, while the value for τ0 in 7 is 16 times smaller.  Nonetheless, 

the very large enhancement in Ueff and remarkable reduction in τ0 for the SCM complex 

4 relative to the SMM chain complex 3 is not observed in these lower-spin chain 

complexes (5-7), indicating that 7 behaves more like a discrete SMM than a SCM.  This 

is possibly due to weak exchange interactions between MnII ions in 7, which contrasts 

with the µ-η1:η1:η3 azide-bridged SCM complex 4.  One may recall that 4 possesses a 

more intimately coupled structure, in which azide-mediated magnetic couplings are 

observed for MnII–MnII and MnII–MnIII.                  

 

8.2.4.  2-D Sheets Comprised of Mn3
IIIZn2

II and Mn6
III Structural Subunits (8, 9)            

Infinite 2-D structures were also obtained, taking into account the synthetic 

flexibility afforded by the presence of anionic building block subunits.  Thus, the arrays 

in complexes 8 and 9 were obtained as a result of modifications to the crystallizing 

conditions and changes in the co-crystallizing cation.   

Complex 8 is comprised of an infinite array of Mn3
IIIZn2

II 'single-decker' 

molecules that are connected to Na+ ions through oximate and phenoxide bridges.  The 

tri-anionic charge on the metal cluster is balanced by the presence of three Na+ ions that 

surround the planar Mn3
III core in a pseudo-C3 arrangement.  This infinite structure 

propagates in 2-D along the a-b crystallographic plane, as shown in figure 28 (bottom).  

Figure 29 also illustrates a portion of the extended structure, for a view perpendicular to 

the a-b plane.   

 

8.2.4.1.  Dc and Ac Magnetic Susceptibility Studies on Complexes 8 and 9 
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Fitting of the 0.1 T dc susceptibility data for 8 was performed according to the 

procedure detailed above, for data taken from 300-20 K.  A 3-J fitting model was 

employed as a result of the low symmetry of the structure, leading to best-fit parameters 

of S = 1, g = 1.83, J1 = –2.22 K, J2 = –7.38 K, and J3 = –3.87 K.  The corresponding 

separation to the S = 2 first excited state is only 9.8 K, which is on the same order of 

magnitude as the exchange couplings (J) and axial zfs (D).  Indeed, the reduced 

magnetization data were well fit to the Hamiltonian in eq. 3, for parameters of S = 2, g = 

1.84, and D = –4.57 K (figure30 (bottom)).  Extrapolation of the in-phase component of 

the ac susceptibility (χ'T) for 8 resulted in a 0 K value of 1.96 cm3·K·mol-1, which is 

exactly midway between the spin-only values expected for an S = 1 and S = 2 ground 

state.  These results are qualitatively very similar to the 1-D chain complex 1, which 

was shown to possess a low-spin ground state, numerous low-lying excited states and a 

very large uniaxial anisotropy.  Inspection of the ac susceptibility data confirm these 

indications, as evident by the appearance of a peak shoulder at temperatures greater than 

the primary peak in χ''.  Unfortunately, the peak maximum in χ'' occurs at temperatures 

below (or frequencies above) the operating limits of our ac SQUID.  In either case, the 

robustness of the out-of-phase susceptibility is notable, especially considering the large 

corresponding decrease in χ'.  This is remarkable due to the low spin of this complex, 

which presumably leads to a small calculated magnetization reversal barrier.  More 

detailed studies are required to elucidate the origin of the slow magnetization relaxation 

in 8.      

The second 2-D complex (9) is comprised of Mn6
III building blocks that are 

interconnected via hydrogen bonding interactions.  In this reaction, the ligand  
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Figure 8.28.  (top) Asymmetric unit for complex 8.  (bottom) Crystallographic packing 

diagram for 8, viewed along the a-b plane. 
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Figure 8.29.  Extended structural representation of the infinite 2-D complex 8, viewed 

perpendicular to the a-b crystallographic plane.   
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Figure 8.30.  (top) Fit to the 0.1 T dc magnetic susceptibility (χMT) of complex 8 from 

1.8-300 K, for the parameters in the inset.  (bottom) Fit of the reduced magnetization for 

complex 8, from 1-5T and 1.8-4.0K, for the parameters provided in the inset.   
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Figure 8.31.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 8 

at 1.8-7 K from 10-1000 Hz.     
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Figure 8.32.  Extrapolation of the 50 Hz in-phase (χ’mT) susceptibility of 8 to 0 K.     
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Figure 8.33.  Partially labeled molecular structure of the infinite 2-D sheet complex 9.  

Hydrogen atoms have been omitted while carbon and symmetry equivalent atoms have 

been left unlabeled, for clarity. 
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Figure 8.34.  Description of the intermolecular contacts in the 2-D complex 9.  Dotted 

red and blue lines describe the H-bonding interactions between adjacent molecules. 
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dicyanamide was employed in place of azide, leading to the structure shown in figure 

33.  Interestingly, the axially coordinated cyanoureate ligands were generated in situ 

from the hydrolysis of the uncoordinated –CN link of dicyanamide, following 

nucleophilic attack by H2O that is activated by coordination to the Lewis acidic MnIII 

ion.  This behavior is not unprecedented in the literature; similar reactions such as the 

base-catalyzed ‘Pinner reaction’ have been described.21  In this named reaction, the 

dicyanamide anion can function as a base and deprotonate ethoanol.  The latter can then 

attack one of the electrophilic carbon atoms of the dicyanamide ion, generating the ethyl 

ester of cyano-carbaminidic acid.22  In light of this reaction, the hydrogen-bonded 

structure in 9 arises from the intimate contacts between the pendant arm of the 

coordinated cyanoureate ligands, establishing the 2-D network shown in figure 34.  In 

this figure, the blue and red dotted lines represent the hydrogen bonding interactions 

between adjacent Mn6
III molecules.   

   The 1 T dc susceptibility data for 9 are similar to the isolated S = 4 Mn6
III 

complexes presented in chapter 7, while the 0.01 T and 0.1 T data show noticeable 

increases in the susceptibility at low temperatures.  This is especially true at 0.01 T, 

where a dramatic increase in χMT is apparent in figure 35 (top) for temperatures below 

10.2 K.  This behavior is attributed to the presence weak ferromagnetic intermolecular 

interactions that are mediated by the H-bonding contacts within the 2-D sheet.  The 

relative strength of these interactions may be gauged by the field dependence of the 

susceptibility, in which the increase in χMT is minimal at fields larger than 0.1 T.  

Fitting of the 1-5 T reduced magnetization data to eq. 3 led to the fit shown in figure 35 

(bottom) for least-squares parameters of S = 4, g = 2.00, D = –1.22 K.  It is notable that       
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Figure 8.35.  (top) Temperature dependence of the dc magnetic susceptibility (χMT) of 

complex 9 from 1.8-300 K at applied fields of 0.01-1 T.  Solid lines serve as guides for 

the eye.  (bottom) Fit of the reduced magnetization data for 9, taken at 1-5T from 1.8-

4.0K.  Solid lines describe the best-fit to the 1-5 T experimental data, for parameters 

discussed in the text. 
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Figure 8.36.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 9 

at 1.8-7 K from 10-1000 Hz. 
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Figure 8.37.  (top) Arrhenius plot of complex 9.  The temperatures were determined 

from the Gaussian fits to the peak maxima in χ''.  (bottom) Extrapolation of the 50 Hz 

in-phase (χ’mT) susceptibility to 0 K. 
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these reduced magnetization data were well fit by these parameters, indicating a 

minimal effect of the intermolecular interactions under these high-field conditions.  Ac 

susceptibility measurements on 9 reveal well-formed yet relatively broad peaks in χ'', 

particularly at the higher frequencies of 500-1000 Hz (figure 36).  The Arrhenius plot 

corresponding to these data is shown in figure 37 (top) for fitting parameters of Ueff  = 

32.14 K and τ0 = 2.73·10-8 sec.  These values compare closely to those obtained for the 

discrete S = 4 Mn6
IIIX2

II complexes described in chapter 7.  Extrapolation of the 50 Hz 

in-phase susceptibility is shown as a red line in figure 37 (bottom), indicating a spin 

ground state between S = 3 and S = 4.  Thus, the weak ferromagnetic intermolecular 

interactions indicated by the dc susceptibility measurements appear to have little effect 

upon the relaxation properties and apparent ground state in 9.                  

 

8.3.  Conclusions 

The 1-D and 2-D coordination polymers represented by complexes 1-9 further 

illustrate the synthetic and magnetic diversity afforded by Mn3
III structural building 

blocks.  The 1-D complexes 1 and 2 are comprised of Mn3Zn2 and Mn3Zn building 

blocks similar to the discrete complexes in chapters 4-6, and are described by linear 

stair-step and zigzag structural topologies, respectively.  Both structures are bridged 

through diamagnetic Na+ ions in slightly different coordination environments, while 

spin ground states of S ≈ 2 and S = 6 are observed for 1 and 2, respectively.  The related 

µ-η1:η3 bridged Mn6
IIIX2

II chain complexes 3 (X = Cd) and 4 (X = Mn) are distinct from 

the above examples and represent isostructural single-molecule magnet and single-chain 

magnetic systems, respectively.  Interestingly, these complexes possess virtually 
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identical magnetic cores and appreciable spin ground states, eliminating any 

magnetostructural differences in the Mn6
III core magnetic units.  Thus, the vastly 

different Ueff and τ0 values for these complexes are directly attributed to the differences 

in relaxation dynamics for SMM and SCM systems.  Complexes 5-6 are low-spin 1-D 

chloride and bromide bridged Mn6
IIIX2

II analogs, while 7 possesses µ- η
1:η1 azide 

bridges and a similar low-spin ground state.  Finally, the infinite 2-D complexes 8 and 9 

are comprised of Mn3
IIIZn2

II and Mn6
III subunits that are bridged through Na+ ions and 

H-bonding interactions, respectively.  These higher-dimensional structures are 

reminiscent of the burgeoning field of metal-organic frameworks, which will be 

investigated further in the next chapter for porous 3-D structures comprised of similar 

SMM structural subunits. 

 

8.4.  Experimental Section 

8.4.1.  Physical Measurements   

Infrared spectra were recorded for KBr discs on a Thermo-Nicolet Avatar 360 

FT-IR spectrometer.  Elemental analyses were performed by Numega Resonance Labs 

(San Diego, CA).  DC magnetic susceptibility data were collected using a Quantum 

Design MPMS-2 SQUID magnetometer equipped with a 5 T magnet.  AC magnetic 

susceptibility data were collected on a Quantum Design MPMS SQUID magnetometer 

equipped with a 1 T magnet, as part of the W.M. Keck Center for Interface and 

Materials Sciences (CIMS) laboratory at the University of California-San Diego.  

Crystalline samples for bulk magnetic studies were pulverized and immobilized in 

eicosane to prevent field-induced torquing.  Pascal's constants were employed as 
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diamagnetic corrections to the magnetic susceptibility data.  Bulk magnetization 

hysteresis measurements were conducted on field-aligned powder samples, where a 

static 5 T field was applied at 330 K, followed by cooling to 10 K.  This procedure led 

to partially aligned samples, in which the molecular easy axes were approximately 

aligned with the applied magnetic field. 

 

X-ray Crystallography   

Representative single-crystals were selected from the crystallization solvent and 

mounted on a CryoLoop with Paratone-N oil.  Diffraction intensity data were collected 

at 100 K on a Bruker Smart Apex or Apex II CCD-based diffractometer employing Mo 

Kα radiation.  The reflection data were integrated using the Bruker SAINT software 

program and corrected for absorption effects using the Bruker SADABS program.   

Complexes 1-9 were all solved by direct methods using SHELXS-97, utilizing 

successive difference Fourier syntheses, and refined by full matrix least squares on all 

F2 data.  All non-hydrogen atoms were refined anisotropically by full-matrix least-

squares regression.  Hydrogen atoms were designated in calculated positions using a 

riding model.  Disordered [NEt4]+ cations and/or co-crystallized solvate molecules in 

complex 3, 4, 6, and 7 were treated using the program SQUEEZE.  Excess electron 

densities of 39 e– and 42 e– were determined for 3 and 4, respectively, corresponding to 

one co-crystallized MeOH molecule per unit cell (calculated 36 e–).  Complex 6 was 

determined to have an excess electron density of 721 e–, which corresponds to the 

presence of two [NEt4]+ co-crystallizing cations and two MeOH solvate molecules 

(calculated 728 e–).  A similar procedure was performed for 7, yielding an excess 
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electron density of 590 e–/cell, which corresponds to the presence of two [NEt4]+ cations 

(calculated 584 e–).  Positionally disordered Cl– and N3
– ligands are observed for the 

axial ZnII ligands in complex 1, corresponding to 75.11% and 68.68% Cl– occupancy at 

the axial coordination site and 55.33%, 60.97%, 43.93%, and 45.74% nitrogen 

occupancies at the remaining (azide) sites.  Scaling of these occupancies with respect to 

the electron densities for chloride and nitrogen led to the calculation of 41 e–, 

corresponding to one Cl– ion and three nitrogen atoms.  Further investigation of these 

occupancies reveal that these chloride and azide groups are approximately 50% 

disordered at the two unique ZnII coordination sites above and below the Mn3
III plane.  

Disordered ligands and solvate molecules were absent in the remaining complexes, in 

which well-behaved thermal ellipsoids were evident for the structure factors assigned to 

the observed electron densities. 

 

8.4.2.  Synthesis 

 (PP<)2[<a(MeOH)2][Mn3Zn2(salox)3O(<3)7Cl]·2MeOH (1).  

Mn(NO3)2·4H2O (0.25 g, 1.0 mmol), Zn(NO3)2·6H2O (0.17 g, 0.65 mmol), and NaN3 

(0.26 g, 1.9 mmol) were added to 30mL of MeOH and stirred for 1 hour. 

Salicylaldoxime (0.14 g, 1.0 mmol) and NaOH (0.02 g, 0.50 mmol) were added to the 

clear solution and the resulting mixture was stirred for 30 minutes. Very large 

rectangular block-shaped crystals (1mm × 1mm × 0.4mm) formed from a layered 1:1 

mixture of MeOH and Et2O after 3 days in 72% yield (based on Mn).  Selected IR data 

(cm-1): 3444 (b), 2075 (s), 1633 (w), 1596 (w), 1439 (m), 1384 (m), 1284 (m), 1115 (m), 

1030 (m), 918 (m), 724 (m), 646 (w), 533 (m), 499 (w). 
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(PP<)[<a(MeOH)4][Mn3Zn(Et-salox)3O(<3)5(MeOH)] (2).  A procedure 

analogous to that for 1 was followed, with the exception of Et-saloxH2 (0.19 g, 1.15 

mmol) used in place of saloxH2.  The isolated crystalline yield was 64% (based on Mn).  

Selected IR data (cm-1): 3406 (b), 3059 (w), 2973 (w), 2936 (w), 2103 (s), 2074 (s), 

1594 (m), 1436 (s), 1308 (m), 1264 (m), 1116 (m), 1006 (m), 943 (m), 853 (w), 690 (s), 

547 (m), 438 (w). 

 [Mn6Cd2(salox)6O2(<3)6(MeOH)6]·2MeOH (3).  Mn(NO3)2·4H2O (0.25 g, 1.0 

mmol), Cd(NO3)2·6H2O (0.22 g, 0.64 mmol), and NaN3 (0.26 g, 1.9 mmol) were added 

to 30mL of MeOH and stirred for 15 minutes. Salicylaldoxime (0.14 g, 1.0 mmol) and 

NaOH (0.02 g, 0.50 mmol) were added to the clear solution and the resulting mixture 

stirred for 30 minutes. Very large irregular block-shaped crystals (5mm × 4mm × 4mm) 

formed from the standing MeOH filtrate after 7 days in 46% yield (based on Mn).  

Selected IR data (cm-1): 3425 (b), 2063 (s), 1595 (m), 1436 (m), 1304 (m), 1424 (m), 

1135 (w), 1054 (m), 972 (m), 859 (m), 760 (m), 678 (s), 573 (w), 438 (w).       

 [Mn8(salox)6O2(<3)6(MeOH)6]·2MeOH (4).  A procedure analogous to that of 

3 was followed, except for the omission of Cd(NO3)2·6H2O from the reaction mixture.  

The isolated crystalline yield was 38% (based on Mn) after 7 days.  Selected IR data 

(cm-1): 3393 (b), 2134 (s), 2077 (s), 1597 (s), 1439 (s), 1274 (s), 1205 (m), 1028 (s), 

913 (s), 752 (m), 674 (s), 469 (m). 

 (<Et4)2[Mn6Cd2(salox)6O2(<3)6(MeOH)4Cl2]·MeOH (5).  Sodium azide (0.26 

g, 4.00 mmol) and salicylaldoxime (0.28g, 2.07mmol) were added to a stirring methanol 

solution (125 mL) of MnCl2·4H2O (0.40 g, 2.02 mmol) and CdCl2 (0.30 g, 1.6 mmol).  

The mixture was stirred for 15 minutes, after which 0.7mL of a 20% solution of 
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NEt4OH (in H2O) was added.  The solution was stirred overnight, resulting in a brown-

green filtrate and a moderate amount of dull brown precipitate.  The filtrate was 

collected and left undisturbed for 2 weeks, resulting in small block-shaped crystals in 

21% yield (based on Mn).  Selected IR data (cm-1): 3425 (b), 2991 (w), 2066 (s), 1597 

(s), 1439 (m), 1281 (m), 1030 (m), 917 (m), 756 (m), 679 (s), 648 (m), 465 (w). 

 (<Et4)2[Mn6Cd2(salox)6O2(<3)6(MeOH)4Br2]·MeOH (6).  A procedure 

analogous to that of 5 was followed, except for the use of MnBr2·4H2O (0.50 g, 1.7 

mmol) in place of MnCl2·4H2O and CdBr2 (0.4 g, 1.5 mmol) in place of CdCl2.  

Selected IR data (cm-1): 3473 (b), 2062 (s), 1625 (w), 1597 (m), 1440 (m), 1281 (m), 

1204 (w), 1031 (m), 918 (m), 756 (w), 678 (m), 466 (w).  

 (<Et4)2[Mn8(salox)6O2(<3)8(MeOH)4]·MeOH (7).  A procedure similar to that 

of 5 was followed, with the exception of Mn(NO3)2·4H2O (0.50 g, 2.0 mmol) in place 

of MnCl2·4H2O, and the omission of CdCl2 from the reaction mixture.  Small black 

crystals formed from the Et2O-layered filtrate after 10 days in 18% yield (based on Mn).  

Selected IR data (cm-1): 3426 (b), 2134 (s), 2077 (s), 1597 (s), 1439 (m), 1275 (s), 1205 

(m), 1028 (s), 914 (m), 753 (m), 676 (s), 649 (m), 468 (w). 

 [<a(MeOH)2]3[Mn3Zn2(salox)3O(<3)6I2] (8).  Mn(NO3)2·4H2O (0.50 g, 2.0 

mmol), Zn(NO3)2·6H2O (0.39 g, 1.4 mmol), and NaN3 (0.26 g, 1.9 mmol) were added 

to 30mL of MeOH and stirred for 1 hour. Salicylaldoxime (0.28 g, 2.0 mmol), NaI (0.30 

g, 2.0 mmol), and NaOH (0.02 g, 0.50 mmol) were added to the clear solution and the 

resulting mixture was stirred for 30 minutes. Thin octahedral-shaped crystals (0.3mm × 

0.3mm × 0.05mm) formed from the undisturbed MeOH filtrate after 15 days in 41% 

yield (based on Mn).  Selected IR data (cm-1): 3455 (b), 2961 (m), 2873 (w), 2076 (s), 
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1597 (m), 1544 (w), 1440 (m), 1277 (m), 1052 (m), 1034 (m), 916 (m), 754 (m), 680 (s), 

464 (w).   

 [Mn6(salox)6O2(MeOH)6]·2(<3C2O) (9).  A procedure analogous to that of 3 

was followed, except for the use of sodium dicyanamide (0.30 g, 3.4 mmol) in place of 

NaN3.  Selected IR data (cm-1):  3413 (m), 3331 (m), 3229 (m), 2208 (m), 2169 (s), 

1597 (s), 1439 (s), 1278 (s), 1201 (m), 1024 (s), 914 (m), 756 (m), 669 (s), 645 (m), 554 

(w), 467 (w). 
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Chapter 9 

 Porous 3-D Metal-Organic Frameworks Comprised of Mn3
III-based SMM Building 

Blocks 
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9.1.  Introduction 

There is currently much interest in creating new materials that combine 

magnetism with other properties such as conductivity, optical properties, or porosity.1-6  

The design of these new magnetic materials requires taking into account important 

considerations such as the nature of the spin carriers and the identity of the bridging 

ligands.  Here we are interested in combining the unique magnetic properties of SMMs 

with the intrinsic physical characteristics of metal-organic frameworks (MOFs), which 

are porous crystalline structures that comprised of covalent metal-ligand bonds in one, 

two, or three dimensions.  These materials have attracted immense interest due to the 

high degree of synthetic flexibility and attractive properties they possess.7  Perhaps 

most interesting property of MOFs is the presence of low-density structures that possess 

very large surface areas and void volumes, some of which exceed that of even Zeolitic 

materials.8  One prototypical example is the 3-D  isoreticular MOF 

Zn4O(BDC)3·(DMF)8C6H5Cl (MOF-5), where BDC = 1,4-benzendicarboxylate.9  This 

complex possesses a free pore volume that represents nearly 60% of its crystal (0.61 

cm3/cm3), which compares to values of 0.18 cm3/cm3 for analcime and 0.47 cm3/cm3 for 

zeolite A.8, 9  It is possible to chemically modify the bridging ligands in typical MOF 

materials, allowing one to tune the pore size and physical properties for numerous 

desired applications such as gas storage, radiation detection, drug delivery, and catalysis, 

among others.9-12  One relatively unexplored area in this field involves the investigation 

of MOFs that are comprised of paramagnetic ions.  Nearly all of the magnetic MOFs 

synthesized to date are comprised of frameworks that are isostructural and similarly 

synthesized as their diamagnetic analogs in well-studied classes such as the IRMOF 
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series.13, 14  A few of these complexes have attracted immense interest due to their 

ability to adsorb H2 more strongly to the open coordination sites on MnII, CuII, and NiII 

ions, which provides insight towards raising the binding energy for physiosorptive 

processes that are relevant for applications in gas separations and storage.15-17  In 

particular, Dybtsev et al. found that the MnII-formate based MOF mentioned above 

possesses the ability to selectively discriminate gases with small kinetic diameters such 

as H2 (2.8 Å) and CO2 (3.3 Å) from other gases with larger kinetic diameters such as Ar 

(3.4 Å), N2 (3.64 Å), and CH4 (3.8 Å).18  Although these authors attribute this solely to 

the small size-selective aperture of the channels, other studies suggest that the dramatic 

adsorption affinity for CO2 is also due to the association of the dipolar gas molecule and 

the paramagnetic MnII ions in this structure.15  In fact, this explanation is more 

reasonable due to the very similar kinetic diameters for CO2 and Ar yet significantly 

different adsorption limits.           

Thus, we report here two new microporous 3-D MOF complexes, in which the 

repeating building blocks are comprised of magnetic and highly anisotropic Mn3
III-

based SMM subunits.  These complexes not only represent a new MOF structural type 

but to the best of our knowledge are the first examples of SMM-based MOFs.  Although 

a small number of 3-D frameworks have been previously characterized to exhibit slow 

magnetization relaxation, the magnetic relaxation in those complexes were due to the 

presence of long-range XY ordering or spin-glass behavior.19, 20  In contrast, the 

relaxation in the complexes presented here are due to the magnetic anisotropies 

associated with the discrete Mn3
III-based structural subunits.  These complexes can be 

synthesized to possess half-integer or integer-spin ground states as well as filled or open 
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coordination sites on the MnIII ions, providing the opportunity to correlate these 

properties to the observed magnetic and physical behaviors.  Interesting gas adsorption 

behaviors are also observed in these complexes, including the selective uptake of H2, 

CO2, and Ar over N2, the hysteretic adsorption/desorption of CO2, and a greater uptake 

of gaseous H2 at higher temperatures.                             

 

9.2.  Results and Discussion 

9.2.1.  Description of Structures 

The three-dimensional porous structures for complexes 1 and 2 are based upon 

the triangular oximate-bridged building block subunits that were initially presented in 

chapter 4.  Complex 1 has a molecular formula of [(Na3Mn4(salox-

OEt)3O(N3)3(H2O))(Na2Mn3(salox-OEt)3O(N3)(MeOH)2(H2O)2Cl)3]∞·(MeOH)8 and is 

comprised of two distinct Mn3
IIIMnII and Mn3

III subunits, respectively.  The divalent 

manganese ion in the Mn3
IIIMnII trigonal pyramidal cluster is bridged to the three MnIII 

ions by µ- η1:η1 azide bridges.  This first Mn3
IIIMnII structural unit lies on a C3 rotation 

axis that passes through the MnII ion and the central µ3-oxo ion.  Interestingly, use of the 

tetradentate ligand 3-ethoxysalicylaldoxime (H2salox-OEt) stabilizes the presence of 

three charge-balancing Na+ ions around the perimeter of the Mn3
IIIMnII core, in an 

arrangement reminiscent to the (Mn3
IIIZn2

II)∞ 2-D sheet structure described in the 

preceding chapter (complex 8 in chapter 8).  The ability of H2salox-OEt to stabilize an 

unprecedented 3-D structural topology is demonstrated by the six-coordinate 

environment surrounding each Na(1) ion.  Three of the Na+ coordination sites are 

occupied by the oximate, alkoxide, and ethoxide oxygen atoms that are labeled O(2),  
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Table 9.1.  Crystallographic data and refinement parameters for 1 and 2. 

Identification code  1    2    

Formula  
C122 H190 Cl3 Mn13 N30 Na9 
O61 

C121 H186 Cd Cl3 Mn12 N31 
Na12 O63 

Formula weight  4080.44 4236.846 
Temperature [K] 100(2)  100(2)  
Wavelength [Å] 0.71073 0.71073 
Crystal system  Cubic Cubic 
Space group  Pa-3 Pa-3 
a [Å] 32.801(3)  32.8802(13)  
b [Å] 32.801(3)  32.8802(13)  
c [Å] 32.801(3)  32.8802(13)  
α [deg] 90 90 
β [deg] 90 90 
γ [deg] 90 90 
Volume [Å3] 35291(5)  35547(2)  
Z 8 8 
Dcalc [Mg/m3] 1.438 1.458 
abs. coefficient [mm-1] 1.039 1.088 
F(000) 15520 15640 
Crystal size [mm3] 0.40 x 0.40 x 035  0.3 x 0.3 x 0.3  
Theta range for data collection 1.39 to 25.43° 2.05 to 25.02° 

Index ranges 
-39<=h<=34, -39<=k<=39, -
37<=l<=39 

-38<=h<=39, -36<=k<=39, -
31<=l<=28 

Reflections collected 221658 95088 
Independent reflections 10862 [R(int) = 0.1519] 10469 [R(int) = 0.0790] 
Completeness to theta = 
25.50° 100.0 %  99.8 %  
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / parameters 10862 / 0 / 676 10469 / 0 / 691 
Goodness-of-fit on F2 1.122 1.035 
Final R indices [I>2sigma(I)] R1 = 0.0782, wR2 = 0.1975 R1 = 0.0798, wR2 = 0.2330 
R indices (all data) R1 = 0.1362, wR2 = 0.2252 R1 = 0.1152, wR2 = 0.2551 
Largest diff. peak and hole 1.298 and -0.517 e.Å-3 2.496 and -1.107 e.Å-3 

( ) ( ) 2
1

22222 /2)).(00.2(/1 
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Table 9.2.  Selected Bond Distances (Å) and Bond Angles (deg) for complexes 1 and 2. 

Parameter/Complex 1 2  Parameter/Complex 1 2 
Mn(1) – O(1) 1.881 1.873  Mn(4) – N(6) 2.000 2.006 
Mn(1) – O(2) 1.903 1.911  Mn(4) – Cl(1)   (JT) 2.596 2.593 
Mn(1) – O(3)        1.881 1.873  Na(2) – O(7) 2.396 2.403 
Mn(1) – N(1)        2.000 1.991  Na(2) – O(11) 2.392 2.388 
Mn(1) – N(2)     (JT) 2.297 2.180  Na(2) – O(12) 2.531 2.512 
Mn(1) – O(19)   (JT) 2.437 2.534  Na(2) – O(13) 2.429 2.455 
Na(1) – O(2) 2.417 2.416  Na(2) – O(14) 2.417 2.408 
Na(1) – O(3) 2.343 2.384  Na(2) – O(15) 2.425 2.448 
Na(1) – O(4) 2.450 2.419  Na(3) – O(20) – 2.022 
Na(1) – O(8)    2.364 2.376  Na(3) – O(21) – 2.412 
Na(1) – O(9)  2.442 2.449  Na(3) – N(8) – 1.997 
Na(1) – O(10) 2.458 2.450  Mn(1)–N(2)–Mn(5) 110.01 – 
Mn(2) – O(6) 1.862 1.868  Mn(1)–N(2)–Cd(1) – 115.86 

Mn(2) – O(8) 1.864 1.883  Mn(1)–N(1)–O(2)–
Mn(1’) Torsion 

12.01 5.55 

Mn(2) – O(10) 1.905 1.919  Mn(2)–N(7)–O(7)–
Mn(4) Torsion 

16.61 18.68 

Mn(2) – O(17)  (JT) 2.230 2.237  Mn(3)–N(5)–O(10)–
Mn(2) Torsion 

8.56 7.31 

Mn(2) – O(20)  (JT) 2.286 2.332  Mn(4)–N(6)–O(13)–
Mn(3) Torsion 

–21.70 –22.29 

Mn(2) – N(7)   1.999 1.988  δMn1 Torsion 5.04 4.16 
Mn(3) – O(6) 1.866 1.871  δMn2 Torsion 6.25 7.51 
Mn(3) – O(11) 1.867 1.869  δMn3 Torsion 4.80 5.41 
Mn(3) – O(13) 1.923 1.926  δMn4 Torsion 5.42 2.58 
Mn(3) – O(18)  (JT) 2.295 2.269  Mn(1) – Mn(1’) 3.243 3.235 
Mn(3) – N(5) 2.016 2.022  Mn(2) – Mn(3) 3.240 3.245 
Mn(3) – N(8)    (JT) 2.296 2.234  Mn(3) – Mn(4) 3.227 3.235 
Mn(4) – O(6) 1.870 1.870  Mn(4) – Mn(2) 3.228 3.234 

Mn(4) – O(7) 1.906 1.911  µ3-oxo out-of-plane, 
∆ 

0.181 0.143 

Mn(4) – O(14) 1.855 1.869  µ3-oxo out-of-plane, 
∆ 

0.025 0.001 

Mn(4) – O(21)  (JT) 2.323 2.457     
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Figure 9.1.  Partially labeled molecular structure of the asymmetric unit in complex 1.  

Hydrogen atoms have been omitted while carbon atoms left unlabeled, for clarity.   
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Figure 9.2.  Partially labeled molecular structure of the asymmetric unit in complex 2.  

Hydrogen atoms have been omitted while carbon atoms left unlabeled, for clarity. 
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Figure 9.3.  Formula unit for complex 1.  Labels are provided for the manganese atoms 

in the asymmetric unit from figure 1 (Z' = 1/3).     
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Figure 9.4.  Crystal packing of complex 1, viewed along the unit cell diagonal from 

(000).   
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Figure 9.5.  Alternative view of the crystal packing in 1.  The blue shaded areas 

represent the porous void space in a representative dumbbell-shaped cavity of this 

complex.   
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O(3), and O(4) in figure 1, respectively.  These atoms are arranged in a nearly planar 

arrangement around Na(1) and are associated with the 3-ethoxysalicylaldoximate 

ligands surrounding the C3-symmetric Mn3
IIIMnII structural unit.  Completing the 

coordination environment around Na(1) ions are oximate (O10), alkoxide (O8), and 

ethoxy (O9) oxygen atoms that are associated with the non C3-symmetric Mn3
III 

building blocks.  These building blocks are represented by the triangle formed by Mn(2), 

Mn(3), and Mn(4), which form a plane that intersects the previously described Mn(1)–

Mn(1’)–Mn(1’’) plane at an angle of 113.64º.  It is important to note that the C3 

rotational symmetry operation generates two additional Mn3
III triangles around the 

Mn3
IIIMnII tetranuclear unit, resulting in a respective subunit ratio of 3:1.   

Equally important to the infinite 3-D structure of 1 are a second set of sodium 

ions, labeled Na(2) in figure 1.  These ions possess a trigonal prismatic coordination 

geometry similar to Na(1) above, yet instead serve to connect the adjacent Mn3
III 

triangular subunits.  Although not explicitly visible in figure 1, the oxygen atoms O(7), 

O(14), and O(15) of a neighboring Mn3
III group are coordinated to Na(2) via symmetry 

considerations.  Thus, the rotation of triangular subunits around sodium ions Na(1) and 

Na(2), coupled with a high-symmetry crystal structure, leads to the porous 3-D 

framework structure in 1.  This is evident in figure 5, where a representative portion of 

the accessible void space is represented by the blue shaded areas.  This dumbbell-

shaped cavity has a volume of 5665.5 Å3 and a long axis dimension of 28.324 Å, 

resulting in a void volume that represents 16% of the total volume of the crystal.  This 

value is considerable yet modest with respect to highly porous and low-density MOFs 
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such as those in the IRMOF series.9  These materials may exhibit densities as low as 

0.59 g/cm3, which is less than half the density of 1 (1.438 g/cm3).9   

There are 8 MeOH solvate molecules co-crystallized in the void volume of 1, as 

determined from the electron density via SQUEEZE.  With this in mind, it has been 

possible to remove these co-crystallized solvate molecules as well as two coordinated 

MeOH and three H2O molecules via heating to 105°C under vacuum.  These solvent 

losses account for 9.3% of the mass of the entire crystal, which was confirmed using 

thermogravimetric analysis (TGA) (figure 12).  The approximate pore size for accessing 

the cavity in this structure is on the order of 4 Å, which is expected to have significant 

implications for the physical properties of this structure, as will be described below.      

In addition to this unique 3-D structural arrangement, it is also important to 

consider the core structural parameters for the individual Mn3
IIIMnII and Mn3

III subunits 

in 1.  This is due to the sensitive magneto-structural relationships that exist in oximate-

bridged Mn3
III triangles, as investigated in the preceding chapters 4-8.  A selected 

number of structural parameters are summarized in table 2 for complexes 1 and 2.  

Another important structural parameter is the Mn(1)–N(2)–Mn(5) bond angle, which 

describes the µ- η1:η1 azide bridging geometry between the s = 2 MnIII and s = 5/2 MnII 

ions in the tetranuclear Mn3
IIIMnII subunit.  This angle was found to be 110.01° in 1, 

which is expected to be weakly ferromagnetic based on the empirical observations made 

for the related pentanuclear Mn3
IIIMn2

II complexes in chapter 6.  Returning to the 

discussion of the oximate bridging geometry between MnIII ions, one may expect weak 

antiferromagnetic interactions to exist in both structural subunits as a result of relatively 

small torsion angles (θ) ranging from 8.56° to 21.70°.  Thus, one spin-frustrated S ≈ 9/2 
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Mn3
IIIMnII and three S ≈ 2 Mn3

III magnetic substituents are expected to exist in one 

formula unit for 1.  Because these spin carriers are separated by diamagnetic Na+ ions, 

this complex can be viewed as having a net magnetic behavior that is a combination of 

these half-integer and integer-spin components.   

The structurally related complex 2 crystallizes in the same cubic Pa-3 space 

group with very similar unit cell parameters.  This analog has the formula 

[(Na3Mn3Cd(salox-OEt)3O(N3)3(H2O))(Na3Mn3(salox-OEt)3O(N3)(NO3)(MeOH)2 

(H2O)2Cl)3]∞·(MeOH)7 and differs from 1 in the replacement of MnII by CdII ions and 

the capping of 'lower' MnIII coordination sites in Mn3
III and Mn3

IIIMnII by Na+ and NO3
– 

ions, respectively.  This is evident in figure 2, in which the nitrate nitrogen atom N(11) 

lies on a C3 axis and the three nitrate oxygen atoms O(19) reside 2.531 Å away from the 

three symmetry-related Mn(1) ions.  This arrangement effectively blocks the formerly 

open lower coordination sites of Mn(1), which has previously been suspected to play a 

role in the adsorption and binding strength of H2.ref  The sodium ion Na(3) also serves a 

similar purpose, as also visible in figure 2.  This cation balances the charge associated 

with the NO3
– anions and is associated with the Mn3

III structural subunits through a µ- 

η
1:η1 azide and two H2O molecules. 

The structural parameters for complex 2 are summarized in table 2, revealing 

close similarities to the values observed for 1.  Perhaps the largest difference is a change 

in the Mn(1)–N(1)–O(2)–Mn(1') angle, from 12.01° in 1 to 5.55° in 2, which is still not 

expected to significantly affect the nature of the MnIII–MnIII exchange interactions.  

Thus, on the basis of the structure, the formula unit for complex 2 is expected to possess 

a spin-frustrated S ≈ 2 Mn3
IIICdII subunit and three S ≈ 2 Mn3

III triangles.  This is in 
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contrast to the half-integer spin ground state expected for 1, which leads to differences 

in the relaxation behavior for these analogs (vide infra).   

 

9.2.2.  Magnetochemistry 

9.2.2.1.  Dc Magnetic Susceptibility Studies 

Dc magnetic susceptibility and reduced magnetization measurements were 

collected on ground crystalline samples of 1 and 2, revealing behavior that is consistent 

with the predicted structural-magnetic considerations.  The dc susceptibility behavior 

for 1 and 2 are shown in figure 6, revealing a similar temperature-dependent profile yet 

for much different χMT values.  The 300 K susceptibility for 1 at 0.1 T possesses a value 

of 36.03 cm3·K·mol-1, which is much larger than the 24.89 cm3·K·mol-1 corresponding 

value for 2.  This difference is directly associated with the presence of an s = 5/2 MnII 

ion in 1 and a diamagnetic CdII ion in 2.  The susceptibility values for 1 and 2 decrease 

with decreasing temperature, assuming respective values of 10.58 cm3·K·mol-1 and 5.55 

cm3·K·mol-1 at 0.1 T and 1.8 K.  This behavior is consistent with dominant 

antiferromagnetic interactions in both complexes, with the primary difference being the 

expected ferromagnetic contribution of the MnII ion in 1.  It was not possible to fit these 

data due to the presence of two unique substituents in this molecule, resulting in an 

expected overparameterization of the experimental data. 

Reduced magnetization measurements were collected at 1-5 T for 1 and 2, 

yielding data that are consistent with the variable-temperature susceptibility 

measurements above.  These data are shown in figure 7 and reveal a larger indicated 

spin ground state for 1.  Again, it was not possible to fit these data to a single ground      
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Figure 9.6.  (top) Temperature dependence of the dc magnetic susceptibility (χMT) of 

complex 1 (top) and complex 2 (bottom) from 1.8-300 K at applied fields of 0.1-1 T.  

Solid lines serve as guides for the eye. 
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Figure 9.7.  Reduced magnetization for complex 1 (top) and 2 (bottom), taken at 1-5T 

from 1.8-4.0K. 
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state due to the presence of two unique and diamagnetically separated magnetic 

components in each molecule.  Nonetheless, the 5 T saturation magnetization values for 

1 and 2 indicate approximate S ≈ 15/2 and S ≈ 5 ground state spin values.  Interestingly, 

these indicated ground state values differ by ∆S = 5/2, which is exactly the contribution 

of the (ferromagnetically coupled) MnII ion in 1.  The reduced magnetization data also 

indicate a significant zfs anisotropy, as evident by the large separations between the 

data collected at different fields.  One may expect that the sign of this anisotropy to be 

negative, based on previous fitting results for the discrete Mn3
III-based building block 

subunits. 

 

9.2.2.2.  Ac Magnetic Susceptibility Studies                                                          

Ac magnetic susceptibility measurements were collected on 1 and 2 to 

determine if these complexes undergo slow magnetization relaxation.  These data are 

shown in figure 8 for complex 1, revealing a complex frequency-dependent out-of-

phase susceptibility (χ''M) signal.  The presence of an appreciable peak shoulder at low 

frequencies implies at least two different relaxation processes, which is not surprising 

considering the existence of diamagnetically separated Mn3
IIIMnII and Mn3

III magnetic 

species in this complex.  Although no peak in χ''M is observed, the out-of-phase signal is 

correlated with an observable decrease in the in-phase susceptibility (χ'M) signal.  

Extrapolation of the in-phase component of the ac susceptibility is shown in figure 9, 

revealing an indicated S ≈ 9/2 spin ground state at 0 K.  This value is notably different 

from the S ≈ 15/2 ground state indicated by the reduced magnetization data for 1, 

indicating the Zeeman overlap of low-lying excited spin states.  This behavior has  
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Figure 9.8.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 1 at 

1.8-7 K from 10-1000 Hz. 
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Figure 9.9.  Extrapolation of the 100 Hz in-phase (χ’mT) susceptibility for 1 to 0 K. 
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Figure 9.10.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 2 

at 1.8-5 K from 100-1000 Hz. 
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Figure 9.11.  Extrapolation of the 100 Hz in-phase (χ’mT) susceptibility for 2 to 0 K. 
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considerable precedent, as characterized in detail for the discrete low-spin Mn3
IIIZn2

II 

and Mn3
IIIMn2

II clusters in chapters 4 and 6, respectively.   

The ac susceptibility data for complex 2 are shown in figure 10 and indicate a 

frequency- and temperature-dependent behavior that is different to that of 1.  The most 

apparent difference is a reduction in the magnitude of χ''M in 2, which accounts for only 

1.4% of the in-phase susceptibility at the instrumental operating limits of 1000 Hz and 

1.8 K.  This is dramatically reduced relative to 1, as also confirmed by the imperceptible 

change in χ'M at low temperatures and high frequencies.  Extrapolation of the 100 Hz in-

phase susceptibility to 0 K (figure 11) results in a spin ground state between S = 3 and S 

= 4, which is slightly less than the S ≈ 9/2 extrapolated ground state in complex 1.  Thus, 

it is possible that the enhanced relaxation behavior in 1 is the result of the larger spin 

ground state value and/or the existence of a half-integer spin ground state.  Nonetheless, 

it is remarkable that both of these complexes exhibit nonzero out-of-phase 

susceptibilities due to their high-symmetry cubic space groups (i.e. no crystalline 

anisotropy).  More detailed experiments are thus required to elucidate the specific 

mechanism for magnetization relaxation in these complexes. 

                 

9.2.3.  Thermogravimetric Analysis, Powder X-Ray Diffraction, and Gas 

Adsorption of Complex 1 

Complex 1 is expected to behave as a magnetic porous material due to nonzero 

spin ground state and large void volume in the crystal structure.  These properties 

present attractive opportunities for applications such as the selective separation of gases 

that possess differing dipole moments (i.e. CH4, CO2), as mentioned in the introduction.  
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With this in mind, thermogravimetric analysis (TGA) was conducted on a vacuum-dried 

ground crystalline powder of 1 from 25°C to 600°C.  This experiment was performed to 

remove the coordinated and lattice solvate molecules as well as assess the thermal 

stability of this material.  The resulting thermogram is shown in figure 12, revealing two 

processes that correspond to the loss of 10.67% of the initial sample mass at 100°C and 

8.89% of the sample mass at 240°C.  Referring to the existence of eight uncoordinated 

MeOH molecules, two coordinated MeOH molecules, and three coordinated H2O 

molecules that account for 9.3% of the mass, one may expect the first mass loss of 

10.67% to correspond to removal of these groups.  The second mass loss at 240°C 

cannot be explained by the removal of solvate molecules and is thus likely due to 

decomposition of the material.  A reasonable source of this breakdown is the 

decomposition of the coordinated azide groups in this structure, which are known to be 

thermally unstable.  These expectations were confirmed by powder X-ray diffraction 

experiments on the dried powders after heating to 105°C and 240°C.  The diffraction 

pattern collected after heating the sample to 105°C is shown in figure 13, along with a 

simulated spectrum calculated from the single-crystal X-ray diffraction data.  It is clear 

that these data are nearly superimposable, indicating an intact structural framework 

under these conditions.  In contrast, the experimental diffraction pattern collected after 

heating to 240°C reveal numerous major differences in the intense low-angle diffraction 

peaks, consistent with a breakdown of the 3-D framework. 

Gas adsorption measurements were collected on a dried sample of 1, after 

heating to 105°C.  The corresponding gas adsorption isotherms from 0-1 bar are shown 

in figure 14 for CO2, Ar, H2, and N2.  Although the absolute gas sorption values are 
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fairly low (~1%), there are a number of interesting behaviors indicated by these data.  

The first observation is a zero adsorption of N2 (g) at 77 K and at pressures ranging 

from 0-1 bar.  However, the smaller H2 molecule is trapped in the framework lattice in a 

nearly linear fashion with increasing gas pressures.  This difference is attributed to the 

small ~4 Å pore sizes, which may prevent diffusion of the larger N2 molecule.  

Investigation of the adsorption behavior of Ar (g) at 87 K reveal a further enhancement 

of gas uptake, presumably due to the larger polarizability of this molecule relative to H2 

and N2.  This assertion is combined with the presence of magnetic ions in the 3-D lattice, 

which is expected to interact more strongly with more polar/polarizable molecules.  

Indeed, the adsorption behavior for CO2 (g) is plotted  in figure 14 as the closed red 

squares, revealing relatively large gas adsorption values at 196 K.  In fact, the uptake of 

CO2 at 196 K is larger than any of the other gases (at 77K or 88K) from 0-0.95 bar.  

This provides further evidence for the stabilizing role of the unpaired electrons in 1 for 

the adsorption of polar gases. 

Another notable property of 1 is the  'breathing' adsorption-desorption behavior 

of CO2, which is ascribed to the observation of a hysteresis loop for these processes in 

figure 15.  This behavior suggests a pore size-limited adsorption of CO2 into the vacant 

cavity of complex 1, as previously characterized in a small number of MOFs.18  The 

temperature-dependent uptake of H2 provides further indication of this diffusion 

mechanism in 1, in which a largely enhanced uptake is observed at higher temperatures.  

This remarkable observation is in contrast to virtually all MOF systems to date, and 

provides a new system for studying the physics of adsorption as well as a new approach 

for optimizing the amount of H2 uptake.            
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Figure 9.13.  Simulated and experimental powder X-ray diffraction patterns for a 

crystalline sample of complex 1 after heating to 105ºC under vacuum. 
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Figure 9.14.  Gas adsorption isotherms of 1 for N2, H2, Ar, and CO2 at the indicated 

temperatures of 77-196 K. 
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Figure 9.15.  H2 gas adsorption isotherms for complex 1 at 77 K (spheres) and 87 K 

(squares). 
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9.3.  Experimental Section 

9.3.1.  Physical Measurements 

Single-Crystal X-ray Crystallography 

Diffraction data were collected using a Bruker Smart Apex CCD diffractometer 

at 100 K. The data were integrated using the Bruker SAINT software program and 

scaled using the SADABS software program. Complexes 1 and 2 were solved by direct 

methods (SHELXL-97), developed by successive difference Fourier syntheses, and 

refined by full-matrix least-squares on all F2 data. All non-hydrogen atoms were refined 

anisotropically by full-matrix least-squares (SHELXL-97). All hydrogen atoms were 

placed using a riding model. Their positions were constrained relative to their parent 

atom using the appropriate HFIX command in SHELXL-97.  Eight MeOH solvate 

molecules were determined from the residual 1146 e– density in 1 (1152 e– calculated) 

via SQUEEZE.  A residual electron density of 1022 e- was found for 2, corresponding 

to 7 MeOH molecules (1008 e– calculated).   

Magnetic Studies 

Variable temperature dc and ac magnetic susceptibility data were collected on 

ground polycrystalline samples restrained in eicosane to prevent torquing of the sample 

in the magnetic field. Dc magnetic susceptibility measurements were performed on a 

Quantum Design MPMS-5 SQUID magnetometer equipped with a 5.5 T magnet in a 

temperature range of 300-1.8 K in magnetic fields ranging from 0.01 to 5.0 T. Ac 

magnetic susceptibility data were collected in a 3 Oe ac field from 10-997 Hz in zero 

applied dc field in a temperature range of 1.8-7.0 K. The measurements were performed 

using a Quantum Design MPMS-2 SQUID magnetometer equipped with a 1 T magnet.  
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Diamagnetic corrections were estimated from Pascal’s constants and subtracted from 

the experimental susceptibility data to obtain the molar paramagnetic susceptibility of 

the compounds. 

Powder X-Ray Diffraction 

PXRD data were collected at ambient temperature on a Rigaku Miniflex II 

diffractometer at 30 kV, 15 mA for Cu Kα (λ = 1.5418 Å), with a scan speed of 1°/min 

or 5°/min, a step size of 0.05° in 2θ, and a 2θ range of 3−40°. The experimental 

backgrounds were corrected using the Jade 5.0 software package. The simulated PXRD 

pattern was calculated from the single crystal diffraction data using Mercury CSD 2.0. 

Thermogravimetric Analysis 

Approximately 10−20 mg of complex 1 was analyzed under a stream of 

dinitrogen using a TA Instrument Q600 SDT running from room temperature to 600 °C 

with a scan rate of 5 °C/min. 

Other Physical Measurements 

Elemental analysis data were performed by Numega Resonance Laboratories 

(San Diego, CA). IR spectra were collected samples on powder samples in a KBr pellet 

on a Thermo-Nicolet Avatar 360 spectrophotometer in a range of 400-4000 cm-1. 

 

9.3.2.  Synthesis 

[(<a3Mn4(salox-OEt)3O(<3)3(H2O))(<a2Mn3(salox-OEt)3O(<3)(MeOH)2(H2O)2 

Cl)3]∞·(MeOH)8
 (1).  MnCl2

.4H2O (0.330 g, 1.67 mmol) was dissolved in 40 mL of 

methanol, followed by the stepwise addition of NaN3 (0.130 g, 2.00 mmol) and 

H2salox–OEt (0.185 g, 1.00 mmol).  The dark green solution was stirred for 15 minutes 



569 

 

before sodium hydroxide (0.120 g, 3.00 mmol) was added.  The dark green solution was 

stirred for 45 minutes, followed by gravity filtration and layering with an equal volume 

of diethyl ether.  Large black blocks formed overnight in 45% yield (based on Mn).     

 

[(<a3Mn3Cd(salox-OEt)3O(<3)3(H2O))(<a3Mn3(salox-OEt)3O(<3)(<O3)(MeOH)2 

(H2O)2Cl)3]∞·(MeOH)7 (2).  MnCl2
.4H2O (0.330 g, 1.67 mmol) and Cd(NO3)2·4H2O 

(0.200 g, 0.648 mmol) were dissolved in 50 mL of methanol, followed by the stepwise 

addition of NaN3 (0.130 g, 2.00 mmol) and H2salox–OEt (0.185 g, 1.00 mmol).  The 

dark green solution was stirred for 15 minutes before sodium hydroxide (0.120 g, 3.00 

mmol) was added.  The dark green solution was stirred for 45 minutes, followed by 

gravity filtration and layering with an equal volume of diethyl ether.  Large square 

blocks formed after 2 days in 74% yield (based on Mn).   
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Chapter 10 

Heptanuclear Mn3Ni4 and Mn7 Complexes with S = 7/2 to S = 14 
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10.1.  Introduction 

Six heptanuclear complexes have been synthesized, representing two distinct 

classes of molecules.  In the first type, four NiII ions, two MnIII ions, and one central 

MnII ion are arranged in a planar disc-like topology.  Complexes 1-3 fall into this 

category, in which the magnetic exchange interactions are propagated by the alkoxide 

fragments of the ten hmp– ligands, along with µ-η1:η1 azide or chloride bridging ligands 

between NiII ions.  It is notable that this composition of metal ions is expected to lead to 

a half-integer spin ground state, which is expected to possess unique properties related 

to the Kramers degeneracy and spin-parity effects.1-5  The molecular structures for 1-3 

are provided in figures 1-3.  A second class of related complexes is represented by 4-6, 

which contain an outer perimeter of six alternating MnIII and MnII ions and a central 

MnII ion.  The structures for these complexes are shown in figures 7 and 11.  It is 

notable that the closely-related complexes 4 and 5 differ only in the identity of the µ3 

bridging atom, from OH– to O2–, respectively.  This change is combined with the 

presence of three co-crystallizing [NEt4]+ cations in 5, along with structural differences 

that are summarized in table 1.  Importantly, this modification results in a remarkable 

change in the spin ground state, from S = 6 in 4 to S = 12 in 5.  These integer-spin 

ground states are distinct from the half-integer ground states observed for complexes 1-

3 above, illustrating the utility of homometallic and heterometallic synthetic methods.   

Although complex 6 possesses a similar arrangement of metal ions as in 4 and 5, 

the magnetic exchange interactions are solely propagated thorough the six doubly-

deprotonated methyldiethanolamine (MDEA) ligands.  This change was found to result 

in a larger S = 14 spin ground state and a smaller uniaxial anisotropy than in 4 and 5.  
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10.2.  Results and Discussion 

10.2.1.  Description and Magnetic Properties of Complexes 1-3 

Complex 1 crystallizes in the triclinic space group P-1 as two indpendent 

molecules in the unit cell.  This complex is intriguing in that it incorporates [Mn(N3)6]2– 

clusters as charge-balancing counter-ions.  Because only MnII salts and NBu4MnO4 

were employed as starting materials, this remarkably azide rich MnIV-based anion was 

formed in situ.  This species is also interesting in that it exists within a crystal that also 

contains easily oxidized MnII ions.  As briefly mentioned above, the heptanuclear 

Mn2
IIIMnIINi4

II cation in this complex is bridged by ten hmp– groups and two µ-η1:η1 

azide groups, with the azides bridging the NiII ions.  Although no hydrogen-bonding 

interactions are observed, an extensive network of close-contact interactions is observed 

between the heptanuclear cations and s = 3/2 MnIV anions.  Weak interactions between 

the spin on both species are thus possible, complicating the magnetic analysis of this 

structure.  This expectation was confirmed by the dc susceptibility and reduced 

magnetization results.  The 300-1.8 K dc magnetic susceptibility data taken at 0.01-1 T 

indicate predominantly antiferromagnetic exchange interactions in 1, as evident by the 

sharp drop in χMT below 50 K and the very small susceptibility values at low 

temperatures.  The reduced magnetization data for 1 indicate an approximate S = 5/2 

spin ground state on the basis of the saturation magnetization at 5 T.  Unfortunately, it 

was not possible to fit these data according to the spin Hamiltonian given in eq. 1, 

suggesting the possibility of low-lying excited states under these conditions.  

Intermolecular exchange interactions and weak couplings to the s = 3/2 MnIV counter-

ions may also account for the inability to fit these data.         
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Figure 10.1.  ORTEP of [Mn3Ni4(hmp)10(N3)4][Mn(N3)6] (1) at the 50% probability 

level.  Manganese, nickel, oxygen, nitrogen, and carbon atoms are represented by 

purple, green, red, blue, and grey ellipsoids, respectively.  The second pair of 

crystallographically independent molecules has been omitted for clarity, as have 

hydrogen atoms. 
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Figure 10.2.  ORTEP of [Mn3Ni4(hmp)10(N3)4](ClO4)2 (2) at the 50% probability level.  

Manganese, nickel, oxygen, nitrogen, and carbon atoms are represented by purple, 

green, red, blue, and grey ellipsoids, respectively.  Hydrogen atoms and disordered 

ClO4
– anions have been omitted for clarity. 
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Figure 10.3.  ORTEP of [Mn3Ni4(hmp)10Cl4]Cl2 · 6 CH3CN (3) at the 50% probability 

level.  Manganese, nickel, oxygen, nitrogen, chlorine, and carbon atoms are represented 

by purple, green, red, blue, cyan, and grey ellipsoids, respectively.  Hydrogen atoms and 

disordered CH3CN solvate molecules have been omitted for clarity. 
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         ( ) BSgSSESDH Byxz ⋅+−+= ˆˆˆˆ 222 µ                                     (1) 

As a result, the (ClO4)– charge-balanced complex 2 was synthesized to eliminate 

the magnetic contribution of the paramagnetic MnIV counter-ion in 1.  The heptanuclear 

Mn2
IIIMnIINi4

II cationic core structure is maintained in 2, while crystallizing as large 

black blocks in the monoclinic space group C2/c.  Inspection of the dc magnetic 

susceptibility data for 2 reveals a smaller 300 K χMT value than in 1, yet a distinctly 

different behavior as the temperature is reduced.  While 1 exhibits a continuous 

decrease in χMT that accelerates with reduced temperatures, the susceptibility for 2 

increases to a maximum value of 15.98 cm3·K·mol-1 at 70 K, followed by a nearly 

linear decrease to a minimum value of 8.48 cm3·K·mol-1 at 1.8 K.  These observations 

are consistent with a high-temperature spin-only contribution of the MnIV ion in 1, 

followed by a low-temperature antiferromagnetic coupling of MnIV to the heptanuclear 

disc in the same complex.  These data were fit employing the Kambe vector coupling 

method to the seven-spin Hamiltonian in eq. 2 

                      ( )
( ) ( )6030254211

16654332504020100
22

2
SSSSJSSSSJ

SSSSSSSSSSSSSSSSJH
+−+−

+++++++−=            (2) 

in which the central MnII ion is described by S0, the NiII ions by S1, S2, S4, S5, and the 

MnIII ions by S3 and S6.  The couplings used in this semiclassical three-parameter fitting 

method are defined by: (S12 = S1 +S2), (S36 = S3 + S6), (S45 = S4 + S5), (SB = S0 + S36), (ST 

= S12 + S45), and (Sall = SB + ST).  The details for this procedure are provided in chapter 2 

and also described elsewhere.6, 7   Least-squares fitting parameters of S = 7/2, g = 2.07, 

J0 = –0.18 K, J1 = –1.92 K, and J2 = 18.91 K were obtained for the reasonable fit shown 

as a red line in figure 5 (top). 
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Figure 10.4.  (top) Plot of χMT for a ground crystalline sample of complex 1 at the 

indicated dc fields.  (bottom) Plot of the reduced magnetization M/(!µB) vs H/T for 

complex 1 at 1.8-4.0 K and 1-5 T. 
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Figure 10.5.  (top) Plot of the 0.01 T χMT data for a ground crystalline sample of 

complex 2, from 1.8-300 K.  The least-squares fit is described by a red line, for 

parameters given in the text.  (bottom) Least-squares fit of the reduced magnetization 

M/(!µB) vs H/T for complex 2 from 1.8-4 K and 2-5 T. 
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Figure 10.6.  (top) Plot of the 0.01 T χMT data for a ground crystalline sample of 

complex 3, from 1.8-300 K.  The least-squares fit is described by a red line for 

parameters given in the text.  (bottom) Least-squares fit of the reduced magnetization 

M/(!µB) vs H/T for complex 3 from 1.8-4 K and 2-5 T. 
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Reduced magnetization measurements were collected on a microcrystalline sample of 2 

to confirm the spin ground state and determine the zfs anisotropy.  The data were well 

fit to eq. 1 for fitting parameters of S = 7/2, g = 2.08, D = –0.720 K, as indicated by the 

black lines in figure 5 (bottom).  This ground state is consistent with the value 

determined from fitting of the dc susceptibility data and cannot be simply explained in 

terms of the geometry and arrangement of individual spins in the molecule.  The 

presence of spin frustration accounts for this observation, as clearly indicated by the 

nine excited spin states that were found to exist within 5 K of the ground state.  It is 

important to note that these nine excited states possess spin values less than S = 7/2, 

which is expected to minimize the extent of Zeeman crossover at larger applied 

magnetic fields.  This may also explain why it was possible to obtain good fits to both 

the susceptibility and reduced magnetization data despite the significantly different 

experimental conditions.  

The structurally related complex 3 possesses four chloride groups in place of the 

coordinated azides in 2.  Two additional chloride anions balance the charge on the di-

cationic metal cluster and take the place of the [Mn(N3)6]2– and 2[ClO4]– anions in 1 and 

2, respectively.  The dc susceptibility data were fit according to an analogous procedure 

as 2, yielding best-fit parameters of S = 7/2, g = 2.01, J0 = –2.80 K, J1 = –3.16 K, and J2 

= 8.60 K.  These parameters compare reasonably well with the values determined for 1, 

with the largest difference being the weaker ferromagnetic exchange coupling between 

NiII ions in 3 (J2).  This change is associated with the change from η1:η1 bridging azides 

in 2 to bridging chlorides in 3.  Fitting of the reduced magnetization data for 3 also 
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reveal close similarities to the results for 2, as shown in figure 6 (bottom).  The black 

lines in this plot correspond to the fit, for parameters of S = 7/2, g = 2.14, D = –0.815 K.     

10.2.2.  Description and Magnetic Properties of Complexes 4-5 

The similar hexanuclear complexes 4 and 5 possess formulae of 

[Mn7(hmp)9(OH)3Br3][K2Br3]Br · CH3CN · H2O and [NBu4]3[Mn7(hmp)9O3Br3] 

[K2Br3]Br, respectively.  Both complexes crystallize in the high-symmetry cubic space 

group F4132 with Z' = 1/3 and Z = 16.  Application of the program SQUEEZE revealed 

significantly different residual electron densities for these complexes, corresponding to 

the presence of one CH3CN and one H2O solvate molecule for 4 and the presence of 

three large [NBu4]+ cations for 5.  The incorporation of these cations is the result of the 

replacement of three µ3-hydroxide groups in 4 by three µ3-oxide bridges in 5.  This 

observation is very surprising considering the vastly different chemical formulae 

indicated by these results.  Independent confirmation of this conclusion was provided 

by elemental analysis results on 4 and 5, along with structural and magnetic differences 

between the two complexes.  Unfortunately, the microanalytical results for 4 and 5 did 

not correspond exactly to the formulae presented above, even for replicate analyses on 

large single crystals that were crystallographically verified and careful comparison to a 

large number of possible formulations.  Thus, in spite of the relatively strong evidence 

for three [NEt4]3+ ions in complex 5, there is still some uncertainty in the exact 

formulation of these complexes.     

Taking into account the above considerations, the magnetic core for 4 and 5 

possess differences in structural parameters that are consistent with a change in the 

three µ3-bridging groups.  A number of these parameters are summarized in table 1, in  
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Figure 10.7.  ORTEP of [Mn7(hmp)9(OH)3Br3][K2Br3]Br · CH3CN · H2O (4) at the 

50% probability level.  Manganese, oxygen, nitrogen, bromine, potassium and carbon 

atoms are represented by purple, red, blue, brown, orange, and grey ellipsoids, 

respectively.  Hydrogen atoms have been omitted for clarity.  
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Figure 10.8.  ORTEP of complexes 4 (top) and 5 (bottom), including only Mn, Br, O, 

and N atoms.  Structural distortions and differences in the O1–Br2 distances are shown 

for both complexes. 
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Table 10.1.  Comparison of selected bond distances (Å) and angles (deg) for complexes 

4 and 5.   

Parameter/Complex 4    5  

Mn(1) – O(1) 2.188 2.200 

Mn(1) – O(2) 2.211 2.177 

Mn(2) – O(1) 2.265 2.276 

Mn(2) – O(3) 2.165 2.165 

Mn(2) – O(4) 2.141 2.147 

Mn(2) – N(1) 2.227 2.235 

Mn(2) – Br(1) 2.585 2.592 

Mn(3) – O(1) 1.995 1.948 

Mn(3) – O(2)     (JT) 2.186 2.244 

Mn(3) – O(3) 1.892 1.867 

Mn(3) – O(4) 1.906 1.881 

Mn(3) – N(2)     (JT) 2.198 2.233 

Mn(3) – N(3) 2.104 2.069 

Mn(1) – Br(2) 3.831 3.913 

O(1) – Br(2) 3.228 3.262 

Mn(1)–O(1)–Mn(2) 97.83 96.40 

Mn(1)–O(2)–Mn(2) 97.48 99.09 

Mn(1)–O(1)–Mn(3) 98.81 100.63 

Mn(1)–O(2)–Mn(3) 92.61 92.59 

Mn(2)–O(1)–Mn(3) 100.03 100.30 

Mn(2)–O(4)–Mn(3) 107.58 107.38 

Mn(2)–O(2)–Mn(3) 94.88 94.80 

Mn(2)–O(3)–Mn(3) 107.26 108.58 

∆oxo Out-of-plane shift 0.857 0.814 

∆alkoxo Out-of-plane 1.334 1.355 
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which the largest differences are observed with respect to the length of the Mn–O Jahn-

Teller axes, Mn–O–Mn bond angles, and distance of the co-crystallizing Br– anion from 

the Mn7 plane.  The variable-temperature magnetic susceptibility data shown in figure 9 

further illustrate the differences between these complexes, revealing a much larger spin 

ground state for complex 5 relative to 4.  This is evident by the larger susceptibilities for 

5 at all fields and temperatures.  It is notable that the χMT peak maximum for 5 is nearly 

twice the peak value for 4.  These data were fit to the Hamiltonian given in eq. 3, where 

S0 = S2 = S4 = S6 = 5/2 and S1 = S3 = S5 = 2.   

           ( )
( )6040202

6655443322115030100
2

(2)2
SSSSSSJ

SSSSSSSSSSSJSSSSSSJH
++−

+++++−++−=       (3) 

The corresponding Kambe couplings used for this three-parameter model are defined 

by: (S35 = S3 +S5), (S46 = S4 + S6), (Sodd = S1 + S35), (Seven = S2 + S46), (Sstar = S0 + Seven), 

and (Sall = Sodd + Sstar).  The data for both complexes were well-fit to this model, 

resulting in fitting parameters of S = 6, g = 2.01, J0 = –2.48 K, J1 = –4.21 K, J2 = –0.48 

K  for 4 and S = 12, g = 1.83, J0 = –3.00 K, J1 = +3.46 K, and J2 = +1.45 K  for 5.  

These values indicate very weak magnetic exchange interactions in both of these 

structures.  This leads to numerous low-lying excited states in 4, where eighteen excited 

states from S = 3 to S = 6 are observed within 5 K of the ground state.  In contrast, the 

presence of ferromagnetic J1 and J2 exchange couplings in 5 result in the existence of 

only one excited state (S = 11) within 10 K of the S = 12 ground state.   

Fits to the reduced magnetization data for 4 and 5 are provided in figure 10, 

revealing a reasonable correlation to the experimental values, for parameter sets of S = 6, 

g = 2.02, D = –0.278 K for 4 and S = 6, g = 1.90, D = –0.257 K for 5.  As for the fits to  
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Figure 10.9.  Plot of the χMT data for ground crystalline samples of complexes 4 and 5, 

from 1.8-300 K.  The least-squares fits are described by red lines for parameters given 

in the text. 
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Figure 10.10.  Least-squares fit of the reduced magnetization M/(!µB) vs H/T for 

complex 4 (top) and 5 (bottom) from 1.8-4 K and 2-5 T.  Fitting parameters of S = 6, g 

= 2.021, D = –0.278 K (4) and S = 12, g = 1.900, D = –0.257 K (5). 
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Figure 10.11.  Labeled ORTEP of [NEt4][Mn7(mdea)6(N3)6] · (CH3)2CO (6) at the 50% 

probability level.  Manganese, oxygen, nitrogen, and carbon atoms are represented by 

purple, red, blue, and grey ellipsoids, respectively.  Hydrogen atoms, disordered solvate 

molecules and the tetrabutylammonium cation have been omitted for clarity. 
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Figure 10.12.  (top) Plot of the 0.1 T and 1 T χMT data for a ground crystalline sample 

of complex 6, from 1.8-300 K.  The least-squares fit is described by a red line for 

parameters given in the text.  (bottom) Least-squares fit of the reduced magnetization 

M/(!µB) vs H/T for complex 6 from 1.8-4 K and 2-5 T, for parameters discussed in the 

text.  Fitting parameters of S = 14, g = 1.946, D = –0.135 K. 
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the variable-temperature magnetic susceptibility above, the fairly large differences in g 

for 4 and 5 suggest small possible errors with respect to the calculated molecular weight.  

Nonetheless, it is clear that the doubling of the spin of the ground state in 5 is a result of 

a switch to ferromagnetic interactions between MnII–MnII ions within the cluster core 

and the MnII–MnIII ions on the outer circumference of the disc. 

The magnetic properties for the MDEA2– supported Mn3
IIIMn4

II complex 6 

illustrates the idea of spin maximization to a greater degree, where an even larger spin 

ground state is observed.  In contrast to complexes 4 and 5, all of the magnetic 

exchange pathways in 6 are mediated by alkoxide bridges that extend from the six 

deprotonated MDEA ligands, with the remaining coordination environments occupied 

by terminal azide ligands.  The variable temperature magnetic susceptibility data for 6 

indicate a somewhat larger spin ground state than in 4 and 5, as evident by the much 

larger χMT values at low temperatures. Fitting of these data from 300-20 K led to least-

squares fitting parameters of S = 16, g = 1.95, J0 = +4.33 K, J1 = +0.82 K, and J2 = 

+0.35 K, for the fit shown as a red line in figure 12 (top).  It is important to mention that 

the very small magnitudes of J1 and J2 lead to numerous low-lying spin states in this 

complex, which includes 15 excited states from S = 12 to S = 15 within 5 K of the 

ground state.  This is also apparent in the fitting results obtained for the reduced 

magnetization data, where a slightly smaller S = 14 spin ground state is indicated for the 

fit shown in figure 12 (bottom).  Additional fitting parameters include g  = 1.95 and D = 

–0.135 K.      

 

10.3.  Experimental Section 
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10.3.1.  Syntheses   

All chemicals were used as received unless otherwise stated.  

[Mn4(hmp)6(SCN)4]·2CH3CN was prepared by adding KSCN (0.100 g, 0.372 mmol), 2-

hydroxymethylpyridine (hmpH) (0.168 mL, 1.749 mmol), and 0.10 mL of a 1M 

methanol solution of tetrabutylammonium hydroxide to a 50 mL acetonitrile solution of 

MnBr2·4H2O (0.320 g, 1.116 mmol).  The resulting solution was stirred for 2 hours and 

filtered.  Dark brown-orange crystals formed over 2 days in 73% yield.   

[Ni4(hmp)4(MeOH)4Cl4] was prepared according to literature procedures.8 

[Mn3<i4(hmp)10(<3)4](Mn(<3)6) (1).  A 30 mL MeOH solution of NaN3 (0.137 

g, 2.11 mmol) and NiCl2·4H2O (0.500 g, 2.48 mmol) was added to a 30 mL MeOH 

solution of Mn(OAc)2·4H2O (0.387 g, 1.58 mmol) and hmpH (0.812 mL, 8.44 mmol) 

and stirred for 5 minutes.  NBu4MnO4 (0.024 g, 0.067 mmol) was added in small 

portions over 2 minutes, resulting in a deep red-brown solution.  Large black crystals 

formed after 1 week in 56% yield.  Selected IR data (KBr, cm-1) : 3395 (s, br), 2910 (w), 

2851 (w), 2066 (s), 2043 (s), 1609 (m), 1553 (s), 1441 (s), 1335 (m), 1290 (m), 1040 (s), 

760 (s), 729 (w), 667 (s), 538 (s), 475 (w), 408 (m).  Anal. Calcd. (found) for 

C60H60Mn4N40Ni4O10: C, 36.84 (36.00); H, 3.09 (3.28); N, 28.64 (27.82). 

[Mn3<i4(hmp)10(<3)4](ClO4)2·H2O (2).  NiCl2·4H2O (0.500 g, 2.48 mmol) and 

NaN3 (0.137 g, 2.11 mmol) were added to a 50 mL MeOH solution of Mn(OAc)2·4H2O 

(0.387 g, 1.58 mmol) and hmpH (0.812 mL, 8.44 mmol).  The resulting light blue 

solution was stirred for 5 minutes, after which NBu4ClO4 (0.180 g, 0.526 mmol) was 

added.  Progressive darkening of the solution occurred over 3 days, accompanied by the 

formation of large black crystals in 61% yield.  Selected IR data (KBr, cm-1): 3433 (s, 
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br), 2907 (w), 2836 (w), 2056 (s), 1607 (m), 1483 (m), 1439 (m), 1292 (m), 1121 (s), 

1088 (s), 1050 (m), 756 (m), 728 (w), 682 (w), 647 (w), 623 (w), 555 (w), 466 (w).  

Anal. Calcd. (found) for C60H62Cl2Mn3N22Ni4O19: C, 38.62 (38.16); H, 3.35 (3.71); N, 

16.52 (16.38). 

[Mn3<i4(hmp)10Cl4]Cl2·6 CH3C< (3).  Finely ground crystals of 

[Ni4(hmp)4(MeOH)4Cl4]  (0.100 g, 0.107 mmol) were added to a 20 mL CH3CN 

suspension of [Mn4(hmp)6(SCN)4]·2CH3CN (0.100 g, 0.085 mmol).  Crystal dissolution 

and solution darkening were observed after 30 minutes of stirring, resulting in a clear, 

dark brown solution.  Thin spiky crystals formed from this solution after 2 weeks of 

slow evaporation in 67% yield.  Selected IR data (KBr, cm-1): 3435 (s, br), 2919 (w), 

2837 (w), 1606 (s), 1569 (w), 1480 (m), 1440 (m), 1289 (m), 1154 (m), 1065 (s), 1048 

(s), 821 (w), 761 (m), 730 (w), 683 (w), 640 (w), 556 (2), 520 (m), 520 (w), 472 (w).   

[Mn7(hmp)9(OH)3Br3](K2Br3)Br·CH3C<·H2O (4).  MnBr2·4H2O (0.320 g, 

1.12 mmol), hmpH (0.168 mL, 1.75 mmol), and NaN3 (0.073 g, 1.1 mmol) were added 

to 50 mL of CH3CN, resulting in an orange solution and undissolved NaN3 crystals.  

KOH (0.100 g, 1.78 mmol) dissolved in 1 mL of H2O was added after 5 minutes, 

leading to immediate solution darkening and slow NaN3 dissolution.  Large dark brown 

crystals formed from the undisturbed filtrate after 2 weeks in 37% yield.  Selected IR 

data (KBr, cm-1): 3404 (s, br), 2836 (w), 1608 (s), 1570 (w), 1483 (m), 1439 (s), 1364 

(w), 1290 (m), 1221 (w), 1156 (m), 1084 (s), 1066 (s), 1048 (s), 1019 (w), 822 (w), 764 

(s), 721 (m), 661 (m), 647 (m), 562 (m), 510 (s).  Anal. Calcd. (found) for 

C56H62Br7K2Mn7N10O13: C, 31.95 (30.58); H, 2.97 (3.46); N, 6.65 (6.17); Br, 26.57 

(25.9).  
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[<Bu4]3[Mn7(hmp)9O3Br3][K2Br3]Br (5).  MnBr2·4H2O (0.320 g, 1.12 mmol), 

hmpH (0.168 mL, 1.75 mmol), and KCN (0.05 g, ) were added to 50 mL CH3CN and 

stirred for 5 minutes.  NBu4OH (0.2 mL of a 1 M methanol solution) was added 

dropwise, leading to immediate solution darkening.  The solution was then allowed to 

stir overnight, resulting in a very dark filtrate and some white precipitate.  Dark brown-

red crystals formed from the filtrate after 2 weeks of slow evaporation.  The yield was 

43%.  Selected IR data (KBr, cm-1): 3404 (s, br), 2836 (w), 1607 (s), 1569 (w), 1483 

(m), 1439 (s), 1366 (w), 1290 (m), 1225 (w), 1156 (w), 1065 (s), 1046 (s), 1017 (w), 

824 (w), 764 (m), 720 (m), 670 (m), 642 (m), 563 (s), 527 (m), 485 (w), 461 (w), 409 

(w).  Anal. Calcd. (found) for C111H162Br7K2Mn7N12O12: C, 46.31 (43.27); H, 5.67 

(6.38); N, 5.84 (4.27); Br, 19.43 (19.1).  

[<Et4][Mn7(mdea)6(<3)6]·(CH3)2CO (6).  Mn(OAc)2·4H2O (0.300 g, 1.22 

mmol) and N-methyldiethanolamine ('mdea') (0.219 mL, 1.91 mmol) were added to 35 

mL of acetone.  Tetraethylammonium hydroxide (0.07 mL of a 20% solution in H2O, 

0.96 mmol) and NaN3 were added subsequently and the reaction mixture stirred for 90 

minutes.  The solution darkened considerably over this time period,  with dissolution of 

the sodium azide.  The clear solution was filtered and subsequently layered with Et2O, 

resulting in the formation of large brown-black crystals after 3 days.  The yield was 

64%.  Selected IR data (KBr, cm-1): 3442 (s, br), 2859 (m), 2054 (s), 1637 (w), 1458 

(w), 1067 (m), 1035 (w), 641 (w), 583 (w).   
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Table 10.2.  Crystallographic data and refinement parameters for complexes 1, 2. 

Identification code  1    2   

Formula  C70 H60 Mn4 N40 Ni4 O10 C70 H62 Cl2 Mn3 N22 Ni4 
O19 

Formula weight  2076.01 1985.87 
Temperature [K] 100(2)  100(2)  
Wavelength [Å] 0.71073 0.71073 
Crystal system  Triclinic Monoclinic 
Space group  P-1 C2/c 
a [Å] 13.2504(13)  22.716(3)  
b [Å] 15.3538(15)  12.1416(16)  
c [Å] 20.509(2) 26.234(3)  
α [deg] 82.103(2) 90 
β [deg] 89.955(2) 102.27 
γ [deg] 64.898(2) 90 
Volume [Å3] 3734.8(6)  7070.0(16)  
Z 2 4 
Dcalc [Mg/m3] 1.739 1.836 
abs. coefficient [mm-1] 1.724 2.917 
F(000) 1984 3924 
Crystal size [mm3] 0.3 x 0.3 x 0.3  0.25 x 0.2 x 0.2  
Theta range for data collection 2.04 to 25.03° 1.59 to 28.23° 

Index ranges -15<=h<=15, -18<=k<=18, -
24<=l<=24 

-29<=h<=30, -15<=k<=15, -
34<=l<=34 

Reflections collected 20895 29584 
Independent reflections 10520 [R(int) = 0.0636] 8181 [R(int) = 0.0382] 
Completeness to theta = 25.50° 95.70% 100.0 %  
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / parameters 10520 / 0 / 1069 8181 / 0 / 448 
Goodness-of-fit on F2 0.970 0.986 
Final R indices [I>2sigma(I)] R1 = 0.0729, wR2 = 0.1206 R1 = 0.0400, wR2 = 0.0888 
R indices (all data) R1 = 0.1303, wR2 = 0.1372 R1 = 0.0540, wR2 = 0.0929 
Absolute structure parameter   
Largest diff. peak and hole 1.113 and -1.051 e.Å-3 0.522 and -0.332 e.Å-3 

( ) ( ) 2
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Table 10.3.  Crystallographic data and refinement parameters for complexes 3, 4. 

Identification code  3   4   

Formula  C82 H78 Cl6 Mn3 N16 Ni4 
O10 

C65 H62 Br7 K2 Mn7 N10 
O13 

Formula weight  2059.90 2213.34 
Temperature [K] 100(2)  100(2) K 
Wavelength [Å] 0.71073 0.71073 Å 
Crystal system  Monoclinic Cubic 
Space group  C2/c F4(1)32 
a [Å] 29.915(6)  40.048(5)  
b [Å] 12.704(3)  40.048 
c [Å] 20.862(4)  40.048 
α [deg] 90 90 
β [deg] 100.121(3) 90 
γ [deg] 90 90 
Volume [Å3] 7805(3)  64228(8) 
Z 4 16 
Dcalc [Mg/m3] 1.381 2.13 
abs. coefficient [mm-1] 1.604 5.797 
F(000) 3300 40209 
Crystal size [mm3] 0.25 x 0.2 x 0.2  0.3 x 0.3 x 0.3  
Theta range for data collection 2.07 to 23.26° 2.22 to 25.02° 

Index ranges -33<=h<=33, -14<=k<=14, -
23<=l<=23 

-47<=h<=47, -37<=k<=47, -
44<=l<=47 

Reflections collected 23383 76968 
Independent reflections 5576 [R(int) = 0.0469] 4741 [R(int) = 0.1089] 
Completeness to theta = 25.50° 99.7 %  99.4 %  
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / parameters 5576 / 0 / 412 4741 / 0 / 267 
Goodness-of-fit on F2 1.108 1.078 
Final R indices [I>2sigma(I)] R1 = 0.0709, wR2 = 0.1611 R1 = 0.0860, wR2 = 0.2371 
R indices (all data) R1 = 0.0870, wR2 = 0.1683 R1 = 0.0918, wR2 = 0.2426 
Absolute structure parameter  0.00 
Largest diff. peak and hole 0.927 and -0.419 e.Å-3 1.837 and -1.700 e.Å-3 

( ) ( ) 2
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22222 /2)).(00.2(/1 
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Table 10.4.  Crystallographic data and refinement parameters for complexes 5, 6. 

Identification code  5    6   

Formula  C111 H162 Br7 K2 Mn7 N12 
O12 C20 H20 Cl4 Mn8 N20 O12 

Formula weight  2878.64 1772.31 
Temperature [K] 100(2)  100(2)  
Wavelength [Å] 0.71073 0.71073 
Crystal system  Cubic Monoclinic 
Space group  F4(1)32 P2(1)/n 
a [Å] 40.095(6)  12.2009(9)  
b [Å] 40.095 17.8081(14)  
c [Å] 40.095 33.997(3)  
α [deg] 90 90 
β [deg] 90 99.4910(10) 
γ [deg] 90 90 
Volume [Å3] 64456(10)  7285.6(10)  
Z 16 2 
Dcalc [Mg/m3] 1.869 2.096 
abs. coefficient [mm-1] 3.958 2.68 
F(000) 36270 4508 
Crystal size [mm3] 0.3 x 0.3 x 0.3  0.4 x 0.25 x 0.15  
Theta range for data collection 2.21 to 25.01° 2.04 to 25.03° 

Index ranges -47<=h<=47, -47<=k<=47, -
47<=l<=47 

-14<=h<=14, -21<=k<=21, -
40<=l<=40 

Reflections collected 118336 52052 
Independent reflections 4779 [R(int) = 0.0876] 12867 [R(int) = 0.0497] 
Completeness to theta = 25.50° 99.8 %  99.9 %  
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / parameters 4779 / 0 / 267 12867 / 0 / 664 
Goodness-of-fit on F2 1.050 1.053 
Final R indices [I>2sigma(I)] R1 = 0.0872, wR2 = 0.2471 R1 = 0.0546, wR2 = 0.1384 
R indices (all data) R1 = 0.0889, wR2 = 0.2490 R1 = 0.0734, wR2 = 0.1464 
Absolute structure parameter 0.00  
Largest diff. peak and hole 2.316 and -2.029 e.Å-3 1.003 and -0.606 e.Å-3 
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Chapter 11 

Other Complexes Comprised of Triangular and Tetranuclear Cubane Structural 

Subunits 
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11.1.   Introduction 

The preceding chapters illustrate the diverse structural characteristics and 

interesting properties of many heterometallic polynuclear complexes.  These studies 

provided insight towards the magnetostructural considerations for spin and anisotropy 

optimization (chapters 2-4, 7), the symmetry-dependent selection rules for tunneling in 

SMMs (chapter 5), and the considerations for obtaining higher dimensional magnetic 

systems such as SCMs and MOFs (chapters 8 and 9).  In a similar vein, this chapter is 

concerned with the synthesis and structural characterization of twelve new 

heterometallic clusters, the majority of which are based on a tetranuclear cubane 

building block subunit.  All but one of these structures possess low-spin ground states 

and appreciable zfs anisotropies, which leads to the observance of slow magnetization 

relaxation in complexes 1-4.   

  

11.2.   Results and Discussion 

11.2.1. [Mn2<i2(hmp)4(C9H9O2)2(<3)4] (1).  Complex 1 was synthesized in a 

procedure similar to the Mn3
IIINi complexes presented in chapter 2.  Interestingly, it 

was possible to synthesize well-formed crystals of 1 in high yield through modification 

of the reaction stoichiometry, i.e. the ratio of Mn:Ni.  This complex was found to 

crystallize in the absence of solvate molecules in the monoclinic space group P21/n.  

The molecular structure for this complex is shown in figure 1, revealing the presence of 

two MnIII and two NiII ions that are bridged by four tetrahedral µ3-alkoxide bridging 

groups at alternating corners of the core cubane unit.  The remaining metal ion  
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Figure 11.1.  Partially labeled molecular structure of complex 1.  Hydrogen atoms have 

been omitted while carbon atoms have been left unlabeled, for clarity.   
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Figure 11.2.  Partially labeled molecular structure of complex 2.  Hydrogen atoms have 

been omitted while carbon atoms have been left unlabeled, for clarity. 
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Table 11.1.  Crystallographic data and refinement parameters for 1, 2. 

Identification code  1 2 
Formula  C42 H42 Mn2 N16 Ni2 O8 C38 H32 Mn2 N18 Ni2 O8 
Formula weight  1124.084 1094.012 
Temperature [K] 100(2)  100(2)  
Wavelength [Å] 0.71073 0.71073 
Crystal system  Monoclinic Monoclinic 
Space group  P2(1)/n P2(1)/c 
a [Å] 19.149(3) 14.2299(9)  
b [Å] 11.840(2)  17.0777(10)  
c [Å] 19.867(3)  21.4860(13)  
α [deg] 90 90 
β [deg] 92.777(3) 100.0210(10) 
γ [deg] 90 90 
Volume [Å3] 4498.9(13)  5141.7(5)  
Z 4 4 
Dcalc [Mg/m3] 1.663 1.654 
abs. coefficient [mm-1] 1.446 1.573 
F(000) 2304 2610 
Crystal size [mm3] 0.20 x 0.10 x 0.05  0.2 x 0.2 x 0.15  
Theta range for data 
collection 2.05 to 25.03° 2.20 to 25.03° 

Index ranges 
-22<=h<=22, -14<=k<=13, -
23<=l<=23 

-16<=h<=13, -20<=k<=20, -
23<=l<=25 

Reflections collected 31551 22404 
Independent reflections 7935 [R(int) = 0.0642] 8998 [R(int) = 0.0395] 
Completeness to theta = 
25.50° 99.8 %  99.1 %  
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / parameters 7935 / 0 / 631 8998 / 0 / 670 
Goodness-of-fit on F2 1.021 1.033 
Final R indices 
[I>2sigma(I)] R1 = 0.0539, wR2 = 0.1363 R1 = 0.0607, wR2 = 0.1578 
R indices (all data) R1 = 0.0773, wR2 = 0.1525 R1 = 0.0809, wR2 = 0.1710 
Absolute structure parameter   
Largest diff. peak and hole 1.337 and -1.096 e.Å-3 1.786 and -1.569 e.Å-3 
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coordination environments are completed by four terminal azide ligands that are bound 

to MnIII and two phenylpropionate groups that bridge MnIII and NiII ions in a syn-syn 

bridging bidentate coordination mode.  With reference to the labeling scheme in figure 

1, Jahn-Teller elongation axes are observed for Mn1–O5 (2.401 Å), Mn1–O3 (2.137 Å), 

Mn2–O1 (2.374 Å), and Mn2–O8 (2.171 Å), which correspond to bonds from each 

MnIII ion to the bonded µ3-alkoxide and carboxylate, respectively.  The orientations of 

these MnIII JT axes are also nearly parallel, exhibiting a relative torsion angle of only 

12.96°.  This behavior is crucial for the optimization of the relaxation behavior in 

SMMs, via maximization of the uniaxial molecular anisotropy.  This point has been 

clearly demonstrated in chapters 4 and 5.  

Dc magnetic susceptibility measurements were collected from 300-1.8 K on a 

polycrystalline sample of 1, yielding data that are indicative of dominant 

antiferromagnetic interactions.  The 300 K χMT value of 7.24 cm3·K·mol-1 is less than 

the spin-only value of 8.02 cm3·K·mol-1, indicating the presence of antiferromagnetic 

exchange interactions at this temperature.  The susceptibility decreases at an increasing 

rate as the temperature is lowered, reaching a minimum value of 2.90 cm3·K·mol-1 at 

1.8 K.  These data were fit to the exchange Hamiltonian shown in eq. 1 below, in a 

procedure analogous to the method described for the Mn3
IIINi and Mn3

IIIZn cubane 

complexes in chapters 2 and 3.          

          ( ) ( )
( )21

2212211121
2

22
MnMnMnMn

Mn!iMn!iMn!iMn!iMn!i!i!i!i!i

SSJ
SSSSSSSSJSSJH

−

−−
−

+++−−=      (1) 

In this equation, S!i1 = S!i2 = 1 and SMn1 = SMn2 = 2.  The 0.1 T fitting results are shown 

in figure 3 (top) for parameters of S = 1, g = 2.01, J!i–!i = +4.05 K, J!i–Mn = –5.44 K,  
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Figure 11.3.  (top) Least-squares fitting of the 0.1 T dc magnetic susceptibility (χMT) 

for 1 from 1.8-300 K for the parameters shown.  (bottom) Reduced magnetization for 

complex 1, taken at 1-5T from 1.8-4.0K.   
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Figure 11.4.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 1 

at 1.8-7 K from 25-1000 Hz. 
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Figure 11.5.  Extrapolation of the 50 Hz in-phase (χ’MT) susceptibility for complex 1. 
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JMn–Mn = –9.69 K.  A very low-lying S = 2 first excited state was determined to reside 

2.79 K above the ground state.  This was confirmed by the 1-5 T reduced magnetization 

data taken from 1.8-4 K (figure 3 (bottom)), revealing a small 5 T saturation value of 

M/!µβ = 2.31 cm3·K·Oe and a relatively large separation between isofield lines.  The 

first observation indicates a ground state between S = 1 and S = 2, while the latter 

observation is consistent with the nearly aligned MnIII JT elongation axes in 1.  It was 

not possible to fit these data to a single spin ground state to eq. 2, due to mixing of the S 

= 2 excited state into the S = 1 ground state at these large fields and relatively low 

temperatures.        

ZZBZ HSgSDH ˆˆ
0

2 µµ+=                              (2)          

Ac susceptibility measurements were collected on 1 to obtain a further estimate 

of the spin ground state, in the absence of an applied magnetic field.  A 0 K χ'MT 

extrapolation value of 2.93 cm3·K·mol-1 was determined from the 50 Hz data, which 

compares closely to the S = 2 spin-only value of 3.01 cm3·K·mol-1.  More surprising 

was the observation of nonzero out-of-phase (χ''M) susceptibilities below 3 K.  Although 

the absence of peaks in χ''M prevent the construction of an Arrhenius plot, these data 

reveal a magnetization reversal barrier that exists despite the very small ground state 

spin.  Although it is possible that a large uniaxial anisotropy partially compensates for 

the low-spin ground state in 1, more detailed experiments are required to elucidate the 

nature of this relaxation process.                   

11.2.2. [Mn2<i2(hmp)4(C7H4<O2)2(<3)4] (2).  Replacement of the bridging 

carboxylate was attempted to modify the bridging angle between NiII and MnIII, with the 

goal of switching the magnetic exchange interaction between these ions from  
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Figure 11.6.  (top) Temperature dependence of the dc magnetic susceptibility (χMT) of 

2 from 1.8-300 K at applied fields of 0.01-1 T.  Solid lines serve as guides for the eye. 
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antiferromagnetic to ferromagnetic.  The use of 4-nitrobenzoic acid in place of 

phenylpropionic acid in 1 resulted in the structurally related complex 2, as shown in 

figure 2.  Although subtle structural changes were observed relative to complex 1, the 

magnetic susceptibility data for 2 reveal smaller low-temperature susceptibilities that 

indicate the presence of stronger antiferromagnetic interactions.   

11.2.3. [Mn2<i2(hmp)4(C13H9O2)2(<3)3)2]·CHCl3·2Et2O (3).  The µ-η1:η1 

azide-bridged (Mn2Ni2)2 complex 3 retains a similar core cubane structure as in 1 and 2, 

but arranged in a dimeric structure.  Interestingly, the only change in synthetic 

conditions for 3 involves the use of biphenylcarboxylic acid instead of phenylpropionic 

acid or benzoic acid in 1 and 2, respectively.  This substitution results in the structure 

shown in figures 7 and 8, where Mn(1) is MnII and Mn(2) is MnIII.  This represents a 

change in oxidation state relative to the two trivalent manganese ions present in the 

'monomer' cubane complexes 1 and 2.  This makes sense from a charge-balance 

perspective, in which two coordinating azide groups in 3 are effectively lost compared 

to the eight coordinating azides found in two discrete units of 1 or 2.  It was hoped that 

the structural changes associated with the replacement of a JT distorted MnIII ion in 1 

and 2 by an isotropic MnII ion in 3 would result in ferromagnetic exchange interactions 

and a larger corresponding spin ground state.  A higher spin ground state was also 

anticipated due to the presence of µ- η1:η1 azide groups between MnIII ions in 3, which 

have previously shown the ability to mediate ferromagnetic exchange interactions.ref   

Unfortunately, the variable temperature χMT data shown in figure 10 (top) reveal 

the presence of dominant antiferromagnetic exchange interactions in 3, as evident by 

the sharp decrease in χMT below 50 K.  The 300 K χMT value of 16.33 cm3·K·mol-1 is  
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Figure 11.7.  Molecular structure of complex 3.  Purple, green, grey, red, and blue 

spheres represent manganese, nickel, carbon, oxygen, and nitrogen atoms, respectively.   
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Figure 11.8.  Partially labeled molecular structure of complex 3.  Symmetry equivalent 

atoms have been left unlabeled while carbon and hydrogen atoms have been omitted, 

for clarity. 
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Figure 11.9.  (top) Molecular structure of complex 4.  (bottom) Partially labeled 

molecular structure of complex 4.  Carbon and hydrogen atoms have been omitted, for 

clarity. 
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Table 11.2.  Crystallographic data and refinement parameters for 3, 4. 

Identification code  3 4 

Formula  C106 H96 Cl6 Mn4 N26 Ni4 
O17 C90 H93 Mn4 N29 Ni4 O16 

Formula weight  2666.051 2287.229 
Temperature [K] 100(2)  100(2)  
Wavelength [Å] 0.71073 0.71073 
Crystal system  Monoclinic Triclinic 
Space group  P2(1)/n P-1 
a [Å] 17.523(5)  12.1221(8)  
b [Å] 16.743(5)  13.3827(9)  
c [Å] 20.788(6)  17.1839(11)  
α [deg] 90 83.4570(10) 
β [deg] 108.981(5) 86.0450(10) 
γ [deg] 90 67.4400(10) 
Volume [Å3] 5767(3)  2556.6(3)  
Z 2 1 
Dcalc [Mg/m3] 1.359 1.54 
abs. coefficient [mm-1] 1.13 1.276 
F(000) 2412 1211 
Crystal size [mm3] 0.20 x 0.10 x 0.05  0.4 x 0.3 x 0.3  
Theta range for data 
collection 2.07 to 25.03° 2.13 to 25.03° 

Index ranges -20<=h<=20, -17<=k<=19, -
24<=l<=13 

-14<=h<=14, -15<=k<=15, -
20<=l<=20 

Reflections collected 28744 27458 
Independent reflections 10049 [R(int) = 0.0402] 9022 [R(int) = 0.0261] 
Completeness to theta = 
25.50° 98.7 %  99.8 %  

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / parameters 10049 / 0 / 732 9022 / 0 / 703 
Goodness-of-fit on F2 1.058 1.021 
Final R indices 
[I>2sigma(I)] R1 = 0.0725, wR2 = 0.2419 R1 = 0.0265, wR2 = 0.0638 

R indices (all data) R1 = 0.0970, wR2 = 0.2719 R1 = 0.0313, wR2 = 0.0673 
Absolute structure parameter   
Largest diff. peak and hole 2.251 and -1.161 e.Å-3 0.501 and -0.335 e.Å-3 
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Figure 11.10.  (top) Variable-temperature magnetic susceptibility data (χMT) for 3 from 

1.8-300 K at fields of 0.01-1 T.  (bottom) Reduced magnetization for complex 3, taken 

at 1-5T from 1.8-4.0K. 
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Figure 11.11.  In-phase (top) and out-of-phase ac susceptibility (bottom) for complex 3 

at 1.8-5 K from 25-1000 Hz. 
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Figure 11.12.  Extrapolation of the 50 Hz in-phase (χ’mT) susceptibility for 3 to 0 K.    

 

 

 

 

 

 

 

 

 



619 

 

slightly less than the spin-only value of 18.78 cm3·K·mol-1 expected for four s = 1 NiII 

ions, two s = 5/2 MnII ions, and two s = 2 MnIII ions, while the 1.8 K magnetic 

susceptibility for 3 is nearly identical to that of complex 1.  The reduced magnetization 

data taken at 1-5 T reveal a somewhat different behavior, where the 5 T saturation 

magnetization value of 7.19 cm3·K·Oe indicates the population of an S ≈ 4 spin state at 

1.8 K.  It was not possible to fit these data to a single ground state via eq. 2, indicating 

the existence of low-lying higher-spin excited states. 

Ac susceptibility measurements were also collected on pulverized crystals of 3 

to gauge the magnitude of the spin ground state in the absence of an applied field, as 

well as to investigate the relaxation dynamics.  These data are shown in figure 11, 

revealing behavior that is similar to that of the 'monomer' cubane complex 1 above.  In 

fact, the 0 K extrapolation value of the 50 Hz in-phase susceptibility (3.41 cm3·K·mol-1) 

compares quite closely to the S = 2 spin-only value and the 0 K extrapolation value for 

1 (figure 12).  Thus, the assumption of an isolated 'giant-spin' ground state is not valid 

under these conditions. 

11.2.4. [Mn2<i2(hmp)4(C9H9O2)2(<3)3]2·3CH3C< (4).  Complex 4 is 

isostructural to 3 above, in which phenylpropionic acid was used in place of 

biphenylcarboxylic acid.  This synthetic variant is interesting because it illustrates the 

ability to obtain monomeric (complex 1) and dimeric (complex 4) products in high 

isolated yields from the exact same reagents under slightly different conditions.   

11.2.5. [Mn5<i4(Hmp)8(C2H3O2)10(H2O)2]·8CHCl3·Et2O (5).  The structurally 

related complex 5 was also synthesized, in which two inversion-related Mn2
IINi2

II 

cubane subunits are separated by a central carboxylate-bridged MnII ion.  It is notable  
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Figure 11.13.  Partially labeled molecular structure of complex 5.  Hydrogen atoms 

have been omitted while carbon and symmetry-equivalent atoms have been left 

unlabeled, for clarity.   
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Table 11.3.  Crystallographic data and refinement parameters for 5, 6. 

Identification code  5 6 

Formula  
C80 H100 Cl24 Mn5 N8 Ni4 
O31 C78 H66 Cl2 Mn6 N6 Ni2 O20 

Formula weight  3014.334 1921.870 
Temperature [K] 100(2)  100(2)  
Wavelength [Å] 0.71073 0.71073 
Crystal system  Triclinic Triclinic 
Space group  P-1 P-1 
a [Å] 12.5908(14)  12.492(2)  
b [Å] 12.6752(14)  13.237(2) 
c [Å] 19.123(2)  16.661(3)  
α [deg] 89.156(2) 89.617(3) 
β [deg] 76.095(2) 76.309(2) 
γ [deg] 89.843(2) 86.923(3) 
Volume [Å3] 2962.1(6) 2672.8(7) 
Z 1 1 
Dcalc [Mg/m3] 1.119 1.196 
abs. coefficient [mm-1] 1.193 1.134 
F(000) 1019 976 
Crystal size [mm3] 0.2 x 0.2 x 0.15  0.3 x 0.2 x 0.2  
Theta range for data 
collection 2.19 to 25.03° 2.22 to 25.02° 

Index ranges 
-14<=h<=14, -15<=k<=15, -
22<=l<=22 

-14<=h<=14, -15<=k<=15, -
19<=l<=19 

Reflections collected 26255 23064 
Independent reflections 10391 [R(int) = 0.0334] 9210 [R(int) = 0.0307] 
Completeness to theta = 
25.50° 99.4 %  97.6 %  
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / parameters 10391 / 0 / 525 9210 / 0 / 514 
Goodness-of-fit on F2 0.940 1.064 
Final R indices 
[I>2sigma(I)] R1 = 0.0364, wR2 = 0.0871 R1 = 0.0410, wR2 = 0.1196 
R indices (all data) R1 = 0.0446, wR2 = 0.0896 R1 = 0.0482, wR2 = 0.1243 
Absolute structure parameter   
Largest diff. peak and hole 0.559 and -0.291 e.Å-3 0.646 and -0.276 e.Å-3 
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Figure 11.14.  (top) 0.1 T and 1 T dc magnetic susceptibility data for 5, taken from 

300-1.8 K.  The solid lines serve as guides for the eye.  (bottom) Reduced 

magnetization for 5, taken at 1-5T from 1.8-4.0K.  Black lines describe the fit to the 1-5 

T data for parameters described in the inset. 
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that all of the metal ions in 5 are divalent, which further demonstrates the ability to 

isolate Mn2Ni2 cubane variants in a series of oxidation-state formulations.  Complex 5 is 

also unique in that it is expected to possess a half-integer spin ground state as a result of 

the odd number of s = 5/2 MnII ions.  The parity of the spin ground state has been 

shown to have important implications for the magnetic and relaxation properties of 

SMMs, as described in chapter 2.   

A dried polycrystalline sample of 5 was analyzed via dc magnetic susceptibility 

studies from 300-1.8 K, as shown in figure 14 (top).  The data indicate the presence of 

weak ferromagnetic interactions, as evidenced by a nearly constant susceptibility down 

to 20 K and the sharp increase in χMT below 20 K.  Reduced magnetization 

measurements were also conducted on this sample at fields of 1-5 T and at temperatures 

of 4-1.8 K, as shown in figure 14 (bottom).  The data were fit to the Hamiltonian in eq. 

2 for an S = 17/2 spin ground state, for fitting parameters of g = 1.809, D = –0.042 K, E 

= 0.001 K.  The small magnitude of D is evident by the small separations between 

isofield lines, while the S = 17/2 ground state is very consistent with the magnetization 

saturation value of 17.12 cm3·K·Oe at 5 T.  The rhombic zfs parameter E was included 

in the fit for 5, based on the low symmetry space group for this complex.  The S = 17/2 

ground state is numerically rationalized by the presence of five ferromagnetically 

coupled s = 5/2 MnII ions and four antiferromagnetically coupled s = 1 NiII ions.  

Furthermore, despite the negative nonzero value for D, no observable out-of-phase ac 

susceptibility (χ''M) was observed for this complex, at temperatures of 1.8-5 K and at 

frequencies of 10-1000 Hz.  This result is not surprising considering the exceedingly 
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small axial zfs, which predicts a very small thermodynamic spin-reversal barrier of 3.02 

K according to eq. 3 for a half-integer spin system. 

             ( )412 −=∆ SDE                        (3) 

11.2.6. [Mn6<i2(Hmp)6(C7H5O2)6O2Cl2] (6).  The use of MnCl2·4H2O in place 

of Mn(NO3)2·6H2O (in a reaction analogous to that of 1 and 2) resulted in the 

Mn2
IIIMn4

IINi2
II double-cubane structure (6) shown in figures 15 and 16.  Although the 

core structure of this complex bears some structural similarities to the building block 

subunits in complexes 1-5, there are a number of key differences that deserve mention.  

The most obvious difference is the change in the ratio and charge of the metal ions, in 

which 6 possesses two inversion-related cubane units that are each comprised of one 

NiII ion, one MnIII ion, and two MnII ions.  The bridging groups between metals also 

differ in 6, the most notable change being the presence of two µ4-oxo ions (O(4) and 

O(4')) that interconnect the two halves of the molecule.  This is reminiscent of the µ-

η
1:η1 azide bridged dimeric complex 3, with the exception of more intimately exchange-

coupled µ4-oxo bridges that connect the two halves of the molecule in 6.  These oxo- 

bridges occupy one corner of each cubane unit, with three of the remaining nonmetallic 

corners being occupied by the µ3-alkoxide groups of hmp–.  The ions labeled Mn(3) in 

figure 16 were determined to be the MnIII on the basis of charge-balance and structural 

considerations, along with bond-valence sum analysis.  The axially elongated bonds for 

these s = 2 ions were determined to be those corresponding to Mn(3)–O(2) and Mn(3)–

O(7), which have bond distances of 2.180 Å and 2.473 Å, respectively.  Other exchange 

interactions are observed to occur through the benzoate ligands, which interconnect 

MnII–MnII in a µ2- η1:η1 (syn-syn bidentate) bridging mode and NiII–MnIII–MnII in a µ3-   
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Figure 11.15.  Molecular structure of complex 6.  Purple, green, chartreuse, grey, red, 

and blue spheres represent Mn, Ni, Cl, C, O, and N atoms, respectively.     
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Figure 11.16.  Partially labeled molecular structure of complex 6.  Symmetry 

equivalent atoms have been left unlabeled while carbon and hydrogen atoms have been 

omitted, for clarity. 
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Figure 11.17.  (top) Temperature dependence of the dc magnetic susceptibility (χMT) of 

6 from 1.8-300 K at applied fields of 0.01-1 T.  Solid lines serve as guides for the eye. 
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η
1:η2 bridging mode.  Dc magnetic susceptibility measurements on a sample of 6 

indicate antiferromagnetic interactions that are dominant across the 300-1.8 K 

temperature range for applied fields of 0.01-1 T.  Furthermore, the field-dependence of 

χMT is peculiar in that a much different 300-40 K susceptibility behavior is observed at 

1 T compared to the superimposable data collected at 0.01 T and 0.1 T.  This is in 

contrast to the vast majority of anisotropic polynuclear complexes, where field-

dependent deviations are typically observed at temperatures below 20 K due to zfs and 

Zeeman interactions.  Although the significance of the field-dependent behavior for 6 is 

unclear, it indicates the population of different spin states at high temperatures for 

applied fields of varying magnitude.       

11.2.7. [Mn6(hmp)4(<3)4O(C2H3O2)5]·4CHCl3 (7).  The hexanuclear 

Mn4
IIMn2

III complex 7 was also synthesized, employing hmp–, acetate, and azide as 

coordinating groups.  The structure may be described as a curved disc that is built 

around a tetrahedral µ4-oxo group that resides in the center of the complex.  Two MnII 

ions are coordinated to the 'upper' half of this bridging group, while two MnIII ions 

(Mn(3) and Mn(5) in figure 18) are coordinated to the other two positions.  These 

oxidation state assignments were made based on charge balance considerations, 

structural characteristics (i.e. JT distortions), and bond valence sum analysis.  The MnIII 

ions both exhibit a JT axial elongation along the axes that are described by the bonds to 

the µ2- η
1:η1 acetate group that bridges these ions.  This syn-syn bidentate bridge 

corresponds to the acetate group located directly below the tetrahedral µ4-oxo in figure 

18.  Two other sets of acetate groups are observed, which connect MnIII–MnII ions in a 

µ2- η1:η1 bridging mode and MnII–MnIII–MnII ions in a µ3- η1:η2 bridging mode.  The two  
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Figure 11.18.  Molecular structure of complex 7 in which only the manganese atoms 

have been labeled, for clarity.  Grey, red, and blue spheres represent carbon, oxygen, 

and nitrogen atoms, respectively.  
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Figure 11.19.  (top) Molecular structure of complex 8.  (bottom) Partially labeled 

molecular structure of complex 8.  Symmetry equivalent atoms have been left unlabeled, 

while carbon and hydrogen atoms have been omitted, for clarity. 
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Table 11.4.  Crystallographic data and refinement parameters for 7, 8. 

Identification code  7 8 
Formula  C38 H43 Cl12 Mn6 N16 O15 C98 H202 Cl Mn4 N7 Ni4 O36 
Formula weight  1712.564 2539.881 
Temperature [K] 100(2)  100(2)  
Wavelength [Å] 0.71073 0.71073 
Crystal system  Triclinic Monoclinic 
Space group  P-1 C2/c 
a [Å] 14.8662(6)  26.241(13)  
b [Å] 15.3314(6)  17.577(9)  
c [Å] 21.0052(9)  27.831(13)  
α [deg] 89.3240(10) 90 
β [deg] 71.5170(10) 110.695(10) 
γ [deg] 77.2150(10) 90 
Volume [Å3] 4419.2(3)  12009(10)  
Z 2 4 
Dcalc [Mg/m3] 1.289 1.06 
abs. coefficient [mm-1] 1.245 1.123 
F(000) 1706 3952 
Crystal size [mm3] 0.25 x 0.2 x 0.2  0.2 x 0.2 x 0.15  
Theta range for data 
collection 2.05 to 25.03° 2.32 to 25.03° 

Index ranges 
-17<=h<=9, -18<=k<=13, -
24<=l<=24 

-31<=h<=26, -18<=k<=20, -
15<=l<=33 

Reflections collected 22928 26747 
Independent reflections 14344 [R(int) = 0.0234] 10366 [R(int) = 0.0884] 
Completeness to theta = 
25.50° 91.9 %  97.8 %  
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / parameters 14344 / 0 / 764 10366 / 0 / 476 
Goodness-of-fit on F2 1.056 0.952 
Final R indices 
[I>2sigma(I)] R1 = 0.0613, wR2 = 0.1832 R1 = 0.0809, wR2 = 0.2050 
R indices (all data) R1 = 0.0701, wR2 = 0.1926 R1 = 0.1084, wR2 = 0.2181 
Absolute structure parameter   
Largest diff. peak and hole 1.702 and -1.160 e.Å-3 1.315 and -0.728 e.Å-3 
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Figure 11.20.  (top) 0.01-1 T dc magnetic susceptibility data for 8, taken from 300-1.8 

K.  The solid lines serve as guides for the eye.  (bottom) Reduced magnetization for 8, 

taken at 1-5T from 1.8-4.0K.   
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µ2- η
1:η1 azide groups bridge the MnII pairs Mn(1)–Mn(2) and Mn(4)–Mn(6), while 

bidentate hmp– ligands contribute µ2- and µ3-alkoxide bridges between manganese ions. 

11.2.8. (<Bu4)3[Mn4<i4(Mdea)4(C3H5O2)10O4](ClO4) (8).  The octanuclear 

Mn4
IIINi4

II extended cubane structure (8) in figure 19 was synthesized from MnII and 

NiII perchlorates, methyldiethanolamine (MdeaH2), and propionic acid.  The above 

reagents were combined in acetone in the presence of NBu4MnO4, resulting in large 

brown spike-shaped crystals after layering with Et2O.  This complex crystallizes in the 

monoclinic space group C2/c with Z' = 0.5 and Z = 4.  This complex possesses an 

Mn4
IIIO4 cubane core that extends outward to four NiII ions that are each bridged to a 

MnIII ion by two propionate ligands and capped by a bidentate Mdea2– ligand.  The 

complete structure for 8 is shown in figure 19 (top) while the partially-labeled core is 

shown in the lower graphic of the same figure.  It is important to mention the relative 

orientations of the MnIII single-ion JT axes, whose projections define the overall 

anisotropy for the molecule.  In spite of the monoclinic space group, complex 8 

possesses a quasi-cubic structure with alternating orthogonal orientations of the single-

ion JT axes.  Complex 8 is thus expected to possess a nearly isotropic structure in the 

solid state, which prevents the observation of SMM behavior.  This observation is 

further reinforced by the S = 0 spin ground state indicated by the magnetic susceptibility 

and reduced magnetization data shown in figure 20.     

11.2.9. [Fe4Mn4(salox)8O4(MeOH)4]·2MeOH (9).  Although complex 9 

employs salicylaldoximate ligands in place of the Mdea2– and propionate groups in 8, 

and iron/manganese metal ions in place of manganese/nickel ions, the extended cubane 

structural topologies for these complexes are remarkably similar.  The molecular  
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Figure 11.21.  (top) Molecular structure of complex 9.  (bottom) Partially labeled 

molecular structure of complex 9.  Symmetry equivalent atoms have been left unlabeled, 

while carbon and hydrogen atoms have been omitted, for clarity. 
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Table 11.5.  Crystallographic data and refinement parameters for 9, 10. 

Identification code  9 10 
Formula  C62 H64 Fe4 Mn4 N8 O26 C37 H55 Cl3 Mn5 N12 Na O13 
Formula weight  1779.885 1277.988 
Temperature [K] 100(2)  100(2)  
Wavelength [Å] 0.71073 0.71073 
Crystal system  Cubic Orthorhomibic 
Space group  I-4 Pna21 
a [Å] 19.5688(12)  13.6584(5)  
b [Å] 19.5688(12)  14.7505(5)  
c [Å] 10.9911(14) 26.6064(9)  
α [deg] 90 90 
β [deg] 90 90 
γ [deg] 90 90 
Volume [Å3] 4208.9(6) 5360.3(3)  
Z 2 3 
Dcalc [Mg/m3] 1.487 1.537 
abs. coefficient [mm-1] 1.331 1.37 
F(000) 1848 2420 
Crystal size [mm3] ? x ? x ?  0.35 x 0.35 x 0.25  
Theta range for data 
collection 1.47 to 25.23° 1.53 to 25.37° 

Index ranges 
-23<=h<=23, -23<=k<=23, -
12<=l<=13 

-13<=h<=16, -17<=k<=17, -
32<=l<=31 

Reflections collected 29120 36194 
Independent reflections 3809 [R(int) = 0.0558] 9654 [R(int) = 0.0544] 
Completeness to theta = 
25.50° 100.0 %  100.0 %  
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / parameters 3809 / 0 / 265 9654 / 1 / 656 
Goodness-of-fit on F2 1.088 1.029 
Final R indices 
[I>2sigma(I)] R1 = 0.0480, wR2 = 0.1264 R1 = 0.0590, wR2 = 0.1514 
R indices (all data) R1 = 0.0535, wR2 = 0.1305 R1 = 0.0670, wR2 = 0.1572 
Absolute structure parameter 0.49(3) 0.00 
Largest diff. peak and hole 1.115 and -0.854 e.Å-3 3.508 and -0.535 e.Å-3 
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Figure 11.22.  (top) Temperature dependence of the dc magnetic susceptibility (χMT) of 

9 from 1.8-300 K at applied fields of 0.01-1 T.  Solid lines serve as guides for the eye.  

(bottom) Reduced magnetization for complex 9, taken at 1-5T from 1.8-4.0K. 
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structure for 9 is shown in figure 21.  This complex crystallizes in the cubic space group 

I-4 with a formula of [Fe4Mn4(salox)8(MeOH)4]·2MeOH.  Though the structure may be 

described as an Fe4
III cubane that extends outward to four MnIII ions, it may 

alternatively be described as four orthogonal, interpenetrating Fe2
IIIMnIII salox2– bridged 

triangles that are similar to the Mn3
III structures described in chapter 4.  Dc magnetic 

susceptibility measurements on 9 from 300-1.8 K are shown in figure 22 (top), 

revealing dominant antiferromagnetic interactions and relatively little field-dependence 

at 0.01-1 T.  The corresponding reduced magnetization data from 1-5 T are shown in 

figure 22 (bottom) and indicate a low-spin ground state and significant 

magnetoanisotropy.  These conclusions were derived from the 5 T magnetization 

saturation value of 3.62 cm3·K·Oe and large separation between isofield lines, 

respectively.  However, no net molecular anisotropy is expected due to the orthogonal 

cubic arrangement of the single-ion MnIII JT anisotropy axes in this molecule.                 

11.2.10. [Mn4<a(C11H13<O3)3Cl2(MeOH)4][Mn(<3)3Cl] (10).  Complex 10 

possesses a trigonal bipyramidal Mn3
IIIMnIINaI core structure that is stabilized by the 

polydentate Schiff base ligand 4-ethoxy-salicylidene-2-ethanolamine (H2L).  The fully 

deprotonated form of this ligand carries a 2– charge and bears a resemblance to the 

ligand salox-OEt2–, which was found in chapter 9 to result in a porous 3-D structure 

based on Mn3
III building block subunits.  However, the discrete complex 10 results from 

the change in coordination geometry that is associated with the replacement of the 

aldoxime group in salox-OEt with an ethanolamine group in H2L.  The molecular 

structure for 10 is shown in figure 23, revealing the presence of a co-crystallizing 

molecule of [Mn(N3)3Cl]2– that is formed in situ.  Complex 10 crystallizes in the   
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Figure 11.23.  Partially labeled molecular structure of complex 10.  Hydrogen atoms 

have been omitted while carbon atoms have been left unlabeled, for clarity. 
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Figure 11.24.  (top) 0.01-1 T dc magnetic susceptibility data for 10, taken from 300-1.8 

K.  The solid lines serve as guides for the eye.  (bottom) Reduced magnetization for 10, 

taken at 1-5T from 1.8-4.0K. 
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orthorhombic space group Pna21 as large amber blocks.  Inspection of the bond 

distances in 10 reveal a co-planar arrangement of the three MnIII JT elongation axes, 

which correspond to the manganese bonds to Cl(1), Cl(2), and O(2).  All of these bonds 

lie in the Mn3
III plane, which leads to a net molecular easy-plane anisotropy, or D > 0.  

Interestingly, this is in stark contrast to the previously characterized Mn3
IIIZn2

II and 

Mn3
IIIMn2

II pentanuclear complexes based on salox2–, which were found to have very 

large easy-axis molecular anisotropies (D < 0) as a result of their nearly aligned single-

ion JT axes.  Thus, complex 10 is not expected to behave as an SMM. 

Dc magnetic susceptibility measurements on 10 reveal the presence of weak 

antiferromagnetic interactions from 300-10 K, as evident by the gradual decrease in χMT 

with decreasing temperature (figure 24 (top)).  However, below 10 K there is a dramatic 

field-dependent behavior of χMT, where a maximum susceptibility of 53.58 cm3·K·mol-

1 is observed at 0.01 T, while much smaller maximum susceptibilities of 8.32 

cm3·K·mol-1 and 1.77 cm3·K·mol-1 are observed at fields of 0.1 T and 1 T, respectively.  

This behavior is most consistent with a magnetic phase transition at low temperatures 

that is overcome by larger applied magnetic fields.  Indeed, an S = 0 or S = 1 spin 

ground state in indicated by the 5 T magnetization saturation value obtained from the 

reduced magnetization data in figure 24 (bottom).  This indicates the intermolecular 

magnetic correlations are overcome under these high-field conditions.         

 

11.3. Conclusions 

The ten complexes presented above illustrate the structural and magnetic 

diversity afforded by the utilization of NiII and FeIII in combination with MnII/MnIII.  
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Although only complex 5 possesses dominant ferromagnetic interactions and a high 

spin ground state (S = 17/2), complexes 1-4 possess large uniaxial anisotropies, leading 

to the observation of slow magnetization relaxation.  This is structurally due to the near-

alignment of the MnIII single-ion axial anisotropies, leading to large projections to the 

molecular easy axis.  This is entirely consistent with the results obtained in the 

preceding chapters, where unexpectedly large single-ion and molecular anisotropies 

were observed for low-spin complexes that are comprised of triangular Mn3
III magnetic 

units.  These combined results highlight the importance of considering both the 

anisotropy and spin in constructing SMMs with higher blocking temperatures and 

desirable quantum behaviors.        

 

11.4.   Experimental Section 

11.4.1  Synthesis 

Starting materials were of reagent grade and used as received, unless otherwise 

noted.  Caution! NaN3 is toxic and potentially explosive.  Although no problems were 

encountered in this work, these materials should be handled with extreme care.  4-

ethoxy-salicylidene-2-ethanolamine (H2L) was synthesized via the condensation of 

stoichiometric amounts of salicylaldehyde (R = NO2, OEt, Ph) with ethanolamine in an 

80:20 (v/v) mixture of methanol/water.  The mixture was refluxed for 2 hours and the 

methanol subsequently removed, resulting in a an amber oil.  The oil was placed under 

vacuum overnight, resulting in a copious amount of tan crystals that were washed with 

cold water and used without further purification. 
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[Mn2<i2(hmp)4(C9H9O2)2(<3)4] (1).  Mn(NO3)2·6H2O (0.28 g, 0.98 mmol) and 

Ni(NO3)2·6H2O (0.17 g, 0.59 mmol) were added to 40 mL of CHCl3, followed by 

subsequent addition of NaN3 (0.18 g, 2.8 mmol), 2-phenylpropionic acid (0.25 g, 1.7 

mmol), and hmpH (0.22 mL, 2.3 mmol).  The resulting mixture was stirred for 2 hours, 

followed by the slow addition of NBu4MnO4 (0.092 g, 0.26 mmol).  The reaction 

mixture was then filtered and layered with 20 mL of Et2O, resulting in thin blade-

shaped crystals after 5 days in 38% yield (based on Mn).  Selected IR data (cm-1): 3441 

(b), 3062 (w), 2911 (w), 2847 (w), 2066 (s), 2043 (s), 1607 (m), 1552 (s), 1441 (m), 

1384 (m), 1290 (m), 1155 (w), 1045 (s), 762 (m), 667 (m), 536 (w), 430 (w).  

[Mn2<i2(hmp)4(C7H4<O2)2(<3)4] (2).  MnBr2·4H2O (0.33 g, 1.2 mmol) and 

Ni(NO3)2·6H2O (0.20 g, 0.69 mmol) were added to 40 mL of CHCl3, followed by 

subsequent addition of NaN3 (0.08 g, 1.2 mmol), 4-nitrobenzoic acid (0.30 g, 1.9 mmol), 

and hmpH (0.22 mL, 2.3 mmol).  The resulting mixture was stirred for 2 hours, 

followed by the slow addition of NBu4MnO4 (0.092 g, 0.26 mmol).  Selected IR data 

(cm-1): 3453 (b), 2851 (w), 2066 (s), 1609 (m), 1564 (s), 1442 (m), 1405 (m), 1345 (s), 

1041 (m), 725 (m), 532 (m), 475 (w).  

[Mn2<i2(hmp)4(C13H9O2)2(<3)3)2]·CHCl3·2Et2O (3).  Mn(NO3)2·6H2O (0.25 

g, 0.88 mmol) and Ni(NO3)2·6H2O (0.20 g, 0.69 mmol) were added to 40 mL of CHCl3, 

followed by subsequent addition of NaN3 (0.07 g, 1.1 mmol), biphenylcarboxylic acid 

(0.20 g, 1.1 mmol), and hmpH (0.22 mL, 2.3 mmol).  Triethylamine (0.25 mL) was then 

added dropwise and the resulting mixture stirred for 2 hours.  NBu4MnO4 (0.092 g, 0.26 

mmol) was then added in portions, resulting in a dark brown solution.  Selected IR data 
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(cm-1): 3448 (b), 2063 (s), 1607 (m), 1541 (m), 1397 (s), 1288 (w), 1070 (w), 1046 (m), 

755 (m), 650 (m), 530 (w), 489 (w). 

[Mn2<i2(hmp)4(C9H9O2)2(<3)3]2·3CH3C< (4).  Mn(NO3)2·6H2O (0.25 g, 0.88 

mmol) and Ni(NO3)2·6H2O (0.29 g, 0.10 mmol) were added to 40 mL of CHCl3, 

followed by subsequent addition of NaN3 (0.13 g, 2.0 mmol), 2-phenylpropionic acid 

(0.15 g, 1.0 mmol), and hmpH (0.14 mL, 1.5 mmol).  The resulting mixture was stirred 

for 2 hours, followed by the slow addition of NBu4MnO4 (0.092 g, 0.26 mmol).  The 

reaction mixture was then filtered and layered with 20 mL of Et2O, resulting in thin 

blade-shaped crystals after 5 days in 45% yield (based on Mn).  Selected IR data (cm-1): 

3443 (b), 2928 (w), (s), 2038 (s), 1587 (m), 1548 (m), 1384 (m), 1278 (m), 1148 (w), 

1042 (m), 663 (m), 602 (w), 535 (w), 423 (w).    

[Mn5<i4(Hmp)8(C2H3O2)10(H2O)2]·8CHCl3·Et2O (5).  Mn(OAc)2·4H2O (0.50 

g, 2.0 mmol) and Ni(OAc)2·4H2O (0.50 g, 2.0 mmol) were added to a stirring solution 

of hmpH (0.44 mL, 4.6 mmol) in 50 mL CHCl3.  The resulting mixture was stirred until 

dissolved, resulting in a light blue solution that was layered with Et2O.  Large blue 

block-shaped crystals formed after 3 days in 65% yield (based on Mn).  Selected IR 

data (cm-1): 3423 (b), 2860 (w), 2826 (w), 1606 (m), 1562 (s), 1483 (w), 1438 (m), 

1413 (s), 1336 (m), 1289 (m), 1078 (s), 1050 (m), 756 (m), 650 (m), 490 (w), 464 (w).    

[Mn6<i2(Hmp)6(C7H5O2)6O2Cl2] (6).  Mn(benzoate)2·4H2O (0.19 g, 0.57 

mmol) and NiCl2·6H2O (0.12 g, 0.51 mmol) were added to 40 mL of a stirring CHCl3 

solution of sodium dicyanamide (0.05 g, 0.56 mmol), triethylamine (0.10 mL).  The 

resulting mixture was stirred for 30 minutes, after which NBu4MnO4 (0.05 g, 0.14 

mmol) was added in small portions.  Brown block-shaped crystals formed from the 
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Et2O-layered filtrate after 1 month in 26% yield (based on Mn).  Selected IR data (cm-

1): 3416 (b), 2216 (m), 1598 (s), 1551 (s), 1482 (w), 1396 (s), 1288 (w), 1073 (m), 1048 

(m), 760 (w), 722 (m), 677 (m), 644 (w), 573 (w). 

[Mn6(hmp)4(<3)4O(C2H3O2)5]·4CHCl3 (7).  Mn(OAc)2·4H2O (0.50 g, 2.0 

mmol) was added to 50 mL of CHCl3, followed by hmpH (0.30 mL, 3.1 mmol), NaN3 

(0.10 g, 1.5 mmol), and NBu4ClO4 (0.15 g, 0.44 mmol).  After 30 minutes of stirring, 

NBu4MnO4 (0.13 g, 0.36 mmol) was added in small portions.  The solution was then 

filtered an layered with 25 mL of Et2O, resulting in brown parallelogram crystals after 3 

weeks in 41% yield (based on Mn).  Selected IR data (cm-1): 3435 (b), 2963 (w), 2086 

(s), 1605 (m), 1581 (s), 1414 (m), 1384 (w), 1339 (w), 1048 (m), 762 (w), 663 (w), 613 

(w).  

(<Bu4)3[Mn4<i4(Mdea)4(C3H5O2)10O4](ClO4) (8).  Mn(ClO4)2·6H2O (0.40 g, 

1.1 mmol), Ni(NO3)2·6H2O (0.25 g, 0.86 mmol), and methyldiethanolamine  (0.22 mL, 

1.9 mmol) were added to 30 mL of CHCl3, followed by NaN3 (0.07 g, 1.1 mmol) and 

propionic acid (0.25 mL, 3.4 mmol).  The mixture was stirred for 30 minutes, followed 

by the addition of NBu4MnO4 (0.092 g, 0.26 mmol) in small portions.  Small brown 

crystals in 23% yield (based on Mn) formed from the dark brown-orange filtrate after 3 

days after layering with Et2O.  Selected IR data (cm-1): 3246 (b), 2979 (m), 2940 (w), 

1630 (s), 1537 (m), 1466 (m), 1420 (s), 1294 (m), 1099 (s), 1063 (s), 1001 (m), 891 (m), 

760 (m), 623 (s), 467 (w). 

[Fe4Mn4(salox)8O4(MeOH)4]·2MeOH (9).  MnCl2·6H2O (0.40 g, 1.7 mmol) 

and Fe(ClO4)2·6H2O (0.26 g, 0.72 mmol) were dissolved in 50 mL of MeOH, followed 

by the addition of NaN3 (0.26 g, 4.0 mmol) and salicylaldoxime (0.28 g, 2.1 mmol).  
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The solution slowly darked over 30 minutes of stirring, after which NEt4OH (0.7 mL of 

a 20% solution in H2O) was added dropwise.  Numerous black icosahedral crystals 

formed from the Et2O-layered filtrate after 3 days in 74% yield (based on Mn).  

Selected IR data (cm-1): 3435 (b), 3016 (w), 1647 (w), 1599 (m), 1545 (m), 1471 (s), 

1444 (m), 1338 (m), 1191 (s), 1152 (m), 1023 (m), 960 (w), 914 (m), 749 (s), 730 (m), 

623 (w), 597 (m), 478 (w). 

[Mn4<a(C11H13<O3)3Cl2(MeOH)4][Mn(<3)3Cl] (10).  MnCl2·6H2O (0.40 g, 

1.7 mmol) and ZnCl2 (0.26 g, 7.2 mmol) were dissolved in 30 mL of MeOH, after 

which NaN3 (0.26 g, 4.0 mmol), 4-ethoxy-salicylidene-2-ethanolamine (0.42 g, 2.2 

mmol), and NaOH (0.04 g, 2.3 mmol) were added.  The resulting red-brown solution 

was filtered and layered with 15 mL of Et2O, resulting in large aggregated clusters of 

red-brown crystals after 5 days.  The yield was 51% (based on Mn).  Selected IR data 

(cm-1): 3412 (b), 2983 (m), 2929 (m), 2875 (m), 2053 (s), 1610 (s), 1552 (m), 1466 (s), 

1449 (s), 1394 (m), 1302 (s), 1257 (s), 1223 (m), 1178 (w), 1058 (m), 976 (w), 859 (m), 

739 (s), 640 (m), 532 (w), 486 (w).   

 




