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1–1. Phosphorescent Transition Metal Complex 

Human beings have been attracted by light and relevant colors over the centuries, and the human society 

now a day is surrounded and highlighted by a variety of colors. During the past a few decades, light is not only 

the accessories of our daily lives but also has become to play important roles in industries as sustainable and 

clean energy resources in future. Scientists have devoted their efforts to convert a light energy to an electrical 

energy alternatively based on chemistry.[1–5] Indeed, solar cells and optoelectronic devices are developing 

rapidly and become small and high-performances during the past twenty years. Among various compounds, a 

hybrid compound composed of a transition metal ion and an organic compound(s) called ligand, transition metal 

complex, is interested very much as a material for light-energy conversion. As the most interesting feature of a 

transition metal complex, the d-orbital energy level of a metal ion can be controlled arbitrarily by nature of a 

ligand(s). Since the energy gap between the d orbital and the d*/π* orbital characterizes primarily various 

properties of a transition metal complex such as luminescence and magnetism, an appropriate combination of a 

metal ion with a ligand(s) enables fine tuning of various chemical and physical properties. As representative 

examples are shown in Figure 1-1, the emission color of an iridium(III) complex can be tuned from blue to red 

by an appropriate choice of the ligands, reflecting the difference in the electronic structures or energy level of 

the ligands.[6–8] Besides iridium(III) complexes,[6–12] since ruthenium(II),[13–16] rhenium(II),[17–20] platinum(II),[21–

25] copper(I),[26–28] silver(I),[29–33] and gold(I)[34,35] complexes show relatively intense luminescence in the visible 

region, the fundamental luminescence properties of these complexes and their applications to solar cells or 

optoelectronic devices have been actively investigated by many scientists. 

Luminescence is the radiative process from the electronically excited state of a molecule to the ground 

state and classified into fluorescence and phosphorescence by the spin multiplicity of the excited state as shown  

in Figure 1-2. Light excitation of the lowest-energy ground singlet state (S0) of a molecule can convert to the 

 

 

 

 

 

 

 

 

Figure 1-1. Structures and emission spectra of representative cyclometalated Ir(III) complexes. Fppy, ppy, or 

piq represents 2-(2,4-difluorophenyl)pyridine, 2-phenylpyridine, or 1-phenylisoquinoline, respectively. The 

colors of the structure and the emission spectra correspond to the emission colors. The complexes are 

synthesized according to refs. 6–8, and the emission data are recorded on the instruments described in §2-4. 
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higher-energy excited singlet states (Sn: n > 1) and, subsequently, the excited molecule experiences the thermal 

energy relaxation from the Sn states to the lowest-energy excited singlet state (S1), which is known as internal 

conversion (IC). The radiative process from the S1 state to the S0 state is called fluorescence and the most of 

aromatic compounds show fluorescence. In the case of a transition metal complex, the Sn state undergoes easily 

spin inversion (i.e., intersystem crossing: ISC) and this produces the corresponding excited triplet state (Tn: n > 

1). The Tn states relax energetically to the lowest-energy excited triplet state (T1). The electronic transition from 

the T1 state to the S0 state often accompanies luminescence called phosphorescence. In the case of an ordinary 

organic molecule, although the energy level of the S1 state is higher than that of the T1 state, the electronic 

transition from the S1 state to the T1 state does not proceed owing to the spin selection rule. However, since a 

transition metal complex experiences an internal magnetic field due to relatively strong spin-orbit coupling 

(SOC) by the presence of a heavy atom, the spin selection rule is broken partly. Furthermore, the IC and ISC 

processes of a molecule proceed in a femto- to pico-second time scale, while the fluorescence process is in a 

nano-second time scale. In the case of [Ru(bpy)3]2+ (bpy = 4,4’-bipyridine) in water, for example, the Sn state 

undergoes IC to the S1 state in ~20 ps and, subsequently, the S1 state is converted to the T1 state through ISC in 

~15 fs.[36,37] Therefore, the electronic transition between different spin-multiplicity excited states of a transition 

metal complex is partially allowed and such a transition metal complex shows phosphorescence alone. There  

are three spin-sublevels in the T1 state, while these levels are degenerated in energy for an ordinary molecule  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-2. Schematic illustration of the emission mechanism of a molecule. The processes related closely to 

those of an ordinary transition metal complex are shown by the black lines. IC, ISC, TD, or zfs is the 

abbreviation of internal conversion, intersystem crossing, thermal deactivation, or zero-magnetic-filed splitting, 

respectively. Sn, Tn, and φn represents nth singlet, triplet state, and spin-sublevels in the T1 state, respectively. 
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and, therefore, the T1 state is regarded as one level. In the case of a transition metal complex having a heavy 

atom element, however, the degenerated T1 state splits into the spin sublevels owing to large SOC, where the 

energy splitting between the spin-sublevels is called zero-magnetic-field splitting. 

 

1–2. Zero-Magnetic-Field Splitting 

1-2-1. Fundamental Theory of zfs 

According to the second-order perturbation theory, zfs in the T1 state of a molecule is responsible for both 

spin-spin and spin-orbit coupling as given by eq. 1-1,[38] 

ee SOH H H                                          (1-1) 

where Hee and HSO are the Hamiltonians of spin-spin and spin-orbit coupling, respectively. It has been reported 

that the magnetic field generated by spin-spin coupling is quite small and the zfs energy by spin-spin coupling 

alone does not exceed 0.1 cm–1, though spin-spin coupling certainly plays a role in zfs of a molecule.[39] In the 

case of an ordinary organic compound without a heavy atom element, spin-spin coupling is the dominant factor 

determining the zfs energy of the molecule. For example, the zfs energy of the T1 state of benzene is reported 

to be 0.02 cm–1.[40] In the case of a transition metal complex with a heavy atom element(s), on the other hand, 

since spin-orbit coupling is significantly strong compared to spin-spin coupling and the contribution of spin-

spin coupling to the zfs energy is negligibly small, spin-orbit coupling plays a decisive role in determining the 

zfs energy of a transition metal complex.[39] 

In the case of a transition metal complex, since the characteristics of the spin-sublevels (i.e., notation of 

the state) split energetically by zfs in the T1 state are determined by the space group of the T1 state, one should 

consider the assignment of the T1 state. Electron repulsion between the two electrons in the highest-occupied 

molecular orbital (HOMO) and the lowest-energy unoccupied MO (LUMO) of a molecule results in several 

excited triplet states (Tn), in which the electron configurations of HOMO and LUMO determine the symmetry 

and multiplicity of each Tn. In the case of a d6 metal atom, as an example, there are several possible 

configurations such as (eg: HOMO, t1u: LUMO), (t2g: HOMO, t1u: LUMO), (t2u: HOMO, t1u: LUMO), and so 

forth, and the Tn states provided by these configurations are (T2u, T1u), (T2u, T1u, Eu, A2u), (T2g, T1g, Eg, A2g), and 

so forth, respectively.[41]  

In spin-orbit coupling (SOC), a spin-angular momentum change upon spin inversion (i.e., ISC as an 

example) is compensated by an orbital-angular momentum change. The Hamiltonian of SOC is given by eq. 1-

2,[42] 

                                     (1-2) 

where ξ(ri) is a spin-orbit coupling parameter and, si and li are the spin- and orbital-angular momentum operators 

for an electron i, respectively. In the case of a transition metal complex, the nucleus of a metal ion (core) and its 

( )SO i i i
i

H r s l 
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valence electrons play a role in determining the orbital- and spin angular momenta, respectively. As predicted 

from eq. 1-2, the multiplicity of each spin-sublevel in the T1 state is therefore determined as the product of the 

matrix elements of the core and valence electrons for a given molecular symmetry.[43] In the case of [Ru(bpy)3]2+, 

as an example, since the T1 state is assigned to T2g and possesses D3 symmetry, the T1 state splits into the three 

spin-sublevels assigned to A1 (φ1), E (φ2), and A2 (φ3).[43] 

 

1-2-2. Experimental Evaluation of zfs Energy 

Three experimental methods are known to observe and determine the zfs energy in the T1 state of a 

molecule: electron-paramagnetic resonance (EPR) and high-resolution emission spectroscopy as direct 

observation methods and the analysis of temperature (T)-dependent phosphorescence as an indirect method. 

Although one cannot determine the zfs energies in the T1 states of all compounds by the one method, these three 

experimental methods cover complementary to evaluate the zfs energies in the T1 states of various compounds.    

EPR spectroscopy is the method to observe microwave absorption of an unpaired electron system and used 

to detect and characterize organic radicals or metal ions, while the method also allows to determine the zfs 

energy in the T1 state of a molecule. Upon microwave irradiation, the unpaired electron in the lower-energy 

state is excited to the higher-energy state, whose energy of the absorbed microwave corresponds to the energy 

gap between the two states. In the case of the T1 state of a molecule, one can evaluate the energy gap between 

the spin-sublevels by observing microwave absorption between the spin-sublevels (see Figure 1-3 for the  

schematic illustration). Since EPR is spectroscopy for an unpaired electron system, this is a powerful tool to  

 

 

 

 

 

 

 

 

 

 

 

Figure 1-3. Schematic illustration of EPR spectroscopy to determine the zfs energies in the T1 state of a 

molecule. The left and right panels represent the energy diagram of the T1 state and the EPR spectrum. The 

energy difference between the EPR signals represented by blue and red curves corresponds to that between φ2 

and φ3. 
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determine the zfs energy of a molecule possessing an open-shell electron structure such as a paramagnetic ion, 

organic radical in the ground doublet state (D0), and a phosphorescence molecule in the T1 state. Furthermore, 

different from the other methods described later, an EPR method does not require any special experimental 

conditions such as extremely low temperature. However, the method can be adopted only for a molecule whose 

energy splitting between the levels is less than 1 cm–1 owing to relatively low-energy nature of a microwave 

(i.e., microwave frequency is up to 300 GHz = 1 cm–1). 

Since the emission transition from each spin-sublevel in the T1 state of a molecule proceeds to the 

corresponding S0 state, the higher-energy spin-sublevel (φn) shows the higher-energy emission reflecting the zfs 

energy between φn. Furthermore, φn levels are under thermal equilibria and the contribution of the higher-energy 

spin-sublevel to the observed emission becomes large upon temperature (T)-elevation. It is important to note 

that each spin-sublevel possesses an inherent emission maximum energy (ṽn) and the observed emission is the 

superposition of the φn emissions. High-resolution emission spectroscopy is the method to determine the zfs 

energies in the T1 state of a molecule directly from the observed emission spectrum at a given T (see Figure 1-

4 for the schematic illustration).[44] The direct determination of the zfs energies based on an emission spectrum 

is in general impossible, since an emission energy is distributed thermally to several vibrational levels in the S0 

state in the range of a few hundreds to a few thousands cm–1 (i.e., full-width-at-half-maximum: fwhm), while 

the zfs energies are in general below a few tens of wavenumber. As an example, the fwhm value of the emission 

spectrum of Pt(thpy)2 (thpy = 2-(2-thienyl)pyridine) in n-butyronitrile at 1.3 K is around 400 cm–1, while the zfs  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-4. Schematic illustration of high-resolution emission spectroscopy to determine the zfs energies in the 

T1 state of a molecule. The left and right panels show the energy diagram of the triplet state and the high-

resolution/usual emission spectra at an extremely low temperature, respectively. The red curves in the right 

panel represent the high-resolution emission spectrum corresponding to the emission from the spin-sublevels. 

The enlarged emission spectrum is also shown in the right panel. 
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energy in the T1 state of the complex is 4.3 cm–1. In the case of high-resolution emission spectroscopy, a special 

technique is employed to decrease the fwhm value of an emission spectrum and, thus, a targeted molecule is 

dissolved or dispersed homogeneously in an n-alkane matrix called Shpol’skii matrix. It has been reported that 

a planar aromatic compound dissolved in an n-alkane matrix at extremely low temperature shows a very sharp 

emission spectrum (i.e., fwhm = 1–5 cm–1).[45] The very sharp emission spectrum mentioned above is due to 

highly suppressed molecular vibrations in a non-polar solvent at low temperature. The interaction between the 

surroundings and a sample molecule can assist to arrange to a specific molecular vibration, while many 

vibrational modes in the S0 state of the molecule in a polar matrix would participate for the emission transition 

and, thus the fwhm value would be large.[45] The effects of a Shpol’skii matrix on a emission spectrum have been 

confirmed for various platinum(II) complexes.[44] For example, although the fwhm value of the emission 

spectrum of Pt(thpy)2 at 1.3 K in n-butyronitrile is around 400 cm–1, that in n-octane decreases to 2–3 cm–1. 

Since an ordinary transition metal complex shows a zfs energy in a few tens cm–1, high-resolution vibrational 

spectroscopy is quite powerful to determine the zfs energies of a transition metal complex. However, this method 

can be adopted only for the luminescent molecules with a small dipole moment in the T1 state.  

The emission transition probabilities from the spin-sublevels in the T1 state to the S0 state are sensitive to 

the multiplicities of the spin-sublevels and this is reflected on the radiative rate constants of the spin-sublevels 

(kr
n). Since the emission lifetime (τn) and emission quantum yield (Φn) of each spin-sublevel depend on kr

n, these 

parameters are inherent to the spin-sublevels. Furthermore, the contributions of the spin-sublevels to the 

spectroscopic and photophysical parameters of a compound are determined by the thermal Boltzmann 

distributions at a given T and, therefore, the observed emission characteristics at a given T are the Boltzmann 

distribution- and multiplicity-weighted sum of the φn emissions, resulting in the T-dependences of the emission 

characteristics: spin-sublevel (φn) model, see Figure 1-5 for schematic illustration.[41,43,46–49] At an extremely low 

temperature, it is important to note that the spin-sublevels in the T1 state are not thermally equilibrated and each 

φn emission is observed individually, resulting in multi-exponential emission decay profiles, called spin 

alignment. In the case of a transition metal complex, although ISC from the S1 state proceeds to each spin-

sublevel, spin-lattice relaxation from the higher-energy φn to the lower-energy φn takes place much faster than 

the phosphorescence lifetime of each φn and, therefore, the population of each spin-sublevel at a given T follows 

thermal Boltzmann distributions. At an extremely low temperature, spin-lattice relaxation between φn becomes 

slower than the phosphorescence process of each φn, leading to the observation of individual φn emissions.[50] 

According to the φn model, the T-dependence of the emission lifetime (τ(T)) is given by eq. 1-3, 

                                 

 

 

 (1-3) 
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where gn, τn and kB are the multiplicity, the emission lifetime of each φn and the Boltzmann constant, respectively, 

and ΔE1n is the energy separation between φ1 and φn. The analysis of the τ(T) data by eq. 1-1 can provide the 

emission parameters inherent to each spin-sublevel and the zfs energies, ΔE1n. As an example, the T-dependent 

emission lifetime (τn) and emission quantum yield (Φn) of the T1 state of [Ru(bpy)3]2+ evaluated by the φn model 

are shown in Figure 1-6 together with the energy diagram of the T1 state of the complex.[48] As seen in the figure, 

the observed emission lifetime decreases upon T-elevation, while the emission quantum yield increases with an  

 

 
Figure 1-5. Schematic illustration of the spin-sublevel model and emission at a given temperature (left: low 

temperature, right: high temperature). The upper, middle, and lower panels represent the energy diagram of the 

spin-sublevels, the emission spectra and emission decay profiles of the spin-sublevels at a given temperature, 

respectively. The orange circles in the upper panels represent the thermal Boltzmann population of the spin-

sublevel. The black and colored spectra or emission decay profiles in the middle or lower panels, respectively, 

are the observed emission spectra or decay profiles from the T1 states and those from the spin-sublevels, 

respectively. 
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Figure 1-6. Energy diagram (right panel) and T-dependent emission lifetime (blue) and emission quantum yield 

(red) of [Ru(bpy)3](PF6). The data were reproduced from ref. 48. 

 

increase in temperature. Furthermore, the analysis of the T-dependent emission data can provide ΔE1n, τn, and 

Φn of [Ru(bpy)3]2+ to be (ΔE13, ΔE12) = (61.2, 10.1) cm–1, (τ3, τ2, τ1) = (0.68, 18.8, 183.1) μs, and (Φ3, Φ2, Φ1) = 

(0.40, 0.23, 0.17).[48] The analysis of τ(T) data based on the φn model and eq. 1-3 is thus quite useful to reveal 

the emission properties of each spin-sublevel in the T1 state of a compound. However, since this method relies 

on thermal distributions between φn, it is impossible to determine a small zfs energy below 3 cm–1. Judging from 

the Boltzmann factor (kBT) at 4 K (i.e., liquified He temperature) to be 2.78 cm–1, the zfs energy in the T1 state 

smaller than 2.78 cm–1 cannot be determined since the populations of the spin-sublevels are thermally 

equilibrated above 4 K. 

 

1-2-3. zfs in the Excited Triplet States of Transition Metal Complexes 

Among various transition metal complexes, zfs in the T1 states of octahedral-coordinated d6 metal 

complexes (Ru(II), Os(II), Rh(III), Ir(III), and Re(V)) and planer-coordinated d8 metal complexes (Pd(II) and 

Pt(II)) have been investigated based on high-resolution spectroscopy or analysis of T-dependent emission 

characteristics.[43,48–69] The zfs energies reported for the T1 states of these complexes are as follows: Ru(II) = 

30–64,[43,48,49] Os(II) = 64–221,[51,52] Rh(III) = 0.12,[53] Ir(II) = 23–170,[54–59] Re(V) = ~2,[60] Pd(II) = ~0.01,[61] 

and Pt(II) = ~0.01–47 cm–1.[62–69] These data indicate that the complex with a heavier metal ion shows a larger 

zfs energy. For a given metal ion, furthermore, the electronic structures of a ligand(s) also influence largely the 

zfs energy. Among these metal complexes, zfs in the T1 states of platinum(II) complexes has been studied very 

widely and Yersin et al. have reported that the larger is the zfs energy, the shorter is the observed emission 

lifetime at ambient temperature as shown in Figure 1-7.[69] Since it is generally known that the emission lifetime 

of a transition metal complex decreases in the sequence 3ππ* (i.e., ligand center (LC) or intraligand charge 

transfer (ILCT)) > 3MLCT (metal-to-ligand charge transfer) excited states, it has been demonstrated that the zfs  

energy in the T1 state of a transition metal complex increases in the sequence 3ππ* < admixture of 3ππ* and  
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Figure 1-7. Relationship between the zfs energy and emission lifetime (left panel) or metal character (right 

panel) in the T1 state of a transition metal complex. The graphs are taken from refs. 69 and 70. 

 

3MLCT < 3MLCT excited states. These data indicate that the d-electron character in the T1 state plays an 

important role in determining the zfs energy of a transition metal complex as shown in Figure 1-7.[69] These 

findings are very important to discuss further the relationships between the zfs energy and the emission 

characteristics in the T1 state of a transition metal complex. 

 

1–3. Octahedral Hexanuclear Metal Clusters 

The zfs energy in the T1 state of an ordinary transition metal complex is small compared to the kBT value 

at ambient temperature and, therefore, zfs in the T1 state hardly influences the emission characteristics at ambient 

temperature, while those at low temperature are sensitive to zfs in the T1 state. Among various transition metal 

complexes, it has been reported that an octahedral hexamolybdenum(II) cluster, [{Mo6Cl8}Cl6]2–, shows very 

large T-dependent emission characteristics and the zfs energy in the T1 state of the complex is as large as ~650 

cm–1, which is much larger than those of other transition metal complexes.[41,46,47] These characteristic zfs energy 

and T-dependent emission of [{Mo6Cl8}Cl6]2– demonstrate clearly that the emission characteristics of a 

hexamolybdenum(II) cluster would be determined primarily by zfs in the T1 state. 

The structure of an octahedral hexanuclear metal cluster with the general formula of [{Mo6(μ3-X8)}L6]n– 

(X = halide, L = inorganic and organic ligand) is shown in Figure 1-8. An octahedral hexamolybdenum(II) 

cluster ([{Mo6X8}L6]n–) has six molybdenum(II) ions and eight bridging ligands (X: Cl, Br, or I), which compose 

of the cluster core {Mo6X8}4+, and six terminal ligands (L) extend to the outer-ward of the molybdenum(II) 

octahedron. Besides hexanuclear molybdenum(II) clusters, low-oxidized d4 metal ions, tungsten(II) and 

rhenium(III), also produce octahedral hexanuclear metal clusters.[71,72] Although high-temperature reaction 

conditions are necessary to prepare an {M6E8}4+ unit, various terminal ligands can be introduced easily to an 

{M6(μ3-E8)}4+ (M = d4 metal ion, E = bridging ligand) core. Since the metal ions and the bridging ligands are 

connected strongly with each other forming an {M6E8}4+ unit, the cluster shows in general high-photochemical, 
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Figure 1-8. Structure of an octahedral hexamolybdenum(II) cluster. 

 

-thermal, and -chemical stabilities.[73] Furthermore, it has been known that a series of the octahedral hexanuclear 

metal clusters in both solution and crystalline phases show long-lived emission in the visible-near infrared 

region at ambient temperature. As examples, the emission maximum wavelength (λem), emission lifetime (τem), 

and emission quantum yield (Φem) of [{Mo6Cl8}Cl6]2–, [{W6Cl8}Cl6]2–, or [{Re6S8}Cl6]2– in CH3CN at 298 K 

are as follows: λem (Mo(II), W(II), or Re(III), respectively) = 805, 833, or 770 nm, τem = 180, 1.5, or 6.3 μs, and 

Φem = 0.19, 0.017, or 0.039.[74–76] Besides the high stability and long-lived red phosphorescence, since 

molybdenum has advantages in terms of element strategy compared to rare metals, a variety of octahedral 

hexamolybdenu(II) clusters have been hitherto synthesized as possible candidates for photofunctional 

materials.[77–106] Furthermore, hexamolybdenum(II) clusters have been also studied widely in the research fields 

of bio-imaging, X-ray sensitizers, optoelectronic devices, and so forth, owing to the relatively long-lived and 

intense red emission compared to the emissions from hexatungsten(II) and hexarhenium(III) clusters as shown 

in Figure 1-9.[107–111] However, since a family of an octahedral hexanuclear metal cluster is less emissive than 

other transition metal complexes represented by cyclometalated iridium(III) and polypyridine ruthenium(II) 

complexes, the emission properties of an octahedral hexanuclear metal cluster should be improved toward the 

utilization of the clusters as photofunctional materials. The emission characteristics of an octahedral hexanuclear 

metal cluster would be governed by zfs in the T1 state as described above and, therefore, it is necessary to obtain 

detailed information on the factors governing zfs in the T1 state to improve the emission properties of an 

octahedral hexanuclear metal cluster. 

 

1–4. Purpose and Outline of the Thesis 

Zero-magnetic-field splitting (zfs) in the T1 state of a transition metal complex is responsible for spin-orbit  

coupling (SOC) as described in §1-2-1 and the strength of SOC in the T1 state is dependent of nature of  

constituting atoms of a molecule. Furthermore, it has been suggested that the emission characteristics of a  
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Figure 1-9. Applications of octahedral hexamolybdenum(II) clusters. a, b, and c show applications of the 

clusters to bioimaging, an optoelectronic material, and a radiosensitizer, respectively. The figures a, b, and, c 

are taken from ref. 107, 108, and 109, respectively. 

 

transition metal complex are related to the relevant zfs energy (§1-2-2), although a quantitative discussion on 

such a relationship has not been hitherto reported. These results suggest a possibility of controlling the emission 

properties of a transition metal complex through the relevant zfs energy in the T1 state and, therefore, nature of 

the constituting atoms of the complex. In order to pursue such a study, an octahedral hexamolybdenum(II) 

cluster, [{Mo6X8}L6]2– (X = Cl (atomic number (Z) = 17), Br (35), or I (53)), is an ideal molecular system, since 

the clusters show intense and long-lived emission in both solution and crystalline phases. Furthermore, one can 

introduce a series of terminal ligands (L = X (Cl, Br, or I), aliphatic and aromatic carboxylates, aromatic 

sulfonates, and so forth in [{Mo6X8}L6]2–), suggesting a possibility of synthetic tuning of the strength of SOC 

and, thus, zfs in the T1 state of the cluster.  

The main purpose of the present study is the elucidation of the factors governing zfs in the T1 states of 

hexamolybdenum(II) clusters by systematic investigations on the T-dependent emission characteristics of the 

clusters and the relevant zfs parameters in the T1 states. On the basis of the emission parameters inherent to the 

spin-sublevels in the T1 state, furthermore, the photophysical properties of a series of octahedral 

hexamolybdenum(II) clusters are discussed. The factors governing zfs in the T1 states of hexamolybdenum(II) 

clusters are also checked for zfs in the T1 states of ordinary transition metal complexes, platinum(II) complexes. 

The thesis is composed of six chapters. In Chapter 1, the research background and purpose of the thesis 

are described. As the key aspects into the present study, furthermore, the emission mechanisms and the 

theoretical background of zfs in the T1 state of a transition metal complex are discussed. The chapter also 

describes possible experimental approaches to determine the zfs energy in the T1 state of a transition metal 

complex. The structural and emission characteristics of the targeted complexes in the research, octahedral 

hexamolybdenum(II) clusters, are introduced. 
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    Chapter 2 describes the synthetic procedures of the octahedral hexamolybdenum(II) clusters and 

cyclometalated platinum(II) complexes. The details of the physical measurements, the four spin-sublevel (Φn) 

model for the T-dependent emission characteristics of an octahedral hexamolybdenum(II) cluster, and 

computational chemistry are also described.   

Chapter 3 describes the electrochemical, spectroscopic, and photophysical properties of the nine terminal 

halide clusters, [{Mo6X8}Y6]2– (X, Y = Cl, Br, or I), in solution or crystalline phases at 298 K, and the results 

are discussed in terms of the bridging and terminal ligand effects on the properties. The T-dependent emission 

characteristics of the nine clusters in 3 K < T < 300 K and their analysis by the Φn model are described in detail. 

As a very important finding of the present study, the emission characteristics of the clusters at 298 K have been 

shown to be governed by zfs in the T1 states. 

Chapter 4 describes the X-ray structural, electrochemical, and photophysical properties of the terminal 

carboxylate clusters, [{Mo6X8}(RCOO)6]2– (X, Y = Cl, Br, or I), in solution or crystalline phases at 298 K. As 

an important finding, it has been demonstrated that the bond length between the Mo atom and the ligating O 

atom in the carboxylate, the redox potentials, and the emission characteristics (emission energy, emission 

lifetime, and emission quantum yield) of the clusters are shown to be controlled synthetically by the electron-

donating ability of the terminal carboxylate ligand, irrespective of nature of the bridging ligand, X = Br or I. 

Furthermore, the analysis of the T-dependent emission characteristics of the clusters by the Φn model has 

revealed that the emission maximum energy of the cluster is governed by the relevant zfs energies in the T1 state 

and it has been shown that this explains very well the terminal ligand dependences of the photophysical 

properties. 

In Chapter 5, the factors governing the zfs energies of the octahedral hexamolybdenum(II) clusters are 

discussed in detail based on the analytical results of the T-dependent emission characteristics of the clusters by 

the spin-sublevel model described in Chapters 3 and 4. Quite importantly, the present study has found for the 

first time that the zfs energies correlate very well with the 95Mo NMR chemical shift of [{Mo6X8}Y6]2– (X = Y 

= Cl, Br, or I) or the acid dissociation constant of the carboxylic acid in [{Mo6Br8}L6]2– (L = carboxylate), 

indicating the importance of the effective nuclear charge on the Mo atom(s) in determining the zfs energies of 

the octahedral hexamolybdenum(II) cluster. Furthermore, it has been demonstrated that the effective nuclear 

charge on the Mo atom(s) also governs the photophysical properties of the cluster. As the most interesting point, 

the zfs energies and the photophysical properties of the platinum(II) complexes are also explained by the similar 

context to those of the hexamolybdenum(II) clusters mentioned above as revealed by both the experimental and 

computational results. Thus, the thesis has demonstrated that the zfs energies and phosphorescence properties 

of a luminescence transition metal complex could be controlled synthetically by the effective nuclear charge on 

the metal atom(s). 

Chapter 6 describes the principal conclusions and future perspective of the present study. 
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2-1. Introduction 

This thesis targets to study the phosphorescence properties and the lowest-energy excited triplet (T1) states 

of octahedral hexamolybdenum(II) clusters in special references to elucidate the zero-magnetic-field splitting 

(zfs) parameters in the T1 states. Since a transition metal complex shows a significantly large zfs energy in the 

T1 state compared to an ordinary organic compound, the emission characteristics of the transition metal complex 

are influenced largely by temperature (T, from extremely low T to ambient T) through the strength of spin-orbit 

coupling (SOC) and zfs experienced by the excited state. Quantitative and systematic studies on the zfs energy 

and the effects of nature of the atom(s) composed of a transition metal complex are thus primarily important to 

understand the emission characteristics of a transition metal complex in the T1 state toward molecular design of 

photofunctional materials.  

For systematic and detailed investigations on the T1 state of a transition metal complex, this thesis focuses 

on both bridging and terminal ligands structures in an octahedral hexamolybdenum(II) cluster and, therefore, 

various hexamolybdenum(II) clusters having a series of bridging and terminal ligands have been synthesized: 

[{Mo6X8}Y6]2– (X, Y = Cl, Br, or I) and [{Mo6X8}(RCOO)6]2– (X = Br or I. RCOO = various carboxylates: 

pivalate, acetate, 4-methoxybenzoate, 3,5-dimethybenzoate, benzoate, 3,5-dimethoxybenzoate, 1-naphthoate, 

4-cyanobenzoate, 2-furoate, 4-nitrobenzoate, 3,5-dinitrobenzoate, pentafluorobenzoate, or trifluoroacetate). 

Furthermore, platinum(II) complexes were also synthesized to check the general validity of the experimental 

results given by the studies on the T1 states of the octahedral hexamolybdenum(II) clusters. In this chapter, the 

synthesis of the cluster complexes, the apparatus used for the physical measurements, and the analytical methods 

for the T-dependent emission data are described.  

 

2-2. Materials and Characterization 

Molybdenum and bismuth powders, CsX (X = Br or I), AgNO3, NaOH, acetic acid, 3,5-dimethylbenzoic 

acid, benzoic acid, 1-naphthoic acid, trifluoroacetic acid, K2PtCl4, benzo[h]quinoline, and tetra-n-

butylammonium hexafluorophosphate (TBA+(PF6)–) were purchased from Wako Pure Chemical Co., Ltd. 

Pivalic acid, 4-methoxybenzoic acid, 4-cyanobenzoic acid, 2-furoic acid, 3,5-dinitrobenzoic acid, TBA+X– (X 

= Cl, Br, or I), 2-phenylpyridine, acetylacetone, and dipivaloylmethane were obtained from Tokyo Chemical 

Industry Co., Ltd. MoCl5, 3,5-dimethoxybenzoic acid, 4-nitrobenzoic acid, pentafluorobenzoic acid, and 

heptafluorobutylic acid were purchased from Sigma-Aldrich Co., Ltd. All of these chemicals used for the 

synthesis of hexamolybdenum(II) clusters or Pt(II) complexes were used as received. 2-(2-Thienyl)pyridine was 

prepared according to the literature.[1] All of the solvents used for the synthesis were obtained from Wako Pure 

Chemical Co., Ltd. and used without further purification. Spectroscopic grade acetone and CH3CN were 

purchased from Wako Pure Chemical Co., Ltd. and distilled prior to use. TBAPF6 was recrystallized from 

ethanol and dried prior to use.  
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Electron spray ionization mass spectroscopy (ESI-MS) and FT 1H/195Pt NMR measurements were 

conducted by using a micromassZQ spectrometer (Waters Co.) and a 270 MHz JME-EX or 400 MHz JNM-

ECZ spectrometer (JEOL Ltd.), respectively. For 1H NMR and 195Pt NMR spectroscopies, tetramethylsilane (in 

CDCl3, 0 ppm) and potassium tetrachloroplatinate (in D2O, –1618 ppm) were used as internal and external 

standards, respectively, for determining the chemical shifts of the NMR signals in ppm. Elemental analysis was 

carried out in Instrumental Analysis Division, Global Facility Center, Creative Research Institute, Hokkaido 

University. 

 

2-3. Synthesis 

2-3-1. Synthesis of [{Mo6X8}X6]2– (X = Cl). 

The TBA salt of [{Mo6Cl8}Cl6]2– (1Cl) as a starting material for the synthesis of [{Mo6Cl8}Y6]2– was 

prepared by the reduction of the highly oxidized state of molybdenum chloride by a metal powder as follow.[2] 

MoCl5 (5.0 g, 16 mmol) and a Bi powder (6.3 g, 30 mmol) were introduced into a glass ampoule (50 mm (inner 

diameter) × 200 mm (length)) and dried in vacuo at liquid nitrogen temperature. The sealed ampoule was heated 

at 240ºC in a furnace for 2 h and, then, at 350ºC for further 26 h. The brown solids were removed from the 

ampoule and washed with conc. HCl aq. and ethanol until the filtrate became colorless. The crude product 

dispersed in boiled conc. HCl aq. was refluxed for 3h and, then, the mixture was filtered still hot. The yellow 

needle crystals precipitated upon cooling were collected by filtration and dissolved in ethanol. To a solution was 

added 14 g of TBA+Cl– (50 mmol), yielding the yellow precipitates. The precipitates were then dissolved in a 

minimum amount of acetone, and slow diffusion of diethyl ether vapor to the solution gave 3.1 g of pure crystals.  

(TBA)2[{Mo6Cl8}Cl6] (1Cl): Yield = 3.1 g (75%). Anal. Calcd. for Mo6Cl14C32H72N2: C, 24.69; H, 4.67; N, 1.80. 

Found: C, 25.05; H, 4.88; N, 1.20. ESI-MS (CH3CN) for Mo6Cl14: m/z 535 (M–2TBA). 

 

2-3-2. Synthesis of [{Mo6X8}X6]2– (X = Br or I). 

The TBA salts of [{Mo6Br8}Br6]2– (2Br) and [{Mo6I8}I6]2– (3I) as starting materials for the synthesis of 

{Mo6Br8}4+- and {Mo6I8}4+-core clusters, respectively, were prepared by direct halogenation of a molybdenum 

powder by Br2 or I2.[3] An Mo powder (1.0 g, 10 mmol), X2 (10 mmol, X = Br or I), and CsX (10 mmol) were 

introduced into a quartz ampoule (40 mm (inner diameter) × 120 mm (length)) and dried in vacuo at liquid 

nitrogen temperature. The sealed ampoule was heated at 500ºC in a furnace for 4 h. Then, the temperature was 

raised to 850ºC during 2 h and kept for 48 h. The brown to black solids were removed from the ampoule and 

washed with ethanol until the filtrate became colorless. The crude products were added into 500 mL of acetone 

in the presence of TBA+X– (30 mmol) and the mixture was stirred for 1 day. After filtering out the by-products, 

the filtrate was evaporated to dryness. The crude products washed by ethanol were then dissolved in a minimum 

amount of acetone, and slow diffusion of diethyl ether vapor to the solution gave pure crystals. 
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(TBA)2[{Mo6Br8}Br6] (2Br): Yield = 2.3 g (63%). Anal. Calcd. for Mo6Br14C32H72N2: C, 17.64; H, 3.33; N, 

1.29. Found: C, 17.42; H, 3.11; N, 1.18. ESI-MS (CH3CN) for Mo6Br14: m/z 847 (M–2TBA). 

(TBA)2[{Mo6I8}I6] (3I): Yield = 1.8 g (38%).. Anal. Calcd. for Mo6I14C32H72N2: C, 13.55; H, 2.56; N, 0.99. 

Found: C, 13.42; H, 2.36; N, 0.91. ESI-MS (CH3CN) for Mo6I14: m/z 1176 (M–2TBA). 

 

2-3-3. Synthesis of Terminal Halide Clusters: [{Mo6X8}Y6]2– (X, Y = Cl, Br, or I). 

The TBA salt of [{Mo6X8}Y6]2– (X, Y = Cl, Br, or I) was synthesized by the terminal ligand exchange 

reaction between (TBA)2[{Mo6X8}X6] (1Cl, 2Br, or 3I) and a given HY acid.[4] Typically, 300 mg of 

(TBA)2[{Mo6X8}X6] dissolved in a concentrated HY acid-ethanol mixture (v/v = 9/1) was heated at reflux 

temperature over 4 h. Upon cooling, yellow or orange precipitates produced were collected by filtration and 

washed successively with cold conc. HY and ethanol until the filtrate became colorless. The residues were then 

dissolved in a minimum amount of acetone, and slow diffusion of diethyl ether vapor to the solution gave pure 

crystals.  

(TBA)2[{Mo6Cl8}Br6] (2Cl): Yield = 292 mg (83%). Anal. Calcd. for Mo6Cl8Br6C32H72N2: C, 21.08; H, 3.99; 

N, 1.54. Found: C, 20.99; H, 3.66; N, 1.32. ESI-MS (CH3CN) for Mo6Cl8Br6: m/z 669 ([M – 2TBA]2+).  

(TBA)2[{Mo6Cl8}I6] (3Cl): Yield = 325 mg (80%). Anal. Calcd. for Mo6Cl8I6C32H72N2: C, 18.25; H, 3.45; N, 

1.33. Found: C, 18.26; H, 3.55; N, 1.28. ESI-MS (CH3CN) for Mo6Cl8I6: m/z 810 ([M – 2TBA]2+).  

(TBA)2[{Mo6Br8}Cl6] (1Br): Yield = 240 mg (91%). Anal. Calcd. for Mo6Br8Cl6C32H72N2: C, 20.01; H, 3.80; 

N, 1.47. Found: C, 20.12; H, 3.63; N, 1.66. ESI-MS (CH3CN) for Mo6Br8Cl6: m/z 713 ([M – 2TBA]2+).  

(TBA)2[{Mo6Br8}I6] (3Br): Yield = 264 mg (78%). Anal. Calcd. for Mo6Br8I6C32H72N2: C, 15.62; H, 2.95; N, 

1.14. Found: C, 15.66; H, 3.01; N, 1.22. ESI-MS (CH3CN) for Mo6Br8I6: m/z 988 ([M – 2TBA]2+).  

(TBA)2[{Mo6I8}Cl6] (1I): Yield = 184 mg (76%). Anal. Calcd. for Mo6I8Cl6C32H72N2: C, 16.80; H, 3.17; N, 1.22. 

Found: C, 16.91; H, 3.19; N, 1.26. ESI-MS (CH3CN) for Mo6I8Cl6: m/z 901 ([M – 2TBA]2+). 

(TBA)2[{Mo6I8}Br6] (2I): Yield = 238 mg (88%). Anal. Calcd. for Mo6I8Br6C32H72N2: C, 15.04; H, 2.84; N, 

1.10. Found: C, 15.22; H, 2.81; N, 0.99. ESI-MS (CH3CN) for Mo6I8Br6: m/z 1035 ([M – 2TBA]2+). 

 

 

 

 

 

 

 

 

 

Chart 2-1. Structures and abbreviations of halide clusters [{Mo6X8}Y6]2–. 
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2-3-4. Synthesis of Terminal Carboxylate Clusters: [{Mo6X8}(RCOO)6]2– (RCOO = Carboxylate). 

The TBA salt of [{Mo6X8}(RCOO)6]2– (X = Br or I) was prepared by the reaction between 

(TBA)2[{Mo6X8}X6] (X = Br (2Br) or I (3I)) and the relevant silver benzoate (RCOOAg) in acetone at room 

temperature.[5] RCOOAg was prepared by adding an ethanol-water mixture (3:1, v/v, 20 mL) of AgNO3 (0.8 eq. 

to RCOOH) to an ethanol-water mixture (3:1, v/v, 40 mL) of RCOOH (500 mg) in the presence of an aqueous 

NaOH solution (10 mL, 0.9 eq. to RCOOH) in the dark. The white RCOOAg precipitates collected were washed 

thoroughly with an ethanol-water mixture and dried (yield = 45–81%), which were used without further 

purification for the following reaction. An acetone (for 4X, 5X, 7X, 8X, 11Br, 13X, 14Br, and 15X–17X) or 

methylene chloride (for 6Br, 9Br, 10X, and 12Br) solution (10 mL) of (TBA)2[{Mo6X8}X6] (X = Br or I, 92 

μmol) and a given RCOOAg (6–7 eq.) was stirred at room temperature for one week in the dark. The precipitates 

were removed by filtration and the yellow/orange filtrate was left under room light for further one day. The 

black precipitates were filtered off by using a membrane filter (pore size = 0.45 μm) and the filtrate was 

evaporated to dryness, giving orange solids. Single crystals of the cluster suitable for X-ray analysis were 

obtained by slow diffusion of diethyl ether to the acetone (4X, 5X, 7X, 8X, 11Br, 13X, 14Br, and 15X–17X) 

or methylene chloride (6Br, 9Br, 10X, and 12Br) solution of the crude product. 

(TBA)2[{Mo6Cl8}(C3F7COO)6] (17Cl): Yield: 53 mg (22%). Anal. Calcd. For Mo6Cl8C56H72N2O12F42: C, 25.7; 

H, 2.8; N, 1.1. Found C, 25.7; H, 2.5; N, 0.9. ESI-MS (CH3CN) for Mo6Cl8C24O12F42: m/z 1069 ([M – 2TBA]2+). 

(TBA)2[Mo6Br8((CH3)3CCOO)6] (4Br): Yield = 148 mg (79%). Anal. Calcd for Mo6Br8C62H126N2O12: C, 32.3; 

H, 5.5; N, 1.2. Found: C, 32.5; H, 5.2; N, 1.1. 1H NMR (d6-acetone, normalized to 24 H of the methyl groups 

in TBA, ppm) δ = 1.10 (s, 54Н). ESI-MS (CH3CN) for Mo6Br8C30H54O12: m/z 911 ([M – 2TBA]2+).  

(TBA)2[Mo6Br8(CH3COO)6] (5Br): Yield = 181 mg (85%). Anal. Calcd for Mo6Br8C44H90N2O12: C, 25.7; H, 

4.4; N, 1.4. Found: C, 25.6; H, 4.2; N, 1.2. 1H NMR (d6-acetone, normalized to 24 H of the methyl groups in 

TBA, ppm): δ = 1.87 (s, 18Н). ESI-MS (CH3CN) for Mo6Br8C12H18O12: m/z 785 ([M – 2TBA]2+).  

(TBA)2[{Mo6Br8}(4-(OCH3)-C6H3COO)6] (6Br): Yield = 197 mg (82%). 1H NMR (d6-acetone, normalized to 

24 H of the methyl groups in TBA, ppm) δ = 7.97 (d, 12H), 6.88 (d 12H), 3.81 (s, 18H) Anal. Calcd. for 

Mo6Br8C80H114N2O18∙0.7CH2Cl2: C, 36.36; H, 4.36; N, 1.05; Br, 23.98. Found: C, 36.10; H, 4.25; N, 1.03; Br, 

24.73. ESI-MS (CH3CN): m/z 1061 ([M – 2TBA]2+). 

(TBA)2[Mo6Br8(3,5-(CH3)-C6H3COO)6] (7Br): Yield = 169 mg (71%). Anal. Calcd for 

Mo6Br8C86H126N2O12∙0.2CH2Cl2: C, 36.93; H, 4.54; N, 1.00; Br, 22.80. Found: C, 39.4; H, 4.8; N, 1.0 %. 1H 

NMR (d6-acetone, normalized to 24 H of the methyl groups in TBA, ppm): δ = 7.65 (s, 12Н), 6.99 (s, 6H), 2.28 

(s, 36H). ESI-MS (CH3CN) for Mo6Br8C54H54O12: m/z 1055 ([M – 2TBA]2+). 

(TBA)2[Mo6Br8(C6H5COO)6] (8Br): Yield = 167 mg (75%). Anal. Calcd for Mo6Br8C74H102N2O12: C, 36.6; H, 

4.2; N, 1.2. Found: C, 36.4; H, 4.2; N, 1.1 %. 1H NMR (d6-acetone, normalized to 24 H of the methyl groups in 

TBA, ppm): δ = 8.03 (d, 12Н), 7.38–7.32 (m, 18H). ESI-MS (CH3CN) for Mo6Br8C54H54O12: m/z 971 ([M – 



Chapter 2. Experiments and Methodologies 
 

- 28 - 
 

2TBA]2+). 

(TBA)2[{Mo6Br8}(3,5-(OCH3)-C6H3COO)6] (9Br): Yield = 156 mg (61%). 1H NMR (d6-acetone, normalized 

to 24 H of the methyl groups in TBA, ppm) δ = 7.21 (d, 12H), 6.48 (t, 6H), 3.77 (s, 36H). Anal. Calcd. for 

Mo6Br8C86H126N2O24: C, 37.07; H, 4.56; N, 1.00; Br, 22.94. Found: C, 36.65; H, 4.44: N, 0.90; Br, 22.95. ESI-

MS (CH3CN) for Mo6Br8C54H54O24: m/z 1151 ([M – 2TBA]2+). 

(TBA)2[Mo6Br8(C10H7COO)6] (10Br): Yield = 216 mg (86%). Anal. Calcd for Mo6Br8C98H120N2O12: C, 43.1; 

H, 4.4; N, 1.0. Found: C, 43.0; H, 4.2; N, 0.9 %. 1H NMR (d6-acetone, normalized to 24 H of the methyl groups 

in TBA, ppm): δ = 9.23 (d, 6Н), 8.16 (d, 6H), 7.17 (m, 12H). ESI-MS (CH3CN) for Mo6Br8C66H48O12: m/z 1124 

([M – 2TBA]2+). 

(TBA)2[{Mo6Br8}(4-(CN)-C6H4COO)6] (11Br): Yield = 218 mg (92%). 1H NMR (d6-acetone, normalized to 24 

H of the methyl groups in TBA, ppm) δ = 8.38 (d, 12H), 8.03 (d, 12H). Anal. Calcd. for Mo6Br8C80H96N8O12: 

C, 37.29; H, 3.76; N, 4.35; Br, 24.81. Found: C, 37.00; H, 3.65; N, 4.11; Br, 23.94. ESI-MS (CH3CN) for 

Mo6Br8C48H24N6O12: m/z 1046 ([M – 2TBA]2+). 

(TBA)2[{Mo6Br8}(4-(NO2)-C6H4COO)6] (12Br): Yield = 223 mg (90%). 1H NMR (d6-DMSO, normalized to 

24 H of the methyl groups in TBA, ppm) δ = 8.28 (d, 12H), 8.11 (d, 12H). Anal. Calcd. for 

Mo6Br8C74H96N8O24∙0.2CH2Cl2: C, 32.84; H, 3.58; N, 4.13; Br, 23.56. Found: C, 32.62; H, 3.48; N, 4.11; Br, 

23.69. ESI-MS (CH3CN) for Mo6Br8C42H24N6O24: m/z 1106 ([M – 2TBA]2+). 

(TBA)2[Mo6Br8(C4H3OCOO)6] (13Br): Yield = 187 mg (86 %). Anal. Calcd for Mo6Br8C62H90N2O18: C, 31.5; 

H, 3.8; N, 1.2. Found: C, 31.2; H, 3.7; N, 1.1. 1H NMR (d6-acetone, normalized to 24 H of the methyl groups 

in TBA, ppm): δ = 7.49 (s, 6Н), 6.88–6.83 (m, 12H), 6.42 (s 6H). ESI-MS (CH3CN) for Mo6Br8C30H18O18: m/z 

941 ([M – 2TBA]2+). 

(TBA)2[{Mo6Br8}(3,5-(NO2)-C6H3COO)6] (14Br): Yield = 244 mg (89%). 1H NMR (d6-acetone, normalized to 

24 H of the methyl groups in TBA, ppm) δ = 8.97 (d, 6H), 8.95 (d, 12H). Anal. Calcd. for Mo6Br8C74H90N14O36: 

C, 29.96; H, 3.06; N, 6.61; Br, 21.55. Found: C, 29.88; H, 2.99; N, 6.34; Br, 21.03. ESI-MS (CH3CN) for 

Mo6Br8C42H18N12O36: m/z 1240 ([M – 2TBA]2+). 

(TBA)2[Mo6Br8(C6F5COO)6] (15Br): Yield = 199 mg (73%). Anal. Calcd for Mo6Br8C74H72F30N2O12: C, 30.0; 

H, 2.5; N, 0.9. Found: C, 29.9; H, 2.5; N, 1.0 %. ESI-MS (CH3CN) for Mo6Br8C42F30O12: m/z 1241 ([M – 

2TBA]2+).  

(TBA)2[Mo6Br8(CF3COO)6] (16Br): Yield = 192 mg (88%). Anal. Calcd for Mo6Br8C98H114N2O12: C, 22.2; H, 

3.1; N, 1.2. Found: C, 22.2; H, 2.9; N, 1.0 %. ESI-MS (CH3CN) for Mo6Br8C12F18O12: m/z 946 ([M – 2TBA]2+).  

(TBA)2[Mo6Br8(n-C3F7COO)6] (18Br) Yield = 165 mg (60%). Anal. Calcd for Mo6Br8C56H72F42N2O12: C, 22.6; 

H, 2.4; N, 0.9. Found: C, 22.8; H, 2.3; N, 0.9 %. ESI-MS (CH3CN) for Mo6Br8C24F42O12: m/z 1247 ([M – 

2TBA]2+).  

(TBA)2[{Mo6I8}((CH3)3CCOO)6] (4I): Yield = 80 mg (61%). Anal. Calcd. for Mo6I8C62H126N2O12: C, 27.8; H, 
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4.7; N, 1.0. Found C, 27.3; H, 4.5; N, 1.0. 1H NMR (CD3CN, normalized to 24 H of the methyl groups in TBA, 

ppm): δ = 1.03 (s, 54Н). ESI-MS (CH3CN) for Mo6I8C30H54O12: m/z 1099 ([M – 2TBA]2+).  

(TBA)2[{Mo6I8}(CH3COO)6] (5I): Yield = 70 mg (40%). Anal. Calcd. for Mo6I8C44H90N2O12: C, 21.7; H, 3.7; 

N, 1.2. Found C, 21.8; H, 3.8; N, 1.2. 1H NMR (d6-DMSO, normalized to 24 H from the methyl groups in TBA, 

ppm): δ = 1.76 (s, 18Н). ESI-MS (CH3CN) for Mo6I8C12H18O12: m/z 973 ([M – 2TBA]2+). 

(TBA)2[Mo6I8(3,5-(CH3)-C6H3COO)6] (7I): Yield = 212 mg (78%). Anal. Calcd for Mo6I8C86H126N2O12: C, 

34.7; H, 4.3; N, 0.9. Found: C, 34.5; H, 4.1; N, 0.8 %. 1H NMR (d6-acetone, normalized to 24 H of the methyl 

groups in TBA, ppm): δ = 7.61 (s, 12Н), 6.97 (s, 6H), 2.27 (s, 36H). ESI-MS (CH3CN) for Mo6I8C54H54O12: m/z 

1243 ([M – 2TBA]2+). 

(TBA)2[{Mo6I8}(C6H5COO)6] (8I): Yield = 90 mg (43%). Anal. Calcd. for Mo6I8C74H102N2O12: C, 31.7; H, 3.7; 

N, 1.0. Found: C, 31.8; H, 3.9; N, 1.1. 1H NMR (CD3CN, normalized to 24 H from the methyl groups in TBA, 

ppm): δ = 7.94 (d, 12Н), 7.44–7.36 (m, 18H). ESI-MS (CH3CN) for Mo6I8C42H30O12: m/z 1159 ([M – 2TBA]2+).  

(TBA)2[{Mo6I8}(C10H7COO)6] (10I): Yield = 110 mg (59%). Anal. Calcd. for Mo6I8C98H114N2O12: C, 37.9; H, 

3.7; N, 0.9. Found: C, 37.6; H, 3.6; N, 0.9. 1H NMR (CD3CN, normalized to 24 H from the methyl groups in 

TBA, ppm): δ = 8.93 (d, 6Н), 7.95–7.87 (m, 18H), 7.53–7.47 (m, 18H). ESI-MS (CH3CN) for Mo6I8C66H42O12: 

m/z 1309 ([M – 2TBA]2+). 

(TBA)2[{Mo6I8}(C4H3OCOO)6] (13I): Yield = 108 mg (66%). Anal. Calcd. for Mo6I8C62H90N2O18: C 27.1; H 

3.3; N 1.0. Found C 26.8; H 3.3; N 1.0. 1H NMR (CD3CN, normalized to 24 H from the methyl groups in TBA, 

ppm): δ = 7.49 (s, 6Н), 6.83–6.81 (m, 6H), 6.44–6.43 (m, 6H). ESI-MS (CH3CN) for Mo6I8C30H18O18: m/z 1129 

([M – 2TBA]2+). 

(TBA)2[Mo6I8(C6F5COO)6] (15I): Yield = 160 mg (52 %). Anal. Calcd for Mo6I8C72H72F30N2O12: C, 26.6; H, 

2.2; N, 0.9. Found: C, 26.5; H, 2.0; N, 0.7. ESI-MS (CH3CN) for Mo6I8C40F30O12: m/z 1417 ([M – 2TBA]2+).  

 

 

 

 

 

 

 

 

 

 

 

 

Chart 2-2. Ligand structures and abbreviations of terminal carboxylate clusters [{Mo6X8}(RCOO)6]2–. 
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(TBA)2[{Mo6I8}(CF3COO)6] (16I): Yield: 142 mg (70%). Anal. Calcd. For Mo6I8C44H72N2O12F18: C, 19.2; H, 

2.6; N, 1.0. Found C, 19.3; H, 2.6; N, 1.0. ESI-MS (CH3CN) for Mo6I8C12O12F18: m/z 1135 ([M – 2TBA]2+).  

(TBA)2[{Mo6I8}(C3F7COO)6] (17I): Yield: 120 mg (56%). Anal. Calcd. For Mo6I8C56H72N2O12F42: C, 20.1; H, 

2.2; N, 0.8. Found C, 20.3; H, 2.3; N, 0.9. ESI-MS (CH3CN) for Mo6I8C24O12F42: m/z 1435 ([M – 2TBA]2+).  

 

2-3-5. Synthesis of Platinum(II) Complexes [Pt(C^N)(O^O)] (C^N = Cyclometalate Ligand).  

[Pt(L)(O^O)] complexes (1Pt–3Pt) were prepared by a microwave-assisted method as described below.[6] 

A cyclometalate ligand (0.241 mmol) was dissolved in 10 mL of a 2-ethoxyethanol/water solution (3/1 = v/v) 

of K2PtCl4 (100 mg, 0.241 mmol). The solution deaerated by purging an Ar gas stream was heated at 60ºC for 

1 min under microwave irradiation (150–200 W) and then, the container was cooled immediately to room 

temperature by an ice bath. After the heating-cooling procedures mentioned above being performed three times, 

20 mL of water was added dropwise to the solution. The yellow to green precipitates were collected by filtration 

and dried in vacuo. The chloro-bridged dimer as the product was used for the following reaction without further 

purification. The powder of the chloro-bridged dimer (1 eq.) was suspended in 10 mL of a 2-ethoxyethanol/water 

mixture (3/1 = v/v) in the presence of both CH3COONa (10 eq.) and dipivaloylmethane (dpm, for 1Pt) or 

acetylacetone (acac, for 2Pt and 3Pt) (2 eq.). The mixture deaerated by purging an Ar gas stream was heated at 

60℃ for 10 min under microwave irradiation (150–200 W). Addition of an excess amount of water to the 

reaction mixture yielded yellow to green precipitates. The precipitates washed thoroughly with water were 

purified by silica-gel column chromatography with dichloromethane as an eluent. The eluent was concentrated 

by evaporation and, then, methanol was diffused slowly to the solution, yielding the yellow to green crystals. 

[Pt(bhq)(dpm)] (1Pt): Yield = 43 mg (32%). 1H NMR (CDCl3, ppm) δ = 9.12 (d, 1H), 8.27 (d, 1H), 7.82–7.75 

(m, 2H), 7.58 (d, 2H), 7.52 (d, 1H), 7.45 (dd, 1H), 5.87 (s, 1H), 1.32 (d, 18H). 195Pt NMR (CDCl3, ppm) δ = –

2770. ESI-MS (CH3CN) for PtC24H27NO2: m/z 556 ([M+H]+). 

[Pt(thpy)(acac)] (2Pt): Yield = 26 mg (24%). 1H NMR (CDCl3, ppm) δ = 8.80 (d, 1H), 7.67 (td, 1H), 7.49 (d, 

1H), 7.29 (t, 1H), 7.20 (d, 1H), 6.92 (td, 1H), 5.48 (s, 1H), 2.00 (d, 6H). 195Pt NMR (CDCl3, ppm) δ = –2790. 

ESI-MS (CH3CN) for PtC14H13NO2S: m/z 454 ([M+H]+). 

 

 

 

 

 

 

 

Chart 2-3. Structures and abbreviations of platinum(II) complexes [Pt(C^N)(O^O)] and [Pt(N^N-O^O)]. 
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[Pt(ppy)(acac)] (3Pt): Yield = 31 mg (29%). 1H NMR (CDCl3, ppm) δ = 9.00 (d, 1H), 7.80 (td, 1H), 7.62 (d, 

2H), 7.44 (dd, 1H), 7.21 (td, 1H), 7.13–7.08 (m, 2H), 5.48 (s, 1H), 2.01 (d, 6H). 195Pt NMR (CDCl3, ppm) δ = 

–2870. ESI-MS (CH3CN) for PtC16H15NO2: m/z 448 ([M+H]+).  

 

2-3-6. Preparations of the Clusters Dispersed in Polymer Matrices.  

The present study employed a polyethyleneglycol dimethacrylate (PEG-DMA) matrix as a medium for T-

controlled (3–300 K) spectroscopic and photophysical experiments, since a PEG-DMA matrix was highly 

transparent in the wavelength region studied and could be prepared conveniently.[8,9] Polyethyleneglycol 

dimethacrylate 550 purchased from Sigma-Aldrich Co., Ltd. was purified by passing through an aluminum 

column with acetone as an eluent. A mixture of polyethyleneglycol dimethacrylate 550 (~10 mL), a cluster 

complex dissolved in a minimum amount of acetone (~5×10–5 mol/dm3), and 2,2-azobis(2,4-

dimethylvaleronitrile) (10 wt%, purchased from Wako Pure Chemical Co., Ltd. and used as supplied) as a 

polymerization initiator in a Pyrex tube (inner diameter = 1 mm) was degassed in vacuo and, then, the solution 

was allowed polymerization at 50oC for 5 h in a water bath. The cluster sample in the tube was evacuated 

thoroughly prior to T-controlled spectroscopic and photophysical measurements to remove volatile chemicals 

and the resultant PEG-DMA block was isolated from the tube as a sample. 

 

2-4. Physical Measurements 

Cyclic (CV) and differential pulse voltammetries (DPV) were carried out by using an ALS/701D 

electrochemical analyzer (ALS Co., Ltd.) at 298K. The acetone solutions of 1X–17X (1.0 × 10–3 M (= mol/dm3)) 

containing 0.1 M TBA+(PF6)– as a supporting electrolyte were deaerated by purging an Ar-gas stream prior to 

the measurements. The working, auxiliary, and reference electrodes were glassy carbon (ALS Co., Ltd., area: 

7.1 mm2), platinum wire, and AgNO3/Ag electrodes, respectively. The electrode potentials were calibrated with 

that of a ferrocenium/ferrocene (Fc+/Fc) redox couple in acetone. The potential sweep rate was set 100 mV/s in 

CV, and DPV was conducted with 50 mV height pulses (0.02 s duration) being stepped by 4 mV intervals (2.0 

s interval between the two pulses). The redox potentials were evaluated by the peak values of the differential 

pulse voltammograms.  

Absorption and corrected emission spectra of the clusters in acetone or CH3CN were recorded on a UV-vis 

spectrophotometer (Hitachi Ltd., U-3900) and a red-sensitive multichannel photodetector (Hamamatsu 

Photonics K.K., PMA-12), respectively. For time-resolved emission spectroscopy, a pulsed Nd3+:YAG laser 

(LOTIS TII Ltd., LS-2127, 355 nm, pulse-width ~10 ns) was used as an excitation light source. The excitation 

laser power was set 100 μJ/pulse or < 10 μJ/pulse for the lifetime measurements of the clusters in acetone (298 

K) or crystalline phases (3 K < T < 300 K), respectively. The emission lifetimes of the clusters were determined 

by using a streak scope (Hamamatsu Photonics K.K., C4334) at 355 nm laser pulse excitation. The absolute 
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emission quantum yields of the clusters in both solution (acetone or CH3CN) and crystalline phases were 

determined by using a C9920-02 system equipped with an integration sphere and a red-sensitive PMA-12 

photodetector (Hamamatsu Photonics K.K.)[10] at 400 nm excitation. The absorbance of the sample solution was 

set < 0.05 at the excitation wavelength and the solution was deaerated thoroughly by purging an Ar-gas stream 

for 20 min prior to the experiments. For emission spectroscopy in the solid state, a cluster sample was placed 

between two non-fluorescent quartz plates, and the sample was deaerated by purging an Ar-gas stream prior to 

the experiments. For T-controlled experiments in 3 K < T < 300 K, the sample cluster dispersed in polymer 

matrices or crystalline samples placed between two quartz plates was set in a liquid-He cryostat system (Oxford 

Instruments, OptistatCF) to control the sample temperature in ±0.1 K.  

 

2-5. Single Crystal X-ray Diffraction Measurements 

X-Ray diffraction data were accumulated by using an AFC-7R Mercury CCD (Rigaku Corp.) with graphite 

monochromated Mo Kα radiation (λ = 0.7108 Å) or XtaLAB Synergy Hypix diffractometer (Rigaku Corp.) with 

graphite monochromated Cu Kα radiation (λ = 1.5418 Å). Each single crystal was mounted on a MicroMount 

using a paraffin oil. The crystal was cooled to –123 °C using an N2-gas-flow type temperature controller. 

Diffraction data were collected by CrysAlis PRO software.[11] The structures were solved by the direct method 

with SHELXT.[12] Structural refinement was done by full-matrix least-squares treatment using SHELXL2013.[13] 

Non-hydrogen atoms were refined anisotropically, and the positions of hydrogen atoms were refined using 

riding model. All calculations were conducted using Olex 2 crystallographic software package.[14] Cambridge 

Crystallographic Data Center (CCDC) numbers: 1501863 (4Br), 1501864 (5Br), 1848452 (6Br), 1501865 

(7Br), 1522264 (8Br), 1848453 (9Br), 1501866 (10Br), 1848454 (11Br), 1848453 (12Br), 1501867 (13Br), 

1522263 (14Br) 1501868 (15Br), 899509 (16Br),[15] 783750 (17Br),[5] 1027966 (5I), 1501869 (7I), 1472152 

(8I), 1027965 (10I), 1027964 (13I), 1501870 (15I), 783751 (16I),[16], 783751 (17I).[5] 

 

2-6. Analysis of Temperature-Dependent Emission 

The lowest-energy excited triplet (T1) state of an octahedral hexamolybdenum(II) cluster having Oh 

symmetry is assigned to 3T1u originated from (t2g, t1u) configuration. Owing to SOC, the 3T1u state splits into five 

spin-sublevels (Φn), Eu, B2u, Eu, T1u, and A2u, as shown in Scheme 2-1.[17,18] In the approximation of the first-

order SOC, T2u and Eu located in the lowest energy are degenerate. The T1u and A1u sublevels are located above 

T2u and Eu and, thus, the energy order is T2u, Eu < T1u < A1u. By considering the second-order SOC, the 

degeneracy between T2u and Eu is lifted, giving rise to splitting into two sublevels with T2u being lower in energy 

than Eu. Baudron et al. reported that a 23-electron oxidized cluster, [{Re6S8}(CN)6]3–, regarded as the electronic 

structure similar to that in the excited state of a hexamolybdenum(II) cluster, experienced Jahn-Teller 

distortion.[19] On the basis of low temperature X-ray studies, they showed that the trans-[Re-to-Re] distances in 
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the cluster core varied in different manners and this gave rise to symmetry lowering of the cluster from Oh to 

D4h or D2h at low temperature. Gray et al. also reported symmetry lowering from Oh to D4h in the excited states 

of various haxarhenium(III) clusters.[20] Furthermore, Costuas et al. have demonstrated that [{Mo6Br8}Br6]2– is 

distorted structurally from Oh to Cj or D3d symmetry.[21] Assuming symmetry lowering from Oh to D4h as an 

example, the lowest-energy lying T2u state of the cluster is predicted to split into Eu and B2u though the energy 

order of Eu and B2u is unknown. The sequence of the splitting energy of the lowest-energy (Φ1, Eu or B2u) and 

higher-energy spin sublevels (Φ2–Φ5, ΔE1n; n = 2–5) is predicted to be ΔE12 < ΔE13 < ΔE14 < ΔE15 since the Eu 

(Φ3) or B2u (Φ2) state is generated by second-order SOC or Jahn-Teller distortion, respectively 

Among the five spin-sublevels, only T1u (Φ4) can couple with the ground state by an electronically-allowed 

dipole transition and, therefore, is emissive with a short emission lifetime (τem), while the emission transitions 

from other spin-sublevels to the ground state are forbidden and gain allowed characters only by vibronic 

coupling.[18] At low T, population of Eu (or B2u, Φ1) is dominant and, therefore, the observed τem value associated 

with the whole excited triplet state could be very long owing to forbidden transition. On the other hand, thermal 

population from Eu (or B2u, Φ1) to T1u (Φ4) should give rise to a decrease in τem.[17] Furthermore, since T1u is 

emissive, while the emission from A1u (Φ5) is forbidden as mentioned above, the emission from A1u (Φ5) would 

be screened by relatively intense emission from T1u (Φ4) and, therefore, will not be observed experimentally. In 

total, four spin-sublevels (Φn, n = 1–4) contribute to the emission characteristics of the cluster. The 

photophysical properties of the clusters therefore should be explained by the four-spin-sublevel model in 

Scheme 2-1. 

According to the four-spin-sublevel model, the T-dependent τem data (τ(T)) of a cluster can be expressed 

by the Boltzmann-factor weighted sum of τn given by eq. 2-1,[17,18] 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2-1. Excited triplet state spin-sublevel (Φn) model for the emission from octahedral hexametal clusters. 
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where gn and τn are the multiplicity (g1 = g3 = 2, g2 = 1, and g4 = 3) and the emission lifetime of each Φn (n = 1–

4), respectively, and ΔE1n is the energy separation between the Φ1 and Φn spin-sublevels.  

Upon evaluation of theΔE1n values by the analysis of the τ(T) data by eq. 2-1, the emission spectrum of the 

cluster at a given T can be simulated as the Boltzmann-factor weighted sum of the Φn emission spectrum by eq. 

2-2,[19] 
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where kr
n is the radiative rate constant of Φn relative to that of Φ1 (i.e., kr

1 = 1.0). F(ṽ – ṽn) and ṽn are a spectral 

Gaussian function and the emission maximum energy of each Φn, respectively, and F(ṽ – ṽn) is given by eq. 2-

3,[19] 
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where fwhm(Φn) represents the full-width at half maximum (fwhm) of the emission spectrum of each Φn. Since 

the thermal fluctuation of each Φn level becomes large with increasing in T, the present study assumes that 

fwhm(Φn) at a given T is the same for n = 1–4 but varies with T.  

 

2-7. Computational Chemistry 

Density functional theory (DFT), as implemented in Gaussian 09W program,[22] was used for all 

calculations. The split-valence triple-zeta basis sets, SDD[23,24] and 6-311G++(d,p),[25] were used for platinum 

and other elements, respectively. DFT calculations employed long range correlation type B3LYP functional 

based on Coulomb-attenuating method (CAM-B3LYP).[26] The high spin states (triplet) were calculated by 

unrestricted-CAM-B3LYP. Vibrational frequency calculations were carried out to confirm the optimized 

structures as global minimum energy (i.e., no imaginary frequencies). Natural population analysis was carried 

out for the optimized structures with the same level of theory.[27] In all DFT calculations, the ultrafine integration 

grid was used. 

 

2-8. Summary and Conclusions 

This chapter described the synthesis of the octahedral hexamolybdenum(II) clusters and cyclometalated 

platinum(II) complexes studied in this thesis. All of the complexes including the novel twenty-one octahedral 
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hexamolybdenum(II) clusters were synthesized successfully by the similar procedures to those in the previous 

reports. Furthermore, the details on the physical measurements, the computational chemistry, and the four spin-

sublevel model for the analysis of the T-dependent emission from an octahedral hexametal cluster were 

described. The fundamental idea of the analysis of T-dependent emissions is same with that by Azumi et al. on 

the three spin-sublevel model. However, the present study has demonstrated that Jan-Teller distortion in the 

excited state of the cluster plays an important role and the participation of the four spin-sublevel has been shown 

to be essential to explain the T-dependent emission of the cluster in 3 K < T < 300 K, instead of the three-spin-

sublevel model by Azumi et al. The study has shown that the T-dependence of the fwhm value of the emission 

spectrum of the spin-sublevel is also very important to reproduce the observed emission spectrum of the cluster 

at a given T.  
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3-1. Introduction 

Zero-magnetic-field splitting (zfs) in the lowest-energy excited triplet (T1) state of a transition metal 

complex has been studied frequently[1-5] and, as an example, the zfs energies in the T1 states of platinum(II) 

complexes have been studied systematically by Yersin and co-workers.[5] In contrast, the reports on the 

temperature(T)-dependent emission of octahedral hexametal clusters and its analysis based on the spin-sublevels 

model in the T1 state, providing the zfs parameters described in Chapter 1, are limited to the following five 

complexes: [{M6Cl8}Cl6]2– (M = Mo(II) or W(II)) and [{Re6S8}X6]4– (X = Cl, Br, or I).[6-8] For systematic and 

detailed investigations on the T1 state of an octahedral hexanuclear metal cluster, it is therefore necessary to 

check the validity of the four-spin-sublevel (Φn) model.[6] To confirm the applicability of the four-spin-sublevel 

(Φn) model to other octahedral hexametal clusters, this thesis focuses on terminal halide hexamolybdenum(II) 

clusters [{Mo6X8}Y6]2– (X, Y = Cl, Br, or I. nX), since the clusters possess simple ligand structures and this 

enables one to neglect complicated structural factors represented by steric effects of the terminal ligands on the 

electronic structure of the cluster. Furthermore, a series of the clusters are advantageous to allow systematic 

combinations of X and Y in [{Mo6X8}Y6]2–: 3×3 combinations of the bridging and terminal ligands; see Chart 

3-1.  

An octahedral hexamolybdenum(II) has been known since 1960,[9] and the emission properties (maximum 

wavelength (λem), quantum yield (Φem), and lifetime (τem)) have been first reported by Marverick et al. for 

[{Mo6Cl8}Cl6]2– (1Cl).[10] After the first report on the emission properties of 1Cl, those of analogous 

molybdenum(II) bromide ([{Mo6Br8}Br6]2–, 2Br)[11-13] and iodide clusters ([{Mo6I8}I6]2–, 3I)[12,13] in deaerated 

CH3CN have been hitherto reported. Besides these three molybdenum(II) clusters, the λem values of 

[{Mo6Br8}Y6]2– (nBr) in CH2Cl2 and the τem values of nCl and nBr in acetone have been also reported.[14,15] On 

the other hand, although the synthesis and the X-ray crystal structures of [{Mo6I8}Cl6]2– (1I) and [{Mo6I8}Br6]2– 

(2I) have been reported,[16] no emission data of these clusters is available until the date, despite these clusters 

have been also predicted to be luminescent in solution.[17] To the best of author’s knowledge, although all of nX 

are reported to be emissive, the reported emission data[10–15] summarized in Table 1 are scatted between the 

literatures and are not enough for detailed discussions on the emission properties of the clusters. Therefore, there 

 

 

 

 

 

 

 

 

Chart 3-1. Structures and abbreviations of halide clusters [{Mo6X8}Y6]2–. 
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Table 3-1. Emission properties of nX in solution at ambient temperature reported in the literatures.[10-15] 

 

[{Mo6X8}Y6]2– 
X 

Cl Br I 

λem / nm Y Cl 744,[12] 805[11] 683[14] – 

Br – 696,[14] 757,[12], 825[11] – 

I – 705[14] 730[12] 

Φem Y Cl 0.15,[12] 0.19[11,13] – – 

Br – 0.13,[12] 0.23[11,13] – 

I – – 0.12,[12] 0.16[13] 

τem / μs Y I 180[12,13,15] 190[15] – 

Br 140[15] 110,[11] 120,[15], 130[11], 135[12] – 

I 86[15] 71[15] 84,[13] 90[12] 

The data in ref 14 and 15 are those in CH2Cl2 and acetone, respectively. 

 

is no systematic study on the spectroscopic and emission characteristics of nX under the same experimental 

conditions. It is clear that a systematic study on the spectroscopic and emission properties of nX is the 

fundamental basis for the discussion on the T-dependent emission characteristics of the clusters based on the 

spin-sublevel model. 

In this chapter, the redox, spectroscopic, and photophysical properties of the terminal halide clusters 

[{Mo6X8}Y6]2– (X, Y = Cl, Br, or I. nX) in solution and/or crystalline phases at ambient temperature are 

described. Furthermore, the T-dependences of the emissions from nX in polymer matrixes in 3–300 K and their 

analysis by the four-spin-sublevel (Φn) model are described. On the basis of such systematic studies, the 

emission characteristics of nX are discussed in special references to the zfs parameters. 

 

3-2. Absorption and Redox Properties 

3-2-1. Absorption Spectra of [{Mo6X8}Y6]2– in CH3CN at 298 K. 

Figure 3-1a shows the absorption spectra of [{Mo6X8}Y6]2– (nX: X = Cl, Br, or I; Y = Cl (n = 1), Br (n = 

2), or I (n = 3)) in the wavenumber region of ṽ = (18–50) × 103 cm–1 (wavelength (λ) = 200–560 nm), while 

those in an expanded scale in the visible region (ṽ = (18–30) × 103 cm–1, λ = 330–560 nm) are shown in Figure 

3-1b. The lowest-energy absorption band energies (ṽa) and the relevant molar absorption coefficients of the 

clusters (ε) are summarized in Table 3-2. For a given {Mo6X8}4+-core cluster, ṽa was shifted to a lower-energy 

in the sequence Y = Cl > Br > I. As an example, the ṽa value of 1Cl, 2Cl, or 3Cl was 29.2×103, 27.3×103, or 

26.5×103 cm–1, respectively, and the lower-energy shift similar to ṽa of X = Cl (nCl) was also confirmed for that 

of X = Br (nBr) or X = I (nI). For given terminal ligands (Y6), furthermore, the ṽa value was shifted to a lower- 

energy in the sequence {Mo6Cl8}4+ < {Mo6Br8}4+ < {Mo6I8}4+ irrespective of Y as seen in Table 3-2. The lower- 
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Figure 3-1. Absorption spectra of [{Mo6X8}Y6]2– in CH3CN at 298 K (a) and those in an expanded ε scale in 

the visible region (b). The color legend is as follows; black (1Cl), dark yellow (2Cl), green (3Cl), purple (1Br), 

cyan (2Br), blue (3Br), red (1I), orange (2I), and pink (3I). 

 

energy shift of the absorption maximum (Δṽa) by an X variation in [{Mo6X8}Y6]2– for given Y shown by Δṽa(X) 

in Table 3-2 (–3500 ~ –6500 cm–1) is much larger than that in a Y variation for given X: Δṽa(Y) = –700 ~ –3900 

cm–1. This will be very reasonable since the lowest-energy absorption band of the cluster is responsible for the 

metal-to-{Mo6X8}4+-core electronic transition[17] and, thus, a variation of X should influence ṽa stronger than a 

Y variation in [{Mo6X8}Y6]2–. It is worth pointing out that the decreasing order of ṽa with X or Y in 

[{Mo6X8}Y6]2– agrees very well with that of electronegativity (EN) of X/Y. The results demonstrate clearly that 

one of the factors governing ṽa is the π-electron-donating ability of X/Y. 

 

3-2-2. Cyclic and Differential Voltammograms of [{Mo6X8}Y6]2– in CH3CN at 298 K. 

In order to obtain information on the energy levels of the highest-energy occupied molecular orbital 

(HOMO) and the lowest-energy unoccupied MO (LUMO), electrochemical measurements of the clusters were 

conducted. In the present experiments, acetone was used as a solvent instead of using CH3CN, since the 

solubility of the cluster in CH3CN decreased in the sequence Y = Cl > Br > I for given X in [{Mo6X8}Y6]2–. In 

particular, the solubility of 3Cl in CH3CN was limited to ~10–4 M, while those of the nine clusters in acetone 

were reasonably high enough for electrochemical measurements. It is worth nothing that the emission spectra 

of nX (n = 1–3. X = Cl, Br, or I) described in the following section §3-2-3 are insensitive to a solvent and the 

spectra in CH3CN are almost comparable to those in acetone. 

The CVs and DPVs of the clusters in acetone are shown in Figure 3-2, and the redox potentials determined 

by DPV are summarized in Table 3-3. Some of the clusters showed quasi-reversible oxidation waves (1X, 2Br, 

and 2I), while the oxidation waves of the other clusters (2Cl, and 3X) were irreversible. Furthermore, all of the  

clusters exhibited irreversible reduction waves. The oxidation potential (Eox) of the cluster was shifted to a 



A Study on the Excited Triplet States of Octahedral Hexamolybdenum(II) Clusters 
 

- 43 - 
 

Table 3-2. Lowest-energy absorption band energies and the relevant molar absorption coefficients of [{Mo6X8}-

Y6]2– in CH3CN at 298 K. 
 

[{Mo6X8}Y6]2– 
 X Δṽa(X)a)

 

/cm–1  Cl Br I 

ṽa / 103 cm–1 

(ε /103 M–1cm–1) 

[λa / nm] 

Y Cl 29.2 

(2.3) [342] 

25.9 

(3.5) [386] 

23.9 

(3.3) [419] 

–5300 

 
Br 27.3 

(2.3) [366] 

25.8 

(2.1) [388] 

23.8 

(5.1) [421] 

–3500 

 
I 26.5 

(5.9) [377] 

25.2 

(6.1) [397] 

20.0 

(3.1) [500] 

–6500 

Δṽa(Y)a) / 103 cm–1   –2700 –700 –3900 – 

a) The minus sign of the number represents the lower-energy shift of ṽa for an X (Δṽa(X)) or Y variation (Δṽa(Y)) 

for given Y or X, respectively, from the value for X, Y = Cl to that for I. 

 

negative potential direction in X = Cl > Br > I (irrespective of Y) or in Y = Cl ≥ Br > I, though the values of 

1Br and 2Br (X = Br) or 1I and 2I (X = I) were almost comparable with each other. The variation of Eox with 

X for given Y (ΔEox(X) = –0.38 ~ –0.57 in Table 3-3) is much larger than that of Y (ΔEox(Y) = –0.16 ~ –0.35). 

This demonstrates that the oxidation of the cluster is responsible for that of the cluster core, {Mo6X8}4+, whose 

assignment agrees very well with those by the literatures.[11,17] Although the Eox values of (1Br and 2Br) or (1I 

and 2I) are exceptions as described above, the negative potential shift of Eox by an X or Y variation agrees well 

with the decreasing order of EN(X/Y), demonstrating destabilization of the HOMO energy level with the 

decrease in the π-electron-donating ability of X or Y. 

On the other hand, the reduction potential (Ered) of the cluster was shifted to a positive potential direction 

with a variation of Y irrespective of X in the sequence Y = Cl < Br < I with ΔEred(Y) = +0.11 ~ +0.17, while the 

potential was almost insensitive to a variation of X (ΔEred(X) ≤ 0.05 in Table 3-3). The results indicate that the 

reduction of the cluster is governed primarily by nature of the terminal ligand, Y. The positive potential shifts 

of Ered with Y for given X in the decreasing order of EN(X/Y) is an opposite trend to the potential shift of Eox 

with an X or Y variation. This indicates that the LUMO level of the cluster evaluated by Ered stabilizes in energy 

with the decrease in the π-electron-donating ability of X/Y. The (Eox–Ered) value of the cluster, as a measure of 

the HOMO–LUMO energy gap, decreases in the sequence X, Y = Cl > Br > I: see Table 3-3. In practice, the ṽa 

value of the cluster correlates linearly with (Eox–Ered) with the correlation coefficient (R2) being 0.840 as seen 

in Figure 3-3. The present study therefore concludes that the absorption energy (or HOMO–LUMO energy gap) 

of the cluster is determined primarily by the π-electron-donating ability of X or Y in [{Mo6X8}Y6]2–; a stronger 

π-electron donating ability of X/Y gives rises to a larger HOMO–LUMO energy gap and, thus, a higher ṽa value. 
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Figure 3-2. Cyclic voltammograms of (a) [{Mo6Cl8}Y6]2–, (b) [{Mo6Br8}Y6]2–, and (c) [{Mo6I8}Y6]2– in acetone 

at 298 K. Differential pulse voltammograms are shown by the black broken curves. The color legend is the same 

with that in Figure 3-1.  

 

3-3. Emission Properties 

3-3-1. Emission Spectra of [{Mo6X8}Y6]2– (X, Y = Cl, Br, or I) in CH3CN at 298 K. 

Figure 3-4 shows the emission spectra of nX in CH3CN and crystalline phases, and the emission properties 

of nX are summarized in Table 3-4: emission maximum energy (ṽem, wavelength (λem)), full-width at half 

maximum (fwhm) of the spectrum, emission quantum yield (Φem), and emission lifetime (τem). As seen clearly 

in Figure 3-4, all of the clusters in both CH3CN and crystalline phases at 298 K exhibit the structureless emission 

spectra. For a Y series (i.e., nCl, nBr, or nI series), the ṽem value in CH3CN or crystalline phase was shifted to 

a lower-energy in Y = Cl > Br > I irrespective of X, which was in good accordance with the decreasing order of 

EN(Y). For an X series (i.e., (1X), (2X), or (3X) series), on the other hand, the ṽem value was shifted to a higher-

energy in X = Cl ≤ Br < I irrespective of Y in both CH3CN and crystalline phases, which was an opposite spectral 

shift to that by a Y variation: see Table 3-4. Reflecting such X/Y effects on ṽem, the ṽem value by a variation of 

Y or X in [{Mo6X8}Y6]2– shows a positive or negative correlation with (Eox–Ered), respectively, as the data are 

shown in Figure 3-5. Despite the linear relationship between ṽa and (Eox–Ered) irrespective of X and Y in Figure 

3-3, that between ṽem and (Eox–Ered) is categorized for a X or Y series. The result indicates that the ṽem value 

cannot be explained by EN(X/Y) alone and, thus, by the π-electron-donating ability of X/Y. This is due to the 

large T-dependences of the emission from [{Mo6X8}Y6]2– clusters[6-8] and will be discussed in the following 

section §3-4. 

The fwhm values of the emission spectra of the {Mo6Cl8}4+- and {Mo6Br8}4+-core clusters (nCl and nBr)  

shown in Table 3-5 were almost constant at around 4000 cm–1 irrespective of Y and comparable with those 
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Table 3-3. Redox potentials of nX in acetone at 298 K. 
 

[{Mo6X8}Y6]2– 
 X   ΔEox(X)a) 

/ V 

ΔEred(X)a) 

/ V 

(Eox–Ered)(X)b)  

/ V  Cl Br I 

Eox / V Y Cl 1.17 0.92 0.60 –0.57 – – 

Br 1.03 0.95 0.61 –0.42 – – 

I 0.82 0.79 0.44 –0.38 – – 

ΔEox(Y)a) / V   –0.35 –0.16 –0.17 – – – 

Ered / V Y Cl –1.95 –1.94 –1.92 – +0.03 – 

Br –1.88 –1.90 –1.88 –  0.02b) – 

I –1.78 –1.83 –1.79 –  0.05b) – 

ΔEred(Y)a) / V   +0.17 +0.11 +0.13 – – – 

(Eox–Ered)(Y) / V Y Cl 3.12 2.86 2.52 – – 0.60 

Br 2.91 2.85 2.49 – – 0.42 

I 2.60 2.62 2.23 – – 0.37 

ΔE(Eox–Ered)(Y)b) / V   0.52 0.24 0.29 – – – 

a) The plus or minus sign of the number represents a positive or negative potential shift, respectively, for an X 

(ΔEox(X) or ΔEred(X) for given Y) or Y variation (ΔEox(Y) or ΔEred(Y) for given X) from the value for X, Y = 

Cl to that of I. b) Difference in the values for an X (ΔE(Eox–Ered)(X) for given Y) or Y variation (ΔE(Eox–Ered)(Y) 

for given X) from the value for X, Y = Cl to that of I. 
 

 
Figure 3-3. Relationship between ṽa in CH3CN and (Eox–Ered) in acetone at 298 K. 

 

reported for various [{Mo6X8}L6]2– clusters: X = Cl or Br, L = Cl, Br, aliphatic carboxylates, aromatic sulfonates, 

and so forth.[18,19] In the case of an {Mo6I8}4+-core cluster series (nI), on the other hand, a variation of Y rendered 

that of fwhm in the sequence 2520 (1I) < 3230 (2I) < 4580 cm–1 (3I) in CH3CN. It is worth emphasizing that, 
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although the fwhm values hitherto reported for [{Mo6I8}L’6]2– (L’ = aliphatic carboxylates, aromatic sulfonates, 

and so forth) are almost constant at 2170–3140 cm–1,[18-23] the present study demonstrates that nature of Y also 

influences strongly the fwhm value of [{Mo6I8}Y6]2–. Since the emission spectrum of each cluster at 298 K is 

the sum of those of Φn and the contribution of the emission from each Φn to the spectrum at 298 K is determined 

by the zfs energies of the cluster.[6,8] Thus, the variation of the fwhm values of the clusters are also explained in 

terms of the zfs energies in the T1 states of the clusters, which will be discussed in the following section §3-4. 

 

3-3-2. Photophysical Properties of [{Mo6X8}Y6]2– (X, Y = Cl, Br, or I) in CH3CN at 298 K. 

In CH3CN at 298 K, a variation of X resulted in that of Φem in 0.09–0.19 (X = Cl: nCl), 0.09–0.22 (X = 

Br: nBr), or 0.11–0.47 (X = I: nI), while that of Y gave rise to Φem to be 0.19–0.47 (Y = Cl: 1X), 0.14–0.23 (Y 

= Br: 2X), or 0.09–0.11 (Y = I: 3X): see Table 3-4. Thus, all of the [{Mo6X8}Y6]2– clusters are intense emitters 

and Φem of the cluster can be tuned in 0.09–0.47 by arbitrary choices of X and/or Y in [{Mo6X8}Y6]2–. Similar 

trends to those in CH3CN can be also found in the crystalline phase as seen in Table 3-4. Among nX, 

[{Mo6I8}Cl6]2– (1I) shows the highest Φem values in both CH3CN (0.47) and crystalline phases (0.57). 

Furthermore, the cluster complexes in CH3CN and crystalline phases showed single exponential decay as the 

temporal profiles being reported in Figure 3-6. The τem values of nX ranged in 85–300 or 50–170 μs in CH3CN 

or crystalline phase, respectively. Thus, all of these clusters exhibit intense and long-lived emission at 298 K. 

Both Φem and τem values of the clusters for an X series (i.e., (1X), (2X), or (3X) series) in CH3CN decrease in 

the sequence Y = Cl (Φem = 0.19–0.47, τem = 205–300 μs) > Br (0.14–0.23, 150–205 μs) > I (0.09–0.11, 85–100  

μs), while those of a Y series (i.e., nCl, nBr, or nI series) increase in X = Cl (0.09–0.19, 100–205 μs) < Br  

(0.09–0.22, 85–220 μs) < I (0.11–0.47, 95–300 μs), though the Φem values of (2Cl and 2Br) or (3Cl and 3Br) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-4. Corrected emission spectra of nX in CH3CN (a) and crystalline phases (b) at 298 K under deaerated 

conditions. The color legend is the same with that in Figure 3-1.  
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Figure 3-5. Relationship between ṽem in CH3CN and (Eox–Ered) in acetone. 

 

 
Figure 3-6. Emission decay profiles of nX in CH3CN (a) and crystalline phases (b) at 298 K under deaerated 

conditions. The color legend is the same with that in Figure 3-1. 

 

are identical with each other (0.14 or 0.09, respectively) and τem of 3Br (85 μs) is marginal between those of 

3Cl (100 μs) and 3I (95 μs). It is worth emphasizing that the decreasing order of Φem or τem for a Y series for 

given X agrees very well with that of EN(Y), while the increasing order of Φem or τem for an X series for given 

Y shows an opposite trend to that of EN(X); the τem values of an X series for Y = Br (2X) and I (3X) are marginal 

(see Table 3-4). Although the X and Y dependences of Φem or τem exhibit an opposite trend against EN(X/Y) 

with one another, this can be explained reasonably in terms of the energy gap (ṽem) dependence of the 

nonradiative decay rate constants of the clusters as described in §3-3-3. 

 

3-3-3. Nonradiative Process in the T1 States of [{Mo6X8}Y6]2– (X, Y = Cl, Br, or I). 

The radiative rate constant of a hexamolybdenum(II) cluster (kr) is insensitive to nature of the terminal 
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Table 3-4. Photophysical properties of nX in deaerated CH3CN at 298 K.  
 

[{Mo6X8}Y6]2– 
X 

Δ(X)a) 
Cl Br I 

ṽem / 103 cm–1 

(fwhm / cm–1) 

[λem / nm] 

 
Y Cl 13.4 (4130) [748], 

13.2 (3830) [758], 

13.4 (4120) [747], 

13.5 (4210) [742], 

14.2 (2520) [705], 

14.1 (2320) [707], 

+800, 

+900 

Br 12.7 (4000) [787], 

12.9 (4040) [778] ,  

12.9 (4180) [778], 

12.9 (4030) [773],  

14.0 (3230) [713], 

14.0 (2850) [713], 

+1300, 

+1100 

I 12.3 ( – )c) [813], 

12.3 (3820) [810], 

12.3 ( – )c) [812], , 

12.3 (3840) [812] , 

13.6 (4580) [738], 

13.6 (4530) [735], 

+1300, 

+1300  
Δ(Y)a) –1100, –1100 –1100, –1200 –600, –500  

Φem 
 
Y Cl 0.19, 0.20 0.22, 0.21 0.47, 0.57 +0.28, +0.37 

Br 0.14, 0.17 0.14, 0.15 0.23, 0.24 +0.09, +0.07 

I 0.09, 0.08 0.09, 0.10 0.11, 0.13 +0.02, +0.05  

Δ(Y)a) –0.10, –0.12 –0.13, –0.11 –0.36, –0.47  

τem / μs 
 
Y I 205, 130 220, 115 300, 170 +95, +40 

Br 170, 105 150, 085 205, 130 +35, +25 

I 100, 055 085, 050 095, 0 50  –5, –5  

Δ(Y)a) –95, –75 –135, –65 –205, –120  

kr / 103 cm–1 
 
Y Cl 0.93, 1.5 1.0, 1.8 1.6, 3.4 +0.67, +1.9 

Br 0.82, 1.6 0.93, 1.8 1.1, 1.9 +0.28, +0.30 

I 0.90, 1.5 1.1, 2.0 1.2, 2.6 +0.30, +1.1  

Δ(Y)a) –0.03, 0.00 –0.10, –0.20 –0.40, –0.80  

knr / 103 cm–1 
 
Y Cl 4.0, 6.2 3.6, 6.9, 1.8, 2.4 –2.2, –3.8, 

 Br 5.1, 7.9 5.7, 10 3.8, 5.9 –1.3, –3.8, 

 I 9.1, 17 11, 18 9.4, 17 –2.2, –3.8  

Δ(Y)a) +5.1, +13 +7.4, +11 +7.6, +15  

a) The plus or minus sign of the number represents a higher- or lower-value shift of the data, respectively, for 

an X (Δ(X) for given Y) or Y variation (Δ(Y) for given X) from the value for X, Y = Cl to that of I. b) The 

numbers in bold and regular font represent the data in CH3CN and crystalline phases, respectively. 

 

ligands,[18-24] while the nonradiative decay rate constant (knr) varies considerably by a variation of the terminal 

ligands.[18-24] These results indicate that the Φem and τem values of the clusters are determined primarily by the 

knr values. In the present system, in practice, the kr values in CH3CN range in (0.82–1.6) × 103 s–1, which are 

much smaller than the range of knr ((1.8–11) × 103 s–1) irrespective of X and Y as seen in Table 3-4. Therefore, 

the Φem and τem values of nX are governed by knr. A close inspection of the data in Table 3-4 demonstrates that 
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the knr value increases in the sequence Y = Cl < Br < I for a given {Mo6X8}4+-core cluster. For instance, the knr 

value of [{Mo6I8}Y6]2– (nI) increases in Y = Cl (1.8 × 103) < Br (3.8 × 103) < I (9.3 × 103 s–1). Similar trends to 

that of the {Mo6I8}4+-core clusters are also found for the {Mo6Cl8}4+- and {Mo6Br8}4+-core clusters. For an 

ordinal transition metal complex, it has been reported that knr governs the Φem and τem values through the energy 

gap (ṽem) dependence of knr: energy gap law (EGL).[25] The energy gap dependence of knr is given by eq. 3-1,[25] 

0
nrln emγ ν

k
ω

 


                                                           (3-1a) 

0 ln


emν

γ
S ω


                                                (3-1b) 

where ω is the angular frequency of the vibration inducing radiationless transition from the T1 state to the ground 

state (S0), and S is the parameter related to the vibrational displacement between the T1 and S0 states. Although 

γ0 is a function of ṽem, since the contribution of γ0 in eq. 3-1a has been reported to be minor,[25] eq. 3-1a is 

simplified to ln(knr)∝–ṽem. Furthermore, reciprocal of the slope value of a ln(knr) vs. ṽem plot corresponds to the 

vibrational mode (ħω) responsible for nonradiative decay from the T1 state to S0. To check an applicability of 

EGL to the present data, the ṽem values were plotted against the ln(knr) values as the results were shown in Figure 

3-7.  

For a given {Mo6X8}4+-core series, the ln(knr) value decreased linearly with an increase in ṽem, though the  

number of the data in each plot is limited to three: average R2 values = 0.877. The results demonstrate that the  

τem value of the cluster is determined primarily by ṽem: τem∝knr where knr >> kr. Knowing Φem = kr/(kr + knr) =  

krτem and knr >> kr, furthermore, the Φem value of the cluster will be also determined by knr. The ħω value  

evaluated from the slope value of the EGL plot decreased in the sequence X = Cl (1350) > Br (971) > I (405  

 
Figure 3-7. Relationships between the ln(knr) and ṽem values of nX in CH3CN at 298 K. The broken lines show 

linear regression of the data for a given X in [{Mo6X8}Y6]2–. 
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cm–1). The active vibrational frequencies (νv) assigned to the Mo-X stretching modes have been reported to be 

νv = 310–320, 203–212, and 148–154 cm–1 for X = Cl, Br, and I in [{Mo6X8}X6]2–,[16,26-28] respectively, and the 

decreasing order of νv is in a good accordance with that of the observed ħω values, though the absolute values 

of νv and hω do not agree with each another. Such discussions suggest that the promoting mode inducing 

nonradiative decay from the T1 states of nX will be the Mo-X stretching vibrations in the {Mo6X8}4+-cores. 

 

3-4. Temperature Dependent Emission Characteristics  

3-4-1. Temperature Dependent Emission Spectra 

The T-dependences of the emission spectra of [{Mo6X8}Y6]2– (nX) in PEG-DMA matrixes are shown in 

Figure 3-8 and, those of the emission maximum energy (ṽem) and full-width at half maximum of the spectrum 

(fwhm) of each cluster are summarized in Figure 3-9. The emission spectra of the {Mo6Cl8}4+- (nCl), 

{Mo6Br8}4+-core clusters (nBr), and [{Mo6I8}I6]2– (3I) are shifted to the lower-energy on going from 3 to 60 K 

and, subsequently, the clusters show higher-energy emission shifts above 60 K. These seven clusters commonly 

showed the minima in the τem – T plots at around 60 K (left panels in Figure 3-9), while the behavior observed 

 

 
Figure 3-8. T-dependences of the emission spectra of [{Mo6Cl8}Y6]2– (upper panel), [{Mo6Br8}Y6]2– (middle 

panel), and [{Mo6I8}Y6]2– (lower panel) in polymer matrixes in 3 K < T < 300 K. Temperature variations are 

shown by color gradation from black (3 K) to highlight (300 K). 
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Figure 3-9. T-dependences of the ṽem (left panel) and fwhm (right panel) values of (a) [{Mo6Cl8}Y6]2–, (b) 

[{Mo6Br8}Y6]2–, and (c) [{Mo6I8}Y6]2– in polymer matrixes. The fwhm values of the clusters with Y = I (3X) at 

a given T are the approximated values as estimated by extrapolation of each spectrum by a Gaussian function. 

 

for 3I was marginal. These results indicate that the critical temperature, below and above which the clusters 

show lower- and higher-energy shifts upon T-elevation, respectively, is almost common for these clusters. 

Furthermore, such T-dependent emission shifts of the clusters accompanied the increases in fwhm of the spectra 

as seen in Figures 3-8 and 3-9. It is worth pointing that the T-dependent emission characteristics analogous to 

those of nCl, nBr, and 3I have been also confirmed for [{M6Cl8}Cl6]2– (M = Mo(II) or W(II)) and [{Re6S8}X6]4– 

(X = Cl, Br, or I).[6-8] In contrast, [{Mo6I8}Cl6]2– (1I) and [{Mo6I8}Br6]2– (2I) exhibited T-dependent emission 

characteristics completely different from other clusters. First, these two clusters showed the sharp (small fwhm) 

and higher-energy emission spectra compared to nCl or nBr irrespective of T (3–300 K), indicating such 

emission characteristics of 1I and 2I were inherent to an {Mo6I8}4+-core cluster. Second, the ṽem values of 1I 

and 2I were almost constant in 3 K < T < 100 K and, then, T-elevation above 100 K gave rise to gradual lower-
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energy shifts of the spectra. On the other hand, the T-dependent emission characteristics of 3I ([{Mo6I8}I6]2–) 

were marginal between those of 1I/2I and nCl/nBr. 

 

3-4-2. Temperature Dependent Emission Lifetimes 

The emission decay profiles of nX at several temperatures are shown in Figure 3-10. As a typical example, 

the emission decay profiles of [{Mo6Br8}Br6]2– (2Br) were fitted by single exponential functions irrespective 

of both T and the spectral shifts with T in Figure 3-8. The emission from the other clusters (nCl, 1Br, 3Br, and 

nI) also showed single exponential decay in the T range of 3–300 K. Costuas et al. reported recently that the 

emissions from the cesium and TBA salts of [{Mo6Br8}Br6]2– (2Br) in the solid states at low temperatures 

exhibited double exponential decay, and demonstrated that such emission characteristics were ascribed to the  

emissions from the structurally different two excited states (dual-emission model).[29] Under the present  

experimental conditions with each cluster being dispersed homogeneously in a polymer matrix, however, two  

components emission decay was not observed. Therefore, the two components emissions reported by Costuas 

et al. would be due to the intermolecular interactions between adjacent cluster molecules in the crystalline phase 

 

Figure 3-10. Emission decay profiles of [{Mo6Cl8}Y6]2– (upper panel), [{Mo6Br8}Y6]2– (middle panel), and 

[{Mo6I8}Y6]2– (lower panel) in polymer matrixes at 10, 30, 100, 200, and 300 K.  
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Table 3-5. T-Dependences of the emission lifetimes of [{Mo6X8}Y6]2– (nX) in PEG-DMA matrixes. 
 

T / K 
  {Mo6Cl8}4+     {Mo6Br8}4+     {Mo6I8}4+   

1Cl 2Cl 3Cl 1Br 2Br 3Br 1I 2I 3I 

3.0 – – – – 203 – – – – 

3.3 – – – – – 167 – – 110 

3.4 555 335 – 350 – – – – – 

3.5 – – – – – – – 628 – 

3.6 – – 222 – – – – – – 

5.5 – – – – – – 433 – – 

10 410 240 164 251 182 124 426 551 78.0 

15 328 – – – – – – – – 

20 – 227 149 225 166 114 426 525 71.0 

30 293 218 143 199 154 111 423 490 68.0 

40 278 211 139 179 147 109 409 447 63.0 

50 257 205 135 160 140 107 398 411 62.0 

60 244 196 127 149 135 97 388 374 61.0 

70 226 189 121 147 135 94 385 350 59.6 

80 219 186 118 145 134 92 371 332 59.3 

100 218 182 113 141 132 89 360 300 58.7 

120 205 177 111 139 128 85 343 278 58.4 

140 198 171 105 133 123 82 328 259 58.0 

160 189 154 99 128 118 77 312 235 57.8 

180 179 156 94 128 112 73 297 220 57.5 

200 168 146 87 127 105 69 280 214 57.2 

220 158 137 78 126 100 64 266 195 56.2 

240 147 129 68 123 95 60 249 177 54.9 

260 137 120 61 121 89 57 230 153 53.2 

280 126 109 53 117 83 52 210 140 51.5 

300 114 95 48 110 77 50 196 123 48.9 

 

as reported for 1Cl in the crystalline phase.[6] 

The T-dependences of τem evaluated for nX are summarized in Figure 3-11 and Tables 3-5. The τem values  

of nCl and nBr decreased sharply upon T-elevation from 3 to 100 K, while those exhibited monotonous  
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Figure 3-11. T-dependences of τem of (a) [{Mo6Cl8}Y6]2–, (b) [{Mo6Br8}Y6]2–, and (c) [{Mo6I8}Y6]2–in polymer 

matrixes. The broken curves are the best fits of the observed data by eq. 2-2 with the fitting parameters, ΔE1n 

and τn, being shown in Figure 3-12. 

 

decreases above ~100 K. In contrast, the {Mo6I8}4+-core clusters (nI) showed T-dependent τem different from 

nCl or nBr as seen in Figure 3-11. In practice, 1I showed a gradual decrease in τem from 3 to 300 K (from 433 

to 196 μs) and 2I also exhibited moderate T-dependent τem (from 628 to 123 μs) compared to nCl or nBr: from 

203 (3 K) to 77 μs (300 K) for 2Br as an example. Importantly, furthermore, the τem value of 3I was insensitive 

to T in the entire T-range studied: 110 (3 K)–48.9 μs (300 K). Since these clusters, nX, are isostructural and 

isoelectronic with one another, such T-dependent emission characteristics (ṽem, τem, and fwhm) of the nine 

clusters should be explained by a common model. 

 

3-4-3. Analysis of T-Dependent Emission Lifetimes by Spin-Sublevel Model.  

The T-dependent τem data (τ(T)) of the clusters in Figure 3-11 were analyzed based on the four-spin-sublevel  

(Φn) model and eq. 2-1 mentioned in §2-6. It has been reported that the ΔE12 value responsible for the 
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Figure 3-12. zfs parameters of [{Mo6X8}Y6]2– (nX). 

 

participation of the Jahn-Teller distortion in the T1 state of the cluster is essential to reproduce the experimentally  

observed τ(T) data though the ΔE12 value is much smaller than ΔE13 and ΔE14.[6] In the case of 1Cl in a 

poly(methyl methacrylate) matrix, the analysis of the τ(T) data by the three spin-sublevel φn model in Scheme  
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Figure 3-13. Relationship between ΔE14 and ΔE13 of [{Mo6X8}Y6]2– (nX). The broken line represents the linear 

regression line. 

 

2-1 (without assuming the Jahn-Teller effects in the T1 state) failed to reproduce the experimental results as 

reported by Kitamura and co-workers.[6] Furthermore, they have demonstrated that the ΔE12 value being fixed 

at 4 cm–1 is adequate to reproduce the experimental observations.[6] Since nX possess the isoelectronic structure 

with each other, it is predicted that the ΔE12 value is insensitive to nature of the bridging or terminal ligands in 

nX. Therefore, the ΔE12 value is fixed at 4 cm–1 similar to that of 1Cl for the following simulations.[6] As seen 

in Figure 3-11, the present simulations (broken curves) reproduced very well the observed τ(T) data on nX with 

the correlation coefficients (R2) of the fittings being 0.982–0.999. The ΔE1n and τn values thus evaluated by the 

analysis of the τ(T) data in Figure 3-11 are summarized in Figure 3-12. 

The ΔE13 and ΔE14 values of the clusters, nX, were in the range of 50–99 and 620–870 cm–1, respectively. 

It is worth emphasizing that the ΔE14 values are comparable to those evaluated by Ramirez-Tagle et al. based 

on relativistic TD-DFT calculations: 0.1–0.2 eV (ca. 800–1600 cm–1).[17] Since ΔE14 and ΔE13 of the clusters are 

responsible for splitting of the degenerated T1 state by the first- and second-order SOC, respectively (see also 

Scheme 2-1), the ΔE14 values should be proportional to the ΔE13 values. In practice, the present study found a 

linear relationship between ΔE14 and ΔE13 with R2 being 0.998 as shown in Figure 3-13. The linear relationship 

in Figure 3-13 demonstrates clearly that the analysis of the τ(T) data for the nine clusters by the Φn model has 

been done satisfactorily and provides the zfs parameters in the T1 states of the clusters.  

 

3-4-4. Simulations of Emission Spectra by Spin Sublevel Model.  

On the basis of the ΔE1n values, the observed emission spectra of nX at a given T were simulated by eq. 2-

2 in §2-6. Figure 3-14 shows the observed (shown by black curves) and simulated emission spectra (shown by 
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Figure 3-14. Simulations of the T-dependent emission spectra of [{Mo6Cl8}Y6]2– (upper panel), [{Mo6Br8}Y6]2– 

(middle panel), and [{Mo6I8}Y6]2– (lower panel) in polymer matrixes. The spectra shown by the black curves 

are the observed ones, while the simulated spectra are shown by the colors indicated in the figures.  

 

given colors) of nX at several T. The ṽn values simulated are included in Figure 3-12. Figure 3-14 demonstrates 

clearly that the observed spectrum is reproduced almost satisfactorily by ΔE1n, ṽn (Figure 3-12), eqs. 2-2 and 2-

3 irrespective of X, Y, and T with R2 ~0.999. The T-dependent fwhm(Φn) values employed for the fittings of the 

spectra are summarized in Table 3-6. In the case of 2Br, typically, the fwhm(Φn) value was necessary to vary 

from 2020 to 3220 cm–1 on going from 3 to 300 K, while that of 2I varied from 1020 at 3 K to 1580 cm–1 at 300 

K. It is worth noting that, although the T-dependent emission shifts and fwhm of nCl, nBr, and 3I are different 

largely from those of 1I and 2I as mentioned before, eqs. 2-2 and 2-3 reproduce very well the I(ṽ, T) data on 

nX based on the ΔE1n values evaluated by the analysis of the τ(T) data in Figure 3-11. Therefore, both τ(T) and 

I(ṽ, T) data on a given cluster are analyzed properly by the common parameters and a single context of the 

present Φn model. 

In order to show the validity of the present data analysis, the contribution percentage of each Φn (Φn%) in  

the emission spectra of nX at 300 K is summarized in Figure 3-15 and Table 3-7. In the case of [{Mo6X8}Br6]2– 

(2X), as examples, the emission spectra of 2Cl and 2Br at 300 K are explained almost satisfactorily by the 

contributions from the Φ3 and Φ4 emissions (Φ3 and Φ4: 68 and 32% for 2Cl, 53 and 47% for 2Br) as seen in 
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Table 3-6. T-dependences of fwhm(Φn) of [{Mo6X8}Y6]2– (nX) in polymer matrixes. 
 

T / K 

fwhm(Φn) / cm–1 

 [{Mo6Cl8}Y6]2–   [{Mo6Br8}Y6]2–   [{Mo6I8}Y6]2–  

1Cl 2Cl 3Cl 1Br 2Br 3Br 1I 2I 3I 

10 2090 2240 2210 2020 2020 2020 1160 1020 1530 

60 2100 2200 2130 2050 2090 2050 1160 1130 1540 

140 2340 2490 2380 2360 2430 2370 1420 1270 1700 

220 2600 2940 2720 2860 2920 2850 1400 1330 1820 

300 2940 3300 3170 3120 3220 3310 1370 1580 1930 

 

Figure 3-15b and 3-15e, while the Φ1 (10%) and Φ2 emissions (55%) also contribute to the spectrum of 2I in 

addition to the contributions of the Φ3 (25%) and Φ4 emissions (11%): Figure 3-15h. Such tendencies have been 

also found for Φn% in the emission spectra of [{Mo6X8}Cl6]2– (1X), [{Mo6X8}I6]2– (3X) at 300 K as seen in 

Figure 3-15. According to the zfs parameters in Figure 3-12, it is easily predicted that the relatively large ΔE14 

value of 2I (780 cm–1) compared to that of 2Cl (630 cm–1) or 2Br (655 cm–1) gives rise to the smaller 

contributions of the Φ3 and Φ4 emissions to the emission from 2I at 300 K. In the case of a [{Mo6I8}Y6]2– series 

(nI), on the other hand, the emission spectrum of 1I at 300 K is characterized by relatively small Φ3 (9%) / Φ4 

(2%) and large Φ1 (49%) / Φ2 (41%) contributions (Figure 3-15g), while that of 3I is explained by large 

contributions of the Φ3 (37%) and Φ4 (42%) emissions: Figure 3-15i. The Φn% values of the emission from 2I 

are marginal between those of 1I and 3I as seen in Table 3-7 and Figure 3-15h. It is worth noting that the Φ3 

and Φ4% values increase in the sequence Y = Cl (1I) < Br (2I) < I (3I), which agrees very well with the 

decreasing order of ΔE13 and ΔE14: Y = Cl (1I, 99 and 870 cm–1) > Br (2I, 80 and 780 cm–1) > I (3I, 70 and 730 

cm–1). The ΔE1n and Φn% values mentioned above thus determine the emission spectrum of a given cluster at 

300 K. Furthermore, since Φn% of the cluster is a function of T, the T-dependent emission shifts of the clusters 

will be also explained by the variation of Φn% with T as described later in detail: §3-4-5. 

 

3-4-5. Origin of T-Dependent Emission Spectral Characteristics. 

    The curious T-dependent emission shifts, showing lower- and higher-energy shifts upon T-elevation from 

3 to ~60 K and above ~60 K, respectively, observed for nCl or nBr (Figures 3-8 and 3-9), have been also 

reported for the T-dependent emission from [{M6Cl8}Cl6]2– (M = Mo(II) or W(II)) and [{Re6S8}X6]4– (X = Cl,  

Br, or I).[6-8] The {Mo6I8}4+-core clusters, 1I and 2I, showed the T-dependent emission shifts different  

considerably from nCl or nBr as mentioned before. Such T-dependent emission shifts of nX can be explained 

in terms of the orders of the Φn and ṽn energies. Although the Φn energy increases in the sequence Φ1 < Φ2 < Φ3 

< Φ4, the emission maximum energy of each Φn (ṽn) does not coincide with this sequence and, thereby, the Φn 

energy levels cannot explain the T-dependent emission shifts. In the case of 2Br as an example, ṽn (× 103 
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Figure 3-15. Observed and simulated emission spectra of [{Mo6Cl8}Y6]2– (upper panel), [{Mo6Br8}Y6]2– 

(middle panel), and [{Mo6I8}Y6]2– (lower panel) in polymer matrixes at 300 K. The observed and simulated 

emission spectra are shown by the black and red colors, respectively. The relative contributions of the Φn 

emission spectra to the observed spectrum of a given cluster are shown by green (n = 1), blue (n = 2), cyan (n 

= 3), and magenta (n = 4), respectively.   

 

Table 3-7. Contribution percentages (Φn%) of the Φn emissions to the observed spectra of nX at 300 K. 
 

 
 [{Mo6Cl8}Y6]2–   [{Mo6Br8}Y6]2–   [{Mo6I8}Y6]2–  

1Cl 2Cl 3Cl 1Br 2Br 3Br 1I 2I 3I 

Φ1 / % 0 0 0 0 0 0 49.2 9.5 0 

Φ2 / % 3.2 0 0 0 0 0 40.6 54.6 21.4 

Φ3 / % 64.9 67.7 46.5 54.5 52.9 42.7 8.5 25.1 36.6 

Φ4 / % 31.9 32.3 53.5 45.5 47.1 57.3 1.7 10.8 42.0 

 

cm–1) increases in the sequence ṽ2 (11.64) < ṽ1 (11.84) < ṽ3 (11.89) < ṽ4 (12.84). Such sequence of ṽn can be also 

confirmed for nCl, 1Br, 3Br, and 3I: see Figure 3-12. This indicates that the Franck-Condon (FC) ground state 

(S0(FC)) responsible for each Φn emission transition is different. Knowing the energy difference between Φ1 

and Φn (ΔE1n) and that between ṽ1 and ṽn (Δṽn), the energy differences between the S0(FC) for the Φn emissions 

(ΔE’) can be evaluated as the data are included in Figure 3-12. For nCl, nBr, and 3I, the ΔE’ values range in 
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130–2560 cm–1. It is supposed that ΔE’ will be determined by the displacement of the potential energy surface 

between the Φn level and the relevant S0(FC) along vibrational coordinates. However, the absolute ΔE’ values 

cannot be discussed in the present stage of the investigation, since the clusters show the intense emission, and 

this disturbs resonance Raman spectroscopy of the cluster providing the vibrational mode in the excited states. 

On the other hand, the ΔE’ values of 1I and 2I were as large as 4530–4870 cm–1 and such large ΔE’ values 

would not be explained by the difference in the vibrational modes between the T1 and S0 states. The participation 

of the ground states with different magnetic properties may explain such ΔE’ values. In the case of 2Br at 3 K, 

since the main contribution to the observed emission (ṽem) is the Φ1 emission, ṽem is predicted to be ṽem ≈ ṽ1 = 

11.84 × 103 cm–1, which agrees very well with the experimental observation: ṽem = 11.85 × 103 cm–1 at 3 K, see 

Figure 3-9. Upon T-elevation above 3 K, the Φ2 emission also participates in addition to the Φ1 emission. 

Assuming simple average between ṽ1 and ṽ2, ṽem becomes ~11.74 × 103 cm–1, leading to a higher-energy 

emission shift. Further T-elevation results in participation of the Φ3 and Φ4 emissions and, thus, the emission 

spectrum shifts gradually to the lower-energy, reflecting the increase in the contribution percentages of Φ3 and 

Φ4 to the observed spectrum. In contrast, since ṽn of 1I or 2I increases in the sequence ṽ4 < ṽ3 < ṽ2 < ṽ1 (see 

Figure 3-12), the cluster shows a gradual higher-energy shift upon T-elevation above 3 K. The Boltzmann 

population of Φn at a given T, the sequence of ṽn, and the ṽn value explain very well the T-dependent emission 

shifts of nX. 

 

3-4-6. Origin of the Terminal Ligand Dependences of the Emission Properties: ṽem, τem , Φem, and fwhm. 

A close inspection in the data in Figure 3-12 indicates that the ṽn values for a given X in nX increase in the 

sequence 3X < 2X < 1X, while those of X = I (nI) are exceptional cases. In the case of nBr as an example, the 

ṽ4 or ṽ3 value (× 103 cm–1) increases in the sequence 3Br (ṽ4 or ṽ3 = 11.50 or 12.12) < 2Br (11.89 or 12.84) < 

1Br (ṽ4 or ṽ3 = 12.12 or 13.68). It is worth noting that the terminal ligand substitution for a given X provides 

dramatic increases in the ṽn values, resulting in the ṽ3 value of 1X being comparable to the ṽ4 value of 3X: 1X 

shows the ṽ3 value as large as the ṽ4 value of 3X. As seen in Table 3-15, the present spectral analysis revealed 

that the emissions from nCl and nBr at 300 K are composed mainly of the Φ3 and Φ4 emissions and the increase 

in the zfs energy brings about smaller and larger contributions of the Φ4 and Φ3 emissions, respectively. Since 

the emission spectrum of the cluster at a given T is explained by the superposition of the Φn emissions as 

described in §3-4-5, this finding demonstrates that the large zfs energy for a given X leads to a higher-energy 

emission irrespective of T: see Figure 3-16 (a, b) for schematic illustration. Such discussions explain well the 

effects of the terminal ligand (Y) on the ṽem value at ambient temperature in Table 3-4, which cannot be 

explained by the electron-donating ability of the terminal ligand alone. Therefore, one of the factors governing 

the ṽem value is the zfs energy. It is worth emphasizing that Figure 3-16 (c, d) demonstrates that other  

photophysical properties (τem and Φem) at ambient temperature show the clear correlation with the zfs energy 
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Figure 3-16. Schematic illustrations of the emission spectra of [{Mo6X8}Y6]2– given by (a) a small zfs energy 

and (b) a large zfs energy. The relative contributions of the Φn emission to the total spetrum are shown by cyan 

(n = 3) and magenta (n = 4), respectively. Relationship between the ΔE14 value and (c) the Φem or (d) τem value. 

 

similar to that of ṽem, indicating the importance of zfs in the T1 state as the governing factor of the photophysical 

properties of the octahedral hexametal cluster. Since the τem and Φem values of the cluster with a given X in nX 

are controlled synthetically based on the ṽem value through the energy gap dependence of knr, the zfs energy 

dependences of Φem and τem in Figure 3-16 (c, d) are very reasonable. 

Another factor characterizing the emission spectra of nX is the fwhm value of each Φn: fwhm(Φn). As seen 

in Figure 3-9, the fwhm values of the observed spectra of nCl and nBr show the minima at around 60 K, going 

from 3 to 300 K, the fwhm values of nCl (X = Cl) and nBr (X = Br) vary from ~2600 to 3730–3950 cm–1 and 

from ~2500 to 3990–4240 cm–1, respectively, while those of 1I and 2I (X = I) increase almost monotonically 

with T from ~1400 to 2300–2860 cm–1 with that of 3I being an exceptional case: from 2180 to 4800 cm–1. In 

contrast to the fwhm values, it is worth emphasizing the fwhm(Φn) value of 3I at a given T is similar to that of 

1I or 2I. For instance, at 300 K, the fwhm(Φn) value of 3I (1930 cm–1) is comparable to that of 1I or 2I (1370 

or 1580 cm–1, respectively) and much smaller than those of the {Mo6Cl8}4+- and {Mo6Br8}4+-core clusters (nCl 

and nBr): 2940–3310 cm–1. Although the relatively small fwhm(Φn) values of 3I are inconsistent with the 

observed broad emission spectra of 3I above 200 K, the large difference in ṽn explains well the observed data.  

Namely, the ṽn values of nI range in (10.5–14.7) × 103 cm–1 (Δṽn = 3290–4000 cm–1), while those of nCl and  
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Figure 3-17. Schematic illustrations of the observed (upper panel) and Φn emissions (lower panel) from (a) nCl 

or nBr, (b) 3I, and (c) 1I or 2I. The relative contributions of the Φn emission spectra to the observed spectrum 

of a given cluster are shown by green (n = 1), blue (n = 2), cyan (n = 3), and magenta (n = 4).   

 

nBr lie in the narrow ranges: Δṽn = 970–1590 and 980–1860 cm–1 for nCl (X = Cl) and nBr (X = Br), 

respectively. As shown in Table 3-7 and Figure 3-15, the emission spectrum of 3I at 300 K is reproduced by 

almost equal contributions from the Φ2–Φ4 emissions owing to the marginal ΔE1n values between nCl, nBr and 

1I/2I, resulting in the broad emission band shape of 3I: see also Figure 3-17 for the schematic illustration. 

Therefore, the narrow spectral band shapes observed for the {Mo6I8}4+-core clusters[12,18-23,31-33] are the inherent 

character to [{Mo6I8}Y6]2–. 

 

3-5. Conclusions 

This chapter described the redox, spectroscopic, and photophysical properties of the terminal halide 

clusters [{Mo6X8}Y6]2– (X, Y = Cl, Br, or I. nX) in solution and/or crystalline phases at ambient temperature. 

nX showed the clear X/Y dependences of the redox and several spectroscopic/ photophysical properties: Eox, 

Ered, ṽa, τem, and Φem. Since the (Eox–Ered) value of the cluster determined by the π-electron-donating ability of 

X/Y (i.e., EN(X/Y)) is proportional to the (HOMO – LUMO) energy gap, the X/Y dependent Eox and Ered values 

of nX resulted in the X/Y dependences of ṽa. On the other hand, the X/Y dependences of the emission properties 

could not be explained by EN(X/Y) alone. In particular, the ṽem value of [{Mo6X8}Y6]2– showed a higher- or 

lower-energy shift for an X (for given Y) or Y variation (for given X), respectively. The peculiar X/Y 

dependences of the ṽem were then discussed based on the zfs energies in the T1 states of the clusters. On the basis 

of the investigations of the T-dependent emissions from nX in polymer matrixes in 3–300 K and their analysis 
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by the four-spin-sublevel (Φn) model, it was found that the splitting energies in the T1 states (ΔE13 and ΔE14 

values in cm–1) increased in the sequences 3X < 2X < 1X and nCl < nBr < nI, for a given Y and X, respectively. 

The larger is the ΔE14 value for a given X or Y series, the smaller is the contribution of the emission from the 

highest-energy spin sublevels (Φ4) to the observed emission spectrum at 300 K with the sequence of Φ4% being 

Y = I > Br > Cl or X = Cl > Br > I for given X or Y, respectively, and thus the larger is the contributions of the 

emissions from the lower-energy spin sublevels (Φ3, Φ2, or Φ1). The variation of Φn% at 300 K with that of X 

or Y in [{Mo6X8}Y6]2– (nX) mentioned above explained very well the ṽem value of the cluster as the sum of the 

emission from Φn.  
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[{Mo6X8}(RCOO)6]2– (X = Br or I, RCOO = Carboxylate) 
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4-1. Introduction 

Chapter 3 of this thesis described the redox, spectroscopic, and photophysical properties of [{Mo6X8}Y6]2– 

(X, Y = Cl, Br, or I) and demonstrated that these properties were largely affected by both bridging and terminal 

ligands. For example, the arbitrary combination of X and Y in [{Mo6X8}Y6]2– can tune the emission lifetime 

(τem) and quantum yield (Φem) of the cluster in CH3CN in the range of 85–300 μs and 0.09–0.47, respectively. 

Furthermore, it was demonstrated that the zero-magnetic-field splitting (zfs) parameters of [{Mo6X8}Y6]2– (X, 

Y = Cl, Br, or I) evaluated by the T-dependent emissions of the clusters explained very well the emission 

properties of [{Mo6X8]Y6]2– at ambient temperature. These results indicate that various properties arisen from 

the lowest-energy excited triplet (T1) state of the cluster would be controlled more precisely or widely by an 

introduction of other terminal ligands to the {Mo6X8}4+-core. Furthermore, since the discussion on the T-

dependent emission from an octahedral hexametal cluster by the spin-sublevel model (Φn model described in 

Chapter 1) is still limited to the clusters having simple ligand structures (i.e., Mo6, W6, and Re6 terminal halide 

clusters), the applicability of the spin-sublevel model to the emission properties of the cluster with relatively 

complicated ligand structures are worth studying in more detail. The thesis then focuses on aliphatic and 

aromatic carboxylates as the terminal ligands (L) in [{Mo6X8}L6]2– (X = Cl, Br, or I) since these ligands show 

different electron-donating abilities, which is reflected on the acid dissociation constant of the carboxylate 

(pKa(L)). Furthermore, the pKa(L) value can be expected to be used as a common parameter for systematic 

discussions on various properties of the cluster. Besides terminal carboxylate ligands in [{Mo6X8}L6]2– (X = 

halide; L = carboxylate), the clusters with X = Br or I are interested since these clusters show in general intense 

emission compared to those with X = Cl as described in Chapter 3.  

In this chapter, the X-ray crystal structures, redox, spectroscopic, and photophysical properties of terminal 

carboxylate clusters [{Mo6X8}L6]2– (nBr or nI: See Chart 4-1 for the structures and abbreviations) in solution  

 

 

 

 

 

 

 

 

 

 

 

Chart 4-1. Ligand structures and abbreviations of terminal carboxylate clusters [{Mo6X8}(RCOO)6]2–. The 

values in the brackets represent pKa of the corresponding acid. a–d are the data taken from ref. 1–4, respectively. 
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at ambient temperature are described. Furthermore, the T-dependences of the emissions from [{Mo6X8}-

(nC3F7COO)6]2– (X = Cl, Br, or I: 17X) in polymer matrixes and [{Mo6Br8}L6]2– (L = aromatic carboxylate: 

nALBr) in crystalline phases in 3–300 K are discussed based on the four-spin-sublevel (Φn) model to check the 

applicability of the model to the T-dependent emission of the clusters and to evaluate the zfs parameters. 

  

4-2. X-ray Crystal Structures 

The X-ray crystal structures determined for the twenty new molybdenum(II) carboxylate clusters (4Br–

15Br, 5I, 7I, 8I, 10I, 13I, 15I, and 17I) are shown in Figures 4-1–4-3. The crystal structural data and selected 

average bond lengths in the crystals of nX are reported in Tables 4-1–4-3 and Table 4-4, respectively. The crystal 

structures of these clusters were obtained with a monoclinic or triclinic crystal system. As seen in Figures 4-1, 

tetra-n-butylammonium ions (TBA+) as the counter cations locate between the cluster anions irrespective of X 

and L, and the main structural unit in the crystal structure is the cluster anion. Therefore, although some of nX 

possess the aromatic terminal ligands, no ππ stacking interaction between the aromatics is present in these 

crystals. Table 4-4 shows that the bond length between the ligating O atom in the carboxylate and Mo atom (dMo-

O) decreases with increasing pKa(L) for both X = Br and I clusters (nBr and nI), while that between Mo-Mo or 

Mo-X (dMo-Mo or dMo-X, respectively) is not influenced by nature of the carboxylate ligand. With a variation of 

the terminal carboxylate, the dMo-O value of the nBr or nI cluster varies from 2.076 to 2.118 Å or from 2.097 to 

2.132 Å, respectively. Figure 4-4 shows the pKa(L) dependence of the dMo-O value of nBr or nI including those 

of (TBA)2[{Mo6X8}(RSO3)6]2– (RSO3
– = p-toluenesulfonate: 18X, benzenesulfonate: 19X)[5] and 

(TBA)2[{Mo6X8}(4-nitrophenol)6]2– (20I).[6] The figure demonstrates that the dMo-O values of the clusters 

including those of the sulfonate and phenolate clusters correlate linearly with pKa(L) with the correlation 

 

 

 

 

 

 

 

 

 

Figure 4-1. Packing structures of 7I projected from (a) the a-axis and (b) the c-axis. The molecules shown by 

the colors are as follows: the counter cation TBA+ (black) and non-equivalent clusters (green and blue). 
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coefficient (cc) being 0.834 or 0.750 for nBr or nI, respectively. The results demonstrate explicitly that the 

stronger σ-donating ability of the anionic terminal ligand gives rise to the shorter dMo-O value. For given L, 

furthermore, the dMo-O value of nI is longer than that of nBr. Similarly, since the π-donating ability of X increases 

in the sequence of I– < Br– < Cl– owing to the electronegativity of each atom, the shorter Mo-O bond length 

observed for nBr relative to that for nI for given L is the reasonable consequence. The results demonstrate 

clearly that the dMo-O value in (TBA)2[{Mo6X8}(RCOO)6] can be tuned by pKa(L). To the best of author’s 

knowledge, this is the first demonstration for the synthetic control of dMo-O in a hexamolybdenum(II) cluster.  

 

 

Figure 4-2. ORTEP drawings of 5I, 7I, 8I, 10I, and 13I–15I. The thermal ellipsoids are displayed at the 50% 

probability level for the non-hydrogen atom. Atom color represents Mo (cyan), Br (orange), C (gray), N (blue), 

and O (red), and F (green). The counter cations TBA+ in the structure were omitted to show the coordination 

structures of the ligands.  
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Figure 4-3. ORTEP drawings of 4Br–15Br. The thermal ellipsoids are displayed at the 50% probability level 

for the non-hydrogen atom. Atom color represents Mo (cyan), Br (orange), C (gray), N (blue), O (red), and F 

(green). The counter cations TBA+ in the structure were omitted to show the coordination structures of the 

ligands.  
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Table 4-1. Summary of the crystallographic data on 4Br–9Br. 
 

 4Br 5Br 6Br 7Br 8Br 9Br 

T / K 150 150 150 150 150 150 

Formula C74H156Br8Mo6N2O17 C44H90Br8Mo6N2O12 C74H96Br8Mo6N8O24 C86H126Br8Mo6N2O12 C80H114Br8Mo6N2O14 C86H108Br8Mo6N8O14 

fw 2654.80 2054.07 2696.50 2594.82 2542.66 2692.72 

Crystal System Monoclinic Monoclinic Triclinic Monoclinic Monoclinic Monoclinic 

Space Group C2/c (#15) P21/c (#14) P-1 (#2) P21/c (#14) P21/n (#14) P21/n (#14) 

a / Å 31.2648(10) 15.1335(12) 10.5647(3) 14.835(4) 13.450(5) 22.6128(4) 

b / Å 15.856(4) 21.7459(16) 14.0336(5) 21.998(6) 23.923(8) 24.0823(2) 

c / Å 26.184(8) 20.0844(11) 16.9473(6) 14.710(4) 14.435(5) 12.4409(2) 

α /deg 90 90 82.058(3) 90 90 90 

β / deg 90 90 72.306(3) 90 98.121(4) 131.921(3) 

γ / deg 126.155(3) 90.920(3) 73.785(3) 96.950(4) 90 90 

V / Å3 10481(4) 6608.8(8) 2294.63(14) 4765(2) 4598(3) 5041.0(2) 

Z 4 4 1 2 2 2 

measured refl. 76072 98944 40035 66707 58789 50835 

unique refl. 11988 15138 8385 10939 10470 9160 

Rint 0.0843 0.0817 0.0463 0.1044 0.0625 0.0430 

GOF 1.141 1.116 1.023 1.078 1.058 1.080 

aR1 0.0541 0.0820 0.0494 0.0771 0.0482 0.0590 

bwR2 0.1170 0.1724 0.1388 0.1521 0.1360 0.1629 

aR1 = Σ||Fo| - |Fc|| / Σ|Fo|. bwR2 = [Σ(w(Fo
2 – Fc

2)2) / Σw(Fo
2)2]1/2. w = 1/ [ σ2(Fo

2) + (xP)2 + yP]–1. P = (Fo
2 – 2Fc

2)/3 
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Table 4-2. Summary of the crystallographic data on 10Br–15Br. 
 

 10Br 11Br 12Br 13Br 14Br 15Br 

T / K 150 150 150 150 150 150 

Formula C98H114Br8Mo6N2O12 C86H123Br8Mo6N2O24 C160H228Br16Mo12N4O36 C62H18Br8Mo6N2O18 C74H90Br8Mo6N14O36 C82H92Br8F30Mo6N2O14 

fw 2726.86 2783.78 5213.29 2293.70 2966.47 3114.46 

Crystal System Monoclinic Triclinic Monoclinic Monoclinic Monoclinic Triclinic 

Space Group P21/c (#14) P-1 (#2) P21/c (#14) P21/c (#14) P21/n (#14) P-1 (#2) 

a / Å 13.288(2 15.0444(2) 21.8371(3) 13.130(3) 14.775(0) 12.4329(5) 

b / Å 18.473(5) 15.2670(2) 19.0880(4) 14.212(3) 22.208(0) 14.5370(7) 

c / Å 20.702(1) 22.4245(3) 25.6623(4) 21.114(5) 14.907(0) 14.6775(5) 

α /deg 90 91.519(1) 90 90 90 82.676(9) 

β / deg 90 93.540(1) 92.005(2) 90 97.717(0) 73.905(9) 

γ / deg 106.5630(0) 101.662(1) 90 97.594(3) 90 87.9657(10) 

V / Å3 4870(1) 5030.57(12) 10690.2(3) 3905.4(15) 4847.033(68) 2528.0(2) 

Z 2 2 2 2 2 1 

measured refl. 75884 99084 184948 29018 39631 39991 

unique refl. 11135 17721 19422 8772 11117 11578 

Rint 0.1425 0.0569 0.0524 0.0423 0.0548 0.0656 

GOF 1.108 1.033 1.001 1.121 1.101 0.974 

aR1 0.1067 0.0842 0.0585 0.0544 0.0507 0.0376 

bwR2 0.2545 0.2426 0.1625 0.1416 0.1121 0.0850 

aR1 = Σ||Fo| - |Fc|| / Σ|Fo|. bwR2 = [Σ(w(Fo
2 – Fc

2)2) / Σw(Fo
2)2]1/2. w = 1/ [ σ2(Fo

2) + (xP)2 + yP]–1. P = (Fo
2 – 2Fc

2)/3 
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Table 4-3. Summary of the crystallographic data on 10Br–15Br. 
 

 5I 7I 8I 10I 13I 15I 17I 

T / K 100 150 150 150 150 150 150 

Formula C44H90I8Mo6N2O12 C92H138I8Mo6N2O14 C74H102I8Mo6N2O12 C98H114I8Mo6N2O12 C62H90I8Mo6N2O18 C74H72I8Mo6N2O12 C50H72F30I8Mo6N2O12 

fw 2430.02 3086.98 2802.41 3102.75 2742.19 3342.22 3053.93 

Crystal System Monoclinic Triclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic 

Space Group P21/n (#14) P-1 (#2) P21/n (#14) P21/n (#14) P21/n (#14) P21/c (#14) P21/n (#14) 

a / Å 11.8966(4) 13.245(6) 13.4410(7) 14.2267(10) 13.4921(7) 21.733(6) 12.5244(5) 

b / Å 20.0367(7) 14.904(6) 23.9391(12) 16.1895(12) 13.7589(7) 19.410(4) 21.0853(8) 

c / Å 14.4535(5) 15.234(8) 14.5922(6) 21.9690(16) 21.9131(11) 22.799(5) 16.6103(5) 

α /deg 90 73.897(19) 90 90 90 90 90 

β / deg 95.478(1) 80.40(2) 94.5167(14) 96.476(2) 94.388(1) 90 105.959(1) 

γ / deg 90 66.149(18) 90 90 90 91.697(3) 90 

V / Å3 3429.5(2) 2637(2) 4680.7(4) 5027.7(6) 4055.9(4) 9613(4) 4217.4(2) 

Z 2 2 2 2 2 4 2 

measured refl. 30771 40685 31670 23179 22468 151008 45446 

unique refl. 16290 12210 9995 14804 12140 22036 9699 

Rint 0.034 0.0727 0.059 0.062 0.042 0.1032 0.034 

GOF 1.01 1.076 0.95 0.94 1.00 1.173 1.06 

aR1 0.038 0.0630 0.038 0.062 0.042 0.0794 0.035 

bwR2 0.082 0.1706 0.084 0.173 0.101 0.1635 0.088 

aR1 = Σ||Fo| - |Fc|| / Σ|Fo|. bwR2 = [Σ(w(Fo
2 – Fc

2)2) / Σw(Fo
2)2]1/2. w = 1/ [ σ2(Fo

2) + (xP)2 + yP]–1. P = (Fo
2 – 2Fc

2)/3 
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Table 4-4. Selected average bond lengths of (TBA)2[{Mo6I8}(RCOO)6] (nI, left panel) and (TBA)2[{Mo6Br8}(RCOO)6] (nBr, right panel). The values in the 

brackets represent the ranges of the observed values. The data on 16I and 17I are taken from ref. 7 and 8, respectively. 

 dMo-O / Å dMo-Mo / Å dMo-I / Å   dMo-O / Å dMo-Mo / Å dMo-Br / Å 

5I 2.118 (2.098–2.149) 2.672 (2.665–2.679) 2.783 (2.771–2.800)  4Br 2.076 (2.069–2.082) 2.623 (2.620–2.629) 2.609 (2.588–2.629) 

7I 2.099 (2.097–2.103) 2.663 (2.654–2.672) 2.779 (2.756–2.792)  5Br 2.093 (2.085–2.101) 2.629 (2.622–2.637) 2.605 (2.588–2.627) 

8I 2.097 (2.084–2.107) 2.667 (2.660–2.673) 2.786 (2.764–2.806)  6Br 2.096 (2.085–2.103) 2.627 (2.621–2.630) 2.601 (2.583–2.620) 

10I 2.111 (2.097–2.135) 2.674 (2.663–2.681) 2.786 (2.780–2.805)  7Br 2.091 (2.068–2.110) 2.629 (2.611–2.652) 2.605 (2.576–2.637) 

13I 2.120 (2.111–2.128) 2.673 (2.666–2.682) 2.780 (2.762–2.811)  8Br 2.091 (2.085–2.103) 2.625 (2.619–2.632) 2.601 (2.589–2.625) 

15I 2.124 (2.117–2.135) 2.664 (2.658 –2.669) 2.779 (2.771–2.795)  9Br 2.082 (2.065–2.089) 2.625 (2.616–2.636) 2.602 (2.584–2.618) 

16I[7] 2.123 (2.115–2.132) 2.664 (2.659–2.670) 2.781 (2.771–2.800)  10Br 2.101 (2.097–2.103) 2.625 (2.619–2.630) 2.602 (2.585–2.619) 

17I[8] 2.132 (2.120–2.141) 2.661 (2.658–2.666) 2.774 (2.762–2.788)  11Br 2.099 (2.084–2.108) 2.629 (2.624–2.631) 2.605 (2.585–2.618) 

     12Br 2.113 (2.112–2.114) 2.633 (2.627–2.637) 2.603 (2.578–2.633) 

     13Br 2.106 (2.096–2.112) 2.628 (2.620–2.639) 2.604 (2.591–2.608) 

     14Br 2.116 (2.096–2.130) 2.630 (2.623–2.638) 2.600 (2.587–2.614) 

     15Br 2.105 (2.094–2.118) 2.627 (2.623–2.635) 2.602 (2.592–2.601) 

     16Br[7] 2.118 (2.121–2.121) 2.626 (2.618–2.631) 2.600 (2.593–2.606) 

     17Br[8] 2.113 (2.105–2.118) 2.623 (2.620–2.628) 2.601 (2.585–2.617) 
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Figure 4-4. pKa(L) dependences of the dMo-O values of nBr (upper panel) and nI (lower panel): [{Mo6X8}L6]2– 

with L: pivalate (4X), acetate (5X), 4-methoxybenzoate (6Br), 3,5-dimethylbenzoate (7X), benzoate (8X), 3,5-

dimethoxybenzoate (9Br), 1-naphthoate (10X), 4-cyanobenzoate (11Br), 4-nitrobenzoate (12Br), 2-furoate 

(13X), 3,5-dinitorobenzoate (14Br), pentafluorobenzoate (15X), trifluoroacetate (16X),[7] n-heptafluorobutylate 

(17X),[8] p-toluenesulfonate (18X)[5], benzenesulfonate (19X)[5], 4-nitrophenolate (20I).[6] The dMo-O/pKa(L) data 

on 16X–20X are taken from refs. 5–8. The pKa(L) values of p-toluenesulfonic acid, benzenesulfonic acid, and 

4-nitrophenol are taken from refs. 9, 10, and 1, respectively. The broken line in the figure shows the regression 

line of the data. 

 

4-3. Redox Properties 

Figure 4-5 shows the cyclic voltammograms (CV) of nBr and nI in acetone, and the redox potentials of 

the clusters (Eox and Ered vs. Fc+/Fc) determined by the relevant differential pulse voltammograms (DPVs) are 

summarized in Tables 4-5 and 4-6. All of the clusters show quasi-reversible oxidation waves irrespective of X 

and L. The Eox value ranges in 0.56–1.33 or 0.34–0.91 V (vs. Fc/Fc+) for nBr or nI, respectively, and is shifted 

to a negative potential direction from +1.33 (17Br) to +0.59 V (4Br) or from +0.91 (17I) to +0.34 V (4I), 

respectively, with an increase in pKa(L) from 0.17 (n = 17: heptafluorobutyric acid) to 5.03 (n = 1: pivalic acid). 

It is worth pointing out that the Eox values of both nBr and nI, responsible for the oxidation of the {Mo6X8}4+-
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cluster core, are proportional linearly with pKa(L) with the correlation coefficient (cc) of 0.931 and 0.981 for 

nBr and nI, respectively, as shown in Figure 4-6a. The result indicates that coordination of stronger σ-donating 

carboxylate ligands (i.e., larger pKa(L) ligand) to the {Mo6X8}4+-core results in destabilization of the highest-

energy occupied molecular orbital (HOMO) energy level of [{Mo6X8}(RCOO)6]2–. For given L, furthermore, 

Eox of nBr is always more positive than that of nI. Since the σ-donating ability of X = Br is stronger than that 

of X = I, the Eox value of nBr for given L should be more negative than that of the relevant nI, which is opposite 

to what is observed in Figure 4-6a. The shorter Mo-O bond length in nBr relative to that in nI for given L shown 

in Figure 4-4 indicates that more effective π-back donation in the {Mo6Br8}4+-cluster core gives rise to the 

stabilization of the HOMO energy in nBr relative to that in nI and, thus, the Eox values of nBr are more positive 

than those of nI. 

 

Figure 4-5. Cyclic voltammograms of (a) 4Br–10Br, (b) 11Br–17Br, (c) nI (n = 4, 5, 7, 8, 10, 13, and 15–17), 

and (d) RCOOH in acetone at 298 K. The broken red curves represent the differential pulse voltammograms. 
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Table 4-5. Redox properties of (TBA)2[{Mo6Br8}(RCOO)6] (nBr; n = 4–10 (upper panel) and n = 11–17 (lower 

panel)) in acetone at 298 K.  
 

 4Br 5Br 6Br 7Br 8Br 9Br 10Br 

pKa(L) 5.03 4.76 4.47 4.32 4.20 3.97 3.69 

Eox / V +0.59 +0.65 +0.70 +0.71 +0.74 +0.82 +0.78 

Ered / V –2.28 

 

–2.13 

(–2.39)a 

–2.08 

(–2.54) 

–2.12 

(–2.45) 

–2.03 

(–2.39) 

–2.03 

(–2.38) 

–2.05 

(–2.20) 

(Eox – Ered) / V 2.87 2.78 2.78 2.83 2.77 2.85 2.83 

        

 11Br 12Br 13Br 14Br 15Br 16Br 17Br 

pKa(L) 3.55 3.44 3.16 2.82 1.75 0.23 0.17 

Eox / V +0.90 +0.94 +0.81 +1.04 +1.07 +1.23 1.33 

Ered / V –1.98 

(–1.94) 

–1.53 

(–1.81) 

–2.09 

(–2.43) 

–1.33 

(–1.57) 

–1.87 

(–1.84) 

–1.74 

(–1.81)a 

–1.75 

 

(Eox – Ered) / V 2.88 2.47 2.90 2.33 2.94 2.97 3.08 

The values in the brackets represent the reduction potentials of the free ligands in the RCOOH form. Superscript 

a represents the data taken from ref. 11. 

 

Table 4-6. Redox properties of (TBA)2[{Mo6I8}(RCOO)6] (nI) in acetone at 298 K. 
 

 4I 5I 7I 8I 10I 13I 15I 16I 17I 

pKa(L) 5.03 4.76 4.32 4.20 3.69 3.16 1.75 0.23 0.17 

Eox / V +0.34 +0.35 +0.49 +0.47 +0.48 +0.56 +0.75 +0.89 +0.91 

Ered / V –2.25 

 

–2.12 

(–2.39)a 

–2.07 

(–2.45) 

–2.06 

(–2.39) 

–2.07 

(–2.20) 

–2.07 

(–2.43) 

–1.91 

(–1.84) 

–1.77 

(–1.81)a 

–1.80 

 

(Eox – Ered) / V 2.59 2.47 2.56 2.53 2.55 2.63 2.66 2.66 2.71 

The values in the brackets represent the reduction potentials of the free ligands in the RCOOH form. Superscript 

a represents the data taken from ref. 11. 

 

Besides the oxidation waves and potentials, all of the clusters except for 12Br and 14Br show irreversible 

reduction waves, while 12Br or 14Br exhibits a reversible reduction wave. In the case of the clusters except for 

12Br and 14Br, the Ered value of nI or nBr ranges from –2.25 to –1.80 or from –2.28 to –1.75 V (vs. Fc/Fc+), 

respectively, and is shifted to a negative potential direction from –1.80 (17I) to –2.25 V (4I) or from –1.75 

(17Br) to –2.28 V (4Br), respectively, with an increase in pKa(L), which is almost identical to the pKa(L) 

dependence of the Eox values. Different from the terminal ligand effects on the oxidation potential, on the other 

hand, the Ered values of both nI and nBr fall on a single line and that shifts linearly to the negative potential 

direction with an increase in pKa(L) as seen clearly in Figure 4-6a: cc = 0.890. Furthermore, since the Ered value 
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of nX is similar to that of the corresponding terminal carboxylic acid, the reduction of the cluster is responsible 

for that of the terminal ligand(s), which indicates that the lowest-energy unoccupied MO (LUMO) energy level 

of the cluster is determined primarily by pKa(L).  

It is worth emphasizing that, as seen clearly in Figure 4-6, the reduction behavior of the clusters, 12Br and 

14Br, are very much different from that of other clusters, where 12X and 14X show very large reduction currents 

relative to those of other clusters as well as to the relevant oxidation currents of 12X and 14X. As reported by 

Fujii et al., 12Br and 14Br exhibit quasi-one-step six-electron reduction,[12] while other clusters show one-

electron reduction. The results in Figure 4-7 demonstrate that the Ered values of 12Br and 14Br are observed 

more positively than that predicted from the relevant pKa(L) values probably due to the relatively small 

overpotential for the reduction. Furthermore, the (Eox – Ered) value of the cluster, as a measure of the HOMO – 

LUMO energy gap, was plotted against the relevant pKa(L) value as shown in Figure 4-6b. As seen clearly, the 

(Eox – Ered) value correlated linearly with pKa(L) (cc = 0.765 except for the data on 12Br and 14Br), while those 

of 12Br and 14Br deviated from the linear relationship in Figure 4-6a. The quasi-one-step six-electron reduction 

through the relatively small overpotentials compared to those other clusters[12] will be the principal reason for 

the positive Ered values of 12Br and 14Br relative to those predicted from the relevant pKa(L) values. 

 

 
Figure 4-6. pKa(L) dependences of (a) the Eox, Ered and (b) (Eox – Ered) values of nBr (left panel) and nI (right 

panel). Squares and circles in the panel (a) represent the data on Eox and Ered, respectively. Numbering of the 

samples is the same with that in Chart 4-1 or Figure 4-4. 
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4-4. Emission Properties 

Figures 4-7 and 4-8 show the emission spectra and emission decay profiles of nBr and nI in acetone, 

respectively, and the photophysical properties (ṽem, Φem, and τem) are summarized in Tables 4-7 and 4-8. All of 

the clusters in acetone at 298 K exhibit near-infrared emission with ṽem of nBr and nI being ranged in (13.87–

14.31) × 103 cm–1 (λem = 699–721 nm) and (14.10–14.95) × 103 cm–1 (669–709 nm), respectively. For both nBr 

and nI, an increase in pKa(L) gave rise to the lower energy shifts of ṽem and, the ṽem value of nBr or nI was 

correlated linearly with pKa(L) as shown in Figure 4-9a: cc = 0.886 and 0.975 for X = Br and I, respectively. 

The pKa(L) dependence of ṽem observed for nI was larger than that for nBr. This could be due to the weaker σ-

donating ability of X = I relative to that of X = Br as discussed in Chapter 3. The emission energy of a {Mo6I8}4+-

core cluster would be thus influenced more strongly by pKa(L) compared to that of a {Mo6Br8}4+-core cluster. 

 

 
Figure 4-7. Corrected emission spectra of [{Mo6Br8}(RCOO)6]2– (left panel) and [{Mo6I8}(RCOO)6]2– (right 

panel) in deaerated acetone at 298 K. Color legend is indicated in the figure.  

Figure 4-8. Emission decay profiles of [{Mo6Br8}(RCOO)6]2– (left panel) and [{Mo6I8}(RCOO)6]2– (right 

panel) in deaerated acetone at 298 K. Color legend is the same with that in Figure 4-7. 
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The Φem and τem values of nI range in 0.35–0.64 and 270–335 μs, respectively. Thus, the {Mo6I8}4+-core 

clusters in acetone show intense and long-lived emission irrespective of nature of the terminal carboxylate ligand. 

On the other hand, nBr are weak emitters (Φem < 0.09) with the short emission lifetimes (τem < 150 μs), except 

for those with the perfluoro-carboxylate ligands (15Br–17Br), which exhibited relatively intense and long-lived 

emission: Φem = 0.23–0.26 and τem = 350–390 μs. According to Tables 4-9 and 4-10, one can easily find that the 

Φem and τem values of both nBr and nI are sensitive to the pKa(L) value and, thus, to the electronic properties of 

the terminal carboxylate ligand. Then, these parameters were plotted against the pKa(L) value as the results were 

shown in Figure 4-9b and 4-9c. Surprisingly, the Φem and τem values observed for nBr and nI show the clear 

pKa(L) dependences including the data on 15Br–17Br. As seen in Figure 4-9b and 4-9c, both Φem and τem of the 

terminal carboxylate clusters correlate linearly with pKa(L): ccΦ (ccτ) = 0.859 (0.883) and 0.975 (0.990) for nBr 

and nI respectively.  

Although the data in Figure 4-9 demonstrate explicitly that the spectroscopic (ṽem) and photophysical 

properties (Φem and τem) of the clusters are controllable synthetically by pKa(L) and, thus, by the electron 

donating ability of the terminal carboxylate ligand, there is no theoretical rationale for the linear pKa(L) 

 

Table 4-7. Photophysical properties of (TBA)2[{Mo6Br8}(RCOO)6] (nBr; n = 4–10 (upper panel) and n = 11–

17 (lower panel)) in acetone at 298 K. 
 

 4Br 5Br 6Br 7Br 8Br 9Br 10Br 

pKa(L) 5.03 4.76 4.47 4.32 4.20 3.97 3.69 

ṽem / 103 cm–1 

(fwhm / cm–1) 

[λem / nm] 

13.87 

(3580) 

[721] 

13.97 

(3640) 

[716] 

13.95 

(3570) 

[717] 

13.97 

(3650) 

[716] 

14.03 

(3410) 

[713] 

13.99 

(3460) 

[715] 

13.97 

(3720) 

[716] 

Φem 0.02 0.03 0.02 0.03 0.06 0.04 0.03 

τem / μs 45 45 50 50 85 60 50 

kr / 103 s–1 0.44 0.67 0.40 0.60 0.71 0.67 0.60 

knr / 103 s–1 22 22 20 19 11 16 19 

        

 11Br 12Br 13Br 14Br 15Br 16Br 17Br 

pKa(L) 3.55 3.44 3.16 2.82 1.75 0.23 0.17 

ṽem / 103 cm–1 

(fwhm / cm–1) 

[λem / nm] 

14.09 

(3610) 

[710] 

14.12 

(3400) 

[708] 

14.04 

(3670) 

[712] 

14.18 

(3460) 

[705] 

14.20 

(3810) 

[704] 

14.29 

(4060) 

[700] 

14.31 

(4110) 

[699] 

Φem 0.09 0.07 0.09 0.05 0.24 0.23 0.26 

τem / μs 150 110 150 65 290 355 390 

kr / 103 s–1 0.60 0.64 0.60 0.77 0.83 0.65 0.67 

knr / 103 s–1 6.1 8.4 6.1 15 2.6 2.2 1.9 
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Table 4-8. Photophysical properties of [{Mo6I8}(RCOO)6]2– (nI) in acetone at 298 K. 
 

 4I 5I 7I 8I 10I 13I 15I 16I 17I 

pKa(L) 5.03 4.76 4.32 4.20 3.69 3.16 1.75 0.23 0.17 

ṽem / 103 cm–1 

(fwhm / cm–1) 

[λem / nm] 

14.10 

(2400) 

[709] 

14.16 

(2400) 

[706] 

14.22 

(2380) 

[703] 

14.31 

(2370) 

[699] 

14.27 

(2350) 

[701] 

14.35 

(2370) 

[697] 

14.73 

(2320) 

[679] 

14.90 

(2280) 

[671] 

14.95 

(2300) 

[669] 

Φem 0.35 0.38 0.42 0.42 0.45 0.46 0.56 0.60 0.64 

τem / μs 270 275 280 280 285 290 315 330 335 

kr / 103 s–1 1.30 1.38 1.50 1.50 1.58 1.59 1.78 1.82 1.91 

knr / 103 s–1 2.41 2.25 2.07 2.07 1.93 1.86 1.40 1.21 1.07 

 

 
Figure 4-9. pKa(L) dependences of (a) ṽem, (b) Φem, and (c) τem of nBr (left panel) and nI (right panel). 

Numbering of the samples is the same with that in Chart 4-1 or Figure 4-4. 

 

dependences of Φem and τem. However, since the ṽem values of both nBr and nI correlate linearly with pKa(L) as 

seen in Figure 4-9a, the following explanation could be made. According to the energy gap law mentioned in 

§3-3-3, the natural logarithm of knr is proportional to ṽem when the vibrational mode inducing nonradiative decay  
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Figure 4-10. Relationship between the ln(knr) and ṽem values of (a) [{Mo6Br8}(RCOO)6]2– and (b) 

[{Mo6I8}(RCOO)6]2– in deaerated acetone at 298 K. The broken lines show the linear regression of the data.  

 

from the T1 state to the electronically ground state (S0) is identical among a series of compounds. In practice, 

for a given X, linear correlations between ln(knr) and ṽem can be found for both nBr and nI as the data are shown 

in Figure 4-10: cc = 0.763 and 0.981 for nBr and nI, respectively. It is worth emphasizing that the ṽem values of 

both nBr and nI correlate linearly with pKa(L) as shown in Figure 4-9a and, thus, the ln(knr) value also correlates 

with pKa(L): knr∝pKa(L). In the present case, since the variation of kr by the terminal carboxylate ligand ((0.44–

0.83) × 103 or (1.30–1.91) × 103 s–1 for the nBr or nI, respectively) is smaller than that of knr ((1.9–22) × 103 or 

(1.1–2.4) × 103 s–1, respectively) as seen in Tables 4-7 and 4-8, both Φem and τem values of the clusters are 

governed by knr: Φem and τem∝knr
–1. The linear pKa(L) dependences of ṽem of the clusters thus provide those of 

Φem and τem in Figure 4-10. Furthermore, the hω values evaluated from the slopes of the energy gap plots for 

nBr and nI are different significantly with each other and are 170 and 1145 cm–1, respectively. In the case of 

[{Mo6Br8}Y6]2– (1Br–3Br), since the vibrational frequency assigned to the Mo-Br stretching mode in the 

{Mo6Br8}4+-core (203–212 cm–1) is comparable to the hω value observed for nBr,[13] nonradiative decay from 

the T1 state of nBr is determined primarily by the Mo-Br stretching mode. In contrast, since the hω value 

observed for nI agrees well with the vibrational frequency of the C-O stretching mode of the carboxylate (1200–

1300 cm–1), nonradiative decay from the T1 state of nI would be originated from the carboxylate ligand. Judging 

from Figure 4-4, the carboxylate coordinates strongly to the {Mo6I8}4+-core relative to that to the {Mo6Br8}4+-

core and, therefore, the various properties of nI are strongly affected by the terminal carboxylate ligand 

compared to those of nBr, resulting in the dramatic pKa(L) dependences of the crystallographic, redox, 

spectroscopic, and emission properties of nI. 
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4-5. Bridging Ligand Effects on Temperature Dependent Emission Characteristics of [{Mo6X8}-

(C3F7COO)6]2– (X = Cl, Br, or I)  

4-5-1. Temperature Dependent Emission Spectra 

Figure 4-11 shows the T-dependences of the emission spectra of 17X in PEG-DMA matrixes, and those of 

ṽem and the full-width at half maximum of the spectrum (fwhm) are summarized in Figure 4-12. The emission 

spectrum of 17Cl was shifted to the lower-energy on going from 3 (ṽem = 12.9×103 cm–1, λem = 776 nm) to 70 K 

(12.5×103 cm–1, 800 nm). Subsequently, T-elevation above 70 K gave rise to an increase in ṽem (upto ~13.2×103 

cm–1 or ~756 nm at 300 K). Such spectral shifts upon T-elevation accompanied the increase in the fwhm value 

of the spectrum from 2460 cm–1 (at 3 K) to 3870 cm–1 (at 300 K). The cluster complex, 17Br, also showed 

analogous trends to those of 17Cl: typically, ṽem = 12.7×103 (λem = 787 nm), 12.2×103 (821 nm), and 13.1×103 

cm–1 (763 nm) at 3, 70, and 300 K, respectively, and fwhm varied from 2570 to 3790 cm–1 on going from 3 to 

300 K. Such T-dependent emission shifts have been commonly observed for (TBA)4[{Re6S8}X6] (X = Cl, Br, 

and I), (TBA)2[{W6Cl8}Cl6], and (TBA)2[{Mo6X8}Y6] (X = Cl or Br: nCl or nBr in Chapter 3) in the crystalline  

 

Figure 4-11. T-Dependences of the emission spectra of [{Mo6X8}(nC3F7COO)6]2– (left: X = Cl, center: X = Br, 

right: X = I) in polymer matrixes in 3 K < T < 300 K. Temperature variation is shown by the color gradation 

from black (3 K) to highlight (300 K). 

Figure 4-12. T-Dependences of (a) the ṽem (b) and fwhm values of 17X in polymer matrixes. 
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Figure 4-13. T-Dependences of τem of [{Mo6X8}(nC3F7COO)6]2– (left: X = Cl, center: X = Br, right: X = I) in 

polymer matrixes. The broken curves are the best fits of the τ(T) data by eq. 2-2 with the fitting parameters, 

ΔE1n and τn values, being shown in Figure 4-14. 

 

Table 4-9. T-Dependences of the emission lifetimes of [{Mo6X8}(nC3F7COO)6]2– (17X) in polymer matrixes. 
 

T / K 17Cl 17Br 17I 

3.0 671 – – 

3.4 – – 341 

10 508 – 332 

15 – 328 – 

20 456 293 325 

30 432 278 322 

40 417 257 317 

50 402 244 315 

60 393 226 310 

70 383 219 307 

80 377 213 303 

100 362 209 293 

120 362 205 288 

140 350 198 283 

160 338 189 275 

180 316 179 271 

200 271 168 268 

220 233 158 263 

240 215 147 258 

260 205 137 249 

280 179 126 240 

300 151 114 234 
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phases and/or polymer matrixes.[14–16] In contrast, 17I exhibited T-dependent emission characteristics different 

totally from those of 17Cl and 17Br. As seen in Figures 4-11 and 4-12, the ṽem value of 17I was almost constant 

at 15.3×103 cm–1 (654 nm) in 3 K < T < 100 K, while that was shifted to the lower-energy above 100 K, which 

was an opposite T-dependent shift to that of 17Cl or 17Br as seen clearly in Figure 4-12. Furthermore, the fwhm 

value of 17I (1500 and 2400 cm–1 at 3 and 300 K, respectively) was much smaller than that of 17Cl or 17Br 

(~2500 cm–1 at 3 K and ~3900 cm–1 at 300 K) in the entire T-range studied (Figure 4-12). Therefore, the small 

fwhm value of 17I compared to that of 17Cl or 17Br is an inherent character of an {Mo6I8}4+-core cluster as 

described in Chapter 3. 

 

4-5-2. Temperature Dependent Emission Lifetimes 

The emission decay profiles of the complexes can be fitted by single exponential functions irrespective of X 

and T (3 – 300 K), and the T-dependences of τem observed for 17X are summarized in Figure 4-13 and Table 4-

9. In the case of 17Cl or 17Br, the τem value decreased sharply upon T-elevation from 3 to ~30 K and, then, 

decreased gradually above 30 K. From 3 to 300 K, the τem values of 17Cl and 17Br decreased from 670 to 160 

μs and from 330 to 115 μs, respectively. On the other hand, 17I showed a relatively monotonous decrease in τem 

from 340 μs at 3 K to 235 μs at 300 K. It is worth emphasizing that the change in τem observed for 17I upon T-

variation from 3 (340 μs) to 300 K (235 μs) is as small as 105 μs. Such a small T-dependence of τem in the T 

range of 3–300 K has observed only for the {Mo6I8}4+-core cluster in §3-4-2 (1I–3I). Since 17X is isoelectronic 

with [{Mo6X8}Y6]2– (1X–3X) described in Chapter 3, the T-dependent ṽem, fwhm, and τem of the clusters (Figures 

4-11–4-13) should be explained by a common emission model.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-14. zfs parameters of [{Mo6X8}(nC3F7COO)6]2–. 
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4-5-2. Analysis of T-Dependent Emission Lifetimes by Spin-sublevel Model. 

Similar to the T-dependences of the emission lifetimes and spectra of 1X–3X in §3-4-3 and 3-4-4, those of 17X 

were analyzed based on the Φn model. As seen in the Figure 4-13, the τ(T) data of 17X were fitted very well by 

the ΔE1n and τn values shown in Figure 4-14: the correlation coefficients (R2) of the fittings were 0.998 for all 

of the τ(T) data. The ΔE13 and ΔE14 values were in the ranges of 55–120 and 650–1000 cm–1, respectively. For 

a given X, the ΔE13 and ΔE14 values of 17X are comparable to those of [{Mo6X8}Y6]2–. For example, the ΔE13 

and ΔE14 values of 17Br (68 and 720 cm–1, respectively) agree with the relevant values of [{Mo6Br8}Y6]2– (1Br–

3Br, 53–63 and 635–695 cm–1, respectively). Furthermore, the ΔE13 and ΔE14 values increased in the sequence 

17Cl (55 and 650 cm–1) < 17Br (68 and 720 cm–1) < 17I (120 and 1000 cm–1) similar to those of [{Mo6X8}Y6]2– 

despite the completely different terminal ligands (i.e., organic and inorganic terminal ligands). These findings 

demonstrate that one of the important factors governing the zfs energies (ΔE1n, n = 3 and 4) is nature of the 

{Mo6X8}-core structure. The detailed discussion on the zfs energy are described in Chapter 5. 

 

4-5-3. Simulation of Emission Spectra by Spin-sublevel Model. 

On the basis of the ΔE1n values, furthermore, the emission spectrum of 17X at a given T was analyzed as 

the results were shown in Figure 4-15. The ṽn values evaluated are included in Figure 4-14. Figure 4-15 

demonstrates clearly that the observed spectrum can be fitted very well by eqs. 2-2 and 2-3 irrespective of X 

and T with R2 being ~1.00. Although the T-dependent emission shift of 17I is different largely from those of 

17Cl or 17Br, the Φn model explains successfully such different T-dependent emission characteristics of 17X. 

As shown in Figure 4-16 and Table 4-10, the present spectral analysis demonstrates that the major contributions 

to the emission spectra of 17Cl and 17Br at 300 K are the emissions from Φ3 and Φ4 (Φ3 = 45 % and Φ4 = 55 % 

for 1; Φ3 = 72 % and Φ4 = 28 % for 2), while the emission spectrum of 17I is explained by the large contributions 

of the emissions fromΦ2 and Φ3: Φ2 = 50 %, Φ3 = 47 %, and Φ4 = 3 %. Thermal population from Φ1 to Φ4 at a 

given T is governed by ΔE14 and, thereby, the contribution of the Φ4 emission to an observed spectrum at 300 

K should become smaller with an increase in ΔE14. In practice, the contribution of the Φ4 emission to the 

observed spectrum at 300 K decreases in the sequence 17Cl (ΔE14 = 650 cm–1, Φ4 = 55%) > 17Br (720 cm–1, 

28%) > 17I (1000 cm–1, 3%). It is worth noting that these results coincide well with the relationship between 

ΔE14 and the Φn contribution percentage to an observed emission spectrum at 300 K for a given X in 

[{Mo6X8}Y6]2– (1X–3X) as described in §3-4-4.  

The percentages of Φn contributed to the emission spectrum of each cluster (Φn%) mentioned above explain 

very well the emission characteristics of 17X reported by Sokolov et al. in 2011.[8] Almost equal contributions 

of Φ3 (ṽ3 = 13.1×103 cm–1) and Φ4 (ṽ4 = 13.8×103 cm–1) or Φ2 (ṽ2 = 15.4×103 cm–1) and Φ3 (ṽ3 = 14.4×103 cm–

1) to the emission spectrum of 17Cl or 17I, respectively, demonstrate the relevant average ṽem value to be 

13.4×103 (λem = 744 nm) or 14.9×103 cm–1 (672 nm), respectively, which agrees very well with the observed ṽem  

reported by Sokolov et al.: 13.4×103 cm–1 (745 nm) for 17Cl and 15.0×103 cm–1 (668 nm) for 17I.[8] On the 

basis of the simulated fwhm(Φn) values of 17Cl (3260 cm–1) and 17I (1460 cm–1) at 300 K shown in Figure 4- 
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Figure 4-15. Simulations of the T-dependent emission spectra of [{Mo6X8}(nC3F7COO)6]2– in polymer matrixes. 

The spectra shown by the black curves are the observed ones, while the simulated spectra are shown by the 

colors indicated in the figures. 

 

16, furthermore, the fwhm values of the whole spectra of 17Cl and 17I in CH3CN at 298 K are predicted to be 

3980 and 2390 cm–1, respectively, which is also in good agreement with the observed values: 3870 and 2400 

cm–1 for 17Cl and 17I, respectively. Similarly, the observed ṽem and fwhm values of 17Br can be also reproduced 

very well by the Φn percentage and fwhm(Φn) as reported in Figure 4-16 and Table 4-10. It is worth pointing out 

that the fwhm(Φn) value of 17I is much smaller than that of 17Cl or 17Br: 17Cl (3260 cm–1) ~ 17Br (3420 cm–

1) > 17I (1460 cm–1). The results demonstrate clearly that the small fwhm(Φn) value is the origin of a sharp 

emission band of an {Mo6I8}4+-core cluster relative to that of an {Mo6Cl8}4+- or {Mo6Br8}4+-core cluster as 

described in §3-4-6. The fwhm value of an emission spectrum observed at 3 K will be determined primarily by 

the slope of the potential energy curve in S0 at the T1 geometry. In the present case, the broad Φn emission 

spectra of an {Mo6Cl8}4+- or {Mo6Br8}4+-core cluster will be ascribed to the radiative transition from Φn to the 

potential curve in the relevant ground state with a rather steep slope, while the sharp Φn spectrum of an 

{Mo6I8}4+-core cluster indicates the radiative transition occurs from T1 to near the bottom of the potential curve 

in S0. Such simple considerations on fwhm/fwhm(Φn) demonstrate that the T1 states of {Mo6Cl8}4+- or 

{Mo6Br8}4+-core cluster are considerably distorted probably due to Jahn-Teller effects, while the T1 geometry 

in an {Mo6I8}4+-core cluster is less distorted. 

The characteristic T-dependent emission shifts of 17Cl and 17Br, showing lower- and subsequent higher-

energy shifts from 3 to 300 K, have been also observed for [{Mo6Cl8}Y6]2– (1Cl–3Cl), [{Mo6Br8}Y6]2– (1Br–

3Br), and [{Mo6I8}I6]2– (3I) and, thus, its origin can be explained by the similar arguments to those described 

in §3-4-5. Briefly, the emission maximum energy of each Φn (ṽn in cm–1) does not increase in the sequence, ṽ1 

< ṽ2 < ṽ3 < ṽ4, but increases in the order of ṽ2 (12.5×103) < ṽ1 (12.9×103) < ṽ3 (13.1×103) < ṽ4 (13.8×103) for 

17Cl or ṽ2 (12.2×103) < ṽ3 (12.4×103) < ṽ1 (12.5×103) < ṽ4 (13.5×103) for 17Br. The energy order of ṽn observed  

for 17Cl is essentially the same with that for [{Mo6Cl8}Cl6]2–: common for an {Mo6Cl8}-core structure. 
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Figure 4-16. Observed and simulated emission spectra of [{Mo6X8}(nC3F7COO)6]2– in CH3CN at 298 K. The 

observed spectra shown by the black color are taken from ref. 8. The relative contributions of the Φn emission 

spectra to the observed spectra of a given cluster are shown by blue (n = 2), cyan (n = 3), and magenta (n = 4), 

respectively. The fwhm(Φn) values used to reproduce the data are 3260, 3420, and 1460 cm–1 for 17Cl, 17Br, 

and 17I, respectively. 

 

Although the main contribution of the emission from 17Cl or 17Br at 3 K is that from Φ1 (ṽ1 = 12.9×103 or 

12.5×103 cm–1 for 17Cl or 17Br, respectively), T-elevation to 70 K gives rise to the increase in the contribution 

of the Φ2 emission (ṽ2 = 12.5×103 or 12.2×103 cm–1 for 17Cl or 17Br, respectively) and, thus, the observed ṽem 

is shifted to the lower-energy. Since further T-elevation leads to the participation of the Φ3 and Φ4 emissions, 

the observed emission spectrum of 17Cl or 17Br as the sum of the emissions from Φn (n = 1–4) shifts to the 

lower-energy as expected from the ṽ3 and ṽ4 values of 17Cl or 17Br: see Figure 4-15. In the case of 17I, on the 

other hand, since the energy order of ṽn (in cm–1) is ṽ4 (13.5×103) < ṽ3 (14.4×103) < ṽ1 (15.3×103) ≤ ṽ2 (15.4×103) 

and ΔE13 (120 cm–1) is relatively large compared to that of 17Cl (55 cm–1) or 17Br (68 cm–1), the main 

contributions to the emission spectrum of 17I in 3 K < T < 70 K are the Φ1 and Φ2 emissions and, thus, the ṽem 

value of the cluster is almost unchanged as seen in Figures 4-11 and 4-12. The emission spectrum of 17I shifts 

to the lower-energy owing to the participations of the Φ3 and Φ4 emissions above 70 K. These discussions 

demonstrate that the Φn model explains satisfactorily the emission characteristic of 17X in 3 K < T < 300 K and, 

therefore, the analysis of T-dependent emissions by the Φn model provides satisfactorily the zfs parameters. The  

detailed discussion on the zfs parameters are described in Chapter 5. 

The difference in ṽn between Φ1 and Φn (Δṽn) is governed by ΔE1n and the energy of the Franck-Condon 

ground state (S0(FC)) responsible for each Φn emission transition. Knowing ΔE1n and Δνn, the energy differences 

between the (S0(FC)) for the Φn emissions (ΔE’) are evaluated as the data are included in Figure 4-14. As 

mentioned in §3-4-5, ΔE’ will be determined by the displacement of the potential surface between the Φn level 

and the relevant (S0(FC)) along a vibrational coordinate. Ramirez-Tagle et al. have reported the computational 

calculations on the vibrational frequencies of [{Mo6X8}Y6]2–, and these clusters show active vibrations assigned 

to the Mo-Mo and Mo-X stretching modes in the ranges of 136–350 and 151–399 cm–1, respectively.[13] 
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Table 4-10. Contribution percentages (Φn%) of the Φn emissions to the observed spectra of [{Mo6X8}(n-

C3F7COO)6]2– in CH3CN at 298 K. 
 

 17Cl 17Br 17I 

Φ1 / % 

Φ2 / % 

Φ3 / % 

Φ4 / % 

0 

0 

44.9 

55.1 

0 

0 

71.5 

28.5 

0 

53.1 

47.4 

3.5 

 

Furthermore, while the stretching vibrational frequency of the Mo-O bond (coordinated O atom in the terminal 

ligand) has been reported to be 670 cm–1,[17] the present clusters show the IR bands at around 670 cm–1 

irrespective X. In the case of 17Cl and 17Br, the ΔE’ values were evaluated to be ~130, 290, and 670 cm–1, 

which might correspond roughly to the Mo-Mo, Mo-X, and Mo-O stretching frequencies, respectively. Since 

the excited state of the octahedral hexametal cluster has been reported to be best characterized by the {Mo6X8}-

core centered excited state,[13,18,19] the observation of ΔE’ relevant to the Mo-Mo, Mo-X, and Mo-O stretching 

modes might be reasonable. On the other hand, the ΔE’ values observed for 17I are very large (1090–3380 cm–

1), though the Mo-I stretching mode in {Mo6I8}4+ is 152–154 cm–1.[19-22] Similar to [{Mo6X8}Y6]2– described in 

Chapter 3, the participation of the ground states with different magnetic properties may explain such ΔE’ values. 

 

4-6. Terminal Ligand Effects on Temperature Dependent Emission Characteristics of [{Mo6Br8}-

(RCOO)6]2– 

4-6-1. Temperature Dependences of Emission Spectra  

Figure 4-17 shows the T-dependent emission spectra of the {Mo6Br8}4+ terminal aromatic carboxylate 

clusters (nALBr: 6Br, 8Br, 9Br, 11Br, 12Br, and 14Br) in the crystalline phases, and the T-dependences of the 

ṽem and fwhm values are shown in Figure 4-18. The ṽem values of nALBr except for 14Br were shifted to the 

lower-energy upon heating from 3 to ~70 K and, then, to the higher-energy above 70 K. Although the amounts 

of the T-dependent ṽem shifts in 3 K < T < 300 K are different between the clusters, the general features of the 

T-dependent emission shifts are common for these six clusters. In the case of 14Br, the T-dependent ṽem shift 

from 3 to 50 K was very small ((14.29–14.33) × 103 cm–1, Δṽem = 40 cm–1), while the ṽem value varied largely at 

around 50–60 K: 14.29 × 103 and 12.63 × 103 cm–1 at 50 and 60 K, respectively, Δṽem = 1660 cm–1. Above 60 

K, ṽem of 14Br was shifted gradually to the higher-energy accompanying by broadening of the spectrum much 

larger than the spectra of other clusters. Although the T-dependent emission shifts of 14Br are thus somewhat  

different from those of the other clusters, the general characteristics of the T-dependent emission shifts (i.e., 

lower-energy and subsequent higher-energy shifts upon T-elevation) are common for all clusters as mentioned 

above. 
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Figure 4-17. T-Dependences of the emission spectra of [{Mo6Br8}(RCOO)6]2– in the crystalline phases in 3 K 

< T < 300 K. Temperature variation is shown by the color gradation from black (3 K) to highlight (300 K). 

 

 

Figure 4-18. T-Dependences of the ṽem (left panel) and fwhm (right panel) values of (a) 6Br, 8Br, 9Br, (b) 11Br, 

12Br, and 14Br in crystalline phases. 
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4-6-2. Temperature Dependent Emission Lifetimes 

Although the emissions from nALBr in acetone at 300 K show single-exponential decay, those in the 

crystalline phases exhibit double-exponential decay irrespective of T (3 K < T < 300 K) as the emission decay 

profiles in acetone at 300 K and in the crystalline phases at several temperatures are reported in Figures 4-8 and 

4-19, respectively. Single-exponential emission decay of nALBr in acetone indicates that double-exponential 

emission decay of the clusters in the crystalline phases would not be due to impurities in the samples, but to the 

crystal packing effects on the emission decay profiles. In the case of [{Mo6Cl8}Cl6]2– (1Cl) and [{Mo6Br8}Br6]2– 

(5Br) in the crystalline phases, the ṽem values of the clusters have been reported to be dependent on nature of 

the counter cations (TBA/tetraethylammonium ion and TBA/Cs+ for the former and latter complexes, 

respectively),[14,18] which demonstrates participation of intermolecular interactions in the crystalline phases. 

Such intermolecular interactions sometimes result in an appearance of a short-lifetime component owing to 

excitation energy migration between the cluster molecules and subsequent energy trap at the defect sites in the 

crystals. Furthermore, excited triplet–triplet (T1–T1) annihilation is likely to proceed under pulsed-laser 

excitation to the crystalline cluster sample and this might result in an appearance of a short-lifetime component, 

although the excitation laser power in the present experiments is set as low as possible: < 10 μJ/pulse. In the 

present case, it is supposed that the short-lifetime components observed for the emission decay profiles in Figure  

4-19 would be due to intermolecular interactions and/or T–T annihilation in the crystalline phase. Therefore, 

the long-lifetime components were employed as τem in the following data analysis and discussion. The τem values 

of nALBr in the crystalline phases thus evaluated at a given T are summarized in Table 4-11 and the T 

-dependences of τem are shown in Figure 4-20. As seen in the figure, the τem values of the clusters at 3 K (740– 

 

 

Figure 4-19. Emission decay profiles of nBrAL in crystalline phases at 10, 100, 200, and 300 K. 
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Figure 4-20. T-Dependences of τem of nBrAL in the crystalline phases. The broken curves are the best fits of the 

τ(T) data by eq. 2-1 with the fitting parameters, ΔE1n and τn values, being shown in Figure 4-21. 

 

840 μs) decrease sharply upon T-elevation to 40–50 K (400–500 μs) and, then, decrease gradually with 

increasing T to 300 K (200–250 μs). Since such T-dependent τem characteristics have been also observed for 

[{Mo6X8}Y6]2–, [{Mo6X8}(n-C3F7COO)6]2–, [{Re6S8}X6]4– (X, Y = Cl, Br, or I), and [{W6Cl8}Cl6]2–, the τ(T) 

data of nALBr are also analyzed based on eq. 2-1.[14–16,24] 

 

4-6-3. Analysis of T-Dependent Emission Lifetimes by Spin-Sublevel Model. 

The results of the fittings of the τ(T) data on nALBr by eq. 2-1 are shown by the broken curves in Figure 4-20. 

As seen in Figure 4-20, the simulations reproduced very well the experimental observations with cc being 

0.998–0.999, affording the ΔE1n values of each cluster. The fitting parameters, ΔE1n (n = 3, 4), evaluated by the 

τ(T) data on nALBr are summarized in Figure 4-21. It is worth pointing out that a series of the terminal 

carboxylates in nALBr give the completely different ΔE13 and ΔE14 values: 40–120 and 545–810 cm–1, 

respectively. The ΔE13 and ΔE14 values increase in the sequence 14Br (40 and 545 cm–1) < 12Br (80 and 620 

cm–1) < 11Br (85 and 640 cm–1) < 9Br (110 and 710 cm–1) < 8Br (115 and 745 cm–1) < 6Br (120 and 810 cm–

1). The ΔE13 and ΔE14 values observed for 14Br are the smallest (40 and 555 cm–1, respectively), while those 

for 6Br are the largest (120 and 810 cm–1, respectively) among the relevant values of nALBr. Furthermore, since 

other {Mo6Br8}4+-core clusters show the ΔE14 values in the range of 635–720 cm–1, the ΔE13 and ΔE14 values of 

14Br and 6Br are the smallest and largest, respectively, among those of {Mo6Br8}4+-core clusters. The detailed 

discussions on the factors governing the zfs energies will be described in Chapter 5. 
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Table 4-11. T-Dependences of the emission lifetimes (longer-lifetime components) of [{Mo6Br8}(RCOO)6]2– 

(nALBr) in crystalline phases. 
 

T / K 6Br 8Br 9Br 11Br 12Br 14Br 

3.4 – 893 – – – – 

3.5 738 – 841 732 – – 

3.6 – – – – 781 769 

10 738 647 671 732 601 598 

20 631 595 613 576 538 547 

30 538 559 586 542 512 529 

40 467 538 559 529 503 503 

50 482 512 542 512 495 478 

60 419 495 521 486 478 460 

70 374 478 512 469 469 443 

80 362 473 495 460 460 421 

100 359 456 469 443 437 390 

120 341 428 443 417 424 365 

140 335 411 426 396 411 341 

160 322 383 396 364 386 324 

180 310 364 377 338 365 271 

200 306 341 347 302 341 268 

220 300 322 312 268 312 263 

240 296 297 293 238 288 258 

260 287 278 254 201 258 249 

280 278 249 233 172 228 240 

300 270 228 215 149 198 234 

 

 

4-6-4. Simulation of Emission Spectra by Spin-sublevel Model. 

On the basis of the ΔE1n data, one must reproduce the I(ṽ, T) data in Figure 4-17. Therefore, the I(ṽ, T) data 

were analyzed with the ΔE1n values and eqs. 2-2 and 2-3 as the results were shown in Figure 4-22, while the ṽn 

values were included in Figure 4-21. Similar to the T-dependences of 1X–3X and 17X, the observed emission 

spectra at a given T were reproduced almost satisfactorily (cc = 0.999) by the sum of those of the Φn spin-

sublevels. It is worth emphasizing that, although the energy order of Φn is Φ1 < Φ2 < Φ3 < Φ4, the sequence of 

ṽn is ṽ2 < ṽ3 < ṽ1 < ṽ4 irrespective of the cluster complex as seen in Figure 4-21. This indicates that the emission  
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Figure 4-21. zfs parameters of [{Mo6Br8}(RCOO)6]2–. 

 

transition from each Φn to S0 proceeds to the individual Franck-Condon vibrational level in S0 (S0(FC)) and 

each cluster complex possesses own energy gap between the S0(FC) levels: ΔE’ in Figure 4-21. The ΔE’ values 

with the relatively low frequencies (55–390 cm–1) could be assigned to the Mo-Mo and Mo-Br stretching modes 

in {Mo6Br8}4+-core.[33,34] High-resolution vibrational spectroscopy of the cluster would provide more detailed 

information on the vibrational modes characterizing the ΔE’ values. In the present stage of the investigations, 

however, it is difficult to assign the origin of the larger ΔE’ values ((1606–2025) cm–1) observed for nBrAL since 

the clusters show the intense emission and this disturbs resonance Raman spectroscopy. 

 

4-6-5. Origin of the Terminal Ligand Dependences of the Emission Properties: ṽem, τem , and Φem. 

The observed and simulated spectra of the clusters at 300 K are shown in Figure 4-23, while the 

contribution percentage of the Φn emissions to the observed spectrum are reported in Table 4-12. The emission  
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Figure 4-22. Simulations of the T-dependent emission spectra of [{Mo6Br8}(RCOO)6]2– in crystalline phases. 

The spectra shown by the black curves are the observed ones, while the simulated spectra are shown by the 

colors indicated in the figures.  

 

spectrum for a given terminal carboxylate cluster can be explained by the major contributions from the Φ3 and 

Φ4 emissions (30–40 and 40–45%, respectively) with the minor contribution from the Φ2 emission (20–25%). 

In the case of 6Br, for example, the contributions of the Φ3 and Φ4 emissions to the observed spectrum are 

comparable (38 and 42%, respectively) and dominant, while that from the Φ2 emission is almost half (20%) 

compared to the Φ3 and Φ4 percentages as mentioned above. Focusing on the contribution percentage of the Φ4 

emission (Φ4%), one can find that the Φ4% value depends on nature of the terminal carboxylate ligand and 

decreases in the sequence 14Br (44%) > 12Br (43%) > 11Br (42%) > 9Br (40%) ~ 8Br (40%) > 6Br (38%). It 

is worth emphasizing that the tendency mentioned above agrees well with the increasing order of the ΔE14 value 

and, thus, 14Br (545 cm–1) < 12Br (620 cm–1) < 11Br (640 cm–1) < 9Br (710 cm–1) < 8Br (745 cm–1) < 6Br 

(810 cm–1). The contribution of the emission from each Φn to the observed spectrum is determined by the thermal  

Boltzmann distribution at a given T. Furthermore, since present spectral analysis of the T-dependence of the 

 

Table 4-12. Contribution percentages (Φn%) of the Φn emissions to the observed spectra of nBrAL at 300 K. 
 

 6Br 8Br 9Br 11Br 12Br 14Br 

Φ1 / % 

Φ2 / % 

Φ3 / % 

Φ4 / % 

0 

19.8 

42.2 

38.0 

0 

22.8 

37.4 

39.8 

0 

26.4 

33.4 

40.2 

0 

23.1 

35.1 

41.8 

0 

23.6 

33.9 

42.5 

0 

24.1 

32.3 

43.6 
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Figure 4-23. Observed and simulated emission spectra of [{Mo6Br8}(RCOO)6]2– in crystalline phases at 300 K. 

The observed and simulated spectra are shown by the black and red colors, respectively. The relative 

contributions of the Φn emission spectra to the observed spectra of a given cluster are shown by blue (n = 2), 

cyan (n = 3), and magenta (n = 4). 

 

emission spectra demonstrates that nALBr possess the almost identical ṽ4 values (i.e., Δṽ4(14Br–6Br) = 90 cm–

1, while Δṽem = 230 cm–1) and ṽ4 is the highest energy emission, the larger Φ4% value leads to the higher energy 

emission at ambient temperature. The large population of Φ4 is the primary reason for the pKa(L) dependence 

of ṽem at ambient temperature shown in Figure 4-7. 

 

4-7. Conclusion 

This chapter described the X-ray structure, redox, spectroscopic, and photophysical properties of the 

terminal carboxylate clusters [{Mo6X8}L6]2– (X = Br or I, L = carboxylate, nBr or nI) in solution at ambient 

temperature. Both nBr and nI showed the large terminal carboxylate dependences of the X-ray structural, redox, 

and several photophysical properties: dMo-O, Eox, Ered, ṽem, τem, and Φem. The present study found that these 

properties showed the clear correlations with pKa(L), while those of the Ered and (Eox – Ered) values observed for 

12Br and 14Br showing quasi-one-step six-electron electrochemical reduction were exceptions. For example, 

the larger is the pKa(L) value (i.e., the stronger σ-donating ability of the terminal carboxylate), the HOMO 

energy level evaluated by the Eox value is more destabilized since the Eox value corresponds to the Mo2+/Mo3+ 

potential. According to the energy gap (ṽem) dependence of knr, furthermore, the ln(knr) values of nBr or nI 

correlated linearly with ṽem and, thereby, those are also governed by pKa(L). Such circumstances resulted in  

almost linear pKa(L) dependences of Φem and τem observed for both nBr and nI. However, the terminal ligand  
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Figure 4-24. Schematic illustrations of the emission spectra of [{Mo6Br8}(RCOO)6]2– given by (a) a small zfs 

energy and (b) a large zfs energy. The relative contributions of the Φn emission are shown by cyan (n = 3) and 

magenta (n = 4). 

 

dependence of ṽem of nBr or nI itself, which was the origin of pKa(L) dependent photophysical properties, could 

not be explained by the σ-donating ability of the terminal carboxylate alone and was needed to be discussed 

based on the relevant zfs parameters. All of the clusters studied in this chapter ({Mo6X8}4+-core clusters having 

n-perfluorobutylate terminal ligands ([{Mo6X8}(n-C3F7COO)6}]2–: 17X) and {Mo6Br8}4+-core clusters with the 

terminal aromatic carboxylates ([{Mo6Br8}(RCOO)6}]2–: nALBr)) showed large T-dependent emission 

characteristics (ṽem and τem) in 3 K < T < 300 K analogous to [{Mo6X8}Y6]2– described in Chapter 3. The Φn 

model explained satisfactory the T-dependences of the emission characteristics of 17X and nALBr, providing 

the zfs parameters. It was found that the splitting energies in the T1 states (ΔE13 and ΔE14 values) increased in 

the sequences X = Cl < Br < I for 17X and L = 3,5-dinitrobenzoate < 4-nitrobenzoate < 4-cyanobenzoate < 3,5-

dimethoxybenzoate < benzoate < 4-methoxybenzoate for nALBr. The energy order of ΔE13 or ΔE14 shown above 

for 17X or nALBr coincides with the size/mass of X or pKa(L) value, respectively. The larger is the ΔE14 value 

for a given L in nALBr or X in 17X, the smaller is the contribution of the emission from the highest-energy spin 

sublevels (Φ4) to the observed emission spectrum at 300 K with the sequence of Φ4% being L = 3,5-

dinitrobenzoate > 4-nitrobenzoate > 4-cyanobenzoate > 3,5-dimethoxybenzoate > benzoate > 4-

methoxybenzoate and X = Cl > Br > I. The ṽ4 value of nALBr is insensitive to nature of the terminal carboxylate 

ligand compared to the ṽem value of nALBr (i.e., Δṽ4(14Br–6Br) = 90 cm–1, Δṽem = 230 cm–1). Furthermore, 

since ṽ4 is the highest energy emission, the larger Φ4% leads to the higher energy emission at ambient 

temperature. For a given X, the weak σ-donation from the terminal ligand thus gives rise to the high-energy 

emission, resulting in the pKa(L) dependences of Φem or τem through the energy gap (ṽem) dependence of knr. 
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5-1.   Introduction 

Chapters 3 and 4 of the thesis described the photophysical properties of the terminal halide and carboxylate 

hexamolybdenum(II) clusters, [{Mo6X8}Y6]2– (X, Y = Cl, Br, or I) and [{Mo6X8}(RCOO)6]2– (X = (Cl), Br or 

I, RCOO = aromatic or aliphatic carboxylate) at various temperatures (T = 3–300 K). These chapters have 

demonstrated that the spin-sublevel Φn model can explain almost satisfactorily the T-dependences of the 

emission characteristics of the hexamolybdenum(II) clusters. Furthermore, the emission properties of these 

clusters at 298 K were explained very well by the zero-magnetic-field splitting (zfs) parameters estimated by 

the analysis of the T-dependent emission data based on the Φn model. In the case of these clusters, since it has 

been demonstrated that the zfs parameters primarily determine the emission properties at a given T in 3–300 K, 

the factors governing the zfs parameters of the clusters would be similar to those of the emission properties. 

When one can elucidate the factors governing the zfs parameters in the lowest-energy excited triplet (T1) state, 

it is expected that the emission properties of a hexamolybdenum(II) cluster would be controlled synthetically 

and, therefore, these are worth discussing and elucidating in detail. 

This chapter focuses on the zfs energies (ΔE1n) among several zfs parameters. To elucidate the factors 

governing the zfs parameters, the bridging and terminal ligand effects on the zfs energies of [{Mo6X8}Y6]2–, 

[{Mo6X8}(nC3F7COO)6]2–, and [{Mo6Br8}(RCOO)6]2– (see Figures 3-12, 4-14, and 4-21 in Chapters 3 and 4, 

respectively) are described in special references to the electronic structures of the clusters. Furthermore, it is of 

broad interests whether the experimental findings for the octahedral hexamolybdenum(II) cluster can also 

explain the zfs energy (the energy difference between the lowest- and highest-energy lying spin-sublevels) and 

relevant phosphorescence properties of an ordinary transition metal complex or not. This chapter therefore 

describes the general factors governing zfs in the T1 states of several platinum(II) complexes and their 

implications to the phosphorescence properties of the complexes: [Pt(C^N)(O^O)] and [Pt(C^N)(C^N)] (C^N 

and O^O = single cyclometalating and non-cyclometalating ligand, respectively; see Chart 5-1 for the structures 

and abbreviations). 

 

 

 

 

Chart 5-1. Structures and abbreviations of platinum(II) complexes [Pt(O^O)(C^N)] and [Pt(C^N)(C^N)].  
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5-2.   Factors Governing the zfs Energies in the T1 States of Hexamolybdenum(II) Clusters 

5-2-1. Bridging Ligand Effects on the zfs Energies in the Excited Triplet States 

The ΔE1n values (n = 3 and 4) described in Figures 3-12, 4-14, and 4-21 in Chapters 3 and 4, respectively, 

are summarized in Table 5-1. A close inspection of the data in Table 5-1 indicates that, for a given terminal 

ligand, the cluster having heavier (i.e., larger atomic number, Z) X atoms shows larger ΔE1n (n = 3, 4) values. 

In the case of an [{Mo6X8}Br6]2– (2X) or [{Mo6X8}(nC3F7COO)6]2– (17X) series as an example, ΔE13 and ΔE14 

increase in the sequence X = Cl (2Cl, ΔE13 = 51 and ΔE14 = 630 cm–1) < Br (2Br, 56 and 655 cm–1) < I (2I, 80 

and 780 cm–1) or X = Cl (17Cl, 55 and 650 cm–1) < Br (17Br, 68 and 720 cm–1) < I (17I, 120 and 1000 cm–1), 

respectively. Similar bridging ligand effects on ΔE13 or ΔE14 to those of 2X or 17X can be also found for a 1X 

and 3X series, whose ΔE14 (ΔE13) values range in 620–650 (50–55) and 730–1000 (70–120) cm–1, respectively. 

The results demonstrate clearly that the ΔE13 and ΔE14 values of the clusters, whose values are determined by 

the second- and first-order spin-orbit coupling (SOC), respectively, depend primarily on nature of the 

{Mo6X8}4+-core, and the heavier bridging ligands give rise to larger ΔE13 or ΔE14 values. The results will be 

very reasonable, since it has been reported theoretically that the T1 state of [{Mo6X8}X6]2– (X = Cl, Br, or I) is 

localized on the {Mo6X8}4+-core and the photophysical characteristics of the cluster are determined primarily 

by the electronic structures of the cluster-core.[1-17] 

An SOC parameter, ξ, is known to relate to the atomic number (Z) of a constituted atom in a molecule 

through eq. 5-1,[18,19] 

 

Table 5-1. zfs energies in the excited triplet states (ΔE13 and ΔE14) of [{Mo6X8}Y6]2– (1X–3X) and 

[{Mo6X8}(RCOO)6]2– (6Br, 8Br, 9Br, 11Br, 12Br, 14Br, and 17X). 
 

[{Mo6X8}Ln
6] 

ΔE14 (ΔE13) / cm–1 

X = Cl X = Br X = I 

n = 1–3 

L = halide 

1: 1Cl 650 (55)a 6950 (63)a 730 (70)a 

2: 1Br 630 (51)a 6550 (56)a 780 (80)a 

3: 1I 620 (50)a 6350 (53)a 870 (99)a 

n = 4–17 

L = carboxylate 

17: n-perfluorobutylate 650 (55)b 7200 (68)b 1000 (120)b 

6:1 4-methoxybenzoate – 810 (120)b – 

8: 1benzoate – 745 (115)b – 

9: 13,5-dimethoxybenzoate – 710 (110)b – 

11: 4-cyanobenzoate – 6400 (85)b – 

12: 4-nitrobenzoate – 6200 (80)b – 

14: 3,5-dinitrobenzoate – 5450 (40)b – 

a and b represent the data taken from Chapter 3 and Chapter 4, respectively. 
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where e, ℏ, m, a0, n, and l are the elementary electron charge, the reduced Planck constant, the mass of an 

electron, the Bohr radius, the principal and azimuthal quantum numbers of a molecule, respectively. Eq. 5-1 

demonstrates that the ξ value is proportional to the fourth power of an atomic number (Z). In the case of the T1 

state of [Ru(bpy)3]2+ or [Os(bpy)3]2+ (bpy = 2,2’-bipyridine), the ΔE13 value has been reported to be 61 or 210 

cm–1,[20,21] respectively. According to the Z and ξ values of a Ru (Z = 44, ξ = 1042 cm–1) or Os atom (76, 3381 

cm–1),[19] the relatively small ΔE13 value of [Ru(bpy)3]2+ compared to that of [Os(bpy)3]2+ will be the reasonable 

consequence. It is worth emphasizing again that the ΔE14 value of nX increases in the sequence X = Cl (1X) < 

Br (nBr) < I (nI), whose sequence agrees very well with those of the Z and ξ values of X: Z = 17 (Cl) < 35 (Br) 

< I (53) and ξ (in cm–1) = 587 (Cl) < 2460 (Br) < 5069 (I).[19] In order to check the relationship between the ΔE1n 

and Z4 values, the observed ΔE1n values were plotted against the Z4 values of X: ΔE1n vs. {Z(X)}4. As the results  

are shown in Figure 5-1, one obtains good linear correlations between ΔE1n (n = 3 and 4) and {Z(X)}4 

 

Figure 5-1. Relationships between the zfs energies in the excited triplet states (ΔE13 and ΔE14) of [{Mo6X8}Y6]2– 

(1X–3X) or [{Mo6X8}(nC3F7COO)6]2– (17X) and the fourth power of the atomic number of the bridging ligand 

({Z(X)}4). The broken lines represent regression between the two parameters.  
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irrespective of nature of the terminal ligands with R2 being 0.987–0.999 for the ΔE13 and ΔE14 data, respectively, 

demonstrating that SOC of the excited state cluster is determined primarily by nature of the bridging ligands 

(X) and, thus, {Z(X)}4. 

 

5-2-2. Terminal Ligand Effects on the zfs Energies in the Excited Triplet States 

Figure 5-1 and Table 5-1 demonstrate explicitly that the ΔE13 and ΔE14 values for a given {Mo6X8}4+-core 

cluster depend on nature of the terminal ligands. In the case of the {Mo6Br8}4+-core clusters (nBr), as an 

example, the ΔE13 and ΔE14 values increase in the sequence Y = I (3Br, 53 and 635 cm–1) < Br (2Br, 56 and 

655 cm–1) < Cl (1Br, 63 and 695 cm–1) for the terminal halide as well as L = 3,5-dinitrobenzoate (14Br, 40 and 

545 cm–1) < 4-nitrobenzoate (12Br, 80 and 620 cm–1) < 4-cyanobenzoate (11Br, 85 and 640 cm–1) < 3,5-

dimethoybenzoate (9Br, 110 and 710 cm–1) < benzoate (8Br, 115 and 745 cm–1) < 4-methoxybenzoate (6Br, 

120 and 810 cm–1) for the terminal aromatic carboxylate. The π or σ-donating ability of the terminal halide or 

carboxylate, respectively, increases in the sequence Y = I < Br < Cl or L = 3,5-dinitrobenzoate < 4-nitrobenzoate  

< 4-cyanobenzoate < 3,5-dimethoybenzoate < benzoate < 4-methoxybenzoate, respectively, and, thus, a 

decrease or increase in the ionic size of the halide or acid dissociation constant of the terminal RCOOH (pKa(L)), 

 

Figure 5-2. Relationships between the zfs energies in the excited triplet states (ΔE13 and ΔE14) of [{Mo6X8}Y6]2– 

(1X–3X) and the 95Mo NMR chemical shift of [{Mo6X8}Y6]2– whose data are taken from ref. 22–24. The broken 

curves represent regression between the two parameters.  
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respectively. It is worth noting that the stronger π/σ-donating ability of the terminal ligand gives rise to the larger 

ΔE13 and ΔE14 values. The results indicate that the zfs energies in the T1 state of the cluster are related closely 

to the electronic structures of the terminal ligands. Therefore, the relationship between the effective nuclear 

charge of the Mo atom(s) (Zeff) in the cluster and the zfs energies is worth discussing in detail. 

In the case of a non-hydrogen like atom, Z in eq. 5-1 should be replaced by Zeff = (Z – σ), where σ is a 

screening constant to the electron in an atomic orbital interested. Unfortunately, since the actual Zeff values of 

the Mo atoms in nX are not known, the 95Mo NMR chemical shifts of nX (n = 1–3) reported by Preetz and co-

workers[22-24] or pKa values of RCOOH in nBr (n = 6, 8, 9, 11, 12, and 14) are employed as a measure of Zeff of 

the Mo atom in the cluster for the following discussion. Then, the ΔE14/ΔE13 values of nX (n = 1–3) or nBr (n 

= 6, 8, 9, 11, 12, and 14) are plotted against the 95Mo NMR chemical shifts of the clusters or pKa(L), respectively. 

In the case of nX (n = 1–3), the ΔE14 and ΔE13 values increase with an increase in the 95Mo NMR chemical shift 

as shown in Figure 5-2 and, thus, a decrease in the d-electron density on the Mo atom in the cluster. For a given 

X, since the π-donating ability of a halide depends on its ionic size and increases in the sequence Y = I < Br < 

Cl, it is expected that the cluster with Y = Cl shows the highest d-electron density compared to the corresponding 

cluster with Y = Br or I, which is an opposite trend to what shown by the 95Mo NMR chemical shifts of nX (n  

 

Figure 5-3. Relationships between the zfs energies in the excited triplet states (ΔE13 and ΔE14) of 

[{Mo6X8}(RCOO)6]2– (6Br, 8Br, 9Br, 11Br, 12Br, and 14Br) and the pKa(L) values. The broken lines represent 

regression between the two parameters.  
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= 1–3). In the case of a [{Mo6X8}Y6]2– family, the smallest-sized terminal halide gives the shortest bond length 

between Mo and Y (dMo-Y) irrespective of X.[23-25] The shorter is the Mo-Y bond distance, the more effective is 

donation-back-donation between the Mo(II) and Y atoms, resulting in the lowest d-electron density of 1X (Y = 

Cl) as shown by the 95Mo NMR chemical shift of the cluster and, thus, leading to the largest zfs energies of 1X  

among those of nX (n = 1–3). 

In the case of [{Mo6Br8}(RCOO)6]2–, similarly, the ΔE14 and ΔE13 values increase with an increase in the 

pKa(L) value and, thus, an increase in the σ-donating ability of the terminal carboxylate. Very importantly, both 

ΔE13 and ΔE14 values are found to correlate very well with pKa(L) as shown in Figure 5-3. Since the {Mo6Br8}4+-

core is common in the present system, the variations of ΔE13/14 with pKa(L) will be also responsible for that of 

the effective nuclear charge (Zeff) of the Mo atom or {Mo6Br8}4+-core. In particular, the Zeff value of the Mo 

atom (Zeff(Mo)) coordinated with the O atom in RCOO would play important roles in determining ΔE13/14 

through σ-donation and π-back-donation between the Mo and O atoms. The stronger is the σ-donating ability 

of the terminal carboxylate ligand and, thus, the larger is the pKa(L) value, the stronger is π-back donation from 

the Mo metal center to the coordinating O atom. Therefore, the Zeff(Mo) will increase with an increase in pKa(L). 

The larger Zeff(Mo) or Zeff({Mo6Br8}) thus leads to the larger zfs energies between Φn in the emitting T1 state of 

the cluster.  

 

5-3.   Implications of zfs Energies to the Emission Properties of Hexamolybdenum(II) Clusters 

This thesis has demonstrated that the zfs parameters primarily determine the emission properties of the 

octahedral hexametal cluster. Knowing the factors governing the zfs parameters, one might control synthetically 

the emission properties of the clusters through tuning of the zfs parameters. Furthermore, since an octahedral 

hexametal cluster is used as luminophores in various photoluminescence researches owing to the high 

chemical/thermal stabilities and relatively easy synthetic procedures, detailed discussion on the implications of 

the zfs parameters to the phosphorescence properties of the clusters would receive broad interests. The emission 

properties (emission maximum energy (ṽem), quantum yield (Φem), and lifetime (τem)) of 1X–3X or nBrAL are 

thus plotted against the 95Mo NMR chemical shift or pKa(L). As shown in Figure 5-4, the photophysical 

properties of the clusters show the good correlations with 95Mo NMR chemical shift or pKa(L). Figure 5-4 

demonstrates that an increase in the d-electron density on the Mo atom(s) (i.e., large 95Mo NMR chemical shift)  

in 1X–3X accompanies the long-lived and bright emission from the cluster. In the case of nBrAL, in contrast, 

the high d-electron density (i.e., large pKa(L)) on the Mo atom(s) gives rise to the short-lived and weak emission. 

Such discussions indicate that the photophysical properties of the cluster cannot be explained by a single 

parameter, 95Mo NMR chemical shift or pKa(L).  

It is worth noting, however, that the marginal 95Mo NMR chemical shift or pKa(L) dependences of ṽem, Φem, 

and τem in Figure 5-4 are not fortuitous. The populations to the spin-sublevels in the T1 state of the cluster are 
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Figure 5-4. Relationships between the emission properties ((a)emission maximum energy, (b) quantum yield, 

and (c) lifetime) of [{Mo6X8}Y6]2– (1X–3X) and the 95Mo NMR chemical shift (left panel) or those of 

[{Mo6Br8}(RCOO)6]2– (nBrAL) and the pKa(L) value (right panel).  

 

determined by thermal Boltzmann distributions at a given T. Different from an ordinary transition metal 

complex, the zfs energy of the octahedral hexamolybdenum(II) cluster, in particular ΔE14, is much larger than 

the thermal Boltzmann factor (kBT, kB = Boltzmann constant) at ambient temperature. For instance, the kBT value 

at 300 K and the ΔE14 values of the present clusters are 209 cm–1 and 545–1000 cm–1, respectively. In the case 

of an octahedral hexamolybdenum(II) cluster at 300 K, therefore, all of the spin-sublevels in the T1 state cannot 

contribute equally to the observed emission and the relative population percentages to each spin-sublevel at a 

given T should be considered. For a given X in the terminal halide cluster [{Mo6X8}Y6]2–, as examples, the 

emission spectra of [{Mo6Br8}Y6]2– (nBr) at 300 K are the sum of the Φ3 and Φ4 emissions with different 

contribution percentages: Φ3 and Φ4 = 54.5 and 45.5% for 1Br; 52.9 and 47.1% for 2Br; 42.7 and 57.3% for 

3Br. Furthermore, the large zfs energies (i.e., ΔE13 and ΔE14) of the cluster give rise to the higher-energy Φ3 and 

Φ4 emissions from [{Mo6Br8}Y6]2–. The small and large contributions from the lower-energy Φ3 and higher-

energy Φ4 lying spin-sublevels, respectively, to the observed emission spectrum thus leads to the lower-energy 

emissions from 1X–3X: see Figure 3-16 in Chapter 3. For a given X in the terminal carboxylate cluster 

[{Mo6Br8}(RCOO)6]2– (nBrAL) similar to the terminal halide clusters, the emission spectra at 300 K are 
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composed of the Φ3 and Φ4 emissions and the contribution of the Φ3 emission to the observed spectrum 

decreases with an increase in the zfs energy. In the case of the terminal carboxylate cluster, however, the ṽ3 and 

ṽ4 values are almost comparable contrarily to those of the terminal halide clusters. The small Φ3 and large Φ3 

contributions to the observed emission spectra originated from the large zfs energies thus lead to the lower-

energy emissions from nBrAL: see Figure 4-24 in Chapter 4. Such discussions described in §3-4-6 and §4-6-5 

explain very well the ṽem values of 1X–3X and nBrAL at 300 K. Furthermore, it has been also demonstrated that 

the Φem and τem values of 1X–3X for a given X or nBrAL are determined by the relevant ṽem values since the 

radiative rate constant (kr) of the octahedral hexamolybdenum(II) cluster is rather insensitive to the terminal 

ligand structure, while the nonradiative rate constant (knr) of the cluster shows a ṽem dependence: energy gap 

dependences of knr in Figures 3-5 and 4-10. The primary origin of the opposite d-electron density dependences 

of the emission properties between those of the terminal halide and terminal carboxylate clusters is thus the 

different effects of the zfs energies on ṽem (or ṽn). 

 

5-4.   Origin of the Characteristic zfs Energies of Hexamolybdenum(II) Clusters 

The ΔE14 values of the present hexamolybdenum(II) clusters range in 545–1000 cm–1, while the zfs 

energies in the T1 states of ordinary mononuclear transition metal complexes are in the range of ~0–170 cm–

1.[21] For example, the zfs energy of [Rh(bpy)3]2+, [Pt(ppy)2], [Ru(bpy)3]2+, or [Ir(ppy)3] (bpy = 4,4’-bipyridine, 

ppy = 2-phenylpyridine) is reported to be 0.04, 32, 61, or 170 cm–1, respectively.[25–28] Since the zfs energies in 

the T1 states of hexatungsten(II) and hexarhenium(III) clusters are comparable to those of the 

hexamolybdenum(II) clusters,[29,30] the surprisingly large zfs energy of an octahedral hexametal cluster 

demonstrated in the present study would be the inherent character to a polynuclear transition metal complex.  

The main structural unit of a hexamolybdenum(II) or hexatungsten(II) cluster is {M6X8}4+ (M = Mo(II) or 

W(II), X = Cl, Br, or I), and the very heavy six metal atoms sit closely in the {M6X8}4+-core to form the metal-

metal bonds. Furthermore, the molecular orbitals of the clusters are responsible for the delocalized electrons in 

the {M6X8}4+-core, where the electrons are distributed equally to each metal atom or bridging ligand owing to 

high molecular symmetry.[15,31] These structural and electronic characteristics indicate that the {M6X8}4+-core 

would behave as a single atom or a superatom reported sometimes for a polynuclear metal complex having 

metal-metal bonds.[32–35] In the case of Au clusters, as an example, a closed shell electronic structure similar to 

that of a noble gas atom is necessary to confine the electrons in the polynuclear metal unit.[34] In contrast, the 

number of the total valence electrons in a metal octahedron (M6 unit) or cluster core ({M6X8}4+ unit) is 24 or 

40, respectively, which is a closed shell structure different from that of a noble gas atom. Therefore, although 

the {M6X8}4+-core is not a perfect superatom, the {M6X8}4+-core could behave as a pseudo-superatom owing to 

the electrons confined in the {M6X8}4+-core.  

According to the second-order perturbation theory described in Chapter 1, spin-orbit coupling (SOC) is the  
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Figure 5-5. Schematic illustrations of HSO of an octahedral hexamolybdenum(II) cluster and a platinum(II) 

complex. The Zeff value was calculated based on the ionization energy of the metal ion (IEMo2+ = 27 eV, IEPt2+ = 

28 eV)[39] and the electron affinity of the halide (EACl– = 3.6 eV, EABr– = 3.4, EAI– = 3.1)[39] through the following 

equation; IE or EA = –(Zeff
2/n2)Ry, where Ry is the Rydberg constant (13.61 eV). The background colors of the 

structures represent the significance of HSO. Metal and other atoms are colored in red and gray, respectively. 

 

dominant factor determining the zfs energy in the T1 state of a transition metal complex,[36,37] and Hamiltonian 

of SOC (HSO) is given by eq. 5-2,[38] 
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where α is a fine structure constant, S and L are orbital and angular momentum operators for an electron i and a 

nucleus A, respectively.[36] Since eq. 5-2 demonstrates HSO in a multi-electron configuration system is given by 

the sum of Zeff of the atoms constituting of an molecule, the heavier is the atom(s) constituting an molecule, the 

stronger is the strength of SOC generated. Indeed, under the assumption that an {M6X8}4+-core is a pseudo-

superatom, the sum of Zeff of the atoms constituting a hexamolybdenum(II) cluster explains well the differences 

in the zfs energies of the hexamolybdenum(II) cluster and the mononuclear platinum complex as demonstrated 

in Figure 5-5. Superatom-like behavior of the {M6X8}4+-core therefore increases the effective nuclear charge, 

leading to the very large zfs energies in the T1 state of the octahedral hexametal clusters relative to those of other 

mononuclear transition metal complexes.  

 

5-5.   Factors Governing zfs Energies in the T1 States of Platinum(II) Complexes 

5-5-1. 195Pt NMR Spectroscopy of Luminescent Platinum(II) Complexes 

The zfs energies in the T1 states of 1Pt–5Pt reported by Yersin et al. are summarized in Table 5-2.[21] The 

zfs energies of 1Pt–5PT are sensitive to nature of the ligand structure and vary in ~0–36 cm–1. In general, the 

combination of an O^O or C^N ligand with a Pt(II) ion provides the small zfs energy compared to those of other  
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Table 5-2. zfs energies and 195Pt NMR chemical shifts of nPt in CDCl3 relative to that of K2PtCl4 in D2O. 
 

Complexes 1Pt 2Pt 3Pt 4Pt 5Pt 

zfs / cm–1 ~1a 4.3a 11.5a 16a 32a 

δ(195Pt) / ppm  –1148 –1165 –1219 –1524b –1518b 

a, b) The data taken from ref. 21 and 40, respectively. 

 

ligand–Pt(II) ion combinations, and the complex having two C^N ligands (i.e., homoleptic complex) shows the 

largest zfs energy among those of the platinum(II) complexes hitherto reported.[21] For a given ligand in the 

heteroleptic O^O-C^N and homoleptic C^N-C^N platinum(II) complexes, furthermore, the zfs energy increases 

in the sequence benzo[h]quinoline < 2-(2-thienyl)pyridine < 2-phenylpyridine. The zfs energy of an ordinary 

transition metal complex has been reported to correlate closely to the d-electron character in the T1 state and 

increases in the sequence 3(ππ*) < admixture of 3(ππ*)/3(MLCT = metal-to-ligand charge transfer) < 3(MLCT) 

excited states.[21] Furthermore, it was demonstrated that the zfs energies of the octahedral hexamolybdenum(II) 

cluster show the 95Mo NMR chemical shift or pKa(L) dependence through variation of the effective nuclear 

charge on the Mo(II) atom(s) and, thus, the d-electron density on Mo(II). The present study has therefore focused 

on the NMR chemical shift of the metal atom in a transition metal complex as a measure of the d-electron 

density on the metal atom. 

Figure 5-6a shows the 195Pt NMR spectra of 1Pt–3Pt in CDCl3 at ambient temperature, and the 195Pt NMR 

chemical shifts of 1Pt–5Pt are summarized in Table 5-2, together with the relevant zfs energies reported by 

Yersin et al.[21] As seen in Table 5-2, the heteroleptic O^O-C^N platinum(II) complexes (1Pt–3Pt) show the 195Pt 

NMR signals in the higher magnetic field side compared to that of the homoleptic C^N-C^N platinum(II) 

complex (4Pt or 5Pt) though the complexes possess the same C^N ligand. For a given ligand in the heteroleptic  

 

 

 

 

 

 

 

 

 

 

Figure 5-6. (a) 195Pt NMR spectra of 1Pt (green), 2Pt (red), and 3Pt (black) in CDCl3 at 293 K. (b) Relationship 

between 195Pt NMR chemical shift and zfs energy of 1Pt–5Pt. The chemical shift is relative to that of K2PtCl4 

in D2O at 293 K. 
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O^O or homoleptic C^N platinum(II) complex, furthermore, the 195Pt NMR chemical shifts of 1Pt–5Pt increase 

in the sequence benzo[h]quinoline(1Pt) < 2-(2-thienyl)pyridine (2Pt, 4Pt) < 2-phenylpyridine (3Pt, 5Pt). It is 

worth noting that the tendency in the ligand dependence of the zfs energy or 195Pt NMR chemical shift coincides 

very well with each other. Thus, the 195Pt NMR chemical shifts of 1Pt–5Pt were plotted against the relevant zfs 

energies. As seen in Figure 5-6b, an increase in the 195Pt NMR chemical shift gives rise to an increase in the zfs 

energy with the clear correlation between the two parameters. It is worth emphasizing that the results in Figure 

5-6b are quite similar to those observed for the octahedral hexamolybdenum(II) clusters shown in Figure 5-2, 

indicating that the zfs energy of an ordinary mononuclear transition metal complex is also closely related to the 

d-electron density on the metal atom similar to that of the octahedral hexamolybdenum(II) cluster. Chapter 5 

has described that the origin of the NMR chemical shift dependence of the zfs energy is the effective nuclear 

charge of a metal center. Since the effective nuclear charge of a metal ion is predictable by fundamental density 

functional theory (DFT) calculations, the correlation between the zfs energy and effective nuclear charge of the 

metal center in a transition metal complex is worth discussing based on the DFT calculations on Zeff. 

 

5-5-2. DFT Calculations of the Structures and Effective Nuclear Charges in the T1 States of the 

Platinum(II) Ions in Luminescent Platinum(II) Complexes 

The structure optimizations of 1Pt–5Pt by DFT calculations were conducted based on the X-ray crystal 

structures of the complexes.[40,41] The selected bond lengths in the optimized structures of 1Pt–5Pt are 

summarized in Table 5-3. Although the present calculation level of the theory (i.e., CAM-B3LYP/SDD, 6- 

311G++(d,p)) has resulted in the slightly elongated bond length compared to the relevant value in the X-ray 

crystal structures, the calculated bond length is qualitatively in good agreement with the relevant value in the 

X-ray crystal structure. In the case of the O^O-C^N complexes (1Pt–3Pt), as an example, the bond length 

between the platinum atom and the ligating carbon, nitrogen or oxygen (dPt-C, dPt-N, or dPt-O, respectively)  

decreases in the sequence 2Pt < 3Pt < 1Pt for dPt-C(DFT) and dPt-N(DFT), 1Pt < 2Pt < 3Pt for dPt-O(DFT), 2Pt 

< 1Pt for dPt-C(X-ray) and dPt-N(X-ray), or 1Pt < 2Pt for dPt-O(X-ray). The results demonstrate that the present 

 

Table 5-3. Selected average bond lengths in the optimized and X-ray crystal structures of 1Pt–5Pt. 
 

 SDD, 6-311G++(d,p)  Crystal Structure 

 dPt-C / Å dPt-N / Å dPt-O / Å  dPt-C / Å dPt-N / Å dPt-O / Å 

1Pt 1.989 2.032 2.070  1.989a 1.983a 2.031a 

2Pt 1.974 2.034 2.074  n.d. n.d. n.d. 

3Pt 1.979 2.019 2.082  1.948a 1.979a 2.036a 

4Pt 2.062 2.223 –  n.d. n.d. – 

5Pt 2.064 2.203 –  1.993b 2.128b – 

a, b) The data compiled from ref. 40 and 41, respectively. 
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Table 5-4. Calculated and reported Zeff values of several 4d-metal atoms (left; Mo–Rh, right; Pd–Cd). 
 

 Effective nuclear charge (4d)   Effective nuclear charge (4d) 

 Present method Reported[42]   Present method Reported[42] 

Mo 4.2505 3.1110  Pd 6.8500 3.6476 

Tc 4.9008 3.2205  Ag 7.5001 3.8064 

Ru 5.5505 3.3470  Cd 8.1500 3.9692 

Rh 6.2009 3.4937     

 

calculation level of the theory reproduced adequately the experimentally observed structures and, therefore, 

these optimized structures are employed for further detailed DFT calculations. 

It has been shown that the zfs energies (ΔE13 and ΔE14) of the octahedral hexamolybdenum(II) cluster 

correlate very well with the relevant 95Mo NMR chemical shift. This has demonstrated that the ΔE13 or ΔE14 

value is determined primarily by the d-electron density on the Mo atom(s) and, thus, by the effective nuclear 

charge on the Mo atom(s) (Zeff(Mo)). Similar to the octahedral hexamolybdenum(II) clusters, since the zfs 

energies of the present platinum(II) complexes show clear correlation with the relevant 195Pt NMR chemical 

shifts, the Zeff(Pt) values of a series of the platinum(II) complexes are interested and worth investigating in more 

detail. Koseki has reported that the DFT calculations of the Zeff values of heavy diatomic molecules based on 

effective core potential (ECP) basis sets, though the calculations involve 30% errors compared to the 

experimental values due to the absence of relativistic effects considerations.[38] Since the present study focuses 

on the demonstration of the importance of Zeff in determining the zfs energy in the T1 state of a transition metal 

complex, rough evaluation of the Zeff value of a targeted complex will be enough for the present purpose of the 

study. Therefore, the present study has employed the method analogous to the report by Koseki and, thus, 

employed the combination of ECP based DFT calculations and the Slater’s rule. Briefly, the number of the 

electron in the core and valence orbitals (4d) of a platinum ion is estimated by the natural population analysis 

in the ECP-based DFT calculations and, then, the Zeff value of the Pt(II) ion is calculated based on the Slater’s 

rule. Since such a method has not been hitherto reported, the validity of the present method is worth checking 

to discuss the results on the Pt(II) complexes. Therefore, the Zeff values of several 4d-metal atoms in the valence 

orbitals (4d orbitals) have been estimated by the present method as the results are summarized in Table 5-4, 

together with those reported by Clementi et al.[42] As seen in Table 5-4, the present method overestimated the 

Zeff value and the error of the results increases with an increase in the atomic number owing to the absence of 

relativistic effects in the calculations. However, since the Zeff values calculated by the SCF method reported by 

Clementi et al. and the present method correlate very well with each other as shown in Figure 5-7 (cc = 0.995), 

the Zeff value evaluated by the present method is qualitatively reasonable and could be employed to discuss the 
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Figure 5-7. Relationship between the calculated Zeff values by SCF[42] and the present method. 

 

relationship between the Zeff value and the zfs energy of the Pt(II) complex. The Zeff values of the platinum 

atoms (Zeff(Pt)) in 1Pt–5Pt have been therefore calculated based on ECP-based DFT calculations. 

The Zeff(Pt) values of 1Pt–5Pt in the T1 states estimated by the present method are summarized in Table 5-

5. The calculated Zeff(Pt) value ranges in 3.72–3.90 and the ligand dependence of the value is not significant. 

However, the variation of the Zeff(Pt) value by the ligand and/or ligand combination gives the different Zeff(Pt) 

values. For a given ligand in the heteroleptic O^O-C^N or homoleptic C^N-C^N platinum(II) complex, as an 

example, the Zeff(Pt) value increases in the sequence benzo[h]quinoline(1Pt) < 2-(2-thienyl)pyridine (2Pt, 4Pt) 

< 2-phenylpyridine (3Pt, 5Pt). Furthermore, the homoleptic C^N-C^N platinum(II) complex (4Pt or 5Pt) shows 

the larger Zeff(Pt) value than that of the heteroleptic O^O-C^N platinum(II) (1Pt–3Pt). It is worth emphasizing 

that the ligand dependence of Zeff(Pt) is analogous to that of the 195Pt NMR chemical shift. Since the ligand 

dependence of the zfs energy shown in Table 5-2 would be originated from the d-electron density on the Pt(II) 

ion and is reflected by the effective nuclear charge, the Zeff(Pt) values of 1Pt–5Pt are plotted against the relevant 

zfs energies. As seen clearly in Figure 5-8, the larger Zeff(Pt) value gives rise the larger zfs energy. The results  

demonstrate that the zfs energy in the T1 state of a transition metal complex is determined by the effective 

nuclear charge of the metal center, irrespective of a metal atom and a ligand structure. Furthermore, the present 

study has demonstrated that the zfs energy of a transition metal complex could be evaluated and predicted based 

on simple DFT calculations though the accuracy of the present method should be improved in near future to 

compare the zfs energies of various transition metal complexes having different metal atoms and ligands. 

 

Table 5-5. Calculated Zeff(Pt) values of 1Pt–5Pt in the T1 states. 
 

Complexes 1Pt 2Pt 3Pt 4Pt 5Pt 

Zeff(Pt) 3.7149 3.7278 3.7422 3.8716 3.8992 
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Figure 5-8. Relationship between the fourth power of the effective nuclear charges on the platinum atoms in 

the excited triplet states of 1Pt–5Pt and the relevant zfs energies. 

 

5-6.   Implications of the zfs Energies to the Phosphorescence Properties of the Platinum(II) Complexes  

This study has demonstrated experimentally that zfs in the T1 state of a transition metal complex is related 

strongly with the effective nuclear charge of the metal atom(s) concerned and this determines the zfs energy(ies). 

In the case of an octahedral hexametal cluster, it has been also shown that the zfs energies determine the emission 

characteristics of the clusters as described in §3-4-6 and §4-6-5. Furthermore, the photophysical properties of 

the octahedral hexamolybdenum(II) cluster at 298 K are determined primarily by the emission maximum energy 

(ṽem) through the energy gap dependence of knr (i.e., ln(knr)∝ṽem) as described in §3-3-3 and §4-4, leading to the 

95Mo NMR chemical shift or pKa(L) dependence of the emission properties as shown in Figure 5-4. It is expected 

that the photophysical properties of the platinum(II) complex are also governed and explained by the factors 

governing zfs in the T1 states similar to those of the octahedral hexamolybdenum(II) cluster. Furthermore, the 

elucidation of the factors governing the photophysical properties of an ordinary transition metal complex, 

represented by a Pt(II) complex, will be received broad interests, which is worth investigating in detail. 

The emission spectra and decay profiles of 1Pt–3Pt in acetonitrile at 298 K are shown in Figure 5-9, while 

the photophysical properties of the complexes are summarized in Table 5-6, together with those of 4Pt reported 

by Maestri et al.[19] Unfortunately, the emission data on 5Pt have not been collected since the complex is non-

emissive at ambient temperature.[22] As seen in Table 5-6, the emission maximum energy (ṽem), lifetime (τem) 

and quantum yield (Φem) of 1Pt–4Pt vary in ṽem = (17.30–20.62) × 103 cm–1, τem = 2.2–20.3 μs, and Φem = 0.095–

0.305, respectively, and decreased in the sequences ṽem = 3Pt > 1Pt > 2Pt > 4Pt, τem = 2Pt > 1Pt > 3Pt > 4Pt, 

and Φem = 2Pt > 4Pt > 3Pt > 1Pt. In these data, one cannot find any common tendency in the ligand dependences 

or the correlation with the relevant zfs energy of the complex. It is worth noting that, on the other hand, the  

radiative rate constant (kr) of the complex increases with an increase in the zfs energy in the sequence kr = 1Pt 
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Table 5-6. Emission properties of 1Pt–4Pt in nitrile solvent at ambient temperature. 
 

 1Pt 2Pt 3Pt 4Pt[43] 

ṽem / 103 cm–1 

(λem / nm) 

19.53 

(512) 

17.92 

(558) 

20.62 

(485) 

17.30 

(578) 

τem / μs 18.4 20.3 3.3 2.2 

Φem 0.095 0.305 0.200 0.30 

kr / 103 s–1 0.52 1.50 6.06 13.6 

knr / 103 s–1 4.92 3.42 24.2 31.8 

 

(zfs = ~1 cm–1) < 2Pt (4.3) < 3Pt (11.5) < 4Pt (16). In practice, the kr values of 1Pt–4Pt show the linear 

correlation with the relevant zfs energies as shown in Figure 5-11a. Furthermore, interestingly, Figure 5-11 (b, 

c) demonstrates that the 195Pt NMR chemical shift and the Zeff(Pt)4 value evaluated by the DFT calculations also 

show the clear correlation with the kr value and, therefore, with the zfs energy. Analogous to the octahedral 

hexamolybdenum(II) cluster, the results clearly demonstrate that zfs in the T1 state is the significant factor 

determining the emission properties of the Pt(II) complexes and this suggests that the phosphorescence 

properties of a platinum(II) complex could be also controlled synthetically based on the zfs in the T1 state. 

The population to each spin-sublevel in the T1 state of a complex is determined by the thermal Boltzmann 

distribution at a given T. In the case of a transition metal complex, the thermal Boltzmann factor (kBT) at ambient 

temperature is in general larger than the zfs energy of the complex. For instance, the kBT value at 298 K and the 

zfs energies of ordinary transition metal complexes are 207 cm–1 and 1–170 cm–1, respectively.[21] This indicates 

that all of the spin-sublevels of the complex contribute almost equally to the observed emission at 298 K and, 

thereby, the emission properties of the complex at 298 K are characterized directly by the zfs parameters. 

 

 
Figure 5-10. Emission spectra (a) and decay profiles (b) of 1Pt–3Pt (1Pt, green; 2Pt, red; 3Pt, blue) in CH3CN 

at 298 K. The areas of the emission spectra correspond to the emission quantum yields. 
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Figure 5-11. Relationships between the radiative rate constant and (a) the zfs energy, (b) the 195Pt NMR chemical 

shift, and (c) the fourth power of the effective nuclear charge of the platinum atom in the T1 state. 

 

According to the perturbation theory, the electronically singlet (Sn, n = 1, 2, 3,∙∙∙) and lowest-energy emitting 

excited triplet (T1) states are mixed and coupled by SOC and, when one considers the lowest-energy S1 and T1 

states for simplicity, the mixing coefficient is given by eq. 5-3,[21] 

                                   (5-3) 

where HSO, Φ(1S1 or 3T1), and E(1S1 or 3T1) are the Hamiltonian for SOC, the wave function of the S1 or T1 state, 

and the energy of the S1 or T1 states, respectively. Eq. 5-3 demonstrates that the stronger SOC and the smaller 

S1–T1 energy gap leads to more efficient mixing of the S1 and T1 states. As seen in eq. 5-2, HSO is closely related 

to Zeff(M) (M = metal) and Zeff(M) determines the zfs energy. Furthermore, since the phosphorescence process 

of a transition metal complex with the rate constant, kr, involves spin-inversion, more effective mixing between 

the S1 and T1 states leads to the larger kr value. Furthermore, since the platinum(II) complex with a larger kr 

value shows a shorter τem value, it is thus reasonable that a larger zfs energy (i.e., stronger SOC) accompanies a 

larger kr value.  

 

5-7.   Conclusions 

This chapter described the factors governing the zfs energies and the implications of the zfs energies to the 

phosphorescence properties of the octahedral hexamolybdenum(II) clusters and the platinum(II) complexes. For 

a given terminal ligand in the octahedral hexamolybdenum(II) cluster, the zfs energies (ΔE13 and ΔE14) increased 

with an increase in the atomic number of the bridging ligand irrespective of the terminal ligands. Furthermore, 

for a given bridging ligand, the stronger electron-donating terminal ligand in the cluster gave rise to the larger 

zfs energies. The 95Mo NMR chemical shift or pKa(L) dependences of the zfs energies of the clusters 

demonstrate that the d-electron density on the Mo atom(s) primarily determines the zfs energies. Very 

importantly, the findings similar to the octahedral hexametal clusters were also confirmed for the mononuclear 
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platinum(II)) complexes, demonstrating that one of the factors governing the zfs energy(ies) of the transition 

metal complex is the electron density on the metal atom(s). In the case of the octahedral hexamolybdenum(II) 

cluster, reflecting the zfs energies sensitive to the d-electron density on the Mo atom, the photophysical 

properties showed the clear 95Mo NMR chemical shift or pKa(L) dependence. The terminal halide cluster 

becomes strongly emissive with an increase in the d-electron density on the Mo atom(s) (i.e., increase in the zfs 

energies), while the terminal carboxylate cluster with the low d-electron density on the Mo atom(s) results in a 

weak emitter. The opposite trend seen in the zfs energy dependences of the photophysical properties of the 

hexamolybdenum(II) clusters was explained satisfactorily by the different contribution percentages of the Φn 

emissions to the observed emission. In the case of the terminal halide cluster, the small and large contributions 

from Φ4 and Φ3 owing to the large zfs energies gives rise to the higher energy emission, since the larger is the 

zfs energies for a given bridging ligand, the higher is the emission energy of the spin-sublevel. For a given X in 

the terminal carboxylate cluster, the contribution of the Φ3 emission to the observed spectrum decreases with a 

decrease in the zfs energies similar to the results on the terminal halide clusters. In the case of the terminal 

carboxylate cluster, however, the emission energy of the spin-sublevel is not affected by the carboxylate terminal 

ligands, leading to the lower-energy emission of the cluster due to the larger zfs energies. Interestingly, it has 

been demonstrated furthermore that the radiative rate constant of the platinum(II) complex is shown to correlate 

very well with the relevant zfs energy, which is explained by both the almost equal contributions of the spin-

sublevels to the observed emission and strong SOC induced by the low d-electron density on the platinum atom. 
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6-1. General Conclusions 

In the present study, thirty-four octahedral hexamolybdenum(II) clusters including twenty-one new and 

novel clusters were synthesized, and the X-ray structural, redox, spectroscopic, and photophysical properties of 

these hexamolybdenum(II) clusters at ambient temperature were described in detail. Among these thirty-four 

clusters, furthermore, the temperature (T)-dependences of the emission characteristics of the seventeen 

[{Mo6X8}Y6]2– or [{Mo6X8}L6]2– clusters having a series of the bridging (X = Cl, Br, or I) or terminal ligands 

(Y = Cl, Br, or I; L = carboxylate) were investigated in the T range of 3 K < T < 300 K. The analysis of the T-

dependent emission data of these clusters were successful by the four spin-sublevel (Φn) model and this provided 

the factors determining zero-magnetic-field splitting (zfs) in the lowest-energy excited triplet (T1) state of the 

cluster.  

Zfs in the T1 state of a transition metal complex is responsible for spin-orbit coupling (SOC) and the 

strength of SOC is determined by nature of the atoms composed of a molecule. Furthermore, it has been 

demonstrated that the emission lifetime of a transition metal complex correlates with the relevant zfs energy in 

the T1 state. These results indicate that the emission characteristics of a transition metal would be controlled by 

the relevant zfs energy in the T1 state and, thus, nature of the constituting atoms of the complex, though a 

quantitative discussion on such a relationship has not been hitherto reported. Besides the interpretation of the 

emission characteristics of a transition metal complex, various guidelines on design of phosphorescent transition 

metal complexes have been hitherto reported toward development of further bright luminescent materials. 

Unfortunately, however, these are phenomenological results predicted from the relationship between the 

molecular structures and their properties. Different from these studies, the investigation on zfs in the T1 state of 

a transition metal complex enables one to provide deep insight into the origin of the emission characteristics of 

a transition metal complex and, therefore, is worth investigating in detail. These research back grounds and the 

experimental procedures including the synthesis of the cluster samples were described in Chapters 1 and 2, 

respectively. The principal experimental results and conclusions are as follows.  

In Chapter 3, the redox, spectroscopic, and photophysical properties of the terminal halide clusters 

[{Mo6X8}Y6]2– (X, Y = Cl, Br, or I) in solution and/or crystalline phases at ambient temperature were described. 

The redox, spectroscopic and photophysical properties of these clusters depended highly on nature of the 

bridging (X) and terminal halide ligands (Y). As an example, the redox potential difference of the complex, 

(Eox–Ered), for given X and Y decreased in the sequence X, Y = Cl > Br > I. Therefore, the stronger π-electron 

donating ability of X/Y gives rises to a larger (HOMO – LUMO) energy gap, resulting in the X/Y dependence 

of the lowest-energy absorption band. The X/Y dependences of the emission properties, on the other hand, could 

not be explained by the π-electron donating ability of X/Y alone. In particular, the emission maximum energy 

(ṽem) showed a higher- or lower-energy shift for an X (for given Y) or Y variation (for given X), respectively, 

which was then discussed based on the zfs energies in the T1 states of the clusters. The investigations of the T-
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dependent emissions and their analysis by the four-spin-sublevel (Φn) model revealed that the zfs energies in 

the T1 states (ΔE13 and ΔE14 values) increased in the sequences X = Cl < Br < I and Y = I < Br < Cl for given Y 

and X, respectively. The larger ΔE14 value for a given X or Y series gave rise to the smaller contribution of the 

emission from the highest-energy spin-sublevels (Φ4) to the observed emission spectrum at 300 K with the 

sequence of Φ4% being X = Cl > Br > I or Y = I > Br > Cl for given X or Y, respectively. The results demonstrate 

that the larger zfs energy in the T1 state of the cluster leads to a higher-energy emission. Furthermore, the 

emission lifetime (τem) and the emission quantum yield (Φem) of the cluster with a given X were shown to be 

controlled synthetically by the ṽem value through the energy gap (ṽem) dependence of the nonradiative rate 

constant (knr) and, thus, this explained the zfs energy dependences of Φem and τem. 

Chapter 4 described the X-ray structural, redox, spectroscopic, and photophysical properties of the terminal 

carboxylate clusters [{Mo6X8}L6]2– (X = Br or I, L = carboxylate) in solution and/or crystalline phases at 

ambient temperature. These clusters showed the large terminal carboxylate dependences of the X-ray structural, 

redox, and several photophysical properties: dMo-O (bond length between the ligating O atom in the carboxylate 

and the Mo atom), Eox, Ered, ṽem, τem, and Φem, irrespective of X. For example, the smaller is the acid dissociation 

constant of a carboxylate (pKa(L)) value and, thus, the weaker is the σ-donating ability of a carboxylate, the 

higher are ṽem and Φem and the longer is τem of the cluster, leading to a long-lived and bright higher-energy 

emission. Furthermore, the knr value of the cluster showed a clear and linear correlation with ṽem for a given 

bridging ligand (X). The results demonstrate that the knr value is also governed by pKa(L), resulting in almost 

linear pKa(L) dependences of Φem and τem. However, the terminal ligand dependence of ṽem could not be 

explained by the σ-donating ability of the terminal carboxylate alone similar to that of [{Mo6X8}Y6]2–, indicating 

that the T-dependent emission characteristics should be considered to explain the terminal ligand dependence 

of ṽem. Through the analysis of the T-dependent emission characteristics, the zfs energies in the T1 states were 

found to increase in the sequences X = Cl < Br < I and L = 3,5-dinitrobenzoate < 4-nitrobenzoate < 4-

cyanobenzoate < 3,5-dimethoxybenzoate < benzoate < 4-methoxybenzoate for a given L and X, respectively. 

Similar to [{Mo6X8}Y6]2–, the larger is the ΔE14 value, the smaller is the contribution of the emission from the 

highest-energy spin sublevels (Φ4) to the observed emission spectrum at 300 K with the sequence of Φ4% being 

X = Cl > Br > I and L = 3,5-dinitrobenzoate > 4-nitrobenzoate > 4-cyanobenzoate > 3,5-dimethoxybenzoate > 

benzoate > 4-methoxybenzoate for a given L and X, respectively. In the case of the clusters for a given X, the 

emission maximum energy of Φ4 (ṽ4) was insensitive to nature of the terminal carboxylate ligand, while the ṽem 

value was dependent on L. Since ṽ4 is the highest energy emission among ṽn (n = 1–4), the higher energy 

emission at ambient temperature is accompanied by a larger Φ4%. For a given X, the weak σ-donation from the 

terminal carboxylate thus gives rise to a high-energy emission, resulting in the pKa(L) dependence of Φem or τem 

through the energy gap dependence of knr. 

To elucidate the factors governing the zfs energies in the T1 states of the octahedral hexamolybdenum(II) 
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clusters, Chapter 5 discussed the zfs energies of a series of [{Mo6X8}Y6]2– and [{Mo6X8}L6]2– described in 

Chapters 3 and 4 in special references to the electronic structures of the targeted clusters: the 95Mo NMR 

chemical shift of the cluster or pKa(L). Furthermore, to pursue tuning of the emission characteristics based on 

the zfs energy in the T1 state, implications of the zfs energies of the octahedral hexamolybdenum(II) clusters 

and platinum(II) complexes to their phosphorescence properties were discussed. The zfs energies of 

[{Mo6X8}Y6]2– or [{Mo6X8}L6]2– were dependent on the 95Mo NMR chemical shift of the cluster or pKa(L), 

respectively, which demonstrated that the d-electron density on the Mo atom(s) primarily determined the zfs 

energies. Furthermore, it is worth emphasizing that the zfs energies of the mononuclear platinum(II) complexes 

have been shown to be explained satisfactorily by the similar context to that of the octahedral 

hexamolybdenum(II) clusters and, thus, by the 195Pt NMR chemical shift of the complex. These results 

demonstrate clearly that one of the factors governing the zfs energy(ies) of a transition metal complex is the 

electron density on the metal atom(s). The higher d-electron density on the Mo atom(s) in [{Mo6X8}Y6]2– 

accompanied the long-lived and bright higher-energy emission as described above, while that in [{Mo6X8}L6]2– 

gave poor luminescence. However, the opposite trend seen in the effects of the d-electron density on the 

emission properties of [{Mo6X8}Y6]2– and [{Mo6X8}L6]2– were demonstrated to be explained satisfactorily by 

the different contribution percentages of the Φn emissions to the observed emission. Among several 

photophysical properties of the platinum(II) complex, importantly, the radiative rate constant (kr) of the 

platinum(II) complex showed a good correlation with the relevant zfs energy though the zfs energy was not the 

decisive factor of other emission properties (ṽem, τem, and Φem). The zfs energy dependence of the kr value of the 

platinum(II) complex is responsible essentially for both the almost equal contributions of the spin-sublevels to 

the observed emission and strong SOC induced by the high d-electron density on the platinum atom. These 

findings demonstrate clearly that the effective nuclear charge(s) on the metal atom(s) in a transition metal 

complex is one of the decisive factors of its zfs energy(ies) and photophysical properties of the complex 

 

6-2. Future Perspective 

The present study has revealed that the effective nuclear charge(s) on the metal atom(s) in a transition metal 

complex governs the zfs energy and photophysical properties in the T1 state of the complex and that these 

properties can be controlled synthetically by tuning the effective nuclear charge on the metal atom(s). Since the 

effective nuclear charges on a metal can be determined by NMR spectroscopy on the relevant metal nucleus or 

conventional DFT calculations as demonstrated in Chapter 5, the present findings indicate that the 

phosphorescence properties of a transition metal complex would be predicted by the conventional DFT 

calculations or NMR spectroscopy. Some groups have reported that the relativistic DFT calculations based on 

Amsterdam Density Functional (ADF) software are very powerful to evaluate the phosphorescent lifetimes of 

transition metal complexes.[1–2] However, the calculations require relatively long time and special techniques on 
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the software as well as on knowledge on photophysics. Furthermore, these calculations assist only 

phenomenological interpretations on a phosphorescence process based on the relationship between the 

molecular structures and the emission properties, since one can extract only the targeted properties from the 

calculation results without any knowledge on the important and decisive factors determining the properties. On 

the other hand, the experimental approaches and analytical methods demonstrated in the present thesis can 

provide deeper insights into the origin of the luminescence from a transition metal complex based on the 

elucidation of the decisive factor of the luminescence properties through the effective nuclear charge(s) on a 

metal atom(s), facile DFT calculations, and NMR spectroscopy. The author convinces that the present study 

will offer a novel guideline for developments of luminescent materials in near future. 
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Table A-1. Cartesian coordinates of the optimized structure of 1Pt in the excited triplet state. The coordinates 

of the hydrogen atoms in the complex were omitted. 
 

Atom Cartesian coordinate 

C 1.65417 1.29259 0.00028  

C 2.91087 0.69290 0.00047  

C 1.61234 2.71423 0.00029  

C 2.90560 –0.73136 0.00045  

C 4.13886 1.41471 0.00067  

C 2.79489 3.45669 0.00048  

C 4.13105 –1.47028 0.00063  

C 5.32358 0.70875 0.00084  

C 4.03543 2.84457 0.00067  

C 4.01261 –2.89957 0.00059  

C 5.30497 –0.74387 0.00082  

C 1.61065 –2.68188 0.00022  

C 2.74451 –3.46740 0.00039  

C –2.57789 –1.25115 –0.00042  

C –2.53644 1.25441 –0.00038  

C –3.18216 0.01547 –0.00050  

Pt 0.15987 0.01232 0.00003  

O –1.32989 -1.46681 –0.00023  

O –1.27754 1.44865 –0.00018  

N 1.70571 -1.30712 0.00025  

C –3.33450 2.56739 –0.00049  

C –3.42517 -2.53311 –0.00058  

C –4.85188 2.37052 –0.00073  

C –2.93323 3.35786 –1.25651  

C –2.93362 3.35783 1.25568  

C –4.93456 –2.28240 –0.00083  

C –3.05068 –3.33687 –1.25627  

C –3.05110 –3.33689 1.25523  
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Table A-2. Cartesian coordinates of the optimized structure of 2Pt in the excited triplet state. The coordinates 

of the hydrogen atoms in the complex were omitted. 
 

Atom Cartesian coordinate 

C 1.06431 –1.32936 –0.00010  

C 2.38882 –0.65775 –0.00010  

C 2.40829 0.72312 –0.00003  

C 3.53808 1.58242 -0.00001  

C 3.36309 2.93601 0.00006  

C 0.97588 2.60059 0.00011  

C 2.05512 3.46590 0.00012  

C –3.13229 1.22462 0.00016  

C –3.09358 –1.28010 0.00001  

C –3.73832 –0.03899 0.00010  

Pt –0.39983 –0.05186 0.00001  

O –1.88755 1.45504 0.00014  

O –1.84181 –1.49483 –0.00004  

N 1.12108 1.27792 0.00003  

C –3.92208 –2.53635 –0.00004  

C –4.00345 2.45259 0.00026  

S 3.69996 –1.79263 –0.00019  

C 2.52502 –3.14129 –0.00023  

C 1.21512 –2.71043 –0.00017  
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Table A-3. Cartesian coordinates of the optimized structure of 3Pt in the excited triplet state. The coordinates 

of the hydrogen atoms in the complex were omitted. 
 

Atom Cartesian coordinate 

C –1.37802 –1.03379 0.00000  

C –0.83385 –2.41678 0.00000  

C –2.76129 –0.85604 0.00000  

C 0.54867 –2.51019 0.00000  

C –3.61768 –1.93745 0.00000  

C –3.08850 –3.27150 0.00000  

C 2.69461 –3.62799 0.00000  

C 2.53988 –1.21605 0.00000  

C 3.32265 –2.35412 0.00000  

C 1.45995 2.98410 0.00000  

C –1.04084 3.11648 0.00000  

C 0.24087 3.67567 0.00000  

Pt 0.00000 0.33081 0.00000  

O 1.60398 1.72668 0.00000  

O –1.33943 1.88198 0.00000  

N 1.20954 –1.26251 0.00000  

C 1.33628 –3.69823 0.00000  

C –1.75392 –3.51740 0.00000  

C –2.23758 4.02900 0.00000  

C 2.74454 3.76942 0.00000  
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Table A-4. Cartesian coordinates of the optimized structure of 4Pt in the excited triplet state. The coordinates 

of the hydrogen atoms in the complex were omitted. 
 

Atom Cartesian coordinate 

C 1.01347 –1.26808 0.65096  

C 2.34306 –0.94531 0.72288  

C 2.90205 0.10822 –0.09388  

C 4.23535 0.52541 –0.08603  

C 4.63089 1.55207 –0.91835  

C 2.39485 1.69539 –1.71497  

C 3.69620 2.15681 –1.75242  

N 2.00207 0.70290 –0.91291  

S 3.21491 –1.92598 1.87399  

C 1.76396 –2.77433 2.25751  

C 0.69177 –2.32881 1.54477  

Pt –0.05283 –0.12967 –0.77220  

N –1.05444 1.25718 0.66428  

C –2.38506 1.02421 0.75285  

C –1.21326 3.02881 2.24136  

C –3.17418 1.80862 1.60195  

C –2.58605 2.80986 2.34406  

C –1.96559 –0.74402 –0.89212  

C –2.84405 –0.05696 –0.07869  

C –2.64395 –1.79472 –1.58654  

S –4.47537 –0.66234 –0.17223  

C –3.97254 –1.86245 –1.30579  

C –0.48904 2.22366 1.38650  

 

 

 

 

 

 

 



Appendix 
 

- 137 - 
 

Table A-5. Cartesian coordinates of the optimized structure of 5Pt in the excited triplet state. The coordinates 

of the hydrogen atoms in the complex were omitted. 
 

Atom Cartesian coordinate 

C 2.32149 –1.16634 0.76319  

C 0.36242 –2.28244 1.36709  

C 2.87806 –0.07805 -0.04634  

C 1.03579 –3.14397 2.20607  

C 2.41639 –3.00117 2.31698  

C 4.71346 1.30223 –0.78658  

C 2.48409 1.69501 –1.61974  

C 3.82926 2.02252 –1.58866  

C 4.23523 0.25921 –0.01728  

C 3.05688 –2.01407 1.59801  

Pt 0.03859 0.08079 –0.73684  

C –0.94853 1.28044 0.69867  

N –2.04693 –0.60742 –0.87068  

C –2.33308 1.07075 0.80392  

C –0.36537 2.25829 1.49983  

C –2.91634 0.02450 –0.05377  

C –2.47541 –1.57530 –1.68689  

C –3.10283 1.83231 1.68908  

C –1.13089 3.01010 2.38116  

C –4.26550 –0.33684 –0.06474  

C –3.79458 –1.97726 –1.73976  

C –2.50337 2.79903 2.47639  

C –4.70519 –1.33717 –0.90792  

C 1.97049 0.63313 –0.86352  

N 0.98603 –1.33279 0.66788  

 


