
ABSTRACT 

WU, XINYUAN . Metal-to-metal Charge Transfer (MMCT) in Heterobimetallic Systems 

Containing Vanadium(IV). (Under the direction of Prof. Walter W. Weare). 

 

Finding chromophores that possess long-lived photoinduced charge separated excited 

states is an important topic in molecular artificial photosynthesis. Transition metal complexes 

are believed to be good candidates since their charge transfer bands are commonly observed 

in electronic absorption spectra. Historically, significant effort has been devoted into optical 

transitions which involve ligand-ligand charge transfer and metal-ligand charge transfer. 

However, photophysical studies of metal-to-metal charge transfer (MMCT) chromophores are 

rare. We are focusing on synthesizing first-row transition metal complexes that have MMCT 

transitions. We aim to investigate their excited state dynamics, both theoretically and 

experimentally, to determine whether they can be used as photosensitizer in solar energy 

conversion process. 

Chapter 2 includes the synthesis of a series of heterobimetallic (MƏOŸCr) and 

heterotrimetallic (MƏOŸCrŶOƏM) complexes, which expands the database of unsupported 

M1ƄOƄM2 type structure and helps to understand the metal-metal interactions in such linear 

oxido bridged systems. Chapter 3 covers the synthesis of five heterobimetallic complexes 

containing d1 vanadium, and the identification of a novel V IVŸFeII MMCT band at 500 nm in 

VƏOŸFe system. Chapter 4 includes an excited state dynamics study of a MMCT transition 

using transient absorption spectroscopy. Data analysis shows that charge transfer MMCT 

character is maintained throughout the decay process. The significantly longer lifetime (1 ns) 

when compare to individual monomeric components (~200 ps) is due to an electronic 

reorganization on the iron site that is made possible by the weak coupling between metal 

centers. 
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1 

Chapter 1    Background Review 

1.1 Molecular Artificial Photosynthesis 

Natural photosynthesis converts solar energy to fuels on a massive scale.1, 2 As shown 

in Figure 1.1, in photosystem II chlorophyll P680 initiates a series of charge separation upon 

photoexcitation. To react with the resulting oxidizing equivalents, electrons are provided by 

water oxidation at catalyst Mn4Ca, producing molecular oxygen. The reducing equivalents are 

transported by redox shuttling molecules, ultimately resulting in the creation of a proton 

gradient, which is utilized to generate (ATP) and facilitate CO2 reduction. The entire system 

is well tuned. 

 

Figure 1.1 Top: working diagram of natural photosynthesis (adapted from ref 2). Bottom: 

scheme for an ideal artificial photosynthesis device. 



 

2 

Inspired by this natural process, artificial photosynthesis has been an important area of 

research for decades.3, 4 A typical artificial photosynthetic device requires three main 

components (Figure 1.1). First, a photosensitizer is needed to absorb sunlight, converting solar 

energy to electrochemical potential energy. This process creates a long-lived charge separated 

excited state. Then, a water oxidation catalyst is used to harness the oxidizing equivalent from 

the charge transfer event, triggering water oxidation to form oxygen. At the same time, a 

second catalytic system consumes the reducing equivalent and initiates fuel production 

processes, with carbohydrates or hydrogen gas being generated. In our group, we are interested 

in photoinduced charge separation, which could provide the photochemical driving force for 

many sequential chemical processes. 

 

1.2 Photoinduced Charge Separation in Transition Metal Complexes 

 

Figure 1.2 Left: Photoinduced Charge separation of a supramolecular complex developed by 

Fuzukumi and coworkers (adapted from ref 5). Right: donor-copper(I) acceptor triad MLCT 

chromophore designed by Sliwa and coworkers (adapted from ref 13). 

 

Photoinduced charge separation is widely known in transition metal complexes and 

charge transfer bands are commonly observed in the electronic absorption spectra of many 

metal species. One important requirement for molecules that are used as photosensitizers are 
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excited states with sufficiently long-lived charge separated lifetimes. Therefore, significant 

efforts have been devoted to design and synthesize molecular systems that have such long-

lived photoinduced charge separated states.5-12 

Figure 1.2 represents two examples of molecular photosensitizers with long-lived 

excited charge transfer states. One is a supramolecular system, where a metalloporphyrin and 

fullerene are bound via electrostatic interactions, ˊḯ  interactions and coordination bonds.5 

Once visible light is absorbed at the zinc porphyrin component, an electron transfers to the 

fullerene with high efficiency, resulting in a charge separated lifetime of 0.25 ms. A second is 

a copper(I)-based donor-spacer-acceptor system.13 Once excited into a Cu MLCT excited state 

this molecule undergoes further charge separation, transferring the electron intramolecularly 

into a naphthalene bisimide component. This additional electron transfer traps the excited state, 

thus extending the lifetime up to 10s of nanoseconds. 

 

Figure 1.3 LMCT chromophore containing vanadium(V). Decay mechanisms are shown on 

the right. 

 

 Figure 1.3 displays an LMCT chromophore containing a vanadium(V) center.14 DFT 

calculation and transient absorption spectroscopy suggest that internal conversion to a nearby 
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charge separated energy state happens after the initial LMCT event. This process stabilizes the 

excited species, yielding a charge separated state with a lifetime of 423 ps. 

To identify chromophores that can act as photosensitizers for a targeted photochemical 

application, extensive effort has been placed into ligand-to-ligand charge transfer (LLCT),15 

metal-to-ligand charge transfer (MLCT)16 and ligand-to-metal charge transfer (LMCT).14 

However, photophysical dynamic studies on the systems possessing metal-to-metal charge 

transfer (MMCT), also known as intervalence charge transfer (IVCT), remain rare.17 My thesis 

focuses on an example of a MMCT with a relatively long-lived (1 ns) charge transfer excited 

state centered on an iron(II) and vanadium(IV) oxido-bridged core. 

 

1.3 Metal-to-metal Charge Transfer in Transitional Metal Complexes 

 

Figure 1.4 Scheme for MMCT chromophore. It features a donor-bridge-acceptor structure. L 

is the ligand set. In the molecules discussed here, an oxygen atom is the only bridging atom. 

An electron transfers from the donor metal to the acceptor metal upon photoexcitation. 

 

Chromophores with an intramolecular MMCT absorption are potentially good 

candidates for developing new and efficient photosensitizers. The structural motif for typical 

MMCT photosensitizers has all of the key components for a charge-transfer chromophore in 
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one molecular system (Figure 1.4). Benefiting from this, the energy of MMCT transitions can 

be tuned by either substituting the metal centers involved (Metal1 or Metal2) or by modification 

of the supporting ligands on either metal (L1, L2). 

 

 

 

Figure 1.5 MMCT chromophores developed in recent years. Top: Zr-O-Co and Ti-O-Mn 

systems developed by Frei and coworkers. Middle: first system that contains a covalently 
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bounded Ti-O-Cr core. Bottom: an alkynl bridged Ti-Fe system published by Wagneknecht 

and coworkers. 

 

In recent years, MMCT chromophores have received attention, with a number of 

intramolecular MMCT absorption features being assigned in heterobimetallic systems (Figure 

1.5).18-28 Of particular interest for our work, Frei and coworkers have developed 

heterobimetallic systems, including ZrOCo and TiOMn, that are grafted to the surface of 

mesoporous silica. A ZrOCo system is capable of undergoing visible light induced MMCT, 

and when coupled to an iridum oxide water oxidation catalyst is the first example of a purely 

inorganic light absorber being successfully applied for a photosynthetic cycle where water is 

oxidized and CO2 is reduced, (46 turnovers per ZrOCo-IrOx catalytic site).18 A TiOMn system 

features a MnIIŸTi IV MMCT, with an unusually long-lived excited state of 1.8 ɛs. The 

mechanism for this lifetime extension has been suggested to result from an intersystem 

crossing event at the excited manganese site, which results in a spin-trapped excited state.26 

Also in Figure 1.5 is the first ɛ-oxo bridged TiIVOCrIII  heterobimetallic system. Using a 

difference spectrum, a new absorbance was revealed at 288 nm, which has been assigned to a 

MMCT from Cr to Ti. The assignment of this band is supported by electrochemical results. 

Recently, an additional MMCT chromophores was identified in an alkynyl bridged 

heterobimetallic complex containing TiIV and FeII. The FeŸTi MMCT band is assigned based 

on results from electrochemistry, absorption spectroscopy and DFT calculations. 

 

1.4 Theory of Intramolecular Electron Transfer  

Since MMCT in bimetallic species has been my research goal. A theoretical treatment 

that explains intramolecular electron transfer is needed to better understand how to tune 
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electron transfer lifetimes by altering the electronic and magnetic interactions between metal 

centers. 

1.4.1 Model of MMCT transition  

Hush and coworkers developed a theoretical model that links the MMCT transitions 

with simple Marcus electron transfer theory.29 Using their approach, the energy of an optical 

MMCT transition is shown in equation 1. 

’ Ὤ’ ‗ ‗ ɝὉ ɝὉ      ρ  

Here, ‗  and ‗  are the Frank-Condon Factors, which respectively correspond to the inner- 

and outer-sphere reorganization energies of the compound. ɝὉ  represents the energy 

difference between the ground state and charge separated excited state.  ɝὉ represents an 

additional energy term that originates from a combination of spin-orbit coupling and ligand 

field asymmetry. 

 The energy surface30 of a bimetallic MMCT chromophore can be simplified using a 

diagram containing two parabolas as shown in Figure 1.6. The dotted curves correspond to the 

wavefunction of the ground state and MMCT state. The horizontal axis is a dimensionless 

reaction coordinate, representing the combination of vibrational modes from both the solvent 

and ligand-metal stretching vibrations. This picture assumes that optical excitation between 

each state is much faster than nuclear motion. Therefore, after vertical excitation the 

coordination environment in the initial Frank-Condon state is approximately the same as the 

coordination environment before excitation. 
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Figure 1.6 Potential energy curves for MMCT (adapted from ref 30). (a) minimal coupling, 

(b) weak coupling and (c) strong coupling. 

 

The degree of coupling has traditionally been separated into three categories according 

to the Robin and Day classification system.31 A Class I system is observed when two metal 

centers are far away from each other and/or the electronic coupling between the metal centers 

is nearly zero. In such a situation, a direct MMCT absorption feature will be too weak to be 

observed. If moderate coupling exists between metal centers, a Class II situation exists. In 

Class II molecules MMCT can also occur either through optical excitation or thermal 

activation, whose energetic properties can be determined by measuring the optical process. 

The thermal barrier, Ὁ , is given by equation 2. Typical molar absorptivities for Class II 

MMCT transitions are smaller than 5000 M-1cm-1. 

Ὁ ‗τϳ Ὄ Ὄ ‗ϳ        ς 

The band width of MMCT, according to this model, can be estimated using equation (3). Ὑ is 

time constant and Ὕ is temperature. 

ɝ‡ϳ ρφὙὝÌÎς‗ ϳ          σ 
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Once we assign a MMCT band from the electronic absorption spectroscopy, the coupling 

constant, Ὄ , can be estimated using equation 4. ὶ  is the distance between metal centers and 

can be determined from X-ray crystallographic data. 

Ὄ
ςȢπφρπ ’ ‐ ɝ’Ⱦ

Ⱦ

ὶ
                 σ 

 When two metal centers are strongly coupled, the thermal activation barrier, Ὁ , 

vanishes. Therefore, this is a completely delocalized system, described by Robin-Day as Class 

III. The most famous example of Class III system is the Creutz-Taube Ion,32 where both metal 

centers possess a partial charge. The MMCT absorption feature for such molecules is usually 

narrow and intense, with molar absorptivities greater than 5000 M-1cm-1. In such systems, 

MMCT occurs within the molecular orbital manifolds. The coupling constant can be estimated 

to be ’  for Class III systems. 

 

1.4.2 Back electron transfer rate 

In order to harness charge separated excited states to drive redox reactivity, the back 

electron transfer rate of the chromophore needs to be slow enough to allow the electron or hole 

to transfer to a second system of interest (redox catalyst or external circuit). Marcus electron 

transfer theory provides an important model for understanding the relationship between 

electron transfer rates and the energetic properties of the systems of interest. 

 When two metal centers are weakly coupled (such as in Class II species), one can treat 

the system as nonadiabatic. The rate of back electron transfer, just like other chemical 
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reactions, can then be expressed using an Arrhenius equation (equation 4). Ὁ is the activation 

energy and Ὕ is the temperature. 

Ὧ ὃὩὼὴὉȾὯὝ               τ 

According to the Fermiôs golden rule,33 when the electron transfer process can be treated by 

radiationless transitions the rate constant is then given by equation 5. 

Ὧ ς“̯  ȿὌ ȿὊὅὡὈ             υ 

Ὄ  is the electronic coupling constant and ὊὅὡὈ is the Frank-Condon Weighted Density. 

The activation energy Ὁ, according to the two-parabola model, is given by equation 6. ‗ 

corresponds to the solvent reorganization energy. 

Ὁ ЎὋ ‗  τ‗ϳ                        φ 

By combining the Golden Rule and the Arrhenius equation, Levich34 obtained a general 

expression for the rate equation for a given electron transfer reaction (equation 7). 

Ὧ “  ̯ ‗ὯὝϳ ȾȿὌ ȿὩὼὴЎὋ ‗ Ⱦτ‗ὯὝ          χ 

By taking vibrational reorganization energy into account, the final expression of the rate 

constant is given by equation 8. 

Ὧ “  ̯ ‗ὯὝϳ ȿὌ ȿ
Ὡ Ὓ

ύȦ
Ὡὼὴ

ЎὋ ‗ ύὬὺ

τ‗ὯὝ
 

ὡὭὸὬ Ὓ ‗ Ὤὺϳ                         ψ  

‗ corresponds to the vibrational relaxation energy and ЎὋ  is the energy difference between 

two states. According to this expression, once one obtains an Arrhenius plot for the back 

electron transfer rate by measuring the excited state lifetimes at different temperatures, the 

coupling constant Ὄ  for the back electron transfer can be calculated via equation 9. ‗ 
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represents the reorganization energy calculated via equation (6). ὃ corresponds to the pre-

exponential term of the equation (4).  

ὃ ς“
Ὄ

ᴐτ“‗ὙὝϳ
                        ω 

A very important result derives from the Marcus model is the existence of Marcus 

inverted region (Figure 1.7). According to Marcus theory, as the driving force increases, the 

rate of electron transfer will firstly increase to a maximum value and then decrease. This 

hypothesis was first experimentally demonstrated by Closs and Miller in 1984.33  

 

Figure 1.7 The change of the rate constant as the driving force (Ў╖ ) increases. 

 

When designing MMCT chromophores to maximize excited state lifetimes, the 

situation where back electron transfer is energetically in the inverted region should be avoided. 

This is done by selecting metal centers and modifying the ligand set to moderate the energy of 

the MMCT transition. Fortunately, for most electron transfer reactions visible light (< 3 V) lies 

in the normal Marcus regime. 
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1.5 Development of Iron Complexes as Chromophores 

Many ruthenium(II) polypyridyl complexes, such as the prototypical [Ru(bpy)3]
2+, 

possess long-lived MLCT excited state (~1 ɛs). Thus, they have been widely used as 

photosensitizers in solar applications such as dye sensitized solar cells.16 Due to the relatively 

high cost and scarcity of ruthenium, researchers have been trying to substitute earth-abundant 

first-row transition metals, such as iron, for the application of MLCT chromophores in large-

scale energy applications such as solar electricity or solar fuels. 

 

Figure 1.8 Transient absorption study by McCusker and coworkers on [Fe(tren(py)3)]
2+, a low-

spin FeII MLCT chromophore. 

 

 In 2000, McCusker and coworkers performed an ultrafast dynamics study on an FeII 

polypyridyl complex, [Fe(tren(py)3)]
2+ (Figure 1.8).35 They found that within 1 ps, the 1MLCT 

state deactivates to form a ligand-field state with the spin S = 2. The transient spectra 
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throughout the rest of the excited state decay matches well with a high-spin FeII configuration. 

The short-lived MLCT state was further confirmed by spectroelectrochemical measurements. 

The short-lived charge separated state shows similar absorption feature as the FeIII  center 

created by electrochemistry. In 2007, Chergui and coworkers performed a photophysical 

investigation on [FeII(bpy)3]
2+,36 successfully extracting information on the 3MLCT state via a 

luminescence experiment. Femtosecond fluorescence up-conversion coupled with a transient 

absorption study suggested that the Fe center undergoes ultrafast spin-crossover, with the 

pathway of deactivation following the path 1MLCTŸ3MLCTŸ5MC. Two year later, Chergui 

and coworkers further confirmed the presence of a transient, high-spin 3MLCT state by 

examining transient vibrational features in the kinetic trace.37 This effect, shown by the 

presence of a damped oscillation superimposed on the high energy kinetic traces of the 

transient spectra, is assigned to a vibrational coherence effect which can only originate from 

high-spin wave packets. 

 

Figure 1.9 [Fe(CHC)2] system developed by Wärnmark and coworkers. On the right decay 

mechanism supported by DFT result. 
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In 2013, Wärnmark and coworkers developed the [Fe(CHC)2] system (Figure 1.9),38, 39 

which is also a low-spin FeII configuration in the ground state. Transient spectra of this 

molecule system displayed a long-lived, broad absorption feature (9 ps), which was assigned 

as the longest lived charge separated state for Fe systems to date. DFT calculations suggested 

that the strong-field carbene ligands significantly destabilized the high-spin state of the system. 

This would make the 5MC ligand field state relatively inaccessible after the initial relaxation 

to 3MLCT state, lengthening the charge separation lifetime. Since this discovery, increasing 

the ligand field strength of Fe-based chromophores has continued to improve MLCT excited-

state lifetimes, with the longest lived species so far being ~ 50 ps.40 

Even with these advances, the charge separated lifetimes obtained with Fe systems 

remain too short to be utilized in most photochemical systems. In Chapters 3 and 4, we describe 

the synthesis and picosecond dynamics of a novel first-row transition metal chromophore 

containing both FeII and VIV. By taking the advantage of intramolecular MMCT, it features a 

long charge separated excited state lifetime (1 ns). To our knowledge, this represents the 

longest-lived Fe centered charge transfer excited state to date. 
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Chapter 2    Synthesis of Unsupported Oxido Bridged 

Heterobimetallic and Heterotrimetallic Complexes 

 

The work in this chapter is performed in collaboration with Tao Huang. This chapter 

summarizes the synthesis and characterization work of two papers. 

Huang, T.; Wu, X.; Weare, W. W.; Sommer, R. D. Eur. J. Inorg. Chem. 2014, 5662. 

Huang, T.; Wu, X.; Song, X.; Xu, H.; Smirnova, T. I.; Weare, W. W.; Sommer, R. D. Dalton 

Trans. 2015, 44, 18937. 

 

2.1 Abstract 

Oxido bridged heterobimetallic complexes containing (TMTAA)TiƏO and Cr(P)Cl, 

and heterotrimetallic complexes consist of (TMTAA)TiƏO, (OMTAA)VƏO and Cr(P)Cl 

components are synthesized. (TMTAA = 7,16-dihydro-6,8,15,17-tetramethyldibenzo-

[b,i][1,4,8,11]tetraazacyclotetradecine, OMTAA = 7,16-dihydro-6,8,11,12,15,17,20,21-octa-

methyldibenzo[b,i][1,4,8,11]-tetraazacyclotetradecine and P = 5,10,15,20-tetraarylporphyrin) 

These new structures are  characterized by electronic absorption spectroscopy, X-ray 

crystallography and Mass spectroscopy. 

 

2.2 Introduction  

In this chapter, the synthesis and characterization of a series of heterometallic oxido 

bridged complexes are described. This type of complexes is important in transition metal 

chemistry due to the unique chemical properties arising from distinct metal centers.1 Such 
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molecules have been proved that they can be used as photosensitizer in solar energy conversion 

process.2-15 However, first-row transition metal unsupported oxido bridged heterometallic 

complexes are very rare.16-23 Goedken and coworkers reported a synthetic route for oxido 

bridged heterobimetallic complexes,17 where they use (TMTAA)TiƏO, a terminal oxido 

complex, to attack the lewis base metal center such as CrIII  and FeIII . However, the structural 

and spectroscopic properties of these complexes have not been reported. Here, we successfully 

build and characterized a series of novel oxido bridged heterometallic species via dative 

interactions with (TMTAA)TiƏO, (OMTAA)VƏO and Cr(P)Cl precursors. 

 

2.3 Synthesis 

For the system containing TiƏOŸCr system Cr(P)Cl (1-11), both TiƏOŸCr 

bimetallic and TiƏOŸCrŶOƏTi trimetallic species can be obtained via controlling the 

stoichometric ratio between (TMTAA)TiƏO and Cr(P)Cl precursor (Figure 2.1). The 

heterobimetallic complex, TiƏOŸCr, is obtained as the major product when a 

(TMTAA)Ti ƏO is mixing with Cr(P)Cl in a 1:1 ratio. The heterotrimetallic compound is 

obtained as the major product when (TMTAA)Ti ƏO is mixing with Cr(P)Cl in a 2:1 ratio. 

Addition of (TMTAA)TiƏO to the previoulsy formed TiƏOŸCr bimetallic complexes will  

also yield the corresponding trimetallic species. However, the chloride ligand on the Cr center 

is found to be competing with the second equivalent of (TMTAA)TiƏO, resulting in a mixture 

of bimetallic and trimetallic species. Therefore, substituting chloride to a weakly coupled 

anion, SbF6, is necessary to obtain pure trimetallic complexes. 



 

20 

By adjusting the stoichiometry ratio of Cr(P)Cl and (TMTAA)TiƏO to 1:2, complexes 

4-7 can be obtained as dark green precipitates in a one pot reaction. The yield after further 

recrystallization varies from 46 % to 65% depending on the porphyrin ligand. Compounds 8-

11, which contain a hexafluoroantimonate anion, are obtained by adding 1 equivalents of 

NaSbF6 to the reaction, with yields ranging from 37% ~ 53%. 

Although complex 1 was reported by Goedken and coworkers as a bimetallic species 

from a reaction of 1:1 TiƏO and Cr(TPP)Cl. According to electronic absorption spectra, we 

found that the molar absorptivity of the (TMTAA)TiƏO bands (342 and 388 nm) in Goedkenôs 

result  are similar to our [TiƏOŸCrŶOƏTi]+ trinuclear complex. Therefore, the molecule 

reported by Goedken is actually the heterotrimetallic species 4 (presumably separated due to 

its low solubility), and not the claimed heterobimetallic species 1. 

 

Figure 2.1 Synthesis of TiƏOŸCr bimetallic complexes (1-3) and trimeric 

[TiƏOŸCrŶOƏTi]+ complexes (4-11). (i) (TMTAA)TiƏO and Cr(P)Cl in a 1:1 ratio. (ii) 

(TMTAA)TiƏO and Cr(P)Cl in a 2:1 ratio. (iii) (TMTAA)TiƏO and Cr(P)Cl and NaSbF6
 in a 

2:1:1 ratio. 
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Figure 2.2 Synthesis of VƏOŸCr bimetallic complex 12, [VƏOŸCrŶOƏM]+ trimetallic 

complexes 13 (M = V) and 14 (M = Ti). (i) (OMTAA)VƏO and Cr(P)Cl in a 1:1 ratio. (ii) 

(OMTAA)VƏO, Cr(P)Cl and NaSbF6 in a 2:1:1 ratio. (iii) a sequential reaction: 1:1 ratio of 

(TMTAA)TiƏO and Cr(P)Cl followed by an adding one equivalent of (OMTAA)VƏO and 

one equivalent of NaSbF6 at the same time. 

Bimetallic VƏOŸCr and trimetallic [VƏOŸCrŶOƏV]+ are synthesized using a 

similar method as the titanium derivatives (Figure 2.2). When Cr(P)Cl and (OMTAA)VƏO 

are combined in a 1:2 stoichiometric ratio, the heterotrimetallic species 13 is isolated with a 

yield of 62%. In order to obtain the bimetallic species, a more electron withdrawing TFMP 
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ligand was applied (TFMP: tetrakis((4-trifluoromethyl)phenyl)porphyrin). Mixing such 

precursor with (OMTAA)VƏO in a 1:1 ratio yields bimetallic complexes 12 with a yield of 

22%. The unsymmetrical trimetallic [TiƏOŸCrŶOƏV]+ complex 14 can be prepared in 39% 

yield via a sequential reaction by adding one equivalent of (OMTAA)VƏO to previously 

formed TiƏOŸCr species. 

 

2.4 Experimental Section 

General Considerations: All reactions were carried out in an Innovative Technology 

glovebox or under an atmosphere of dinitrogen using standard Schlenk techniques. 

Diethylether used here was dried with Na/benzophenone ketyl, distilled, degassed and stored 

in the glovebox. Acetonitrile, dichloromethane, toluene, tetrahydrofuran, and pentane were 

purified using a Grubbs-type, two-column purification system (Innovative Technologies) and 

stored over 4 Å molecular sieves. All  other solvents were purchased from Alfa Aesar and used 

without further purification. H2TMTAA ,24 (TMTAA )TiƏO,17 (OMTAA)VƏO25 were 

synthesized via previously published synthetic routes. The 5,10,15,20-tetraarylporphyrins 

employed in  this  study  are  represented  by  the  following  abbreviations: TPP, 

tetraphenylporphyrin; TMP, tetrakis(4-methoxyphenyl)porphyrin; TFP, tetrakis(4-

fluorophenyl)porphyrin, TFMP, tetrakis((4-trifluoromethyl)phenyl)porphyrin; TNAP, 

tetranaphthyl porphyrin. The free base porphyrinogen 5,10,15,20-tetrakis((4-

trifluoromethyl)phenyl) porphyrinogen is represented as H4TFMP. Other commercially 

obtained chemicals were used as received. Porphyrin ligand H2(P), (P = TPP, TMP, TFP, 

TNAP, TFMP) were prepared following the method of Gonsalves et al.26 and Sun et al.27 
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H2TPP (Yield: 0.70 g, 15%). H2TMP (Yield: 1.17 g, 21%). H2TFP (Yield: 2.08 g, 40%). 

H2TNAP (Yield: 0.75 g, 12%). H2TFMP (Yield: 1.76 g, 26%). Porphyrin ligand metallation is 

performed according to the method developed by Groves and coworkders.28 Cr(TPP)Cl (Yield: 

0.99 g, 89%). Cr(TMP)Cl (Yield: 1.27 g, 97%). Cr(TFP)Cl (Yield: 1.23 g, 99%). Cr(TFMP)Cl 

(Yield: 1.41 g, 91%). Yield of Cr(TNAP)Cl: 1.42 g, 99%, UV/Vis (CH2Cl2), ɚmax (nm) (Ů (M
-

1cm-1)), 395(3160), 454(17000), 524(6600), 567(10200), 605(7400), 635(7400), HRMS-ESI 

(M+): calcôd for C60H36CrN4 864.2340, found: 864.2316. 

 

Measurements. Electronic absorption spectra (EAS) were recorded using an Olis RSM1000 

spectrophotometer with a 1mm cuvette. ATR-FTIR spectra were obtained on a Bruker Vertex 

80V infrared spectrometer equipped with a PlatinumÊ diamond ATR attachment. 

Electrospray Ionization Mass Spectrometry analyses were carried out on a Thermo Fisher 

Scientific Exactive Plus MS spectrometer using Heated Electrospray Ionization (HESI) with 

the compounds dissolved in dichloromethane. Crystal structures were determined by single 

crystal X-ray diffraction using Bruker-Nonius X8 kappa Apex II diffractometer with MoKŬ 

radiation (ɚ = 0.71073¡) at 110(2) K. Crystal structures were solved by direct methods 

(SHELXS-97) and expanded using difference Fourier techniques. The structures were refined 

with SHELXL-2013 using full-matrix least-squares calculations. Unless otherwise noted in the 

ESI, hydrogen atom positions were placed in chemically reasonable positions and refined using 

geometric constraints using a riding model (Uiso of 1.2 or 1.5x parent atom depending on 

context). H atoms participating in hydrogen bonding were refined freely unless otherwise 

stated. 
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Synthesis of bimetallic complexes 

(TMTAA )TiƏOŸCr(TPP)Cl  (1). (TMTAA)TiƏO (50.0 mg, 0.12 mmol) and Cr(TPP)Cl 

(86.0 mg 0.12 mmol) were added to 12 mL  of a 1:1 acetonitrile:toluene mixture in a 50 mL 

Teflon-sealed Schlenk flask and heated at 80 ęC for 12 h. The solution was then cooled slowly 

to room temperature and was filtered to remove the side products [TiƏOŸCrŶOƏTi]+ trimer 

(4). A fine green powder was obtained by filtration after removal of the solvent in vacuo. The 

final product was obtained after recrystallization via layered diffusion of pentane (15 mL) into 

a dichloromethane (3 mL) solution at -25 ęC. Yield after recrystallization: 99.8 mg, 73%, 

UV/Vis (CH2Cl2) ɚmax (nm) (Ů (M
-1cm-1)), 345 (44400), 396 (51800), 430 (31400), 452 

(115500), 526 (5400), 581 (8600), 618 (14000), 634 (8000), ATR/FT-IR ɜTi=O (cm-1): 903(s). 

Anal. calcôd for C66H50ClCrN8OTiÅ0.5CH2Cl2: C, 69.52; H, 4.47; N, 9.75. Found: C, 70.27; 

H, 4.52; N, 9.66. HRMS-ESI (M+) calcôd for C66H50CrN8OTi: 1070.2987. Found 1070.2978. 

(TMTAA )TiƏOќCr(TMP)Cl (2) . The compound was synthesized and purified by following 

a procedure similar to that described above for 1 using Cr(TMP)Cl ( 101.0 mg 0.12 mmol), 

(TMTAA)TiƏO  (50.0 mg, 0.12 mmol) and 12 mL 1:1 acetonitrile:toluene mixture. X-ray 

quality crystals were obtained via vapor diffusion of pentane into a solution of 6 mg of this 

solid in 0.5 mL dichloromethane. Yield after recrystallization: 74.9 mg, 50%. UV/Vis (CH2Cl2), 

ɚmax (nm) (Ů (M
-1cm-1)), 340(54600), 396(64800), 454(182600), 524(7500), 572(12300), 

612(15700). ATR/FT-IR ɜTi=O (cm-1): 903. Anal. calcôd for C70H58ClCrN8O5TiÅ1CH2Cl2: C, 

65.02; H, 4.61; N, 8.54. Found: C, 65.19; H, 4.71; N, 8.75. HRMS-ESI (M+) calcôd for 

C70H58CrN8O5Ti: 1190.3409. Found: 1190.3389. 
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(TMTAA )TiƏOŸCr(TNAP)Cl (3) . The compound was synthesized by following a 

procedure similar to that described above for 1 using Cr(TNAP)Cl ( 110.8 mg 0.12 mmol), 

(TMTAA)TiƏO  (50.0 mg, 0.12 mmol) and 5 mL 1:1 acetonitrile:toluene mixture. Crude 3 

can be obtained as a precipitate when cooled to room temperature. The resulting solid was 

purified similarly to 1. Yield after recrystallization: 114.0 mg, 71%. UV/Vis (CH2Cl2), ɚmax 

(nm)(Ů (M-1cm-1)), 346 (63100), 395 (71900), 458 (158700), 525 (13000), 575 (14900), 623 

(176004), 640 (13200). ATR/FT-IR ɜTi=O (cm-1): 916. Anal. calcôd for 

C82H58ClCrN8O5TiÅ0.5CH2Cl2: C, 73.12; H, 4.83; N, 8.27. Found: C, 73.42; H, 4.88; N, 8.53.  

HRMS-ESI (M+) calcôd for C82H58CrN8OTi: 1270.3613. Found: 1270.3622. 

(OMTAA)VƏhҦ/Ǌό¢Catύ/ƭ (12). (OMTAA)VƏO (50.0 mg, 0.11 mmol) and Cr(TFMP)Cl (104.4 mg 

0.11 mmol) were added to 5 mL of a 1:1 acetonitrile:toluene mixture in a 50 mL Teflon-sealed 

Schlenk flask and heated at 80 ęC for 12 h. The solution was then cooled slowly to room 

temperature and was filtered to remove side products. A fine green powder was obtained from 

the filtrate after removal of the solvent in vacuo. The final product, which is of X-ray quality, 

was obtained after recrystallization via layered diffusion of pentane (15 mL) into a 

dichloromethane (3 mL) solution at -25 ęC. Yield after recrystallization: 43.6 mg, 28.2%. 

UV/Vis (CH2Cl2) ɚmax (nm) (Ů (M
-1cm-1)), 321 (38300), 377 (53500), 393 (48500), 446 

(160000), 519 (4000), 562 (9400), 599 (6900). ATR/FTIR ɜVƏO (cm-1): 933(s). Anal. calcôd 

for C74H54ClCrF12N8OV Å0.5CH2Cl2: C, 60.58; H, 3.75; N, 7.59. Found: C, 60.16; H, 3.63; N, 

7.67. HRMS-ESI (M+) calcôd for C74H54ClCrF12N8OV: 1401.3068. Found 1401.3049.  
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Synthesis of trimetallic complexes 

[(TMTAA)TiƏOќCr(TPP)њOƏTi(TMTAA)]Cl (4). The compound was synthesized by 

following a procedure similar to that described above for 1 using (TMTAA)TiƏO  (50.0 mg, 

0.12 mmol), Cr (TPP)Cl (43.0 mg 0.062 mmol) and 5 mL 1:1 acetonitrile:toluene mixture. 

After reaction, solid 4 was collected out of this mixture by filtration. The resulting solid was 

purified similarly to 1. Yield after recrystallization: 52.3 mg, 56%, UV/Vis (CH2Cl2) ɚmax 

(nm)(Ů (M-1cm-1)): 344 (75300), 390 (83000), 423 (38600), 456 (79800), 527 (4700), 582 

(6800), 616 (9200), 636 (5700). ATR/FT-IR ɜTi=O (cm-1): 901(s). Anal. calcôd for 

C88H72ClCrN12O2Ti2Å1CH2Cl2: C, 66.91; H, 4.67; N, 10.52. Found: C, 66.16; H, 4.64; N, 10.96. 

HRMS-ESI (M+) calcôd for C88H72CrN12O2Ti2: 1476.4260. Found 1476.4279. 

[(TMTAA )TiƏOŸCr(TMP)ŶOƏTi(TMTAA )]Cl (5).  The compound was synthesized 

and purified by following a procedure similar to that described above for 4 using Cr(TMP)Cl 

( 50.5 mg 0.062 mmol), (TMTAA)TiƏO  (50.0 mg, 0.12 mmol) and 5 mL 1:1 

acetonitrile:toluene mixture. Yield after recrystallization: 65.7 mg, 65%, UV/Vis (CH2Cl2) ɚmax 

(nm) (Ů (M-1cm-1)): 346 (70300), 390 (89000), 423 (31700), 458 (98000), 533 (4600), 586 

(7100), 620 (14300), 636(12400). ATR/FT-IR ɜTi=O (cm-1): 900(s). Anal. calcôd for 

C92H80ClCrN12O6Ti2Å4CH2Cl2: C, 65.02; H, 4.81; N, 9.78. Found: C, 64.94; H, 4.77; N, 9.97. 

HRMS-ESI (M+) calcôd for C92H80CrN12O6Ti2: 1596.4682. Found 1596.4702. 

[(TMTAA )TiƏOŸCr(TFP)ŶOƏTi(TMTAA )]Cl  (6). The compound was synthesized and 

purified by following a procedure similar to that described above for 4 using Cr(TFP)Cl (47.5 

mg 0.062 mol), (TMTAA)TiƏO  (50.0 mg, 0.12 mmol) and 5 mL 1:1 acetonitrile:toluene 

mixture. Yield after recrystallization: 47.0 mg, 48%, UV/Vis (CH2Cl2), ɚmax (nm) (Ů (M
-1cm-
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1)): 341 (71600), 391 (77400) 417 (47200) 455 (86000) 525 (6200), 579 (9000) 616 (11300) 

636 (7700). ATR/FT-IR ɜTi=O (cm-1): 901(s). Anal. calcôd for C88H68ClCrF4N12O2Ti2Å5CH2Cl2: 

C, 55.59; H, 3.91; N, 8.36. Found: C, 55.94; H, 4.16; N, 8.41. HRMS-ESI (M+) calcôd for 

C88H68CrF4N12O2Ti2: 1548.3883. Found. 1548.3857. 

[(TMTAA )TiƏOŸCr(TFMP)ŶOƏTi(TMTAA )]Cl  (7). The compound was synthesized 

and purified by following a procedure similar to that described above for 4 using Cr(TFMP)Cl 

(47.5 mg 0.062 mmol), (TMTAA)TiƏO  (50.0 mg, 0.12 mmol) and 3 mL 1:1 

acetonitrile:toluene mixture. Yield after recrystallization: 45.0 mg, 46%, UV/Vis (CH2Cl2), 

ɚmax (nm) (Ů (M
-1cm-1)), 341(80700), 392(81100), 425(39400), 454(95100), 529(4200), 

576(8500), 613(9600). ATR/FT-IR ɜTi=O (cm-1): 899(s). Anal. calcôd for 

C92H68ClCrF12N12O2Ti2Å0.5CH2Cl2: C, 60.80; H, 3.81; N, 9.20. Found: C, 59.96; H, 3.93; N, 

9.21. HRMS-ESI (M+) calcôd for C92H68CrF12N12O2Ti2: 1748.3755. Found: 1748.3729. 

[(TMTAA )TiƏOŸCr(TPP)ŶOƏTi(TMTAA )]SbF6 (8). The compound was synthesized 

and purified by following a procedure similar to that described above for 4. Using 

(TMTAA)TiƏO  (50.0 mg, 0.12 mmol), Cr(TPP)Cl (43.1 mg, 0.062 mmol), NaSbF6 (17.5 mg, 

0.068 mmol) and 8 mL 1:1 acetonitrile:toluene mixture. Yield after recrystallization: 54.2 mg, 

53%, UV/Vis (CH2Cl2) ɚmax (nm) (Ů (M
-1cm-1)), 345(44200), 390(52700), 424(22900), 456 

(56400), 530(3200), 585(4700), 621(8100), 635(7200). ATR/FT-IR ɜTi=O (cm-1): 900(s), ɜSb-F 

(cm-1): 653, Anal. calcôd for C88H72CrF6N12O2SbTi2Å1CH2Cl2: C, 59.45; H, 4.15; N, 9.35. 

Found: C, 58.66; H, 4.05; N, 9.68. HRMS-ESI (M+) calcôd for C88H72CrN12O2Ti2: 1476.4260. 

Found 1476.4258. 
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[(TMTAA )TiƏOŸCr(TMP)ŶOƏTi(TMTAA )]SbF6 (9). The compound was synthesized 

and purified by following a procedure similar to that described above for 4 using Cr(TMP)Cl 

(50.5 mg 0.062 mol), (TMTAA)TiƏO  (50.0 mg, 0.12 mmol),  NaSbF6 (17.5 mg, 0.068 mmol) 

and 8 mL 1:1 acetonitrile:toluene mixture. Yield after recrystallization: 48.7 mg, 44%, UV/Vis 

(CH2Cl2) ɚmax (nm) (Ů (M
-1cm-1)), 345(48600), 391(59400), 422(26200), 459(59300), 

531(3700), 585(5500), 620(9000), 635(6800). ATR/FT-IR ɜTi=O (cm-1): 909(s), ɜSb-F (cm-1): 

658cm-1, Anal. calcôd for C92H80CrF6N12O6SbTi2Å4CH2Cl2: C, 53.06; H, 4.08; N, 7.74. Found: 

C, 52.88; H, 4.13; N, 7.97. HRMS-ESI (M+) calcôd for C92H80CrN12O6Ti2: 1596.4682. Found 

1596.4670. 

[(TMTAA )TiƏOŸCr(TFP)ŶOƏTi(TMTAA )]SbF6 (10). The compound was synthesized 

and purified by following a procedure similar to that described above for 4 using Cr(TFP)Cl 

(47.5 mg 0.062 mmol), (TMTAA)TiƏO  (50.0 mg, 0.12 mmmol), NaSbF6 (17.5 mg, 0.068 

mmol) and 8 mL 1:1 acetonitrile:toluene mixture. X-ray quality crystals were prepared 

similarly to 2. Yield after recrystallization: 42.9 mg, 40%, UV/Vis (CH2Cl2) ɚmax (nm) (Ů (M
-

1cm-1)), 347(54181), 391(58700), 424(32000), 454(62400), 526(5400), 577(7000), 613(8400), 

635(6300). Anal. calcôd for C88H68CrF10N12O2SbTi2Å4CH2Cl2: C, 52.01; H, 3.61; N, 8.94. 

Found: C, 52.04; H, 3.54; N, 8.77. ATR/FT-IR ɜTi=O (cm-1): 894(s), ɜSb-F (cm-1): 654cm-1. 

HRMS-ESI (M+) calcôd for C88H68CrF4N12O2Ti2: 1548.3883. Found. 1548.3857. 

[(TMTAA )TiƏOŸCr(TFMP)ŶOƏTi(TMTAA )]SbF6 (11). The compound was 

synthesized and purified by following a procedure similar to that described above for 4 using 

Cr(TFMP)Cl (60.3 mg 0.062 mmol). (TMTAA )TiƏO (50.0 mg, 0.12 mmol), NaSbF6 (17.5 

mg, 0.068 mmol) and 3 mL 1:1 acetonitrile:toluene mixture. Yield after recrystallization: 43.5 
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mg, 37%, UV/Vis (CH2Cl2) ɚmax (nm) (Ů (M
-1cm-1)), 347(60700), 391(60000), 424(33000), 

454(66000), 527(3700), 578(5800), 612(6100). ATR/FT-IR ɜTi=O (cm-1): 906(s), ɜSb-F (cm-1): 

657cm-1. Anal. calcôd for C92H68CrF18N12O2Ti2Å4CH2Cl2: C, 49.60; H, 3.30; N, 7.23. Found: 

C, 49.13; H, 3.63; N, 6.53. HRMS-ESI (M+) calcôd for C92H68CrF12N12O2Ti2: 1748.3755. 

Found: 1748.3729.  HRMS-ESI (M-) calcôd for SbF6: 234.8948. Found: 234.8938. 

 [(OMTAA)V͵OŕCr(TPP)œO͵V(OMTAA)]SbF6 (13). The compound was synthesized and purified by 

following a procedure similar to that described above for 1 using two equivalents of 

(OMTAA)VƏO (50.0 mg, 0.11 mmol), one equivalent of Cr(TPP)Cl (37.6 mg 0.054 mmol) 

and 1.1 equivalents of NaSbF6 (17.5 mg, 0.067 mmol). X-ray quality crystals were obtained 

via vapor diffusion of pentane into a solution of dichloromethane at room temperature. Yield 

after recrystallization: 60.9 mg, 62%, UV/Vis (CH2Cl2) ɚmax (nm)(Ů (M
-1cm-1)): 329 (46300), 

386 (55400), 408 (66000), 464 (33700), 535 (5600), 576 (7100), 613 (8300), 636 (6300). 

ATR/FTIR ɜVƏO (cm-1): 912(s). Anal. calcôd for C96H88CrF6N12O2SbV2, C, 56.77; H, 4.28; N, 

8.11. Found: C, 56.10; H, 4.04; N, 8.40. HRMS-ESI (M+) calcôd for C96H88CrN12O2V2: 

1594.5432. Found 1594.5423.  

[(TMTAA)TiƏhҦ/Ǌό¢ttύҥhƏV(OMTAA)]SbF6 (14).  The compound was synthesized in a sequential two-

step, one-pot procedure utilizing methods similar to those described above for 1. In the 

glovebox, equimolar amounts of (TMTAA )TiƏO (50.0 mg, 0.12 mmol) and Cr(TPP)Cl (86.0 

mg 0.12 mmol) were added to 12 mL of a 1:1 acetonitrile:toluene mixture in a 50 mL Teflon-

sealed Schlenk flask and heated at 80 ęC for 12 h. Following this step, one equivalent of 

(OMTAA)VƏO (57.2 mg, 0.12 mmol) and 1.1 equivalents of NaSbF6 (35.0 mg, 0.14 mmol) 

were added into mixture and the reaction is stirred for an additional 12 h at 80 ęC. The solution 
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was then cooled slowly to room temperature and was filtered to remove side products. After 

filtration, a fine green powder was obtained after removal of the solvent in vacuo. The resulting 

solid was purified similarly to 1. X-ray quality crystals were obtained via vapor diffusion of 

pentane into a solution of dichloromethane at room temperature. Yield after recrystallization: 

85.6 mg, 39.2%. Attempts to make 3 in a single step by adding all of the starting materials at 

once yielded a mixture of the Ti only (compound 8 in reference 5) and V only (2) 

heterotrimetallic compounds as identified by ESI-MS. UV/Vis (CH2Cl2) ɚmax (nm)(Ů (M
-1cm-

1)): 344 (56900), 389 (65800), 423 (38600), 455 (51000), 526 (5800), 574 (7700), 615 (9100), 

635 (7300). ATR/FTIR ɜVƏO (cm-1): 928(s), ɜTiƏO (cm-1): 911(s). Anal. calcôd for 

C92H80CrF6N12O2SbTiVÅ0.5CH2Cl2: C, 61.16; H, 5.00; N, 9.35. Found: C, 61.22; H, 4.50; N, 

9.26. HRMS-ESI (M+) calcôd for C92H80CrN12O2TiV: 1535.4845. Found 1535.4857. 

 

2.5 Crystal Structures 

All crystals for XRD study were obtained by vapor diffusion of pentane into a 

dichloromethane solution at -20 °C . The chloride salts of trimetallic complexes (4-7) leads to 

unsolvable crystals due to badly disordered chloride and solvent molecules. Using SbF6 not 

only increases the stability of trimetallic complexes 8-11, but also facilitates the growth of 

crystals suitable for XRD measurement. 

The crystal structure of 2 shows a bimetallic structure. (TMTAA)TiƏO coordinates in 

the axial position of Cr(TMP)Cl, forming a  unsupported oxido bridge. An interesting feature 

for all heterometallic structures is that the TMTAA ligand undergoes a complete saddle 

inversion when compared to the structure of (TMTAA)TiƏO.17 Such ligand geometry change 

has been observed before in the structurally similar bimetallic compound 
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(TPP)CrīOīFe(TMTAA) reported by West.21 Complex 2 has a TiƏO bond length of 

1.6829(16) (Table 2.1) and CrīO bond length of 1.9413(15) ¡, confirming a dative interaction 

between Cr center and Oxido. The TiīOīCr bond angle is nearly linear with an angle of 

176.99(11)°, which is consistent with a structural trans-influence.29, 30 For the structure of 

trimetallic complexes 10 and 13, two (TAA)MƏO groups are coordinated to the  chromium 

center in a staggered geometry. The bond length and angle of TiīOīCr in 10 are almost 

identical to those observed for 2. The crystal structure of bimetallic species 12 indicates that 

the Cr(III) porphyrin and (OMTAA)VƏO are connected by a VƏOŸCr interaction, with the 

VīOīCr bond angle nearly linear (179.10(15)°). For the unsymmetric species 14, a similar 

staggered geometry is observed, where (TMTAA)TiƏO and (OMTAA)VƏO are axially 

connected to the Cr(III) at different sides of the porphyrin ligand. 

 

Table 2.1 Selected structural parameters for 2 and 10 

Crystal Data 2  10  

Cr-Cl distance (Å) 2.3577(6) n/a 

Ti-O distance (Å)  1.6829(16) 1.683(3) 

Cr-N avg. distance (Å) 2.0324(19) 2.027(3) 

Ti-N avg. distance (Å) 2.037(2) 2.033(3) 

Cr-O distance (Å) 1.9413(15) 1.938(3)  

Ti-O-Cr angle (°) 176.99(11) 178.18(18) 

O-Ti-N avg. angle (°) 109.35(8) 109.23(13) 

O-Cr-N avg. angle (°)  88.96(7)  90.00(12) 
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Table 2.2 Selected structural parameters for 12-14. 

Crystal Data (OMTAA)VƏO 12 13 14 

VīO distance (¡) 1.6120(8) 1.640(2) 1.649(4) 1.644(4) 

CrīN avg. distance (¡) n/a 2.025(3) 2.026(5) 2.023(4) 

VīN avg. distance (¡) 2.0280(9) 1.996(3) 1.997(5) 2.003(5) 

CrīO distance (¡) n/a 1.964(2)  1.943(4) 

1.954(4)a 

1.929(4)b 

VīOīCr angle (Á) n/a 179.10(15) 177.5(3) 177.3(2) 

OīVīN avg. angle (Á) 108.82(4) 108.18(11) 107.94(2) 107.96(19) 

OīCrīN avg. angle (Á) n/a 88.47(10) 89.98(18) 90.00(16) 

 

 

Table 2.3 Crystal data and structure refinement details for 2. 

Ccdc number 999173 

Empirical formula  C72H62Cl5CrN8O5Ti 

Formula weight 1396.44 

Temperature/K 110.1 

Crystal system orthorhombic 

Space group P212121 

a/Å 16.0177(7) 

b/Å 19.5409(8) 

c/Å 20.1114(9) 
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Table 2.3 Continued. 

Ŭ/Á 90 

ɓ/Á 90 

ɔ/Á 90 

Volume/Å3 6294.9(5) 

Z 4 

ɟcalcg/cm3 1.473 

ɛ/mm-1 0.573 

F(000) 2884 

Crystal size/mm3 0.876 × 0.285 × 0.174 

Radiation MoKŬ (ɚ = 0.71073) 

2Ū range for data collection/Á 3.25 to 62.844° 

Index ranges -23 Ò h Ò 23, -28 Ò k Ò 17, -29 Ò l Ò 29 

Reflections collected 140213 

Independent reflections 20785 [Rint = 0.0338, Rsigma = 0.0259] 

Data/restraints/parameters 20785/0/883 

Goodness-of-fit on F2 1.043 

Final R indexes [I>=2ů (I)] R1 = 0.0347, wR2 = 0.0892 

Final R indexes [all data] R1 = 0.0416, wR2 = 0.0936 

Largest diff. peak/hole / e Å-3 0.78/-0.54 
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Figure 2.3 Crystal structures of 2 with thermal ellipsoids drawn at 50% level. Hydrogen atoms 

have been omitted for clarity. 
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Table 2.4 Crystal data and structure refinement details for 10. 

Ccdc number 1000580 

Empirical formula  C88H68N12O2F10Ti2CrSb 

Formula weight 1785.09 

Temperature/K 110.1 

Crystal system monoclinic 

Space group P21/n 

a/Å 16.0036(8) 

b/Å 24.1922(10) 

c/Å 23.4013(12) 

Ŭ/Á 90 

ɓ/Á 92.667(2) 

ɔ/Á 90 

Volume/Å3 9050.3(7) 

Z 4 

ɟcalcg/cm3 1.31 

ɛ/mm-1 0.654 

F(000) 3620 

Crystal size/mm3 0.345 × 0.299 × 0.151 

Radiation MoKŬ (ɚ = 0.71073) 

2Ū range for data collection/Á 3.018 to 54.094° 

Index ranges -20 Ò h Ò 20, -30 Ò k Ò 30, -29 Ò l Ò 29 
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Table 2.4 Continued. 

Reflections collected 135401 

Independent reflections 19818 [Rint = 0.0426, Rsigma = 0.0307] 

Data/restraints/parameters 19818/0/1053 

Goodness-of-fit on F2 1.054 

Final R indexes [I>=2ů (I)] R1 = 0.0676, wR2 = 0.1528 

Final R indexes [all data] R1 = 0.0894, wR2 = 0.1669 

Largest diff. peak/hole / e Å-3 1.98/-3.50 

 

 

Figure 2.4. Crystal structures of 10 with thermal ellipsoids drawn at 50% level. Hydrogen 

atoms have been omitted for clarity. 
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Table 2.5 Crystal data and structure refinement details for 12. 

Ccdc number 1049246 

Empirical formula  C80H66Cl13CrF12N8OV 

Formula weight 1947.20 

Temperature/K 110 

Crystal system orthorhombic 

Space group P-1 

a/Å 13.1820(5) 

b/Å 13.6961(6) 

c/Å 27.0875(11) 

Ŭ/Á 101.953(2) 

ɓ/Á 95.065(2) 

ɔ/Á 108.123(2) 

Volume/Å3 4485.3(3) 

Z 2 

ɟcalcg/cm3 1.442 

ɛ/mm-1 0.685 

F(000) 1972.0 

Crystal size/mm3 0.568 × 0.391 × 0.274 

Radiation MoKŬ (ɚ = 0.71073) 

2Ū range for data collection/Á 4.674 to 52.904° 
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Table 2.5 Continued. 

Index ranges -21 Ò h Ò 21, -26 Ò k Ò 26, -28 Ò l Ò 28 

Reflections collected 102867 

Independent reflections 18323 [Rint = 0.0428, Rsigma = 0.0387] 

Data/restraints/parameters 18323/0/1092 

Goodness-of-fit on F2 1.044 

Final R indexes [I>=2ů (I)] R1 = 0.0556, wR2 = 0.1421 

Final R indexes [all data] R1 = 0.0840, wR2 = 0.1655 

Largest diff. peak/hole / e Å-3 0.958/-1.005 

 

 

Figure 2.5. Crystal structures of 12 with thermal ellipsoids drawn at 50% level. Hydrogen 

atoms have been omitted for clarity. 
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Table 2.6 Crystal data and structure refinement details for 13. 

Ccdc number 1049245 

Empirical formula  C100H96Cl8CrF6N12O2SbV2 

Formula weight 2171.11 

Temperature/K 100 

Crystal system orthorhombic 

Space group P21/c 

a/Å 19.3129(7) 

b/Å 22.2548(7) 

c/Å 24.0941(9) 

Ŭ/Á 90 

ɓ/Á 107.631(2) 

ɔ/Á 90 

Volume/Å3 9869.3(7) 

Z 4 

ɟcalcg/cm3 1.461 

ɛ/mm-1 0.845 

F(000) 4428.0 

Crystal size/mm3 0.716 × 0.598 × 0.296 

Radiation MoKŬ (ɚ = 0.71073) 

2Ū range for data collection/Á 4.716 to 51.510° 

Index ranges -23 Ò h Ò 23, -27 Ò k Ò 27, -29 Ò l Ò 29 
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Table 2.6 Continued. 

Reflections collected 108776 

Independent reflections 18697 [Rint = 0.0837, Rsigma = 0.0466] 

Data/restraints/parameters 18697/1/1251 

Goodness-of-fit on F2 1.081 

Final R indexes [I>=2ů (I)] R1 = 0.0826, wR2 = 0.1924 

Final R indexes [all data] R1 = 0.1166, wR2 = 0.2278 

Largest diff. peak/hole / e Å-3 1.19/-1.60 

 

 

Figure 2.6 Crystal structures of 13 with thermal ellipsoids drawn at 50% level. Hydrogen 

atoms have been omitted for clarity. 
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Table 2.7 Crystal data and structure refinement details for 14. 

Ccdc number 1049247 

Empirical formula  C92H80CrF6N12O2SbTiV 

Formula weight 1772.27 

Temperature/K 110 

Crystal system orthorhombic 

Space group P21/C 

a/Å 18.4365(8) 

b/Å 22.6229(10) 

c/Å 24.1293(10) 

Ŭ/Á 90 

ɓ/Á 108.861(2) 

ɔ/Á 90 

Volume/Å3 9523.6(7) 

Z 4 

ɟcalcg/cm3 1.236 

ɛ/mm-1 0.629 

F(000) 3624 

Crystal size/mm3 0.506 × 0.465 × 0.120 

Radiation MoKŬ (ɚ = 0.71073) 

2Ū range for data collection/Á 4.876 to 50.568° 

Index ranges -21 Ò h Ò 21, -26 Ò k Ò 26, -28 Ò l Ò 28 
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Table 2.7 Continued. 

Reflections collected 203167 

Independent reflections 16810 [Rint = 0.0409, Rsigma = 0.0229] 

Data/restraints/parameters 16810/11/1109 

Goodness-of-fit on F2 1.150 

Final R indexes [I>=2ů (I)] R1 = 0.0774, wR2 = 0.1933 

Final R indexes [all data] R1 = 0.1012, wR2 = 0.2122 

Largest diff. peak/hole / e Å-3 0.82/-1.01 

 

 

Figure 2.7 Crystal structures of 14 with thermal ellipsoids drawn at 50% level. Hydrogen 

atoms have been omitted for clarity. 
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Table 2.8 Crystal data and structure refinement details for (OMTAA)VO. 

Ccdc number 1049244 

Empirical formula  C27H32Cl2N4OV 

Formula weight 550.40 

Temperature/K 110 

Crystal system orthorhombic 

Space group P-1 

a/Å 8.5779(7) 

b/Å 12.0788(10) 

c/Å 12.8219(10) 

Ŭ/Á 79.362(4) 

ɓ/Á 78.253(4) 

ɔ/Á 79.424(4) 

Volume/Å3 1263.52(18) 

Z 2 

ɟcalcg/cm3 1.447 

ɛ/mm-1 0.633 

F(000) 574 

Crystal size/mm3 0.575 × 0.320 × 0.212 

Radiation MoKŬ (ɚ = 0.71073) 

2Ū range for data collection/Á 4.908 to 78.398° 

Index ranges -12 Ò h Ò 12, -18 Ò k Ò 18, -19 Ò l Ò 19 
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Table 2.8 Continued. 

Reflections collected 43863 

Independent reflections 9191 [Rint = 0.0147, Rsigma = 0.0205] 

Data/restraints/parameters 9191/0/343 

Goodness-of-fit on F2 1.057 

Final R indexes [I>=2ů (I)] R1 = 0.0330, wR2 = 0.0959 

Final R indexes [all data] R1 = 0.0355, wR2 = 0.0981 

Largest diff. peak/hole / e Å-3 0.58/-0.81 

 

 

 

Figure 2.8 Crystal structures of (OMTAA)VO with thermal ellipsoids drawn at 50% level. 

Hydrogen atoms have been omitted for clarity. 
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2.6 Electronic Absorption Spectroscopy 

The EAS spectra of 1-14 combine the feature of Cr(P)Cl and (TAA)MƏO component. 

The (TAA)MƏO based absorption features are assigned at 300 to 400 nm region. The 

absorption at 450 nm is assigned as Soret band originating from the Cr(P)Cl component. The 

(TAA)MƏO based bands are significantly red-shifted upon coordination to the chromium 

center. In the trimetallic species the relative instensities of such bands are greater than that for  

the corresponding bimetallic species. 

Solid state ATR-FTIR spectrum of (TMTAA)Ti ƏO and (OMTAA)VO shows a single 

sharp band around 920 cm-1 and 970 cm-1, respectively. These bands are assigned to ɜTiƏO
17 

and ɜVƏO.
25 For each heterometallic complex (1-14), these stretches shows a red shift and 

located between 916 cm-1 to 894 cm-1, which confirms the formation of a oxido bridge. When 

the oxido interacts with chromium it weakens the MƏO bond, presumably through ů and ́  

donation from the oxido to the chromium center. Thus, a larger red shift of ɜTiƏO implies a 

stronger OŸCr interaction. Among these systems, 3 has a particularly weak OŸCr dative 

bond, which is rationalized by the steric effect of the bulky naphthyl substituents on the 

porphyrin. Although the other complexes have relatively similar ɜTiƏO, we are able to observe 

electronic effects from the porphyrin substituents. For example, electron donating substituents, 

such as methoxy (9), weaken the dative interaction between the chromium and oxido bridge, 

resulting in ɜTiƏO = 909 cm-1. Electron withdrawing substituents, such as fluoro (10), display a 

stronger dative interaction with ɜTiƏO at 894 cm-1. For complexes 8-11, an additional peak 

around 656 cm-1 is observed, which is assigned to ɜSb-F.
31 
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Figure 2.9 Solid state ATR-FTIR spectrum and molar absorptivity spectrum (in dcm) of 1. 
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Figure 2.10 Solid state ATR-FTIR spectrum and molar absorptivity spectrum (in dcm) of 2. 
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Figure 2.11 Solid state ATR-FTIR spectrum and molar absorptivity spectrum (in dcm) of 3. 
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Figure 2.12 Solid state ATR-FTIR spectrum and molar absorptivity spectrum (in dcm) of 4. 
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Figure 2.13 Solid state ATR-FTIR spectrum and molar absorptivity spectrum (in dcm) of 5. 
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Figure 2.14 Solid state ATR-FTIR spectrum and molar absorptivity spectrum (in dcm) of 6. 
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Figure 2.15 Solid state ATR-FTIR spectrum and molar absorptivity spectrum (in dcm) of 7. 
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Figure 2.16 Solid state ATR-FTIR spectrum and molar absorptivity spectrum (in dcm) of 8. 
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Figure 2.17 Solid state ATR-FTIR spectrum and molar absorptivity spectrum (in dcm) of 9. 
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Figure 2.18 Solid state ATR-FTIR spectrum and molar absorptivity spectrum (in dcm) of 10. 
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Figure 2.19 Solid state ATR-FTIR spectrum and molar absorptivity spectrum (in dcm) of 11. 
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Figure 2.20 Solid state ATR-FTIR spectrum and molar absorptivity spectrum (in dcm) of 12. 
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Figure 2.21 Solid state ATR-FTIR spectrum and molar absorptivity spectrum (in dcm) of 13. 
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Figure 2.22 Solid state ATR-FTIR spectrum and molar absorptivity spectrum (in dcm) of 14. 
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2.7 Conclusion 

In this chapter, heterobimetallic (1-4, 12), heterotrimetallic (5-11, 13), and 

unsymmetric heterotrimetallic complexes 14, containing (TMTAA)Ti ƏO, (OMTAA)VƏO 

and Cr(P)Cl, are synthesized via dative interactions between oxido bridge and Cr metal center. 

These new structures are characterized by electronic absorption spectroscopy, FT-IR 

spectroscopy, mass spectroscopy, and single crystal X-Ray diffraction. Their absorption 

spectra combine the features from both (TAA)MƏO (300 nm to 400 nm) and Cr(P)Cl 

component (450 nm). FT-IR spectra display of red-shift of MƏO stretch due decreasing of the 

bonding electron density. All molecules possess a nearly linear MƏOŸCr geometry, with the 

bond length of CrŸO longer than MƏO and a geometry change occuring on TAA ligand. This 

serie of strucutres successfully expand the database of heterometallic specis and it provides a 

good model for understanding the intramolecular metal-metal interaction. 
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Chapter 3    d1-dx Oxido Bridged Heterobimetallic Complexes 

Containing VIV : A New Direction for Metal-to-Metal Charge 

Transfer 

 

The work in this chapter is published in Inorganic Chemistry. 

Wu, X.; Huang, T.; Lekich, T. T.; Sommer, R. D.; Weare, W. W. Inorg. Chem. 2015, 54, 5322. 

 

3.1 Abstract 

Heterobimetallic complexes composed only of first-row transition metals 

[(TMTAA)V IVƏOŸMIIPy5Me2](OTf)2 (TMTAA = 7,16-dihydro-6,8,15,17-tetramethyldi-

benzo[b,i][1,4,8,11]tetraazacyclotetradecine; Py5Me2 = 2,6-bis(1,1-bis(2-pyridyl)ethyl)-

pyridine; M = MnII, FeII, CoII, NiII, CuII; OTf = Trifluoromethanesulfonate), have been 

synthesized through a dative interaction between a terminal oxido and M II metal centers. This 

is the first series of VIVƏOŸMII heterobimetallic complexes containing an unsupported oxido 

bridge. Among these five complexes, only V IVƏOŸFeII (3b) has a clear new absorption band 

upon formation of the dinuclear species (502 nm, Ů = 1400 M-1cm-1). This feature is assigned 

to a metal-to-metal charge transfer (MMCT) transition from VIV to FeII, which forms a VV-O-

FeI excited state. This assignment is supported by electrochemical data, electronic absorption 

profiles and resonance Raman spectroscopy and represents the first report of visible-light 

induced MMCT in a heterobimetallic oxido bridged molecule where the electron originates on 

a d1 metal center. 
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3.2 Introduction 

Heterobimetallic oxido bridged complexes are an important area of transition metal 

chemistry due to the unique reactivity that can result from the presence of two distinct metal 

centers.1 Molecular systems containing a M1-O-M2 fragment have been successfully applied 

as cooperative catalysts for alcohol oxidation,2 olefin polymerization3 and CO2 reduction.4-6 

Light-driven charge separated excited states induced by intramolecular metal-to-metal charge 

transfer (MMCT) are also possible, and have been shown in the solid-state to drive 

photochemical processes such as artificial photosynthesis.4-14 Redox-active heterobimetallic 

molecules that contain unsupported oxido bridges are a continued area of interest,15-17 however 

no molecular systems have been definitively shown that possess visible-light induced MMCT 

transitions.18 In recent decades a few oxido bridged complexes containing vanadium have been 

developed.19-21 However, structurally characterized mono-oxido bridged heterobimetallic 

complexes containing VIV remain rare.22, 23 

This chapter covers a straightforward synthesis of unsupported oxido bridged 

heterobimetallic complexes containing V IVƏOŸMII (M = Mn, Fe, Co, Ni and Cu), using 

(TMTAA)VƏO (1) (TMTAA = 7,16-dihydro-6,8,15,17-tetramethyldibenzo[b,i]-

[1,4,8,11]tetraazacyclotetradecine) and [M IIPy5Me2](OTf)2 (2a-e) (Py5Me2 = 2,6-bis(1,1-

bis(2-pyridyl)ethyl)pyridine) as precursors. These compounds can serve as structural and 

functional models for photochemically important solid-state MMCT chromophores. The 

formation of these five new species (3a-e) has been confirmed by UV/Vis, XRD, FTIR, ESI-

MS, and cyclic voltammetry. The magnetic measurements are also performed to all five 

structures using a SQUID magnetometer to probe the interaction between metal centers. 
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Among these heterobimetallic complexes, we find that only V IVƏOŸFeII (3b) has a new, 

broad feature in the electronic absorption spectra at 490 nm, which is sufficiently described by 

two Gaussian curves centered at 455 nm and 502 nm. We have identified that the low energy 

portion of this feature is a visible-light induced MMCT transition, where the electron originates 

from the d1 vanadium center and is transferred to FeII, reducing it to FeI in the excited state. 

This assignment is supported by electrochemistry and resonance Raman (rRaman) 

spectroscopy, with only the VŸFe transition being consistent with the observed low-energy 

excitation. This result is an unusual example of an MMCT transition where the electron 

transfers from an early to late metal, with all previous studies examining excited states where 

there is reduction of the early transition metal (such as Ti14, 18 and Zr4). 

 

3.3 Experimental Section 

General Considerations. All of the reactions described were carried out in an Innovative 

Technology glovebox or under an atmosphere of dinitrogen using standard Schlenk techniques. 

Acetone was dried with CaSO4 and distilled prior to use. Diethylether was dried with 

Na/benzophenone ketyl, distilled, degassed and stored in the glovebox. Acetonitrile, 

dichloromethane, toluene, tetrahydrofuran, and pentane were purified using a Grubbs-type, 

two-column purification system (Innovative Technologies) and stored over 4 Å molecular 

sieves. All  other solvents were purchased from Alfa Aesar and used without further 

purification. H2TMTAA ,24 (TMTAA )VƏO,25 Py5Me2,
26 metal precursors (for Mn, Fe and 

Co)27 and metal coordinated Py5Me2 complexes28 were synthesized via previously published 

synthetic routes. Tetra-n-butylammonium hexafluorophosphate (TBAHFP) used for cyclic 



 

66 

voltammetry was recrystallized from ethanol and dried under vacuum. Other commercially 

obtained chemicals were used as received.  

Measurements. Electronic absorption spectra (EAS) were recorded using an Olis RSM1000 

spectrophotometer with a 1mm cuvette. ATR-FTIR spectra were obtained on a Bruker Vertex 

80V infrared spectrometer equipped with a PlatinumÊ diamond ATR attachment. 

Electrospray Ionization Mass Spectrometry analyses were carried out on a Thermo Fisher 

Scientific Exactive Plus MS spectrometer using Heated Electrospray Ionization (HESI) with 

the compounds dissolved in dichloromethane that had been dried as previously described. 

Electrochemical data were acquired under anaerobic conditions using a BioLogic S200 

potentiostat with glassy carbon as the working electrode, Ag/Ag+ as the reference electrode 

and a Pt wire counter electrode. Cyclic voltammograms were obtained in a nitrogen 

atmosphere and referenced to added Fc/Fc+ (0 V) in 0.01 mM TBAHFP dichloromethane 

solution. Crystal structures were determined by single crystal X-ray diffraction using Bruker-

Nonius X8 kappa Apex II diffractometer with MoKŬ radiation (ɚ = 0.71073¡) at 110(2) K. 

Crystal structures were solved by direct methods (SHELXS-97) and expanded using difference 

Fourier techniques. The structures were refined with SHELXL-2013 using full-matrix least-

squares calculations.29 Unless otherwise noted in the ESI, hydrogen atom positions were placed 

in chemically reasonable positions and refined using geometric constraints using a riding 

model (Uiso of 1.2 or 1.5x parent atom depending on context). H atoms participating in 

hydrogen bonding were refined freely unless otherwise stated. rRaman spectra were recorded 

using a custom built system comprised of a Princeton Instruments IsoPlane SCT 320 

spectrograph and a PIXIS CCD camera with eXcelon technology.30 Samples were excited 
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using a Coherent Innova 70C Ar/Kr ion laser. Semrock MaxLine laser line filters were utilized 

to filter the excitations. The rRaman pump was reflected from a 90/10 beam splitter and 

focused into the sample by a 10x microscope objective. Data was collected at a 180° back 

scattering geometry. The rRaman signal was collimated by the same objective, and Semrock 

RazorEdge long pass filters were used to filter the Rayleigh scatter from the rRaman signal in 

the collection path. The signal was focused into an optical fiber using a 5x microscope 

objective. Magnetic measurements were performed on a Quantum Design MPMS-XL7 

SQUID Magnetometer. The saturation plots were measured at 2 K with the applied field being 

varied from 0~70000 oe. Temperature-dependent magnetic susceptibilities were performed 

from 2-300 K. 

(TMTAA )VƏO (1) was synthesized using Yangôs method,25 with a modification in the 

purification conditions. A 15 mL portion of dry toluene was sparged for 20 min with 

dinitrogen, at which time H2TMTAA (300 mg, 0.871 mmol), oxidovanadium acetate (180 mg, 

0.973 mmol) and triethylamine (88.1 mg, 0.871 mmol) were added. The resulting mixture was 

heated at reflux for one day, during which time a deep green precipitate slowly formed. This 

crude product was filtered out, washed 3 times with 3 mL of dry toluene, and dried under 

vacuum. Column chromatography with neutral alumina (50-200 mesh) was used to obtain the 

pure 1, washing with dichloromethane to remove unreacted ligand followed by tetrahydrofuran 

to elute the product as a green band. After the solvent was removed in vacuo, the solid was 

further dried under vacuum at 80 ᴈ ÆÏÒ 3 h. Typical yields for 1 are 30% (107 mg). UV/Vis 

(dichloromethane), ɚmax (nm) (Ů (M-1cm-1)): 308 (17800), 375 (45500), 416 (10200). ATR-

FTIR: ɜV=O (cm-1): 971. HR ESIMS (M+) m/z calcôd for C22H24N4OV 409.1228, found 



 

68 

409.1224. Anal. Calcôd for C22H24N4OV: C, 64.55; H, 5.42; N, 13.68. Found: C, 65.61; H, 

5.55; N, 13.92.  

[M II (Py5Me2)](CF3SO3)2 (2a-2e). Sunôs work on [Co(H2O)(Py5Me2)](CF3SO3)2 was applied 

and extended to the other four metals with minor modifications.28 Equal molar quantities 

(0.450 mmol) of metal precursor (2a, Mn(CF3SO3)2(CH3CN)2. 2b, Fe(CF3SO3)2(CH3CN)2. 2d, 

Ni(CF3SO3)2. 2e, Cu(CF3SO3)2.) were combined with Py5Me2 in 10 mL of anhydrous acetone. 

The mixture was stirred at 20 ᴈ for 12 h. After removing the solvent under vacuum, the 

resulting solid was washed with a minimum amount of acetone and dried under reduced 

pressure. The products were used without further purification.  

[(TMTAA ]VƏOŸMn(Py5Me2)](CF3SO3)2 (3a). Equimolar quantities of 1 (70 mg, 0.171 

mmol) and 2a (136 mg, 0.171 mmol) were added to 6 mL of toluene. The mixture was stirred 

at 100 ᴈ for 12 h, during which time the mixture slowly turned brown in color. The product 

was collected over a fritted funnel after being cooled to room temperature, then washed with 

minimum amount of toluene and dried under reduced pressure resulting in a light brown solid. 

Crystals suitable for X-ray diffraction were obtained by slow diffusion of diethyl ether into a 

dichloromethane solution of 3a. Yield: 158 mg, 77%. UV/Vis (dichloromethane), ɚmax (nm) (Ů 

(M-1cm-1)): 308 (17000), 375 (44600), 418 (9700). ATR-FTIR: ɜV=O (cm-1): 901. HR ESIMS 

(M+) m/z calcôd for [C51H47MnN9OV]2+ 453.636, found 453.635. Anal. Calcôd for 

C53H47F6MnN9O7S2VÅC3H6O: C, 53.22; H, 4.23; N, 9.97. Found: C, 53.29; H, 4.20; N, 10.09. 

[(TMTAA ]VƏOŸFe(Py5Me2)](CF3SO3)2 (3b) was synthesized via a similar approach as 3a 

using 1 (70 mg, 0.171 mmol) and 2b (136 mg, 0.171 mmol) in 6 mL of dry toluene, forming 

an orange-brown solid. Crystals suitable for X-ray diffraction were obtained by slow diffusion 
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of diethyl ether into a dichloromethane solution of 3b. Yield: 167 mg, 81%. UV/Vis 

(dichloromethane), ɚmax (nm) (Ů (M
-1cm-1)): 307 (17700), 375 (41200), 417 (13200), 502 

(1700). ATR-FTIR: ɜV=O (cm-1): 903. HR ESIMS (M+) m/z calcôd for [C51H47FeN9OV]2+ 

454.1352, found 454.1343. Anal. Calcôd for C53H47F6FeN9O7S2VÅH2O: C, 51.98; H, 4.03; N, 

10.29. Found: C, 52.03; H, 4.19; N, 10.35. 

[(TMTAA ]VƏOŸCo(Py5Me2)](CF3SO3)2 (3c) was synthesized via a similar approach as 3a 

using 1 (70 mg, 0.171 mmol) and 2c (140 mg, 0.171 mmol) in 6 mL of dry toluene, forming a 

light brown solid. Crystals suitable for X-ray diffraction were obtained by slow diffusion of 

diethyl ether into a dichloromethane solution of 3c. Yield: 153 mg, 74%. UV/Vis 

(dichloromethane), ɚmax (nm) (Ů (M
-1cm-1)): 308(18100), 375(43000), 419(9500). ATR-FTIR: 

ɜV=O (cm-1): 914. HR ESIMS (M+) m/z calcôd for [C51H47CoN9OV]2+ 455.6343, found 

455.6331. Anal. Calcôd for C53H47F6CoN9O7S2VÅH2O: C, 51.85; H, 4.02; N, 10.26. Found: C, 

51.22; H, 4.17; N, 10.27. 

[(TMTAA ]VƏOŸNi(Py5Me2)](CF3SO3)2 (3d) was synthesized via a similar approach as 3a 

using 1 (70 mg, 0.171 mmol) and 2d (137 mg, 0.171 mmol) in 6 mL of dry toluene forming a 

greenish brown solid. Crystals suitable for X-ray diffraction were obtained by slow diffusion 

of diethyl ether into a dichloromethane solution of 3d. Yield: 153 mg, 74%. UV/Vis 

(dichloromethane), ɚmax (nm) (Ů (M
-1cm-1)): 306(17100), 375(45400), 419(9600). ATR-FTIR: 

ɜV=O (cm-1): 931. HR ESIMS (M+) m/z calcôd for [C51H47NiN9OV]2+ 455.1343, found 

455.1341. Anal. Calcôd for C53H47F6NiN9O7S2VÅH2O: C, 51.86; H, 4.02; N, 10.27. Found: C, 

51.17; H, 4.05; N, 10.22. 
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[(TMTAA ]VƏOŸCu(Py5Me2)](CF3SO3)2 (3e) was synthesized via a similar approach as 3a 

using 1 (70 mg, 0.171 mmol) and 2e (138 mg, 0.171 mmol) in 6 mL of dry toluene forming a 

greenish brown solid. Crystals suitable for X-ray diffraction were obtained by slow diffusion 

of diethyl ether into a dichloromethane solution of 3e. Yield: 162 mg, 78%. UV/Vis 

(dichloromethane), ɚmax (nm) (Ů (M
-1cm-1)): 306(19000), 376(46500), 414(10500). ATR-FTIR: 

ɜV=O (cm-1): 921. Anal. Calcôd for C53H47F6CuN9O7S2V: C, 52.42; H, 3.90; N, 10.38. Found: 

C, 51.19; H, 3.94; N, 9.98. 

 

3.4 Results and Discussion 

3.4.1 Synthesis of VIVƏOŸMII  Complexes 

 

Figure 3.1 Scheme for synthesizing heterobimetallic complexes 3a-e. For complexes 2, n = 1 

for 2a, 2b, 2d, 2e and n = 2 for 2c. For 3e, CuII is five coordinate, with only four of the pyridyl 

groups of the Py5Me2 ligand binding to Cu, which is not schematically shown. Conditions: (i) 
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oxidovanadium acetate, triethylamine, 24 h reflux in toluene. (ii) Corresponding metal 

precursor in acetone at r.t. (iii) 12 h reflux in toluene. 

 

Goedken and coworkers have previously reported that 1 can act as a Lewis base to 

coordinate oxophilic Lewis acids such as B(C6H5)3 and Si(CH3)3.
25 Here, 1 is used similarly, 

reacting with Lewis acidic first row transition metals to form heterobimetallic coordination 

complexes. The Lewis acidic metals are supported by the Py5Me2 ligand, which has been 

shown to accommodate metals of different atomic sizes in stable 2+ oxidation states31 and is 

electrochemically silent over a wide potential range.28, 32 These properties make it an excellent 

ligand environment for studying heterobimetallic photophysics. Moreover, the Py5Me2 ligand 

has only one vacant site available for coordination by a Lewis base, preventing the formation 

of polymetallic species.33 Metallation of H2TMTAA  with oxidovanadium acetate and Py5Me2 

ligand with the corresponding MII precursor results in complexes 1 and 2a-e. We have found 

that careful purification of 1 using a basic alumina column is necessary for successful, 

subsequent heterobimetallic formation. Combining equal molar ratios of 1 and 2 in refluxing 

toluene for 12 h gives the corresponding heterobimetallic products 3 as the only isolable 

product in good yields (~80%). 

ESI-MS was performed in dichloromethane solution as summarized in the 

experimental section. Complexes 3a-d clearly show their molecular-ion peak corresponding to 

[(TMTAA)V IVƏOŸM II(Py5Me2)]
2+ species, demonstrating their stability in solution. In 

contrast, 3e only displays the two mononuclear complexes, suggesting that the OŸCuII dative 

bond does not survive under ESI-MS conditions. However, the observation of a 60 cm-1 red 

shift of the signature ɡVƏO in 3e is observed by ATR-FTIR, which in combination with the X-
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ray crystal structure and EA clearly indicate the formation of the heterobimetallic linkage. 

(Table 3.1, see SI for complete spectra). This red shift, which is present in all heterobimetallic 

complexes, is due to coordination of the MII center to the oxygen via a dative interaction, an 

example of this shift can be seen in Figure 3.30. This weakens the vanadium oxido bond. 

Similar behavior is observed in oxido bridged systems containing VIVƏO25 and TiIVƏO.34, 35 

 

Table 3.1 ɡVƏO for complex 1 and 3a-e. 

Complex ɡVƏO (cm-1) 

1 (VƏO)Error! Bookmark not defined.  971 

3a (VƏOŸMn) 901 

3b (VƏOŸFe) 903 

3c (VƏOŸCo) 914 

3d (VƏOŸNi) 931 

3e (VƏOŸCu) 921 

 

3.4.2 Crystal Structures 

Crystalline materials of sufficient quality for XRD were prepared by vapor diffusion of 

diethyl ether into dichloromethane solutions. The structures of 1 and 3a-e were determined by 

single crystal X-Ray diffraction measurements. Two examples (3a and 3e) are shown in Figure 

3.2. Selected parameters are summarized in Table 3.2. Structures for 3b-d and detailed unit 

cell information for 1 and 3a-e are provided in the SI. 
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Figure 3.2 Crystal structures of complex 3a (left) and 3e (right) with thermal ellipsoids drawn 

at 50% level. Hydrogen atoms and counterions have been omitted for clarity. 

 

This structural data allows for an understanding of unsupported oxido bridged 

heterobimetallic VIVƏOŸM II complexes. 3a crystallizes in the space group P1 with two 

molecules present per unit cell, whereas 3b-d are monoclinic P21/n with four molecules present 

per unit cell. Structurally, 3a-d display a similar bonding pattern with the coordination 

geometry around vanadium a distorted square-based pyramid (N-V IV-O around 110°) and the 

M II center maintaining a pseudo-octahedral geometry (N(eq)-M II-O ~90°, Figure 3.2 and Table 

3.2). In 3e, CuII is five coordinate, forming a nearly square based pyramidal geometry (Ű = 

0.083)36 with one of the pyridyl arms of Py5Me2 remaining uncoordinated (Figure 3.2). This is 

due to significant Jahn-Teller distortion, as expected for a d9 CuII center, in spite of the highly 

rigid ligand environment.26, 37 This effect also leads to the observed shorter M-O bond length 

in 3e when compared to 3a, with the lower coordination number of 3e leading to a shorter M-
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O bond.38 In the case of 3b, the shorter bond lengths around FeII are consistent with a low-spin 

configuration. The influence of spin-state has been observed for similar monometallic 

complexes using the Py5 ligand architecture, with significantly shorter bond lengths being 

observed when antibonding orbitals are not occupied, such as in d6, low-spin FeII.31, 39 This 

low-spin configuration is proved by magnetic study. SQUID measurements indicate the low-

spin character for the FeII center in 3b by showing a spin only magnetic moment of S = 1/2. 

However, high-spin configuration for Py5Me2 metal centers are observed for 3a, 3c, 3d, 3e. 

All heterobimetallic complexes except 3b show a ferromagnetically coupling between d1 

vanadium center and Py5Me2 metal center. 

 

Table 3.2 Selected structural parameters of 1 and 3a-e. 

 1 3a 3b 3c 3d 3e 

Distances (Å) 

V IV-O 1.6090(9) 1.6578(12) 1.6571(19) 1.6475(18) 1.6438(16) 1.6513(12) 

V IV-N avg.  2.0168(11) 2.0087(17) 2.009(2) 2.005(2) 2.0086(19) 2.0006(15) 

M II-O n/a 2.0870(12) 1.9457(19) 2.0244(18) 2.0344(16) 1.9528(12) 

M II-N avg. n/a 2.2326(15) 1.993(2) 2.123(2) 2.0862(19) 2.0411(14) 

V IV-M II n/a 3.6644(4) 3.5810(6) 3.6523(6) 3.6584(5) 3.5922(4) 

Angles (°)  

V IV-O-M II  n/a 156.04(8) 167.37(12) 168.09(11) 168.02(10) 170.67(8) 

N-V IV-O 

avg.  

109.79(5) 109.87(6) 109.75(10) 109.37(9) 109.45(8) 109.41(6) 
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Table 3.2 Continued. 

N(eq)-M II-

O avg. 

n/a 97.36(5) 90.44(9) 92.97(8) 91.65(7) 94.01(5) 

N(ax)-M II-

O  

n/a 178.21(5) 173.87(9) 172.95(8) 172.91(7) 171.38(5) 

 

The VƏO bond lengths for 3a-e increase by ~0.04 Å after formation of the dinuclear 

complexes, which is consistent with the observed decrease of ɡVƏO by FTIR. The MII-O 

distances (~2.00 Å) are significantly longer than VIVƏO (~1.65 Å), which leads us to conclude 

that the structure is best defined as VIVƏOŸM II.20, 21 The V IV-M II distances vary from 3.58 Å 

to 3.66 Å depending on the MII center.  3a-e each shows a slightly bent structure for the oxido 

bridge, with the VIV-O-M II angle in a range of 156° to 170°. This is consistent with other 

heterobimetallic oxido bridged systems containing vanadium.20, 21, 25  

 

3.4.3 Electrochemistry 

In order to probe the electrochemical behavior of new heterobimetallic systems, cyclic 

voltammetric measurements were performed on mononuclear 1, 2a-e and binuclear 3a-e (See 

Figure 3.46 and 3.47). The vanadium precursor, 1, has a single quasireversible oxidative redox 

event at -0.22 V (vs. Fc/Fc+ = 0 V as for all other potentials; Fc = Ferrocene), which was 

previously assigned as VV/IV.40 An irreversible oxidation at 1.27 V is assigned to ligand 

oxidation processes, and is in agreement with a previous assignment from the related titanium 

complex (TMTAA)TiƏO.34 As summarized in Table 3.3, complexes 2a-e demonstrate metal-
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based one-electron oxidative and reductive redox waves. The quasireversible MnIII/I I, FeIII/II , 

CoIII/II , Ni III/II  oxidative couples are observed at 0.76 V, 0.83 V, 0.44 V and 1.42 V, respectively. 

While the irreversible reductive FeII/I, CoII/I, NiII/I couples are identified at -2.09 V, -1.52 V, 

and -1.73 V. Compound 2e has only one quasireversible wave at -0.36 V, corresponding to 

CuII/I. 

 

Table 3.3 Summary of electrochemical potentials of complex 1, 2a-e and 3a-e. All values are 

referenced vs. Fc/Fc+ = 0 V. adenotes an irreversible transition, bdetermined by variable-rate 

voltammetry. 

Complex M II/I  (Epc/V) VV/IV (E1/2/V) M III/II (E1/2/V) L oxidation (V) 

1 - -0.22 - 1.27a 

2a - - 0.76 - 

2b -2.09a - 0.83 - 

2c -1.52a - 0.44 - 

2d -1.73a - 1.42 - 

2e -0.36 - - - 

3a -1.99a -0.15 0.81 - 

3b -1.97a 0.13b 0.64 1.21a 

3c -1.55a -0.18 0.41 1.26a 

3d -1.75a -0.17 1.44 1.25a 

3e -0.22 -0.15 - - 



 

77 

 

Figure 3.3 Cyclic voltammogram of 3b, with four redox regions labeled. Fc/Fc+ = 0 V which 

was added after this voltammogram was recorded as an internal standard. 

 

The electrochemical behavior of binuclear complexes 3a-e are depicted in Figure 3.47 

and their featured redox couples are summarized in Table 3.3. The binuclear complex 3e has 

two quasireversible redox processes that are assigned to CuII/I and VV/IV , respectively. When 

compared to the mononuclear (TMTAA)VƏO species, the VV/IV  redox couple is anodically 

shifted from -0.22 V to -0.15 V and CuII/I  redox couple shifts anodically from -0.36 V to -0.22 

V. For complexes 3a-d, the redox behavior is classified into four voltage regions (Figure 3.3) 

for comparison purposes. Process I is an irreversible reductive event that happens at potential 

between -1.97 V and -1.55 V. Since these redox waves are at the similar range as MII/I (M = 

Mn, Fe, Co, Ni) redox couples of 2a-d, they have been assigned as MnII/I  (-1.99 V), FeII/I (-

1.97 V), CoII/I (-1.55 V) and NiII/I (-1.75 V), respectively. Process II is in the range between -
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0.20 V and 0.20 V, which is assigned as VV/IV . 3b has two distinguishable electrochemical 

responses within this range. The first redox wave at approximately -0.20 V is assigned to VV/IV  

of 1, a result of the dissociation of the complex to form the mononuclear (TMTAA)VƏO under 

electrochemical conditions. The second redox wave at ~0.13 V is assigned to VV/IV in intact 3b 

(Figure 3.3), and is significantly shifted (~0.35 V) compared to 1. The VV/IV  couple for 3a and 

3c-e do not shift significantly upon heterobimetallic formation.  This assignment for 3b is 

supported by a variable scan rate study (Figure 3.48), with the reported E1/2 value for FeII/I  

being determined using this experiment. As the scan rate increases, the wave at 0.20 V 

(assigned to 3b) changes from irreversible to quasireversible; by controlling the range of scan 

potential the intensity of the reduction wave at -0.20 V (assigned to 1) increases after the 

potential passes the region of VIV oxidation in 3b. This phenomenon is consistent with slow 

dissociation in solution under the electrochemical conditions. Similar dissociation reactions 

are also observed in TiƏOŸCr systems.34 Process III is assigned to the range of 0.44 V to 1.44 

V, which is attributed to M III/II (M = Mn, Fe, Co, Ni). The redox couples of MnIII /II (0.81 V), 

CoII I/II (0.41 V) and NiII I/II  (1.44 V) undergo only minor shifts upon formation of the binuclear 

complexes (3a = 0.76 V, 3c = 0.44 V, and 3d = 1.42 V, respectively), consistent with the 

absence of substantial shifts in VV/IV . In contrast, FeIII/II  cathodically shifts by 0.19 V upon 

formation of the bimetallic 3b (2b = 0.83 V and 3b = 0.64 V), which when combined with the 

observation of VV/IV  in 3b indicates the presence of an interaction between VIV and FeII that is 

not present in the other heterobimetallic complexes. Process IV is due to ligand oxidation 

events which normally lie at ~1.26 V, and undergo only minor shifts from 1 upon formation of 

the bimetallic species. Overall, the electrochemical data shows that small, but tangible changes 
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occur for the VV/IV , MII/I , and MIII/II  in all systems other than 3b. In 3b significant changes in the 

redox behavior of both metal centers occurs upon formation of the bimetallic species. In the 

absence of water or oxygen, solutions of 3a-e did not undergo any changes in their absorption 

features or electrochemical responses even after several weeks. 

 

3.4.4 MMCT in V IVƏOҦFeII  System 

 

Figure 3.4 Electronic absorption spectra of 1, 2b and 3b. A new, broad absorption feature is 

observed that is approximately centered at 490 nm. 

 

Electronic absorption spectra were measured for 3a-e to probe the electronic transitions 

of these heterobimetallic systems. For 3a, 3c, 3d and 3e, the absorption profiles are nearly 

indistinguishable from the 1 (see ESI for full spectrum), with minor changes in molar 

absorptivity observed due to the changes in symmetry upon formation of heterobimetallic 
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species. In contrast, the spectrum of VIVƏOŸFeII complex 3b shows significant differences 

when compared with the two starting mononuclear complexes (Figure 3.4). In particular a new 

broad absorption is observed which extends from 400 nm to 550 nm, roughly centered at 490 

nm. 

 

Figure 3.5 Electronic absorption difference spectrum resulting from subtracting the sum of 1 

and 2b from the spectrum of heterobimetallic 3b. The result was fit to a combination of two 

Gaussian peaks centered at 2.70 eV (green) and 2.47 eV (orange). 

 

In order to elucidate this new feature, a mathematic difference spectrum (3b ï 2b ï 1) 

was computed (Figure 3.5). This method has been previously utilized to assign new electronic 

transitions due to MMCT.11, 12, 14, 18 The negative components at energies higher than 3.00 eV 

correspond to intensity losses in the mononuclear-based (TMTAA)VƏO transitions. The 

positive region between 3.00 eV to 2.10 eV indicates new electronic transitions upon formation 
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of 3b. This new feature could be adequately fit by two Gaussian peaks centered at 2.70 (459 

nm) and 2.47 eV (502 nm). The 2.70 eV (460 nm) peak is assigned to a red shifted ligand-to-

metal charge transfer (LMCT) at vanadium, and is consistent with the observed cathodic shift 

of VV/IV . The peak at 2.47 eV (502 nm) is assigned to a new MMCT transition from VIV to FeII, 

forming a charge separated excited state composed of VV and FeI. To make this assignment, 

we examined the electrochemistry of 3b and found that only the VV/IV and FeII/I  redox couples 

have a plausible energy gap to explain this transition (ȹE = 2.10 V). This provides a good 

match for the 2.47 eV band. All alternative assignments result in energies that are larger than 

2.5 eV. The most likely alternative assignment, a MMCT from FeII to VIV, would involve 

V IV/III , which is not observed throughout the solvent window (~ -1.5 V). This means that the 

energy difference between VIV/III  and FeIII/II  can be no smaller than 2.90 eV, and therefore 

cannot explain the observed feature at 2.47 eV.  

 

Figure 3.6 Normalized resonance Raman spectra of 3b in dichloromethane. Black, 488 nm 

excitation; red, 514 nm excitation; blue, 568 nm excitation. Wavelength and intensity was 

referenced and normalized to the rRaman signal of dichloromethane (703 cm-1). 
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To further support our assignments, rRaman spectra of 3b was mapped at three 

different wavelengths throughout the new transitions.22, 41-43 Normalized rRaman spectra is 

shown in Figure 3.6, with a superimposition of difference spectra and the relative rRaman 

intensity of ɡVƏO (Figure 3.7). A significant enhancement is observed at 910 cm-1, which 

corresponds to ɡVƏO as observed by FTIR (see Ref. 22 and table 3.1). 

 

Figure 3.7 Resonance Raman enhancement profile (dot) overlayed with the difference spectra 

(3b ï 2b ï 1, solid curve). Plotted rRaman intensities (ɡVƏO (910 cm-1) are relative to the 

solvent reference peak and intensity matched to the difference spectrum at 516 nm, showing 

that only low energy band is associated with the oxido bridge distortion. 

 

This enhancement would only be possible for a transition where the structural 

distortions during excited state electron transfer coincide with vibrations localized on the 
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bridge. Of the two assignments (LMCT and MMCT), only a MMCT transition (502 nm) would 

result in distortions coupled to the bridge modes.  Since only excitation in the low energy 

portion of the new absorption results in resonant enhancement, this result supports our 

assignment that the lower energy transition is due to MMCT. The higher energy band (455 

nm) appears to not contribute to this feature and therefore cannot involve transitions that distort 

the V-O-Fe bond, supporting our assignment of this transition as being due to LMCT from the 

TMTAA ligand. No rRaman enhancement at 910 cm-1 is observed for either of the 

mononuclear components (1 or 2b) when excited in this range (Figure 3.50). The small (8 cm-

1) difference between the FTIR and rRaman spectra is a result of FTIR being a solid state 

measurement while rRaman was measured in a saturated dichloromethane solution. 

The observation that only 3b has new transitions ultimately raises the question of why 

is the VƏOҦFe complex different from the other species? Upon examination of the crystal 

structures, only 3b is found to be low-spin. As a result, 3b is the only complex in the series 

that definitively has an unoccupied ů* orbital (d6 low-spin). We therefore speculate that such 

unoccupied orbitals are necessary for the observation of MMCT transitions in these oxido-

bridged heterobimetallic molecules, potentially acting as the orbital into which the electron 

transfer occurs. 

 

3.5 Conclusion 

Five new heterobimetallic oxido bridged complexes containing d1 vanadium have been 

synthesized and structurally confirmed. All five species are formed through a dative interaction 

between the oxido and a MII metal center, with a slightly bent V=O-M angle varying from 156° 

to 170°. A Jahn-Teller distortion was observed in the Cu center of VƏOҦCu, resulting in 5 
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coordinate CuII. Cyclic Voltammetry reveals clear VV/IV , MII/I  and MIII/II  redox couples in four 

voltage regions. Magnetic measurements reveal high-spin configuration for Py5Me2 metal 

centers for 3a, 3c, 3d, 3e, and all of them are ferromagnetically coupled to the d1 vanadium 

center. The FeII in 3b possesses a low-spin configuration. VƏOҦFe system is found to have a 

stronger interaction between the two metal centers, with a significant shift of redox potentials 

on both sides of the oxido bridge and the appearance of a new optical transition in the visible 

region (502 nm, ὑ = 1700 M-1cm-1) which we assign to a VIV to FeII MMCT. This assignment 

is supported by rRaman spectroscopy, which show that this transition is associated with 

vibrational modes from the oxido bridge. We speculate that the presence of a MMCT transition 

in the FeII complex is due to the presence of empty ů* orbitals in this low-spin d6 complex. To 

our knowledge, this is the first observation of a MMCT transition from a d1 metal center, 

opening up a new direction for the study of visible-light induced MMCT. 
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3.6 Supporting Information 

3.6.1 Electronic Absorption Spectra with Molar Absorptivity  

The molar absorptivity was measured in dichloromethane under the protection of 

nitrogen at room temperature. The ὑ of 2c and 2e were measured in acetonitrile because of the 

poor solubility in dichloromethane. The ὑ of 2d could not be obtained due to the low solubility 

in all common solvents, therefore an EAS spectra of 2d is reported as a normalized absorbance. 

 

Figure 3.8 Electronic absorption spectrum of (TMTAA)VƏO (1). 
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Figure 3.9 Electronic absorption spectrum of [Mn(Py5Me2)](CF3SO3)2 (2a). 

 

 

Figure 3.10 Electronic absorption spectrum of [Fe(Py5Me2)](CF3SO3)2 (2b). 
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Figure 3.11 Electronic absorption spectrum of [Co(H2O)(Py5Me2)](CF3SO3)2 (2c). 

 

 

Figure 3.12 Electronic absorption spectrum of [Ni(Py5Me2)](CF3SO3)2 (2d). 
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Figure 3.13 Electronic absorption spectrum of [Cu(Py5Me2)](CF3SO3)2 (2e). 

 

 

 

Figure 3.14 Electronic absorption spectrum of [(TMTAA]VƏOŸMn(Py5Me2)](CF3SO3)2 

(3a). 
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Figure 3.15 Electronic absorption spectrum of [(TMTAA]VƏOŸFe(Py5Me2)](CF3SO3)2 

(3b). 

 

Figure 3.16 Electronic absorption spectrum of [(TMTAA]VƏOŸCo(Py5Me2)](CF3SO3)2 

(3c). 
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Figure 3.17 Electronic absorption spectrum of [(TMTAA]VƏOŸNi(Py5Me2)](CF3SO3)2 

(3d). 

 

 

 

Figure 3.18 Electronic absorption spectrum of [(TMTAA]VƏOŸCu(Py5Me2)](CF3SO3)2 

(3e). 
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3.6.2 Solid State ATR-FTIR Spectra 

 

Figure 3.19 Solid State ATR-FTIR spectrum of (TMTAA)VƏO (1). 

 

Figure 3.20 Solid State ATR-FTIR spectrum of [Mn(Py5Me2)](CF3SO3)2 (2a). 
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Figure 3.21 Solid State ATR-FTIR spectrum of [Fe(Py5Me2)](CF3SO3)2 (2b). 

 

Figure 3.22 Solid State ATR-FTIR spectrum of [Co(H2O)(Py5Me2)](CF3SO3)2 (2c). 
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Figure 3.23 Solid State ATR-FTIR spectrum of [Ni(Py5Me2)](CF3SO3)2 (2d). 

 

Figure 3.24 Solid State ATR-FTIR spectrum of [Cu(Py5Me2)](CF3SO3)2 (2e). 
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Figure 3.25 Solid State ATR-FTIR spectrum of [(TMTAA]VƏOŸMn(Py5Me2)](CF3SO3)2 

(3a). 

 

Figure 3.26 Solid State ATR-FTIR spectrum of [(TMTAA]VƏOŸFe(Py5Me2)](CF3SO3)2 

(3b). 
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Figure 3.27 Solid State ATR-FTIR spectrum of [(TMTAA]VƏOŸCo(Py5Me2)](CF3SO3)2 

(3c). 

 

Figure 3.28 Solid State ATR-FTIR spectrum of [(TMTAA]VƏOŸNi(Py5Me2)](CF3SO3)2 

(3d). 
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Figure 3.29 Solid State ATR-FTIR spectrum of [(TMTAA]VƏOŸCu(Py5Me2)](CF3SO3)2 

(3e). 

 
Figure 3.30 Overlay of ATR-FTIR spectra of 1 and 3b. 
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3.6.3 ESI-HRMS Results 

 

 

Figure 3.31 ESI-HRMS result of (TMTAA)VƏO (1). Above: Experimental result. Below: 

Simulated spectrum. 
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Figure 3.32 ESI-HRMS result of [Mn(Py5Me2)](CF3SO3)2 (2a). Above: Experimental result. 

Below: Simulated spectrum. 
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Figure 3.33 ESI-HRMS result of [Fe(Py5Me2)](CF3SO3)2 (2b). Above: Experimental result. 

Below: Simulated spectrum. 
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Figure 3.34 ESI-HRMS result of [Co(Py5Me2)](CF3SO3)2 (2c). Above: Experimental result. 

Below: Simulated spectrum. 
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Figure 3.35 ESI-HRMS result of [Ni(Py5Me2)](CF3SO3)2 (2d). Above: Experimental result. 

Below: Simulated spectrum. 
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Figure 3.36 ESI-HRMS result of [Cu(Py5Me2)](CF3SO3)2 (2e). Above: Experimental result. 

Below: Simulated spectrum. 
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Figure 3.37 ESI-HRMS result of [(TMTAA]VƏOŸMn(Py5Me2)](CF3SO3)2 (3a). Above: 

Experimental result. Below: Simulated spectrum. 
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Figure 3.38 ESI-HRMS result of [(TMTAA]VƏOŸFe(Py5Me2)](CF3SO3)2 (3b). Above: 

Experimental result. Below: Simulated spectrum. 
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Figure 3.39 ESI-HRMS result of [(TMTAA]VƏOŸCo(Py5Me2)](CF3SO3)2 (3c). Above: 

Experimental result. Below: Simulated spectrum. 
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Figure 3.40 ESI-HRMS result of [(TMTAA]VƏOŸNi(Py5Me2)](CF3SO3)2 (3d). Above: 

Experimental result. Below: Simulated spectrum. 
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3.6.4 Crystallographic Details 

All crystal structure determinations were performed with a Bruker-Nonius X8 Kappa 

Apex2 diffractometer using MoKŬ radiation at a temperature of 110K. Suitable crystals of 

were selected under the microscope and mounted on MiTeGen mount using a minimum 

amount of Paratone N oil. Data were corrected for absorption and polarization effects using 

multi-scan methods (SADABS). The SQUEZZE procedure was implemented in PLATON in 

order to subtract out the solventôs contribution to the diffraction pattern. Structures were solved 

using direct methods. H atoms were placed at calculated positions and their isotropic 

displacement parameters refined as ñridingò on the non-H atom to which they are bonded. 

Graphic representations of the resulting structure were produced using OLEX 2. 

 

 

Table 3.4 Crystal data and structure refinement of 3a. 

Empirical formula C56H53F6MnN9O8S2V 

Formula weight 1264.07 

Temperature (K) 110(2) 

Wavelength (Å) 0.71073 

Crystal System triclinic 

Space Group P1 

a (Å) 13.2168(3) 

b (Å) 13.4371(3) 

c (Å) 18.6579(4) 
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Table 3.4 Continued. 

Ŭ (Á) 102.5680(10) 

ɓ (Á) 96.7380(10) 

ɔ (Á) 118.6840(10) 

Volume (Å3) 2740.45(11) 

Z 2 

ɟcalcd (g/cm3) 1.532 

Absorption coefficient (mm-1) 0.562 

F(000) 1300 

Crystal Size (mm3) 0.220  0.310  0.330 

ɗ range for data collection (Á) 1.82 to 31.59 

Reflections collected 101147 

Independent reflections 18356 [Rint = 0.0281] 

Data/restraints/parameters 18356 / 57 / 789 

Goodness-of-fit on F2 1.027 

Refinement Method Full-matrix least-squares on F2 

Final R indices [I>2ů(I)] R1 = 0.0498, wR2 = 0.1310 

R indices (all data) R1 = 0.0605, wR2 = 0.1394 

Largest diff. peak/hole (e. Å3) 1.850/-1.194 
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Figure 3.41 X-ray crystal structure of [(TMTAA]VƏOŸMn(Py5Me2)]
2+ (3a) with thermal 

ellipsoids drawn at the 50% probability level.  
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Table 3.5 Crystal data and structure refinement of 3b. 

Empirical formula C53H49F6FeN9O8S2V 

Formula weight 1224.92 

Temperature (K) 110(2) 

Wavelength (Å) 0.71073 

Crystal System monoclinic 

Space Group P21/n 

a (Å) 18.2672(11) 

b (Å) 15.7643(10) 

c (Å) 18.8744(11) 

Ŭ (Á) 90 

ɓ (Á) 113.486(2) 

ɔ (°)  90 

Volume (Å3) 5012.3(5) 

Z 4 

ɟcalcd (g/cm3) 1.623 

Absorption coefficient (mm-1) 0.650 

F(000) 2516 

Crystal Size (mm3) 0.036  0.338  0.407 

ɗ range for data collection (Á) 1.31 to 23.82 

Reflections collected 58071 

Independent reflections 7711 [Rint = 0.0499] 
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Table 3.5 Continued. 

Data/restraints/parameters 7711 / 0 / 730 

Goodness-of-fit on F2 1.030 

Refinement Method Full-matrix least-squares on F2 

Final R indices [I>2ů(I)] R1 = 0.0356, wR2 = 0.0844 

R indices (all data) R1 = 0.0520, wR2 = 0.0933 

Largest diff. peak/hole (e. Å3) 0.782/-0.529 
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Figure 3.42 X-ray crystal structure of [(TMTAA]VƏOŸFe(Py5Me2)]
2+ (3b) with thermal 

ellipsoids drawn at the 50% probability level. 
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Table 3.6 Crystal data and structure refinement of 3c. 

Empirical formula C53H49CoF6N9O8S2V 

Formula weight 1228.00 

Temperature (K) 110(2) 

Wavelength (Å) 0.71073 

Crystal System monoclinic 

Space Group P21/n 

a (Å) 18.3347(11) 

b (Å) 15.7616(10) 

c (Å) 19.1765(12) 

Ŭ (°)  90 

ɓ (°)  113.480(2) 

ɔ (°)  90 

Volume (Å3) 5082.8(5) 

Z 4 

ɟcalcd (g/cm3) 1.605 

Absorption coefficient (mm-1) 0.681 

F(000) 2520 

Crystal Size (mm3) 0.052  0.207  0.486 

ɗ range for data collection (Á) 1.30 to 25.36 

Reflections collected 61702 

Independent reflections 9302 [Rint = 0.0567] 
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Table 3.6 Continued. 

Data/restraints/parameters 9302 / 0 / 730 

Goodness-of-fit on F2 1.040 

Refinement Method Full-matrix least-squares on F2 

Final R indices [I>2ů(I)] R1 = 0.0373, wR2 = 0.0840 

R indices (all data) R1 = 0.0609, wR2 = 0.0943 

Largest diff. peak/hole (e. Å3) 0.628/-0.459 
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Figure 3.43 X-ray crystal structure of [(TMTAA]VƏOŸCo(Py5Me2)]
2+ (3c) with thermal 

ellipsoids drawn at the 50% probability level. 
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Table 3.7 Crystal data and structure refinement of 3d. 

Empirical formula C53H49F6N9NiO8S2V 

Formula weight 1227.78 

Temperature (K) 110(2) 

Wavelength (Å) 0.71073 

Crystal System monoclinic 

Space Group P21/n 

a (Å) 18.3482(6) 

b (Å) 15.7837(4) 

c (Å) 19.1046(6) 

Ŭ (°)  90 

ɓ (°)  113.556(2) 

ɔ (°)  90 

Volume (Å3) 5071.7(3) 

Z 4 

ɟcalcd (g/cm3) 1.608 

Absorption coefficient (mm-1) 0.727 

F(000) 2524 

Crystal Size (mm3) 0.050  0.260  0.272 

ɗ range for data collection (Á) 1.30 to 25.68 

Reflections collected 60975 

Independent reflections 9624 [Rint = 0.0487] 
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Table 3.7 Continued. 

Data/restraints/parameters 9624 / 754 / 733 

Goodness-of-fit on F2 1.013 

Refinement Method Full-matrix least-squares on F2 

Final R indices [I>2ů(I)] R1 = 0.0336, wR2 = 0.0744 

R indices (all data) R1 = 0.0541, wR2 = 0.0825 

Largest diff. peak/hole (e. Å3) 0.673/-0.432 
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Figure 3.44 X-ray crystal structure of [(TMTAA]VƏOŸNi(Py5Me2)]
2+ (3d) with thermal 

ellipsoids drawn at the 50% probability level. 
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Table 3.8 Crystal data and structure refinement of 3e. 

Empirical formula C53H47F6N9CuO7S2V 

Formula weight 1214.59 

Temperature (K) 110(2) 

Wavelength (Å) 0.71073 

Crystal System monoclinic 

Space Group P21/n 

a (Å) 18.0595(7) 

b (Å) 15.3356(6) 

c (Å) 20.4359(8) 

Ŭ (°)  90 

ɓ (°)  113.311(2) 

ɔ (°)  90 

Volume (Å3) 5197.8(4) 

Z 4 

ɟcalcd (g/cm3) 1.552 

Absorption coefficient (mm-1) 0.754 

F(000) 2488 

Crystal Size (mm3) 0.200  0.220  0.240 

ɗ range for data collection (°)  1.28 to 31.51 

Reflections collected 90561 

Independent reflections 17326 [Rint = 0.0314] 
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Table 3.8 Continued. 

Data/restraints/parameters 17326 / 0 / 718 

Goodness-of-fit on F2 1.032 

Refinement Method Full-matrix least-squares on F2 

Final R indices [I>2ů(I)] R1 = 0.0411, wR2 = 0.1113 

R indices (all data) R1 = 0.0553, wR2 = 0.1204 

Largest diff. peak/hole (e. Å3) 2.579/-1.115 
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Figure 3.45 X-ray crystal structure of [(TMTAA]VƏOŸCu(Py5Me2)]
2+ (3e) with thermal 

ellipsoids drawn at the 50% probability level. 
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3.6.5 Electrochemical Experiments 

 

Figure 3.46 Cyclic voltammograms of 2a-e in dry dichloromethane under the protection of 

nitrogen. All signals are referenced to Fc/Fc+ (0 V). 

 

 

Figure 3.47 Cyclic voltammograms of 3a-e in dry dichloromethane under the protection of 

nitrogen. All signals are referenced to Fc/Fc+ (0 V). 
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Figure 3.48 Scan rate study (above) and variable potential scan study (below) on 

[(TMTAA]VƏOŸFe(Py5Me2)](CF3SO3)2 (3b). 
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3.6.6 Resonance Raman Measurements 

 

Figure 3.49 Resonance Raman enhancement profile (dot) overlayed with the EAS spectrum 

of 3b (solid curve).  
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Figure 3.50 Resonance Raman spectra of 1 and 2b in dichloromethane. Wavelength and 

intensity was referenced and normalized to the rRaman signal of dichloromethane at 703 cm-

1. Note the absence of any resonance enhanced peak at ~ 900 cm-1. 
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3.6.7 Magnetic Study 

The coupling between metal centers (J) for heterobimetallic complexes are determined via 

temperature-dependent magnetic susceptibility measurements and the variable-field 

magnetization measurements. The expressions derived from Heisenberg-Dirac-Van Vleck 

Hamiltonian expression based on H = -2JS1·S 2 and Brillouin function are used to fit the 

magnetic data. 

 

Figure 3.51 ɢT vs. T plot, saturation plot at 2 K (in-set), and the fitting results for 3a. ɢT value 

increases to a maximum value at around 50 K and then decreases at low temperatures due to 

weak intermolecular interactions and zero-field-splitting. The maximum ɢT value for 3a is 

around 5.7 emu·K/mol . According to spin-only formula, this corresponds to a spin-only 

magnetic moment with S = 3. 
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Figure 3.52 ɢT vs. T plot, saturation plot at 2 K (in-set), and the fitting results for 3b. ɢT values 

is around 0.29 emu·K/mol at 20 to 200 k, and then starts to decrease when temperature gets 

lower. According to spin-only formula, it corresponds to a spin-only magnetic moment with S 

= 1/2. This result suggests that the FeII center has the low-spin electronic configuration. 

Variable-field magnetization shows the maximum spins to be around S = 1/2, which is 

consistent with ɢT plot. 
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Figure 3.53 ɢT vs. T plot, saturation plot at 2 K (in-set), and the fitting results for 3c. d1 

vanadium center is ferromagnetically coupled with d7 cobalt center. The ɢT value increases to 

a maximum value at around 65 K and then decreases at low temperatures due to weak 

intermolecular interactions and zero-field-splitting. The maximum ɢT value for 3c is around 

3.05 emu·K/mol . According to spin-only formula, this corresponds to a magnetic moment with 

S = 2. 
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Figure 3.54 ɢT vs. T plot, saturation plot at 2 K (in-set), and the fitting results for 3d. d1 

vanadium center is ferromagnetically coupled with d8 nickel center. The ɢT value increases to 

a maximum value at around 20 K. The maximum ɢT value for 3d is around 2.28 emu·K/mol . 

According to spin-only formula, this corresponds to a spin-only magnetic moment with S = 

3/2. 
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Figure 3.55 ɢT vs. T plot, saturation plot at 2 K (in-set), and the fitting results for 3e. d1 

vanadium center is ferromagnetically coupled with d9 copper center. The ɢT value increases to 

a maximum value at around 10 K. The maximum ɢT value for 3e is around 1.10 emu·K/mol . 

According to spin-only formula, this corresponds to a spin-only magnetic moment with S = 1. 
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Chapter 4    Charge Separation in a Chromophore Containing d1 

Vanadium and d6 Iron, Avoiding Ligand -field Deactivation by 

Metal-to-metal Charge Transfer 

 

This work will be submitted to ACS Central Science shortly 

Wu, X.; Danilov, E.; Huang, T.; Weare, W. W.; Sommer, R. D. 2016 

 

4.1 Abstract  

The excited state dynamics of a metal-to-metal charge transfer (MMCT) chromophore 

containing d1 vanadium and d6 iron, [(OMTAA)V IVƏOŸFeII(Py5Me2)][OTf] 2 (3), is examined 

via ultrafast transient absorption (TA) spectroscopy and compared with that of the two 

individual monomeric components (1 and 2). The iron monomeric complex, 

[Fe(Py5Me2)][OTf] 2 (1), features the typical excited state behavior of low-spin Fe (II) 

complexes, undergoing fast relaxation to a high-spin ligand-field state within the first 1 ps 

upon excitation of the metal-to-ligand charge transfer (MLCT) band, with an overall 250 ps 

ground state recovery lifetime. The d1 vanadium complex, (OMTAA)VƏO (2), has a 230 ps 

charge separated excited state lifetime when excited into a ligand-to-metal charge transfer 

(LMCT) state. This assignment relies on the observation that strong transient VIII  d-d band is 

maintained throughout the time delay. The excited state decay of VOFe (3) was fit to a three-

step sequential model upon excitation of the MMCT transition. By tracing the transient LMCT 

absorption of the VV excited state, the decay mechanism of 3 involves an initial structural 
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reorganization on vanadium (2 ps), followed by rearrangement at the iron center (50 ps), which 

leads to the formation of a long lived charge-separated trap state (1 ns). By taking advantage 

of the weak electronic coupling between donor and acceptor in MMCT state, charge transfer 

character is maintained by avoiding excited state quenching from low-lying ligand field states. 

This results in the longest-lived charge separated excited state known for molecular 

chromophores containing iron, demonstrating the utility of MMCT for the generation of long-

lived charge separated excited states in chromophores containing earth abundant first-row 

transition metals. 

 

4.2 Introduction 

Molecular structures with long-lived, photo induced charge separated excited states are 

of great interest as chromophores for solar energy conversion.1-4 Transition metal complexes, 

whose charge transfer bands are commonly observed in absorption spectra, have been 

investigated for decades.5-8 For example, the ruthenium(II) polypyridyl complex [Ru(bpy)3]
2+, 

which possesses a long metal-to-ligand charge transfer (MLCT) lifetime, has been widely used 

as a photosensitizer in artificial photosynthesis.3 Due to its high cost and low abundance, there 

have been efforts to substitute ruthenium by earth-abundant first-row transition metals, like 

iron, for large scale applications. However, the charge separated excited state of iron 

derivatives are short-lived due to the existence of low lying metal-centered ligand-field states, 

resulting in losing MLCT character on a sub-picosecond time scale.9-12 Recent advances in 

increasing the ligand-field strength have increased the MLCT lifetime to tens of ps.13-15 

Chromophores based on metal-to-metal charge transfer (MMCT) transitions are potentially 
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good candidates for the generation of long-lived charge separated states. Although a few 

MMCT absorption bands have been identified in bridged bimetallic systems,16-18 few 

photophysical studies to examine the dynamics of such transitions are known.19 

We recently published the synthesis and identification of a MMCT transition in a 

species containing a VƏOƄFe core, which undergoes a VIVŸFeI charge transfer upon photo-

excitation at 500 nm.20 Here, we investigate the ultrafast dynamics of a similar MMCT 

chromophore (3) which can be synthesized in multi-gram scale after modification of the ligand 

set. For comparison, the Transient Absorption (TA) features of the individual iron and 

vanadium monomeric components (1 and 2) are also investigated. The slight modification of 

the ligand set, when compared with our previous results, is necessary to tune the solubility so 

a common solvent (acetone) can be used for all three complexes. Global kinetic fitting and 

Decay Associated Difference Spectra (DADS) reveal that the 1 ns MMCT excited state lifetime 

is due to a strong electronic distortion on the Fe(Py5Me2) component. Be separating charge on 

two weakly coupled (Ὄ  = 12 cm-1) metal centers, we are able to avoid ligand-field 

deactivation of the charge transfer state. This approach should be general for weakly coupled 

MMCT systems and informs the future development of earth abundant MMCT chromophores 

to create long-lived charge separation for applications such as solar energy conversion. 
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4.3 Results and Discussion 

4.3.1 Synthesis 

3 is synthesized on a multi-gram scale according to our previously published synthetic 

route for the TMTAA derivative, [(TMTAA)VƏOŸFe(Py5Me2)][OTf] 2,
20 with modification 

of the tetraazaannulene ligand (Figure 4.1). The full characterization of 3 is summarized in the 

Supporting Information. 

 

Figure 4.1 Scheme for the synthesis of 3 from 1 and 2. The reaction condition is: Toluene, 110 

°C reflux, 12 h under N2 protection. X-ray crystal structure of 3 is drawn with thermal ellipsoid 

at 50%, H atoms and anions were removed for clarity. Complete details can be found in SI. 

 

As previously reported, 1 features a low-spin FeII electronic configuration,21, 22 and 2 

is d1 vanadium(IV). 3 is synthesized from 1 and 2 utilizing an identical method to that 

previously reported for such compounds.19 The low-spin character of the Fe center is preserved 

in 3. More importantly for this work, the MMCT feature is maintained in 3 at 500 nm (Figure 

4.18) when compared to a previously reported TMTAA derivative, due to minimal structural 

and electronic distortions of the VƏOŸFe core from the addition of four methyl groups. 
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Figure 4.2 Ground state electronic absorption spectroscopy of 1, 2 and 3 in acetone at room 

temperature. Absorbance is scaled to relative absorptivity of species. The arrows indicate the 

wavelengths of the pump laser in ultrafast spectroscopy used for each compound. Complete 

spectrum with measured molar absorptivity can be found in SI. 

 

All three complexes are soluble and stable in pure acetone. The ground state electronic 

absorption spectra are shown in Figure 4.2. In the region from 350 nm to 800 nm, 1 has a 

moderate MLCT transition at high energies, 2 shows an intense ligand-centered transition at 

375 nm and a LMCT band at 410 nm.19, 23 3 combines the absorption features of the both 

monomeric components plus an additional band at around 500 nm that we assign as a MMCT 

transition (Figure 4.18). The MMCT band has a molar absorptivity of 2000 M-1cm-1, which 

places 3 with the weakly coupled class II Robin and Day classification.24, 25 For ultrafast TA 

experiments, 1 and 2 are excited using a 410 nm pump laser into their FeII-to-Py5Me2 MLCT 

and OMTAA-to-V IV LMCT bands, respectively. Bimetallic species 3 is excited in the red edge 

of the MMCT band with a 516 pump laser. All three complexes show no photoluminescence 

between 350 and 700 nm. 
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4.3.2 Ultrafast Spectroscopy 

In order to investigate the excited state dynamics, ultrafast TA spectroscopy was 

performed on 1-3. All molecules are found to be photochemically stable under the condition 

used. Selected TA spectra are shown in Figure 4.3. 

 

Figure 4.3 Selected TA spectra for all complexes 1-3 in acetone at room temperature. Pump 

laser-scatter near the excitation wavelengths are removed for clarity.  

 

Upon excitation at 410 nm, 1 shows a broad absorption band from 450 nm to 700 nm, 

which decays within 1 ps. A ground state bleach in the MLCT region (350 to 450 nm) 

dominates the TA spectrum at later time delays. This is consistent with other FeII MLCT 

chromophores, where the charge transfer state is quickly deactivated by ligand-field 

transitions.9 For 2, a strong bleach at 375 nm is observed, which corresponds to the depletion 
























































































