
 

UV/Vis, MCD and EPR Spectra of 

Mononuclear Manganese and 

Molybdenum Complexes 

 

 

Dissertation 

 

zur Erlangung des Doktorgrades 

der Mathematisch-Naturwissenschaftlichen Fakultät 

der Christian-Albrechts-Universität zu Kiel 

 

 

vorgelegt von 

Anne Westphal 

Kiel 

 Januar 2012 



 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Referent:  Prof. Dr. Felix Tuczek 

Koreferent: Prof. Dr. Bernd Hartke 

  Prof. Dr. Martin L. Kirk, University of New Mexico, Albuquerque  

Tag der mündlichen Prüfung: 20.03.2012 

Zum Druck genehmigt:  20.03.2012 

 

Dekan: Prof. Dr. L. Kipp



 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ideas that have great results are always simple ones. 

Es sind immer die einfachsten Ideen, die außergewöhnliche Erfolge haben. 

Lew N. Tolstoi, „Krieg und Frieden“ (1869) 

 

 



 



 

Abstract 

This PhD thesis deals with the spectroscopic characterization of the electronic 

structures of mononuclear manganese and molybdenum complexes. At this, in 

addition to UV/Vis spectroscopy absorption, electron paramagnetic resonance 

(EPR) and magnetic circular dichroism (MCD) spectroscopy were applied in this 

work. Additionally, new procedures for the general analysis of MCD C-term 

intensities were developed within the scope of this thesis. It is divided into four 

parts. 

Following a general procedure for the determination of MCD intensities and 

signs, the MCD spectrum of a molybdenum(V) complex was analyzed in the first 

part. Theoretical expressions were derived for the observed transitions. 

In the second part, a series of manganese(III) complexes was studied by UV/Vis, 

EPR and MCD spectroscopy. Here, especially the influence of the variation of the 

ligand field strength was analyzed. 

The electronic transitions of a series of molybdenum(III) halogenido complexes 

were analyzed by UV/Vis spectroscopy in the third part. Molecular orbitals and 

electronic transition were computed by (time-dependent) DFT. 

In the last part, the EPR spectra of molybdenum(III) and -(V) complexes were 

used as test spectra for spectral simulations using the XSophe simulation software 

suite.[1] 



 

 



Kurzdarstellung 

Die vorliegende Arbeit beschäftigt sich mit der Charakterisierung der 

elektronischen Struktur einkerniger Mangan- und Molybdän-Komplexe mit Hilfe 

der UV/Vis-, der Elektronenspinresonanz- (ESR) sowie der Magnetischen 

Zirkulardichroismus-Spektroskopie (MCD). Ziel der Arbeit war es außerdem, 

weiterführende Methoden für die Auswertung von MCD-Spektren zu entwickeln. 

Die Arbeit gliedert sich in vier Teile. 

Aufbauend auf bereits etablierten Methoden zur Bestimmung der MCD-C-Term-

Intensität, wurde im ersten Teil zunächst das MCD-Spektrum eines Molybdän(V)-

Komplexes analysiert. Die beobachteten Übergänge wurden theoretisch 

beschrieben. 

Im Anschluss daran wurden die UV/Vis-, EPR- und MCD-Spektren einer Serie 

von Mangan(III)-Komplexen analysiert. Hierbei wurde insbesondere der Einfluss 

des Ligandenfeldes untersucht. 

Im dritten Teil wurden die elektronischen Übergänge einer Reihe von 

Molybdän(III)-Komplexen mit Hilfe der UV/Vis-Spektroskopie untersucht. 

Molekülorbitale und elektronische Übergänge wurden mit Hilfe von (TD)DFT-

Rechnungen berechnet. 

Im letzten Teil der Arbeit dienten die ESR-Spektren von Molybdän(III) und 

Molybdän(V)-Komplexen als Testspektren für die Spektren-Simulation mit Hilfe 

der XSophe-Simulationssoftware.[1] 
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Motivation 

Structural and mechanistic details of enzymatic reactions are generally rather studied on 

biomimetic molecular model systems than on the natural enzymes. In the Tuczek and Kurz 

groups, molybdenum and manganese complexes are studied as model systems for the 

biological redox enzymes nitrogenase (reductive nitrogen fixation) and the oxygen-evolving 

complex of photosystem II (photoinduced water-oxidation), respectively.[2-7] The redox 

properties of these molybdenum and manganese model compounds are generally adjusted by 

the design of specific complex geometries and appropriate ligands. However, to predict and 

explain the reactivity of potential catalytic model complexes, a thorough characterization of 

the electronic structure is absolutely essential. 

Being interested in the oxidation and spin states as well as the energies of electronic 

transitions, the most obvious and common spectroscopic techniques to characterize the 

electronic structures of transition metal complexes are UV/Visible absorption (UV/Vis) and 

electron paramagnetic resonance (EPR) spectroscopy. Another powerful tool to gain insight 

into the electronic structure of transition metal complexes is magnetic circular dichroism 

(MCD) spectroscopy. By means of this technique the differential absorption ∆ε between left 

(lcp) and right (rcp) circular polarized light of a sample is measured in the presence of a 

longitudinal magnetic field. The observed MCD bands thus by definition have positive or 

negative signs. Considering individual electronic transitions, the determination of the absolute 

MCD intensities and signs is not trivial and therefore has often been neglected in the 

interpretation of MCD spectra so far. However, this lack of theoretical understanding 

definitely leads to an incomplete utilization of the potential of this method, a loss of spectral 

information with respect to the manifold of excited states and to the possibility of erroneous 

band assignments. The aim of this thesis therefore is to establish a more general approach 

how to completely analyze MCD spectra including the signs of the considered electronic 

transitions. 

For this purpose, relatively simple mononuclear manganese and molybdenum model 

complexes showing a clear molecular symmetry were studied to broaden the empirical basis 

for the analysis of MCD signs. Low-temperature MCD spectra of paramagnetic transition 

metal complexes are dominated by the so-called C-term intensity. A general quantum-
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mechanical method to calculate the MCD C-term intensities and signs for spins S ≥ ½ has 

already been described by Neese and Solomon.[8] To demonstrate how this protocol can be 

applied, the low-temperature MCD spectrum of the CS symmetric molybdenum(V) complex 

[Mo(O)Cl3dppe] (dppe = 1,2-bis(diphenylphosphino)ethane) which only has a single unpaired 

electron (d1, S = 1/2) has been analyzed first (chapter 3). 

Subsequently, the procedure of MCD band assignment and determination of the MCD signs 

has been transferred to a multi-electron system, a series of the five-coordinate manganese(III) 

complexes [Mn(acen)X] (acen = N,N’-ethylenebis(acetylacetone)imine, X = I-, Br-, Cl- and 

NCS-) with S = 2 which show (pseudo-)CS symmetry as well. The series allowed to also 

analyze the impact of small variations of the ligand field within a given coordination 

geometry on the MCD spectra of by the variation of the axial co-ligand X (chapter 4). 

Considering the electronic transitions of the facially coordinated molybdenum(III) tripod 

complexes [MoX3P3] (P3 = 1,1,1-tris(diphenylphosphinomethyl)ethan, X = Br-, Cl-) and 

[MoCl3SiP3] (SiP3 = tris(dimethylphosphinomethyl)methylsilane) an assignment of the 

observed bands was also suggested based on a combined UV/Vis and MCD study (chapter 5). 

Both V/Vis and EPR spectroscopy are already well-established to characterize transition metal 

compounds and are discussed as complementary techniques on the example of the various 

paramagnetic manganese and molybdenum complexes as well. 

Additionally, a pure EPR spectroelectrochemistry study is presented within this work as the 

EPR spectra which were recorded after the reduction and oxidation of 

[Mo(NCMe)(NEt)depe2]
2+ (depe = 1,2-bis(diethylphosphino)ethane) turned out be excellent 

spectra to test the XSophe spectral simulation software[1] (chapter 6). 

In general, most of these studies on the electronic transitions of the considered molybdenum 

and manganese complexes are accompanied by quantum chemical calculations of molecular 

orbitals and electronic transitions by using (time-dependent) density functional theory, 

(TD)DFT as well as by ligand field calculations based on the angular overlap model (AOM). 
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1 Catalysis of Biological Redox Processes by Manganese and 
Molybdenum Metalloenzymes 

Manganese and molybdenum metalloenzymes are involved in very important biological redox 

processes. Bio-inspired manganese and molybdenum complexes are therefore studied by the 

Tuczek and Kurz groups as model systems of these enzymes with respect to their structural, 

spectroscopic and redox properties as well as to their potential catalytic activities.[2-7] Within 

the scope of this thesis, the considered spectroscopic and theoretical methods were to be 

developed relevant to the current projects of both groups, so it was obvious to also chose 

molybdenum and manganese complexes for this work. 

The most important manganese and molybdenum metalloenzymes as well as various 

bioinorganic model systems are shortly  presented in the following. 

 

1.1 Manganese Containing Metalloenzymes 

1.1.1 Manganese Containing Superoxide Dismutase and Catalase 

High concentrations of reactive oxygen species (ROS) like superoxide (O2
·-), peroxide (O2

2-) 

or peroxynitrite (ONOO-) are toxic for cells. Their presence can account for oxidative stress, 

which accelerates cellular aging and inflammatory processes and might be associated with 

fatal diseases like diabetes, Parkinson’s disease, Alzheimer’s disease or cancer.[9, 10] 

Superoxide and hydrogen peroxide is constantly generated in cellular respiratory processes 

due to incomplete reduction of O2. To keep their levels low, they have to be disposed of 

efficiently. This is managed by superoxide dismutases and catalases, which are not 

surprisingly two of the most efficient of all natural enzymes and show O2
·- and H2O2 

dismutation rates approaching that of a diffusion controlled reaction (108 – 109 mol-1s-1). 

 

Superoxide Dismutase (SOD) 

Superoxide radicals are both strong oxidants and reductants for various targets. For example, 

they oxidize sulphur containing amino acids and soluble proteins containing [Fe-S] clusters or 

reduce cytochrome c.[11] They may easily be formed if an excess of electrons is generated in 
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mitochondrial redox processes in the presence of oxygen. To protect cells from oxidative 

damage, O2
·- is catalytically decomposed to O2 and H2O2 by superoxide dismutases (SOD),[11] 

which are ubiquituous metalloenzymes classified after the metal centers in their active sites 

into CuZnSOD, FeSOD, NiSOD and MnSOD.[12]  

2 O2
·- + 2 H+ → H2O2 + O2 

CuZnSODs are the most common SODs. They are found in the chloroplasts, in the outer 

mitochondrial space and in the cytoplasm of eukaryotic cells, while FeSODs are found in 

chloroplasts and MnSODs only exist in the inner mitochondrial space. Regardless to the 

incorporated metal center, all types of SODs show a metal-centered redox potential of ~ 

+0.3 V, at which the oxidative (E = -0.16 V [9]) and the reductive (E = +0.89 V [9]) half-

reaction of superoxide dismutation are thermodynamically roughly equally favored.[9]  

Manganese containing SODs (MnSODs) are found in dimers and tetramers. The active site of 

a MnSOD subunit consists of a mononuclear manganese(III) center (in the oxidized form), 

which is coordinated by three histidines, one aspartic acid residue and a water molecule in a 

trigonal-bipyramidal coordination geometry.[11, 13-15] The oxidative (1) and the reductive (2) 

half-reaction of the catalytic O2
·- dispropotionation are given by 

(1)        MnIIISOD(OH-) + O2
·- +H+ → MnIISOD(OH2) + O2                             (E = -0.16 V [9]) 

(2)        MnIISOD(OH2) + O2
·- +H+ → MnIIISOD(OH-) + H2O2                        (E = +0.89 V [9]) 

In contrast to all other SODs, a “dead-end” species is formed in the case of the MnSODs at 

high [O2
-]:[MnSOD] ratios. Based on optical absorption spectra, structural and mechanistic 

considerations, at high O2
- concentrations manganese(III) side-on peroxo complexes are 

formed, which are inactive and thus lead to a reduced SOD activity.[12, 16] 

MnIISOD + O2
- → MnIII-(η2-O2

2-)-SOD 

Potential SOD mimics are explored as synthetic antioxidants for medical applications, i.e. the 

suppression of oxidative stress injuries. The most important requirements for such model 
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systems generally are (i) an appropriate redox potential, which should be similar to that of the 

natural enzymes (~ +0.3 V), (ii) redox stability and (ii) no toxic side-effects in vivo. 

An overview of MnSOD mimics is given in a very detailed review by Batinić-Haberle et al.,[9] 

where structure-reactivity relationships as well as the results of in vitro and in vivo studies 

concerning SOD activities and O2
- dismutation rates are summarized. Among the metal 

containing MnSOD mimics, manganese containing porphyrins and porphyrin related 

compounds like phthalocyanins and biliverdins are most favorable. They are easily accessible, 

very stable and open up a large number of possibilities to adjust the corresponding redox 

potentials and pharmaceutical distribution by chemical modifications of the porphyrin ligand 

core. They are the most active MnSOD mimics and can reach O2
·- dismutation rates similar to 

that of the natural enzymes. Additionally, manganese salen (salen = N,N’-

bis(salicylidene)ethylenediamine) and cyclic polyamine complexes also have been studied as 

MnSOD mimics.[9, 10, 17, 18] Also fullarenes and nitroxides were studied with respect to SOD 

activity, but in general non-metallic SOD mimics are far less efficient than metal containing 

ones and even less efficient than aquated Mn2+ ions (Mnaq), which are also able to 

catalytically decompose superoxide radicals.[9, 10] 

The SOD activity of potential new SOD model compounds can be routinely studied in a 

qualitative colorimetric experiment using an NBT/xanthine oxidase (XAO) assay (NBT = 

nitro blue tetrazolium chloride).[19, 20] Superoxide radicals are generated as side-products of 

the enzymatic oxidation of hypoxanthine by XAO. O2
·- then reduces nitro blue tetrazolium 

chloride, which changes its color from yellow to blue resulting in an absorption maximum at 

λmax = 540 nm in the UV/Vis spectrum. In the presence of an SOD-active compound, the 

reduction of the NBT dye is significantly decreased due to the lower O2
·- concentrations. This 

can be followed by the decrease of the absorption maximum in the corresponding UV/Vis 

spectrum. 

 

Manganese Containing Catalase (MnCat) 

During cellular oxygen metabolism an estimated 10 percent of O2 is incompletely reduced to 

form hydrogen peroxide[21] which has to be constantly removed to prevent cells from 

oxidative damage. H2O2 is decomposed by the enzyme catalase which catalyzes the 

disproportionation of H2O2 into water and dioxygen.  
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2 H2O2 → 2 H2O + O2 

Beside iron heme catalases (type I), which are most prevalent, also manganese containing 

catalases (MnCat, type II) are found in heme deficient and thermophilic bacteria.[21] Structural 

data have mainly been obtained from single crystal X-ray diffraction[22, 23] and X-ray 

absorption spectroscopy, especially EXAFS, and are completed by magnetic measurements, 

EPR and UV/Vis spectroscopic studies on the natural enzymes as well as on different model 

complexes.[24, 25]  

MnCat consists of hexamers that are formed by six equivalent, trigonally arranged subunits. 

The active site of each monomer contains a dinuclear manganese center (Figure 1.1). The 

manganese ions are coordinated to histidine and glutamate residues and a terminal water 

molecule. Additionally, they are bridged by an oxido ligand and a solvent molecule 

(hydroxide or water) in the case of the oxidized form (Scheme 1.1, C). For the reduced form a 

µ-hydroxido-µ-aqua bridging is suggested (Scheme 1.1, A).[22, 23] The resulting Mn2O2 core is 

non-planar and has to provide a high degree of structural flexibility, as Mn-Mn distances and 

Mn-O-Mn bond angles vary upon oxidation and reduction during the catalytic cycle. The first 

coordination sphere is completed by an additional bridging glutamate which connects the two 

manganese ions in a 1,3-µ-carboxylato geometry.[22, 23] A non-coordinating glutamate is 

additionally made out close to the Mn2O2 core which may serve as internal base during 

catalytic turnover. [23-25] 

 

Figure 1.1. Active site of MnCat (Lactobacillus plantarum) in the Mn2(III,III) state. The structure is based on 
the single crystal X-ray structure of Barynin et al.[23] The figure was provided by Hans-Martin Berends.[26] 



1 Catalysis of Biological Redox Processes by Manganese and Molybdenum Metalloenzymes 
__________________________________________________________________________________________ 

 7 

During catalytic turnover, the two manganese ions switch between the Mn2(II,II) and the 

Mn2(III,III) oxidation states[27], so only concerted two-electron transfer steps are involved. 

One-electron oxidation or reduction are suppressed and the mixed-valence Mn2(II,III) 

intermediate is not observed within the catalytic cycle of the natural enzyme. However, it can 

be formed from the Mn2(III,III) state by one-electron reductants like hydroxylamine.[21] In the 

presence of H2O2 the Mn2(II,III) state is then quantitatively oxidized to the catalytically 

inactive bis-µ-oxido bridged Mn2(III,IV) state (“super-oxidized” catalase).[21] 

Scheme 1.1. Proposed mechanism for the disproportionation of hydrogen peroxide into O2 and H2O, adapted 
from ref.[24] Only two-electron transfer steps are involved for both the oxidative and reductive half-reactions. 
Alternatively a terminal coordination of HOO- to the Mn2(II,II) state (A → B) is also discussed in the 
literature.[25] 

 

Various mechanisms have been proposed for the catalytic cycle of hydrogen peroxide 

dispropotionation, although some critical steps and exact mechanistic details especially 

considering the actual electron transfer still seem to be unclear. However, two facts are 

unquestioned,  

(i) only two-electron steps are involved in H2O2 disproportionation and  

(ii) the associated proton transfer is mediated by an adjacent glutamate residue as an 

internal base.[23-25]  
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One proposed mechanism of H2O2 disproportionation by MnCat is depicted in Scheme 1.1. 

Starting from the reduced hydroxido-aqua bridged Mn(II,II) state (A) one H2O2 molecule is 

deprotonated by an internal base (Glu) and replaces the bridging aqua ligand, so that a µ-1,1-

hydroperoxido Mn(II,II) intermediate (B) is formed. From that a water molecule is released 

after two-electron reduction and heterolytic O-O bond cleavage.[24] Another possibility 

considers a terminal bonding of H2O2 for the reductive half-reaction.[25] In both cases, 

however, the oxido-hydroxido bridged Mn(III,III) state (C) is formed which terminally binds 

a second H2O2 molecule to one of the manganese(III) ions to reach a bis-µ-hydroxido 

hydroperoxido Mn2(III,III) state (D). The O2 molecule is formed after two-electron oxidation 

and released to regenerate the original Mn(II,II) state (A).[24, 25, 28] 

The elucidation of mechanistic details is quite difficult as it is impossible to isolate and 

characterize any of the reactive intermediates (B, D) of the catalytic cycle due to the very fast 

reaction rates. The actual mechanism was therefore studied on anion-inhibited forms (X = N3, 

Cl-, F-, SCN-, CN-)[25, 27, 29, 30] of the enzyme than on the natural catalase itself. Another 

possibility to get an idea of the catalytic cycle of H2O2 disproportionation is to study synthetic 

dinuclear manganese complexes.[25] First reactivity models of MnCat have been prepared in 

the form of Mn(III,III) diporphyrinato complexes.[25, 31, 32] Other dinuclear manganese 

complexes also serve as structural and spectroscopic model systems of the natural enzyme. 

They predominantly bear nitrogen and oxygen donor ligands to mimic the coordinating 

environment in the MnCat active site as closely as possible and are classified according to the 

number of bridging oxo/hydroxo and carboxylato ligands.[25, 28]  

One of the most efficient catalase model system is the 1,3-bis-µ-actetato bridged Mn(II,II) 

complex [Mn2(OAc)2bpia2]
2- (bpia = bis(picolyl)(N-methylimidazol-2-yl)amine), that reaches 

catalytic rates of kcat = 1.07 · 10-3 s-1 in N-methylformamide.[33] However, whether the 

corresponding Mn(III,III) complex is part of the catalytic cycle for the oxidative half-reaction 

has not been confirmed in this case.[25] For synthetic model systems, the catalytic cycle is 

indeed not necessarily limited to the (II,II) and (III,III) oxidation states. It has been shown by 

a systematic kinetic study on dinuclear manganese complexes bearing mixed 

pyridine/carboxylate ligands that also the Mn(III,IV) compounds show catalase activity.[34] On 

successive replacement of the pyridine arms of a tpa ligand (tpa = trispyridylamine) by one to 

three carboxylates, the catalytic H2O2 disproportionation rates of the corresponding 
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Mn(III,III) and Mn(III,IV) complexes are significantly increased. This might not only be due 

to the lowered redox potentials but also to the fact that covalently bound carboxylates which 

might de-coordinate during catalytic turnover may serve as internal bases in a similar way as 

it is proposed for the glutamate residue which mediates proton transfer within the active site 

of the natural enzyme.[34] 

MnSOD mimics like manganese salen or polyamine complexes which are applied as 

physiological antioxidants in vivo often also show catalase activity,[10] but this is not 

additionally considered here. 

 

1.1.2 Photosynthetic Water Oxidation by the Oxygen-Evolving Complex of 
Photosystem II 

Oxygenic photosynthesis is the essential energy conversion process to enable life on earth.  

6 CO2 + 12 H2O + hυ → C6H12O6 + 6 O2 + 6 H2O 

Solar energy is converted into physiologically accessible and storable chemical energy in the 

form of carbohydrates associated with the oxidation of water to dioxygen by autotrophic 

organisms which are capable of oxygenic photosynthesis (plants, algae, cyanobacteria). This 

has been the precondition for the evolution of heterotrophic organisms which are only able to 

gain their energy from the reverse process, respiration. 

The photo-induced water-splitting (primary process, light reaction) takes place in the 

thylakoid membrane of phototrophic organisms and provides the electrons (in form of 

NADPH) and the energy (ATP) for the reduction of carbon dioxide in the Calvin cycle 

(secondary process, dark reaction). Dioxygen is generated as a waste-product of water 

oxidation. The protons are released into the luminal bulk phase inside the thylakoid 

membrane where they lead to a transmembrane proton gradient used by the ATP synthase to 

generate ATP. 

2 H2O → O2 + 4 H+ + 4 e- 
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Photosynthetic water oxidation is catalyzed by the oxygen-evolving complex (OEC) which is 

identical for all phototrophic organisms and is located at the luminal side of photosystem II 

(PS II) in the thylakoid membrane of plants, algae and cyanobacteria. The protein structure of 

photosystem II including the arrangement of the various co-factors (e.g. chlorophylls, 

carotinoids, lipids, anions, plastochinons etc.) and, in particular, the structure of the oxygen-

evolving complex have been elucidated by single crystal X-ray diffraction[35-38] and X-ray 

absorption spectroscopy.[39-41] The active site of the OEC consists of a Mn4CaO5 cluster 

(Figure 1.2).[36, 38] While the arrangement of the metal ions has already been more or less 

determined during the last years, [36, 37, 40, 42] the positions of the bridging oxido ligands as well 

as the exact metal-metal and metal-ligand distances could be extracted for the first time from 

the latest X-ray structure of PS II, which now provides an improved resolution of 1.9 Å.[38] 

 

Figure 1.2. Arrangement of the Mn4CaO5 cluster located in the active site of the oxygen-evolving complex at the 
luminal site of photosystem II based on the 1.9 Å resolution single crystal X-ray structure by Umena et al. [38]. 
The figure was provided by Hans-Martin Berends.[26]  

Three manganese ions, Mn1 – Mn3, and the calcium ion are arranged in a distorted cubane-

like structure being connected by four di-µ-oxido ligands. The fourth manganese ion is not 

part of this cubane cluster, but connected to the Mn1 and Mn3 atoms by O5, which belongs to 

the Mn3CaO4 cluster, and additionally to the Mn3 atom by an external µ-oxido bridge (O4).[38] 

In contrast to the oxido ligands O1 – O4, O5 is linked to four metal centers, so that the 

Mn-O5 distances are significantly longer (2.4 – 2.6 Å) compared to the other Mn-O bond 

distances (1.8 Å - 2.1 Å).[38] Hence it is suggested, that the Mn-O5 bonds are weak and O5 

could be one of the oxygen atoms which forms the dioxygen molecule during catalytic 

turnover. The Ca-O distances vary between 2.4 Å and 2.7 Å. All metal centers are coordinated 
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by redox stable aspartate, glutamate, alanine and histidine residues of the D1 and CP43 

protein subunits.[36-39] Additionally, several water molecules have been identified close to the 

OEC, which are partly coordinated to the external manganese ion Mn4 and to the calcium ion 

and may serve as substrates for catalytic water-splitting as well as part of the proton exit 

channel.  

The oxidation of water to dioxygen is a four-electron process, which is catalyzed by the OEC 

in four successive one-electron steps. Thus, the Mn4O5Ca cluster cycles through five distinct 

oxidation states (Si, i = 0 – 4) during catalytic turnover (Kok cycle).[43, 44] The accumulation of 

four positive charges, that theoretically would occur at the same time, is avoided by proton-

coupled electron transfer (PCET), i.e. the release of a proton from a water or a hydroxido 

ligand after each oxidation step.[45] Electron transfer between the OEC and the actual reaction 

center of photosystem II (P680) is mediated by a redox active tyrosine residue (YZ = D1-Y161) 

which may also be part of the proton exit channel to the luminal bulk phase.[38] The individual 

oxidation steps (S0 → S1 → S2 → S3) are predominantly manganese-centered (MnIII → MnIV). 

Only the last oxidation (S3 → S4) might be oxygen-centered generating a reactive MnIV-oxyl 

(Mn-O·-) intermediate, which would show the unusual reactivity of an electrophile being 

capable of O-O bond formation by a nucleophilic attack of a bulk water molecule or a 

coordinated aquo/hydroxido ligand.[44, 46, 47] 

 

1.1.3 Catalytic Water-Splitting and Solar Fuel Generation by Artificial Photosynthesis 

Mechanistic details of the photosynthetic water oxidation, especially the actual formation of 

the dioxygen molecule, are generally rather studied on molecular model systems than on the 

natural enzyme. Three possible mechanisms are discussed for the O-O bond formation:[44, 46] 

(i) a radical mechanism,  

(ii) a nucleophilic attack of a bulk water or a coordinated aquo/hydroxide ligand to a 

MnIV-oxyl species (vide supra) or  

(iii) the direct coupling of two proximate water molecules after deprotonation.  
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Potential catalytic model systems require polynuclear oxido-bridged manganese centers in 

oxidation stable, but flexible ligand environments with potential coordination sites for 

substrate water molecules.[7] The aim to fully mimic the active site of the oxygen-evolving 

complex, i.e. the pentanuclear Mn4CaO5 cluster including its ligand environment, is very 

ambitious. However, in theory two manganese centers are also sufficient to catalyze the four-

electron water oxidation, so dinuclear manganese complexes are often studied as simplified 

model compounds with respect to their spectroscopic properties, redox potentials and 

potential catalytic activities.[48-50] They often contain a Mn2(µ-O)x (x = 1 - 3) motif with the 

two manganese centers being in the +II, +III or +IV oxidatition states.  

One of the most prominent and most intensively studied model systems is the bis-µ-oxido 

bridged manganese(III,IV) complex [Mn2(O)2(H2O)2terpy2] (terpy = 2,2';6',2"-terpyridine).[51, 

52] Like most dinuclear manganese complexes, it is able to generate O2 in the presence of 

H2O2, HSO5
-, tBuOOH or other oxygen-containing oxidants and thus turned out to be an 

excellent catalase mimic (vide supra). However, if one-electron oxidants like Ce(IV) are used, 

only very, very poor water-oxidation activities are observed in the most cases - if any at all, so 

none of the exisiting dinuclear manganese complexes can be considered as a real water-

oxidation catalyst so far.[7, 26] 

Another very important aspect of developing functional water oxidation catalysts is the 

envisioned concept of solar fuel generation by artificial photosynthesis.[53] Solar energy is to 

be used to catalytically oxidize water to generate electrons which are directly transferred to an 

associated electron acceptor unit to be used for the catalytic reduction of H+.[54, 55] In this way, 

the generation of H2 by solar energy conversion eventually could replace the energy-intensive 

processes of H2 production like fossil fuel reforming and electrolytic water splitting to some 

extent. It is obvious that very efficient, cheap and robust catalysts will be needed for industrial 

applications. For that reason, molecular catalysts like di- and - even to a lesser extent - 

polynuclear manganese complexes will most likely not be considered to be appropriate large-

scale water oxidation catalysts.  

However, if dinuclear manganese complexes are adsorbed on clay minerals like kaolinite or 

montmorillonite “true” – heterogeneous – water oxidation catalysts are formed on the clay 

surfaces[56-59] which do not only show dioxygen evolution in the presence of oxygen-
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containing oxidants as most dinuclear manganese complexes in solution (vide supra), but also 

with the one-electron oxidant Ce(IV).[59] UV/Vis and EPR spectroscopic measurements reveal 

that the electronic structures of the considered complexes completely change upon the 

adsorption on the clay surfaces. Additionally, they indicate that the actual catalytically active 

species might even be a polynuclear manganese unit which may be formed on the surface by 

the dimerization of two dinuclear manganese complexes, for example.[7, 26, 59] 

Another approach completely gives up the concept of molecular water oxidation catalysts and 

deals with the catalytic activity of manganese and mixed manganese-calcium oxides. These 

are obtained from solvothermal syntheses and turned out to be very efficient water oxidation 

catalysts also with the one-electron oxidant Ce(IV).[7, 60] As most of these oxides are 

amorphous powders structural information is mostly gained from X-ray absorption 

spectroscopy. Some important structural analogies to the MnCaOx arrangement of the natural 

OEC have been discovered within these oxides.[61] Corresponding to the active site of 

photosystem II and to simple dinuclear model complexes they also contain Mn(III) and 

Mn(IV) centers which are linked by µ-oxido bridges.[61] This confirms that these might indeed 

be the crucial requirements for catalytic water oxidation. The Mn-Ca oxides might therefore 

probably be considered as the first and only true biomimetic water oxidation catalysts. At the 

same time they represent a very promising route to large scale applications as they are robust, 

cheap and very easily accessible. 
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1.2 Molybdenum Containing Metalloenzymes 

1.2.1 Industrial N2 Fixation 

The physiological availability of nitrogen is the limiting factor in plant growth, as nitrogen 

mainly exists as non-reactive dinitrogen molecules in the atmosphere with the triple bonds of 

N2 being very stable (E = 942 kJmol-1) and the dissociation energy of the first π-bond being 

very high.[62, 63] However, to make nitrogen accessible for biosynthesis N2 has to be oxidized 

to nitrogen oxides or reduced to ammonia. Millions of tons of NH3 are therefore produced as a 

feedstock of fertilizers every year. In the Haber-Bosch process NH3 is obtained directly from 

the elements N2 and H2 in the presence of a promoted iron catalyst (Fe3O4). As high pressure 

and high temperatures are required to directly hydrogenate N2, the Haber-Bosch process is 

one of most energy demanding industrial processes of all, not to mention the energy which is 

additionally needed for the production of H2. Considering the catalytic mechanism, N2 and H2 

dissociate after the adsorption on the catalyst surface before NH3 is formed. The rate-limiting 

step is the chemisorption of the dinitrogen molecules and the dissociation of their first π-bond. 

The exploration of this and other mechanistic details led to the Nobel Prize in Chemistry in 

2007 to Gerhard Ertl.[64, 65] 

 

1.2.2 Enzymatic N2 Fixation 

Diazotrophic bacteria containing the enzyme nitrogenase like azotobacter vinelandii, 

clostridrium pasteurianum or the endosymbiotic rhizobia are also capable of nitrogen 

fixation. In contrast to the Haber-Bosch process the enzymatic fixation of N2 occurs under 

physiological conditions, i.e. room temperature and atmospheric pressure. The overall 

enzymatic reaction is: 

N2 + 8 H+ + 8 e- + 16 MgATP → 2 NH3 + H2 +16 MgADP + 16 Pi 

This implies that the reductive fixation of N2 is also associated with the formation of H2. 

Molybdenum containing nitrogenase consists of an iron protein (Fe protein) and an iron-

molybdenum protein (MoFe protein). The iron protein is a dimer of two identical subunits 

linked by a [4Fe-4S] cluster, acting an electron transfer protein which is responsible for the 
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delivery of the energy for the actual catalytic reactions by the splitting of ATP. The MoFe 

protein consists of two heterodimers (α2β2). Each heterodimer contains a so-called P-cluster 

consisting of a Fe8S7 unit and the iron-molybdenum co-factor (FeMoCo).The P-cluster 

mediates the electron transfer between the iron protein and the iron-molybdenum co-factor, 

which is the active site of the enzyme where dinitrogen is bound and reduced to ammonia. 

The FeMoCo consists of a six-coordinate molybdenum center and seven four-coordinate iron 

atoms which are all bridged by sulfur ligands. The arrangement and the individual bridgings 

of the different metal centers has been elucidated by single crystal X-ray diffraction[66, 67] with 

the only exception of one central bridging atom which is assumed to be a carbon atom based 

on recent X-ray emission spectroscopy (XES) measurements.[68] The isolated FeMoCo is not 

capable of N2 reduction to form ammonia but is still able to reduce protons to dihydrogen.[69, 

70] 

The proposed catalytic mechanism of the biological nitrogen fixation incorporates an 

Fe protein cycle[71] and a MoFe protein cycle.[72-75] In contrast to the Haber-Bosch process the 

enzymatic reduction of N2 to NH3 occurs in alternating reduction and protonation steps. 

However, certain mechanistic details of the enzymatic nitrogen fixation, for example the role 

of the unknown atom in the center of the FeMoCo, as well as the geometries of some of the 

reactive intermediates are still unclear. Although there is evidence that N2 binds to one of the 

iron centers of the FeMoCo[76-78] and not to the molybdenum atom, as it has been discussed 

for a long time, the exact position and the way of binding (end-on versus side-on) is also still 

not known. For the actual reduction and protonation reactions of N2 a “D” (distal) and an “A” 

(alternate) mechanism are discussed in the literature.[79] 

 

1.2.3 Synthetic N2 Fixation: Chatt Cycle 

Designed after the example of the natural enzyme which is capable of N2 fixation under 

ambient conditions different molecular model systems have been developed, mainly to get 

insight into mechanistic details of catalytic nitrogen reduction. A general requirement for 

potential catalytic model systems is good reduction stability, as very low potentials (≤ -2 V) 

are required for the reduction of N2. Additionally, the coordinated N2 ligand must be 
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sufficiently activated for protonation and reduction reactions. On the other hand the activation 

should not be too high to be able to study the various intermediates during catalytic turnover. 

The most important model systems have been inspired by the former idea that the 

molybdenum atom might be the actual catalytically active center of the FeMoCo and thus are 

based on molybdenum (and tungsten) transition metal complexes. However, the only model 

system that forms ammonia by the catalytic reduction of dinitrogen is the [Mo(hiptN3N)N2] 

complex (hiptN3N = hexaisopropyl terphenyl triamidoamine) developed by Schrock et al. One 

N2 molecule binds to a molybdenum(III) center and is stepwise reduced to NH3.
[80-83] 

Compared to the enzymatic N2 fixation by nitrogenase the proposed catalytic mechanism of 

the so-called Schrock cycle also involves alternating protonation and reduction steps.[82-84] 

With decamethylchromocene and lutidiniumtetrakis(3,5-bis-trifluoro-methylphenyl) being 

used as reducing agent and proton source, respectively, an average of four catalytic cycles is 

achieved with the Schrock system. Many of the proposed intermediates have already been 

isolated and characterized. 

Another important model system had already been developed before the Schrock system by 

Chatt et al. to study mechanistic details of reductive nitrogen fixation and the individual 

intermediates of the catalytic cycle. It is based on molybdenum and tungsten complexes with 

bidentate phosphine ligands. Here, N2 binds to a molybdenum/tungsten(0) center. As can be 

deduced from the lowered vibrational frequency of the N-N stretch and the elongated N-N 

bond distance compared to free N2 molecules, the N2 ligands of these Chatt type complexes 

are moderately activated for protonation and reduction reactions.[85-88] 

According to the proposed catalytic mechanism of the so-called Chatt cycle (Scheme 1.2) the 

molybdenum/tungsten(0) bis-dinitrogen complex (C1) is first protonated in two steps. The 

coordinated N2 ligand is then reduced in a two-electron reduction to form a molybdenum/ 

tungsten(II) hydrazido complex (C4). Another protonation of this intermediate leads to the 

splitting of the N-N bond and the release of one equivalent NH3. The resulting molybdenum/ 

tungsten(IV) nitrido species (C5) is protonated forming the molybdenum/tungsten(IV) imido 

intermediate C6. This is followed by another two-electron reduction and two protonation 

steps to form the molybdenum/tungsten(II) amine species (C9). After a final two-electron 

reduction the second equivalent of ammonia is released and, upon the binding of two N2 
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molecules, the catalytic cycle is closed and could start again with the protonation of the 

molybdenum/tungsten(0) bis-dinitrogen complex C1. Compared to the natural enzyme and to 

the Schrock system the electrons and protons are not transferred in strictly alternating one-

electron and one-proton steps during the Chatt cycle. Starting from the 

molybdenum/tungsten(0) bis-dinitrogen complex C1 two protons are transferred before a two-

electron reduction which is again followed by the transfer of another two protons and so on. 

In consequence, the metal center only changes between the oxidation states +II and +IV in the 

case of the Chatt system while the Schrock cycle involves the oxidation states Mo(III), 

Mo(IV) and Mo(V). 

 

Scheme 1.2. Synthetic nitrogen fixation: proposed catalytic mechanism of the Chatt cycle: C1: bisdinitrogen-
Mo/W(0), C2: diazenido-Mo/W(II), C3: hydrazido-Mo/W(IV), C4: hydrazido-Mo/W(II), C5: nitrido-
Mo/W(IV), C6: imido-Mo/W(IV), C7: imido-Mo/W(II), C8: amido-Mo/W(II), C9: amine-Mo/W(II).[88] The 
figure was provided by Ameli Dreher.[89] 

 

Although NH3 has been obtained from the hydrazido complex [W(OTf)(NNH2)(dppe)2](OTf) 

(dppe = 1,2-bis(diphenylphosphino)ethane) electrochemically in the presence of trifluoro-

methanesulfonic acid with the bisdinitrogen complex [W(N2)2(dppe)2] being formed at the 
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same time,[90] a true catalytic formation of ammonia with Chatt type complexes has not been 

realized yet. One reason for that are side reactions which gradually inactivate the catalyst after 

passing through the catalytic cycle. If the coordinated counter anion X- of the applied acid 

does not de-coordinate upon N2 binding at the last step of the catalytic cycle (C9 → C1, 

Scheme 1.2) a molybdenum(I) species, [M(X)(N2)(dppe)2], is formed which is susceptible to 

disproportionation reactions (Scheme 1.3). While the resulting molybdenum(0) complex, 

[M(N2)2(dppe)2], is part if the catalytic cycle (C1), the resulting molybdenum(II) dihalogenido 

species [M(X)2(dppe)2] cannot be converted into a catalytically active intermediate again. In 

this way, up to 50 percent of the catalyst might get lost for the catalytic cycle during each 

turnover. 

Scheme 1.3. Mo(I) complexes which can be formed after passing through the Chatt cycle disproportionate into 
Mo(0) and Mo(II) complexes. While the Mo(0) species is part of the catalytic cycle (C1) the Mo(II) 
dihalogenido complex cannot be converted into a catalytically active species again. The figure was provided by 
Ameli Dreher.[89] 

 

 

This side reaction can be avoided by the synthesis of Chatt type complexes with tripodal or 

pentapodal phosphine and heterophosphine ligands in which the position trans to the N2 

ligand is no longer accessible to ligand exchange (vide infra, chaper 5).[6] 
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2 Electronic Properties of Mononuclear Manganese and 

Molybdenum Complexes – Methods of Characterization 

To spectroscopically characterize the electronic structure of transition metal complexes, 

UV/Vis absorption spectroscopy is commonly used to gain information about oxidation states 

and the ligand environment. However, electron paramagnetic resonance (EPR) and magnetic 

circular dichroism (MCD) spectroscopy often provide further information with respect to the 

electronic properties. Both, EPR and MCD spectroscopy were to be (re)established in the 

Tuczek/Kurz groups for the characterization of mononuclear molybdenum and manganese 

complexes during this work 

The basic principles of EPR and MCD spectroscopy as well as UV/Vis absorption 

spectroscopy are therefore shortly introduced and partly laid out on very general examples 

considering mononuclear manganese and molybdenum complexes without the intention of 

giving a complete review of this topic. Additionally, a short introduction to the basic 

principles of ligand field and (TD)DFT calculations is given. 

However, analytical methods that were not intensively used during this work like (spectro-) 

electrochemistry and magnetic methods are not considered here. Needless to say, that in other 

contexts they might be very helpful as complementary techniques to characterize the 

electronic and redox properties of transition metal complexes and therefore, in general, should 

of course not be neglected. 

For the basic principles of coordination chemistry the reader is referred to the basic 

literature.[91-94] 
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2.1 Spectroscopic Methods 

2.1.1 UV/Vis Absorption Spectroscopy (UV/Vis) 

The absorption of electromagnetic radiation may cause a change in the electronic state of a 

molecule, as electrons can be promoted from bonding and non-bonding molecular orbitals 

into antibonding MOs by the absorption of ultraviolet and visible light (200 – 1 000 nm). 

In solution the absorbance of a sample depends on the concentration c, the path length d and 

the molar extinction coefficient ε according to the Lambert-Beer law: 

dc
I

I
E ⋅⋅=−= ε

0
lg      with     T

I

I
=

0
     (transmission) 

Considering transition metal complexes three types of electronic transitions can be observed 

in the UV/Vis absorption spectra:  

(i) metal-centered d → d ligand field transitions  

(ii) ligand-to-metal and metal-to-ligand charge transfer (LMCT, MLCT) and  

(iii) inner-ligand transitions.  

The ligand field and charge transfer transitions provide information about the metal ion(s), 

like oxidation states, spin states, coordination geometries, ligand arrangements and ligand 

field strengths (vide infra). Additionally the magnitude of the interelectronic repulsion within 

the metal d-orbitals, which is described by the Racah-parameters B and C and provides 

information about the covalence of metal-ligand bonds, can be extracted from UV/Vis 

absorption spectra. 

The relevant selection rules for electronic transitions in transition metal complexes are ∆S = 0 

(spin rule) and ∆L = ± 1 (orbital (Laporte) rule). The spin rule is self-explanatory and says 

that transitions between electronic states of different multiplicity are spin-forbidden. 

However, if electronic states with different multiplicities are mixed via spin-orbit coupling, 
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very weak intercombination bands (ε = 10-3 - 1 Lmol-1cm-1) might be observed in the UV/Vis 

spectra (at very high concentrations). The Laporte rule says that electronic transitions between 

orbitals which do not change their symmetry with respect to the inversion center (g, u) are 

Laporte-forbidden. In consequence, the metal-centered d → d ligand field transitions (g → g) 

are generally not allowed. However, relaxation of this rule may occur through vibronic 

coupling. It refers to the coupling of the “gerade” electronic states (g) with “ungerade” 

vibrations, i.e. vibrations which are antisymmetric (u) with respect to the molecular inversion 

center. The mixing of “ungerade” symmetry to a formerly “gerade” state leads to weak 

absorption intensities of these transitions (ε = 1 - 10 Lmol-1cm-1). As a general rule, a lower 

overall symmetry of a complex results in more intensity of the d → d ligand field transitions. 

The same is true for tetrahedral complexes and other coordination geometries which do not 

have a molecular center of symmetry at all (ε > 100 Lmol-1cm-1).  

Due to the Laporte-rule, metal-centered ligand field transitions are often superimposed by 

charge transfer transitions. The latter are not affected by this rule and therefore show 

significantly higher intensities (ε > 1 000 Lmol-1cm-1), so that they usually dominate the 

UV/Vis absorption spectra. The number of expected ligand field transitions for a particular 

transition metal complex, can be described using ligand field theory considerations. For the 

analysis of charge-transfer transitions, however, molecular orbital theory must be considered 

(vide infra). 

 

2.1.1.1 UV/Vis Absorption Spectra of Mononuclear Manganese Complexes 

Manganese(II) 

As mononuclear manganese(II) complexes usually are high-spin systems (S = 5/2, 6S ground 

term), metal-centered d → d transitions are spin-forbidden. These compounds are therefore 

only weakly colored or, in solution, even colorless, if low-energy charge transfer transitions in 

the spectral region of visible light (400 – 800 nm) are absent. However, at very high 

concentrations very weak intercombination bands, i.e. spin-forbidden transitions into excited 

quartet states, originating from the ligand field splitting of the 4G, 4D and 4P excited terms of 

the free manganese(II) ion, may be observed. The most prominent example is the UV/Vis 
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absorption spectrum of the manganese(II) hexaaquo complex.[95] The pale pink color of 

[Mn(H2O)6]
2+ is only observed at very high concentrations due to the very low intensities 

(ε ≤ 0.05 Lmol-1cm-1) of several spin-forbidden transitions. They are made out as five distinct 

absorption bands in the UV/Vis spectrum between 18 000 cm-1 and 30 000 cm-1.[92, 95, 96] 

Manganese(III) 

Manganese(III) complexes are integer spin systems (S = 2, 5D ground term). The number and 

the energies of the observed d → d ligand field transitions strongly depend on the 

coordination geometries and the actual symmetries of the considered complexes. In theory 

only one spin-allowed ligand field transition, 4Eg → 4T2g, is expected for an ideal octahedral 

manganese(III) high-spin complex. However, as a result of the Jahn-Teller effect[97] 

manganese(III) complexes nearly always adopt tetragonally elongated or tetragonally 

compressed coordination geometries of D4h (or lower) symmetry. In consequence, up to four 

spin-allowed ligand field transitions might be observed in the corresponding UV/Vis 

absorption spectra.[98] The ligand field diagram of a d4 high-spin system like manganese(III) is 

given in Scheme 2.1. Note that the symmetry of the individual electronic states is given by the 

symmetry of the unoccupied metal d-orbital. 

Scheme 2.1. Ligand field diagram of a d4 high-spin system. The 5D ground term splits into the 5Eg ground state 
and the 5T2g excited state in octahedral symmetry (Oh). Jahn-Teller distortion leads to a further splitting of the d-
orbitals with a 5B1g ground state in the case of axial elongation along the molecular z axis (D4h). If the overall 
complex symmetry is further reduced (C2v, CS), up to four d → d transitions might be observed in the UV/Vis 
absorption spectra. Note that the symmetry of the individual electronic states is given by the symmetry of the 
unoccupied orbital which is given in parenthesis. 
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In general, UV/Vis absorption spectra of manganese(III) complexes are somewhat 

underrepresented in the literature. Some specific examples, however, are discussed in the 

following. 

In the UV/Vis absorption spectrum of the [MnIII(py2(NMe)2)F2] (py2(NMe)2 = N,N’-dimethyl-

2,11-diaza-[3,3](2,6)pyridinophane) the 5B1 → 5A1 transition (dz
2 → dxy, band I) is observed 

at 850 nm, while the transitions into the excited states arising from the former 5T2g state are 

observed at 400 – 500 nm.[98] According to the single crystal X-ray structure the complex 

symmetry is C2v. However, also the 5B1 → 5B2 (dyz → dxy, band III) transition, which is 

actually forbidden in C2v symmetry, is observed as a sharp distinct absorption feature at 

465 nm. This indicates that the actual complex symmetry in solution is further reduced to C2 

or CS symmetry.[98] 

In case of the square-pyramidal complex [MnCl5]
2- (C4v) the unoccupied manganese d-orbital 

is dx
2
-y

2. The 5B1 → 5B2 transition (dxy → dx
2
-y

2, band II) is forbidden due to the rotational 

symmetry. In the single crystal polarized UV/Vis absorption spectra the observed d → d 

transitions at 11 500 cm-1 and 16 000 cm-1 are therefore assigned to the 5B1 → 5A1 

(dz
2 → dx

2
-y

2, band I) and the 5B1 → 5E (dxz, dyz → dx
2
-y

2) transitions.[99] 

For the square-pyramidal complexes [Mn(salen)X] (salen = salicylaldehydeethylenediimine, 

X = F-, Cl-, Br-, I-, N3
-, SCN-) three ligand field transitions are expected to appear in the 

UV/Vis spectrum. They are assigned to weak absorption shoulders at 12 000 cm-1 (dz
2 → 

dx
2
-y

2), 15 000 cm-1 (dxy → dx
2
-y

2) and 20 000 cm-1 (dxz, dyz → dx
2
-y

2).[100] 

The UV/Vis absorption spectra of the mononuclear manganese(III) complexes containing the 

bisphenoidal coordinating mixed picolyl/imidazole ligands bpia (bis(picolyl)(N-

methylimidazole-2-yl)amine) and bipa (bis(N-methylimidazole-2-yl)picolyl-amine) show two 

ligand field transitions at ~ 450 nm and 700 - 800 nm if they are measured in MeOH. 

Measured in MeCN, however, only one d → d band is observed at 500 – 550 nm.[33, 101] 
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Manganese(IV)  

Manganese(IV) complexes are d3 high-spin systems (S = 3/2, 4F ground term). Considering 

octahedral coordination geometries the 4F ground term splits into the 4A2g ground state and 

two excited states, 4T2g and 4T1g. Additionally considering the 4T1g(
4P) excited state three 

spin-allowed ligand field transitions (band I - III) are expected in the UV/Vis absorption 

spectrum according to the ligand field diagram (Scheme 2.2) which has been derived from the 

corresponding Tanabe-Sugano diagram.[102] 

Scheme 2.2. Ligand field diagram of a d3 high-spin system derived from the corresponding Tanabe-Sugano 
diagram[102] The ground state is represented by a 4F term.  

 

While band I and II are made out in the visible region of the optical absorption spectra 

band III is often superimposed by more intense charge transfer transitions. According to the 

ligand field diagram low-lying doublet states originate from the ligand field splitting of the 2G 

excited state of the free metal ion. In consequence, two (three) spin-forbidden transitions 

would be additionally expected to appear in the near-infrared (NIR) region, but are usually not 

observed in the UV/Vis spectra of manganese(IV) and other d3 complexes of the first 

transition metal row. 

In the UV/Vis absorption spectrum of the facially coordinated manganese(IV) complex 

[Mn(OMe)3Me3tacn]PF6 (Me3tacn = N,N’,N‘‘-trimethyl-1,4,7-triazacyclyononan) the ligand 

field transition bands I and II are made out at 18 500 cm-1 and 21 500 cm-1 (Figure 2.1) while 
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band III is hidden beneath three prominent charge-transfer transitions which have already 

been mentioned in the literature.[103]  

 

Figure 2.1: UV/Vis absorption spectrum of [MnIV(OMe)3Me3tacn]PF6, 1mM in MeCN (d = 1/10 mm).[104] 

 

2.1.1.2 UV/Vis Spectra of Molybdenum(III) and -(V) Complexes 

Molybdenum(III) 

Molybdenum(III) complexes can either be high-spin (S = 3/2) or low-spin (S = 1/2) 

complexes. In case of a high-spin configuration the same ligand field transitions are expected 

as for manganese(IV) (vide supra). However, in contrast to mangasese(IV) and other d3 first 

row transition metal complexes, also the spin-forbidden doublet transitions might be observed 

in the UV/Vis absorption spectra at higher concentrations due to the increased spin-orbit 

coupling going to the second transition metal period (for comparison: ζMn(IV) = 420 cm-1, 

ζMo(III) = 820 cm-1).[105] As in the case of the first row d3 complexes the 4A2g → 4T1g(P) 

transition (band III) is not observed in the UV/Vis absorption spectra as it is usually masked 

by more intense charge-transfer transitions. 

In the UV/Vis absorption spectra of [MoX6]
3-, [MoX3py3] and [MoX3(4-pic)3] (X = Cl-, Br-) 

the spin-forbidden 4A2g → 2Eg, 
2T1g and 4A2g → 2T2g transitions are observed at 8 800 cm-1 -

 9 500 cm-1 and 14 500 - 14 800 cm-1. Compared to these doublet transitions the spin-allowed 

quartet transitions are more sensitive to the variation of the ligand field strength. In the case of 

the pure halogenido complexes [MoX6]
3- the 4A2g → 4T2g transition (band I) is observed 
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below 20 000 cm-1, while it appears at 27 000 – 27 600 cm-1 for the mixed halogenido-

pyridine and -picoline complexes [MoX3py3] and [MoX3(4-pic)3] (X = Cl-, Br-). For the latter 

complexes the 4A2g → 4T1g transition (band II) is not observed as it is hidden beneath charge 

transfer and inner-ligand transitions. In contrast it is observed at 24 200 cm-1 and 23 200 cm-1 

in the UV/Vis spectra of [MoCl6]
3- and [MoBr6]

3-.[106-109] 

Molybdenum(V)  

Molybdenum(V) complexes only have a single unpaired electron (S = 1/2, 2P ground term) 

Jahn-Teller distortion often leads to a tetragonally compressed octahedral coordination 

geometry of D4h (or lower) symmetry. According to the corresponding ligand field splitting 

diagram of a d1 complex three ligand field transitions are expected in the UV/Vis absorption 

spectrum (Scheme 2.3). However, not all of them may actually be observed. 

Scheme 2.3. Ligand field splitting of the metal d-orbitals d1 complex in the usual tetragonally compressed, 
octahedral coordination geometry (D4h). 

 

 

In general, UV/Vis spectroscopy often leaves many question unanswered, especially with 

respect to the metal centered ligand field transitions. Magnetic circular dichroism (MCD) 

spectroscopy may therefore be used as a complementary technique to analyze the electronic 

transitions of paramagnetic transition metal complexes. The basic principles of MCD 

spectroscopy are shortly introduced in the following. 
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2.1.2 Magnetic Circular Dichroism Spectroscopy (MCD) 

Magnetic circular dichroism (MCD) spectroscopy is a very powerful tool to gain insight into 

the electronic structure of transition metal complexes. By means of this technique the 

differential absorption ∆ε between left (lcp) and right (rcp) circular polarized light of a sample 

is measured in the presence of a longitudinal magnetic field. As ∆ε can be positive or negative, 

the observed MCD transitions exhibit positive or negative signs. This property renders MCD 

complementary (and potentially superior) to ordinary electronic absorption spectroscopy 

where only (intrinsically positive) absorption intensities are measured. This is shown in 

Figure 2.2 for the dinuclear manganese(III,IV) complex [Mn2(O)2(OAc)tpen]2+ (tpen = 

N,N,N',N'-tetrakis(2-pyridylmethyl) ethylene diamine).[110, 111] 

 

Figure 2.2. UV/Vis and MCD spectrum of the dinuclear manganese(III,IV) complex [Mn2(O)2(OAc)tpen]2+ 
(tpen = N,N,N',N'-tetrakis(2-pyridylmethyl) ethylene diamine). The UV/Vis spectrum (MeCN) has already been 
reported.[110] The MCD spectrum was recorded in a frozen complex solution (1 mM in PrCN/BuCN) at T = 2 K 
and B = +7 T. The MCD transitions have already been analyzed by Gamelin et al.

[111] 

Three different mechanisms contribute to the intensity of an MCD signal, designated as A-, B- 

and C-terms.[112-115] 
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While the A-term intensity arises from the splitting of a degenerate excited state in the 

presence of an external magnetic field and shows a derivative band shape, the C-term 

intensity is observed as a consequence of the splitting of a degenerate ground state. 

Additionally a third contribution, the B-term intensity, arises from the coupling of two 
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formerly independent excited states in the presence of an external magnetic field. Like the 

MCD C-term transitions it shows a usual absorption band shape. In contrast to the A- and B-

term intensities the MCD C-term intensity is temperature dependent. It increases with 1/T and 

thus dominates the MCD spectrum at low temperatures.[116] 

MCD C-term transitions into two final states of different symmetry arising from a formerly 

degenerate E state may show opposite signs and (if the excited-state splitting is comparable to 

the band width) appear as one derivative-shaped band, which then is called a pseudo-A-term. 

If the starting orbitals of two pseudo-A-terms correspond to the symmetric and antisymmetric 

linear combination of atomic orbitals with respect to the mirror plane of a complex, two 

corresponding pseudo-A-terms are observed in the MCD spectrum, leading to a “double 

pseudo-A-term”. This feature consists of four transitions of equal intensity which are arranged 

in a +/-/-/+ or a -/+/+/- fashion. 

Considering the excited states, three types of electronic transitions are generally observed in 

open-shell paramagnetic transition metal complexes (Scheme 2.4):  

(i) transitions from doubly occupied molecular orbitals into singly occupied MOs 

(type I),  

(ii) transitions from singly occupied MOs into unoccupied MOs (type II) and  

(iii) transitions from doubly occupied MOs into unoccupied MOs (type III).  

Scheme 2.4. Type I, type II and type III electronic transitions. 

 

While the excited states of type I and type II electronic transitions can be represented by 

single determinants, multi-determinant expressions are needed to correctly describe the 

excited states of type III electronic transitions (vide infra, chapter 3).[117] 
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From variable temperature - variable field (VTVH) measurements of the MCD C--term 

intensity characteristic ground state properties including g-values, zero-field splitting 

parameters, coupling constants and the polarization of the individual transitions can be 

obtained.[8] However, in many cases MCD spectroscopy has only been used to gain ground 

state information and the individual transitions have been assigned without accounting for the 

positive and negative signs of the MCD (C-term) intensities.[111, 118-127] The determination of 

the MCD signs is in fact not trivial, but being neglected leads to an incomplete utilization of 

the potential of this method, a loss of spectral information with respect to the manifold of 

excited states and to the possibility of erroneous band assignments. 

In the context of this thesis, magnetic circular dichroism spectra of manganese containing 

SOD, catalase and some mono- and dinuclear manganese complexes have already been 

reported in the literature.[111, 125, 127-131] The assignments of the observed transitions are mainly 

based on geometry considerations, resonance Raman investigations and (time dependent) 

density functional theory calculations throughout these studies.[111, 125, 127, 131] In addition, the 

analysis of the MCD spectra of different dinuclear cobalt complexes has shown that ligand 

field calculations are also a very useful tool for the assignment of MCD bands.[132-134] 

However, in most cases no explanations of the particular signs have been given.  

Theoretical tools to calculate MCD transitions, including their signs are still fragmentarily 

developed. This is indeed the intrinsic problem of analyzing MCD spectra and only some very 

few examples have been reported, that are concerning the direct calculation of MCD 

transitions.[135-142] So far, they often do not show a satisfying agreement between the 

experimental and the calculated spectra. Of course, the calculation of molecular orbitals is 

possible using density functional theory (DFT) methods and also electronic transitions, i.e. 

UV/Vis spectra, can be computed by the use of time-dependent DFT (TDDFT). However, 

UV/Vis and MCD intensities arise from completely different mechanisms. They are based on 

completely different selection rules and cannot be compared. Therefore, it must be concluded 

that a complete and comprehensive understanding of MCD spectra is lacking at the present 

state of knowledge and that new, effective methods to analyze MCD spectra still have to be 

developed. 
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As they only have one single unpaired electron (S = 1/2) molybdenum(V) complexes seemed 

to be appropriate systems to develop new, general approaches and spectroscopic methods for 

basic studies on the electronic properties of transition metal complexes. The low-temperature 

MCD spectra of several mononuclear molybdenum(V) complexes have already been reported. 
[142-146] In the work of Ziegler and co-workers the assignment of the MCD C-term transitions 

including their signs is based on TDDFT calculations[142] employing the approach of magnetic 

perturbation theory.[141]  

 

2.1.2.1 Setup of a Low-Temperature MCD Spectrometer 

MCD spectroscopy measures the differential absorption ∆ε between left (lcp) and right (rcp) 

circular polarized light of a sample in the presence of a longitudinal magnetic field. The low-

temperature MCD spectrometer used during the work of this thesis consists of a JASCO J-810 

CD spectropolarimeter with an air cooled 150 W xenon lamp used as light source, an 

OXFORD Spectromag4000 cryostat containing a superconducting magnet and a detector 

(Scheme 2.5).[147] The latter must be placed in a certain distance to the cryostat not to be 

affected by the magnetic field. Using two interchangeable photomultiplier tubes, a combined 

wavelength range of 170 – 1100 nm can be detected.  

Scheme 2.5. Setup of a low-temperature MCD spectrometer 

 

The cryostat comprises the coils of the superconducting magnet which are cooled by liquid 

helium. Magnetic field strengths up to ± 7 T can be achieved. The liquid helium reservoir is 
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surrounded by a liquid nitrogen bath and an outer vacuum chamber (OVC, 2·10-4 bar). 

Samples are placed into the sample chamber via the variable temperature insert (VTI) which 

is connected to the liquid helium bath by a needle valve, so that the sample can directly be 

cooled down to 2 K by a helium stream. Via heating operating temperatures up to 25 K can 

also be achieved. Four Spectrasil windows allow access the sample at the bottom of the VTI 

for the circular polarized light being focused and defocused by two lenses, L 1 and L 2. 

MCD samples usually are prepared as polystyrene films, frozen solutions (glasses) or mulls. 

 

2.1.3 Electron Paramagnetic Resonance (EPR)[94, 148-150] 

Electron paramagnetic resonance (EPR) spectroscopy is a very sensitive and well-established 

technique to characterize electronic ground states and also the higher spin states of 

paramagnetic systems. In the context of this thesis it is used to analyze both the active sites of 

natural enzymes and bioinorganic model complexes as well as to detect and characterize 

reactive intermediates during redox reactions, for example. From the EPR spectra different 

oxidation and spin states of individual metal centers can be distinguished and characteristic 

parameters like g-values, zero-field splitting parameters and coupling constants can be 

obtained. 

Due to their unpaired electrons, paramagnetic compounds always have a non-zero magnetic 

moment which can interact with the external magnetic field. Electron paramagnetic resonance 

is based on the electron Zeeman effect which describes the linear splitting of the electronic 

spin states in the presence of an external magnetic field. The Zeeman interaction between the 

magnetic field and the magnetic moment of an unpaired electron is given by 

SgBµH eB

rr
⋅⋅=  

with µB being the Bohr magneton (µB = 9.27401·10-24 JT-1), B
r

 the magnetic field vector and 

ge the electronic g factor which is always about 2.00 with the exact value being dependent on 

the actual electronic environment.  
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As a parallel orientation of the electronic spin to the applied (static) magnetic field B0 is 

preferred compared to the antiparallel orientation, the degeneracy of the electronic spin states 

(mS = ± 1/2) is removed in the presence of an external magnetic field. If an oscillating 

magnetic field B1 in form of electromagnetic radiation with the energy hυ1 is applied 

perpendicular to the static magnetic field B0, transitions between the two electronic spin states 

can be induced. Resonance is given by 

01 BgµhE eB==∆ υ      with     ∆mS = ± 1      (selection rule) 

At this the excitation energy E = hυ1 of an electronic spin transition is in the energy region of 

microwaves (X-band EPR 9 – 10 GHz). 

For a complete description of the electronic spin states in the presence of an external magnetic 

field further interactions have to be considered. In many cases the hyperfine interaction 

between the electronic spin and the nuclear spin(s) I in the vicinity has to be included which 

leads to the splitting of each EPR signal into a 2I + 1 manifold. Regarding nuclear hyperfine 

coupling, the selection rules for electronic spin transitions are ∆MS = ± 1 and ∆MI = ± 0. 

Additionally, the axial and rhombic zero-field splitting (zfs) has to be considered. It is a 

consequence of spin-orbit coupling and leads to the splitting of the different MS levels of the 

electronic ground state even at B0 = 0 in the case of S > 1/2. 

Including all these different terms and taking into account that the individual interactions 

might be anisotropic, the spin Hamiltonian to describe the electronic spin states is given by 

)ˆˆ()]1(3/1ˆ[ˆ~ˆˆ~ˆ 222
0 yxzeB SSESSDSAISgBµH −++−+⋅⋅+⋅⋅=
r

 

with eg~  the electron g tensor, A
~

 the nuclear hyperfine tensor and Î the nuclear spin operator. 

D and E are the axial and rhombic zero-field splitting parameters which can adopt positive or 

negative values. The theoretical calculation of the spin Hamiltonian is already established. 
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2.1.3.1 Setup of a cw X-band EPR Spectrometer 

The cw X-band EPR spectrometer used for recording the EPR spectra during the work of this 

thesis is a reflection spectrometer. It consists of a microwave source, a microwave bridge with 

the interchangeable cavity (resonator) placed between the coils of the magnet and a phase 

sensitive detector (PSD) (Figure 2.3, Scheme 2.6).  

 

Figure 2.3: cw X-band EPR spectrometer 

Scheme 2.6. Setup of a reflection cw X-band EPR spectrometer. The figure was provided by Hans-Martin 
Berends.[26] 

 

The microwave energy is generated by a Gunn diode and adjusted to the resonator by the 

variation of the frequency between 9 and 10 GHz. The microwave power is individually 

adjusted to each measurement by an attenuator. The detector diode only detects microwaves 
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which are reflected from the cavity and converts them into an electric current. It is sensitive to 

noise, interference and perturbation, so an additional modulation of the magnetic field is 

usually applied. This leads to an increase of the sensitivity as now the first derivative of the 

signal is detected. Via a bias the reference arm ensures that the detector always operates with 

an optimum current throughout the measurements. 

Due to the very fast spin-lattice relaxation of the induced spin-transitions, the EPR spectra of 

manganese complexes always have to be measured at low temperatures, which make liquid 

helium cooling compulsory. However, molybdenum complexes also show clear hyperfine-

resolved EPR signals at room temperature. However, the low-temperature spectra should 

additionally be measured in the case of molybdenum compounds to eventually distinguish the 

different oxidation states and to determine the zero-field splitting parameters D and E. 

As the zero-field splitting of the individual MS spin states is usually larger than the X-band 

microwave frequency of ~ 9 GHz (≙ ~ 0.3 cm-1) transition metal complexes with an even 

number of unpaired d-electrons, so-called non-Kramers systems, do not show signals in the 

“normal” perpendicular X-band EPR spectra, although they are, of course, still paramagnetic. 

However, certain spin transitions within these systems can be induced, if the oscillating 

magnetic field B1 is not applied perpendicular but parallel to the static magnetic field B0 

(B1||B0, parallel mode EPR). 

 

2.1.3.2 EPR Spectra of Mononuclear Manganese Complexes 

EPR spectroscopy is essential and has often been used to characterize the active sites of 

MnSOD, MnCat and photosystem II.[21, 30, 151-158] In consequence, this technique is also 

already well-established for the characterization of mono-, di-, and polynuclear manganese 

model complexes.[153, 159-162] Due to the hyperfine interaction between the electronic spin and 

the nuclear spin of I = 5/2 of 55Mn (natural abundance 100 %) the EPR signals of 

mononuclear manganese compounds split into sextets. 
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Manganese(II) 

Manganese(II) complexes have five d-electrons and always occur in the high-spin 

configuration (S = 5/2). Axial zero-field splitting (zfs) leads to the splitting of the MS spin 

states as it is depicted in Scheme 2.7. Five spin transitions are allowed in general (∆mS = ± 1, 

∆mI = 0). However, only the 2/1− → 2/1+  transition is observed in the X-band EPR 

spectrum. Due to hyperfine coupling with the nuclear spin the signal is split into a sextet. 

Beside these “central” transitions (∆MS = ± 1, ∆MI = ± 0), formally forbidden transitions 

(∆MS = ± 1, ∆MI = ± 1) are also observed in between as sets of doublets. They arise from the 

mixing of different MI states in consequence of zfs interaction. Additionally, “outer” 

transitions might be observed at the edges of the original signal as well arising from the 

2/1± → 2/3±  and 2/3± → 2/5±  transitions.[163] 

Scheme 2.7. Splitting of the MS spin states of an S = 5/2 (d5 high-spin) system with positive axial zero-field 
splitting. D is large compared to the X-band microwave frequency, the rhombic zero field splitting E is not 
considered. Only the 2/1− → 2/1+  transition is observed in the X-band EPR spectrum. Adapted from 

ref[163]. 

 

EPR is very sensitive to manganese(II), so even small amounts and impurities are detected. 

An example is the EPR spectrum of manganese(III) acetate which is known to be a strong 

oxidant. Mn(OAc)3 is not soluble in methanol itself and does not show any parallel mode EPR 

spectrum (vide infra) because of its trimer structure[62] but shows the characteristic EPR 

spectrum of a manganese(II) compound due to small amounts of Mn(II). Both the hyperfine 
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split “central” 2/1− → 2/1+  transition (*) and the forbidden transitions (°) are made out 

in the low-temperature EPR spectrum while no “outer” transitions are observed in this case 

(Figure 2.4) 

 

Figure 2.4. Low-temperature cw X-band EPR spectrum of Mn2+ in MeOH, T = 4 K, microwave frequency: 
9.643 GHz, microwave power 2 mW, modulation amplitude 10G, modulation frequency 100 kHz. 

 

Manganese(III) 

Manganese(III) is a non-Kramers ion as it has an even number of d-electrons (d4). Solving the 

spin Hamiltonian (vide supra) for a d4 high-spin system (S = 2) with a positive axial zero-field 

splitting D the energies of the MS spin state levels are obtained according to Scheme 2.8.[159] 

Depending on whether D is positive or negative the non-degenerate MS = 0 level or the 

MS = ±2 non-Kramers doublet is the lowest in energy. In consequence of D being large 

compared to the X-band microwave frequency, the ∆MS = ± 1 transitions, which would be 

detected in the “normal” perpendicular detection mode, are not accessible for these systems. 

However, if the oscillating magnetic field B1 is applied parallel to the static magnetic field B0 

(parallel detection mode) spin transitions between the closely spaced MS = ±2 levels can be 

induced.[151, 159]  

Due to hyperfine interaction with the nuclear spin of 55Mn (I = 5/2) the EPR signal splits into 

a sextet as is shown in Figure 2.5 for the six coordinate manganese(III) complex trans-

[Mn(cyclam)Cl2]Cl (cyclam: 1,4,8,11-tetraazacyclotetradecane). 
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Scheme 2.8. Schematic splitting of the MS spin states of an S = 2 (d4 high-spin) system with a positive axial 
zero-field splitting. D is large compared to the X-band microwave frequency. The 2− → 2+  transition can be 

induced if B1 is applied parallel to B0 (parallel mode EPR). Adapted from ref.[159]. 

 

 

Figure 2.5. Low-temperature parallel mode cw X-band EPR spectrum of trans-[Mn(cyclam)Cl2]Cl 
(cyclam = 1,4,8,11-tetraaza-cyclotetradecane) measured in a frozen MeOH solution (1 mM) at T = 4 K; 
microwave frequency 9.391 GHz, microwave power 2 mW, modulation amplitude 10G, modulation frequency 
100 kHz. 

 

Manganese(IV) 

Mangnese(IV) complexes have three unpaired d-electrons (S = 3/2). In consequence of axial 

zero-field splitting two Kramers doublets, MS = ±1/2 and MS = ±3/2, are obtained (Scheme 

2.9). Two characteristic signals are observed in the low-temperature cw X-band EPR spectra 



2 Electronic Properties of Mononuclear Manganese and Molybdenum Complexes – Methods of Characterization 
__________________________________________________________________________________________ 

 38 

of manganese(IV) complexes. They are ascribed to the 2/3− → 2/3+  (signal I) and 

2/1− → 2/1+  transitions (signal II) at the B0 || z orientation of the applied magnetic field. 

If the axial zero-field splitting |D| is larger than 0.3 cm-1 (≙ ~ 9 GHz, X-band microwave 

frequency) spin transitions between the two Kramers doublets are not possible.[164] An 

additional signal would be expected arising from the 2/1− → 2/1+  transition in the B0 || x 

orientation of the magnetic field,[164] which is often not resolved but hidden beneath the 

asymmetric tail of signal I. A non-zero rhombic zero-field splitting parameter (E ≠ 0) results 

in a slight splitting signal II.[164] 

Scheme 2.9. Splitting of the MS spin states of an S = 3/2 (d3 high-spin) system with a negative axial zero-field 
splitting, rhombic zero field splitting is not considered. |D| is large compared to the X-band microwave 
frequency, so spin transitions between the two Kramers doublets are no possible. Adapted from ref.[164]. 

 

In the low-temperature cw X-band EPR spectrum of [MnIV(OMe)3Me3tacn]PF6 (tacn = 1,4,7-

Triazacyclononane) both signals, signal I and signal II are observed. Signal II shows the same 

hyperfine coupling pattern which already has been described for manganese(II) compounds 

(vide supra, Figure 2.4): the allowed spin transitions (∆MS = ±1, ∆MI = 0) between the 

MS = ±1/2 states result in a well-resolved sextet (*). Additionally, formally forbidden 

transitions (∆MS = ±1, ∆MI = ±1) occur as doublets (°) between the “central” transitions due 

to the mixing of the individual MI states. 
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Figure 2.6. Low-temperature X-band EPR spectrum of [Mn(OMe)3Me3tacn]PF6 (tacn = 1,4,7-Triazacyclo-
nonane) measured in a frozen MeCN solution (1 mM) at T = 4 K, microwave frequency 9.388 GHz; microwave 
power 2 mW, modulation amplitude 10 G, modulation frequency 100 kHz.[104] 

 

2.1.3.3  EPR Spectra of Paramagnetic Molybdenum Complexes 

In contrast to mononuclear manganese complexes, only very few EPR spectra of 

paramagnetic molybdenum complexes are already reported in the literature. Due to the 

hyperfine interaction of the electronic spin with the nuclear spin of the molybdenum isotopes 
95Mo and 97Mo isotopes (I = 5/2) the EPR spectra of mononuclear molybdenum compounds 

exhibit additional signals at the flanks of the actual signal. As the total natural abundance of 
97Mo and 95Mo is only 25 % (95Mo 15.9 %; 97Mo 9.6 %) the so-called molybdenum satellites 

always show significantly lower intensities than the central signal. 

 

Molybdenum(III) 

Molybdenum(III) complexes can either be high-spin (S = 3/2) or low-spin (S = 1/2) 

complexes which cannot be distinguished by the means of their room-temperature EPR 

spectra as in both cases only one EPR signal is expected which arises from the 2/1− → 

2/1+ transition. However, at low temperatures a molybdenum(III) high-spin complex shows 

an additional signal arising from 2/3− → 2/3+  transition corresponding to 
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manganese(IV) complexes (vide supra, Scheme 2.9) which is not observed in the low-

temperature EPR spectrum of molybdenum(III) low-spin complexes, of course.[165] 

Molybdenum(V) 

As molybdenum(V) complexes have only one single unpaired d-electron only one spin 

transition can be induced. One EPR signal is therefore observed both at room temperature and 

at low temperatures.[166, 167] 
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2.2 Theoretical Methods 

2.2.1 Ligand Field Calculations - Angular Overlap Model (AOM) 

Ligand field theory 

In ligand field theory the ligands of a transition metal complex are considered as idealized 

negative point charges which are arranged around the central metal ion in a defined way. Due 

to electrostatic interactions between these negative point charges and the metal d-electrons, 

the metal d-orbitals are lifted in energy. Because of this interaction and depending on the 

individual coordination geometry of the considered complex, the orbital degeneracy is 

removed leading to a splitting within the manifold of the metal d-orbitals with the metal-

ligand bonds being considered to be purely ionic bonds. 

In octahedral coordination geometries six ligands are arranged on the molecular x, y and z 

axes. The dx
2
-y

2 and dz
2 metal d-orbitals point along these axes so they do interact with the 

ligands respective negative point charges and thus are lifted in energy. At the same time the 

dxz, dyz and dxy orbitals that point right between the axes and do not interact with the ligands 

are stabilized by the same energy. In consequence, two sublevels are obtained, eg and t2g, 

which are separated by a distinct energy ∆oct = 10 Dq depending on the ligand field strength of 

the individual ligands. By tetragonal elongation or compression along the molecular z axis in 

consequence of Jahn-Teller distortion, the degeneracy of the metal d-orbitals is further 

removed (Scheme 2.10).[97] 

Scheme 2.10. Ligand field splitting of the metal d-orbitals of octahedral transition metal complexes 

 

Going back to the ideal octahedral coordination geometry, electrons are filled into the t2g and 

eg orbitals according to Hund’s first rule, i.e. the rule of maximum spin multiplicity. For 

d4 - d7 transition metal ions having four to seven d-electrons to place, high-spin or low-spin 
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configurations can be obtained depending on whether the ligand field splitting ∆oct is smaller 

or greater than the electron-pairing energy (Scheme 2.11).  

Scheme 2.11. High-spin and low-spin configuration of a d5 transition metal ion (Fe3+, Mn2+) 

 

Sorting the ligands in the order of increasing ligand field strengths, the spectrochemical series 

of ligands is obtained:[92] 

I- < Br- < S2- < SCN- < Cl- <N3
- < F- < OH- < O2- < H2O < NCS- < NH3, py < en < CN- < CO 

σ-donors/π-acceptors like aqua ligands lead to moderate ligand field splittings. π-donors like 

the halogenido ligands are weak ligands leading to small ligand field splittings. In 

consequence, halogenido complexes are mainly high-spin complexes. π-acceptors like CO or 

cyanide are very strong ligands leading to very high ligand field splittings and thus to the 

formation of low-spin complexes. Additionally, complexes of the second-row transition 

metals show significantly larger ligand field splittings compared to first-row transition metal 

complexes and are therefore mostly low-spin complexes. 

Angular Overlap Model
[93, 94]

 

The angular overlap model (AOM) describes the energies of the metal d-orbitals in 

consequence of metal-ligand interaction in terms of σ- and π-antibonding parameters leading 

to the relation of  

∆oct = 10 Dq = 3eσ – 4eπ 

in case of an octahedral complex. At this eσ and eπ only depend on the overlap between the 

individual metal and ligand orbitals, i.e. they only depend on the given bond angles, while 
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bond distances are not considered. Note that the π-bonding parameter eπ can either be positive 

or negative depending on whether the considered ligand is a π-donor or a π-acceptor.  ∆oct is 

the ligand field splitting between the t2g and eg orbitals and can be determined experimentally 

from the UV/is absorption spectra (vide supra). However, being related to two unknown 

variables, the absolute values of eσ and eπ cannot be obtained. This might be the reason why 

the angular overlap approach was not able to supplant the ligand field theory as the standard 

model for the description of transition metal complexes.[168] To solve this problem the eπ 

parameter of amine ligands, which are known to be not able to form π-bonds, has been set to 

zero to define some kind of an “internal reference” for the determination of AOM parameters. 

Although the absolute values of these parameters cannot be obtained, they reflect the σ- and 

π-bonding properties of different ligands to some extent and may thus probably be considered 

as the origin of a “two-dimensional spectrochemical series”.[94] 

The AOMX program developed by H. Adamsky is based on the angular overlap model and 

can be used to calculate the energies of electronic d → d transitions by fitting the σ- and π-

bonding parameters as well as the Racah parameters B and C of a given transition metal 

complex to the experimental energies of known ligand field transitions which are already 

identified in the optical absorption spectra. Additionally, by including spin-orbit coupling into 

these calculations, the values of the axial and rhombic zero-field splitting, D and E, can be 

obtained.[169, 170] 

Molecular Orbital Theory 

Ligand field theory only deals with the metal d-electrons and does not consider the electronic 

properties of the involved ligand. However, the nephaulexetic effect, which describes the 

decrease in the interelectronic repulsion (Racah) parameters B and C of a coordinated 

transition metal ion compared to the free, uncoordinated metal ion, already indicated that the 

metal-ligand bonds of transition metal complexes cannot be considered as pure ionic bonds. 

To a certain extent they also show a covalent character which can be described with the help 

of molecular orbital (MO) theory. 

Assuming that the valence electrons are shared between the metal ion and the coordinating 

ligands, metal and ligand orbitals have to be combined into the symmetric and antisymmetric 
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linear combinations of the former two to properly describe the electronic properties of the 

considered complex. As the resulting molecular orbitals now have a larger extension 

compared to the individual metal and ligand orbitals, the repulsive electron-electron 

interaction is thus reduced leading to the aforementioned decrease in the interelectronic 

repulsion parameters B and C.  

Additionally, the σ- and π-donor/acceptor properties, which are the reason for the sequence of 

the individual ligands within the spectrochemical series (vide supra), finally can only be 

explained with the molecular orbital theory.[92] 

Considering the potential overlap between metal and ligand orbitals, only orbitals which have 

the same symmetry can be combined to obtain the molecular orbitals of a considered 

complex. At this an intermediate approach is to first build symmetry-adapted ligand group 

orbitals (LGO) by specific linear combinations of ligand orbitals. These LGOs are then 

combined with the corresponding metal d-orbitals of appropriate symmetry. 

 

2.2.2 Quantum Chemical Methods 

Hartree-Fock Theory[171] 

If molecular properties are calculated by quantum chemical computations, the correct 

description of the electron-electron interaction always determines the performance of a 

considered method. Hartree-Fock is an SCF (self-consistent field) method which uses a Slater 

determinant to approximate the over-all wave function Ψ of an N-electron system. The energy 

of a Slater determinant is given by 
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iih being the one-electron energy. 

Note that antiparallel electrons are uncorrelated in a Slater determinant as the exchange 

integral  
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is independent of the electron spin and can be interpreted as the classical interaction of the 

two charge densities 2
iψ and 

2
jψ . 

The orbitals ψi could be obtained from iiih ψεψ =ˆ  but are rather determined through 

variational optimization by the minimization of ΨΨ= elHE ˆ . This leads to coupled one-

electron equations which have to be solved iteratively. The electronic Hamilton operator elĤ is 

exactly known. In consequence, 0=








Ψ∂

∂E
 must be fulfilled to deliver the correct overall 

wave function Ψ.  

Solving the Hartree-Fock equations  

iiif ψεψ =ˆ  

with f̂  being the one-electron Fock operator  

}{∑ −+=
j

jj kjhf )1()1(ˆ2)1(ˆ)1(ˆ  

the orbitals ψi can be obtained as eigenfunctions of f̂  with the orbital energies given by 

iii f ψψε ˆ= . 

The orbitals ψi are usually expressed by linear combinations of basis functions: 
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To solve ν
ν

νν
ν

ν φφεφφ µiiµi CfC ∑∑ =ˆ , which can also be written as ε̂ˆˆˆˆ CSCF =  in the 

matrix notation (Roothaan-Hall equation) and represents a general eigenvalue problem, now 

only the coefficients iCν are varied to minimize the energy while the Fock matrix element 

νφφ fµ
ˆ  and the overlap matrix element ννφφ µµ S=  are invariant during the calculation. 

As the basis functions are usually not orthogonal, ε̂ˆˆˆˆ CSCF =  first has to be transformed to an 

orthogonal basis by ε̂'ˆˆˆˆ'ˆˆˆˆ ††
CXSXCXFX =  with the unitary transformation matrix X̂ . Note that 

the diagonalization of XFXF ˆˆˆ'ˆ †= is the rate limiting step of a Hartree-Fock calculation 

(scaling by N3). 

After a given input geometry has been optimized by the minimization of the overall energy 

ΨΨ= elHE ˆ  the first, second and third derivatives of E deliver electric dipole moments, 

force constants, the energies and intensities of IR and Raman transitions and other specific 

ground state properties of the considered molecule. 

Paramagnetic systems are calculated spin-unrestriced, i.e. the alpha and beta spin electrons 

are treated separately. 

Potential shortcomings of the Hartree-Fock (HF) method are due to the incomplete 

description of the electron-electron correlation (vide supra). It can be further improved by 

configuration interaction (CI) and coupled cluster (CC) methods which use linear 

combinations of Slater determinants instead of only one single determinant to express the 

overall wave function Ψ. Multi-configuration SCF methods like CASSCF combine HF and CI 

by simultaneously optimizing MO and CI coefficients. Perturbation theory methods (MP2, 

MP3, MP4, …) use another approach by introducing perturbation operators to describe the 

electron-electron correlation. 
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(Time-dependent) Density Functional Theory - (TD)DFT[171] 

So far, it has been assumed that ground state properties like the electron density ρ(r) can be 

calculated from the energy of a considered molecule after the Schrödinger equation 

Ψ=Ψ EĤ has been solved by the variational optimization of Ψ. At this, the Hamilton 

operator  

∑ ∑ ∑
= <

+−∇−=
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i ik ji ijki
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2 1
2
1ˆ  

and thus all molecular properties are determined by the number of electrons N and the atomic 

coordinates, i.e. the external potential ∑−=
ik ki

k

R

Z
rV

,
)( . According to the first theorem of 

Hohenberg and Kohn V(r) is determined by the electron density ρ(r). The number of electrons 

is then given by ∫= drrN )(ρ . In consequence, the ground state energy E of an N electron 

system can be also expressed as an exact functional of ρ(r): 

[ ] [ ] [ ] [ ]ρρρρ eene VTVE ++=  

Vee[ρ] contains the Coulomb functional J[r] and non-classical terms to describe the electronic 

exchange and Coulomb correlation. According to the second theorem of Hohenberg and Kohn 

the energy can now be minimized by the variation of ρ(r). By defining a non-interacting 

reference system which can be expressed by a Slater determinant and has the same electron 

density as an interacting system (theorem of Kohn and Sham), an exchange-correlation 

functional Exc[ρ] is introduced. Nowadays, hybrid functionals are used for Exc[ρ] containing 

exchange correlation functionals Ex and Coulomb correlation functionals Ec which are 

specified by the local density or the generalized gradient approximation (LDA, GGA) of the 

electron density. 

One of the most common hybrid functionals is B3LYP.[172-174] It has also been used for all 

quantum chemical DFT calculations within this thesis except for the calculation of the 

molecular orbitals. The B3LYP exchange-correlation functional Exc[ρ]B3LYP is given by 
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Additionally to Becke’s exchange functional B
xE

[175] and the exchange functional LYP
cE  of 

Lee, Yang and Parr[173, 174] also Hartree-Fock exchange HF
xE is included. From this expression 

it also becomes clear, that denstity functional theory (DFT) is not an ab initio method like 

Hartree-Fock as it contains three empirical parameters a, b and c. 

Considering molecular orbital (MO) computations, the Hartree-Fock exchange contribution 

HF
xE eventually leads to wrong results with respect to the relative energies of alpha and beta 

spin orbitals. In consequence, the BP86 functional, which only contains Becke’s exchange 

functional (B)[175] and Perdew’s gradient corrected (GGA) correlation functional (P86),[176, 177] 

was used for the calculations of molecular orbitals. 

Time-dependent DFT (TDDFT) methods are based on the so-called response theory which 

considers the (linear) response of a system to a time-dependent perturbation. At this, the 

propagation of a wavefunction over time is assumed to be expressed by the superposition of 

stationary states containing time-dependent coefficients. From TDDFT calculations 

information with respect to excited states can be gained and the excitation energies of 

electronic transitions, i.e. UV/visible absorption spectra, can be calculated.  

Within this thesis the LANL2DZ basis set was used in all calculations for all types of atoms. 

It contains the Dunning/Huzinaga basis functions (D95) for the first transition metal row[178] 

and effective core potentials (Los Alamos) plus double zeta (DZ) basis functions for all other 

types of atoms. [179-181] 

Quantum chemical calculation of MCD spectra 

For the quantum chemical calculation of MCD A-, B- and C-term intensities Ziegler and co-

workers have developed TDDFT methods which are based on the linear response theory.[137, 

138, 141, 182-184] A corresponding routine for the calculation of MCD spectra is already 

implemented in the ADF program package.[185] Based on that the MCD spectra of several 

molybdenum(V) complexes have been calculated including their signs to assign the observed 

positive and negative bands to the individual MCD C-term transitions.[142] They have also 
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been tested on the calculation of the MCD spectra of several organic and (bio)inorganic 

compounds.[137, 141, 182, 183] 

In contrast, Neese and co-workers use the approach of calculating MCD spectra with highly 

correlated multi-reference configuration interaction (MRCI) ab initio methods.[135] These have 

already been tested on the MCD spectra of some tetrahedral cobalt(II) complexes.[136] 
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3 MCD Spectrum of the Mo(V) Complex [Mo(O)Cl3dppe]: 
C-Term Signs and Intensities for Multi-Determinant 
Excited Doublet States 

Previous studies on the low-temperature MCD spectra of mononuclear molybdenum(V) 

complexes[142-146] already suggest that molybdenum(V) with its d1 electron configuration is an 

excellent system to establish new procedures of spectra analysis and the quantum chemical 

calculation of electronic transitions and MCD signs. The MCD spectra of Mo(V)-oxido 

complexes are often dominated by a “double pseudo-A-term” feature.[142, 144, 145] 

In this work, the low-temperature MCD spectrum of [Mo(O)Cl3dppe] (dppe: 1,2-

bis(diphenylphosphino)ethane) was analyzed. The assignment of the “double pseudo-A-term” 

was used to develop a general treatment of the MCD C-term intensity of type III electronic 

transitions. It is presented in the following manuscript which is to be submitted for 

publication soon. 

[Mo(O)Cl3dppe] is an oxido-halogenido molybdenum(V) complex studied in the Tuczek 

group as a precursor for the synthesis of Chatt type Mo0(N2) complexes. One envisioned 

synthetic route would involve substitution of the chlorido ligands by an anionic silyl 

phosphine ligand followed by electrochemical reduction of the Mo-oxido moiety under N2 

atmosphere to give a Mo(0)-dinitrogen complex. A synthetic route for Mo(0)-bis-dinitrogen 

complexes starting from the oxido-halogenido [Mo(O)Cl2(PMe)3] precursor has already been 

established.[2] 

[Mo(O)Cl3dppe] has been synthesized by Henning Broda[186] and was thoroughly 

characterized by vibrational spectroscopy within this work. The molecular orbitals and 

electronic transitions were calculated with (TD)DFT. A “double pseudo-A-term” is identified 

to be the most prominent spectral feature of the low-temperature MCD spectrum. It was 

assigned to ligand-to-metal charge transfer from the pπ orbitals of the equatorial chlorido 

ligands into the molybdenum dxz and dyz orbitals. Describing the MCD C-term intensity of 

these transitions the multi-determinant character of the excited states was explicitly 

considered.[8, 117, 187] At this, only configuration interaction between the sing-doublet and the 

trip-doublet excited states provides a mechanism for non-zero MCD C-term intensities. In this 

way, a general treatment for the MCD C-term intensity of type III electronic transitions has 
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been developed. The derived equations are based on the description of the MCD C-term 

intensity by Neese and Solomon.[8] The particular signs of the individual transitions were 

directly determined from the corresponding transition densities based on the calculated 

molecular orbitals. 
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ABSTRACT The molybdenum(V) complex [Mo(O)Cl3dppe] (dppe: 1,2-

bis(diphenylphosphino)-ethane) is considered as an appropriate system for a combined study 

on the electronic structure using UV/Vis absorption and MCD (magnetic circular dichroism) 

spectroscopy, including the determination of the MCD C-term signs of the individual 

electronic transitions. In the MCD spectrum of [Mo(O)Cl3dppe] the most intense band at 

20 000 cm-1 corresponds to a very intense UV/Vis absorption band and is assigned to the dx
2
-
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y
2 → dxy ligand field transition as supported by resonance Raman spectroscopy. The most 

prominent feature of the MCD spectrum is a “double pseudo-A-term” which consists of two 

corresponding pseudo-A-terms centered at 27 000 cm-1 and 32 500 cm-1. These are 70assigned 

to the ligand-to-metal charge transfer transitions from the pπ orbitals of the equatorial chlorido 

ligands into the dyz and dxz molybdenum d-orbitals. Based on the theoretical expressions 

developed by Neese and Solomon1 we present a general treatment of the MCD C-term 

intensity of these transitions which explicitly considers the multi-determinant character of the 

excited states. The individual MCD signs are determined from the corresponding transitions 

densities based on the calculated molecular orbitals of the title complex (BP86/LANL2DZ).  

 

Introduction 

Magnetic circular dichroism (MCD) spectroscopy is a powerful tool to gain insight into the 

electronic structure of transition metal complexes. In MCD spectroscopy, the differential 

absorption ∆ε between left (lcp) and right circular polarized light (rcp) of a sample is 

measured in the presence of a longitudinal magnetic field.2-14 As ∆ε can be positive or 

negative, the observed MCD transitions exhibit positive or negative signs. This property 

renders MCD complementary (and potentially superior) to ordinary electronic absorption 

spectroscopy where only (intrinsically positive) absorption intensities are measured.  

Three different mechanisms contribute to the intensity of an MCD signal, designated as A-, B- 

and C-terms.15, 16 While the A-term intensity arises from the splitting of a degenerate excited 

state in the presence of an external magnetic field and shows a derivative band shape, the C-

term intensity is observed as a consequence of the splitting of a degenerate ground state. A 

third contribution, the B-term intensity, arises from the coupling of two formerly independent 

excited states in the presence of an external magnetic field. Like the MCD C-term mechanism 

it gives rise to a usual absorption band shape. In contrast to the A- and B-term intensities the 
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MCD C-term intensity is temperature dependent (~ 1/T) and thus dominates the MCD 

spectrum at very low temperatures. C-term transitions into two final states of different 

symmetry arising from a formerly degenerate E state may show opposite signs and, if the 

excited-state splitting is comparable to the bandwidth, appear as one derivative-shaped band, 

which then is called pseudo-A-term.  

 

From variable temperature - variable field (VTVH) measurements of the C-term intensity 

characteristic ground state properties including g-values, zero-field splitting parameters, 

coupling constants and the polarization of the individual transitions can be obtained.1 In many 

cases MCD spectroscopy is only used to gain ground state information, and the individual 

transitions are assigned without accounting for the positive and negative signs of the MCD 

(C-term) intensities.3-8, 10-14 The determination of the MCD signs is in fact not trivial, but 

being neglected leads to an incomplete utilization of the potential of this method, a loss of 

spectral information with respect to the manifold of excited states and to the possibility of 

erroneous band assignments.  

 

A general quantum-mechanical method to calculate the signs and intensities of MCD C-term 

transitions for spins ≥ ½ has been described by Neese and Solomon.1 This treatment, 

however, only considers cases where the electronic ground state and the excited states are 

represented by single-determinant wave functions. This in particular applies for two types of 

electronic transitions; i.e., (i) transitions from doubly occupied molecular orbitals into singly 

occupied MOs (type I) and (ii) transitions from singly occupied MOs into unoccupied MOs 

(type II). To the best of our knowledge, no theoretical treatment of C-term transitions exists 

so far for the case of (iii) transitions from doubly occupied MOs into unoccupied MOs 

(type III). In this case multi-determinant wave functions are needed to correctly describe the 

excited states.17 It is the purpose of the present paper to consider this case on the basis of the 
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most simple example, a transition-metal d1 system. Obviously this system gives rise to type I, 

type II and type III electronic transitions (Scheme 12). While the S=1/2 ground state and the 

S=1/2 excited states involved in the type I and type II transitions can be represented single 

determinants, the doublet excited states for type III transitions split into sing-doublet and trip-

doublet states. It will be described how this situation can be treated theoretically to derive the 

signs and intensities of the corresponding C-term transitions.  

 

Scheme 12. Type I, type II and type III electronic transitions. 

 

In the present study we focus on the molybdenum(V) (d1) complex [Mo(O)Cl3dppe] (dppe: 

1,2-bis(diphenylphosphino)ethane). The MCD spectra of the pseudo-CS symmetric 

[Mo(O)X2L] complexes (L = hydrotris(3,5-dimethyl-1-pyrazolyl)borate, X = O (diol, 

chatecholato), Cl, S (dithiolato)) have been investigated before. 2 The observed bands were 

assigned according to a rule which states that transitions between two electronic states with 

different symmetries (a’ → a’’) result in positive signed MCD bands, while negative signs are 

obtained, if no change of symmetry is involved (a’ → a’, a’’ → a’’). In the present paper, we 

will develop a more general treatment which does not rely on the symmetry properties of the 

complex under investigation and, in addition, allows to calculate the intensities of the MCD 

C-term transitions on the basis of the theoretical expressions presented by Neese and 

Solomon.1 The signs of the C-term transitions will be directly derived from the MO scheme 

obtained by DFT. Ziegler and co-workers have assigned the MCD spectra of several 

molybdenum(V) complexes based on TDDFT calculations of the MCD C-term intensities and 
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signs,18 employing the approach of magnetic perturbation theory.19 However, this study has 

also not explicitly considered the multi-determinant structure of the excited doublet states, 

which is the subject of the present paper. 

 

To exemplify the application of the described protocol, UV/Vis and low-temperature MCD 

spectra of the complex [Mo(O)Cl3dppe] are measured in CH2Cl2 solution and 

CH2Cl2/polystyrene films, respectively. Electronic transitions are assigned on the basis of 

DFT and TDDFT calculations. Then, theoretical expressions for the MCD C-term intensities 

of type III electronic transitions are developed which allow to calculate the intensities of the 

observed spectroscopic features. The corresponding MCD signs are determined from the 

calculated MO scheme and the derived transition densities. Complementary information is 

derived from infrared and Raman spectroscopy, leading to a much advanced understanding of 

the electronic and vibrational structure of the title complex.  

 

Experimental Section 

[Mo(O)Cl3dppe] was synthesized using common Schlenk techniques (N2). Sample 

preparation was always carried out under dinitrogen atmosphere. 

Synthesis. [Mo(O)Cl3dppe] (dppe: 1,2-bis(diphenylphosphino)ethane) was synthesized 

according to a previously reported literature procedure20 and obtained as a red crystalline 

powder in a yield of 43 %. The purity of the obtained product was confirmed by elemental 

analysis (found (calc.): C 51.5 (51.6), H 3.4 (3.9), Cl 15.9 (17.3) %). 

Vibrational spectra. The MIR infrared spectrum was obtained from KBr pellets by using a 

Bruker IFS v66/S FT-IR spectrometer. The FT-Raman spectra of the solid sample were 

recorded with a Bruker IFS 666/CS NIR FT-Raman spectrometer. A Nd:YAG laser with an 

excitation wavelength of 1064 nm was used as a light source. 
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UV/Vis absorption spectra. The UV/Vis absorption spectra of 1 mM and 0.1 mM solutions 

of the title complex in CH2Cl2 were recorded with a Cary 5000 NIR spectrometer using quartz 

cuvettes (path length d = 10 mm)  

Magnetic Circular Dichroism (MCD) Spectra. Low-temperature MCD data were recorded 

at T = 2 K using a JASCO J810 CD spectropolarimeter associated with an 

OXFORD SM 4 000-9 magnetocryostat, as previously described.10 Magnetic field strengths 

were varied between 0 T and ±3 T. Thin polystyrene film samples were prepared by the 

evaporation of a 1 mM dichloromethane complex solution containing a sufficient amount of 

polystyrene. After the subtraction of the B = 0 T reference spectrum the resulting MCD 

spectra were deconvoluted by Gaussian curve fits to resolve the individual transitions.  

Computational details. Spin-unrestricted DFT calculations were performed using 

Gaussian03.21 The B3LYP hybrid functional22-24 was employed for the geometry optimization 

of the complex structure, the calculation of the vibrational spectra and for the time-dependent 

DFT calculations of the electronic transitions, while the calculation of the molecular orbitals 

was done using the BP86 functional. 25-27 The LANL2DZ basis set was always used for all 

types of atoms. 28 29-31 The molecular orbitals were plotted with Gabedit.32  

 

Results and Discussion 

Complex structure and vibrational spectra. The optimized structure of [Mo(O)Cl3dppe] 

shows a slightly distorted octahedral complex geometry of pseudo-CS symmetry (Figure 7, 

Table 1). The dppe ligand and two chlorine atoms are equatorially coordinated. The third 

chlorido ligand is found trans to the oxido group with a Mo-Clax metal-ligand bond length 

being elongated by 0.12 Å compared to the two Mo-Cleq distances. Due to the short ethylene 

bridge of the dppe ligand the P-Mo-P angle is only 81°, resulting in a Cleq-Mo-Cleq angle 

which is significantly larger than 90°. The axial chlorido ligand and the oxido group are 
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significantly bent from the molecular z axis towards the dppe ligand with a Clax-Mo-O angle 

of only 158°. 

 

Table 1. Metal-ligand bond distances and bond angles of [Mo(O)Cl3dppe] obtained from a 

quantum chemical geometry optimization (B3LYP/LANL2DZ) 

bond distances (Å)  bond angles 

Mo-P 2.70/2.69  P-Mo-P 81° 

Mo-Cleq 2.41/2.41  Cleq-Mo-Cleq 97° 

Mo-Clax 2.53  P-Mo-Cleq 90°/91° 

Mo-O 1.73  O-Mo-Clax 158° 

   Cleq-P-P-Cleq -3.4° 
 

 

Figure 7. Optimized complex structure of [Mo(O)Cl3dppe] obtained from a DFT geometry 

optimization (B3LYP/LANL2DZ). Hydrogen atoms are omitted for clarity.  

 

The vibrational spectra (MIR, FT-Raman) of [Mo(O)Cl3dppe] (Figure 8) are dominated by 

the various phenyl C=C and C-H stretching and bending vibrations of the dppe ligand. 

However, the most characteristic vibrations are the metal-ligand stretches which can be 

assigned with the help of DFT calculations. The Mo-oxido stretching vibration (IR: 941 cm-1, 

Raman: 943 cm-1) and the Mo-P stretch (IR: 520 cm-1) show very high intensities, especially 
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in the IR spectra. The Mo-Cl stretching vibrations are observed in the Raman spectrum at 

332 cm-1 (Mo-Cleq, symm.) and 234 cm-1 (Mo-Clax). An overview of the most intense 

vibrations is given in Table 2. The very good match between the experimental and the 

calculated IR and Raman spectra assures the reliability of the optimized complex structure for 

its further use in the quantum chemical calculations of molecular orbitals and electronic 

transitions. 

 

Figure 8. Experimental and calculated MIR and Raman spectra of [Mo(O)Cl3dppe]. 

Theoretical spectra were computed by DFT calculations (B3LYP/LANL2DZ). 
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Table 2. Overview of the most characteristic vibrations of [Mo(O)Cl3dppe]. Experimental 

and calculated IR and Raman frequencies are given for comparison. 

IR (cm-1) Raman (cm-1) vibration 

exp. calc. exp. calc.  

-- 228 234 228 Mo-Clax stretch 

-- 331 332 331 Mo-Cleq stretch (symmetric) 

491 502 -- -- C-P bending vibrations 

520 534 -- -- Mo-P stretch 

656 647 617 (630) combined P-Cen stretch (symm. + antisymm.) 

685-740 725, 787 681 -- C(-H)phenyl, out-of-plane bending 

941 956 943 956 Mo=O stretch 

-- -- 1000 1015 (C=C)phenyl, symmetric in-plane bending (ring 

1028, 1099 1044, 1109 1028, 1102 1045, 1116 P-CPh stretch 

1435, 1486 1466, 1516 1486 1493 C=C stretch (antisymmetric) 

1572 1622 1587 1637 C=C stretch (symmetric) 

3054 3238 3063 3238 C-H stretch (phenyl) 

 

UV/Vis absorption spectra. For a d1 transition metal complex in a quadratic-bipyramidal 

geometry like [Mo(O)Cl3dppe] the dxy orbital is expected to be the lowest in energy. It is 

singly occupied leading to a 2B2 ground state and three excited states, if the degeneracy of the 

dxz and dyz orbitals is assumed to be maintained (Scheme 13). 

 

Figure 9. UV/Vis absorption spectra of [Mo(O)Cl3dppe] in CH2Cl2 (1/0.1 mM d = 10 mm).  
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Scheme 13. Ligand field splitting of the metal d-orbitals for a distorted octahedral d1 system. 

It is characteristic for the tetragonally compressed complex geometry of [Mo(O)Cl3dppe]. 

 

 

The most prominent feature of the UV/Vis spectrum of [Mo(O)Cl3dppe] is a distinct 

absorption band centered at 20 500 cm-1 (ε = 3 600 Lmol-1cm-1, Figure 9, band B). This band 

has already been reported for [Mo(O)Cl3dppe] and [Mo(O)Cl3dppen] (dppen = 1,2-

bis(diphenylphosphino)ethene)33 and was already assigned to the 2B2 → 2B1 (dxy → dx
2
-y

2) 

ligand field transition.33, 34 Note that this transition shows an unusually high absorption 

intensity compared to the broad absorption band A at 15 500 cm-1 which is assigned to the 

2B2 → 2E (dxy → dxz, dyz) ligand field transition, in accordance with the literature.2, 35, 36 

However, also in the UV/Vis spectrum of the octahedral Mo(V) complex [Mo(O)Cl2L] 

(L = hydrotris(3,5-dimethyl-1-pyrazolyl)borate) an absorption shoulder of moderate intensity 

(ε ∼ 500 Lmol-1cm-1) at 23 000 cm-1 has been assigned to the dxy → dx
2
-y

2 ligand field 

transition based on the corresponding MCD spectrum.2 However, an explanation for the very 

high intensity in the case of [Mo(O)Cl3dppe] is still lacking (see below). 

The third ligand field transition, 2B2 → 2A1 (dxy → dz
2), is expected at energies greater than 

35 000 cm-1 34 and thus is not observed in the UV/Vis spectrum of [Mo(O)Cl3dppe], as it is 

hidden beneath more intense charge transfer transitions.  

Additionally, four shoulders can be identified at 25 000 cm-1 (band D), 30 000 cm-1 (band E), 

34 000 cm-1 (band F) and 36 000 cm-1 (and G) in the tail of a rising absorbance (Figure 9). 
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They might arise from various charge transfer transitions from the different chlorido p-

orbitals into molybdenum d-orbitals (LMCT). In addition, the possible presence of Mo → P 

metal-to-ligand charge transfer (MLCT) as well as oxido → Mo ligand-to-metal charge 

transfer (LMCT) transitions has to be taken into account. In general, the UV/Vis spectrum 

leaves many questions. Thus, low-temperature MCD spectra were recorded which provide 

further information with respect to the LF- and CT-excited states of the title complex. 

 

Low Temperature MCD Spectra. In the low temperature MCD spectrum of 

[Mo(O)Cl3dppe] four distinct absorption features are observed between 20 000 cm-1 and 

37 000 cm-1 with two points of zero-crossing at 27 000 cm-1 and 32 000 cm-1 (Figure 10) 

which is different from the band pattern observed in the MCD spectra of any of the CS 

symmetric oxido-molybdenum(V) [Mo(O)X2L] complexes (L = hydrotris(3,5-dimethyl-1-

pyrazolyl)borate, X = O (diol, chatecholato), Cl or S (dithiolato)), that have already been 

reported.2, 9, 18 

The features of the MCD spectrum could be successfully modeled by six Gaussian curves 

(Figure 10, right). At positive magnetic field strengths three positive bands (band 1 - 3) are 

observed between 20 000 cm-1 and 25 000 cm-1. They are followed by two transitions with 

negative MCD intensities around 30 000 cm-1 (band 4 and 5) and another positive band 

centered at 34 100 cm-1 (band 6).  

There is a good correlation of the most intense MCD transition (band 1) with the very intense 

UV/Vis absorption band at 20 500 cm-1 (band B). This band has been assigned to the 

dxy → dx
2
-y

2 ligand field transition (vide supra). The positions of MCD bands 3, 4/5 and 6 

correspond to the observed shoulders in the UV/Vis spectrum at 25 000 cm-1, 30 000 cm-1 and 

34 000 cm-1 (band D - F). 
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Figure 10. left: Low temperature MCD spectra of [Mo(O)Cl3dppe], measured in 

polystyrene/CH2Cl2 at T = 2 K. The sample was prepared from a 1 mM solution of the title 

complex. The magnetic field strength was varied from B = -3 T to +3 T. right: Gaussian 

curve fit of the low temperature MCD spectrum obtained at T = 2 K and B = +3 T between 

20 000 cm-1 and 37 000 cm-1 and UV/Vis absorption spectrum for comparison. 

 

The MCD bands 3 - 6 all show the same intensity in a positive-negative-negative-positive 

pattern and should therefore be considered as two corresponding pseudo-A-terms, a negative 

pseudo-A-term centered at 27 000 cm-1 (band 3 + 4,) and a positive pseudo-A-term centered at 

32 500 cm-1 (band 5 + 6), giving rise to a “double pseudo-A-term” (vide supra). This implies 

that both the ground states and the excited states derive from two nearly or formerly 

degenerate E states and the transition-dipole moments of the individual transitions between 

these states each have opposite signs (see below). A “double pseudo-A-term“ has also been 

identified as the dominating spectral feature in the MCD spectra of several molybdenum(V) 

oxido-dithiolato complexes and was assigned to S → Mo ligand-to-metal charge transfer.2, 9, 18 

A more detailed assignment of the observed UV/Vis and MCD transitions is only possible 

based on the time-dependent DFT calculation of the electronic transitions, as well as 
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molecular orbital and symmetry considerations which will also give an explanation for the 

positive and negative signs of the individual MCD bands. 

 

DFT evaluation of the MO scheme. The molecular orbitals of [Mo(O)Cl3dppe] obtained 

from an unrestricted DFT calculation do not show a large extent of spin polarization, with the 

only exception of the singly occupied molecular orbital (SOMO, 117). Alpha and beta spin 

orbitals thus coincide in orbital numbers and orbital types, so Figure 11 only shows the 

relevant alpha spin orbitals, which are also listed and described in Table 3. Compared to the 

ligand field diagram shown in Scheme 13 the expected energy sequence of the molybdenum 

d-orbitals is confirmed by DFT. 

For a CS symmetrical complex, the mirror plane (xz) defines the molecular axes, so that the 

dxy orbital, which is the highest (- singly!) occupied molecular orbital (117, SOMO), has to 

be relabelled into dx
2
-y

2 (and vice versa). Note that this changed notation will be used from 

now on, so that the starting orbital of potential ligand field and metal-to-ligand charge transfer 

transitions will now denoted as dx
2
-y

2 in the following. The four unoccupied metal d-orbitals 

are dyz and dxz (118, 119), dxy (120, formerly dx
2
-y

2) and dz
2 (129).  

The energetically highest ligand orbitals are the py and px orbitals of the axial chlorido ligand 

(116, 115). To describe the p-orbitals of the equatorial chlorido ligands four possible linear 

combinations have to be considered as both the in-plane and the out-of-plane orbitals can be 

combined symmetrically (s) or antisymmetrically (a) with respect to the molecular mirror 

plane xz. Additionally the bonding and antibonding interactions with the corresponding 

molybdenum d-orbitals and the p-orbitals of the axial ligands have to be taken into account. 

The symmetric combination of the in-plane chlorido p-orbitals is stabilized by the metal dx
2
-

y
2 orbital, resulting in a bonding and an antibonding combination (100, 117). In contrast, the 

antisymmetric linear combination of the in-plane chlorido p-orbitals cannot be stabilized by 
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any of the molybdenum d-orbitals, but instead shows a large contribution of phosphorus sp3 

orbitals (114).  

 

Figure 11. Molecular orbitals (alpha spin orbitals) of [Mo(O)Cl3dppe] as obtained from the 

DFT calculation (BP86/LANL2DZ). 
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Table 3 Molecular orbitals of [Mo(O)Cl3dppe] obtained from the DFT calculation 

(BP86/LANL2DZ). 

  sym a Mo Cleq Clax O description 

129 z2 a’ dz
2 σsym(Cleq+ P) pz pz σ−antibonding, unoccupied metal d orbital 

       phenyl π* orbitals 

120 xy a’’ dxy σ2(Cleq + P) -- -- σ−antibonding, unoccupied metal d orbital 

119 xz a’ dxz pout-of-plane (s) px px π−antibonding, unoccupied metal d orbital 

118 yz a’’ dyz pout-of-plane (a) py py π−antibonding, unoccupied metal d orbital 

117 x2-y2 a’ dx
2
-y

2 pin-plane (s) -- -- dx
2
-y

2/pin-plane, π−antibonding, singly 

116 py (Clax) a’’ -- “e” (Cleq+ P) py (py) axial chlorido p orbital (Clax) 

115 px (Clax) a’ -- “e” (Cleq+ P) px (px) axial chlorido p orbital (Clax) 

114 pin-plane(a) a’’ -- pin-plane (a) (py) -- in-plane ligand p orbital (Cleq) 

113 pout-of-plane(s) a’ -- pout-of-plane (s) px px out-of-plane chlorido pπ orbital, px 

       phenyl π orbitals 

109 pout-of-

(a) 
a’’ -- pout-of-plane (a) py (py) out-of-plane chorido pπ orbital (Cleq) 

       phenyl π orbitals 

103 pout-of-plane(s) a’ -- pout-of-plane (s) px px out-of-plane chlorido pπ orbital (Cleq), px 

       p (Cleq) + sp3 (P) 

100 x2-y2 a’ dx
2
-y

2 pin-plane (s) -- -- dx
2
-y

2/pin-plane, π-binding analogue of MO 

        

95 xy a’’ dxy σ2(Cleq + P) -- -- dxy/σ2, σ-binding analogue of MO 120 

        

82 z2 a’ dz
2 σsym(Cleq+ P) pz pz dz

2/σsym., σ-binding analogue of MO 129 
a CS symmetry (mirror plane xz) 

 

The symmetric linear combination of the out-of-plane pπ orbitals interacts with the px orbital 

of the axial chlorido ligand, again resulting in a bonding and an antibonding linear 

combination (103, 113). It also interacts with the dxz orbital: MO 119 exhibits an antibonding 

interaction, whereas the bonding analogue is not observed among the highest twenty occupied 

orbitals. The antisymmetric linear combination of the out-of-plane pπ orbitals shows a large 

percentage of phenyl π-character (109). It can also interact with the dyz orbital: MO 118 

exhibits an antibonding interaction, whereas the bonding analogue is again not observed 

among the highest twenty occupied orbitals. The σ-bonding counterparts of the unoccupied 
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dxy and dz
2 metal d-orbitals, in contrast, can be clearly identified in the manifold of the higher 

lying occupied MOs (MO 95 and 82). Due to the molecular symmetry, all molecular orbitals 

are either symmetric (a’) or antisymmetric (a’’) with respect to the mirror plane xz. Molecular 

orbitals, that are not displayed in Figure 11 are mainly π-  and π*-orbitals of the dppe phenyl 

groups. Some of them show significant contributions of the different chlorido p-orbitals, the 

occupied dppe π-orbitals are often mixed with the chlorido pout-of-plane(a) orbital (MO 105, 107 

and 111). There are no alpha or beta spin orbitals among the highest twenty occupied 

molecular orbitals which exhibit pure phosphorus or oxido p-character.  

The same types of molecular orbitals have also been described for the oxido-chlorido 

molybdenum(V) complex [Mo(O)Cl2L] (L = hydrotris(3,5-dimethyl-1-pyrazolyl)borate),2 

with exception of the axial chlorido p-orbitals, of course, as no axial chlorido ligand was 

present in this complex. Due to this difference in coordination, the symmetric and the 

antisymmetric equatorial out-of-plane chlorido pπ orbitals and the dxz and dyz orbitals are 

inverted in energy in the case of [Mo(O)Cl3dppe] compared to [Mo(O)Cl2L] 

(L = hydrotris(3,5-dimethyl-1-pyrazolyl)borate).2 The same also applies for the corresponding 

Mo(V)=O dithiolate complexes [Mo(O)S2L]. 2, 9, 18 

 

TDDFT calculation of the electronic transitions and assignment of the UV/Vis spectrum. 

The electronic transitions of [Mo(O)Cl3dppe] were calculated by TDDFT. The results are 

shown in Figure 12 and Table 4, respectively. The most intense electronic transitions in the 

calculated UV/Vis spectrum are various LMCT transitions from different chlorido p-orbitals 

into the dxy orbital at energies around 35 000 cm-1, probably corresponding to the weak 

shoulder at 36 000 cm-1 (band G) in the experimental UV/Vis spectrum. An additional 

shoulder is calculated at 26 000 cm-1 which might correspond to the observed shoulder at 

25 000 cm-1 (band D) in the experimental UV/Vis spectrum. 
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The energies of the dxy → dxz, dyz ligand field transitions, which are observed at 15 500 cm-1 

in the experimental UV/Vis absorption spectrum, appear too low in the calculated spectrum 

(11 900 cm-1, 13 600 cm-1). In contrast, the calculated dx
2
-y

2 → dxy transition is found at 

21 100 cm-1, in very good agreement with the assignment of the experimentally observed 

UV/Vis absorption band B at 20 500 cm-1.34 However, there is no satisfactory correlation 

between the measured and calculated absorption intensities for this band. The most intense 

transition in the spectral region around 20 000 cm-1 of the calculated spectrum is the 

pin-plane(a) → dx
2
-y

2 LMCT transition at 19 500 cm-1. The calculated energy of dx
2
-y

2 → dz
2
 

ligand field transition is 33 600 cm-1. This is in good accordance with the predicted energy of 

~ 35 000 cm-1 for the experimental energy (vide supra).34 

 

Figure 12. Experimental and calculated UV/Vis spectrum of [Mo(O)Cl3dppe] for 

comparison. The experimental UV/Vis spectrum was measured in CH2Cl2 (1/0.1 mM 

d = 10 mm). The calculated UV/Vis spectrum was computed by time-dependent DFT 

(B3LYP/LANL2DZ).  

 

The TDDFT calculations also provide information with respect to ligand-to-metal charge 

transfer (LMCT) transitions into the unoccupied molybdenum d-orbitals. Theoretically such 
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transitions can either occur within the alpha or the beta spin orbitals, but as no spin 

polarization between these two sides has been observed in the calculation of the molecular 

orbitals (vide supra), no splitting is expected between corresponding LMCT transitions in the 

manifolds of spin-up and spin-down orbitals. 

The LMCT transitions from the p-orbitals of the axial chlorido ligand into the dyz and dxz 

orbitals are predicted between 21 000 cm-1 and 28 000 cm-1. The most intense of these 

transitions in the calculated UV/Vis spectrum, px → dyz, is found at 24 300 cm-1 which might 

correspond to the experimentally observed absorption feature at 25 000 cm-1 (band D) and 

thus to band 3 in the MCD spectrum.  

 

Table 4. Electronic transitions of [Mo(O)Cl3dppe] calculated by TDDFT 

(B3LYP/LANL2DZ). Only d → d ligand field transitions and CT transitions with oscillator 

strengths > 0.0020 are listed. 

energy oscillator strength description  

11 900 0.0007 x2-y2 → yz d → d 117A → 118A 

13 600 0.0003 x2-y2 → xz d → d 117A → 119A 

18 200 0.0056 py → x2-y2 LaxMCT 116B → 117B 

19 500 0.0098 pin-plane(a) → x2-y2 LeqMCT 114B → 117B 

21 100 0.0020 py → yz LaxMCT 116B → 118B 

21 100 0.0040 x2-y2 → xy d → d 117A → 120A 

21 400 0.0067 px → yz LaxMCT 115A → 118A 

24 300 0.0139 px → yz LaxMCT 115A → 118A 

24 500 0.0069 px/py → yz LaxMCT 115/116B → 118B 

26 200 0.0118 pout-of-plane(s) → yz LeqMCT 113B → 118B 

27 400 0.0107 px → xz LaxMCT 115B → 119B 

27 700 0.0032 pout-of-plane(s,a) → xy, yz LeqMCT 103/105 → 117/118 

28 200 0.0066 phenyl π → xz LMCT 104A → 119A 

28 400 0.0049 phenyl π ( pout-of-plane(a)) → yz LeqMCT 106/112A → 118A 

28 600 0.0054 pout-of-plane(s) → xz LeqMCT 113B → 119B 

28 800 0.0023 pout-of-plane(a), phenyl π → yz LeqMCT 110A → 118A 

28 900 0.0042 phenyl π ( pin-plane(a)) → xz 
LeqMCT 112A → 119A 
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29 600 0.0024 phenyl π ( pout-of-plane(a)) → xz LeqMCT 105B → 119B 

30 300 0.0024 pout-of-plane(a) (phenyl π) → yz LMCT 109/110B → 118B 

31 100 0.0024 pout-of-plane(a) (phenyl π) → xz LMCT 109/110 → 118/119 

31 300 0.0059 pin-plane(s)→ x2-y2 LeqMCT 100B → 117B 

31 500 0.0028 pout-of-plane(a) → yz LeqMCT 107B → 118B 

32 100 0.0094 px → xy LaxMCT 115A → 120A 

32 300 0.0029 pout-of-plane(s, a) → yz, xz LeqMCT 103/107 → 118/119 

32 300 0.0040 pout-of-plane(a), phenyl π → xz LMCT 109/110B → 119B 

32 500 0.0020 pout-of-plane(a) → yz, xz LeqMCT 107/111B → 118/119B 

33 000 0.0022 pin-plane(a), py → xy Leq/LaxMC 114/116A → 120A 

33 400 0.0094 phenyl π ( pout-of-plane(s)) → xz LeqMCT 108B → 119B 

33 400 0.0034 pin-plane(s), pout-of-plane(s) → yz LeqMCT 102/103B → 119B 

33 600 0.0023 phenyl π ( pout-of-plane(a)) → xz LeqMCT 108B → 119B 

  x2-y2 → z2 d → d 117A → 129A 

33 700 0.0028 pin-plane(s)/x2-y2 → yz LeqMCT 102B → 118B 

33 800 0.0045 phenyl π→xz, pout-of-plane(s) → LeqMCT 106B → 119B, 113A → 120A 

34 000 0.0038 pout-of-plane(s) → xy LeqMCT 113A → 120A 

34 300 0.0065 pin-plane(a), py → xy Leq/LaxMC 114/116A → 120A 

34 900 0.1067 px → xy LaxMCT 115A → 120A 

35 000 0.0267 pin-plane(a) → xy LeqMCT 114A → 120A 

35 400 0.0029 pin-plane(s), pout-of-plane(s) → xz LeqMCT 102/103 → 119 

35 500, 0.0201, 0.0080 ligand σ → x2-y2 -- 96/97B → 117B 

35 800 0.0048 pin-plane(s), pout-of-plane(s) → xy LeqMCT 102/103 → 120 

35 900 0.0225 pout-of-plane(s) → xy LeqMCT 113A → 120A 

 

Further LMCT transitions originating from the symmetric combination of the out-of-plane pπ 

orbitals of the equatorial chlorido ligands (MO 113) are found at 26 200 cm-1 and 28 600 cm-1, 

pout-of-plane(s) → dyz, dxz and might correspond to the observed shoulders at 25 000 cm-1 

(band D) and 30 000 cm-1 (band E) in the experimental UV/Vis spectrum und thus to band 3 

and 4, i.e. the negative pseudo-A-term, in the MCD spectrum. The corresponding 

pout-of-plane(a) → dyz, dxz transitions, in contrast, only appear with very low intensities in the 

calculated UV/Vis spectrum.  
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A possible assignment of the observed shoulder at 36 000 cm-1 (band G) in the experimental 

UV/Vis absorption spectrum might be the pin-plane(a) → dxy transition (MO 114 → 120) which 

shows a very high intensity in the calculated UV/Vis spectrum at 35 000 cm-1.  

Considering the overall spectral shape, a clear-cut correlation between the experimental and 

the theoretical spectrum is not possible. Although some trends considering the type of 

electronic transitions (d → d, LMCT) can be obtained for particular spectral regions, a 

definite assignment of the observed UV/Vis transitions (which can also be transferred to the 

assignment of the MCD spectrum) is not possible based on the TDDFT calculation alone. 

Additionally, this type of calculation gives no explanation of the positive and negative signs 

of the individual MCD transitions. Therefore an assignment of the electronic transitions on 

the basis of molecular orbital considerations is presented in the following section. 

 

Assignment of the Electronic Transitions Based on the MO Scheme and Symmetry 

Considerations. The MO scheme of [Mo(O)Cl3dppe] (Figure 11) suggests that the 

2B2 → 2B1 (dx
2
-y

2 → dxy) ligand field transition and metal-to-ligand-charge transfer 

transitions from chlorido p-orbitals into the singly occupied dx
2
-y

2 orbital are the lowest 

energy transitions and should appear in the spectral region between 20 000 cm-1 and 

25 000 cm-1 in accordance with the literature.2 The assignment of the positive MCD bands 1 

and 2 is possible based on resonance Raman measurements (Figure 13).  

The resonance Raman spectrum obtained at the excitation energy of 19 500 cm-1 reveals that 

the symmetric Mo-Cleq stretching vibration at 332 cm-1 and the Mo-P stretch at 523 cm-1 are 

very strongly enhanced. They receive 150 % respectively 60 % of the intensity of the 

symmetric dppe phenyl C=C ring breathing vibration at 1 000 cm-1, which is the most intense 

vibration in the “off-resonance” FT-Raman spectrum. The relative intensities in the “off-

resonance” FT-Raman spectrum are 0.4, 0.4 and 0.04 of the intensity of the (C=C)phenyl ring 
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breathing vibration for the Mo-O stretch, the symmetric Mo-Cleq stretch and the Mo-P stretch, 

respectively (vide supra, Figure 8). 

 

Figure 13. UV/Vis absorption spectrum (CH2Cl2, 1 mM, d = 1 mm) and resonance Raman 

excitation profile of the characteristic metal-ligand vibrations of [Mo(O)Cl3dppe]. The bold 

lines are the positions of the MCD bands 1 and 2. The dashed lines represent the excitation 

energies of the resonance Raman spectra. 

 

As only Mo-Cleq and Mo-P vibrations in the equatorial plane (xy) are enhanced in the 

resonance Raman spectrum at the excitation energy of 19 500 cm-1, the xy orbital which is 

antibonding to the equatorial σCl- and σP-orbitals (σ2, vide supra, Figure 11) must be 

involved in an electronic transition at this energy. The MCD band 1 at 20 000 cm-1 can 

therefore with a great probability be assigned to the dx
2
-y

2 → dxy ligand field transition. This 

also matches a previous report for the assignment of the UV/Vis absorption band B at 

20 500 cm-1.34 The explanation for the remarkably high intensity of this d → d ligand field 

transition might be that it gets its intensity from the dxy/σ2 bonding → antibonding transition 

(MO 95 → MO 120), as in CS symmetry the “starting orbitals” dx
2
-y

2 and dxy are coupled 

through spin-orbit coupling via LZ. 
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Band 2 at 21 100 cm-1 then may arise from an LMCT transition into the singly occupied dx
2
-

y
2 orbital. With an excitation energy of 22 000 cm-1 a strong enhancement of Mo-P stretch is 

observed in the resonance Raman spectrum, which implies that an equatorial molecular 

orbital must also be involved in the electronic transition at this energy. As already mentioned 

the antisymmetric in-plane p-orbital of the equatorial chlorido ligands (pin-plane(a), 114) shows 

large contributions of phosphorus p-orbitals (vide supra). Band 2 is therefore assigned to the 

pin-plane(a) → dx
2
-y

2 ligand-to-metal charge transfer transition, in accordance to the TDDFT 

calculations (vide supra). 

An additional argument in favor of the specified assignments of the MCD bands 1 and 2 to 

the dx
2
-y

2 → dxy and pin-plane(a) → dx
2
-y

2 transitions is that the Mo-O stretch at 943 cm-1 is not 

enhanced in the resonance Raman spectra using excitation energies between 19 500 cm-1 and 

22 000 cm-1. Its relative intensity is even reduced compared to the “off-resonance” FT-Raman 

spectrum. This clearly indicates that only in-plane metal and ligand orbitals are involved in 

the electronic transition within this spectral region.  

The MCD bands 3 - 6 all exhibit the same intensities in a positive-negative-negative-positive 

pattern of two corresponding pseudo-A-terms. This implies that two nearly or formerly 

degenerate E states must be involved in these transitions and that the individual transitions 

must be polarized in different directions resulting in transition densities of opposite signs. 

Three pairs of nearly or formerly degenerate orbitals with different symmetries can be 

identified in the molecular orbital scheme (Figure 11) which are 

(i) the py and px orbitals of the axial chlorido ligand trans to the oxido group,  

(ii) the symmetric and antisymmetric out-of-plane pπ orbitals of the equatorial 

chlorido ligands pout-of-plane(s, a) and  

(iii) the dyz and dxz molybdenum d-orbitals.  

 



 

 

75 

Although the px → dyz, dxz transitions are indeed predicted by TDDFT as possible 

assignments for the MCD bands 3 and 4 from their calculated energies, this possibility is not 

considered for the following reason: The px → dxz and the py → dyz transitions are both z-

polarized, while the transition densities of the px → dyz and the py → dxz transitions are zero. 

The px, py → dyz, dxz transitions are thus expected to result only in two equally signed MCD 

bands, but could by no means give rise to a “double pseudo-A-term“ and can therefore 

definitely be ruled out for the assignment of the MCD bands 3 – 6. 

The only possibility therefore is the assignment of the “double pseudo-A-term“ to the ligand-

to-metal charge transfer from the equatorial out-of-plane chlorido pπ orbitals, pout-of-plane(s, a), 

into the dyz and dxz orbitals. The pout-of-plane(s) → dyz, dxz transition was already predicted by 

the TDDFT calculation as another possibility for the assignment of the MCD bands 3 + 4 

(negative pseudo-A-term), while the pout-of-plane(a) → dyz, dxz transitions were only found with 

relatively low intensities in the calculated UV/Vis spectrum. According to the molecular 

orbital scheme (Figure 11), however, they should appear at higher energies than band 3 and 4 

and might therefore be assigned to the positive pseudo-A-term at 32 500 cm-1 (band 5 + 6). 

As already mentioned the UV/Vis absorption band G might be assigned to the pin-

plane(a) → dxy transition. From the molecular orbital scheme and the computation of the 

electronic transitions by time-dependent DFT no evidence is given for Mo → P metal-to-

ligand charge transfer (MLCT) or oxido → Mo ligand-to-metal charge transfer (LMCT) 

transitions.  

 

The complete assignment of the individual electronic transitions is summarized in Table 5. 
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Table 5. Assignment of the electronic transitions of [Mo(O)Cl3dppe]. UV/Vis and MCD 

transitions are given in cm1 

UV/Vis MCD assignment/description 

(A)     15 500 -- x2-y2 →-yz, xz d → d  

(B)     20 500 (1)     20 000 (+) x2-y2 → xy d → d 

((C)) (2)     21 100 (+) pin-plane(a) → x2-y2 LeqMCT 

(D)      25 000 (3)     24 800 (+) pout-of-plane(s) → yz LeqMCT 

(E)     30 000 (4)      29 600 (-) pout-of-plane(s) → xz LeqMCT 

-- (5)      30 600 (-) pout-of-plane(a) → yz LeqMCT 

(F)     34 000 (6)     34 100 (+) pout-of-plane(a) → yz LeqMCT 

((G)    36 000) -- pin-plane(a) → xy LeqMCT 

 

 

Theory of MCD C-term intensities for multi-determinant excited doublet states. To 

particularly verify the assignment of the observed “double pseudo-A-term“ to the pout-of-

plane(s, a) → dyz, dxz transitions a general procedure for the determination of MCD C-term 

intensities is applied, which has been presented by Neese and Solomon.1 To account for the 

intensities, however, it will be necessary to explicitly consider the multi-determinant character 

of the excited states. The signs of the MCD bands are then determined from the transition 

densities of the individual transitions considering the overlap of the involved starting and 

target molecular orbitals.  

 

In the limit of a pure C-term mechanism, the MCD intensity is given by 

)(0 EfC
Tk

B

EE

Brcplcp βγεεε
=

−
=

∆
 

where γ is a collection of constants, βB is the Bohr magneton, k is the Boltzmann constant, T 

is the absolute temperature, B is the magnetic flux density and f(E) is a line shape function. 

Here, it is sufficient to consider f(E) as a δ-function and E as the transition energy. After 

orientational averaging the C0 parameter results as 
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( )z
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xyy
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xzx
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yz gMgMgMC ++−= 6

1
0  

where gu are the components of the ground-state g-tensor (u = x, y and z and the Muv
eff are 

effective transition dipole moments (uv = xy, xz and yz). For xy polarized transitions only 

Mxy
eff has to be considered, which is given by 
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The states A and B are given as eigenfunctions of S and MS; i.e., A = SASM and B = 

SBSM . The transition dipole matrix elements Du
AB are defined as 

SuS
AB
u BSMASMD µ=
r

 

and the generalized spin-orbit coupling matrix elements AB
uL  are defined as 

00 )()(Im BSSisihASSL
i

u
AB
u ∑=  

where the sum runs over all electrons i. In this expression, the operator hu(i) is given by 

∑=
N

uNiNu ilrih )()()( ,ξ  

where N denotes the atom (i.e. Mo or one of the donor atoms) and ξ is the spin-orbit coupling 

constant. For systems with an S = 1/2 ground state and if only transitions within α-orbitals are 

considered, the s0(i) operator in AB
uL  can be replaced by a constant factor of 1/2. Furthermore, 

spin-orbit coupling is usually only considered within the metal atom (here N = Mo). 

The above equations indicate that MCD C-term intensity may arise through spin-orbit 

coupling between the excited states J and K (A → J, A → K, J and K being coupled through 

spin-orbit coupling; “J-K coupling”) or between the ground state A and an excited state K (A 

→ J, K → J, A and K being coupled through spin-orbit coupling; “A-K coupling”).1 
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Considering ligand-to-metal charge transfer from the symmetric and antisymmetric out-of-

plane chlorido pπ orbitals into the dxz and dyz molybdenum d-orbitals, one has to take a closer 

look at the excited states of the individual transitions to describe the MCD C-term intensities 

correctly. The pπ(s, a) → dxz, dyz transitions are transitions from doubly occupied molecular 

orbitals (i) into unoccupied molecular orbitals (a, b) and thus clearly correspond to type III 

transitions (vide supra).17 In this case the multi-determinant character of the excited states has 

to be taken into account.17 Specifically, in the case of spin-allowed type III electronic 

transitions from the S = 1/2 ground state, all excited doublet states split into sing-doublet and 

trip-doublet states. In the case of an i → a transition, the sing-doublet MS = +1/2 and -1/2 

states correspond to 

( )+−+−+−++−+−+−+ +=+ onniaonnai
a
iC ψψψψψψψψψψψψψψ ............

2

1
2/1 1111

 

and                    ( )−−+−+−+−−+−+−+ +=− onniaonnai
a
iC ψψψψψψψψψψψψψψ ............

2

1
2/1 1111  

whereas the trip-doublet MS = +1/2 and -1/2 excited doublet states correspond to 

( )+−+−+−++−+−+−++−+−+−+ +−=+ annoionniaonnai
a
iD ψψψψψψψψψψψψψψψψψψψψψ ......2............

6

1
2/1 111111

 and 

( )−−+−+−+−−+−+−+−−+−+−+ +−=− annioonnaionnia
a
iD ψψψψψψψψψψψψψψψψψψψψψ ......2............

6

1
2/1 111111

 

In analogy to the “luminescent states” of copper, cobalt and vanadyl porphyrin complexes 

considered by Gouterman and co-worker we also assume that the sing-doublet excited states 

are higher in energy than the trip-doublet excited states, i.e. )( a
iCE > )( a

iDE .37  
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The transition from the electronic ground state into a sing-doublet excited state has electric 

dipole intensity. Assuming the ground state configuration to be +−+
oii ψψψ  the transition 

dipole moment of a sing-doublet excitation is given by 

{ }+−++−++−++−++−+ +=+ oiaoiioaioii
a
ioii µµCµ ψψψψψψψψψψψψψψψ

2

1
2/1  

                                                          { } 02
2

1
≠=+= ++−−

aiaiai µµµ ψψψψψψ . 

However, due to the form of the generalized spin-orbit coupling operator Lz two sing-doublet 

excited states i → a and i → b do not interact via spin-orbit coupling, even if the lz matrix 

element between ψa and ψb is non-zero: 
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These transitions therefore do not contribute to the MCD C-term intensity. 

  

The trip-doublet excited states i → a and i → b, in contrast, do interact via spin-orbit 

coupling, 

( ) 0Im4
6
1

2/1)()(2/1 ≠⋅⋅=++ ∑ bza
b
i

i
zz

a
i lDisilD ψψ , 

and thus theoretically give rise to MCD C-term intensity. However, the corresponding 

transition dipole moments 2/1++−+ a
ioii Dµψψψ  are zero, so that the trip-doublet excited 

states are in fact not accessible from the ground state by electronic dipole transitions. 

The following mixed sing-doublet/trip-doublet spin-orbit coupling terms are also non-zero: 

( ) 0Im
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1
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Configuration interaction (CI) between the sing-doublet and trip-doublet excited states 

provides a mechanism which gives rise to the non-zero MCD C-term intensity of type III 

electronic transitions. To this end new states are formed: 

(1)           a
i

a
i DCA ⋅+⋅=+ θθ cossin  

(2)           a
i

a
i DCA ⋅−⋅=− θθ sincos  

(3)           b
i

b
i DCB ⋅+⋅=+ θθ cossin  

and    (4)           b
i

b
i DCB ⋅−⋅=− θθ sincos  

Note that θ is small, if the sing-doublet excited states are much higher in energy than the trip-

doublet states, i.e. E( ba
iC

, ) >> E( ba
iD

, ) and the CI matrix element is small (see below).37 In 

this case the main contribution to the A+ and B+ excited states are the trip-doublet states while 

the A- and B- excited states are dominated by the sing-doublet contributions. Sinθ is given by 
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which is positive if ioao KK >  (Kao, Kio: exchange integrals). 

 

All of these states (1) - (4) interact through spin-orbit coupling: 
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Furthermore, the individual transition dipole matrix elements are given by 
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a

i
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The MCD C-term intensity of an xy polarized transition A → J, K ( J-K coupling) is given by 
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For the individual electronic transitions, the two different paths arising from the two possible 

couplings have to be summed up. Contributions containing sinθ to the power of two and three 

are neglected (θ ≈ 0). The results for the four transitions are then 

(1) A → J = A+; K = B+, B- 
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== λθ  (vide supra) and 11cos 2 ≅−= λθ  for θ ≈ 0.37 As the first 

contribution is zero and assuming that
+−+−

−=∆ AA EEBB  is comparatively large (Figure 8), 

electronic transitions into the A+ state only get very weak MCD C-term intensity. This, of 

course, would have been expected as the A+ excited state mainly contains the a
iD trip-doublet 

state which is not accessible by electronic dipole transitions (vide supra). 

 

(2) A → J = A-, K = B+, B- 
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−−−−
−=∆ ABA EEB  is small compared to 

+−+−
−=∆ ABA EEB (Figure 8). In consequence, the 

MCD C-term intensity of electronic transitions into the A- state is much higher than that of the 

A → A+ transitions. As the main contribution to the A- state is the a
iC  sing-doublet excited 

state being accessible by electronic dipole transitions, this would also have been expected 

intuitively. Considering the absolute values, 
−−

∆ AB is also small compared to 
−+

∆ AB . In 

consequence, the MCD C-term intensity of the A → A- transitions is dominated by spin-orbit 

coupling between the A- and B- states.  

(3) A → J = B+, K = A+, A- 
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Corresponding to A → A+ transition, the MCD C-term intensity of this transition is very weak 

as well, as the first contribution is zero and 
+−

∆ BA  is comparatively large (Figure 8). 

(4) A → J = B-, K = A+, A- 
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Corresponding to the transition into the A- state, the MCD C-term intensity of the A → B- 

transition is also much higher than that of the A → B+ transition. As expected, it is also 

dominated by spin-orbit coupling between the A- and B- states, as ( )−−−
∆ BAE << ( )−−+

∆ BAE , 

considering the absolute values (Figure 8). 

 

Figure 14. Considering type III electronic transitions, configuration interaction (CI) between 

the sing-doublet and the trip-doublet excited states provides a mechanism which gives rise to 
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non-zero MCD C-term intensity. The prevailing contributions are the A → A- and A → B- 

transitions. Dotted lines denote spin-orbit coupling. 

 

Summing up, it has to be concluded that in the case of type III electronic transitions, only 

configuration interaction between the sing-doublet and the trip-doublet excited states provides 

a mechanism which gives rise to a non-zero MCD C-term intensity. Multi-determinant 

expressions therefore have to be used to correctly describe the excited states. At this the 

A → A- and A → B- transitions have been identified as the prevailing contributions as they are 

dependent on 
−−

∆ AB

1
 respectively 

−−
∆ BA

1
 with 

−−
∆ AB  and 

−−
∆ BA  being comparatively 

small. In consequence, the MCD C-term intensity is determined by the spin-orbit coupling 

between the A- and B- states. Assuming that the energy difference between the sing-doublet 

and trip-doublet excited states is large, i.e. in the range of several thousand wavenumbers, the 

A → A+ and A → B+ transitions would be expected in the NIR (near IR) region of the MCD 

spectra. However, as has been demonstrated on the derivation of the corresponding MCD C-

term intensities, they would show significantly lower intensities compared to the A → A- and 

A → B- transitions. Note that, of course, the same MCD signs are expected for the A → A+ 

(A → B+) and A → A- (A → B-) transitions. 

For further interpretation, it might be resumed that the contributions of the second, less 

important excitation paths arising from the second possibility of coupling (A- ↔ B+, A+ ↔ B-) 

is a weakening contribution to the actual C-term intensity of a type III electronic transition, 

depending on the energy difference between the A+/B+ and A-/B- states. Note that 

+−+−
−=∆ BAB EEA  and 

+−+−
−=∆ ABA EEB  are slightly different. Different intensities are 

therefore expected for the A → A- (A+) and the A → B- (B+) transitions. 

 



 

 

87 

Assignment of the “double pseudo-A-term“. Considering the “double pseudo-A-term“ 

feature in the MCD spectra of [Mo(O)Cl3dppe], the assignment to pout-of-plane(a, s) → dyz, dxz 

ligand-to-metal charge transfer has already been suggested. This assignment is now confirmed 

based on the derived equations of the MCD C-term intensity by determining the MCD signs 

of the individual transitions from the corresponding transition densities. Based on the 

calculated MO scheme (Figure 11), MO 109/113 and MO 118/119 are the molecular orbitals 

under consideration. 

As the starting orbitals (i) are ligand orbitals and the target orbitals (a) are molybdenum d-

orbitals as well as the singly occupied dxy orbital (o) the one-center exchange integral Kao is 

larger than the two-center exchange integral Kio: 

ioao KK >  

Sinθ therefore is positive throughout the following expressions (vide supra). 

 

For the pout-of-plane(s) → dyz, dxz transitions (i → a, b) the transition densities are determined as 

follows: 

i. pout-of-plane(s) → dyz (i → a, MO 113 → MO 118): 

 

→ y-polarized (negative direction) 

ii. pout-of-plane(s) → dxz (i → b, MO 113 → MO 119): 

 

→ x-polarized (negative direction) 
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Note that the transition densities along x and y have a fixed phase relationship (either + or -) 

with the corresponding transition dipole moments. As the product of two transition dipole 

moments enters the formula for the MCD intensity, however, we do not have to deal with this 

issue. 

 

The MCD C-term intensity of the pout-of-plane(s) → dyz (A → A-) transition is positive: 
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as 0B >−=−=∆
−−−− yzxzABA EEEE  and 

−+
∆ AB is comparatively large.  

 

The MCD C-term intensity of the pout-of-plane(s) → dxz (A → B-) transition, in contrast, has a 

negative sign: 
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with 0A <−=−=∆
−−−− xzyzBAB EEEE  and 

−+
∆ BA  being comparatively small. 

The pout-of-plane(s) → dyz, dxz transitions thus result in a negative pseudo-A-term and are now 

definitely assigned to the MCD bands 3 and 4 at 24 800 cm-1 and 29 600 cm-1. They 

correspond to the observed shoulder at 25 000 cm-1 (band D) and 30 000 cm-1 (band E) in the 

UV/Vis spectrum. 

 

The transition densities of the pout-of-plane(a) → dyz, dxz (i → a, b) transitions are: 

i. pout-of-plane(a) → dyz (i → a, MO 109 → MO 118) 

 

→ x-polarized (positive direction) 

ii. pout-of-plane(a) → dxz (i → b, MO 109 → MO 119) 

 

→ y-polarized (positive direction) 

The MCD C-term intensity of the pout-of-plane(a) → dyz (A → A-) transition is negative: 
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while the MCD C-term intensity of the pout-of-plane(a) → dxz (A → B-) transition is positive: 
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Taken together, the pout-of-plane(a) → dyz, dxz transitions lead to a positive pseudo-A-term and 

are therefore definitely assigned to the MCD bands 5 and 6 at 30 600 cm-1 and 34 100 cm-1 

which correspond to the absorption shoulders at 30 000 cm-1 (band E, together with the MCD 

band 4) and 34 000 cm-1 (band F) in the UV/Vis spectrum. 
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Figure 15. Analysis of the “double pseudo-A-term“ feature in the low temperature MCD 

spectrum of [Mo(O)Cl3dppe] from molecular orbital considerations. 

 

The assignment of the “double pseudo-A-term“ feature in the MCD spectrum of 

[Mo(O)Cl3dppe] to the pout-of-plane(s, a) → dyz, dxz ligand-to-metal charge transfer transitions 

is depicted in Figure 15. 

Note that it is in agreement with the literature. In the MCD spectrum of various 

[Mo(O)L(1,2-dithiolate)] (L = hydrotris(3,5-dimethyl-1-pyrazolyl)borate) a negative-positive-

positive-negative pattern of MCD bands between 20 000 cm-1 and 30 000 cm-1 had already 

been interpreted as ligand-to-metal charge transfers from the symmetric and antisymmetric 

out-of-plane sulfur pπ orbitals into the dxz and dyz molybdenum d-orbitals.2, 9 The symmetric 

and antisymmetric sulfur pπ orbitals and also the dxz and dyz orbitals are inverted in energy in 

the case of the [Mo(O)L(1,2-dithiolate)] complexes compared to [Mo(O)Cl3dppe]. This leads 

to the observed inversion of signs within the “double pseudo-A-term“ feature which are 

determined by the symmetry of the starting orbitals.1  

In the case of the title complex [Mo(O)Cl3dppe], LMCT transitions from the bonding 

equivalent of the pout-of-plane(s) orbital (MO 103) into the dyz and dxz orbitals should result in 

another negative pseudo-A-term at significantly higher energies (> 35 000 cm-1) which was 
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out of range in the MCD measurements. Theoretically, a “double pseudo-A-term“ of very, 

very weak intensity would also be expected in the NIR region of the MCD spectrum which 

arises from the corresponding A → A+ and A → B+ transitions. 

 

Conclusions 

In the preceding sections the molybdenum(V) complex [Mo(O)Cl3dppe] has been investigated 

with respect to its electronic structure and its spectroscopic properties. As this complex only 

has a single electron and exhibits clear CS symmetry it turned out to be an excellent system 

for a combined study on the electronic structure using UV/Vis and MCD spectroscopy, 

including the determination of the C-term signs of the individual electronic transitions. From 

the DFT calculation of the molecular orbitals, the metal and ligand character of the individual 

molecular orbitals could clearly be determined and, based on that, some trends considering 

the types and energies of the electronic transitions could be derived from the TDDFT 

calculations.  

The very intense UV/Vis absorption band at 20 500 cm-1 (band B) has been assigned to the 

dx
2
-y

2 → dxy ligand field transition. This assignment was supported by resonance Raman 

measurements and the calculated UV/Vis spectrum (TDDFT). The most prominent feature of 

the MCD spectra are two corresponding pseudo-A-terms between 22 000 cm-1 and 

35 000 cm-1, giving rise to a “double pseudo-A-term“. From molecular orbital considerations 

the two individual pseudo-A-terms were assigned to the pout-of-plane(s, a) → dyz, dxz ligand-to-

metal charge transfer transitions. Describing the MCD C-term intensity of these transitions, 

the multi-determinant character of the excited states was explicitly considered.1, 17, 37 In this 

way a general treatment for the MCD C-term intensity of type III electronic transitions has 

been developed. At this, configuration interaction between the sing-doublet and the trip-

doublet excited states has been identified to provide the only mechanism to give rise to non-
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zero MCD C-term intensities. The derived equations are based on the description of the MCD 

C-term intensity by Neese and Solomon.1 The particular signs of the individual transitions 

were directly determined from the corresponding transition densities based on the calculated 

molecular orbitals and do not rely on the symmetry properties of the title complex. 
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4 Electronic Structure and Spectroscopic Properties of 
Mononuclear Manganese(III) Schiff Base Complexes: A 
Systematic Study on [Mn(acen)X] Complexes by UV/Vis, 
MCD and EPR Spectroscopy 

Having worked out in detail on the example of the mononuclear molybdenum(V) complex 

[Mo(O)Cl3dppe] (dppe = 1,2-bis(diphenylphosphino)ethane, chapter 3), how the MCD C-term 

intensity of electronic transitions within a CS symmetric d1 transition metal complex is 

calculated, this procedure was next transferred to a multi-electron system. For this purpose a 

series of five-coordinate manganese(III) d4 high spin complexes was chosen which contain 

the aliphatic Schiff base ligand acen
2- (H2acen = N,N’-ethylenebis(acetyl-acetone)imine) plus 

an anionic co-ligand X in a square-pyramidal coordination geometry and thus exhibit 

(pseudo-)CS symmetry as well (Figure 4.1).[188] Upon the exchange of the apical ligand X 

(X = I-, Br-, Cl-, NCS-) small changes of the ligand field were induced, so that the influence of 

a varying ligand field strength (I- < Br- < Cl- < NCS-) within a distinct coordination geometry 

on the UV/Vis, MCD and EPR spectra could be studied. In general, all three types of 

electronic transitions (type I, type II, type III, vide supra, chapter 2 and 3) may be observed 

within the [Mn(acen)X] complexes. 

4.1 Synthesis 

The H2acen ligand was prepared by the condensation reaction of ethylene diamine and two 

equivalents of acetyl acetonate and recrystallized from water.[189] The synthesis of the 

[Mn(acen)X] complexes was done according to literature procedures[188] achieving good 

yields and high purities which were checked by elemental analysis and atomic absorption 

spectroscopy (Table 4.1).  

Table 4.1. Elemental analysis (CHNS, Hal-) and atomic absorption spectroscopy (Mn) of [Mn(acen)X] 

 N (%) C (%) H (%) S (%) Mn (%)a Hal (%)b 

[Mn(acen)I] 6.3 (6.9) 33.5 (35.7) 4.4 (4.5) -- 11.2 (13.6) -- (31.4) 

[Mn(acen)Br] 7.8 (7.8) 40.3 (40.4) 5.1 (5.1) -- 14.8 (15.4) 28.5 (22.4) 

[Mn(acen)Cl] 8.9 (9.0) 46.0 (46.1) 6.0 (5.8) -- 15.6 (17.6) 10.8 (11.3) 

[Mn(acen)NCS] 12.0 (12.5) 46.6 (46.6) 5.5 (5.4) 9.2 (9.6) 15.21 (16.38) -- 

a AAS                                                             
b potentiometric titration 
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4.2 Optimized complex structures and vibrational spectra  

Comparing the calculated structures of the [Mn(acen)X] complexes which were obtained 

from quantum chemical DFT geometry optimizations the Mn-O and Mn-N metal-ligand bond 

distances, as expected, do not differ within the series (Table 4.2).The increasing ligand field 

strength of the axial ligand X going from I- to NCS- is very well reproduced by decreasing 

Mn-X metal-ligand bond lengths going from 2.85 Å for [Mn(acen)I] to 2.04 Å for 

[Mn(acen)NCS]. The manganese(III) ion is displaced from the equatorial (xy) plane in 

positive z direction towards the apical ligand. The axial displacement is increased with the 

increasing ligand field strength of the axial ligand from 0.19 Å for [Mn(acen)I] to 0.24 Å for 

[Mn(acen)NCS].  

Containing an aliphatic ethylene diamine bridge, the acen
2- Schiff base ligand is non-planar, 

so that the [Mn(acen)X] complexes only exhibit pseudo-CS symmetry (Figure 4.1). By 

bisecting the acen
2- ligand between the ethylene diamine CH2 groups, two planar ligand 

fragments (acen
#) are obtained. These contain six delocalized π-electrons each and are twisted 

by about 9° versus each other. In consequence, the coordinating acen N and O atoms are not 

co-planar.  

In the case of the chlorido complex [Mn(acen)Cl], the calculated complex structure can be 

compared to the structural data which has been obtained from single crystal X-ray 

analysis.[188] The calculated Mn-O/N distances perfectly fit the averaged Mn-O (1.901 Å) and 

Mn-N (1.969 Å) bond lengths from the crystal structure. In contrast the calculated Mn-Cl 

distance of 2.43 Å is somewhat longer than compared to the crystal structure (2.381 Å), while 

the axial displacement of the manganese ion of 0.22 Å is significantly smaller in the 

calculated structure. In the single crystal X-ray structure, the four coordinating acen N and O 

atoms are nearly co-planar and the acetyl acetone imine backbones of the two acen
# branches 

are folded towards the unoccupied coordination side of the manganese ion by 14.9° and 

18.6°.[188] These are the most remarkable differences compared to the geometry optimized 

complex structure, where the four coordinating N and O atoms are not co-planar and the 

acen
2- ligand is twisted along the (virtual) N-N axis. The same conformation is also observed 

throughout the other calculated [Mn(acen)X] complex structures (X = I-, Br-, NCS-). 
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Figure 4.1. DFT geometry optimized complex structure of [Mn(acen)Br] (B3LYP/LANL2DZ). The coordinating 
acen N and O atoms are not coplanar (right) 

Table 4.2. Overview of the most important structural parameters of the [Mn(acen)X] complexes extracted from 
quantum chemically optimized complex geometries (B3LYP/LANL2DZ) 

 
 

Mn-X [Å] Mn-N1/N2 [Å] Mn-O1/O2 [Å] N1-O2-Mn Mn displacement a X-Mn-O1 acen twist 

[Mn(acen)I] 2.85 1.97/2.00 1.91/1.89 5.9° 0.19 Å 104.4° -9.2° 

[Mn(acen)Br] 2.62 1.97/2.00 1.91/1.89 6.5° 0.21 Å 105.5° -8.8° 

[Mn(acen)Cl] 
(X-ray 

2.43 
(2.38) 

1.97/2.01 
(1.97) 

1.92/1.90 
(1.90) 

6.7° 0.22 Å 
(0.344 Å) 

107.2° -9.5° 

[Mn(acen)NCS] 2.04 1.98/2.01 1.93/1.90 7.3° 0.24 Å 106.2° -8.5° 

a The axial displacement b of the manganese ion is determined by b = sin(N1-O2-Mn angle)·Mn-O2 distance. 

 

Comparing the vibrational spectra of the [Mn(acen)X] complexes only small shifts of the 

vibrational frequencies are observed throughout the series considering both the experimental 

and the calculated infrared (IR) and Raman spectra. In consequence, the analysis of the 

vibrational energies is presented in detail only using the example of the bromido complex 

[Mn(acen)Br]. A very good correlation of the experimental and calculated IR and Raman 

spectra is obtained with respect to the number and the intensity ratios of the individual 

vibrational transitions allowing an unambiguous assignment of the molecular vibrations 

(Figure 4.2, Table 4.3). 

Experimental and calculated IR spectra match very well within the far infrared energy region 

(FIR; Figure 4.2, top), where important metal-ligand stretching and bending vibrations are 

observed (100 - 500 cm-1). The Mn-X metal-ligand stretch is observed at 280 cm-1 for the 

chlorido complex and shifts on the exchange of the axial ligand by Br-, I- and NCS- to 

233 cm-1 (Mn-Br), 223 cm-1(Mn-I) and 269 cm-1 (Mn-N-CS). The metal-ligand vibrations of 

the quasi-planar Mn-N/O-acen core are derived from the normal modes of a square-planar 

complex (D4h symmetry) and labeled using the common group theory notation given in 

parentheses in Table 4.3. 



4 Electronic Structure and Spectroscopic Properties of Mononuclear Manganese(III) Schiff Base Complexes 
__________________________________________________________________________________________ 

 

98 

 

Figure 4.2. Experimental and calculated FIR (top), MIR (middle) and FT-Raman (bottom) spectra of 
[Mn(acen)Br]; a very good correlation is achieved especially within the FIR region. 

 

 



4 Electronic Structure and Spectroscopic Properties of Mononuclear Manganese(III) Schiff Base Complexes 
__________________________________________________________________________________________ 

 

99 

Table 4.3. Vibrational energies (in cm-1) for [Mn(acen)Br]. The assignment of the observed transitions is based 
on DFT calculations of the molecular vibrations. The calculated frequencies are given in parenthesis. 
Additionally, the characteristic Mn-X metal-ligand stretching frequencies of the other three [Mn(acen)X] 
complexes (X = I-, Cl-, NCS-) are also listed. 

IR (cm-1) Raman (cm-1) vibrational mode 

-- 93 (93) CH2 + CH3 tilting vibration, out-of-plane 

142 (145) -- Mn-O bending out-of-plane, acen twist (out-of-plane) 

159 (169) -- Mn-N bending out-of-plane, acen twist (out-of-plane) 

   223 (230) -- metal-ligand stretch, Mn-I, [Mn(acen)I] 

233 (237) -- metal-ligand stretch, Mn-Br, [Mn(acen)Br] 

280 (279) -- metal-ligand stretch, Mn-Cl, [Mn(acen)Cl] 

269 (267) -- metal-ligand stretch, Mn-N-CS, [Mn(acen)NCS] 

   256 (257) 256 (257) symmetric Mn-acen breathing vibration, Mn-N/O bending, in-plane („B2g“) 

300 (297) 290 symmetric/antisymmetric acen-CH3 bending, in-plane 

324, 334 (325, 334) -- N(2) out-of-plane , Mn in-plane 

-- (351) -- N(1) out-of-plane 

415, 458 (418, 453) 416, 460 (418, 453) Mn-N/O bending in-plane („Eu, bend”), symmetric acen bending 

482 (484) -- antisymmetric Mn-acen breathing vibration 

-- 541 (544) CH3/C=C tilting vibration, out-of-plane 

595 (592) -- antisymmetric acen rocking vibration, in-plane 

621 (621) 625 symmetric Mn-N/O stretch (“Eu, stretch(a)”) 

-- 674 (674) symmetric Mn-N/O stretch (“A1g”), backbone rocking 

686 (688) -- antisymmetric Mn-N/O stretch, (“Eu, stretch(b)”) 

780 (813) -- antisymmetric Mn-N stretch + C-H twist (CH2) 

~ 800 (824, 830) -- C-H bending, out-of-plane (CH) 

879  885 (888) symmetric Mn-N stretch + C-H bending (CH2) 

948 (961) -- (965) C=O/C-CH3/C-CH stretch, symmetric combination 

-- 991 (1015) C-C stretch (CH2) + CH3 tilting (in-plane) 

1 018, 1 049 
(1 051, 1 074) 

1 024 (1 074) CH3 tilting, in-plane 

1 107 (1 135) 1 107 (1 135) C=C bending, C-C /N-C stretch (CH2-CH2/N-CH2) 

1 232 (1 266) 1 215 (1 232) C-C twist (CH2-CH2) + C-H in-plane bending (CH) 

1 280 (1 329) 1 285 (1 335) HC=C bending/C-C H3 stretch (acen backbone bending) 

1 352 (1 398) 1 364 (1 397) C-H bending (CH2) 

1 388 (1 434-1 442) 1 395 (1 434) C-H bending (CH3, “umbrella vibrations”) 

1 435-1 452 (1 503-1 510) 1 452, 1 428 (1 510) C-H bending (CH2,CH3) 

1 500-1 513 (1 559-1 566) 1 518, 1 499 (1 566) C=C stretches,  acen backbone vibrations 

1 579 (1 602) 1 581 (1 606) C=O/C=N stretch 

2 860-3 050 (3 025-3 250) 2 860-3 050 (3 025-3 250) C-H stretches (CH, CH2, CH3) 

2 919 (3 053) 2 919 (3 054) C-H stretch (CH3) 

-- (3 246/47) 3 053 (3 246/47) C-H stretch (CH) 
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The most intense bands of the MIR spectrum (Figure 4.2, middle) arise from the C=C 

(1 500 cm-1) and C=N/C=O (1 580 cm-1) double bond stretches as well as from various C-H 

bending vibrations (1 350 - 1 450 cm-1). Different acen backbone bending vibrations are 

observed around 1 280 cm-1, while the twisting vibrations of the ethylene diamine CH2 groups 

appear around 1 220 - 1 230 cm-1. Transitions observed around 1 000 -1 050 cm-1 derive from 

the in-plane tilting vibrations of the CH3 groups.  

Within the MIR fingerprint region (1 000 - 500 cm-1) different Mn-O/N stretches are observed 

combined with C-H bending and/or additional acen backbone vibrations. The most intense 

band here is assigned to the simultaneous stretch of the C=O, C-CH3 and C-CH bonds at two 

of the quaternary C atoms (C*, Figure 4.1) of the acen backbone (950 cm-1). 

The most intense transition observed in the Raman spectrum (Figure 4.2, bottom)  is assigned 

to a symmetric C-H stretch (2 920 cm-1, CH3). In addition also the C-H bending vibrations of 

the CH3 groups (“umbrella vibrations”) at 1 395 cm-1 and the Mn-O/N in-plane bending 

vibrations at 460 cm-1, 416 cm-1 and 256 cm-1, that are hardly observed in the infrared spectra, 

show relatively high Raman intensities. 

The very good match between the experimental and the calculated IR and Raman spectra 

assures the reliability of the optimized complex structures for their further use in the quantum 

chemical calculations of molecular orbitals and electronic transitions for all [Mn(acen)X] 

complexes. 

 

4.3 [Mn(acen)X] Complexes as SOD Models? - Check of the Catalytic Activity with 
Respect to the Dismutation of Superoxide 

Manganese(III) complexes containing the common Schiff base ligand salen (salen = N,N'-

bis(salicylidene)ethylenediamine) are known to be efficient SOD mimics.[9] So obviously also 

the [Mn(acen)X] complexes were to be tested for their catalytic activity with respect to the 

dismutation of superoxide (4 O·- + 4 H+ → H2O2 + O2) as well. However, using the 

NBT/xanthine oxidase (XAO) assay mentioned above (NBT = nitro blue tetrazolium chloride, 

chapter 2),[19, 20] no SOD-like activity could be observed in the presence of any of the 
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[Mn(acen)X] complexes.a This can be explained by the low redox potentials of the 

Mn(III) → Mn(II) reduction which are significantly lower than that of the natural enzyme (-

0.16 V).[9] Measured vs. Fc/Fc+ in CH2Cl2 (0.1 mM, containing 0.1 M tert-butylammonium 

hexafluorophosphate, TBAPF6) they vary from -0.97 V for [Mn(acen)I] to -1.36 V for 

[Mn(acen)NCS] (cyclovoltammograms not shown). Besides, it must be assumed from the 

EPR and UV/Vis spectra (vide infra) that water binds to the free coordination site of the 

[Mn(acen)X] complexes which then is not accessible to the coordination of superoxide radical 

anions any more. 

 

4.4 Electron Paramagnetic Resonance 

To make sure that the [Mn(acen)X] are present in solutions as mononuclear manganese(III) 

species, low-temperature EPR spectra were recorded. As Mn3+ is an integer spin system 

(S = 2), EPR spectra have to be measured in the parallel detection mode (vide supra, 

chapter 2.1.3). One signal is detected around B = 850 G in the low-temperature parallel mode 

cw X-band EPR spectra of the [Mn(acen)X] series (Figure 4.3) which is assigned to the  

2− → 2+  transition of an S = 2 system with a large axial zero-field splitting value D 

(|D| > 0.3 cm-1).[151, 190]  

A hyperfine splitting of approximately 42 G is observed for all [Mn(acen)X] complexes. It 

arises from the coupling of the MS sublevels with the nuclear spin I of 5/2 for 55Mn which 

leads to the observed sextet based on the selection rule of ∆I = 0. Note that hyperfine coupling 

with the halogenido ligands (ICl, Br = 3/2, II = 5/2) or the N atom (I = 1, 14N) of the 

isothiocyanato and acen
2- ligands is not resolved due to the very small A-values. 

                                                 

a NBT, hypoxanthine and xanthin oxidase (XO) were solved in 0.1 M phosphate buffer (pH 7.4). The 
[Mn(acen)X] complexes were solved in H2O. 100 µL of a 1.5 mM hypoxanthine solution were added to a 
mixture of 200 µL of a 2.5 mM NBT solution, 100 µL of a xanthine oxidase solution (1 mg XO in 0.5 mL of 
phosphate buffer), 0 – 300 µL of a 0.3 mM complex solution and 600-300 µL of phosphate buffer to give a 
total sample volume: of 1 mL. UV/Vis spectra of this solution were recorded for 10 min at 15 s intervals 
between 800 and 400 nm in PMMA one-way cuvettes. The decrease of the NBT absorption maximum at 
540 nm plotted against time. 
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Figure 4.3. Low-temperature parallel mode cw X-band EPR spectra of [Mn(acen)X] measured in frozen 
CH2Cl2/toluene solutions (7:3, 2 mM), T = 5 K, microwave power 2 mW, modulation frequency 100 kHz, 
modulation amplitude 10 G. 

Unlike to a previous study on the parallel mode EPR spectra of Jacobsen’s epoxidation 

catalyst [Mn(salen*)Cl] (salen* = (R,R)-(-)-N, N’-bis(3,5-di-tert-butylsalicylidene)-1,2-

cyclohexane-imine)[159] no additives are needed to detect the well-resolved sextets, which are 

characteristic for mononuclear manganese(III) species in well-defined molecular geometries. 

The presence of dimers, chains or aggregates can therefore be ruled out at the used 

concentrations of 2 mM. However, at higher concentrations (> 5 mM) the parallel mode EPR 

spectra of the [Mn(acen)X] complexes show additional lines (Figure 4.4) which are similar to 

the EPR spectra of [Mn(salen*)Cl] without additives[159] suggesting the formation of di- or 

polynuclear species like µ-carboxido- or µ-halogenido-bridged dimers,[191, 192] [Mn(acen)X]x 
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clusters or chains which could also possibly be formed in solution by polymerisation via the 

axial ligands. [193] 

 

Figure 4.4. Low-temperature parallel mode cw X-band EPR spectra of [Mn(acen)Br] and [Mn(acen)NCS] 
measured in frozen CH2Cl2 solutions at high concentrations (10 mM), T = 4 K, microwave power 2 mW, 
modulation frequency 100 kHz, modulation amplitude 10 G. 

From spectral simulations using the XSophe software suite,[1] the parallel hyperfine tensor 

and g-tensor values (A||, g||) as well as the axial and rhombic zero-field splitting parameters (D 

and E) are obtained. As expected, they do not differ much throughout the [Mn(acen)X] series. 

As A┴ and g┴ cannot be obtained from the parallel mode EPR measurements, spectral 

simulations are not sensitive to these values and typical values for manganese(III) ions in 

axially elongated coordination geometries had to be chosen from the literature.[159] The sign of 

the zero-field splitting parameters cannot be obtained directly from the spectral simulations. 

However, from the results of the AOMX calculations (vide infra, chapter 4.7) D is assumed to 

be negative for [Mn(acen)X].[159, 194] The parallel mode EPR spectrum of [Mn(acen)Cl] has 

been fitted with A┴ = 69.2 ·10-4 cm-11, A|| = 39.2 ·10-4 cm-1, g┴ = 2.00, g|| = 1.98, D = -2.5 cm-1 

and |E| = 0.18 cm-1. All parameters are within the typical ranges for mononuclear 

manganese(III) compounds.[151, 159] It should be noted that two different line widths are 

observed within the different [Mn(acen)X] spectra (Figure 4.5), as the hyperfine lines of 

[Mn(acen)I] and [Mn(acen)Br] are much sharper (line width 31 G) than those of 
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[Mn(acen)Cl] and [Mn(acen)NCS] (line width 56 G). This could probably be explained by 

small monomer - dimer equilibria which can be neglected for the iodido and bromido 

complex, but lead to the presence of very small amounts of dimers and/or polymers in the 

case of the chlorido and NCS complex.  

 

Figure 4.5. Parallel mode cw X-band EPR spectra of [Mn(acen)Cl] (left) and [Mn(acen)Br] (right), measured in 
frozen CH2Cl2/toluene solutions (7:3, 2 mM) at T = 5.4 K (microwave power 2 mW, modulation frequency 
100 kHz, modulation amplitude 10 G) and spectral simulations - [Mn(acen)Cl]: A┴ = 69.2·10-4 cm-1, A|| = 
39.2·10-4 cm-1, g┴ = 2.00,   g|| = 1.98, D = -2.5 cm-1 and |E| = 0.18 cm-1, line width: 56 G; [Mn(acen)Br]: A┴ = 

70.2·10-4 cm-1, A|| = 38.9·10-4 cm-1, g┴ = 2.00,   g|| = 1.98, D = -2.5 cm-1 and |E| = 0.056 cm-1, line width: 31 G. 

Another argument in favor of this explanation is, that in coordinating solvents like MeOH the 

same narrow line widths of approximately 30 G (Figure 4.6) are detected for all [Mn(acen)X] 

complexes, indicating that the solvent molecules coordinate to the unoccupied axial positions 

of the metal ions and only discrete mononuclear species are present then. 
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Figure 4.6. Low-temperature parallel mode cw X-band EPR spectra of [Mn(acen)X] measured in frozen MeOH 
solutions (2 mM) at T = 4 K, microwave power 2 mW, modulation frequency 100 kHz, modulation amplitude 
10 G. 

A power study had to be done before temperature-dependent EPR measurements could be 

performed. Plotting the relative signal height against P1/2 a linear relationship is obtained as it 

is shown for the EPR signal of [Mn(acen)Cl] at T = 4.0 K (Figure 4.7, inset). This clearly 

illustrates, that the EPR signal is not saturated within this power range between 0.005 mW 

and 20 mW at this temperature. A microwave power of 2 mW was then used for the 

temperature dependent measurements with the temperature being varied between 4.0 K and 

25 K. The temperature dependence of the parallel mode EPR signals follows Curie’s law, 

resulting in a straight line (signal height versus T-1, Figure 4.7) with the same slope of 12.5 K 
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for all [Mn(acen)X] complexes which confirms, that the observed spin transitions all arise 

from the same MS = -2 spin state. 

 

Figure 4.7. Temperature dependence of the parallel mode cw X-band EPR signals of the [Mn(acen)X] 
compounds measured in frozen CH2Cl2/toluene solutions (7:3, 2 mM) at temperatures between 4.0 K and 25 K; 
inset: Power dependence of the parallel mode EPR spectrum of [Mn(acen)Cl] at T = 4.0 K. The microwave 
power was varied from 0.005 to 20 mW. The arrow denotes the non-saturating microwave power of 2 mW used 
for the temperature dependent measurements. 

 

4.5 UV/Visible Absorption Spectra 

No significant differences are observed within the UV/visible absorption spectra of the 

different [Mn(acen)X] complexes with respect to the energies and the extinction coefficients 

of the observed transitions (Figure 4.8). 

Considering the metal-centered ligand field transitions, three d → d bands are generally 

expected in the UV/Vis absorption spectrum (bands I - III) according to the ligand field 

splitting diagram (Scheme 4.1), as the d-orbitals of a five-coordinate manganese(III) ion in an 

idealized square-pyramidal coordination geometry split into one degenerate and three non-

degenerate sublevels. Within the d4 high spin configuration of manganese(III) the dx
2
-y

2
 

orbital is left unoccupied which leads to a 5B1 ground state and three excited states with the 

symmetry of these states being determined by the symmetry of the vacant orbital. In a 

distorted square-pyramidal complex geometry the d → d band III (5B1 → 5E) may split into 

two transitions, if the degeneracy of the dxz and dyz orbitals is removed.  
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Figure 4.8. UV/Vis absorption spectra of [Mn(acen)X] complexes, measured in CH2Cl2. 

Scheme 4.1. [Mn(acen)X]: schematic ligand field splitting of the manganese d-orbitals and term diagram for the 
square-pyramidal d4 high-spin complex deduced from UV/Vis absorption measurements.[188] 

 

Considering the overlap between metal and ligand orbitals, ligand-to-metal charge transfer 

(LMCT) transitions between the p-orbitals of the axial ligand and the manganese d-orbitals 

and metal-to-ligand charge transfer (MLCT) into the π* orbitals of the acen
2- ligand might be 

observed additionally.  

An assignment of the individual electronic transitions of the [Mn(acen)X] complexes has 

already been reported by Boucher et al.. According to this work the first ligand field transition 

(band I) is expected at very low energies (< 8 000 cm-1)[188] and has never been observed so 

far for any [Mn(acen)X] compound. In perfect agreement with the reported spectra the broad, 

low-intensity band at 16 400 cm-1 (ε = 200 mol-1cm-1, band A) is assigned to the second d → d 

transition, 5B1 → 5B2 (band II). [188]  Band III is expected to be observed around 

20 500 cm-1,[188] but is hidden beneath a charge transfer transition centered at 22 300 cm-1 

(ε = 1 600 - 1 900 cm-1). This band has already been assigned to the dxy → π* transition as no 

energetic shift of this band was observed throughout the [Mn(acen)X] series.
[188] From the 

UV/Vis spectrum of the iodido complex it can be assumed that this band actually consists of 
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(at least) two transitions (band B, C). Another charge transfer transition is observed at 

25 000 - 27 000 cm-1 (ε = 5 500 – 7 500 cm-1 band D) being assigned to the dxz, dyz → π* 

transition.[188]  The splitting of this band has been explained by the splitting of the 5E state in a 

distorted square-pyramidal coordination geometry (vide supra). The ligand-centered π → π* 

transition of the acen
2- ligand is detected around 33 500 cm-1 (ε = 8 800 – 10 200 cm-1, 

band F).[188]  

Going into further detail, some slight differences are observed for the different [Mn(acen)X] 

compounds. In the UV/Vis absorption spectra of [Mn(acen)Br] and [Mn(acen)Cl], a large 

“plateau” is observed at around 30 500 cm-1, indicating the presence of an additional 

absorption band (E) which has not been described in the literature so far and is not as clearly 

identified in the UV/Vis spectra of [Mn(acen)I] and [Mn(acen)NCS]. It is confirmed by the 

low-temperature UV/Vis spectrum of [Mn(acen)Cl] in which band E is centered at 

30 800 cm-1 (Figure 4.9). 

As already mentioned, the splitting of the first charge transfer band into more than one 

transition, centered at 21 200 cm-1 (band B) and 23 500 cm-1 (band C), is clearly resolved in 

the UV/Vis spectrum of [Mn(acen)I]. In contrast, the splitting of band D at around 

26 000 cm-1 is not well resolved in the case of the iodido complex as well as a probable 

absorption band E around 30 000 cm-1. For [Mn(acen)NCS] the splitting of band D is clearly 

resolved but shows a different intensity ratio compared to the halogenido complexes. 

However, an additional shoulder is also observed at 28 500 cm-1 in the UV/Vis spectrum of 

the NCS complex. 

To make sure that the [Mn(acen)X] complexes are also present as molecular species in the 

polystyrene film samples as they are prepared for the MCD measurements, the UV/Vis 

absorption spectra of these films were measured for comparison. No additional absorption 

features are made out within the film spectra of any of the [Mn(acen)X] complexes. It is 

therefore assumed that mononuclear, non-aggregated species are present in these polystyrene 

films and that the formation of dimers, chains or aggregates on the evaporation of the solvent 

can be ruled out. Taking a closer look at the film UV/Vis spectrum of [Mn(acen)Cl] (Figure 
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4.10) it is confirmed that the first charge transfer band around 22 000 cm-1 indeed consists of 

(at least) two transitions (band B, C).  

 

Figure 4.9. UV/Vis absorption spectra of [Mn(acen)Cl], measured in a polystyrene film at room temperature and 
at T = 100 K. The film was prepared by the evaporation of 200 µL of a 1 mM complex solution in 
dichloromethane containing dissolved polystyrene. 

 

Figure 4.10. UV/Vis absorption spectra of [Mn(acen)Cl] - solution and polystyrene film spectra are shown for 
comparison. Solution spectra: 2 mM complex in CH2Cl2 for 1 mm and 10 mm path length. 

The resonance Raman spectra recorded with an excitation energy of 22 000 cm-1 also reveal 

that (at least) two electronic transitions originating from different types of orbitals are 

observed within this energy region, as two different types of vibrations are enhanced. The 

resonance Raman spectrum of [Mn(acen)Br] is shown in Figure 4.11. Beside the very strong 

enhancement of the symmetric in-plane Mn-N/O vibrations at 418 cm-1 and 651 cm-1, the 

Mn-X metal-ligand vibration perpendicular to the equatorial plane at 236 cm-1 is also strongly 

enhanced. 
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If the UV/Vis spectra are measured in coordinating solvents like methanol, ethanol or 

water/glycerol, a blue shift especially of the absorption band D of ca. 2 000 cm-1 is observed 

as it is shown in Figure 4.12 for [Mn(acen)Br]. It is also associated with a slightly increased 

absorbance. This indicates that the starting orbitals of this transition might indeed be dxz and 

dyz, as these two orbitals are affected upon the bonding of solvent molecules to the free 

coordination site. In propionitrile and butyronitrile no blue shift of band D is observed in the 

UV/Vis spectrum, which implies, that these two solvents do not coordinate to [Mn(acen)X] 

and thus would also have been appropriate solvents for the MCD measurements instead of 

CH2Cl2. 

 

Figure 4.11. Resonance Raman spectrum of [Mn(acen)Br] between 100 cm-1 and 1 700 cm-1 measured with an 
excitation energy of 22 000 cm-1 which corresponds to the first UV/Vis charge transfer band centered at 
22 300 cm-1. 

 

Figure 4.12. Comparison of the UV/Vis absorption spectra of [Mn(acen)Br] measured in different solvents 
(2 mM, d = 1 mm), the second MLCT charge transfer band (xz, yz → π*, band D) significantly shifts to higher 
energies in coordinating solvents 
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4.6 Magnetic Circular Dichroism Spectra  

In the low-temperature MCD spectra of the [Mn(acen)X] complexes, three to four broad 

absorption features with a distinct number of zero-crossings are observed between 

20 000 cm-1 and 38 000 cm-1 (Figure 4.13). They can be modeled with 14 to 16 of Gaussian 

curves (Figure 4.14, Table 4.4). As could be seen in the previous section small changes of the 

ligand field due to the variation of the apical ligand X almost do not affect the UV/Vis 

absorption spectra of the [Mn(acen)X] complexes. In contrast, but they cause dramatic 

changes in the corresponding MCD spectra (Figure 4.13). 

 

Figure 4.13. Low-temperature MCD spectra of the [Mn(acen)X] complexes measured in CH2Cl2/polystyrene 
(T = 2 K). Film samples were prepared from 1 mM complex solutions. 
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Virtually no differences are observed when the MCD spectra of [Mn(acen)Cl] and 

[Mn(acen)NCS] are compared with respect to the number, the energies and the relative 

intensities of the observed transitions. At positive magnetic field strengths, four positive 

signed MCD transitions are observed between 21 000 cm-1 and 28 000 cm-1 (band 8 - 11) 

followed by two negative signed bands between 30 000 cm-1 and 33 000 cm-1 (band 12, 13) 

and another two positive transitions around 36 000 cm-1 (band 14, 15). Especially the 

spectrum of [Mn(acen)NCS] shows similar intensities for the MCD bands 11 – 14 in a 

positive-negative-negative-positive pattern. They should therefore be considered as a double 

feature with a negative pseudo-A-term centered at 29 000 cm-1 (band 11 + 12) followed by a 

positive pseudo-A-term centered at 34 000 cm-1 (band 13 + 14). This implies that both the 

ground states and the excited states derive from two nearly or formerly degenerate E states 

showing different symmetries with respect to the mirror plane xz and that the transition-dipole 

moments of the individual transitions between these states each have opposite signs. 

Compared to the MCD spectra of the chlorido and the NCS complex, two positive signed 

bands are also found at 21 400 cm-1 and 23 300 cm-1 in the MCD spectrum of [Mn(acen)Br] 

(band 8, 9). However, in contrast to the former two complexes, an additional change of sign is 

observed in the MCD spectrum of the bromido complex around 25 000 cm-1. The MCD 

bands 11 +12 and the bands 13 + 15 might also be considered as a double pseudo-A-term 

feature. Compared to [Mn(acen)Cl] and [Mn(acen)NCS], however, it shows inverted signs 

(negative-positive-positive-negative), i.e. a positive pseudo-A-term is centered at 26 700 cm-1 

(band 11 + 12) followed by a negative pseudo-A-term around 31 000 – 32 000 cm-1 

(band 13 + 15) in the MCD spectrum of [Mn(acen)Br]. Another positive pseudo-A-term may 

be centered at 35 500 cm-1 (band 16 + 17). 
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Figure 4.14. Low-temperature MCD spectra of the [Mn(acen)X] complexes measured in CH2Cl2/polystyrene 
(T = 2 K). Film samples were prepared from 1 mM complex solutions. Spectral deconvolution: Gaussian curve 
fits; (top) UV/Vis absorption spectra measured in CH2Cl2 for comparison. 

Band 14 in the MCD spectrum might correspond to band 15 in the MCD spectra of 

[Mn(acen)Cl] and [Mn(acen)NCS] which may be shifted to lower energies in the case of 

[Mn(acen)Br]. There are two possible explanations for the occurrence of the unique negative 

band 10 in the MCD spectrum of the bromido complex: (i) band 10 actually is a small 
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positive band corresponding to band 10 in the MCD spectra of [Mn(acen)Cl] and 

[Mn(acen)NCS], which hardly visible next to the large negative band 11 or (ii) it could in fact 

be a negative band which probably corresponds to band 7 in the MCD spectrum of 

[Mn(acen)I] and is blue-shifted on the increase of the ligand field strength. In this case it 

would not be resolved beneath the intense negative bands 12 and 13 in the MCD spectra of 

the chlorido and the NCS complex. A small positive band corresponding to band 10 in the 

MCD spectra of the latter two complexes might then also not be resolved in the MCD 

spectrum of [Mn(acen)Br].  

Compared to the UV/Vis absorption spectra the MCD bands 8 and 9 certainly correspond to 

the UV/Vis transitions B and C, while the double pseudo-A-term features match the energies 

of the UV/Vis absorption bands D + E and F. The MCD band 10 might also be linked to the 

UV/Vis absorption band D. Correlations between the UV/Vis and MCD bands are listed in 

Table 4.4. 

Table 4.4. UV/Vis and MCD transitions of the [Mn(acen)X] complexes in cm-1 and MCD signs at positive 
magnetic field strength 

UV/Vis [Mn(acen)I] [Mn(acen)Br] [Mn(acen)Cl] [Mn(acen)NCS] 

 -- (1)   14 800 (-) (1)   14 900 (-) (1)   14 800 (-) 

 -- (2)   15 200 (-) (2)   15 400 (-) (2)   15 500 (-) 

 (1)   15 600 (-) (3)   15 500 (-) (3)   15 700 (-) (3)   16 100 (-) 

(A)   16 400 (2)   16 400 (-) (4)   16 400 (-) (4)   16 500 (-) (4)   16 900 (-) 

 (3)   16 900 (-) (5)   17 200 (-) (5)   17 200 (-) (5)   17 300 (-) 

 (4)   18 200 (-) (6)   18 200 (-) (6)   17 600 (-) (6)   17 900 (-) 

 (5)   18 800 (-) (7)   18 900 (-) (7) (7)   18 700 (-) 

 (6)   19 700 (-) -- -- -- 

(7)   21 600 (-) (8)   21 400 (+) (8)   21 400 (+) (8)   21 400 (+) (B, C)   22 300 

(8)   23 300 (-) (9)   23 300 (+) (9)   23 200 (+) (9)   23 200 (+) 

 (9)   24 400 (-) (10)   24 300 (-) -- -- 

(10)   26 200 (+) (11)   25 800 (-) (10)   25 900 (+) (10)   25 300 (+) (D)   25 000-27 000 

(11)   28 400 (+) (12)   27 900 (+) (11)   27 900 (+) (11)   27 500 (+) 

-- (13)   30 000 (+) (12)   30 700 (-) (12)   30 700 (-) ((E)   30 500 a) 

(12)   31 800 (-) (14)   31 900 (+) (13)   32 100 (-) (13)   32 800 (-) 

-- (15)   32 900 (-) -- -- (F)   33 500 

(13) (16)   34 500 (-) -- -- 

 (14) -- (14)   35 100 (+) (14)   35 800 (+) 

 -- -- (15)   36 300 (+) (15)   36 400 (+) 

a [Mn(acen)Br] and [Mn(acen)Cl] 
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For [Mn(acen)I] the MCD transitions between 20 000 cm-1 and 25 000 cm-1 (band 7 - 9) show 

negative signs at positive magnetic field strengths. This is completely different from the MCD 

spectra of the other three complexes. However, it cannot be ruled out that the MCD band 8 

actually is a positive band centered between the two negatively signed bands 7 and 9 and 

corresponds to band 9 in the MCD spectra of the other three complexes. The negative band 7 

in the MCD spectrum of the iodido complex might correspond to the negative band 10 in the 

MCD spectrum of [Mn(acen)Br], if the latter is in fact considered to be a negatively signed 

transition being blue-shifted compared to [Mn(acen)I]. Small positive bands corresponding to 

the MCD bands 8 and 10 in the MCD spectra of the chlorido and NCS complexes are not 

resolved in the MCD spectrum of [Mn(acen)I]. In contrast, two very intense positive 

transitions are observed for the iodido complex at 26 200 cm-1 and 28 400 cm-1 (band 10, 11) 

followed by another negative transition at 31 800 cm-1 (band 12). Band 9 - 12 show the same 

negative-positive-positive-negative pattern of MCD intensities already found band 11 + 12 

and 13 + 15 in the MCD spectrum of the bromido complex. They should therefore also be 

considered as a double pseudo-A-term corresponding to the MCD spectra of the other three 

complexes. An additional positive pseudo-A-term can probably be made out around 

35 000 cm-1 (band 13, 14). 

As shown in Figure 4.15 broad, low-intensity absorption features without zero-crossings are 

additionally observed between 14 000 cm-1 and 19 000 cm-1 for all [Mn(acen)X] complexes 

corresponding to the broad UV/Vis absorption band A. They can be modeled by six to seven 

Gaussian curves which all show positive signs at negative magnetic field strengths. 

Within this spectral region, no significant differences are observed between the MCD spectra 

of the bromido, chlorido and NCS complexes. Three bands of comparatively low intensities 

are made out between 14 000 cm-1 and 16 000 cm-1 (band 1 - 3). They might be assigned to 

spin-forbidden ligand field transitions arising from low-lying triplet states, as no spin-allowed 

d → d transitions are expected at these energies. They are followed by three bands of higher 

intensities between 16 000 cm-1 and 18 500 cm-1 (band 4 - 6) of which the MCD band 4 

(16 400 - 16 900 cm-1) is assigned to the second spin-allowed ligand field transition 

(5B1 → 5B2, band II) in accordance with the maximum of the absorption band A (vide supra, 

chapter 4.5). One additional low-intensity band can clearly be made out at around 19 000 cm-1 
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(band 7) for [Mn(acen)Br] and [Mn(acen)NCS], which might probably be assigned to another 

spin-forbidden ligand field transition. No transitions are observed below 14 000 cm-1. Again, 

the first spin-allowed d → d ligand field transition (5B1  → 5A1, band I) is supposed to be 

observed below 8 000 cm-1 according to the literature,[188] so its energy has been out of range 

in our measurements.  

Figure 4.15. Low-temperature MCD spectra of [Mn(acen)X] measured in CH2Cl2/polystyrene films between 
14 000 cm-1 and 20 000 cm-1 (T = 2 K). Film samples were prepared from 5 mM complex solutions. (top) 
UV/Vis absorption spectra (CH2Cl2) for comparison. 
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For [Mn(acen)I] only very small intensities were obtained for all MCD transitions below 

20 000 cm-1. The most intense transition is band 4, but its energy of 18 200 cm-1 is too high to 

be assigned to the second spin-allowed ligand field transition (band II) compared to the other 

three complexes. Considering their energies, band 2 or 3 could be assigned to the ligand field 

transition band II, while band 4 and 6 rather should be assigned to low-energy charge transfer 

transitions. Band 6 at 19 700 cm-1, which is only resolved at high magnetic field strengths of 

|B| > 3 T, shows the same intensity as band 4. Band 1 and 5 then could be assigned to spin-

forbidden triplet transitions due to their comparatively low intensities. 

So far, all band assignments are based on the previous study of the UV/Vis spectra by 

Boucher et. al.
[188] which do explain the huge differences observed in the MCD spectra of the 

[Mn(acen)X] complexes. In the following, thus a detailed analysis of the observed MCD 

bands based on time-dependent DFT calculations of the electronic transitions as well as on 

molecular orbital and symmetry considerations was carried out. The latter will also give an 

explanation of the positive and negative signs of the individual MCD transitions and 

especially explain the change of sign of the double pseudo-A-terms which is observed within 

the [Mn(acen)X] series. 

 

4.7 Ligand Field Calculations (AOMX[169]) 

Input coordinates of the coordinating ligand atoms (bond distances and bond angles) were 

taken from the DFT optimized complex structures. The AOMX calculations were carried out 

without an effective symmetry assignment. The parameters eσ and eπ, which can be 

interpreted as a measure of the donor and acceptor properties of the corresponding ligands, 

were fitted to two experimental energies taken from Gaussian curve fits of the MCD spectra. 

Starting parameters were taken from a previously published data.[168] An averaged parameter 

set was chosen to describe the coordinating properties of the acen
2- ligand (keto/amine) 

without the additional consideration of the conjugated double bonds. Another eσ/eπ parameter 

set was used for the apical ligand X.  

Eight excited ligand field states are obtained from the AOM calculation for all [Mn(acen)X] 

complexes between 10 000 cm-1 and ~ 20 000 cm-1 (Table 4.5). As these calculations are 
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carried out without effective symmetry assignments only the spin multiplicity of the resulting 

states is obtained. However, assigning the MCD transition at 16 400 – 16 900 cm-1 to the 

second spin-allowed d → d ligand field transition (5B1 → 5B2, band II) corresponding to the 

UV/Vis absorption maximum of band A at 16 400 cm-1, three low-lying triplet states are 

obtained between 14 000 cm-1 and 16 000 cm-1 from the AOM ligand field calculations. They 

arise from the ligand field splitting of the 3H excited state. The MCD bands 1 – 3 of the 

bromido, the chlorido and the NCS complex as well as the MCD band 1 of the iodido 

complex all show very low intensities and are therefore assigned to spin-forbidden triplet 

transitions (Table 4.5).  

Table 4.5. Overview of the experimental (UV/Vis and MCD) and calculated (AOM) ligand field states of the 
[MnIII(acen)X] complexes. All energies are given in cm-1. 

  5B1 5A1 triplet (3H) 5B2 5E triplet (3H) 

ref.[188] UV/Vis  0 (<8 000) -- -- -- 16 400 (~ 22 000) -- 

I- UV/Vis -- -- -- -- -- 16 400 -- -- -- 

 MCD -- -- -- -- 15 600 a 16 400 a 16 900 -- 18 800 

 calc. 0 10 700 14 400 15 200 15 600 16 400 17 000 18 000 19 800 

Br- UV/Vis -- -- -- -- -- 16 400 -- -- -- 

 MCD -- -- 14 600 15 200 a 15 500 16 400 a 17 200 18 200 18 900 

 calc. 0 10 400 14 400 15 200 15 600 16 400 17 000 18 000 20 000 

Cl- UV/Vis -- -- -- -- -- 16 400 -- -- -- 

 MCD -- -- 14 900 15 400 a 15 700 16 500 a 17 200 17 700 -- 

 calc. 0 10 400 14 600 15 400 15 800 16 500 17 000 18 000 20 300 

NCS- UV/Vis -- -- -- -- -- 16 400 -- -- -- 

 MCD -- -- 14 800 15 500 a 16 100 16 900 a 17 300 18 000 18 700 

 calc. 0 10 200 14 600 15 500 16 100 16 900 17 700 18 700 21 000 

a energies used for the fit of the AOM parameters) 

      

According to the results of the AOMX calculations, the first spin-allowed d → d ligand field 

transition (band I) is expected between 10 000 cm-1 and 11 000 cm-1 for all [Mn(acen)X] 

complexes. This is noticeably higher in energy than previously assumed (< 8 000 cm-1, vide 

supra, chapter 4.5).[188] Two quintet transitions occur between 17 000 - 18 700 cm-1. They 

result from the splitting of the third ligand field transition due to the splitting of the 5E state 

into two separate quintet states. Their energy is significantly lower than it was previously 

assumed for band III (~ 20 500 cm-1, vide supra, chapter 4.5).[188] However, the MCD bands 5 
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and 6 in the case of the bromido, the chlorido and the NCS complex and the MCD band 3 of 

the iodido complex could indeed this third ligand field transition (band III), as the bands show 

equal intensities compared to the MCD bands 4, or 2, respectively. The MCD band 7 in the 

spectra of  the former three complexes and the MCD band 5 in the case of the iodido complex 

could then arise from another spin-forbidden triplet transition. 

The differences which are obtained for the ligand field states of the [Mn(acen)X] complexes 

from the AOMX calculations are, of course, reflected in the ligand field bonding parameters 

eσ and eπ. In each case, they were fitted to the energies of two different transitions taken from 

the Gaussian curve fits of the considered MCD spectra (denoted with an a in Table 4.5). The 

large deviation of eσ(acen) and eπ(acen) from their starting values indicates, that the nature of 

the conjugated π bonds of the H2acen ligand should be described as an enol/imine system 

rather than keto/amine. Note that this is also confirmed by the DFT geometry optimization of 

the uncoordinated acen
2- ligand (not shown). All σ- and π-bonding parameters are increased 

with the increasing ligand field strength of the axial ligand going from [Mn(acen)I] to 

[Mn(acen)NCS]. The values of the Racah interelectronic repulsion parameters B follow the 

expected trend within the nephelauxetic series resulting in higher B values for the “harder” 

ligands NCS- (875 cm-1) and Cl- (848 cm-1) compared to lower values for the more polarizable 

ligands Br- (831 cm-1) and I- (817 cm-1). 

Table 4.6. AOM parameters of the [Mn(acen)X] complexes in cm-1. 

 [Mn(acen)I] [Mn(acenBr] [Mn(acen)Cl] [Mn(acen)NCS] 

 input fit input fit input fit input fit 

eσσσσ((((acen) 6 800 7 700 6 800 7 700 6 800 7 900 6 800 8 000 

eππππ((((acen) 1 400 1 400 1 440 1 460 1 440 1 490 1 400 1 500 

eσσσσ((((X) 4 140 4 390 5 050 4 820 5 610 5 020 6 240 5 400 

eππππ((((X) 670 720 690 685 910 870 380 370 

B a 820 817 830 831 840 848 870 875 

C b 3 800 3 800 3 800 3 800 3 900 3 900 4 000 4 000 

D -- 4.0 -- 3.9 -- 3.8 -- 3.8 

|E| -- 0.098 -- 0.095 -- 0.094 -- 0.097 

     a free ion value Mn(III): B = 1142 cm-1 [195] 
b C = 4.6·B 
      

By including spin orbit coupling into the AOM calculations which is ζ = 352 cm-1 for a 

manganese(III) ion[105, 195] the zero-field splitting parameters D and E can be obtained. D is 
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negative for all [Mn(acen)X] complexes. However, the computed absolute D values are too 

high throughout the series compared to the D values obtained from the simulations of the EPR 

spectra (vide infra, chapter 4.4) as the negative spin-orbit coupling of the axial ligands 

(ζHal < 0) is not considered. 

 

4.8 DFT Computations of the Molecular Orbitals 

Ligand 

To illustrate how the molecular orbitals of the uncoordinated ligand the acen
2- molecule look 

like, the ligand molecule is - theoretically - cut between the CH2 groups of the ethylene 

diamine bridge. Each of the two resulting acen
# moieties contains two delocalized double 

bonds and six delocalized π-electrons, so that five acen
# π-orbitals are obtained: two bonding 

(π1, π2) and one non-bonding π-orbital (πn.b.) and two antibonding π*-orbitals (π1*, π2*). The 

molecular orbitals of the original acen
2- ligand are nom derived from the symmetric (s) and 

antisymmetric (a) linear combinations of each one of these acen
# π-orbitals with the 

corresponding – laterally reversed – counterparts which leads to a total number of ten ligand 

π-orbitals (Figure 4.16, left). In total twelve π-electrons have to be placed into these MOs, so 

that the two bonding and the non-bonding acen π-orbitals are doubly occupied while the 

symmetric and antisymmetric π*-orbitals, π1*(s, a) and π2*(s, a), are left unoccupied in the 

electronic ground state. Additionally, the in-plane p-orbitals of the acen heteroatoms are 

symmetrically (s) and antisymmetrically (a) recombined to form two types of ligand σ-

orbitals, pσ(O,N)s,a and pσ(O/N)s,a (Figure 4.16, left). Note that the overlap of the acen N and 

O pσ orbitals within the pσ(O,N)s and pσ(O,N)a orbitals is an artifact of the way the acen 

ligand is shown here, as, for a better comparison with the molecular orbitals of the 

corresponding manganese(III) complexes, it is depicted in the metal-depleted form and not in 

the linear conformation that would actually be obtained from the DFT geometry optimization, 

for example. 
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[Mn(acen)X] complexes 

The molecular orbitals of the [Mn(acen)X] complexes are generated by the linear 

combination of the acen
2- ligand orbitals, the manganese d-orbitals and the p-orbitals of the 

apical ligand X. Due to the high covalence of the metal-ligand bonds the description of the 

molecular orbitals is rather difficult. A clear distinction between metal centered d-orbitals and 

ligand orbitals is no longer possible, but it is obvious that only certain linear combinations can 

occur considering the potential overlaps between metal and ligand orbitals. Each manganese 

d-orbital is theoretically expected to be observed in both symmetric and antisymmetric linear 

combinations with appropriate acen ligand orbitals, which, of course, leads to additional 

splittings of the molecular orbitals. In every calculation four singly occupied alpha spin 

orbitals are obtained - as expected for the considered d4 high spin configuration of the 

[Mn(acen)X] complexes. A large extent of spin polarization is observed between alpha and 

beta spin orbitals. In consequence, the numbers and orbital types do not always coincide on 

the alpha and beta side of the molecular orbital schemes.  

To illustrate systematically how the molecular orbitals of the [Mn(acen)X] complexes are 

constructed they first have been calculated for symmetrical [Mn(acen
#
)X] complexes which 

exhibit true CS symmetry in ideal square-pyramidal coordination geometries. For this purpose 

the ethylene diamine bridge of the acen
2- ligand has been abbreviated by hydrogen atoms. The 

resulting two planar acen
# ligand moieties have been symmetrically arranged and the 

manganese(III) ion was not allowed to leave the equatorial plane formed by the N and O 

donor atoms. The results of these supporting calculations are presented in detail in the 

following, using the example of the symmetrized bromido complex [Mn(acen
#)Br] (Figure 

4.16 (right), Table 4.7). 

In general, the mirror plane xz defines the molecular axes of a CS symmetric molecule. In 

consequence, the former dxy orbital has to be relabelled into dx
2
-y

2 and vice versa. The 

molecular orbitals are either symmetric (a’) or antisymmetric (a’’) with respect to the mirror 

plane xz. 

Which linear combinations of metal and ligand orbitals are allowed in general can be 

described by a few simple rules arising from symmetry considerations. Obviously, the dxz, 

dyz and dz
2 manganese d-orbitals can only be combined with the acen pπ orbitals, while dxy 

and dx
2
-y

2 can only interact with the pσ orbitals of the coordinating N and O acen ligand 
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atoms. Due to their particular symmetries dxz, dx
2
-y

2 (formerly dxy) and dz
2 are only found in 

linear combinations with symmetric (s) ligand σ- and π-orbitals, while dyz and dxy (formerly 

dx
2
-y

2) are only combined with antisymmetric (a) ligand orbitals. Due to their symmetries, the 

all-symmetric π1(s) and the pσ(O,N)s orbitals do not interact with any of the metal d-orbitals 

and therefore do not appear within the molecular orbitals of the [Mn(acen)X] complexes. 

 

Figure 4.16. left: Molecular orbitals of the symmetrized acen
# ligand with the ethylene diamine bridge of the 

acen
2- molecule substituted by two hydrogen atoms. right: molecular orbitals of the symmetrized bromido 

complex [Mn(acen
#)Br] in an idealized square-planar coordination geometry (BP86/LANL2DZ). 
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Table 4.7. Molecular orbitals of the symmetrized complex [Mn(acen
#)Br] (CS symmetry, BP86/LANL2DZ). 

Only atomic orbital contributions greater than 10 % are listed. 

αααα spin  sym. (CS) Mn3+ acen2- axial ligand (Br-) description 

74A a ππππ2* a’’ yz 11.1 % π2*(a) -- -- acen π*-orbital, π2*(a) 

73A a ππππ2* a’ -- -- π2*(s) -- -- acen π*-orbital, π2*(s) 

71A ππππ1* a’ z2 12.4  % π2*(s) -- -- acen π*-orbital, π2*(s) 

69A ππππ1* a’ xz 20.1 % 

   xy 11.3 % 

π1*(s) -- -- acen π*-orbital, π1*(a) 

68A ππππ1* a’’ xy 26.7 % 

   xz 11.6 % 

π1*(a) -- -- acen π*-orbital, π1*(a) 

67A xy/pσσσσ a’ xy 71.9 % pσ(O/N)a -- -- metal d-orbital (dxy), antibonding, LUMO 

66A z2/pz  z2 51.0 % (πn.b.(s)) pz 41.0 % metal d-orbital (dz2), antibonding, HOMO 

65A py a’’ (yz) (9.0 %) (πn.b.(a)) py 52.0 % ligand p-orbital (py) 

64A px a’ xz 18.0 % −− px 51.9 % ligand p-orbital (px) 

63A yz/ππππ a’’ yz 52.9 % πn.b.(a) -- -- metal d-orbital (dyz), antibonding 

62A x2-y2/pσσσσ a’ x2-y2 50.3 % pσ(O/N)s -- -- metal d-orbital (dx2-y2), antibonding 

61A ππππn.b.    a’ xz 23.3 % (pz) (9.3 %) 

   z2 18.3 % 

πn.b.(s) 

-- -- 

πn.b.(s), acen π-orbital 

60A xz/ππππ a’ xz 70.6 % π2(s) -- -- metal d-orbital (dxz), antibonding 

59A xy/pσσσσ    a’’ xy 26.2 % pσ(O/N)a -- -- bonding analogue of MO 67A 

58A z2/pz a’ z2 56.7 % (pσ(O/N)s

) 
pz 29.6 % bonding analogue of MO 66A 

57A yz/ππππ a’’ yz 64.0 % πn.b.(a) -- -- bonding analogue of MO 63A 

56A a x2-y2/pσσσσ a’ x2-y2 61.5 % pσ(O/N)s -- -- bonding analogue of MO62A 

55A a ππππ2222 a’’ (yz) (9.0 %) π2(a) -- -- π2(a), acen π-orbital 

54A a xz/ππππ a’ xz 38.9 % π2(s) -- -- bonding analogue of MO 60A 

ββββ spin         

74B a ππππ2* a’’ yz 21.5 % π2*(a) -- -- acen π*-orbital, π2*(a) 

73B a ππππ2* a’ -- -- π2*(s) -- -- acen π*-orbital, π2*(s) 

72B ππππ2* a’ z2 17.8 % π2*(s) -- -- acen π*-orbital, π2*(s) 

69B xy a’’ xy 81.7 % pσ(O/N)a -- -- metal d-orbital (dxy), antibonding 

68B xz/ππππ* a’ xz 54.7 % π1*(s) -- -- metal d-orbital (dxz), antibonding 

67B yz/π/π/π/π* a’’ yz 26.7 % π1*(a) -- -- metal d-orbital (dyz), antibonding 

66B z2/pz a’ z2 66.1 % (πn.b.(s)) pz 24.2 % metal d-orbital (dz2), antibonding 

65B yz/ππππ a’’ yz 73.9 % πn.b.(a) -- -- metal d-orbital (dyz), antibonding 

64B x2-y2 a’ x2-y2 76.4 % pσ(O/N)s -- -- metal d-orbital (dx2-y2), antibonding 

63B xz/ππππ* a’ xz 61.9 % π1*(s) px 18.3 % metal d-orbital (dxz), bonding, px 
antibonding 

62B py a’’ -- -- πn.b.(a) py 50.6 % ligand p-orbital (py) 

61B px a’ xz 17.8 % π2(s) px 48.6 % ligand p-orbital (px) 

60B z2/pz a’ z2 30.7 % πn.b.(s) pz 33.7 % ligand p-orbital (pz), bonding analogue of 
MO 66B 
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59B ππππ/yz a’’ pz 13.2 % 

   

yz 23.7 % πn.b.(a) 

py 10.0 % 

acen π-orbital, πn.b.(a), bonding analogue 
of MO 65B 

58B ππππ/z2 a’ z2 13.0 % 

   (yz) (9.8 %) 

πn.b.(s) pz 26.2 % acen π-orbital, πn.b.(s), bonding analogue 
of MO 66B 

57B pσσσσ(x2-y2) a’ x2-y2 16.5 % pσ(O/N)s -- -- bonding analogue of MO 64B 

56B a pσσσσ(xy) a’’ xy 20.8 % pσ(O/N)a -- -- bonding analogue of MO 69B 

55B a ππππ2222 a’’ -- -- π2(a) -- -- acen π-orbital 

54B a ππππ2222 a’ xz 14.6 % π2(s) -- -- bonding interaction 

a not shown in Figure 4.16 

 

Considering the alpha spin orbitals, the four highest occupied molecular orbitals of the 

[Mn(acen
#)Br] complex, 66A – 63A, are singly occupied. In accordance with the ligand field 

diagram (Scheme 4.1) the lowest unoccuppied molecular orbital is dxy (formerly dx
2
-y

2, 67A). 

The highest occupied molecular orbital is the dz
2 manganese d-orbital (z2/pz, 66A). The lowest 

lying manganese d-orbital is dxz which is stabilized by the symmetric π2 ligand orbital 

(xz/π2(s), antibonding: 60A, bonding: 54A). In contrast to the conventional ligand field 

splitting diagram (Scheme 4.1) the dyz orbital is found higher in energy than dx
2
-y

2 (x2-y2/pσ, 

formerly dxy, antibonding: 62A, bonding: 56A). It interacts with the non-bonding πn.b.(a) 

ligand orbital (yz/πn.b.(a), antibonding: 63A, bonding: 57A). The py and px orbitals of the axial 

bromido ligand are found among the singly occupied alpha spin orbitals, antibonding to dyz 

and dxz (65A, 64A). The alpha spin orbital 55A is a pure acen π-orbital, π2(a), with only a 

very small contribution of dyz and also the alpha spin orbital 61A can be considered as a pure 

non-bonding acen π-orbital, πn.b.(s). Lower lying alpha spin orbitals (< 54A) predominantly 

exhibit acen
 ligand character. The unoccupied π*-orbitals (68A/69A, 71A - 74A) are also pure 

π* ligand orbitals (π1* and π2*) with only very small contributions of manganese d-orbitals.  

The highest occupied beta spin orbitals are the non-bonding acen π-orbitals (z2/πn.b., 

yz/πn.b.(a), 58B, 59B), followed by the bromido p-orbitals, pz, py and px (60B - 62B), in the 

bonding linear combinations with the corresponding metal d-orbitals. The beta spin orbital 

60B on the one hand is the antibonding analogue of the z2/πn.b. orbital (58B), on the other 

hand - and to a larger extent - it is a bonding pz/z
2 metal-ligand hybrid orbital, i.e. the bonding 

analogue of MO 66B (z2/pz). As expected, the lowest unoccupied beta spin orbitals are the 

five manganese d-orbitals (63B – 69B). Compared to the alpha spin orbitals, of course, the 

same sequence of the manganese d-orbitals is also obtained among the unoccupied beta spin 
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orbitals. However, both the bonding and the antibonding linear combinations of dxz (65B, 

67B) and dyz (63B, 68B) with the antisymmetric and symmetric π1* acen orbitals are 

observed among the unoccupied beta spin orbitals, while the bonding equivalents of the MOs 

69B (xy), 66B (z2/pz) and 64B (x2-y2) are found among the occupied beta spin orbitals. 

In general, nearly no mixing of different metal or ligand orbitals occurs within the same 

molecular orbitals of the symmetrized complexes. 

Considering the symmetry of the non-bonding acen π-orbitals, the antisymmetric πn.b.(a) 

ligand orbital interacts with the dyz orbital (63/57A, 65/59B), while the symmetric πn.b.(s) 

ligand orbital is combined with dz
2 (66/58A, 66/58B). In consequence, dyz (πn.b.(a)) and dz

2 

(πn.b.(s)) are related manganese d-orbitals within the molecular orbitals of the [Mn(acen
(#))X] 

complexes.  

If all these metal-ligand overlap considerations are finally transferred to the original, 

unsymmetrized [Mn(acen)X] complexes, the metal/ligand character of the individual alpha 

and beta spin orbitals is mainly reproduced. However, an increased mixing of different metal 

and/or ligand orbitals within the individual molecular orbitals is observed as the molecular 

symmetry is reduced from an idealized to a non-symmetrical complex. Nevertheless, the 

resulting molecular orbitals can still be correlated with the alpha and beta spin orbitals of the 

symmetrized complexes in most parts. They are described in detail again using the example of 

the bromido complex, [Mn(acen)Br] (Figure 4.17, Table 4.8). In general, formerly symmetric 

MOs (a’) might now become antisymmetric (a’’) by being intermixed with antisymmetric 

metal and/or ligand orbitals. This is observed for dz
2 (a’), which is partly mixed with dxy and 

dyz (a’’) and combined with antisymmetric π* orbitals in the case of MO 73/74B (a’’) of the 

unsymmetrized complex. It is also the case for the bonding dxz/π2(s) orbital (a’), which is 

combined with the antisymmetric dyz/πn.b.(a) orbital (a’’) to result in two dxz/dyz(π) hybrid 

orbitals (66/67A, a’’) in the case [Mn(acen)X]. The antibonding dyz/πn.b.(a) alpha spin orbital 

shows more acen π-character than dyz metal d-character (70A) when compared to the 

idealized complex. However, the bonding analogue of the dxy/pσ(O/N)a alpha spin orbital 

(74A, LUMO) shows a significant contribution of dyz (64A). Compared to the symmetrized 

complex no splitting of the dyz/πn.b.(a) orbital is observed within the unoccupied beta spin 
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orbitals, as the corresponding antibonding equivalent of MO 72B rather exhibits dz
2/dxy 

character than dyz character (74B). 

As already mentioned, dyz (πn.b.(a)) and dz
2 (πn.b.(s)) are related manganese d-orbitals. In the 

case of the unsymmetrized complexes they become a pair of nearly degenerate orbitals within 

the beta spin orbitals (72/73B, 66/67B) instead of dyz and dxz which are degenerate 

manganese d-orbitals in the conventional ligand field splitting diagram (Scheme 4.1). 

Compared to the bromido complex a further increased mixing of metal and ligand orbitals is 

generally observed within the individual molecular orbitals of the other three complexes, 

especially for [Mn(acen)I] (Figure 4.18, Table 4.9) and [Mn(acen)Cl] (Figure 4.19, Table 

4.10). The contributions of the various manganese d-orbitals differ on the exchange of the 

axial ligand X, but nevertheless the molecular orbitals of the iodido, chlorido and NCS 

complexes can still be identified. They are correlated with the molecular orbitals of 

[Mn(acen)Br] in Table 4.12 and the relative MO energies of the individual [Mn(acen)X] 

complexes are depicted in Figure 4.21. 

Among the alpha spin orbitals of [Mn(acen)Cl] the p-orbitals of the axial chlorido ligand are 

mixed to give two px/py hybrid orbitals (70/71A) which, in contrast to the iodido and the 

bromido complex, appear lower in energy than the antibonding dyz/πn.b.(a) orbital 72A (Figure 

4.19). Note that the axial displacement of the manganese ion might generally be too low 

throughout the calculated complex structures (vide supra, chapter 4.2), so that the p-orbitals 

of the axial ligands in fact might be even lower in energy and, as can be guessed from the 

corresponding beta spin orbitals, should with a very high probability not be expected among 

the singly occupied alpha orbitals at all. This, of course, applies to all of the three halogenido 

complexes. Additionally, the dyz/dxy/pσ (65A) and the bonding z2/pz orbitals (64A) are also 

calculated to be inverted in energy in the case of [Mn(acen)Cl] (Figure 4.19). 
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Figure 4.17. Molecular orbitals of [Mn(acen)Br] (BP86/LANL2DZ). 
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Table 4.8. Molecular orbitals of [Mn(acen)Br] (BP86/LANL2DZ). Only atomic orbital contributions greater 
than 10 % are listed. 

αααα spin  sym. (CS) Mn3+ acen2- axial ligand (Br-) description 

81A a ππππ2* a’’ -- -- π2*(a) -- -- acen π*-orbital, π2*(a) 

80A a ππππ2* a’ -- -- π2*(s) -- -- acen π*-orbital, π2*(s) 

79A ππππ1* a’ (z2) (9.1 %) π2*(s) -- -- acen π*-orbital, π2*(s) 

76A ππππ1* a’’ xy 27.8 % π1*(a) -- -- acen π*-orbital, π1*(a) 

75A ππππ1* a’ xz 19.8 % π1*(s) -- -- acen π*-orbital, π1*(s) 

74A xy a’’ xy 70.0 % pσ(O/N)a -- -- metal d-orbital (dxy), antibonding, LUMO 

73A z2/pz a’ z2 56.6 % -- pz 37.4 % metal d-orbital (dz2), antibonding, HOMO 

72A py a’’ yz 37.3 % πn.b.(a) py 44.7 % ligand p-orbital (py) 

71A px a’ xz 24.1 % πn.b.(s) px 49.0 % ligand p-orbital (px) 

70A yz/ππππ a’’ yz 26.4 % πn.b.(a) py 25,5 % metal d-orbital (dyz), antibonding 

x2-y2/pσσσσ a’ x2-y2 43.0 % px 11,00% 69A 

  xz 26.2 % 

pσ(O/N)s 

-- -- 

metal d-orbital (dx2-y2), antibonding 

ππππ n.b.    a’ z2 13.8 % 16.4 % 68A 

  x2-y2 13.6 % 

πn.b.(s) pz 

 

non-bonding acen π-orbital, πn.b.(s) 

xz/yz(ππππ) a’’ xz 47.6 % π2(s) -- -- 67A 

  yz 33.3 % pσ(O, N)a -- -- 

xz/yz, mixed metal d-orbital 

xz/yz(ππππ) a’’ xz 44.8 % π2(s) -- -- 66A 

  yz 36.5 % pσ(O, N)a -- -- 

xz/yz, mixed metal d-orbital 

65A z2/pz a’ z2 60.9 % -- pz 28.6 % bonding analogue of 73A 

yz/xy/pacen a’’ yz 46.4 % πn.b.(a) -- 64A 

  xy 21.0 % pσ(O/N)a 

-- 

 

(bonding analogue of 70A) 

63A a x2-y2/pσσσσ a’ x2-y2 62.4 % pσ(O/N)s -- -- bonding analogue of 69A 

62A a ππππ2222    a’’ yz 11.6 % π2(a) -- -- acen π-orbital 

ββββ spin          

81B a ππππ2* a’’ yz 13.4 % π2*(a) -- -- acen π*-orbital, π2*(a) 

80B a ππππ2* a’ -- -- π2*(s) -- -- acen π*-orbital, π2*(a) 

79B ππππ2* a’ z2 15.1 % π2*(s) -- -- acen π*-orbital, π2*(a) 

76B xy  xy 77.5 % pσ(O/N)a -- -- metal d-orbital (dxy), antibonding 

75B xz/ππππ* a’ xz 55.5 % π1*(s) -- -- metal d-orbital (dxz), antibonding 

z2/xy(ππππ1111*) a’’ z2 41.7 % 12.2 % 74B 

  xy 21.1 % 

π1*(a) pz 

 

partly bonding/antibonding interaction 

z2/pz a’’ z2 61.3 % 18.5 % 

  xy 16.6 %  

  yz 11.9 %  

73B 

  x2-y2 11.3 % 

π1*(a) pz 

 

antibonding interaction, formerly 
symmetric metal d-orbital combined with 
antisymmetric π*-orbital 

72B yz a’’ yz 78.3 % πn.b.(a) py 11.4 % metal d-orbital (dyz), antibonding 

71B x2-y2/pσσσσ a’ x2-y2 79.9 % pσ(O/N)s -- -- metal d-orbital (dx2-y2), antibonding 
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  (z2) (9.2 %)  

xz/ππππ* a’ xz 60.8 % 15.2 % 70B 

  x2-y2 10.2 % 

π1*(s) px 

 

metal d-orbital (dxz), π-bonding, px: 
antibonding 

69B py a’’ -- −− πn.b.(a) py 48.5 % ligand p-orbital (py) 

68B px a’ xz 16.4 % π1*(s) px 49.6 % ligand p-orbital (px) 

ππππ/z2 a’ z2 21.0 % pz 15.4 % 67B 

  (yz) (9.7 %) 

πn.b.(s) 

-- -- 

acen π-orbital, πn.b.(s), bonding analogue 
of MO 73B 

ππππ/yz a’’ yz 19.5 % py 14.5 % 66B 

  (z2) (9.5 %) 

πn.b.(a) 

-- -- 

acen π-orbital, πn.b.(a), bonding analogue 
of MO 72B 

65B pz/z2 a’ z2 21.7 % πn.b.(s) pz 42.7 % bonding analogue of MO 73B, ligand p- 
orbital (pz) 

64B pσσσσ(x2-y2) a’ x2-y2 17.7 % pσ(O/N)s -- -- bonding analogue of MO 71B 

63B a pσσσσ(xy) a’’ xy 20.7 % pσ(O/N)a -- -- bonding analogue of MO 73B 

62B a ππππ2222 a’’ -- -- π2(a) -- -- acen π-orbital 

a not shown in Figure 4.17     
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Figure 4.18. Molecular orbitals of [Mn(acen)I] (BP86/LANL2DZ). 

Table 4.9. Molecular orbitals of [Mn(acen)I] (BP86/LANL2DZ). Only atomic orbital contributions greater than 
10 % are listed.  

αααα spin  sym. (CS) Mn3+ acen2- axial ligand (I-) description 

81A a ππππ2* a’’ -- -- π2*(a) -- -- acen π*-orbital, π2*(a) 

80A a ππππ2* a’ -- -- π2*(s) -- -- acen π*-orbital, π2*(s) 

79A ππππ2* a’ -- -- π2*(s) -- -- acen π*-orbital, π2*(s) 

76A a’’ xy 26.8 % 

 

ππππ1* 

 yz 22.3 % 

π1*(a) -- -- acen π*-orbital, π1*(a) (antibonding 
interaction) 

75A ππππ1* a’ xz 16.5 % π1*(s) -- -- acen π*-orbital, π1*(s) (antibonding 
interaction) 
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  (z2) (9.5 %) 

74A a’’ xy 66.1 % 

 

xy 

 yz 23.2 % 

pσ(O/N)a -- -- 
metal d-orbital (dxy), antibonding, LUMO 

73A a’ z2 42.5 % pz 38.8 % 

 

z2/pz 

 xz 22.5 % 

πn.b.(s) 

px 11.9 % 

metal d-orbital (dz2), antibonding, HOMO 

72A py(yz) a’’ yz 20.8 % -- py 50.9 % 
ligand p-orbital (py) 
 71A a’ xz 14.3 % px 49.3 % 

 

px(xz) 

   

-- 

pz 14.9 % 

ligand p-orbital (px) 

70A a’’ yz 37.2 % 

 

yz/ππππ 

 x2-y2 13.5 % 

πn.b.(a) py 9.9 % metal d-orbital (dyz), antibonding 

69A a’ x2-y2 46.6 % 

  xz 14.4 % 

 

x2-y2/pσσσσ 

 z2 12.0 % 

pσ(O/N)s pz 11.8 % metal d-orbital (dx2-y2), antibonding 

68A ππππn.b. a’ x2-y2 20.6 % πn.b.(s) pz 14.3 % non-bonding acen π-orbital, πn.b.(s) 

67A a’’ xz 49.1 % π2(s) (pz) (9.0 %) 

  z2 43.9 % 

  yz 17.7 % 

 

xz/yz(ππππ) 

 x2-y2 10.8 % 

pσ(O, N)a   

xz/yz hybrid orbital 

66A a’’ yz 41.7 % π2(s) 

  xy 27.0 % 

  xz 21.6 %  

 

xz/yz(ππππ) 

 z2 16.0 % 

pσ(O, N)a 

-- -- xz/yz hybrid orbital 

65A a’ z2 45.3 % pz 23.3 % 

 

z2/pz 

 xz 50.8 % 

-- 

  

bonding analogue of 73A 

64A a’’ yz 49.5 % πn.b.(a) 

 

yz(xy)/pacen 

   pσ(O/N)a 

-- -- bonding interaction 

63A a a’ x2-y2 62.1 % 

 

x2-y2/pσσσσ 

 xz 10.7 % 

pσ(O/N)s -- -- bonding analogue of 69A 

62A a ππππ2222 a’’ yz 11.0 % π2(a) -- -- acen π-orbital 

ββββ spin             

81B a ππππ2222*    a’’ yz 12.4 % π2*(a) -- -- acen π*-orbital, π2*(a) 

80B a ππππ2222* a’ -- -- π2*(s) -- -- acen π*-orbital, π2*(s) 

79B a’ z2 10.7 % 

 

ππππ2222* 

 (xz) (9.2 %) 

π2*(s) -- -- acen π*-orbital, π2*(s) 

76B a’’ xy 72.8 % 

 

xy 

 yz 28.2 % 

pσ(O/N)a -- -- metal d-orbital (dxy), antibonding 

75B a’ xz 43.5 % 

  z2 28.8 % 

 

xz/π∗π∗π∗π∗ 

 x2-y2 18.8 % 

π1*(s) -- -- metal d-orbital (dxz), antibonding 

74B z2/xy(ππππ*) a’’ xy 25.5 % π1*(a) -- -- partly bonding/antibonding interaction 
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  z2 20.3 % 

  xz 11.0 % 

73B (a’) z2 61.0 % pz 21.0 % 

  xz 30.2 % 

  x2-y2 16.6 % 

 

z2 

 xy 12.4 % 

πn.b.(s)  

  

metal d-orbital (dz2), antibonding 

72B a’’ yz 74.4 % 

 

yz 

 xy 23.8 % 

πn.b.(a) py 10.3 % metal d-orbital (dyz), antibonding 

71B a’ x2-y2 76.7 % 

 

x2-y2 

 xz 23.6 5 

pσ(O/N)s -- -- metal d-orbital (dx2-y2), antibonding 

70B a’ xz 54.0 % 

 

xz/ππππ* 

 z2 28.9 % 

π1*(s) px 14.8 % metal d-orbital (dxz), bonding, px: 
antibonding 

69B py a’’ -- -- πn.b.(a) py 50.6 % ligand p-orbital (py) 

68B a’ xz 13.9 % px 47.9 % 

 

px 

   

π1*(s) 

pz 14.5 % 

ligand p-orbital (px) 

67B a’ z2 27.8 % pz 36.6 % 

 

pz/z2 

 xz 17.1 % 

πn.b.(s) 

px 10.1 % 

acen π-orbital, πn.b.(s), bonding analogue 
of MO 73B 

66B ππππ/yz a’’ yz 19.9 % πn.b.(a) (py) (9.9 %) acen π-orbital, πn.b.(a), bonding analogue 
of MO 72B 

65B ππππ/(z2)/pz a’ (z2) -- πn.b.(s) pz 24.6 % ligand p-orbital (pz), bonding analogue of 
MO 73B 

64B pσσσσ(x2-y2) a’ x2-y2 19.3 % pσ(O/N)s -- -- bonding analogue of MO 71B 

63B a a’’ xy 16.9 % 

 

pσσσσ(xy) 

 yz 13.4 % 

pσ(O/N)a -- -- bonding analogue of MO 79B 

62B a ππππ2222 a’’ -- -- π2(a) -- -- acen π-orbital 

a not shown in Figure 4.18 
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Figure 4.19. Molecular orbitals of [Mn(acen)Cl] (BP86/LANL2DZ). 

Table 4.10. Molecular orbitals of [Mn(acen)Cl] (BP86/LANL2DZ). Only atomic orbital contributions greater 
than 10 % are listed. 

αααα spin     sym. (CS) Mn3+ acen2- axial ligand (Cl-) description 

81A a ππππ2222* a’’ -- -- π2*(a) -- -- acen π*-orbital, π2*(a)  

80A a ππππ2222* a’ -- -- π2*(s) -- -- acen π*-orbital, π2*(s) 

79A ππππ2222* a’ (z2) (9.8 %) π2*(s) -- -- acen π*-orbital, π2*(s) 

76A ππππ1111* a’’ xy 26.6 % π1*(a) -- -- acen π*-orbital, π1*(s) 

75A ππππ1111* a’ yz 20.0 % π1*(s) -- -- acen π*-orbital, π1*(s) 

74A xy a’’ xy 70.5 % pσ(O/N)a -- -- 
metal d-orbital (dxy), antibonding, LUMO 

73A z2/pz  a’ Z2 56.2 % πn.b.(s) pz 33.5 % 
metal d-orbital (dz2), antibonding, HOMO 
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72A yz/ππππ a’’ yz 48.9 % πn.b.(a) py 21.2 % metal d-orbital (dyz), antibonding 

71A px/py a’ xz 29.4 % -- px 36.7 % ligand p-orbital (px) 

      py 24.8 %  

70A py/px a’’ xz 19.4 % πn.b.(a) py 36.1 % ligand p-orbital (py) 

      px 28.0 %  

69A a’ x2-y2 34.8 % px 17.1 % 

 

x2-y2/pσσσσ 

 xz 23.0 % 

pσ(O/N)s 

pz 10.2 % 

metal d-orbital (dx2-y2), antibonding 

   (z2) (9.5 %)     

68A a’ x2-y2 25.2 % 

 

ππππ n.b. 

 z2 16.3 % 

πn.b.(s) pz 11.8 % non-bonding acen π orbital, πn.b.(s) 

67A a’’ xz 47.3 % π2(s) px 10.0 % 

 

xz/yz(π)π)π)π) 

 yz 28.1 % pσ(O, N)a (py) (9.7 %) 

   x2-y2 26.6 %    

xz/yz  hybrid metal d-orbital 

66A xz/yz(π)π)π)π) a’’ xz 39.3 % π2(s) py 10.3 % 

   yz 36.7 % pσ(O, N)a   

   x2-y2 16.2 %    

   xy 12.2 %    

xz/yz  hybrid metal d-orbital 

65A yz/xy/pσσσσ a’’ yz 46.4 % πn.b.(a) -- -- (bonding analogue of 74A) 

   xy 22. % pσ(O/N)a    

64A a’’ z2 55.4 % πn.b.(a) 

 

z2/pz 

   pσ(O/N)a 

pz 31.9 % bonding analogue of 73A 

63A a a’ x2-y2 60.4 % 

 

x2-y2/pσσσσ 

 (xz) (9.6 %) 

pσ(O/N)s -- -- bonding analogue of 69A 

62A a a’’ x2-y2 17.9 % 

  z2 14.2 % 

 

 ππππ2222 

 (yz) (9.0 %) 

π2(a) -- -- acen π orbital 

ββββ spin             

81B a ππππ2222* a’’ yz 13.7 % π2*(a) -- -- acen π* orbital, π2*(a) 

80B a ππππ2222* a’ -- -- π2*(s) -- -- acen π* orbital, π2*(s) 

79B ππππ2222* a’ z2 17.6 % π2*(s) -- -- acen π* orbital, π2*(s) 

76B xy a’’ xy 78.8 % pσ(O/N)a -- -- 
metal d-orbital (dxy), antibonding 

75B xz/ππππ* a’ xz 58.0 % π1*(s) -- -- 
metal d-orbital (dxz), antibonding 

74B z2 a’’ z2 70.1 % πn.b.(s) pz 19.3 % metal d-orbital (dz2), antibonding 

73B a’’ z2 23.9 % 

  xy 21.8 % 

 

z2/xy/yz(ππππ*) 

 yz 21.7 % 

π1*(a) -- -- antibonding interaction 

72B yz a’’ yz 76.8 % πn.b.(a) py 11.7 % metal d-orbital (dyz), antibonding 

71B x2-y2 a’ x2-y2 80.0 % pσ(O/N)s -- -- metal d-orbital (dx2-y2), antibonding 

70B a’ xz 58.1 % 

 

xz/ππππ*  

 x2-y2 11.9 % 

π1*(s) px 14.8 % metal d-orbital (dxz), bonding, px: 
antibonding 
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69B py a’’ -- -- πn.b.(a) py 41.9 % ligand p orbital (py) 

68B px a’ xz 16.0 % (π1*(s)?) px 47.4 % ligand p orbital (px) 

67B ππππ/z2 a’ z2 17.0 % πn.b.(s) -- -- acen π-orbital, πn.b.(s), bonding analogue 
of MO 74BB 

66B ππππ/yz(py) a’’ yz 23.3 % πn.b.(a) py 25.9 % acen π-orbital, πn.b.(a), bonding analogue 
of MO 72B 

65B pz/z2 a’ z2 24.8 % πn.b.(s) pz 44.2 % ligand p-orbital (pz), bonding analogue of 
MO 66B 

64B pσσσσ(x2-y2) a’ x2-y2 16.4 % pσ(O/N)s -- -- bonding analogue of MO 71B 

63B a pσσσσ(xy) a’’ xy 20.5 % pσ(O/N)a -- -- bonding analogue of MO 79B 

62B a ππππ2222 a’’ -- -- π2(a) -- -- acen π-orbital 

a not shown in Figure 4.19 
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Figure 4.20. Molecular orbitals of [Mn(acen)NCS] (BP86/LANL2DZ). 

Table 4.11. Molecular orbitals of [Mn(acen)NCS] (BP86/LANL2DZ). Only atomic orbital contributions greater 
than 10 % are listed. 

αααα spin  sym. (CS) Mn3+ acen2- axial ligand (SCN-) description 

a’ py(N) 23.4 % 

 py(C) 31.0 % 

89A a ππππ2222* 

 

-- -- π2*(s) 

py(S) 10.3 % 

acen π*-orbital, π2*(a), py(NCS)a 

a’’ py(N) 39.9 % 

 py(C) 53.2 % 

88A a ππππ2222* 

 

yz 13.9 % π2*(a) 

py(S) 18.8 % 

acen π*-orbital, π2*(a), py(NCS)a 

87A a ππππ2222* a’ -- -- π2*(s) px(N) 28.8 % acen π*-orbital, π2*(s), px(NCS)a 
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 px(C) 40.4 % 

 px(S) 13.8 % 

a’ px(N) 32.5 % 

 px(C) 43.0 % 

86A a ππππ2222* 

 

 -- π2*(s) 

px(S) 15.7 % 

acen π*-orbital, π2*(s), px(NCS)a + ~9 % 
py (N, C) 

82A ππππ1111* a’’ xy 23.0 % π1*(a) -- -- acen π*-orbital, π1*(a) (antibonding) 

81A ππππ1111* a’ xz 18.0 % π1*(s) -- -- acen π*-orbital, π1*(a) (antibonding) 

a’’ xy 68.8 % 80A xy 

 yz 15.5 % 

pσ(O/N)a -- -- 
metal d-orbital (dxy), antibonding, LUMO 

a’’ yz 24.2 % py(N) 34.1 % 

 z2 19.1 % 

79A py/yz 

 (xz) (9.6 %) 

πn.b.(s) 

py(S) 42.2 % 

metal-ligand hybrid orbital, antibonding 
(py non-bonding), HOMO 

a’ z2 34.7 % px(N) 31.4 % 78A px/z2 

 x2-y2 21.4 % 

πn.b.(s) 

px(S) 36.6 % 

metal ligand hybrid orbital, antibonding 
(px non-bonding) 

a’ z2 40.6 % px(N) 19.3 % 

 xz 27.3 % pz(N) 17.8 % 

   py(N) 11.4 % 

   px(S) 27.0 % 

77A z2/pz 

   

πn.b.(s) 

py(S) 13.0 % 

metal-ligand hybrid orbital, antibonding 
interaction 

a’’ yz 36.3 % (py(N)) (8.2 %) 76A yz/ππππ 

 xy 10.3 % 

πn.b.(a) 

py(S) 11.2 % 

non-bonding acen π−orbital/ metal d-
orbital (dyz), antibonding 

a’ x2-y2 48.3 % 75A x2-y2/pσσσσ 

 xz 20.8% 

pσ(O/N)s (px(S)) (9.4 %) metal d-orbital (dx2-y2), antibonding 

a’ z2 37.4 % 74A ππππn.b./z2 

 x2-y2 14.2 % 

πn.b.(s) (pz(N)) (9.2 %) non-bonding acen π-orbital, πn.b.(s) 

a’’ yz 46.4 % π2(s) py(C) 14.4 % 

 xy 21.4 % 

73A yz/ππππ 

 xz 17.2 % 

pσ(O, N)a py(S) 10.4 % 

bonding analogue of 76A 

a’ xz 67.4 % π2(s) px(C) 11.9 % 

 z2 17.3 % 

 yz 13.0 % 

72A xz/ππππ 

 (x2-y2) (9.4 %) 

pσ(O, N)a   

metal d-orbital (dxz), bonding 

a’’ yz 44.8 % πn.b.(a) py(C) 10.9 % 71A yz(xy)/pσσσσ 

 xy 15.1 % pσ(O/N)a   

(bonding analogue of 80A) 

a’ x2-y2 56.2 % π2(s) 70A a x2-y2/pσσσσ 

 z2 26.2 % pσ(O/N)s 

-- -- bonding analogue of 75A 

69A a ππππ a’’ -- -- π2(a) py(C) 10.1 % acen π-orbital 

a’ x2-y2 20.7 % px(N) 28.8 % 

   px(C) 40.4 % 

68A a ππππ/px 

   

π2(s) 

px(S) 13.8 % 

bonding interaction, px(NCS)bind. + ~ 10 % 
py 
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a’’ yz 16.1 % py(N) 36.9 % 

 py(C) 39.8 % 

67A a ππππ/py 

 

xy 12.7 % 

π1(a) 

py(S) 14.2 % 

bonding interaction, py(NCS)bind. + ~ 10 % 
px 

ββββ spin         

a’’ yz 22.2 % py(N) 34.9 % 

 (xz) (9.0 %) py(C) 44.4 % 

89B a ππππ2222* 

   

π2*(a) 

py(S) 15.4 % 

acen π*-orbital, π2*(a), py(NCS)a + ~ 
20 % px 

a’’ px(N) 32.1 % 

 px(C) 42.1 % 

88B a ππππ2222* 

 

-- -- π2*(a) 

px(S) 14.1 % 

acen π*-orbital, π2*(a), px(NCS)a + ~ 
15 % py 

a’’ xz 16.3 % px(N) 35.6 % 

   px(C) 47.3 % 

87B a ππππ2222* 

   

π2*(a) 

px(S) 16.7 % 

acen π*-orbital, π2*(a), px(NCS)a 

86B a ππππ2222* a’ -- -- π2*(s) px(C) 11.3 % acen π*-orbital 

a’’ xy 74.4 % 82B xy 

 yz 22.1 % 

pσ(O/N)a -- -- metal d-orbital (dxy), antibonding 

a’ xz 45.9 % 

 x2-y2 25.1 % 

81B xz/ππππ* 

 z2 12.4 % 

π1*(s) -- -- metal d-orbital (dxz), antibonding 

a’’ z2 65.3 % π1*(a)? 

 xz 28.1 % πn.b.(s)? 

80B z2 

 x2-y2 27.0 %  

-- -- metal d-orbital (dz2), antibonding 

a’’ xy 27.9 % 79B z2/xy(ππππ*) 

 z2 12.4 % 

π1*(a) -- -- partly bonding/antibonding interaction 

a’’ yz 74.7 % py(N) 5.9 % 

 py(C) 16.4 % 

78B yz 

 

xy 18.0 % 

πn.b.(a) 

py(S) 12.2 % 

metal d-orbital (dyz), antibonding, 
py(NCS)a 

a’ x2-y2 70.9 % 

 z2 35.4 % 

77B x2-y2 

 xz 14.7 % 

pσ(O/N)s -- -- metal d-orbital (dx2-y2), antibonding 

a’ xz 57.2 % px(N) 11.6 % 

 z2 16.8 % px(C) 13.7 % 

76B xz/ππππ* 

 x2-y2 10.2 % 

π1*(s) 

px(S) 15.7 % 

metal d-orbital (dxz), bonding, px(NCS)a 

a’’ py(N) 35.8 % ligand p-orbital (py non-bonding) 75B py 

 

(yz) (9.5) πn.b.(a) 

py(S) 44.5 %  

a’ xz 18.5 % px(N) 34.2 % 74B px 

 x2-y2 6.5 % 

π1*(s) 

px(S) 
 

43.8 % 

ligand p-orbital (px non-bonding) 

a’’ yz 19.5 % py(C) 7.7 % 73B ππππ/yz 

   

πn.b.(a) 

py(S) 10.4 % 

acen π-orbital, πn.b.(a), bonding analogue 
of MO 78BB 

72B ππππ/z2 a’ z2 10.3 % πn.b.(s) -- -- acen π-orbital, πn.b.(s), bonding analogue 
of MO 80B 
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71B pσσσσ((((x2-y2) a’ x2-y2 16.4 % pσ(O/N)s -- -- bonding analogue of MO 77B, ~ 5 % xy, 
xz and yz 

a’’ xy 18.2 % 70B a pσσσσ(xy) 

 yz 12.9 % 

pσ(O/N)a -- -- bonding analogue of MO 82B 

69B a ππππ a’’ -- -- π2(a) px(C) 10.7 % acen π-orbital, π2(a) 

68B a ππππ a’ -- -- π2(s) py, px 15-20 % acen π-orbital, π2(s), p(NCS)bind. 

67B a ππππ a’ -- -- π2(s) py, px 20-30  % acen π-orbital, π2(s), p(NCS)bind. 

a not shown in Figure 4.20 

 

Comparing the molecular orbitals of the three halogenido complexes, the relative energies of 

the unoccupied alpha and beta spin orbitals are virtually not affected by the exchange of the 

axial ligand X (Figure 4.21). An exception is the antibonding z2/pz orbital which is more and 

more lifted in energy with the increased ligand field strength. In contrast, the energies of 

occupied molecular orbitals are definitely affected by the exchange of the axial ligand. 

 

Figure 4.21. [Mn(acen)X]: the relative energies of the calculated molecular orbitals are shown for comparison 
(BP86/LANL2DZ). The description of the individual orbitals is given in Table 4.12. Within the halogenido 
complexes the bonding pz/z

2 orbital and the p-orbitals of the axial ligands are more and more stabilized with the 
increased ligand field strength from the iodido to the chlorido complex. 

A comparison the iodido and the bromido complexes results in the same sequence of alpha 

and beta spin orbitals is obtained - with the only exception of the beta spin orbitals 65 - 67B. 

As already mentioned, the increasing ligand field strength within the [Mn(acen)X] series 

going from X = I- to X = NCS- is generally associated with an increased displacement of the 

manganese(III) ion from the equatorial plane (vide supra, chapter 4.2). One consequence of 

this is that the bonding metal-ligand orbitals along the Mn-X axis (z) as well as the p-orbitals 

of the axial ligand X (px and py) are consistently lowered in energy from [Mn(acen)I] to 

[Mn(acen)Cl] (Figure 4.21). The antibonding pz/z
2 beta spin orbital on the other hand is more 
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and more lifted in energy with the increased ligand field strength. It generally has two 

bonding equivalents, 65B and 67B. In the case of [Mn(acen)I] the MO 67B clearly exhibits 

bonding pz/z
2 Mn-X metal-ligand hybrid character, while the MO 65B is identified as the 

symmetric non-bonding acen π-orbital πn.b.(s)/z2 (Figure 4.18, Table 4.9). However, 

proceeding to [Mn(acen)Br] and [Mn(acen)Cl] these two orbitals are inverted, as MO 65B is 

now the bonding pz/z
2 orbital being significantly lowered in energy compared to the iodido 

complex, while MO 67B is made out as the symmetric non-bonding π/z2 ligand π-orbital in 

the case of the bromido and chlorido complex. 

The molecular orbitals of [Mn(acen)NCS] have to be discussed separately. For the three-

atomic NCS- ligand, bonding (p(NCS)bind.), antibonding (p(NCS)antibond.) and non-bonding 

linear combinations of the N, C and S px and py orbitals are obtained. Note that among the 

occupied molecular orbitals the relevant NCS p-orbitals (78/79A, 74/75B) are all of a non-

bonding type (Figure 4.20). Within the singly occupied alpha spin orbitals they do not follow 

the described tendency of being lowered with the increased ligand field strength but appear 

higher in energy (78/79A) than the highest occupied metal d-orbital (z2/pz, 77A). The other 

molecular orbitals are in most parts identical, except of the dyz/π and dxz/π metal d-orbitals 

(72/73A) which are not mixed in contrast to the three haloganido complexes. Besides, no 

bonding z2/pz analogue of MO 80B is observed in the case of [Mn(acen)NCS]. The relative 

energies of the alpha and beta orbitals are therefore probably not really comparable to the 

three halogenido complexes. In consequence, they are not included in the further 

argumentation. Only the qualitative trends which have been worked out on the haloganido 

complexes are considered instead. 



4 Electronic Structure and Spectroscopic Properties of Mononuclear Manganese(III) Schiff Base Complexes 
__________________________________________________________________________________________ 

 

141 

Table 4.12. Molecular orbitals of the [Mn(acen)X] complexes for comparison (BP86/LANL2DZ). The relative 
energies are depicted in Figure 4.21. 

αααα spin    sym. (CS) [Mn(acen) I] [Mn(acen#)Br] [Mn(acen)Br] [Mn(acen)Cl] [Mn(acen)NCS] 

76A a’’ π1* 69A π1* π1* π1* 82A π1* 

75A a’    π1* 68A π1* π1* π1* 81A π1* 

74A a’’ xy 67A xy xy xy 80A xy 

73A a’ z2/pz 66A z2/pz z2/pz z2/pz 79A py 

72A a’’ py 65A py py yz/π 78A px 

71A a’ px 64A px px px/py 77A z2/pz 

70A a’’ yz/π 63A yz/π yz/π py/px 76A yz/π 

69A a’ x2-y2/pσ 62A x2-y2/pσ x2-y2/pσ x2-y2/pσ 75A x2-y2/pσ 

68A a’    π n.b.(s) 61A πn.b.(s) π n.b.(s) π n.b.(s) 74A π n.b./z2 

67A a’’ xz/yz(π) 60A xz/π xz/yz(π) xz/yz(π) 73A yz/π 

66A a’’ xz/yz(π) 59A xy/pσ (a’) xz/yz(π) xz/yz(π) 72A xz/π (a’) 

65A a’’ z2/pz (a’) 58A z2/pz (a’) z2/pz (a’) yz/xy/pacen 71A yz(xy)/pacen 

64A a’’ yz(xy)/pacen 57A yz/π yz/xy/pacen z2/pz (a’)  -- 

63A a’ x2-y2/pσ 56A x2-y2/pσ x2-y2/pσ x2-y2/pσ 70A x2-y2/pσ 

62A a’    π2(a) 55A π2(a) π2(a) π2(a) 69A π2(a) 

ββββ spin         

76B a’’ xy 69B xy xy xy 82B xy 

75B a’ xz/π* 68B xz/π* xz/π* xz/π* 81B xz/π* 

74B a’’ z2/xy(π*) 67B yz/π* z2/xy(π*) z2/pz 80B z2 

73B a’ z2/pz 66B z2/pz z2/pz z2/xy/yz/π* 79B z2/xy(π*) 

72B a’’ yz 65B yz/π yz yz 78B yz 

71B a’ x2-y2 64B x2-y2 x2-y2 x2-y2 77B x2-y2 

70B a’ xz/π* 63B xz/π* xz/π* xz/π* 76B xz/π* 

69B a’’ py 62B py py py 75B py 

68B a’ px 61B px px px 74B px 

67B a’ pz/z2 60B pz/z2 π/z2 π/z2 73B π/yz 

66B a’’    π/yz 59B π/yz π/yz π/yz(py) 72B π/z2 

65B a’    π/z2 58B π/z2 pz/z2 pz/z2 -- -- 

64B a’ pσ(x2-y2) 57B pσ(x2-y2) pσ(x2-y2) pσ(x2-y2) 71B pσ(x2-y2) 

63B a’ pσ(xy) 56B pσ(xy) pσ (xy) pσ(xy) 70B pσ(xy) 

62B a’    π2(a) 55B π2(a) π2(a) π2(a) 69B π2(a) 
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4.9 Time-dependent DFT Calculation of the Electronic Transitions (TDDFT) 

The electronic transitions of the [Mn(acen)X] complexes were calculated using time-

dependent DFT (Figure 4.22, Table 9). Comparing the overall shape of the calculated UV/Vis 

spectra of the halogenido complexes, no distinct absorption maxima between 15 000 cm-1 and 

40 000 cm-1are obtained as they are observed in the experimental spectra. For 

[Mn(acen)NCS], two absorption maxima are obtained in the calculated spectrum which, 

however, do not correspond to the energies of any of the experimental absorption bands. In 

the following presentation of the TDDFT calculations only the energies of the electronic 

transitions will be discussed first without considering the signs of the corresponding MCD 

bands. 

Considering metal-centered ligand field transitions, only spin-allowed d → d bands can 

generally be calculated with TDDFT methods. First, the three quintet transitions which are 

theoretically expected according to the ligand field diagram (band I – III, Scheme 4.1) three 

ligand field transitions are also obtained from the TDDFT calculations for all [Mn(acen)X] 

complexes. Depending on the axial ligand X they are centered at 10 200 - 12 700 cm-1, 16 100 

- 16 700 cm-1 and 22 900 - 25 100 cm-1 and exhibit very low intensities. The calculated 

energies for the first ligand field transition, z2/pz → xy (HOMO → LUMO), assort well with 

the results of the AOM ligand field calculations (vide supra, chapter 4.7) and not with the 

energy of 8 000 cm-1 reported in the literature.[188] In contrast, the correlation between the 

literature and the calculated energies of the observed UV/Vis band A or its corresponding 

MCD transition is very good as the second d → d transition is found at ~ 16 000 cm-1 

(yz/πn.b.(a) → xy, band II).[188] The x2-y2/pσ → xy transition (band III) is identified at around 

25 000 cm-1 and shows very low intensities in the calculated UV/Vis spectra of the halogenido 

complexes, however. In contrast, it shows a very high intensity in the calculated spectrum of 

[Mn(acen)NCS] at 22 900 cm-1. Alpha spin transitions from the bonding dxz/dyz hybrid 

orbitals into the unoccupied dxy orbital should in fact also be considered as metal centered 

ligand field transitions. They are found between 28 000 cm-1 and 31 300 cm-1 in the calculated 

UV/Vis spectra with their energies lowered with increasing ligand field strength from 

[Mn(acen)I] to [Mn(acen)NCS]. Additionally, the yz/xy/pacen → xy transition may also be 

considered as another ligand field transition. Actually it is a xy/pacen bonding → antibonding 
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transition, as the starting orbital is the bonding analogue of the unoccupied dxy orbital (74A). 

In the calculated spectra, this transition is found between 34 200 cm-1 and 35 200 cm-1. From 

its energy it might be assigned to the positive band 15 in the MCD spectra of [Mn(acen)Cl] 

and [Mn(acen)NCS] which is shifted towards lower energies with decreased ligand field 

strengths and thus might correspond to the MCD band 14 in the MCD spectrum of 

[Mn(acen)Br]. 

The most intense transition between 20 000 cm-1 and 25 000 cm-1 in the calculated UV/Vis 

spectra of the halogenido complexes are the πn.b. → xy ligand-to-metal charge transfer 

transitions (68A → 74A) around 23 800 cm-1. Again, the energy of the NCS complex differs 

as in the calculated spectrum of [Mn(acen)NCS] it is found at 25 300 cm-1 (74A → 80A) and 

shows a very low intensity. This LMCT transition is assigned to the UV/Vis absorption 

band C which might be centered at around 22 500 cm-1 and corresponds to the MCD band 9 

around 23 300 cm-1 in the MCD spectra of the bromido, the chlorido and the NCS complex 

and to band 8 at 23 900 cm-1 in the case of the iodido complex. The latter is finally also 

considered to be a positive band centered between the two negative MCD bands 7 and 9 (vide 

supra, chapter 4.6). An alternative assignment for the UV/Vis band C as well as the 

MCD band 9 or 8 could be the z2/pz → π1* transition which appears at 24 900 cm-1and 

27 700 cm-1 in the calculated UV/Vis spectra of the halogenido complexes (73A (HOMO) → 

75/76A) and at 24 600 cm-1 in the case of [Mn(acen)NCS] (78A → 81A). 

The LMCT transitions from the px and py orbitals of the axial ligands into the dxz and dyz 

orbitals are observed at 16 800 – 19 100 cm-1 (68B → 70B) and 23 600 – 27 700 cm-1 

(69B → 72B) in the calculated UV/Vis spectra. They show moderate to high intensities for 

the halogenido complexes and very high intensities in the case of [Mn(acen)NCS]. The first 

energy corresponds to the very broad and low-intensity absorption band A. The second energy 

may correspond to the UV/Vis absorption band B and could also be assigned to the MCD 

bands 8 and 10 at least for the chlorido and the NCS complex. Probably the same is true for 

the bromido complex, as the negative MCD band 10 could also be considered as a positive 

transition.  
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Figure 4.22. Comparison of the low-temperature MCD spectra and the experimental and calculated UV/Vis 
spectra of the [Mn(acen)X] complexes; MCD spectra: 1mM, CH2Cl2/polystyrene, T = 2 K, UV/Vis spectra: 
2mM, CH2Cl2, calc.: TDDFT, B3LYP/LANL2DZ. 
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[Mn(acen)I]  [Mn(acen)Br]  [Mn(acen)Cl]  [Mn(acen)NCS] 
cm-1     cm-1     cm-1     cm-1    

10 200  0.0007 73A → 74A z2/pz → xy  11 700 0.0005 73A → 74A z2/pz → xy  11 900 0.0005 73A → 74A z2/pz → xy  12 700 0.0002 76A → 80A yz/π → xy 

16 300 0.0017 70A → 74A yz/π → xy  16 200 0.0017 70A → 74A yz/π → xy  16 100 0.0021 72A → 74A yz/π → xy  14 000 0.0009 79A → 80A py/yz → xy 

18 800 0.0127 68B → 70B px → xz/π∗  19 000 0.0093 68B → 70B px → xz/π*  19 100 0.0052 70/71A→74A py/px → xy  16 700 0.0026 77A → 80A z2/pz → xy 

23 900 0.0120 68A → 74A πn.b. → xy  23 600 0.0171 68A → 74A πn.b. → xy  22 900 0.0078 68B → 70B px → xz/π*  16 800 0.0437 74B → 76B px → xz/π* 

24 700 0.0065 69B → 72B py → yz  24 900 0.0050 69B → 72/73B py → yz, z2  23 900 0.0183 68A → 74A πn.b. → xy  22 900 0.0237 75A → 80A x2-y2/pσ→xy 

24 900 0.0080 73A → 76A z2/pz → π1*  25 000 0.0004 69A → 74A x2-y2/pσ → xy  25 200 0.0007 69A → 74A x2-y2/pσ → xy  23 600 0.0714 75B→78/79B py → yz, 
z2/xy(π*) 

25 100 0.0086 69B → 73B py → z2  25 800 0.0078 73A → 76A z2/pz → π1*  25 800 0.0112 67B → 70B π/z2 → xz/π1*  24 600 0.0180 78A → 81A px/z
2 → π1* 

25 500 0.0050 69B → 74B py → z2/xy(π)  26 000 0.0116 73A → 75A    
65B → 70B 

z2/pz → π1∗, pz/z
2 → 

xz/π∗ 
 26 700 0.0080 66B → 70B π/yz → xz/π*  25 300 0.0018 74A → 80A πn.b. →  xy 

25 700 0.0009 69A → 74A x2-y2/pσ → xy  28 000 0.0054 67B → 73B π/z2 → z2  27 700 0.0060 73A → 75A       
69B → 72B 

z2/pz → π1*,       
py → yz/π 

 26 200 0.0059 73B→76/77B π/yz → xz/π∗, x2-
y2 

28 100 0.0069 72A → 76A py → π1*  28 500 0.0107 70/72A→76A 
65B → 70B 

yz/py → π1∗, pz/z
2 → 

xz/π∗ 
 28 400 0.0093 69B → 73B py → z2/xy/yz(π*)  26 700 0.0170 72B → 76B π/z2 → xz/π* 

28 400 0.0093 71A → 76A px → π1∗  28 700 0.0067 71/72A → 76A py, px → π1*(xy)  29 900 0.0097 67A → 74A xz/yz(π) → xy  26 900 0.0083 73B → 77B π/yz → x2-y2 

28 700 0.0208 70A → 76A      
66B → 72B 

yz/π → 
π1∗, π/yz  → yz 

 28 700 0.0058 66A → 74A xz/yz(π) → xy  30 700 0.0096 67B → 73B π/z2 → 
z2/xy/yz(π*) 

 28 000 
29 100 

0.0014 
0.0040 

72/73A → 80A xz/π, yz//π → xy 

30 500 0.0106 66B → 73B π/yz → z2  30 300 0.0186 67B→72/73B π/z2 → yz, z2  31 200 0.0133 68B → 72B px → yz  30 200 0.0071 73B → 79B    
74B → 81B 

π/yz → z2/xy(π*), 
px → xz/π* 

30 800 0.0119 65/66B → 71/73B π → x2-y2, z2  30 700 0.0199 67A → 74A    
67B → 74B 

xz/yz(π) → xy     
π/z2 → z2/xy(π*) 

 31 500 0.0142 66B → 73B π/yz → 
z2/xy/yz(π*) 

 31 700 0.0302 72B→78/79B π/z2 → yz, 
z2/xy(π*) 

31 300 0.0165 67A → 74A      
67B → 74B 

xz/yz(π) → xy, 
pz/z

2→ z2/xy(π*) 
 31 400 0.0125 67B → 74B π/z2 → z2/xy(π*)  32 200 0.0074 66B → 73B π/yz → z2  33 300 0.0536 78A → 82A px/z

2 → π1* 

32 300 0.0108 67B → 74B pz/z
2 → z2/xy(π*)  31 800 0.0109 66B/67B → 

73/74B 
π → z2(π*)  33 100 0.0066 66B → 74B π/yz → 

z2/xy/yz(π*) 
 33 800 

33 900 

0.0057 
0.0065 

74B → 82B px → xy 

32 600 0.0089 67B → 72B       
69B → 75B 

pz/z
2 → yz, py → 

xz/π* 
 32 400 0.0050 67B → 72B π/yz → yz  33 300 0.0122 66/67B → 72/74B π → yz, 

z2/xy/yz(π*) 
 34 000 0.0058 72B → 78B π/z2 → yz 

33 500 0.0124 70A → 76A      
64B → 70B 

yz/π → π1∗,   
pσ(x2-y2)→ xz/π* 

 33 300 0.0124 65B → 73B      
67B → 73B 

pz/z
2 → z2, π/z2  → 

z2(π*) 
 33 400 0.0051 67B → 72B π/z2 → yz  34 300 0 0032 71A → 80A yz(xy)/pacen → xy 

33 700 0.0142 65/67B→73B pz/z
2, π/z2→z2  33 400 0.0277 70A → 76A    

66B → 72B 
yz/π → π1*, π/yz → 

yz(π∗) 
 34 200 0.0174 66B → 72B π/yz → yz  34 900 0.0124 73B → 80B π/yz → z2 

33 800 0.0137 70A → 76A      
68B → 75B 

yz/π → π∗, px → 
xz/π∗ 

 33 800 0.0056 64B → 70B pσ(x2-y2) → xz/π*  36 400 
36 600 

0.0215 
0.0132 

68/69A→75A x2-y2/pσ, πn.b. → 
π1* 

 38 900 0.0053 74A → 81A    
71B → 77B 

πn.b./z2 → π1*, 
pσ(x2-y2) → x2-y2 

35 200 0.0109 64A → 74A 
65B→72/74B 

yz(xy)pacen → xy, 
π/z2→yz, z2/xy(π*) 

 34 200 0.0073 65B → 74B    
64A → 74A 

pz/z
2 → z2/xy(π*), 

yz/xy/pacen → xy 
 37 800 0.0152 65B → 72B pz/z

2 → yz  39 200 0.0113 69B → 76B π2 → xz/π* 

35 700 0.0079 65B→72B π/z2 → yz  34 600 0.0085 65B → 72B pz/z
2 → yz  38 200 0.0067 

0.0079 
69B → 76B py → xy      

35 800 0.0203 69A → 75A x2-y2/pσ → π1∗  35 700 0.0276 69A → 75A x2-y2/pσ → π1*  38 700 0.0119 69B → 76B py → xy      

36 200 0.0146 69B → 76B py → xy  35 900 0.0057 68A → 76A πn.b.→ π1*  39 200 0.0073 62B → 70B π2 → xz/π*      

36 600 0.0197 68A → 75A πn.b. → π1*  36 200 0.0535 65B → 74B pz/z
2→z2/xy/π*  39 600 0.0286 67B → 75B π/z2 → xz/π*      

37 400 0.0646 64B → 71B       
65B → 73B 

pσ(x2-y2) →    x2-
y2, π/z2 → z2 

 36 300 0.0055 69B → 76B py → xy  39 800 0.0119 68B → 76B px → xy      

38 400 0.0485 67B → 75B pz/z
2 → xz/π*  36 700 

36 900 

0.0067 
0.0290 

68B → 76B px → xy  40 100 0.0474 65B → 74B       
66B → 75B 

pz/z
2→z2/xy/yz 

(π*), π/z2 →xz/π* 
     

     38 100 0.0186 67B → 75B π/z2 → xz/π*           

Table 4.13. Electronic transitions of the [Mn(acen)X] complexes obtained from TDDFT calculations (B3LYP/LANL2DZ).  
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A reasonable assignment of the negative MCD band 7 in the case of [Mn(acen)I] can 

unfortunately not directly be extracted from the corresponding TDDFT calculation. However, 

one should keep in mind that the pz/z
2 beta spin orbitals 67B and 73B are the only orbitals that 

are significantly affected by the exchange of the axial ligand X. In consequence, the negative 

MCD band 7 might be tentatively assigned to the pz/z
2 bonding → antibonding transition 

(67B → 73B). As already mentioned, the bonding pz/z
2 orbital is more and more stabilized 

with an increasing ligand field strength while the energy of the antibonding pz/z
2 orbital is 

more and more raised at the same time. This negative band would therefore shift towards 

higher energies upon the exchange of the axial ligand and could then be assigned to the 

negative MCD band 10 in the case of [Mn(acen)Br], if this band is indeed considered to be a 

negatively signed transition. In the cases of [Mn(acen)Cl] and [Mn(acen)NCS], this band 

would be further shifted towards higher energies. It would not be resolved in the MCD spectra 

of the latter two complexes as it would be superimposed by the very intense negative 

bands 12 and 13. 

The most dominant feature of the MCD spectra is a double pseudo-A-term which corresponds 

to the UV/Vis absorption bands D, E and F. In the literature dxz, dyz → π* metal-to-ligand 

charge transfer (MLCT) has been suggested for the absorption band D while band F was 

assigned to ligand-centered π → π* excitations.[188] From the TDDFT calculations ligand-to-

metal charge transfer transitions arising from the πn.b.(a)/yz and πn.b.(s)/z2 beta spin orbitals or 

metal-to-ligand charge transfer arising from the alpha spin manganese d-orbitals into the acen 

π* orbitals could be suggested, because these two types are the most intense transitions within 

the considered spectral regions of the calculated UV/Vis spectra. However, as the TDDFT 

calculations give no explanation for the positive or negative signs of the individual MCD 

transitions, an unambiguous assignment of the double pseudo-A-terms is not possible without 

further molecular orbital and symmetry considerations. Especially the change of sign within 

the double pseudo-A-terms of the different [Mn(acen)X] complexes has to be explained as 

well, which is the topic of the following section. 
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4.10 Assignment of the Double Pseudo-A-Terms Based on Molecular Orbital and 
Symmetry Considerations. 

Two corresponding pseudo-A-terms, i.e. a “double pseudo-A-term”, are made out as the most 

dominant features in the MCD spectra of all studied [Mn(acen)X] complexes. This implies 

that the starting orbitals of the two pseudo-A-terms correspond to the symmetric and 

antisymmetric linear combinations of atomic orbitals with respect to the mirror plane xz. 

Additionally, the individual transitions must be polarized in different directions resulting in 

oppositely signed transition dipole moments. The protocol of calculating MCD C-term 

intensities and determining the individual signs from the corresponding transition dipole 

moments which has been described by Neese and Solomon[8] could already successfully be 

applied for the CS symmetric molybdenum(V) d1 complex [Mo(O)Cl3dppe] (dppe = 1,2-

bis(diphenylphosphino)ethane, chapter 4). 

In general, three types of – in parts formerly degenerate – pairs of orbitals showing different 

symmetries with respect to the mirror plane xz are identified in the molecular orbital schemes 

of the [Mn(acen)X] complexes which are  

(i) the symmetric and antisymmetric acen π1* orbitals (75/76A – (I, Br, Cl); 81/82A – 

(NCS)),  

(ii) the px and py orbitals of the axial ligand X (71/72A and 68/69B - (I, Br, Cl); 

78/79A and 74/75B – (NCS)) and  

(iii) the bonding and antibonding linear combinations of the symmetric and 

antisymmetric non-bonding acen π-orbitals with dz
2 and dyz (73/70A – (I, Br); 

73/72A – (Cl); 77/76A – (NCS) and 65/66B – (I), 67/66B - (Br, Cl), 73/72B - 

(NCS)). 

Note that the formerly degenerate manganese d-orbitals dyz and dxz (Scheme 4.1) are 

combined with different types of acen π-orbitals in the case of the symmetrized [Mn(acen
#)X] 

complexes while they are mixed to give two xz/yz hybrid orbitals without a clear symmetry in 

the case of the unsymmetrized complexes. However, in both cases they no longer fit into the 

described pattern of corresponding orbitals showing opposite symmetries and are therefore 

neither considered as starting orbitals nor as target orbitals for the observed (double) pseudo-
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A-terms in the MCD spectra of any of the [Mn(acen)X] complexes. As already mentioned, dyz 

and dz
2 instead have to be considered as corresponding metal d-orbitals in the molecular 

orbital schemes of [Mn(acen)X], as they are combined with the same type of acen ligand 

orbitals which are the symmetric and antisymmetric non-bonding π-orbitals, πn.b.(s, a). 

The LMCT transitions arising from the px and py orbitals of the axial ligand (68/69B → 

70/72B – (I, Br, Cl) and 74/75B → 76/78B – (NCS)) would all be z-polarized resulting in 

equally signed transition dipole moments which cannot lead to oppositely signed MCD bands. 

These orbitals are therefore also ruled out as starting orbitals for the observed (double) 

pseudo-A-term features. 

In consequence, the double pseudo-A-term can only arise from metal-to-ligand charge transfer 

from the yz/πn.b.(a) and πn.b.(s)/z2 orbitals into the π1* orbitals among the alpha spin orbitals or 

from ligand-to-metal charge transfer, i.e. the bonding → antibonding transitions from the 

occupied πn.b.(a)/yz and πn.b.(s)/z2 orbitals into the unoccupied yz and z2 orbitals among the 

beta spin orbitals.  

Considering the corresponding transition dipole moments, electronic transitions into the π1* 

orbitals cannot give rise to a (double) pseudo-A-term, because transitions into the 

antisymmetric π1* orbitals do not have electric dipole character. 

Based on the particular symmetries of the involved beta spin orbitals, it can therefore be 

concluded that the only possibility left for a reasonable assignment of the observed double 

pseudo-A-term in the MCD spectra of the [Mn(acen)X] complexes are the πn.b.(a)/yz, 

πn.b.(s)/z2 → yz(π), z2(π) LMCT beta spin transitions. Considering the relative energies of 

these orbitals, the most important trends within the calculated MO schemes are again shortly 

summarized in the following.  

The iodido ligand has the weakest ligand field effect of all studied axial ligands. The energy 

gap between the bonding and the antibonding z2/pz (beta spin) orbitals therefore is the 

smallest within the [Mn(acen)X] series. In consequence, the bonding z2/pz orbital (67B) 

appears above the non-bonding acen π-orbitals, so that the symmetric π-orbital πn.b.(s) (65B) 

is found below the antisymmetric π-orbital πn.b.(a) (66B) in the case of the iodido complex 
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(Figure 4.18, Table 4.9). An increasing ligand field strength leads to an increased 

displacement of the manganese(III) ion from the equatorial plane in positive z direction for 

different axial ligands X. This is clearly associated with the energetic stabilization of the 

bonding z2/pz orbital which is thus found below the non-bonding acen π-orbitals. The 

symmetric π-orbital πn.b.(s) (67B) now appears above the antisymmetric π-orbital πn.b.(a) 

(66B) as it is observed in the calculated MO schemes of the bromido and the chlorido 

complex (Figure 4.21, Table 4.12). At the same time the antibonding z2/pz orbital (73B) is 

more and more lifted in energy (Figure 4.21). The sequence of the considered target orbitals 

dyz (72B) and dz
2 (73B) is unchanged for all [Mn(acen)X] complexes (Figure 4.21, Table 

4.12). Note, however, that only the symmetry of the starting orbitals determines the signs 

within a double pseudo-A-term while the symmetry of the target orbitals has no influence on 

these signs.[8] 

Beginning with [Mn(acen)I] the πn.b.(s)/z2, πn.b.(a)/yz → yz(π), z2(π) LMCT transitions 

involve the beta spin orbitals 66/65B and 72/73B. The dz
2 and dyz manganese d-orbitals 

interact through spin-orbit coupling via Lx. 

The πn.b.(a)/yz → yz transition is z-polarized in the negative direction: 

 

Note that the only contribution to the transition density arises from a yz/py bonding → 

antibonding transition along the z axis and not from the acen π-orbitals (Figure 4.18). 

The πn.b.(a)/yz → z2 transition is y-polarized in the positive direction:  
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In general the MCD C-term intensity of yz polarized transitions is given by 
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J and K are the excited states which are coupled through spin-orbit coupling via Lx. The 

LMCT transitions considered here are type I electronic transitions[117] among beta spin 

orbitals, so that an additional negative coefficient has to be introduced here, as the spin-orbit 

coupling matrix elements of two beta spin orbitals can generally be written as 

2121 )1( ααββ xx LL −=  

As a result, the MCD C-term intensity of the πn.b.(a)/yz → yz transition (A → J (66B → 72B); 

K: z2 (73B)) has a negative sign. It is given by 
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On the contrary, MCD C-term intensity of the corresponding πn.b.(a)/yz → z2 transition 

(A → J (66B → 73B); K: yz (72B)) has a positive sign: 

( ) ( ) ( ) ( ) ( ) ( )}ImIm{
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Taken together, the πn.b.(a)/yz → yz, z2 ligand-to-metal charge transfer transitions (66B → 

72/73Β) thus give rise to a positive pseudo-A-term. In consequence, they can be assigned to 

the MCD bands 9 and 10 in the case of [Mn(acen)I] which also correspond to band 11 and 12 

in the MCD spectrum of [Mn(acen)Br]. 

For the corresponding πn.b.(s)/z2 → yz, z2 LMCT transitions (65B → 72/73B) a negative 

pseudo-A-term is obtained in the MCD spectra. The z2/πn.b.(s) → yz transition is y-polarized in 

the positive direction 

 

and the πn.b.(s)/z2 → z2 transition is z-polarized in the negative direction: 
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Thus the only contribution to the transition density, corresponding to the πn.b.(a)/yz → yz 

transition, here does not involve the acen π-orbitals but actually arises from a z2/pz bonding 

→ antibonding transition along the z axis (Figure 4.18). 

A positive MCD intensity is then obtained for the πn.b.(s)/z2 → yz transition (A → J 

(65B → 72B); K: z2 (73B)): 
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The corresponding πn.b.(s)/z2 → z2 transition (65B → 73B (A → J); K: yz (72B)) results in a 

negative signed MCD band: 
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In total, the πn.b.(s)/z2 → yz, z2 LMCT transitions (65B → 72/73B) thus give rise to a negative 

pseudo-A-term which is assigned to band 11 and 12 in the MCD spectrum of [Mn(acen)I] as 

well as to band 13 and 15 in the MCD spectrum of [Mn(acen)Br].  

To sum up, our symmetry-based analysis identifies a positive pseudo-A-term centered at 

~ 26 000 cm-1 followed by a negative pseudo-A-term at higher energies in the MCD spectra of 
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[Mn(acen)I] and [Mn(acen)Br], which can be taken together as double pseudo-A-terms 

arising from the πn.b.(s)/z2, πn.b.(a)/yz → z2, yz ligand-to-metal charge transfer transitions. 

As already mentioned, the symmetric π-orbital πn.b.(s)/z2 (67B) and the antisymmetric π-

orbital πn.b.(a)/yz are inverted in energy in the case of the bromido, the chlorido and the NCS 

complexes (Figure 4.21, Table 4.12). In consequence, the symmetry of the starting orbitals of 

the two pseudo-A-terms is inverted which leads to a change of signs within the double 

pseudo-A-term. In the MCD spectra of [Mn(acen)Cl] and [Mn(acen)NCS] the negative 

pseudo-A-term (band 11 + 12) is indeed centered at ~ 29 000 cm-1 and followed by the 

positive pseudo A-term at higher energies (vide supra, Figure 4.14). Based on the calculated 

MO scheme, a change of signs within the pseudo-A-term would also be expected for 

[Mn(acen)Br] but is not observed within the MCD spectrum. This implies that the relative 

energies of the symmetric and antisymmetric πn.b. orbitals (65B - 67B) are not correctly 

reproduced by the quantum chemical computation of the molecular orbitals. 

The assignment of the double pseudo-A-terms to the πn.b.(a)/yz, πn.b.(s)/z2 → yz, z2 LMCT 

transitions is shown in Figure 4.23.  
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Figure 4.23. Assignment of the double pseudo-A-terms in the low-temperature MCD spectra of [Mn(acen)I] 
(top) and [Mn(acen)Cl] (bottom) to the πn.b.(a)/yz, πn.b.(s)/z2 → yz(π), z2(π) LMCT transitions.  

The suggested assignment of all UV/Vis and MCD transitions of the [Mn(acen)X] complexes 

is summarized in Table 4.14. The analysis is based on the combined results of the AOMX 

ligand field calculations as well as the (TD)DFT calculations of the molecular orbitals and 

electronic transitions. 

The spin-forbidden triplet transitions and the spin-allowed d → d band II could be identified 

from the AOMX results. In contrast, the energy of the third spin-allowed ligand field 

transition band III is still unclear as the results of the AOMX and the TDDFT calculations do 

not agree. Also, the assignments of the p → d charge transfer transitions from the p-orbitals of 

the axial ligand X into the manganese d-orbitals (LaxMCT) may rather be considered to be 

tentative suggestions than definite assignments. However, the most intense transitions which 

dominate the MCD spectra of all [Mn(acen)X] complexes could be identified as double 

pseudo-A-term features arising from πn.b.(s)/z2, πn.b.(a)/yz → yz, z2 ligand-to-metal charge 

transfer (LMCT). Furthermore, the change of signs which has been observed within these 
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pseudo-A-terms could be explained by the stabilization of the bonding pz/z
2 orbital which 

leads to the inversion of the symmetric and antisymmetric non-bonding π−orbitals with 

increased ligand field strength of the axial co-ligand 

Table 4.14. Assignment of the MCD (and UV/Vis) transitions of the [Mn(acen)X] complexes based on AOMX 
and (TD)DFT calculations as well as on molecular orbital and symmetry considerations. 

UV/Vis MCD assignment 

 [Mn(acen)I] [Mn(acen)Br] [Mn(acen)Cl] [Mn(acen)NCS]  

 -- (1)     14 800 (-) (1)     14 900 (-) (1)     14 800 (-) 

 -- (2)     15 200 (-) (2)     15 400 (-)  (2)     15 500 (-) 

 (1)    15 600 (-) (3)     15 500 (-) (3)     15 700 (-) (3)     16 100 (-) 

spin-forbidden triplet transitions 
(d → d)a 

(A)   16 400 (2)    16 400 (-) (4)     16 400 (-) (4)     16 500 (-) (4)     16 900 (-) 

5B1 → 5B2 spin-allowed ligand field 
transition (d → d) a, b 

 (3)    16 900 (-) (5)     17 200 (-) (5)     17 200 (-) (5)     17 300 (-) 

 (4)    18 200 (-) (6)     18 200 (-) (6)     17 600 (-) (6)     17 900 (-) 

5B1 → 5E spin-allowed ligand field 
transitions (d → d) a or low-energy 
LaxMCT b 

 (5)    18 800 (-) (7)     18 900 (-) (7) (7)     18 700 (-) 
spin-forbidden triplet transition 
(d → d)a 

 (6)    19 700 (-)    low-energy LaxMCT b 

 (7)    21 600 (-)    px → xz/π∗ (LaxMCT ) b 

-- (8)     21 400 (+) (8)     21 400 (+) (8)     21 400 (+) LaxMCT b 

(B, C) 22 300 
(8)    23 300 (-) (9)     23 300 (+) (9)     23 200 (+) (9)     23 200 (+) πn.b.(s) → xy (LMCT)b 

 -- (10)    24 300 (-) (10)    25 900 (+) (10)   25 300 (+) LaxMCT b 

(9)    24 400 (-) (11)    25 800 (-) (11)    27 900 (+) (11)   27 500 (+) (D) 25 000 -
27 000 (10)   26 200 (+) (12)    27 900 (+) (12)    30 700 (-) (12)   30 700 (-) 

(11)   28 000 (+) (13)    30 000 (+) (13)    32 100 (-) (13)   32 800 (-) ((E)   
30 500*) (12)   31 800 (-) * (14)    35 100 (+) (14)   35 800 (+) 

  (15)    32 900 (-)   

(F)   33 500 (13/14) (16)    34 500 (-)   

ππππn.b.(s)/z2, ππππn.b.(a)/yz → yz, z2 
(LMCT)b, c  
The change of signs with the double 
pseudo-A-term: is explained by the 
inversion of the symmetric and 
antisymmetric non-bonding π−orbitals 
with the increased ligand field strength 
of the axial co-ligand c 

  *(14)   31 900 (+) (15)    36 300 (+) (15)   36 400 (+) xy/pacen bonding → antibonding 
transition 

a AOMX 

b TDDFT (B3LYP/LANL2DZ) 

c molecular orbital and symmetry considerations 

 

 

As UV/Vis and MCD intensities of electronic transitions are due to completely different 

mechanisms, they actually cannot really be compared. However, looking at the UV/Vis 

assignment reported in the literature,[188] the situation is obviously more complex. Band 
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assignment is more difficult if not only the observed shifts in the UV/Vs spectra but also the 

calculated molecular orbitals are taken as a basis. 

As a concluding remark it should be noted, that in the case of [MoV(O)Cl3dppe] the double 

pseudo-A-term arose from type III electronic transitions, i.e. transitions from doubly occupied 

ligand orbitals into unoccupied metal d-orbitals. To describe the involved excited states, 

multi-determinant expressions[117] had to be employed to describe the MCD mechanism 

properly (vide supra, chapter 3). In the case of the [Mn(acen)X] complexes the πn.b.(a)/yz, 

πn.b.(s)/z2 → yz(π), z2(π) transitions, which give rise to the double pseudo-A-terms in the 

corresponding MCD spectra, are type I transitions, i.e. transitions from doubly occupied 

ligand orbitals into singly occupied manganese d-orbitals. Considering the resulting excited 

states, the spin states are represented by single determinants. In consequence, the description 

of the MCD mechanisms of these type I transitions is much easier compared to the type III 

electronic transitions which dominate the MCD spectra of [MoV(O)Cl3dppe]. 

 

4.11 Summary 

The [Mn(acen)X] Schiff base complexes (X = I-, Br-, Cl-, NCS-) have firstly been thoroughly 

characterized by vibrational spectroscopy. The molecular vibrations were completely 

correlated to the observed transitions based on quantum chemical computations of the 

corresponding IR and Raman spectra. As a result, the DFT optimized complex structures were 

verified as reliable for further calculations. 

The study on the [Mn(acen)X] low-temperature parallel mode cw X-band EPR spectra 

achieved excellent results with respect to the quality of the recorded spectra as well as of the 

spectral simulations using the XSophe simulation software.[1] From this study it could be 

concluded, that discrete, mononuclear manganese(III) species are present in solution even at 

high concentrations. This is a prerequisite for the UV/Vis and MCD study of the electronic 

transitions. 

The UV/Vis absorption spectra of the [Mn(acen)X] complexes which have already been 

reported in the literature[188] were further studied within this work with respect to different 

solvents, different media (polystyrene film spectra vs. solution spectra) and the low-



4 Electronic Structure and Spectroscopic Properties of Mononuclear Manganese(III) Schiff Base Complexes 

__________________________________________________________________________________________ 

 

157 

temperature spectra. It could be confirmed that a varying ligand field strength of the axial 

ligands X (I- < Br- < Cl- < NCS-) almost has no effect on the UV/Vis absorption spectrum. 

In contrast, the variation of X was found to have a huge effect on the corresponding low-

temperature MCD spectra. They are all dominated by very intense double pseudo-A-term 

features which change their signs from [Mn(acen)I] and [Mn(acen)Br] to [Mn(acen)Cl] and 

[Mn(acen)NCS]. For the assignment of the observed UV/Vis and MCD bands the molecular 

orbitals and the electronic transitions were computed using (TD)DFT calculations. The 

description of the molecular orbitals turned out to be rather difficult due to the high covalence 

of the metal-ligand bonds. It could be managed with the help of MO calculations for the 

symmetrized [Mn(acen
#)X] complexes (CS symmetry) first. Two pairs of almost degenerate E 

states were identified among the beta spin orbitals which could give rise to a double pseudo-

A-terms in the MCD spectra. From the considered transition densities, this feature was indeed 

assigned to the ligand-to-metal charge transfer transitions from the doubly occupied non-

bonding π-orbitals πn.b.(a)/yz and  πn.b.(s)/z2 into the singly occupied manganese d-orbitals dyz 

and dz
2. In addition, an explanation was also presented for the observed change of signs of the 

pseudo-A-terms within the [Mn(acen)X] series. Upon the variation of the axial ligand X the 

non-bonding π-orbitals shift within the MO schemes leading to an inverted symmetry in the 

case of [Mn(acen)Cl] and [Mn(acen)NCS] compared to [Mn(acen)Br] and [Mn(acen)Br]. As 

they determine the signs of the considered pseudo-A-term transitions this clearly results in a 

change of signs within the observed double pseudo-A-terms. Suggestions for the assignments 

of the remaining UV/Vis and MCD bands could also be made from AOMX ligand field and 

TDDFT calculations.  

From the study on the UV/Vis and MCD spectra of the [Mn(acen)X] series of complexes it is 

concluded that MCD spectroscopy must definitely be considered superior to conventional 

UV/Vis absorption spectroscopy with respect to its sensitivity. Even small changes of the 

ligand field strength, like the variation of an axial ligand, which cannot be followed by 

UV/Vis spectroscopy can be studied by MCD spectroscopy as they may lead to dramatic 

changes in the corresponding MCD spectra. 
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5 Electronic Structure of Facially Coordinated 
Molybdenum(III) Tripod Complexes 

The UV/Vis absorption spectra which are analyzed in this chapter were recorded by Jan 

Krahmer and Henning Broda. 

5.1 [MoBr3P3] 

 

Figure 5.1. left: Structure of [MoBr3P3] obtained from X-ray single crystal analysis[6, 196] with  the hydrogen 
atoms omitted for clarity. This structure was used for the (TD)DFT calculation without further optimisation. 
right: Schematic ligand field splitting of the metal d-orbitals in an elongated octahedral coordination geometry, 
molybdenum(III): d3 

The uncharged molybdenum(III) complex [MoBr3P3] (P3 = 1,1,1-tris(diphenylphosphino-

methyl)ethane, tdppme) was the first molybdenum-phosphorus tripod complex synthesized by 

the Tuczek group.[196] It serves as a precursor for Chatt type molybdenum(0)-dinitrogen 

complexes (C1, chapter 1.2.3) like [Mo(N2)P3dppm] (dppm = diphenylphosphinomethane) or 

[Mo(N2)P3dmpm] (dmpm = dimethylphosphinomethane).[6, 196] These are obtained from 

[MoBr3P3] by sodium amalgam reduction in the presence of the dppm or dmpm co-ligands 

under a dinitrogen atmosphere. The Mo(0) center of these complexes is facially coordinated 

to the tripodal P3 ligand. The axial position trans to the N2 ligand is therefore protected by a 

coordinating phosphorus atom and is thus no longer accessible for ligand exchange. This is an 

important improvement on the way to catalytic N2 fixation, as undesired side-reactions 

involving the position trans to N2 can be avoided. The N2 ligand of the [Mo(N2)P3dmpm] 

complex shows a moderate activation and can be protonated to give the hydrazido complex 

[Mo(NNH2)P3dmpm].[6, 196] This represents one of the first intermediates (C3, chapter 1.2.3) 
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of the Chatt cycle and eventually could lead to ammonia formation by true catalytic 

dinitrogen reduction.  

The synthesis of [MoBr3P3] has already been described.[196] The tripodal P3 ligand (P3 = 1,1,1-

tris(diphenylphosphinomethyl)ethane) is facially coordinated to the molybdenum(III) center 

leading to a distorted octahedral complex geometry of trigonal symmetry with a slightly 

elongated z axis (Figure 5.1). The atomic coordinates of the [MoBr3P3] obtained by X-ray 

crystallography[196] were used for the quantum chemical (TD)DFT calculations of the 

molecular orbitals and electronic transitions without performing any further geometry 

optimization. Considering the ligand field splitting of the molybdenum d-orbitals, a slight 

splitting should be expected within the t2g and eg orbitals (Figure 5.1, right). The title complex 

has a high-spin d3 configuration, so the t2g orbitals are singly occupied.  

 

5.1.1 UV/Vis Absorption Spectrum and Ligand Field Calculations (AOM) 

 

Figure 5.2. UV/Vis absorption spectra of [MoBr3P3] measured in CH2Cl2 (d = 10 mm) at two different 
concentrations (0.08/2 mM). 

Solutions of [MoBr3P3] in CH2Cl2 have a yellow color. Two distinct absorption features at 

25 000 cm-1 (ε = 3 600 mol-1cm-1, band (3 +) 4) and 31 300 cm-1 (ε = 4 800 mol-1cm-1, band 5) 

and a clear shoulder at 37 500 cm-1 (band 7) are observed in the UV/Vis absorption spectrum 

of [MoBr3P3] at low concentrations (0.08 mM). In addition, a very weak shoulder is 

eventually made out at ~ 36 000 cm-1 (band 6). At a higher concentration (2 mM) a distinct, 

low-intensity absorption band at 11 600 cm-1 (ε = 30 mol-1cm-1, band 1) and a tiny shoulder 
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around 16 000 cm-1 (band 2) are additionally observed in the low energy region of the UV/Vis 

spectrum (Figure 5.2). 

The UV/Vis spectra of three molybdenum(III) high-spin systems have already been studied in 

detail. In the case of the meridionally coordinated trispyridine and trispicoline Mo(III) 

complexes [MoBr3py3] and [MoBr3(4-pic)3] two low-intensity bands were observed at 

8 800 cm-1 and ~ 14 500 cm-1.[109] These were assigned to the spin-forbidden doublet 

transitions 4A2g → 2Eg, 
2T1g(G) and 4A2g → 2T2g(G). Additionally, an intense absorption band 

at 27 200 - 27 600 cm-1 has been assigned to a spin-allowed ligand field transition 

(4A2g → 4T2g) for these two complexes which gains its high intensity by being mixed with a 

more intense Mo → py/4-pic metal-to-ligand charge transfer transition.  

In the UV/Vis spectrum of the facially coordinated [MoIIIBr3(NH3)3] complex, the 
4A2g → 4T2g and 4A2g → 4T1g quartet transitions were observed at 23 800 cm-1 and 

28 100 cm-1.[197] Additionally, a weak absorption feature at 15 100 cm-1 was assigned to the 

4A2g → 2T2g(G) doublet transition. 

Scheme 5.1. Ligand field diagram of Mo(III) extracted from the Tanabe-Sugano diagram of an octahedral d3 
high spin system[102] and confirmed by ligand field calculations based on the angular overlap model (AOM). 

 

Transferring these assignments to the UV/Vis spectrum of [MoBr3P3] and in accordance with 

the ligand field diagram of an octahedral d3 high spin system[95, 102] (Scheme 5.1), the 

absorption band 4 at 25 000 cm-1 and band 5 at 31 300 cm-1 would then also intuitively be 

assigned to the first two spin-allowed ligand field transitions, 4A2g → 4T2g (band I) and 

A2g → 4T1g (band II). However, the extinction coefficients are actually too high to support 
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these assignments. The absorption features below 20 000 cm-1 are expected to originate from 

spin-forbidden transitions due to their very low intensities.  

To verify these assignments ligand field calculations based on the angular overlap model 

were employed using the AOMX program.[169, 170] The input geometry (xyz) of the 

coordinating ligand atoms, i.e. bond lengths and bond angles, was taken from the single 

crystal X-ray structure.[196] One set of σ- and π-bonding parameters eσ and eπ was chosen for 

the bromido ligands (eσ1/eπ1) and one set for the P3 ligand (eσ2/eπ2). Starting values of eσ and 

eπ were taken based on typical values taken from a previously published data.[168] The π-back-

bonding from the molybdenum d-orbitals into unoccupied p-orbitals of the three coordinating 

phosphorus atoms is reflected by the negative π-bonding parameter of the P3 ligand 

(eπ2 = -1 500 cm-1). As a result of that the electron density at the metal center is reduced, so 

that in consequence the Mo-Br bond strength might be increased, resulting in a significantly 

increased value of the corresponding σ-bonding parameter eσ1. The π-bonding parameter eπ1, 

however, shows no variation during the calculation (Table 5.1). 

Table 5.1. left: Experimental and calculated (AOMX) ligand field transitions of [MoBr3P3]. right: overview of 
the corresponding AOM parameters. All parameters and energies are given in cm-1.  

 UV/Vis calc.  
 

 input fit 

4A2g (F) 0 0  
eσσσσ1 5 050 8 400 

2Eg (G) 11 600  
eππππ1 690 690 

2T1g (G) 
(1)    11 600 

12 100  
eσσσσ2 7 500 7 500 

 
2T2g (G) (2) ~ 16 000 18 300  

eππππ2 -1 500 -1 500 

4T2g (F) (4)    25 000 25 000  B 500 610 

4T1g (F) (5)    31 300 31 500  C 2 300 2 300 

4T1g (P) -- > 50 000  |D| -- 4.2 

       

Overall, the AOMX calculation confirms the ligand field diagram of Mo(III) which has been 

extracted from the Tanabe-Sugano diagram of an octahedral d3 high spin system (Scheme 

5.1).[95, 102] The results of this calculation are shown in Table 5.1. The electronic ground state 

is represented by a non-degenerate 4A2g term originating from the splitting of the 4F ground 

term in octahedral symmetry. The first three electronic transitions are spin-forbidden, as three 

low lying doublet states, 2Eg, 
2T1g and 2T2g, arise from the ligand field splitting of the excited 

2G term. If the weak absorption band at 11 600 cm-1 is assigned to the 4A2g → 2Eg(G) doublet 

transition in the AOM calculation, the other two spin-forbidden transitions, 4A2g → 2T1g(G) 



5 Electronic Structure of Facially Coordinated Molybdenum(III) Tripod Complexes 
__________________________________________________________________________________________ 

 

163 

and 4A2g → 2T2g(G), are expected to appear at 12 100 cm-1 and 18 300 cm-1. In the 

experimental UV/Vis spectrum of the 2 mM complex solution, the 4A2g → 2T1g(G) transition 

might cause the asymmetry of band 1 at 11 600 cm-1 without being resolved as an distinct 

absorption feature. However, the calculated energy of the 4A2g → 2T2g(G) transition does not 

really match the observed shoulder at 16 000 cm-1 (band 2). On the other hand, if positioned at 

18 300 cm-1, this transition would be hard to detect next to the very intense band 4 at 

25 000 cm-1. If this absorption band is assigned to the first spin-allowed quartet transition 

(band I, 4A2g → 4T2g) the second quartet transition (band II, 4A2g → 4T1g) appears at 

31 500 cm-1 in the AOM calculation. This is in a very good agreement with the experimentally 

observed energy of band 5 at 31 300 cm-1. The third spin-allowed transition, 4A2g → 4T1g(P), 

is then expected at an energy larger than 50 000 cm-1 and thus is not observed in the 

experimental spectrum. In consequence, the UV/Vis bands 6 + 7 at 36 000 cm-1 and 37 500 

cm-1 cannot be assigned to another d → d transition and must be associated with charge 

transfer processes instead. Here, especially the possibility of phenyl π → π* transitions has to 

be considered as well. 

Note that the interelectronic repulsion parameter (Racah-Parameter) of B = 610 cm-1 obtained 

from the AOM calculation of the ligand field states (Table 5.1) is very high compared to the 

literature. In the case of the fac-[MoIIIBr3(NH3)3] complex, a value of B = 377 cm-1 has been 

determined for the molybdenum(III) ion from the UV/Vis absorption spectra.[197] However, if 

values of B < 500 cm-1 were chosen in the AOM calculations, no reasonable results 

considering the energies of the ligand field states of [MoBr3P3] could be obtained anymore. 

Including spin-orbit coupling into the ligand field calculations (ζMo(III) = 820 cm-1 [105]) an 

axial zero-field splitting value of |D| = 4.2 cm-1 is obtained for the 4A2g ground state. As the 

negative spin-orbit coupling of the three bromido ligands has not been included, this value 

appears to be too high. The sign of D cannot be extracted from the ligand field calculation in 

the case of an S = 3/2 system. 
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5.1.2 Low-temperature MCD Spectrum 

The low-temperature MCD spectrum of [MoBr3P3] (Figure 5.3) shows relatively low 

intensities. In consequence, baseline subtraction was difficult. Nevertheless, two very broad, 

but partly structured, positive absorption features without zero-crossings are observed 

between 20 000 cm-1 and 38 000 cm-1 at positive magnetic field strengths. By spectral 

deconvolution, these could be modeled by two sets of three and four Gaussian curves, 

respectively (Figure 5.3, right).  

 

Figure 5.3. left: Low-temperature MCD spectrum of [MoBr3P3], measured in a thin film of polystryrene/CH2Cl2 
at T = 2 K and magnetic field strengths varied from B = -5 T to +5 T. The sample was prepared from a 1 mM 
complex solution. right: Gaussian curve fit of the low-temperature MCD spectrum at B = 5 T between 
20 000 cm-1 and 38 000 cm-1 and UV/Vis absorption spectrum (CH2Cl2, 0.08 mM, d = 10 mm) for comparison. 

The MCD bands A – D roughly correspond to the first UV/Vis absorption feature (band 3; 4) 

between 20 000 cm-1 and 28 000 cm-1. The MCD band C shows a higher intensity than the 

bands A, B and D and is found in the spectral region of the UV/Vis absorption maximum at 

25 000 cm-1 (band 4). Note that the energy of the MCD band B might correspond to a possible 

low-intensity absorption band 3 at around 22 500 cm-1 which is not resolved as an individual 

transition in the UV/Vis spectrum (Figure 5.2). The other three positive MCD bands E – G 

show comparatively high intensities. The MCD bands E and G correspond to the observed 

UV/Vis absorption band 5 at 31 300 cm-1 and band 6 at 36 000 cm-1. In contrast, the 

absorption band corresponding to the MCD band F is not observed but probably hidden 

beneath the strong absorbance in the high-energy region of the UV/Vis spectrum. An MCD 

band corresponding to the UV/Vis absorption band 7 at 37 500 cm-1 is only observed as a very 
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small shoulder in the corresponding MCD spectrum and was not included in the Gaussian 

curve fits. 

A detailed assignment of the observed MCD bands (and UV/Vis absorption features) to the 

individual electronic transitions was developed based on time-dependent DFT calculations 

and molecular orbital considerations and will be described in the following. 

 

5.1.3 DFT Calculation of the Molecular Orbitals 

Molecular orbitals of [MoBr3P3
H
] 

The molecular orbitals of [MoBr3P3] were first constructed from MO calculation of a 

simplified model complex in which the phenyl groups of the P3 ligand were abbreviated by 

hydrogen atoms. This truncated complexes will be denoted as [MoBr3P3
H] in the following.2  

As expected, three singly occupied (dxz, dyz, dxy, 47A – 49A, t2g) and two unoccupied (dz
2, 

dx
2
-y

2, 50/51A, eg) molybdenum d-orbitals were obtained among the alpha spin orbitals. In 

contrast to the schematic ligand field diagram shown in Figure 5.1 (right) both the t2g and the 

eg molybdenum d-orbitals are almost degenerate in the molecular orbital scheme of 

[MoBr3P3
H]. Nearly no spin polarization is observed between the alpha and beta spin orbitals, 

so only the alpha spin orbitals are depicted in Figure 5.4. 

Using the simplified [MoBr3P3
H] model complex, it can be seen that the bromido ligand MOs 

of a trigonal complex are generally constructed by combining two p-orbitals of two of the 

three bromido ligands, Brx, Bry and Brz (Figure 5.4, Table 5.2). In consequence, three 

symmetric and three antisymmetric pπ orbitals, pxy, pxz and pyz, i.e. one in each molecular 

plane, are obtained. To some extent they can be derived from and still correlated with the 

symmetric and antisymmetric in-plane and out-of-plane chlorido p-orbitals of the CS 

                                                 

2 Note that no DFT geometry optimization was performed for the truncated [MoBr3P3
H] model complex before 

the DFT calculation of the molecular orbitals. Instead, atom coordinates obtained from the X-ray crystal 
structure were used. 
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symmetric [Mo(O)Cl3dppe] (vide supra, chapter 3), which is a molybdenum(V) complex but 

also facially coordinated by three halogenido ligands.  

Table 5.2. DFT calculation of the molecular orbitals of the truncated [MoBr3P3
H] complex (BP86/LANL2DZ). 

orbital Mo3+ Brx Bry Brz description ligand CS 

51 x2-y2 dx2-y2 σ2(Br + P) -- σ−antibonding, unoccupied metal d-orbital σ2(Breq + P) 

50 z2 dz2 σsym(Br + P) σ−antibonding, unoccupied metal d-orbital σsym.(Breq, ax + P) 

49 xy/pxy(s) dxy pxy(s) (py) π−antibonding, singly occupied metal d-orbital pin-plane(s) 

48 yz/pyz(s) dyz (py) pyz(s) π−antibonding, singly occupied metal d-orbital pout-of-plane(a) 

47 xz/pxz(s) dxz pxz(s) (px) pxz(s) π−antibonding, singly occupied metal d-orbital pout-of-plane(s) 

46 pxz(a) -- pz (pz) px bromido p-orbital, antisymm. linear combination pout-of-plane(s) 

45 pyz(a) -- (pz) pz py bromido p-orbital, antisymm. linear combination pout-of-plane(a) 

44 pxy(a) -- py px py bromido p-orbital, antisymm. linear combination pin-plane(a) 

43 pxz(s)/xz dxz pz pz px pout-of-plane(s), π−bonding analogue of MO 47 pout-of-plane(s)    

42 pyz(s)/yz dyz pz pz py pout-of-plane(a), π−bonding analogue of MO 48 pout-of-plane(a) 

41 pxy(s)/xy dxy py px py pin-plane(s), π−bonding analogue of MO 49 pin-plane(s)    

40 pσσσσ1111 -- σ1(Br + P) py bromido p-orbital, py(Brz) bonding -- 

39 pxy(s)px    -- pxy(s)px px pin-plane(s), px (Brz)  antibonding pin-plane(s)    

38 pxy(s)px    (dxy) pxy(s)px px pin-plane(s), px (Brz) bonding pin-plane(s)    

37 z2/σσσσsym dz2 σsym(Br + P) σ−bonding, bonding analogue of MO 50 σsym.(Breq, ax + P) 

36 x2-y2/σσσσ2 dx2-y2 σ2(Br + P) -- σ−bonding, bonding analogue of MO 51 σ2(Breq + P) 

       

The symmetric pπ orbitals, pxy(s), pxz(s) and pyz(s), are observed both in bonding (41 – 43, 

occupied) and antibonding (47 – 49, singly occupied) linear combinations with the 

appropriate t2g molybdenum d-orbitals. They can also be described as the symmetric and 

antisymmetric in-plane and out-of-plane p-orbitals, pout-of-plane(s) (43, 47), pout-of-plane(a) (42, 

48) and pin-plane(s) (41, 49), of the equatorial bromido ligands. In contrast, the antisymmetric 

pxy(a), pxz(a) and pyz(a) orbitals are not stabilized by the metal d-orbitals and thus show pure 

bromido p-character (44 - 46). In addition, three pσ orbitals with zero (σsym), one (σ1) and two 

(σ2) nodal planes are expected. The all-symmetric σsym orbital and the antisymmetric σ2 

orbital are observed in bonding and antibonding linear combinations with the dz
2 orbital 

(37, 50) and the dx
2
-y

2 orbital (36, 51), respectively. The antisymmetric σ1 ligand orbital is 

found in a bonding combination with the py orbital of the axial bromido ligand Brz (40) but 

cannot be stabilized by any of the molybdenum d-orbitals. The molecular orbitals 38 and 39 

are symmetric in-plane bromido p-orbitals, pxy(s)px, in the bonding and antibonding linear 
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combination with the px orbital of the axial bromido ligand Brz, which show a kind of trigonal 

symmetry. 

 

Figure 5.4. Molecular orbitals of the simplified [MoBr3P3
H] model complex (BP86/LANL2DZ). The phenyl 

groups of the P3 ligand are abbreviated by hydrogen atoms. 

 

Molecular orbitals of [MoBr3P3] 

If the phenyl groups of the P3 ligand are not abbreviated by hydrogen atoms, the description 

of the molecular orbitals obtained for the original, non-simplified [MoBr3P3] complex is quite 

difficult (Figure 5.5, Table 5.3). 

. 
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Figure 5.5. Molecular orbitals of [MoBr3P3], (BP86/LANL2DZ). Hydrogen atoms are omitted for clarity. 
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Table 5.3. Molecular orbitals of the non-simplified [MoBr3P3] complex (BP86/LANL2DZ). 

α/βα/βα/βα/β spin  Mo3+ Clx Cly Clz description 

177, 183 x2-y2 dx2-y2 σ2(Cl + P) -- σ−antibonding, unoccupied metal d-orbital 

176, 182 z2 dz2 (σsym.(Cl + P)) pz σ−antibonding, unoccupied metal d-orbital 

170-181b ππππ* (dx2-y2, dz2) -- -- -- phenyl π* orbitals with small contributions of the 
molybdenum dz2 and dx2-y2 orbitals 

169 xy/pxy(s) dxy pxy(s) -- π−antibonding, singly occupied metal d-orbital 

168 yz/pyz(s) dyz (py) pyz(s) π−antibonding, singly occupied metal d-orbital 

167 xz/pxz(s) dxz pxz(s) (px) pxz(s) π−antibonding, singly occupied metal d-orbital 

166 pxz(a) -- pz -- px bromido p-orbital, antisymm. linear combination 

165 pyz(a) -- (py) pz py bromido p-orbital, antisymm. linear combination 

164 pxy(a) -- py px (py) bromido p-orbital, antisymm. linear combination 

163A a ππππ -- -- -- -- phenyl π-orbital, pσ1 

163B a pxz(s)/xz dxz pout-of-plane(s) π−bonding analogue of MO 167, pout-of-plane(s) 

162A a ππππ -- -- -- -- phenyl π-orbital, pσ1 

162B a pyz(s)/yz dyz pout-of-plane(a) π− bonding analogue of MO 168, pout-of-plane(a) 

161A a ππππ -- -- -- -- phenyl π-orbital, pσ1 

161B a pxy(s)/xy dxy pin-plane(s) π−bonding analogue of MO 169, pin-plane(s) 

160A a ππππ -- -- -- -- phenyl π-orbital 

160B a ππππ -- -- -- -- phenyl π-orbital, pσ1 

159A a ππππ -- -- -- -- phenyl π-orbital 

159B a ππππ -- -- --  phenyl π-orbital, pσ1 

158A a ππππ dxz pout-of-plane(s) π−bonding analogue of MO 167, phenyl π-orbital 

158B a ππππ -- -- -- -- pxz(s), phenyl p-orbital 

157A a ππππ dxz pout-of-plane(s) π−bonding analogue of MO 167, phenyl π-orbital 

157B a ππππ -- -- -- -- phenyl π-orbital 

156A a ππππ dxy pin-plane(s) phenyl π-orbital (π−bonding analogue of MO 169) 

156B a ππππ dyz pout-of-plane(a) phenyl π-orbital (π− bonding analogue of MO 168)  

155A a ππππ dyz pout-of-plane(a) phenyl π-orbital (π− bonding analogue of MO 168) 

155B a ππππ -- -- -- -- phenyl π-orbital 

154A a ππππ dyz pout-of-plane(a) phenyl π-orbital (π− bonding analogue of MO 168) 

154B a ππππ -- -- -- -- phenyl π-orbital (???) 

153A a ππππ dyz pout-of-plane(a) phenyl π-orbital (π− bonding analogue of MO 168) 

153B a ππππ -- pin-plane(s) phenyl π-orbital (pin-plane(s)) 

152A a ππππ -- -- -- -- phenyl π-orbital 

152B a ππππ -- -- -- -- phenyl p-orbital (pyz(s)) 

145 b x2-y2 dx2-y2 σ2(Cl + P) -- σ− bonding analogue of MO 183 

144 b z2 dz2 -- σsym.(Cl + P) σ− bonding analogue of MO 182 

a molecular orbitals lower than MO 164: mixed metal-ligand orbitals and pure bromido p-orbitals with very large contributions of 
phenyl π orbitals → theoretical assignment corresponding to [MoBr3P3

H] (MO 36 - 43) 

b not shown in Figure 5.5 
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Again, the unoccupied molybdenum dz
2 and dx

2
-y

2 orbitals (eg, 182/183A) and the singly 

occupied dxz, dyz and dxy orbitals (t2g, 167A – 169A), which all appear in antibonding linear 

combinations with the appropriate pσ and pπ ligand orbitals, are almost degenerate. 

Corresponding to the truncated [MoBr3P3
H] complex, the highest occupied ligand orbitals are 

the three antisymmetric bromido pπ orbitals pxz(a), pyz(a) and pxy(a) (166 - 164). However, in 

the case of the non-simplified complex these are the only ligand orbitals which can be 

unambiguously identified within the molecular orbital scheme, as the molecular orbitals 

below MO number 164 show large contributions of the phenyl π-orbitals. A large extent of 

mixing, especially of the different ligand orbitals, and additional splittings are also observed 

here. In consequence, most of the individual ligand orbitals can no longer be determined 

systematically as demonstrated for the truncated [MoBr3P3
H] model complex above. However, 

as estimated mainly from the beta spin orbitals, they should also be assigned to the π-bonding 

analogues of the singly occupied t2g orbitals, i.e. the bonding symmetric metal-ligand orbitals 

pxz(s)/xz, pyz(s)/yz and pxy(s)/xy as well as to the symmetric (trigonal) in-plane pxy(s)px 

bromido p-orbitals in analogy to the simplified [MoBr3P3
H] model complex. The σ-bonding 

analogues of the unoccupied eg orbitals (MO 144/145, not shown in Figure 5.5) are not mixed 

with phenyl π-orbitals. The unoccuppied molecular orbitals 170 – 181, also not shown in 

Figure 5.5, mainly show phenyl π* character and have only very small contributions of dz
2 

and dx
2
-y

2 

 

5.1.4 Calculation of the Electronic Transitions (UV/Vis) and Assignment of the MCD 
Spectrum 

Electronic transitions of [MoBr3P3
H
] 

For a systematic assignment of the electronic transitions, a theoretical UV/Vis spectrum was 

again first calculated for the truncated [MoBr3P3
H] complex. The results are listed in Table 

5.4. The calculated UV/Vis spectrum of [MoBr3P3
H] is depicted in Figure 5.6. 

As the singly occupied t2g orbitals are almost degenerate in the molecular orbital scheme of 

[MoBr3P3
H] (vide supra, Figure 5.4), the metal-centered ligand field transitions are very close 

in energy (22 000 – 24 700 cm-1). Very low intensities are predicted for these d → d bands. In 

consequence, the intense absorption bands 4 and 5, which are observed in the experimental 
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UV/Vis absorption spectrum at 25 000 cm-1 and 31 000 cm-1 and correlated with the MCD 

bands C and E (Figure 5.3, right) should with a great probability not be ascribed to d → d 

ligand field transitions. On the other hand, this has been indicated by the results of the AOMX 

ligand field calculations (vide supra).  

 

Figure 5.6. Experimental UV/Vis absorption spectra (bottom) of [MoBr3P3] (CH2Cl2, 0.08/2 mM, d = 10 mm) 
and calculated UV/Vis spectrum (top) of [MoBr3P3

H]. The calculated UV/Vis spectrum was computed with time-
dependent DFT (B3LYP/LANL2DZ). 

Table 5.4. TDDFT calculation of the electronic transitions of the simplified [MoBr3P3
H] model complex 

(B3LYP/LANL2DZ). Only d → d ligand field transitions and charge transfer transitions with oscillator strengths 
> 0.0020 are listed. 

energy (cm-1) oscillator strength description  

20 800 0.0214 pxy(a) → xy, pxz(a) → yz 44/46B → 48/49B 

21 100 0.0205 pxy(a) → yz 44B → 48B 

22 200 0.0012, 0.0042 yz, xy → z2, xy → x2-y2 48/49A → 50A, 49A → 51A 

22 500 0.0038 xz → z2, x2-y2 47A → 50/51A 

24 100 0.0016 yz, xy → z2 48/49A → 50A 

24 400 0.0019 xz → z2, yz, xy → x2-y2 47-49A → 50/51A 

24 700 0.0013 xz → x2-y2 47A → 51A 

27 100 0.0044 pxz(s)/xz → xz, xy 43B → 47/48B 

27 400 0.0121 pxz(s)/xz → yz, xy 43B → 48/49B 

27500 0.0044 pxz(s)/xz → xz, xy 43B → 47/49B 

27 600 0.0066 pxy(s)/xy → yz, pyz(s)/yz → xz, yz 41/42B → 47-49B 

27 700 0.0074 pxy(s)/xy → xz, xy 41B → 47/49B 

27 800 0.0057 pyz(s)/yz → xz 
42B → 47B 
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28 000 0.0074 pyz(s)/yz → yz 42B → 48B 

28 100 0.0034 pxy(s)/xy → yz 41B → 48B 

29 700 0.0471 pxy(s)/xy → yz 41B → 48B 

32 000 0.0033 pxz(a) → z2, x2-y2 46A → 50/51A 

32 100 0.0031 pxy(s) → xz, xy 39B → 47/49B 

33 000 0.0085 pxy(s) → yz, xy 39B → 48/49B 

33 200 0.0079 pxz(a) → z2 46A → 51A 

33 300 0.0080 pxy(a) → x2-y2, pxy(s) → xy 44A → 51A, 38B → 49B 

33 500 0.0049 pxy(a), pyz(a) → z2, x2-y2 44/45A → 50/51A 

33 600 0.0098 pxy(s) → xz, pxy(a) → x2-y2 38B → 47B, 44A → 51A 

33 900 0.0060 pxy(s) → xy 38B → 49B 

36 200 0.0025 xz → P 47A → 52A 

37 200 0.0055 pxz(a) → x2-y2 46B → 51B 

37 400 0.0096 pyz(a) → z2 45B → 50B 

37 800 0.0045 pyz(a) → x2-y2 45B → 51B 

38 000 0.0086, 0.0151 pxy(a), pyz(a) → z2, x2-y2 44/45B → 50/51B 

39 700 0.0020 yz → pphosphorus (MLCT) 48A → 53A 

40 800 0.0098 xy → pphosphorus (MLCT) 49A → 54/56A 

41 400 0.0146 yz, xy → pphosphorus (MLCT) 48/49A → 56A 

41 600 0.0023 pyz(a) → pphosphorus (MLCT) 45B → 52B 

41700 0.0024 xy → pphosphorus (MLCT) 49A → 56A 

42 000 0.0022 pyz(a), xz → pP (MLCT) 45 → 52, 47A → 55A 

42 700 0.0060 x2-y2/σ, z2/σ → xz, yz, xy 36/37B → 47-49B 

42 900 0.0078 z2/σ → yz, pyz(s)/yz → z2 37B → 48B, 42A → 50A 

43 300 0.0084 x2-y2/σ → xz 36B → 47B 

43 600 0.0104 z2/σ → xy 37B → 49B 

    

Considering the overall shape of the theoretical UV/Vis spectrum two very intense absorption 

features are found at 21 000 cm-1 and 29 000 cm-1 for the simplified model complex 

[MoBr3P3
H]. The first energy does not correspond to the first experimental UV/Vis absorption 

maximum at 25 000 cm-1 (band 4) nor to the first positive signed MCD feature (band A - D). 

In the calculated UV/Vis spectrum, the 21 000 cm-1 band arises from p → d ligand-to-metal 

charge transfer transitions from the different antisymmetric bromido pπ orbitals (44B - 46B) 

into the singly occupied molybdenum dyz and dxy orbitals (48B, 49B). This would also 

correspond to the energy of the MCD band A quite well. Also the spin-allowed d → d ligand 

field transitions between the t2g and eg orbitals are made out within this spectral region. They 

are found at 22 500 cm-1 and 24 400 cm-1 in the calculated UV/Vis spectrum and could be 
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assigned to the low-intensity absorption band 3 which corresponds to the MCD band B. The 

transitions from the bonding metal-ligand orbitals (41B – 43B) into their antibonding t2g 

analogues (47B – 49B) appear at 27 700 – 29 700 cm-1 which corresponds to the energy of the 

MCD band D or E. They are mainly predicted to show only moderate intensities and should 

be considered as an own type of electronic transitions (t2g bonding → antibonding) rather than 

being referred to as ordinary charge transfer. However, the most intense of these transitions, 

pxy(s)/xy → dyz (41B → 48B), is found at 29 700 cm-1. This rather supports the assignment of 

the MCD band E as a t2g bonding → antibonding transition. 

Transitions from the symmetric (trigonal) in-plane bromido pxy(s)px orbitals (38, 39) into the 

molybdenum t2g orbitals (47 - 49) appear between 33 000 cm-1 and 33 900 cm-1 in the 

theoretical spectrum of [MoBr3P3
H] which would correspond to the MCD band F. Transitions 

in the spectral region of the MCD band G (35 900 cm-1) have low to moderate intensities and 

arise from metal-to-ligand charge transfer from the singly occupied metal d-orbitals into 

unoccupied phosphorus p-orbitals The last type of transitions obtained in the calculated 

UV/Vis spectra below 40 000 cm-1 is a ligand-to-metal charge transfer from the antisymmetric 

bromido pπ orbitals (44B - 46B) into the unoccupied eg molybdenum d-orbitals (50/51B) 

between 37 100 cm-1 and 37 500 cm-1. LMCT transitions from the bonding eg metal-ligand 

orbitals 36B and 37B into the t2g molybdenum d-orbitals are predicted at energies greater than 

42 000 cm-1 with moderate intensities.  

In general, transitions at energies greater than 40 000 cm-1 mainly arise from metal-to-ligand 

charge transfer (MLCT) from the t2g molybdenum d-orbitals into unoccupied phosphorus p-

orbitals and are only partly listed in Table 5.4. 

 

Electronic transitions of [MoBr3P3] 

As in the case of the truncated [MoBr3P3
H] model complex, a distinct absorption maximum 

can be made out in the calculated UV/Vis spectrum of the non-simplified [MoBr3P3] complex 

around 22 000 cm-1 (Figure 5.7). This is the spectral region of the first experimental UV/Vis 

absorption bands 3 and 4 and the MCD bands A - D. Some of the most intense transitions in 
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the calculated UV/Vis spectrum are made out at 21 700 cm-1 which corresponds the energy of 

MCD band A. They arise from ligand-to-metal charge transfer from the antisymmetric pxy(a), 

pyz(a) and pxz(a) bromido p-orbitals (164B - 166B) into the t2g molybdenum d-orbitals (167B -

 169B). However, these are the only charge transfer transitions that can definitely be extracted 

from the TDDFT calculation of the non-simplified [MoBr3P3] complex, because the 

antisymmetric pπ orbitals are the only ligand orbitals that can be clearly identified in the 

corresponding molecular orbital scheme (Figure 5.5). The metal centered ligand field 

transitions are observed at 23 200 cm-1 with moderate intensities matching the position of 

MCD band B which possibly corresponds to a potential UV/Vis absorption band 3 (vide 

supra). 

 

Figure 5.7. UV/Vis absorption spectra of [MoBr3P3]. The experimental UV/Vis spectra (bottom) were measured 
in CH2Cl2 (0.08/2 mM, d = 10 mm). The calculated UV/Vis spectrum (top) was computed using TDDFT 
(B3LYP/LANL2DZ). 

As the molecular orbitals below MO number 164 cannot be clearly identified due to their 

strong mixing and the large contributions of the phenyl π and π∗ orbitals, the individual 

electronic transitions at calculated energies greater than 25 000 cm-1 cannot really be assigned. 

Nevertheless, a very large number of transitions with low to moderate intensities is obtained 

between 30 000 cm-1 and 40 000 cm-1. Based on the MO scheme of the non-simplified 

complex they are mostly associated with π → d and d → π* transitions, but do not provide 

more detailed information regarding UV/Vis and MCD band assignment. 
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Table 5.5. TDDFT calculation of the electronic transitions of (B3LYP/LANL2DZ). Only d → d ligand field 
transitions and charge transfer transitions with oscillator strengths > 0.0020 are listed. 

energy (cm-1) oscillator strength description  

21 600 0.0173 pxz(a) → xz/pxz(s) 166B → 168B 

21 800 0.0170 pxy(a) → xy/pxy(s) 164B → 169B 

23 000 0.0045 yz → π*/d 168A → 176A 

23 200 0.0087 xz → π*/d 167A → 171/173A, 180A 

 0.0078 xy → π*/d 169A → 172/177A 

27 900 0.0183 pout-of-plane(s, a) → yz, xz 163B → 168B, 162B → 167B 

28 000 0.0127 pout-of-plane(a), pin-plane(s) → xz, yz 161/162B → 167/168B 

28 500 0.0040 pout-of-plane(s) → xy 163B → 169B 

29 300  0.0132 xy → π*/d, pin-plane(s) → xy 169A →171A, 161B →169B 

29 400 0.0106 xy → π*/d, pout-of-plane(a) → yz 169A → 171A, 162B → 168B 

30 200  0.0021 yz → π*/d 168A → 172A 

30 300 0.0047 xz/yz → π*/d 167/168A → 174A 

31 200 0.0036, 0.0024 xy → π*/d, π/pσ1 → xz/yz 169A → 173/174/177A, 159/160B → 
167/168B 

31 300 0.0029 π/pσ1 → xz/yz, xz → π*/d 160B → 167/168B, 167A → 174A 

 0.0027 xz/yz → π*/d 167/168A → 173/174/177A 

31 500 0.0021 xz → π*/d 167A → 173A 

31 600 0.0032 π/pσ1 →xy 160B → 169B 

31 600 0.0075 xz/xy → π*/d, π/pσ1 →xy 167/169A → 174/175/176A, 160B → 169B 

31 700 0.0030 xy → π*/d 169A → 175A 

31 900 0.0025 pxz(s)/π/pσ1 → xz/xy 158/159B → 167/169B 

32 800 0.0020 pxy(a) → π*/d 164B → 170B 

32 900 0.0031 pxz(s) → xy, pxz(a) → π*/d 158B → 169B, 166A → 171A 

33 000 0.0026 pxy(a)/pyz(a) → π*/d 164/165A → 171/173A 

33 200 0.0053 xy → π*/d, pxy(a)/pyz(a) → π*/d 169A → 178A, 164/165B → 171B 

33 400 0.0022, 0.0045 pyz(a) → π*/d, xy → π*/d 165B → 171B, 169A → 178A 

33 500 0.0028 xz/yz → π*/d, pyz(a) → π*/d 166/167A → 172/178A, 165B → 171B 

33 600 0.0027 yz → π*/d 168A → 178A 

33 900 0.0020 xz → π*/d 167A → 178A 

34 000 0.0020 xy → π*/d 169A → 176/178/180A 

34 500 0.0020 phenyl π  → xz/yz 156/157B → 167/168B 

34 800 0.0020 phenyl π  → yz 157B → 168B 

35 000 0.0025 phenyl π  → xz/yz/xy 153/157/158B → 167-169B 

35 400 0.0033 pxz(a), xz, xy → π*/d 166/167/169A → 172/174/181/183A 

35 500 0.0022-0.0035 xz → π*/d, pxy(a), pxz(a) → π*/d,           
phenyl π  → xz/xy 

167A → 181A, 164/166B → 175B, 
153/155B → 167/169B 

35 700 0.0022, 0.0030 phenyl π  → xz, pxy(a), pyz(a) → π*/d 155B → 167B, 164/165B → 174/175B 

35 800 0.0024, 0.0043 pxy(a), pyz(a) → π*/d, xy → z2 
164/165A → 172/174A, 169A → 182A 
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However, compared to the truncated [MoBr3P3
H] complex, the remaining UV/Vis and MCD 

bands should also very likely be ascribed to the different LMCT transitions (vide supra). 

Some of the most intense transitions in the calculated UV/Vis spectrum of [MoBr3P3] can be 

assigned to the bonding → antibonding transitions into the singly occupied t2g orbitals if the 

molecular orbitals 161B – 163B are in fact assigned to be the bonding t2g metal-ligand 

orbitals. They are found at 29 400 cm-1 which is the same energy as obtained previously for 

such transitions in the case of the truncated [MoBr3P3
H] complex and corresponds to the 

UV/Vis absorption band 5 at 31 300 cm-1 as well as to the MCD band E at 30 300 cm-1. The 

calculated electronic transitions of the non-simplified [MoBr3P3] complex are listed in Table 

5.5. An assignment of the MCD bands F and G cannot directly be extracted from this 

calculation. 

In conclusion, the assignment of a larger number of the observed UV/Vis and MCD bands 

based on TDDFT calculation of electronic transitions is only possible with the help of the 

molecular orbital scheme of the simplified [MoBr3P3
H] model. For the complete, non-

simplified, complex [MoBr3P3], the (TD)DFT calculations yield only very little convincing 

information concerning UV/Vis and MCD band assignment as most of the molecular orbitals 

cannot clearly be identified due to the strong mixing of the metal and ligand orbitals with 

phenyl π/π* orbitals. 

 

Assignment of the electronic transitions based on molecular orbital considerations 

For both the truncated model complex [MoBr3P3
H] and the non-simplified [MoBr3P3] 

complex, the intensities that are predicted for the metal-centered ligand field transitions are 

not very high. However, the slight splitting within the t2g and the eg orbitals which is expected 

for an axially elongated coordination geometry, is not reflected in the calculated molecular 

orbital schemes of [MoBr3P3
H] and [MoBr3P3]. Nevertheless, the first two spin-allowed d → d 

transitions, bands I and II, should not have the same energies according to the ligand field 

diagram (Scheme 5.1) and are most likely separated by even more than 2 000 cm-1 as has been 

calculated for [MoBr3P3
H]. From the TDDFT calculations, they are found at 22 500 cm-1 and 

24 400 cm-1 for the truncated [MoBr3P3
H] model complex and at 23 200 cm-1 in the case of the 

non-simplified [MoBr3P3] complex. The latter energy approximately matches the energy of 
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the MCD band B at 23 000 cm-1. Assigning this MCD band to the first spin-allowed ligand 

field transition (band I) and having in mind that this MCD band might correspond to a low-

intensity UV/Vis absorption band 3 at around 22 500 cm-1, the AOMX ligand field calculation 

was repeated. From the new results the second spin-allowed d → d transition (band II) is now 

expected around 26 700 cm-1 (∆E = 3 700 cm-1, Table 5.6) and can be assigned to the MCD 

band D at 27 000 cm-1. Another argument in favor of this assignment is that the MCD bands B 

and D (∆E = 4 700 cm-1) show similar intensities. It is also supported by the literature, as the 

first two spin-allowed ligand field transitions of the facially coordinated molybdenum(III) 

complex fac-[MoBr3(NH3)3] had been reported at 23 800 cm-1 and 28 100 cm-1.[197] 

The results of the second AOMX ligand field calculation in general seem to be more 

reasonable. An overview is given in Table 5.6. The variation of the σ-bonding parameter for 

the bromido ligands (eσ1) is not as large when compared to the previous calculation (Table 

5.1) and also the Racah interelectronic repulsion parameter of B = 350 cm-1 is now in the 

range of what was reported in the literature (vide supra).[197] However, there are still some 

differences between experimental and calculated energies (Table 5.6, left). They might 

probably be explained by structural differences between the crystal structure (used for the 

calculation) and the actual complex structure in CH2Cl2 solutions (used for recording the 

experimental UV/Vis spectra).  

If the assignment of the MCD bands B and D as d → d transitions is correct, the MCD 

bands A and C – G must arise from the various (ligand-to-metal) charge transfer transitions. 

According to the molecular orbital scheme of the simplified model complex [MoBr3P3
H] the 

lowest energy ligand-to-metal charge transfer should be the pπ(a) → t2g transition. According 

to the TDDFT calculated energies the MCD band A can indeed clearly be assigned as 

pxy(a)/pyz(a)/pxz(a) → t2g LMCT transitions, although much higher intensities are predicted for 

these transitions in the theoretical spectra. However, if a splitting of the t2g orbitals takes place 

for an axial elongated octahedral complex geometry, not only the d → d transitions are 

expected to be split into more than one band, but also the individual charge transfer transitions 

should be split. Based on that, an additional band is also expected for the pπ(a) → t2g 

transitions. Within this spectral region this can only be band C. Band A therefore should be 

assigned to the pxz(a), pyz(a) → dxy transition, while band C, corresponding to the UV/Vis 
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absorption band 4 at 25 000 cm-1, is assigned to the pxy(a) → dxy transition. As the second 

transition completely occurs within the xy-plane it is expected to show a higher intensity than 

the first one and this is just what is observed in the MCD spectrum, as band C shows a 

significantly higher intensity than band A.  

The assignment of the MCD bands E - G is not as easy, though. Strictly following the 

molecular orbital scheme of the simplified [MoBr3P3
H] model complex and based on the 

corresponding TDDFT calculation, the MCD band E must be assigned to the 

bonding → antibonding transitions from the bonding t2g metal-ligand orbitals pxy(s)/xy, 

pyz(s)/yz and pxz(s)/xz into their singly occupied antibonding analogues. The MCD band F 

then is suggested to be assigned to LMCT transitions from the two symmetric in-plane 

bromido pxy(s)px orbitals (38B, 39B) into the singly occupied molybdenum d-orbitals. Note 

that this is the most intense transition in the MCD spectrum of [MoBr3P3]. For the assignment 

of the MCD band G corresponding to the UV/Vis absorption band 6 or 7 at 35 500 - 

37 500 cm-1, ligand-to-metal charge transfer from the antisymmetric bromido pπ orbitals 

pxz(a), pyz(a) and pxy(a) into the unoccupied molybdenum d orbitals (dz
2, dx

2
-y

2, eg) could be 

suggested. 

As no unoccupied phosphorus p-orbitals are obtained from the DFT calculations of the 

molecular orbitals in the case of the non-simplified [MoBr3P3] complex, MLCT transitions 

from the singly occupied molybdenum d-orbitals into phosphorus p-orbitals are not 

considered as a probable assignment of the MCD band G. The bonding → antibonding 

transitions from the bonding dz
2/σsym and σ2/dx

2
-y

2 orbitals into the unoccupied eg 

molybdenum d-orbitals should be expected at significantly higher energies and are therefore 

also excluded here for the assignment of band 6 and 7. 

A complete assignment of the UV/Vis and MCD transitions is summarized in Table 5.6 (left). 

The final assignment of the UV/Vis and MCD spectra of [MoBr3P3] will be presented in 

comparison with the electronic transitions of the [MoCl3P3] and [MoCl3SiP3] complexes 

discussed below. 
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Table 5.6. [MoBr3P3]: left: Assignment of the UV/Vis and MCD bands based on the AOMX calculation of the 
ligand field states as well as TDDFT calculations electronic transitions. Right: Overview of the corresponding 
AOM parameters. All parameters and energies are given in cm-1. 

 UV/Vis MCD calc.  
 

 input fit 

4A2g (F) 0 -- 0  
eσσσσ1 5 050 6930 

2Eg (G) -- 10 500  
eππππ1 690 690 

2T1g (G) 
(1)     11 600 -- 10 700  

eσσσσ2 7 500 7 500 

 
2T2g (G) (2)  ~ 16 000 -- 16 500  

eππππ2 -1 500 -1 500 

  (A)   20 500 a   B 350 b 350 

4T2g (F)  (3)  ~ 22 500 (B)     23 000 23 000  C 1500 2250 

 (4)   25 000 (C)   25 300 a --  b Lit.[197]: B = 377 cm-1 

4T1g (F)  (D)     27 700 26 800  
   

 (E)   30 300 a  --    

 
(5)   31 300 

(F)   33 100 a --     

 (6)  ~ 36 000 (G)   35 900 a --     

 (7)     37 500 -- --     

4T1g (P) -- -- 47 900  
   

     
   

a (LM)CT transitions are assigned from TDDFT (vide supra)   

 

5.1.5 EPR Spectra 

The low-temperature cw X-band EPR spectrum of [MoBr3P3] shows the two signals which 

are characteristic for a d3 high spin (S = 3/2) system (Figure 5.8). Based on the splitting 

scheme shown in Figure 5.8 (right) they can be assigned to the 2/3− → 2/3+  (signal I, 

absorption band shape) and 2/1− → 2/1+  (signal II, derivative band shape) transitions at 

the B0 || z orientation of the applied magnetic field. As the axial zero-field splitting is larger 

than the X-band microwave frequency (~ 9 GHz ≙ 0.3 cm-1)[164] a transition between the two 

Kramers doublets is not possible. An additional signal would be expected arising from the 

2/1− → 2/1+  transition in the B0 || x orientation of the applied magnetic field,[164] but it is 

hidden beneath the asymmetric tail of signal I. A non-zero rhombic zero-field splitting 

parameter (E ≠ 0) results in a slight splitting of signal I[164] which is also observed here 

(Figure 5.8). Unfortunately a simulation of the low-temperature EPR spectrum using the 

XSophe simulation software[1] was not successful so far, so that absolute values of D and E 

cannot be given at this stage. 



5 Electronic Structure of Facially Coordinated Molybdenum(III) Tripod Complexes 
__________________________________________________________________________________________ 

 

180 

 

Figure 5.8. left: Low-temperature cw X-band EPR spectrum of [MoBr3P3], measured in a frozen CH2Cl2 
solution, T = 3.7 K (microwave frequency 9.386 GHz, microwave power 2 mW, modulation amplitude 10 G. 
modulation frequency 100 kHz). right: axial zero-field splitting of the two Kramers doublets of an S = 3/2 
system (D < 0, |D| > 0.3 cm-1, E = 0)  

At room temperature, only the 2/1−  → 2/1+  transition is observed in the X-band EPR 

spectrum of [MoBr3P3]. While no hyperfine splitting is observed in the low-temperature EPR 

spectrum, a well-resolved quartet is obtained in the solution spectrum at room temperature 

(Figure 5.9). This spectral signature arises from the coupling of the electron spin with the 

nuclear spin of the three phosphorus atoms of the P3 ligand (I(31P) = 3/2). It is not very well 

resolved in the experimental spectrum, but can clearly be made out in the spectral simulation. 

The parameters for the best match obtained from a spectral simulation using the XSophe 

simulation software suite[1] are Aiso(
95/97Mo) = 35 G and Aiso(

31P) = 24G ≙ 22.3·10-4cm-1 

(anisotropic simulation: Axx = 25 G, Ayy = 15 G Azz = 35 G). The isotropic hyperfine splitting 

parameter of the 95/97Mo coupling is close to other Mo(III) complexes (vide infra, chapter 6). 

Also the A(31P) value is within the typical range (10 - 25 G) of 31P hyperfine coupling in 

molybdenum complexes containing phosphorus ligands.[165]  

The correlation between the experimental and simulated spectrum is not very good with 

respect to the intensity ratios within the observed signal, but could not be further improved so 

far. The room temperature EPR measurement should be repeated with modified parameters. 

Especially a lower modulation amplitude and frequency could lead to a better resolution of 

the 31P hyperfine coupling. In this way a better correlation between experimental and 

simulated spectra could be achieved. 
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Figure 5.9. Room temperature cw X-band EPR spectrum of [MoBr3P3], measured in CH2Cl2 (microwave 
frequency 9.366 GHz, microwave power 2 mW, modulation amplitude 10 G, modulation frequency 100 kHz) 
and spectral simulation (XSophe, g = 1.99, Aiso(

95/97Mo) = 35 G, Aiso(
31P) = 24 G (Axx = 25 G, Ayy = 15 G Azz = 

35 G), line width 10 G). 
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5.2 [MoCl3P3] 

To provide a comparison to the UV/Vis and EPR spectra of [MoBr3P3], the UV/Vis and EPR 

data of the corresponding chlorido analogue, [MoCl3P3], was analyzed. The DFT geometry 

optimized complex structure of [MoCl3P3] shown in Figure 5.10 was used for the (TD)DFT 

calculations of the molecular orbitals and electronic transitions as well as for the ligand 

arrangement of the AOMX input geometry. Virtually no differences are obtained compared to 

[MoBr3P3] with respect to bond distances and bond angles, except for the Mo-X (X = Cl-, Br-) 

bond lengths, of course. 

 

Figure 5.10. Complex structure of [MoCl3P3] obtained from a DFT quantum chemical geometry optimization 
(B3LYP/LANL2DZ), hydrogen atoms are omitted for clarity. 

 

5.2.1 UV/Vis Absorption Spectrum and Ligand Field Calculations (AOM) 

The UV/Vis absorption spectrum of [MoCl3P3] shows some differences compared to the 

UV/Vis spectrum of the corresponding bromido complex with respect to the energies and the 

intensities of particular absorption bands (Figure 5.11). Of course, this is somewhat expected, 

as the ligand field splitting is different in both complexes. Especially the d → d ligand field 

transitions should shift towards higher energies upon the increased ligand field strength of the 

halogenido ligands from [MoBr3P3] to [MoCl3P3].  

In the UV/Vis spectrum of [MoCl3P3], two very intense absorption bands at 28 000 cm-1 

(band 4) and 36 200 cm-1 (band 6) and a clear shoulder at 33 200 cm-1 (band 5) are made out 

at low concentrations. Band 6 clearly shows a vibrational structure (∆E ~ 1 000 cm-1) which 

has not been observed in the UV/Vis spectrum of the bromido complex. In the case of 
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[MoCl3P3], absorption band 4 is clearly asymmetric indicating that another band could be 

hidden beneath resulting in the weak shoulder found at around 29 000 cm-1. An additional 

absorption band of lower intensity is observed at 24 000 cm-1 (band 3). At very high 

concentrations the spin-forbidden 4A2g → 2Eg, 
2T2g and 4A2g → 2T1g doublet transitions are 

observed at 11 900 cm-1 (band 1) and 17 000 cm-1 (band 2), respectively. Compared to 

[MoBr3P3] the latter is made out more clearly as the following absorption band 3 (centered at 

24 000 cm-1) shows less intensity in the UV/Vis spectrum of [MoCl3P3]. This band should be 

assigned to the first spin-allowed ligand field transition, 4A2g → 2T2g, (band I). In the case of 

the bromido complex, it has been assigned to the MCD band B at 23 000 cm-1 which might 

correspond to a potential UV/Vis absorption band 3 at ~ 22 500 cm-1. 

 

Figure 5.11. UV/Vis absorption spectra of [MoCl3P3] (bottom) and [MoBr3P3] (top), measured in CH2Cl2 
(d = 10 mm) at different concentrations ([MoBr3P3]: 0.08/2 mM; [MoCl3P3]: 0.1/0.5/5 mM). 

AOMX calculations of the ligand field states support these assignments of the ligand field 

transitions (Table 5.7). Similar to the bromido complex, the Racah interelectronic repulsion 

parameter B again had to be chosen significantly higher (> 500 cm-1) than that reported in the 

literature for the fac-[MoIIICl3(NH3)3] complex (B = 408 cm-1).[197]  

If band 3 at 24 000 cm-1 is assigned to the spin-allowed 4A2g → 4T2g transition (band I), the 

second ligand field transition (band II, 4A2g → 4T1g) is expected at around 30 000 cm-1 in the 

case of [MoCl3P3]. It can probably be identified with a weak shoulder around 29 000 cm-1 at 
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the high energy side of the asymmetric absorption band 4 at 28 000 cm-1. As for the bromido 

complex, the third quartet transition, 4A2g → 4T1g(P) (band III), is expected at ~ 50 000 cm-1 

and therefore cannot be observed experimentally here. The experimental and calculated 

energies of the d → d ligand field transitions of [MoCl3P3] are listed in Table 5.7 together 

with the corresponding AOM parameters. Compared to the first AOMX calculation of the 

electronic ligand field states of the bromido complex (Table 5.1), the Racah parameter B is 

increased which would be expected as the chlorido ligands are significantly smaller and less 

polarizing than the bromido ligands according to the nephaulexetic series.[93] 

Table 5.7. left: Experimental and calculated (AOMX) ligand field transitions of [MoCl3P3]. right: overview of 
the corresponding AOM parameters. All parameters and energies are given in cm-1. 

 UV/Vis calc.  
 

 input fit 

4A2g (F) 0 0  
eσσσσ1 6 800 8 767 

2Eg (G) 11 900  
eππππ1 1 440 1 440 

2T1g (G) 
(1)    11 900 

12 400  
eσσσσ2 7 500 7 497 

2T2g (G) (2)    17 000 18 300  
eππππ2 -1 500 -1 493 

4T2g (F) (3)    24 000 24 000  B 500 658 

4T1g (F) (29 000) 30 400  C 2 300 2 311 

4T1g (P) -- ~ 50 000  |D| -- 4.3 

       

In the UV/Vis absorption spectrum of the facially coordinated ammine complex 

[MoIIICl3(NH3)3] the 4A2g → 4T2g and the 4A2g → 4T1g quartet transitions were reported to be 

found at 24 700 cm-1 and 29 300 cm-1,[197] which supports the assignments of the spin-allowed 

ligand field transitions given above. In the case of the trispyridine and trispicoline complexes 

[MoIIICl3py3] and [MoIIICl3(4-pic)3] which both show a meridional coordination of the three 

chlorido ligands, the two spin-forbidden transitions 4A2g → 2Eg, 
2T1g(G) and 4A2g → 2T2g(G) 

have been observed at 8 800 cm-1 and 13 000 - 14 500 cm-1. Corresponding to the bromido 

analogues a mixed d – d (4A2g → 4T2g)/MLCT transition is additionally observed at 

~ 27 000 cm-1.[109] 

Considering the assignment of the various charge transfer transitions which have been worked 

out for the bromido complex, band 4 at 28 000 cm-1 in the UV/Vis spectrum of [MoCl3P3] 

should be assigned to the LMCT transitions from the antisymmetric ligand pπ orbitals (pxy(a), 

pyz(a) and pxz(a)) into the singly occupied molybdenum t2g orbitals. As expected, these 

transitions are clearly shifted towards higher energies compared to [MoBr3P3] (vide infra). 
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The shoulder at 33 200 cm-1 (band 5) then could be assigned to the bonding → antibonding 

transitions from the bonding metal-ligand orbitals into their antibonding t2g analogues. They 

are shifted towards higher energies in the case of [MoCl3P3] as well and correspond to the 

absorption band 5 at 31 300 cm-1 and to band E at 30 300 cm-1 in the UV/Vis and MCD 

spectra of the bromido complex. The absorption band 6 observed at 36 200 cm-1 in the UV/Vis 

spectrum of [MoCl3P3] is only made out as a small shoulder which is hardly visible in the 

UV/Vis spectrum of [MoBr3P3]. In contrast, the shoulder that is observed in the UV/Vis 

spectrum of the bromido complex at 37 500 cm-1 cannot be identified in the UV/Vis spectrum 

of [MoCl3P3]. However, probably the absorption bands 6 and 7 in the UV/Vis spectrum of the 

bromido complex should not be considered as two different transitions but taken together as 

one structured band in analogy to the UV/Vis band 6 of the chlorido complex. It has been 

assigned to the LMCT transitions from the antisymmetric bromido pπ orbitals into the 

unoccupied molybdenum eg orbitals in the case of [MoBr3P3] based on molecular orbital 

considerations. 

 

5.2.2 DFT and Time-dependent DFT Calculations and Assignment of the Electronic 
Transitions 

DFT calculation of the molecular orbitals 

Compared to the bromido complex the same molecular orbitals are obtained for the 

simplified, truncated [MoCl3P3
H] complex with the phenyl groups of the P3 ligand being 

abbreviated by H atoms (not shown). The only difference is that the dxy and dyz orbitals (48, 

49) and the bonding pπ(s)/dxy, dyz metal-ligand orbitals (41, 42) are inverted in energy in the 

case of [MoCl3P3
(H)] (Table 5.8). 

As far as they can be identified, the same molecular orbitals are also obtained for the non-

simplified [MoCl3P3] complex (Figure 5.12, Table 5.9). The degenerate t2g orbitals (dxz, dyz, 

dxy, 167A - 169A) are singly occupied, the degenerate eg orbitals (dz
2, dx

2
-y

2, 182/183A) are 

unoccupied and the highest occupied ligand orbitals are the antisymmetric chlorido pπ 

orbitals, pxy(a), pyz(a) and pxz(a) (164 - 166) with the pxy(a) and pyz(a) orbitals being inverted 

in energy compared to [MoBr3P3]. As in the case of the bromido complex, there are the same 
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difficulties to identify the individual molecular orbitals below MO number 164 due to the 

strong mixing of different orbitals and the large contributions of the phenyl π-orbitals. 

Table 5.8. Molecular orbitals (alpha spin) of the simplified [MoCl3P3
H] model complex obtained from DFT 

calculations (BP86/LANL2DZ). 

orbital Mo3+ Clx Cly Clz description ligand CS 

51 x2-y2 dx2-y2 σ2(Br + P) -- σ−antibonding, unoccupied metal d-orbital σ2(Breq + P) 

50 z2 dz2 σsym(Br + P) σ−antibonding, unoccupied metal d-orbital σsym.(Breq, ax + P) 

49 yz/pyz(s) dyz (py) pyz(s) π−antibonding, singly occupied metal d-orbital pout-of-plane(a) 

48 xy/pxy(s) dxy pxy(s) (py) π−antibonding, singly occupied metal d-orbital pin-plane(s) 

47 xz/pxz(s) dxz pxz(s) (px) pxz(s) π−antibonding, singly occupied metal d-orbital pout-of-plane(s) 

46 pxz(a) -- pz (pz) px bromido p-orbital, antisymm. linear combination pout-of-plane(s) 

45 pyz(a) -- (pz) pz py bromido p-orbital, antisymm. linear combination pout-of-plane(a) 

44 pxy(a) -- py px py bromido p-orbital, antisymm. linear combination pin-plane(a) 

43 pxz(s)/xz dxz pz pz px pout-of-plane(s), π−bonding analogue of MO 47 pout-of-plane(s)    

42 pxy(s)/xy dxy py px py pin-plane(s), π−bonding analogue of MO 49 pin-plane(s)    

41 pyz(s)/yz dyz pz pz py pout-of-plane(a), π−bonding analogue of MO 48 pout-of-plane(a) 

40 pσσσσ1111 -- σ1(Br + P) py bromido p-orbital, py(Brz) bonding -- 

39 pxy(s)px    -- pxy(s)px px pin-plane(s), px (Brz)  antibonding pin-plane(s)    

38 pxy(s)px    (dxy) pxy(s)px px pin-plane(s), px (Brz) bonding pin-plane(s)    

37 z2/σσσσsym dz2 σsym(Br + P) σ−bonding, bonding analogue of MO 50 σsym.(Breq, ax + P) 

36 x2-y2/σσσσ2 dx2-y2 σ2(Br + P) -- σ−bonding, bonding analogue of MO 51 σ2(Breq + P) 
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Figure 5.12. DFT computation of the molecular orbitals of [MoCl3P3] (BP86/LANL2DZ. Hydrogen atoms are 
omitted for clarity. 

 

 



5 Electronic Structure of Facially Coordinated Molybdenum(III) Tripod Complexes 
__________________________________________________________________________________________ 

 

188 

Table 5.9. DFT calculation of the molecular orbitals of [MoCl3P3] (BP86/LANL2DZ). 

α/βα/βα/βα/β spin  Mo3+ Clx Cly Clz description 

177, 183 x2-y2 dx2-y2 σ2(Cl + P) -- σ−antibonding, unoccupied metal d-orbital 

176, 182 z2 dz2 (σsym.(Cl + P)) pz σ−antibonding, unoccupied metal d-orbital 

170 - 181 b ππππ* (dx2-y2, dz2) -- -- -- phenyl π* orbitals with small contributions of the 
molybdenum dz2 and dx2-y2 orbitals 

169 xy/pxy(s) dxy pxy(s) -- π−antibonding, singly occupied metal d-orbital 

168 yz/pyz(s) dyz (py) pyz(s) π−antibonding, singly occupied metal d-orbital 

167 xz/pxz(s) dxz pxz(s) (px) pxz(s) π−antibonding, singly occupied metal d-orbital 

166 pxz(a) -- pz -- px bromido p-orbital, antisymm. linear combination 

165 pxy(a) -- py px (py) bromido p-orbital, antisymm. linear combination 

164 pyz(a) -- (py) pz py bromido p-orbital, antisymm. linear combination 

163A a ππππ -- -- -- -- phenyl π-orbital, pσ1 

163B a pxy(s)/xy dxy pin-plane(s) π−bonding analogue of MO 169, pin-plane(s) 

162A a ππππ -- -- pyz phenyl π-orbital, pyz 

162B a pyz(s)/yz dyz pout-of-plane(a) π− bonding analogue of MO 168, pout-of-plane(a) 

161A a ππππ -- -- -- -- phenyl π-orbital 

161B a pxz(s)/xz dxz pout-of-plane(s) π−bonding analogue of MO 167, pout-of-plane(s) 

160A a ππππ -- -- -- -- phenyl π-orbital 

160B a ππππ -- pxy(s)px phenyl p-orbital, pxy(s)px 

159A a π -- -- -- -- phenyl p-orbital 

159B a π -- -- pyz(s) phenyl π-orbital, pyz(s) 

158A a ππππ -- -- -- -- phenyl π-orbital 

158B a ππππ -- pxy(s)px phenyl p-orbital, pxy(s)px 

157A a ππππ dxz pout-of-plane(s) π−bonding analogue of MO 167, phenyl π-orbital 

157B a ππππ -- (pxy(s)px) phenyl p-orbital (pxy(s)px) 

156A a ππππ dyz pout-of-plane(a) π−bonding analogue of MO 168, phenyl π-orbital 

156B a ππππ dyz pout-of-plane(a) π− bonding analogue of MO 168, phenyl π-orbital 

155A a ππππ dxy? pin-plane(s) π− bonding analogue of MO 169?, phenyl π-orbital 

155B a ππππ -- (pxy(s)px) phenyl p-orbital (pxy(s)px) 

154A a ππππ -- -- -- -- phenyl π-orbital, pσ1 

154B a ππππ -- -- -- -- phenyl π-orbital (pσ1?) 

153A a ππππ dyz pout-of-plane(a) phenyl π-orbital (π− bonding analogue of MO 168) 

153B a ππππ -- -- -- -- phenyl π-orbital, pσ1 

152A a ππππ dxy pin-plane(s) phenyl π-orbital (π− bonding analogue of MO 169) 

152B a ππππ -- -- -- -- phenyl p-orbital (pyz(s)?) 

145 b x2-y2 dx2-y2 σ2(Cl + P) -- σ− bonding analogue of MO 183 

144 b z2 dz2 -- σsym.(Cl + P) σ− bonding analogue of MO 182 

a molecular orbitals lower than MO 164: mixed metal-ligand orbitals and pure bromido p-orbitals with very large contributions of 
phenyl π orbitals → theoretical assignment corresponding to [MoCl3P3

H] (MO 36 - 43) 
b not shown in Figure 5.12 
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Figure 5.13. Comparison of the relative MO energies for [MoBr3P3] and [MoCl3P3] obtained from the DFT 
calculation of the molecular orbitals (BP86/LANL2DZ).  

Comparing the relative MO energies of [MoCl3P3] and [MoBr3P3] (Figure 5.13) only very 

small differences are expected for the energies of the calculated d → d ligand field transitions. 

In contrast, the pπ(a) → t2g LMCT transitions should be shifted towards higher energies in the 

case of the chlorido complex as the antisymmetric pπ orbitals (164 - 166) are relatively 

lowered in their energies compared to [MoBr3P3]. The same should theoretically be expected 

for the bonding symmetric metal ligand orbitals (161 - 163) leading to increased energies for 

the t2g bonding → antibonding transitions as well. Note that two different types of complex 

structures were used in the TDDFT calculations ([MoBr3P3]: single crystal X-ray structure; 

[MoCl3P3]: DFT-optimized complex structure), so a direct comparison of the MO energies 

etc. probably should not be taken too seriously for further argumentation. 

 

TDDFT calculation and assignment of the electronic transitions 

As in the case of the bromido complex TDDFT was used to calculate the electronic transitions 

first for the simplified [MoCl3P3
H] model complex in which the P3 phenyl groups are 

abbreviated by H atoms. The assignment of individual transitions to particular spectral regions 

turns out to be easier for the chlorido complex than for the bromido complex (Figure 5.14, 

Table 5.10). 
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Table 5.10. TDDFT calculation of the electronic transitions of the truncated [MoCl3P3
H] complex 

(B3LYP/LANL2DZ). Only d → d transitions and transitions with oscillator strengths > 0.0020 are listed. 

energy (cm-1) oscillator strength description  
24 700 0.0154 LMCT, pxz(a)/pyz(a)/pxy(a) → xz, yz, xy (t2g) 46B → 49B  

24 900 - 25 400 0.0025 - 0.0090 t2g → eg, d → d ligand field transitions 48A → 50A 
29 700 - 30 300 0.0045 – 0.0082 pxz(s)/pyz(s)/pxy(s) → xz, yz, xy (t2g) 41-43B → 47 – 49B 

32 100 0.0532 pxy(s)/xy → xy, bonding → antibonding 41B → 49B 
~ 35 500 0.0010 pxy(s)px → xz, yz, xy (t2g) 38/39B →47-49B 
35 800 0.0093 
36 100 0.059 
36 200 0.0216 
36 000 0.0053 
36 800 0.0060 
41 100 0.0101 

pxz(a)/pyz(a)/pxy(a) → z2, x2-y2 (eg) 44-46A → 50/51A 

    

 

Figure 5.14. Experimental UV/Vis absorption spectra of [MoCl3P3] and calculated UV/Vis absorption spectra 
(TDDFT, B3LYP/LANL2DZ) of the truncated [MoCl3P3

H] complex (top) and the non-simplified [MoCl3P3] 
complex (middle). The experimental UV/Vis absorption spectra were measured in CH2Cl2 (d = 10 mm) at 
different concentrations.  

Considering the overall shape of the calculated UV/Vis spectrum, again no acceptable 

agreement could be found between the experimental and calculated spectra. Absorption 

maxima are obtained at 25 000 cm-1 and 32 000 cm-1 in both calculations which do not really 
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correspond to any of the experimentally observed absorption bands in the UV/Vis spectrum of 

[MoCl3P3] (Figure 5.14). 

The calculated spectra of [MoCl3P3
H] predicts moderate intensities for the d → d ligand field 

transitions which are found around 24 900 cm-1. This energy corresponds to the low-intensity 

band 3 at 24 000 cm-1 quite well. As for the truncated bromido complex, the LMCT transitions 

from the antisymmetric pπ orbitals, pxz(a), pyz(a) and pxy(a), into the singly occupied t2g 

molybdenum d-orbitals are also very intense in the calculated UV/Vis spectra of [MoCl3P3
H]. 

They are made out at 24 700 cm-1, but this does not really correspond to the energy of the 

experimentally observed absorption band 4. The bonding → antibonding pπ(s)/d → t2g 

transitions are expected around 30 000 cm-1. The most intense of these transitions in the 

calculated spectrum is the pxy(s)/dxy → dxy transition at 32 100 cm-1 which matches the 

experimental energy of the UV/Vis band 5 at 33 200 cm-1 of [MoCl3P3] very well. The 

pxy(s)px → t2g LMCT transitions are found around 35 500 cm-1, but are predicted to have very 

low intensities in the theoretical UV/Vis spectrum. LMCT transitions from the antisymmetric 

pπ orbitals into the unoccupied eg molybdenum d-orbitals are centered at 35 800 cm-1and 

36 200 cm-1 exactly corresponding to the absorption band 6 at 36 200 cm-1 in the experimental 

UV/Vis spectrum. 

For the non-simplified complex [MoCl3P3] the d → d ligand field transitions are clearly made 

out at 22 900 - 24 700 cm-1 and 31 000 – 32 800 cm-1 (t2g/pπ(bind.) → π*/d, Table 5.11) in the 

calculated UV/Vis spectrum with moderate intensities. This again supports the assignment of 

the UV/Vis absorption band 3 at 24 000 cm-1 to the first quartet transition, 4A2g → 2T2g 

(band I). As already suggested by the results of the AOMX ligand field calculations, the 

second spin-allowed ligand field transition, 4A2g → 1T2g (band II) may be assigned to a low-

intensity absorption feature which is hidden beneath the absorption band 4, but made out as a 

weak shoulder at 29 000 cm-1. 
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Table 5.11. Electronic transitions of [MoCl3P3] (TDDFT, B3LYP/LANL2DZ). Only the d → d ligand field 
transitions and transitions with oscillator strengths > 0.0020 are listed. 

energy (cm-1) oscillator strength description  

22 900 0.0027 yz/pyz(s) → π*/d 168A → 173/176A 

23 000 0.0021 xy/pxy(s), xz/pxz(s) → π*/d 169A → 174/177A, 167A → 173/176A 

24 800 0.0064 xy/pxy(s) → π*/d, pxz(a) → yz/pyz(s) 169A → 173A, 166B → 168B 

24 900 0.0132 pxy(a) → xy/pxy(s) 165B → 169B, 169A → 173/176A 

25 000 0.0181 pyz(a), pxz(a) → t2g/pπ(antibond.) 164B → 168/169B, 166B → 167B 

25 500 0.0020 xz/pxz(s) → π*/d 167A → 172/174/177A 

29 400 0.0046 pxy(s)/xy → xz/pxz(s) 163B → 167B 

29 500 0.0090 t2g/pπ(bind.) → xz/pxz(s), yz/pyz(s) 160-163B → 167/168B 

29 900 0.0133, 0.0124 pxz(s)/xz, pxy(s)/xy → yz/pyz(s), xy/pxy(s) 161/163B → 168/169B 

30 800 0.0048 xz/pxz(s) → π*/d, pxz(s)/xz → xy/pxy(s) 167A → 170A, 161B → 169B 

31 000 0.0067 yz/pyz(s) → π*/d 168A → 171/173A 

31 100 
 0.0020 

yz/pyz(s), xy/pxy(s) → π*/d 168/169A → 172/173A 

31 200 0.0079 yz/pyz(s) → π*/d, pxz(s)/xz, pxy(s)/xy → 
yz/pyz(s), xy/pxy(s) 

168A → 171/173A, 161/163B → 168/169B 

31 400 0.0033 xy/pxy(s) → π*/d, pyz(s)/yz, pxy(s)/xy → 
xz/pxz(s), yz/pyz(s) 

169A → 172A, 162/163B → 167/168B 

32 200 0.0047 pxy(s)px → yz/pyz(s) 158/160B → 168B 

32 300 0.0070, 0.0036 155/156/158/160B → 167B 

32 500 0.0095 
t2g/pπ(bind.), pxy(s)px → t2g/pπ(antibond.) 

155/158/159/160B → 168/169B 

32 700 0.0083, 0.0052 pyz(s), pxy(s)px → t2g/pπ(antibond.), 
xz/pxz(s), yz/pyz(s) → π*/d 

158/159B → 167-169B, 168/169A → 174/176/177A 

32 800 0.0025, 0.0050 yz/pyz(s), xy/pxy(s) → π*/d 168/169A → 174/176A 

33 000 0.0028 xz/pxz(s), yz/pyz(s) → π*/d, pyz(s), pxy(s)px 
→ xy/pxy(s) 

167/168A → 173/174A, 158/159B → 169B 

33 100 
 0.0025 

xz/pxz(s), xy/pxy(s) → π*/d, pyz(s) → 
yz/pyz(s) 

167/169A → 174/175/177A, 159B → 168B 

34 900 0.0023 xy/pxy(s) → π*/d, pyz(s)/yz, pxz(s)/xz → 
yz/pyz(s) 

169A → 178A, 156B, 161B → 168B 

35 100 0.0026 yz/pyz(s) → π*/d 168A → 178A 

35 300 0.0073 xz/pxz(s) → π*/d 167A → 178A 

35 400 0.0029 xy/pxy(s) → π*/d 169A → 178/180A 

35 600 0.0037 yz/pyz(s) → π*/d 168A → 180A 

35 700 0.0027 xy/pxy(s) → π*/d 169A → 177/179/181A 

35 800 0.0025 yz/pyz(s), xy/pxy(s) → π*/d 168/169A → 179A, 155/157B → 167B 

35 900 0.0023 yz/pyz(s) → π*/d, pyz(a) → π*/d 168A → 179A, 164B → 170B 

36 100 0.0062, 0.0027 pyz(a), pxy(a) → π*/d 165A → 117/172/177A, 164B → 170B 

36 200 0.0024 xz/pxz(s) → π*/d 167A → 177/179/181B 

36 600 0.0025 pyz(a) → π*/d 164A → 172/177A, 164B → 171B 

38 600 0.0020 pxz(a) → π*/d 166A → 171/173A, 166B → 174B 

38 900 
0.0025 phenyl π → xy/pxy(s) 

154B → 169B 
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energy (cm-1) oscillator strength description  

39 200 0.0076 pyz(a) → π*/d 164B → 175/176B 

39 300 0.0037 phenyl π → xy/pxy(s), pxy(a), pxz(a) → 
π*/d 

153B → 169B, 165/166B → 174/175B 

39 900 0.0021 phenyl π → xy/pxy(s) 148/150B → 169B 

40 700 0.0043 phenyl π → yz/pyz(s), yz/pyz(s) → π*/d 147 B → 168B,168B → 177B 

 
   

Furthermore, the pπ(a) → t2g LMCT transitions can also be assigned from the TDDFT 

calculations of the non-simplified [MoCl3P3] complex (Table 5.11). They are found at 

24 900 – 29 900 cm-1 in the calculated UV/Vis spectrum and thus match the observed UV/Vis 

absorption band 4 at 28 000 cm-1 quite well. The energy of this band is shifted by ~ 3 000 cm-1 

compared to the corresponding bromido complex, which would be expected as the 

antisymmetric pπ(a) orbitals are relatively lowered in energy upon the increased ligand field 

strength going from bromido to chlorido ligands (vide supra, Figure 5.13). Almost the same 

shift is expected for the pπ(s)/d → t2g bonding → antibonding transitions, which have been 

observed at 31 300 cm-1 (UV/Vis band 5) and 30 300 cm-1 (MCD band E) for the bromido 

complex and is assigned to the absorption shoulder at 33 200 cm-1 (band 5) in the UV/Vis 

spectrum of [MoCl3P3] (UV/Vis calc.: 29 900 - 32 700 cm-1). The absorption band 6 at 

36 200 cm-1 in the UV/Vis spectrum of the chlorido complex is assigned to the pπ(a) → eg 

LMCT transitions corresponding to the UV/Vis bands 6 and 7 of the bromido complex. A 

convincing argument in favor of this assignment is the vibrational structure with 

∆E = ~ 1 000 cm-1. It might originate from the symmetric aromatic ring breathing vibration 

which is associated with a symmetric C-Pphenyl stretch observed at 1 029 cm-1 (FT-Raman) and 

might be excited upon electronic transitions into the σ−antibonding eg molybdenum d-orbitals  

In summary, the proposed assignments of the individual electronic transitions of [MoCl3P3] 

and [MoBr3P3] are shown in Table 5.12. 
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Table 5.12. Assignment of the electronic transitions of [MoCl3P3] and [MoBr3P3] (in cm-1). 

[MoCl3P3] [MoBr3P3] assignment 

 UV/Vis MCD  

(1)   11 900 (1)     11600 -- spin-forbidden d → d ligand field transition (4A2g → 2Eg, 2T1g) 

(2)   17 000 (2) ~ 16 000 -- spin-forbidden d → d ligand field transition (4A2g → 2T2g) 

-- -- (A)   20 500 LMCT, pπ(a) → xz, yz, xy (t2g) 

(3)   24 000  (3)  ~ 22 500 (B)   23 000 d → d ligand field transition (4A2g → 4T2g, band I) 

(4)   28 000 (4)    25 000 (C)   25 300 LMCT, pπ(a) → xz, yz, xy (t2g) 

       (29 000) -- (D)   27 700 d → d ligand field transition (4A2g → 4T1g, band II) 

(5)   33 200 (5)    31 300 (E)   30 300 LMCT, pπ(s)/t2g → xz, yz, xy (t2g) 

-- -- (F)   33 100 LMCT, pxy(s)px → xz, yz, xy (t2g) 

(6)   36 200 a (6)  (36 000) (G)   35 900 

-- (7)    37 500 -- 
LMCT, pπ(a) → z2, x2-y2 (eg) 

    

a vibrational progression: ∆E = 1000 cm-1 

    

 

5.2.3 EPR Spectra of [MoCl3P3] 

The low-temperature cw X-band EPR spectrum of [MoCl3P3] also shows two signals (Figure 

5.15) in analogy to the corresponding bromido complex. They are assigned to the 2/3− → 

2/3+  (signal I) and the 2/1− → 2/1+  (signal II) spin transitions at the B0 || z orientation 

of the applied magnetic field (vide supra). In the EPR spectrum of the chlorido complex the 

overall shape and the intensity ratio of the two signals is somewhat different, however, as 

signal I here shows a significantly higher intensity compared to signal II. This cannot only be 

explained with the higher temperature during the measurement which was only increased by 

~ 1 K at measurement of [MoCl3P3]. In addition, signal I is not as asymmetric and shows no 

splitting compared to the low-temperature EPR spectrum of [MoBr3P3], which indicates a 

very small rhombic zero-field-splitting value E (E ~ 0) in the case of the chlorido complex. As 

a simulation of the spectrum was not successful so far, a further interpretation is not possible 

at the moment. 
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Figure 5.15.  Low-temperature cw X-band EPR spectrum of [MoCl3P3], measured in a frozen CH2Cl2 solution at 
T = 4.6 K, microwave frequency 9.642 GHz, microwave power 2 mW, modulation amplitude 10 G., modulation 
frequency 100 kHz. 

 

Figure 5.16. Room temperature cw X-band EPR spectrum of [MoCl3P3], measured in a CH2Cl2 solution 
(microwave frequency: 9.874 GHz, microwave power 2 mW, modulation amplitude 10 G., modulation frequency 
100 kHz) and spectral simulation (EasySpin[198] (garlic), g = 1.95, A(95/97Mo) = 34 G, Aiso(

31P) = 23 G (Axx = 
26 G, Ayy = 23 G Azz = 21 G, line width 7 G). The spectral simulation was performed by Henning Broda. 

The signal arising from the 2/1− → 2/1+  transition in the room temperature EPR 

spectrum of [MoCl3P3] shows a better resolution of the 31P hyperfine splitting compared to the 

EPR spectrum of the bromido complex. In the spectral simulation using the simulation 

software EasySpin[198] the “molybdenum satellites” arising from hyperfine coupling between 

the electron spin and the nuclear spin of the 95Mo and 97Mo isotopes show significantly higher 

intensities compared to the XSophe simulation of the EPR spectrum of [MoBr3P3]. The 

g-value of giso = 1.95 in the case of [MoCl3P3] is significantly lower compared to [MoBr3P3] 

(giso = 1.99). Considering the hyperfine coupling constants, however, no significant 
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differences are obtained between the chlorido and the bromido complex. For both complexes 

an A-value of A(95/97Mo) = 35 G is obtained for the 95/97Mo hyperfine coupling. In fact, no 

difference would have been expected here as both complexes have the same oxidation state 

(Mo(III)). The 31P hyperfine coupling constant, however, is minimally decreased from 

22.3·10-4 cm-1 (≙ 24 G) in the case of [MoBr3P3] to 21.1·10-4 cm-1 (≙ 23 G) in the case of 

[MoCl3P3]. From the decreased covalence of the metal-ligand bonds going from bromido to 

chlorido ligands within the [MoX3P3] complexes probably a much stronger decrease of the 31P 

hyperfine coupling constant would have been expected for [MoCl3P3]. 

 

5.2.4 Conclusion 

The electronic transitions of the [MoX3P3] complexes have been successfully assigned based 

AOM ligand field calculation and the (TD)DFT calculations of molecular orbitals and 

electronic transitions (Table 5.12). All of these methods could only be applied with certain 

limitations. In the case of the AOMX calculations, the obtained results for both the energies of 

the ligand field states and the specific AOM parameters, which especially are the eσ and eπ 

bonding parameters as well as the interelectronic repulsion parameters (Racah parameters), 

should always be compared to the literature so avoid erroneous band assignments. However, 

from their very low intensities the spin-forbidden ligand field transitions even could be 

assigned without AOMX calculations. 

In the case of the quantum chemical DFT and TDDFT calculations, the electronic transitions 

could be assigned based on molecular orbital considerations, but only with the help of the 

simplified [MoX3P3
H] complexes, as for the non-simplified complexes the identification of 

the molecular orbitals was rather difficult due to the strong mixing of metal and ligand 

orbitals with the π- and π*-orbitals of the P3 phenyl groups. 

Whether the proposed assignments of the remaining UV/Vis and MCD bands to the individual 

d → d and charge transfer transitions are correct and whether the observed trends and shifts 

within the optical spectra have been explained in the right way should be verified by 

extending this study to other tripodal molybdenum(III) P3 complexes. The most obvious 

candidate for further investigations, of course, would be the analogous iodido complex 
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[MoI3P3]. Compared to the chlorido and bromido complexes, a further decreased ligand field 

strength should be expected in the case of the iodido ligands leading to further shifts of the 

electronic transitions in the optical spectra. The same is also true for the analysis of the EPR 

spectra. Due to the increased covalence of the Mo-I bonds, an increased 31P hyperfine 

coupling constant, compared to [MoBr3P3] and [MoCl3P3], would be expected. However, the 

iodido P3 molybdenum(III) complex [MoI3P3] still has to be synthesized. 
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5.3 [MoCl3SiP3] 

For further investigations on the optical spectra of facially coordinated molybdenum(III) 

tripod complexes and to verify the proposed assignments of the electronic transitions, 

[MoCl3SiP3] has additionally been analyzed. The SiP3 ligand and the [MoCl3SiP3] complex 

have been synthesized by Henning Broda.[199] The DFT optimized complex structure] is 

shown in Figure 5.17. The tripodal SiP3 ligand is an aliphatic ligand (SiP3 = tris(dimethyl-

phosphinomethyl)methylsilane, tdmpmms) and does not contain any phenyl groups in contrast 

to the aromatic P3 ligand (P3 = 1,1,1-tris(diphenylphosphinomethyl)ethane). In consequence, 

the analysis of the molecular orbitals is expected to be less difficult in the case of [MoCl3SiP3] 

compared to the [MoX3P3] complexes and should therefore lead to a more reliable assignment 

of the electronic transitions. 

 

Figure 5.17. DFT optimized complex structure of [MoCl3SiP3] (B3LYP/LANL2DZ). Hydrogen atoms are 
omitted for clarity. 

 

5.3.1 UV/Vis Absorption Spectrum 

Compared to the UV/Vis absorption spectrum of [MoCl3P3], three absorption bands at 

24 500 cm-1 (band 3), 28 900 cm-1 (band 4) and around 36 000 cm-1 (band 6) also observed in 

the UV/Vis spectrum of [MoCl3SiP3]. Additionally, also a clear shoulder is identified at 

33 400 cm-1 (band 5). Analogous to band 6 in the UV/Vis spectrum of [MoCl3P3], the 

absorption band 6 at 36 000 cm-1 also shows a vibrational structure with ∆E ~ 1 000 cm-1. In 

the case of [MoCl3P3], the vibrational frequency of 1 000 cm-1 has been assigned to the 

symmetric phenyl ring-breathing vibrations which cannot be transferred to [MoCl3SiP3] 
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complex, of course. However, very intense P - Cmethyl bending vibrations are observed in the 

IR spectrum of the SiP3 complex at 900 - 1 000 cm-1. This indicates that again the σ-

antibonding eg orbitals might be involved in these (LMCT) transition. 

 

Figure 5.18. UV/Vis spectra of [MoCl3P3] (bottom) and [MoCl3SiP3] (top), measured in CH2Cl2 at different 
concentrations ([MoCl3P3]: 0.1 – 5 mM; [MoCl3SiP3]: 0.1/1 mM).  

The absorption bands 3 and 4 at 24 500 cm-1 and 28 900 cm-1 show a different intensity ratio 

in the UV/Vis spectrum of [MoCl3SiP3] when compared to [MoCl3P3] (Figure 5.18).  

Additionally, a low-intensity absorption band 2 might probably be made out at around 

21 500 cm-1 in the UV/Vis spectrum of [MoCl3SiP3] which may be assigned to the 4A2g → 

4T2g ligand field transition (band I). 

 

5.3.2 DFT calculations of the Molecular Orbitals 

Considering the molybdenum d-orbitals of [MoCl3SiP3], they are found in antibonding linear 

combinations with the corresponding ligand pπ and pσ orbitals as obtained for the [MoX3P3] 

complexes (vide supra). The unoccupied dz
2 and dx

2
-y

2 orbitals are observed in antibonding 

linear combinations with the σsym and σ2 orbitals and are almost degenerate (eg, 73/74A). 

Compared to the [MoX3P3] complexes, however, a different sequence of the singly occupied 

molybdenum t2g orbitals is obtained. In the case of [MoCl3SiP3] the dxy and dxz + dyz orbitals 
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(70A - 72A) which observed in antibonding linear combinations with the symmetric chlorido 

pπ orbitals pxy, pxz and pyz are inverted in energy.  

 

Figure 5.19. Molecular orbitals of [MoCl3SiP3] (alpha spin orbitals), BP86/LANL2DZ. 

The highest occupied ligand orbitals (67A – 69A) rather remind of the antibonding in-plane 

and out-of-plane chlorido p-orbitals as obtained for the CS symmetric molybdenum(V) 

complex [Mo(O)Cl3dppe] (dppe: 1,2-bis(diphenyl-phosphino)ethane, chapter 3) than of the 

corresponding orbitals of the [MoX3P3] complexes. However, their bonding counterparts are 

not as easily identified (61A - 63A). The same is true for the bonding analogues of the singly 

occupied t2g orbitals (64A - 66A) due to the large extent of mixing of different metal or ligand 

orbitals.  

Within the antibonding pπ(s) orbitals, the bonding dxy/pxy(s) orbital is relatively lifted in its 

energy compared to the dxz/pxz(s) and dyz/pyz(s) orbitals as the former is additionally mixed 
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with the σ1 orbital (66A) here. The molecular orbitals 59A and 60A are the bonding analogues 

of the unoccupied dx
2
-y

2/σ2 and dz
2/σsym eg molybdenum d-orbitals. Molecular orbitals above 

MO 74 predominantly show phosphorus p-character. As nearly no spin-polarization is 

observed between the alpha and beta spin orbitals, only the alpha spin orbitals are depicted in 

Figure 5.19 and described in Table 5.13. 

Table 5.13. Molecular orbital (alpha spin orbitals) of [MoCl3SiP3
H], BP86/LANL2DZ.  

orbital Mo3+ Clx Cly Clz description 

74 x2-y2 dx2-y2 σ2(Br + P) -- σ−antibonding, unoccupied metal d-orbital 

73 z2 dz2 σsym(Br + P) σ−antibonding, unoccupied metal d-orbital 

72 yz/pyz(s) dyz px pyz(s) π−antibonding, singly occupied metal d-orbital 

71 xz/pxz(s) dxz pxz(s) (px) pxz(s) π−antibonding, singly occupied metal d-orbital 

70 xy/pxy(s) dxy pxy(s) px π−antibonding, singly occupied metal d-orbital 

69 pout-of-plane(a)    -- pout-of-plane(a) chlorido p-orbital, antibonding linear combination 

68 pout-of-plane(s)    -- pout-of-plane(s) chlorido p-orbital, antibonding linear combination 

67 pin-plane(a)    -- pin-plane(a) chlorido p-orbital, antibonding linear combination 

66 pσσσσ1111    + pxy(s)/xy dxy pσ1 +  xy/pxy(s) bonding metal-ligand hybrid orbital (π−bonding 
analogue of MO 70) 

65 pxz(s)/xz (dxz) pout-of-plane(a),(pxz(s)) π−bonding analogue of MO 71 

64 pyz(s)/yz dyz px pyz(s) π−bonding analogue of MO 72 

63 pout-of-plane(s) (dxy) pout-of-plane(s) chlorido p-orbital, π−bonding analogue of MO 68 

62 pout-of-plane(a) dxz pout-of-plane(a) chlorido p-orbital, π−bonding analogue of MO 69 

61 pin-plane(s) (dxy) pin-plane(s) chlorido p-orbital, bonding analogue of MO 67 

60 z2/σσσσsym dz2 σ2(Br + P) -- σ−bonding, bonding analogue of MO 74 

59 x2-y2/σσσσ2 dx2-y2 σsym(Br + P) σ−bonding, bonding analogue of MO 73 

       

The relative MO energies of [MoCl3SiP3] and the [MoX3P3] complexes are shown in Figure 

5.20. It is obvious at the first sight that the ligand field splitting is reduced in the case of 

[MoCl3SiP3]. This implies that lower energies are expected for the d → d ligand field 

transitions compared to the [MoX3P3] complexes. In contrast, the antisymmetric pπ ligand 

orbitals and the bonding t2g/pπ(s) orbitals are relatively lowered in energy in the case of 

[MoCl3SiP3]. This should lead to increased energies of the pπ(a) → t2g LMCT as well as the 

t2g bonding → antibonding transitions, for example. 
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Figure 5.20. The relative MO energies of [MoBr3P3], [MoCl3P3] and [MoCl3SiP3] obtained from DFT 
calculations (BP86/LANL2DZ) are shown for comparison. 

 

5.3.3 TDDFT Calculations of the Electronic Transitions and Assignment of the UV/Vis 
Spectrum 

The overall shape of the theoretical UV/Vis spectrum of [MoCl3SiP3] obtained from the 

TDDFT calculation of the electronic transitions shows one very broad absorption band at 

33 000 cm-1. It does not match any of the observed bands in the experimental UV/Vis 

spectrum (Figure 5.21). However, the calculated energies of the most intense transitions seem 

to match the experimental absorption features at 28 900 cm-1 and 36 000 cm-1. As it can hardly 

be distinguished between the bonding in-plane and out-of-plane chlorido pπ orbitals and the 

bonding analogues of the molybdenum t2g/pπ(s) orbitals, a definite assignment of the 

individual electronic transitions turns out to be quite difficult. Nevertheless, some trends 

considering the different types of electronic transitions within the particular spectral regions 

of the experimental UV/Vis spectrum can be extracted from the TDDFT calculation. 
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Figure 5.21.Experimental (bottom) and calculated (top) UV/Vis spectrum of [MoCl3SiP3]. The experimental 
spectra were measured in CH2Cl2 (d = 10 mm, ~ 0.1/1 mM). Electronic transitions were computed by time-
dependent DFT (B3LYP/LANL2DZ). 

In the theoretical UV/Vis spectrum, the t2g → eg ligand field transitions are calculated around 

21 600 cm-1 and 24 000 cm-1 and show low to moderate intensities. The first energy perfectly 

matches the energy of the assumed low-intensity band 2 in the experimental spectrum. It is 

therefore assigned to the 4A2g → 4T2g, transition (band I). The second energy matches the 

experimental absorption band 3 at 24 500 cm-1. However, although the 4A2g → 4T1g transition 

(band II) would also be expected at significantly lower energies compared to the [MoX3P3] 

complexes, this band should probably rather not be assigned to a ligand field transition due to 

its relatively high intensity. However, in the case of [MoCl3P3], the 4A2g → 4T1g transition has 

been identified as a small shoulder next to the high intensity LMCT transition (pπ(a) →t2g, 

band 4) on the other hand. This means that, in general, the intensity of this ligand field 

transition cannot be too low. In consequence, the UV/Vis band 3 might probably indeed be 

assigned to the second spin-allowed quartet transition (band II) in the case of [MoCl3SiP3], 

especially as no other reasonable assignment is suggest by the molecular orbital and TDDFT 

calculations. 

LMCT transitions from the in-plane and the out-of-plane chlorido pπ orbitals into the singly 

occupied t2g molybdenum d-orbitals are found between 27 600 cm-1 and 28 800 cm-1 in the 

calculated UV/Vis spectrum of [MoCl3SiP3]. Again, they show very low intensities in the 

calculated spectrum. The only exception is the pin-plane(a) → dxz, dyz transition at 28 800 cm-1 
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which exactly matches the experimental absorption band 4 at 28 900 cm-1. In the theoretical 

UV/Vis spectrum of [MoCl3SiP3], the t2g bonding → antibonding transitions are found 

between 31 500 cm-1 and 34 400 cm-1. The most intense of these transitions is are the 

pxz(s)/xzbind. → yz/pyz(s)antibond. transitions (65A → 72A) at 34 400 cm-1. They might be 

assigned to the experimental absorption band 5 at 33 000 cm-1.  

Table 5.14. TDDFT calculations of the electronic transitions of [MoCl3SiP3] (B3LYP/LANL2DZ). Only the d → 
d transitions and transitions with oscillator strengths > 0.0020 are listed. 

energy (cm-1) oscillator strength description  

21 500 0.0001 d → d, dxz, dyz → dx2-y2 71/72A → 73A 

21 600 0.0034 d → d, dxz, dyz → dx2-y2, dz2 71/72A → 73/74A 

21 600 0.0033 d → d, dxy → dz2 70A → 74A 

23 900 0.0033 d → d, dxz → dz2 71A → 74A 

24 000 0.0006 d → d, dxy → dx2-y2 70A →73A 

27 600 0.0007 LMCT, pout-of-plane(a) → dxy, dyz 69B → 70/72B 

27 700 0.0015 LMCT, pin-plane(a) → dxz 67B → 71B 

27 700 0.0016 LMCT, pin-plane(a), pout-of-plane(a) → dxy, dxz, dyz 67/68B → 70-72B 

28 700-28 800 0.0152 LMCT, pin-plane(a) → dxz, dyz 67B → 71/72B 

31 500, 31700 0.0101-0.0108 σ1 + pxy/xy (hybrid) → dxy, dxz, dyz 66B → 70-72B 

32 800 0.0036-0.0048 pyz(s)/yz → yz/pyz(s), pxz(s)/xz → dxz 64/65B → 71/72B 

33 200 0.0071-0.0076 pyz(s)/yz, pxz(s)/xz → dxy 64/65B → 70B 

34 400 0.0534 pxz(s)/xz → yz/pyz(s) 65B → 72B 

38 000 0.0276 pout-of-plane(a) → dz2 69A → 74A 

38 200 0.0083 pout-of-plane(s) → dz2, dx2-y2 68A → 73/74A 

39 100 0.0028 pin-plane(a) → dz2, dx2-y2 67A → 73/74A 

40 100 0.0034 dx2-y2/σ2 (bind.) → dxy 59B → 70B,  

 0.0033 dz2/σsym. (bind.) → dxy, dyz 60B → 70/72B 

43 500 0.0086 pout-of-plane(s, a) → dz2, dx2-y2 68/69B → 73/74B 

44 000 0.0028, 0.0042 pin-plane(a) → dz2, dx2-y2 67B → 73/74B 

44 300 0.0197 σ1 + pxy/xy (hybrid) → dz2, dx2-y2 66A → 73/74A 

    

The vibrational progression of band 6 of ∆E ~ 1 000 cm-1 corresponds to the energy of 

P-Cmethyl bending vibrations. This implies that the unoccupied σ-antibonding eg orbitals might 

be involved in these transitions. In analogy to the [MoX3P3] complexes, this band should 

therefore be assigned to the LMCT transitions from the chlorido pπ orbitals into the 

unoccupied dx
2
-y

2 and dz
2 molybdenum d-orbitals. In the calculated UV/Vis spectrum they are 

found at 38 000 – 39 100 cm-1. Transitions above 45 000 cm-1 are predicted to be MLCT 
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transitions from the singly occupied t2g orbitals into phosphorus p-orbitals from TDDFT 

calculation of [MoCl3SiP3]. 

As no spin-forbidden ligand field transitions are observed in the UV/Vis spectrum at the used 

concentrations of max. 1 mM, no AOMX ligand field calculations were performed in the case 

of [MoCl3SiP3]. 

In summary a complete assignment of the electronic transitions of the P3 and SiP3 

molybdenum(III) tripod complexes is shown in Table 5.15. 

Table 5.15. Assignment of the electronic transitions of [MoX3P3] (X = Cl-, Br-) and [MoCl3SiP3]. The energies 
are given in cm-1. 

[MoCl3P3] [MoCl3SiP3] [MoBr3P3] assignment 

  UV/Vis MCD  

(1)   11 900 -- (1)     11600 -- spin-forbidden d → d ligand field transition (4A2g → 2Eg, 2T1g) 

(2)   17 000 -- (2) ~ 16 000 -- spin-forbidden d → d ligand field transition (4A2g → 2T2g) 

-- -- -- (A)   20 500 LMCT, pπ(a) → xz, yz, xy (t2g) 

(3)   24 000 ((2)   21 500) (3) ~ 22 500 (B)   23 000 d → d ligand field transition (4A2g → 4T2g, band I) 

 (3)   24 000   assignment unclearb 

(4)   28 000 (4)   28 900 (4)    25 000 (C)   25 300 LMCT, pπ(a) → xz, yz, xy (t2g) 

(29 000) ??? -- (D)   27 700 d → d ligand field transition (4A2g → 4T1g, band II) 

(5)   33 200 (5) ~ 33 000 (5)    31 300 (E)   30 300 LMCT, pπ(s)/t2g → xz, yz, xy (t2g) 

-- -- -- (F)   33 100 LMCT, pxy(s)px → xz, yz, xy (t2g) 

(6)   36 200 a (6)   36 000 a (6)  (36 000) (G)   35 900 

-- -- (7)    37 500 -- 
LMCT, pπ(a) → z2, x2-y2 (eg) 

a vibrational progression: ∆E = 1000 cm-1 

b from the TDDFT calculation the 4A2g → 4T1g ligand field transition (band II) could be suggested 

 

5.3.4 Conclusion 

As expected the molecular orbitals of the [MoCl3SiP3] complex with its aliphatic SiP3 ligand 

could directly be calculated without any abbreviations. The identification of the individual 

MOs is quite easy compared to [MoX3P3] as the P3 ligand bearing several phenyl groups. 

Compared to the MO calculations of the truncated [MoX3P3
H] complexes, a larger extent of 

mixing of different metal and/or ligand orbitals is observed in the case of [MoCl3SiP3]. 

Comparing the UV/Vis spectra of [MoCl3SiP3] and [MoCl3P3] apparently the same absorption 

bands are obtained with only little differences considering the energies and the intensity ratios 
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of the individual bands. However, the assignment of the various electronic transitions cannot 

directly be transferred from [MoCl3P3] to [MoCl3SiP3]. Especially the energies of the d → d 

ligand field transitions and thus the assignment of the absorption band 3 remain somewhat 

unclear in the case of the SiP3 complex. From the TDDFT calculation the latter could indeed 

be assigned to the 4A2g → 4T1g ligand field transition in the case of [MoCl3SiP3], but the 

intensity of this band is actually too high compared to the other absorption bands. Compared 

to the [MoX3P3] complexes (slight) shifts of the various LMCT transitions towards higher 

energies are predicted for [MoCl3SiP3] from the comparison of the relative MO energies as 

well as from the TDDFT calculation of the electronic transitions. These shifts are throughout 

confirmed by the experimental energies. In consequence, the assignment of the LMCT 

transitions is considered to be correct for all three complexes (Table 5.15). 

Nevertheless, the proposed assignments should be verified by further studies on the UV/Vis 

(and MCD) spectra as well as on the corresponding DFT and TDDFT calculations of a larger 

number of different facially coordinated aliphatic, aromatic, heteroatom containing etc. 

molybdenum(III) tripod complexes. 
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6 EPR Spectroelectrochemistry of [Mo(NCMe)(NEt)depe2]
2+ 

Considering the Chatt cycle for catalytic N2 reduction one important intermediate is the 

Mo/W(IV)-imido intermediate C6 (vide supra, chapter 1.2.3). After the first equivalent of 

NH3
 has been eliminated C6 is generated from the Mo/W(IV)-nitrido intermediate C5 by 

protonation. For the generation of the second equivalent of ammonia this Mo/W(IV)-imido 

complex has first to be reduced by two electrons to the corresponding Mo/W(II)-imido stage 

C7 before being protonated in two further steps. During the two-electron reduction the 

anionic trans ligand is eliminated. As the Mo/W(IV)-imido complex C6 is able to protonate 

itself in a cross- reaction during the reduction resulting in the instant formation of the 

Mo/W(II)-amido complex C8 the Mo/W(II)-imido intermediate C7 cannot be studied. 

However, this self-protonation reaction can be avoided using alkylated imido complexes, 

which was the synthetic strategy employed in previous work by the Tuczek group.[3, 89] 

An example of such an alkyl imido Chatt type molybdenum(IV) complex is 

[Mo(NCMe)(NEt)depe2]
2+ (NEt = ethyl imide, depe = 1,2-Bis(diethylphosphino)ethane), 

where the molybdenum(IV) center bears an acetonitrile solvent molecule trans to the ethyl 

imido ligand in addition to two equatorially coordinated depe ligands (Figure 6.1). Beside 

some other Mo(IV) ethyl imido complexes it has already been used to study the reduction of 

the Mo(IV)-imido intermediate[89] to compare the results to a previous study on the reduction 

of the corresponding Mo(IV) alkyl imido dppe complexes (dppe = 1,2-Bis-(diphenyl-

phosphino)ethane).[200]  

The [Mo(NCMe)(NEt)depe2]
2+ complex was synthesized, characterized and intensively 

studied with respect to its redox behavior by Ameli Dreher. One of the key observations of 

that work was that the neutral acetonitrile ligand trans to the imido moiety cannot be 

eliminated during electrochemical reductions and that only one electron could be transferred, 

even when strongly reducing potentials (E  ~ -2 V vs. Fc/Fc+) where applied. Thus only a 

paramagnetic Mo(III)-imido species (S = 1/2) was prepared instead of the Mo(II)-imido 

complex C7.[89] The starting Mo(IV)-imido complex itself is diamagnetic (S = 0) and thus 

EPR silent. However, the paramagnetic complex obtained from the one-electron reduction of 

[MoIV(NCMe)(NEt)depe2]
2+ can be detected by EPR spectroscopy (S = 1/2). The same is true 

for the product of a one-electron oxidation (Mo(IV) → Mo(V), S = 1/2), which of course is 

not part of the catalytic cycle of N2 reduction and was only studied for comparison. 
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Figure 6.1: Optimized complex structure of [Mo(NCMe)(NEt)depe2]
2+ and schematic ligand field splitting of 

the molybdenum d orbitals as obtained from  DFT calculation of the molecular orbitals.[89] Hydrogen atoms are 
omitted for clarity. The DFT geometry optimization was carried out by Sven Meyer (B3LYP/6-311G, Mo: 
LANL2DZ). 

As, so far, only very few and rare examples are reported in the literature considering the EPR 

spectra of mononuclear Mo(III) complexes, the room temperature EPR spectra obtained after 

the electrochemical reduction and oxidation of [Mo(NCMe)(NEt)depe2]
2+ were also used as 

test spectra for isotropic spectral simulations with the XSophe simulation software suite.[1] 

Samples were prepared under argon atmosphere by Sven Meyer. Using an appropriate EPR 

tube with two platiunum electrodes the EPR spectra were measured at room temperature in 

10 mM acetonitrile solutions (1 mL) containing NBu4PF6 as electrolyte (0.1 M). As no 

reference electrode or internal standard was used, reduction or oxidation potentials were 

slowly changed until a current of 30 - 40 µA was reached. The samples were then electrolyzed 

over several minutes until significant intensities of the EPR spectra were obtained. 

 

6.1 Reduction of [Mo(NCMe)(NEt)depe2]
2+ 

After the electrochemical reduction of the EPR silent molybdenum(IV) complex 

[Mo(NCMe)(NEt)depe2]
2+ (S = 0) a symmetric hyperfine split quintet at g = 2.01 is detected 

in the room temperature EPR spectrum (Figure 6.2). The color of the solution changes during 

electrolysis from violet to yellow (and ultimately red at very high concentrations).3 According 

                                                 

3 Note that in the case of the molybdenum(III) complexes containing the tripodal P3 (P3 = 1,1,1-tris(diphenyl-
phosphinomethyl)ethane) and SiP3 (SiP3 = tris(dimethylphosphinomethyl)methylsilane) ligands (vide supra, 
chapter 5), diluted complex solutions are yellow as well. 
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to previous coulometric measurements, only one electron is transferred during the 

electrochemical reduction,[89] so the EPR signal should arise from the 2/1− → 2/1+  

transition of a (low spin) Mo(III) species (S = 1/2).  

 

Figure 6.2. Experimental and simulated cw X-band EPR spectrum of the Mo(III) complex, that was obtained 
after reduction of [Mo(NCMe)(NEt)depe2]

2+ (10 mM) in MeCN containing NBu4PF6 (0.1 M) at ~-2.2 to -2.5V. 
Experimental: room temperature, microwave frequency 9.781 GHz, microwave power 6.3 mW, modulation 
amplitude 4 G, modulation frequency 100 kHz, simulation: giso = 2.01, Aiso(

95/97Mo) = 35.5 G, Aiso(
31P) = 12.3 G, 

(line width 6.5G) 

The hyperfine splitting is due to the coupling of the unpaired electron with the four equivalent 

P atoms (31P: I = 1/2) of the two equatorial depe ligands. In addition, “molybdenum satellites” 

are observed on both sides of the actual signal resulting from the hyperfine coupling with the 

molybdenum isotopes 95Mo and 97Mo (both I = 5/2, natural abundance 15.9 % and 9.6 %, 

respectively). The overall signal width is about 200 G. From the simulation of the spectrum 

(Figure 6.2, top) an isotropic hyperfine coupling constant of 12.3 G (11.5·10-4 cm-1) is 

obtained for 31P. The isotropic hyperfine coupling of 95/97Mo could best be simulated using 

35.5 G (33.3·10-4 cm-1). The accordance between the calculated and simulated spectrum is 

very good considering the position, the relative intensities and the overall width of the signal. 

For so far unknown reasons the signals arising from the molybdenum hyperfine coupling at 

the wings of the signal are found at the right position but with much too low intensities in the 

simulated spectrum. 

In contrast to a previous study on the EPR spectra of the methyl imido molybdenum(III) 

complex [MoCl(NMe)dppe]2+,[165] which also has only one unpaired electron, the hyperfine 

coupling with 14N and the alkyl protons (Aiso(
14N) = 3.4 G, Aiso(

1H) = 3.6 G) is not resolved in 
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the EPR spectrum of [Mo(NCMe)(NEt)depe2]
2+. A reason might be that the modulation 

amplitude was chosen too high in our experiment.4 No hyperfine coupling constant is given in 

the report for the 95/97Mo center of [MoCl(NMe)dppe]2+. The phosphorus hyperfine splitting 

parameter of Aiso(
31P) = 20.2 G (18.7·10-4 cm-1) is markedly higher for the dppe complex. This 

could be explained by the lower covalence considering the metal-ligand bonds of 

[MoCl(NMe)dppe]2+ compared to the [Mo(NCMe)(NEt)depe2]
2+ complex. 

 

6.2 Reduction of [Mo(NCMe)(NEt)depe2]
2+ in the presence of phenol 

 

Figure 6.3. Experimental and simulated cw X-band EPR spectrum of [Mo(NCMe)(NEt)depe2]
2+ (10 mM), 

reduced in MeCN containing NBu4PF6 (0.1 M) at -2.2 - -2.5V in the presence of phenol. Experimental: room 
temperature, microwave frequency: 9.78 GHz, microwave power 6.3 mW, modulation amplitude 4 G, 
modulation frequency 100 kHz, simulation: giso = 1.99, Aiso(

95/97Mo) = 35.5 G, Aiso(
31P) = 19.1 G, (line width 

6.1 G) 

After the reduction of [Mo(NCMe)(NEt)depe2]
2+ in the presence of phenol serving as a 

potential proton-source a different EPR spectrum is obtained showing a significantly larger 

hyperfine splitting (Figure 6.3) compared to the previous measurement in the absence of 

PhOH. Again, electrolysis causes a clear color change, in this case from violet to red. The 

product of the reduction in the presence of phenol is not stable, as the EPR signal and the red 

                                                 

4 For comparison: A modulation amplitude of only 0.1 mT (microwave power of 20 mW) was used for the EPR 
measurements reported in ref.[165] D. L. Hughes, D. J. Lowe, M. Y. Mohammed, C. J. Pickett, N. M. 
Pinhal, J. Chem. Soc. Dalton Trans. 1990, 2021. 
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color completely disappear within very few minutes but can be reproduced by repeated 

reductions. 

Compared to the reduction experiment without phenol (vide supra) the g value of 1.99 is now 

slightly decreased and an increased phosphorus hyperfine splitting parameter of 

Aiso(
31P) = 19.1 G (17.7·10-4 cm-1) is obtained from the spectral simulation. This clearly 

indicates that changes within the complex structure which result in significant changes of the 

electronic structure of the reaction product occur as a consequence of the reduction in the 

presence of phenol. This could be explained by the two scenarios that a possible protonation 

of the imido ligand might give an amido or amino ligand and the acetonitrile trans ligand is 

exchanged by phenolate.[89] The molybdenum hyperfine coupling of Aiso(
95/97Mo) = 33.5 G 

(32.9·10-4 cm-1) is identical to the preceding measurement (same oxidation state: Mo(III)). 

Phenol is used to provide H+ for the protonation of the imido ligand, so the initial compound 

being formed during the reduction might be a Mo(III)-alkyl amido species. This could 

probably be further reduced (and protonated) right away forming a Mo(II)-alkyl amido (or 

amino) species or disproportionate to give Mo(IV) and Mo(II). Both possible reaction 

pathways could explain the disappearance of the EPR signal after a few minutes, as Mo(IV) is 

EPR silent. Mo(II), which could be an S = 0 or an S = 1 integer spin system, can also not be 

detected at least not in the “normal” (perpendicular) detection mode.  

After the reduction of [Mo(NCMe)(NEt)depe2]
2+ in the presence of phenol further protonation 

steps could lead to the formation of ethylamine, which could in the end be detected by UV/Vis 

spectroscopy (colorimetry) using a 2,4-Dinitrofluorobenzene assay.[201] 

 

6.3 Oxidation of [Mo(NCMe)(NEt)depe2]
2+ 

After the electrochemical oxidation of [Mo(NCMe)(NEt)depe2]
2+ a symmetric hyperfine split 

quintet is observed in the EPR spectrum at g = 2.00 (Figure 6.4), indicating that a stable 

paramagnetic oxidation product must have been formed, which could only be a Mo(V) 
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species. This is also confirmed by the change of color during the oxidation turning from violet 

to green.5 

 

Figure 6.4. Experimental and simulated cw X-band EPR spectrum of [Mo(NCMe)(NEt)depe2]
2+ (10 mM), 

oxidized in MeCN containing NBu4PF6 (0.1 M) at +2.2 - +2.5V. experimental: room temperature, microwave 
frequency: 9.78 GHz, microwave power 6.3 mW, modulation amplitude 4 G, modulation frequency 100 kHz, 
simulation: giso = 2.00, Aiso(

95/97Mo) = 27.0 G, Aiso(
31P) = 20.5 G, (line width 6.6 G). 

As we now have a different oxidation state compared to the preceding two measurements a 

different molybdenum hyperfine coupling constant is expected for the Mo(V) oxidation 

product. From the spectral simulation a value of Aiso(
95/97Mo) = 27.0 G (25.2·10-4 cm1) is 

obtained, which is significantly lower than compared to the Mo(III) reduction products. The 

overall signal width now is thus only about 180 G. On the other hand, the phosphorus 

hyperfine splitting parameter Aiso(
31P) is as expected very similar to the previous Mo(III) 

spectra, as a value of 20.5 G (19.1·10-4 cm-1) is derived from the simulation of the EPR 

spectrum. 

6.4  Summary 

The paramagnetic reaction products that were obtained from the electrochemical reduction 

and oxidation of the diamagnetic [Mo(NCMe)(NEt)depe2]
2+ complex all show symmetric 

S = ±1/2 signals in the room-temperature EPR spectra, which could be successfully simulated 

                                                 

5 Note that the molybdenum(V)´complex [Mo(O)Cl3dppe] (dppe = 1,2-Bis(diphenylphosphino)ethane, vide 

supra, chapter 3) also is green in the solid state as well as in solution. 
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with isotropic parameters using the XSophe simulation software suite.[1] The accordance 

between the experimental and simulated spectra is excellent for all electrochemically 

generated compounds with respect to the positions, the relative intensities and the overall 

widths of the EPR signals. Only the “molybdenum satellites” on both sides of the very intense 

quintets that arise from the phosphorus hyperfine coupling are reproduced with very low 

amplitudes in all simulated spectra, which seems to be an intrinsic implementation problem of 

the XSophe package. 

When comparing the EPR spectra of the oxidation product and the reduction products, 

different molybdenum hyperfine splitting parameters are obtained for the different oxidation 

states. Beyond that the two reduction experiments result in two different phosphorus 

hyperfine splitting parameters indicating the formation of two different Mo(III) species at the 

different reaction conditions. As no structural information can directly be extracted from the 

EPR spectra suggestions of possible complex geometries and/or reactions pathways are of 

course only speculative and have to be proven by other spectroscopic and theoretical methods. 

Further information about the different oxidation and reduction products would also be gained 

from the corresponding low-temperature EPR spectra. 
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7 General Conclusion and Future Prospects 

Molybdenum and manganese complexes are studied by the Tuczek and Kurz groups as 

potential catalytic model systems for the reductive nitrogen fixation (Chatt cycle) and 

oxidative water-splitting, respectively. For the spectroscopic characterization of the electronic 

structures of different mononuclear molybdenum and manganese complexes, magnetic 

circular dichroism (MCD) and electron paramagnetic resonance (EPR) spectroscopy were 

used in addition to UV/Vis absorption spectroscopy in this work. Within the scope of this 

thesis, also new procedures for the general analysis of MCD C-term intensities and signs of 

electronic transitions have been developed. At this, double pseudo-A-terms were identified to 

be the dominant spectral features in the MCD spectra of CS symmetric transition metal 

complexes. Most of the studies were accompanied by (TD)DFT and AOMX ligand field 

calculations. 

On the example of the molybdenum(V) complex [Mo(O)Cl3dppe], it has been worked out 

how MCD C-term transitions and especially (double) pseudo-A-terms are analyzed based on 

molecular orbital and symmetry considerations (chapter 3). At the same time it was shown 

that, in the case of type III electronic transitions,[117] the multi-determinant character of the 

excited doublet states explicitly has to be considered to correctly describe the MCD C-term 

mechanism, as only configuration interaction between the sing-doublet and the trip-doublet 

excited states gives rise to a non-zero C-term intensity. Based on the derived equations, it was 

possible to determine the positive and negative signs of these transitions from the considered 

transition densities according to the protocol of Neese and Solomon[8] and to unambiguously 

assign the double pseudo-A-term in the MCD spectrum of [Mo(O)Cl3dppe]. This procedure 

now has to be verified by transferring it to other d1 systems in the future. Considering other 

molybdenum(V) complexes the most obvious choice would be a series of molybdenum(V) 

oxido-trichlorido complexes containing other bidentate phosphine ligands instead of dppe or 

Mo(V) oxido dppe complexes with other halogenido co-ligands like the bromido analogue 

[Mo(O)Br3dppe]. Significant shifts of the pseudo-A-term transitions would be expected in the 

MCD spectra for such a series as the involved molecular orbitals are the out-of-plane pπ 

orbitals of the equatorial ligands. Also, the oxidized and reduced forms of the 

[Mo(NCMe)(NEt)depe2]
2+ complex (chapter 6) may be suitable candidates for an MCD study 

of the electronic transitions, as they are assumed to be S = 1/2 systems as well. In addition, 
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MCD C-terms intensities will have to be determined quantitatively in future studies. Suitable 

candidates for that might be the vanadyl, copper and cobalt porphyrin complexes that have 

already been studied by Gouterman and co-worker with respect to their excited states by 

luminescence spectroscopy.[187] 

The MCD spectra of (pseudo-)CS symmetric multi-electron systems have been systematically 

analyzed as well, in form of the [MnIII(acen)X] series of complexes (chapter 4). These MCD 

spectra are also dominated by double pseudo-A-terms. By the variation of the axial ligand X 

(X = I-, Br-, Cl-, NCS-), small changes of the ligand field were induced within the square-

pyramidal complex geometry. This has a huge impact on the signs of the pseudo-A-terms as 

the involved molecular orbitals energetically shift due to the increasing ligand field strength 

going from the iodido to the NCS complex. As a larger number of the observed MCD bands 

could not clearly be assigned in the case of [Mn(acen)X] other manganese(III) complexes, 

probably exhibiting higher symmetries, should be chosen and systematically analyzed in the 

next step. Future studies should then be extended to manganese(IV) complexes with the long-

term goal to fully describe the MCD spectra of the important class of dinuclear manganese 

complexes including the signs of the observed transitions. 

In addition, a study on the optical absorption spectra of different molybdenum(III) tripod 

complexes has been presented within this thesis (chapter 5). The assignment of the electronic 

transitions was based on AOMX ligand field as well as TDDFT calculations. The description 

of the molecular orbitals turned out to be rather difficult in the case of the [MoX3P3] 

complexes (X = Cl-, Br-) containing the aromatic P3 ligand (P3 = 1,1,1-tris(diphenyl-

hosphinomethyl)ethane) but could be managed with the help of a truncated [MoX3P3
H] model. 

To verify the suggested band assignments, this study should be extended to a larger number of 

different facially coordinated aliphatic, aromatic and heteroatom containing molybdenum(III) 

tripod complexes. Only on a broader basis of UV/Vis (and probably MCD) data a further and 

more profound analysis of the observed bands will be successful. 

One thing that was not part of any of the presented MCD studies is the VTVH analysis of the 

recorded MCD spectra. In the case of d>1 complexes, this will be necessary in the future to 

gain further ground state information which could be compared to the properties obtained 

from the simulations of the corresponding EPR spectra as well as to directly get the 

polarization of the considered electronic transitions. Therefore it should be included in future 
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studies on any MCD spectra. However, for that purpose probably a suitable multi-electron 

system (other than [MnIII(acen)X]!) will have to be chosen first to develop and test an 

appropriate procedure for the correct VTVH analysis. 

After some initial studies on the cw X-band EPR spectra and spectral simulations of different 

mononuclear molybdenum and manganese complexes the most promising field for future 

studies are the EPR spectra of high spin molybdenum(III) complexes (S = 3/2) which are also 

important for the Chatt cycle. In a first step, the present study will have to be extended to a 

larger number of molybdenum(III) tripod complexes, before the differences between 

meridional and facial coordination geometries should be explored systematically. In addition, 

also the corresponding low-temperature EPR spectra will have to be analyzed.  

Considering the low-temperature parallel mode EPR spectra of the [MnIII(acen)X] complexes, 

which have been presented in a comprehensive study within this work (chapter 4.4), the 

excellent quality of the recorded spectra should be stressed at this point. 

In the case of the spectroelectrochemistry of [Mo(NCMe)(NEt)depe2]
2+ (chapter 6) also the 

low-temperature EPR spectra of the different oxidation and reduction products should be 

measured to further characterize the resulting species. 

In summary, this work has shown that EPR and MCD spectroscopy are very powerful 

techniques for the characterization of mononuclear molybdenum and manganese complexes. 

Some of the presented studies may also be taken as starting points for future work in the 

Tuczek/Kurz groups. In addition, especially by the theoretical analysis of the C-term 

intensities and signs for multi-determinant excited doublet states this work has made an 

important contribution to a more advanced understanding of MCD spectra in general. 
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8 Experimental 

8.1 Synthesis and Preparation 

The synthesis of the H2acen ligand (H2acen = N,N’-ethylenebis(acetylacetone)imine) and the 

preparation of the [Mn(acen)X] complexes (X = I-, Br-, Cl-, NCS-) were carried out according 

to literature procedures.[189] [188] Starting reagents and solvents were used as obtained from the 

provider without purification.  

The preparation of the [MoX3P3] complexes (P3 = 1,1,1-tris(diphenylphosphino-

methyl)ethane, X = Cl-, Br-) has already been decribed.[6, 196] The synthesis of the SiP3 ligand 

(SiP3 = tris(dimethylphosphinomethyl)methylsilane, tdmpmms) and the preparation of 

[MoCl3SiP3] will be described elsewhere.[199] 

The molybdenum [Mo(O)Cl3dppe] complex (dppe = 1,2-bis(diphenylphosphino)ethane) was 

synthesized by Henning Broda according to a previously published literature procedure.[186] 

The synthesis [Mo(NCMe)(NEt)depe2]
2+ has already been reported.[89] 

For sample preparations, solvents of the pro analysi (p.a.) grade were used and, where 

necessary, dried and destilled under N2 atmosphere. 

 

8.2 CHNS Elemental Analysis and Atomic Absorption Spectroscopy (AAS) 

Elemental analyses were performed with a Euro Vector CHNS-O element analyzer (Euro EA 

3000). The solid samples were burned in sealed tin pots in a stream of oxygen. 

The percentage of halides was determined after the incineration of the solid samples by 

titration versus silver nitrate (potentiometric death stop method). 

Manganese atomic absorption spectroscopy (AAS) measurements were performed on an 

AAnalyst spectrometer system by Perkin Elmer. 1 mL of AAS sample solutions were added 

to 1 mL of conc. HNO3 and left at room temperature for at least 24 h before being diluted to 

25 mL with ultra pure water. 
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8.3 Vibrational Spectroscopy 

Infrared Spectroscopy 

Infrared spectra (MIR) of the solid samples were measured in KBr between 400 cm-1 and 

4  000 cm-1 using a Bruker IFS v66/S FT-IR spectrometer.  

Far infrared IR spectra (FIR) were recorded between 100 cm-1 and 550 cm-1 using a Bruker 

IFS 66 FIR spectrometer. The solid compounds were lubricated with silicon and halogen free 

grease (Apiezon) between thin PE sheets.  

FT-Raman Spectroscopy 

FT-Raman spectra of the solid samples were recorded with a Bruker IFS 666/CS NIR FT-

Raman spectrometer. A Nd:YAG laser with an excitation wavelength of 1064 nm was used as 

a light source. The spectral resolution was 2 cm-1. 

Resonance Raman Spectroscopy 

Resonance Raman spectra were recorded with a DILOR XY-multichannel Raman 

spectrometer with a triple monochromator and a CCD detector. Excitation wavelengths 

between 454.5 nm and 647.1 nm were generated by an Ar+/Kr+ laser. A spectral resolution 

between 0.8 cm-1 and 2.5 cm-1 was obtained dependent on the excitation energy. 

 

8.4 UV/Visible Absorption (UV/Vis) Spectroscopy 

The UV/Vis absorption spectra of the complex solutions and polystyrene film samples were 

recorded with a Cary 5 000 NIR spectrometer at wavelengths between 1 500 nm and 200 nm 

using different concentrations and path lengths. Low-temperature UV/Vis spectra of thin 

polystyrene film samples were recorded at 100 K using a KONTI cryostat associated with a 

TIC-300 MA temperature controller (CryoVac). 
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8.5 Magnetic Circular Dichroism (MCD) Spectroscopy 

Low-temperature MCD data were recorded at T = 2 K using a JASCO J810 CD spectro-

polarimeter associated with an OXFORD SM 4 000-9 magnetocryostat, as previously 

described.[122, 147] Magnetic field strengths were varied between 0 T and (up to) ±7 T. Using 

two interchangeable head-on photomultiplier tubes MCD spectra for a combined wavelength 

range of 200 - 1 100 nm (50 000 - 9 000 cm-1) could be recorded. Thin polystyrene film 

samples were prepared by the evaporation of 200 µL of dichloromethane complex solutions 

(1 mM, 5 mM) containing a sufficient amount of polystyrene. After the subtraction of the 

B = 0 T reference spectra the resulting MCD spectra were deconvoluted by Gaussian curve 

fits to resolve the individual MCD C-term transitions.  

 

8.6 Electrochemistry 

Cyclic voltammetry measurements of [Mn(acen)X] complex solutions (1 mM in CH2Cl2) 

were performed with an EG&G 273A Potentiostat/Galvanostat (Princeton Applied Research). 

Tetrabutylammoniumhexafluorophosphat (NBu4PF6, TBAPF6) was used as electrolyte 

(0.1 M). Cyclic voltammograms were recorded at scanning rates of 0.1 V·s-1 using a 1 mm 

platinum disk as working electrode, a platinum counter electrode and a silver reference 

electrode. Ferrocene (Fc/Fc+) was used as internal reference. 

 

8.7 Electron Paramagnetic Resonance (EPR) Spectroscopy and 
Spectroelectrochemistry 

Low-temperature cw X-band EPR spectra were collected at temperatures between 4 and 25 K 

using a Bruker EMXplus spectrometer with a PremiumX microwave bridge equipped with an 

Oxford Instrument ESR 900 cryostat, an Oxford ITC-4 temperature controller and a dual 

mode cavity (Bruker ER-4116DM). Samples were prepared as frozen manganese and 

molybdenum complex solutions (200 µL) in 1 mm quartz tubes. EPR spectra of the 

manganese complexes were recorded both in the parallel and in the perpendicular detection 

mode. EPR data collection was managed using the Bruker Xenon 1.0 software package. 

Room temperature EPR spectra of molybdenum complex solutions were recorded in small 

capillaries using a HQ cavity. 
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EPR samples of the molybdenum complexes were prepared under a protective Ar or N2 

atmosphere.  

Room temperature EPR spectroelectrochemistry measurements of acetonitrile complex 

solutions (10 mM) were recorded in a 4 mm quartz tube which contains a platinum working 

and a platinum counter electrode. NBu4PF6 was used (0.1 M) as electrolyte. As no reference 

electrode or internal standard was used, reduction and oxidation potentials were slowly 

changed using a conventional power supply unit until a current of 30 - 40 µA was reached. 

The samples were then electrolyzed over several minutes until significant intensities of the 

EPR spectra were obtained. 

Spectral simulations of the EPR spectra were performed using the EPR simulation software 

packages XSophe[1] or EasySpin.[198] 

 

8.8 Ligand Field Calculations (AOMX) 

Ligand field (AOM) calculations were carried out using the AOMX program developed by 

H. Adamsky.[169], [170] Input coordinates of the coordinating ligand atoms (bond distances and 

bond angles) were taken from DFT optimized complex structures unless stated otherwise. The 

calculations were carried out without an effective symmetry assignment. The AOM 

parameters were fitted to experimental energies taken from the UV/Vis and/or MCD spectra 

(Gaussian curve fits). The σ- and π-bonding parameters eσ and eπ can be interpreted as a 

measure of the donor and acceptor properties of the corresponding ligands. Starting 

parameters were taken from a previously published data.[168] 

 

8.9 Quantum Chemical DFT Calculations 

Spin-unrestricted DFT calculations were performed using Gaussian03.[202] The B3LYP hybrid 

functional[172-174] was employed for the geometry optimization of complex structures, the 

calculation of vibrational spectra and for the time-dependent DFT (TDDFT) calculations of 

the electronic transitions. The computation of molecular orbitals was done using the BP86 

functional.[175-177] The LANL2DZ basis set was always used for all types of atoms.[178] [179-181] 
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Optimized complex structures and calculated spectra were displayed with GaussView 5.0.[203] 

The molecular orbitals were plotted with Gabedit.[204] 
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