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ABSTRACT 
The valence electronic structures of two dinuclear alkyl compounds  containing σ2π4 triple bonds between 
group 6 metals, viz., M2(CH2CMe3)6 (M = Mo,  W), have been investigated using a combination of molecular 
orbital theory and variable  photon energy photoelectron spectroscopy (PES). Density functional theory (DFT)  
calculations using PBEO-dDsC functionals, which include dispersion forces, have been  performed on the title 
compounds as well as several closely related M2X6 (M = Mo, W) compounds. The DFT calculations on the 
dinuclear neopentyl complexes are in excellent agreement with the solid-state structures, measured PES 

spectra, and ultraviolet−visible (UV−vis) spectra. The top nine filled orbitals in both cases are associated with 

M−M and M−C bondings. The orbital energy pattern conforms to that anticipated for a D3d (staggered) M2C6 

skeleton. For both Mo and W, the highest- energy pair of orbitals are of eu (π) symmetry, followed by one of a1g 

(σ) symmetries, and comprise the metal−metal triple bond. 

 The orbital energies are higher for W than for Mo, and the separation between the π and σ orbitals is greater 
for W, reflecting a greater relativistic stabilization of the tungsten 6s orbital compared to that of the Mo 5s 

orbital. The spin−orbit splitting in the π ionization of W2(CH2CMe3)6 has been resolved and successfully 

modeled. A graphical comparison of valence orbital energies for Mo2X6, where X = CH2CMe3, NMe2, and 

OCH2CMe3, shows how the Mo−Mo π and σ levels vary as a function of the ligand set. 

 
INTRODUCTION 
Investigations of the chemical bonding between transition-metal atoms (M) in molecular compounds have 
increased dramatically over the past half-century, with a significant emphasis placed on the synthesis, 

structure, spectroscopy, and chemical reactivity of compounds containing metal−metal multiple bonds.1,2 A 

remarkable subclass of the latter are dinuclear molybdenum(III) and tungsten(III) compounds of the type M2X6 

(M = Mo, W; X = bulky anionic ligand), with staggered, ethane-like geometries and short metal−metal bonds 

that are the embodiment of σ2π4 metal−metal triple bonds. The σ bonds are formed primarily by the overlap of 

metal ndz2 orbitals, and the two π bonds are formed primarily by the overlap of ndxz and ndyz orbitals (vide inf 

ra). The first compound in this class, Mo2(CH2SiMe3)6 (Mo−Mo = 2.167 Å), was discovered and structurally 

characterized in 1971 by Geoffrey Wilkinson and co-workers;3 however, the systematic development of related 
M2X6 compounds did not take place until the mid-1970s when Malcolm Chisholm and co-workers prepared the 
amide and alkoxide analogues, e.g., M2(NMe2)6 and M2(O-t-Bu)6 (M = Mo, W).4 Since then, many new M2X6 

compounds (X = amide, alkoxide, alkyl, etc.) have been prepared and studied.5,6 The metal atoms in these M2X6 

compounds possess only a 12-electron valence-shell configuration, which means that they are electronically 
unsaturated. 



 
Not surprisingly, these compounds exhibit extensive substitution, insertion, and addition chemistries.  5,6 

Recently, as part of a catalysis science program exploring the  cooperativity of metal centers on inorganic 
supports,  7,8 we have remade the dinuclear molybdenum and tungsten  neopentyl complexes, M2(CH2CMe3)6, 

determined their X-ray structures (Figure 1), and explored their catalytic olefin  metathesis chemistry while 
anchored on silica supports.  8 To the best of our knowledge, no one has investigated and  compared a pair of 
classic triply bonded M2X6 alkyl complexes  with respect to their gas-phase UV photoelectron spectra (UV-  PES). 

In fact, there are only a handful of reports on the UV- PES spectra of any d 3−d3 dimers and these were published 

some years ago. 9−11 The compounds previously examined all had lone pair or C−Si ionization bands that 

overlapped with  the region of M−M ionization and potentially weakened the  M−M multiple bonds. The 

dinuclear neopentyl complexes that  we have studied sublime readily under high vacuum (≤10 −4 torr) below 

100 °C. As such, they are attractive candidates to examine by variable-energy UV-PES methods12 and to 

benchmark the π, σ, and other ionizations against theoretical predictions. 
 

 
Figure 1. Ball-and-stick drawings of the molecular structure of M2(CH2CMe3)6 (hydrogen atoms omitted for 

clarity), as determined by X-ray diffraction.8 The left view is perpendicular to the M−M triple bond; the right 

view is looking down the threefold M−M axis. The Mo−Mo bond length is 2.165(1) Å, and the W−W bond 

length is 2.244(1) Å. 
 

 
 

Figure 2. Photoelectron (PE) spectra of M2(CH2CMe3)6 (M = Mo, W) compared to those of neopentane at a sample 
temperature of 86 °C. 



 

 

EXPERIMENTAL 
 The neopentyl complexes were prepared as described in an earlier publication8 and recrystallized from pentane or hexane. 
Their purity was checked by 1H nuclear magnetic resonance (NMR) spectroscopy in toluene-d8. Samples were packaged 
under an inert atmosphere and shipped to the Elettra Synchrotron in Trieste, Italy. Upon arrival, the alkyl samples were 
inserted, avoiding contamination with air, in the crucible of an anti-inductive furnace designed for the photoelectron 

analyzers used at the Gas-Phase PhotoEmission beamline (Supporting Information) of the Elettra Synchrotron.13 The 
compounds were vaporized using this furnace. The valence PES ionizations of M2(CH2CMe3)6 (M = Mo, W) and neo-C5H12 

were excited by photons of energy between 25 and 70 eV and calibrated with respect to the argon 3p3/2 line.14 The 
transmission function of the analyzers was checked using the known He and Ar cross sections in the kinetic energy range 
used. 
Computational Methods 
Calculations employed the Amsterdam Modelling Suite, ADF 2019.306.15,16 Various functionals were tested, and their 

predictions of the M−M bond lengths in structurally characterized M2X6 compounds were compared. The functionals 

included were LDA,17 BP86,18,19 BP86-D,18−20 BP86-D4,18,19,21 PBE,22 B3LYP,23 PBEO,24,25 and PBEO-dDsC.26 The PBEO-dDsC 

functional, which includes dispersion forces, was found to give the  best fit. Triple-zeta-polarized (TZP) basis sets were 
used, with triple-ξ accuracy sets of Slater-type orbitals and with polarization functions added to all atoms.27 Use of a hybrid 
functional necessitated the inclusion of all core orbitals in the calculations. Relativistic corrections were made using the 
zero-order relativistic approximation (ZORA) formalism.28 Geometries were optimized for Mo2X6 (X = CH2CMe3, CH2SiMe3, 
NMe2, OCH2CMe3, and OCMe3) and W2X6 (X = CH2CMe3 and OCMe3) with no symmetry constraints and M2Me6 (M = Mo and 
W) in the D3d symmetry.  
The first vertical ionization energy (IE) of the molecules was estimated by the difference between the ground-state energy 
for the neutral molecule and that of the cation with the same structure as the neutral molecule. Higher vertical IEs were 
calculated using time- dependent density functional theory (TDDFT)29 on the cation and adding the calculated transition 
energies to the first vertical IE. The lowest excitation energies corresponded to excitations to the hole in the cation highest 
occupied molecular orbital (HOMO) from the lower-lying orbitals. The integrity of the molecular orbital (MO) was 
conserved during the excitation, the natural transition orbitals (NTOs) for the upper levels being >0.95 of the ground-state 
orbitals.  

A spin−orbit relativistic calculation on [W2(CH2CMe3)6]+ was used to estimate the spin−orbit splitting of the π-type 

orbitals.30 Electronic absorption spectra were calculated for both M2Me6 and  M2(CH2CMe3)6 (M = Mo, W) using TDDFT. 

 
RESULTS AND DISCUSSION 
 
Photoelectron Spectroscopy 
By monitoring the vaporization process as the temperature of the samples increased, a photoelectron signal 
from the samples was observed at temperatures above ∼60 °C, the intensity of which increased with increasing 
temperature. However, at temperatures exceeding ∼90 °C, an organic component of the spectrum increased 
with respect to the first two dinuclear-compound- based bands, and the region associated with ligand 
ionization 124 increased in intensity, indicating some sample decomposition. 
At temperatures above 100 °C, a clear vibrational structure characteristic of neopentane31 emerges between 
15.5 and 18.9 eV of binding energy (Figure 2). Therefore, most measurements were carried out at a 
temperature between 85 and 87 °C, which resulted in a low gas-phase density of the samples and low statistics 
of the measurements. Because of the greater thermal sensitivity of the ditungsten compound, we decided to 

perform the variable-energy PES of the first bands of the 
compounds at a lower temperature (around 70 °C). However, the comparison between data taken at 70 °C and 
those taken at 87 °C shows no appreciable differences (Figures 5 and 6).  
Valence PE spectra for Mo2(CH2CMe3)6 are shown in  Figure 3. The low IE region, <10 eV, is divided into two 
broad bands. Their relative partial photoionization cross sections (RPPICS) and branching ratios (BRs) 
compared with the higher IE structure are shown in Figure 4. Both low-energy bands show relative intensity 
gains with photon energy compared with the higher-energy structure, indicating a metal character in the 
originating orbitals consistent with their low IE relative to neopentane. In addition, the first band shows higher 

gain, indicating assignment to the six Mo−Mo bonding electrons. The dip in the cross section and branching 

ratio of the first two bands at ca. 35 eV, followed by the maximum at ca. 50 eV, is a consequence of the 



molybdenum 4p to 4d excitations opening another channel for photoemission for electrons from orbitals with 
the 4d content. 150 32,33 

The profile of the first band suggests more than one orbital origin and is assigned to the ionization of the Mo−

Mo π- and σ-electrons. The second band is assigned to the ionization of Mo−C bonding electrons. Higher 

ionizations are ligand in character. 
Valence region spectra for W2(CH2CMe3)6 are shown in Figure 5. Two data sets are shown; the first was a series 
of data recorded on a “wide” energy range, sometimes including the “neopentane vibration” energy (not shown 
in Figure 5a) to check that decomposition was not increasing, and a second set (Figure 5b) only of the first two 
bands that were acquired between 28 and 68 eV of photon energy with a step of 1 eV.  
The overall profile is similar to that obtained for Mo2(CH2CMe3)6, but an additional sharp band is evident with 
a maximum at 7.88 eV. The first band has a lower IE than for the Mo analogue and a different profile, suggesting 
the presence of more than one ionization.  
RPPICS and BR data for W2(CH2CMe3)6 are shown in Figure 6. The continuous lines refer to data set Figure 5a 
and the dotted lines to data set Figure 5b. For Figure 5b, for the purposes of direct comparison, the intensities 

of the first three bands were normalized to the intensity of the PES in the range 6−16 eV. The weak resonance 

in the ligand RPPICS for W2(CH2CMe3)6 contrasts with that for Mo2(CH2CMe3)6, where none is visible. This may 
indicate a contribution from W 5d atomic orbitals or may be a result of interchannel coupling. 
 

 
Figure 3. Valence region PE spectra for Mo2(CH2CMe3)6. The argon 3p photoemission lines are shown on the far 
right, which are used to calibrate the spectra. Vertical lines (theo) indicate the calculated IEs (see below). 



 
Figure 4. Relative partial photoionization cross sections (RPPICS) and branching ratios of the first two bands 
and ligand ionizations of Mo2(CH2CMe3)6. For the first band, it was possible to follow the trend of its two 
components as a function of the photon excitation energy, but this was not possible for the three components 
of the second band. 
 
The first band shows intensity changes characteristic of W 5d origin, as does a second sharp band with a vertical 

IE of 7.88 eV well separated from the first band and overlapping with the onset of the W−C bonding region. The 

third broad band from 8.1 to 9.8 eV also shows some metal character in its intensity changes but less 
pronounced than for the first two bands. The 5p to 5d resonances have, in the case of W, two discernible minima 
and maxima corresponding to the 5p3/2 and 5p1/2 binding energies of W of 37 and 45 eV, respectively.34 

 Assignment of the first band to the spin−orbit split π ionization and the second to the σ ionization is logical. 

The other visible difference between the Mo and W analogues is the appearance for W2(CH2CMe3)6 of a small 

band with a maximum (9.41 eV) at the high-energy region of the W−C bonding band. Further confirmation of 

assignments is enabled by DFT calculations of the vertical IEs.  
To facilitate comparison between the theory and experiment, the lower-energy region of the PE spectra of both 
dinuclear complexes was fitted with Gaussian functions to obtain estimates of vertical IEs. The number of 
functions used was informed by the DFT calculations described below. For Mo2(CH2CMe3)6 and W2(CH2CMe3)6, 
fits of the spectra are illustrated in Figure 7. The featureless nature of the bands leads to a degree of uncertainty 
in the generated parameters, as does the assumption of a Gaussian profile (see error estimates in Table 4).  



 
Figure 5. Valence region PE spectra for W2(CH2CMe3)6. Wide energy range spectra (a) were recorded at a 
temperature of around 85 °C and have been shifted along the y axis to facilitate viewing. The spectra of the first 
band were recorded between 28 and 68 eV. (b) Data are plotted on the original scale, with reading facilitated 
by the coloring of the individual spectra. The inset shows the colors at intervals of ca. 5 eV. This set of data was 
acquired at a vaporization temperature of around 70 °C. The vertical lines indicate the calculated IEs (see 
below). 
 

 
Figure 6. Relative partial photoionization cross sections (RPPICS) and branching ratios for W2(CH2CMe3)6. 



 
Figure 7. Fit of the low-energy valence region of the PE spectra of M2(CH2CMe3)6; (a) M = Mo, hν = 60 eV, (b) M 
= W, hν = 50 eV. Similar fits have been performed for each PES recorded at the different photon energies. The 
IEs reported in Table 4 are the obtained average values, and the errors consider the dispersion of the results 
and the resolution of the measurements. 
 
Core States.  
The 4p and 4f ionization bands for Mo2(CH2CMe3)6 and W2(CH2CMe3)6, respectively, were 204 

readily identified (Figure 8 and Table 1). The 5p ionizations  for W2(CH2CMe3)6 are expected to lie just above 
the 5f bands.  
We assign the broad structure with a maximum at ca. 42.6 eV to the 5p3/2 ion state, but its 5p1/2 partner failed 
to emerge from the background noise. The estimated shifts of the core ionizations are very similar for the two 
compounds. 
 

 
Table 1. Core binding energies (eV) for 4p states of Mo and Mo2(CH2CMe3)6 and 4f and 5p states of W 
and W2(CH2CMe3)6.25-27 

 
Figure 8. PE spectra of Mo2(CH2CMe3)6 and W2(CH2CMe3)6 showing the Mo 4p and W 4f and 5p ionization 
regions 



Calculated Structures.  
Cartesian coordinates for the optimized structures of M2X6 (M = Mo, X = Me, CH2CMe3, CH2SiMe3, NMe2, 
OCH2CMe3, and OCMe3; M = W, X = Me, CH2CMe3, and OCMe3) are provided in the Supporting Information (SI). 

All of the molecules displayed a staggered geometry with short metal−metal distances consistent with an M−
M triple bond. The two metals and the directly bonded carbon atoms conformed to the virtual D3d symmetry. 

The calculated M−M distances were a good match to those found from X-ray diffraction (Table 2), and the 

trends with M−X  distances were similarly consistent. For the dinuclear neopentyl complexes, the average 

calculated M−C distance for M = W is 2.123 Å, shorter than that found for M = Mo at 2.132 Å. In the  solid state, 

the M−C distance for M = W was 2.132(4) Å, slightly shorter than that found for M = Mo at 2.148(2) Å,8 a 

reflection of the lanthanide contraction. 

 For the two dinuclear hexaneopentyl complexes, six of the C−H bonds of the CH2 groups bonded to the metals 

were lengthened from a normal distance of 1.093 to 1.106−1.121 Å, and the associated M−C−H bond angles 

were 92−97°, indicating agostic interactions (Table 3). The effect for W2(CH2CMe3)6 is greater than that for 

Mo2(CH2CMe3)6. 
The six agostic hydrogens of Mo2(CH2CMe3)6 are highlighted in Figure 9. The calculated structure of 
Mo2(CH2SiMe3)6shows a similar but less pronounced lengthening pattern (Table 3). 

 
Table 2. Experimental and calculated M-M distances (Å) for M2X6 (M = Mo, X = CH2CMe3, 
CH2SiMe3, NMe2, OCH2CMe3, and OCMe3; M = W, X = CH2CMe3, and OCMe3). 
 

 
Table 3. Agostic C-H bond lengths (Å) and M-C-H angles (°). 



 
Figure 9. Truncated view of the calculated structure of Mo2(CH2CMe3)6 showing six agostic 
hydrogens. 
 
Electronic Structure.  
Orbital energies, calculated and experimental ionization energies (IEs), and the percentage metal character of 
the nine frontier orbitals of Mo2(CH2CMe3)6 and W2(CH2CMe3)6 are given in Table 4. 
Iso surfaces for the orbitals are shown in Figure 10. The top nine filled orbitals in both cases are associated 

with M−M and M−C bondings. The orbital energy pattern conforms to that anticipated for a D3d M2C6 

skeleton, and the effective orbital type is identified by a D3d symmetry label 245 

in Table 4. 
For both Mo and W, the highest-energy pair of orbitals are of eu (π) symmetry, followed by one of a1g (σ) 

symmetries, and comprise the metal−metal triple bond. The energies are higher for W than for Mo, and the 

separation between the π and σ orbitals is greater. The calculation on [W2(CH2CMe3)6]  + that incorporated the 

spin−orbit coupling 252 30 gave an increased energy separation of the top two orbitals of 0.31 eV compared 

with those of 0.03 eV for the calculation with just the zero- order relativistic contribution. 

The orbitals associated with the six M−C bonds differ in their energy ordering between Mo and W. For Mo, 

the order is eu ∼ a2u > eg > a1g, whereas for W, it is eu > eg > a2u > a1g. The metal 6s orbitals in the W compound 
contribute more strongly to the a-symmetry orbitals than the metal 5s orbitals do in the analogous Mo 
compound. This relativistic stabilization of the tungsten 6s orbital, a result of the increased nuclear charge 

across the lanthanide series, stabilizes the a-symmetry orbitals and increases the σ−π energy separation in 

that compound. 
The agreement between the calculated and experimental IEs is also excellent and confirms the deductions 

from the intensity changes of the lower-energy bands, namely, that for Mo, all three M−M bonding ionizations 

lie within the first band, whereas for W, the first broad band comprises just the spin− orbit split π ionizations 

and the σ ionization gives rise to the second, sharper band at 7.93 eV. 



 
Table 4. Orbital energies (eV), calculated and experimental vertical IEs (eV) and percentage 
metal character for M2(CH2CMe3)6, (M = Mo, W). 
 



 
Figure 10. Isosurfaces and energies (eV) for the frontier orbitals of M2(CH2CMe3)6 (M = Mo, W). The 
orientation of the molecules varies and was chosen to provide an optimum view of the individual 
isosurfaces. 
 



Comparison with Other Group 6 Triply Bonded Metal Dimers. 
PE spectra were reported previously for Mo2 (CH2 S iMe 3 ) 6 , 274 1 0 , 4 1 Mo2(NMe2 ) 6 , 9 , 1 0 , 4 1 and Mo2(OCH2CMe3)6 

9,10,41 using both He I and He II photon energies, and on Mo2(OR)6 (OR = OCHMe2, 11 OCH2CMe3,  11 OCMe311) and 
W2(OCMe3)611 with only HeI radiation. Assignment of the bands was not straightforward owing to the presence 

in the low IE region of lone pairs from 280 the alkoxy and amido ligands and from Si−C bands in the -CH2SiMe3 

derivative. Particular attention was focused on the position of the M−M σ band owing to contradictory 

predictions from the various theoretical models available at that time. The alkoxy compounds showed a broad 
first band and a second band at ca. 8 eV. These were assigned to the π and σ ionization bands, respectively.9−11 

In the case of the amido dimer, nitrogen lone pairs overlaid the metal ionization bands.9,10,41 
 For the purposes of comparison of the electronic structure with that of other Group 6 triply bonded systems 
whose PE spectra have been recorded, calculations were also carried out on Mo2(CH2SiMe3)6, Mo2(NMe2)6, 
Mo2(OCH2CMe3)6, and M2(OCMe3)6 (M = Mo, W). Table 5 compares the results with those of Mo2(CH2CMe3)6 and 
W2(CH2CMe3)6. In Figure 11, we plot the energies of the valence orbitals for three of the Mo2X6 compounds (X 
= CH2CMe3, NMe2, and OCH2CMe3).  

The M−M bonding orbitals are very similar for Mo2(CH2CMe3)6 and Mo2(CH2SiMe3)6. For Mo2(NMe2)6, the top 

two occupied orbitals are almost exclusively N 2p in character; their isosurfaces are shown in Figure 12. The 

Mo− Mo π bonding orbitals mix strongly with the N lone pairs, decreasing the metal content of the HOMO − 2 

and HOMO − 3. The Mo−Mo σ bonding orbital is less affected in its metal content but is less stable than in the 

neopentyl analogue. 

For both the alkoxy and amido compounds, the M−M π bonding orbitals interact strongly with O and N lone 

pairs, 308 which reduces their metal character considerably when compared with the alkyl dimers. This is also 

the case for theM−M σ-bonding orbital in the alkoxy compounds but less so for the amido compounds where 

the planar nature of the amido group confers a π character on the N lone pairs. As a consequence, the alkoxy 
and amido compounds have HOMOs at higher energy and lower first IEs than the alkyl dimers owing to the 

antibonding interaction between the M−M π orbital and the lone pairs. Also, the close proximity of the σ and π 

ionization bands found for the Mo alkyl dimers is disrupted and the σ ionization band is visibly separated. For 
the W dimers, the separation of the π and σ bands increases from 0.85 eV for W2(CH2CMe3)6 to 1.52 eV for 
W2(OCMe3)6, 11 the latter showing both the destabilizing effect of the π interaction and the relativistic 
stabilization of the σ interaction.  
Earlier calculations on Group 6 M2X6 systems used mainly (and understandably) simpler representative X 
groups, such as H, OH, Cl, NH2, and CH3, rather than those characterized experimentally. One question 
addressed was whether the  preferred conformation would be staggered or eclipsed.  
Qualitative arguments based on a fragment approach 42 suggested that electronically an eclipsed conformation 
is favored and that the experimentally observed staggered conformation was due to steric repulsions between 
ligands, i.e., with smaller ligands, an eclipsed conformation would be preferred. The underlying assumptions of 

such a prediction were later challenged on the grounds that the M−M−L angles found experimentally are 

significantly smaller (100−104°) than those of the octahedral coordination (125.3°) on which the fragment 

approach was based. 337 10 Subsequent work took advantage of the ability to optimize geometries using density 

functional theory employed by the HFS method and showed that with X groups H, CH3, Cl, NH2, or OH, the 

staggered conformation was more stable with significantly higher M−M bonding energies and a tendency of 

the MX3 unit toward a planar conformation. 43 

Previously, Xα-SW calculations on Mo2X6 (X = CH3, OH, NH2, and NMe2) were used to examine the bonding and 
assist in the assignment of PE spectra of Mo2(CH2SiMe3)6, Mo2(OCH2CMe3)6, and Mo2(NMe2)6.10 Ionization 
energies were calculated using the transition-state method. The results  are similar to those reported here for 
the alkoxide and amide systems. For the alkyl complexes, however, there is a significant difference in the orbital 

manifold. The Xα-SW calculations  indicate that the highest occupied a1g orbital is mainly Mo−C bonding in 

character and the Mo−Mo σ-bond dominated the subsequent a1g orbital lower in the energy-level scheme. The 



calculations presented here, in contrast, calculate the top occupied a1g orbital, and the corresponding ionization, 

to be almost exclusively Mo−Mo σ-bonding in nature. 

 Another computational study, inspired by the absence of unsupported metal−metal bonds in actinide 

chemistry, examined M2X6 dimers of Mo, W, and U (X = Cl, F, OH, NH2, and CH3).44 The methodology employed 

was OPBE/TZP, as implemented in the ADF suitevery similar to that used in this work. Generated orbital 

manifolds for M = Mo and W were also similar to those obtained in this work, apart from the amido dimers 

where, with NH2 ligands rather than NMe2, the M−M σ and π bonding levels were the highest-energy  occupied 

levels. 
 

 
Table 5. Comparison of the Mo triply bonded dimers, Mo2X6 (X = CH2CMe3, CH2SiMe3,10, 31 NMe2,9-

10, 31 OCH2CMe3,9, 31 OCMe3 11) and W2X6 (X = CH2CMe3, OCMe3 11) showing orbital type, orbital 
energy I (eV), IE (eV) and percentage metal character. 
 



 
Figure 11. Isosurfaces and orbital energies (eV) for the top five occupied orbitals of Mo2(NMe2)6. 
 
 
 Excitations. Excitations were initially calculated by examining the D3d symmetric systems M2Me6 to assist with 

the interpretation of the electronic spectra of M2(CH2CMe3)6  (M = Mo, W). The M2Me6 calculations are also 
intended to encourage attempts to synthesize the methyl analogues, which  are currently unknown. Calculated 
spectra are shown in Figure 13, and the transition data are listed in Table 6. For the D3d  symmetric systems, 
only transitions of A2u and Eu symmetries  are dipole-allowed. 
 The two lowest-lying empty levels are both degenerate and  eu and eg in symmetry. The lowest unoccupied 

molecular orbital (LUMO) pair (2eg) are an almost equal mixture of the π* M−M antibonding and δ M−M 

bonding orbitals, these having the same symmetry, whereas the 3eu empty orbitals are δ* in character, with a 
small admixture of the metal p  character.  
For the symmetric methyl derivatives, allowed transitions between the 2eu HOMOs and 2eg LUMOs are Eu and 

A2u in character. The A2u transition is activated by the dipole aligned with the M−M axis and has a much higher 

intensity than the Eu transition, which retains much of the forbidden character of a d−d transition. The 

transitions are of longer wavelength, lower energy, for W than for Mo. The third allowed transition is from the 
2a1g σ-bonding orbital to the 3eu δ* orbital, and in this case, the transition energy for W is significantly higher 
than for Mo, reflecting again the relativistic stabilization of the W 6s orbital.  
The principal low-energy calculated transitions in the lower- symmetry neopentyl derivatives have very much 

the same appearance as their methyl analogues, with the two low-energy 2eu → 2eg bands dominating the 

longer wavelength region.  
Lowering the symmetry allows more transitions, but these have low transition probabilities. For 

Mo2(CH2CMe3)6, the 2a1g → 2eg transitions are interspersed with the 2eu → 2eg transitions, whereas with 



W2(CH2CMe3)6, they lie at higher energy than the 2eu → 2eg ones. The experimental values for the maxima of 

the 2eu → 2eg bands of the neopentyl compounds are 368 nm for Mo2(CH2CMe3)6 and 387 nm for W2(CH2CMe3)6, 

45 in good agreement with the calculated values of 365 and 372 nm.  
Also, the trailing long-wavelength edge to the band found experimentally is perhaps indicative of the lower-

intensity Eu 2eu → 2eg excitation. The equivalents of the σ → δ* transitions noted for the methyl compounds lie 

at higher energy than those reported for the neopentyl compounds in Table 6.  
 

 
Table 6. Calculated excitation data for M2Me6 and M2(CH2CMe3)6 (M = Mo, W). 
 



 
Figure 11. Comparison of orbital energies (ε) of Mo2 X6 (X = CH2CMe3, NMe2, OCH2CMe3). 
 



 

Figure 12. Isosurfaces and orbital energies (eV) for the top five occupied orbitals of Mo2(NMe2)6. 
 
 



 
Figure 13. Calculated excitation spectra for M2Me6 and M2(CH2CMe3)6 (M = Mo, W). 

 
SUMMARY 

The variable photon energy UV photoelectron spectra of a pair of group 6 triply metal−metal-bonded alkyl 

compounds, viz., M2(CH2CMe3)6 (M = Mo, W), have been obtained for the first time and benchmarked against 
state-of-the-art DFT calculations. The Amsterdam Modelling Suite (ADF 2019.306) was used in conjunction 
with PBEO-dDsC functionals, which include dispersion forces, to calculate ground-state structures, energy 

levels, isosurfaces, and PES and UV−vis spectra for several M2X6 compounds. The details of the specific metal

−metal triple bonds are discussed, as are the similarities and differences in the energy levels and 

spectroscopic features of the dimolybdenum(III) and ditungsten(III) neopentyl complexes. The agreement 

between the experimental data (X-ray, PES, and UV−vis) and theory is remarkable. Spin−orbit splitting (0.33 



eV) is observed in the π ionization of W2(CH2CMe3)6 and was successfully modeled with a relativistic 
calculation on the cation [W2(CH2CMe3)6]+. 
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