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ABSTRACT: Two electrons in two orbitals give rise to four states. When the orbitals are weakly coupled such as the case for the dxy orbitals of quadruple 
bond species, two of the states are diradical in character with electrons residing in separate orbitals and two of the states are zwitterionic with electrons 
paired in one orbital or the other. By measuring one-and two-photon spectra, the one-electron (ΔW) and two-electron (K) energies may be calculated, 
which are the determinants of the state energies of the four-state model for the two-electron bond. The K energy is thus especially sensitive to the size 
of the orbital as K is dependent on the distance between electrons. To this end, one- and two-photon spectra of Mo2X4(PMe3)4 are sensitive to 
secondary bonding interactions of the δ-orbital manifold with the halide orbitals, as reflected in decreasing K energies long the series Cl>Br>I. 
Additionally, the calculated one-electron energies have been verified with the spectroelectochemical preparation of the Mo2X4(PMe3)4

+ complexes, 
where the δ bond is a one-electron bond, and K is thus absent. The δ → δ * transition shifts by over 10,000 cm–1 upon oxidation of Mo2X4(PMe3)4 to 
Mo2X4(PMe3)4

+, establishing that transitions within the two-electron δ bond are heavily governed by the two-electron exchange energy.

The most prominent and distinguishing element of the 
discipline of chemistry is the two-electron bond.1–4 Two electrons, in 
two atomic orbitals, engenders four states arising from the bonding 
and antibonding molecular orbitals (φ and φ*, respectively) 
generated by the linear combination of the two atomic orbitals: 1φφ, 
3φφ*, 1φφ*, 1φ*φ*. The energy ordering of these states, shown in 
Figure 1, is defined by the one-electron energy ΔW (= E(φ*) – E(φ), 
the difference between the energies of an electron in a singly 
occupied φ and φ* orbital) and the two-electron energy K (i.e., the 
exchange integral).1 For strongly coupled orbitals, the molecular 
orbital description of bonding prevails where ΔW >> K and the 3φφ* 
and 1φφ* lie at ΔW (separated by 2K) and 1φ*φ* occurs at 2ΔW. 
Conversely, for weakly coupled orbitals, K >> ΔW, valence bond 
description of bonding prevails where the “biradical” states arising 
from the 1φφ and 3φφ* orbital configurations correspond to one 
electron in each orbital with spins opposed (singlet) and parallel 
(triplet) and the “zwitterionic” states arising from the 1φφ* and 1φ*φ* 
orbital configurations are derived from the antisymmetric and 
symmetric linear combinations where both electrons are paired in 
one orbital of either center. Because the “biradical” state arises from 
a simple spin-flip of an electron in a relatively isolated orbital, the 
3φφ* state lies close in energy to the 1φφ ground state; in the limit, 
they are a degenerate ground state. Conversely the “zwitterionic” 
states are energetically far removed from their diradical counterparts 
at 2K owing to large two-electron energies that result from pairing 
electrons in the confined volume of atomic-like orbitals centered on 
individual metals. 

The four-state model of the two-electron bond was recognized 
at the inception of bonding theories.1 Heitler and London invoked 
these states in their description of valence bond theory (VBT)5 
followed by Mulliken’s description of these states in the 
development of molecular orbital theory (MOT).6 Coulson and 

Fischer unified the four-state model in VBT and MOT with their 
treatment of stretched hydrogen.7 Though long recognized the four-
state model of the two-electron bond is difficult to experimentally 
interrogate. For the σ bond, all three excited states (3σσ*, 1σσ* and 
1σ*σ*) are dissociative.7,8 In the case of a π bond, all three excited 
states (3ππ*, 1ππ* and 1π*π*) are unstable with regard to rotation.9–11 
Conversely, a stable δ-bond formed from dxy orbital overlap is 
presented by quadruply bonded metal-metal complexes when the 

 
Figure 1. (A) Energy level diagram for the four states of two electrons 
populating the states produced from the linear combination of the 
bonding (φ) and antibonding (φ*) orbitals formed from two atomic 
orbitals where ΔW is one-electron energy and K is the two-electron 
energy comprising the various state transitions. (B) Experimental 
design to determine ΔW and K from one-photon and two-photon 
spectra. The 1δδ*(1B2) excited state (▬) is detected by one-photon 
absorption spectroscopy. The 1δ*δ*(21A1) excited state is detected 
from the fluorescence of the 1δδ*(1B2) excited state (▬), which is 
populated by pumping the 1δ*δ*(21A1) excited state with two near 
infrared photons (▬) followed by internal conversion.  



neighboring metal-ligand units are locked by diametrically opposed 
bulky ligands (M2X4P4, P = bulky phosphine, X = halide) or 
bidentate strapping ligands (M2X4(PP)2, (PP) = bidentate bridging 
phosphine).12 Moreover, because the δ-bond contributes little to the 
overall metal-metal bond strength, annihilation of the δ bond upon 
population of any of the three excited states does little to perturb the 
metal–metal distance (increases by only ~0.05 Å),13 and hence to 
perturb the dxy orbital overlap. The ΔW and K energies may be 
experimentally determined from one- and two-photon 
spectroscopy. The 1δδ(11A1) → 1δδ*(1B2) transition is Laporte and 
spin-allowed and its energy is offered from UV-visible absorption 
spectroscopy.14 The 1δδ(11A1) → 1δ*δ*(21A1) transition, which is 
forbidden by the one-photon selection rules, is allowed by two-
photon spectroscopy. From measurement of the one- and two-
photon transition energies, ΔW and K may be experimentally 
defined. These experiments have been undertaken for M2X4P4 15 and 
Mo2Cl4(S,S-dppb)2 (S,S-dppb = S,S-bis(diphenylphosphino)-
butane,16 thus providing the first complete experimental 
characterization of the two-electron bond in a discrete molecular 
species. The net result of these studies is that the 1δδ → 1δδ* 
transition energy is largely governed by the two-electron energy, K, 
and the 1δδ*/1δ*δ* excited states possess significant zwitterionic 
character.  

The power of the model shown in Figure 1 is its sensitivity as a 
measure of covalency versus ionicity in the composition of the two-
electron bond. In Mo2X4(PMe3)4 (X = Cl, Br and I) complexes, the 
reduction potential of these complexes increases along the series Cl 

< Br < I; this trend, termed “inverse halide order”, has been ascribed 
to greater metal(dxy)-halide(p) back-bonding.17 Such bonding may 
be probed directly with K, as greater back-bonding should be 
manifested in a lowering of K due to greater spatial extension of 
electrons within the orbital. We now report the one- and two-
photon spectroscopy of the Mo2X4(PMe3)4 halide series, thus 
allowing the experimental determination of ΔW and K. We find that 
K for the d orbital decreases along the “inverse halide order” Cl < Br 
< I. Moreover, we have prepared the Mo2X4(PMe3)4

+ monocation 
series by spectroelectrochemistry. With a singly occupied δ orbital, 
K = 0, thus allowing for an independent measurement of ΔW as 
compared to that determined from one-and two-photon 
spectroscopy. 

Figure 1B elucidates the experimental design for extracting ΔW 
and K experimentally. In D2d symmetry, the 1δδ → 1 δδ* (11A1 → 1B2) 
is an allowed one-photon transition. Conversely, whereas the 1δδ → 
1δ* δ* (11A1 → 21A1) transition is forbidden by one-photon selection 
rules, the transition is allowed for two-photon selection rules. Figure 
2 shows the one-photon absorption spectrum for Mo2X4(PMe3)4 
compounds at room temperature in 3-methylpentane. The well-
established 1δδ → 1 δδ* transition appears as the lowest energy band 
in UV-vis absorption spectrum (blue line, Figure 2). Though there 
is no apparent absorption in the 800–1200 nm region of the one-
photon spectrum, sample excitation by the Nd:YAG laser in this 
spectral region results in red emission of the 1δδ* excited state 
(λem(Mo2X4(PMe3)4) = 673, 671 and 715 nm for X = Cl, Br, I18). This 
observation is consistent with excitation into the 21A1(1δ*δ*) excited 
state with 2hν absorption, followed by internal conversion to 
1B2(1δδ*), from which emission is observed. The two-photon 
excitation of the fluorescence spectrum is superimposed on the one-
photon absorption spectrum shown in Figure 2. The two-photon 1δδ 
→ 1δ*δ* (11A1 → 21A1) assignment is supported by power 
dependence and polarization measurements. As expected for a two-
photon process,19 the fluorescence intensity varies with the square of 
the incident laser intensity (Figure S1). Moreover, the polarization 
ratio (Icir/Ilin) is constant and <1.0 across the observed 2hν band 
(Figure S2); in D2d point group of the Mo2X4(PMe3)4 compounds, a 
polarization ratio of <1 is expected only for excited states of the same 
symmetry as the ground state (i.e., A1).20 

Table 1 lists the band maxima for the one- and two-photon 
transition energies. Because the δ bond is not highly perturbed upon 
population of the δ* orbital, the one- and two-photon band maxima 
reflect the relative energies of (0.0) transitions of these excited 
states. From these band maxima, ΔW and K may be evaluated, the 

 
Figure 2. Electronic absorption (▬) and two-photon fluorescence 
excitation spectra (▬) for Mo2X4(PMe3)4 complexes in 3-methylpentane 
at room temperature. The dashed box corresponds to the excitation 
wavelength region used for the two-photon experiment. 

Table 1. Transition Energiesa within the δ-Manifold of Metal-Metal 
Complexes 

Complex 1δδ → 1δδ* 1δδ → 1δ*δ* ΔW  K 

Mo2Cl4(PMe3)4 17182 21415 8528 6475 
Mo2Br4(PMe3)4 16779 21275 8686 6142 
Mo2I4(PMe3)4 15978 19800 7815 6078 

 2δ → 2δ* ΔΔWb 
Mo2Cl4(PMe3)4

+ 6906 1622 
Mo2Br4(PMe3)4

+ 6766 1920 
Mo2I4(PMe3)4

+ 6281 1534 
a transition energies in cm–1. b ΔΔW is difference between the ΔW energies of 
corresponding Mo2X4(PMe3)4 and Mo2X4(PMe3)4+ complexes. 



values of which are listed in Table 1.  
A notable prediction of these calculations is that the overlap of 

the δ–δ* orbital splitting (i.e., ΔW) is small. This has been 
independently verified by measuring the δ → δ* transition for the 
oxidized complex, Mo2X4P4

+. Here the δ orbital is singly occupied, 
and therefore the two-electron energy is absent; the δ → δ* 
transition only reflects ΔW arising from the orbital overlap of dxy 
orbitals. As reflected by reversibility of the oxidative wave in the 
cyclic voltammograms of the Mo2X4P4 compounds (Figure 3A), the 
monocation is stable and thus may be generated electrochemically. 
Figure 3B, shows the UV-visible-NIR spectrum of bulk electrolyzed 
solutions of Mo2X4(PMe3)4 using an applied potential that is 
positive of the one-electron oxidation wave. Consistent with the 
experimentally determined ΔW of the Mo2X4(PMe3)4 compounds, 
the δ → δ* transition shifts from the visible spectral region to deep in 
the near-infrared spectral region. The lower ΔW energy of the 
Mo2X4(PMe3)4

+ complexes as compared to Mo2X4(PMe3)4 reflects 
the slightly elongated 0.05 Å metal-metal bond increase owing to a 
half-orbital occupancy of the δ bonding orbital for the monocationic 
complexes. A slight decrease in the bond strength would be expected 
to accompany this minor elongation in the metal-metal distance. Of 
note, the δ bond has been estimated to contribute only 6 kcal mol–1 
to the overall metal-metal bond strength.21 The results of Table 1 are 
consistent with this prediction. The average decrease in ΔW is 1692 
cm–1 (4.8 kcal mol–1) for the Mo2X4(PMe3)4

+ (δ bond order = ½) as 

compared to its Mo2X4(PMe3)4 congener (δ bond order = 1).  
The value of K monotonically decreases along the series 

Cl>Br>I. As the two electron energy scales inversely with the 
distance between electrons (1/r12 for electrons e1 and e2), this result 
is consistent with increased metal(dxy)-halide(p) back-bonding 
I>Br>Cl. Consistent with these measurements, ab inito calculations 
on M2X4(PH3)4 complexes suggest a significant amount of halide 
character mixing with the δ and δ* orbitals.22 The halogen p-orbitals 
become energetically more proximate to the metal d-orbitals as the 
halide electronegativity is decreased, thus accounting for the 
increased metal(dxy)-halide(p) mixing along the series I>Br>Cl. 
Additional experimental evidence for mixing of halide character into 
the δ-bond comes from photoelectron spectra23 and resonance 
Raman spectra,24 which shows resonance enhancement when 
exciting into the δ → δ* transition of Mo2X4(PMe3)4 complexes.  

Conclusions  
The one- and two-photon spectra of allows the Mo2X4(PMe3)4 

halide series allows the one- (ΔW) and two-electron (K) energies of 
the δ-bond of quadruply bonded complexes to be experimentally 
determined. We find that K energy decreases along the series 
Cl>Br>I. As K is dependent on the distance between electrons, K is 
a sensitive measure of bonding between the dxy(δ) and halide orbital; 
this bonding interaction increases with descent down the periodic 
table. The calculated one-electron energies are small, as 
independently verified with the spectroelectochemical preparation 
of the Mo2I4(PMe3)4

+ complexes, where the δ bond is a one-electron 
bond, and K is thus absent. The δ → δ * transition shifts by over 
10,000 cm–1 upon oxidation of Mo2X4(PMe3)4 to Mo2X4(PMe3)4

+, 
establishing that transitions within the two-electron δ bond are 
heavily governed by the two-electron exchange energy. 

Experimental Methods 

General Methods. All reagents were purchased from commercial 
suppliers and used without further purification, unless otherwise 
noted. Dichloromethane was purified by a commercial argon-
purged solvent purification system designed by Pure Process 
Technologies and stored over activated molecular sieves in an N2-
filled glovebox prior to use. 3-Methylpentane was dried over a NaK 
alloy on a high-vacuum line and vacuum transferred to the 
spectroscopic cells. The quadruple bond complexes were 
synthesized according to published procedures for 
Mo2Cl4(PMe3)4,25 Mo2Br4(PMe3)4

24 and Mo2I4(PMe3)4.18 UV-vis-
NIR spectra were acquired using a Varian Cary 5000 spectrometer. 
All electrochemical experiments were performed using a CH 
Instruments 660C potentiostat in an N2-filled glovebox. All 
compounds were dissolved in a dichloromethane solution 
containing 0.1 M tetrabutylammonium hexafluorophosphate as a 
supporting electrolyte. A three-electrode setup consisting of a glassy 
carbon working electrode (x mm diameter), a platinum mesh 
counter electrode, and a leak-free Ag/AgCl reference electrode 
(Warner Instruments) was utilized for cyclic voltammetry (CV) 
measurements. Glassy carbon working electrodes were polished 
with 1-μm alumina powder on felt prior to use. For each CV, 
ferrocene was added after the initial measurement to obtain a non-
aqueous reference. Bulk-electrolysis was performed in a divided-cell 
utilizing the three-electrode setup described above except a 
platinum mesh working electrode was used to maximize current. 
After each electrolysis, the anolyte was sealed in an oven-dried 
quartz-cuvette for UV-vis-NIR spectroscopy. 

 
Figure 3. (A) Cyclic voltammograms of Mo2X4(PMe3)4 complexes in 
CH2Cl2 with 0.1 M TBAPF6 as the supporting electrolyte. (B) UV-
visible-NIR absorption spectrum of bulk electrolyzed solutions of 
Mo2X4(PMe3)4 (Eappl = 0.36 V for X = Cl, 0.47 V for X = Br, 0.39 V for 
X = I). 



TPE Measurements. Two photon experiments were performed 
with a Coherent Infinity 40-100 Nd:YAG laser (pulse width of 3.5 
ns for the 1064 nm fundamental). The pulse energies varied from a 
few mJ/pulse to 600 mJ/pulse, with a repetition rate to 100 Hz. 
Wavelength tunability (420 – 710 nm signal frequencies, 710 nm – 
2300 nm idler frequencies) was provided by an optical parametric 
oscillator (OPO) (Coherent Type I XPO). For all of the 
experiments reported here, the XPO was operated in the idler 
resonant mode. The XPO was pumped with a constant repetition 
rate of 100 Hz and pulse energy of 170 mJ/pulse at 354.7 nm. 
Residual signal energy present with the idler beam was removed by 
passing the XPO output beam through a Schott RG715 long-wave 
pass filter. The dependency of emission intensity on incident laser 
power was accomplished with a 935-10 High Energy Laser 
Attenuator (Newport Corporation). The exit beam from the 
attenuator passed through a long focal length (500 mm or 
1000cmm) lens to reduce its divergence. The polarization of this 
beam was manipulated to be either circularly or linearly polarized 
using a CLPA-10.0-670-1064 Glan-Laser polarizer (GL) (CVI 
Laser Corporation), a PR-950 double Fresnel rhomb (DFR) 
(Newport Corporation) and a CVI FR-4-C single Fresnel rhomb 
(SFR). The GL is used to ensure constant horizontal polarization of 
the laser beam before it reaches the next two optics. The DFR is 
placed in a rotatable mount that can be rotated about the optical axis 
of the laser beam. When the DFR is rotated, the plane of polarization 
of the laser beam is rotated with respect to the incoming laser beam. 
This results in changing the plane of polarization of the laser beam 
with respect to the optical axis of the SFR. The SFR produces either 
circularly polarized or linearly polarized light, depending on the 
plane of polarization of the incident laser beam. The laser excitation 
beam passed through sample onto a J8LP photodetector 
(Molectron), thermopile detector exhibited a constant wavelength 
response from 200 nm to 10 μm (±2%) and was fed into a SR250 
Gated Integrator/Boxcar Averager Module (Stanford Research 
Systems) to measure the relative laser intensity. Emission from the 
Mo2X4(PMe3)4 compounds was dispersed by a SPEX 1681 
monochromator and detected by a Hamamatsu R943-02 
photomultiplier tube residing in a TE-104 thermoelectrically cooled 
PMT housing (Products for Research). The output current of the 
PMT was fed into the 50 Ω load of a Stanford Research Systems 
SR400 Gated Photon Counter. The discriminator level of the 
photon counter was adjusted (typically set to –40 mV) to minimize 
the detection of spurious photons as a result of thermionic emission 
from the various dynode stages of the PMT. The gate width was 
5τ (τ = fluorescence lifetime). For power dependence 
measurements, the laser energy was adjusted in c.a. 10% steps. For 
polarization dependence measurements, signal intensity for the 
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