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Abstract 

The vibrational structure and binding motifs of vanadium cation-ethane clusters, V+(C2H6)n, for n = 1 – 4 

are probed using infrared photodissociation spectroscopy in the C-H stretching region (2550 – 3100 cm-1). 

Comparison of spectra to scaled harmonic frequency spectra obtained using density functional theory 

suggest that ethane exhibits two primary binding motifs when interacting with the vanadium cation, an 

end-on 𝜂2 configuration and a side-on configuration. Determining the denticity of the side on isomer is 

complicated by the rotational motion of ethane, implying that structural analysis based solely on Born-

Oppenheimer potential energy surface minimizations is insufficient, and that a more sophisticated 

vibrationally adiabatic approach is necessary to interpret spectra. The lower-energy side-on configuration 

predominates in smaller clusters, but the end-on configuration becomes important for larger clusters as it 

helps to maintain a roughly square planar geometry about the central vanadium. Proximate C-H bonds 

exhibit elongation and large red-shifts when compared to bare ethane, particularly in the case of the side-

on isomer, which are underestimated by scaled harmonic frequency calculations, demonstrating initial 

effects of C-H bond activation. Tagging several of the clusters with argon and nitrogen results in non-

trivial effects. The high binding energy of N2 can lead to the displacement of ethane from a side-on 

configuration into an end-on configuration. The presence of either one or two Ar or N2 can impact the 

overall symmetry of the cluster, which can alter the potential energy surface for ethane rotation in the 

side-on isomer and may affect the accessibility of low-lying electronic excited states of V+. 
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Introduction 

The activation of hydrocarbon bonds has enjoyed considerable study over the last several 

decades.1,2 Such studies have become more important recently along with an increased global reliance on 

natural gas, which is largely composed of simple hydrocarbon compounds such as methane and ethane.3 

Although natural gas is widely used as an energy source, much of its potential for use is left unrealized 

due to the lack of chemical functionality.4 Expanding the chemical functionality of constituent 

compounds such as ethane and methane generally involves some form of C-H or C-C bond activation as 

an early step.5  

A large and growing body of work has focused on studying how transition metals can be used to 

induce bond activation and thus catalyze functionalization reactions.2 Much of this work has focused on 

bond activation in methane, in large part due to its high concentration in natural gas and its 

experimentally tractable size.6–8 While the smaller size of methane may make it more attractive for in-

depth study of C-H bond activation, ethane is the smallest hydrocarbon in which C-C bond activation can 

also occur. Ethane thus has a greater number of possible reactive pathways when interacting with 

transition metal species,6–13 which should contribute to its potential as a chemical feedstock.  

The use of solid-state or surface-based transition metal catalysis is widespread in industry, but it 

is also possible to catalyze hydrocarbon functionalization using small clusters.1,14 Such cluster studies are 

not only a means of catalysis, but can also serve as experimentally tractable models for understanding 

catalysis in larger systems. When hydrocarbons interact with individual transition metal atoms and ions, 

as well as small clusters of atoms, the resulting chemistry can be similar to what occurs at surface defects 

in bulk systems.1,15–20 

A number of studies have investigated the ability of the vanadium cation to activate hydrocarbon 

bonds.12,14,21–24 Work by Armentrout and coworkers investigated the ability of V+ to induce reactions with 

methane,14 ethane,12 and propane22 in guided ion beam studies. In all studies, V+ was found to be more 

reactive in the excited triplet state than when in the quintet ground state, implying lower barriers on the 

triplet potential energy surface, which is accessed via electronic excitation of the reactant or intersystem 

crossing during the course of the reaction. Zhang and Feng24 calculated C-H and C-C activation of ethane 

by V+, but they did not map the potential energy surfaces for both spin states. We have done so, and the 

results are shown in Figures S1 and S2. Although the lowest energy product of C-H activation is quintet 

V+(C2H4) + H2, the key intermediates and rate-determining barriers on the minimum energy path are 

triplets. For C-C activation, the key intermediates and VCH2
+ + CH4 product are triplets. The C-C 

activation pathways have higher barriers than for C-H activation, and the products are substantially more 

endothermic. This energetic preference for low-spin reaction intermediates is a consistent theme in 

reactions between alkanes and M+ ions for many different metals. In the case of ethane, a number of 
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reactions were observed, with the most prevalent being symmetric cleavage of the C-C bond to form 

VCH3
+ and CH3 and cleavage of a C-H bond to form VH+ and C2H5. Both of these channels were found to 

be endothermic with the C-C bond cleavage reaction being the lowest energy reaction of all those 

observed. Although dehydrogenation was observed to be exothermic, the process was found to be 

inefficient. Our calculations predict a large, 95.4 kJ/mol, activation barrier on the quintet surface, or a 

32.2 kJ/mol barrier on the triplet surface, which would require intersystem crossing during the course of 

the reaction. Later experiments by Weisshaar and coworkers,25–27 and very recently by Ng, Armentrout, 

and coworkers,28 using state selected ion beams observed much higher reactivity for triplet than quintet 

states in the dehydrogenation of ethane. As shown in Figure S1, triplet V+ should readily dehydrogenate 

ethane, as it has the proper spin and sufficient energy to overcome all barriers to produce triplet or quintet 

V+(C2H4) + H2. While these studies reveal the importance of the triplet excited state of V+, understanding 

how the quintet ground state interacts with ethane is also important because it serves as an entrance 

channel to reactive pathways.29,30 Even in these less-reactive entrance channels, metal cations can induce 

substantial red-shifts in C-H stretching modes,21 which must be accurately accounted for in order to 

generate reliable potential energy surfaces for activation pathways. It is therefore important to understand 

the structural details of such entrance channel complexes and determine the specific nature by which V+ 

influences bound ethanes.  

In this paper, we report vibrational spectra of vanadium-ethane clusters, V+(C2H6)n for n = 1 – 4,  

obtained using photodissociation spectroscopy. These spectra, accompanied by computational chemistry 

calculations, are used to identify important cluster binding motifs and determine ways in which V+ affects 

the C-H and C-C bonds in ethane.  

Methods 

Experimental 

Experimental infrared photodissociation spectra are obtained using home-built instrumentation 

consisting of a laser ablation source, a dual-stage reflectron time-of-flight mass spectrometer, and a 

tunable infrared laser source. Details of the experimental setup are described elsewhere,30,31 so only a 

brief description is provided here, with additional detail in Supporting Information. 

Both tagged and untagged V+(C2H6)n clusters are produced by laser ablation of a vanadium rod, 

followed by clustering with ethane, diluted in He/Ar/N2, introduced via pulsed valves.32 Cluster ions cool 

as they expand into vacuum, forming a molecular beam that is skimmed before entering the acceleration 

region of a two-stage time-of-flight mass spectrometer. Prior experiments using the same source suggest 

that clusters are formed with a rotational temperature of ca. 15 K, and a vibrational temperature that is 

likely higher.33 Ions are accelerated into the first stage of the mass spectrometer and are mass selected by 
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the time they reach the turning point of a reflectron where a multi-pass mirror arrangement34 is used to 

irradiate cluster ions of interest using the output of a Nd:YAG-pumped OPO/OPA system that is tunable 

from 2500-4000 cm-1, is capable of generating ~5 mJ/pulse near 3000 cm-1, and has a line width of ~1.8 

cm-1. Fragment ions produced as the result of laser irradiation and dissociation, as well as any 

undissociated parent ions, are reaccelerated by the reflectron and enter the second stage of the mass 

spectrometer where they are mass-analyzed and detected. Photodissociation spectra are obtained by 

monitoring the ratio of fragment to parent ion signal, normalized to laser power, as a function of the laser 

wavenumber.  

Depending on the cluster being studied, the binding energy of ethane to vanadium may be too 

large to induce dissociation of the cluster using the photon energies available in our experiment. In such 

cases, where clusters of interest result in either no dissociation or extremely low dissociation, we employ 

the tagging method. During expansion and cooling in the cluster source, it is possible for some of the 

carrier gas (either argon atoms or nitrogen molecules in this experiment) to become weakly bound as part 

of the ionic cluster. Upon absorption of infrared radiation, tagged versions of clusters may undergo 

dissociation by loss of the weakly bound argon atom(s) or nitrogen molecule(s). Ideally, the geometry of 

the molecular clusters is only weakly perturbed by the presence of a tag; however, it is possible for 

tagging to result in a change in cluster geometry in certain cases.   

 

Computational 

 Quantum chemical computations employing density functional theory are used to determine 

geometric isomers, energies, and theoretical vibrational spectra of each cluster species. All computations 

are performed using the Gaussian 09 suite of programs.35 Following exploratory computations with 

different multiplicities, all subsequent computations consider only quintet states due to the large quintet-

triplet energy gap (≳ 6000 cm-1 for equilibrium geometries). Computations primarily utilize the B3LYP 

density functional,36 although the addition of empirical dispersion37 and the M11L density functional38 are 

also used for exploratory calculations and to verify that the choice of functional does not have a large 

influence on predicted structure and properties. Unless otherwise noted, computational results refer to 

B3LYP calculations using 6-311++G(3df,3pd) basis set. To compensate for the over-estimation of 

vibrational frequencies when performing harmonic frequency analysis, vibrational frequencies are scaled 

by a factor of 0.966, which is obtained by comparing computational results for the various C-H stretching 

frequencies of ethane to experimental values.39,40 Stick spectra from scaled-harmonic frequency 

calculations are convolved with a Gaussian function corresponding to a spectral resolution of 20 cm-1 to 

produce simulated vibrational spectra of optimized geometries. Unscaled harmonic frequencies are used 
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to determine zero-point energy corrections for all optimized geometries, and scaled harmonic frequencies 

are used to determine zero-point contributions to vibrationally adiabatic potential energy surfaces.   

Results and Discussion 

General Isomer Classes and Overview of Spectra 

Prior to discussing experimental results, it is useful to consider the two major classes of V+(C2H6) 

isomers identified during computational work. These two isomer classes are not only important for 

interpreting the photodissociation spectra of the various tagged V+(C2H6) clusters, but they also form the 

basis for understanding the larger clusters. Structures of the two primary isomer classes are presented in 

Figure 1, which we term “end-on” and “side-on”. In both side-on and end-on isomer classes, ethane 

adopts a staggered geometry.  

In the case of the end-on isomer, ethane binds to the vanadium cation with 𝜂2 denticity, where 

two hydrogen atoms—both attached to the same carbon atom—point toward vanadium. This end-on 

configuration is structurally similar to the configuration adopted by methane when binding to the 

vanadium cation.21 

In the case of the side-on isomer, vanadium interacts with hydrogen atoms that are connected to 

the different carbon atoms. Although Figure 1 depicts the side-on isomer as having an overall denticity of 

𝜂2, determining the actual denticity is not straightforward. The actual denticity is connected to the 

hindered rotor motion of the ethane about the C-C bond axis and is a major focus of the discussion below.  

A summary of binding energies for all V+(C2H6)n clusters, including these two isomer classes, is 

given in Table 1. Geometries, energies, and harmonic frequencies/intensities are included in Supporting 

Information. In the case of V+(C2H6), computational results predict the side-on isomer to be the lowest 

energy isomer class, being ca. 1100 cm-1 lower in energy than the end-on isomer. For the side-on isomer 

of V+(C2H6), ethane is calculated to have a binding energy of 7760 cm-1. 

 Figure 2 depicts experimental photodissociation spectra for V+(C2H6)n clusters (n = 1 – 4), some 

of which were obtained using argon or nitrogen tagging. Corresponding peak positions are included in 

Supporting Information, Table S1. All spectra can be divided into two main regions: one above and one 

below 2855 cm-1. Regardless of isomer, computational results indicate that features below 2855 cm-1 are 

due to stretching modes of C-H bonds proximate to the vanadium cation, while features above 2855 cm-1 

are due to stretching modes of distal C-H bonds. In this paper, all features are compared to C-H stretching 

frequencies of bare ethane, which occur at 2896 cm-1 (a2u), 2954 cm-1 (a1g), 2969 cm-1 (eg) and 2985 cm-1 

(eu).40 The red-shift of proximate C-H stretching modes in comparison to the stretching modes of bare 

ethane is consistent with prior experiments on metal-methane clusters, and can be explained by a shift in 

electron density from C-H bonding orbitals to empty or partially empty metal orbitals and back-donation 
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from the metal into C-H anti-bonding orbitals.30 Peaks in the region above 2855 cm-1 due to distal C-H 

stretching modes are clustered around where one would expect to see a free-CH stretch.21,41 This is 

consistent with a decoupling of proximate and distal C-H bonds that would be expected as compared to 

bare ethane.  

Perhaps the most important trend to note is the marked shift in overall peak structure that occurs 

between the untagged and nitrogen-tagged versions of V+(C2H6)2. The spectra of all V+(C2H6) clusters and 

the untagged V+(C2H6)2 cluster exhibit prominent peaks in the region below 2855 cm-1 and a conspicuous 

absence of resolved peaks in the region above 2855 cm-1. These peaks below 2855 cm-1 are generally 

broad or have a high-energy shoulder.  

In contrast, the spectra for the nitrogen-tagged species V+(C2H6)2(N2), for V+(C2H6)3, and for 

V+(C2H6)4 all exhibit well-resolved peaks above 2855 cm-1. Furthermore, the prominent features below 

2855 cm-1 do not appear to have high-energy shoulders; rather, they either exhibit a low-energy shoulder 

or consist of several resolved peaks where the low-energy peak has the smaller amplitude.  

 This marked shift in overall peak structure implies a corresponding shift in binding motif, or at 

least a change in the relative importance of different possible binding motifs. As will be discussed below, 

we attribute this shift to a change in the relative importance of the side-on vs. end-on isomers. In the case 

of all V+(C2H6) clusters and the untagged V+(C2H6)2 cluster, we find that the side-on isomer predominates 

and that the end-on isomer is of little importance. As cluster size grows and the available space for 

coordination with vanadium decreases, the end-on isomer becomes more important.  

Finally, we note a clearly non-zero baseline that occurs in the spectra of V+(C2H6)(N2) and 

V+(C2H6)(Ar) that does not occur in any other spectrum. As will be described below, this observation can 

be explained by considering the accessibility of low-lying electronic transitions.  

 

V+(C2H6) 

 Figure 3 depicts experimental photodissociation spectra for V+(C2H6), each obtained using a 

different tagging method. Although we were able to produce untagged V+(C2H6), we were unable to 

detect any photodissociation. As mentioned above, the binding energy of the side-on isomer is calculated 

to be 7760 cm-1 using the B3LYP functional. This energy is well beyond the spectral range of our 

experiment—requiring the absorption of at least three photons to induce dissociation—so we instead used 

the tagging method. Ideally, tagging does not perturb the structure or spectrum strongly, but can 

sometimes lead to important effects. Calculated binding energies for argon-tagged species using the 

B3LYP functional are 2525 cm-1 for the first argon atom, and 1721 cm-1 for a second. These binding 

energies, which are consistent with prior studies,42,43 are both within our experimental spectral range, 

allowing for the possibility of single-photon dissociation at all wavelengths. This is not the case when 
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using nitrogen as a tagging species where the binding energy is calculated to be 6712 cm-1 for the first 

nitrogen and 5902 cm-1 for the second (when an ethane is also attached to V+). When nitrogen is used as a 

tagging species, spectra can only be produced by infrared multiple-photon dissociation (IRMPD).  

The lower binding energies of tagged species generally result in colder temperatures in 

comparison to untagged clusters. The main, low-energy feature in the experimental spectra is narrower for 

clusters tagged with two argon atoms as compared when the cluster is tagged with a single argon atom. 

The nitrogen-tagged clusters exhibit similar behavior. Furthermore, features in the nitrogen-tagged 

clusters are broader than those in the argon-tagged clusters. This is at least in part due to the significantly 

higher binding energy of nitrogen as compared to argon, which should cause both higher cluster 

temperatures, and the broadening typical of IRMPD.44  

Tagging also results in modest shifts to spectral features. Addition of a second tag decreases the 

red shift of the primary spectral feature by ca. 20 cm-1 when using both argon and nitrogen. Additional 

bound species can serve as a dielectric by lending electron density to the vanadium cation, thereby 

reducing vanadium’s charge and ability to polarize other species. In the present case, the reduced 

polarization of ethane leads to a decreased red-shift for the proximate C-H bonds. This is further 

corroborated by the fact that the proximate C-H bonds in nitrogen-tagged clusters exhibit even smaller 

red-shifts than the argon-tagged clusters. Nitrogen has a slightly larger polarizability than argon45  and is 

oriented such that a terminal lone pair is directed toward vanadium, allowing for a stronger bond with 

vanadium, likely with some covalent character.46 Simulated spectra from scaled harmonic frequency 

calculations exhibit similar behavior, where the first tag decreases the red-shift of modes involving 

proximate C-H stretches by 10-15 cm-1, and the second decreases the shift by an additional 10-15 cm-1. 

Based on this rough trend, we estimate that the lowest-energy C-H stretch of untagged V+(C2H6) should 

occur near 2620 cm-1. This corresponds to a redshift of ca. 276 cm-1 compared to the lowest-energy C-H 

stretch in bare ethane. This is substantially larger than the redshift experienced by methane in V+(CH4), 

which is estimated to be ca. 175 cm-1.21 

 Immediately below experimental spectra in Figure 3 are scaled harmonic frequency spectra for 

the two isomer classes (side-on and end-on) of the untagged species. Argon tagging has little effect on the 

calculated spectra, other than the decreased red-shifts mentioned above. Experimental spectra for the 

argon-tagged clusters are consistent with the lower-energy side-on isomer class (1a), although the high-

energy shoulder at ca. 2700 cm-1 makes it hard to entirely rule out the presence of at least some of the 

end-on isomer class (1b), which could result from kinetic trapping during the cluster formation process. 

When in the side-on isomer, two limiting configurations are possible, based on the denticity of ethane. In 

the first case, ethane binds to vanadium with overall 𝜂2 denticity, where each C-H bond is attached to a 

different carbon atom. Throughout the remainder of this paper, we refer to this side-on isomer (1ai) as 
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having 𝜂(1+1) denticity. The second case consists of ethane binding to vanadium with overall 𝜂3 denticity, 

where two C-H bonds are attached to the one carbon and the third C-H bond is attached to the other 

carbon. We refer to this side-on isomer (1aii) as having 𝜂(2+1) denticity.  

Regardless of which configuration is the global minimum, it may be possible to interconvert 

between the 𝜂(1+1) and 𝜂(2+1) configurations if the potential energy surface is sufficiently flat. The 

interconversion of the two configurations corresponds to the rotation of ethane, roughly about the C-C 

bond, which harmonic frequency calculations predict to be the lowest-energy vibrational mode in the 

untagged clusters. If the barrier to rotation is sufficiently low, this ethane rotor mode should be treated not 

as having a harmonic potential, but as having a periodic potential characteristic of a hindered rotor.47–50 

Such motion would not just lend slight variation to the orientation of each C-H bond, but the 

interconversion of the 𝜂(1+1) and 𝜂(2+1) isomers will lead to the complete exchange of proximate and distal 

designations. Such conformational flexibility could have a large impact on the associated spectral 

signatures of the cluster. Prior computational investigations identified the 𝜂(1+1) side-on isomer as being 

the global minimum cluster geometry, but it is unclear if the ethane rotor motion was considered.24 

Similar work on the closely related complex Ti+(C2H6) identified end-on 𝜂3 and side-on 𝜂(2+1) isomers to 

be minima on the potential energy surface and the 𝜂(1+1) isomer to be a maximum.51 That study, however, 

did not further explore the effect of ethane rotation.  

To further investigate this hindered rotor motion of ethane, we performed several energy scans of 

one of the HCCV dihedral angles in the side-on isomer of untagged V+(C2H6) using both the B3LYP and 

M11L density functionals. Discussion of our analysis is initially framed using data from B3LYP 

calculations and followed by comments on how the analysis is affected by using data from M11L 

calculations.  

 Using the B3LYP functional, if the geometry of ethane is allowed to relax at each point during 

the scan, the barrier height of rotation is calculated to be 145 cm-1 without incorporating zero-point energy 

and decreases to 33 cm-1 when adding in the zero-point energy of all other (i.e., non-rotor) modes. 

(Potential energy surfaces for ethane rotor motion are depicted in Figures S3 and S4.) Note that the 

rotational coordinate is defined such that 0° corresponds to a conformation with 𝜂(2+1) denticity. On this 

B3LYP potential energy surface of untagged V+(C2H6), minima correspond to structures with 𝜂(1+1) 

denticity (isomer 1ai), and maxima correspond to structures with 𝜂(2+1) denticity (isomer 1aii).  

Presuming an experimental cluster temperature on the order of 50 K, the extremely low barrier to 

rotation in comparison to the amount of thermal energy available in our experiment (kBT ≈ 35 cm-1) 

suggests that both the 𝜂(1+1) and 𝜂(2+1) configurations should be considered when interpreting experimental 

spectra. Simulated spectra for the C-H stretching region at representative HCCV dihedral angles are 

depicted in Figure 4. These spectra reveal the large peak shifts that occur as the proximate and distal 
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designations of C-H bonds undergo exchange upon rotation. They also reveal how the different 

symmetries of each rotational isomer lead to variability in how the C-H bonds couple to form normal 

modes. Points on the potential energy surface with the highest symmetry act as limiting cases for spectral 

interpretation. These points consist of the side-on isomers with 𝜂(1+1) denticity, which belong to the C2 

symmetry point group, and the side-on isomers with 𝜂(2+1) denticity, which have Cs symmetry. At all other 

points the cluster has C1 symmetry, so interpretation of the associated normal modes is not as 

straightforward. Assignment of features for the two highest-symmetry cases is provided in Figure 4. We 

acknowledge that a more robust assignment of spectral features could likely be attained using 

permutation-inversion symmetry groups; however, such an analysis is beyond the scope of the present 

work. All features below 2855 cm-1 correspond to stretching modes of C-H bonds proximate to V+, and 

those above 2855 cm-1 correspond to distal stretching modes. Peaks corresponding to distal bonds have 

much lower intensity than those corresponding to proximate bonds, which is in agreement with prior 

experiments where the presence of a metal cation was found to polarize proximate C-H bonds to make 

them stronger IR chromophores than typical C-H bonds.41 Note that all computational spectra 

underestimate the red-shift of the proximate C-H stretching modes, regardless of rotational isomer. This is 

the case when using both the B3LYP and M11L density functionals, and even when empirical dispersion 

is included using Grimme’s D3 approach.37  

 To understand how the hindered rotor potential energy surface influences the prevalence of the 

𝜂(2+1) and 𝜂(1+1) configurations it is helpful to consider the associated wavefunctions and probability 

densities. We treat the hindered rotor motion separately from all other modes using a vibrationally 

adiabatic approach.52–54 We justify this approach by pointing out that the unscaled harmonic frequency of 

the rotor mode is on the order of 50-80 cm-1, whereas all other modes have unscaled harmonic frequencies 

of at least 250 cm-1. Consequently, the timescale for rotor mode should be far longer than all other modes, 

causing it to be largely decoupled from all other vibrational motions. As the slow rotor motion occurs, all 

other modes should be able to “adapt” quasi-instantaneously to their respective new equilibrium positions. 

Briefly, our approach involves computing a weighted average of scaled-harmonic spectra of 

conformations along the hindered rotor coordinate. The weighting factors are determined using the 

probability densities of the hindered rotor wavefunctions, which are determined using the matrix 

formalism of perturbation theory.47,48,50 A more detailed description of our approach is included in 

Supporting Information. Several spectra simulated using this approach are shown in Figure 3. 

  While the simulated spectra constructed using our rotor model do not achieve quantitative 

accuracy, they do help to explain the general shape of the V+(C2H6) experimental spectra. First, as the 

side-on ethane undergoes rotation and different C-H bonds come into and go out of alignment with V+, 

the degree of red-shift associated with proximate C-H bonds undergoes a drastic change from 2660 to 
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2885 cm-1. This change in frequency is accompanied by a change in intensity. This behavior can help 

explain the general breadth of the low-energy feature in V+(C2H6) experimental spectra, as well as the 

high-energy shoulder that is most notable in the spectrum of V+(C2H6)(Ar)2. Our model also helps to 

explain why peaks corresponding to distal C-H bonds are not observed in the experimental spectra. These 

modes undergo modest shifts upon ethane rotation and do not constructively combine to the same extent 

as the modes associated with proximate C-H bonds. The resulting broadening suppresses the overall 

intensity of the distal C-H peaks relative to the proximate C-H peaks (as compared to individual harmonic 

frequency spectra), making it more difficult to observe well-defined peaks given the signal-to-noise ratio 

in experimental spectra. 

 Our model is mildly sensitive to the input parameters (e.g., the height of the barrier, the rotational 

constant of ethane, etc.); however, this sensitivity affects the quantitative aspects of the simulated spectra 

and not the qualitative aspects. The simulated spectra presented in Figure 3 were generated using a 

temperature of T = 50 K and several sets of hindered rotor PES parameters (i.e., the barrier height and the 

rotational angle corresponding to the PES minimum) to explore differences in computational results 

obtained using B3LYP and M11L density functionals. Whereas the B3LYP surface has the 𝜂(1+1) structure 

as a minimum and a vibrationally adiabatic barrier height of 33 cm-1, the M11L surface has the 𝜂(2+1) 

structure at a minimum and a 140 cm-1 barrier height. Despite the differences in PES parameters, the 

resulting simulated spectra exhibit remarkable similarity. This can be explained by considering the 

probability densities of the hindered rotor wavefunctions (Figure S5). Because of the low rotational 

barrier and generally flat PES, probability densities are not highly localized to PES minima but are 

instead broadly distributed over all rotational angles. Furthermore, except for a small number of 

eigenstates, probability densities are non-zero for all angles. All of this taken together, it is difficult to 

unequivocally determine the specific geometry of the lowest-energy side-on isomer. Rather, it is more 

prudent to consider the side-on ethane structure as existing in a hindered rotor state where all possible 

rotational isomers are, at least to some extent, present in the cluster. A more-detailed characterization of 

the hindered rotor PES would require more sophisticated and comprehensive computational and 

experimental methods.  

 The above analysis of V+(C2H6), including ethane rotor motion, is based on computations for the 

untagged cluster. Because our experimental spectra utilize the tagging method, it is important to consider 

how tagging may impact cluster geometry and spectra. The lowest-energy isomers (on the Born-

Oppenheimer surface) for tagged V+(C2H6) are shown in Figure 5. In each of these clusters, vanadium 

binds in a roughly square-planar geometry, where each tag occupies one coordination site and the side-on 

ethane occupies two coordination sites. The presence of a tag perturbs the ethane rotor potential energy 

surface such that determining the denticity of ethane is even less straightforward than when untagged. 
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Whether the global minimum corresponds to 𝜂(1+1) or 𝜂(2+1) denticity depends on whether or not zero-point 

energy is included, whether the species is singly or doubly tagged, and the identity of the tagging species 

(see Figure S4). In the most extreme case, the presence of a single tag results in a three-fold periodic 

surface, in contrast to the six-fold periodic potential of bare and doubly tagged V+(C2H6). This represents 

a rare case where using fewer tags perturbs the cluster more than when using more tags. In all cases, 

however, the barrier to rotation remains low enough for probability densities to be broad and delocalized 

over all rotor angles, regardless of whether or not a tag is present.  

 A final feature to note is the clearly non-zero baseline that occurs in the spectrum of V+(C2H6) 

when tagged with either a single argon atom or single nitrogen molecule, but not when tagged with two 

argon atoms or two nitrogen molecules. Similar effects have been seen in vibrational spectra of 

V+(CH4)x(Ar)y clusters, where a non-zero baseline is present in some clusters, but not others.21 This effect 

can be explained on the basis of the cluster symmetry. When doubly tagged, the cluster has either Cs or C2 

symmetry, depending on whether the side-on ethane is in an 𝜂(2+1) or 𝜂(1+1) configuration. If the hindered 

rotor motion of the side-on ethane is taken into consideration by presuming a time-averaged 

configuration, the doubly tagged cluster would then have even higher C2v symmetry. With only a single 

tag, however, only three of the four square-planar coordination sites are occupied. Consequently, the 

highest order symmetry point group to which the cluster could belong is Cs, even if ethane is considered 

in a time-averaged rotational configuration. If there exist any low-lying excited electronic states of 

V+(C2H6) that are spectroscopically inaccessible due to symmetry related selection rules, the presence of a 

single tag could reduce the symmetry of the cluster such that these transitions become symmetry allowed. 

A doubly tagged cluster, however, would belong to a higher-order symmetry point group where the 

transitions remain symmetry forbidden. One possible candidate for such a transition could be between the 
5D (3d4) electronic ground state and the 5F (3d34s) first electronic excited state.22,55 This transition is 

Laporte forbidden for the bare atom, but it could become symmetry allowed when ligands are present in 

an appropriate geometry. Furthermore, these states are separated by 2470 – 2825 cm-1 for the bare atom 

(depending on the spin-orbit levels involved), which lies within our experimental range. Alternatively, a 

reduction in the symmetry of the cluster could affect the d-orbital splitting of vanadium, lowering the 

energy of an excited electronic state into a range accessible in our experiment.  

 

V+(C2H6)2 

 One of the largest peaks observed in most of our mass spectra corresponds to untagged V+(C2H6)2 

(see Figure S7). This was the case for a wide variety of source settings and conditions, indicating that the 

cluster is particularly stable and that n = 2 might constitute a “magic number”.56 Though we did not 

observe argon-tagged versions of this cluster, we were able to form a nitrogen-tagged version. The 
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photodissociation spectrum of untagged V+(C2H6)2 is depicted in Figure 6, and that of the tagged version, 

V+(C2H6)2(N2), is depicted in Figure 7. The spectrum of V+(C2H6)2 is remarkably similar to that of 

V+(C2H6)—especially the double-tagged versions—whereas the nitrogen-tagged version is more similar 

to the spectra of clusters with n = 3 – 4 (see Figure 2). Geometry optimizations using the B3LYP 

functional indicate several isomer classes, the lowest of which has two ethanes in a side-on configuration 

and overall geometry that is roughly square planar (2a). Low-energy isomers are shown in Figure 6, and 

their associated energies are listed in Table 1.  

In the lowest-energy class, several isomers are based on the denticity and relative orientation of 

the two side-on ethane molecules. Potential energy surface scans reveal that the hindered rotor motions of 

the two ethane molecules are weakly coupled by ca. 30 cm-1 (see Figure S8). In this limit of weak 

interaction, the vibrational spectrum would be expected to be nearly identical to that of V+(C2H6), aside 

from a decreased red-shift of the proximate C-H bonds. This is largely consistent with the observed 

spectrum, aside from the more pronounced shoulder at ca. 2700 cm-1 in the spectrum of V+(C2H6)2. This 

more pronounced shoulder likely arises from either the hindered rotor motion of the two ethane molecules 

(see above) or due to the presence of other isomers that include end-on configurations of ethane. Higher 

energy isomer classes consist of either one side-on and one end-on ethane (2b, which is 892 cm-1 higher), 

or two end-on ethanes (2c, which is at least 1747 cm-1 higher). These higher energy isomer classes are 

only expected to be present in our experiment if they become kinetically trapped during the expansion and 

cooling process.  

In principle, the hindered rotor analysis described above could also be extended to the case of 

V+(C2H6)2. The coupling of the two ethanes would result in a non-separable Hamiltonian, and such a 

treatment is beyond the scope of this study. In general, however, the same ideas from the hindered rotor 

analysis should also apply here. The low barrier to ethane rotation in the side-on isomer should result in a 

broadening of peaks as the alignment of C-H bonds toward vanadium undergoes changes and the 

proximate and distal designations undergo exchange. Similar to the case of V+(C2H6), we believe it 

prudent to consider the geometry of untagged V+(C2H6)2 as consisting of two side-on ethanes existing in 

hindered rotor states where all rotational isomers are simultaneously present.  

The spectrum of V+(C2H6)2(N2) in Figure 7 is markedly different than that of untagged V+(C2H6)2, 

indicating different ethane binding motifs. In the lowest-energy isomer class, both ethanes and the 

nitrogen are predicted to bind to vanadium in a roughly square planar structure, as was the case for the 

other clusters discussed so far. This isomer class consists of one side-on ethane, one end-on ethane, and 

nitrogen binding to vanadium with 𝜂1 denticity. The side-on ethane occupies two coordination sites, as 

above, but the end-on ethane appears to occupy only a single coordination site, despite having 𝜂2 

denticity.  
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Here, the binding energy of nitrogen to vanadium is very similar to the binding energy of ethane 

to vanadium when in the side-on configuration (both are ca. 7000 cm-1, depending on the cluster). This 

allows nitrogen to compete with ethane as a ligand. Even when considering roughly square-pyramidal 

geometries with two side-on ethanes bound in a roughly square-plane and nitrogen bound along the z-

axis, geometry optimizations converged to the fully square-planar minimum-energy isomer. Instead of 

completely displacing ethane from the cluster, the nitrogen forces one ethane molecule to adopt the 

higher-energy end-on configuration, thus preserving the roughly square-planar geometry. Within this 

isomer class are two different isomers, separated by 29 cm-1, where the end-on ethane is oriented roughly 

parallel to either the side-on ethane or the N2 molecule. Both simulated spectra exhibit similar agreement 

with the experimental spectrum, and both cluster geometries are likely to be present in our experiment.  

Based on comparison to V+(C2H6) clusters, the peak observed at 2640 cm-1 in the spectrum of 

V+(C2H6)2(N2) likely corresponds to C-H stretching modes of the side-on isomer. The peak at 2705 cm-1 is 

likely due to the symmetric stretch of the proximate CH2 group in the end-on ethane, with the high-energy 

shoulder at ca. 2760 cm-1 being due to the anti-symmetric stretch. As was the case for V+(C2H6) clusters, 

the scaled harmonic frequency calculations continue to underestimate the red-shift of proximate C-H 

stretching modes in the side-on isomer, but the predicted red-shifts of proximate C-H stretches of the end-

on isomer are more reasonable. The peaks at 2956 and 2999 cm-1 in the experimental spectrum are likely 

due to modes involving distal C-H stretches of the end-on ethane, as opposed to the side-on ethane, as 

distal stretches from side-on ethane are likely too weak to be observed in our experiment (see above). 

This is corroborated by scaled harmonic frequency spectra, where distal C-H stretches of end-on ethane 

have oscillator strengths that are, on average, ca. ten times higher than those associated with side-on 

ethane.  

 

V+(C2H6)3 

The photodissociation spectrum of V+(C2H6)3 (Figure 2 and Figure 8) is remarkably similar to 

that of V+(C2H6)2(N2), but with better-resolved features, implying similar binding motifs for the clusters. 

Features in the high-energy region above 2855 cm-1 do not experience a discernable shift (Figure 2), but 

features below 2855 cm-1 occur at higher energies, consistent with decreased red-shifts when more 

polarizable groups are present in the cluster. Equilibrium geometries of clusters can again be divided into 

several classes based on the number of side-on and end-on ethanes in the cluster (Table 1). The lowest-

energy class (3a) consists of one side-on and two end-on ethanes, all within 125 cm-1. All isomers in 

classes 3a and 3b appear to be roughly square planar, with side-on ethanes occupying two coordination 

sites and end-on ethanes occupying a single binding site (again, despite having 𝜂2 denticity). Isomer class 

3c does involve two ethanes in the more stable side-on configuration, but the third ethane can only bind in 
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an end-on 𝜂1 configuration along the z-axis of the square plane (Table 1). The energetic cost associated 

with displacing a side-on ethane into an end-on configuration is apparently outweighed by the tendency 

for vanadium to maintain a roughly square planar configuration. This observation is in line with prior 

studies that note the tendency for V+ to support a coordination number of four in a square planar 

configuration.12,43,46 

Despite the variability in the specific positioning of the end-on ethanes in this isomer class, their 

simulated spectra are remarkably similar. The peak that appears at ca. 2710 cm-1 in the simulated spectra 

is largely due to proximate C-H stretches of the side-on ethane, and likely corresponds to the 

experimental peak at ca. 2650 cm-1, based on comparison to the spectra of smaller clusters. Peaks at ca. 

2750 cm-1 and ca. 2808 cm-1 in the simulated spectra are due to proximate C-H stretches of end-on 

ethanes, and likely correspond to experimental peaks at 2710 and 2780 cm-1, respectively. The peaks at 

2650 cm-1 and 2710 cm-1 exhibit a larger difference in relative intensity than do the analogous peaks in 

the spectrum of V+(C2H6)2(N2), which is likely due to the presence of more end-on isomers in the cluster. 

If these assignments are accurate, then scaled harmonic frequency calculations using the B3LYP 

functional underestimate the red-shift of proximate C-H stretching modes to a larger extent for larger 

cluster sizes. Including empirical dispersion in the computations using Grimme’s D3 approach leads to a 

slight improvement by 2 – 10 cm-1, but this is not nearly enough to account for the ca. 40 – 60 cm-1 

difference that we observe. 

As was the case for V+(C2H6)2(N2), the higher-energy features above 2855 cm-1 are likely due to 

distal C-H stretching modes of ethanes in the end-on conformation. Although the side-on isomer should 

also have modes in this region, they are substantially weaker and not likely to be observed given our 

experimental signal-to-noise ratio. Whereas the distal C-H stretching modes of end-on ethanes all 

combine to form two main spectral features in the simulated spectra at ca. 2950 and 3015 cm-1, the 

experimental spectrum exhibits several more well-defined peaks. We are unable to make specific 

assignments to each of these peaks without further information.  

 

V+(C2H6)4 

 The photodissociation spectrum of V+(C2H6)4 is shown in Figure 9 along with structures for the 

lowest-energy isomer class, 4a. The similarity to the spectra of V+(C2H6)2(N2) and V+(C2H6)3 again 

indicates similar binding motifs. The poorer signal-to-noise ratio reflects the very small quantities of 

V+(C2H6)4 that can be made in our experiment. High-energy features above 2855 cm-1 again do not 

experience a discernable shift but features below 2855 cm-1 occur at higher energies, consistent with 

decreased red-shifts as cluster size and polarizability grow (Figure 2). Isomer classes are again based on 

the number of ethanes in side-on vs. end-on configurations; however, it is not possible to maintain the 
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roughly square planar configuration about a central vanadium unless all four ethane molecules are in the 

end-on configuration. The tendency for vanadium to bind in a square planar configuration continues to 

outweigh the energetic cost associated with displacing a side-on ethane into an end-on configuration. 

Consequently, the lowest-energy class of isomers (4a) has all four ethanes in the end-on configuration. 

The variation in relative position of the ethanes results in modest differences in energy (ca. 80 cm-1 for 

each pair of adjacent ethanes in a parallel, non-collinear arrangement), and virtually no difference in the 

associated spectra.  

 Spectral assignments for V+(C2H6)4 are largely the same as for V+(C2H6)3, albeit with one major 

difference; the lowest-energy isomer of V+(C2H6)4 does not include a side-on ethane and should therefore 

not exhibit an associated peak. The peak at 2647 cm-1 has a red-shift that is consistent with the side-on 

features observed in all smaller clusters, indicating the presence of at least some side-on isomer in the 

experiment. This also indicates that cluster formation involves some degree of kinetic trapping, at least 

under our experimental conditions. For example, if a cluster is formed by sequentially adding a fourth 

ethane to an already existing cluster of V+(C2H6)3 in the lowest-energy isomer class (3a), two possibilities 

arise. In one scenario, the fourth ethane displaces the side-on ethane into an end-on configuration so that 

the cluster can maintain a square planar geometry, resulting in one of the 4a isomers. This would result in 

a net binding energy of ca. 1485 – 1775 cm-1 for the fourth ethane, depending on the specific isomers 

involved (Table 1). In another scenario, the fourth ethane may adopt an end-on 𝜂1 configuration along the 

z-axis of the square plane, resulting in one of the 4b isomers, which would maintain the original, 

underlying 3a structure of V+(C2H6)3. This would result in a net binding energy of ca. 290 – 296 cm-1 for 

the fourth ethane, depending on the specific isomers involved.  

 These ideas can be extended to infer the viability of larger clusters. Based on coordination 

number alone, it would be impossible for a cluster with five ethanes to exhibit square planar binding, 

meaning that at least one ethane would have to bind in an end-on 𝜂1
 configuration. If end-on 𝜂1 ethanes 

are added to isomer 4ai to form a quasi-square pyramidal V+(C2H6)5 and a quasi-octahedral V+(C2H6)6, the 

binding energy is calculated to be 234 cm-1 for the fifth ethane and 175 cm-1 for the sixth.  

 

Bond Activation 

Given the above discussion of vibrational spectra and cluster structure, it is useful to consider 

how the presence of V+ affects the C-H and C-C bonds in ethane and how these results compare to similar 

systems. The red-shift of proximate C-H bonds is generally indicative of bond weaking and is 

accompanied by elongation. For V+(C2H6), both the binding energy and the red shift exhibited by 

proximate C-H bonds in the side-on isomer is considerably larger than that observed in V+(CH4) 
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clusters.21 The end-on isomer, however, has a red shift and binding energy that is closer to that of 

V+(CH4), which is likely due to the similar 𝜂2 binding motif.  

Binding to V+ results in elongation of the proximate C-H bonds by 2.0 – 2.3% for the end-on 

isomer and by 2.6% for the side-on isomer (when in the 𝜂(1+1) configuration). The calculated potential 

energy surface for the V+ + C2H6 reaction (dashed lines in Figure S1) shows that the barrier for C-H 

activation starting from the end-on isomer is 10.6 kJ/mol lower than for the side-on isomer, as the initial 

energy is 12.8 kJ/mol higher and the energy of the transition state increases by only 2.2 kJ/mol. 

Furthermore, it is important to note that computations using the B3LYP/6-311++G(3df,3pd) level of 

theory underestimate the red-shift of proximate C-H bonds, especially in the case of the side-on isomer, 

indicating that studies based on B3LYP or M11L calculations alone may not accurately capture the extent 

to which C-H bond activation occurs.  

Although we cannot directly probe C-C bond characteristics in our experiment, computations 

reveal that they are affected by the presence of V+. The C-C bond length is calculated to change by 

negligible amounts for all isomers but the vibrational frequency associated with the C-C stretch decreases 

by 2.5% for only the side-on isomer. This indicates that the side-on isomer may have greater potential for 

C-C bond activation, which is generally in line with the mechanisms proposed for metal-initiated C-C 

bond cleavage in a number of systems.1,10,24,51,57 

Conclusions 

 Photodissociation spectroscopy of vanadium cation-ethane clusters in the C-H stretching region 

in concert with computational results provides information about cluster binding motifs. Clusters exhibit a 

general tendency to bind in a square-planar geometry about vanadium when possible. Ethanes adopt 

either a side-on or end-on configuration based on the number of available binding sites. The lower-energy 

side-on isomer is expected to exhibit a mixture of both 𝜂(1+1) and 𝜂(2+1) denticity due to the low barrier to 

rotation about the C-C bond. The higher energy end-on isomer exhibits 𝜂2 denticity when occupying a 

square planar binding site and is expected to exhibit 𝜂1 denticity along the z-axis in larger clusters where 

all square planar sites are already occupied. Clusters’ geometries are expected to be dominated by the 

lowest-energy isomer class for each cluster size, although we do observe evidence of possible kinetic 

trapping into higher-energy isomer classes for V+(C2H6)4.  

 Simulated scaled harmonic frequency spectra obtained using density functional theory are 

generally consistent with experimental spectra, although the red-shift of some proximate C-H stretching 

modes is underestimated and not all peaks observed in the experimental spectra can be accounted for. The 

large degree of spectral shifting—and consequent change in zero-point energy—that occurs upon ethane 

rotation in the side-on isomer highlights the importance of not relying solely on the Born-Oppenheimer 
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approximation when searching for geometries on extremely flat potential energy surfaces. The observed 

red-shift of proximate C-H bonds is greater than is observed in vanadium-methane clusters, particularly 

when ethane is in the side-on configuration, indicating a larger potential for C-H bond activation. 

Activation of the C-H bonds in ethane is thus expected to be greatest in smaller cluster size, where the 

side-on isomer is most prevalent and the interaction with V+ is most direct.    
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Tables and Figures 

 
Figure 1. Structures of the two major isomer classes for V+(C2H6). Note that, while both isomers have a 

nominal denticity of 𝜂2, determining the actual denticity of the side-on isomer is not straightforward, as 

discussed in the text. 

 
Figure 2. Photodissociation spectra for V+(C2H6), each obtained using a different tagging method (left), 

and for vanadium-ethane clusters with more than one ethane (right). Vertical lines are included at 2650, 

2700, 2900, 2960, and 3000 cm-1 to help visualize shifts to spectral features.  
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Figure 3. Photodissociation spectra for V+(C2H6) clusters including experimental spectra (blue), simulated 

spectra from scaled harmonic frequency calculations (B3LYP/6-311++G(3df,3pd)) of the main untagged 

isomer classes (red), and simulated spectra of side-on isomers incorporating hindered-rotor analysis 

(purple). *Note that the side-on 𝜂(2+1) configuration is not predicted to be a minimum at this level of 

theory, but is an important part of our hindered-rotor analysis. The value of Erel = 33 cm-1 refers to 

vibrationally adiabatic barrier height calculated by including zero-point energy for all modes except for 

the hindered rotor motion of ethane. The values accompanying the hindered-rotor simulated spectra 

indicate PES parameters (see SI for more information). The extreme similarity between the hindered-rotor 

simulated spectra highlights that all rotational angles are important, regardless of the finer structural 

details of the PES. 
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Figure 4. Scaled harmonic frequency spectra for the C-H stretching region at representative HCCV 

dihedral angles for V+(C2H6) in a side-on configuration (B3LYP/6-311++G(3df,3pd)). Gaussian 

broadening is performed with a resolution of 5 cm-1 to distinguish underlying spectral features. Individual 

peaks for the two most symmetric conformations are assigned as proximate (p), distal (d), symmetric (s), 

anti-symmetric (a), and lone.  

 
Figure 5. Lowest-energy isomers for tagged V+(C2H6) calculated using B3LYP/6-311++G(3df,3pd). 
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Figure 6. Photodissociation spectra of untagged V+(C2H6)2, including simulated scaled harmonic 

frequency spectra and structures of the lowest-energy isomer classes (B3LYP/6-311++G(3df,3pd)). 
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Figure 7. Photodissociation spectrum of the nitrogen-tagged species V+(C2H6)2(N2), including simulated 

scaled harmonic frequency spectra and structures for the lowest-energy isomer class (B3LYP/6-

311++G(3df,3pd)). 
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Figure 8. Photodissociation spectrum of V+(C2H6)3, including simulated spectra and isomers (B3LYP/6-

311++G(3df,3pd)). 
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Figure 9. Photodissociation spectrum of V+(C2H6)4, including simulated spectra and isomers (B3LYP/6-

311++G(3df,3pd)).  
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Table 1. Calculated binding and relative isomer energies, including zero-point energy, for V+(C2H6)n 

clusters included in our study. Although all isomer classes are represented, the list of isomers in each 

class is not exhaustive. Energies are given both with respect to the lowest-energy isomer of a given cluster 

size (𝛥Eisomer) and with respect to cluster dissociation into free V+ and ethane (𝛥Etotal). For each isomer 

geometry, ethane molecules in a side-on configuration are designated “s” and those in an end-on 

configuration are designated “e”.  The notation for denticity is described in the text. *Note that Isomer 

1aii is not predicted to be a minimum on the B3LYP/6-311++G(3df,3pd) surface due to the possibility of 

ethane rotor motion, as described in the text. 

isomer geometry symmetry ∆Eisomer / cm-1 ∆Etotal / cm-1 
1ai s-𝜂(1+1) C2 0 -7760 
1aii* s-𝜂(2+1) Cs 33* -7727 
1bi e-𝜂2 Cs 1071 -6689 
1bii e-𝜂2 Cs 1293 -6467 
2ai s-𝜂(1+1), s-𝜂(1+1) D2 0 -14375 
2aii s-𝜂(1+1), s-𝜂(1+1) C2h 23 -14352 
2b s-𝜂(1+1), e-𝜂2 C1 892 -13483 
2ci e-𝜂2, e-𝜂2 C2v 1747 -12628 
2cii e-𝜂2, e-𝜂2 C2h 1770 -12605 
3ai s-𝜂(1+1), e-𝜂2, e-𝜂2 C2 0 -16290 
3aii s-𝜂(1+1), e-𝜂2, e-𝜂2 C1 44 -16246 
3aiii s-𝜂(1+1), e-𝜂2, e-𝜂2 C2 125 -16165 
3b e-𝜂2, e-𝜂2, e-𝜂2 C1 958 -15331 
3ci s-𝜂(1+1), s-𝜂(1+1), e-𝜂1 C1 1476 -14814 
3cii s-𝜂(1+1), s-𝜂(1+1), e-𝜂1 C1 1487 -14803 
3ciii s-𝜂(1+1), s-𝜂(1+1), e-𝜂1 C1 1501 -14788 
4ai e-𝜂2, e-𝜂2, e-𝜂2, e-𝜂2 C4h 0 -17939 
4aii e-𝜂2, e-𝜂2, e-𝜂2, e-𝜂2 C2 76 -17863 
4aiii e-𝜂2, e-𝜂2, e-𝜂2, e-𝜂2 C1 79 -17860 
4aiv e-𝜂2, e-𝜂2, e-𝜂2, e-𝜂2 D2 164 -17774 
4bi s-𝜂(1+1), e-𝜂2, e-𝜂2, e-𝜂1 C1 1353 -16585 
4bii s-𝜂(1+1), e-𝜂2, e-𝜂2, e-𝜂1 C1 1399 -16540 
4biii s-𝜂(1+1), e-𝜂2, e-𝜂2, e-𝜂1 C1 1483 -16455 
4c s-𝜂(1+1), s-𝜂(1+1), e-𝜂1, e-𝜂1 C1 2795 -15144 
5a e-𝜂2, e-𝜂2, e-𝜂2, e-𝜂2, e-𝜂1 C1 0 -18173 
6a e-𝜂2, e-𝜂2, e-𝜂2, e-𝜂2, e-𝜂1, e-𝜂1 C1 0 -18347 
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