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Photofragment spectroscopy is used to measure the vibrational spectra of

V +
2 (CH4)n (n=1-4), V +

3 (CH4)n (n=1-3), and V +
x (CH4) (x=4-8) in the C�H

stretching region (2550-3100 cm�1). Spectra are measured by monitoring loss of

CH4. The experimental spectra are compared to simulations at the B3LYP+D3/6-

311++G(3df,3pd) level of theory to identify the geometry of the ions. MRCI+Q

calculations are also carried out on V +
2 and V +

3 . The methane binding orientation

in V +
2 (CH4)n (n=1-4) evolves from ⌘3 to ⌘2 as more methane molecules are added.

The IR spectra of metal-methane clusters can give information on the structure of

metal clusters that may otherwise be hard to obtain from isolated clusters. For ex-

ample, the V +
3 (CH4)n (n=1-3) experimental spectra show an additional peak as the

second and third methane molecules are added to V +
3 , which indicates that the metal

atoms are not equivalent. The V +
x (CH4) show a larger red shift in the symmetric

C�H stretch for larger clusters with x=5-8 than for the small clusters with x=2,

3, indicating increased covalency in the interaction of larger vanadium clusters with

methane.
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I. INTRODUCTION

Conversion of methane to more useful compounds is both commercially important and

technologically di�cult, due to its high C-H bond strength. Indirect processes are highly

energy intensive,1,2 so the direct, e�cient and selective conversion of methane to a liquid

fuel is a long-time and as yet unrealized goal of catalysis.1,3

Gas-phase studies have observed that several of the 5d transition metal cations (Ta+, W+,

Os+, Ir+ and Pt+) activate C-H bonds in methane at room temperature, producing MCH +
2

and H2.
4–7 The reaction is endothermic for the 3d and 4d transition metals. However, metal

clusters display a wider range of mechanisms for C-H bond activation than atoms, due

to cooperative e↵ects and the ability of hydrocarbon fragments to form bonds to di↵erent

metal atoms. As a result, in several instances, metal clusters are more reactive than the

corresponding atom. For example, Pd +
2 and Pd +

3 react with methane, while Pd+ and Pd +
4

do not.8 Additionally, reactivity that depends strongly on cluster size, as is observed with

Pt +
x , has been proposed as a sign of a good heterogeneous catalyst.9,10

Gas-phase studies of metal cluster ions o↵er many advantages. Clusters with well-defined

composition can be readily produced and their reactions, structure and optical properties

investigated.11 They also permit the stabilization and study of reaction intermediates and

facilitate close connection between experiment and theory. Gas-phase studies have uncov-

ered novel reaction mechanisms such as two-state reactivity12 and have illuminated reaction

pathways that are also important in the condensed phase.13–16

There have been several studies of reactions of metal cluster ions with methane, and

they have been the subject of extensive reviews.15–20 Armentrout and coworkers studied

reactions of Fe +
x (x=2-15)21 and Ni +

x (x=2-16)22 with CD4 as a function of collision energy

by guided ion beam tandem mass spectrometry (GIBMS). Although all of the reactions

are endothermic, Fe +
x with x=3-5 are found to be especially reactive. These studies also

provide covalent bond strengths of the metal clusters to C, CD, CD2 and CD3. They reach

asymptotic values with increasing cluster size, providing a estimate of the chemisorption

energies to metal surfaces. The remaining experiments have been kinetics studies, typically

at room temperature, with dehydrogenation the primary product channel. In their study of

Co +
x (x=2-22), Nakajima et al.23 observed enhanced reactivity for x=4, 5, and �7. As noted

above, Lang et al.8 observed that Pd +
2 and Pd +

3 react, while Pd +
4 does not. Similarly, Rh +

2
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reacts with methane at room temperature, as do Rh2Ar
+

n and Rh3Ar
+

n , while Rh+ does

not.24,25 For Ta +
x (x=1-10), Eckhard et al.

26 found that small clusters (x=1-4) dehydrogenate

methane and that reactivity decreases from Ta+ to Ta +
4 . Larger clusters (x�4) only adsorb

CH4. Achatz et al.
27 and Kummerlowe et al.9 observe that Pt +

x (x=1-24) are generally very

reactive, with most reacting near the collision rate, although x=4, 10, 13, 14 are significantly

less reactive.

Vanadium cluster ions have been studied by several groups. Although their reactions

with methane have not been examined, V +
x shows size-selective reactivity with D2. Zakin

et al. measured reactions of V +
x with D2 at thermal energies and observed no reactions for

x<4; for larger clusters, odd clusters are an order of magnitude more reactive than the even

ones.28 Liyanage et al.
29 studied the reactions of V +

x (x=2-13) with D2 by GIBMS. They

also found odd clusters to be more reactive than even clusters and that reactivity increased

with cluster size. Su et al.
30 measured metal-metal bond dissociation energies (BDE) by

GIBMS. They found that the BDE(V +
2 -V) is anomalously low. Additionally, even clusters

are generally more stable than odd clusters and the high stability of the V +
x (x=4, 6, 13

and 15) clusters suggest highly symmetrical structures. Additional photoionization studies

will be discussed below.

Vibrational spectra of V +
x (x=3 to 23) from 140 to 450 cm�1 were measured by Fielicke

and co-workers using infrared multiple-photon dissociation (IRMPD)31 and argon tagging32

using the Free Electron Laser for Infrared Experiments (FELIX). The structures are de-

termined by comparing the measured spectra with calculated results using DFT. The

calculations32 found that slightly distorted structures are favored over highly symmetrical

ones, the lowest possible multiplicity is preferred, and the V +
x (x=8, 10, and 13) clusters

are especially stable. Chaves et al.33 carried out an extensive DFT study of all 30 neutral

transition metal clusters (Mx, x=2-15). V2 was found to have the highest binding energy of

the dimers and to have a very short bond length due to strong d-d interactions. For clusters

up to V6, the global minimum configurations follow a growth based motif based on dimers.

Other calculations will be discussed below.

It is very challenging to determine the geometry and spin state of metal clusters using

IR spectroscopy. The vibrations are at low wavenumber, generally have low intensity, and

di↵erent spin states often have similar calculated spectra. An attractive, albeit indirect,

alternative is to produce clusters with physisorbed chromophores and use the vibrations of
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the chromophore (typically CO, H2 or N2) to report on the structure of the underlying metal

cluster.34–36 As will be shown below, methane can also fulfill this role.

There have been several spectroscopic studies of M +
x (CH4) complexes that seek to de-

termine the extent of C-H activation and the structure of the underlying metal cluster, and

they are included in two recent reviews.7,11 Vibrational spectroscopy of the C-H stretches

in Fe +
x (CH4)n (x=2-4) found that the red shift increases with increasing cluster size.37–39

The larger red shift correlates with higher reactivity observed by GIBMS.21 The remaining

studies are in the fingerprint region, and are measured using free-electron lasers, with disso-

ciation often occurring due to IRMPD. Lushchikova et al.
40 studied the interaction of Cu +

x

clusters (x=2-4) with CH4. For all cluster sizes, they found the methane adsorbs intact in an

⌘2 configuration and has small deformations which red shift the HCH bending frequencies

only slightly from those in bare methane. Harding et al.
41 measured the spectra of Pt +

x

(x=3-5) clusters with CH4. They found the methane is intact and binds in an ⌘2 orientation,

although a dissociatively adsorbed isomer is calculated to be lower in energy for Pt +
3 .

Only a few vibrational spectra of ligated vanadium cation clusters have been measured.

Swart et al.42 measured spectra of saturated, chemisorbed VxH
+

n and also determined that

CO chemisorbs onto most bare V +
x clusters and physisorbs on clusters saturated with hy-

drogen. Jaeger et al.
43 obtained spectra of V +

x (x=3-18) clusters with one to three H2O

attached. Their measurements of the HOH bend indicate that the water molecules are

adsorbed intact.

In this study, we report vibrational spectra of V +
2 (CH4)n (n=1-4), V +

3 (CH4)n (n=1-3),

and V +
x (CH4) (x=4-8), measured via photofragment spectroscopy in the C�H stretching

region (2550-3100 cm�1). The experimental results are compared to simulated spectra of

multiple isomers in various spin states to determine the lowest energy structure.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

The ions of interest are produced in a laser ablation source and their vibrational pho-

todissociation spectra are measured on a home-built dual time-of-flight reflectron mass

spectrometer44 coupled to an IR laser system. The experimental conditions are briefly

described below. Details are in the SI (Section S1).

The molecules are formed by laser ablating a vanadium rod to form cations which then
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undergo collisions with backing gas (CH4, He) introduced through a pulsed valve. Ions travel

through a tube to enhance clustering, then expand into vacuum and are extracted into the

time-of-flight mass spectrometer. The mass selected ions are dissociated at the turning point

of the reflectron by a Nd:YAG OPO/OPA IR laser system (LaserVision). The parent and

fragment ions are re-accelerated to hit a dual microchannel plate detector. The fragment

signal is normalized to the parent signal and laser power as a function of wavelength to

obtain the photodissociation spectrum.

Calculations are carried out with the Gaussian09 program package.45 Optimized geome-

tries of the ions are computed using the B3LYP46 density functional including dispersion

(GD3)47 and the 6-311++G(3df,3pd) basis set. Vibrational frequencies are scaled by 0.965

based on the ratio of the experimental and computed values of the symmetric and antisym-

metric C�H stretching frequencies of CH4. All reported energies include zero-point energy.

In addition, all structures and spectra were calculated using the BPW91 functional with

dispersion (GD2)48–50 and the 6-311++G(3df,3pd) basis set, with scaling factor 0.983; the

results are included in the SI. We also carried out MRCI+Q (multi-reference configuration

interaction with Davidson correction) calculations on V 0,+
2 and V 0,+

3 using the MOLPRO

electronic structure package.51,52 The MRCI+Q calculations are described in detail in the

SI (Section S2).

III. RESULTS AND DISCUSSION

Photofragment spectroscopy is used to measure the spectra of V +
2 (CH4)1-4, V

+
3 (CH4)1-3,

V +
4 (CH4)1-2 and V +

5-8 (CH4) in the C�H stretching region. The results for V +
x (CH4) are

shown in Figure 1. The C�H stretches of isolated methane are at 2917 cm�1 (symmetric

stretch) and 3019 cm�1 (triply degenerate antisymmetric stretch). Interaction with the

metal lowers the symmetry of the CH4, typically leading to four distinct C�H stretches,

makes all of the vibrations IR active (although some have low intensity) and leads to a

substantial red shift in the lowest-frequency C�H stretch. This shift is �100 cm�1 and

depends non-monotonically on the cluster size, as shown by comparing the peaks to the

vertical line at 2800 cm�1 in the figure. The spectrum of V+(CH4)(Ar) measured previously

by our group53 is the most red shifted while V +
2 (CH4) and V +

3 (CH4) have sharp peaks

and the smallest red shifts. The spectrum of V +
4 (CH4) is very broad and possibly consists
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of two overlapping peaks. The red shift then increases for V +
5 (CH4) to V +

8 (CH4). This

increased red shift for n�3 suggests increased covalency in the interaction between the metal

and methane. This is also observed for Fe +
x (x=2-4), for which increased red shift correlates

with increased reactivity.37–39 V+(CH4)(Ar) has a small peak near 3000 cm�1; its intensity

decreases in V +
2 (CH4), and it is not observed in the larger clusters.

The two limiting cases for methane binding to an atomic cation are with two (⌘2, C2v

symmetry) or three (⌘3, C3v symmetry) hydrogens coordinated to the metal. The coor-

dination can also be between these two limiting cases, so it is useful to specify the angle

between the metal, carbon, and the hydrogen farthest from the metal, 6 M�C�H, which is

⇠124° for ⌘2 and 180° for ⌘3 coordination. These binding motifs are reflected in the spectra

where, generally, an ⌘2 methane complex will have a doublet at 2800 cm�1 and an ⌘3

methane complex will have peaks near 2800 and 3000 cm�1. The spectra, structures, and

corresponding simulations of the complexes will be discussed in the following sections.

A. V+(CH4)n (n=1-4)

A complete analysis of the V+(CH4)(Ar) and V+(CH4)n (n=2-4) complexes can be found

in a previous paper by our group.53 Briefly, the methane molecules bind to vanadium in an

⌘2 orientation for V+CH4(Ar) and V+(CH4)4. For V+(CH4)2, the lowest energy geometry

was found to be between ⌘2 and ⌘3 with an angle of 156°. For V+(CH4)3, one methane is ⌘2

and the other two are nearly ⌘2.

B. V +
2 (CH4)n (n=1-4)

Vanadium dimer and its cation are well characterized experimentally, and theory and

experiment are in good accord. Most experimental studies use resonant two-color pho-

toionization (R2PI), as the resulting observation of V +
2 ensures that the signal is due to V2,

rather than a larger cluster. Langridge-Smith et al.
54 used R2PI to measure the rotationally-

resolved electronic spectrum near 700 nm and determined that the ground state of the neutral

dimer is 3⌃�
g , with a bond length of 1.77 Å.54 From the short bond length they concluded

that the 3d electrons contribute significantly to the bonding. At higher energies of the first

photon, the R2PI signal abruptly drops, as predissociation becomes so rapid that it outcom-
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FIG. 1. Experimental photodissociation spectra of V +
x (CH4) (x=1-8) in the C�H stretching

region. The y-axis shows the normalized photofragment yield. A line at 2800 cm�1 is drawn to

facilitate comparison of peak positions.

petes ionization by the second photon. This allowed Spain et al.
55 to determine the BDE of

V2 as 2.753±0.001 eV. Subsequently, James et al.
56 also used R2PI, varying the energy of

the second photon, to determine the ionization energy of V2 as 6.3565±0.0006 eV.

There have been several DFT calculations on V2. Zhang et al.
57 have reviewed previous

studies and evaluated the performance of 43 density functionals for BDE(V2). They conclude

that the errors in the calculated BDEs (which are substantial) are primarily due to errors

in the calculated energy gap between the 4s and 3d atomic orbitals of the vanadium atom.

Hübner and Himmel58 measured the electronic spectrum of V2 in a Ne matrix and also

carried out extensive MRCI+Q calculations of low-lying singlet, triplet, and quintet states.
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TABLE I. Calculated binding energies of V +
2 (CH4)n (n=1-4), V +

3 (CH4)n (n=1-3), V +
4 (CH4)n

(n=1-2), and V +
x (CH4) (x=5-8)a

Species Sb cm�1 kJ/mol

V +
2 �CH4

c 2 5127 61

V +
2 CH4�CH4

c 2 4795 57

V +
2 (CH4)2�CH4

c 2 2287 27

V +
2 (CH4)3�CH4

c 2 2594 31

V +
3 �CH4 5 3071 37

V +
3 CH4�CH4 5 2242 27

V +
3 (CH4)2�CH4 5 2182 26

V +
4 �CH4 2 3407 41

V +
4 (CH4)�CH4 2 2691 32

V +
5 �CH4 5 2736 33

V +
6 �CH4 2 3627 43

V +
7 �CH4 1 3400 41

V +
8 �CH4

d 2 2112 25

aCalculations are at zero Kelvin at the B3LYP+D3/6-311++G(3df,3pd) level of theory bSpin

multiplicity cThe BDEs are to the spin allowed doublet (S=2); they are 201 cm�1 lower to the

quartet (S=4) ground state. dThe quartet (S=4) is 820 cm�1 above the ground state (S=2) and

its BDE to V +
8 (S=4) is 5522 cm�1.

They predict a 3⌃�
g ground state with r=1.804 Å, in good agreement with experiment. The

next lowest energy states (1⌃+
g and 1�g) are calculated to be only 440 and 580 cm�1 above

the ground state. The lowest quintet state (5�u) is much higher in energy, at 7820 cm�1.

The cation is also well-characterized experimentally. The R2PI study of James et al.
56

determined that its ground state is 4⌃�
g . Su et al.

30 used collision-induced dissociation (CID)

to determine BDE(V +
2 )=3.13±0.14 eV. Russon et al.

59 observed a photodissociation onset

at 3.140±0.002 eV and assigned this as BDE(V +
2 ). This assignment is confirmed by the

internal consistency of a thermodynamic cycle with BDE(V2),
55 IE(V2)

56 and IE(V). Yang

et al.
60 used PFI-ZEKE spectroscopy to determine the bond length of V +

2 (r=1.7347(24)
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Å). The cation has a slightly shorter and stronger bond than the neutral.

An early DFT calculation by Simard et al.
61 predicts a 4⌃�

g ground state with r=1.741 Å,

in excellent accord with experiment. DFT calculations also often predict a low-lying doublet

state (2�g), for example at 2300 cm�1 using the PW86-P86 functional.62 As part of a study

of reactions of V +
2 with CO2, Li et al.

63 carried out calculations on V +
2 at several levels

of theory. They note the challenges in using DFT and, in their highest-level calculation

(ZORA-NEVPT2), predict a 4⌃�
g ground state with the 2�g state only 250 cm�1 higher in

energy. Our calculations at the MRCI+Q/aug-cc-pVQZ level predict a 4⌃�
g ground state

with r=1.760 Å. The 2�g state is predicted to be only 1811 cm�1 higher in energy and

to have r=1.790 Å. Our B3LYP+D3/6-311++G(3df,3pd) calculations find that the ground

state for V +
2 is a quartet, with r=1.698 Å. The doublet is only 201 cm�1 higher in energy

and has a shorter V�V bond length (r=1.628 Å).

In our previous work on complexes of metal cations and metal cluster ions with methane,

we found that the B3LYP functional successfully reproduces the measured experimental

spectra. This is despite the well-documented deficiencies in this functional’s treatment of

metal clusters.64,65 However, functionals that better model metal-metal interactions, such

as BPW91, often do not do as well as B3LYP in reproducing how interaction with the

metal a↵ects covalent bonds in an organic ligand, which is what these experiments are

sensitive to.38,39 As a result, in this study we calculated structures and spectra using both

B3LYP+D3 and BPW91+D2. The later functional has been extensively used to model metal

cluster ions, including V +
x .48,66–69 As shown in Table S2, BPW91+D2 better reproduces

experimental sequential V +
x -V bond strengths than does B3LYP+D3. However, BPW91 is

slightly worse at reproducing the vibrational spectra of V +
x (CH4) and is substantially worse

for V +
x (CH4)n (n>1). As a result, simulations using B3LYP+D3 are shown here and those

using BPW91+D2 are in the SI.

Once a methane molecule is added to V +
2 , the doublet becomes the ground state. For

V +
2 (CH4), the doublet is 1662 cm�1 more stable than the quartet; this gap increases to

4111 cm�1 in V +
2 (CH4)2 and remains similar for V +

2 (CH4)3 and V +
2 (CH4)4 (4018 and 4053

cm�1, respectively). The primary di↵erence between quartet and doublet V +
2 is that the

quartet has an electron in a �⇤ molecular orbital that is a combination of dz2 (where z is the

V-V axis) and s with substantial electron density on the z axis, away from the V-V bond. As

a result of repulsion between methane and the electron in this orbital, CH4 binds to quartet
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FIG. 2. Experimental photodissociation spectra (blue) and simulated (red) spectra of doublet

V +
2 (CH4)n (n=1-4) in the C�H stretching region. The calculations are done at the B3LYP+D3

level of theory with the 6-311++G(3dp,3df) basis set.

V +
2 with a VVC angle of 134°. In contrast, for the doublet, the VVC atoms are collinear,

so there is stronger interaction between the CH4 and V for the first two methanes, which

bind on the z axis.

The experimental spectra of V +
2 (CH4)n (n=1-4), Figure 2, show a peak near 2800 cm�1

for n=1-2. For n=3, a shoulder appears at 2780 cm�1 and the major peak shifts down to

2760 cm�1 for n=4. This suggests a di↵erent methane binding coordination as more methane

molecules are added. The experimental spectra also contain a small peak around 3000 cm�1.

The spectra of V +
2 (CH4) and V +

2 (CH4)2 have an intense peak at 2806 and 2803 cm�1,

respectively, and a weak peak at 3015 cm�1. The binding energies of the first and second

methane are calculated to be 5127 and 4795 cm�1 (Table I) which means that observed

dissociation is likely due to IRMPD. The red shift increases as more methanes are added,

which is a bit surprising, but appears to be mostly due to going from ⌘3 to ⌘2 coordination.
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The calculations qualitatively reproduce the change in red shift.

The calculation for V +
2 (CH4) predicts the V-V-C-H atoms are nearly collinear and the

methane has ⌘3 hydrogen coordination (6 H�C�V=180°; rV�C= 2.404 Å). The simulation

predicts a peak at 2828 cm�1 and a peak at 3028 cm�1 with half the intensity. In both

cases, the lower energy peak corresponds to the proximate C�H symmetric stretch and the

higher energy peak to the free distal C�H stretch of an ⌘3 methane. These are 22 and 13

cm�1 higher, respectively, than is observed.

For V +
2 (CH4)2, the calculation predicts two ⌘3 methane molecules ( 6 H�C�V= 177,

179°; rV�C= 2.414 and 2.411 Å) o↵set from each other by 60°. It is slightly distorted from

D3d symmetry. The simulation predicts an intense peak at 2830 cm�1 and a less intense

peak at 3029 cm�1. As with V +
2 (CH4), the calculated frequencies are slightly higher than is

observed. The spectrum also has a shoulder to the red of the main peak. This is likely due

to a small population of ions with both methanes bound to the same vanadium atom. This

leads to coordination closer to ⌘2 and a more red-shifted absorption, as discussed below.

The experimental spectrum of V +
2 (CH4)3 has an intense peak at 2805 cm�1 with a

shoulder around 2839 cm�1 and weak peaks at 2915 and 3019 cm�1. In V +
2 (CH4)4, the

intense peak is at 2770 cm�1 with a less intense peak at 2833 and weak peaks at 2889 and

2990 cm�1. The binding energy of the third methane is 2287 cm�1, significantly less than

the first two, and the fourth methane is 2594 cm�1, slightly higher than third methane.

The V +
2 (CH4)3 calculation predicts an ⌘3 methane ( 6 H�C�V=178°; rV�C= 2.418 Å) on

one vanadium atom and two almost ⌘2 methanes ( 6 H�C�V=140°; rV�C= 2.565 Å) on the

other. The simulation predicts a peak at 2804 cm�1 with a shoulder around 2829 cm�1 and

two smaller peaks at 2890 and 3029 cm�1. The first peak (2804 cm�1) corresponds to the

proximate symmetric stretches of the two ⌘2 methanes and the shoulder is the proximate

symmetric stretch of the ⌘3 methane. The two smaller peaks correspond to the proximate

antisymmetric stretch of the ⌘2 methanes (2890 cm�1) and the free distal stretch of the ⌘3

methane (3029 cm�1). The simulated spectrum is an excellent match to experiment.

The V +
2 (CH4)4 calculation predicts a square planar orientation with all four methanes

nearly equivalent. They all have almost ⌘2 orientation with 6 H�C�V=2@141° and 2@142°

(rV�C= 2@2.525, 2@2.539 Å). The simulation predicts an intense peak at 2795 cm�1 due

to the proximate symmetric C�H stretch vibrations, a weaker peak at 2879 cm�1 from the

corresponding antisymmetric stretches, and a weak peak at 3004 cm�1 due to the distal
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symmetric C�H stretch. The BPW91+D2 calculated spectra are very similar to those of

B3LYP+D3 for V +
2 (CH4)n (n=1,2) (Figure S3). For n=3,4 it predicts that the lowest C-H

stretch is too red shifted. This was also the case for Fe +
2 (CH4)3.

38

To summarize, the first two methanes bind in an ⌘3 orientation and have only one in-

tense peak due to the symmetric stretch. Each vanadium atom has one or no methanes

bound to it. To accommodate a third methane, the binding orientation of the two methane

on one vanadium atom changes to almost ⌘2, while the methane on the other vanadium

atom remains ⌘3. The main peak is now the symmetric proximate C-H stretch of the ⌘2

methanes, while the ⌘3 peak has shifted to slightly higher wavenumber. For V +
2 (CH4)4

all four methanes have nearly ⌘2 orientation. As a result, the intense peak shifts to lower

wavenumber. A second peak, due to the corresponding antisymmetric stretches in the ⌘2

methanes, appears at n=3 and becomes more intense for n=4. The n=1-3 complexes also

have a weak peak around 3019 cm�1; for n=4, this peak is red shifted by 20 cm�1.

C. V +
3 (CH4)n (n=1-3)

Although experiment and theory are in agreement on the geometries and low-lying elec-

tronic states of V 0,+
2 there is a great deal of debate over the ground states and geometries

(equilateral or isosceles) of V 0,+
3 . Cox et al.

70 determined IE(V3)=5.49±0.05 eV by mea-

suring its photoionization e�ciency. Yang et al.
71 refined this to 5.4978 ± 0.0004 eV and

observed vibrational structure using PFI-ZEKE. Calaminici et al.
62 used the PW86-P86

functional with a GGA optimized basis set to calculate low-lying electronic states of V3 and

V +
3 and predict the ZEKE spectrum. They predict that V3 is equilateral (D3h symmetry),

with a 2A
0
1 ground state with rV�V=2.169 Å. Only 0.03 eV higher in energy is a 4A2 state

with an acute structure (C2v symmetry) with rV�V=2@2.335 Å; 1.964 Å. For the cation,

they predict an equilateral 3A
0
2 ground state with rV�V=2.180 Å, and an equilateral 1A

0
1

state at 0.18 eV. Their calculated ZEKE spectrum is in good agreement with experiment.

Subsequently, Ford and Mackenzie72 used mass-analyzed threshold ionization (MATI) to

obtain higher resolution and extend the spectrum to higher energies. Their spectrum is

generally consistent with this calculation, and they assign most of the spectrum as being

due to the 3A
0
2  2A

0
1 transition. They determine that the cation 1A

0
1 excited state is very

low-lying, only 14 cm�1 above the ground state. Cation vibrational frequencies (for the
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3A
0
2 state) are determined to be !1 (E’)=200±1 cm�1 and !3 (A1)=442±1 cm�1. By fit-

ting partially-resolved rotational structure, they determine r=2.217±0.001 Å. Ratsch et al.
32

measured the far-IR vibrational spectra of V +
x (x=3-15) using argon tagging at the FELIX

free-electron laser facility. They observe a peak at 231 cm�1 for V +
3 (Ar). The discrepancy

with the MATI result is too large to be due to perturbation of the vibration by the argon,

but it’s possible that argon stabilizes the singlet more than the triplet, making it the ground

state, and !1 is calculated to be 13 cm�1 higher in the 1A
0
1 state than in the 3A

0
2 state.62

DFT calculations carried out in support of the vibrational spectra32 predict only isosceles

structures. The ground state is a singlet, but its calculated spectrum is a poor match to

experiment. The best match is with a triplet structure at 0.11 eV with rV�V=2@2.24 Å;

2.04 Å. There have been several other DFT calculations of V +
3 ; they generally predict a

triplet ground state, but the geometry ranges from equilateral66 to isosceles with one short

and two long V-V bonds,48,73–75 depending on the functional and basis set.

In the current study, the B3LYP+D3 calculations find that V +
3 has a quintet ground state

with V�V bond lengths of 2@2.540 and 2.977 Å with an apex angle of 72°. The triplet is 1935

cm�1 higher in energy and has V�V bond lengths of 1.692, 2.706, and 2.721 Å. Geometry

optimizations begun with C2v symmetry for the triplet revert to this asymmetric structure.

The geometry of the triplet is similar to that found in many previous DFT calculations,

but the results di↵er from most of those obtained using other functionals in predicting a

quintet ground state. Its geometry is unusual in that the bonds are all fairly long and the

apex angle is >60°. In our study, multiple calculations were run from geometries identified

in previous studies, but they relaxed to the isosceles structure shown here, or a similar one

higher in energy. Our calculations also predict that the quintet remains the ground state

for V +
3 (CH4)n (n=1-3).

Inspired by the multi-reference configuration interaction (MRCI) calculations on Nb3 and

Nb +
3 by Addicoat and Metha,76,77 we carried out MCSCF and MRCI calculations on V3 and

V +
3 . However, calculations on the vanadium clusters were far more challenging, as the bonds

are much weaker. The V +
2 -V bond strength is only 219 kJ/mol,30 compared to 490 kJ/mol

for Nb +
2 -Nb.78 Details of the calculations are given in the SI (Section S2). Only equilateral

and C2v geometries were considered. At the MRCI+Q/cc-pVTZ level, V3 is predicted to

have a 4A2 ground state, with one short bond (r=1.85 Å) and two long bonds (3.27 Å). V +
3

is calculated to have a 5A2 ground state, again with an acute structure (one bond at 1.94 Å
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FIG. 3. Geometries of the lowest energy structures of the V +
x (x=3-8) clusters with the atoms

numbered. Bond lengths are in Å. Calculations were done at the B3LYP+D3/6-311++G(3df,3pd)

level of theory.

and two at 2.94 Å). The lowest triplet state (3B1) has a similar structure (2.05 Å, 2@2.90

Å) and is 4020 cm�1 higher in energy. Septet states are higher still. Equilateral structures

were investigated, but were found to be significantly higher in energy and to have rather

long bonds: for the quintet, r=2.72 Å (at 7113 cm�1) and for the triplet, r=2.77 Å (3167

cm�1 above 3B1).

The experimental spectra of V +
3 (CH4)n (n=1-3) (Figure 4) all show a peak near 2815

cm�1. There is an additional peak near 2790 cm�1 for V +
3 (CH4)2; this becomes the most

intense peak in the V +
3 (CH4)3 spectrum. To keep track of which vanadium atom(s) is

binding to methane, Figure 3 shows the calculated geometries of V +
3-8 with the atoms

numbered and the bond lengths for V +
3-6 . For V +

3 the V1 and V3 atoms are equivalent.

The corresponding figure for BPW91+D2 is in the SI (Figure S4).

The experimental spectrum of V +
3 (CH4) has an intense, sharp peak at 2816 cm�1.

The calculation predicts the methane binds to V1 with coordination between ⌘2 and ⌘3

( 6 H�C�V=156°; rV�C= 2.482 Å). The calculated methane binding energy is 3071 cm�1.
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FIG. 4. Experimental photodissociation spectra (blue) and simulated spectra (red) of quintet

V +
3 (CH4)n (n=1-3) in the C�H stretching region. The calculations are done at the B3LYP+D3/6-

311++G(3dp,3df) level of theory and show their corresponding geometries. The red dotted simu-

lation for V +
3 (CH4)2 corresponds to a structure with two equivalent CH4.

The simulation predicts a peak at 2796 cm�1, 20 cm�1 more red shifted than experiment.

This peak is the proximate symmetric C�H stretch.

The experimental spectrum of V +
3 (CH4)2 has two intense peaks at 2788 and 2819 cm�1.

The calculations predict two nearly iso-energetic isomers. The lowest energy isomer has

two equivalent methanes (bound to V1 and V3 with 6 H�C�V=165°; rV�C= 2.495 Å). The

calculated binding energy is 2242 cm�1. The calculated spectrum consists of a single peak

at 2814 cm�1 shown in Figure 4. The second isomer is only 25 cm�1 higher in energy. One

methane binds to V1 with 6 H�C�V=156° (rV�C= 2.502 Å) and the other one to V2 with

6 H�C�V=157° (rV�C= 2.656 Å). The simulated spectrum of this isomer (Figure 4) consists

of two intense peaks, which correspond to the proximate symmetric C�H stretch of the closer

methane (2799 cm�1) and then the farther methane (2836 cm�1). This asymmetrical isomer
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is a much better match to experiment.

The experimental spectrum of V +
3 (CH4)3 has an intense, wide peak at 2787 cm�1 and

a weaker, sharper peak at 2826 cm�1. The calculations predict that each methane binds

to a di↵erent vanadium and the binding energy of the third methane is 2182 cm�1. The

calculation predicts the methane molecules are between ⌘2 and ⌘3 ( 6 H�C�V= 157, 157,

161°; rV�C= 2.551, 2.678, 2.721 Å) on V1, V3, and V2, respectively. The simulation predicts

a peak at 2803 cm�1 with a shoulder at 2820 cm�1 and a peak at 2854 cm�1. The peaks

correspond to the proximate symmetric C�H stretches of the methane with the shorter V-C

bond length (larger red shift) to the longer V-C bond length (smaller red shift).

In summary, the calculations predict that binding to the equivalent vanadium atoms V1

and V3 leads to a larger red shift than binding to V2. They also predict that the first CH4

binds to V1, next to V2, then to V3. The experimental spectra show that the first CH4 gives

the smallest red shift and is due to binding to the unique vanadium atom (V2); additional

CH4 bind to V1 and V3 and give larger red shifts.

The vibrational spectra of V +
3 (CH4)n (n=2,3) show that the methane molecules in these

complexes are not equivalent. This is replicated in our DFT calculations. We thus conclude

that, in the these complexes, the vanadium atoms are not equivalent and the V +
3 core

is not equilateral. This di↵ers from the results of Ford et al.
72, who observed rotational

structure in the MATI spectrum and assigned it to an equilateral structure of V +
3 with

rV�V= 2.217±0.001 Å. One possible way to reconcile these findings is that binding methane

changes the geometry and/or spin state of the complex.

At the BPW91+D2 level, V +
3 is isosceles, so one vanadium should o↵er a very di↵erent

binding environment than the other two. However, when methane binds, the same C-H

stretching spectrum is predicted, irrespective of the binding site. As a result, in the predicted

spectra (Figure S6) for V +
3 (CH4)n (n=1-3) each has only one peak, in clear disagreement

with experiment.

D. V +
4 (CH4)

There have been several experimental and numerous computational studies of V4 and

V +
4 . Yang et al.

79 used PFI-ZEKE photoelectron spectroscopy to measure the ionization

energy of V4 (5.6591±0.0004 eV) with greater accuracy than previously done by Cox et al.
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FIG. 5. Experimental photodissociation spectrum (blue), simulated spectrum (red), and the opti-

mized geometry of doublet V +
4 (CH4) at the B3LYP+D3/6-311++G(3df,3pd) level of theory.

(5.63±0.05 eV).70 The far-IR vibrational spectrum32 of V +
4 consists of a strong peak at 198

cm�1 and a weak peak at 255 cm�1. Minemoto et al.
80 measured the electronic spectrum

of V +
4 from 440 to 1750 nm by monitoring loss of argon from V4(Ar)

+. The spectrum is

broad, with a peak at 1100 nm and a more intense peak at 500 nm.

Computational studies of V4 and V +
4 predict a planar or tetrahedral ground state, de-

pending on the level of theory. A study using tight binding theory by Zhao et al.
81 finds

the neutral V4 cluster to adopt a tetrahedral geometry while a gradient-corrected local spin

density DFT study by Grönbeck and Rosén73 predicts the same cluster to have a planar

geometry, with the tetrahedron 0.33 eV higher in energy. They also predict IE(V4)=5.5 eV,

in good agreement with experiment.

A later DFT study of V4 and V +
4 using the BPW91 functional by Wu and Ray66 finds

the tetrahedron to be the lowest energy isomer in both cases, and predicts IE=5.105 eV,

about 0.5 eV below experiment. DFT calculations by Minemoto et al.
80 in support of their

experimental study also find V +
4 to be a distorted tetrahedron with C2v symmetry. Local

spin density approximation calculations by Li et al.74 report a planar structure for V +
4 with

the tetrahedron 0.12 eV higher in energy. DFT (PBE) calculations by Ratsch et al.
32 find the

V +
4 geometry is a trigonal pyramid and that the planar structure is much higher in energy

(0.79 eV). The calculated vibrational frequencies for the lowest energy structure match their

measured far-IR spectrum, while those of the planar isomer are too low. A recent DFT with

dispersion (BPW91+D2) study by Meza et al.
48 report that V +

4 forms a planar trapezoid

structure. However, their calculated vibrational frequencies do not match the experimental
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spectrum of Ratsch et al.
32 BP86+D3 calculations by Zhang et al.

75 also predict that V +
4

is planar.

In this study, at the B3LYP+D3/6-311++G(3df,3pd) level of theory, we find that V +
4

is a doublet and adopts a distorted tetrahedral geometry. As shown in Figure 3, V1 and

V4 are equivalent, as are V2 and V3. The quartet is 3959 cm�1 higher in energy and has a

similar structure to the doublet.

The experimental spectrum of V +
4 (CH4) (Figure 5) has a broad peak around 2780 cm�1

on top of continuous dissociation. We have observed broad, non-resonant dissociation in

other systems53 and attribute it to electronic transition(s) to low-lying excited states. The

calculation predicts that the methane binds to V1 with nearly ⌘3 coordination ( 6 H�C�V=

172°; rV�C= 2.382 Å) and a binding energy of 3407 cm�1. The calculated vibrational spec-

trum is dominated by a peak at 2789 cm�1 which corresponds to the proximate symmetric

C�H stretch. Since the geometry of V +
4 (CH4) is nearly tetrahedral, the binding sites are

nearly equivalent and the predicted spectra of the V +
4 (CH4) isomers are the same.

The experimental spectrum of V +
4 (CH4)2 (Figure S8) has a peak at 2770 cm�1. The

binding energy of the second methane is 2691 cm�1. The calculation predicts two equivalent

methanes with 6 H�C�V= 155° and rV�C= 2.487 Å on V1 and V4. The single peak in the

simulated spectrum at 2793 cm�1 corresponds to the proximate symmetric C�H stretch.

Several studies previously mentioned found a planar structure for V +
4 . We investigated

planar structures and found a local minimum geometry that is nearly, but not quite, planar,

with two vanadium atoms out of plane with the other two in a boat-like geometry. However,

according to our calculations this isomer is 5743 cm�1 higher in energy and is not likely to

form. In addition, when methane binds to it, the C�H stretch is predicted to be 2732 cm�1,

which is too red shifted to match the experimental spectrum. At the BPW91+D2 level,

V +
4 is planar (rhombus). The predicted spectra at the two distinct binding sites (Figure

S9) are slightly more red shifted than is observed. The major peak in the experimental

spectrum of V +
4 (CH4) is significantly broader than those of the other V +

x (CH4), suggesting

contributions from multiple metal cluster isomers and/or distinct methane binding sites.

This is not consistent with the only metal isomer present being (quasi-) tetrahedral. So, it

is likely that the metal core is planar, although a tetrahedral structure may also contribute.
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FIG. 6. Experimental photodissociation spectrum (blue), simulated spectra (red), and the op-

timized geometry of quintet V +
5 (CH4) shown from two di↵erent angles at the B3LYP+D3/6-

311++G(3df,3pd) level of theory. On the left is the lowest energy isomer (red line) in which the

methane binds to an equatorial vanadium (V1) and the right shows the next lowest energy isomer

(red dashed line) in which the methane binds to an axial vanadium (V5). The relative intensities

of the simulated spectra reflect the calculated absorption intensities.

E. V +
5 (CH4)

Theory on neutral V5 has been done by several groups. Most studies predict a trigo-

nal bipyramidal geometry,48,73,74,82 although others find a heavily distorted square pyramid

geometry.66,75 In calculations to support their far-infrared spectra of V +
5 , Ratsch et al.

32

find a slightly distorted square pyramid geometry. However, a trigonal bipyramid structure

is close in energy and provides the best match to their experimental spectrum. Meza et al.
48

also predict a distorted trigonal bipyramid.

In this study, V +
5 is a quintet and has a distorted trigonal bipyramidal geometry with

Cs symmetry (Figure 3). The singlet is 1259 cm�1 higher in energy and the triplet is 2753

cm�1 above the quintet. Simulations were run with methane binding to V1, V2, V4, and

V5. V3 is equivalent to V1. The two lowest-energy isomers are discussed here.

The experimental spectrum of V +
5 (CH4), Figure 6, has a peak at 2793 cm�1 on top

of constant dissociation. In the lowest energy isomer, the methane binds to an equatorial

vanadium atom (V1) with coordination between ⌘2 and ⌘3 (H�C�V= 151°; rV�C= 2.432

Å). The binding energy is 3141 cm�1. The simulation predicts two relatively weak peaks

at 2749 and 2843 cm�1. The peaks correspond to the symmetric and antisymmetric C-H
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FIG. 7. Experimental photodissociation spectrum (blue), simulated spectra (red), and the opti-

mized geometry of doublet V +
6 (CH4) at the B3LYP+D3/6-311++G(3df,3pd) level of theory. The

lowest energy isomer, in which the methane binds to an equatorial vanadium (V3), is shown on

the left and the next lowest energy isomer, in which methane binds to an axial vanadium (V5), is

on the right.

stretch. This simulation (Figure 6) is a poor match to the experiment as it predicts a doublet

and neither peak matches the peak in the experiment.

There is another isomer 405 cm�1 higher in energy (Table I), in which the methane binds

to an axial vanadium atom (V5). The methane coordination is similar, between ⌘2 and ⌘3

(H�C�V= 155°), but the V-C bond length is significantly longer, rV�C= 2.502 Å. This

simulation predicts an intense peak at 2799 cm�1, 6 cm�1 red shifted from the experimental

peak. The peak corresponds to the symmetric C-H stretch in CH4. The axial isomer is the

best match to experiment. At the BPW91+D2 level, the spectra of the two isomers are more

similar (Figure S10), so the axial isomer is likely but not definitively the isomer observed.

F. V +
6 (CH4)

Ratsch et al.
32 calculated a tetragonal bipyramid (distorted octahedron) geometry for

V +
6 , which agrees with previous theoretical results.66,73,82,83 Their calculations found several

isomers with di↵erent aspect ratios, all close in energy and with similar infrared spectra,

all of which are in good agreement with their experiment. A distorted trigonal prism is

significantly higher in energy (although it was identified as the ground state in another

study48) and does not match experiment.
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Our calculations predict that the bare V +
6 cluster (Figure 3) is a quartet and forms a

slightly distorted octahedron (rV�V= 8@2.493, 4@2.844 Å). The doublet is 590 cm�1 higher

in energy and forms a more distorted octahedron. When a methane molecule is added, the

doublet becomes the ground state, only 197 cm�1 below the quartet. The core V +
6 structure

distorts more when the methane is added, where V4 and V6 become slightly closer together

and move closer to V3 and farther from V1.

The experimental spectrum of V +
6 (CH4), Figure 7, has a peak at 2786 cm�1 on top of a

constant dissociation background, likely due to absorption to low-lying electronic state(s).

The calculation predicts the methane binds to V3 in an almost ⌘2 coordination (H�C�V=

144°; rV�C= 2.487 Å) with a binding energy of 3627 cm�1. The second lowest energy isomer

predicts the methane binds to V5 with nearly ⌘3 coordination (H�C�V= 174°; rV�C= 2.455

Å) and a binding energy of 3299 cm�1 (Table I).

The simulation of the lowest energy isomer predicts an intense peak at 2786 cm�1, which

matches exactly with experiment, and corresponds to the proximate symmetric C-H stretch.

The simulation of the second lowest energy isomer predicts an intense peak at 2821 cm�1,

which is 35 cm�1 blue shifted from the experimental peak. The quartet state is calculated

to lie at 197 cm�1 and to have a peak at 2814 cm�1. In this case, the lowest energy isomer

is the best match to experiment, and the spectrum is consistent with a distorted octahedral

V +
6 core in its doublet spin state. At the BPW91+D2 level, the core geometry is a distorted

trigonal prism and the calculated spectrum (Figure S11) is slightly too red shifted.

G. V +
7 (CH4)

Ratsch et al.
32 predict several low-lying isomers for V +

7 , all of which adopt distorted pen-

tagonal bipyramid geometries. This is in agreement with other theoretical results.48,66,73–75

However, the resulting simulated IR spectra are not a great match to their experimental

spectrum.

Our calculation agrees with those of Ratsch: the bare V +
7 cluster (shown in Figure 3) is

a singlet and forms a distorted pentagonal bipyramid structure. V3 is closer to the pentagon

than V1 and V4 is out of the plane of the other atoms in the pentagon. The triplet and

quintet are 4371 and 1430 cm�1 higher in energy, respectively.

The experimental spectrum of V +
7 (CH4), Figure 8, has a peak at 2783 cm�1 on top of
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FIG. 8. Experimental photodissociation spectrum (blue), simulated spectra (red), and opti-

mized geometries of singlet V +
7 (CH4) shown from two di↵erent angles at the B3LYP+D3/6-

311++G(3df,3pd) level of theory. The lowest energy isomer is shown on the left and the second

lowest energy isomer is on the right.

constant dissociation. In the lowest energy isomer, the methane binds to V3 with a binding

energy of 3400 cm�1 in an almost ⌘2 orientation (H�C�V= 131°; rV�C= 2.506 Å). The

simulation predicts a weak peak at 2747 cm�1. There is another isomer 201 cm�1 higher in

energy in which methane binds to V1 in an almost ⌘3 orientation (H�C�V= 171°; rV�C=

2.416 Å). This simulation predicts a weak peak at 2788 cm�1 and an even less intense peak

at 2900 cm�1.

Calculations in which methane binds to the equatorial vanadium atoms predict additional

low-lying isomers. V2 and V5 to V7 are almost equivalent, so there are only two di↵erent

binding sites on the equatorial vanadium atoms, V2 and V4. V4 is the vanadium atom

that is out of plane with the others in the pentagon. Isomers with methane binding to V2

and V4 are 903 and 1195 cm�1 above the lowest energy isomer, respectively (Figure S14).

Methane binds to the V2 and V4 vanadium atoms with coordination between ⌘3 and ⌘2,

(H�C�V= 152°; rV�C= 2.560 Å) and (H�C�V= 160°; rV�C= 2.543 Å), respectively. The

simulations predict a peak at 2808 cm�1 for V2 and at 2814 cm�1 for V4 with nearly the

same intensities (which are twice as intense as the lowest energy isomers). All predicted

peaks are due to the symmetric C-H stretch. It is di�cult to assign a best match with

these results and nothing can be said definitively. The lowest energy isomer (V3) predicts

a peak that is more red shifted than experiment. The second lowest energy isomer (V1)

matches the experimental peak almost perfectly, but predicts a second peak at 2900 cm�1
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FIG. 9. Experimental photodissociation spectrum (blue), simulated spectrum (red), and the op-

timized geometry of doublet V +
8 (CH4) shown from two di↵erent angles at the B3LYP+D3/6-

311++G(3df,3pd) level of theory.

that is not observed. The equatorial isomers (V2, V4) are higher in energy and would each

lead to a single, intense peak that is less red shifted than experiment. The BPW91+D2

calculations predict that axial binding leads to a larger red shift than equatorial (Figure

S12), with equatorial providing a better match to experiment.

H. V +
8 (CH4)

For V +
8 , Ratsch et al.

32 predict a bicapped tetragonal bipyramid (bicapped octahedron)

in the doublet spin state which agrees with other theoretical results.48,66,73–75 The calculated

spectrum is a good match to the experimental IR spectrum,31,32 which has many peaks.

Our calculations also predict that the bare V +
8 cluster is a doublet and forms a distorted

bicapped octahedron, as shown in Figure 3. A hexagonal bipyramid is slightly higher in

energy. The quartet, also a bicapped octahedron, is 1924 cm�1 above the ground state.

Addition of methane reduces this gap, with quartet V +
8 (CH4) 820 cm�1 above the doublet

ground state. Methane binding distorts the doublet more than the quartet.

The experimental spectrum of V +
8 (CH4), Figure 9, has a peak at 2771 cm�1 on top of

constant dissociation. The lowest energy isomer is a doublet; the methane binds to V6 with

coordination between ⌘2 and ⌘3 (H�C�V= 153°; rV�C= 2.545 Å) and a binding energy of

2112 cm�1.

Calculations were run with the methane bound to V1, V3, V4, and V6. Of these, V1 and
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V6 have the lowest energy. The simulations of the doublet and quartet V1 and V6 isomers

are plotted in Figure S15. The simulations for this molecule all predict a peak around the

same place: 2753-2786 cm�1. This makes it impossible to determine the structure observed.

Based solely on relative energies, it would be the doublet V6 isomer. The BPW91+D2 and

B3LYP+D3 calculations predict very similar structures and spectra (Figure S13).

I. E↵ect of charge

Although the average charge per atom decreases with increasing cluster size, x, these

clusters are not symmetrical, so the charge is not equally distributed. We examined the

calculated Mulliken charge on each metal atom to investigate whether methane preferentially

binds to vanadium atoms with higher local charge and to what extent the methane perturbs

the charges on the metal atoms. The results are summarized in Table S3. For x=3-5, all

the atoms have similar charges and the CH4 doesn’t always bind to the one with the highest

charge. For x=6-8, most of the charge is localized on just a few atoms. The CH4 binds to

an atom with higher than average charge, but not necessarily to the one with the highest

charge. When CH4 binds to a metal atom, the charge on that atom is almost always reduced

(except for x=7). The V +
x -CH4 bond dissociation energies are similar for x=3-8, so it does

not depend on the average charge per atom, and is not strongly a↵ected by the charge on

the atom that the methane binds to, so there likely is a significant covalent component to

the BDEs.

IV. SUMMARY AND CONCLUSIONS

Methane binds intact to vanadium cluster ions, and the resulting V +
x (CH4)n (x=2-8)

have red shifts of 102 to 146 cm�1 in the lowest-frequency C-H stretch. Clusters with

x=2 and 3 have the smallest red shifts, while those with x=4-8 have significantly larger

shifts. In V +
2 (CH4)n (n=1-4), there is a larger red shift as more methanes are added due to

the methane orientation changing from ⌘3 to ⌘2. The spectra of V +
3 (CH4)n n=2,3 have two

peaks, indicating that the methanes are not equivalent, which also implies that the vanadium

atoms are not equivalent. The calculations predict an isosceles structure for the metal cluster

and that there is a larger red shift when methane binds to either of the equivalent vanadium
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atoms. The methane binds in an ⌘3 orientation, with di↵erent V-C bond lengths, the shorter

of which leads to a larger red shift.

The spectrum of V +
4 (CH4) is significantly broader than those of the other clusters, indi-

cating that multiple isomers contribute to the spectrum. This may include ones with planar

and tetrahedral V +
4 cores. The geometry of V +

5 is a distorted trigonal bipyramid, with

methane likely binding to an axial vanadium. The methane coordination is between ⌘2 and

⌘3. The geometry of V +
6 is a slightly distorted octahedron, with the methane binding in

an ⌘2 coordination. The calculation predicts that there is a spin change from quartet to

doublet when methane is added, and the calculated spectrum for the doublet state matches

experiment.

For V +
7 (CH4), the calculations predict a distorted pentagonal bipyramid core. There

are several low energy isomers with very similar simulated spectra, all of which are in good

agreement with experiment, so we cannot assign a binding site. For V +
8 , the calculations

predict the structure is a distorted bicapped octahedron. As with V +
7 (CH4), there are

several low energy isomers whose simulated spectra are a good match to experiment.

If the metal-methane interaction were purely electrostatic, then we would expect that the

red shifts would decrease as cluster size increases because the charge on each metal atom

is reduced. So, the observation that V +
x (CH4) clusters with x=4-8 have significantly larger

shifts than smaller clusters implies increased covalency in the metal-methane interaction for

the larger clusters. However, this analysis also needs to consider the hydrogen coordination,

as ⌘2 typically gives larger red shifts than ⌘3, and the smaller clusters are ⌘3, while the

larger ones are mostly closer to ⌘2. Despite this, there remains a larger red shift for the

larger clusters even when coordination is considered. Both V +
2 (CH4) and V +

7 (CH4) (second

lowest isomer) have ⌘3 coordination and the calculations predict a 40 cm�1 larger red shift

for the larger cluster. So, even taking the change in coordination into account, the larger

clusters show more covalency.

Although odd clusters are more reactive than even ones with D2,
28 there is no even/odd

trend in the red shifts with methane. Instead, our results suggest that V +
5 to V +

8 would

be more reactive with methane than V +
2 and V +

3 , and there would be little di↵erence in

reactivity of even and odd clusters.

In addition, these results show that vibrational spectra of the C-H stretches in methane

attached to metal clusters can, in some cases, reveal the geometry and spin state of the
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metal cluster, with the caveat that the methane may in some cases perturb the structure

of the metal cluster. This is helpful, as more direct experimental methods of characterizing

the structure and spin states of metal clusters are very challenging. The vibrational spectra

are at low frequencies and have low intensity, and calculated spectra of di↵erent isomers are

often similar, while photoionization spectra become very congested and di�cult to interpret

for clusters larger than trimers and those with a large geometry change upon ionization.

Transition metal clusters are challenging to calculate, have many low-lying electronic states,

and often do not have much symmetry.
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58O. Hübner and H. J. Himmel, “Low-Energy Excited States of Divanadium: A Matrix

Isolation and MRCI Study,” Phys. Chem. Chem. Phys. 18, 14667–14677 (2016).

59L. M. Russon, S. A. Heidecke, M. K. Birke, J. Conceicao, M. D. Morse, and P. B. Armen-

trout, “Photodissociation Measurements of Bond Dissociation Energies: Ti +
2 , V +

2 , Co +
2 ,

and Co +
3 ,” J. Chem. Phys. 100, 4747–4755 (1994).

60D. S. Yang, A. M. James, D. M. Rayner, and P. A. Hackett, “Pulsed Field Ionization Zero

Kinetic Energy Photoelectron Spectroscopy of the Vanadium Dimer Molecule,” J. Chem.

Phys. 102, 3129–3134 (1995).

61B. Simard, A. M. James, P. Kowalczyk, R. Fournier, and P. A. Hackett, “High-Resolution

31



Spectroscopy of Small Transition Metal Molecules: Recent Experimental and Theoretical

Progress on Group 5 Diatomics,” in Laser Techniques for State-Selected and State-to-State

Chemistry II , Vol. 2124, edited by J. W. Hepburn, International Society for Optics and

Photonics (SPIE, 1994) pp. 376 – 387.
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