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Vibrational spectra are measured for Fe2
+(CH4)n (n = 1-3) in the C-H stretching region (2650-3100 cm-1) using photofragment 

spectroscopy, by monitoring the loss of CH4. All of the spectra exhibit an intense peak corresponding to the symmetric C-H 

stretch around 2800 cm-1. The presence of a single peak suggests a nearly equivalent interaction between the iron dimer and the  

methane ligands. The peak becomes slightly blue shifted as the number of methane ligands increases. Density functional theory 

calculations, B3LYP and BPW91, are used to identify possible structures and predict the spectra. Results suggest that the 10 

methane(s) bind in a terminal configuration and the complexes are in the octet spin state. 

Introduction 

Catalytic activation of methane by transition metals is of immense 
industrial importance, as it would allow broader utilization of an 15 

abundant feedstock, and is of fundamental interest because it 
involves the reaction of the simplest C-H bond. Several third row 
transition metal atomic cations react with methane under thermal 
conditions, producing MCH2

+ + H2.
1,2 Gas phase studies can 

elucidate the mechanism of C-H activation reactions, since the 20 

ions are not affected by the presence of solvent molecules.3–7 A 
broader range of methane activation reactions have been observed 
with metal clusters. For example, although Rh+ and Au+ do not 
activate methane at room temperature,2,8 Bondybey and 
coworkers9 observed methane activation on Rhx

+Arm and Lang et 25 

al.10,11 have shown ligand dependent activation of methane on 
Au2

+. Additionally, methane activation by Pt+ and Ptx
+ shows 

very specific size dependent reactivity, leading Kummerlöwe et 
al. to suggest that "the strong reactivity fluctuations over a wide 
size range are the gas phase fingerprint of a good heterogeneous 30 

catalyst material".12 In this vein, Armentrout and coworkers have 
observed that Fex

+ clusters show interesting size dependent 
reaction thresholds for dehydrogenation of methane, with Fe4

+ 
being particularly reactive.13  
 35 

 The initial interaction between Mx
+ and methane results in  

formation of the Mx
+(CH4) entrance channel complex. This leads 

to weakening of the C-H bond, which is a prerequisite for C-H 
activation. A strong interaction between metal and methane(s) 
leads to a substantial red-shift in the lowest C-H stretching 40 

frequencies, and increases their intensity. Measuring this 
interaction has prompted studies of the vibrational spectroscopy 
of several M+(CH4)n

14–19 and of Ptx
+(CH4)Ar2.

20 Our group has 
studied Fe+(CH4)n (n = 1-4) complexes.17 As the first step in 
studies of clusters, here we extend the work to the iron dimer, 45 

presenting the vibrational spectra for Fe2
+(CH4)n (n = 1-3). 

Vibrational spectra of these molecules will answer questions such 

as the geometry and coordination of the entrance channel 
complex, and whether the methanes are bound in a terminal 
fashion or in a bridged configuration. In addition, the 50 

spectroscopic fingerprint may also help to identify the spin state 
of the complex, and whether this changes with the addition of 
methanes. 

Experimental and Computational Methods 

Iron dimer ion-methane complexes are produced in a laser 55 

ablation source and studied with a dual time-of-flight reflectron 
mass spectrometer, which has been previously described in 
detail.21,22 Iron dimer cations are produced by laser ablation of an 
iron rod (Sigma-Aldrich, 99.8% pure). The dimer-methane 
clusters are generated in an expansion gas mixture of 5-10% 60 

methane in helium at 60-120 psi backing pressure. Ions produced 
then expand supersonically into vacuum and cool to a rotational 
temperature of ~10K.23 Ions are then skimmed into a 
differentially pumped chamber and enter the extraction region of 
a Wiley-McLaren time-of-flight mass spectrometer.24 Ions are 65 

accelerated to 1800 V of kinetic energy, then re-referenced to 
ground before entering the field free flight tube. Mass selected 
ions are photodissociated at the turning point of the reflectron 
using an IR laser system. Parent and photofragment ions re-
accelerate out of the reflectron, traverse a field-free region, and 70 

impinge upon a 40 mm diameter dual microchannel plate 
detector. Masses are determined from their characteristic flight 
times. The infrared (IR) laser system is an Nd:YAG pumped 
optical parametric oscillator/optical parametric amplifier that is 
tunable from 2 to 4.5 µm, producing a ~6 mJ pulse near 3100 cm-

75 

1. In the reflectron region a multipass setup for the IR beam is 
installed which lets it traverse the ion beam ~15 times.25 The laser 
wavelength is calibrated using CH4 absorptions. 
  
 The ion signal is amplified, collected on a digital oscilloscope 80 

or gated integrator, and averaged with a LabView based program. 
The photodissociation spectrum is obtained by monitoring the 
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Figure 1. Infrared photodissociation spectra of Fe2

+(CH4)n (n = 1-3) in the 
C-H stretching region.  

 
Species 

2S +1 Relative Energy 
(kJ/mol) 

Bond Dissociation 
Energy (cm-1) 

Fe2
+ 8 0.0 (0.0) -- 

 6 118.0 (98.5) -- 

Fe2
+(CH4) 8 0.0 (0.0) 3304 (3344) 

 6 113.7 (85.4) 3659 (4437) 

Fe2
+(CH4)2 8 0.0 (0.0) 1843 (1931) 

 6 94.7 (55.5) 3428 (4435) 

Fe2
+(CH4)3 8 0.0 (0.0) 809 (1566) 

 6 64.6 (11.4) 3327 (5255) 

Table 1. Relative energies and spin-allowed Fe2
+(CH4)n-1-(CH4) 

dissociation energies calculated with the B3LYP and BPW91 5 

(parentheses) functionals and 6-311++G(3df,3pd) basis. 
 
yield of the fragment ion of interest as a function of wavelength 
and normalizing to parent ion signal and laser fluence. The 
photodissociation spectrum is the product of the absorption and 10 

the photodissociation quantum yield. The photodissociation yield 
is calculated by dividing the fragment ion signal when the IR 
laser is on, by the parent ion signal when the IR laser is off. It 
varies from 9% to 30% depending upon the ion. 
  15 

 Computations are carried out using the Gaussian 09 program 
package.26 Optimized geometries of the ions are calculated using 
the Becke Lee-Yang-Parr hybrid HF/DFT (B3LYP) and 
BPW91/DFT method and the 6-311++G(3df,3pd) basis set. 
 20 

 
Figure 2. Experimental IR photodissociation spectrum of Fe2

+(CH4) 
along with the simulated spectra using the B3LYP and BPW91 
functionals. The structure is the octet state of the molecule according to 
B3LYP.  25 

 The calculated vibrational frequencies are harmonic, whereas 
the measured vibrational frequencies include anharmonicity. To 
include this effect, the calculated frequencies are scaled by the 
ratio of the experimental and calculated C-H stretching 
frequencies of isolated CH4 (ν1 = 2917 cm-1, ν3 = 3019 cm-1) 30 

which is 0.963 for B3LYP and 0.979 for BPW91. Calculated 
spectra are convoluted with a 20 cm-1 fwhm Gaussian for 
comparison with experiment. All reported energies include zero-
point energy. 

Results 35 

Vibrational spectra of Fe2
+(CH4)n (n = 1 - 3). Vibrational 

spectra measured using photofragment spectroscopy are 
presented in figure 1. The spectra show a single peak between 
2800 cm-1 and 2830 cm-1 for all the species. This corresponds to a 
red shift of ~100 cm-1 in the symmetric stretch of bare CH4. The 40 

peak becomes less red shifted as the number of methanes on the 
cluster increases. Since all the spectra show peaks at similar 
positions, we infer that the clusters exhibit similar geometries. To 
determine the structure and characterize the vibrations of each 
Fe2

+(CH4)n cluster, we carry out geometry optimization and 45 

vibrational frequency calculations for several potential isomers 
and spin states. Our previous studies of metal ion-methane 
complexes [M+(CH4)n] have shown that the B3LYP hybrid 
density functional does a good job in predicting the observed 
vibrational spectra.17–19 On the other hand, a detailed comparison 50 

of several DFT methods on neutral and charged iron clusters 
Fex

0/+/- showed that the non-hybrid BPW91 functional is 
preferable over B3LYP.27,28 It is thus somewhat of an open 
question as to which functional is most appropriate for metal 
cluster ion-ligand complexes such as  Fe2

+(CH4)n. 55 

 
 Although the ground state of Fe2

+ has not been determined 
experimentally, it has been the subject of many computational 
studies. Recent multireference calculations (RASPT2) by Hoyer 
et al.29 predict a	 �� �

� ground state, with a  �
�

�  state at 44 60 

kJ/mol. The lowest lying dectet state is 129 kJ/mol above the 
ground state. Benchmark calculations at this level are not 
practical for larger clusters containing significantly more metal 
atoms or multiple or complex ligands, hence the need for DFT 
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Figure 3. Experimental IR photodissociation spectrum of Fe2

+(CH4)2 
along with the simulated B3LYP and BPW91 spectra. The structure is the 
octet state of the molecule according to B3LYP. 

 calculations.  Table 1 summarizes computational results with the 5 

B3LYP and BPW91 functionals. The calculations predict the 
ground state of Fe2

+ is Δ�
�  consistent with previous BPW91 

results.27,30 Our calculations predict both the sextet and dectet are 
significantly higher in energy than the octet state. Chiodo et al. 
predict a  �

�	

�

 ground state, 7 kJ/mol below the		 �� �  at the 10 

B3LYP/DZVPopt level. The present B3LYP study, using the 
larger 6-311++G(3df,3pd) basis set, predicts the dectet state lies 
74 kJ/mol above the octet ground state. All of the Fe2

+(CH4)n 
clusters with n=1-3, are predicted to have an octet ground state;  
the dectet states are calculated to be at least 100 kJ/mol higher in 15 

energy. However, as the number of ligands increases, the energy 
difference between the sextet and the octet states progressively 
decreases. The sextet states generally have valence electron 
occupancy 3d144s1, resulting in a stronger interaction with ligands 
than the octet state (3d134s2); the dectet states (3d124s3) interact 20 

with ligands even more weakly.29,30  

Discussion 

Fe2
+(CH4). The spectrum of Fe2

+(CH4) (figure 2) shows a single 
intense peak at 2803 cm-1 with 26 cm-1 fwhm. The 
photodissociation yield is 9%. Similar photodissociation yields 25 

are observed for M+(CH4)Ar2 (M = Co, Ni, Cu), which have 
similar calculated C-H absorption intensity for the lowest C-H 
stretch and where the low Ar binding energy ensures that one 
photon has sufficient energy to dissociate the complex.18,19 This 
suggests that photodissociation of Fe2

+(CH4) also has a quantum 30 

yield of one and is a single photon process at ~2800 cm-1, 
suggesting that the calculations slightly overestimate the methane 
binding energy. 
 
 The B3LYP and BPW91 functionals predict similar geometries 35 

for Fe2
+(CH4). The hydrogen atoms have connectivity of nearly 

η3, slightly distorted towards η2, leading to overall Cs symmetry.  
The Fe-C distance is calculated to be 2.389 Å (B3LYP), and 
2.300 Å (BPW91). Geometry optimizations starting from  several 
η2 structures and bridged structures all relax to the η3 ground 40 

state. Detailed geometries, energies and vibrational frequencies 
for all species are given in Table S1. The calculated binding 
energies and geometries are similar to those obtained by Chiodo 
et al. in their study of the reaction of Fe2

+ with methane.30 They 

predict the Fe2
+-CH4 binding energy to be 3850 cm-1 and 3532 45 

cm-1 at the B3LYP/DZVPopt and BPW91/DZVPopt level of theory 
respectively.30 These binding energies are slightly higher than 
those obtained using the 6-311++G(3df, 3pd) basis set; both basis 
sets predict η3 hydrogen coordination and very similar Fe-C bond 
distances. 50 

 
 The BPW91 calculation predicts a strong peak at 2798 cm-1; 
the remaining C-H stretch absorptions are very weak. Thus, the 
simulated spectrum matches the experiment very well. The 
B3LYP calculated spectrum is similar, with a peak at 2779 cm-1, 55 

about 20 cm-1 below the observed peak. The observed 2803 cm-1 
vibration corresponds to the symmetric C-H stretch, with all C-H 
bonds stretching in phase, with substantially larger amplitude for 
the three proximate C-H bonds than the distal. 
 60 

Fe2
+(CH4)2. The spectrum of Fe2

+(CH4)2 (figure 3) shows a 
single intense peak at 2829 cm-1 with 25 cm-1 fwhm. The 
photodissociation yield for Fe2

+(CH4)2 is observed to be 30% 
suggesting single photon photodissociation. The calculated 
absorption intensity for this vibration is twice that of the 65 

corresponding vibration in Fe2
+(CH4), leading to the increased 

photodissociation yield. The calculated binding energies of ~1900 
cm-1 are consistent with single photon dissociation. 
 
 The B3LYP calculation predicts two stable structures that can 70 

contribute to the spectrum. The ground state has each iron 
coordinated to one CH4. In this structure, both the CH4 are 
equivalent, with a 2.462 Å Fe-C bond. As a result, the predicted 
spectrum has a single peak at 2814 cm-1, as shown in figure 3. 
The calculations predict hydrogen atom connectivity of nearly η3, 75 

slightly distorted towards η2. There is a second local minimum, 
~380 cm-1 higher in energy, in which both ligands are bound to 
one of the iron atoms. The resulting spectrum is calculated to 
have a doublet at 2803/2833 cm-1, as shown in table S2A. As the 
observed spectrum consists of a single peak, this structure is at 80 

most a minor contributor to the experiment. Similar to Fe2
+(CH4), 

structures with bridging methanes relax to the ground state 
terminal structure. Simulated spectra of structures in which each 
iron is coordinated to one methane are in good accord with the 
experimental spectrum and reproduce the experimental 85 

observation that the addition of the second CH4 leads to a reduced 
red shift in the spectrum. 
 
 The BPW91 calculation predicts similar structures. In the 
isomer with each Fe interacting with one CH4, the Fe-C distances 90 

are 2.405 Å and 2.512 Å. As a result of the non-equivalent Fe-C 
interactions, the vibrational spectrum has a peak at 2814 cm-1 
with a shoulder at 2827 cm-1. This leads to a broader peak 
centered at 2816 cm-1, as shown in figure 3. The other isomer, in 
which both CH4 are bound to one iron, is calculated to be the 95 

ground state, 635 cm-1 lower in energy. However, the predicted 
spectrum (table S2B) is red shifted by 200 cm-1, clearly not in 
accord with the experiment.  
 

Fe2
+(CH4)3 The spectrum of Fe2

+(CH4)3 (figure 4) shows a peak  100 

centered at 2830 cm-1. The peak is significantly broader than 
those of the smaller clusters, with 36 cm-1 fwhm. The spectrum 
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Figure 4. Experimental IR photodissociation spectrum of Fe2

+(CH4)3 
along with the simulated B3LYP and BPW91 spectra. The B3LYP 
structure is shown. 

 also shows a much smaller peak centered at 3000 cm-1. The 5 

BPW91 calculation predicts that the three CH4 are clearly not 
equivalent. One of the iron atoms interacts strongly with two 
CH4, resulting in Fe-C bond distances of 2.368 Å and 2.419 Å 
respectively, with hydrogen atom connectivity of approximately 
η2. The other iron interacts weakly with the CH4 proximal to it, at 10 

a bond distance of 2.640 Å and it has η3 coordination. As a result 
of such a non-degenerate interaction, the predicted spectrum has 
three intense peaks at 2725, 2747, and 2860 cm-1. The resulting 
simulated spectrum clearly disagrees with the observed spectrum. 
In contrast, the B3LYP calculation predicts the interaction of the 15 

three methanes to be very similar. Two of the CH4 interact with 
one of the irons with Fe-C bond distances of 2.509 Å (η2/η3 
coordination) and 2.671 Å (η2 coordination) respectively, while 
the third CH4 interacts with the proximal iron at a bond distance 
of 2.527 Å, and it has η3 hydrogen coordination. As a result, the 20 

B3LYP calculation predicts three very closely lying peaks at 
2822, 2834 and 2846 cm-1. This leads to a single broad peak 
centered at 2832 cm-1. The close vicinity of these peaks indicates 
that the three CH4 have a similar interaction with the iron dimer. 
The simulated spectrum predicted by the B3LYP calculation is an 25 

excellent match to the experimental spectrum. The simulation 
also suggests that the breadth of the experimental peak is due to 
nearly degenerate unresolved C-H stretching vibrations, 
characteristic of a complex with three nearly equivalent CH4. 
Again, geometries with bridging methanes relax to the ground 30 

state terminal structure.  For Fe2
+(CH4)3 the calculations predict 

that the sextet state does not lie very far above the octet. Because 
the sextet interacts more strongly with CH4 than the octet state, it 
leads to a highly red-shifted spectrum (Table S1), which is not 
consistent with the experimental spectrum.  35 

Conclusions 

In this work, we present vibrational spectra of Fe2
+(CH4)n (n = 1-

3) obtained by monitoring the loss of CH4 following IR 
photoexcitation. We calculated and compared vibrational spectra 
using the B3LYP and BPW91 functionals. Both calculations 40 

predict the ground state of Fe2
+ and the ligated clusters to be 

octets. Comparison of the experimental spectra to simulated 
spectra for various potential isomers and spin states suggests 
terminal binding of the methane(s). The observation of a single 

intense peak for Fe2
+(CH4), Fe2

+(CH4)2 and Fe2
+(CH4)3 suggests 45 

that the additional methanes interact in a nearly equivalent 
manner with the iron dimer. As the number of methanes 
increases, the position of the peak slightly blue shifts, moving 
closer to the symmetric C-H stretch at 2917 cm-1, indicating a 
weakening of the metal-methane interaction. 50 

 
 Our previous studies17 of Fe+(CH4)n complexes show >100 cm-

1 larger red shifts than is observed for the metal dimer. This 
correlates with the higher sequential methane binding energies for 
the metal atom31–33 and with guided ion beam studies that find 55 

lower threshold for dehydrogenation of methane by Fe+ than 
Fe2

+.13 Spectroscopic and computational studies of larger 
Fex

+(CH4)n (x > 2) clusters are ongoing.  
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