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ABSTRACT

A theoretical and experimental study on [Mn(Benzene),]** has been undertaken in the gas
phase. The ions were prepared using a combination of the pick-up technique and high
energy electron impact, and then held in a cold ion trap where they were excited with
tuneable UV radiation and further activated with methane. The following
[Mn(Benzene),CH,]**,  [Mn(Benzene),(CH,),]*, [Mn(Benzene),(CH4),H,0)]" and
[Mn(Benzene),CO, (CH3),]" were successfully identified after the experimental analysis.

Keywords Two optimised geometries of [Mn(Benzene),]** were observed, namely the C, eclipse
Binding Energy, and C, staggered . The DFT calculated binding energy of methane to manganese benzene
Methane, dication complex ion [Mn(Benzene),]** at BP86/6-311++G(d,p) is 15.30 kJ/mol
Manganese, comparing with the calculated 20.55 kJ/mol recorded on the potential energy curve
Benzene, (PEC). The difference of about 5.25 kJ/mol results from the fact that the calculated
Dication. charge on the manganese metal centre at the optimised geometry of [Mn(Benzene),

CH,]*" was 1.30 while a charge of Mn=2.0 was assumed in the PEC calculation.

1.0 Introduction

Gas phase chemistry of ions provides important insight
into the reactivity, thermochemistry, reaction mechanisms,
and structures of ions without the added complexity of
solvent. Although a lot of work has been done both
theoretically and experimentally on metal-benzene complexes
very little if not at all is focused on activation of methane
with manganese-benzene complexes.

Literature revealed that Soteras et al has theoretically
investigated the structural and electronic effects of the
interaction of six singly charged metal cations including
manganese with benzene [1]. Kurikawa et al in the gas-phase
produced, neutral metal-benzene complexes, Mp(benzene),
(M = Sc to Cu), using a laser vaporization method and
characterized them by mass spectrometry, photoionization
spectroscopy, and chemical probe experiments [2].

The neutral (M;Bz,.;) was studied by Miyajima et al
using magnetic deflection approach [5] including
vanadium—benzene organometallic complexes Vn(CqHg)m
produced by a laser vaporisation synthesis method [22].

Xiang et al theoretically studied the electronic and
magnetic properties for MBz polymers with M=Sc, Ti, V, Cr,
and Mn has shown that all chains, except CrBz are metallic
[3] Martinez et al in their work presented first-principle
calculations of photoabsorption of cross sections of M,Bzp.1
sandwiches with M=Ti, V, Cr, and n < 3 [4]. While Ravindra
et al, studied the electronic Structure and Properties of
Transition Metal-Benzene Complexes and observed that the
variation of the metal-benzene distances, dissociation
energies, ionization potentials, electron affinities, and spin
multiplicities across the 3d series in MBz complexes differs
qualitatively from those in M(Bz), [6]. Again, Miyajima et al
by a laser wvaporization synthesis method produced
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metal—benzene organometallic clusters Mp(CgHg)m (M = Al,
Sc, Ti, and V) [7].

Willey et al using laser vaporization investigated
photodissociation dynamics, spectroscopy and binding
energies of metal ion-benzene complexes [8].

Meyer et al by collision-induced dissociation with Xe
guided beam tandem mass spectrometer determined the
sequential bond energies of the mono-bis benzene complexes
of the first row transition metal ions M* =Ti"*-Cu*[9]. Binding
energies were successfully estimated for the complexes of
benzene with the first-row transition-metal ions (M* =
Ti*—Cu") via both kinetic modeling and quantum chemical
simulation [10]. Hongming et al using maximally localized
wannier functions analysed details of closely related
materials, single benzene (Bz) molecule, organometallic
vanadium-Bz infinite chain, and V,Bz; sandwich cluster [11].

Jaeger et al by the application of laser vaporization
produced Ni*(benzene), (n = 1-6) and Ni'(benzene), (n = 1,2)
[12] and further produced metal-benzene complexes of the
form M(benzene), (M =Ti, V, Fe, Co, Ni) [13].

Despite the fact that carbon dioxide is typically painted
as the bad boy of greenhouse gases and its emissions are five
times greater than methane, they are similarly problematic
because methane is roughly 25 times the global warming
potential of carbon dioxide [18]. Recent calculations suggest
that atmospheric CH, emissions have been responsible for
approximately 20% of Earth’s warming since pre-industrial
times [21]. Hence any large-scale chemical conversion of
methane into other valuable and/or environmentally friendly
chemical compounds would have a remarkable impact on the
climate. Bis benzene manganese dication complex ions
[Mn(Benzene)Z]2+ were formed in the gas phase and activated
with methane.
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The binding energies of methane to the metal complexes
were calculated. Once methane is activated it can serve as
feedstock formation in a vast variety of important industrial
reactions. Imagine, a small plant that has methane as input
where resources of methane could be used much more
efficiently. For instance steam reforming converts methane
into syngas, Equation (1), [15] from which methanol can be
produced in a second step [Equation (2)], [16] or partial
oxidation of methane according to Equation (3) to produce
methanol as a liquid [17].

CH; + H,0 — CO + 3H, Equation 1
CO + 2H, —» CH,OH Equation 2
CH, + O, — CH,0H Equation 3

2.0 Apparatus and Chemical

Manganese, Benzene, helium buffer gas, liquid nitrogen,
ion trap, Nd:YAG-pumped dye laser, oscilloscope,
2.1 Experimental section

[Mn(Benzene)2]2+ ions were synthesised in the gas phase
and their spectra recorded via UV photofragment
spectroscopy within an ion trap mass spectrometer cooled to
between 100-150 K. A schematic diagram of the apparatus is
shown in Figure 1. Neutral Mn[Benzene], clusters were
generated via the pickup technique [19], whereby argon
carrier gas at a pressure of 130 psi was passed through a
reservoir of benzene held at room temperature. The resultant

mixture, containing approximately 1% benzene vapour,
underwent supersonic expansion through a 50mm diameter
nozzle before passing through a 1 mm diameter skimmer.

The emerging beam of mixed argon/pyridine clusters
then passed over the top of a Knudsen cell containing
manganese chips heated to 1150°C, which was sufficient to
generate a metal vapour pressure of 10 to 102 mbar.
Collisions between metal vapour and the mixed clusters
generated neutral metal-containing clusters, which were then
ionised by high energy electron impact (100 eV) in the ion
source of a quadrupole mass spectrometer (Extrel). From the
mixture a doubly charged ions, [Mn(Benzene),]** was mass
selected and directed by an ion guide into a Paul ion trap. The
end caps of the latter were grounded and continuously cooled
through direct contact with a liquid nitrogen reservoir. As a
result, helium buffer gas (5x10™ mbar) contained within the
trap was also cooled and over a total trapping time of 1s,
collisions between the helium and trapped ions led to a
considerable reduction in the internal energy content of the
latter [20]. Based on the observation of unimolecular decay
by trapped ions, the internal temperature was thought to drop
from 4500 K to somewhere in the range 100-150 K. This
cooling procedure has led to the appearance of discrete
structure in the spectra (Figure 2).
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Figure 1. The diagram illustrating the experimental set up.

3.0 Results and Discussions
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Figure 2. Mass spectrum of manganese benzene dication complex ion. [Mn(Benzene),]*"
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Figure 3. Photofragmentation mass spectrum of [Mn(Benzene)2]2+ ( photon energy of 39760 cm-1).

Following a 300 ms collection and cooling period,
the ions were irradiated with seven 10 ns pulses of tunable
UV radiation from the frequency-doubled output of a
Nd:YAG-pumped dye laser, before being ejected for mass
analysis and signal averaging. This gave a total duty cycle of
1 s for each period of ion injection and excitation. Photon
absorption led to fragmentation, and the intensities of the
precursor and all fragment ions were monitored as a function
of photon energy. The cycle of trapping and laser excitation
was repeated 200 times to yield a photofragment mass

Figure 3 revealed UV photofragment mass spectrum
of [Mn(Benzene),]** complex ion with four distinct peaks
with the dication complex ion demonstrated the ability to
coordinate with water to form the hydrated photofragment
[Mn(Benzene), HZO]2+ at 114.5 amu. The photofragmentation
pattern is the loss of benzene and the formation of BenzeneH*
fragment at 79 amu a clear evidence of charge transfer
process between the manganese and the benzene permitting
the complex to abstract a proton from the water or benzene
molecule. The ability of benzene molecule to further
photofragment to form C,H," ion peak at 52 amu was
recorded with another peak at 55 amu corresponding to Mn*
and the total fragment signal was counted as the sum of
intensities of these peaks.

3.1 Photofragmentation of [Mn(Benzene),]**
A proposal for the two possible routes of photoexcitation of
trapped [Mn(Benzene)2]2+ can as follows:
Mechanism 1: [Mn (Benzene),]** + hv — [Mn (Benzene)
+ Benzene”
[Mn (Benzene)]* + hv — Mn + Benzene"
Benzene” + hv — C4H;" +CyH,
Mechanism 2:  [Mn (Benzene),]*" + hv — [Mn (Benzene)]**
+ Benzene
[Mn (Benzene)]** — Mn* + Benzene"
Benzene® + hv — C4H," + C,H,

From the ionisation energy point of view the first
ionization energies of manganese and Benzene [IE (Mn)
=7.43 eV, IE (Bz) = 9.24 eV] are both lower than the second
ionization energy of manganese (2™ IE (Mn) = 15.64 eV), an
indication that Mn™ and benzene® should be produced rather
than Mn”** and neutral benzene. Due to the charge transfer
followed by coulomb explosion between [Mn(Benzene)]” and

Benzene®, the resulting momentum of Mn* could be too high
to be quenched and confined by the buffer gas. The resultant
effect is that the [Mn(Benzene)]" ion was not successfully
maintained in the trap before the detection process.
Additional contributions to the photofragment spectrum could
also come from [Mn(Benzene)]*. If [Mn(Benzene)]* remain
in the trap during each cycle it could dissociate to Mn and
Benzene® as observed in the photo fragmentation mass
spectrum at 55 and 79 amu for Mn® and Benzene®
respectively. Benzene® eventually dissociating to C,H, and
C,H;" as in mechanism 1. The second possibility is that
[Mn(Benzene),]** loses a neutral benzene followed by a
charge transfer process where the [Mn(Benzene)]**
dissociated to Mn" and Benzene®. The peak at 55 amu in the
mass spectra can be identified as Mn" if this is the case then
subsequent photodissociation of benzene™ could then produce
C,H," as in mechanism 2. Benzene® observed from the mass
spectra could be a charge transfer product of -either
[Mn(Benzene)2]2+ or [Mn(Benzene)]*, or a photodissociation
product from [Mn(Benzene)]”. Hence the two proposed
mechanism  are  possible and both  could be
thermodynamically feasible

Figure 4 revealed four additional manganese-benzene
monovalent photofragments of the complex ions when
methane was introduced into the ion trap. They were
dimethane metal complex ion [Mn(Benzene)(CH,).]" at 165
amu, the carbonated ion [Mn(Benzene)(CO,)]" at 177 amu,
the hydrated dimethane complex ion
[Mn(Benzene)(CH,4),H,0]" at 183 amu and carbonated
dimethyl complex ion [Mn(Benzene)(CO,)(CHs),]" at 207
amu. The photofragmentation route observed was the loss of
benzene®. Although [Mn(Benzene)]” was not observed in the
photofragmentation mass spectrum of [Mn(Benzene),]*
(Figure 3) its appearance in the methane activation could
probably be due to increase in its molecular mass as it
coordinates with CH,4, H,O and CO,. This may have reduced
the kinetic energy, stabilising and prolonging its life span,
thereby enabling it to be trapped.

A ground state calculation of the binding energy of
methane with manganese Benzene complex dications ion
were carried out at zero point energy, corrected at 298 K
using Gaussian 09 with BVP86 and TPSSh with 6-311G++(d,
p) basis sets..
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Figure 4. Photofragmentation mass spectrum of [Mn(Benzene),]** with methane ( Photon energy of 39760 cm™).
Table 1. Binding Energies for the Mn?* Complexes with respect to various Products formed and Calculated using both
BVP86/6311++G(d, p) and TPSSh/6311++G(d, p).

Reaction STRUCTURE | BVP86/kJ/mol | TPSSh/kJ/mol
[MnBz,]>* — Mn?* + 2Bz C,: Eclipsed | 1140.04 1140.04
C,: Staggered | 1140.10 1140.10
Mn Bz,]?>* —»[MnBz]* + Bz* | C,: Eclipsed | 250.10 250.10
C,: Staggered | 250.10 250.10
Mn Bz,]** »[MnBz]* + Bz | C,,: Eclipsed | 305.14 305.10
C,: Staggered | 305.14 305.14
[MnBz,Me]** — [MnBz,]** + Me 15.30 15.30
[MnBzMe,]* — MnBz]* + 2Me 125.24 125.24
MnBzMe,]" — MnBzMe]® + Me 51.77 51.75
[MnBzCO,]* — [MnBz]* + CO, 76.40 76.40
[MnBzMeH,0]" —[MnBzH,0] * + Me 19.75 19.75
[MnBzMe,H,0]° —[MnBzH,0]* + 2Me 48.33 48.33
MnBzMe,H,0]" —[MnBzMeH,0] " + Me 28.59 28.60
[MnBzH,0]" — [MnBz]* + H,0 302.78 302.78
MnBZM62H20]+ —)[MI’IBZMez] + + Hzo 22588 22588
[MnBzCO,(CH,),]*— [MnBzCO,CH;]" + CH; | 108.75 108.75
[MnBzCO,CH,]" —»[MnBz]" + CO,+ CH, 272.05 272.05
[MnBZCOZ(CH3)2]+—> [MHBZC02]+ + 2CH3 30440 30440
[MnBzCO,(CH,),]*— [MnBz]" + CO,+ 2CH; | 380.80 380.80
[MnBz(CH,),]*— [MnBz]* + 2CH, 252.68 252.68
[MnBZCOZ(CH3)2]+—> [MHBZ(CH3)2]+ + COZ 128.12 128.12

Two optimised geometries were observed, namely the
C,v eclipse (Figure 5) and C, staggered (Figure 6). In both
cases of the C,y and C, optimised structures the rings of the
sandwich complex were not parallel but bent hemi-directed
geometries, with a centroid-Mn-centroid angle of 180°
distorted to approximately 171c. While the two benzene
molecules were approximately equidistance from the
manganese atom at 2.10 A. The optimised structure of
[Mn(Benzene)]** gave bond length between manganese atom
and the centre of benzene to be 1.60 A and the manganese
atom approximately equidistance from the six carbon atoms
in benzene at 2.20 A (Figure 7). At the optimised structure of
[Mn(Benzene)]* the bond length between manganese atom
and the centre of benzene to 1.50 A and the manganese atom
approximately equidistance from the six carbon atoms in
benzene at 2.10 A , Figure 8.

Figure 5. The optimized C,, Eclipsed geometry using
BVP86, 6-311++G(d,p) basic set.
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Figure 6. The optimized C, staggered geometry using
BVP86, 6-311++G(d,p) basic set.

Figure 7. The optimized [Mn(Benzene)]** geometry using
BVP86, 6-311++G(d,p) basic set.

Figure 8. The optimized [Mn(Benzene)]* geometry using
BVP86, 6-311++G(d, p) basic set.

At the optimised geometry of [Mn(Benzene),CH4]*" the
initial centroid-Mn-centroid bond angle of 180° was distorted
to 175.96° (Figure 9) while the initial hydrogen-carbon-
hydrogen bond angles in methane also experienced distortion
from 109.5° to between 108.81° and 115.14°. The manganese
methane (Mn-C) distance from the optimised geometry was
2.0 A and the distances between the benzene rings and the
manganese were 1.70 and 1.80 A respectively for the top and
the down benzene molecules.

Figure 9. The optimized C; geometry of
Mn(Benzene),CH,]** using BVP86, 6-311++G(d , p) basic
set.

Figure 10 represents a one dimensional potential energy
(PEC) curve model of [Mn(Benzene),(CH4)]** which
explained the observed charge separation reaction
qualitatively. The positions of these curves were determined
by the exothermicity of the reactions they correspond to at
infinite separation. From the curves, it was observed that the
photoinduced charge transfer to give [Mn(Benzene),]" and
CH," from [Mn(Benzene),CH,]** was not observed because
this reaction was endothermic as evidenced by observing the
repulsive curve (green) lies above the attractive curve (black).
At the optimised structure of [Mn(Benzene),CH,]** the
manganese-carbon (Mn-C) distance of 2.0 A corresponds to
approximately 0.213 eV (20.55 kJ/mol) as the calculated
binding energy from the PEC. The symmetry observed at
optimised geometry was C; for the [Mn(Benzene),CH,]**
complex ion.

[Mn(Benzene),]”" + CH,

— [Mn(Benzene), +CH,
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Figure 10. The potential energy surface curve model showing attractive curve of ion-ligand and repulsive curve.
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The DFT calculated binding energy of methane to
manganese benzene dication complex ion [Mn(Benzene),]**
at BP86/6- 311++G(d, p) was 15.30 kJ/mol comparing with
the calculated 20.55 kJ/mol recorded on the PEC. The
difference of about 5.25 kJ/mol results from the fact that the
calculated charge on the manganese metal centre at the
optimised geometry of  [Mn(Benzene),CH,**  was
considerably reduced to 1.30 while a charge of Mn=2.0 was
assumed in the PEC calculation.

Figure 11 demonstrated the ability of the coordinately
unsaturated [Mn(Benzene)]” complex ion to accommodate a
molecule of carbon dioxide in its vacant site to form the
carbonated complex ion, [Mn(Benzene)CO,]". At the
optimised structure of Mn(Benzene)CO,]" the oxygen atom
(in the carbon dioxide) is coordinated with Mn ion from
opposite side of the benzene ring. The linear geometry of
carbon dioxide of 180 is slightly distorted to 179.05° and the
shortest manganese oxygen (Mn-O) distance is 2.04 A. All
the calculated optimised geometries of [Mn(Benzene)]" with
small molecules were done using BVP86 with 6-311++G(d,p)
basic set.

Figure 11.The optimised C; geometry of
[Mn(Benzene)CO,]" using BVP86, 6-311++G(d,p) basic
set.

Figure 12 detailed the ability of the daughter photo
fragment [Mn(Benzene)]” to form [Mn(Benzene)(CHs),]"
when methane was introduced into the ion trap. At the
optimised structure the two methyl groups were arranged on
the same surface and the carbon atoms ( in the methyl groups)
are coordinated with Mn ion from the opposite side of the
benzene ring. The two manganese carbon (Mn-C) distances
were equidistance at 2.04 A. On the other hand, the ability of
the [Mn(Benzene)]" to attract two molecules of methane to
the coordinately unsaturated site to form dimethane
manganese mono benzene mono cation complex ion
[Mn(Benzene)(CH,),]" (Figure 13). The two methane
molecules were arranged in the same surface and the carbon
atoms (in the methane structure) were coordinated with Mn
ion from the opposite side of the benzene ring. The two
manganese carbon (Mn-C) distances were equidistance at
2.28 A and the two methane molecules experienced similar
distortion in angles between 105.52° and 116.33° at the
optimised geometry.

Figure 12. The optimized C, geometry of
[Mn(Benzene)(CHs),]" using BVP86, 6-311++G(d , p)
basic set.

Figure 13. The optimized C; geometry of
[Mn(Benzene)(CH.),]" using BVP86, 6-311++G(d,p) basic
set.

At the optimised structure of Mn(Benzene)CO,(CHs)]"
(Figure 14) the carbon dioxide and methyl molecules were
arranged in the same surface and the oxygen atom (in the
carbon dioxide) and the carbon atom (in the methyl group)
were coordinated with Mn ion from the opposite side of the
benzene ring. The linear geometry of carbon dioxide of 180°
was distorted to 179.08° and the manganese oxygen (Mn-O)
distance was 1. 94 A while the manganese carbon (Mn-C)
distance was 2.10 A.

Figure 14. The optimized C, geometry of
[Mn(Benzene)CO,(CH5)]" using BVP86/6-311++G(d,p)
basic set.
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Furthermore, figure 15 demonstrated the possibility of
the daughter photofragment complex ion [Mn(Benzene)]™ to
coordinate with two molecules of the methyl group in
addition to the carbon dioxide. The three distinct small
molecules are arranged in the same surface and the oxygen
atom (in the carbon dioxide) and the carbon atoms (in the
methyl molecules) are coordinated with Mn ion from opposite
side of the benzene ring. The linear geometry of carbon
dioxide of 180° was drastically distorted to 151.42° and the
manganese oxygen (Mn-O) shortest distance is 1.93 A while
the manganese carbon (Mn-C) distances were equidistance to
2.03 A. The potentials in the [Mn(Benzene)]” complex ion to
accommodate two molecules of methane alongside a
molecule of water was recorded in Figure 16.

Figure 15. The optimized C; geometry of
[Mn(Benzene)CO,(CHz),]" using BVP86, 6-311++G(d , p)
basic set.

The three small molecules were arranged in the same
surface and the oxygen atom (in the water) and the carbon
atoms (in the methane molecules) were coordinated with Mn
ion from opposite direction of the benzene ring as usual. The
attractive feature observed with this geometry was the
elongation of the manganese water distance in the initial none
optimised geometry to double the distance in the optimised
geometry resulting in the manganese oxygen (Mn-O)
distance equating approximately to 4.90 A while at the same
time the oxygen hydrogen oxygen bond in water is distorted
from 109.5° to 104.04° in the optimised geometry. Like in the
dimethyl, the manganese carbon (Mn-C) distances are
equidistance at 2.03 A.

Figure 16. The optimized C, geometry of
[Mn(Benzene)H,O(CH,),] using BVP86, 6-311++G(d , p)
basic set.

4.0 Conclusion

The UV photofragmentation mass spectrum of the
dication sandwich complex ion [Mn(Benzene),]** has been
recorded in the gas phase using a quadrupole ion trap mass
spectrometer and Mn*, Benzene®, [Mn(Benzene),H,0)]*",
sand C,H," were observed as photofragments. The ground
state DFT calculations identified optimized C, staggered and
C,, eclipsed conformers of [Mn(Benzene),]**. At optimised
geometry the parallel sandwich complex were bent hemi-
directed geometries, with a centroid-Mn-centroid angle of
180¢ distorted and the symmetry changed to Cs.
Methane activation resulted in the formation of products
[Mn(Benzene),(CH,),]*, [Mn(Benzene),(CH,),H,0)]* and
[Mn(Benzene),CO,(CHs),]". At the optimised geometry all
the initial angles in the small molecules were observed to be
distorted.
However, due to charge difference on Mn the calculated
binding energy of methane to manganese benzene complex
ion on the PEC model was over estimated by 34% as
compared to DFT calculation.
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