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The present study explores the feasibility of utilizing acetylene clusters as model reactors for screening
the catalytic activity of transition metal ions towards the polymerization of acetylene. Laser vaporiza-
tion/ionization is used to generate atomic transition metal cations (M*") which interact with neutral
acetylene clusters to generate M*(C,Ha), cluster ions. Evidence is presented for C—H bond activation by
low-lying excited states of the laser-generated V*, Fe*, Co* and Ni* ions. A sequential addition of acetylene
molecules to the activated acetylene monomer within the clusters is proposed as a possible mechanism

ﬁggﬂgs: for polymerization of acetylene, initiated by C—H bond activation. The proposed mechanism suggests
Acetylene the intermediacy of C4H3* in the generation of higher hydrocarbon species such as CgHs*, CeHs*, CgHg*
Cluster and CgH-*. Based on thermodynamic considerations it is expected that the observed hydrocarbon ions

would have cyclic structures equivalent to benzene and styrene fragments.

Enhanced ion intensities have been observed for V*(C;H,),, Cr*(C;Hz)2, Fe*(CaHz)s, Fe*(CoH2 )4,
Co*(C2Hz)3, Ni*(C2H3 )3, and Cu*(CoHy )3 consistent with the formation of stable covalent products formed
by metal ion catalyzed polymerization of acetylene clusters. DFT calculations identify the structures of
the initially formed trimer ion clusters Fe*(C;H, )3, Co*(C2H;)3 and Ni*(CyH3 )3 where the metal cation is
embedded in a “cage” created by the three acetylene molecules. Isomerization of these cluster ions into
the more stable metal ion-benzene adducts is suggested and the energy needed to surpass the isomeriza-
tion barriers is likely to come from the laser-generated excited state metal ions. A remarkable even-odd
alternation has been observed for Co*(C,H;), clusters with enhanced ion intensities forn=3,6,9 and 12,
which could be explained by multiple isomerization events resulting in the formation of Co*(benzene),
clusters with n=1-4. The combination of the excited state energy of the TM ions and the unique cluster
environment which promotes concerted multi-monomer interactions with the metal ions could lead,
under favorable conditions, to TM ion-mediated cyclotrimerization of acetylene molecules resulting in
the formation of benzene and other polycyclic aromatic hydrocarbons.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

The reactivity of metal ions with small organic molecules in the
gas phase has been a topic of intense investigation over the last
few decades [1-9]. Interest in gas phase research of organometallic
systems has advanced primarily due to the fact that the fundamen-
tal understanding obtained from these studies yields information
applicable to a diverse range of fields, ranging from atmospheric
chemistry to heterogeneous catalysis and interstellar chemistry.
This is possible because gas phase studies can probe elementary
reactions under well-defined conditions unperturbed by external
factors that prevail in the condensed phase reactions such as the
effects of solvent, counter ions, ion pairing, and intermolecular
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interactions which could lead to modification of the chemical reac-
tions [10-12]. Moreover, these gas phase studies are also critical
to identify detailed processes and mechanisms in heterogeneous
catalysis [13]. For example, the majority of olefinic and acetylenic
polymerization processes are catalytic, most often involving a het-
erogeneous catalyst [14,15]. The study of the analogous processes
in the gas phase and within molecular clusters of the monomer
molecules is important not only for probing the mechanism of such
catalytic processes, but also for the design of new catalysts with
tailored reactivity and selectivity.

A large number of studies have investigated the reactivity of
transition metal (TM) cations with small organic molecules, and
dehydrogenation, condensation and/or C—C bond activation have
been identified as primary reaction channels [10,11,13,16-19].
These studies have revealed that TM ions are highly reactive in C—H
and C—C bond activation of various hydrocarbons (including alka-
nes), due to the facile formation of insertion products via oxidative
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Fig. 1. Cluster beam Reflectron Time-of-Flight Mass Spectrometer (RTOF-MS) at VCU.

addition [20,21]. Thus a major motivation for these studies is the
ability of the TM ions to activate otherwise inert molecules such
as alkanes [22-25]. These studies have shown that the first-row
groups 8-10 metal ions are more active towards C—C bond cleav-
age processes, whereas metal ions early in the transition series, as
well as second- and third-row-metal ions, preferentially activate
C—H bonds.

Cycloaddition of unsaturated hydrocarbons is a useful kind
of reaction for the synthesis of aromatic hydrocarbons. Although
these cyclization reactions are generally quite exothermic, they
are usually hindered by high kinetic barriers as far as unactivated
hydrocarbons are concerned. Due to the technological importance
associated with the catalytic cycloaddition of unsaturated hydro-
carbons leading to the formation of benzene and higher polycyclic
aromatics, a large number of studies, both experimental and theo-
retical, have been carried out [26-31]. For example, Schroeter et al.
[27] investigated reactions of butadiene and acetylene complexed
with metalions (Cr*, Mn*, Fe*, Co*, Cu*) using ion-beam four-sector
and Fourier transform ion cyclotron resonance mass spectrome-
try. It was observed that with the exception of Cu*, for all other
metal ions the reaction proceeded as a formal [4+2] cycloaddi-
tion involving 1,4-cyclohexadiene/M* as an intermediate, which
subsequently eliminates molecular hydrogen to generate the cor-
responding benzene/M* complexes or bare M* and CgHg. Failure
of Cu* to mediate the cycloaddition reaction was ascribed to its
closed-shell s9d'0 electronic ground state.

Formation of benzene has also been observed in the gas phase
from acetylene on Fe* and from ethylene on W* and U* [26,27,31].
Acetylene cyclotrimerization on supported size-selected Pd, clus-
ters has also been reported [32]. Various hypotheses have been
formulated to explain metal ion catalyzed cyclization of unsatu-
rated hydrocarbons leading to the formation of benzene and its
analogs, but a detailed generalized mechanism is not available yet
[29,31].

In this paper, we have utilized acetylene clusters containing TM
atomic ions, M*(CyH;)n, as nano-reactors to assess the reactivity
of several metal ions towards acetylene polymerization in the gas
phase. The composition and abundance of M*(C,Hs ), as well as the
hydrocarbon ions generated as a result of ion-molecule reactions

within the clusters were determined using a Reflectron Time-of-
Flight Mass Spectrometer (RTOF-MS). TM ions from the first, second
and third rows have been studied using the Laser Vaporization Ion-
ization (LVI) technique. Since the metals from the left side of the
periodic table, i.e., V¥, Nb*, Mo* and W* form very stable oxides, the
LVI method provides a suitable and advantageous method for gen-
erating pure metal ions in the gas phase. In the present paper, we
focus on the reactivity of the first row TM ions particularly Fe*, Co*
and Ni* incorporated within large acetylene clusters. In addition
to the mass spectrometric studies, we also report DFT calculations
on M*(CyH,), M=Fe, Co, and Ni for n=1-3 aimed at elucidating and
comparing the structures, binding energies, and the nature of bond-
ing of these cluster ions with our experimental findings. The results
of the second and third row TM ions will be published elsewhere.
These studies have been carried out with an aim to better under-
stand the C;H; cyclotrimerization/polymerization process as well
as for screening alternative efficient catalysts for polymerization of
C2 Hz.

2. Experimental

The experiments were carried out on a RTOF-MS, which is based
on a single stage ion mirror and 2nd order space focusing princi-
ple [33]. The system consists of two differentially pumped vacuum
chambers (see Fig. 1). The first chamber, pumped by a Varian VHS-6
diffusion pump (3000L/s in He), houses a 250 wm supersonic noz-
zle (General valve, series 9) for cluster production as well as a metal
target for cation generation by LVI (source chamber). The second
chamber (RTOF-MS chamber), pumped by a Varian VHS-4 diffu-
sion pump (1500L/s in He), contains the acceleration plates, flight
tube, ion mirror and a microchannel-plate detector (MCP). The typ-
ical operating pressure of the source chamber and the TOF chamber
are~10-3 Torrand <2 x 10~ Torr, respectively. For a typical exper-
iment, the metal target is placed 0.5-1.5 cm from the nozzle face
and displaced 0.5-1.2cm from the beam axis. Acetylene clusters
formed by supersonic expansion of a mixture of ~1% acetylene
(BOC GASES®) in helium (ultrahigh purity, Spectra Gases, 99.99%,
4-5atm, 250-350 s pulse widths, 8 Hz) are interacted with tran-
sition metal cations produced by LVI of a metal target utilizing the
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Properties of transition metal cations used in this work and their role in generating hydrocarbon fragment ions from the interaction with acetylene clusters.
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Metal ion

Electronic configuration

Ionization energy (eV)

M*

M2+

Observed hydrocarbon fragments

Ti*

Cr*
Fe*
Co*
Ni*
Cu*
Zn*

[Ar]3d24s!
[Ar]3d4
[Ar]3d5
[Ar]3d®4s!
[Ar]3d8
[Ar]3d®
[Ar]3d10
[Ar]3d194s!

6.83
6.74
6.76
7.9

7.88
7.64
7.72
9.39

13.57
14.61
16.48
16.18
17.08
18.17
20.29
17.96

X X 2 < < X X X

second harmonic (532 nm) of a Nd-YAG laser (Continuum-Surelite
SSP-1, 8-10ns pulse width). For experiments with a higher seed
ratio of acetylene to helium (>5%), acetylene vapor is passed over a
dry ice/methanol cooled trap to remove the acetone stabilizer prior
to the expansion. Under our experimental conditions the cluster
generation source, as well as the laser used to generate the ions are
pulsed. In addition, a pulsed high voltage is applied to the repeller
plate to accelerate ions towards the detector. Hence synchroniza-
tion of these different events in space as well as in time is very
essential. A typical sequence begins with opening of the nozzle
(to) which results in the generation of neutral acetylene clusters
(CyHy)n. After a certain delay (~490-550 s), the laser Q-switch
is triggered to initiate lasing, resulting in the generation of metal
cations (M*) along with anions (M), electrons and neutral parti-
cles. The ions subsequently interact with the neutral cluster beam
forming charged clusters, M*(C,H;),. The charged clusters are col-
limated by a 3 mm conical skimmer placed at a distance of about
4-7 cm coaxial to the nozzle. Approximately 1.05ms after ty, the
pulse generator is triggered to supply voltage (100 s pulses) to
the repeller plate to accelerate the ions (300 V/cm) through the ion
mirrors guided by the ion optics towards the MCP detector. Signal
intensity is maximized by timing the laser delay so that the cations
interact with the portion of the gas pulse having maximum clus-
ter intensity and timing the pulse-generator to pulse the repeller
plate at appropriate delay times. The delay generator utilized here
is a BNC, model 555 generator. Data acquisition is carried out on a
digital storage oscilloscope (Lecroy 9350A, 500 MHz), averaged and
transferred to a computer for further processing.

The B3LYP hybrid functional [34] of the density functional the-
ory (DFT) was utilized for all calculations employing the GAUSSIAN
03 quantum chemical package [35]. This functional has been shown
to give acceptable results for geometries, binding energies, and
vibrational frequencies of transition metal complexes [36,37]. All
optimizations employed the 6-31+G(d,p) basis set for the C and H
atoms and the Wachters +f (14s 11p 6d 3f)/[8s 6p 4d 1f] basis set
for all transition metal cations [38,39]. All energies were zero point
energy (ZPE) corrected and all C—H stretch frequencies were scaled
by 0.96 [35].

3. Results
3.1. Observed trends within small acetylene clusters

In our first set of experiments, studies were carried out on small
acetylene clusters containing metal ions of the first row transition
series. These transition metals in general are widely used for var-
ious catalytic processes and represent a different order of d-shell
vacancies [see Table 1]. Below we first present an overall view of
the general trends observed among the reactivity of the first row
TM ions followed by a more detailed study of the acetylene clusters
containing Fe, Co and Ni ions. We then present the structural calcu-
lations of the M*(CyH; ), clusters for M=Fe, Co and Ni, and n=1-3.
Finally, we discuss the experimental observations in relation to the
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Fig. 2. TOF mass spectrum of Ti*(C;H;), clusters. Insets show the mass spectra of
different isotopes of Ti* generated in pure helium expansion (no acetylene) and
Ti*(CyHz)2 cluster (high resolution).

structural calculations and present a plausible reaction mechanism
to explain the observed trends.

Figs. 2-4 represent the RTOF-MS spectra obtained upon the
interaction of acetylene clusters with the Ti*, V* and Cr* ions. The
major cluster series observed is M*(C;H>), with n up to 8, 7 and
10 for the Ti*, V* and Cr* ions, respectively. No other side-products
arising as a result of intracluster reactions within the M*(CyHs ),
clusters were observed for Ti*- and V*-containing clusters How-
ever, for V*(CyH,), clusters hydrogen abstraction reactions were
observed resulting in the generation of V*Cy,Hy,_im Species (see
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Fig. 3. TOF mass spectrum of V*(C2H3 ), clusters. Insets show the mass spectra of V*
in pure helium expansion (no acetylene), and V*(C;H;); cluster (high resolution).
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Adrop in the ion intensity is observed for the V*(CyH; ), clusters =
after n =2, which could be attributed the stability of the n =2 cluster.
Figs. 5-7 display the mass spectra of the M*(C,Hj ), clusters for
M= Fe, Co and Ni, respectively. For the three metal cations, clusters
withninthe range 1-15 were observed. In addition, ion signals cor-
responding to hydrocarbon fragments were also observed. These a5

ions are believed to be covalently bonded hydrocarbon fragments
formed as a result of metal ion induced catalytic polymerization, as
previously reported by Schwarz and co-workers for the case of Fe*
[26-28].1t should be noted that the intensity of the observed hydro-
carbon ions increases when the metal target is placed closer to the
nozzle as shown in the mass spectrum of Co*(C,Hj), displayed in
Fig. 6b. This suggests that excited state ions could be responsible for
the reactions leading to the generation of these hydrocarbon ions.
TMions are characterized by a large number of low-lying electronic
states that can be easily accessed under the typical LVI conditions
as was recently studied by ion mobility [40]. In fact, the geometry of
the ion source plays an important role in the extent of excited state
ions generated by the LVI process [40]. By placing the metal target
very close to the nozzle, the gas expansion pulse overlaps efficiently
with the laser plume where the density of the excited state TM
metal ions is high. This increases the probability of excited state
metal ion reactions with the acetylene clusters. The possible role
of excited state ions in the generation of the observed hydrocarbon
ions will be addressed in Section 4.

For Co*(CyHy), and Ni*(CoHy), clusters, a sharp drop in
ion intensity is observed following the n=3 cluster while for
Fe*(CyH>),, enhanced intensity is observed for n=4 with a drop
in ion signal for clusters with n>4.

A significant enhanced ion intensity is observed for the n=3 of
the Cu(CoHy)n* clusters with no side-products assigned to hydro-
carbon fragments as shown in Fig. 8. Similarly, with Zn* the major
ions observed belong to the Zn(Cy,H;),* cluster series although the
overall clusters’ ion signal is much weaker compared to other TM
ions (Fig. 9).

Mass (amu)

Fig. 5. (a) TOF mass spectrum of Fe*(C;H>), clusters. Inset shows the mass spec-
trum of Fe* in pure helium expansion (no acetylene). (b) TOF mass spectrum of the
hydrocarbon ions generated from the Fe*(C,H, ), clusters. Insets show mass spectra
of the C¢H4*, CgHs*, CsHg*, CsHg*, and CgH7* ions (high resolution).

3.2. Fe*, Co* and Ni* ions in large acetylene clusters

To investigate the magic numbers’ behavior within large
Fe*(CyHy)n, Co*(CoHy)p and Ni*(CyHy), clusters, we generated
these clusters by increasing the stagnation pressure of the He car-
rier gas and by increasing the seed ratio of acetylene during the
supersonic beam expansion to produce large neutral acetylene
clusters. The interaction of these clusters with the metal cations
generated by the LVI process is maximized by increasing the laser
delay so that the cations interact with the portion of the gas pulse
having the larger neutral clusters and then pulsing the repeller plate
at appropriate delay times to detect the corresponding cluster ions.

The mass spectra of the large Fe*(CyHy),, Co*(CoHy), and
Ni*(CyHy), clusters are displayed in Fig. 10a-c, respectively. The
insets display the corresponding intensity plots. The observed
features in the small Fe*(CoH,), clusters (Fig. 5a) are more pro-
nounced within the larger acetylene clusters. For example, the
mass spectrum displayed in Fig. 10a shows enhanced intensity for
the Fe*(CoHy), and Fe*(CyHy)4 clusters. The enhanced intensity
of the Fe*(CyHy ), cluster could suggest stabilization of the acety-
lene dimer by a highly symmetric Fe*-bisacetylene arrangement
or formation of a covalent Fe*-dimer complex, i.e., Fe*C4Hy. As will
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be discussed later, DFT calculations suggest the Fe*-bisacetylene
geometry to be more stable than the Fe*C4H; complex. The
enhanced intensity of the Fe*(CyH,)4 cluster could suggest that
four acetylene molecules are required for closing the first solvation
shell of the Fe* cation. However, it should be mentioned that the
n=4 cluster does not necessarily represent the cation coordination
number but rather stability from efficient ligand packing.
Inspection of the mass spectrum of the larger Co*(CoHs)n
clusters (Fig. 10b) reveals a remarkable and reproducible trend;
oscillatory magic numbers for the n=3, 6, 9, and 12 clusters.
This pattern is also consistent with the distribution of the small
Co*(CyHy)n clusters which shows a sharp drop in ion intensity after
the n=3 cluster (Fig. 6). It is tempting to speculate that a Co*-
mediated multiple intracluster reaction process could be occurring
in which abenzene ring and other covalent CgHg products (perhaps
multiple cyclic rings Co*(CgHg)n, n=1-4) are formed. This possibil-
ity is of interest since it provides further evidence for intracluster
reactions enhanced by interactions among the packed reactive
molecules in the cluster. However, using FT-ICR mass spectrome-
try, Schwarz and Wesendrup concluded that the cobalt cation was
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Fig. 10. (a) TOF mass spectrum of large Fe*(C,H; ), clusters. The neutral acetylene
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shows the corresponding intensity plot suggesting magic numbers atn=2,4 and 14.
(b) TOF mass spectrum of large Co*(C,Hz), clusters. The neutral acetylene clusters
were generated by the supersonic beam expansion of 3% acetylene/helium mixture
(100 psi). Laser fluence at the Co target surface was ~107 W cm~2. Inset shows the
corresponding intensity plot suggesting intriguing magic numbers at n=3, 6,9 and
12.(c) TOF mass spectrum of large Ni*(C;H; ), clusters. The neutral acetylene clusters
were generated by the supersonic beam expansion of 3% acetylene/helium mixture
(100 psi). Laser fluence at the Ni target surface was ~107 W cm~2.

unreactive in regards to mediation of the acetylene cyclotrimer-
ization reaction [28]. In fact, most late first-row transition metal
cations with the exception of iron are not expected to mediate
the cyclotrimerization reaction. We therefore suspect the Co*-
mediated cylotrimerization reaction to be a consequence of excited
state Co* ions reacting with acetylene molecules in the Co*(CoHs )
large clusters. This could provide the energy needed to surpass

the barrier involved in the isomerization of the Co*(CyH3)3 clus-
ter species into the more stable Co*-benzene structure. Dissipation
of excess energy resulting from the exothermic cylotrimerization
reaction occurs via evaporative loss of neutral acetylene molecules,
a process that is favored in a large cluster distribution [41]. It is
well established that a cluster environment, much like the con-
densed phase, increases the rate of certain termolecular processes
which may otherwise be inefficient under gas phase conditions
[41-43]. It should be mentioned that at the experimental pres-
sures («5 x 108 bar) utilized by Wesendrup and Schwarz [28],
the probability of orientational collisions amenable to efficient
Co*-mediated trimerization reaction kinetics might be too low.
Cluster size-specific TM-mediated intracluster reactions may also
be responsible for the observed magic numbers [44].

For the large Ni*(CyHy), clusters (Fig. 10c), the n=3 cluster
shows enhanced intensity consistent with the spectrum of the
small clusters (Fig. 7) which could suggest a particularly stable
structure for this cluster. The enhanced n =3 cluster is suspected to
result from efficient packing of three acetylene molecules around
the nickel cation. Another possibility is a Ni*-mediated intracluster
cyclization reaction resulting in the formation of a Ni*(benzene)
structure similar to the suggested process in the Co*(CyH; ), clus-
ters. Using IR dissociation experiments, Duncan and co-workers
suggested the Ni/trimer geometry to be analogous to that of the
tris(ethylene)platinum complex [44]. They suggested four acety-
lene molecules are needed to close the Ni* first solvation shell,
and proposed that the Ni-cyclobutadiene m-complex (Ni*C4Hy) is
formed in larger clusters from a size-specific intracluster reaction
[44]. These suggestions are in full agreement with our mass spectra
data where an enhanced intensity peak for Ni*(C,Hs )4 is observed
(Fig. 10c).

Another observation common to the Fe*(C;H;),, Co*(CaH3)n
and Ni*(CyHy), clusters and other metal ions containing acety-
lene clusters as well is the appearance of a magic number at n=14
(Fig. 10a-c). This magic number is attributed to an icosahedral
structure, composed of a strongly bound central M*(C,H, ), cation
surrounded by 12 neutral acetylene molecules in an icosahedral
arrangement consisting of two staggered 5-membered rings along
the equator with each pole capped by another molecule [45,46].
This assumption is consistent with the observed strongly bound
M*(C,Hy); clusters as confirmed by the theoretical calculations. It
should be noted that extensive evaporation of acetylene molecules
is expected upon the interaction of the hot metal ions and the cold
acetylene clusters. Intracluster exothermic reactions induced by
the metal ions also result in neutral evaporation. These evapora-
tion events result in magnifying the small differences in the binding
energies among the cluster ions since relatively strong bound clus-
ters experience less evaporation. In the present system, the binding
of the “outer” acetylene molecules is expected to be by mere van
der Waals interaction approximately similar to the binding energy
of the neutral acetylene dimer (~1.16 kcal/mol) [47]. Although the
assumption of a strongly bound M*(CyH,), core ion surrounded
by 12 neutral acetylene molecules is appealing and provides a
plausible explanation of the observed n =14 magic number for the
M*(CyHy), clusters, it lacks direct experimental and theoretical
evidence.

3.3. Structural calculations of M*(C5H> )y clusters for M =Fe, Co
and Ni, and n=1-3

Fig. 11 shows the DFT calculated structures of the M*(CoHj),
clusters for M =Fe, Co and Ni, and n=1-3. The calculated binding
energies, vibrational frequencies (C—H symmetric and asymmetric
stretch), bond lengths and angles are given in Table S1 (Supple-
mentary data); along with corresponding values predicted from
previous calculations [37,48,49]. The optimized geometries show
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Fig. 11. DFT optimized structures for M*(C,H, ), complexes (n=1-3). Optimizations were performed with B3LYP utilizing the Wachters + f basis set. See Supplementary data,
Tables S1-S3, for binding energies, bond lengths and angles, and C—H vibration frequencies.

all monomer complexes possess a C, symmetry and "B; ground
electronic state (Table S1, Supplementary data).

Comparison of the calculated structures, energies and vibra-
tional frequencies to those computed by Klippenstein and Yang
[37], Duncan and co-workers [49], and Sicilia and Russo [48] show
reasonable agreement (Table S1, SI). The only discrepancy is the
calculated ground state of Fe*(C,H,) to be 4B; and not B, as with
previous investigations [37,50]. Also, our calculated binding energy
for this complex (50.0 kcal/mol) is larger than previously predicted
(42.6 kcal/mol, Table S1, Supplementary data). We attribute this
discrepancy to the failure of the basis set (Wachters +f) to prop-
erly describe the iron cation tendency to change electronic state
(spin)in going from the bare ion to the complexed one. Klippenstein
and Yang [37] using a different basis set described a similar prob-
lem. For the other metals (Co* and Ni*) where spin is conserved,
the Wachters +f basis set yields satisfactory results. It should be
pointed out that calculations by Duncan and co-workers [51] using
the 6-311+G(3df,2p) basis set also arrived at the same ground elec-
tronic state (*B;) as predicted by the (Wachters +f) basis set here.

As expected, DFT calculations predict planar bis-acetylene
geometry for Fe*, Co*, and Ni*/acetylene dimer clusters (Fig. 11).
This was expected based on the enhanced intensities observed
for the three M*(CyHy), clusters (see Fig. 10a-c for TOF mass
spectra). Several experimental and theoretical investigations have

confirmed the bis-acetylene geometry to be the most stable foriron
and nickel/acetylene complexes [27,44,48].

As was the case in the monomer complexes, there was an
increase in magnitude of the C—H stretch frequency red shift (com-
pared to that of the neutral acetylene molecule) from nickel to
iron resulting from increasing o-electron donation from acetylene
to the metal d-orbital and back-donation of mr-electron density to
the 7 -orbital of acetylene. Binding energy (De) for the removal of
an acetylene molecule De [M*(C;H;)-(CoHy)] was 33.4, 35.4, and
37.8 kcal/mol for M* =Fe*, Co* and Ni*, respectively (Table S2, Sup-
plementary data). The reduction in binding energy as compared
to the monomer complexes is due to the interaction between the
acetylene molecules.

Optimized geometries for the M*(CyH; )3 clusters for Fe* and
Co*, show a pseudo-cyclic structure with each acetylene molecule
distorted from planarity (Fig. 11) to reduce repulsive interac-
tion between ligands (predicted symmetries were D3 and C3 for
Fe*(CyH>)3 and Co*(CyH>)3, respectively). The predicted geometry
for the Ni* trimer complex differs markedly from those of Fe* and
Co*. Instead of the pseudo-cyclic structure, the Co*(C;H;)3 geom-
etry (Cs) is basically an addition of a third acetylene molecule to
the “puckered” geometry predicted for the dimer complex. The
third acetylene molecule is located above the dimer plane with CCH
angles (165.4°) different from the other two acetylene molecules



88 P. Sharma et al. / International Journal of Mass Spectrometry 300 (2011) 81-90

(167.4°/168.8°) (Table S3, Supplementary data). For all three TM
ion trimer complexes Fe*(CyH3 )3, Co*(CoH;)3 and Ni*(CyH; )3, the
metal cation is embedded in a “cage” created by the three acetylene
molecules..

4. Discussion

The generation of hydrocarbon fragments with different com-
position and intensity from the reactions of TM ions and acetylene
clusters could suggest a varying order of catalytic activity of the TM
ions towards polymerization of acetylene. Since in the mass spectra
we also observe hydrogen abstracted acetylene clusters (catalyzed
by metal ion), it can be assumed that the fragment ions are pro-
duced upon reactions of the TM ions within the clusters followed
by evaporation from the clusters. Based on the abundance of the
ions namely CgH4*, CgHs*, CgHg* and CgH7* it can be concluded
that these ions are covalently bonded hydrocarbons and not simply
composed of acetylene clusters bound by ion-induced dipole and
dispersion interactions. These fragment ions are suspected prod-
ucts of TM cation induced cyclotrimerization of acetylene to form
the benzene ion, CgHg*, and its fragment product ions, CgHs* and
CgHy4", as previously reported by Schwarz and co-workers in the
case of Fe* [26-28]. We have shown in earlier studies that EI ion-
ization of large acetylene clusters produces a prominent ion signal
at (CoHy)3* with a structure identical to that of the benzene cation
generated as a result of intracluster ion-molecule reactions [41].
Another study, based on vibrational predissociation spectroscopy,
has suggested the presence of multiple isomers of the (CoH;)3*
ion including a contribution from the benzene type ion in cationic
acetylene clusters (CoHy)p* formed by charge-transfer collisions
of Ar* with neutral acetylene clusters [52]. We have also reported
new reactions of the benzene radical cation with acetylene over a
wide temperature range from 120K to 680K, showing that acety-
lene undergoes sequential additions onto the benzene cation with
two different mechanisms operating at low and high temperatures
[53]. Interestingly, under ordinary conditions at 300 K, the benzene
cation does not react with acetylene as reported by another study
[54]. However, at low temperatures (120K) associative charge
transfer reactions of acetylene onto the benzene cation catalyze the
conversion of acetylene molecules into cyclic/polymerized ions. At
high temperatures (680K) addition/elimination reactions lead to
the generation of possible naphthalene-type ions [52].

Since in the present work the major hydrocarbon ions observed
aredue to CgHy*, CgHs*, CgHg* and CgH™, it appears that the obser-
vation of these ions in the mass spectra is a signature of a metal
ion catalyzed polymerization process distinct from the reactions
observed in cationic acetylene clusters (CoHy)n* [41,52-54]. Pre-
vious studies dealing with gas phase reactions of TM cations with
acetylene have reported cyclotrimerization of acetylene resulting
in the formation of CgHg* [26-28]. In the present study, CcHg"
is not a major ion but the related ions CgHs* and CgHs* and the
higher analogs CgHg* and CgH7* are observed following the reac-
tions of laser-generated Fe*, Co* and Ni* ions with neutral acetylene
clusters.

Based on previous studies on the reactivity of TM ions with
small organic molecules, it has been inferred that first row group
8-10 metal ions are more active towards C—C bond activation,
whereas the metal ions early in the transition series, as well as
the second- and third-row metal ions preferentially activate the
C—H bonds [55]. This is also clearly evident from the mass spectra
of the V*(CoH, ), clusters (Fig. 3) which shows significant hydro-
gen abstraction of the type VCp,Ha,n_m*. thus suggesting that these
species are produced by the C—H bond activation of the metal
ion-acetylene complexes. This observation suggests that the mech-
anism responsible for TM initiated polymerization of acetylene

clusters, under our experimental conditions proceeds via C—H bond
activation.

4.1. Mechanism for catalytic polymerization of acetylene

Under the current experimental conditions, we were unable to
detect any ion signal when the focused laser beam was allowed
to directly interact with the supersonic jet of acetylene clus-
ters. On the other hand, strong ion signals corresponding to the
metal-acetylene cluster ions and other hydrocarbon fragments
were readily observed when the produced clusters interacted with
metal cations generated by LVI. The observation of dehydrogenated
acetylene cluster ions of the type Cy;,Hy,_,n* in the mass spectra
suggests that these ions originate from the metal-acetylene cluster
ions and are produced as a result of a cluster evaporation process.
Also since the observation of hydrocarbon ions depends on the
nature of the TM cation under identical experimental conditions,
the possibility of acetylene polymerization by El ionization of neu-
tral clusters using energetic electrons produced by LVI process is
unlikely.

It is well known that TM ions are characterized by a large num-
ber of low-lying electronic states that can be easily accessed under
the typical LVI conditions [40,56,57]. Since most of the low-lying
electronic states of first-row TM cations have either a 3d" or a
4s13d"-1 electronic configuration, most of the transitions between
these states are parity forbidden. Therefore, the radiative life times
of the excited states can be on the order of milliseconds or even
seconds which allow the experimental observation of these states
[58]. In fact, ion mobility measurements for most of the laser-
generated transition metal cations reveal the presence of two or
three mobility peaks that correspond to ground and excited states
of different electronic configurations [40]. It has been shown that
the LVI process under conditions similar to the current experi-
mental conditions can easily access excited states with energies
in the range of 1-1.5eV [40]. It is interesting that the observed
reactivity of the TM cations towards acetylene cluster polymer-
ization correlates with the presence of low-lying electronic states.
For example, the TM cations V*, Fe*, Co* and Ni* have several
excited states lying within 1.2 eV of their ground states as shown in
Table S4 (Supplementary data) [40,56]. In the present work, hydro-
gen abstraction reactions (Eq. (1)) are observed in V*(CoH> )y, (Fig. 3,
inset), and efficient generation of hydrocarbon ions is observed
within Fe*(CyHj )n, Co*(CoHy ) and Ni*(CoHy ), clusters (Figs. 5-7).
On the other hand, no reactivity is observed in acetylene clusters
containing Cr*, Cu* and Zn* ions where their first excited states
energies are 1.52, 2.81 and 7.9 eV, respectively [56]. This correla-
tion suggests that the observed C—H bond activation is driven by
electronically excited TM ions possessing low-lying excited states
that can be reached under the current LVI conditions. In our experi-
ments, the M*(CoH> ), clusters are generated by the pickup method,
and it is expected that the excited metal ion would reside on the
surface of the acetylene clusters for significant duration for the
C—H activation to take place. Based on the observed fragmenta-
tion pattern, it is clear that the fragment C4H3* is an essential
link to the generation of species such as CgHy*, CgHs*, CgHg* and
CgH7*. The catalytic process could be initiated by C—H bond acti-
vation of a surface acetylene molecule on the cluster by the excited
metal ion via the formation of an insertion intermediate within the
M(C;H;)n* cluster by oxidative addition. The activated acetylene
molecule adds further acetylene units leading to the formation of
higher acetylene polymeric ions as shown in Scheme 1.

Scheme 1 qualitatively explains the mechanism of acetylene
polymerization resulting in formation of the hydrocarbon frag-
ments C4H3*, CgHs* and CgH;* upon cluster evaporation. This
mechanism explains the important role of the C4H3* intermediate
in the metal ion-assisted acetylene polymerization. The genera-
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Scheme 1.

tion of species like CgHs* and CgHg* could be ascribed to 3-H
abstraction upon activation of additional C—H bond by the metal
ion. Also these ions could be produced if the condensation ion is
formed with excess energy [59]. Previously, Walch has theoretically
investigated the minimum energy pathway for the ring closure
reaction of C4H3 with C;H, using RHF calculations and concluded
that the ring closure reaction leading to phenyl radical formation
is thermodynamically favorable [60]. Similarly, Bauschlicher et al.
investigated the mechanism of polycyclic hydrocarbon growth by
computing the barriers and heats of reactions for the conversion of
benzene to naphthalene upon acetylene addition using the B3LYP
approach [61]. In their study it was inferred that the cationic syn-
thesis mechanism is thermodynamically more favored. Based on
analogy with the above two studies, which predict ring closure to
be thermodynamically favorable, we caninfer that under our exper-
imental conditions the polymeric species generated CgHy*, CHs™*
CgHg* and CgH* have structures equivalent to benzene and styrene
derivatives. However, further theoretical studies are essential to
justify this proposition.

5. Conclusions

The present study explores the feasibility of utilizing acety-
lene clusters as model reactors for screening the catalytic activity
of laser-generated transition metal ions towards polymerization
of acetylene. A sequential addition of acetylene molecules to a
metal activated acetylene monomer within the clusters is proposed
as a possible mechanism initiated by C—H bond activation. The
proposed mechanism suggests the intermediacy of C4Hs* in the
generation of higher hydrocarbon species such as CgHy*, CgHs™,
CgHg* and CgH7*. Based on thermodynamic considerations it is
expected that the observed hydrocarbon ions would have cyclic
structures equivalent to benzene and styrene fragments.

Enhanced ion intensities have been observed for V*(CyH>),,
Cr*(CaHy)z, Fe*(CoHy)a, Fe*(CoHy )4, Co*(CoHR)3, Nif(CoHy)3, and
Cu*(CyH>)3 consistent with the formation of stable covalent prod-
ucts formed by metal ion catalyzed polymerization of acetylene
clusters. DFT calculations identify the structures of the initially
formed trimer ion clusters Fe*(CyH; )3, Co*(CaHy )3 and Ni*(CyHj )3
where the metal cation is embedded in a “cage” created by the
three acetylene molecules. Isomerization of these cluster ions into
the more stable metal ion-benzene adducts is suggested and the
energy needed to surpass the isomerization barriers is likely to
come from the laser-generated excited state metal ions. A remark-
able even-odd alternation has been observed for Co*(CyHy)n
clusters with enhanced ion intensities for n=3, 6, 9 and 12, which
could be explained by multiple isomerization events resulting in
the formation of Co*(benzene), clusters with n=1-4. The combina-
tion of the excited state energy of the TM ions and the unique cluster
environment which promotes concerted multi-monomer interac-
tions with the metal ions could lead, under favorable conditions, to
TM ion-mediated cyclotrimerization of acetylene molecules result-
ing in the formation of benzene and other polycyclic aromatic
hydrocarbons. In addition to the formation of covalent adducts,
a magic number behavior has been observed for M*(C,H; ), clus-
ters for M=Fe, Co and Ni and n=14 suggesting the possibility of a
cage structure containing a strongly bound M*(C,Hj), cation core
surrounded by 12 neutral acetylene molecules in an icosahedral
arrangement. Further experimental and theoretical investigations
focusing on the structures of the observed magic numbers are

needed to shed more light on metal ion-containing acetylene clus-
ters.
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