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Abstract

Lanthanide metal (Sm, Dy, Nd) cation complexes with 1,3,5,7-cyclooctatetraene (COT) are produced by laser vaporization in a pulsed nozzle
cluster source. The clusters are mass-selected and photodissociated using the third harmonic of a Nd: YAG laser (355 nm). Samarium—COT com-
plexes prefer to form [Sm, (COT), ]* stoichiometries and fragment extensively when more than one metal atom is present in the cluster. However, the
fragmentation patterns indicate the possible presence of multiple decker sandwich structures. Dysprosium—COT and neodymium—COT complexes
prefer [M,,(COT),,;]* ratios, probably due to their preference for the +3 oxidation state. This stoichiometry pattern indicates that these clusters
produce sandwich and multiple decker sandwich structures. Throughout the spectra for Dy and Nd complexes, a commonly occurring fragment is
[M(CsHs)]*. Fragmentation of the COT ligand occurs either because of a strong interaction with the metal or because of photochemical decompo-
sition. Presuming that CsHs exists as the cyclopentadienyl anion, the Dy and Nd metals in these fragments exist in an unusual +2 oxidation state.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

A remarkable array of new organometallic complexes have
been produced in recent years, including many examples of
sandwich or multiple-decker sandwich structures [1-42]. Some
of the best-known condensed phase examples of sandwich
complexes, ferrocene [2] and dibenzene chromium [3], have
motivated gas phase studies where problems with interfering
solvent effects can be avoided. Experimental and theoret-
ical work has explored sandwich complexes with benzene
[4-10], fullerenes [10-25], and polycyclic aromatic hydrocar-
bons (PAHs) [26-35] as the ligand species. Some of these
systems, such as transition metal-benzene complexes [4—10],
metal—fullerene complexes [10-25], metal-PAH complexes
[26-35], metal-cyclooctatetraene (COT) complexes [36—41],
and even metal-ferrocene complexes [42], have exhibited
multiple decker sandwich forms. Photodissociation has been
used to shed light on the structures of these complexes
[4-7,23-25,27-30,41]. In the present work, we use these pho-
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todissociation measurements to investigate the structures and
stabilities of lanthanide metal-COT complexes.

Metal sandwich complexes with COT have been produced
previously in the condensed phase [1,43-51] and in the gas phase
[10,36—41]. Streitwieser and Miiller-Westerhoff discovered ura-
nocene in 1968 [43]. Uranocene is structurally analogous to
ferrocene, but it contains uranium sandwiched between two COT
ligands. According to Hiickel’s rule, a planar aromatic molecule
musthave 4n + 2 electrons (n=0, 1, 2, etc.). The COT molecule is
therefore anti-aromatic because it has eight (i.e., 4n)  electrons.
In uranocene, stability is achieved because uranium donates two
electrons to each ligand producing aromatic COT di-anions.
These negatively charged ligands then have a favorable Coulom-
bic attraction for the U** ion. This ionic bonding motif even
makes it possible to form double-decker sandwiches via conven-
tional synthetic chemistry, and several such species have been
isolated and characterized [1,46]. Exploring similar concepts in
the gas phase, Kaya and coworkers investigated the possibility of
extended stacking for lanthanide metals with COT [10,36—40].
The mass spectra observed in their experiments showed a pattern
of peaks corresponding to [M,,(COT),+1]* (M =Ce, Nd, Eu, Ho,
YD) species, which they assigned to multiple decker sandwiches.
Photoelectron spectroscopy of these complexes were consistent
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with this proposal, but there has been no direct spectroscopic
confirmation of these gas phase structures.

Molecular beam photodissociation studies have been per-
formed previously by our group for a variety of metal cation—
ligand systems such as M,*(benzene),, [4-7], M,*(Ce0)m
[23-25], and M, *(PAH),, [25,27-30]. Most recently, stud-
ies have been performed on transition metal-COT clusters
[41]. In those systems, clusters of the form M*(COT);,
M=V, Fe, Ni, Ag) were produced prominently, suggesting
the formation of sandwich structures. Many of these systems
dissociated via decomposition of the COT ligand, producing sta-
ble metal-benzene ions. Additionally, photodissociation of the
vanadium and iron mono—COT complexes produced M*(CsHs)
fragment ions. In transition metal-ligand bonding, stability is
achieved through a synergistic mix of covalent and ionic inter-
actions, in which the orbitals of the metal are able to donate
to or accept charge from the ligands. Molecules gaining 18
electrons through this interaction show an increased stability,
as in ferrocene and dibenzene chromium. However, while this
mechanism is applicable to transition metal systems, previous
experimental [45,46] and theoretical studies [46—49] have shown
that the chemistry of the lanthanide metals usually involves
purely ionic interactions. In the present study, we use pho-
todissociation of lanthanide complexes with the anti-aromatic
COT ligands to investigate the possible decomposition products
that may be formed and what they can reveal about lanthanide
organometallic bonding.

2. Experimental

Clusters for these experiments are produced by laser vapor-
ization in a pulsed nozzle source. The experimental apparatus
has been described previously [4—7,23-25,27-30]. The samples
for these experiments are solid rods of samarium, dysprosium
or neodymium. Because COT is a liquid at room temperature
with relatively high vapor pressure, its ambient vapor is added
to the system through a reservoir on the line feeding the expan-
sion/backing gas to the nozzle. Argon is used as a backing gas
with a pressure of 40-60 psi. Laser vaporization of the metal
is accomplished using the second or third harmonic (532 and
355 nm, respectively) of a pulsed Nd: YAG laser (Spectra Physics
GCR-11). The laser is focused onto the sample rod with a 30 cm
focal length lens. The metal-COT complexes grow by recom-
bination in a gas channel extension to the rod holder that is
1-2 cmin length. This expansion is skimmed into a differentially
pumped chamber containing a reflectron time-of-flight mass
spectrometer. In this chamber, the neutral clusters are photoion-
ized with 193 nm from an ArF excimer laser (Lambda Physik
Compex).

Mass-selected photodissociation experiments take place in
the same reflectron time-of-flight mass spectrometer using
pulsed deflection plates which allow size selection of certain
cluster masses. The operation of the instrument for these exper-
iments has been described previously [4—7,23-25,27-30]. The
time-of-flight through an initial drift tube section is used to size
select the desired cluster, which is then excited with a pulsed
Nd:YAG laser at 355 nm (Spectra Physics GCR-11) in the turn-

ing region of the reflectron field. The time-of-flight through
the second drift tube section provides a mass spectrum of the
selected parent ion and its photofragments, if any. The data are
presented in a computer difference mode in which the dissoci-
ated fraction of the parent ion is plotted as a negative mass peak
while its photofragments are plotted as positive peaks. Mass
spectra are recorded with a digital oscilloscope (LeCroy) and
transferred to a laboratory PC via an IEEE-488 interface.

Laser power and wavelength studies are employed to inves-
tigate the possibility of multiphoton processes and sequential
fragmentation processes. The laser power required to photodis-
sociate these molecules varies considerably with their size and
stability. The highest laser power employed for any cluster
represents the full intensity of the unfocused Nd:YAG laser
harmonics (e.g., about 100mJ in a 1.0cm? spot size). This
would be our limit of “extremely high power.” “High power,”
as used below, indicates 50—-100 mJ/cm?, while “low power”
refers to 1-10 mJ/cm”. Because we use a fixed wavelength for
photodissociation (355 nm) the absorption efficiency also varies
widely depending on the (unknown) wavelength dependence of
the ultraviolet spectrum of these ions. We find in general that
relatively high laser powers are required to see these photodisso-
ciation events. This is likely due to weak absorption, but it may
also be caused by strong bonding in some systems. However,
because of this, we are limited in the range of power dependence
that can be studied.

3. Results and discussion

Fig. 1 shows mass spectra for each of the samarium, dyspro-
sium, and neodymium—COT systems, respectively, produced by
photoionization of neutral complexes that grow in the cluster
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Fig. 1. These are the mass spectra of the complexes produced with the lanthanide

metals samarium, dysprosium, and neodymium, respectively, with cyclooctate-
traene.
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source. It is important to note that the abundances in photoion-
ization mass spectra such as these arise from several sources.
Intense mass peaks can arise from abundant neutral clusters that
ionize without extensive fragmentation, from clusters with low
ionization thresholds that can be ionized with higher efficiency,
or from the decomposition of larger clusters that produce sta-
ble cation fragments. It is therefore difficult to determine the
source of these intensities. The ionization potential (IP) of COT
(8.0eV) [52] is relatively high, and we expect that at least some
of these complexes may have IP’s higher than the single photon
energy (6.42eV) at the ArF wavelength. Kaya and coworkers
measured ionization potentials for the M(COT); > complexes
for M=Nd, Eu, Ho, Yb, and all of these were lower than the
ArF photon energy [36]. However, there is no data yet on the
ionization potentials of the samarium or dysprosium systems.
Therefore, we expect that these intensities may be influenced to
some degree by ionization potentials and/or stable cation frag-
mentation products. We would usually sample ions directly from
the cluster source to identify stable charged species, but the yield
of direct ions was too small for this experiment. Therefore, we
must use caution in deriving too much information from the
intensities in these mass spectra.

Although the relative intensities in the mass spectra may be
biased, we can still use the kinds of peaks detected to draw
some useful conclusions. In the samarium—COT mass spectra
(top frame, Fig. 1), there is a strong peak for [Sm(COT)]* (i.e.,
1,1) followed by a less intense one for [Sm(COT),]*. After
the [Sm(COT),]* peak, a new series of clusters begins, with
each containing two samarium atoms. This series consists of a
weak [Smp(COT)]* peak, a stronger [Smp(COT);,]* peak, and
a weak [Smp(COT)3]* peak. Finally, there are two weak sig-
nals corresponding to [Sm3(COT)3]* and [Sm3(COT)4]*, with
the [Sm3(COT)3]* peak being slightly more intense. Noticeably
absent from this spectrum are any peaks corresponding to pure
samarium clusters. Cluster masses containing multiple metal
atoms are present, but only when there is also one or more ligand
species present in acomplex. This suggests that the metal-ligand
bonding here is more favorable than the metal-metal bonding.
Likewise, there are no ligand-only clusters here, suggesting that
the metal ions are binding the ligands together. It is also impor-
tant to note that the ratios of metal and ligand are not random.
The 2,2 peak is more intense than the 2,1 feature, and there are
noticeable peaks at 3,3 and 3,4 but no masses corresponding
to [Sm3(COT)]* or [Sm3(COT);,]*. Apparently, roughly equal
amounts of metal and ligand are preferred. Additionally, the
absence of [Sm(COT)3]* or any larger cluster with only one
metal atom suggests that one samarium atom prefers to bind to
a maximum of two COT ligands.

Overall, the samarium—COT mass spectrum suggests that
these systems prefer an (n, n) type stoichiometry over the (n,
n+ 1) one usually observed for sandwiches and multiple-decker
sandwiches. It is possible to rationalize this in light of the
oxidation states known for samarium. Although most of the
lanthanide metals exhibit only a + 3 oxidation state, samarium
can also have a + 2 state in some compounds. As noted above,
the COT ligand often achieves stabilities in metal complexes
by accepting charge to become an aromatic di-anion. It is then

easy to rationalize the stability of a neutral Sm(COT) species
as arising from the charge transfer of two electrons from Sm
to COT, creating a stable, neutral complex with strong ionic
bonding, i.e., Sm?2*, COT?~. This is consistent with the fact that
samarium has been reported to prefer the +2 oxidation state in
the synthetically prepared half-sandwich complex and also that
samarium—COT complexes are reported to be polymeric [50].
However, it is also possible to rationalize the 1,1 complex as a
stable cation that might have a low ionization energy or be pro-
duced as a stable fragment from larger complexes. If Sm takes on
the usual +3 oxidation state expected for the lanthanide metals,
then a stable configuration could also be found for the [Sm3*,
COT?]* complex with an ion pair configuration and one net
charge.

In the dysprosium mass spectrum, found in the middle frame
of Fig. 1, there are [Dy(COT)]* and [Dy(COT);]" peaks. How-
ever, the [Dy(COT),]* peak is slightly larger in intensity than
[Dy(COT)]*, which is in contrast to the intensities found in
the samarium mass spectrum. Additionally, as the spectrum
continues, there are [Dy,(COT),]* and [Dy,(COT)3]* peaks,
but the intensity of the [Dy(COT)3]* species is much larger
than that of [Dy,(COT),]*. This is also in contrast to the
samarium spectrum above. The neodymium—COT mass spec-
trum, the bottom frame of Fig. 1, shows a large [Nd(COT)]*
peak followed by a less intense [Nd(COT),]* peak. After
these, the intensities dip sharply with an almost non-existent
[Nd,(COT)]* peak, followed by almost equal intensity peaks of
[Nd(COT),]* and [Nd,(COT)3]*. Additionally, we see a small
peak in each of the dysprosium and neodymium spectra cor-
responding to [Dy(CsHs)]* and [Nd(CsHs)]*. The clusters in
the dysprosium—COT mass spectrum seem to indicate that an
(n, n+ 1) type stoichiometry is preferred for this system. Again,
this can be explained through the use of oxidation states. Dys-
prosium strongly prefers the +3 oxidation state. Remembering
that COT prefers to assume a di-anion state and that the ions
photodissociated were initially neutral species in the source, the
most natural neutral molecule created by the interaction of Dy
(+3) with COT (—2) would be the [Dy2(COT)3] complex. In
both the dysprosium and neodymium data there is evidence for
small amounts of oxide clusters. This apparently comes from
some partial oxidation on the sample rod surface. Interestingly,
these oxides appears as satellite masses with the 2,1 and 2,2 dys-
prosium peaks and the 2,1 neodymium peak. These species are
metal-rich (ligand deficient) compared to others seen here, and
the oxygen apparently fills out the metal coordination.

The mass spectra here can be contrasted with those seen pre-
viously by Kaya and coworkers [10,36—40]. The previous work
looked at M,,(COT),, (M =Ce, Nd, Eu, Ho, Yb) species, and
found a strong preference for m =n + 1 stoichiometries, with n,m
cluster sizes seen up to values of 4,5 and 5,6. Therefore, larger
clusters were seen in that previous work, and the preference
for the n, n+ 1 stoichiometries was much stronger than in our
experiments. The only metal studied by both groups is Nd, and
these general differences seem to apply to the data for that metal
system. These differences can be attributed to variations in the
cluster source design and the relative concentrations of metal
versus ligands in the two experiments.
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Fig. 2. The top frame shows the photodissociation spectrum of [Sm(COT)]*
fragmented at 355 nm and at high laser power (defined in text). The lower frame
shows the photodissociation spectrum of [Sm(COT),]* at 355 nm and at high
laser power.

To explore these systems beyond the mass spectral abun-
dances, which can clearly vary with conditions, we use mass-
selected photodissociation spectroscopy. The top frame of Fig. 2
shows the photodissociation of the [Sm(COT)]* complex. The
parent ion is shown as a negative peak indicating depletion due
to fragmentation, while the fragments appear positive. The most
prominent fragment is the metal ion itself. When clusters such
as these dissociate, it is generally true that the fragment with
the lower ionization potential (IP) is observed as an ion, while
the fragment with the higher IP is lost as a neutral and is not
detected. Examples of so-called “charge transfer dissociation”
have been found for metal-benzene complexes [4,5], but this
is relatively uncommon for other systems. The IP of samar-
ium is 5.64 eV, whereas that for COT is 8.0eV [52]. Therefore,
production of the metal ion in this case is understandable. Fur-
thermore, the clean elimination of the COT ligand indicates that
[Sm(COT)]* is a “simple” ion-molecule complex without any
ligand decomposition or rearrangement.

The lower frame of Fig. 2 shows the photodissociation of
the [Sm(COT);]* cluster. The primary product is [Sm(COT)]*,
formed by cleanly eliminating a neutral COT molecule. There is
also a small amount of the Sm™ ion fragment. This is more than
likely produced by further fragmentation of the [Sm(COT)]*
fragment. Because [Sm(COT)]* appears as an ionic fragment,
it almost certainly has an IP that is lower than that of COT.
Additionally, since the COT ligands should experience a greater
attraction for the metal ion than for each other, we would expect
that this complex exists as a sandwich structure. The fragmenta-
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Fig. 3. The top frame shows the photodissociation spectra of [Smy(COT)]* at
355nm and at high laser power. The lower frame shows the photodissociation
of [Smy(COT),]* at 355 nm.

tion pattern is consistent with this, indicating the “peeling off”
of ligand layers.

In the top frame of Fig. 3, the fragmentation of [Smy(COT)]*
is shown. The fragmentation pattern here is markedly different
from that in Fig. 2. Instead of simple ligand elimination, frag-
ment ions are detected corresponding to ligand decomposition.
The dissociation shows a loss of CoH» units, resulting in a promi-
nent [Smy(C4Hy4)]* peak along with less intense [Smy(CgHg)]*
and [Smy(C,H>)]* peaks. The mass spectrum of COT alone [52],
not shown here, shows that COT dissociates into C,,H,,* units
with the most prominent fragment being C¢Hg™. The presence
of the two samarium atoms seems to cause COT to fragment in a
similar way through the loss of one CoH» unit at a time. In other
fragment ions, a small amount of [Sm(COT)]* is detected, which
corresponds to elimination of a neutral Sm atom. There are also
peaks corresponding to Sm* and [Sm(C,H3)]*, which could
come sequentially by fragmentation of the Sm; ions already
mentioned or directly through parallel channels. Sm*, for exam-
ple, could come from elimination of this metal cation from the
parent ion together with a corresponding neutral Sm(COT) unit.
Unfortunately, we are not able to distinguish between these
alternatives. Smy(COT) has been observed in solution phase
chemistry to be an inverted sandwich with samarium atoms on
either side of the COT molecule [50]. Separated metals make
sense because of the charge transfer and ionic bonding in these
systems, which would tend to produce positive metal atoms that
would avoid each other. The fragments observed in this spec-
trum could come from such an inverted sandwich structure, but
other alternatives cannot be ruled out. It is clear, however, that
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fragmentation is much more extensive in these complexes when
two metal atoms are present. Because there was little evidence
for such fragmentation in the ions that grew in the source, this
fragmentation appears to be photoinduced, i.e., caused by the
laser excitation, as opposed to resulting from ground state metal
insertion chemistry.

It is interesting to consider the possible structures of frag-
ment ions seen here, such as the [Smy(C4Hy)]* species. This
complex could exist in a open chain structure with samarium
atoms attached to vicinal double bonds, as shown below. If this
is the case, it would provide a

HC=CH--HC=CH

convenient explanation for the [Sm(CyH)]* ion, which
could come from further fragmentation of such an open struc-
ture. Another fascinating possibility is that [Smy(C4Hy)]* is a
four membered ring (cyclobutadiene) sandwiched by two metal
atoms. Although cyclobutadiene itself is highly strained, a num-
ber of metal-cyclobutadiene complexes are known to be quite
stable [53]. In such a ring structure, C4H4 has four m electrons,
and charge donation from the metal would allow a more stable
near-aromatic configuration to be achieved for this ligand.

The photodissociation mass spectrum for the [Sm(COT),]*
cluster is shown in the bottom frame of Fig. 3. Lower signal
intensity, decreased resolution at this higher mass, and the sev-
eral isotopes from the two samarium atoms make the peaks
look broad and noisy. The heaviest photofragment observed
corresponds to the loss of an entire COT ligand yielding the
[Smy(COT)]* cluster. From here, one might expect a similar
fragmentation pattern to that seen above for [Smy(COT)]*. Some
of the same fragments are indeed seen, but there is a much more
prominent [Sm(COT)]* peak and [Smy(C,H3)]* is now more
intense than the [Smp(C4Hs)]t seen above. The [Sm(COT)]*
ion could result from elimination of a stable neutral Sm(COT)
complex from the parent ion, in the same way that the Sm™ ion
was produced from the [Smp(COT)]* parent. As noted above,
neutral Sm(COT) could be stable in a Sm?*,COT?~ configura-
tion, with Sm in the 2+ oxidation state. The neutral and ionic
1,1 fragments are consistent with a structure for the parent clus-
ter that has alternating metal and ligand stacking, as has been
suggested previously for these systems.

The top frame of Fig. 4 shows the photodissociation spec-
trum of [Dy(COT)]*. The main fragment is Dy*. The IP of
dysprosium (5.93eV) is lower than that of COT, and as dis-
cussed above, one would expect the lower IP species to appear
as the charged fragment. Additionally, there are peaks corre-
sponding to [Dy(C,H,)]* (n=2, 4, 5, 6) in this spectrum with
[Dy(CsHs)]* being by far the most prominent. The [Dy(CsHs)]*
ion was also seen in the mass spectrum produced by the cluster
source following photoionization. Because this fragmentation
channel requires the loss of the relatively unfavorable neutral
C3H3, we can assume that [Dy(CsHs)]* is itself quite stable.
It is well known that CsHs, which has five 7 electrons, can
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Fig. 4. Photodissociation spectra of [Dy(COT)]* at 355nm (top frame),
[Dy(COT),]* at 355 nm (middle frame) and [Dy,(COT)3]* at 355 nm (bottom
frame).

become aromatic as the cyclopentadienyl anion when it receives
charge donation via metal complexation. If we assume that this
occurs here, a +2 metal oxidation state would produce a stable
[Dy?*,CsHs~]* species with a net +1 charge. Like most of the
lanthanides, dysprosium usually prefers the +3 oxidation state,
although it does form some complexes in the +2 oxidation state
such as Dyl, and DyCl, [54]. Apparently, the +2 oxidation state
is somewhat favorable in the present [Dy(CsHs)]* system.

The middle and lower frames of Fig. 4 show the photodis-
sociation of [Dy(COT),]* and [Dy,(COT)3]*, respectively. The
fragmentation of [Dy(COT);,]" shows first the loss of an intact
COT molecule and then the loss of the second intact COT
molecule leaving only Dy*. This pattern is what would be
expected if [Dy(COT),]* exists in a sandwich formation. There
is also a small amount of [Dy(CsHs)]* and [Dy(CgHg)]* present
in this spectrum as seen above for the [Dy(COT)]*. The lower
frame of Fig. 4 shows the fragmentation of [Dy,(COT)3], the
largest cluster that was photodissociated and one of the more
prominent clusters in the mass spectrum. The highest mass frag-
ment is that of [Dy,(COT);,]* which results from elimination of
an intact COT molecule from the parent ion. The next highest
mass fragment is [Dy(COT),]*, which is present in only a small
amount. This could result from sequential fragmentation of the
2,2 species by the loss of a dysprosium atom, or directly from
the parent ion by elimination of a [Dy(COT)] neutral. Either
of these channels makes sense for fragmentation of a parent
ion with a sandwich structure. This pattern is apparently con-
tinued, as the next prominent fragment is [Dy(COT)]*. Again,
this could result from a sequential process by the loss of another
COT from the 1,2 species, or by the loss of neutral [Dy(COT);]
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Fig. 5. Photodissociation spectra of [Nd(COT)]* at 355 nm and high laser power
(top frame), [Nd(COT),]* at 355 nm and high laser power (middle frame), and
[Nd,(COT),]* at 355 nm (bottom frame).

directly from the parent ion. The Dy* and [Dy(CsHs)]* ions
are present in small amounts, and these were also noted above.
In all of these processes, there is no evidence for the loss
of metal dimer or for the production of a [Dy,(COT)]* frag-
ment. Therefore, the simplest structure consistent with the
fragmentation pattern for the 2,3 species is a double-decker sand-
wich, which has been suggested previously for many of these
systems.

The top frame of Fig. 5 shows the photodissociation spec-
tra of Nd*(COT). The main fragmentation peak is Nd*, which
results from a loss of neutral COT. Again, one would expect
to see the fragment of the species with the lowest IP. The
IP of neodymium is 5.525eV and COT’s IP is 8.0eV. There-
fore, as expected, COT is lost as a neutral molecule and Nd*
is seen as a fragment peak. Additionally, as with dysprosium,
there are peaks corresponding to [Nd(C,H,)]* (n=2-6) with
[Nd(CsHs)]* again being the most prominent. The middle frame
of Fig. 5 shows the photodissociation of [Nd(COT),]*. This frag-
mentation is exactly the same as that of the [Dy(COT),]* cluster.
The two COT ligands are sequentially lost leaving the Nd* frag-
ment. This pattern is what would be expected if [Nd(COT),]*
exists in a sandwich structure. Also present in this spectrum is
a peak corresponding to [Nd(CsHs)]* with smaller peaks cor-
responding to [Nd(CgHg)]* and [Nd(C,H;)]* as in the spectra
for [Nd(COT)]".

In the bottom frame of Fig. 5 is the photodissociation of
Nd,*(COT),. The photodissociation efficiency for this sys-
tem was quite small, producing very poor signal levels, as
shown. Nevertheless, some fragments can be identified. In this
lower mass region of this spectrum, there are [Nd(COT)]*

and Nd* fragment ions, which can come from several chan-
nels already mentioned. However, there is also a strong, broad
feature near 300-350 amu. This signal lies mostly below the
mass of the 1,2 complex, which is indicated as the depletion
peak in the middle frame of the figure, and lies near mass
352. Unfortunately, several possible fragment ions could pro-
duce signal in this mass region. [Nd(COT)(CsHs)]* would
be centered about 313 amu, [Nd(COT)(Cg¢Hg)]* would occur
near 326 amu, and [Nd2(C4H4)]" would occur near 340 amu.
The benzene ion is perhaps not so likely, as no other ben-
zene ion fragments were detected throughout this study. The
[Nd2(C4Hy)]* ion would have a broader isotope distribution
from two metals. However, because the overall dissociation
signal is weak, and almost any of these ions could produce a
broad peak from a slow (metastable) dissociation process. It is
therefore not possible to determine which fragments are seen
here.

In the transition metal-COT study performed previously by
our group, many M*(benzene) fragment ions were produced by
ligand decomposition as the most abundant fragments [41]. This
was understandable because of the inherent stability of benzene
and because COT itself fragments efficiently to produce benzene
by eliminating acetylene. However, no significant amounts of
metal-benzene complexes are seen here as fragments. Instead,
we see mostly the simple elimination of COT or metal-COT
fragments, and when ligand decomposition occurs, there is
formation of species such as [M,,(C4Hg)]* and [M,,(CsHs)]*,
where the ligand, like COT, is not aromatic. In the previous
work on transition metals, photodissociation of [V(COT)]* and
[Fe(COT)]* also produced the [M(CsHs)]" ion seen here. The
stability of these vanadium and iron fragments was explained by
ionic interactions as well as by the 18 electron rule. However,
the 18 electron rule does not explain the lanthanide metal com-
plexes produced here, as all of the prominent species have much
fewer valence electrons than this. Additionally, the 4d shell is
filled for these metals and the 4f orbitals are deeply buried in
the atomic core, leaving little overlap with ligand orbitals. Cova-
lent interactions are therefore not efficient. Consistent with this,
the only complexes produced here by the source or by frag-
mentation processes are those with ligands that gain stability
by accepting charge. Therefore, the interactions seen here are
predominately ionic. Previous studies [44—49] have shown that
lanthanide complexes bond very differently than the correspond-
ing transition metal or actinide metal complexes, and favor such
ionic interactions.

4. Conclusion

Lanthanide metal complexes of samarium, dysprosium, and
neodymium with COT were produced by laser vaporization
and studied by fixed frequency ultraviolet laser multiphoton
photodissociation. The mass spectral data shows that the com-
plexes are formed by metal atoms, but not clusters of atoms,
attaching to COT molecules. Samarium—COT clusters were
found to favor 1:1 metal-ligand stoichiometries rather than
the (n, n+1) pattern seen previously for other lanthanide
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metal-COT complexes. Photodissociation of samarium—COT
complexes with only one metal atom present exhibited sim-
ple elimination of ligands, but those with two metal atoms
dissociated via various ligand decomposition channels. A sim-
ilar trend was seen for neodymium complexes, where ligand
decomposition was more efficient in the two-metal complexes.
Both dysprosium and neodymium systems produce a promi-
nent [M(CsHs)]* fragment, but samarium does not produce this
species.

Taken as a whole, these photodissociation studies confirm
some of our expectations about these metal-COT systems, but
they also provide unexpected new results. Based on stoichiome-
tries, the previous mass spectrometry of Kaya and coworkers
was able to suggest that a number of M, (COT),, complexes
had multiple-decker sandwich structures. Our conditions do not
produce clusters as large as those seen by Kaya, but in the
lower masses we see similar stoichiometries. Likewise, those
systems that are large enough seem to produce sandwiches or
multiple-decker sandwiches. The evidence for this is fragmen-
tation patterns consistent with alternating losses of ligand, then
metal, then ligand, etc. The tendency for this is greater for Nd
and Dy than it is for Sm. Nd and Dy also have a known ten-
dency to favor the 3+ oxidation state which tends to balance the
charge exchange in these systems, and this probably explains
this trend. Surprising results from this study include the new
decomposition products seen, such as [Smy(C4H4)]* and the
[M(CsHs)]* ion seen for both Dy and Nd. As noted, the C4Hy
moiety could represent a cyclobutadiene species, but other struc-
tures are also possible for this ligand. A metal in a 2+ state
would be expected to be favorable to produce the [M(CsHs)]*
species. However, the metal expected to do this most readily
(Sm) does not do it at all, and instead the metals that usually
have the 3+ oxidation state (Nd, Dy) both form this complex.
These various structural questions should be investigated fur-
ther with theory and perhaps infrared spectroscopy on these
systems.
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