
A

c
p
f
p
p
[
s
©

K

1

b
s
o
c
m
s
i
[
b
s
m
[
a
m
u
[

1
d

International Journal of Mass Spectrometry 263 (2007) 171–178

Photodissociation of lanthanide metal cation
complexes with cyclooctatetraene

A.C. Scott, N.R. Foster, G.A. Grieves, M.A. Duncan ∗
Department of Chemistry, University of Georgia, Athens, GA 30602-2556, USA

Received 7 December 2006; received in revised form 22 January 2007; accepted 22 January 2007
Available online 30 January 2007

bstract

Lanthanide metal (Sm, Dy, Nd) cation complexes with 1,3,5,7-cyclooctatetraene (COT) are produced by laser vaporization in a pulsed nozzle
luster source. The clusters are mass-selected and photodissociated using the third harmonic of a Nd:YAG laser (355 nm). Samarium–COT com-
lexes prefer to form [Smn(COT)n]+ stoichiometries and fragment extensively when more than one metal atom is present in the cluster. However, the
ragmentation patterns indicate the possible presence of multiple decker sandwich structures. Dysprosium–COT and neodymium–COT complexes
refer [Mn(COT)n+1]+ ratios, probably due to their preference for the +3 oxidation state. This stoichiometry pattern indicates that these clusters

roduce sandwich and multiple decker sandwich structures. Throughout the spectra for Dy and Nd complexes, a commonly occurring fragment is
M(C5H5)]+. Fragmentation of the COT ligand occurs either because of a strong interaction with the metal or because of photochemical decompo-
ition. Presuming that C5H5 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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. Introduction

A remarkable array of new organometallic complexes have
een produced in recent years, including many examples of
andwich or multiple-decker sandwich structures [1–42]. Some
f the best-known condensed phase examples of sandwich
omplexes, ferrocene [2] and dibenzene chromium [3], have
otivated gas phase studies where problems with interfering

olvent effects can be avoided. Experimental and theoret-
cal work has explored sandwich complexes with benzene
4–10], fullerenes [10–25], and polycyclic aromatic hydrocar-
ons (PAHs) [26–35] as the ligand species. Some of these
ystems, such as transition metal–benzene complexes [4–10],
etal–fullerene complexes [10–25], metal–PAH complexes

26–35], metal–cyclooctatetraene (COT) complexes [36–41],
nd even metal–ferrocene complexes [42], have exhibited

ultiple decker sandwich forms. Photodissociation has been

sed to shed light on the structures of these complexes
4–7,23–25,27–30,41]. In the present work, we use these pho-

∗ Corresponding author. Tel.: +1 706 542 1998; fax: +1 706 542 1234.
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odissociation measurements to investigate the structures and
tabilities of lanthanide metal–COT complexes.

Metal sandwich complexes with COT have been produced
reviously in the condensed phase [1,43–51] and in the gas phase
10,36–41]. Streitwieser and Müller-Westerhoff discovered ura-
ocene in 1968 [43]. Uranocene is structurally analogous to
errocene, but it contains uranium sandwiched between two COT
igands. According to Hückel’s rule, a planar aromatic molecule

ust have 4n + 2 electrons (n = 0, 1, 2, etc.). The COT molecule is
herefore anti-aromatic because it has eight (i.e., 4n) � electrons.
n uranocene, stability is achieved because uranium donates two
lectrons to each ligand producing aromatic COT di-anions.
hese negatively charged ligands then have a favorable Coulom-
ic attraction for the U4+ ion. This ionic bonding motif even
akes it possible to form double-decker sandwiches via conven-

ional synthetic chemistry, and several such species have been
solated and characterized [1,46]. Exploring similar concepts in
he gas phase, Kaya and coworkers investigated the possibility of
xtended stacking for lanthanide metals with COT [10,36–40].

he mass spectra observed in their experiments showed a pattern
f peaks corresponding to [Mn(COT)n+1]+ (M = Ce, Nd, Eu, Ho,
b) species, which they assigned to multiple decker sandwiches.
hotoelectron spectroscopy of these complexes were consistent

mailto:maduncan@uga.edu
dx.doi.org/10.1016/j.ijms.2007.01.012
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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
72 A.C. Scott et al. / International Journal

ith this proposal, but there has been no direct spectroscopic
onfirmation of these gas phase structures.

Molecular beam photodissociation studies have been per-
ormed previously by our group for a variety of metal cation–
igand systems such as Mn

+(benzene)m [4–7], Mn
+(C60)m

23–25], and Mn
+(PAH)m [25,27–30]. Most recently, stud-

es have been performed on transition metal–COT clusters
41]. In those systems, clusters of the form M+(COT)1,2
M = V, Fe, Ni, Ag) were produced prominently, suggesting
he formation of sandwich structures. Many of these systems
issociated via decomposition of the COT ligand, producing sta-
le metal–benzene ions. Additionally, photodissociation of the
anadium and iron mono–COT complexes produced M+(C5H5)
ragment ions. In transition metal–ligand bonding, stability is
chieved through a synergistic mix of covalent and ionic inter-
ctions, in which the orbitals of the metal are able to donate
o or accept charge from the ligands. Molecules gaining 18
lectrons through this interaction show an increased stability,
s in ferrocene and dibenzene chromium. However, while this
echanism is applicable to transition metal systems, previous

xperimental [45,46] and theoretical studies [46–49] have shown
hat the chemistry of the lanthanide metals usually involves
urely ionic interactions. In the present study, we use pho-
odissociation of lanthanide complexes with the anti-aromatic
OT ligands to investigate the possible decomposition products

hat may be formed and what they can reveal about lanthanide
rganometallic bonding.

. Experimental

Clusters for these experiments are produced by laser vapor-
zation in a pulsed nozzle source. The experimental apparatus
as been described previously [4–7,23–25,27–30]. The samples
or these experiments are solid rods of samarium, dysprosium
r neodymium. Because COT is a liquid at room temperature
ith relatively high vapor pressure, its ambient vapor is added

o the system through a reservoir on the line feeding the expan-
ion/backing gas to the nozzle. Argon is used as a backing gas
ith a pressure of 40–60 psi. Laser vaporization of the metal

s accomplished using the second or third harmonic (532 and
55 nm, respectively) of a pulsed Nd:YAG laser (Spectra Physics
CR-11). The laser is focused onto the sample rod with a 30 cm

ocal length lens. The metal–COT complexes grow by recom-
ination in a gas channel extension to the rod holder that is
–2 cm in length. This expansion is skimmed into a differentially
umped chamber containing a reflectron time-of-flight mass
pectrometer. In this chamber, the neutral clusters are photoion-
zed with 193 nm from an ArF excimer laser (Lambda Physik
ompex).

Mass-selected photodissociation experiments take place in
he same reflectron time-of-flight mass spectrometer using
ulsed deflection plates which allow size selection of certain
luster masses. The operation of the instrument for these exper-

ments has been described previously [4–7,23–25,27–30]. The
ime-of-flight through an initial drift tube section is used to size
elect the desired cluster, which is then excited with a pulsed
d:YAG laser at 355 nm (Spectra Physics GCR-11) in the turn-
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ng region of the reflectron field. The time-of-flight through
he second drift tube section provides a mass spectrum of the
elected parent ion and its photofragments, if any. The data are
resented in a computer difference mode in which the dissoci-
ted fraction of the parent ion is plotted as a negative mass peak
hile its photofragments are plotted as positive peaks. Mass

pectra are recorded with a digital oscilloscope (LeCroy) and
ransferred to a laboratory PC via an IEEE-488 interface.

Laser power and wavelength studies are employed to inves-
igate the possibility of multiphoton processes and sequential
ragmentation processes. The laser power required to photodis-
ociate these molecules varies considerably with their size and
tability. The highest laser power employed for any cluster
epresents the full intensity of the unfocused Nd:YAG laser
armonics (e.g., about 100 mJ in a 1.0 cm2 spot size). This
ould be our limit of “extremely high power.” “High power,”

s used below, indicates 50–100 mJ/cm2, while “low power”
efers to 1–10 mJ/cm2. Because we use a fixed wavelength for
hotodissociation (355 nm) the absorption efficiency also varies
idely depending on the (unknown) wavelength dependence of

he ultraviolet spectrum of these ions. We find in general that
elatively high laser powers are required to see these photodisso-
iation events. This is likely due to weak absorption, but it may
lso be caused by strong bonding in some systems. However,
ecause of this, we are limited in the range of power dependence
hat can be studied.

. Results and discussion
ig. 1. These are the mass spectra of the complexes produced with the lanthanide
etals samarium, dysprosium, and neodymium, respectively, with cyclooctate-

raene.
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ource. It is important to note that the abundances in photoion-
zation mass spectra such as these arise from several sources.
ntense mass peaks can arise from abundant neutral clusters that
onize without extensive fragmentation, from clusters with low
onization thresholds that can be ionized with higher efficiency,
r from the decomposition of larger clusters that produce sta-
le cation fragments. It is therefore difficult to determine the
ource of these intensities. The ionization potential (IP) of COT
8.0 eV) [52] is relatively high, and we expect that at least some
f these complexes may have IP’s higher than the single photon
nergy (6.42 eV) at the ArF wavelength. Kaya and coworkers
easured ionization potentials for the M(COT)1,2 complexes

or M = Nd, Eu, Ho, Yb, and all of these were lower than the
rF photon energy [36]. However, there is no data yet on the

onization potentials of the samarium or dysprosium systems.
herefore, we expect that these intensities may be influenced to
ome degree by ionization potentials and/or stable cation frag-
entation products. We would usually sample ions directly from

he cluster source to identify stable charged species, but the yield
f direct ions was too small for this experiment. Therefore, we
ust use caution in deriving too much information from the

ntensities in these mass spectra.
Although the relative intensities in the mass spectra may be

iased, we can still use the kinds of peaks detected to draw
ome useful conclusions. In the samarium–COT mass spectra
top frame, Fig. 1), there is a strong peak for [Sm(COT)]+ (i.e.,
,1) followed by a less intense one for [Sm(COT)2]+. After
he [Sm(COT)2]+ peak, a new series of clusters begins, with
ach containing two samarium atoms. This series consists of a
eak [Sm2(COT)]+ peak, a stronger [Sm2(COT)2]+ peak, and
weak [Sm2(COT)3]+ peak. Finally, there are two weak sig-

als corresponding to [Sm3(COT)3]+ and [Sm3(COT)4]+, with
he [Sm3(COT)3]+ peak being slightly more intense. Noticeably
bsent from this spectrum are any peaks corresponding to pure
amarium clusters. Cluster masses containing multiple metal
toms are present, but only when there is also one or more ligand
pecies present in a complex. This suggests that the metal–ligand
onding here is more favorable than the metal–metal bonding.
ikewise, there are no ligand-only clusters here, suggesting that

he metal ions are binding the ligands together. It is also impor-
ant to note that the ratios of metal and ligand are not random.
he 2,2 peak is more intense than the 2,1 feature, and there are
oticeable peaks at 3,3 and 3,4 but no masses corresponding
o [Sm3(COT)]+ or [Sm3(COT)2]+. Apparently, roughly equal
mounts of metal and ligand are preferred. Additionally, the
bsence of [Sm(COT)3]+ or any larger cluster with only one
etal atom suggests that one samarium atom prefers to bind to
maximum of two COT ligands.

Overall, the samarium–COT mass spectrum suggests that
hese systems prefer an (n, n) type stoichiometry over the (n,
+ 1) one usually observed for sandwiches and multiple-decker

andwiches. It is possible to rationalize this in light of the
xidation states known for samarium. Although most of the

anthanide metals exhibit only a + 3 oxidation state, samarium
an also have a + 2 state in some compounds. As noted above,
he COT ligand often achieves stabilities in metal complexes
y accepting charge to become an aromatic di-anion. It is then
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asy to rationalize the stability of a neutral Sm(COT) species
s arising from the charge transfer of two electrons from Sm
o COT, creating a stable, neutral complex with strong ionic
onding, i.e., Sm2+, COT2−. This is consistent with the fact that
amarium has been reported to prefer the +2 oxidation state in
he synthetically prepared half-sandwich complex and also that
amarium–COT complexes are reported to be polymeric [50].
owever, it is also possible to rationalize the 1,1 complex as a

table cation that might have a low ionization energy or be pro-
uced as a stable fragment from larger complexes. If Sm takes on
he usual +3 oxidation state expected for the lanthanide metals,
hen a stable configuration could also be found for the [Sm3+,
OT2−]+ complex with an ion pair configuration and one net
harge.

In the dysprosium mass spectrum, found in the middle frame
f Fig. 1, there are [Dy(COT)]+ and [Dy(COT)2]+ peaks. How-
ver, the [Dy(COT)2]+ peak is slightly larger in intensity than
Dy(COT)]+, which is in contrast to the intensities found in
he samarium mass spectrum. Additionally, as the spectrum
ontinues, there are [Dy2(COT)2]+ and [Dy2(COT)3]+ peaks,
ut the intensity of the [Dy2(COT)3]+ species is much larger
han that of [Dy2(COT)2]+. This is also in contrast to the
amarium spectrum above. The neodymium–COT mass spec-
rum, the bottom frame of Fig. 1, shows a large [Nd(COT)]+

eak followed by a less intense [Nd(COT)2]+ peak. After
hese, the intensities dip sharply with an almost non-existent
Nd2(COT)]+ peak, followed by almost equal intensity peaks of
Nd2(COT)2]+ and [Nd2(COT)3]+. Additionally, we see a small
eak in each of the dysprosium and neodymium spectra cor-
esponding to [Dy(C5H5)]+ and [Nd(C5H5)]+. The clusters in
he dysprosium–COT mass spectrum seem to indicate that an
n, n + 1) type stoichiometry is preferred for this system. Again,
his can be explained through the use of oxidation states. Dys-
rosium strongly prefers the +3 oxidation state. Remembering
hat COT prefers to assume a di-anion state and that the ions
hotodissociated were initially neutral species in the source, the
ost natural neutral molecule created by the interaction of Dy

+3) with COT (−2) would be the [Dy2(COT)3] complex. In
oth the dysprosium and neodymium data there is evidence for
mall amounts of oxide clusters. This apparently comes from
ome partial oxidation on the sample rod surface. Interestingly,
hese oxides appears as satellite masses with the 2,1 and 2,2 dys-
rosium peaks and the 2,1 neodymium peak. These species are
etal-rich (ligand deficient) compared to others seen here, and

he oxygen apparently fills out the metal coordination.
The mass spectra here can be contrasted with those seen pre-

iously by Kaya and coworkers [10,36–40]. The previous work
ooked at Mn(COT)m ((M = Ce, Nd, Eu, Ho, Yb) species, and
ound a strong preference for m = n + 1 stoichiometries, with n,m
luster sizes seen up to values of 4,5 and 5,6. Therefore, larger
lusters were seen in that previous work, and the preference
or the n, n + 1 stoichiometries was much stronger than in our
xperiments. The only metal studied by both groups is Nd, and

hese general differences seem to apply to the data for that metal
ystem. These differences can be attributed to variations in the
luster source design and the relative concentrations of metal
ersus ligands in the two experiments.
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Fig. 2. The top frame shows the photodissociation spectrum of [Sm(COT)]+
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ragmented at 355 nm and at high laser power (defined in text). The lower frame
hows the photodissociation spectrum of [Sm(COT)2]+ at 355 nm and at high
aser power.

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

The lower frame of Fig. 2 shows the photodissociation of
he [Sm(COT)2]+ cluster. The primary product is [Sm(COT)]+,
ormed by cleanly eliminating a neutral COT molecule. There is
lso a small amount of the Sm+ ion fragment. This is more than
ikely produced by further fragmentation of the [Sm(COT)]+

ragment. Because [Sm(COT)]+ appears as an ionic fragment,

t almost certainly has an IP that is lower than that of COT.
dditionally, since the COT ligands should experience a greater

ttraction for the metal ion than for each other, we would expect
hat this complex exists as a sandwich structure. The fragmenta-

s
w
t
o

ig. 3. The top frame shows the photodissociation spectra of [Sm2(COT)] at
55 nm and at high laser power. The lower frame shows the photodissociation
f [Sm2(COT)2]+ at 355 nm.

ion pattern is consistent with this, indicating the “peeling off”
f ligand layers.

In the top frame of Fig. 3, the fragmentation of [Sm2(COT)]+

s shown. The fragmentation pattern here is markedly different
rom that in Fig. 2. Instead of simple ligand elimination, frag-
ent ions are detected corresponding to ligand decomposition.
he dissociation shows a loss of C2H2 units, resulting in a promi-
ent [Sm2(C4H4)]+ peak along with less intense [Sm2(C6H6)]+

nd [Sm2(C2H2)]+ peaks. The mass spectrum of COT alone [52],
ot shown here, shows that COT dissociates into CnHn

+ units
ith the most prominent fragment being C6H6

+. The presence
f the two samarium atoms seems to cause COT to fragment in a
imilar way through the loss of one C2H2 unit at a time. In other
ragment ions, a small amount of [Sm(COT)]+ is detected, which
orresponds to elimination of a neutral Sm atom. There are also
eaks corresponding to Sm+ and [Sm(C2H2)]+, which could
ome sequentially by fragmentation of the Sm2 ions already
entioned or directly through parallel channels. Sm+, for exam-

le, could come from elimination of this metal cation from the
arent ion together with a corresponding neutral Sm(COT) unit.
nfortunately, we are not able to distinguish between these

lternatives. Sm2(COT) has been observed in solution phase
hemistry to be an inverted sandwich with samarium atoms on
ither side of the COT molecule [50]. Separated metals make
ense because of the charge transfer and ionic bonding in these

ystems, which would tend to produce positive metal atoms that
ould avoid each other. The fragments observed in this spec-

rum could come from such an inverted sandwich structure, but
ther alternatives cannot be ruled out. It is clear, however, that
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ragmentation is much more extensive in these complexes when
wo metal atoms are present. Because there was little evidence
or such fragmentation in the ions that grew in the source, this
ragmentation appears to be photoinduced, i.e., caused by the
aser excitation, as opposed to resulting from ground state metal
nsertion chemistry.

It is interesting to consider the possible structures of frag-
ent ions seen here, such as the [Sm2(C4H4)]+ species. This

omplex could exist in a open chain structure with samarium
toms attached to vicinal double bonds, as shown below. If this
s the case, it would provide a

convenient explanation for the [Sm(C2H2)]+ ion, which
ould come from further fragmentation of such an open struc-
ure. Another fascinating possibility is that [Sm2(C4H4)]+ is a
our membered ring (cyclobutadiene) sandwiched by two metal
toms. Although cyclobutadiene itself is highly strained, a num-
er of metal–cyclobutadiene complexes are known to be quite
table [53]. In such a ring structure, C4H4 has four � electrons,
nd charge donation from the metal would allow a more stable
ear-aromatic configuration to be achieved for this ligand.

The photodissociation mass spectrum for the [Sm2(COT)2]+

luster is shown in the bottom frame of Fig. 3. Lower signal
ntensity, decreased resolution at this higher mass, and the sev-
ral isotopes from the two samarium atoms make the peaks
ook broad and noisy. The heaviest photofragment observed
orresponds to the loss of an entire COT ligand yielding the
Sm2(COT)]+ cluster. From here, one might expect a similar
ragmentation pattern to that seen above for [Sm2(COT)]+. Some
f the same fragments are indeed seen, but there is a much more
rominent [Sm(COT)]+ peak and [Sm2(C2H2)]+ is now more
ntense than the [Sm2(C4H4)]+ seen above. The [Sm(COT)]+

on could result from elimination of a stable neutral Sm(COT)
omplex from the parent ion, in the same way that the Sm+ ion
as produced from the [Sm2(COT)]+ parent. As noted above,
eutral Sm(COT) could be stable in a Sm2+,COT2− configura-
ion, with Sm in the 2+ oxidation state. The neutral and ionic
,1 fragments are consistent with a structure for the parent clus-
er that has alternating metal and ligand stacking, as has been
uggested previously for these systems.

The top frame of Fig. 4 shows the photodissociation spec-
rum of [Dy(COT)]+. The main fragment is Dy+. The IP of
ysprosium (5.93 eV) is lower than that of COT, and as dis-
ussed above, one would expect the lower IP species to appear
s the charged fragment. Additionally, there are peaks corre-
ponding to [Dy(CnHn)]+ (n = 2, 4, 5, 6) in this spectrum with
Dy(C5H5)]+ being by far the most prominent. The [Dy(C5H5)]+

on was also seen in the mass spectrum produced by the cluster

ource following photoionization. Because this fragmentation
hannel requires the loss of the relatively unfavorable neutral
3H3, we can assume that [Dy(C5H5)]+ is itself quite stable.

t is well known that C5H5, which has five � electrons, can

i
t
t
C

ig. 4. Photodissociation spectra of [Dy(COT)]+ at 355 nm (top frame),
Dy(COT)2]+ at 355 nm (middle frame) and [Dy2(COT)3]+ at 355 nm (bottom
rame).

ecome aromatic as the cyclopentadienyl anion when it receives
harge donation via metal complexation. If we assume that this
ccurs here, a + 2 metal oxidation state would produce a stable
Dy2+,C5H5

−]+ species with a net +1 charge. Like most of the
anthanides, dysprosium usually prefers the +3 oxidation state,
lthough it does form some complexes in the +2 oxidation state
uch as DyI2 and DyCl2 [54]. Apparently, the +2 oxidation state
s somewhat favorable in the present [Dy(C5H5)]+ system.

The middle and lower frames of Fig. 4 show the photodis-
ociation of [Dy(COT)2]+ and [Dy2(COT)3]+, respectively. The
ragmentation of [Dy(COT)2]+ shows first the loss of an intact
OT molecule and then the loss of the second intact COT
olecule leaving only Dy+. This pattern is what would be

xpected if [Dy(COT)2]+ exists in a sandwich formation. There
s also a small amount of [Dy(C5H5)]+ and [Dy(C6H6)]+ present
n this spectrum as seen above for the [Dy(COT)]+. The lower
rame of Fig. 4 shows the fragmentation of [Dy2(COT)3]+, the
argest cluster that was photodissociated and one of the more
rominent clusters in the mass spectrum. The highest mass frag-
ent is that of [Dy2(COT)2]+ which results from elimination of

n intact COT molecule from the parent ion. The next highest
ass fragment is [Dy(COT)2]+, which is present in only a small

mount. This could result from sequential fragmentation of the
,2 species by the loss of a dysprosium atom, or directly from
he parent ion by elimination of a [Dy(COT)] neutral. Either
f these channels makes sense for fragmentation of a parent

on with a sandwich structure. This pattern is apparently con-
inued, as the next prominent fragment is [Dy(COT)]+. Again,
his could result from a sequential process by the loss of another
OT from the 1,2 species, or by the loss of neutral [Dy(COT)2]
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ig. 5. Photodissociation spectra of [Nd(COT)]+ at 355 nm and high laser power
top frame), [Nd(COT)2]+ at 355 nm and high laser power (middle frame), and
Nd2(COT)2]+ at 355 nm (bottom frame).

irectly from the parent ion. The Dy+ and [Dy(C5H5)]+ ions
re present in small amounts, and these were also noted above.
n all of these processes, there is no evidence for the loss
f metal dimer or for the production of a [Dy2(COT)]+ frag-
ent. Therefore, the simplest structure consistent with the

ragmentation pattern for the 2,3 species is a double-decker sand-
ich, which has been suggested previously for many of these

ystems.
The top frame of Fig. 5 shows the photodissociation spec-

ra of Nd+(COT). The main fragmentation peak is Nd+, which
esults from a loss of neutral COT. Again, one would expect
o see the fragment of the species with the lowest IP. The
P of neodymium is 5.525 eV and COT’s IP is 8.0 eV. There-
ore, as expected, COT is lost as a neutral molecule and Nd+

s seen as a fragment peak. Additionally, as with dysprosium,
here are peaks corresponding to [Nd(CnHn)]+ (n = 2–6) with
Nd(C5H5)]+ again being the most prominent. The middle frame
f Fig. 5 shows the photodissociation of [Nd(COT)2]+. This frag-
entation is exactly the same as that of the [Dy(COT)2]+ cluster.
he two COT ligands are sequentially lost leaving the Nd+ frag-
ent. This pattern is what would be expected if [Nd(COT)2]+

xists in a sandwich structure. Also present in this spectrum is
peak corresponding to [Nd(C5H5)]+ with smaller peaks cor-

esponding to [Nd(C6H6)]+ and [Nd(C2H2)]+ as in the spectra
or [Nd(COT)]+.

In the bottom frame of Fig. 5 is the photodissociation of

d2

+(COT)2. The photodissociation efficiency for this sys-
em was quite small, producing very poor signal levels, as
hown. Nevertheless, some fragments can be identified. In this
ower mass region of this spectrum, there are [Nd(COT)]+

p
a
f
t

ass Spectrometry 263 (2007) 171–178

nd Nd+ fragment ions, which can come from several chan-
els already mentioned. However, there is also a strong, broad
eature near 300–350 amu. This signal lies mostly below the
ass of the 1,2 complex, which is indicated as the depletion

eak in the middle frame of the figure, and lies near mass
52. Unfortunately, several possible fragment ions could pro-
uce signal in this mass region. [Nd(COT)(C5H5)]+ would
e centered about 313 amu, [Nd(COT)(C6H6)]+ would occur
ear 326 amu, and [Nd2(C4H4)]+ would occur near 340 amu.
he benzene ion is perhaps not so likely, as no other ben-
ene ion fragments were detected throughout this study. The
Nd2(C4H4)]+ ion would have a broader isotope distribution
rom two metals. However, because the overall dissociation
ignal is weak, and almost any of these ions could produce a
road peak from a slow (metastable) dissociation process. It is
herefore not possible to determine which fragments are seen
ere.

In the transition metal–COT study performed previously by
ur group, many M+(benzene) fragment ions were produced by
igand decomposition as the most abundant fragments [41]. This
as understandable because of the inherent stability of benzene

nd because COT itself fragments efficiently to produce benzene
y eliminating acetylene. However, no significant amounts of
etal–benzene complexes are seen here as fragments. Instead,
e see mostly the simple elimination of COT or metal–COT

ragments, and when ligand decomposition occurs, there is
ormation of species such as [Mn(C4H4)]+ and [Mn(C5H5)]+,
here the ligand, like COT, is not aromatic. In the previous
ork on transition metals, photodissociation of [V(COT)]+ and

Fe(COT)]+ also produced the [M(C5H5)]+ ion seen here. The
tability of these vanadium and iron fragments was explained by
onic interactions as well as by the 18 electron rule. However,
he 18 electron rule does not explain the lanthanide metal com-
lexes produced here, as all of the prominent species have much
ewer valence electrons than this. Additionally, the 4d shell is
lled for these metals and the 4f orbitals are deeply buried in

he atomic core, leaving little overlap with ligand orbitals. Cova-
ent interactions are therefore not efficient. Consistent with this,
he only complexes produced here by the source or by frag-
entation processes are those with ligands that gain stability

y accepting charge. Therefore, the interactions seen here are
redominately ionic. Previous studies [44–49] have shown that
anthanide complexes bond very differently than the correspond-
ng transition metal or actinide metal complexes, and favor such
onic interactions.

. Conclusion

Lanthanide metal complexes of samarium, dysprosium, and
eodymium with COT were produced by laser vaporization
nd studied by fixed frequency ultraviolet laser multiphoton
hotodissociation. The mass spectral data shows that the com-

lexes are formed by metal atoms, but not clusters of atoms,
ttaching to COT molecules. Samarium–COT clusters were
ound to favor 1:1 metal–ligand stoichiometries rather than
he (n, n + 1) pattern seen previously for other lanthanide
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etal–COT complexes. Photodissociation of samarium–COT
omplexes with only one metal atom present exhibited sim-
le elimination of ligands, but those with two metal atoms
issociated via various ligand decomposition channels. A sim-
lar trend was seen for neodymium complexes, where ligand
ecomposition was more efficient in the two-metal complexes.
oth dysprosium and neodymium systems produce a promi-
ent [M(C5H5)]+ fragment, but samarium does not produce this
pecies.

Taken as a whole, these photodissociation studies confirm
ome of our expectations about these metal–COT systems, but
hey also provide unexpected new results. Based on stoichiome-
ries, the previous mass spectrometry of Kaya and coworkers
as able to suggest that a number of Mn(COT)m complexes
ad multiple-decker sandwich structures. Our conditions do not
roduce clusters as large as those seen by Kaya, but in the
ower masses we see similar stoichiometries. Likewise, those
ystems that are large enough seem to produce sandwiches or
ultiple-decker sandwiches. The evidence for this is fragmen-

ation patterns consistent with alternating losses of ligand, then
etal, then ligand, etc. The tendency for this is greater for Nd

nd Dy than it is for Sm. Nd and Dy also have a known ten-
ency to favor the 3+ oxidation state which tends to balance the
harge exchange in these systems, and this probably explains
his trend. Surprising results from this study include the new
ecomposition products seen, such as [Sm2(C4H4)]+ and the
M(C5H5)]+ ion seen for both Dy and Nd. As noted, the C4H4
oiety could represent a cyclobutadiene species, but other struc-

ures are also possible for this ligand. A metal in a 2+ state
ould be expected to be favorable to produce the [M(C5H5)]+

pecies. However, the metal expected to do this most readily
Sm) does not do it at all, and instead the metals that usually
ave the 3+ oxidation state (Nd, Dy) both form this complex.
hese various structural questions should be investigated fur-

her with theory and perhaps infrared spectroscopy on these
ystems.
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