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Isomers of Small Carbon Cluster Anions:
Linear Chains with up to 20 Atoms

Gert von Helden, Paul R. Kemper, Nigel G. Gotts,
Michael T. Bowers*

The structure of small carbon cluster anions, C,~ (4 < n < 20), was investigated with
the use of ion chromatography. With this technique, both the existence and the relative
amounts of possible structural isomers can be determined. More than 99% of the ions
Cs~ to C,~ were found to be linear under these experimental conditions. Starting with
C,0~» @ monocyclic isomer was observed, and linear and moncyclic structures co-
existed from C,,~ through at least C,,~. This result is in contrast to previous work on
positive ions, which showed the existence of linear isomers from C.* to C,,*, with
linear and cyclic isomers coexisting only from C,* to C,,*. Above C,,*, no linear

clusters were observed.

During the last several years, consider-
able research effort has been directed to-
ward understanding the structures and
properties of small clusters. Small carbon
clusters are especially interesting because
of their possible importance in combustion
and pyrolysis processes (1), their impor-
tance in astrophysical processes (2), and
their role in the formation and growth of
fullerenes. Because of their high reactivi-
ty, most carbon clusters cannot be isolated
in macroscopic quantities and analyzed by
traditional means. As a consequence, lit-
tle is known about the structure of most
clusters. Some structural information has
been deduced from size distributions in
mass spectra (3) and metastable reactions
in mass spectrometers (4), reactivity stud-
ies (5), computational studies (6-8), and
various spectroscopic techniques (9). Pho-
toelectron spectroscopy (10, 11) shows
the presence of linear clusters for cluster
anions with as many as nine atoms and
suggests that larger clusters have monocy-
clic ring structures with the possibility of
both linear and cyclic structures being
present in C,,~ and C,;”. Even with
these results, it has remained unclear if
cyclic cluster anions exist with less than
10 atoms or if linear clusters exist with
more than 11 atoms and if there is a region
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where linear and cyclic clusters coexist.
Coulomb explosion experiments (12) have
shown the possible presence of different
isomers for C,~, Cs~, and C¢™. A review
on the research up to 1989 has been given
by Weltner and van Zee (9).

We recently introduced the technique
of ion chromatography and applied it to
carbon cluster cations (13). This tech-
nique, in combination with computer

~ modeling, allows us to probe the shape

and possible existence of structural isomers
for small cluster ions. Various families of
structural isomers have been identified for
carbon cluster cations (13-15). Here, we
present results from similar studies on
carbon cluster anions that contained from
4 to 20 atoms.

The experimental setup has been de-
scribed previously (16), and only a brief
outline is given here. A schematic of the
apparatus is shown in Fig. 1. Carbon cluster
anions are generated in a standard laser
vaporization—supersonic expansion cluster
source. A pulse of photons from an excimer
laser impinges on a continuously rotating
and translating graphite rod. The pulse is
timed to coincide with a burst of helium,
which is admitted from a pulsed valve.
Carbon clusters exit the source through a
30-degree conical nozle after traveling
through a channel that is 3 mm in length
and 2 mm in diameter. In some experi-
ments, a spacer is inserted to increase the
channel length to 8 mm. No further ion-
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Fig. 1. Schematic of the overall ion chroma-
tography instrument. Carbon cluster ions are
generated by laser vaporization—supersonic
expansion. lons are mass-selected by the
magnet and electrostatic analyzer and inject-
ed at low energy into the chromatography cell.
lons exiting the cell pass a quadrupole mass
filter and are detected by standard ion count-
ing techniques.

ization is used. Cluster anions are acceler-
ated to 5 keV and then mass-selected by a
reverse geometry, double-focusing mass
spectrometer. An electric shutter cuts a
short pulse (2 to 10 us) of ions out of the
=40-ps mass-selected ion packet and in-
jects it at low energies (2 to 15 eV) into a
high-pressure drift cell (Fig. 2) filled with
helium at 2 to 5 torr. A small electric field
(2 to 20 V/cm) pulls the ions gently
through the cell. Ions exiting the cell are
passed through a quadrupole mass filter and
are detected as a function of time. The
resulting arrival time distribution (ATD) is
collected on a multichannel scaler. The
time an ion spends in the cell is inversely
proportional to the mobility of the ion and
directly proportional to the average cross
section of the ion. Ions of the same mass
but with different structures may have dif-
ferent mobilities. Structures with a large
average cross section have a lower mobility

lon pulse Drift cell ATD
BT E E= EE
Helium (5 torr)
Fom e el
t=0
E=R

2to 20 V/iecm

Fig. 2. Schematic of a typical ion chromatogra-
phy experiment. A 5-us ion packet is injected at
low energy into the high-pressure drift cell. lons
drift through the cell under the influence of a
weak electric field. Different structural isomers
are separated because of their different colli-
sion cross section (size). lons exiting the cell
are recorded, and their ATDs are obtained.
Typical drift times (t) in our cell were 100 to
1000 ps.
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Fig. 3. Typical ATDs for carbon cluster ions with
9, 10, and 11 atoms. Shown on the left are
results from carbon cluster anions and on the
right previous results for carbon cluster cations
(15). Dirift times for positive and negative ions
differ because of different experimental condi-
tions. Peaks that resulted from linear isomers
are shown shaded; unshaded peaks resulted
from cyclic isomers.

and exit the cell at later times than compact
structures with small cross sections. These
different structures therefore can show up as
different peaks in the ATD. Both the rela-
tive amount of the separated structures and
their mobilities can be determined.

The ATD:s for 9—, 10—, and 11-—carbon
atom clusters are shown in Fig. 3. These
ATDs are bimodal for all cases except
C,:*. Each ATD can be fit with a theoret-
ical model in order to obtain the ionic
mobility and the relative isomer abun-
dance. The inverse mobility of the different
carbon cluster ions containing from 4 to 20
atoms is shown in Fig. 4. For the cations,
extensive computer simulations of mobili-
ties and ‘experiments with linear and cyclic
hydrocarbon cations has shown (13-15)
that the isomers in this size range corre-
spond to linear and cyclic clusters with
cyclic clusters appearing at shorter times in
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Fig. 4. Inverse mobility for the different isomers
as a function of cluster size. The inverse mobil-
ity is directly proportional to the average colli-
sion cross section. On the left are results from
carbon cluster anions and on the right are
previous results for carbon cluster cations (13,
15). The inverse mobility of the cyclic Cy~
isomer is not shown because of its low relative
abundance. Note that for the anions, linear
isomers are present from C,~ to C,,™.

the ATD. Because the mobilities of the
corresponding anion isomers were almost
exactly the same as those of the cations of
the same size, it is safe to say that the two
peaks in the ATDs were attributable to the
presence of linear and cyclic structures.
Cyclic carbon cluster anions were pres-
ent in our experiment from Cy~ to C,”~
and beyond, with the amount of cyclic
isomer in C,~ always less than 1%. Linear
isomers exist from C5~ to more than C,,~.
Theoretical mobility studies on linear and
cyclic carbon cluster cations indicated that
cyclic and linear isomers could be resolved
for C;~ and larger clusters but most likely
not for C,”. The C,” molecule could
therefore exist in our experiment as linear,
cyclic, or both. Starting at C,,~, a new
isomer appeared at shorter times than the
moncyclic ring; this isomer is the start of a
new series of bicyclic structures (17). For
isomers to C,;~, the observed isomer abun-
dances were in qualitative agreement with
the photoelectron studies of Yang et al. (10)
and Arnold et al. (11). In both studies, the
photoelectron spectra could be interpreted
as being composed of linear clusters up to
C,~, with C,,~ being cyclic and C,;~
having linear and cyclic isomers. C;~, C,7,
and Cg~ may also contain some cyclic
isomer (I1); Amold et al. used an ion
source of a design similar to that used in our
work. Under our experimental conditions,
less than 0.1% of these clusters were cyclic.
One of our most interesting results is
that linear carbon cluster anions were ob-
served as large as C,,~. In contrast to these
findings, no linear positive ion cluster has
been observed greater than C,,*. Also, the
first cyclic isomer appeared at C,*, with
linear and cyclic clusters coexisting only up
to C,o*, whereas the first cyclic anion
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Fig. 5. Abundance of linear carbon cluster
isomers as a function of cluster size for two
different ion source configurations. Data points
in squares were taken with an ion source that
includes a 5-mm spacer between the source
body and the nozzle; data points in circles
resulted from an ion source without the spacer.
The spacer extended the residence time of the
ions in the ion source.
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appeared at C,;,”. These results indicate
that the charge state of the cluster has an
important function in structure stability, at
least for small clusters. These differences
between positive and negative ions can in
part be explained by the different electron
affinities and ionization potentials of linear
and cyclic clusters. For example, cyclic C,,
has a electron affinity of 2.2 £ 0.1 eV (11),
whereas linear C,, has an electron affinity
of about 4.6 eV (8). This difference yields a
greater stabilization of 2.4 eV for the linear
cluster upon electron attachment. For the
positive ions, the stabilization (that is, the
difference in ionization potentials) of the
linear and the cyclic clusters of C,,* is only
~0.8 eV (18). This situation is probably
similar for other linear and cyclic clusters,
so that it comes as no surprise that linear
clusters larger than those found in the
cations were observed in the anions.

The percentage of linear isomer as a
function of cluster size for two different ion
source configurations is shown in Fig. 5:
one set of experiments includes the 5-mm
spacer and the second has no spacer be-
tween the source body and the nozzle. In
both curves, the linear isomers have a
strong minimum at C,,”. The percentage
of linear clusters proceeds to a maximum
at around C,,” and subsequently falls off
almost monotonically. Insertion of the
5-mm spacer reduced the fractional abun-
dance of linear isomer, whereas the qual-
itative shape of the curves was relatively
unaffected.

To understand the relative abundances
of cyclic and linear clusters, one must con-
sider two factors: the kinetic processes for
formation and the depletion of clusters in
the ion source and the relative stabilities of
the isomers. The 5-mm spacer would affect
the residence time of the ions in the source
and therefore influence the kinetics in the
source and possibly the internal energy of
the clusters. The formation rates are ex-
pected to be a strong function of variables
such as helium pressure and the residence
time in the source. The linear clusters are
expected to react quickly with neutral car-
bon clusters because of the presence of two
reactive sites. Reactions of small neutral
units with these sites might proceed with
almost no barrier because no bonds would
be broken in the course of reaction. Cyclic
clusters, on the other hand, would be much
less reactive (19) because all atoms are only
bonded to their two nearest neighbors. The
reaction of cyclic clusters with other clus-
ters is thus likely to involve barriers on the
reaction surface. The expected result, as
seen in the data in Fig. 5, is a depletion of
linear clusters with longer source residence
times.

The stability of the cluster is also expect-
ed to have a strong effect on the observed
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isomer distribution. For clusters with more
than a few atoms, the potential energy
surface is very complex, with many local
minima often separated by large barriers.
One consequence is that clusters need long
annealing times to attain thermodynamic
equilibrium. The transformation of cyclic
clusters to linear clusters, for example, re-
quires breaking a C—C bond, which implies
a large barrier, especially for large cyclic
clusters with little bond 'strain (20). We
therefore did not expect the different iso-
mers to be in thermodynamic equilibrium
when leaving the source. Nonetheless,
longer residence times in the ion source,
under relatively high temperature condi-
tions, would increase the annealing time
and might shift the isomer distribution to-
ward the thermodynamically more stable
isomers.

Finally, the fact that C_~ clusters exist
in relatively large sizes suggests that neutral
linear carbon clusters might also exist in
this size range, because the most plausible
mechanism for anion formation is electron
attachment to neutral clusters. OQur data do
not directly address this issue, but the sur-
prisingly large abundance of linear C ~
species for 11 < n < 16 supports this
interpretation.
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A Mixed-Valent Polyiron Oxo Complex That Models
the Biomineralization of the Ferritin Core

Kingsley L. Taft, Georgia C. Papaefthymiou, Stephen J. Lippard*

A novel polyiron oxo complex, [Fe'" Fe'5(0),(OCH,),¢(0,CCH,)(CH;OH), &1 (1), has
been prepared from ferrous acetate and lithium methoxide in methanol by slow addition
of dioxygen. The three-dimensional close-packed layered structure found in 1 closely
mimics that proposed for the inorganic core in the iron storage protein ferritin. The Méss-
bauer spectra of 1 reveal superparamagnetic relaxation at temperatures below 15 K, a
property characteristic of the ferritin core. The small size and mixed-valent nature of 1
suggest that it is a reasonable model for intermediates formed in the biomineralization of
iron during ferritin core formation. A related compound, with the same iron-oxygen frame-
work found in 1 but containing only two ferric ions, has also been structurally characterized.
Because the clusters exhibit properties of both discrete molecules and extended solids,
they are representative of a new class of nanometer-sized compounds that bridge the

molecular solid-state boundary.

Tron homeostasis is maintained in part by
the iron storage protein ferritin (Ft), which
is comprised of a highly symmetrical coat
consisting of 24 polypeptide subunits that
can encapsulate up to 4500 iron atoms in
an iron oxide hydroxide core (1-3). This
iron(IIl) mineral core is formed inside the
preassembled protein shell upon oxidation
and hydrolysis of iron(Il). The structure of
the iron core of Ft and the related mineral
ferrihydrite is believed to consist of close-
packed layers of oxygen atoms with iron
occupying octahedral interstitial sites (4-6).
Here we report the preparation and char-
acterization of [Fem4Fe"8(O)2(OCH3) 18
(O,CCH;)¢(CH,0H), ¢, (1), the struc-
tural, Mossbauer, and magnetic properties
of which resemble ferrihydrite and the Ft
core. Features of 1 are also realized in several
other inorganic compounds, including the
polyoxometalates (7), mixed-valent iron-
containing minerals (8), and a variety of
partially oxidized iron oxide hydroxides
known as “green rusts” (5, 6). The charac-
terization of 1 may help to clarify the nature
of the iron core in Ft; its synthesis may serve
to mimic features of the biomineralization
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process by which this core is deposited (9).
Ferrous ion dissolved in strongly basic
methanol solutions reacts rapidly with ex-
cess dioxygen to give intractable yellow
precipitates. In contrast, slow diffusion of
dioxygen into methanol solutions of ferrous
acetate and lithium methoxide yields dark
blue-green rectangular crystals of 1 (10).
The molecular structure of 1, as determined
by x-ray crystallography at 186 K, is com-
prised of 12 edge-shared FeO, octahedra
(Fig. 1) (11). From charge and bond-dis-
tance criteria, atoms Fe(1), Fe(1)’, Fe(2),
and Fe(2)' are assigned as ferric ions. All of
the iron atoms except for the two outermost
ones, Fe(6) and Fe(6)’, are coordinated to
the two central oxide anions. The remain-
ing coordination sites are filled by methox-
ide, acetate, and methanol ligands.
Compound 1 has a distorted sodium
chloride structure type, with the oxygen
atoms arranged in a cubic close-packed
array and the iron atoms residing in octa-
hedral interstices (Fig. 2). Thus, the
polyiron oxo molecule has a three-dimen-
sional lattice structure of iron and oxygen
atoms like that proposed for Ft and ferrihy-
drite. Other characterized polyiron com-
plexes have either a layer or cluster motif,
because they do not contain the pg-oxo
ligands needed to form the lattice array of
compound 1 (12-15). One exception is the
structure that occurs in two related hexa-
nuclear iron(III) complexes, each of which





