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Gas phase trapped ion studies of collisionally formed MgC 60
¿ complexes

R. I. Thompson,a) M. Welling,b) H. A. Schuessler,c) and H. Walther
Max-Planck-Institut fu¨r Quantenoptik, Hans-Kopfermann-Str. 1, D-85748 Garching bei Mu¨nchen, Germany

~Received 8 January 2002; accepted 26 March 2002!

A series of experiments were performed to study the formation of MgC60
1 complexes via Mg1

1C60 collisions, and to study the structure and stability of the resulting complexes via optical
spectroscopy and mass spectrometry. Collision experiments were carried out in a linear ion trap
apparatus under conditions of controlled collision energies, reactant densities, and buffer gas
pressure. Ion trap mass spectrometry was used to measure the relative reaction rates for complex
formation, charge transfer, and fragmentation reactions in Mg11C60 collisions. Laser-induced
photodissociation was then used to study the MgC60

1 complexes in order to measure their stability
and identify their molecular structure. Absolute photodissociation cross sections were determined
for complexes generated at low collision energies and reactant densities over the wavelength range
of 1300–280 nm and were in the range from 2310220 cm2 to 5310217 cm2 in magnitude. The
shape of the generated cross-section curve indicates that at low collision energies most of these
complexes are exohedrals. More refined measurements of samples generated at optimum buffer gas
pressures and higher collision energies demonstrated the existence of a second more slowly
dissociating fraction that apparently results from the presence of endohedral complexes. ©2002
American Institute of Physics.@DOI: 10.1063/1.1478698#
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I. INTRODUCTION

The study of metallofullerenes in condensed phases i
active and wide-ranging field, both in its history and in t
breadth of complexes that have been studied. Unfortuna
one of the drawbacks of this field is its inability to look
samples in the limit of an isolated molecule either during
generation of the complex, or afterwards. In addition, it
very difficult to tightly control the experimental condition
such as reaction energy and reactant densities during the
eration process. Instead it is necessary to look at bulk p
erties and to control the bulk parameters while studying
complexes in the solid, powder, or solution phases~e.g.,
Refs. 1, 2!. Gas phase work on fullerenes and fullerene co
plexes has been limited to mass spectrometric~e.g., Refs.
3–5! and short pulse photoionization studies~e.g., Ref. 6! of
molecular beams. As a complementary alternative to th
techniques for this field of study, we present a novel te
nique for both generating and studying ionic metallofullere
complexes in the gas phase, if needed down to the si
molecule level. A linear ion trap is used to serve as an en
ronment for collisions between neutral C60 molecules and
charged Mg1 ions. The collision energy, ranging from near
to 200 eV, particle densities, and reaction times are all c
trolled, while the charged product molecules are stored in
ion trap. Once formed, the complexes are cooled and st
lized through buffer gas collisions. Lasers are used to pr
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the stability of the complexes formed under different expe
mental conditions and to determine their molecular structu
Although some experiments have been carried out study
relatively short-lived complexes, the technique presen
here observes the complexes over relatively long time p
ods~in excess of minutes!, allowing the determination of the
long term stability of the complexes in their low vibration
states.

II. EXPERIMENTAL APPARATUS AND TECHNIQUES

The experimental apparatus and techniques are ex
sively described in a separate publication.7 Therefore, only a
brief outline of the apparatus and techniques will be provid
here.

The linear-geometry, radio frequency~RF! ion trap used
in these experiments has a design based on a modified
quadrupole mass spectrometer electrode arrangement.
symmetrically positioned cylindrical electrodes are used
generate a RF trapping field, which holds the ions in theX
and Y directions. The electrodes are divided into thr
electrically-isolated segments that carry identical RF fiel
but independent dc fields~see Fig. 1!. These dc fields, com
bined with those generated by on-axis end-cap electrodes
used to control the motion along theZ-axis of the trap, either
to hold or accelerate the ions. The RF trapping parame
are mass dependent, allowing the trap itself to act as a m
spectrometer. The main detection technique utilizes a sec
RF field to parametrically excite the secular motion of t
ions within the trap. The frequency of oscillation of an ion
mass dependent, and when a quadrupole electric field is
plied at twice the frequency of the ion’s motion, ions wi
the selected mass have the amplitude of their motion exc
parametrically. For a strong enough field, the ions are dri

ess:
-

l-
1 © 2002 American Institute of Physics
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out of the trap and collected by a biased electron multip
tube ~EMT, see Fig. 2!. Scanning the excitation field gene
ates a mass spectrum with anm/Dm resolution of between
200 and 800 amu, depending on the mass range being e
ined. A second technique, referred to asq-scanning, simply
reduces the trapping field strength until the trap depth felt
the selected mass is so low that the ion can be pulled ou
the trap by the bias field of the external EMT. This techniq
has a much lower resolution than secular excitation, but c
ers rather large mass or charge ranges quickly, and has a
detection sensitivity.

The fullerene complexes are generated as follows
small molecular oven, filled with powdered C60, is posi-
tioned outside one end of the trap, on the trap axis. The o
is heated to generate a diffuse beam of neutral C60 molecules
impinging into the trap~Fig. 2!. At the opposite end, a sec
ond atomic oven is filled with solid magnesium, and wh
heated, the diffuse Mg beam is ionized by electron bomba
ment to form Mg1 ions, which are then injected into the io
trap. A special focusing field, generated by a curved e
trode, is used to inject the ions through an aperture and
the trap along the trap axis. The segmenting of the trap
lows the C60 end to be maintained at a lower dc potent
than the Mg1 end of the trap~Fig. 1!. Thus the Mg1 ions are
accelerated by a step potential before they interact with
C60 beam. Controlling the step potential size controls
collision energy. The spread in the kinetic energy of the M1

ions is determined by the spread in the ion energies com

FIG. 1. Schematic top-view diagram of the ion trap electrodes and dc e
tric field potentials demonstrating ion trap operation in the ion–molec
collision mode.

FIG. 2. Schematic diagram of the optical arrangements used for fluo
cence probing of the trapped ions. EMT indicates the electron multip
tube used for charged particle detection during ion trap mass spectrom
Downloaded 09 Mar 2004 to 165.91.120.179. Redistribution subject to AI
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out of the ion source, which, within limits, can be controlle
by a filter potential generated between the ion source and
input of the ion trap. Under normal operating conditions, t
full-width half-maximum energy spread is approximately
eV. A computer system is used to control the ion formatio
complex generation, and trap loading process, as well as
laser exposure~see next paragraph! and mass spectrometri
analysis stages.

Laser spectroscopy is generally used as part of the an
sis of the product ions. The probe laser passes through
sample volume at an angle of 15° with respect to the t
axis, which is necessary since the atomic and molecular
ens are positioned along the axis~Fig. 2!. A series of differ-
ent cw laser sources, including diode, helium–neon, r
dye, and doubled dye lasers, are used to provide radiatio
the near infrared, visible, and ultraviolet regions of the op
cal spectrum. Once the trap is loaded with a samp
computer-controlled apertures are used to expose the sa
to laser radiation for adjustable time periods. During the
posure, an optical imaging system is used to collect radia
scattered at right angles to the trap axis and focus the ra
tion onto the cathode of a cooled photomultiplier tu
~PMT!. This signal, together with the probe laser intens
recorded by a photodiode, are stored in the computer du
laser exposure. After exposure, a high-resolution parame
mass scan is used to empty the trap while determining
resulting molecular composition of the trapped ion clou
The computer system is designed to repeatable load pr
cally identical samples into the trap for probing with diffe
ent intensities, exposure times, or wavelengths of laser ra
tion.

III. RESULTS AND DISCUSSION

The results of this work fall into the two general categ
ries, namely, collision reaction data and laser photodisso
tion spectra. The former investigates the physics of the
mation of the complexes and subsidiary fullere
fragmentation processes, while the latter measures the c
plexes’ stability and different dissociation paths leading to
destruction. Although very different types of measuremen
these results complement each other well to form a com
hensive picture of the reaction dynamics and the structur
the complexes. We will first discuss the collision data a
then the laser irradiation results.

A. Collisional reactions of C 60 with Mg ¿

C60 molecules and Mg1 ions are injected at opposit
ends of the linear ion trap arrangement, a dc step poten
1/3 of the way along the trap is then used to vary the co
sion energy of the Mg1 ions before they collide with the C60

molecules. After the collision, it is imperative that the vibr
tional motion of the collisionally generated complex
quickly dissipated. This is effected by viscous drag cooli
in a helium buffer gas at about 1026 Torr. Such collisions
stabilize the complexes by quenching their vibrational ex
tations. The complexes are stored in the trap until they
analyzed using parametric secular excitation for ion t
mass spectrometry. Oven temperature, buffer gas press
and step and filter potential voltages are used to control s
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r

try.
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experimental parameters as reactant density, buffer gas
lision rates, and Mg1 kinetic energy during the collision pro
cesses.

In order to maximize the kinetic energy selectivity, a
minimize fullerene destruction through excessive multi
collisions with Mg1 ions, the trap potential in the collisio
studies is amplitude-modulated. The modulation amplitud
selected such that the motion of the massive fullerene
fullerene-complex ions is always stable, but the Mg1 ions
are stable only for approximately 1/3 of the time. This allo
the Mg1 ions to leak out of the trap before they lose sign
cant collision energy through buffer gas collisions, and
fore too many of them collect in the trap. The trapping fie
modulation results in relatively slow reaction rates, but w
implemented to obtain energy resolved data. In the photo
sociation experiments discussed in Sec. III B, ion yield w
the main criterion. Therefore, for these measurements
trap potential was not modulated.

Each collision experiment results in mass spectra of
form shown in Fig. 3. The collection efficiency with th
form of mass spectrometry is less than 1% so the numbe
ions detected is only proportional to the number of io
stored in the trap. At a mass of 744 amu there appears a
corresponding to MgC60

1 complexes formed by the attach
ment of a Mg1 ion to a C60 fullerene molecule. Next to this
peak at mass 720 amu is the C60

1 peak, which results from
charge transfer of one electron pulled from a C60 molecule
by a Mg1 ion. Finally, at the masses 696, 672, 648, etc. a
one sees the presence of the fullerene fragments cause
the breaking off of C2 units from the fullerene molecule b
collisions with fast Mg1 ions.

1. Fragmentation

Considering first the fragmentation reaction, Fig.
shows the data collected at different collision energies for
generation of the first 4 fullerene fragment ions. The m
cause of the scatter in the data lies in the small numbe

FIG. 3. Typical mass spectrum of the products from a Mg11C60 energy
resolved collision experiment carried out with an ion acceleration poten
of 60 eV. The peaks at 624, 648, 672, and 696 amu are fullerene frag
ions, while the peaks at 720 and 744 amu are C60

1 and MgC60
1 complexes,

respectively.
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collision processes due to the slow rate of these react
caused by the weak energy-selected ion beam. The mos
vious result is that fragmentation does not happen at
collision energies. Due to the high stability of the C60 cage,
significant energy is required to knock off a C2 fragment
with significant fragmentation only occurring above 25 e
However, note that once fragmentation from C60 to C58 be-
gins to occur further steps down to C56, C54, and so on,
follow with relatively small amounts of additional energy~a
few eV! being required. This is consistent with the we
established result that C60 dissociates by sequential loss
C2 fragments rather than removal of larger carbon pie
such as C4 or C6 .8 By plotting all of the data together, it ca
clearly be seen that all of the fullerene fragment curv
roughly mirror each other as a function of a collision ener

The exact mechanism of the fragmentation reaction
C60 to C58

1 is not completely clear. It could occur in the sing
step of

C601Mg1→C58
1 1C21Mg, ~A!

or it could proceed in multiple step processes involving
separate charge transfer process such as

C601Mg1→C60
1* 1Mg, ~B!

C60
1* →C58

1 1C2* , ~C!

or

C601Mg1→C60
1 1Mg, ~D!

C60
1 1X→C58

1 1C21X, ~E!

where X is a high-energy charged or neutral atom, molec
or fragment. The similar shapes of the fragmentation cur
and the charge transfer curve~Fig. 5! suggest that at leas
some of the fragmentation may be following the latter rou
reaction~D! followed by reaction~E!.

al
nt

FIG. 4. Mass-resolved determination of the generation of fullerene fragm
ions by Mg1 bombardment of C60 as a function of the ion acceleratio
potential. The correspondence between fragment identity and symbol is58

1

~m!, C56
1 ~d!, C54

1 ~j!, and C52
1 ~.!.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



rg
ti

r e
d
s
a
re
8

ar
-

-
,
gh
ri

2

ty

y
r-

on

o

ow
ran-

and
t is
tial
of

pe

nt of
-
h
gher
uld
ble
.

nc-
n

to 0

ure
-

a
s,

-
l
at 0

6
the
s.
ial
e
ly-

er
lid

he
(
gy

10204 J. Chem. Phys., Vol. 116, No. 23, 15 June 2002 Thompson et al.
2. Charge transfer

Figure 5 shows the dependence of the yield of the cha
transfer reaction on the collision energy. The number sta
tics for this measurement are much better than those fo
ther the fragmentation or complex formation reactions, in
cating that under these conditions charge transfer i
dominant reaction. The curvature displayed by these d
appears to have a definite although broad resonance natu
it. The Gaussian fit to the data yields a peak energy of 4
61.0 eV, and a peak width of 4064 eV. This feature can be
explained by the Massey Criterion for near resonance ch
transfer.9 The Mg and C60 ionization potentials are very simi
lar ~7.644 and 7.5760.01 eV, respectively10,11!. Thus the en-
ergy difference between the state Mg11C60 and the state
Mg1C60

1 is merely 0.07460.01 eV, corresponding to a fre
quency difference of 18 THz. In a semiclassical model
charged particle passing the fullerene molecule in a strai
line trajectory generates an electric pulse and the Fou
transform of the electric pulse generated by a 50 eV Mg1 ion
passing the fullerene molecule peaks at approximately
THz, resonantly inducing the charge transfer.

More quantitatively, the first order transition probabili
for a Massey Criterion transition is given by

Po→ f
1 5uCo f

1 ~`!u2, ~1!

where

Co f
1 ~`!5

1

i\v E2`

`

Vf o~r !eiv f oz/vdz, ~2!

and v5 ion velocity, Vf o(r )5 interaction potential,v f o

5transition frequency,r 25b21z2.
In general, Eq.~2! can be optimized either analyticall

or numerically for any given interaction potential to dete
mine the velocity that results in the maximum transiti
probability. This velocity can be expressed in the form,

vopt5kv f or, ~3!

wherer is the interaction length of the potential andk is a
constant of proportionality dependent only on the shape

FIG. 5. Mass-resolved observations of C60
1 ions generated by charge transf

from C60 to Mg1 as a function of the ion acceleration potential. The so
line is a Gaussian fit to the data.
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the interaction. Using this approach it is possible to sh
that the peak demonstrated in Fig. 5 is a Massey-type t
sition for the interaction of a Mg1 ion and a C60 molecule,
assuming that the interaction potential is of short range
does not extend beyond the electron cloud. In fact, the fi
best to an analytical function is for a square-barrier poten
that has a range of about 7 Å, which is within the cloud
electrons but outside the fullerene cage.

Further confirmation of the occurrence of Massey-ty
charge exchange in Mg1 collisions is the lack of a charge
exchange resonance peak in the equivalent measureme
collisions between Ne1 ions and C60. Such a study was car
ried out by another group12 and separately by ourselves, wit
no resonance peak being observed. Due to the much hi
ionization potential of Ne, the Massey criterion peak sho
be shifted into the keV range, and is therefore not observa
in our Ne11C60 collision studies carried out below 100 eV

3. Complex formation

Figure 6 shows the rate of complex generation as a fu
tion of collision energy. All of the data points were take
with the method just described, except for the one close
eV. This point was observed by loading the trap with Mg1

ions and collisionally cooling them to near room temperat
before turning on the C60 oven. No fragment ions or com
plexes were detected, although some C60

1 formed by charge
exchange was observed~Fig. 6!. This suggests that there is
small activation barrier to the formation of any complexe
endohedral or exohedral, in the reaction Mg11C60. This
differs drastically from the formation of other fullerene com
plexes such as MnC60

1 , where the formation of exohedra
complexes has no activation barrier and in fact is peaked
eV.13

The shape of the curve that the data follow in Fig.
displays two partially resolved peaks, as indicated by
polynomial fitting curves. The data were fit in two step
First, the 30–100 eV data were fit to a third order polynom
~dashed line!. The results of this fit was subtracted from th
raw data and the result was fit to a second third-order po
nomial for the data between 0 and 37.5 eV~dotted line!. In

FIG. 6. Mass-resolved observations of the formation of MgC60
1 complexes

via Mg11C60 collisions as a function of the ion acceleration potential. T
dashed line is a third-order polynomial fit to the high energy dataE
>30 eV). The dotted line is a third-order polynomial fit to the low ener
data~see text!. The narrow solid line is the sum of the two fits.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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each of the two fits, the value was fixed to zero outside
listed range of powers. The sum of the two fits yields t
solid curve, which is a good match to the observed data,
demonstrates poor resolution of the two peaks.

Based on similar results with other guest atoms such
Mn1 ~Ref. 13! it is not unreasonable to expect two peak
with a lower energy exohedral peak and a higher ene
endohedral peak. For Mn1 the two peaks are resolved, b
MnC60

1 exohedral formation peaks at 0 eV~no activation bar-
rier!, while the activation barrier for MgC60

1 pushes this peak
towards higher energies causing the overlap with the h
energy endohedral peak. The low energy edge for the h
energy peak for MgC60

1 is equal to the activation barrier an
appears to be in roughly the same spot as for Mn1. The
polynomial fit indicates a threshold near 20 eV for the ac
vation barrier for Mg1, as compared to approximately 15 e
for Mn1. This is to be expected, as the sam
‘‘window-opening’’ 14 insertion mechanism would domina
the process for both Mn1 and Mg1 due to their similar sizes

Having discussed the similarities between the MgC60
1

and MnC60
1 formation processes, there remains the major

ference of the activation barrier appearing only for MgC60
1

formation to be explained. The existence of this barrier
chemically reasonable when one considers the relative e
tron affinities of magnesium and manganese and the con
of the Hard and Soft Acid–Base~HSAB! Principle of Inor-
ganic Chemistry.15 This concept states that hard acids~low
electron affinity acids! will bond easily with hard bases~high
electron affinity bases! because the electron will be attracte
to the base, forming an ionic bond. While soft acids~high
electron affinity acids! bond easily to soft bases~low electron
affinity bases! because the electron affinities are similar
sulting in shared electrons and thus a covalent bond. I
much less favorable to combine soft acids with hard base
hard acids with soft bases. Carbon is among the softest o
base atoms, while magnesium is a hard acid, and thus b
ing is not very favorable, resulting in the activation barrier
complex formation. Manganese, a much heavier elemen
close to the transition between hard and soft acids, t
bonding much more readily with C60 resulting in no activa-
tion barrier.

Given the statements in the preceding paragraphs,
necessary and helpful to use optical spectroscopy to pro
further evidence for our arguments.

B. Photodissociation of MgC 60
¿

Although the collision data are interesting in itself,
cannot provide information about the detailed structure
the complexes formed in the collisions. Therefore, la
spectroscopic studies of the complexes were initiated to a
lyze the structure and stability of these complexes. Althou
some literature exists providing spectroscopic data
fullerene species in powder, solution, and isolated ma
phases,1,2,16 the gas phase spectroscopic data presented
contribute to a data set distinguished mainly by its relat
paucity.17 Our studies revealed that the probing radiation h
a tendency to dissociate the complexes. Therefore, mea
ments of both absolute, laser-induced, photodissocia
Downloaded 09 Mar 2004 to 165.91.120.179. Redistribution subject to AI
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cross-sections and relative branching ratios were carried
with this apparatus. Since the yield of collisional compl
generation reactions using the trapping field amplitu
modulation technique of the previous section could not p
vide large enough samples for these measurements, the
plitude modulation was turned off, which resulted in an i
crease in the Mg1 density in the trap of several orders o
magnitude. The drawbacks are that the kinetic energy of
Mg1 ions is not well defined due to thermalization with th
buffer gas, and the maximum collision energy is limited
less than approximately 20 eV to avoid excessive fragm
tation. However the yield in MgC60

1 complexes is greatly
enhanced. Two general techniques for observing photodi
ciation are outlined below, with earlier initial results pro
vided elsewhere.7,18

1. Photodissociation branching ratio at 280 nm

There are several possible reaction paths that the ph
fragmentation of MgC60

1 can follow. These include

MgC60
1 1hn→Mg11C60, ~F!

MgC60
1 1hn→Mg1C60

1 , ~G!

MgC60
1 1hn→C21MgC58

1 , ~H!

MgC60
1 1hn→MgC60

211e2. ~I!

Experiments were carried out to test for the presence
each of the above reaction paths. A large number of prod
ions were generated at collision energies below 15 eV
stored in the ion trap. Photodissociation was carried out
exposure to a strong beam~;1 mW! of 280 nm laser radia-
tion. To monitor reaction~F!, the collected product ions wer
probed with 280 nm radiation that would cause the Mg1 ions
to fluoresce. Fluorescence was observed, indicating the p
ence of this reaction channel, but it was difficult to acc
rately determine the absolute fluorescence yield per reac
ion and thus to determine a quantitative value for t
branching ratio. Instead, by process of elimination, this va
was determined by measuring all the other branches and
signing the remainder to reaction~F!.

The branching ratio for reaction~G! was determined by
collisionally generating MgC60

1 and C60
1 , and then purging

most of the C60
1 out of the trap using secular excitation.

long laser exposure would then be used to dissociate
MgC60

1 and the amount of C60
1 in the trap, produced by pho

todissociation, would be measured. The experiment was
peated alternating between full laser exposure and no l
exposure~Fig. 7!. The ratio between C60

1 counts with full
laser exposure and MgC60

1 counts with no laser exposure de
termined the branching ratio for reaction~G! to be 7666%
~280 nm laser radiation!. In these measurements, care w
taken to ensure that the trap was not initially filled with to
many ions. When the trap is nearly full~approximately 109

ions!, effects such as thermal evaporation lead to an ap
ciable leakage rate out of the trap. However, when ion nu
bers are kept several orders of magnitude lower, the
lifetime is measured in hours or longer and thus trap los
will not significantly effect our results.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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In order to try to detect the presence of fragmen
fullerene cages we looked for peaks at masses 696 amu
amu, 648 amu, etc. This is because the MgC58

1 peak and C60
1

peaks are indistinguishable mass spectrometrically. Howe
given the stability of the C60 cage compared to the C58 cage
as demonstrated in our measurements of fullerene fragm
tation by Mg1 bombardment~Fig. 4!, it is reasonable to
expect that should C2 expulsion from MgC60

1 to MgC58
1 oc-

cur, then the cascading processes of MgC58
1 to MgC56

1 ,
MgC56

1 to MgC54
1 , etc., should also be present resulting in

series of peaks. None of these peaks were observed lea
to our conclusion that no significant fragmentation of t
fullerene cage@reaction ~H!# is occurring at laser power
near 1 mW at 280 nm. Given that our collision data indica
the need for at least 20 eV of collision energy to fragment
fullerene cage, it is reasonable that photon energies belo
eV ~280 nm photons have-about 4.5 eV of energy! are insuf-
ficient to break up the cage at relatively low laser intensit
where only single photon processes have been observed18

Reaction pathway~I! ionization of the MgC60
1 ion to

MgC60
21 , could not be seen, and was eliminated from cons

eration because the 4.5 eV of photon energy is much too
even to overcome the Coulomb attraction energy betwee
electron and a doubly charged positive ion.

With the above results for reactions~G!, ~H!, and~I!, and
the fact that we can observe reaction~F! occurring, we assign
to reaction~F!, the branching ratio of 2466%. Table I sum-
marizes these results.

FIG. 7. Typical mass spectra of MgC60
1 and C60

1 ions stored in the trap~a!
without any laser irradiation and~b! after exposure to 280 nm laser radi
tion. In this particular experiment 74% of the photodissociated MgC60

1 ap-
parently fragmented into C60

1 .
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2. Absolute photodissociation cross section
of low energy complexes and determination
of molecular structures

Building on the results of the previous section, there
two possible techniques for the measurement of the abso
photodissociation cross section of MgC60

1 . One can either
monitor the destruction of MgC60

1 and the formation of C60
1

mass-spectrometrically, or one can use laser-induced fluo
cence to monitor the generation of Mg1. The former tech-
nique involves repeatable loading the trap with identica
prepared samples of collisionally generated MgC60

1 , and then
exposing each sample to a different laser exposure, typic
0.5 s, 2 s, 4 s, and 6 s of aselected laser power and wav
length ~Fig. 8!. A semilogarithmic plot then yields the pho
todissociation rate. The latter technique involves a sin
loading of the trap, but the use of two overlapped la
beams. The pump beam of the selected wavelength
power is used to dissociate the complexes, while a chop
probe beam~5%–10% duty cycle! at 280 nm and very low
power ~mW! is used to monitor the fluorescence from t
trapped sample, and thus the generation of Mg1 ~Fig. 9!. The
resulting trap fluorescence vs time curves could be fitted
(12e2Rt) curve to determine the photodissociation rate,
ter correction for small stray sources of dissociation such
the ultraviolet probe laser beam and trap leakage. Rem
of all of the Mg1 ions from the trap by trap parameter vari
tion is required to ensure an initially zero fluorescence r

FIG. 8. ~a! Mass spectra showing MgC60
1 and C60

1 peaks for four different
exposure times~0.5, 2, 4, and 6 s! to 11 mW of 559.9 nm laser radiation.~b!
Semilogarithmic plot of the ratio of MgC60

1 ion counts to total ion counts as
a function of laser exposure time. The solid line is an exponential fit to
data.
th
TABLE I. Branching ratio for the photodissociation of MgC60
1 , generated at a collision energy of 10 eV, wi

280 nm laser radiation at a power density of approximately 3 W/cm2.

Reaction
label

Reaction
process Products

Branching
ratio

F Mg1 fragmentation Mg11C60 2466%
G Mg fragmentation Mg1C60

1 7666%
H Fullerene cage C21MgC58

1 Undetectable
Fragmentation C21C21MgC56

1

etc.
I Second ionization MgC60

1 1e2 n/a
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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from the trapped sample. The two techniques provided d
that was consistent within experimental error limits. Init
measurements with both of these techniques are describ
some detail in Ref. 18.

Measurements of the photodissociation rate as a func
of laser intensity yielded linear dependencies, indicating t
only single-photon effects were observed at these low la
intensities. This allowed the reaction rateR measured from
either technique to be used to calculate the total, abso
single-photon, photodissociation cross-section via the sim
relation,

sphoto51.6310217R/Pl, ~4!

where the cross sectionsphoto is in cm2, the laser powerP is
in mW, and the laser wavelengthl is in microns. Equation
~4! is derived from a calculation taking into account the p
tial overlap of the probe laser with the stored ion cloud v
ume. This results in the dependence on laser power ra
than laser intensity~see Refs. 7, 18!. The total errors in the
cross-sectional values were calculated three ways. First
uncertainties in the experimental parameters required
these calculations are known~see Table II! and can be propa
gated through the calculation to generate an overall un
tainty. Second, there is a scatter in the raw data that resul
an uncertainty in the fit parameters~fragmentation rate! lead-
ing to an uncertainty in the cross section. Finally, two diffe
ent and independent techniques, mass spectrometry and
induced fluorescence, can be used to measure the same
tion rate providing a third measure of the uncertainty. A
three approaches agreed within an uncertainty in these a
lute photodissociation cross sections of620%.

Using the two techniques, photodissociation cross s
tions at a number of laser wavelengths and laser powers
tween 1 and 11 mW were measured in this paper for Mg60

1

and are shown in Fig. 10. A wide range of laser sources
used to carry out these measurements. They are summa
in Table III below. Figure 10 shows the cross section plot

FIG. 9. 280 nm fluorescence intensity as a function of time of exposur
3.0 mW of 488 nm laser radiation from a trapped sample initially contain
no Mg1 ions. The solid line is ane2at(12e2Rt). The slow decay in total
signal~e2at factor! appears to result from laser drift rather an actual cha
in the number of ions.
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vs photon energy. The lowest energy point was measu
with a 1300 nm diode laser, and no photodissociation w
observed. Based on the experimental noise level, only
upper limit on the rate at this wavelength was possible. U
ing the nondiode laser data (l,650 nm), a Gaussian curv
was fit to the data and is shown in the figure. The diode la
data~l5840 and 1300 nm!, taken at a later date, agrees wi
this initial fit. By integrating the Gaussian curve over phot
energy, it is possible to estimate the oscillator strengthf of
this transition, and thus gain insight into the type of tran
tion, or transitions, which are being observed. An oscilla
strength of approximately 0.6 was estimated using this
proach, indicating that we are observing a single dipole
lowed electronic transition between the ground state an
low number of electronically-excited states. This res
greatly simplifies the analysis of this transition process
reasonable assumption would be that the excited state
combination of C60 and Mg1 in its first excited state
(1s22s22p63p), approximately 35 700 cm21 or 4.4 eV
above the Mg1 ground state (1s22s22p63p) ~see Figs. 11
and 12!.

The data provide direct indication of the structure th
complexes generated under these conditions actually h
Figures 11 and 12 include a reasonable ground state pote

to
g

e

FIG. 10. MgC60
1 absolute, total, photodissociation cross section as a func

of probe laser photon energy. The solid line is a Gaussian fit to the da

TABLE II. Calculated uncertainties for the absolute photodissociation cr
section of MgC60

1 .

Measured quantity
^value&

Uncertainty in
measurement

Effect on absolute
cross section

Laser-ion cloud overlap angle 11° 17.2%
^15°& 21° 26.4%

Laser beam waist 1100 mm 27.8%
^100 mm& 230 mm 11.8%

Ion cloud temperature 1100 K 114.6%
^400 K& 2100 K 210.5%

Trap potential 10.2 eV 13.9%
^2.3 eV& 20.2 eV 24.5%

Total uncertainty 116.8%
215.2%
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Downloaded 09 Ma
TABLE III. Laser sources used for photodissociation measurements.

Laser source type Output wavelength Typical laser power

BBO doubling cavity 280 nm up to 7 mW
Argon ion laser 458, 476, 488, 497, 515 nm 2.5, 3.1, 3.0, 2.6, 7.9 m

Dye laser 536–594 nm up to 12 mW
Helium–neon laser 633 nm 4.3 mW

Diode laser 840 and 1300 nm 2 and 5 mW
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energy curve for the metallofullerene complex. There is
strong barrier at the radius of the fullerene carbon cage~3.5
Å!, thought to be in excess of 10 eV due to the requirem
of breaking C–C bonds to insert or remove magnesi
ions.19 A smaller barrier~apparently less than 3 eV! to the
formation of exohedral complexes was determined by
collision data and is positioned at a radius in the neighb
hood of 5 Å. The potential in the region of the carbon ca
radius is produced by the delocalized electron cloud in60

that is approximately 3 Å in thickness. Approximately 2/3
the cloud is located outside the carbon cage, resulting
particle-free region of about 2.5 Å in radius at the middle
the fullerene. However, the center of the complex is expec
to be not a minimum energy point but a maximum as cal
lated for other charged guest ions.20 This results from reduc-
tion of energy through interaction of the encapsulated gu
ion with the induced dipole moment in the fullerene, or
ternately by increased entropy that occurs when the gues
is moved away from the central, highest symmetry positi
This leaves a ground state energy surface with two c
minimums, one for endohedrals and a second for exohed
Considering the inner, endohedral, minimum first, the sh
of the cross-section, dominated by the Franck–Condon w
function overlap factor, is indicated in Fig. 12. At low photo
energies, no break up would occur until the activation bar
is overcome, then there would be a sharp increase in
cross section, followed by a gradual decline as the densit
states drops off. The expected ‘‘sharpness’’ of the initial
crease can be estimated from the Doppler and rotatio
broadening that can be calculated for the complex. Depe
ing on the position of the Mg nucleus, this broadening sho
only be between 7 and 112 cm21 ~0.5–14 meV!.

FIG. 11. Potential energy diagram and dissociation cross-section curv
hypothetical photodissociation processes of endohedral MgC60

1 complexes.
The Mg1* indicates the first excited state of Mg1 ~see text!.
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Comparing this value to the experimental data~Fig. 10!,
which display a gradual increase over a range in excess
eV, it is clear that these measurements could not be gener
by an endohedral complex. However, if one considers
outer exohedral minimum, all that is required is an excit
state with no exohedral minimum~see Fig. 12!. The upper-
state wave function would be concentrated at the turn
point and thus would act as a delta-function in the over
integral resulting in the shape of the photodissociation cr
section curve mirroring that of the ground state wave fu
tion. Thus the observed Gaussian dependence of the c
section on photon-energy is consistent with these comple
being dominantly exohedral in structure.

The above analysis of our results is based on the
sumption that fragmentation occurs via a direct photodis
ciation process rather than an indirect process such as
molecular analogy to thermionic emission, observed in n
tral fullerene photofragmentation reactions by several
thors ~e.g., Ref. 21!. In this process, neutral fullerenes e
posed to short pulse, high intensity laser radiation absorb
photons energy and then de-excite via electron emission
to several hundred microseconds after emission. Our app
tus and procedure does not allow us to accurately determ
whether the fragmentation is instantaneous or delayed o
microsecond time scale. However, Hansen and Echt sho
that the rate of the thermionic process in C60 is independent
of photon energy over a range of energies~2.3–4.7 eV!.22

Since we observe no plateauing with photon energy of
dissociation cross-section down to values as low as
310221 cm2 it appears reasonable to assume that any in
rect contribution to the cross section is less than this amo
and thus relatively negligible. It seems physically reasona
that we do not observe these types of thermionic proce

forFIG. 12. Potential energy diagram and dissociation cross-section curv
hypothetical photodissociation processes of exohedral MgC60

1 complexes.
The Mg1* indicates the first excited state of Mg1 ~see text!.
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because of the very low laser intensities~10 mW and below!
used in our experiments and the simultaneous viscous c
ing of all ions by the buffer gas.

3. Studies of samples containing multiple different
species

So far we have discussed optical studies of exohe
complexes. It is even more interesting to be able to gene
and identify endohedral complexes. Based on the result
the collision energy resolved data~Sec. III A 3!, and on the
results of experiments by other groups with different gu
atoms@e.g., Mn1 ~Ref. 13!#, it is clear that increasing the
collision energy will increase the generation of endohedr
At the same time, too high an energy results in the dest
tion of all of the fullerene species in the trap. We have o
served that destruction increases significantly above appr
mately 20 eV. Since endohedral generation appears to
appear at energies in this same region, some relatively sim
production possibilities do exist. An additional problem
that when an ion is captured by a fullerene, the vast majo
of the kinetic energy is converted into internal energy. Ba
classical mechanics reveals that when a slow moving m
sive particle captures a fast moving light particle, the fract
of the light particle’s kinetic energy that is converted in
internal energy of the new complex is given by the ratio
the large particles initial to final masses. For the case of M1

captured by C60 to form MgC60
1 , this ratio@mass (C60)/mass

(MgC60)# is 0.968 and thus 97% of the collision energy
converted into rotational and/or vibrational excitation of t
complex. Since our experiments study the molecules o
long time periods, in the case of the high collision ene
needed to generate endohedrals, it is necessary to qu
remove the excess internal energy before the complexes
ment due to excessive vibrational excitation. Therefore,
creasing not only the collision energy but also the buffer
pressure should improve the generation of endohedral c
plexes. This was subsequently observed when these
quantities were increased, and when the laser exposure
was lengthened. Figure 13 demonstrates the type of data
was observed under these conditions. It shows an initial
decaying fraction, with a rate matching that from the pre
ous section within experimental uncertainty, followed by
second fraction with a significantly slower decay rate.
study these two fractions, we used the following procedu
The trap was loaded under a suitably chosen set of c
sional parameters and then the amount of MgC60

1 present in
the trap was measured. The trap would then be reloaded
the same parameters and exposed to between approxim
50 mJ of laser energy, enough to completely destroy the
decaying fraction but leave a significant portion~approxi-
mately 1

2! of the slow dissociating fraction behind. Day
day variations in the operation of the system required t
data for a given experimental plot had to be collected
tirely in a single session. Typical results are shown in Fi
14 and 15. Figure 14 shows this ratio as a function of co
sion energy for a fixed buffer gas pressure near 3.3 nbar
the filter potential set to 2.5 V. The plot clearly shows t
amount of the slow fraction present in the sample dropp
to nearly zero as the collision energy was decreased.
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gradual tail, rather that a sharp cutoff, can be explained
the fact that the ion source itself was not monoenergetic
has a significant tail in the kinetic energy distribution of t
generated ions~see Fig. 16!. In most cases, the peak energ
ions dominate the reaction and the effect of the higher ene
ions in the tail is relatively insignificant. However, when th
peak-energy ions cannot react, then the effect of the tail
be seen. Quantitatively, the high energy tail of the Mg1

source follows an exponential decay of the forme2E/Eo,
with the fit shown in Fig. 16 giving a value ofEo52.04
60.23 eV for our source. As the collision energy~actually
the step potential! is increased, more and more ions in th
tail of this distribution have the energy for form the mo
stable species. Therefore, an offset exponential growth cu
with this same constant was then fit to the experimental d
as shown by the dotted line in Fig. 14. This excellent ma
is a strong confirmation of our analysis. The leveling off

FIG. 13. Semilogarithmic plot showing the amount of MgC60
1 remaining in

the trap after various exposures to 280 nm laser radiation. The ordinate i
product of laser power and exposure time, or total laser energy in the e
sure. The solid line is a two exponential fit to the data.

FIG. 14. Plot showing the ratio of the MgC60
1 remaining after exposure to 50

mJ of 280 nm laser radiation to the MgC60
1 in the trap after zero laser

exposure, as a function of collision energy. The solid line is an offset ex
nential growth curve (eE/Eo) with Eo52.05 eV.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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the ration above 8 eV mirrors the leveling off of the dens
of ions produced by the Mg1 source. Once the lower energ
ions are able to form the stable complexes, no further
crease in the ratio is possible.

Figure 15 shows the number of ions stored in the t
with and without 50 mJ of 280 nm laser exposure. The c
lision energy for these measurements is 7 eV. The long-li
fraction size as a function of buffer gas pressure shows
its increase follows a~pressure!5 curve, roughly three power
more than the pressure dependence of the fast decaying
tion @~pressure!1.9#. This is indicative of the need for mul
tiple buffer gas collisions to remove the excess internal
ergy and stabilize the complex in the case of the sl
decaying complexes, which apparently only form in high e
ergy collisions.

These two pieces of data, increased slow-decaying f
tion with collision energy and buffer gas pressure, sugg
that this fraction requires significantly more energy to fo

FIG. 15. Plots showing~a! the number of MgC60
1 ions in the trap after zero

laser exposure and~b! the number of MgC60
1 remaining after exposure to 50

mJ of 280 nm laser radiation, as a function of helium buffer gas press
The solid lines are functional fits to the data of the form (He pressurn,
with n51.9 in ~a! and 5.0 in~b!.

FIG. 16. Kinetic energy distribution of the Mg1 ion source as determined
by varying the filter potential at the injection end of the ion trap. The verti
dashed line at 2.5 eV indicates the ions filtered out of the apparatu
improve the energy resolution of the collision measurements under no
operating conditions. The solid line is an exponential decay fit to the h
energy tail of the distribution.
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than the slow-decaying exohedral species. Therefore,
both strongly support the hypothesis that the slow decay
fraction has an endohedral structure.

It should be noted that at high collision energies a
high buffer gas pressure the size of the slow fraction beg
to decrease. In the former case, this is because at high e
gies fragmentation reactions destroy all fullerene comple
in the trap and both the total number of complexes, and
number of slowly dissociating complexes decreases. In
latter case, this occurs when the trap becomes full, allow
RF heating to preferentially expel those ions formed
higher energy states in the trap’s harmonic well. Since
dohedral complexes appear to be formed via collisions w
the high energy Mg1 ions, they are created at higher ener
states in the well, and thus are subject to stronger RF hea
effects than the exohedrals, which were generally form
through collisions with lower energy Mg1 ions. Therefore,
when the trap is near capacity, exohedral complexes, form
at lower energies, are preferentially retained and detecte
the end of the experiment.

With optimized conditions, samples with roughly 40
slow fractions could be generated.23 With step potentials of
10–15 eV, maximum generation of the slow fraction o
curred when the buffer gas pressure was set to nearly
~approximately 80% of capacity! the ion trap. The exac
buffer gas pressure depended on the Mg1 ion and C60 mol-
ecule densities being utilized. The slow fractions were m
sured to be at least 20 times slower in fragmentation that
fast samples, although absolute measurements are com
cated by sample size and heating effects that appear a
sample size begins to fill the trap.

IV. FUTURE DIRECTIONS

Combining these generation parameters with fast la
dissociation of the exohedral complexes and secular filte
of the trap to remove C60

1 ions, the generation of virtually
pure, slow-dissociating samples should be possible. With
ability to generate and store what appear to be sample
endohedral MgC60

1 complexes, there is a wide range of po
sible future experiments. Future steps planned for this w
include gas-phase reactivity studies of the slow and fast p
todissociating fractions with various reaction partners. Th
studies should be a useful conformation probing for the
sition of the Mg atom relative to the fullerene cage. Endoh
dral complexes would be far less reactive than exohed
where the highly reactive Mg is exposed to the reactant m
ecules. Time-resolved mass spectrometry of the ion trap
provide a straightforward method of measuring react
rates. In addition to acting as a conformation of the fund
mental question on the guest particle position, there
many possible reactivity measurements of endohedrals
would be of interest in gas phase chemistry. The gas ph
reactivity of fullerenes with several different chemicals
known,3–5 but no studies of the equivalent fullerene compl
reactivities have been carried out so far.

Additional laser photodissociation spectroscopic stud
of metallofullerene complexes are also under considerat
The major goal will be to extend the spectroscopic measu
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ments into the much deeper UV to explore regions of inte
that are unavailable with CW laser systems. The use of na
second pulsed lasers and nonlinear optics opens the poss
ties to expose complexes to higher individual photon en
gies by up to a factor of 3@90 nm,l,270 nm~Ref. 24!#.

One other area of interest would be an attempt to
serve fluorescence from an encapsulated guest ion in an
dohedral complex. The fullerene electron cloud is mai
located outside the carbon cage, leaving a particle free s
in the middle. Although the authors know of no publish
experimental results, there have been theoretical calculat
for encapsulated Xe and Ba atoms,25 as well as alkali
metals,26 which show interesting results. Our experimen
data to date, as well as the unknown charge state on
encapsulated Mg-ion suggest that MgC60

1 complexes are no
the best candidates for such a study. Other guest ions
higher electron affinities than magnesium, such as rare e
metals, may provide a better system for this kind of inve
gation.

V. CONCLUSIONS

A series of experiments have been carried out in a lin
ion trap with the goal of studying both the formation pr
cesses and final molecular structure of collisionally gen
ated MgC60

1 complexes. Both mass spectrometric and la
spectroscopic techniques were utilized for the detection
analysis of these species. Complexes were generated w
the trap under controlled collision conditions to study t
effect of the collision energy~0–100 eV!, ionic density, and
buffer gas pressure on the formation process. Laser photo
sociation measurements were used to give information on
molecular structure of the collisionally formed species, s
cifically the location of the Mg1 guest atom, inside or out
side of the carbon cage. Mass spectrometry of the collis
products revealed the appearance of fullerene fragment
above;25 eV collision energy, while the formation of C60

1

fullerene ions via charge transfer reactions was shown
maximize near 50 eV for Mg1 collisions. This effect was
shown to result from Massey-type resonances in the ch
transfer process. The formation of MgC60

1 complexes demon
strated a broad, possibly double peaked structure below
eV, with zero formation occurring for collision energies ne
zero energy. The hypothesis that the possible double pea
results from the production of exohedral complexes at l
energies and endohedral complexes at higher energies
further investigated with laser photodissociation spectr
copy. The photodissociation cross-section for comple
formed at low collision energies (E,15 eV) was measured
to be between 3310219 and 3310217 cm2 for wavelengths
in the range 280–656 nm, while infrared photons produ
cross sections below 3310219 cm21. The energy depen
dence of the collision process and the form of the disso
tion cross-section curve indicate that these measurem
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were for the exohedral complex MgC60
1 . At higher Mg1 col-

lision energies, a second more slowly dissociating fract
appears. The size of the second fraction increases with
creasing collision energy and buffer gas pressure. All
these data support the theory that this second fraction
highly stable endohedral complex, namely, MgC60

1 .
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