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Long-lived molecular negative ions are generated fragihg following the application of several ionization
methods such as laser desorption/ionization, negative ion chemical ionization, and resonant free electron
capture. The mass spectrometric observation of stable negative fullerene ions showing such a high degree of
hydrogen attainment is unprecedented. The identity of the negative molecular ion is confirmed by high-
resolution accurate mass measurements. The attachment of monochromatic electigHsstis Studied in

the energy range from 0 to 20 eV, and the resulting negative ion effective yield curve is discussed together
with the mean lifetime curve of the ion. Negative molecular ions that result from capture of thermal electrons
at a molecular temperature of 600 K possess a maximum mean lifetime in the range of 1 ms. From the
experimental data the electron affinity okd81s is estimated to lie between 1.4 and 1.6 eV, which is in
excellent agreement with the results obtained here from semiempirical calculations.

Introduction major progress been made in the assignment of the geometries
tof CsoHzs and GoH1s. Throughout this period, mass spectrom-
etry-based experiments have been of tremendous importance
as the essential tool for the product analysis. Besides ion

methods including the Birch reductidnhydrogen transfer ~ fragmentation, the major complication for the unambiguous

reduction?? catalytic hydrogenatiofand Zn/HCI reductioR. product analysis of hydrogenated fullerenes arises from thermal
CooHas and GoHis are the most prominent representatives of decomposition of the sample, resulting in extensive liberation

this class of compounds. Although the research into hydroge- ©f the attached hydrogen. Only a few ionization methods, such
nated fullerenes has continued for over a decade, the structurd® field desorptio,matrix-assisted laser desorptidrand, to

elucidation is of such a complexity that only very recently has some extent, desorption elec_tron |on|z_a§m_vere f_our]d to b(_e
sufficiently free of fragmentation resulting in cationic species,

* Corresponding author. Fax+44-2476-524112. E-mail: t.drewello@ belng 'ndlca_‘tlve of th_e n_eUtral precursor. Even r_"?re dramatic
warwick.ac.uk. is the situation for anionic hydrofullerenes. In striking contrast
T University of Warwick. to their fluorinated counterparts, which are believed to possess

< _*Institute of Physics of Molecules and Crystals, Russian Academy of similar, if not identical, structural featureand which readily
ciences.

Sinstitute of Problems of Chemical Physics, Russian Academy of form long-lived molecular anions at any degree of fluorina-
Sciences. tion 210 the hydrogenated fullerenes are currently believed to

Hydrogenated fullerenes are commonly referred to as the firs
ever fullerene derivatives to be synthesized. The hydrogenation
of fullerenes is readily achieved by a variety of synthetic
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Figure 1. Negative ion laser desorption/ionization ToF mass spectra
of CgoHss (@) and GoHis (b) recorded at the threshold of the ion
formation. The inset in (b) was recorded at higher mass resolving
power.

form mass spectrometrically observable negative ions only up
to an attachment of 10 hydrogen atoms to thg cage'l12in
pioneering laser desorption/ionization experiments egHgs,

the most abundantly formed anion was’C accompanied by
anionic hydrofullerenes of decreasing abundance whgi¢: €~

was the ion with the highest hydrogen attainmér These

findings have been related to theoretical considerations accord-

ing to which the electron affinity monotonically decreases with

increasing hydrogen content, showing the most pronounced

decline at around §Hio. However, based on these semiem-
pirical calculations and employing Koopman’s theorem, stable

negative molecular ions can still be expected for hydrogenated

[60]fullerenes with more than 20 hydrogen atof&? For a
hydrogen attainment in the order of -380 hydrogen atoms,
the electron affinity is expected to become negative in magni-

tude, making the observation of the corresponding negative ions

unlikely. Preliminary experiments based on resonant electron

capture mass spectrometry have provided indications for the

possible existence of the long-lived molecular negative ion of
CsoH18'~; however, the elemental composition of this ion could
not be established unambiguoudtyFollowing our recent
investigations into the fragmentatirand ionization dynamics
of hydrogenated §,8 we report here on the unprecedented
finding of long-lived, negative molecular ions derived from
CeoH1s.

A comparison of the negative ions derived from laser
desorption/ionization is made usingdss and GoHis as the
target materials for ablation. The identity of theg81¢'~ anion
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electron beam in an energy range from 0 to 20 eV, the resonant
free electron capture behavior ofgdEis is recorded. The
resulting negative ion effective yield curve and the mean lifetime
curve of GoHig™* as functions of the electron energy are
discussed. Based on the negative ion mean lifetime, the
Arrhenius plot of the electron autodetachment rate constant as
a function of the inverse molecular temperature enables an
estimation of the adiabatic electron affinity of the;8is
molecule.

Experimental Section

Laser desorption/ionization was accomplished by the use of
a curved-field reflectron time-of-flight (ToF) mass spectrometer
(Kratos Kompact MALDI 1V, Kratos Inc., Manchester, UK)
which has recently been applied to a variety of fullerene-related
investigation$:10.16-18 The instrument operates a nitrogen laser
(at 337 nm, 3 ns pulse width) and applies a continuous
acceleration voltage of 20 kV. Each individual ToF mass
spectrum shown represents the accumulation of 200 single-laser-
shot spectra. The resolution was below 1000. The samples were
deposited on a stainless steel slide as THF solutibaslamg/

mL concentration and dried in an air stream preceding the
insertion into the ion source of the mass spectrometer. For a
more accurate assignment in the mass range of interest a
reflectron ToF mass spectrometer of higher resolving power
(Bruker Reflex, Bruker, Coventry, UK) was employed and the
data are shown as the insert in Figure 1b.

The accurate mass measurements were performed using a
sector instrument (AutoSpec, Micromass Ltd., Altrincham, UK)
of EBE geometry (E stands for the electric sector and B denotes
the magnetic sector). The sample was evaporated from a heated
solid probe tip, and the resolution in these experiments was
greater than 6000. For full negative ion mass spectra, the sample
was desorbed from a desorption chemical ionization (DCI) probe
tip by heating. In both of these approaches the negative ions
were derived from bombardment of the gaseous sample with
20 eV electrons, employing ammonia as a buffer gas.

Resonant electron capture mass spectra including the record-
ing of the effective yield curves of the negative ions and the
determination of their mean lifetimes were performed utilizing
a single focusing magnetic sector mass spectrometer (MI-1201,
Russia). This instrument is equipped with a homemade tro-
choidal electron monochromator (TEM) for the generation of
the monochromatic electron bedfiThe electron energy spread
wasAe = 200—250 meV in the present experiments. A better
energy resolution was prevented by the low abundance of the
ions derived from hydrogenated fullerenes. A molecular beam
was created by heating of hydrofullerene samples in an oven at
a temperature of ca. 35€C. The pressure, measured by an ion
gauge located close to the ionization chamber, was not higher
than 108—10"° Torr; this pressure corresponds to single-
collision conditions within the source. The electron energy scale
was calibrated using the maxima of the effective yield curves
of Sk~ (=0 eV) and NH~ from NH; (5.65 eV). The
determination of the mean lifetime of the negative ions has been
achieved as described in ref 19.

CsoH1s and GoHszs were synthesized as reported in the
literature by transfer hydrogenation from dihydroanthracene.

Results and Discussion

The negative ion LDI mass spectra ofoHss and GoHis are

is established by high-resolution accurate mass measurementshown in Figure 1, a and b, respectively. Both spectra have

following secondary electron capture o5 in negative ion
chemical ionization experiments. Utilizing a monochromatic

been obtained at laser fluences closely adjusted to the threshold
of the ion formation. The appearance of the spectrum derived
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" 7155555 the ion observed and due to unavailability?sf-labeled target

93 a) Ceo material, which would lead to a mass shift of 1 Da per
o incorporated?H atom, accurate mass measurements were
80 performed using a higher resolving sector instrument and
s ‘ applying negative ion chemical ionization. The resulting spec-
65 trum is depicted in Figure 2. Using ammonia as the buffer gas,
o CsoH1s is desorbed from a heated DCI-probe tip (ca. 380)

s0] into an nonmonochromatic 20 eV electron beam, resulting in
" the formation of negative ions via attachment of thermalized
353 secondary electrons. The mass resolving power of 6000 is
304 i sufficient to separate dgH1g"~ from potentially interfering ions

- CeoH1s of the same nominal mass, which are listed in the inserted table
15] TS 4 (Figure 2b). Following the initial mass calibration with PFK,
12: ‘m l the Go~ signal atm/z 720 is used as an internal calibrant,

0 | [ TS leading to the determination that the ions with a nomimé&

730 735

=t
705 710 715 720 725

70 75 750 iz 738 had an accurate mass value of 738.1421, which is 1.7 ppm
higher than the calculated massodig~. This experiment
- 738.1421 confirms the GoHig~ identity as the other listed elemental
= b CeaHe™ | foNs Calculated  Deviation compositions would lead to significantly larger deviations
503 ) / 6018 mass (ppm) (F| 2b H i H o—
» gure 2b). From Figure 2b it is also evident that thgHGs
0. Coothie™ 7881409 7 signal is enhanced when compared to neighboring ions of lower
ot CeoOHy 7380106  -178.2 hydrogen content, so that contributions duéo isotopomers
. 7390452 |o cu- 7ssoar0 1289 for these ions are qf minor impor'.[ance.' Moreover, thg aqalysis
55 of the 13C contributions to the various signals shown in Figure
" CgoNH,~  738.0344  -145.9 2 reveals that only negative ions which possess an even number
a0 of hydrogen atoms are efficiently formed. In addition t@t—,
> 740.1494 which is formed with an intensity of approximately 5% relative
25 to Cs¢~, the abundances of species of higher odd hydrogen
% content remained indistinguishable from the expected intensities
fJ ‘ 7371178 of the 13C isotopomers of species of even hydrogen content.
ol ' I B L 1 B The reduced formation of odd-numbered species under DCI
733 735 737 73 TA1 743 745 miz conditions can be rationalized as follows. Neutral fragments of
even hydrogen content are initially formed by thermal dehy-
Figure 2. (a) Negative ion chemical ionization mass spectrumgafic drogenation of GoHg, followed by the capture of electrons that

(20 eV, ammonia as buffer gas) in the mass range of 7D Da 50 thermalized by collisions with the buffer gas. The efficient
recorded with a sector mass spectrometer. (b) Expanded molecular ion

region of (a) with the measured accurate masses. The inset in (b)decay Of these ions into fragment ions of odd hydrogen content
provides the calculated masses for different ionsaf 738 and their is prevented in this low-energy process. The observation of
deviation (in ppm) from the experimentally determined value of abundant odd numbered species under LDI conditions (Figure
738.1421 Da. 1b) indicates that the energy distribution of the captured
electrons is wider, clearly also covering higher energies.

While CsoH1g"~ is thus a perfectly stable species, it undoubt-
edly escapes experimental observation when LDI is applied to
CsoHse as the target material. This is probably a consequence
of the mode of sample activation rather than a reflection of the
stability of this ion. In this context, an interesting comparison
can be drawn to cationic species. The El mass spectrum of pure

from CsoHszs shows a close resemblance to the data reported
earlier’12 Following the G¢~ base peak, the spectrum is
characterized by a rapidly descending abundance of hydrof-
ullerene ions. In striking contrast, the laser ablation of ke
target leads to the abundant formation gl ions with x
being well above 10 hydrogen atoms, the previously assumed
upper limit for stable negative ions of the hydrogenated [60]- . .
fu?l‘()arene. The insert in Figure 1b shows the myolec?JIar ion régic])n CeoHas frequently comprises theggHye™ signal as one of the

with a sufficiently high resolving power to enable the distinction most Pmm'”e”t features, clearly |r_1d|cat|ng_ its pronounced
between individual signals of different nominal masses. The formation in the course of the analysis. Applying tandem mass

negative molecular ion of &Hus is clearly observed and  SPectrometry, we have recently shdfthat GeHag™™ cations
accompanied by several signals from negative ions of lower &€ generated in only minor amounts through the fragmentation
hydrogen content derived by fragmentation. The differences Of cationic GHas™™, which undergoes cage breakage in
between the observed mass distributions, obtained in both ofcoMpetition to the loss of hydrogenediig™ cations are thus
the LDI experiments (Figure 1b and insert), results from the Predominantly formed via the decomposition of neutraj-Ge
differing threshold laser fluences required for ion formation. caused by thermal excitation (heating) preceding the ionization.
Both samples investigated here contained trace amounts ofln contrast, applying laser ablation, no significant enhancement
anthracene caused by the use of dihydroanthracene for theof the GoHig™™ signal is evident from numerous investigations
transfer reduction of . Although it cannot be excluded that into the formation of positive ions from pureeiss tar-

the anthracene might have a matrix-like effect in these desorp-gets$*®2%?even though & could be observed, indicating
tion experiments, the fact, however, that both samples arethat efficient fragmentation takes effect. It seems therefore
investigated under identical conditions allows a direct compari- reasonable to assume that laser ablation gfHgs fails to
son. As the resolving power in the LDI experiments is produce a sufficient amount ofg@Hig in the neutral stage to
insufficient to confirm the assumed elemental composition of allow the subsequent ionization, which explains the lack of
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The abundances shown in Figure 3a are obtained by a detector

[ characterized by a lower abundance, when compared to the
‘ feature centered at approximately 0.3 eV, is not surprising for
2000 - Y ) . the electron attachment to fullerene-based materials. Earlier
1500 ] CoHie * o @) beam experiments |n_clud|ngs6319’2H§ and fluprofu_llere_ne‘é
@ X6 have shown very similar features. This behavior might indicate
c 1000 SN that the ground state of the molecular negative ions is not fully
s 2901 B \LK symmetric, so that the excitation of vibrational modes is required
s 01— : B — to satisfy the symmetry rules during the electron capture event.
> 20- 0 2 4 6 Prior to the discovery of fullerenes, only a few exceptional cases
2 5] CeHyy’ b) had been reported showing a similar cross section beh#&vior.
2 40l In all these cases, the mean ion lifetime at the thermal resonance
= 5] | exceeded the lifetime of the ions generated at resonances of
ol J higher energies.

. 0 2 4 : . .
240 ) ; that responds to the impact of all forward moving particles. In
o Ww] % addition to the magnet-selected negative ions of interest,
-§ 10° contributions to the resulting yield curve of detected particles
2 10’ AN | (Figure 3a) can also be caused by neutrals that are formed from
- 1 the selected anions. Under the present experimental conditions,
10 o 2 a4 5 the most likely origin of neutrals in the particle beam is through
Electron Energy (eV) electron autodetachment from negative ions. The low pressure

in these experiments means that contributions caused by
‘ collision-induced neutralization can be discounted. The neutrals
Fi 3 Experimental effective vield dotted li fth resulting from electron autodetachment can be detected in the
et i g o et o chop " _present setup ollowing the orthogonal defection o ons from
(which are formed by electron autodetachment from the negative ions), the beam. The resulting neutral yield curve is depicted in Figure
as a function of the electron energy. Three Gaussian-shaped curves3b. The data clearly reveal the enhanced formation of neutrals
(not shown) centered at 0, 0.3, and 1.7 eV were added to fit the datawith maxima at slightly higher energies (0.38 and 1.9 eV) than
(solid line). The arrows indicate the electron en_ergies of 0, 0.3, and seen in the total yield curve (Figure 3a), which reflects the
i:;g; ((bc)) TTT]ZCnﬂgzgr?tli?;tri]rﬁgtgfgf:iar?ezgicgtli%:sm;tshg ?lljenccttrig?] decreasing ion lifetime within these resonances as the electron
of electron energy after subtraction of the plateaulike behavior of the energy 1S increased. The relative ratio of n_eut_rals_ toions is larger
curve observed at the high-energy side (see text). for the high-energy resonance at 1.7 eV, indicating a larger rate
for the autodetachment of electrons from this resonant state.
CeoHig~ anions in the negative ion LDI mass spectrum of From the data shown in Figure 3a,b the abundance of ions can
CeoHas (Figure 1a). be distinguished from the abundance of neutrals at a known
flight time. Assuming an exponential decay of the negative ion
of CeHis, the process of electron attachment tgHGs s studied via electron autode;tachm_ent, these finding§ allow the es.tablish-
in more detail to gain insight into ion yields and the lifetime Ment of the mean ion lifetime of thesH:¢™ ion as a function
magnitude as a function of electron energy. For this purpose ©f the kinetic energy of the initially captured electron. The
CeoH1s Was evaporated from an oven (380) and crossed with negative ion I|fe_t|me_ curve for §gH15"~ is deplct_ed as Figure
a beam of monochromatic electrons covering an energy range3¢- At 0 €V the ion lifetime amounts to approximately §20
of 0—20 eV. Negative ions derived from the direct, resonant @nd declines to about 15 at 3 eV.
capture of these monoenergetic electrons were analyzed em- The electron affinity of GHig has been determined from
ploying a single focusing magnetic sector mass spectrometer.the slope of an Arrhenius plot correlating the electron autode-
The resulting ion yield curve is shown in Figure 3a, featuring tachment rate constant as derived from the ion lifetime measure-
arise in ion abundance at around 0 eV and showing two broad ments and the inverse vibrational temperature of the molecule.
resonances centered at approximately 0.3 and 1.7 eV, followedThe molecular vibrational temperature has been determined
by a smooth decline of the ion abundance at ca. 3.5 eV. In using the Boltzmann population distribution and vibrational
striking contrast to the declining ion abundance between 2 andfrequencies calculated forggH1g of C3, symmetry by MNDO.
3.5 eV observed in the present case, the negative ion formationThe data were modified as in the case o€ in order to
of unsubstituted & extends far beyond this energy up to an reproduce experimental valu&Depending on the subtraction
upper limit of about 14 e\¥2:22-25 Hydrogenation thus reduces procedure for the plateaulike part of the lifetime curve of
the energy range in which long-lived molecular ions can result CsoH1¢'~ observed at high energies, the electron affinity of
from electron capture. However, the observed features reflectCggH1g has been found to range between 1.4 and 1.6 eV.
still very clearly the unique characteristics of the fullerene core, Applying MNDO and Koopman'’s theorem, the electron affini-
especially when considering that prior to the advent of the ties of all possible isomers possessinGssymmetry axis have
fullerenes, only two examples were reported for the formation been determined. In agreement with the experimental data, it
of long-lived polyatomic, molecular negative ions at electron has been found that the electron affinity of all these isomers is
energies as high as in the present ¢agé. positive in magnitude ranging from 1.13 to 1.79 eV. Further-
The capture of s-electrons at 0 eV is characterized by a more, when the obtained lifetime values are converted to
relatively low cross section, while the capture of electrons with electron autodetachment rate constants, a comparison can be
energies centered around 0.3 eV is clearly the most pronouncednade with the theoretical rate constants derived from a
process followed by the enhanced electron capture at aroundthermionic emission modétl.By taking the internal energy and
1.7 eV. The observation that the thermal resonance at 0 eV isa degeneracy factor of 4 for ti@, isomer into account, a value

Following the establishment of stable molecular negative ions
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of 1.6 eV for the electron affinity leads to good agreement of

the experimental and theoretical rate constants. This is in striking

contrast to Go~, for which the discrepancy is known to be
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