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Abstract 

Gas-phase fast-atom bombardment (FAB) mass spectra of fullerene C60 , polycyclic aromatic hydrocarbons, n-hydro- 
carbons, heterocyclic compounds, and others, by using high energy He, Ar, Xe, or isobutane beams, have been compared 
with the electron impact ionization (El) and/or charge exchange ionization (CEI) mass spectra. The positive ion gas- 
phase FAB mass spectra measured show a fragmentation pattern characterized by a high intensity of lower-mass 
fragment ions and considerable fragmentation, the extent of which exceeded that in the He CEI mass spectra, and an 
intense peak corresponding to molecular ions M "+. From the results obtained it was suggested that the internal energy 
distribution of M '+ ions formed under gas-phase FAB conditions ranges widely from the non-fragmenting lower energy 
to considerable fragmenting higher energy. The Massey criterion for the He (8 keV) beam indicated that a single collision 
between a fast atom Afast and an analyte molecule Mgas brings about the formation of singly and/or doubly charged 
molecular ions as the most likely energy deposition process. The formation of multiply charged molecular and fragment 
ions, M z÷ and m z+ (z = 1-4), and the extent of fragmentation seemed to be dependent on the structure of the analyte 
molecules, as well as the bombarding particles used. The mechanisms of formation of positive and negative molecular 
ions M "÷, M - ,  and [M - H]-,  under gas-phase FAB conditions, has been discussed on the basis of the positive and 
negative ion mass spectra obtained. 

Keywords: Gas-phase fast-atom bombardment; Charge exchange ionization; C60; Organic compounds; Positive ions; 
Negative ions; Ion formation mechanism 

I. Introduction 

Since the reports of Barber and co-workers 
[1], Surman and Vickerman [2], and Williams 
et al. [3] in 1981, a multitude of mass spectro- 
metric studies using fast-atom bombardment 
(FAB) ionization with a liquid matrix such as 
glycerol (matrix FAB) have been reported in 
the fields of analytical, organochemical, bio- 
chemical, biological, biomedical, and natural 
product sciences. However, the early works 
used a solid FAB technique without a liquid 

matrix [la,2]. For the further application of 
matrix FAB to bio/organic sciences, it is 
practically significant to understand the ion 
formation, fragmentation, and energetics of 
molecular-related ions under various FAB 
conditions such as in the solid, liquid, and 
gaseous sample states. 

Gas-phase FAB, in which gaseous samples 
are ionized by collision with a high energy 
(keV) fast-atom beam, was first reported by 
Kralj et al. [4] to compare the ionization events 
by matrix FAB and electron impact ionization 

0168-1176/96/$15.00 © 1996 Elsevier Science B.V. All rights reserved 
SSDI 0168-1 176(95)04298-9 



2 M. Takayama/International Journal of Mass Spectrometry and Ion Processes 152 (1996) 1-20 

(El) of organic molecules in the gaseous state. 
They described some characteristics of the gas- 
phase FAB spectra with a 5 keV Ar beam, by 
comparing them with the EI spectra of nitro- 
phenols, naphthalene, toluene, and dihydroxy- 
benzenes in the positive and negative ion 
modes: (i) the relative intensities of the positive 
molecular and fragment ions, M "+ and m +, are 
both relatively high and (ii) it depends on the 
chemical structures whether the negative mol- 
ecular ion is M ' -  or [M - H]-. Huang et al. [5] 
compared the mass spectra of n-hexadecane 
and diethanolamine, obtained by matrix 
FAB, gas-phase FAB, and EI methods, and 
they inferred that the molecular and fragment 
ions are produced in a similar way as in the EI 
process. The assertion of the above groups is 
that volatile and neutral compounds such as 
n-hexadecane, naphthalene, and anthracene 
are ionized by bombardment of fast atoms 
Afast in the gas phase, in a way similar to EI. 
Rennet and Spiteller [6] reported positive ion 
liquid secondary ion (SI) mass spectra of 
benzophenone and diphenylamine, obtained 
by direct collision between liquid-phase 
samples and a Cs + beam; they stated that the 
molecular ions M "+ formed have enough 
energy to undergo fragmentation, although 
the ion abundances are very low. This experi- 
ment seems to be in agreement with gas-phase 
SIMS. Miller and Balasanmugam [7] and 
Takayama and Nomura [8] also reported the 
gas-phase FAB mass spectra of 1,3,5-tri- 
methoxybenzene and 1-bromohexadecane, 
and c~-tocopherol, dithiodiethanol, and trolox, 
respectively, with considerable fragmentation. 

The mechanism of M "+ ion formation under 
gas-phase FAB conditions using a saddle-field 
discharge gun was first discussed by Bojesen 
and Moller [9], using high energy He, Ar, 
and Xe beams, the EI method, and simple 
compounds such as anisole, benzene, benzo- 
nitrile, glycerol, and sulfolane. They described 
that the most significant mechanism is not 
direct collisions between fast atoms Afast and 

analyte molecules Mgas , but charge exchange 
reactions between noble gas ions A "+ formed 
by a secondary process and Mgas as follows: 

Afast + A ~ A + A "+ + e- (1.1) 

Mgas q- A "+ -'-* M "+ + A (1.2) 

These processes represent the secondary 
ionization and charge exchange ionization 
(CEI), respectively, occurring in the ionization 
cell. On the other hand, we have recently 
applied the gas-phase FAB technique using 
high energy He, Ar, and Xe beams to "fuller- 
enes", C60 and C70 [10], as well as the gas- 
phase fast-molecule bombardment (FMB) 
technique using a high energy isobutane 
beam [111. Since the use of gas-phase FAB 
(and FMB) techniques resulted in considerable 
degradation of fullerene ions, as well as the 
formation of multiply charged molecular ions 
C~- and C~- (z = 1-4), a study of the frag- 
mentation of extraordinarily stable com- 
pounds is possible. It is interesting, in 
connection with the high energy collision- 
induced dissociation (CID) technique, that 
high electronic excitation to form M z+ 
(z = 1-4) and considerable subsequent frag- 
mentation occur by high energy single colli- 
sions between a fast atom Afast and an 
analyte molecule Mgas in the gas phase: 

Mgas + Afast ---+ (MZ+) * + A + z e -  (2.1) 

(MZ+) * --, considerable fragmentation (2.2) 

where (MZ+) * represents the molecular ion 
species, having a large amount of internal 
energy. Nishimura and Takayama [12] have 
described that the gas-phase FAB ionization 
is due to a resonant process caused by the col- 
lision of fast superexcited Rydberg cesium 
atoms (Cs)* with Mgas , based on the break- 
down curves of hexacarbonyl chromium and 
the gas-phase FAB spectra of 2,5-dinitro- 
chlorobenzene, cholesteryl octanoate, diaze- 
pam, and trolox, using a high energy Cs 
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beam. It has been reported, using two or three 
atomic molecules, that for the neutral atom/ 
molecule collision phenomena the formation 
of highly excited states, M*, as in a super- 
excited molecule, pre-dissociation, and auto- 
ionization is essential [13]. Considering that 
little is known concerning the ionization 
phenomena due to the collisions between 
neutral fast atoms Afast and polyatomic 
organic molecules M, it is difficult to describe 
in detail the ionization processes of gas-phase 
FAB experiments. 

In the present study, we examine the 
characteristic features of gas-phase FAB 
spectra of various kinds of compounds such 
as fullerene C60, polycyclic aromatic hydro- 
carbons, n-hydrocarbons, o~-tocopherol, 
trolox, and other compounds,  using high 
energy He and Ar (or Xe) beams. This paper 
seeks to account for some important features 
of gas-phase FAB processes. To explain the 
ionization and fragmentation under gas- 
phase FAB conditions, EI and CEI techniques 
will be employed. The gas-phase FAB events, 
by which multiply charged ion formation and 
considerable fragmentation occur through 
high energy single collision between an analyte 
Mgas and a fast atom Afas t  , will be character- 
ized by an internal energy distribution consist- 
ing of  a low energy maximum and a long tail to 
higher internal energies. Further, negative ion 
gas-phase FAB spectra of some compounds 
will be compared with the corresponding E1 
spectra. 

2. Experimental 

Both the positive ion and negative ion 
experiments were performed on a JEOL 
JMS-DX303 double-focusing mass spectro- 
meter of an electric (E)-magnetic (B) sector 
geometry equipped with a JMA-DA5100 
data system, having an EI/FAB ion source. 
The sample of fullerene C60 was introduced 

into the ion source via the direct inlet probe 
using a copper tube of 28 mm x 2 mm dia- 
meter (qS); a glass tube of  16 m m x  2 mm 4~ 
was used for the other samples. The sample 
probe and ion source temperatures were main- 
tained at 400°C for the measurement of C60, 
and the ion source temperature was 200°C for 
other samples. The fast-particle He, Ar, Xe 
and/or isobutane beams used in the gas- 
phase FAB were generated from He .+ , 
Ar '+ ,Xe "+ and/or isobutane "+ ions, respec- 
tively, which were accelerated to 8 kV using 
an FAB gun. The FAB gun emission current 
was 20 mA. The pressure, as read from a gauge 
attached to the pumping line for the ion 
source, was typically 1.0 x 10 -5 Torr. The 
EI-MS conditions in positive ion and negative 
ion modes were: electron impact energy, 70 eV; 
emission current, 300 #A. The mass resolution 
was 2000 and the ion accelerating voltage was 
3 kV. The CEI experiment was performed on 
the above JEOL JMS-DX303 system with a 
CID ion source attached. The reagent gas 
used was He or Ar. The sample was introduced 
via a direct inlet system. The samples of cho- 
lesterol, methyl stearate, trolox, c~-tocopherol, 
anthracene, pyrene, coronene, n-nonadecane, 
n-tetracosane, dibenzofuran, norharmane, 
anthraquinone, 1-phenylthiosemicarbazide, 
m-nitrobenzoic acid, m-nitrobenzyl alcohol, 
and glycerol were commercially purchased 
from Tokyo Kasei (Tokyo, Japan) or Aldrich 
(Wisconsin, USA), and were used without 
further purification. 

The experimental details for the measure- 
ment of C60 (99%) have been described else- 
where [11]. The experimental conditions were 
optimized as follows: a copper tube of 
28 mm x 2 mm q5 was used, where the distance 
between the tube front and the center of the 
fast-particle beam is 2-3 mm; the ion source 
temperature was held at a maximum of 400°C; 
a glass tube (14 mm x 2 mm ~b) or a stainless 
tube (8 mm x 1 mm q~) was utilized; an ion 
source temperature of 350 or 380°C was 
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employed as previously [10]. These conditions 
seem to be advantageous for the vaporization 
of fullerenes. 

3. R e s u l t s  and  d i s c u s s i o n  

3.1. Optimization, backgrounds, and calibration 
for the gas-phase FAB experiments 

In order to find the optimized conditions of 
the FAB gun, the effects of fast-atom Afast 
beam energy and electron emission current to 
form accelerating ions A "+ on the rate of ion 
formation under gas-phase FAB conditions 
were examined using a sample of perfluoro- 
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Fig. 2. Schematic diagram of the ion source for gas-phase FAB 
experiments. 

kerosene (PFK) and an He beam. The absolute 
abundance of an m/z 69 ion of PFK was 
plotted against the accelerating voltage (kV) 
of the FAB gun at each of the emission cur- 
rents 5, 10, 20, and 30 mA (Fig. 1). The 
increase in ion abundance with increasing 
emission current indicates that the abundance 
of ions formed depends upon the rate of colli- 
sions between analytes Mgas and mfast in the 
gas phase, since the emission current is directly 
associated with the fast-atom beam flux J 
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(particles S - l  cm-2). A slight difference in ion 
abundance at the emission currents of 20 and 
30 mA may be due to saturation arising from 
the capability of the FAB gun used. Although 
no significant effect of the accelerating voltage 
on the ion abundance could be observed, here 
we employed an accelerating voltage of 7 or 8 
kV and an emission current of 20 or 30 mA as 
optimized conditions for the gas-phase FAB 
experiments. 

A schematic diagram of the ion source used 
is shown in Fig. 2. The fast-atom beam of 
about 2 mm ~b in diameter bombards a vertical 
surface (as a repeller) of the ionization cell of 
about 0.5 cm 3 in volume. The background 
spectra obtained using high energy He, Ar, 
Xe, and isobutane beams, without inserting a 
stainless steel target, are shown in Figs. 3(a), 
3(b), 3(c), and 3(d), respectively. These spectra 
give the peak of fast-particle ions at m/z 4 

(He'+), m/z 40 (Ar'+), m/z 132 (Xe'+), and 
m/z 58 (isobutane'+), as well as the peaks at 
m/z 18 (H20"+), m/z 28 (N~+), and m/z 32 
(02 + ) originating from the residual gas mol- 
ecules. The background spectra, using He 
and Xe beams, with insertion of the stainless 
steel target, give some metal ion peaks at m/z 
23 (Na+), m/z 39 (K+), m/z 52 (Cr÷), m/z 56 
(Fe÷), and/or m/z 133 (Cs ÷) originating from 
the metal components or impurities on the tar- 
get, although the gas-phase FAB experiments 
do not use the target. 

For the gas-phase FAB and FMB experi- 
ments, mass calibration was done using the 
sample of PFK just as in the E1 method, 
although the abundance of ions formed by 
gas-phase FAB is a few orders of magnitude 
lower than that by 70 eV/EI, owing to the 
very low flux of fast-atom beams [14]. It is 
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important to recognize that gas-phase ioniza- 
tion due to collisions between neutral species 
has a relatively large cross-section and is 
surprisingly efficient [15]. 

3.2. High energy collision characteristics in 
gas-phase FAB processes 

The comparisons of 70 eV/EI and gas-phase 
FAB spectra of cholesterol (1), methyl stearate 
(2), trolox (3), and c~-tocopherol (4) are shown 
in Figs. 4, 5, 6, and 7, respectively. A charac- 
teristic of these gas-phase FAB spectra is that 
the relative intensity of the fragments is 
enhanced remarkably in lower-mass regions 
compared with the EI spectra, while the gas- 
phase FAB and EI spectra show very similar 
fragments. Another characteristic of the gas- 
phase FAB spectra is that the intensity of M "+ 

ions is relatively high in spite of considerable 
fragmentation. This suggests that abundant 
non-fragmenting M "+ ions are formed under 
gas-phase FAB conditions, as well as the 
abundant fragmenting M "+ ions having large 
amounts of internal energy. 

The gas-phase FAB spectra of methyl 
stearate (2) show an outstanding fragment 
pattern consisting of ions at m/z 125, 111, 
97, 83, 69, 55, 41, 27, and 15 which may arise 
from random cleavage of C - C  bonds along 
the alkyl chain, as well as the well-known 
pattern of a 56-Da periodicity (m/z 255, 199, 
143, and 87) and the McLafferty rearrange- 
ment ion at m/z 74 [16]. This degradation 
pattern suggests that the width of the internal 
energy distribution of molecular ions, M "+, 
formed under gas-phase FAB conditions, 
appears to broaden on the higher energy side 
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compared with 70 eV/EI conditions. In order 
to estimate the internal energy of M "+ ions, the 
CEI spectra of 2 were obtained using He .+ and 
Ar "+ as the reagent ions (Fig. 8). The He/CEI 
spectrum shows considerable fragmentation, 
like the gas-phase FAB spectra using He and 
Ar beams, whereas the Ar/CEI spectrum 
characteristically shows intense peaks at m/z 
87 and 74 together with the weak 56-Da 
periodicity. This indicates that the formation 
of  fragments at m/z 87 and 74 is caused by a 
relatively small amount  of internal energy and 
the formation of alkyl chain fragments, 
[CH3(CH2) n - H 2 ]  +, is caused by a relatively 
large amount  of internal energy. Considering 
the ionization energy (1E) of around 10.5 eV 
for fatty acid methyl esters [17] and the recom- 
bination energies (REs) of 24.59 eV for He .+ 
[18] and 15.76 and 15.94 eV for Ar "+ [19], the 
internal energy (AE) of M "+ ions of 2 formed 
can be estimated as 14.09 eV for He/CEI and 
5.26-5.44 eV for Ar/CEI conditions according 
to the equation 

AE = RE - IE (3) 

where the RE of He w a s  approximated by 
the IE. The results obtained suggest that an 
internal energy distribution P(AE) for the 
M "+ ions of 2 formed under gas-phase FAB 

ilir2 
M +. 

m/Z 

conditions ranges from an energy of less than 
5.26 eV to more than 14.09 eV. The character- 
istic of the P(AE) distribution over a wide 
range of internal energy is compatible with 
the P(AE) distribution for organic ions 
activated by a high energy single collision [20]. 

The gas-phase FAB spectra of 4 also show a 
considerable fragmentation pattern more 
extensive than both CEI spectra of 4 obtained 
with He .+ and Ar "+ ions (Fig. 9). Further, the 
enlarged inset in the gas-phase FAB spectrum 
(Fig. 7(c)) is very similar in pattern to the high 
energy CID spectrum of the M "+ ion of 4 [21]. 
This pattern may arise from the loss of 
neutrals CH, CH2, or CH3 from the phytyl 
side-chain of 4. The side-chain pattern in the 
70 eV/EI and He/CEI spectra is very weak in 
intensity, and the Ar/CEI spectrum does not 
show the pattern. Using the IE of 4, 7.22 eV 
[22], the internal energies of M "+ ions formed 
under He/CEI and Ar/CEI conditions can be 
estimated as 17.37 eV and 8.54-8.72 eV, 
respectively. For organic ions, the internal 
energy of 17.37 eV is very large and sufficient 
to degrade M "+ ions. It is surprising, in view of 
the internal energy, that the gas-phase FAB 
spectra of 4 show the definite degradation 
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pattern in Fig. 7(c), and an abundance of frag- 
ments at m/z 136, 121, 91, 85, 77, 71, 69, 67, 
57, 55, 53, 43, 41, 39, 29, and 27 in the low- 
mass region. It has been confirmed that the 
fragments at m/z 136, 121, 91, 77, 67, 65, 55, 
53, 43, 41, 39, 29, and 27 occur successively by 
the degradation of fragments at m/z 205 and/ 
or 165 [23]. However, a series of fragments at 
m/z 85, 71, 57, 43, and 29 may originate from a 
part of the phytyl side-chain which is formed 
by the direct degradation of M "+ ions. The 
appearance of these lower-mass fragments 
seems to be evidence that molecular ions 
(M'+) * having significantly large amounts of 
internal energy, which degrade within the resi- 
dence time in the ionization cell ( 10 -7-10 -6 s), 
are formed under the gas-phase FAB condi- 
tions. In fact, it has been estimated that the 
internal energy of C60 "+ ions produced under 
gas-phase FAB conditions (He, 8 keV) is 
approximately 100 eV [lib], as is described 
in the next section. 

3.3. Fullerene C6o 

Since positive ion EI, gas-phase FAB, and 
FMB spectra of buckminsterfullerene C60 [24] 
have already been reported [10,11], we do not 
present the spectra here. The gas-phase FAB 
(He and Ar) and FMB (isobutane) spectra 
gave peaks corresponding to multiply charged 
molecular ions C~ + (z = 1-4) and abundant  
fragments such as [C60-Czn] z+ (n = 1-12, 
z = 1-4) and/or C + (n = 5-20) ions, while 
the EI spectrum gave ion peaks of C6: ~- 
(z = 1-3) and [ C 6 0 -  C2n] z+ (n = 1-5, z = 1- 
3). It is interesting that the spectrum with the 
He beam primarily showed the multiply 
charged fragments originating from the 
neutral C2 losses from C~ + ions (z = 1-4), 
i.e. [C6n - C2n] z+ (n = 1-12 for z = 1, n = 1- 
9 forz  = 2, n = 1-6 forz  = 3, andn  = 1-5 for 
z = 4); in contrast, the spectra with Ar and 
isobutane beams specifically showed abundant  
singly charged fragments C + (n = 5-20) in the 

low-mass region, suggesting that the three- 
dimensional soccer ball shaped ions exten- 
sively degrade to one- or two-dimensional 
small fragment ions. This could be due to the 
characteristics of high energy collision- 
induced electronic (e) and vibrational (v) exci- 
tations [20,25] which may originate from the 
effect of fast-atom size (the van der Waals radii 
are 1.50 A for He, 1.91 A for Ar, and 2.20 ,~ 
for Xe, and the radius of the C60 skeleton is 
3.53 ,& [26]) or atomic mass. The importance of 
vibrational excitation in degrading precursor 
ions has been pointed out by Bordas-Nagy 
and et al. [27] in the CID study of peptides 
using He and Ar as the collision gases, as 
well as electronic excitation which is a major 
event in high energy collisions. The result 
obtained here suggests that the application of 
Ar, Xe, and isobutane beams is useful for 
vibrational excitation which brings about 
high degradation of C60 ions, as well as elec- 
tronic excitation, while high energy He colli- 
sion mainly brings about electronic excitation. 
The multiply charged fragment ions 
[C60 - C2n] z+ (z • 1-4), therefore, are formed 
by the internal energy originating from both 
electronic and vibrational excitations, and the 
formation of singly charged fragments C + 
(n = 5-20) in the low-mass region may occur 
by the internal energy coming from direct 
vibrational excitation ( t -v  process) rather 
than electronic excitation (t-e process) by 
high translational (t) energy collisions. 

It is of interest that the C + (n = 5-20) ions 
give a four-periodicity in the intensities of both 
even- and odd-numbered carbon clusters 
called "magic fragments" [10,28]. The magic 
fragments from C6~- ions can be observed in 
the mass spectra obtained with laser irradia- 
tion (353 nm and 59 mJ cm -2) [29] and high 
energy CID (8 keV) techniques with Ne, Ar, 
Kr, and/or Xe collision gas [30]. As expected, 
the use of relatively weak laser power (29 mJ 
cm -2) [29] and low energy CID (190 eV, Xe) 
[31] decreases the intensity of or eliminates the 
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fragments C + (n = 5-20) and/or [C60 - C2n ] "+ 
ions. We can now consider two possibilities for 
the formation of singly charged fragments C + 
smaller than m/z 360, under gas-phase FAB 
conditions: (i) direct degradation of C6~ ions 
by high energy collisions and (ii) successive 
degradation from the fragments [C60 - C2,] "+ 
with m/z > 360. Regarding this, Bowers and 
co-workers [32] demonstrated that the rela- 
tively low energy (150 eV) CID spectrum of 
fullerene-like or monocyclic C~7 ions showed 
products corresponding to  C~-6, C+4, C+27, CF9, 
and C~- 5 ions. This informative report suggests 
that fullerene-like carbon clusters C 2 (n = 35- 
40) easily degrade by low energy collisions to 
form magic fragments. Further, Bowers et al. 
suggested using gas-phase ion chroma- 
tography [33] that a structural "phase" transi- 
tion from fullerene-like to monocyclic ring 
carbon clusters occurs in a range of clusters 
sized between C3~0 and C+0, owing to the 
instability of the fullerene-like structure. This 
indicates that the formation of magic frag- 
ments C + (n = 5-20) occurs successively 

']'c.=+ 

a . . . .  1 

?EE C6o +, 

mlz 

Fig. 10. Charge exchange ionization mass spectrum of fullerene 
C60 using He .+ as a reagent ion. 

from the clusters C + (n = 30-40) which were 
formed by the successive neutral C 2 losses 
from C6~- ions. It may consequently be sup- 
posed that the fragments of C+0, C~- 8, and C~- 6 
formed under gas-phase FAB conditions may 
be relatively structurally unstable. A proposed 
fragmentation of C6~ ions under gas-phase 
FAB conditions is shown in Scheme 1. 

In order to examine the effect of internal 
energy on the fragmentation of C6~- ions, the 
CEI spectrum of C60 was obtained with He .+ 
ions (Fig. 10). The spectrum showed definite 
peaks corresponding to C6~ and C2~ - ions and 

60 +" 

~ 1 + .  

magic fragments 

Successive C 2 losses 

C36 +" 

C19 +" 

~ C 1 5  +, 

- - . . _  

_ . . - - ' - "  

. = - -  36 +. 

~ C 2 3  +" 
Scheme 1. 
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Fig. 11. Positive ion gas-phase FAB mass spectra of (a) anthra- 
cene (5), (b) pyrene (6), and (c) coronene (7), with He beam. 
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Fig. 12. Partial gas-phase FAB mass spectrum of coronene (7), 
with He beam, in the region of quadruply charged ions. 

a weak C30 ~ ion peak. Since the IEs of  C60 are 
7.61 eV for C6o---~C;~-, 19.85 eV for 

2+ C60 ~ C60, and 36.90 eV for C6o ~ C3~ - [341, 
and the RE of  He .+ is 2459 eV [35], the triply 
charged ion C3~ - may be formed by a second- 
ary charge exchange interaction between C;o ~ 
and He .+ ions. Further ,  the internal energies 
of  the C6~- and C~- ions formed can be esti- 
mated  as 16.98 and 4.74 eV, respectively. The 
internal energy of  16.98 eV is insufficient even 
for a first decay, C6 + ~ C;~- + C2, because the 
He/CEI  spectrum does not  show any fragment  
ions. This is consistent with the estimations 
that  the internal energy of  fragmenting C6 + 
ions to form a fragment  C;~ is 39 eV [36] or 
40.8 eV [37], which is extraordinarily large. 
Considering some characteristics of  the con- 
siderable degradat ion of C6~- ions and the 
binding energy of  C2 to C;~- ions (4.6 eV [34] 
or 6.0-6.5 eV [37]), the large internal energy of  

Table 1 
Relative intensity of M :+ (z = 1-3), [M - nH] :+ (n = 0, 2, and 4, z = 1 2), and [M - C2H2] z+ (2 = 1 2) ions of polycyclic aromatic 
hydrocarbons in the mass spectra obtained by 70 eV/EI and gas-phase FAB (8 keV, He and Ar) methods 

M '+ [M-2H]  + [M-4H]  + [M-C2H2] + M 2+ [M 2H] 2 [M-4H]  2+ [M C2H2] 2+ M 3+ 

Anthracene E1 (70 eV) 100 30 3.0 
CI4Ht0 Gas FAB (He) 100 41 6.0 

Gas FAB (Ar) 100 22 3.0 

Pyrene E1 (70 eV) 100 18 3.0 
CI6HI0 Gas FAB (He) 100 51 8.0 

Gas FAB (Ar) 100 25 4.0 

Coronene E1 (70 eV) 100 19 6.0 
C24HI2 Gas FAB (He) 100 48 20 

Gas FAB (Ar) 100 26 11 

8.0 25 15 2.5 16 0.5 
8.0 37 21 4.5 21 0.5 
3.5 6.5 6.0 2.0 3.5 0.5 

1.0 18 18 12 4.0 0.5 
2.0 42 17 4.0 8.5 1.0 
1.0 8.0 9.0 2.0 1.5 0.5 

1.0 29 20 10 1.5 !.0 
3.0 70 56 32 3.5 4.0 
1.0 15 15 10 1.0 1.0 
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C6~- ions produced under gas-phase FAB 
conditions is understandable. 

3.4. Polycyclic aromatic hydrocarbons 

Polycyclic aromatic hydrocarbons (PAHs) 
have been studied in extensive fields such as 
physical, analytical, environmental, and 
space chemistry, and with respect to their 
high carcinogenicities. The EI and fragmenta- 
tion characteristics of PAHs are to show the 
peak of multiply charged molecular ions, M ~'+ 
(z = 1-3), and marked hydrogen loss ions, 
[ M - n H ]  z+ (z = 1-3), and to show very 
small fragments such as [M - C2H2] z+ 
(z = 1-3) [38]. We will compare here the gas- 
phase FAB spectra of anthracene (5), pyrene 
(6), and coronene (7), using He and Ar beams, 
with corresponding EI spectra. 

The gas-phase FAB spectra of anthracene 
(5), pyrene (6), and coronene (7), with an He 
beam, are shown in Figs. l l(a), l l(b),  and 
11 (c), respectively. All the spectra show multi- 
ply charged molecular ions M z+ (z = 1 3). 
Surprisingly, the gas-phase FAB spectrum of 
7 with an He beam shows peaks corresponding 
to quadruply charged ions, [ M - n H ]  4+ 

(n = 0-6), although the peaks of M 4+ (m/z 
75) and [M - 4 H I  4+ (m/z 74) are overlapping 
with singly charged peaks (Fig. 12), as well as 
abundant  hydrogen loss peaks of [M - nH] z+ 
(n = 1-8, z = 1-3) ions. The relative intensi- 
ties of M z+ (z = 1-3), [M - nil] z+ (n = 0, 2, 
and 4, z = 1-2), and [M - C 2 H 2 ]  z+ (2 = 1-2) 
ions of the above compounds are summarized 
in Table 1. 

In order to examine the influence of internal 
energy on the loss of hydrogen(s) from mol- 
ecular ions, the CEI spectra of 6 were obtained 
using the reagent ions He .+ and Ar "+ (Fig. 13). 
The CEI spectra show singly and doubly 
charged molecular ions, with singly charged 
hydrogen loss fragments of [ M - n H ]  + 
(n = 1-2) and without any doubly charged 
fragments, while the 70 eV/EI and gas-phase 
FAB spectra show hydrogen loss peaks of 
[M - n i l ]  z+ (n = 1-4, z = 1-2). From the IE 
of M "+ for 6, 7.4 eV [39], and the REs of He .+ 
and Ar "+, the internal energies of the M + ions 
formed can be estimated as 17.18 eV for He/ 
CEI and 8.54 eV for Ar/CEI conditions. If the 
M 2+ ion in the He/CEI spectrum is formed by 
a single charge exchange interaction between 
He .+ and M g a s  , the internal energy can be esti- 
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Fig. 13. Charge exchange ionization mass spectra of  pyrene 
using (a) He .+ and (b) Ar "+ as reagent ions. 
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Fig. 14. Comparison of  mass spectra of n-nonadecane using (a) 
70 eV/EI and (b) He beam. 
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Fig. 15. Comparison of  mass spectra of  n-tetracosane using (a) 
70 eV/EI and (b) He beam. 

mated as 2.78 eV. The formation of M 2+ ions 
in the Ar/CEI spectrum cannot be explained 
by the interaction between Ar '+ and Mgas , 
because the IE of M 2+ for 6, 21.8 eV [39], is 
larger than the RE of Ar "+. The M 2+ ion may 
be formed by a secondary interaction between 
M "+ and Ar "+, and the internal energy of M 2+ 
ions can be estimated as 10.08 eV 
(= 15.94 x 2 -  21.8). 

The internal energy causing hydrogen loss 
from the parent ion can be roughly estimated 
using the appearance energy (AE) of the 
hydrogen loss peaks. Jochims et al. [40] 
recently estimated the internal energies of the 
[ M  - H I  + ,  [ M  - H 2 ]  + ,  and [M - C2H2] + ions 
for PAHs by measuring the AE for each 
fragment ion. For compound 6 the internal 
energies (eV) (and AE (eV)) reported are 9.06 
(16.30) for [M - HI + ions and 11.18 (18.42) for 
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Fig. 16. Comparison of  mass spectra of  dibenzofuran using (a) Fig. 17. Comparison of  mass spectra of  norharmane using (a) 70 
70 eV/EI, (b) He and (c) Ar beams, eV/EI, (b) He and (c) Ar beams. 
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[ M -  H2] + ions. We also obtained, using the 1~ 
EI method,  the AEs of hydrogen loss frag- 
ments for 6, as follows: 16 eV for [ M -  HI + 
ions, 19 eV for [ M -  H2] + ions, 22 eV for so 
[ M - 3 H ]  + ions, and 30 eV for [ M - 4 H ] *  
ions. From these values, the internal energies 
of M "+ ions formed at each AE value can be 100 
roughly estimated as 8.6, 11.6, 14.6, and 22.6 
eV, respectively. Subsequently, the observa- 
tion of [M - HI +, [M - H2] +, [M - 3HI +, s0 
and [ M -  4HI + ions in the gas-phase FAB 
spectra of 6 indicates that the internal energy 
of M "+ ions formed under gas-phase FAB con- 
ditions is 22.6 eV or greater. Further, the for- 
mation of triply charged ions [ M -  nil] 3+ 
( n - - 0  4) suggests that the gas-phase FAB 
process causes electronic excitation of at least 
38.7 eV (IE for M 3+ of 6 [39]). As described 
above, relatively high electronic excitation is a 
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Fig. 19. Comparison of mass spectra of l-phenylthiosemi- 
carbazide using (a) 70 eV/EI and (b) He beam. 

remarkable characteristic in the gas-phase 
FAB processes. 
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3.5. "n "-Hydrocarbons 

The mass spectra of n-nonadecane (8) and 
n-tetracosane (9), obtained by 70 eV/EI and 
He gas-phase FAB methods, are shown in 
Figs. 14 and 15, respectively. A characteristic 
feature of the gas-phase FAB spectra, com- 
pared with the EI spectra, is considerable 
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Fig. 18. Comparison of mass spectra ofanthraquinone using (a) Fig. 20. Comparison of mass spectra of m-nitrobenzoic acid 
70 eV/EI, (b) He and (c) Ar beams, using (a) 70 eV/EI and (b) He beam. 
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Fig. 21. Comparison of mass spectra of m-nitrobenzyl alcohol 
using (a) 70 eV/EI and (b) He beam. 

hydrogen loss from the fragment ions 
[CnH2n+I] +, whereas the intensity of the M "+ 
ion peak is relatively high. In the fragment at 
m/2 57, [C4H9] +, the hydrogen loss peaks 
could be observed at m / z  56, 55, 54, 53, 52, 
51, 50, and 49, which have compositions of 
[C4H8] +, [C4H7] +, [C4H6] +, [C4H5] +, 
[C4H4] +, [C4H3] +, [C4H2] +, and [C4H] +, 
respectively. In the case of the fragment at 
m / z  85, [C6H13] +, the hydrogen loss peaks of 

l e s .  

100 

50 

(a) ~ O H o  0 
~ i OH 

I 37~ 

5 

M +- d~B 

kl 
(b) 

203 

~sM÷. 
420 

377 

41 67 i15137 17'4 3611 I I  

100 E00 300 400 m/Z 

Fig. 23. Comparison of mass spectra of morusin using (a) 70 eV/ 
El and (b) He beam. 

[C6Hn] + (n = 5-12) were observed. 

3.6. Other organic compounds 

The gas-phase FAB spectra of dibenzofuran 
(10), norharmane (11), anthraquinone (12), 1- 
phenylthiosemicarbazide (13), m-nitrobenzoic 
acid (14), m-nitrobenzyl alcohol (15), glycerol 
(16), morusin (17) [41], and c~-(1-pyrenyl)-p- 
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methylbenzyl phenylacetate (18) [35], obtained 
with He and/or Ar beams, are compared with 
the corresponding EI spectra (Figs. 16-24). 
An apparent general tendency is that the 
relative intensity of  lower-mass fragments in 
the gas-phase FAB spectra is relatively high 
compared with the corresponding EI spectra. 
The gas-phase FAB spectrum of 16 shows a 
surprising degradation pattern with peaks 
due to CH~-, CH~-, CH +, and C + ions. It is 

interesting that the gas-phase FAB spectra of 
10, 11, and 12 give relatively high intensity 
singly charged fragments, m +, while the EI 
spectra give relatively high intensity doubly 
charged ion peaks at m/z 84 and 69 for 10, 
at m/z 84, 70, and 57 for 11, and at m/z 104, 
90, and 76 for 12. Further, in the gas-phase 
FAB spectra of 10, 11, and 12, the use of  an 
He beam brought about more degradation of 
M "+ ions than those of  M "+ ions formed using 
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Fig. 29. Comparison of negative ion mass spectra of glycerol 
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an Ar beam. This indicates that an He beam 
provides M "+ ions of higher internal energy 
than that of the M "+ ions formed using an 
Ar beam, although the electronic excitation 
and internal energy partition of analyte 
molecules under gas-phase FAB conditions 
are complex and may depend on analyte 
structures. The results obtained for 10-18 
suggest that the internal energy distribution 
of M "+ ions formed under gas-phase FAB 
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Fig. 30. Comparison of negative ion mass spectra of morusin 
using (a) 70 eV/EI and (b) He beam. 

conditions lies in the range of lower energy 
to the higher energy side, corresponding to 
the abundant formation of non-fragmenting 
and fragmenting M "+ ions. 

3.7. Negative ion gas-phase FAB mass spectra 

There have only been a few discussions so 
far on the interpretation of the characteristics 
of negative ion gas-phase FAB spectra, as well 
as positive ion gas-phase FAB, although Kralj 
et al. [4] and Takayama [10a] have compared 
negative ion gas-phase FAB spectra of nitro- 
phenols and fullerenes, respectively, with the 
negative ion El spectra. In order to examine 
the major characteristics of negative ion gas- 
phase FAB spectra, the gas-phase FAB spectra 
of 3, 12, 14, 15, 16, and 17 obtained with a He 
beam are compared with the corresponding 
negative ion EI spectra (Figs. 25-30). 
Although the negative ion gas-phase FAB 
spectra obtained show peaks of [ M -  HI- 
and/or M-  ions and fragment ions which are 
in agreement with those of the EI spectra, the 
characteristic was not observed that the 
relative intensity of lower-mass fragments is 
enhanced compared with the EI spectra 
which was a significant feature for the positive 
ion mode. The negative ion EI spectra of 15 
and 16, which are matrix materials for FAB 
experiments, give dimer ion peaks at m/z 
306, 2M-,  and m/z 183, [ 2 M -  HI-, respec- 
tively, while the gas-phase FAB spectra do 
not show the dimer ion peaks. Further, the 
negative ion El spectrum of 12 gives an ion 
at m/z 224, [M + 16]-, while the gas-phase 
FAB spectrum does not show such a peak. 
The negative ion EI spectrum of 4 shows 
peaks corresponding to [M + 16]-, 
[M+32] - ,  and [M+48] -  ions [46] which 
may originate from the attachment of oxygen 
ions O-,  20 - ,  and 30 -  to the analyte mol- 
ecules, so that the peak at [M + 16]- of 12 
may be assigned as an [M + O]- ion. These 
results suggest that for negative ion formation, 
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the gas-phase FAB and E1 processes differ 
from each other in mechanism. 

The negative molecular ions M-  under gas- 
phase FAB conditions may be formed by a 
secondary process coupled with M "+ ion 
formation as follows: 

Mgas + Afast ---+ M "+ + A  + e -  (4.1) 

Mgas n t- e-  --+ M -  (4.2) 

The extent of  fragmentation of the M -  ions 
formed depends on the internal energy 
originating from the electron affinity (EA) of 
the analyte molecules. However, the [M - H]- 
ions may be formed by (a) FAB-induced ion 
pair formation or (b) dissociative electron 
attachment [42], i.e. 

(a) Mgas + Afast ~ [M - H]- + H + + A (5) 

(b) Mgas + e- ---, [M - HI- + H (6) 

In both negative ion gas-phase FAB and EI 
spectra, the spectra of 3, 14, 16, and 17 
showing [ M -  HI- ions have relatively high 
intensities of fragment ions compared with 
the spectra of 12 and 15 showing only M -  ions. 

3.8. Mechanism of gas-phase FAB ionization 

It is difficult to explain the gas-phase FAB 
ionization by resonant processes alone such as 
CEI and an interaction between superexcited 
Rydberg  atoms A* or molecules M* and 
analytes Mgas [12], since the electronic excita- 
tion to form multiply charged molecular and 
fragment ions, M z+ and m z+ (z = I-4),  is very 
large. Instead, it should be considered, first of 
all, that high energy single collisions between a 
kinetically energetic a tom Afast and a gas- 
phase molecule Mgas occur in the vacuum 
ionization cell. Although it is difficult to 
express in detail the elastic and inelastic events 
in this collision process, it may be described by 

the Massey criterion (see, for example, Ref. 
[431): 
<~E> = hv/r (7) 

where (SE), h, v, and r represent the most 
probable energy transferred to the analyte 
molecule Mgas , Planck's constant, relative 
velocity in collision, and interaction distance, 
respectively. Setting the collision energy at 8 
keV (He beam) and assuming an interaction 
distance of 1 A (or 2 A), the energy (SE) can 
be roughly evaluated as about 26 eV (or 13 eV) 
from Eq. (7). Since a distribution of the dis- 
tance r may exist owing to the deviation from a 
head-on collision, the energy (SE) may be 
widely distributed between the lower and 
higher energy sides. The electronic excitation 
leading to the formation of C3~ - (36.9 eV) and 
C 4+ (58.6 eV) may occur on the higher energy 
side. With respect to the formation of multiply 
charged ions, M z+ (z = 1-4), under gas-phase 
FAB conditions, we have to refer to an inner- 
shell excitation with the Auger process in the 
soft X-ray region of several 10-1000 eV. It has 
been found that the formation of M =+ ions is a 
most remarkable characteristic of Auger ioni- 
zation [44]. The energy of the carbon inner 
orbital (ls) lies in the range 280-290 eV [45], 
so it seems possible that fullerene molecules 
C60 could be ionized via inner-shell excitation 
by the Auger process, although this is not very 
probable. 

4. Conclusions 

Positive and/or negative ion gas-phase FAB 
mass spectra of fullerene C60 , PAHs, n-hydro- 
carbons, heterocyclic and other organic 
compounds were compared with the corre- 
sponding EI and/or CEI mass spectra, in 
order to characterize the gas-phase FAB 
ionization using high energy (7 or 8 keV) He, 
Ar, Xe, or isobutane beams. The formation of 
multiply charged molecular and fragment 
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ions, M -~+ and m -~+ (z = 1-4), suggested that 
high electronic excitation up to over 58.6 eV 
(C60 4+ --* C60) occurs by single collisions 
between Afast and Mgas , which result in an 
effective conversion of translational energy to 
internal energy. A characteristic pattern of the 
positive ion gas-phase FAB spectra shown 
here, which consist of the intense and 
abundant lower-mass fragments and intense 
M "+ ions, suggests that the internal energy dis- 
tribution of M "+ ions formed ranges between 
the lower and higher energy sides; this means 
that both non-fragmenting and fragmenting 
molecular ions are formed in abundance 
under gas-phase FAB conditions. This ion for- 
mation and fragmentation were affected by the 
fast-atom species (He, Ar, and Xe) rather than 
the FAB gun conditions (accelerating voltage 
and emission current). While the gas-phase 
FAB spectra generally gave similar fragment 
ions to the EI spectra, the details of multiply 
charged ion formation and extent of fragmen- 
tation seemed to be dependent on analyte 
structures. This suggests that gas-phase FAB 
and EI methods are quite different with respect 
to electronic excitation and energy conversion 
(or partition) processes. 

It is of interest in connection with the for- 
mation of superexcited molecules M* and/or 
superexcited complex molecules (A-M)* to 
consider Afast/M or fast-molecule Mfast/M 
dynamic interactions; this is because gas- 
phase FAB spectra may reflect the dynamic 
interactions accompanying electron mixing of 
Afast and M (or Mfast and M), distortion and 
degradation of target molecules, and resonant 
and inner-shell excitation processes. The gas- 
phase FAB ionization phenomena should then 
be essentially treated by high energy collision 
physics. Since little is known concerning the 
high energy collision phenomena between 
neutral atoms and large molecules or between 
large molecules as treated here, the gas-phase 
FAB experiments will provide useful 
information for high energy physics. 
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