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bstract

Surface-induced dissociation and reactions of singly-charged ions C7Hn
+ (n = 8, 7) and of doubly-charged ions C7Hn

2+ (n = 8, 7, 6), produced
y electron ionization of toluene, with hydrocarbon-covered stainless steel surface have been investigated in the incident energy range from 5
o 50 eV. The mass-selected beam of projectile ion was focused onto the surface under 45◦ and product ions reflected were monitored using a

OF mass spectrometer. The relative abundance of product ions was determined in dependence on incident projectile-ion energy (collision-energy

esolved mass spectra, CERMS curves). An important process in surface collisions of the dications is single-electron exchange with the surface
nd formation of monocation intermediates. Comparison of the mass spectra of the incident cations and dications made it possible to elucidate
ajor reaction pathways.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Studies of collisions of slow ions with surfaces represent
research area that experienced a rapid growth during the

ast 20 years. Selected physical and chemical processes have
een studied by the impact of slow ions of incident energies
p to 100 eV [1–6]. These energies and in particular energies
ransferred during the collision into internal degrees of free-
om are of the same order of magnitude or somewhat larger
han energies of chemical bonds. Thus, the surface collisions
re likely to lead (under consideration of factors that influ-
nce dissociation processes, including, e.g., kinetic shifts) to
ragmentation of the projectiles (SID, surface-induced disso-

iations). Studies of such ion-surface interactions can provide
seful information on both projectiles and surfaces, ranging from
urface diagnostics and surface modification to characterization
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f projectile ions. In particular, activation of ions in surface col-
isions and surface-induced dissociation of the projectiles has
een successfully used as one of the methods for characteriz-
ng structural properties of polyatomic organic or bioorganic
ons [3–5]. Surface collisions of multi-protonated bioorganic
ons, often produced by electrospray techiques, have been
ncreasingly employed in peptide analysis [7–11]. However,
nly a few studies exist on a comparison between polyatomic
ons of different charges interacting with surfaces [12–19].
hey concerned collisions of singly- and doubly-charged ions

rom toluene (C7H8
•+/2+, C7H7

+/•2+, C7H6
2+) [12,19], ben-

ene (C6H6
•+/2+) [13–15], fullerene cations and dications [16],

nd multiply-charged fullerenes C60
n+(n = 1–5) [17–19] with

ydrocarbon-covered stainless steel surfaces [12,13,16–18] or
urfaces covered with self-assembled monolayers [14–16].

Here we present a comparison of ion-surface interaction of
olyatomic cations with their respective dications. The projec-
ile ions are cations and dications formed in electron ionization

f toluene, i.e., the ions C7H8

•+/2+, C7H7
+/•2+, and C7H6

2+.
ollisions of these cations and dications from toluene with a

tainless-steel surface (presumably hydrocarbon-covered) were
nvestigated earlier at the incident energy of 44 eV by Cooks

mailto:zdenek.herman@jh-inst.cas.cz
dx.doi.org/10.1016/j.ijms.2007.03.017
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nd coworkers [12]. Only singly-charged ions were observed as
roducts of surface collisions of these dications. Similar mass
pectra for the product ions of both, cations and dications colli-
ions, were interpreted by [12] as an indication that the reaction
equence at the surface for dications was charge transfer fol-
owed by unimolecular dissociation. The paper does not mention
rocesses of H-atom transfer from surface material. However, in
he mass spectra of unlabeled projectiles at a single, fairly high
ncident energy these processes would be difficult to discern.

In our recent paper [20] on the interaction of C7H8
•+/2+,

7H7
+/•2+, and C7H6

2+ projectile ions with a hydrocarbon-
overed carbon surface at the incident energy of 25.3 eV
incident angle 30◦ with respect to the surface), mass spectra,
ranslational energy distributions, and angular distributions of
he product ions were measured. In agreement with the con-
lusions of Cooks and coworkers [12], the primary process in
ollisions of dications was single-charge exchange at the sur-
ace and subsequent dissociation of the monocation, internally
xcited in the surface interaction. Two mechanisms of formation
f the fragment ions were suggested, either via unimolecular
ecomposition of the inelastically scattered monocation or via
ragmentation of a protonated species (C7H8)H+ (or (C7H7)H+)
ormed by endoergic hydrogen-atom transfer from the surface
ydrocarbons. The translational energy distributions of ions
esulting from decomposition of these precursor ions (C7H8)H+

or (C7H7)H+) peaked at lower energies than those of ions origi-
ating from simple dissociation of the surface-excited scattered
ons. The velocity distributions of both inelastically scattered
rojectile ions and fragment ions had very similar velocity distri-
utions (with regard to the above mentioned different inelasticity
f processes of simple dissociation of projectiles and frag-
entation of surface-protonated precursors) indicating that the

ragmentation occurred after the interaction with the surface in
he unimolecular way. Structural considerations were based on
vailable data of the widely studied monocations [21,22] and
n recent information on the energetics of the toluene dication
23].

The present paper complements the results of the above
entioned paper [20], where the surface interactions of the pro-

ectile ions were studied at single collision energy only. Here,
e present data on mass spectra of product ions formed in the

nteraction of the projectiles with a stainless steel surface, cov-
red at room temperature with hydrocarbons, measured over a
ide range of incident energies of the projectiles (5–50 eV). The

ollision-energy resolved mass spectra (the CERMS curves),
btained in this way, provide information on the dependence of
issociative and reactive processes on incident energy.

The investigation of the incident energy dependence of the
urface-induced fragmentation of polyatomic projectile ions
rovides information on changes of fragmentation with increas-
ng internal energy of the projectile. In surface collisions a
raction of incident energy is transformed into internal excitation
f the projectile ion and this fraction was shown to depend lin-

arly on the incident energy in the incident energy range studied
n this paper [6,24–26]. For collisions with various surfaces cov-
red with hydrocarbons, the mean value of the incident energy
ransformed into internal excitation was shown to be about 6%

i
C
s
a

ass Spectrometry 265 (2007) 337–346

f the incident energy for a variety of projectiles [6,17,24–26].
espite the fact that the distribution of energy transferred into

nternal excitation of the polyatomic projectile is rather broad
about 1.5 eV, full width at half maximum [6,24–26]), it pro-
ides a possibility to impart to the projectile a defined amount
f excitation energy which can be changed in a predictable way.
n the case of multiply-charged projectiles, additional internal
xcitation can come from partial neutralization of the projectile
n the surface collision [17].

. Experimental

The relative abundance of product ions in dependence on inci-
ent projectile ion energy (CERMS curves) were measured with
he tandem mass spectrometer apparatus BESTOF described
n detail in our earlier papers [27,28]. It consists of a double
ocusing two-sector-field mass spectrometer (reversed geome-
ry) combined with a linear time-of-flight mass spectrometer.
riefly, projectile ions were produced by ionization of toluene
ith 120 eV electrons in a Nier-type ion source (a commercial
H5 mass spectrometer source), operated normally at pressures
f about 2.10−5 Torr. The ions formed were extracted from the
on source region and accelerated by 3 kV for mass (and energy)
nalysis by the double-focusing two-sector-field mass spectrom-
ter. Mass resolution of this selector, higher than m/�m = 2500,
as sufficient to prepare a projectile ion beam devoid of any

3C admixture. After passing the mass spectrometer exit slit,
he ions were refocused by an Einzel lens and decelerated to
he required collision energy before interacting with the target
urface. Shielding the target area with conical shield plates min-
mized field penetration effects. The incident impact angle of the
rojectile ions was kept at 45◦ and the scattering angle (defined
s a deflection from the incident beam direction) was fixed at 91◦.
he incident energy of ions impacting on the surface is defined
y the potential difference between the ion source and the sur-
ace for the cations, for the dications it was twice this potential
nergy difference. A fraction of the product ions formed at the
urface exited the shielded chamber through a 1 mm diameter
rifice. The ions were then subjected to a pulsed extraction-
nd-acceleration field that initiated the time-of-flight analysis
f the ions. The second mass analyzer was a linear time-of-
ight mass selector with a flight tube of about 80 cm length. The
ass selected ions were detected by a double-stage channel-

late, connected to a multi-channel scaler (time resolution of 5 ns
er channel) and a personal computer. The product ion intensi-
ies were obtained by integration of the recorded signals and
ubtraction of the adjacent ion intensities. The surface was a
olished stainless steel surface at room temperature, covered by
ackground hydrocarbons.

. Results and discussion

Mass spectra (e.g., see Figs. 1 and 2) of product ions from

nteraction of the projectile ions C7H8

•+, C7H8
2+, C7H7

+,
7H7

•2+, and C7H6
2+ with a hydrocarbon-covered stainless

teel surface in dependence on the incident energy (5–50 eV)
re given in Tables 1–3, respectively. Product ion intensities are
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Fig. 1. Mass spectra of product ions from collisions of the projectile ions C7H8
•+ (a) and C7H8

2+ (b) with a hydrocarbon-covered stainless steel surface at incident
energies 10 and 30 eV. Incident ion peak hatched.

Fig. 2. Mass spectra of product ions from collisions of the projectile ions C7H7
+ (a) and C7H7

•2+ (b) with a hydrocarbon-covered stainless steel surface at incident
energies 10 and 30 eV. Incident ion peak hatched.
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Table 1
Mass spectra of product ions from surface collisions of C7H8

+ and C7H8
2+ in dependece on incident energy (ion abundance in % of total ion abundance, i.e., Ii/ΣIi)

m/z Ion Incident energy [eV]

4 5 7.5 10 12.5 15 20 25 30 35 40 45 50

C7H8
+

93 C7H9
+ 8 5.9 10.6 7.6 4.2 5.4 2.3 1.9

92 C7H8
+ 88.4 85.4 73.5 59.4 47.5 43.3 32 16.3 12.7 6.5 4.9 2.7 1.3

91 C7H7
+ 11.6 14.6 18.5 29.3 28.6 32.7 46.4 37.6 27 19.3 11.4 10.7 6.6

90 C7H6
+ 3.5 6.4 6.2 1.2 5.9 5.1 5.7 1.9 1 0.8

89 C7H5
+ 2.6 2.8 1.1 5 3.3 2.9

78 C6H6
+ 2.9 2.8 2.2 2.9 2.5

77 C6H5
+ 0.9 1 4.6 7.3 7.3 8.1 7.3 6.6 3.4

76 C6H4
+ 1 1.3 2 2.2 1.2

65 C5H5
+ 1.9 2.3 4.5 6.7 10 8.5 11 7.9 4.5 4.1

64 C5H4
+ 1.1 2 3.9 7 7.5 12 14.1 10.6 10

63 C5H3
+ 2.8 3.1 2.9 3.3 2.7 3.9

62 C5H2
+ 1.2 2.2 1.6 2.8

53 C4H5
+ 2.1 1.6 3.7 3.2 3.6

52 C4H4
+ 2.2 2.6 4.2 5.5 4.9

51 C4H3
+ 1.1 4 6.7 10.4 11.9 15.7

50 C4H2
+ 1.6 1.4

41 C3H5
+ 1.6 3.5 3.8 5 6.7 6.4

40 C3H4
+ 2.8 3.1 5.5 5.4 6.1

39 C3H3
+ 4.7 5.5 11.1 16 19.3

27 C2H3
+ 1 2.9 4.3 5.9

m/z Ion Incident energy [eV]

5 6 7.5 9 10 12.5 15 20 25 30 35 40 44 50

C7H8
2+

93 C7H9
+ 5.7 5.2 3.9 3.1 3

92 C7H8
+ 11 6.2 14.8 4 4 4.5 3.7 3.1

91 C7H7
+ 25 34.7 29 43.6 44.5 40.5 33.8 25.2 16.2 8 4.4 4.9

90 C7H6
+ 8.7 11.4 9.8 4.8

89 C7H5
+ 4.2 7.8 9.1 6.8 10.8 12.6 8.6 5.5 5.3 3.6 3.4 1.5

77 C6H5
+ 4.5 5.3 6.2 10.2 9.9 11.9 12.1 5.7 6 4.7

65 C5H5
+ 3 4 6.2 7.1 6.5 11 11.3 12.3 7.9 9.7 7.5

64 C5H4
+ 1.3 1.7 1.9 3.1 3.6 3.3 4 3 0.7

63 C5H3
+ 0.7 1.2 2.9 2.3 4.5 4 2.2

53 C4H5
+ 1.5 2 4 3.9 4.5 5.8 4.3 3.3 4.3

52 C4H4
+ 2.7 1.7 3.1 4.4 4.5 4.3 5.6 7 3.9

51 C4H3
+ 1.5 2.4 4.7 6.1 5.5 12.3 11.9 15.8

46 C7H8
2+ 93 .5 19.7 12.2 9.6 13.6 4.9 5.9 1.8 2.1 2.1 2.9

45 C7H6
2+ 6.5 21.6 10.3 6.4 7.1 1.2 2.3 12.2 14

41 C3H5
+ 4 5.4 8.2 7.1 7 8.5 6.5

40 C3H4
+ 2.1 2.5 4.3 5.1 5.3 3.6 5.7
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39 C3H3
+

27 C2H3
+

iven as percent fractions of the sum of intensities of all ions
easured. The intensities of the projectile ions are given in ital-

cs. To make the discussion easier, the CERMS curves of the
ajor product ions are plotted in Figs. 3–7. The lines are poly-

omial fits through the data points and are only used to guide
he eye.

.1. C7H8
•+ and C7H8

2+
Examples of the recorded spectra of product ions from col-
isions of the two projectiles, C7H8

•+ and C7H8
2+, are given

n Fig. 1a and b for two different incident energies (see also
able 1). The spectra show the presence of the incident pro-

h
o
C
t

3.2 4.8 7.8 13.4 14.7 18.2 27.6
2.2 3 5.6 5.8 7.6 11.1

ectile ion, the molecular monocation (in case of the dication
rojectile), and the expected dissociation products. The extent
f fragmentation increases with increasing incident energy. In
ddition, the spectra of both projectiles indicate the presence of
on of m/z 93, corresponding to C7H9

+. In analogy with the pre-
ious observation of formation of “protonated projectile ions”
n collisions of radical cations with hydrocarbon-covered sur-
aces [6,19,20,24,25,29,30] we assume that this ion is formed
n an analogous chemical reaction of H-atom transfer between

ydrocarbons on the surface and incoming projectile ion C7H8

•+

r C7H8
•+ formed after charge exchange of the approaching

7H8
2+. No indication of a chemical reaction of CH3-addition

o the projectile ions, observed earlier in surface collisions of
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Table 2
Mass spectra of product ions from surface collisions of C7H7

+ and C7H7
2+ in dependece on incident energy (ion abundance in % of total ion abundance, i.e., Ii/ΣIi)

m/z Ion Incident energy [eV]

5 7.5 10 12.5 15 20 25 30 35 40 45 50

C7H7
+

91 C7H7
+ 98.2 96.6 95.4 92.4 85.5 66.8 44.7 34.8 20.2 9.9 4 2.6

66 C5H6
+ 1.2 1.1 1.3

65 C5H5
+ 1.8 3.4 4.6 7.6 14.5 25.4 39.2 43.4 43.7 40.3 29.1 20.9

64 C5H4
+ 2.3 1.9 2.3 1.9

63 C5H3
+ 1.2 2.1 2.5 4.3 5.7 6.4 7.2

52 C4H4
+ 1.8

51 C4H3
+ 0.9 2.3 3 5.9 8.7 10.1 10.1

50 C4H2
+ 1.7 2.4

41 C3H5
+ 3.2 6 6.7 8.3 8.4 5.3 6.3

39 C3H3
+ 1.3 4.5 8.4 15.3 25.1 39.2 44.1

27 C2H3
+ 2 2.8

m/z Ion Incident energy [eV]

4 5 7.5 10 12.5 15 20 25 30

C7H7
2+

91 C7H7
+ 0.8 5.6 8.1 5.6 5.2 4.9 4.3 3.2

90 C7H6
+ 0.9 32.6 17.2 21.1 12.1 13.2 8 4.3

89 C7H5
+ 11.8 13.2 11.2 9.3 8.4 7.6

65 C5H5
+ 16.6 23.8 16.5 28.5 21.3 28.5 19.5 15.3

64 C5H4
+ 2.4 3.2 4.3 5 6.1 10.2

63 C5H3
+ 2.9 4.5 3.8 4.9 7.8 7.1

51 C4H3
+ 2.5 5.7 5.7 3.5 8.5 7.6

45.5 C H 2+ 98.3 20.5 17.1 10.7 12.3 8.3 5.1 6.8 5.9
6
6
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41 C3H5
+ 5.2

39 C3H3
+ 7 9

enzene ions [13,14,16] with hydrocarbon-covered surface was
bserved.

The structure of the projectile ion C7H8
•+ depends on the

nergy deposited in it during the electron ionization process
22]. Up to about 2 eV of internal excitation the structure of

he molecular ion is related to that of the neutral molecule
TOL+), between 2.0 and 2.2 eV the molecular ion can rear-
ange to the cycloheptatriene (CHT+) structure, above 2.2 eV
t begins to fragment. Therefore, the beam of C7H8

•+ projec-

i
C
t
o

able 3
ass spectra of product ions from surface collisions of C7H6

2+ in dependece on inci

/z Ion Incident energy [eV]

5 7.5 10 12.5

7H6
2+

91 C7H7
+ 5.0 4.3 5.7 8.3

90 C7H6
+ 11.5 18.5 18.3 18.2

89 C7H5
+ 6.5 15.9 15.4 15

65 C5H5
+ 6.9 3.4 4.2

64 C5H4
+ 3 5 7.6

63 C5H3
+ 1.8 4 3.6

62 C5H2
+ 0.9

51 C4H3
+ 1.3 1.5 1.3

50 C4H2
+

45 C7H6
2+ 77.0 43.2 35.6 23.6

41 C3H5
+ 1.4

40 C3H4
+ 1 1.8

39 C3H3
+ 1.5 2.4
.3 6.9 8 7.1 5.8 7.8

.1 6.6 12.9 17.3 17.4 25.2

ile ions may be expected to consist mostly of TOL+, possibly
ith a small amount of CHT+. The ion C7H9

+ is a product of
chemical reaction of H-atom transfer from surface hydrocar-
ons. In case of C7H8

•+ collisions with a hydrocarbon-covered
urface, formation of C7H9

+ via this H-atom transfer reaction

s endoergic by about 1 eV [20]. Experimental studies of the

7H9
+ ion produced from toluene [31] indicate that the struc-

ure of a major fraction of these ions is related to the �-complex
f the protonated toluene molecule [32], only a minor fraction

dent energy (ion abundance in % of total ion abundance, i.e., Ii/ΣIi)

15 20 25 30 35 40

5.7 5.3 4.4 4.2
12.7 11 7 3.8
12.9 14.1 10.7 7.5
7.9 11.7 10.7 8.7 8.5 6.3
9.7 9.8 11.2 10.1 10.2 6.7
5.8 7 11.5 14.9 19.1 14.2
1.9 3.5 3.6 2.7 5.6 5.2
2.4 5.3 7.8 7.1 8.4 14.8
0.9 2.2 1.8 1.7 3.4 3.7

21.4 12.2 7.9 7.7 11.1 10.7
1.3 1.9 2 2.5 0 6.8
2 2.9 2.8 2.9 5.6 4.6
2.8 5.8 9.7 13.4 18.9 21.6
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ig. 3. (a and b) CERMS curves (collision energy resolved mass spectra) for the
ajor product ions from surface collisions of the C7H8

•+ cation. Ion abundance
n I/ΣI, note different ordinate scales.

ndergoes a reversible expansion of the ring to protonated 1,3,5-
ycloheptatriene. Fragmentation of D- and 13C labeled C7H9

+

nalogues was investigated in detail [33,34] and found to pro-
eed preferentially by H2 and CH4 loss. Rearrangements of
7H9

+were further investigated both experimentally and the-
retically [34]. Structures involved in the fragmentation routes
ave been probed recently by gas-phase infrared spectroscopy
f the cation [35].

It follows from the preceding paragraph that the mass spectra
f product ions from collisions of C7H8

•+ with a hydrocarbon-
overed surface (Table 1) should be discussed taking into
ccount the possibility of fragmentation of both, the surface-
ollision excited projectile ions C7H8

•+ and the surface-reaction
roduct ions C7H9

+, formed from the projectile ions by H-atom
ransfer from hydrocarbons on the surface. The relative abun-
ance of the major product ions from Table 1 is plotted in Fig. 3
n dependence on the incident energy. Fig. 3 shows that the
rojectile ion C7H8

•+ persists over most of the incident energy
ange and its abundance gradually decreases. As far as the direct
ragmentation of the projectile ion is concerned, the molecular

on C7H8

•+ can easily lose a hydrogen atom and form C7H7
+.

his process can lead in the case of the TOL+ structure directly
o the benzyl ion (Bz+) or via skeletal rearrangements to the
ropylium ion (Tr+). A large amount of experimental and theo-

i
p
F
i

ig. 4. (a–c) CERMS curves (collision energy resolved mass spectra) for major
roduct ions from surface collisions of the dication C7H8

2+. Ion abundance in
/ΣI; note different ordinate scales.

etical data dedicated to this problem (see discussion in [21,22])
ndicates that the relative populations of the two C7H7

+ isomers
epend on internal energy, formation of Tr+ being preferred at
nternal energies of TOL+ below 2 eV [21]. This is presum-
bly our case, as the average internal excitation from surface
ollisions is about 1.2 eV at the incident energy of 20 eV. The

somer cycloheptatriene cation (CHT+) in the C7H8

•+ beam, if
resent at all, should decompose by H-atom loss to the Tr+ ion.
urther decomposition of Tr+ leads in both cases to fragment

ons C5H5
+ and C3H3

+ by successive elimination of C2H2 from
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ig. 5. CERMS curves (collision energy resolved mass spectra) for major prod-
ct ions from surface collisions of the cation C7H7

+. Ion abundance in I/ΣI.

he cyclic structures of these ions. The fragmentation sequence
7H7

+ → C5H5
+ → C3H3

+ can be discerned in the successively

ncreasing abundance of lower mass fragments when going to
igher incident energies in the CERMS curves in Fig. 3. The
ragment ion C7H7

+ is formed even at the lowest incident ener-
ies, its abundance increases to 40% at about 20 eV and then

ig. 6. (a and b) CERMS curves (collision energy resolved mass spectra) for
ajor product ions from surface collisions of the dication C7H7

•2+. Ion abun-
ance in I/ΣI; note different ordinate scales.
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ig. 7. (a–c) CERMS curves (collision energy resolved mass spectra) for major
roduct ions from surface collisions of the dication C7H6

2+. Ion abundance in
/ΣI; note different ordinate scales.

radually decreases, the onset of the ion C5H5
+ is above 10 eV

nd the onset of C3H3
+ above 25 eV, where the abundance of

5H5
+ starts to decrease.

Surface protonation of the projectile leads to the C7H9
+

on; its abundance rises at incident energies above 5 eV. Frag-
entation of this ion leads largely to the same products as
ragmentation of the projectile ion: elimination of H2 leads to
he formation of C7H7

+ and elimination of CH4 to C6H5
+. Our

arlier scattering studies of surface interactions of C7D8
•+ [20]

howed that this CH4 elimination reaction was the major route
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or C6H5
+ formation, while the loss of the CH3 group from

7H8
•+ was a negligible channel. Translational energy distri-

ution of the product ions showed that C7H9
+ contributes also

o the formation of the C5H5
+ fragment ions [20]. Further frag-

ent ions of abundance close to 10% are C5H4
•+ and C4H3

+.
oth become more significant at higher incident energies (above
5 eV) and they are most likely produced via further fragmen-
ations of the above mentioned fragment ions.

Recent studies of the C7H8
2+ dication [23] reported that upon

lectron ionization of toluene most probably a mixture of cyclo-
eptatriene dications and ring-protonated benzylium ions are
ormed. Electron transfer of these ions at the surface may lead
o a variety of structures of the singly-charged C7H8

•+ ions
ormed. Relative abundances of product ions from surface col-
isions of C7H8

2+ are given in Table 1 and the CERMS curves
f the major product ions are shown in Fig. 4a–c. In contrast
o the earlier studies for this ion [12,20] and to studies of other
oubly charged ions [13–18], the present results show that the
rojectile ions survives the surface collision in its dicationic
orm C7H8

2+, especially at low incident energies. At incident
nergies 5–10 eV a considerable amount of another dication,
7H6

2+, formed by H2 elimination from the projectile ion can
e observed (Fig. 4c). In this context it is interesting to note that
pontaneous dissociation C7H8

2+ → C7H6
2+ + H2 was observed

s the strongest metastable transition in the fragmentation of
7H8

2+ formed by electron ionization [36]. The dication C7H6
2+

ppears as a product ion at incident energies above 30 eV in an
mount up to 15%. A possible explanation of this intriguing
nding may be found in the recent theoretical and experimental
tudy of the dication and its dehydrogenation [23]. The authors
oithová et al. [23] argue that on the microsecond scale (applica-
le to the experiments described here) the C7H8

2+ dications from
oluene are composed of approximately equal amounts of sin-
let and triplet states, separated energetically by about 0.09 eV.
he triplet state only slowly spin-isomerizes on a longer time
cale. The dehydrogenation of the singlet state of C7H8

2+ occurs
ia ring-protonated and cycloheptatriene structures with an
nergy barrier of 1.22 eV. However, the triplet state can directly
ehydrogenate with a calculated endoergicity of 2.81 eV. The
nergy difference between the two dehydrogenation processes is
hus 1.5 eV.

In our experiments the differences between the threshold of
he CERMS curve of C7H6

2+ in Fig. 4c is 30–5 eV = 25 eV.
sing the well-know translational-to internal energy conver-

ion on hydrocarbon-covered surfaces of this type of 6%
f the incident energy [6,17,24,25], this leads to the differ-
nce in activation energies of the two onsets of C7H6

2+ of
.06 × 25 eV = 1.5 eV. Therefore, it may be suggested that the
ow-energy peak (5–13 eV) in the abundance of the product dica-
ion C7H6

2+ in Fig. 4c is connected with the dehydrogenation
eaction C7H8

2+ → C7H6
2+ + H2 of the singlet state of the dica-

ion projectile, while in the high-energy region (above 30 eV)
he dehydrogenation process involves C7H8

2+ projectile ions
n the triplet state. In general, the abundances observed for

ingly-charged product ions from surface collisions of the dica-
ion C7H8

2+ indicate an increased abundance of lower-mass
ragments at lower incident energies in comparison with mass

t
m
s

ass Spectrometry 265 (2007) 337–346

pectra of product ions from surface collisions of the mono-
ation C7H8

•+. This suggests a higher internal energy present
fter charge exchange at the surface, and hence more exten-
ive fragmentation. However, this internal energy gain from the
harge transfer process will be considerably smaller than the
ication–cation electronic energy difference, in agreement with
he results observed earlier in surface collisions of multiply-
harged fullerene ions [15,17].

Moreover, in comparison with C7H8
•+ collisions, interac-

ions of the dication C7H8
2+ show an increased abundance of

7H6
•+ and C7H5

+. These product ions may result from surface
nteractions of the dication C7H6

2+, formed from the projectile
ication in a narrow range of low incident energies (5–10 eV).
he charge transfer product cation C7H6

•+ is observed in the
ame narrow range of incident energies or just above it. The
ation C7H6

•+ (practically not observed in electron ionization
f toluene) may fragment by H-atom release to C7H5

+; in addi-
ion, the ion C7H5

+ can be formed by twofold H2 elimination
rom C7H9

+. The fragment ions C5H4
•+ and C5H3

+ may result
rom further fragmentation of these two precursors, respectively
see also Section 3.3).

.2. C7H7
+ and C7H7

•2+

The monocation beam of C7H7
+ should consist mostly of the

ropylium ions (Tr+), with a possible admixture of benzyl ions
Bz+) [21,22]. Examples of recorded mass spectra are shown
n Fig. 2. The mass spectra of product ions are summarized in
able 2 and the CERMS curves of the major ions are given

n Fig. 5. The fragmentation of this projectile seems to be the
implest of all ions studied. It fits rather well the fragmenta-
ion sequence of the tropylium ion C7H7

+ → C5H5
+ → C3H3

+

nvolving elimination of C2H2 units from the respective cyclic
tructures. The fragmentation pathway to C6H5

+ is practically
issing. This finding supports our conclusion that in the mass

pectra of C7H8
•+ and C7H8

2+ projectile ions, this product ion
as formed mostly by CH4 elimination from C7H9

+, formed
y H-atom transfer reaction at the surface. Translational energy
istributions of inelastically scattered undissociated C7H7

+ and
xperiments with surface collisions of C7D7

+ [20] showed that
he projectile ion C7H7

+ can interact with the hydrocarbon-
overed surface to produce by H-atom transfer the ion C7H8

•+

n a reaction endoergic by 2–3 eV. Fragmentation of this ion is
ot specific; it contributes by a small amount to the formation of
7H7

+ in a reverse reaction and to the formation of C5H5
+ [20].

owever, the contribution of fragmentation of the H-atom trans-
er product ion C7H8

•+ is rather small and direct fragmentation
f the surface-excited projectile ion C7H7

+ dominates over it
20].

In collisions of the C7H7
•2+ dications (Table 2 and Fig. 6)

gain a certain fraction of the doubly charged projectile ions,
ecreasing with increasing incident energy, survives the surface
nteraction as dications. However, most of the product ions are
he dications at the surface. Among the product ions, the frag-
entation sequence C7H7

+ → C5H5
+ → C3H3

+ can be clearly
een. However, in comparison with the mass spectra from sur-
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ace interactions of C7H7
+ (Table 2, Fig. 5), a higher abundance

f fragment ions of lower mass of this sequence occurs at lower
ncident energies and the onsets of the product ions are shifted to
ower energies, too. This indicates again that, due to the internal
nergy gained in charge exchange, the C7H7

+ ion thus produced
s more internally excited than the respective cation projectile

7H7
+. In addition, the mass spectra show, in comparison with

he mass spectra of product ions from monocation C7H7
+ col-

isions, a large abundance of product ions C7H6
•+ and C7H5

+

nd their fragmentation products. This fragmentation sequence
s similar to the one in collisions of the C7H6

2+ dication and will
e discussed below.

.3. C7H6
2+

In the case of C7H6
•+/2+ ions, only surface collisions of

he dication C7H6
2+ could be investigated, as the respective

onocation C7H6
•+ is practically absent in the mass spectra

f toluene ionized by electrons. Mass spectra of product ions
rom surface collisions of the C7H6

2+ dications show that the
ications can survive collisions with hydrogen-covered stain-
ess steel surface over the entire incident energy range studied
Table 3 and Fig. 7). Among the singly-charged product ions,
7H6

•+ and C7H5
+ prevail at low incident energies. The product

on C7H6
•+ results evidently from the charge-transfer reaction

f the projectile ion at the surface. Its decomposition products
re likely to be C5H4

+ (elimination of C2H2), as the CERMS
urve of this ion shows an increase in the vicinity of the inci-
ent energy, where the CERMS curve of C7H6

•+ culminates and
hen decreases (Fig. 7a). At higher collision energies, where
he CERMS curve of C5H4

+ turns down, most probably the
limination of C3H3 prevails over the C2H2 elimination. The
roduct ion C7H5

+ is also formed at low incident energy. It
resumably results from dissociation of C7H6

•+ by elimination
f one hydrogen atom. Also, decomposition of C7H7

+, formed
n H-atom transfer reaction (see below), may contribute to its
ormation at intermediate incident energies by H2-elimination.
he decomposition products of C7H5

+ are likely to be C5H3
+

C2H2 elimination, see increase of the CERMS curve of C5H3
+

hen the CERMS curve of C7H5
+ decreases after reaching its

aximum).
Besides direct decomposition, the radical cation C7H6

•+

ormed reacts with the surface hydrocarbons via a H-atom
ransfer reaction and forms C7H7

+. Fragmentation of this reac-
ion product gives evidently rise to the dissociation sequence

7H7
+ → C5H5

+ → C3H5
+, as mentioned earlier. Note, how-

ver, that the onset of formation of C5H5
+ and C3H3

+ is at higher
ncident energies than in surface collisions of C7H7

•2+, as if the
urface reaction (presumably endoergic) removed some energy
rom the system.

. Conclusions
Investigation of the mass spectra of products of surface colli-
ions in dependence on the incident energy may provide useful
nformation on fragmentation channels of surface-excited poly-

o
a
A
(

ass Spectrometry 265 (2007) 337–346 345

tomic ions even in cases, where information on structure and
nergetics of the ions is limited. In a surface collision a frac-
ion of the incident energy is transformed into internal energy of
he projectile and this fraction increases linearly with increas-
ng incident energy. Though the distribution of the transformed
nergy is rather broad, surface collisions make it possible to
mpart to the polyatomic projectile an increasing amount of
nternal energy. The CERMS curves reflect this increase of the
nternal energy. The increase and decrease of the relative abun-
ance of product ions with increasing incident energy may thus
elp in elucidating possible fragmentation sequences.

The present studies of surface collisions of the investigated
ations and dications C7H8

•+, C7H8
2+, C7H7

+, C7H7
•2+, and

7H6
2+ reveal both similarities and differences. An important

rocess in collisions of dications is evidently single-electron
harge transfer of the approaching dication with the surface
nd formation of singly-charged intermediates that may fur-
her decompose. Also, processes of direct fragmentation can
e accompanied in some cases by H-atom transfer reactions
f the cations with hydrocarbons on the surface and forma-
ion of protonated intermediates that may further decompose.
he mass spectra observed represent then a mixture resulting

rom direct dissociation of the projectiles and dissociation of
he surface-protonated species.

In all cases, i.e., direct dissociation (C7H8
•+, C7H8

2+, C7H7
+,

7H7
•2+) and decomposition of the surface reaction products

f C7H6
2+, a major part of the product ion C7H7

+ frag-
ents in the well-known tropylium decomposition sequence
7H7

+ → C5H5
+ → C3H3

+. In addition, other decomposition
equences were observed for product ions C7H6

•+ and C7H5
+

eing of different importance for different projectile ions: more
mportant in the case of C7H7

•2+ and C7H6
2+ collisions, less

mportant in other cases.
Dication product ions, usually the surviving projectiles, in

ase of C7H8
2+ collisions also the fragment dication C7H6

2+,
ere observed in all cases of dication collisions with hydrogen-

overed stainless-steel surface. Their amount decreased with
ncident energy and it depended on the composition of the dica-
ion: at the incident energy of 20 eV it was 1.8% for C7H8

2+,
.1% for C7H7

•2+, and 12.2% for C7H6
2+. In case of C7H8

2+

he existence of two energy regions of abundance of the dication
roduct C7H6

2+ may be connected with dehydrogenation of the
ication projectile in the singlet and triplet state in processes of
ifferent activation energies.
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