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Abstract

Collisions of cations and dications C7H8
+/2+, C7H7

+/2+, and C7H6
2+ generated by electron ionization of toluene with a highly oriented pyrolytic
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raphite surface were investigated in scattering experiments at the incident energy of 25.3 eV, incident angle of 60◦ (with respect to the surfac
ormal) and at surface temperatures of 300 and 900 K. The survival probability of ions was rather large, about 10% for the cations and ab

arge for the dications. Only singly-charged ions were observed in the mass spectra of product ions for both singly- and doubly-charged in.
n agreement with earlier conclusion of Cooks et al., the primary process in surface collisions of the dications is a single-charge exchan
he approaching dication and the surface at larger distances; hence, the mass spectrum of product ions in fact results from surface
f internally excited monocations. This scenario is also supported by measured translational energy distributions and angular distribue
ajor product ions which are very similar for both dication- and cation-collisions. Two mechanisms of formation for the fragment ions
re suggested: either via unimolecular decomposition of the inelastically scattered projectile ion or via decay of the protonated projecd
y endoergic hydrogen transfer from the surface hydrocarbons to the projectile ion. The translational energy distributions of ions originm
issociation of the surface-excited projectile ions peak at higher energies than those of the ions resulting from decomposition of surfaceted
recursor ions.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Studies on interactions between hyperthermal ions and sur-
aces have developed recently from a purely fundamental
hysics area of research to a branch of science of interest to both
hysicists and chemists. Considerable effort has been devoted
ver the last two decades to investigations of selected physical
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and chemical processes stimulated by impact of ions with en
of 5–100 eV on surfaces[1–5]. These studies find many applic
tions in science and technology ranging from surface diagno
and surface modification to characterization of projectile i
In particular, surface-induced dissociation (SID) of ions
been successfully used as one of the methods for chara
ing structural properties of polyatomic organic or bioorganic
projectiles[3,4]. For these studies, the ion survival probab
in ion-surface collisions plays an important role.

In this communication we report on a comparison of
surface interactions of polyatomic cations with their respe
dications. The ions C7H8

+/2+, C7H7
+/2+, and C7H6

2+ are used a
projectiles, because (i) they are generated in sufficient am
by electron ionization (EI) of toluene[6] and (ii) mass-selectio
of the dications (m/z 46, 45.5, and 45) is not disturbed by i
baric impurities of other singly-charged ions generated

387-3806/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
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toluene. The effects of charge of the projectile ions on the ion
survival probability and the surface-induced dissociations are
investigated in a series of scattering experiments, in which mass
spectra, angular and translational energy distributions of prod-
uct ions resulting from surface collisions of both singly- and
doubly-charged ions have been measured. Mass spectra of prod-
uct ions from interaction of the above mentioned doubly- and
singly-charged ions with a metal surface were studied earlier at
the incident energy of 44 eV by Cooks and co-workers[7]. Only
singly-charged ions were observed as products of surface colli-
sions of the dications and it was concluded that charge transfer
and dissociative charge transfer were the dominant processes.
Similarities of the mass spectra of the corresponding dication-
and cation-projectiles were interpreted as an indication that the
reaction sequence at the surface was charge transfer followed by
dissociation.

2. Experimental

The beam scattering apparatus EVA II, modified for ion-
beam surface scattering studies[5,8–13], was used in the
present experiments. Briefly, projectile cations and dications
were formed by electron ionization (120 eV) of toluene. The
ions were then extracted, accelerated to about 140–300 eV,
mass-selected by a 90◦ permanent magnet, and decelerated to
the required energy in a multi-element deceleration lens. The
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mined similarly as in our previous studies[9,13]. It is defined as
the ratio of the sums of intensities of all product ions scattered
from the surface,

∑
IPT, divided by the intensity of the projectile-

ion beam incident on the surface,IRT, Sa = 100
∑

IPT/IRT. The
values that can be directly measured areIRT, the intensity of the
projectile ion beam incident on the target, and

∑
IPD, sum of the

intensities of product ions reaching the detector (from mass spec-
tra of product ions). Their ratio defines the experimentally acces-
sible effective survival probabilitySeff =

∑
IPD/IRT. The value

of
∑

IPT cannot be directly measured and must be estimated
from

∑
IPD, by taking into account the apparatus discrimination

and the angular discrimination of the experiment. Details of the
procedure of obtaining both angular and apparatus discrimina-
tion factors and approximations involved in it were described
earlier [9,13]. The final expression isSa = FSeff = F

∑
IPD/IRT,

where both
∑

IPD and IRT are measurable quantities and all
discriminating factors are contained inF (

∑
IPD is in counts

per seconds (cps) recalculated to the ion current,IRT takes into
account the double-charge of the projectile ions). In the present
experiments, the factorF was determined from the available data
asF = 1.8× 104. (Note that in our earlier studies[9,13] product
ion currents were measured on the output of the multiplier rather
than counted; the factorF included multiplication of the multi-
plier and therefore its value was by about 5 orders of magnitude
smaller than here.)

The presently obtained survival probabilities for the dications
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esulting projectile-ion beam had an energy spread of 0.
ull-width-at-half-maximum (FWHM), an angular spread of◦,
WHM, and geometrical dimensions of 0.4 mm× 1.0 mm. The

on beam was directed towards the target surface under
djusted incident angleΦN. Ions scattered from the surfa
assed through a detection slit (0.5 mm× 1 mm), located 25 mm

rom the target, into a stopping-potential energy analyzer. I
ext step, the ions were accelerated by a potential of 10
ass-analyzed in a magnetic sector, and detected with a G

hannel multiplier. The exit slit of the projectile beam, the
et, and the detection slit were kept at the same potential d

he experiments and this equipotential region was shielded�-
etal sheets. The projectile beam–target section could be r
bout the scattering center with respect to the detection s
btain angular distributions. In the experiments described

he impact angle of the projectile ions was set atΦN = 60◦ with
espect to the surface normal (30◦ with respect to the surface
he surface used in this study was a highly oriented pyro
raphite (HOPG) sample. The surface at room temperatur
overed by a layer of hydrocarbons, as shown earlier[9,11–13].
or comparison, collisions with a heated surface were stu

oo. In these experiments, the target was heated to about 6◦C
9]; the heating led to a depletion of the hydrocarbon laye
ore than 100 times[9].

. Results and discussion

.1. Ion survival probability

The absolute ion survival probabilitySa (percentage of a
ons surviving the surface collision as product ions) was d
,

-

,
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s

,

-

rojectiles at the incident energy of 25.3 eV areSa(C7H8
2+) =

0± 7%, Sa(C7H7
2+) = 23± 4%, Sa(C7H6

2+) = 32± 7%; for
he cation projectilesSa(C7H8

+) = 11± 2%, andSa(C7H7
+) =

4± 4%. The relative error shown here was estimated a
tandard deviation of a series of usually five measuremen
RT on the target andIPD in the corresponding mass spectra.
tated earlier[9,13], due to approximations in estimatingF, the
alues ofSa are presumably close to the upper limit of the
urvival probability.

The survival probabilities of the dications are about tw
s large as those of the respective cations. The survival
bilities of the cations C7D8

•+ and C7H7
+ are comparable t

hose obtained for closed-shell small hydrocarbon ions, th
7D8

•+ is a radical cation. For the previously studied clos
hell cations (CH5+ [9] or C2H3

+ [13]) the survival probabilitie
f about 3–15% were reported, while for many open-shell

cal cations (e.g., CH4•+ [9] or C2H2
•+ [13]) Sa was found to

e less than 1%. The large survival probabilities of C7D8
•+ and

7H7
+ may be due to their rather low recombination ener

usually similar to the ionization energies, IE); e.g., IE of tolu
s 8.83 eV[14] and IE of tropylium radical C7H7

• is 6.28 eV
15]. Hence, these values are lower than the effective ioniz
nergies of hydrocarbons on the surface (estimated to be
0–11 eV).

.2. Mass spectra and velocity distributions of product ions

.2.1. C7H8
•+ and C7H8

2+

The SID mass spectra of the dications C7H8
2+, C7H7

2+,
nd C7H6

2+ and of the cations C7H8
•+ and C7H7

+ are shown
t Fig. 1. The mass resolution of the spectra was fairly
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Fig. 1. Mass spectra of product ions from surface interaction of C7H8
•+ (a),

C7H8
2+ (b), C7H7

+ (c), C7H7
2+ (d), C7H6

2+ (e). Ions generated by EI of toluene,
HOPG surface with a hydrocarbon layer, incident energy 25.3 eV, incident angle
with respect to the surface normalΦN = 60◦.

due to a large energy spread of the product ions (see late
on). Some of the product ion signals had to be deconvoluted
This was done by a careful simulation of repeated recordings
of the respective portions of the mass spectra (only the fina
result is shown inFig. 1). The reliability of the deconvoluted
peak heights was sufficient for the present discussion of the
results.

The spectra of doubly-charged precursor ions consist of only
singly-charged product ions. This finding is in agreement with
the previously published conclusion that electron transfer pre
cedes interaction of the dications with the surface[7]. Thus, the
SID spectrum of a dication should closely resemble the spectrum
of a corresponding singly-charged ion. Possible differences the
follow from different structures of the precursor ions, monoca-
tions and dications, respectively, or different internal energies
The mass spectra inFig. 1 are indeed quite similar for both
monocations and dications. Nevertheless, it can be seen th
the extent of fragmentation is more pronounced for the cations
formed from doubly-charged precursor ions.

As repeatedly reported[8], the scattering of radical cations
at surfaces covered with hydrocarbons is partly associated wit
abstraction of a hydrogen atom from the surface and formation o
a protonated projectile ion. Thus, one has to take into account tha
the SID spectrum of the toluene cation (Fig. 1(a)) may involve
fragmentation of both C7H8

•+ and C7H9
+ ions.

First, the fragmentation of C7H8
•+ will be addressed. The

majority of mass-selected projectile-ions C7H8
•+ formed by

electron ionization of toluene can be assumed to retain the con-
nectivity of toluene (TOL•+), because the ions with sufficiently
high internal energy to undergo skeletal rearrangements decom-
pose and form either the benzyl cation (Bz+) or the tropylium
ion (Tr+) prior to the surface collision[16]. In agreement with
this finding, the mass spectrum of product ions from surface
interaction of C7H8

•+ (Fig. 1(a)) is dominated by a loss of a
hydrogen atom that leads to Bz+ or Tr+. The next abundant frag-
mentations in electron mass spectra of toluene yield the group
of C5Hx

+ fragment ions (x = 1–6)[17], typically dominated by
C5H5

+ (m/z 65) followed by C5H3
+ (m/z 63). Accordingly, a

fragmentation channel leading to C5H5
+ was detected in the

SID of C7H8
•+. Other less abundant channels lead to C3-, C4-,

and C6-fragments.
The structure of the ion C7H9

+ formed from toluene was stud-
ied experimentally[17]. It was concluded that the major fraction
of C7H9

+ ions retain the connectivity of the�-complex[18] of
the protonated toluene molecule, whereas a minor fraction of
ions undergoes a reversible expansion of the ring to protonated
1,3,5-cycloheptatriene. The dominant fragmentation channel of
protonated toluene leads to a loss of the hydrogen molecule
concomitant with the formation of C7H7

+ (m/z 91). Hence, the
dominant fragmentation channel of both C7H8

•+ and C7H9
+

leads to the same fragment ion. The second most abundant pro-
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ess in the fragmentation of C7H9
+ is elimination of methan

oinciding with a loss of a methyl radical from C7H8
•+, both

eading to fragment ion C6H5
+ (m/z 77). Nevertheless, in the S

pectra of C7H8
•+ the intensity of the ion ofm/z 77 is unusually

arge (Fig. 1) with respect to the negligible abundance of3-
nd C4-fragments, if only fragmentation of C7H8

•+ is consid-
red. Therefore, it can be expected that a significant part o
6H5

+ ions arises from the fragmentation of protonated tolu
he presence of protonated toluene can be also responsi
rather large abundance of C5H6

+ (m/z 66).
Further evidence for involvement of protonated toluen

he SID spectra of the toluene molecular ion can be obta
rom experiments with perdeuterated toluene. The reactio
he incident C7D8

•+ ion at the surface yields the C7D8H+ ion.
n its fragmentation, either a perdeuterated fragment or a
ent containing the hydrogen atom coming from the sur

an be lost.Fig. 2(a) shows the SID spectrum of C7D8
•+. The

ass region corresponding to the loss of a methyl radical
7D8

•+ or methane from C7D8H+ shows a rather convincin
esult: there is a peak at the odd massm/z 81 (C6D4H+) which
an come only from fragmentation of C7D8H+. The C6D4H+

ragment is more abundant than C6D5
+ (m/z 82), in agreemen

ith the statistical priority of the CD4 loss as compared to t
D3H loss from C7D8H+. However, the fragment C6D5

+ can
e also formed by a loss of a methyl radical from C7D8

•+. The
elatively small abundance of C6D5

+ in the SID spectra sugges
hat this process is not important and therefore the C6-fragments
riginate prevailingly from the fragmentation of the protona
rojectiles.

As to the formation of C7H9
+ itself, two possible scena

os can be put forward: (i) either the singly-charged proje
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Fig. 2. Mass spectra of product ions from interaction of C7D8
•+ (a) and C7D7

+

(b) projectile ions generated by EI of D8-toluene (HOPG surface with a hydro-
carbon layer, incident energy 25.3 eV, and incident angleΦN = 60◦).

abstracts a hydrogen atom from surface hydrocarbons (reaction
(1)) or (ii) the projectile undergoes neutralization on the surface
and in the second step it is reionized by the proton transfer from
the ionized surface hydrocarbons (reaction sequence(2)).

C7H8
•+ + H-CH2-S → C7H9

+ + •CH2-S (1)

C7H8
•+ + H-CH2-S

→ C7H8 + •+CH3-S → C7H9
+ + •CH2-S (2)

From the point of view of energetics, both scenarios are equiv-
alent. In the following we will calculate the energy balance for
the mechanism represented by reaction(1). As mentioned above,
the connectivity of the C7H8

•+ ion corresponds to that of toluene.
The overall�rH can be estimated considering the two partial
reaction Eqs.(3) and(4):

C7H8
•+ + H• → C7H9

+ (3)

H-CH2-S → H• + •CH2-S (4)

Thus,�rH(3) =�fH(C7H9
+) − �fH(C7H8

•+) − �fH(H•)
=−3.34 eV, where �fH(C7H9

+) =�fH(TOL) +�fH(H+) −
PA(TOL) = 0.52 eV + 15.86 eV− 8.12 eV = 8.26 eV ([19–21],
respectively),�fH(H•) = 2.25 eV [20], and �fH(C7H8

•+) =
�fH(TOL) + IE(TOL) = 0.52 eV + 8.83 eV = 9.35 eV. �rH(4)
c
i eV)

Fig. 3. Velocity distributions of the product ions C7H7
+ (a), C6H5

+ (b), and
C5H5

+ (c) from collisions of C7H8
•+ with hydrocarbon-covered HOPG surface

at room temperature (incident energy 25.3 eV, incident angleΦN = 60◦). The
velocity distributions were simulated by Gaussian peaks as discussed in the
text.

[22]. Hence, the overall energy balance corresponds to an
endoergicity of about 1 eV.

The energy defect can be covered from either internal or
translational energy of the projectile ion. Therefore, it may be
assumed that the translational energy of the ions that underwent
reaction(1) should be smaller than of those that were “only”
scattered.

Distributions of translational energy of the major scattered
product ions transformed to the corresponding velocities of the
ions are shown inFig. 3. The distributions of ion velocities
can be directly compared, because the daughter ions formed
by unimolecular fragmentation from the parent ions should
have similar velocity distributions, as shown earlier for surface-
induced dissociation of a variety of polyatomic ions[2,5,8–12].
(On the other hand, the translational energy distributions are
influenced by the masses of the corresponding ions). The veloc-
ity distributions inFig. 3are broad and exhibit a structure. Under
the assumption that the fragment ions C7H7

+ originate from
both C7H8

•+ and C7H9
+, the corresponding velocity distribution

(Fig. 3(a)) can be simulated by two Gaussian peaks with maxima
at 3.30 (dashed line) and 4.55 km/s (dotted line). As discussed
an be estimated as an average bond-energy of the CH bond
n surface hydrocarbons, reported to be 413 kJ/mol (4.3
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above, the abstraction of a hydrogen atom from the surface is
an endothermic reaction, therefore it is expected that the C7H9

+

ions or their fragments should have a lower translational energy
than those originating from the scattered C7H8

•+ ions. Thus, the
peak at 4.55 km/s (Fig. 3(a)) may be assigned to the C7H7

+ ions
formed by the dissociation of scattered C7H8

•+, while the peak
at 3.30 km/s may correspond to the loss of H2 from C7H9

+. This
reasoning is strongly supported by the velocity distribution of
the C6H5

+ fragment ion (Fig. 3(b)), which is mostly represented
by a peak at 3.30 km/s: as suggested by the labeling experiment,
the C6H5

+ ion is mostly formed by a loss of methane molecule
from protonated toluene C7H9

+. The velocity distribution of
C5H5

+ (Fig. 3(c)) shows that this ion originates from both pre-
cursors. The low energy tails of the velocity distributions in all
three cases may reflect the fragmentation of precursors in excited
states, as the lower translational energy corresponds to a larger
internal energy excitation, although other mechanisms, like a
reaction at the surface, cannot be excluded, too. The velocity
peak at 4.55 km/s corresponds to the translational energy of the
surface-excited precursor ion C7H8

•+ of 9.87 eV, and the veloc-
ity peak at 3.30 km/s corresponds to the translational energy
of the precursor ion C7H9

+ of 5.25 eV. Thus, there is a differ-
ence in the translational energies of about 4.6 eV between the
two precursor ions. An analogous behavior was observed ear-
lier in our studies of surface-induced dissociation and reactions
of the benzene cation CH + [10]. There the double-peaking of
t was
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Fig. 4. Velocity distributions of the product ions C7H7
+ (a), C6H5

+ (b), and
C5H5

+ (c) from the collisions of C7H8
2+ with hydrocarbon-covered HOPG

surface at room-temperature (incident energy 25.3 eV, incident angleΦN = 60◦).
The velocity distributions were simulated by Gaussian peaks as discussed in the
text.

ions, more pathways leading to the product ions are evidently
possible. One of them can be discerned at the velocity of about
3.00 km/s, others at even lower velocities between about 1 and
2 km/s. Similarly as above, the high velocity peak at 4.65 km/s
can be ascribed to the direct fragmentation of the surface-excited
projectile ion, i.e., to the hydrogen loss from C7H8

•+. The peak
with a maximum at the velocity of 3.9 km/s can be ascribed to
the hydrogen abstraction from the surface, namely to the frag-
mentation pathway C7H8

2+ → C7H8
•+ → C7H9

+ → C7H7
+. As

there are essentially two isomers of C7H8
2+, the ring-protonated

benzyl cation and the ring-protonated tropylium ion[23], two
corresponding isomers of C7H8

•+ are presumably formed by
electron transfer at the surface. As a result, two isomers are likely
to originate from the hydrogen abstraction from the surface,
namely protonated toluene and protonated cycloheptatriene,
respectively. Different pathways connected with the formation
of these two isomers might be responsible for yet another trans-
lational energy loss indicated in the velocity distributions at
3.0 km/s. The velocity distributions of C6H5

+ and C5H5
+ in

Fig. 4may be interpreted in a similar way as those inFig. 3.
6 6
he energy and velocity distributions of the product ions
ssigned, without further analysis of the energetics, to d

ragmentation of the projectile ions and to fragmentation o
urface-protonated projectiles formed in an endoergic rea
espectively.

Interesting conclusions come from a comparison of re
or singly- and doubly-charged projectile ions. It was sugge
arlier that doubly-charged ions undergo charge transfer
collision with the surface[7]. Thus, the SID mass spec

f both C7H8
•+ and C7H8

2+ reflect fragmentation of C7H8
•+.

owever, whereas the structure of the C7H8
•+ projectile corre

ponds almost exclusively to that of the toluene cation (TOL•+),
arious isomers may be present in the C7H8

2+ dication beam
he most stable isomer corresponds to themeta-protonated ben
yl cation, followed by theortho-protonated benzyl cation, a
he protonated tropylium ion, respectively[23]. The fragmenta
ion of these structures is not sufficiently specific. We can
tate that the precursor ions formed after charge exchan
he surface interaction of the incident C7H8

2+ dications hav
arger internal energies, as evidenced by a larger abunda
he lower mass C3- and C4-fragment ions than in the spec
f the C7H8

•+ projectile (Fig. 1(b)). The mass spectrum of t
roducts of the C7H8

2+ dication collisions with the surface su
ests again formation of C7H9

+ (as implied by high abundan
f C6H5

+ and C5H6
•+ product ions).

Velocity distributions of fragment ions formed upon surf
ollisions of the projectile ion C7H8

2+ are shown inFig. 4. The
ain feature of the distribution of the product C7H7

+ (Fig. 4(a))
ay be simulated by an overlap of two Gaussian peaks with

ma at 4.65 (dotted line) and 3.90 km/s (dashed line). Due
tructural diversity and higher internal energies of the prec
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3.2.2. C7H7
+, C7H7

2+, and C7H6
2+

It can be expected that the interaction of C7H7
+, C7H7

2+, and
C7H6

2+ ions with the surface will be by and large analogous to
that of C7H8

•+ and C7H8
2+. The mass spectra of the C7H7

+

and C7H7
2+ projectile ions (Fig. 1(c and d), respectively) are

dominated by the formation of the stable ion C5H5
+. Due to a

higher internal energy of the scattered precursor ions formed
from doubly-charged projectiles, the SID spectrum of C7H7

2+

shows more pronounced fragmentation. A similar fragmenta-
tion pattern can be observed for C7H6

2+ (Fig. 1(e)), too, except
that the C5-fragments ions are present as C5H3

+, C5H4
•+, and

C5H5
+ of comparable intensities. Similarly as with C7H8

•+, the
mass spectra of the surface-scattered projectile ions C7H7

+ may
represent an overlap of fragmentation of the surface-excited
cations and of the ions formed by hydrogen abstraction from
the surface (reaction(5)). To pursue this aspect in more detail,
an experiment with the labeled incident ion C7D7

+ was carried
out (Fig. 2(b)). As in the case of C7H8

•+, the spectrum indicates
formation of fragments containing a hydrogen atom from the
surface (C7D6H+ and C5D4H+).

C7H7
+ + H-CH2-S → C7H8

•+ + •CH2-S (5)

C7H7
+ + H• → C7H8

•+ (6)

The energy balance of reaction(5) depends on the structure
of the C H + ion. For the reaction of the benzylium ion
w d
a
�

2 ll
e the
t on,
t
=
�

=
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o
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l e
s y
d two
p face-
e the
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i eloc-
i /s,
r lues
c ergy.
T their
m
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m
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Fig. 5. Velocity distributions of the product ions C7H7
+ (a), C5H5

+ (b), and
C3H3

+ (c) from the collisions of C7H7
+ (solid line) and C7H7

2+ (dashed line)
with hydrocarbon-covered HOPG surface at room-temperature (incident energy
25.3 eV, incident angleΦN = 60◦). Vertical lines indicate two processes as dis-
cussed in the text.

energy undergo fragmentations. From the shape of the velocity
distributions, it may be concluded that the direct fragmenta-
tion pathway of the surface-excited projectiles prevails over the
surface protonation pathway. The major direct fragmentation
process of the surface-excited C7H7

+ ion leads to C5H5
+. This

fragment ion can also result from the surface reaction leading to
C7H8

•+ and its consecutive decomposition. The surface proto-
nated projectile may also contribute to the abundance of C7H7

+

by a reverse loss of a hydrogen atom from C7H8
•+ (intensity

close to velocities at about 3–3.5 km/s). The fragment ion C3H3
+

can originate both from C7H7
+ and C7H8

•+, with the C7H8
+

channel slightly prevailing. These findings are in agreement
with the SID spectrum of the perdeuterated projectile C7D7

+

(Fig. 2(b)).
Due to sufficient intensities of product ions from surface inter-

actions of C7H7
+, an experiment with the heated surface, i.e.,

with the hydrocarbon layer effectively removed, could be per-
formed (the perdeuterated C7D7

+ projectile was used in this
experiment).Fig. 6 shows a comparison of the translational
energy distribution of the C7D7

+ product ions scattered from
the surface at room temperature (a) and those scattered from the
heated surface (b). Collisions with the heated, hydrocarbon-free
carbon surfaces are known to be less inelastic than collisions
7 7
ith H• to form the toluene cation,�rH(5) can be estimate
s the sum of�rH(4) = 4.3 eV (see above) and�rH(6) =
fH(TOL•+) − �fH(H•) − �fH(Bz•) − IE(Bz•) = 9.35 eV−
.25 eV− 2.15 eV[24] − 7.24 eV[25] =−2.24 eV. The overa
ndoergicity is then equal to 2.1 eV. For the reaction of

ropylium ion with H• leading to the cycloheptatriene cati
he energy balance of reaction(6) can be estimated as�rH(6)
�fH(CHT•+) − �fH(H•) − �fH(Tr+) = �fH(CHT•+) −
fH(H•) − (�fH(CHT•+) + PA(Tr•) − �fH(H+) + IE(Tr•))
−PA(Tr•) + IE(H•) − IE(Tr•) =−8.62 [21] + 13.60 [26] −
.28[15] =−1.30 eV. This value in turn leads to the endoergi
f the H-atom transfer reaction(5) of 3.0 eV.

Fig. 5shows velocity distributions of product ions from c
isions of C7H7

+ (solid line) and C7H7
2+ (dashed line) with th

urface. Similarly as with C7H8
•+/C7H8

2+, the broad energ
istribution can be explained by the involvement of at least
rocesses: a direct unimolecular fragmentation of the sur
xcited projectile ion, and a hydrogen abstraction from
urface, formation of a protonated precursor ion, followed
ts fragmentation. The two processes are indicated in the v
ty spectra with the two vertical lines at 4.6 and 3.4 km
espectively. The velocity difference between these two va
orresponds to a difference of 4.5 eV in translational en
he positions of the two peaks in the velocity spectra and
utual difference are similar as in the case of the C7H8

•+ col-
isions. Note also that the maximum of the high-velocity pe
.e., the peak corresponding to the direct fragmentation o
rojectile ion, shifts to a lower value (∼4.3 km/s) for the frag
ents C5H5

+ and C3H3
+, with respect to that of C7H7

+. This
s consistent with the assumption that only the parent ion
igher internal energy content and thus of a lower translat
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Fig. 6. Velocity distributions of the product ions C7D7
+ from collisions of

C7D7
+ with the HOPG surface at room temperature (hydrocarbon-covered)

(a) and heated to 600◦C (without the hydrocarbon layer) (b). Incident energy
25.3 eV, incident angleΦN = 60◦.

with surfaces covered at room temperature with hydrocarbon
[9,13]. In agreement with this earlier finding, there is an evi-
dent change in the peak position corresponding to inelastically
scattered undissociated C7D7

+ in the velocity distribution of the
product ions: the peak shifts from 4.5 to 5.5 km/s (Fig. 6).

However, an important result comes from different widths of
the velocity distributions. At room temperature, the components
at lower velocities can be ascribed to the product ions resulting
from surface reactions (see preceding Section3). On the other
hand, the distribution of velocities of product ions scattered from
heated, i.e., practically hydrocarbon-free carbon surface, is na
row, devoid of any components at lower velocities. Thus, this
result suggests that only direct inelastic scattering and dissocia
tion of the projectile ion and no hydrogen-transfer reactions take
place, as expected.

Finally, we note that the velocity distributions of the prod-
uct ions formed from either singly- or doubly-charged precur-
sor ions (both C7H8

+/2+ and C7H7
+/2+) are very similar. Our

data provide no observable evidence for a possible surface
induced dissociation of the dications into a pair of two singly-
charged ions. This process, often referred to as Coulomb explo
sion, is associated with a release of kinetic energy of severa
electronvolts, which should be seen in a broadening of the
translational energy (velocity) distributions or angular distri-

butions (Section3.3) of the dications in comparison with the
cations.

3.2.3. Translational energy loss of the protonation channel
The differences in the translational energy of the precursor

ions resulting from inelastic scattering of the projectile ions
and those resulting from hydrogen-transfer reaction at the sur-
face are very similar. In the preceding paragraphs the value
�E′

tr = 4.6 eV was derived for C7H8
•+, and�E′

tr = 4.5 eV for
C7H7

+. The inelastic scattering and direct fragmentation of the
surface-excited projectile proceeds for both projectiles similarly
as for other processes studied earlier with an overall inelasticity
of 38% (in the other cases of polyatomic projectiles 30–38%
[5,8–13]). However, the hydrogen-abstraction reactions have
different endoergicities for the two projectiles (reactions(1)
and (5)). The hydrogen abstraction by C7H7

+ is more endo-
ergic (2–3 eV) than that by C7H8

•+ (∼1 eV). Assuming that
the reaction endothermicity deficit is covered from the transla-
tional energy, this difference should be reflected in the velocity
(translational energy) distributions. One may expect that the dif-
ference between the two peaks in the velocity distributions of
products from the C7H7

+ projectile (Fig. 5) would be larger
than that of products from the C7H8

•+ projectile (Fig. 3). As
the differences are almost the same, it appears that the loss of
translational energy is not directly connected with the endo-
ergicity of the hydrogen-transfer reaction, but rather that the
b may
p bons
t
w e
a se to
t -
c t the
a and
t in the
s ectile-
i

d the
i ional
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arriers of the reactions or the properties of the surface
lay a role. Hydrogen transfer from the surface hydrocar

o the projectile is connected with a cleavage of a CH bond,
hich requires energy of 4.3 eV[22] (see above). Thus th
ctivation energy for the hydrogen-transfer reaction is clo

he energy needed to break the CH bond of surface hydro
arbons. It appears that the energy required to surmoun
ctivation barrier is taken from the translational energy

herefore, a similar loss of translational energy is observed
pectra of all projectiles and the process appears as proj
ndependent.

Note, however, that the processes are complicated an
ncident energy is distributed among internal and translat
nergy of products and the surface, therefore more factors

nfluence the final energy distributions.

.3. Angular distributions of product ions

Finally, Fig. 7summarizes the angular distributions of pr
ct ions from surface collisions of cations (solid line) and d

ions (dashed) C7H8
+/2+ and C7H7

+/2+. The product ions show
re the major dissociation products, the same as those for

he translational energy and velocity distributions are give
igs. 3–5. Within the experimental error, the distributions
ery similar for different fragment ions regardless of the ch
f the incident ion. There is no indication of broadening of
istributions from collisions of the dication projectiles (po
le effect of Coulomb repulsion in cation-pair formation). T
istributions seem to peak universally at sub-specular an
loser to the surface: for the incident angle of 60◦ the maximum
f all product ion distributions is close to 74◦ and the width o
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Fig. 7. Angular distributions of main product ions from collisions of C7H7
+

(solid lines) and C7H7
2+ (dashed lines) on the left, and from collisions of C7H8

•+

(solid lines) and C7H8
2+ (dashed lines) on the right. Incident energy 25.3 eV,

incident angleΦN = 60◦.

the angular distributions is very similar for all measured product
ions, 19–20◦, full-width at half maximum.

4. Conclusions

1. Collisions of the cations and dications C7H8
+/2+, C7H7

+/2+,
and C7H6

2+, formed by electron ionization of toluene, with
highly oriented pyrolytic graphite surface, covered at room
temperature with hydrocarbons, were investigated at the inci
dent energy of projectile ions of 25.3 eV and incident angle
of 60◦ with respect to the surface normal (30◦ with respect
to the surface).

2. Mass spectra, translational energy distributions, and angu
lar distributions of the product ions were measured. Only
singly-charged product ions were observed at this inciden
energy. Translational energy distributions and angular distri-
butions of the major product ions were very similar for both

doubly- and singly-charged projectile ions. This suggests that
the charge transfer between projectile-dications and the sur-
face occurs at large distances and the collision events then
reflect interactions of monocations with the surface. This con-
clusion is in agreement with the previous work of Cooks and
co-workers[7].

3. Two possible fragmentation schemes were identified: frag-
mentations of the scattered cations M+ corresponding to the
projectile ions M+/M2+ and fragmentations of ions (M + H)+

coming from the reaction between the projectile ions and the
surface hydrocarbons. This scenario was confirmed by iso-
tope labeling experiments. The two mechanisms are reflected
in translational energy distributions, where product ions
resulting from endoergic hydrogen transfer reaction with sur-
face hydrocarbons have smaller translational energies.

4. The survival probability,Sa, at this incident energy and inci-
dent angle was rather large, 11% and 14% for the cations
C7H8

+ and C7H7
+, respectively, and 20–30% for the dica-

tions.
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