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Abstract

Reactive scattering of polyatomic ions in the hyperthermal collision energy range (<100 eV) is used to distinguish isomeric oxygenated
adsorbates and to quantify their relative amounts when co-adsorbed at a surface. The self-assembled monolayers (SAMs) of interest are con-
structed from HO-terminated, CH3O-terminated, and CH3CH2O-terminated dialkyl disulfides. Projectile ions used for ion/surface scattering
experiments include CF3+, SiCl3+, and the molecular ion of pyridine, C5H5N•+. Each of these ions exhibits a unique scattered ion profile
upon collision with the SAM monolayer surfaces, and so provides different information about the surfaces. Hydrogen atom abstraction by
the C5H5N•+ ion is more prominent at the CH3CH2O- and CH3O-terminated surfaces than the HO-terminated surface, while collisions of
SiCl3+ yield reactively scattered products which reflect the chemical composition of these surfaces. For instance, SiCl2OH+ and SiCl2OCH3

+

are scattered from the HO-terminated and CH3O-terminated surfaces, respectively. Ion/surface collisions involving the CF3
+ ion produce

chemically sputtered ions from the oxygenated adsorbates, which are valuable for quantitation of those groups. Preferential sputtering of the
CH3O-terminated versus the HO-terminated SAM surface is ascribed to favored thermochemistry and the more accessible CH3O-terminated
adsorbate. Fundamental ion/surface scattering processes, such as inelastic collisions leading to surface-induced dissociation (SID), ion/surface
reaction, and chemical sputtering are examined over a range of collision energies for each of the ion/surface types mentioned, and their value
in surface analysis is demonstrated.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

John Beynon reported activation of projectile ions by col-
liding ions with a stainless steel target in an ion kinetic en-
ergy spectrometer[1]. This early mass spectrometric study
of ion/surface collisions is just one of many areas of mass
spectrometry in which John Beynon made seminal contri-
butions. Collisions of ions with surfaces in the hyperther-
mal collision energy range (<100 eV) represent a subject
that has contributed to the elucidation of ion structure[2,3],
the chemical analysis of surfaces[4,5], and the prepara-
tion of chemically modified surfaces[6,7]. Apart from these
and other potential applications, attention has also been at-
tracted to this area because of the variety and diversity of
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the processes involved, namely surface-induced dissociation
(SID), ion/surface reactions, and chemical sputtering of sur-
face molecules as gas-phase ions.

Surface-induced dissociation is the term used to describe
the process of ion activation and subsequent fragmentation,
which occurs when ions are allowed to collide inelasti-
cally with surfaces. When performed in the hyperthermal
collision energy range, SID provides similar or greater in-
ternal excitation of the ion than its gas-phase counterpart,
collision-induced dissociation (CID)[8,9]. The large, yet
easily controlled internal energy deposition is useful for
inducing fragmentation of large or stable molecules, espe-
cially biological ions[10]. The efficiency of ion activation
achieved in SID has been shown to be dependent on the
type of surface used as the target, with fluorocarbon sur-
faces being highly efficient both in terms of energy transfer
and in terms of scattered ion yields[11]. The internal exci-
tation achieved with fluorocarbon monolayer surfaces[12]
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is significantly greater than that for hydrocarbon-covered
surfaces[13]. Reasons suggested for the effectiveness of
fluorocarbon surfaces over the other surfaces include the
chemical inertness of these molecules, the larger ionization
energy which suppresses neutralization, and the greater
effective mass which increases momentum transfer[14].

Charge exchange involves electron transfer from the
surface to the incoming projectile ion and occurs most effi-
ciently when the recombination energy of the ion is equiv-
alent to or exceeds the ionization energy of the molecular
adsorbate on the surface. If this process is accompanied
by sufficient energy transfer to the surface, ionized surface
molecular fragments are released from the surface into the
gas phase and can be observed in the scattered ion mass
spectrum[15]. This process, known as chemical sputtering,
is a useful way to characterize the chemical components
present at the outermost layers of a surface[16].

Ion/surface reactions include events in which an atom or
a group of atoms is transferred between the projectile ion
and surface in the course of low-energy collisions, viz. they
include the important process of reactive scattering. While
large enough to cause dissociation of covalent bonds, the
hyperthermal collision energies used in ion/surface scatter-
ing studies are not so large as to obscure the characteristic
behavior of the ion/surface collision pair. Subsequent bond
formation is often thermodynamically favored. Ion/surface
collision products which retain a charge are observable by
mass analysis and are referred to as reactively scattered ions.
One of the earliest ion/surface reactions reported[17,18] in-
volved the abstraction of hydrogen atoms from hydrocarbon
surfaces by organic ions such as the molecular ions of ben-
zene and pyridine. Heavier aromatic ions, such as the molec-
ular ion of phenanthrene (C14H10

•+), abstract alkyl groups
as large as C6Hn from hydrocarbon surfaces[19,20]. Other
well-known ion/surface reactions involve C–C and C–F bond
activation as a result of collisions of transition metal ions
(W•+, Cr•+, and Re+) [21], atomic ions (B+, Xe•+, and
I+) [22,23], or polyatomic ions (AlCl+ and PCl2+) [24]
with fluorocarbon surfaces. The importance in chemistry of
C–F bond activation and the role of ion/surface collisions
in this process has been described recently by Mazurek and
Schwarz[25].

Interest in reactive scattering is increased by the fact that
it provides information on the nature of the surface. For ex-
ample, adsorbed chlorobenzyl mercaptan isomers[5] can be
differentiated based on reactions with Cr•+, which gener-
ate such product ions as CrCl+ and CrC7H6Cl+ with the
accessible chlorine in thep-chloro isomer. In another study
[26], the molecular ion of pyridine, C5H5N•+, was shown
to allow distinction between 1,4-benzenedimethanethiol ad-
sorbed on gold versus silver due to differences in the orien-
tation of the adsorbates on the two metals.

A number of studies have revealed that selective chemi-
cal modifications can be performed at surfaces as a result of
ion/surface reactions. Transhalogenation reactions[27] per-
formed with reagents such as PCl3

+ or SiNCO+, have been

shown to chemically transform terminal groups of fluorocar-
bon surfaces into terminal CF2X units, where X represents a
halogen atom or pseudohalogen group derived from the pro-
jectile ion[28]. Silicon nitride formation has been achieved
by reactions of N+ and N2

•+ ions with a Si(1 0 0) surface
[29], and diamond-like carbon films have been formed at
clean surfaces as a result of low-energy C+ collisions[30].
Low-energy CF3+ and C3F5

+ ions have been used to mod-
ify a polystyrene surface, the C3F5

+ ion being more effec-
tive than the CF3+ ion [31].

Covalent addition of polyatomic cations at functional-
ized organic surfaces has also been demonstrated. Aromatic
ions, such as the (M− H)+ ion of chlorobenzene[6] cova-
lently binds to a carboxylic acid terminated self-assembled
monolayer surface through an ion/surface decarboxyla-
tion reaction, which is reminiscent of the condensed phase
Kolbe reaction. Furthermore, hydroxy-terminated SAMs
have been transformed into terminal esters[32] and silyl
ethers [33] through reactions with such cations as the
benzoyl cation, C6H5CO+, and the trimethylsilyl cation,
Si(CH3)3+. The extent of such surface modifications pro-
duced by ion/surface reactions has been measured using
X-ray photoelectron spectroscopy and Fourier transform
infrared external reflectance spectroscopy (FTIR-ERS)[34].

In the present study, each of the above mentioned
processes, viz. SID, ion/surface reactions, and chemical
sputtering, contribute to the characterization and differenti-
ation of three oxygenated surfaces. These surfaces studied
are a hydroxy-terminated SAM (HO-SAM), a methoxy-
terminated SAM (CH3O-SAM), and an ethoxy-terminated
SAM (CH3CH2O-SAM). Differences observed in the scat-
tered ion products resulting from these surfaces provide
insights into the characteristics and limitations of the fun-
damental processes observed in low-energy ion/surface col-
lisions. Three different polyatomic cations, CF3

+, SiCl3+,
and C5H5N•+ are used as projectiles and their different
properties help to accentuate the different ion/surface colli-
sion processes.

2. Experimental methods

2.1. Surface preparation

Synthesis of the HO-terminated dialkyl disulfide
(HO(CH2)11S-)2 was performed by dissolving 11-mercapto-
undecanol (Aldrich Inc., Milwaukee, WI) in an ethanolic
solution of potassium hydroxide (10 mM KOH). Then 30%
hydrogen peroxide was added and the solution was heated
for 8 h while being stirred. The disulfide was extracted
from water with diethyl ether and dried with anhydrous
sodium sulfate. After removal of the solvent, the product
was recrystallized from benzene. The HO-terminated disul-
fide was then used for synthesis of the CH3O-terminated
(CH3O(CH2)11S-)2, CD3O-terminated (CD3O(CH2)11S-)2,
and CH3CH2O-terminated (CH3CH2O(CH2)11S-)2 disul-
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fides. Synthesis of the CH3O-terminated disulfide was
performed by dissolving the HO-terminated disulfide in
tetrahydrofuran along with sodium hydride and methyl io-
dide. The reaction mixture was stirred and heated under
reflux for 24 h. The desired product was extracted from
water with dichloromethane, and then dried with anhydrous
sodium sulfate. After removal of the solvent, the product
was recrystallized from methanol and purified by flash
chromatography using 1:4 ethyl acetate/hexanes as the mo-
bile phase. The same procedure was used for synthesis of
the CD3O-terminated and CH3CH2O-terminated disulfides,
except that d3-methyl iodide and ethyl iodide, respectively,
were used. Thin-layer chromatography and mass spectrom-
etry verified that each of the disulfide products was pure.

The HO-SAM, CH3O-SAM, CD3O-SAM, and CH3-
CH2O-SAM surfaces bound to gold films through sul-
fur linkages, HO(CH2)11S-Au, CH3O(CH2)11S-Au,
CD3O(CH2)11S-Au, and CH3CH2O(CH2)11S-Au, respec-
tively, were prepared from the synthesized disulfide prod-
ucts and used as the adsorbates in the ion/surface scattering
experiments. Substrates were prepared by thermal evapora-
tion of 100 Å of chromium then 2000 Å of gold onto silicon
wafers of orientation〈1 0 0〉 (International Wafer Service,
Portola Valley, CA). The molecular assemblies were con-
structed by immersing the substrates into 5 mM ethanol
solutions of the disulfides for at least 1 week. In addition, a
series of mixed monolayer surfaces was prepared by mix-
ing different amounts of two of the disulfides in ethanol,
the total concentration of the two being about 5 mM. Each
of the surfaces was allowed to assemble in solution for a
period of at least 1 week at room temperature. Detailed
information concerning the preparation and properties of
SAM surfaces has been provided elsewhere[35]. After as-
sembly the surfaces were rinsed and sonicated in ethanol,
then dried under argon before being introduced into the
high-vacuum scattering chamber.

2.2. Ion/surface scattering experiments

All experiments were performed in a custom-built, hybrid
mass spectrometer with geometry BEEQ (B= magnetic
sector, E= electric sector, Q= quadrupole mass analyzer),
a detailed description of which has been provided[36].
Briefly, volatile samples were independently introduced into
the ion source (10−5 Torr nominal sample pressure) and ion-
ized by electron impact (70 eV). Ions of interest were accel-
erated to ca. 2 keV translational energy and mass and energy
selected, respectively, by the magnetic and electrostatic an-
alyzers of the double focusing mass spectrometer. Projectile
ions of interest were decelerated to low translational ener-
gies (<100 eV), then allowed to collide with the surface in
a high-vacuum scattering chamber maintained at a nominal
base pressure of 2× 10−9 Torr (typical operating pressures
were below 5× 10−9 Torr).

For the ion/surface scattering experiments, the sample was
rotated so that the primary ion beam was incident at 55◦

to the surface normal, while scattered ions were collected
at approximately the specular angle. Collection angles were
not varied, but ion trajectory simulations show that under
the conditions used, the analytical system accepts a wide
range of scattering angles, approximately 30◦ on either side
of the specular angle. Scattered ions were analyzed using a
quadrupole mass analyzer preceded by an electrostatic ana-
lyzer, used as a kinetic energy to charge filter. The kinetic
energy analyzer was set in a low-resolution mode so as to
pass ions of a broad range of energies in the range of a
few eV. These conditions are known to efficiently transfer
the products of inelastic, reactive, and chemical sputtering
processes[36]. The selected conditions give maximum scat-
tered ion transmission without significant angular or veloc-
ity discrimination, although the latter types of experiments
have been performed earlier, using the same instrumenta-
tion. Projectile ions used in this study were CF3

+, SiCl3+,
and C5H5N•+. These were derived, respectively, from elec-
tron ionization ofn-perfluorohexane, silicon tetrachloride,
and pyridine (Aldrich Inc.).

3. Results and discussion

3.1. Overview of ion/surface collision processes at
CH3O-SAM surfaces

The projectile ions, CF3+, SiCl3+, and C5H5N•+, were
collided with the CH3O-SAM surface at collision energies
ranging from 25 to 80 eV. The scattered ions can be catego-
rized as being the products of elastic scattering, dissociative
scattering, reactive scattering, or chemical sputtering. The
combined ion abundances in each group have been normal-
ized for each collision energy and expressed in the form of
an energy-resolved mass spectra (ERMS) plot, as shown in
Fig. 1. This figure for the methoxy-terminated surface com-
pares the normalized abundance of scattered ions due to each
of the four process types for the various projectiles. From the
ERMS plot shown inFig. 1a, which represents scattered ion
mass spectra derived from collisions of the pyridine molecu-
lar ion, C5H5N•+, with the CH3O-SAM surface, it is evident
that the most abundant ions observed in the mass spectra are
reactively and dissociatively scattered. Reactive scattering
is the most important scattering process at collision energies
below 35 eV and is largely associated with H atom abstrac-
tion from the surface by the projectile radical cation. Hydro-
gen atom abstraction, which is represented by formation of
the (M+ H)+ ion, has previously been shown to be a favor-
able reaction[37] for odd-electron ions impinging on hydro-
carbon surfaces. As the collision energy is increased, more
energy is transferred into the internal coordinates of both the
reactively scattered (M+H)+ product and the (in)elastically
scattered M•+ ion, and both of these ions undergo frag-
mentation. The dissociatively scattered (SID) product ions
dominate the secondary ion mass spectra at higher colli-
sion energies. Chemically sputtered ions originating from
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Fig. 1. Energy-resolved mass spectra (ERMS) plot recorded upon scatter-
ing (a) C5H5N•+, (b) SiCl3+, and (c) CF3+ from a CH3O-SAM surface
over a collision energy range, 25–80 eV.

the surface are also observed at higher collision energies
but comprise only a small proportion of the scattered ion
mass spectra. It has been shown previously that the two
ion/surface collision processes of most interest here, SID
and a particular type of ion/surface reactive scattering, viz.
H atom abstraction, are influenced by the chemical nature of
the surface adsorbates[11,38]. Therefore, since these pro-
cesses are favorable for collisions involving the C5H5N•+
ion and yield intense ion signals, measurement of those sig-
nals allows ready differentiation of adsorbates at surfaces.

Fig. 1billustrates the ERMS plot derived from experimen-
tal data on collisions of the SiCl3

+ ion with the CH3O-SAM
surface over a range of collision energies. The increased
stability and lower reactivity expected of an even-electron
ion like SiCl3+ is evident in the much greater importance
of elastic scattering and the reduced importance of reactive
scattering in the ERMS plot compared with that for pyridine
molecular ion collisions. Abstraction of atoms or groups of
atoms from the surface is observed, accompanied by disso-
ciation of the SiCl3+ ion. These ion/surface dissociative re-
actions, though minor processes for this ion, are important
because they reveal the identity of functional groups at the
surface. Another significant difference between the ERMS
plot of SiCl3+, in comparison to that of the molecular ion of
pyridine, is the large abundance of chemically sputtered ions
and the relatively low abundance of dissociatively scattered
ions observed at higher collision energies. These differences
are attributed to the preference of SiCl3

+ to undergo charge

exchange. Using known gas-phase energetics, the recombi-
nation energy of SiCl3

+ is calculated to be 11.0 eV[39],
while that for pyridine is 9.3 eV[40]. The former value suf-
fices for ionization of the adsorbate, whose ionization en-
ergy in various estimates ranges from 9.3 to 10.3 eV[39],
while the latter does not. The reaction products observed at
higher collision energies, along with the chemically sput-
tered ions, both generated upon collision of the SiCl3

+ ion
with the CH3O-SAM surface, are the processes of interest
for surface analysis.

Fig. 1cillustrates the ERMS plot derived from collisions
of the CF3+ ion with the CH3O-SAM surface. The plot
shows that chemically sputtered ions dominate the scattered
ion mass spectra, even at collision energies as low as 40 eV.
The main difference between the CF3

+ and SiCl3+ ions
is that essentially no dissociatively scattered or reactively
scattered ions are observed in the scattered ion mass spectra
acquired as a result of collisions of CF3

+. Therefore, chemi-
cally sputtered ions are the only ions observed at higher col-
lision energies. This preference of CF3

+ to cause chemical
sputtering cannot be accounted for by the value of the recom-
bination energy alone,∼9.8 eV[41]. Rather, the lack of C–F
bond activation, and therefore no observation of dissocia-
tively or reactively scattered ions, can be simply attributed to
the strength of the C–F bond (bond enthalpy∼ 490 kJ/mol),
versus the Si–Cl bond (bond enthalpy∼ 402 kJ/mol)[42].
The dominance of chemically sputtered ions at higher col-
lision energies makes this ion an excellent candidate as a
sputtering agent for the chemical analysis of surfaces, and
it has indeed been widely used for this purpose[16,43].

3.2. Ion/surface processes occurring upon scattering
CF3

+ from different surfaces

The mass spectrum resulting from the scattering of CF3
+

ions from an HO-SAM surface at a collision energy of
70 eV is represented inFig. 2a. Each of the chemically
sputtered ions, H3O+ (m/z 19), CH2OH+ (m/z 31) and
C2H4OH+ (m/z 45) provide evidence of the terminal hy-
droxyl functionality present at the monolayer surface. Other
ions sputtered from the surface occur at nominal masses
that correspond to CnH2n−1

+ and CnH2n+1
+, for example

m/z 15, 27, 29, 41, and 43. These common fragment ions
stem from adventitious hydrocarbon molecules physically
adsorbed to the surface. Notice that the elastically scattered
ion, CF3

+, and the dissociatively scattered ions, CF2
•+

and CF+, are not present in this mass spectrum. (Here as
elsewhere, the term elastically scattered is used to include
quasi-elastically scattered ions, viz., ions that acquire inter-
nal excitation but insufficient to cause dissociation on the
time scale of the experiment.)

The scattered ion mass spectrum acquired from 70 eV
collisions of the CF3+ ion with an ether adsorbate, the
CH3O-SAM surface, is shown inFig. 2b. The most abundant
ions in this mass spectrum are observed atm/z 15 and 45.
These peaks represent the chemically sputtered ions, CH3

+
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Fig. 2. Scattered ion mass spectra recorded upon 70 eV collisions of
CF3

+ with (a) an HO-SAM surface, (b) a CH3O-SAM surface, (c) a
CD3O-SAM surface, and (d) a CH3CH2O-SAM surface.

and CH2OCH3
+, both derived from the adsorbate by ex-

pected bond cleavages. A minor product, due to chemical
sputtering and involving the terminal-OCH3 group, is the
rearrangement fragment, H2OCH3

+ (m/z 33), a well-known
species in the low-energy electron impact spectra of alkyl
ethers[44]. An important observation can be made, here,
about the chemical sputtering process. The most abundant
ion from the HO-SAM surface, CH2OH+, and the most
abundant ion from the CH3O-SAM surface, CH2OCH3

+,
both occur as a result of cleavage of the C–C bond alpha
to the oxygen atom. The typical dissociation pathway for
molecular ions formed from ethers or alcohols upon ion-
ization by electron impact is also due to C–C cleavage of
the alpha bond. Dissociation of gas-phase ions after electron
impact ionization and that of surface molecules by chem-
ical sputtering both occur as a result of energetic charge
exchange[14], and therefore the same principle which gov-
erns the fragmentation of ions generated through electron
impact is expected to hold true for the chemical sputter-
ing of fragment ions from surfaces. The scattered ion mass
spectrum resulting from 70 eV collisions of CF3

+ with the
CD3O-SAM surface is shown inFig. 2c. Isotopic labeling
of the methoxy-terminated SAM surface verifies the na-
ture of the sputtered ions observed inFig. 2b. Chemically
sputtered ions characteristic of this deuterated surface in-
clude CD3

+ (m/z 18), H2OCD3
+ (m/z 36), and CH2OCD3

+
(m/z 48).

Fig. 2d illustrates scattering of 70 eV CF3
+ ions from

a CH3CH2O-SAM surface. The alpha cleavage product,
CH2OCH2CH3

+ (m/z 59), is observed in this mass spec-
trum, as in the previous cases although in relatively low
abundance. In its place one observes fragment ions orig-
inating by cleavages occurring closer to the terminus of
the surface adsorbate, such as C2H3

+ (m/z 27) and C2H5
+

(m/z 29) in greater abundance. Unlike the situation involv-
ing dissociation of ions in the gas phase, the orientation of
surface molecules is fixed. Therefore, the fragment corre-
sponding to the energetically favored alpha cleavage, the
CH2OCH2CH3

+ ion might be generated, but steric con-
straints appear to allow it to re-bind to the surface and not
to be released into the gas phase. This helps explain why
chemical sputtering is sensitive to only the outermost two
or three atomic layers of a surface.

Since chemically sputtered ions characteristic of the
HO-SAM and CH3O-SAM surfaces are abundant and have
different mass-to-charge values, determination and relative
quantitation of these two adsorbates on the same surface
is possible. Several mixed SAM surfaces were prepared by
varying the relative concentrations of the HO-terminated
dialkyl disulfide and the CH3O-terminated dialkyl disulfide
in solutions of ethanol. Studies involving the coadsorption
of thiols or disulfides on surfaces have shown that the dis-
tribution of these molecules across a surface is uniform
and does not lead to significant phase segregation, pro-
vided the two components are relatively similar in terms
of chain length and in dipole moment[45]. From studies
involving mixtures of HO- and CH3-terminated long-chain
thiols, it has been shown that solution concentration accu-
rately reflects the assembled surface composition[46], and
their coadsorption leads to homogenously mixed SAMs
on the micrometer-scale[47]. Scattered ion mass spectra
were recorded upon collisions of 70 eV CF3

+ ions with a
series of mixed HO-/CH3O-terminated SAM surfaces. The
chemically sputtered ions derived from the HO-terminated
adsorbates, as identified in the previous studies of the pure
adsorbates, are reported as a fraction of the total amount
of chemically sputtered ions (i.e., those derived from
both the HO-terminated and CH3O-terminated molecules).
These percentages were plotted versus the percent of
HO-terminated molecules present in the solution and the re-
sults are shown inFig. 3. The relationship between the two is
non-linear. For the solution containing 60% HO-terminated
and 40% CH3O-terminated molecules, the percent of chem-
ically sputtered ions derived from the HO-terminated ad-
sorbate is less than 20% of the total. Preferential sputtering
of the CH3O-terminated adsorbate molecules is evident.

To demonstrate that this result is an effect of the chem-
ical sputtering event, mixed SAM surfaces were prepared
by coadsorption of the CH3O-terminated molecules with
the CD3O-terminated molecules. Scattered ion mass spec-
tra were recorded upon collision of 70 eV CF3

+ ions
with a series of mixed CH3O-/CD3O-terminated SAM
surfaces. The chemically sputtered ions derived from the
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Fig. 3. Chemically sputtered ions observed in the CF3
+ scattered ion

mass spectra that originate from HO-terminated molecules reported as a
fraction of the total amount of chemically sputtered ions, arising from both
the HO-terminated and CH3O-terminated molecules. These fractions are
plotted against a series of mixed SAM surfaces, for which the percentage
of HO-terminated dialkyl disulfide in the assembling solution was varied.
The line drawn through the data is not representative of a trend, but is
useful for visualization of the data.

CH3O-terminated adsorbates are reported as a fraction of the
total number of chemically sputtered ions (i.e., those derived
from both the CH3O-terminated and the CD3O-terminated
adsorbate molecules). These percentages were plotted
against the percent of CH3O-terminated molecules present
in the solution and the data are shown inFig. 4. This graph
shows the expected 1-1 linear relationship. For the solu-
tion containing 50% CH3O-terminated molecules and 50%
CD3O-terminated molecules, the proportion of chemically
sputtered ions derived from the CH3O-terminated adsor-
bates and observed in the CF3

+ scattered ion mass spectrum
is 50% of the total.

Preferential sputtering of the methoxy-terminated
adsorbate in comparison to the hydroxy-terminated ad-
sorbate might be explained by the relative thermochem-
istry of the two events. Small molecules with functional
groups representative of these adsorbates are 1-propanol,
CH3CH2CH2OH, and ethyl methyl ether, CH3CH2OCH3.
Bowen and Maccoll showed that the ionization energy of
1-propanol (10.2 eV) is larger than the ionization energy of
ethyl methyl ether (9.7 eV)[48] and perhaps more signifi-
cantly, even more different from the recombination energy of
the projectile ion, CF3+, ∼9.8 eV[41]. Furthermore, the ap-
pearance energy of CH2OH+ from 1-propanol (12.3 eV) is

0 20 40 60 80 100

0

20

40

60

80

100

Fraction of CH
3
O-SAM (mole %)

Io
n

 A
b

u
n

d
a
n

c
e
 c

o
rr

e
sp

o
n

d
in

g
 t

o
 C

H
3
O

-S
A

M
 (

%
)

Fig. 4. Chemically sputtered ions observed in the CF3
+ scattered ion

mass spectra that originate from CH3O-terminated adsorbates are reported
as a fraction of the total amount of chemically sputtered ions, arising
from both the CH3O-terminated and CD3O-terminated adsorbates. These
fractions are plotted for a series of mixed SAM surfaces, for which
the percentage of CH3O-terminated dialkyl disulfide in the assembling
solution was varied. A regression line fits the data.

greater than the appearance energy of C2H4OH+ from ethyl
methyl ether (10.5 eV). These gas-phase ion energetic data
show that chemical sputtering of the methoxy-terminated
adsorbate is thermodynamically more favorable than that
of the hydroxy-terminated adsorbate. It is also possible
that the difference in the length of the two adsorbates also
contributes to the observed preferential sputtering. The
larger methoxy-terminated adsorbate may hinder access to
the HO-terminated adsorbates, making charge exchange
between the impinging ion and the methoxy group more
likely. The selectivity of chemical sputtering for the outer-
most portions of a surface has already been demonstrated
by the chemical sputtering results from the CH3CH2O-,
CH3O-, and HO-terminated surfaces. The non-linear results
in Fig. 3 and therefore the preferential chemical sputter-
ing of the methoxy-terminated adsorbate in comparison
to the hydroxy-terminated adsorbate are attributed to the
favored thermochemistry and the greater extension of the
CH3O-terminated adsorbates from the gold.

3.3. Ion/surface processes occurring upon scattering of
the molecular ion of pyridine from different surfaces

Fig. 5a shows the scattered ion mass spectrum result-
ing from 30 eV collisions of the molecular ion of pyridine,
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Fig. 5. Scattered ion mass spectra were recorded upon 30 eV collisions
of C5H5N•+ with (a) an HO-SAM surface, (b) a CH3O-SAM surface,
and (c) a CD3O-SAM surface.

C5H5N•+, from a HO-SAM surface. The elastically scat-
tered M•+ ion (m/z 79) is abundant at this collision energy,
as is the reactively scattered (M+H)+ ion (m/z 80). Dissocia-
tively scattered ions include the (M−H)+ fragment ion (m/z
78), the (M−HCN)+ ion (m/z 52), and the (M+H−HCN)+
ion (m/z 53). The same ions are observed inFig. 5b, which
displays the scattered ion mass spectrum resulting from
30 eV collisions of C5H5N•+ with the CH3O-SAM surface.
The only difference fromFig. 5a is the relative intensities
of these peaks. Note that inFig. 5a, the H abstraction prod-
uct is more abundant than the M•+ ion while in Fig. 5bit is
several times more abundant than M•+, which is consistent
with the greater density of surface hydrogen atoms.Fig. 5c
shows the scattered ion mass spectrum resulting from 30 eV
collisions of C5H5N•+ with a CD3O-SAM surface. With
D atoms available for abstraction, the expected (M+ D)+
ion (m/z 81) is observed as well as the dissociation product
of that ion (M+ D − HCN)+ (m/z 54). Notice, however,
that the (M+ H)+ ion (m/z 80) is also present, in approx-
imately one-half the abundance of the D atom abstraction
product. Previous studies have shown that H atom abstrac-
tion from underlying atomic layers of a monolayer surface
is not a favored event. Rather, the observed H atom ab-
straction is more likely to occur from reaction with adven-
titious hydrocarbon. Note that the presence of hydrocarbon
molecules is observed in the CF3

+ scattered ion mass spec-
tra as well (Fig. 1). The relative abundance of the molecular
ion in comparison to the reactively scattered and dissocia-
tively scattered products is similar for the CD3O-SAM and
CH3O-SAM surfaces, a further demonstration that the dif-
ferences observed in the scattering of C5H5N•+ from the
HO-SAM and CH3O-SAM surfaces are due to chemical ef-
fects. These differences can be explained either by increased
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Fig. 6. (a) Ratio of the peak intensities arising from dissociatively
scattered ions (SD) plotted against the peak intensities arising from
non-dissociatively scattered ions (SND) for mass spectra showing scatter-
ing of the molecular ion of pyridine from the HO-SAM, CH3O-SAM, and
CH3CH2O-SAM surfaces over the collision energy range 30–40 eV. (b)
Ratio of peak intensities arising from reactively scattered ions (SR) plot-
ted against the peak intensities arising from the non-reactively scattered
ions (SNR) for mass spectra resulting from the scattering of the molecular
ion of pyridine from the HO-SAM, CH3O-SAM, and CH3CH2O-SAM
surfaces over the collision energy range 30–40 eV.

energy transfer at the CH3O-SAM surface or increased re-
activity. Both factors are likely to contribute.

A more detailed analysis of these results is provided
by considering collisions of the C5H5N•+ ion with the
HO-SAM, CH3O-SAM, and CH3CH2O-SAM surfaces in
the collision energy range, 30–40 eV. The two graphs shown
in Fig. 6 isolate the processes which create the observed
differences in the scattered ion mass spectra collected on
collision of the C5H5N•+ ion with the oxygenated SAM
surfaces.Fig. 6areports the measured ratio, SD/SND, where
SD is the sum of all fragment ions observed in the mass
spectra, and SND is the sum of all ions observed in the mass
spectra which do not involve fragmentation. Effectively this
ratio is a rough measure of the internal energy transferred to
the projectile ion upon collision with each of the surfaces.
The fragment ions arise from the molecular radical cation
and the protonated molecule—the major precursor ions. The
graph shows that over the collision energy range, 30–40 eV,
the relative abundance of the molecular ion is lower for the
CH3O-SAM and the CH3CH2O-SAM surfaces than for the
HO-SAM surface. The greater tendency of the former two
surfaces for hydrogen abstraction will certainly contribute
to the result together with the effect of energy transfer. No
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consistent differences were observed upon comparison of
the CH3O-SAM and CH3CH2O-SAM surfaces.

Fig. 6b reports the measured ratio, SR/SNR, where SR
is the sum of all ions observed in the mass spectra which
undergo reaction with the surface (this includes both the
(M + H)+ and (M+ H − HCN)+ ions), and SNR is the sum
of all ions observed in the mass spectra which do not re-
act with the surface. In effect, this graph measures the re-
activity of the C5H5N•+ ion upon interaction with each of
the surfaces. The results from this graph show that the or-
der of H atom abstraction reactivity from least to greatest is
HO-SAM < CH3O-SAM < CH3CH2O-SAM. The reactiv-
ity trend observed inFig. 6b likely stems from the greater
availability of H atoms at the CH3O-SAM surface than at
the HO-SAM surface.

3.4. Ion/surface processes occurring upon scattering of
SiCl3+ from different surfaces

Fig. 7a illustrates the scattered ion mass spectrum
recorded upon 60 eV collisions of SiCl3

+ with an HO-SAM
surface. Note that each of the ion/surface collision processes
discussed inSections 3.1–3.3leads to representative ions
in this mass spectrum. The elastically scattered SiCl3

+ ion
(m/z 133) is present as are the inelastically scattered ions,
SiCl2•+ (m/z 98) and SiCl+ (m/z 63). In addition, the same
chemically sputtered ions observed in the scattering of the
CF3

+ ion from this surface, are observed, namely H3O+
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(m/z 18), CH2OH+ (m/z 31), and C2H4OH+ (m/z 45).
The unique contribution made to surface analysis by this
ion involves the presence of the many ion/surface reaction
products. These reaction products include SiClH2

+ (m/z
65), SiClO+ (m/z 79), SiClH(OH)+ (m/z 81), SiCl(OH)2+
(m/z 97), SiCl2H+ (m/z 99), and SiCl2OH+ (m/z 115). Ab-
straction of chemical groups from the surface by the SiCl3

+
ion to form scattered ion products of the form, SiCl3X•+,
is a thermodynamically unfavorable event, but dissociation
of SiCl3+ at the surface provides opportunities for the ad-
dition of other atoms or groups of atoms. (For example, the
former reaction with H-SAM is estimated to have a higher
reaction enthalpy than the latter by ca. 20 kcal/mol.) These
dissociative ion/surface reaction products are indicative of
the groups present at the surface. The scattered ion mass
spectrum resulting from 60 eV collisions of the SiCl3

+
ion with the CH3O-SAM surface is shown inFig. 7b. The
chemically sputtered ions are the same as those observed
in the CF3+ scattered ion mass spectra, namely CH3

+ (m/z
15) and CH2OCH3

+ (m/z 45). However, the presence of the
OCH3 group at this surface is confirmed through observa-
tion of the ion/surface reaction products. These ions include
SiClH2

+ (m/z 65), SiClH(CH3)+ (m/z 79), SiClH(OCH3)+
(m/z 95), SiCl2H+ (m/z 99), SiCl2CH3

+ (m/z 113), and
SiCl2OCH3

+ (m/z 129). Several of these products are con-
firmed by the isotopic data shown inFig. 7c, which illus-
trates the scattered ion mass spectrum resulting from 60 eV
collision of SiCl3+ with a CD3O-SAM surface.Fig. 7d
illustrates the scattered ion mass spectrum resulting from
60 eV collisions of the SiCl3

+ ion with the CH3CH2O-SAM
surface. Ion/surface reaction products were observed that
contain alkyl groups from the surface, SiCl2CH3

+ (m/z
113) and SiCl2C2H5

+ (m/z 127), but no products contained
the O atom from the surface. Reaction of the projectiles
proves to be limited to the outermost atomic layers of
the surface, similar to the results observed from chemical
sputtering.

4. Conclusion

Differences in the relative amounts of reactively and dis-
sociatively scattered ions observed when 30 eV C5H5N•+
ions are collided with each of three oxygenated surfaces
were used to show that this approach provides many fea-
tures that allow adsorbates to be characterized, even when
they are chemically similar. The order of reactivity for
this ion from the least to the greatest is HO-SAM<
CH3O−SAM < CH3CH2O-SAM. The relative fragment
ion abundance in the SID spectra of C5H5N•+ ions occurs
in the order HO-SAM< CH3O-SAM ∼ CH3CH2O-SAM
and these two factors might be inter-related. The increased
availability of H atoms at the CH3CH2O-terminated mono-
layer surface as compared to the HO-terminated monolayer
surface is an alternative explanation which is also consistent
with previous results for other systems[38,49].
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Collisions involving the CF3+ and SiCl3+ ions gave more
specific information about the chemical composition of
these surfaces, and they do so through different processes.
Scattering with the CF3+ ion at 70 eV collision energy
yields only chemically sputtered ions. The preferred frag-
mentation route of these oxygenated adsorbate molecules is
cleavage of the C–C bond alpha to the oxygen functional
group. This preferential bond cleavage provides qualitative
and quantitative information about these isomeric surfaces.
Scattering of SiCl3+ ion at 60 eV collision energy yields
dissociative ion/surface reaction products, which contain
groups or atoms indicative of the functional groups belong-
ing to those surfaces.

In conclusion, this study shows that sensitive, selective
chemical information can be derived for adsorbate-covered
surfaces using low-energy ion/surface collisions and that this
information is specific to the uppermost two or three atomic
layers of the adsorbate.
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