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Self-assembled monolayers (SAMs) formed from alkyl-terminated, CF3-terminated, CF3CF2-terminated,
and C10F21-terminated alkanethiolates on gold substrates were examined by low-energy (eV) ion-surface
collisions to determine the impact of varying the degree of fluorination of the thiolate tail group. The
fluorine-terminated SAMs are compared and contrasted to previously examined CF3-terminated Langmuir-
Blodgett films. Polyatomic (M+• for benzene and pyrazine) and atomic (Mo+• and Cr+•) ions were collided
with the different SAM films at various collision energies (20-70 eV). Data indicate that substitution of
CH3 with CF3 as the terminal group has a substantial influence on the ion-surface interactions, including
energy transfer (fragmentation), electron transfer (neutralization), and atom/group transfer (reaction).
However, slight penetration into a depth of the film is apparent and illustrated with the formation of
certain ion-surface reaction products and the intensities of those products. This penetration has a noticeable
effect on low-energy ion-surface collisions. Also, results for a series of CF3(CH2)nS-Au films (where n )
12, 13, 14, 15) illustrate that ion-surface reactions vary with the orientation of the fluorine atoms that
are present in the terminal group. The results from collisions of low-energy ions with these relatively
well-defined surfaces allow further characterization of the collision events that have the potential to
become valuable tools in surface analysis.

Introduction
Organic thin films, for example, self-assembled mono-

layers (SAMs) and Langmuir-Blodgett (L-B) films, have
been used as the basis for nanoscale coatings, advanced
lubricant systems, and molecular-based devices.1-5 Or-
ganic thin films are attractive due to the ability to modify
the physical and chemical properties of a surface by
tailoring the functional groups exposed at an interface.
To improve our knowledge of the physical and chemical
properties of these organic thin films, surface character-
ization is usually performed with multiple complementary
surface techniques. Some of these current techniques
includecontactanglemeasurements, ellipsometry,Fourier
transform infrared spectroscopy (FTIR), Raman spec-
troscopy, scanning tunneling microscopy (STM), and
atomic force microscopy (AFM).6-9 Low-energy ion-
surface collisions (e100 eV) utilizing polyatomic and
atomic projectiles could also become a complementary
technique from which information is gained about the

fundamental physical and chemical properties that are
unique to individual SAM films. Low-energy ion-surface
collisions contrast the established method of secondary
ion mass spectrometry (SIMS), where high-energy (keV)
ion collisions with surfaces sputter material from the
surface for chemical analysis.10,11

Cooks and co-workers and Wysocki and co-workers first
reported ion-surface collisions with target surfaces
modified with self-assembled monolayers.12,13 At least four
surface-induced processes are observed when SAMs are
employed for ion-surface experiments: (i) dissociation of
the projectile ion, (ii) reaction between the projectile and
atom/groups of the target surface, (iii) neutralization of
the projectile ion, and (iv) chemical sputtering of the target
surface. (i) Low-energy collisions of polyatomic ions with
SAMs transfer a portion of the kinetic energy to internal
modes of the polyatomic ions, making the process an
alternative activation technique for tandem mass spec-
trometry (MS/MS) compared to collisions with a gaseous
target (collision-induced dissociation, CID).18,21 Surface-
induced dissociation (SID) provides a higher average
transfer of kinetic to internal energy (T f V) for polyatomic
projectile ions and a relatively narrow distribution (a few
eV) of internal energies deposited into the ions when
compared to CID.14-18 The SID method has become
valuable in determining the relative dissociation energy
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requirements and dissociation mechanisms of protonated
peptides and small protein ions generated by electrospray
ionization (ESI).14,15,19-23 (ii) Product ions arising from
atom/group transfer from the organic film to the projectile
ion are sometimes observed, particularly with odd-electron
projectiles. These reaction product ions provide the ability
to characterize not only the projectile ion but also the
chemical composition of the surface. Reaction product ions
formed by abstraction of hydrogen, fluorine, chlorine, and
CnHm from organic thin films with an assortment of atomic
and molecular projectile ions have been reported.24-29

Wysocki and co-workers utilized isotopically labeled L-B
films (13C- and 2H-terminated) to demonstrate that ion-
surface reactions occur predominantly between the pro-
jectile ionandtheuppermostportionoforganic thin films.30

Recently, ion-surface reactions utilizing pyrazine pro-
jectile ions were used for characterization of CH3-
terminated alkanethiols having odd and even chain
lengths.29 Specifically, odd-numbered chain length films
orient on the surface of gold such that the terminal C-C
bond is more parallel to the plane of the surface than for
even-numbered chain length films. It was determined that
this parallel orientation allows, on average, one hydrogen
atom on the terminal methyl group for odd numbered
chains to be in a more reactive position with incoming
pyrazine ions than for even-numbered chain lengths.29

(iii) Ion collisions with organic thin film surfaces were
revealed to enhance detected ion current when compared
to collisions with bare metal surfaces.24,31 A barrier for
electron transfer between the bare metal film and the
incoming projectile ion is formed, resulting in a reduced
amount of neutralized probe ions. However, the film does
not act as an insulating layer in which charge accumula-
tion could occur.32 (iv) Ions from chemical sputtering can
also appear and are useful for characterizing the chemical
composition of a sample surface. Ionization of the organic
thin film has been attributed to a charge exchange

mechanism between the projectile ion and the target
surface.33 The degree of sputtering appears to depend on
the projectile ion, the chemical composition of the target
surface, and the collision energy used. The process of
chemical sputtering is not significant for the organic thin
films and the projectile ions used in the research presented
here. Therefore, we provide no data or discussion related
to chemical sputtering for the organic thin films examined
in this study.

Self-assembled organic thin films that contain fluorine
have proven to be interesting and useful targets for low-
energy ion-surface collisions. Energy deposition during
a SID experiment depends strongly on the composition of
the SAMs on the surface. Fluorinated SAM films yield a
“harder” surface compared to hydrocarbon SAM films,
resulting in a greater average transfer of kinetic to internal
energy.31,34 Several reports suggest that the increased
amount of energy transfer for fluorinated surfaces arises
from the effective mass increase and/or additional rigidity
of the fluorocarbon chain.12,31,35-37 In addition, higher
ionization energies of fluorinated SAMs allow more of the
typical organic ions to survive the collision (decrease in
neutralization) when compared to hydrocarbon SAMs.24,31

These comparisons were derived from analyses of SAMs
containing multiple fluorinated carbons (CF3(CF2)n(CH2)2-
SH, n ) 7, 9, 11) versus n-alkanethiols on gold.24,31

Perfluorinated, CF3(CH2)n-terminated, and stearate L-B
films were previously investigated by Gu et al. who
established that the presence of fluorine at the terminus
of L-B films controls the ion fragmentation, ion neu-
tralization, and ion-surface reactions occurring during
low-energy polyatomic ion collisions.26 The L-B films were
employed because CF3-terminated alkanethiolates were
not available to form SAM films at the time of the study.
The present research investigates ion-surface collision
processes on the now available CF3-, CF3CF2-, and C10F21-
terminated SAM surfaces.38-45 This comparison is im-
portant because discrete differences between L-B and
SAM films exist that can conceivably influence low-energy
ion-surface collision processes. The previously investi-
gated fluorinatedL-Bfilmswerecarboxylicacidmolecules
transferred to an aluminum substrate46 by physical
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adsorption via dipping procedures47,48 to form three-layer
Y-type films. The present research utilizes alkanethiolates
covalently attached to gold substrates (via sulfur-gold
bonds) by immersion of a gold substrate into an appropri-
ate thiol solution to form a monomolecular layer.47,49,50

The amphiphilic molecules of the L-B films are orientated
approximately perpendicular to the surface normal,48

which contrasts the orientation of the fluorocarbon and
hydrocarbon SAM chains having a tilt of approximately
17-30° from the surface normal.51-54

Previousstudies haveshown that CF3(CH2)n-terminated
SAM films are well ordered on the molecular scale and
exhibit the same surface packing density as CH3(CH2)n-
terminated films despite the CF3 terminal group being
markedly larger than CH3.38,45 It has also been concluded
that the terminal groups of CF3-terminated chains have
the same orientation as CH3-terminated SAMs for odd
and even chain lengths.40,41,43 The comparison of n-alkyl,
CF3-, CF3CF2-, and C10F21-terminated SAMs presented
here demonstrates that the degree of fluorination can exert
a profound influence on low-energy ion-surface collision
processes. Polyatomic and atomic ion-surface reactions
with previously unavailable SAM fluorinated films, for
example, CF3- and CF3CF2-terminated, also reveal the
depth of sampling into the organic thin film.

Experimental Section
The alkanethiols investigated include alkyl-terminated

(CH3(CH2)15SH), CF3-terminated (CF3(CH2)nSH, where n ) 12,
13, 14, 15), CF3CF2-terminated (CF3CF2(CH2)14SH), and C10F21-
terminated (CF3(CF2)9(CH2)6SH) thiols. The purity of the flu-
orinated alkanethiols was checked and verified with gas chro-
matography-mass spectrometry (GC-MS) (HP 5988A GC/MS).
The normal alkanethiol, CH3(CH2)15SH (92%), was purchased
from Aldrich and used without further purification. The synthesis
of the CF3- and CF3CF2-terminated alkanethiols has been
reported elsewhere.42 A similar strategy was used to prepare
CF3(CF2)9(CH2)6SH, which gave the following analytical data.
1H NMR (300 MHz, CDCl3): δ 2.53 (q, J ) 7.2 Hz, 2 H), 1.97-
2.10 (m, 2 H), 1.59-1.72 (m, 4 H), 1.32-1.46 (m, 5 H). 13C NMR
(75.5 MHz, CDCl3): δ 110-120 (bm, 10 C), 33.89, 31.01 (t, 2JCF
) 23 Hz), 29.06, 28.15, 24.69, 20.25. HRMS: calcd for C16H13F21S
(M)+•, 636.0403; found, 636.0393.

The vapor-deposited gold surfaces were purchased from
Evaporated Metal Films (Ithaca, NY). The gold surfaces were
formed on a 17 mm × 13 mm × 0.5 mm silica base that was
covered with a 5 nm adhesion underlayer of titanium and then
100 nm of vapor-deposited gold. The gold surfaces were UV-
cleaned for 15 min (Boekel UV cleaner, model 135500) before
being placed in appropriate thiol solutions. Monolayer formation
was performed by allowing the freshly UV-cleaned gold surface
to react in ∼1 mM ethanolic solution of a particular thiol for 72
h.55 The ethanolic solutions were prepared in glassware cleaned
with piranha solution (H2SO4/H2O2, in a 1:3 volume ratio).
Caution: piranha solution is highly oxidizing, and extreme care

should be used when handling. The films were then rinsed six
times by sonication in ethanol, dried under argon, and im-
mediately inserted into the fast entry lock of the mass spec-
trometer and placed under vacuum.

A detailed description of the basic SID tandem system with
recent modifications has been published elsewhere.16,29 Briefly,
two Extrel quadrupole mass analyzers are arranged in a 90°
configuration with an adjustable surface holder bisecting the
mass analyzers at a 45° angle. Collision energy is controlled by
the potential difference between the surface and the ion source,
where mass-selected singly charged ions from the first quadrupole
collide into the organic thin film. The products of the collision
are then focused into and analyzed by the second quadrupole of
the tandem system. The surface holder secures four surfaces,
where each surface can be individually placed in the ion beam
of the mass spectrometer. All four surfaces can be analyzed under
the same experimental conditions. During the measurements,
the base pressure of the instrument was 5 × 10-7 Torr. The
projectile ions, pyrazine+• (Aldrich 99+%), benzene+• (Aldrich
99+%), and Mo+• and Cr+• (from Mo(CO)6 and Cr(CO)6 (Aldrich
99+%)), were generated by 70 eV electron impact (EI).

Results and Discussion

We first compare the results of ion-surface collision
reactions with gold surfaces modified with various hy-
drocarbon and partially fluorinated alkanethiol SAMs,
where the overall chain length was held constant, that is,
the hydrocarbon alkanethiol, CH3(CH2)15S-Au (C16F0);
its CF3-terminated counterpart, CF3(CH2)15S-Au (C16F1);
its CF3CF2-terminated counterpart, CF3CF2(CH2)14S-Au
(C16F2); and its C10F21-terminated counterpart, CF3-
(CF2)9(CH2)6S-Au (C16F10). This series of surfaces was
used to assess the influence of fluorine at the terminal
position and underlying (CF2)n groups in SAM films on
each of the ion-surface collision processes, that is,
fragmentation, neutralization, and ion-surface reactions.
This comparison was performed with the aforementioned
polyatomic and atomic ions at low collision energies (<100
eV). We then compare the results of ion-surface collision
reactions for gold surfaces modified with a series of CF3-
terminated alkanethiols, CF3(CH2)nSH, where n ) 12, 13,
14, and 15 (C13F1, C14F1, C15F1, and C16F1, respec-
tively) to explore possible differences in ion-surface
reactions with respect to odd- and even-numbered chain
lengths, given that the orientation of the terminal group
in SAMs on gold is known to vary systematically with odd
versus even chain lengths (vide supra).

Comparison of SAMs Derived from C16F0, C16F1,
C16F2, and C16F10. Energy Conversion Differences
(T f V). Does the translational energy converted to
internal modes of the polyatomic projectile ion depend
more on the total chain composition or on the chain
terminus of the SAM films? To address this question, MS/
MS spectra are compared after collisions of pyrazine (m/z
80) at 20 eV (Figure 1) and benzene (m/z 78) at 30 eV
(Figure 2) with the SAM films. Changing only the terminal
group (CH3 f CF3) at the surface (Figure 1a vs Figure 1b
and Figure 2a vs Figure 2b) leads to an enhanced
conversion of translational energy into internal energy of
the projectile ion (T f V), which is reflected by an increase
in the relative abundance of the low mass fragments of
the molecular ions, that is, m/z 26 and 53 for pyrazine and
m/z 26, 27, 39, 50-52, and 63 for benzene. Results for all
three fluorinated films (Figures 1b,c,d and 2b,c,d) suggest
similar energy deposition and are dramatically different
when compared to the hydrocarbon film (Figure 1b,c,d vs
Figure 1a and Figure 2b,c,d vs Figure 2a). To approximate
the percentage of collision energy deposited into the
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projectile ion, the extended deconvolution method56 was
applied to calculate the internal energy distribution
diagrams for benzene with increasing SID collision
energies (Figure 3). A variety of methods have been
developed that can be used to approximate the amount of
internal energy conversion; however, given that the goal
of this study was to compare the relative differences in

energy deposition for various hydrocarbon and fluoro-
carbon surfaces, alternative estimation methods will not
be presented here.17,37,57,58 Figure 3 demonstrates a
significant increase in the conversion of kinetic energy to
internal modes of benzene at various collision energies
with substitution of the CF3 group for the CH3 group. The
observed linearity of internal energy as a function of SID
collision energy is a reproducible result.56 However,
deviation of linearity could be due to ion-surface reactions
and chemical sputtering that are not included in the
internal energy estimation. Recently, specific and thor-
ough studies on the linear conversion efficiency in SID
have been performed using “cold” electrospray ions.14,15

The average percentage energy conversion was estimated
using internal energy diagrams for each surface at 50 eV
(Table 1 displays the %T f V conversion for each film).
The first data set (labeled A) was used to probe the
influence of the terminal group, and the second (labeled
B) was used to highlight the reproducibility of the method
and to examine the influence of the underlying CF2 groups.
These data are consistent with reported values for
hydrocarbon and fluorocarbon films previously evaluated
using the extended deconvolution method.56 The efficiency
for energy conversion for the different SAM surfaces
follows the order C16F10 ≈ C16F2 ≈ C16F1 > C16F0.
The data suggest that a majority of the energy conversion
arises from the interaction of the projectile ion with the
terminal CF3 group. However, the further increase in
energy conversion with the C16F2 and C16F10 SAMs
suggests that the underlying (CF2)n groups play a mea-
surable role in the energy conversion process. This increase
probably originates from an increased effective mass of
the target surface.

Ion-Surface Reaction Differences. Do ion-surface re-
actions vary with changes in the composition of SAM films?
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Figure 1. Product spectra formed from collisions between
pyrazine at 20 eV kinetic energy and (a) alkyl-terminated
(C16F0), (b) CF3-terminated (C16F1), (c) CF3CF2-terminated
(C16F2), and (d) C10F21-terminated (C16F10) SAM films.

Figure 2. Product spectra formed from collisions between
benzene at 30 eV kinetic energy and (a) alkyl-terminated
(C16F0), (b) CF3-terminated (C16F1), (c) CF3CF2-terminated
(C16F2), and (d) C10F21-terminated (C16F10) SAM films.

Figure 3. Internal energy conversion into benzene molecular
ions plotted versus SID collision energy for C16F10 (0), C16F2
(b), C16F1 ()), and C16F0 (1).

Table 1. Internal Energy Distributions of Benzene Ions
at 50 eV

%T f V %T f V

surface data set A data set B surface data set A data set B

C16F0 19.0% 18.6% C16F2 - 27.4%
C16F1 26.6% 26.4% C16F10 28.4% 28.0%
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Hydrogen-abstraction products formed upon collisions
with pyrazine ions at 20 eV are shown in Figure 1. With
the C16F0 surface (Figure 1a), reactions occur between
the molecular pyrazine ions, M+• (m/z 80), and available
hydrogen atoms of the target film (giving rise to MH+, m/z
81) as well as available methyl groups (giving rise to [M
+ CH3]+, m/z 95). Also, during the collision, M+• and MH+

ions gain sufficient internal energy to produce fragment
ions at m/z 53 and m/z 54, corresponding to neutral loss
of HCN from the M+• ion and the MH+ ion, respectively.
For the C16F1 surface (Figure 1b), the reaction with
available hydrogen is greatly diminished, and the reaction
between the projectile and methyl groups is completely
absent. For the C16F2 and C16F10 films (Figure 1c,d),
peaks corresponding to the addition of hydrogen atoms
and methyl groups are extremely small or absent.
Therefore, the presence of hydrocarbon contamination
from the vacuum chamber appears to be an insignificant
factor for the fluorinated films. The mild tendency for
hydrogen abstraction from theC16F1 film is then assumed
to arise from exposed hydrogen from the CH2 group under
the CF3 group. Further evidence to support this conclusion
is provided in the discussion section relating to the odd-
even CF3-terminated chains (vide infra). The data
presented here also agree with our related pyrazine
ion-surface reaction studies of SAMs derived from CD3-
(CH2)19SH, CD3(CD2)19SH, and CH3(CH2)19SH.59

The benzene molecular ion (m/z 78) undergoes formal
fluorine addition for all the fluorinated films to produce
two reaction products, C6H5F+ (m/z 96) and C6H4F+ (m/z
95).24 The fluorinated product ions are illustrated for the
C16F1, C16F2, and C16F10 films (Figure 2, parts b, c,
and d, respectively). The formation of these ions further
illustrates that reaction occurs with the uppermost portion
of the films, predominantly the terminal group. Benzene
(m/z 78) can undergo formal addition with available
fluorine to produce two reaction products, C6H5F+ (m/z
96) and C6H4F+ (m/z 95), which are capable of producing
the fragment ions C4H3F+, C3H2F+, and C2H2F+ (m/z 70,
57, and 45, respectively).24 When the integrated normal-
ized peak areas of all fluorinated product ions are divided
by the integrated areas of all ions in the spectrum, a
normalized ratio of 1.0:0.57:0.24 is generated for C10F21-
terminated, CF3CF2-terminated, and CF3-terminated
surfaces, respectively (i.e., C16F10 reactivity > C16F2
> C16F1). These data suggest penetration of the benzene
molecular ion into the target surface, enabling abstraction
of fluorine from underlying (CF2) groups, which is
analogous to the pyrazine molecular ion sampling un-
derlying hydrogen from the C16F1 SAM (Figure 1b). The
presence of the C7H7

+ ion (m/z 91) is also diagnostic,
corresponding to formal addition of CH to benzene.18,24

The m/z 91 ion is apparent upon the collision of benzene
with the C16F0 film (Figure 2a), where available methyl
groups undergo reaction with benzene (C6H6

+• + CH3 -
H2). The presence of m/z 65, a fragment of the m/z 91
reaction ion (C7H7

+ - C2H2), is also observed. These
reaction product ions are not observed for the C16F2 and
C16F10 surfaces (Figure 2, parts c and d, respectively),
but the presence of m/z 91 was observed for the C16F1
surface (Figure 2b). The CF3-terminated film can plausibly
give rise to this product ion through two possible path-
ways: physisorbed hydrocarbon contamination and/or
reaction with methylene groups that lie under the terminal
group. The lack of hydrogen addition with pyrazine ions
and/or methyl addition with benzene ions for the fluori-
nated films (C16F2 or C16F10) suggests insignificant

surface contamination. Therefore, the m/z 91 ion probably
arises from the film (C6H6

+• + CF3CH2 - HCF3) rather
than from contaminants. Further support for this claim
is provided in the discussion section regarding SAMs
having odd versus even CF3-terminated chains.

Collisions with atomic projectile ions were employed to
provide further evidence for the mechanism proposed for
fluorine addition between atomic ions and partially
fluorinated SAM films.60 Cooks and co-workers proposed
that fluorine addition occurs from the terminal CF3 group
and underlying CF2 groups. They suggested that the
endothermic abstraction step is probable due to (i) energy
release from CdC bond formation between two carbon
atoms after fluorine abstraction from each carbon of the
CF3CF2 terminal group and (ii) depth of penetration into
the film, which allows the underlying CF2 groups to
undergo reaction. Fluorine abstraction with 96Mo+• pre-
cursor ions incident at 60 eV on the partially fluorinated
films is shown in Figure 4 with intensity ratios presented
in Table 2. The reaction with the CF3-terminated SAM
(Figure 4a) can only involve the interaction of the atomic
ion with the fluorine atoms in the terminal CF3 group.
The observed increase in fluorine abstraction with the
CF3CF2- and C10F21-terminated SAMs (Figure 4b,c) sug-
gests that additional abstraction occurs from underlying
CF2 groups. These data are consistent with previous work
involving fluorinated SAMs and CF3-terminated and
perfluorinated L-B films.26,60 The novel aspect of the
present comparison lies with the data from the CF3CF2-
terminated SAMs. If fluorine abstraction occurs only with
the first two terminal fluorinated carbon atoms, then

(59) Angelico, V. A.; Dube, C. A.; Wysocki, V. H. To be published.
(60) Pradeep, T.; Riederer, D. E.; Hoke, S. H.; Ast, T.; Cooks, R. G.;

Linford, M. R. J. Am. Chem. Soc. 1994, 116, 8658-8665.

Figure 4. The 96Mo+ precursor ion incident at 60 eV was used
to abstract fluorine from (a) CF3-terminated (C16F1), (b) CF3-
CF2-terminated (C16F2), and (c) C10F21-terminated (C16F10)
SAM films.

Table 2. Intensity Ratios of 96Mo+• Reaction Products at
60 eV

surface 96Mo+• 96MoF+ 96MoF2
+• 96MoF3

+ 96MoF4
+•

C16F1 100 33 1.9 0.0 0.0
C16F2 100 79 26 5.2 0.0
C16F10 76 100 51 19 2.4
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spectra resulting from collisions between 96Mo+• and CF3-
CF2- and C10F21-terminated SAMs should appear similar.
However, the intensity ratios are quite distinct (C16F10
> C16F2 > C16F1), implying that atomic ions penetrate
deeper than two atomic layers into the SAM films to
abstract fluorine atoms during the collision event. Table
3 shows that a similar trend was monitored by a 60 eV
collision of 52Cr+• ions (spectra not shown) and the resulting
intensity ratios of Cr+•/CrF+/CrF2

+• for the different
fluorinated SAMs. These data collectively support the
penetration of atomic ions into a few atomic layers of the
surface past the first two terminal carbon atoms.40

Electron-Transfer Differences. Is electron transfer from
the film to the projectile ion predominantly influenced by
the composition of the terminal group of SAMs, or does
the underlying chain play a strong role? The extent of
neutralization of pyrazine molecular ions incident at 20
eV on C16F0, C16F1, C16F2, and C16F10 surfaces is
presented in Figure 5. The total scattered-ion current (TIC)
reflects the total number of ions that are detected at the
electron multiplier after surviving collisions with the
modified surface. The total surviving ions include the
precursor, fragment, and reaction ions, that is, all the
ions that appear in Figure 1. The baseline in Figure 5 was
attained when the EI source filaments were turned off.
The TIC plot shows that the partially fluorinated films
give less neutralization than the purely hydrocarbon film.
The current values, C16F0 ) 0.32 nA, C16F1 ) 0.21 nA,
C16F2 ) 0.14 nA, and C16F10 ) 0.15 nA (displayed in
the inset of Figure 5), were measured with a picoampe-
remeter at each of the target surfaces during the collision.
Low ion signal measured at the electron multiplier
corresponds to enhanced electron transfer, that is, elevated
current at the target surface (thus enhanced neutraliza-
tion, and vice versa). The trend for the current measure-
ments is consistent with the relative total scattered-ion
currents shown in Figure 5. This trend was also apparent
with collisions of benzene at 30 eV (TIC not shown). The
current values measured with benzene for the C16F0,
C16F1, C16F2, and C16F10 SAMs were 0.31, 0.23, 0.12,

and 0.11 nA, respectively. For the CF3-terminated SAM,
it appears that a portion of the polyatomic ions penetrate
beneath the terminal group, which allows access to the
underlying CH2 groups (lower ionization energy). This
small penetration allows a fraction of the ions to experience
electron transfer via a pathway distinct from that of the
C16F2 and C16F10 SAMs. A detailed discussion regard-
ing the neutralization of methyl cations with fluorinated
SAM films is forthcoming.61 Overall, the efficiency of
electron transfer to the pyrazine and benzene ions follows
the order C16F0 > C16F1 > C16F10 g C16F2. These
results contrast the results for the previously investigated
L-B films, where electron-transfer efficiency followed the
order stearate > CF3-terminated ≈ perfluorinated, that
is, CF3-terminated and perfluorinated films gave more
similar values for neutralization.26 Differences in the
observed trends can perhaps be attributed to the enhanced
conformational order of SAM films versus L-B films and/
or the greater tilt angle for SAM films versus L-B films
where CH2 is exposed in the CF3-terminated SAM film
but not with the L-B film.

Comparison of SAMs Derived from C13F1, C14F1,
C15F1, and C16F1. Ion-surface collision data for even-
and odd-numbered CF3-terminated chains were used to
examine the orientation differences of the terminal group.
The odd-even orientation effect for the CF3 terminal
functional groups relative to the surface has been shown
by previous studies.39-41,43 As mentioned above, benzene
(m/z 78) can undergo formal addition with available
fluorine to produce two reaction products, C6H5F+ (m/z
96) and C6H4F+ (m/z 95), which are capable of producing
the fragment ions C4H3F+, C3H2F+, and C2H2F+ (m/z 70,
57, and 45, respectively).24 A fluorine reaction quotient
for a given chain length can be generated by summing the
integrated normalized peak areas of fluorine reaction ions
divided by the integrated areas of all ions in the spectrum.
The results from these ion-surface reactions are shown
in Figure 6 as a plot of the fluorine reaction quotient [(96
+ 95 + 70 + 57 + 45)/(total peak area)] versus total carbon
chain length. Each data point represents an average of
measurements from three independent surfaces prepared
at different times and measured in the SID instrument.
The standard deviation error bars determined for each
sample can be attributed to minor drifts in instrumental
conditions as well as minor variations in the quality of
the substrates and the films. The magnitude of fluorine

(61) Somogyi, A.; Smith, D. L.; Wysocki, V. H.; Colorado, R., Jr.; Lee,
T. R. J. Am. Soc. Mass Spectrom., to be submitted.

Figure 5. The total scattered-ion current (TIC) measured at
the detector of the SID instrument for pyrazine at 20 eV for
C10F21-terminated (C16F10), CF3CF2-terminated (C16F2), CF3-
terminated (C16F1), and alkyl-terminated (C16F0) SAM films.

Table 3. Intensity Ratios of 52Cr+• Reaction Products at
60 eV

surface 52Cr+• 52CrF+ 52CrF2
+•

C16F1 100 14 0.0
C16F2 100 30 0.7
C16F10 100 48 2.5

Figure 6. Fluorine addition with benzene at 30 eV incident
on CF3-terminated SAM films on Au. Large quotient values
indicate enhanced fluorine abstraction.
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abstraction is greater for odd-numbered chains than for
even-numbered chains. This difference can be rationalized
on the basis of a model where one fluorine atom of odd-
numbered chains extends, on average, substantially above
the plane defined by the outermost carbon atom. For even-
numbered chains, however, all three fluorine atoms lie
slightly above the plane defined by the outermost carbon
atom. In the former case, the exposed fluorine atom would
appear to be relatively accessible to abstraction. This
interpretation is consistent with the suggested orientation
of the terminal CF3 groups in these SAMs39-41,43 and also
parallels the data previously reported for ion-surface
reactions involving CH3-terminated SAMs.29

A plot of hydrogen abstraction with pyrazine molecular
ions versus chain length showed a similar but reversed
trend (Figure 7). The reaction of pyrazine with hydrogen,
along with the molecular and reaction fragments, was
briefly described above. A hydrogen reaction quotient
[(MH+ + (MH - HCN)+)/(M+• + (M - HCN)+•)] or in terms
of m/z values [((81) + (54))/((80) + (53))] can also be
calculated by using the integrated normalized peak areas
of the corresponding ions. Again, each data point repre-
sents an average of measurements from three independent
surfaces with experimentally determined standard devia-
tion error bars. Moreover, as discussed above, physisorbed
hydrocarbon contamination is not significant enough to
account foranysubstantial H-addition.Anycontamination
that is present should be roughly constant due to the
similarities of the CF3-terminated films; therefore, the
present variation of hydrogen abstraction with chain
length suggests that the hydrogen originates from the
chain rather than from contaminants. The results are quite
surprising given the nearly perpendicular orientation of
the terminal CH2-CF3 bond in the even-numbered chains,
which would be expected to inhibit access to the hydrogen
atoms of the â-CH2 group. In contrast, the hydrogen atoms
of the â-CH2 group in odd-numbered chains should be
relatively available for abstraction.62

Similarly, the m/z 91 ion previously observed in the
reaction between benzene ions and the C16F1 surface
(Figure 2b) was also observed in the product spectra for
all of the CF3-terminated SAMs, that is, C13F1, C14F1,
C15F1, and C16F1. We argued above that this product
ion arises from the reaction between the benzene ion and
the film (C6H6

+• + CF3CH2 - HCF3). In this model, the
benzene ion appears to interact directly with the carbon
atom of the â-CH2 group (i.e., the carbon atom attached

to the CF3 group). Although we have yet to unambiguously
identify the source of the m/z 91 ion, we can tentatively
assign it as a reaction ion (C7H7

+), which is known to be
stable and is known to undergo fragmentation to generate
a m/z 65 ion.18,24 A m/z 91 ion reaction quotient is derived
by summing the integrated normalized peak areas of the
m/z 91 ion and its fragment m/z 65 ion divided by the area
of the total ions in the spectrum for an individual chain
length. From these manipulations, we find that the
integrated areas for the m/z 91 ion and its fragment m/z
65 ion are greater for the even-numbered chain lengths
compared to odd-numbered chain lengths (see Figure 8).
Again, the enhanced reactivity of the even-numbered
chains is surprising given that the â-carbon atoms in these
films are likely to be sterically shielded relative to the
â-carbon atoms in odd-numbered chains.39-41,43,62 We note
also that the chain-length-dependent formation of these
ions again indicates that they are derived from the films
rather than from contaminants.

We are left to rationalize the surprisingly enhanced
reactivity of the CF3-terminated SAMs having even-
numbered chain lengths. Enhancements in both the
addition of hydrogen to pyrazine ions and the formal
addition of CH to benzene ions can be argued to result
from the even-numbered chains possessing more defects
than those having odd-numbered chains. The purity of
the alkanethiols was checked and verified with GC-MS,
and no interfering contaminations appear to be present.
Defect sites present could be a result of multiple phase
boundaries formed between ordered SAM domains or
disruption at the interface of the even-numbered chain
during the collision. These defect sites would permit
enhanced access of probe ions into the even-chain-length
films for reaction of exposed chain atoms. Studies utilizing
CF3-terminated thiols having specific deuterium labeling
(currently not available) should help to clarify these
observed reaction pathways.

Conclusions
With the synthesis of new alkanethiols that contain

various functional groups, model target surfaces can be
constructed to gain an increasing amount of knowledge
regarding ion-surface collision processes with self-as-
sembled monolayer films. The resulting information is
vital to the development of ion-surface collisions as a
surface analytical tool that supplies data regarding organic
thin films in terms of exposed atom/group composition,
electron transfer in the gas phase, and conversion of kinetic
energy to internal energy for the fragmentation of

(62) Shon, Y.-S.; Lee, S.; Colorado, R., Jr.; Perry, S. S.; Lee, T. R. J.
Am. Chem. Soc. 2000, 122, 7556-7563.

Figure 7. Hydrogen addition with pyrazine at 20 eV incident
on CF3-terminated SAM films on Au. Large quotient values
indicate enhanced hydrogen abstraction.

Figure 8. Methyl addition with benzene at 30 eV incident on
CF3-terminated SAM films on Au. Large quotient values
indicate enhanced methyl abstraction.
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projectile ions. From examining results from low-energy
ion-surface collisions with various fluorinated SAM
surfaces, we have found that the effective mass of the
terminal group is the most direct contributor to the extent
of translational energy converted to internal energy for
polyatomic projectile ions. In the case of SAM films, the
underlying groups also play a measurable role in this
process. Electron transfer from the surface and through
the organic film is predominantly influenced by the nature
of the terminal group, that is, CH3 versus CF3. However,
polyatomic ions penetrate into a depth of the film and
clearly indicate differences in electron transfer between
CF3-terminated films and CF3CF2- and C10F21-terminated
films. The nature of the terminal group is also the
predominant factor in the chemical transformations
occurring during the ion-surface collisions. Slight pen-
etration also influences the ion-surface reactions; there-

fore, these reactive collisions are sensitive to changes in
the exposed atoms or groups in the uppermost atomic
layers of the interface. Ion-surface reactions can also
detect differences in SAM films having terminal groups
with identical chemical composition but differing bulk
structure, as observed for CF3-terminated films having
odd-numbered versus even-numbered chain lengths.
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