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Abstract

Reactive scattering of polyatomic ions in the hyperthermal collision energy rarif@0(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, GB-terminated, and C¥CH,O-terminated dialkyl disulfides. Projectile ions used for ion/surface scattering
experiments include GF, SiCk*, and the molecular ion of pyridine,s8sN°**. 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 GHsN°®™ ion is more prominent at the GEBH,0O- and CHO-terminated surfaces than the HO-terminated surface, while collisions of
SiCl;* yield reactively scattered products which reflect the chemical composition of these surfaces. For instay@k|, 36t SiC}OCH,;™
are scattered from the HO-terminated andsOHerminated surfaces, respectively. lon/surface collisions involving the @R produce
chemically sputtered ions from the oxygenated adsorbates, which are valuable for quantitation of those groups. Preferential sputtering of the
CH;O-terminated versus the HO-terminated SAM surface is ascribed to favored thermochemistry and the more acceSsieler@itated
adsorbate. Fundamental ion/surface scattering processes, such as inelastic collisions leading to surface-induced dissociation (&), ion/surf
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 the processes involved, namely surface-induced dissociation
(SID), ion/surface reactions, and chemical sputtering of sur-
John Beynon reported activation of projectile ions by col- face molecules as gas-phase ions.
liding ions with a stainless steel target in an ion kinetic en-  Surface-induced dissociation is the term used to describe
ergy spectrometdil]. This early mass spectrometric study the process of ion activation and subsequent fragmentation,
of ion/surface collisions is just one of many areas of mass which occurs when ions are allowed to collide inelasti-
spectrometry in which John Beynon made seminal contri- cally with surfaces. When performed in the hyperthermal
butions. Collisions of ions with surfaces in the hyperther- collision energy range, SID provides similar or greater in-
mal collision energy range<(100 eV) represent a subject ternal excitation of the ion than its gas-phase counterpart,
that has contributed to the elucidation of ion structi@;8], collision-induced dissociation (CID|8,9]. The large, yet
the chemical analysis of surfac§$,5], and the prepara- easily controlled internal energy deposition is useful for
tion of chemically modified surfacd6,7]. Apart from these  inducing fragmentation of large or stable molecules, espe-
and other potential applications, attention has also been at-cially biological ions[10]. The efficiency of ion activation
tracted to this area because of the variety and diversity of 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

* Corresponding author. Tek:1-765-494-5263; fax3-1-765-494-9421. an_d in terms of sc_attered ion yielfis1]. The internal exci-
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is significantly greater than that for hydrocarbon-covered shown to chemically transform terminal groups of fluorocar-
surfaces[13]. Reasons suggested for the effectiveness of bon surfaces into terminal GK units, where X represents a
fluorocarbon surfaces over the other surfaces include thehalogen atom or pseudohalogen group derived from the pro-
chemical inertness of these molecules, the larger ionizationjectile ion[28]. Silicon nitride formation has been achieved
energy which suppresses neutralization, and the greaterby reactions of N and N** ions with a Si(100) surface
effective mass which increases momentum trandfé}. [29], and diamond-like carbon films have been formed at
Charge exchange involves electron transfer from the clean surfaces as a result of low-energy llisions[30].
surface to the incoming projectile ion and occurs most effi- Low-energy Ck* and GFs™ ions have been used to mod-
ciently when the recombination energy of the ion is equiv- ify a polystyrene surface, thesEs™ ion being more effec-
alent to or exceeds the ionization energy of the molecular tive than the CE* ion [31].
adsorbate on the surface. If this process is accompanied Covalent addition of polyatomic cations at functional-
by sufficient energy transfer to the surface, ionized surface ized organic surfaces has also been demonstrated. Aromatic
molecular fragments are released from the surface into theions, such as the (M- H)™ ion of chlorobenzengs] cova-
gas phase and can be observed in the scattered ion madently binds to a carboxylic acid terminated self-assembled
spectrun[15]. This process, known as chemical sputtering, monolayer surface through an ion/surface decarboxyla-
is a useful way to characterize the chemical componentstion reaction, which is reminiscent of the condensed phase
present at the outermost layers of a surfdd. Kolbe reaction. Furthermore, hydroxy-terminated SAMs
lon/surface reactions include events in which an atom or have been transformed into terminal estf82] and silyl
a group of atoms is transferred between the projectile ion ethers [33] through reactions with such cations as the
and surface in the course of low-energy collisions, viz. they benzoyl cation, gHsCO™, and the trimethylsilyl cation,
include the important process of reactive scattering. While Si(CHg)s™. The extent of such surface modifications pro-
large enough to cause dissociation of covalent bonds, theduced by ion/surface reactions has been measured using
hyperthermal collision energies used in ion/surface scatter-X-ray photoelectron spectroscopy and Fourier transform
ing studies are not so large as to obscure the characteristignfrared external reflectance spectroscopy (FTIR-ER&)
behavior of the ion/surface collision pair. Subsequent bond In the present study, each of the above mentioned
formation is often thermodynamically favored. lon/surface processes, viz. SID, ion/surface reactions, and chemical
collision products which retain a charge are observable by sputtering, contribute to the characterization and differenti-
mass analysis and are referred to as reactively scattered ionsation of three oxygenated surfaces. These surfaces studied
One of the earliest ion/surface reactions repof16q18]in- are a hydroxy-terminated SAM (HO-SAM), a methoxy-
volved the abstraction of hydrogen atoms from hydrocarbon terminated SAM (CHO-SAM), and an ethoxy-terminated
surfaces by organic ions such as the molecular ions of ben-SAM (CH3CH,O-SAM). Differences observed in the scat-
zene and pyridine. Heavier aromatic ions, such as the molec-tered ion products resulting from these surfaces provide
ular ion of phenanthrene GH10°"), abstract alkyl groups insights into the characteristics and limitations of the fun-
as large as gH,, from hydrocarbon surfacd49,20]. Other damental processes observed in low-energy ion/surface col-
well-known ion/surface reactions involve C—C and C—F bond lisions. Three different polyatomic cations, £€F SiCk™,
activation as a result of collisions of transition metal ions and GHsN*™ are used as projectiles and their different
(We*, Crt, and R&) [21], atomic ions (B, Xe**t, and properties help to accentuate the different ion/surface colli-
IT) [22,23] or polyatomic ions (AICt and PC}) [24] sion processes.
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 and2. Experimental methods
Schwarz[25].
Interest in reactive scattering is increased by the fact that2.1. Surface preparation
it provides information on the nature of the surface. For ex-

ample, adsorbed chlorobenzyl mercaptan isorfigresan be Synthesis of the HO-terminated dialkyl disulfide
differentiated based on reactions with*€r which gener- (HO(CHy)11S-) was performed by dissolving 11-mercapto-
ate such product ions as CrChnd CrGHgCI™ with the undecanol (Aldrich Inc., Milwaukee, WI) in an ethanolic

accessible chlorine in thgchloro isomer. In another study  solution of potassium hydroxide (10 MM KOH). Then 30%
[26], the molecular ion of pyridine, §HsN**, was shown hydrogen peroxide was added and the solution was heated
to allow distinction between 1,4-benzenedimethanethiol ad- for 8h while being stirred. The disulfide was extracted
sorbed on gold versus silver due to differences in the orien- from water with diethyl ether and dried with anhydrous
tation of the adsorbates on the two metals. sodium sulfate. After removal of the solvent, the product
A number of studies have revealed that selective chemi- was recrystallized from benzene. The HO-terminated disul-
cal modifications can be performed at surfaces as a result offide was then used for synthesis of the {CHterminated
ion/surface reactions. Transhalogenation reactirikper- (CH30(CHp)11S-), CD3O-terminated (CRO(CHy)11S-),
formed with reagents such as B€lor SINCO", have been and CHCH,O-terminated (CHCH2O(CH,;)11S-) disul-
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fides. Synthesis of the G@-terminated disulfide was to the surface normal, while scattered ions were collected

performed by dissolving the HO-terminated disulfide in at approximately the specular angle. Collection angles were

tetrahydrofuran along with sodium hydride and methyl io- not varied, but ion trajectory simulations show that under

dide. The reaction mixture was stirred and heated underthe conditions used, the analytical system accepts a wide

reflux for 24 h. The desired product was extracted from range of scattering angles, approximately 8@ either side

water with dichloromethane, and then dried with anhydrous of the specular angle. Scattered ions were analyzed using a

sodium sulfate. After removal of the solvent, the product quadrupole mass analyzer preceded by an electrostatic ana-

was recrystallized from methanol and purified by flash lyzer, used as a kinetic energy to charge filter. The kinetic

chromatography using 1:4 ethyl acetate/hexanes as the moenergy analyzer was set in a low-resolution mode so as to

bile phase. The same procedure was used for synthesis opass ions of a broad range of energies in the range of a

the CD;O-terminated and C§CH,O-terminated disulfides, few eV. These conditions are known to efficiently transfer

except that gemethyl iodide and ethyl iodide, respectively, the products of inelastic, reactive, and chemical sputtering

were used. Thin-layer chromatography and mass spectrom-processef36]. The selected conditions give maximum scat-

etry verified that each of the disulfide products was pure. tered ion transmission without significant angular or veloc-
The HO-SAM, CHO-SAM, CD3O-SAM, and Ch- ity discrimination, although the latter types of experiments

CH,O-SAM surfaces bound to gold films through sul- have been performed earlier, using the same instrumenta-

fur linkages, HO(CH)11S-Au, CHO(CH)11S-Au, tion. Projectile ions used in this study were £f SiClz™,

CD30(CH,;)11S-Au, and CHCH,0O(CH,)11S-Au, respec- and GHsN*™. These were derived, respectively, from elec-

tively, were prepared from the synthesized disulfide prod- tron ionization ofn-perfluorohexane, silicon tetrachloride,

ucts and used as the adsorbates in the ion/surface scatteringnd pyridine (Aldrich Inc.).

experiments. Substrates were prepared by thermal evapora-

tion of 100 A of chromium then 2000 A of gold onto silicon

wafers of orientationf1 00 (International Wafer Service, 3. Resultsand discussion

Portola Valley, CA). The molecular assemblies were con-

structed by immersing the substrates into 5mM ethanol 3.1. Overview of ion/surface collision processes at

solutions of the disulfides for at least 1 week. In addition, a CH30-SAM surfaces

series of mixed monolayer surfaces was prepared by mix-

ing different amounts of two of the disulfides in ethanol, The projectile ions, CF", SiCl*, and GHsN®*, were

the total concentration of the two being about 5mM. Each collided with the CHO-SAM surface at collision energies

of the surfaces was allowed to assemble in solution for a ranging from 25 to 80 eV. The scattered ions can be catego-

period of at least 1 week at room temperature. Detailed rized as being the products of elastic scattering, dissociative

information concerning the preparation and properties of scattering, reactive scattering, or chemical sputtering. The

SAM surfaces has been provided elsewH8k]. After as- combined ion abundances in each group have been normal-

sembly the surfaces were rinsed and sonicated in ethanoljzed for each collision energy and expressed in the form of

then dried under argon before being introduced into the an energy-resolved mass spectra (ERMS) plot, as shown in

high-vacuum scattering chamber. Fig. 1 This figure for the methoxy-terminated surface com-
pares the normalized abundance of scattered ions due to each
2.2. lon/surface scattering experiments of the four process types for the various projectiles. From the

ERMS plot shown irFig. 13 which represents scattered ion

All experiments were performed in a custom-built, hybrid mass spectra derived from collisions of the pyridine molecu-
mass spectrometer with geometry BEEQ £B magnetic lar ion, GHsN**, with the CHO-SAM surface, itis evident
sector, E= electric sector, @= quadrupole mass analyzer), thatthe most abundant ions observed in the mass spectra are
a detailed description of which has been providéé]. reactively and dissociatively scattered. Reactive scattering
Briefly, volatile samples were independently introduced into is the most important scattering process at collision energies
the ion source (1 Torr nominal sample pressure) and ion- below 35eV and is largely associated with H atom abstrac-
ized by electron impact (70 eV). lons of interest were accel- tion from the surface by the projectile radical cation. Hydro-
erated to ca. 2 keV translational energy and mass and energyen atom abstraction, which is represented by formation of
selected, respectively, by the magnetic and electrostatic anthe (M+ H)™ ion, has previously been shown to be a favor-
alyzers of the double focusing mass spectrometer. Projectileable reactiori37] for odd-electron ions impinging on hydro-
ions of interest were decelerated to low translational ener- carbon surfaces. As the collision energy is increased, more
gies (<100eV), then allowed to collide with the surface in energy is transferred into the internal coordinates of both the
a high-vacuum scattering chamber maintained at a nominalreactively scattered (M-H)* product and the (in)elastically
base pressure of 2 10~° Torr (typical operating pressures  scattered M* ion, and both of these ions undergo frag-
were below 5x 102 Torr). mentation. The dissociatively scattered (SID) product ions

For the ion/surface scattering experiments, the sample wasdominate the secondary ion mass spectra at higher colli-
rotated so that the primary ion beam was incident & 55 sion energies. Chemically sputtered ions originating from
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100 exchange. Using known gas-phase energetics, the recombi-

(a)

go] ~ Reactive ,,.-I-"];""_"t','“é"&-! nation energy of SiGI" is calculated to be 11.0eY89],
1 7 1Ssoclative dcatterin, - .- .
60 oScatering o v ¢ while that for pyridine is 9.3 e\40]. The former value suf-
40 §Q<o Chemical Sputtering fices for ionization of the adsorbate, whose ionization en-
E -~ Elastic ~O i ; H
0] & scanemEO\o\ ergy in various estimates ranges from 9.3 to 10.38Y],
0] Ahstna o S while the latter does not. The reaction products observed at

e Y higher collision energies, along with the chemically sput-

§ 1004 Elastic Scattering te.red ions, both generated upon collision of the 5iqbn

I ®) Ak A with the CH;O-SAM surface, are the processes of interest

5 0] Resctive o Chemical Sputtering for surface analysis. ' N

< ] \ Fig. 1cillustrates the ERMS plot derived from collisions

E 401 Scattering of the CR™ ion with the CHO-SAM surface. The plot

E; 207 shows that chemically sputtered ions dominate the scattered

= 0] : : —— : . ion mass spectra, even at collision energies as low as 40eV.

= The main difference between the €Fand SiCst ions
1004 oA A is that essentially no dissociatively scattered or reactively
80 - A Chemical Sputtering scattered ions are observed in the scattered ion mass spectra
60 re acquired as a result of collisions of €F. Therefore, chemi-

40 Reactive Elastic Scattering c_a_lly sputterled ions are the only ions observed at hlgher col-
209 §earterin ~ lision energies. This preference of £Fto cause chemical
04 PP sputtering cannot be accounted for by the value of the recom-

o T T T T T bination energy aloney9.8 eV[41]. Rather, the lack of C-F
20 30 40 50 60 70 80 . . . . .
Collision Energy (V) pond actlvat|9n, and theref(_)re no observ_atlon of gllssoua-
tively or reactively scattered ions, can be simply attributed to
Fig. 1. Energy-resolved mass spectra (ERMS) plot recorded upon scatter-the strength of the C—F bond (bond enthatpy90 kJ/mol),
ing (a) GHsN**, (b) SiCk™, and (c) CR™ from a CHO-SAM surface versus the Si—Cl bond (bond enthalpy402 kJ/mol)[42].
over a collision energy range, 25-80eV. The dominance of chemically sputtered ions at higher col-
lision energies makes this ion an excellent candidate as a
the surface are also observed at higher collision energiessputtering agent for the chemical analysis of surfaces, and
but comprise only a small proportion of the scattered ion it has indeed been widely used for this purpfkg 43]
mass spectra. It has been shown previously that the two
ion/surface collision processes of most interest here, SID 3.2. lon/surface processes occurring upon scattering
and a particular type of ion/surface reactive scattering, viz. CF3™ from different surfaces
H atom abstraction, are influenced by the chemical nature of
the surface adsorbat§sl,38] Therefore, since these pro- The mass spectrum resulting from the scattering of CF
cesses are favorable for collisions involving theHgN®+ ions from an HO-SAM surface at a collision energy of
ion and yield intense ion signals, measurement of those sig-70eV is represented ifrig. 2a Each of the chemically
nals allows ready differentiation of adsorbates at surfaces. sputtered ions, D" (m/z 19), CHLOH' (m/z 31) and
Fig. 1billustrates the ERMS plot derived from experimen- CyH4OHT (m/z 45) provide evidence of the terminal hy-
tal data on collisions of the Sigt ion with the CHO-SAM droxyl functionality present at the monolayer surface. Other
surface over a range of collision energies. The increasedions sputtered from the surface occur at nhominal masses
stability and lower reactivity expected of an even-electron that correspond to o,_17 and GHy,.1™, for example
ion like SiCk* is evident in the much greater importance mz 15, 27, 29, 41, and 43. These common fragment ions
of elastic scattering and the reduced importance of reactivestem from adventitious hydrocarbon molecules physically
scattering in the ERMS plot compared with that for pyridine adsorbed to the surface. Notice that the elastically scattered
molecular ion collisions. Abstraction of atoms or groups of ion, CR*, and the dissociatively scattered ions, ;€F
atoms from the surface is observed, accompanied by disso-and CF-, are not present in this mass spectrum. (Here as
ciation of the SiG}™ ion. These ion/surface dissociative re- elsewhere, the term elastically scattered is used to include
actions, though minor processes for this ion, are important quasi-elastically scattered ions, viz., ions that acquire inter-
because they reveal the identity of functional groups at the nal excitation but insufficient to cause dissociation on the
surface. Another significant difference between the ERMS time scale of the experiment.)
plot of SiCk™, in comparison to that of the molecular ion of The scattered ion mass spectrum acquired from 70eV
pyridine, is the large abundance of chemically sputtered ions collisions of the CE™ ion with an ether adsorbate, the
and the relatively low abundance of dissociatively scattered CH3O-SAM surface, is shown iRig. 2b The most abundant
ions observed at higher collision energies. These differencesions in this mass spectrum are observedn&t 15 and 45.
are attributed to the preference of Si€lto undergo charge  These peaks represent the chemically sputtered ionsT CH
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CH,OH" @ Fig. 2d illustrates scattering of 70eV GF ions from
a

a CHCH>O-SAM surface. The alpha cleavage product,
CHyOCH,CHs* (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 agdegt (m/'z 27) and GHs™

(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
CH,OCH,CHz™ 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.

(d) Since chemically sputtered ions characteristic of the
HO-SAM and CHO-SAM surfaces are abundant and have
different mass-to-charge values, determination and relative

CD3;0H," | CH,0CD;*

Ion Abundance (arbitrary units)

CH,OCH,CH;*

CH;"
’ guantitation of these two adsorbates on the same surface
is possible. Several mixed SAM surfaces were prepared by
0 ' 2'0 ' 4'0 o s0 100 varying the relative concentrations of the HO-terminated

dialkyl disulfide and the CkD-terminated dialkyl disulfide
in solutions of ethanol. Studies involving the coadsorption
Fig. 2. Scattered ion mass spectra recorded upon 70eV collisions of Of thiols or disulfides on surfaces have shown that the dis-
CRs* with (a) an HO-SAM surface, (b) a GJ®-SAM surface, (¢) a  tribution of these molecules across a surface is uniform
CDsO-SAM surface, and (d) a GI€H,0-SAM surface. and does not lead to significant phase segregation, pro-
vided the two components are relatively similar in terms
of chain length and in dipole momef5]. From studies
and CHOCHs™, both derived from the adsorbate by ex- involving mixtures of HO- and Chtterminated long-chain
pected bond cleavages. A minor product, due to chemicalthiols, it has been shown that solution concentration accu-
sputtering and involving the terminal-OGHyroup, is the rately reflects the assembled surface composid&@h, and
rearrangement fragmentpBCHz ™ (m/z 33), a well-known their coadsorption leads to homogenously mixed SAMs
species in the low-energy electron impact spectra of alkyl on the micrometer-scalpl7]. Scattered ion mass spectra
ethers[44]. An important observation can be made, here, were recorded upon collisions of 70 eV £Fions with a
about the chemical sputtering process. The most abundanseries of mixed HO-/CgD-terminated SAM surfaces. The
ion from the HO-SAM surface, C}OH™, and the most  chemically sputtered ions derived from the HO-terminated
abundant ion from the CD-SAM surface, CHHOCHs™, adsorbates, as identified in the previous studies of the pure
both occur as a result of cleavage of the C-C bond alphaadsorbates, are reported as a fraction of the total amount
to the oxygen atom. The typical dissociation pathway for of chemically sputtered ions (i.e., those derived from
molecular ions formed from ethers or alcohols upon ion- both the HO-terminated and GB-terminated molecules).
ization by electron impact is also due to C-C cleavage of These percentages were plotted versus the percent of
the alpha bond. Dissociation of gas-phase ions after electronHO-terminated molecules present in the solution and the re-
impact ionization and that of surface molecules by chem- sults are shown ifrig. 3. The relationship between the two is
ical sputtering both occur as a result of energetic charge non-linear. For the solution containing 60% HO-terminated
exchangd14], and therefore the same principle which gov- and 40% CHO-terminated molecules, the percent of chem-
erns the fragmentation of ions generated through electronically sputtered ions derived from the HO-terminated ad-
impact is expected to hold true for the chemical sputter- sorbate is less than 20% of the total. Preferential sputtering
ing of fragment ions from surfaces. The scattered ion massof the CH;O-terminated adsorbate molecules is evident.
spectrum resulting from 70eV collisions of gFwith the To demonstrate that this result is an effect of the chem-
CD30-SAM surface is shown ifrig. 2¢ Isotopic labeling ical sputtering event, mixed SAM surfaces were prepared
of the methoxy-terminated SAM surface verifies the na- by coadsorption of the CiD-terminated molecules with
ture of the sputtered ions observedRig. 2b Chemically the CD;O-terminated molecules. Scattered ion mass spec-
sputtered ions characteristic of this deuterated surface in-tra were recorded upon collision of 70eV £F ions
clude CQy* (m'z 18), HLOCDs™* (m/z 36), and CHOCDs™ with a series of mixed CgD-/CD3O-terminated SAM
(m/z 48). surfaces. The chemically sputtered ions derived from the

m/z (Thomson)
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Fig. 3. Chemically sputtered ions observed in thesCKcattered 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 GiD-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.

Fig. 4. Chemically sputtered ions observed in theCFcattered ion
mass spectra that originate from gBtterminated adsorbates are reported
as a fraction of the total amount of chemically sputtered ions, arising
from both the CHO-terminated and CgD-terminated adsorbates. These
fractions are plotted for a series of mixed SAM surfaces, for which
the percentage of G3®-terminated dialkyl disulfide in the assembling
solution was varied. A regression line fits the data.

greater than the appearance energy g#fi§OH™ from ethyl
CH3O-terminated adsorbates are reported as a fraction of themethyl ether (10.5eV). These gas-phase ion energetic data
total number of chemically sputtered ions (i.e., those derived show that chemical sputtering of the methoxy-terminated
from both the CHO-terminated and the GJD-terminated adsorbate is thermodynamically more favorable than that
adsorbate molecules). These percentages were plottedf the hydroxy-terminated adsorbate. It is also possible
against the percent of G@-terminated molecules present that the difference in the length of the two adsorbates also
in the solution and the data are showrFiig. 4. This graph contributes to the observed preferential sputtering. The
shows the expected 1-1 linear relationship. For the solu- larger methoxy-terminated adsorbate may hinder access to
tion containing 50% CHO-terminated molecules and 50% the HO-terminated adsorbates, making charge exchange
CD3O-terminated molecules, the proportion of chemically between the impinging ion and the methoxy group more

sputtered ions derived from the GE8-terminated adsor-  likely. The selectivity of chemical sputtering for the outer-
bates and observed in the £Fscattered ion mass spectrum most portions of a surface has already been demonstrated
is 50% of the total. by the chemical sputtering results from the £HH,O-,

Preferential sputtering of the methoxy-terminated CH3O-, and HO-terminated surfaces. The non-linear results
adsorbate in comparison to the hydroxy-terminated ad-in Fig. 3 and therefore the preferential chemical sputter-
sorbate might be explained by the relative thermochem- ing of the methoxy-terminated adsorbate in comparison
istry of the two events. Small molecules with functional to the hydroxy-terminated adsorbate are attributed to the
groups representative of these adsorbates are 1-propanofavored thermochemistry and the greater extension of the
CH3CH,CH,OH, and ethyl methyl ether, GGEH,OCHs. CH30O-terminated adsorbates from the gold.

Bowen and Maccoll showed that the ionization energy of

1-propanol (10.2eV) is larger than the ionization energy of 3.3. lon/surface processes occurring upon scattering of

ethyl methyl ether (9.7 eV8] and perhaps more signifi-  the molecular ion of pyridine from different surfaces

cantly, even more different from the recombination energy of

the projectile ion, CE", ~9.8 eV[41]. Furthermore, the ap- Fig. 5a shows the scattered ion mass spectrum result-
pearance energy of GI®H™ from 1-propanol (12.3eV) is  ing from 30eV collisions of the molecular ion of pyridine,
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Fig. 5. Scattered ion mass spectra were recorded upon 30eV collisions 0.0 . : T
of CsHsN** with (a) an HO-SAM surface, (b) a G®-SAM surface, 30 33 36 39
and (c) a CRO-SAM surface. Collision Energy (eV)

V2 HO-SAM |:1CH30-SAM -CHSCHZO-SAM
CsHsN°* T, from a HO-SAM surface. The elastically scat-
tered M ion (m/'z 79) is abundant at this collision energy, Fig. 6. (a) Ratio of the peak intensities arising from dissociatively

. . T+ . . scattered ions (9 plotted against the peak intensities arising from
asis the reactively scattered (NH)™ ion (m/z80). Dissocia non-dissociatively scattered ionsn for mass spectra showing scatter-

tively scattered ions include the (MH)* fragment ion vz ing of the molecular ion of pyridine from the HO-SAM, GB-SAM, and
78), the (M—HCN)* ion (m/'z52), and the (M-H —HCN)™ CH3CH,O-SAM surfaces over the collision energy range 30-40eV. (b)
ion (m'z 53). The same ions are observedAy. 5b which Ratio of peak intensities arising from reactively scattered iorg (fot-

displays the scattered ion mass spectrum resulting from %937t peak ienstes arhg fon (e nor-edctuel seatere
.. . i R ulti i u
30 eV collisions of GHsN®*T with the CHEO-SAM surface. . -
. . . - . e ion of pyridine from the HO-SAM, CHO-SAM, and CHCH,O-SAM
The only difference fronFig. 5ais the relative intensities  gyrfaces over the collision energy range 30-40eV.

of these peaks. Note that Kig. 53 the H abstraction prod-

uct is more abundant than the*Mion while in Fig. 5bit is energy transfer at the G&@-SAM surface or increased re-
several times more abundant thanwhich is consistent  activity. Both factors are likely to contribute.
with the greater density of surface hydrogen atoRig. 5¢ A more detailed analysis of these results is provided

shows the scattered ion mass spectrum resulting from 30 eVby considering collisions of the ElsN°** ion with the
collisions of GHsN*t with a CD;0-SAM surface. With HO-SAM, CHzO-SAM, and CHCH,0O-SAM surfaces in

D atoms available for abstraction, the expected-{ND)™ the collision energy range, 30—40 eV. The two graphs shown
ion (m/z 81) is observed as well as the dissociation product in Fig. 6 isolate the processes which create the observed
of that ion (M+ D — HCN)* (m/z 54). Notice, however,  differences in the scattered ion mass spectra collected on
that the (M+ H)™ ion (m/z 80) is also present, in approx- collision of the GHsN** ion with the oxygenated SAM
imately one-half the abundance of the D atom abstraction surfacesFig. 6areports the measured ratiopSnp, where
product. Previous studies have shown that H atom abstrac-Sp is the sum of all fragment ions observed in the mass
tion from underlying atomic layers of a monolayer surface spectra, and & is the sum of all ions observed in the mass
is not a favored event. Rather, the observed H atom ab-spectra which do not involve fragmentation. Effectively this
straction is more likely to occur from reaction with adven- ratio is a rough measure of the internal energy transferred to
titious hydrocarbon. Note that the presence of hydrocarbonthe projectile ion upon collision with each of the surfaces.
molecules is observed in the €Fscattered ion mass spec- The fragment ions arise from the molecular radical cation
tra as well Fig. 1). The relative abundance of the molecular and the protonated molecule—the major precursor ions. The
ion in comparison to the reactively scattered and dissocia- graph shows that over the collision energy range, 30-40¢eV,
tively scattered products is similar for the @D-SAM and the relative abundance of the molecular ion is lower for the
CH30-SAM surfaces, a further demonstration that the dif- CH30-SAM and the CHCH,O-SAM surfaces than for the
ferences observed in the scattering gHgN®** from the HO-SAM surface. The greater tendency of the former two
HO-SAM and CHO-SAM surfaces are due to chemical ef- surfaces for hydrogen abstraction will certainly contribute
fects. These differences can be explained either by increasedo the result together with the effect of energy transfer. No
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consistent differences were observed upon comparison of(nmvz 18), CHOH* (m/z 31), and GH4OHT (mz 45).
the CHO-SAM and CHCH,O-SAM surfaces. The unique contribution made to surface analysis by this
Fig. 6b reports the measured ratior/Syr, Where ® ion involves the presence of the many ion/surface reaction
is the sum of all ions observed in the mass spectra which products. These reaction products include SiGIHmz
undergo reaction with the surface (this includes both the 65), SiCIO" (mVz 79), SiCIH(OH)" (mVz 81), SiCI(OH}*
(M +H)* and (M+H — HCN)* ions), and &r is the sum (m/z 97), SIChH* (m/z 99), and SiICJOHT (m/z 115). Ab-
of all ions observed in the mass spectra which do not re- straction of chemical groups from the surface by the $iCl
act with the surface. In effect, this graph measures the re-jon to form scattered ion products of the form, SKt+,
activity of the GHsN** ion upon interaction with each of is a thermodynamically unfavorable event, but dissociation
the surfaces. The results from this graph show that the or-of SiCls* at the surface provides opportunities for the ad-
der of H atom abstraction reactivity from least to greatest is dition of other atoms or groups of atoms. (For example, the
HO-SAM < CH30-SAM < CH3CH>O-SAM. The reactiv-  former reaction with H-SAM is estimated to have a higher
ity trend observed irFig. 6blikely stems from the greater  reaction enthalpy than the latter by ca. 20 kcal/mol.) These
availability of H atoms at the C§D-SAM surface than at  dissociative ion/surface reaction products are indicative of

the HO-SAM surface. the groups present at the surface. The scattered ion mass
spectrum resulting from 60eV collisions of the S€I

3.4. lon/surface processes occurring upon scattering of ion with the CHO-SAM surface is shown ifrig. 7h The

SCl3™ from different surfaces chemically sputtered ions are the same as those observed

in the CR™ scattered ion mass spectra, namelysCHm/z
Fig. 7a illustrates the scattered ion mass spectrum 15) and CHOCHz™ (m/z 45). However, the presence of the

recorded upon 60 eV collisions of Sl with an HO-SAM OCH;z group at this surface is confirmed through observa-
surface. Note that each of the ion/surface collision processestion of the ion/surface reaction products. These ions include
discussed irSections 3.1-3.3cads to representative ions SiClH,™ (m/z 65), SiCIH(CH)™ (m/z 79), SiCIH(OCH)*
in this mass spectrum. The elastically scattered $3i@n (m/z 95), SICLbHT (m/z 99), SICLCHz™ (m/z 113), and
(m/z 133) is present as are the inelastically scattered ions, SiCl,OCHz™ (m/z 129). Several of these products are con-
SiCh** (m'z98) and SiCl (mVz 63). In addition, the same  firmed by the isotopic data shown Fig. 7¢ which illus-
chemically sputtered ions observed in the scattering of the trates the scattered ion mass spectrum resulting from 60 eV
CR* ion from this surface, are observed, namelyCH collision of SiCk* with a CD;0-SAM surface.Fig. 7d
illustrates the scattered ion mass spectrum resulting from
60 eV collisions of the SiGIt ion with the CHsCH,O-SAM

SiCI™

sicia’ @ surface. lon/surface reaction products were observed that
siclo* sicly* contain alkyl groups from the surface, SiCHz* (m/z
_ .\ 113) and SiGIC;Hs™* (m/z 127), but no products contained
SiCLOH A the O atom from the surface. Reaction of the projectiles
proves to be limited to the outermost atomic layers of

U (b) the surface, similar to the results observed from chemical
CHL* CH,0CH;*  SICLH" . .
3 sicL,* SiCl,CHj sputtering.
sicrt \ sicly*

4. Conclusion
CHOCDS™  sicl,p* Differences in the relative amounts of reactively and dis-
sociatively scattered ions observed when 30 e)H£N®T

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

cp,*
Now : SiCl,CD;"
1 SiCl," 273 il

Ion Abundance (arbitrary units)

d +
st | CH,OH SiCLHT  SiClCoHs" @

sicrt \sm ol s they are chemically similar. The order of reactivity for
Sicly" 23 3 this ion from the least to the greatest is HO-SAM
f >~ l CH30—SAM < CH3CH>O-SAM. The relative fragment
N , ion abundance in the SID spectra ofHEN®* ions occurs
—T T T T T T T 1 in the order HO-SAM< CH30-SAM ~ CH3CH20-SAM
o 20 40 60 80 100 120 140 160 and these two factors might be inter-related. The increased
m/z (Thomson) availability of H atoms at the C¥CH,O-terminated mono-

Fig. 7. Scattered ion mass spectra resulting from 60eV collisions of Iayer Su,rface as com.pared to the, HO—tejrmlinated monqlayer
SiCls* with (a) an HO-SAM surface, (b) a GJ&-SAM surface, (c) a surface is an alternative explanation which is also consistent
CD30-SAM surface, and (d) a GJ€H,0-SAM surface. with previous results for other systerf&8,49]
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Collisions involving the CE™ and SiC™ ions gave more
specific information about the chemical composition of

these surfaces, and they do so through different processes[.m

Scattering with the C& ion at 70eV collision energy
yields only chemically sputtered ions. The preferred frag-
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