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Abstract

Dissociation and inelastic scattering of ethanol molecular ions from self-assembled monolayer (SAM) surface of fluorinate
alkyl thiol on an Au (1 1 1) monocrystal have been studied at 28.9 and 52.9 eV collision energies. A single dynamics mech
nism for quasi-inelastic scattering was found at both energies. lons recoil nearly parallel to the surface with very small kinet
energy losses of the order gR eV. Dissociation dynamics features for the main dissociation channel, loss of methyl radical,
are dramatically different from that of inelastically scattered primary ions and are different at the two collision energies studie
At 28.9 eV two energetically and angularly resolved features are observed, one corresponding to the loss of very large amou
(nearly all) of ion’s translational energy and the other appearing to gain energy (superelastic scattering). This dynamics feat
is interpreted as delayed dissociation of ions transmitted through the energy analyzer as molecular ions. This implies a lifetir
of such excited ions of more thanus. The same dynamics features are observed at 52.9 eV ion energy except that a secon
inelastic process begins to compete with the nearly fully inelastic process. Moreover, at this energy the delayed ion dissociat
mechanism is the dominant mechanism. The hypothesis that collision of ethanol cations with the SAM surface initially involve
collision of the ion with a single end group of the SAM polymer chain provides a useful rationale for the observed dynamics
Support for this hypothesis is provided by Newton diagrams, which summarize momentum conservation relationships in terr
of a common center-of-mass, Gl which provides a basis for describing scattering mechanisms for this system. Observa-
tion of three energetically distinct scattering processes suggests uniquely different ion—surface interactions contributing
surface-induced dissociation of ethanol ions. Preliminary experiments witlséattered from the same surface exhibit very
similar dynamics features to that observed for ethanol cations. Finally, we note that intensities of scattered primary or fragme
ions never approach the specular angle at the energies investigated here. (Int J Mass Spectrom 223—-224 (2003) 783-801
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction studies of the mechanism(s) and the extent of energy
transfer and subsequent dissociation of polyatomic
lon—surface interactions are important in many as- ions in ion—surface collisions. Early studies have
pects of science and technology, such as catalysis,used fragment ion intensities of “thermometer ions”
microelectronics and surface characterizat[@rP]. or fragment spectra of model compounds modeled
Low energy ion scattering has been extensively used by a combination of experimental breakdown graphs
for determining both surface composition and crys- (or those calculated from statistical theories) with
tallographic structurg¢3,4]. Most studies carried out  parameterized energy transfer distributidti9—22]
with these motivations have involved monatomic or Recent combined experimental and modeling studies
diatomic ions and have covered a wide range of have concluded that ions do not collide with the bulk
ion kinetic energies. Recently, ion—surface collisions surface or the whole SAM molecule but rather the
have been extended to include polyatomic ions and end group or a small chain length at the end of it
clusters with emphasis on their internal excitation [10,20] Similar conclusions were reached in recent
and subsequent dissociatifB]. For polyatomic ions  experimental studiefl4,23] of the SID of benzene
the latter class of experiments is a growing segment and carbon disulfide ions with a SAM surface using
of analytical mass spectrometry and is described asa modified crossed-beam instrument. These studies
surface-induced dissociation (SID). It is in many ways measured fragment ion intensities and their energy
analogous to gas phase collision-induced dissociation distributions as a function of the scattering angle.
(CID) in tandem mass spectrometry. Coinciding with  Among interesting results obtained from these molec-

the ability of mass spectroscopists to ionize biological
molecules and polymers, ion—surface collisions are
increasingly used for the characterization of peptides
and proteins and other complex moleculés-11].

It can be argued that SID is an especially important
technique for fragmenting and characterizing biolog-
ical molecules and polymers, principal current goals
of analytical mass spectrometry.

The basic phenomena of ion activation and disso-
ciation in SID, by analogy to CID involve collisional
activation of ions, which then decompose unimolecu-
larly [12,13] It must be kept in mind, however, that
ion collisions with a clean metal surface of low work
function result almost entirely in the neutralization of
the colliding ions, with only a small fraction<0.1%b)

ular beam studies in our laboratory and analogous
studies by Herman and coworkers was determination
that scattering of the fragment ions is non-specular
and that the energy lost by the projectile ions in

both dissociative and non-dissociative scattering was
very large, often approaching the total ion kinetic

energy[14,22,23-26] Clearly a very large fraction

of the ion’s kinetic energy is transferred into surface

modes and only a small fraction is converted from

kinetic energy into internal modes of the projectile

ions.

The extent and mechanism of dissociation in a col-
lision process depends strongly on the efficiency of
energy transfer. From the velocity distributions (con-
verted from energy distributions using the relationship

scattered off the surface and detected as fragment ionse = %mvz) of the fragment ions and undissociated

[14]. To enhance the yield of useful SID ions mod-

primary ions, it was concluded for both benzene and

ified surfaces—especially self-assembled monolayers ethanol molecular ions that ions dissociate unimolec-

(SAMs) of alkyl thiols and fluorinated alkyl thiols—on
gold has been usdd5-17] With SAM surfaces, ions
are blocked from interacting directly with the metal
substrate by tightly packed monolayer molecyles,
thus reducing ion neutralization.

Although several research groups are using SID for
ion characterization, there have been relatively few

ularly after leaving the surfadd4,24—-26] However,
when the dissociation time-scale is much shorter than
the calculated lifetime from statistical theories of uni-
molecular decay, this mechanism is no longer tenable.
A transition from statistical to non-statistical decay
inevitably takes place as the lifetime is decreased.
One such mechanism for non-statistical dissociation
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proposed by Hanley and coworkdt®7] for dissoci-
ation of Si(Me}™ and by Levine and coworkers for
cluster iong28,29]is the shattering mechanism.

The shattering mechanism and a transition from

785

2. Experimental

Fig. 1 shows a schematic of the instrument used
for our SID experiments. The instrument has been de-

post-surface to on-surface dissociation mechanisms isscribed in detail elsewhef83] and only salient fea-

supported by a series of trajectory simulations of en-
ergy transfer and dissociation dynamics carried out by
Hase and coworke80,31] They also found that the
nature of the surface is an important variable where
they modeled collisions of several different ions, in-
cluding small peptides with SAMnthexyl thiol) and
diamond surfaces. Using an analytic potential energy
function for Cr(CO}™ ions interacting with the two
types of surfaces, they found very different collision
dynamics for “soft” SAM and “hard” diamond sur-
faces. Dissociation from a SAM surface follows the
statistical theories of unimolecular dissociation while
collisions with a diamond surface results in the shat-
tering of the ion. Energy transfer into internal modes
from collision with diamond surface is considerably
higher than for the SAM surface. This is also predicted
for other ions, such as small peptides. For example,
combination of shattering and delayed dissociation is
predicted for protonated glycine impacting on an alkyl
thiol surface[32].

We have recently constructed an ion beam scat-
tering instrument for investigating dynamics of the

tures are given here. Primary ethanol molecular ions
are formed by 70 eV energy electrons and accelerated
to ~1250eV for mass and energy analysis using a
double focusing reverse geometry mass spectrometer
(JEOL—GCmate). The mass and energy selected ion
beam is transferred into a collision chamber through
a 2mm aperture and decelerated to desired kinetic
energy by a series of cylindrical tube lenses. The ion
beam is collimated by a 2mm aperture and collides
with a surface at a fixed angle, which has been set to
45° with respect to the surface normal in the experi-
ments reported here. Scattered primary and fragment
ions are energy analyzed by a 26pherical energy
analyzer, mass analyzed by a quadrupole mass filter
and detected by a channel electron multiplier oper-
ating in pulse counting mode. The energy analyzer,
guadrupole mass filter and the detector are rotated
with respect to the collision center to measure energy
and intensity distributions of all ions as a function of
scattering angle.

The collision region, surface, last lens element and
the first entrance aperture to the energy analyzer are

SID processes by measuring the energy and intensityall maintained at the same potential to minimize field

distributions of scattered primary and fragment ions
as a function of scattering andl&3]. Our intent is to

penetration effects which would interfere with their
apparent angular scattering distributions. The energy

utilize this apparatus to investigate several of the dy- analyzer and quadrupole mass filter are floated at
namics features of SID outlined above. In this paper higher potentials using the ion source voltage as ref-
we present our first results on SID dynamics for the erence to decrease ion kinetic energy and increase
ethanol molecular ion at two collision energies, 28.9 both energy and mass resolution of the second stage

and 52.9eV. The ethanol ion was chosen because itanalyzer. The primary ion beam-a60 eV energy has

has been studied extensively by Herman and cowork-

ers using a variety of surfaces to which our results
may be compared. Our results for colliding ethanol
ions with a SAM surface of fluorinated alkyl thiol
on gold monocrystal (11 1) are quite consistent with
prior work by Herman and coworkef22,25,26] In
addition some entirely new features in the energy
and angular distributions of scattered primary and
fragment ions have been discovered.

an angular distribution of~2° (FWHM) and energy
distribution of~2.5eV (FWHM). The energy resolu-
tion for the present experiments is settANE = 50
and the angular resolution at.3All angle measure-
ments are made with respect to the surface normal as
shown in the inset oFig. 1

The energy analyzer is operated in constant trans-
mission mode and constant energy resolution mode
to avoid any discrimination of low energy ions by the
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Fig. 1. Schematic of the beam scattering instrument. The inset gives the definition of the angle of incidence and scattering angles. See
discussion in the text.

analyzer. This requires that all ions pass through the by sonicating the surface in ethanol for another 5 min
energy analyzer at the same ion energy, 100eV for before transferring it into the vacuum system. The vac-
the present experiments. As primary ions dissociate, uum chamber was pumped at least overnight before
their kinetic energy is reduced by the mass ratio of any SID experiments were performed so that remain-
the fragment and the parent ion (31:46 for ethanol ing solvent is removed from the surface. The mass
ions). In order for these fragment ions to pass through spectrometer and the collision chamber are all pumped
the energy analyzer at fixed ion energy of 100eV, by turbo molecular pumps and the background pres-
these lower energy ions are accelerated by the energysure in the collision chamber is3 x 10~ Torr.
difference between the primary ions and the fragment
ions in addition to any energy lost in the collisional
activation step. Scattered primary ions are similarly 3. Results and discussion
accelerated after surface collision to pass through the
energy analyzer if they lose energy in collision. For  The thermochemistry of the dissociation of ethanol
this reason, all scattered ions are observed at highermolecular ion is well establishefB4]. Its ioniza-
ramp voltages than primary ions. tion energy is 10.48eV and appearance energies of
The SAM surface was prepared from the fluorinated main fragments are as follows:,Bs0" (10.7 eV),
alkyl thiol (F3C(CFR)o(CH2)2SH) by immersing the  CH,OH' (11.2eV), GHs™/CHO* (12.7eV) and
gold crystal (Au, 11 1) in 1 mM ethanol solution of the  C,H3* (14.7 eV). We observe all these fragment ions
SAM material for more than 24 h after cleaning in a at both 28.9 and 52.9eV. Since their energy distri-
UV cleaner and in ethanol using an ultrasonic cleaner. butions and dissociation dynamics are similar to the
Excess SAM material was removed from the surface main fragmentation channel of GHelimination we
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will discuss in this paper only the dynamics for the Scattered Ethanol Ions at 28.9 eV
formation of CHOH™ ions and inelastically scattered

arent ions.
p & 30 m‘t
. o . . . ‘B Wit citadlin ikt smbhte s ksl o donas 750
3.1. Non-dissociative inelastic scattering § 20 |
Of parmt IOnS '_‘= T Y TR T W [TRR TN WAIhI 800
S |
. . . . .= 10 ! Ta kit ok ol 0

Figs. 2 and 3show the raw energy distributions of 3 il / Mo sstsions a0 g5

scattered ethanol ions as a function of scattering an—é :
X i 0 i T e T PRTTT PRI THI TITR | )

gle at 28.9 and 52.9 eV, respectively. In these figures, , _ ,
the raw data are shown for a series of angles which 38.7 194 0.1
include all the observed intensity in a typical exper- Ion Energy (eV)

iment. Curves are offset, as shown by slanted lines, _ o o _

to define the ion intensity as a function of ion kinetic gg"g 2. Kinetic energy distributions of scattered ethanol ions at
: ; .9eV collision energy, plotted as a function of scattering angle.

energy. As discussed Bection 2ramp voltages were  syccessive scans are offset as indicated. The solid line marks the

transformed into ion kinetic energy by subtracting the primary ion kinetic energy.

center-line voltage from the ramp voltage. The cor-

responding angular distributions are shown as polar

plots of summed intensity at each angle as a func- and have half-widths of less thaf.Since the energy

tion of scattering angle ifrigs. 4 and 5Clearly the width of the primary ion beam is-2.5eV FWHM

intensity distributions of scattered molecular ions are and the resolution of the scanning energy analyzer is

sharply peaked in both energy and angle. In particular, 2 eV, the minimum peak width is-6 eV. Since the

ion distributions at both collision energies are sharply observed peak width is of this order we infer that the

peaked at about 85with respect to the surface normal intrinsic width of the scattered primary ion is2 eV.

Scattered Primary lons, 52.9 eV
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Fig. 3. Kinetic energy distribution of scattered ethanol ions at 52.9 eV collision energy at the indicated scattering angles. Successive sce
are offset as indicated. Solid line marks the kinetic energy of the primary ion beam.
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Angular Distribution of Scattered
Ethanol Ions at 28.9 eV
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Fig. 4. Angular distribution of scattered ethanol ions at 28.9 eV. Intensities are summed at each angle and plotted as a function of angle.

Considering both the energy (2eV) and angular) (3 ergy loss as scattering angle decreases, moving away
resolutions of our detector, the remarkably sharp distri- from the surface toward the specular angle. Evi-
bution found experimentally shows that recoiling ions dently conversion of translational energy into internal
are scattered only a few degrees from parallel to the energy—as measured with energy loss by impact-
SAM surface with very modest loss in kinetic energy. ing ions—increases with decreasing scattering angle.
Kinetic energy lost by scattered ethanol ions after Therefore, ions scattered along the surface parallel
colliding with the SAM surface is given ifrigs. 6 may be described as relatively “soft” collisions while
and 7for 28.9 and 52.9 eV ion energies, respectively. those scattered at larger angles are from relatively
At both energies there is a trend of increased en- “hard” collisions. As noted previously, the energy

Angular Distribution of Scattered
Ethanol Ions at 52.9 eV
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A

CH;CH,OH* Specular Angle

70
80

90°
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Fig. 5. Angular distribution of scattered ethanol ions at 52.9 eV.
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Energy Loss for Scattered
Ethanol Ions at 28.9 eV
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Fig. 6. Kinetic energy lost by scattered acetone ions at 28.9eV plotted as a function of scattering angle. Arrow designates the mc
probable scattering angle.

width at both energies is quite narrow; the most inelastic scattering mechanism is dissipated into the
probable energy is designated by vertical arrows in SAM surface.

both figures. The maximum energy lost by scattered It is interesting that kinetic energy losses for the
ethanol ions at the most probable scattering angle inelastic scattering of benzene and carbon disulfide
at both energies is nearly the same2.0 + 0.5eV. ions studied earlier at similar ion energies were much
Since the maximum energy that can be transferred larger; approaching the total ion collision energy
into ethanol ions without fragmenting them is 0.2 eV, [14,23] The difference is partially explained by the
most of the kinetic energy lost for even the weakly dissociation thermochemistry of these ions. Both

Energy loss by Scattered Ethanol Ions
at 52.9 eV
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Fig. 7. Kinetic energy lost by scattered acetone ions at 52.9eV plotted as a function of scattering angle. Arrow designates the mc
probable scattering angle.
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benzene and carbon disulfide ions requi#e8 eV in-
ternal energy to promote their dissociations while the
lowest energy channel in ethanol ion (loss of a hydro-
gen atom) is only 0.2 eV. Thus, ethanol ions begin to
fragment at much lower internal excitation compared
to benzene and carbon disulfide ions. It is very likely
that the limited stability of the ethanol cation is a key
restriction on the specific dynamics of inelastic scat-
tering. However, both the angular scattering dynamics
of carbon disulfide cations and ion energetics are
quite different from ethanol cations and the limited
stability of ethanol cation is only part of the story.

As noted earlier polar plots by the Herman group
show a similar distribution for quasi-elastically scat-

AK. Shukla, J.H. Futrell / International Journal of Mass Spectrometry 223-224 (2003) 783-801

Although this mechanism cannot apply to scattering
from SAM surfaces it suggests some analogies which
may be applicable. Results presented later in this paper
further support the concept that the initial scattering
event involves interaction with the end group of the
SAM molecular chain. Accordingly, collision theory
concepts which describe gas phase collisii@37]
assuming a two-body effective potential is a useful
first-order description of the initial interaction. After
the initial interaction ions scattered along the surface
with large impact parameters experience a nearly flat
potential analogous to that described for ions interact-
ing with metal surfaces. A very important difference
from ion—metal interactions is that SAMs shield the

tered ethanol cations impacted on carbon and metalions from the Fermi level and image charge potential.
surfaces coated with chemisorbed hydrocarbon layers. Accordingly, the number of surviving ions is much
The sharp peaking nearly parallel to the surface in both greater than for metals but still only a few percent of

their work and ours suggests a “skipping” dynamics
model. This feature plus the low energy loss strongly

implies the effective surface potential seen by the scat-

tered ethanol ions is nearly flat. We suggest that this
shape of the potential seen by the ion, plus the low
threshold for its dissociation, are important factors. We
also note that the observed dynamics are for surviving
ethanol cations, not the total distribution of internally
excited cations following SAM collisional excitation.
Rather similar angular distributions have been re-
ported for scattering of surviving ions from clean
metal surfaceqg35]. The mechanism suggested is
surface trapping, resulting from a neutralization and
re-ionization mechanism, which traps some low en-

the impacting ion beam.
3.2. Dissociative scattering

Figs. 8 and @re plots of measured energy distribu-
tions of scattered CHOH™ fragment ions at 28.9 and
52.9 eV ion energy, respectively. Analogoud-igs. 2
and 3 these plots show typical experimental results
for ion intensity as a function of ion kinetic energy at
several angles. At 28.9 eV, there are two energetically
distinct peaks, one corresponding to high kinetic en-
ergy loss that is much broader in energy and angle
and a high kinetic energy peak which is observed in
only a narrow angle range near the surface parallel.

ergy ions within the surface and releases others—the The broad peak at low kinetic energy (high energy

surviving ions—after multiple collisions. The skip-
ping motion is the result of ion interactions with the

loss) is in good agreement with earlier investigation
of the SID of ethanol ions in the energy range of

effective potential generated as the ion approaches the22-32 eV by Herman and coworkei23—-26] These

surface. For clean metal surfaces the total potential
seen by the ion is obtained by combining the image
charge with a repulsive potential (for non-reactive
ions). For low energy ions<{100 eV) and large inci-

investigators did not report the lower intensity narrow
peak near the surface parallel observed in the present
experiments.

As expected, dissociation channels are greatly en-

dence angle the surface potential appears nearly flat.hanced in the results shownfig. 9a and lfor 52.9 eV

When a substantial amount of ion kinetic energy is dis-
sipated in phonon and plasmon interactions, velocity

collision energy. There are now three peaks in these
spectra that are distinguishable in their angular and

components are mixed and a narrow cone of scatteredenergetic characteristickig. 9b plots at higher am-

ion intensity nearly parallel to the surface results.

plification for clarity the highly endoergic, low kinetic
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Scattered Fragment, CH,OH* Ions,
Primary Ion Energy = 28.9 eV
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Fig. 8. Kinetic energy distributions of scattered fragment ionsp@H", at several scattering angles from collisions of 28.9eV energy
ions with the SAM surface. Two mechanisms are shown as prompt and delayed dissociation, respectively. See discussion in the text.

energy fragment ion spectra. Two peaks are readily (more explicitly, after recoiling from the surface as
identified with those found at 28.9 eV collision energy parent ions and prior to entering the energy analyzer).
and an additional peak at intermediate kinetic energy Accordingly, the measured kinetic energy is con-

is detected at the higher collision energy.

Figs. 10 and llare polar plots showing the inte-
grated ion intensity at each angle for @BH™ ions at
28.9 and 52.9 eV collision energies, respectively. Al-
though the energy distributions overlap in both figures,
the maximum of each energy distribution is located at

verted to the equivalent kinetic energy of its precursor
parent ion inFig. 12 by multiplying the measured
energy by the ratio of parent to fragment ion masses
as described irBection 2 The main fragment peak
corresponds to very large energy loss, approaching
the full-translational energy even though only a very

a distinctive scattering angle. This enables a separa-small amount of energy~0.7 eV) is needed for this

tion in scattering angle of three scattering mechanisms dissociation to take place. In agreement with previous
at 52.9eV collision energy. Surprisingly, the high ki- measurements of kinetic energy of recoiling ions in
netic energy peak is of highest intensity and is sharply SID by our laboratory and by Herman and coworkers
peaked at 85 close to the surface parallel. Since the [24-26] these observations demonstrate that only a
peaks scattered close to the surface parallel track thesmall fraction of the total energy lost by the ion with
scattering cone of inelastically scattered primary ion surface collision is transferred into internal modes
beams at both energies, we infer that the same dynam-of the ions or retained as kinetic energy of recoiling
ical scattering process is involved. ions. Clearly the main energy sink in SID is energy
Two energy loss processes, prompt and delayed deposition into the surfacd=ig. 12 also shows that

dissociation, are depicted iRig. 12 The prompt kinetic energy loss increases slowly in going from the
dissociation process assumes explicitly that ions dis- surface parallel towards the specular angle, just as is
sociate immediately after recoiling from the surface observed for the undissociated parent ions.
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Scattered Fragment lons, CH,OH*,
Ion Energy = 52.9 eV
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Fig. 9. (a) Kinetic energy distributions of scattered fragment ions;@#H", at several scattering angles from collisions of 52.9 eV energy
ions with the SAM surface. Two distributions labeled as prompt dissociation and one labeled as delayed dissociation, respectively, are
shown. See discussion in the text. (b) Plot of the two smaller intensity peaks in the energy distributions of (a), enhanced for clarity.

The lowest energy loss peak in the energy spectra ethanol cations that are transmitted by the energy an-
of the fragment ions from SID of 28.9 and 52.9eV alyzer as parent ions ofYz 46. This results in a very
ethanol ions, observed close to the surface parallel, small endoergicity in the dissociation process—i.e.,
is markedly different energetically from the highly a normal inelastic scattering followed by decompo-
inelastic peaks described above. Correcting the mea-sition. Accordingly, the data are plotted as delayed
sured fragment ion energy for the highest energy peak dissociation peaks iRigs. 12 and 13
in Fig. 8by the ratio of parent to daughter ion masses  Kinetic energy lost by the ethanol ions for all three
for prompt dissociation—we calculate an energy gain processes in SID at 52.9eV is shownHig. 13 The
in SID of nearly 9eV, which is an unacceptable re- two broad peaks correspond to very large kinetic
sult. An alternative interpretation is that these ions energy losses, the nearly fully inelastic mechanism
are formed by decomposition in the mass analyzer of detected at 28.9eV and discussed above, plus a



AK. Shukla, J.H. Futrell/ International Journal of Mass Spectrometry 223-224 (2003) 783-801 793

Angular Distribution of
CH,OH" Ions at 28.9 eV
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Fig. 10. Angular distributions of CFOH' fragment ions from quasi-elastic and highly inelastic dissociation processes at 28.9 eV collision
energy. Intensities are summed at each angle and plotted as a function of angle.

second highly inelastic mechanism associated with ation of the parent ion and follows quite closely in
energy losses varying betweer25 and~30eV. The angle and kinetic energy the inelastic scattering peak
highly inelastic mechanism was reported by Herman of primary ions. Interestingly, this peak has signifi-
and coworkers, as noted earli@4—26] As ion en- cantly increased in intensity at 52.9 eV approaching
ergy is increased from 28.9 to 52.9 eV, a second and the intensity of the two inelastic peaks combined.
less inelastic process becomes competitive with the There are two possible mechanisms that may be
other two processes. The lowest energy loss peaksuggested for the highly inelastic mechanism that
from 52.9eV collisions represents delayed dissoci- generates product ions which recoil with low velocity

Angular Distribution of CH,OH* at 52.9 eV

Surface Normal
CH,CH,OH* 1
' Specular Angle

4 Quasi-Elastic
——*— Inelastic x 10
= — Highly-Inelastic SAM Surface

x 10

Fig. 11. Angular distributions of C¥OH" fragment ions from collision of ethanol cations with the SAM surface at 52.9eV collision
energy. Intensities are summed at each angle and plotted as a function of angle.
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Energy Loss for CH,OH* Fragment Ion

at 28.9 eV
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Fig. 12. Kinetic energy lost by dissociating primary ions in collision with the SAM surface at 28.9 eV ion energy. The prompt dissociation

is highly inelastic, losing almost all ion kinetic energy. The delayed dissociation mechanism exhibits very modest loss of kinetic energy.
See discussion in the text.

from the surface. One is the “shattering” mechanism hydrocarbon coated stainless steel, carbon and SAM
described inSection 1 The other is a hard collision  surfaces in Herman’s study of ethanol cation SID
with a soft surface that transfers nearly all of its kinetic [24—26]in the same energy range support this mech-
energy into the SAM surface, recoils with relatively anism. Since the angular scattering dynamics of the
low kinetic and internal energy and dissociates in the two studies are in very good agreement we favor this
gas phase. Velocity analysis of ions scattered from interpretation. However, the quite different scatter-

Energy Loss for CH,OH* Fragments

at 52.9 eV
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Fig. 13. Kinetic energy lost by dissociating primary ions in collision with the SAM surface at 52.9 eV ion energy. Three mechanisms are
present. In addition to the two mechanismsHig. 12 there is an intermediate kinetic energy loss mechanism at this energy.
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ing dynamics of surviving parent ions and fragment background gases. This has been confirmed using
ions imply that different mechanisms are in play in a multi-sector mass spectrometer in our laboratory.
our experiments with highly structured SAM surfaces In summary, we find no information from theory or
prepared using a gold 111 crystal as the substrate. from studies of gas phase dissociation of ethanol
The second mechanism shown fig. 12 corre- cations which helps us to rationalize our experimental
sponds in both scattering angle and energy to the results.
weakly inelastically scattered primary ions, which are ~ We turn therefore to the unusual dynamics of this
scattered nearly parallel to the surface. This interpre- SID channel and the close match of the delayed dis-
tation is strongly supported by the 52.9 eV results in sociation mechanism to the non-dissociative slightly
which this is the dominant mechanism. This delayed inelastic scattering channel. We have suggested a
dissociation mechanism corresponds to quite long life- skipping mechanism for these unusual dynamics
times for such a small cation. We calculate the time in Section 3.1 in which ions initially scattered by
required to pass through both the collision region and a two-body collision, then interact with a nearly
the energy analyzer to be 5.4 and g®at 26.9 and  flat surface. Since the dynamics of this dissociation
52.9 eV, respectively. Survival of internally excited mechanism is identical in both angle and velocity to
ethanol cations for such long times is quite remark- the non-dissociative channel, the conclusion they are
able. An RRKM[38] calculation of the rate for this  linked is inescapable. Evidently, dissociation occurs
dissociation process shows that this is a very fast dis- for a population of parent ions which are scattered
sociation, with a rate~10°s™1 at threshold and no  with multiple encounters from a flat potential sur-
ions described by the simplest form RRKM model can face and the perturbation causes them to dissociate at
possibly survive. significantly lower rates than first-order RRKM rates
However, simple aliphatic alcohols, including and those observed mass spectrometrically.
ethanol, are in the class of exceptional small molec-  Further evidence that the first step in this unusual
ular ions known to have rates of unimolecular decay dynamics feature is scattering from an effective mass
orders of magnitude lower than predicted by RRKM rather than from a SAM chain or some collective
theory. There are a number of reasons that have beerinteraction with a soft surface is given in the next
advanced to rationalize these results. These includesection. The concept of a skipping mechanism refer-
the existence of low-lying isomers—distonic ions enced to a nearly flat surface has already been elabo-
and ion—dipole complexes—and barriers, which may rated for weakly inelastic non-dissociative scattering
involve tunneling[36]. o-Type ionization rather than  of ethanol cations. Although it is incorrect to charac-
n-type ionization may also extend lifetimes by in- terize this skipping mechanism as involving multiple
troducing deeper potential wells than are otherwise interactions of trapped particles with the surface, the
anticipated. Extreme anharmonicity in these length- scattering of ions essentially parallel to the surface
ened bond complexes may reduce unimolecular decayprovides a mechanism for mixing of different states of
rates by orders of magnitude at internal energies nearthe ion and exploring regions of their potential hyper-
dissociation thresholds. surface which is not accessible to isolated gas phase
Theoretical calculations by Radom and coworkers ions. We suggest this as a hypothesis to rationalize
[39] and Bouchoux and Chor¢40] are informative extending ion lifetimes by orders of magnitude.
but do not include sufficient information to support
the dissociation dynamics needed for the present dis- 3.3. Newton diagrams and energy transfer
cussion. Early experimental data by Cooks ef{4il]
reported formation ofn/z 31, a metastable ion but In this section we consider the construction of ve-
later experiments by Stace and Shuld2] concluded locity plots for conservation of momentum for SAM
the apparent metastable ion was a CID product from surface collisions analogous to Newton diagrams for
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gas phase collisions. In a gas phase crossed-beam

experiment in which the neutral collider is atomic
describing unique scattering events, the most prob-
able velocities of fragment ions would be found on
circles that have their origins on the relative velocity
vector of the Newton diagram describing the collision
process. Such a construction is impossible for surface
scattering, since the surface blocks most of scattered
products and since the surface is not a single particle
obeying momentum conservation constraints. Despite
these obvious differences, and for the reasons given
earlier we analyze our SID data using the concept of
an effective mass particle, which scatters incoming
ions as the first step in the energy transfer mechanism.
Since the “neutral particle” in our Newton diagram
is at rest on the surface, the post-collision velocity of
the primary ion beam can be identified with the rela-
tive velocity vector of conventional Newton diagrams
[43]. We also show inFigs. 14 and 1%he surface,
located at 45 with respect to the surface normal and
to the incoming ion beam in the present experiments.
From these elements it is obvious that most of the
scattering, in a gas phase model, will scatter ions into
the surface. For the present analysis we ignore the

C,H,OH* ——— CH,OH*+ CH,
289 eV
7 AT~ _ESC,,
~ AN “  Surface
Parallel
|
L 16.9 eV
/ Specular
Angle

Ion Beam

Fig. 14. A plot of the most probable velocities of fragment ions
at 28.9eV ion energy as a function of scattering angle. These
points follow a circle whose center, marked as &falls on the
post-collision velocity vector. The cross marked €Ay corre-
sponds to the CM of the collision between the ion and the SAM
surface.
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Fig. 15. A plot of the most probable velocities of fragment ions at

52.9 eV collision energy for the two highly inelastic SID processes.

Velocities fall on circles with a common center located on the

relative velocity vector and the center defines the effective mass
of the collision partner.

fate of these ions. Recoil of these ions from the sur-
face may, in fact, account for some of the broadening
observed experimentally.

We proceed to constru€igs. 14 and 1By convert-
ing energy of ions into velocities using tiie= %mv2
relationship. The most probably velocities are plotted
in Figs. 14 and 15for 28.9 and 52.9eV collision
energy, respectively. In both figures the experimental
data points are reasonably interpreted as falling on
segments of circles with their origin on the relative
velocity vector for the collision. Only one circle is
shown inFig. 14because not enough points are avail-
able to define a second circle. Conventional analysis
of the origin of these circles gives us the effective
center-of-mass (CM) for the collision process. We
can use this CM to estimate the mass of the collision
partner as 117, which is close to the mass of the
CRCR; group (119) at the end of the SAM molecular
chain. Similar conclusions of the involvement of only
a fraction of the surface molecular chain were made
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by Nathanson and coworkdgd4] and Minton and outside the ESC (for ethanol ions colliding with the
coworkers[45] from collisions with liquid surfaces. C,Fs or CoF4 group), suggesting that these are highly
Fig. 15 shows two circles with a common origin  exothermic processes. We have rejected earlier that
at an effective mass 0f100, somewhat less than the such highly exothermic reactions are possible. The al-
lower collision energy experiment. We do not attach ternative assumption that the surface is rigid (e.g., in
any particular significance to the deduction that the momentum exchange presents an infinite mass collider
effective masses correspond teFg and GFs5 groups to the ion) is instructive. The ESC for this model falls
at the two collision energies. The essential point is just outside the data points corresponding to delayed
that our pseudo-Newton diagrams support the conceptdissociation while those for prompt dissociation fall
that a terminal group rather than collective mass of the well outside the circle. This supports and elaborates
SAM surface is the effective collider for the highly our earlier conclusion that this mechanism is delayed
inelastic scattering mechanisms. dissociation of a long-lived ethanol cation. For the
Continuing this analysis, the location of these cir- delayed dissociation mechanism this analysis clearly
cles with respect to the elastic scattering circle (ESC) suggests that ethanol ions interact with either the bulk
in gas phase collisions is a quantitative measure of surface or possibly with a number of SAM molecule
energy transfer in the collision. The same analysis chains simultaneously resulting in the behavior equiv-
applied here gives energy deposition ©f16.9 for alent to bulk surface (of infinite mass).
28.9eV collisions and-8.9 and~27.9 eV for the two
highly inelastic mechanisms found for 52.9eV colli- 3.4. Art scattering dynamics from the
sions. Since both colliders have internal modes, there same SAM surface
is no way to partition this energy amongst them from
this information alone. (We note that this is also true  The completely unanticipated dynamics observed
for gas phase experiments in which both the ion and for ethanol cations prompted us to explore briefly the
neutral are polyatomic species.) Depositing such large scattering of AF at similar energies from the same
amounts of energy in the ion would result in extensive SAM surface used in our SID study. Arion has the
fragmentation rather than generate the normal massadvantages that no decomposition of the projectile
spectrum which is observed. Rather, the recoil of the ions is possible and Ar scattering can be used as
terminal group compresses the chain and collective a probe of the dynamics of energy exchange with
motions of the SAM efficiently dissipate ion impact the surface. Except for inter-conversions involving
energy into the surface, which is consistently found the ground state doublet of the i02rP3/2, 2P1/2,
for the ions investigated so far. Accordingly, the suc- the lowest-lying electronically excited state of Ar
cess in our use of Newton diagrams to define the recoll (281/2) is located 13.48 eV above Ar(ng/z). Con-
of ions after surface impact is only one of the salient sequently, it is unlikely that a significant fraction of
characteristics of CID dynamics. It does not account Ar* are electronically excited.
for energy transfer and cannot be considered a model The results from these preliminary experiments
for SID, at least in its present form. are summarized ifrigs. 17-19 Fig. 17 summarizes
Fig. 16is a plot of points pseudo-Newton diagram the angular scattering of Arat a collision energy
data points for high energy fragment ions in which of 26.5eV. This single mechanism is endothermic
we plot the velocities as prompt and delayed dissocia- by ~1.2eV (not-shown) matching closely the scat-
tions corresponding to the assumptions of processing tering dynamics observed for inelastic scattering of
through the energy analyzer aéz 31 and 46, respec-  ethanol cations (and the long-lived decomposition into
tively. Interestingly, if we assume that these fragment CH,OH™) depicted inFigs. 6 and 7 This dynamics
ions are due to collisions with the end group of the mechanism is the only one found for Arscattering
SAM surface as iffrig. 15 both sets of data points fall  at 26.5eV collision energy.
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Fig. 16. Plot of the most probable velocities of the ions due to delayed dissociation. Corresponding most probable velocities for this
process assuming prompt dissociation before the energy analyzer have also been drawn. The circle matisedde®Eponds to the

elastic scattering circle for the collisions of ethanol ions with the bulk surface of infinite mass. The CM in this case corresponds to the
collision center on the surface and the primary ion beam velocity is the radius of the elastic scattering circle.

Figs. 18 and 1$ummarize the scattering dynamics kinetic energies of Ar after they are scattered from
of Art scattering from the SAM surface at 37.1eV the surface. The scattering mechanism for which ions
collision energyFig. 18shows the angular scattering recoil nearly parallel to the surface is nearly elastic
characteristics, whileFig. 19 shows the measured and clearly equivalent to the lower energy results

Art —>SAM Art

26.5eV

Surface Normal

Art / / \\\ s _ Specular Angle

®— Quasi-Elastic

SAM Surface

Fig. 17. A polar plot of the angular distribution of scattered™Aons from the SAM surface at 26.5eV collision energy.
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Fig. 18. A polar plot of the angular distribution of scattered™Aons from the SAM surface at 37.1eV collision energy.

for Art and to the analogous dynamics found for ics for product ions scattered parallel to the surface to
ethanol cations. Surprisingly, a high translationally be strong evidence that they follow the same kinds of
endothermic mechanism is also evidentFigs. 18 surface interactions. That previous workers have not
and 19 This scattering feature may involve electronic reported such dynamics feature is tentatively attributed
excitation of Ar", energy transfer to the SAM or a to the different surfaces involved (fluorinated SAM,
combination of both. These dynamics features are CioF21CoH4SH, reacted with a clean Au (11 1) sur-
quite sharp, indicative of quite specific interactions in face vs. oil coated carbon and stainless steel surfaces
the collision process. and fluorinated SAM on gold coated glass substrate).
We consider the close agreement betweeh gaat- Future studies will examine other surfaces, incident
tering dynamics and ethanol cation scattering dynam- angle and tilt angles with respect to the ion beam.

Art/ SAM at 37.1 eV
N ._'./I—I

Quasi-Elastic

=
<
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=

Ion Energy (eV)

10
i Highly Inelastic
0 , R ‘
0 20 40 60 80 100
Angle (Degree)

Fig. 19. A plot of the most probable kinetic energies of scatteret ins of 37.1eV collision energy, measured as a function of the
scattering angle.
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4. Conclusions We would like to thank Professor Vicki Wysocki (Uni-
versity of Arizona) for providing the surface material
The experimental results for the SID of ethanol used for making SAM surface. We also thank mem-
ions on a fluorinated SAM surface presented here bers of the machine shop and instrument development
demonstrate relatively complex reaction dynamics lab for their continued support of our research facili-
features that are dependent on the kinetic energy of ties. William R. Wiley Environmental and Molecular
impacting ions. Our results are, on the one hand, Sciences Laboratory is the national user facility within
in good agreement with existing data for the same the Pacific Northwest National Laboratory, operated
system and, on the other, reveal new and unexpectedby Battelle Memorial Institute for the U.S. Department
dynamics features. At lower energy, the majority of of Energy under contract DE-AC06-76RL0O-1830.
fragment ions are formed by highly inelastic colli-
sions where most of the ions’ kinetic energy is lost
in collisions. However, only a small fraction of the
kinetic energy is transferred into internal modes of
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