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Abstract: We describe here a new method for extracting the activation energy for the formation of any fragment or
reactively scattered ion that forms from a parentisarface collision. Our model is developed from first principles

for collision-induced dissociation in the gas phase and then modified for surface-induced dissociation (SID). This
approach is conceptually similar to that used for threshold collision-induced dissociation measurements in that it
assumes a similar functional form for the dissociation cross section, it takes into account the partitioning of energy
between the projectile and the target, and it deconvolutes these over the kinetic energy distribution of the parent ion
beam. The activation energy is extracted by an analysis of the energy-resolved mass spectra and the kinetic energy
distribution spectra for the surface-scattered ions. We test our method by determining the activation energies for the
formation of the SiMg", SiMe*, SiD™ and Sit fragment ions from theds-SiMes™ parent ion scattered off a
hexanethiolate self-assembled monolayer adsorbed on Au(111). The differences between the literature and SID
activation energies are rationalized by consideration of the experimental uncertainty in the method.

I. Introduction

Surface-induced dissociation (SID) has been developed as
an alternative to gas-phase collision-induced dissociation (CID)

for the fragmentation of polyatomic ions in tandem mass
spectrometry1 The ion—surface collision in SID leads to a
transfer of kinetic energy into the internal modes of the ion,
causing a fragmentation that can be used for the characterizatio
of the ion. We describe here a new method for extracting the
activation energy for the formation of any fragment or reactively
scattered ion that forms from a parent iesurface collision.

The activation energy is extracted by an analysis of the energy
resolved mass spectrum and the kinetic energy distribution

b/

spectra for the surface-scattered ions. We test our method b
determining the activation energies for the formation of the
SiMe;™, SiMet, SiD', and St fragment ions from thedg-
SiMe;™ parent ion scattered off a hexanethiolate self-assemble
monolayer adsorbed on Au(111).
Low-energy collision-induced dissociation (CID) with noble

gas atoms has been successfully applied to the determinatio
of activation or bond dissociation energies for small polyatomic
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ions12-15 However, SID possesses several characteristics that
make it complementary to CID: SID allows the formation of
high-energy fragmentation ions not easily produced by low-
energy CID}16.17it deposits a narrower distribution of internal
energy into the parent ioh#181°%and it is performed in the
absence of a collision g&2° An efficient kinetic to internal
energy transfer allows SID to access high-energy fragmentations
In a single collision with the surface. In contrast, high-energy
fragmentations are either inaccessible to CID or require higher
collision energies or multiple collisions from which it is difficult

to extract accurate activation energies. For example, reasonable
activation energies for " — Csgt + C, have been obtained
only by SID321.22 SID shows particular promise for measuring
the activation energies of high-energy fragmentations of biopoly-
mers.

d SID may be the preferred method for determining activation

energies for higher energy fragmentation channels, but there is
little agreement on how to best analyze SID data to obtain those
ctivation energies. One method calculates the transfer of

inetic to internal energy in the parent ion<V) for a given

ion, then applies this ¥V value to other ions. Several strategies
have been used to calculate 'V from the energy resolved mass
spectrum (ERMS), which is the plot of the normalized SID
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fragment ion signal versus the parent ion kinetic energy-VT The 10-70 eV SiMe* ion beams were directed onto the surface at an
can be calculated by comparison with known bond energies, incident angle of 450ff normal. The surface was held at 300 K during
but this is obviously useless for determining those bond energiesa” ion scattering experime_nts. The ion beam current varie_d with ion
a priori.1~467.23Deconvolution of the ERMS with breakdown energy but was generally in the range of 2nA/cn?. The SiMe"

curves obtained by other techniques has also been successfuf™/Z82) typically had impurities of-8% *Si(CDy);* and Si€3CD3)3:

but such breakdown curves are unavailable for most 3&¥8. (m'z83) and~1% each of S'Me‘? (m'250) and S'M@Df (mz84)°

T—V typically ranges from 10 to 30% and apparently remains __'0" beam currents and energies were measured with a Faraday cup
relatively constant for similarly sized ions scattered off a given ﬁg:’e'fgﬁgswvtgr:;?;& 2 dgcgn;egtg;d;ﬂ% :fédcgrr:ﬁ;%r?;gg’ltzaeé’e\:lvvgir:vszst
surface. TV also varies with surface compositién’:19.21.23.26

. at the retarding potentid?. By taking the first derivative of the ion

For example, TV is larger for fluorocarbon than for hydro-  peam energy distributions, the fwhm of the ion beam was found to be
carbon surfaces. Finally, recent work with fullerene ions has 2—4 ev. It is well-documented that three-grid retarding field energy
shown that F-V can vary with the size and possibly the shape analyzers tend to overestimate or slightly shift the width and absolute
of the parent ior’7 We have previously attempted arpriori value of the ion energy distributiod®. This leads us to conclude that
prediction of -V using a classical formula which assumes the actual fwhm of the incident ion beam may be significantly less
that the collision is impulsive and the masses of all collision than 2-4 eV, although to be conservative, we have used the measured
partners can be determin&®3 However, the accuracy of-TV values in our data analyses. The relative agreement between the ion
obtained by this method is limited by the difficulty of assigning Source voltage which defines the ion energy and the retardin_g f_ield
an effective mass to the surface. In general, the accuracy of2nalyzer values, a""lws us to fStt'mat.ter;Rat t\r/]e qu#’ted absf(’"éte ":C'dem

. - . . . ion energies are only accurate to wi eV. This error is due to
de”V.Ed actlvgtlon energies will be limited for any method that both the aforementioned measurement inaccuracies and ion source space
requires the input of an accurat.&‘vl. N charge effects.

RRK, RRKM, and first-order kinetic decomposition analyses 16 main chamber houses a QMS equipped with a Bessel box energy
of SID data have also been used to determine activation apalyzer set to collect positive ions scattered off the surface with
energies:?1%6 One kinetic method determines a first-order energies up to 19 eV at @vith respect to the incident ion beam. The
Arrhenius constant from thermal dissociation, which is then used Bessel box energy window was reduced to 4.5 eV when used to measure
to extract activation energies from SID data, although funda- the kinetic energy distribution spectra. No attempt was made to detect
mental differences in excitation dynamics argue against a negative ions or neutrals in these experiments. The background pressure

common Arrhenius constant for these two proced%esnother
kinetic method has obtained the activation energies fgr C
and Gg*, but this method utilizes the delayed ionization effect,
which has only been observed in fullereR&s’

We develop here a new method of extracting activation
energies from SID measurements of any polyatomic ion. Our
model is developed from first principles for CID and then
modified for SID. Our approach is conceptually similar to that

in the main chamber was typically>8 1072° Torr during ion scattering.

A 10-mm-diameter Au(111) single crystal (Monocrystals, Cleveland,
OH) was clasped in a homemade tantalum holder and attached to a
liquid nitrogen cooled manipulator capable of fujizmovement and
rotation. The crystal was initially cleaned by exposure to oxygen at
1000 K followed by repetitive sputteranneal cycleg:®? Low-energy
electron diffraction was used to confirm surface cleanliness and order
with the appearance of a sharp £11) pattern. On successive days
the crystal was cleaned by repetitive sputt@nneal cycles. A saturated

used for threshold CID measurements in that it assumes a similamexanethiolate self-assembled monolayej (@s prepared by heating

functional form for the dissociation cross section, it takes into
account the partitioning of energy between the projectile and
the target, and it deconvolutes these over the kinetic energy
distribution of the parent ion beam. While our model does
require an initial guess of the-1V, the final accuracy of our
results can be improved by iteratively refining this guess. We
guantitatively determine the energy transfer to the surface by
measuring the kinetic energies distribution spectra (KEDS) of
the scattered ions. We extract fragmentation energies by a
nonlinear least-squares fit of the experimental ERMS with the
ERMS predicted by our model. The model is then tested by
determining the activation energies for the various fragment ions
formed fromdy-SiMe;™ SID at a saturated hexanethiolate self-
assembled monolayer adsorbed on a Au(111) surface.

Il. Experimental Section

The experimental setup is only slightly different from that described
previously?® The only major modification to the experiment was the
installation of a quadrupole mass spectrometer (QMS) for primary ion
selection. Degassed tetramethylsilahg(D 98%, Cambridge Isotope)
was introduced into a 70-eV electron impact ion source to form $iMe
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the Au(111) crystal to 350 K and dosing with several thousand
Langmuir of degassed hexanethiol (Aldrich, 95%). ThesQGrface
coverage was monitored by the infrared reflection absorption spec-
troscopy peak intensity of the-€H stretch?1933 Both the infrared
spectra and the kinetic energy distribution spectra for the scattered ions
indicated that we prepared the/Bu(111) at a high coverage where
the carbon chains are predominantly standing up on the surface: these
points are detailed in a separate paper that compares SID of;SiMe
scattered off clean ands@overed Au(111§3

All data were reproduced on at least two separate days under identical
experimental conditions. The kinetic energy distribution spectra
(KEDS) were subjected to second-order fast Fourier transform smooth-
ing to reduce statistical noise.

lll. Theory

A well-studied process in the gas phase is the collision-
induced dissociation (CID) of a polyatomic ion in a single
collision with a rare gas atom such as Xe. The functional form
of the CID cross sectiorv that is used to analyze the
experiments near threshold is

0 = 0,(Eg — A)ER 1)
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Figure 1. The instant of collision between atom S and atom P of the
“diatomic” PQ. Before the collision, S is stationary and PQ has velocity
7. The S-P atom-atom impact parametds is given by the ST
distance.

whereo, is a scaling constant that includes the maximum cross
section Eg is the relative collision energw is the threshold or
activation energy for dissociation of the ion, ands a fitting
constant that is generally between 1 and 2.

Our goal is to derive an equivalent expression for surface-
induced dissociation (SID). However, there are a number of
complications. First, the conversion of the collision energy from

the lab frame to the center-of-mass frame is unique in the gas
phase because the total energy and momenta of the two colliding
particles are known. This is not the case in SID. Some amount

of the initial translational energy of the ion is converted into

J. Am. Chem. Soc., Vol. 119, No. 17, X3®38

In the second step of the derivation we argue that eq 4 will
also hold for the collision of an arbitrary polyatomic ion
colliding with an infinitely heavy atom S, provided that S
collides with a single moiety of the polyatomic. One possible
complication with a bulky polyatomic ion, however, is that in
some collisions the SP impact parametds may not be able
to reach Rs + Rp) because some other moiety in the polyatomic
hits S first. This would reduce the distributi®E;E) at small
values ofE;, but SID near threshold is dominated Byvalues
nearE, so that is not a problem.

In the gas phase it is sometimes the case that in the collision
of a polyatomic with a rare gas atom at a relative endtgyt
is not possible to convert the entire energy into internal
excitation of the polyatomic. A good example of this is shown
in the recent paper by Hase and co-work&rsThey used
guasiclassical trajectories to study the collisions of thechister
with Ar, and they determined that in most cases the maximum
excitation was about 90% dir. They attributed this to the
inefficiency of single Ar-Al collisions, and found that the
maximum energy transfer could be estimated from the masses
of the atoms involved. We believe that the collision of a
polyatomic ion with a surface is different, however, since the
surface atom S cannot recoil cleanly away from the incoming
polyatomic ion. Therefore, we expect that the upper limit for
E; will always beE so that eq 4 will be a good approximation

energy of the surface, but this cannot be predicted from a simple ) 3 |
conservation of momentum argument. In addition, we would ©© P(E;E). We take into consideration below the energy
like to be able to derive an expresssion that can be used over dransferred to the surface atom S by the collision.
wider energy range than is typically the case for eq 1. The next step in the derivation is to consider the fate of an
Our derivation proceeds in several steps. The first step ion with internal energyE; in excess of the threshold for
follows a procedure we developed in an earlier pdpewe dissociationA. In most cases we expect polyatomic ions with
begin by assuming for simplicity that the incoming ion is a E; > A to dissociate. However, this need not be true. For
diatomic PQ that collides with a single surface atom S of infinite example, if the dissociation process occurs while atoms P and
mass. Figure 1 shows PQ colliding with S, along with the S are in contact, it is possible that the threshold for SID depends
relevant parameters for the collision. We also assume that S,upon the S-P—Q angle, and molecules witc > A but in an
P, and Q are hard spheres with ral, Re, and Ry and that unfavorable configuration cannot dissociate. This type of
initially P and Q are touching, as indicated by Figure 1. If atom behavior is commonly seen in reactive scattefhdt is also
P hits S, the maximum energy that can be transferred into PQ, possible that a large polyatomic ion may have enough internal
E:, as a result of the collision is given by the projection of the energy to dissociate but does not do so before it reaches the
lab kinetic energ\E (since S is infinitely heavyE = Eg) along detector. (This is the delayed dissociation or unimolecular decay
the S-P line of centers; that is, by problem.) Even if the polyatomic ion does dissociate, it may
produce a number of possible dissociation products. For
E, = E[1 - b/(Rs + Rp)’] (2)

example, in our study ale-SiMe;* we see five product ions in
addition to the parent ion. With this discussion in mind we
Hereb is the S-P atom-atom impact parameter, and<Ob <
Rs + Re. The largest value dE; (E; = E) comes fromb = 0,

definepi(E;) as the fraction of molecules with internal energy

E; that dissociates to product chanriebefore reaching the
and the smallest valuege(= 0) fromb = Rs + Rp. Larger  getector. (The set qf(Ey) for all dissociation products are the
impact parameters are not considered since P does not hit S fofreakdown curves that are typically measured in TPEPICO
b= Rs+ Rp, sOE; = 0. The distribution ob values is given  gyperiments.) The measured SID fraction of products in channel
by i at energyE, denoted;(E), is then the convolution dP(E;E)

in eq 4 withpi(E); that is,

P(b) db = 2b db/(Rg + Ry)? 3)

and it is straightforward to derive the distribution Bf at a
given E value:

P(E;E) = P[b(E))] |[db/dE]]|
=1/E

f(E) = [, P(ESE) p(E) dE,

=2 n(E) oE, (5)

(4) We are particularly interested in the behavior fgE) near

over the range & E; < E. This distribution is very broad, is threshold.

a constant, and does not depend on the masses or sizes of P The simplest example to consider would be for a single
and Q. Thus, the model is still valid whether a single or a large dissociation product whem(E) increases linearly witk: (the
portion of the incident projectile PQ recoils during collision first term in a Taylor series expansion), so

with the target S.
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c
A corresponds to the threshold or activation energy for dis- 2
sociation of the ion, as it was similarly defined in eq 1.B1/ % .
corresponds to the slope of the dissociation probability near -
threshold and is used instead of the scaling constagiven s
in eq 1. Note that eq 6 can be converted into a step function at é -
E_t = A by settingB = 0. Substituting egs 4 and 6 into eq 5 § P
gives (e A’g
. = — i“
fi(E)=0 E<A 10 20 30 40 50 60 70
=(E- A)ZIZBE A<E<A+B Incident lon Energy (eV)
=[E—A-B/2)J/E A+B=<E @ Figure 2. Energy resolved mass spectrum (ERMS) dafSiMes*

scattered off hexanethiolate Ccovered Au(111).
These functional forms are well known from models of chemical
reaction3.4_ Comparing this result with eq 1, we conclude that \yheref; is defined in eq 5 and the functidi,{E) is the energy
a quadratic dependence da {- A) wheren = 2 corresponds  transferred to the surface, as is discussed further below.
to alinear increase qf(E;) with E.. In addition, the value = Equation 12 is the final result of the derivation for a fixed
1 corresponds to a step functionpiiE,) (i.e., B=0). Amore  heam energyE. In practice our ion beam has a finite width,
general form of egs 6 and 7 can be obtained by assuming thatand the energy distribution at a nominal beam en&gg well

p(E) =0 E <A described by
=(E—A"B" Qi E[ < é +B . P(EE,) = (+*2AE) * exp[-(E — E)YAE]  (13)
=1 <

The beam widthAE is measured in each experiment (see
description of fwhm in the Experimental Section). Conse-
f(E) =0 E<A quently, the measured fraction of produett the detector for a

: nominal beam energl, is given by averaging eq 12 over the

In that case substitution into eq 5 gives

_ -1
= (E—A)Y[nB"E] AsE<A+B beam distribution, yielding
—{E-A—[(n—1BM})E A+B=<E
A third useful way to writepi(Ey) is as a Taylor series expd@3ion ER(E,) = ﬁ)m dE, P(EE) f[E — Eq{B)]  (14)

aboutE, = A, If

- This is the actual expression used in our analysis. The particular
_ _ (E — A functional form off; depends upon the particular product ion
P(E) ;a'(E‘ A (10) and is taken from either eq 7 or eq 9.

then substitution into eq 5 gives IV. Results and Data Analysis

. A. Determination of Egys. Our method requires that the
_ 2 K energy deposited into the surfacgs,r, be described as a
B =ME-A /E]kzoakH(E —ATk+1)  (11) function of the incident energy of the parent iBn Egys can
- be determined experimentally by energy conservatfoom
We have used both eq 7 and eq 9 in our data analysis in this
paper. E= Escat+ Eint + Esurf (15)
The final step in the derivation is to recognize that the surface
cannot be represented by a single atom S of infinite mass. Inwhere Escar and Eiy are the kinetic and internal energy,
reality, S recoils after the collision with the ion and a certain respectively, of the scattered parent ion following the collision
fraction of the initial kinetic energ¥ is converted into energy ~ event. Eiy is obtained from the plot of the fraction of the total
of the surfaceEsur.  Unfortunately, Esys must be measured  ion signal percentage for each fragment ion velS{ERMS),
experimentally or calculated from trajectory calculations, so it shown for SiMg" scattered from gAu(111) in Figure 2. Some
is not easily obtained. Nevertheless, for the purpose of this of the fragment ions observed in Figure 2 form by sequential
derivation we assume that each polyatomic ion in the beam with methyl loss (SiMg", x = 2—0) while others form via rear-
kinetic energyE deposits a fixed amount of energ,; into rangement (SiM@," and SiD").3¢ Ega is taken as the
the surface, and we assume that the funclgpr(E) is known. weighted average of the kinetic energy distribution spectra
This energy is not available for internal excitation of the (KEDS) of scattered SiMg shown in Figure 3. Experimental
polyatomic ion, and we conclude thBt,; can be accounted  Vverification of theseEscatvalues comes from the approximate
for simply by subtracting it from the total energy available to agreement of the scattered parent and fragment ion velocities
the system to dissociate the ion. Thus, the fraction of particles calculated from the KEDS (fragment ion data not showi)
in product staté actually measured at the detector in an SID is determined by deconvoluting the fragment ion fractions given
experiment when the beam kinetic energ\Eiss by the ERMS with the literature values for their activation

_ (36) Groenewold, G. S.; Gross, M. L.; Bursey, M. M.; Jones, PJR.
Fi(E) = f[E — Equ(B)] (12) Organomet. Chen982 235, 165.
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Figure 5. Best activation energ@, B, and error values versusfor

fitting the SiMg™ — Si* channel.A and B have units of eV while
error is unitless.

Figure 3. Kinetic energy distribution spectra (KEDS) of intadj-
SiMe;* ion scattered off @Au(111). The curves are offset from one
another to ease viewing.

: . , upon the adsorbate coverage on Au(111): these results are

60 : ' E discussed elsewhe?&3® We have used a single value Bf
=~ despite the experimental availability of distributions #and
50715 s 1 Escatbecause we can only guess at the distribution&frThe
= 0 I : cyclip nature pf ulsingEint to. de'germineEsurf to .subsquently .
> 2 obtain the activation energies is considered in the Discussion
“.’: 10203040506070 | SeCtion.
W’ 30 71 incident tn eneray (v B. Comparison of Model with Experimental Data. We
20 have fit our model to the ERMS of the SiMe SiMe*, SiD*,
and St fragment ions produced as a result of the collision event.
10 i These are the higher energy fragment ions produced from SID
0 of SiMes™. The SiMeD™ data were not fit due to insufficient

0 10 20 30 40 50 points near the threshold. The fraction of a given fragment ion
channel was calculated by numerical integration and then
compared with the experimental ERMS by a nonlinear least-
Figure 4. Calculated internal energ¥f:) and energy transferred to squares fit with use of Mathcad (v. 5.0, Mathsoft, Cambridge,
the surface Esur) for do-SiMe;™ scattered off GAu(111). The points  \ja) A andB were varied for a given in order to obtain the

are the values calculated from the data. The curveEfgris simply ; - : :
drawn to connect the points, but the curve gy depicts the function E%S,\t/lﬁst’ f?j g;?’ﬁg;% %%Zf;gg lt)f;/e di);ﬁ%lgental and calculated
m

Incident lon Energy (eV)

in eq 16.
energies of formatiof with use of the method of Cooks* error= z[EmFi(Em)ca,C— EnFiEnexd” (17)
The internal energy of SiMg as a function of is shown in m

Figure 4. Egyy is calculated from eq 15 and is plotted as a

function of E as shown in Figure 4. A single linear fit of the = The optimal value of was chosen by obtaining the lowest error
Esurf data results in large deviations and nonphysical behavior value for the highest energy fragment of a given mechanism
below 10 eV. Furthermore, nonlinearity below 10 eV is (SiD* and St), and this value ofi was then used for the lower
expected as the collision event shifts from a classical (repulsive energy fragments formed by that mechanism. The values of
region of the potential) to a chemical (attractive region of the A, B, and error as a function efare shown in Figure 5 for the
potential) scattering regime. We therefore allow for linear formation of the St fragment and were also determined for
behavior above 10 eV, assume quadratic behavior below 10 eV, the SiD" fragment (data not shown). It is generally found that
and insist for mathematical simplicity that the valuekgfi be the value ofA decreases as a functionmf The best values of
zero whenE is zero. While this final assumption may be the activation energies, B, andn are listed in Table 1 for all
violated by chemisorption, image charge effects, and/or energyof the fragment ions analyzed in this study along with their
transfer from the initial internal energy of the incoming ion, corresponding literature valué$3’-4041 A andB have units of
this likely has little effect upon our results since we are not €V while error is unitless. The values éfin Table 1 have

fitting data atE = 0 eV anyway. Our result is been shifted upward by 148 0.5 eV compared with those of
Figure 5, to account for the initial internal energy of the parent
E.«=kE, E<10eV ion (see below). Table 1 also lists the maximum value of
E(Emay for which each fragment ion of the ERMS was fit. The
=pE+q, E>10eV (16) results for the best fits are shown in Figure 6 by plotting both

the calculated (curve) and the experimental ERMS (points). The
threshold regions of the four fragmentation channels are fit well
by the calculated curves. However, consideration of the 8iMe

wherek = 0.0433,p = 0.846, andy = —4.22 for the SiMg"/
Cs system.

The values folE;y; and Ess obtained here are supported by
trajectory calculations and are also found to depend strongly (39) Schultz, D. G.; Wainhaus, S. B.; Hanley, L.; de SainteClaire, P.;
Hase, W. L.J. Chem. Physln press.

(37) Rosenstock, H. M.; Draxl, K.; Steiner, B. W.; Herron, J. T. (40) Lin, C.-Y.; Dunbar, R. C.; Haynes, C. L.; Armentrout, P. B.; Tonner,
Energetics of Gaseous lonk. Phys. Chem. Ref. Date977, 6, Suppl. 1. D. S.; McMahon, T. BJ. Phys. Chem1996 100, 19659.

(38) Kenttanaa, H. I.; Cooks, R. Gnt. J. Mass Spectrom. lon Processes (41) Boo, B. H.; Elkind, J. L.; Armentrout, P. Bl. Am. Chem. Soc.
1985 64, 79. 199Q 112 2083.
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Figure 6. Experimental (points) and predicted (curves) ERMS for all
four fragment ion channels fit with our model.

Table 1. Values of Activation Energies, B, n, andEmax

fragment method n A(eV) B(eV) Ema(eV)
Si(CDy),* SID®  3.25 43+1.1 7.7+ 0.6 30
CID*® 3.0+0.5 5.32+0.28
El° 75
Eld 3.24
Si(CDy)* SID®  3.25 5.6+ 1.0 45+0.9 40
CID® 25-35 6.58+0.42
El° 10
Eld 6.79
Sit SID*  3.25 7.7+£11 9.6+ 1.0 70
CIDPe 2.1 10.87+ 0.57
El° 111
Eld 7.49
SiD* SID* 2.0 75+14 144+1.4 70
CIDbe 12.2+ 0.57
El°
Eld 7.79

2The A values from SID (surface-induced dissociation) have been
adjusted upward by 1.& 0.5 eV to account for an estimated initial
internal energy in Si(CB)s*. ° CID = collision-induced dissociation
in the gas phase. Reference 4&l = electron impact. Reference
29. 9 Reference 37¢ Reference 41.

channel in Figure 6 shows that in its present implementation,
our model cannot fit the downturn in the experimental ERMS
at higherE values. Ongoing investigations are using eq 10 to
fit the regions of the ERMS abov&nax. The error bars given

in Table 1 for the SID values are estimated from the shifts in
A determined at the limits af given by the error in the fitting
process.

V. Discussion

The activation energie4, listed in Table 1 for each of the
SiMes* fragments, vary over a considerable range. We will

Wainhaus et al.

vibrational modes available to SiMig and the poor Franek
Condon overlap between Silland SiMg*,43 it is reasonable

to assume that 70-eV El imparts an initial internal energy to
SiMe;* of 1.0+ 0.5 eV. Our SID activation energies listed in
Table 1 have been corrected by this amount to account for the
initial internal energy of the parent ion. The SID activation
energies for SiMg™ and SiMe" are both 1.0+ 1.1 eV below

the CID values. The SID activation energies fot &hd SiD

are 3.2+ 1.2 and 4.7+ 1.5 eV below the CID values,
respectively.

The offset between the SID and Cli®values results from
errors inEsyt. Esut depends on an accurate initial estimation
for Eint, E, andEscat (€q 15). Einr has been calculated from a
compilation of El values and was chosen because it includes
data for all the methyl loss and rearrangement channels observed
in the ERMS3” Comparison of the literaturéd values in
Table 1 indicates that these El values are probably lower than
the correct values. Our use of these El values to determine
Esurt likely contributes to a significant fraction of the offset in
the SIDA values (see above). Simple analysis and trajectory
calculation&® both indicate that the method used to extf&gt
from the ERMS is particularly inaccurate at higlegt®38leading
to the larger offsets il for the Sit and SiD™ channels. Future
work will attempt to measure this function more carefully.
Finally, uncertainties i of +1 eV andEsc,:0f £0.5 eV also
affect Esyrt (see Experimental Section).

The largest uncertainty in fitting ERMS data with this method
derives from the choice af. Figure 5 clearly shows that for
Si*, the values ofA andB both depend on: this is true for all
fragment ions. We have chosen the bestlue as that when
the error between the model and the data is minimized, which
occurs ain = 3.25 for Si (Figure 5). Since Siis the highest
energy fragment formed by the sequential methyl loss channel
and its data set has many points near threshold, we also use its
n value for the lower energy fragments of this channel. Since
all the methyl loss fragment ions derive from the same excitation
mechanism and our procedure models the excitation step rather
than the dissociation step, it is appropriate to use the same
values here. When fewer points near threshold are available,
the minimum in the error va curve may not be as apparent as
it is in Figure 5. This makes the value uncertain, and this in
turn makes th@ value uncertain. Ideally, one should use many
points at and near the threshold separated by no more than
1 eV. Since SiD is formed via a different dissociative
channeP®3we repeated the minimization process rather than
using the sama value as for the methyl loss channel.

One major complication in analyzing SID and CID data is
the effect on the ERMS of delayed dissociation of the parent
ion. Delayed dissociation begins to affect thresholds when the
time required for energy randomization and dissociation is
longer than the time available for detectior10 us in our
experiment). Delayed dissociation is routinely addressed in the
deconvolution of CID data by the RRKM meth8d*and may
also need to be taken into consideration for SID. However,
delayed dissociation always leads to an overestimation of the

estimate the accuracy of our activation energies by comparing activation energies, while the SIB values reported here are

them with the CID datd%4! It is reasonable to discount the

electron impact (El) data since it is more likely to suffer from
nonadiabatic effects, soffehas not appeared in subsequent
compilations of ion thermochemical ddfaand somé& was

consistently lower than those from CID. The choicenafan
partially take into account the effect of delayed dissociation in
that a largem shifts fi(E) to higherE. For this reason, it is
reasonable that either stays the same or decreases from higher

collected primarily to obtain accurate cross-sections rather thanyq |ower energy fragments for a series of sequential dissociations
activation energies. On the basis of the energy required for g,ch as methyl loss. Our analysis does not alioi be less

the first methyl loss shown in Table 1, the large number of

(42) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, W. G. Gas Phase lon and Neutral Thermochemistry.
Phys. Chem. Ref. Dati988 17, Suppl. No. 1.

(43) McGinnis, S.; Riehl, K.; Haaland, P. @hem. Phys. Lettl995
232 99.

(44) Loh, S. K.; Hales, D. A,; Lian, L.; Armentrout, P. B. Chem. Phys.
1989 90, 5466.
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than 2 (that is, we do not allow step function behavior). Since different ion—surface pairg® this simple behavior ittt adds

methyl loss would be expected to occur on a different time scale further credence to the applicability of our method.

than rearrangement, it is reasonable that we have chosen The choice of surface composition is vital in obtaining

differentn values for these two fragment channels. We suspect accurate activation energies. If the kinetic to internal energy

that delayed dissociation effects may be smaller for SID than transfer (T-V) is too large, a bunching of thresholds around a

CID due to a forced redistribution of energy in the parent ion similar energy value may occur for all of the fragments, thereby

internal modes by the complex series of collisions that occur at complicating the analysis. Thus, fluorinated organic sur-

the surface. face@361%and clean Au(111) both show high-V33 and high
Several factors contribute to uncertainty in the SID activation scattered ion yields, but they may have limited utility for

energies presented here. The uncertainty in the absolute beandetermining activation energies.

energyE and the energy width of the beam energly are both

always>1 eV in any SID experiment, compared witt0.3 eV VI. Conclusions

in a CID experiment21344 The higher uncertainty in SID beam .

energies necessarily results from image charge induced shifts We have demonstrated a new method by which one can

and broadening of the beam energy at the surface complicatecnO biain activation ener_gies fo_r the formati_on of frag_ment_ati_on
by the possibility that the ion undergoes neutraiization and products of a parent ion during surface-induced dissociation.

reionization at unknown distances from the surfécéihile While this method will probably not exceed the accuracy of
both E and AE are measured experimentally, these shift and gas-phase collision-induced dissociation or other accepted

. e - . thermochemical methods for small ions, it holds great promise
broadening effects are difficult to quantify and therefore will for the laraer ions that cannot be readilv analvzed by these
lead to additional uncertainties both in the experimental ERMS 9 y Y y

determined. For the SiMg& system, the uncertainty in our 9y

CRIVSleacs 1 an uncerany mof .15, wnich resus S0, DL o abpear o be reltve veliehaver
the ca.t+1-eV uncertainty in the SIDA values (Table 1). A )

separate indeteminate uncerany n e Woklves derves 7110/ TSN O e L ) e s,
from Egyt (See above). y

It can be argued that the method described here is limited by in the results reported here. However, we are working to reduce

X o . these measurement uncertainties through improvement of our

the fact thaA values are used to estimdgy, which in tum is experimental apparatus. We are testing our method out on other

used to obtairEg,s, which in turn leads back to th& values. smpall ol atorﬁirt): ions .b measurin gener resolved mass
There are several solutions to this limitation: (1) An iterative poly y 9 gy

approach can be employed by making an initial guesSat spectral data with 1-eV increments in the incident ion energy
obtaining Exs and A, using A to re-estimateSy, and then in the threshold region. This effort is being assisted by trajectory

repeating the process until self-consistent values are obtaineg c&'culations and further theoretical investigations. Once the

X X . : behavior of a series of smaller ions is well understood, we hope
This would work for multiple fragmentation channels since they . o : -
. : to apply these methods to determine activation energies of high-
would all use the samdeg,s function. (2) Experimental

examination of a sufficient number of iersurface pairs may energy fragmentations of medium to large biological ions, where

provide the ability to predicEg,s for new systems. (3Esurt we hope this method will be most useful.
can be determined in some cases from the parent ion and the
first dissociation product, where th& value is know from
another experiment. Then, our procedure would be used for
all other fragment ions. (4) Preliminary results have indicated
that Esys may be obtained from trajectory calculatiocis A
recent analysis of experimental data has found thatBhe
function is linear with similar slopes and intercepts for several JA962471K
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