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Abstract: Recent work reported in the literature has shown new evidence of a sputtered ion mechanism for associative
ion surface reactions occurring during surface induced dissociation (SID) tandem mass spectrometry (MS/MS). In
the context of a sputtered ion mechanism, we have studied selected routes to the formatibia™ofl@ing the
low-energy collision (ca. 30 eV) of benzene molecular ions with surfaces covered with a hydrocarbon overlayer. A
key approach utilized in this work is the use of gas phase ion molecule chemistry to model reactive ion surface
collisions. BenzenéHg-labeled benzene, ad&Cs-labeled benzene have been examined by SID and collision activated
dissociation (CAD). The CAD experiments have been used to investigate the fragmentation of hydrocarbon adducts
of benzene and labeled benzene formed by methane and isobutane chemical ionization (Cl) as models of those ions
which may be formed via a sputtered ion mechanism during SID. In addition, the thermodynamics of many of the
possible sputtered ion routes to the formation efl& have been compared using experimental heats of formation

as well as total energies and zero-point vibrational energies (ZPVE) obtairaddibifio (MP2 6-31G*//HF 6-31G*)
calculations. While there are several seemingly viable sputtered ion routes to the formatigiy dtiGring SID of

benzene molecular ions, the combination of thermodynamic considerations and experimental results suggest that a
likely sputtered ion route involves the reaction of neutralized benzene ions wlts"Gons (sputtered from the
hydrocarbon overlayer) followed by the loss of ethene.

Introduction of ions are probed. In this paper, we describe a mechanistic
. ) ) ) ) model of ion surface reactions which should contribute to further

The interactions of gas-phase ions with surfaces is an area,ngerstanding of the fundamentals of polyatomic ion surface
of growing interest for practical and fundamental reasons. .qjjisions.

Prac_tical in_te_rest in ion_ sur_face inte_ractions o_ften i_nvolves t_heir Much of what is known about the fundamentals of polyatomic
use in obtaining analytical information regarding either the ions 5, surface collisions has been described in reviews of the
or the surface. lon surfac_e _coIIisions are a well-established subjec56 In these reviews and elsewhéré! associative ion
method for surface analysié (i.e. secondary ion mass Spec- g rface reactions are described, in which the incident ions react

trometry, SIMS). lon surface collisions also are showing great \yith hydrocarbon surface adsorbates to form ion surface reaction
promise for probing the structures of gas-phase ions via the products. Originally, these reactions (hydrogen and alkyl

technique of surface induced dissociation (SID) tandem mass,qgitions) were explained as reactions with radical intermedi-
spectrometry (MS/MS}:* Successful use of ion surface interac- 51645 (presumably sputtered by collision of the incident ions
tions in these practical applications is leading to significant ity the hydrocarbon surface overlayer). Later, a convincing
interest in improved understanding of the fundamentals of the description of a concerted mechanism was gitfetdowever,
related processes. However, currently little is known about the yecent work has yielded evidence suggesting that these associa-
fundamentals of polyatomic ion surface interactions, especially e ion surface reactions may proceed through a sputtered ion
at lower ion kinetic energies (20 to 100 eV) where the structures mechanism where the incident ions undergo charge exchange

with surface speci€$to produce sputtered ions which then react
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with the neutralized incident ions to form ion surface reaction benzene were produced by 70 eV electron impact ionization. The
productst! These three ion surface reaction mechanisms, pressure in the analyzer region was approximatety B0~7 Torr. The

sputtered radical (i), concerted (i), and sputtered ion (jii), can Self-assembled monolayer film was prepared by the spontaneous
be depicted as follows: assembly of octadecanethiol onto vapor-deposited gold. The film was

prepared by immersing the UV-cleaned (Boekel, Philadelphia, PA) gold
substrate in 1 mM thiol solution for 24 .

The two CAD instruments utilized (located at American Cyanamid)
were the Finnigan TS®45 and the Finnigan MAT 95S. Both were

M+ SA—=M"+S+A"—=MAT+S (i)

o+ + + -

M™ +SA—[SA-*M]" —MA" + S (i) equipped with the standard EI/CI ion source. For both instruments
N N N and both CI gases (methane and isobutane), Cl gas was held at a

M +SA—M+S+A"—MA"+S (i) pressure of 0.5 Torr in the ion sources. These Cl gas pressures yielded

reagent ions in the following diagnostic ratios: 3:6:1 foz 17, 29,
where M* is the incident ion which collides with the bulk  and 41, respectively, for methane CI and 1:5 folz 43 and 57,
hydrocarbon covered surface S, A is an individual hydrocarbon respectively, for isobutar’é. For both instruments, the collision gas
group (hydrogen, alkyl, or alkenyl), and MAs the associative  pressure (helium for the MAT 95S and argon for the TSQ 45) was
ion surface reaction product (which may undergo fragmentation adjusted to attenuate the primary ion beam by 90%. CAD experiments
after formation). Note that short-lived radical species may be With the TSQ 45 were carried out at 30 eV collision energy. CAD
left at the bulk surface S for any of the three mechanisms. experiments with the MAT 95S were carried out in the first field free

. o ... _region at a collision energy of approximately 4.5 keV. No significant
Regardless of the mechanism, it is likely that these aSSOCIatIVekinetic energy induced differences were observed between the CAD

ion sur_face reactions p_roceed within the Ellfydeal time frame spectra recorded with the MAT 95S and the TSQ 45,
(i-e. without equilibration at the surfgc@f). _AISO, It is now . Reagents. Ultrahigh-purity helium, argon, methane, and isobutane
generally accepted that these associative ion surface reactiongyere obtained from Mathesdn Methane and isobutane were intro-

often involve charge exchange with the S}ermh is only duced into the TSQ 45 and MAT 95S ion sources via the standard ClI
plausible with the concerted mechanism (ii) and/or the sputteredgas inlets. Helium (for the MAT 95S) and argon (for the TSQ 45)
ion mechanism (iii). were introduced via the standard collision gas inlets. Benzene was

In this paper, thermodynamic and experimental data are obtained from Aldrichi. 2He-labeled benzene, aftCs-labeled benzene
examined in the context of the sputtered ion mechanism for a Were obtained from Cambridge Isotope Laboratories. Samples were
specific associative ion surface reaction, the alkylation of introduced through custom batch inlets. Benzene and labeled benzene
benzene molecular ions to formig;* at hydrocarbon surfaces ~ Were cycled through several freezeump-thaw cycles just prior to
(this reaction was first reported in 1988hen again in 1988 use. Samples were leaked into the ion source using a variable-leak

. . valve.
with related work for other compoundésyith further study

- Ab Initio and Thermodynamic Calculations. Ab initio calculations
reported in 19931 and 1993%). Throughout much of the ..o performed by using the program packages GAMES@d

examination, gas-phase iemolecule chemistry is used t0  GAUSSIAN 9217 Geometries were completely optimized at the
model ion surface reactive collisions and test a wide range of Hartree-Fock level with the 6-31G* basis set (HF 6-31G*). Second
possible sputtered ion reaction routes. The result of this analytical derivative calculations (zero-point vibrational energies,
examination is considerable evidence for a specific and perhapsZPVE) have also been carried out to check for real minima on the
unexpected sputtered ion mechanism leading to the formationpotential energy surface. More accurate total energies were obtained

C;H;* during the collision of benzene molecular ions with ~at the second-order MgltePlesset perturbation level at the appropriate
hydrocarbon covered surfaces. HF 6-31G* equilibrium geometries (MP2 6-31G*//HF 6-31G*) cor-
rected by 0.9x ZPVE values. Experimental heats of formation were

Experimental Section taken from the literaturé®

Instrumentation. Experiments were carried out using four different  Reasylts
mass spectrometers (two SID and two CAD) at three locations. Data
from each of the instruments were thoroughly compared for each A persuading factor in the consideration of sputtered ratfical
experiment performed. In comparisons between instruments, virtually (i) and concerte¥ (i) mechanisms for ion surface reactions at
identical data were recorded. Measurements were repeated severahydrocarbon surfaces has been that these mechanisms often
times on different days in order to ensure the repeatability of the results. require only observation of the ion surface reaction product and
The instruments and conditions employed were as follows: usually do not require observation of charged intermediates.
One SID instrument (located at Princeton University) was constructed After observing an abundant sputtered proton signal (typically

from two Dycof M2OOM quadrupole mass spectrometers both . .
mounted in a custom 8 in. Conffaflange. One quadrupole served as 20 to 40% of all ions observed) during SID at hydrocarbon

a differentially pumped mass selective ion source. The other quadrupoleSurfaces;" we began to reconsider the role of ion sputtering in
served as a scattered ion detector. The instrument was operated witr@Ssociative ion surface reactions. The sputtering of protons in
the standard electron impact (El) ion source, electron multiplier detector, high yield is evidence of a sputtered ion mechanism (iii) for
and Dycor data system. An initial description of the instrument was

; i i ; (14) Harrison, A. G. Chemical lonization Mass Spectrometry; CRC
reported previously* The instrument was mounted in a small vacuum Press: Boca Ratan, FL, 1983.

test chamber equipped with an 800 L/s Vafiatiffusion pump where 15) Wysocki. V. H.. Ding, J.-M.; Jones, J. L.; Callahan, J. H.; King, F.
experiments were carried out at an approximate pressure &fTHor. L. o092 3, 27-32.

The surface employed was a stainless steel rectangle that was polished (16) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.;
with 600 grit sand paper and had a thin layer of Infad® pump oil Gordon, M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.;
applied with a cotton swab. The surface was held at a position that is Su, S. J.; Windus, T. L.; Dupuis, M.; Montgomery, J. A., ghislm -
specular to the 108scattering angle. Chem1993 14, 1347-1363. Program Package GAMESS, Version: April,

The other SID instrument (located at Virginia Commonwealth 195(9;17) Frisch, M. J.; Trucks, G. W.: Schlegel, H. B.; Gill, P. M. W.;

University) has been described in det&ilThe instrument is constructed  johnson, B. G.; Wong, M. W.; Foresman, J. B.; Robb, M. A.; Head-Gordon,
from two Extrel 4000 u quadrupoles. The surface is located at a M.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Ragavachari, K.; Binkley,
position specular to the 9Gscattering angle. The molecular ions of ~J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.;
Stewart, J. J. P.; Pople, J. A. Gaussian 92/DFT, Revision F.4; Gaussian,
(12) Eley, D. D.; Rideal, E. KNature 194Q 146 401. Inc.: Pittsburg, PA, 1993.
(13) Williams, E. R.; Jones, G. C.; Fang, L.; Zare, R. N.; Garrison, B. (18) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
J.; Brenner, D. W jninunSismmmmiiod 992 114, 3207. R. D.; Mallard, W. G| NN 055 17, Supp!. 1.




Examination of Sputtered lon Mechanisms J. Am. Chem. Soc., Vol. 118, No. 35, 83096

H+
| | ¢
i Cs
‘@ M+.
w
s z
] 5lz r“ E
o |
| ‘ M-+H["
\% ZT\?CZH; “ALQH; W‘N“l 6 ,/J ﬁ ] CH,* g C,
jGHsT JGHs iy 6 Jl oH .
L N 1 X | . . ) , . C
0 20 40 60 30 | L/L‘
m/z = , ‘ ’ . ‘
Figure 1. Surface induced dissociation spectrum of benzene molecular 100 120 140 160 180 200

ions undergoing 30-eV collisions with a hydrocarbon (pump oil) m/z
covered surface. Experiments withs-labeled benzene artéCs-labeled
benzene indicate that™ C;Hs", C3Hs*, and GH;t were sputtered
from the surface. The labeled experiments also indicate thait [N] ™

ions contain the entire benzene molecule and that;Cwas formed
with six carbons and five or six hydrogens from benzene. Spectra
obtained with Gs alkanethiolate surfaces are similar and have been

publishet? to provide the gas-phase model which utilizes the thermody-

. . . L . namic and experimental data that follow.
hydrogen addition reactions of ions colliding with hydrocarbon Thermodynamic Considerations. When considering the
covered surface. This evidence is illustrated in Figure 1 thermodynamics of @i,* formation via a sputtered ion

where a considerable excess of sputtered protons is clearlyyechanism during SID of benzene molecular ions at hydrocar-
available for reaction with neutralized benzene molecular ions o, surfaces. the following two key questions should be
(appI’OXéTateW 90% of WTCh are n_eutrlzillze_d at or near the yqqressed: (1) how much energy is necessary to create the
surfacé®1) to form [M + H] " (mz79) ions™* Itis conceivable jermediate alkyl or alkenyl sputtered ions via charge exchange
Fhat this mecharjlsm (reaction of sputtered species wnh neutral-\itn penzene molecular ions, and (2) what are the energetics
ized molecular ions) also may play an important role in other ¢ ihe reaction betweemeutralizedbenzene and sputtered alkyl
associative ion surface reactions such as alkylation at hydro- 4,4/0r alkenyl ions to form the observedrG* ions? In the
carbon surface¥. As a starting point for further consideration text that follows, these questions are answered by modeling the

of the plausibil_ity of this mechanism for alkylation react_ions, reactions in the gas phase using available experimental heats
we have examined the alkylation of benzene molecular ions t0 ¢ ¢ormatiori and MP2 6-31G*/HFE 6-31G* total energies

form G;H;+ (m/z 91, also shown in Figure 1) in the context of corrected by ZPVE values.

the sputtered ion mechanism (iii). , (a) Formation of Sputtered Alkyl and Alkenyl lons. As

If the alkylation of benzene molecular ions to formHG* suggested previoushp68positively charged molecular ions can
proceeds via a sputtered ion mechanism (the plausibility of other e neytralized at the surface by an electron transfer from the
mechanisms has been described elsewtéfs then the  gyiface to the projectile ion. If sufficient energy is available,
intermediate benzene-sputtered ion complex also might behe electron transfer also may be followed by sputtering of
observed. Observation (at low abundance) of th#ff€-CHg] ™ surface species. In the case of benzene colliding with a

(m'z 93) and [GHe:++CHs] " (M/z 107) complexes during SID 1y qracarbon surface, such a reaction might take place as follows:
of benzene molecular ions has been described in the litef&ture.

The abundance of the complexes argH¢ product has been CHt+SA—CH.+SAT—CH.+S+A" (iv)
noted to vary with different chain lengths of hydrocarbons at 6 e e
the surface. The increase in abundance for the complexes andl’hermodynamic data (gas phase) related to reaction iv of

C7H7" product with decreasing hydrocarbon chain length is penzene molecular ion withCoHans» hydrocarbonsr(= 2—11)
consistent with a sputtered ion mechanism because the sputtered ¢ provided in Table 1. The data in Table 1 feCqHan:2

Figure 2. Surface induced dissociation spectrum of benzene molecular
ions undergoing 30-eV collisions with agalkanethiolate surface. The
resolution was reduced in order to observe the-C, intermediate
reaction complexes with maximum sensitivity. Experiments with pump
oil covered surfaces yield similar data.

ion yield also increases with decreasing chain led@tin an  gpecies are intended to model either physisorbed hydrocarbons
effort to observe the intermediate reaction complexes, additional or the alkyl portion of alkanethiolate self-assembled monolayer
experiments were carried out to carefully examine rtiie 95 (SAM) surfaces (both of which yield SID spectra similar to the
to 200 range. Reaction complexes representingtaC C, one shown in Figure 1). Data are provided for= 2—11

addition can be observed when the resolution of the second mas$,ecausen = 18 (SAM) andn > 24 (pump oil) data are not
analyzer is reduced to permit maximum sensitivity as shown in yeadjly available in the literature. Columns—B of Table 1
Figure 2. Based on these results, we+h§1ve chosen to examing,ssyme a gas-phase radical neutral species left after reaction
the possibility that t_he formation of &l;* ions during SID of (charge exchange and fragmentation). The direct charge
benzene molecular ions at hydrocarbon covered surfaces OCCUrgychange between ionized benzene arEhHant» (gas-phase

via the reaction of neutralized benzene ions with the following q4t4 in column A, Table 1) is a slightly endothermic process
potential sputtered ions: G, CoHs", CHs", CsHs", CaHy ™, where the endothermicity decreases with increasing chain length
and GHo™. Additional considerations in the selection of these asymptotically approaching a small endothermic value. For
ions as possible reaction intermediates includes observation °fexamp|e the energy requirement for the reaction wisHs
these sputtered ions reported in the literatdiand our ability is only about 0.6 eV (13.4 kcallmol). However, charge

(19) Kane, T. E.; Somogyi, A.; Wysocki, V. HE exchange of ionized benzene angHg,+> may be favorable as
1993 28, 1665. the result of the excess internal energy of benzene ions formed
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Table 1. Reaction Enthalpié Related to lons Sputtered from Saturated Hydrocarbon Surfaces via Collisions with Benzene Molecglar lons

A B C D E F G H |
n for CoHant2 charge exchange CHQ,Jr C2H3Jr C2H5Jr C3H5+ (allyl) C3H7Jr C4H9Jr AHs for CiHons2 AHs for CHon
2 52.3 102.3 —20.0 12.5
3 39.1 100.9 72.4 62.0 —25.0 4.8
4 29.8 102.1 70.8 60.4 77.6 62.6 —30.1 —-0.1
5 25.6 100.9 71.6 61.2 75.6 60.6 59.4 —-35.1 —-5.1
6 20.6 100.9 70.6 60.2 76.6 61.6 57.6 —39.9 —10.0
7 15.4 100.7 70.6 60.0 75.4 60.4 584 —44.9 —15.0
8 13.4 101.7 70.6 60.0 74.4 59.4 57.4 —49.9 —20.0
9 11.1 b 71.1 60.7 75.1 60.1 57.1 —54.7 —24.9
10 9.2 b b b 76.2 61.2 57.2 —59.6 —29.8
11 9.6 b b b b b 59.6 —64.6 —-34.7

a All values are gas phase (kcal/mol) and are calculated with reference to the enthalpy legdbdf-£C,Hano. Data were obtained from ref
18. Column A is the energy for charge exchange with benzene molecular ions. Colun@harf® the energies for charge exchange (column A)
followed by fragmentation to yield the indicated ion. Columns H and | are the standard heats of formation for the indicated hydrécrbons.
heats of formation of the complementer radical product were not available.

by electron impact (El) ionization. The SID efficiency values Given that alkylation at hydrocarbon surfaces during SID is
reported for hydrocarbon surfaces (approximately 90% neutral- generally only observed for incident radical cations (as opposed
ization) reflect the relative ease of neutralization of benzene to even-electron species};the eventual fate of those radicals
molecular ions at these surfaces!o.1! may be a driving force for product ion formation in the
Itis possible that the energy required to fragment the ionized hydrocarbon sputtering reactions. One possible explanation for
alkyl surface chains (i.e. form sputtered ions) can be the resultthe larger abundance of sputteresHg! is that the radicals left
of the excess energy from EIl ionization of benzene, and over from reaction iv combine to produce the more stable
alternatively, the energy can be readily provided by 30-eV SID hydrocarbon species. In the simplest case, the combination of
collision energy (via conversion of the translational energy of radicals at the surface might involve mobile H atoms which
the incident ion%2°-22), The formation of the methyl cation = presumably are mobile enough to combine and forpad
(i.e., the cleavage of the-&C bond at the end of the ionized depicted in the following reactions:
chain) requires significantly higher energy than the formation

of any of the G—C, cations. For example, when usingtGs C.H,, +2‘* — CHy ; + Cn—xHZ(n—x) ot 1/2|-|2 (v)
as a model compound, the endothermicity of these reactions

i i i o+ + 1 :
relative to the benzene molecular ion and octane decreases in CHyiyt —CH,y " +C, xH2(n7x) +Y,H, (i)

the order of [methyl} (101.7 kcal/moly> [allyl] * (74.4 kcal/
mol) > [ethenyl}t (70.6 kcal/mol)> [ethyl]* (60.0 kcal/mol)

~ [propyl]* (59.4 kcal/mol)> [n-butyl]* (57.4 kcal/mol). This
order is not sensitive to the chain length for the gas-phase model
(columns B-G, Table 1) and, to some extent, is reflected by
the relative intensities of sputtered ions. For example, the
intensity of the sputtered [methyllcation is, in general, very
low (if detected at all) in SID spectra. The peaksnalz 29
(CoHs1), 43 (GH7Y), and 41 (GHs™) are the most commonly
observed sputtered ions during Si13%11and Ar" sputtering®

at hydrocarbon surfaces. The most intense sputtered ion (Figur
1) atm/z 41 (GHs") is not well explained by these energies
(column B-G, Table 1) given that the formation of the
unsaturated ™ (m/z 41) allyl?® cation from the saturated
isopropyl cation vz 43) by H; loss is endothermic by 15 kcal/
mol. The unsaturated 85" (m/z 41) might predominate,
however, if formed from a structure other than isopropyl cation
or if an initially formed GH-* contains excess internal energy

and_further fragments. . . . at hydrocarbon surfaces. It should be noted that other more

Since the sputtered peak avz 41 is relatively intense . gjicated processes, including migration of surface hydro-
(compared_ to the other sputtergd hydrqcarbqns), therg may becarbons, other reactions of the surface hydrocarbons with the
some gddltlonal thermodynamlc cons@ergtlon favoring the incident ions, and/or contamination of the surface by residual
sputtering of GHs*. The reaction energies in columns-B&

X . gases in the high vacuum system, may also contribute to the
of Table 1 assume'that a rad|c_al hydrocarbon_|s left at the reactions which eventually stabilize radical species at the surface.
surface. However, it seems unlikely that a continual buildup

£l lived hvd b dicals | . t th » (b) Reaction of Neutralized Benzene with Alkyl and
offong-iived hydrocarbon radicals 1S occurring at (n€ Surtace. o eny| jons. Assuming the G-C, sputtered ions considered

The thermodynamics related to this possibility are illustrated
in the trends of gas-phase heats of formation for alkanes versus
alkenes in columns H and | of Table 1. While it is-105
kcal/mol more favorable to form alkyl versus alkenyl sputtered
ions (reaction iv, energies given in Table 1 columns@®), it

is approximately 30 kcal/mol more favorable (difference
between columns H and | in Table 1, regardless of chain length)
to leave (after fragmentation, i.e. sputtering) a stable neutral
alkane rather than an alkene (assuming that the other reaction
roduct is H). Assuming that reasonable (stable) end products
are formed at the surface via hydrogen loss or transfer (i.e. low
probability reaction that significant numbers of long-lived
radicals reside at the surface), alkenyl ion sputtering (reaction
v) is potentially some 1520 kcal/mol more favorable than alkyl

ion sputtering (reaction vi) thereby providing a possible rationale
for the thermodynamic driving force leading to the most
abundant sputtered hydrocarborHg', observed in SID spectra

(20) DeKrey, M. J.; Kenttama, H. I.; Wysocki, V. H.; Cooks, R.Qg, here are present in the vicinity of the surface, it is reasonable
986 21, 193. to also assume that they can react with neutralized benzene since
ggy(zl&?gl”oughs'J'A';Wa'”haus’s' B.; Hanley dinimiaiags 1 094 approximately 90961011 of the incident benzene ions are
(22) Burroughs, J. A.; Wainhaus, S. B.; Hanley giniiSmiian 995 neutralized at the surface. Table 2 provides some energies
103, 6706. related to these reactions. The energetics of the reactions of

(23) Different GHs" isomers also may exist and/or be formed during ; + + + +
the sputtering process. In this work, we only considered the most stable neutrfll_benzene Wlth CH, CoHa™, CoHs™, CgHs™, CshH7™, and .
isomer, the allyl cation: see, e.g.: Aue, D. H.; Davidson, W. R.; Bowers, C4Hg" in the formation of the corresponding ipso-adducts is

M. T. ininSissmmiin 4976 98, 6700. predicted to be significantlgxothermicby MP2 6-31G*//HF
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Table 2. Relative Energies for the Formation of Ipso Adducts, M+H]*
CsH7", and GH;" via the Reaction of Neutral Benzene with
Potential Sputtered Hydrocarbon Catibns

R* Xb Ye Zd
reactant ion (ipso adduct) (CeH7) (CH7Y)

CHg* -81.3 15.9 -78.1
CHst -66.3 -27.3 +10.2
CoHs* —49.8 —18.9 -50.3
CsHs* (allyl) —28.3 3.8 -30.3
CsH7* —34.0 —22.0 —47.9 L)
C4Ho" -32.3 -17.7 —435 80

Intensity
CH,"

[ CH
TICH CHT

[CeHg CoHsT
{

1200 140 160
m/z

S| _[CHy CHT

0

aAll values are gas phase in kcal/méIX represents the MP2 | Dy
6-31G*//HF 6-31G* relative energy (corrected with G9ZPVE) for Y
the formation of the ipso adduct from neutral benzene and the indicated
alkyl or alkenyl ion (R). For GHg™, calculations were carried out at
a lower level (HF 6-31G*//HF 6-31G*) Y represents the following
heats of reactions: ¢Els + Rt — C¢H7" + the remaining neutral (Ckl
CoH,, CoH4, CgH4, CsHe, and GHs in the above order). In these
calculations, gas phase experimental heats of formétivare used.
dZ represents the following heats of reactiongHE+ R™ — C/H;* cHy
(tropylium) + the remaining neutral (5 CH,, CHs, C;Ha4, C;Hs, and
CsHg in the above order). In these calculations, gas phase experimental | i 1
heats of formatiot were used. 80 100 2/
m/z
. . . . . L
6-31G calcqlatlons with the addition of me_thyl cation t(_) neutral Figure 3. Methane (top) and isobutane (bottom) mass spectra showing
benzene being the most preferred reaction energetically (se€c,_c, addition. Experiments witPHe-labeled benzene artCs-labeled
Tablg 2, column X). Although.the addition of propyl cation is  penzene indicate that the adducts of,GHC,Hs", CoHs', CaHs™, CaHy™,
predicted to be more exothermic than the allyl addition, the allyl and GHg* ions with benzene contain the entire benzene molecule. In
cation can react with either end carbon, which can make the addition, the labeled benzene CI experiments showed tidt'Gvas
formation of the allyl adduct more favored entropically. Based formed with six carbons and five or six hydrogens from benzene as is

on experimental heats of formation, the formation gHg" the case with ion surface reactions.

(tropylium) ions from neutral benzene and alkyl or alkenyl Table 3. Adducts Observed during Chemical lonization (Cl) of

cations is also predicted to be significantly exothermic in all genzene and the Major Collision Activated Dissociation (CAD)
but one case, £i3* (see Table 2, column Z). Inherently, all  Fragments of These Adducts

Intensity

[CeHe CHs ]
X100

[CeHg"C3Hs]
[ [CeHy"CHT

140 160

—
>

of thesg reactions coqld pe g.as-.phase reactions similar to those methane isobutane major CAD
occurring under chemical ionization (CI) conditions. Therefore, Cl adducts Cl adducts fragment3
data for the competing reaction, proton transfer (ordinary ClI), s n
ided in column Y of Table 2. Note that in f + [CoHte-Chhy o

are provided in column Y of Table 2. ote t at!n ounkiGT, [CeHee+*CaHa] [CeHe*++CoH3] CgH7*, CeH7™
CoHs™, CsH7™, and GHg") of the six routes considered, proton [CeHe**+CoHs] CeH7+, CoHs™
transfer to form @H;" (an entropically favorable process) is [CeHe**+C3Hs] ™ [CeHee++CsHs] ™ C7H7*, CaHs*
exothermic and can readily compete withHz+ formation. [CeHe“‘C3H7]i [Ce|'|§»+"‘Ca|'|zr]+ N CeH7*, CaH7*

Experimental Considerations. The key to considering [CeHe+CaHg] CeH7", CaHo”, GoHe
sputtered Chit, CoH3z™, CoHs™, C3Hst, CaH, ™, and GHg™ ions 2In descending order of abundance. Only fragments with relative
as intermediates to the formation ofHG* during SID of abundances greater than 2% are give@®H®--CH’" was observed

to be very stable with a fragmentation efficiency that is at least one

benzene molecular ions lies in using a suitable model to order of magnitude lower than the other adducts.

experimentally test each of these possibilities. For this set of
intermediates, the possibilities were readily testggderimen- performed to explore the fragmentation pathways of the ClI
tally in a gas-phase model using methane and isobutane chemicahdducts of CH", C;Hst, CHs™, CeHs™, CsH4H, and GHg™ ions
ionization (Cl) of benzene. Figure 3 shows the methane Cl with benzene. Table 3 summarizes the results of these experi-
and isobutane Cl mass spectra for benzene. Cleasty;'Gs ments. While almost all of the possible fragments (including
a major product observed in both CI spectra. Furthermore, C;H;) can be observed at extremely low levets206) in the
stable adducts of CH, C;Hs™, CoHs™, C3Hs™, CsH7™, and GHg™ CAD spectra for each intermediate being considered (except
ions with benzene are also observed as would be predicted from{CeHg---CH3] ™), the major fragmentation pathways are very
the thermodynamic data (Table 2, column X). Experiments with distinct. In the case of [§Hg--CHs] ™, the adduct is very stable
?Hg-labeled benzene aiéCq-labeled benzene showed that each (i.e. has a low CAD fragmentation efficiency) and forms only
of these adducts contained the entire labeled benzene moleculethe GH7" ion in low yield. Only two of the adducts, g+
In addition, the labeled benzene Cl experiments showed thatCHjz]™ and [GHe:**C3Hs] ™, have major fragmentation pathways
C;H;* was formed with six carbons and five or six hydrogens leading to GH;*. The CAD spectra agree well with the
from benzene, thereby suggesting thatl€ ions produced by  thermodynamic data (Table 2). In each case whegd,C
Cl were formed via a similar mechanism to those observed formation is exothermic, this product is favored, presumably
during SID of benzen&l® These results indicate that Cl of as the result of having a lower activation energy thahl-C
benzene probably is a suitable experimental model for com- formation which can have extensive rearrangement requirements.
parison with ion surface interactions of benzene at hydrocarbon Proton transfer from Ckt and/or GHs* to benzene is endo-
surfaces and that at least one of the intermediates beingthermic for GH;" formation and hence the alternative exother-
considered is an excellent candidate for the intermediate in themic route to GH;" becomes the primary reaction channel. As
sputtered ion mechanism leading teHz* formed during SID observed with Cl and SID, CAD experiments witHs-labeled
of benzene. benzene and®Cs-labeled benzene showed thatHzt was

In order to further test the possible sputtered ion routes to formed with six carbons and five or six hydrogens from benzene.
C;H7*, collision activated dissociation (CAD) experiments were These results suggest thatsfg:--CH3]™ and [GHe*++C3Hs]™
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are candidates for intermediates leading bl formed during variety of sputtered ion reaction routes. Given the observation

SID of benzene ions, and that the adducts gfi§, C,Hs™, in the SID data of all of the key charged intermediates for the

CsH7t, and GHg™ ions with benzene are not likely,/8;" sputtered ion mechanism (involving the sputtering eHE

intermediates. from the hydrocarbon overlayer and then reaction of the
The primary sputtered ion mechanism leading teHE neutralized benzene with sputteregHg" ions to form GH;™)

formed during SID of benzene ions can be narrowed down to @ Well as the good agreement of the gas-phase experimental
a single pathway by reexamining the data accumulated in this Model and thermodynamic data, it seems likely that the sputtered
paper. First, the low fragmentation efficiency in the CAD ion mechanism contributes significantly to the observed.C
spectra for [GHg+*CHg]* relative to [GHe**+CsHs]™ makes it products of the reaction of benzene ions with hydrocarbon
less likely that GH* is formed from [GHe++-CH3]* in Cl or covered surfaces. _
SID. Second, in the CI spectra (Figure 3), only methane CI Since it is now apcepted that these reactions prqceed after
y|e|ds S|gn|f|cant amounts Of qﬂ] and [QHG"'CH3]+, Wh”e Charge eXC.hange W|th the Surfﬁa pOSSIb|e alternaUVe toa
bothmethane and isobutane CI have the substantial productionSPuttered ion mechanism is the concerted rétitehen
of CsHs™, [CeHe+-CsHs]*, and the GH;* product ion in comparing these potentl_al routes (concerted and sputtered ion),
common. This suggests that#" may be produced via ]Ehere ar?gwfo key Ql;test:;)ns(;_ () tdotis the tsurlfacg derocarpon
e ; PR ragment before or after bonding to the neutralized benzene ion,
[CeHe+*C3Hs]* in the CI experiments. Third, in the SID and (i) does the intermediate 10/, involve [CsHer+~CHa]
or [CgHe:+-C3Hs]t? Only very short time scale measurements
could address the question of which comes first, fragmentation
or attachment to benzene. Additional evidence of the interme-
diate involved might be obtained by devising an apparatus to
monitor the neutrals scattered from the surface during SID or
by isotopically labeling the end carbons on a self-assembled
monolayer surface. These experiments will be attempted in
subsequent investigations.

Based on these findings, we find it useful to view the SID
surface reaction chemistry leading to alkylation at hydrocarbon
surfaces as being very similar to iemolecule reactions
(specifically methane and/or isobutane Cl processes) where the
ions corresponding to reagent ions are produced in SID by
sputtering the hydrocarbon overlayer and the corresponding
neutrals in SID are produced via neutralization of the ions
C6H6'+ + hydrocarbon surface overlayer colliding with the surface. This view may be significant to the

+ + possible widespread analytical use of SID because it greatly

CeHe + C3Hs™ — CoH; - + CH, simplifies the understanding of the more commonly observed

ion surface reactions at hydrocarbon surfaces by allowing them

to be modeled and understood in terms of the well-established
technigues of methane and isobutane CI. As done previdtisly,

While convincingly demonstrating the likelihood of a sput- We suggest that the use of gas-phase-imolecule reactions
tered ion mechanism, the results presented here have not0 modelion surface reactions (particularly those with sputtered
specifically excluded the possibility of other mechanisms leading ion mechanisms) will facilitate further understanding of other
to the formation of GH;* during SID of benzene molecular SID processes where associative ion surface reactions are
ions (particularly sputtered radié&l(i) and concerted routéd observed.

(). Thus far, alternative mechanisms (i or ii) have been  Acknowledgment. The gift of 13Csbenzene from the
difficult to thoroughly demonstrate with experimental evidence Cambridge Isotope Laboratory Research Grant Program is
because these alternatives do not necessarily require observatiogreatly appreciated (V.H.W.). The support of this work (for
of charged intermediates. In contrast, the gas-phase ion A.S. and V.H.W.) by the National Science Foundation (CHE
molecule model presented here has permitted substantialg224719) is acknowledged. The support of this work under a
experimental testing and demonstration of the feasibility of a Princeton University American Cyanamid Grant is
acknowledged.

spectra, observation of an excess of the sputtered ions whic
react with the neutralized benzene would be expected to be
observed as is the case with the protonation of benzene
occurring in the presence of an excess of sputtered protons
(Figure 1). Sputtered C#i ions are not observéd1°for 30-

eV collision conditions (also see Figure 1), while sputtered
CsHs"™ ions are seen in a wide variety of SID spe@fitf.1°
including those of benzene (Figure 1). Finally, all of these
results are entirely consistent with highly endothermic nature
of CHz™ formation relative to GHs* (Table 1). Based on these
results, we assert that a likely sputtered ion route biC
formation in the SID spectra of benzene ions colliding with
hydrocarbon surfaces is the following thermodynamically favor-
able reaction scheme:

Conclusions
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