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ABSTRACT

We report here the spectra that result when ionized benzene, ionized benzene-d,
ionized fluorobenzene, and singly- and doubly-charged buckminsterfullerene collide with
self-assembled monolayer films at collision energies ranging from 20-70 eV. The surfaces
were prepared by the spontaneous assembly of C,, C,, C,, C,, and C,4 n-alkanethiols,
perdeuteroeicosanethiol, and 2-(perfluorooctyl)-ethanethiol on both gold foil and vapor-
deposited gold. Chemical reactions between the benzene molecular ion and the
monolayer films are illustrated (e.g., H and CH, additions, F and CF, additions) and are
shown to be sensitive to the chain length of the alkanethiolate. The fluorinated surface
causes the greatest conversion of kinetic energy into internal energy; more extensive
fragmentation of doubly-charged buckminsterfullerene is detected than is detected
following collisions with the other surfaces. The experimental results, ab initio 6-31G*//6-
31G SCF total energies, and experimental heats of formation were used for the

characterization of the surface-projectile interactions.




INTRODUCTION

Collisions of mass-selected polyatomic ions with a surface promote extensive,
structurally-characteristic fragmentation of the selected ion in an experiment referred to
as surface-induced dissociation, SID."'® lon/surface reactions and chemical sputtering
may aiso occur. The relative contribution of these competitive processes depends on
both the nature of the projectile and the nature of the surface. Recently, self-assembled
monolayer films were shown to be effective surfaces for ion/surface collisions.'’'® These
modified surfaces are prepared by the spontaneous assembly of 1-alkanethiols on goid'®
%2 or silver®* to form highly-ordered, covalently-bound monolayer films. Self-assembied
monolayer films'®®® are stable, easy to prepare, and useful for the electrochemical
properties?®2 they impart to electrode surfaces. Preliminary communications describing
the use of these films as surfaces for ion/surface collision experiments illustrated that they
greatly decrease the amount of chemical sputtering, as compared with untreated metals.
They also provide a well-characterized surface for the investigation of ion/surface
reactions.'’'® We report here the spectra that resuit when ionized benzene, ionized
benzene-d,, ionized fluorobenzene, and singly- and doubly-charged buckminsterfullerene
collide with self-assembled monolayer films. The monolayer surfaces were prepared from
(i) alkanethiols of different (normal C,, C, C4, C,, and C,) chain lengths), (ii)
perdeuteroeicosanethiol, and (i) 2-(perfluorooctyl)-ethanethiol on gold foil and vapor-
deposited gold. A fluorinated film was illustrated by Cooks and coworkers to eliminate
ion/surface reactions with pyrazine, to increase the total scattered ion abundance, and
to increase the total energy deposited into the projectile ion.!” Fluorocarbons have higher
ionization energies than hydrocarbons; this has the expected benefit of decreasing

neutralization of projectile ions at the fluorinated surface compared to the hydrocarbon




surface.

145 indicate that

Benzene was chosen for investigation because previous reports
a methyl addition reaction, with subsequent H, loss, occurs between b2nzene radical ions
and adventitious hydrocarbons adsorbed on metal surfaces. When benzene was
investigated on stainless steel in our laboratory, we detected not only the methyl addition
reaction, but also additions of alkyl groups larger than methyl. Corresponding reactions
(e.g., addition of C_H,,, n>1) have been reported for larger aromatic hydrocarbons such

315 The absence of surface reactions

as naphthalene, phenanthrene and pyrene.
between pyrazine and a fluorinated surfaces noted by Cooks and coworkers suggested'’
that the ion-surface reaction chemistry of benzene could be different at a fluorinated
surface; study of such interactions with the relatively well-characterized benzene system
would provide further insight into the mechanisms of ion surface reactions.

Because Cooks and coworkers noted that energy deposition was higher for the
fluorinated surfaces, we have also chosen to study the surface collision behavior of
buckminsterfullerene. Buckminsterfullerene is considerably more difficult to fragment than
smaller aromatic compounds. In their early studies of fullerenes, Smalley and coworkers
showed that the fullerenes fragment by loss of C, or muitiples of C,; they used
photodissociation tandem mass spectrometry to estimate that deposition of 18 eV was
necessary to cause initial C, loss (on the microsecond time scale)*’. The discovery of
a synthetic technique for the bulk synthesis of buckminsterfullerene®® has led to many
subsequent studies of the fragmentation behavior of the fullerenes.'”> Several
investigators*®™*' have also studied collisions of fullerene ions with surfaces of various

types. These studies have shown that relatively high surface collision energies are

necessary to fragment Cq,"*, consistent with the relatively high activation energy for C,




loss estimated by Smalley and coworkers.*”

The objective of this work is to determine the influence of the nature of the surface
on the extent of fragmentation of the projectile ions and on ihe type(s) of ion/surface
reaction products detected. In addition to the spectra of benzene, benzene-d,, and
buckminsterfullerene, the surface-induced dissociation spectra of fluorobenzene are
presented to explain fragmentation pathways for benzene ions that have added fluorine
upon collision with the fluorinated surface. The results of ab initio (6-31G*//6-31G SCF)
quantum mechanical calculations on a model system [benzene molecular ion plus
CF,CF,] are used in conjunction with experimental heats of formation to help reveal
features of the mechanism of reaction between benzene and a fluorinated surface.
Collisions at the fluorinated surface are shown to result in more extensive projectile jon
fragmentation and greater total scattered ion abundances than collisions at the
hydrocarbon surface, in agreement with Cooks work.' This effect is especially

pronounced for the doubly-charged buckminsterfullerene ion.

RESULTS AND DISCUSSION

Spectra of benzene and benzene-d, with hydrocarbon surfaces.

Figure 1 shows the spectra obtained for 30 and 70 eV collisions of the benzene
molecular ion (m/z 78) with a surface prepared from octadecanethiol. The spectra show
the expected* dissociation products of benzene (Table 1) but also show ions that result
from ion surface reactions, e.g., m/z 91 and its fragment, m/z 65. An ion corresponding
to H-addition is also evident (m/z 79). The ions at m/z 91 and 65 were also detected by
Cooks and coworkers'** for experiments performed on stainless steel and other surfaces

and were suggested to correspond to addition of a methyl group followed by loss of H,




and then loss of C,H, (Scheme |).

SCHEME |

- H2 - CZHZ

CeHg + CHy ---» GiH;  (93)

---» GH, (91) ---» GgH, (65)

To further explore the reaction in Scheme |, we obtained spectra for the reaction
of ionized benzene and ionized benzene-d, with self-assembled monolayer fiims prepared
from octadecanethiol and perdeuteroeicosanethiol; the appropriate reaction regions are
illustrated in Figure 2. The peaks of interest shift by an appropriate number of mass units
to confirm reaction with the self-assembled monolayer fim and are consistent with an
initial methyl addition. For ionized benzene reacting with the perdeutero surface (Scheme
lla; Figure 2a), the major products correspond to addition of CD, followed by loss of D,
and loss of HD. For benzene-dg reacting with the octadecanethiol surface (Scheme lib;
Figure 2b), two predominant ions are present that correspond formally to a C, addition.
These ions are m/z 96 and m/z 97, which are consistent with addition of CH, followed by
loss of H, or HD. The loss of acetylene (C,H,, C,HD, and C,D,, from these ions leads
to the detected cluster of jons at m/z 68-70. For reaction between C,D, and the
perdeutero surface, the predominant reaction product corresponds to addition of CD,

followed by loss of D, (Scheme lic; Figure 2c).




SCHEME lla

~CH, | c,H,D, (69)
-Hy, -—-» CH,D, (94) '%ZD -~-» C,H,D, (67)
~GD, ———+ cHD (68)
~C,H, ---» CsH,D, (67)
-HD ---> GH;D, 93) _"yp ---» CsH,D' (€6)
-c,p, ~* G (65)

CBHB + CDa -———" C7H603 (96)

SCHEME lib

_CzHD —_——— CSD5 (70)
—Hz -———" C,DBH (97) “0202 —_———» CSD4H (69)

CeDs + CHy ---» C,D4H, (99) -C,H. CsDs (70)
2Ty —--» 5

-HD ---» G,DH, (96) _C,HD ---> C,D,H (69)
~C,0, ~~" CyD,H (68)

SCHEME lic

CoDs + CD, —--» G0, 102) D2 v c,p, (98) ~%L-_. D, (70)

Long-chain alkane thiols are known to form more highly-ordered, crystalline
surfaces than short-chain alkane thiols.?' It was therefore desirable to determine whether
ion/surface collision spectra vary with the chain length of the alkanethiol used to prepare
the self-assembled monolayer film. Spectra were obtained on 6 different 'hydrocarbon’
surfaces: untreated stainless steel and self-assembled monolayers prepared from
ethanethiol, propanethiol, butanethiol, decanethiol, and octadecanethiol. The spectra are
similar, but not identical, and appear to be sensitive to the nature of the surface (see
Table 2). Spectra obtained for 30 eV and 70 eV collisions of ionized benzene with the C,,
surface are illustrated in Figure 3. The spectra of Figure 3 are representative of the

spectra obtained for stainless steel, and for the C,, C,, and C,-alkanethiols but are




7
different from the spectrum obtained on the longer chain C,g-thiol (Figure 1). The
differences between the spectra of Figures 1 and 3 can be illustrated by (i) the variation
in the ratio of m/z 78 and m/z 77, (ii) the percent relative abundance of the ions at m/z
43 and 57, and (jii) the ratio of ions that correspond to addition of methyl and addition
of ethyl (see Table 2).

Selected resulits for benzene-dg help explain the ratio of m/z 78 to m/z 77 for CgH,.
The ion at m/z 77 in the spectrum of C,H, could have more than one "parent” ion. Two
likely precursors are [m/z 78 -H] and [m/z 79 -H,]. Based on experimental heats of
formation,” the heats of the H loss from the benzene molecular ion [M*] and H, loss
from the [M+H]" ion are 91.8 kcal/mol and 68.8 kcal/mol, respectively, which indicate the
preference for the latter. The experimental data show that both processes occur. In
agreement with the energetic prediction, data for benzene-d, suggest that a major
formation pathway for the ion at m/z 77 in the spectrum of C,Hj, is loss of H, from the H-
addition ion, m/z 79 (Scheme ). For C,D, (m/z 84), the appearance of an ion at m/z 81
cannot be explained by a direct loss of D or D, and must involve an initial H addition to
C¢Ds as suggested in Scheme lll. The reaction of ionized benzene with the perdeutero
surface yields the identical conclusion. The ratio of [(m/z 77)/(m/z 78)] is thus an
indicator of the H-donating ability or H-reactivity of the surface. This ratio is greater than
unity in cases of stainless steel and C,-C,, hydrocarbon surfaces but less than unity for
the C,g hydrocarbon surface (Table 2). This suggests that the amount of H-addition that
is detected when benzene collides with the self-assembled monolayer fim may be
sensitive to the degree of surface 'disorder’ or to the amount of adventitious hydrocarbon
adsorbed at the surface.

The relative abundances of the ion at m/z 43 and m/z 57 are also of interest.
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These ions cannot be direct dissociation products of CsHs"" because they contain 7
hydrogens (C,H,") aiid 9 hydrogens (C,H,*), respectively.** The m/z 43 ions are either
dissociation products of m/z 79, the H-addition product of benzene, or alkyl ions that are
sputtered from the surface. The relative abundance of m/z 43 is < 0.1 % when the C,,
thiol surface is used, but approximately 2-3% when the shorter-chain surfaces are
investigated (Table 2). The ion of m/z 57 is either a dissociation product of a higher-order
adduct (e.g., [C¢Hg+CH,]™ -> C,Hy*] or an alkyl ion that is sputtered directly from the
surface. The formation of C,H," (m/z 43) from CH," or C,Hy" (m/z 57) from C,Hy*
would require extensive skeletal reorganization, suggesting that this pathway is unlikely.
it seems more reasonable that the ions are the result of chemical sputtering of either the
hydrocarbon chain of the alkane thiolate or adventitious hydrocarbons adsorbed onto the
chemisorbed alkanethiolate film. The possibility that adventitious hydrocarbons are
adsorbed onto, or inserted into, the films prepared from the shorter chain thiols (<C,,)
is supported by the detection of m/z 57 (C,H,*) when benzene collides with the C,-thiol
surface; C,Hs* would be the largest alkyl ion that can be directly sputtered from the
thiolate chain. Note that the relative abundances of ions at 1./z 43 and 57 are < 0.1 %
when ionized benzene collides with the C,, thiol surface or the perdeutero-C,, surface.
The results for the alkyl addition to benzene also appear to indicate either the
amount of "disorder" of the surface or the amount of adventitious hydrocarbon adsorbed.
For the C,4 surface, the ratio of methyl addition to ethyl addition is greater than for the
other surfaces examined (compare Figures 1a and 3a; ratio of [89+91])/[103+105]). At
a collision energy of 30 eV, this ratio decreases from greater than 50:1 for the C,4 to
approximately 10:1 on the other (C,,, C,, C,, C,, stainless steel, and untreated goid)

surfaces investigated. A possible explanation for this is that the more C,, surface
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exposes mainly methyl groups for reaction with the incoming projeciies. The shorter-
chain, more "dis" alkane thiol surfaces have more gauche interactions and also allow the
addition of ethyl. Another possibility is that more adventitious hydrocarbon is accessible
on the less- surface.

We suggest that fragmentation of the higher mass adducts (e.g., the ion
corresponding to ethyl addition) can contribute to the ion abundance at m/z 91 (formal
methyne addition, + CH, - H,= + CH). Fragmentation of m/z 91 and adducts of higher
mass also contributes to the ion abundances in the low mass portion of the spectrum.
For example, the ion of m/z 27 that is detected in the 70 eV dissociation spectrum
obtained upon collision of ionized deuterobenzene with the C,, thiol surface contains 3
hydrogens® and cannot result simply from fragmentation of C,Ds*" (see Table 1)*. Gas-
phase experiments support the view that the formal CH addition can arise from addition
of larger alkyl groups. ff benzene is added to a chemical ionization plasma of isobutane
(neutral benzene reacting with ionized hydrocarbon), adducts are formed that correspond
to alkyl ion addition to benzene.® If one of these adducts, such as [C¢Hg + C;H,]", is
then mass-selected and allowed to collide with a target gas (Ar) or a surface, a fragment
ion of m/z 91 is detected. lonized benzene is known to be relatively unreactive with
alkanes*; however, the above gas-phase experiments show that reaction products such
as m/z 91 can be formed from adducts which formally consist of neutral benzene and an
alkyl ion. These observations support the suggestion of Cooks and coworkers that the
incoming benzene radical ion gains an electron and then adds an alky! cation'*®.

Based on the data described awove, the octadecanethiol surface produces
surface-induced dissociation spectra that have fewer contributions from competitive

processes than do the other alkane thiol surfaces and untreated metal surfaces.
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Altl';ough the relative amounts of H-addition, C, (n>2) addition, and chemical sputtering
are greatly reduced at this surface, there are ions corresponding to H- and methyl
addition. For scme projectiles it is desirable to eiiminate these products. For this reason,
surfaces with no accessible hydrogens are being sought. One possibility is a fluorinated
surface, as described below.

Spectra of benzene, benzene-d, and fluorobenzene with fiuorinated alkanethiol

surfaces.

A self-assembled monolayer prepared from 2-(perfluorooctyl)-ethane thiol was
prepared with the expectation that H addition and CH, addition would not be accessible
upon collisions of projectiles with this surface. The high ionization energies of
fluorocarbons also lead to the expectation that neutralization should be decreased,
compared with the hydrocarbon surfaces because charge exchange between the
projectile ion and the fluorocarbon is not favorable energetically (IE benzene 9.25Y; IE
fluorocarbon, (e.g., C;Hg) 13.38)"7. This effect was illustrated by Cooks and coworkers
for collisions of pyrazine with a fluorinated surface.'”” The SID spectra of the benzene
molecular ion (m/z 78) colliding with the fluorinated surface at collision energies of 30 and
70 Ev are given in Figure 4. At a given collision energy, the relative abundance of low
mass fragments is greater than is detected for ions colliding with the hydrocarbon
surfaces (see e.g., Figure 1), suggesting that greater energy is deposited upon collision
with the fluorinated surface. As expected, the intensities of the fragments having lower
masses, i.e., higher energy requirements for dissociation, increase with increasing
collision energy (see e.g., the intensity ratios of peaks at m/z 50:51, 38:39, 26:27) and the
molecular ion is almost negligible at higher (greater than 50 eV) collision energies. Note

that such an abundant fragment ion at m/z 26 in Figure 4 is not observed in the spectra
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obtained by collision of ionized benzene with hydrocarbon surfaces (Figures 1 and. 3).
Furthermore, the efficiency, which is related to the total scattered ion abundance (see
experimental), was found to improve significantly when the fluorinated surface, rather than
the hydrocarbon surface, was used (ca. 30% vs. 2%, respectively; 30 eV collision energy).
In addition to measuring the total ion current at the detector, a picoammeter is used to
continuously measure the current at the surface while the experiment is in progress. Our

results for total current measured at the surface agree qualitatively with the results of

electrochemical studies.?® Those monolayers that are the best blockers of electron
transfer in solution (e.g. the fluorinated surface) give the lowest measured currents at the
surface.

The appearance of the peaks at m/z 96 and m/z 95 (Figure 4) and m/z 127 (not
shown) are also important. The origin of these peaks is most readily explained by
assuming reaction between the benzene molecular ion and the perfluorinated chain of the
surface; the formation of ions of m/z 96 and 95 can be initiated by fluorine addition
followed by loss of H and H,, respectively, while the formation of m/z 127 can be initiated
by CF, addition, followed by the loss of HF. These assumptions are supported by the
measurements made with benzene-d6; the peaks listed above are shifted to m/z 101, 99
and 132, respectively. The approximately 1:1 intensity ratio of the peaks at m/z 96 : 95
(Figure 4a) is significantly different from that observed in the fluorobenzene SID spectrum
(Fig. 5), in which the above ratio is about 3. This difference in the m/z 96:95 ratio
suggests that the peak at m/z 95 in the benzene SID spectrum does not result mainly
from the H loss process from the fluorobenzene molecular ion (m/z 96). This latter
process seems to be energetically unfavorable, since the intensity of the [M-H]" ion is

quite low, even at 30 eV collision energy in the fluorobenzene SID spectrum (Figure 5).
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Although only a very weak peak is observed at m/z 97 for reaction of benzene at the
fluorinated surface (Figure 4a), it is reasonable to assume that the peak at m/z 95 is due
to the loss of H, from the [benzene+F]" adduct, by analogy with the loss of H, from the
[benzene+CH,]* adduct discussed above."** We note here that ab initio calculations
and experimental heats of formation (see below) indicate that this latter process is much
more favorable energetically than the H loss from the molecular ion of fluorobenzene.
It is seen in a comparison of Figures 4 and 5 that the peaks at e.g. m/z 50, 39, 38,
27, 26 are present in both the benzene and fluorobenzene spectra. Because one can
find the fluorobenzene molecular ion in the benzene spectra (Figure 4), it cannot be
excluded that some percentage of these lower mass fragments originate from the
fragmentation of the ion/surface reaction product, fluorobenzene, and not from the
benzene molecular ion. This assumption is supported by the presence of the peaks at
m/z 70, 57, and 45 in the benzene spectra (Figure 4), and by their shifts to m/z 73, 59,
and 47, respectively, for the deuterated analogues. These ions can be interpreted as the
"fluorinated" analogues of the fragments C,H,, C;H, and C,H,, i.e. C,H,F, C;H,F and
C,H,F, respectively. The peak at m/z 31 in the benzene SID spectra presumably
corresponds to the ion CF*. The relative abundances of the fluorine-containing ions
increase in intensity with increasing collision energy (compare Figure 4a with 4b). It is
also of particular interest that the fluorobenzene molecular ion picks up fluorine and CF,
as well, although the ratio of relative intensities of the peaks m/z 114:113 ([M+F-H,]* and
[M+F-H]", respectively) is significantly greater than unity, in contrast to the m/z 96:95
ratio detected for the reaction of benzene molecular ion with the fluorinated surface.
Finally, we note that the peak at m/z 91 in the spectra obtained by using the

fluorinated surface is due to the formal addition of CH to the benzene molecular ion. As
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discussed above, this peak always appears in the benzene spectra obtained with
hydrocarbon surfaces, so it may indicate the presence of hydrocarbons on the
perfluorinated surface. The abundance of m/z 91 depends on the surface preparation.
The lowest abundance of m/z 91 is detected when the fluorinated surface is prepared on
plasma-cleaned vapor-deposited gold. A greater abundance of m/z 91 is observed when
vapor-deposited gold is used with no plasma cleaning; a still greater abundance is
observed when mechanically-polished gold foil is used. The ratio of the peaks m/z 91:96
increases slowly with time, suggesting that as the surface is damaged by F-removal,
hydrocarbon is adsorbed. When the ion of m/z 91 becomes more abundant than m/z
95 or 96, the extent of fragmentation is still greater than that detected on a hydrocarbon
surface.

Energetic considerations: fluorine addition

Unfortunately, the surface, and even one fiuorinated chain (in our case e.g. Au-S-
CH,-CH,-(CF,),-CF,), is too large for higher level ab initio calculations. Experimental
heats of formation are also not available. it is well known, however, that longer chain
monolayer fims are oriented, ordered, crystalline structures.?' In view of the hydrogen
and CHj,, as well as the fiuorine and CF, additions mentioned above, it is reasonable to
assume that chemical reaction takes place between the projectie (e.g., benzene
molecular ion) and the "uppermost" surface atoms or groups of the chain (in the case of
the fluorinated surface, fluorine and CF,). Therefore, it seems reasonable to model the
surface by a smaller molecule, such as CF,CF,.

To enhance our understanding of the fluorine addition and the structures of the
ions at m/z 96 and 95, we carried out quantum mechanicai calculations on the above

model system. Electronic wave functions were determined by applying the single-
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configuration, self-consistent field, restricted Hartree-Fock (SCF) method*® and, for
closed-shell species, the 2nd order Maller-Plesset (MP2) perturbation method.*® (The MP2
method was not available to us for open shell species). The following three basis sets
were used: 3-21G,* 6-31G”' and 6-31G*.>2 Geometries were optimized at the 6-31G SCF
level with the symmetry restrictions given in Table 3. Total energies were also determined
at the 6-31G SCF optimized geometries by the 6-31G* basis (referred as 6-31G*//6-31G
SCF) and by the MP2 method (MP2 6-31G//6-31G SCF). Analytical second derivative
calculations at the 6-31G SCF level proved to be computationally prohibitive for us,
therefore zero point vibrational analyses were carried out at the 3-21G SCF level. For
open-shell systems the restricted open-shell Hartree-Fock (ROHF) was applied. All ab
initio calculations were performed using the program package GAMESS.* Due to the
known limitations of the SCF method in energy calculations, we do not rely only on
calculated total energies; available experimental heats of formation are also used in the
following discussion.

Total energies obtained by 6-31G//6-31G, 6-31G*//6-31G SCF and MP2 6-31G//6-
31G calculations, 3-21G zero point vibrational energies and experimental heats of
formation of the investigated species are given in Table 3. To assist the reader, the
experimental and SCF 6-31G*//6-31G relative energies for some processes are shown
in Figure 6. Although the data given in Table 3 and shown in Figure 6 do not give us
information on the transition states of the reactions, comparison of the (relative) energy
levels can lead to some general conclusions.

According to the experimental heats of formation, the ionization of CF,CF,, and the
accompanying the neutralization of the benzene molecular ion, is endothermic by 95.6

kcalfmol with respect to the reactants C;H,** and CF,CF, (Figure 6). Simple loss of a

R —
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fluorine atom from the surface, i.e., a process without charge exchange, is predicted to
be less favorable energetically by experimental heats of formation (by ca. 30 kcal/mol)
than the charge exchange process. By analogy with the reaction of neutral benzene with

F,, which leads to ipso-fluorocyclohexadienyl radical,>* i-C¢gHgF (denoted here by i-FCHD),

it is reasonable to assume the formation of the corresponding ipso-cation in the surface
collision process. Accordingly, the formation of i-FCHD cation is suggested to be less
endothermic by calculations than the charge exchange process. The experimental heat
of formation of this i-FCHD cation is not known; a value of 14.8+0.4 kcal/mol has been
reported for the radical by Shobatake et al.>* Ab initio 6-31G SCF energy results (Table
3) predict the ipso isomer to be less stable than "conventional" para and meta protonated
fluorobenzenes (by about 15 and 8 kcal/mol),>® but more stable than the F-protonated
form (by about 19 kcal/mol). The losses of the H radical and the H, molecule from this
i-FCHD cation are quite endothermic, by ca. 50 and 60 kcal/mol, respectively. This
suggests that this cation, if it is formed by the collision, shouid contain a significant
amount of internal energy for subsequent fragmentation. The almost similar
endothermicity (or energy levels of the products, 101.8 and 111.2 kcal/mol, respectively;
Fig. 6)) of H, and H loss from i-FCHD is in agreement with the experimentally found ca.
1:1 ratio of the peaks m/z 95:96. The appearance of the ion at m/z 95 in the ’'reaction
region’ of the benzene SID spectra (Fig. 4) and, as well as in the normal mass spectrum
and SID spectra (Fig. 5) of fluorobenzene, can also be attributed to the loss of H from the
fluorobenzene molecular ion. However, in agreement with the low intensity of the [M-H]*
peak in the fluorobenzene normal and SID spectra (Figure 5), this H loss from the
fluorobenzene molecular ion is predicted to be highly endothermic by both experimental

heats of formation (205.8-111.2=94.6 kcal/mol, Fig. 6) and ab initio 6-31G//6-31G and 6-
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31G'//6-31G SCF calculations (203.2-98.6=104.6 kcal/mol, Fig. 6).%

According to the experimental heats of formation, the reaction of benzene
molecular ion and fluorine radical can produce both the C;H;F* molecular ion and
C,H,F" ions in slightly exothermic reactions (101.8-127.0=-25.2 kcal/mol and 111.2-
127.0=-15.8 kcal/mol, respectively; Fig. 6). Therefore, it is reasonable to assume that this
type of reaction might occur during the collision. Although the charge exchange is more
favored energetically than the fluorine radical formation, the former ’neutralization’
pathway can lead to fluorine addition only following an additional, very endothermic (using
experimental heats of formation: 315.6-95.6=220 kcal/mol) elimination of F* cation.

Based on the data presented above, we suggest that the first step of the reaction
of the molecular ion of benzene with the perfluorinated surface might be the abstraction
of F radical from the surface and/or the formation of a high-energy content ipso-
fluorocyclohexadienyl (i-FCHD) cation. Although the charge exchange process can not
be excluded energetically, the high energy requirement of its subsequent step(s)
suggests that the ions at m/z 95 and 96 are presumably not formed via this pathway.
This mechanism contrasts with that proposed for methyl addition, which is suggested
above, and in the literature,'” to occur by an initial neutralization followed by transfer of

an alky! cation.

SID spectra of C, with the fluorinated surface.

Both the benzene spectra reported here and the pyrazine spectra reported by
Cooks'? suggest that more internal energy is obtained by collision with a fluorinated
surface than with a hydrocarbon surface (e.g., compare Figures 1 and 4).

Buckminsterfullerene provides a challenging system for which the extent of fragmentation
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can be explored on the two different types of surfaces. The early photodissociation
studies of Smalley showed that fragmentation of C,,* occurred by muitiple C, loss to
yield ions as small as C,,", and further fragmentation beycnd this point yielded even and
odd number carbon cluster ions¥. Initial gas-phase collision studies utilized kilovolt
collisions with target gases such as He and 0,°® Successive loss of C, was
observed®, and in the case of collisions with O,, kilovolt collisions were sufficient to
fragment Cg," to yield small even and odd mass carbon fragments.®? Heavier target
gases, such as Xe, have been used to fragment C,S(,+ at lower collision energies,‘m‘ and
loss of C, has been observed at collision energies near 150 eV using Xe under muttiple
collision conditions.®* Several investigators have also studied collisions of fullerene ions
with surfaces of various types. Whetten and coworkers have shown that C,,* is very
stable toward fragmentation in surface collisions, and in their initial study they showed
that no detectable fragmentation was observed at collision energies below 200 eV (using
graphite and silicon surfaces).'® At higher energies, successive C, loss was detected.
Similar results have been reported by Hertel and coworkers in collisions of Cg,* with

graphite surfaces.*

The absence of fragmentation in the surface collision experiments
is consistent with the results of Smalley and coworkers,*” where relatively high internal
energy deposition (18 eV) was necessary to initiate for C, loss on a microsecond time
scale.

Initial studies in our laboratory involved collisions of Cg,2* with a stainless steel
surface.” It was found that the doubly-charged ion underwent charge reduction at the
surface, and some fragmentation (yielding C,,*, Cg* and Cg,*) was observed at a

source-to-surface potential difference of 130 V (260 eV collision energy for the doubly-

charged ion).** There was no detectable fragmentation of the singly-charged ion at
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energies up to 130 eV. Investigations with other type of surfaces demonstrated that the
composition of the surface has a distinct effect on the SID spectrum of C,. For example,
the SID spectra of doubly-charged buckminsterfullerene, Cg,2*, obtained by using
octadecanethiol and fluorinated surfaces are shown in Figure 7. The behavior of C.,2* in
collisions with the octadecanethiol surface (Figure 7a) was similar to that observed with
stainless steel. The primary feature of the spectrum is charge reduction; C,,* is the major
product. With collision energies of 190 eV, Cs* and C,,* can be observed, and at 210
eV, successive loss of 3 C, is observed. The threshold for C, loss appears to be similar
to or only slightly lower than the threshold observed with stainless steel, consistent with
the apparently similar energy deposition properties for both surfaces. Collisions of Cg,*
with the octadecanethiol surface yielded no detectable fragmentation at collision energies
of up to 160 eV. There was also a significant amount of ion signal appearing at low
masses with collisions of both Cg,* and Cg,2*, which is attributed to (chemical) sputtering;
the sputtering decreases in relative abundance with time.

Figure 7b shows the SID spectrum for a 250 eV collision of Cg* with the
perfluorinated surface. The spectrum is characterized by significantly more fragmentation
than was observed at similar energies on the stainless steel and octadecanethiol surface.
For example, singly-charged fragment ions, corresponding to the loss of up to seven C,
units (C,s*), are observed. Moreover, doubly-charged fragment ions are also observed
in the spectrum (fragments as small as C,,‘,2+ are detected). The collision energy
threshold for the appearance of C, loss also appeared to be significantly lower with the
fluorinated surface; singly-charged fragments were detected at collision energies as low
as 140 eV for collisions of Cg,2* with the perfluorinated surface. Fragments (Cs,* and

Cs ") were also detected in 160 eV collisions of Cq ' with the fluorinated surface. Finally,
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lower abundances of chemical sputtering products were observed in collisions of C,*
and Cg2* with the fluorinated surface.

The effect of the surface composition on fullerene fragmentation behavior is
manifested in two ways. The most direct effect of using the fluorinated surface is the
appearance of the doubly-charged ion and its fragments in the SID spectrum. This can
be attributed to the higher ionization potential for the fluorinated surface, as compared
with that for either the octadecanethiol surface or hydrocarbon-covered stainless steei.
The first ionization energy for C, is known to be 7.6 eV.%® There is some question as to
the second ionization energy of C60, which has been variously measured to be 9.6 eV,*
10.2° and 12.6 eV,*® depending on the technique employed. However, even the lowest
estimate of the second ionization energy is considerably higher than the estimated
ionization energies for either the octadecanethiol and stainless steel surfaces. Thus,
significant reduction of the doubly-charged ion at the surface is expected, consistent with
the observation that only singly-charged ions are observed as the products of collisions
of Cg,2* with these surfaces. Similar arguments are expected to hold with regard to the
neutralization of doubly-charged product ions formed near the surface. Since the
ionization energies for fragments such as C,, are similar to those for C &, it is likely that
the resultant doubly-charged fragments will undergo some reduction. By contrast, the
higher ionization energy for the fluorinated surface reduces the likelihood that charge
reduction will occur when Csoz‘“ approaches the surface or when product ions are formed
near the surface, with the resultant observation of reflected C,,°* and its fragments. Of
course, similar arguments can be made for C,,* and its surface collision products. There
is probably less neutralization of Cg," and fragments in collisions with the fluorinated

surface, which would improve the signal-to-noise ratio for the observation of products.
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Improvements in signal-to-noise ratio could partially account for the observation of
fragments at lower energies with the fluorinated surface.

As was the case with benzene, the fiuorinated alkanethiol surface also appears to
result in an increase in the translational-to-internal (t-i) energy transfer in surface collisions.
This effect is difficult to separate entirely from the apparently higher signal-to-noise ratio
for the formation of products from the fluorinated surface. Nevertheless, fragmentation
is more extensive, and relative product abundance ratios are altered enough that the
results are consistent with greater energy deposition at any given energy. For example,
the ratio of Cg*:Cqe* resulting from a 210 eV collision of Cg,2* with the octadecanethiol
surface is 3:1, while a 190 eV collision on the fluorinated surface results in a 1.1:1 Cgg*
to Cg* ratio. This effect is most likely due to a difference in energy deposition. Similar
shifts have been observed in studies of gas-phase collisions of Cg,*. For example, in a
study of collisions of Cg," with Xe (under multiple collision conditions in a triple
quadrupole instrument), the Cg,*:Cg* ratio shifted from 3:1 to 1.2:1 as the collision

" energy was increased from 100 eV to 190 eV. Since lower energy collisions on the
fluorinated surface produced a more nearly equal C,*:Cg,* ratio (as compared to the
octadecanethiol surface), it would appear that the energy transfer was higher on the
fluorinated surface. However, because it has been observed that the formation of
reaction products and their subsequent decomposition can play a role in the appearance
of the spectrum (see discussion above), an increase in the energy transfer may not be
the only explanation for the effect of the fluorinated surface.

The possibility that the fluorinated surface improves the relative translational-to-
internal energy conversion raises a larger question: what is the actual energy transfer for

an ion such as C¢,*? Previous estimates of the energy transfer for surface collisions of




21
small molecules have been on the order of 12-15%"%'®

and our preliminary resuits for
W(CO), on the fluorinated surface suggest conversion of about 20%.%° However, Whetten
and coworkers have estimated that translational-to-internal energy conversions are on the
order of 25%-30% for large alkali halide clusters.”® For Cg,*, these workers have
estimated that 25% of the translational (t) collision energy is converted to internal (i)
energy (based on studies of electron detachment from Cg, in surface collisions) when Cg,
colides with a graphite surface.'® This experimental estimate is consistent with a
theoretical study by Mowrey and coworkers’" in which a value of 25-30% was estimated
from molecular dynamics simulations of collisions Cg, with various surfaces. Hertel and
coworkers have used similar energy conversion values to estimate internal energy
deposition in collisions of Cg,* with graphite®’. Using their experimental data and
unimolecular reaction rate theory, they have estimated a barrier height of roughly 10 eV
for the loss of C, from Cg,*, a value thought to be consistent with the bond-breaking
necessary to initiate loss of C,. The results reported here show that with the fluorinated
surface, fragmentation of C,," can be observed with collisions of roughly 160 eV (which
correlates with the onset of fragmentation for the doubly-charged ion as well). This is
considerably lower than the energies at which fragmentation is observed in the
experiments of Whetten and coworkers.'> However, the ions in Whetten’s experiments
were formed by laser desorption and entrainment in a molecular beam, so they are
internally cool and subsequent collisions did not involve a fluorinated surface. By
contrast, the ions in our experiment are formed by a combination of thermal desorption
and electron ionization and are internally hot before they collide with the fluorinated

surface. It is therefore not surprising that they fragment at lower energies than in the

Whetten'® or Hertel*' experiments (ions in the latter study probably have internal energies




intermediate between Whetten's study and our study).

The analysis of Hertel and coworkers*! is usefui in attempting to reconcile our results
with the translational to internal (t-i) energy transfer in these experiments. Taking the case
of 160 eV collisions of Cg,* with the fluorinated surface, the fragment/parent ratio we
observe is on the order 0.11. |if it is assumed that ion flight times after the surface
collision and activation are on the order of 10° s (activated ions travel a few centimeters
at energies of roughly 10-20 eV before they are mass analyzed), the calculated rate
constant is approximately 10° s’ (k={In(1/0.9)]/10° s). Using RRKM theory”?73, the
unimolecular decay rate constant for the dissociation of an activated ion can be given
approximately as:

k= o[(E-Ex)/E]"" (1
where k is the rate constant, v is the frequency factor, E, is the activation energy for C,
loss, E is the internal energy, and s is the number of the available or active vibrations
(assumed to be 3N-6 if all equal and participate in the reaction). Rather than use
equation (1) to directly estimate the amount of internal energy deposition necessary to
generate the measured rate constant, we have chosen to present the results in a way that
reflects their inherent uncertainty. Given equation (1) above, plus an appropriately
selected rate constant (e.g. in the range of 10*-10° s,") and an activation energy (E,) of
10 eV (based on the estimate of the Hertel group*'), a plot of the effe~tive number of
degrees of freedom vs. the amount of internal energy present in the activated ion can be
prepared (Figure 8). Each line in the plot represents the number of degrees of freedom
(y-axis) necessary to explain a given rate constant (e.g. k= 10*s™ or 10% at the internal
energy specified by the x-axis (for these calculations, v was set to the value of 1 x 103

s™'); for lower values of v, the slope of the plot will decrease). For Cg,*, if it is assumed
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that energy is randomized among all 3n-7 modes (s-1=173), the expected internal energy
deposition to generate rate constant of 10* s is on the order of 80 eV. Can a calculated
value of 80 eV be reconciled with the passible sources of internal energy for Cg,y” in this
experiment? Since Cq,"* is formed by electron ionization of thermally desorbed (at 400
°C) buckminsterfullerene solid, it is reasonable to assume that the initial internal energy
of the ions is at least 10 eV (from thermal desorption and from excess energy deposition
during ionization). In fact, unimolecular dissociation is observed in the electron ionization
mass spectrum of Cg,*; it is likely that some ions will have considerably higher internal
energies than 10 eV. However, if it assumed that 10 eV is present initially, the remaining
70 eV must be deposited in the collision. In this particular case, the collision energy was
160 eV, suggesting that 44% of the translational energy was converted to internal energy.
This is far higher than the 15% value used for small ions," ¢ and higher than the 25-30%

value estimated by Whetten and coworkers for C,q,*"*

although these estimates were not
based on data for fluorinated surface.

There are several possible explanations for this unexpectedly high energy
deposition. First, it may be the case that the effective number of oscillators in equation
1 is less than 3n-7. For example, if it assumed that 10 eV is initially present as internal
energy, and that only 25% of the kinetic energy is converted to internal energy (40 eV),
the effective number of oscillators is reduced to roughly 80. Such approximations have
been used by a number of workers to explain variations between quasi-equilibrium theory
(QET) and mass spectral data.’”® A second explanation for the calculated energy
deposition figure may lie in an underestimate of the internal energy present in the ion

prior to collision. Assuming that the effective number of oscillators is 173, and the energy

deposition is 25% (40 eV), the initial internal energy would necessarily be on the order of
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40 eV. It is probably reasonable to assume that some small fraction of the C," ions
would possess this energy, but it is unclear whether the results can be fully explained by
the initial internal energy. A third explanation is that the energy transfer is in fact higher
for the fluorinated surface. The resuits presented above for benzene certainly support
this hypothesis. This is particularly true if the effective number of oscillators in equation
(1) can be assumed to be 173. In such a case, very high initial internal energies are
necessary to explain efficiencies as low as 25% (much less 15%), and this would seem
to be unlikely.

Clearly, there are a number of factors which influence an accurate estimate of the
internal energy and the amount of t-i conversion during the surface collision. It is difficult
to accurately determine the initial internal energy of Cg,* in these experiments (although
Ce' has certainly been prepared with lower initial internal energies by Whetten and
coworkers)'>. The initial rate constant estimate is subject to errors introduced in the
estimation of fragment/parent ratio, and Figure 8 shows the effect of variations in the
measured rate constant on the estimated internal energy deposition. The analysis
presented here also assumes that the activation energy for C, loss is actually 10 eV. If
the value is in fact lower, then slopes of the lines in Figure 8 will be greater and the
estimated internal deposition will be lower. Nevertheless, the results presented here show
that internal energy deposition is greater for the fluorinated surface than for stainless steel

or octadecanethiol on gold and suggest that the translational-to-internal energy

conversion is greater than 15%.

CONCLUSIONS

The results presented in this paper clearly show that, upon collision at kinetic
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energies in the eV range, benzene reacts with hydrocarbon and fluorocarbon self-
assembled monolayer films. Benzene serves as a useful "probe" molecule for the
delineation of features of organized assembilies, giving different spectra for films prepared
from long and short chain thiols. The transfer of translational-to-internal energy is much
more effective for fluorinated alkanethiol films than for alkanethiol fims. Several
explanations, ranging from a simple classical mechanics description to a quantum
mechanical description, can be offered. Two straightforward physical descriptions can
be offered. Fluorine is larger than H, which may cause a greater momentum transfer,
e.g., for collisions with the carbon of Csoz“. Moreover, the greater rigidity of the
fluorinated alkanethiol surface ("hard wall" rather than a "soft mattress"),* may lead to a
smaller uptake of energy by the fluorinated surface compared with alkanethiol surface.
The greater rigidity of the fluorinated surface can be attributed to enhanced repuilsion
between the more polar CF dipoles than between CH dipoles. The Massey parameter,
the time of interaction between the incoming projectile and the surface compared with the
period of motion being excited, might also be important. A more compressible surface
should lead to a longer interaction or excitation time and greater transfer of vibrational
energy to the surface. The greater electron density or partial negative charge of the
fluorinated surface will result in a repulsive portion of the ion/surface interaction potential
that rises more rapidly, and at shorter distances, than the potential surface associated
with interaction between the ion and the alkanethiol surface. The interaction time at the
fluorinated surface might, therefore, be lower than at the alkanethiol surface, resulting in
greater electronic perturbation and higher energy deposition. Additional experiments,

with a number of different projectile ions and surface types, are required to determine

which of the above explanations, if any, most accurately describes the difference in
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energy deposition between fluorocarbon and hydrocarbon surfaces.

EXPERIMENTAL

The experimental set-up has been described.'® Two Extrel 4000u quadrupoles are
positioned at 90° with a surface placed to intersect the ion optical path of the two
quadrupoles. For the work presented here, ions were produced by 70 eV electron
ionization. The surface can be rotated about the z-axis (Q1 and Q2 in the x-y plane).
The surface is positioned 45-50° relative to the surface normal. The collision energy is
varied by increasing the source potential relative to the surface potential; to transmit ions
past the surface without collision, the potential difference is held at approximately 0 eV.
The efficiency of the experiments is defined by =z, |; /Z/l,,,, Where g, |; is the total ion
current detected following collision (i.e., total scattered ion abundance detected) at a

given collision energy and =, ,,, is the total parent ion current reflected past the surface

trans
without collision.

The alkane thiols were purchased from Aldrich (99%). The perdeuterated thiol
was synthesized from the corresponding alkyl bromide (C,,D,,Br, Cambridge Isotope
Laboratories; 97%D) and an equimolar amount of thiourea by a standard procedure
(refluxing ethanol; hydrolysis with NaOH; acidification with H,SO,; extraction with
benzene).”* The fluorinated thiol was prepared from the corresponding iodide
(CF,4(CF,),CH,CH,I, Daikin Chemicals, Japan) and thiourea. Two types of surfaces were
used in the experiments as indicated in the text. Gold foil (0.1 mm thick) was purchased
from Aldrich and mechanically polished with alumina (starting with 1.0 u and working

down to 0.05u alumina). The vapor-deposited gold surfaces were obtained from

Evaporated Metal Films (Ithaca, NY). The surfaces are 17/32"x11/16" (0.5mm silica base)
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and have an underlayer (50 A) of either titanium dioxide or chromium that is covered with
1000 A vapor-deposited gold. The surfaces were rinsed repeatedly in methanol and
acetone followed by oxygen plasma cleaning for two hours. The surfaces were
immediately immersed in a 20mM solution of a given thiol solution and is allowed to react
for a minimum of 20 hours. In the text, the surfaces prepared from n-alkanethiols are
referred to as hydrocarbon surfaces or are indicated by the number of carbons in the
alkyl chain (e.g. C,5). The surface prepared from 2-(perfiuorooctyl)-ethane thiol is referred
to as the fluorinated surface.

A novel surface holder has been designed whereby four separate surfaces are
aligned vertically, at the tip of a moveable probe, allowing any of the four surfaces to rest
in the line of the ion beam. The holder is a 17/32'x3 1/4"x1/16" teflon strip with 0.5mm
grooves to facilitate the surfaces. Individual stainless steel frames cover each surface,
with a lead connecting all four frames to the voltage supply via the back of the holder. It
is also possible to isolate each surface electrically and measure surface currents that may

correlate to efficiency.
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Table 1. Major dissociation products expected from ionized benzene, C;Hs™ (m/z 78)
and ionized benzene-d,, C,D;"" (m/z 84).
CeHs™ CeDs™

m/z Formula m/z Formula

27 C,H, 30 C,D,

39 C,H, 42 C;D,

50 C.H, 52 C.D,

51 C,H, 54 C,D,

52 C,H, 56 C,D,

53 C,Hs 58 C,Ds

63 CsH, 66 CsD,

77 CeHs 82 C¢Ds
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Table 2. Relative abundance of selected fragment ions detected when ionized benzene
is allowed to collide with stainless stee! (SS) or self-assembled monolayer films prepared

from n-alkanethiols containing 2, 3, 4, 10, or 18 carbons.

m/z Ss C, C, C, Cy o

105 0.0 0.4 0.3 0.3 0.3 0.1

103 0.2 0.5 0.3 0.3 0.4 0.1
91 5.2 58 47 5.7 6.2 6.9
89 0.2 0.2 0.2 0.2 0.2 0.5
79 16.6 19.2 18.9 19.6 18.2 13.2
78 60.1 600 538 551 513 | 100.0
77 100.0 1000 100.0 1000 1000 | 59.2
65 5.1 52 4.0 4.6 49 41
63 6.5 7.2 6.2 6.2 54 4.3
57 1.3 08 0.7 0.6 0.8 0.0
53 18.2 19.9 16.7 16.7 16.4 7.3
52 515 56.6 50.1 51.3 46.7 411
51 34.2 40.2 35.1 36.6 35.4 12.6
50 7.0 79 6.9 6.8 59 4.0
43 22 27 1.9 2.1 22 0.1
39 34.1 38.4 322 32.8 31.5 20.1
38 0.4 0.9 0.7 0.8 0.6 0.3
27 17.7 19.1 14.4 14.7 14.8 3.7
26 0.7 1.0 0.7 0.8 0.7 0.2




Figure Captions
Figure 1. SID mass spectra obtained by colliding benzene molecular ion at (a) 30 eV and
(b) 70 eV collision energies with a surface prepared from n-octadecanethiol on vapor-

deposited gold.

Figure 2. SID mass spectra in the methyl reaction region obtained by 30 eV collisions of
(a) benzene molecular ion with a surface prepared from n-C,,D,,SH, (b) benzene-d,
molecular ion with a surface prepared from n-C,H,,SH, and (c¢) benzene-d; with a

surface prepared from n-C,,D,,SH (all on vapor-deposited goid).

Figure 3. SID mass spectra obtained by colliding benzene molecular ion at (a) 30 eV and
(b) 70 eV coliision energies with a surface prepared from n-decanethiol on vapor-

deposited gold.

Figure 4. SID mass spectra obtained by colliding benzene-d, molecular ion at (a) 30 eV
and (b) 70 eV collision energies with a surface prepared from 2-(perfluorooctyi)-

ethanethiol on vapor-deposited gold.

Figure 5. SID mass spectra obtained by colliding fluorobenzene molecular ion at 30 eV
collision energies with a surface prepared from 2-(perfluorooctyl)-ethanethiol on vapor-

deposited gold.

Figure 6. Relative energies of some of the possible products of the reaction between

benzene molecular ion and CF,CF,. All values are in kcal/mol; exp and SCF denote
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values obtained by using experimental heats of formation and 6-31G*//6-31G SCF total
energies (and the Hartree-Fock limit value, 0.5 hartree, for hdyrogen atom and
experimentally determined energy, -1.174 hartree, for H, moiecule) given in Table 3,

respectively. (' Based on 6-31G//6031G SCF energies.)

Figure 7. Mass spectra obtained by 250 eV collisions of C¢,"* with surfaces prepared

from (a) n-octadecanethiol and (b) 2-(perfluorooctyl)-ethanethiol on vapor-deposited gold.

Figure 8. Representation of the effective number of oscillators of Cg,* needed to achieve
dissnciation rates of 10* s (solid line) or 10° s* (dashed line), given E,=10 eV and

v=1x10".
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