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The elucidation of the chemical nature of the neutral products
by the present technique is particularly important since SIMS
only provided information on the charged products. For instance,
it was quite possible that the previously unobserved nitrogen-rich
neutral byproduct from the bombardment of NO, whose formation
needs to be postulated in order to account for the observed cluster
ion stoichiometry, is N,O rather than N, (thermal decomposition
of solid NO yields N,0 and N,0,!'). Yet, in IR spectra, we
observe no N,O formation upon bombardment of solid NO. The
reactions triggered in solid NO by fast ion or atom impact are
quite different from those triggered by macroscopic heating or
explosion.

In summary, the present results lend credence to the mechanistic
proposal for SIMS of solid nitrogen oxides®* and, by extrapolation,
of low-temperature solids in general.2 They also establish fast
atom bombardment as a viable tool for the production of reactive
matrix-isolated species. Its effects are similar to those of ion
bombardment, but it is not subject to the same sample charging
difficulty.

Acknowledgment. This work was supported by the National
Science Foundation (CHE 81-21122). We are grateful to Dr.
Basil Swanson (Los Alamos National Laboratory) for a sample
of N0,

Registry No. Ar, 7440-37-1; Ar*, 14791-69-6; N,0, 10024-97-2; NO,
10102-43-9; N,O,, 16824-89-8; NO,, 10102-44-0; N,0,, 10544-72-6.

(11) Melia, T. P. J. Inorg. Nucl. Chem. 1968, 27, 95,

(12) Note Added in Proof: Prof. Knight’s results with FAB matrix isolation
have now appeared in print: Knight, L. B, Jr.; Steadman, J.; Feller, D.;
Davidson, E. R. J. Am. Chem. Soc. 1984, 106, 3700.

Triple-Quadrupole Secondary Ion Mass Spectrometry of
Low-Temperature Solids: Collision-Activated
Dissociation of Large Cluster Ions

Thomas F. Magnera, Donald E. David, Rujiang Tian,
Dusan Stulik, and Josef Michl*

Department of Chemistry, University of Utah
Salt Lake City, Utah 84112
Received April 23, 1984

In secondary ion mass spectrometry (SIMS), primary ions with
energies in the kilovolt region impact a solid and cause the ejection
of neutral and charged secondary particles; the latter are detected
in a mass spectrometer.! The method and its variant in which
the primary particles are uncharged (FAB) are acquiring rapidly
growing importance in analytical chemistry of nonvolatile insu-
lating solids and solutions, but the mechanism of secondary ion
formation is still poorly understood. In several of the mechanistic
studies the samples were kept at low temperatures.2 We have
investigated simple molecular solids held at 15-30 X and found
that the impact of heavy primary ions such as Ar* produces
secondary cluster ions of large size and often unexpected com-
positions.>® Now we wish to report the results of a triple-
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Figure 1. (a) Positive SIMS spectrum of solid N, obtained with a 3-keV
Ar* beam. (b—d) Daughter ion spectra obtained by dissociating No*,
Nyo*, and Nyt ion with Ar under single-collision conditions.

quadrupole collision-activated dissociation (CAD) study of the
internal structure of these clusters, which offers some of the first
direct evidence in favor of the mechanistic hypothesis proposed®?
to account for their formation and composition.

The measurements were performed on an instrument described
earlier,® modified by replacing the quadrupole mass filter by a
triple quadrupole assembled from components purchased from
Extranuclear Laboratories, Inc. The collision gas was argon in
the low 1075-torr range so that only a small fraction of the clusters
undergo more than a single reactive collision. The energy
transferred to the cluster per collision was estimated to be on the
order of at most a few electron volts from the known binding
energies of protonated water clusters,!

. The positive SIMS of solid nitrogen obtained with Ar* bom-
bardment? contains the cluster series N,,*, which extends through
the range of our mass spectrometer (1000 amu). The most intense
peaks are N;* and N,*, and the intensities decay approximately
exponentially as n increases. In the range n = 7-46 the peak
intensities of the even and odd n series alternate, with those of
even n being more intense. Only losses of nitrogen molecules are
observed in the CAD spectra of N,* clusters with n = 1-30 (Figure
1), indicating that the fundamental solvating unit is N,. The CAD
spectra of the even and odd cluster series differ in their intensity
distributions.

The odd series preferentially loses a single N, molecule and
the chance of losing several N, molecules decreases monotonically
with their number, albeit only slowly at first. The same pattern
is shown by the even series, but in addition a single very intense
loss peak is present for each parent cluster. In small even clusters
up to Ng*, this is the loss of N, in the range Njo*—N g™, this is
the loss of 2N, and for Nyg™—Nj;o¥, it is the loss of 3N,. Unlike
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Figure 2. (a) Positive SIMS spectrum of solid N,O, obtained with a
3-keV Ar* beam. (b,c) Daughter ion spectra obtained by dissociating
NyO,s* and NyO,;* ions with Ar under single-collision conditions.

the rest, these specific losses are collision gas pressure independent
and originate in long-lived metastable clusters.

The positive SIMS of NO obtained with Ar* is dominated by
the cluster series Nj,4103,+," whose intensity decays approxi-
mately exponentially as » increases. The positive SIMS of N,O
and N,0, is similarly dominated by the cluster series
Nomtome1Osneams1> Which decreases in intensity as both n and m
increase, more rapidly with 1. The CAD study of the Ny, O34
series shows that these clusters only fragment by losing units of
76 amu. This suggests that the internal structure is NO*(N,03),.
The CAD spectra of the Ny, 2ms103544ms1 ™ series obtained from
solid N,0, contain daughter ions corresponding to losses of N,O,,
N,0O,, and minor losses of N,Os (Figure 2). No other losses were
observed. This implies a structure NO*(N,0;),(N,0,),, with the
loss of N,Os accounted for by small amounts of
NO*(N;,03)541(N204) -2(N;05). The loss of N,O; is between
4 and 10 times more likely than the loss of N,O4 when both are
present in the cluster. CAD measurements on the same cluster
series generated from Ar* bombardment of solid N,O produced
similar results, indicating that the composition and structure of
the clusters are independent of whether the target was solid N,0O
or N204.

The proposed mechanism for cluster formation from insulating
low-temperature solids is outlined in detail elsewhere.® It consists
of the following steps: (i) primary damage center formation in
the solid, (ii) conversion of primary to secondary damage centers
by chemical reactions, (iii) ejection of a large molecular aggregate
containing a central charge, (iv) conversion of the aggregate into
the final stable cluster by evaporative loss of the least firmly held
constituent molecules accompanied by cooling. Although the
mechanism is compatible with the available observations, until
recently it was only supported indirectly. The observation of the
secondary damage centers in solid nitrogen oxides by matrix-
isolation spectroscopy!! has now provided the first direct support
for steps i and ii.

The present CAD results lend credence to the proposed steps
i~iv in that they show the clusters to have the internal structure
demanded by these steps: they consist of a central ion and one
or more loosely attached solvating molecules. The central ion
appears to be derived from that species within the impacted region
of the solid which has the lowest ionization potential. The pre-

(11) Liang, J.; Michl, J. J. Am. Chem. Soc., preceding paper in this issue.

ferred solvating molecules appear to be selected from among all
those present in the impact region as being the most polarizable
and polar, i.e., most likely to become attached to the central ion
before or during the ejection process and least likely to be shaken
off during the ejection or thereafter.

The observed cluster metastability also supports the proposed
step iv.!2 It is reasonable that vibrational excitation should be
the longest lived and metastability the easiest to observe on the
even N,* clusters: V-R and V-T energy transfer from a vibra-
tionally excited species will be particularly slow when no low-
frequency vibrations are available in the central ion (N,*, as
opposed to N3*) and the solvating molecules (N,).!* Once the
transfer occurs, the energy provided is adequate for the ejection
of a small number of relatively firmly held solvating molecules
from a small cluster or a larger number of more loosely held ones
from a large cluster. Additional complications would arise if some
of the clusters were solid and some liquid.™*
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Intermolecular addition of carbon electrophiles to olefins not
bearing heteroatom substituents (e.g., enol ethers, enamines, etc.)
has achieved little synthetic use due to the requirements of fairly
potent electrophiles and the instability of the initial cations which
lead to products derived from rearrangements or further con-
densations.! The ability of silicon to stabilize positive charge has
led to its introduction as a regio- and chemoselectivity control
element.? The potential importance of addition of carbon elec-
trophiles to olefins has been shown by the rapid adoption of allyl-
and vinylsilanes as important synthetic building blocks. The ability
of a cyclopropyl ring to stabilize an adjacent positive charge and
the utility of strained rings for further structural elaboration? led
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