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detail elsewhere. The complete systematic assignment of the
remaining sugar resonances is impeded thus far by strong overlap
in the H4’, HS’, and H5” regions, even in a 2-D spectrum. The
remaining aromatic resonances (AH2) are part of another
cross-relaxation network in double-stranded DNA, which also
includes the exchangeable hydrogen-bridged imino protons.
Systematic assignment of these resonances is also possible by using
the nuclear Overhauser effect.?-22

The procedure presented here for DNA resonance assignments
has the usual advantages over analogous one-dimensional ap-
proaches in that it avoids the necessity of selective irradiation of
many resonances in crowded spectral regions'? and is experi-
mentally straightforward. Furthermore, it does not rely on the
availability of numerous subfragments?? or analogues?? of the
DNA duplex of interest, nor on assumptions about the exact
solution structure as required for chemical-shift calculations,?*
nor on assumptions concerning the temperature dependence of
the chemical shift such as are involved in the interpretation of
melting behavior.?
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Organic molecules are desorbed and ionized directly from the
solid state by using secondary ion mass spectrometry (SIMS).1»2
The mechanism of molecular desorption has been open to dis-
cussion particularly with regard to species with molecular weights
greater than several hundred daltons.'™* Of special concern is
to explain how a >1000-eV Ar* ion (or Ar atom) induces the
desorption of a molecule whose bond strengths may be on the order
of several electron volts. To address this question, the energy
dissipation for a model system of benzene adsorbed into a c(4 X
4) overlayer on Ni(001) has been followed by using classical
trajectory techniques.*® In this work, we test several predictions
of the classical dynamics model by measuring for the first time
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Figure 1. Ion yields of C;H* () and AgC¢Hg* (A) from benzene on
Ag(111) and ion yields of CsHNH* (@) and AgCsH{N* (A) from
pyridine on Ag(111) as a function of exposure at 153 K. The Ar*
primary ion was incident perpendicular to the surface, and the polar
collection angle § was 45° relative to the surface normal; work function
change (0O) for pyridine on Ag(111) as a function of exposure at 153 K.
Bombardment conditions: 1 keV, 2 nA, Ar*.

the ion yield as a function of the polar angle of ejection and
coverage for benzene and pyridine adsorbed on Ag(111) at 153
K. These model systems are of interest for a number of reasons.
(i) The molecules are similar in size and shape and should behave
in a closely related fashion under the influence of ion bombard-
ment. (ii) Classical dynamics calculations have been performed
on these molecules adsorbed on Ni(001) where dramatic differ-
ences in the molecule yield are predicted to occur with molecular
orientation. (iii) Electron energy loss spectroscopy indicates that
pyridine on Ag(111) initially adsorbs in a w-bonded configuration
but undergoes a compressional phase transition to a o-bonded
configuration as the coverage is increased.”® Benzene, on the
other hand, is believed to remain in the w-bonded configuration
at all coverages.®12

The details of the angle-resolved SIMS apparatus have been
described elsewhere.!* The Ag(111) surface was cleaned by cycles
of heating at 700 K and ion bombardment. After a final annealing
at 620 K for 5 min, the crystal exhibited sharp 6-fold symmetric
LEED spots. Exposure values in langmuir units were corrected
by a guage factor of 5.8. The SIMS spectra of a Ag(111) surface
exposed to pyridine or benzene at 153 K are characterized by a
series of cluster ions including the molecular ion M*, (M + H)™,
Ag*, (Ag + M)*, and (Ag + 2M)*. For benzene, all positive
ion yields begin to increase after 0.6 langmuir of exposure and
reach a plateau at monolayer coverage after 2.5 langmuirs of
exposure. Exposure to benzene beyond 2.5 langmuirs results in
a decrease in the intensities and an increase in the relative fragment
yields as has been reported to occur using the Ni(001) surface.!
For pyridine on Ag(111), however, the ion yields exhibit a distinct
maximum at 0.2 langmuir of exposure before increasing to a
second maximum after 4.5 langmuirs of exposure. We do not
believe this first structure arises from any anomolous electronic
effects since the surface work function change measured simul-
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Figure 2. Normalized polar angle distribution of molecular ion yields for
4.5-langmuirs pyridine (—, (M + H)*), 0.15-langmuirs pyridine (—,
(M + H)*), and 2.5-langmuirs benzene (-, (M — H)*) on Ag(111) at
153 K.

taneously by the electron-beam-retarding field method exhibits
a continuous decrease through this exposure region. The details
of this behavior are illustrated in Figure 1 for the AgCsH;N* and
CsHNH™ positive ions during pyridine adsorption. Related ions
exhibit parallel trends. Similar curves for the C4Hs* and AgCeHg*
ions obtained during benzene adsorption are shown for comparison.
The drop in the molecular ion signals after the maximum at 0.2
langmuir for the pyridine case is consistent with classical dynamics
calculations, which predict that a shift in orientation of the
molecule from parallel to perpendicular to the surface should
decrease the probability of molecular emission.®

To further substantiate the link between the ion ejection process
and molecular orientation, we have measured the polar angle
distribution of various ejected ions for three systems—2.5-lang-
muirs benzene (monolayer), 4.5-langmuirs pyridine (monolayer,
o bonded) and 0.15-langmuir pyridine (7 bonded) on Ag(111).
The results of these distribution measurements are illustrated in
Figure 2. For monolayer benzene and for w-bonded pyridine
where the molecules are believed to lie flat on Ag(111),” the polar
angle distribution of (M — H)* (benzene) and (M + H)* (pyr-
idine) are broad with a peak at 6 = 20°.!5 At the onset of the
compressional phase transition, however, the polar angle distri-
bution of the CsH;NH™* ion sharpens dramatically, and the peak
moves to § = 10°.

The arrangement of atoms and molecules on surfaces has been
shown to influence the angular distributions of ejected atomic and
molecular species.>!¢ The reason for this dependence is that there
is a surface channeling mechanism that forces atoms to eject along
open crystallographic directions where atom—atom repulsions are
at a minimum. The anisotropies have previously only been found
in azimuthal angle distributions. For the case of an ordered array
of molecules stacked at an inclined angle relative to the surface,
however, recent computer simulations!” indicate that channeling
effects are more clearly observable in polar angle distributions
rather than in the azimuthal angle distributions as is indicated
by our experiments. If this explanation is correct, our experimental
results suggest that the tilt angle of the o-bonded pyridine molecule
is somewhat smaller than proposed previously.” Calculations
currently in progress are aimed toward determining how precisely
the polar angle distribution can be related to the tilt angle of the
o-bonded pyridine. We find that the polar angle distribution of

o-bonded pyridine is unusually sharp and 1.5 times wider at high
kinetic energies (6—10 eV) than at low kinetic energies (3-7 eV).
Presumably, the faster moving molecules can more easily deform
the channel walls during desorption.?

In conclusion, we have measured the SIMS spectra of a number
of organic monolayers adsorbed on Ag(111) with the goal of
obtaining a detailed understanding of the basic mechanism of
ejection of the molecular clusters. The experiments were suggested
by molecular dynamics calculations, which predict that the yield
and angular distribution of the desorbed species should be sensitive
to the orientation of the surface molecule relative to the substrate.
The experimental verification of these concepts establishes a new
approach for the study of the orientation of molecular systems
where molecular channels influence the desorbing particle’s tra-
jectory. More important, perhaps, these results provide striking
confirmation of the basic application of the classical dynamics
model to the understanding of organic SIMS spectra. This
confirmation is particularly satisfying in view of the approxima-
tions inherent in the classical calculations and the overall com-
plexity of the momentum dissipation process.
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According to simple Hiickel theory, the lowest unoccupied
molecular orbital (LUMO) of phthalocyanines has doubly de-
generate e, symmetry and can therefore accept up to four electrons
in an electroreduction of the 7 ring system.>* This reversible
addition of four electrons, which has been shown experimentally,*
does not occur for metalloporphyrins. Although metalloporphyrins
may undergo four ring reductions in nonaqueous media, the latter
two reactions at more negative potentials involve irreversible
two-electron transfers with concomitant protonation.>$

In this communication we report the formation of a stable zinc
phthalocyanine tetraanion that is electrochemically generated in
nonaqueous media. The starting compound is octacyano-sub-
stituted zinc phthalocyanine, (CN)gsPcZn (Figure 1), whose
synthesis has been reported in the literature.”® As seen in Figure
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