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TABLE I. Ionization potentials for Al, Al,, and their oxides, from Refs. 9
and 10,

Al Al,
Al, 5.99 ~ 60
ALO 9.5 ~ 80
Al O, ‘e ~10.0

What is responsible for the observed product distribu-
tions? Thermodynamics probably plays an important role.
Table I shows ionization potentials for Al, Al,, and their
oxides.*!° Adding oxygen to Al and Al, raises their ioniza-
tion potentials. If this occurs for the larger clusters it pro-
vides an explanation for why oxide product ions are not ob-
served: The charge goes to the product with the lower
ionization potential. There are subtle indications in the prod-
uct distributions that Al;" and Al;% (the magic numbers)
are slightly favored products. Loss of Al,, is observed first
for ALY yielding Al;", and the switch from Al, to Als loss
for Al;} results in production of Al . If thermodynamics
plays a major role in determining the products, then our
results indicate that (Al,O,), (AL0,), and (Al,;0,) must
be particularly stable. Unfortunately we do not know if
(AL0,) is Al;O,, for example it could be Al;O + AlO;
similarly (Al,0,) could be ALO + Al,0. ALO™ and

Al,O" occur as intense ions in the mass spectrum from the
source (see Fig. 1).
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The possibility of performing Fourier transform (FT)-
ESR has very recently been demonstrated.”> An important
objective would be to perform a variety of 2D experiments>*
in much shorter time and to perform other 2D experiments
only possible by FT methods.’

In this work we demonstrate the feasibility of such ex-
periments with two examples in which an entire (fast mo-
tional) nitroxide ESR spectrum (total width of 90 MHz) is
irradiated.

Our FT-ESR spectrometer is modified in several impor-
tant respects from the electron-spin-echo (ESE) spectrom-
eter® we previously utilized'*: (1) a quadrature detector
simultaneously yields the real and imaginary parts of the
time-domain signal; (2) signal averaging is accomplished
using a two-channel transient digitizer (HP54100A 1 GHz
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oscilloscope); (3) high fidelity microwave pulses (50 ps jit-
ter) are obtained from a modified’ TWT amplifier.

The first example involves digitizing the echo after a
m/2 —t, —7w/2 —t, +t, sequence. The procedure is re-
peated for a series of equally spaced values of ¢,, and is then
2D Fourier transformed. The 2D-ESE spectrum (Fig. 1) is
obtained after making a small first-order phase correction in
@, and a linear amplitude correction.! One observes the in-
homogeneously broadened three-line hf pattern along w,
and the Lorentzian homogeneous line shapes along w,. (A
magnetic field gradient was introduced to suppress the FID
from the second 7/2 pulse. This would not be necessary for a
slow-motional spectrum.>*) Note that the irradiation fre-
quency @, is just below the low-frequency hf line yet the
whole 90 MHz spectrum is successfully irradiated. This ex-
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FIG. 1. 2D-ESE spectrum of ~2 mM PD-tempone in toluene-d at 22 °C by
FT methods. T%~75 ns; T, = 135 ns; 0.86 ns resolution of echo providing

256 complex data points, each the average of 2048 transients. Time resolu-
tion in ¢, is 6 ns, pulse width is 15 ns.

ample is the FT-2D analog of the field-swept 2D experiment
described in Ref. 3, and it reduces the time of the experiment
by an order of magnitude. (We anticipate an additional or-
der of magnitude reduction with modified equipment). Mi-
nor modifications to our current spectrometer design should
make this technique the method of choice for 2D-ESE.>®

The second example is from the category of 2D spin-
exchange spectroscopies and is based upon the 7/
2 —t,—w/2 — T — 7/2 — t, Jeener—Ernst sequence.® This
involves four time periods: preparation, evolution, mixing,
and detection. The preparation period consists of a 7/2 pulse
to generate the initial transverse magnetization. “Frequency
labeling” occurs during the evolution period of duration ¢,.
The second 7/2 pulse starts the mixing period wherein the
longitudinal magnetization components associated with
each hf line can be exchanged, thereby mixing components
carrying different precessional frequency information.
Thus, after rotating this magnetization into the xy plane for
detection, components initially precessing with angular fre-
quency @, = o, will, via magnetization transfer (MT), pre-
cess with new frequency @, = w,. In our example, shown in
Fig. 2, we rely on the significant Heisenberg-spin exchange
(HE)®! to produce the MT between the hf lines.'?

This sequence is repeated for a series of equally spaced
values of t,. For each ¢, the FID is collected, then the phase
of the preparation pulse is advanced by 90°, and a second
FID is collected [call them S'(z,,f,) and S " (¢,,2,) ]. These
two signals depend on terms oscillatory in ¢, that are in phase
quadrature.'® FT of each data set yields |S'(#,,w,)| and
|S ” (¢,,w,) |. Base line corrections facilitate removal of axial
peaks,'* after which we form

S(tpwz) = 'S,(tlywz)l +i|S”(t19w2)|9

which yields the desired 2D spectrum |S(@,,»,)| upon final
FT.

FIG. 2. 2D exchange spectrum of ~2 mM PD-tempone in toluene-d; at
22 °Cby FT methods. 7% ~ T, = 135 ns; 3.3 ns resolution of FID providing
256 complex data points, each the average of 512 transients and requiring
8.6 s per FID. There are 70 values of ¢, with 3 ns resolution. Dead time is 65
ns, pulse width is 16 ns, and 7= 310 ns.

This phase alternation scheme yields the required fre-
quency discrimination in , and it provides the phase infor-
mation necessary for the pure absorption representation. !>
This should be useful for probes undergoing slow-tumbling
motion for which the spectra are composed of very many
“dynamic spin packets” DSP.*>*!? For such systems the 2D
spectrum would lead to direct correlation of the MT*'?
between DSP from different molecular orientations. This
method may be regarded as a 2D analog of ELDOR.'"-"°

In our fast-motional example in Fig. 2, the diagonal
peaks correspond to the three "N hf lines, while the (six)
off-diagonal peaks (where the values of @, and w, corre-
spond to different hf frequencies) represent MT from one
line to the other in accordance with the theory'*'® applicable
for the present case of the HE of the order of electron-spin
relaxation.!>? In theory, the exchange rate constant, k.
can be obtained by comparing the amplitudes of off-diagonal
vs diagonal peaks (after correcting for known artifacts), but
it is well-known?' that this would permit only rough esti-
mates. We found, in this manner, a value of kz about 28%
( + 5% from the different peaks) of the value 3.1 107°
M~ s~ ' reported in Ref. 11. We expect substantially greater
accuracy by varying® T in a series of such 2D experiments.
(Spurious peaks, which do not come at the MT-peak posi-
tions, are due to imperfections in the quadrature detector.
Also, there is a small contribution, only to the diagonal
peaks, from the FID caused by the first pulse which freely
precesses for the rest of the sequence. It could be eliminated
by pulsed field-gradient techniques,>'® or by phase altera-
tion schemes.?') Further improvements of this MT tech-
nique, as well as its variations,* should be of considerable
value in studies of molecular dynamics.
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A first attempt to obtain information on the interaction
between helium and ground state oxygen atoms was report-
ed many years ago from this laboratory': Only an estimate of
the average potential could be given. Recently, an extensive
computational study” has been devoted to this system, which
is basic to our understanding of the nature of the interactions
of open shell atoms. In this Note, new experimental results
on this system are reported, and the available information is
shown to provide an assessment of the main features of the
involved interaction.

The results, which supersede the old ones, are shown in
Fig. 1: The absolute integral cross sections have been ob-
tained as a function of velocity employing the apparatus de-
scribed previously® and used recently for the study of the
interaction of F(2P) atoms with rare gases,* of O(*P) with
Ar, Kr, and Xe,? of N atoms with Ar® and Kr.® The oxygen
atom beam is velocity selected to better than 5%, and a
Stern—Gerlach magnet (Rabi configuration) provides a con-
trol of the atomic magnetic sublevels.

These low energy integral cross section experiments can
be interpreted by assuming that the collision takes place
adiabatically along six effective potential energy curves, la-
beled by the quantum numbers of atomic angular momentun

J =2,1,0and its projection = |m; |. These curves are relat-
ed to the electrostatic potentials vy and v by the formulas
given in the Appendix of Ref. 3.

A variation of the magnetic field intensity allows a vari-
ation of the relative population of the | jQ1) states: The re-
sults in Fig. 1 show that the difference of cross sections for
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two extreme cases is minor, indicating that the anisotropy of
the involved interaction is small.

A calculation of the integral elastic cross sections for the
present experimental conditions using the vs and vy, interac-
tions obtained by the CEPA technique of Staemmler and
Jaquet? is shown (dotted curves in Fig. 1) to reproduce the
overall behavior but to underestimate the absolute magni-
tude. An extrapolation procedure on their computed poten-
tials lead Staemmler and Jaquet,” to propose improved vs
and vy, interactions which actually, as shown in Fig. 1
(dashed curves), yield integral cross sections much closer to
our measurements. We take this as evidence that, although
the computed values underestimate the cross sections, the
extrapolation procedure indicates correctly in which direc-
tion a substantial improvement can be achieved.

Our procedure thus starts by assuming that the anisotro-
py’ v, =3(vs — vy) iscorrectly given by CEPA calculation.
In fact, it can be verified, at least for the range of distances
probed by our experiment (i.e., where van der Waals minima
occur) that the extrapolation procedure proposed by
Staemmler and Jaquet does not modify substantially the dif-
JSerence vs — vy . Actually, some evidence is being accumu-
lated for other systems in our laboratory® that, because of
error cancellations, such a difference can be estimated even
from not too sophisticated calculations better than the indi-
vidual contributions. Having fixed the anisotropy v,, we
then adjusted the spherical ” interactionv, = }(vs + 2vy ) by
using a sufficiently flexible form to fit our data. The results of
such a procedure are shown in Fig. 1 (continuous curve),
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