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Two new methods for simultaneous measurement of velocity and internal state are reported, and results are presented for
application of the techniques to the photodissociation of CH;I. The internal state of the probed fragment is chosen by tuning
the resonant ionizing laser, while the fragment velocity is determined from the arrival time distribution of fragment ions
at the detector of a time-of-flight (TOF) mass spectrometer. For the 266-nm dissociation of CH,1 or CD;I, the amount
of I*(?P; ;3) vs I(*P;,) produced in coincidence with CHy(v,=) or CD3(v,=j) has been determined for i = 0~2 and j = 0-3.
The values are (7, I/T*) = (0, 0.08), (1, 0.37), (2, 1.1) and (j, I/I*) = (0, <0.05), (1, 0.09), (2, 0.19), (3, 0.68). These I/1*
ratios were found to vary dramatically with probe wavelength, partly due to variations in ratio with methyl rotational level
and partly due to different contributions from overlapping vibronic bands. in a further application, separate MPT wavelength
scans were obtained simultaneously for CD; produced in coincidence with I and I*. Observations on the I and I* fragments
have allowed us to determine values for the anisotropy parameters (8(I) = 1.7 £ 0.1, 8(I*) = 1.8 + 0.1). Application of
these techniques to the detection of clusters and to the discrimination between multiple pathways to the same fragment ion
in multiphoton dissociation and ionization is discussed.

Introduction

Many problems in molecular dynamics, including molecular
photodissociation, require the simultaneous measurement of ve-
locity and internal energy. Early photofragment spectrometers
were designed to measure either the recoil velocity distribution!-?
or the internal energy of the fragments,* but it has only been
recently that correlated measurements of these properties have
been obtained. A Doppler technique has been developed to obtain
the projection of the velocity distribution onto the detection di-
rection.’ Early applications have investigated the photodisso-
ciations of HI® and ICN;’ a subsequent modification uses the
Doppler technique to determine kinetic energy distributions.®® A
time-of-flight (TOF) technique for measuring a projection of the
velocity distribution for state-selected photofragments has been
briefly described in a previous publication;!? further details and
results are presented in this Letter. More recently, an imaging
technique has been reported in which the velocity distribution for
state-selected fragments is projected onto a two-dimensional de-
tector.!!

In this Letter we describe two variations on the TOF technique.
Either a one-dimensional projection of the velocity distribution
or a one-dimensional sample through the core of the full three-
dimensional distribution is obtained by the unconventional use
of a standard TOF mass spectrometer. The one-dimensional
projection technique, as previously described,® is fully equivalent
to the Doppler method but requires neither sub-Doppler laser line
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widths nor uncongested spectra. Our methods are applied here
to the photodissociation of CH,I, whose photophysics have been
discussed in detail elsewhere.!?-16

Experimental Section

The experimental apparatus, similar in design to systems de-
scribed previously,!” employs a pulsed supersonic nozzle source,
two skimmers, and a Wiley-McClaren time-of-flight mass spec-
trometer.'® Extraction and acceleration voltages, V., and V.,
are generated by a Velonex Model 350 high-voltage pulsed power
supply with a measured risetime of about 50 ns (2 kV into 200
Q). The focused photolysis (quadrupled Nd:YAG) and focused
probe laser (doubled Nd:YAG-pumped dye laser) intersect each
other and the molecular beam at a location 8 mm upstream from
the vertical center line of the mass spectrometer and are timed
so that fragment ionization follows the parent photolysis by 25
ns. Field-free conditions are maintained for a time (7,) during
which the photoions recoil with the velocity imparted to them by
the neutral dissociation. After this delay, the ions are extracted
and accelerated up the flight tube by pulsed voltages, V., and V.,
deliberately chosen to deviate from space-focusing conditions.!8
Ton arrival time is then a sensitive function of the ion’s location
when the electric field was applied. Consequently, the ion arrival
time distribution (TOF mass spectral peak shape) is a map of the
initial neutral fragment velocity distribution.

Two useful limiting cases of the pulsed field TOF method differ
in the type of mapping. If the fragment recoil velocity is stow
enough relative to the accelerated drift velocity, even the fragments
recoiling perpendicular to the extraction direction will strike the
1.3-in.-diameter detector.'® This arrival time distribution is a
projection of the three-dimensional velocity distribution along the
extraction direction, modified by the appropriate initial-velocity
to flight-time transformation. We call this method the one-di-
mensional velocity projection technique; it is particularly useful
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Figure 1. One-dimensional velocity projections for I and I* fragments
from the 266-nm dissociation of CH;I monomers. I and I* were probed
at 303.6 and 308.0 nm. Rows labeled V, H, and M correspond to ver-
tical, horizontal, and magic angle 266-nm polarization, with reference
to a vertical extraction direction. Each signal is the sum of transient
records from 500 laser shots.

for measuring angular distributions of monoenergetic fragments.
Alternatively, if the fragment recoil velocity is fast enough,
fragments recoiling laterally will miss the detector. In the extreme
case, only fragments recoiling up or down along the extraction
direction are detected. The arrival time distribution is then a
one-dimensional sample through the core of the full three-di-
mensional velocity distribution. Deflection electrodes at the base
of the flight tube allow the ion distribution to be centered on the
detector, an essential feature of this method. This one-dimensional
sampling technique is particularly useful for determining the
correlation between states of different photofragments and for
resolving multiple pathways to the same fragment ion that differ
in kinetic energy.

Results and Discussion

Angular Distributions of Photofragments and Velocity Pro-
Jjections. Time-of-flight data reflecting the angular distributions
of I(*P3,,) and I*(*P; ;) photofragments from the 266-nm dis-
sociation of CH;[ illustrate the one-dimensional velocity projection
technique in Figure 1. I and I* fragments ionized at 308.0 and
303.6 nm? are displayed. Essentially identical results were ob-
tained for 266-nm photolysis and several other I and I* 2 + 1|
ionization resonances in the 260-315-nm region or for one-laser
photolysis/ionization on resonances between 270 and 282 nm. The
upper panels were recorded with the 266-nm dissociation laser
polarized along the vertical extraction direction of the TOF
spectrometer. Prompt dissociation following a parallel absorption
results in fragments recoiling preferentially along the polarization
axis. The early and late components of the arrival time distribution
for T and I* correspond to the upward and downward velocity
components of the neutral recoiling fragments for the voltages
and delay used here: V,, = 100 V/2.54 cm, V.. = 1900 V/1.27
cm, 7p = 250 ns. These conditions were chosen to give a nearly
linear initial-velocity to flight-time transformation, so the peak
shapes look similar to Doppler profiles of photofragments.>’

By rotating the polarization of the 266-nm dissociation laser
with a waveplate, we can obtain projections along other directions.
The lower panel of Figure 1 shows the arrival time distributions
for the polarization perpendicular to the flight tube, and the center
panel shows the arrival time distribution for the polarization
rotated by the magic angle, 54.7°, from the flight tube. The 25%
higher recoil velocity of I compared to I* is evident from the
difference in peak widths displayed in Figure 1. The kinetic energy
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Figure 2. One-dimensional velocity projections for I* fragments from the
266-nm dissociation of CH,I monomers (upper traces) and clusters
(lower traces) for either magic angle or vertical polarization, as labeled.

distributions of the atomic fragments are not completely sharp
but have a 8% variation in the I or I* velocity due to the range
of internal energies of sibling methyl fragments.!* Approximating
the I or I* kinetic energies with one average value, we can simulate
the arrival time distributions using measured instrumental dis-
tances and voltages along with a single adjustable parameter, 8,
to characterize the angular distribution. We obtain 8 = 1.8 %
0.1 for I* and 8 = 1.7 £ 0.1 for I at six two-photon I and I*
resonances in the 270~275-nm region. Values for 266-nm pho-
tolysis are consistent with these but are subject to a larger un-
certainty due to the presence of a small one-laser background
signal.

Background signals can occur from either the dissociation laser
or the probe laser acting alone to form ions. At most of the
wavelengths studied in this work, careful minimization of methyl
iodide dimers removed most and sometimes all of the one-laser
background. In favorable cases, the two-laser ion signal exceeded
the sum of one-laser background by more than 20:1.

Even the pulsed field background signals yield valuable
mechanistic detail. The probe laser background from 270 to 350
nm displayed distinctive TOF peak shapes and polarization de-
pendences which frequently allowed us to infer or eliminate
possible multiphoton ionization and dissociation mechanisms.?!
From changes in the one-laser TOF signals with variable expansion
conditions, we have confirmed that the long-puzzling 266-nm I*
background®? arose from methyl iodide dimers or higher clusters
in the molecular beam.?!

Monomers and Dimers of Methyl Iodide. The role of dimers
and clusters of methyl iodide has been much discussed in the
context of molecular beam photodissociation studies.?® Transla-
tional energy measurements offer a particularly clear diagnostic
for the origins of photofragments. Whereas the velocity distri-
bution of a state-selected photofragment from a monomer parent
molecule may be sharp, the same photofragment from a dimer
or a cluster parent may have a broad distribution of velocities.
Such a distinction was noted in the Doppler spectra of NO
fragments from NO dimers and higher clusters.?

As expansion conditions were varied, different TOF peak shapes
were observed for both I and I* with our one-dimensional velocity
projection technique. The upper left-hand trace in Figure 2 shows
the square-topped magic angle TOF peak shape associated with
the relatively sharp speed distribution of I* from the monomer.
For this measurement the nozzle was heated to 80 °C, the sample
was 6% methyl iodide in 2.7 bar of He, and the amount of gas
allowed through the nozzle was restricted by a short duration
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Figure 3. 2 + 1 MPI spectrum of the CD; product formed. following
photodissociation of CD;I monomers at 266 nm. The labeled vibronic
bands all belong to the 3p 2A,” < 2p 2A,"” electronic transition. The
spectrum is not corrected for variations in dye laser power. One-di-
mensional samples of the CD; recoil distribution were measured at
wavelengths indicated by vertical connecting lines. Peaks labeled I and
I* correspond to CD; from the I and I* channels of the dissociation; the
central peak, labeled B, arises from probe laser background CD;*.

(<200 us) open pulse applied to the pulsed valve.* When a longer
open pulse was applied, moving the beam valve tip farther from
the orifice, the TOF peak shape changed to that of the lower
left-hand trace. Slower I* fragments appear in the center of the
distribution, and faster I* fragments appear in the wings. Similar
changes observed with the photolysis laser polarized vertically
under unclustered and clustered conditions are illustrated in by
the right-hand traces in Figure 2. Even under expansion conditions
which generated many dimers, the leading edge of the expansion
contained mostly monomers, due to low sample density and/or
velocity slip effects, as we judged by the sharpness of the iodine
photofragment speed distribution.

The Methyl Fragment from 266-nm Methyl Iodide Dissocia-
tion. We have also examined the methyl photofragment in the
266-nm dissociation of CH,l, as probed using 2 + 1 ionization
through the resonant intermediate 3p 2A,” and 4p 2A,” Rydberg
levels.2627  Figure 3 shows an MPI spectrum obtained for CD;.
We concentrated on the 3p 2A,” 03, 21, and 22 vibronic bands in
both CH; and CD; and the 3p 2A,” 23, 23, 23, and 24 in CD;. The
24, 23, and 2% bands have not been previously observed in either
CH; or CD;, while the 23 band has been reported only for CH;*
and the 23 band only for CD,.2 Only umbrella mode excitation
(v,) has been reported in the methyl fragment from the 266-nm
methy! iodide photodissociation.!4

The one-dimensional sampling limit was approached with V,
= 2000 V/2.54 ¢cm, V,, = 0 V/1.27 cm, and 7 = 300 ns. This
allowed complete resolution of the methyl fragments produced
in coincidence with I and I*. The upper insets in Figure 3 show
CD;* mass peaks for », =0, 1, 2, and 3. The faster methyl radicals
arise from the I channel in the dissociation, while the slower ones
arise from the I* channel, as labeled in the upper right-hand trace.
Probe laser background at this wavelength is responsible for the
slowest CD; fragments.

We can use this technique to measure I/I* ratios for methyl
radicals in individual vibrational levels, or even rotational states,
when resolution permits. Ratios of peak areas were corrected for
the slight measured differences in 8 and small differences in ion
collection solid angle for methyl fragments arising from the I and
I* channels. We further assume that v—J correlations? are
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Figure 4. Multiphoton ionization spectra of CD, from the 266-nm dis-
sociation of CD;l recorded near the 23 and 23 bands by gating the de-

tection electronics to observe CD, radicals produced in coincidence with
either I* (upper) or I (lower).

negligible or affect both channels identically. Our results indicate
1/I* ratios of <0.05, 0.09, 0.19, and 0.68 for », = 0-3 CD, from
the CD,I dissociation and 0.08, 0.37, and 1.1 for », = 0-2 CH,
from CH;I. Multiple determinations led to estimated uncer-
tainities of about 0.05 in each of these ratios. For each vibronic
band we studied, the I/I* ratios increased by factors of 2-4 at
wavelengths away from the central peak, where the above ratios
were determined. Figure 3 shows examples of data at two
wavelengths in the 03 band with substantially different I/T* ratios.
It is interesting that the individual vibronic level I/1* ratios differ
for CH,I and CD;], as also observed by Van Veen et al.!® at 248
nm. While the 266-nm dissociation of CD,l has not been reported
previously, Lee and his group have examined the CH;I dissociation
at this wavelength!? and report I/I* ratios of 0.03, 0.09, 0.09, and
0.48 for v, = 0-3, respectively. Our results differ markedly from
theirs. Recently, Chandler and Houston!! used a related MPI
technique to image », = 0 methyl radicals. They observed less
than 5% methyl radical from the I channel, consistent with our
results. Further comparisons for other vibrational states will be
possible with forthcoming results from Sandia Laboratories.® Our
I/1* ratio for », = 2, combined with the overall 1/1* ratio of 0.37,%!
is inconsistent with the previously reported'® vibrational distribution
for photolysis at 266 nm. Qur results on the vibrational distri-
bution will be discussed elsewhere.?!

Finally, we wish to demonstrate a particularly striking and
powerful application of this translational imaging technique. By
setting boxcar gates on the CD;* mass peaks corresponding to
the I and I* channels, we simultaneously obtained separate 2 +
1 MPI spectra for these two channels. The upper and lower panels
of Figure 4 display the MPI spectra of CD; v, = 2 and 3 measured,
respectively, in coincidence with I and I*. There are clear dif-
ferences in the relative intensities of vibronic bands and their
rotational profiles for the two channels. It is expected that the
I* is produced in coincidence with low rotational levels, while the
I is produced in coincidence with high rotational levels. This trend
appears also to occur for v, = 0, as shown in the relevant traces
in Figure 3. In this respect, the dissociation of CH;I would be
similar in nature to that of ICN.>3* By analogy, we expect that
the CHj; fragment will be rotating primarily about a C, axis rather
than about the C; axis.

Conclusions

The sensitive and versatile new techniques which we have
presented here provide the velocity and internal energy information
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that is the cornerstone of photodissociation studies. They also
provide an excellent window on cluster detection and multiphoton
ionization and dissociation pathways. These fast, simple, and
inexpensive techniques can be profitably applied in any TOF mass
spectrometer.
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Nature of the Bonding and Valence for the Oxygen and Copper in High-Temperature

Superconductors

Donald T. Sawyer

Department of Chemistry, Texas A&M University, College Station, Texas 77843 (Received: October 20, 1987)

The ionization potentials, electron affinities, and electronegativities for the atoms in the Ba,YCu;0; high-temperature
superconductor dictate that electron transfer from Ba and Y to the O atoms will occur to form Y3*, two Ba*, and seven
O* ions. The latter (s2p® valence shell) form covalent bonds with the three Cu® atoms (d'% valence shell) to give one Cu®-O~
ion (d'%—-p*s?) and two Cu®(—07);* ions {d’sp=(p®s?);]. Electrostatic and lattice forces control the interactions between
the [2Ba?*, Y3*]™* and [Cu®-O~, 2Cu®(-0);*]"" ions to give the orthorhombic structure of the Ba,YCu;0; superconductor.

The intense characterization efforts directed to the newly
discovered high-temperature superconductors'™ have established
that they are a different class of materials from classical metallic
superconductors.*  Although the debate is vigorous as to the
mechanism of superconduction for the rare earth copper oxides,*®
there is agreement that it must be different from that for metal
alloys and accommodate chemical interaction (bonding) between
the copper and oxygen atoms.” The materials have the physical
appearance, composition, and mechanical properties of ceramics. %10

The most completely characterized material, Ba,YCu;0;, has
an orthorhombic structure with two sets of copper atoms and four
sets of oxygen atoms.! For a ceramic-like material the interactions
of the component atoms will be dominated by covalent and ionic
bonding via their valence electrons. The nonbonding electrostatic
and lattice forces will be secondary, but critical to the structural
arrangement of the ionic groups.

The electron distribution and nature of the bonding among the
atoms of Ba,YCu,O; are controlled by their ionization potentials,
electron affinities, and electronegativities. Table [ summarizes
these parameters for the elements of Ba,YCu;05, as well as the
redox thermodynamics for copper and oxygen in an inert solvent
matrix and the gas-phase bond energies for copper-oxygen
molecules.!"V
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TABLE I: Electronic Character of Elements of Ba,YCu,0,
A. Gas-Phase Electronic Energies

electronegativity
electronic X X
ionizn potential,® eV affinity,’ eV (Mulliken)  (Pauling)?
Ba 5.21, 10.0 ~0.0 0.83 0.89
Y 6.38, 12.2, 20.5 0.31 1.06 1.22
Cu 7.73, 20.3, 36.8 1.24 1.42 1.90
O 13.62, 35.1 1.46 2.39 3.44

B. Reduction Potentials in Acetonitrile®
E®’, Vvs NHE

Cult + ¢ — Cu? +2.7 (est)
Cu?* + ¢ — Cu* +1.29
Cut+¢ — Cud -0.09
O(g) + e — O +0.67
0"+ H,0+ e — 20H +0.59
O +e — OF -3.0 (est)
C. Gas-Phase Bond Energies’
BE, kcal mol™!

Cu-Cu 46.6

0=0 119.1

0-0 ~80 (est)

Cu-O 64.3

Cu-0- 73 (est)

aReference 11. ?Reference 12. ¢x (Mulliken) = [(ionization po-
tential) + (electron affinity)]/6.30; ref 13. Reference 14. ¢Reference
15 and 16. /Reference 17.

Contemporary analyses of the atomic interactions in copper—
oxygen superconductors have assumed that the oxygen atoms carry
eight valence electrons with the chemical character of oxo dian-
ions.>”® For Ba,YCu;0; this amounts 1o a total negative charge
of 14e”, which must be balanced with seven positive charges from
three copper ions (two Cu?* and one Cu?*) in addition to seven
positive charges from two Ba®* and one Y>* ions. The redox
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