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Chemiluminescent pathways in reactions of phosphorus, antimony,
and bismuth with ozone to form dioxides and monoxides
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Chemiluminescen{CL) reactions have been observed using molecular beams of phosphorus,
antimony, and bismuth colliding with ozone as a scattering gas. The fluorescence spectra indicate
the formation of electronically excited BOSbQ,, and BiQ, and probably SbO and BiO, as well.

None of the emitting states of the dioxides seem to correspond to previously characterized states.
Since the beam source could generate variable ratios of atoms, dimers, and tetramers, the CL
reactions can be attributed to P, Shy,Sind Bi. The assignments of reactant species were aided by
measurements of the total CL dependence on the beam time dependence. The time-dependent
experiments also revealed CL reactions of antimony and bismuth, which are second order in ozone.
Fits to the time-dependent spectra show that whereas the first-order CL reaction of P proceeds
without a potential barrier, for Sband Bi, only the second-order CL reactions can occur without
very high barriers. ©1998 American Institute of Physids$§0021-960608)00718-1

INTRODUCTION ing the A state, including an accurate value of the excitation

The kinetics and spectroscopy of heavier group VA di-€nergyTo. While the issue of the equality of the two N-O

oxides are not well known. Some of these dioxides have ngfods was not discussed in these experimental investiga-
previously been definitively identified in the gas phase, altions: the most recerdth initio calculations by Buenker and
though the monoxides have. Despite a rather complex Speg_o-workeré suggest only a small deviation from equality in
troscopy arising from closely spaced and perturbing electhe® two N—O bond lengths. _
tronic states, many of the lower-lying states of Nfave Spectroscopic information on BChas been obtained
been characterized!? Gradually, a better understanding of from a variety of methods. See Table I. Verma and
these states has emerged. Some constants are known for #feCarthy’° observed P@in a flash discharge experiment,
PO, ground state? 2p,, and for some low-lying electronic and although their bending mode assignments were appar-
states, includingB, and 2B, states, which may have been ently incorrect, they have established an electronic origin,
observed by previous investigators; see Table I. There is stilllo, Of about 30 380 cmt". The ground state vibrational fre-
however, some confusion as to the identity of emitting state§luéncies and geometry have been reasonably well deter-
of PO,. And for Sb and Bi, the dioxides have not been de-mined from infrared laser magnetic resonarichlR)** and
finitively identified and, as of yet, no constants are availablethrough laser-induced fluorescencé.IF) studies by
Understanding the nature of the low lying excited statedHamilton?*?* Stedman and co-workef$?° as well as Cool
of NO, may help assign low-lying electronic states of PO and co-worker$® have observed chemiluminescen(@L)
and other members of this group. The vibrational frequencie§om reactions of phosphorus withs@nd other oxidizing
and geometry of the ground state of N@ave been fairly environments forming POunder multiple-collision condi-
well determined, but perturbations are especially prevalent itions. Lohr has performedb initio calculation$’ for a low-
the A 2B, state(which correlates tA’ in C, symmetry.  lying ?B; electronic state, which, similarly to NOhas been
The perturbations are believed to arise from mixing withfound to be a lineafIl, state. More recerab initio calcu-
high-lying vibrational states of the ground electronic statelations by Buenker and co-workéfsand Kabbadj and
For the three lowest electronically excited states GillispieLeivin®® have also approximated the locations of low-lying
and co-workerS have provided geometries and vibrational 2A, and 2B, states, as well as higher states. Andrews and
constants for the symmetric stretch and bending modeso-worker§®—*have conducted a series of investigations on
throughab initio calculations. These constants may be conthe spectra of products from reactions of phosphorus con-
sidered to be fairly good estimates to the actual values, agining compounds with §) trapped in argon matrices, with
there is good agreement of ground state results with experproducts including P©
mental value§:*° Both Stedman and Hamilton seem possibly to have ob-
A further complication is that the\ state’s two N—O  served two electronic states in their investigations. Hamilton
bond lengths are most likely uneqd4r® The molecule in  detected different radiative lifetimes in different parts of the
this electronic state would then belong to Bgpoint group  LIF spectrum. He has argued that, similarly to N®igh-
and the state would more properly be designdied Rela- lying vibrational levels of the ground electronic state may
tively recent experimental investigatioHs:! though, have perturb some of the line&B, upper state vibrational levels,
provided more detailed spectroscopic information concernehanging the observed lifetime to the fluorescence. Thus,
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TABLE I. Low-lying electronic states of PO

State Tolem™  rpolA or vilem™ oy /emt pglem? Reference
22B, 30378 Bent 933 396 Reference 20
12B, /%11, 28 685 1.5659 180 926 400 1319 Reference 28
12B,/22A, /711, 32262  1.478 180 1046 187.7 1420 Reference 29
12B, /21, 30150 180 Reference23
12A, 8241 1.5425 107.04 1105 409 1208 Reference 28
11534 1.517 105.8 1269 459 Reference 29
12B, 5055 1.5413 96.6 1068 381 1097 Reference 28
9114 1.496 95.8 1333 428 Reference 29
X 2A, 0 1.466 135.3 1090 37F 1278 Reference 21
1117 387 Reference 23
1.464 135.14 1052 389 1338 Reference 28
1.446 134.4 1048 396 1260 Reference 18

2The value of 30 378 cit, actuallyT,, notT,, was assigned based upon upper state line numbering, which
has since been called into questi®efs. 21 and 28 Currently, there is doubt regarding the assignment of the
observed spectrurtRef. 20 to the 2?B, state.

PAn ab initio work (Ref. 29 considered the state to arise from a conical intersection betweerfBeahd the
22A, states.

®Kawaguchiet al. (Ref. 21) assigned an uncertainty of 20 cfrfor v, andv,, while v3’s uncertainty was much
greater.

Hamilton proposed that the shorter-lived state, which he aneémployed near single-collision conditions with the hope of
Verma and McCarthy analyzed, is probably the linéB;  limiting the number of possible mechanisms so that the sa-
state calculated by Lohr, and the longer-lived state, whoséent mechanisrfs) may be determined. To shed some light
contribution increases with higher excitation, derives mostlyupon which mechanisms might be possible and which might
from high vibrational levels of the ground electronic state. not be, the thermochemistry of several potential steps have
Stedman, however, observed broad CL in two differentoeen calculated from existing data. The reactions have been
regions under different experimental conditidisStedman  generalized for the group VA elements:=\P, Sb, Bi. The
produced PQ by reacting phosphine (RH with O3/0,, following reactions would be first order with respect tq O
03/N,, 0O/0,, an(ds%other gas mixtures under multiple- pressure:
collision conditions™” The spectra were very broad and
mostly featureless. It is interesting to note that the gas mix- (1) M+0;—MO*+0,
tures involving O atoms did not yield any significant signal (2) M+0s—MO% +O0.
in the region from about 3000 to 4000 A, while reactions 3 2
with O3 mixtures did give rise to a signal there. Since it is The following reactions would be second order with respect
reasonable to expect that different precursors may lead ttw O; pressure:
different electronic states, there may very well be two differ-
ent states in this regioft. In fact, the present investigation (1) M+0;—MO+0,,
sugg.ests that P@gn b.e for_med in a nonlinear sta_te that can (3 MO+03—MO% +0,,
readily emit radiation in this region, and the obvious candi-
date is &B, state. ' ' (4) M+20;MO% +20,,
Andrews’ and co-workers’ matrix study of Rlfeactions
with O atoms to yield P@has provided more information on
the low-lying, emitting states. They attribute the matrix,PO
spectra to a nonlineaiB, state. They do not rule out the (3) MO+03—MO,+0,,
possible existence of a linedB, state as welf® but theB?
state of Hamilton was not populated in absorption. Itis con-  (6) M,+20;—MO3 +M+20,,
ceivable that the surrounding matrix of Ar may have hin-
dered the P@molecule from making thg drastic geometry (7)  Myt+0;—M,0+0,,
change from the bent ground state to a linéy upper state.
Instead, the transition was to a béf, state. (8) M,0+03—MO* +MO+0,,
The spectroscopy of the group VA monoxides, on the
other hand, is more straightforward. Much more is known, (9) M;+20;—MO*+MO+20,,
and spectroscopic constants are available for most of the
lower-lying electronic states of the monoxid¥s. (7)  My+03—M,0+0,,
The primary motivation for this work, however, has not
been to determine spectroscopic information, but rather to (100  M;0+0;—MO;+M+0,,
gain a better understanding of the chemiluminescent reac-
tions involving P, Sb, and Bi atoms and dimers. This study (6) My+20;—MO3; +M+20,.

(5) M2+034>MO+M +02,
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TABLE Il. Standard reaction enthalpfesf atoms and dimers with Q(in eV).

Reaction Reactant M: P Sb Bi
First order in Q

(1) M+0;—MO*+0, —5.05£0.05 =-3.34+0.05 —2.42+0.10
2 M+O3*>MO;+O —5.04+0.12 =-1.90+0.50 —0.21+0.50
Two-step mechanism, second step

(3) MO+03;—MO3 +0, NA =-2.63+0.5 —1.86+1.0
(8) M,0+03—MO* +MO+0, NA -2.2*1.0 —1.93t1.0
(10) M,0+03—MO3 +M+0, NA -15+1.0 -1.37x1.1

aSee the text for details on how these values were calculated.

Other reactions are possible, and were considered; howaster species within a beam, resulting in an observed peak
ever, they were excluded due to the fact that they are nahifted to earlier times when compared to the Boltzmann
exothermic enough to produce CL, or else require excessiveistribution.
bond rearrangement within a single stefsuch as
M2-+O3*>MO+M02). _Also conside_red, but determined to be EXPERIMENT
unimportant by experiments described here, was the two-step
mechanism, which involved M-O;—MO+M+0O,, in Two different vacuum chambers were used for the dis-
which the M atom product subsequently reacts according tpersed chemiluminescence and for the time of fligidF)
M+0;—MO+0,. The exothermicities were calculated time-dependent experiments. These chambers were previ-
upon well-accepted bond strengttiduber and Herzbef§  ously described®*°but will be described, in part, here. Each
and JANAF®), where available. Also, Twarowski and vacuum chamber consisted of the separate subchambers,
other$’” have determined bond strengths of several Ppumped by diffusion pump/mechanical pump pairs. The two
containing compounds, including BQalthough some still subchambers were connected via a small slit allowing the
contained significant uncertainties. However, no data wereffusive metal(or phosphorusbeam to enter the oxidizing
available for Sh@ SO, BiO,, and B,O. The unknown subchamber. The diffusion pumps could achieve a back-
triatomic bond strengths were estimated from the ratio of theground pressure of less than f0Torr within the chambers,
bond strengths in P-containing triatomic and diatomic mol-providing single-collision conditions.
ecules. The ratio was multiplied by the diatomic bond  The CL from nascent products of exothermic reactions
strength for Sb and Bi compounds. For examplewas monitored as both a function of time dependé&haad
Dy(OM-0)=Dg(M-0)Dy(OP-0)Dy(P-0). Calculated of wavelength®® The time dependence was used to deter-
standard enthalpies of reaction, at 0 K, are given in Table IImine the identity of the reacting VA speciésither atom or
When the second step alone can produce electronically exlimern and potentially to determine the energy dependence
cited products, the enthalpy of the first step of a two-stepf the reaction cross section. The dispersed CL was useful in
mechanism is not critical, provided that the reaction is therdetermining the identity of the emitting prod(sit
moneutral or exothermic. Some modifications to the beam source were made in

An intriguing question to be addressed is why lighterorder to achieve control over the composition of beams con-
elements in the group may lead readily to dioxide formationtaining VA elements, some of which vaporize from the solid
while monoxides may be favored for heavier elements. Onenostly as tetramers at the temperatures required to obtain
motivation for this investigation was to determine, givenvapor pressures from about 0.1 to 1.0 Torr. This pressure
well-defined single-collision conditions, whether reactions torange is convenient for forming an effusive beam with the
form monoxides are actually preferred over those formingexperimental apparatus. Since the tetramers do not appear to
dioxides, and also to determine the mechanisms that mighéead directly to observable products, measures were taken to
be operable under multiple-collision conditions. Reactiondncrease the relative amounts of atoms or dimers by dissoci-
with O3 rather than @were studied, since reactions with O ating the tetramers.
would not allow for significant dioxide formation within a So, a double oven, effusive beam source was used to
single step because of the need for a stabilizing collision. control both total vapor pressure and the composition of the

Also of interest are any differences in the reactivities ofbeam. By adjusting the temperature of the high temperature,
atoms and dimers of these group VA elements. Time-or upper oven chamber, varying relative amounts of atoms
dependent CL experiments, in which the velocities of reactand dimers could be selected. Tetramers could be virtually
ing group VA species are inferred, were considered as aliminated. The low-temperature chamber, or lower oven,
means of determining the identity of reacting spe¢@ems was a molybdenum cylinder with a crucible for holding
or dimers, as well as evaluating any barriers to reaction. Thephosphorus or metal powder. This lower oven was radia-
appearance of any time-dependent CL signal at times otheively heated with a W-mesh radiator, heated with a high-
than those expected from an effusive beam, with a Boltzeurrent ac power source that was previously descriBade
mann velocity distrubtion, may indicate either a barrier toupper oven was inserted into the lower oven through a hole
reaction or possibly attractive forces that may increase readn its side. The upper oven was a boron nitride tube, with a
tivity. For instance, a barrier to reaction would select thenarrow (1 mm in diameter cylindrical inner opening. The
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upper oven was heated via a dc current run thhoad mm  dependent experiments of Sb and Bi occurred due to the
diam tantalum wire. The wire was wrapped around the endarge disparity in their masses when compared to that-of O
of the upper oven several times. Ozone’s room temperature speed distribution would be too
Calibration with an optical pyrometer showed that thebroad compared to that of the metalloids and would become
upper oven could be heated to temperatures in excess tfo large a contributor to the relative speed of the colliding
2000 K. While there was a small amount of heat leakagepair. Thus, the resolution of the time-dependent spectra
back to the lower oven, the lower oven could be reliablywould be diminished to the point of being nearly useless for
heated and temperature controlled by the radiator surrounabtaining information about the collision energy dependence
ing it. The lower oven was calibrated with a chromel—alumelof reaction cross sections. Instead, measurements were made
thermocouple. with a cold cylindrical scattering cell, 3.25 cm dix8.66
Bi dispersed-CL experiments were done without the usem high with a rectangular slit, 1.8 mm wig&.7 mm high
of a double oven since Bi has a tendency to form a greateior beam entrance and a quartz window on top for CL view-
proportion of atoms than other group VA elements at overing. This scattering cell was placed along the effusive beam
temperatures convenient for vaporization. Also, since thexis and below the PMT. The cell was cooled to liquid ni-
time-dependent experiments with Bi and,@ which there trogen temperature by contact with an internal reservoir that
was more control over atom/dimer proportions, showed thatvas fed by a dewar external to the vacuum. Thevias
there are apparently no observable reactions involvingpassed through teflon tubing into the cell. In this way, the
dimers, it was unnecessary to conduct dispersed-CL experiime-dependent resolution was dramatically increased for the
ments with a double oven source. slower beam species. This same cold cell was used with
Ozone was generated from dry Gsing a commercially P+O3; time-dependent experiments as well, since velocity
available ozonator, from Ozoteq, Inc., model 25-0. A flow of resolution was improved in experiments with the cell. But its
about 3%-5% @ in O, was generated. However, a pure use was not as critical as with Sb and Bi experiments due to
source of Q was desired for the low-pressure reactions thathe lighter mass of P.
were to be the subject of this study. So, thev@as adsorbed The vacuum chamber in which dispersed CL was ob-
selectively on freshly dried silica gel contained within a glassserved was also previously describetf but it too will be
flask, cooled to dry ice temperatures with a dry ice/2-briefly described here. The chamber was mated thra
propanol slurry. Once a sufficient quantity ok @ad been monochromator equipped with a 300 line/mm diffraction
adsorbed, the silica gelfOflask was connected to the grating. The exit slit of the monochromator was replaced
vacuum chamber via a glass stem with a teflon needle valueith a liquid nitrogen cooled multichannel CCD detector,
to control G vapor flow and pressure. Princeton Instruments model LN/CCD-1152UV. The spec-
The time dependence of the signal was determined withral response of the CCD/grating was strongest from 5500 to
the use of a chopping wheel that allowed pulses of the effu7000 A, but was significant from below 3000 A to beyond
sive beam down a fixed flight path, triggered the detectiorD000 A. The resolution of this arrangement was limited to 1
equipment, and determined the beam open zero time via dd, as each pixel corresponded to very nearly 1 A, given the
tection of oven light. The chopping wheel and motor weredispersion of the grating and monochromator pathlength. In
previously describetf but the equipment used for detection these experiments, this limited resolution did not seem to
had changed. The photomultiplier tutlMT) in use was an obscure features because the spectra were generally broad
EMI model 9816B with an S-20 photocathode response, andnd congested. The spectrum over 1150 A was viewed si-
the output of the PMT was collected by a multichannel scalamultaneously for each grating angle. Adjacent and overlap-
(Turbo-MC9 from EG&G Ortec. The S-20 response of the ping spectral regions were joined by multiplying by an ap-
PMT is insignificant beyond 8500 A. The data were conve-propriate scaling factor so that the resulting two spectra had
niently transferred to a personal computer for processingthe same intensity in the overlap region. Random noise,
Pulses of the metdlr P) effusive beam were created with spikes within the spectrum, which were caused by cosmic
chopping wheels rotated at 200—350 Hz, with either two orays interacting with the CCD, was removed with a deriva-
four narrow(2 mm wide slots cut at the edge of the wheel, tive filter program that was provided by the manufacturer.
through which the beam passed. Beam pulses were 1ps25 In the dispersed-CL experiments, it became necessary to
in duration. This finite temporal width was a source of somemake a special inlet tube for the;@as that was directed to
loss of resolution in the time-dependent spectrum, which watghe immediate area near the detection zone. The outlet of the
accounted for within computer simulations of the spectratube was positioned about 1 cm from the intersection of the
Another source of loss of time resolution within the spectrummetal (or P) beam and the area beneath the collection optics
was that the pathlength traveled by the reacting species coutd the monochromator. Concentrating the i® this smaller
not be exactly defined. The detected image of the reactionkgion was thought necessary to avoid a large background
detection region under the PMT was not infinitely narrow. Alight signal in the phosphorus reaction, which appeared to be
1 cm wide mask was placed over the cold cell, which bettefrom all parts of the chamber, not just in the area immedi-
defined the region. Pathlengths of 16.6 and 18.3 cm werately surrounding the effusive beafwhere one would ex-
used. The width of observation, and thus the uncertainty, wagect a glow from CL reactions Possibly this signal arose
1 cm. This source of error in time was also accounted foifrom O; reactions with phosphorus deposited on the walls of
within the simulation program. the chamber. The use of the @let tube reduced this glow
Another problem with time resolution in the time- substantially.
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FIG. 1. The P-O; CL intensity as a function of time. Dots are the experi-
mental data, and the solid curve is the fit toge(E—V)"/E.
T(P)=1940 K, P(0O3)=0.028 mTorr, as measured in the chamber. The re-
sults of the fit were a negative barriéfy= —10.4 kJ mot?, and the expo-
nentn=1.33.

FIG. 2. The P-O; net CL corrected for spectral response. The spectrum
was taken with a resolution of 10 AL(P)=2060 K, T(03)=293 K, and
P(03)~0.05—-0.09 mTorr. The CL signal is believed to be due to atom
reaction, although the beam was only about 1%—-2% atoms, with the remain-
der being dimergRef. 41).

i The.tChL was observed ur:ger ngar-3|fngle-(_:l_oII|S|clJp.conoil-in the fit was a microcanonical transition state theory model
ions, wi Q_ pressures on the order of 1 mTorr. Itis not -~ iy by Gonzales Jeeft®3 o o (E—V,)"E,
pos_S|bI_e to give precise ?bso'“te pressures because of dif vhere V, is the barrier to reaction anB is the collision
culties in achieving suff|C|e_nt conductance between the cel nergy. The resulting values wevi = — 10.4 kd/mol anch

and a gauge. Rather, relative pressures were determined 2Y1.33. Other cross sections form including a hard spheres—
using a capacitance manometer from MKS Instruments, Inc '

. . : . . . . line of centers model, did not yield fits of similar quality.
model 398HD, in conjunction with a digital display unit also The time-dependent signal was also studied as a function of

from MKS, model 2708. The manometer measured the presog pressure. The data, for chamber pressures of 0.04 mTorr

sure-n the chamber, .bUt outside the cell. In the case of thSnd lower, were successfully fit to a first order ip @essure
time-dependent experiments, the cell pressure was Calcmat%%pendence Higher pressures exhibited attenuation

to be higher than the chamber pressure by a factor of about Figure 2 shows the dispersed CL for the ®, reaction.

75. In the case of dispersed-CL experiments, the ratio of th he P, source’s upper oven temperature was roughly 2060

pressure in the reaction region to the chamber pressure W3S pased upon pyrometric calibrations, giving a relative
estimated to be considerably less than in the time—dependeglf.nount of P atoms of about 1%—20%th'e rest being the

experiments, but not precisely known. apparently unreactive dimers. The background was sub-
tracted out of the spectrum, and then the net signal was cor-
RESULTS rected for a spectral response of the monochromator/grating/
CCD detection system. The spectral response was
P+0, . . > : ;
determined from measured intensities from previously cali-
The nascent products of the reaction between P and orated standard lamps. This experiment was conducted with
were observed both through the dispersed CL and through resolution of 10 A. The spectrum covers the range of about
the total CL intensity in the time-dependent experiments3000 to beyond 7000 A. This range roughly coincides with
Under different oven conditions, there may have been differStedman’s spectr®, although the spectrum from this study
ent proportions of atoms, dimers, and tetramers and timedoes not have nearly as much intensity at long wavelengths
dependent measurements offer a way to distinguish ffem.as Stedman’s. PO cannot account for the regular pattern in
Fortunately, the presence of tetramers was, for all practicahe spectrum. The observed smooth oscillations are believed
purposes, eliminated. However, in the case of phosphorus, it be due to PQ
was not possible to select exclusively atoms, even for upper
oven temperatures near 2000 K. At that temperature, only gb +0
few percent of atoms were attainaBleleast squares fits of ntes
the observed time-dependent signal to expected forms, de- The Sh+ Oz results were decidedly different from those
pending upon different models for the form of the reactionof P+O;. The biggest difference arose in time-dependent
cross section, were able to confirm that the reactant that gawexperimentgsee Fig. 3 The time-dependent spectra show
rise to the signal was the atom and not the dimer of P. Théwo peaks whose intensities relative to each other depend
time-dependent signal was fit successfully for P atoms as markedly upon @ pressure. It is apparent that there was
reactant, but not P dimers. This result is also consistent witimore than one reaction channel, at least one channel for each
the fact that the signal was observed to decrease as the upgmak. The Spht+ O; early and late time-dependent peaks were
oven temperature was lowered, giving fewer atoms, but morét to first- and second-order dependences in the obseryed O
dimers. The time-dependent signal, along with the results ofhamber pressures, respectively. At lower pressures, the in-
the best fit are shown in Fig. 1. The cross-section form usetensities were found to fit the orders iy @ith good agree-
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FIG. 3. The Sh+ 05, n=1, 2(99% atom&') CL intensity as a function of ~pressure was increased, the intensity of the later peak in-

time for a series of @chamber pressures. Note the growth of the secondcreased as well.

Fiefgeoria:;’gﬂtga;:%T("’T”'er peak with highers Qressures.T(Sk) ~ As with P+0, Sh,+0O, time-dependent spectra were
simulated and compared to predicted models of reaction
cross sections for an effusive beam velocity distribution. The

, fits to the early peak were unsuccessful; however, the later
ment. At pressures greater than about 0.02 mTorthe  peak was successfully fit to a hard spheres—line of centers

chambe), some attenuation in the intensity was observedy,qqe| with Sh as the initial reactant, and allowing for a

The first- and second-gr(len Og) peaks fit very well to the  ime gelay for the occurrence of a second collision. For an

functional form:1=Pe™"; wherel is the observed inten- o temperature of 78 K, the line of centers barrier to reaction

sity, P is the measured pressure o, is the order with was —1.85 kJ mol', and the time delay was 5s. (See
respect to @ 1 for the earlier peak, and 2 for the later peak,Fig_ 5) '

and « is an attenuation coefficient. As will be discussed be- So it appears that Shcontributed to the later time-
low in more detail, a mechanism involving S more likely  yependent peak. But we cannot rule out some atom contri-
to be associated with the second-orerOs) process, while  p tion to the later peak. Nor can we rule out dimer contribu-
the first order in @ process, corresponding to the earlier o, {4 the earlier peak. But it appears that the earlier peak is
peak, is more likely to involve Sb atoms. Both Sb atoms a”q)rimarily due to the Sb atom reaction.

dimers were present under the conditions in which the time- Figure 6 shows the dispersed-CL spectrum from Sb
dependent spectra in Fig. 3 were taken. ThgRhurce upper
oven was at about 1960 K, giving about 99% atoms, the rest
dimers** One would expect atoms to lead to earlier peaks
than dimers, since their most probable velocity is larger by a
factor of v2. When the upper-oven temperature was lower,
yielding a higher ratio of dimers to atoms, the earlier peak
vanished relative to the later peak.

Comparisons of the later peak to expected atom and
dimer Boltzmann distributions shown in Fig. 4 are consistent
with dimer reactants; however, by itself, such a comparison
is not conclusive. The ambiguity arises from the possibility
that the early peak, and potentially the later peak, might cor-
respond to only fast atom or fast dimer reactants. The faster ‘
species might be selected over the slower species by a very
large energy barrier to reaction. Lowering the upper oven
temperature could drastically reduce the number of fast, reFIG. 5. The Sk+0; time-dependent experimental ddtots fit to a hard
acting speciegeither atom or dimer thus accounting for the spheres/line of centers cross sectiofe (E—V,)/E (solid curve, with a

time delay to allow for a secondary collision with;OThe results of the fit

loss in time-dependent intensity. For this reason, tIme-were a negative barriek/,=—1.85 kJ mol'?, and the time delay5.1 us.

dependent experimentg were conducted at a given total vapefsp,)=1675 K, T(0,)=78 K, and P(0;)=0.039 mTorr. The beam was
pressure of all Spspecies. The upper-oven temperature wasomposed of 11% Skand 89% atomsRef. 41).
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FIG. 6. The Sh+0O,, n=1, 2(85% atom$!) not CL intensity corrected for % J ng,\.ww
the spectral respons&(Sh,) =1800 K, T(0O3)=293 K, P(03)=0.04-0.06 ~r R
mTorr. The long-wavelength CL signal is probably due to SbChe spec- - _.:;\ ,;t"“‘,‘?:s‘a:»;,m
trum was taken with a resolution of 30 A. BRE T 0.041 mTors
I M”"ﬁ“&-:.%‘
. . -oA PN 0.019 mTorr
+0,. This spectrum was taken at 10 A resoIL!tlor_l. The Sb P B o e e
source upper oven temperature was 1800 K, yielding roughly 0 200 400 600 500 1000 1200 1400
85% atomd! At the time of the experiments the pressure Time of Flight /s

was thought to be sufficiently low to make two-step meCha_FIG. 7. The Bi+O; (99.8% atom¥) CL intensity as a function of time for

nisms unlikely; howeyer7 due to an inability to measure the; series of @chamber pressures. Note the growth of the second peak rela-
absolute Q pressure in the TOF cell, and also in the detec-ive to the earlier peak with higher ;OpressuresT(Bi)=1800 K and

tion region of the dispersed-CL vacuum chamber, we cannot(O:)=78 K.
be certain that only a first order ing@process was respon-
sible for the observed CL. Thes@hamber pressure for this
spectrum was on the order of<8L0"° Torr; however, the spectra. Dimers are extremely unlikely to be the reactant for
O; pressure at the antimony beam was greater and may haeither peak since the spectra shown were taken with an upper
been sufficient to allow for secondary collisions with. O oven temperature of-1800 K, which gave virtually all at-
Also, since the dispersed-CL detection system was more seoms in the beam. Figure 8 shows the experimental time-
sitive to longer-wavelength fluorescence than the PMT usedependent data of Bi O; reaction (dots connected by a
in the time-dependent measurements, mechanisms second solid curve, with the later peak fit by a computer simulation
der in G, yielding long-wavelength fluorescence could con-to the cross-section forfdashed curve og<E", whereE is
tribute to the dispersed-CL signal at lower pressures. the collision energy, and is a fitting parameter. The fit also
Franck—Condon FactorsFCF9 were calculated as allowed for a time delay to account for a secondary collision,
earlief* for SbO’s two lowest transitionsA,?IT,,—X; as previously described for $bO; time-dependent simula-
211,/, and A; 2T 5,— X,2114,,34 to see if SbO is responsible tions. The result of the fit yielded=—1.45 with a time
for the CL. According to the FCFs, there should be somedelay to the secondary reaction of 1.48. For comparison,
intensity around 6000 A, while longer wavelengths should
not have much greater intensity. It appears that there is some
SbQ, contributing to this spectrum because of the way the
signal increases at longer wavelengths. If the FCFs for SbO
are multiplied by a broad thermal distribution of the known
upper vibronic states that are energetically alloiadhe A,
and A, state$, then there still is no indication that SBEO
could be responsible for all of the emission in the region
7000-9000 A. Even if it were so, there would still be $bO
emission around 6000 A, where there is none.

Boltzmann Distribution for Bi atoms
—@— Experimental Data: Bi + Oj
""" Fit of TOF Exptl Data

Relative CL-TOF Intensity

LA R I L B
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Time of Flight / ps

=)

As for phosphorus and antimony, bismuth reactions were
studied as functions of time dependence angdc@amber
pressure. Spectra shown in Fig. 7 are very similar to thos€IG. 8. The Bi+O;, time-dependent experimental ddtiots fit to a cross

for the Sk reactions. Both series of spectra include two?ecgon form:"Fa“E" (""“‘.j‘?‘She?_hcur‘ze""“.hatit”}eddf'ay zfti]'lﬁs' allow- q

! : L ; ing for a secondary collision. The experimental data and the fit are compare
peaks, with the later peak obviously eXh_Ibmng a higher deto the atom Boltzmann velocity/time distributiotfa solid curve.
pendence upon {pressure than the earlier peak. However,p(0,)=0.062 mTorr, as measured within the chamBéBi)=1800 K, and

other important details were discovered that contrast the Shr(0,;)=78 K. The beam was 99.8% ator(Ref. 41).
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trum may have resulted from mixing tH@8; with states
other than the ground electronic state. In a more reaént
initio treatment, Buenker and co-work&thave also found
the linear 1°B; state in the region, but showed that just
slightly higher the 2B,, 22B,, and 2?A, states are ex-
pected to have origins, all with strongly allowed transitions
to the ground electronic state.

On the other hand, according to the Franck—Condon
principle, one would expect LIF excitation to occur to a state
‘ ‘ with a geometry closer to that of the ground state, if there
ihdo™ . 0 o0 1 were more than one state at the excitation energy. In other
1000 000 6000 700 3000 0 oo words, the absorption cross section from the bent ground
state to a linear excited state would be quite srifalhe
FIG. 9. The Bi+O;, net CL corrected for spectral respor®¢Bi)=1180K,  matrix studies by Andrews and co-work&s® suggest the
T(05)=293 K, P(Oy)=0.1-0.2 mTorr. The long-wavelength CL signal is presence of a ber‘?th state in that very same region, and

not due to BiO. Beam composition was approximately 40% atoms, 60% .
dimerd™ however, time-dependent experiments have shown dimers to bUPPOIt Verma and McCarthy$assignment of the spectra

unreactive. The spectrum was taken with a resolution of 30 A. in the region around 3000 A. Transitions involving large
geometry changes, such as linear to bent transitions, are un-
) ] ) ] likely within a matrix, where there is little space for geom-
the arrival time of Bi atoms(solid curve governed by & ety changes, especially with another nearby state having a
Boltzmann velocity distribution is also displayed. geometry similar to that of the ground state. If th&22 state
Bismuth +0O; CL intensity was also studied as a func- g not assigned to the upper state in either Verma and Mc-

tion of wavelength at 1180 K in a single chamber oven.carthy's or Hamilton's experiments, then one is faced with a

There were approximately 40% atoms, 60% dime_rspuzzle as to why a transition, the’B,— X 2A,, with much

presg-nf; Tthe ?lsperset(:] ?hl‘ spectru;n, dlsfptlayed mkFlg. 9,is maller oscillator strength according to theoretical resflts,
mostly featureless, wi e exception of two peaks around - 14 be observable instead.

8500 A. The intensity, compared to that of thg feaction, Presuming that Hamilton's assessment that tH@ 1

was quite low. The CL intensity data were corrected fOrs ate, being heavily perturbed, was predominantly the state to
spectral response after the background was removed. Only a

. ) ) which he was exciting, there may still be another state in the
very long wavelengthgbeyond 8500 A d'c.j the mtens,ty ame region that might have given rise to emission under
grow; however, spectral response was falling very rapidly a " S

. other conditions. The question is whether a second state was
these wavelengths. Extraneous large counts from stray ligh . .
. o L produced in the P O; reaction, or whether the present study
or noise, magnified by division by a very low spectral re-

sponse value at long wavelengths, might account for somgals observed the2131 state.
P g gins, mg Stedman and co-workers observed CL from about

long-wavelength intensity, but not for the distinctive peaks.2800 t0 8000 A from reactions involving RHnd Q. They

As was the case with ant|mony, the; Pressure may have ssociated two different spectral regions with different emit-
been high enough at the bismuth beam to allow for seconcﬁ

2. ; . ng stateg(or different product molecul¢sThe intensity of

ary collisions of the monoxide product withsO the short- and long-wavelength regions depended differently
on the amount of @present, as well as the identity of the
carrier gagO, or N,).%®

Verma and McCarthf reported that they observed ab- Our dispersed-CL spectrum of the+B; reaction
sorption in PQ from the ground?A; state to a’B, state. showed a regular spacing of peaks that are not attributable to
Their assignment of their spectrum to the?®, state was PO. The lowest-energy transition in PO, tBe’S " —X 2
based upon an apparent predissociation and similarities ili,, has aT,=30 695 cm*,3 which corresponds to a
structure to N@. Hamiltor?® found that there was no predis- wavelength of 3258 A, but the spectrum in Fig. 2 has no
sociation by examining lifetimes of different vibrational lev- discernable structure, as would be typical of diatomic vi-
els. He proposed that Verma and McCarthy’s spectrum abronic transitions, until wavelengths longer than 4080 A.
well as his LIF spectrum arose from a liné&; (°I1,) state.  Transitions from the A state, with,=40 407 cm,**would
Hamilton’s assignment was influenced by the theoretical preeccur at even shorter wavelengths. Nor can the peaks from
diction of Lohf that a linear state exists with an origin near the P+ O CL be assigned to stretching mode progressions in
30 000 cm'* above the ground state. Another point presentedransitions from previously analyzed excited states of RO
by Hamilton for consideration was that a vertical transitionthe ground state.
from the linear upper state to a linear geometry of the ground If a large number of vibrational levels within the upper
state, would have a maximum at around 450 nm, which is irelectronic state could be populated, then one would not ex-
agreement with his observations. Still, Hamilton was unablgect such a regular emission pattern as observed. The pres-
to state definitively that the excited state was the lifi@r  ence of predissociation of many of the energetically possible
state?® He believed that part of his spectrum was mixed withstates, by reducing the number of bound vibrational levels,
high-lying vibrational levels of the ground state, resulting incould have the effect of simplifying the spectrum. The ener-
long lifetimes and low intensities. Other parts of his spec-getics shown in Table Il for reactiofl) imply that sufficient

Relative CL Intensity
II‘I\Illlillllfl\lill\l\ll\

Wavelength / Bngstrom

DISCUSSION
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energy is available to dissociate, QD,=5.116 eV) if the action channel may significantly overlap the other.
average energy of reactants of 0.22 eV is made available. It has been observed by varying thg @essure that the
Hence, our experimental conditions can form,R@ry close later peak is of higher order with respect tq @an the
to the POrO dissociation limit if translational energy is reactiorts) accounting for the earlier peak. See Fig. 3. In fact,
small. So it is reasonable to expect that only a very limitedthe early peak, believed to be primarily due to fast atoms, has
number of states of POmight survive, and most of those been fit to first-order dependence in.(rhe later peak, be-
could be quasibound by rotational or potential barriers tdieved to be mostly due to dimers, has been fit to second-
dissociation. Similar oscillatory structure has been seen i@rder dependence in@nd is clearly not first order. At low
bound to free transitio% and transitions from weakly pressures, the early peak survives, while the later, higher-
bound excited state$. order peak vanishes. Thus, the early peak appears to be pre-
If a small number of vibrational states are populated indominantly due to reactio(l) or (2). The later peak appears
the electronically excited PGound in our experiments, then to be mostly due to one or more of the two-step mechanisms
the oscillatory structure in the CL spectrum may be causedénvolving Sk as a reactant within the first step. Specifically,
by periodicity in the magnitude of FCFs in transitions to athe mechanism would involve reactio(®+(3), (7)+(8), or
progression of the ground state bending or stretching mode§/) +(10).
The oscillation spacing of<1000 cml corresponds to Under other oven conditions, where virtually exclusive
slightly less than three bending or slightly less than one symamounts of either atoms or dimers of Sb may be produced,
metric stretching quanta. Because the lower levels in théhe peaks have been isolated and shown to be mostly due to
transitions at these wavelengths would have to be well abovatoms in one case, and dimers in the other. Simulation of the
the ground electronic state origin, we cannot assign any patime-dependent spectra in the case of antimony reactions has
ticular levels. On the basis of geometry differences betweefeen completed with limited success. Attempts to fit the pre-
the calculated excited state and the ground state, one woufidmed Sb atom+ O; signal were unsuccessful. The simu-
expect progressions in bending to be longer than stretchindated early peak arrived significantly later than the observed
Another possible explanation for the P@ispersed-CL  early peak. Itis believed that very fast atoms are contributing
spectrum is that the observed emission might occur to twdo reaction leading to the early peak. From Fig. 4, one can
distinct lower states, th& 2A, and the 2B, states. The See that there are very few atoms pregerit% of the maxi-
Short-wave]ength part of the spectrum, Corresponding to thEaum in the dlStrlbUthhthat have sufficient VelOCity to reach
greater emission energies, would correspond to transitions &€ detection zone at the time of the early peak.
the ground state. The longer-wavelength section of the spec- Simulations are impossible at these high velocities be-
trum would correspond to emission down to théBk state. ~ cause of uncertainties in the actual velocity distribution and
Emission from a narrow vibrational population distribution the finite time and space resolution of the detection system.
within the upper state would likely give a simple and uncon-Simple estimates using the square of the ratio of observed
gested spectrum. If one interprets the high-frequency onsétival times for the early peak and the energy of the atoms
of oscillations in our spectrum around 26 000 ¢has a tran-  calculated to arrive according to the Boltzmann distribution
sition between the lowest level of an unknown upper statdn Fig. 4, give a barrier to reaction of roughly 50 kJ mbl
and the B, state, and adopts the calculatedBLT, of In the case of SO, the dispersed CL indicates the
9114 cm* (Table ), then the upper stafg, would be about probable formation of two distinct products, SbGand
35000cm?! (4.34 eV). We note that Buenker and SbG. The long-wavelength CL signal, commencing at 6500
co-workeré® have predicted vertical transitions from the A, is thought to be Sbf) while the short-wavelength CL,
ground state to 2B, and 22A, states at 4.56 and 4.64 eV, from below 4000 to 5300 A, is thought to be Sh@See Fig.
respectively. 6.) The short-wavelength emission appears in the same re-
What is striking about our results is the absence of PQyion as the Sb(B 25t X, 21y and B 23T — X, 2,
fluorescence. One possible explanation as to why rea(@jon with origins around 3776 and 4130 % respectively. Vi-
should be the only CL channel is that reactid) may be bronic transitions of higher quanta within given sequences
occurring but most of the excess energy ends up not in PQyould extend to longer wavelengths since the ground state
but in dissociated © Just such a process has been shown twibrational frequencies are significantly larger than e
occur in the reaction Bi-F,—BiF+Bi+F.*” Processes like state frequencie¥. The A—X transitions also have some
this may be driven by the high density of states that ard~ranck—Condon intensity within the short-wavelength re-
opened by accessing three unbound fragments. gion. TheA—X transitions might account for some of the
Antimony +0O; time-dependent spectra have shownCL intensity here; however, as mentioned above, there is no
peaks apparently corresponding to both atom and dimer rezL intensity at other wavelengths where there is some
actions. Strikingly, these two separate peaks were observdetanck—Condon intensity for thé— X transitions.
together, within the same scan, under certain experimental Similarly to Sb, the Bi#O; reaction also exhibits this
conditions: temperatures that provided significant proporsame two peak time-dependent signal. And similarly to Sb,
tions of both Sb dimers and atoms, and @essures that the intensity of the later peak is observed to be of higher
were sufficiently great for secondary collisions to occur.order in G than the earlier peak. But in contrast to the
Time-dependent experiments may possess only one maxsb+O;CL/time-dependent spectra, the later peak is not prin-
mum in intensity, even if two reaction channels contribute tocipally due to dimers, but rather to atoms. At higher tempera-
the total intensity. The time-dependent profile from each retures, where dimers are absent, both peaks still appear. The
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higher-order @ pressure dependence indicates a two-stefglose enough to the second end O atom to experience any
mechanism, most likely the one involving reactiqiy and  interactions, the P is very likely to bond to an additional O
(3), with BiO as an intermediate. atom. Perhaps the only reaction channel that might lead to
The electronically excited product formed in reactiagh ~ PO" formation would require an extremely narrow end-on
may require the faster part of the Bi atom velocity distribu-approach of the P toward an end O atom gf ©C; forma-
tion because there is a barrier to forming the observed stateion, on the other hand, may occur for orientations in which
In fact, the earlier peak of the time-dependent spectrum wathe P approaches only slightly off the direct-line approach to
not successfully fit. Examination of Fig. 8, with the Bi atom the end atom. It is also conceivable that the B-€Gmplex
Boltzmann arrival times, shows that the early time-may rearrange fast enough for P to interact with a second O
dependent peak just simply arrives much earlier than most Bitom from the @ molecule. Also, as noted earlier, it may
atoms. The Bi atom distribution is not well enough known atsimply be that PO+0, formation just cannot compete with
the flight times for the earlier peak to be fit. Clearly, fastPO+20 and P@+O formation. Since the observations of
atoms with enough energy to surmount a barrier of approxithis paper apply only to electronically excited products, fu-
mately 40 kJ mol?, did give rise to CL when the vast ma- ture experiments using LIF detection of ground electronic
jority of the atoms did not lead to first order in,GCL. The  State products will be necessary to see if the results general-
value of 40 kJ mol® for the barrier was arrived at in the ize to all monoxide and dioxide products.
same way as with Sb. Phosphorus’ reactivity may explain why Bds ob-
The dispersed-CL spectrum taken at low fessure is served, while PO is not, but it does not explain the lack of
believed to be predominantly due to the first order ig O any strong preference for Sb and Bi atoms to form their
process, producing BiO. Inspection of the Franck—Condorglioxides exclusively over their monoxides. In the case of Bi
Factors(FCP for the BiOA— X; transition suggests that the atoms, reactiori2) can simply be ruled out on the basis of its
BiO spectrum should be very broad. The FCFs are relativelgxothermicity(or lack thereof found in Table I,-0.21+0.5
strong for emission wavelengths, commencing~&000 A  eV. Clearly, for Bi, reaction2) would not release enough
and continuing to longer wavelengths, including beyondenergy to yield any CL. The reactivity of Sb is not so con-
9000 A. The peaks at 8650 and 8250 A, however, do noveniently explained, especially since energetically possible,
correspond to any particularly strong FCFs in BiO, and maytwo-step mechanisms, possibly involving,$md potentially
be indicative of emission by electronically excited BjO leading to long-wavelength CiFig. 6) from SbQ, can nei-
which is thought to be the product of the second or@ier ther be ruled in nor ruled out.
O,) reaction. We are not aware of any previous observations If the long-wavelength CL signal in the antimony reac-
of electronic spectra of this molecule. tion is due to a two-step mechanism, then an explanation for
Although the observed peak at 8650 A does coincidehe lack of single-step SgOformation through reactiof2)
with the O, b 'S —X 33/ (0-1) transition, the0—0), (1-  is needed. Consideration of the geometries of dioxides of P,
0), and(1-1) peaks in theb— X electronic transition are not Sb, and Bi compared with that of;Qvithin its ground state
present. And an extremely long lifetime for the~X tran-  and of potential transition states offers some insight. Unfor-
sition would rule out detectability of £b 12; in our appa- tunately, we have not been able to locate geometries for
ratus. SbG; and BiG5, but Table | gives them for POThe geom-
The dispersed-CL and time-dependent spectra present@diries for PQ and G are depicted in Fig. 10. It shows that
for O4 reactions with Sb and Bi atoms, but not P atoms, showgeometries of P©can easily overlap the geometry of; O
evidence for monoxide formation. All three elements showwith a central approach of the P atom toward @mong
evidence for dioxide formation, although; Pressure depen- possible electronic environments of the Ps#R0,—O sys-
dences for each of the reactions indicate different mechaem, those with least molecular rearrangement would be
nisms leading to the dioxides.+D; seem to form P®  more likely to form, corresponding to lower-energy cross-
within a single, possibly concerted, step. This process isngs. Since the identity of the excited state ofP@spon-
much more favorable than any other to form*®P®@he long-  sible for emission is uncertain, we compare the known ge-
wavelength CL(6500-9000 A indicates the formation of ometries of some of the lower states of POhe P—O bond
SbG. Uncertain Q pressures compel us to consider one-lengths within PQwould need to be displaced by only about
and two-step mechanisms. So, it appears that-8 form  0.28 A for theX 2A; ground state or by less than 0.07 A for
SbG; through a two-step mechanisitg)+(3) or (7)+(10), the 1?B, state of PQ to correspond to the equilibrium ge-
and possibly StO; reacts via(2). There is also a possible ometry of ground state £ If one were to consider the bond
atom mechanism reacting through +(3). Bi+O3 also ap- lengths as fixed, then the bond angle within,R@uld be
pears to form Bi@ through the two-step mechanism com- displaced from its equilibrium value by 27° for the ground
prised of reaction$l)+(3). state, or by 5.6° for the 3B, state. The linear 1B, state of
Questions arise regarding P atom reactivity relative toPO, would require drastic geometry changes by either 0.47
that of Sb and Bi. Why does P not appear to react witd® A or 91°. These comparisons suggest that abstraction of the
form PO, while Sb and Bi do react to form their excited two end oxygen atoms by the P atom might proceed more
monoxides? And why do Sb and Bi atoms not appear to formmeadily than through other mechanisms with transition states
their dioxides within a single step as strongly as P does? Af other geometries. Furthermore, suggestive of a small bar-
partial answer to the first question is that P atoms are veryier is the fact that the Pmolecule can be characterized as a
reactive given all the open valences on the atom, and if it i$'diradical” with an unpaired electron on each end atdm.
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the group VA elements and the electron affinity of @b-
tained from the CRC Handbodck The fact that they increase

4i

Omh o558 A 0o 1.023 A i|_q going down.group VA i; consistent \(vith decreasing_ bar-
\%As A riers for reaching a crossing to an ionic surface leading to
L P MO*, as suggested by our analysis of the fast peaks in the

time-dependent spectra for Sb and Bi. Thus the barrier to
reaction(1), for M=P, is likely to be prohibitively high, and

%, o r=1.193 A a likely reason for our failure to observe P(CL. For a
Om f,f:o_mo complete description of the harpooning mechanism, see
o - o Menzinger's review?
1or-ses AT The differences between Bi and Sb are somewhat puz-
18, (II,) zling. Bi atoms apparently undergo a second-order process
with respect to @to form BiO,, but in the case of Sh it is
o - the dimers that appear to undergo a second-order process
W =113 A with respect to @to form SbQ. It is possible that in each
OQ-—1=-1.09 Ay - 0465 AQ case there might be another reaction channel that was not
O~ 1o b= 1.025 A B Y 1401 A observed because its signal was swamped by the major pro-
\ // cess.
1R /9;76"// This system of reactions does call for further investiga-

tion since the experimental conditions in some of the experi-
FIG. 10. Geometries of ground statg @actant compared to product @  ments were less than ideal to gain a complete understanding
some of the energetically accessible electronic states. The transition staggf al| the processes involved. The time-dependent experi-
involving the four atoms would likely be somewhere between thea@ ; o ;

one of the PQ geometries. Of the three states of Pd&picted, the B, ments Sh.OUId be extended to hlgher COHISI(.)n engrgles to
appears to be the one most likely to form, on the basis of geometry, anﬂ:_haraCterlze the early peaks of the_ Sb a_nd Bi reactions. The
most similar to an expected transition state for a side approach of the Blispersed-CL spectra for Sb and Bi reactions should be stud-
atom. Note that the diagrams are not necessarily to scale, although they ajgd at a larger range of {pressures to determine the onset of
generally reflective of the geometries involved. the two-step mechanism, as exhibited by second-order de-
pendences in © Also, an investigation into reactions of

these reactants leading to ground state products, possibly via

While SbQ, and BiO, geometries are not available, the laser-induced fluorescence, would be informative.

Sb—-0O and Bi—O bond lengths are expected to be signifi-

cantly greater than the P—O bond length as Sb and Bi are

much larger atoms. The bond lengths of PO, ShO, and Bi(¢ONCLUSIONS

are 1.476, 1.826, and 1.934 A, respectivélithe dioxides The reactions of P, Sb, and Bi atoms and dimers wish O

O_f Sb and Bi might be 'FO,O large to lead t_o dioxide_s within 2lead to excited monoxides and dioxides under different con-
s!ng!e step. Any 'trans[tlon state potentially 'ead'”g_ tq theditions and apparently through different mechanisms. Phos-
dioxide product might simply be too far from_t_he_equmbnum phorus atoms react vi@). No PG products were observed.
of ground state @and too far from the equilibrium of ex- 1., gten mechanisms were not observed for P atoms or
cited states of the dioxide products to allow access at lovﬁimers Antimony atoms were observed to react (tigand
collision energy. This geometry change is consistent with the,,sqipiy through(2). Antimony dimers were observed to re-
high-energy barrier assomatgd with the earlier pea}k in timez, . via the mechanism)+(3) or (7)+(10). Antimony at-
dependept spectra _Of both Bi atom andﬁ;ﬁ% reac'u.ons. __oms may also react vid)+(3), although the presence of this
Possibly more important than geometric considerationgyo -hanism is uncertain. Bismuth atoms appeared to react

of electronic states is the role of ionic surfaces in the meChathrough(l) but not(2), and through the two-step mechanism
nisms for some of the CL pathways observed. Specifically(1)+(3)_ Bismuth dimers were not observed to react.

the question of whether a harpooning mechanism may be The P+0O; time dependence indicated a barrierless, at-

active for S.b and Bi form ing mor_woxide_s, in addition 0 ANy y-active reaction cross section to form PQvhile Sb and Bi
other possmle mechanisms, which mlght lead to (.j'ox'desatom reactions with @required very high collision energies
One might expect the harpoon mechanism to be ummportarz];Oughly 50 and 40 kJ mol, respectively, in order to form

for.the P react|on_s because of a much shorter_d|stance @cited state MO products. Reactions observed to be second
which an electron jump would occur. An electron jump from order in Q, for Sh, and Bi atoms showed no barrier to reac-
M to O yielding an Q that would dissociate most favorably tion

to O,+0.°° The O, molecule would be very stable and the

O~ would be much more likely to react, and thus form MO

In the absence of any harpooning mechanism, the formatioRCKNOWLEDGMENTS

of PG5 would then be preferred over the formation of PO

from ions. In fact, the harpooning distance for P is much less  We would like to thank the National Science Foundation
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