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Chemiluminescent pathways in reactions of phosphorus, antimony,
and bismuth with ozone to form dioxides and monoxides

Rodger P. Kampf and John M. Parson
Department of Chemistry, The Ohio State University, Columbus, OH 43210

~Received 5 December 1997; accepted 2 February 1998!

Chemiluminescent~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 PO2, SbO2, and BiO2, 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, Sb, Sb2, and 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 Sbn and Bi, only the second-order CL reactions can occur without
very high barriers. ©1998 American Institute of Physics.@S0021-9606~98!00718-1#
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INTRODUCTION

The kinetics and spectroscopy of heavier group VA
oxides are not well known. Some of these dioxides have
previously been definitively identified in the gas phase,
though the monoxides have. Despite a rather complex s
troscopy arising from closely spaced and perturbing e
tronic states, many of the lower-lying states of NO2 have
been characterized.1–12 Gradually, a better understanding
these states has emerged. Some constants are known fo
PO2 ground state,X̃ 2A1 , and for some low-lying electronic
states, including2B2 and 2B1 states, which may have bee
observed by previous investigators; see Table I. There is
however, some confusion as to the identity of emitting sta
of PO2. And for Sb and Bi, the dioxides have not been d
finitively identified and, as of yet, no constants are availab

Understanding the nature of the low lying excited sta
of NO2 may help assign low-lying electronic states of P2
and other members of this group. The vibrational frequenc
and geometry of the ground state of NO2 have been fairly
well determined, but perturbations are especially prevalen
the Ã 2B2 state~which correlates to2A8 in Cs symmetry!.
The perturbations are believed to arise from mixing w
high-lying vibrational states of the ground electronic sta
For the three lowest electronically excited states Gillis
and co-workers13 have provided geometries and vibration
constants for the symmetric stretch and bending mo
throughab initio calculations. These constants may be co
sidered to be fairly good estimates to the actual values
there is good agreement of ground state results with exp
mental values.6,10

A further complication is that theÃ state’s two N–O
bond lengths are most likely unequal.14–19 The molecule in
this electronic state would then belong to theCs point group
and the state would more properly be designated2A8. Rela-
tively recent experimental investigations,10,11 though, have
provided more detailed spectroscopic information conce
7590021-9606/98/108(18)/7595/12/$15.00
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ing theÃ state, including an accurate value of the excitati
energyT0 . While the issue of the equality of the two N–O
bonds was not discussed in these experimental inves
tions, the most recentab initio calculations by Buenker and
co-workers17 suggest only a small deviation from equality
the two N–O bond lengths.

Spectroscopic information on PO2 has been obtained
from a variety of methods. See Table I. Verma a
McCarthy20 observed PO2 in a flash discharge experimen
and although their bending mode assignments were ap
ently incorrect, they have established an electronic orig
T0 , of about 30 380 cm21. The ground state vibrational fre
quencies and geometry have been reasonably well de
mined from infrared laser magnetic resonance~LMR!21 and
through laser-induced fluorescence~LIF! studies by
Hamilton.22,23 Stedman and co-workers,24,25 as well as Cool
and co-workers,26 have observed chemiluminescence~CL!
from reactions of phosphorus with O3 and other oxidizing
environments forming PO2 under multiple-collision condi-
tions. Lohr has performedab initio calculations27 for a low-
lying 2B1 electronic state, which, similarly to NO2, has been
found to be a linear2Pu state. More recentab initio calcu-
lations by Buenker and co-workers28 and Kabbadj and
Leivin29 have also approximated the locations of low-lyin
2A2 and 2B2 states, as well as higher states. Andrews a
co-workers30–33have conducted a series of investigations
the spectra of products from reactions of phosphorus c
taining compounds with O3, trapped in argon matrices, wit
products including PO2.

Both Stedman and Hamilton seem possibly to have
served two electronic states in their investigations. Hamil
detected different radiative lifetimes in different parts of t
LIF spectrum. He has argued that, similarly to NO2, high-
lying vibrational levels of the ground electronic state m
perturb some of the linear2B1 upper state vibrational levels
changing the observed lifetime to the fluorescence. Th
5 © 1998 American Institute of Physics
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TABLE I. Low-lying electronic states of PO2.

State T0 /cm21 r PO/Å u/° n1 /cm21 n2 /cm21 n3 /cm21 Reference

2 2B2 30 378a Bent 933 396 Reference 20
1 2B1 /2Pu 28 685 1.5659 180 926 400 1319 Reference
1 2B1/2 2A1 /2Pu 32 262b 1.478 180 1046 187.7 1420 Reference
1 2B1 /2Pu 30 150 180 Reference23
1 2A2 8241 1.5425 107.04 1105 409 1208 Reference

11 534 1.517 105.8 1269 459 Reference
1 2B2 5055 1.5413 96.6 1068 381 1097 Reference

9114 1.496 95.8 1333 428 Reference 2
X̃ 2A1 0 1.466 135.3 1090c 377c 1278c Reference 21

1117 387 Reference 23
1.464 135.14 1052 389 1338 Reference
1.446 134.4 1048 396 1260 Reference

aThe value of 30 378 cm21, actuallyT0 , not Te , was assigned based upon upper state line numbering, w
has since been called into question~Refs. 21 and 28!. Currently, there is doubt regarding the assignment of
observed spectrum~Ref. 20! to the 22B2 state.

bAn ab initio work ~Ref. 29! considered the state to arise from a conical intersection between the 12B1 and the
2 2A1 states.

cKawaguchiet al. ~Ref. 21! assigned an uncertainty of 20 cm21 for n1 andn2 , while n3’s uncertainty was much
greater.
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Hamilton proposed that the shorter-lived state, which he
Verma and McCarthy analyzed, is probably the linear2B1

state calculated by Lohr, and the longer-lived state, wh
contribution increases with higher excitation, derives mos
from high vibrational levels of the ground electronic state

Stedman, however, observed broad CL in two differ
regions under different experimental conditions.25 Stedman
produced PO2 by reacting phosphine (PH3) with O3/O2,
O3/N2, O/O2, and other gas mixtures under multipl
collision conditions.25 The spectra were very broad an
mostly featureless. It is interesting to note that the gas m
tures involving O atoms did not yield any significant sign
in the region from about 3000 to 4000 Å, while reactio
with O3 mixtures did give rise to a signal there. Since it
reasonable to expect that different precursors may lea
different electronic states, there may very well be two diff
ent states in this region.25 In fact, the present investigatio
suggests that PO2 can be formed in a nonlinear state that c
readily emit radiation in this region, and the obvious can
date is a2B2 state.

Andrews’ and co-workers’ matrix study of PH3 reactions
with O atoms to yield PO2 has provided more information o
the low-lying, emitting states. They attribute the matrix P2
spectra to a nonlinear2B2 state. They do not rule out th
possible existence of a linear2B1 state as well,30 but theB1

2

state of Hamilton was not populated in absorption. It is co
ceivable that the surrounding matrix of Ar may have h
dered the PO2 molecule from making the drastic geomet
change from the bent ground state to a linear2B1 upper state.
Instead, the transition was to a bent2B2 state.

The spectroscopy of the group VA monoxides, on t
other hand, is more straightforward. Much more is know
and spectroscopic constants are available for most of
lower-lying electronic states of the monoxides.34

The primary motivation for this work, however, has n
been to determine spectroscopic information, but rathe
gain a better understanding of the chemiluminescent re
tions involving P, Sb, and Bi atoms and dimers. This stu
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employed near single-collision conditions with the hope
limiting the number of possible mechanisms so that the
lient mechanism~s! may be determined. To shed some lig
upon which mechanisms might be possible and which mi
not be, the thermochemistry of several potential steps h
been calculated from existing data. The reactions have b
generalized for the group VA elements: M5P, Sb, Bi. The
following reactions would be first order with respect to O3

pressure:

~1! M1O3→MO*1O2,

~2! M1O3→MO2*1O.

The following reactions would be second order with resp
to O3 pressure:

~1! M1O3→MO1O2,

~3! MO1O3→MO2*1O2,

~4! M12O3→MO2*12O2,

~5! M21O3→MO1M1O2,

~3! MO1O3→MO21O2,

~6! M212O3→MO2*1M12O2,

~7! M21O3→M2O1O2,

~8! M2O1O3→MO*1MO1O2,

~9! M212O3→MO*1MO12O2,

~7! M21O3→M2O1O2,

~10! M2O1O3→MO2*1M1O2,

~6! M212O3→MO2*1M12O2.
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TABLE II. Standard reaction enthalpiesa of atoms and dimers with O3 ~in eV!.

Reaction Reactant M: P Sb Bi

First order in O3

~1! M1O3→MO*1O2 25.0560.05 >23.3460.05 22.4260.10

~2! M1O3→MO2
* 1O 25.0460.12 >21.9060.50 20.2160.50

Two-step mechanism, second step
~3! MO1O3→MO2*1O2 NA *22.6360.5 21.8661.0
~8! M2O1O3→MO*1MO1O2 NA 22.261.0 21.9361.0
~10! M2O1O3→MO2*1M1O2 NA 21.561.0 21.3761.1

aSee the text for details on how these values were calculated.
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Other reactions are possible, and were considered; h
ever, they were excluded due to the fact that they are
exothermic enough to produce CL, or else require exces
bond rearrangement within a single step~such as
M21O3→MO1MO2!. Also considered, but determined to b
unimportant by experiments described here, was the two-
mechanism, which involved M21O3→MO1M1O2, in
which the M atom product subsequently reacts accordin
M1O3→MO1O2. The exothermicities were calculate
upon well-accepted bond strengths~Huber and Herzberg34

and JANAF35!, where available. Also, Twarowski36 and
others37 have determined bond strengths of several
containing compounds, including PO2, although some still
contained significant uncertainties. However, no data w
available for SbO2, Sb2O, BiO2, and Bi2O. The unknown
triatomic bond strengths were estimated from the ratio of
bond strengths in P-containing triatomic and diatomic m
ecules. The ratio was multiplied by the diatomic bo
strength for Sb and Bi compounds. For examp
D0

+ (OM–O)5D0
+ (M–O)D0

+ (OP–O)/D0
+ (P–O). Calculated

standard enthalpies of reaction, at 0 K, are given in Table
When the second step alone can produce electronically
cited products, the enthalpy of the first step of a two-s
mechanism is not critical, provided that the reaction is th
moneutral or exothermic.

An intriguing question to be addressed is why ligh
elements in the group may lead readily to dioxide formati
while monoxides may be favored for heavier elements. O
motivation for this investigation was to determine, giv
well-defined single-collision conditions, whether reactions
form monoxides are actually preferred over those form
dioxides, and also to determine the mechanisms that m
be operable under multiple-collision conditions. Reactio
with O3 rather than O2 were studied, since reactions with O2

would not allow for significant dioxide formation within
single step because of the need for a stabilizing collision

Also of interest are any differences in the reactivities
atoms and dimers of these group VA elements. Tim
dependent CL experiments, in which the velocities of rea
ing group VA species are inferred, were considered a
means of determining the identity of reacting species~atoms
or dimers!, as well as evaluating any barriers to reaction. T
appearance of any time-dependent CL signal at times o
than those expected from an effusive beam, with a Bo
mann velocity distrubtion, may indicate either a barrier
reaction or possibly attractive forces that may increase re
tivity. For instance, a barrier to reaction would select t
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faster species within a beam, resulting in an observed p
shifted to earlier times when compared to the Boltzma
distribution.

EXPERIMENT

Two different vacuum chambers were used for the d
persed chemiluminescence and for the time of flight~TOF!
time-dependent experiments. These chambers were p
ously described,38,39but will be described, in part, here. Eac
vacuum chamber consisted of the separate subcham
pumped by diffusion pump/mechanical pump pairs. The t
subchambers were connected via a small slit allowing
effusive metal~or phosphorus! beam to enter the oxidizing
subchamber. The diffusion pumps could achieve a ba
ground pressure of less than 1026 Torr within the chambers,
providing single-collision conditions.

The CL from nascent products of exothermic reactio
was monitored as both a function of time dependence38 and
of wavelength.39 The time dependence was used to det
mine the identity of the reacting VA species~either atom or
dimer! and potentially to determine the energy depende
of the reaction cross section. The dispersed CL was usefu
determining the identity of the emitting product~s!.

Some modifications to the beam source were made
order to achieve control over the composition of beams c
taining VA elements, some of which vaporize from the so
mostly as tetramers at the temperatures required to ob
vapor pressures from about 0.1 to 1.0 Torr. This press
range is convenient for forming an effusive beam with t
experimental apparatus. Since the tetramers do not appe
lead directly to observable products, measures were take
increase the relative amounts of atoms or dimers by diss
ating the tetramers.

So, a double oven, effusive beam source was use
control both total vapor pressure and the composition of
beam. By adjusting the temperature of the high temperat
or upper oven chamber, varying relative amounts of ato
and dimers could be selected. Tetramers could be virtu
eliminated. The low-temperature chamber, or lower ov
was a molybdenum cylinder with a crucible for holdin
phosphorus or metal powder. This lower oven was rad
tively heated with a W-mesh radiator, heated with a hig
current ac power source that was previously described.40 The
upper oven was inserted into the lower oven through a h
in its side. The upper oven was a boron nitride tube, wit
narrow ~1 mm in diameter! cylindrical inner opening. The
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upper oven was heated via a dc current run through a 1 mm
diam tantalum wire. The wire was wrapped around the e
of the upper oven several times.

Calibration with an optical pyrometer showed that t
upper oven could be heated to temperatures in exces
2000 K. While there was a small amount of heat leaka
back to the lower oven, the lower oven could be reliab
heated and temperature controlled by the radiator surrou
ing it. The lower oven was calibrated with a chromel–alum
thermocouple.

Bi dispersed-CL experiments were done without the
of a double oven since Bi has a tendency to form a gre
proportion of atoms than other group VA elements at ov
temperatures convenient for vaporization. Also, since
time-dependent experiments with Bi and O3, in which there
was more control over atom/dimer proportions, showed t
there are apparently no observable reactions involv
dimers, it was unnecessary to conduct dispersed-CL exp
ments with a double oven source.

Ozone was generated from dry O2 using a commercially
available ozonator, from Ozoteq, Inc., model 25-0. A flow
about 3%–5% O3 in O2 was generated. However, a pu
source of O3 was desired for the low-pressure reactions t
were to be the subject of this study. So, the O3 was adsorbed
selectively on freshly dried silica gel contained within a gla
flask, cooled to dry ice temperatures with a dry ice
propanol slurry. Once a sufficient quantity of O3 had been
adsorbed, the silica gel/O3 flask was connected to th
vacuum chamber via a glass stem with a teflon needle v
to control O3 vapor flow and pressure.

The time dependence of the signal was determined w
the use of a chopping wheel that allowed pulses of the e
sive beam down a fixed flight path, triggered the detect
equipment, and determined the beam open zero time via
tection of oven light. The chopping wheel and motor we
previously described,38 but the equipment used for detectio
had changed. The photomultiplier tube~PMT! in use was an
EMI model 9816B with an S-20 photocathode response,
the output of the PMT was collected by a multichannel sca
~Turbo-MCS! from EG&G Ortec. The S-20 response of th
PMT is insignificant beyond 8500 Å. The data were conv
niently transferred to a personal computer for process
Pulses of the metal~or P! effusive beam were created wit
chopping wheels rotated at 200–350 Hz, with either two
four narrow~2 mm wide! slots cut at the edge of the whee
through which the beam passed. Beam pulses were 15–2ms
in duration. This finite temporal width was a source of so
loss of resolution in the time-dependent spectrum, which w
accounted for within computer simulations of the spec
Another source of loss of time resolution within the spectr
was that the pathlength traveled by the reacting species c
not be exactly defined. The detected image of the react
detection region under the PMT was not infinitely narrow.
1 cm wide mask was placed over the cold cell, which be
defined the region. Pathlengths of 16.6 and 18.3 cm w
used. The width of observation, and thus the uncertainty,
1 cm. This source of error in time was also accounted
within the simulation program.

Another problem with time resolution in the time
d
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dependent experiments of Sb and Bi occurred due to
large disparity in their masses when compared to that of3.
Ozone’s room temperature speed distribution would be
broad compared to that of the metalloids and would beco
too large a contributor to the relative speed of the collidi
pair. Thus, the resolution of the time-dependent spe
would be diminished to the point of being nearly useless
obtaining information about the collision energy depende
of reaction cross sections. Instead, measurements were m
with a cold cylindrical scattering cell, 3.25 cm diam33.66
cm high with a rectangular slit, 1.8 mm wide37.7 mm high
for beam entrance and a quartz window on top for CL vie
ing. This scattering cell was placed along the effusive be
axis and below the PMT. The cell was cooled to liquid n
trogen temperature by contact with an internal reservoir t
was fed by a dewar external to the vacuum. The O3 was
passed through teflon tubing into the cell. In this way, t
time-dependent resolution was dramatically increased for
slower beam species. This same cold cell was used w
P1O3 time-dependent experiments as well, since veloc
resolution was improved in experiments with the cell. But
use was not as critical as with Sb and Bi experiments du
the lighter mass of P.

The vacuum chamber in which dispersed CL was o
served was also previously described38,39 but it too will be
briefly described here. The chamber was mated to a3

4 m
monochromator equipped with a 300 line/mm diffractio
grating. The exit slit of the monochromator was replac
with a liquid nitrogen cooled multichannel CCD detecto
Princeton Instruments model LN/CCD-1152UV. The spe
tral response of the CCD/grating was strongest from 5500
7000 Å, but was significant from below 3000 Å to beyon
9000 Å. The resolution of this arrangement was limited to
Å, as each pixel corresponded to very nearly 1 Å, given
dispersion of the grating and monochromator pathlength
these experiments, this limited resolution did not seem
obscure features because the spectra were generally b
and congested. The spectrum over 1150 Å was viewed
multaneously for each grating angle. Adjacent and overl
ping spectral regions were joined by multiplying by an a
propriate scaling factor so that the resulting two spectra
the same intensity in the overlap region. Random no
spikes within the spectrum, which were caused by cos
rays interacting with the CCD, was removed with a deriv
tive filter program that was provided by the manufacturer

In the dispersed-CL experiments, it became necessar
make a special inlet tube for the O3 gas that was directed to
the immediate area near the detection zone. The outlet o
tube was positioned about 1 cm from the intersection of
metal~or P! beam and the area beneath the collection op
to the monochromator. Concentrating the O3 in this smaller
region was thought necessary to avoid a large backgro
light signal in the phosphorus reaction, which appeared to
from all parts of the chamber, not just in the area imme
ately surrounding the effusive beam~where one would ex-
pect a glow from CL reactions!. Possibly this signal arose
from O3 reactions with phosphorus deposited on the walls
the chamber. The use of the O3 inlet tube reduced this glow
substantially.
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The CL was observed under near-single-collision con
tions, with O3 pressures on the order of 1 mTorr. It is n
possible to give precise absolute pressures because of
culties in achieving sufficient conductance between the
and a gauge. Rather, relative pressures were determine
using a capacitance manometer from MKS Instruments, I
model 398HD, in conjunction with a digital display unit als
from MKS, model 270B. The manometer measured the p
sure in the chamber, but outside the cell. In the case of
time-dependent experiments, the cell pressure was calcu
to be higher than the chamber pressure by a factor of a
75. In the case of dispersed-CL experiments, the ratio of
pressure in the reaction region to the chamber pressure
estimated to be considerably less than in the time-depen
experiments, but not precisely known.

RESULTS

P1O3

The nascent products of the reaction between P and3

were observed both through the dispersed CL and thro
the total CL intensity in the time-dependent experimen
Under different oven conditions, there may have been dif
ent proportions of atoms, dimers, and tetramers and ti
dependent measurements offer a way to distinguish the38

Fortunately, the presence of tetramers was, for all pract
purposes, eliminated. However, in the case of phosphoru
was not possible to select exclusively atoms, even for up
oven temperatures near 2000 K. At that temperature, on
few percent of atoms were attainable.41 Least squares fits o
the observed time-dependent signal to expected forms,
pending upon different models for the form of the reacti
cross section, were able to confirm that the reactant that g
rise to the signal was the atom and not the dimer of P. T
time-dependent signal was fit successfully for P atoms a
reactant, but not P dimers. This result is also consistent w
the fact that the signal was observed to decrease as the u
oven temperature was lowered, giving fewer atoms, but m
dimers. The time-dependent signal, along with the result
the best fit are shown in Fig. 1. The cross-section form u

FIG. 1. The P1O3 CL intensity as a function of time. Dots are the expe
mental data, and the solid curve is the fit tosR}(E2V0)n/E.
T(P!51940 K, P(O3!50.028 mTorr, as measured in the chamber. The
sults of the fit were a negative barrier,V05210.4 kJ mol21, and the expo-
nentn51.33.
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in the fit was a microcanonical transition state theory mo
as described by Gonzales Uren˜a.42,43 s r}(E2V0)n/E,
where V0 is the barrier to reaction andE is the collision
energy. The resulting values wereV05210.4 kJ/mol andn
51.33. Other cross sections form, including a hard spher
line of centers model, did not yield fits of similar quality
The time-dependent signal was also studied as a functio
O3 pressure. The data, for chamber pressures of 0.04 m
and lower, were successfully fit to a first order in O3 pressure
dependence. Higher pressures exhibited attenuation.

Figure 2 shows the dispersed CL for the P1O3 reaction.
The Pn source’s upper oven temperature was roughly 20
K, based upon pyrometric calibrations, giving a relati
amount of P atoms of about 1%–2%,41 the rest being the
apparently unreactive dimers. The background was s
tracted out of the spectrum, and then the net signal was
rected for a spectral response of the monochromator/gra
CCD detection system. The spectral response w
determined from measured intensities from previously c
brated standard lamps. This experiment was conducted
a resolution of 10 Å. The spectrum covers the range of ab
3000 to beyond 7000 Å. This range roughly coincides w
Stedman’s spectra,25 although the spectrum from this stud
does not have nearly as much intensity at long waveleng
as Stedman’s. PO cannot account for the regular patter
the spectrum. The observed smooth oscillations are belie
to be due to PO2.

Sbn1O3

The Sbn1O3 results were decidedly different from thos
of P1O3. The biggest difference arose in time-depend
experiments~see Fig. 3!. The time-dependent spectra sho
two peaks whose intensities relative to each other dep
markedly upon O3 pressure. It is apparent that there w
more than one reaction channel, at least one channel for
peak. The Sbn1O3 early and late time-dependent peaks we
fit to first- and second-order dependences in the observe3

chamber pressures, respectively. At lower pressures, the
tensities were found to fit the orders in O3 with good agree-

-

FIG. 2. The P1O3 net CL corrected for spectral response. The spectr
was taken with a resolution of 10 Å.T(P!52060 K, T(O3!5293 K, and
P(O3!'0.05–0.09 mTorr. The CL signal is believed to be due to at
reaction, although the beam was only about 1%–2% atoms, with the rem
der being dimers~Ref. 41!.
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ment. At pressures greater than about 0.02 mTorr~in the
chamber!, some attenuation in the intensity was observ
The first- and second-order~in O3! peaks fit very well to the
functional form:I}Pne2aP; whereI is the observed inten
sity, P is the measured pressure of O3, n is the order with
respect to O3, 1 for the earlier peak, and 2 for the later pea
anda is an attenuation coefficient. As will be discussed b
low in more detail, a mechanism involving Sb2 is more likely
to be associated with the second-order~in O3! process, while
the first order in O3 process, corresponding to the earli
peak, is more likely to involve Sb atoms. Both Sb atoms a
dimers were present under the conditions in which the tim
dependent spectra in Fig. 3 were taken. The Sbn source upper
oven was at about 1960 K, giving about 99% atoms, the
dimers.41 One would expect atoms to lead to earlier pea
than dimers, since their most probable velocity is larger b
factor of&. When the upper-oven temperature was low
yielding a higher ratio of dimers to atoms, the earlier pe
vanished relative to the later peak.

Comparisons of the later peak to expected atom
dimer Boltzmann distributions shown in Fig. 4 are consist
with dimer reactants; however, by itself, such a compari
is not conclusive. The ambiguity arises from the possibi
that the early peak, and potentially the later peak, might c
respond to only fast atom or fast dimer reactants. The fa
species might be selected over the slower species by a
large energy barrier to reaction. Lowering the upper ov
temperature could drastically reduce the number of fast,
acting species~either atom or dimer!, thus accounting for the
loss in time-dependent intensity. For this reason, tim
dependent experiments were conducted at a given total v
pressure of all Sbn species. The upper-oven temperature w

FIG. 3. The Sbn1O3, n51, 2 ~99% atoms41! CL intensity as a function of
time for a series of O3 chamber pressures. Note the growth of the seco
peak relative to the earlier peak with higher O3 pressures.T(Sbn)
51960 K andT(O3!578 K.
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varied to give different amounts of atoms and dimers. T
ratio of early to late peaks was compared for these spe
with the different atom to dimer proportions. As the dim
pressure was increased, the intensity of the later peak
creased as well.

As with P1O3, Sbn1O3 time-dependent spectra wer
simulated and compared to predicted models of reac
cross sections for an effusive beam velocity distribution. T
fits to the early peak were unsuccessful; however, the l
peak was successfully fit to a hard spheres–line of cen
model, with Sb2 as the initial reactant, and allowing for
time delay for the occurrence of a second collision. For
O3 temperature of 78 K, the line of centers barrier to react
was 21.85 kJ mol21, and the time delay was 5.1ms. ~See
Fig. 5.!

So it appears that Sb2 contributed to the later time
dependent peak. But we cannot rule out some atom co
bution to the later peak. Nor can we rule out dimer contrib
tion to the earlier peak. But it appears that the earlier pea
primarily due to the Sb atom reaction.

Figure 6 shows the dispersed-CL spectrum from Sn

d

FIG. 4. The Sbn1O3, n51, 2 ~99% atoms41! CL intensity as a function of
time for P(O3!50.091 mTorr,T(Sbn)51960 K, andT(O3!578 K. Experi-
mental data~the dots! are compared to the atom Boltzmann velocity/tim
distribution ~a solid curve! and to the dimer Boltzmann distribution~a
dashed curve!.

FIG. 5. The Sb21O3 time-dependent experimental data~dots! fit to a hard
spheres/line of centers cross section,sR}(E2V0)/E ~solid curve!, with a
time delay to allow for a secondary collision with O3. The results of the fit
were a negative barrier,V0521.85 kJ mol21, and the time delay55.1 ms.
T(Sb2!51675 K, T(O3!578 K, and P(O3!50.039 mTorr. The beam was
composed of 11% Sb2 and 89% atoms~Ref. 41!.



b
h
re

ha
th
c
n
-
s

ha

se
se
d
n

e
m
ul
om
th
b
n

ion

er

os
o
e

er
S

for
pper

e-

n

n,
-

rela-

ared

7601J. Chem. Phys., Vol. 108, No. 18, 8 May 1998 R. P. Kampf and J. M. Parson
1O3. This spectrum was taken at 10 Å resolution. The Sn

source upper oven temperature was 1800 K, yielding roug
85% atoms.41 At the time of the experiments the pressu
was thought to be sufficiently low to make two-step mec
nisms unlikely; however, due to an inability to measure
absolute O3 pressure in the TOF cell, and also in the dete
tion region of the dispersed-CL vacuum chamber, we can
be certain that only a first order in O3 process was respon
sible for the observed CL. The O3 chamber pressure for thi
spectrum was on the order of 531025 Torr; however, the
O3 pressure at the antimony beam was greater and may
been sufficient to allow for secondary collisions with O3.
Also, since the dispersed-CL detection system was more
sitive to longer-wavelength fluorescence than the PMT u
in the time-dependent measurements, mechanisms secon
der in O3 yielding long-wavelength fluorescence could co
tribute to the dispersed-CL signal at lower pressures.

Franck–Condon Factors~FCFs! were calculated as
earlier44 for SbO’s two lowest transitions,A2

2P1/2→X1
2P1/2 andA1

2P3/2→X2
2

P3/2 ,
34 to see if SbO is responsibl

for the CL. According to the FCFs, there should be so
intensity around 6000 Å, while longer wavelengths sho
not have much greater intensity. It appears that there is s
SbO2 contributing to this spectrum because of the way
signal increases at longer wavelengths. If the FCFs for S
are multiplied by a broad thermal distribution of the know
upper vibronic states that are energetically allowed~in theA2

and A1 states!, then there still is no indication that SbO*
could be responsible for all of the emission in the reg
7000–9000 Å. Even if it were so, there would still be SbO*
emission around 6000 Å, where there is none.

Bi1O3

As for phosphorus and antimony, bismuth reactions w
studied as functions of time dependence and O3 chamber
pressure. Spectra shown in Fig. 7 are very similar to th
for the Sbn reactions. Both series of spectra include tw
peaks, with the later peak obviously exhibiting a higher d
pendence upon O3 pressure than the earlier peak. Howev
other important details were discovered that contrast then

FIG. 6. The Sbn1O3, n51, 2 ~85% atoms41! not CL intensity corrected for
the spectral response.T(Sbn)51800 K, T(O3!5293 K, P(O3!50.04–0.06
mTorr. The long-wavelength CL signal is probably due to SbO2. The spec-
trum was taken with a resolution of 30 Å.
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spectra. Dimers are extremely unlikely to be the reactant
either peak since the spectra shown were taken with an u
oven temperature of;1800 K, which gave virtually all at-
oms in the beam. Figure 8 shows the experimental tim
dependent data of Bin1O3 reaction ~dots connected by a
solid curve!, with the later peak fit by a computer simulatio
to the cross-section form~dashed curve!: sR}En, whereE is
the collision energy, andn is a fitting parameter. The fit also
allowed for a time delay to account for a secondary collisio
as previously described for Sb21O3 time-dependent simula
tions. The result of the fit yieldedn521.45 with a time
delay to the secondary reaction of 1.17ms. For comparison,

FIG. 7. The Bi1O3 ~99.8% atoms41! CL intensity as a function of time for
a series of O3 chamber pressures. Note the growth of the second peak
tive to the earlier peak with higher O3 pressures.T(Bi!51800 K and
T(O3!578 K.

FIG. 8. The Bi1O3 time-dependent experimental data~dots! fit to a cross
section form:sR}En ~a dashed curve!, with a time delay of 1.17ms, allow-
ing for a secondary collision. The experimental data and the fit are comp
to the atom Boltzmann velocity/time distribution~a solid curve!.
P(O3!50.062 mTorr, as measured within the chamber,T(Bi!51800 K, and
T(O3!578 K. The beam was 99.8% atoms~Ref. 41!.
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the arrival time of Bi atoms~solid curve! governed by a
Boltzmann velocity distribution is also displayed.

Bismuth 1O3 CL intensity was also studied as a fun
tion of wavelength at 1180 K in a single chamber ove
There were approximately 40% atoms, 60% dim
present.41 The dispersed CL spectrum, displayed in Fig. 9
mostly featureless, with the exception of two peaks arou
8500 Å. The intensity, compared to that of the Pn reaction,
was quite low. The CL intensity data were corrected
spectral response after the background was removed. On
very long wavelengths~beyond 8500 Å! did the intensity
grow; however, spectral response was falling very rapidly
these wavelengths. Extraneous large counts from stray
or noise, magnified by division by a very low spectral r
sponse value at long wavelengths, might account for so
long-wavelength intensity, but not for the distinctive pea
As was the case with antimony, the O3 pressure may have
been high enough at the bismuth beam to allow for seco
ary collisions of the monoxide product with O3.

DISCUSSION

Verma and McCarthy20 reported that they observed a
sorption in PO2 from the ground2A1 state to a2B2 state.
Their assignment of their spectrum to the, 22B2 state was
based upon an apparent predissociation and similaritie
structure to NO2. Hamilton23 found that there was no predis
sociation by examining lifetimes of different vibrational le
els. He proposed that Verma and McCarthy’s spectrum
well as his LIF spectrum arose from a linear2B1(2Pu) state.
Hamilton’s assignment was influenced by the theoretical p
diction of Lohr27 that a linear state exists with an origin ne
30 000 cm21 above the ground state. Another point presen
by Hamilton for consideration was that a vertical transiti
from the linear upper state to a linear geometry of the gro
state, would have a maximum at around 450 nm, which is
agreement with his observations. Still, Hamilton was una
to state definitively that the excited state was the linear2B1

state.23 He believed that part of his spectrum was mixed w
high-lying vibrational levels of the ground state, resulting
long lifetimes and low intensities. Other parts of his spe

FIG. 9. The Bi1O3, net CL corrected for spectral response.T(Bi!51180 K,
T(O3!5293 K, P(Og!50.1–0.2 mTorr. The long-wavelength CL signal
not due to BiO. Beam composition was approximately 40% atoms, 6
dimers41; however, time-dependent experiments have shown dimers t
unreactive. The spectrum was taken with a resolution of 30 Å.
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trum may have resulted from mixing the2B1 with states
other than the ground electronic state. In a more recenab
initio treatment, Buenker and co-workers28 have also found
the linear 12B1 state in the region, but showed that ju
slightly higher the 22B2 , 2 2B1 , and 22A1 states are ex-
pected to have origins, all with strongly allowed transitio
to the ground electronic state.

On the other hand, according to the Franck–Cond
principle, one would expect LIF excitation to occur to a sta
with a geometry closer to that of the ground state, if the
were more than one state at the excitation energy. In o
words, the absorption cross section from the bent gro
state to a linear excited state would be quite small.30 The
matrix studies by Andrews and co-workers30–33 suggest the
presence of a bent2B2 state in that very same region, an
support Verma and McCarthy’s20 assignment of the spectr
in the region around 3000 Å. Transitions involving larg
geometry changes, such as linear to bent transitions, are
likely within a matrix, where there is little space for geom
etry changes, especially with another nearby state havin
geometry similar to that of the ground state. If the 22B2 state
is not assigned to the upper state in either Verma and
Carthy’s or Hamilton’s experiments, then one is faced with
puzzle as to why a transition, the 12B1→X̃ 2A1 , with much
smaller oscillator strength according to theoretical result28

would be observable instead.
Presuming that Hamilton’s assessment that the 12B1

state, being heavily perturbed, was predominantly the stat
which he was exciting, there may still be another state in
same region that might have given rise to emission un
other conditions. The question is whether a second state
produced in the P1O3 reaction, or whether the present stud
has observed the 12B1 state.

Stedman and co-workers25 observed CL from abou
2800 to 8000 Å from reactions involving PH3 and O3. They
associated two different spectral regions with different em
ting states~or different product molecules!. The intensity of
the short- and long-wavelength regions depended differe
on the amount of O3 present, as well as the identity of th
carrier gas~O2 or N2!.

25

Our dispersed-CL spectrum of the P1O3 reaction
showed a regular spacing of peaks that are not attributab
PO. The lowest-energy transition in PO, theB 2S1→X 2

P r , has aT0530 695 cm21 ,34 which corresponds to a
wavelength of 3258 Å, but the spectrum in Fig. 2 has
discernable structure, as would be typical of diatomic
bronic transitions, until wavelengths longer than 4080
Transitions from the A state, withTe540 407 cm21,34 would
occur at even shorter wavelengths. Nor can the peaks f
the P1O3 CL be assigned to stretching mode progression
transitions from previously analyzed excited states of PO2 to
the ground state.

If a large number of vibrational levels within the upp
electronic state could be populated, then one would not
pect such a regular emission pattern as observed. The p
ence of predissociation of many of the energetically poss
states, by reducing the number of bound vibrational lev
could have the effect of simplifying the spectrum. The en
getics shown in Table II for reaction~1! imply that sufficient

e
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energy is available to dissociate O2 (D0
+ 55.116 eV) if the

average energy of reactants of 0.22 eV is made availa
Hence, our experimental conditions can form PO2 very close
to the PO1O dissociation limit if translational energy i
small. So it is reasonable to expect that only a very limi
number of states of PO2 might survive, and most of thos
could be quasibound by rotational or potential barriers
dissociation. Similar oscillatory structure has been seen
bound to free transitions45 and transitions from weakly
bound excited states.46

If a small number of vibrational states are populated
the electronically excited PO2 found in our experiments, the
the oscillatory structure in the CL spectrum may be cau
by periodicity in the magnitude of FCFs in transitions to
progression of the ground state bending or stretching mo
The oscillation spacing of&1000 cm21 corresponds to
slightly less than three bending or slightly less than one s
metric stretching quanta. Because the lower levels in
transitions at these wavelengths would have to be well ab
the ground electronic state origin, we cannot assign any
ticular levels. On the basis of geometry differences betw
the calculated excited state and the ground state, one w
expect progressions in bending to be longer than stretch

Another possible explanation for the PO2 dispersed-CL
spectrum is that the observed emission might occur to
distinct lower states, theX̃ 2A1 and the 12B2 states. The
short-wavelength part of the spectrum, corresponding to
greater emission energies, would correspond to transition
the ground state. The longer-wavelength section of the s
trum would correspond to emission down to the 12B2 state.
Emission from a narrow vibrational population distributio
within the upper state would likely give a simple and unco
gested spectrum. If one interprets the high-frequency o
of oscillations in our spectrum around 26 000 cm21 as a tran-
sition between the lowest level of an unknown upper st
and the 12B2 state, and adopts the calculated 12B2Te of
9114 cm21 ~Table I!, then the upper stateTe would be about
35 000 cm21 ~4.34 eV!. We note that Buenker an
co-workers28 have predicted vertical transitions from th
ground state to 22B1 and 22A1 states at 4.56 and 4.64 eV
respectively.

What is striking about our results is the absence of
fluorescence. One possible explanation as to why reaction~2!
should be the only CL channel is that reaction~1! may be
occurring but most of the excess energy ends up not in
but in dissociated O2. Just such a process has been shown
occur in the reaction Bi21F2→BiF1Bi1F.47 Processes like
this may be driven by the high density of states that
opened by accessing three unbound fragments.

Antimony 1O3 time-dependent spectra have show
peaks apparently corresponding to both atom and dimer
actions. Strikingly, these two separate peaks were obse
together, within the same scan, under certain experime
conditions: temperatures that provided significant prop
tions of both Sb dimers and atoms, and O3 pressures tha
were sufficiently great for secondary collisions to occ
Time-dependent experiments may possess only one m
mum in intensity, even if two reaction channels contribute
the total intensity. The time-dependent profile from each
le.
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action channel may significantly overlap the other.
It has been observed by varying the O3 pressure that the

later peak is of higher order with respect to O3 than the
reaction~s! accounting for the earlier peak. See Fig. 3. In fa
the early peak, believed to be primarily due to fast atoms,
been fit to first-order dependence in O3. The later peak, be-
lieved to be mostly due to dimers, has been fit to seco
order dependence in O3 and is clearly not first order. At low
pressures, the early peak survives, while the later, high
order peak vanishes. Thus, the early peak appears to be
dominantly due to reaction~1! or ~2!. The later peak appear
to be mostly due to one or more of the two-step mechanis
involving Sb2 as a reactant within the first step. Specifical
the mechanism would involve reactions~5!1~3!, ~7!1~8!, or
~7!1~10!.

Under other oven conditions, where virtually exclusi
amounts of either atoms or dimers of Sb may be produc
the peaks have been isolated and shown to be mostly du
atoms in one case, and dimers in the other. Simulation of
time-dependent spectra in the case of antimony reactions
been completed with limited success. Attempts to fit the p
sumed Sb atom1O3 signal were unsuccessful. The sim
lated early peak arrived significantly later than the obser
early peak. It is believed that very fast atoms are contribut
to reaction leading to the early peak. From Fig. 4, one c
see that there are very few atoms present~,1% of the maxi-
mum in the distribution! that have sufficient velocity to reac
the detection zone at the time of the early peak.

Simulations are impossible at these high velocities
cause of uncertainties in the actual velocity distribution a
the finite time and space resolution of the detection syst
Simple estimates using the square of the ratio of obser
arrival times for the early peak and the energy of the ato
calculated to arrive according to the Boltzmann distributi
in Fig. 4, give a barrier to reaction of roughly 50 kJ mol21.

In the case of Sb1O3, the dispersed CL indicates th
probable formation of two distinct products, SbO* and
SbO2* . The long-wavelength CL signal, commencing at 65
Å, is thought to be SbO2* , while the short-wavelength CL
from below 4000 to 5300 Å, is thought to be SbO*. ~See Fig.
6.! The short-wavelength emission appears in the same
gion as the SbOB 2S1→X1

2P1/2 and B 2S1→X2
2P3/2

with origins around 3776 and 4130 Å.34,48 respectively. Vi-
bronic transitions of higher quanta within given sequen
would extend to longer wavelengths since the ground s
vibrational frequencies are significantly larger than theB
state frequencies.34 The A→X transitions also have som
Franck–Condon intensity within the short-wavelength
gion. TheA→X transitions might account for some of th
CL intensity here; however, as mentioned above, there is
CL intensity at other wavelengths where there is so
Franck–Condon intensity for theA→X transitions.

Similarly to Sb, the Bi1O3 reaction also exhibits this
same two peak time-dependent signal. And similarly to
the intensity of the later peak is observed to be of hig
order in O3 than the earlier peak. But in contrast to th
Sb1O3CL/time-dependent spectra, the later peak is not p
cipally due to dimers, but rather to atoms. At higher tempe
tures, where dimers are absent, both peaks still appear.
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higher-order O3 pressure dependence indicates a two-s
mechanism, most likely the one involving reactions~1! and
~3!, with BiO as an intermediate.

The electronically excited product formed in reaction~1!
may require the faster part of the Bi atom velocity distrib
tion because there is a barrier to forming the observed sta
In fact, the earlier peak of the time-dependent spectrum
not successfully fit. Examination of Fig. 8, with the Bi ato
Boltzmann arrival times, shows that the early tim
dependent peak just simply arrives much earlier than mos
atoms. The Bi atom distribution is not well enough known
the flight times for the earlier peak to be fit. Clearly, fa
atoms with enough energy to surmount a barrier of appro
mately 40 kJ mol21, did give rise to CL when the vast ma
jority of the atoms did not lead to first order in O3 CL. The
value of 40 kJ mol21 for the barrier was arrived at in th
same way as with Sb.

The dispersed-CL spectrum taken at low O3 pressure is
believed to be predominantly due to the first order in3
process, producing BiO. Inspection of the Franck–Cond
Factors~FCF! for the BiOA→X1 transition suggests that th
BiO spectrum should be very broad. The FCFs are relativ
strong for emission wavelengths, commencing at;5000 Å
and continuing to longer wavelengths, including beyo
9000 Å. The peaks at 8650 and 8250 Å, however, do
correspond to any particularly strong FCFs in BiO, and m
be indicative of emission by electronically excited BiO2,
which is thought to be the product of the second order~in
O3! reaction. We are not aware of any previous observati
of electronic spectra of this molecule.

Although the observed peak at 8650 Å does coinc
with the O2 b 1Sg

1→X 3Sg
2 ~0–1! transition, the~0–0!, ~1–

0!, and~1–1! peaks in theb→X electronic transition are no
present. And an extremely long lifetime for theb→X tran-
sition would rule out detectability of O2 b 1Sg

1 in our appa-
ratus.

The dispersed-CL and time-dependent spectra prese
for O3 reactions with Sb and Bi atoms, but not P atoms, sh
evidence for monoxide formation. All three elements sh
evidence for dioxide formation, although O3 pressure depen
dences for each of the reactions indicate different mec
nisms leading to the dioxides. P1O3 seem to form PO2*
within a single, possibly concerted, step. This process
much more favorable than any other to form PO*. The long-
wavelength CL~6500–9000 Å! indicates the formation o
SbO2* . Uncertain O3 pressures compel us to consider on
and two-step mechanisms. So, it appears that Sb21O3 form
SbO2* through a two-step mechanism:~5!1~3! or ~7!1~10!,
and possibly Sb1O3 reacts via~2!. There is also a possibl
atom mechanism reacting through~1!1~3!. Bi1O3 also ap-
pears to form BiO2* through the two-step mechanism com
prised of reactions~1!1~3!.

Questions arise regarding P atom reactivity relative
that of Sb and Bi. Why does P not appear to react with O3 to
form PO, while Sb and Bi do react to form their excite
monoxides? And why do Sb and Bi atoms not appear to fo
their dioxides within a single step as strongly as P does
partial answer to the first question is that P atoms are v
reactive given all the open valences on the atom, and if
p
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close enough to the second end O atom to experience
interactions, the P is very likely to bond to an additional
atom. Perhaps the only reaction channel that might lead
PO* formation would require an extremely narrow end-
approach of the P toward an end O atom of O3. PO2* forma-
tion, on the other hand, may occur for orientations in wh
the P approaches only slightly off the direct-line approach
the end atom. It is also conceivable that the P–O3 complex
may rearrange fast enough for P to interact with a secon
atom from the O3 molecule. Also, as noted earlier, it ma
simply be that PO*1O2 formation just cannot compete wit
PO12O and PO2*1O formation. Since the observations o
this paper apply only to electronically excited products,
ture experiments using LIF detection of ground electro
state products will be necessary to see if the results gen
ize to all monoxide and dioxide products.

Phosphorus’ reactivity may explain why PO2* is ob-
served, while PO* is not, but it does not explain the lack o
any strong preference for Sb and Bi atoms to form th
dioxides exclusively over their monoxides. In the case of
atoms, reaction~2! can simply be ruled out on the basis of i
exothermicity~or lack thereof! found in Table I,20.2160.5
eV. Clearly, for Bi, reaction~2! would not release enoug
energy to yield any CL. The reactivity of Sb is not so co
veniently explained, especially since energetically possi
two-step mechanisms, possibly involving Sb2 and potentially
leading to long-wavelength CL~Fig. 6! from SbO2* , can nei-
ther be ruled in nor ruled out.

If the long-wavelength CL signal in the antimony rea
tion is due to a two-step mechanism, then an explanation
the lack of single-step SbO2* formation through reaction~2!
is needed. Consideration of the geometries of dioxides o
Sb, and Bi compared with that of O3 within its ground state
and of potential transition states offers some insight. Unf
tunately, we have not been able to locate geometries
SbO2* and BiO2* , but Table I gives them for PO2. The geom-
etries for PO2 and O3 are depicted in Fig. 10. It shows tha
geometries of PO2 can easily overlap the geometry of O3

with a central approach of the P atom toward O3. Among
possible electronic environments of the P–O3/PO2–O sys-
tem, those with least molecular rearrangement would
more likely to form, corresponding to lower-energy cros
ings. Since the identity of the excited state of PO2* respon-
sible for emission is uncertain, we compare the known
ometries of some of the lower states of PO2. The P–O bond
lengths within PO2 would need to be displaced by only abo
0.28 Å for theX̃ 2A1 ground state or by less than 0.07 Å fo
the 12B2 state of PO2 to correspond to the equilibrium ge
ometry of ground state O3. If one were to consider the bon
lengths as fixed, then the bond angle within PO2 would be
displaced from its equilibrium value by 27° for the groun
state, or by 5.6° for the 12B2 state. The linear 12B1 state of
PO2 would require drastic geometry changes by either 0
Å or 91°. These comparisons suggest that abstraction of
two end oxygen atoms by the P atom might proceed m
readily than through other mechanisms with transition sta
of other geometries. Furthermore, suggestive of a small
rier is the fact that the O3 molecule can be characterized as
‘‘diradical’’ with an unpaired electron on each end atom49
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While SbO2 and BiO2 geometries are not available, th
Sb–O and Bi–O bond lengths are expected to be sig
cantly greater than the P–O bond length as Sb and Bi
much larger atoms. The bond lengths of PO, SbO, and
are 1.476, 1.826, and 1.934 Å, respectively.34 The dioxides
of Sb and Bi might be too large to lead to dioxides within
single step. Any transition state potentially leading to t
dioxide product might simply be too far from the equilibriu
of ground state O3 and too far from the equilibrium of ex
cited states of the dioxide products to allow access at
collision energy. This geometry change is consistent with
high-energy barrier associated with the earlier peak in tim
dependent spectra of both Bi atom and Sbn1O3 reactions.

Possibly more important than geometric considerati
of electronic states is the role of ionic surfaces in the mec
nisms for some of the CL pathways observed. Specifica
the question of whether a harpooning mechanism may
active for Sb and Bi forming monoxides, in addition to a
other possible mechanisms, which might lead to dioxid
One might expect the harpoon mechanism to be unimpor
for the P reactions because of a much shorter distanc
which an electron jump would occur. An electron jump fro
M to O3 yielding an O3

2 that would dissociate most favorab
to O21O2.50 The O2 molecule would be very stable and th
O2 would be much more likely to react, and thus form MO*.
In the absence of any harpooning mechanism, the forma
of PO2* would then be preferred over the formation of PO*
from ions. In fact, the harpooning distance for P is much l
than for Sb and Bi, 1.72 vs 2.20 and 2.78 Å, respective
These distances were calculated from ionization potential

FIG. 10. Geometries of ground state O3 reactant compared to product PO2 in
some of the energetically accessible electronic states. The transition
involving the four atoms would likely be somewhere between the O3 and
one of the PO2 geometries. Of the three states of PO2 depicted, the 12B2

appears to be the one most likely to form, on the basis of geometry,
most similar to an expected transition state for a side approach of th
atom. Note that the diagrams are not necessarily to scale, although the
generally reflective of the geometries involved.
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the group VA elements and the electron affinity of O3 ob-
tained from the CRC Handbook.51 The fact that they increas
in going down group VA is consistent with decreasing b
riers for reaching a crossing to an ionic surface leading
MO*, as suggested by our analysis of the fast peaks in
time-dependent spectra for Sb and Bi. Thus the barrie
reaction~1!, for M5P, is likely to be prohibitively high, and
a likely reason for our failure to observe PO* CL. For a
complete description of the harpooning mechanism,
Menzinger’s review.52

The differences between Bi and Sb are somewhat p
zling. Bi atoms apparently undergo a second-order proc
with respect to O3 to form BiO2, but in the case of Sbn , it is
the dimers that appear to undergo a second-order pro
with respect to O3 to form SbO2. It is possible that in each
case there might be another reaction channel that was
observed because its signal was swamped by the major
cess.

This system of reactions does call for further investig
tion since the experimental conditions in some of the exp
ments were less than ideal to gain a complete understan
of all the processes involved. The time-dependent exp
ments should be extended to higher collision energies
characterize the early peaks of the Sb and Bi reactions.
dispersed-CL spectra for Sb and Bi reactions should be s
ied at a larger range of O3 pressures to determine the onset
the two-step mechanism, as exhibited by second-order
pendences in O3. Also, an investigation into reactions o
these reactants leading to ground state products, possibl
laser-induced fluorescence, would be informative.

CONCLUSIONS

The reactions of P, Sb, and Bi atoms and dimers with3

lead to excited monoxides and dioxides under different c
ditions and apparently through different mechanisms. Ph
phorus atoms react via~2!. No PO* products were observed
Two-step mechanisms were not observed for P atoms
dimers. Antimony atoms were observed to react via~1! and
possibly through~2!. Antimony dimers were observed to re
act via the mechanisms~5!1~3! or ~7!1~10!. Antimony at-
oms may also react via~1!1~3!, although the presence of thi
mechanism is uncertain. Bismuth atoms appeared to r
through~1!, but not~2!, and through the two-step mechanis
~1!1~3!. Bismuth dimers were not observed to react.

The P1O3 time dependence indicated a barrierless,
tractive reaction cross section to form PO2* , while Sb and Bi
atom reactions with O3 required very high collision energie
~roughly 50 and 40 kJ mol21, respectively!, in order to form
excited state MO* products. Reactions observed to be seco
order in O3 for Sbn and Bi atoms showed no barrier to rea
tion.
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