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Studies of chemiluminescence in boron atom reactions

with O,, SO,, N,O, NO,, and H,0,

James DeHaven, Michael T. O’'Connor, and Paul Davidovits

Boston College, Department of Chemistry, Chestnut Hill, Massachusetts 02167

(Received 4 February 1981; accepted 7 May 1981)

Chemiluminescence has been observed in the single collision reaction of boron atoms with Q,, SO,, N,0,
NO,, and H,0,. The experiments were performed in a beam-gas apparatus using photon counting to detect
the optical signals. The electronically excited A *7 state of BO was observed in all the reactions. In addition,
the BO,(A4 7, ) state was observed in the reaction of boron with SO,. Cross sections for the production of
electronically excited molecules were determined. These cross sections for the reactions with O,, SO,, N,0,
NO,, and H,0, are, respectively, 0.048, 0.0078, 0.01, 0.023, and 0.005 A2 In the reactions of boron with S0,
the branching ratio was obtained for the two observed chemiluminescent reaction channels. The vibrational
distributions in the electronically excited state of BO were determined in the reactions where the spectra were

adequately resolved. Some implications of the results are discussed.

INTRODUCTION

The chemistry of boron has been an important and
fruitful area of research for many years.! Most of the
past work in this field, however, has been done in the
context of inorganic structure studies and organic syn-
thesis. Information about the gas phase chemistry of
boron is scarce, Until a few years ago no work had
been done in this area. However, there is now a grow-
ing activity in this field motivated in part by the in-
creased interest in the fundamental chemistry of non
metal atoms,?~® ‘

The position of boron in the periodic table between
metals and nonmetals makes it a good choice for such
studies. In common with the alkali metals, the isolated
boron atom has a single electron in its outer shell,
However, unlike the metal atoms, boron shows a strong
tendency toward hybridization and due to its high ioniza-
tion potential its reactions are not likely to be governed
by a long range electron transfer process. Thus, the
gas phase chemistry of boron is expected to be charac-
teristic of the more complex nonmetal interactions.

Yet the relative simplicity of the boron atom gives one
hope for observing meaningful patterns in the experi-
mental results which will perhaps lead to the formulation
of a reaction model.

In our laboratory we have developed techniques to
study the various aspects of boron atom reactions., We
report here studies of chemiluminescence observed in
the single collision reactions of boron atoms with O,,
80,;, N,O, NO,, and H,O,. From the detected chemi-
luminescence spectra we calculate the cross sections for
the production of electronically excited states of product
molecules and the vibrational distributions in those
states. This work is a continuation and extension of our
earlier experiments with O, and N,0.°%

The possible reaction pathways and the exoergicities!!
of the reactions are shown in Table I. Light from the
A %7 state of BO is observed in all the reactions. In
addition, the reaction of boron with SQ, produces elec-
tronically excited BO,. In the reaction of B with H;O,
the electronically excited OH molecule is observed.

A number of other potentially highly exoergic reac-
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tions were studied which did not yield measurable chem-
iluminescence, These included reactions with CQO,,
H,0, OCS, CS,, and several alcohols and ethers.

Chemiluminescence from boron atom reactions has
also been studied recently by Green and Gole.® These
authors studied reactions with O;, N,O, NO,, O;, and
ClO,. Under single collision conditions, chemilumines-
cence from reaction with O,, N;O, O;, and ClO, was due
exclusively to emission from the A %r state of BO. How-
ever, under the same conditions, in their experiments
with NO,, light from both the excited state of BO, as

TABLE 1. Exoergicities and possible channels for the reac-
tions.

AH (eV)
B(p,) +0,Cx}) BOX =% +0(P)) -3.23
| *BO(4 ®m) +0(P,) -0.31
BCP,) +80,(!4)) BO(X *£*) +SO(X 327) ~2.70
*BO(4 1) +SO(X 32°) +0.22
BO,(X 1) +SCP,) ~4.30
*BO,(4 *m,) +SCP,) -2.,03
BCP,) +N,0(x '5*) BOX 22%) +Ny(X 'z} -6.63
*BO( im) +Ny(X 121 -3.m
*BO(B ?z*) + No(X '2}) -1.31
B(P)+NO,(X %4,) BOKX *z*) +NOX *r) -5.20
*BO(A *1) +NOX *r) -2,28
BO,(X i) +N(*S;5) —4.,19
*BOy(4 ®mp) +N(%Sy,,) -1.92
B(CP,) +H,0, BOX 25*) +H,0 (X '4)) ~-6.95
*BO(4 21) + H,0 (X 14,) —4.03
BO(X *m) +Hy(X ') —7.56
*BO, (A 21,) +H,y (X 'z}) -5.29
HBO +OH (X 2r) ~5.14
*HBO + OH(4 °z*) —0.74
BOH +OH(X r) -0.22
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FIG. 1. Schematic diagram of the apparatus.

well as BO was observed, Under single collision con-~
ditions, we observe chemiluminescence only from ex-
cited BO. It has been suggested that the observation of
bimolecular processes producing BO, in the experi-
ments of Green and Gole results from a considerably
higher boron beam flux in their apparatus,!®

EXPERIMENT

The experiments were conducted in a beam-gas ap-
paratus shown schematically in Fig, 1. Boron atoms
were produced in a graphite-lined tantalum crucible
heated to between 2100 and 2400 K by electron bombard-
ment. It has been shown that thermal vaporization of
boron produces an essentially monatomic gas phase, 2
The oven was insulated by three concentric tantalum
heat shields and the agsembly was contained in a sep-
arately pumped chamber,

The boron atoms effused from the crucible through a
2 mm hole and entered the second chamber through a
2x10 mm slit opening. The beam passed into the light
shielded enclosure through a slit which formed a 2% 5
mm rectangular beam, The boron density in the beam
was about 1x 10° atomem™, The reaction zone was de-
fined by the area of the boron beam and the vertical ex-
tent of the solid angle subtended by the detection sys-
tem. The volume of this region was 0.128 ecm®, In the
case of O,, N;O, and SO, the reactant gas density was
measured with an ionization gauge which was calibrated
using a technique described by Loriot and Moran.'® The
densities of NO, and H,0, could not be measured with an

1747

ion gauge. Here the density was obtained from flow rate
measurements which were calibrated using flow -density
relationships obtained with O,. The gas pressure in the
reaction zone was in the range 107° to 10 Torr. In
most cases the experiments were done at the lower end
of the pressure range at less than 2x10** Torr, With
differential pumping the pressure in the oven chamber
was kept below 1x10”° Torr, Thus, the mean free path
of boron atoms was usually greater than 20 cm, which
is considerably longer than the distance from the oven
to the observation zone (that distance is 3 cm), Conse-
quently, the attenuation of the boron beam was not sig-
nificant and the measurements were under single col-
lision conditions.

For each species the reactant pressure in the chamber
was varied over a range sufficient to determine the re-
gion of linearity and single collision conditions, The
density of the boron beam was also varied to assure lin-
earity. In addition, various checks were performed to
show that the electrons which heat the boron containing
crucible did not affect the chemiluminescence measure-
ments,

The optical detection system consisted of 2 0.25 m
spectrometer and a photomultiplier cooled by a refriger-
ator unit. The output of the photomultiplier consisted of
pulses produced by individual photons. These pulses were
counted by an Ortec counter unit and were converted to
an analog signal which was recorded.

Optical shielding of the detection system from the
boron oven was provided by a tapered tube made black
by anodizing. The optical detection system was cali-
brated with standard light sources using the technique
described by Dickson, George, and Zare.!'* The light
shielding and the cooling of the photomultiplier allowed
the detection of signals as low as 5 photons/s™!,

RESULTS

The chemiluminescence spectra observed in the reac-
tion of boron atoms with O,, 80;, N,O, and NO, are
shown, respectively, in Figs. 2 to 5. The spectra in
Figs. 2, 3, and 5 were taken with an RCA-C31034-2
photomultiplier; the spectrum in Fig, 4 was obtained
with an EM1 6256 S(Q) photomultiplier, These spectra

T T T T T T T
B+ 02
I-1
2-0
1-0 24 FIG. 2. Chemiluminescence spectrum
3-0 0-0 01 y-2 0-2 observed in the B +0, reaction.
4-0 32 0-3
24 0-4

5-0

i i } 1 i i 1

320 400 480 560 640

WAVELENGTH (nm)
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FIG. 3. Chemiluminescence spec-

trum observed in the B+SO, reaction.

350

400

450 500
WAVELENGTH (nm)

are not corrected for the spectral response of the de-
tection system but the thermal background produced

by the boron oven has been subtracted, Below 400 nm
the chemiluminescence spectrum for N,O is similar to
that of NO,. However, because of the relatively poor
signal to noise in that region, the spectrum is not shown.

With all the relevant parameters calibrated the abso-
lute value of the cross section for the production of the
excited state can also be calculated. The cross sections
(o*) for the production of electronically excited states
were obtained for all the reactions. These cross sec-
tions are shown in Table II, which also shows the total
reaction cross sections (¢,) measured in a separate flow
experiment, ®

Possible errors in the determination of the cross sec-
tions o* arise from the uncertainties in the photomulti-
plier calibration (about 50%), oxidant pressure measure-

1 I i
B+N20 A —» X
4-0 ,_
30 20
6050
B —X
1 1 I
200 250 300 350 400
WAVELENGTH (nm)

FIG. 4. Chemiluminescence spectrum observed in the B+N,0
reaction.

550 600

ments (about 20%), and the boron flux calculation (about
50%). Thus, we estimate that the accuracy of the cross
section measurements is about a factor of 2.

Since the potential curves and the intensity factors
for the BO molecule are well known, the nascent vibra-
tional population distribution in the excited A4 %7 state
can be determined if the spectra are adequately re-
solved. The nascent vibrational population distribution
and the cross sections for the production of the specific
vibrational states are shown for the reactions B +0O, and
B +80, in Tables III and IV, respectively, The ratio of
populations is not identical to the ratio of cross sec-
tions, This is due to differences in the transition rates
for the various vibrational states. The distribution in
Table III is somewhat different from the data shown in
our earlier publication.® The difference is due to the
more accurate calibration of the present optical detec-
tion system,

DISCUSSION

The results for the reaction B +O, are essentially
the same as observed in our earlier work and also as
later reported by Hanner and Gole.? The spectrum
clearly shows vibrational excitation of the BO A 2r
state up to v=5. As is displayed in Table III, the pop-
ulation distribution in the excited state is a decreasing
function of vibrational number and can be approximated
by a Boltzmann distribution with a vibrational tempera-
ture T,;, 2360 K, The total cross section for the pro-
duction of the BO A % state is 0.048 A%,

The energy required to reach the y=5 state is 3.70
eV, If the exoergicity of the reaction is 3.23 eV as
shown in Table I, then the energy deficit to excite this
state must be provided by the thermal energy of the re-
actants. Specifically, as pointed out earlier,® much of
the kinetic energy of the boron atoms (beam tempera-
ture ~2300 K) must be utilized in the reaction channel
which produces vibrationally excited BO(A%r). The
near coincidence of the boron beam temperature with the

J. Chem. Phys., Vol. 75, No. 4, 15 August 1981
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1 |

FIG. 5. Chemiluminescence spec-
trum observed in the B+NO, reaction.

| 1
400 450 500

WAVELENGTH (nm)

i
260 300 350

vibrational temperature of the product BO* suggests that
perhaps the translational energy is directly transferred
into vibrations, On the other hand, this coincidence
may be fortuitous in which case the electronically ex-
cited states are most likely produced by the boron atoms
in the high velocity tail of the initial distribution.

B+S0,

The chemiluminescence from the single collision re-
action of boron with SO, clearly shows light from both
the A 27 state of BO and the 4 7, state of BO, (see Fig.
3). These two states are formed with about equal prob-
ability (0},=0.004 A%, og,, =0.0038 A%).

The vibrational distribution in the A 2y state of BO is
shown in Table IV. As with O, the distribution is ap-
proximately Boltzmann, characterized by a tempera-

TABLE II. Chemiluminescence and total reaction cross sections.

1
550 600

ture of 2280 K. Here again one must assume that part
of the energy required to produce the observed states is
provided by the kinetic energy of the boron atoms,

As shown in Table II, the cross section for the pro-
duction of excited BO is almost exactly a factor of 10
smaller in the SO, reaction than in the O, reaction. A
possible clue to this difference is obtained from energy
considerations. We may postulate that the ratio of the
chemiluminescence cross sections for the production of
electronically excited BO is given by

30(80,)

g =
—0’*%()—2T—EXD —(AE/kT) N

where AE is the difference in the exoergicity of the two
reactions, This calculation yields a ratio of 0,07 which
is close to our measurements.

Total reaction Chemiluminescent
cross section cross section
op (A7) o* (A%
B+0, 5.2 BOA M +0(P,) 0.048
B+80, 13 BO(A ir) +s0(x 327) 0. 004
BO,(4 1) +s¢P,) 0.0038
0. 0024 BO(A ’m) +Nyx '£}) 0.01
B+N,0 B2z (~0.001)
B+NO, BO(4 1) + NOKX *m) 0.23
BAHO 5.74 BO(A *m) +H,0(X 14,) 0, 004
2 HBO +OH(4 Iz*) 0.0008(?)

TABLE III. Vibrational distribution in the A *r state of BO V,..) and the production cross sec-

tion (03} for the B+0, reaction.

v'= 0 1 2 3 4 5
N, 1 0.59 0.23 0.13 0.07 0.03
ox (A9 0,021 0.013 0.0064 0.0040 0.0022 0. 0007

J. Chem. Phys,, Vol. 75, No. 4, 16 August 1981
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TABLE IV. Vibrational distribution in the A ’ state of BO(V o)
and the production cross section o for the B+80, reaction.

v'= 0 1 2 3 4
N, 1 0.5 0.19 0.1 0. 005
ax (AY) 0.0019  0.0011 0.0005  0.0003 0.0002
B+N,0

The light emitted in the reaction of boron atoms with
N,O is in the spectral region between 2000 and 6000 A.
The main part of the spectrum is due to emission from
the A %7 state, The chemiluminescence below 270 nm
may be due to radiation from the B2¥ state or, as sug-
gested by Hanner and Gole, ? its source may be higher
vibrational levels of the A 27 state.

The chemiluminescence cross section for this reac-
tion is about 0,01 A%, The vibrational distribution in
the A % is not as clearly resolved here as it is in the
reactions with O,. This is probably due to the greater
exoergicity of this reaction which leads to a higher vi-
brational and rotational excitation of the product BO
molecule and consequently also to a more complex
chemiluminescence spectrum. It was the lower resolu-
tion of the spectrum that prevented us from observing
this chemiluminescence in our earlier less sensitive
experiments,

The spectrum is not adequately resolved for the deter-
mination of excited state vibrational distributions, It is
however evident from the spectrum in Fig, 4 that the
chemiluminescence from the A%r, v=4 state is greater
than the emission from the neighboring states. This
feature is more pronounced in the spectra observed by
Hanner and Gole, ® who attributed this to collisional V-E
transfer from the vibrationally excited ground state BO,
i.e., BO(X?%3*, v' =17)+X~BO(A%r,,,,v' =4) +X.

As shown in Table II, the chemiluminescence cross
section (0.01 A?) is greater than the total reaction cross
section by a factor of 4. A possible explanation for this

DeHaven, O'Connor, and Davidovits: Chemiluminescence in boron atom reactions

discrepancy is the difference in the temperature at
which these two measurements were obtained. The
chemiluminescence cross sections were obtained at a
boron beam temperature of 2400 K whereas the total rate
coefficients were measured at room temperature, This
explanation implies that the reaction of boron with N,O
is hindered by an activation energy with an upper limit
of about 0,045 eV,

B+NO,

The chemiluminescence spectrum for the B + NO, re-
action is similar to the one obtained with N,O except
that it is shifted in energy in accord with the lower exo-
ergicity of this reaction, However, the cross section
for the production of electronically excited states is
larger by about a factor of 20.

In contrast to the reactions of boron with SO,, here
chemiluminescence from electronically excited BO, is
not observed under single collision conditions. How-
ever, chemiluminescence from the A %r state of BO, is
observed at higher densities of NO, where multiple col-
lision reactions are expected. The onset of BO, chemi-
luminescence in our system occurs at about 3x 1073
Torr. In this pressure range, Crumley and Gole'? also
observe BO, produced in large part by secondary colli-
sions, finding that secondary processes contribute to
BO, chemiluminescence at pressures in excess of
4%10™ Torr. As the NO, density is raised, the BO,
chemiluminescence increases while the BO chemilumi-
nescence decreases, probably due to the attenuation of
the boron beam. This is shown in Fig, 6, which com-
pares the spectra observed under single and multiple
collision conditions. Rate calculations show that the ob-
served chemiluminescence from BOZ is consistent with
the two step process (1) B + NO, ~ BO + NO; (2) BO +NO,
- BO¥ +NO, We estimate from our measurements that
the cross section for the reaction BO + NO, -~ BO# + NO
is equal to or less than 0.8 A2,

Naturally, it is of interest to consider why BO, is
much more readily produced in the reaction with SO,
than that with NO,. In a previous publication DiGiuseppe

T T T T T T
B+NO,
40
6,0 3,0
50 . 140-000
10 '
7.0 2,0 2,1 .7 " 120-000
a =3 Y 60-000 FIG. 6. Chemiluminescence spec-
a0 RV LR RN trum observed in the B+NO, reac-
VN B P . % 000-000 tion under low reactant pressure (—)
/ ¥ Wy Y W N '__ ey and high reactant pressure (- - --)
: o RYEEAY conditions.
Il'l
I’
1 1 L b} 1 1
260 300 350 400 450 500 550 600

WAVELENGTH (nm)
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and Davidovits® examined the possibility that the electron
affinity of the molecule may be the main factor which de-
termines its reactivity with boron. They suggested that
reactions with molecules having large negative electron
affinities would be blocked while the reactions of
molecules with large positive electron affinities would
proceed readily. The reactivities of molecules with
small electron affinities (positive or negative) may fall
into either category depending on the interactions within
the collision complex. This approach may provide a
clue here as well. Consider the collision complex con-
sisting of boron and SO, or NO,. If we assume that
within this complex BO is formed first, the formation
of BO, is then perhaps governed by the electron affinity
of the other component (i,e., SO is the reaction with
SO, and NO in the reaction with NO,). Our experimental
results are consistent with this suggestion, The elec-
tron affinity of SO is quoted'*® to be greater than 1.1
eV. Thus, one would anticipate the formation of BO, in
the reaction of boron with SO,. On the other hand, the
electron affinity of NO is close to zero'® and therefore
in the reaction with NO, the BO, channel is blocked,
Certainly, more data is required to build our confidence
in this picture,

B+H,0,

The signal to noise ratio in the B +H,0, experiments
is somewhat poor. Still, the production of electronically
excited BO is clearly evident., Vibrational bands up to
v=5 are resolved, The formation of BO implies a re-
arrangement in which a hydrogen atom migrates from
one oxygen to the other,

About 15% of the measured chemiluminescence ema-
nates from the electronically excited A2x* state of OH.
Our tests indicate that the excited OH is produced by the
primary reaction B +H,0,. However, the signal here
is too small to establish this with complete certainty,
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