2040 J. Phys. Chem. A997,101, 2040-2044

Orange Flame from Active Nitrogen and Oxygen in the Absence of a Metal Catalyst
Resulting from Collisional Intersystem Crossing into Ny(B 3I1)
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The discovery of an orange flame is reported that appears also at higher pressures of active nitrogen and
oxygen without the presence of a metal catalyst unlike previous research in over 30 years. Enhancement of
emissions of the first positive band system of nitrogen was observed from various vibrational levels of the
N2(B 3I1g) state. Arguments to identify the species responsible and implications to previous research of this
phenomenon of homogeneous excitation and collisional intersystem crossing(@ti 1Y) induced by excited

O, are presented. Its probing for lasing is suggested.

Introduction MOLECULAR
SIEVE
COLD TRAP

For more than 30 years extensive research work has been
carried out on radiationless energy transfer and emissions of
radiation attributed to metal surface catalyzed (heterogeneous, coLo TraP
in general) formation of species. Such species of great & pPump
importance also to various applications are excited molecular ‘

states of nitrogef, 4 oxygen®=8 nitric oxide238-%and nitrogen NITROGEN
dioxide?810 They are observed in a gas flow of active nitrogen TANK
(or nitric oxide to form nitrogen dioxide) and active oxygen -

premixed or mixed after activation or separately (e.g., as in the HoLLow Tens MO AT

study of excited molecular oxygen states) in laboratories on TUBE & LIQUID AIR TRAP

Earth or in space (e.g., the shuttle glow) Also innumerable

investigations of the nitrogen afterglétvwith and without ‘

oxygen species have been carried out for more than 100 years Ej SPECTROMETER

for basic resea}rch and for a brpad spectrum of applications such,:igure 1. Schematic of the apparatus.

as atmospheric process@s? discharges and plasméslaser

excitation® and semiconductor processitfgIn some of these in the reactor and had zero intensity near the walls, thus
investigations in the presence of a metal, enhancement ofjngicating no contribution from heterogeneous wall effects. The
background nitrogen afterglow emissions in the form of a red 5.tive species were generated by flowing nitrogen and oxygen,

4 i i i 1
flame was reporte#,* when a mixed stream of nitrogen atoms  separately, through 2450 MHz microwave (mw) discharges. The
and discharged oxygen was passed over a metal surface. 1t wagoys were mixed inside a cylindrical flow reactor initially made

initially* ascribed to metal-catalyzed formation of NOtH) of Pyrex9band later of quart?¢ Figure 1 shows a schematic
from N and O, which upon reacting with N atoms led to red ¢ e apparatus. Gas flows in the range of about@ bar
chemiluminescence. However in later work the red flame ..3/swere used. The reactors had an i.d. of£8® cm. The
appeared even when a metal was placed in the active nitrogenyfiergiow emissions were observed in variable low resolution
flow upstream of the discharged oxygen fléi.The obsgrved (to 3 A) with spectrometers, filters, and detectors (Ge, Si, and
enhancement of emissions fram= 6, 7, and 8 of N(B 1H9) photomultipliers with S-20, S-5, and 605s photocathodes) from
was ascribel to probably excited @ more likely O(a *Ay), IR to UV. Scattered light to the detectors used from the mw

interacting in the gas phase with( °%,") formed at the metal  jiscparges used and external sources was eliminated with

surface. The red flame could not be observed unless both ag;. . 44rd techniques (e.g., by using Wood's horns, black paint,

metal and discharged oxygen were added to the active nitrogeny o cioth, etc.). Gratings blazed in the first order at 600 nm

flow at <1 Torr. Further research on the mechanism of this and at 1um were used. A requirement for the appearance of

surface-catalyzed flame was done more receftly. the orange flame with band intensityover the background

emissions in the nitrogen afterglow with band intensityvas

the activation of the oxygen species in the oxygen flow entering
In the present work the appearance of a bright orange flame the reactor. When the oxygen mw discharge was off, the orange

is reported from the mixing of active nitrogen and active oxygen flame disappeared. Only the background emissions remained

gas streams also at much higheraid Q pressures and without ~ from discharged A mixed with undischarged Owith band

the presence of a metal for the first time. The flame predomi- intensitylo (Al =1 — lo).

nated over the background afterglow emissions and could also

be observed with the lab lights on. The flame extended axially Results and Discussion

Experimental Section

t Address during a sabbatical leave. ~ A spectroscopic investigation has been conducted of excita-
€ Abstract published ilAdvance ACS Abstractdanuary 15, 1997. tion and deexcitation of molecular species in gas mixtures of
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active nitrogen and active oxygen. The investigation concen- a 0.5 ]
trated on the first positive band system (1pbs) of nitrogeXBN

3I1g) — Na(A 3%,1), although other band systems,(®IO, Ny)

were preliminarily examined and further work on them is
planned. The extent of the enhancement of emissions depended
on the proximity to the mixing region of the active species and 0.4f-
the N, and Q pressure, which was sometime20 times higher
than that in the pasf. The enhancement was observed in the
flame and downstream from it (by tens of milliseconds). A
plot of the relative enhancemenil/l, of the intensityl, of o

radiation from the background 1pbs emissions in the presence I 0.3

of undischarged @ which is enhanced by active oxygen to

intensityl, vs Ny(B,v) is shown for some cases for observation AL o
normal to the flow direction: downstream of the mixing region L.

(over 50 ms in flow time) at 5.5 mbar nitrogen and 0.1 mbar o2 °

oxygen in Figure 2a; and at higher pressures (15 mba0I9
mbar Q, at a flow velocity of about 0.2 m/s) closex {0 ms)
to the mixing region, where the flame originated, in Figure 2b. o
Enhancement from many vibrational levels upu#to= 18 is
shown in Figure 2b for the case of a nitrogen “pink” afterglow.
Figure 2a shows no emission from = 10 in the present
homogeneous gaseous excitation as in the heterogeneous
excitation of N species; where emissions fronr > 9 were
reported suppressed. This may indicate similar excitation of
the precursor species that populate(Byv) in the nitrogen ol 11 it 1
afterglow under the action of active oxygen in both cases. Much 1234567
higher enhancements than those in Figure 2b were also observed, VN2(33 v
e.g., even up ta 50 times higher for emissions fromy(8,v=6).
The much larger relative enhancement frors 6 was evident b 28 °
in all cases as in Figure 2. At distances downstream from the [
discharges~0.1 s flow time) and at total pressures up to 10.7 26
mbar with 1< N»/O, < 100 a similar preferential enhancement
from v = 6 was observed. In some experiments when the O
pressure was increased with the pdessure kept constant, the 22l
relative increase in the emissions frams 6 was larger than L *
that fromv» = 11. Spectra of the 1pbs of,Nare shown in 20k
Figures 3 and 4. - e o
Experiments to obtain information on the oxygen and nitrogen 1\ 1.8
species responsible for the 1pbs enhancement included monitor- A
ing the concentrations of £a'Ag) and Q(b =4*) and that of i
O atoms. Thev = 0 — ¢/ = 0 emissions to gX 3%47) at Lal °
1268 and 762 nm and the NDemission in the presence of L
NO?%21were measured as a function of the oxygen discharge 1.2f
mw power, before and after mixing with nitrogen. These were -
compared with the corresponding change of the 1pbs enhance- 10 .
ment. The Q) signal was very small and could be observed B . ®e
photometrically only without Bl In a N, Lewis—Rayleigh L
afterglow the 1pbs emission intensity is proportida&b [N]2 o6} ° ¢
Therefore, since the observed 1pbs enhancement is nonuniform R
(Figure 2) even under the normal afterglow conditions (emis- o
sions only fromv < 12), it is deduced that it is not the usual N vo 3
atom recombination that is mainly responsible for this phenom- Nz “Ilg)—
enon. NOf emissions were observed in the mixing region, rjgre 2. Relative enhancement of first positive band system (1pbs)
when oxygen was added upstream of the nitrogen inlet. They emissions of N from a gas mixture of discharged nitrogen and
disappeared in the mixing region and very close to the oxygen separately discharged oxygen in a flow reactbrepresents N1pbs
inlet, when oxygen was added downstream of nitrogen, even band intensity. I, represents N1pbs band intensity, however, from a
though 1pbs enhancement was observed there. These result§3S mixture of discharged nitrogen as above and undischarged oxygen

o . . in the same flow reactorAl =1 — 1,. (a) Downstream of the mixing
suggest that it is someJNpecies that are responsible for fast region.Py, = 5.5 mbar. P, = 0.1 mbar. (b) Near the mixing region

collisional intersystem energy transfer tg(&) by colliding with of a “pink” nitrogen afterglow (extending visually downstream almost
active oxygen rather than with excited NO, before N atoms to the oxygen inlet) with oxygenPy, = 15.0 mbar. Po, = 0.9 mbar.
can react with O atoms or recombine by O atoms. Thus from The maximum absolute deviation of intensities was 10%.

these observations of nonuniform, fast 1pbs enhancement

from low/high v of N»(B), even after times longer than 0.1 s involving collisions of N species with oxygen species. Ener-
from the discharges, it is surmised that 1pbs enhancementgetically possible Mspecies are vibrationally excitecb NN,
appears by a mechanism of collisional crossing intgB) metastable B{A), and other N* species that can be generated
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Figure 3. Emission spectra showing they = 2, Av = 3, andAv = 4 band sequences of the first positive band system (1pbs)(&f I, — A

8%,%). The vibrational levels of each band in a 1pbs sequence are shown over each band wi(B tFié Nvibrational level of each band shown

first. The spectra were obtained by adding (a, top spectrum) discharged oxygen to a “pink” nitrogen afterglow with a scale factor of 3 and (b, lower
spectrum) undischarged oxygen to the same “pink” nitrogen afterglow with a scale factor of 1. In botR\gasei2.0 mbar andPo, = 0.7 mbar.

The spectra are not corrected for grating and detector nonuniform spectral response.
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Figure 4. Emission spectra showing ther = 4 andAv = 5 band sequences of;Npbs with (a, top spectrum) and without (b, lower spectrum)
discharged oxygen with a scale factor of 1 and the rest of the experimental conditions the same as those in Figure 3. On the right side (c) the
emission spectrum with discharged oxygen is shown for somehigh= 5 bands at higher resolution with a scale factor of (3, = 10.3 mbar

andPo, = 0.3 mbar.

in the N, afterglow and may cross into the,(B) state or are The intensity of emission from a large flame appeared to
coupled to N(B) like Nao(W 3A,), No(B' 3Z,7) and Ny(A’ 5Zg1).12 optimize by the eye at low mw power of the oxygen discharge
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and high mw power of the nitrogen discharge. The latter spectrum® This would be expected of similarly (electron
observation was confirmed by quantitative measurements onimpact) excited N at similar fluorescence times, before long
the intensity of various 1pbs bands. The comparison of the fluorescence or any collisions change it. However after one
guantitative effect of the change of the oxygen discharge mw collision in passing through £or NO or N,, etc., the molecules
power on the excited £xoncentration and on the 1pbs intensity in the beam are reported to show (no spectrum fpis@hown)
led to the following results: it showed that the initial concentra- large enhancement of their emission with the largest one from
tion of O;(*A) and Q(*X) changed similarly to the observed Nz(B,v=6), as in this work. The spectral distribution after one
1pbs intensity, in contrast to [O], which changed rather collision with Ny also shows that the longer lifetime species
proportionally to NO emissions (with the flame on). In an ascribed to MA) cross into N(B,») for all v < 12; however,
experiment discharged oxygen was passed through a piece ofhey cross faster for = 6 and 4. These levels have a small
quartz tubing with a ring of mercuric oxide film (for O atom energy gap with the MA,»'=16) and N(A,/=13). The shorter
removal) in it and subsequently througk-& cm piece of Tygon lifetime species ascribed to,V) appear in the spectrum to
tubing, before entering the reactor. No change in the orangecross into N(B,v) significantly at least for» = 5, 6, and 7.
flame was observed. Spectral scans with and without the These N(B) levels are close to theXW,."") ones fors" = 6,
mercuric oxide showed no significant changes in visible 1pbs 7, and 8. Therefore the XA) state cannot be excluded; both
emissions. That O atoms are unlikely to cause this 1pbs N2(A) and Nx(W) are probably involved in this excitation of
enhancement results also from the observations that the flameN2(B). Nevertheless, involvement also of some other species
intensity appeared to optimize at low, @ischarge mw power  cannot be excluded. Such species agk trough its reported
(i.e. at low O concentration), as mentioned earlier, and that the reaction with N(A)?% and other N* states, as mentioned
O, addition to the N afterglow does not change they(B) previously, especially for excitation ofAB,»>12) induced by
distribution significantly. However in such a gas mixture there Oz*. Collisional intersystem crossing fromy{B) into N(B")27
are already O atoms, as expected from the chemical reactions2nd from N(a'I1g) into (d 'X,7)?° as well as the absorptié#
of O, with species in the Nafterglow and as evidenced by and laser-induced fluorescede after earlier failuré® for
NO* emissions, but no 1pbs enhancement has been observedN2(C" °I1y) — (A’ °%5") were directly observed recently. The
O,' (vibrationally excited) is considered unlikely since it may Previous arguments for this collisional energy transfer lead to
be excited in active Nwithout leading to 1pbs enhancement. the next possible equation for the mechanisgi & Nz* —
Also, when active oxygen flowed through glass wool (for O Na(B.v) + O2', where Q' may be ground state r excited
vibrational relaxation), there was no effect on the flame. Itis Oz N2* or N2' may act as a third body.
concluded that electronically excited,,00.*, is the likely Interference of this excitation may more or less have affected
candidate for this phenomenon with(@\) the most likely one, previous research. For example, all values of rate constants
because of the very low concentration and the faster quenchingfor the reaction of O atoms (from discharged oxygen) with
rate of Q('Z) (or of another G* state). N2(A) (from discharged nitrogen, or from excitation transfer to
About 25 years ago MA) was considered the main,lState N2 by Ar metastables) may be affected, if indeedA interacts
involved in populating NB) in the nitrogen afterglow in with Oz* in this phenomenon, becausg™@s formed along with
general? and in its surface-catalyzed excitation, in particdfar. O @toms in (and outside) the discharge. This should be taken
However, after the discovery of the optical transitions and the INt0 accountalso in (upper) atmospheric mo#fets anywhere
indicated collisional coupling of NB<*W)!213and during the such N(A) interactions matter. Such reactions of O atoms

gradual extension of the available knowledge on the chemical Produced even from the reaction NON may be affected by

kinetics and dynamics of the quenching of metastablAN ths collisional exutatl%n due to ?cgentgggA) forlmgnon in
by atoms such as K&) and OfP) and molecules such as heterogeneous recombination of O atdfhsSpeculative esti-

05,2224 there has been a shift away from(R).22 This shift mates of pos_sible error up to 30% from the interaction g3yl
turned in favor of N(W)!2 as the main state responsible for with tOZ(tlA% tlir: somet.cases vieg r(_ar[:;]or%ééevz“ for thbe rate
collisional intersystem crossing into,(8). This occurred not ﬁpnhs an I':)d N r%ac |onr2]I(\A) ¢ t. € errgr tmay *e even
only for N, metal-catalyzed excitatiof but also for a low-  gher. It depends on how fast, compared tg O;* may
altitude auror® and relaxation with coupling of XB).2-27 This interact with N(A). All values reported for the rate constants

i i 1 ied1—-33 j
shift may have led to the indicated unawareness about thefor the chemical reaction Ni Ox(*A) studied n N

possible fast B(A) + Oy* interaction that may interfere in the aftergl_ow_s_ may be at most upper limits, if_thi_s reac_tion oceurs
determination of the rate coefficient of the reactiop() + at a significant rate, because of the possibility of interference

0212324 glthough such an interaction had already been of the energy transfer between(@\) and N(A) or some other

proposed for a fast energy transfer process induced BAD N2* species. This energy transfer has also probably caused the
that populates NB).%7 too large increase in background emissions and affected the

_ ) results reported34in the study of the reaction of J§A) with
However experiments have shown two componentsy({BN

O from discharged oxygen.
fluorescence deca?. 28 Also recently the results of molecular
beam one-collision crossing into,{8,2)?8 showed (from the
different 1pbs spectral distributions at two beam flight-times)
that there are at least two species that populatéBNby A flame and/or a simple enhancement of Mfterglow
collisional intersystem crossing: one (or more) of shorter and emissions caused by active oxygen were also reported in the
another one (or more) of longer lifetime. They were ascribed past in other experiments#17.183537 They show aspects of
to N2(W) and Ny(A) on the basis of their shorter and longer the same basic phenomenon reported here, i.e., enhancement
lifetime, respectively. The experimental results in Figure 4 of of the 1pbs due to collisional intersystem excitation transfer
Ottinger and co-worke?gshow their 1pb&\v = 3 sequence in  into Ny(B) induced by collisions with apparently excitec.O
the N, afterglow spectrum of an active nitrogen molecular beam, However, in all of the previous works the ocurrence of the 1pbs
before undergoing any collision. The sequence is almost enhancement was related to some different factor, namely, either
identical (except for some shift in their wavelength for each to the presence of a metal atl Torr, or only to the mixing
band, presumably due to inadvertent error) to that of an auroraregion of the dischargedJ @and N streams during some of the

Further Discussion and Conclusion
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TABLE 1: Summary of Research Work That May Have
Been Affected by This Excitation to Ny(B °Il,)

reference
1. rate of interaction between,(A 3=,") and O 21, 23, 24, 34
2. rate of interaction between N and(@Ag) 31-33
3. exclusion of the role of A 3Z,7) in 13, 18, 22, 2527

populating N(B 3I1g)
. mechanism of the XB °I1,) vibrational
redistribution

35

photometric attempts to determine the rate constant of the O
(*A) reaction with N atoms in the Nafterglow3%:37 or to the
effect of O (and H) aton®8 in the study of the vibrational
redistribution of N(B). This was reported to occur only at a
N, pressure of 0.021.0 Torr and was considered to be in
agreement with earlier work. However, it is contrary to the
work later revise#f and to results in this work. For this reason
or for some other unknown reason(s) this homogeneous
intersystem crossing intoXB) apparently induced by collisions
between N* and excited @, as evidenced by nonuniform
enhancement of N1pbs emissions in a broad range of total
pressure and MO, ratios, remained unnoticed. It has probably
affected several investigatiolissummarized in Table 1, as a
recent reinterpretatiéh of experimental result$ 24335 also
shows, and it should be taken into account in all pertinent
applications. This reinterpretati#ftprovides additional support
for the role of N(A) and G* in this excitation. It might even
help shed more light on, if not elucidate, the mechanism of the
nitrogen afterglow in general and that of the*S)( recombina-
tion in particular, which are not yet fully resolvéd?® for
example, by determining the populating and depopulating effect
of Ox* on various N* states. It was previously conjectured
that by variation of the Bland Q pressure, similar precursor-
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