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Silicon atoms reacf under single collision condidor- wiil NO, IO yield inrense ehemifuminescent emission from xhe SiO 

a3E+-X ‘E+ and b3rI -X Ix+ intercombination band systems and weak emission from tie A’II -X ‘E* band sysrem. WhjIe 
the cross section for formation of the SiO a3S+ and b311 stales appears to be noxably greater than xhat for Ihe far more 

exolhermic Si+NzO reaction_ ,the observed intercombination emissions from the Si-NO> reaction involve far fewer b311 
vibrational quantum levels and hence considerably less spectral overlap. This faeilitawzs the first obsenation of emission from 

SiO a%’ vibrational quantum levels. L”> 0. Pressure-dependent studies demonstrate that the SiO A’II and b311 (Pi- -z 3 
X10-’ Torr) states are formed in processes first order in oxidant while some collision-induced population of the veq 

lor,g-lived SiO a3E+ state (c’=G) may occur in combination with direct product formation even at very low pressures. 

Temperature-dependent studies are used 10 indicate that reaction has occurred with ground-state Si ‘P atoms and that the SiO 
b3fI ( EA = 4-02 1.1 kcal/mole) and a ‘X+ (& = 1.8 f 11 kcal/mole) scales are formed with a considerably lower activation 

energy *an the A’II stare (EA = 7-4212 kcal/mole). The activation energy for formation of the a3ZL sfa~e. which may be’ 

negligible is significantly smaller than that for formation of the b3fI stale. providing some evidence for a dynamical process 

involving formation of a3S+ at large imernudear distance and possible subsequenr !ransfer fo b’ll rovibronic levels fo which 

the a3Z1 state is strongly coupled. Higher-pressure studies also provide suppon for this mechanism_ An analysis of tie weak 

emission from the SiO A’11 state allows a determination of a lower bound (f$(SiO) 2 lg6.7i 1.7 kcal/mole) for the SO bond 
energy The contra&d extension of thy outlined single collision studies to ele-ared pressures (1) leads IO a q&c&d SiO A’II 
emission feamrz (2) provides additional information on SiO aSZ+ vibrational quanzum levels. c-z- 0 and (3) indicares. 
lhrough a comparison of single and multiple collision chemiluminescenr spectra the presence of a significant ultrafast E-E 

transfer between Lhe SiO a31+ and b311 states. rhe dominant inrrarnolecular process corresponding 10 SiO alY+. c’G3+Ar 
+SiO b3H. u=Z+Ar_ 

l_ Introduction 

B&use of the conception, based on reac- 
tant-product correla_tious, that the S&N,0 reac- 

tion, through spin conservation, might provide a 
means for selectively producing excited el,ectronic 
triplet states, efforts [l-3] have .focused on the 
characterizatiqn of this metathesis. The results have 
not only provided a wealth of. information but also 
raised ‘several questions concerning the nature. of 
(1) the SiQ triplet states formed -in reaction and 
the-coupling between these states and (2) the dy- 

namics of the Si-NzO reaction. Silicon reacts with 
N1O in a very exothermic process liberating 6.74 
eV of energy of which only a maximum of 80% 
can be accounted in product SiO internal ex&ta- 
tion. As we have exemplified in the previous dis- 
cussion, f3] under single collision conditions. the 
significant energy release can result in a rather 
complicated tid somewhat overlapped SiO spec- 
w- Fortunately _the maguitude of the SiO bond 
en&r,o provides the opportunity to study an alter- 
nate, far less exothermic; metathesis tihose:chem- 
ilukinescent signature- is far less complicated and 
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whose rate coefficient should exceed- that for Si + 
NzO *. 

We have approached the study of the Si-NO’ 
reaction with the view of both simplifying and 
enhancing that information garnered from the’ 
study of the Si + NzO metathesis [3]. The Si + NO? 
reaction is expected to proceed with a higher cross 
section and produce SiO molecules with lower 
internal (rovibrational) excitation_ In addition. 
there is reason to believe that the Si-NO, 
metathesis should also proceed readily via the 
triplet forming process 

reaction (1) and provide some evidence for the 
formation of the a3z+ state at large internuclear 
distance and subsequent transfer to b31T_ Because 
of its higher cross section and significantly smaller 
reaction exoergicity, the Si-NOz reaction provides 
the first opportunity to observe a3Z’~vibrational 
quantum levels. u 3 1. Through controlled exten- 
sion to multiple collision conditions we are able to 
further expand our knowledge of the a3z* state 
and find evidence for ultrafast energy transfer 
among the a3x* and b3rl states. 

Si(“P) + NO,(‘A,) -+ SiO(asHi. bsII. _ _ _ ) 

+ NO(‘l-I), (1) 

although the formation of ground state X ‘z+ SiO 
is not precluded by spin conservation_ Questions 
arise regarding the relative branching ratios for 
formation in the a3xi and b’II states (versus 
Si + NzO). Under single collision conditions. the 
a-NO, metathesis which is = 5.24 eV exothermic 
yields emission corresponding to the SiO 
a’Z ‘-X ‘Z i and b’II-X ‘Z i intercombination 
bands and very weak emission corresponding to 
the A’n-X ‘Z* band system_ The combination of 
single and multiple collision studies demonstrates 
that the A’II state is populated as a result of the 
reaction of silicon atoms in the high-energy tail of 
the silicon beam thermal distribution. The exten- 
sion of the present single collision studies to multi- 
ple collision conditions thermalizing the silicon 
atoms to = 600 K results in the complete quench- 
ing of the AllI-X’Z’ fluorescence [6]. An analy- 
sis of the weak emission from the A’lI state leads 
to the evaluation of a lower bound for the SiO 
bond energy (186.7 2 l-7 l!cal/mole) in good 
agreement with mass spectroscopy [7]. 

Measured activation energies for formation of 
the a3xi, b’ll and A’II states reflect the prob- 
able validity of the spin conservation implied in 

2. Esperlmental 

Silicon atoms distributed thermally among the 
ground-state 3Po_,z components were reacted with 
NO? to produce an intense blue emission in a 
process exothermic by = 5.25 eV. The metal 
beam was formed under single collision conditions 
in a beam-gas arrangement using two configura- 
tions, the first of which was identical to that 
described previously for our study of the Si-N,O 
metathesis [3]. A second set of single collision 
experiments involved an oven configuration simi- 
lar to that used previously for multiple collision 
studies [8]; the Si-NO2 reaction was studied over 
the pressure range 10-5-10-3 Torr_ Silicon was 
vaporized over the range 1600-2050°C from a c-s. 
grade graphite crucible_ The capped crucible was 
machined to fit inside a commercial tungsten 
basket heater (R-D. Mathis. Long Beach. CA) 
which was wrapped with several layers of zirconia, 
ZrO?, cloth (Zircar Products, Florida, NY). The 
silicon vapor was reacted directly with NO,. 

* The Si + NO2 reaction is far less exothermic since the O-NO 
bond energy exceeds that of O-N, by = 15 eV_ Because the 
NO1 vertical elec~~~~ aftiniiry (236fO.10 eV_ ref. (41) consid- 

erably exceeds that for NzO (-O.lS+O.l eV, ref. [S]) 
coulombic forces are expected to play a much larger role in 
this reaction. 

We have studied the temperature dependence of 
the chemiluminescence from the Si-NO, reaction 
under single collision conditions [SJO]. In order to 
carry out these careful temperature-dependent 
studies, we have employed a two-step procedure 
[9,10]. Calibrated tungsten-rhenium thermocou- 
ples (Omega Engineering, Stamford, CT) protected 
by a vapor deposited tungsten sheath (Ultramet. 
Pacoima, CA) were first used to calibrate a Leeds 
and Northrup optical pyrometer_ All temperatures 
were then measured both with the pyrometer and 
with the calibrated thermocouple (simultaneously), 
the agreement of thermocouple and pyrometer 



measurements being required_ Temperatures were 
measured to +Y’C_ 

Multiple collision studies were carried out with 
precisely that device used previously for our study 
of the Si-N,O reaction. Here the metal beam was 
entrained in argon and this mixture subsequently 
oxidized_ These experiments represent a direct ex- 
tension of the second single collision beam-gas 
configuration described above in a controlled 
manner to multiple collision conditions_ Typical 
operating pressures were on the order of lo-50 
mTorr of oxidant and l-l.2 Torr argon. 

Again. spectra were taken with a 1 m 
Czerny-Turner scanning spectrometer operated in 
first order with a Bausch and Lomb 1200 
groove/mm grating blazed at 5000 A. An RCA 
4840 photomultiplier tube was used in these ex- 
periments- The photomultiplier signal was de- 
tected with a Keithley 417 fast picoammeter whose 
output signal (partially damped) drove a Leeds 
and Northrup stripchart recorder_ All spectra were 
wavelength calibrated_ 
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3_ Chemihnninescent spectra 

The Si-NO z reaction is characterized by an 
intense blue chemiluminescence corresponding to 

the process 

Si(3Po_,2) t- NOz(‘A,) 

4 SiO(a3Zi, b31T, A’H) -+ NO(‘H): (2) 

The emission spectra which, under single colli- 
sion conditions. extend from = 2400 to 4200 A 
(figs 1. 4-6) consist of contribmions from the 
A1 H-X’2 +. “b3HT*_Xrzi and *La3x+ "_X Ix+ 

band systems of SiO and are dominated by the 
“b3H’*-XrZi band system onsetting at 2800 A_ 
The “a3x+ “-X’zi and “b3H’r_Xi~i transi- 

tions which are nominally spin-forbidden borrow 
intensity through spin-orbit mixing with low-lying 
A’H and E’Z: states [3]. The “a3ZS1 ._ and 
“b311” states also couple to each other and hence 
form a partially mixed triplet manifold with neither 
state of pure Z or II character [3]. Hence they are 
placed in quotes. 

A significant change is observed when the low- 

I 1 I 1 1 
4100 3900 37cm 3500 3300 3ioo 2400 2700 

Fig. 1. Chemihuninescenr spectra in the region 2700-4100 A resulting from the reaction Si -t NO, + SiO’i-NO recorded under 
“single collision” condition zs a function of increasing silicon beam rcmpermure and metal flwr. The specmrum depicrs both the 
.‘b3n.._X’y+ amj ..a3y+ *. 

- -X’S’ band systems. Many fewer ievels of the “b311 ” state are populated versus xhe observed 
spectrum for the Si+&O reaction 131. Bandheads are desimated (u’. 0”). Thz underlying continuum roux& the red end of these 
spectra is due to blackbody radiation from the silicon cell. Specu-al resolution is 10 i See text for discussion 



156 R WoomCard er al. / Energy balance and branching ratios jor S-NC& 

~~--xk * 

IOSl IO.41 tfl--XX 

I I 

IO.61 10.31 
IO.11 

Fig. I?. Chemihminescent spectrum in rhe region 2900-4200 A resulting from reaction Si + NO? + SiO * + NO +Ar recorded under 
multiple collision conditions. Tbe spectrum depicm both the “ b3fI “-X ‘S’ end ^a3S l “-X ‘S l band sys~ems.Many fewer levels of 
the -b”ff- srare are populared versus rhe singte collision spectrum and emission from the “a3Z’“-X’S+ band system now 
dominates rhe spectral fcarures. The features associated with the (2.4) and (2.3) b-X bands have some contribution from the (0.2) 
and (0.1) a-X features respectively. Bandheads are designated (u’. c”). Spectral resolution is 10 A. See text for discussion. 

pressure studies are extended to multiple collision 
conditions (figs. 2-4). The A’TI-X’Z’ band sys- 
tem is completely quenched and the multiple colli- 
sion spectrum is dominated by the ‘&a3Zi “-X’Zi 
band system (fig. 2). 

Readily resolvable features for the “a3Ei “- 
X ‘ZG band system extend from 3300 to 4200 A. 
Both the low-pressure (figs. 1 and 5) and multiple 

collision (figs 2 and 3) spectra are strongly 
dominated by a single progression arising from the 
u’ = 0 level of the a3Z+ state. As figs_ 3 and 5 
demonstrate. the Si-NO, reaction which is pos- 
sessed of a larger cross section and smaller reac- 
tion exoergicity than the corresponding N,O 
metathesis, provides the first experimental infor- 
mation on vibrational levels u’ > 0 of the a3Zi 
state (considerably more intense and less 
overlapped spectra)_ Therefore, using the Si f NO, 
metathesis, it has been possible to confirm and 

I Il.51 I 1x4 I b.3) II.21 lI,i - “yw-\ 
261 l2.s) 12.41 

3100 3600 3300 3100 2400 

Fig. 3. Chemiluminescent spectra in the reg,ion 2900-3800 A resultin g from the reaction Si+h302 +.Ar - SiO*+NOiAr rgorded 
under multiple collision conditions as a function of increasing NOa pressure and high silicon flux. The spectrum depicts both xhe 
“b3flrr_x*~+ and ‘.a3-p*. -X IS+ band systems. Emission from “a3Z+ ” vibrational quantum levels u’> 0 is noted. Bandheads 
are designated (u’. 0”). Spectral resohnion is 5 A. See a&o fig.2 and text for discussion. 
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b) 

29&l 2806 

Fig. 4. Comparison of chemiluminesccnt spectra recorded under ^single” and “multiple” collision conditions which correspon$ 
primarily to the (1.0) sequence of the SiO “b31? Y-X ‘Z+ emission system: (a) single collision spectrum in the range 2800-295O.A 
resulting from the reaction Sii-NO, 4 SiO* + NO. (h) multiple ‘&lision spkctrum in the range 2800-3100 A corrqxxxiing to the 
process Si f NO2 + Ar 4 SiO*+ NO i Ar_ &ndheads are designated (0’. u”)_ Spectral resolution is 8 k Note rhe absence of the (l. 0). 
(3.2) and (4.3) bands in the multiple collision spectnnn. See text for disco&on 
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Fig 5. Chemiluminescent spectra resulting from the reaction Si+NO, 
illustrating portions of the ‘k3Z+ .. 

-) SiO’+ NO recorded under “single collision.’ conditions 
-X’Ii band system. (a) The spectrum depicts the (0.2) and (0.3) sequences associated tit the 

SiO “b311*‘-X1x+ band system and the readily resolved emission-from the “a3Z+-XIX+ band system including-ti’= 2 emission 
bands. (b) The spectra taken as a function of increasing beam temperature and metal flux depict firimarily the “a3Zt.-XtZ+ 
emission retion and demonstrate readily resolved emission from u’= 0 and D’= 2. Bandheads are designated (UT, ~‘3. _Spe~~ 
resolution is 8 A. See text for discussion. 
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Fig_ 6. Chemiluminescenr spectra in the re$on 2300-2750 _& resultin g from the reaction Si + x0, + SiO’ t NO recorded under single 
collision conditions as 3 function of increasing silicon beam tempcra~urc and mstal ilux. The observed spccu-um corresponds primarily 
to the SiO A’II-X ‘q+ band s~stcm_ Spectral resolution is 20 i See re+r for discussion. 

somewhat refine the spectroscopic constants for 
the a3St- state predicted by Field et al. [ll] and 
complement the mapping partially determined by 
Linton and Capelle [2]. 

Emission features corresponding to the “ b311T’- 
X ‘Et band-system extend from = 2750 to 3450 A 
under single collision conditions (figs. 1. 4, 5). The 
spectra correspond to emission from b311 quan- 
tum levels u’ = O-4. Under multiple collision con- 
ditions. the spectra are considerably modified, ex- 
tending from = 2900 to 3350 A (figs. 2-4), and 
the spectrum is strongly dominated by emission 
from the u’ = 0 and 2 levels although some u’ = 1 
emission is also evident. The dominance of the 
o’= 0 and 2 emission appears to result from a 
combination of vibrational relaxation (0’ = 0) and 
ultrafast energy transfer (u’ = 2) among the a3Zi 
and b311 states. 

3_3_, A ‘n-X’Z’ 

The A’II-X ‘2+ emission features observed 
only under single collision conditions in this study 
are depicted in fig. 6_ The A-X emission char- 
acterizing the Si-NO, reaction is considerably 
weaker than that from the a3Z+-and b311 states 

and appears to result almost entirely from the 
reaction of silicon atoms in the high-energy tail of 
their thermal distribution ( Tsi = 2170 IQ. Emission 
from vibrational quantum ievels c’= 0. 1. 2 is 
observed_ 

4_ Reaction kinetics 

4. I. Pressrue dependences 

We find that the observed chemiluminescent 
emission from the A’lI and b’II states of SiO 
increases linearly- with oxidant pressure over the 
range 3 X lo-‘- 6 x 1Om1 Torr indicating that 
these states are formed in a process first order in 
NO,. The a-X emission features (0’ = 0 emission) 
while dominated by direct formation in a prgcess 
first order in silicon and firs: order in oxidant at 
the lowest pressures do display some non-linear 
increase For pressures in excess of 1 x 10dJ Torr- 
The radiative lifetime of the a%+ state is prob- 
ably in excess of lo-’ s * *.=;hile the meti time 

* It is cenainly longer zhan Ihe radiative lifetime for rhe b”iI 
smte which must have a larger effective rransidon momeni. 
The radiative lifetime for the b’II stale is estimared IO be 48 
ms but probably is shorter j3.121. It is like!y !hzr this 
represents an “pper bound for the gas-phase value. ?hus. a 
radiative lifetime in excess of lo-’ s for the a3Si stale is 
reasonable_ 
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betweenrcollisiork at 10:4.Torr.i~ on theorder of 
10e3 sec.Therefdre, a~molecule iti the a3Z+ state 
should undergo sevem_collisions before radiating_ 
The monitored modification of the form of the 
pressure-dependent behavior will be dependent not 
only on the rate of vibrational deactivation but 
also on the dimensions of the viewing zone [3] 
through which one monitors the emission from the 
long-lived a3x+ state. 

ln Z -versus l/T, plots show that the SiGNO+ 
reaction-isfirstorderinmetalflux~-- --r- ;.--- 

Recently. a relation between the -ien&erature 
dependence of the chemiluminescent intensity a& 
the parameters of a b-km-gas -experiment:has 
been formulated [9]_ It is -_.- 

--R d(ln Z)/d(l/T,). r : 

= AH,_, - RTa i- EA kW’T, L’W/T, 117 -01 

4.2. Temperarare dependence.s - SiO (A ‘l7, a ‘Z +. 
bJII) 

The results of temperature-dependence studies 
for the Si-NO, reaction are shown in fig 7. The 
AiFI emission was monitored at 2650 A corre- 
sponding predominantly to an overlap of the (0.4) 
and (1, Sj bands of the A’II-X ‘E+ band system. 
The a3E* emission spectrum was monitored at 
3650 A corresponding to the (0, 5) band of the 
GLa3y 7. -X ‘z+ band system. The b’II emission 
system was monitored at 3100 A corresponding to 
an overlap of bands in the (0, 1) sequence of the 
“ b3H “-X tZi band system_ In figs_ 7a-7c we plot 
In Z versus l/T, for the outlined selection of 
data. Here Z is the chemiluminescent intensity and 
TB is the beam (crucible) temperature. Dara 
gathered in two runs for each band system are 
presented in table l_ The slope and linearity of the 

where EA is the Arrhenius activation ener7 for 
the formztion of the product whose chemilumin~- 
cence is monitored, AH,,, is the enthalpy of 
vaporization for the metal reacting to produce the 
observed chemiluminescence and 

where TG is the temperature of the gas (nitrogen 
dioxide) and mg and mG are the masses of the 
beam atoms and gas molecules, respectively_ 

Eq. (3) may take into account the effect of 
low-lying electronic states [13] and possible reac- 
tions of dimeric and trimetic species all of which 
must be considered in the present study- The 
nature of the analysis 1131 depends upon which 
states of the metal react to produce the observed 
chemiluminescence 

At 2250 K (the upper limit of the temperature- 
dependent studies - table 1) in excess of 99% of 

Table 1 
Latent heat of vaporization for silicon (‘P) and activation energy for formation of SiO‘ (A’fi. asZSi. bsff ) =’ 

Reaction studied A H,-ti Temperature range Literature <’ E.+ 
dl 

present study u’ (R) 

Si+NO,+SiO*(A’If. o’=O.l) 10521 I_2 =’ 1850-2220 95.1 

Si+NO? + SiO’(A’rI. L”= 0.1) 

7-4512 

106.8 * 3 =’ lSSO-2190 95.1 
SiiNO, + SiO’(a’X+. c’= 0) 97.6&l-3 n 

8.653 
1850-2220 95.1 

Sii-NO, + SiOc(a3S+. c’= 0) ~97.1~2” 
:.8*12 

1880-2190 95.1 
SiiNO, + SiO’(b%, o’=l. 2) 

15*2 
1850-2220 95.1 

Si+ NO2 + SiO*(b3fI. U’ = 1.2) 

loo.f*1.5 6’ 4.0% 1.1 
lOLOi3 sJ 1880-2190 95.1 5_0&3 

a) E&r3 in kcal/moIe 

” Vafues in this column obtained from the slope of In I versus 117-a. where I is the chemihnninescent intensity and Ta is the beam 

temperature The slope obtained through linear feast-squares analysis is added to the value of RTa over the temperature tange of 

the experiment to yield a rigorous upper bound to & H,wh - see text for discussion_ 
.a AH ,pairalion at the average temperature of the experimental runs. 

d, Values in this column obtained from the slope of fi(lTa)+ 4H,_+,(Ta-)/IZfa] w&s l/T,,i,z - 

‘! Spectral resolution ws 30 A - data taken at 2650 A - see text for discussion. 
see text for diion 

n Spectral resolution HZ 20 A - data taken at 3650 A - see text for discussion 
* Spectral resolution was 20 A - data taken at 3100 A - see text ior discmsion. 



the reacting atoms are in the ground 3P~state of 
silicon and the single collision reaction (2) gives 
rise to A’II, b311, or a3Z+ chemiluminescence. 
The overwhelming probability for 3P atom reac- 
tion as the source of the chemiluminescence can be 
demonstrated directly from the plots in fig. 7. In 
general. we expect EA to be positive for reactions 
yielding chemiluminescence. Thus from eq. (3) 

- Rd(ln I)/d(l/T,) > AH,._ - RT,. (5) 

We carry out a linear least-squares analysis of 
the In 1 versus l/T, data. The slope of the plot 
for the A’II state in fig. 7a is -50877 i 591 K. 
leading to the value 101.1 f 1.2 kcal/mole for 
- Rd(ln I)/d(l/T,). Summing the slope energy 
and the value of RT, over the temperature range 
of the experiment, we obtain a rigorous upper 
bound to LIH,._,_ Values obtained for two studies 
of emission from the A’II state are given in col- 
umn 2 of table 1. 

The average TB over the temperature range of 
the experiments was 2035 K. At these tempera- 
tures. the heat of vaporization for the equilibrium 
atomic vapor is 95.1 kcal/mole. only a few 
kcal/mole less than the observed value of 
-Rd(ln r)/d(l/Ta) for all of the slope heats pre- 
sented in column 2 of table 1. The equilibrium 
vapor consists of silicon atoms in the ground ‘P 
and excited ‘D states [14] so that AH,_, for a 
vapor composed solely of ground-state atoms will 
be slightly smaller_ On the other hand. ~ H~~poriwlion 
for forming exclusively ‘D atoms will be consider- 
ably higher ( = 18 kcal/mole) 1141. The average 
value of RT, over the range of the temperature-de- 
pendence studies is = 4.1 kcal/mole: thus the 
inequa!ity (5) holds for reaction of ground state 
atoms but it does not hold for reaction of excited 
’ D atoms. 

Similar arguments can be envoked when con- 
sidering possible silicon dimer and trimer reaction 
with heats of vaporization being 112.4 1141 and 
104.5 1141 kcal/mole, respectively_ The inequality 
(5) does not hold if the metathesis producing 
chemiluminescence results from dimer or trimer 
reaction. The violation of the inequality (5) is even 
more pronounced if we consider the possible reac- 
tion of excited-state dimers and trimers. The ob- 

served. chernih.uninescence is due. overwhelmingly 
to reaction of ground-state 3P silicon atoms. 

4.3. “Activation energies” for formation of SiO* 
AIlI, aJ2*, b’I7 

In order to evaluate the activation energies for 
formation of SiO* A’I7, a3EG and b311 we re- . 
arrange the expression (3) in a manner previously 
described [9,10] to obtain 

EA = -d[ R In(ZTa) 

+ AH,__, ( T&- )/T~]/dtl/T,rt). (6) 

where A H,,,( TF,* ) is the enthalpy of vaporiza- 
tion of the metal at the mean temperature over the 
range of the experiment. A selection of data for 
evaluating the activation energies is also plotted in 
fig. 7 with final results given in table 1. 

It is likely that collision-induced vibrational 
relaxation in the a3Z+ manifold (involving leve!s 
U’ > 0) can influence the analysis of the activation 
energy for formation in this state. If the U’ = 0 
level is populated not only through the direct 
metathesis (2) but also through relaxation from 
higher vibrational quantum levels, the measured 
temperature dependence and activation energy will 
be affected. The long-lived a3Z+ state might un- 
dergo collisions with (1) additional NO, mole- 
cules. (2) product NO molecules or (3) additional 
silicon beam atoms. At a constant tenuous atmo- 
sphere of reactant gas, only the NO product con- 
centration and silicon atom concentration will in- 
crease_ If these increases promote an increased 
vibrational relaxation thror& subsequent collision 
with the long-lived a3Z+ state and the concentra- 
tion of u’ = 0 emitters increases via both direct 
reaction and collisional transfer, the chem- 
iluminescent intensity will increase with increasing 
temperature to a greater extent than it would in 
the absence of vibrational. relaxation_ This will 
result in a larger slope heat and hence the predict- 
ion of a larger activation energy. Therefore, we 
must consider the determined activation ener-gg for 
formation of the a3ZZ+ state _as a tentative upper 
bound to the correct activation energy_ It would 
seem apparent that the activation energy for for- 
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mation of SiO* a3P from the Si-NO, reaction is 
negligible. 

It is clear from the data in table-l that the b311 
and a3P states are formed with a considerably 
lower activation ener-7 than the A’II state. Thus 
there appears to be a propensity for the spin 
conserving process which favors formation of the 
a3ZZ’ and b311 states. Further. the activation en- 
ergy for formation of the a3Z’ state is signifi- 
cantly smaller than that for formation of the b311 
state, providing possible evidence for a dynamical 
process which involves formation of a%+ at large 
internuclear distance and possible subsequent 
transfer to b311 rovibronic levels to which the 
a3Z’ state is strongly coupled-(ref. [3] - table 1). 
As we demonstrate shortly, the extension of our 
single collision studies in a controlled manner to 
multiple collision conditions also provides support 
for this mechanism_ 

5. SiO bond dissociation energy - quenching of 
A’II emission and energetic considerations 

5.1. Bond energy 

We have found that the Si-NO2 reaction 
populates the u’ = 0, 1. 2 levels of the SiO A’II 
state (fig. 6) in a process whose-activation energy 
is = 7.4 f 1.2 kcal/mole (table 1). Using the rela- 
tionship 

Dl(SiO) > D,O(ON-0) -I- ~i;,t(SiO) - E;,,(Si) 
72-9 [17] 1267 0.4 

- Er”r(NOz) - E;* - E,(Si-NO?) 

0.85 4.3 7.4 + 1.2 

= 186.65 _t 1.7 kcal/mole *, (7) 

where E,,,(Si), Eim(N02), and Ei,,,(SiO) are the 
internal energies of the species in parentheses [16] 
Ei is the relative -translational energy of the re- 
actants and E,(Si-NO,) is the measured activa- 
tion ener-7 of the metathesis considered [16,17] we 
determine a lower bound to the SiO bond ener,? 

ti We determine E,,,(Si) from a statitical average of the 3Po (0 
cm-‘). 3Pl(77.15 cm-‘) and ‘P2 (223.31 cm-‘) components 
of the ground ‘P state See also ref. [16]. 

in excellent agreement with the mass spectrometric 
determination of Hildenbrand [7] (D,“.= 188.2 
kcal/mole). This represents the first SiO bond 
energy determination independent of mass spec- 
troscopy_ 

5-Z. Quenching of A I Il _f7uorescence under multiple 

collision conditions 

The Si-NO, reaction is by no means suffi- 
ciently exothermic [Dz(SiO) - @‘(ON-O)] to 
populate levels of the SiO A’II state_ The neces- 
sary energy increment comes primarily from the 
combination of the reactant translational energy 
increment, E& and the fact that we must surmount 
a rather significant activation barrier in order that 
silicon and NO, react to form the ‘II state. When 
taking into account the determined activation en; 
ergy, we provide a correction for the possible 
reaction of metal atoms in the high-ener,v tail of 
their translational energy distribution_ In this par- 
ticular system the SiO* mo!ecules formed must 
emanate from the reaction of silicon atoms in this 
high-energy tail and the reactive channel is closed 
to silicon atoms which do not possess sufficient 
energy. Once the barrier is surmounted and prod- 
uct formation ensues, the rquired energy is re- 
turned and can be used for SiO A’II product 
internal excitation_ 

The importance of the considered energy incre- 
ments is vividly displayed if we extend our single 
collision studies (fig. 6) to the multiple collision 
pressure regime. Here the silicon beam is thermal- 
ized by a room-temperature carrier gas to temper- 
atures ranging between 300 and 600 K_ This ther- 
malization considerably lowers E; and substan- 
tially decreases the concentration of sufficiently 
energetic silicon atoms. Under multiple collision 
conditions, no A’II-X’Zi emission is observed_ 

6. Emission features for SiO a3Z +, F > 0 

As an impetus for the present studies we had 
hoped to obtain information on vibrational quan- 
tum leveis of the SiO a3Zi state. the emission 
from which was obscured in the Si-NzO system 
due to overlap with notably more intense 
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“b311”-X ‘Zi e.mission features [3]. Therefore we 
chose to study a reaction which (1) should have a 
larger reaction cross section, (2) produce the ex- 
cited triplet states of SiO and (3) produce signifi- 
cantly less internal rovibrational excitation in the 
b311 state. Furhter, there is reason to believe that 
the Si + NO, metathesis [eq. (2)] might favor a3Zi 
over b311 formation_ As fig. 5 demonstrates. new 
a3x’ v’ > 0 features can be observed under single 
collision conditions; however. upon extension to 
the multiple collision pressure regime (fig. 3) we 
find that (1) the a3x+ emission features are not 
strongly quenched but dominate those associated 
with b’II (figs. 2 and 3) and (2) vibrational and 
rotational relaxation within the b’II manifold fur- 
ther enhances spectral simplification. From the 
combination of the spectra in figs_ 3 and 5, we 
record the a3Zi emission features in table 2 and 
determine C.J~ = 807 cm-‘, w,x, = 5 cm-’ for the 
a3S+ state which represents a refinement from the 
estimates of Field et al_ [ll]_ The data obtained 
from this analysis provide a backdrop for the 
consideration of the ultrafast E-E energy transfer 
effects which manifest themselves in the observed 
changes in the SiO chemiluminescent spectrum as 
a function of increased background pressure_ In 
table 3. we make use of our measurements of the 
SiO a%+ level structure to compare the energies 
for several levels of the a3Z: and b311, manifolds_ 

Table 2 

Observed c*‘> 0 bandheads for SiO a%*-Xl\“ 

Xssignmenr of Wavelength 

observed bands (A) =’ 

(1.1) h’ 3032 

(1.2) 3149 

(1.3) 3272 

(1.4) 3406 

w. 5)1 3550 

(2.4) h’ 3316 

(2.5) 3450 

(2.6) 3597 

*’ Appro.ximate wavelength of bandhead - bands well fit by 

expression v(cm-' ) = 33400 i- SO7( D’) - 5( c’? + 0’) - 

1241( u”)i6( L+ i u”). 

‘) (1.0) band too weak to be observed. (2.2) and (2.3) bands 
directly under strong b3fI-X ‘Z* fluorescence features. (2.1) 

band at frontal edge of (0.0) band b’fl -X ‘E+_ 

Table 3 

Approximate relative energy level locations for SiO a3ZC: and 
SiO b31T, manifolds, closest level separations 

Leveis Energy a) d 
(cm-‘) (cm.-‘) 

E=O . a?S; 33400 w -433 
(i = 0. b3fI, 33833 ” 

u=l . a3f,’ 34197 364 

u = 0, b311, 33833 b’ 

~7 = 2. a’&+ 34984 154 
u =l. b%, 34830 

UC3 =3-T+ 

c=2_b3;;l 
35761 -52 

I..* = 4. a$ 
35813 
36558 -252 

L’ = 3. b3fI, 36810 

=’ For a%: Y = q-, i- 807( u’)-5( 0” + 0’). 

For b’II, Y = v, +1012(c’)--7&a” i- u’). 

” Tzken from refs. [3.111. 

7_ Significant modifications in observed SiO triplet 
state spectral features as a function of pressure - 
the results of ultrafast intramolecular energy 
transfer among the excited states of SiO 

Recently. we have been concerned with the 
characterization of ultrafast energy transfer in 
high-temperature systems [S]. We believe that the 
effects of this rapid transfer are found in those 
systems in which the low-lying long-lived [18] 
chemiluminescing triplet states of silicon mono- 
xide are formed in a spin conserving process. 

We correlate the data obtained for the SiO 
a%+ state with the information first presented by 
Hager et al_ [2] and the information on excited-state 
coupling discussed in ref. 131. We consider the 
approximate SiO potential curves outlined in fig 
8_ The a3Zi state lies at slightly lower energy and 
at considerably larger internuclear distance than 
the b’II state. We believe that the- location and 
coupling of the a3Z* and b311 states has au 
important influence on the changes which accom- 
pany the observed chemiluminescent spectra for 
both the Si + NOI arid..____ + NzO reactions as a 
function of increasing pressure_ The Si + NOL re- 
action is exemplary_ When this metathesis .is car- 
ried out under multiple collision conditions, a 



major contribution -to the dynamics of Sib b31T 
formation would appear to involve tie process 
Si( 3P) + Ni)z( ‘Al) * SiO(a ‘XT) -f- NO( ‘II) at 
longer range, followed by conversion. to SiO b31Yi, 
via a collision-induced E-E transfer_ -We observe 
the results of a process which appears to correlate 
with this mechanism and the near proximity of the 
a3X1! u’ = 3 and b’ll, c = -2 levels (table 3). 

The b311 state is thought fo be sufficiently 
long-lived (Tag = 0.5 ms) [3,11,18] that significant 
vibrational relaxation due to collisions manifest at 
relatively low pressure and before the emission of 
a photon. When the b311 emission spectrum is 
obtained at very low pressures corresponding ap- 
proximately to single collision conditions. the ef- 
fects of vibrational relaxation are not strongly 
manifested (figs. 1,4 and 5); the lower spectrum in 
fig. 9 is taken under near “single collision” condi- 
tions and corresponds to the (0.0). (0.1) and 
(0,2) sequences. The bands corresponding to the 
(0, 2) sequence are exemplary_ Under single colli- 
sion conditions. we observe emission correspond- 
ing to b”lJ vibrational levels u’ = O-4_ As the 
pressure is raised to P,,,l = 1000 mT by entraining 
the silicon atoms in a carefully controlled argon 
pressure and subsequently oxidizing this mixture. 
fig. 9 demonstrates that the observed multiple 
collision SiO spectrum (also figs. 3 and 4) differs 
markedly from the single co!lision spectrum_ The 
(0. 2). (01 1) and (1.0) (fig. 4) sequences are marked 

Fig. 8. Approximate potential energy curves for the X’Si. 
a%’ and b’II stales of 50. adapted from ref. [l]. See text for 
discussion. 

3500 3ioo .A 

29ocJ 

Fig. 9. Porxions of chemihunkscenr spectra for the reaction 
Sit-NO2 + SiO*(b311)+N0 obtained under (a) Usinz?Je colli- 
sion” (P-r c 10v3 Torr) and (b) multiple collision ( PT = 1 Torr) 
conditions. The features associated with the (2.4) and (2.3) 
b-X bands have some contribution from the (0.2) and (O_ 1) 
a-X features respectively_ See text for discussion. 

by an almost complete absence of b’ll emission 
from levels other than u = 0 and 2. The observed 
phenomena can be explained by envoking a com- 
bination of vibrational energy transfer within the 
b”II state and ultrafast E-E transfer between the 
a3Zi and b311 states. Because the b311 state is 
long-lived, collisional relwation of its vibrational 
manifold can occur readily on the time scale for 
electronic transition. In lhe absence of other ef- 
fects_ a therrnalized b311 state would be char- 
acterized by an overwhelming population in the 
u = 0 level; however. in this case. molecules formed 
at longer range in the a32’ state find a doorway 
to b’lX, u = 2 at u’ = 3, a3XG (see table 3). The 
efficient a%+. u’ = 3 --, b’II. u = 2. E-E transfer 
competes effectively with vibrational relaxation re- 
sulting in the dominance of observed emission 
from the c = 0 and 2 levels of the b’II state. 

8. Discussion 

8.1. spin and aqgdar momenrwn comideralims 

It is instructive to compare the chemilumines- 
cent emission from the Si-NO, and Si-N20 reac- 
tions especially (1) in the light of reactant-product 
correlations and (2) with respect to changes which 
accompany the observed chemiluminescence from 
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these systems as a function of pressure. The reac- 
tions of inters1 are 

Si(3P,_,,) + NiO(‘Z+) 

--, SiO(a3E +, b311, A’II) + N1(‘X;) @a) 

and 

Si(3Po_,.2) +N02(‘A,) 

+ SiO(a3Zi. b311, A’II) + NO(‘II)_ (8b) 

In the first reaction a spin “1” silicon atom 
interacts with a spin “0” N1O molecule forming a 
spin “0” N1 product. Given that spin conservation 
holds, it is predictable that the Si-N,O reaction 
favors formation of triplet SiO. The &con-NO, 
reaction is not nearly as straightforward for the 
spin angular momenta for silicon (S, = 1) and 
NO? (Sz = l/2) can couple to yield the resultant 
S 10lill = 3/2, l/2. Angular momentum considera- 
tions for this reaction might favor formation of an 
SiO electronic state possessed of no orbital angular 
momentum. The experimental results appear to 
bear out this possibility suggesting that. at least in 
this reaction, there exists a propensity rule for 
product momenta_ The Si + NO? reaction appears 

to favor. among the energetically accessible fluo- 
rescing states. formation of SiO. a3E* over SiO 
b311 or SiO A’II_ Such orbital angular momentum 
considerations do not appear to be as straightfor- 
ward for the Si-NIO reaction. The single collision 
spectrum [3] would seem to indicate a dominance 
of b311 over a3X+ fluorescence, however, the rela- 
tive intensity of emission from these two states 

might also reflect their relative radiative lifetimes_ 
The relative intensities of the a3Z+ and b311 emis- 
sion features for the two metatheses considered 
above are exemplified in fig. 10 where we focus on 
multiple collision spectra_ Recall also that for the 
Si-N,O reaction the a3Z+/b311 intensity ratio 
first decreases with increasing pressure reaching a 
minimum for P = 5 x 10-I Torr and increasing 
for P > 5 X 10-l Torr. In contrast, figs_ 1, 2 and 
10 demonstrate that for the a-NO2 reaction the 
a’Ei/b311 intensity ratio is somewhat larger and 
consistently increases as a function of increasing 
pressure. 

Drffering vibrational excitation and relaxation 
might also account for the observed relative 
a3Z+/b311 ratios. Consider that the more ex- 
othermic Si + N,O reaction might form molecules 
in much higher a3Xi quantum level groupings 

. 

T 

do00 . . 3;oo 3200 . 31i)o 2&o 

Fig. 10. Comparison of chrmiluminescent spectra for the reactions (a) Si+N,O+Ar -SiO’+N2+Ar and (b) Si+NO,+Ar -SiO* 
+-NO + Ar taken under multiple collision conditions ( PT = 1 Tar). See text for discussion. 
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than does Si + NOz. The emission from high a3Z+ 
vibrational levels is likely obscured due to a sig- 
nificantly larger b311-X’Zi transition moment. 
Vibrational relaxation to u’= 0 might be more 
readily accomplished in the Si-NO, system if the 
distribution of (nascent product) populated a%’ 
vibrational quantum levels corresponds to a much 
lower quantum number grouping than that for 
Si + NzO- Thus, there appear to be at least two 
possible reasons why the emission from the 
“a3Z+ “-X ‘xi band system dominates that from 
the .“b311”-X ‘Z+ band system for the Si -I- NO, 
reaction_ 

Because of the increased dominance of the a3X * 
fluorescence features relative to those for b’II. the 
Si f- NO? -t Ar system can provide a more prolific 
source of a3Z+T c’ = 0 for a chemically driven-en- 
ergy transfer laser system 131. We must note that 
the dominance of a3Z’ over b311 emission dem- 
onstrated in figs_ 2 and 10 is most likely muted 
because of a much longer a3Z+ radiative lifetime 
(versus b’II)_ In fact. it is not clear that the 
dominance of the b’II emission features in the 
spectra resulting from the Si-N,O reaction indi- 
cates that the b311 population exceeds that for 
a???_ Since both the a3Zi and b311 radiative 
lifetimes are long versus the time for traversal 

through the viewing zone, the a3ZZ* emission fea- 
tures are affected as the result of both the smaller 
transition moment for the a3E* versus the b’II 
state and because a significantly larger number of 
a38. molecules will diffuse out of the viewing 
zone before emission of L photon. On the other 
hand, the system (spectrometer t phototube + _ _ _ ) 
has a more sensitive response in the a3Z+ emission 
region. partially counteracting the effects of radia- 
tive lifetime_ 

The apparent spin and orbital angular momen- 
tum propensities which characterize the Si-NO2 
and Si-N?O reactions are a!so found to be mani- 
fested in the Si-O3 metathesis 

Si(3P) + Os(‘A,) 

-+ SiO*(A’II. a3Ei, b311) + Oz(‘Z,)_ (9) 

Here, we find [19] that SiO* A’II emission strongly 
dominates fluorescence from the a3_Y and b311 
states_ This could be predicted on the basis of spin 

conservation and what are apparently similar 
orbital angulai momentum propensities to-those 
for. the Si-NC& metathesis. (Here. however, we 
find a dominance of the Q = 1 component_) Fur- 
ther, we find no evidence for-population of the 
SiO E’ZC state. 

8.2. AcricaGon energy parMioning 

The measured activation energies for formation 
of the SiO a3Z, b311 and A’II states would appear 
to susest (1) a set of propensity rules for product 
spin and orbital angular momentum and (2) in 
conjunction with the present multiple collision 
studies_ the importance of the “large r” a3Zi 
state as an intermediate for the formation of SiO 
b’II molecules_ 

The Si ‘P state is divided into three fine-struc- 
ture components and there are possible questions 
concerning their relative contribution to the ob- 
served activation ener-y_ If during the course of 
the chemiluminescence experiment. the change in 
the state distributions of the reactants as a func- 
tion of temperature does not alter the reaction 
rate. and if there is no reaction selectivity with 
respect to a particular spin-orbit component. the 
experimentally measured activation energy can be 
expressed as 

E_* If) = (<E_Ji’)- - (Ew_)l’)j_ (10) 

where ( )I’)’ denotes the average of all 
atom-molecule interactions leading to formation 
of product in state ]I) and ( > I’: denotes the 
average over all atom-molecule interactions (i-e. 
the thermal average)_ If one of the spin-orbit 
components reacts more readily with the NO, 
molecule, eq_ (10) must be appended tid the mea- 
sured activation energy, En jr). must also take 
into account the internal enew of the beam atorn&. 
However, the maximum correction to the partition 
of the measured activation ener3 for the Si-NO2 
interaction over the temperature range is -0-60 
kcal/mole for exclusive reaction with 3P-, Si atoms 
and 0.30 kcal/mole for exclusive reaction with ‘P? 
Si. Thus, the activation energies presented in table 
1 bear primarily the significance expressed in eq. 
(10) with, at best, a small adjustment for internal 
state corrections [6_17]. 
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=. The apparently small if not negligible activation 
energy for-formation in the SiO a3Z+ state corre- 
sponds to an activation enery for product SiO 
which is less than or equal to that for the forma- 
tion of product-molecules in any electronic states 
of the system. This, of course, includes the ground. 
X ‘Z’ state. This result thus indicates that the 
formation of molecules in the a%+ state can 
compete effectively with ground-state formation. a 
situation which signals the possibility of a popula- 
tion inversion. 

8.3. Energy balance, population of SiO A ‘II and 

b ‘II states - possible b 31T vibrational rehxation at 

low pressure 

the emission:from the b3Hd =. 2 bands relative to 
the u = 1 bands”. .It is su$-&ng thatthese effects 
do not manifest themselves stronglyjn the studies 
of Linton and Capelle [2]. however,klthough these 
authors did not observe a complete cutoff of. the 
emission-bands for the b3H state at u = 2 (Hager 
et al_ [l]). they do indicate a considerable decrease 
in intensity for those bands v> 3, consistent with 
the data obtained and conclusions drawn in the 
present study. Note also that fig. 10 demonstrates 
a significant v = 1 -b3H spectral component for 
the Si + NzO reaction versus its almost complete 
absence for Si -+ NO?. 

We have used the observed weak emission from 
the u’= 0. 1. 2 levels of the SiO A’II state to 
deduce a lower bound for the SiO bond energy. As 
we have done previousiy for the Si + NzO reaction 
[3]. we also consider the energy balance involving 
populated levels of the b3H state. The highest 
level from which emission in the b3H state is 
observed corresponds to v=4_ The available en- 
ergy to populate the b3H state is 

Eavaiiz+ic = @(SiO) - &(N07) i E,,,(NO,) 
55827 25498 298 

+ Ei,,(Si) + Ei + EA(b’H) 
145 1505 1400 

= 43672 cm-‘. 

The energy increment corresponding to u F 4, 
b311 is 37741 cm-‘. The energy differential, 5931 
cm -‘, indicates that approximately six more levels 
in the SiO b311 state might be populated due to 
reaction exothermicity. This may be a real ener-7 
discrepancy or it might result in part from vibra- 
tional relaxation in the b311 manifold even at very 
low pressure_ 

8_4_ Ulrrafmt energy transfer - possible implications 

for previous studies of silicon oxidation 

We believe that the phenomena of ultrafast 
energy transfer can account for Hager et al.% [l] 
observation of “an anomalously high intensity for 
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