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CHEMILUMINESCENT SiClq + O2 + &/He/ REACTIONS 
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I n s t i t u t e  of Inorganic Chemietry and Metallurgy 

of Rare Elements, Technical Univereity of  WrocZaw, 

50-370 Yrockaw, Poland 

ABSTRACT 

A ohmiluminescent flame was formed i n  the  

reac t ion  between SiC14 and oxygen i n  an atmosphere 

of argon o r  helium. In t e rna l  s t a t e  d i s t r i b u t i o n s  of 

some reac t ion  produots were studied. Inverted 

v ibra t iona l  populations i n  the  A’$ and f3Si states 

o f  SiO were observed. The r e l a t i v e  e lea t ronic  

populations o f  atomic s i l i c o n  and r e l a t i v e  r o t a t i o n a l  

populations in the  SiO A ’ S  state  corresponded t o  

temperatures of about 3400 K and 400 K, respectively.  
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970 KULAKOWSKA AND ZYRNICKI 

INTRODUCTION 

I n  recent  years many papers have been devoted 

t o  chemiluminaacence s tudies .  Chemiluminescence 

speotra  of ten  show e lec t ronic  o r  v i b r a t i o n a l  

t r a n s i t i o n s  which a r e  not  observed under o ther  

experinnentdl conditions.  O f  t e n  the  cherniexoi t a t i o n  

i s  very s e l e c t i v e  and parmits spsc t romopic  observa- 

tion of  chosen e lec t ronic  t rans i t ions .  Numerous 

papere have reported inves t iga t ionn  ooncerning the  

prospect of applying the chemiluminescenoe processes 

/ involving e lec t ronic  transitions/ f o r  developing 

v i s i b l e  chemical l a s e r s .  Monoxides o f  carbon group 

elements have been predicted t o  be good chemical 

laser candidate systems’ . Chemiluminescence specrtra 

of SiO were s tudied by Hager et al.2r3 and 

Linton e t  a 1 . 4 ~ 5  . 
The aim of t h i s  study is t o  i n v e s t i g a t e  the  

population d i s t r i b u t i o n  of  the i n t e r n a l  s t a t e s  

/e lec t ronic ,  v ibra t iona l ,  r o t a t i o n a l /  of  some products 

/ the  SiO molecule and atomic s i l i c o n /  of the cheiaiA 

lumineecence r e a c t i o n s  o f  SiC14 with oxygen i n  the 

presence of  argon o r  helium. 

EXPERIMENTAL 

A flow systems very s i m i l a r  t o  that ulsrd i n  
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CHEMILUMINESCENCE SPECTRA 97 1 

Ref, 4 was app l i ed  here. A mixture o f  argon o r  heliwn 

and a trace o f  oxygen was passed through a h igh  

frequency discharge /27.4 Msz/ and dimharge products 

were mixed with SiC14 vapor, forming a uompact flame. 

The cherniluminescence was obsarved a t  5 - 25 torr 

asgon pressure and 10 = 25 t o r r  helium pressure. 

The SiC14 flow r a t e s  ranged from 1.5 x loo8 t o  

5.5 x loo8 mole/sec. 

The emission spec t r a  were recorded i n  the first order 

of a plane gra t ing  spectrograph PGS-2, a t  a rec iproca l  

dispers ion of 7 @mm. The slit width waa 0.080 mm. 

Ecposure times from 10 min t o  1 hour were muffiaient 

t o  record the spec t ra  on Kodak 111-F plates, 

Wo standard lamps, a deuterium lamp i n  the region 

from 2200 8 t o  3500 1 and a tungstem lamp i n  the 

region 3500 - 5000 1, were used as reference Bouroes 

o f  known in t ens i ty ,  The lampre were oal ibra ted  by 

oomparision with standdrd lamps o f  the  National Bureau 

of  Standards /Washington D. C./. The speot ra  were 

reduoed with the  a id  of a recording microphotometer 

MD-100. The dens i ty  ourves /one curve f o r  range o f  

about 80 8/ were constructed ueing a th ree  - s t ep  

f i l t e r  of the spectrograph talcin6 i n t o  account the 

va r i a t ion  of t h e  photographio emulsion sens iv i ty  wi th  

the wavelength. 
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972 KULAKOWSKA AND ZYRNICKI  

RESULTS 

SPoctra 

A d o s e ,  white, b r i g h t  flame was produced during 

the reaot ion between SIC14 vapor and oxygen i n  the 

presenoe o f  an argon atmosphere. I n  the  present study 

aubet i tut ion of  argon by helium has resu l ted  i n  a 

flame s i m i l a r  t o  that whiah was produced with argon 

but  of considerably lees i n t ens i ty .  Shanker, Linton 

and Verma d i d  not  observe the ohemilumlnescence flame 

with S iC lq  and m i x t u r e  of  oxygen and helium. It w a s  

stated that the chemiluminescent flame br ightness  wa8 

very sens i t i ve  t o  changes of r a t i o  of  SiC14 t o  argon 

/ o r  helium/. 

4 

A11 reported4 banda o f  the  A ’ S  - X l c  Z system 

of SiO have been observed here, except a few very 

weak bands. A l l  known triple-headed bands o f  the  

c3E+ - b3% 

ident i f ied .  I t  is surpr i s ing  that  bands o f  I n t e r  

combination 8gstms, which were p r e ~ i o u s l y ~ - ~  obeerved, 

have not been recorded here. Low population of  the 

a31+ and b 3 s  

m a y  be responaible for this. The SiO speatrum wae 

p a r t i a l l y  overlapped by bands of the  C2 

B * * A  - X2gr and B2X+ - X 2 S r  systenie of t h e  S i c 1  

moleoule. I n  addi t ion  t o  these a few bands of  

and f3ci - b3ar s y s t e ~ n s ~ * ~  have been 

e t a t e s  produosd during our experiment 

- X 2 s , ,  
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CHEMILUMINESCENCE SPECTRA 973 

O2 /3357 and 4071 I/, 02' /3972 and 4050 f /  and 

OH /3064 and 2811 I/ and a number o f  un ident i f ied ,  

previously repor ted4  bands i n  the  region 3900 - 4400 1 
were observed. 

A very r i ch  spectrum of  Si I was recorded. Lines 

of A r  I / o r  He I/, C1 I and r e l a t i v e l y  weak hydrogen 

l i n e s  were iden t i f i ed ,  No i o n i c  l i n e s  were observed. 

I t  was observed that the  addi t ion of  more S i C 1 4  

g rea t ly  enhanced the i n t e n s i t y  o f  the  S ic1  bands 

r e l a t i v e  t o  t h e  SiO bands. Increasing i n t e n s i t i e s  

of the Si I l i n e s  was associated with decreasing 

i n t e n s i t i e s  of the SiO bands. 

Pomilation d i ~ t r i b u t l  on 

Two procedures a re  appl ied t o  determine the 

r e l a t i v e  band i n t e n s i t i e s .  The band i n t e n s i t y  i s  

determined both from the  i n t e m i t y  peak he ight  of t he  

band head and from the i n t e n s i t y  area i n t eg ra t ing  

i n t e n s i t i e s  versua wavelength w i  th the eratimated 

contr ibut ion of neighbouring bands substraated out  

/eee e.g. Refs. 7 - 9/. I t  was stated tha t  these 

methods l e d  t o  very close r e s u l t s .  When t h e  i n t e n s i t y  

a rea  o f  the band was measured, the contr ibut ion o f  t he  

unobserved p a r t  o f  the  band was found using the method 

reported by Robinson and Nicholls'O, which i s  more 

acourate than a graphical  estimation. 
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974 KULAKOWSKA AND ZYRNZCKI 

The r e l a t i v e  i n t e n s i t i e s  within the  SiO spectrum 
/ A i $  = X i I + ,  c 3 x +  - b3Gr, f3$, - b 3" Y l r /  have 

shown a weak dependence on pres8ure. The i n t e n s i t y  

ratio of  the (0,O) bands o f  the A - X ,  c = b and 

f - b systems in argon plasma has been found t o  be 

approximately 1.0 : 2.5 : 0.1. The i n t e n s i t g  r a t i o  

of  t h e  (0,O) bands of  the A - X and c - b systems i n  

helium plasma was 1.0 : 0.5. Since r e l a t i v e  t r a n s i t i o n  

p robab i l i t i e s  f o r  the t r i p l e  s t a t e s  of SiO were not  

ava i lab le  we can n o t  determine the  r e l a t i v e  popula- 

t i ons  i n  the here  analyzed e lec t ronic  s t a t e s  of SiO. 

Assumlng a constant e lec t ronic  t r a n s i t i o n  moment 

the r e l a t i v e  populations o f  the  v ibra t iona l  l e v e l s  v'  

of the analyzed e lec t ronic  s t a t e  may be derived from 
4 the  exprsssion Iv,v, , / Y ~ , ~ ,  , 1.e. *om a 

knowledge of  the emission in t ens i ty ,  the  frequency 

o f  the band and the Franck-Condon factor .  The 

Franok-Condon f ac to r s  f o r  t he  A'$ - X 2 

have been taken a c c o r d i x  t o  Suchard" and f o r  the 

c 3 1 +  - b3Zr and f3Ci - b3Gr t r ans i t i ons  have been 

calculated using the  method reported i n  Ref. 12. 

The r e l a t i v e  v ib ra t iona l  populations for the  

exaited a t a t e s  o f  SiO i n  the reac t ions  o f  SiC14 with 

oxygen at  12 and 22 t o m  argon pressure and 12  t o r r  

helium pressure are presented i n  Figs. 1 and 2, 

1 +  system 
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CHEMILUMINESCENCE SPECTRA 

0 22 torr Ar 

12 torr A r  
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Fig.1 Relative vibrational populations of t h e  SiO 

A'$ state, arb i tray  unite. 
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976 K U W O W S K A  AND Z Y R N I C K I  

3 5 

3 f Jli 0 JO - To 

A 31 -'I1 22 torr 
3 the 0,v' progression 

O3I2 - 3, 

0 1 2 3 V 

C32+ 
the n v = 0 sequence 

3 %  T,= 1500 K 0 r+- JTo 

1 2 3 V' 

Fig. 2 Relative vibrational populations of the f3$ 

and c 3 E +  states of SiO in t h e  presenoe of 

argon, arbitrary units. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
1
5
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



CHFMILUMINESCENCE SPECTRA 977 

respectlvely. The r e l a t ive  populatione have been 

plotted logarithmically. As can be seen from 

Figs. 1 and 2 the vibrat ional  population d ie t r ibu t ions  

w i t h i n  the analyzed electronic a ta tee  weaMy depend 

on ca r r i e r  gaa pressure. No s igni f icant  changes in the 

vibrational population d is t r ibu t ion  a r e  observed i f  

argon is mbet i tu ted  by helium. 

Only the vibrat ional  d i s t r ibu t ion  i n  the S i O  A'$. 

s t a t e  could be studied i n  helium plasma. The f = b 

and c - b band systems were t o o  weak f o r  exaot 

meaeurements . 
The r e l a t ive  vibrat ional  populations i n  the A ' S ,  
c 3 1 +  and f 3 G i  a%ates a r e  qui te  different .  For 

comparison, the vibrat ional  temperatures calculated 

under the asahunption o f  the Boltmann d is t r ibu t ions  

for chosen l eve l s  v' have been marked i n  Figs. 1 and 2. 

The inverted vibrat ional  population of some l eve l s  

appears strongly in the f3gi s t a t e  and weakly i n  

the A'S s t a t e ,  

Usually chemiluminescence spectra a re  too weak 

to  record them a t  resolved ro ta t iona l  structure,  I n  

such a case the band lntenai tg  shape can be analyzed 

/see e.g. Refs. 13,14/. Comparieion of the obeerved 

and caluulated emiseion shapes of the analyzed 
1 +  A% - x 1 ( O d ,  ( O A ,  (0,31, (0,4) and (L4)  
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978 KULAKOWSKA AND ZYRNICKI 

bands implies t ha t  the r e l a t ive  ro ta t iona l  d i s t r i -  

butions a re  the Boltamann d is t r ibu t ions  and correspond 

to  the ro ta t iona l  temperature o f  about 400 K. 

I n  addition t o  studying r e l a t ive  populations o f  

the excited s t a t e s  of  SiO it was in te res t ing  t o  

investigate r e l a t i v e  populations o f  t h e  excited 

electronic s t a t e s  of atomic s i l i con .  The following 

relationship,  derived from the expression f o r  the 

integrated radiance of  an atomic emission l i n e  under 

the assumption of a Boltzmann d i ~ t r i b u t i o n l ~ ,  wae 

investigated: 

In  I&/&% = constant - En/kT,, 

where 1, is the l i n e  i n t e n s i t y , h n  i e  the l i n e  

wavelength, & and En denote s t a t i s t i c a l  weight and 

energy o f  the upper electronic s t a t e ,  % is t rans i t ion  

probabili ty,  k i s  the Boltmann conetant, Tex is the 

exci ta t ion temperature, n is the line number. The 

following l i n e s  of S i  I were taken in to  account: 

2207.9, 2210.9, 2211.7, 2435.1, 2438.8, 2443.4, 

2452.1, 2506.9, 2519.2, 2524.1, 2528.5, 2532.4, 

2631.3, 3006.7 and 3020.0 %. The t rans i t ion  proba- 

b i l i t y  valuea have been taken aocording t o  Refer. 16 

and 17. Using t h e  l e a e t  squares method t h e  exoitation 

temperature values with t h e i r  atandard deviation 

uncertaintiee have been oaloulated to  be 3200 2 500 K 
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CHEMILUMINESCENCE SPECTRA 979 

and 3600 2 1000 K f o r  argon and helium plasma 

respect ively.  

Chemiluminescence processes associated w i t h  the 

reac t ions  SiClq + O/O, + Ar/He/ a re  very complex and 

have not yet  been invest igated.  Thermodynamic 

considerations have shown that the r eac t ion  

Me + 0 = MeO* 

is  su f f i c i en t ly  exothermic t o  obtain all l e v e l s  

responsible f o r  the emission spec t ra  o f  S i O  recorded 

here. Three body reac t ions  

Me + O2 + Are = MeO* + 0 

MeCl + 0 + Ar* = MeO* + C 1  + A r  

+ Ar 

MeCl + OH + AT* = MeO* + H C l  + Ar 
can a l s o  lead t o  high exaited l e v e l s  o f  SiO. The 02+ 

bands were not observed i n  the  opectrun exci ted i n  8 

mixture of  argon and oxygen by the radio frequency 

discharge. Thus the excited 02+ molecule i s  formed in 

the chemiluminesoence react ion.  

The inverted v ibra t iona l  populations o f  t he  SiO 

s t a t e s  formed here Indica te  that the chemilumineacenoe 

of SiC14 w i t h  oxygen i n  the presenoe of an argon 

a-bnosphere can be both an exoel lent  source f o r  

studying moleculsr s t ruc tu re  o f  Si04 but  a l s o  is 

promising for chemically pumped e lec t ronic  lasers. 
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980 KULAKOWSKA AND ZYRNICKI  

More advanasd study of the SiC14 + 0/02 + A r  reaction 

is i n  progress. 
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