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ETHYLENE-OXYGEN REACTIONS INDUCED BY EWOSURES 

TO A CONTINUOUS COa LASER 

by 

J. W. Robinson, P. J. Moses and P. M. Boyd 

Department of Chemistry 
Louisiana S t a t e  Univers i ty  

Baton Rouge , Louisiana 70803 
U.S .A. 

ABSTRACT 

The r eac t ions  of e thylene  induced by i r r a d i a t i o n  wi th  a r e l a t i v e l y  

low power, continuous CO2 l a s e r  were s tudied .  Ethylene and e thylene  

oxygen mixtures were i r r a d i a t e d  us ing  a l a s e r  beam of power ( a )  25 

wa t t s  and (b )  4 0  wat t s .  Ethylene i r r a d i a t e d  with a 25 w a t t s  l a s e r  

produced propylene a s  the major product i n  a slow reac t ion .  

ethylene-oxygen mixture with a l a s e r  power of 25 w a t t s  produced a f a s t e r  

r eac t ion ,  wi th  acetaldehyde, 1,j-butadiene and benzene a s  major 

products. 

methane propylene and lY3-butadiene  a s  major products when i r r a d i a t e d  

with 4.0 wat t s  of l a s e r  power. 

An 8 o : l O O  

Both ethylene and an 80:a ethy1ene:oxygen mixture produced 

The r eac t ion  was found t o  r e s u l t  from a d i r e c t  l a s e r  r ad ia t ion -  

ethylene i n t e r a c t i o n  and was not  due t o  thermal e f f e c t s .  

undertaken t o  determine the  r e a c t i o n  intermediates of these  systems. 

The products suggested the  formation of e thylene  d i r a d i c a l  a t  25 wat t s  

and t r i p l e t  methylene a t  4.0 wat t s .  

the  energy ava i l ab le  from a photon wi th  10.6 p h  was i n s u f f i c i e n t  t o  

generate such r a d i c a l s  d i r e c t l y .  

A s tudy  was 

These r e s u l t s  were s u r p r i s i n g  s ince  
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ROBINSON, MOSES, AND BOYD 

INTRODUCTION 

S t u d i e s  have been made of  i n f r a r e d  f l u o r e s c e n c e  genera ted  by mole- 

c u l a r  s p e c i e s  i r r a d i a t e d  w i t h  a C 0 2  l a s e r .  During t h e  course of  t h e s e  

s t u d i e s ,  unexpected chemical r e a c t i o n s  were observed.  I n  t h e  f i r s t  

i n s t a n c e ,  copious q u a n t i t i e s  of paraformaldehyde were genera ted  when 

e t h y l e n e - a i r  mixtures  were i r r a d i a t e d  .l 

a t i o n  of gases  wi th  an i n f r a r e d  l a s e r  have been r e p o r t e d  e l ~ e w h e r e , ~ ~ ~ ~ *  

Reac t ions  induced i n  i r r a d i -  

bu t  a l l  such s t u d i e s  employed very high power l a s e r s  and/or  focused 

l a s e r s .  

cont inuous ,  unfocused C 0 2  l a s e r .  

This  s tudy  was conducted w i t h  a r e l a t i v e l y  low/power, 

Products  from the i r r a d i a t i o n  of e t h y l e n e  and e t h y l e n e  oxygen 

mixtures  were c h a r a c t e r i z e d .  Propylene was t h e  major product  o f  

e t h y l e n e  i r r a d i a t e d  a t  25 w a t t s  of power, w h i l e  methane, propylene 

and 1,3-butadiene were produced w i t h  40 w a t t s  of  l a s e r  power. 

oxygen t o  t h e  system i n  both c a s e s  r e s u l t e d  i n  t h e  product ion  o f  

acetaldehyde a s  w e l l  a s  i n c r e a s i n g  t h e  y i e l d  of t h e  o t h e r  product .  

The r e a c t i o n s  were a p p a r e n t l y  due t o  a l a s e r  beam-ethylene i n t e r a c t i o n  

and n o t  t o  thermal  e f f e c t s  or a l a s e r  beam-oxygen i n t e r a c t i o n .  S e v e r a l  

t rapping  s t u d i e s  were undertaken t o  i d e n t i f y  i n t e r m e d i a t e s  of  t h e  

r e a c t i o n s .  Evidence i n d i c a t e d  t h a t  e t h y l e n e  was c leaved  t o  t r i p l e t  

methylene when a l a s e r  power of 40 w a t t s  was used. 

unexpected because the energy a v a i l a b l e  from a photon of wavelength 

10.6 i s  i n s u f f i c i e n t  t o  c l e a v e  e t h y l e n e .  Mul t ip le  photon i n t e r a c t s  

a r e  i n d i c a t e d  but  t h e  p r e c i s e  mechanism i s  n o t  c l e a r l y  understood.  

EXPERIMENTAL 

Adding 

This  is q u i t e  

Chemicals 

Ethylene ,  propylene and oxygen were procured from Matheson Gas 

Products  and used w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  Lec ture  b o t t l e s  of 
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ETHYLENE-OXYGEN REACTIONS 

propane, anhydrous s u l f u r  dioxide and 1 , j -bu tad iene  were a l s o  obtained 

from Matheson Gas Products. Reagent grade chloroform was supplied by 

Mallinckrodt Chemical Works. 

propylene and a l e s s e r  amount of 1-butene. Propylene a t  100 ppm yas  

the  only impurity de tec ted  i n  butadiene. 

Impur i t ies  de tec ted  i n  e thylene  were 0.1% 

EauiDme n t  

1. Laser. The l a s e r  employed was a Perkin-Elmer Model 6 x 0  CO, 

It produced up t o  40 wa t t s  of continuous power a t  Molecular l a s e r .  

10.6 i n  a beam of 1 cm diameter. 

2. Gas Chromatograph-Mass Spectrometer. Analyses were conducted 

on a combination Perkin-Elmer 990 gas chromatograph in t e r f aced  through 

a Bieman-Watson sepa ra to r  t o  a Perk in  Elmer-Hitachi RMS-4 mass 

spectrometer. Columns employed f o r  gas separa t ions  were 8' and 20' 

118-inch aluminum wi th  Porapak S packing. 

3. Reaction Ce l l .  Reactions were conducted i n  1" diameter 

Pyrex c e l l s  of 6" length.  

windows. 

Laser beam access was provided by I r t r a n  2 

ExDerime n t a l  Procedure 

The r e a c t i o n  c e l l  was f i l l e d  with the  des i red  gas mixture by 

f lush ing  the  c e l l  f o r  about 10 minutes, stopping flow and then sea l ing  

the  c e l l .  The r eac t ions  were conducted a s  batch processes.  Analysis 

of the products was performed q u a l i t a t i v e l y  by GC-MS techniques and 

quan t i t a t ive ly  us ing  the  gas chromatograph's flame ion iza t ion  de tec to r .  

Cal ibra t ion  of t he  flame response was a s  gaseous volume of t he  

components a t  ambient condi t ions .  

Several  s tud ie s  were conducted aimed a t  i d e n t i f i c a t i o n  of 

r eac t ion  intermediates.  These s tud ie s  were performed under condi t ions  

s imi l a r  t o  those described above. I r r a d i a t e d  mixtures contained 
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ROBINSON. MOSES, AND BOYD 

ethylene and a trapping spec ies  which was present  i n  l a r g e  abundance 

i n  an e f f o r t  t o  e l imina te  secondary r eac t ions .  

neat samples of t he  chosen trapping spec ies  were subjected t o  l a s e r  

i r r a d i a t i o n .  A l l  compounds employed a s  t r aps  were i n e r t  t o  the  l a s e r  

condi t ions  employed i n  subsequent e thylene  r eac t ion  s t u d i e s .  

RESULTS 

To check f o r  i n e r t n e s s ,  

I r r a d i a t e d  Mixtures 

S tudies  were conducted a t  two separated l a s e r  condi t ions ;  l a s e r  

powers of ( 1 )  25 w a t t s ,  r e f e r r ed  t o  a s  low power, and (2)  4 0  w a t t s ,  

high power. 

mixtures were i r r a d i a t e d .  

ethy1ene:oxygen (outs ide  t h e  flammabili ty l i m i t s )  and ( c )  5O:5O 

ethy1ene:oxygen (wi th in  the  flammability l i m i t s ) .  

Samples of ( a )  e thylene  and (b  and c )  two ethylene-oxygen 

The mixtures chosen were (b )  80:a 

Reactions I n i t i a t e d  bv Low Power Laser Beam (25 watts), 

The products from these  systems were previously reported, '  

although f u r t h e r  research  has  extended t h i s  information. Table I 

l is ts  the products of  e thylene  and 80:a ethy1ene:oxygen systems. The 

major product from the  r eac t ion  without oxygen was propylene, while 

acetaldehyde, l,?-butadiene and benzene were formed i n  the  presence 

of oxygen. The high oxygen mixture ( 5 0 : s O )  produced very d i f f e r e n t  

products. Under these  condi t ions ,  t he  only observed products were 

formaldehyde and water ,  produced by a rap id  reac t ion .  A t  times, a 

sur face  polymerization of the  formaldehyde t o  paraformaldehyde was 

observed. 

Reactions I n i t i a t e d  bv Hinh Power Laser Beam (40 wa t t s  1 
The r eac t ions  of e thylene  a t  h igher  l a s e r  beam power were much 

more r ap id ,  and l e s s  dependent upon oxygen concentration. 

of products a r e  summarized i n  Table 11. 

The y i e l d  

Propylene, methane, and 
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ETHILENE-OXYGEN REACTIONS 

TABLE I 

Products from Ethylene and Ethylene-Oxygen I r r ad ia t ed  

a t  25 Watts Laser  Power 

Product 

Propylene 

Acetaldehyde 

1 - Bu tene  

1,j-Butadiene 

Benzene 

Total  Conversion 

Yield 

8O:x)  Ethy1ene:Oxygen (b )  Ethylene 

2.0 1 .o 

7.1 

0.3 

0.3 5 - 2  

0.1 2.5 

- 
- 

2.5s 25$ 

( a )  15 minute i r r a d i a t i o n .  

( b )  2% minute i r r a d i a t i o n .  

1,3-butadiene were the  major products i n  the  system without oxygen. The 

major change occurring with add i t ion  of oxygen was an  increase  i n  the  

y i e ld  of methane. Products from the  equal mixture of e thylene  and 

oxygen a r e  not repor ted  a s  t he  system exploded. 

Poss ib le  Laser I n t e r a c t i o n  Processes wi th  Oxvgen 

The product y i e l d s  showed a r eac t ion  dependence upon oxygen. This 

observation led t o  the  cons idera t ion  of a d i r e c t  l a s e r  radiation-oxygen 

i n t e r a c t i o n  producing an  exc i ted  oxygen spec ies .  No evidence was found 

€or e i t h e r  ozone o r  s i n g l e t  oxygen being produced d i r e c t l y  from oxygen 

by the influence of t h e  l a s e r  beam.’ However, it should be noted t h a t  

under the  experimental condi t ions  employed, the  absence of s i n g l e t  

oxygen was not  f i rmly  e s t ab l i shed .  

by passing oxygen i r r a d i a t e d  wi th  t h e  l a s e r  i n t o  a scrubbing vesse l  

The de tec t ion  of ozone was attempted 
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ROBINSON, MOSES, AND BOYD 

TABLE I1 

Products  from Ethylene and Ethylene-Oxygen I r r a d i a t e d  

a t  40 Watts of Laser  Power 

Product 

Me thane 

Ethane 

Propylene 

Acetaldehyde 

1- Bu tene  

1,3-Butadiene 

Cyclopentene 

Benzene 

Ethylene ( 8 )  

7.4 

3.2 

12.0 

- 
- 

5 -8 

0.4 

0.9 

3% 

Yield 

( b )  %:20 Ethy1ene:Oxygen 

18 

3 - 2  

10 

1.6 

1.4 

5 .1  

0.5 

2.0 

42% 

( a )  10 minute i r r a d i a t i o n  per iod.  

( b )  5 minute i r r a d i a t i o n  per iod .  

conta in ing  eugenol. 

ozone. 

The procedure would have de tec ted  0.2 wg of 

E f f e c t  of  Heat 

Another poss ib le  energy source was the  hea t ing  e f f e c t  a s soc ia t ed  

with absorp t ion  of l a s e r  r a d i a t i o n  by the  en t rance  I r t r a n  window and 

the  gases .  

ou t s ide  the  beam near  the  en t rance  poin t  of the  l a s e r  beam, was l l O ° C  

when us ing  25 wa t t s  l a s e r  power and 1M0C when us ing  40 w a t t s  of l a s e r  

power. 

per iods  up t o  th ree  hours  wi thout  evidence of reaction.’ 

The temperature  of the  r e a c t i n g  gases ,  measured j u s t  

Comparative thermal r eac t ions  were conducted a t  25OoC f o r  

By e l i m i -  
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ETHYLENE-OXYGEN REACTIONS 

n a t i o n  t h e  r e a c t i o n  must be i n i t i a t e d  by d i r e c t  l a s e r  beam-ethylene 

i n t e r a c t i o n .  A s tudy  was conducted t o  determine t h e  type of r e a c t i o n  

o c c u r r i n g  and t h e  r e a c t i v e  s p e c i e s  i n i t i a l l y  produced from t h e  

i n t e r a c  t i o n .  

STUDY OF REACTION INTERMEDIATES 

Lower Laser  Beam Power 

Gas phase r e a c t i o n s  a r e  expected t o  proceed v i a  non- i o n i c  

p r o c e s s e s ,  e i t h e r  through r a d i c a l  i n t e r m e d i a t e s  , o r  by processes  

involv ing  no i n t e r m e d i a t e s .  A t t e m p t s  were made t o  t r a p  r a d i c a l  i n t e r -  

mediates  us ing  propylene and chloroform.  A 5 : 1  propylene-ethylene 

system, i r r a d i a t e d  a t  25 w a t t s  f o r  30 minutes ,  gave no d e t e c t a b l e  

products .  

c o n d i t i o n s  produced very  minor products  (less than  1% y i e l d ) .  

were i d e n t i f i e d  a s  d i c h l o r o e t h y l e n e  and 1,1,1- t r i c h l o r o p r o p a n e .  

C h a r a c t e r i z a t i o n  of t h e s e  minor products  was n o t  complete  because of  

t h e  minor q u a n t i t i e s  of s p e c i e s  p r e s e n t .  

A 35 :65 ch1oroform:ethylene system s u b j e c t e d  t o  s i m i l a r  

These 

The y i e l d  o f  r a d i c a l - r e l a t e d  products  i n  t h i s  l a t t e r  s tudy  w a s  

i n s u f f i c i e n t  t o  e x p l a i n  t h e  products  observed i n  t h e  prev ious  r e a c t i o n s .  

The r a t h e r  l o w ,  bu t  s t i l l  d e t e c t a b l e  y i e l d  of  r a d i c a l - r e l a t e d  products  

l e a d  t o  t h e  c o n s i d e r a t i o n  of a r e a c t i o n  proceeding v i a  a d i r a d i c a l  

i n t e r m e d i a t e  r a t h e r  than  a r a d i c a l  i n t e r m e d i a t e  o r  no i n t e r m e d i a t e .  

lY3-Butadiene  was u t i l i z e d  a s  a p o s s i b l e  t r a p  f o r  a d i r a d i c a l  

s p e c i e s .  

cyclohexane (0.3$ i n  9 m i n u t e s ) ,  t h e  expected product  from t h e  r e a c t i o n  

of  bu tad iene  w i t h  t h e  e t h y l e n e  d i r a d i c a l .  I t  was r e a l i z e d  t h a t  the 

Diels-Alder  r e a c t i o n  of e t h y l e n e  and butad iene  is  thermal ly  allowed and 

conceivably t h e  cyclohexane might r e s u l t  from t h i s  process  r a t h e r  than 

from l a s e r  i r r a d i a t i o n .  As a c o n t r o l ,  a s i m i l a r  mixture  was h e a t e d  t o  

An m:20 butadiene :e thylene  mixture  y i e l d e d  a smal l  amount of 
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ROBINSON. MOSES, AND BOYD 

thermal l e v e l s  comparable t o  t h a t  occur r ing  i n  t h e  l a e e r  induced 

r eac t ion  s tud ie s .  Cyclohexene d id  occur a s  a product,  bu t  a t  a much 

lower y ie ld  than de tec ted  i n  the  l a s e r  induced r eac t ions .  

In t e rac t ions  Induced Usinn Hinh Laser Beam Power (40 w a t t s 1  

Similar s tud ie s  were conducted f o r  the  h igher  energy l a s e r  

reac t ion .  A 3 5 ~ 6 5  ch1oroform:ethylene mixture i r r a d i a t e d  a t  40 wat t s  

produced numerous products i n  high y ie ld  (a$ conversion i n  less than 

10 second i r r a d i a t i o n )  wi th  major ch lor ina ted  products being chloro- 

methane and chloroethane. A more complete l i s t i n g  of products appears 

i n  Table 111. 

This evidence ind ica ted  t h a t  t h i s  r eac t ion  is  f r e e  r a d i c a l  i n  

na ture ,  and the  presence of methane a s  a product lead t o  cons idera t ion  

of methylene intermediates.  Methylene e x i s t s  in two e l e c t r o n i c  s t a t e s ,  

s i n g l e t  and t r i p l e t ,  of which the  t r i p l e t  s t a t e  is repor ted  t o  be the  

most s t ab le . "  1,3-Butadiene r e a c t s  r e a d i l y  wi th  t r i p l e t  methylene 

TABLE I11 

High Laser Power I r r a d i a t i o n  of 35:65 Ch1oroform:Ethylene Mixture 

Product 

Methane 

Acetylene 

Chlorome thane 

Chloroethylene 

Chloroe thane 

Dichlorome thane 
and dichloroethylene 

Yield 

7.4 

6.7 

1.3 

0.4 

2.0 

0.7 

0.9 

1% 

Benzene 

Conversion 
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ETHYLENE-OXYGEN REACTIONS 

producing cyclopentene v i a  a 1 , b - r a d i c a l  addi t ion .6  

butad iene :e thylene  mixture  i r r a d i a t e d  a t  40 w a t t s  f o r  10 minutes 

produced (compared t o  e t h y l e n e  c o n c e n t r a t i o n )  O.+ cyclopentadiene  

and 2.5% cyclopentene ,  i n  a d d i t i o n  t o  0.5% methane and 6% propylene.  

It should be noted t h a t  t h e  y i e l d  of propylene was n o t  a s  d r a s t i c a l l y  

reduced a s  was t h e  y i e l d  of methane by a d d i t i o n  of bu tad iene .  

An 80:a 

S i n g l e t  methylene c h a r a c t e r i s t i c  a l l o y  goes through a d d i t i o n  

r e a c t i o n s  wi th  double  bonds and i n s e r t i o n  i n t o  s i n g l e  bonds. An @ : X ,  

ethy1ene:propane s y s  tern was i r r a d i a t e d  to provide a system f o r  

observ ing  t h e  l a t t e r  r e a c t i o n .  Methylene i n s e r t i o n  should produce 

butane and i sobutane ,  n e i t h e r  of which were seen  i n  s i g n i f i c a n t  y i e l d .  

The former r e a c t i o n  ( a d d i t i o n  t o  double  bonds) should produce 

cyclopropane i n  e t h y l e n e  r e a c t i o n s .  This  s p e c i e s  was n o t  observed 

among the r e a c t i o n  products .  A more s e n s i t i v e  t e s t  was conducted on 

t h e  r e a c t i o n  mixture ,  u s i n g  the GC-MS with  t h e  mass spec t rometer  as a 

s p e c i f i c  d e t e c t o r  f o r  t h e  i o n  wi th  a n  m / e  of 42. 

of cyclopropane on t h e  gas  chromatogram was such t h a t  no i n t e r f e r e n c e  

from propylene would occur .  

cyclopropane was formed. 

CONCLUSIONS 

The r e t e n t i o n  t i m e  

The d a t a  showed t h a t  no evidence of  

The r e a c t i o n s  observed when e t h y l e n e  systems were exposed t o  t h e  

r a d i a t i o n  from a CO, l a s e r  were due t o  a d i r e c t  i n t e r a c t i o n  between t h e  

r a d i a t i o n  and e t h y l e n e  molecules .  The products  have been c h a r a c t e r i z e d  

and t h e  r e a c t i o n ,  a t  l e a s t  a t  40 w a t t s ,  was r a p i d .  

The most i n t e r e s t i n g  a s p e c t  of  t h e  r e a c t i o n  is t h a t  it occurs  a t  

a l l .  The energy of  photons w i t h  a wavelength of 10.6 p is v e r y  low 

compared t o  t h e  energy r e q u i r e d  t o  break any e t h y l e n e  bond. It was 

unexpected t h a t  a b s o r p t i o n  of t h e s e  photons would be s u f f i c i e n t  t o  

break a bond and thus  cause a r e a c t i o n .  S t u d i e s  o f  t h e  r e a c t i o n  a t  
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25 w a t t s  produced ev idence ,  a l though inconclus ive ,  t h a t  a n  e t h y l e n e  

d i r a d i c a l  s p e c i e s  m i g h t  be t h e  i n t e r m e d i a t e  produced by a b s o r p t i o n  of 

t h e  l a s e r  r a d i a t i o n .  

Using h i g h  l a s e r  power, r e s u l t s  i n d i c a t e d  t h a t  a t  l e a s t  p a r t  of 

t h e  r e a c t i o n  proceded v i a  a f r e e  r a d i c a l  mechanism, and i t  appeared 

t h a t  t r i p l e t  carbene was t h e  i n i t i a l l y  formed f r e e  r a d i c a l .  The l a t t e r  

r e a c t i o n  involved breaking  of th -  carbon-carbon double  bond, which 

would r e q u i r e  146 k c a l  of  energy,  e q u i v a l e n t  t o  52 photons' w i t h  

wavelength 10.6 1. 

F u r t h e r  s t u d i e s  a r e  underway i n  an e f f o r t  t o  understand more 

f u l l y  t h e  mechanism o f  t h e  r e a c t i o n ,  and t o  see i f  l aser - induced  

r e a c t i o n s  a r e  mre wide ly  p o s s i b l e .  
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