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The mercury pho tosens i t i zed  decomposition of  2 ,s-dihydrofuran was 

s tud ied  i n  t h e  vapour phase a t  room temperature and i n  a p re s su re  

range of  5 t o  130 mm of  Hg. Carbon monoxide, propene and hydrogen a r e  

t h e  major products ,  The minor products  o f  t h e  r e a c t i o n  a r e  b i a l l y l ,  

a l l e n e ,  methylacetylene,  fu ran ,  2,3-dihydrofuran, te t rahydrofuran  and 

t h r e e  u n i d e n t i f i e d  compounds. 

Runs wi th  inc reas ing  s u b s t r a t e  p re s su re  o r  added fo re ign  quenchers , 

i n d i c a t e  t h e  formation of  an exc i t ed  2,s-dihydrofuran molecule i n  t h e  

primary energy t r a n s f e r  a c t .  Decomposition of  t h i s  exc i t ed  molecule 

i n  t h e  fol lowing t h r e e  ways expla ins  a l l  t h e  products  formed i n  t h e  

r e a c t i o n .  

I d e n t i t y  and f a t e  o f  t he  product ' P I  is  unknown a t  t h i s  t ime. N i t r i c  

oxide added runs were done t o  t e s t  t h e  suggested mechanism. 
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INTRODUCTION 

I t  has  been known f o r  a long time t h a t  l i g h t  could b r ing  about 

chemical changes. The s u b j e c t  o f  photochemistry d e a l s  wi th  such 

r e a c t i o n s .  The range of e lectromagnet ic  r a d i a t i o n  o f  importance i n  

photochemistry l i e s  gene ra l ly  from about 1800 t o  7000A. 

Absorption of r a d i a t i o n  above 7000A, i . e .  i n  t h e  i n f r a  r e d  and 

microwave reg ion ,  imparts  t o o  l i t t l e  energy t o  a molecule t o  cause a 

chemical change. On t h e  o t h e r  hand, absorp t ion  of  r a d i a t i o n  below 

1800A, i . e .  X-rays and y-rays, l eads  t o  i o n i z a t i o n  o f  molecules and t h i s  

is  convent iona l ly  t r e a t e d  a s  Radiat ion Chemistry. I n  t h e  s p e c t r a l  

reg ion  o f  1800 t o  7000A, t h e  energ ies  imparted t o  molecules range from 

40 t o  160 kcal/mole and s o  a r e  of t h e  r i g h t  magnitude t o  rup tu re  

chemical bonds t o  cause chemical r e a c t i o n s .  

Reactions of many types mav be brought about by exposure t o  

s u i t a b l e  l i g h t ,  e . g .  decomposition, i somer iza t ion ,  polymerizat ion,  

s y n t h e s i s ,  ox ida t ion ,  r educ t ion ,  e t c .  Although s t u d i e s  o f  such r e a c t i o n s  

s t a r t e d  a s  e a r l y  a s  1800, sys temat ic  progress  i n  photochemistry had t o  

await t h e  development of  quantum theory  and molecular  spectoscopy. 

Today photochemistry i s  important no t  only because of  i t s  i n t r i n s i c  

i n t e r e s t  b u t  f o r  t h e  important con t r ibu t ions  i t  has made t o  t h e  

genera l  understanding o f  r e a c t i o n  k i n e t i c s .  

Laws o f  Photochemical Reactions 

A s  l i g h t  causes chemical r e a c t i o n ,  it seems obvious t h a t  t h e r e  

i s  a c o r r e l a t i o n  between them. The c o r r e l a t i o n  was f i r s t  s t a t e d  by 



Grotthus and Draper in 1818 as "Only radiations which are absorbed 

reacting system are effective in producing chemical change." The 

quantitative relation between the amount of radiation absorbed and 

by the 

the 

extent to which reaction has occured in the system was stated by Einstein 

in 1912. It is known as Einstein's law of photochemical equivalence, "In 

the primary pho~ochemical process each molecule is activated by the 

absorption of one photon." 

The experimental yields in photochemistry are usually expressed 

in terms of quantum yields (@) or quantum efficiency. Quantum yield is 

defined as the number of molecules of reactant decomposed by each photon 

of radiation absorbed. 

number of molecules decomposed 
@ = 

number of photons absorbed . . . . (1) 
= number of moles of reactant decomposed . . . (2) 
number of eins teins absorbed 

An einstein is Avogadro number of photons. The quantum yield of a reaction 

may vary from almost zero to about lo6. No matter how large or small the 

quantum yield may be, it is generally accepted the law of photochemical 

equivalence is always applicable to the primary light absorbing process. 

The deviations of the overall quantum yields are due to secondary processes. 

The secondary chain reactions produce high quantum yields and the low 

values are due to collision deactivation or recombination of the products 

of the primary process. 

Excited States 

A molecule or an atom can exist in a number of electronic states, 

and the change from one particular state to another results in absorption 



or emission of radiation of a definite wave length. There are important 

selection rules that help us to understand the nature of electronic 

transitions. The spin conservation rule states that only transitions 

/ 

involving no change in spin or multiplicity Bre allowed, others are 

strongly forbidden. The parity rule applies to all molecules with 

centre of symmetry. The rule can be stated by saying that only u+g 

and gcu transitions are allowed, When a wave function of a molecule 

changes sign on reflection through a centre of symmetry, it is called 

ungerade (u), while those not changing sign on reflection are called 

gerade (g). The Frank-Condon principle4 states that electronic transitions 

will take place only when the internuclear distances are not significantly 

different in the two electronic states and where the nuclei have no 

velocity. In addition to the above rules there are other types of 

forbidden transitions, a detail discussion of which is given by P f t t ~ . ~  

Dissipation of Excitation Enerpy 

The excitation energy acquired by a molecule "A" on absorption 

of light may be dissipated by any one of the four general processes.6 

A* (excited) + A 9 hv . . . . light emission . . . . (3) 
A* W A + heat . . . . radiationless 

conversion . . . . ( 4 )  

A* j products . . . , chemical reaction . . . . (5) 
A* + B --j A -k B* . . . . energy transfer . . . . (6) 

Emission is observed either as fluorescence ox phosphorescence. Fluorescence 

is the phenomenon of emission from the excited state to the ground state of 

same spin multiplicity and phosphorescence from the excited state to ground 



s t a t e  of d i f f e r e n t  m u l t i p l i c i t y .  I f  t h e  ground s t a t e  of a spec i e s  is  
I 

s i n g l e t ,  t he  average l i f e t i m e  of an exc i t ed  s i n g l e t  s t a t e  i s  g e n e r a l l y  

t o  10-l5 s ecs  and t h a t  of an exc i t ed  t r i p l e t  s t a t e  is t o  1 0  s e c s .  

A r a d i a t i o n l e s s  process  conver t s  one e l e c t r o n i c  s t a t e  t o  ano the r  

without  absorp t ion  o r  emission of r a d i a t i o n .  There a r e  two such impor tan t  

processes  :- 

( i )  I n t e r n a l  conversion:- This  involves  in t ramolecular  

r a d i a t i o n l e s s  in te rconvers ions  between e l e c t r o n i c  s t a t e s  of same 

m u l t i p l i c i t y  i . e . ,  s i n g l e t  +vVW+ s i n g l e t  o r  t r i p l e t - t r i p l e t  

conversions.  

( i i )  In te rsys tem crossing:-  This  involves  in t ramolecular  

r a d i a t i o n l e s s  in te rconvers ions  between e l e c t r o n i c  s t a t e s  wi th  d i f f e r e n t  

m u l t i p l i c i t y  i . e . ,  s i n g l e t + t r i p e t  o r  t r i p l e t  -,wvb+singlet 

conversions. These r a d i a t i o n l e s s  processes  involvesome type  of t r a n s f e r  

of energy from t h e  exc i t ed  molecule t o  i t s  environment. 

The t h i r d  process  by which t h e  exc i t ed  molecule d i s s i p a t e s  i t s  

energy l eads  t o  chemical r eac t ion .  An e x c e l l e n t  summary of t he  primary 

photochemical processes  t h a t  gene ra l ly  occur i s  given by P i t t s  and C a l v e r t .  
7 

S e n s i t i z e d  Photoreac t ions  

We s e e  from t h i s  gene ra l  d i scuss ion  t h a t  f o r  a photochemical 

r e a c t i o n  t o  occur ,  t h e  system i n  ques t ion  should absorb r a d i a t i o n  i n  t h e  

convenient reg ion  of spectrum and t h e  energy of t h e  quanta absorbed should  

be l a r g e  enough t o  break chemical bonds. A l a r g e  c l a s s  of compounds have 

d i s s o c i a t i o n  energ ies  corresponding t o  wave l eng ths  i n  t h e  convenient r e g i o n  



- 5 -  
, 

of  t h e  spectrum bu t  they a r e  t r anspa ren t  down t o  Schumann reg ion  where 

photochemical experiments a r e  very d i f f i c u l t  t o  c a r r y  ou t .  

Photodecomposition of  such non-absorbing compounds may be 

s tud ied  i n  t h e  convenient reg ion  of  t h e  spectrum by adding fo re ign  

substances which absorb i n  t h a t  reg ion  and then  t r a n s f e r  t h e i r  

e x c i t a t i o n  energy by c o l l i s i o n s  t o  t h e  non-absorbing s u b s t r a t e  

molecules .  Such processes  a r e  c a l l e d  pho tosens i t i za t ions8  and t h e  

added f o r e i g n  subs tances  a r e  p h o t o s e n s i t i z e r s .  A v a r i e t y  of  

9 10 11 s e n s i t i z e r s  have been used, Hg, Xe, Cd, NH~;' e t c .  

Mercury has been widely used, as it has a comparatively high 

- 3 vapour p re s su re  of  about 10 mrn a t  room temperature,  i t  i s  r a t h e r  

chemical ly i n e r t  i n  i t s  ground s t a t e  and it has a high e x t i n c t i o n  

c o e f f i c i e n t  f o r  i t s  resonance r a d i a t i o n ,  ensuring complete absorp t ion  

of  i t s  r a d i a t i o n  i n  an experimental ly  convenient pa th  length .  I t  i s  

a l s o  p o s s i b l e  t o  g e t  very i n t e n s e  and convenient sources of  resonance 

r a d i a t i o n .  

Spectroscopy o f  Mercury Atom 

The spectroscopy o f  t h e  mercury atom has received widespread a t t e n t i o n .  

The p r i n c i p a l  o p t i c a l  l i n e s  o f  t h e  mercury spectrum a r e  a t  1849 and 2537A. 

1 1 These correspond t o  t h e  t r a n s i t i o n s  Hg (6 S ) + hV + Hg(6 P1) and 
0 

1 3 Hg(6 So) + hv' +Hg(6 P1) r e s p e c t i v e l y .  The s e l e c t i o n  r u l e s  allow 

1 1 j u s t  one o p t i c a l  t r a n s i t i o n ,  i . e .  6 So t o  6 P1. The presence of t h e  

resonance r a d i a t i o n  a t  2537A sugges ts  t h a t  t h e  s p i n  s e l e c t i o n  r u l e  

(p = 0) does n o t  hold very r igo rous ly  f o r  heavy atoms. The forbidden 

na tu re  of  t h i s  s i n g l e t  j t r i p l e t  t r a n s i t i o n  i s  r e f l e c t e d  i n  t h e  



r e l a t i v e l y  long l i f e 1 3  of t h e  H ~ ( ~ ~ P I )  state (T = 1.1 x s e c s ) .  The 

l i f e t i m e  of an i s o l a t e d  Hg(6lp1) atom i s  1 . 3  x 10'~ secs .  

Quenching of H ~ ( ~ ~ P ~ )  Atoms 

An e x c i t e d  mercury atom by c o l l i s i o n  wi th  a molecule of a 

f o r e i g n  gas may l o s e  i ts  e x c i t a t i o n  energy i n  f o u r  fundamentally d i f f e r e n t  

ways. 14 

( i )  The mercury atom i s  t r a n s f e r r e d  t o  t h e  metas tab le  6 ( 3 ~ 0 )  

s t a t e .  The e x c i t a t i o n  ene rg i e s  of t h e  two s t a t e s  a r e  

6 3 ~ 1  = 112.20 Kcal/mole 

6 3 ~ 0  = 107.17 Kcal/mole 

Hence i n  dropping t o  t h e  ( 6 3 ~ o )  state t h e  amount of  energy t r a n s f e r r e d  

t o  t h e  quencher molecule is  only 5 Kcal/mole. This  i s  too  small t o  

cause any chemical r e a c t f o n  and t h e  energy u l t i m a t e l y  appears  a s  hea t .  

N2 - gas  and water vapour are good quenchers of t h i s  type.  

( i i )  I n  t h i s  type  of process  t h e  quenching is  done by an  

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

H ~ ( ~ ~ P : )  + AB .-> ~ ~ ( 6 ' s ~ )  9 AB* . . . . (7) 

h e r e  AB* r e p r e s e n t s  an  e l e c t r o n i c a l l y  e x c i t e d  molecule of t h e  quencher, 

I n  t h i s  ca se  t h e  energy t r a n s f e r r e d  i s  112 Kcal/mole and t h i s  is  s u f f i c i e n t  

t o  break  most chemical bonds. The exc i t ed  molecule AB* i n  gene ra l  e i t h e r  

decomposes o r  i s  deac t iva ted .  

AB* __j Products  . . . . (8) decomposition 

AB* + AB + 2AB . . ,. . ( 9 )  d e a c t i v a t i o n  

( i i i )  I n  t h i s  process  t h e  quenching involves  d i r e c t  d i s s o c i a t i o n  

of t h e  quencher molecule. 



~ ~ ( 6 ~ ~ 1 )  + AB --+ kg(6ls0)  + A + B . . . . . (10) 

A and B a r e  t h e  fragments of t h e  parent molecule. 

( iv )  I n  t h i s  case the  quenching involves compound formation 

with ~ ~ ( 6 ~ ~ 1 )  atom. 

~ ~ ( 6 ~ ~ 1 )  + AB -+ HgA + B . . . . (11) 

I f  t h e  bond i n  HgA is very weak, i t  i s  followed by d i s soc ia t ion  

HgA + Hg(61sO) + A  . . . . (12) 

To r a t i o n a l i z e  t h e  experimental r e s u l t s  on t h e  metal-photosensitized 

reac t ions  of hydrocarbons, ~ a i d l e r l ~  i n  1947 applied t h e  Wigner sp in  

conservation r u l e  t o  these  energy t r a n s f e r  processes. This approach i s  

found successful  even today i n  a l l  mercury sens i t i zed  react ions .  It 

s t a t e s  t h a t  " i n  t h e  t r a n s f e r  of e l e c t r o n i c  energy between an excited 

atom o r  molecule and a molecule i n  i t s  ground or  excited s t a t e s  t h e  

o v e r a l l  sp in  angular momentum of t h e  system should not change." 

Quenching Cross Sections 

An i s o l a t e d  ~ ~ ( 6 ~ ~ 1 )  atom w i l l  e m i t  t he  resonance r a d i a t i o n  

2537~' and come back t o  i t s  ground s t a t e .  But i n  t h e  presence of fore ign 

gas molecules, i t  w i l l  s u f f e r  c o l l i s i o n s  and t r a n s f e r  its energy t o  t h e  

co l l id ing  molecules. The extent  of t h i s  quenching of resonance rad ia t ion  

w i l l  depend on t h e  pressure of t h e  fore ign gas and on t h e  ef f ic iency of 

such c o l l i s i o n s .  This e f f i c i ency  v a r i e s  widely from gas t o  gas and i t  is  

general ly expressed i n  terms of t h e  quenching c ross  sec t ions  (a2). 
'4 

Quenching c ross  sec t ion  i s  most e a s i l y  defined by considering 

t h e  e f f e c t i v e  number of c o l l i s i o n s  a s  derived from a simple c o l l i s i o n  theory 

formalism. 



here  Z i s  the  number of c o l l i s i o n s ,  M Hg, Mu and %g9 nAB a r e  t h e  molecular 

weights and concentrat ions r e spec t ive ly  of mercury and t h e  c o l l i d i n g  species.  

T is  t h e  absolute  temperature and R t h e  un ive r sa l  gas constant .  

The r a t e  equation f o r  the  disappearance of ~ g ( 6 ~ ~ ~ )  atoms can 

be given a s  

where K i s  t h e  r a t e  constant  f o r  t h e  quenching process. I f  we assume 
4 

every c o l l i s i o n  t o  be e f f e c t i v e  i n  quenching, then t h e  r a t e  of disappearance - -  - 

of - Hg* should be equal t o  the  number of e f f e c t i v e  c o l l i s i o n s  per  sec.  

Theref o r e  

2 2 
o expressed i n  A , can be determined by 

q * 

. . . (15) 

two d i f f e r e n t  experimental 

methods using t h e  above r e l a t i o n .  

( i )  Physical  Method:- This method is based upon t h e  

measurements of t h e  i n t e n s i t y  o f ~ f l u o r p c e n c e  i n  t h e  presence and absence 
I 
' .--."' 

of t h e  quenching gas. The r a t i o  of these  two i n t e n s i t i e s  is  defined a s  

the  Quenching, "Q" . 
I f  we apply a s teady s t a t e  treatment f o r  t h e  formation and 

disappearance of ~ ~ ( 6 ~ ~ 1 )  atoms i n  a system i n  which these  following processes 

a r e  a t  equlibrium, 

~ ~ ( 6 ~ ~ 0 )  + hv - ~ ~ ( 6 ~ ~ 1 )  . . . . (16) 

~ ~ ( 6 ~ ~ ~ 1  ~ ~ ( 6 ~ s ~ )  + hv . . (17) 



~ ~ ( 6 ~ ~ 1 )  + AB + Hg(61sO) + AB* . . . . (18) 

~ ~ ( 6 ~ ~ 1 )  + AB + ~ ~ ( 6 ~ ~ 0 )  + AB** . . . . (19) 

we may der ive  a l i n e a r  r e la t ionsh ip  between 1 1 ~  and P, where P is t h e  

This i s  known a s  the  Stern-Volmer equation. T here  represents  t h e  l i f e  

time of ~ ~ ( 6 ~ ~ 1 )  atoms. A complete l i s t  of t h e  quenching cross  sec t ion  

values which have been determined by t h i s  method can be found i n  t h e  
2 

da ta  of references 13, 1 4 ,  7 ,  16, The absolute  values of a so obtained 
4 

have a g rea t  d e a l  of uncer ta in i ty  because of t h e  d i f f i c u l t y  i n  t r e a t i n g  

quan t i t a t ive ly  t h e  e f f e c t  of "imprisonment of resonance radiat ion' '  and 

Lorentz broadening. The l a t e r  e f f e c t  can be made e f f e c t i v e l y  neg l ig ib le  

by choosing proper experimental condit ions.  

( i i )  Chemical Method:- Cvetanovic' developed a chemical method1 3 

f o r  obtaining r e l a t i v e  quenching cross  sec t ions  t h a t  is highly successful  

and f r e e  of such e f f e c t s  a s  pressure broadening and rad ia t ion  imprisonment. 

This method i s  based on competetive r a t e s  of mercury photosensi t ized 

react ions  between t h e  quencher AB and t h e  added n i t r o u s  oxide. 

H ~ ( ~ ~ P ~ )  9 N20 + Hg(61sO) 9 N 2  + 0 . . . . (21) 

~ g ( 6 ~ ~ 1 )  + AB Hg(6l s o )  + products . . . . (22) 

The experiments should be performed under condit ions where the re  i s  

s u f f i c i e n t  amount of AB t o  scavenge t h e  oxygen atoms formed i n  reac t ion  (21), 

otherwise oxygen atoms reac t  with mercury vapour forming s o l i d  deposi ts  of 

HgO on c e l l  walls .  Also the  oxygen atoms r e a c t  with N20 t o  g ive  more n i t rogen 

which upsets  t h e  determination of n i t rogen quantum y ie ld  f o r  r eac t ion  (21). 

0 + N20 j O2 + N2 . . . . (23) 



Focusing a t t e n t i o n  on n i t rogen production i n  mixtures of  AB and n i t rous  

oxide as  a  function of  the  r a t i o  of  t h e i r  concentrat ions,  i t  can be 

found t h a t  the  following expression i s  obeyed, 

The r a t i o  of the  e f f e c t i v e  quenching cross  sec t ions  i s  r e l a t e d  t o  @ by 

the  expression,  

A p l o t  of l D N  agains t  nAB/nNqO gives @ as  s lope .  Hence accurate values 
2 

L 

f o r  the  r a t i o u 2  / 0 2  can be obtained. I f  an accura te  absolute  value f o r  
AB N,O 

a cross  sec t ion  of a~!$ compound is  determined, a l l  o ther  values could be  

normalized t o  t h a t  r e s u l t .  

accura te  absolute  quenching 

They el iminated t h e  Lorentz 

apparatus.  20 TO compensate 

correc t ion  f a c t o r ,  obtained 

~ u n n i n ~ "  e t  a1 .have recen t ly  determined 

cross  sec t ions  f o r  a  number of compounds. 

broadening by using an improved Zemanskyls 

the  r ad ia t ion  imprisonment e f f e c t ,  a  

by the  appl ica t ion  o f  Milnets  theory,  was 

included. 2 1 

Mercury Photosensi t ized Reactions 

No general  p r i n c i p l e  has ye t  been found which c o r r e l a t e s  t h e  

e f f i c i ency  of t h e  energy t r a n s f e r  process t o  t h e  physico-chemical 

p roper t i e s  of  the  s u b s t r a t e .  However, a  survey o f  the  various 

photosensi t ized reac t ions  and the  quenching cross  sec t ion  d a t a ,  suggest 

t h a t  t h e  primary i n t e r a c t i o n  between exci ted  mercury atoms and s u b s t r a t e  



molecules t akes  p l ace  i n  some d e f i n i t e  p a t t e r n .  To make t h e  l a s t  p o i n t  

c l e a r  a b r i e f  resume of  var ious  i n v e s t i g a t i o n s ,  which a r e  r e l a t e d  t o  

t h e  p re sen t  i n v e s t i g a t i o n ,  is  given h e r e .  

The quenching c ros s  s e c t i o n s  o f  a lkanes have been found t o  be  

2 2 2 comparatively small, e .g .  CH4 - 0.085A , C2H6 - 0.16A , C3H8 - 2.3A . 
The primary process  seems t o  

atom and an a l k y l  r a d i c a l .  

R .  he re  r e p r e s e n t s  t h e  a l k y l  

be always a C-H bond s p l i t  t o  g ive  an hydrogen 

1 + H *  + H g ( 6 S o )  . . . . (26) 

r a d i c a l  and H e  t h e  hydrogen atom. The a l k y l  

r a d i c a l  undergoes secondary recombination and d i sp ropor t iona t ion  r e a c t i o n s  

t o  g ive  t h e  observed products .  

H a  + RH - H 2 + R = .  . 
R *  + R -  j R2 . . 
R e  + R e  j RH + R* . . 

R* is t h e  corresponding o l e f i n .  

occurs  by d i r e c t  d i s s o c i a t i o n  o r  

i s  unsolved even today. However 

formation22 i n  r e a c t i o n s  s tudied  

low quantum y i e l d s  f o r  hydrogen. 

. . (27) 

. . (28) 

. (29) 

The ques t ion  of  whether t h e  quenching 

by formation of  HgH a s  an in te rmedia te  

t h e r e  i s  no d i r e c t  evidence f o r  

s o  f a r .  Ear ly  works on alkanes 

This  was explained l a t e r  on a s  

HgH 

repor t ed  

due t o  

t h e  s e l f  scavenging process  t ak ing  p l ace  i n  t h e  system. 23 Hydrogen atoms 

formed i n  t h e  primary process  add r a p i d l y  t o  t h e  o l e f i n s  formed by 

secondary d i sp ropor t iona t ion  r e a c t i o n s ,  thus  lowering t h e  primary quantum 

y i e l d s  f o r  hydrogen (4 ) *  
H2 

But a t  very  low conversions and high p re s su res  o f  a lkanes t h e  

quantum y i e l d  f o r  hydrogen l e v e l s  o f f  t o  a va lue  g r e a t e r  than  0.9, 
2 4 



i n d i c a t i n g  t h a t  a t  zero conversion t h e  quantum y i e l d  is a c t u a l l y  un i ty .  

Darwent poin ted  out  i n  1950 t h a t  t h e  quenching c ros s  s e c t i o n s  

of  p a r a f f i n i c  hydrocarbons can be  reasonably we l l  es t imated  by ass igning  

quenching diameters  t o  CH CH and CH groups. The o v e r a l l  quenching 
3' 2 

diameter  of  t h e  a lkane  molecule i s  t h e  sum of  a l l  such increments.  2 5 

Cycloalkanes appear t o  fol low t h e  same primary a c t  of quenching 

a s  t h e  alkanes do, i . e .  s c i s s i o n  of a C-H bond. 

3 1 
Hg(6 P1) + cycloalkane --+ cycloa lkyl  r a d i c a l  + H o  + Hg(6 So) 

. . . . (30) 

The cyc loa lkyl  r a d i c a l  then  undergoes t h e  usua l  recombination and 

d i sp ropor t iona t ion  r e a c t i o n s .  Gunning e t  a1. 26 have shown t h a t  t h e  

r e a c t i o n  of  cyclopentane vapour with H ~ ( ~ ' P  ) atoms leads  t o  t h e  formation 
1 

of cyclopentyl  r a d i c a l s  and hydrogen atoms wi th  a primary quantum 

e f f i c i e n c y  of  80%. Cyclopentyl r a d i c a l  undergoes secondary r e a c t i o n s  t o  

g ive  b icyc lopenty l  and cyclopentene a s  products .  The complete f r e e  

r a d i c a l ' n a t u r e  of  t h e  r e a c t i o n  was demonstrated by showing t h a t  0 .7 mole % 

of  added n i t r i c  oxide leads  t o  a complete i n h i b i t i o n  o f  b icyc lopenty l  

and cyclopentene formation.  ~ ~ c l o b u t a n e ~ ~  and cyclohexane28 a l s o  seem 

t o  fol low t h e  same mechanism. 

The cyclopropane - Hg(6 '~  ) r e a c t i o n  is  of  p a r t i c u l a r  i n t e r e s t  
1 

because a low molecular  weight polymer has been repor ted  a s  t h e  major 

product .29 Cyclopropane i t s e l f  i s  not  polymerized by f r e e  r a d i c a l s .  

Rabinovitch e t  a1. 30 observed c i s - t r a n s  i somer i r a t ion  i n  t h e  mercury 

s e n s i t i z e d  r e a c t i o n  of  trans-dideuterocyclopropane. The r e l a t i v e  importance 

of  t h e  two b a s i c  products ,  i . e .  cis-cyclopropane-d and t h e  polymer, was 
2 

found t o  be  p re s su re  dependent. Hence t h e  polymerizat ion was suggested t o  



I 

proceed via an excited triplet state of cyclopropane. It was found that 

oxygen up to 15% had only a slight effect on the isomerization, although 

only a small amount of it was enough to completely inhibit the polymerization. 

Gunning et a13l observed that the inhibition of polymerization 

by free radical scavengers, such as nitric oxide and oxygen, was followed 

by a simultaneous large increase in propylene yields. They summed up 

the situation by proposing the primary step as 
C 

i/?l* here represents the excited triplet state of cyclopropane 
(i.e. triplet trimethylene diradical). The excited species may be 

deactivated by collisions to give the isomeric product or undergo 

rearrangement to give propylene molecules with excess energy. 

* 
[A] here represents the propylene molecule with excess 

energy. The hot propylene molecule dissociates to give ally1 radicals. 

They were able to account for most of the products by the self scavenging 

of H-atoms by propylene. 



I n  c o n t r a s t  t o  t h e  alkanes t h e  quenching c r o s s  s e c t i o n s  of 

o l e f i n s  a r e  l a r g e ,  The r a t e  of t h e  s e n s i t i z e d  r e a c t i o n s  decrease a s  t h e  

p re s su re  of  t h e  s u b s t r a t e  is  increased ,  sugges t ing  t h e  presence of  an 

exc i t ed  molecule which can be deac t iva t ed  by c o l l i s i o n s .  I t  i s  now 

gene ra l ly  agreed t h a t  t h e  primary ac t32  i s  t r i p l e t  energy t r a n s f e r  t o  

produce a r e l a t i v e l y  long l i v e d  v i b r a t i o n a l l y  e x c i t e d  t r i p l e t  s t a t e  of  

t h e  o l e f i n .  

3 $ 1 
Hg(6 PI) + RCH = CHR --) ( R ~ H  - ~ H R )  + Hg(6 So) . . . . (35) 

The work of  Lossing e t  has  helped i n  understanding t h e  mechanisms of 

decomposition of  t h e s e  exc i t ed  molecules ,  They observed t h e  primary 

r e a c t i o n  products  d i r e c t l y  with a mass spectrometer  coupled t o  t h e  

r e a c t i o n  system. They found t h a t  t h e  decomposition involves cleavage o f  

t h e  weak bonds C-H o r  C-C i n  8 - p o s i t i o n  t o  t h e  double bond with t h e  

formation o f  resonance s t a b i l i z e d  a l l y l i c  r a d i c a l s .  

Formation o f  an exc i t ed  s t a t e  was a l s o  proposed i n  t h e  case  o f  

3 
cyc loo le f in s  . Hg (6 P ) s e n s i t i z e d  decomposition of cyc looc ta t e t r aene  has 

1 

been s tud ied  by Yamazaki and ~ h i d a . ~ ~  Evidence was obtained f o r  i n i t i a l  

formation of  an exc i t ed  C H molecule,  which then  decomposes i n t o  ace ty l ene  8 8 

and benzene. S imi l a r  examples of  r i n g  con t r ac t ion  were observed by 

Gunning e t  a l .  i n  t h e  mercury s e n s i t i z e d  r e a c t i o n  of ~ ~ c l o ~ e n t e n e ~ ~  and 

cyclohexene. 3 6 

A l i m i t e d  amount of work has been done on t h e  s e n s i t i z e d  r e a c t i o n s  

of  e t h e r s  and epoxides.  The mercury s e n s i t i z e d  decomposition of  e thylene  

oxide was f i r s t  s tud ied  by S t e a c i e  e t  a1 .37 They found CO,  H2, CH3CH0 and 

a polymer a s  major products .  I n i t i a l  formation o f  an exc i t ed  e thylene  oxide 

molecule was pos tu l a t ed  which was capable of  isomeris ing t o  acetaldehyde o r  



decomposing into H2, CO and CH2: 

Later work of ~vetanovic'~~ showed that small amounts of ethylene or 

butene added to the system brought a remarkable decline in the quantum 

yield of hydrogen, indicating that most of the hydrogen came from reactions 

of H-atoms. Using 1:1, C2D40-C2H40 mixtures he showed that only a small 

fraction of the hydrogen came by molecular elimination. Careful analysis 

indicated the products as CO, H2, C2H6, little of C2H4 and large amounts of 

aldehydes. Some of the aldehydes were higher than acetaldehyde. CH3*, 

CHO*, ~ H ~ C H O  and C2Hsm radicals are assumed to be participating in this 

reaction. No complete and unambiguous explanation for this complex process 

has yet been obtained. 

Cvetanovic' and ~ o ~ l e ~ ~  studied the sensitized decomposition of 

trans-2,3.-epoxybutane. This system also proved to be a very complex one. 

The main products formed were, (CH3I2 CHCHO, C2H6, CO, C2H4, C3H8, CH3CH0, 

C2H5CH0, CH3COC2H5, CHq and H2. The yields of most of the products decrease 

with increasing pressure of the substrate, indicating the formation of an 



exc i t ed  s u b s t r a t e  molecule,  which then  undergoes decomposition. CH3* and 

CH3 - CH - CH* r a d i c a l s  seem t o e p l a y  important  r o l e s  i n  t h i s  process .  

'01 

The complexity of t h e  system precluded q u a n t i t a t i v e  t rea tment  of t h e  

process .  

I n  c o n t r a s t  t o  t h e  epoxides , the  e t h e r s  seem t o  have s imple and 

s t r a i g h t  forward mechanisms i n  Hg ( 6 3 ~ 1 )  s e n s i t i z e d  r e a c t i o n s ,  The 

s e n s i t i z e d  decomposition of d imethyle ther  w a s  s tud ied  by S t e a c i e  e t  a140 

i n  1948. A t  2 5 ' ~  t h e  products  cons i s t ed  e n t i r e l y .  of hydrogen and 

1,2-dimethoxyethane, sugges t ing  t h e  primary a c t  t o  be 

H ~ ( ~ ~ P ~ )  + CH30CH3 j CH30CH2* + H *  + Hg(61sO) . . . . (39) 

0 
Lossing et  a141 s t u d i e d  t h e  r e a c t i o n  a t  55 C and a t  very  low s u b s t r a t e  

p re s su re  i n  a r e a c t o r  coupled t o  a mass spectrometer .  They observed t h a t  

a long wi th  t h e  above primary process  t h e r e  a l s o  t a k e s  p l ace  a primary C-0 

s p l i t .  

H ~ ( ~ ~ P ~ ) + C H ~ O C H ~  j C H ~ O * + C H ~ * + H ~ ( ~ ~ S ~ )  . . , . (40) 

The absence of t h e  second primary process  of C-0 s p l i t  i n  t h e  expriments 

of S t e a c i e  e t  a 1  w a s  i n t e r p r e t e d  by Lossing a s  sugges t ing  t h a t  t h i s  

r e a c t i o n  might proceed v i a  a n  exc i t ed  molecule formation,  

~ ~ ( 6 ~ ~ 1 )  + CH3OCH3 --F [CHJOCHJ' + l I g ( 6 l ~ ~ )  . . . . (41) 

and t h a t  a t  t h e  h igher  p re s su re s  used by S t e a c i e  e t  a l ,  [ CH30CHS ]' were 

completely deac t iva t ed  by c o l l i s i o n s ,  

L a i d l e r  and coworkers42 took up t h e  s tudy  of t h i s  r e a c t i o n  i n  

1967. They i n v e s t i g a t e d  t h e  decomposition from 30- t o  3 0 0 ' ~  and over a wide 

range of p re s su re  from 3 t o  600 mm Hg. They concluded t h a t  t h e  only  primary 



process  tak ing  p l ace  i n  

s p l i t .  A t  temperatures  

t h e  system i n  t h e  whole range o f  s tudy  was C-H 

lower than  3 0 ' ~  t h e  r a d i c a l s  combined t o  g ive  t h e  

products  observed by S t e a c i e  e t  a l .  But a t  temperatures  above 3 0 ' ~  t h e  

methoxymethyl r a d i c a l  decomposed t o  g ive  t h e  methyl r a d i c a l s  observed by 

Lossing e t  a l .  

CH30CH2- j CH3* + CH20 . . . . (42) 

Role of  t h e  Present  Inves t iga t ion  

Mercury pho tosens i t i zed  r e a c t i o n s  of  c y c l i c  compounds a r e  of  

i n t r i n s i c  i n t e r e s t  because of  t h e  p o s s i b i l i t y  of  r i n g  cleavage i n  t h e  

primary process  t o  y i e l d  a t r i p l e t  b i r a d i c a l .  I n  t h e  case  of  cyc lopa ra f f in s  

l a r g e r  than  cyclopropane, t h e  important primary process  i s  t h e  cleavage 

of  a C-H bond t o  g ive  a hydrogen atom and a cyc loa lkyl  r a d i c a l .  The 

r e a c t i o n  of  cyc loo le f in s  produce r i n g  con t r ac t ed  compounds which suggest  

t h a t  t h e  primary processes  produce b i r a d i c a l s  with f r e e  e l e c t r o n s  separa ted  

by s e v e r a l  carbon atoms. The presence o f  heteroatoms i n  t h e  r i n g  would 

a l s o  be  expected t o  change t h e  na tu re  of  t h e  primary process .  The 

r e a c t i o n s  of  t h e  epoxides of  e thylene  and butene-2 produce exc i t ed  

molecules which a t  lower p re s su res  can decompose with cleavage of  t h e  r i n g .  

L i t t l e  work has been done on h e t e r o c y c l i c  compounds with l a r g e r  r i n g s .  

Sr in ivasan  has s tud ied  t h e  mercury pho tosens i t i zed  r e a c t i o n  of  furan  43,44 

The main r e a c t i o n  products  were cyclopropene, methylacetylene and carbon 

monoxide. The quantum y i e l d s  of  t h e  products  decreased cont inuously with 

inc reas ing  p re s su res ,  suggest ing t h e  intermediacy o f  an e l e c t r o n i c a l l y  

exc i t ed  s t a t e  of  fu ran .  A s tudy  of t h e  minor products  formed i n  t h i s  

system ind ica t ed  t h a t  t h e  s u b s t r a t e  molecule a l s o  underwent Diels-Alder 



Leaf 18 omitted in page numbering. 



additions to monoolefins to give the 'following adducts: 

and @ CHO 

(I) and (11) are the adducts of furan molecules to cyclopropene and (111) is 

of furan to 2-cyclopropenecarboxaldehyde. The presence of (111) strongly 

suggests that the excited furan molecule first rearranges to give 

2-cyclopropenecarboxaldehyde and this then undergoes decarbonylation to 

give carbon monoxide and cyclopropene. 



According t o  t h e  s p i n  conserva t ion  r u l e  t h e  exc i t ed  fu ran  molecule should 

be i n  a t r i p l e t  state. There i s  no information i n  t h e  l i t e r a t u r e  on t h e  

t r i p l e t  l e v e l s  of furan.  Sr in ivasan  presumed t h a t  t h e  primary process  was 

t h e  C-0 s p l i t  t o  g i v e  t h e  exc i t ed  t r i p l e t  b i r a d i c a l .  

W e  have undertaken a s tudy  of t h e  mercury photosens i t ized  

decomposition of 2,5-dihydrofuran. The C-0 bond, i n  a p o s i t i o n  a l l y 1  t o  

t h e  double bond r e p r e s e n t s  a l i k e l y  s i t e  f o r  bond cleavage i . e .  

The r e s u l t i n g  b i r a d i c a l  should be compared t o  t h a t  suggested by Cvetanovic' 

and ~ o ~ l e ~ ~  a s  t h e  in te rmedia te  formed by t h e  ' a d d i t i o n  of ground s t a t e  

oxygen atoms t o  butad iene ,  

This  b i r a d i c a l  d i f f e r s  from t h a t  produced i n  r e a c t i o n  ( 4 8 )  only i n  t h e  

p o s i t i o n  of t h e  double bond and t h e  f r e e  e l e c t r o n s .  These s t r u c t u r e s  

may be regarded,  i n  va lence  bond terminology, a s  represent ing  con t r ibu t ions  

t o  a resonance hybrid s t r u c t u r e  which may be  w r i t t e n  a s  
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The products of the 0-atom-butadiene reaction were butadiene 

monoxide, formed by pairing of the unpaired electrons of the biradical 

represented in equation (491, 3-butenal, formed by a hydrogen shift in 

this biradical and carbon monoxide, formed by its decomposition. Because 

the major emphasis of these authors was on the higher molecular weight 

products, some of their work was repeated. Propylene and CO in roughly 

equimolecular amounts were found to be the major products. 

In relation to the present work, the most interesting observation 

of Cvetanovic' and Doyle was that no 2,5-dihydrofuran was produced. The 

intermediate formed in reaction (49) does not cyclize to any extent to 

give a five membered ring. It is tempting to interpret this observation 

as indicating that the structure 6 - CH2 - CH = CH - C H ~  does not contribute 

significantly to the structure of the biradical intermediate. On the other 

hand, the exclusive formation of the three membered ring may be the 

result of an interaction between the unpaired electrons which controls the 

direction of the reaction from the moment of addition of the oxygen atom. 

It was considered likely that a study of the 2,5-dihydrofuran 

photosensitization would contribute to the understanding of this question. 



EXPERIMENTAL METHODS 

Apparatus 

I n  t h i s  s tudy  t h e  appara tus  was cons t ruc ted  of Pyrex g l a s s  

except  f o r  t h e  r e a c t i o n  c e l l ,  which was made of qua r t z .  It cons i s t ed  of 

a pumping system, a d i s t i l l a t i o n  system, a r e a c t i o n  system, a n  a n a l y t i c a l  

system, a gas chromatograph and a s t o r a g e  system, a l l  in te rconnected  t o  

permit  any des i r ed  manipulat ion involv ing  v o l a t i l e  m a t e r i a l s .  

The e n t i r e  appara tus  was evacuated wi th  a l a r g e  mercury 

d i f f u s i o n  pump backed by a mechanical pump (P rec i s ion  S c i e n t i f i c  Co., 

Model i l 7 5 ) .  A removable t r a p  w a s  connected immediately be fo re  t h e  

mechanical pump and w a s  kept  immersed i n  l i q u i d  n i t rogen ,  whenever t h e  

system w a s  i n  ope ra t ion  t o  prevent  t h e  contamination of t h e  pump o i l  by 

condensable vapours.  The system could be  evacuated t o  lc6 mm Hg wi th  

t h i s  arrangement. P re s su res  were read on a f o u r  s t a t i o n  L. K. B. p i r a n i  

vacuum guage. The p i r a n i  guage was c a l i b r a t e d  from t i m e  t o  t ime wi th  a 

McLead guage, connected t o  t h e  high vacuum manifold by a grease-free 

mercury f l o a t  va lve .  

Low temperature d i s t i l l a t i o n s  were c a r r i e d  ou t  i n  a t r a i n  of 

s e v e r a l  'U'-traps interconnected by D e l m a r  mercury f l o a t  va lves .  The 

d i s t i l l a t i o n  u n i t  (A), shown i n  f i g u r e  #I, connected t h e  r e a c t i o n  c e l l  t o  

t h e  a n a l y t i c a l  system. 

The c y l i n d r i c a l  r e a c t i o n  c e l l  (B) was fOcm, long, 5cm. i n  

diameter  and was made of fused quar tz .  It was connected t o  one end of 

t h e  d i s t i l l a t i o n  t r a i n  by a g rease  f r e e  "Caj on" f i t t i n g  (C) . A meta l  

va lve  (D) (Hoke incorpora ted ,  Type 440) separa ted  t h e  r e a c t i o n  c e l l  from 





t h e  d i s t i l l a t i o n  u n i t .  A mercury manometer (E), connected d i r e c t l y  t o  

t h e  r e a c t i o n  system, was read wi th  a cathetometer .  The r e a c t i o n  c e l l  was 

provided wi th  a co ld  f i n g e r  t o  t r a n s f e r  condensable substances i n t o  i t .  

The s t o r a g e  u n i t  w a s  jo ined  t o  t h e  main vacuum system by a 

mercury f l o a t  va lve  (F). This  manifold cons i s t ed  of t h r e e ,  o n e - l i t e r  

s t o r a g e  bulbs  s epa ra t ed  from one another  by Pyrex stopcocks. Each bulb 

w a s  provided w i t h  a co ld  f i n g e r  and a manometer. N i t r i c  oxide,  butane,  

n i t r o u s  oxide  and ca rbon- t e t r a f luo r ide  were gene ra l ly  s t o r e d  i n  t h e s e  

bulbs.  

The a n a l y t i c a l  system i s  shown i n  f i g u r e  #2. The system was of 

convent ional  des ign  and used p r i n c i p a l l y  f o r  t h e  manipulat ion of v o l a t i l e  

m a t e r i a l s  i n  t h e  course  of t h e i r  a n a l y s i s .  The components were a s o l i d  

n i t r o g e n  t r a p  (not shown i n  f i g u r e ) ,  a small d i f f u s i o n  pump (G), a l a r g e  

Toepler-gas b u r e t t e  (I), a small Toepler pump (J), a mercury f l o a t  va lve  

(K) and two two-way Pyrex s t o p  cocks (L & M), Substances non-vola t i le  a t  

-196 '~  were condensed i n t o  t h e  Toepler gas  b u r e t t e  (I), by pouring l i q u i d  

n i t r o g e n  i n t o  t h e  co ld  f i n g e r  (N). Non-condensables were pumped i n  by t h e  

small  d i f f u s i o n  pump (G), backed by t h e  l a r g e  Toepler .  The gas  b u r e t t e  

had f i v e  c a l i b r a t e d  volumes ranging i n  s i z e  from 0.4947 t o  91.9337mls. a t  

room temperature.  The c a l i b r a t e d  volumes a r e  between t h e  p o i n t  marked (0) 

and t h e  p o i n t s  marked by arrows. The smal l  Toepler pump (J) w a s  used as 

a f l o a t  va lve  and t o  pump non-condensables i n t o  t h e  gas  chromatography 

sampler (P) .  The sampler (P) was evacuated through t h e  f l o a t  va lve  (K). 

By us ing  t h e  two-way s t o p  cocks (L & M), i t  was p o s s i b l e  t o  d i r e c t  t h e  

flow of t h e  c a r r i e r  gas ,  e i t h e r  through t h e  sampler (P), o r  d i r e c t l y  t o  

t h e  gas  chromatography (G. C) column (0) . 
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The gas chromatograph cons i s t ed  of  a  Gow-Mac (Model TR-111 A) 

temperature r egu la t ed  the rmis to r  catharometer ,  coupled t o  a  Gow-Mac 

(Model 40-05 D )  power supply.  The catharometer was maintained a t  50•‹c 

and t h e  b r idge  cu r r en t  a t  7 mamps. The s i g n a l  from t h e  d e t e c t o r  was f e d  

i n t o  a  Texas Instrument (Model PSO1-W6A) record ing  potent iometer .  The 

r eco rde r  was equipped with an a t t e n u a t o r ,  which allowed t h e  s i g n a l  t o  

be reduced by f a c t o r s  of  from 1 t o  512. 

The columns were made of 6mm. Pyrex tub ing  wound i n t o  a  s p i r a l  

and connected t o  t h e  system by "Cajon" j o i n t s .  Column temperatures were 

con t ro l l ed  with a  c y l i n d r i c a l  b r a s s  furnace ,  i n s u l a t e d  with asbes tos  and 

wound with Nichrome r e s i s t a n c e  wire .  The temperature of t h e  furnace was 

con t ro l l ed  wi th  a  Variac t ransformer.  The f low-ra te  of  t h e  c a r r i e r  g a s ,  

Helium, was r ead  on a  ro tameter  (R). The ro tameter  was c a l i b r a t e d  with 

a  soap bubble flow-meter. A flow o f  50 m l s .  p e r  min. was usua l ly  used i n  t h e  

experiments.  

The G .  C .  was c a l i b r a t e d  f o r  a l l  t h e  substances used and t h e  

products  ob ta ined .  Various amounts o f  pure subs tances  were measured by 

means of  t h e  gas b u r e t t e ,  t r a n s f e r r e d  t o  t h e  sampler and introduced i n t o  

t h e  G .  C .  us ing t h e  app ropr i a t e  columns. (See Table # I ) .  The peak ( s igna l )  

a r eas  were measured with a  p lan imeter .  A p l o t  of  t h e  peak a reas  a g a i n s t  

t h e  amount of  subs tance  introduced,  was always l i n e a r  i n  t h e  range of  

y i e l d s  obtained i n  t h e  p re sen t  i n v e s t i g a t i o n s .  

Downstream from t h e  d e t e c t o r ,  and a t t ached  t o  two 4-way s t o p  

cocks (S) and (T) were two t r a p s ,  immersed i n  l i q u i d  n i t rogen ,  t o  t r a p  t h e  

compounds a s  they  were e lu t ed  from t h e  column, Samples c o l l e c t e d  t h i s  way 



Packing and 
Lengths 

Molecular Sieves 
5A 

40-60 mesh 
6 ft. 

Porapak - P 
50-80 mesh 

6 ft. 

6%, Carbowax-600 
on 30-80 mesh 
celite 
6 ft. 
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Table 1. Gas Chromatography Columns 

Operat . ing Operating Compounds Measured and 
in flow Retention time 

mls /min (mins . from N2) . 

A, B and C have not been identified. 

Nitrogen - 0 
Nitric oxide - 2.5 
Carbon monoxide - 4.5 

Nitrous oxide - 1 
Propene - 7 
Allene - 11 
Methyl acetylene - 13 

Biallyl - 1.5 
Furan - 2.5 
2,3-dihydrofuran - 3.5 
Tetrahydrofuran - 5 
2,5-dihydrofuran - 6.5 
Crotonaldehyde - 15 

A - 20 
B - 26 
C - 33 

Acrylonitrile - 22 



could be distilled into breakseals for mass-spectrometric identification 

or distilled into spectrophotometer cell for the determination of spectra. 

This arrangement was also useful for G. C. purifications. 

A low pressure mercury resonance lamp was used for illumination. -- - - -- -- 

The discharge tube 5mm. in diameter and 30cm. long was of quartz and 

coiled into a helix. It was supplied with 50 m amps. of current at a 

potential of 3,000 volts by a transformer. Two Vycor 7910 filters were -- - 

used to remove the 18498 resonance line. The lamp was warmed up for at . " -  

least 30 mins. before every experiment. ----- ---- 
- ,,. , f 3 4 ,  . * /k  

Materials Used 

2,5-Dihydrofuran (2,5-DHF) used in these experiments was 

obtained from the Aldrich Chemical Co.. The main impurities were furan, 

2,3-dihdrofuran (2,3-DHF) and tetrahydrofuran (THF). Pure 2,5-DHF was 

obtained by preparative G. C. using a 6 ft., 6% carbowax-600 on celite 

column at 25'~. The purified substrate was degassed before introducing 

into the reaction cell. 

Furan, THF, crotonaldehyde and biallyl were obtained from 

Matheson, Coleman and Bell, Inc.. Each was purified by preparative G. C. 

and then used for calibrating the gas chromatograph. 

2,3-DHF was prepared by the method of Paul et a1.46 2,5-DHF 

was heated in the presence of potassium tert-butoxide for 6 hours at 

170'~ in a sealed tube. The resultant mixture was distilled and the fraction 

at 55-6'~ collected. 2,3-DHF was separated from this fraction by preparative 

G. C. .  



Nitric oxide 

amounts of C02, N2 and 
I 

distillation through a 

obtained from 

higher oxides 

I 

Matheson of Canada Ltd., contained 

of nitrogen. It was purified by 

trace 

trap cooled with liquid oxygen. The distillate was 

condensed at -196'~ and contained no detectable impurities. CFt, also 

obtained from Matheson, was purified in a similar way. 

Propene, methyl acetylene and nitrous oxide were also obtained 

from Matheson. Each was purified by preparative G. C. before being used 

for calibration. 

Reagent grade hydrogen, nitrogen and butane were obtained from 

Matheson and were used without futher purification. 

Actinometry 

The lamp intensity was determined using the nitrous oxide-n-but@-ne 

. actinometer. ~vetanovic'l~r~~ has shown that in the mercury sensitized 

photodecomposition of a mixture of N20 and a hydrocarbon, the following 

processes take place:- 

Hg* + N20 . Hg + N2 + 0 . . . . (21) 
Hg* + RH .-) Hg+Products . . . . (22) 

Hg* here represents the excited ~ ~ ( 6 ~ ~ 1 )  atoms and RH the hydrocarbon 

molecules. In the absence of RH, the quantum yield of 0 from reaction (21) 

is unity. In the presence of excess RH, the oxygen atom formed is completely 

removed and the only source of N2 is reaction (21). 

In the pressure region of complete quenching. 

Light intensity (Ia) = Rate of reaction (21) 9 Rate of reaction (22) 

(einsteinslsecs) (moles1sec) (moles1 sec) 

i.e., 

Ia = kl (Hg*) (N20) + k2 (Hg*) (RH) . . . . (50) 



I 

kl and k2 are t h e  s p e c i f i c  r a t e  cons t an t s  f o r  t h e  two quenching processes  

r e spec t ive ly .  I 

and Rate of N2 p roduct ion  (R ) = kl (Hg*) (N20) . . . . (51) 
N2'  

Hence t h e  p l o t  of 11% v s  (RH) / (N20) would b e  l i n e a r  and t h e  i n t e r c e p t  
2 

va lue  a t  (RA) / (N20) = 0 should y i e l d  t h e  va lue  of 111~. 

Various mixtures  of n-C4H10 and N20 were i l luminated  f o r  15 

mins. N 2  w a s  separa ted  from t h e  o t h e r  products  by pass ing  t h e  r e a c t i o n  

products  through t r a p s  cooled t o  l i q u i d  n i t r o g e n  temperature.  Quan t i t a t i ve  

de te rmina t ion  of N2  w a s  done gas chromatographical ly  us ing  t h e  molecular 

s i e v e s  column. The p l o t  of 1/% v s  (n-C4H10) / (N20) i s  given i n  f i g u r e  
2 

113. The va lue  of Ia obtained was 0.81t.02 P i n l m i n .  
J 

Procedures 

( i )  2,5-DHF was f r e s h l y  p u r i f i e d  by p repa ra t ive  G. C . ,  degassed 

and introduced i n t o  t h e  r e a c t i o n  c e l l  con ta in ing  a s m a l l  d r o p l e t  of 

mercury. By means of t h e  needle  va lve  (D i n  f i g u r e  # l )  and t h e  cathetometer  

t h e  d e s i r a b l e  p re s su re  of lOmm Hg was obtained.  The s h u t t e r  between t h e  

r e a c t i o n  c e l l  and t h e  prewarmed lamp was then  removed r a p i d l y  and t h e  

s t o p  watch s t a r t e d .  A t  t h e  end of t h e  d e s i r e d  i r r a d i a t i o n  per iod ,  t h e  lamp 





, 

was turned  o f f  and t h e  r e a c t i o n  products  analysed,  

The con ten t s  of t h e  r e a c t i o n  c e l l  were passed through t r a p s  

0 
cooled t o  -196 C and t h e  non-condensable (N.C) f r a c t i o n  w a s  measured i n  

t h e  gas-buret te ,  t r a n s f e r r e d  t o  t h e  sampler and analysed on t h e  molecular 

s i e v e s  column. 

The f r a c t i o n  t h a t  was n o n v o l a t i l e  a t  l i q u i d  n i t r o g e n  temperature,  

was passed through t r a p s  maintained a t  -112 '~  wi th  carbon d i su lph ide  s l u s h  -- -- 

baths .  The d i s t i l l a t e  was condensed i n  a l i q u i d  n i t r o g e n  t r a p .  This  

f r a c t i o n  contained t h e  C3- p roducts  and was c a l l e d  t h e  "Liquid n i t rogen  

f rac t ion" .  The Porapak-P column was used t o  ana lyse  t h i s  f r a c t i o n .  

The f r a c t i o n  nonvo la t i l e  a t  - 1 1 2 ' ~  was c a l l e d  t h e  "CSn-fraction". 

It w a s  analysed on t h e  carbowax-600 on c e l i t e  column. It w a s  observed 

t h a t  a f t e r  prolonged runs t h e  r e a c t i o n  c e l l  w a s  coated wi th  a nonvo la t i l e  
i 

0 ma te r i a l .  Hence t h e  c e l l  was removed, c leaned,  d r i e d  a t  120 , and pumped 

overnight  between runs.  

( i i )  Runs wi th  added CF4 

I n  t h e s e  runs t h e  s u b s t r a t e  p re s su re  was maintained a t  lOmm Hg, 

bu t  t h e  t o t a l  p re s su re  i n  t h e  r e a c t i o n  c e l l  was a l t e r e d  by adding va r ious  

amounts of CF4. The mixture was allowed t o  s tand  f o r  6 hours t o  ensure  

complete mixing. The i l l umina t ion  w a s  kept  cons t an t  a t  20 mins. Due t o  

t h e  presence of l a r g e  amounts of added CFq, t h e  non-condensable f r a c t i o n  of 

t h e  product could no t  be  analysed. The c e l l  con ten t s  were condensed a t  

-196O~, t h e  m a t e r i a l  v o l a t i l e  a t  t h i s  temperature was pumped away and t h e  

condensed f r a c t i o n  w a s  analysed i n  t h e  usua l  way. 
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( i i i )  Runs wi th  added NO 

A s u b s t r a t e  p re s su re  of 10mm. w a s  used and va r ious  percentages 

of n i t r i c  oxide were added. The mixture was allowed t o  e q u i l i b r a t e  f o r  6 

hours and was then  i r r a d i a t e d  f o r  20 mins. The s i g n i f i c a n t  vapour p re s su re  

0 
of NO a t  -196 C (= 70 microns) n e c e s s i t a t e d  a change i n  t h e  a n a l y t i c a l  

procedure. By us ing  a s o l i d  n i t rogen  t r a p  most of t h e  NO w a s  separa ted  

from t h e  N.C. f r a c t i o n .  The l i t t l e  t h a t  d i s t i l l e d  through t h e  t r a p  d i d  

no t  i n t e r f e r e  wi th  t h e  chromatographic a n a l y s i s  of CO. 

Quan t i t a t i ve  e s t ima t ion  of H2 was done by d i f f e r e n c e  i n  a l l  

t hese  experiments.  The t o t a l  volume, p re s su re  and temperature of t h e  

N.C. f r a c t i o n  was determined i n  t h e  gas b u r e t t e .  Hence t h e  t o t a l  number 

of moles of t h e  non-condensable gas  was obta ined .  The number of moles of 

CO (CO and NO i n  t h e  NO - added runs)  w a s  obtained by G. C. a n a l y s i s .  The 

va lues  f o r  H2 c a l c u l a t e d  by t h i s  method f o r  s e v e r a l  runs,  were checked by 

gas  chromatographic a n a l y s i s  us ing  argon as t h e  c a r r i e r  gas .  The 6 f t .  

molecular s i e v e s  column was used a t  25'~ and a flow r a t e  of 50 mlslmin. 

Bridge c u r r e n t  w a s  kept  cons tan t  a t  4.0 m amps. Values obtained by t h e s e  

d i f f e r e n t  methods agreed t o  w i t h i n  1%. 

Mass spec t rometr ic  and I R a n a l y s i s  of t h e  i s o l a t e d  peaks a s  w e l l  

a s  t h e  r e t e n t i o n  t imes from G .  C. a n a l y s i s ,  were used f o r  product i d e n t i f i c a t i o n .  

Mass spec t rometr ic  ana lyses  were done on a H i t ach i  Perkin-Elmer RMU-6E mass 

spectrometer .  I. R s p e c t r a  were obtained by a Perkin-Elmer 457 g r a t i n g  

i n f r a  red  spectrometer .  F igures  #4 t o  7 i l l u s t r a t e  t h e  chromatograms 

obtained.  











Determination of t h e  Quenching cross-sect ion f o r  2,5-DHF 

It has been shown e a r l i e r  t h a t  i n  t h e  s e n s i t i z e d  photodecomposition 

of a mixture of hydrocarbon and N20, t h e  following r e l a t i o n  app l i e s ,  

I 
k2 (RH) = 1 +-. . . . . (52) 

%2 k l  (N20) 

For t h e  mercury pho tosens i t i za t ion  of a p i x t u r e  of 2,5-DHF and N20, we 

would g e t  

I k3 (2,5-DHF) 
a/ = 1 +- . . . . (54) 

R ~ 2  k l  (N20) 

Where k3 is t h e  r a t e  constant  f o r  t h e  quenching process 

H ~ ( ~ ~ P ~ )  + 2,5-DHF Products . . . . ( 5 5 )  

A s  Ia i s  1 , a p l o t  of 
l/ 

v s  (2,5-DHF) / (N20) would be l i n e a r  
1 /0N2 

%2 
@N2 

wi th  an i n t e r c e p t  of u n i t y  a t  (2,5-DHF) / (N20) = 0. The s lope  of t h i s  l i n e  

would y i e l d  t h e  va lue  of k3 / kl .  P l o t s  of t h e  2,5-DHF-N20 and n-butane-N20 

mixtures a r e  given i n  f i g u r e  #8. The r a t i o  of t h e  two s lopes  g ives  k3 / k2. 

From equation (15) we g e t  

and 

M ' s  a r e  t h e  molecular weights of t h e  r e spec t ive  substances. 







The va lue  of ks / k2 was obtained a s  7.33k0.37 Hence 

Taking t h e  v a l u e  of  a2 = 3 . 6 ~ ~  
0 

w e  g e t  02 
2,5DHF = 28.421.4 

Ca lcu la t ion  f o r  Competit ive Quenching 

I n  t h e  experiments performed i n  t h e  presence of n i t r i c  oxide and 

ca rbon te t r a f luo r ide ,  t h e  r epo r t ed  y i e l d s  have been co r rec t ed  f o r  competi t ive 

quenching of Hg ( 6 3 ~ 1 )  by those  addends. The f r a c t i o n  of t h e  t o t a l  quenching 

processes  involv ing  n i t r i c  oxide and 2,5-DHF can be  represented  as 

H ~ ( ~ ~ P ~ )  + 2,5-DHF f r a c t i o n  = IT 

~ ~ ( 6 ~ ~ 1 )  + NO f r a c t i o n  = 1 - IT 

Thus t h e  f a c t o r ,  Q.C.F. by which t h e  observed y i e l d s  must b e  co r r ec t ed ,  

t o  a l low f o r  t h e  n e t  decrease  i n  t h e  concen t r a t ion  of exc i t ed  mercury atoms, 

i s  g iven  by 111~. 

The r a t i o  of (1-IT) /IT can be  obta ined  from t h e  r e l a t i v e  number 

of c o l l i s i o n s  between Hg* and NO and between Hg* and 2,5-DHF. Hg* he re  

r e p r e s e n t s  t h e  exc i t ed  Hg ( 6 3 ~ 1 )  atoms. 

1 
(- 

I % 
u2 +-1 1 - (NO) NO M ~ g  %o . . . . (59) 

IT ( ~ , ~ . D H F ) '  u2  + 1 
2,5DHF ( M  

Hg M2,5-DHF 



L e t t i n g  

We g e t  

The va lues  of t h e  f a c t o r ,  Q.C.F., a s  c a l c u l a t e d  from t h e  above equat ion  

a r e  i nd ica t ed  i n  t h e  t a b l e s  of r e s u l t s  f o r  each n i t r i c  oxide-2,5-DHF, 

CF4-2,5-DHF, and C02-2,5-DHF mixtures  i nves t iga t ed .  

= 23.0A2,. u2 2 
u&O) (CF4) = l e s s  than  0.001A , 

0 
(co2) 

= 2.5A2 and o2 2,5-DHF = 2 8 . 4 ~ ~  a r e  t h e  va lues  

used i n  t h e s e  c a l c u l a t i o n s .  

Method of P re sen ta t ion  of Data 

For each s e r i e s  of experiments performed t h e  r e s u l t s  a r e  

presented i n  both t a b u l a r  and graphic  form. I n  few cases ,  where d a t a  are 

no t  amenable t o  graphic  r ep re sen ta t ion ,  they  are presented i n  t a b l e s  only.  

I n  t h e  t a b u l a r  form, t h e  fol lowing d a t a  a r e  r o u t i n e l y  given:- cond i t i ons  

of t h e  experiment, run  number, va lue  of t h e  va r i ed  parameter and quantum 

y i e l d .  Where a p a r t i c u l a r  datum i s  absent  from t h e  t a b l e ,  t h e  explana t ion  

is  ind ica t ed  a s  I1n.d" (not determined) o r  " t . m f 1  ( t oo  minute t o  al low 

accu ra t e  e s t ima t ion ) .  



RESULTS AND DISCUSSIONS 

U. V. absorp t ion  spectrum of 2,5-DHF i s  presented i n  f i g u r e  9. 

The spectrum was recorded a t  2 5 ' ~  and 1 0 m .  Hg of s u b s t r a t e  p re s su re ,  

us ing  a lOcm hmg qua r t z  c e l l .  A s  2,5-DHF shows p r a c t i c a l l y  no 

absorp t ion  i n  t h e  reg ion  2400 t o  2600A , a s tudy  of t h e  mercury 

photosens i t ized  r e a c t i o n  is  poss ib l e .  

The main products  of t h e  s e n s i t i z e d  r e a c t i o n  are hydrogen, 

carbon monoxide and propene. The minor products  a r e  a l l e n e ,  methyl 

ace ty lene ,  b i a l l y l ,  crotonaldehyde, furan ,  2,3-dihydrofuran, (2,3-DHF), 

t e t r ahydro  fu ran  (THF) and t h r e e  u n i d e n t i f i e d  compounds "A", "B" and "C" 

(See f i g u r e  7 ) .  The quantum y i e l d s  of t h e s e  products  a s  a  func t ion  of 

r e a c t i o n  t ime is  g iven  i n  t a b l e  4 and 5. F igure  (10 t o  14)  show p l o t s  of 

product y i e l d s  a s  a  func t ion  of t i m e  ( i n  t h e  c a s e  of t h e  u n i d e n t i f i e d  

compounds "A", "B" and "C" , a r e a s  of t h e  G. C .  peaks a r e  used i n s t e a d ) .  

Taking i n t o  account t h e  l a r g e  experimental  unce r t a in ty  i n  t h e  

a n a l y s i s  of very  s h o r t  runs,  t h e  quantum y i e l d s  of a l l  products  a r e  

e s s e n t i a l l y  independent of time, i n d i c a t i n g  t h a t - n o n e  of t h e s e  products  

a r e  t h e  r e s u l t  of secondary r eac t ions .  A smal l  amount of nonvo la t i l e  

m a t e r i a l  was observed i n  very long runs.  Addit ion of n i t r i c  oxide t o  t h e  

system did  no t  prevent  i t s  formation and moreover t h e  summation of t h e  

carbon content  of t h e  products  of t h e  r e a c t i o n  i n  t h e  presence of NO is,  

w i t h i n  experimental  e r r o r ,  equal  t o  t h e  va lue  i n  t h e  absence of NO. This  

sugges ts  t h a t  a  cha in  mechanism consuming s u b s t r a t e  molecules is  not  

important.  





Time i n  mins. 

F ipure  10. Time Dependence. 



0 = Allene 

A = Methyl ace ty l ene  

Q = 2,3-DHFx2 

l Time i n  m i n s .  

$ igu re  11. Time Dependence . 
.. 



0 = B i a l l y l  

A = Furan  

4 = T.H.F. 

Time i n  mins.  

F i g u r e  1 2 .  Time Dependence,  



0 = Croton a ldehyde  

A = Compound "A" 

Time i n  mins.  

F i g u r e  13.  Time Dependence. 



0 = Compound B 

A = Compound C 

Time i n  mins. 

F i g u r e  1 4 .  Time Dependence.  
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The v a r i a t i o n  of quantum y i e l d s  of products  wi th  s u b s t r a t e  

p re s su re  is  ind ica t ed  i n  f i g u r e s  (15) t o  (18).  Analysis  of 2,3-DHF 

and THF w a s  impossible  a t  higher  s u b s t r a t e  p re s su re s  due t o  inadequate  

r e s o l u t i o n  of G.  C .  peaks. A l l  products  show a behaviour c h a r a c t e r i s t i c  

of t h e  d e c o m p ~ s i t i o n  of an exc i t ed  molecule sub jec t  t o  c o l l i s i o n a l  

deac t iva t ion ,  hydrogen and fu ran  are l e s s  a f f e c t e d  than  t h e  o the r  

products ,  sugges t ing  t h a t  they a r i s e  from a d i f f e r e n t  mechanis t ic  path.  

Runs wi th  added CFL, and C02 were done i n  a n  a t tempt  t o  v e r i f y  t h i s  

d i f f e r e n c e  i n  behaviour.  See f i g u r e s  (19) t o  (22).  The r e s u l t s  a r e  

co r r ec t ed  f o r  t h e  competi t ive quenching of C02 f o r  t r i p l e t  mercury. 

When CF4 was used as a n  i n e r t  gas ,  i t s  ve ry  low quenching cross-sec t ion  

e l imina ted  t h e  problem of competi t ive quenching of t r i p l e t  mercury. I n  

t h e s e  cases  aga in  quantum y i e l d s  were decreased,  a l though C02 increased  

t h e  quantum y i e l d  of fu ran  t o  s m a l l  ex t en t .  (See f i g u r e  22).  

The fol lowing mechanism i s  suggested f o r  t h e  s e n s i t i z e d  r e a c t i o n  



I 
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Figure 15. Pressure Dependence Runs. 
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= B i a l l y l  

A = Allene 
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Figure 16. P re s su re  Dependence Runs. 
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F i g u r e  1 7 .  
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F igure  18. 
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0 = Furan ( ~ 1 0 )  

CFL, P r e s s u r e  ( t o r r )  

F i g u r e  19. 
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F i g u r e  20. 
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Figure 22. E f f ec t  of added CO a f t e r  c o r r e c t i n g  f o r  competi t ive quenching 
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H2 + 'P' 

It is pos tu l a t ed  t h a t  t h e  primary energy t r a n s f e r  process  produces 

an e l e c t r o n i c a l l y  exc i t ed  molecule of 2,5-DHF. The exc i t ed  molecules 

represented  by , may e i t h e r  be deac t iva t ed  by e o l l i s i o n s  

(equn (65) ) , o r  decompose according t o  t h e  equat ion  (66) t o  (68).  

The s p i n  conserva t ion  r u l e  sugges ts  t h a t  t h e  exc i t ed  molecules 

a r e  i n  t r i p l e t  state. No d e t a i l e d  spec t roscopic  s tudy  of 2,5-DHF has  

been repor ted  i n  t h e  p a s t  t o  h e l p  confirm t h e  ex i s t ence  of a n  exc i t ed  

t r i p l e t  s t a t e  f o r  t h i s  molecule. 

Ring opened b i r a d i c a l s  were proposed as in te rmedia tes  i n  t h e  

mercury s e n s i t i z e d  r e a c t i o n s  of c y c l o b l e f i n s  359h, an3 f ~ r a n ~ ~ s ' ~ .  1t 

i s  l i k e l y  t h a t  h e r e  a l s o  t h e  exc i t ed  molecule formed i n  r e a c t i o n  (64) is 

a r i n g  opened b i r a d i c a l .  

The dihydrofuranyl  r a d i c a l s  9. formed i n  (68) may .- 
a l s o  be  w r i t t e n  as . To rep resen t  t h e  d e l o c a l i z a t i o n  of 

t h e  f r e e  e l e c t r o n ,  we may r ep resen t  i t s  s t r u c t u r e  a s  . The 

hydrogen atom formed i n  (68) presumably adds t o  a s u b s t r a t e  molecule t o  

g ive  a t e t r ahydro fu rany l  r a d i c a l  



. . . . (70) 

The two radicals may undergo disproportionation and combination 

reactions to give the following products. 

Q + dihydrofurans 



No h ighe r  molecular weight compounds o t h e r  t han  "A", "B" and 

"C" were found, sugges t ing  t h a t  combination r e a c t i o n s  (7 4) t o  (7 6) a r e  

less important i n  t h i s  system. 

To t e s t  t h e  proposed mechanism, 2,5-DHF was mercury pho tosens i t i zed  

i n  t h e  presence of a r a d i c a l  scavenger,  n i t r i c  oxide.  Resu l t s  of t h e  

NO- added r e a c t i o n s  a r e  given i n  t a b l e  9 t o  10. The d a t a  have been 

co r rec t ed  f o r  compet i t ive  quenching of t r i p l e t  mercury atom by added NO 

molecules.  It w a s  observed t h a t  t h e  presence of NO completely i n h i b i t s  

t h e  formation of b i a l l y l ,  a l l e n e ,  2,3-DHF, THF, compound 'A'  and 

compound "B", sugges t ing  t h a t  t h e s e  products  have f r e e  r a d i c a l  precursors .  

The y i e l d  of crotonaldehyde went down by 50%, sugges t ing  t h i s  f r a c t i o n  

t o  a r i s e  from f r e e  r a d i c a l  r e a c t i o n .  Yie lds  of f u r a n  increased  e i g h t f o l d  

and two new products ,  n i t r o u s  oxide and a c r y l o n i t r i l e  were i s o l a t e d  and 

i d e n t i f i e d .  Quan t i t a t i ve  a n a l y s i s  of a c r y l o n i t r i l e  w a s  not  p o s s i b l e  due 

t o  t h e  overlapping of i t s  G. C .  peak wi th  t h a t  of crotonaldehyde. 

It was noted t h a t  t h e  a d d i t i o n  of NO decreased t h e  y i e l d  of 

propene by about 28%, i n d i c a t i n g  t h a t  t h i s  f r a c t i o n  of propene w a s  formed 

by f r e e  r a d i c a l  r eac t ion .  The r i n g  opened b i r a d i c a l ,  suggested a s  t h e  

in t e rmed ia t e  exc i t ed  s t a t e  i n  t h i s  r e a c t i o n ,  i s  most probably t h e  source 

of propene. 
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H - C  

\ kt82 

CH3 - CH = CH - CHO 

The 3-butenal formed i n  (77A) would be  exc i t ed  t o  t h e  e x t e n t  of 

approximately 112 kcal/mole and would r e a c t  i n  t h r e e  ways. React ion (77C) 

would y i e l d  d i r e c t l y  CO and propene, whose formation would no t  be i n h i b i t e d  

by NO. React ion (77D) produces formyl and a l l y 1  r a d i c a l s .  Al ly1  r a d i c a l s  

may y i e l d  propene by d i sp ropor t iona t ing  wi th  formyl r a d i c a l s .  

Formation of propene by t h i s  r o u t e  would be  i n h i b i t e d  by NO. The presence 

of a l l y 1  r a d i c a l s  i n  t h i s  system i s  f u r t h e r  supported by t h e  formation of 

a ~ r ~ l o n i t r i l e ~ ~ *  i n  t h e  presence of NO and b i a l l y l  and a l l e n e  i n  t h e  

absence of NO. 



o . . . . a . . . a .  

2 C H ~  - CH - CH ---$ CH3 - CH = CH2 + CH2 = C = CH2 . . . . (81) 2 

Dispropor t iona t ion  r e a c t i o n s  o f  formyl r a d i c a l  with o t h e r  r a d i c a l s  have 

been repor tedB4 '  I n  t h e  presence of a l l y 1  r a d i c a l s  it seems most l i k e l y  

t h a t  r e a c t i o n  (78) t akes  p l ace  t o  g ive  propene and CO. 

The formyl r a d i c a l s  i n  t h e  presence of  NO g ive  48 

This  i s  c o n s i s t e n t  with t h e  small  i nc rease  i n  t h e  y i e l d s  of  CO (about 

2 9 % )  i n  t h e  NO added runs .  The eHNO r a d i c a l s  r e a c t  t o  g ive  n i t r o u s  oxide 

and water .  4  9 

2 OHNO ____) N20 + H20 . . . . (83) 

N20  and H 2 0  have been i s o l a t e d  and i d e n t i f i e d  i n  t h e  products  o f  t h e  runs 

with added NO. 
, 

In  t h e  absence of  NO, t h e  formyl r a d i c a l s  seem t o  undergo t h e  

usua l  combination and d i sp ropor t iona t ion  r e a c t i o n s .  47 

'HCO + CH - CH - CH2 2 j (CH2 = CH - CH2CHO)* 

C3H6 + CO / 4- 
CH3 - CH = CH - CHO. . . . (84) 



The 50% decrease in the quantum yield of crotonaldehyde produced in the 

presence of NO, suggests that the reaction of formyl with ally1 produces 

crotonaldelyde, presumably by way of vibrationally hot 3-butenal. The 

absence of H2CO suggests that reaction (86) is less important in this 

system. (CH0)2 was also not found in the reaction products. Under the 

conditions in which the experiments were performed, (CH0)2 if formed, 

would polymerize to give involatile materials 47B . 0 c( was 

H 

unavailable and so we were unable to measure its G. C. retention time and 

check its presence in the reaction products. 

An alternative mechanism may be considered for the formation of 

propene. The ring opened biradical may rearrange to CH3 - CH = CH - CHO 
directly and the decomposition of excited crotonaldehyde would give propene 

and CO. Lossing and ~arrison~O have shown that the excited crotonaldehyde 

molecule, formed by the primary process in the mercury sensitized reaction 

of crotonaldehyde, decomposed in two different ways. It either rearranges 

to give C3H6 and CO or splits to give propenyl and formyl radicals. 

Propenyl radicals would then react with the fomyl radical to give 

propene, and this fraction of propene formed could be completely inhibited 

by addition of NO. 



CH3 - CH = CH - CHO 

(propenyl radical) 

The best evidence against such a mechanism is the absence of 

propeny1,radicals in the system, If propenyl radicals were present, they 

would have reacted with NO in the NO inhibited runs to give acetaldehyde 

and H C N ~  . 
CH3 - CH = CH* 1- NO --> CH3 - CH = CH NO 

CH3CHO + HCN * a . . (92) 

The absence of CH3CHO and HCN support the formation of propene by 

reactions (77A) to (78). 

Further support for the formation of 3-butenal, as an 

intermediate, arises from the work of McDowell and ~ifniades~~. They 

deduced that in the photolysis of crotonaldehyde, an excited molecule of 



3-butenal was formed as an intermediate, which could decompose to give 

C3Hg and C9 or ally1 and formyl radicals. 

L It has been observed that the yield of furan increases 

eightfold in the NO added runs. This is probably due to two reactions. 

One is the reaction between the dihydrofuranyl radicals and NO. 

Such disproportionations of free radicals with NO occur to some extent in 

the case of ethyl radicals53, to give ethylene and OHNO, in the case of 

vinyl radicals54 to give acetylene and *HNO and in the case of isopropoxy 

radicals55 to give acetone and *HNO. The other reaction involves the 

excited NO molecules produced in the system by the quenching of Hg (63~1) 

atoms by the added NO. 

' NO + H~(~~P:) ___) Hg + NO* . * . . ( 9 4 )  

Decomposition of hydrocarbons initiated by electronically excited NO 

have been reportedk7'. Since the maximum limiting yield of furan is 

obtained by the addition of only 3.6% of NO, and since the quenching cross 

section of NO and substrate are not very different (23.OA and 28.48 
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r e s p e c t i v e l y ) ,  i t  may be ca l cu la t ed  t h a t  r e a c t i o n  (95) can be  r e spons ib l e  , 

f o r  a t  mosQ0*04of t h e  t o t a l  quantum y i e l d  of f u r a n  produced i n  t h e s e  

runs. Within t h i s  l i m i t a t i o n  the  quantum y i e l d  of fu ran  i n  t h e  presence 

of NO r e p r e s e n t s  t h e  primary quantum y i e l d  of dihydrofuranyl  r a d i c a l s  

The complete i n h i b i t i o n  of THF formation i n  NO added runs  

i n d i c a t e s  t h a t  t h e  precursor  r a d i c a l  8 a l s o  r e a c t s  wi th  NO. 

Absence of compound "A1' and "B" i n  t h e  products  of NO 

i n h i b i t e d  runs p o i n t s  ou t  t h a t  they  a l s o  have r a d i c a l  precursors .  

E f f o r t s  were made t o  i d e n t i f y  t h e s e  compounds. Mass s p e c t r a  of 

compound 'A'  and 'B'  a r e  given i n  t a b l e  11 and 12 r e spec t ive ly .  Mass 

s p e c t r a  obta ined  a t  low energy e l e c t r o n  beam showed a peak a t  m/e=110 

f o r  compound 'A' and a peak a t  m/e=69 f o r  compound ' B ' .  Examination of 

f i g u r e s  13, 14, 17 and 18 r evea l  t h a t  t h e s e  unknown compounds cannot be 

obtaingd i n  l a r g e  q u a n t i t i e s  by inc reas ing  t h e  i r r a d i a t i o n  per iod  o r  

t h e  s u b s t r a t e  p re s su re s ,  Samples were t h e r e f o r e  c o l l e c t e d  by repea t ing  

runs  a t  low s u b s t r a t e  pressures .  The amounts c o l l e c t e d  a f t e r  s e v e r a l  

runs  were so  small t h a t  poor I. R. s p e c t r a  were obtained.  I. R. s p e c t r a  

of both t h e  compounds showed absorp t ions  due t o  b a s i c  dihydrofuran r ing .  

It is  very  tempting thus  t o  assume t h a t  compound 'A' with  m / e  peak a t  

110, is  a combination product of 

and t h e  compound ' B '  wi th  m/e peak a t  69, i s  a combination product of 

two d ihydrofuranyl  r a d i c a l s  



I 

Table 11 

Mass spectrum of Compound A 
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Tab le  12 .  

Mass spectrum o f  Compound ' B '  



The presence of NO would completely inhibit the formation of such products. 

Addition of NO leaves the unknown compound 'C' uneffected, 

suggesting that it is not formed by radical reaction. The mass spectrum 
/ 

of compound 'C' is given in table 13. I. R. spectrum indicates the 

presence of the basic 2,5-DHF ring. Nothing definite can be said about 

its structure until good I. R. and N.M.R. spectra are obtained. 

Attempts are now being made to collect these three compounds 

by carrying out the sensitized reaction in a circulating cell. In this 

system the substrate is continuously circulated through a cylindrical 

cell by means of a small mechanical pump. The cell is irradiated with 

an intense low pressure mercury resonance lamp. The products are pumped 

out of the cell into a cold trap maintained at -23'~. The substrate has 

a vapour pressure of 3-4 mm. of Hg at this temperature, hence could be 

pumped back into the cell. The compounds 'AA ' ,  'B' and 'C' which are of 

higher molecular weight than the substrate would be trapped in the cold 

trap. 



Table 13. 

Mass spectrum of Compound C 



I 

H2 is  produced i n  t h e  r e a c t i o n  wi th  a quantum y i e l d  of 0.17, 

hence i t  could be  considered as one of t h e  major products .  Addit ion of 

NO l e a v e s  t h e  y i e l d  of H2 uneffec ted ,  sugges t ing  t h a t  a l l  t h e  hydrogen 

is  formed by a molecular e l imina t ion  process .  I f  we assume t h a t  H2 is  

formed by r e a c t i o n  

The product ,  P, of mass 68, should a l s o  b e  formed wi th  a quantum y i e l d  of 

0.17. Furan has  a mass of 68, bu t  i t s  quantum y i e l d  is  so low (@ = 0.033), 

t h a t  we could not  cons ider  i t  be  t h e  product 'P'  of r e a c t i o n  (67).  No 

o t h e r  product was observed t h a t  had a high quantum y i e l d  of 0.17 and a 

masS of 68. 

P y r o l y s i s  of 2,5-DHF was s tud ied  by Wil l ing ton  and ~ a l t e r s '  56. 

The products  a r e  H2 and 8 .  
The r e a c t i o n  is  exothermic wi th  an  a c t i v a t i o n  energy of 

48 kcal/mole. I f  Q is  produced by r e a c t i o n  (67) i t  w i l l  be  exc i t ed  

t o  some e x t e n t ,  ~ r i n i v a s a n "  a 44  observed t h a t  t h e  exc i t ed  molecule 

produced by t h e  mercury photosens i t ized  r e a c t i o n  of furan ,  decomposed 

t o  g ive  CO and cyclopropene bu t  a l s o  added t o  double bonds p re sen t  i n  

t h e  system t o  g i v e  Diels-Alder a d d i t i o n  products .  I f  t h e  same exc i t ed  

s t a t e  of f u r a n  is  produced i n  r e a c t i o n  (671, i t  may add t o  a s u b s t r a t e  

molecule t o  g ive  Diels-Alder products ,  



Effor t s  were made t o  f ind  such products, by using d i f f e r e n t  G. C. columns 

a t  d i f f e r e n t  condit ions of temperatures and flow r a t e s ,  but with no success. 

The Diels-Alder product of furan and 2,5-DHF may have very low vapour 
\ 

pressure a t  room temperature. I n  t h i s  case  the  products w i l l  deposite  on 

t h e  c e l l  walls .  A deposite on c e l l  wa l l s  was observed i n  long runs. 

Ef fo r t s  a r e  now being d i rec ted  t o  ob ta in  t h i s  deposi te  i n  enough 

quant i ty  t o  i d e n t i f y  by spectroscopic s tudies .  

1 It appears, i n  summary, t h a t  2,5-dihydrofuran r e a c t s  with 

t r i p l e t  mercury t o  give an excited molecule which decomposes by t h e  

following th ree  processes. 

( i )  Cleavage of a C-H bond t o  g ive  dihydrofuranyl r a d i c a l  and an 

H-atom (0 I 0.25). 

( i i )  Ring cleavage t o  give a b i r a d i c a l  which may decompose t o  

give propene and CO o r  t o  give a f r e e  r a d i c a l  precursor of propene 

(0 = 0.32). 

( i i i )  Molecular decomposition t o  give hydrogen and an  unknown 

product (a = 0.17). 

The d i f fe rence  between the  products of t h i s  react ion and those 

of t h e  oxygen atom - butadiene reac t ion  ind ica tes  t h a t  t h e  same b i r a d i c a l  

intermediate i s  not involved. Electron de loca l i za t ion  i n  t h e  intermediate 



( , 

species 6 - CH2 - 6~ - CH = CH2 and 6 - CH2 - CH = CH - 6 ~ 2  may not be 

complete enough to make the two identical, An alternative explanation 

is that in either or both reactions the formation and isomerization of 

the initially formed intermediate, represents a single concerted process 

without involving an identifiable biradical intermediate. 
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