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RESUM EN

Se describe e l estudio  cinético  de la reacción en cadena que tiene lugar cuando se 
fo to liza  p eróx id o  de b is(p erflu o r o m etilo ) en presencia de m ezclas de m onóxid o  de car­
b on o y oxígeno. La reacción conduce a la form ación cuantitativa de d ióxido de carbono.

SUM M ARY

W ben b is (perflu orom eth yl) p erox id e  is ph oto lyzed  in  the presence o f m ixtures of 
carbón m onoxid e and oxygen a cliain reaction takes p lace lead in g  quantitatively  to carbón  
•dioxide. A k in etic  study of this reaction  is reported.

IN T R O D U  CTION

Oxygen is a well know n efficient scavenger of free radicals in  gas-phase 
reactions. In  th e  case of perflu o rin a ted  organic systems peroxid ic  substances 
a re  often found  as the  m ain  reaction  producís w hen  oxygen is present. In  fact, 
oxygen is know n to react rap id ly  w ith p e rflu o ro m e th y l1-3 and flu o ro fo rm y l4 

radicals.
W hilst in  th e  case of alkyl, alkoxy] and  acyl radicals th e  peroxidic com- 

pounds are  often unstable, peroxidated  derivatives of p e rflu o rin a ted  coinpounds 
have shown a rem arkab le  stab ility  (see, fo r exam ple, Ref. 5) .

W hen  e ith e r fluorox iperfluorom ethane, C F:iOF. o r bis (perfluorom ethyl) 
peroxide (B P F M P ), C F 3OOCF3, are  photolyzed in  th e  presence of carbón 
m onoxide, th e  perfluorom ethoxicarbonyl rad ical, C F3OCO. is th e  only in itia l 
p roduct of th e  orig inal perfluorom ethoxyl radicals, C FK0 -6 - 7.

* R esu lts reported in th is paper have been  included  in a eom m unication  presented  at 
the 13th A rgentine C hem ical M eeting held  in San L uis, N ovem b er 1970.
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As repo rted  previously 6=8, add ition  of oxygen quenches th e  subsequent 
reactions of th e  perfluorom ethoxicarbonyl radicals bu t, perhaps sni'prisingly, 
only trace am ounts of peroxidic substances are orig inated . 

In  th is paper we rep o rt a m ore tho rough  study of th e  reaction  tak ing  place 
w hen B PFM P is photolyzed in  th e  presence of carbón m onoxide and oxygen.

E X PE R IM E N T A L

BPFM P was prepared according to the m ethod of P orter and Cadv 9, by passing a stream  
of carbón m onoxid e and fluor in e  (d ilu ted  w ith  n itrogen) over perfluorinated  silver-plated  
copper wire.

Carbón m onoxid e was prepared as usual from  su lfuric and form ic acids, and p urified  
by passage through a coid  trap ( — 76°) and tbrough two tow ers f ille d  w ith  K O H  and P»0& 
sub lim ed  over Pyrex w o o l respectively .

C xygen was geuerated electro ly tica lly  from  a 40 % K O H  solu tion  on a n ick el anode; 
traces of hydrogen  w ere burnt in  a furnace f ille d  w ith  copper oxide, and the residual oxy­
gen was dried by passage through a series of traps containing concentrated H =SO.i, K O Ii 
p ellets and P2O5 .

Carbón d iox id e  was obtained  from  com m ercial dry-ice by repeated sub lim ation  ira vacuo.

T he reactions w ere perform ed in  a conventional cylindrical photochem ical reactor m ade  
from  quartz and provided  w ith  fíat optical w indow s. This vesse l was attached to a quartz 
spiral m anom eter (according to B od en ste in ) and fitted  to a standard vacuum  lin e  through  
a quartz-Pyrex tapered jo in t. M onel n eed le  valves and glass stopcocks lubricated  w ith  
H alocarbon grease w ere used  in  the vacuum  m anifold .

T he radia ti oí) source w as a h igh pressure m ercury lam p (Osram  H BO  500) ; the beam  
of ligh t, after b eing adequately collim ated  w ith  quartz optics, im p in ged  unfiltered on th e  
frontal w indow  of the reactor. On account of the fact that B P FM P  begins to absorb at ca. 
300 nm , n o  attem pt was m ade to m onochrom atize the radiation  in  order to assure a con- 
ven ien tly  h igh rate of reaction , m aking use of the w hole group of lin es of w avelength  up  
to 300 nm  ’O.

This work was in itia ted  with an oíd  U V Jam p but w hen about tw o-lhirds o f the ex- 
perim ents w ere com pleted  it was necessary to rep lace the lam p; w ith  the new  one, reaction  
rates increased about 80 %.

T he reactor was therm ostatized  by circulating water from  a Lauda U ltratherm ostat.

T he reaction products w ere id en tified  and their concentrations estim ated by IR spec- 
troscopy, as perform ed in  a P erk in  E lm er 221 spectrophotom eter w ith  the N aC l prisin- 
grating interchange.

Carbón d iox id e  was practically  the on ly  reaction  product, its y ie ld  b eing ca. 100 % ,  
as referred to CO and O c o n s u m e d . O nly traces of other substances cou ld  be d etected  b y  
collectin g  the product o f several experim ents and d istillin g  off vo lá tiles at —120°. T he  
residue was of carbonylic nature and its y ie ld  relative to carbón d iox id e  was less than 
1 x  10—!. T he very sm all quantities of residue obtained  precluded  any further in vestigad o»  
concerning its iden tity  (see , how ever, R ef. 8 ) .  B P FM P  was n ot consum ed to any detectable  
extent. 1

It is nothew orthy that carbonyl fluor id e  w as n ot found at all.

A ccordingly , the pressure decrease was taken as a safe m easure of the rate of the  
reaction : 1 , .

CO +  1 /2  O» ->  COs
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RESULTS

T he reaction was found to exh ib it a long induction  period, a fter w hich 
a constan t ra te  was acliieved and m ain tained  u n til less th an  5 nini Hg of car­
bón dioxide o r oxygen w ere left (according w h ic h  reac tan t was in  d e fe c t) . 
Fig. 1 shows th e  p lo t of th e  ra te  ( v ) , m casured by th e  pressure decrease in 
nim  H g /m in ., a a function  of the  to ta l pressure in mni Hg fo r two typical 
experim ente. W e have supposed th a t the  following rela tionsh ips are valid :

v =  _  ^2 . =  i  dpco>
Ai 2 dt

10 20 30 40 50 60 70 80 90

^ A p

Fig. 1. — R esults o f two typical experimenta

Fig. 1  shows th a t v  is independen t on th e  concentration  (pressure) o f 
e ith e r  carbón  m onoxide o r oxygen, and  th is fact was fu r th e r  confirm ed by 
changing th e  in itia l pressure of each reactan t. T he results are show n in Figs. 
2 and  3.

In  Fig. 4 we have com bined the  results of experim ents perfornied at dif- 
fe ren t pressures of peroxide and w ith a w ire grating of 35 fo  transm ittance
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in terposed  in  th e  lig h t beam  (X =  33; otherw ise X  — 100). D ata agree w ith  
th e  folio wing rela tions:

Ap
~Kt

-  7  T Ü . O U  í , u

^ • I-abs — • Vy}'
0.60

V

0.70 

0 65 - 

0 .6 0 ; 

055

100

J____|____|___ |___ |____|___ |____L.
120 140 160 180 200 220 240 260

Fig. 2. — Constancy of rate with iuitial pressure of oxvgen
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Fig. 3. — Constancy of rate •with iuitial pressuve of carbón monoxido

A very in teresting  fea tu re  is th a t, a lthough  no reaction  took place in  the  
d a rk  w hen th e  reactants w ere m ixed, th e re  was a fast th e rm al reaction follow- 
ing th e  photochem ical process w hen  th e  lig h t was cut off. In  fact, a fte r cutting 
off the  illum ination  th e  reaction  proceeded w ith  an in itia l rate equal to the  
(previous) photochem ical rate. Fig. 5 shows th e  results of an experim ent 
p erfo rm ed  w ith  in te rm iten t lig h t at 35°, w ith  36.1 nim  Hg of B PFM P, 200.3 
m m  H g CO and  102.2 m m  Hg O2.

T he  dark  reaction  was a ttr ib u ted  to some unstable in term ed ía te  w hich 
cou ld  m ain ta in  the  reaction  chain. E fforts d irected  to th e  isolation, o r at 
least to detect tliis in term ed ía te  were unsuccessful. Tlius, a m ix tu re  of reactants 
was irrad ia ted  in  an in fra red  cell th ro u g h  one of the  NaCl w indows and  th e  
spectrum  scanned im m ediately  after. d ifferen t irrad ia tio n  periods, looking
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for some carfconylie substance. ?Vo band  was íound  in tlie C =  O stretch ing  
región, ind icating  tliat the  concentration of tiie in term edíate , if any at all, 
was not Iiigli enough to be detected by IR  spectroscopy.

In ano ther experim ent, ISO 111111 Hg of carbón m onoxide. 150nm i Hg of 
oxygen, and B PFM P at is vaj)our pressu ie  were photolyzed in a 700 m i reactor 
p rovided w ith an ¡inm ersión m ercury resonance lam p (PL 313 from  Quarz- 
lam pengesellschaft, H anau, G erm any). T he reacto r was im m ersed in a Dewar 
flask containing dry ice-ethanol. A fter illiun inating  fo r 50 h the  product was 
irac tiona ted  by low tem pera tu re  distillations, bu t it was again im possible to 
detect by IK spectroscopy any in term ediate.

D I SC U S S 10 N

T here  are not very m any plausible schemes wliich can fit the  k inetic  law 
fonnd, and at the  same tim e allow for the  therm al reaction. F irs t of all, it 
shoidd be noted tlia t the  direct photochem ica] reaction between oxygen and 
carbón m onoxide under 2537 Á -radiation can be safelv discardcd as an inipor- 
tan t process. The available data show th a t in li([iiid carbón m onoxide this 
d irect reaction has a quantum  yield sm aller th an  1. Ozone could not be e ith er 
the in term ediate , as it would not react in the  dark with carbón m onoxide "-2. 
In  any case, a m ixture of carbón m onoxide and oxygen irrad ia ted  in the same 
experim ental conditions showed no ]»ressure drop \v!ien tlie peroxide was 
absent.

Indeed, the  in itia tion  step cannot be o th e r tlian :

Í0 F 3() )s + h; -> Ü O F aO- ( 1 >

(previous j)hotocliem ical studies on this substance support th is re a c tio n 7 l.

'I'he following step has also fceen elncidated  in previous works 6, 7.

O F3ü - +  GO > G F3()CÜ (2)

and it m ust be followed b y :

G F3()(3() +  0 2 -> GFgOGCOjO-, (í?)

T he reaction C F:s( ) • +  < )2 is not included in view of the higli scavenging 
ab ility  of carbón m onoxide for CF:i0 ‘ 6. Even if sucli a reaction took jdace 
to a certain  extent, the  producís would surely decompose im der irrad ia tion , 
and  would not affect tlie k inetic  scheme.

I p to this po in t the  sequence is straig luforw ard . bu t from  novv on th e  
proposed steps m ust be considered as speculative.
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P icv ious data on polyoxigenated perfluo rinaled  radicals p o in t ou t to the  
possib ility  of steps such as:

2 C F 30 0 ( 0 ) 0 -2 -> 0 F 8O0(O)O 2(J(O)OCF8 +  0 2 (4)
o r  even:

2 C F 30 0 ( 0 ) 0 2 -> C F 80 C (0 )0 x C (0 )0 C F 8 +  ( á - ® ) 0  (5')

w here x =  3 o r 4.
T hese reactions w ould be analogous to reactions giving rise to polyoxides 

such as F C ( 0 ) 0 2C ( 0 ) F ^ ,  C F:, 0 2C F, and CF80gC F 3 1 ‘3 o r~ F C (0 )0 2CFs 3, b u t 
they  cannot be tlie  m ain  reaction  patbw av in  ou r system.

T lie results ob tained  on alkyl-, alkoxyl- and  acyl-radicals oxidation 13 SUg- 
gest th a t o th e r conceivable pathw ay in add ition  to tliose previously consider- 
ed is:

2 C F s0 C ( 0 ) 0 -2 -► 2  C F s0 C (0 )0 -  +  0 2 («)

w hich could be ío llow ed by :

C F 30 0 ( 0 ) 0 -  -»■ G F 30- +  C 0 2 (7)

T he k inetic  evidence is nevertheless conflicting w ith steps 6 and  7 being 
th e  m ain  p a th  to carbón  dioxide; i í  th is w ere th e  case, a first power depen- 
dance on lig h t in tensity  sliould. be expected. T he only way to explain the  
frac tional (nearly  0.5) valué found  fo r th e  exponent on  I abs is to  postú late  a 
key step involving a firs t o rd er deconiposition of C F;t0 C ( 0 ) O -., such as:

C F s0 C ( 0 ) 0 -2 C F 30  +  COs (8 )

w hich could be ío llow ed by reaction  (9) (cf. Ref. I4a-d) :

C 0 3 +  CO ^  2  C 0 2 (9)

In  fact, any type of un im olecu lar decom position of C F:iOC (O j O ‘o leading 
to C F 30 • and  COo w ill f it th e  k ine tic  schcme.

Process(es) 4 a n d /o r  5 could  th en  be  th e  chain term inating  s tep (s ) .
N evertheless, an explanation  fo r th e  long induction  period  and th e  dark  

reaction needs to postú late th e  estab lishm ent of an equ ilib rium , and a reason- 
ab le m echanism  whicli could explain  h o th  th e  dependence on lig h t in tensity  
and  th e  th e rm al reaction  w ould be to consider (4) as th e  chain -term inan ting  
step and  to replace (5') by an equ ilib riu m :

2 C F 3O C ( 0 ) 0 2 ^  In term ed ía te  (5, -5)

wich is fa r rem oved to th e  left. I t  is no t unreasonable  to th in k  th a t the in te r­
m ed íate  could be  CF3OC (O) O4C (O) OCFg. A nalogous equ ilib ria  have been 
postu la ted  fo r R O 4R, w here R =  t-butyl rad ica l ";6. I t  should  be em phasized 
th a t the  concentration of th is  in term ed ía te  should be very low, as th e re  is 
no reason to  p refe r reaction 5 to reaction  4. T his low concentration is no t in
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disagreem ent w itli th e  higii y ield  of the  th e rm al reaction, because the  chain 
involved niust be very long. Thus, in  a typical experim ent, th e  dark  reaction 
am ounted  to 30 m m  Hg o í pressure drop at 35° (60 111111 Hg of COo p ro d u ced l. 
Tlie yield in cliain ending p ro d n ct(s) seems to put 103 as a low er lim it to 
the  quantum  yield fo r CO2 j)roduction, and tiiis in tu rn  w ould ind icate  an 
equ ilib rium  pressure not liigher tlian  0 .1 111111 H g fo r the  in term ed ia te  in tlie 
experim ent jn st m entioned. T he estim ation of the  CO2 quan tum  yield ha# 
been confirm ed by results ob tained  in a study of the  reaction betw een carbón 
m onoxide and oxygen sensitized by photolysis of fluorox iperfluorom ethane 15.

Reactions 6 and 7 may take place to a certa in  extent and be responsible 
fo r the  deviation írom  the  valué of 0.50 in the  pow er of the  intensity  of lig'ht. 
N evertheless. th is fact can also be explained on the  basis of a unim olecular 
te rm ination  step tak ing  place alongside w itli 4 ; th is  reaction  could occur e ither 
liom ogeneously or 011 th e  surface of tlie reactor:

Wílll

OF3< >C(0)02 ->■ produ cís  (10)

I 11 some experim ents, carbón dioxide was added to determ ine th e  influencie 
of to ta l pressure. T he effect of adding carbón dioxide, if any, was to increase 
slightly  th e  rate  of reaction. T he same conclusions can be app lied  to th e  reac­
tions pcrfo rm ed  by adding fresli reactants (carbón m onoxide and  oxygen) to 
tile  reaction m ix tu re  of a previous run. T his slight increase of the  ra te  w itli 
to ta l pressure is shown in T ab le  I  and th is result would ind icate  th a t the  ter- 
m ination  stej) com peting witli process 8 is reaction 10 ra th e r  th an  6 and 7.

TABLE 1 

Influence of added CCL

I =  35°

Ex]>. X* J 'jn 'io x  / '"C O , r  *■' X  10

31 1 48 . 0 84.  1 3 1 . 6 — 0. 76o 0 . 9 6

32 1 4 7 . 4 8 3 . 7 3 1 . 6 c;l . 14  8 0 . 8 5 4 1 . 0 8 *

33 1 4 7 . 0 8 3 . 8 3 2 . 0 - 0 . 81» 1 . 0 1

34 1 4 5 . 8 8 4 . 9 3 2 . 0 (tíi. 147 0 .854 1 . 0 7  *

35 1 4 4 . 7 8 6 . 7 3 2 . 9 1 99 . 8 O . 8 I 4 1 . 00

36 1 4 5 . 8 8 6 . 7 3 3 . 0 1 9 9 . 3 0 . 8 2 a 1 . 0 2

37 1 4 8 . 2 8 3 . 2 3 2 . 5 3 6 1 . 1 0.81-, 1 . 0 1

* P erform eil 01 1  the  p reced in g  m ix tu re .
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Fig. 6. — Avrlienius' p lot

1 X 1 0 5
T

T he sim ple schem e p red icting  th e  one-half pow er on lig h t in tensity  fo r 
th e  form ation  of carbón dioxide can be accounted by  th e  íollow ing ra te  expres- 
sion:

A ccord ingly :

, dpco, 2  j /2 
^  dt W 2 '  ab3

¿Veo,, = | ^ ( 5 . Z . T 0)*/*
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T A BLE  2 

Rate constants

t  («) 2-5.0 35.0 40.0 45.0

oX

0 .48g 1 . 1 4 1 AS'¿ 2  .415

I t  can be seen th a t th e  overa]] ra te  constant. k '  has no d irect k inetic  niean- 
ing, as i t  includes two unknow ns. ce (average extinction  coefficient) and I 0 

(wliicli sliould a]so be w eiglited according to  th e  energy d istribu tion  of the  
la m p ). T he actual m im bers fom ui in  tliis w ork fo r th e  overall ra te  constant le' 
have th ere fo re  little  relevance. N evcrtheless, results of a series of experhnents 
perfo rm ed  w ith  th e  UV lan i2> are given in  T ab le  2 . k ' is dim ensioned in  m m-Hg 
and m inutes.

T he reaction  was studied in  th e  range 25-45°. and th e  A rrh en iu s’ p lo t is 
given in  Fig. 6 . from  wliich an ap p aren t activation energy of 14.5 ±  1.2 k c a l/  
m ole can be  in ferred . C onsidering zero th e  activation energy of reaction  (4 ), 
th is  valué w ould correspond to th e  un im olecu lar process (8 ) .

Tliis ap p aren t activation  energy is in good agreem ent w ith  th e  12.4 ±  1.2 
kca l/m o le  valué found fo r the  reaction sensitizcd by fluoroxiperfluorom ethane. 
fo r w liich a sim ilar m echanism  is proposed 15.

T he th e rm al reaction  sliould provide a clieck to ou r discussion. According 
to o u r scheme, and once th e  lig h t has been in te rru p ted , th e  ra te  sliould fall 
according to th e  expression :

/  ¿ - i  V ' 2v =  7f8 - - - - - - - :- - - - ) • [Intermedíate]1!2
\ k + 5 +  k j

As i t  stands. th is expression is no t useful bccause th e  concentration of the  
in te rm ed ía te  is unknow n.

An in tegra ted  expression m ay be useful in  its place, y ield ing  th e  following 
re la tio n sh ip :

/  7c - V I 2 v =  ks í —;’y  j  • [Intermedíate]'/2 —

1 1¿ ( 7f- 5
X " \lcñ +  1c,

w here A is th e  cliain leng th  fo r carbón dioxide prodnetion , i.e.. th e  ra te  decay 
sliould be linea l in  tim e. In  Fig. 7 results from  experim ents perfo rm ed  w ith  
th e  lam p a t 35°. w ith  ca. 35 m m  Hg B PFM P, are  p lo tted . In  eacli case lig h t 
was in te rru p ted  a fte r reacliing th e  constant ra te  and th e  dark  reaction was
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rneasm ed tliereafter. Points fit fa irly  v.'ell a s lra igh t line  of slope equal to 
1.4 x 10~2 nm i Hg. m in -2 .

F inally , i t  is in teresting  to p o in t out. th e  d ifferen t behav iour of the  radicals 
RC ( 0 ) 0 -2 (R  =  F, C F 3O ). W hilst F C (0 )  0 -2 m ain ly  recom bincs to  yield 
FC  (0 )  O2C (0 )  F 4, th e  supposed CF3 0 C ( 0 ) 0 ’ 2 seems to y ield  only carbón 
dioxide. T his should be ascribed to a d ifference in  th e  R-C bond-strenghts and 
perhaps to th e  stab ility  of th e  CF30 -  radical.

Fig. 7. — Dark roriction
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