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D i l u t e  concentrations of 1 ,7  octadiyne have been demmpxed in single 
pls shock tube experiments. 
pressures of 2-7 atm atyon, the proaUcts are consistent w i t h  the main 
reaction involving the breaking of the rqmqylic  cdrbn-carkon. The rate 
expression for bond breaking is 1.6xlOlg exp(-35760/T) s-’. The newly 
formed pent-4-ynyl radical can cyclize or deccanpose via beta bond cleavage 
to form another propargyl radical and ethylene. The ratio of rate wnstants 
for the t w o  processes is 5.4~lO-~exp(6700 
proceeds w i t h  the rate expression, 5.6x1Oge&)(-27860/T) s-’. The propargyl 
radicals &ine to form a larqe number of linear c6 isamers. 
tmprature is increased fulvene and benzene are among the main products. 
The use  of 1,7 Octadiyne as a thermal SoLIrce of propargyl radicals for 
stwing reactions w i t h  other reactive species w i l l  be discussed. 

A t  temperatures between 1000-1200K and 

A parallel retroene reaction 

As the 

m m m w  
Recent studies1f2 have demDnstrated the important rule that propargyl 

radicals may play as a precursor for the formation of benzene and other C6H6 
isomers in hydrccabn ccanbustion systems. 
coworkers3 a t  very hi* temperatures, there have been no d i e  quantitative 
studies involving the reactions of pmpargyl radicals w i t h  other ozganic 
mlearles under conditions that lead to results that can be used in 
ccrmbustion systems. 
the generation of propargyl radicals i n  known quantities. 
reprts on the results of efforts i n  th i s  direction and on the nature of the 
pr~5~ct . s  f m  propargyl radical combination. 

Lxcept for the mrk on Kern and 

A prerequisite for making such studies is a methcd for 
This paper 

stein et a11 have confirnvrl4 that one of the pxsible products of 
propargyl radical canbination, 1,5 hexadiyne w i l l  easily rearrange through 
molecular processes to form f u l v m  and benzene. Alkemade and Homann2 have 
generated propargyl radicals thnniqh reaction of proparqyl brumide with 
d i m  and reprtd on the fomt ion  of a variety of recombination prcd~~cts ,  
1,5 hexadip, 1 , 3  hexadien-5-yne, 1,2 hexadien-5-yne, 1,2,4,5-hexatetraene 
and benzene a t  tanperatures between 623-673K. They distinguish between 
initial and secondary prcrtucts with benzene and 1,3-hexadien-5-yne being i n  
the la t te r  category. To saw degree these results are discordant w i t h  that  
of Stein et a l ,  since one would have thoqht  that with the lm energy 
mlecvlar deccwposition ChaMel for 1,5 hexadiyne, 
would have been hkzfiiately convertd upon d i n a t i o n  in the law pressure 
system used by Alkemde and Ho~mnn. 
de ted  the w e l l  )owwn characteristic pruiucts of 1,5 hexadiyne 
decconposition, bis-nethylenwyclobutme and fulvene. 

rmst of this ccanpound 

In addition, they w e r e  not able to  
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%e f0c;Us of this study is 1 , 7  octadiyne deccpnposition. previously, 
extensive s ~ i e s 5  
carried a. 
propargyl C-C bond and a m l d a r  p m c e s ~  (retro-ene reaction) leading to 
the proauction of allene and the apprupriate olefin. 
expcbdthat themecharu 'sm for 1,7 octadiyne decamposition w i l l  be 

on the decmpsition of the larger acetylenes have been 
'Ihe inportant reaction patinays were the brealcing of the 

On this basis it is 

1,7 & c l i p  -> propargyl + pent-4-Wl 
pent-4-ynyl -> proparwl + ethylene 

1,7 octadiyne -> all- + pent-1-4-p (PmY) 

(1) 
(2) 

(4) 
pent-4-ynYl -> C y c l O p e t l ~ l  -> ~ c l o p e n t a d i e n e ( C g H g ) + H  (3) 

'Ihe desired -&ions are (1) and (2) and it w i l l  be noted that every 
ethylene that is formed leads to the creation of t w  p w l  radicals. 
Reactions (3) and (4) are passible interfering 7. ?he consequen~e 
of (4 )  is not inpxtmt sins all that occurs is the release of two stable 
species into the system. 
lead to the formation of other radicals and to ccpnplications i n  the 
interpretation of the data. 
of a chemical inhibitor. 
w i l l  mean that the 2 to  1 relation between propargyl and ethylene w i l l  be 
violated unless it is taken into mnsideration. 

Reaction (3) releases hydrogen atcws. l h i s  can 

such effects can be eliminated through the use 
In addition, major amtributiom from this channel 

Fhm another pint of view the detection of cyclopentadiene is quite 
i n p r t a n t  since pent-4-ynyl is the result of the addition of p r o p q y l  t o  
eti-yp. h y  proctuas that are formed is inaicative of ring closing 
beamnug conpetitive w i t h  beta C-C bond cleavage leading to smaller  
m l d a r  f r a p .  It is the canpetition between these two processes that 
i s a k e y d e t e n u n a  te of wfiether scot can be f o n d  in  any particular system. 

the deccnrposition of 1,5 hexadiyne, 1-hexyne and 2,4 hexadiyne. A l l  of 
these studies are aimed a t  providing confirmation for the surmise that a 
number of the gas c h m m ~ ~ c  peaks that are observed arise from 
pmpargyl radical canbination. nis is necessary because it was not 
pss ib le  to identify specific ccmpounds w i t h  these peaks. 

have unique capabilities for determuung the stability characteristics (in 
the sense of Uninolecular deccanpositions) of volatile organics a t  high 
temperatures. W e  have used the methcd for stuiying the thenral u n i r m l d a r  
decay&tion processes of marry organic mpcurds6. mre recently, the 
-rusrs ard rate cmstarb for hydrogen-atcau attack on unsatwabzd 

tmre deterrmned ' . For these studies, the hydrogen a h w e r e  
generated thmugh the thermal deamposition of organic imle=ules i n  a m e r  
similar to the generation of pmpargyl radicds in this stvdy. 

I n  the cnurse of this work exper-ts have also been carried out on 

m i m e n t s  are carried cut in,a,single pulse shock tube. such studies 

- 
l'he details of the single pllse shock tube and the e x p r h t d  

u~ed in carrying cut exper- on the thermal -ition of 
O-CS have been described in earlier plblications. Sumarizing briefly, 
tram quantities of the organic in question, 100-1000 p ~ m ,  are deccanposed by 
the refleded shock in the presence of 1- anwnts of a ulermally stable 
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chemical inhibitor such as mesitylene. 
atcans w i l l  attack the inhibitor lmding to the formation of a less reactive, 
?X?sol?dmx stabilized species, 3,5 dim?thyWenzyl radical. In the short t h  
scale of shock tu& experimats these can only recanbine with itself and 
other long lived radicals ard therefore can not play a role in the overall 
reaction. 
detection. 'Ihe lirplt gases were  eluted isothermally using a 12 f t  Foropak 
N8 c o l m  while the heavier 
wide bore 30-meter dimethylsilo- column in the prqramnd te?peratm 
We. 
samples. 

m i s  eliminated the pmsibility of errors arising f m  uncertainties i n  the 
reaction tanperature. 'Ihe internal standard used in  these exprinr?nts w a s  
the deaanposition of 4-methylcyclohexene to form propene and butadiene. 
rate e x p m i o n  for this rev- D i e l s - A l d e r  reaction has previously been 
foundtobe 

k( 4-methylcyclohexene->propenetbutadiene) =Z~lO~~exp(-334OO/T) 

Reactive radicals such as hydrcgen 

mysis was by gas ~ t q r a p h y  using flame ionization 

frcan C, on up, were eluted using a 

A l l  products were identified on the basis of retention tunes of neat 

me exprjments were  carried out using the internal standard methcd. 

The 

The use of the inhibitor mkes impossible chain prooesses. 'Ihus the 
only deaanposition prcxxss nust be the ini t ia l  unhlecular  reactions. 
is expectd that reso- stabilized radicals such as propargyl should not 
be particularly reactive w i t h  trimethylbenzene in the t h  scale of the 
experiwts. 
are generated in  the cou~se of the inhibition reactions. mese are chain 
termiMting processes. 

It 

Of cou~se it can react w i t h  the benzylic type radicals that 

DISCUSSION 

me important pioducts bearing on deccanposition mechanisms for dilute 
quantities of 1 ,7  cctadiyne in  mesitylene and axyon are listed in Table 1. 
It is clear that the drnninating channels are the breaking of the propargylic 
C-H bond and the re- reaction leading to the formation of allene and 
pent-l-4-yne (PE4Y) .  
specific prcducts f o d ;  ethylene, cyclopentadiene, am3 P D Y  is very close 
t o  the amount of the 1,7 octadiyne that is deshuyed. 
quantities of allene and p-e were also found. 
former is due to the re- reaction. 
through a variety of other mechanisrrs. 
under certain conditions substantial quantities of propargyl radicals 
actually w i v e  the heating period and it is pmsible that propargyl 
radical my underyo a variety of other unspecified reactions. 
quantities of meta-xylene w a s  also found. 
atom, are present in the System. 
atom attack on mesitylene have k e n  determined, the total rnrmber of hydrogen 
atom released into the systan can be placed on a quantitative basis. 
c o m t r a t i o n s  found here are sanewhat larger than that w h i c h  can be 
accounted for by cyclopentadiene fomtion.  
the system w i l l  i n  fact meal its presence thnxqh the presence of meta- 
Xylene. 

It can be seen that the concentration of the 

Significant 
A large portion of the 

me excess quantities my be fonned 
N o t e  that as dismssd  subsequently, 

Small  
mis is evidence that hydrcgen 

S h  the branching ratio for hyd?xq?n 

The 

H-er, any hydrcgen atom in 

In the time range where one expects C& canpounds t o  elute d e r  the 
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present codi t ions a large rnrmber of peaks were detected. Unfortunately, it 

identification of l ~ n y  of these ccwpands. 
elution region can be f& in Figure 1. 
temperatures) one sees the init ial  formation of a plethora of pmduas. 
high comrersions and tempem- one notes increasingly the formatim of 
fulvene ard benzene as w e l l  as mller quantities of other unidentified 
pmduds. 

to the ccwbination of propargyl radicals. 
exprinwts w i t h  1,5 hewdiyne, 
In the case of 1-hexyne, where the mcharu 'sm involve formation of the 
propargyl radical, many of the same peaks that were found in the 
deaqxsi t ion of 1 , 7  cctadiyne w e r e  also present. 
hexyne-1 pick eluted at the m the as the fulvene peak. In  the case of 
1,s hemdiyne the situation is similar t o  that fourd by Stein and mrkers, 
dimethylenecylobutene is f i r s t  fo&, followed by conversion into fulvene 
and benzene. Typical chymtqrams can be found in Figure 2 .  It is 
interesting to note that  III the studies w i t h  1,7 cctadip ard 1-hexyne, 1,5 
hexadiyne could barely be detected. Nwertheless the pattern of prcxh.~cts, 
i n  these studies were very much similar to that found in  the direct 1,s 
hexadiyne decmysition. The obvious interepretation is that 1,5 hexadiyne 
is an important mtermediate. "he existence for this molecule of very low 
energy deccPnposition channels mean that a t  the high temperatures of these 
studies they are a%ncst imwdiately mnverted into the stable decconposition 
p?xducts, fulvene ard benzene. 2,4 Hexdiyne is a minor product. Its 
deccqxsition proauct was found to be chiefly benzene ard a a l l  quantity 
of fulvene. 
isamezs there must be a variety of pathways to form benzene. 
instance benzene nust be formed after various hydrogen shifts. 

propargyl radicals are generatd in this system. "he analysis of this data 
and the determimtion of the appropriate rate constants and apressions 
follow froin earlier publications. In the present case the pmpargyl C-C 
bond cleavage is -tored by the yield of ethylene and cyclopmtadiene. 
"he contribution f m  the molecular retro-ene reaction is determined from 
the yields of the pent-1-4-yne (PmY). 'Ihe rate constants can be 
related to the measured yields on the basis of the following relations 

was not pmsible to obtain the neat sanples that would lead dxectl  y t o t h e  ' 

Qpical chrmratcgrans in this  
A t  lw conversions (and 

A t  

important question is whether these peaks can actually be attributed 
The results of ancillary 

1-hexyne ard 2,4  hemdip are as follows. 

Unforhuntely the parent 

fiese results clearly establish that f m  the linear C& 
In the present 

Quantitative results can give a better picture of the rate a t  which 

k( l )= l o g ( l - X * C 2 H 4 + c y c l o p e n t a a i e n e / ( l , 7 ~ ~ l o o c t a d i y n e )  i)/XY 
k (4) = k(l) * (P1E4Y) &~H4+cy~lo~entadiene 

where X = 1 + (PlFdY)/C2H4+cyclopentadiene, t is the total heating th of 
approximately 500 micmsec. A plot of these resu~ts can be found in Figure 
1. "he rate expressions for the two initial processes are therefore 

k(1)=1.6x10l6 -(-35760/T) s-l 
and k( 4)  =5.6~lO~~q(-27860/T) s - ~  

It should be noted that the reaction tanperature is calculated on the basis 
of the yields frc6n 4-mthylcyclohexene deccnnposition ard is derived 
f r o m  the relation = (log k ( 4 - m e ~ l y i c y c i a i , 3 m d i e n e ) -  
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-)/E, Where the A and E are rate mt.e.rS for 4-mthyl~~lohexene 
deccanposition clecanposition given Barlier. 

hexyne deccpnposition. 
It is interesting to capre these rate expressions w i t h  that for 1- 

“he rate expressions are 

k(hexyne-l=prqagy + n-prqyl)4x1015ekp(-36300/T)s-1 an3 
k(heXyne-ld~enerC3&j)=5XlO exp(-28400/T) S-’. 

A t  the reaction temperature the differences in rate constants are factors of 
3.3 and 1.8 respectively. For the la t ter  this is very close to the reaction 
pathway degeneracy. 
rate constant for 1,7 rxtadiyne dearmposition is a f a d o r  of 1.7 lum than 
would be dictated by the two pmpargyl bond. 
would 
cannot be ccnnpletely justified i n  tenns of the unoertainties in deriving the 
rate q r e s s i o n .  
position has a larger than apcted effect on rate constants for bond 
cleavage. 

lhe ratio of cyclopentadiene t o  ethylene yields a measure of the 

On the other hand for the bond breaking the 

Fmn the rate expressions, it 
that this is an activation energy effect, althovgh this claim 

It a m  that propargyl substitution in the beta 

Studying octyne-1 deccwposition w i l l  be very worthwhile. 

branching ratio for pent-4-ynyl decanposition. 
ratio can be found in Figure 2. 

An m e n i u s  plot of this 
‘Ihe rate expression is 

In the temperature range of these experiments th i s  is equivalent to 25% 
cyclization a t  the lowest temperatures and decreasing to 10% a t  the uther 
extreme. Cyclization is thus favored a t  the 1- t a p r a t u r s  and the 
activation energy for cyclization is a b u t  50 W/ml smaller than that for 
beta C-C bond fission. T h i s  is a surprisingly large mnnter since w i t h  an 
estimated activation energy for C< bond fission of about 120 M/ml w i l l  
lead to an activation energy for cyclization in the 80 kJ/m1 range. 
It is also possible that this process is not kinetically controlled and that 
the ratio given above is a reflection of the equilibrium properties of the 
cyclic and 1- radicals. 
present purposes it is clear that optimum yields of proparqyl radicals w i l l  
be acheived a t  the highest temperatures. 
cleavage w i l l  be equally important. 

temporal history of pmpargyl in the present system. Using a rate 
expression for p r q a g y l  d i m t i o n  similar to that for auyig, it was 
found that a t  lower concentrations, 200 ppn level and 2 a- pressure, a 
large portion of the radical remain UNeaCted d u r i q  the entire heatirq 
period ard much of the prcducts are thus presunnbly formed a t  samewhat lower 
temperatures. 
7 a b .  mxanbination is substantially capleted in during the heating 
period. Despite this difference the ChrmMtCgrans are suhstantialfy 
similar. In addition, recc~ery in the form of the.c& cconpounds i s  no mre 
than 50% of all  the propargyls that are released into the system. 
again the results appear to be irdeperdent of the amcmtration of radicals 
released into the system. Ihe former my be a reflection of the lcu energy 
pathways available for decanposition and the formtion of hot mlecvles from 

obviously further w r k  is required. For the 

A t  900 K cyclization and beta bond 

With this data there is nm sufficient informtion to deduce the 

On the other hand for the higher concentrations 1000 ppn and 

Here 

I ’  
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propargyl reambination. hoparsyl radicals can of colllse also be renwed 
froin the systan by Ocmbinaticm w i t h  3,s  dimethylbenzyl and methyl radicals. 
These pathways cannot a-t for a l l  the deficit. 

me ets are in general confirrcatory of the observations of stein et 
a1 
d z  and that of Hmann and Alkenwle regarding the wide wiety of 

suggest m y  more peaks than the la t ter  reported. 
accamt for the failure of Auremade and H m  to find tw~ of the 
decaps i t ion  prulucts of 1,5 hexadiyne pyrolysis, 
and fulvene. 
is quite stable as the temperature is increased . 
reprtd retention t- of Alkemade and H m  the 1,3 hexadiyw-5 and 
fulvene peaks may actually be coincident. 

the nature of the decanposition pmduas of 1,5 hexadiyne 

llnear c&j cfmpmds that can be fmn&. meed the present results 
It is difficult to 

dimethylemxyclohtene 
~s is particularly serious for  N v e m  since it apprently 

It is pmsible from the 

A system for the mntrolled release of pmparwl radicals have nu,? been 
described. The next step in this work mst be studies where the pmparwl 
radicals are allowed t o  react w i t h  other unsaturated cmpxnds or radicals 
that m y  be present in high temperature reactive systems. A major problan 
in so f a r  as single pulse shock tube studies are concerned is that the 
reaction time is very short and i f  truely quantitative results ~ J X  to be 
obtained Conoentration of propargyl or reactants nust be maintaind a t  a 
sufficiently hi* level so that all the reactions OCCUT during the heating 
period. with such a scenario, measurements of the concentration of one of 
the direct proparqyl combination pnducts, for  -le, benzene, and the 
prcduct of addition or  ambination with amther species can nu,? be used as a 
means of determining relative rate constants. ' Ibis can lead to a scale of 
pmpafsyl reactivities and predictions rqarduq ' thequantityand 
distribution of the anmatic prulucts formed i n  hi@ temperature pyrolytic 
systems. 
assess?aent of the actual importance of pmpargyl radical in soot forming 
systens. 

Omparison with actual measurements w i l l  then lead to an 
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Figurel. ~ i c a l c h m M t o g r a n s i n  
the c6 region fmn 1,7 Cctadiyne 
d-ition. &ab 1,6-8 were not 
identified. (2 )= l ,%exd ip  (3)= 
d b n e t h y l ~ c l ~  (4) =fulvene 
( 5 ) = k m e n e .  ArraJ points to him 
temperature. 

2 

Figure 2. WiCal c h r t m 3 . m  
in the (26 region f m  
1,5 hexadiyne decanposition 
(2)=1,5hewdiyne, (3)= 
~ t h y l e n e c y c l ~  (4) = 
fulvene, (5)=&nzene.AT3xw 
pints to highex tempemture. 
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Figure 3. Arrhenius 
plots for  the 
decomp3sition of 
1,7 mtadiyne. 
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Table 1. 
Decomposition in the presence of Dccesses of Mesitylene 

Reactant and m-cduct Distribution formed f m  1 , 7  Cctadiyne 

coipmxk (%oonversion) 
Temp. Pressure C2H4 Allene F'rupyne PlE4Y C5Hg 1,7& 

a. 200 ppm 1 , 7  cctadiyne i n  0.5% Mesitylene and Argon 

1080 1.8 1.1 .9 .7 .2 100 
1101 2.1 6 .1  4.3 .6 4.1 1.5 87 
1131 1.8 13.7 8.2 1.3 6.7 2 .5  72 
1150 1.9 21.9 11.1 10 .1  4.9 52 
1166 2.2 31.0 1 5 . 4  4.7 10.8 5.5 44 

b. 1000 pyan 1 ,7  octadiyne and 1.0% Mesitylene and -on 

1034 1.8 .8 .8 .1 .8 .3 92 
1101 2.1 6.1 4.3 .6 3.9 1.3 75 
1141 6.2 17.7 10.5 3.0 8.8 3.7 65 
1183 6.7 43.1 19.3 7.4 11.8 7.4 27 

( a b )  
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