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Summary 

The yields for the products of secondary isomerizations and decom- 
positions of the radicals formed in the photolysis of propylene at 6.7 eV 
have been calculated by using data for the primary dissociation obtained 
by means of the variational method. The isomerization of allylic radicals 
into l- and Z-propenyl structures was found to be important. While the yield 
for propyne agrees satisfactorily with experiment that for allene is underes- 
timated at higher pressures. The use of a weak-collision model reveals that 
the lower the value of (AE) the better the agreement. The yield for acetylene 
is overestimated in the whole range of pressures employed. 

1. Introduction 

Secondary processes in the photolysis of gaseous propylene have been 
rarely studied and many mechanistic details still remain to be unravelled. 
The difficulty stems from the complexity of the rearrangements undergone 
by the excited C&I, radical [l, 21, one of the main intermediates in the 
photolysis. 

Experimental studies of the photolysis of propylene have been exten- 
sive [3 - 63. The mechanism was found to depend on the photon energy [6]. 
On increasing the energy the contribution of the processes involving molec- 
ular elimination increases at the expense of the simple cleavage of the C-C 
and C-H bonds. The former processes seem to involve the electronically 
excited states of propylene which, by analogy with ethylene [7], may 
isomerize especially readily by undergoing 1,2-hydrogen shifts. Such pro- 
cesses are little understood. However, at an energy of 6.7 eV the electron- 
ically excited states are of no importance, and the scission of the C-C and 
C-H bonds occurs from the ground electronic state and obeys the statistical 
predictions based on the Rice-Ramsperger-Kassel-Marcus (RRKM) theory. 
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The semiempirical calculations presented in this work focus on the reactions 
of allyJic (CH,= CH‘CH2), l-propenyl (CH,-CH=CH) and 2-propenyl 
(CHs-C=CH,) radicals in the 6.7 eV photolysis of propylene. The final 
aim is to establish the quantum yield for allene, propyne and acetylene 
originating from individual dissociation channels of the excited C&Is radical. 
The calculations are handicapped by the lack of ab initio data concerning 
dissociation of propylene and CsHs radicals. Thus, the transition state 
properties and the characteristics of the key regions of the reactive potential 
energy surface are not known. However, extensive ab initio studies on the 
vinyl radical, C@s, have been performed [8 - lo]; these studies were under- 
taken in the hope of removing the major differences noticed between the 
measured experimental rate constant for the H + C&I, addition reaction 
and the standard chemical activation treatment of the vinyl dissociation 
[ 11,121. Such a goal was not fulfilled since the accurate ab initio calcula- 
tions of Harding et al. [IO] gave results essentially similar to those obtained 
by using semiempirical methods, and both results show a large overestima- 
tion of the rate constant (by as much as an order of magnitude at higher 
pressures). Similar difficulties were encountered in studies on the H + C,H, 
reaction [ 131 but were overcome by Hase and Schlegel 1141 who applied 
the latest ab initio calculations to determine the geometry and vibrational 
frequencies of both the ethyl radical and the activated complex. Harding 
et al. [lo] attribute their failure in reproducing the experimental H + C,H, 
rate constant to approximations made for the dynamics of the system 
rather than to the errors in the calculated features of the potential energy 
surface. The semiempirical result may be valid since the unimolecular rate 
constant calculated by using standard RRKM methods does not depend on 
the individual vibrational frequencies of the activated complex provided 
the entropy of activation predicted by the absolute rate theory (ART) is 
reproduced. Thus, the arbitrariness in choosing the structure of the acti- 
vated complex should not adversely affect the results and further sophistica- 
tion in the calculations, such as anharmonicity corrections and transmission 
coefficient tunnelling corrections, is not necessary. 

The CsH, radical, whose reactions are the main topic of this paper, is 
a primary product of propylene photolysis. The calculations of the primary 
processes using the variational criterion of the RRKM theory are to be 
published elsewhere [15]. The unimolecular reactions of radicals are charac- 
terized by a potential surface exhibiting a distinct extremum. Therefore 
the variational criterion for calculating rate constants is redundant and 
knowledge of the detailed properties of the reaction path is unnecessary 
116 1. The following calculations of the secondary dissociations and rear- 
rangements of C&Is are based on conventional ART and RRKM methods. 

2. Reactions of ally&, propenyl and vinyl radicals 

A comprehensive scheme of the dissociations and isomerizations of the 
radicals important in the photolysis of propylene is shown below. 
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Scheme (I). 

Interconversions of allene and propyne are not included in this scheme. 
According to Hopf et al. [17 ] the reversible thermal isomerization of pro- 
pyne and allene involves cyclopropene as an intermediate. Hence, the activa- 
tion energy for the allene-to-propyne thermal rearrangement should be the 
sum 43.5 kcal mol-r (Eact of cyclopropene to allene) and 20.3 kcal moT* 
(the difference in enthalpy of formation of alIene and cyclopropene) [ 181. 
Experimental evidence supports this estimate giving a lower limit value of 
E,,,(allene to propyne) = 62.2 kcal mol-’ [ 19, 201. The high threshold 
energy makes it impossible for this rearrangement to be of importance in 
propylene photolysis. 

The standard procedure involving the weak collision model [21] was 
applied to calculate quantum yields for the individual dissociation channels. 
The concentration of reagent molecules at energy Ei is given by 

N = {K - ~(1 -P))-‘F (1) 
where N is the steady-state population distribution vector, K is the diagonal 
matrix of the unimolecular rate constants, P is the transition probability 
matrix and o is the collisional efficiency, The vector F is the Boltzmann 
energy distribution of the reactants raised by the net energy of the photo- 
activation process. The quantum yield for channel d is expressed as 

@d = CWNh (2) 
In order to determine the input fluxes of the radicals a statistical distribu- 
tion of the excitation energy between dissociation fragments was assumed 
according to the expression given by Forst [ 221. 

f&%xc > El = CNA(E)W~(Eexc --E) (3) 
where C is a constant, N*(E) is the density of states for fragment A at 
energy E, W&L -E) is the sum of states for fragment B, and E,,, is the 
energy available for distribution into fragments A and B. 
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E exc = E + Eint - BDE (4) 
where Eint is the thermal energy of a molecule and BDE denotes the bond 
dissociation energy (BDE), 

The input flux for the corresponding radical was calculated according 
to 

F(Ei 1 = Cf~(Eexc -Et, Ej)AE#d(&, + BDE - Et) 
i 

where @d represents a quantum yield from the ith energy level for the 
channel d. 

The unimolecular rate constants for the primary dissociation of pro- 
pylene calculated by using the variational version of ART and RRKM [15] 
are assembled in Table 1. Details of the calculations as well as a discussion 
of the adopted thermochemical values are given elsewhere [15]. By the 
use of Scheme (I), @vinyl = 0.86 and $ally1 = 0.115 have been calculated at, 
an excitation energy of 6.7 eV, The quantum yields of 0.013 for l-propenyl 
and of 0.008 for 2-propenyl are more than ten times smaller than $allyl. 
All the yields are practically unaffected by changing the pressure within the 
range 1 - 100 Torr. The magnitude (AE) of the mean energy transferred in 
collision is also of negligible importance. The input fluxes of the radicals 
are shown in Fig. 1. 

Once the yields for the primary radicals are established, the secondary 
processes indicated in Scheme (I) may be examined. Owing to the lack of 
accurate ab initio data the procedure for choosing the structure of the 
activated complex must of necessity be arbitrary. In the case of the second- 
ary decompositions of the radicals we were guided by the reverse addition 
reactions which are more widely known [ 23 - 26 J. For instance, Wagner and 
Zellner [23] determined the rate constant k, = (6.5 + 1.2) X log exp(-2 + 
0.2/X2’) 1 mol-’ s-l for the reaction 

k-1 
H + CHs--C=CH Y---+ CH&=CH, 

kl 

Taking Eowl = 2.1 kcal mol-l, the preexponential factor Al for the forward 

TABLE 1 
Arrhenius parameters of the thermal rate constants for propylene dissociation at T = 
298K115] 

log A, E, Eo 
(kcalmol-') (kcal molwl) 

CzH3 + CH3 17.18 92.10 89.88 
CH2-_CH=C& + H 14.66 88.09 86.65 
CH3-C=CI-Ia + H 15.16 98.06 96.70 
CH3-CH=CH + N 14.88 101.28 99.90 



285 

vinyl 
f\, 

! 
f ! 

! \ 

ally1 

6 

I 
i 
j 
i 
i 

I 
i 

i 2-propenyl /!, 

i .- 
.’ 

30 60 
I 

90 

E, kcal mol-’ 
Fig. 1. Plot of the input flux for the vinyl, ally1 and propenyl radicals US. internal energy 
of the radical. 

reaction can be found from the well-known expression 

logA, = AS1 log A_, + - 
4.575 

where AS1 refers to 1 mol 1-l . 
The configuration of the activated complex assumed in this work 

yields log A, = 12.98. By using s0(298 K, propyne) = 59.27 e.u., g(298 K, 
H) = 27.36 e.u. and S’(298 K, CH3-C! = CHJ = 64.86 e.u., AS, = 13.43 e.u. 
since AS”(l mol I-‘)=AS”(l atm)-AnR(l +log(O.O821T)). Hence logA_l= 
10.95. Although this value is higher than that reported by Wagner 
and Zellner, k_, falls within the stated uncertainty limits. Further lowering 
of Al was not feasible since the structure of the activated complex became 
unacceptable. 

A similar procedure was adopted to assess log A, for other radical 
decompositions. All the activated complexes were chosen to be rigid and to 
resemble the products, i.e. allene and propyne. The values for the Arrhenius 
parameters of the radical dissociations are shown in Table 2. The values 
for the A factors of reactions (1) - (3) (see Scheme (I)) are lower than those 
reported previously [ 271, but exhibit better agreement with the reverse 
addition reactions. The dissociation of the vinyl radical (reaction (4)) is 
still an unsolved problem despite many efforts. Since the ab initio predic- 
tion of a loose complex developed by Harding et al. [lo] contradicts the 
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TABLE 2 

Arrhenius parameters for the radical decompositions 

Reaction From ref. 27 This work 

log A EO log A EO E(J-1 a 
(s-l) (kcai (s-i) (kcal (kcal 

mol-’ ) mol-‘) mol-‘) 

kl@) 13.42 44.70 13.12 47.69 2.0 
kltl) 

[23, 243 
13.74 46.00 12.98 46.11 2.1 

k2t0) 
[23, 241 

13.74 60.50 13.42 59.79 2.0 
k$l) 

[25,26] 
13.70 44.00 13.35 43.51 3.0 

kac2) 
123,241 

13.95 40.84 12.99 43.14 10.0 [ 23,261 
k4 14.oob 13.11 45.95 3.0 [lo - 131 

aActivation energy for the reverse radical combination; the literature value refers to the 
radical combination_ 
bFrom ref. 6. 

experimental data we applied as rigid a structure as possible but even under 
such extreme conditions the calculated and experimental rate constants for 
the reverse addition reaction H + C&I, differed by nearly an order of mag- 
nitude. 

The isomerizations included in Scheme (I) have already been a subject 
of study [ 27 - 291. The formation of activated complexes in these reactions 
has been determined from the elimination of the C-H stretching vibration 
of the initial radical and the transformation of the pertinent C-H bending 
vibrations to ring deformations [ 22,301. In the present work the threshold 
isomerization energy E, was assumed to be the total of the strain energy 
E, of the intermediate ring and the activation energy of hydrogen atom 

40 60 80 100 120 140 

E, kcal mol’ 
Fig. 2. Plot of the izomerization rate constant us. internal energy of the radical. The 
subscripts are identified in Scheme (I). 
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abstraction by the radical [2, 281. In the case of 12s1, E, = 53.70 kcal mol-‘. 
Thus, the negligible contribution from this isomerization was not included. 
The Arrhenius parameters for the other isomerizations are assembled in 
Table 3. Compared with previous work from this laboratory [ 271 the dif- 
ferences are small. Since the complexes were formed using similar rules, the 
values for the pre-exponential factors are also similar. In the case of kzl the 
value of E. was raised by 5 kcal mol-’ compared with the former work [27], 
following the recommendation of Ibuki et al. [ 281. The plot of the five deter- 
mined isomerization rate constants against internal energy is shown in Fig. 
2. The internalenergy dependence of the dissociation rate constants is 
shown in Fig. 3. 

TABLE 3 

Arrhenius parameters for the radical isomerizations 

Reaction log A (s-l) 

From ref. 27 This work 
EO 
(kcal moI-‘) 

kz(‘) 12.86 12.80 40.0 [ZB] 
k1c2) 13.30 13.38 47.1 [27] 
k1c3) 13.20 13.17 61.7 [27] 
k3c2) 13.50 13.25 50.7 [27] 
k$ 3, 12.90 12.64 35.1 [27 ] 

12- 

10- 

2- 

40 60 80 100 

E, kcal mol-’ 
120 140 

Fig. 3. The plot of the dissociation rate constant us. internal energy of the radical. The 
subscripts are identified in Scheme (I). 

3. RRKM calculations and quantum yields for the final products 

The analysis of the complex reaction system shown in Scheme (I) fol- 
lows a general method developed by Carter and Tardy [31]. To estimate 
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radical concentrations at successive energy levels El, the weak-collision 
concept was used. Applying the steady-state approximation, the solution 
is given by 

Nl [I [ 41 -Kl2 -K13 
-1 

5 

Nz = -K2i J22 -K23 F2 (7) 

N3 -K31 -K32 J33 1 [I F3 

where K denotes the diagonal matrix containing the rate constants for the 
pertinent reactions at successive energy levels I$, N and F are the vectors 
for the concentration and input flux respectively, while J is given by 

Jll = K,, + KB1 + Ki(l) + Kit’) + ~(1 - P1) (3) 
Jz2 = K12 + KS2 + KZ’O’ + ~(1 - Pz) (9) 
J,, = K,, + Ka3 + Kg(l) + Kst2) + ~(1 - P3) (16) 
where w is the collisional frequency at a given pressure p and collision 
number 2 [ 321. P is the transition probability matrix constructed according 
to the rules established by Tardy and Rabinovitch [ 331. Only active transi- 
tions between the states exceeding the minimum threshold energy are 
accounted for (P4 matrix according to the nomenclature used by Robinson 
and Holbrook [ 211). Either normal, exponential or step-ladder models were 
employed to determine the distribution of the energy exchanged in colli- 
sions. The derivation and numerical solution of matrix eqn. (7) is given by 
Carter and Tardy [ 311. 

The conventional RRKM formula was used to establish the energy 
dependence of the unimolecular rate constant [ 211 

k(E) = Lf 
W#(E - Eo) 

hN(E) 
(11) 

where L# is the reaction path degeneracy and Wf and N(E) represent the 
sums and densities of states respectively. The exact Beyer-Swinehart algo- 
rithm [ 341 was used as modified by Stein and Rabinovitch [35], and cor- 
rections for hindered internal rotations were applied [36]. 

The quantum yield for propyne is the total of the decomposition 
yields of 2-propenyl: 

4dprowne) = C n I(JW I(‘)VV 
i 

and 1 -propenyl : 

(12) 

Mr?rwwne) = ~~~(E&o)(E~) 
i 

(13) 

The pressure dependence of the propyne yield in the 6.7 eV photolysis 
is shown in Fig. 4. The experimental points have recently been obtained in 
Collin’s laboratory [ 373. Agreement with experiment is satisfactory at lower 
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Fig, 4. Pressure dependence of the overall quantum yield for propyne. A normal distribu- 
tion for the probability of energy exchange in collisions is assumed. {&C) = 3,6,9 and 12 
kcal mol-’ from top to bottom respectively. q  , Coliin’s experimental points. 

pressures. The effect of (ti) on the results is not large but is significant. 
Lowering of (A.E) below 3 kcal mol-’ results in better agreement but such 
small vaJues for (AE) are unlikely. A step-ladder model for energy exchange 
gives results practically identical with those shown in Fig. 4 for the normal 
distribution. An exponential model also yields very similar results. The 
insignificant differences between these distributions axe not shown in the 
figures. 

It is of interest to examine the contribution of two different dissocia- 
tion channels to the total yield of propyne. The data are shown in Fig, 5. 
The second channel prevails, i.e. the dissociation of f-propenyl, 2-Propenyl 

I 
10 m 

p, tort-=- 
70 90 

Fig. 5. Quantum yields for propyne originating from two different dissociation channels. 
A normal distribution of energy exchange at (aE) = 3 kcal mol-’ is assumed. 
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dissociation is quenched to a large extent at higher pressures as a result of 
the much lower value for k 1(l). Our value for k 1(1) may be too low. If this 
value is enhanced by suitably adjusting the thermochemical input data 
within their uncertainty limits the discrepancies with experiment can be 
removed altogether. 

The quantum yield for allene is the total 

(14) 

The second component is the predominant contributor. Similarly, the 
quantum yield for acetylene is given by 

@(acetylene) = Ct~s(Ei)kJ~‘(Ei) + Cn4(Ei)k4(Ei) (15) 
i i 

where n,(E,) denotes the concentration of CQH, resulting from the rupture 
of the C--C bond. Since the latter process predominates over the breakage 
of the C-H bond (Fig. 1) the second component in eqn. (15) is the major 
contributor. The yields for both allene and acetylene are shown in Fig. 6. 
The yield for allene agrees with experiment at lower pressure but is under- 
estimated at higher pressures. Lowering (AE) below 3 kcal mol-’ diminishes 
the discrepancy but to remove the error altogether, unacceptably small 
values for (A.E) would have to be adopted. The value for @(Hz) is uncertain, 
but small, in the 6.7 eV photolysis of propylene; @(H2) = 0.02 was estimated 
by Borrell et al. [ 31. It is reasonable to assume that the formation of molec- 
ular hydrogen, presumably involving the electronically excited state, is 
accompanied by the formation of allene, and this additional pathway would 
reconcile the difference between experiment and our calculations. However, 

I 1 I I L I I 
10 20 30 40 50 60 70 80 90 100 

p, torr 
Fig. 6. Pressure dependence of the quantum yields for allene and acetylene. A normal 
distribution of energy exchange at <hE) = 3 kcal mol-’ is assumed. -, #( allene) 
(calculated); q  , experimental points for &allene); - - -, @(acetylene) (calculated); 
0, experimental points for @(acetylene). 
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the discrepancy in the case of acetylene, i.e. the overestimation of the yields 
throughout the whole pressure range, cannot be remedied by any mecha- 
nistic speculation. Another process is known to contribute significantly to 
the total yield of acetylene: direct molecular elimination of methane and 
acetylene possibly from the electronically excited state of a propylene 
molecule. This process becomes more important with increasing photon 
energy but even at 6.7 eV the estimate of its yield is 4 = 0.04 [33 or 6 = 0.05 
[ 371. The occurrence of this process makes the discrepancy between our 
calculated yield for @(acetylene) and experiment even worse. 

4. Conclusions 

An attempt to predict theoretically the yields for the final major 
decomposition products in the low energy photolysis of propylene has met 
with partial success. The calculated yield for propyne is in agreement with 
experiment while that for allene is underestimated at higher pressures; 
this may be ascribed to the involvement of an electronically excited primary 
propylene species yielding additional allene upon dissociation. The calcu- 
lated yield for acetylene is more than twice as large as that determined 
experimentally. This is a successive failure of RRKM calculations to predict 
correctly the decomposition of the vinyl radical, and adds another argument 
to the conjecture that unimolecular dissociation involving the vinyl radical 
exhibits deviations from statistically randomized behaviour, this radical 
absorbing less than its statisti& share of the available energy. 

Some refinements of the RRKM calculations used in this work only 
slightly affect the results. Normal, step-ladder and exponential models for 
the energy transfer give almost identical results. The use of a weak-collision 
concept suggests that the average energy exchanged per collision is as low as 
3 kcal mol-’ or even less. 

The present work emphasizes the need to take into account as accu- 
rately as possible the interconversions of C&I, radicals. Of the three such 
radicals only the ally1 is formed to a significant extent as a result of the 
primary cleavage of the C-H bond in propylene. The other two radicals, 
l- and 2-propenyl, originate mainly from the secondary isomerizations of 
the ally1 radical. If their interconversions are ignored, their respective contri- 
butions to the primary processes are wrongly assessed. 
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