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Excitation of the C-H overtones of l,3-butadiene in the presence of HCI to an energy= 16 kcal mol- ’ in excess of the activation 
energy causes the formation of no detectable addition products. This indicates that the rate constant for the formation of l-chloro- 
2-butene isat least slower than 2.1 x lo-l4 cm3 molecule-’ s-‘. 

1. Introduction 

The effects of vibrational excitation on the rates of 
bimolecular reactions are of considerable interest 
because of the possibility of enhancing reaction rates. 
This reaction rate enhancement results either from 
putting additional energy in the system and hence 
lowering the effective barrier to reaction, or from 
dynamical considerations [ 11. To date both experi- 
mental and theoretical studies have largely concen- 
trated on A + BC+AB + C atom transfer reactions. In 
fact there have been few studies of vibrational 
enhancement in bimolecular reactions involving sta- 
ble molecular species [ 2-51. 

The addition of HCl to 1,3-butadiene has been 
studied previously. Herman and Marling [ 31 pumped 
the HCl vibration in an attempt to promote the addi- 
tion reaction, but they failed to observe laser-induced 
products. In this study we directly pump overtones 
of the C-H stretch in 1,3-butadiene. A visible dye 
laser produces vibrationally excited molecules with 
well-defined internal energies in excess of the acti- 
vation energy. In the absence of dynamical effects 

n + HCI -+A1 

2 

vibrational excitation of 1,3-butadiene should be as 
efficient as vibrational excitation of hydrogen chlo- 
ride in promoting the reaction for a given total energy. 
(The validity of this statement will be discussed 
later.) There are also experimental advantages in 
pumping C-H stretches. The peak cross sections are 
nearly two orders of magnitude larger than those for 
HCl and are also pressure independent. Since the 
ratio of reactive to non-reactive collisions is also 
constant, it is possible to perform experiments at high 
pressures, where the collision rate is higher, to 
increase the amount of products formed for a given 
photolysis time. 

The reaction under study can proceed via two 
exothermic channels (see scheme 1). Channel 1 cor- 
responds to a four-center Markownikoff transition 
state. The A factor for this channel is 1 x lo-l2 cm3 
molecule-’ s- ’ and the activation energy is 33 k 2 
kcal mol-’ [6,7]. Channel 2 corresponds to a six- 
center Markownikoff transition state. The A factor is 
1.7x lo-l3 cm3 molecule-’ s-’ [8] ’ and the acti- 

Computed from the A factor for the reverse unimolecular reac- 
tion of ref. [ 81. 

AHioo= -14.2 kcal rnol-’ 

mc’ AHioo= -13.6 kcal mo<’ 

190 

Scheme 1. 
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Table 1 
Results of the vibrationally excited 1,3-butadiene plus HCI addition reaction experiments. The yields are fractional conversions in per- 
cent. Pairs of runs are shown for the laser on and the laser off. The yield of I-chloro-2-butene is directly below the yield of 2-chloro-3- 
butene for the same run 

C-H overtone 
feature pumped 

Products Photolysis Laser on 
time(h) yield (%) 

Laser off 
yield (%) 

Average 
yield (%) 

1 2-chloro-3-butene 12 0.13 0.16 0.18 0.16 0.16kO.03 
l-chloro-2-butene 0.!8 0.2! 0.29 0.2! 0.22 + a.04 

2 2-chloro-3-butene lOi 0.20 0.21 0.24 0.17 0.21 kO.03 
lchloro-2-butene 0.27 0.27 0.32 0.24 0.28 + 0.03 

3 2-chloro-3-butene 10 0.24 0.19 0.20 0.30 0.23 + 0.04 
I-chloro-2-butene 0.40 0.32 0.38 0.40 0.38 * 0.03 

4. Discussion 

l-ha A..,a..“ll r”+n f-.f fre.rn”&r\” r.f .aAAX,xn r\r,v4,.,.tn 11x\, ““bla‘l ,ac\I “I I”IIIIcl~I”II “I QUUlLl”ll pl”uu~La 

is obtained by assuming that the vibrationally excited 
1,3-butadiene has a steady state concentration: 

d[ product] 

dt 

@BP [HCl] [ 1,3-but] 

=- kR y[ 1,3-but] + (y’ +k,)[HCl] ’ ‘k_,,fi~ 
(1) 

where Ace,, is the cross-scctionai area of the ceii, gB 

the peak absorption cross section of the 1,3-buta- 
diene C-H stretch, P the intracavity power, +zw the 
photon energy, y and y’ are the rate constants for 
vibrational relaxation of vibrationally excited 1,3- 
butadiene by 1,3-butadiene and HCl, respectively, 
and kR is the overall rate constant for the addition 
reaction of 1,3-butadiene having internal energy #rw 
with HCl. 

Note that for a fixed composition the rate of for- 
mation of products is proportional to the total pres- 

sure since gB is pressure independent for the broad 
( z 100 cm-’ ) C-H overtone features. Thus it is 
advantageous to work at high pressures for experi- 
ments involving the vibrational excitation of 1,3- 
butadiene. In contrast, if the HCl is pumped with a 
laser narrower than the Doppler width, then at total 
pressures above 50 Torr, duel becomes proportional 

to 1 ZP,,,,, due to pressure broadening. Consequently 
there is no advantage in working at total pressures 
above 50 Torr when HCl overtones are pumped. 

Assuming y and y ‘ are gas kinetic (strong collision 
approximation), it is possible to calculate an upper 
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limit for kR since all other parameters in eq. (1) are 
known. (The strong collision approximation is 
. . ..1.tn1.. tlr hn .ml;A cr.- r..nl. t.:nl. a..m.Ano “..A +I.,3 UllllhbIJ L” “G “(111U I”1 JUti,11 Iup VllGltjlGJ auu LUG 

data will be corrected for this later.) The overall rate 
constant for addition of 1,3-butadiene with 40 kcal 
mol- ’ of internal energy to HCl is less than 
4.1x10-‘4cm3molecule-‘s-1. 

For comparison a statistical bimolecular rate was 
also calculated by performing an RRKM calculation 
for the reverse unimolecular decomposition and then 
using the principle of microscopic reversibility to 

obtain the bimolecular rate: 

h(E) =&i(E) 
Padduct 

PHCI(E) PtnutadiedE) ’ 
where k,,,(E) and kb,( E) are the rate constants for 
the unimolecular and bimolecular reactions, respec- 
tively, at total energy E. padduct( pHCl( E) and 
pbutadlene(E) are the densities of states for the adduct, 
HCl and 1,3-butadiene, respectively. 

The k(E) values for each channel were obtained 
from a standard RRKM calculation. For both calcu- 

lations it was assumed that If/Z= 1. The A factors for 
the reactions and the frequencies used for the mole- 
cules and complexes are shown in table 2. The tran- 
sition state for the four-center elimination was based 
on that used for C4H8C12 by Setser and co-workers 
[ lo]. The frequencies of the transition state for six- 
center elimination were adjusted to agree with the 
high-pressure A factor. The densities of states were 
calculated as in ref. [ 111. 

Fig. 2 shows the results for this calculation. Note 
that the reaction does not proceed with a rate con- 
stant of the A factor above the barrier, as one might 
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Table 2 
RRKM calculation parameters 
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Vibrational frequencies (cm- ’ ) 

I-chloro-2-butene ‘) 2-chloro-3-butene b, 

molecule complex molecule complex 

2933(7), 1661, 1449(3), 2933(7), 1661, 1449(3), 2933(7), 1661, 3010(6), 1661,1363(4), 
1369, 1319, 1302, 1291, 1369, 1319,1302, 1291, 1449(4), 1315(3), 1294,1093(3), 
1234. 1198, 1107, 1051, 1234, 1198,1107, 1051, 1247(3), 1062(4), 927(5), 830(2), 
932, 875,811, 746, 653, 932, 875,811, 746, 918, 734(2), 353, 664, 537(2), 400, 
474,302,265, 107.90 524,410,400,250( 2) 160, 105, Sl(2) 200,105,81 

“‘A factor: IO” ss’ [6]. b).4 factor: 2.2~10’~s-’ [LX]. 

naiveiy think. The rate constant oniy approaches the 
A factor at large energies above the barrier. The 
experiment was conducted at a total energy of 16000 
cm-’ including the thermal energy of the reagents. 
The predicted rate constant for production of both 
products at total energy 16000 cm- ’ was found from 

ENERGY (in wavenumbers) 

Fig. 2. Calculated specific rate constants for the bimolecular 
addition reaction of I ,3-butadiene with HCI, based on eq. (2). 

the curve and was then corrected for coiiisionai 

relaxation assuming the adduct loses 1000 cm-’ per 
collision. The value obtained was 9.2 x lo- I4 cm3 
molecule-’ SK’ and two collisions on average are 

required to remove the‘ excess energy. The experi- 
mental results were corrected for a collisional relax- 
ation rate which was half gas kinetic and the overall 

rate constant is less than 2.1 x 1 O-l4 cm3 molecule- ’ 
s- ’ with 40 kcal mol- ’ of internal energy in the 1,3- 

butadiene. This is at least four times slower than the 
statistical rate at a total energy of 16000 cm-‘. Hence 
our negative observation of the formation of addi- 
tion product via overtone pumping of 1,3-butadiene 
may offer insight nevertheless into the dynamics of 

this reaction. 
Let us consider the alternative experiment of 

pumping the HCl overtones which has been per- 
formed previously by Herman and -Marling, we 

reanalyzed their data, since the relaxation rate con- 
stants for HCl (u=5) and HCl (u=6) with hydro- 
carbons have been shown to be gas kinetic [ 121 and 
the absorption cross sections have been measured 
[13].ForbothHCl(v=5)andHCl(v=6)theover- 
all rate constant is less than 6.4 x lo-” cm3 
molecule-’ s-l. Hence the pumping of HCl over- 
tones is a less sensitive experiment than the present 
,,..&..+L,,., ,,A,,.. ,c-“,,:*..A,. “UC; vy 1111s;c; “IUE;IJ “1 Ulag”“uUS;. 

Considering the unimolecular decomposition, it is 
expected that the energy in excess of the barrier (16 
kcal mol-’ in this case) will be distributed statisti- 
cally among the product states. In contrast, the dis- 
tribution of the barrier energy (29 kcal mol- ’ ) will 
be highly dependent on the nature of the exit channel 
barrier and this will largely determine how effective 



Volume 130, number 3 CHEMICAL PHYSICS LETTERS 3 October 1986 

internal excitation of 1,3-butadiene is at overcoming 
the barrier for the reverse addition reaction. To our 
knowledge there have been no studies on energy dis- 
posal in six-center elimination reactions. For four- 
center elimination reactions of chloroethanes, Lee 
an,-! ,-n Wn&Ptf r ldl fnllnA nntv %-ta/, nf the puit UllU WV- .I “I__1 u t I ‘, l”U.I.. ““‘J I” I” “I Cl&Y VI.1. 

channel barrier energy goes into translation. Berry 
[ 15 ] found, again for chloroethanes, that about 10% 
of the total available energy goes into vibrational 
excitation of the HCl. It is difftcult to extrapolate such 
limited data to six-center or four-center elimination 
reactions of chlorobutenes. In the absence of addi- 
tional data it is only possible to compare our experi- 
mental data with the statistical calculation. 
Furthermore, the iimited studies on four-center 
elimination reactions suggest that while energy dis- 
posal is not statistical, the post barrier interaction is 
sufficiently strong to couple translational and inter- 
nal motions with high efficiency. 

We interpret our results as indicating that: 
(1) Internal excitation of the 1,3-butadiene, on its 

own, is inefficient at overcoming the barrier, and 
(2) Vibrational excitation of the HCl or relative 

translation of the reagents or both are also required 
to promote the addition reaction. 

These conclusions are very similar to the results of 
the trajectory calculations of Polanyi and co-workers 
[ 161 on the much simpler atom-plus-diatom ex- 
change reactions, A+ BC+ AB + C. It was found that 
for exoergic reactions, relative translation is partic- 
ularly effective in promoting reaction. This is a con- 
sequence of the potential-energy surface generally 
having an early barrier which is surmounted more 
effectively by translation than by reagent vibration. 
The system we have studied is more complicated, 
involving a multidimensional vibration. The system 
we have studied is more complicated, involving a 
multidimensional potential hypersurface; neverthe- 
less the same conclusion seems valid. The question 
remains whether this result is general. 
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