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Abstract 

In this Letter, we report studies of the femtosecond dynamics of transition states and asymmetric a-cleavage in Norrish 
type-I reactions. Systematically, we consider the dynamics of dissociation along two reaction coordinates in methyl ethyl 
ketone and diethyl ketone, and compare these results with those of dimethyl ketone and methyl chloro ketone. The concept 
of concertedness as the system moves away from the transition-state region is examined and the primary and secondary 
processes involved in the a-cleavage are resolved. We compare experimental results with theoretical predictions of 
impulsive and statistical models. 

1. Introduct ion 

Norrish type-I reactions [1] of  ketones have been 
one of the most extensively investigated areas in 
photochemistry [2]. Such reactions have provided 
good model systems to address some important is- 
sues in photochemistry such as the dissociation 
mechanism [3-5],  coupling of  electronic states [6-8],  
nascent product-state distributions [9-13],  and con- 
certedness of reactions with multi-bond breaking 
events [9-16]. They have also been used as a conve- 
nient source of  hydrocarbon free radicals, widely 
used in organic syntheses, and are important combus- 
tion species themselves [2]. 

The acetone molecule, because of  its relative sim- 
plicity, has been of particular interest in numerous 
photochemical studies and for the investigation of  
dissociation at many different energies [2]. At rela- 
tively low energies (A >/266 nm), the major dissoci- 
ation channel is the cleavage of  one C - C  bond 
which is in the a-position to the carbonyl group, 

producing CH3CO and CH 3 radicals. The CH3CO 
radical formed does not have enough internal energy 
to surmount the barrier to further dissociation [17]. 

However, at high energies (A ~ 193 nm), where 
Rydberg states are excited, both C - C  bonds adjacent 
to the carbonyl group of  acetone dissociate, giving 
two CH 3 radicals and CO as final products with a 
quantum yield of  nearly unity [18]. This breakage of 
the two chemically equivalent bonds in the reaction 
of  (CH3)2CO -+ 2CH 3 + CO has been intensively 
studied as a model system for resolving a fundamen- 
tal issue [19,20], namely, do the two bond-breaking 
events occur in a concerted or in a stepwise man- 
ner? 

The distinguishing criterion between the con- 
certed and stepwise mechanisms has in the past been 
defined by using the internal molecular clock, the 
calculated rotational period (~- ps) of  the intermedi- 
ate [8-13]. From product-state distribution and align- 
ment data the lifetime of  the intermediate has been 
deduced to be longer (or shorter) than the rotational 
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period, inferring the mechanism of the reaction to be 
stepwise (or concerted). This definition of concerted- 
ness is not fundamental [15], and the direct measure- 
ment of the intermediate lifetime with femtosecond 
(fs) resolution is a key to the resolution of the issue 
of concertedness and synchronicity. 

Fs-resolved mass spectrometry is a powerful ap- 
proach for determining reaction pathways by probing 
the nuclear dynamics of the parent and /or  of inter- 
mediates during the reaction [15,21,22]. For acetone 
[15], real-time dynamics of the dissociation, when 
excited to the (n-4s) Rydberg state, show two ele- 
mentary steps for the two C-C bonds with distinctly 
different time scales for the primary and secondary 
a-bond breakage, 

(CH3)2CO* - -*CH3CO*+ 'CH 3 (50fs) ,  (1) 

CH3CO t --~ c a  3 + C O  (0.5ps) .  (2) 

The experimental results indicate that the concerted- 
ness of the reaction should be judged from the 
dynamical time scale for the actual nuclear motions 
of the intermediate or transition states along the 
reaction coordinate [15]. As Eqs. (1) and (2) indicate, 
the two elementary steps differ in their time scales 
by an order of magnitude and yet both are faster than 
the rotational period. Therefore, the reaction mecha- 
nism would have been assigned as concerted, which 
is clearly not the case. 

For asymmetric a-cleavage, the problem is differ- 
ent because the strengths of the two C-C  bonds are 
not identical, the vibrational phase space is distinct 
and there are multiple reaction coordinates. With fs 
time resolution, the evolution of the cleavage could 
be followed and, with mass resolution, the transient 
intermediates formed along different pathways can 
be positively identified. Of particular interest here 
are the asymmetric ketones, RICOR 2, where R l and 
R 2 a r e  C H  3 and C 2 H 5 ,  and now the C-C  bonds are 
of a different nature. As shown in Fig. 1, this picture 
has roots in transition-state spectroscopy [23] where, 
in this case, the preparation is into a quasi-bound 
state and the clocking involves two channels [8]. 

In this Letter, we report on the fs dynamics of the 
methyl ethyl ketone (CH3COC2H 5) and diethyl ke- 
tone (C2HsCOC2Hs), and compare these results 
with those of dimethyl ketone (CH3COCH 3, ace- 
tone) and methyl chloro ketone (CH3COCI), acetyl 
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Fig. 1. Potential energy surfaces involved in the Norrish type-I 
reactions along the reaction coordinates ( C - C  bonds) leading to 
two different channels in the asymmetric a-cleavage of ketones: 
RICOR 2, where R I or R 2 = C H  3 or C2H 5. The approximate 
energetics involved in the primary and secondary C - C  bond 
cleavage are depicted. 

chloride. The energetics involved in the or-bond 
cleavage of methyl ethyl ketone and diethyl ketone 
are similar to those of acetone [12]. Therefore, we 
have an opportunity to investigate the dynamics of 
the primary and secondary C-C bond dissociation 
and to examine how they are affected as the number 
of internal degrees of freedom increases with the 
substitution of the methyl or ethyl group. We can 
also examine the forces influencing the primary 
cleavage and the extent of energy randomization in 
the secondary cleavage. We consider theoretical 
models, for qualitative and quantitative comparisons 
with the experimental observation, in two regimes of 
complete statistical behavior and a selective impul- 
sive force. 

2. Experimental 

The experimental apparatus has been described in 
detail elsewhere [21]. Briefly, a colliding pulse 
mode-locked (CPM) ring dye laser pumped by an 
Ar + laser (Coherent; 514.5 nm, 2.8-3.5 W) gener- 
ated the femtosecond laser pulses (fwhm = 60 fs, 
A = 615 rim, = 83 MHz). These pulses were ampli- 
fied using a four-stage dye amplifier pumped by the 
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532 nm output of a Nd:YAG laser (Spectra-Physics, 
DCR-3, 20 Hz). The amplified output pulses were 
temporally recompressed to 60 fs in a sequence of 
four high-refractive-index glass prisms. The final 
laser output was split into two portions. One part, for 
the excitation of the molecule (pump), was frequency 
doubled using a 0.5 mm KD*P  crystal to give 307 
nm. The other part, for the ionization of the mass 
species (probe), was passed through a retroreflector 
on a computer-controlled actuator. The pump and 
probe laser pulses were recombined collinearly at a 
dichroic mirror and focused into the molecular beam 

chamber. 
The molecular beam chamber consists of a two- 

stage pumping system divided by a -- 2 mm diame- 
ter skimmer. The He carrier gas was passed through 
the sample, methyl ethyl ketone (Sigma, 99.5%) or 
diethyl ketone (Aldrich, 99 + %), at room tempera- 
ture with a typical backing pressure of 20 psi. The 
background pressure in the TOF chamber was main- 
tained at 1 × 10 - 6  Torr when the nozzle (0.3 mm 
diameter) was open. The TOF mass spectra (with 
mass resolution, m/Am, of -- 150) were taken us- 
ing a digital oscilloscope (LeCroy 9361). The ion 
signal for a specific mass was selected by using a 
gated boxcar integrator (SR250) and monitored as a 
function of the delay time between the pump and 
probe laser pulses. 

Molecules prepared in the pulsed, skimmed 
molecular beam were excited by a fs laser pulse to 
initiate the reaction. After a certain delay time, an- 
other fs laser pulse ionized the existing mass species 
during or after the fragmentation. The ions created 
were separated in the time-of-flight (TOF) mass 
spectrometer according to their mass-to-charge ra- 
tios. The ions were detected using microchannel 
plates (MCP) and the signal was processed and 
handled with the help of a computer. 

3. Results 

The TOF mass spectra taken 50 fs after time-zero 
for methyl ethyl ketone and diethyl ketone are shown 
in Fig. 2. For methyl ethyl ketone, ion signals due to 
the parent (CH3COCzHs: 72 amu) and reaction 
intermediates, corresponding to the acetyl (CH3CO: 
43 amu) and propionyl (C2H5CO: 57 amu) radicals, 

(a) Dimethyl Ketone 

CH 300 
(43 ainu) 

Parent (58 amu) 

(b) Methyl Ethyl Ketone 

CH3CO 
(43 amu) C2H 5 CO 

(57 amu) 

(c) Diethyl Ketone 

Parent 
(72 amu) 

Parent (86 ainu) 

C2H5CO 
(57 amu) 

l 

30 40 50 60 70 80 90 
Mass (amu) 

Fig. 2. TOF mass spectra of (a) dimethyl ketone, (b) methyl ethyl 
ketone, and (c) diethyl ketone, taken at t = 50 fs. Two different 
intermediates, CH3CO and C~HsCO radicals, from methyl ethyl 
ketone are well separated in the TOF mass spectrum. 

are clearly identified in the TOF mass spectrum, Fig. 
2. Similarly, for diethyl ketone, ion signals due to 
the parent (C2HsCOC2Hs: 86 ainu) and intermedi- 
ate (C2H5CO: 57 amu) are also well separated, Fig. 
2. For comparison we show the mass spectrum for 
acetone. The power dependence for acetone was 
examined [15]. For the molecules studied here the 
power was attenuated to the appropriate level of no 
signal when either the pump or the probe pulse alone 
intersected the molecular beam. 

For both methyl ethyl ketone and diethyl ketone, 
the parent signal is strong at time-zero and com- 
pletely disappears within a few hundred fs of the 
reaction time. The parent transients were fitted using 
a single exponential decay function with a convolu- 
tion of the laser pulses [21] with a typical cross-cor- 
relation width (hwhm) of 90 _+ 30 fs, Figs. 3 and 4. 
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Fig. 3. Transients of (a) the parent, methyl ethyl ketone 
(CH3COC2Hs),  (b) the acetyl radical (CH3CO) ,  and (c) the 
propionyl radical (C 2 H s C O  ). Theoretical fits are shown as solid 
lines; see text. 
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Fig. 4. Transients of diethyl ketone (C2HsCOC2H 5) and the 
propionyl radical (C2H5CO) .  Theoretical fits are shown as solid 
lines. 

In contrast, the intermediate signal shows a rise- 
and-decay time evolution, i.e. it increases in the first 
few hundred fs and then decreases with further in- 
crease in the reaction time. The intermediate tran- 
sients were fitted using a biexponential function as a 
molecular response function, M(t) = a [ e x p ( -  t / z  2) 
-exp(-t/z])],  to give z 1 and T 2 as the rise and 
decay time constants, respectively (see Figs. 3 and 
4). 

F o r  m e t h y l  e t h y l  k e t o n e ,  the p a r e n t  
(CH3COC2H 5) signal decays with a time constant 
(z )  of  100 + 30 fs. The signals due to CH3CO and 

Table 1 
Secondary cleavage: Experimental values (7-2)and theoretical predictions of the internal energies 

Parent Intermediate Exp. z 2 (fs) a Internal energy of intermediate b 

RRKM c (primary a-cleavage) 

impulsive statistical 

acetone d CHACO 500 35 38 53 
methyl ethyl ketone CH3CO 900 31 38 39 
acetyl chloride e CH3C O < 100 > 55 56 82 

methyl ethyl ketone C 2 HsCO 550 42 67 
diethyl ketone C~ HsCO 750 42 53 

a For uncertainties of the time constants, see the text. 
b The internal energies (kcal /mol)  of  the intermediates are calculated from the total available energy for the fragments from the primary 
bond cleavage (the photon energy minus bond dissociation energy); 1 8 6 -  80 = 106 kcal /mol for acetone [15], methyl ethyl and diethyl 
ketones, 1 8 6 -  83 = 103 kcal /mol  for acetyl chloride [30]. 
c The internal energies estimated from the time constants (z 2) using the RRKM calculation (see the text). 
d Taken from Ref. [15]. e See Ref. [24]. 
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C2H5CO radicals both rise with r~ -- 100 fs, which 
is the same as the decay time constant of the parent. 
However, these two intermediates decay with differ- 
ent time constants; the CH3CO'  signal decays with 
r 2 = 900 +_ 100 fs, while the C2H5CO signal de- 
cays with r 2 = 550 ___ 50 fs, Fig. 3. 

For diethyl ketone, the parent (CzHsCOC2H 5) 
signal decays with r = 150 __ 30 fs, which is longer 
than the decay time of methyl ethyl ketone. The 
C2HsCO intermediate grows with r~ -- 150 fs, and 
decays with r 2 = 750 +_ 100 fs, Fig. 4. Time con- 
stants for the secondary C - C  bond cleavage of 
methyl ethyl ketone and diethyl ketone are listed in 
Table 1 with those of acetone [15] and acetyl chlo- 
ride [24]. 

4. Discussion 

From the above results it is clear that two differ- 
ent c~-bonds of methyl ethyl ketone are involved in a 
stepwise breakage to produce either CH3CO' or 
C 2 H 5 C O  as transient intermediates. As shown in 
the TOF mass spectrum and the transients in Figs. 2 
and 3, the parent has two channels for dissociation, 

CH~COC2H~ ~ CH3CO" + 'C2H 5, (3) 

CH3COC2H~ ~ C2HsCO + + C H  3. (4) 

The nascent intermediates, CH3CO or C2H5CO rad- 
icals, are vibrationally hot, and dissociate further 
through the secondary e~-bond cleavage, 

CH3CO t ~ 'CH 3 + CO, (5) 

C2H5CO "~" --~ C 2 H  5 + CO. (6) 

The dissociation of diethyl ketone, which has two 
equivalent C - C  bonds in the c~-position to the car- 
bonyl group, is similar to that of acetone [15]; the 
two c~-bonds break in a stepwise manner producing 
the C 2 H_s CO radical as a reaction intermediate, which 
further dissociates to produce ethyl radical and CO. 
For both methyl ethyl ketone and diethyl ketone, no 
intermediates due to [3-cleavage, such as CH3COCH 2 
or C2HsCOCH 2 radicals, were found in our fs-re- 
solved TOF mass spectra (see Fig. 2), indicating that 
the major channels for the dissociation of these 
ketones are the c~-bond cleavages shown in Eqs. 
(3)-(6). 

4.1. Energetics and the potential energy surface 

The excitation of methyl ethyl ketone and diethyl 
ketone by two 307 nm photons prepares the molecule 
in a Rydberg state, as in the case of acetone [15]. 
Energies of the Rydberg series are very similar to 
those of acyclic ketones. At the photon energy used, 
the molecule is excited to the n -4s  state [5,6,14], 
which is strongly coupled to a valence state that is 
dissociative in nature [5,14]. As depicted in Fig. 1, 
the valence state leads to an ultrafast c~-bond cleav- 
age [15], and is dissociative upon the elongation of 
the C - C  bond in the a-position. The symmetry 
correlation for the molecular orbitals suggests the 
n - g * ( C - C )  state, with tr* repulsion in the C-C,  
correlates to the ground electronic states of the prod- 
ucts diabatically [2,3]. 

The bond dissociation energies for the two differ- 
ent ~x-bonds in methyl ethyl ketone are almost equal 
( ~  80 kcal /mol)  [12]. Therefore, the energetics in- 
volved in the primary a-bond cleavage is similar for 
acetone, methyl ethyl ketone, and diethyl ketone. 
The secondary C - C  bond cleavage, the cleavage in 
the CH3CO radical, has a reaction barrier of ~ 17 
kcal /mol  [11,25]. Since the electronic structure is 
similar for both CH3CO and C2H5CO radicals, it is 
not unreasonable to assume the same barrier of = 17 
kcal /mol  for the secondary C - C  bond dissociation 
of the C2HsCO radical [11,12,25]. The potential 
energy surface depicted in Fig. 1 illustrates the adia- 
batic dissociation on the ground state and the dia- 
batic correlation from the transition-state region to 
final products. 

4.2. The primary C-C bond cleavage 

The measured time constant for the primary ix- 
bond cleavage ( r )  ranges from 50-150 fs in the 
three molecules studied. This ultrashort time dynam- 
ics reflects a direct repulsion in the e~-cleavage, 
without the involvement of the entire vibrational 
phase space. Noticeably, however, r increases as the 
number of atoms in the molecule increases. For 
acetone, r = 50 fs, which is comparable to the vibra- 
tional period along the reaction coordinate ( =  43 fs) 
[14,26]. However, as the number of internal degrees 
of freedom increases, the dissociation becomes 
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slower: 7"= 100 and 150 fs for methyl ethyl and 
diethyl ketone, respectively (see Figs. 3 and 4). This 
trend would appear to be consistent with the predic- 
tion of a statistical rate theory. For example, accord- 
ing to the RRK theory, the rate is expressed by 
k--- ~,[(E-  Eo) /E}  s- 1), where ~, is the vibrational 
frequency along the reaction coordinate, E is the 
total available energy, E 0 is the reaction barrier, and 
s is the number of vibrational degrees of freedom. 
Therefore, since [(E - E0)/E] < 1, as s increases, k 
decreases. However, the statistical rate theory is 
based on the assumption that all the reactant states 
are equally probable through a much faster 1VR rate 
than the dissociation. Within the dissociation time 
constants (50-150 fs) observed here, a complete 
randomization of the energy among all the reactant 
states is not expected. 

Instead we invoke the dynamical motion of the 
wavepacket on the multi-dimensional potential en- 
ergy surface. As the number of degrees of freedom 
increases with increasing number of atoms in the 
molecule, the wavepacket experiences motion in 
many coordinates other than the reaction coordinate 
prior to the bond dissociation and the time constant 
for dissociation increases. This behavior is similar to 
the multi-dimensional effect observed in the dissoci- 
ation of CHaI and CD3I [27,28]. We have found a 
correlation between Ink and the number of modes, 
but in this case, the correlation reflects the probabil- 
ity trend in the increased phase space as the number 
of atoms increases. 

4.3. The secondary C-C  bond cleavage 

After primary C-C bond cleavage, the available 
energy (the photon energy minus the bond dissocia- 
tion energy), is partitioned into the various degrees 
of freedom: the translational and internal degrees of 
freedom of the two fragments. The secondary C-C 
bond dissociation occurs on the ground electronic 
state with a reaction barrier of --17 kcal/mol 
[I 1,25], and the dissociation dynamics are governed 
by the internal energy given to the intermediate 
during the primary a-bond cleavage. As shown in 
Table 1, the dissociation time constant of the CH3CO 
(or C2H5CO) radical strongly depends on the parent 
molecule from which it is dissociated, This depen- 

dence means that the energy partitioning during the 
primary C-C bond cleavage is different for the 
parent molecules studied. 

Here, we compare two extreme models, the im- 
pulsive and statistical models, The two models are 
based on completely different basic assumptions. 
The impulsive model assumes that all the available 
energy is given to the repulsion between the two 
carbon atoms in a very short time [17]. Therefore, 
the product-state distribution is determined by the 
impulse given to two departing atoms and the energy 
partitioning is determined by the conservation of 
energy and linear momentum [17]. On the other 
hand, the statistical model assumes that the energy is 
distributed with equal probabilities among all the 
states in the reactant prior to dissociation. In the 
statistical model, the internal energy of the fragment 
is determined by the ratio of the number of vibra- 
tional degrees of freedom of the fragment to that of 
the parent [29]. 

In Table l, the time constants for the secondary 
C-C bond cleavage, those of the CHACO and 
C2H5CO radicals, are listed with the internal ener- 
gies predicted from the impulsive and statistical 
models. According to the impulsive model, since the 
masses of departing atoms in the primary C-C bond 
cleavages are same, the internal energy given to 
CHACO is the same for acetone and methyl ethyl 
ketone. However, the measured time constant for the 
secondary C-C bond cleavage is = 1.8 times larger 
for the CHsCO radical produced in the dissociation 
from methyl ethyl ketone (72 = 900 fs) compared to 
that from acetone dissociation ( r  2 = 500 fs). This 
experimental fact would therefore imply that the 
impulsive model is breaking down as more internal 
energy should be given to the CHACO radical from 
acetone than from methyl ethyl ketone. 

On the other hand, it appears that the statistical 
prediction of the internal energy (Table l) gives the 
correct trend. Since the C2H 5 radical has more 
internal degrees of freedom than CHa, relatively 
more energy is partitioned into C2H 5, and therefore, 
less energy is given to the CHACO radical from 
methyl ethyl ketone, compared to that from acetone. 
The same explanation applies to the case of the 
C~HsCO radical from methyl ethyl and diethyl ke- 
tone: Since the departing fragment for the C2H5CO 
radical is CH a for methyl ethyl ketone, which takes 
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less energy than CzH 5 for diethyl ketone, relatively 
more energy is given to the C2H5CO from methyl 
ethyl ketone, leading to a shorter time constant (550 
fs) than that from diethyl ketone (750 fs). 

However, this apparent trend of the statistical 
model does not explain the results quantitatively. 
This can be seen by considering several results in 
Table 1. The dissociation of acetyl chloride, 
CH3COCI ~ CH3CO+ CI, is found to be prompt 
( <  50 fs) [7,24] and there is no internal energy to be 
given to the C1 atom. Therefore, the impulsive model 
should be appropriate in this case. The impulsive 
model predicts = 56 kcal/mol for the CH3CO radi- 
cal from acetyl chloride. At this same energy, the 
CH3CO radical from acetyl chloride has a lifetime 
shorter than 100 fs [24]. Given that the primary 
cleavage of acetone occurs in 50 fs, the impulsive 
model should still be appropriate; it predicts an 
internal energy for CH3CO of = 3 8  kcal/mol. 
However, the statistical model for acetone gives 
--53 kcal/mol, overestimating this value, and a 
much shorter dissociation time would be expected 
than the experimental result of r z = 500 fs. 

The time constant for the secondary a-cleavage in 
acetone has been explained using the RRKM theory 
at the internal energy predicted by the impulsive 
model [15]. The internal energy of the CH3CO radi- 
cal from methyl ethyl ketone can be estimated from 
the measured time constant of 900 fs by using the 
RRKM theory [ 15]. The RRKM calculation is carried 
out using ab initio vibrational frequencies of the 
reactant and transition state of the acetyl radical [30]. 
The estimated internal energy of the CH3CO radical 
from the methyl ethyl ketone photolysis is ~ 31 
kcal/mol,  which is = 4 kcal/mol less than the 35 
kcal/mol for the acetyl radical from the acetone 
dissociation, Table 1. 

For the internal energy of the CH3CO radical 
from methyl ethyl ketone, the predicted value from 
the impulsive model is much different from that 
estimated from the RRKM calculation, especially 
when compared with the case of acetone. It should 
be noted however that the multi-dimensionality of 
the wavepacket in the primary a-cleavage of methyl 
ethyl ketone is an important factor for the decrease 
in the rate constant and deviation from the impulsive 
model. Therefore, the applicability of theoretical 
models for energy partitioning should be closely 

related to the dynamical time scale for the bond 
dissociation. 

5. Summary and conclusion 

In this work, the femtosecond dynamics of Nor- 
rish type-I reactions are reported. The dynamics of 
the a-bond cleavage from methyl ethyl ketone and 
diethyl ketone are studied using fs-resolved TOF 
mass spectrometry, and compared with those of 
dimethyl and methyl chloro ketone. In these reac- 
tions the pathways from the transition-state region 
are determined by two reaction coordinates along the 
C-C bonds, Fig. 1. 

The primary and secondary a-bond cleavages oc- 
cur in a stepwise mechanism with two distinct time 
scales. The time for the primary C-C bond cleavage 
is longer for methyl ethyl ketone and diethyl ketone, 
compared to that of acetone. This increase of the 
time constant for the primary a-cleavage with in- 
creasing number of atoms in the molecule is the 
result of the increased dimensionality of the potential 
energy surface where the wavepacket motion is sig- 
nificant in coordinates other than the C-C reaction 
coordinate. We found a correlation between the time 
constants and the number of degrees of freedom. The 
impulse in the C-C bond is caused by the ~r* 
repulsion. 

The secondary C-C bond cleavage dynamics of 
the intermediates are governed by the internal ener- 
gies obtained during the primary C-C bond breaking 
event. We considered the energy partitioning during 
the primary C-C bond cleavage using the impulsive, 
simple statistical, and RRKM models. Simple statis- 
tical calculations, although giving the correct trend, 
do not account quantitatively for the internal energy 
following the a-cleavage. The impulsive model, al- 
though not very quantitative, gives the values close 
to the experimental results. The transient intermedi- 
ate rates of dissociation can be accounted for using 
RRKM theory. The key is the time scale of the 
cleavage in relation to IVR time scales. 

In all systems studied, we find that the correct 
criterion for concertedness is the time scale for 
nuclear motion along the reaction coordinates. Using 
the criterion of the 'rotational clock', the reaction 
mechanism would have been inferred to be con- 



286 S.K. Kim, A.H. Zewail/  Chemical Physics Letters 250 (1996) 279-286 

re" 

R(C-C I) 
Fig. 5. A simple schematic of a two-dimensional potential energy 
surface illustrating the concept of concerted and stepwise motion, 
in principle, which describe a-cleavage reactions. The two reac- 
tion coordinates, C-C~ and C - C  2 , involved are those of R ~COR 2 , 
where C~ and C 2 are the carbon atoms of R~ and R 2, respec- 
tively. 

certed. In contrast, we observe that the reactions 
studied have stepwise mechanisms, as illustrated 
schematically in Fig. 5. 
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