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Femtosecond Dynamics of Transition States and the ~1 ps® They also deduced that the parent excited azomethane
Concept of Concertedness: Nitrogen Extrusion of molecule persists for many rotational periods, i.e., many pico-
Azomethane Reactions seconds, suggesting that the seconrtNZleavage is not feasible
. . . to clock in real time. Weitz's group obtained the energy content
iﬂfnw'_e' Dlau,. 9sama K. Abou-Zied, Alfred A. Scala, and of the CH; radicals and concluded a stepwise procegd.higher
ed H. Zewail L
i i energy (193 nm), where it is known that the products are 99%
Arthur Amos Noyes Chemical Physics Laboratory ¢, and N,® Huber's group measured the angular and kinetic
California Institute of Technology  gnergy distributions of the fragments and concluded that the
Pasgdena, California 91125 mechanism is consistent with a concerted proe$heoretical
Receied December 31, 1997 ap initio studies have been reporfédand recent work from

In this communication, we report femtosecond, real-time studies Morokuma’s grouf° gives a theoretical description of the
of the nature of the transition states and the concept of concert-Mechanism on a multidimensional potential energy surface.
edness in the nitrogen extrusion reaction of azomethane. Many Here, we report our first study of the femtosecond (fs) dynamics
thermal and photochemical reactions involve the breaking or of the reaction. Using fs-time-resolved mass spectrometry, the
making of several chemical bonds. Important to the mechanism two elementary steps were studied. The intermediatgNgH
are the following questions: How do the two (or more) bonds hitherto unobserved, was detected and isolated in time. The
break? What is the time scale for the elementary steps? Whatreaction is found to be not concerted, and both the first and second
is the true nature of the transition states (TS)? The literature is C—N bond breakage occur on the fs time scale. Thus, true
very rich with discussions on the relationship between the nature concertedness must describe the motion in reference to the
of the transition state or structural intermediate and the two frequency of the reaction coordinate (the R vibrational period
extreme descriptions of the reaction, concerted or consecutive,is ~30 fs) and not to the rotational time of the entire molecule
i.e., stepwise (see, e.g., refs 1 and 2). These descriptions argps). To compare with theory, we have performed ab initio
critical to the understanding of the reaction path, the stereochem-calculations of the potential energy surface (PES) of the ground
istry, and the structure of the TS, but in many studies their state and calculated the microcannonical reaction rates after
definition is operational depending on the experimental approach locating the transition states.
and time scales. With femtosecond resolution, nuclear motions  The experimental details can be found in ref 11. Briefly, a fs
can be studied, allowing for a true definition of concertedness |aser system was integrated to a molecular beam apparatus with
and a clear distinction between TS(s) and intermediate(s). the capability of measuring the time-of-flight (TOF) mass spectra.

The thermal and photochemistry of azomethane typifies this Figure 1 shows the TOF mass spectrum obtained with fs pulses.
case. The reaction represents one of the most known to extrudeThe amplified pulses were typically 80 fs, and the energy was
nitrogen and produce methyl radicals, which have been used in~2004J, attenuated to be in the linear regime (Figure 1). We
a variety of radical chemistry and other applications. But, the observed the parent (mass /ami68), the intermediate (CiM
mechanism has been questioned, both experimentally and theoradical, mass /amer 43), and the products. By gating at mass
retically, for 70 years since the early work of Ramsperger in 58 and 43 amu, respectively, we obtained the transient signals
1927? For these azoalkanéshe elementary steps are classified for the parent and the intermediate, Figure 1. A least-squares-fit

according to concertedness: with proper convolutiot givest = 70 + 10 fs for the parent
g decay. Forthe intermediate, we obtained a comparable rise time
R_N=N_R —2neted) o\ oy N, 1) (70 fs) and a decay time of 108 20 fs.

Ts1 TS2 These results indicate several points. First, the observation of
R-N=N-R —R-N,+R —R+R +N, (2) the intermediate CkN, provides evidence of the nonconcerted
trajectory of the reaction. Second, the first bond breaks in
time, order of magnitude faster than the estimated time scale of
the molecular rotation. The measured time is also inconsistent
gvith the isotropic distribution of the fragmen{8~<0), which was
attributed to the many rotations of the parent molecule prior to
bond breakage. Third, the fs time scale for the second-®

For reaction path (1), the two -€N bonds are broken
concertedly, while for path (2), the reaction must first produce
the intermediate RN, which then liberates the nitrogen molecule.
Besides the importance to the reaction mechanism, the presenc
of the intermediate describes the state of final products (e.g., hot
or cold N,), the stereochemistry, which depends on the lifetime o . .
of the inte)rmediate, and the brgnching to o'?her reaction channels.Pond breakage .|nd|cates that the TS involved is that of a very

Recently, experimental studies of the asymptotic product 'OW-€nergy barrier. . o
fragments (M and CH) have addressed the dissociation mech- ~ Figure 2 depicts the PES we obtained by ab initio molecular
anism. With Coherent Anti-Stokes Raman spectroscopy (CARS), orbital (MO) theory using the G2M(CC1) approath.The
Weisman and co-workers have measured product-state distribu-structures of the stationary points, Figure 2, were optimized using
tions of both CH and N, following excitation at 355 nrhi. They the Density Functional Theory (DFT) at the B3LYP/6-311G(d,p)
concluded a stepwise mechanism, with the first step occurring in level; normal vibrational frequencies and zero-point energies
less than 1 ns and the second in 5.3 ns. In contrast, usingcorrections of all species were also calculated. For the concerted
molecular beam translational spectroscopy, Lee’s group concluded
a concerted, but asynchronous, mechanism; a lifetime for the  (6) North, S. W.; Longfellow, C. A.; Lee, Y. TJ. Chem. Phys1993 99,
intermediate CkN,, which wasnot observed, was deduced to (7) Fairbrother, D. H.; Dickens, K. A.; Stair, P. C.; Weitz, Ehem. Phys.

be similar to or less than the rotational period, estimated to be Lett. 1995 246, 513.
(8) Baggott, J. E.; Brouard, M. A.; Coles, A. Davis; Light-foot, P. D.;
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Figure 1. (Top) Mass spectrum of azomethane obtained at 50 fs time °
delay (two fs pulses used: 310 nm fio= 0 excitation and 620 nm for Reaction coordinate

probing with mass spectrometry). The inset shows the linearity for Figure 2. Ground-state reaction path of the two bond-breaking processes
excitation. (Bottom) Transient signals for the parent and intermediate. of azomethane. The structures shown are from DFT calculations, and
the rates were calculated after locating the transition states shown (see
reaction path, our value of the energy barrier is in good agreementtext). Both concerted and nonconcerted reaction paths are shown.
with that calculated using a multireference configuration interac-
tion (MRCI) schemé? However, the MRCI method was unable
to handle the stepwise reaction path due to the dramatic increas
in the number of configurations in the low-symmetry system;
details will be published later.

The experimental rates were compared with those predicted
via statistical Rice-Ramsperger-Kassel-Marcus (RRKM) thébry,
or the variational versioft, after locating the TS. At the total
available energy (Figure 2), the lifetime is calculated to be 70
fs, an order of magnitude longer than the measured value.
much shorter lifetime €100 fs) was obtained for the second bond

breakage, due to the small energy barrier involved (2.9 kcal/mol); corresponding coplanar N o bond. typical of ocleavage

the translational energy distributions of the fragmémntsre taken . .

into consideration. ?tyis not suggested tha% the intermediate Processes:’” The new NNz bond is formed in the CHN,
behaves statistically. As discussed elsewhetiee theory isnot  Intermediate in 70 fs. The secopcbrbital is coplanar with the
applicable on this fs time scale. For the concerted reaction path€mamning CN bond in CENo, and cleavage of the secoanSl
(Figure 2), the calculation gives a lifetime of 6 ps. Though the bond results in the formation of aolecule and a Ckradical.

concerted path has an energy barrier lower by 2.6 kcal/mol than 'tl)'he kasymmetric \_/ibrﬁtional p_ercijod is30 fs_ andh thehbond ical
the stepwise path, the latter has a much looser TS than the former2f€aKage occurs in three periods, suggesting that the conica

This looseness makes the number of states much higher (entropic)iNtérsection on the PES is a directing process of the nuclear motion
leading to the nonconcerted path with higher rates along this coordinaté!® and thus the ultrafast rate across TS2.

The reaction dynamics is described by two elementary steps.AS discussed elsewhefitis precisely the asymmetric motion
The following mechanism accounts for our observations and the Which determines the importance of the nonconcerted pathway
fact that thermal and photochemical reactions give the same relative to the concerted one on the global PES. Concertedness

productst Upon excitation of the molecule, the LUMO electron must be examined in reference to the actual nuclear motion.
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dhe transition state is of diradical type with two perpendiciplar
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