
Abstract. The dynamics of vinylidene-acetylene isomer-
ization has been studied quantum mechanically, based
on a new ab initio calculated potential energy surface
(PES). The grid underlying the PES and the dynamic
treatment rest on planar 4-atom Jacobi-like coordinates.
Three degrees of freedom, the CAC bond length and the
two Jacobi-like angles are treated explicitly, while the
two other coordinates relating to the CAH bond lengths
have been optimized in the ab initio treatment. The
energies of the resulting 3D grid have been computed
with the CCSD(T) method, using a cc-pVTZ basis set,
while selected stationary points have been characterized
at a higher level of theory. The subsequent dynamic
treatment reproduces very satisfactorily the experimen-
tal photodetachment spectrum of Lineberger and co-
workers. Preliminary results are also reported for the
lifetime of vinylidene.
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1 Introduction

The vinylidene-acetylene isomerization reaction is a
prototypical example of a 1,2-hydrogen shift [1]. This
important type of unimolecular reaction often leads to
the disappearance of small carbenes [2±4] and nitrenes
[5, 6]. Also vinylidene itself is considered to be an
important reactive intermediate in organic chemistry [7±
10] and has been studied extensively, both experimen-
tally [11±14] and theoretically [15±20]. We refer to these
studies for further references on the subject.

Whether vinylidene exists at all and has a lifetime
long enough to be observed by spectroscopic techniques
remained a central question for a long time. The ®rst

theoretical estimates of the classical reaction barrier for
the rearrangement yielded 6.4 [15] and 2.2 [16] kcal/mol.
The e�ect of the zero point vibrational energy reduced
these to 4.6 and 0.9 kcal/mol, respectively, implying that
the activation energy might vanish. The question of the
existence of this species was settled when Lineberger and
coworkers [11, 13] observed vibrational states of vinyl-
idene in the ultraviolet photoelectron spectrum of the
stable vinylidene anion H2CC

ÿ. From the observed
linewidths they deduced a strict lower limit for the life-
time of s > 0:027 ps. Moreover, the observation of ex-
cited vibrational levels in the rocking mode, representing
the main reaction coordinate near the vinylidene mini-
mum, shows that there must be a ®nite barrier for
isomerization [13].

More recent theoretical studies con®rmed the exis-
tence of vinylidene as a genuine minimum on the ground-
state potential energy hypersurface of C2H2. Gallo et al.
[17] performed CISD and CCSD calculations with vari-
ous basis sets and estimated the classical barrier to be
�3 kcalmol. Smith et al. [18] predicted a value of
2:6 kcal=mol using the QCISD(T) level of theory. They
also reported an arti®cial intermediate minimum along
the reaction path when using the MP2 method. Finally
Chang et al. [19] performed extensive studies employing
the CCSD(T) and CCSD(TQ) methods and correlation-
consistent polarized valence basis sets (cc-pVXZ). The
classical barrier, extrapolated to the full-CI and complete
basis set limit, was found to be �2:85 kcal=mol [19].

The only dynamical calculation so far seems to be
a semi-classical study by Carrington et al. [21] using a
reaction path Hamiltonian. In this work a simple poly-
nomial was used to approximate the potential energy
along the reaction coordinate. Germann and Miller [22]
have recently studied the importance of the vinylidene
intermediate for the resonance tunneling in acetylene
isomerization.

In the present work, we study the dynamics of the
rearrangement of vinylidene using fully quantum
mechanical methods, namely wavepacket propagation
techniques. For this purpose a new 3D surface of the
electronic ground state is calculated ab initio using
the coupled cluster [CCSD(T)] [23, 24] method. An
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additional smaller surface of the vinylidene anion is
constructed which is used to generate a vibrational
ground-state wavefunction of C2H

ÿ
2 . This wavefunction

is then transferred to the vinylidene surface to simulate
the photodetachment spectrum of Ervin et al [13]. We
obtain good overall agreement with the experimental
spectrum, which is encouraging as regards the theoreti-
cal approach adopted. A further aim is to estimate the
lifetimes of vinylidene and its metastable vibrational
states. This is especially interesting as they have not been
determined experimentally so far.

This paper is organized as follows. Section 2 describes
the theoretical methods used. In the ®rst part details of
the electronic structure calculation are given, including
results for the stationary points of the surface. The sec-
ond part explains how the wavepacket has been propa-
gated. In Sect. 3 further results of the ab initio calculation
and results of the dynamical studies are presented and
discussed. Finally, Sect. 4 concludes this paper with a
short summary and an indication of future work.

2 Theoretical methodology

2.1 Electronic structure calculations

The grid of ab initio points to be calculated was essentially deter-
mined by the dynamical study to follow.

Planar 4-atom Jacobi-like coordinates as shown in Fig. 1 are a
natural choice of coordinates. They are chosen here because the
corresponding Hamiltonian [25, 26] has a simple form that is easy
to implement within wavepacket propagation techniques. One co-
ordinate is the CAC bond length R. The other four are polar co-
ordinates (r1; h1; r2; h2� of both hydrogen atoms with the origin X
centered at the middle of the CAC bond. A sixth coordinate, de-
scribing out-of-plane motion, is not considered because all known
stationary points of the system on the S0 hypersurface are planar
and stable with respect to out-of-plane distortion; therefore the
reaction is expected to proceed through planar con®gurations
throughout. We mention, however, that a non-planar transition
state structure has been reported for triplet vinylidene [27].

The two polar angles h1 and h2 can be mixed to give the sym-
metric and asymmetric linear combinations hr and hs:

hr � h1 � h2
hs � 1=2 �h1 ÿ h2�
While hr corresponds to the rocking motion at the vinylidene
minimum (both H-atoms moving in the same direction around the
center), hs describes the scissor mode (with the H-atoms moving in
opposite directions). The rocking mode is closest to the reaction
coordinate near the vinylidene minimum.

Since a quantum dynamical calculation involving more than
three degrees of freedom is cumbersome, we decided to build a 3D
cartesian grid. The 3D grid selected consists of 600 points scanning
the CAC bond length R and the two angular coordinates hr and hs.
While the grid is equidistant in R and hr, it is denser in the central
range of hs so as to correctly scan the ®ner features of the reaction

path. For the smaller vinylidene anion surface mentioned below the
same coordinates were used. Table 1 gives details of the regions
covered by the grids for both the neutral and the anionic species.

At each of the above coordinate points two ab initio calcula-
tions were performed using Gaussian94 [28]. In a ®rst step, the two
X±H distances were optimized using the MP2 level of theory. Then
the coupled-cluster method with single, double and a non-iterative
inclusion of triple excitations [CCSD(T)] was used to determine the
singlet ground state potential energy at that point. Both calcula-
tions use Dunning's correlation-consistent polarized valence triple-
f basis set (cc-pVTZ) [29], resulting in 88 contracted Gaussian basis
functions (156 primitive Gaussians). The calculations were per-
formed at the High-Performance Computing Center Stuttgart on a
NEC SX-4/36 Cluster. Each point of the vinylidene surface took
23min of processing time on average. For the anion a similar, but
smaller, grid was constructed which is centered at the C2H

ÿ
2 equi-

librium conformation. It consists of 60 points that were calculated
at the same level of theory; the processing time was about 54min
per point. Table 2 shows the geometries and energies of the sta-
tionary points at the given level of theory; these data have been
obtained independently from an unconstrained (planar) geometry
optimization. As regards neutral vinylidene the table reproduces
earlier results of Ref. [19]. We also refer to this work for a dis-
cussion of these results and a comparison with the considerable
amount of earlier literature. For the vinylidene anion, our results
are generally in line with previous calculations [13, 30, 31], but the
CAC distance comes out somewhat smaller than in the earlier
work.

2.2 Wavepacket dynamical calculations

As already stated, the dynamical calculations were performed using
the same 4-atom Jacobi-like coordinates as in the ab initio studies.
The evolution in time of a wavepacket is thus de®ned by the fol-
lowing Hamiltonian in which the kinetic energy has a particularly
simple form [25, 26, 32]:
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In the derivation of these equations a minor approximation (neglect
of an o�-diagonal term) which introduces an error that is estimated
to be a few percent [25] is used. Additionally, the wavefunction isFig. 1. Planar 4-atom coordinates used in the calculations

Table 1. Speci®cation of the 3D grid used in the ab initio
calculations

Coordinate Number of points Range

Vinylidene (neutral)
hr 10 0±135 [deg]
hs 10 20±68 [deg]
R 6 2.25±2.60 [a.u.]

Vinylidene anion
hr 3 0±30 [deg]
hs 4 24±48 [deg]
R 5 2.39±2.67 [a.u.]
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scaled by a factor of �Rr1r2�1=2, leading to the e�ective potential
part (Eq. 4) of the Hamiltonian.

In our 3D calculations, only the terms acting on the hr, hs and R
coordinates were considered. Unless otherwise stated, the distances
r1 and r2 appearing in these terms were set to values that match the
vinylidene geometry (r1 � r2 � 1:515 AÊ ). The grid calculated by ab
initio methods is too coarse for dynamical calculations and does
not cover the full range of momenta that is relevant to our study.
Instead of performing more ab initio calculations, additional points
were determined by interpolation. To interpolate the base grid, one-
dimensional cubic splines were used iteratively as suggested in [33].
As the grid does not cover the asymptotic areas of the potential
surface, no special boundary conditions are available. Instead, the
``not-a-knot'' conditions suggested by de Boor [34] are used. For
the production calculations, a grid of 64�hr� � 64�hs� � 16�R�
points has been employed. A fast Fourier transform (FFT) scheme
[35] is used to calculate the action of the Hamiltonian on the time-
dependent wavefunction represented on this grid.

During the propagation, parts of the wavefunction cross the
potential barrier and wander towards the acetylene stationary
point. This region is not included fully in the grid of ab initio
points; rather the latter ends shortly behind the barrier. Therefore,
care has to be taken to prevent the wavefunction from hitting the
boundary as this would cause arti®cial re¯ections (or reappearence
on the other side of the grid if FFT methods are used to evaluate
the Hamiltonian). This goal is accomplished by introducing a
complex absorbing potential (CAP) [36±38] which removes the
wavefunction that has passed the barrier. The CAP is zero every-
where except behind the energy barrier, where it grows rapidly:

VCAP�x� � 0 x � x0
ÿig�xÿ x0�3 x > x0

�
�5�

Here x is a linear combination of hr and hs and points towards the
direction of the reaction path. The coe�cient g sets the strength of
the CAP. It has to be chosen to minimize both transmission
through and re¯ection back from the CAP and depends on the
kinetic energy of the wavepacket. While this choice can be di�cult
in general, it seems to be much easier here because the given po-
tential decreases strongly in the area of interest. This reduces the
probability of a re¯ection even when a relatively strong CAP is
used. In the calculation reported below, a value g � 0:002 (a.u./
rad3) was found satisfactory for these purposes.

To propagate the wavefunction in time, the Lanczos-Arnoldi
algorithm [39, 40], a variant of the short iterative Lanczos (SIL)
algorithm [41], was used. The Lanczos-Arnoldi scheme has to be
used because SIL works only with a hermitian Hamiltonian; this
prohibits the use of a CAP.

The spectrum is calculated by a FFT of the autocorrelation
function

C�t� �hw�0�jw�t�i: �6�
To simulate a photodetachment spectrum, jw�0�i in Eq. (6) is
identi®ed with the ground vibrational wavefunction of the vinyli-
dene anion (H2CC

ÿ) placed on the vinylidene S0 potential surface.
This models a vertical (Franck-Condon) transition as is justi®ed by
the fast asymptotic velocity of the ejected electron (about 10 AÊ /fs)
[13]. The ground state wavefunction is determined by propagating
an approximate wavefunction in imaginary time on the small anion
potential energy surface (PES) described in Sect. 2.1. This succes-
sively reduces the norm of the higher-energy components of the
initial wavefunction so that ®nally only the component with the
lowest energy ± the ground state ± remains.

The wavepacket propagation scheme also allows determination
of the eigenfunction associated with a given resonance by spectral
quantization [42, 43]. This method extracts the eigenfunction wm�x�
by a Fourier transform of the time-dependent wavefunction at a
peak frequency xm of the spectrum:

wm�x� �
Z 1
ÿ1
hxjw�t�ieixm tdt: �7�

The eigenfunction can then be analyzed, e.g. to check the assign-
ment of the spectral peaks to vibronic transitions.

3 Results and discussion

3.1 Analysis of the PES

Figure 3 shows a 2D contour line drawing of the new
PES where the CAC bond length R is optimized at each

Table 2. Optimized geometries and energetics for the stationary points of the vinylidene-acetylene system (bond distances in AÊ , angles in
deg.)

Stationary point C1AC2 H1AC1 H2AC1 �H1C1C2 �C2C1H2 Energy [Hartree] DE [kcal/mol]

Vinylidene 1.301 1.081 1.081 120.00 120.00 )77.145149 0.0
Transition state 1.255 1.379 1.067 53.78 178.33 )77.141435 2.33
Acetylene 1.206 2.265 1.059 0.00 180.00 )77.218312 )45.91
Vinylidene anion 1.341 1.104 1.104 124.06 124.06 )77.148419 )2.05

Fig. 3. 2D-plot of the S0 potential energy surface. The third
coordinate R is optimized at each point (angles in rad).
Neighboring contour lines indicate an energy di�erence of 1 kcal/
mol, with the innermost contour being located at an energy of
1 kcal/mol above the vinylidene local minimum

Fig. 2. The stationary points of the vinylidene-acetylene rearrange-
ment process
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point. The minimum in the center corresponds to the
vinylidene stationary point. To the left and right, the
reaction path leads to the energy barrier associated with
the transition state; this represents the possibility of
either H1 or H2 moving around the molecule towards the
second C-atom (C2 in Fig. 2). Behind the energy barrier,
there is a strong lowering of the potential energy towards
the acetylene global minimum which is not included in
the ®gure.

An unexpected feature of the PES is a shallow sec-
ondary minimum along the reaction path from vinyli-
dene towards the transition state. A similar, though
much deeper, minimum was reported in Ref. [18] for an
MP2 PES. Since it disappeared in higher-level calcula-
tions (MP4 and QCISD), it was considered an artifact of
the MP2 procedure.

To check if this minimum is a result of the inter-
polation of our discrete grid of ab initio data points,
further optimization calculations at the CCSD(T)/cc-
pVTZ level of theory were done with no other restriction
on the coordinates than planarity. Indeed, the secondary
minimum and a secondary transition state separating it
from the vinylidene minimum were found at the
expected locations; a subsequent frequency calculation
con®rmed that the minimum has no imaginary fre-
quencies. The resulting geometries are given in Table 3.
Additionally, to improve our calculations further, the
energies of these stationary points were recalculated with
the cc-pVQZ basis set and full optimization of the sec-
ondary minimum with this bigger basis set was done; the
geometry thus determined is also included in Table 3.

The energies of the stationary points are presented in
Table 4. The secondary minimum is very shallow, the
barrier towards vinylidene being only 0.23 kcal/mol. Use
of the cc-pVQZ basis set reduces the depth of this
minimum to 0.16 kcal/mol. It does not seem likely that
the minimum will disappear as one approaches the
complete basis set limit. However, an improved treat-
ment of the correlation energy [e.g. CCSDT or
CCSD(TQ)] might very well remove it. A similar
minimum on the MP2 surface mentioned above has
a slightly di�erent geometry �r�H1AC1 � 1:202AÊ ,
r�CAC� � 1:273 AÊ ]. The well depth is reported to be
0.48 kcal/mol with the 6-311G(d; p) basis set and even
increases when the basis set is enlarged [18].

3.2 Photodetachment spectrum

The simulated photodetachment spectrum of our 3D
dynamical calculation is compared with the experi-
mental spectrum of Ervin et al. [13] in Fig. 4. The overall
agreement with our simulated spectrum using purely ab

initio data is fairly good. Starting from the right and
following the 0-0 line, one can see two weak transitions
of the CH2 rocking mode (two and four quanta). The
frequency of the 2 0 rock transition is 366 cmÿ1; this
di�ers from the (larger) experimental value by about
80 cmÿ1 as shown in Table 5. In our simulated spectrum
the 4 0 rock transition has a higher intensity than the
2 0 transition, while it is barely visible in the
experimental spectrum. We ascribe this to the secondary
minimum reported in Sect. 3.1, which strongly changes
the wavefunctions of these eigenstates and thus the
overlaps with the anionic ground-state wavefunction (see
below). If this is true, the absence of this line in the
experimental spectrum means that the secondary
minimum is indeed an artifact of the ab initio method
used.

The remaining intense lines are the 1 0 CH2 scissor
and the 1 0 CAC stretch transition. The frequency of
the CH2 scissor mode is 1289 cmÿ1 which di�ers from
the experimental value by about 120 cmÿ1. The CAC
stretch mode has a frequency of 1633 cmÿ1; this is in very
good agreement with experiment. Here one has to con-
sider that the coordinate R, the CAC distance, almost
perfectly matches the coordinate of the CAC stretch
normal mode. The same is only approximately true for
hr and hs which, aside from the rock and scissor mode,
also include a small mixed-in component of the CAH
stretch modes. The relative intensities of these two
symmetric modes are very well described by theory.

To check the assignment of the lines in the spectrum,
spectral quantization was used to calculate the eigen-
functions corresponding to the dominant transitions. As
indicated in Sect. 2.2 the eigenfunctions are determined
from the time-dependent wavepacket. Snapshots of the
latter, for di�erent propagation times, are shown in
Fig. 5. The movement toward and beyond the barrier as
well as the vibration in the scissor mode (period �26 fs)
can be seen clearly. In Fig. 6 the eigenfunctions of the
ground state and the lowest three vibrationally excited

Table 3. Optimized geometries for the secondary transition and minimum structure found (bond distances in AÊ , angles in deg.)

Stationary point C1AC2 H1AC1 H2AC1 �H1C1C2 �C2C1H2

Sec. transition struct. (cc-pVTZ) 1.278 1.132 1.067 81.51 156.71
Sec. minimum (cc-pVTZ) 1.267 1.185 1.067 67.71 170.49
Sec. minimum (cc-pVQZ) 1.265 1.187 1.069 67.78 170.69

Table 4. Relative energies of the CCSD(T)/cc-pVTZ optimized
stationary points, calculated with the cc-pVTZ and cc-pVQZ basis
sets (in kcal/mol)

Stationary point DE (cc-pVTZ) DE (cc-pVQZ)

Vinylidene 0.0a 0.0b

Sec. transition structure 1.45 1.46
Sec. minimum 1.22 1.30d

Transition structure 2.33 2.41c

a Absolute energy E = )77.145149 [Hartree]
b Absolute energy E = )77.194535 [Hartree]c
c Taken from Ref. [19]
d Same result as with cc-pVQZ optimized geometry
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states are shown. Both the time-dependent wavepacket
and the eigenfunctions in these ®gures result from a 2D
calculation with ®xed CAC bond length, but they do not
change substantially in the 3D treatment, when the CAC
bond length is allowed to vary. The ground state wa-
vefunction is shown in Fig. 6a and vibrational wave-
functions with excitation energies of 366, 561 and
1289 cmÿ1 are shown in Fig. 6b±d. The latter clearly

display the nodal pattern with two and four quanta in
the rocking mode and one quantum in the scissor mode,

Fig. 4. a Experimental [13] and b simulated photodetachment
spectrum of vinylidene in its 1A1 singlet ground state. In a the
actual measurement is represented by dots, while the solid line
results from a Franck-Condon simulation

Table 5. Selected H2CC vibrational frequencies (in cm)1)

Method CAC stretch CH2 scissor CH2 rock
(2 quanta)

Experimentala 1635 � 10 1165 � 10 450 � 30
CCSD(T)/cc-pVTZ
(harmonic)

1682 1234 646

Dynamic calculation
(anharmonic)

1633 1289 366

a Taken from Ref. [13]

Fig. 5. 2D wavefunction at a time zero and after b 16 fs, c 32 fs and
d 48 fs propagation time. The wavefunctions are plotted on a
logarithmic scale; three contour lines mean a decrease by a factor of
10 in probability density
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repectively. This analysis fully supports the assignments
discussed above and is consistent with the assignments
of Ervin et al. [13] for their experimental spectrum.

3.3 Lifetime considerations

The decrease of the total norm of the wavefunction
during a propagation time of 1024 fs is shown in Fig. 7.
This decay is caused by the action of the CAP at the grid
boundaries. Since the grid ends shortly behind the
transition structure for the isomerization, the norm can
also be interpreted as the survival probability in the
vinylidene shallow well. This function is not a simple
exponential function. Instead, at least three time regimes
can be distinguished. In the ®rst interval (�30 fs) the
system propagates in the vinylidene local minimum
without reaching the barrier. In the second time interval
(from �30 to 90 fs) there is a rapid decrease,
characterized by a time constant of �200 fs. Later on
the decay becomes much slower. This indicates that the
lifetime of vinylidene is very mode-speci®c. The fast
decaying components probably correspond to the
excited states, especially of the rocking mode. Figure 6
shows that these eigenfunctions have a bigger prob-
ability density near the barrier, implying a faster rate for
isomerization. On the other hand, the vibronic ground
state decays much slower, having a lifetime above 1 ps.
In fact, in our present calculation the ground state even
seems to ``live'' longer than 10 ps.

However, the present 3D treatment su�ers from two
shortcomings which may a�ect the computed lifetimes
signi®cantly. First, corrections due to the zero-point
energy of the two CAH stretching modes as well as of
the out-of-plane bending mode are not included in the
calculation. From the known harmonic frequencies [17,
19] these are estimated to lower the activation energy by
�250 cmÿ1, i.e. about 30% . Second, the CAH distance
of the migrating hydrogen atom varies considerably
during isomerization, leading to a corresponding change
of the moments of inertia in the Hamiltonian (Eq. 1).
This is not taken into account in the present work.

Fig. 6. 2D eigenfunctions of vinylidene. The wavefunctions are
plotted on a logarithmic scale; three contour lines mean a decrease
by a factor of 10 in probability density

Fig. 7. Survival probability of the wavepacket, generated by the
photodetachment process, in the vinylidene shallow well. The
decrease of total norm of the wavefunction (3D calculation) is
shown as a solid line. The dashed line represents the results of a 2D
treatment, with the CAC bond length ®xed and the coordinates r1
and r2 assigned the vinylidene value. The dotted line results from a
3D treatment where one of the coordinates r1, r2 is assigned its
value at the transition state
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Clearly, both corrections will a�ect the lifetime results
considerably (more than the photodetachment spectrum
which is determined by the nuclear motion near the vi-
nylidene minimum). To get a preliminary idea about the
second e�ect mentioned above, we have judiciously re-
placed one of the XAH distances in Eq. (3) by its value
at the transition state (r1 � 1:128AÊ ). The result for the
survival probability is included in Fig. 7 and is seen to
decrease considerably faster than before (cf. dotted with
full line). This is easy to understand since at the saddle
point the XAH distance is smaller than at the minimum
(r1 � 1:515AÊ ) amounting to a smaller e�ective mass. Of
course the zero-point correction will have a similar e�ect
and decrease the lifetime further. For further compar-
ison, Fig. 7 also contains the result of a 2D treatment,
with the CAC bond length ®xed and the coordinates r1
and r2 again assigned the vinylidene value. This docu-
ments that the CAC stretching mode, although im-
portant in the photodetachment spectrum, has only a
minor in¯uence on the vinylidene lifetime. The small
decrease in population caused by its suppression is
probably connected with the reduced energy ¯ow into
modes di�erent from the rocking mode, i.e. less com-
petition with direct isomerization.

We mention that in the recent studies by Germann
and Miller [22] on the isotopic scrambling of acetylene
through the vinylidene intermediate some sharp re-
sonances in the appropriate energy range also appeared.
However, since quite di�erent PESs were used, these
data cannot be directly compared to ours.

4 Concluding remarks

In this study a 3D ab initio PES of the vinylidene-
acetylene system was calculated using the CCSD(T)/
cc-pVTZ level of theory. A secondary minimum on the
reaction path from vinylidene towards acetylene that
had only been documented before on an MP2 surface
and was not expected to appear when using more
elaborate methods was found. The nuclear dynamics on
this new PES has been studied using wavepacket
propagation techniques. The experimental photodetach-
ment spectrum of Ervin et al. could be nicely
reproduced, with the exception of an overly strong
excitation of the rocking mode in the calculation. We
take this as an indication that the aforementioned very
shallow secondary minimum is probably an artifact of
the present PES.

The survival probability of the wavepacket in the
vinylidene shallow well, obtained in parallel, reveals a
highly non-exponential behavior with a fast decay
component of approximately 200 fs and another part
decaying much more slowly, i. e. in the picosecond time
range. Various ways have been indicated above for how
to improve the dynamical treatment and thus determine
the latter part more quantitatively. Another improve-
ment would be, of course, to treat the CAH stretching
coordinates as dynamical variables. Furthermore, a re-
calculation of the PES at a higher level of theory might
be appropriate. Work along some of these lines is cur-
rently in progress in our group. In this way we hope to

arrive at a reliable lifetime estimate for this important
reactive intermediate.
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