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Rovibrational spectroscopy of the vÄ6 manifold in 12C2H2 and 13C2H2
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We recorded rovibrational spectra of the 0061 level of 12C2H2 and the 21311121 level of 13C2H2

in the ground electronic state using a two-photon sequential double resonance technique with a
resolution of 15 MHz. Owing to theg/u symmetry of acetylene, the levels that we observe are
inaccessible from the ground state by single photon techniques, and observation of these levels is
reported here for the first time. Upper state rotational constants were derived from whole band fits
of the observed lines, and compare favorably with expected values. Both spectra exhibit signs of
local perturbations, and a density of states analysis leads us to believe that we are observing
couplings to the full density of vibrational states one would expect from acetylene in this energy
region. Despite the high resolution of our spectrometer, and the high excitation energy, no evidence
for acetylene hydrogen permutation exchange isomerization~which is predicted to proceed through
the vinylidene minimum on the potential! has been observed, implying that the rate of exchange
isomerization is more than four orders-of-magnitude below the rate predicted by RRKM~Rice,
Ramsperger, Kassel, and Marcus! theory. © 2000 American Institute of Physics.
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INTRODUCTION

Acetylene has a very rich overtone spectrum that, o
the years, has been extensively studied by many researc
using a variety of spectroscopic techniques.1–8 Since the
number of references is large, we will limit ourselves
pointing out a recent series of articles by Hermanet al.,9–14

in which much of the experimental work on both normal a
C-13 labeled acetylene has been collected, and whe
polyad model~Hermanet al. refer to the polyad model as
cluster model in their work!, based upon a similar model b
Kellman,15,16 has been developed to account for the glo
vibrational patterns in the ground electronic state.

Acetylene is a small molecule which is computationa
tractable, and thus, much is known about its potential ene
surface.17 Its overtone spectrum at highv is quite complex,
with nearly every band exhibiting local perturbations. Fu
ther, there exists a quasistable isomer of acetylen
vinylidene—in which both hydrogen atoms are bonded to
same carbon atom, forming a singlet diradical.18

To date, there has been no direct experimental detec
of acetylene/vinylidene isomerization. The zero point ene
of the vinylidene isomer is predicted to be approximat
15 000 cm21 higher in energy than the acetylene zero poin19

which is within the range previously studied by both dire
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absorption and stimulated emission pumping techniques.20–22

In addition to many theoretical treatments of the isomeri
tion process,17,23 there have been a few studies in which e
ergy largely in excess of 15 000 cm21 has been deposite
into acetylene, with no evidence of isomerization.2–5 In most
cases, the bulk of the excitation was deposited into the
stretching modes. However the transition from acetylene
vinylidene is, from a mechanistic point of view, expected
require significant excitation of the CH bend and CC stre
modes.24

One of the motivations for the present study was
investigation of the isomerization issue. In particular, w
hoped to witness a unimolecular isomerization reactionin
situ. One manifestation of isomerization in a frequency d
main spectrum would be the appearance of tunneling sh
and splittings associated with permutation of identical atom
For the case of acetylene, we expected that identical a
permutation splittings would appear in the spectrum. In
sence, for the symmetric double well potential energy s
face of electronic ground state acetylene, one hydrogen a
can migrate to the other carbon atom, forming vinyliden
However, following this, there is the possibility that the oth
hydrogen atom will hop back, thus interchanging the tw
hydrogens. The ‘‘hopping’’ means that energy levels on o
side of the potential energy barrier are mixed with levels
the other side. The mixing of acetylene basis states w
vinylidene basis states will lead to locally enhanced tunn
ing splittings. Below the top of the isomerization barrier a
far from the domain of influence of a vinylidene level, th
hydrogen exchange tunneling doubling will be very smal

In the case of12C2H2 , due to nuclear spin symmetr

,

-

6 © 2000 American Institute of Physics
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restrictions, only one component of each tunneling doub
has nonzero weight.25 This means that tunneling splitting
cannot appear in the spectrum, although tunneling sh
could. However, distinguishing a tunneling shift from a pe
turbation shift in which one component is too weak to
seen, is problematic. For13C2H2 , in contrast, both compo
nents of the doublet have nonzero statistical weights.
states ofe-parity, in the absence of tunneling splitting, th
intensity ratio of even:oddJ-levels in di-13C-acetylene is
10:6. Perturbation by vinylidene states cause the e
J-levels to split into a 9:1 doublet, and the oddJ-levels into
a 3:3 doublet. The observation of doublets with these int
sity ratios in the overtone spectrum of13C2H2 would be un-
ambiguous evidence of hydrogen exchange isomerizatio

The sub-Doppler double resonance optothermal mole
lar beam spectrometer, built recently at Princeton, is cap
of depositing in excess of 2 eV of vibrational energy into
molecule with an energy resolution of 15 MHz. While th
general aim is to carry out eigenstate resolved spectrosc
at chemically relevant energies, in the present study we
out to compare the 0061 level of 12C2H2 with previous re-
sults on the 0062 level.2 In addition, we attempted withou
success, to find evidence of acetylene–vinylidene isomer
tion in the 21311121 and 41111121 levels of the13C2H2

isotopomer.~For details of our notation, see Ref. 26.!

EXPERIMENT

The optothermal molecular beam spectrometer has b
previously described.27 In brief, a molecular beam is forme
by expanding a 1% mixture of acetylene in helium throug
30 mm nozzle. The expansion is collimated by a 275mm
conical skimmer located approximately 1 cm downstrea
which extracts the centerline portion of the expansion a
isolates the high pressure source chamber (1024 torr) from
the low pressure detector chamber (1027 torr). The mol-
ecules are excited to thev56 manifold of the CH stretching
chromophore via a sequential double resonance techni
involving two resonant power buildup cavities~BUCs! in
series. Inside the first BUC, the analyte molecules
pumped to thev52 manifold bycw interaction with 1.5mm
radiation from a Burleigh FCL-220 color center laser. Aft
traversing the first BUC, molecules enter the second B
where they are further excited to thev56 level by 0.8mm
radiation from a Microlase~now Coherent/Scotland! MBR-
110 Ti:sapphire laser. Upon exiting the second BUC,
molecular beam enters the bolometer housing through
mm wide vertical slit, and impacts a composite silicon b
lometer~Infrared Labs unit 657!. The bolometer is cooled to
;1.6 K by pumping on its liquid helium reservoir. Pha
sensitive detection is performed by amplitude modulating
0.8 mm laser and lock-in detecting the bolometer signal.

Absolute frequency reference is provided by a hom
built wavemeter, which is known to have a systematic er
of approximately 0.02 cm21. This error is likely due to the
dispersion of air, which is calculated to lead to a correct
of about 0.017 cm21 in this wavelength region. Relative fre
quency calibration is supplied by monitoring a hermetica
sealed, temperature stabilized 750 MHz confocal scann
etalon, which has a residual drift of about 30 MHz/hour.
Downloaded 02 Feb 2006 to 131.215.225.174. Redistribution subject to A
t

ts
-

or

n

-

u-
le

py
et

a-

en

a

,
d

e,

e

C

e
1

-

e

-
r

n

g

We performed experiments on both12C2H2 and13C2H2 .
The normal acetylene was purchased from Matheson,
used without further purification. It was diluted to a conce
tration of 1% in helium, and expanded at a stagnation pr
sure of 8 bar. The13C-labeled acetylene was purchased fro
Icon Services Inc. with a stated 99% atom purity, and w
used without further purification. The sample was diluted
a 0.65% mixture in He, and expanded at a stagnation p
sure of 4 bar. The lower concentration and backing press
for the 13C2H2 spectra was necessitated by a desire to ma
mize the scanning time from this expensive sample.

12C2H2 RESULTS—SPECTRAL ANALYSIS

An experimental stick ‘‘spectrum’’ of the 0061 level of
12C2H2 is shown in Fig. 1. Thex-axis shows the photon
energy of the 6←2 step, and the labels on the lines follow th
traditional nomenclature, with the ‘‘ground’’ state being th
v52 level. The spectrum is a little more interesting than F
1 suggests, however, as both theJ852 andJ854 levels are
split into two components, while no other observed lev
~including theJ850 and 6 levels! are found to be split. The
term value of eachJ-level in thev56 manifold is shown in
Table I, and is the sum of the wave numbers of the t
photons, plus the rotational term value of the ground st
molecules.~The ground state rotational constants have b
taken from Ref. 13! For the levels which are split, the cente
of gravity of the two peaks is reported.

FIG. 1. Stick spectrum of observed lines in the 0061 spectrum of12C2H2 .
The horizontal axis is the photon energy of the 6←2 step.

TABLE I. Rotational energy levels for the 0061 vibrational level of
12C2H2 . The values forJ52 and 4 are the intensity weighted centers
gravity of the pairs of perturbed levels.

J Energy~cm21!

0 18 430.289
1 18 432.557
2 18 437.101
3 18 443.913
4 18 453.009
5 18 464.342
6 18 477.994
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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7378 J. Chem. Phys., Vol. 113, No. 17, 1 November 2000 Srivastava et al.
Some of the upper levels in the spectrum shown in F
1 were observed using more than one transition. Owing
the nature of a double resonance spectrum, it is possib
record mostJ-levels in multiple ways. Since the end result
a transition to the sameJ-level in thev56 state, the different
spectra should look identical. For example, Fig. 2 shows
three spectra that havev56, J852 as the final state. If we
adopt a nomenclature where we use the traditionalP, Q, R
labels for each step of the process, listing the 2←0 transition
first, we see that Fig. 2 shows from top to bottom t
R(0)R(1), R(2)P(3), and P(2)R(1) transitions. These
resonant two photon transitions correspond to theS(0),
Q(2), andQ(2) transitions, respectively. It is important t
note that the same splitting~60 MHz! and intensity ratio
~2.4:1! is observed in all spectra, which provides an inter
consistency check and demonstrates nicely the reproduc
ity and reliability of the spectrometer.

The splitting of a level into two components is a clas
case of a zeroth-order bright state being perturbed by a
resonant dark state. The interaction between the two le
results in a pair of mixed eigenstates, both of which
observed experimentally. From the line positions and rela
intensities, it is possible to deperturb the spectrum and ob
the positions of the bright and perturbing state, as well as
off-diagonal matrix element between them. A similar ph
nomenon has been observed for theJ854 level as well, but
in this case, the splitting is an order-of-magnitude larger~600

FIG. 2. Spectra of three different transitions that terminate at theJ852
level in the 0061 level of 12C2H2 . The splitting of the two peaks is 60 MHz
Downloaded 02 Feb 2006 to 131.215.225.174. Redistribution subject to A
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MHz versus 60 MHz!. Figure 3 shows theR(2)R(3) and
R(4)P(5) transitions, which correspond toS(2) andQ(4)
transitions, respectively. Note that, due to the rotational co
ing present in a molecular beam, there are fewer molec
in theJ954 level, and the signal-to-noise ratio is not as hi
as in the previous case.

Table II lists the results of the deperturbation for bo
the J852 and 4 levels. Comparing the two results, we s
that the coupling matrix element for theJ854 level is an
order-of-magnitude larger than for theJ852 level. This in-
dicates that two different perturbing states are responsible
the splitting of the two levels. Moreover, since none of t
other observedJ8-levels are split, the perturbing states mu
tune rapidly into and out of resonance~within a singleJ!.
Such rapid tuning of perturbing states has been witnes
before for acetylene by Schereret al.2 in direct overtone
studies of the 0062 level—the one-photon local mode coun
terpart of the 0061 level studied here. That experiment, an
all other Doppler limited experiments, are only sensitive
much stronger perturbations than those observable in
present work.

FIG. 3. Spectra of two transitions that terminate at theJ854 level in the
0061 level of 12C2H2 . The splitting of the two peaks is 600 MHz.

TABLE II. Molecular constants for the two perturbed levels in12C2H2 .

J
Observed

levels ~cm21!
Bright

state~cm21!
Perturbing

state~cm21!

Coupling matrix
element

(3103 cm21)

2 18 437.098 18 437.110 18 437.098 18 437.099 0.918
4 18 452.999 18 453.019 18 453.007 18 453.011 9.73
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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12C2H2 RESULTS—UPPER STATE CONSTANTS

Table III lists the constants for thev56 level which
were determined by performing a whole band fit of the o
served second step data. In effect, this was like performin
single photon fit, in which the ‘‘ground’’ state was thev
52 level. The line positions were fit to the polynomial:

n~m!5n01~2B91DB!m1~DB2DD !m2

22~2D91DD !m32DDm4, ~1!

wheren0 is the band origin,B9 is the rotational constant fo
the v52 manifold,DB is the difference between thev56
andv52 rotational constants,D9 is thev52 distortion con-
stant,DD is the difference between thev56 andv52 dis-
tortion constants, andm is 2J for P-branch lines andJ11
for R-branch lines. The values forB9 and D9 were con-
strained to their literature values,28 while for the split levels,
the deperturbed line positions were used. In addition, theDD
value was constrained to be zero, since otherwise it g
unphysically large.

Since the rotational constants are largely unaffected
~1/2! local mode tunneling symmetry, theB8 value ob-
tained for the 0061 level @1.13611~13!# is expected and ob
served to be in good agreement with the value given for
0062 level in Ref. 2@1.136198~13!#. From Table III, we also
see that the energy of the 0061 level is determined to be a
18 430.284~2! cm21. This value is 0.218 cm21 to the blue of
the 0062 band center. Interestingly, the article by Halon
et al.29 predicts the 0061 level to lie 0.15 cm21 to the red of
the 0062 level, which is the order predicted by the loca
normal mode correlation diagram.30 The sign of the observed
1/2 splitting is a surprising result, since previous work
our lab31 has measured the 0051 level and found it to be
shifted 0.62 cm21 to the blue of the 0052 level, in remark-
ably good agreement with the prediction by Halonenet al.of
a local mode shift of 0.63 cm21 to the blue. In analogy with
a previous study of torsional tunneling splittings in vibr
tional modes of propene,32 the discrepancy in the order of th
local mode doublets in acetylene is likely due to weak p
turbations by bath states that have large local mode s
tings.

12C2H2 RESULTS—DENSITY OF STATES ANALYSIS

A formula for estimating the coupled density of stat
from a spectrum, accounting for the finite signal-to-noise
tio of the experiment has been proposed previously.33 It
reads,

rcoupled5
S~Vi !

21

2NBAS/N
, ~2!

TABLE III. Molecular constants of the 0061 and 0062 vibrational levels.
The numbers in parentheses represent 1s error estimates.

0061 ~this work! 0062 ~Ref. 2!

n0 (cm21) 18 430.284~2! 18 430.066~1!
B8 (cm21) 1.136 11~13! 1.136 198~13!
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whereVi is the coupling matrix element of theith multiplet,
NB is the number of observed bright states, andS/N is the
average signal to noise ratio. Using the coupling matrix e
ments determined from the deperturbation, and an ave
signal-to-noise ratio of 500 over the entire spectrum,
above formula yields a coupled density of states of roug
3.8 per cm21. However, given the small number of trans
tions and perturbations, considerable statistical fluctuati
are expected.

The density of states at the energy explored in
present experiment can also be calculated via an anharm
direct count method, using the molecular constants of R
13. The total anharmonic density ofS vibrational states was
calculated to be approximately 3.5 states per cm21 ~averaged
over a 100 cm21 wide interval centered at 18 430 cm21!,
which, when divided by 4~a factor of two each for parity and
g/u symmetries! yields a density ofSg

1 vibrational states of
less than 1 state per cm21. Since this is aS→S transition, the
l quantum number is zero in both the upper and lower sta
Therefore, in the anharmonic approximation we can o
couple states that havel 50. Coriolis coupling, however, can
mix states withl<J, and a complete breakdown ofl sym-
metry will result in a density of states that is (2J11) times
higher than the anharmonic count. Given the lowJ-states
observed here, the maximum possible density of states is
than 10 per cm21.

It is worth pointing out that the density of vibrationa
states reported in Ref. 2~which was based upon th
Whitten–Rabinovitch expression!34 is the total and not the
symmetry accessible density of vibrational states. In gene
for two states to couple by anharmonic interaction, they m
be close in energy, have the sameJ-value, be of the same
parity and symmetry with respect to exchange of identi
nuclei, and have the samel quantum number. In particular
for the S states reported here, care must be taken to o
count those states withl 50, which was not done in Ref. 2
When these considerations are taken into account, we
clude that the density of symmetry allowed vibrational sta
of unique symmetry in highly excited acetylene is signi
cantly lower ~by more than a factor of 10! than previously
predicted.

13C2H2 RESULTS—SPECTRAL ANALYSIS

For the13C isotope of acetylene, we recorded lines in t
21311121 level, where the 1.5mm laser first deposits mol
ecules in the 11011121 state, and the 0.8mm laser subse-
quently excites a fraction of them to the 21311121 state. We
are able to efficiently excite this delocalized (11011121)
state in this isotopomer because it is in anharmonic re
nance with the 10100 state, which carries the dominant tr
sition strength in this spectral region. A total of four rot
tional transitions which terminate in this level we
observed. Figure 4 shows a spectrum of theR(2)R(3) tran-
sition, and as in the case of the12C2H2 J854 level, we see
that it is split into two components. However, unlike th
12C2H2 spectrum, three of the four observed transitions of
C-13 isotope are split~J851, 3 and 4!. TheJ852 level may
also be split, but we were unable to get the Ti:Al2O3 laser to
scan continuously in the region surrounding the obser
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



h
e

ifi
II

to
e
-

lat

h
e
le

at
f
i-
b
e
k

ep
e

rs
ce

is

sult,
gle
lf
as
In

ould
e
,
ond
r the

m-
tes,

ven
ring
t-
s
the
’’
the
we
nt

o
tly
e
tion

tate
ec-
far

the
on-
ved

n-

es

c-

7380 J. Chem. Phys., Vol. 113, No. 17, 1 November 2000 Srivastava et al.
J852 transition. Table IV lists the line positions for eac
observed transition of13C2H2 , as well as the results of th
deperturbation procedure for each.

The splittings that we observed in13C2H2 were much
larger than those in12C2H2 , ranging from 3.6 to 6 GHz.
Consequently, the coupling matrix elements were sign
cantly larger for13C2H2 , as a comparison of Tables IV and
reveals. In essence, the pure CH stretch level of12C2H2 ~an
extreme motion state! has enhanced stability with respect
a combination state. This behavior has been seen in ac
lene before, as the 0052 and 0062 CH stretch overtone spec
tra of acetylene show only weak perturbations.2 In contrast,
the spectra observed in the same energy region by stimu
emission pumping, which puts energy in both thetransbend-
ing mode and the CC stretching mode, are much more hig
perturbed.6,7 Also, recent work at MIT has shown that th
stimulated emission pumping spectra of acetylene are
perturbed when all of the excitation is deposited into atrans
bending mode.8

Inspection of the intensity data in Table IV reveals th
despite the fact that the 21311121 level has 1 quantum o
excitation in thetrans CH bending mode, there is no ev
dence of the 9:1 and 3:3 tunneling splittings that would
indicative of hydrogen exchange isomerization. Moreov
the intensities of the lines, as evidenced by Fig. 4, are wea
than in the12C2H2 spectra, despite the fact that the first st
of the double resonance excitation is saturated. We can
plain the low intensity by considering the fact that the fi
step doesn’t provide any effective ‘‘anharmonicity enhan
ment.’’ After the first step~excitation to 11011121!, we have
no quanta in then3 mode, into which the second step

FIG. 4. Spectrum of theR(2)R(3) transition in the 21311121

←11011121 band of13C2H2 .
Downloaded 02 Feb 2006 to 131.215.225.174. Redistribution subject to A
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supposed to deposit three quanta of excitation. As a re
the signal level is about what we would expect from a sin
photonn113n3 spectrum, with the exception that only ha
of the intensity is available because the initial excitation h
broken the ‘‘degeneracy’’ of the two CH chromophores.
contrast, the transition into the 41111121 level of 13C acety-
lene should be more intense, since the second step w
effectively be a 3n11n3 transition. Since there would be on
quantum of excitation in then1 mode after the first step
depositing three additional quanta in this mode in the sec
step should be easier than the second excitation step fo
21311121 level discussed earlier.

In the hope of observing more and stronger lines to i
prove the statistical analysis of the coupled density of sta
we attempted to scan the 41111121 level. However, despite
scanning 30 cm21 to the red and 15 cm21 to the blue of the
expected band center, we failed to detect any lines. Gi
that the apparatus continued to perform adequately du
the search~which was verified by rescanning lines termina
ing in the 21311121 level!, there are only two explanation
for the absence of observed lines. First, the prediction of
band center could be in error. This highly ‘‘delocalized
upper state is of quite different vibrational character than
states used to fit the parameters of the model. While
believe that this is the likely cause, we would like to poi
out that the predicted position for the 21311121 level devi-
ated by only 2 cm21 from the observed value, and there is n
reason to expect that the prediction would be significan
worse for the 41111121 level. Second, the signal might b
too weak to be observed, perhaps because of fractiona
which would cause the intensities of the resulting eigens
transitions to be below the detection threshold of the sp
trometer. However, the density of states for acetylene is
too low to produce a highly fractionated spectrum, and
oscillator strength of each line in this band should be str
ger than those of the transitions into the previously obser
21311121 level, as mentioned earlier.

13C2H2 RESULTS—UPPER STATE CONSTANTS

With only four observed rotational lines, deriving mea
ingful data from a five parameter fit as in Eq.~1! is impos-
sible. Instead, we fit the positions of the four observed lin
of 13C2H2 to the simplified expression,

n~m!5n01~B81B9!m1~B82B9!m2, ~3!

wheren0 is the band center,B8 and B9 are the upper and
lower ~v511011121 here! state rotational constants, respe
tively, and m52J for the P-branch andJ11 for the
TABLE IV. Observed and deconvoluted line positions in13C2H2 .

J
Observed levels

~cm21!
Intensity

ratio

Bright
state

~cm21!

Perturbing
state

~cm21!

Coupling matrix
element
~cm21!

1 18 582.809 18 582.983 0.45:0.55 18 582.904 18 582.888 0.0866
2 18 587.185
3 18 593.647 18 593.768 0.36:0.64 18 593.724 18 593.691 0.0582
4 18 602.361 18 602.566 0.58:0.42 18 602.447 18 602.481 0.1017
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



on

e,

d
le

th

m

t
e
a
en
te
th
t
di
,

nt

e-
ne
n

e

e
a
fo
cu
th
re

un
ar
o
o

ion
d

e
e

th
at
e
e

thus

as
in
d

ef.
nt.
o-
ed
i-

-
ne
be-
e

ach-
sary
r to
nd.

sed
e

let
on.

f

an-

by
x-
ted
he
he
in-
as

ime
st

ed

ta-

s of
tio-

ed

rac-
d

as-
e-

7381J. Chem. Phys., Vol. 113, No. 17, 1 November 2000 Spectroscopy of 12C2H2 and 13C2H2
R-branch. The lower state rotational constant was c
strained to the value given by Hermanet al.14 for the
11011121 state. From the fit, the vibrational term valu
G(21311121), is determined to be 18 580.721~31! cm21,
and B(21311121) is 1.0867~26! cm21. Calculations of the
21311121 level using the polyad model35 yield the
G(21311121) value to be 18 578.365 cm21 with a B value
of 1.090 cm21.

13C2H2 RESULTS—DENSITY OF STATES ANALYSIS

The procedure described earlier for12C2H2 was followed
to compute the density of states for13C2H2 as well. From Eq.
~2!, and an averageS/N ratio of 10 over the entire observe
spectrum, the experimentally observed density of coup
states was computed to be approximately 1.5 per cm21. In
comparison, the symmetry allowed density of states from
anharmonic direct count method is 0.8 per cm21, using the
constants given in Ref. 14 and counting states in a 100 c21

wide interval centered at 18 580 cm21.
As pointed out earlier for the12C-acetylene, even a

18 000 cm21, the density of states is very sparse. Moreov
the experimentally observed density of states analysis le
us to believe that, on the long-time scale of this experim
~10 ns!, the molecule is accessing the full density of sta
available to it. This means that, on the timescale of 10 ns,
approximate quantum numbers36 of the polyad model are no
conserved. This observation does not contradict the vali
of the polyad quantum numbers on the 1 ps time scale
inferred from spectra of 104 times lower resolution.

We would like to discuss our work in light of a rece
study of vinylidene by Coulomb explosion imaging,37 where
it was found that 3.5ms after production of vinylidene, the
population of the vinylidene isomer is still 50%. The fram
work given by the authors of Ref. 37 is that the vinylide
zeroth-order state interacts with only one or two acetyle
basis states. This analysis is consistent with the picture
highly excited acetylene obtained here, but is in appar
contrast to previous theoretical17,23and experimental work,38

in which the vinylidene lifetime is predicted to be on th
order of a few picoseconds. We would like to point out th
in the semiclassical treatment of Ref. 23, only the time
vinylidene to tunnel through the classical barrier was cal
lated, and since at the energy of the barrier maximum
acetylene manifold is sparse, recurrences of the initially p
pared vinylidene character will occur. That the authors
derstood this point is evidenced by footnote 22 in their
ticle, but this has not been realized by some other auth
who have discussed this work. The work by Schork and K¨-
ppel ~Ref. 17! used a dynamical wave packet propagat
technique on anab initio potential energy surface calculate
using coupled-cluster theory at the CCSD~T!/cc-pVTZ level.
However, since the deep acetylene wells have not been
plicitly included in their calculated potential energy surfac
they include a complex absorbing potential~CAP! to irre-
versibly remove the parts of the wave packet that cross
barrier to isomerization. In essence then, they have simul
the acetylene basis states as a continuum. However, sinc
acetylene manifold in reality is sparse, the CAP vastly ov
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estimates the effects of the acetylene basis states, and
underestimates the lifetime of vinylidene.

Much of the goal of the previous theoretical studies w
to account for the experimental data reported by Ref. 38—
fact, Schork and Ko¨ppel reproduce quite nicely the observe
photodetachment spectrum of Ervinet al. However, the esti-
mation of the vinylidene lifetime, as acknowledged in R
38, is complicated by the low resolution of the experime
Reference 38 estimates the ‘‘lifetime’’ of the vinylidene is
mer by calculating the ‘‘excess width’’ between observ
triplet and singlet levels. Since the barrier to triplet v
nylidene isomerization is calculated to be very large~.50
kcal/mol!,39 the triplet transition isn’t expected to be signifi
cantly lifetime broadened. However, the singlet vinylide
state is observed to be broader, and the ‘‘excess width’’
tween the triplet and singlet lines was attributed to lifetim
broadening. Since the observed bands in the photodet
ment spectra were not rotationally resolved, it was neces
to specify the rotational temperature of the species in orde
define the expected rotational contour for the observed ba
To determine the rotational temperature, Ervinet al. simu-
lated the temperature of the triplet transition, and then u
this value to fix the temperature of the singlet transition. W
would like to point out that the assumption that the sing
and triplet ‘‘temperatures’’ are the same is open to questi
The triplet transition is a parallel~a-type! transition, whereas
the singlet transition is perpendicular~c-type!. It is
well-known1 that for perpendicular transitions the width o
the rotational envelope is affected by theK temperature, and
theK quantum number typically cools in a supersonic exp
sion less rapidly thanJ. So the ‘‘excess width’’ observed in
the singlet photodetachment spectrum could be explained
normal rotational broadening. One indication that the ‘‘e
cess width’’ is not due to lifetime broadening was presen
in Ref. 38. They noted that excitation of two quanta in t
CH rock mode, which is believed to be nearly identical to t
reaction coordinate, does not produce any noticeable
crease in lifetime broadening. This is an important result,
it suggests that the observed broadening is not due to lifet
effects. We would like to acknowledge that while the be
estimate of the lifetime of singlet vinylidene was bracket
as t50.0420.2 ps, Ervinet al. also pointed out that they
could not rule out the possibility that theentire observed
width was a convolution of instrument resolution and ro
tional contour.

Based upon the observed density of vibrational state
Sg

1 symmetry, the Coloumb explosion results can be ra
nalized if the ‘‘lifetime’’ for semiclassical tunneling of vi-
nylidene is on the order of 8 ps. This value is calculat
using the following expression:

N215
r

2pct
,

wheret is the ‘‘lifetime,’’ r is the density of states, andN is
the number of eigenstates over which the vinylidene cha
ter is diluted. This lifetime is a bit longer than the high en
of the range predicted by Carringtonet al.,23 based upon
uncertainties in the barrier height. This estimate is made
suming vinylidene can couple statistically to the full symm
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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try allowed density of acetylene levels. Any dynamical co
straints ~reflecting approximately conserved acetyle
vibrational quantum numbers on the time scale of the tun
ing!, will reduce the effective density,r, and thereby de-
crease the estimate of the tunneling time,t, proportionally.
The conclusion of these considerations is that there is
experimental evidence, including the Coulomb explosion
periment, to suggest that qualitative conclusions of the w
of Carringtonet al. need to be modified.

LIMITATION ON THE HYDROGEN EXCHANGE
ISOMERIZATION RATE

Based upon the lack of observed tunneling splittings,
even increased width of the13C2H2 transitions, we can put an
upper limit of 15 MHz on the tunneling splitting, which im
plies that the time to tunnel from one acetylene minimum
the other is at least 30 ns. We note that this limit applies
only to the ‘‘bright state’’ observed in the experiment~which
has most of its energy in the stretching modes! but also for
the two oddJ perturber states. We can rule out the hypo
esis that the perturbers have very large tunneling splitti
because in that case, three lines should have been obs
in the spectrum as only one component of the bright s
doublet would have been perturbed and shifted. As discus
above, the density of states analysis suggests that these
turbers are part of an ensemble that includes most of
microcanonical ensemble, i.e., that these are ‘‘typical stat
at this energy. As such, based upon the classical equipart
theorem, we can predict that on average they have appr
mately half of their total vibrational energy contained in t
bending degrees of freedom~there are three stretching mod
and three bending modes once the constraint thatK50 is
satisfied!.

In order to put a perspective on this upper limit of 30
to the tunneling rate, it is useful to compare with the ra
predicted by statistical reaction rate theory. We have e
mated the RRKM isomerization rate to be;1 ps, using the
barrier height and harmonic frequencies at the transition s
reported by Ref. 40~which predictsN‡511, whereN‡ is the
number of vibrational levels of the transition state with a
propriate symmetry in the energy window of our expe
ment!, and the density of statesr50.8 cm reported above.

Thus, our upper limit on the rate of isomerization f
‘‘typical’’ states of 13C2H2 approximately 3000 cm21 above
the classical barrier is 30 000 times smaller than the stat
cal prediction. Similar behavior has also been noted
HOCl,41 where it was found that the measured unimolecu
dissociation rate was three orders-of-magnitude slower t
the statistical rate. Since RRKM must give the initial~before
possible barrier recrossings! isomerization rate for a micro
canonical ensemble,42 we have the result that the rate for tw
‘‘typical’’ states are over four orders-of-magnitude belo
that for the microcanonical average. Earlier experiments
near threshold dissociation of H2CO ~Ref. 43! and NO2 ~Ref.
44! have demonstrated eigenstate resolved rates that fluc
around the RRKM values. Theory predicts that for a stron
mixed quantum system, the distribution of rates should
approximately a x2 distribution with N‡ degrees of
Downloaded 02 Feb 2006 to 131.215.225.174. Redistribution subject to A
-

l-

o
-
k

r

o
t

-
s

ved
te
ed
er-
e
’’

on
xi-

e
ti-

te

-

ti-
r
r
n

n

ate
y
e

freedom,45 which would rule out our present observations
due to ‘‘fluctuations’’.

The present results suggest that at 18 500 cm21 of vibra-
tional excitation in 13C2H2 , there is a strong dynamica
bottleneck that separates the phase space that can class
isomerize from the bulk of phase space that cannot.
would like to point out that such a dynamical picture is co
sistent with the current understanding of acetylene dynam
which includes a limited number of known anharmonic res
nances. It has been found that local bender states, which
excitation nearly along the reaction coordinate for isomeri
tion, are extremely decoupled from the other degrees of fr
dom and form a quasiperiodic region of phase space.46

SUMMARY

We report, for the first time, spectra and constants of
0061 level of 12C2H2 and the 21311121 level of 13C2H2 . We
have found that two rotational levels in the 0061 vibrational
level are split by two separate local perturbers, via ma
elements which differ by an order-of-magnitude. The size
these splittings would not be detectable in a Doppler bro
ened experiment. In a similar fashion, we have found that
21311121 level of 13C2H2 is also affected by local perturba
tions. A density of states analysis confirms that we are
tecting almost the full symmetry-accessible vibrational de
sity of states in our spectra.

An analysis of the relative intensities of the split peaks
the 21311121 level of 13C2H2 reveals that the splitting is no
due to permutation splittings which are locally large owi
to acetylene–vinylidene isomerization. However, the13C2H2

combination level is observed to be more strongly perturb
than the ‘‘pure’’ CH stretch overtone of12C2H2 .

We have also addressed a previous ambiguity in the
erature about the symmetry accessible vibrational densit
states for highly excited acetylene, and attempted to rec
cile this result with previous experimental and theoreti
work.
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