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A systematic analysis of the S1 -trans (Ã1 Au ) state of acetylene, using IR-UV double resonance along
with one-photon fluorescence excitation spectra, has allowed assignment of at least part of every single vibrational state or polyad up to a vibrational energy of 4200 cm–1 . Four observed vibrational
levels remain unassigned, for which no place can be found in the level structure of the trans-well.
The most prominent of these lies at 46 175 cm−1 . Its 13 C isotope shift, exceptionally long radiative
lifetime, unexpected rotational selection rules, and lack of significant Zeeman effect, combined with
the fact that no other singlet electronic states are expected at this energy, indicate that it is a vibrational
level of the S1 -cis isomer (Ã1 A2 ). Guided by ab initio calculations [J. H. Baraban, A. R. Beck, A. H.
Steeves, J. F. Stanton, and R. W. Field, J. Chem. Phys. 134, 244311 (2011)] of the cis-well vibrational
frequencies, the vibrational assignments of these four levels can be established from their vibrational
symmetries together with the 13 C isotope shift of the 46 175 cm−1 level (assigned here as cis-31 61 ).
The S1 -cis zero-point level is deduced to lie near 44 900 cm−1 , and the ν 6 vibrational frequency of
the S1 -cis well is found to be roughly 565 cm−1 ; these values are in remarkably good agreement
with the results of recent ab initio calculations. The 46 175 cm−1 vibrational level is found to have a
3.9 cm−1 staggering of its K-rotational structure as a result of quantum mechanical tunneling through
the isomerization barrier. Such tunneling does not give rise to ammonia-type inversion doubling, because the cis and trans isomers are not equivalent; instead the odd-K rotational levels of a given
vibrational level are systematically shifted relative to the even-K rotational levels, leading to a staggering of the K-structure. These various observations represent the first definite assignment of an
isomer of acetylene that was previously thought to be unobservable, as well as the first high resolution spectroscopic results describing cis-trans isomerization. © 2011 American Institute of Physics.
[doi:10.1063/1.3599091]
I. INTRODUCTION

The concept of cis-trans (geometric) isomerism in certain organic compounds was first recognized by van ’t Hoff in
1874.1 Isomers of this type differ only in the arrangement of
the substituents at a carbon-carbon double bond, but do not interconvert because the potential energy barrier to internal rotation about the double bond is far too high to be surmounted at
ordinary temperatures. In some cases the cis and trans isomers
have very different properties. The classic example1–3 is the
pair of butenedioic acids, maleic acid and fumaric acid. In the
cis isomer (maleic acid) internal hydrogen bonding can occur
between the two carboxylic acid groups, whereas in the trans
isomer the hydrogen bonding must occur between adjacent
molecules, leading to a much higher melting point. In quantum terms these molecules represent two minima at different
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energies on the same potential energy surface, separated by a
large potential barrier.
Low lying vibrational levels of the two isomers will have
energy level patterns that are characteristic of rigid molecules,
though their vibrational frequencies will differ to some extent.
Near the isomerization barrier the vibrational structures of the
two isomers must merge into a single large amplitude pattern
since the vibrational motion must encompass both isomeric
forms. Exactly how the vibrational level structure evolves in
this non-symmetric double minimum situation has not been
fully established, though the basic ideas follow from the many
studies that have been made of simpler, symmetric potential
barrier situations such as internal rotation4 and ammonia-type
inversion.5–9
One of the simplest systems that possesses cis and trans
isomers is the first excited singlet electronic state (S1 ) of
acetylene, C2 H2 . Ab initio calculations10–20 predict that the
trans isomer is more stable, with the cis isomer lying about
2700 cm−1 higher, and the barrier to isomerization (saddle
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point) about 2000 cm−1 higher still. Transitions from the 1 g+
ground electronic state to levels of the cis-well are forbidden by the electric dipole selection rules, being 1 A2 −1 A1 in
the C2v point group. On the other hand, transitions to levels of the trans-well are dipole-allowed (1 Au −1 Ag in the C2h
point group), and their analysis provided one of the first examples of a molecule changing its point group on electronic
excitation.21–23 Acetylene is light enough that the vibrational
structure of the trans-well24–26 is not impossibly dense at the
energy of the isomerization barrier, which makes it possible
to recognize and interpret irregularities that encode the isomerism. Furthermore, there is the possibility that cis-well levels can tunnel through the barrier, pick up some intensity by
interaction with nearby trans-well levels, and appear weakly
in the absorption spectrum.
The analyses of Refs. 21–26 characterized the FranckCondon allowed levels of the 1 Au upper state, assigning
them to progressions in the ν 2 (C=C stretch) and ν 3 (transbend) vibrations. The ungerade fundamentals, ν 4 (torsion), ν 5
(C-H antisymmetric stretch), and ν 6 (cis-bend), were established later by analysis of IR-UV double resonance
spectra.27, 28 More recently, jet-cooled excitation spectra29
have revealed a number of new combination levels involving
the low-lying bending vibrations, ν 4 and ν 6 . The energies of
these new levels could not be explained easily in terms of the
known fundamental frequencies. To clarify the assignments
of these levels we undertook a systematic analysis of the level
structure of the 1 Au (S1 -trans) well30–33 using IR-UV double resonance and one-photon fluorescence excitation spectra. The unexpected positions of the new combination levels
turned out to result from unusually strong Darling-Dennison
resonance between the ν 4 and ν 6 vibrations.30, 32 In the end,
a very complete picture of the energy level pattern emerged.
Together with the data from other workers,21–28 some part of
every vibrational polyad (or isolated vibrational level which
is not part of a polyad) predicted up to a vibrational energy of
4200 cm−1 has now been securely identified.
Four observed vibrational levels, for which there was no
place in the level structure of the S1 -trans well,32 remained
unassigned in the energy range up to 4200 cm−1 . These levels lie at 45 610, 45 735, 46 114, and 46 175 cm−1 . For the
level at 46 175 cm−1 (3977 cm−1 above the trans-well origin),
the evidence is now clear that it belongs to the cis-well; this
level forms the main subject of this paper. The evidence is less
complete for the other three vibrational levels but, taken as a
whole, the evidence for all four levels adds up to a consistent
picture.

II. EXPERIMENTAL DETAILS

The spectra of 12 C2 H2 and 12 C13 CH2 used for this paper
are the same as those reported in Refs. 30–32. Full details
were given in Ref. 30, so that only a brief summary is needed
here.
Laser-induced fluorescence excitation spectra of pure
acetylene were recorded using an unskimmed free jet expansion from a General Valve series 9 pulsed valve, with 0.5 mm
orifice diameter and ∼200 kPa backing pressure. A Lambda
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Physik 3002E pulsed dye laser, frequency-doubled in a βbarium borate crystal, provided the laser radiation, and the
fluorescence was detected by a Hamamatsu R331 photomultiplier. 130 Te2 vapor was used for frequency calibration.34
For the IR-UV double resonance experiments, infrared
radiation was obtained by difference frequency generation
in a LiNbO3 crystal: an injection-seeded Nd:YAG laser
(Spectra-Physics PRO-270), operating at 1064 nm, and a tunable dye laser (Lambda-Physik FL2002), operating in the
range 740–790 nm, provided the pumping. The IR output was
amplified in a second LiNbO3 crystal to about 3 mJ/pulse. The
observed acetylene line widths are about 0.09 cm−1 .
Laser excitation spectra of 13 C2 H2 in the region near
46 200 cm−1 were recorded in a static room-temperature cell.
The output of a Lambda-Physik FL2002 dye laser, pumped
by an XeCl excimer laser, and operating with Coumarin 440
and 450 dyes, was frequency-doubled in a β-barium borate
crystal. The sample of 13 C2 H2 (MSD isotopes, 98% enriched)
was subjected to several freeze-pump-thaw cycles for further
purification, and its fluorescence was recorded by a Hamamatsu R331 photomultiplier. Calibration was again provided
by 130 Te2 vapor.34
III. BACKGROUND AND DISCOVERY
OF THE 46 175 cm−1 VIBRATIONAL STATE

The S1 -trans well has its zero-point level at
42 197.57 cm−1 .24 Its vibrational assignments are simple
to make at low energy, but by 46 000 cm−1 the density of
the level structure is at the point where the assignments
of the weaker bands are not always obvious, for various
reasons. At low vibrational energy the fact that the low-lying
bending vibrations, ν 4 and ν 6 , have almost the same frequency (764.9 and 768.3 cm−1 , respectively27 ) causes the
vibrational structure to form polyads, in each of which the
sum of the v 4 and v6 quantum numbers is constant. However,
the overtones of the ν 4 and ν 6 modes suffer from strong
Darling-Dennison resonance,30 which causes the energy
range of each vibrational polyad to expand vastly as the
vibrational quantum numbers increase. For example, the K
= 1 levels of the v4 + v6 = 5 pure-bending polyad (which
we abbreviate as B5 ) are spread out over 400 cm−1 . The
combination levels formed by the bending vibrations and
the totally symmetric vibrations form similar polyads. There
is often considerable overlap between the various polyads
and because anharmonic resonances can occur between
them32 the structure becomes increasingly complicated.
A further problem is created by the half-linear structure
of the molecule at the cis-trans isomerization barrier.14 In
such a half-linear structure, one end of the molecule has a
CCH bond angle of about 120o while the CCH group at the
other end is nearly linear. The minimum energy pathway to
isomerization does not lie along any one of the vibrational
normal coordinates, but rather along a combination of two
coordinates, Q3 (trans-bend) and Q6 (cis-bend). The result
is huge diagonal cross-anharmonicity (x36 ) in levels where
both ν 3 and ν 6 are excited,32, 35 which causes the energy
spread of the vibrational polyads to increase even more. A
final problem is that, because of poor Ã − X̃ Franck-Condon
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FIG. 1. Upper trace: IR-UV double resonance spectrum of acetylene in the region 46 160−46 240 cm−1 recorded via the Q branch of the ν 3 + ν 4  band. Two
sub-bands, with K = 0 and 2, which cannot be fitted into the manifold of the S1 -trans state, occur at 46 175.4 and 46 227.1 cm−1 . Lower trace: One-photon
excitation spectrum of acetylene in the same wavenumber range. A K = 1 sub-band at 46 192.2 cm−1 lies 3.9 cm−1 above the expected position of the K = 1
sub-band of the upper trace. In both spectra the assignments of the underlying trans-well rotational structure are shown in blue and green.

factors and Ã-state predissociation effects, some of the
expected vibrational bands at higher energy are unobservably
weak, which prevents complete sampling of the vibrational
manifold.
Both the IR-UV double resonance and the one-photon
fluorescence excitation spectra reach this point of complexity
at an excitation energy of about 46 000 cm−1 . The IR-UV
double resonance spectrum is particularly challenging
because 15 significantly interacting vibrational levels are
expected to lie in the region 45 800–46 200 cm−1 . We have
invested considerable effort (as yet unpublished) into assigning the states in this region and find that the K = 0−2 levels
of all 15 vibrational levels should lie below 46 150 cm−1 with
the exception of some of the components of the B5 polyad.
The double resonance spectrum in the region 46 160−46 240
cm−1 , as recorded via the Q branch of the infra-red ν 3
+ ν 4  combination band at 3897 cm−1 , is shown in the top
part of Fig. 1. The structure of the B5 polyad can be predicted
accurately (±2 cm−1 ) from calculations based on the lower
energy bending polyads.30 Three of its sub-bands can be
assigned at once from the calculations, and two unrelated
Coriolis-induced sub-bands, with K = 3 and 4, can also
be recognized. This leaves two moderately strong low-K
sub-bands unassigned, a K = 0 sub-band at 46 175.4 cm−1
and a K = 2 sub-band at 46 227.1 cm−1 . Assuming that their
upper states belong to the same vibrational level, and recalling that the K-structure of an asymmetric top is described
by the energy level expression [A − 1/2(B + C)]K2 , their

separation gives the rotational constant A − 1/2(B + C)
= 12.94 cm−1 , which is a typical value for the vibrational
levels of the S1 -trans well. Nevertheless, there is no place
for these levels in the vibrational manifold of the S1 -trans
well, since every level expected in this region is accounted
for. (As we show below, this value of A − 1/2(B + C) is also
consistent with a level of the S1 -cis well.)
The one-photon fluorescence excitation spectrum in the
same wavenumber region is illustrated in the lower part of
Fig. 1. Most of the bands near this region come from the
severely overlapped 21 31 B2 and 31 B4 polyads. Detailed calculations based on vibrational parameters obtained in fits of
lower energy polyads, which take the Coriolis and DarlingDennison interactions into account, have led to unambiguous
assignments for the components of these two polyads.32 All of
the observed bands are now accounted for except for a moderately strong K = 1 sub-band at 46 192.2 cm−1 . As Fig. 1
shows, this band lies 3.9 cm−1 from the position that would be
expected for it on the assumption that it belongs to the same
vibrational state as the unassigned levels of the double resonance spectrum. However, such an assumption violates the
g-u symmetry selection rules if the vibrational state involved
is localized in the S1 -trans well (Ã1 Au ). Upper states reached
in one-photon excitation from the g+ ground vibrational
level must have gerade vibrational symmetry, while upper
states reached in double resonance via the ν 3 + ν 4  level
(which has u symmetry) must be vibrationally ungerade.
Rotational levels with different values of K in the same
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TABLE I. 12 C2 H2 −H13 C12 CH isotopomer shifts-per-quantum for the
trans-well vibrations of the S1 state of acetylene, calculated ab initio
(Ref. 36) for harmonic vibrations. Values are in cm−1 . The frequencies given
in the left column are the observed fundamentals of S1 -trans 12 C2 H2 .

vibrational state cannot have different g-u symmetry. The conclusion is either that the K = 1 level does not belong to the
same vibrational state as the K = 0 and 2 levels or that it is
not localized in the S1 -trans well. As we show in Sec. IV, the
second alternative is the correct one.
This section has concentrated exclusively on the
46 175 cm−1 vibrational level where, as we shall see, the evidence is very strong that this level belongs to the S1 -cis
well. Similar accounts can be given for the 45 610, 45 735,
and 46 114 cm−1 levels, though the data are not as complete.
Those levels are discussed in Sec. V.

ν1
ν2
ν3
ν4
ν5
ν6

IV. ASSIGNMENT OF THE 46 175 cm−1 STATE TO THE
S1 -cis ELECTRONIC STATE
A.

13

ν (12 C2 H2 − H13 C12 CH)

Vibration
(ag , 2880.1 cm−1 )
(ag , 1386.9)
(ag , 1047.6)
(au , 764.9)
(bu , 2857.5)
(bu , 768.3)

4.0
25.9
6.2
1.1
5.5
1.2

the K = 1 band at 46 192 cm−1 (12 C2 H2 ) and the corresponding bands of H12 C13 CH and 13 C2 H2 . It is immediately
clear that the isotope shift for 13 C2 H2 is almost exactly twice
that for H12 C13 CH, confirming that the bands of all three isotopomers have the same vibrational assignment; also that the
bands shift to higher frequency with increasing 13 C substitution. The actual isotope shifts are ν (12 C2 H2 − H12 C13 CH)
= −3.03 cm−1 and ν (12 C2 H2 − 13 C2 H2 ) = −6.13 cm−1 .
The 12 C2 H2 −H12 C13 CH isotope shifts for the trans-well
vibrations ν 1  −ν 4  were determined in Ref. 32, where the
shifts per quantum were given as ν 1 : 3.8 cm−1 ; ν 2 : 23.4 cm−1 ;
ν 3 : 5.3 cm−1 ; and ν 4 : 0.9 cm−1 . (The shifts for ν 5 and ν 6
should be similar to those of ν 1 and ν 4 , as can be seen from
the results of recent ab initio calculations,36 given in Table I.)
The isotope shift of the zero-point level is roughly −6.8 cm−1 ,
which means that the vibrational contribution to the
12
C2 H2 −H13 C12 CH isotope shift of the 46 192 cm−1 band
would be about 3.8 cm−1 if it belongs to the trans-well. The
upper state of the 46 192 cm−1 band must be a combination
level if it belongs to the trans-well, since it lies 3980 cm−1

C isotope shifts

Several lines of evidence, in addition to the fact that there
is no place for them in the manifold of the S1 -trans well, indicate that the unassigned levels of Fig. 1 belong to the S1 -cis
well. The strongest argument is based on the carbon isotope
shifts of the K = 1 level at 46 192.2 cm−1 , which are illustrated in Fig. 2.
Figure 2 contains two spectra, both covering the region
46 184.5−46 210 cm−1 . The upper trace is the spectrum of
jet-cooled acetylene, where most of the features are due to
12
C2 H2 , though some very weak lines of H12 C13 CH, present
in natural abundance, also appear. The lower trace is the
excitation spectrum of 13 C2 H2 , recorded at room temperature in a static cell. The strong saturated lines in this spectrum are high-J lines from the tail of the very intense 340 , K
= 1−0 band at 46 260 cm−1 ; some of the line assignments
are marked at the bottom of the figure. The tie-lines located
between the two traces display the rotational assignments of
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FIG. 2. (a) Jet-cooled excitation spectrum of the 46 192 cm−1 (K = 1) sub-band of 12 C2 H2 . Some weak lines of H12 C13 CH, present in natural abundance (2%),
are also seen. (b) Room temperature excitation spectrum of 13 C2 H2 in the same wavenumber range. The strong lines, which have been artificially truncated, are
high-J Q and P lines from the very intense 34 , K = 1 sub-band at 46 260 cm−1 . The assignments of some of them are marked below the wavenumber scale.
The tie lines above the spectrum give the assignments of the 13 C2 H2 isotopomer of the 46 192 cm−1 band. To make the isotope shifts more visible, the Q(1) tie
line has been thickened for the three isotopomers.
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TABLE II. Assigned lines of the 46 175 cm−1 band (cis-31 61 ) and its isotopic counterparts. Values are in cm−1 .
K=0−1
J
0
1
2
3
4
5
6
7

R

K=1−0
P

46 179.51
46 181.28
46 182.86
46 184.21
46 185.41

46 170.50
46 167.73
46 164.81
46 161.71
46 158.38

R

Q

46 194.42
46 196.46
46 198.39
46 200.12
46 201.74
46 203.23
46 204.55
46 205.72

46 191.96
46 191.48
46 190.77
46 189.83
46 188.67
46 187.25
46 185.60

K=2−1
P

46 187.36
46 184.68
46 181.92
46 178.97

R

Q

46 231.21
46 233.02
46 234.58
46 235.94
46 237.13
46 238.11
46 238.94

46 226.51
46 225.93
46 225.14
46 224.18
46 223.02
46 221.62

P

46 219.47
46 216.65*
46 213.39

Isotopic bands, K = 1 − 0
H12 C13 CH
J
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
*

13 C

R

Q

46 197.40
46 199.36
46 201.21
46 202.91
46 204.50*

46 195.02
46 194.51
46 193.82
46 192.87

R
46 200.44
46 202.35
46 204.08
46 205.70
46 207.14
46 208.38
46 209.69*
46 210.51
46 211.31
46 211.99
46 212.42
46 212.75*
46 212.75*

2 H2

Q

46 198.26
46 197.62
46 196.91
46 195.95
46 194.75
46 193.36
46 191.65
46 189.77
46 187.60
46 185.21
46 182.55*
46 179.74
46 176.70*

P

46 193.73
46 191.13
46 188.41
46 185.55
46 182.55*
46 179.32
46 175.98
46 172.43
46 168.78
46 164.93
46 160.93
46 156.76
46 152.30

Blended lines are marked with an asterisk.

above the zero-point level. Given the known values of
the fundamental frequencies and their isotope shifts, from
Table I, it is clear that no trans-well combination level at
an energy of 3980 cm−1 can have such a small vibrational
contribution to its 12 C2 H2 −H12 C13 CH isotope shift. On
the other hand, if the level belongs to the potential well
of a different S1 conformer, for which the minimum lies
above that of the trans-well, the vibrational contribution to
its isotope shift should be smaller, since the level will lie
lower in its potential well. In this context we note that recent
ab initio calculations36 predict that the zero-point level of
the S1 -cis well lies at 44 856 ± 50 cm−1 , which is about
2700 cm−1 above the zero-point level of the S1 -trans well.
Assuming that the 46 192 cm−1 level belongs to the S1 -cis
well, its observed isotope shift matches the expected shift
very convincingly, but we defer discussion of it until after the
vibrational assignments have been considered (see Sec. V).
The assigned lines of the 46 192 cm−1 band and its isotopomer partners are listed in Table II, along with the lines of
the K = 0−1 and 2−1 sub-bands.
B. Rotational structure of transitions to the S1 -cis well

We have not yet recorded IR-UV double resonance spectra of 13 C2 H2 and therefore cannot show from isotope data

alone that the unassigned K = 0−2 levels of Fig. 1 belong
to the same vibrational state, though the lifetime data (see
Sec. IV D) strongly suggest that they do. It was noted in
Sec. III that, if these three K levels belong to a single vibrational state of the trans-well, the K = 1 levels should not
appear in the one-photon fluorescence excitation spectrum if
the K = 0 and 2 levels appear in the IR-UV double resonance
spectrum. However, group theory arguments show that the appearance of the K = 1 levels in the one-photon spectrum is
precisely what must happen if the levels belong to a single
vibrational state of the cis-well.
It is not necessary to go beyond rigid-molecule considerations to understand the group theory arguments. In essence
the difference between the cis and trans isomers is that in C2v
symmetry the rovibronic wave functions can transform like all
four symmetry species, A1 , A2 , B1 , and B2 , in any given vibronic state, while in C2h symmetry they can only transform
as Ag and Bg in a gerade vibronic state or Au and Bu in an
ungerade vibronic state. Looking up the species of the rotational levels of asymmetric tops in different point groups,37 it
is easy to show that the observed R and P branch structure of
the K = 0 sub-band in the double resonance spectra of Fig. 1
will result if the upper state is e A2 × v B2 = ev B1 in C2v
symmetry or e Au × v Bu = ev Bg in C2h symmetry. Figure 3
is an energy level diagram that shows the branch structures
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FIG. 3. Energy level diagram showing the rotational structure expected for
the 46 175 cm−1 state in one-photon excitation and in IR-UV double resonance via the Q branch of the ν 3 + ν 4  level. Left side: assuming it belongs
to the S1 -cis well. Right side: assuming it belongs to the S1 -trans well. The
ground state and the ν 3 + ν 4  level (lower part of the figure) are common
to the two parts of the diagram. The symmetry species given for them are
reductions of the linear molecule species onto the point groups C2v and C2h .

that arise in these two cases in fluorescence excitation spectra from the zero-point level of the ground state and in double
resonance spectra via the Q branch of ν 3 + ν 4  (u ). The
figure shows that a Bu upper vibrational state in C2h symmetry will give only K = 0−1 and 2−1 sub-bands in double resonance from ν 3 + ν 4  , according to the C-type selection rule, K − l = ±1, though a weaker axis-switching or
Coriolis-induced K = 1−1 sub-band may be observable given
the right circumstances (dashed lines in the figure). However,
there will be no transitions from the ground vibrational state
of the molecule. In contrast, a B2 upper vibrational state in
C2v symmetry will give K = 0−1 and 2−1 sub-bands in
double resonance and a K = 1−0 sub-band in one-photon
excitation.
The important result is that, for cis-well upper states,
bands involving even-K and odd-K levels cannot appear in
the same spectrum. For trans-well upper states all K levels
(subject to the line strengths given by the direction cosine matrix elements) will appear either in the one-photon spectrum
or in the double resonance spectrum, but not both.

C. Tunneling effects and K-staggering

Rigid-molecule arguments, as just described, will be
valid up to about the energy of the cis-trans isomerization
barrier. Even below that energy, effects arising from tunneling
through the barrier will start to become noticeable. Exactly
how the levels behave will depend on the mechanism of the
cis-trans isomerization. It is not the purpose of this paper to
go into the details of the permutation-inversion group theory
that is required to describe the observed tunneling effects,38

but essentially there are three possible mechanisms, requiring
description by three different permutation-inversion groups.
The energy level patterns are predicted to be different in these
three cases.
The mechanism that has received most attention39, 40
treats the torsion as the only large amplitude coordinate,
which leads to isomerization by internal rotation, as in H2 O2 .
For C2 H2 the ab initio results predict14 that the molecule is
half-linear at the isomerization barrier, which implies a second mechanism where the large amplitude motions leading to
isomerization are local CCH bends, one at each end of the
molecule, with the molecule always remaining planar. Naturally, the barrier to internal rotation goes to zero when the
molecule is half linear. This leads to a third mechanism in
which the internal rotation is added to the two local bends to
give a complete description of the isomerization; embodying
three large amplitude coordinates, the permutation-inversion
group required38 is of order 32.
Assuming the C2 H2 molecule remains planar, with the
isomerization occurring exclusively through the local bends,
the predicted level pattern is that even-K levels go with one of
the two tunneling components of a vibrational state and oddK levels go with the other.38 No actual splittings will be observed, but instead there will be a staggering of odd-K levels
versus even-K levels. At energies close to the barrier, where
internal rotation must also be considered, there will be three
tunneling components for each vibrational state, resulting in
a further staggering of the K = 2, 6, 10,. . . levels versus the
K = 0, 4, 8,. . . levels. (There is no further staggering of the
odd-K levels.) The level shifts associated with this additional
staggering mechanism will probably not be significant until
quite close to the isomerization barrier.
The K structure pattern of the levels in Fig. 1 appears
to be an example in which staggering is observed. The S1 trans isomer has very large Coriolis interaction between its
ν 4 and ν 6 vibrations because of the near-degeneracy of their
frequencies. On the other hand, ab initio calculation of the
S1 -cis well frequencies (summarized in Table III) indicates
a different situation, where the corresponding two frequencies are nearly 250 cm−1 apart;36 therefore, there will be
only minimal Coriolis interaction in the S1 -cis isomer. Consequently, we can expect the S1 -cis vibrational states to behave as unperturbed asymmetric tops, so that the rotational
constant A − 1/2(B + C) derived from the K = 0 and 2
levels in Fig. 1 truly reflects the molecular geometry. Taking r(CC) = 1.3423 Å, r(CH) = 1.0983 Å, and θ (CCH)
= 132.62o , from Ref. 36, we calculate A − 1/2(B + C) for
the cis isomer to be 12.79 cm−1 . This is very close to the
observed value, 12.94 cm−1 , derived from Fig. 1, which suggests that the internal rotation tunneling mechanism is not important for this vibrational state. As the arrow in Fig. 1 indicates, the K = 1 level lies 3.9 cm−1 above where the asymmetric top energy formula predicts. Since the centrifugal distortion constant K calculated from the ab initio potential is
only 0.00826 cm−1 , and there is no reason to suspect that the
46 175 cm−1 level is significantly perturbed, our interpretation
is that this 3.9 cm−1 shift represents the staggering of the K
structure that results from tunneling through the isomerization
barrier.
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TABLE III. Ab initio-calculated harmonic vibrational frequencies of the S1 -cis state of C2 H2 .
Harmonic vibrational frequencies

ν1
ν2
ν3
ν4
ν5
ν6
a

CH symmetric stretch (a1 )
CC stretch (a1 )
Symmetric bend (a1 )
Torsion (a2 )
CH antisymmetric stretch (b2 )
Antisymmetric bend (b2 )

Calculated isotope shift (Ref. 36)

Stanton et al. (Ref. 14)

Ventura et al. (Ref. 19)

Ref. 36

3049
1659
816
704
2996
441

3094
1577
812
860
3044
677

2997
1583
806
817
2942
572

12 C

12 13
2 H2 -H C CH

5.5
29.1
0.6
4.3
4.5
3.7

Experimentally the ν 6 frequency is estimated, from the energy difference between the 31 61 and 31 levels (i.e., not corrected for anharmonicity), to be 565 cm−1 .

D. Lifetime and quantum beat measurements

In contrast to the nearby levels of the S1 -trans well, which
have upper state lifetimes of about 300 ns, the K = 1 upper
level of the 46 192 cm−1 band has a radiative lifetime of at
least 2 μs (for J = 1e). (This is approximately the longest
lifetime that we can measure with our collection optics before
the molecules leave the detection region.) The lifetimes of the
K = 0 and 2 levels of the double resonance spectrum shown
in Fig. 1 have not been measured directly but, from spectra
recorded with the detection gated at different delay times, are
found to be much longer than those of the surrounding vibrational levels. This result strongly suggests that all three unassigned upper levels belong to the same vibrational level and
also provides clear evidence that the upper level is metastable,
as expected for a level of the S1 -cis well, where the electronic
transition to the ground state is forbidden, being 1 A2 −1 A1 in
C2v symmetry.
Nevertheless, many of the rotational levels of the S1 trans isomer are perturbed by triplet states, and have lifetimes
longer than 1 μs.41, 42 It must then be asked if the 46 192 cm−1
level could be a triplet level. At this energy only the T3 state
has vibrational structure that is sparse enough for spin-orbit
interaction to induce a transition to one complete isolated
triplet vibrational level. Even so, the rotational structure might
be expected to show triplet splittings and possibly local perturbations in such a case. The deciding factor is the rotational
magnetic moment, which should be large for a triplet state.41
We have recorded Zeeman quantum beats from a number of
vibrational bands in this region and find that the pattern given
by the 46 192 cm−1 level is similar to those given by most of
the securely assigned S1 -trans levels in the region. The observed |g|-factor for the R(0) line is only 0.089, which means
that the upper state has principally singlet character.
Interestingly, spectra of the K = 1 level at 46 192 cm−1
and the S1 -trans 31 64 , K = 1 level at 46 087 cm−1 have
been recorded using the technique of surface electron ejection by laser-excited metastables (SEELEM).43 (Note: these
levels are not correctly assigned vibrationally in Ref. 43,
as that paper was published before detailed calculations of
the polyad structure32 had established the vibrational assignments.) SEELEM spectra are observed when a metastable
species is excited by laser excitation and travels for a time
that is huge compared to a typical radiative lifetime, before
striking a metal surface and causing the emission of an elec-

tron. The vertical excitation energy of the metastable must
be larger than the work function of the metal. In the experiments of Ref. 43, the travel time was ∼300 μs, and the metal
used was gold, which has a work function of 41 000 cm−1 .
Ab initio calculations19 predict that the only metastable triplet
state of C2 H2 lying high enough in energy to give SEELEM
intensity is the T3 state. The metastable T1 and T2 states lie
too low to give SEELEM intensity though, since their levels
form a near-continuum at 46 000 cm−1 , they presumably contribute to the observed magnetic moments of the 46 192 and
46 087 cm−1 levels (the 46 087 cm−1 level has |g| ∼0.01). The
46 192 cm−1 band gives a strong, clean SEELEM spectrum,
where the rotational intensity pattern closely follows that of
the laser excitation spectrum.43 In contrast the much stronger
46 087 cm−1 band gives only a weak disorganized SEELEM
spectrum. At present it is not clear why the SEELEM intensities of the two bands are so different; if it should prove that
C2 H2 in its S1 -cis state lives long enough to contribute directly
to the SEELEM intensity, SEELEM spectroscopy could possibly provide a method to identify other S1 -cis levels in the
laser excitation spectrum.

V. VIBRATIONAL ASSIGNMENTS OF THE CIS
WELL STATES

As discussed at the end of Sec. I, the 46 175 cm−1 vibrational level is the best-characterized of the observed states
that do not fit into the vibrational manifold of the S1 -trans
well. Assuming that this state belongs to the S1 -cis well, it
must have B2 vibrational symmetry, while its small 13 C isotope shifts imply that it lies quite low in the potential well,
probably below 2000 cm−1 .
The other three vibrational levels that we have found,
which do not fit into the manifold of the S1 -trans well, all
lie below the 46 175 cm−1 level. They give rise to very weak
bands where we do not observe the complete set of K = 0–2
rotational levels. The most interesting of these levels appears
as a K = 0 sub-band at 45 734.7 cm−1 and a K = 2 sub-band
at 45 790.8 cm−1 , in double resonance via the ground state ν 3
+ ν 4  level. The assigned lines are listed in Table IV. The K
= 0 sub-band is a single Q branch in double resonance via the
Q branch of ν 3 + ν 4  , but appears as R and P branches in double resonance via the R branch of ν 3 + ν 4  . This is consistent
with A2 upper state vibrational symmetry. The derived value
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TABLE IV. (a) Assigned lines of the 45 734.7 cm−1 band (cis-41 ), observed in IR-UV double resonance via the Q branch of the ν 3 + ν 4  band. Values are
in cm−1 .
K = 0−1

K = 2−1

J

Q

R

1
2
3
4
5
6
7
8

45 734.57
45 734.26
45 733.79
45 733.17
45 732.46
45 731.51
45 730.36
45 729.08

45 795.09
45 797.02
45 798.73

Q

45 790.38
45 789.96
45 789.38
45 788.63

(b) Assigned K = 1 upper state energy levels of the 45 610 cm−1 state (cis-31 ), observed in IR-UV double resonance via R and P lines of the ν 3 
fundamental. Values are in cm−1 .
J
K = 1e
K = 1f
1
45 625.09
45 624.98
2
45 629.46
45 629.23
3
45 636.07
45 635.61
4
45 644.88
45 644.14
5
45 655.83
(c) Assigned lines of the trans-11 31 , K = 0–ν 4  and cis-62 , K = 0–ν 4  bands. Values are in cm−1 .
J
R
Q
1
45 506.31
45 507.03
45 502.00
45 502.75
2
45 508.09
45 508.77
45 501.66*
45 502.36
3
45 509.66
45 510.32
45 501.08*
45 501.78
4
45 511.01
45 511.64
45 500.34
45 500.97*
5
45 512.16
45 512.99*
45 499.37
45 499.99
6
45 512.99*
45 513.74*
45 498.16*
45 498.81
7
45 496.81
45 497.42
8
45 495.22*
9
45 493.26

P
45 499.84*
45 497.24
45 494.49
45 491.57
45 484.94
45 481.47
45 477.51

45 500.59
45 498.00
45 495.22
45 492.25
45 488.99
45 485.66
45 478.32

The trans-11 31 –ν 4  band is the higher frequency component at low J values. An avoided crossing with cis-62 occurs between J = 5 and 6. Blended lines are marked with an asterisk.
The Q(9) line was not included in the least squares fit given in Table V.

of A − 1/2(B + C) is 14.03 cm−1 , from which we can predict
the expected position of the corresponding K = 1 sub-band,
but nothing is found at this energy in either one-photon
fluorescence excitation or double resonance spectra. The K
= 0 levels have an exceptionally long fluorescence lifetime,
compared to other nearby trans states. This further suggests
that they cannot belong to states localized in the S1 -trans well.
The other unassigned vibrational levels appear just as
single sub-bands. One of these is a K = 1 sub-band at
45 622.7 cm−1 , which is found in double resonance via the ν 3 
fundamental. The upper state vibrational symmetry is therefore either A1 or B1 . However, the upper levels of the Q lines
lie below the upper levels of the R and P lines, which requires that the vibrational symmetry is A1 , assuming that the
asymmetry splitting behaves normally. This assumption appears to be valid, because the asymmetry coefficient, B − C
= 0.073 cm−1 , is only slightly smaller than what would be expected for an unperturbed vibrational level of the S1 -cis well
(0.085 cm−1 ). The intensity of this sub-band appears to come
from interaction with the topmost K = 1 level of trans-31 B3 ,
which lies only 8.1 cm−1 below.32 We have not found the corresponding K = 0 and 2 sub-bands; the K = 0 sub-band
should lie near 45 610 cm−1 .

The other unassigned vibrational level which appears as
a single sub-band is a K = 0 level at 46 114.0 cm−1 that perturbs the K = 0 level of the trans-11 31 vibrational state between J = 5 and 6. It is found as a hot band from the ν 4 
fundamental in the one-photon excitation spectra. The perturbation in trans-11 31 had been noted in Ref. 29, but no extra lines were observed, and little could be said because of
blending in their higher temperature spectra. Our jet-cooled
spectra give the branch structures of both states up to J = 7
and show that the perturbing state has A1 vibrational symmetry. The interaction matrix element between the two states is
0.30 cm−1 . We have looked without success for the K = 2
levels of the unassigned state near the corresponding levels of
trans-11 31 .
The fact that we do not find the complete K = 0−2 level
structure for these three bands is disappointing but perhaps
not unexpected. The sub-bands that can be observed are quite
weak, and there is no reason why all three sub-bands with K
= 0−2 should have comparable intensities, since levels with
even and odd K values obtain their intensity by interaction
with different trans-well vibrational levels. In passing we note
that the absence of the complete K = 0−2 level structure for
these bands argues against the possibility that the intensity
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46 175.362
(46 192.206)
14.019
1.1258
1.0370
0.00074
3.906
0.0191

T0 (K = 0)
T0 (K = 1)
A
B
C
JK
Todd-even
r.m.s.

2 H2

0.010
0.0011
0.0013
0.00030
0.020

± 0.023

0.0147

46 195.239
13.89
1.0934
1.0086

± 0.026
Fixed
0.0033
0.0033

H12 C13 CH

46 175 cm−1 (cis-31 61 )

0.0174

46 198.336
13.76
1.0597
0.9809

13 C
2 H2

±0.020
Fixed
0.0003
0.0004

0.0253

15.135
1.185
1.02

45 734.701

12 C
2 H2

0.011
0.002
Fixed

±0.042

45 735 cm−1 (cis-41 )

0.0213

45 622.670
13.95
1.118
1.045

12 C
2 H2

±0.036
Fixed
0.003
0.005

45 610 cm−1 (cis-31 )

46 114.01
1.0853
46 114.51
1.0716
0.296
0.0151

±0.05
0.0018
0.05
0.0014
0.019

Values are in cm−1 . The interaction matrix element, W12 , is assumed to have no J-dependence. The fit was carried out on term values calculated from Table IV(c) together with energy levels for ν 4  from Ref. 24. Error limits are three standard
deviations.

T0 (cis-62 , K = 0)
1/2(B + C) (cis-62 , K = 0)
T0 (trans-11 31 , K = 0)
1/2(B + C) (trans-11 31 , K = 0)
W12
r.m.s.

(b) Rotational constants from deperturbation of the interacting trans-11 31 , K = 0 and cis-62 , K = 0 levels, neglecting asymmetry effects.

The band at 45 623 cm−1 is the K = 1–0 sub-band of the cis-310 band, of which the origin is estimated to lie at 45 610 cm−1 .

to the same set of rotational constants, except that Todd−even was added to the energy of the K = 1 levels. The parameter T0 (K = 1) is equivalent to T0 (K = 0) + A − 12 (B + C) + Todd−even .

The parameter Todd−even gives the K-staggering, defined as the distance that the K = 1 level lies above its expected position according to the asymmetric top energy expression. The even and odd K levels were fitted

Values are in cm−1 . Error limits are three standard deviations. Constants not listed were not included in the fits.

12 C

Isotopomer

State

TABLE V. (a) Rotational constants from least squares fitting of the S1 -cis bands at 46 175, 45 735, and 45 623 cm−1 .
244310-9
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comes from vibronic coupling with higher lying electronic
states. If the intensity comes through vibronic coupling, we
would not expect to see a K-dependence of the observed intensities.
To obtain the vibrational assignments of these states we
must be guided partially by the ab initio calculations14, 19, 36 of
the cis-well vibrational frequencies and their isotope shifts,
which are summarized in Table III. Table III shows that we
do not need to consider the two CH stretching vibrations,
ν 1 and ν 5 , because they will lie near 2900 cm−1 , while the
CC stretching vibration, ν 2 , will have much too large an
isotope shift for the 46 175 cm−1 state. The key lies in the
45 735 cm−1 state which has A2 vibrational symmetry. The
only vibrational states with A2 symmetry expected below
2000 cm−1 are the torsional fundamental, 41 , and the combination levels 31 41 and 41 62 . If the 45 735 cm−1 state is 41 ,
which is calculated to have a vibrational energy of close to
800 cm−1 , the zero-point level of the S1 -cis well will lie near
44 900 cm−1 . If the 45 735 cm−1 state is one of the combination levels, the S1 -cis zero-point level will lie at least
800 cm−1 lower. The most recent ab initio calculations of
Ref. 36 give the energy of the S1 -cis zero-point level as 44 856
± 50 cm−1 . Since the probable uncertainty in this value is far
smaller than 800 cm−1 , the only reasonable assignment is that
the 45 735 cm−1 level is the torsional fundamental, 41 . Given
this assignment, it is clear that there is excellent agreement
between the calculations and the observed spectrum; both predict the S1 -cis zero-point level to lie near 44 900 cm−1 .
Returning to the 46 175 cm−1 level, which has B2 vibrational symmetry, this level is now known to have about
1300 cm−1 of vibrational energy. The only possible B2 states
below about 2000 cm−1 are 61 , 31 61 , and 63 . Of these an assignment as 31 61 gives good agreement with the calculated
frequencies.
The lower of the two A1 levels, at 45 610 cm−1 , must then
be the ν 3 fundamental. Its energy allows the cis-ν 6 frequency
to be estimated roughly as 46 175 − 45 610 = 565 cm−1 .
Although this value agrees remarkably well with the harmonic
frequency calculation of Ref. 36, this agreement must be to a
large extent fortuitous, because the levels 31 and 31 61 lie on
the cis-well pathway to the isomerization barrier, and must
suffer very considerably from anharmonicity, in similar fashion to the corresponding trans-well levels.32 We note that the
anharmonicity constant x36 for the S1 -cis state is calculated
ab initio44 to have the exceptionally large value of
−54.2 cm−1 .
The upper of the two A1 levels, at 46 114.0 cm−1 (a vibrational energy of ∼1200 cm−1 ), then fits as the overtone
62 . In principle it would be possible to estimate the position of the zero-point level from this assignment, but in the
presence of such strong anharmonic effects such an estimate
would be of dubious value. Figure 4 shows the observed and
predicted vibrational level structure of the S1 state of acetylene, as presently understood, up to a vibrational energy of
about 5000 cm−1 (near the energy of the isomerization saddle
point). The Franck-Condon allowed trans levels,21–26 which
are responsible for the strong bands in the absorption spectrum, are shown in the columns based on ν 2 and ν 3 . Some
further trans levels based on ν 1 and ν 5 surround them, while
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the trans bending levels and their combinations with ν 2 and
ν 3 fill most of the rest of the figure. At the far right are the observed cis-well levels and their assignments. It is interesting
that of the six expected lowest-lying vibrational levels of the
cis isomer all have been observed except for the zero-point
level and the 61 level.
As for the isotope shift of the 46 175 cm−1 level
1 1
(3 6 ), the calculated vibrational contribution to its
12
C2 H2 −H12 C13 CH shift (from Table III) is 4.3 cm−1 .
Assuming that the isotope shift of the zero-point level is the
same as that of the trans-well, −6.8 cm−1 , the calculated
12
C2 H2 −H13 C12 CH shift is −2.5 cm−1 , which is to be
compared to the observed −3.03 cm−1 .
The rotational constants derived from least squares fits
to the lines of the various S1 -cis well bands are given in
Table V.
VI. ON THE ORIGIN OF THE K-STAGGERING

One of the most interesting results of this work is the
observation of an even-odd staggering in the K-structure of
the cis-31 61 level, which indicates that tunneling through the
cis-trans isomerization barrier takes place. Both the Discrete
Variable Representation (DVR) calculations of Ref. 36 and
the group theory considerations of Ref. 38 predict that such
a staggering should occur, but it is not immediately obvious
why it arises. A qualitative discussion may help to clarify its
origin.
Assume initially that the only vibrational motions possible for C2 H2 are CCH bending motions at the two ends of the
molecule and that it always remains planar. Cis-trans isomerization can take place if one of the CCH bending angles is reversed. Next assume that C2 H2 is in an electronic state where
the equilibrium configuration is cis-bent, and there is no potential minimum at the trans configuration. It is no longer possible to reverse just one of the CCH bending angles, but if
both of the CCH bending angles are reversed at the same time,
the cis-bent planar C2 H2 molecule is converted into another,
equivalent, cis-bent planar configuration. This new configuration will have exactly the same energy states as the original
configuration. If the potential energy barrier between these
two cis configurations is small, such that the molecule can
tunnel through it, one has the possibility of inversion-like doubling of the vibrational levels of the two configurations, just
as in the familiar case of NH3 .5–9 Unlike NH3 , though, one
can take acetylene back to its original configuration by a C2
rotation about the inertial a-axis, which means that the new
configuration is the same as the original one. Since there is
only one possible configuration, the energy states of the second configuration must be “thrown away.”
Detailed examination of their effects on the various
molecule-fixed coordinates38 shows that the reversal of the
CCH bending angles and the C2 rotation about the a-axis
are inextricably linked. To be exact, when these two operations are carried out in sequence, it looks as though nothing has happened to the molecule, or in other words, that
the identity operation has been carried out. However, point
group arguments do not apply if tunneling occurs. In the language of extended permutation-inversion groups this iden-
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FIG. 4. Observed and predicted K = 0 levels of the S1 state of C2 H2 up to a vibrational energy of 5000 cm−1 . Red lines indicate vibrational levels of the trans
isomer which have been established by rotational analysis; the four observed cis well vibrational levels (at the right hand side of the figure) are indicated by
blue lines. Green lines indicate the positions predicted for as-yet-unassigned or unobserved states. The diagram is complete for the trans isomer to 5000 cm−1 ;
a few predicted states above that energy are shown if they belong to polyads that extend below 5000 cm−1 .

tity is a “limited” identity (i.e., limited to the non-tunneling
situation), because the coordinates corresponding to the two
operations, individually, have not returned to their original
values.46 This complicates the “throwing away” process. The
limited identity is one of the symmetry operations of the extended permutation-inversion group. Symmetry arguments38
show that even-Ka and odd-Ka rotational functions are, respectively, symmetric and antisymmetric under this limited
identity operation; the same applies to the sum and difference
inversion-like tunneling functions. Also, acceptable rotationtunneling product functions must be symmetric under this
limited identity operation. The result is that the acceptable
states (which are not thrown away) are those with even-Ka
belonging to the symmetric (sum) tunneling component, and
those with odd-Ka belonging to the antisymmetric (difference) tunneling component. In essence, the K-staggering in
the cis-31 61 vibrational level is what remains of the energy
level pattern of the cis-to-cis inversion-like tunneling doubling after half the K-structure in each component has been
thrown away. There is no K-staggering in vibrational levels
of NH3 , where all K values are present in both inversion components.
The S1 state of acetylene has cis and trans isomers occurring on the same electronic potential surface but with a large
potential maximum at the linear configuration. In this case
the possibility of reversing both CCH bending angles in the
two isomers leads to four potential minima, two cis and two
trans. These are illustrated in Fig. 3(a) of Ref. 19, Fig. 1 of
Ref. 36 and Fig. 4 of Ref. 38. When the molecule in one of
the cis wells tunnels through the interconversion barrier to the
other cis well, it passes across one of the trans wells but since

the energy level structure of the cis wells is quite different
from that of the trans wells, there is no inversion-like doubling between the cis and trans isomers as a result of tunneling through the barrier because the cis and trans isomers are
not equivalent. The cis-to-cis inversion-like doubling, giving
rise to K-staggering, must still occur but there will be no splittings. There will be a corresponding trans-to-trans inversionlike doubling with similar K-staggering in the trans-well levels. More detail is given in Ref. 38, which includes a discussion of the additional staggering that occurs when tunneling
through the isomerization barrier as a result of internal rotation must also be considered.
It may be argued that the K-staggering in C2 H2 should
not be compared with the inversion of NH3 but rather with
the level pattern of a triatomic molecule such as H2 O when
it has sufficient bending excitation to become linear. In the
H2 O case the K-structure changes smoothly at the barrier to
linearity from an asymmetric top pattern to a linear molecule
pattern, and there are no discontinuities that alternate with K.
However, this is not what happens in C2 H2 , where the level
pattern is like that of NH3 , but with the even-K levels missing
in one inversion component of a vibrational level and odd-K
levels missing in the other.
VII. DISCUSSION

This work illustrates for the first time some of the high
resolution spectroscopic signatures of cis-trans isomerization.
The state involved, the S1 state of acetylene, is well suited
for a study of this type because its vibrational structure is
comparatively sparse near the cis-trans saddle point, and
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the bands can be observed in transitions from a different
electronic state where no cis-trans isomerism is possible,
thereby simplifying the analysis.
To summarize, transitions from the ground electronic
state of acetylene are allowed to the lower energy (trans)
isomer of the S1 state, but not to the cis isomer, which lies
about 2700 cm−1 higher. The interconversion barrier (saddle
point) lies about 2000 cm−1 still higher in energy, with
the transition state being half-linear.14 The “isomerization
coordinate” which carries the shape of the molecule from that
of the trans isomer to that of the transition state is a linear
combination of two normal coordinates, Q3 (trans bend) and
Q6 (cis bend). Very large higher-order cross-terms between
Q3 and Q6 are therefore needed in the potential function
in order to represent the minimum energy pathway along
the isomerization coordinate. As a result, the vibrational
levels that involve excitation of both ν 3 and ν 6 are highly
anharmonic.32, 35 Very detailed analyses of the level structure
of the trans-well are required in order to identify each level32
and, so far, every expected level of the trans-well has been
accounted for up to a vibrational energy of 4200 cm−1 . A
few weak “extra” bands at lower energy are left over. The
upper states of these extra bands do not belong to a triplet
electronic state, because they are observed to have only
small Zeeman effects; their carbon isotope shifts are not
compatible with their energy relative to the zero-point level
of the trans isomer; ab initio calculations predict no other
singlet electronic states in this energy region,19 and the upper
states have extremely long lifetimes, indicating that they are
metastable. The conclusion is that these extra vibrational
levels belong to the S1 -cis isomer and comparison with the
results of ab initio calculations36, 45 strongly supports this
conclusion.
The upper state of the most obvious cis-well band assigned so far is cis-31 61 (46 175 cm−1 ). This is not altogether
surprising because the isomerization pathway in the cis
isomer is also a combination of Q3 and Q6 , where these
coordinates are the symmetric and antisymmetric in-plane
bends. The cis-31 61 state lies only about 700 cm−1 below the
interconversion barrier and has a high probability of tunneling
through it. The tunneling has two consequences. One is that
the cis-31 61 state can interact with levels of the trans-well
close by in energy and thereby obtain appreciable absorption
intensity. As discussed in Sec. IV C, the other is that its K
structure shows a staggering of the odd-K levels versus the
even-K levels,38 amounting to no less than 3.9 cm−1 .
As yet no K-staggerings have been identified in transwell levels. The reason for this is that the bending states
of the trans isomer suffer from strong Coriolis and DarlingDennison resonance, so that it is difficult to establish the zeroorder positions of the K-rotational levels. Nevertheless, the
progressive breakdown of the simple Coriolis plus DarlingDennison model for the higher bending combination polyads
of the trans isomer32 must reflect the onset of K-staggerings.
Not every predicted level near the energy of the interconversion barrier will show K-staggerings, of course; the magnitudes of these staggerings will depend on the specific vibrational quantum numbers and on how effectively the molecule
in a particular state can tunnel through the barrier.

J. Chem. Phys. 134, 244310 (2011)

In addition to this even-odd K-staggering arising from
local-bend tunneling, there will be a further staggering of the
K = 2, 6, 10, . . . levels versus the K = 0, 4, 8, . . . levels,
when tunneling due to internal rotation becomes important
near the cis-trans saddle point.38 Table V shows that the A rotational constant of the torsional fundamental, cis-41 , is about
1 cm−1 larger than that of cis-31 61 , which (as described in
Sec. IV C) is close to the value calculated from the ab initio geometric structure. The K = 2 level of cis-41 (45790.8
cm−1 ) lies not far above the upper K = 2 level of trans-22 B1
(45 777.9 cm−1 );32 thus, we cannot rule out the possibility that
it has been pushed up by interaction with it. Nevertheless, the
effects of internal rotation are expected to be magnified on
excitation of the torsional vibration and, when only the K
= 0 and 2 levels are observed, any staggering due to internal rotation tunneling will appear as a change in the apparent
A rotational constant derived from their separation.38 Therefore, it is not impossible that there is a K-staggering of about
4 cm−1 due to internal rotation tunneling in the cis-41 vibrational level. Nothing can be said in this instance about possible staggering due to the local-bend tunneling (odd-K versus
even-K) since the K = 1 level of cis-41 has not been located.
A number which could be of some significance is the interaction matrix element between the cis-62 and trans-11 31
levels, which is found, from the minimum rotational level separation at the perturbation between them, to be 0.30 cm−1 .
(See Table V.) In a simple model this matrix element would
be the product of an electronic factor, a cis-to-cis tunneling
matrix element and a cis-trans vibrational overlap integral, divided by a cis-trans energy denominator. It will be instructive
to attempt to reproduce this number by ab initio calculation.
The vibrational energy level pattern expected at higher
energies can be predicted roughly from the DVR calculations
reported in Ref. 36. Those states which have many quanta of
ν 3 and ν 6 will show progressively larger K-staggerings, which
will rapidly become so large that it will be difficult to associate a given set of even-K levels with a corresponding set
of odd-K levels. Their vibrational wave functions, instead of
being mostly localized either in the two cis-wells or in the
two trans-wells, will have amplitude in all four wells, and
the mixed state vibrational characters of the even- and oddK levels will become increasingly different. The assignment
of approximate vibration-rotation quantum numbers will require very detailed calculations. Since the barrier to internal
rotation vanishes at the half-linear transition state, there will
be a further staggering of the K = 2, 6, 10, . . . levels versus
the K = 0, 4, 8, . . . levels, as just described. In contrast, the
progressions that do not involve the bending vibrations will
continue normally, as at lower energy, barring minor perturbations and resonances.
The level pattern above the interconversion barrier will
presumably reorganize itself according to a new basis set, just
as the levels of the ν 2 (“umbrella”) vibration of ammonia
above the inversion barrier can be treated as those of a planar molecule vibrating with large amplitude. It would seem
that the bending levels of acetylene above the cis-trans isomerization barrier should rearrange themselves into those of a
non-linear molecule vibrating with three very large amplitude
coordinates. The vibrational wave functions will sample all of
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the available bending phase space, so that any given level can
no longer be labeled specifically as cis or trans. Above the
potential maximum at the linear configuration the level pattern will become that of a linear molecule but, at that high
energy, interactions with other electronic states will almost
certainly obscure the pattern.
In conclusion, the spectrum of a molecule capable of
cis-trans isomerization consists of superimposed spectra from
the two isomers in the energy region below the interconversion barrier. Those vibrations corresponding to the minimum
energy pathway to isomerization are extremely anharmonic,
and those levels near the barrier which can tunnel through it
display staggerings in their K-rotational structure. At the interconversion barrier the levels merge into a very differentlooking large amplitude vibrational pattern. Those vibrations
that are not involved in the isomerization path behave normally, so that the spectrum consists of overlapping progressions with different degrees of complexity.
Many aspects of the spectrum are different from those
of molecules showing inversion doubling or internal rotation.
We are continuing work on the interesting region of the S1
state of acetylene where the vibrational level pattern is reorganizing itself near the barrier to isomerization.
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