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ABSTRACT

Rotational analyses are reported for a number of newly-discovered vibrational levels of the S;-trans
(A'A,) state of C;H,. These levels are combinations where the Franck-Condon active v, and v} vibrational
modes are excited together with the low-lying bending vibrations, v, and v;. The structures of the bands
are complicated by strong a- and b-axis Coriolis coupling, as well as Darling-Dennison resonance for
those bands that involve overtones of the bending vibrations. The most interesting result is the strong
anharmonicity in the combinations of v; (trans bend, ag) and v (in-plane cis bend, b,). This anharmonicity
presumably represents the approach of the molecule to the trans-cis isomerization barrier, where ab ini-
tio results have predicted the transition state to be half-linear, corresponding to simultaneous excitation
of v§ and vg. The anharmonicity also causes difficulty in the least squares fitting of some of the polyads,
because the simple model of Coriolis coupling and Darling-Dennison resonance starts to break down. The
effective Darling-Dennison parameter, K446, is found to increase rapidly with excitation of v4, while
many small centrifugal distortion terms have had to be included in the least squares fits in order to repro-
duce the rotational structure correctly. Fermi resonances become important where the K-structures of
different polyads overlap, as happens with the 2'3'B' and 3'B> polyads (B = 4 or 6). The aim of this work
is to establish the detailed vibrational level structure of the S;-trans state in order to search for possible
Si-cis ('A;) levels. This work, along with results from other workers, identifies at least one K sub-level of

every single vibrational level expected up to a vibrational energy of 3500 cm

-1

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

The electronic spectrum of acetylene attracts considerable
attention because of its many interesting dynamical aspects. Much
of the emphasis is on the lowest singlet excited state, S; (A'Ay),
where ab initio calculations [1-6] indicate that there is a compara-
tively low barrier to trans—cis isomerization and, at higher energy, a
conical intersection with the second singlet excited state, S,. Per-
turbations by triplet states are widespread in the S; state [7-14],
where the density of such perturbations depends on the specific
vibrations that are excited, and the onset of predissociation
[15,16] leads to interest in the mechanisms of the near-threshold
photodissociation of acetylene [2,3,17,18]. Moreover, the A'A,—X
1$F transition is very useful for reaching other regions of the elec-

g
tronic manifold of C,H, by double resonance because it is highly
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structured and the assignments of the prominent bands are well
understood. Many experiments of this type have been carried out
in order to characterize the higher vibrational levels of the ground
state [19-28], the Rydberg states [29-31], and the ground state of
the cation [32,33].

The first rotational analyses of the A—X system, over 50 years
ago [34-36], showed that C;H,, though linear in its ground elec-
tronic state, becomes trans-bent (point group C,y) in the A state.
Consistent with this, the most obvious feature of the vibrational
structure in absorption is a long progression in the trans-bending
vibration, v;. Since the transition is a Tt — 7" excitation there is also
a short progression in the C-C stretching vibration, v,. The spec-
trum is fairly simple at the long wavelength end, though at room
temperature there are many overlapping hot bands whose great
intensities follow from the change of geometry on electronic excita-
tion, in accord with the Franck-Condon principle. At higher energy
the spectrum becomes more complicated. The regular progressions
of the low energy region become irregular and various new progres-
sions appear. In order to understand them, and to interpret the
many dynamical aspects, it is necessary to establish the vibrational
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assignments as fully as possible, beginning with the fundamentals
and working up to the regions of interest.

The main features of the transition have been described in de-
tail by Watson et al. [37,38] Their spectra, taken at room tempera-
ture or cooled at —78 °C in a long-path absorption cell, mapped the
Franck-Condon active gerade vibrational levels of the A state. Some
years later the three ungerade fundamentals were established by
IR-UV double resonance [39,40], leaving only the v; fundamental
(C-H symmetric stretch) not securely assigned. The v; fundamen-
tal was finally detected recently [41], using laser-induced fluores-
cence from a jet-cooled sample, so that all the fundamentals have
now been analyzed rotationally.

Earlier jet-cooled experiments [42] showed that the spectra are
much richer than had been thought in the previous work, with
many weaker bands observable among the main progressions.
The weak bands are overtones of the low-lying bending vibrations,
v, (torsion, a,) and vj (in-plane cis bend, b,) together with combi-
nations of these with the gerade vibrations. A detailed study of the
overtone polyads has now been published [43], using data from
one photon excitation spectra and IR-UV double resonance. The
purpose of the present paper is to describe some of the combina-
tion polyads, which are of particular interest for the dynamics of
the trans—cis isomerization. The structures of the low-lying combi-
nation polyads are sufficiently similar to those of the overtone
polyads that secure assignments can be made. Together with levels
where only the totally symmetric vibrations are excited [37,38,41],
every vibrational level expected for the trans-bent A state of C;H,
up to a vibrational energy of 3500 cm™~' can now be accounted for.

It is found that the combinations of v; and vg are strongly
anharmonic [10], which appears to be associated with the ap-
proach to the trans—cis isomerization barrier. Stanton et al. [1]
and Ventura et al. [5] have performed ab initio calculations of the
isomerization pathway, and conclude that the molecule is half-lin-
ear at the barrier, meaning that one of the CCH angles is approxi-
mately 180° while the other remains at about 120°. This
structure corresponds to simultaneous excitation of the trans and
cis bending vibrations, v; and v, with roughly the same number
of quanta in each. The energy at the top of the barrier is calculated
to be about 4700 cm ™}, relative to the zero-point level. Because the
v4 and vy fundamental frequencies are comparatively large (1048
and 768 cm™!, respectively), levels near the isomerization barrier
might be observable as a result of anharmonic coupling. Although
the S;-cis state has electronic symmetry 'A, (so that transitions to
it from the ground state are forbidden), S;-cis state levels that have
tunneled through the isomerization barrier and picked up intensity
by interaction with nearby trans levels may appear, and should be
identifiable once all the vibrational levels of the S;-trans state have
been established.

2. Experimental details

The spectra reported in this paper were taken using the same
techniques as in Ref. [43]. A full description was given there, so
that only a summary is needed here.

Because of the g-u symmetry properties of the levels, and the
perpendicular polarization of the A—X transition (where
K — ¢" = 1), four sets of spectra had to be recorded in order to
establish the complete patterns of upper state levels with K’ = 0-
2. For the gerade vibrational levels of the A'A, state, the K’ = 1 rota-
tional levels could be reached in one-photon jet-cooled laser exci-
tation from the 2; (¢" =0) ground level of the molecule, while the
K'=0 and 2 levels could be reached from the v, fundamental (IIg,
¢"=1) using warmer jet conditions. Similarly, for the ungerade
vibrational levels, the K" = 1 rotational levels could be reached in
IR-UV double resonance experiments via the vj fundamental (X,

¢"=0), while the K'=0 and 2 levels could be reached via the
v3 + Vv, or v; + v combination levels (species IT,, ¢’ = 1).

Laser-induced fluorescence spectra of neat acetylene were re-
corded in an unskimmed free jet expansion from a General Valve
series 9 pulsed valve. The orifice diameter was 0.5 mm, and the
backing pressure about 200 kPa. The laser radiation was provided
by a Lambda Physik 3002E pulsed dye laser, frequency doubled
in a B-barium borate crystal. The spectra were detected with a
Hamamatsu R331 photomultiplier and frequency calibrated using
139Te, vapor. The warmer jet conditions for the V4 hot bands were
obtained by reducing the distance traveled by the molecules before
the UV laser excitation from ~30 to ~5 mm, and passing the laser
beam though the leading edge of the gas pulse, where the effective
vibrational temperature is higher.

The IR radiation for the double resonance experiments was pro-
vided by difference frequency generation in a LiNbOj3 crystal, using
a tunable dye laser in the near infra-red (740-790 nm, Lambda-
Physik FL 2002) and an injection-seeded Nd:YAG laser (Spectra-
Physics PRO-270) operating at 1064 nm. The IR output was ampli-
fied in a second LiNbOs crystal to a pulse energy of approximately
3 m], and its frequency monitored using a photoacoustic cell con-
taining 1.3 kPa of acetylene.

3. Theory

Again, a full description of the theory needed for the rotational
structure of the bending polyads was given in Ref. [43] so that only
a brief account is given here.

The spectra of the v, and vj fundamentals of the A state, re-
corded by Utz et al. [39] using IR-UV double resonance, showed
that these two fundamentals are almost degenerate, with frequen-
cies of 764.9 and 768.3 cm ™', respectively. They are also extremely
strongly Coriolis-coupled, both by a- and b-axis coupling. The over-
tones suffer in addition from Darling-Dennison resonance [44],
where the coupling parameter, K4466, has the unexpectedly large
value of —51.68 cm™! [43]. The various couplings have the effect
of almost completely invalidating the conventional harmonic oscil-
lator vibrational labels, and destroying the meaning of the projec-
tion quantum number K. Nevertheless, it is convenient to use a
harmonic oscillator-rigid rotator basis for calculations of the rota-
tional structure.

In a signed-k basis, the matrix elements of the rotation, Coriolis
coupling and Darling-Dennison resonance are

(v4 V6] k|H|v4 u61k>:[A%(B%)]kz+%<B+C>J(I+l>

(114vajki2|H\v4v6]k>:%(B—C)[](IJA)—k(ki])]”2[](]+1)—(ki])(kiZ)]”z
(va+106] kH| w4 v+ 1] k) =21ALQK[(04 +1) (26 +1)]/2
(va+106]k+1|H|vs v6+1]k) =B QU+ 1) —k(k+1)]"*[(v4+1)(v5+1)]'
(va U6+ 1] k|H|va+1 v6] k) = — 2iAL6Qk[(va +1)(vs +1)]'/?
(V4 Us+1Jk+1|H|va+1 v6J k) =—BEQUU+1) —k(k+1)]"?[(v4+1) (v + 1)

)
)
)
)

1 /
(va+2 6 — 2] k|H| va v6] k) =5 Kases (24 +1)(va +2) (s -1

(042 05+ 2] KIH| 2 6] K) = g Kases 0403 — 1) (054 1) (5 +2) 2 (1)

where Q is Mills’ abbreviation [45]

Q=2 {(va/ve)t+ (/0] @)
Since v, and vg are so nearly identical, ©Q is almost exactly 1. The
quantities A, B and Cin the first two lines of Eq. (1) are the rotational
constants of the vibrational level of interest; in lines 3-6, the quan-
tities 2A¢%s and B¢%, are coupling parameters, which in first approx-
imation are products of the Coriolis zeta constants and the
rotational constants, as indicated.
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The imaginary terms in the Hamiltonian matrix can be elimi-
nated by multiplying the harmonic oscillator basis functions by a
phase factor (i) before converting to an unsigned-K basis. The re-
sult is that all elements off-diagonal in the vibrational quantum
numbers carry negative signs. Because of the Ak =+ 1 matrix ele-
ments of the b-axis Coriolis coupling, the final matrices for each
J-value factor only into two sub-matrices, which can be given e-
and f-symmetry labels. The forms of these matrices have been dis-
cussed previously [43].

The various stretching vibrations involved in the combination
polyads described in this paper introduce considerable vibrational
anharmonicity. As discussed below, this anharmonicity causes the
simple model of Eq. (1) to break down, though the basic structures
of the polyads are not changed. We have not found a way to extend
the model to allow for the anharmonicity, and in our least squares
fittings we have had to introduce, somewhat artificially, a number
of centrifugal distortion terms and other corrections. These make
minor adjustments to the K-structure, of the order of 1-2 cm !,
which then allow the rotational levels to be fitted with reasonable
accuracy, though in some cases the values of these parameters are
wholly unreasonable. These terms should be considered merely as
fitting parameters, with no real physical meaning.

In this paper, we refer to the bending polyads using the notation
B". This notation means that the sum of the bending quantum
numbers, ¢, and v, for the vibrational levels making up the polyad
is n; for example the 2'B? polyad consists of the three vibrational
levels 2142, 2'476! and 2'62

4. Appearance of the spectra

Fig. 1 presents survey spectra of the A—X system of acetylene as
observed in jet-cooled excitation. The lower trace is the one-pho-
ton excitation spectrum from the ground vibrational level, which
shows the K' =1 levels of the Franck-Condon allowed (gerade)
vibrational levels together with some of the bands involving the
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bending overtones. These latter are so much weaker than the
Franck-Condon allowed bands that they are barely detectable at
the long wavelength end of the spectrum. Leading lines show the
positions of these vibrational levels. The upper trace shows the
ungerade vibrational levels, as seen in IR-UV double resonance ta-
ken via the P(1) line of the ground state v; fundamental (which
populates the J” = 0 level). In this spectrum, every A—X vibrational
band is reduced to a single R(0) line with K’ = 1. The spectra are
shown at the same horizontal scale, but displaced from each other
by the average frequency of the upper state bending vibrations, so
that the corresponding Franck-Condon allowed bands in the two
spectra are roughly aligned vertically. The IR-UV double resonance
spectrum becomes very complicated at about 46000 cm ™' and the
vibrational assignments at higher energy have not been completed.
Some one-photon bands are unavoidably present in these double
resonance spectra; these bands appear whenever the frequency
of the UV laser happens to coincide with an absorption band. They
are marked with asterisks in the figure.

Two points concerning the 3"B! polyads should be noted in
Fig. 1, upper trace. First, the splitting between the two members
of the polyads increases with excitation of v and, second, the low-
er members drop progressively below the corresponding one-pho-
ton bands. In these polyads the nominal 3"6' level always lies
below the nominal 3"4! level, providing clear evidence that the
combinations of v; and vy are highly anharmonic [10]. Both traces
in Fig. 1 show how the widths of the polyads, in energy terms, de-
pend on the number of bending quanta that they contain. This is a
result of the Darling-Dennison resonance term which, as Eq. (1)
shows, has a strong vibrational quantum number dependence.

Some of the low-lying stretch-bend combination polyads of the
A state have already been described by other authors. Specifically,
Mizoguchi et al. [10] reported analyses of the 32B' and 33B! poly-
ads, and quoted unpublished results for the 3'B! polyad. Steeves
et al. [41] have also given some details of the 2!B? polyad, since
it interacts with the v; fundamental. The present paper reports

3'B'
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] 3'B
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Fig. 1. Survey spectra of the A—X system of acetylene recorded with jet-cooling. (Lower trace) One-photon excitation spectrum from the ground vibrational level, showing

the K’
vibrational levels, taken via the J

one-photon bands excited by the UV laser alone.

1 levels of the Franck-Condon allowed gerade vibrational levels and some of the bending overtones. (Upper trace) IR-UV double resonance spectrum of the ungerade
0 level of the ground state v; fundamental. In this spectrum a vibrational band is reduced to a single R(0), K’

1 line. Asterisks indicate
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analyses of 2'B', 22B!, 22B%, 3'B2, 32B? and the pairs of interacting
polyads 2'3'B!/3'B3 and 2'3'B?/3'B*. We confirm the conclusion of
Mizoguchi et al. [10] that the combinations of v4 and vy are
strongly anharmonic, though we find that excitation of v, has only
a small effect on the structures of the bending polyads.

5. Combination polyads observed in IR-UV double resonance
5.1. The 2'B! polyad (2'4" and 2'6")

The 2'B! polyad has been observed in IR-UV double resonance,
with the IR laser tuned to individual P lines of the v§ IR fundamen-
tal (¢" = 0) torecord its K’ = 1 levels and to the Q branch head of the
v3 + v combination band (¢" = 1) to record its K’ = 0 and 2 levels. A
weak Coriolis-induced band going to the lower K’ = 3 level was also
found in the second set of experiments. The Q branch head of the
v3 + v} band is very compact, such that its first five lines lie within
the line width of the IR laser; the levels J” = 1f-5f can then be ex-
cited simultaneously. This reduces the time for data collection,
but loses the J-selectivity of double resonance. However the line
assignments could be made without difficulty by combination
differences.

The structure of the 2'B! polyad is similar to that of the B' poly-
ad analyzed by Utz et al. [39], the main difference being that the
216! level lies 9.6 cm™! above the 2'4! level, whereas 6! lies only
3.4 cm™! above 4'. This is in contrast to the 3"B! polyads, where
the v; member always lies below the v, member [10]. There is
no doubt about the assignments because the branch structures
are unambiguous. Seen in double resonance via the f-symmetry
component of the vs + 14 combination level, the 2'6" level (b, sym-
metry) gives a K’ =0 sub-band with R and P branches, while the
K' =0 sub-band of 2'4' (a, symmetry) has only a Q branch.

44440
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- 1.05JJ+1)
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Fig. 2. Reduced term value plot of the 2'B! polyad, where the upper state energy
levels, less 1.05 J(J+ 1), are plotted against J(J+1). a-Axis Coriolis interaction
between the two K’ = 1 levels pushes the lower K’ = 1 level (nominally 2'4') below
its K’ = 0 level; b-axis Coriolis coupling between this K’ = 1 level and the two K’ =0
levels is responsible for the curvatures in the plots. Points represent observed
levels; lines are calculated from the results of the final least squares fit.

Fig. 2 is a reduced energy level plot showing the assigned upper
state term values together with the patterns calculated from the fi-
nal least squares fit, described below. The strong b-axis Coriolis
coupling between the two K=0 levels and the lower K=1 level
is evident in the curvature of the plots for those levels. Interest-
ingly, the largest asymmetry splitting occurs in the lower K =2 le-
vel, presumably because of the proximity of the 2'6', K=0 level.
The asymmetry splittings of the two K=1 levels are smaller than
expected for the A state. In the absence of the a-axis Coriolis cou-
pling, these two levels would have equal and opposite asymmetry
splittings, each about twice as large as is found. The a-axis Coriolis
coupling between them results in partial cancellation of their
splittings.

The 2'B! polyad lies just below the B polyad and, with the
strong a-axis Coriolis coupling pushing the uppermost level of each
K value some distance above the others, the upper K =2 stack of
the 2'B! polyad lies only 40 cm~! below the lowest K = 2 stack of
the B® polyad. Obviously there must be Fermi resonance between
the polyads, but the small shifts that result can be absorbed into
sets of effective parameters for them.

The seven observed K-stacks of the 2!B! polyad have been fitted
by least squares to the Hamiltonian of Eq. (1). The resulting param-
eters are given in Table 1. To allow for the Fermi resonance with
the B? polyad, a centrifugal distortion correction to the a-axis Cori-
olis constant, called D(2A(3 )k, was added to the parameter set. It
reduced the r.m.s. error by about 30%. The rotational and Coriolis
constants are found to be very similar to those determined by
Utz et al. [39] for the B! polyad, though this is possibly fortuitous
since there are extremely strong correlations between the two A
rotational constants and the a-axis Coriolis parameters. We note
that the mean of the two A constants, 12.894 cm™!, is almost iden-
tical to the A constant of the 2! level, 12.902 cm~'. With the rota-
tional constants taken from the 2! level, the zeta sum rule [37],

((36)° + () =1, 3)

holds very well, with the sum of the squares of the derived zeta
parameters equal to 1.026. The upper state term values used in
the fit are listed in the Appendix.

5.2. The interacting 2'3'B" and 3'B? polyads

Low resolution spectra of the overlapping 2'3'B! and 3'B> poly-
ads taken by IR-UV double resonance via the v§ fundamental
showed that there are seven K’ =1 stacks present, although only
six are expected. We have therefore gone to some length to obtain
a full analysis in order to clarify the vibrational assignments. It
turns out that the “extra” stack is the highest of the seven in

Table 1
Rotational and Coriolis constants from a least squares fit of the A, 2'B! polyad. Values

in cm~.

To (2'4") 44336.08 + 0.04 A2'4") 11.411 +0.50
To (2'6") 4434569 + 0.03 15(B+C) 1.0750 + 0.0027
2A0%s 17.928 £0.13 B-C 0.1080 + 0.0090
Bibg 0.821 +0.009 A2'6") 14.376 +0.50
D(2A%% )k —0.0902 * 0.045 15(B+C) 1.0601 +0.0033
Ax 0.0060 + 0.0027 B-C 0.0813 £ 0.0078

r.m.s. error: 0.0201 cm™!

The a-axis Coriolis coupling is defined as 2A¢%s + D(2AL%6 )k K2
4 = 0.695, ths = 0.737.
The centrifugal distortion parameter Ay is assumed to be the same for 2'4' and
2161

The following correlation coefficients have absolute values above 0.95:

A(2'4")/A(2'6") ~0.998 2AL46[D(2AL6 )k DB
A(2'4")[2A%5 0.987 A(2'4")[D(2AL%6 )i 0.988
A(2'6")/2A% —-0.981 A(2'6")/D(2AL% )k —0.994
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energy, and lies 8.2 cm™! above the topmost K’ =1 stack of 3'B°.
There is no obvious vibrational assignment for the “extra” stack
within the manifold of the S;-trans (A!A,) state because every
vibrational level expected in this energy region has been observed.
Either it belongs to the S;-cis state, or it belongs to a higher S;-trans
polyad where anharmonicity has pushed one of the component
levels down by a huge amount. In either case it presumably inter-
acts with the 3'B3? levels, causing an energy shift, though this is
hard to quantify.

The structure of the 2'3'B! and 3'B? polyads is distorted be-
cause the v;/v; anharmonicity has a strong effect, particularly on
the 3'B* polyad. Excitation of the v} vibration causes the vibra-
tional level with the largest value of v (3'6%) to drop considerably
below the rest of the polyad. The result is that the lowest energy
K-stacks of the 3'B® polyad lie in the low-K region of the 2!3'B!
polyad. A further complication is that there is non-negligible Fermi
resonance between the two polyads.

The two interacting polyads have been recorded by IR-UV dou-
ble resonance, using rotational levels of the v4 fundamental and
v3 + v combination level as intermediates, as described above for
the 2'B! polyad. Most of the analysis was carried out from spectra
taken via the Q branch of the v; + v} band, which gave the whole
J' = 1f-5f spectrum in one recording, with consistent calibration.
The line assignments could be made by combination differences,
assisted for the crowded regions by spectra taken via the P(3) line
of the v3+Vv, band (populating J”=2e). Various “one-photon”
bands, excited by the UV laser alone when its frequency happens
to coincide with an unrelated absorption band, could be distin-
guished by comparing the Q- and P-pumped spectra.

Fig. 3 shows the rotational energy level structure of the two
polyads, less 1.05 j(J+1)cm™!, plotted against J(J+ 1). Every as-
signed K-stack is shown, except the highest K’ = 2 stack, which lies
off the top of the figure near 45712 cm~'. The K values of the var-
ious stacks, as given by the first lines of the branches, are marked
in two columns, one for the 2'3'B! polyad and the other for the
3'B3 polyad. The process of assigning the K-stacks to the polyads
was complicated by the Fermi resonance and by the fact that some
of the weaker sub-bands were not found until the late stages of the
analysis.

Sizeable interactions occur among the levels in the central part
of the structure. The most unexpected is the group of interacting
K=1, 3 and 4 levels near 45500 cm™'. Their spectrum is shown
in Fig. 4, as seen in double resonance via the Q branch of the
v3+ Vv, band. None of these levels should have given bands in
Fig. 4 according to the selection rule K’ — ¢’ = +1, since the inter-
mediate level has ¢’ = 1. It appears that the intensity comes from
the very intense K’ = 0 bands near 45540 cm™!, and is transferred
to the K’ =1 band by b-axis Coriolis coupling. The rotational level
pattern shows that the K’ = 3 stack gets its intensity by a combina-
tion of b-axis coupling with nearby K =2 stacks and asymmetry
mixing with the K’ = 1 stack. Finally the K’ = 4 stack interacts with
the K’ =3 stack, again by b-axis coupling. Surprisingly, the K' =3
stack does not appear in double resonance spectra taken via the
v4 fundamental (¢” =0), although the K =4 stack gives quite
strong lines. Evidently the K quantum number loses its meaning
completely in the presence of the strong b-axis coupling. A similar
situation was noted by Utz et al. [39] in their analysis of the B'
polyad.

An interesting avoided crossing occurs between the K’ = 1 and 2
stacks near 45460 cm™!, illustrated in Fig. 5. In zero order the
stacks belong to different polyads, and have B values such that they
cross through each other between J=5 and 6. The minimum en-
ergy separation, which represents the strength of the Fermi reso-
nances, is 1.36 cm~'. A similar perturbation occurs between the
K'=2 and 3 stacks near 45420 cm™!; there is clearly an avoided
crossing, since the intensity is progressively transferred from the

2'3'g! 3'B°
K=

45620

45610 3
455504 . 0e ., .

E/cm ™!
-1.05J(J+1)

M
45500 ——
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.
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Fig. 3. Energy levels of the interacting 2'3'B' and 3'B? polyads, less 1.05 J(J + 1),
plotted against J(J + 1). The nominal K values of the rotational levels, as obtained
from the first lines of the relevant branches, are indicated in two columns; left
column, 2'3'B' polyad, right column, 3'B*> polyad. Several avoided crossings
between the K sub-levels occur in the central part of the figure. Points are observed
rotational levels, lines are calculated from the results of the final least squares fit.

All the observed K sub-levels are shown, with the exception of the highest K' =2

sub-level, which lies near 45712 cm™ .

nominal K’ =2 stack to the nominal K’ = 3 stack with increasing J,
but the rotational levels diverge starting from the lowest J values.
The lowest K' = 3 stack of the 3'B? polyad, near 45450 cm™!, could
not be identified, although most of the other K’ = 3 stacks appear
weakly. However its presence is shown by the avoided crossing
with the K’ = Oe stack immediately below, where the J =7 level is
out of place.

Occasionally the rotational structures of two K-stacks cross
through each other without a noticeable perturbation occurring.
An example is the crossing between the upper K =3 stack of
2131B! and the upper K’ = 0f of 3'B> near 45540 cm™'. There are
no measurable shifts at the crossing, and calculations of the level
structure show that the shifts will be less than 0.01 cm~'. Another
example is the crossing of the upper K’ = Oe and the lowest K’ = 5 of
3'B3 (not shown in Fig. 3) at J=7; no measurable shifts are
expected.

A few of the sub-bands, such as the upper K’ = 0f sub-band of
the 3B polyad illustrated in Fig. 4, show evidence of perturbations
by triplet states. These take the form of small splittings of the lines
into two or three components spread over up to about 0.4 cm™'.
The lines involved were not included in the final data set.

The results of a least squares treatment are given in Table 2. The
levels of the 2'3'B! polyad were modeled with rotational constants
A, ¥5(B+ C) and B-C for the two vibrational levels, together with
Coriolis constants 2A%; and B¢%. The operators for the Fermi res-
onances were taken as

H = k244Q2Q5 + k265Q2Q5, (4)

which give matrix elements
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Fig. 4. The region 45485-45554 cm™~' in the IR-UV double resonance spectrum of acetylene, showing seven overlapping sub-bands with K’ = 0-4. The IR laser was tuned to
1f-5f levels simultaneously. Some small splittings resulting from triplet perturbations can be seen in the
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Fig. 5. The region 45415-45484 cm™! in the double resonance spectrum of acetylene, showing six overlapping sub-bands. This figure is a continuation of Fig. 4 to lower
frequency. Below 45436 cm ! the intensity scale of the spectrum has been expanded by a factor of 15 to show the weaker sub-bands in that region.
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Table 2

Rotational constants from simultaneous least squares fits of the 2'3'B' and 3'B* polyads of the A'A, state of acetylene. Values in cm

1

To (213141) 45369.82 +0.11 T, (3'43) 45502.16 + 0.71
To (2'3'6") 45364.12 +0.11 To (3'4%6") 45517.43 +0.17
2AU% (2'3'BY) 20.971 £ 0.057 To (3'4'62) 45487.64 + 0.67
B (2'3'BY) 0.7644 +0.0108 T, (3'6%) 45417.73 +0.23
A (213141) 10.709 + 0.228 v —57.865 +0.123
(B +C) 1.0784 + 0.0048 Kaa66,0K 0.077 £ 0.092
B-C 0.1235 +0.0171 247 (3'B) 20.596 + 0.050
A (21316") 16.796 + 0.236 B3 (3'B%) 0.7788 + 0.0084
1(B + C) 1.0545 + 0.0036 A (3'4%) 13.582 +0.321
B-C 0.0868 £ 0.0153 (B +C) 1.0755 + 0.0036
D(2A% )k (2'3'BY) —0.2701 + 0.0393 B-C 0.0934 +0.0171
A (3'4%6") 13.231+0.136
o ~7.36+1.14 A (3'4'6%) 14.730 + 0.322
kass 8.702 +0.150 A (3'6%) 14.873 + 0.080
1%5(B+C) 1.0780 + 0.0042
B-C 0.1532 £ 0.0180
D (2A%¢)k (3'B%) —0.0589 + 0.0075
Ag (3143) 0.0689 + 0.0243
Ak (3'63) —0.0909 + 0.0240
Rovapsiag —0.0035 +0.0015
r.m.s. error: 0.0453 cm™!
Error limits are three standard deviations.
The following correlation coefficients have absolute values above 0.95:
A (2'3'41)/A (23'61): 0.998 A (2'3'4")/D (2AL% )k (2'3'B): 0.994
To (3'4%)/To (3'416%): —0.985 A (21316")/D (2AL% )k (213'B): —0.991
A (3'43)T, (3'4%): -0.975 A (3'43)/T, (3'4'6%): 0.981
Ax (3'43)/ A (3'63): —0.982

The J' = 0 levels of the vibrational states are calculated to lie at

e-symmetry: 45369.48 cm~! (2'3'4!); 45444.27 and 45545.87 cm~! (3'4'62 and 3'4%).
f-symmetry: 45362.99 cm~! (2!3'6); 45397.81 and 45538.50 cm~' (3'6> and 3'4%6").

The differences between these values and those in the body of the table arise from the Fermi and Darling-Dennison resonances.

2'3'4' \H\3143> - %\@km
1
2'3'4" \H\314162> = 5 kass

2'3'6' \H\3163> - %\/ikm

{
{
{
<213161 \H\314261> = %km.

As explained following Eq. (2), the transformation that makes the
Coriolis matrix elements real changes the signs of the kg terms
in Eq. (5), making them negative.

The v} /v, anharmonicity complicated the fit of the 3'B® polyad.
It was found that the various avoided crossings in the J-structure
could not be fitted satisfactorily until the K-structure was repro-
duced correctly, but in order to do this it was necessary to float
the A constants for each of the four vibrational components, and
introduce a number of centrifugal distortion parameters. Some of
these have unreasonable values, and should be treated just as fit-
ting parameters, without physical meaning. The Ax parameters
are a case in point. The parameters Ag(3'4%) and A(316>) were fit-
ted by least squares, with the values of the A parameters for the
other two vibrational levels of the polyad interpolated between
them. The final values are far larger than expected, of opposite sign
and also strongly correlated. Another unreasonable value is that for
the parameter D(2A({% )« of the 2'3'B! polyad. For the J-structure of
the 3'B> polyad, the parameters %4(B + C) and B-C for the 3'4% and
3163 levels were fitted, with the values for the other vibrational
levels interpolated between them.

It was sometimes difficult in the least squares treatment to
match the observed and calculated energies, particularly at the
avoided crossings. The procedure adopted was to sort the energy
levels by their nominal K values, which were then placed in
ascending order. At the final stages, when the pattern of the
K-structure had been established, the levels of each J and e/f

symmetry were indexed by their energy order. This method copes
with the avoided crossings very well, but breaks down if a large
change in a parameter interchanges the energy order of two K-
stacks. In the end, 216 rotational term values from 24 K-stacks
were fitted with 33 parameters, giving an r.m.s. error of
0.045 cm™ . It is very clear that the simple model of Eq. (1) is start-
ing to break down for these polyads. The line measurements are
probably good to better than 0.03 cm™! but, if no centrifugal dis-
tortion terms are included, the best fit to Egs. (1) and (5) gives
an r.m.s. error of about 0.12 cm™'. Nevertheless, with the centrifu-
gal distortion terms included, the courses of all the avoided cross-
ings are reproduced with good accuracy. The upper state term
values are listed in the Appendix.

One of the reasons for trying to get a good fit to the structure
was to determine the Fermi resonance parameters, since these
are important for extending the vibrational assignments to higher
energy. It was found that the parameter kyg¢ is quite well deter-
mined, though k44 is more approximate. Their absolute signs are
not determinable, but their relative signs are opposite. To some ex-
tent their values must depend on the centrifugal distortion terms
that were added in order to fit the K-structure. However, it was
found that the value of kg6 did not vary much from 8.7 cm™! as
these various terms were included.

As indicated at the beginning of this Section, the strong v} /v
anharmonicity causes the 3'6° basis level of the 3'B> polyad to
drop a long way below the other three basis levels (see Table 2).
As a result, the Darling-Dennison resonance between the 3!6°
and 3'426! levels causes only a modest shift of 20 cm™! (as can
be seen from the calculated J = 0 energies in Table 2). On the other
hand, the 3'4° and 3462 levels, which lie quite close in zero order,
interact strongly, such that the nominal 34> state ends up as the
top member of the polyad, 7 cm~! above the nominal 3'4%6! state.
These two states form an a,/b, pair, of the type described in Ref.
[43], which demonstrates the development of vibrational angular
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momentum patterns in the higher bending polyads. However the
effect is not as marked when v} is excited, compared to the pure
bending polyads, because the v;/v; anharmonicity distorts the
polyad structure.

5.3. The 2°B' polyad

The 22B! polyad lies immediately above the 3'B> polyad which,
as just described, contains an “extra” K’ = 1 stack. Another “extra”
K-stack (this time with K’ = 0, a, symmetry) lies at 45735 cm™?, just
above the predicted position of the 22B! polyad. It therefore be-
comes important to locate the 22B! polyad securely, in order to
be sure that the “extra” stacks are not related to it. The 22B! polyad
is expected to be much weaker than the 2'B! polyad, since the 25
band (which was only found recently [41]) is much weaker than
the 2§ band. We have searched for the K' =0 and 2 levels of the
22B! polyad using IR-UV double resonance. Despite the poor sig-
nal-to-noise ratio it seems that the K’ = 0 sub-band of 226! can be
definitely identified, and the upper K’ =2 sub-band of the polyad
possibly so. There is still some doubt about the 224! level.

The lines used for the IR pumping were isolated P branch lines
of the v; + v} combination band. These populate the e-symmetry
rotational levels of vs + v, such that levels of the A state with b,
vibrational symmetry give Q branches in IR-UV double resonance,
and upper states with a, symmetry give R and P branches. The 226"
(by), K =0 sub-band, which appears as a weak Q branch at
45702.8 cm™!, is within 0.1 cm™! of where it is predicted, based
on anharmonicity constants derived from the known positions of
21, 22 and the bending polyads B' and 2'B'. The anharmonicity
constants predict the 224! (a,), K'=0 sub-band to lie at
45687 cm™!. We have found nothing with the correct appearance
near there, though a possible P and R branch pair lies at
45704.5cm™!, some 17 cm™! higher than predicted. This region
is dominated by very intense lines from the highest K’ = 2 sub-band
of the 3'B> polyad, and it could be that artifacts of the blending
have confused the assignments, despite the use of J’-selected
double resonance. The K' =1 sub-bands of the 22B! polyad are
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not expected to appear in double resonance via an ¢’ = 1 interme-
diate level, and have not been looked for.

A calculation of the K’ = 2 sub-band energies, based on the pre-
dicted K' =0 origins, together with rotational and Coriolis con-
stants from the 2!B! polyad, places them at 45705 and
45780 cm™ . Nothing assignable as K’ = 2 appears at the lower en-
ergy, but K’ = 2 sub-bands are found at 45777.9 and 45790.8 cm™".
It seems that the lower sub-band belongs to 22B! in zero-order,
while the upper K’ = 2 state is associated with the “extra” K’ = 0 le-
vel at 45735 cm™'. No least squares fitting has been attempted for
the 22B! polyad, since only three fragmentary sub-bands have been
assigned. The upper state term values are listed in the Appendix.

The v, member of the various B' polyads is always weaker than
the v; member, so that it is perhaps not surprising that we could
not identify the 224!, K’ =0 sub-band securely. Nevertheless the
good agreement of the position of the 226!, K’ = 0 sub-band with
the prediction from the anharmonicity constants suggests that
there is nothing unusual about the 22B! polyad. The “extra” K
stacks at 45623 cm™! (K’ =1) and 45735 cm™! (K’ =0, a,,) therefore
appear not to belong to the 22B' polyad.

6. Combination polyads observed in one-photon laser excitation

With the a-axis Coriolis coupling disrupting the asymmetric top
K-structure so severely, it is not possible to get a satisfactory least
squares fit to a bending polyad without data from K’ =0, 1 and 2
stacks. As described above, two sets of experiments are needed
to provide such data for the gerade bending levels, because of the
rotational selection rule K’ —¢" = +1. The K =1 levels can be re-
corded in jet-cooled laser excitation spectra from the ground vibra-
tional state, where ¢’ = 0, but to record spectra of the K’ =0 and 2
levels it is necessary to warm the jet so that there is sufficient pop-
ulation in the v fundamental, where ¢” = 1. High sensitivity exper-
iments with a cold jet have been carried out for the region up to
47000 cm™!, though with decreasing efficiency at the highest fre-
quencies because of predissociation. Experiments with a warmed

jet have so far not been attempted beyond 46000 cm™'.
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Fig. 6. Low frequency part of the 3'B? polyad of acetylene, as seen in jet-cooled laser excitation from the ground vibrational level. The comparatively intense, and very
strongly red-degraded K = 2-0 sub-band near 44719 cm™' gets its intensity by b-axis Coriolis coupling with the K = 1-0 sub-band near 44733 cm™". The intensity scale of the
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spectrum has been expanded by a factor of 25 at the high frequency end in order to show the weak Coriolis-induced K = 2-0 and 0-0 sub-bands near 44760 cm™".
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6.1. The 3'B? polyad

The 3'B? polyad, near 44700 cm !, has the simplest spectrum of
all of the B?-type polyads observed in one-photon LIF. It lies at suf-
ficiently low energy that it does not suffer from overlap with other
polyads, while the anharmonicity between modes 3 and 6 causes
the lowest member of the polyad (nominally 362) to drop well be-
low the other members. Compared to the B? polyad, the anharmo-
nicity greatly reduces the damaging effect of the b-axis Coriolis
resonance on the qualitative appearance of the spectrum. All three
K’=1 bands are readily recognizable and sufficiently free from
overlap with other bands to allow straightforward rotational anal-
yses. The low frequency part of the polyad, as seen in laser excita-
tion from the ground level, is illustrated in Fig. 6. The lowest two
K’ =1 bands lie between the intense 334;, =-IT and A-IT hot bands.

There is in fact a systematic coincidence between the strong hot
bands of the type 3"4; and weaker cold bands going to the 3" 2B
polyads. This can cause confusion when low resolution spectra are
examined. For example, in the survey spectra of Ref. [42] there are
bands with barely detectable intensity close to the expected posi-
tions for B? and 3'B2. Upon closer inspection, despite the low tem-
perature of the free-jet expansion, the positions of these bands are
found to match those of the known 3"4, hot bands and do not cor-
respond to polyads formed from the low-frequency bending
modes.

There are no low-] avoided crossings between the K stacks of
the 3'B? polyad members, but the b-axis Coriolis resonance is suf-
ficiently strong that, despite the rotational selection rule
K' — ¢" = £1, seven of the nine K’ = 0-2 levels of the polyad appear
in the cold jet spectrum; the exceptions are the middle K’ = 0 level,
which has b, symmetry, and the highest K’ =2 level, which is ex-
pected to lie 85 cm~! above the highest K’=1. As a result of the
a-axis Coriolis interactions, the lowest vibrational level of the poly-
ad has very compressed K-structure, with its K’=2 sublevel only
16 cm~! above its K’=1. The K’=2 sub-level is strongly affected
by b-axis Coriolis resonance with the second K’=1, so that the R
branch going to it (near 44722 cm™!) appears very compact in
the spectrum. As Fig. 6 shows, the R(1)-R(6) lines fall within a span
of only 2.5 cm™!.

The middle K’ =2 sub-band and the uppermost K’ =0 sub-band
appear in Fig. 6 as a result of the Coriolis interactions. Spectra re-
corded in a warmed beam confirm their assignments, but do not
give evidence for any new sub-bands. The sub-band terminating
on the highest K’ =2 level is predicted to lie hidden under the very
intense 3(2,, K' =1 cold band, and has not been searched for.

The observed rotational term values of the seven observed K-
stacks have been fitted to a Hamiltonian of the same form as that
used for the B? polyad. The results of the fit are given in Table 3.
Despite the lowering of the 3162 level by the v /vj anharmonicity,
no additional centrifugal distortion parameters were required to fit
the data to within the measurement uncertainty. Comparing the
parameters for 3'B and B?, the most significant difference is the
10% increase in the parameters K446 and 2A{® on excitation of vj.

Table 3
Rotational and Coriolis constants from a least squares fit of the A, 3'B? polyad. Values

To (3'6%) 44708.96 +0.13 A (3'6?) 14.238 + 0.073
T, (3'4?) 44748.83 +0.13 15(B + C) 1.0757 +0.0012
To (3'4'6") 44749.61 +0.03 B-C 0.1153 +0.0026
2Als 20.625 £ 0.017 A (3'4?) 14.055 + 0.069
Bl 0.784 + 0.005 1%(B + C) 1.0772 +0.0010
Kaass —60.101 + 0.166 B-C 0.1070 + 0.0029

r.m.s. error: 0.032 cm™!

The J/ =K' =0 levels are calculated to lie at 44692.84 (3'62), 44749.61 (3'4'6') and
44764.96 (3'4%) cm .
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Fig. 7. Observed and predicted rotational level structure at the perturbation
between the K’ = 3 stacks of the 2'3" and 3'B? polyads, plotted against J(J + 1). The
predicted zero-order level positions, as obtained from least squares fits to lower-K
stacks, are shown in the centre of the figure; the observed levels (from measure-
ments communicated to us by Dr. J.LK.G. Watson) are shown at the top and bottom
of the figure.

The B¢ parameter undergoes a corresponding, but smaller percent-
age decrease. Although the addition of one quantum of v} restores
some of the regularity of the observed spectrum, it only slightly re-
duces the degree of mixing of the 3'4? and 3'62 normal mode basis
states in the final vibrational eigenstates. The reason for this is that
the anharmonic shifts that separate the zero-order states are
mostly offset by the larger value of the Darling-Dennison parame-
ter, Ky466.

After the measured K’ = 0-2 stacks had been fitted, it was no-
ticed that the lowest K’ = 3 sublevel of 3'B? was predicted to lie at
almost exactly the same energy as the K’ = 3 sublevel of 2'3!, which
had been reported as perturbed by Watson et al. [37] The near-
degeneracy is quite striking: the predicted values given by Watson
et al. for 23! K’=3, based on fitting the unperturbed K’=0-2
sublevels, coincide with the predictions of our model for the K’ =3
sublevel of 3'B? to better than 0.5 cm™!. On this basis, we can
now assign the lowest K’ = 3 sublevel of 3!B? as the perturbing part-
ner to 213! K’ =3. Watson et al. [37] noted that this perturbation
was the lowest energy perturbation that they found in the A state

A reduced term value plot for the perturbed levels is given in
Fig. 7. The predicted term values of 3'B? and 2'3! are shown, to-
gether with term values derived from measured line positions that
were communicated privately to us by Dr. J.K.G. Watson. The ob-
served components of the doubled band lie approximately
6.4 cm™! apart and are symmetrically distributed around the pre-
dicted zero-order positions, indicating a coupling matrix element
of about 3.2 cm™'. An independent estimate of this value can be
obtained from the anharmonic parameters k44 and kogg derived
from the interacting 2'3'B'/3'B> polyads (see Table 2). The eigen-
function of the lowest J’ = K’ = 3 state, considering just the Darling—
Dennison and a-axis Coriolis interactions, and allowing for the
phase factor for the u5 levels, is

I3'B%, K = 3,I) = 0.62|3'4%) + 0.70i]3'4'6") — 0.35[3'6%). (6)

The Fermi resonance matrix element has only two terms, by
symmetry:

<2131 IH3'B%, K = 3,1> - O.62<2131 \H\3142> 70.35<2131 \H|3]62>,
(7)
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where the two integrals on the right hand side are %2 kp44 and %2
kog6, respectively. Taking ko4 = 7.36 and kagg = 8.70 cm™! from Ta-
ble 2, we obtain

<213l IH3'B*, K = 3,1> - 38cm . (8)

Total agreement is not expected, in view of the uncertainties in the
determination of the k44 and kg parameters, but the agreement
with the (unsigned) value of 3.2 cm™! from Fig. 7 seems very rea-
sonable. The fact that the observed matrix element is small com-
pared to kzss and kzes themselves is explained by the large
amount of |3'4'6') character in the eigenfunction of Eq. (6), which
does not contribute to the Fermi resonance matrix element.

A further perturbation in a single rotational level should be noted
here. The J' = 2e level of the highest K’ = 1 member of the 3'B? polyad
exhibits quantum beats with nearly 100% modulation and a beat fre-
quency of approximately 5 MHz. The large modulation depth com-
bined with a slow beat frequency implies a weak interaction of
<0.002 cm™ . It is not surprising then, that the adjacent lines in the
band appear to be unaffected by the perturbation and exhibit regu-
lar fluorescence decays. In hindsight we note that the R(1) line of this
sub-band is very slightly asymmetrical, but this would not have
been noticed without the quantum beat information. The perturb-
ing state is presumably a member of the triplet manifold.

6.2. The 3°B? polyad

The spectrum of the 32B? polyad is centered near 45700 cm~!, a
region dominated by intense bands terminating on the 2'32 vibra-
tional level. The 32B? polyad bands are themselves significantly
more intense than the other B2-type polyads described in this
work, a fact that is consistent with the observed trend of increasing
intensity with higher excitation in the Franck-Condon active trans-
bending mode, v;. As a result, bands terminating on two of the
three K’ = 1 levels of the polyad can be seen in the survey spectrum
of Ref. [42], where the upper state of the band at 45811 cm™! is la-
beled as 3242
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The 32B? bands look quite similar to those of the 3'B? polyad de-
scribed above. There are no low-/ avoided crossings between the
polyad members, so the rotational assignments of the states are
not complicated by b-axis Coriolis interactions. The most obvious
feature is the relatively intense 45811 cm™! band, which goes to
the highest K’=1 level. The sub-band terminating on the middle
K’ =1 level, at 45726.12 cm™!, is nearly coincident with a hot band
at 45726.93 cm ! terminating on 3% K’ = 2, but is easily recognized
from its intensity and the contrast between its fluorescence life-
time and that of the overlapping band. Coriolis-induced bands
going to the middle K’=2 and the highest K’ =0 levels lie in the
clear and are readily recognized. The lowest K’ =0 sublevel of the
32B? polyad was located using spectra recorded with a warmed
beam. Despite severe blending, the K=0-1 sub-band was found
to lie near 45032 cm™!, in the tail of the K =0-1 hot band of 2132,

The lowest energy K'=1 member of the polyad, at
45653.24 cm™!, was significantly more challenging to identify be-
cause of overlap by no less than four other sub-bands. These four
are the tail of the intense 2'32, K’=1 sub-band, its accompanying
K’ =0 axis-switching band, the analogous K' =1 transition of
H'3C'2CH and the 34,4, K = 0-1 hot band. The bands are illustrated
in Fig. 8. Once the lines of these four bands are accounted for, only
a few strong isolated lines remain, in particular the series at
45655.31, 45657.20 and 45658.83 cm ™. Since no clear combina-
tion differences could be found to number these lines, stimulated
emission pumping spectra (SEP) were recorded using their upper
states as the intermediate levels. Specifically, spectra were re-
corded to the [Nj.nance = 13, Nigecen = 1] Polyad of the ground
state, which lies near 8300 cm~! [46]. This region was chosen be-
cause it was known that the 45811 cm™! level emits strongly to
this polyad, and it was assumed that the other 32B? levels should
do so as well, though not necessarily to the same vibrational
components.

Because the vibration-rotation structure of the electronic
ground state of acetylene is well understood, the patterns in SEP
spectra [47] can be used to label the rotational level of the A state
used as an intermediate. In particular, in the absence of

45630 45635 45640 45645

45650 45655 45660 45665

E/cm™

Fig. 8. The lowest 32B2, K’ = 1 sub-band of acetylene, overlapped by four other sub-bands. The strong structure is the tail of the 232, K = 1-0 sub-band; weaker lines belong to
the H'3C'?CH isotopologue, the 2§37, K = 0-0 axis-switching sub-band, and a hot band terminating on 3.
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Table 4
Rotational and Coriolis constants from a least squares fit of the A, 32B? polyad. Values

incm™.

T, (3262) 45653.95 + 0.40 A (3%62) 16.178 +0.208
T, (3%4%) 45756.86 + 0.40 15(B+C) 1.0808 +0.0021
T, (32476") 45736.07 £ 0.02 B-C 0.1080 + 0.0043
2A0% 23.559 £ 0.112 A (3242 14.611 +0.212
Bk, 0.808 +0.014 15(B+C) 1.0727 £ 0.0012
% s ~66.502 0.122 B-C 0.0989 + 0.0027

r.m.s. error: 0.024 cm™!

The J/ =K' = 0 levels are calculated to lie at 45644.14 (3%6%), 45736.07 (3%4'6') and
45766.67 (3%4%) cm ™.

axis-switching or accidental coincidences, the SEP spectrum via a
J' > 2 R-branch PUMP transition contains 5 lines terminating on
rotational levels of the X; (¢’ = 0) and Ag (¢" = 2) components of
every ground state vibrational level to which transitions are al-
lowed. Q-branch PUMP transitions (J' > 2) give rise to 4 lines in
the SEP spectrum. At lower values of J, there are fewer lines be-
cause of the restriction J > ¢’. In all cases, the upper-state assign-
ment follows from the final-state combination differences
observed in the spectrum. The three isolated lines in the LIF spec-
trum described above could be identified as R(0-2) since their SEP
spectra contain intervals of approximately 6B”, 10B”, and 14B’,
where B’ is the rotational constant for the ground vibrational level
of C,H,. Once the R branch of the 45653 cm™! band had been rec-
ognized, the P and Q lines could be picked out, though in many
cases they are severely blended. In particular the Q(1) line, at
45652.91 cm™!, coincides with the P(8) line of the strong 2'32
K’ =1 band. The assignment of Q(1) has been confirmed by record-
ing an SEP spectrum using it as a PUMP transition.

The six observed sublevels of the 32B? polyad (of the nine with
K=0-2) have been fitted to the Hamiltonian given in Eq. (1). The
results of the fit are given in Table 4. Addition of a second quantum
of v continues the trend noted in the 3'B? polyad: the Darling-
Dennison and a-axis Coriolis coupling parameters increase yet fur-
ther, while the b-axis coupling is slightly reduced. The increase in
the Darling-Dennison parameter is more than offset by the

A.H. Steeves et al./Journal of Molecular Spectroscopy 256 (2009) 256-278

increased separation of the 3242 and 3262 basis states as a result
of anharmonicity, so that the mixing of the basis states by the Dar-
ling-Dennison resonance is actually less than it is in the B? polyad.
To be exact, the J=K =0 eigenstates receive over 90% of their
character from a single basis state. The fit model indicates only
slightly more mixing for the lowest J’=K’'=1 eigenstate, though
the upper two states form a very strongly Coriolis-coupled ag/bg
pair.

A further advantage of SEP spectra is that they give the distribu-
tion of b, vibrational character among the polyad members. Since
ag and b, correlate, respectively, with the Zg and %, Tepresenta-
tions of D p,, the Franck-Condon-allowed levels of the A state, with
ag vibrational symmetry, will emit to ¢ = 0 states with X7 (e) sym-
metry, while levels with b, vibrational symmetry will emit to
¢" =0 states with X, (f) symmetry. Since the e/f symmetry is re-
versed in X, states, compared to Zg* states, the pattern of emission
lines in transitions to them is also reversed: for J' > 2, Q-branch
pumping gives a five-line pattern and R-branch pumping a four-
line pattern. It is therefore simple to identify X, vibrational levels
in SEP spectra, and thereby assess the amount of b, character in a
given vibrational level of the A state.

SEP spectra have been recorded via the J' = 1f (Q(1)-pumped)
levels of the three K’=1 stacks of the 32B? polyad. In all three
SEP spectra, a feature is observed near an internal energy of
8320 cm™!, terminating on what is believed to be a J' =2, ¢/ =2
state. Just above this transition, but only in the spectra from the
two highest energy K’ =1 intermediate levels, are two lines sepa-
rated by approximately 6B”. The final states of these transitions
are assigned as J” = 0 and 2 of a %, vibrational level with an energy
of 8322.3cm'. To our knowledge, this state has not previously
been observed, though the predictions of the multiresonant polyad
Hamiltonian place a X, member of the [13,1] polyad at
8322.5cm™! [46], in excellent agreement with our observation.
The lack of intensity into this final state from the lowest K’'=1
polyad member is consistent with our model, which predicts
<10% b, character in this sublevel. In general, levels of the A state
with dominant b, vibrational character could prove useful in SEP
experiments for identifying further X, vibrational levels of the
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Fig. 9. LIF spectrum of jet-cooled acetylene in the region of 45819-45857 cm™!. At the low frequency (left) side are the higher-] R lines of the 324? band (45811 cm™ 1),

showing structure resulting from perturbations by triplet states. The central part of the spectrum contains the 5'6', K’ =
0 levels; these hot bands are labeled by the energies of their upper states (46461 and

frequency side are K=0-1 hot bands going to the interacting 22B> and 1'2', K =
46468 cm™1).

1 sub-band, and the two sub-bands at the high
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ground state, which are presently undersampled relative to the
other symmetry species.

A final note on this polyad is that many of the lines in the high-
est K’=1 sub-band (45811 cm™!) appear to be significantly broad-
ened and structured, presumably because of interactions with the
manifold of low-lying triplet states. While all lines are affected to
some degree, the broadening is particularly severe for J = 5-8, with
the FWHM of the observed linewidth increasing to over 0.3 cm ™! at
J'=6, compared to the width of 0.06 cm~! in the narrowest lines
observed in our study. The splittings in the higher-J R lines of this
band are illustrated in Fig. 9.

6.3. The 3°B? polyad

The 33B? polyad lies above the onset of predissociation, and
experiments with a warmed jet have not so far been carried out
in this region. However spectra taken with a cold jet have allowed
assignment of the upper two K’ = 1 sub-bands for this polyad. As in
the 3'B? and 32B? polyads, the lowest K’ =1 sub-band is weaker
than the other two, and has not been identified yet. Bands from
three other polyads, 1'B?, 2'B* and BS, are expected in the same re-
gion, making vibrational assignments challenging.

The highest energy K’ =1 sub-band, at 46794.29 cm™!, was al-
ready recognized in Ref. [42]. It is a fairly strong band which con-
tinues the obvious 3"4? progression found in the 3'B? and 32B?
polyads. Because it lies so far above the other K’ =1 stacks of its
polyad, the asymmetry splitting of the upper state is only mini-
mally affected by the a-axis Coriolis coupling, and its magnitude
(B-C=0.074 cm™!) is not much reduced from that of the zero-point
level. Another, rather weaker, K’ =1 sub-band (as yet unassigned
vibrationally) lies just below it, at 46790.74 cm~'. No local interac-
tions between the two upper states occur in the observable range
of J values, though an avoided crossing between the f-symmetry
components is predicted to occur at much higher J. In contrast to
the 45811 cm™! band, discussed in the previous Section, the
46794 cm™! band does not appear to be strongly affected by triplet
perturbations.

The middle K' =1 sub-band, at 46692 cm™!, lies 5cm~' above
the 2133, K = 1 sub-band, and appears to have caused some confu-
sion in the rotational assignment of the latter [38]. With the advan-
tage of jet-cooling it is possible to recognize that two bands are
present, though their branches overlap severely. The reduced
upper state energies are shown plotted against J(J+ 1) in Fig. 10.
It is clear from this figure that the senses of the asymmetry split-
ting are opposite in the two levels. This is as expected, since the
33B2 level in question is the middle component of its polyad. The
largest contributor to its wavefunction is the 34!6' basis state,
which has b, vibrational symmetry; the sense of its splitting is
therefore opposite to that of the 2'33 level, which has ag symmetry.
The figure shows that, in contrast to the analysis of Ref. [38], the
asymmetry splitting of the 2133, K’ =1 level is quite small at low
J. Blending has made some of the measurements for the 33416 lev-
els less certain, but it appears that the K. =] — 1 (e-symmetry)
components of the two vibrational levels undergo an avoided
crossing at about J=5, with an interaction matrix element of

31,1
4669210 T 3°4°6
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R S . .
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Fig. 10. Rotational energies of the interacting 2'3* and 3%4'6', K’ =1 levels, less
1.05 J(J + 1), plotted against J(J + 1). The levels of e-symmetry undergo an avoided
crossing near J' = 5. Open circles represent data points from blended lines.

roughly 1.6 cm™!, while the separation of the K. =] (f-symmetry)

components changes only slightly with J. The size of the interaction
matrix element is consistent with the energies of the K-stacks of
the 233 level given in Table XI of Ref. [38], where it can be seen
that the K’ = 1 level is about 1 cm™! lower than would be expected
from the energies of the K’ =0 and 2 stacks because they will be
more detuned from resonance.

If there were no a-axis Coriolis coupling in the 33B? polyad,
there would be no perturbation, since the 2'3* level has a, vibra-
tional symmetry and the 3°4'6' level has b, symmetry. However
the Coriolis coupling mixes 3342 and 3362 character into the nom-
inal 346! level for K’ 0, which then allows the Fermi resonance
operators of Eq. (4) to cause local perturbations. Since the K-struc-
ture of the 33B2 polyad is very different from that of the 23 level,
the other K-stacks of 232 will be less affected.

Rotational constants from a band-by-band fit to the K’ = 1 sub-
band at 46795 cm™! are listed in Table 5, and the upper state term
values are given in the Appendix.

6.4. The 2'B? and 2°B? polyads

The 2'B? and 22B? polyads were discussed briefly by Steeves
et al. [41] The 2'B? polyad is of interest because the v, fundamental
lies near its center, and causes perturbations as a result of anhar-
monic resonance. The rotational structure is unusually compli-
cated because the K’ =1 stack of the v; fundamental happens to
lie exactly where the middle K’ = 1 and the lowest K’ = 2 stacks of
2'B? are involved in a very strong b-axis Coriolis resonance so that,
with the two resonances competing, the resulting level pattern is
very disorganized. We could only assign this region with the help
of population labeling, where an IR laser was used to deplete the
population of a selected rotational level of the ground state, mod-
ulating the fluorescence excited by the UV laser for those lines
coming from the selected level. Analysis of the hot bands showed
that further small perturbations occur between the K’ = 0 stack of
v, and the lowest K’ =1 stack of 2'B?, but that the K' =2 stack of

Table 5

Rotational constants from band-by-band fits to miscellaneous levels of the A'A, state of acetylene. Values in cm ™.

To 30 (B +C) B-C rms
5161, K' =1 45839.519£0.018 1.0867 + 0.0014 0.0426 £ 0.0014 0.014
2282121 K’ = 0, (I} 46460.58 + 0.04 1.1112 +0.0016 0.076
22B2/1'2' K’ =0, (I 46467.826 +0.016 1.0843 +0.0010 0.027
22B%, K =1, 11 46505.464 £ 0.019 1.0757 £ 0.0011 0.0275 £0.0011 0.016
3382, K =1, 11 46794.29 + 0.03 1.0869 + 0.0041 0.074 +0.006 0.026

3 These two levels arise from anharmonic interaction between the upper K’ =0 level of 22B? and K’ = 0 of 1'2!; the mixing is almost 50-50.
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v} lies about 10 cm~! above the middle K’ = 2 stack of 2'B?, and is
not locally perturbed. An energy level diagram and the results of
least squares fitting are given in Ref. [41].

The 22B2 polyad is weaker than the 2'B? polyad, and only two of
its sub-bands can be securely identified. These are the highest and
lowest K’ = 1 sub-bands, at 46505.46 and 46419.04 cm ™. It is clear
that the 46419 cm™! level undergoes strong Coriolis interactions
with unseen K= 0 and 2 levels because it has an unusually low B
value, and its asymmetry splitting is highly irregular, reversing
its sense at J=6. Some unusual structure near 45850 cm™! had
prompted us to carry out experiments with a warmed beam in that
region, and led to the assignment of two K’ = 0-1 hot bands, with
upper states at 46460.58 and 46467.83 cm™'. The Q and P branches
of these hot bands are illustrated in Fig. 9. As explained in our ear-
lier paper [41], these result from anharmonic resonance between
the highest K’ =0 stack of 22B? and the K’ =0 stack of 1'2'. The
K' =1 and 2 stacks of 12! appear to be unperturbed, and a least
squares fit to them alone predicts that the 1'2!, K’ = 0 stack should
lie at 46463.48 cm™!. This would place the highest K’ = 0 stack of
22B? at 46464.93 cm™! in zero order, with an interaction matrix
element of 3.6 cm ™.

A global least squares fit to the 22B? polyad has been attempted,
but with only three K stacks observed, one of which is involved in
an anharmonic resonance, it is of limited value. Somewhat surpris-
ingly though, the fit is very good (¢ = 0.011 cm™!), and reproduces
the unusual asymmetry splitting of the 46419 cm™! level faithfully.
The position predicted by the fit for the middle K’ =1 sub-band
coincides with the highest K’ =1 sub-band of the 3'B* polyad, at
46434.37 cm™ . This is quite a strong band, but there are not en-
ough unassigned lines remaining to allow clear assignments of
the 22B? branches. Rotational constants from a band-by-band fit
to the uppermost K’ =1 level (46505 cm™!) are given in Table 5,
and the upper state term values are listed in the Appendix. Inter-
estingly, it is not possible to give sensible rotational constants for
the lower K’ =1 stack from a band-by-band fit because Coriolis
couplings with unseen levels affect the asymmetry splitting so
strongly.

6.5. The 2'3'B? and 3'B* polyads

The 2'3'B? and 3'B* polyads, together with the 1!3! level, form
a complex of nine interacting vibrational levels, of which the low-
est K-stacks lie near 46060 cm™'. Fermi resonance is expected be-
tween the 2'3'B? and 3'B* polyads, and perturbations are expected
between the 1'3" level and the 2'3'B? polyad, in similar fashion to
the perturbations between the v, fundamental and the 2'B? poly-
ad. As it turns out, the K-stacks of the 13 level mostly fall in gaps
in the K-structure of the 2'3'B? polyad, so that the effect of the
anharmonic resonances is quite small and can be absorbed into
effective constants for the levels involved. An analysis of the 1'3!
band was given in Ref. [42]. A number of small perturbations were
found in the 1'3! level, but none of them can be attributed to the
213182 polyad.

Although only nine vibrational levels are expected in this en-
ergy region, 10 K’ = 1 stacks are found, showing that an “extra” le-
vel, of the type discussed in Sections 5.2 and 5.3, is present. It is
important to establish the detailed K-structures of these polyads
so that the “extra” level can be identified securely. However this
is more difficult in one-photon spectra than it is in double reso-
nance spectra. The K' =1 levels are usually easy to find because
they appear in excitation spectra from the ground level. The
K =0 and 2 levels require warmed jet spectra, which are more
capricious experimentally, and lack the selectivity of double reso-
nance spectra. As a result, the weaker K’ =0 and 2 sub-bands are
not always seen, so that there can be some uncertainty in
identifying what is actually observed. Careful predictions of the

K-structure are needed, basing them soundly on the levels ob-
served at lower energy.

Comparison of the 2'B' and B' polyads shows that the
anharmonicity parameters x5, and X,z are quite similar. Also x},
is only —0.24 cm™! [41]. It should therefore be possible to predict
the structure of the 2'3'B? polyad to within a few cm™! by adding
the observed differences between corresponding levels of the 2!B?
and B? polyads to the observed energies of the 3'B? polyad. This
procedure assumes that x}, is zero, and ignores the small shifts
of up to about 3 cm™! in the 2!B? structure caused by the 1! level,
but otherwise follows the usual Dunham expressions for the vibra-
tional energies.

Because of the v,/vj anharmonicity, the structure of the 3'B*
polyad cannot be predicted in similar fashion by adding the v
interval to the energies of the B* polyad. (In any case only eight
of the 15 stacks in the B* polyad with K’ = 0-2 have been located
[43].) Instead, a calculation based on Eq. (1) is needed, with the
zero-order vibrational energies extrapolated from anharmonicity
constants derived from the 3'B" polyads, where n = 0-3. The Fermi
resonance between the 2'3'B? and 3'B* polyads will make small
random corrections to the energies, but is probably not important
for the predictions since there appear to be no pathological near-
degeneracies between levels of the two polyads, of the type seen
in Fig. 3.

To calculate the 3'B* levels, the energies of the basis states of
the 3'B" polyads, n=0-3, were reduced to a set of vibrational
parameters where the anharmonicity in v} is folded into effective
bending parameters. These parameters, which are listed below Ta-
ble 6, were then used to calculate the rotational structure. A com-
parison of the observed and calculated level structures of the
2131B2 and 3'B* polyads is given in Table 6. Included in the data
set are two levels, with K’ =1 and 3, which are not seen in the jet
spectra, but which cause perturbations in the 3* level at higher J
values; they are described in Ref. [48]. It can be seen that the match
between the observed and calculated level positions is very good,

Table 6
Calculated and observed K-structures of the 2'3'B? and 3'B* polyads of the A'A, state

of acetylene. For the K’ = 1 levels the second entry is the value of B-C. Values in cm ™.

Calculated? Observed”

K'=0 K =1 K=2 K=3 K=0 K =1 K=2 K'=3

46347 a; 46434 46550 = 46434.4  46559.2
0.003 0.003

46343 b, 46284 46314 46413 - 4629459 - 46419.7¢
0.006 ~0

46211 a; 46238  46255¢ 46209.7 46240.2°¢ -
0.060 0.061

46150 by, 46177 46247 4615337 461763  46239.6°
0.024 0.033

46133 a;, 46152 46172 46129.5 461522 46174.0
0.2348 —0.239

46116 b, 46103 46122 = 46097.0 46121.3
—0.030 —0.017

46074 a;, 46081 46100 460754 46086.8 -
—0.002# 0.067

46059 a;, 46067 46079 46058.7 46068.5 -
0.056 0.060

2 Parameters for calculation of 3'B* levels: Kyes=—57.86, )} =752.00,
W)y =T42.47, Xy, = —0.405, X5 =15.425, Xg5=—3.695, Yyua=0.173, Yy =— 055,
Vyes = 1.245, Vs = —0.798, A=14.0 cm ™', (4 = 0.7028.

b Values for K> 0 extrapolated to “J = 0".

¢ Values in bold face type belong to the 2'3'B? polyad.

94 Values from deperturbation of avoided crossings in 3* (see Ref. [48]).

€ Very strongly Coriolis-coupled.

f Vibrational bg level, obtaining its intensity from the K’ = 1 level at 46152.2 cm™!
by b-axis coupling.

£ See text.
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Table 7

Rotational constants for the 2'3'B? and 3'B* polyads from band-by-band least squares fits. Values in cm™".

K To (B +C) q° D I.M.S.
2131p?

of 46058.69 * 0.04 1.0540 £ 0.0025 0.018
1 46068.47 + 0.02 1.0258 + 0.0018 0.0302 £ 0.0020 0.011
1 46097.00 £ 0.14 1.0025 £ 0.0129 —0.0084 + 0.0046 —0.00026 + 0.00024 0.064
2 46121.31 £0.03 1.0813 £ 0.0018 0.011
of 46129.50 £ 0.17 1.1136 £ 0.0125 0.000057 + 0.000056 0.073
1 46176.28 £ 0.06 1.0811 £ 0.0021 0.0163 £ 0.0027 0.047
31gt

of 46075.38 £ 0.05 1.0646 + 0.0031 0.023
1 46086.84 + 0.04 1.0437 £ 0.0010 0.0333 £0.0014 0.034
le 46151.94% £ 0.32 0.8987 + 0.0507 —0.0022 £ 0.0015 0.092
1f 46152.48 +0.11 1.0183 £ 0.0178 —0.00046 + 0.00054 0.033
Oe 46153.30% £ 0.29 1.1847 + 0.0460 0.0022 £0.0014 0.083
2 46174.04 £ 0.03 1.0639 + 0.0037 0.00012 + 0.00004 0.00012 + 0.00009 0.009
of 46209.70 £ 0.05 1.1039 + 0.0015 0.026
2 46239.59° +0.21 0.8718 £ 0.0364 0.00035 * 0.00025 —0.0016 + 0.0014 0.025
1 46240.16° + 0.34 1.1368 + 0.0241 0.0306 £0.0116 0.0004 £ 0.0004 0.164
1 46434.40 £ 0.03 1.0099 £ 0.0013 0.0015 £ 0.0017 0.019
2 46559.23 + 0.04 1.0342 + 0.0094 —0.0004 + 0.0005 0.019

2 Strong b-axis Coriolis coupling between these levels leads to uncertainties in the parameters; the K’ = 1e and 1f levels have been fitted separately.

b Strongly interacting levels; the parameters are not well determined.

¢ The K-doubling has been taken as +%q[J(J + 1)]* for the e/f levels; q corresponds to ¥5(B-C) for the K’ = 1 levels.

1

with 12 of the 18 observed levels predicted to within 3 cm™", and

the other six predicted to within 10 cm™.

Confirmation of the K’ =1 assignments comes from the asym-
metry splittings, where the observed and calculated values of the
asymmetry parameter B-C, listed in Table 6, are seen to agree to
within about 0.01 cm™!. At first sight it may seem that there are
two exceptions to this statement, but there are simple explana-
tions for them. One of the exceptions is the 46152.2 cm™' level,
where the calculations predict the large magnitude of B-C cor-
rectly, but with the wrong sign. The reason is that the nearby
K' = 0 level, which causes the large splitting (by b-axis Coriolis cou-
pling), is calculated to lie just below it, rather than just above it.
Since the b-axis coupling is almost a first-order effect in this in-
stance, the correct magnitude but incorrect sign follow at once.

The other exception is the lowest K’ = 1 level of the 3'B* polyad,
at 46086.8 cm™!, where the calculation predicts B-C= —0.002 cm ™!
while the observed splitting gives B-C=0.067 cm~'. It turns out
that the reason for the discrepancy is that the calculation places this
K =1 level 5.5 cm~! too low. We find that the apparent asymmetry
splitting in the lowest K’ = 1 level of a B* polyad is a very sensitive
function of the energy separation between it and the lowest K’ =0
level. When the input parameters for the calculation are adjusted
so that the “J = 0” energies of the two levels are reproduced exactly,
the calculated value of B-C changes to 0.069 cm™!, in excellent
agreement with the observed value.

No attempt has been made to obtain a full least squares fit to
the nine interacting vibrational levels, comparable to that in Table
2: the data are by no means as complete, while preliminary fits to
the individual polyads show that many correction terms would
have to be added to cope with the v;/vg anharmonicity effects. In-
stead, band-by-band fits have been carried out. The resulting
parameters are given in Table 7, and the assigned reduced rota-
tional levels are shown plotted against J(J + 1) in Fig. 11.

Fig. 12 illustrates two elegant examples of Coriolis coupling
from the 3'B* polyad. One is the pair of K'=0 and 1 levels near
46153 cm ™!, discussed above. The K’ =0 level has b, vibrational
symmetry, which is an unusual observation. In other gerade bend-
ing polyads the K' =0 levels of b, vibrational symmetry are not
seen because transitions to them are forbidden by the symmetry
selection rules. However, in this instance the strong b-axis cou-
pling transfers intensity to the K’ = 0 sub-band, and generates an
apparent asymmetry splitting in the K’ = 1 level that is more than

twice as large as that in the zero-point level. The b, vibrational
symmetry of the K’ =0 stack (e rotational symmetry) follows at
once from the P- and R-branch structure of the K’ = 0-0 sub-band.
The other example illustrated is the pair of K’ = 1 and 2 levels near
46239.5 cm™ . For zero rotation these lie within 0.6 cm™! of each
other, and repel each other exceptionally strongly. The asymmetry
splitting of this K’ = 1 level is not affected by the interaction, and is
calculated correctly.
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Fig. 11. Observed rotational levels of the 1'3", 2'3'B? and 3'B* vibrational states,
less 1.05 J(J + 1), plotted against J(J + 1). The lines in the figure are drawn only to
guide the eye because a full least squares fit has not been carried out. The four
highest assigned vibrational states are not shown. These are the K' =1 state at
46294.49 cm™! and the K’ = 3 state at 46419.67 cm™! (both of which perturb 3%), the
topmost K’ = 1 state (46434.37 cm ') and the topmost K’ = 2 state (46559.22 cm ™).
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Fig. 12. Coriolis interactions in the 3'B* polyad of acetylene. (a) Interacting K’ =0
(bg) and K’ =1 levels near 46150 cm™'; transitions to the K' =0 (bg) upper state are
forbidden by the vibrational selection rules, but are induced by b-axis Coriolis
interaction with the K’ = 1 level. (b) Interacting K’ = 1 and 2 levels near 46240 cm™";
the two K stacks are almost degenerate for zero rotation. The spectra in (a) and (b)
are at the same horizontal scale.

Not counting the 3%, 23 and 1'3! levels (which have been re-
ported elsewhere [41,42,48]), and the lowest K’ =1 component of
22B? at 46419 cm™!, the structure listed in Table 6 accounts for
every observed level in this region except for a K' =1 level at
46192.20cm~' (mentioned above) and a K =0 (ag) level at
46113.78 cm™~'. These two appear to be “extra” levels, since no
other S;-trans levels are expected in the region.

6.6. The 5'B! polyad

Just to the high energy side of the intense 45811 cm™! band
(3242, K = 1), and partially overlapping the hot bands of the 22B°
polyad, is a comparatively weak K =1 sub-band which can be
identified as belonging to the 5'B! polyad. It is illustrated in Fig. 9.

The 5'B! polyad should have two components, 4'5! and 5'6',
with vibrational symmetries b, and a,, respectively. The “J=0"
energy of the observed upper state is 45839.52cm™ ' (Too +
3641.95cm™ '), and the sense of its asymmetry splitting is that
the e-symmetry component lies above the f~component, with an
apparent value of B-C = 0.045 cm ™. This value of B-C is about half
what would be expected for a level that is free from Coriolis effects,
and shows that the upper state is part of a bending polyad. Since the
position of the band rules out a combination involving v, v, or v},
the only other combinations that could appear in one-photon laser
excitation spectra according to the g-u selection rules are those
involving the antisymmetric CH stretching vibration v; (b,) with
the ungerade bending vibrations. The sum of the v frequency
(2857.47 cm™! [40]) and the mean of the two bending frequencies,
v, and v, [39], is 3624.05 cm ™!, so that the observed band has to be

the upper K’ = 1 sub-band of the 5'B! polyad. The sense of the asym-
metry splitting, which is consistent with a vibrational level of a4
symmetry, indicates that the upper state has the zero order vibra-
tional assignment 5'6'. The energy order of the vibrational compo-
nents of the 5!B! polyad, with 5!6! above 4!5!, is the same as the
energy order of the fundamentals and the 2'B' polyad, where the
216! level lies above the 214! level.

We are not able to assign the lower K’ =1 sub-band from our
spectra. Assuming that the Coriolis coupling parameters are similar
to those in other B! polyads, this band should lie near 45801 cm™".
There are a few weak lines in this region, but it is not possible to
pick out definite branches in between the very intense P and Q
lines of the 45811 cm™! band. With only one sub-band observed
little more can be said about the 5'B! polyad, except that it lies
slightly lower than expected; the sum of the x/,; and x; parameters
is roughly 25 cm™!. The upper state term values of the observed
levels are included in the Appendix.

6.7. 13C Isotope shifts of the K' = 1 sub-bands

For some of the strong K =1 sub-bands, particularly those
involving excitation of the C-C stretching vibration, v}, it is possi-
ble to assign the corresponding bands of H'*C'2CH in natural abun-
dance. A clear example is the 2§ band, illustrated in our earlier
paper [41]. To our knowledge this was the first observation of a le-
vel of the A state of H'3C'2CH, although its electronic ground state
has been extensively studied. Table 8 lists the bands of H'3C'2CH
that have been identified in this work, and the corresponding iso-
tope shifts. The largest isotope shifts are found for bands where
quanta of v, are excited. It is fairly easy to pick out the H'*C'2CH
bands in these cases because they have no intensity alternation
and the isotope shifts bring them well clear of the strong low-] P
lines of the main bands, which are usually saturated under condi-
tions where the H'3C'2CH lines are observable. Since the saturated
lines are often very wide, it can be difficult to pick out branches in
the gaps between them. For bands with smaller isotope shifts it is
not always straightforward to distinguish the isotopic lines from
the axis-switching sub-bands [49] which lie in the same region.
These latter are AK=0 sub-bands that arise because of a small
rotation of the inertial axis system on electronic excitation. In par-
ticular, the strong Franck-Condon-allowed K= 1-0 sub-bands of
the principal progressions always have a K=0-0 axis-switching
sub-band just below them, separated from them by the rotational
constant A — ¥2(B + C).

Three of the bands for which the isotope lines were easy to
identify go to the levels 42, 3142 and 3242. These are comparatively
intense isolated bands and, since they are the highest K =

Table 8
13C Isotope shifts for the K’ = 1 sub-bands of the A—X system of acetylene identified in

this work. Values in cm~1.

Assignment T Av (H'?C'2CH-H"3C'2CH)

4? 43801.77 -5.10

2131 44622.26 22.20

3142 44810.71 0.43

22 44920.46 39.91 (Ref. [41])

P32 45644.49 32.09

3242 45805.16 5.43 ('?C perturbed)
Py 45962.58 45.58

113! 46125.54 1.61

34 46274.20 13.99 (perturbed)
2" 46453.92 21.07

Pa33 46654.53 32.3q (*2C perturbed)

The Ty values refer to the bands of H'>C'2CH.

Derived shifts per quantum: v;: 3.8 cm™'; v,: 23.4 cm™
Zero point level shift (K'=1): —6.8 cm™.

A very weak band at 46049.07 cm™! appears to be the >C analog of the 2!3'B? band
at 46068.47 cm ™!, though the assignment is not certain.

Lvyr53em ' v,:09cem
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members of B? polyads, where the K-structure is distorted by the a-
axis Coriolis interaction, they have no accompanying K = 0-0 axis-
switching sub-bands. We have also identified the 33 band of
H'3C'2CH. The reason for interest in this band was to locate a com-
ponent of the 3'B* polyad which is predicted to lie nearby. Because
of the great intensity of the 3j band and its axis-switching struc-
ture, special experiments with a seeded beam were carried out in
order to cool the acetylene as much as possible. It turns out that
the 33 band of H'*C'?CH contains triplet perturbations at low J val-
ues, of the type identified by Drabbels et al. [7] in the 3% and 3* lev-
els of H'2C'?CH. As a result it is only possible to give an
approximate value for the isotope shift.

Comparison of the shifts in Table 8 shows that, with the excep-
tion of that for 2132, the observed shifts are additive to within 1-
2 cm~!. Discounting the 2132 level, where the line assignments
are not in doubt, but the isotope shift is anomalous for reasons that
we do not understand, the values in Table 8 allow the shifts per
quantum to be derived for v; through v}; these are listed below
the table, along with the electronic isotope shift. The derived shifts
agree quite closely with the values we calculate from the harmonic
force field of Tobiason et al. [40] For example, the shift per quantum
of v, (23.38 cm™') compares well with the harmonic force field va-
lue (23.1 cm™"). For v4 the harmonic force field value (7.9 cm™!) is
possibly slightly too large, since the majority of the numbers in Ta-
ble 8 indicate a shift per quantum of close to 5.3 cm™.

It can be argued that the shift per quantum for v}, which has
been derived from levels of B? polyads where Darling-Dennison
resonance is known to be strong, should be corrected for the effects
of this resonance. In fact any such correction must be very small,
since the v, and vy vibrations have almost the same frequency,
and their harmonic force field isotope shifts are calculated to be
the same to within 0.1 cm~!. Different degrees of mixing of the
v, and vg basis states caused by the Darling-Dennison resonance
will therefore have almost no effect on their isotope shifts.

7. Discussion

This work was motivated by ab initio calculations [1,5] that the
S; state of acetylene has a comparatively low barrier to trans-cis
isomerization of about 4700 cm ™. Only the trans well of the S; state
(A'A,) is observable spectroscopically, since the cis well transforms
as 'A,, to which absorption transitions from the ground electronic
state are forbidden. Nevertheless, the possibility exists that levels
of the cis well near the top of the barrier can tunnel through it
and give rise to observable bands, picking up intensity by interac-
tion with nearby trans-well levels. Obviously a search for levels of
this type requires a very detailed and complete understanding of
the level structure of the A state in order to identify any “extra” le-
vel that does not belong to the trans isomer. With this aim in mind
we report rotational analyses of a number of newly-discovered
vibrational bands at the long wavelength end of the A—X system
of acetylene. Specifically we have focused on the combination levels
involving the a, vibrations of the A state with the low-lying bending
vibrations, v, and v;. Together with the results from previous work
[35-43], analyses are now available for some parts of more than 75
vibrational levels of the A state, including every predicted level up
to a vibrational energy of 3500 cm™". Four suspected cis-well levels
have been found, but further studies are required to confirm their
identities and give their vibrational assignments.

There are various reasons why such a complete cataloguing of
the vibrational structure has been possible. On the experimental
side the main reason has been the very large dynamic range of
the recorded spectra, which results from the way the laser-induced
fluorescence has been gated so as to minimize the scattered laser
light. Without this, the very weak bands at the long wavelength

end of the band system would never have been detected. We have
also made certain that full rotational analyses were carried out for
those bands where pattern recognition methods break down be-
cause of the complexity of the rotational structure. In these cases
the rotational assignments were made by stimulated emission
pumping and population labeling experiments. On the theoretical
side, we have gone to some length to understand the details of
the Coriolis and Darling-Dennison resonances, which have allowed
us to obtain good quality constants from the lower energy bending
polyads that could be used to predict, reasonably accurately, the
structures of some of the higher bending polyads. For the purpose
of understanding these details it has been essential to put equal
weight on data from the one-photon UV spectra and the IR-UV
double resonance spectra, since g-u symmetry considerations
cause the members of a B" progression to alternate between the
two types of spectra. However probably the most important reason
for the completeness of the results is the emphasis we have placed
on obtaining spectra of the K’ = 0 and 2 rotational levels, both in the
one-photon and the double resonance experiments. The C-type
rotational selection rules (K’ — ¢ = £1) strongly favor the collec-
tion of K" =1 data, whether in cold jet one-photon spectra from
the v’ =0 level or via the intense v4§ fundamental in double reso-
nance, but without K'=0 and 2 data it would have been quite
impossible to understand the Coriolis effects, and therefore to
make any sensible predictions of the structure at higher energy.

The most interesting result from the present work has been the
surprising anharmonicity in the combinations of v (trans bend, ag)
and vg (in-plane cis bend, b,). This is shown very clearly by the
structures of the 3"B? polyads. Fig. 13 illustrates the three K' =1
sub-bands of the 3"B?, n = 0-3 polyads, showing how the compact
structure of the B? polyad opens up with excitation of v4. (The low-
est frequency component of 33B? has not been securely identified
yet, but probably lies near 46550 cm~'.) The high frequency mem-
bers of the polyads, nominally 3"4% form a normal progression
with regularly decreasing spacing, but the low frequency members
(3"62) drop rapidly below the rest of the polyad: for example, the
separation of the two lower K' =1 sub-bands increases from
9cm™!in B? to 73 cm™! in 32B%. It is not easy to obtain the vibra-
tional energies directly from the positions of the K' =1 levels be-
cause of the Darling-Dennison and Coriolis resonances, but
deperturbed values are given by the least squares fits of Tables 3
and 4 and Ref. [43]. The results show that, while the 42 level lies
2.09cm~! above the 62 level in zero-order, the 3242 level lies
102.91 cm™! above the 3262 level in zero-order.

The shape of the molecule at the trans-cis isomerization barrier
is calculated to be half-linear [1,5], which would correspond to
simultaneous excitation of the v; and v; vibrations. Clearly the
anharmonicity represents the molecule approaching the barrier,
presumably with a change in the nature of the vibrational coordi-
nates, which contributes to the variation of K446 with 2. The need
for the many small correction terms in the least squares fits to the
combination polyads, particularly 2'3'B' and 3'B3, must arise from
the same cause.

The resonance parameters 2A{5 and Kyses increase unexpect-
edly quickly with excitation of vj;. For example, the fitted value
of 2A%S rises from 18.45 cm™! in the B? polyad to 23.56 cm ™' in
the 32B? polyad. However this increase is not related to the v;/vj
anharmonicity (since the Coriolis constants are independent of
the force field), but arises instead from the increase in the average
HCC bond angle with excitation of vj. With rec=1.375A and
ren = 1.097 A [50], the effective HCC bond angles for the members
of the v/, progression can be calculated from the A rotational con-
stants reported by Watson et al. [37] The {46 constants correspond-
ing to these angles can then be obtained by standard methods
[51,52]. For 24 =0 and 2 the calculated values of {j; are 0.680
and 0.736, giving 2A{;=17.76 and 22.32cm™!, respectively.
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Fig. 13. Jet-cooled excitation spectra showing the three K’ = 1 sub-bands of each of the 3"B?, n = 0-3 polyads. (The lowest energy sub-band of 32B? has not been definitely
identified yet.) The spectra are all to the same horizontal scale, and arranged so that the highest frequency sub-bands (nominally 3"4?) are aligned vertically. Thick lines join
the positions of the sub-band origins. The assignments of the overlapping bands are not marked.

(The factor of Q in Eq. (1) has been ignored since, for »5 =2, the
effective value of Q differs from 1 by only 0.07%.) Although these
calculated values are slightly smaller than the observed, the trend
is reproduced correctly: the large increase in 2A{; with ¢} occurs
because both A and {j, increase as the molecule becomes more
nearly linear.

The Darling-Dennison parameter, K466, depends on the force
field as well as on the A and B rotational constants and the Coriolis
{ parameters. To second-order [53] it is given by

1
Kase6 = Z¢4466 - 4[A(CZs)2 + B(djte)z]gz
1 _ _
3 Z Praabres Oxl(40F — 0F) " + (40 — ) '], 9)
K

The methods of the previous paragraph allow the Coriolis contribu-
tion to be calculated. The Coriolis effects account for only about two
thirds of the change in the value of K446 with 24, which implies that
the second-order expression is beginning to break down. Specifi-
cally, the fitted values of Kusss for the B> and 32B? polyads are
—51.68 and —66.50 cm™ !, respectively, while the calculated values
of —4[A(l%)? + B(h)°]1Q* for v4,=0 and 2 are —28.48 and
—38.73 cm~ . It is remarkable that the Coriolis effects make up
more than half the value of K466, and also that this fraction in-
creases with v;.

Several perturbations attributed to triplet electronic states have
been identified in the course of this work. A summary of the most
prominent perturbations is given in Table 9. Of the states that man-
ifest splitting of the observed lines, anomalously long fluorescence
lifetimes, or significant zero-field quantum beats, most have been
subsequently studied by a combination of time-gated fluorescence
and SEELEM (surface electron ejection by laser-excited metasta-
bles) techniques, demonstrating a variety of dynamics associated
with vibrational state-specific intersystem crossing [54].

Table 9

Summary of A-state vibrational levels believed to be perturbed by triplet states in the
absence of a magnetic field. Evidence (apart from observable splitting in the LIF
spectrum) for the nature of the perturbation is provided by the experiments listed in
the rightmost column. No claim of completeness is made, as the existing experiments
are biased towards the strongest transitions and those perturbations observable at
low J.

To Assignment Experiments

45300 33, K'=1 High-resolution LIF?, Zeeman quantum beats®,
SEELEM*

45347 33, K'=2 SEELEM¢

45423 33,K'=3,)=3-6,8

45676 2132, K'=1 SEELEM*

46008 223!, K'=1 SEELEM¢

46288° 3% K'=1 High-resolution LIF?, Zeeman quantum beats”

448117 3'B% K'=1, 1], Zero-field quantum beats

J=2e

458118 3%, K’'=1, 1l SEELEM¢

46192  “Extra” K'=1 SEELEM"

45539'  3'B’ K’=0f, Il

45938 3°B', K’=0f SEELEM¢

45947 3°BLK'=1,1 Zeeman quantum beats’

46040 3B, K’'=0e SEELEM¢

SEELEM, surface electron ejection by laser-excited metastables.
Roman numerals represent energy rank of a given K sublevel within a polyad.
@ Ref. [7].
b Ref. [55].
¢ Ref. [13].
d Ref. [54].
e Triplet perturbations also noted in H'*C'2CH: see Section 6.1.
T See Section 6.1.
& See Section 6.2.
" Ref. [14]. This state was preliminarily assigned as 2'3'B?, K’ =1, III. See analysis
in Section 6.5 for reassignment.
i See Section 5.2.
I Ref. [11].
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A number of exciting avenues for future work are suggested by
the present results. One of the most interesting will be the vibra-
tional assignment of the “extra” vibrational levels that have no
place in the manifold of the S;-trans state. Already we have found
that the H'3C'2CH-H'2C'2CH isotope shift of the “extra” level at
46192 cm™! is completely at odds with its apparent position in
the trans well, suggesting that it lies at quite low energy in a state
whose potential minimum lies above that of the trans well. A com-
bination of isotope data with vibrational symmetry arguments
based on the rotational selection rules should allow assignments
to be made, and give an estimate of the relative energies of the
cis and trans wells. After that comes the problem of exactly what
is the energy of the trans-cis isomerization barrier. The
46192 cm™! “extra” level, which is the highest-energy “extra” level
that we have found, appears to have an even-odd staggering in its
K-structure, of the type expected for tunneling through the barrier.
The size of the staggering will be related to the classical frequency
of this tunneling, carrying information about where the level lies
relative to the top of the barrier. The spectra become increasingly
confused in this energy region and the effects of predissociation
start to become troublesome but, with careful systematic analyses,
progress should be possible.

A. The 2'B' polyad.

Acknowledgments

We thank Dr. J.K.G. Watson (N.R.C., Ottawa) for providing the
unpublished line measurements for the perturbed 2'3' K’=3
sub-bands, and Annelise Beck for assistance with the collection
of the data at MIT. We also thank Z. Duan and D. Oertel for allowing
us access to their unpublished results on the fluorescence observed
from the 32B? polyad. The work at MIT was supported by DOE
Grant no. DE-FGO287ER13671. AJM thanks the Natural Sciences
and Engineering Research Council of Canada, and ST thanks the
National Science Council of Taiwan, for partial support of this
work.

Appendix

Upper state term values for the assigned stretch-bend combina-
tion polyads of the A'A, state of acetylene. Values in cm~'. Roman
numerals distinguish K-stacks of the same K-value in a polyad in
order of increasing energy. Term values not used in the fits are
marked with an asterisk.

J K=0e (2'4") K=1e (I) K=1e (II) K=2e (I) K =2e (II) K=3e (I)
e-symmetry
1 44338.475 44335.53 44373.80
2 343.18 339.16 378.16 44357.87 44431.25
3 349.97 344.84 384.67 364.40 437.73 44405.29
4 358.83 352.57 393.395 373.13 446.30
5 369.68 362.44 404.29 383.97 456.99
6 374.31 417.33 396.97 469.81
7 388.56 412.13 484.89
8 502.02
9 521.38
J K=0f(2'6") K=1f(I) K=1f(II) K=2f (1) K=2f (II) K=3f (1)
f-symmetry
0 44345.72
1 347.97 44335.84 44373.77
2 352.385 339.685 378.08 44357.91 44431.275
3 358.91 345.62 384.49 364.50 437.71 44405.29
4 367.545 353.535 393.06 373.37 446.295 413.87
5 378.13; 363.495 403.79 384.475 457.02 424.60
6 390.86 375.54 397.86 469.895 437.47
7 405.34 389.74 413.49 484.90 452.49
8 406.00 431.36 502.08
9 451.31
B. The 2'3'B! and 3'B> polyads.

K=1e(I) K=0e (2'3'4") K=2e (I) K=1e () K=3e (I) K =2e (I) K =3e (II)
2131B!, e-symmetry
1 45360.34 45371.665 45407.125
2 364.25;3 376.08 45382.69 411.35 45465.155
3 370.16; 382.67 389.255 417.665 45431.88 471.57 45554.79
4 378.125 391.28 398.03 426.12 440.41 480.11 563.34
5 388.105 401.98 409.06 436.63 451.06 490.705 574.07
6 400.22 463.82" 504.60 586.91
7 41439 519.42

(cotinued on next page)
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J K=1f(I) K=0f(2'3'6") K=2f(I) K=1f(II) K=3f(I) K=2f (I) K=3f(II)
2131B!, f-symmetry
0 45362.98
1 45360.16 365.29 45407.05
2 363.93 369.83 45382.68 411.35 45465.185
3 369.685 376.54 389.22 417.68 45431.89 471.62 45554.79
il 377.46, 385.31 397.94 426.08 440.42 480.185 563.38
5 387.305 396.14 408.87 436.60" 451.06 490.835 574.02
6 399.28 408.935 421.94 44923 463.80" 505.29 586.90
7 423.76 478.44" 601.92
8 440.57 495.39"
K=1e(I) K=0e (I) K=2e (I) K=1e (II) K =2e (II) K =3e (II) K=4e (I)
3'B3, e-symmetry
1 45399.115 45446.36 45463.555
2 403.355 450.81 45427.36 467.565 45477.70
3 409.67, 457.30 433.67 473.68, 483.78 45507.60
4 418.16 466.08 442.05 481.875 491.97 514.77 45519.78
5 428.77 477.025 492.11 502.37 524.59 531.05
6 490.04 503.24 536.70 543.94
7 507.28 517.60 551.10 558.76
J K=1f(I) K=0f (I) K=2f(I) K=1f(II) K=2f (1) K=3f(II) K= 4f (I)
3B, f-symmetry
0 45397.78 45463.57
1 45398.89 400.09 467.805
2 402.785 404.60 45427.38 474.01 45477.67
3 408.78 411.29 433.66 482.38 483.815 45507.61
il 416.89 420.05 442.07 492.78 492.10 514.79 45519.80
5 427.085 430.96 503.55 502.61 524.61
6 439.39 443.97 515.35 536.75 54391
7 459.09
K=1e (1) K =2e (III) K =0e (II) K =3e (Il K=1e (IV) K=2e (IV)
3'B? e-symmetry
1 45502.19 45548.15 45616.81
2 506.62 45535.19 552.62 621.19 45719.10
3 513.47 541.765 559.31 45623.17 627.75 725.57
il 522.92 550.58 568.25 631.81 636.54 734.25
5 535.21 561.52 579.45 642.55 647.435 745.13
6 549.86 592.93 655.56 660.61 758.19
7 566.76 670.65 773.45
8 790.91
J K =1f (1) K = 2f (IIl) K=0f (I) K = 3f (IIl) K=1f(IV) K=2f(IV)
3'B3, f-symmetry
1 45540.63 45616.795
2 45506.59 45535.17 545.18 621.185 45719.06
3 513.39 541.755 551.89 45623.13 627.80 725.55
4 522.87 550.50 560.89 631.80 636.635 734.26
5 535.11 561.43 572.075 642.55 745.14
6 549.78 574.51 585.605 655.56 758.19
7 601.46 670.67 773.52
8 619.54 688.00 790.91
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Appendix (continued)
C. The 3'B? polyad.
] K=1e(I) K=2e(I) K=1e (II) K=2e (II) K=1e (Il
3'B?, e-symmetry
1 44704.61 44813.355
2 708.775 44724.38 44735.14 4476191 817.755
3 715.045 730.07 739.44 768.63 824.355
4 723.36 737.79 745.855 777.74 833.115
5 733.715 747.63 789.16 844115
6 746.10 759.65 802.86 857.325
7 773.88 818.90 872.71 44813.355
8 890.275
] K=0f(I) K=1f (D) K=2f(I) K=1f (1) K=2f(I) K=0f(II) K=1f (111
3B, f-symmetry
0 44764.84°
1 44694.985 44704.49 44735.18 767.185 44813.32
2 699.18 708.57 44724.38 739.54 44761.90 771.61 817.69
3 705.625 714.67 730.06 746.06 768.54 778.39 824.18
4 714.105 722.80 737.71 754.67 777.54 787.385 832.88
5 724.79 732.94 747.44 765.21 788.54 798.54 843.79
6 737.54 745.09 759.25 801.77 856.76
7 752.41 817.07
D. The 2'B? polyad.
J K=1e(I) K=2e (I) K=1e (II) K =2e (II) K=1e (III)
21B%, e-symmetry
1 45080.59 45089.695 45164.44
2 084.815 45091.88 095.535 45121.805 168.795
3 091.055 096.64 102.175 175.355
4 099.15 103.60; 110.95 137.08 184.075
5 108.83 121.865 194.995
6 120.11 134.855 208.08
7 149.89 22341
8 240.86
J K=0f(I) K=1f(I) K=2f(I) K=1f(I1) K=2f(II) K=0f(I1) K=1f (111
2'B?, f-symmetry
0 45067.23 45119.83
1 069.365 45080.53 45089.66 122.06 45164.42
2 073.64; 084.64 45091.87 095.355 126.53 168.74
3 080.04 090.81 096.41 101.76 45128.32 133.23 175.22
4 088.575 098.65 103.25 110.185 142.18 183.85
5 099.21 108.55 112.48 120.71 153.455 194.63
6 112.005 124.20 207.58
7 126.855 222.66
E. The 32B? polyad.
J K=1e(I) K=1e (II) K =2e (II) K=1e (1)
3°B?, e-symmetry
1 45655.325 45728.15 45812.805
2 659.55 732.12 45752.78 817.22
3 665.89 738.105 759.54 823.81
4 674.38 768.60 832.53
S 684.965 779.84 843.60
6 697.70 793.38 856.875
7 809.24" 872.26
8 889.88

(continued on next page)
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Appendix (continued)

J K=0f(I) K=1f(I) K=1f(II) K=2f(II) K =0f (II) K= 1f (II)
3°B?, f-symmetry
0 45644.18
1 646.285 45655.26 45728.18 45768.87 45812.76
2 650.50 659.42 732.28 45752.79 773.28 817.18
3 656.86 665.59 738.52 759.53 779.90 823.58
4 665.33 673.94 746.85 768.41 788.78 832.18
5 675.79" 684.36 757.21 779.42 799.84 842.98
6 696.80 792.63 855.21"
7 807.92°
F. The 2'3"'B? and 3'B* polyads.
J K=1e(I) K=1e (IN) K =2e (II) K=1e (Il
213182, e-symmetry
1 46070.55 46099.055 46178.405
2 074.725 102.94 46127.79 182.79
3 080.965 108.91 134.29 189.315
4 089.29 117.02 143.055 198.02
5 127.18 153.745 208.935
6 139.44 222.03
7 237.31
J K=0f(I) K=1f(1) K=1f(II) K=2f(II) K =0f (II) K= 1f (1II)
213182, f-symmetry
1 46060.78 46070.50 46099.08 46131.75 46178.41
2 065.01 074.52 103.09 46127.79 136.22 182.80
3 071.36 080.62 109.14 134.29 142.82 189.24
4 079.84 088.68 117.26 143.055 151.71 197.78
5 090.30 098.80 127.51 153.745 162.77 208.60
6 139.67 176.23 221.36
7 154.17 191.77 236.32
8 209.33

K=1e(I) K=1e (II) K=0e (I) K =2e (II) K =2e (III) K=1e (Il)
3'B* e-symmetry
1 46088.965 46153.815 46155.597 46242.077
2 093.21 157.32 160.41 46180.42 46244.90 247.165
3 099.59 163.035 167.20 186.78 250.33 254.06
4 108.085 170.85 176.055 195.29 257.735 263.11
5 118.685 180.85 186.87 205.91 274.35
6 131.42 218.61 287.75
7 146.17 303.325
8 163.125 321.15
J K=0f (I) K=1f (1) K=1f(II) K=0f (II) K=2f(II) K = 2f (III) K= 1f (IIT)
3'B?, f-symmetry
0 46075.37 46209.68
1 077.49 46088.88 46154.49 211.925 46242.05
2 081.758 092.99 158.65 216.32 46180.42 46244.86 247.04
3 088.19 099.14 164.77 222.967 186.78 250.24 253.82
4 096.65 107.35 173.01 231.63 195.24 257.61 262.57
5 107.31 117.63 183.45 242.765 205.79 273.44
6 088.965 129.95 196.20 256.07 286.48
7 144.33 271.53
8 160.76
9 179.33
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Appendix (continued)
G. The 22B? polyad.

K=1e (V) K=2e (V) K=1e(I) K=1e (Il
3'B* e-symmetry e-symmetry
1 46436.575 46421.07 46507.61
2 440.995 46565.41 425.09 511.96
3 447.61 571.61 431.06 518.46
4 456.41 438.94 527115
5 467.44 590.12 448.68 537.95
6 480.64 460.29 550.97
7 496.01 566.07
8 513.36
] K=1f(V) K=2f(V) K=1f(I) K=1f (1) K = 0f (lla) K = 0f (1Ib)
3'B*, f-symmetry 2°B?, f-symmetry
0 46460.60 46467.84
1 46436.58 46421.03 46507.61 462.765 470.02
2 441.01 46565.45 425.02 511.88 467.18 474315
3 447.59 571.66 430.93 518.29 473.875 480.81;
4 456.39 438.79 526.83 482.86 489.49
B 467.36 590.26 448.62 537.51 494.05 500.38
6 460.39 550.35 507.36
7 471.74 565.34 522.73

(Interaction with 1'21)
H. Other bands.
5 L 61 2261 2133
J K=1e K=1f K=0f(I) K=2(II) K=1e K=1f
1 45841.71 45841.67 45705.00 46689.045 46689.02
2 846.105 845.97 709.31 45784.24 693.29 693.23
3 852.70 852.45 715.67 790.645 699.76 699.45
4 861.48 861.03 723.98 799.16 708.15 707.72
5 872.41 871.81 809.80 718.71 718.06
6 885.62 822.59 731.085 730.63
7 K-doubling 745.58
not resolved
3%p? 46791 cm™!

J K=1e (II) K=1f (1) K=1e (Il) K= 1f (IIT) K=1e K=1f
1 46694.02° 46694.02 46796.535 46796.42 46792.90 46792.94
2 697.765 698.06° 800.90 800.79 797.32 797.31
3 703.785 704.33 807.565 807.10° 803.86 803.83
4 711.805 712,59 816.395 815.67 812.64
5 722.40 722.80" 827.54 826.37 823.54
6 735.08 840.74 836.85
7
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