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The absolute photoabsorption cross sections of 1- and 2-butyne have been recorded at high resolution
by using the vacuum-ultraviolet Fourier-Transform spectrometer at the SOLEIL Synchrotron. Both
spectra show more resolved structure than previously observed, especially in the case of 2-butyne.
In this work, we assess the potential importance of Rydberg states with higher values of orbital
angular momentum, l, than are typically observed in photoabsorption experiments from ground
state molecules. We show how the character of the highest occupied molecular orbitals in 1- and
2-butyne suggests the potential importance of transitions to such high-l (l = 3 and 4) Rydberg states.
Furthermore, we use theoretical calculations of the partial wave composition of the absorption cross
section just above the ionization threshold and the principle of continuity of oscillator strength
through an ionization threshold to support this conclusion. The new absolute photoabsorption
cross sections are discussed in light of these arguments, and the results are consistent with the
expectations. This type of argument should be valuable for assessing the potential importance of
different Rydberg series when sufficiently accurate direct quantum chemical calculations are difficult,
for example, in the n ≥ 5 manifolds of excited states of larger molecules. C 2015 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4926541]

I. INTRODUCTION

The straight chain alkyne molecules are prototypical fuel
species that can play an important role in hydrocarbon combus-
tion and in the formation of soot. The Vacuum UltraViolet
(VUV) photoabsorption and photoionization spectra of these
species are of interest because they can provide insight into
the electronic structure of these molecules, and because they
highlight common features arising from the triple bond and its
local environment within different molecules.1–12 In addition,
photoionization mass spectrometry is now commonly used
to characterize species present in samples extracted from
reacting environments, and absolute cross sections for these
species allow their concentrations to be quantified.13,14 The
comparison of absolute photoabsorption and photoionization
cross sections allows the determination of the quantum yields
for ionization,15,16 as well as an assessment of the importance
of competing decay processes such as internal conversion,
intersystem crossing, and predissociation.17 An understand-
ing of the systematic behavior of the photoabsorption and
photoionization cross sections will also aid the development
of general ideas for the estimation of absolute cross sections

a)Present address: Brookhaven National Laboratory, Department of Chem-
istry, Upton, New York 11973, USA.

for related species,18–20 including free radicals for which cross
section determinations can be difficult.

The assignment of VUV photoabsorption spectra in
medium- to large-sized molecules remains challenging for
a number of reasons.21–23 In particular, the symmetries of
such molecules are often low, resulting in a large number of
allowed transitions and increasing interactions among states.
In addition, rotational structure is generally unresolved, and
linewidths are often broadened by rapid radiationless transi-
tions and predissociation, so that even the electronic structure
is often only partially resolved, particularly above principal
quantum number n ∼ 4. While quantum chemical calculations
are a great boon to the analysis of these spectra,5,8 the current
state-of-the-art is insufficient to make the assignments of the
spectra based on energetics alone. As a result, phenomeno-
logical quantum defects, which tend to have characteristic
values for each value of orbital angular momentum, l, and
assumptions about which series are generally strong (the
penetrating s, p, and d series) and weak (the non-penetrating
f, g, . . . series) are used to guide the analysis.21–23 However,
in some larger molecules, the nodal structure of the highest
occupied molecular orbital (HOMO) and more strongly bound
orbitals can become more complex, taking on character
associated with higher l states than generally expected. In
such situations, the standard assumptions (quantum defects
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for l ≥ 3 ∼ 0; transitions to states with l ≥ 3 are weak) are
likely to break down.

As discussed below, the n-alkynes represent one group of
molecules for which this breakdown may occur. In the absence
of quantitatively accurate electronic structure calculations,
additional insight is required to complement the traditional
approach to analysis. In the present study, we make use of
two ideas. First, we use the nodal structure of the HOMOs
and (HOMO-1)s to make an assessment of which Rydberg
series are likely to be strong. Second, we use calculations
of the photoabsorption cross section just above the ionization
threshold to determine which partial waves (l values) are strong
in the continuum and then use the continuity of oscillator
strength24,25 through the ionization threshold to predict which
nl Rydberg series will be strong just below threshold. While
such calculations do not predict the positions of the Rydberg
states, they do provide a strong indication of which series can
be expected in the spectrum.

As an example, the low-resolution photoionization cross
sections for acetylene, propyne, and 1-butyne show similar
behaviors,11,12,26 with a relatively rapid rise at threshold
leading to a plateau that extends for 2–3 eV above threshold. In
contrast, the photoionization cross section for 2-butyne shows
very different behavior, with a very intense broad resonance
just above threshold that has a peak cross section ∼3 times
greater than the values for the three other alkynes.11,12,26

Understanding the source of this high cross section is
important, and in this case, the intense feature has been found to
arise from a shape resonance in the continuum,9 corresponding
to a resonance in the l = 4 gπg electron continuum. Because
this resonance is so intense and broad, its influence is expected
to extend below the ionization threshold in 2-butyne, leading
to an expected increase in the intensity of the bound l = 4 gπg
Rydberg series in this molecule. Symmetry arguments can
explain why this resonance is not important for acetylene,
propyne, and 1-butyne, and not likely to be important for the
propargyl radical.9

The HOMOs of the four smallest closed-shell alkynes
correspond to degenerate (or nearly degenerate) π orbitals
centered on the C≡≡C triple bond. In acetylene, the HOMO
looks like a stretched pπu orbital,27 and the ground state
of the cation is a linear 2Π state that is split by Renner-
Teller interactions upon excitation of two nontotally symmetric
vibrations. In propyne27 and 1-butyne,9 the HOMOs are
very similar and look like asymmetric dπg orbitals with
the principal pair of lobes on the C≡≡C triple bond and
a second out-of-phase pair of lobes on the adjacent CH3
or CH2. As a result, considerable similarities are expected
in the Rydberg state structure of the two molecules. The
asymmetry of the HOMOs of propyne and 1-butyne indicates
that a single-center expansion would contain substantial
atomic np and nd character. Indeed, a single-center expansion
of the propyne HOMO about the central C atom gives
54% p and 28% d character.7 The substantial d character
in the HOMO of propyne suggests that transitions to nf
Rydberg series may be important, and we have recently
presented evidence for such transitions in the photoabsorption
spectrum.7 Given the similarity of the propyne and 1-butyne
HOMOs,9 such nf Rydberg series are also expected to have

FIG. 1. (a) The highest occupied molecular orbital (HOMO) for the ground
state of 1-butyne; (b) the HOMO-1; (c) the HOMO-2; (d) the HOMO-3.

significant intensity in the photoabsorption spectrum of
1-butyne.

The HOMO and several other orbitals of 1-butyne and 2-
butyne are shown in Figures 1 and 2, respectively. The molec-
ular geometries were optimized by using the second order
Møller-Plesset (MP2) method, and the orbitals correspond to
Hartree-Fock orbitals computed with a 6-311G(2df,p) basis set
by using the Gaussian 09 suite of programs.28 The HOMO of
the 2-butyne is far more symmetric than the HOMO of propyne
and 1-butyne and has the appearance of a stretched fπu orbital.
The single-center expansion of this orbital is expected to have
considerable p (pπu) and f (fπu) character. The significant f
character in the HOMO is an important factor that contributes
to the large intensity of the gπg

∗ shape resonance above
threshold,9 as well as to any oscillator strength in the gπg
Rydberg series below threshold.

The room-temperature photoabsorption spectrum of 1-
butyne has been reported at moderate resolution (∼40–70 cm−1

in the region of interest) by Nakayama and Watanabe together
with the values of the absorption coefficients.2 They assigned
three Rydberg series by analogy with the spectrum of propyne;
for some Rydberg states, they also tentatively assigned
progressions involving the ν3 C≡≡C stretching vibration and
the ν2 C—C stretching vibration. In general, the authors
found the features to be quite broad, adding to the difficulty
of making definitive assignments.2 The room-temperature
photoabsorption spectrum of 2-butyne has been reported
more recently by Palmer and Walker.8 This spectrum shows



034304-3 Jacovella et al. J. Chem. Phys. 143, 034304 (2015)

FIG. 2. (a) and (b) show the two components of the degenerate highest
occupied molecular orbital (HOMO) for the ground state of 2-butyne; (c) and
(d) show the two components of the degenerate HOMO-1.

considerably more sharp structure than the earlier spectrum
of 1-butyne. Palmer and Walker8 also performed high-level
theoretical calculations on the valence states and ns, np, and nd
Rydberg states converging to the ground electronic state of the
cation. They were able to assign a number of Rydberg series,
along with a significant amount of associated vibrational
structure associated with the ν3 C≡≡C stretching vibration.8

[Note that the previous researchers have labelled the C≡≡C
stretching vibration as ν3 in 1-butyne2 and ν2 in 2-butyne.8

Although this scheme may be somewhat confusing, we have
chosen to follow these precedents.] No evidence was presented
for nf or higher l Rydberg series in 2-butyne. In light of
the discussion above, a re-examination of the photoabsorption
spectra of 1- and 2-butyne is in order.

In the present paper, we report new high-resolution
photoabsorption cross sections for 1- and 2-butyne recorded by
using the Vacuum-UltraViolet Fourier Transform Spectrom-
eter (VUV-FTS) on the DESIRS (Dichroïsme Et Spectroscopie
par Interaction avec le Rayonnement Synchrotron) beamline at
the SOLEIL Synchrotron.29,30 The resolution is substantially
improved over the previously reported spectra, and the absolute
cross sections at room temperature are determined. Because
of the nature of the spectrometer, the band positions are also
determined with high precision. The spectrum of 1-butyne
is somewhat better resolved than the earlier spectrum2 and
provides much better definition of the vibrational progressions

in the ν2 and ν3 vibrational modes. However, no new
Rydberg series are identified. The spectrum of 2-butyne shows
considerably more structure than in the previous study,8 and
Rydberg series can be extended to somewhat higher principal
quantum number. Evidence for higher l Rydberg series is
discussed.

In what follows, we first discuss the experimental and
theoretical approaches. Next, we present the experimental
photoabsorption data for 1- and 2-butyne and discuss them
in the context of previous experiments. We then consider
an alternative assignment for some of the features in the 2-
butyne spectrum and provide a theoretical justification for this
assignment. The discussion of the spectra is concluded with
some thoughts on the generality of the observations and the
implications for larger alkynes.

II. EXPERIMENT

The VUV-FTS has been described in detail previously,29,30

and we limit the description to the specific details of the present
experiment. The spectra of 1- and 2-butyne were recorded
by using two different sample cells: a windowed cell for
calibrating the absolute photoabsorption cross sections and a
flowing cell for recording high-resolution, room-temperature
spectra. The determination of absolute photoabsorption cross
sections in the flowing cell requires a systematic calibration
procedure using measurements from the windowed cell under
the same conditions. This procedure has been described
previously.29–31 The resulting calibration curve is used over the
full VUV range including the windowless part of the spectrum.
Experimental uncertainties in the cross section determinations
in the flowing cell are estimated to be about ±10%, mainly due
to the column density calibration curve. A detailed discussion
of the FTS calibration process and the potential sources of
error in cross sections will be presented in a forthcoming
publication.31 1-butyne (ABCR GmbH & Co., 98% purity)
is a gas at room temperature and was used directly from the
cylinder. 2-butyne (ABCR GmbH & Co., 98% purity) is a
high-vapor pressure liquid at room temperature, and the gas
above the liquid was used.

Individual sections of the full spectrum were recorded
at one of the thirteen undulator settings used to cover the
energy region between 46 000 cm−1 and 90 000 cm−1. Each
spectrum used the full bandwidth of the undulator after the
synchrotron light had passed through a harmonic-removing
gas filter. The full spectrum was then obtained by splicing
together the individual spectra and calibrated by using impurity
lines in the gas filter. [The observed impurity lines correspond
to Xe: 68 045.15 cm−1, 77 185.04 cm−1, and 83 889.97 cm−1;
Kr: 80 916.76 cm−1 and 85 846.70 cm−1; O: 76 794.97 cm−1;
and H: 82 259.15 cm−1.32] As in any Fourier-Transform
spectrometer, the spectral resolution is determined by the
maximum optical pathlength difference in the interferometer.
The room-temperature spectra reported here were recorded
at a resolution of 0.86 cm−1, but the spectra for 2-butyne
were processed to give better signal-to-noise ratio resulting
in an effective resolution of 3.4 cm−1 with no apparent loss of
information. The resolution was confirmed by the measured
linewidths of the atomic impurity transitions.32
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III. RESULTS AND DISCUSSION

A. 1-butyne

The 1-butyne molecule is a nonlinear asymmetric top with
Cs symmetry. Figure 3 shows the photoabsorption spectrum of
1-butyne obtained in the flowing cell. In general, the agreement
with the spectrum of Nakayama and Watanabe is excellent.2

The cross section values on some of the most intense peaks are
∼8% greater than the earlier values, which most likely results
from the higher resolution in the present spectrum. However,
this discrepancy is also within the expected error (5%-10%) of
the present spectrum. As discussed below, the higher resolution
also reveals some vibrational structure that is not visible in the
earlier spectrum, but for the most part, the spectra are similar.
The band positions and assignments are given in Table I.

Carlier et al.33 have used photoelectron spectroscopy to
determine the first ionization energy of 1-butyne, yielding
a value of 82 090 ± 40 cm−1. This value is in agreement
with that determined by Nakayama and Watanabe2 from
their photoionization threshold and their analysis of Rydberg
series (82 100 cm−1). Nakayama and Watanabe identified three
Rydberg series of 1-butyne, which they labeled R, R′, and R′′

in analogy with their analysis of propyne.2 These series are

FIG. 3. The room-temperature absolute photoabsorption cross section of
1-butyne. The sharp lines marked by asterisks correspond to absorption
transitions in atomic impurities (see text in Sec. II).

TABLE I. Band positions for 1-butyne.

Band position
(cm−1) Assignment

n∗

(82 090 cm−1)a
Peak absorption cross

section (Mb)

62 733.70 3R′ 2.3810 44.8
63 727.60 3R′+ν2 2.4446 38.1
64 031.90 2.4651 31.9
64 653.40 3R′+2ν2 2.5087 35.6
64 913.50 3R′+ν3 2.5276 35.3
65 762.40 3R′+3ν2 2.5925 24.7
66 900.60 3R′+2ν3 2.6878 18.3
67 547.70 3R′′ 2.7470 33.1
68 281.00 2.8190 31.2
68 961.10 2.8911 56.3
69 190.20 4R 2.9166 81.5
69 479.40 2.9499 53.4
70 043.60 4R+ν2 3.0182 47.7
70 458.10 3.0715 37.9
71 222.90 4R+ν3 3.1777 63.9
71 975.50 3.2938 37.5
72 106.30 4R+ν2+ν3 3.3153 38.6
72 253.60 3.3401 37.5
72 695.30 3.4177 45.9
72 847.00 4R′ 3.4456 53.1
72 978.70 3.4704 50.3
73 162.00 4R+2ν3 3.5059 48.8
73 767.70 3.6312 57.5
74 071.20 4R′′ 3.6993 80.0
74 592.20 3.8257 58.8
74 755.80 3.8681 60.3
74 892.80 3.9047 60.6
75 003.30 3.9351 62.2
75 168.90 3.9819 60.6
75 356.00 4.0368 54.1
75 573.60 4.1037 52.8
75 832.70 4.1878 61.6
75 959.50 4.2308 62.5
76 517.60 4.4377 70.6
76 652.20 4.4922 67.8
76 708.00 4.5155 68.1
76 856.90 4.5793 67.2
77 007.20 4.6465 69.1
77 160.50 4.7182 67.5
77 393.70 4.8339 62.2
77 592.00 4.9393 62.8
77 751.90 5.0295 63.1
77 804.90 5.0605 62.8
78 011.00 5.1868 63.4
78 389.00 5.4452 71.3
78 523.50 5.5469 79.4
78 967.30 5.9280 70.9
79 036.00 5.9943 73.8
79 230.70 6.1951 73.8
79 316.60 6.2903 73.1
79 408.20 6.3968 74.7
79 538.00 6.5574 78.8
79 591.00 6.6266 78.1
79 820.40 6.9534 74.1
79 982.40 7.2157 74.7
80 131.90 7.4861 75.3
80 246.40 7.7151 75.8
80 372.40 7.9931 78.3
80 495.50 8.2959 80.0
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TABLE I. (Continued.)

Band position
(cm−1) Assignment

n∗

(82 090 cm−1)a
Peak absorption cross

section (Mb)

80 558.50 8.4648 80.4
80 866.70 9.4713 79.0
81 052.80 10.2859 78.4
81 236.60 11.3396 77.0
81 551.50 14.2752 79.1
81 612.10 15.1533 78.9
81 824.20 20.3189 77.0

aThe effective principal quantum numbers were calculated by using Equation (1), the
ionization energy for 1-butyne (82 090 cm−1) and the Rydberg constant for 1-butyne
(109 736.2 cm−1).

given by

En = Eie − R/(n − δ)2, (1)

where Eie is the ionization energy, R is the Rydberg constant for
1-butyne (109 736.2 cm−1), n is the principal quantum number,
and δ is the quantum defect. Nakayama and Watanabe2 found
δ = −0.08 with n = 4,5, . . . for the R series, δ = +0.55 with
n = 3,4, . . . for the R′ series, and δ = +0.33 with n = 3,4, . . .
for the R′′ series. These states are indicated in Figure 3.
However, the present labels are limited to values n < 6, as
no obvious assignments can be made above this. As seen
in Figure 3(b), the spectrum above ∼75 000 cm−1 (n ∼ 5) is
quite irregular and it is difficult to find any series with a
constant quantum defect. Unlike the spectrum of propyne,7

plotting the spectrum of 1-butyne against the effective principal
quantum number is of little help. The lack of identifiable
regular structure in the Rydberg series of 1-butyne may be a
result of more extensive vibrational structure than in 2-butyne
or smaller alkynes.

Figure 3 also shows the predicted positions for a series of
nf Rydberg states converging to the ground electronic state of
the ion and calculated by using Equation (1) with δ = 0.0.
Although weak structure is observed near each of these
positions, no regular series of bands can be unambiguously
identified. This observation suggests that either transitions to
the nf states of 1-butyne are weak or irregular or that the nf
series have quantum defects somewhat different from zero.
The present spectra were recorded at room-temperature, and
it is noteworthy that the nf series of propyne only became
obvious in the jet-cooled sample.

In the photoelectron spectrum of 1-butyne, Carlier et al.33

identified two progressions, with vibrational wavenumbers of
1980 ± 50 cm−1 and 890 ± 50 cm−1, which they assigned to
the ν3 C≡≡C stretch and the ν2 C—C stretch of the bond
adjacent to the C≡≡C bond, respectively. Figure 4 shows
an expanded portion of the 1-butyne absorption spectrum
displaying evidence for similar vibrational progressions in the
3R′ band. The corresponding fundamental wavenumbers for
the 3R′ state are 2180 cm−1 and 994 cm−1 for ν3 and ν2,
respectively. Nakayama and Watanabe2 previously identified
the ν2 progression, but the new spectrum also clearly shows
two members of the progression in ν3.

Figure 5 shows an expanded portion of the 1-butyne
spectrum detailing the vibrational structure of the 4R band.

FIG. 4. An expanded portion of the room-temperature absolute photoabsorp-
tion cross section of 1-butyne in the region of n∗= 3. The sharp line marked
by an asterisk corresponds to an absorption transition in an atomic impurity
(see text in Sec. II).

This structure is not nearly as obvious or extended as that for
the 3R′ band. Two progressions can be tentatively assigned to
the ν3 and ν2 vibrations, with fundamental wavenumbers of
2033 cm−1 and 853 cm−1, respectively.

Figure 6 shows the photoabsorption spectrum of 1-
butyne in the region of the ionization threshold, along with
the photoionization cross section from Wang et al.12 As
noted by Nakayama and Watanabe,2 the quantum yield for
ionization is much less than one, and the slow rise of the
photoionization cross section just above threshold relative
to the flat photoabsorption cross section suggests that the
photoionization process is significantly less vertical than for
similar species like propyne. This slow rise indicates a change
in structure upon ionization of 1-butyne. This observation
indicates that there is significant intensity in the Rydberg
series converging to vibrationally excited states of the cation.
However, the flat photoabsorption spectrum in this region

FIG. 5. An expanded portion of the room-temperature absolute photoabsorp-
tion cross section of 1-butyne in the region of n∗= 4.
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FIG. 6. The room-temperature absolute photoabsorption and photoionization
cross sections of 1-butyne in the region of the first ionization threshold. The
photoionization data are from Ref. 11. The sharp lines marked by asterisks
correspond to absorption transitions in atomic impurities (see text in Sec. II).

suggests that these series must be broadened to the extent
that they are not resolved. These observations indicate that
the quantum yield for ionization of these vibrationally excited
Rydberg series must also be significantly less than one. In
other words, above the first ionization threshold, these Rydberg
series still appear to be strongly predissociated.

B. 2-butyne

The electronic ground state of the 2-butyne molecule has a
linear C—C≡≡C—C backbone,9 while that of the ground state
cation is nearly linear. The minimum energy in the neutral
corresponds to the eclipsed geometry of the two CH3 groups
(D3h symmetry), but the barrier to internal rotation is minimal
(5.98 ± 0.03 cm−1).34 Calculations indicate that the geometry
of the ground state cation (and presumably the geometries
of the Rydberg series converging to the ground state cation)
is neither D3h nor D3d, but rather C2h or C2v, because Jahn-
Teller interactions slightly distort the linear carbon backbone.9

As in the neutral ground state, the methyl groups undergo
essentially free rotation. As noted by Palmer and Walker,8 to
first order, the vibrational progressions in the Rydberg states
converging to the ground state of the ion should mirror those
observed in the photoelectron spectrum for that state. This
photoelectron spectrum is dominated by the origin band,9,33,35

and the strongest observed progression is in the ν2
+, C≡≡C

stretching vibration (ν̃+2 = 2170 ± 30 cm−1).9 Progressions in
the photoelectron spectrum have also been identified for
the ν4

+, C—C stretching vibration (ν̃+4 = 725 ± 25 cm−1).9

Theoretical vibrational wavenumbers for all of the vibrational
modes for the neutral and ionic ground states of 2-butyne are
given in Table 1 of Ref. 9, and we use the notation for the modes
described therein. For the discussion below, we note that the
theoretical vibrational wavenumber of the cation’s ν11b

+mode,
CH3 rock, is 424 cm−1, and the two components of the ν16a,b

+

C—C—C deformation are 418 cm−1 and 358 cm−1. The ν11b
+ is

expected to be an active mode of the linear Jahn-Teller effect
and is more likely to be observed than the ν16a,b

+ mode.36

The adiabatic ionization energy of 2-butyne has recently been
determined to be 77 115.1 ± 2.0 cm−1.36 The ground state
cation also has a small spin-orbit splitting that is not resolved
in the present spectra; because this splitting is small, we use
the center of gravity of the spin orbit states (77 120 cm−1) in
the calculation of the n∗ values given in Table II.

Figure 7 shows an overview room-temperature absorption
spectrum of 2-butyne. The line positions and assignments
are given in Table II. Throughout the spectrum, the energy
scale appears to differ from that of Ref. 8 by approximately
0.1%. In the discussion and figures presented below, the
assignments of Ref. 8 have been shifted accordingly to match
with the positions of the features in the present spectrum.
Between approximately 50 000 cm−1 and 75 000 cm−1, the
absolute photoabsorption cross sections are in reasonably good
agreement with the previous values of Palmer and Walker.8 As
seen in Figure 8, at higher energy, the present measurements
are somewhat lower than those of Palmer and Walker,8

particularly at the large resonance feature at ∼80 000 cm−1

in the continuum, where the present values are approximately
35% below the earlier measurements. Because the present
measurements expose the sample to the full undulator envelope
at all times, there is a significantly greater possibility for
depletion of the effective sample pressure by photodissociation
of the sample during the measurement. This issue is not
likely to be important in the earlier measurements, where
the sample was exposed to a much weaker, monochromatized
photon beam. While this difference in sample exposures could
explain the observed differences in the cross sections, repeated
measurements with shorter exposure times did not result in
substantially different cross sections. Thus, the source of this
discrepancy cannot be identified at this time. Figure 8 also
shows the total photoionization cross section for 2-butyne from
Wang et al.12 At ∼10 eV, this photoionization cross section12

has nearly the same value as the present photoabsorption cross
section. This observation would indicate a quantum yield for
ionization of 100%, which is somewhat unusual so close to the
ionization threshold.

The first ultraviolet absorption bands in 2-butyne are
observed at ∼50 000 cm−1 and correspond to weak, broad
bands. Below 63 000 cm−1 (Figure 7(a)), the absorption bands
have been discussed by Palmer and Walker,8 and by Hamai
and Hirayama,10 and assigned to 3s and 3p Rydberg states and
their associated vibrational structure. The first intense group
of bands is observed between 63 000 cm−1 and 69 000 cm−1,
and Figure 9 shows an expanded view of this region of the
spectrum. The assignment of the three principal Rydberg states
in this figure follows the assignments of Palmer and Walker,8

who based their assignment on quantum chemical calculations.
Palmer and Walker8 assigned the v2

′ = 0-2 bands of all three
states (3dy2,3dyz, and 3dxy,x2−y2, where the latter indicates
two overlapped electronic states). Palmer and Walker8 also
assigned the bands at 63 560 cm−1 and 63 903 cm−1 to the
v2
′ levels of the 3pz and 3px Rydberg states, respectively.

However, because the same pattern of two bands is observed in
the same location relative to the 3dy2, v2

′ = 0, 1, and 2 states,
we have reassigned these bands to the v2

′ = 0–2, v11b
′ = 1,

and v2
′ = 0–2, v4

′ = 1 bands. The ν11b vibration corresponds
to the b1 component of the CH3 rock, while the ν4 vibration
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TABLE II. Band positions for 2-butyne.

Band position Assignment (Ref. 8)a Assignment (present n∗ (77 120 cm−1)b Peak absorption
(cm−1) work) cross section (Mb)

51 263.80 3s 3s 2.0601 3.0
53 546.00 3s+ν2 3s+ν2 2.1575 3.2
54 895.70 2.2221 2.9
56 024.50 2.2808 2.9
57 030.70 2.3372 3.1
58 576.70 2.4327 4.3
59 435.60 3pz 3pz 2.4910 6.5
60 220.90 2.5483 6.2
60 576.70 3px 3px 2.5755 6.9
61 386.50 2.6410 6.4
61 631.90 3pz+ν2 3pz+ν2 2.6618 6.6
62 098.20 2.7028 7.1
62 269.90 3px+ν2 3px+ν2 2.7184 7.5
62 834.40 2.7716 7.9
63 182.00 3dy2 3d/4s 2.8059 92.7
63 570.50 3pz+2ν2 2.8459 15.1
63 893.70 3px+2ν2 2.8804 22.9
64 257.30 3d/4s 2.9209 85.9
64 357.50 3dyz 2.9323 76.6
64 575.10 3d/4s 2.9576 63.5
64 626.60 3dxz,x2−y2 2.9637 63.5
64 812.70 2.9860 39.3
64 932.50 3.0007 26.3
65 317.80 3dy2+ν2 3d/4s+ν2 3.0493 47.9
65 712.90 3.1016 19.3
65 982.00 3.1389 23.4
66 404.90 3dyz+ν2 3d/4s+ν2 3.2002 41.9
66 721.90 3dxz,x2−y2+ν2 3d/4s+ν2 3.2486 31.5
66 957.10 3.2860 20.8
67 084.90 3.3069 17.2
67 422.30 3dy2+2ν2 3d/4s+2ν2 3.3639 18.5
67 810.80 3.4334 11.2
68 103.30 3.4886 12.2
68 456.00 3.5589 14.6
68 568.50 3dyz+2ν2 3d/4s+2ν2 3.5822 15.3
68 865.00 3.6460 14.7
69 084.90 3dxz,x2−y2+2ν2 3d/4s+2ν2 3.6956 18.4
69 492.00 4d/5s 3.7929 37.9
69 627.00 4dy2 4d/5s 3.8269 48.0
69 835.60 4dyz 4d/5s 3.8813 53.3
69 926.40 3.9057 33.6
70 024.50 3.9326 26.1
70 240.50 3.9939 24.4
70 419.00 4dxz,x2−y2 4fδ 4.0468 70.0
70 529.20 4.0804 20.4
70 906.80 4.2026 20.6
71 144.00 4.2852 20.0
71 289.20 4.3382 20.4
71 360.70 4.3651 20.2
71 567.00 4dy2+ν2 4.4454 27.9
71 749.30 4.5202 29.0
71 913.50 4.5910 45.6
71 983.40 5d/6s 4.6221 52.2
72 064.40 4.6590 47.3
72 196.90 5d/6s 4.7213 48.1
72 569.30 5dyz,4dxz,x2−y2+ν2 5fδ 4.9106 59.4
72 855.20 5d 5gπ 5.0726 44.8
73 106.30 5.2288 21.2
73 301.00 5.3605 27.1
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TABLE II. (Continued.)

Band position Assignment (Ref. 8)a Assignment (present n∗ (77 120 cm−1)b Peak absorption
(cm−1) work) cross section (Mb)

73 479.40 5.4902 39.6
73 619.50 5.5990 49.8
73 678.90 6d/7s 5.6471 53.5
73 815.90 6d/7s 5.7630 47.1
73 979.80 5.9115 51.0
74 008.40 6d 6fδ 5.9386 55.2
74 156.40 6gπ 6.0851 44.8
74 389.40 6.3394 38.1
74 515.30 6.4908 43.8
74 585.50 7d/8s 6.5801 48.3
74 707.40 7d/8s 6.7443 61.0
74 839.90 7d 7fδ 6.9374 59.0
74 964.20 7gπ 7.1346 44.6
75 223.50 8d/9s 7.6068 49.6
75 383.80 8d 8fδ 7.9502 53.8
75 452.60 8gπ 8.1125 43.1
75 659.90 9d/10s 8.6693 56.5
75 759.70 9fδ 8.9817 60.8
75 929.90 10d/11s 9.6025 60.0
75 977.30 9.7996 62.1
76 160.10 6d+ν2 11d/12s 10.692 61.2
76 195.70 10.896 61.5
76 230.10 11.105 60.6
76 320.00 12d/13s 11.712 62.3
76 446.00 13d/14s 12.760 53.3
76 480.40 13.099 52.9
76 645.60 15.209 57.8
76 734.00 16.861 61.9
76 838.70 19.751 66.7
76 979.40 7d+ν2 27.937 67.1
77 097.10 69.227 64.8
77 393.10 66.9
77 526.00 70.6
77 605.70 66.5
77 809.00 70.8
77 905.10 72.7
78 117.80 75.8
78 344.00 75.0
78 469.90 76.9
78 598.80 75.0
78 793.50 76.6
79 042.90 79.7
79 227.00 80.7
79 620.70 83.2
79 953.00 84.5
80 218.80 86.3
80 462.20 87.2
80 613.50 88.1

aThe peaks are somewhat more resolved in the present spectrum than in Ref. 8, and the resulting line positions are somewhat
different. As a result, we have associated the assignments from Ref. 8 with the nearest peaks observed in the present spectrum.
bThe effective principal quantum numbers were calculated by using Equation (1), the 2-butyne ionization energy36 to the center
of gravity of the two spin-orbit states of the ion (77 120 cm−1), and the Rydberg constant for 2-butyne (109 736.2 cm−1).

corresponds to an a1 symmetry C—C stretch in the cation.
The observed spacings are consistent with the calculated ionic
frequencies for the ν4

+ and ν11b
+ modes. The intensities and

progressions observed in Figure 9 are consistent with the
photoelectron spectra presented previously,9 which show a
dominant origin band, a strong progression in ν2

+, and a weaker

progression in ν4
+. The intensity of the v2

+ = 1 photoelectron
band is also approximately half that of the origin band.

Figure 10 shows the same spectral region as Figure 9 but is
extended to include the regions corresponding to the n = 4–6
Rydberg states. Figure 10(a) shows the earlier assignments
of Palmer and Walker,8 which were based on their quantum
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FIG. 7. The room-temperature absolute photoabsorption cross section of
2-butyne. Note that the scale of the y-axis in part (a) is a factor of ten smaller
than in parts (b) and (c). The sharp lines marked by asterisks correspond to
absorption transitions in atomic impurities (see text in Sec. II).

chemical calculations and their assignments of the n = 3
bands. The structure associated with vibrationally excited
bands with n∗ = 3 (i.e., between 65 000 cm−1 and 68 000 cm−1)
has also been blocked out to simplify the pattern recognition.
The present spectrum shown in Figure 10 is somewhat better
resolved than the earlier spectrum. As a result, at each value
of n, some of the blended features in the earlier spectrum
are resolved into two or more features. Palmer and Walker8

assigned the intense feature at ∼72 500 cm−1 as an overlap

FIG. 8. An expanded portion of the room-temperature, absolute photoabsorp-
tion cross section of 2-butyne across the shape resonance, with an estimated
uncertainty of ±10%. The photoabsorption data of Palmer and Walker8 and
the present experiment are shown. Also shown is the photoionization cross
section reported by Wang et al.,12 which has a reported uncertainty of ±20%.
The observation that the absorption and ionization data are nearly parallel
across the peak of the shape resonance suggests that the ionization quantum
yield for the resonant component is nearly unity. The true photoionization
cross section must be below or equal to the photoabsorption cross section, and
this requirement is met when the uncertainties of the measurements are taken
into account. The sharp lines marked by asterisks correspond to absorption
transitions in atomic impurities (see text in Sec. II).

of two bands. The first corresponds to the 5dxy,x2−y2, v2
′ = 0

band, and the second corresponds to the 4d, v2
′ = 1 band;

the latter assignment was made because the spacing between
this feature and the 4d, v2

′ = 0 band is very close to the
ν2
+ frequency. While this assignment is certainly plausible,

three factors suggest that another explanation may be in order.
First, the intensity of the 72 500 cm−1 feature is quite large
for a v2

′ = 1 band; indeed, because it is broad, the integrated
intensity of this feature is nearly equal to that of the 4d, v2

′ = 0
band. Second, the n∗ value (with respect to the vibrationless
ground state of the ion) for the 5dxy,x2−y2, v2

′ = 0 assignment

FIG. 9. An expanded portion of the room-temperature absolute photoabsorp-
tion cross section of 2-butyne in the region containing the transitions to states
with n∗= 3. The assignments are from the work of Palmer and Walker.8
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FIG. 10. An expanded portion of the room-temperature absolute photoab-
sorption cross section of 2-butyne in the region containing the transitions
to states with n∗= 3–6. Both frames show the same experimental data from
the present work, but with different assignments for the observed features.
(a) The assignments of Palmer and Walker,8 based on a somewhat lower
resolution photoabsorption spectrum. (b) The present assignments suggesting
the observation of transitions to Rydberg states with l = 4 and 5.

is n∗ = 4.9092, i.e., δ = 0.0918, whereas the corresponding
value for the 4dxy,x2−y2, v2

′ = 0 band is n∗ = 4.0459, i.e.,
δ = −0.0459. This shift is substantial for consecutive members
of a Rydberg series and casts some doubt on the assignment.
Third, and perhaps most important, the pattern of features at
n = 5 is very similar to the pattern of features at n = 6, where
no vibrational interlopers are expected. Figure 10(b) shows
the same spectrum as Figure 10(a), but with a different set of
assignments.37 These assignments result from associating the
new features at n = 4 and 5 with the first members of nf and ng
Rydberg series, respectively. The introduction of these states
at n = 4 and 5 perturbs the positions of the existing, lower-l
states at these n values. This assignment is also consistent with
the similar patterns at n∗ = 5 and 6, suggesting that the four
sharp features at each n represent the origin bands of successive
members of four different Rydberg series. As discussed below,
such an interpretation could also provide an explanation for
the very different pattern of features at n = 3 and 4.

Although Palmer and Walker8 assigned the features
observed near n∗ = 4 to the same three series they identified
near n∗ = 3, the actual pattern of levels is quite different. At
n∗ = 3, there is an intense, sharp, isolated band, followed by at
least two strong overlapped bands at slightly higher energy. All
of these features have values of n∗ < 3. In contrast, at n∗ = 4,
there are at least three overlapped bands with n∗ < 4, as well
as a single isolated and intense band with n∗ just greater than
4. Although the peaks are less resolved at higher n, the pattern
at n∗ = 5 is changed once again, with the addition of one more
intense feature. At n∗ = 6, however, the pattern is very similar
to that at n∗ = 5, albeit somewhat less resolved. The features at
higher n∗ are also consistent with the envelopes of the n∗ = 5
and 6 features.

One explanation for the observation of new features at
n = 4 and 5 is that new Rydberg series, specifically the nf,
l = 3 and ng, l = 4 series, become accessible at these two
values of n, respectively. In general, it is often assumed that the
higher l Rydberg states will be nonpenetrating, with relatively
small oscillator strength from the ground state of the molecule.
It appears that for this reason, Palmer and Walker8 did not
perform calculations for the nf or higher l Rydberg states of 2-
butyne. The single center expansion of the HOMO gives 74.1%
l = 1; 0.1% l = 2; 14.9% l = 3; 0.4% l = 4; and 6.8% l = 5,
with the remaining 3.7% distributed amongst higher partial
waves. Thus, the HOMO of 2-butyne has significant high-l
character suggesting that transitions to high-l Rydberg states
may be more important than previously thought. Furthermore,
the very intense l = 4, gπg

∗ shape resonance peaks just above
the ionization threshold.9 The width of this resonance is
sufficient that its influence likely extends well below threshold,
leading to enhanced intensity in the ng Rydberg series. If this
interpretation is correct, the new feature observed at n∗ = 4
would correspond to the n = 4 member of an f Rydberg series,
and the new feature observed at n∗ = 5 would correspond to the
n = 5 member of a g Rydberg series. To the extent that these
series perturb the lower l Rydberg series, they are expected
to result in shifts of the corresponding quantum defects at
n = 4 and 5. Such behavior is not unprecedented. For example,
the interaction between the ndσ and (n + 1)sσ Rydberg states
of NO leads to a significant shift in the sσ quantum defect
between n = 2, where there is no corresponding dσ state,
and n = 3, where the dσ state first appears.38,39 What makes
this observation somewhat surprising in the present context is
that the perturbations occur between states that are normally
considered non-penetrating. In Section III C, we use theoretical
calculations and concepts from quantum defect theory to
generate support for this interpretation.

At higher principal quantum number, the structure in the
2-butyne spectrum becomes more erratic, as seen in Figure 11.
For the lowest n values shown in Figure 11 (i.e., n = 7, 8), some
of the structure observed at n < 7 remains, but the features are
blended and become unresolved at n > 9. No interlopers based
on electronically excited ion states appear to be present in the
energy region of the figure. (The first electronic excited state
threshold for the ion lies at ∼115 300 cm−1,35 and Rydberg
states converging to this limit are only expected at higher
energy.) Thus, the irregularity in the spectrum is most likely
due to interference among the Rydberg series converging to
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FIG. 11. The room-temperature photoabsorption spectrum of 2-butyne near
the first ionization threshold. Tentative assignments of the Rydberg series
converging to the vibrationless ground state of the cation are indicated. The
v2
+= 0 and 1 thresholds at 77 120 cm−1 and 79 233 cm−1, respectively, are

also indicated.

vibrationally excited levels of the ground state cation. The
v2
+ = 0 and 1 ionization thresholds are indicated in the figure.

As observed previously in the photoabsorption spectrum of
propyne,9 the appearance of the spectrum strongly suggests
that the dominant Rydberg series in this region converge to
these thresholds. As in the case of propyne,9 there is also a
strong similarity of the structure converging to the v2

+ = 0 and
1 thresholds, suggesting very regular perturbations between se-
ries converging to successive thresholds (i.e., between v2

+ = 0
and 1 series, and between v2

+ = 1 and 2 series).

C. Theoretical considerations for 2-butyne

We would like to assess the potential role of high-l
Rydberg states (l ≥ 3) in the photoabsorption spectrum of 2-
butyne. This assessment requires two principal tasks. First, we
must assess how strong the series with l ≥ 3 are likely to be
in transitions from the ground state. Second, we must try to
estimate the energy positions of these states and assess the
extent to which these states perturb the positions of the other
Rydberg states relative to their positions at lower n, i.e., where
the high-l states no longer exist.

We first consider the transition probabilities to higher l
states. As noted above, there have been no direct calculations
of nf, ng, or higher l Rydberg states or of the transitions to
them from the ground state of 2-butyne. In general, such calcu-
lations are difficult for larger molecules due to the increasing
number of states at n = 4, 5, and higher. Furthermore, in this
region, the typical errors in the predicted energy levels rela-
tive to experiment are on the order of 0.2–0.4 eV. Because
the spacing between the n = 4 and 5 manifolds is ∼0.3 eV,
assignments based on the predicted energies are difficult, even
if all of the relevant states are included in the calculation. While
models based solely on long-range interactions for purely non-
penetrating states have been quite successful,40–42 we expect
the f and g series of interest in 2-butyne to have sufficient
penetrating character to require a more complete treatment.

In the absence of traditional quantum chemical calculations,
we have performed calculations of the photoabsorption cross
section just above the ionization threshold. These calcula-
tions allow the break down of the cross section into contri-
butions from partial waves with different values of l. Us-
ing the principle of continuity of oscillator strength through
an ionization threshold,24,25 these calculations shed light on
the expected relative strengths of Rydberg series below the
threshold and thus can aid or support the assignment of the
spectrum.

In the present calculation, the continuum is described as a
sum over a large number of partial waves, with l ranging from
0 to 10. The photoabsorption calculations were performed
by using the ePolyScat codes43,44 within the frozen-core
Hartree-Fock (FCHF) approximation.45 In this approach, the
continuum electron wave function is calculated on a numerical
grid based on a single-center expansion, where partial waves up
to lmax = 60 were included for convergence in the short-range
region around the nuclei. The bound orbitals of the target
were obtained from restricted Hartree-Fock wave functions
computed using the Gaussian code28 and an augmented
correlation consistent polarized valence triple-zeta (aug-cc-
pVTZ) one-electron basis set.46,47 The calculations were
performed in the fixed-nuclei approximation at a geometry
obtained from an optimization using second order Møller-
Plesset perturbation theory and the same aug-cc-pVTZ basis
set. The transition moments were calculated in both the length
and velocity gauges, as well as the length/velocity mixed
gauge.

The transition moments from the 2-butyne ground state
to the continua with l = 0–6 and for a photon energy of
78 236 cm−1 (970 cm−1 above the calculated ionization
threshold) are shown in Table III. Figure 12 shows the
continuum partial photoionization cross sections as a function
of photon energy and broken down by l. While we are
interested in the transition moments to the bound states near
n = 4 and 5, i.e., near 70 170 cm−1, the principle of continuity
of oscillator strength24,25 requires that the transition moments
just above threshold will merge smoothly into those for the
Rydberg states just below threshold. Thus, while some energy
dependence is certainly expected, continua with significant
oscillator strength just above threshold should be connected
with Rydberg states with significant intensity below threshold.
Of course, just above threshold, the transition moment to the
l = 4 gπ continuum is increasing rapidly due to the shape
resonance of the same symmetry.9 As a result, at lower energy,
the intensity of the corresponding Rydberg series may be
reduced considerably. Nevertheless, Figure 12 shows that,
even at energies well below the peak of the resonance, the
transition moment to the l = 4 gπ continuum is still quite
strong. These results suggest that gπ series might still have
significant intensity even at n = 5.

Based on Table III, the two strongest series are expected
to be what are nominally fδ and gπ Rydberg series, providing
significant support for the assignments proposed here. The
next most intense series are expected to be more traditional
dδ and sσ series, followed by a variety of significantly weaker
nd and ng series. The latter series are probably significantly
weaker at the energy of the n = 5 Rydberg states.
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TABLE III. Partial photoionization cross sections of 2-butyne for different partial waves.a

l |m |
σlength

(Mb)
Fraction
(length)

σvelocity

(Mb)
Fraction

(velocity)
σmixed

(Mb)
Fraction
(mixed)

0 0 4.3160 0.079 4.6017 0.132 4.4533 0.103

1 0 0.0000 0.000 0.0000 0.000 0.0000 0.000
1 1 0.0214 0.000 0.0135 0.000 0.0168 0.000

2 0 1.2604 0.023 1.1340 0.032 1.1837 0.027
2 1 1.8655 0.034 1.0409 0.030 1.3930 0.032
2 2 8.3717 0.154 5.8483 0.167 6.9036 0.160

3 0 0.0000 0.000 0.0000 0.000 0.0000 0.000
3 1 0.2328 0.004 0.1675 0.005 0.1972 0.005
3 2 16.5151 0.303 9.1111 0.261 12.2654 0.284
3 3 0.1328 0.002 0.1124 0.003 0.1222 0.003

4 0 1.6456 0.030 1.3907 0.040 1.5128 0.035
4 1 16.8330 0.309 9.5186 0.272 12.6577 0.293
4 2 3.1274 0.057 1.9611 0.056 2.4718 0.057
4 3 0.0496 0.001 0.0392 0.001 0.0415 0.001
4 4 0.0013 0.000 0.0007 0.000 0.0010 0.000

5 0 0.0000 0.000 0.0000 0.000 0.0000 0.000
5 1 0.0000 0.000 0.0000 0.000 0.0000 0.000
5 2 0.0438 0.001 0.0246 0.001 0.0328 0.001
5 3 0.0024 0.000 0.0018 0.000 0.0021 0.000
5 4 0.0003 0.000 0.0001 0.000 0.0001 0.000
5 5 0.0000 0.000 0.0000 0.000 0.0001 0.000

6 0 0.0002 0.000 0.0002 0.000 0.0002 0.000
6 1 0.0019 0.000 0.0011 0.000 0.0014 0.000
6 2 0.0008 0.000 0.0005 0.000 0.0006 0.000
6 3 0.0000 0.000 0.0000 0.000 0.0000 0.000
6 4 0.0000 0.000 0.0000 0.000 0.0000 0.000
6 5 0.0000 0.000 0.0000 0.000 0.0000 0.000
6 6 0.0000 0.000 0.0000 0.000 0.0000 0.000

Total 54.422 34.968 43.257

aThe partial cross sections (in units of Mb, i.e., 10−18 cm2) were calculated as described in Ref. 7 at a photon energy of
78 236 cm−1, which lies 970 cm−1 above the calculated ionization threshold (77 266 cm−1). The transition moments were
calculated using the length-, velocity-, and mixed-gauge forms of the transition dipole matrix element. The differences between
the forms give a rough indication of the expected accuracy of the calculations. The total cross sections were calculated including
partial waves up to l = 10, but the contribution of all l > 6 is quite small. The calculations yield fixed-nuclei photoionization cross
sections, but because the ionization yield is implicitly 1.0, the results are best compared to the photoabsorption cross section.

Perhaps the most surprising thing about Table III and
Figure 12 is the magnitude of the l = 3 cross section (in partic-
ular, l = 3, |m| = 2). As discussed above, the single-center
expansion of the ground state HOMO is almost completely
made up of odd-l contributions. Based on the ∆l = ±1
selection rule, this situation suggests that transitions to odd-l
continua will be weak. The calculations were performed in a
D3 geometry, where even and odd l are mixed. Interestingly,
a calculation in a D3d geometry, in which this mixing cannot
occur and only even l are allowed, yields approximately the
same total cross section as the calculation in the D3 geometry.
This observation suggests that all of the intensity in the l = 3
partial cross section is “borrowed” from the l = 2 and 4 partial
cross sections.

Finally, we must assess the extent to which the nf and
ng Rydberg states are expected to perturb the positions of the
other Rydberg states observed in the spectrum. In Table II, the
effective principal quantum number for the three strong fea-
tures assigned previously to 3d Rydberg states is n∗ = 2.8056,

2.9205, and 2.9573. The 3d and 4s states are likely mixed, so
we label these states accordingly as 3d/4s. With our proposed
assignments, the corresponding s/d features at n = 4 have
n∗ = 3.7922, 3.8262, and 3.8806; the new feature at n = 4,
which is assigned to a 4f state, has n∗ = 4.0459. Thus, while
the lowest 4d state is not significantly perturbed, the other two
are pushed to somewhat lower n∗ values than expected by the
4f state. If this interpretation is correct, the n∗ value of the
4f state is likely somewhat higher than it would have been in
the absence of d-f interactions. At n = 5, the corresponding 5d
features (only two are resolved) have n∗ = 4.6209 and 4.7199,
and the 5f feature has n∗ = 4.9092. The new feature, which
has been assigned as a 5g state, has n∗ = 5.0709. Thus, in
this scheme, the introduction of the 5g state pushes the 5f
state to lower energy than expected, which in turn pushes
the 5d/6s states to still lower energy. We note that these
perturbations, which involve interactions between even-l and
odd-l Rydberg series, are the same interactions responsible
for the enhancement of the l = 3 partial photoionization cross
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FIG. 12. The calculated partial photoionization cross sections of 2-butyne as
a function of l and photon energy.

section discussed above. Thus, some qualitative support exists
for the present assignment of the 2-butyne spectrum. At higher
n, the spectrum appears to become more regular, although the
individual series are considerably less resolved.

In the absence of such an assignment, the relatively strong
energy dependence of the n∗ values between n = 3 and 5 would
be much harder to rationalize. Of course, it is possible that
interactions between states converging to different vibrational
thresholds could be responsible for these perturbations. How-
ever, as discussed above, the intensities of the series converging
to vibrationally excited states of the ground electronic state
of the ion are less than half the intensity of those of the
origin bands. Furthermore, the interactions between series with
different vibrational quantum numbers tend to be relatively
weak.48 Such interactions are also responsible for vibrational
autoionization,49–51 and the strongest generally have ∆vi = 1.
The widths of the vibrationally autoionizing levels in Figure 11
are not particularly large, so it seems less likely that vibrational
perturbations are responsible for the observations. Another
possibility is that Rydberg-valence interactions are responsible
for the perturbations and energy shifts, but so far there is
no self-consistent explanation for the observations from that
perspective.

A quantitative determination of the expected perturbations
between nd, nf, and ng Rydberg states in 2-butyne would
be highly desirable. As discussed above, detailed quantum
chemical calculations on these states are challenging and
have yet to be performed. Alternatively, it may be possible
to use information from the partial-wave analysis of the
photoionization cross sections to characterize the interactions
between partial waves with different l and thus provide insight
into the d-f-g interactions. Such an analysis would make use
of the connection between the scattering phase shifts for the
continuum and the quantum defects for the bound states. We
are currently exploring this possibility.

IV. CONCLUSION

New room-temperature, absolute photoabsorption cross
sections were recorded for 1- and 2-butyne by using the

vacuum ultraviolet Fourier-Transform spectrometer at the
SOLEIL Synchrotron. The results are in good agreement with
previous measurements for these two molecules, but the higher
resolution of the present measurements reveals additional
structure, particularly for 2-butyne. Analysis of the 1-butyne
spectrum only leads to modest additions to the previous work,2

corresponding to the observation of additional vibrational
structure in the low-energy bands. Examination of the 2-butyne
spectrum suggests a reassignment of some of the features at
effective principal quantum number n = 4 and 5. We argue that
the nf and ng Rydberg states in the photoabsorption spectrum
of 2-butyne will be considerably more intense than normally
expected. Because quantitative quantum chemical calculations
of the photoabsorption spectrum in this energy region are
difficult, we have developed other approaches to interpret and
rationalize the results. In particular, the present arguments are
based both on the nature of the HOMO in the ground state
neutral and on theoretical calculations of the photoabsorption
spectrum above the ionization threshold. The latter calcula-
tions are valuable because they provide a direct indication of
the relative importance of partial waves (and thus Rydberg
series) with different values of l. Although this approach
provides the basis for a self-consistent analysis of the observed
2-butyne spectrum, confirmation must await a more detailed
and comprehensive theoretical analysis. We suggest that an
analysis of the phase shifts in theoretical partial cross sections
for photoionization may provide the required insight for a
more quantitative assignment of the spectrum. Nevertheless,
as in our earlier work on propyne, we believe the present results
argue strongly for the importance of high-l states (l ≥ 3) in the
photoabsorption spectra of larger n-alkynes.
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