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ABSTRACT 

The room-temperature photoabsorption spectra of a number of linear alkynes with internal triple 

bonds (e.g., 2-butyne, 2-pentyne, and 2- and 3-hexyne) show similar resonances just above the 

lowest ionization threshold of the neutral molecules. These features result in a substantial 

enhancement of the photoabsorption cross sections relative to the cross sections of alkynes with 

terminal triple bonds (e.g., propyne, 1-butyne, 1-pentyne, …). Based on earlier work on 2-butyne 

[H. Xu et al., J. Chem. Phys. 136, 154303 (2012)], these features are assigned to excitation from 

the neutral HOMO to a shape resonance with g (l = 4) character, and approximate π symmetry. 

This generic behavior results from the similarity of the HOMOs in all internal alkynes, as well as 

the similarity of the corresponding gπ virtual orbital in the continuum. Theoretical calculations 

of the absorption spectrum above the ionization threshold show a strong l = 4 contribution for the 

2- and 3-alkynes, but no such contribution for the 1-alkynes. These calculations thus confirm the 

qualitative arguments for the importance of the l = 4 continuum near threshold for internal 

alkynes, which should also apply to other linear internal alkynes and alkynyl radicals. However, 

the calculations for 2-pentyne and 2- and 3-hexyne do not show evidence for strong l = 4 shape 

resonance enhancement near threshold, and the possible reasons for this are discussed. 
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I. INTRODUCTION 

Shape resonances in molecular photoionization can have a dramatic effect on cross sections, 

final-state branching ratios, and photoelectron angular distributions.1-4 These resonances are 

caused by the temporary trapping of photoelectrons with high angular momentum, l, by the 

centrifugal barrier in the electron-ion potential. These resonances are often also associated with 

virtual valence orbitals in the continuum.  At threshold, the amplitude of higher-l wavefunctions 

at short range is typically quite small, and the shape resonances are generally found to occur at 

somewhat higher energies, where the electron penetrates the centrifugal barrier and the build up 

of amplitude at short range can occur.1-4 However, in larger molecules, the molecular frame can 

support partial waves of higher l, and the resonances may occur at energies much closer to 

threshold. For example, Staniforth et al.5,6 have recently described a generic shape resonance of 

π symmetry that is observed in the two-photon excitation of ortho-, meta-, and para-

difluorobenzene just above the first ionization threshold. As another example, the 

photoabsorption and photoionization cross sections for 2-butyne show an intense broad feature 

just above the first ionization threshold that has been assigned to excitation from the highest 

occupied molecular orbital (HOMO) of the neutral ground state into an l = 4, gπ shape 

resonance.7 This example is interesting because the high-l states are directly accessed from the 

ground state of the neutral molecule. In the present paper, the observations for 2-butyne are 

extended to the pentynes and hexynes to investigate the generality of this behavior. 

 

To illustrate the effects of such shape resonances, Figure 1 shows the low-resolution 

photoionization cross sections for acetylene, propyne, and 1- and 2-butyne from the work of 

Cool and co-workers.8-10 Here, the cross sections for acetylene, propyne, and 1-butyne show 

similar behaviors and magnitudes, while the cross section for 2-butyne is dramatically enhanced. 

In a previous study of the threshold shape resonance in 2-butyne,7 not only was the character of 

the HOMO used to rationalize this enhancement, but, as described in more detail below, the very 

different character of the HOMOs in acetylene, propyne, and 1-butyne provided a rationalization 



 4 

for the absence of transitions to gπ shape resonances in the photoabsorption spectrum of these 

species. The HOMOs in acetylene, propyne, and 2-butyne are doubly degenerate orbitals 

centered on the C≡C triple bond;7,11 these orbitals are split in the larger alkynes (e.g., 1-butyne, 

1- and 2-pentyne, and 1-, 2-, and 3-hexyne) owing to the loss of quasi-cylindrical symmetry. The 

HOMO and HOMO-1 of 1-butyne and the HOMO of 2-butyne are shown in Figure 2, and the 

corresponding orbitals for 1-, and 2- pentyne, and 1-, 2-, and 3-hexyne are shown in Figures 3a 

and 3b. The geometries of the molecules were determined using the MP2 method with a 6-

311++G(2df,p) basis set, as implemented in Gaussian 09.12 The orbitals and orbital energies 

shown in Figures 2 and 3 correspond to the canonical Hartree-Fock orbitals obtained with the 

same basis set. Although the HOMO and HOMO-1 of some of these molecules are split, the 

calculated splittings between the HOMO and HOMO-1 are small, ranging from 0.010 to 0.038 

eV with this theoretical method. Furthermore, as seen in Figures 2 and 3, the electron density of 

both the HOMO and HOMO-1 show similar distributions centered on the C≡C triple bond. 

 

In the earlier work of Reference 7, the similarity of the 2-butyne HOMO to a "stretched" fπ 

atomic orbital was noted, and the atomic selection rule l → l ± 1, with l → l + 1 significantly 

stronger,13,14 was used to rationalize the observed strength of the transition to the gπ shape 

resonance just above threshold. In contrast, a single-center expansion of the HOMO/HOMO-1 of 

1-butyne suggests that it arises from a stretched linear combination of pπ and dπ orbitals that 

interfere constructively across the triple bond, and destructively across the ethyl group. In an 

atomic picture, this HOMO would lead to excitation involving p → s, d and d → p, f transitions, 

but little excitation into g (l = 4) Rydberg states or continua. Figures 2 and 3 suggest that the 

same arguments should extend to the larger alkyne molecules. In particular, based on the 

structure of the HOMO/HOMO-1 orbitals, the terminal alkynes, 1-pentyne and 1-hexyne, are 

expected to behave like 1-butyne and propyne, with no shape resonance enhancement in the 

single-photon absorption spectrum just above threshold, while the internal alkynes, 2-pentyne 

and 2- and 3-hexyne, are expected to show strong transitions to the analogous gπ shape 
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resonances in these molecules. 

 

In this paper, we present new room-temperature photoabsorption measurements of 1- and 2-

pentyne, and 1-, 2-, and 3-hexyne in the region from the first Rydberg excitation to a photon 

energy approximately 1 - 2 eV above the ionization threshold (7.4 eV to 11.2 eV). We were 

unable to find any previous vacuum ultraviolet photoabsorption spectra for the pentynes or 

hexynes in this energy region. While the spectra show considerable bound state structure, here 

we focus on the behavior of the cross section just above threshold, in the region where the gπ 

shape resonance is expected. We also present theoretical calculations of the photoabsorption 

cross sections above the lowest ionization threshold.  To a large degree, the experimental spectra 

confirm expectations about the behavior of this shape resonance in terminal and internal alkynes. 

The results are discussed in terms of their implications for other systems, as well as their 

implications for the bound state spectra of these molecules. 

 

II. EXPERIMENT 

The experiments were performed at the Synchrotron SOLEIL on the Vacuum Ultraviolet-Fourier 

Transform Spectrometer (VUV-FTS) branch of the DESIRS beamline, which has been described 

in detail previously.15-17 Here we present only the details specific to the present experiment. The 

spectra of 1- and 2-butyne, 1- and 2-pentyne, and 1-, 2-, and 3-hexyne 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 FTS 

calibration process and the potential sources of error in cross sections are described in detail in a 

forthcoming publication.18 Experimental uncertainties in the cross-section determinations using 

the flowing cell are estimated to be about ±10% in the spectral region above the ionization 

threshold, with the primary contribution coming from the calibration of the column density. 1-

butyne (ABCR GmbH & Co., 98% purity) is a gas at room temperature and was used directly 
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from the cylinder. All of the other samples (ABCR GmbH & Co., 98-99% purity) are high-vapor 

pressure liquids at room temperature, and the gas above the liquid was used. 

 

Individual sections of the full spectra were recorded at several different undulator settings across 

the energy range of interest. Each of these sections was recorded by using the full bandwidth of 

the undulator after the synchrotron light had passed through a harmonic-removing gas filter. The 

individual sections were then spliced together, and calibrated by using impurity lines in the gas 

filter. The Fourier-transform data were recorded with sufficient resolution to provide 0.9 meV 

resolution in the transformed spectra. However, because the features in the continuum are broad, 

the Fourier transforms in this region were computed with 1.7 meV resolution to improve the 

signal to noise ratio. 

 

III. RESULTS AND DISCUSSION 

A. Experimental Photoabsorption Spectra 

Figure 4 shows the absorption spectra of 1- and 2-butyne recorded with the FTS and plotted with 

the same y scale. The bound-state structure in these spectra has been discussed previously,19 and 

here we focus on the structure of the ionization continua. The ionization energies of 1- and 2-

butyne are 10.178 ± 0.005 eV and 9.5611 ± 0.0006 eV, respectively.20-22 As was discussed 

previously, the absorption cross section for 1-butyne is in good agreement with earlier 

measurements.23 The cross section above 10.6 eV remains flat up to at least 11.8 eV, the limit of 

the earlier data.23 The cross section for 2-butyne agrees well with previous measurements24 

below the ionization threshold, but at higher energy the present cross section is smaller. For 

example, at the peak of the shape resonance the present 2-butyne cross section is about 30% 

smaller than in the previous study by Palmer and Walker.24 Nevertheless, Figure 4 clearly shows 

the strong enhancement of the cross section by the shape resonance in 2-butyne, in contrast to the 

relatively flat continuum in 1-butyne.  
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At the peak of the 2-butyne resonance (10.415 eV), the present absorption cross section is ~36% 

bigger than the 1-butyne cross section at the same energy. Note, however, that in the ionization 

spectra of Figure 1 (as opposed to the absorption spectra of Figure 4), the ionization cross section 

of 2-butyne is much larger than that of 1-butyne throughout the energy range of the figure. This 

large difference is due to three factors. First, the overall magnitude of the photoabsorption cross 

section is strongly enhanced by the shape resonance in 2-butyne. However, the impact of this 

increase on the photoionization cross section depends on the quantum yield for ionization 

following excitation into the shape resonance. The second factor is that the ionization quantum 

yield for 1-butyne at this energy is relatively small because it is just above the ionization 

threshold and, at least below ~10.8 eV, the full Franck-Condon envelope of the ionic ground 

state is not energetically accessible. Finally, as discussed previously,7 the quantum yield for 

ionization following excitation into the shape resonance of 2-butyne is nearly unity. This value 

can be inferred because, as reported previously,17 the enhancements in the photoabsorption and 

photoionization cross sections of 2-butyne track each other pretty much 1:1 across the shape 

resonance. In contrast, at energies above the resonance (~11.16 eV), the quantum yield for 

ionization in 2-butyne is only ~60% to 80%, depending on whether photoabsorption data of 

Palmer and Walker24 or the present study are used. For comparison, at 10.54 eV, the quantum 

yield for ionization of 1-butyne is ~35% using the present data and the photoionization cross 

section of Wang et al.10 Between 10.66 eV and 11.41 eV, the 1-butyne quantum yield extracted 

from the data of Nakayama and Watanabe23 is somewhat larger, ranging between ~55% and 

70%. Thus, the shape resonance in 2-butyne not only increases the photoabsorption cross section, 

but also increases the effective quantum yield for ionization. The high ionization yield for 

excitation into the shape resonance likely reflects its very large width (i.e., short lifetime), which 

suggests that ionization occurs much more rapidly than other competing radiationless transitions 

and dissociation. 
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Figures 5 and 6 show the photoabsorption spectra of 1- and 2 pentyne, and 1-, 2, and 3-hexyne, 

respectively, and Table I summarizes the corresponding ionization energies and resonance 

positions. A figure showing all of these spectra together, along with those of propyne and 1- and 

2-butyne, is included in the Supplemental Material.25 As expected from the discussion above, the 

spectra for 1-pentyne and 1-hexyne show no evidence for a shape resonance near the ionization 

thresholds, while the spectra for the internal alkynes all show a strong broad resonance just 

above the first ionization limit. The similarity of the resonances suggests that they have a 

common source and, given the similarities among the HOMOs and HOMO-1s of all of these 

molecules (see Figures 3a and 3b), it is likely that the resonances all have l = 4, gπ character. The 

resonance in 3-hexyne is somewhat more pronounced than that in 2-pentyne or 2-hexyne, which 

may reflect the more symmetric character of the former molecule. 

 

Yang and Hansen26 have recently determined the absolute photoionization cross sections for 1- 

and 2-pentyne, while the corresponding cross sections for the hexynes are currently unavailable. 

The behavior of the pentyne cross sections is similar to that of the butyne cross sections. In 

particular, the 2-pentyne photoionization cross section tracks the photoabsorption cross section 

from just above threshold to ~11.5 eV, indicating an ionization quantum yield of essentially 

unity; the 1-pentyne photoionization cross section is considerably smaller than the 

photoabsorption cross section in the same region, with an ionization quantum yield of ~0.5. 

These observations are consistent with the high expected ionization quantum yield for the shape 

resonance in 2-pentyne, and provide strong support for the arguments presented here. 

 

The peak of the shape resonance in 2-butyne lies approximately 0.85 eV above the ionization 

threshold (see Figure 4). Because the resonance is broad and the continuum level is changing, the 

width is somewhat difficult to characterize but, as described previously,7 the resonance clearly 

extends into the bound portion of the spectrum. In 2-pentyne and 2- and 3-hexyne, the resonance 

is shifted somewhat to lower energy and is found to peak 0.4 - 0.5 eV above the corresponding 
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ionization energy. While these resonances are still broad, the resonance in 3-hexyne is 

significantly narrower than that in 2-butyne. Nevertheless, because the resonances in the larger 

alkynes are closer to threshold, the continuity of oscillator strength suggests that their influence 

on the bound-state spectrum is expected to be at least as important as in 2-butyne.27,28 

 

The theoretical bond lengths for all of the C≡C triple bonds in the alkyne ground states 

investigated are very similar.29 For example, the present calculations for 2-butyne and 3-hexyne 

indicate this bond length is only ~0.005 Å shorter in the former than in the latter; the C≡C bond 

length of 2-hexyne is between the 2-butyne and 3-hexyne values. Thus, the small shift of the 

resonance position in going from 2-butyne to 2-pentyne and 2- and 3-hexyne does not appear to 

result from a change in the C≡C bond length. This conclusion is consistent with previous results 

that suggest the position of π shape resonances is much less sensitive to bond length than is the 

position of σ shape resonances.2 

 

Both 2-pentyne and 2-hexyne appear to show a second weaker, broad resonance lying 

approximately 0.75 eV above the first resonance that adds to the overall width of both features. 

This second resonance may result from the lower symmetry of these species as compared to 2-

butyne and 3-hexyne. Note, however, that the splitting between the HOMO and HOMO-1 in 

these molecules is quite small (<0.1 eV), so that excitation from these two orbitals is unlikely to 

be the source of the two resonances. The second possibility is that the two resonances result from 

a similar splitting of the shape resonance. In particular, in 2-butyne, which has a quasi-linear 

backbone, the shape resonance has nominally l = 4, gπ symmetry, or e" symmetry in D3h.7 In the 

less symmetric molecules, this symmetry splits into resonances with A' and A" symmetry. Given 

the localization of the shape resonance on the linear four-carbon chain, this splitting is not 

expected to be large. However, the splitting might be expected to be somewhat larger than in the 

neutral ground state, because the relevant orbitals in the former have more nodes than in the 

latter, and the larger number of nodes may lead to larger energy changes as the molecule is 
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distorted. This possibility is discussed in more detail in Section III.b. With this explanation, 

however, a splitting is also expected for the shape resonance in 3-hexyne. It is possible that the 

weaker broad maximum observed at ~11.2 eV in Figure 6c corresponds to this second resonance.  

 

For 1-butyne and the larger alkynes, there are also two or more stable conformers of the ground 

state neutrals that are populated at room temperature30-35 and contribute to the absorption 

spectrum. However, these conformers differ in energy by less than 0.1 eV, and thus would not 

explain the significantly larger splittings between the resonances observed just above the 

ionization threshold. It also does not seem likely that the energy of the shape resonance will be 

strongly affected by the conformer. The four-carbon unit with the triple bond in the middle is 

relatively rigid, and the electron density in the HOMO and HOMO-1 of the neutral ground state 

is strongly localized on that four-carbon structure. The strong enhancement of absorption on 

resonance indicates that the final-state wavefunction is also localized in the same portion of the 

molecule. Thus, the electron density of the relevant orbitals is most likely small in the more 

flexible regions of the molecule away from the triple bond, and thus relatively independent of 

conformer. This feature also suggests that the observed behavior for terminal and internal 

alkynes should be quite general and relevant to both linear and branched alkynes, as well as to 

the corresponding radicals. 

 

One possible alternative explanation for the resonances observed just above threshold is that they 

arise from autoionizing Rydberg states based on excited electronic states of the corresponding 

ion. According to the tables of Carlier et al.,20 all of the larger alkyne cations except propyne and 

2-butyne have excited electronic states within 1.3 to 2.5 eV of the lowest ionization thresholds. 

However, electronically autoionizing states converging to these thresholds would be expected for 

both the 1-alkynes and the 2- and 3-alkynes, and the observed absence of resonances in the 1-

alkynes would be surprising, thus making this possibility unlikely. This explanation would also 
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not account for the very different ionization quantum yields determined for 1-butyne and 1-

pentyne as compared to those of 2-butyne and 2-pentyne. 

 

B. Theoretical Considerations 

As a complement to the experimental results and discussion presented above, we have performed 

calculations of the continuum photoabsorption cross sections of the butynes, pentynes, and 

hexynes in the energy region just above the first ionization threshold. These calculations provide 

the partial cross sections as well, so that the contributions from the different l channels can be 

assessed. The calculations were performed as described previously for 2-butyne,19,36-38 with the 

geometries fixed at the calculated equilibrium geometry of the corresponding neutral. The 

photoabsorption calculations were performed by using the ePolyScat codes36,37 within the frozen-

core Hartree-Fock approximation.38 The transition moments were calculated in both the length 

and velocity gauges, and the length/velocity mixed gauge results are reported here.  

 

Figure 7 shows the theoretical results for propyne, 1-butyne, 1-pentyne, and 1-hexyne. The 

partial cross sections represent the sum of contributions for excitation out of the HOMO and 

HOMO-1 of the initial state, but do not include contributions from more deeply bound orbitals. 

All four molecules show very similar behavior, as expected from the similar character of the 

HOMOs and (HOMO-1)s. In particular, the mixed p and d character of these orbitals and strong l 

→ l + 1 matrix elements result in large partial cross sections for the l = 2 and 3 partial waves. 

The l = 3 partial cross sections show only a weak energy dependence, but fall off at higher 

energy, while the l = 2 partial cross sections fall off much more rapidly with energy. The l = 0 

and 1 partial cross sections are small for all three molecules, while the l = 4 cross section is small 

at threshold but rises gradually with increasing energy. The l = 4 behavior reflects the non-

penetrating character of this partial wave at low energy.  
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The summed theoretical cross section for propyne rises slightly above threshold, then falls fairly 

rapidly with increasing energy. In contrast, the summed cross sections for the three larger 1-

alkynes fall relatively fast just above threshold, and then more gradually with increasing energy. 

These theoretical results are reasonably consistent with the experimental results on propyne17,39 

and the larger 1-alkynes, but tend to fall off faster with increasing energy. This discrepancy may 

in part be due to the use of the fixed nuclei approximation in the calculations, and the 

corresponding neglect of vibrational motion. However, the magnitude of the theoretical total 

cross section is about a factor of two smaller than the experimental cross section. This 

observation will be discussed in more detail below. 

 

Figure 8 shows the theoretical partial cross sections for 2-butyne, 2-pentyne, 2-hexyne, and 3-

hexyne. A figure showing all of the theoretical partial cross sections for the alkynes in Figures 7 

and 8 is included in the Supplemental Material.25 In 2-butyne, the l = 4 partial wave dominates 

the cross section just above threshold as a result of an intense shape resonance in this channel.19 

However, although the theoretical l = 4 partial cross sections in the larger internal alkynes are 

substantial across the whole energy range (in contrast to the 1-alkynes), they do not show 

anything as dramatic as the enhancement shown for 2-butyne. The detailed behavior of the 

partial cross sections for other l values is also somewhat different, but the relative importance of 

the different partial waves is similar. In particular, the l = 2 and 3 partial cross sections are 

important throughout the energy range of the figure for all of the internal alkynes, while the l = 0 

and 1 partial cross sections are of lesser importance. As in the case of the 1-alkynes, the 

magnitude of the theoretical total cross section is a factor of 2 - 3 smaller than the experimental 

cross section. 

 

In the less symmetric alkyne systems, the l-dependent partial cross sections for the HOMO and 

HOMO-1 show the same overall trends, but differ somewhat from each other. In particular, 

although none of the cross sections show strong peaks, the positions of some of the maxima are 
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shifted by 1 - 2 eV in excitation from the HOMO relative to the HOMO-1. Thus, in principle, 

these differences could account for the splitting of the resonances discussed in Section III.a. The 

differences in the magnitudes of the HOMO and HOMO-1 partial cross sections are at most 2 - 3 

Mb, however, which does not seem sufficient to account for the observed resonances in Figures 

5 and 6. Separate partial cross sections for the HOMO and HOMO-1 and l = 2 - 4 are shown in 

the Supplemental Material.25 

 

The importance of the l = 4 cross sections for the 2- and 3-alkynes, and the much smaller 

contribution of the l = 4 cross section to the 1-alkynes suggest that this partial wave is most 

likely responsible for the observed differences between the two sets of molecules, in agreement 

with the discussion above. Nevertheless, the question of the missing resonances in the 

calculations must be addressed. The shape resonances of interest correspond to π shape 

resonances, each with a nodal plane through the axis joining the four carbons on which the triple 

bond is centered. The calculation of the energy of these π resonances is known to be difficult 

because the energy is very sensitive to the nature of the molecular potential.38 In the calculations 

presented here, the molecular potential has been modified to include correlation polarization, as 

has been described previously.38 With this modification, the theoretical calculation effectively 

reproduces the 2-butyne experimental data. 

 

Figure 9 shows a comparison of the l = 0 - 4 partial cross sections for ionization out of the 

HOMO alone obtained for 2-pentyne both with this correlation polarization and without it (i.e., 

standard Hartree-Fock). The latter shows a much larger cross section at threshold, particularly in 

the l = 3 and 4 channels. As discussed previously for 2-butyne, the l = 3 partial cross section 

likely gains its strength from coupling with the l = 4 channel, which carries the oscillator 

strength. Because the correlation polarization makes the potential more attractive, the large 

resonance appearing in the Hartree-Fock calculation would occur below the ionization threshold 

in the calculation with the modified potential. However, a large resonance below threshold 
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would be seen in the experimental photoabsorption data of Figure 5, and no obvious such 

resonance is observed. While the good agreement of the resonance position and intensity for 2-

butyne provides some confidence in the magnitude of the correlation polarization correction to 

the potential in the larger systems, a number of other factors could affect the resonance position, 

including interchannel coupling and interactions with autoionizing states converging to 

electronically excited states of the ion. More detailed calculations on these larger molecules will 

be required to assess the relative importance of these effects, and to determine if the calculated 

resonance position can be shifted above threshold. 

 

Finally, with the exception of 2-butyne and propyne, all of the theoretical photoabsorption cross 

sections are a factor of 2 to 3 smaller than the experimental cross sections. This observation is 

somewhat surprising given the good agreement for 2-butyne and propyne, and the expected 

accuracy (~±10%) of the experimental measurements. As seen in Figure 9, the details of the 

electron-ion potential can have a significant effect on the magnitude of the partial cross sections. 

However, the present discrepancy occurs both for the internal alkynes, where strong l = 4 

resonances are expected, and for the 1-alkynes, where no l = 4 resonances are expected. One 

possibility is that the increased cross section comes from transitions to Rydberg series 

converging to excited electronic states of the alkyne cations. Excitation of these series 

corresponds to excitation out of initial state orbitals that are more strongly bound than the 

HOMO-1, and such excitations were not included in the present calculations. However, the 

excitation of these Rydberg series is generally expected to lead to observable series of 

resonances converging to the excited state thresholds, and no such series are observed in the 

experimental absorption spectra. It is possible that these resonances autoionize or predissociate 

extremely rapidly, but because there is no evidence for resonance features, the lifetimes must be 

very short. As discussed above, in 1-butyne, the quantum yield for ionization is only about 0.3 - 

0.7 in the first 1.5 eV above threshold,10,23 indicating that predissociation (or more specifically, 

radiationless transition followed by dissociation) is important, and no obvious resonance 
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structures are observed in the absorption spectrum.23 Confirmation of this possibility in the other 

alkynes will require a detailed comparison of absolute photoabsorption and photoionization cross 

sections. 

 

IV. CONCLUSION 

Room-temperature absolute photoabsorption cross sections were recorded for the linear butynes, 

pentynes, and hexynes. The spectra of the terminal alkynes (1-butyne, 1-pentyne, and 1-hexyne) 

and the internal alkynes (2-butyne, 2-pentyne, and 2- and 3-hexyne) show very different 

behavior just above the first ionization threshold. In particular, all of the internal alkynes show a 

strong resonance within 1 eV of the threshold. The similarity of the structure of the HOMO and 

HOMO-1 in these internal alkynes suggests that these resonances have a common source, and 

the previous identification7 of the resonance in 2-butyne as an l = 4, gπ shape resonance can be 

generalized to include all such internal alkynes. The observation of strong transitions from the 

ground state to high-l resonances occurs because, from the perspective of a single-center 

expansion, the ground state HOMOs in the internal alkynes have high-l character themselves. 

Because the corresponding shape resonances lie close to the ionization threshold, their influence 

is expected to extend into the bound portion of the spectrum, which should result in the 

observation of transitions from the ground state to l = 4 Rydberg series below threshold, as has 

recently been discussed for 2-butyne. Theoretical calculations support this analysis and the 

importance of the l = 4 channel in the photoabsorption of the 2- and 3-alkynes, but there are 

quantitative discrepancies between the experimental and theoretical spectra. Higher level 

calculations may be required to reproduce the details of the shape resonance structure. Because 

the resonant behavior is localized on the four-carbon unit containing the triple bond, similar 

behavior is also expected in branched alkynes. The alkynyl radicals should also display similar 

systematics. In particular, internal alkynyl radicals are expected to show a similar l = 4 shape 

resonance near the ionization threshold.  
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As discussed for 2-butyne in Section III, while the present conclusions reflect the results of 

photoabsorption measurements, they are also expected to have implications for the 

corresponding photoionization measurements and quantum yields. For larger molecules, 

radiationless transitions and predissociation often compete very effectively with autoionization, 

and even resonances undergoing fast electronic autoionization processes are weak due to 

competitive decay into these non-ionizing channels. However, the large widths for shape 

resonances (~0.5 eV - 1.0 eV for the alkynes presented here) suggest that ionization by tunneling 

through the barrier may be fast enough to compete effectively with these non-ionizing processes. 

The non-spherical nature of the molecular potential will also contribute to the large ionization 

width, as the barrier may exist along some escape directions but not others. Thus, overall, shape 

resonances are expected to enhance the photoabsorption signal and the ionization branching 

ratio. The results on 2-butyne and 2-pentyne26 are consistent with this argument, while the 

absolute photoionization cross sections for the hexynes are currently unavailable.  
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TABLE I.  Ionization Energies, Resonance Positions, and C≡C Bond Lengths 

 
   Molecule                  Ionization              Resonance             2nd Resonance Ground State 
                                 Energy (eV)a          Position (eV)b  Position (eV)b              C≡C Bond 
                     Length (Å)c 

 
     

Propyne 10.3674 ± 0.0001               1.2108 
     

1-Butyne 10.178 ± 0.005               1.2141 
        

2-Butyne 9.5611 ± 0.0006 10.415                1.2146 
       

1-Pentyne 10.098 ± 0.005                1.2143 
       

2-Pentyne 9.439 ± 0.005 9.857    10.464             1.2159 
       

1-Hexyne 10.067 ± 0.005                1.2143 
       

2-Hexyne 9.366 ± 0.005 9.795    10.539             1.2160 
       

3-Hexyne 9.323 ± 0.005 9.832               1.2171 
      
     

a. The ionization energy for propyne is from Xing et al. [J. Chem. Phys. 2008, 128, 094311]; that 
for 2-butyne is from Reference 22; all of the other ionization energies are from Reference 20. 
b. The resonances are broad, and the positions represent the approximate centers of the features. 
c. The bond lengths are from the present MP2 calculations with a 6-311++G (2df, p) basis set. 
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FIGURE CAPTIONS 

Figure 1. The absolute photoionization cross sections for acetylene, propyne, and 1- and 2-

butyne in the region of the first ionization threshold. The data for acetylene are from Reference 

9. The data for propyne are from Reference 8, and the data for 1- and 2-butyne are from 

Reference 10. 

 

Figure 2. (a) The highest occupied molecular orbital HOMO and HOMO-1 for the ground state 

of 1-butyne;  (b) The two components of the HOMO for the ground state of 2-butyne. The 

energy difference between the corresponding HOMO and HOMO-1 is given by ΔΕ. 

 

Figure 3. (a) - (b) The HOMO and HOMO-1 for 1- and 2-pentyne, and 1-, 2-, and 3-hexyne, 

respectively. The energy difference between the corresponding HOMO and HOMO-1 is given by 

ΔΕ. 

 

Figure 4. The room-temperature, absolute photoabsorption cross sections of (a) 1-butyne and (b) 

2-butyne recorded in this work. In part (a), the portion of the spectrum in blue is from the present 

work, while the portion in red is from the work of Nakayama and Watanabe.23 The sharp lines 

marked by asterisks correspond to transitions in atomic impurities: Xe at 8.4365 eV, 9.5697 eV, 

and 10.4010 eV; O at 9.5214 eV; Kr at 10.0324 eV and 10.6436 eV; H at 10.1988 eV.29 

 

Figure 5. The room-temperature, absolute photoabsorption cross sections of (a) 1-pentyne and 

(b) 2-pentyne recorded in the present work. The sharp line marked by an asterisk at 11.8281 eV 

corresponds to a transition in atomic Ar impurity.29 

 

Figure 6. The room-temperature, absolute photoabsorption cross sections of (a) 1-hexyne, (b) 2-

hexyne, and (c) 3-hexyne recorded in the present work. The sharp line marked by an asterisk at 

11.8281 eV corresponds to a transition in atomic Ar impurity.29 
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Figure 7. Theoretical partial photoabsorption cross sections of propyne, 1-butyne, 1-pentyne, and 

1-hexyne above the ionization threshold as a function of l and energy. The calculations only 

include excitation out of the HOMO and HOMO-1. 

 

Figure 8. Theoretical partial photoabsorption cross sections of 2-butyne,19 2-pentyne and 2- and 

3-hexyne above the ionization threshold as a function of l and energy. The calculations only 

include excitation out of the HOMO and HOMO-1. 

 

Figure 9. Comparison of partial photoabsorption cross sections for ionization out of the HOMO 

of 2-pentyne obtained with and without correlation polarization (the latter labeled Hartree-Fock, 

or HF). (a) With correlation polarization; (b) without correlation polarization; (c) both 

calculations for the total cross section out of the HOMO. 

 



0

20

40

60

80

100

120

9 10 11 12 13 14

Acetylene
Propyne
1-Butyne
2-Butyne

PHOTON ENERGY  (eV)

P
H

O
TO

IO
N

IZ
A

TI
O

N
 C

R
O

S
S

 S
E

C
TI

O
N

  (
M

b)

Figure 1



HOMO

       HOMO-1
(ΔE = -0.013 eV)

HOMO a

HOMO b

2-Butyne

1-Butyne

Figure 2



HOMO

       HOMO-1
(ΔE = -0.020 eV)

       HOMO-1
(ΔE = -0.016 eV)

HOMO

2-Pentyne

1-Pentyne

Figure 3a



HOMO

1-Hexyne

2-Hexyne

3-Hexyne

HOMO

Figure 3b

        HOMO-1
(ΔE = -0.010 eV)

        HOMO-1
(ΔE = -0.012 eV)

HOMO

        HOMO-1
(ΔE = -0.038 eV)









0

10

20

30

40

50

60

70

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

10.5 11.0 11.5 12.0 12.5 13.0 13.5 14.0

l = 0

1

2

3

4

sum

l = 0

l = 4
l = 3
l = 2
l = 1
l = 0

total

Propyne

PHOTON ENERGY  (eV)

P
A

R
TI

A
L 

A
B

S
O

R
P

TI
O

N
 C

R
O

S
S

 S
E

C
TI

O
N

  (
M

b)

ENERGY RELATIVE TO THE IONIZATION POTENTIAL  (eV)

0

5

10

15

20

25

30

35

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

10.5 11.0 11.5 12.0 12.5 13.0 13.5 14.0

sum0

sum1

sum2

sum3

sum4

Z

Z

l = 4
l = 3
l = 2
l = 1
l = 0

total

1-Butyne

PHOTON ENERGY  (eV)
P

A
R

TI
A

L 
A

B
S

O
R

P
TI

O
N

 C
R

O
S

S
 S

E
C

TI
O

N
  (

M
b)

ENERGY RELATIVE TO THE IONIZATION POTENTIAL  (eV)

0

5

10

15

20

25

30

35

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

10.5 11.0 11.5 12.0 12.5 13.0 13.5 14.0

sum0

sum1

sum2

sum3

sum4

Z

sum4

l = 4
l = 3
l = 2
l = 1
l = 0

total

1-Pentyne

PHOTON ENERGY  (eV)

P
A

R
TI

A
L 

A
B

S
O

R
P

TI
O

N
 C

R
O

S
S

 S
E

C
TI

O
N

  (
M

b)

ENERGY RELATIVE TO THE IONIZATION POTENTIAL  (eV)

0

5

10

15

20

25

30

35

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

10.5 11.0 11.5 12.0 12.5 13.0 13.5 14.0

sum0

sum1

sum2

sum3

sum4

sum

sum

l = 4
l = 3
l = 2
l = 1
l = 0

total

1-Hexyne

PHOTON ENERGY  (eV)

P
A

R
TI

A
L 

A
B

S
O

R
P

TI
O

N
 C

R
O

S
S

 S
E

C
TI

O
N

  (
M

b)

ENERGY RELATIVE TO THE IONIZATION POTENTIAL  (eV)

Figure 7



0

20

40

60

80

100

120

140

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

10 10.5 11 11.5 12 12.5 13 13.5

L =  0

L =  1

L =  2

L =  3

L =  4

Total

ENERGY RELATIVE TO THE IONIZATION POTENTIAL  (eV)

PHOTON ENERGY  (eV)

P
H

O
TO

A
B

S
O

R
P

TI
O

N
 C

R
O

S
S

 S
E

C
TI

O
N

  (
M

b)

l = 4
l = 3
l = 2
l = 1
l = 0

total

2-Butyne

0

5

10

15

20

25

30

35

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

9.5 10.0 10.5 11.0 11.5 12.0 12.5 13.0

-
sum1
sum2

sum3
sum4

Z
-

ENERGY RELATIVE TO THE IONIZATION POTENTIAL  (eV)

PHOTON ENERGY  (eV)
P

H
O

TO
A

B
S

O
R

P
TI

O
N

 C
R

O
S

S
 S

E
C

TI
O

N
  (

M
b) 2-Pentyne

l = 4
l = 3
l = 2
l = 1
l = 0

total

0

5

10

15

20

25

30

35

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

9.5 10.0 10.5 11.0 11.5 12.0 12.5 13.0

sum0
sum1
sum2
sum3
sum4
sumtotal
sum0

ENERGY RELATIVE TO THE IONIZATION POTENTIAL  (eV)

PHOTON ENERGY  (eV)

P
H

O
TO

A
B

S
O

R
P

TI
O

N
 C

R
O

S
S

 S
E

C
TI

O
N

  (
M

b) 2-Hexyne

l = 4
l = 3
l = 2
l = 1
l = 0

total

0

5

10

15

20

25

30

35

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

9.5 10.0 10.5 11.0 11.5 12.0 12.5 13.0

sum0
sum1
sum2
sum3
sum4
sumtotal
sum0

ENERGY RELATIVE TO THE IONIZATION POTENTIAL  (eV)

PHOTON ENERGY  (eV)

P
H

O
TO

A
B

S
O

R
P

TI
O

N
 C

R
O

S
S

 S
E

C
TI

O
N

  (
M

b) 3-Hexyne

l = 4
l = 3
l = 2
l = 1
l = 0

total

Figure 8



0

10

20

30

40

50

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

9.5 10.0 10.5 11.0 11.5 12.0 12.5 13.0

l=0
1
2
3
4
l=0

2-Pentyne (HOMO only)

P
A

R
TI

A
L 

A
B

S
O

R
P

TI
O

N
 C

R
O

S
S

 S
E

C
TI

O
N

  (
M

b)

(a)

l = 4
l = 3
l = 2
l = 1
l = 0

ENERGY RELATIVE TO THE IONIZATION POTENTIAL  (eV)

PHOTON ENERGY  (eV)

0

10

20

30

40

50

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

9.5 10.0 10.5 11.0 11.5 12.0 12.5 13.0

l=0
1
2
3
4
l=0

2-Pentyne (HOMO only)

P
A

R
TI

A
L 

A
B

S
O

R
P

TI
O

N
 C

R
O

S
S

 S
E

C
TI

O
N

  (
M

b)

(b)

l = 4, HF
l = 3, HF
l = 2, HF
l = 1, HF
l = 0, HF

ENERGY RELATIVE TO THE IONIZATION POTENTIAL  (eV)

PHOTON ENERGY  (eV)

0

20

40

60

80

100

120

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

9.5 10.0 10.5 11.0 11.5 12.0 12.5 13.0

J
J

2-Pentyne (HOMO only)

P
A

R
TI

A
L 

A
B

S
O

R
P

TI
O

N
 C

R
O

S
S

 S
E

C
TI

O
N

  (
M

b)

Total(c)
Total, HF

ENERGY RELATIVE TO THE IONIZATION POTENTIAL  (eV)

PHOTON ENERGY  (eV)

Figure 9


	alkynes-submitted
	all figures
	figure 1
	figure 2
	figure 3a
	figure 3b
	figure 4
	figure 5
	figure 6
	figure 7
	figure 8
	figure 9




