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Abstract: The photoabsorption spectra of ethylene and allenewere measured in the wavelength range of 105-200 nm 

and the assignments of the various types of excited states have been made. Both molecules possess double bond 

structures and their absorption spectra show similar features. The absorption spectrum of ethylene can be divided into 

four groups with bands at 190-140, 140-131, 131-112 and 112-105 nm, with the last band corresponding to the ionization 

continuum. Their maximum absorption cross sections are 60, 30, 30 and 39 Mb respectively. The absorption spectrum of 

allenealso consists of four groups lying in the wavelength region 190-160, 160-145, 145-130 and 130-105 nm with last 

one for ionization.The respective cross sections are about twice as large relative to ethylene with values roughly 120, 60, 

80 and 60 Mb. The twice as large cross sections of allene may be understood based on electronic structures where allene 

has two non-conjugated double bonds for which the active electrons may have twice probability to be excited. The 

respective excited states and many Rydberg states were compared in the experimental spectra. 
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Introduction 

Both ethylene and allene are symmetric hydrocarbons with double bond structures. These molecules have 

been the subject of numerous studies for the interests of understanding the electronic structures of symmetric 

olefinic molecules [1-2]. The electronic configuration of ethylene can be writtenas 
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The molecule is planar in the groundelectronicstate and belongsto group D2h. Price [1]obtained itsUV spectra 

with wavelength longerthan 174 nm and identified a Rydberg state with two progressions. Wilkinson [2] 

identified a few vibrationalprogressions. Since then there have been numerous studies on the electronic 

spectrum of ethylene using various spectroscopic techniques, which were summarized by Robin [3]. 

Mulliken[4,5] showed that the excitation of an electron from the bonding (1b2u) and anti-bonding orbital (1b3g) 

lead to the formation of a triplet and singlet states, T and V,respectively. He reported the valuesof vibrational 

frequencies of the ground electronic state (N) of ethylene and its deuterium isomer d4. The N→T excitation 

occurs in the wavelength region 260-370 nm. 

The Rydberg states of ethylene are characterised by the appearance of series of doublets which has been 

reported to be due to C=C stretching and C=C torsional vibrations [4,6].Mulliken [4] has interpreted the first 
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and the second members of each pair as (0,0) and (2,0) torsional transitions since the selection rulesallow 

torsional excitations only by even number of quanta. Later, McDiarmid [6]identified the band origins of 

ethylene spectrum by measuring the isotopicshiftsof the partially and fully deuterated isomers of 

ethylene.McDiarmidalso observedns-, np-, ndσ-, and ndδ-Rydberg seriesandreported their quantum 

defects.Lately high resolution photoabsorption and photoionization[8,9] and photoelectronspectroscopic 

techniques [10] have been employed to investigate the electronic structures of the higher excited states of this 

molecule. The ionization energies of ethylene have been measured by high resolution photoelectron 

spectroscopy [9,10] and the first ionization potential of C2H4 10.5122eV [10] is used here for the quantum 

defect calculations for a given Rydberg series. 

The ground state electronic configuration of allene(1,2-propadiene) can be written [16,17,19] as 
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The ground electronic state of allene has two  bonds and belongs to the symmetry group D2d.The highest 

occupied molecular orbitals, 2e, mainly comprise of two mutually perpendicular C=C π orbitals. The lowest 

excited electronicstates are those which arise due to the excitation of one of the 2e electron to the vacant 3e 

orbitals. The first electric-dipole allowed transition is X 
1
A1→ 1 

1
B2, which is a π → π* transition.The FUV 

absorption spectrum of allene was first reported by Sutcliffe and Walsh [16,17] who observed a large number 

of bands with large absorption strengths. They classified the absorption featuresinto nine Rydberg series, three 

π→ns, four π→np and two π→nd series. Rabailaset al. [19] has reassigned and regrouped them to only three 

Rydberg series. Holland and Shaw [25] studied the photoabsorption and photoionisation cross section of 

allene at energies higher than the first ionization threshold. The temperature effects in absorption cross 

sections of allene in the 130-230 nm region haverecently been studied by Chen et al. [26]. 

The earlier reported assignments of Rydberg states of allene [19,20] were calculated using 10.18eV as the 

ionization potential energy (IP) . However,recent molecular beam studies [22] reported the IPvalue to be 

9.6878 eV, which agrees very well with9.6866 eVobtained from photoelectron [23] and photoionization [25] 

spectroscopy.In this paper we have re-calculated the quantum defects of the Rydberg states of alleneby 

adopting IP = 9.688eV. The new IPallows us to revise manyassignments of the Rydberg states previously 

reported [19,20]. The results are listed in Table 3. 

Allene has a carbon atom sandwiched by two neighboring double bonds. Ifthese two π bonds are 

perpendicular to each other, as is the case in the ground state molecule, the interaction between the double 

bonds is thus expected to be minimal. Hence, the excitation energies should be comparable to the 

corresponding states of ethylene. The extent of similarity between the spectra of ethylene and allene will be a 

good indicator of the extent of interaction between the two double bonds of allene.Therefore, we have 

discussed a comparative study of the electronic spectra of allene and ethylene in this paper. 
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Experiment 

The experiments were carried out using the synchrotron radiation of NSRRC at Hsinchu, Taiwan [27]. The 

synchrotron radiation is a 1.5 GeV electron storage ring with a beam current about 240 mA and a lifetime 

about 9 hours. A 1 m Seya monochromatorbeamline wasemployedin this experiment. The Seya 

monochromatoris equipped with aselection of four gratings. In this experiment, a 1200 grooves/mm grating 

was used to provide photon wavelengths from VUV (limited by the optical transmission ofLiF window) to UV 

(about 350 nm) with a resolution of 0.3 nm. The exiting photon beam from the monochromator passes through 

the center of an absorption cell with a path length of 26 cm. The experimental error for the cross section 

measurements mainly comes from the variation of light intensity and the accuracy of gas pressure reading.  A 

combination of both was estimated to be ±15% for a given cross section value.   

Gas samples of allene(with a stated purity of 93%) and ethylene (purity 99.9%) were provided by the 

Matheson GasCo. and were used without further purification. 

 

Results and Discussion 

i) Ethylene:The absorption spectrum of ethylene in the wavelength range 105-190 nm was measured and is 

shown in Figure1.The spectrum consists of four broad groups of bands, namely, the 189-140, 140-131, 

131-112 and 112-105 nm systems. 

Based on Mulliken’s assignment, the first band system consists of the V←N (π→π*) singlet valence 

electron transition and three Rydberg states. The peaks starting at 189 nm is due to the V←N transition and 

has a maximum cross section value of 3.49 Mb at 177.83 nm before it is masked by the intense peaks starting 

at 174.4 nm. Hazra [13] has carried out a theoretical calculation for the V←N valence and the π→3s Rydberg 

transitions. His maximum cross section value for the π→3s Rydberg transition is 59.09 Mb at 170.26 nm, 

which is in good agreement with those obtained by absorption measurement ofWilberg [7] and Holland[9] and 

by electron impact spectroscopy of Cooper et al. [8].  

The peaks starting at 174.4 nm appear as a doublet [4,5] characterizes by two kinds of vibrations (C=C 

symmetric stretching mode with frequency υ2 and C=C torsional mode with frequency υ4). Due to 

unharmonicity the C=C symmetric stretching has an initial value of 1380.46 cm
-1

and decreases to 1179.98 

cm
-1

toward high members of the vibrational progressions. The vibrational frequencyof the torsional mode 

remains more or less constant at a value of 464.02 cm
-1

. The presently measured values are in good agreement 

with that reported by McDermiad [6] (υ2=1374 cm
-１ and υ4=461 cm

-1
). The vibrational structuresof the 

π→3p Rydberg series starting at 160.0 nm are assigned to the torsional mode with a frequency of 498.7 cm
-1

. 

The measured spectral positions of the vibrational progressions and their frequencies are listed in Table 1. 
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According to the formula of Rydberg states [e.g., 3],  

  En= IP- R/(n-)
2
   

Where En is the energy of the Rydberg electron in the n-state and IP the ionization threshold (10.51 eV), and 

R=109737 cm
-1

. The quantum defects of this Rydberg and other statesare summarized in Table 1. 

The peak at 143.8 nm is assigned to the π→3d Rydberg state and has a cross section of 18.2 Mb. This 

value is higher to that reported by Holland [9] but agrees well with Wilberg [7]. The values for υ2 and υ4are 

1230.38 and 486.98 cm
-1

, respectively. 

The second bandstarts at 140 nm where a distinct pair of peaks is visible. The peak at 139.2 nm is 

assigned to the π→3d Rydberg state. Similar to the π→3s Rydberg bands, two kinds of vibrational 

frequencies can be calculated for this Rydberg state. The maximum cross section is 40.09 Mb at 139.2 nm. 

Other peaks in this broad band of peaks are the vibrational peaks of this Rydberg states and the higher 

members of the s and p Rydberg states.The third band system from 131-112 nm is due to Rydberg transition. 

The highest cross section in this region is 36.22 Mb at 123.88 nm.  

In the region of 118-105 nm, the ionization process occurs with a minimum cross section at about 113 

nm(11 eV) then it steadily rises to a peak at about 105 nm.  The photionization spectrum in shorter 

wavelength has been reported by a few groups [8,9].The details of the ethylene spectrum, the quantum defects 

for all Rydberg states and their vibrational frequencies are given in Table 1. 

 

Table 1: Summary of the measured spectral positions and vibrational frequencies and the determined 

quantum defects of the Rydberg series of ethylene. 
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ii) Allene: The photoabsorption spectrum of allenehas been measured in the wavelength region of 105-250 nm 

as shown in Figure 2. The spectrum shows a low absorbing continuum from 250 nm up to 190 nm. Fourstrong 

bandsystems are observed at 190-156, 156-146, 146-124 and 124-105 nm. At the lower energy end of the 

190-160 nm band, there are a series of relatively weak absorbing bands with a maximum absorption cross 

section of 14.6 Mb. There are five diffuse peaks which can be assigned to →3s Rydberg transition according 

to the magnitude of quantum defect, see Table 3.The vibration bands are separated by 651.1 cm
-1

 initially and 

are unharmonic at higher frequencies and agrees well with that reported [22]. This vibrational frequency is 

attributed to the torsional mode. Rabalais [19] reports that this weak transition is due to the 2e→3e MO 

excitation. 

Strong absorption bands in the region 180-160 nm were measured with a maximum peak cross section occurs 

at 170.0 nm. These peaks are due to the 
1
A1(

1
Σg) → 

1
B2(

1
Σu) valence transition [19], the π→3sand π→3p 

Rydberg states. The Rydberg states reported here are assigned based on the adoption of the new IE value. 

9.688eV reported in the literature, which revises the old value 10.18 eV used in Rabalais [19]. 

Theπ→*valence state has a weak absorption at 179.3 nm and shows four vibrational progressions with an 

frequency of 989 cm
-1

 which decreases at higher vibrational levels due to unharmonicity. The measured 

positions of the progressions and the spacing between adjacent progressions are listed in Table 2. This 

vibrational frequency may be due to the symmetrical C=C stretching mode, which has a value of 1073 cm
-1

in 

the electronic ground state. 

Table 2: Measured vibrational frequencies inπ→π*valence electron transitions of allene. 

Wavelength/nm E/cm
-1 

ΔE/cm
-1 

178.6 55991.04 989.02 

175.5 56980.06 923.33 

172.7 57903.39 920.13 

170.0 58823.53  

The strongest absorption band of allene is located at 170 nm wavelength region with a maximum cross-section 

of 118.4 Mb observed at 170.3 nm. A Rydberg transition, π→3p, is assigned at 172.6 nm which shows a 

torsional vibrational frequency of 782.5 cm
-1

. 

The secondgroup of bands starting at 156 nm has a peak cross section of 65.58 Mb at 154.2 nm. The first 

member of this Rydberg series (3d) shows five vibrational progressions with an energy difference of 806.9 

cm
-1

. The spectrum then undergoes another minimum before the appearance of the next set of peaks from 

144.6 nm. These peaks are due to π→4p Rydberg series and to higher members of other Rydberg states, which 

are described earlier and are also indicated in Fig. 2.The band systems contain several peaks up to the first 
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ionization potential energy of 9.688eV (127.98 nm). From 125 nm to 105 nm (the cutoff of the LiF window) 

the spectrum exhibits acontinuum with increasing cross section peaking at 110 nm. 

Of the 16 distinct absorption features observed in this region, we have assigned 11 of them to various Rydberg 

states and are summarized in Table 3. 

 

Table 3: Summary of the measured spectral positions and vibrational frequencies and the determined 

quantum defects of the Rydberg series of allene. 
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Comparison of C2H4 and C3H4 

The ethylene molecule has a single double bond whileallene has two double bonds. The highest occupied 

molecular orbitals of both allene and ethylene are  in nature and the lowest energy valence transition should 

be a → transition.Since the two π systems of allene are perpendicular to each other, there will be limited 

interaction between the π systems. Therefore, allene should have an electronic spectrum similar to that of 

ethylene, even though the intensity and finer details of the two spectra should be different. The degree of 

similarity between the two spectra will be an indication of the extent of interaction between the two  bonds in 

allene. 

It is evident from Figs. 1 and 2 that the two spectra have similar features. Both molecules have four broad 

major bands in the wavelength region 105-200 nm. The Rydberg states calculated are also quite similar. The 

absorption cross section of ethylene is almost half of that of allene.  

Table 4: Comparison of the Rydberg states of Allene and Ethylene 

Series Ethylene 

C2H4 

Allene 

C3H4 

Differences in 

Energies,ΔE/eV 

π → ns 

n=3 

4 

5 

6 

7 

 

174.4 

137.3 

128.3 

123.9 

122.3 

 

189.1 

150.5 

139.8 

135.3 

133.0 

 

0.55 

0.79 

0.79 

0.88 

0.82 

π → np 

n=3 

4 

5 

6 

7 

 

150.2 

132.3 

126.2 

123.3 

121.7 

 

172.6 

144.6 

138.3 

134.6 

132.6 

 

1.08 

0.79 

0.86 

0.85 

0.84 
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π → nd 

n=3 

4 

5 

6 

7 

 

139.2 

128.8 

124.6 

122.6 

121.3 

 

154.4 

141.6 

136.0 

133.4 

131.9 

 

0.88 

0.87 

0.83 

0.81 

0.82 

Both molecules have a low absorbing band at around 190 nm. Then they exhibits very similar trends. Due 

to the limited interactions between the two π systems of allene , the molecule essentially acts as a compound 

with two double bonds and no interaction between them or similar to two ethylene molecules. Table 4 shows 

the difference between the energies of the Rydberg states of allene and ethylene and there is an almost a 

constant difference of about 0.8-0.9 eV difference. Therefore, it appears that similar transitions for excited 

state energies in allene when compared to ethylene. 

 

Conclusions 

Because of their importance in fundamental understanding of symmetric and simple olefinic organic 

molecules, we have reinvestigated the absorption spectra and the excited electronic states of allene and 

ethylene. The spectra of allene and ethylene in the spectral region between 105 nm and 200 nm are reported 

and the observed structures are assigned. 

In the presently studied region both ethylene and allene showfour Rydberg series with quantum defects of 0.99, 

0.54, 0.31 and 0.08 for the 3s-, 3p-, and two 3d-Rydberg states. The 3s- and 3d-Rydberg series exhibit clear 

vibrational progressions while the 3p-Rydberg series are not, possibly because of weak absorption and 

insufficientspectral resolution. The C=C symmetric stretching vibration and the torsional vibrational mode are 

observed and their frequencies measured. 

The electronic spectrum of allene is dominated by the three Rydberg states with quantum defect 0.93, 0.67 and 

0.13 for the 3s-, 3p- and the 3d-Rydberg series, respectively.  The two transitions to the valence electron 

states show relatively weak absorption strengths in comparison with the Rydberg states. 

A comparison of the absorption spectra of these two molecules shows a similar absorption spectrum, but the 

cross section values of alleneexhibit a factor of two larger than those of ethylene.  This could be resulted 

from the fact that allene has two double bonds instead of one in ethylene. Their similarity in their absorption 

spectra suggests that the two  bonds in allene havevery little interaction in the energy range investigated 

here. 
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Figure 1: The absorption spectrum of ethylene, C2H4. 
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Figure 2: The absorption spectrum of allene, C3H4. 


