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a b s t r a c t 

The vacuum UV photoabsorption spectrum (PAS) of 1,1-C 2 H 2 Br 2 has been examined between 5 eV and 

15 eV using the vacuum UV light of synchrotron radiation. For the first time the photoionization mass 

spectroscopy and efficiency of 1,1-C 2 H 2 Br 2 
+ has been measured in the same energy range. A quantum 

chemical calculation is proposed for the investigation of the neutral and ionized states. The photoion- 

ization efficiency curve (PIEC) of 1,1-C 2 H 2 Br 2 
+ provided the IE ad ( ̃  X 2 B 1 ) = 9.617 ±0.005 eV. A vibrational 

structure gave ω 3 
+ = 1336 cm 

−1 and most likely ω 4 
+ = 483 cm 

−1 . The PIEC of C 2 H 2 Br + shows the lowest 

appearance energy to be at 11.14 ±0.02 eV. The onset at 11.56 ±0.01 eV likely corresponds to the exci- 

tation of Br in the 2 P 1/2 spin-orbit state. In the vacuum UV-PAS the broad band observed at 6.231 eV 

includes n σ → Rs, 2b 1 ( π ) → π ∗ valence transitions and the 2b 1 → 3 s Rydberg transition in agreement with 

the present calculations. An isolated weak continuum at 7.15 eV is assigned to the n π→ π ∗ transition. The 

2b 1 → 3 s Rydberg transition is characterized by a short progression starting at 6.583 eV. A series of long 

progressions observed between 7.364 eV and 9.666 eV has been analyzed in terms of vibrational transi- 

tions to np- ( δ= 0.544) and nd-type ( δ= -0.04) Rydberg states all converging to the ˜ X 2 B 1 ionic ground 

state. An analysis has been attempted providing average values of the vibrational wavenumbers ω 3 ≈1300 

cm 

−1 (or 162 meV), ω 4 ≈480 cm 

−1 (or 60 meV) and ω 5 ≈145 cm 

−1 (or 18 meV). By the same way sev- 

eral other Rydberg states were analyzed. For the first time the vacuum UV spectrum of 1,1-C 2 H 2 Br 2 has 

been recorded above 10 eV and up to 15 eV. Several broad bands are tentatively assigned to transitions to 

Rydberg states converging to excited ionic states of 1,1-C 2 H 2 Br 2 
+ . For one of these a vibrational structure 

is observed and a tentative assignment is proposed. 

© 2023 Elsevier Ltd. All rights reserved. 
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. Introduction 

The most straightforward reason for the interest in molecu- 

ar excited states investigation is the occurrence of many chemi- 

al reactions through these states. Owing to their importance in 

any fields of both pure and applied chemistry numerous studies 

n the spectral properties of the mono-halo-ethylenes have been 

nitiated. During the last three decades this interest was consid- 

rably increased by the environmental concern generated by the 

zone-depleting effect assigned to the presence of the halogens 

n the troposphere and stratosphere [1] . For a few of these com- 

ounds these investigations were extended to F and/or Cl poly- 

ubstituted derivatives of ethylene. The corresponding bromo– and 
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odo-compounds were seldom considered. In spite of their lower 

bundance, it has been recognized that bromine and iodine have 

zone depleting rates of about 60 and 150–300 times larger than 

hlorine respectively [1] . 

The spectroscopic investigations of the 1,1-C 2 H 2 Br 2 are very 

ew. To the best of our knowledge, the only vacuum UV photoab- 

orption spectrum (PAS) in the region 45,0 0 0–90,0 0 0 cm 

−1 (220–

10 nm or 5.63–11.26 eV) of 1,1-C 2 H 2 Br 2 has been reported by 

chander and Russell [2] together with its cis-1,2- and trans-1,2- 

somers. Rydberg series analysis and assignments were proposed. 

Even scarce is the investigation of the ionization of 1,1-C 2 H 2 Br 2 . 

ittel and Bock [3] measured the HeI-photoelectron spectrum 

PES) of the three C 2 H 2 Br 2 isomers. Von Niessen et al. [4] exam- 

ned the HeII-PES of the 1,1-C 2 H 2 Br 2 species only. Neither dissocia- 

ive photoionization nor electroionization work on the 1,1-C 2 H 2 Br 2 
as been reported. 

https://doi.org/10.1016/j.jqsrt.2023.108626
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2023.108626&domain=pdf
mailto:robert.locht@uliege.be
https://doi.org/10.1016/j.jqsrt.2023.108626
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Fig. 1. VUV photoabsorption spectrum of 1,1-C 2 H 2 Br 2 between 5 eV and 11 eV mea- 

sured with 0.5 meV energy increments. Vertical bars and shaded areas locate only 

those Rydberg states converging to the first two ionization limits. 

Fig. 2. VUV photoabsorption spectrum of 1,1-C 2 H 2 Br 2 between 8 eV and 15 eV pho- 

ton energy. The upper panel displays the spectrum as measured with 10 meV en- 

ergy increments. The shaded areas correspond to the ionization energy values of 

1,1-C 2 H 2 Br 2 below 15 eV [3] . The lower panel shows the �-plot as a function of 

the photon energy between 11 and 15 eV (black curve) and slightly smoothed by 

FFT (red curve Sm). Vertical bars indicate the band maxima and shaded areas cor- 

respond to the successive ionization energy values of 1,1-C 2 H 2 Br 2 . 
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Continuing our work on the halo-ethylenes, the aim of this pa- 

er is to report on (i) the photoionization and dissociative ioniza- 

ion of 1,1-C 2 H 2 Br 2 in the 5–15 eV photon energy range and (ii) the

acuum UV photoabsorption spectrum of 1,1-C 2 H 2 Br 2 in the same 

nergy range. 

. Experimental 

The experimental setup used in this work has already been 

escribed in detail elsewhere [ 5 , 6 ]. Briefly, on the 3m-NIM-2 

eamline at the BESSY II facility (Berlin, Germany), a 3m-NIM 

onochromator equipped with an Al/MgF 2 spherical grating of 

00 lines/mm has been used. The entrance and exit slits were ad- 

usted at 40 μm and 10 μm respectively. The vapor pressure in the 

0 cm long stainless steel windowless absorption cell is measured 

y a Balzers capacitor manometer. A sodium salicylate sensitized 

hotomultiplier is used for light detection. The recording of an ab- 

orption spectrum requires one scan with gas in the absorption cell 

nd one with the evacuated cell. 

The same monochromator has been used for the photoioniza- 

ion mass spectrometry experiments but entrance and exit slits 

re opened at 200 μm. The light beam focused on the center of 

n ion chamber is detected by a sodium salicylate sensitized pho- 

omultiplier positioned in front of the monochromator exit slit. 

he ions produced in the ion chamber are mass analyzed by a 

uadrupole mass spectrometer, detected by a channeltron multi- 

lier and recorded by a 100 MHz counter. The ion signal is auto- 

atically normalized to the photon flux at all wavelengths. 

Photoabsorption and photoionization efficiency curves often 

how very weak sharp peaks and diffuse structures superimposed 

n a strong continuum. To facilitate the characterization of these 

eatures a continuum subtraction procedure is applied [ 7 , 8 ]. The 

nderlying continuum is simulated by severely smoothing the ex- 

erimental curve using the filtering by fast Fourier transform (FFT). 

his continuum is then subtracted from the original spectrum. The 

esulting diagram will be called �-plot in the forthcoming sec- 

ions. This data handling has been thoroughly investigated and val- 

dated by Marmet and Carbonneau [9] . 

The monochromator has been calibrated by using the multi- 

le lines PAS of N 2 between 12 eV and 15 eV [10] . The accuracy

f this calibration is better than 2 meV. In the measurements be- 

ween 5 eV and 11 eV, the PAS has been recorded with an energy

ncrement of 0.5 meV. The accuracy on the energy position of a 

eature is estimated to be 2 meV including the calibration error. 

bove 11 eV and up to 15 eV an energy increment of 10 meV has

een used and a total uncertainty of the order of 5 meV will be

dopted. 

The commercially available 1,1-C 2 H 2 Br 2 of 98% purity, pur- 

hased from ABCR, was used without further purification. 

. Experimental results 

.1. The photoabsorption spectrum of 1,1-C 2 H 2 Br 2 

The vacuum UV-PAS of 1,1-C 2 H 2 Br 2 as measured between 5 eV 

nd 11 eV photon energy is represented in Fig. 1 by the extinc- 

ion coefficient ε (mol −1 .dm 

3 .cm 

−1 ) as a function of the photon 

nergy (eV). The upper panel of Fig. 2 shows the vacuum UV-PAS 

s observed between 8 eV and 15 eV. The successive adiabatic or 

ertical ionization energies measured by HeI-PES [3] are included. 

The PAS may be divided in three very different regions: (i) the 

.0–7.3 eV region consisting of a number of very weak broad bands 

uperimposed on a weak continuum, (ii) the 7.3–11 eV region con- 

aining a large number of weak to very strong sharp structures and 

ands superimposed on a continuum with increasing intensity up 

rom 8 eV to about 10 eV and (iii) the region above 11 eV and up
2 
o 15 eV consisting of at least four weak broad, likely partly struc- 

ured, bands superimposed on a strong continuum. Therefore, the 

atter region is illustrated by a �-plot in the lower panel of Fig. 2 . 

In both figures, vertical bars locate most of the structures and 

ydberg series which will be considered in the following discus- 

ion. Shaded areas indicate the successive convergence limits. The 
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Fig. 3. Photoionization efficiency curves of the 1,1-C 2 H 2 Br 2 
+ molecular ion (black 

curve) and the C 2 H 2 Br + fragment ion (red curve) between 9 eV and 15 eV. The 

photoabsorption spectrum (PAS) measured in the 9–15 eV photon energy range is 

inserted (blue curve). Vertical bars define the Franck-Condon region of the succes- 

sive ionic states as observed in the HeI-PES [3] . 
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Table 1 

Rydberg series observed in the vacuum UV photoabsorption spectrum of 1,1- 

C 2 H 2 Br 2 converging to the successive ionized states. Excitation energy (adiabatic or 

vertical) (eV), wavenumber (cm 

−1 ), effective quantum numbers (n ∗), average quan- 

tum defects ( ̄δ) and assignments proposed in this work. Comparison is made with 

available literature data of [2] . Conversion factor: 1 eV = 8 065.545 eV [11] . 

This work [2] 

eV cm 

−1 n ∗ (cm 

−1 ) 

Rydb.Ser. convg. to IE ad = 9.617 eV a 

2b 1 → ns ( δ= 0.882) 

6.585 53,112 2.118 53,129 

2b 1 → np ( ̄δ= 0.545 ±0.023) 

7.364 59,395 2.457 59,411 

8.479 68,388 3.458 69,190 

8.939 72,098 4.480 73,137 

9.185 74,082 5.612 75,180 

2b 1 → nd ( ̄δ= −0.04 ±0.01) 

8.142 65,670 3.037 65,673 c 

8.786 70,848 4.041 (70,927) c 

Rydb.Ser. convg. to IE vert = 10.73 eV [3] 

4b 2 → np σ ( ̄δ= 0.636 ±0.045) 

8.300 66,944 2.366 66,948 

– – – 76,589 

10.033 80,922 4.418 80,749 

10.249 82,664 5.318 82,699 

10.396 83,849 6.382 83,808 

10.470 84,446 7.233 –

10.531 84,938 8.368 –

4b 2 → np π ( ̄δ= 0.330 ±0.026) 

8.798 70,961 2.654 (70,927) c 

9.711 78,325 3.654 (78,989) c 

10.114 81,975 4.700 –

4b 2 → nd ( ̄δ= −0.0 08 ±0.0 02) 

9.224 74,397 3.006 74,360 c 

9.884 79,720 4.010 79,669 c 

Rydb.Ser. convg. to IE ad = 11.23 eV [3] 

1a 2 → ns ( δ= 0.997) 

7.839 63,226 2.003 –

9.720 78,397 3.003 (78,989) c 

1a 2 → np ( ̄δ= 0.544 ±0.024) 

8.993 72,533 2.466 –

10.095 81,426 3.465 (81,018) c 

10.550 84,987 4.431 (84,930) c 

10.767 86,842 5.421 (86,861) c 

10.907 87,971 6.490 –

Rydb.Ser.convg.to IE ad = 11.60 eV [3] 

5a 1 → ns ( ̄δ= 0.998 ±0.016) 

[8.202] d 66,154 2.001 –

[10.089] d 81,373 3.001 (81,018) c 

[10.743] d 86,648 3.984 (86,410) c 

– – – –

[11.215] d 90,455 5.945 –

5a 1 → np ( ̄δ= 0.487 ±0.018) 

[9.413] d 75,921 2.494 (75,930) c 

[10.509] d 84,761 3.531 (84,930) c 

[10.932] d 88,172 4.513 –

Rydb.Ser.convg.to IE ad = 12.77 eV b 

3b 2 → 3 s ( δ= 0.993) 

9.393 75,760 2.007 (75,930) c 

3b 2 → 3p( σ) ( δ= 0.640) 

10.327 83,301 2.36 (83,500) c 

Rydb.Ser.convg.to IE ad = 13.20 eV b 

1b 1 → 3 s ( δ= −0.004) 

9.792 78,978 1.996 (78,989) c 

Rydb.Ser.convg.to IE ad = 14.77 eV b 

4a 1 → ns ( ̄δ= 1.027) 

11.455 92,633 2.025 –

∼13.17 ∼106,223 ∼2.92 –

4a 1 → 3p ( δ= 0.42) 

12.73 102,674 2.58 –

Rydb.Ser.convg.to IE ad = 15.52 eV b 

2b 2 → 4 s /3d ( δ= 0.970/ −0.030) 

14.038 113,224 3.03 –

a Adiabatic ionization energy as measured in this work (see Section 5.1.1 ). 
b Adiabatic ionization energies obtained in this work by quantum chemical cal- 

culations. 
c Data reported by [2] but differing or corresponding to several assignments are 

listed in italic and in parentheses. 
d Data listed in square brackets correspond to at least two possible assignments 

(see text) in the present work. 
osition in energy of the vibrationless Rydberg transitions con- 

erging to the ionic ground state and the successive ionic excited 

tates are listed in Table 1 together with data previously reported 

y Schander and Russell [2] . 

.2. The photoionization of 1,1-C 2 H 2 Br 2 

The photoionization efficiency curves (PIEC) of the two most 

bundant ions in the mass spectrum of 1,1-C 2 H 2 Br 2 , i.e. the 

 2 H 2 Br 2 
+ molecular ion and the C 2 H 2 Br + fragment ion, are repro-

uced in Fig. 3 . For helping the forthcoming discussion, the PAS of 

,1-C 2 H 2 Br 2 observed in the 9–15 eV region in the present work is 

eproduced in the same figure. The Franck-Condon regions covered 

y the successive ionic states as observed in the HeI-PES [3] are 

lso inserted. 

. Ab initio calculations: methods and results 

The molecular orbital configuration of 1,1-C 2 H 2 Br 2 in the C 2v 

ymmetry point group is described by 

s 2 (Br1) 1s 2 (Br2) 2s 2 (Br1) 2s 2 (Br2) 2p x,y,z 
6 (Br1) 2p x,y,z 

6 (Br2) 
s 2 (C1) 1s 2 (C2) 3s 2 (Br1) 3s 2 (Br2) 3p x,y,z 

6 (Br1) 3p x,y,z 
6 (Br2) 

d 

10 (Br1) 3d 

10 (Br2) 

a 2 1 1b 

2 
2 2a 2 1 3a 2 1 2b 

2 
2 4a 2 1 1b 

2 
1 3b 

2 
2 5a 2 1 1a 2 2 4b 

2 
2 2b 

2 
1 : ˜ X 

1 A 1 

here 1a 1 is the first outer-valence shell orbital. 

.1. Computational tools 

The calculations presented in this work were performed with 

he Gaussian 09 program [12] . The basis set used for all the cal-

ulations is aug-cc-pVDZ [13] , containing polarization and diffuse 

unctions. 

The geometry optimization was performed at two calculation 

evels, i.e. the M06–2X(DFT) [14] and TDDFT/M06–2X [15] levels. 

he vibrational wavenumbers associated with the twelve vibra- 

ional normal modes of 1,1-C 2 H 2 Br 2 in the C 2v symmetry point 

roup were calculated at DFT/M0 6–2X and TDDFT/M0 6–2X lev- 

ls and are schematically represented in Fig. S1 (see Supplemen- 

ary material). The shape of virtual and ionized MO’s calculated 
3 
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Table 2 

Calculated wavenumbers (cm 

−1 ) for the neutral ˜ X 1 A 1 and 3 1 B 2 states at M02–6X 

level and the 4 1 A 1 , 6 1 B 1 and 7 1 A 1 states at the TDDFT/M02–6X level. No scaling 

factor is applied to the calculated values. For the neutral ground state comparison 

is made with experimental data [16] . 

States ˜ X 1 A 1 3 1 B 2 4 1 A 1 6 1 B 1 7 1 A 1 

Modes Exp [16] M06–2X M02–6X TDDFT TDDFT TDDFT 

a 1 
ν1 3023 3175 3152 3190 3208 3173 

ν2 1593 1688 1674 1407 1639 1623 

ν3 1279 1389 1278 1213 1411 1359 

ν4 467 497 298 471 796 243 

ν5 184 196 144 197 i589 110 

a 2 
ν6 696 675 526 i879 358 635 

b 1 
ν7 886 938 849 575 1025 915 

ν8 405 435 i220 485 547 217 

b 2 
ν9 3108 3280 3255 3321 7952 ! a 3274 

ν10 1049 1081 775 1079 1264 2388 

ν11 668 732 294 822 820 831 

ν12 322 331 i287 251 576 233 

a For explanation see text. 
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Table 3 

(a) Vertical and/or adiabatic excitation energies (eV) of neutral states of 

1,1-C 2 H 2 Br 2 obtained at the TDDFT level. The calculations were carried 

out with the aug-cc-pVDZ basis set. (b) Structure and assignment for 

the 6 1 B 1 Rydberg state. Conversion factor: 1 eV = 8 065.545 eV [11] . 

(a) 

E vert (eV) E ad (eV) Description 

5.90 4.71 n σ → Rs: 3 1 B 2 (CP2) 

6.17 5.77 π+ n π → π ∗: 4 1 A 1 (TS) 

6.51 6.33 π+ n π → Rs: 6 1 B 1 (TS) 

6.55 5.16 n σ → 3s 
}

7 1 A 1 n σ → 3p y ,3d yz 

7.12 - n π → π ∗: 9 1 B 2 
7.42 - π+ n π → 3p z : 12 1 B 1 

(b) 

eV cm 

−1 Assignment 

6.583 53,095 6 1 B 1 (0,0) 

6.651 53,644 ν8 ( ν12 ) 

6.688 53,942 na 

6.713 54,144 2 ν8 (2 ν12 ) 

6.750 54,442 ν3 

6.818 54,991 ν3 + ν8 ( ν12 ) 

CP2: second order critical point. TS: transition state. 
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t DFT/M06–2X/aug-cc-pVDZ level are represented in Fig. S2 (see 

upplementary material). 

.2. Calculation results 

.2.1. The neutral states (Fig. S2a-b) 

Only the optimized geometry in the C 2v symmetry point group 

or the neutral ˜ X 1 A 1 state and a few allowed excited states are 

isted in Table S1 (see Supplementary material). The geometry op- 

imization of the 3 1 B 2 and the 4 1 A 1 don’t converge. The former 

eads to dissociation by atomic Br-loss. The latter shows a major 

engthening of the C = C bond and a shortening of the C-Br bond. 

It has to be pointed out that the planar 4 1 A 1 (see Fig. S2a) state

ptimized in the C 2v point group evolves into a transition state (TS) 

nd no minimum could be determined. The geometry optimization 

ithout constraints of this transition state leads to a lower ener- 

etic and non-planar state of C 2v symmetry: the CH 2 -group is in a 

lane at 90 ° to that containing CBr 2 . This geometry corresponds to 

 second order critical point state with two imaginary wavenum- 

ers. 

The 7 1 A 1 state is the only allowed excited state showing a min- 

mum in the C 2v symmetry point group. It shows a nearly as large 

-Br internuclear distance (2.1144 Ǻ) as the 4 1 A 1 state (1.8308 Å). 

Table 2 shows the wavenumber calculation results for the neu- 

ral ground and several neutral excited states. Only those results 

btained for the ˜ X 1 A 1 ground state could be compared to Raman 

pectroscopic data obtained by de Hemptinne et al. [16] . 

The 6 1 B 1 transition state (see Fig. S2b) is remarkable showing 

n imaginary wavenumber of a 1 representation. This is probably 

elated to the abnormally high ν9 (b 2 ) wavenumber of 7952 cm 

−1 

ikely to be linked with a coupling of this state with the closely 

ower-lying but forbidden 5 1 A 2 state. 

The vertical and/or adiabatic excitation energies calculated in 

he C 2v point group for several neutral states are listed in Table 3 a.

rue adiabatic excitation energy has only been obtained for the 

 

1 A 1 state. The optimized geometry in the C 2v symmetry point 

roup not being a minimum even at lower symmetry, the other 

alues are only indicative. 

.2.2. The ionized states (Fig. S2 c-e) 

The optimized geometry was calculated at the M02–6X level 

or the ˜ X 2 B 1 , ˜ A 

2 B 2 , ˜ B 2 A 2 and 

˜ C 2 A 1 states and at the TDDFT level

or the other states. Table 4 displays the calculated adiabatic (IE ) 
ad 

4 
nd/or vertical (IE vert ) ionization energies characterizing the suc- 

essive ionic states. Comparison is made with previous experimen- 

al HeI- [3] and HeII-PES [4] results. 

It has to be noticed that above the ˜ E 2 B 1 state, doubly excited 

onfiguration states occur. The ˜ G 

2 B 2 and 

˜ H 

2 B 2 arise from the ion- 

zation of the same 2b 2 molecular orbital (MO) together with a 

ixture of configuration interaction. The same remark is valid for 

he ˜ I 2 A 1 and 

˜ J 2 A 1 (IE vert = 18.16 eV and 18.29 eV), not included in

able 4 , and involving the 3a 1 MO ionization. 

The wavenumbers for the twelve vibrational coordinates of 1,1- 

 2 H 2 Br 2 
+ have been calculated for the ˜ X 2 B 1 to the ˜ H 

2 B 2 ionic 

tates. Only the results concerning ˜ X 2 B 1 to the ˜ F 2 A 1 states are 

isted in Table 5 . No scaling factor has been applied. 

. Discussion 

.1. The (Dissociative) photoionization of 1,1-C 2 H 2 Br 2 
+ 

The photoionization mass spectrum of 1,1-C 2 H 2 Br 2 recorded at 

 ν= 20 eV is essentially composed of a broad peak centered on 

/ e = 186 corresponding to the combinations of the two isotopic 

pecies of 1,1-C 2 H 2 
79,81 Br 2 

+ and a narrower peak at m/ e = 106

ontaining the two isotopic components of C 2 H 2 
79,81 Br + . Their ab- 

olute intensities are 46.9% and 49.2% respectively. Two very weak 

ignals are observed at m/ e = 80 (Br + ) and m/ e = 160 (Br 2 
+ ) rep-

esenting each an intensity of 1.2% and 1.7%. These abundances are 

lose to those observed for the same ions in the mass spectrum 

btained by 20 eV electron impact on the cis- and trans-C 2 H 2 Br 2 
somers [17] . 

.1.1. The photoionization efficiency of 1,1-C 2 H 2 Br 2 
+ ( Figs. 3 and 4 ) 

The photoionization efficiency curve (PIEC) of 1,1-C 2 H 2 Br 2 
+ up 

o 15 eV is displayed in Fig. 3 and has been recorded with 5 

eV energy increments. As mentioned in Table 4 the photoelec- 

ron spectroscopic studies [ 3 , 4 ] reported only the vertical ioniza- 

ion energies (IE vert ). However, the knowledge of their adiabatic 

alue (IE ad ) will be important for the analysis of the vacuum UV- 

AS of 1,1-C 2 H 2 Br 2 (see Section 5.2 ). Therefore the IE ad values have

een determined by ab initio calculations. The results are listed in 

able 4 for the successive ionic states. It has to be noticed that, for 

he ˜ B 2 A 2 and 

˜ C 2 A 1 states, IE ad ≈IE vert . 

The PIEC of 1,1-C 2 H 2 Br 2 
+ near threshold is reproduced on an 

xpanded photon energy scale in Fig. 4 together with the PAS mea- 
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Table 4 

Vertical and adiabatic ionization energies (eV) determined at two calculation levels for the 

cationic states resulting from direct MO ionization. Previous HeI-PES [3] and HeII-PES [4] re- 

sults are included. 

Ion State ˜ X 2 B 1 ˜ A 2 B 2 ˜ B 2 A 2 ˜ C 2 A 1 

Level IE vert IE ad IE vert IE ad IE vert IE ad IE vert IE ad 

UM06–2X 9.76 9.54 10.83 10.52 11.24 11.24 11.69 11.63 

TDDFT 9.76 9.54 10.75 – 11.54 – 11.59 –

This work 9.778 9.617 – – – – – –

[3] 9.78 – 10.73 – 11.23 – 11.60 –

[4] 9.78 – 10.73 – 11.2 – 11.6 –

˜ D 2 B 2 ˜ E 2 B 1 ˜ F 2 A 1 [ ̃ H , ̃ G ] 2 B 2 
a 

TDDFT 13.06 12.77 13.44 13.2 15.21 14.77 15.85 14.97 

[3] 13.0 – 13.0 – 15.20 – 15.90 –

[4] ∼13 – 13.3 – 15.2 – 16.0 –

a see text in Sections 4.2.2 and 5.2.3 . 

Table 5 

Calculated wavenumbers (cm 

−1 ) for the first seven ionized states of 1,1-C 2 H 2 Br 2 at 

the M02–6X level. No scaling factor is applied to the calculated values. 

State ˜ X 2 B 1 ˜ A 2 B 2 ˜ B 2 A 2 ˜ C 2 A 1 ˜ D 2 B 2 ˜ E 2 B 1 ˜ F 2 A 1 

a 1 
ν1 

+ 3180 3160 3165 3176 2885 3142 2858 

ν2 
+ 1495 1721 1688 1579 1797 1619 1453 

ν3 
+ 1349 1376 1389 1420 834 1383 1115 

ν4 
+ 522 505 485 432 372 402 422 

ν5 
+ 212 185 186 202 177 164 152 

a 2 
ν6 

+ 351 661 674 659 493 686 613 

b 1 
ν7 

+ 1000 977 992 988 694 966 865 

ν8 
+ 442 339 386 400 398 369 297 

b 2 
ν9 

+ 3305 3265 3269 3282 2675 3261 3280 

ν10 
+ 1140 977 1005 1125 879 1140 1663 

ν11 
+ 823 606 546 672 431 757 734 

ν12 
+ 324 275 317 318 274 293 330 
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Fig. 4. (a) VUV photoabsorption spectrum (PAS) (black) of 1,1-C 2 H 2 Br 2 and �- 

plot (red) of the (b) photoionization efficiency curve (PIEC) of 1,1-C 2 H 2 Br 2 
+ on 

an expanded energy scale between 9.4 eV and 11.0 eV. Vertical bars indicate the 

band maxima corresponding to autoionization in the PAS and critical energies and 

Franck-Condon regions in the PIEC. H.B. corresponds to a hot band. 

a

T

w

t

s

9  

m  

t

e

ured in the same photon energy range. Marked by vertical bars 

any correspondences between the two spectra are obvious. In 

he energy range of 9.6 eV three onsets have been observed, i.e. 

t 9.579 eV, 9.617 eV and 9.677 eV successively. 

The threshold at 9.617 ±0.005 eV is assigned to the IE ad ( ̃  X 2 B 1 )

tate of 1,1-C 2 H 2 Br 2 . This value is in agreement with 9.54 eV ob-

ained in the present work by quantum chemical calculations. The 

eak signal measured at 9.579 eV, i.e. 38 ±10 meV (306 ±80 cm 

−1 )

elow IE ad ( ̃  X 2 B 1 ) could be assigned to the ionization of vibra- 

ionally hot 1,1-C 2 H 2 Br 2 . This energy difference could correspond 

o the vibrational excitation of ν4 (a 1 ) = 467 cm 

−1 or more likely to

12 (b 2 ) = 322 cm 

−1 [16] . The relative intensity ratio of about 25%

bserved for these two transitions is comparable to the calculated 

oltzmann factors of 11% and 21%. The present IE ad could only be 

ompared to, but is higher than, the equivalent value measured by 

hotoionization for the cis- and trans-1,2-C 2 H 2 Br 2 isomers [17] , i.e. 

.45 ±0.01 eV ( cis ) and 9.46 ±0.01 eV (trans). The same trend has

een observed for the three corresponding dichloroethylene iso- 

ers [18] . 

The onset at 9.677 eV is at 60 ±10 meV (480 ±40 cm 

−1 ) above

E ad ( ̃  X 2 B 1 ). By quantum chemical calculations two wavenumbers 

f the molecular ion could correspond to this experimental value: 

4 
+ (a 1 ) = 522 cm 

−1 and ν8 
+ (b 1 ) = 442 cm 

−1 The observed intensity

f this transition would favor the former assignment. 

Figure 4 b shows a series of “steps” at 9.778 eV, about 9.85 eV 

nd 9.953 eV and intensity increases near 10.085 eV and 10.220 eV 

uccessively. For the first and third critical points energy differ- 

nces of 0.161 ±0.010 eV and 0.336 ±0.010 eV (or 2 × 0.168 eV) 
5 
re measured with respect to the threshold at IE ad = 9.617 eV. 

he average energy interval is 0.166 ±0.005 eV corresponding to a 

avenumber of 1336 ±40 cm 

−1 . By quantum chemical calculations 

his quantity corresponds to ν3 
+ = 1349 cm 

−1 involving the C = C 

tretching and CH 2 bending vibration. The intensity increase at 

.778 eV should correspond to the IE vert ( ̃  X 2 B 1 ) which is in agree-

ent with the HeI- and HeII-PES values of 9.78 eV [ 3 , 4 ]. By quan-

um chemical calculations 9.76 eV is obtained. The intermediate 

nergy at about 9.85 eV has probably to be assigned to the com- 
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Fig. 5. VUV photoabsorption (PAS) of 1,1-C 2 H 2 Br 2 and photoionization efficiency 

curve (PIEC) of C 2 H 2 Br + between 10.5 eV and 13.0 eV. The Franck-Condon regions of 

the ionic states are indicated. Long vertical bars locate the critical energies. Shaded 

areas cover the absorption regions corresponding to C 2 H 2 Br + ion yield. 
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ined excitation of ν3 
+ + ν4 

+ . The following two onsets are less 

ccurate owing to stronger autoionization contribution. They could 

ikely be assigned to the continuation of the ν3 
+ vibrational pro- 

ression but involving anharmonicity. The considered autoionizing 

tates will be analyzed and identified in Section 5.2 . 

Above 10.5 eV the PIEC of 1,1-C 2 H 2 Br 2 
+ clearly shows two 

elatively strong step-like increases at 10.592 eV and 10.772 eV 

hich are both clearly correlated with autoionization of Rydberg 

tates occurring at the same energy (see Fig. 4 a). In the HeI(HeII)-

ES [ 3 , 4 ] IE vert ( ̃  A 

2 B 2 ) = 10.73 eV. This value is in good agreement

ith that calculated in the present work at 10.83 eV. The calcu- 

ated IE ad ( ̃  A 

2 B 2 ) = 10.52 eV is close to the experimental value at

0.592 eV. However, this latter value corresponds to the inflexion 

oint of the sigmoïdal ion intensity curve extending between 10.5–

0.7 eV. Actually the ion current rises up from about 10.54 eV. The 

lowness of the PIEC’s rise could likely be due to an unresolved 

ibrational progression involving e.g. ν5 
+ = 185 cm 

−1 (0.023 eV) 

CBr 2 bending). As shown in Table S2 the C = C bond length is 

ppreciably shortened and the Br-C = C angle is strongly opened 

n the ˜ A 

2 B 2 ionic state. 

As shown in Fig. 3 no critical energy is observed in the energy 

ange of the ionic ˜ B 2 A 2 state. Up from 11.6 eV to 13.2 eV a broad

nd strong peak dominates the PIEC of 1,1-C 2 H 2 Br 2 
+ . It correlates 

nambiguously with a strong broad absorption band present in the 

AS and will be described and assigned in Section 5.2 . In this en-

rgy range the ˜ C 2 A 1 ionic state has been observed by HeI(HeII)- 

ES [ 3 , 4 ]. It has to be stressed that for both the ˜ B 2 A 2 and 

˜ C 2 A 1 

tates IE vert ≈IE ad and calculated at 11.24 eV and 11.63 eV respec- 

ively. These results have to be compared with the experimental 

ES values of 11.23 eV [3] and 11.60 eV [3] respectively. 

Above 13.2 eV the PIEC is almost flat up to 13.8 eV where 

t shows a broad weak band which is also connected with neu- 

ral states observed in the PAS. In this energy range the doublet 

ES band 

˜ D 

2 B 2 - ̃  E 2 B 1 has been reported [ 3 , 4 ]. By quantum chemi-

al calculations IE ad = 12.77 eV and 13.2 eV and the corresponding 

E vert = 13.06 eV and 13.44 eV were obtained. These latter calculated 

alues have to be compared with the experimental values reported 

t 13.0 eV [3] and 13.3 eV [ 3 , 4 ]. 

.1.2. The photoionization efficiency of C 2 H 2 Br + ( Figs. 3 and 5 ) 

The PIEC of the C 2 H 2 Br + fragment ion is reproduced in Fig. 5

etween 10.5 eV and 13.0 eV. The PAS of 1,1-C 2 H 2 Br 2 observed 

n the same photon energy range is included in the same figure. 

ssentially three slope changes are observed i.e. at 11.14 ±0.02 eV, 

1.56 ±0.01 eV and 11.98 ±0.01 eV successively. As clearly shown in 
6 
ig. 5 the first two dissociative ionization processes take place in 

he energy range of (i) the ˜ B 2 A 2 and 

˜ C 2 A 1 ionic states and of (ii)

eutral states observed in the PAS. 

The lowest threshold determined for the appearance of 

 2 H 2 Br + has most likely to be assigned to: 

 , 1 − C 2 H 2 Br 2 + h ν → C 2 H 2 Br + ( ̃  X 

1 A 1 ) + Br 
(

2 P 3 / 2 

)
+ e − (1)

rovided each fragment being produced in its ground electronic 

and vibrational) state carrying no translational kinetic energy. Un- 

er these conditions and from reaction (1) a value of the dissocia- 

ion energy D(H 2 CCBr + -Br) = 1.52 ±0.03 eV could be derived. 

The next threshold observed in the PIEC of C 2 H 2 Br + is located 

t 0.42 ±0.03 eV above the lowest onset and has very likely to be 

ssigned to the reaction: 

 , 1 − C 2 H 2 Br 2 + h ν → C 2 H 2 Br + ( ̃  X 

1 A 1 ) + Br 
(

2 P 1 / 2 

)
+ e − (2)

here the energy separation of 0.42 ±0.03 eV has very likely to 

e assigned to the 2 P 3/2 –
2 P 1/2 spin-orbit splitting of 3685 cm 

−1 or 

.457 eV as determined by atomic spectroscopy [19] . 

The autoionization of neutral states observed between 11.6 eV 

nd 13.2 eV leads to the production of both C 2 H 2 Br 2 
+ and 

 2 H 2 Br + . Likely the sudden increase of the C 2 H 2 Br + ion yield at

1.98 eV corresponds to: 

 , 1 − C 2 H 2 Br 2 + h ν → C 2 H 2 Br + 
(

3 A 2 

)
+ Br 

(
2 P 3 / 2 

)
+ e − (3)

here the 0.84 eV excess energy could be assigned to the elec- 

ronic excitation of the C 2 H 2 Br + fragment ion. A 

3 A 2 excited state 

as calculated for C 2 H 2 F 
+ at 2.52 eV above the ground state [20] . 

Similarly and above 13.4 eV autoionization plays a major role 

n the production of C 2 H 2 Br + as it does for C 2 H 2 Br 2 
+ . The absence

f ionization cross-section in the 13.9–14.9 eV energy range of the 

eI-PES [3] and in the HeII-PES [4] corroborates this analysis. 

.2. The vacuum UV-PAS of 1,1-C 2 H 2 Br 2 

As mentioned in Section 5.1 in the mass spectrum of 1,1- 

 2 H 2 Br 2 , recorded at 20 eV signals corresponding to Br 2 
+ and Br + 

ave been detected. To be aware of any suspicious contribution of 

olecular Br 2 or atomic Br to the 1,1-C 2 H 2 Br 2 vacuum UV PAS we 

ecorded the vacuum UV PAS of Br 2 [21] or referred to the atomic 

pectrum of Br [22] . The comparison bore no evidence for Br 2 or 

r absorptions particularly in the high absorbance regions of these 

pecies in the 7.5–8.35 eV, 8.44–8.71 eV and 9.4–9.78 eV regions. 

The simplest model for the Rydberg series analysis consists to 

eglect the perturbations due to Rydberg-Rydberg interactions. To 

t their position (E Ryd ) the Rydberg formula (1) 

 Ryd = IE − R/ ( n − δ) 
2 = IE − R/ ( n ∗) 2 (4) 

as been used. R is the Rydberg constant R = 13.6057 eV [11] , δ is

he quantum defect, n 

∗ is the effective quantum number and IE is 

he convergence limit or ionization energy of the considered Ryd- 

erg series. The successive ionization energies IE used in this work 

ere defined in Table 3 and are inserted in Figs. 1 and 2 . IE ad has

een adopted for excitations where the (0,0) vibrational transition 

as been identified. Otherwise, the IE vert has been chosen as the 

onvergence limit. 

.2.1. The transitions between 5.6 eV and 6.9 eV (see Figs. 1 and 6 a) 

The typical broad band observed at low energy in the vacuum 

V PAS of the ethylene compounds has its maximum at 6.231 eV 

50,256 cm 

−1 ) in 1,1-C 2 H 2 Br 2 and is shown in Fig. 1 . Fig. 6 a shows

he band on expanded energy scale and where the red curve in 

he upper part of the figure represents the continuum to be sub- 

racted from the original signal. The resulting �-plot displayed in 

he lower part of Fig. 6 a clearly shows three well separated parts: 

a) a broad doublet, (b) a more complex structured part consisting 
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Fig. 6. VUV photoabsorption spectrum of 1,1-C 2 H 2 Br 2 on an expanded photon energy scale between 5.0 eV and 11.0 eV. The upper and lower panels show the absorbance and 

the corresponding �-plot respectively for (a) 5.6–6.9 eV, (b) 6.9–8.0 eV, (c) 8.0–8.7 eV, (d) 8.6–9.3 eV, (e) 9.3–9.9 eV and (f) 9.9–11.0 eV. The red curve in the upper panels 

corresponds to the continuum used for subtraction leading to the �-plot. Long vertical bars locate the vibrationless (0,0) transitions of the indicated Rydberg transitions. For 

each transition the progression(s) is (are) drawn by short vertical bars. 
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f at least four broad peaks and (c) the beginning of a series of 

arrower peaks extending up from 6.6 eV to 6.9 eV. 

For the assignment of the features observed in this energy re- 

ion quantum chemical calculations have been performed. Several 

eutral states have been calculated at the C 2v symmetry point 

roup between 5.1 eV and 7.5 eV. Their optimized geometry and 

ibrational wavenumbers were obtained. Only those allowed to be 

eached from the ˜ X 1 A 1 neutral ground state are listed in Table S1 

nd Table 3 a where the corresponding excitation energies are also 

isplayed. 

The strongest transition is calculated for the 4 1 A 1 state corre- 

ponding to the π ( + n π ) → π ∗ excitation with E exc 
ad = 5.77 eV and

 exc 
vert = 6.17 eV. This state is a transition state involving a vir- 

ual b 1 MO containing Rydberg p character and could likely be as- 

igned to the features observed between 6.231 eV and 6.516 eV. 

he broad width of the peaks is probably related to the life time 

f the vibronic states. The interval between the first three peaks 

t 6.231 eV, 6.344 eV and 6.458 eV is about 0.114 eV (911 cm 

−1 )
7 
nd between 6.344 eV and 6.516 eV a difference of 0.172 eV 

1378 cm 

−1 ) is measured. This latter value would be comparable to 

2 = 1407 cm 

−1 calculated for 4 1 A 1 . These intervals are also close 

o those observed in the first band of the HeI-PES of 1,1-C 2 H 2 Br 2 
3] . Schander and Russell [2] mention a pair of bands at 50,350 

m 

−1 (6.242 eV) and 51,230 cm 

−1 (6.352 eV). These authors in- 

oked the possible but forbidden 2b 2 ( π ) → b 1 ( σ
∗) transition. 

At 6.583 eV (53,095 cm 

−1 ) a sharply rising peak is observed 

nd followed by several narrow features listed in Table 3 b. This 

nergy is close to the excitation energy predicted for the 6 1 B 1 and 

he 7 1 A 1 states, E exc 
vert = 6.51 eV and 6.55 eV respectively. As- 

uming the experimental E exc 
ad = 6.583 eV the 6 1 B 1 state should 

e involved as predicted E exc 
ad = 6.33 eV and corresponding to 

he π (2b 1 ) → 3 s Rydberg transition. It should be characterized by 

 

∗= 2.118 and δ= 0.882. Schander and Russell [2] determined a Ryd- 

erg series starting at 53,129 cm 

−1 . The following structure should 

e assigned to vibrational excitation. Table 3 b suggests a possible 

nterpretation involving ν (a ) = 1347 cm 

−1 (0.167 eV) and ν (b ) 
3 1 8 1 
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Table 6 

Energy position (eV), wavenumber (cm 

−1 ) and assignments proposed for the vi- 

brational structure of Rydberg states observed in the vacuum UV photoabsorption 

spectrum of 1,1-C 2 H 2 Br 2 between 7.3 eV and 9.7 eV and converging to the ˜ X 2 B 1 
ionic ground state. Conversion factor 1 eV = 8 065.545 cm 

−1 [11] . 

This work 

Energy Wavenbr. Assignment 

(eV) (cm-1) 

2b 1 → 3p (12 1 B 1 ) 

7.310 58,959 HB ω 3 
ex = 163 ±2 meV a 

7.364 59,395 (0,0) 1315 ±16 cm 

−1 

7.381 59,532 ν5 ω 3 ×3 = 0.8 ± 0.3 meV 

7.401 59,693 2 ν5 6.4 ± 0.2 cm 

−1 

7.412 59,782 ν6 ( ν12 ) ω 4 = 59 ±6 meV 

7.425 59,887 ν4 ( ν8 ) 476 ±50 cm 

−1 

7.443 60,032 ν4 + ν5 ω 5 = 18 ±1 meV 

7.461 60,177 2 ν6 (2 ν12 ) 145 ±8 cm 

−1 

7.484 60,362 2 ν4 (2 ν8 ) ω 6 = 46 ±2 meV 

7.510 60,572 3 ν6 (3 ν12 ) 371 ±16 cm 

−1 

7.522 60,669 ν3 

7.538 60,798 3 ν4 (3 ν8 )/ ν3 + ν5 

7.566 61,024 ν3 + ν6 ( ν12 ) 

7.583 61,161 ν3 + ν4 ( ν8 ) 

7.608 61,362 ν3 + 2 ν6 (2 ν12 ) 

7.631 61,548 ν3 + ν4 ( ν8 ) + ν6 ( ν12 ) 

7.652 61,717 na 

7.671 61,870 na 

7.683 61,968 2 ν3 

7.701 62,113 2 ν3 + ν5 

7.715 62,226 na 

7.726 62,314 2 ν3 + ν6 ( ν12 ) 

7.741 62,435 2 ν3 + ν4 ( ν8 ) 

7.797 62,887 2 ν3 + 2 ν4 (2 ν8 ) 

7.839 63,226 3 ν3 

7.895 63,677 3 ν3 + ν4 ( ν8 ) 

7.928 63,944 3 ν3 + 2 ν6 ( ν12 ) 

7.988 64,427 4 ν3 

2b 1 → 3d 

8.142 65,670 (0,0) ω 3 
ex = 161 ±2 meV a 

8.167 65,871 ν5 1298 ±16 cm 

−1 

8.185 66,016 ν6 ( ν12 ) ω 3 ×3 = 1.0 ± 0.7 meV 

8.202 66,154 ν4 ( ν8 ) 8 ± 5 cm 

−1 

8.247 66,516 ν4 ( ν8 ) + ν6 ( ν12 ) ω 4 = 60 ±2 meV 

8.261 66,629 2 ν4 (2 ν8 ) 484 ±16 cm 

−1 

[8.300] c 66,944 ν3 ω 5 = 18 ±3 meV 

8.318 67,089 ν3 + ν5 145 ±24 cm 

−1 

8.348 67,331 ν3 + ν6 ( ν12 ) ω 6 = 44 ±3 meV 

8.360 67,428 ν3 + ν4 ( ν8 ) 355 ±24 cm 

−1 

8.408 67,815 ν3 + ν4 ( ν8 ) + ν6 ( ν12 ) 

8.418 67,896 ν3 + 2 ν4 (2 ν8 ) 

8.457 68,210 2 ν3 

8.479 68,388 2 ν3 + ν5 

8.500 68,557 2 ν3 + ν6 ( ν12 ) 

8.515 68,678 2 ν3 + ν4 ( ν8 ) 

8.580 69,202 2 ν3 + 2 ν4 (2 ν8 ) 

8.607 69,420 3 ν3 

8.656 69,815 3 ν3 + ν6 ( ν12 ) 

8.677 69,985 3 ν3 + ν4 ( ν8 ) 

8.768 70,864 4 ν3 

2b 1 → 4p 

8.479 68,557 (0,0) ω 3 
a v = 155 ±4 meV b 

8.534 68,831 ν4 ( ν8 ) 1250 ±30 cm 

−1 

8.595 69,323 2 ν4 (2 ν8 ) ω 4 = 58 ±3 meV 

8.630 69,606 ν3 468 ±24 cm 

−1 

8.696 70,138 ν3 + ν4 ( ν8 ) 

[8.786] c [70,864] 2 ν3 

2b 1 → 4d 

[8.786] c [70,864] (0,0) ω 3 
a v = 159 ±8 meV b 

8.843 71,324 ν4 ( ν8 ) 1282 ±64 cm 

−1 

8.902 71,799 2 ν4 (2 ν8 ) ω 4 = 59 ±1 meV 

8.953 72,211 ν3 476 ±8 cm 

−1 

9.028 72,816 ν3 + ν4 ( ν8 ) ω 6 = 42 ±2 meV 

[9.071] c [73,162] ν3 + 2 ν4 (2 ν8 ) 339 ±16 cm 

−1 

9.104 73,429 2 ν3 

( continued on next page ) 
or ν12 (b 2 )) = 530 cm 

−1 (0.0 6 6 eV). These values have to be com-

ared with those predicted at 1411 cm 

−1 and 547 (576) cm 

−1 re- 

pectively. 

At the low energy side of the broad peak at 6.231 eV a dou- 

let feature is observed at 5.911 eV (47,675 cm 

−1 ) made of two 

road peaks separated by 0.146 eV (1177 cm 

−1 ). A weak shoul- 

er is measured at 5.80 eV. Schander and Russell [2] mention a 

air of peaks at 47,820 cm 

−1 and 49,020 cm 

−1 . From the present 

alculations a transition to the 3 1 B 2 state is allowed and ap- 

ears at E exc 
vert = 5.90 eV and E exc 

ad = 4.71 eV. However, this state

s a second-order critical state showing very large C-Br internu- 

lear distances (up to 2.26 Ǻ) and Br-C = C bond angles (up to 

40 °). Conceivably, the interval of 1177 cm 

−1 could be assigned to 

3 (a 1 )(C = C stretch) predicted at 1278 cm 

−1 . 

Finally, a weaker broad band is measured at 7.15 eV (57,669 

m 

−1 ) (see Fig. 6 b). This observation could likely be accounted for 

y the allowed transition to the 9 1 B 2 excited state calculated at 

 exc 
vert = 7.12 eV and assigned to a n π→ π ∗ transition. This inter- 

retation has also been proposed by Schander and Russell [2] . 

.2.2. Rydberg transitions between 7.3 eV and 11.0 eV (see 

igs. 1 and 6 b-f) 

The vibrationless Rydberg transitions observed for 1,1-C 2 H 2 Br 2 
etween 7.3 eV and 11 eV are shown in Fig. 1 and have been listed

n Table 1 together with their effective quantum numbers. In the 

ame Table the previous dataset reported by Schander and Rus- 

ell [2] is included for comparison. For the assignments reported 

n the present work the adiabatic ionization energy value IE ad (1,1- 

 2 H 2 Br 2 
+ , ̃  X 2 B 1 ) = (9.617 ±0.005) eV has been adopted whereas the

alue used by Schander and Russell [2] was 9.78 eV actually corre- 

ponding to the IE vert ( ̃  X 2 B 1 ). 

For the first three excited states of the ion, i.e. ˜ A 

2 B 2 , ˜ B 2 A 2 and
˜ 
 

2 A 1 , the IE vert values measured by HeI- [3] and HeII-PES [4] have 

een adopted. It has to be kept in mind that IE ad = IE vert for the lat-

er two states only. For the ˜ A 

2 B 2 , the theoretical calculations pro- 

ide IE ad = 10.52 eV whereas IE vert = 10.83 (10.75) eV. The four ex- 

ited states observed up to 16 eV are all characterized by their 

E vert only [ 3 , 4 ]. The quantum chemical calculations presented in 

he present work yield also the IE ad and these values will be used 

s convergence limit in the forthcoming section. 

.2.2.1. Rydberg series converging to ˜ X 2 B 1 at 9.617 eV. Short 

(2b 1 ) → np ( n = 3–6) and π (2b 1 ) → nd ( n = 3, 4) Rydberg se-

ies are observed. They are characterized by δ̄= 0.55 ±0.02 and 

0.04 ±0.01 respectively. For both series more or less long vibra- 

ional progressions have been measured and their components 

ave been indexed in Table 6 . A particularly well-developed and 

solated progression is observed for the 2b 1 → 3p and the 2b 1 → 3d 

ydberg transitions at 7.364 (59,395 cm 

−1 ) and 8.142 eV (65,670 

m 

−1 ). The transition energy measured for the former Rydberg 

tate corresponds fairly well to 7.42 eV predicted by quantum 

hemical calculations in the present work and designated by 12 1 B 1 . 

For the 2b 1 → 3p Rydberg transition the assignment of the suc- 

essive features are inserted in Table 6 . From these data several 

avenumbers are deduced: ω 4 ( ω 8 ) = 476 ±50 cm 

−1 (59 ±6 meV),

 5 = 145 ±8 cm 

−1 (18 ±1 meV) and ω 6 ( ω 12 ) = 371 ±16 cm 

−1 (46 ±2

eV). A last value has been obtained by plotting the IE vib versus 

he assigned vibrational quantum number “v” as shown in Fig. 7 a 

roviding an extrapolated value ω 3 
ex = 1315 ±16 cm 

−1 (163 ±2 

eV) and the anharmonicity ω 3 ×3 = 6.4 ± 2.4 cm 

−1 (0.8 ± 0.3 

eV). 

The convergence limit of the considered Rydberg state being 

he ˜ X 2 B 1 state, the shape and the structure of the correspond- 

ng PAS band are expected to be close to the HeI-PES band. By 

uantum chemical calculations ν3 
+ (a 1 ) = 1349 cm 

−1 , ν4 
+ (a 1 ) = 522 

m 

−1 , ν8 
+ (b 1 ) = 442 cm 

−1 , ν5 
+ (a 1 ) = 212 cm 

−1 
, ν6 

+ (a 2 ) = 351 cm 

−1 
8 
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Table 6 ( continued ) 

This work 

Energy Wavenbr. Assignment 

(eV) (cm-1) 

2b 1 → 5p 

8.939 72,098 (0,0) ω 3 
a v = 150 ±10 meV b 

9.013 72,695 ν4 ( ν8 ) 1210 ±80 cm 

−1 

[9.071] c [73,162] 2 ν4 (2 ν8 ) ω 4 = 64 ±6 meV 

9.084 73,267 ν3 516 ±48 cm 

−1 

9.127 73,614 ν3 + ν6 ( ν12 ) ω 6 = 42 ±2 meV 

9.145 73,759 ν3 + ν4 ( ν8 ) 339 ±16 cm 

−1 

[9.185] c [74,082] ν3 + ν4 ( ν8 ) + ν6 ( ν12 ) 

9.208 74,268 ν3 + 2 ν4 (2 ν8 ) 

9.235 74,485 2 ν3 

2b 1 → 6p 

[9.185] c [73,162] (0,0) ω 3 
a v = 157 ±5 meV b 

9.346 75,381 ν3 1266 ±40 cm 

−1 

9.402 75,832 ν3 + ν4 ( ν8 ) ω 4 = 59 ±2 meV 

9.460 76,300 ν3 + 2 ν4 (2 ν8 ) 476 ±16 cm 

−1 

9.503 76,647 2 ν3 

9.562 77,123 2 ν3 + ν4 ( ν8 ) 

9.624 77,623 2 ν3 + 2 ν4 (2 ν8 ) 

9.666 77,961 3 ν3 

a ω 3 
ex stays for the corresponding ω e value obtained by extrapolation. 

b ω 3 
av stays for the corresponding ω e value obtained by averaging. 

c Energy positions corresponding to two or more assignments are given in square 

brackets. 

Fig. 7. The excitation energy (eV)-vs-vibrational quantum number v -plot for the 

(a) 2b 1 
−1 → R3p and (b) 2b 1 

−1 → R3d Rydberg transitions. Experimental values (black 

points), least square fittings (red points) and fitting parameters are inserted. 
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9 
nd ν12 
+ (b 2 ) = 324 cm 

−1 have been predicted and have to be con- 

idered. 

Because of the agreement between calculation and experiment 

he assignment of ν3 (a 1 ) and ν5 (a 1 ) should be to 1315 ±16 cm 

−1 

nd to 145 ±8 cm 

−1 respectively. Contrarily, the wavenumber of 

76 ±50 cm 

−1 could correspond to both ν4 (a 1 ) or ν8 (b 1 ). However, 

he related transitions are strong and therefore to this wavenum- 

er should best correspond the allowed excitation of the ν4 (a 1 ) 

ibrational mode. For the assignment of the wavenumber 371 ±16 

m 

−1 the ν6 (a 2 ) or ν12 (b 2 ) should be considered but are forbid- 

en and should at most appear very weak. However, upon twisting 

f the molecule these transitions could become allowed. 

The above-mentioned results could be compared straightaway 

o the photoionization results discussed in Section 5.1.1 where two 

avenumbers were obtained from the PIEC of 1,1-C 2 H 2 Br 2 , i.e. 

 3 
+ = 1336 ±40 cm 

−1 and ω 4 
+ = 483 ±40 cm 

−1 . 

The values observed in this work can also be compared to those 

easured in the vacuum UV-PAS reported by Schander and Rus- 

ell [2] , i.e. 1280 cm 

−1 and 490 cm 

−1 assigned to C = C and C-Br

tretching vibrations. In their HeI-PES work Wittel and Bock [3] re- 

orted wavenumbers of 1200 cm 

−1 and 480cm 

−1 . 

As shown in Fig. 6 c the 2b 1 → 3d Rydberg transition also ex- 

ibits a long progression (see Table 6 ). An extrapolated value 

 3 
ex = 1298 ±16 cm 

−1 (161 ±2 meV) and the anharmonicity ω 3 ×3 = 

.0 ± 5.0 cm 

−1 (1.0 ± 0.7 meV) (see Fig. 7 b). Other wavenum- 

ers ω 4 ( ω 8 ) = 484 ±16 cm 

−1 (60 ±2 meV), ω 5 = 145 ±24 cm 

−1 (18 ±3

eV) and ω 6 ( ω 12 ) = 355 ±24 cm 

−1 (44 ±3 meV) have been mea-

ured. These data agree within uncertainty limits with those de- 

ermined for the 2b 1 → 3p progression. For the np and nd transi- 

ions involving higher n values (see Fig. 6 c and d) shorter vibra- 

ional progressions are observed and the wavenumbers deduced 

rom these data are listed in Table 6 . 

.2.2.2. Rydberg series converging to ˜ A 

2 B 2 , ˜ B 2 A 2 and ˜ C 2 A 1 at 

E vert = 10.73 eV and IE ad = 11.23 eV and 11.60 eV. The Rydberg tran-

itions involving the 4b 2 -, 1a 2 - and the 5a 1 −MO are related to the

one-pair orbitals mainly centered on the Br atoms. The HeI-PES 

orresponding to their ionization show fairly narrow bands for the 

a 2 
−1 ( ̃  B 2 A 2 ) and 5a 1 

−1 ( ̃  C 2 A 1 ) and for which IE vert = IE ad [ 3 , 4 ] as

learly confirmed by the present calculations. The HeI-PES band in- 

olving the 4b 2 −MO is broad and symmetric: therefore, it has been 

haracterized by IE vert = 10.73 eV [3] . By quantum chemical calcu- 

ations IE ad = 10.52 eV and IE vert = 10.83 eV. The large intensity of 

he absorption bands involving these three transitions is used as a 

uide for the assignment. Table 1 displays a classification of bands 

ssigned to Rydberg series converging to these three ionic states. 

For the 4b 2 → n 	 Rydberg series no ns-series has been detected. 

he first series observed are of np-type with two different quan- 

um defects referring to np σ and np π Rydberg states character- 

zed by δ̄p σ = 0.636 ±0.045 and δ̄p π= 0.330 ±0.026 respectively. Such 

eries were also observed in the vacuum UV-PAS of 1,1-C 2 H 2 Cl 2 
here the energy difference between the first terms was 0.586 eV 

23] . This quantity could be compared with the 3p σ−3p π energy 

ifference measured in the vacuum UV-PAS of 1,1-C 2 H 2 Br 2 and be- 

ng 0.498 eV. Only two 4b 2 → nd ( n = 3, 4) were identified with δ̄=
0.0 08 ±0.0 02. 

For the 1a 2 → n 	 and 5a 1 → n 	 Rydberg series only ns- and np-

ype series have been identified. In both cases the quantum de- 

ects are close to the atomic value [25] : δs = 0.997 and δp = 0.544

or 1a 2 
−1 and δs = 0.998 and δp = 0.487 for 5a 1 

−1 [25] . 

.2.2.3. Rydberg series converging to ˜ D 

2 B 2 at IE ad = 12.77 eV and ˜ E 2 B 1 
t IE ad = 13.2 eV. The HeI-PES corresponding to these two ionized 

tates is a broad band extending between 12.5 eV and 13.8 eV 

nd exhibits an unassigned fine structure. Wittel and Bock [3] re- 

orted only a maximum at about 13.0 ± 0.2 eV and mentioned 
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Table 7 

Energy position (eV), wavenumber (cm 

−1 ) and assignments proposed in the present 

work for the vibrational structure observed in the vacuum UV photoabsorption 

spectrum of 1,1-C 2 H 2 Br 2 between 9 eV and 10 eV and converging to ˜ D 2 B 2 and ˜ E 2 B 1 
ionized states. Conversion factor 1 eV = 8 065.545 eV [11] . 

(a) 

Energy Wavenbr. Assignment 

(eV) (cm-1) 

3b 2 → 3s 

9.337 75,308 (0,0) ω 4 = 56 ±3 meV 

9.361 75,502 ν5 450 ±20 cm 

−1 

9.393 75,760 ν4 ω 5 = 20 ±2 meV 

9.413 75,921 ν5 160 ±20 cm 

−1 

9.432 76,074 2 ν5 

9.445 76,179 2 ν4 

9.486 76,510 2 ν5 

5.503 76,647 3 ν4 

9.521 76,792 ν5 

9.539 76,937 2 ν5 

9.562 77,123 4 ν4 

9.583 77,292 ν5 

9.604 77,461 2 ν5 

(b) 

1b 1 → 3s 

9.792 78,978 (0,0) ω 4 = 58 ±2 meV 

9.806 79,090 ν5 470 ±20 cm 

−1 

9.827 79,260 2 ν5 ω 5 = 18 ±4 meV 

9.848 79,429 ν4 145 ±30 cm 

−1 

9.862 79,542 ν5 

9.883 79,704 2 ν5 

9.909 79,921 2 ν4 

t
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Fig. 8. VUV photoabsorption spectra of C 2 H 4 (black), 1,1-C 2 H 2 F 2 (red), 1,1-C 2 H 2 Cl 2 
(blue) and 1,1-C 2 H 2 Br 2 (green) on an expanded photon energy scale between 5.5 eV 

and 8.0 eV. The vertical (index v ) and the adiabatic excitation energies of the Ryd- 

berg (R3s) transitions are indicated for each molecule. 

s

b

he presence of a doublet. Von Niessen et al. [4] noticed maxima 

t 13.0 eV and 13.3 eV. By quantum chemical calculations per- 

ormed in the present work two closely lying ionized states are 

alculated at IE vert = 13.06 eV and 13.44 eV successively and corre- 

ponding to 3b 2 
−1 and 1b 1 

−1 ionization respectively. These results 

re in good agreement with the experimental data. The associated 

diabatic values IE ad = 12.77 eV and 13.22 eV will be used for the

onvergence limits of the Rydberg series. 

Only two Rydberg transitions are detected in series converg- 

ng to 12.77 eV, i.e. at 9.337 eV (3b 2 → 3 s) and at 10.327 eV

3b 2 → 3p( σ )). The former transition shows a vibrational progres- 

ion analyzed and assigned in Table 7 a. Two vibrations are in- 

olved characterized by wavenumbers of 450 ±20 cm 

−1 (56 ±3 

eV) and 160 ±16 cm 

−1 (20 ±2 meV). Within the frame of our 

odel where the ionic state and the Rydberg state converging to it 

ould have about the same geometry, these wavenumbers should 

e compared with ω 4 
+ = 372 cm 

−1 and ω 5 
+ = 177 cm 

−1 as pre-

icted by quantum chemical calculations for the ˜ D 

2 B 2 state of the 

on. No experimental values are available for comparison. 

Converging to IE ad = 13.20 eV a series has been detected and 

entatively assigned to the 1b 1 → 3 s transition. The associated vi- 

rational transitions are listed in Table 7 b. Also in this Rydberg 

tate two wavenumbers have been pointed out at 470 ±20 cm 

−1 

58 ±2 meV) and 145 ±30 cm 

−1 (18 ±4 meV). These values are 

lose to those measured for the 3b 2 → 3 s Rydberg transition. By 

uantum chemical calculations for the ˜ E 2 B 1 state wavenumbers at 

 4 
+ = 402 cm 

−1 and ω 5 
+ = 164 cm 

−1 are predicted in the present

ork. 

.2.3. Rydberg transitions between 11.0 eV and 15.0 eV (see Fig. 2 ) 

This part of the vacuum UV PAS (recorded with 10 meV in- 

rements) is made of broad and weak bands superimposed on a 

trong continuum as shown in the upper panel of Fig. 2 . To attempt

o highlight the presence of structure in this part of the spectrum 

he subtraction method has been applied. The result is shown in 

he lower panel of Fig. 2 (black curve). Because of the unfavorable 
10 
ignal/noise ratio a slight smoothing by Fourier transform (FFT) has 

een applied (red curve Sm). 
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A broad band extending between 11.4 eV and 12.6 eV is made of 

everal fairly regularly-spaced features. It has been assigned to the 

a 1 → 3 s Rydberg transition with δ= 0.975 taking E exc 
ad = 11.455 eV 

nd the convergence limit at 14.77 eV. The HeI-PES [3] shows a 

ouble band extending between 14.4 eV and 17.2 eV. The two 

axima are measured at 15.20 eV and 15.85 eV successively [ 3 , 4 ].

hese bands are interpreted by the ionization of the 4a 1 and 2b 2 
O’s successively [4] . Using E exc 

vert = 11.926 eV and IE vert = 15.20 eV

 3 , 4 ] a quantum defect δ= 0.961 is obtained and close to 0.975 ob-

ained from the E exc 
ad value. 

Up to 12.321 eV a fairly constant spacing of 160 ±10 meV 

1274 ±80 cm 

−1 ) (bold lines in Fig. 2 ) is measured. This band also

hows a structure with intensity alternation with intervals of 79 ±6 

eV (640 ±50 cm 

−1 ) (dashed lines in Fig. 2 ). These wavenumbers 

est compare with ν3 
+ (a 1 ) = 1115 cm 

−1 and ν6 
+ (a 2 ) = 613 cm 

−1 

redicted for the ˜ F 2 A 1 ionized state by the present calculations. 

The calculations carried out in the present work suggest that 

he situation is actually more complex. Three closely-lying IE ad are 

alculated at 14.77 eV, 14.97 eV and 15.52 eV. The former is pre- 

icted for the ˜ F 2 A 1 state of the ion whereas the two latter are 

ssigned to the ˜ G / ̃  H 

2 B 2 both being the result of the ionization of 

he same 2b 2 MO. The corresponding calculated IE vert are 15.21 eV, 

5.85 eV and 15.89 eV respectively. 

A next broad band is measured at about E exc 
ad = 12.73 eV (see 

ig. 2 ). It has likely to be assigned to the 4a 1 → 3p Rydberg tran-

ition with δ= 0.42. The last broad band near E exc 
ad = 14.04 eV 

see Fig. 2 ) could likely be assigned to the Rydberg transition 

b 2 → 4 s/3d, i.e. using IE ad = 15.52 eV ( ̃  H 

2 B 2 ) a quantum defect

= 0.968/ −0.032 is obtained. 

. Conclusions 

The use of synchrotron radiation in the vacuum UV enabled us 

o measure for the first time (i) the PAS of 1,1-C 2 H 2 Br 2 at higher

esolution extending the data above the 10.5 eV photon energy 

imit, i.e., from 10.5 eV to 15 eV and (ii) the PIEC of the parent 1,1-

 2 H 2 Br 2 
+ and fragment C 2 H 2 Br + ions. Applying for the first time

uantum chemical calculations to the neutral and ionized states of 

,1-C 2 H 2 Br 2 enabled us to propose assignments to the abundant 

tructure observed in both experiments. 

The PIEC of 1,1-C 2 H 2 Br 2 
+ provided the IE ad ( ̃  X 2 B 1 ) of the molec-

lar ion at 9.617 eV, IE vert = 9.778 eV and the assignment of the ob-

erved vibrational structure. The PIEC of the C 2 H 2 Br + fragment ion 

hows the probable formation of the Br atom in its two spin-orbit 

tates 2 P 3/2 and 

2 P 1/2 . 

The vacuum UV PAS between 5.6 eV and 11.0 eV has been ex- 

mined in the light of the results obtained by quantum chemical 

alculations applied to the neutral and ionized states and the pho- 

oionization data. Most of the previous assignments have been re- 

ised. Converging to the first ionization limit ˜ X 2 B 1 numerous Ryd- 

erg transitions are observed. Many of them show long vibrational 

rogressions. Assignments could be provided on the basis of the 

ibrational wavenumbers obtained by the quantum chemical cal- 

ulations presented in this work. 

Between 11.0 eV and 15.0 eV the spectrum shows four broad 

ands. The band extending between 11.5 eV and 12.6 eV likely 

hows vibrational structure. The three last bands probably con- 

erge to the excited 4a 1 
−1 and 2b 2 

−1 ionization limits. 

At the end of the present study a comparison could be made 

ith our observations at the low-energy side of the vacuum UV 

AS of C 2 H 4 , 1,1-C 2 H 2 F 2 [24] and 1,1-C 2 H 2 Cl 2 [23] . Compared

o our observations in bi-halogenated derivatives of ethylene, as 

hown in Fig. 8 , the low-energy band is weaker and extends be- 

ween 5.7 eV and 7.3 eV. From this comparison the continuous 

hift to lower energies and the weakening of the π→ π ∗ and 

→ R3s transitions substituting Br for Cl atoms in the 1,1-position 
11
s obvious. Contrariwise a shift to higher energies and a strong in- 

ensity increase are induced by substituting F and H atoms for Cl. 
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