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+ and 

CH2Br+ are obtained, and their corresponding kinetic energy releases (KERs) and angular 

distributions are calculated. It is confirmed that the high-KER components come from 

Coulomb explosion of 1,2-C2H4Br2
2+, while the low-KER components come from 

dissociative ionization of 1,2-C2H4Br2
+. Furthermore, the dissociation pathway leading to 

C2H4
+ and Br2 is theoretically simulated, and the results show that the singly charged 

precursor overcomes an energy barrier to dissociate via an asynchronous concerted 

mechanism after undergoing isomerization. 
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I. INTRODUCTION 

The atomic or molecular response to an intense femtosecond laser field is a subject of 

growing interest and has exhibited a rich variety of phenomena, such as multi-photon 

ionization (MPI),1, 2 charge resonant enhanced ionization (CREI),3 dissociative ionization 

(DI),4 and Coulomb explosion (CE).5, 6 These corresponding phenomena can be utilized 

to study the atomic or molecular dynamical process, and therefore have attracted 

considerable attention of researchers in the past decades. In the atmosphere, hydrocarbon 

bromide can greatly damage the stratosphere ozone layer,7~9 and therefore their 

photoionization and photodissociation dynamics in intense laser field have been an active 

field of research. By now, many researchers have focused their energies on the simple 

and small alkyl bromides, such as CH3Br,10~12 CH2Br2,
13 CF2Br2,

14 and CHBr3.
15,16 

However, studies on photoionization and photodissociation of the long-chained 

multibrominated alkyls are relatively lack because of their complicated structure of 

electronic states arising from the multi C-Br bonds and the long chain.  

When the long-chained dibromide alkyls are irradiated by the intense femtosecond 

laser field, the resulting dissociation process can be quite complicated, and a number of 

dissociation channels from different mechanisms are likely to be accessed. In addition to 

the selection of breaking a single C–Br bond,17 three-body formation or bromine 

molecular elimination by either a stepwise or a concerted (synchronous or asynchronous) 

mechanism may take place in the dissociation process of these molecules.18~20 In the 

photodissociation studies of 1,1 and 1,2-C2H4Br2 with the ultraviolet (248 nm) laser by 

product translational spectroscopy,18 Lin and co-workers observed that 1,1-C2H4Br2 

would undergo a prompt C–Br bond fission, which was the same as the case of CH2Br2, 

and a second Br atom could be released by additional photon absorption. However, 
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1,2-C2H4Br2 fragmented into the triple products Br (fast) + Br (slow) + C2H4 by an 

asynchronous concerted mechanism. Furthermore, they also studied the dissociation of 

CH2XCH2Y (X, Y=Br, Cl) with the deep ultraviolet (193 nm) laser,19 and found that all 

the title molecules dissociated into three fragments X + Y + C2H4 via an asynchronous 

concerted process, but the Br2 fragments were not observed in these experiments. When a 

cavity ring-down absorption spectroscopy technique was empolyed,20 Chang and 

co-workers observed the bromine molecular elimination channel of 1,1 and 1,2-C2H4Br2, 

and Br2 was found to eliminate asynchronously from the highly vibrational levels of the 

ground state surface by ab initio calculation. 

The previous photodissociation studies of 1,2-C2H4Br2 were performed under 

ultraviolet excitation in weak laser field, while the studies under near-infrared excitation 

in intense laser field have not been reported to our knowledge. In this paper, we present 

an investigation of the CE and DI of 1,2-C2H4Br2 under the near-infrared femtosecond 

laser field with the laser wavelength of 800 nm and the pulse duration of 80 fs. The 

dc-slice velocity imaging technology, which can provide information about the velocity 

and angular distributions of the target ions at the same time,21,22 is employed to study the 

photodissociation process of 1,2-C2H4Br2. The sliced images of these fragment ions at 

different laser intensities are measured, and their corresponding KERs and angular 

distributions are extracted and calculated. It is found that both the CE of 1,2-C2H4Br2
2+ 

and the multi-photon DI of 1,2-C2H4Br2
+ coexist in our experiment, and the CE and DI 

channels are assigned by observing the KERs and angular distributions of these fragment 

ions. Furthermore, the DI pathway leading to C2H4
+ and Br2 is calculated by GAUSSIAN 

09 software packages at B3LYP/6-311++G (2df, 2pd) theoretical level, and our results 
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show that the singly charged isomer dissociates into C2H4
+ and Br2 via an asynchronous 

concerted mechanism. 

II. EXPERIMENTAL SETUP 

Our home-built experimental setup of dc slice ion-imaging system has been described 

in our previous paper,23~25 and therefore only a brief description is given here. Our 

experimental setup consists of a home-built time-of-flight (TOF) mass spectrometer and a 

two-dimensional (2D) position sensitive detector. The TOF mass spectrometer is divided 

into the source chamber and the main chamber by a skimmer, and both the source 

chamber and the main chamber are pumped to low background pressures of 2.2×10-7 and 

4.0×10-8 mbar, respectively. 

  Liquid sample of 1,2-C2H4Br2 molecules (Sinopharm Chemical Reagent Co., Ltd., 

99.7+% purity) are carried by helium gas at 1 atm and introduced into the reaction region 

(e.g. the main chamber) by a pulsed valve. The linearly polarized femtosecond laser 

pulses from the Ti-sapphire amplifier with the central wavelength of 800 nm, the pulse 

duration of 50 fs, and the repetition rate of 1 KHz are used as excitation source. The 

output femtosecond laser pulses are focused into the reaction region by a lens with 40 cm 

focal-length, and intersect with the leading edge of the pulsed super-sonic molecular 

beam to minimize the cluster formation. The interaction position of the molecular beam 

and the laser pulses is in the middle of the repeller and extractor plates of a multi-stage 

ion lens. The generated fragment ions are extracted and accelerated by ion lens and 

projected onto the 2D detector composed of Micro-channel Plate (MCP)/Phosphor 

Screen (PS) detector. The electrons emitted from the MCP are accelerated toward a PS, 

and the phosphorescence is recorded by a photomultiplier tube (PMT) to obtain TOF 
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mass spectra and imaged with a charge coupled device camera (CCD) to acquire sliced 

images. A rotatable crystal quartz half-wave plate and a Glan laser calcite polarizer are 

used as a variable attenuator for the laser beam. The laser intensity at the focus area is 

calibrated by the Ar2+/Ar+ ratio proposed by Guo et al.,26 and the calibrated intensities are 

5.0×1013 ~ 1.6×1014 W/cm2. All the timing sequence control in this experiment is 

performed by a digital delay pulse generator (Stanford Research DG535). 

III. RESULTS AND DISCUSSION 

Figure 1 shows the TOF mass spectrum of 1,2-C2H4Br2 with the laser intensity of 

1.3×1014 W/cm2. Because of the Br isotopes (79 amu and 81 amu), the 

bromine-containing fragment ions exhibit multiple peak structures. Considering the laser 

pulse duration of 80 fs in our experiment, the ionization followed by dissociation process 

is the responsible mechanism, but no singly or doubly charged parent ions is observed, 

which indicates that the chemical bond fissions of 1,2-C2H4Br2 are easy to occur in the 

intense femtosecond laser field. The fragment ions C2H4Br+ and Br+ resulting from C-Br 

bond fission are observed at the laser intensity of 5.6×1013 W/cm2, while the fragment ion 

CH2Br+ resulting from C-C bond fission is observed at the laser intensity of 6.5×1013 

W/cm2, which implies that the C-Br bond fission is easier to occur than the C-C bond 

fission in our experiment. The fragment ion Br2
+ resulting from two C-Br bond fissions is 

observed at the laser intensity of 1.1×1014 W/cm2, and its formation mechanism has been 

detailed studied in our previous work.25 The multi-charged fragment ions Br2+, C2+, and 

C3+ are respectively observed at the laser intensity of 6.5×1013, 1.1×1014, and 1.6×1014 

W/cm2, which is correlated with their appearance energy that is increase from Br2+, C2+ to 

C3+. Additionally, the fragment ions CHn
+ (n=0-2) and C2Hm

+ (m=0-3) are also observed, 
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and their yields will increase more rapidly than other fragment ions with the increase of 

the laser intensity, which may be due to the secondary dissociation. In the following 

discussion, we mainly focus on the photodissocation process of these fragment ions 

C2H4Br+, Br+, C2H4
+, Br2

+ and CH2Br+ via the C-Br and C-C bond fissions. 

The photodissociation process of polyatomic molecules is quite complex, and the 

fragment ions with the same m/q may come from different dissociation channels. The 

dc-sliced imaging technique can provide a well-established method to discriminate these 

different dissociation channels. Figure 2 shows the sliced images of these fragment ions 

C2H4Br+, Br+, C2H4
+, Br2

+ and CH2Br+, together with the velocity distributions calculated 

from their corresponding sliced images with the laser intensity of 1.3×1014 W/cm2. Here, 

all velocity distributions are fitted with multiple Gaussian functions, and also the peak 

velocities and their corresponding KER values are given. To understand the 

photodissociation process of 1,2-C2H4Br2, it is critical to assign the photodissociation 

channels of these fragment ions. Usually, the fragment ions with high KER should result 

from the CE process while those with low KER should result from the multi-photon DI 

process.23,27,28 Next we assign the photodissocation channels of these fragment ions 

C2H4Br+, Br+, C2H4
+, Br2

+ and CH2Br+ on the basis of the two processes. 

When the gaseous molecules are exposed to the intense femtosecond laser field, 

which can be multiply ionized to the highly charged parent ions and then promptly 

dissociate into fragment ions by the Coulomb repulsive force. In the two-body CE model, 

the two fragment ions separated by the Coulomb repulsive force should satisfy the law of 

momentum conservation. That is to say, the KERs of the two fragment ions exist the 

following relationship27,29 
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p q

q p

KER(X ) M(Y )
KER(Y ) M(X )

+ +

+ +
= ,                           (1) 

where X and Y denote the partner fragment ions, M is the mass of the two fragment ions, 

and p and q are the charge number of the two fragment ions. According to Eq. 1, the two 

fragment ions C2H4
81Br+ (m/z=109, KER=0.71 eV) and 81Br+ (m/z=81, KER=1.01 eV) 

from C-Br bond fission can be assigned to the two-body CE process of doubly charged 

parent ion 

2 4 2 2 4C H Br C H Br Br 2e+ + −
→ + +  (1.82 eV).                   (2) 

Employing the same method, the two fragment ions C2H4
+ (m/z=28, KER=1.51 eV) and 

81Br2
+ (m/z=162, KER=0.26 eV) from two C-Br bond fissions can also be verified as a 

two-body CE process25 

2 4 2 2 2 4C H Br Br C H 2e+ + −
→ + +  (1.77 eV).                   (3) 

However, for the fragment ion CH2
81Br+ (m/z=109, KER=0.90 eV), the C-C bond fission 

of the doubly changed parent ion should generate two identical fragment ions CH2
81Br+ , 

and thus it can be assigned to such a two-body CE process 

2 4 2 2 2C H Br CH Br CH Br 2e+ + −
→ + +  (1.80 eV).                (4) 

As can be seen, all these photodissociation channels shown above come from the CE 

process of the doubly charged parent ions, but their total KERs are different, which 

indicate that these CE channels should result from the different precursor states of the 

doubly charged parent ions, and this phenomenon has been observed in the previous 

works.30,31 In addition, it is noted that an extra peak of the fragment ion C2H4
+ (m/z=28, 

KER=1.22 eV) in Fig. 2h can be observed, its forming process is relatively complex, 

which may come from the secondary dissociation of C2H4Br+, the different repulsive 
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states of the doubly charged parent ions or the complex Br2
+ elimination process25. 

In addition to the KER distribution, the angular distribution of the fragment ions is 

also important method to assign the photodissociation channel, which can show the 

instantaneous spatial distribution of the fragment ions at the CE moment For the two 

fragment ions from the same two-body CE process, their angular distributions should be 

consistent. Figure 3 shows the angular distributions of the partner fragment ions 

C2H4
81Br+ and 81Br+ (a), as well as those of the partner fragment ions C2H4

81Br+ and 81Br+ 

(b). As expected, the two fragment ions that originated from the same two-body CE 

process exhibit a similar angular distribution, which can further confirm the above 

photodissociation channel assignments. 

For the photodissociation process under the intense femtosecond laser field, the 

neutral molecules can also be ionized to the singly charged parent ions, and then 

dissociate into a neutral fragment and a singly charged fragment ion by the rest laser 

energy or the repulsive states of the singly charged parent ions. In this DI process, the 

KERs of the fragment ions are usually relative low. Thus, the fragment ions C2H4
81Br+ (0 

eV) and 81Br+ (0.29 eV) from the C-Br bond fission could be assigned to the DI process 

of singly charged parent ion 

2 4 2 2 4C H Br C H Br Br e+ −
→ + + ,                         (5) 

+
2 4 2 2 4C H Br C H Br Br e−→ + + .                         (6) 

Similarly, the fragment ion C2H4
+ (0.09 eV) from the two C-Br bond fissions and the 

fragment ion CH2
81Br+ (0 eV) from C-C bond fission can also be respectively assigned to 

the DI process 

+
2 4 2 2 4 2C H Br C H Br e−→ + + ,                          (7) 
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+
2 4 2 2 2C H Br CH Br CH Br e−→ + + .                       (8) 

In order to further confirm above photodisssociation channel assignments in the DI 

process, we theoretically calculate the appearance energy of these channels (5) ~ (8) by 

GAUSSIAN 09 software packages32. The optimized geometries of the related fragments 

are obtained at the level of B3LYP/6-311++G (2df, 2pd),33~35 and the energies are further 

refined by CCSD(T)/cc-pVTZ with B3LYP/6-311++G (2df, 2pd) zero-point energy 

corrections. Here, in order to consider the scalar effect caused by the heavy Br atoms, we 

calculate the electronic structure of the Br atoms with relativistic pseudo-potential basis 

set cc-PVTZ-PP36 obtained from the EMSL Basis Set Exchange 

(https://bse.pnl.gov/bse/portal). Considering the laser bandwidth and wavelength in our 

experiment, the available energy can be calculated from the corresponding appearance 

energy of the DI channels. If the electron recoil is not considered, i.e., only two 

fragments are involved in each photodissociation channel, the KER value of the 

photodissociation channels can be obtained from our experimental data in Fig. 2. The 

appearance energy, available energy and KER value of these channels (5) ~ (8) are listed 

in Table I. It can be seen that the KER values of these channels are all in the range of the 

available energies, which further indicate that the low KER components of these 

fragment ions should result from the DI process of 1,2-C2H4Br2.   

In all these photodissociation channels, the DI process leading to C2H4
+ and Br2 is 

the most complex, which involves the two C-Br bond breaking and a new Br-Br bond 

forming in a kinetic step. In order to further understand how 1,2-C2H4Br2→ C2H4
+ + Br2 

elimination channel is produced, a quantum chemical calculation at B3LYP/6-311++G 

(2df, 2pd) level is performed by GAUSSIAN 09 software packages. Similarly, we also 
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take into account the scalar relativistic effect caused by the heavy Br atoms by utilizing 

relativistic pseudo-potential basis set cc-PVTZ-PP. The geometries of the reactants, 

transition states and photodissociation products on the ground doublet potential energy 

surface (PES) of the singly charged parent ions are optimized, and the vibrational 

frequencies are used to characterize the stationary points, here the number of imaginary 

frequency NIMAG=0 and 1 represent the local minima and the transition states, 

respectively. The intrinsic reaction coordinate (IRC) calculation is used to track the 

minimum energy path from the transition states to the corresponding minima. All 

single-point energies are computed by using CCSD(T) method, and the C and H atoms 

are calculated with cc-PVTZ basis set of B3LYP zero-point energy corrections while the 

Br atoms are calculated with cc-PVTZ-PP basis sets. 

The Ф(BrCCBr) dihedral angle, the C-Br bond lengths and the Br-Br distance are 

three critical parameters to characterize the structure of the 1,2-C2H4Br2 molecule, and 

therefore are used to show the structure changes in the photodissociation process. Figure 

4 shows the reaction mechanism for the photodissociation process of the 1,2-C2H4Br2 

molecule to C2H4
+ and Br2. The neutral 1,2-C2H4Br2 molecule is first ionized to the 

singly charged parent ion 1,2-C2H4Br2
+, and then becomes the gauche-C2H4Br2

+ ion by a 

isomerization process (TS1), and finally dissociates to C2H4
+ and Br2 by surpassing an 

energy barrier (TS2). The three parameter changes involving the Ф(BrCCBr) dihedral 

angle, the C-Br bond lengths and the Br-Br distance in the photodissociation channel are 

listed in Table II. One can see that the two Br atoms are not simultaneously produced, i.e., 

one C-Br bond first breaks and then a new Br-Br bond is formed while the other C-Br 

bond is still exist. Thus, the C2H4Br2→ C2H4
+ + Br2 elimination channel is produced by 
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an asynchronous concerted mechanism. Furthermore, in our calculation, employing MP2 

level of theory at 6-311G (d, p) basis set can obtain the similar results, which can further 

verify our above conclusion.  

IV. CONCLUSION 

In summary, the molecular photodissociation of 1,2-C2H4Br2 have been 

experimentally investigated in near-infrared (800 nm) femtosecond laser field by the 

dc-slice imaging technology. These fragment ions C2H4Br+, Br+, C2H4
+, Br2

+ and CH2Br+ 

were measured and their corresponding KERs and angular distributions were calculated. 

By observing the KERs and angular distributions, it was confirmed that these fragment 

ions with high KERs result from the CE process of the doubly charged parent ion 

1,2-C2H4Br2
2+ while those with low KERs result from the DI process of the singly 

charged parent ion 1,2-C2H4Br2
2+. Furthermore, Ab initio calculations were carried out to 

simulate the DI process leading to C2H4
+ and Br2 on the ground doublet PES of 

1,2-C2H4Br2
+, it was shown that the neutral 1,2-C2H4Br2 molecule is first ionized to the 

singly charged parent ion 1,2-C2H4Br2
+, and then 1,2-C2H4Br2

+ overcomes an energy 

barrier to dissociate via an asynchronous concerted mechanism after undergoing 

isomerization. We believe that these experimental and theoretical results are useful to 

understand the photodissociation process of the hydrocarbon bromide molecule and are 

expected to be significant for understanding and controlling the photochemical reaction. 
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Table I. The appearance energy, the available energy and the corresponding KERs for 

different DI channels. 

 

 

Table II. Molecular structure changes represented by the three main parameters 

(Ф(BrCCBr) dihedral angle, C-Br bond lengths and Br-Br distance) along the reaction 

coordinates using B3LYP method. The C and H atoms are calculated by 6-311++G (2df, 

2pd) basis set while the Br atoms are calculated by relativistic pseudo-potential 

cc-PVTZ-PP basis set. 

 

  

Channel 
Appearance energy 

 (eV) 

Available energy  

(eV) 

KERs  

(eV) 

(5) 10.47 0.11-0.67 0-0.12 

(6) 16.12 0.49-1.35 0.21-0.91 

(7) 11.54 0.54-1.17 0.04-0.21 

(8) 12.19 0-0.53 0-0.03 

Molecular structures 
Ф(BrCCBr) dihedral angle 

(°) 

C-Br bond lengths 

(Å ) 

Br-Br distance  

(Å) 

anti-1,2-C2H4Br2 180 1.98, 1.98 4.67 

anti-1,2-C2H4Br2
+ 167 1.96, 1.96 4.58 

TS1 124 1.93, 1.96 4.31 

gauche-1,2-C2H4Br2
+ 40 2.00, 2.00 2.89 

TS2 12 2.11, 2.74 2.50 
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Figure 1. TOF mass spectrum of 1,2-C2H4Br2 irradiated by the near-infrared (800 nm) 

femtosecond laser pulses with the laser intensity of 1.3×1014 W/cm2. The insert is the 

enlarged mass spectrum of the fragment ions C2Hm
+ (m=0-4). 
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Figure 2. DC sliced images of these fragment ions C2H4Br+ (a), Br+ (b), C2H4
+ (c), Br2

+ 

(d) and CH2Br+ (e) and their corresponding velocity distributions ((f)～(j)) with the laser 

intensity of 1.3×1014 W/cm2. The black circles ( ) are the experimental data and the red 

solid lines ( ) are the simulated results by multiple Gaussian functions. The dark blue 

double-headed arrow represents the laser polarization direction. 
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Figure 3. The angular distributions of the fragment ions C2H4Br+ and Br+ with high-KER 

component (a) at the laser intensity of 1.3×1014 W/cm2, together with the fragment ions 

C2H4
+ and Br2

+ (b). 

 

 

  

Page 18 of 19RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

19 
 

 

 

 

 

Figure 4. Reaction mechanism for the dissociation pathway of 1,2-C2H4Br2 to C2H4
+ and 

Br2 including the relevant energies. The geometries are optimized with B3LYP functional, 

and the C and H atoms are calculated with 6-311++G (2df, 2pd) basis set while the Br 

atoms are calculated with cc-PVTZ-PP basis set. The single-point energies are computed 

using CCSD (T) method, and the C and H atoms are calculated with cc-PVTZ basis set of 

B3LYP zero-point energy corrections while the Br atoms are calculated with 

cc-PVTZ-PP basis set. 
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