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Abstract 

 

Conformational isomerism plays a crucial role in defining the physical and chemical properties 

and biological activity of molecules ranging from simple organic compounds to complex 

biopolymers. However, it is often a significant challenge to differentiate and separate these isomers 

experimentally as they can easily interconvert due to their low rotational energy barrier. Here, we 

use the momentum correlation of fragment ions produced after inner-shell photoionization to 

distinguish conformational isomers of 1,2-dibromoethane (C2H4Br2). We demonstrate that the 

three-body breakup channel, C2H4
+ + Br+ + Br+, contains signatures of both sequential and 

concerted breakup, which are decoupled to distinguish the geometries of two conformational 

isomers and to quantify their relative abundance. The sensitivity of our method to quantify these 

yields is established by measuring the relative abundance change with sample temperature, which 

agrees well with calculations. Our study paves the way for using Coulomb explosion imaging to 

track subtle molecular structural changes. 
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Conformational isomers, or conformers, are defined as molecules with the same chemical formula 

but different geometrical structures, caused by rotation around a single bond1. Conformational 

isomerism is a common phenomenon in a wide range of molecules from simple polyatomics to 

large biomolecules and plays a crucial role, e.g., in their biological activity and molecular 

recognition2. Several neurological diseases are known to be caused by altered protein 

conformations3. Consequently, conformational isomerism is omnipresent in the present-day 

pharmaceutical industry, and it closely defines the activity of drug molecules4. Conformations also 

dictate physical and chemical properties, including photoabsorption. However, studying 

conformer-specific properties, even for small molecules, represents a major experimental 

challenge since they can interconvert. This internal rotation of one conformer into another is 

extremely prevalent even at room temperature because of the low rotational energy barrier between 

different conformers, which is usually a few kcal/mol.  

 

Due to its ubiquity and fundamental nature, conformational isomerism continues to be investigated 

in a variety of systems using different experimental methods. In recent years, several investigations 

have studied conformer-specific photodissociation5-6 and photoinduced conformations7 for 

unimolecular reactions. Some of these studies have not only shown strong conformation specific 

reaction yields but have also uncovered disagreement with predictions from statistical rate theory8, 

which warrants further investigations on different systems. Gas-phase studies of conformational 

isomers would strongly benefit from techniques that are able to separate or distinguish isomers in 

dilute molecular beams. One such method spatially separates the conformers in a molecular beam 

by deflecting them in an inhomogeneous electric field9, thus exploiting the difference in inherent 

dipole moments of the isomers. However, this method has difficulties in separating non-polar 

molecules. Recently, the mega electron-volt ultrafast electron diffraction (MeV-UED) technique 

was used to distinguish transient conformational structures of photoexcited 1,2-

diiodotetrafluoroethane molecules.10 

 

Another simple yet powerful technique for structure determination in single molecules is Coulomb 

explosion imaging11 (CEI) in a coincident ion momentum imaging mode12-13. Photon-induced CEI 

has been demonstrated using different light sources including femtosecond lasers14-19, synchrotron 

radiation sources20-21, and free-electron lasers22 in recent years. Here, we show that CEI using 

coincident ion momentum imaging is a suitable method to differentiate and quantify 

conformational isomers and to study conformer specific photoabsorption properties. Our 

experiment is performed on 1,2-dibromoethane (C2H4Br2), also known as ethylene dibromide 

(EDB). EDB is a simple organobromide that is often scrutinized due to its environmental impact23, 

which makes it a pressing target for light-induced studies. EDB is known to exist in both the anti 

and gauche conformations, which are separated in this study using coincident ion momentum 

imaging in combination with state-of-the-art analysis techniques that allow structure determination 

on a molecule-by-molecule level. Specifically, we consider the three-body fragmentation of EDB 

after bromine 3d inner-shell ionization at 140 eV photon energy (see Methods) and use the 

momenta of three ionic fragments detected in coincidence to determine the geometry of EDB prior 

to fragmentation. The kinetic energies and the angular correlation between the ionic fragments 

give a clear signature of two different geometries, which are assigned to gauche and anti 

conformers of EDB based on classical Coulomb explosion simulations. To test the sensitivity of 

our method, we analyze the change in the ratio of the measured yield of these conformers with the 



change in temperature of the sample. The results of the experiment performed at three different 

temperatures agree well with the theoretically expected change in the ratio of gauche to anti 

conformers in the molecular beam.  
 

The molecular structure of the gauche and anti conformers of EDB are shown in Figure 1(a). The 

interconversion happens by the rotation around C-C bond. Figure 1(b) shows a region of the triple 

ion coincidence spectrum near the channel of interest for this study, C2H4
+ + Br+ + Br+. The time-

of-flight of the first detected light fragment ion (TOF1) is shown on the x-axis, the sum of the 

times of flight of the second and third heavier fragment ions (TOF2+TOF3) on the y-axis, while 

the color represents the yield of the corresponding triple coincidence events. For breakup channels 

where no further fragments with significant momentum are produced, the triple-ion-coincidence 

plot shows sharp diagonal lines due to momentum conservation during the breakup process.  

 

 

Figure 1. (a) Gauche and anti conformations of 1,2 dibromoethane (EDB, C2H4Br2). (b) Triple-ion coincident time-

of-flight spectrum for EDB zoomed in near the channel of interest (marked by the black rectangle).    

 

Each diagonal line corresponds to a specific three-body fragmentation channel, whose relative 

yields are given in the Supporting Information. For the present investigation, we focus on the 

C2H4
+ + 81Br+ + 81Br+ coincidence channel as it is well separated from other channels and gives a 

clear indication of the geometry before fragmentation, as explained in the following. The momenta 

and kinetic energies of the three coincident ions are calculated from the time of flight and detector 

hit position of each ion (see Supporting Information, Section 1), and the results are shown in Figure 

2(a) as a Newton plot, which allows an intuitive visualization of the momentum correlations24. 

Here, the momentum of one of the 81Br+ ion is fixed to unity, and the normalized relative momenta 

(magnitude and direction) of C2H4
+ and the other 81Br+ are plotted in the upper (y>0) and lower 

(y<0) half of the plot, respectively. For the selected breakup channel, the Newton plot shows two 

semi-circular structures and several local maxima (yellow spots) that partially overlap with the 

semi-circles. These features need to be understood and deconvoluted to separate the contribution 

from gauche and anti conformers. Semi-circular structures in a Newton plot are typically a 

consequence of a sequential breakup25, while the local maxima are due to concerted (synchronous) 

breakup of EDB subsequent to photoionization. Equation (1) and (2) show examples of concerted 

and sequential breakup pathways that contribute to the selected coincidence channel:  



C2H4Br2
3+   C2H4

+ + Br+ + Br+          (concerted / synchronous)   (1) 

C2H4Br2 
3+   C2H4Br2+ + Br+          

    C2H4
+ + Br+ + Br+      (sequential)     (2) 

The breakage of two molecular bonds in a tri-cation is defined as sequential if an intermediate di-

cation (here: C2H4Br2+) is formed with a lifetime longer than its rotational period26. The semi-

circular ring in the Newton plot is thus a manifestation of the rotation of the intermediate di-cation. 

Figure 2(b) shows the kinetic energy distribution of individual fragment ions and the kinetic energy 

release (KER). The rather broad distribution in kinetic energies of the fragments also suggests the 

presence of several contributing channels, such as both concerted and sequential fragmentation, as 

well as the presence of gauche and anti conformers. Only the concerted breakup pathways can be 

used to extract the molecular geometry using CEI27, hence the sequential pathways need to first be 

disentangled by further analysis. 

 

Figure 2. Newton plot (a) and kinetic energy distributions (b) of C2H4
+ (blue) and 81Br+ (orange) fragments and sum 

of the three ion kinetic energies or KER (green) for the C2H4
+ + 81Br+ + 81Br+ coincidence channel. The Newton plot 

shows the normalized relative momenta of C2H4
+ and 81Br+ plotted with respect to the other 81Br+ (represented by the 

black arrow), whose momentum is fixed to unity in the positive X-direction. 

 

For separating the concerted breakup events from the sequential breakup events, we use the 

recently developed native frames method28. To briefly summarize, the native frames method takes 

advantage of the rotation of the intermediate metastable molecular fragment produced during a 

sequential breakup to distinguish sequential from concerted fragmentation. The main idea of the 

native frames method is to analyze each fragmentation step in its respective center-of-mass 

reference frame, i.e. its native frame, which we accomplish using the conjugate momenta derived 

from Jacobi coordinates associated with each fragmentation step (see Supporting Information, 

Figure S3). Then, we identify sequential fragmentation as a uniform angular distribution between 

the conjugate momenta for each step, assuming that the intermediate fragment (di-cation) is 

rotating in the fragmentation plane. By taking advantage of the uniform angular distribution, we 

reconstruct parts of the distribution of sequential breakup events masked by competing concerted 

fragmentation, allowing us to separate the sequential and concerted breakup distributions in any 



plot created from the measured momenta. More details regarding the application of the native 

frames analysis on EDB can be found in the Supporting Information. 

As the first step in the native frames method, Figure 3(a) shows all three-body fragmentation events 

in the C2H4
+ + 81Br+ + 81Br+ breakup channel, plotted as a function of the second-step kinetic 

energy release, 𝐾𝐸𝑅𝐶2𝐻481𝐵𝑟
, and the angle between the relative momenta describing each step of 

sequential fragmentation with  (C2H4
81Br)2+ as intermediate di-cation, 𝜃𝐶2𝐻481𝐵𝑟, 81𝐵𝑟

. The second-

step KER is obtained using the relative momentum of the second step28. In this representation, the 

events in the vertical structure at 𝐾𝐸𝑅𝐶2𝐻481𝐵𝑟
≈ 4 𝑒𝑉 (shown by black arrow), which are 

uniformly distributed over all angles, stem from sequential fragmentation. For the further analysis, 

they can be subtracted, as detailed in the Supporting Information, such that all following plots 

contain only coincidence events from a concerted breakup.  

In order to identify and separate the contributions corresponding to concerted breakup of gauche 

and anti conformers, which are partially overlapping in the Newton plot (see Supporting 

Information, Figure S5). Figure 3(b) shows a plot similar to Figure 3(a), but after subtraction of 

the sequential events and choosing a hypothetical (81Br 81Br)2+ intermediate di-cation for the 

representation. In other words, the relative momenta used in Figure 3(b) are calculated for a 

hypothetical sequential breakup with a (81Br 81Br)2+ intermediate (see Supporting Information). 

We can clearly identify two different contributions and select each contribution by gating on the 

regions of interest (ROI) shown by the black rectangles. To verify this selection, the fragment 

kinetic energies for the events selected in each of the two ROIs in Figure 3(b) are plotted in Figure 

3(c) and 3(d), which show two distinctly different patterns. From Figure 3(c), it is apparent that 

for the gauche conformer, the C2H4
+ fragment is produced with higher kinetic energy as compared 

to the 81Br+ fragments since it is repelled by both 81Br+ fragments, which are emitted in the same 

hemisphere. For the anti conformer (Figure 3(d)), the kinetic energy of the C2H4
+ fragment is 

smaller than that of the 81Br+ fragments since the C2H4
+ fragment is trapped in between the two 

81Br+ fragments as they impart their momenta onto the C2H4
+ fragment in almost exactly opposite 

directions, a condition often referred to as ‘obstructed instantaneous explosion’29.  

The dashed lines in Figure 3(c) and 3(d) show the results of a Coulomb explosion simulation (CES) 

performed for concerted breakup of both conformers. The simulation starts from the equilibrium 

geometry of the neutral conformers and assumes point charges at the positions of two bromine 

atoms and at the center-of-mass (c.o.m.) of the third fragment (C2H4). For each point charge, a 

small random variation of the position within a sphere corresponding to a 5% change in one of the 

C-Br bond-lengths is chosen in order to account for small geometry changes of the molecule prior 

to fragmentation, e.g., as a result of vibrations in the neutral or ionic states, either due to the initial 

temperature of the sample or due to vibrational excitation during the ionization process. The 

trajectories (and hence velocities and momenta) for 1000 such “near-equilibrium” geometries for 

both conformations are calculated by numerically solving the classical equations of motions 

assuming pure Coulombic repulsive interaction between the point charges (see Supporting 

Information, section 3). The simulation results reproduce the overall observations in the 

experimental data but overestimate the energies for each fragment. Such overestimation of the 

kinetic energies is common for simple CES and can indicate an increase of the bond lengths prior 



to fragmentation; tri-cationic potential energy surfaces that are not purely Coulombic; or a finite 

internal energy stored in the fragments30.  

Figure 4(a) and 4(c) show the Newton plots for the gauche and anti conformers in the experiment, 

separated as described above, while Figure 4(b) and 4(d) show the simulated Newton plots 

obtained from the CES. The good agreement between simulation and experimental results further 

confirms that the separated events indeed correspond to the concerted breakup events from 

different conformers. Therefore, the ratio of gauche to anti conformers can simply be determined 

from the respective yields in the ROIs in Fig. 3(b), and we can, in the following, investigate the 

change in the conformer ratio as a function of sample temperature. 

 

Figure 3. (a) All events in the C2H4
+ + 81Br+ + 81Br+ coincidence channel, plotted as a function of second-step KER 

(𝐾𝐸𝑅𝐶2𝐻481𝐵𝑟
) and angle (𝜃𝐶2𝐻481𝐵𝑟, 81𝐵𝑟

) between the relative momenta describing each step of a sequential 

fragmentation with (C2H4
81Br)2+ as the intermediate di-cation (see text). (b) Similar to panel (a), but after subtraction 

of sequential breakup events using the native frames method and plotted for a hypothetical intermediate di-cation 

(81Br81Br)2+. The  black rectangles show the ROIs chosen to separate anti and gauche conformers. (c), (d) Experimental 

kinetic energy distributions (solid lines) for the fragments and total KER for gauche and anti conformers selected 

from panel (b) along with results from Coulomb explosion simulations (CES, dashed lines) for both cases.  

 

Conformational isomers often coexist in a dynamic equilibrium, with the conformer ratio being 

determined by temperature of the system and the difference in free energies of the conformers. 

This can be expressed as31: 

ΔG = -RT ln(K),   (3) 

where ΔG is the difference in the free energy of the two conformers, R is the universal gas constant, 

T is the temperature of the sample, and K is the equilibrium constant, which, in the present case, 

corresponds to the ratio of gauche and anti conformers. In order to verify the ability of our CEI 

technique to quantify the conformer ratio and to test its sensitivity, we recorded fragmentation data 

for EDB at three different sample temperatures while keeping all other experimental parameters 

constant. The three different temperatures, measured at the molecular beam nozzle, were T1 = 20˚C  



 

Figure 4. (a), (b) Newton plots from experimental data and CES for gauche conformer. (c), (d) Newton plots from 

experimental data and CES for anti conformer. 

 

(i.e. without heating), T2 = 60˚C, and T3 = 95˚C. The theoretical estimate of the gauche to anti 

ratio for EDB can be calculated using eq. (3). For the equilibrium, anti ⇌ gauche, the degrees of 

freedom are the same between the reactant and product. We thus assume ΔS = 0, which implies 

ΔG = ΔH, where ΔH is the change in enthalpy and ΔS is the change in entropy. To determine the 

energy barrier and enthalpy difference between the gauche and anti conformers, quantum chemical 

calculations were performed using the Gaussian software package32 (see Methods). These values 

were then used to calculate the expected ratio of gauche to anti conformer for different 

temperatures using eq. (3). Here, our assumption is that the vibrational degrees of freedom do not 

cool significantly during the expansion in the molecular beam nozzle, which is generally true for 

small molecules33 but, to the best of our knowledge, has not been studied for complex molecules 

such as dibromoethane. This allows us to consider the sample temperature to be equal to the nozzle 

temperature.  

Figure 5(a) shows the coincident ion yield of the experiment attributed to gauche and anti 

conformers for the three temperatures. The yield of the gauche conformer clearly increases at 

higher temperatures while the yield of the anti conformer decreases. This is expected since more 

molecules can cross the rotational energy barrier between anti and gauche conformers at higher 

temperatures. Figure 5(b) shows the resulting gauche to anti ratio obtained from the experiment 

compared to the theoretical values (shown in blue) obtained using eq. (3). The error bars on the 

experimental data show the statistical error. The blue band around the theoretical curve shows the 

variation in the theoretical value corresponding to an uncertainty of the absolute temperature of 

+/- 10˚C in order to visualize the uncertainty in the ratio, e.g., due to possible differences between 

the thermocouple readings and the actual temperature of the sample. The experimental and 

theoretical values are in good agreement except at room temperature, where the experiment yields 

a larger amount of gauche conformer than predicted by theory. We attribute this to the very small 



contribution (in absolute numbers) of gauche conformers at room temperature, which makes the 

value for the ion yield from gauche conformers more susceptible to small contributions from 

“background” counts that may not be fully discriminated (see Figure 3(b) and Supporting 

Information - Figure S4b, S4c). Furthermore, we note that the overall good agreement between 

experiment and theory suggests that the triple ionization and dissociation probability into the 

channel of interest is the same for each conformer, which is reasonable for inner-shell ionization 

but may be different, e.g., for strong-field ionization. 

 

 

 

Figure 5. (a) Experimental yield of gauche (black) and anti (blue) conformer as a function of sample temperature. 

The yield of gauche conformer increases and anti conformer decreases, suggesting an increased conversion from anti 

to gauche at higher temperature, as expected based on the difference in the free energy of the two conformers. (b) 

Theoretical and experimental change in ratio as a function of sample temperature. The blue band represents the 

uncertainty of the theoretical ratio when assuming an uncertainty of  +/- 10˚C in the sample temperature. 

 

 

In conclusion, we have demonstrated that we can distinguish and quantify the yields of the 

conformational isomers of EDB, which co-exist in a dynamic equilibrium and are separated by an 

extremely small energy difference (~1/10 eV). Specifically, our methodology can distinguish 

between anti and gauche conformers of EDB by selecting triple ion coincidences combined with 

a detailed analysis of the different fragmentation pathways using Newton plots and fragment 

kinetic energies combined with the novel native frames analysis technique. Our measurements 

performed at different sample temperatures indicate that our technique is sensitive to subtle change 

in the conformer ratio and in good agreement with theoretical calculations. This level of sensitivity 



of CEI technique is crucial for future molecular dynamics studies, such as time-resolved 

experiments studying the interconversion of conformers, where the quantitative determination of 

small changes in conformer population is essential.  

 

Methods 

The experiment was performed at beamline 10.0.1.3 of the Advanced Light Source (ALS) at the 

Lawrence Berkeley National Laboratory. Fragment ions and electrons were measured in 

coincidence using a double-sided velocity map imaging (VMI) spectrometer. The VMI 

spectrometer and data collection has been described elsewhere in detail34. EDB was introduced 

into the ultra-high vacuum experimental chamber, using a supersonic expansion through a nozzle 

of 30 μm in diameter. The molecular beam is skimmed by using a 500 μm skimmer before it 

interacts with the soft X-ray photons at the interaction region inside the VMI spectrometer. The 

experiment was performed at a photon energy of 140 eV (bandwidth: 15 meV), which is above the 

3d photoionization threshold (~77.5 eV) of Br and near the (broad) peak of the 3d giant resonance 

found in Br-containing molecules35. As the resonantly enhanced Br 3d photoionization cross 

section dominates the total cross section at this photon energy, photoionization occurs 

predominantly by removal of a 3d inner-shell electron, followed by an Auger process that emits 

one or two further electrons. As the multiply charged EDB molecule dissociates into fragment ion, 

the time-of-flight and position of all the ionic fragments are recorded, which are then used to 

calculate the three-dimensional momenta and kinetic energies for each ion recorded in 

coincidence34. 

Quantum chemical calculations were performed for calculating the enthalpy difference between 

the conformers. Both conformer structures were initially optimized at the ꞷB97X-D level of 

theory36 using the 6-31G basis set to estimate the electronic energies. The energies were verified 

against different choices of basis sets. The highest methodology used was MP2, and the largest 

basis set used was aug-cc-pVDZ, which gave an enthalpy difference between the gauche and anti 

conformers of ΔH = 0.086 eV (1.985 kcal/mol), after zero-point energy correction. Our 

calculations also match with previous work37 where the computations were performed at MP2/6-

311++G(d, p) level of theory and yielded a value of 0.091 eV (2.099 kcal/mol). These values are 

approximately 15% higher than the experimentally determined value of 1.68 kcal/mol  found by 

infrared absorption measurements performed in a gas cell38. We note that the gauche conformer 

exists as gauche+ and gauche-, which are mirror images of one another and have the same enthalpy. 

For the theoretical calculation, they are considered as two separate dynamic equilibria with the 

anti conformer. Since the CEI technique cannot distinguish between gauche+ and gauche-, we 

therefore multiply the theoretically calculated gauche to anti ratio by a factor of 2 to account for 

the two types of gauche conformer.   

 

Associated content 

Supporting Information: Experimental details and momentum reconstruction, Subtraction of 

sequential events using native frames method and Coulomb explosion simulation (CES) for the 

concerted breakup channel C2H4
+ + Br+ + Br+ 
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