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1. Introduction

Determination of the absolute configuration of a chiral species

is a keystone of stereochemistry. The direct assignment of ab-

solute configuration in crystalline samples is routinely per-
formed with Bijvoet’s method, which employs anomalous dif-

fraction of X-rays.[1] For a vast range of substances that cannot
easily be crystalized, determination of absolute configuration

requires knowledge of the handedness of related compounds
or extensive theoretical models. Recently, two research

teams[2, 3] have shown independently the use of Coulomb ex-

plosion imaging (CEI)[4] for the direct determination of absolute

configuration of small chiral molecules in the gas phase.
When the bonding electrons are removed from a molecule

instantaneously, the resulting atomic cations, which essentially
remain in their equilibrium positions during ionization, experi-

ence strongly repelling Coulombic forces. The molecule subse-
quently undergoes a so-called Coulomb explosion. By perform-

ing a coincident measurement of the fragment ions’ linear mo-

menta, the microscopic structure of the molecule is imaged on
the macroscopic detection device. For very small systems, Cou-
lomb explosion imaging is capable of visualizing even fine de-
tails such as the nodal structure of the wavefunction[5] or the

tunneling part of loosely bound helium molecules.[6, 7]

First investigations on the structure of the CHþ4 ion were al-

ready carried out in 1986 with foil-induced Coulomb explosion

imaging.[8] In this approach, the molecular ions are accelerated
and sent through a thin foil, stripping off the electrons. Kita-

mura et al.[9] employed highly charged argon atoms to multiply
ionize perdeuterated methane CD4 to demonstrate the dynam-

ic chirality of this molecule. Herwig et al.[3, 10] used foil-induced
Coulomb explosion imaging to determine the absolute config-

uration of the monocation of 1,2-dideutero-oxirane. This ap-

proach, however, is limited to relatively small masses. Pitzer
et al.[2] have employed a high-power Ti :sapphire femtosecond

laser system with high repetition rate for the multiple ioniza-
tion of CHBrClF (from a racemic mixture) and Cold Target

Recoil Ion Momentum Spectroscopy (COLTRIMS)[11] for the de-
tection of fragments. The results show that unambiguous de-

The absolute configuration of individual small molecules in the
gas phase can be determined directly by light-induced Cou-

lomb explosion imaging (CEI). Herein, this approach is demon-
strated for ionization with a single X-ray photon from a syn-

chrotron light source, leading to enhanced efficiency and

faster fragmentation as compared to previous experiments
with a femtosecond laser. In addition, it is shown that even in-

complete fragmentation pathways of individual molecules
from a racemic CHBrClF sample can give access to the absolute

configuration in CEI. This leads to a significant increase of the
applicability of the method as compared to the previously re-

ported complete break-up into atomic ions and can pave the

way for routine stereochemical analysis of larger chiral mole-
cules by light-induced CEI.
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termination of absolute configuration is possible on the level
of individual molecules from a racemic mixture. Limitations of

laser-induced Coulomb explosion imaging for larger covalently
bound systems have been discussed in Ref. [2] . Amongst those

is the demand for a comparatively large amount of sample
and the timescale of the laser-induced ionization. The latter

leads in some cases, for example, for fast moving atoms such
as hydrogen, to a broadening of the measured linear momen-

tum distribution.

In this work, we show that a single X-ray photon (with
energy hn= 710 eV) from a synchrotron light source can also

be used to induce Coulomb explosion of CHBrClF into up to
five atomic ions. First, we discuss the mechanisms contributing

to the multiple ionization of the target molecule. We then
demonstrate on the level of individual molecules from a race-
mic mixture the determination of absolute configuration for

the complete fragmentation into five singly charged ions and
compare the results to those previously obtained in laser ex-

periments. This is followed by an investigation of partial break-
ups of the target molecule, that is, break-ups including molec-
ular ions like CH+ . Finally, the advantages and drawbacks of
using events with an incomplete detection of the fragments

are discussed.

2. Results and Discussion

2.1. Multiple Ionization Induced by a Single X-ray Photon

Once an electron is removed from an inner shell of an atom or
a molecule, the excited system will relax to its ground state.

An important relaxation process is the Auger decay, during
which the excitation energy is transferred to another electron

that can escape into the continuum, leaving a doubly charged
atom or molecule behind.

With sufficient energy this process can occur in a cascade,

leading to multiple ionization. Using photon energies slightly
above the ionization threshold of the F(1s) state (EB = 688 eV

for atomic fluorine),[12] we observed fragmentation of CHBrClF
into up to five singly charged ions.

In order to shed light on the ionization processes involved,
we compared our findings to the extensive literature on multi-

ple ionization of the rare-gas atoms from the same row of the
periodic table as the halogen atoms in our sample, that is,

neon (corresponding to fluorine), argon (corresponding to
chlorine) and krypton (corresponding to bromine). All three
halogens have energy levels that contribute to the photoioni-

zation cross section at the chosen photon energy of 710 eV
(see Table 1 in the Supporting Information). As efficient Auger

cascades leading to five-fold ionization have been reported for
ionization of the krypton 3p or 3d states,[13, 14] we expect excita-

tion of the respective bromine state to be the prominent chan-

nel. For the four-fold ionization, the chlorine 2s state is expect-
ed to play an important role as well.[15, 14] Recently, ultrafast

charge rearrangement in a similar molecule, CH3SeH, upon ex-
citation of the Se L-shell by an X-ray free-electron laser has

proven to be highly efficient.[16] A further efficient channel for
additional charge removal besides Auger decay is the direct

photoemission of electron pairs by shake-off or knock-off,
known in atoms[17] and molecules.[18] The interplay between

the different possibilities for photoionization and the various
decay channels for the respective core holes makes it impossi-

ble to identify the exact ionization mechanism for single
events.

Compared to the previous laser experiment, efficiency is in-
creased significantly. Whereas the fraction of the five-fold frag-

mentation on the number of total events in the laser experi-

ment was around 5 Õ 10¢6, it was increased in the synchrotron
experiment by more than one magnitude to 7 Õ 10¢5.

2.2. Complete Fragmentation and Determination of
Absolute Configuration

In analogy to our previous work,[2] we first investigate the
break-up of CHBrClF into five singly charged ions. The occur-

rence of this fragmentation pathway can already be seen in
the raw photo-ion coincidence spectra (Figure 1). In this graph,
sums of the times-of-flight of several particles are plotted; due

to linear momentum conservation, ions originating from the
same molecule arrange on a line in this plot.

For details on the extraction of the ion momenta from the
experimental data, we refer to the Experimental Section. By

checking whether linear momentum conservation is fulfilled

for a certain assignment, the correct isotopic mass is identified.
Furthermore, this test allows to eliminate false coincidences

and thus increase the signal-to-noise-ratio. For the remaining
events, several triple products can be calculated from the

linear momentum vectors of the respective three ions.
In Figure 2 a, we show the chirality parameter

cosqF¡ðCl BrÞ ¼~pF ¡ ~pCl  ~pBrð Þ ¡ ðj~pFjj~pCl  ~pBrjÞ¢1, abbreviated as

F·(Cl Õ Br) in the following. A negative value of F·(Cl Õ Br) corre-

Figure 1. Coincidence spectrum of five measured ions. On the x-axis, the
sum of the times-of-flight for the first three detected ions is plotted, on the
y-axis the sum of the times-of-flight of the fourth and fifth ion. Ions from
a Coulomb explosion yield a line in this representation due to linear mo-
mentum conservation. The substructure originates from the different iso-
topes of chlorine and bromine.
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sponds to an S-type arrangement of the momenta in the

Cahn–Ingold–Prelog nomenclature[19] whereas a positive value
corresponds to an R-type arrangement.

Figure 2 b shows a correlation diagram of the triple products
F·(Cl Õ Br) and H·(Cl Õ Br). The position of the peaks on the neg-

ative diagonal demonstrates that the assignment of absolute

configuration is consistent for the proton and the fluorine ion:
For events where a positive value of F·(Cl Õ Br) indicates an R-

type molecule, the corresponding value for H·(Cl Õ Br) is nega-
tive. Proton migration to the other side of the carbon atom

during the ionization process can thus be ruled out.

In our previous experiments on laser ionization, the linear

momentum distribution of the light proton nevertheless
proved to be rather broad. Figure 3 compares the triple prod-

uct H·(Cl Õ Br) of the synchrotron experiment with the data set
obtained with the laser. Despite the small number of events in

the latter case, an improvement can clearly be seen. We attri-

bute this to the typical Auger decay times being significantly
below 10 fs whereas the laser pulse width was determined as

40 fs.
The three-dimensional representation of the linear momenta

in the molecular frame of reference (Figure 4) confirms the

Figure 2. Chirality parameter cos q for the fragmentation of CHBrClF into five singly charged atomic ions. The geometric definition of the angle q is given in
the inset. The two peaks in (a) indicate a clear separation of enantiomers. The correlation diagram (b) of the two triple products F·(Cl Õ Br) and H·(Cl Õ Br) dem-
onstrates the consistency for almost all events.

Figure 3. a) Comparison of the triple product H·(Cl Õ Br) for the laser experiment,[2] shown in red and the synchrotron experiment (black). The smaller spread
in the synchrotron experiment is attributed to a faster ionization process, preventing broadening of the distribution due to proton motion. b) Correlation dia-
gram for the laser ionization, in analogy to Figure 2 (b), shows that this broadening does not lead to ambiguities in the assignment of enantiomers.
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good separation of enantiomers, suggesting an unambiguous
assignment of absolute configuration on the level of individual

molecules. The transformation into the molecular frame is de-
scribed in the Supporting Information.

2.3. Partial Fragmentation into Molecular Ions

As can be seen from the definition of the chirality parameter,

only three linearly independent momentum vectors are

needed to determine the handedness of the system. It follows
that the complete break-up of the molecule into atomic ions is

not a prerequisite for the assignment of absolute configura-
tion. Fragmentation pathways including molecular ions can

thus be used to achieve this goal. This fact is of particular in-
terest for the study of larger molecules where complete frag-

mentation cannot be expected.

In the case of CHBrClF, it is an obvious choice to investigate
break-ups including a CX+-fragment with X being H, F, Cl or Br.

From these four possibilities, the fragmentation pathways with
the ions {CF+ , H+ , Cl+ , Br+} (channel II) and {CH+ , F+ , Cl+ , Br+

} (channel III) were found in the recorded data.
Figure 5 shows the triple products for different break-ups.

While the assignment of absolute configuration works well
with CH+ , the fragmentation channel II containing CF+ barely
allows to distinguish enantiomers. The graphs for II show that

cos qH·(Cl Õ Br) has a broad distribution and that cos qCF·(Cl Õ Br) has
two overlapping peaks close to 0, indicating that these three
linear momenta are nearly coplanar due to the small linear mo-
mentum carried away by the proton.

As the detection probability for the cations is significantly
lower than 100 % (see Experimental Section), the detection effi-

ciency is expected to be higher for the coincident measure-

ment of four ions instead of five. Table 1, however, demon-
strates that the yield in the case of the partial fragmentation

Figure 4. Three-dimensional representation of the linear momenta in the
molecular frame for the fragmentation into five atomic ions, overlayed with
a structure model. Color codes are white: H; black: C; green: F; yellow: Cl;
red: Br. Transformation into the molecular frame is described in the Support-
ing Information.

Figure 5. Triple products for fragmentation pathways including molecular ions, in analogy to Figure 2. The fragmentation into {CH+ , F+ , Cl+ , Br+} promises
a good separation of enantiomers (left), despite a small background (see text). For the break-up into {CF+ , H+ , Cl+ , Br+}, the separation is less clear, as the
fragments CF+ , Cl+ and Br+ are nearly coplanar (right).

Table 1. Total ion yields for different fragmentation channels in the syn-
chrotron experiment. Reaction products in square brackets remained un-
detected (see Section 3.4 for details). Whereas fragmentation into molec-
ular ions does not increase the yield (channels II and III) significantly, the
incompletely detected break-ups show a significantly higher efficiency.
For channel III, an overlap with the pathway [H]+ ,0 + {C+ , F+ , Cl+ , Br+}
cannot be eliminated completely.

Fragmentation pathway Yield (events)

I CHBrClF5+!{C+ , H+ , F+ , Cl+ , Br+} 4.7 Õ 104

II CHBrClF4+!{CF+ , H+ , Cl+ , Br+} 2.0 Õ 104

III CHBrClF4+!{CH+ , F+ , Cl+ , Br+} 1.1 Õ 105

IV CHBrClF5+ ,4 +![Br]+ ,0 + {C+ , H+ , F+ , Cl+} 5.9 Õ 105

V CHBrClF5+ ,4 +![F]+ ,0 + {C+ , H+ , Cl+ , Br+} 3.4 Õ 105

VI CHBrClF5+ ,4 +![C]+ ,0 + {H+ , F+ , Cl+ , Br+} 3.6 Õ 105

VII CHBrClF5+ ,4 + ,3 +![H,Br]2 + , + ,0 + {C+ , F+ , Cl+} 2.2 Õ 106

VIII CHBrClF5+ ,4 + ,3 +![H,Cl]2 + , + ,0 + {C+ , F+ , Br+} 1.1 Õ 106

IX CHBrClF5+ ,4 + ,3 +![C,F]2+ , + ,0 + {H+ , Cl+ , Br+} 1.5 Õ 106
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into four ions is not higher than in the case of complete frag-
mentation. Similar results for partial break-ups were extracted

from the laser measurement,[2] and are shown in the Support-
ing Information.

2.4. Incomplete Detection of Ionic Fragments

Looking at the raw four-ion coincidence spectra (Figure 6), var-

ious features can be identified that correspond to fragmenta-
tion pathways with one of the fragment masses missing. Two

possibilities contribute to this scenario: either a neutral dissoci-
ation product is involved or a charged fragment was not de-

tected due to the limited detection efficiency of the setup (Ex-

perimental Section). As shown in Table 1, the yield for these
break-up channels is considerably higher than for the channels

investigated before. It is thus worthwhile to check if they can
also be used to determine absolute configuration.

As one of the fragments is not detected, the linear momenta
of the detected ions do not sum up to 0 as in the previous
cases. Instead, the sum momentum is attributed to the missing
fragment. To suppress some background, the linear momen-
tum vectors of the detected ions and of the missing fragment
are required to be smaller than the maximum linear momen-

tum of the respective fragment in the case of the complete
break-up.

Figure 7 shows reconstructed linear momenta for several
fragmentation pathways, compared to the measured linear
momenta for the fragmentation into five singly charged ions.

The broadening of the distribution has several sources: Firstly,
different fragmentation pathways can lead to the same ob-

served reaction products. This is particularly evident for the un-

detected fluorine (Figure 7, middle). The shoulder at higher
linear momentum values corresponds to the values of the fluo-

rine linear momentum that is observed for the break-up into
five ions. We conclude that this part of the distribution is

caused by actual break-ups into five atomic ions for which the
fluorine cation was not detected. Comparison of the values of

the kinetic energy release (KER) for these events and the five-

ion fragmentation supports this explanation. Secondly, the
broadening is caused by the fact that background cannot be

reduced as effectively because the sum momentum check
cannot be applied as stringently. Thirdly, the isotopic mass of

the detected fragments Cl+ or Br+ cannot be determined be-
cause the linear momentum distributions of the different iso-

topes overlap. For the calculation of linear momenta from the

raw data, the mass of the lighter isotope was assumed, leading
to an error of about 20 atomic units of linear momentum for

the molecules containing the heavy isotope. This value, how-
ever, is not rooted in physical properties of the molecule but

in the experimental parameters (Experimental Section).
Figure 8 (top row) shows triple products for different frag-

mentation pathways. A separation of the two enantiomers is

clearly visible and the overall consistency can be demonstrated
using different triple products (bottom row). The background

is significantly higher than in the case where all fragments

Figure 6. Coincidence plot for the identification of fragmentation channels.
On the x-axis, the sum of the time-of-flight of the first and second ion is
plotted; the y-axis displays the corresponding sum of the third and fourth
ion. Fragmentation channels in which the detected ions have zero-sum mo-
mentum show up as narrow lines. Fragmentations with a neutral product
are spread out in the plot due to the neutral particle’s linear momentum.
Different fragmentation pathways are identified from the ions’ times-of-
flight.

Figure 7. Distribution of reconstructed linear momenta (black) for different fragmentation pathways. The measured ions are given on top; their sum momen-
tum is attributed to the missing mass. For comparison, the linear momentum distribution of the respective ion in the complete fragmentation is displayed
(red).
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were detected. Contrary to the complete fragmentation, the

assignment of absolute configuration is thus not certain on
a singe-molecule level anymore.

In order to evaluate how reliable the assignment of enantio-
mers is, the consistency of seven possible triple products was

checked (Table 2 in the Supporting Information). For the frag-
mentation pathways IV and V, about 75 % of the events show

a consistent sign of all seven triple products ; for pathway VI
with detected {H+ , F+ , Cl+ , Br+}, the consistency lies below
20 %. This discrepancy is supposedly due to the multiplicity of
(sequential) pathways in which a neutral carbon atom can be
ejected during Coulomb explosion.

The events with consistent sign were used to estimate the
influence of the unknown isotopic composition of the individu-

al molecules. To do so, linear momenta were calculated for all

isotopic combinations of chlorine and bromine isotopes, and
the resulting signs of triple products were compared (see

Table 3 in the Supporting Information). For every isotopic com-
bination, more than 90 % of the events still showed consisten-

cy, meaning that for these events, the unknown isotopic com-
position does not affect the correct assignment of handedness.

This value could probably be increased with an improved spec-

trometer.
In analogy, events with only three detected particles could

as well be used to determine handedness, provided an unde-
tected fragment is involved (if this were not the case, all linear

momenta would be coplanar due to linear momentum conser-
vation, and thus insufficient to determine the handedness).

Figure 9 a shows that the background is even higher than in

the four-particle case. As only one triple product can be calcu-
lated, the possibility of cross-checks as in the previous cases is

lost. Assignment of handedness must thus be taken with cau-
tion as rearrangement during the fragmentation process

cannot be excluded. Quantum chemical calculations reveal ex-
istence of a metastable planar isomer of the CHBrClF trication,

which implies a concomitant loss of structural information in

CEI. Even for small fragment dications such as CHBr2 + , isomers
are known to exist[20] (see also the review[21] on (meta)stable
highly charged molecular ions). Nevertheless, the two distinct
peaks at same absolute value indicate a good separation of

enantiomers for the fragmentation channels shown here, and
the three-dimensional representation for the R-enantiomer in

the molecular frame (Figure 9 b) confirms this finding. Ana-
logue plots for additional break-up channels can be found in
the Supporting Information.

3. Conclusions

In this contribution we showed that a single X-ray photon

from a synchrotron source can be used to induce multiple

fragmentation of the chiral prototype CHBrClF, allowing deter-
mination of absolute configuration.

Taking literature on multiple photoionization of noble gas
atoms[22, 23] into account, we conclude that mostly initial holes

in the bromine M-shell and chlorine L-shell contribute to the
fragmentation into five and four ions. In order to achieve such

Figure 8. Separation of enantiomers using different fragmentation pathways with one fragment being undetected. The measured fragments are given on top
of the column. The top row shows the triple products as defined in the text, the bottom row displays the correlation of two triple products. As is expected
from a classical simulation, linear momenta of H+ and C+ point in the same direction, resulting in maxima on the main diagonal.
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high charge states in organic molecules with only light atoms,

energies well above the fluorine 1s state (or respectively
carbon 1s or oxygen 1s states in the case of non-halogenated

species) seem to be most promising. As work on multiple ioni-
zation of neon shows, the probability for quadruple ionization

still increases several hundred eV above the neon 1s threshold,

due to double core hole excitation[22] or to direct double ioni-
zation.[23]

With the photon energy chosen in the present case (710 eV),
the efficiency for fragmentation into five singly charged ions

was significantly increased compared to previous laser experi-
ments. Moreover, the proton’s linear momentum distribution
was not as broad as in the latter case, presumably due to

faster ionization and fragmentation processes.
Investigation of fragmentation pathways containing the mo-

lecular ions CH+ and CF+ shows that these channels can be
used for the determination of absolute configuration as well.

Although efficiency is not increased, this approach seems
promising for more complex molecules for which complete

fragmentation cannot be achieved anymore.
A significant increase in efficiency is obtained in cases where

one of the fragments is not detected. When four atomic ions

are collected and one atom is missing, the determination of
handedness is still very reliable on a statistical level, and use of

different fragments shows consistent assignment of enantio-
mers. The non-vanishing background, however, leaves an un-

certainty in the enantiomeric determination of individual mole-

cules. When only three ions are detected, a separation of enan-
tiomers is possible, and efficiency is increased significantly. To-

gether with a more detailed investigation of the fragmentation
dynamics, these fragmentation pathways can thus be used to

determine the absolute configuration of a sample.

Experimental Section

Measurements were performed with the COLTRIMS-technique that
has been described in detail elsewhere.[11, 24] The vapor pressure of
the sample at room temperature was used to form a supersonic
jet by expanding the gas through a 30 mm nozzle into a vacuum
chamber. The jet is collimated by two skimmers (300 mm in diame-
ter) and at right angle intersected with a femtosecond laser beam
or synchrotron radiation.

The results presented here were obtained at the undulator beam-
line SEXTANTS[25] of the synchrotron SOLEIL in St. Aubin, France,
with a photon energy of 710 eV. For this experiment, the racemic
sample of CHBrClF was prepared as described by Swarts[26] via fluo-
rination of CHBr2Cl with SbF3 in presence of Br2. If one considers
atomic cross section data, the major contributions to ionization at
this energy are expected to stem from the F (1s) state (23 %), 21 %
from Br(3d), 18 % from Br (3p) and 15 % from Cl (2p) (see Table 1 in
the Supporting Information). Formation of double core hole states
from C (1s) ionization is considerably less likely, but expected to
induce fast formation of higher charge states that are favorable in
multiple fragmentation (see for example Ref. [27] for results on the
parent compound methane).

Contrary to the laser experiment (Ref. [2] and the Supporting Infor-
mation herein), lighter elements present in the residual gas are
hardly ionized by synchrotron radiation which leads to a lower
background signal.

After ionization, positive ions and electrons are separated by the
homogeneous electric field of a time-of-flight (TOF) spectrometer.
In the measurements presented here, electrons are not considered.
Cations are guided onto a time- and position-sensitive detector.
The ionic species can be identified because the square root of the
mass-to-charge-ratio is proportional to the time-of-flight in an elec-
tric field of strength E. Contrary to conventional mass spectrome-
try, the electric field and the length of the spectrometer are tuned
in such a way that linear momentum information can be retrieved

Figure 9. Fragmentation pathway with three detected ions H+ , Cl+ , Br+ . The triple product H·(Br Õ Cl) indicates a separation of enantiomers (a), albeit only on
a statistical level. The three-dimensional distribution of linear momenta in the molecular frame (b) for the R-enantiomer confirms the separation. The recon-
structed momentum is attributed to fluorine as indicated by the semi-transparent color. Several outliers are also visible. For better visibility, only 1000 events
are shown. The transformation into the molecular frame of reference is described in the Supporting Information.
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from the spread in time-of-flight. In the direction perpendicular to
the TOF-axis, ions propagate with the velocity they gain from Cou-
lomb explosion. Linear momenta in all three dimensions can then
simply be calculated with the known time-of-flight and impact po-
sition on the detector. It should be noted that the effect of the
linear momentum spread on the time-of-flight width decreases lin-
early with increasing field strength E while the separation of the
masses decreases only with the square root of the field strength. A
compromise between good mass resolution and good linear mo-
mentum resolution must thus be found. In the case of complete
detection of all fragmentation products, different isotopes can
then be separated by virtue of linear momentum conservation.
This is not possible for incomplete detection of the fragments. As-
suming the wrong isotope will result in an error in the calculated
linear momentum; this error will aggravate with higher spectrome-
ter field because the same mass difference corresponds to a bigger
linear momentum difference than in case of a low electric field.

When performing multi-hit coincidences, the limited efficiency of
the detector severely affects data acquisition rates. Depending on
the mass we estimate an efficiency per ion in the order of 20 % to
50 % for 2 keV ion kinetic energy at impact on the MCP,[28] resulting
in a probability of less than 4 % to actually record a five-particle
event and even lower probabilities for detecting complete break-
ups of larger molecules.
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