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We use one-photon excitation to promote K-shell electrons of formic acid (which has a planar
equilibrium structure) to an antibonding z* orbital. The excited molecule is known to have a (chiral)
pyramidal equilibrium structure. In our experiment, we determine the handedness of the excited molecule
by imaging the momenta of charged fragments, which occur after its Coulomb explosion triggered by
Auger-Meitner decay cascades succeeding the excitation. We find that the handedness of the excited
molecule depends on its spatial orientation with respect to the propagation (or polarization) direction of the
exciting photon. The effect is largely independent of the exact polarization properties of the light driving

the 1s — 7* excitation.
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Many molecules with three-dimensional structure are
chiral, i.e., they exist in two enantiomeric configurations
that are mirror images of each other. Neglecting a tiny effect
of the weak interaction, the two enantiomers of these
molecules have identical energy eigenvalues. Thus, when
generating chiral molecules from achiral precursors or for
sorting chiral molecules from racemic ensembles, energy
alone is not a sufficient control parameter to generate
enantiomeric excess. To reach this goal of enhancing the
population of one enantiomer over the other, usually
reagents are used that are chiral themselves. Light can
serve as such a reagent [1] and coherent-control schemes
have been suggested in the past to synthesize or sort
enantiomers [1-5]. Here, we show experimentally that
even one photon with an energy, which is resonant with
an internal transition in the molecule, can efficiently direct
the formation of chiral molecular structure from an achiral
precursor achieving enantiomeric excess. Earlier, chiral and
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enantioselective fragmentation of formic acid (HCOOH)
has also been observed in strong laser fields [6]. However,
given the extreme conditions of strong-field ionization and
the many sequential steps of multiple ionization and
excitation, it remained unclear which part of the complex
ionization process caused the chiral effect in the end. Our
present study employs high-energy photons for the one-
photon ionization, which allows one to finally inspect the
process in a well controlled and transparent manner,
yielding a clear quantum mechanical explanation of the
mechanism.

To this end, we study photoexcitation of formic acid, a
molecule that has a planar prochiral equilibrium structure in
its electronic ground state. Electronically excited states
with an electron in the LUMO 7z* orbital, however, have a
three-dimensional chiral equilibrium structure and thus
exist in two enantiomeric forms [7-9]. We populate this
antibonding orbital by one-photon excitation of an electron
from the K shell of the carbon atom or one of the two
oxygen atoms at their respective resonant transition ener-
gies of 288.2 eV (C 1s), 532.1 eV [O 1s (C=0)], and
535.3 eV [O 1s (C—OH)] [10]. For comparison, we
also performed the same experiment at photon energies
where a ¢* state is excited, which is known to have a planar
equilibrium structure. Corresponding energies are 292.0 eV
[C 1s 3s/6*(HCO)], 296.1 eV [C 1s ¢*(C—OH)], and
303.0 eV [C 1s 6*(C=0)] [10]. The inner-shell-excited
neutral molecule de-excites by a single Auger-Meitner
decay or by Auger-Meitner cascades on a timescale of a
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FIG. 1. Schematic representations of the experimental geometry and the considered molecular excitation process. (a) Definition of
angles from which the photon approaches the formic acid molecule in its prochiral ground state (i.e., planar structure). The polar angle 6
is the angle between the photon direction and the normal to the O1=C—O2 plane. The azimuthal angle ¢ is defined with respect to the
C=01 bond. (b) Sketch of the potential energy surfaces involved in the excitation. Horizontal axis: generalized bending coordinate of
formic acid, Q = 0 corresponds to the planar configuration, Q > 0 to the R geometry, and O < O to the S geometry. The lowest potential
energy surface shows the electronic ground state and the upper double-well surface shows the 7* state with S or R equilibrium
configuration. The dashed arrows indicate the electronic excitation. The excitation matrix element M(Q, 6, ¢) depends for each
configuration Q differently on the light propagation direction in the molecular frame of reference as defined by the angles 8 and ¢.
(c) The z* orbital for a chiral geometry in which the H2 atom is bent by O = +20° out of plane. The positive (negative) phase of the

orbital is encoded in the orange (cyan) color.

few femtoseconds. The latter can lead to the creation of
three or more charges and a Coulomb explosion of the
molecule. When more than three molecular fragments are
formed, their momentum vectors are not necessarily
coplanar and the handedness of the molecule prior to the
fragmentation can be inferred from the fragment momenta
(see, e.g., Refs. [6,11,12]).

We carried out several experiments employing different
light sources and polarization properties of the exciting
photons. Experiments using circularly polarized light were
performed at beamline PO4 of the synchrotron radiation
facility PETRA III at DESY (Hamburg, Germany) in 40-
bunch mode [13]. The experiment using linearly polarized
light was performed at beamline SEXTANTS at synchro-
tron SOLEIL in 8-bunch mode [14]. In both cases, the
pulsed photon beam was crossed with a supersonic
molecular beam [15] in a COLTRIMS reaction microscope
[16—18]. Electrons and ions were guided by an electric field
of 160 V/cm onto microchannel-plate detectors with
hexagonal delay-line position readout [19]. The detected
electrons were only used to tag the photon bunch initiating
the excitation, all other information provided by the
detected electrons was discarded in this work. From the
measured times of flight and positions of impact of the ions,
the mass-to-charge ratios and the three-dimensional
momentum vectors were calculated. The two different
protons H1™ and H2" as well as the two oxygen ions
017" and O2" of the molecule [as enumerated in Fig. 1(a)]
were distinguished using a procedure described in Ref. [6].
Here, H2 and O2 refer to the hydrogen and oxygen that are
part of the hydroxyl group (OH). In the following, we
present a subset of the data in which the three charged
fragments C*, O2", and H2" were detected. To quantify
the degree of handedness of the excited molecule, a triple
product of the three measured momentum vectors

EH2+, I;Oy, and 12C+ was calculated [6],

(k02+ X kC*) . kH2+

|k02+ X kc+| ’ |kH2+‘

(1)

cosSa =

Since heavy undetected fragments, which can be charged
or neutral, also carry momentum, the three measured

momenta kyp+, kop+, and l;c+ are mostly noncoplanar,
allowing the cosine of the chiral angle « in Eq. (1) to be
nonzero.

Figure 2 shows our corresponding experimental results.
In panel (a), we depict the measured distribution of cos «
[Eq. (1)] recorded at a photon energy of 288.2 eV, which
corresponds to the C 1s — z* excitation (blue curve), and a
photon energy of 532.1 eV, which corresponds to the
O 1s — 7" excitation (red curve). We employed circularly
polarized light in both measurements. The two distributions
show a double-peak structure with a slight minimum
located at the planar configuration (cos @ = 0). The peaks
at cosa = —0.3 and cos @ = +0.3 correspond to a breakup
of left- and right-handed chiral geometries, i.e., of the S and
R enantiomers of the molecule. The distribution measured
for the C 1s — z* resonance employing linearly polarized
light for the excitation (green curve in the same panel) is
similarly broad. The fact that it does not exhibit a clear
minimum at cos @ = 0 could be related to a considerably
smaller experimental count rate and, thus, significantly
larger statistical uncertainties, as compared to the mea-
surements with circularly polarized light. Promoting the
C 1s electron to a state of ¢* character (planar equilibrium
structure) leads to a narrower distribution of cos a with a
local maximum at the planar breakup geometry [see
Fig. 2(b)]. This finding indicates the ultrafast molecular
bending of the excited molecule upon population of
the z* state during the lifetime of the 1s hole, i.e., in the
time between the excitation and the multiple Auger-
Meitner decays that spawn the Coulomb explosion. This
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FIG. 2. Distributions of cosa [Eq. (1)], integrated over all
orientations of the molecule with respect to the light propagation
direction. The value of cos @ = 0 corresponds to planar molecular
geometry, and cosa > 0 or cosa < 0 correspond to the non-
planar R or S enantiomeric configurations. (a) Fragmentation
following C 1s — z* excitation of formic acid at a photon energy
of E, =288.2 eV [10] with circularly polarized light (blue
curve). Fragmentation following O 1s — z* excitation at a
photon energy of E, = 532.1 eV [10] with circularly polarized
light (red curve). Fragmentation following C 1s — z* excitation
at a photon energy of E, = 288.2 eV [10] with linearly polarized
light (green curve). (b) Distribution of cosa after C 1s —» ¢*
excitation of formic acid at a photon energy of £, = 296.1 eV
[10]. The error bars represent statistical uncertainties.

pyramidalization does not occur for molecules excited to ¢*
states making their breakup more planar reflecting the
fluctuations around the planar geometry. Most importantly,
all distributions depicted in Fig. 2 have an expectation value
(cosa) ~ 0 showing that, as expected, even for the case
where a pyramidalization into a chiral structure occurs,
both enantiomers are produced with equal probability.
To demonstrate experimentally how this symmetry can
be broken, we show in Fig. 3 the dependence of the
expectation value (cosa) on the direction of impact of the
exciting photon with respect to the molecule. For this, we
define a molecular coordinate frame from the plane
spanned by the C* and O2" momentum vectors. As the
heavy fragments dominate the momentum balance, this
plane approximates the molecular plane before the excita-
tion. A sketch indicating the definition of the molecular
frame and the angle of the photon impact direction is shown
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Controlling enantiomeric excess with the photon propagation direction. (a)-(e) The color-coded (cosa) distributions as
. Positive values of (cos @) (in red color) correspond to a preferred

in Fig. 1(a). Accordingly, cos@ = +1 corresponds to
photons impinging approximately normally to the initial
molecular plane. The color maps in Figs. 3(a)-3(e) showing
the dependence of (cosa) on the photon propagation
direction indicate values ranging between —0.2 and
+0.2. This suggests that the direction of impact of the
photon is a control parameter to achieve enantiomeric
excess. To elucidate further the underlying mechanism
causing the effect, we present in Figs. 3(a)-3(c) the results
obtained using left- and right-handed circularly polarized
and linearly polarized light. We do not find a significant
influence of the light helicity on the shape of the measured
(cos a) distribution (only the contrast is slightly lower in
the case of linearly polarized light). We therefore conclude
that the underling mechanism responsible for the enantio-
sensitive excitation does not rely on the interplay between
electric- and magnetic-dipole transition moments, as is the
case in pioneering theoretical work by Rouxel ef al. [20].
There, the authors predict that the helicity of circularly
polarized light, used for exciting randomly oriented formic
acid molecules, directs which enantiomer is preferably
formed in the excited state. On the contrary, the effect
observed here disappears when integrating over the
molecular orientation (as indicated by Fig. 2) and does
not invert the preferred enantiomer upon inverting the light
helicity. The present results agree with the previous study of
a chiral fragmentation of the formic acid molecule [6],
where an enantioselectivity of the pyramidalization was
achieved by changing the direction from which a circularly
polarized strong laser pulse encountered the molecule. The
handedness of the pyramidalized molecule was mainly
given by the direction of impact of the light, just as in our
present study. In contrast, a much smaller additional light-
helicity dependence was reported in Ref. [6], which is
absent in our present results using one-photon excitation.
We speculate that this slight helicity dependence observed
in Ref. [6] was caused by additionally absorbed photons
from the circularly polarized light pulse probing the excited
chiral molecular configuration and driving the fragmenta-
tion process. In the present work, no additional photons are
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excitation of the nonplanar R enantiomeric configuration, and negative (in blue) to the S. (a)—(c) Data for the photon energy of
E, = 288.2 ¢V corresponding to the C Is — z* excitation using left circularly (a), right circularly (b), and linearly (c) polarized
photons. (d) Same as in panel (a), but at £, = 296.1 €V, corresponding to the C Is — ¢* excitation. Note that the range of the color bar

is the same as in panels (a)—(c). (¢) Same as in panel (a), but at E,

= 532.1 eV, corresponding to the O 1s — z* excitation.
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absorbed, and the fragmentation is driven solely by
molecular relaxation processes, including Auger decay.
Finally, as already expected from Fig. 2(b), we do find a
rather different and less significant effect for the excitation
to the o* state [see Fig. 3(d)], as compared to the z* state.
Our finding, that the population of the z* state is the
decisive factor, is further confirmed by a measurement
performed at a photon energy of 532.1 eV. At this energy,
the same z* orbital is resonantly populated by excitation
from the O2 1s orbital [Fig. 3(e)]. We find the same general
pattern, only the ¢ angle at which the effect changes sign
has slightly moved from approximately ¢ = 50° to
¢ = 90°. This is due to the different position of the initial
1s orbital in the molecule, which imprints an additional
phase shift between excitation amplitudes [see Eq. (2) and
respective discussion below].

We now discuss the physical mechanism controlling the
direction of pyramidalization of the formic acid molecule
and, thus, generating the different enantiomers. The elec-
tronic ground state of formic acid has a planar equilibrium
configuration, i.e., the potential energy curve as function of
a generalized bending coordinate Q has a local minimum at
the planar configuration at Q = 0 and is symmetric. This is
sketched in Fig. 1(b) by the lower potential energy curve.
The ground-state nuclear wave function is schematically
shown by a yellow Gaussian distribution. A planar mol-
ecule exists only for QO being exactly zero, and, for a given
degree of the pyramidalization , there is an equal
number of molecules with R and S enantiomeric configu-
rations. This entails that any hypothetical experimental
measurement of the configuration of a single molecule will
always yield a chiral configuration, as the measure of the
set of planar molecules is zero. Any planar, prochiral
molecule thus exhibits dynamic chirality [21]. The z* state
in contrast is characterized by a double-well potential
[upper potential energy curve in Fig. 1(b)] with minima
at Q0 <0 and Q > 0 (at the equilibrium positions, which
correspond to the S and R enantiomers of the molecule). A
vertical Franck-Condon transition from the ground to the
excited electronic states produces the two enantiomers of
the molecule depending on its initial configuration (i.e., Q)
within the ground-state wave function at the instance of
photoabsorption, as indicated in Fig. 1(b) by the vertical
blue (for S) and red (for R) dotted arrows. Once excited and
being on the left (or right) side of the barrier, subsequent
molecular dynamics will yield a further increase of the
molecule’s bending until this motion along the excited-state
potential energy surface is interrupted by the Auger decay.

The transition matrix element M q(Q, 0,¢) for the
resonant population of the excited electronic state 7* de-
pends on the molecular geometry (bending coordinate Q),
the polarization of the absorbed light (¢ = =£1 for circular
and g =0 for linear polarization), and its propagation
direction [given in the molecular frame of reference by the
angles 6 and ¢ as shown in Fig. 1(a)],

4(0.0,9) = ZD (,6,0)A(Q). (2)

Here, D(a, 3, y) is the Wigner matrix for a rotation over the
three Euler angles, describing the orientation of the
molecular frame in the laboratory. In the present case,
they are defined as a = ¢ and # = 6, while the third angle y
can be chosen arbitrarily as its choice implies just a global
phase on the total amplitude M. The quantities A;(Q) are
the electric-dipole amplitudes for the 15 — z* excitation by
either linear (k = 0) or circular (k = £1) polarization, as
given in the molecular frame of reference. They depend on
the molecular geometry Q. The physical mechanism behind
the symmetry breaking is the following: for given angles 6
and ¢ from which the light impinges onto the molecule, the
matrix element in Eq. (2) is different for positive and
negative values of the bending coordinate Q, i.e., R or S
enantiomeric configurations of the pyramidalized molecule
are populated with different probabilities.

Figure 1(c) shows schematically the z* orbital for the R
configuration, where the H2 bond is artificially tilted
upward (Q > 0) by +20° out of the molecular plane. In
this bent configuration, a larger fraction of the z* density is
located above the molecular plane. Note that the upper and
lower side of a prochiral molecule are as distinguishable as
the top and bottom side of the face of a clock. The initial
C Is orbital from which the electron is promoted is not
centered with respect to the z* orbital. The transition matrix
element will maximize when the polarization vector points
from the C center to the maximum of the z* orbital. This
intuitive expectation is confirmed by our calculation of the
transition matrix element in Eq. (2) as a function of the
angles 6 and ¢. Figures 4(a) and 4(b) illustrate how the
handedness of the z* excitation in the pyramidalized
structures makes the excitation probability |M,(Q. 6, ¢)|?
nontrivially dependent on these angles. The symmetry
properties of the dipole amplitudes A_;(Q) = AL (—Q)
and Ag(Q) = —Ay(—Q) imply that the excitation proba-
bilities of the two enantiomers in Figs. 4(a) and 4(b) are just
shifted with respect to each other by an angle ¢ = 180°.

Figure 4(c) shows the normalized difference between the
computed excitation probabilities depicted in Figs. 4(a) and
4(b). This simple estimate of the enantiomeric excess yields
features very similar to what we observe in the experiment
[Figs. 3(b) and 3(b)], with the biggest surplus of R
enantiomers located at § = 180°, ¢) = —30° and 0 = 0°,
¢ = 150°, and with equal population of both enantiomers at
6 = 90° and along the lines with ¢p = —120° and ¢ = 60°.
Since the calculations were performed at two fixed bending
geometries of the molecule Q = 420°, the theoretical
contrast ranges in between 1, while it is expected to
be somewhat smaller after dynamical averaging over the
bending coordinate Q and binning in @ and ¢ angles, as
inherent in the experiment. The qualitative agreement with
the experiment indicates, however, the validity of the
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FIG. 4. Theoretical modeling of the symmetry breaking. (a) Excitation probability 6% = [M (4-20°, 8, ¢)|? for the vertical transition
from the C 1s to the z* orbital, shown in Fig. 1(c), as a function of the two angles € and ¢ defining the light propagation direction, and
(b) the same for its mirror image 6% = |M ,(=20°,6, ¢)|*>. (c) Normalized difference (6% —6%)/(c® + ¢%).

proposed theoretical mechanism. Moreover, using
the symmetry property of the dipole amplitudes
A_{(Q) = -]A;1(Q)]", it is possible to show analytically
that the matrix element in Eq. (2) obeys the following
property: M (Q,60,¢) = —[M_,(Q, 0, ¢)]*. This, in turn,
explains the observed independence of the excitation
probability [M,(Q.6,$)|* from the handedness g of the
incident light. Actually, in the electric-dipole approxima-
tion, switching the propagation direction of circularly
polarized light is equivalent to switching its helicity.
That is why, the color maps, shown in Figs. 3 and 4 for
the 1s — z* excitation, do not change by a simultaneous
transformation of cos(6) — —cos(0) (vertical flip) and
¢ — ¢+ 180° (horizontal shift). To summarize: chiral
selectivity is achieved because the dipole matrix element
between the transiently chiral ground state and the chiral
excited state strongly depends on the propagation (or
polarization) direction of the exciting photon in the
molecular frame of reference.

We presented that enantioselectivity can be achieved
without the need for a chiral precursor or chiral light. The
symmetry breaking is imposed by the macroscopic exper-
imental geometry itself. The prochiral molecule establishes
a plane with a sense of rotation. Adding a noncoplanar
vector to this plane, as given by the light propagation
direction, establishes a coordinate frame of well-defined
handedness. Such a coordinate frame is a necessary
precondition for enantioselectivity [22]. We have demon-
strated that resonant one-photon excitation under these
geometric conditions can selectively drive the planar
ground state of formic acid into a right- or left-handed
chiral excited state. The enantioselectivity is achieved by
fixing the light propagation direction in the molecular
frame of reference. The effect is substantial, since it relies
purely on the electric-dipole light-matter interaction, and it
is expected to be general to all prochiral molecules.
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