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Chiral molecules, used in applications such as enantioselective photocatalysis’,
circularly polarized light detection? and emission® and molecular switches*?, exist in
two geometrical configurations that are non-superimposable mirror images of each
other. These so-called (R) and (S) enantiomers exhibit different physical and chemical
properties when interacting with other chiral entities. Attosecond technology might
enableinfluence over suchinteractions, given that it can probe and even direct electron
motion within molecules on the intrinsic electronic timescale® and thereby control
reactivity”®. Electron currents in photoexcited chiral molecules have indeed been
predicted to enable enantiosensitive molecular orientation'®, but electron-driven
chiral dynamics in neutral molecules have not yet been demonstrated owingto the
lack of ultrashort, non-ionizing and perturbative light pulses. Here we use time-
resolved photoelectron circular dichroism (TR-PECD)" * with an unprecedented
temporal resolution of 2.9 fs to map the coherent electronic motion initiated by
ultraviolet (UV) excitation of neutral chiral molecules. We find that electronic beatings
between Rydberg states lead to periodic modulations of the chiroptical response on
the few-femtosecond timescale, showing asigninversionin less than 10 fs. Calculations
validate this and also confirm that the combination of the photoinduced chiral current
witha circularly polarized probe pulse realizes an enantioselective filter of molecular

orientations following photoionization. We anticipate that our approach will enable
further investigations of ultrafast electron dynamics in chiral systems and reveal a
route towards enantiosensitive charge-directed reactivity.

The temporal resolution provided by attosecond technologies devel-
opedinthepast23 years gives access to some of the fastest electronic
dynamics of matter on their natural timescale. Seminal pump-probe
experiments using attosecond light pulses have revealed valence elec-
tron dynamics in atoms', autoionization dynamics in molecules”,
photoionization delays in solids', as well as electron-driven charge
migration in simple ionized biomolecules®”. In all of these cases, the
intrinsically high photon energy of the attosecond light sources inevi-
tably leads toionization of the target, which has restricted the measure-
ments to ultrafast dynamics of cationic states.

When aiming to investigate the ultrafast light-induced electron
dynamics of chiral molecules in their neutral states, the pump pulse
must thus have a photon energy below the ionization threshold and
a broadband energy spectrum that can trigger coherent electron
motion among several electronic states, and a time duration that
ensures prompt excitation before any nuclear motion can take place,
together with sufficient temporal resolution. The low ionization

potential of most molecular systems thus restricts the choice of the
pump pulse wavelength to the UV and vacuum-UV ranges, thatis, to a
spectral region that cannot trigger intricate high-order, strong-field
multiphoton-driven processes?*? that rarely occur with natural light
sources. When these requirements are met, measurements with high
time resolution are possible using pump-probe spectroscopic tech-
niques thatare highly sensitive to chirality, such as TR-PECD** recently
used to probe nuclear dynamics, internal conversion and photoioniza-
tion delays in chiral molecules™ 2,

We use ultrashort UV pump pulses®?* in combination with circu-
larly polarized near-infrared (NIR) probe pulses to study coherent
electronicdynamicsin chiral neutral molecules with unprecedented
temporal resolution. We apply the chiroptical method of TR-PECD to
investigate electron-driven chiralinteractionsinneutral methyllactate
(C,Hg0,;).Figurela,bshowsanoverview of the experimental approach.
First,alinearly polarized UV pulse promptly launches a coherentelec-
tronic wave packet just below the ionization threshold in (§)-methyl
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Fig.1|Light-induced chiral dynamics of methyllactate. a, A few-femtosecond
linearly polarized UV pulse excites an ensemble of randomly oriented chiral
molecules, creating an electronic wave packet of Rydberg states by means of
two-photon absorption. The dynamics is probed by means of one-photon
ionization by a time-delayed circularly polarized NIR pulse. The probing step
leads to the ejection of photoelectrons along the light-propagation axis
defined along the zdirectionand the resulting angular distributionis recorded
by aVMIS. b, Thered and blue structures show the temporal evolution of the
coherentelectrondensityinthe excited neutral molecule: the chiral evolution

lactate by means of a two-photon transition. Then, a time-delayed
circularly polarized NIR probe triggers ionization from the transient
wave packet, providing an exceptional instrument response func-
tion 0f 2.90 + 0.06 fs (Extended Data Fig. 1). For each pump-probe
delay ¢, the 2D-projected photoelectron angular distributions (PADs)
S®(e, 0, t) are collected with a velocity map imaging spectrometer
(VMIS), for both left (h = +1) and right (h = -1) circular polarizations
of the probe pulse. € and 6 stand for the kinetic energy and direction
of ejection of the photoelectron in the (x, z) VMIS detection plane,
respectively. The chiroptical response is characterized by a photo-
electron circular dichroism (PECD) image defined as the normalized

. =) e .
difference PECD (¢, 6, ) =25 - ©0.0°5__€0.0 g, hsequently fitted
s (g0, +5 D (e,0,1)

using a pBasex inversion algorithm". Snapshots of the measured
PECD(¢, 6, t) are presented in Fig. 1c. The signal reaches values of up
to 10%, typical for PECD and about two orders of magnitude higher
than the analogously defined g factor generally obtained in circular
dichroism®?%, Low-energy electrons (¢ <100 meV; see white dashed
circles) are preferentially emitted inthe 8 =180° backward hemisphere
att=5fsand preferentially ejected forward at ¢ =11 fs. Their main
direction of ejection reverses again at ¢t =17 fs. Higher-energy elec-
trons (¢ >100 meV) are more likely emitted forward than backward
for t >11fs, but the magnitude of their asymmetry depends on ¢.
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of the photoexcited Rydberg wave packet leads to areversal of the 3D
photoelectron angular distributionat two distinct time delays, tand ¢ + A¢,
captured by the measurements. ¢, For each time delay, animage isrecorded for
bothleftandright circular polarization of the probe pulse. The differential
image PECD(¢, 6, t), defined in the main text, is shown for time delays of 5,11,17
and 26 fs for photoelectrons with kinetic energies from 25to 300 meV along
theradial coordinate. The white dashed circlesidentify the photoelectrons
below 100 meV that experience an ultrafast reversal of their emission direction
inthelaboratory frame.

The PECD(g, 6, t) images provide quantitative fingerprints of an
ultrafast dynamics taking place on the few-femtosecond timescale.
To further characterize the temporal evolution of the observed
dynamics, we decompose the PAD images in series of Legendre poly-
nomials, S® (¢,8,) =Y5_, b (¢, 1) P, (cosh), and calculate the mul-
tiphoton PECD (MP-PECD)%, defined as the normalized difference of
electrons emitted in the forward and backward hemispheres
for h=+1,asMP-PECD (¢, 1) =28, (e, 6) = 38, (e, ) + 15" (&, 1), in
which /i,(l”) (¢, 0) = 27 €9 (see Methods and Extended Data Figs. 2 and

b§M (e, )
3). ﬁ(”) (g, t) refers tothe isotropic part of the asymmetry in each hemi-

sphelre, whereas ﬁ;”) (g, t)encodes anisotropic features owing to pump
excitation'"?®, leading to the angular shaping of the PECD illustrated
in Fig. 1c. /3(;1)(5, t) has been found to be negligible in our measure-
ments. Figure 2a shows MP-PECD(g, t) and its bﬁﬂ)(e, t) component is
shown in Fig. 2b. The results are shown for (§)-methyl lactate and a
mirroring symmetric measurement in (R)-methyl lactate clearly con-
firmsthe chiral character of the Rydberg-induced dynamics, with minor
discrepancies owing to slightly lower enantiopurity and statistics
(Extended DataFig.4). We observe that the unnormalized MP-PECD(g, ¢)
behaviourinFig.2a closely matchesb(f'l)(s, t)inFig.2b, indicating that
the anisotropic effects included in [};”)(s, t) play a minor role. The
MP-PECD can be partitioned into three kinetic energy ranges, as
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Fig.2|Energy-resolved analysis. a-e, Temporal evolution of the unnormalized
MP-PECD in (§)-methyllactate (a) and corresponding bimcoefficient (b).The
white lines identify three different kinetic energy ranges of photoelectrons:
25-100 meV (c),100-300 meV (d) and 300-720 meV (e). The standard error of

identified in Fig. 2a,b. Between 25 and 100 meV, the photoelectron
emissionasymmetry reversesinabout7 fs (see Fig. 2c). A clear modu-
lation of the asymmetry remains over several tens of femtoseconds,
whichis also observed at higher e between 100 and 300 meV (Fig. 2d)
and 300 and 720 meV (Fig. 2e). These modulations are also visible in
the time-resolved photoelectronyield b,(¢, ¢), albeit their contrast is
considerably weaker (Extended Data Fig. 5). This highlights the capa-
bilities of TR-PECD, which relies on differential measurements, over
conventional photoelectron spectroscopy. Inthe following, we aim at
assigning the origin of the fast temporal modulation of the asymmetry,
which could involve electronic and/or nuclear degrees of freedom.

We modelled the experiment including both the two-photon UV
excitation and the NIR photoionization steps as sequential perturbative
processes, within the frozen-nuclei approximation. A detailed descrip-
tion of the theoretical model is provided in Methods. The electronic
spectrum of methyllactate and the two-photon excitation amplitudes
are obtained through time-dependent density functional theory®.
lonization from the excited states is described using the continuum
multiple scattering Xa approach®®?,

We present the results of our calculationsin Fig. 3. The pump pulse
populates excited states mainly originating from excitation of the high-
est occupied molecular orbital (HOMO) of the methyl lactate ground
state (see Supplementary Information section 1and Supplementary

Delay (fs)

the mean over five measurementsis shown by the shaded areas. The solid
bluelines show the fit of the oscillations from ¢ = O fs (see the corresponding
Fourier analysisin Fig.3c,e). The change of signin cidentifies areversal of the
photoelectron emissiondirectionin thelaboratory frame.

Fig.2).Figure 3ashows the two-photon excitation cross-section associ-
ated withalmost pure HOMO excitation to Rydberg states. Subsequent
photoionization by the probe pulse leads to the emission of photo-
electrons with kinetic energies € =250 and 500 meV. These ¢ values
are representative of the second and third energy ranges discrimi-
nated in the experimental data, respectively—the case of low-energy
photoelectron dynamics (¢ = 50 meV) is discussed in Supplementary
Informationsection 2.3 andillustrated in Supplementary Fig. 5. Includ-
ing the HOMO excited states of Fig. 3a in the dynamical calculations
yields the time-resolved MP-PECD shown in Fig. 3b,d. The calcula-
tions are started at ¢ =10 fs to ensure no temporal overlap between
the pump and probe pulses. The computed asymmetry presents clear
modulations as afunction of the pump-probe delay. The power spectra
of the MP-PECD signals, obtained by Fourier analysis, are compared
with their experimental counterparts in Fig. 3¢c,e. An excellent agree-
ment is found at £ =250 meV, at which the oscillatory pattern of the
MP-PECDis traced back to the pump-induced coherent superposition
of 3d and 4p Rydberg states respectively located at £,, = 8.834 eV and
E,,=9.120 eVinFig.3a. This coherent superposition leads to quantum
beatings with approximately 15 fs period, associated with an energy
difference between the states of about 300 meV, which survive long
after the pump pulse vanishes. We note that the most stable geometries
of methyl lactate do not have any vibrational mode in the vicinity of
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Fig.3|Modelling of the experiment. a, Two-photon absorption (TPA) cross-
sections for the excited states originating from almost pure HOMO excitation.
Thecross-sections have been convoluted with the UV-pump intensity squared.
Theblue and green curves correspond to the spectral probe intensity (/;.xr),
down-shiftedin energytoelicit the transient Rydberg statesleading to
photoelectrons with energies ¢ =250 meVand £ =500 meV throughionization
by one photon centred at frequency w =1.75 eV. b, Calculated MP-PECD for
photoelectrons withe=250 meV (green) compared with the experiment (blue).
The calculationsstartat¢=10 fs, correspondingto the end of the pump-probe
overlapregion (yellow area). c, Corresponding power spectra from a Fourier

2,200 cm™ (about 15 fs)*2, Similarly, the coherent superposition of 4p
and4d,fRydbergstates results in the oscillatory feature of the MP-PECD
signal at £ =500 meV. A small mismatch of about 60 meV is observed
between the experimental and theoretical power spectra in Fig. 3e.
This mismatchisonthe order of the error made in quantum chemistry
computations of excited-state energies. Overall, Fig. 3b,d unmistak-
ably demonstrates that the electronic coherence of the intermedi-
ate Rydberg states, as identified in Fig. 3a, modulates the molecular
chiroptical response.

Inour fixed-nucleidescription, the electronic coherences leading to
oscillatory MP-PECD do not vanish and evenlead to an overestimation
of the MP-PECD amplitude at all delays ¢. By contrast, the oscillations
observed in the experimental MP-PECD (Fig. 2c-e) are damped over
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Frequency (meV)

analysis. The frequency axis is shown for beatings of excited states with an
energy spacing between 150 meV (27.6 fs period) and 500 meV (8.3 fs period).
The main peak from the computed MP-PECD evolutionisat291 meV (14.2fs).
The power spectrum of the experimental data, evaluated up to ¢t =35 fs, at
which the oscillations are damped, shows a peak frequency at 280 meV (14.8 fs).
d, Calculated MP-PECD for photoelectrons with e =500 meV (green) compared
with the experiment (blue). e, Corresponding power spectrawithacentral
componentat269 meV (15.4 fs) for the computed curve. The power spectrum
ofthe experimental datais shown, witha central frequency atabout 329 meV
(12.6fs). a.u., arbitrary units; FFT, fast Fourier transform.

time, which coincides with the approximately 40 fs lifetime encoded
in the time-dependent photoelectron yield (Extended Data Fig. 5).
Describing the coupled electron and nuclear dynamics in an energy
range in which tens of electronic states lie is beyond state-of-the-art
theoretical approaches. Therefore, we alternatively performed ab initio
molecular dynamics calculations on the ground state of cationic methyl
lactate to which all the HOMO Rydberg states involved in the pump-
probe dynamics correlate following ionization (see Supplementary
Information section3 and associated Supplementary Figs. 6-8). These
calculations suggest that the most probable source of decoherencein
this investigation is non-adiabatic transitions.

The oscillations of the chiroptical response for £ =250 meV mainly
result from the coherent superposition of two states, the 3d and 4p
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Fig.4 |Electron-driven dynamics for aquantumbeating of (3d, 4p) Rydberg
states monitored at £=250 meV. a, Temporal evolution of the coherent part of
theelectron density over one period of the quantum beating (see equation (1)).
b, Photoelectronyield asafunction of the pump-probe delay, oscillating in
phase with the variation of the electron density shownin a, asexpected from
equations (1) and (2). ¢, MP-PECD as a function of the pump-probe delay
accordingto equation (3).d, Snapshots of the electronic currentinduced

by the pump pulse, on aRydberg sphere of 10 a.u. radius surrounding the
molecule for two distinct orientations R;. Propensity rules enhance ionization
for orientation R,, for which the current co-rotates with the circularly polarized
probefield (red arrow). e, Active orientation of the produced cations along
thelight-propagation axisZasafunction of time according to equation (6).
f,Resulting FBFA along Zin the reactive fragmentation of methyl lactate cations
(seeequation (7)). Theinsetsillustrate the preferential directions of emission
of CO,CH;and CH;CHOH' fragments. a.u., arbitrary units.

Rydberg states. We now investigate in more detail the role of these
states in the chiroptical response. For a single molecular orientation
R, the excited electron wave packet reads, at time ¢ after the pump
pulse vanishes, OR, 1, 0) =344, A (R)W,(r)exp(=iE;t/R) , in which
A;(R) are the real two-photon transition amplitudes associated with
the excited states W, (r). The associated electron density can be parti-
tioned as

pRD=p R +p (R r)cos[(Ey,~Ey)t/h] )

inwhichp,_ (R, 1) =A3; (R)W34(r) + A7, (R)W; (rand p (R,r) =
2A3d(IA22A4p (R)W;4(r)W,(r). Figure 4a shows, for one selected orien-
tationR, the coherentpart p (R, r,t) - p, . (R, r) of the electron den-
sity, oscillating back and forth along the molecular structure with a
period T=2nh/(E,, - E;4) of 14.4 fs. lonization of the 3d and the 4p
state superposition leads, after averaging over the orientations R, to
the total photoelectron yield, which can be decomposed similarly to
equation (1):

b5 (e, 0) = b, (&) + Do) ()OS (Egy~Esq)t/]. 2

The computed yield is presented in Fig. 4b for ¢ =250 meV,
showing how the coherent state superposition leading to
bgﬂ) (e)cos[(Ey,— E3g)t/h] modulates theincoherentsum b&:zoh(s) of
individualionization cross-sections. The unnormalized MP-PECD can
inturnbe written as:

MP-PECD (g, t) = MP-PECDj;,¢op (€)

Ey - E
+MP-PECD, o (€) cos{(‘mhw)t - A(p} 3)

in which the extra phase A¢ arises from the interference of the
state-selective continuum partial wave amplitudes building the
asymmetry of the photoelectron yield (see Supplementary Informa-
tion). As usual, this interference is washed out at the level of the total
photoelectronyield****, The temporal evolution of the unnormalized
two-state MP-PECD isshown in Fig. 4c, from which we extract the time
delay At=1.8 fs associated with A¢p = 0.79 rad. The MP-PECD reverses
sign within one period of the oscillation because the asymmetries of
single 3d-mediated and 4p-mediated pathways, contributing to the
incoherent MP-PECD around which the coherent part oscillates, verify
IMP-PECD,oss(€)| > IMP-PECD,,.o1(€)|. Asimilar behaviour is observed at
lower kinetic energy in the measurement reported in Fig. 2c. Notably,
the MP-PECD depends not only on the transient bound resonances—as
evidencedinFigs.2c-eand3a,b,d—butalso onthe dichroism encoded
byionizationwith circularly polarized light. In this respect, we note that
aphotoexcitation electron circular dichroism (PXECD) configuration®,
in which molecules are photoexcited by a circularly polarized pump
pulse and subsequently ionized with alinearly polarized probe, would
reducethe degrees of freedomto only the transient bound resonances.

Theelectron dynamics uncoveredin this work underlies yet another
consequence on the molecular response of photoexcited chiral
systems: the coherent superposition of excited states induced by the
pump allows to selectively filter—within a few femtoseconds—specific
molecular orientations through enantiosensitive photoionization'.
An electron moving within the coherent state superposition creates
an electronic current® J(R,r, t) = %J[CD*(IQ, r, )VO(R, r, £)], which
reduces to

JRr0)= %Ag,d(ﬁmp(li>[w4p(r)vw3d<r> ~ WLV, (N)]

. [(Ew - E3d)t:| )
sin| ————

when expanding ® onthe (real) 3d and 4p bound eigenstates. The chi-
rality of the moleculeinducesacurlinthe generated electron current,
whose rotation direction reverses periodically. Rotating electron cur-
rents are known to influence the ionization probability by circularly
polarized light: the propensity rules® establish that one-photon ioni-
zation is enhanced when the electrons rotate in the same direction as
the electric field. Therefore, the molecules oriented such that their
electronic current rotates in the same plane and direction as the ion-
izing laser pulse are preferentially ionized; see Fig. 4d. Consequently,
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the produced molecular cations are selectively oriented along the
probepolarizationrotationaxis, corresponding tothelight-propagation
axis z.

To quantify the degree of orientation of the photoionized molecules,
we select a unitary vector &, fixed to the internal C-C bond of the
methyllactate cation, asillustrated in the inset of Fig. 4e, and calculate
its averaged value over the probe-filtered molecular orientations in
the laboratory frame as™

. JARW IR, &, )& ,5(R)
bsY (e)

incoh

<é13b>:iﬂ)(5, L

&)

in which &,,,(R) is the & ., vector passively rotated in the laboratory
frame and W *Y(R, ¢, ) is the ionization rate associated to helicity
h=tland photoelectrons of energy €. Notably, the averaged orienta-
tion of the cations depends on ebecause the e dependence of the under-
lying photoionization yield is not the same for all orientations R.
Thexandycomponentsof (&) éﬂ)(s, t) arefound tobe zeroand only
the zcomponent survives the averaging'® (see Supplementary Fig. 9),
leading to

(€080 5 (£, 8) = (COSBion &2 (€)SIN[(Eyy— Es) t/R] (6)
inwhich 6,,,is the angle between the internal C-Cbond and the probe
propagation Z axis (see inset of Fig. 4e). (coseion)c(f;ls(s) involves
chiral-sensitive products of 3d and 4p excitation and ionization ampli-
tudes. The temporal evolution of {cos6,,,,) :{D isillustrated in Fig. 4e
for £=250 meV. When (cosHion)gD(s, t) <0, the CO,CH; moiety of the
methyllactate cations preferentially points forward with respect to Z,
whereas instead it points backward when (cosé,,,,) I({l) (g,t)>0.Such
asymmetry could be detected by resolving the direction of fragmenta-
tionof the molecular cations (see Supplementary Information section
4.2 and associated Supplementary Figs.10 and 11). Indeed, therelative
numbers of molecules pointing forward and backward at time ¢,
N (e, )and NV (g, £), respectively, can be linked to (cos6,,,,) |(iﬂ) (e, 1)
(see Methods). This ultrafast filtering of molecular orientation affects
the subsequent reactive dynamics of methyl lactate cations, with
prompt photoionization dictating the subsequent dissociation along
the selected molecular orientation. A forward/backward fragment

asymmetry (FBFA) thus naturally arises, which we define as

N, ) -N (g, t)

FBFA®V (¢, ¢) =2 .
N (e, 6) + N (g, 1)

)

The FBFAisshowninFig.4ffor h=+1and e =250 meV, reaching abso-
lute values of about 30%, whereas its temporal evolutionis dictated by
the behaviour of the underlying electron current J(R, r, £). Similarly
to the MP-PECD, the FBFA switches sign for 7 =-1 or when the other
enantiomeric form of methyllactate moleculesis considered. Because
the FBFA is created by the electron current, it vanishes in the case of
incoherent population of excited states (see Supplementary Informa-
tionsection4). This shows that the chiral electronic coherence directly
observed in our experiment through TR-PECD is crucial to achieve
control over enantioselective dynamics of the nuclei.

We have taken animportant step forward by resolving the coherent
chiral electronic dynamics of a chiral molecule in the first instants
following prompt excitation by an achiral few-femtosecond UV pulse.
The results showcase that TR-PECD can provide insights on the role of
the primary electron dynamics in the light-induced chiral response
of complex molecules. Beyond its impact on the chiroptical proper-
ties of the system, the chiral currents generated in our experiment
can be exploited for photochemical control, as exemplified by our
calculations on enantiosensitive charge-directed reactivity leading
to oriented fragmentation. From a broader perspective, our results
contribute to the fundamental understanding of electronic chirality
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at the molecular level and its impact on primary enantiosensitive
interactions.
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Methods

Experimental setup

The experiments were carried out with a 1-kHz titanium:sapphire
laser (Femtopower, Spectra-Physics), delivering 25-fs, 12-m]J pulses
at 800 nm. 5.6 mJ was used for spectral broadening in a 2.3-m-long
hollow-core fibre (Few-Cycle Inc.) filled with a pressure gradient of
helium gas. The fibre setup seeds an all-vacuum Mach-Zehnder-like
interferometer with 5-fs NIR pulses. One arm is used for the genera-
tion of the UV-pump pulse by means of third-harmonic generation
in a laser-machined glass cell filled with 7.2 bar of neon gas. A pair
of silicon superpolished substrates (Gooch & Housego) is used at
Brewster’s angle to attenuate the residual part of the NIR driving field
by three orders of magnitude while reflecting approximately 16% of
the UV radiation (50 nJ). In the second arm of the interferometer,
the remaining part of the NIR beam is focused to the experimental
region by a toroidal mirror (f=-900 mm), followed by a motorized
zero-order quarter-wave plate (B. Halle) to control the helicity of
the circularly polarized probe pulses (16 ), with an intensity of
5x102 W cm™ The instrument response function of 2.90 + 0.06 fs
is obtained by a global fit of the non-resonant (Gaussian) dynam-
ics of selected ion masses acquired simultaneously with the pho-
toelectron spectra (Extended Data Fig. 1). Liquid (S)-methyl lactate
(97% enantiomeric excess; Sigma-Aldrich) was evaporated and trans-
ported by diffusion to a VMIS to measure the photoelectron angular
distribution as a function of the pump-probe time delay. To avoid
condensation of the sample along the transport line within the molec-
ularsource, atemperature gradient from 85 °C to 95 °C was applied.

Analysis of the VMIS images

For each pump-probe delay ¢, the photoelectron angular distribu-
tions are collected with a VMIS for both left (h = +1) and right (A =-1)
circular polarizations of the NIR probe pulse to yield (¢, 0, t),
inwhich gis the kinetic energy of the photoelectron and @ its emis-
sion angle with respect to the light-propagation axis. The differen-
tial PECD lmage is then defined as the normalized difference

D (6,0,6) -5 (6,6,1)
2 == e o2 subsequently fitted using a pBa-
PECD(¢, 6, 1) = 25(+l)(£6t)+5(1)(£0 o quently gap

sex inversion algorithm®. Its evolution is monltored as a function of
the pump-probe delay tinFig.1c.S® (¢, 6, 1) = Y2¥, 6™ (¢, 1) P(cosH),

inwhich P, (cos6) are Legendre polynomialsand N = 3 is the total num-

ber of photons absorbed to reach the continuum from the ground
state: the pump-induced excitation involves two photons, whereas
ionization consists of the absorption of one NIR probe photon. bg”(s, t)
corresponds to the total (angle-integrated) photoionization cross-
section. Inthe case of asample of randomly oriented achiral molecules,
the PAD is symmetric with respect to the light-propagation axis, so that
the S®(¢, 6, t) expansionis restricted to even n. For randomly oriented
chiral molecules, the asymmetric contribution to the photoelectron
yield emerges from the extra bg’) amplitude coefficients with odd n.
Besides PECD(g, 6, t), it is convenient to introduce an angularly inte-
grated quantity to characterize the whole chiroptical response at fixed
kinetic energy. Definingit as the difference of electrons emitted in the
forward and backward hemispheres for & = +1, normalized to the aver-

age number of electrons collectedin one hemlsphere we obtam the so-

called MP-PECD?, MP, PECD(s =28, 0)- 38, )+ 185 e, 1),

in which ﬁ(”) (e,t) = b(ﬂ)( ) The time-resolved and energy-resolved

amplitude coefficients b(”)(s t), together with the resulting unnormal-

ized MP-PECD(g, t), are shown in Extended Data Fig. 2. Note that
[}(;1)(5, t)is notincluded because of its negligible contribution to the
total signal. A similar analysis protocol, ignoring the lack of cylindrical
symmetryinduced by the anisotropy of excitation of the linearly polar-
ized UV-pump pulse, was used in refs. 11and 12. It was recently shown
that the harmonic terms describing symmetry breaking could be of
significantamplitude®. In our experiment, they could be measured by
repeating the measurements with a few different orientations of the

pump polarization with respect to the detector plane, and tomogra-
phically reconstructing the 3D-PECD by Hankel transform as was done
inref.37.

Enantiomeric comparison

To evaluate the robustness of the results, the experiment was repeated
in (R)-methyl lactate (96% enantiomeric excess; Sigma-Aldrich). The
enantiomer comparison is shown in Extended Data Fig. 4, in which all
the main features observed in (§)-methyl lactate are present: the sign
of the MP-PECD signal reverses for low-kinetic-energy electrons in
Extended Data Fig. 4a and the oscillations in Extended Data Fig. 4b,c
are of opposite sign. This mirroring effect validates the quality of the
experimental data. The larger error bars for the datain Extended Data
Fig.4a,barebecause of the reduced enantiopurity (96%) of (R)-methyl
lactate and a quarter of the statistics compared with (S)-methyl lactate.
Although this preventsareliable Fourier analysis for each kineticenergy
range of the (R) enantiomer, we show in Extended DataFig. 4d the excel-
lentagreementinbeating frequency at about 329 meV for the MP-PECD
of the high-kinetic-energy electrons shown in Extended Data Fig. 4c.

Analysis of the b, (s, t) coefficient

The average b,(¢, t) shown in Extended Data Fig. 5a—c for the three ¢
regions of interest defined in Fig. 2a was fitted using an exponentially
modified Gaussian distribution®®:

f(& to, A1, A, 0, T)

o (t-tp) X ex (t-tp)
2 0V2 L
inwhicht,is the pump-probe overlap time, othe standard deviation of
the Gaussian, rthe exponential lifetime and A, and A, are, respectively,
amplitude and background constants. A characteristic decay time on
the order of 40 fs is obtained, assigned to the population relaxation
fromtheinitially populated Rydberg states to lower-lying states.

To extract oscillating features, the fit curve was subtracted from the
experimental dataand avertical shift was applied to the resulting curve
by subtractingits average value. The corresponding residuals are shown
inExtended DataFig. 5d-f. The Fourier analysis of these experimental
residuals is compared with the theoretical results in Extended Data
Fig.5g-i.Although agood agreement canbe obtained in Extended Data
Fig. 5h (259 versus 279 meV beating frequency for the kinetic energy
range € =100-300 meV), the strong background signal generally makes
the extraction of the residuals less reliable than for the corresponding
background-free MP-PECD curves for which a similar analysis has been
performed (see Fig. 2 and Extended Data Fig. 4d).

—Alxerfc[ +2T2}+A2

Computation of TR-PECD

At time ¢ after the pump pulse vanishes, the electron wave packet
formed in a methyl lactate molecule whose orientation in the labora-
tory frame is characterized by R reads

OR, 1,0 =Y ARV, (rexp(-iEt/h),

inwhichW,(r) are excited states with energies F;and two-photon absorp-
tion amplitudes from the ground state A;(R) . These states, energies
and transition amplitudes have been obtained by time-dependent
density functional theory® calculations using the LCBLYP* functional
to describe electron exchange and correlation. The calculations are
detailedin Supplementary Information section1andillustratedin Sup-
plementary Figs.1-3. Inthe spectral region spanned by the pump pulse,
most ofthe excited states have aRydberg character and originate from
the excitation of the methyllactate HOMO (see Supplementary Fig. 2).

The absorption of one NIR photon of the probe pulse leads to the
ejection of a photoelectron with wavevector k”in the molecular frame.
The associated ionization dipole is



d™ R0 =Y ARl () < W (&1 W, > exp(-iEit/h)

inwhich/_yr(w, is the spectralintensity of the probe pulse at frequency
w;=k"*/2+1,- E;, with ], the methyl lactate ionization potential, &, the
circular polarization of the probe pulse (= +1) and W{) the ingoing
scattering state associated with the electron ejected in the continuum.
Neither the scattering state nor the excited states explicitly depend
ontbecause the calculations are made assuming that the nuclei remain
frozenat their equilibriumlocations at all ¢ (see Supplementary Infor-
mation section 3). The computation of W) (r) requires an explicit
form of the exchange potential that the LCBYP functional does not
provide. Therefore, we alternatively use the Xax approximation for the
electron exchange interaction®®* to calculate lIJ,((T) (r), as detailed
in Supplementary Information section 2.2.

Rotating theionizationdipoleinto thelaboratory frame allows us to
define the orientation-averaged differential ionization cross-section as

d" (k 6,0.0 = [ dR |d}" R, o)1

inwhich k =k’ and (6, @) are the spherical angles characterizing the
direction k of electron ejection in the laboratory frame; 6 is defined
with respect to the pulse propagation direction Z. Although the
cross-section can be putin the closed form

do® c % 0 2
aa, k0 n=>Y Y b8k 0v¥6,0),

=0 i=-2

inwhichY%(8, g)are spherical harmonics, we show in Supplementary
Information section 2.2 that the MP-PECD is

MP—PECD(S, t)
[sz(u)( t)—ib(ﬂ)( t)+£b(+1)( I)J

““( 0

inwhiche= % with mthe electron mass, is the photoelectron kin-
etic energy. The bs 5; coefficients basically depend on partial-wave
ionization amplitudes weighted by the primary excitation factors, as
showninSupplementary Information section2.2. The convergence of
the computed MP-PECD with respect to the number of excited states
included in the expansion of the electron wave packet is discussed in
Supplementary Information section 2.3 andillustrated in Supplemen-
taryFig.4fore=0.5eV.

Probe-induced active orientation of the sample and
enantioselective reactive dynamics

The ionization rate W ®V (R, ¢, t) involved in the averaged value of
the probe-filtered molecular orientation in the laboratory frame,
<é,ab):§”(s, t)inequation (5), is

w D (ﬁ,s,t)«j PR, o2 dk.

Its expression, involving primary excitation and ionization ampli-
tudes, is detailed in Supplementary Information section 4.

The zcomponent of (€ ,,)s “Dig, 1), (cos@,on)(ﬂ)(s, t),isgiveninequa-
tion (6). Its relation with the number of molecules pointing forward
and backward with respect to the light-propagation axis, N* (¢, t) and
NEV (g, 1), respectively, is derived from the simple orientation model
introducedinref. 10: the distribution of oriented moleculesis described
by the wavefunction x (B, €, 8) = ag (€, ) Y3(Bi0n) + ay (e, ) Y2 (Bir),
in which Y3(6,,,) and Y2(8,,) are the usual spherical harmonics
and ad(e,t) + ai(e,t) =1. Note that higher (I, m) orders are not
necessary to describe basically a forward/backward asymmetry.

(cosB,,p éﬂ) (&, t) can be evaluated using the x(8,,,, €, t) expansion as

2n ¢
(c0sB,,05 (e, 1) :IO d(pIO dBi0n X Bion, €, D)1>€OS(Bi0) SIN(Big),

yielding {cosbi,n 5 (D (,0)= Tao(s t)a, (¢, t). Therelative number of
molecules pomtmg forward simply corresponds to the square
modulus of x(6,,,, €, t) integrated over the forward hemisphere, in which

Oion € [0, ﬂ
2n /2
NED(e, £) =J”0 d<pjo 6.y Y (Biory &, D12 SIN(B,g)

+ gao(s, tay(e,t)

N|= N

3 +
+ Z(cosHion):i e, ).

Clearly, N(”)(s t)=1-N& (e, 6). The explicit expression of
(cosbion) o * (¢, ¢) is detailed in Supplementary Information section 4.

Once Nf*l) (g, t) isknown, the FBFA defined in equation (7) directly
follows. The dependence of the FBFA on gisillustrated in Supplemen-
tary Fig.12.
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ion masses acquired simultaneously with the photoelectron spectra.
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instrumentresponse function of2.90 + 0.06 fs. The shaded areashows the
standard error of the mean obtained from five measurements.
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text:25-100 meV,100-300 meV and 300-720 meV.



Article

25-100 meV
-20 0 20 40 60

e
A ""‘4“-’?\""':

T e L

-0.05 100-300 meV

300-720 meV

-20 0 20 40 60
Delay (fs)

Extended DataFig.3 |Energy-resolved time dependence of the odd
coefficients. Shownare the time dependencies of the normalized b,, b;and b,
coefficients for (S)-methyllactate in the ranges 25-100 meV (a),100-300 meV (b)
and 300-720 meV (c). For eachenergy range, within the cylindrical symmetry
approximation of the photoelectron momentum, the dominant modulationis
observed for the b, coefficient, which thus governs the signal of the MP-PECD
(Fig.2). The contribution from b is negligible.



MP-PECD (%)

MP-PECD (%)

& =300-720 meV

20 30
Delay (fs)

40 50 60

MP-PECD (%)

FFT power spectrum (arb. u.)

20

-
o

o

0.8

0.6

0.4

0.2

€ =100-300 meV

L L L L n L L L

20  -10 0 10 20 30 40 50 60

Delay (fs)

—me= (S)-ML
— (R)-ML

& =300-720 meV

</ ‘\ Ul

200 300 400 500
Frequency (meV)

Extended DataFig. 4 | Enantiomer comparison. a-c, The MP-PECD for the photoelectronkinetic energy regions defined in Fig. 2a for both (S)-methyl lactate
(blue curve) and (R)-methyl lactate (red curve).d, The fast Fourier transform (FFT) power spectra for e =300-720 meV.



Article

25 2.5 25
a e=25-100 meV| b €= 100-300 meV c €= 300-720 meV
2 2
g g
< 15 S 45
o o
Qo Qo
G
1 1
7
=444x20fs =423 x18fs =35.8+24fs
-20 0 20 40 60 -20 0 20 40 60 -20 0 20 40 60
Delay (fs) Delay (fs) Delay (fs)
0.1 0.1 0.1
d e
S 0.05 S 0.05 S 0.05
g g g
S S S
g 0 gz 0 g 0
=3 p=} =}
S S kel
(7] [} (7}
& -0.05 & -0.05 & -0.05
-0.1 -0.1 -0.1
-20 0 20 40 60 -20 0 20 40 60 -20
Delay (fs) Delay (fs) Delay (fs)

1 — b0 1t h — b0 1 i — b0
£ = sim. € = sim. € = sim.
208 208 208
[$) Q [$)

Q Q Q
Q Q. Q.
@ 0.6 @ 0.6 0.6
3 0.4 3 04 3 04
[eR o o
E 0.2 A E 0.2 E 0.2
0 o o N\A
200 400 600 200 400 600 200 400 600

Frequency (meV)

Frequency (meV)

Frequency (meV)

Extended DataFig. 5| Analysis of the total photoelectronyield. Time
evolution of the b, coefficient for the three e regions defined in Fig. 2a:
25-100 meV (a),100-300 meV (b) and 300-720 meV (c). The standard error
over five measurementsis shown by theshaded area. Thered curve shows afit

ofthe experimental dataand the residuals obtained by subtracting the fit from
the experimental data are shownin d-f. The power spectrum from a Fourier
analysisis showning-iandiscompared with the theoretical model. FFT, fast
Fourier transform.



	Capturing electron-driven chiral dynamics in UV-excited molecules

	Online content

	Fig. 1 Light-induced chiral dynamics of methyl lactate.
	Fig. 2 Energy-resolved analysis.
	Fig. 3 Modelling of the experiment.
	Fig. 4 Electron-driven dynamics for a quantum beating of (3d, 4p) Rydberg states monitored at ε = 250 meV.
	Extended Data Fig. 1 Laser pulses properties.
	Extended Data Fig. 2 Decomposition of the PAD and PECD images.
	Extended Data Fig. 3 Energy-resolved time dependence of the odd coefficients.
	Extended Data Fig. 4 Enantiomer comparison.
	Extended Data Fig. 5 Analysis of the total photoelectron yield.




