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The exposure of molecules to attosecond extreme-ultraviolet (XUV) pulses
offers aunique opportunity to study the early stages of coupled electron-
nuclear dynamics in which the role played by the different degrees of freedom
isbeyond standard chemical intuition. We investigate, both experimentally
and theoretically, the first steps of charge-transfer processesinitiated by
promptionization in prototype donor-m-acceptor molecules, namely
nitroanilines. Time-resolved measurement of this process is performed

by combining attosecond XUV-pump/few-femtosecond infrared-probe
spectroscopy with advanced many-body quantum chemistry calculations. We
show thata concerted nuclear and electronic motion drives electron transfer
from the donor group on asub-10-fs timescale. This is followed by a sub-30-fs
relaxation process due to the probing of the continuously spreading nuclear
wave packetin the excited electronic states of the molecular cation. These
findings shed light on the role played by electron-nuclear coupling in donor-
m-acceptor systems in response to photoionization.

The ultrafast redistribution of energy and electronic charge in mol-
ecules after photoexcitation is a phenomenon of primary relevance
in physics, chemistry and materials science'>. Photoinduced electron
transfer (ET) and charge transfer (CT) have agreatimportanceinnature
since they govern photosynthesis in plants and bacteria*. Furthermore,
these processes are the driving mechanisms at the heart of many fun-
damental processes located onthe boundary between purely quantum
effects and molecular dynamics: from non-adiabatic electron-nuclei

correlations* and electronic decoherence’’ to photovoltaic response'®
and electronic transport". The ability to measure the ET/CT dynamics
with extreme temporal resolution not only provides a fundamental
understanding of the physical mechanisms behind these processes,
butalso offers unique insights into how to engineer the chemical and
structural properties of the molecule to control or enhance them. In
this context, ultrashort extreme-ultraviolet (XUV) pulses from table-top
high-order harmonicsources or free electron laser (FEL) facilities stand
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as potent tools for initiating and observing, on timescales ranging
from the femtosecond™ ' down to the attosecond>", a wide range of
electronic/nuclear processes unfolding as an ultrafast response to
photoionization. In addition, advancements in X-ray FEL technology
have enabled the generation of X-ray pulses lasting a few femtosec-
onds™ and even attoseconds”, with sufficient energy for conducting
X-ray-pump/X-ray-probe experiments. These capabilities provide
site- and state-specific resolution, which is of particular interest for
investigating CT phenomena in molecules®.

A variety of experimental techniques have been reported in
which attosecond sources have been used either as pump oras probe.
Attosecond transient absorption spectroscopy (ATAS)?, in which
few-femtosecond visible (VIS) or near-infrared (NIR) pulses excite
the sample and attosecond pulses probe the induced dynamics with
elementsensitivity, has been used to follow the dynamics mediated by
conicalintersections in diatomic molecules such asiodine monobro-
mide (IBr)*, in polyatomic molecules such as methyl bromide (CH,Br)*,
in ethylene cation (C,H,")?*, methane cation (CH,")* and in neutral
silane (SiH,)*. At the same time, recent advancements in generating
sub-3-fs deep ultraviolet (UV) pulses”?® are opening interesting ave-
nues forinvestigating with ATAS the initial stages of UV-induced dynam-
ics, an area previously constrained by lower temporal resolution®',

Another powerful experimental approach for accessing coupled
electron-nuclear dynamicsin molecules is attosecond photoelectron/
ion spectroscopy, in which attosecond pulses initiate the dynamics
by promptly removing an electron, and femtosecond VIS-NIR pulses
probe/control the ensuing dynamics, oftenin anon-perturbative way.
In this case, the photoelectron or the ion spectra produced by the
interaction with the pump and probe pulses are measured as a func-
tion of the pump—-probe time delay. This method has been employed,
for example, to measure charge migration in aromatic amino acids
(phenylalanine and tryptophan)*?*, the photodissociation dynamics
of the ethylene cation C,H," excited by XUV pulses®*** and ultrafast
energy relaxation following ionization induced by 20 fs XUV pulses
in planar polycyclic aromatic hydrocarbons with increasing sizes™.

Despite many ground-breaking advancements, a detailed under-
standing of the initial steps of ET/CT and of the ultrafast processes
drivenby coupled electron-nuclear motionin medium-sized and large
moleculesimmediately after prompt photoionizationis not yet avail-
able. As a consequence, precise temporal information on the various
steps of the ET/CT process, oftenillustrated with a sequence of Lewis
diagrams®, has never been thoroughly addressed. Thisis mainly caused
by the lack of adequate and computationally accessible methods to
describe many-body quantum systems and by the limited set of experi-
ments offering a proper time resolution on polyatomic molecules. Here
we present experimental evidence, together with detailed numerical
simulations, of a sub-10-fs ET process in three species of nitroaniline
cations, driven by an ultrafast molecular planarization process. ET is
then followed by a slower spreading of the nuclear wave packetin the
excited electronic states of the molecular cation. By monitoring the
production of ionic fragments and computing the temporal evolution
of the electronic density in different regions of the molecular struc-
ture, we are able to time resolve the coupling between electronic and
nuclear motion, hence unravelling the intrinsically joint nature of the
ET process occurring at the few-femtosecond timescale.

Results and discussion

Investigated molecules

We have investigated para-nitroaniline (p-NA), meta-nitroaniline
(m-NA) and N,N-dimethyl-4-nitroaniline (nd-NA), the chemical struc-
turesof which are displayedin Fig.1a. These molecules are constituted
by anelectron-donating amino functional group (-NH, or -NMe,) and
an electron-withdrawing nitro functional group (-NO,) connected
through a m-conjugated benzene ring. This structural arrangement
givesrise toastrong molecular dipolein which the electron density is
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Fig.1|Molecular structures and experimental strategy. a, Molecular
structures of p-NA, m-NA and nd-NA. Red, oxygen; blue, nitrogen; black,
carbon; white, hydrogen. b, Scheme of the pump-probe experiment. The XUV
attosecond pulse ionizes the molecule from the ground state G, thus creating
asuperposition of cationic states (DO, D1, ...). A delayed VIS-NIR field favours a
second ionization by multiphoton absorption, creating a dication. ¢, Calculated
potential energy curves versus the planarization angle of the amino group with
respect to the benzene ring of the ground state, G, of the neutral p-NA molecule,
the excited state D6 of the cation and the ground state SO of the dication. After
aninitial localization into aminimum of potential in D6, the wave packet spreads
over several degrees of freedom.

shifted towards the most electronegative nitro group, leaving a posi-
tive partial charge located closer to the amino group. Therefore, these
molecules can be formally considered as a class of donor-m-acceptor
prototypes®**°. The comparison between p-NA and m-NA allows us
to investigate the positive (negative) inductive effect of the donor
(acceptor) group on the ultrafast dynamics because the molecular
dipole decreases from15 D for p-NA to 6 D for m-NA (complete basis set
method CBS-QB3)*. The presence of the methyl groups (CH,) in nd-NA
affects the polarity and the charge separation between the positive and
negative sides of the molecule’ and increases the electron reservoir
available from the donor group due to the positive inductive effect of
the methyl groups.

Molecules were ionized by isolated sub-200-as pulses generated
inkrypton, with photon energy in the spectral range between 20 and
50 eV (Supplementary Fig.1b). The dynamics of the cations were then
probed by 4 fs VIS-NIR pulses (central photon energy, 1.77 eV) with
a peak intensity of 5 x 10 W cm, which can promote the cations to
molecular dications viamultiphoton absorption. The parent and frag-
mentions produced by the interaction of the molecules with the pump
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Fig. 2| Time-resolved measurements. a, Experimental TOF spectra of NO*

(m/q =30) for different time delays between pump and probe pulses in the case of
p-NA.The upper xaxis displays the kinetic energy release (KER) for both forward
and backward emitted ions. b, Normalized differential mass spectra of NO* for
p-NA versus pump-probe time delay obtained by determining the difference
between the spectraacquired with and without the probe pulse. ¢, NO*yield in
the case of p-NA obtained by integrating the TOF spectra of the high-energy NO*
ionemitted in the forward directionin a3 eV kinetic energy window centred on
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the maximum of the corresponding shoulder. Data are presented as mean values
over six acquisitions +s.e.m, here represented as ashaded area. The black line is a
fitting curve with an exponential rise time of 9.3 fs and an exponential relaxation
time of 22.4 fs; the dash-dotted grey line is the impulsive response function (IRF).
d,NO"yield in the case of p-NA (orange, same as ¢), m-NA (green) and nd-NA
(purple) obtained by integrating the TOF spectra of the high-energy NO*ion
emitted in the forward direction. Data are presented as mean values + s.e.m.

and probe pulses were then collected by a linear time-of-flight (TOF)
mass spectrometer.

Time-resolved measurements

The concept of the experiment is shown in Fig. 1b,c. Isolated attosecond
pulses photoionize gas-phase molecules and populate several elec-
tronic states of the cation (and also afew ones of the dication), in which
coupled electron and nuclear dynamics are initiated. The interaction
of the VIS-NIR pulse with the cations is sensitive to these dynamics,
determining the fate of the subsequent fragmentation process, which
evolves on a longer timescale. Therefore, the yield of production of
the different fragments as a function of the time delay between the
attosecond pump pulse and the VIS-NIR probe pulse is related to the
evolving dynamics in the cationic states.

In particular, the mass spectrum at mass-to-charge ratios m/q =30
and 46, corresponding to the nitrosonium (NO*) and nitronium (NO,")
cations, respectively, displays a characteristic structure with a central
peak and two shoulders (see Fig. 2a for the case of NO*). The two shoul-
dersare produced by thekineticNO*/NO," ions emitted in the Coulomb
explosion (CE) of the dicationin the forward or in the backward direc-
tion relative to the detector: these ions are detected either at earlier
or later times, respectively, in the TOF spectrum. The corresponding
kinetic energy release is reported on the upper x axis of Fig. 2a and
on they axis of Fig. 2b. This assignment was further corroborated by
synchrotron measurements (Methods). Figure 2a,b illustrates that

only the shoulders exhibit a temporal evolution, in contrast to the
central peak, which remains unchanged with varying pump-probe
delay. This observation confirms that the two shoulders and the cen-
tral peak arise from distinct mechanisms. The dynamics on the side
peaks are directly associated with a time-dependent variation of the
molecular dication population. On the contrary, the central peak can
be ascribed to an independent dissociation process occurring at the
cationic level, barely affected by the VIS-NIR probe pulses. The evolu-
tion of the NO" yield, obtained by integrating the TOF spectra of the
ions emitted in the forward directionin a3 eV kinetic energy window
centred on the maximum of the corresponding shoulder, is shown
in Fig. 2c on a 50 fs timescale and on a longer timescale (200 fs) in
Fig. 2d. The experimental data display a rise time 7,=9.3 + 1.4 fs and
an exponential decay with time constant 7,=22.4 +1.2 fs and the cor-
responding fitting curves are shown asblack lines in Fig. 2c,d. The same
behaviour was obtained in the case of the NO," fragment (m/q = 46) in
the kinetic energy window centred on the maximum of the shoulder
corresponding to the high-energy ions (as shown in Supplementary
Fig.5). The ultrafast dynamics of the NO"and NO," fragments of m-NA
and nd-NA showthe samefeatures, as displayed in Fig. 2d (the measured
rise time and relaxation lifetime for the three molecules are reported
in Supplementary Table 1). A temporal evolution was also observed
in other charged fragments. It is worth mentioning that the yield of
production of the fragments CN* (m/q = 26), C,N" (m/q=38) and C;N*
(m/q =50) has a rise time comparable to that measured for NO* and
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Fig.3|Sub-10-fs planarization process. a, Calculated temporal evolution of
the average r.m.s.d. of all the trajectories initialized in electronic state D6 of
p-NAwithrespect to the planar minimum geometry. The lower the values of the
r.m.s.d, the closer to the planar geometry. b, Snapshots of the evolution of the
electronic density. The colours indicate the basins where the density is assigned.
Inthe NH, region, orange indicates the lone pair of the nitrogen; green indicates
the C-Nbond. ¢, Temporal evolution of the average charge in the ELF basins

for the lone pair of the nitrogen N in the NH, group (orange) and the C-N bond
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connectingitto the ring (green). d, Temporal evolution of the average kinetic
energy of the nuclear wave packet (black curve) and the average Dyson norm
(red curve) corresponding to the orbital that results from the projection of the
whole wave packet in the monocation at each time-step of the surface hopping
trajectory onto the dication. e, Lewis structures representing the CT from the

lone pair of the nitrogen to the adjacent C-N bond and from the NO, group to the
other C-Nbond.

NO," fragments (7, =10 fs) and a subsequent much longer relaxation
lifetime (Supplementary Table1).

Theoretical calculations
Dueto thelarge bandwidth of the attosecond pulse used to ionize the
molecules (-20 eV), many electronic states in the resulting molecular
cation are energetically accessible. However, according to our meas-
ured photoelectronspectra (PES), recorded with synchrotron radiation
at60 eV (Extended DataFig.1), the major contributions to the PES come
from the lowest electronic states for all three molecular cations. Our
theoretical multireference complete active space self-consistent field
calculations** confirm that the largest Dyson norms at the equilibrium
geometry of the neutral molecule mainly correspond to states of the
monocationlyingupto4 eV above theionization threshold, all of them
with a pronounced 1 hole (1h) character. This is further supported by
thereasonable agreement between measured and calculated spectra,
the latter obtained from actual ionization probabilities or the Dyson
norms (Supplementary Figs. 11and 13).

Consequently, tounderstand the origin of the measured ultrafast
dynamics in each molecular cation, we have mostly considered these
low-lying cationic states as starting points for the ensuing coupled

electron-nuclear dynamics. These dynamics were described by per-
forming few-switches trajectory surface hopping calculations asimple-
mented in the SHARC code®, in which nuclear motion is described
classically in the potential energy surfaces of the lowest ten electronic
states (which include all 1h states and most of the 2 hole-1 particle
(2h-1p) and a few 2h-2p states in the 0-4 eV energy interval) and all
possible non-adiabatic transitionsamong them are takenintoaccount.
Inall cases, theinitial geometry in these dynamics simulations was that
of the neutral molecule.

Let us first consider the case of the p-NA cation. As the charge
dynamics initiated from different states of this cation (those with the
largest Dyson norms) is qualitatively similar, here we will only show
theresults for trajectories starting in the D6 state. Results obtained by
starting from the D1, D2 and D50 states, which are the main contributors
tothe spectral region covered by the broadband attosecond pulse (Sup-
plementary Table 3), are shownin Supplementary Fig.15. The firstimpor-
tantresult of the simulationis that,immediately after photoionization,
the cation undergoes an ultrafast planarization of the amino group
(NH,) with the benzene ring, irrespective of the initial electronic state
ofthe cation, including its ground state. Figure 3a shows the temporal
evolutionof theroot means square deviation (r.m.s.d) of the trajectories
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Fig. 4 |Sub-30-fs relaxation dynamics. a, Temporal evolution of the energy
difference between the D1, D2 and D6 states of the cation and ground state
ofthe dication for all the p-NA trajectories. The dotted horizontal black lines
mark energy gaps for absorption of a VIS-NIR photon (represented by ared
arrow). b, Normalized number of trajectories requiring five, six, seven and eight
VIS-NIR photons (w) to reach the ground state SO of the dication in p-NA, for

the trajectoriesinitiated in the highest electronic states (D6). c-e, Normalized
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number of trajectories requiring the absorption of six VIS-NIR photons to reach
SO (dark red line) compared with the measured yields (circles and shaded area)
for p-NA (c), m-NA (d) and nd-NA (e), obtained by integrating the TOF spectra
of the high-energy NO" ion emitted in the forward direction (same as in Fig. 2d).
To guide the eye, the fits to the experimental spectra are also indicated by thin
continuous lines. Data are presented as mean values +s.e.m.

withrespecttothe planar geometry, which correspondstoalocal energy
minimum. Ther.m.s.d. serves as anindicator of the proximity of molecu-
lar structures to the planar minimum: the lower its value, the closer the
systemis to that minimum. As observed, the nuclear wave packet evolves
toward a planar molecular geometry in -7 fs after photoionization. A
representative example of the nuclear dynamics associated with one
ofthe trajectoriesis shownin Supplementary Video 4.

Sub-10-fs dynamics
We then computed the temporal evolution of the electron density in
different regions of the moving molecular cation. The boundaries of
the different regions, which change with time due to nuclear motion are
defined by the basins of the electron density as defined in the electronic
localization function (ELF) theory, as described in Methods.

The variation of the electron density in the vicinity of the NH, group
is shown in Fig. 3b and, in more detail, in Supplementary Videos 1-3.
Duringthefirst~10 fs, the largest variations in the electron density occur
around the NH, group and the adjacent C-Nbond. Therefore, thereisa
substantial amount of ET from the lone pair of NH, toward the C~-Nbond
(colour change from orange to green around the NH, group), which
becomes a double bond (around 0.1 A shorter; Extended Data Fig. 2).
This isaccompanied by planarization of the NH, group. During the fol-
lowing 10 fs, this group adopts a pyramidal structure again, albeitinthe
opposite direction, and the ET is reversed. To quantify the magnitude
ofthe ET, Fig. 3c shows the evolution of the net charges that result from
integration of the electron density over the two regions. ET amounts
to almost a complete atomic unit of charge and goes in phase with

planarization of the NH, group. In parallel, asignificant ET from the NO,
group to the corresponding adjacent C-Nbondis observed (Extended
DataFig.3 and Supplementary Videos1-3). This ET, whichis practically
concerted withET from the NH, group to the corresponding C~-Nbond
and vice versa (except for a very small delay of 1-2 fs), also leads to the
formation of aC=N doublebondinthisside of the molecule. Therefore,
the signature of NH, planarization is also imprinted in the NO, group.
The same ultrafast behaviour was obtained for m-NA and nd-NA, hence
corroborating our theoretical interpretation. We note that this ET
initiated by prompt ionization occurs in the same time interval as the
initial increase of the yield for production of NO*and NO," fragments.

The temporal evolution of the nuclear kinetic energy and of the
cation-dication Dyson normsshownin Fig. 3d allows usto confirmthat
therise ofthe NO*and NO,"yields at early timesisindeed the signature
of concerted NH, planarization and ET. As observed, the nuclear kinetic
energy increases dramatically within the initial ~10 fs. This increase
favours CE following the probe step, consequently promoting the
production of NO"and NO," fragments. This is the consequence of
the nuclear wave packet acceleration in the potential energy surface
of theinitial state while travelling towards the energy minimum asso-
ciated with the planar structure. At longer times, the nuclear wave
packet splits as the system goes through a series of conical intersec-
tions (Extended Data Fig. 4), leading to a more complex evolution.
As aresult, the average nuclear kinetic energy does not significantly
increase further and fluctuates around amean value. Onits way to the
minimum of the potential energy surface during the first 10 fs, the
nuclear wave packet becomes progressively narrower, thus favouring

Nature Chemistry


http://www.nature.com/naturechemistry

Article

https://doi.org/10.1038/s41557-024-01620-y

ionization by the probe pulse. This goes in parallel with a significant
increase of the cation-dication Dyson normin the same time interval
(Fig. 3d and Supplementary Fig. 14g-i), which also favours ionization
by the probe pulse.

Thus, itis the combined effect of increasing nuclear wave packet
localization and nuclear kinetic energy that favours ionization of the
cation by the probe pulse and the ensuing CE, which leads to a more
efficient production of NO* and NO," fragments. Another fact that
supports this interpretation is that the production yield of several
charged fragments associated to the C-N bond, towards which the
initial CT occurs, shows an ultrafast increase with a time constant
of ~10 fs, implying that localization and higher kinetic energy also
causes anincrementinthe probability of cation excitation over certain
fragmentation barriers. These fragments (CN*, C,N" and C;N") are
connected to the promotion from the lowest excited states toward
higher-lying cationic excited states, and show an exponential decay
with a much longer time constant (z, > 60 fs; Supplementary Table 1)
thanthat measured for the fragments resulting from dication genera-
tion and CE. Thus, we can now conclude that the time required for CT
fromthe donor group to thering, following the textbook scheme shown
inFig. 3e, is only ~10 fs. Moreover, in agreement with the commonly
accepted picture, this CT requires that the nitrogen atom changes its
hybridization from sp? (pyramidal) to sp? (planar) in only 10 fs. Due to
these results, we can associate atiming of -10 fs with this fundamental
process of donor-acceptor systems. Itisalsoimportant toemphasize
here that the simulation times considered in the preceding analysis are
too short to enable the observation of CT to further positions in the
phenyl ring or the NO, acceptor group. Indeed, at variance with NH,,
the geometric changes needed to modify the electronic configurations
in NO, take much longer due to the much larger mass of the oxygen
atoms (as described in Supplementary Section 10). Thus, the charge
transferred to the C-N bond can only go back and forth between this
bondand NH, inthe short timeinterval consideredin the calculations.
This back-and-forth motion of the charge is not observed in the experi-
mentdue to the sub-30-fs damping of the fragments resulting from CE.

Sub-30-fs dynamics

To understand the origin of this damping, Fig. 4a shows, for all cal-
culated nuclear trajectories, the temporal evolution of the energy
difference between the excited cationic states, populated by the atto-
second pump pulses, and the ground state of the molecular dication,
reached after the interaction with the VIS-NIR probe pulses. One can
see that, whereas the energy required to reach the molecular dica-
tion from trajectories starting in the lowest states, D1and D2, barely
changes with time, there are trajectories starting in higher excited
states for which the energy difference with the ground state of the
dication increases progressively with time, especially after ~25 fs.
This concerns the higher excited states of the cation with the largest
Dysonnorms:state D6inp-NA, state D8 in m-NA and state D5in nd-NA
(Supplementary Table 3). Consequently, the number of VIS-NIR pho-
tons required to ionize the molecular cation increases with time, as
illustratedinFig.4a, where the energies needed toionize the molecular
cation by absorption on n VIS-NIR photons at any time are shown.
From this figure, we can estimate the number of trajectories which
require absorption of a particular number of VIS-NIR photons toreach
the dication. Figure 4b shows the normalized number of trajecto-
ries requiring five, six, seven and eight VIS-NIR photons to reach the
ground state SO of the dication (Fig. 1c) for the trajectories initiated
inthe cationic state D6 of p-NA. As displayed in Fig. 4c-e, the tempo-
ral evolution of the number of trajectories that require the absorp-
tion of six VIS-NIR photons to reach SO closely follows the relaxation
dynamics ofthe NO"yield of the three molecules. The decrease in the
number of trajectories leads to an overall decrease in the probability
of doubleionization by acombination of the pump and probe pulses,
hence hindering the production of the observed dication-related

fragments. Our interpretation is consistent with both m-NA and nd-NA
experimental and numerical results.

The experimental measurements do not reflect the charge oscil-
lations in the slowly decreasing yield beyond 10 fs. This can probably
be attributed to the stabilization and nearly random variation of the
cation-dication Dyson norms and the average nuclear kinetic energy
around a central value. This is in contrast to the rapid and monotonic
increase of these quantities from 0 to 10 fs, as illustrated in Fig. 3d.
Consequently, any traces of the clear oscillations of the charge, which
persist up tosignificantly longer durations, should effectively be dimin-
ished. Unambiguous proof of this claim would necessitate model-
ling the ionization by the IR probe pulse and the subsequent coupled
electron and nuclear dynamics up to sufficiently long times—ideally,
comparable to the times needed by the ionic fragments to reach the
detector. However, thisis unfeasible for molecules of this complexity
with currently available theoretical tools.

Interestingly, the ultrafast CT process remains unaffected by both
the inductive effect and methylation. In the case of methylation, this
canbe attributed to the methyl groups being positioned closer to the
planar geometry, thereby counterbalancing theimpact of theincreased
mass of the donor group. At the same time, it is worth noting that the
observed decay time for nd-NA (7, =31.4 + 1.3 fs) islonger thanin p-NA,
suggesting a direct impact of methylation on nuclear wave packet
confinement.

Conclusion

We have shown that the very first step of ET in prototypical nitroaniline
cations, thatis, CT from the NH, lone pair to the adjacent C-N bond,
occurs inabout 10 fs and is driven by planarization of the NH, group.
This is the time needed by the nitrogen atom to change its hybridiza-
tion from sp® to sp?, so that an electron can effectively be transferred
to the rest of the molecule. The electron dynamics observed in this
study exhibit a slower rate compared to those documented in previ-
ous experimental®>** and theoretical®>*****® investigations of mol-
eculesincorporating donor and acceptor groups. Inthose studies, the
observed electron dynamics arise from a coherent superposition of
electronic states (that is, an electronic wave packet) in the molecular
cation, induced by either a broadband attosecond pulse®*******8 or
by the electron rearrangement that follows the sudden creation of a
single 1h state in the molecule**®. As the energy differences between
the electronic states involved in these coherent superpositions are of
the order of eletron-volts, the corresponding beatings must necessar-
ily occurinthe sub- or few-femtosecond timescale. Thisis not what we
observe in the present work. The observed dynamics result from the
coupled electron-nuclear motion triggered by the attosecond pulse
inthe molecular cation, where electronic charges redistribute follow-
ing nuclear rearrangements. The dynamics are therefore necessarily
slower than those reported in previous works. Nonetheless, they lead
to changes of about 1 atomic unit of charge around the NH, group in
just 10 fs, which still requires extreme time resolution to be resolved
unambiguously. This process is at the heart of any subsequent ET/CT
process occurring at longer timescales, where eventually the CT is
completed toward the acceptor nitro group. We have also provided a
comprehensive explanation for the decay of the ionic fragments that
is observed in this and earlier XUV pump/VIS-NIR probe experiments
atlong pump-probe delays, which we believe to be a consequence of
the increasing inefficiency of the probing step due to the continuous
spreading of the nuclear wave packet.

Theresultsreported here answer afundamental questionin chem-
istry asthey unveil the times required to transfer charge froman elec-
tron donor unit to the adjacent carbon atom of the benzene ring, and
for the concomitant required structural changes to occur. Therefore,
we believe that these experimental and theoretical findings pave the
way to abetter understanding of the textbook diagrams and concepts
used to qualitatively predict charge migration in organic molecules.
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Methods

Molecular target

The three samples underinvestigation (p-NA (CAS number 100-01-6),
m-NA (CAS number 99-09-2) and nd-NA (CAS number 100-23-2)) were
acquired from Sigma-Aldrich. The samples, which are in the form of
a powder at standard ambient temperature and pressure, are stable
atroom temperature and were used without further purification. An
effusive oven source was used to evaporate the samples in a vacuum
environment. The powder was loaded into a hollowed screw, which
was subsequently inserted into the oven. A heating cable was used to
increase the temperature. The temperature required for the sublima-
tion of the samples was in the range between 90 °C and 110 °C, well
below their melting points. Argon was used asa carrier gas to transport
the moleculesto the interaction region, while simultaneously reducing
their internal kinetic energy before the interaction.

Photoelectron-photoion coincidence experiments with
synchrotron radiation
Photoemission experiments were performed at the Gas Phase Photoemis-
sion (GAPH) beamline® of the Elettra synchrotron radiation facility
(Trieste, Italy) at photon energies of 60 eV and 37 eV. The former energy
issuitable for obtainingacomplete picture of the valence electron states,
whereasthelatter mimics the central frequency of the attosecond pulses
used in the pump-probe measurements. Molecular samples were sub-
limated using an oven source. The experimental station hosts a VG 220i
hemispherical electron analyser equipped with a 2D position-sensitive
detector and aWiley-McLaren TOF mass spectrometer, mounted oppo-
site to each other at the magic angle (~55°) with respect to the polariza-
tion axis of the radiation®®. The electron and ion spectrometers have
been used either independently of each other for PES and photoion mass
spectrometry or in combination for photoelectron-photoion coinci-
dence (PEPICO) experiments. In the PES experiments the analyser was
operated witha passenergy of 10 eV, whichresultsinan energy resolution
of ~200 meV, and the photoelectronyield is measured versus the kinetic
energy, whichis directly related to the binding energy, BE (BE = photon
energy - photoelectron energy) of the different ionic states.

The PEPICO spectra were acquired at a fixed photon energy of
60 eV with an analyser pass energy of 30 eV and scanning the elec-
tron kinetic energy over the binding energy region 8-32 eV in steps
of 2.7 eV to obtain a sufficient overlap between adjacent acquisition
windows. The experimental chamber was maintained at abackground
pressure <1 x 107 mbar.Ina PEPICO experiment, both photoelectrons
and photoions from the same photoionization event are detected in
coincidence. Although this method introduces complexities in the
experimental configuration, dataacquisition and datamanagement, it
providesadirect view of the various decay channels and their depend-
ence on BE. The 3D plot of Extended Data Fig. 1 displays the yield of
electron-ion coincidences for selected m/qg ion as a function of BE.
Integration along the m/q axis yields the photoelectron spectrum
(orange line in Extended Data Fig. 1), while integration across the BE
axis gives theion mass spectrum (pink line in Extended Data Fig. 1).

Extended Data Fig. 5 shows a zoom of the PEPICO data around
m/q =30 (corresponding to NO") for the three investigated molecules.
Anotable broadening of the mass spectra was measured for BEs above
~22 eV, which corresponds to the calculated threshold for dication for-
mation (Fig. 1c): thisis the signature of the dissociation of an unstable
dication following CE. For BEs in the range 15-22 eV, the mass spectra
are characterized by a sharp peak, the relative amplitude of which
withrespecttothebroadened structure at higher BEsdependsonthe
particular molecules. This peakis pronounced in the case of p-NA and
is less prominent in the case of m-NA and nd-NA. This is in agreement
with the mass spectra measured with our attosecond beamline, after
XUV excitation, as shownin Extended Data Fig. 6.

Asimilar behaviour was measured for the cation NO,* (m/q = 46),
thus supporting the conclusion that the formation of this fragment is

also driven by CE) of an unstable dication. This is consistent with the
observation that the measured temporal evolution of the NO," yield is
very similar to that ofthe NO* cation (as shownin Supplementary Fig. 5).

Photoelectron-photoion photoion coincidence experiments
withsynchrotronradiation

We have also performed photoelectron-photoion photoion coinci-
dence (PEPIPICO) measurements at the Elettrasynchrotron radiation
facility. The fundamental concept underlying the PEPIPICO technique
involves detecting two positiveions generated from a single CE process
following photon absorption. The starting time for triggering the
measurement of theionarrival timesis provided by the detection ofa
photoelectron. Through PEPIPICO measurements, valuable informa-
tion is obtained regarding the formation of ion pairs stemming from
the same ionization event. Extended Data Fig. 7a depicts a close-up
view of the ion-ion coincidence map within the TOF range in which
correlations between ion pairs with m/q =30 and m/q =108 (M-NO)*
areexpected. Extended DataFig. 7billustrates the TOF region of inter-
est pertaining to the ionic pair m/q =46 and m/q =92. The blue dots
represent coincidence events corresponding to photoelectron BEs
exceeding 20 eV (dication formation threshold), and red dots denote
BEs below 20 eV. For BEs exceeding 20 eV the calculated Pearson linear
correlation coefficient, ranging from 0.3 to 0.6, reveals a correlation
between the formation of the fragments with m/g =30 and m/q =108
and similarly for the ionic pair m/q = 46 and m/q = 92. However, a negli-
gible correlation, indicated by a Pearson linear correlation coefficient
<0.05, is observed for BEs below the dication formation threshold.
Additionally, itis noticeable that the region of correlation (represented
by the blue dots) aligns with a diagonal of slope -1, suggesting that the
detected co-ions adhere to momentum conservation. Statistical valu-
ation of the slope reveals linear coefficients of -1.16 and —0.89 for the
30-108 and 46-92 pairs, respectively.

Therefore, from the PEPIPICO measurements it is possible to
concludethatinthe case of p-NA, the appearance of ions with m/g =30
resulting from CE correlates with the production of the co-fragments
with m/q =108. Likewise, the co-fragment corresponding to ions with
m/q =46 wasdetermined tobe m/g=92. Thistrendis observed for the
three investigated molecular species.

Nuclear dynamics calculations

Semiclassical surface-hopping (SH) trajectories using Tully’s
fewest-switches algorithm, asimplemented in the SHARC* code, were
calculated to simulate the coupled electron-nuclear dynamics trig-
gered after the initial XUV photoionization. In this implementation
the nucleiare propagated using Newton’s equations with the velocity
Verlet algorithm. The temporal evolution of the coefficients of the
configurationinteraction vector describing the electronic wavefunc-
tionis given by the following equation

X 3 Lt RO+ K RO o
where ¢; is the CI coefficient of the B electronic state,
Hpo[R(®] = (W[R®); 1] [Her[R(®); 11| o [R(2); ¥']) represents the diabatic
Hamiltonian whose diagonal elements are the different potentials and
the off-diagonal elements are the Hamiltonian couplings between the
diabatic states, and Kp, = (¢ [R(D)]. |, a% |, ¥ [R (¢ + AD)]) with g [R(0)]
being the diabatic state o obtained from the maximization of the adi-
abatic overlap computed with OpenMOLCAS (v. 18.09) using the
bi-orthonormalization algorithm. Although equation (1) is solved in
the diabatic picture, the SH probability is calculated in the adiabatic
representation using the density flux formalism proposed by Petersen
and Mitric¢”".

For each molecule, the initial conditions (geometries and veloci-
ties) of the nucleiin each of the propagated trajectories were obtained
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using a Wigner distribution centred around the equilibrium geometry.
This is necessary to mimic the initial zero-point-energy geometry
distribution of the neutral molecule. To achieve full convergence in
molecules of this size, one should ideally use a few thousand geom-
etriesin the Wigner distribution for each initial state. However, this is
computationally very demanding, and therefore we have followed com-
mon practice and checked that 100 geometries provide a reasonable
description of the initial state. The corresponding trajectories were
then propagated for atotal of 50 fs with atime step of 0.5 fs and using
51substeps for the solution of equation (1) for all states highlighted in
bluein Supplementary Table 3.

Results of the SH simulations: state populations, bond lengths
and charge dynamics

Asanillustration, Extended Data Fig. 4 shows the evolution of the popu-
lation of all adiabatic states included in the SH calculations for p-NA
(dynamics started in the D6 state, that is, the representative example
discussed in the main text). As can be seen, during the first 5-7 fs, the
population of the initial D6 state rapidly decreases and that of the D4,
D5 and D7 states increases. Ataround 7 fs, the populationin the latter
states becomes comparable to that in the D6 state.

This is due to non-adiabatic transitions occurring in the vicinity
of a series of conical intersections between these states. As we will
show below, during the first few tens of femtoseconds, the dynamics
resulting from SH simulations starting from different initial states are
very similar. Therefore, the observed abrupt changes in the relative
population of the states do not lead to similarly abrupt changes in
the charge dynamics. At much longer times, however, this may not be
the case, but with the present experimentitis not possible to getinfor-
mation for these longer times.

For the same case as above, Extended Data Fig. 2 shows the evo-
lution of the two C-N and the six C-C bond lengths with time. As it
can be seen, NH, planarization during the first 10 fs is accompanied
by areduction of about 0.1 A in the two C-N bond lengths. At longer
times, as NH, goes back toits initial pyramidal geometry, the C-Nbond
lengths also go back to their initial values. This cycle repeats basi-
cally with the same frequency as the planarization-pyramidalization
motion. Forthe C-Cbond lengths, similarly simpleregular patterns are
notobserved. We note that the NO, group remains planar throughout
theentireinterval considered in Extended Data Fig. 2 (50 fs). Asshown
inSupplementary Section 10, deplanarization of this group occurs at
much longer times.

Extended Data Fig. 3 shows snapshots of the evolution of the elec-
tronic density inthe NO, regionand the evolution of the average charge
inthe ELF basins for the N-O bonds group and the C-N bond connect-
ingittothering. Asignificantamount of charge transfer fromthe NO,
group to theadjacent C-Nbond is observed (see also Supplementary
Videos 1-3). This transfer of charge, which is practically concerted
with that from NH, to the corresponding C-N bond (Fig. 3), except for
avery small delay of 1-2 fs, leads to the formation of the C=N double
bond described above.

Data availability

The experimental data and the results of the simulations discussed
in this work are available via Zenodo at https://doi.org/10.5281/
zenodo.12759592 (ref. 52).

Code availability

SHARC implementation is available via Zenodo at https://doi.org/
10.5281/zenodo.7352971 (ref. 53). OpenMOLCAS (v.18.09) is available
athttps://gitlab.com/Molcas/OpenMolcas.git. Multiwfn (v. 3.8) is avail-
able at http://sobereva.com/multiwfn/. Tiresia (v. 1) is available via
Mendeley Data at https://doi.org/10.17632/fcrjxwgjxh.
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0.4

0.2

Extended Data Fig. 1| PEPICO measurements. 3D plot of the PEPICO matrix for p-NA. The x-axis represents the binding energy (BE), the y-axis the mass to charge
ratio (m/q) and the z-axis the number of events collected at the detector normalized to the maximum number of events. The solid orange line is the photoelectron
spectrum while the pink solid line is the ion mass spectrum.
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Extended DataFig. 2| C-N and C-Cbond lengths for p-NA. Variation of the C-N (top panels) and C-C (lower panels) bond lengths for p-NA (panels a, d), m-NA
(panelsb, e) and nd-NA (panels ¢, f). The dynamics was started from the D6 state of p-NA, D8 state of m-NA and D5 state from nd-NA.
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Extended DataFig. 3 | Evolution of the electronic density in the NO, region.
(a) Snapshots of the evolution of the electronic density. The colours indicate the
basins where the density is assigned. In the NO, region, blue indicates the N-O
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calculationsinitiated in the D6 state of p-NA.
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Extended Data Fig. 4 | Evolution of the population of adiabatic states of p-NA. Time evolution of the population of all adiabatic states included in the SH
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Extended DataFig. 5| Coulomb Explosion. Zoom of PEPICO measurements around m/q =30 (NO*) for the three investigated molecules, whose chemical structures
arereported in the right column. The yellow dashed line shows the dication appearance energy.
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Extended Data Fig. 6 | Mass spectra produced by attosecond excitation. Mass spectra around fragment NO* (m/q = 30) of p-NA (orange), m-NA (green) and nd-NA
(purple) measured by using the attosecond beamline after XUV excitation.
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Extended Data Fig. 7 | PEPIPICO measurements in p-NA. lon-ion coincidence map of p-NA within the time-of-flight range where correlations between ion pairs with
m/q=30and m/q=108 (a) and between ion pairs with m/q = 46 and m/q = 92 (b) are expected.
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