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P H Y S I C S

Timing of charge migration in betaine by impact of fast 
atomic ions
Patrick Rousseau1†, Jesús González-Vázquez2,3†, Dariusz G. Piekarski2‡, Janina Kopyra4, Alicja Domaracka1, 
Manuel Alcamí2,3,5, Lamri Adoui1, Bernd A. Huber1, Sergio Díaz-Tendero2,3,6*, Fernando Martín2,5,6*

The way molecules break after ion bombardment is intimately related to the early electron dynamics generated 
in the system, in particular, charge (or electron) migration. We exploit the natural positive-negative charge split-
ting in the zwitterionic molecule betaine to selectively induce double electron removal from its negatively 
charged side by impact of fast O6+ ions. The loss of two electrons in this localized region of the molecular skeleton 
triggers a competition between direct Coulomb explosion and charge migration that is examined to obtain 
temporal information from ion-ion coincident measurements and nonadiabatic molecular dynamics calculations. 
We find a charge migration time, from one end of the molecule to the other, of approximately 20 to 40 femtoseconds. 
This migration time is longer than that observed in molecules irradiated by ultrashort light pulses and is 
the consequence of charge migration being driven by adiabatic nuclear dynamics in the ground state of the 
molecular dication.

INTRODUCTION
Understanding and controlling molecular damage induced by ion-
izing radiation, such as extreme ultraviolet (XUV) or x-ray light, fast 
electrons or ions, is one of the current challenges in natural sciences. 
It is well established that molecular damage can lead, among other 
processes, to random mutagenic miscoding or even lethal nanocod-
ing of the DNA sequence, which is at the origin of several diseases 
(1–4). However, when conveniently controlled, ionizing irradiation 
can be the remedy rather than the problem, as demonstrated by cur-
rent radio and hadron therapies (5, 6). An important source of dam-
age is the environment surrounding the molecule, and, in this respect, 
several processes involving electron transfer between neighboring 
molecules have been proposed as electron transfer–mediated decay 
(ETMD) (7) or interatomic Coulombic decay (8). However, pioneer-
ing experimental and theoretical work (9, 10) has shown not only 
that molecular damage is also possible in isolated molecules but also 
that the nature of the resulting fragments is intimately related to the 
charge migration (CM) induced by the ionizing radiation at the very 
early stages, where most of the dynamics is governed by electronic 
motion. To experimentally investigate these early stages, one must 
first access the natural time scale of electronic motion, i.e., from sev-
eral hundreds of attoseconds to a few femtoseconds, and then follow 
the ensuing coupled electron and nuclear dynamics within the next 
few tens of femtoseconds.

This is nowadays possible using XUV/x-ray attosecond and few 
femtosecond pulses produced either in the laboratory through high 

harmonic generation or in large-scale x-ray free electron laser facil-
ities, usually in the framework of pump-probe setups (11–16). The 
necessary time resolution is achieved using a short enough pump 
pulse, so that ionization is a “sudden” process in comparison with the 
subsequent CM process, which can then be probed using a second 
ultrashort pulse and varying the pump-probe delay with attosecond 
and few femtosecond resolution. In these experiments, CM results 
from the coherent superposition of electronic states created by the 
broadband pump pulse in the remaining molecular cation, and, 
therefore, it precedes nuclear motion (13, 16), although nuclear mo-
tion can have a notable effect at longer times (17, 18). In the case 
of x-ray pulses, the sudden ionization of the molecule can be fol-
lowed by Auger decay, which can thus induce CM in the correspond-
ing molecular dication (17, 19). One can also use ultrafast molecular 
dissociation associated to, e.g., proton emission or Coulomb explo-
sion (CE) or both to clock the electron dynamics generated by the 
pump pulse. With the help of accurate theoretical calculations [see, 
e.g., (16, 20, 21) and references therein], the latter methods have 
been able to provide real-time pictures of electron dynamics in 
small- and medium-sized molecules ionized by infrared, XUV, and 
x-ray light (22–26).

CM induced by fast ions and electrons is, in general, very differ-
ent from that induced by photons, as the latter usually involve less 
electronic channels as a result of selection rules. In addition, con-
trary to photons (and electrons), ions can selectively deposit energy 
in a well-localized region of a bulky target, as they can efficiently pen-
etrate matter with low rates of diffusion and release most of their 
energy all at once just before stopping (the so-called Bragg peak) 
(27–29). So they are ideal, e.g., to treat tumors where extreme spa-
tial localization is essential. Hence, understanding CM induced in 
collisions with atomic ions is not only important per se but also to 
explore new routes to trigger radiation damage by altering the early 
electron dynamics.

These studies require the implementation of specific experimen-
tal and theoretical approaches. In recent pump-probe experiments, 
ultrashort femtosecond pulses of electrons pioneered by Zewail and 
collaborators (30) have been successfully combined with ultrashort 
laser pulses with a time resolution of ∼150 fs (31), which is comparable 

1Normandie Univ, ENSICAEN, UNICAEN, CEA, CNRS, CIMAP, 14000 Caen, France. 2De-
partamento de Química, Módulo 13, Universidad Autónoma de Madrid, 28049 
Madrid, Spain. 3Institute for Advanced Research in Chemical Sciences (IAdChem), 
Universidad Autónoma de Madrid, 28049 Madrid, Spain. 4Faculty of Exact and Natural 
Sciences, Siedlce University of Natural Sciences and Humanities, 3 Maja 54, 08-110 
Siedlce, Poland. 5Instituto Madrileño de Estudios Avanzados en Nanociencia (IMDEA 
Nano), Cantoblanco, 28049 Madrid, Spain. 6Condensed Matter Physics Center (IFIMAC), 
Universidad Autónoma de Madrid, 28049 Madrid, Spain.
*Corresponding author. Email: fernando.martin@uam.es (F.M.); sergio.diaztendero@
uam.es (S.D.-T.)
†These authors contributed equally to this work.
‡Present address: Institute of Physical Chemistry, Polish Academy of Sciences, 
Kasprzaka 44/52, 01-224 Warsaw, Poland.

Copyright © 2021 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversidad A

utonom
a de M

adrid on O
ctober 28, 2021

mailto:fernando.martin@uam.es
mailto:sergio.diaztendero@uam.es
mailto:sergio.diaztendero@uam.es


Rousseau et al., Sci. Adv. 2021; 7 : eabg9080     1 October 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 7

to that achieved in state-of-the-art femtochemistry experiments per-
formed with lasers, but provide, in addition, spatial atomic resolution. 
In the case of atomic ions, this is not yet possible, mainly because of 
the difficulty to produce ultrashort pulsed ionic beams in conven-
tional ion accelerators. This is despite the fact that an ion of approx-
imately a few kilo–electron volt per atomic mass unit (keV/amu) 
interacts with a small- or medium-sized molecule for no more than 
a few femtoseconds (e.g., a 3 keV/amu projectile has a velocity of 
7.6 Å/fs), which is the optimum scenario to induce a sudden ioniza-
tion of the molecular target, hence to investigate CM processes in 
their natural time scale. To achieve the necessary few-femtosecond 
time resolution, in this work, we will use ultrafast CE as an internal 
clock of the electron dynamics generated by the ionizing collision. 
This is not always an available option, but, as we will see below, it 
can be achieved by a smart selection of the ionic projectile and mo-
lecular target.

Here, we exploit the natural positive-negative charge splitting in 
the betaine zwitterion (N, N, N-trimethylglycine; see Fig. 1C) to se-
lectively induce double ionization on the negatively charged end of 
the molecule by impact of 3 keV/amu O6+ and then trigger a compe-
tition between direct CE and CM involving the two positively charged 
ends of the doubly ionized molecule. The analysis of the kinetic energy 
distributions of the resulting positively charged fragments detected 
in coincidence along with the results of ab initio nonadiabatic molec-
ular dynamics simulations allows us to determine a CM time from 

end to end of approximately 20 to 40 fs. The calculations also show 
that CM is mainly driven by nuclear motion in the ground state of 
the molecular dication, thus leading to migration times longer than 
those observed in CM triggered by electronic coherences (13, 16, 32).

RESULTS AND DISCUSSION
With a positive charge localized on the quaternary ammonium group 
[−N+(CH3)3] and a negative charge on the carboxylate group    [  −C O 2  −  ]     
(see Fig. 1C), the (neutral) betaine molecule [N(CH3)3 − CH2 − COO] 
has a rather large permanent dipole of 11.5 D [4.5 atomic units 
(a.u.)] (33). Figure 1 (A and B) shows the potential energy curves of 
the (O6+-B) system (where B stands for betaine) for the case in which 
the O6+ projectile lies in the direction of the betaine permanent di-
pole  (Fig. 1C). The orientation of the molecule is such that the 
charge-dipole interaction between the projectile (P) and the target (T) 
is the most attractive. The potential energy curves and the energy 
ranges associated with the single and double electron capture channels 
have been obtained using the experimental bound-state energies of O6+, 
O5+, and O4+ (34); the calculated energies of the autoionizing doubly 
excited states of O4+ (35); the calculated first, second, and third ver-
tical ionization potentials of betaine (see Methods for details); and the 
asymptotic analytical formulas that describe the repulsive charge-
charge, qPqT/d, and attractive charge-dipole, qP( · d)/d3, interac-
tions between the different projectile and target species, where d is 
the distance between the projectile and the center of mass of the tar-
get (36). The latter formulas are expected to accurately represent the 
actual behavior of the potential energy curves except at very short 
projectile-target distances, where electron delocalization over the 
projectile and the target can be important. As can be seen, the poten-
tial energy curve of the entrance channel O6+-B intersects the repul-
sive curves of the O4+(1s23 lnl′)-B2+ channels, associated with 
double electron capture, at projectile-target distances between 5 and 
∼10 a.u., where nonadiabatic transitions from the former to the lat-
ter channels should be very efficient at the impact energy consid-
ered in this work (37). The same applies to the O5+(1s23l)-B+ and 
O5+(1s24l)-B+ channels, associated with simple capture, which appear 
in the same energy region as the double electron capture channels. 
Therefore, one can expect that both single and double electron capture 
(either direct or mediated by single electron capture channels) will 
be very efficient processes. These are also expected to occur, although 
to a lesser extent, when the molecule is oriented at 90° with respect to 
the incidence direction, as  · d = 0 and the corresponding potential 
energy curve mostly coincides with the zero-energy axis. This curve 
crosses single and double electron capture channels in a similar 
range of projectile-target distances, although involving slightly 
higher n and l quantum numbers in the projectile side, which are 
less favorable because of the large number of radial and angular 
nodes in the corresponding wave functions [Barat-Lichten rules 
(38)]. If the orientation of the betaine molecule was reversed with 
respect to the first one, then the potential energy curve of the en-
trance channel would be the mirror image of that shown in 
Fig. 1 (A and B) with respect to the zero-energy axis, i.e., it would 
be entirely repulsive and therefore would not lead to substantial single 
and double eletron capture in the above mentioned channels. That is, 
the charge-dipole interaction that governs the approach of the pro-
jectile to the target and the orientation selectivity of the double- 
eletron capture process restrict the range of molecular orientations 
where doubly charged betaine can be formed. We can safely discard 

Fig. 1. The O6+-betaine system. Molecular energies for (A) single electron capture 
and (B) double electron capture channels as a function of the distance between the 
O6+ projectile and the center of mass of the betaine molecule oriented as shown in 
(C). For the sake of clarity, only the energy ranges covered by the single and double 
electron capture channels leading to O5+(nl) with n < 5 (A) and O4+(2 lnlʹ) with n < 4 
and O4+(3 lnlʹ) (B) are shown. The missing channels are expected to be barely pop-
ulated in the collision or lie outside the axes range. Notice that the incoming 
projectile approaches the molecule from the side of the negatively charged car-
boxylate group, which is the most favorable orientation for single and double electron 
capture (see main text). The orange curves in (A) and (B) represent the entrance 
channel. The electron densities, referred to the ground-state electron density of 
neutral betaine, for the lowest states of singly and doubly charged betaine resulting 
from single and double electron capture, respectively, are shown in (D). The numbers 
below the density maps indicate the energies (in electron volts) of the corresponding 
electronic states of singly and doubly charge betaine with respect to the energy of 
the ground state of neutral betaine.
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ionization as a possible source of doubly charged betaine, because, 
for the impact energy considered in our work (3 keV/amu), the ion-
ization cross section is several orders of magnitude smaller than that 
associated with electron capture [see, e.g., (39, 40) for the case of 
proton-hydrogen and proton-uracil collisions]. For the same reason, 
transfer ionization and ETMD (7, 41), in which a betaine electron 
directly goes into the continuum (ionization) and another betaine 
electron is transferred to the projectile (capture), thus leading to a 
betaine dication, are expected to be less likely than two resonant 
electron transfers to the projectile (39, 40, 42). Last, two electron 
processes implying the removal of electrons from inner shells (non-
resonant electron capture) can also be discarded, because target in-
ner vacancy states lie very far in energy from the entrance channel 
(these states lie out of scale in Fig. 1).

Figure 1D shows the electron density of the four lowest states of 
singly and doubly ionized betaine referred to the ground-state density 
of neutral betaine. As can be seen, the removal of one or two elec-
trons always involves the  −  CO 2  −   side of the zwitterion, meaning that, 
after double eletron capture (either direct or sequential), this side of 
the molecule will hold a positive charge, while the charge distribu-
tion in the rest of the molecule will basically remain unchanged. This 
fact, combined with the high preference for the molecular orien-
tation shown in Fig. 1C, indicates a high selectivity of the double 
electron capture process, which basically leads to a doubly charged 
betaine molecule with a positively charged  −  CO 2  +   side and a posi-
tively charged  − N  ( CH  3  ) 3  +   side, well separated from each other. These 
are the optimal conditions for a clean and rapid CE of B2+, which is 
expected to compete with internal CM, where an electron would 
move from the  − N  ( CH  3  ) 3  +   side to the  −  CO 2  +   high electron affin-
ity side, thus neutralizing the positive charge in the latter side. 
The two competing processes are expected to lead to different 

molecular fragments, as illustrated in Fig. 2A: CE can lead to   CO 2  +   
and other molecular fragments, while CM is not expected to 
lead to any   CO 2  +  .

To confirm this picture, we have performed ion-ion coincident 
measurements of the ionic fragments produced in collisions of 
3 keV/amu O6+ with fully deuterated betaine. We have chosen deu-
terated betaine to unambiguously assign fragments using time-
of-flight (TOF) mass spectrometry [e.g., both  N  ( CH  3  ) 2  +   and   CO 2  +   
have mass/charge ratio (m/z) = 44, while  N  ( CD  3  ) 2  +   has m/z = 50]. 
Figure 2 (B and C) shows zooms in regions of the ion-ion co-
incidence map around the (m1/z1)+/(m2/z2)+ islands 18+/66+ and 
44+/66+, corresponding to, respectively,   CD 3  +  /   ( CD  2   ) N  ( CD  3  ) 2  +   and   
CO 2  +  / ( CD  2   ) N  ( CD  3  ) 2  +   coincidences. The full ion-pair coincidence map 
is given in the Supplementary Materials. The 44+/66+ island arises 
from direct CE of doubly charged betaine into   CO 2  +  /(CD2)N  ( CD  3  ) 3  +   
and the subsequent emission of a neutral methyl group (CD3) from 
the larger fragment, thus leading to   CO 2  +  /(CD2)N  ( CD  3  ) 2  +  /CD3. This 
two-step mechanism is confirmed by the slope of the 44+/66+ island, 
which is approximately −66/(66 + 18), suggesting also that the neutral 
CD3 fragment emitted in the second step has a negligible momen-
tum [see (43, 44) for the connection between the slopes of coincident 
islands and n-body fragmentation].

The 18+/66+ island is associated with three body fragmentation 
of doubly charged betaine after neutralization of the −CO2 side by 
CM, leading to CO2/  CD 3  +  /(CD2)N  ( CD  3  ) 2  +  . In this case, the slope of 
the coincidence island is positive and cannot be explained as result-
ing from a two-step process in which CE is followed by emission 
with negligible momentum of neutral CO2 from one of the charged 
fragments, as this process would always lead to an island with nega-
tive slope. A positive slope indicates that the two charged fragments 
are emitted in the same direction (45), while neutral CO2 is emitted 

+
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+ +
2+
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+ ++
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Fig. 2. Fragmentation of fully deuterated doubly charged betaine. (A) As a result of double electron capture by the projectile from the carboxylate group, both ends 
of the betaine molecule are positively charged. Two scenarios are then possible: direct CE and CM. In CE, charge separation by cleavage of the Ccarboxylate─C bond leads 
to the two charged fragments   CO 2  +   and (CD2)N  ( CD  3  ) 3  +  . The latter further dissociates by emission of a neutral methyl group CD3. Experimentally, this process leads to a 
coincidence 44+/66+ in the ion-ion map (C). The slope of the measured island, given by momentum conservation, confirms this scheme (see main text). In contrast, after 
CM, the ammonium side of the betaine is doubly charged, so that the emission of a neutral carboxylate group CO2 is expected and the ulterior charge separation gives 
rise to two charged fragments,   CD 3  +   and (CD2)N  ( CD  3  ) 2  +  . Experimentally, one observes a coincidence island 18+/66+ in the ion-ion map (B) with a positive slope, indicating 
that fragmentation involves the formation of the intermediate species shown in the top row of (A) (see main text).
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with large momentum in the opposite direction to compensate the 
momentum of the charged particles. This picture is consistent with 
the formation of an intermediate doubly charged transient structure 
as that shown in the top panel of Fig. 2A, which, according to our 
calculations (see below), corresponds to a minimum in the potential 
energy surface arising from the attractive charge/induced-dipole in-
teraction between (CD2)N  ( CD  3  ) 3  +   and a neutral CO2 fragment in the 
early stages of dissociation.

To get a deeper insight into the results of these measurements, 
we have performed few switches trajectory surface hopping calcula-
tions on the lowest potential energy surfaces of the betaine dication 
obtained within the complete active space perturbation theory 
(CASPT2) approach (see Methods for details). Figure 3 summarizes 
the most important results. Figure 3A shows the time evolution of the 
local charge around the CO2 group for trajectories starting from the 
ground and first excited state of the betaine dication. As can be seen, 
within the limited time interval considered in our calculations 
(see the Supplementary Materials for an extension up to 150 fs), 
trajectories starting at the ground state can only lead to CO2 charges 
equal to 0 or around +0.75, which are consistent with the charges 
that should be observed only after CM or in the intact betaine dication, 
respectively. In contrast, trajectories starting in the first excited state 
can only lead to CO2 charges equal to +1 or around +0.75, compat-
ible with CE and the intact betaine dication, respectively. Trajecto-
ries starting in the second excited state (not shown in the figure for 
the sake of clarity; see the Supplementary Materials) follow a sim-
ilar pattern: They do not lead to neutral CO2. Figure 3A also shows 
that neutralization of the initial positive charge in the CO2 site is 
completed in 20 to 40 fs while acquiring the +1 charge required for 
CE takes around 100 fs.

Figure 3 (B and C) shows that the times needed by CO2 to ac-
quire its final charge strongly correlate with the times needed by the 
charged molecular fragments to complete the dissociation process. 
As can be seen in Fig. 3B, when CO2 becomes completely neutral 
after 20 to 40 fs, the C─C distance has increased by more than 1 Å 
(i.e., more than 2 a.u.), while it remains almost unchanged for those 
trajectories leading to a charge +1 in the CO2 side. In the latter case, 
a variation of 1 Å in the C─C distance is only observed after approx-
imately 100 fs, showing that acquiring the right +1 charge and frag-
menting are concerted processes.   CD 3  +   fragments associated with CM 
acquire their final +1 charge in about 100 fs (see Fig. 3C), while, in 
the case of CE, the CD3 sites preserve their initial charge at all times. 
The C─C distance remains more or less constant for around 20 fs 
after neutralization of the CO2 ends (Fig. 3B) but, with no excep-
tion, emission of neutral CO2 is irreversibly produced at later times. 
The existence of such a plateau in the C─C distance is due to the 
transient formation of the doubly charged complex depicted in 
Fig. 2A, which delays for about 20 fs of the ejection of neutral CO2 
and the ensuing fragmentation of the remaining dication into   CD 3  +  /
(CD2)N  ( CD  3  ) 2  +  . This result is compatible with the observation of a 
positive slope in the 18+/66+ island, since the fact that CO2 leaves 
first makes the two charged fragments go in the same direction (i.e., 
opposite to the CO2 emission direction).

The results given in Fig. 3 show that CM is mostly an adiabatic 
process taking place in the ground state of the betaine dication. This 
interpretation is confirmed by the absence of avoided crossings be-
tween the ground and the excited electronic states of doubly charged 
betaine and the conservation of the ground-state electronic charac-
ter along the minimum energy path leading to emission of neutral 
CO2 (see the Supplementary Materials). So, CM is almost entirely 
driven by nuclear motion in this ground state, which explains why CM 
in doubly charged betaine is substantially slower than charge fluc-
tuations resulting exclusively from electronic coherences induced 
by ionizing radiation, e.g., using attosecond and few-femtosecond 
laser or electron pulses.

An analysis of the kinetic energy release (KER) of the   CD 3  +  /
(CD2)N  ( CD  3  ) 2  +   and   CO 2  +  /(CD2)N  ( CD  3  ) 2  +   ion pairs associated with, 
respectively, the 18+/66+ and 44+/66+ peaks observed in the ion-ion 
coincidence spectrum confirms the general trends resulting from our 
calculations. The details of this analysis are given in Methods and the 
Supplementary Materials. The KERs are shown in Fig. 4 (A and B), 
respectively, in the form of histograms. Both distributions peak at 
zero kinetic energy and decrease with energy. However, the KER as-
sociated with CE [i.e., the   CO 2  +  /(CD2)N  ( CD  3  ) 2  +   coincidence] is sub-
stantially narrower, indicating that CE (or, equivalently, emission of 
  CO 2  +  ) is slower than the fragmentation into   CD 3  +  /(CD2)N  ( CD  3  ) 2  +   that 
follows CM (see Fig. 2A). This fact can be more clearly seen in Fig. 4, 
C and D, where the corresponding KER histograms have been con-
verted into time histograms by assuming that direct CE and   CD 3  +   
emission following CM are practically irreversible when the two 
charged fragments have traveled a distance of 2 a.u. from their ini-
tial positions. As can be seen, for CM, the time histogram peaks at 
around 50 fs, whereas, for CE, approximately 90% of the events take 
much longer than 50 fs in excellent agreement with our theoretical 
findings, in particular with our estimation of the CM time. The time 
histogram for direct CE given in Fig. 4D shows an increase in the 
number of events at around 50 fs, which is more or less the time taken 
by CM to occur. When direct CE is that fast, one can expect that it 
efficiently competes with CM, thus highlighting the effect of possible 

A

B

C

Fig. 3. Molecular dynamics calculations. (A) Evolution of the charge located at 
the CO2 end of doubly charged betaine for all trajectories starting in the ground 
(i) and the first excited (ii) state. The color palette on the right indicates the poten-
tial energy surface in which the trajectory evolves at every time. Notice that a sig-
nificant number of trajectories starting in the ground state lead to neutralization of 
the CO2 end. (B) Evolution of the Ccarboxylate─C bond distance in doubly charged 
betaine for all trajectories starting in the ground and the first excited state. The 
color palette on the right indicates the charge in the CO2 end at every time. Notice 
that the Cotectcarboxylate─C bond breaks faster in CM than in CE. (C) Evolution of the 
N─C bond distance in doubly charged betaine for all trajectories starting in the ground 
and the first excited state. The color palette on the right indicates the charge in the 
CD3 site at every time.
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electronic coherences between the CE and CM channels. Since deter-
mination of the kinetic energy of the fragments from the measured 
TOF distribution is not as accurate as that provided by position sen-
sitive detectors, further experimental work allowing for the direct 
measurement of fragments momentum could shed more light on this 
issue and probably allow for a more accurate retrieval of the CM time 
from experiment by focusing on the KER region where interferences 
between CE and CM channels are expected to occur.

Taking advantage of the natural positive-negative charge separa-
tion in the betaine zwitterion, we have been able to selectively induce 
double electron removal from the negatively charged end of the mol-
ecule in collisions with 3 keV/amu O6+ ions. This process initiates a 
competition between direct CE and CM that can be used to obtain 
temporal information about the several stages involved in these pro-
cesses. We have determined an internal CM time, from one end of the 
molecule to the other, of approximately 20 to 40 fs and show that this 
process preferentially takes place in the ground state of the betaine 
dication resulting from the collision, while direct CE mainly occurs 
in its excited states. The CM time is substantially longer than that 
previously observed in charge dynamics induced by electronic coher-
ences in molecules of similar complexity. This is the consequence of 
CM being mostly driven by adiabatic nuclear dynamics in the ground 
state of the betaine dication.

METHODS
Experiment
The experiments have been performed at ARIBE (46), the low-energy 
ion beam facility of Grand Accélérateur National d’Ions Lourds 
(GANIL, Caen, France). The experimental setup and methods have 
been described in detail elsewhere (47). Briefly, the O6+ ions are pro-
duced in an electron cyclotron resonance ion source, accelerated at 
48 keV, and mass-analyzed by a magnet sector. The beam is pulsed in 

bunches of 500 ns and transported by ion optics toward the crossed-
beam collision device where, after focusing, it interacts with an effusive 
beam of neutral betaine molecules produced by evaporation of a com-
mercial sample of fully deuterated betaine (purity 98%; Eurisotop) in 
a heated oven. Just after the passage of the ion bunch, the cationic 
products of the interaction are extracted by a pulsed electric field 
into a modified Wiley-McLaren TOF mass spectrometer (48). Their 
arrival times are recorded in an event-by-event mode allowing us to 
consider coincidences among them (49, 50). The KER of an ion pair 
is obtained after differentiation of the distribution of the time dif-
ference between two fragments (51, 52). SIMION simulations of 
the TOF spectrometer show that the ion transmission is 100% for 
cations with a kinetic energy up to 10 eV (53). From the relative ve-
locity of the two fragments, one can estimate the time required to run 
a given distance.

Theory
Optimized geometry and frequencies for the betaine molecule were 
obtained in the ground electronic state using the Møller-Plesset 
(MP2) method with the cc-pvDZ-jkfit basis (54) as implemented 
in the Brilliantly Advanced General Electronic-structure Library 
(BAGEL) code (55). Starting from this geometry, a set of 50 initial 
conditions was obtained using a harmonic Wigner distribution of 
correlated position and momentum. To describe the electronic states 
of the different ionization states of betaine, single-point state-average 
complete active space self-consistent field calculations were performed 
for the neutral (singlet), cation (doublet), dication (singlet and triplet), 
and trication (doublet) at the MP2 geometry using a state average of 
four electronic states, without symmetry considerations, with an ac-
tive space consisting of 9 orbitals and 10 electrons for the dication.  
To simulate the nonadiabatic semiclassical dynamics, a local ver-
sion of the SHARC (57) method was used. The electronic structure 
was represented, including gradients, at the XMS-CASPT2 level 

A B

C D

Fig. 4. KER and estimation of the charge separation time. KER for (A)   CD 3  +   fragments detected in coincidence with 66+ fragments (associated with CM) and (B)   CO 2  +   
fragments detected in coincidence with 66+ fragments (associated with direct CE). (C and D) Estimation of the time necessary for the separation of the two charges lead-
ing to the corresponding ion pairs 18+/66+ and 44+/66+ based on their respective KER distribution (KERD).
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(58) with an imaginary shift of 0.2 a.u. using the BAGEL code (55). 
For the calculation of the nonadiabatic couplings, the overlap matrix 
between two consecutive time steps was used. For this, the perturbed 
modified wave function, including configuration interaction vectors 
and molecular orbitals, was extracted from BAGEL (55) and imported 
into the OpenMolcas code (56) with overlaps obtained with the 
RASSI program. Charges on different molecular sites were evaluated 
by performing a Mulliken analysis.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg9080
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