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ABSTRACT: Charge migration moves electrons from one molecular site to another, in a typical
time domain from few hundred attoseconds to few femtoseconds. On this timescale, the nuclei
stand practically still, implying that the nuclear point group symmetry is conserved. Because
electrons move ultrafast, this can lead to a surprising effect, namely, breaking the spatial symmetry
of the electron density in spite of the conservation of nuclear framework symmetry. We
demonstrate theoretically that attosecond charge migration achieves this electron symmetry

Nuclei: D
Electrons: C_,

breaking if the electrons are prepared in a coherent superposition of nondegenerate electronic

ground and excited states which transform according to different irreducible representations. Two simple examples provide a proof-
of-principle, namely, periodic attosecond charge migration in the 6, + o, superposition state of the aligned H," cation (nuclear point
group D, but electron symmetry breaking D, — C.,,) and in the A; + B, superposition state of the oriented H,O molecule (C,,

vs C,, = C,).

B INTRODUCTION

Progress in ultrafast spectroscopy and quantum reaction
dynamics has advanced to the forefront of investigations of
the fastest processes in molecules from femtochemistry' to
attochemistry.”” A fascinating effect at the border between
femtochemistry and attochemistry is charge migration—this is
a purely quantum mechanical process which moves the
electronic charge from one molecular site to another, on
typical timescales from a few hundred attoseconds (this is why
it may be called “attosecond charge migration”) to a few
femtoseconds; for fioneering work and recent literature
surveys, see refs.'”'” Note that the “charge migration” is a
generic term, which means, in general, the ultrafast shift of part
of the electronic density from one molecular site to another,
and this comprises many different mechanisms, for example, in
linear molecules such as HCCI*'*~'* or the present H,", it
may describe the shift of charge from one molecular end to the
opposite one. In ring-shaped molecules, it may describe charge
circulation”'”"® or the breathing of electronic charges in ring-
shaped or linear molecules."®™"" A recent milestone is the first
joint experimental and theoretical reconstruction of charge
migration in an oriented linear molecular cation.'”™"* Atto-
second charge migration is important because it may induce
subsequent processes, such as site-selective bond breaking,” or
affect the cosmologic distribution of isotopes.'

Here, we point to an intuitive effect which is inherent in
many examples of attosecond charge migration, but has
escaped the general attention, see, for example, refs 20—25:
breaking the spatial symmetry of the electron density in spite
of nuclear framework symmetry conservation. Nuclear frame-
work symmetry is conserved because the nuclei stand
practically still during attosecond charge migration. Mean-
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while, the symmetry of the ultrafast electronic system can be
broken as follows: The symmetry of the electronic system in
the nondegenerate molecular ground state ¥, is identical to
the nuclear framework symmetry G. If the ground state is
superposed with an excited state W, to form a superposition
state ¥ that represents charge migration and that does not
transform according to a one-dimensional representation of G,
then the symmetry of the initial electron density is reduced.
The electron symmetry in the state ¥ is determined by the
maximal subgroup of G, in which ¥ transforms according to a

one-dimensional representation.

B MODELS AND METHODS

As a proof-of-principle, the effect is demonstrated for the
aligned H," cation and the oriented H,O molecule. The
nuclear configurations belong to the molecular point groups
D, and C,, respectively. Textbooks suggest that the
electronic states should be labeled according to the irreducible
representations of the same groups. In contrast, attosecond
charge migration may transiently reduce the electron symmetry
group down to C,, and C, respectively. Electron symmetry
breaking is demonstrated by means of quantum dynamic
simulations of attosecond charge migration in the model
systems, based on quantum chemistry calculations of the
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electronic eigenstates ¥, and ¥, and their energies E, and E..
For this purpose, we adapt experimentally and theoretically
established methods."”~"* Accordingly, the model systems H,"
and H,O are aligned or oriented with their principle axes along
the laboratory z-axis; the H,O molecule is in the yz-plane. We
assume that the nuclei remain fixed in the D, and C,,
geometries of their ground states.

The electrons are prepared in superposition states W(t) of
two nondegenerate electronic eigenstates, ¥, and ¥, where ¥,
corresponds to the dominant singlet excitation of ¥,. Without
loss of generality, we assume equal contributions for both
states. The literature on charge migration has many examples
of time-dependent two-state superposition states which lend
themselves to rather easy derivations of fundamental
effects.’ ™' #19202123728 Eor example, the first joint exper-
imental and theoretical reconstruction of charge migration was
carried out by the experimental preparation of a two-state
superposition state of the cation HCCI, which could then be
used to facilitate the theoretical analysis."*~'* Another example
is the derivation of schemes for ultrafast laser control of charge
migration, starting from simple two-state superposition
scenarios which could then serve as a platform for extensions
to the laser control of multistate superposition states.”®”>*
Likewise, our derivation of the effect of electron symmetry
reduction starts out from the representations by two-state "¥,
+ W." superposition states, but in the Conclusions section, we
shall point to extensions to multiple state superposition states.
The time evolution of these states is given by' '
W(t) = V1/2[exp( — iEgt/ )W, + exp( — iEt/h)¥W], with
h being the reduced Planck constant. The corresponding
densities p(t) = [¥(t)I* are periodic with period T = 2z#/(E,
— E,). Below, we shall consider illuminating snapshots of the
densities, namely, p(t) = p* = (1/2)|‘I’g +Watt=0,T,..
and p(t) = p~ = (1/2)I¥; — W* at t = T/2, 3T/2, .... For
reference, the densities of the electronic ground and excited
states are p, = |‘I’g|2 and p, = I¥ % These all-electron densities
yield the corresponding one-electron densities (denoted by
subscript “le”) by integration over the coordinates of all
electrons but one, and by summing over all electron spins. An
important difference with the scenario of refs 12—14, in which
the electronic eigenfunctions W, and ¥, have the same
irreducible representations IRREP, = IRREP,, is that IRREP,
# IRREP, in the present applications.

The electronic structure of H," and H,0O is calculated at the
TD-CAM-B3LYP/def2-TZVPP level of theory, as imple-
mented in Gaussian16.”” The H," bond length is 1.057 A.
For water, the OH bond lengths are 0.965 A at abond angle of
102.8°. For H,", E, — E, =1225 eV. For H,0, E, — E; = 11.95
eV. The respective ground states are represented as single
reference Slater determinants. The excited states are
represented as a linear combination of singlet excited
configuration state functions, combined according to the
expansion coeflicients obtained from linear response time-
dependent density functional theory (LR-TDDFT). The
choice of the CAM-B3LYP functional is found to give accurate
excitation energies.30 On the other hand, the associated wave
functions have a simple structure at the LR-TDDFT level of
theory. The coeflicients of excited state configurations are
directly extracted from the out?ut of the quantum chemistry
package using ORBKIT.”' ™’ The pseudowave function
coefficients obtained are truncated below some threshold,
and the many-electron states are then re-normalized prior to
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postprocessing using ORBKIT. Electronic densities are plotted
using VMD.”* More details on the hybrid time-dependent
density functional theory/configuration interaction method
can be found in refs 33 and 3S.

B RESULTS AND DISCUSSION

Let us consider first the attosecond charge migration in aligned
H," prepared in the superposition of its ground (¥, = o,) and
first excited (¥, = o,) electronic states, with irreducible
representations ," and X", respectively. Figure 1 shows the

Excited state e

Superposition state

C

C

—
C—

t=0,T, ... t=T/2,3T/2, ...
Ground state @
x
T =338 as
z

Figure 1. Electron density symmetry breaking D, — C,, during
attosecond charge migration in the 6, + o, superposition state of
aligned H," with the nuclei fixed in D, symmetry. Middle panels:
Contour plots of alternating electron densities p* and p~ (Cq,,) at t =
0, T/2, T, 3T/2, ... (T = 338 as). Lower and upper panels: Electron
densities p, and p, of the electronic ground (6,) and excited (o,)
states (Doy,). The contours are at p = 0.06 and 0.03 a,~>. The nuclei
conserve the D, symmetry, illustrated as balls.

corresponding electron densities p, and p,, together with the
alternating snapshots p™ and p~ of the time-dependent density
p(t) at times t = 0, T, ... and t = T/2, 3T/2, .., respectively.
Apparently, the electron moves periodically from one proton
to the other, and back, with period T 338 as. This
phenomenon was predicted in 1944 in Eyring, Walter and
Kimball's textbook on Quantum Chemistry;” since then,
attosecond charge migration in H," has been investigated in
depth,>'***~*! but without noting explicitly the reduction of
the electron symmetry from the nuclear point group to a
subgroup. The snapshots p* and p~, however, clearly show that
the D, symmetry of the electronic densities of eigenstates o,
o, is broken to C,,, during attosecond charge migration in the
0, + 0, superposition state.

The result shown in Figure 1 is confirmed in the frame of
molecular point group theory: Consider the D, character
table for H,*, cf. Table 1. All characters of the electronic
ground state ¥, = o, with IRREP, = Z," are equal to 1,
whereas the excited state ¥, = o, with IRREP, = X" has
characters 1 and —1. In order to determine the transformation

Table 1. Selected Part of the Character Table for D,

D E 2C 000, i 28, 0 C,
' 1 1 1 1 1 1
A 1 1 1 -1 -1 -1

u
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behavior of the 6, + 6, superposition state, we note that it must
be assigned to one and only one IRREP. The corresponding
symmetry operations on both ¢, and 6, must, therefore, yield
the same characters. That means, these characters must be
equal to 1. This condition does not hold for all the symmetry
operations of the molecular point group D It is satisfied,
however, for the subset {E, 2C,, o00,}. This defines the
molecular point subgroup C,, of Dy, cf. Table 2. In

Table 2. Selected Part of the Character Table for C_,

Ceor E 2C
¥ 1 1 1

00,

0 v

summary, attosecond charge migration in the o, + o,
superposition state of H," reduces the symmetry group D,
of the electronic eigenstates 6, and o, to Cg,. Its IRREP in
Cooy is Z7.

Our second example is for attosecond charge migration in
the oriented H,O molecule, prepared in the superposition of
the ground state ¥, with IRREP, = A; and the lowest-lying
excited bound state ¥, with IRREP, = B,, corresponding
predominantly (98%) to the 3a, — 2b, excitation. The
derivation of electron symmetry breaking in the A; + B,
superposition state is analogous to the first example: Figure 2

Excited state
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Superposition state
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t=0,T, ..

t="T/2,3T/2, ...

Ground state

z

L.,
Figure 2. Electron density symmetry breaking C,, — C, during
attosecond charge migration in the A, + B, superposition state of
oriented H,O (T = 346 as). Middle panel: Contour plots of
alternating electron densities p;." and p|.” (C,) at t =0, T/2, T, 3T/2,
... (T = 346 as). Lower and upper panels: Electron densities pgand p,
of the electronic ground (A;) and excited (B,) states (C,,). The
contours of the corresponding one-electron densities are at p;, =
0.325 and 0.06 a,>. The nuclei conserve the C,, symmetry and are
illustrated as balls.

T =346 as

shows the corresponding one-electron densities p;.; and py
together with the alternating snapshots p,.* and p,.~ of the
time-dependent density p;.(t) of the ¥, + W, superposition
state at times t = 0, T, ... and t = T/2, 3T/2, ..,, respectively,
with T = 346 as. As in the case of H,", the one-electron density
moves periodically between two molecular sites neighboring
the opposite protons. In the case of H,O, the charge migration
is, however, less obvious than for Hj because the number of
electrons which participates in charge migration in H,O is
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small (~1) compared to the total number of electrons (=10).
As a consequence, the time-dependent one-electron density
p1.(t) appears to be rather robust. Nonetheless, the snapshots
P and p.” clearly show that attosecond charge migration in
the A; + B, superposition state of H,O breaks the electron
symmetry C,, down to C,.

The result shown in Figure 2 is explained in the frame of
molecular point group theory, analogous to the previous
derivation: Consider the character table for C,,, cf. Table 3. All

Table 3. Selected Part of the Character Table for C,,

Cyy E C, o =0, o =o,
A 1 1 1 1
B, 1 -1 -1 1

the characters of the electronic ground state ¥, with IRREP, =
A, are equal to 1, whereas the excited state ¥, with IRREP, =
B, has characters 1 and —1. During attosecond charge
migration, the transformation behavior of the A, + B,
superposition state must lead to the same characters for all
symmetry operations, that is, the characters must be equal to 1.
This condition is satisfied for just the subset {E, 6.}, which
establishes the molecular point subgroup C,, cf. Table 4. As a
result, attosecond charge migration in the A; + B, super-
position state of H,O conserves nuclear C,, symmetry, but
breaks the electron symmetry group down to C,.

Table 4. Selected Part of the Character Table for C

C. E 0 =0,

s ¥z

A’ 1 1

B CONCLUSIONS

In conclusion, we have presented two examples serving as a
proof-of-principle for the effect of electron symmetry breaking
during attosecond charge migration with conserved nuclear
symmetry. By extrapolation, they establish a simple, general,
and novel rule and method: Attosecond charge migration in
superposition states of two or more electronic eigenstates of
aligned or oriented molecules or molecular ions with two or
more different IRREPs reduces the electron symmetry down to
a molecular point subgroup. We emphasize that the occurrence
of different IRREPs is essential here; in contrast, charge
migration may also be represented by a superposition state of
two or more electronic eigenstates with the same IRREP, see,
for example, refs 12, 14, and 16. These superposition states
may well describe the ultrafast changes in the electronic
density, with corresponding very rapid shifts of part of the
density from one molecular site to another, typically in the
attosecond time domain, but those changes do not break the
electron symmetry. For the given set of different IRREPs, the
subgroup of the reduced electron symmetry consists only of
the subset of symmetry operations, which yield the same
characters. For the usual case where the superposition state
includes the totally symmetric electronic ground state, these
characters are equal to 1. This extrapolation is obvious for
attosecond charge migration in the superposition of electronic
states with one-dimensional (1D) IRREPs, cf. Tables 1—4. It
should also hold for ap?lications involving 2D or 3D IRREPs,
for example, benzene'"'>'®**** or Mg-porphyrin;’ explicit
derivations will be published elsewhere. The novel rule is
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significant because it is well known that the electron symmetry
may have an enormous effect on the reaction dynamics, see, for
example, the Woodward—Hoffmann rules.** It is therefore easy
to predict that the present rule for electron symmetry
reduction should have significant effects on sequel reactions
which are triggered by charge migration, for example, site-
selective bond breaking, as discovered in ref 5.

As an outlook to longer time domains, charge migration is
just a transient ultrashort phenomenon which may trigger
subsequent processes but disappears because of decoherence
by nuclear motions.>'*****~*! The consequences depend on
the molecular system. For example, in the case of H,", nuclear
motions cause dissociation of the o, contribution to the o, + o,
superposition state, whereas the o, partial wave remains
bound.”” In this case, the nuclei conserve the D, symmetry,
and the electronic D, — C,, symmetry breaking is a
transient phenomenon during attosecond charge migration.*®
The effect could be monitored by attosecond photoionization
of the coherently coupled states,”” by time-resolved measure-
ments of the asymmetries in photoelectron angular distribu-
tions,'® by high harmonic spectroscopy which allows atto-
second time resolution and is sensitive to symmetry,”>° or by
exploring electron migration dynamics by electron diffraction
with ultrashort X-ray pulses.””~®'

B AUTHOR INFORMATION

Corresponding Author

Jorn Manz — State Key Laboratory of Quantum Optics and
Quantum Optics Devices, Institute of Laser Spectroscopy and
Collaborative Innovation Center of Extreme Optics, Shanxi
University, Taiyuan 030006, China; Institut fir Chemie und
Biochemie, Freie Universitat Berlin, 14195 Berlin, Germany;

orcid.org/0000-0002-9142-8090; Email: jmanz@

chemie.fu-berlin.de

Authors
Dietrich Haase — Institut fiir Chemie und Biochemie, Freie
Universitat Berlin, 14195 Berlin, Germany
Jean Christophe Tremblay — Laboratoire de Physique et
Chimie Theoriques, CNRS-Universite de Lorraine, UMR7019,
57070 Metz, France; ©® orcid.org/0000-0001-8021-7063

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpca.0c00404

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported in part by the National Key Research
and Development Program of China (grant no.
2017YFA0304203), the program for Changjiang Scholars and
Innovative Research Team (grant no. IRT 17R70), the 111
project (grant no. D18001), the National Natural Science
Foundation of China (grants nos. 11434007, 61575115,
61378039, and 11904215), the Fund for Shanxi 1331 Project
Key Subjects, and the talent program of Shanxi.

B REFERENCES

(1) Zewail, A. H. Femtochemistry: Atomic-Scale Dynamics of the
Chemical Bond Using Ultrafast Lasers (Nobel Lecture). Angew.
Chem., Int. Ed. 2000, 39, 2586—2631.

3332

(2) Ramasesha, K; Leone, S. R; Neumark, D. M. Real-Time
Probing of Electron Dynamics Using Attosecond Time-Resolved
Spectroscopy. Annu. Rev. Phys. Chem. 2016, 67, 41—63.

(3) Nisoli, M.; Decleva, P.; Calegari, F.; Palacios, A.; Martin, F.
Attosecond Electron Dynamics in Molecules. Chem. Rev. 2017, 117,
10760—10825.

(4) Eyring, H.; Walter, J.; Kimball, G. E. Quantum Chemistry; Wiley,
1944; Chapter 11b.

(5) Weinkauf, R;; Schanen, P.; Yang, D.; Soukara, S.; Schlag, E. W.
Elementary Processes in Peptides: Electron Mobility and Dissociation
in Peptide Cations in the Gas Phase. J. Phys. Chem. 1995, 99, 11255—
11268S.

(6) Remacle, F.; Levine, R. D.; Ratner, M. A. Charge Directed
Reactivity: A Simple Electronic Model, Exhibiting Site Selectivity, for
the Dissociation of Ions. Chem. Phys. Lett. 1998, 285, 25—33.

(7) Cederbaum, L. S.; Zobeley, J. Ultrafast Charge Migration by
Electron Correlation. Chem. Phys. Lett. 1999, 307, 205—210.

(8) Bandrauk, A. D.; Chelkowski, S.; Nguyen, H. S. Attosecond
Localization of Electrons in Molecules. Int. J. Quantum Chem. 2004,
100, 834—844.

(9) Barth, I; Manz, J. Periodic Electron Circulation Induced by
Circularly Polarized Laser Pulses: Quantum Model Simulations for
Mg Porphyrin. Angew. Chem. Int. Ed. 2006, 45, 2962—2965.

(10) Kanno, M.; Kono, H.; Fujimura, Y. Control of z-Electron
Rotation in Chiral Aromatic Molecules by Nonhelical Laser Pulses.
Angew. Chem., Int. Ed. 2006, 45, 7995—7998.

(11) Jia, D.; Manz, J.; Paulus, B.; Pohl, V.; Tremblay, J. C.; Yang, Y.
Quantum Control of Electronic Fluxes During Adiabatic Attosecond
Charge Migration in Degenerate Superposition States of Benzene.
Chem. Phys. 2017, 482, 146—159.

(12) Worner, H. J.; Arrell, C. A.; Banerji, N.; Cannizzo, A.; Chergui,
M.; Das, A. K; Hamm, P.; Keller, U.; Kraus, P. M.; Liberatore, E,;
Lopez-Tarifa, P.; Lucchini, M.; Meuwly, M.; Milne, C.; Moser, J.-E.;
Rothlisberger, U.; Smolentsev, G.; Teuscher, J.; van Bokhoven, J. A,;
Wenger, O. Charge Migration and Charge Transfer in Molecular
Systems. Struct. Dyn. 2017, 4, 061508.

(13) Kraus, P. M.; Mignolet, B.; Baykusheva, D.; Rupenyan, A,;
Horny, L.; Penka, E. F.; Grassi, G.; Tolstikhin, O. L; Schneider, J.;
Jensen, F.; Madsen, L. B.; Bandrauk, A. D.; Remacle, F.; Worner, H. J.
Measurement and Laser Control of Attosecond Charge Migration in
Ionized Iodoacetylene. Science 2015, 350, 790—795.

(14) Kraus, P. M.; Worner, H. J. Perspectives of Attosecond
Spectroscopy for the Understanding of Fundamental Electron
Correlations. Angew. Chem., Int. Ed. 2018, 57, 5228—5247.

(15) Mineo, H.; Lin, S. H.; Fujimura, Y. Vibrational Effects on UV/
Vis Laser-Driven 7-Electron Ring Currents in Aromatic Ring
Molecules. Chem. Phys. 2014, 442, 103—110.

(16) Chelkowski, S.; Yudin, G. L.; Bandrauk, A. D. Observing
Electron Motion in Molecules. J. Phys. B: At, Mol, Opt. Phys. 2006,
39, S409—-S5417.

(17) Muskatel, B. H.; Remacle, F.; Levine, R. D. The Post-Born-
Oppenheimer Regime: Dynamics of Electronic Motion in Molecules
by Attosecond Few-Cycle Spectroscopy. Phys. Scr. 2009, 80, 048101.

(18) Despré, V.; Marciniak, A.; Loriot, V.; Galbraith, M. C. E;
Rouzée, A.; Vrakking, M. J. J.; Lépine, F.; Kuleff, A. I. Attosecond
Hole Migration in Benzene Molecules Surviving Nuclear Motion. J.
Phys. Chem. Lett. 2015, 6, 426—431.

(19) Ajay, J. S.; Komarova, K. G.; Remacle, F.; Levine, R. D. Time-
Dependent View of an Isotope Effect in Electron-Nuclear Non-
equilibrium Dynamics with Applications to N,. Proc. Natl. Acad. Sci.
U.S.A. 2018, 115, 5890—5895.

(20) Remacle, F.; Kienberger, R.; Krausz, F.; Levine, R. D. On the
Feasibility of an Ultrafast Purely Electronic Reorganization in Lithium
Hydride. Chem. Phys. 2007, 338, 342—347.

(21) Remacle, F.; Levine, R. D. Time-resolved Electrochemical
Spectroscopy of Charge Migration in Molcular Wires: Computational
Evidence for Rich Electron Dynamics. J. Phys. Chem. C 2007, 111,
2301-23009.

https://dx.doi.org/10.1021/acs.jpca.0c00404
J. Phys. Chem. A 2020, 124, 3329-3334


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jo%CC%88rn+Manz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-9142-8090
http://orcid.org/0000-0002-9142-8090
mailto:jmanz@chemie.fu-berlin.de
mailto:jmanz@chemie.fu-berlin.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dietrich+Haase"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jean+Christophe+Tremblay"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-8021-7063
https://pubs.acs.org/doi/10.1021/acs.jpca.0c00404?ref=pdf
https://dx.doi.org/10.1002/1521-3773(20000804)39:15<2586::aid-anie2586>3.0.co;2-o
https://dx.doi.org/10.1002/1521-3773(20000804)39:15<2586::aid-anie2586>3.0.co;2-o
https://dx.doi.org/10.1146/annurev-physchem-040215-112025
https://dx.doi.org/10.1146/annurev-physchem-040215-112025
https://dx.doi.org/10.1146/annurev-physchem-040215-112025
https://dx.doi.org/10.1021/acs.chemrev.6b00453
https://dx.doi.org/10.1021/j100028a029
https://dx.doi.org/10.1021/j100028a029
https://dx.doi.org/10.1016/s0009-2614(97)01314-6
https://dx.doi.org/10.1016/s0009-2614(97)01314-6
https://dx.doi.org/10.1016/s0009-2614(97)01314-6
https://dx.doi.org/10.1016/s0009-2614(99)00508-4
https://dx.doi.org/10.1016/s0009-2614(99)00508-4
https://dx.doi.org/10.1002/qua.20252
https://dx.doi.org/10.1002/qua.20252
https://dx.doi.org/10.1002/anie.200504147
https://dx.doi.org/10.1002/anie.200504147
https://dx.doi.org/10.1002/anie.200504147
https://dx.doi.org/10.1002/anie.200602479
https://dx.doi.org/10.1002/anie.200602479
https://dx.doi.org/10.1016/j.chemphys.2016.09.021
https://dx.doi.org/10.1016/j.chemphys.2016.09.021
https://dx.doi.org/10.1063/1.4996505
https://dx.doi.org/10.1063/1.4996505
https://dx.doi.org/10.1126/science.aab2160
https://dx.doi.org/10.1126/science.aab2160
https://dx.doi.org/10.1002/anie.201702759
https://dx.doi.org/10.1002/anie.201702759
https://dx.doi.org/10.1002/anie.201702759
https://dx.doi.org/10.1016/j.chemphys.2014.02.011
https://dx.doi.org/10.1016/j.chemphys.2014.02.011
https://dx.doi.org/10.1016/j.chemphys.2014.02.011
https://dx.doi.org/10.1088/0953-4075/39/13/s14
https://dx.doi.org/10.1088/0953-4075/39/13/s14
https://dx.doi.org/10.1088/0031-8949/80/04/048101
https://dx.doi.org/10.1088/0031-8949/80/04/048101
https://dx.doi.org/10.1088/0031-8949/80/04/048101
https://dx.doi.org/10.1021/jz502493j
https://dx.doi.org/10.1021/jz502493j
https://dx.doi.org/10.1073/pnas.1804455115
https://dx.doi.org/10.1073/pnas.1804455115
https://dx.doi.org/10.1073/pnas.1804455115
https://dx.doi.org/10.1016/j.chemphys.2007.05.012
https://dx.doi.org/10.1016/j.chemphys.2007.05.012
https://dx.doi.org/10.1016/j.chemphys.2007.05.012
https://dx.doi.org/10.1021/jp0658647
https://dx.doi.org/10.1021/jp0658647
https://dx.doi.org/10.1021/jp0658647
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c00404?ref=pdf

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

(22) Mignolet, B.; Gijsbertsen, A.; Vrakking, M. J. J.; Levine, R. D.;
Remacle, F. Stereocontrol of Attosecond Time-Scale Electron
Dynamics in ABCU Using Ultrafast Laser Pulses: A Computational
Study. Phys. Chem. Chem. Phys. 2011, 13, 833108344.

(23) Mignolet, B.; Levine, R. D.; Remacle, F. Localized Electron
Dynamics in Attosecond-Pulse-Excited Molecular Systems: Probing
the Time Dependent Electron Density by Sudden Photoionization.
Phys. Rev. A: At,, Mol,, Opt. Phys. 2012, 86, 053429.

(24) Mignolet, B; Kus, T.; Remacle, F., Imaging Orbitals by
Ionization or Electron Attachment: the Role of Dyson Orbitals. In
Imaging and Manipulating Molecular Orbitals, Advances in Atom and
Single Molecule Machines; Grill, L., Joachim, C., Eds.; Springer-Verlag:
Berlin, 2013; pp 41—54.

(25) Ajay, J. S.; Monarova, K. G.; van den Wildenberg, S.; Remacle,
F.; Levine, R. D. In Attosecond Molecular Dynamics; Vrakking, M. J. J.,
Lepine, F., Eds.; Royal Soc. Chem.: Cambridge, 2018; Vol. 13, pp
308—347.

(26) Golubev, N. V.; Kuleff, A. I. Control of Population of Two-
Level Systems by a Single Laser Pulse. Phys. Rev. A: At, Mol, Opt.
Phys. 2014, 90, 036401.

(27) Golubev, N. V.; Kuleff, A. I. Control of Charge Migration in
Molecules by Ultrashort Laser Pulses. Phys. Rev. A: At, Mol, Opt.
Phys. 2014, 91, 051401.

(28) Golubev, N. V.; Despré, V.; Kuleff, A. I. Quantum Control with
Smoothly Varying Pulses: General Theory and Application to Charge
Migration. J. Mod. Opt. 2017, 64, 1031—1041.

(29) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A,; Nakatsuji, H. et al. Gaussianl6, Revision C.01; Gaussian Inc:
Wallingford CT, 2016.

(30) Bolognesi, P.; Avaldi, L.; MacDonald, M. A.; Lopes, C. M. A;
Dawber, G.; Brion, C. E; Zheng, Y,; King, G. C. Observation of
Excited States of H," by Threshold Photoelectron Spectroscopy.
Chem. Phys. Lett. 1999, 309, 171—-176.

(31) Hermann, G.; Pohl, V.; Tremblay, J. C.; Paulus, B.; Hege, H.-
C.; Schild, A. ORBKIT: A Modular Python Toolbox for Cross-
Platform Postprocessing of Quantum Chemical Wavefunction Data. J.
Comput. Chem. 2016, 37, 1511—1520.

(32) Pohl, V.; Hermann, G.; Tremblay, J. C. An Open-Source
Framework for Analyzing N-Electron Dynamics. I. Multideterminan-
tal Wave Functions. J. Comput. Chem. 2017, 38, 1515—1527.

(33) Hermann, G.; Pohl, V,; Tremblay, J. C. An Open-Source
Framework for Analyzing N-Electron Dynamics. II. Hybrid Density
Functional Theory/Configuration Interaction Methodology. J.
Comput. Chem. 2017, 38, 2378—2387.

(34) Humphrey, W.; Dalke, A.; Schulten, K. VMD — Visual
Molecular Dynamics. J. Molec. Graphics 1996, 14, 33—38.

(35) Klinkusch, S.; Tremblay, J. C. Resolution-of-Identity Stochastic
Time-Dependent Configuration Interaction for Dissipative Electron
Dynamics in Strong Fields. J. Chem. Phys. 2017, 144, 184108.

(36) Kling, M. F.; Siedschlag, C.; Verhoef, A. J.; Khan, J. L; Schultze,
M.; Uphues, T.; Ni, Y.; Uiberacker, M.; Drescher, M.; Krausz, F.; et al.
Control of Electron Localization in Molecular Dissociation. Science
2006, 312, 246—248.

(37) Martin, F.; Fernandez, J.; Havermeier, T.; Foucar, L.; Weber,
T.; Kreidi, K; Schoffler, M.; Schmidt, L.; Jahnke, T.; Jagutzki, O,;
Czasch, A,; Benis, E. P,; Osipov, T.; Landers, A. L.; Belkacem, A,;
Prior, M. H.; Schmidt-Bocking, H.; Cocke, C. L.; Dorner, R. Single
Photon-Induced Symmetry Breaking of H, dissociation. Science 2007,
315, 629—-633.

(38) Bandrauk, A. D.; Chelkowski, S.; Corkum, P. B.; Manz, J.;
Yudin, G. L. Attosecond Photoionization of a Coherent Superposition
of Bound and Dissociative Molecular States: Effect of Nuclear
Motion. J. Phys. B: At,, Mol,, Opt. Phys. 2009, 42, 134001.

(39) Znakovskaya, L; Von Den Hoff, P.; Marcus, G.; Zherebtsov, S.;
Bergues, B.; Gu, X.; Deng, Y.; Vrakking, M. J.; Kienberger, R.; Krausz,
F.; et al. Subcycle Controlled Charge-Directed Reactivity with Few-
Cycle Midinfrared Pulses. Phys. Rev. Lett. 2012, 108, 063002.

3333

(40) Cattaneo, L.; Vos, J; Bello, R. Y.; Palacios, A.; Heuser, S.;
Pedrelli, L.; Lucchini, M.; Cirelli, C.; Martin, F.; Keller, U. Attosecond
Coupled Electron and Nuclear Dynamics in Dissociative Ionization of
H,. Nat. Phys. 2018, 14, 733—738.

(41) Diestler, D. J.; Hermann, G.; Manz, ]. Charge Migration in
Eyring, Walter and Kimball's 1944 Model of the Electronically Excited
Hydrogen-Molecule Ion. J. Phys. Chem. A 2017, 121, 5332—5340.

(42) Ulusoy, L S.; Nest, M. Correlated Electron Dynamics: How
Aromaticity Can Be Controlled. J. Am. Chem. Soc. 2011, 133, 20230—
20236.

(43) Liu, C; Manz, J.; Ohmori, K; Sommer, C.; Takei, N.;
Tremblay, J. C,; Zhang, Y. Attosecond Control of Restoration of
Electronic Structure Symmetry. Phys. Rev. Lett. 2018, 121, 173201.

(44) Woodward, R. B.; Hoffmann, R. The Conservation of Orbital
Symmetry. Angew. Chem., Int. Ed. 1969, 8, 781—853.

(45) Von Den Hoff, P.; Siemering, R.,; Kowalewski, M.; De Vivie-
Riedle, R. Electron Dynamics and its Control in Molecules: From
Diatomics to Larger Molecular Systems. IEEE ]. Sel. Top. Quantum
Electron. 2012, 18, 119—129.

(46) Li, Z.; Vendrell, O; Santra, R. Ultrafast Charge Transfer of a
Valence Double Hole in Glycine Driven Exclusively by Nuclear
Motion. Phys. Rev. Lett. 2018, 115, 143002.

(47) Nikodem, A.; Levine, R. D.; Remacle, F. Quantum Nuclear
Dynamics Pumped and Probed by Ultrafast Polarization Controlled
Steering of a Coherent Electronic State in LiH. J. Phys. Chem. A 2016,
120, 3343—3352.

(48) Arnold, C.; Vendrell, O.; Santra, R. Electronic Decoherence
Following Photoionization: Full Quantum-Dynamical Treatment of
the Influence of Nuclear Motion. Phys. Rev. A: At, Mol, Opt. Phys.
2017, 95, 033425.

(49) Despré, V.; Golubev, N. V.; Kuleff, A. L Charge Migration in
Propiolic Acid: A Full Quantum Dynamical Study. Phys. Rev. Lett.
2018, 121, 203002.

(50) Jia, D.; Mangz, J; Yang, Y. De- and Recoherence of Charge
Migration in Ionized Iodoacetylene. J. Phys. Chem. Lett. 2019, 10,
4273—4277.

(51) Jia, D; Manz, J; Yang, Y. Timing the Recoherence of
Attosecond Electronic Charge Migration by Quantum Control of
Femtosecond Nuclear Dynamics: A Case Study for HCCI'. J. Chem.
Phys. 2019, 151, 244306.

(52) Yudin, G. L.; Chelkowski, S.; Itatani, J.; Bandrauk, A. D.;
Corkum, P. B. Attosecond Photoionization of Coherently Coupled
Electronic States. Phys. Rev. A: At, Mol, Opt. Phys. 200S, 72,
No. 051401(R).

(53) Ivanov, M. Y.; Corkum, P. B.; Dietrich, P. Coherent Control
and Collapse of Symmetry in a Two-Level System in an Intense Laser
Field. Laser Phys. 1993, 3, 375—380.

(54) Baykusheva, D.; Ahsan, M. S; Lin, N.; Worner, H. J. Bicircular
High-Harmonic Spectroscopy Reveals Dynamical Symmetries of
Atoms and Molecules. Phys. Rev. Lett. 2016, 116, 123001.

(55) Liu, X;; Zhu, X; Li, L.; Li, Y; Zhang, Q; Lan, P,; Lu, P.
Selection Rules of High-Order-Harmonic Generation: Symmetries of
Molecules and Laser Fields. Phys. Rev. A: At, Mol, Opt. Phys. 2016,
94, 033410.

(56) Yuan, K.-J.; Bandrauk, A. D. Symmetry in Circularly Polarized
Molecular High-Order Harmonic Generation with Intense Bicircular
Laser Pulses. Phys. Rev. A: At, Mol,, Opt. Phys. 2018, 97, 023408.

(57) Popova-Gorelova, D.; Santra, R. Imaging Interatomic Electron
Current in Crystals with Ultrafast Resonant X-Ray Scattering. Phys.
Rev. B: Condens. Matter Mater. Phys. 2015, 92, 184304.

(58) Popova-Gorelova, D.; Santra, R. Imaging Instantaneous
Electron Flow with Ultrafast Resonant X-Ray Scattering. Phys. Rev.
B: Condens. Matter Mater. Phys. 2015, 91, 184303.

(59) Yuan, K.-J; Bandrauk, A. D. Exploring Coherent Electron
Excitation and Migration Dynamics by Electron Diffraction with
Ultrashort X-Ray Pulses. Phys. Chem. Chem. Phys. 2017, 19, 25846—
25852.

(60) Popova-Gorelova, D. Imaging Electron Dynamics with
Ultrashort Light Pulses: A Theory Perspective. Appl. Sci. 2018, 8, 318.

https://dx.doi.org/10.1021/acs.jpca.0c00404
J. Phys. Chem. A 2020, 124, 3329-3334


https://dx.doi.org/10.1039/c1cp20094a
https://dx.doi.org/10.1039/c1cp20094a
https://dx.doi.org/10.1039/c1cp20094a
https://dx.doi.org/10.1103/physreva.86.053429
https://dx.doi.org/10.1103/physreva.86.053429
https://dx.doi.org/10.1103/physreva.86.053429
https://dx.doi.org/10.1103/physreva.90.035401
https://dx.doi.org/10.1103/physreva.90.035401
https://dx.doi.org/10.1103/physreva.91.051401
https://dx.doi.org/10.1103/physreva.91.051401
https://dx.doi.org/10.1080/09500340.2016.1275855
https://dx.doi.org/10.1080/09500340.2016.1275855
https://dx.doi.org/10.1080/09500340.2016.1275855
https://dx.doi.org/10.1016/s0009-2614(99)00691-0
https://dx.doi.org/10.1016/s0009-2614(99)00691-0
https://dx.doi.org/10.1002/jcc.24358
https://dx.doi.org/10.1002/jcc.24358
https://dx.doi.org/10.1002/jcc.24792
https://dx.doi.org/10.1002/jcc.24792
https://dx.doi.org/10.1002/jcc.24792
https://dx.doi.org/10.1002/jcc.24896
https://dx.doi.org/10.1002/jcc.24896
https://dx.doi.org/10.1002/jcc.24896
https://dx.doi.org/10.1016/0263-7855(96)00018-5
https://dx.doi.org/10.1016/0263-7855(96)00018-5
https://dx.doi.org/10.1063/1.4948646
https://dx.doi.org/10.1063/1.4948646
https://dx.doi.org/10.1063/1.4948646
https://dx.doi.org/10.1126/science.1126259
https://dx.doi.org/10.1126/science.1136598
https://dx.doi.org/10.1126/science.1136598
https://dx.doi.org/10.1088/0953-4075/42/13/134001
https://dx.doi.org/10.1088/0953-4075/42/13/134001
https://dx.doi.org/10.1088/0953-4075/42/13/134001
https://dx.doi.org/10.1103/physrevlett.108.063002
https://dx.doi.org/10.1103/physrevlett.108.063002
https://dx.doi.org/10.1038/s41567-018-0103-2
https://dx.doi.org/10.1038/s41567-018-0103-2
https://dx.doi.org/10.1038/s41567-018-0103-2
https://dx.doi.org/10.1021/acs.jpca.7b04714
https://dx.doi.org/10.1021/acs.jpca.7b04714
https://dx.doi.org/10.1021/acs.jpca.7b04714
https://dx.doi.org/10.1021/ja206193t
https://dx.doi.org/10.1021/ja206193t
https://dx.doi.org/10.1103/physrevlett.121.173201
https://dx.doi.org/10.1103/physrevlett.121.173201
https://dx.doi.org/10.1002/anie.196907811
https://dx.doi.org/10.1002/anie.196907811
https://dx.doi.org/10.1109/jstqe.2011.2107893
https://dx.doi.org/10.1109/jstqe.2011.2107893
https://dx.doi.org/10.1103/physrevlett.115.143002
https://dx.doi.org/10.1103/physrevlett.115.143002
https://dx.doi.org/10.1103/physrevlett.115.143002
https://dx.doi.org/10.1021/acs.jpca.6b00140
https://dx.doi.org/10.1021/acs.jpca.6b00140
https://dx.doi.org/10.1021/acs.jpca.6b00140
https://dx.doi.org/10.1103/physreva.95.033425
https://dx.doi.org/10.1103/physreva.95.033425
https://dx.doi.org/10.1103/physreva.95.033425
https://dx.doi.org/10.1103/physrevlett.121.203002
https://dx.doi.org/10.1103/physrevlett.121.203002
https://dx.doi.org/10.1021/acs.jpclett.9b01687
https://dx.doi.org/10.1021/acs.jpclett.9b01687
https://dx.doi.org/10.1063/1.5134665
https://dx.doi.org/10.1063/1.5134665
https://dx.doi.org/10.1063/1.5134665
https://dx.doi.org/10.1103/physreva.72.051401
https://dx.doi.org/10.1103/physreva.72.051401
https://dx.doi.org/10.1103/physrevlett.116.123001
https://dx.doi.org/10.1103/physrevlett.116.123001
https://dx.doi.org/10.1103/physrevlett.116.123001
https://dx.doi.org/10.1103/physreva.94.033410
https://dx.doi.org/10.1103/physreva.94.033410
https://dx.doi.org/10.1103/physreva.97.023408
https://dx.doi.org/10.1103/physreva.97.023408
https://dx.doi.org/10.1103/physreva.97.023408
https://dx.doi.org/10.1103/physrevb.92.184304
https://dx.doi.org/10.1103/physrevb.92.184304
https://dx.doi.org/10.1103/physrevb.91.184303
https://dx.doi.org/10.1103/physrevb.91.184303
https://dx.doi.org/10.1039/c7cp05067d
https://dx.doi.org/10.1039/c7cp05067d
https://dx.doi.org/10.1039/c7cp05067d
https://dx.doi.org/10.3390/app8030318
https://dx.doi.org/10.3390/app8030318
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c00404?ref=pdf

The Journal of Physical Chemistry A pubs.acs.org/JPCA

(61) Hermann, G.; Pohl, V.; Dixit, G.; Tremblay, J. C. Probing
Electronic Fluxes via Time-Resolved X-ray Scattering. Phys. Rev. Lett.
2020, 124, 013002.

3334 https://dx.doi.org/10.1021/acs.jpca.0c00404
J. Phys. Chem. A 2020, 124, 3329-3334


https://dx.doi.org/10.1103/physrevlett.124.013002
https://dx.doi.org/10.1103/physrevlett.124.013002
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c00404?ref=pdf

