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ABSTRACT
We introduce a new approach for analysing changes in electronic structure in the course of ab ini-
tio molecular dynamics simulations. The analysis is based on the time autocorrelation function of
the many-body electronic wave-function. The approach facilitates the interpretation of dynamical
events that may not be easily revealed by consideration of nuclear configurations alone. We apply
themethod to several illustrative examples: the shared proton vibration in the F−(H2O) complex, rep-
resenting changes in strength of non-covalent interactions; proton transfer in thewater dimer cation,
as an example for chemical reactions in weakly bound systems; and the intramolecular proton trans-
fer in malonaldehyde. In all cases, we observe distinct features in the time autocorrelation function
when chemical changes occur. The autocorrelation function serves as an effective reaction coordi-
nate, incorporating all degrees of freedom, including electronic ones. Themethod is also sensitive to
changes in the electronic wave-function not accompanied by significant nuclear motions.

1. Introduction

Ab initio molecular dynamics is a powerful compu-
tational tool, particularly useful for the description
of chemical reaction dynamics involving making and
breaking covalent bonds, for which classical force-fields
are not suitable [1–5]. Simulations of the classical nuclear
motions on potential energy surfaces (PES) computed
on-the-fly by electronic structure methods can now
be performed for systems composed of hundreds of
atoms [6–10]. Several recent developments have signifi-
cantly reduced the cost of propagating correlated wave-
functions even further [11–13]. In addition to nuclear
trajectories, the electronic wave-function and various
electronic properties derived from it are also available at
every time step of the dynamics. These provide additional
information about the evolution of the system and can
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be used to identify concrete steps of the reaction mech-
anism [14]. The electronic wave-function can be used
to compute various observables, such as the transient
electronic absorption or photoelectron spectra. By
comparing the computed spectra against experimental
measurements [15,16], one can interpret the spectral
evolution in terms of molecular motions or changes in
electronic wave-functions [17–21]. Properties that are
not observables, such as partial charges [22–25] or bond
orders [26,27], can also be evaluated along the trajecto-
ries, to provide additional insight. For example, changes
in partial charges or bond orders can help determine
when the reaction actually occurs, i.e. when the system
passes through the transition state, allowing to establish
reaction mechanisms [28–30].

In this contribution, we introduce a new approach
for analysing changes in electronic structure in dynam-
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ical processes. The key object of the analysis is the time
autocorrelation function of the electronic wave-function.
Evaluating this autocorrelation function requires calcu-
lating, for each time step, the overlap between the ini-
tial and current many-body electronic wave-functions.
Overlap is the most natural metric quantifying the differ-
ences between two wave-functions. For example, it can
be used to compare wave-functions computed by differ-
ent many-body theories [31,32]. Here, we use the over-
lap to comparewave-functions at different time steps. The
autocorrelation function, which is time-dependent over-
lap, contains condensed information about changes in
nuclear positions, molecular orbitals and configurational
expansion. Once evaluated, the autocorrelation function
of the total electronic wave-function is a simple, one-
dimensional function that can be related to experimen-
tal observables and can help analyse chemical changes
occurring in the course of dynamics. Large values (i.e.
close to one) mean that the current electronic state is
similar to the initial state while the small values sig-
nal that a significant change in electronic structure has
occurred. Thus, one can use this object in a black-box
fashion to identify reactive events, i.e. when the system
no longer resembles the reactants electronically. This one-
dimensional function may be particularly useful for large
systems, in which a substantial number of degrees of
freedom make it difficult to discriminate reactive and
non-reactive motions. Although RMSD (root-mean-
square-deviation) of nuclear coordinates can be used
to monitor when significant structural changes occur,
the electronic autocorrelation function also contains the
information about changes in electronic state. Thus, the
autocorrelation function can serve as an effective reaction
coordinate, incorporating changes due to all degrees of
freedom, including electronic ones. Our approach is gen-
eral, as it focusses on the changes in electronic wave
functions and does not involve constructs such as par-
tial charges or bond orders, which are not unique, with
several definitions giving rise to different bond-orders
and partial charges [33]. In this paper, we illustrate our
approach by using a single-determinantal ansatz. How-
ever, it can be extended to correlated wave-functions
by using techniques similar to those used to compute
overlap between many-body wave-functions in surface-
hopping simulations [34] or for analysing the differ-
ences between wave-functions computed using different
approaches [31,32].

The overlap between electronic wave-functions at
different time steps can be used to estimate nona-
diabatic couplings [35] between electronic states in
surface-hopping simulations. As originally proposed by
Hammes-Schiffer andTully [36], the overlap between two
different electronic states at different times can be viewed

as a finite-difference approximation to the nonadiabatic
coupling. This method is now often used in numerical
codes for surface-hopping simulations [37,38]. Further-
more, overlap between different wave functions has been
used to analyse differences in electronic structure due to
using different one- and many-body expansions [31,32].

The structure of the article is as follows. Section 2
presents the equations used to calculate the autocor-
relation function of the many-body electronic wave-
function. It also discusses the implementation of the
Kabsch algorithm [39,40] used to eliminate the effects
of rigid-body motion. Section 3 discusses validation of
the code. Section 4 presents examples illustrating the
utility of the approach in systems characterised by dif-
ferent interactions and bonding. Section 5 gives the
concluding remarks.

2. Theory

We focus on situations for which the Born–Oppenheimer
approximation is valid and the system evolves in time
on a single adiabatic PES. Assuming classical nuclear
motion, the time-dependence of the electronic wave-
function originates from the time-dependent positions
of the nuclei, represented collectively as R(t ). The time
autocorrelation function of the many-body electronic
wave-function is then

A(τ ) = 〈�(x1, ..., xn;R(t=0))|�(x1, ..., xn;R(t=τ ))〉, (1)

where x1, ..., xn denote spatial and spin coordinates of the
electrons.

For simplicity, here we consider wave-functions rep-
resented by a single Slater determinant, i.e. as in the
Hartree–Fock approximation or Kohn–Sham density
functional theory (DFT) [41]. The formalism can be
generalised by using several different strategies, i.e. one
can exploit techniques similar to those used to com-
pute overlap between many-body wave-functions in
surface-hopping simulations [34] or for analysing the
differences between wave-functions computed using dif-
ferent ab initio approaches [31,32]. One can also main-
tain single-determinantal representation, either by using
natural orbitals (which afford compact representation of
correlated wave functions with a small number of deter-
minants [42]), or by mapping correlated density to a sin-
gle Kohn–Sham-like determinant.

The Slater determinant composed of {φ1,… , φn}
spin-orbitals can be written as follows:

|�(x1, ..., xn) = 1√
n!

∑
σεPn

(−1)M(σ ) |
n∏
j=1

φσ j (x j)〉 , (2)
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where n is the number of electrons and Pn is the group
of all n! possible permutations σ = {σ 1,… , σ n} of the
set of integers {1, .., n}.M(σ ) is the number of exchanges
between pairs of numbers required to obtain the original
set from a given permutation σ . Using φ and φ̃ to denote
spin-orbitals at t = 0 and τ , respectively, the autocorrela-
tion function can be written as

A(τ ) = 1
n!

∑
σεPn

(−1)M(σ )

[ ∑
σ ′εPn

(−1)M(σ ′)
n∏
j=1

〈φσ j |φ̃σ ′
j
〉
]
.

(3)

The spin-orbitals at each time step form an orthonor-
mal set, but the orbitals from different time steps are not
orthogonal. By introducing the overlap matrix

S jk = 〈φ j|φ̃k〉 , (4)

the autocorrelation function between the two Slater
determinants can be written as a determinant of the over-
lap matrix of the respective spin-orbitals [42]:

A(τ ) = det S. (5)

By using Equation (5), one can evaluate the autocorrela-
tion function of the electronic wave-function by calculat-
ing S at every time step of the dynamics and computing
its determinant. The autocorrelation function describes
time-dependent changes in electronic structure, i.e. val-
ues close to one correspond to large overlap between the
wave-functions at t = 0 and τ , while small values would
indicate that the two wave-functions differ considerably.

To eliminate the effect of rigid-body rotations and
translations on the autocorrelation function, the nuclear
coordinates at two time frames should be appropriately
aligned. Here, we employ an algorithm (originally devel-
oped by Kabsch [39,40]) that finds the rotation matrix
which aligns one set of points P with a reference set Q,
yielding minimal RMSD between the two sets.

First, to account for translational motion, we shift the
system to its centroid at each time step. Second, we store
the Cartesian coordinates of all N atoms at t = 0 and
τ as rows in Nx3 matrices Q and P, respectively. We then
compute the covariance matrix C as

C = P�Q. (6)

Finally, C is decomposed by singular value decomposi-
tion

C = α�β�, (7)

resulting in the diagonal matrix of singular values � and
two unitary matrices, α and β .

The rotationmatrixU that alignsPwithQ is then com-
puted as

U = βTα� (8a)

T =
⎛
⎝1 0 0
0 1 0
0 0 d

⎞
⎠ , (8b)

where d is the sign of det(αβ�).
The matrix S is computed by evaluating on a grid the

overlap between all pairs of orbitals from the two sets, φ
and φ̃. (The overlaps can also be calculated by quantum-
chemistry programs, using built-in integral evaluation
packages, via the ‘double molecule’ trick.)

To eliminate the effect of rigid body rotation, we eval-
uate the value of φ̃ used at each grid point at a rotated
grid point r̃g = U�rg. Note that since U is an orthogonal
matrixU−1 =U�, this procedure amounts to rotating the
orbitals tomaximal overlap, as demonstrated in Section 3.
The autocorrelation function at time τ is the determinant
of S(τ ).

Within the Born–Oppenheimer separation of vari-
ables, the sign of adiabatic electronic wave-functions is
not defined. In addition, if the electronic wave-function
includes degenerate orbitals, the sign of the autocorre-
lation function can change if the degenerate orbitals are
interchanged. Thus, we consider only the absolute value
of the autocorrelation functions.

In addition to the above procedure, we considered an
alternative algorithm for eliminating the effect of rigid-
body motion. In this algorithm, we aligned the total elec-
tron density at every time step with the initial density,
instead of the nuclear positions. To do so, we constructed
a moments of inertia tensor at each time step using the
electron density instead of the mass density of the sys-
tem. We then diagonalised this tensor to obtain the prin-
cipal axes of the electron density. Finally, we aligned the
principal axes at different time steps using the Kabsch
algorithm, prior to the calculation of the autocorrelation
function of the electronic wave-function. We found this
algorithm to be less effective than the algorithm based
on the alignment of the molecular structures, mainly
because the principal axes provide a rather crude rep-
resentation of the shape of complicated total electron
density (i.e. very different densities can give rise to the
same principal axes). The results obtained using the sec-
ond procedure are given in the Supporting Information,
along with a discussion of specific issues arising when
using the principal axes for the alignment of different
time frames. Since the positions and types of nuclei are
uniquely defined by the electronic density of the ground
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Figure . The upper left panel shows the autocorrelation function of the electronic wave-function along an equilibrium trajectory for an
isolated water molecule at  K. The lower left panel shows the first  ps of the simulation. The right panel shows instantaneous total
electron density at selected snapshots, labelled A-I on the lower left panel. The numbers on the right panels are the O-H bond lengths at
each time step.

state, it is not surprising that the two algorithms of align-
ing the structures often yield similar results.

The connection between the electronic density and the
nuclear positions and charges suggest that, once the struc-
tures are appropriately aligned, the RMSD of the nuclear
positions and the autocorrelation function of the elec-
tronic wave-function contain similar information. This
is indeed the case for most examples presented in this
study (the comparison between the RMSD and the auto-
correlation function is given in the Supporting Infor-
mation). However, for more complicated situations, e.g.
when Born–Oppenheimer approximation breaks down
and the character of electronic wave-function changes
abruptly, the autocorrelation function can provide a
more precise picture of dynamical changes in electronic
structure.

Below we describe our implementation of the algo-
rithm and modifications necessary for the calculation of
autocorrelation functions of electronic wave-functions.
All electronic structure calculations were performed
using the Q-Chem electronic structure program [43,44].
The overlap and autocorrelation functions were com-
puted by using a stand-alone code developed using mod-
ules of ezDyson software [45].

3. Benchmarking

To test the algorithm and validate the correctness of the
implementation, we performed artificial rotations and
translations of a single water molecule and computed
the autocorrelation function. To test whether transla-
tional motion is treated correctly, the water molecule was
shifted, for 100 steps, adding 0.025 Å to each Cartesian
coordinate, at each step. To test for rigid-body rotations,

the molecule was rotated between 0 and 2π , using 100
steps, around its centre of mass using the vector (1,1,1)
as a rotation axis. In both cases, using 100 grid points for
each Cartesian axis and a cubic box dimension of 10 Å
yielded overlap value of 0.999 for each step.

We also tested the method by performing equilib-
riumMD simulations of an isolated water molecule using
ωB97X-D/STO-3G. The trajectory was initiated from the
structure optimised at this level of theory, with the veloc-
ities randomly sampled from the Maxwell–Boltzmann
distribution at 298 K. The trajectory was propagated
for 1.2 ps using a time step of 0.12 fs. Figure 1 shows
the resulting autocorrelation function and representative
snapshots of the electron density.

The snapshots A-I, which are taken from the first 20
ps of the simulation, show the fast stretching motion of
the O-H bonds. This particular trajectory did not involve
significant bending of the water molecule. As shown in
Figure 1, the autocorrelation function of the electronic
wave-function varies very little as a result of the thermal
motion (1%), even though the changes in bond-lengths
are around 5%. The plots of the total electron density
confirm that the wave-function changes very little during
the dynamics. A Fourier transform of the autocorrelation
function (not shown) has peaks at frequencies approxi-
mately equal to the vibrational frequencies of water at this
level of theory. Since the initial velocities were sampled
randomly, the initial total angular momentum was not
zero and the molecule rotated, but the rotational motion
had no effect on the autocorrelation function, illustrating
the correctness of the implementation of the Kabsch algo-
rithm.We carried out similar calculations for the thermal
motion of H2O+ using an unrestricted Kohn–ShamDFT,
with similar results.

MOLECULAR PHYSICS 2515



Figure . The upper left panel shows the autocorrelation function of the electronic wave-function for a simulation of the thermal motion
of the F−HO complex at  K. The lower left panel shows the first  ps of the simulation. The right panels shows snapshots of the total
electron density at different time steps, labelled A-I in the lower left panel. The numbers on the right panels are the O-H-O angle (top)
and the O-H-F angle (bottom) at each time step.

4. Illustrative applications

To illustrate the utility of the approach, we present several
examples designed to represent different bonding types.
The first example is equilibrium dynamics at 298 K of
the complex of F− and H2O. This system, in which the
two fragments are bound by a relatively strong hydro-
gen bond, illustrates that the autocorrelation function is
sensitive to variations in non-covalent bonding. The sec-
ond example is the intermolecular proton transfer in the
water dimer cation. It demonstrates the sensitivity of the
method to the breaking and making covalent bonds in a
system that also has hydrogen bonds. The third example is
the intramolecular hydrogen transfer in malonaldehyde.
This system illustrates the applicability of the method to
larger molecules with more degrees of freedom.

4.1. Shared proton vibration in F−(H2O)

F−(H2O) is a model system for halide-water complexes
exhibiting interesting hydrogen bonding. It has been
studied extensively, both experimentally [46,47] and the-
oretically [48–52]. The hydrogen bond between fluoride
and water is very strong, exceeding 25 kcal mol−1, in
comparison to the larger halides and typical hydrogen
bonds. A cut in the PES along the displacement of the pro-
ton from the mid-point between the oxygen and fluorine
atoms is relatively flat, with a minimum when the pro-
ton is closer to the water molecule and a shoulder when
the proton in closer to the fluoride anion [47,52]. Due
to the flat PES, the system exhibits large displacements
of the proton, coupled to other low-frequency modes,
even without breaking the strong hydrogen bond. It is
interesting to see whether the autocorrelation function

of the electronic wave-function is sensitive to changes in
intermolecular bonding resulting from this large ampli-
tude motion.

The trajectory was initiated with the structure opti-
mised by ωB97X-D/STO-3G and initial velocities sam-
pled from the Maxwell–Boltzmann distribution at 298
K. The autocorrelation function of the electronic wave-
function is presented in Figure 2, alongwith several snap-
shots from the trajectory showing the respective total
electron densities. The O-H-F angle of the intermolecu-
lar hydrogen bond (bottom) and the H-O-H angle of the
water molecule (top) are also shown.

In this example, we observe larger variations in the
autocorrelation function, in comparison to the thermal
motion of an isolated water molecule. This is consistent
with large-amplitudemotions of the shared proton which
are also coupled to lower-frequency modes. Snapshots A-
I, taken from the first 60 fs of the simulation, exhibit sev-
eral interesting features. Point B shows a decrease ofmore
than 30% in the autocorrelation function. This drop is
due to a significant change of the O-H-F angle from an
almost perfectly linear hydrogen bond to an angle of 156°.
The linearity of the hydrogen bond is often used to esti-
mate the strength of a hydrogen bond in molecular simu-
lations [53–55]. This temporary bend, which weakens the
bond, is clearly reflected by the autocorrelation function.
This change is also manifested by the deformation of the
total electron density, but it is more visible in the auto-
correlation function. Point C exhibits a maxima in the
autocorrelation function, due to the regained linearity of
the shared hydrogen bond. The corresponding value of
the autocorrelation function is about 10% less than the
initial value,mainly due to variations in the bending angle
of the water molecule. Other minima and maxima in
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Figure . The upper left panel shows the autocorrelation function of the electronic wave-function for the water dimer cation. The lower
left panel shows the first  ps of the simulation. The right panels show snapshots of the total density at different time steps, labelled
A-I on the lower left panel. The numbers on the right panels are the hydrogen-acceptor distance (top) and the donor-hydrogen distance
(bottom). Donor and acceptor are defined at the initial structure.

the autocorrelation function (points D to G) show sim-
ilar changes in the linearity (and in the strength) of the
O-H-F hydrogen bond, although the changes are less
prominent.We observe significant variation in the hydro-
gen bond linearity and strength for point H, which has
an O-H-F angle of 158°. Once the linearity of the bond is
recovered, in point I, the autocorrelation again increases,
approaching unity. We also note that points H and I
exhibit a change in the torsion angle of the F−(H2O) com-
plex, relatively to points B and A, which does not affect
significantly the strength of the hydrogen bond and, con-
sequently, the autocorrelation. In summary, the autocor-
relation function is the most sensitive to the changes in
the linearity of the hydrogen-bond in the fluoride–water
complex, even when the changes are rather small. This
is consistent with the hydrogen-bond linearity being an
estimator of hydrogen-bond strength.

4.2. Intermolecular proton transfer in (H2O)+
2

Ionised water clusters serve as model systems for study-
ing the key steps in the ionisation of water by radia-
tion [56]. The smallest of them, the water dimer cation,
has been studied experimentally by vibrational predis-
sociation spectroscopy [57] and theoretically [57–65].
The equilibrium structure of the neutral water dimer is
not a minimum on the ionised PES, rather, the mini-
mum structure of the ionised dimer corresponds to a
complex of H3O+ and the hydroxyl radical [60]. Thus,
vertical ionisation of the neutral dimer results in an ultra-
fast proton transfer on a fs timescale. The purpose of
this example is to examine the variations in the auto-
correlation function upon making and breaking covalent
bonds.

As in the previous examples, we initiated the trajec-
tory from the optimised structure of the neutral dimer
(using the same level of theory as above). Mimicking
vertical ionisation, we switched the electronic state and
propagated the trajectory on the cationic PES; the ini-
tial velocities in this case were set to zero. Vertical ion-
isation results in an energetic system more than 20 kcal
mol−1 above the global minimum on the ionised PES
[60]. Figure 3 shows the autocorrelation function for the
water dimer cation, representative snapshots, total elec-
tron densities and the lengths of the two O-H bonds
involved in the proton transfer reaction.

The autocorrelation function features distinct min-
ima and maxima on a fs time scale. The magnitude of
the changes is much larger than in the previous exam-
ple, where dynamics modulated the strength of hydro-
gen bonds. The first proton transfer occurs less than 10
fs from the beginning of the simulation, resulting in the
drop of the autocorrelation by more than 50% (point B).
The snapshots in Figure 3 show that initially, at point A,
the water molecule that donates the hydrogen bond has a
donor-hydrogen bond length of 1.03 Å whereas the dis-
tance between the hydrogen atom and the oxygen serv-
ing as an acceptor is 1.62 Å. At point B, the first minima
of the autocorrelation function, the proton has jumped
and the O-H bond in the hydronium ion is 0.92 Å while
the distance between the hydrogen and the oxygen atom
of the hydroxyl radical is 1.69 Å. All other minima and
maxima in the autocorrelation relate to proton transfer
events. Points C, E, G and I relate to the less stable water-
dimer configuration whereas points D, F and H refer
to the hydronium-hydroxyl radical structure. Variations
in the values of the autocorrelation at different points
are due to the changes in other parameters, such as the
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Figure . Graphical representation of matrix S for the water dimer
cation. The panels A-I correspond to the snapshots shown in
Figure . Elements of S are given by Equation () and the orbitals
are ordered by energy. The matrix is block-diagonal due to spin
symmetry.

relative orientation of the water molecules with respect to
one another and the bending of the water molecules. The
total electron density at different time steps also shows
more significant changes than in the case of the F−(H2O)
complex (for the same isovalue), in accordance with the
larger changes in the autocorrelation function.

Visualisation and analysis of electronic densities and
orbitals provides important qualitative insight and allows
to make quantitative connections with experimental
observables [66,67], such as photoelectron cross sections
and angular distributions. Various tools for analysis of
molecular orbitals, natural orbitals, Dyson orbitals, nat-
ural transition orbitals and densities are widely used in
computational chemistry [68–82]. Thus, it is instruc-
tive to analyse the contribution of individual molecu-
lar orbitals to the autocorrelation function for the many-
body electronic wave-function. The canonical molecu-
lar orbitals, within the Hartree–Fock approximation and
Kohn–Sham DFT, are not unique (the total energy is
invariant under unitary transformations of the occupied
orbitals). Yet, canonical orbitals can be interpreted as
an approximation to Dyson orbitals or frontier orbitals,
and their analysis provides useful insight into dynamical
changes in electronic structure.

Figure 4 shows graphically the overlap matrix, S, cal-
culated for the water dimer cation at several time steps,
labelled A-I in Figure 3. Elements of S are given by Equa-
tion (4) and the orbitals are ordered by their energy, in
ascending order, at all time steps (core orbitals are not
shown).

At the initial geometry, S is the unit matrix. Panel B,
which corresponds to the first proton transfer event and
the first minima in the autocorrelation function, shows
significant deviation from the unit matrix. In fact, we see
that at this time step the order of orbitals has changed,
such that different orbitals have significant overlap with
most of the orbitals at t = 0. Panels D-H, correspond-
ing to theminima in the autocorrelation function and the
hydronium-hydroxyl configuration, show similar mixing
of the initial orbitals, which result in a decrease of the
autocorrelation of the total wave-function. Panels C-I,
which correspond to the maxima in the autocorrelation
function, show less mixing and are closer to the unit
matrix. This is in agreement with the larger values of the
autocorrelation. Figure 4 also shows that nearly degener-
ate orbitals can interchange, which is seen, for example,
in panel I for orbitals 5 and 6, which may change the sign
of the autocorrelation of the total wave-function. In addi-
tion, the phase of each orbitals is only determined up to a
sign, and the value of the elements of S can also be close
to (-1), which is seen, for example, in panel I.

To conclude, this section shows that the autocorrela-
tion function is very sensitive to the breaking andmaking
of covalent bonds. There is a connection between the con-
tributions of overlaps of individualmolecular orbitals and
the autocorrelation of the total electronic wave-function.

4.3. Intramolecular proton transfer in
malonaldehyde

Malonaldehyde is a prototypical system for studying
intramolecular proton transfer [83–90]. On the PES there
are two equivalent minimum structures with Cs sym-
metry and a transition state with C2v symmetry, located
4.1 kcal mol−1 above the two equivalent minima [90].
Due to the low barrier and significant tunnelling split-
ting, nuclear quantum effects are especially important to
accurately describe the dynamics of the system. However,
for the purpose of demonstrating the applicability of the
autocorrelation function of the electronic wave-function
to analyse chemical changes along classical trajectories, a
classical description of the nuclei is sufficient.

We initiated the simulations from the C2v struc-
ture with additional kinetic energy, sampled from the
Maxwell–Boltzmann distribution for 298 K, and propa-
gated the trajectory for 300 fs using the same time step
as in the previous examples. Figure 5 shows the autocor-
relation function and several snapshots at different time
steps.

The autocorrelation function shows distinct features in
the course of dynamics. The analysis of different features
in the autocorrelation function shows that the transition
from the initial structureA into theminimumpoint B and
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Figure . The upper left panel shows the autocorrelation function of the electronic wave-function of malonaldehyde for a trajectory
initiated from the transition state for the intramolecular proton transfer. The lower left panel shows the first  ps of the simulation. The
right panels shows total electron density snapshots at different time steps, labelled A-I on the lower left panel. The numbers on the right
panels are the O-H distances at each time step. Panels B and C also show the value of the O-H-O angle.

then to amaximumpoint C is an indication of two proton
jumps between the two equivalent structures. Other tran-
sitions betweenminima andmaxima in points F,G,H and
I also show three distinct proton jumps. However, since
malonaldehyde hasmore degrees of freedom than the sys-
tems in the previous examples, the autocorrelation also
has features that do not correspond to proton jumps. For
example, the transition between points E and F involves
almost no change in the O-H distances but does involve a
change in the O-H-O angle of the intramolecular hydro-
gen bond from 158° to 148°. Other degrees of freedom
do not change significantly between points E and F. As
discussed in Section 4.1, this change in angle indicates a
change in the strength of the hydrogen bond,which is also
manifested in the autocorrelation function. This exam-
ple illustrates a situation for which the change in elec-
tronic structure is not so easily seen from the snapshots
but is readily identified by the autocorrelation function.
We expect such situations to be more prevalent in larger
molecules.

Figure 5 also shows that the changes in the autocor-
relation function for the intramolecular proton transfer
are much smaller than in the case of the water dimer
cation, possibly because the proton transfer in malon-
aldehyde is localised and other nuclear degrees of free-
dom are not strongly coupled to the reaction coordinate,
in contrast to the water dimer cation. In the water dimer
cation, the nature of the two fragments constituting the
complex changes more dramatically upon proton trans-
fer. This is reflected also by the plots of the total electronic
density for malonaldehyde, which changes in the vicin-
ity of the O-H-O moiety when a proton transfer occurs
but remains relatively unperturbed in the vicinity of the
C-H bonds. In summary, this example shows the utility

of the approach to analyse larger systems, featuring more
complex patterns in the autocorrelation function. The
autocorrelation function shows sensitivity to the rear-
rangement of both covalent and non-covalent bonds (i.e.
hydrogen bonds).

4.4. H2 dissociation

In the above examples, it was always possible to con-
nect the changes in the electronic structure with struc-
tural rearrangement. Moreover, the electronic structure
in all cases was well within the domain of the Born–
Oppenheimer approximation. Consequently, as illus-
trated by Figure S4 in Supplementary Information, the
RMSD of properly aligned structures reveals the same
trends as the autocorrelation function of electronic wave-
functions. However, our approach can be used to reveal
changes in electronic wave-functions that are not accom-
panied by large changes in nuclear positions. To illus-
trate this point, we consider the dissociation of the
H2 molecule using restricted and unrestricted wave-
functions. The restricted formalism does not correctly
describe the dissociation of covalent bonds [41], but the
unrestricted solutions of the Hartree–Fock or Kohn–
Sham equations provide the correct asymptotic limit, at
the price of loosing spin-symmetry. Around the equilib-
rium, the Kohn–Sham equations show no instability and
only a restricted solution exists. As we stretch the H-H
bond, at a certain point (around 1.58 Å), the unrestricted
lower-energy solution appears. Figure 6 shows the disso-
ciation curve of H2 computed using restricted and unre-
stricted Kohn–Sham DFT (ωB97X-D/cc-pVDZ).

We computed the autocorrelation along these scans
for the restricted and unrestricted solutions. Here, the
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Figure . Dashed line and dotted line represent the total energy,
U, for H as a function of the H-H distance R for the restricted and
unrestricted calculations, respectively. Solid line and dash-dotted
line show the value of the overlap between the electronic wave-
functions at the equilibrium distance R and at R for the restricted
and unrestricted calculations, respectively.

result does not represent a time autocorrelation function
but simply the overlap between the wave functions at the
equilibrium bond distance R = R0 and at R, represented
as A(R). Figure 6 shows that at small R, the restricted
and unrestricted determinants give rise to the same solu-
tion of the Kohn–Sham equations. As a result, the value
of the overlap as a function of R is identical for both
treatments. However, starting at the instability point, the
overlap obtained using the two determinants differs. In
particular, the slope of the overlap for the unrestricted
calculations changes and becomesmore negative than for
the restricted calculation. This is a qualitative change in
the behaviour of the overlap, which does not correspond
to a significant change in nuclear geometry. Although
this change in character of the electronic wave-functions
arises from a mathematical instability, it demonstrates
that the autocorrelation of the electronic wave-function
is sensitive to qualitative changes in the electronic struc-
ture, even without a corresponding change in the nuclear
positions. This type of changes is common in processes
involving electronic transitions, such as in non-adiabatic
dynamics.

5. Summary and conclusions

Analysing electronic properties in the course of molecu-
lar dynamics simulations can aid in the identification of
reaction mechanisms [28–30]. In this paper, we propose

a new approach for analysing changes in electronic struc-
ture along classical trajectories. The approach is based
on the evaluation of the time autocorrelation function of
the many-body electronic wave-function. The autocorre-
lation for a wave function represented by a single Slater
determinant (such as in Hartree–Fock or Kohn–Sham
DFT) can be evaluated as a determinant of the overlap
matrix between the molecular orbitals at time t = 0 and
t = τ . To disentangle the intrinsic changes in electronic
structure from changes due to rigid-body rotations and
translations, we employed the Kabsch algorithm, which
aligns the system at different time steps while minimising
the RMSD between the two structures. The method was
benchmarked and applied to several examples, represent-
ing different kinds of chemical interactions and bonding:
the complex between fluoride andwater represented vari-
ations in hydrogen bond strength, proton transfer in the
water dimer cation as an example for changes in covalent
bonds in molecular complexes and intramolecular pro-
ton transfer in malonaldehyde, representing a larger and
more complex system.

The main conclusions are:

(1) The autocorrelation function is sensitive to vari-
ations in chemical bonding, from changes in
strength of hydrogen bonds to breaking covalent
bonds. It can be thought of as an effective reac-
tion coordinate, sensitive to chemical changes in
the course of dynamics.

(2) In larger systems, this analysis emphasises the
variations in electronic structure, which may be
hard to identify by looking at the nuclear snap-
shots alone.

(3) The same method may find applications in
describing time-dependent photoelectron spectra
usingDyson orbitals instead ofmolecular orbitals.
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