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Car–Parrinello molecular
dynamics: insights into the dynamics of excitation†

Sherif Abdulkader Tawfik *a and Tiffany R. Walsh b

In the Car–Parrinello molecular dynamics (CPMD) formalism, orbitals can be assigned different effective

masses according to whether the orbital is occupied by a hole or an electron, and such masses affect

the response of the orbitals to their environment. Inspired by this, we introduce and implement a novel

modification of CPMD, HoleMass CPMD, in which a hole, which is a partially empty orbital, is assigned

a fictitious mass that is different from fully occupied orbitals. Despite the simplicity of the approach, we

find that it solves a key problem in first principles molecule dynamics simulation: for a set of carefully

assigned mass values, the method is able to successfully simulate photoinduced chemical reactions,

exemplified here by the ring-opening reaction in oxirane within a few femtoseconds, and cyclobutene,

within a few picoseconds. Our method can reproduce the CO ring-opening of oxirane, and the correct

isomerization sequence for cyclobutene: when the ring opens, the first isomer that forms is the cis

isomer, followed by the trans isomer. Our method has been implemented in the Car–Parrinello package

of QuantumEspresso and is available as an open-source contribution. The HoleMass CPMD method

provides a new quantum chemistry tool for the simulation of excitation dynamics in molecules, and can

also be applied for modelling charge localization effects in materials systems.
1. Introduction

Navigating the potential energy surface (PES) of molecules is the
“holy grail” of understanding chemical reactivity.1,2 Tracing the
structural and electronic changes along the reaction pathway of
a chemical system, provides important details about the
quantum states of the system before a chemical reaction takes
place. Exploration of the reaction pathway at the zero-time,
zero-temperature limit can be performed at high computa-
tional accuracy and precision by using quantum chemistry
transition state calculations. To incorporate the impact of
entropy (temperature), one can use less computationally
expensive and approximate time-dependent methods. While
high computational accuracy achieves the theoretical require-
ment of “chemical accuracy”, the time- and temperature-
dependence can incorporate “chemical relevance”: that is,
what is actually taking place in a reaction as opposed to what
might take place under ideal conditions.

A number of time- and temperature-dependent quantum-
based computational approaches have been developed for the
simulation of the coupled electronic andmolecular dynamics at
nite temperatures. Born–Oppenheimer molecular dynamics
akin University, Geelong, Victoria 3216,

versity, Geelong, Victoria 3216, Australia

tion (ESI) available. See DOI:

10464
(BOMD), described as the “gold standard” for molecular
dynamics,3 separates the nuclear and electronic degrees of
freedom based on the Born–Oppenheimer approximation, and
evolves the nuclear degrees of freedom based on Newtonian
mechanics. It does not directly evolve the electronic degrees of
freedom; instead, electronic wavefunctions are optimized at
every step of the evolution, and therefore the nuclear dynamics
evolve based on the ground state of the electrons. Realizing that
the ground state calculation in BOMD is a computational
bottleneck, there have been several proposals in the literature
towards the development of less computationally complex
methods for the propagation of the wavefunctions, the most
signicant of which are the Ehrenfest time-dependent density
functional theory (Ehrenfest TDDFT)4 and Car–Parrinello
molecular dynamics (CPMD).5 The nuclear dynamics in both
Ehrenfest TDDFT dynamics and CPMD are handled classically
like BOMD. The key difference in these methods is that
Ehrenfest TDDFT propagates the electronic wavefunctions by
integrating the time-dependent Schrödinger equation, whereas
CPMD propagates the electronic wavefunctions based on
a ctitious kinetic energy term in the system's modied
Lagrangian. CPMD gained massive popularity since its incep-
tion in 1985, mainly because of its high computational effi-
ciency as compared to both BOMD and Ehrenfest TDDFT.4

The PES modelled by BOMD and CPMD is the adiabatic PES,
in which the saddle points indicate the presence of potential
crossing into the excited state PES, but the crossing is
forbidden. Thus, these methods cannot model the dynamics of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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reactions that involve electronic excitation, such as photo-
catalytic and photoinduced reactions. These two methods,
however, were reported to model non-adiabaticity aer applying
fundamental modications to the computational method. For
example, application of constrained-DFT was demonstrated to
recover the photoisomerization reaction of azobenzene,6 and
adding the Tully's fewest switches surface hopping (FSSH)
algorithm to BOMD was shown simulate the breaking of the
oxirane ring.7 Amodied version of CPMD was demonstrated to
reproduce the ring-opening reaction in cyclobutene and the
complex isomerization of Si6H8.8 As for ETDDFT, the latter
allows electrons to propagate along a mixture of adiabatic
states, and therefore it can model the nonadiabatic dynamics of
electronic state in principle, such as intersystem crossing.
However, ETDDFT requires a methodological modication,
such as a surface hopping add-on, to reproduce nonadiabatic
effects such as the H2 dissociation on gold nanoclusters, as
reported in ref. 9.

In this work, we introduce a new approach, HoleMass CPMD,
that can enable CPMD to simulate the nonadiabatic dynamics
of chemical reactions. The approach is based on assigning
ctitiousmasses to orbitals according to the orbital occupations
and constraining the occupation during the CPMD simulation.
We demonstrate the ability of the method to simulate the
photoinduced ring-opening reaction in two example molecules,
oxirane and cyclobutene.

2. The hole mass in CPMD

In the Car–Parrinello molecular dynamics (CPMD), the
Lagrangian L CP is given by

L CP ¼ m
XM
i

ð
j4c iðrÞj2drþ

XN
I

MIR
c

I

2

� EKS

þ
XM
i;j

Lij

ð
4*
i ðrÞ4jðrÞdr (1)

where 4j(r) is the independent particle wavefunction and M is
the number of occupied orbitals. The rst term in L CP is
a kinetic energy term for the electronic states. This term treats
the electronic states as classical particles, and assigns the
electrons a mass-like coefficient, m, and is thus known as the
ctitious kinetic energy. The second term is the nuclear kinetic
energy; the third term is the total Kohn–Sham energy and the
last term imposes the orthonormalization of the occupied
orbitals. From (1), one can derive the following equations of
motion,

m€4iðr; tÞ ¼ �fiHKS4iðr; tÞ þ
XM
i;j

Lij4jðr; tÞ (2)

MI
€RI ¼ �vEKS

vRI

(3)

and the orthonormalization condition,ð
4*
i ðrÞ4jðrÞdr ¼ dij : (4)
© 2025 The Author(s). Published by the Royal Society of Chemistry
The kinetic energy term in (1) gives rise to a ctitious equa-
tion of motion, and hence ctitious dynamics, for the electrons,
eqn (2). This equation reduces to the time-independent Kohn–
Sham equation, where the Lij terms become the energy eigen-
values of the system, in the limit of self-consistency of the
electronic states (4 ̇i(r) = 0), eqn (2) reduces to

fiHKS4iðr; tÞ ¼
XM
i;j

Lij4jðr; tÞ (5)

from which we get

Lij ¼ fi

ð
4*
i ðrÞHKS4jðrÞdr: (6)

This equation establishes a relationship between the
Lagrange multipliers Lij and the eigenvalues, as well as between
Lij and fi. Although unoccupied states cannot be directly
modelled within the standard CPMD because the rst term in
eqn (2) would vanish, a recent proposal by Medina et al.10

sought to model the evolution of unoccupied states by modi-
fying the form of the orthonormalization matrix (L) to accom-
modate zero values for fi, where all orbitals are assigned the
same ctitious mass. Several authors have also implemented
various strategies to model fractional occupations using CPMD
in the case of metallic systems11–13 and for modelling excited
electrons.14

Freezing electronic orbitals, such as in constrained DFT
(CDFT), can be used for the calculation of photoexcitation
phenomena in crystal defects15 and molecules (also known as
DSCF).16 The general principle is to freeze the occupation of the
orbitals during the energy minimization to approximate the
structure and energetics of an excited state. For example, the
excitation of the highest occupied molecular orbital (HOMO) to
the lowest unoccupied molecular orbital (LUMO) can be simu-
lated by setting the HOMO occupation to 0, and the LUMO
occupation to 1. Constraining the density during the molecular
dynamics simulation was previously reported ref. 17 and 18, in
which the occupation numbers are xed and the electron
density is frozen during the simulation. These methods require
and additional force term in due to the density constraint. Here
we examine the constraining of the occupation numbers during
CPMD, which will not require a force term.

In this work we consider a modication of eqn (2),

mi€4iðr; tÞ ¼ �fiHKS4iðr; tÞ þ
XM
i;j

Lij4jðr; tÞ (7)

in which three different classes of electron masses are assigned:
the occupied electron mass mo, the hole mass mh and the
unoccupied electron mass mu. The mo mass is assigned to
occupied electrons, and is the same value as that used in
standard CPMD with fo = 1. In the scenario where an electron is
excited from an occupied to an unoccupied state, the excited
electron leaves a hole. In the standard CPMD formalism, a state
with occupancy f = 0 will not propagate, and therefore a hole
state is identied here with a partial occupancy of fh < 1. The
excited electron will occupy an originally unoccupied state, and
Chem. Sci., 2025, 16, 10454–10464 | 10455
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the latter is identied with a partial occupancy fu < 1 such that fh
+ fu = 1. The electron identied by fh has the mass mh, and that
identied by fu has the mass mu. Note that the only unoccupied
state that is assigned mu is the one with partial occupancy fu; the
rest of the unoccupied states will not propagate, as per the
standard CPMD formalism.

Although the standard CPMD formalism warrants reason-
able latitude in assigning the value for the electron mass in
a CPMD wavefunction propagation calculation, there is, in
principle, the option to assign a different electron mass value
for each electron. The evolution of the energy and temperature
is very sensitive to the choice of the electronmass, and onemust
experiment with multiple values in a microcanonical ensemble
(in which energy is conserved) to ensure that the dynamics of
the system will not lead to a dri in the total energy, which
violates the energy conservation of the ensemble. It should be
noted here that, in standard CPMD, the choice of the electron
mass can be system-specic: several values for the electron
mass have been reported in the literature. In this work we
examine a range of values for the hole and the unoccupied
electron masses and use the energy conservation of the system
dynamics to identify the range of valid mass values.

Given that the total energy should be conserved, what
happens to the temperature? One approach is to x the
temperature at a particular value, say 300 K, by using an arti-
cial thermostat such as velocity rescaling. This was done by
Tavernelli et al.19 in their application of TDDFT for simulating
the isomerization process. They justied the velocity rescaling
approach as mimicking the intermolecular collisions. The
authors also reported that removing the thermostat yielded
several crossings between the ground and excited states, but no
isomerization events were observed.
Fig. 1 (a) The structure of two relevant configurations of oxirane and
cyclobutene, cis- and trans-butadiene. The arrows indicate the ring-ope
and trans structures can be observed by calculating the dihedral angle d
trans structure. The disrotatory angle is calculated using the dihedral an

10456 | Chem. Sci., 2025, 16, 10454–10464
As test cases, we examine the photoinduced ring-opening
reaction of two molecules: ethylene oxide or oxirane (C2H4O,
displayed in Fig. 1(a)) and cyclobutene (C4H6, displayed in
Fig. 1(b)). The C2H4O ring structure is the simplest epoxide ring
which has been a model system for photoinduced ring
opening.7,20,21 The ring opening reaction is fundamental to its
polymerisation into the poly-ethylene oxide, which can be
induced by UV-irradiation.22 There are three stoichiometric
minima with this molecular formula: acetaldehyde and ethanol.
The transition to the acetaldehyde structure starts with a CO
bond breaking, followed by a CC bond breaking, and is known
as the Gomer–Noyes mechanism.21 The entire Gomer–Noyes
mechanism was simulated by Tapavicza et al.20 using TDDFT-
FSSH, by initiating the simulation in the S1 state (HOMO /

LUMO). Later, it was simulated by Krenz et al.7 using
constrained-DFT by forcing the electronic transitions HOMO/

LUMO (S1), HOMO / LUMO + 1 (S2) and HOMO / LUMO + 2
(S3).

The C4H6 cyclobutene molecule possesses multiple cong-
urations, which have been thoroughly examined by Nguyen and
Gordon23 and Sakai.24 The lowest energy structure is the trans-
butadiene conformation,23 but the molecule has a wealth of
isomers and undergoes various isomerization reactions. Among
the metastable congurations of this molecule are the cyclo-
butene,8,24 cis-butadiene,23,24 bicyclobutane23,24 and skewed
conformers.25 The cis-butadiene conformation undergoes
a ring-closing isomerization reaction upon optical excitation to
either cyclobutene or bicyclobutane.24 The ring-opening reac-
tion of cyclobutene to trans-butadiene faces a thermal energy
barrier of ∼30 kcal mol−1.26

Even though there are potentially multiple isomerization
pathways for the molecule, the energy barriers associated with
(b) the three relevant configurations of the C4H6 molecule system:
ning reaction induced by UV-irradiation. The transition between the cis

C3124
q, where dC3124

q = 0° in the cis structure and dC3124
q = 180° in the

gles bi, i = 1 to 4.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The six combinations of the occupied (mo), hole (mh) and
unoccupied (mu) electron mass values that are applied in this work. All
mass values are in amu

mo mh mu

mA 200 500 100
mB 200 1000 100
mC 400 500 200
mD 400 1000 200
mE 600 500 300
mF 600 1000 300
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these pathways are not insignicant. Finding the right
approach to navigate the PES of the molecule in a time-
dependent dynamical simulation has been an important
research objective. Cyclobutene has particularly been an inter-
esting case for molecular dynamics simulations because it
should follow a disrotatory stereochemistry upon photoexcita-
tion, according to the Woodward–Hoffmann (WH) rules.27

However, various photoisomerization reaction products that are
WH-forbidden have been observed, and the use of different
theoretical methods yield different results with respect to WH
rules: BOMD simulations that demonstrate the onset of dis-
rotatory movement within 15 fs of the simulation, conrming
the WH rule,28 and TDDFT-FSSH simulations predicted the
existence of a WH-forbidden product.29 Iannuzzi et al.8 exam-
ined the ground state reactivity of this molecule using a modi-
ed CPMD theory for the modelling the free energy surface, and
demonstrated the ability of their approach to successfully cross
the high isomerization energy barriers, but their work did not
incorporate the photoexcitation physics in the simulation, nor
did it reect on the WH stereochemistry in their analysis of the
reaction pathway. It is worth mentioning that cyclobutene and
its derivatives were the subject of several investigations that
examined the mechanochemical ring-opening effect in which
the ring-opening reaction is driven by mechanical force.30–33 In
that case, the molecule undergoes disrotatory movement, in
violation of WH rules for non-photoinduced ring-opening of the
molecule.33 In the present work, we use the signatures of dis-
rotatory movement as a qualitative validation of the hole mass
method.

In the present investigation, we demonstrate the ability of
the hole mass formalism in crossing the isomerization energy
barrier in a reasonable simulation time, with the advantage of
incorporating the effect of photoexcitation explicitly (in terms of
freezing the partial occupation of the molecular orbitals). For
a range of hole mass parameters, we monitor the dynamics of
the ring-opening reactions using various structural parameters,
including bond lengths, dihedral and disrotatory angles, and
use these parameters to suggest the best hole mass parameters
for organic reactions.

3. Computational details

All calculations were performed using the Quantum Espresso
code.34 The generalized-gradient approximation using the (PBE)
parametrization35 was applied. The initial structures of the
molecules were obtained from the CCCDB database, where the
structures were optimized using the Hartree–Fock self-
consistent eld (SCF) method, using the dAug-cc-pVTZ basis
set. We display in Fig. 1 the two isomers of C2H4O, oxirane and
acetaldehyde, and the three isomers of C4H6, cyclobutene, cis-
butadiene and trans-butadiene.

In the HoleMass CPMD simulation process, the electronic
orbitals of cyclobutene were rst optimized with an energy cut-
off of 10−7 Ha, and then the molecule was equilibrated with
velocity rescaling at a temperature of 300 K using the Verlet
integrator.36 This was followed by a calculation within the
energy-conserving microcanonical ensemble (NVE). We chose
© 2025 The Author(s). Published by the Royal Society of Chemistry
the NVE ensemble, rather than a temperature-based thermo-
stat, to exclude the inuence of the thermostat on the excitation
dynamics. This was previously reported in ref. 10. It is noted
here that imposing a thermostat on the dynamics of systems
that undergo electronic excitations can be counterproductive
for systems in which the excitation leads to isomerization. This
is because the isomerization process is likely to involve bond
ssion, during which the velocities of the atoms increase
rapidly. Having a thermostat in place can limit the evolution of
bond ssion by reducing the velocity of the atoms in the
system.36 A time step of 3 a.u. (0.073 fs) was used in the
simulations.
4. Results and discussion
Hole mass parameter values

We rst determined the range of suitable values for the cti-
tious masses mo, mh and mu by performing simulations of the
HOMO / LUMO transitions for O2, C2H4, C4H6, C6H8 and
azobenzene. We examined two different fractional occupancies
for the electronic transitions for each of the molecules: fh = 0.1,
fu = 0.9 and fh = 0.5, fu = 0.5. The ranges of values for the
ctitious masses considered in this work are mo = 200, 400, 600
amu, mh = 500, 1000 amu and mu = 100, 200, 300 amu. Our
calculations show that specifying fh = 0.1, fu = 0.9 will violate
the energy conservation of the ensemble for most mass values
except in the cases where mo = 200 amu, whereas specifying fh =
0.5, fu = 0.5 can result in conserved ensemble energies if, for
both values of mh considered, or if mo = 200 amu and mu, = 100,
200, 300 amu. When mo = 200 amu, only the value mu = 100 amu
converges to the initial temperature of the system, whereas
setting mu = 200 amu or 300 amu led to loss of thermalization
(that is, the temperature dropped far below the initial
temperature).

In the following, we focussed on the six mass values (with mh

= 500, 1000 amu and mo = 2mu). We label each combination of
mass values as displayed in Table 1.
Oxirane

We monitored the ring-opening reaction in oxirane by
measuring the bond length dCC and bond angle dCCO

q as indi-
cated in Fig. 1(a). We display the results of the simulations for
the hole mass parameter values mA, mC, and mE in Fig. 2. We do
not display the results for the parameter values mB, mD, and mF
Chem. Sci., 2025, 16, 10454–10464 | 10457
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Fig. 2 Results of the ring-opening simulations of oxirane as a function of time (in ps) for themass values mA (a–c), mC (d–f) and mE (g–i). (a, d and g)
Evolution of the relative energy E(t) − E(0) (Ha), (b, e and h) temperature (K), (c, f and i) CC bond length (Å, dCC) and the angle (degrees, dCCO

q).
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because of their similarity to the results obtained with the
previous parameters.

The CO ring opening reaction occurs during the rst few fs of
the simulations using each of the hole mass parameters. In terms
of the CO bond distance, the largest observed opening happens
with the mE parameter values, and we display the structure of the
opened ring in the inset of Fig. 2(i). This structure is similar to
that displayed in Fig. 8 of ref. 20 for the ring-opening of oxirane
which was obtained using TDDFT-FSSH. The CO bond length for
the C atom bonded to O increases, but does not increase enough
for a bond scission. The maximum values of the CO bonds are
1.44 Å for mA, 1.45 Å for mC and 1.55 Å for mE.

The simulations reported in ref. 20 yielded the scission of
oxirane into CH4 and CO, as well as the radicals CH�

3 and CHOc,
while our simulations only yielded the CO ring-opening
product. Both our simulations and those in ref. 20 do not
reproduce the result of the experimental photoinduced
decomposition of oxirane reported by Kawasaki et al.37 in which
the most dominant reaction product is the oxygen abstraction
reaction: C2H4O + hv/ O + C2H4 + H2. Oxygen abstraction does
not involve H tautomerisation that was reported in ref. 20, but is
likely to evolve from the oxirane structure with CO ring-opening
aer exposure to high energy light, as was performed in the
experiment by Kawasaki et al.37 The difference between the
results of our simulations and those in ref. 20 is most likely due
10458 | Chem. Sci., 2025, 16, 10454–10464
to the application of the FSSH scheme by ref. 20, and would not
emerge from the computation of the electronic structure
because both our calculations and ref. 20 apply the plane-wave
basis sets. The way the FSSH scheme navigates the PES is
fundamentally different from the method we applied in our
work, because of the probabilistic nature of FSSH. Both studies
do not reproduce the decomposition of oxirane, which is most
likely due to their divergence from the true PES. Additionally,
the representation of a photoinduced chemical reaction either
via surface hopping or forced electronic transitions might not
capture specic aspects of the physics of the phenomenon,
which can only be accounted for by the incorporation of the
photon energy within the formalism.
Cyclobutene

We monitored the ring-opening reaction in cyclobutene by
measuring the bond length dC3–C4, as indicated in Fig. 1(b). The
conversion from cis to trans was monitored by calculating the
dihedral angle dC3124

q. The disrotatory motion was monitored
by calculating the absolute value of the disrotatory angle, which
is given by j(b1 + b2) − (b3 + b4)j, where the dihedrals bi are
indicated in Fig. 1.

We applied the hole mass values to the simulation of the
ring-opening reaction and ran the simulations for ∼10 ps. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
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simulation with mh = 1000, mo = 400 did not result in a ring-
opening reaction within the simulation time. The results of
the six simulations are presented in Fig. 3–6. We display in
Fig. S1 and S2† the Fourier transform of the bond vibrations
displayed in Fig. 5 and 6 to explore the vibrational modes prior
bond scission.

In all simulations, the switch to the NVE ensemble resulted
in a large increase in temperature within the rst 1 ps, followed
by a drop in temperature to values around 300 K. The evolution
of the temperature, as well as the dynamics of the ring-opening
reaction, clearly depends on the choice of mass values. We
examined the ring breaking in mA in three additional trajectories
using different initial random velocities, and obtained the ring
opening reaction in these cases as well. The earliest onset of
ring-opening (aer about 2 ps of NVE dynamics) occurs for mE
(Fig. 3(e), 4(e), 5(e) and 6(e)), while the ring-opening reaction
takes the longest time to occur for mD (Fig. 3(d), 4(d), 5(d) and
Fig. 3 Cyclobutene ring-opening simulations: the evolution of the rela
values in Table 1: (a) mA, (b) mB, (c) mC, (d) mD, (e) mE, and (f) mF.

© 2025 The Author(s). Published by the Royal Society of Chemistry
6(d)). Once the reaction takes place, the temperature drops
gradually to ∼200 K, except in Fig. 4(e).

We display the structure of the molecule at various points
along the time axis aer the ring-opening reaction in the sub-
gures of Fig. 5. For mA (Fig. 3(a), 4(a), 5(a) and 6(a)), the ring
breaks as depicted in the cis structure 1, which then undergoes
several congurational changes for about 3 ps until it converts
to the trans structure 4. The conversion from cis to trans occurs
at ∼6 ps, which follows the ring-opening reaction by ∼2.5 ps.
Later, the trans structure gradually converts to the cis structure.
The disrotatory angle (Fig. 6(a)) exhibits a rapid rise aer ∼2.5
ps, which agrees with the WH rules for this molecule.

In the case of mB (Fig. 3(b), 4(b), 5(b) and 6(b)), the transition
from the cyclobutene structure to the trans structure occurs
more abruptly, as can be seen in the stabilization of dC3124

q at
180° for the remaining simulation time. However, the trajectory
of the disrotatory angle (Fig. 5(b)) is opposite to that of mA: the
tive energy E(t)–E(0) (Ha) as a function of time (in ps) for the six mass

Chem. Sci., 2025, 16, 10454–10464 | 10459
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Fig. 4 Cyclobutene ring-opening simulations: the evolution of the temperature (K) as a function of time (in ps) for the six mass values in Table 1:
(a) mA, (b) mB, (c) mC, (d) mD, (e) mE, and (f) mF.
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angle starts at a value > 100°, and then drops to values < 50°
aer the ring-opening. Thus, the simulation leads to anti-WH
dynamics. The simulation using mD (Fig. 3(d), 4(d), 5(d) and
6(d)) displayed a rapid change in the dihedral angle aer ∼4 ps,
which corresponded to the ring-opening reaction followed by
the transition to a structure close to the trans structure (dC3124

q

∼ 100°), and then the system changed to the cis structure. Such
incomplete transition to the trans-butadiene structure also
occurred in the simulation that applied mE (Fig. 5(e)); aer ∼8
ps, the ring-opening reaction yields a distorted cis structure,
and continued in this manner for the duration of the simula-
tion. In both mE and mF the disrotatory angles drop aer the
onset of the ring-opening reaction, indicating anti-WF
dynamics. Applying mF (Fig. 5(f)) yields a ring-opening reac-
tion aer∼2 ps, with a transition to a structure close to the trans
structure (dC3124

q ∼ 160°), followed by several re-congurations
within the same dihedral angle (labelled 2 and 4 in Fig. 5(f)),
and then followed by transitioning to the cis structure. The
10460 | Chem. Sci., 2025, 16, 10454–10464
disrotatory angle in this case is similar to that in mA, where the
angle increases aer the onset of ring-opening, conforming to
the WH rules.

We examine the vibrational modes of the cyclobutene
molecules prior to the ring breaking reaction by computing the
Fourier transform of the CC bonds. Fig. S1† displays Fourier
transform of dC3–C4, and Fig. S2† displays the Fourier transform
of dC1–C2. Cyclobutene has characteristic C]C bond stretching
modes around 1500 cm−1,38 and we can observe vibrational
models around 1500 cm−1 in the Fourier transform of the C1–
C2 bond length (Fig. S2†), which does not break throughout the
simulation. However, Fig. S1† shows a lack of the modes around
1500 cm−1, while active modes in Fig. S1† are between 500 cm−1

and 1000 cm−1. These modes are related to the ring expansion
and deformation, and CH2 rocking, twisting, wagging and C–H
out-of-plane bending.38 This mixture of vibrational modes
shows the disruptive dynamics of the ring prior to the breaking
of the C]C bond.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Cyclobutene ring-opening simulations: the evolution of the C3–C4 bond length (Å, dC3–C4) and the dihedral angle (degrees, dC3124
q) for

the six mass values in Table 1: (a) mA, (b) mB, (c) mC, (d) mD, (e) mE, and (f) mF.
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A key feature that can aid in identifying the most valid
combination of mass values is by inspecting the order of
isomerization: which isomer occurs rst? In all simulations mA,
mD and mF, the rst structure that emerges is the cis isomer,
followed later by the trans isomer. The cis–trans transition took
the longest time (3.6 ps), whereas the other two simulations
took less than 1 ps for the transition to take place. Only the case
of mB produced the trans isomer as the rst conformer aer the
ring-opening reaction, but the structure remained in the trans
state for the duration of the simulation. Comparing these
results with the structural transitions in ref. 20, the cis isomer is
a transition state in this reaction, and this is accurately
© 2025 The Author(s). Published by the Royal Society of Chemistry
reproduced in our simulation. Given that both mA and mF yield
WH-conrming dynamics, they can accurately predict the
correct sequence and dynamics of transitions in a simulation.

Forced hole mass excitation

We examined the impact of a forced excitation on the dynamics
of the cyclobutene molecule. In the forced excitation scheme,
the electronic orbitals of the molecule were equilibrated using
the occupations fh = 0.9, fu = 0.1 to approximate a ground state
electronic structure, followed by a short molecular equilibration
step under the same occupations, and then the simulation was
conducted with the occupations fh= 0.5, fu= 0.5. We performed
Chem. Sci., 2025, 16, 10454–10464 | 10461
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Fig. 6 Cyclobutene ring-opening simulations: the evolution of the C1–C2 bond length (Å, dC1–C2) and the disrotatory angle (degrees) for the six
mass values in Table 1: (a) mA, (b) mB, (c) mC, (d) mD, (e) mE, and (f) mF.
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these calculations with mh = 500, 1000 and mo = 2mu (a total of
six simulations) and found that the dynamics strongly violated
the mass conservation in all cases except that of mo = 200 amu,
mu = 100 amu and mh = 500 amu. In that case, the energy is
nearly conserved, the temperature uctuations are much larger
than in the case without forced excitation, and the ring-opening
reaction does not take place. We therefore did not pursue this
simulation further.
Ring breaking with standard CPMD

We propagated the evolution of cyclobutene using standard
CPMD (with no electronic excitation) with no thermostat. For
the duration of 23.8 ps, only minor variations were noted in the
equilibrium bond length dC3–C4 (Fig. 1(b)) and the temperature
dropped from 300 K to 30–50 K, indicating the inability of
standard CPMD to realize the bond-breaking reaction.
Computational cost

We note that, within the QuantumEspresso code, the cost of
running the CPMD dynamics using the Hole Mass method is
close to the cost of running CPMD using default settings:
running CPMD for the cyclobutene molecule costs 0.77 s per
10462 | Chem. Sci., 2025, 16, 10454–10464
simulation step, while running CPMD with the Hole Mass code
costs 0.81 s per simulation step. These simulations were run on
24 cores on a HPE Cray EX architecture.

Application to periodic systems

Given that the QuantumEspresso code we used implicitly
applies periodic boundary conditions, it is in principle possible
to apply the hole mass formalism to electronic photoinduced
reactions in periodic systems. Moreover, one can compute the
effective mass of the orbitals in periodic systems by performing
band structure calculations at regular intervals during the
simulation, and then using the computed masses to set the hole
mass in subsequent simulation steps. However, this has not
been feasible because the QuantumEspresso code: only
supports forced electronic transitions (CDFT), such as those
applied in ref. 15, at the G point. The VASP code39 supports
proper CDFT across all points in momentum space, but it does
not support CPMD.

5. Conclusions

Inspired by the identication of masses to hole orbitals in solid
state physics, we assigned different ctitious masses to orbitals
© 2025 The Author(s). Published by the Royal Society of Chemistry
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in Car–Parrinello molecular dynamics (CPMD) to model the
dynamics of photoinduced reactions. This new method, Hole-
Mass CPMD, was applied to two example photoinduced ring-
opening reactions; the breaking of the oxirane ring, and the
breaking of the cyclobutene ring to form the trans-butadiene
molecule. Our simulations could reproduce the CO ring-
opening of oxirane, as well as the expected order of isomeric
transition in cyclobutene in which cyclobutene transitions to
the cis isomer, then to the trans isomer. Based on the analysis of
the disrotatory angle, we identied hole mass parameter values
that produced outcomes which conform with the Woodward–
Hoffmann rules of the photoinduced ring-opening reaction in
the molecule. HoleMass CPMD can be utilized for the simula-
tion of photoinduced chemical reactions in molecular systems,
as well as for solid state systems. For example, the dynamics of
frontier orbitals in semiconductors can be simulated using
HoleMass CPMD, and such investigations are currently
underway. The source code of HoleMass CPMD is available at
ref. 40.
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