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ABSTRACT

In this article, the Nonadiabatic Excited-state Molecular dynamics (NEXMD)
package is linked with the SANDER package, provided by AMBERTOOLS. The
combination of these software packages enables the simulation of photoinduced
dynamics of large multichromophoric conjugated molecules involving several
coupled electronic excited states embedded in an explicit solvent by using
Quantum/Mechanics/Molecular Mechanics (QM/MM) methodology. The fewest
switches surface hopping algorithm, as implemented in NEXMD, is used to account
for quantum transitions among the adiabatic excited-states Simulations of the
photoexcitation and subsequent nonadiabatic electronic transitions and vibrational
energy relaxation of a substituted polyphenylene vinylene oligomer (PPV3-NO2) in
vacuum and methanol as explicit solvent has been used as a test case. The impact of
including specific solvent molecules in the QM region is also analysed. Our
NEXMD-SANDER QM/MM implementation provides a useful computational tool
to simulate qualitatively solvent-dependent effects, like electron transfer,
stabilization of charge separated excited states, the role of solvent reorganization in
the molecular optical properties, observed in solution-based spectroscopic
experiments.
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INTRODUCTION

Understanding the photoinduced mechanisms of nonadiabatic electronic and
vibrational relaxation and energy redistribution in organic chromophoric molecules has a
significant impact on the development of new synthetic materials with potential
technological implications like organic light-emitting diodes (LEDs) and solar cells 23,
photoconversion*?®, imaging® and sensing’, among others. These functionalities can be
conditioned by the effect of explicit solvent environments that modify the absorption and
emission properties of solutes by their interaction with specific solvent molecules®. The
environment can significantly modify photophysical dynamics aspects® associated to their
ultrafast intra- and/or inter-molecular energy transfer fluxes.'”'"'>. The efficiency of
ultrafast nonradiative relaxation channels depends on the amount of energy dissipation
among the solvent/bath degrees of freedom, solvent-driven coherent population transfers'®,
transient stabilizations of specific charge separated excited states', relative time-scales of
solvent reorientation!®> and molecular energy/charge transfer.

The nonadiabatic dynamics of organic chromophoric molecules in solution is
affected by the solvent. The electronic states of the solvent can couple to the states of the
solute, introducing changes in the excited-state electronic densities, in the potential energy
surfaces topographies, energy dissipation and trigger new energy/charge transfer flows!'®!7.
Thus, the solvent molecules around the chromophore may qualitatively modify the
nonadiabatic relaxation compared to an isolated excited molecule. Solvent-driven charge
delocalization and confinement may create different relaxation pathways to the lower-
energy electronic states, excited-state mixing and population splitting of nuclear
wavepackets that can ultimately lead to significant changes in its fluorescent properties!®:!°.

Implicit solvent approximations, such as polarizable continuum models,?® 2! can

partially resolved this issue by effectively incorporating solute-solvent interactions into
electronic structure calculations.?> 2 These methods, while promising, cannot accurately
account for the rotational relaxation and motion of local solvent molecules, steric
interactions, non-equilibrium and state-specific solvation?*?°. An attractive alternative is
the use of hybrid Quantum Mechanics/Molecular Mechanics (QM/MM)
methods!926:27:28,29.30.31,32.33 that limit QM calculations to a certain area of interest while the
rest of the system is treated classically using MM. Importantly, common on-the-fly
QM/MM molecular dynamics schemes routinely incorporate interactions between QM and
MM regions. Despite decades of development, modeling dynamical processes beyond
Born-Oppenheimer approximation remains computationally challenging task for QM/MM
frameworks. While different theoretical options can tackle nonadiabatic processes in
condensed phase**¥-3¢ a combination of QM/MM methods with surface hopping algorithm
is likely the most extensively applied®’-17-38:3%:19:4041.42 Mixed quantum-classical surface
hopping methodologies, by drastically reducing the computational costs with respect to full
quantum-mechanical or semiclassical approaches, allows atomistic simulations of larger
systems and longer time scales*!%4445 Moreover, since it does not require pre-calculated
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potential energy surfaces, it is ideal for implementing on-the-fly nonadiabatic dynamics
schemes?6:47-48.49,50,51,52,53

Non-adiabatic EXcited-state Molecular Dynamics (NEXMD)**!° is an efficient
computational code that has been developed for simulating photoinduced dynamics and
non-radiative relaxation of large chromophoric conjugated molecular systems involving
manifolds of coupled electronic excited states over timescales up to tens of picoseconds.
NEXMD incorporates several algorithms that extend modeling beyond the Born-
Oppenheimer approximation. It allows the treatment of solvent effects using implicit
models?®?! and, more recently, the NEXMD-SANDER implementation® allows to use
QM/MM methods during adiabatic excited state molecular dynamics simulations with tens
of thousands of MM atoms by linking NEXMD to the SANDER package supplied by the
AMBERTOOLS of the AMBER molecular dynamics package.>®

Herein, we extend the NEXMD-SANDER QM/MM framework to enable
calculations of nonadiabatic dynamics using surface hopping approach as it is implemented
in NEXMD>2, The use of semiempirical model Hamiltonians and Configuration Interaction
Singlets (CIS) or Random Phase Approximation (RPA), that adequately account for
essential correlation effect in excited electronic states, allows us to consider ~200 atoms in
the QM region, and 1000s of atoms at the MM partition. As in our previous studies?!-2%>3
and for the sake of comparison, the acceptor substituted polyphenylene vinylene oligomer
(PPV3-NO3) (shown in Figure 1) is used as a test case. A major feature of PPV oligomers
is the sensitivity of their nonadiabatic characteristics like charge transfer character and
donor-acceptor groups present to the environment’’ making them prototype tunable
materials in optoelectronic devices.>3-5%:60-61.62

SANDER-NEXMD QM/MM FOR NONADIABATIC DYNAMICS

NEXMD overview

NEXMD (Nonadiabatic EXcited-state Molecular Dynamics) is a computational
package developed to simulate excited-state dynamics beyond Born-Oppenheimer
approximation. It combines non-adiabatic drivers such as trajectory surface hopping (TSH),
Ehrenfest, and Ab Initio Multiple Cloning approaches®® with “on the fly” analytical
calculations of excited state energies, gradients and non-adiabatic coupling terms (NACT)
at the configuration interaction singles (CIS) level with the semiempirical Hamiltonian
models (AM1, PM3, MNDO).!%3* In this contribution we focus on TSH technique®*%>. As
it is implemented in NEXMD, TSH adapts propagation of classical nuclei using
Newtonian-like equation of motion. In contrast, the electronic wave function Y(t) =
Y Ca () Py is described quantum-mechanically using the basis of adiabatic CIS electronic
states with wavefunctions ¢,, which evolves according to the time-dependent Schrédinger
equation:

ihéa(t) = Ca(t)Ea —ih Zﬁ Cﬂ (t)v . da’ﬁ (1)

with E, being the energy of the a®® CIS adiabatic electronic excited state. The non-
adiabatic coupling terms are defined as (NACTaB) =v-dyp with v being the nuclear
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velocities and the non-adiabatic derivative coupling vectors (NACRaﬁ) are defined as
dop = <¢a|vr¢ﬁ>‘

NEXMD calculates transition density matrices throughout the molecular dynamics
simulations. These quantities are defined in the atomic orbital (AO) basis®® as (p°%); =

(d)alc;r Cj|qbo>, with ¢, and ¢, being the wavefunctions corresponding to the adiabatic

ground- and CIS excited- states, respectively, ler and ¢; are the respective creation and
annihilation operators acting over AOs i and j. More details about the NEXMD theory,
implementation, advantages and testing parameters can be found in our previous
works, 10-54.67

OM/MM and nonadiabatic dynamics.

The QM/MM implementation in SANDER®® divides the entire molecular system
into QM and MM regions. In our new NEXMD-SANDER QM/MM implementation for
nonadiabatic dynamics, the nuclei of the QM region are propagated classically on a single
adiabatic QM-CIS electronic state, modified, at any given time, by the presence of the field
created by the MM point charges. Hops from one adiabatic CIS state to another are
governed by the coefficients of the electronic wave function, which is propagated quantum
mechanically according to eq. (1), using the TSH approach as described above®’. The QM
energy and forces are computed using the electronic density of a particular electronic state,
i.e. the current state according to the TSH prescription, of the QM part in the presence of
MM charges. Nuclei of the MM region are propagated classically using AMBER’s
Molecular Mechanics (MM) force field.>®

As in our previous work®, the electronic Hamiltonian associated to short range
interactions (defined according to a selected cutoff) between the QM charge density and
MM atoms, treated as fixed point charges, is written as

HQM/MM = - Zi Zm dm l’:lelectron (Fi' Fm)
+ Zk Zm Cqumhcore (Fk' Fm) (2)
+ Zm Zk <Akm B’;m) ’

12
Tkm Tkm

where index i corresponds to electrons, m to MM atoms with MM charge g, and £ to the
QM nuclei with charge q«. A and B are the Lennard-Jones interaction parameters where 7y,
is the distance between the MM and QM atoms. Ageceron represents the interactions
between the MM charges and charge density of the QM region while A, represents the
electronic interactions between the MM charges and the core of the QM atoms.

For short-range interactions, the second term in eq. (2) is straightforwardly added to
the Fock matrix elements of the in-vacuo QM region, F,,, with p and v representing atomic
orbitals, as

FM%R: Fuv+2m_m (3)

Z.
Tvm
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with Z,, being the charge of the m™ nuclei of the MM region.

For the long range Coulombic interaction, the Particle Mesh Ewald method®:7

considering Mulliken point charges for the QM region are used according to the SANDER
SQM’s (Semiempirical Quantum Mechanics) implementation when using periodic
boundary conditions (PBC). These interactions are also added to the Fock matrix to get the
complete QM/MM Fock matrix
B = B3+ 5 (AEPPC1Q, Q1 + AE™P[Q,q]) 4)

where AEPBC[(Q, Q] describes the corrections, due to the PBC applied to the QM atoms,
treated as Mulliken charges (Q) and AEPB¢[Q, q] the corresponding corrections due to the
MM atom’s point charges. Since AEPEC[Q, Q] depends on the Mulliken charges of the QM
atoms, which are dependent on the trace of the density matrix of the current excited state, it
can be calculated at each time step once the density matrix is obtained. The correction
AEFPBC[Q, q] is simply the Coulombic potential from the periodic MM atoms. It is not
dependent on the Mulliken charges of the QM atoms and as such can be added to the Fock
matrix before the Self-Consistent Field (SCF) routine along with the short-range
electrostatic correction.

SANDER-NEXMD interface design

Initial coordinates and velocities, and AMBER’s parameters are introduced
according to the standard SANDER MD input format with a new additional flag indicating
that NEXMD is used for QM/MM simulations. The # N of electronic excited states, initial
values for electronic coefficients c,(0) (0=1,N) and other parameters related to the
calculation of excited state electronic energies, gradients, coordinates and velocities of
atoms of the QM region, NACTs, and propagation of electronic wavefunction are
introduced in the NEXMD input file. SANDER sends the system coordinates and MM
partial charges to NEXMD and then NEXMD calculates the QM electronic excited state
energies, gradients and CIS transition density matrices ¢, (o=1,N). The SCF routine
incorporates the effect of the MM molecules in the one electron terms of Hgp/pp atoms
through the Fock matrix using egs. (3) and (4) and it also computes the two-electron
integrals. The modified ¢, are used to calculate the gradient of the QM atoms on the
current electronic state and the NACTs. (t) is propagated using NEXMD with time step
ot= At/Nq respectively, where Ny is the number of quantum steps per classical step At.
NEXMD evaluates the probabilities to hop according to the standard TSH prescription and,
if a hop occurs, the QM nuclei will continue their propagation on the new state. Lennard-
Jones interactions between MM and QM atoms are calculated by SANDER assigning the
corresponding classical AMBER parameters to all atoms (both QM and MM). Finally,
SANDER performs the coordinate and velocity propagation of all atoms and performs the
total energy calculation. This cycle is repeated at each time step At throughout the
nonadiabatic molecular dynamics simulation (see Scheme 1).
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g | Evaluate QM and QM/MM excited-state energy €
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Evaluate QM and QM/MM excited-state gradients
Evaluate NACTs
(]
> e 1
5 Propagate Y (t) using eq. (1) inthe interval t>t+At alongthe
current state using 8t intervals, at each of whichvalues(A)
and (B) are recalculated
Evaluate probabilities to hop according to TSH approach.
If a hop occurs, QM nuclei will continue their
o= propagation on the new state.
gram——
Evaluate MM forces
o !
8 il Propagate coordinatesand velocities of QM and MM
=2 atoms in the Interval t>t+At
& l
)
Evaluate total energy
iavem

Scheme 1: Swimlane flowchart of SANDER-NEXMD QM/MM nonadiabatic simulations
showing the cycle repeated at each interval At throughout the molecular dynamics.

NONADIABATIC EXCITED-STATE DYNAMICS OF PPV3-NO2

Computational details

Nonadiabatic excited state dynamics of PPV3-NO; (Figure 1, top panel) in explicit
solvent has been simulated using the new NEXMD-SANDER QM/MM implementation
with the semiempirical AM1 Hamiltonian model and CIS description of excited states.”!
This approach has been previously successfully applied to a large variety of chromophoric
conjugated molecular systems!®®” including a variety of different PPV oligomers’>¢7 and
PPV3-NO; using implicit solvent?® as well as QM/MM adiabatic excited-state dynamics™.
Following our previous article results®®, methanol has been chosen as solvent and up to10
solvent molecules were included in the QM region. Previous tests have shown minimal
differences in the results between 10 and 20 solvent molecules in the QM region during
excited state adiabatic dynamics.
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Initial conditions were collected from 512 snapshots obtained every 2 ps from two
1024 ps of ground state dynamics trajectories equilibrated at 300K in vacuo and in
methanol using the general AMBER force field for MM region, ground-state Hamiltonian
for QM region and periodic boundary conditions. From each of these collected snapshots, 4
ps of QM in vacuo and QM/MM in methanol simulations using AM1 ground state
Hamiltonian were performed.

The S) state is a primary band gap excitonic state in PPV oligomers’. The
absorption from the S state reveals a single absorbance feature separated from the S band
by 1.35 eV which is assigned as the so-called Sm band and frequently probed by transient
absorption spectroscopies in similar systems. The main contribution to the absorbance from
the S; state corresponds to So and Sio states. Figure 1 shows the contribution of these states
calculated in vacuo and considering 0, 5 and 10 methanol molecules in the QM region. The
solvent blueshifts the peak absorption spectra by around 0.1 eV indicating a
desestabilization of high-energy excited states with respect to S; state. Importantly, this
effect is introduced essentially by MM region: the number of solvent molecules included in
the QM region has a negligible effect on this shift.

For each excited state trajectory, the initial excited state is then selected according
to a Frank-Condon window given by g, (1, R) = f,exp[—T?(E gser — Eo)?], where E;gcor
is the energy of a laser pulse from S; state centred at 1.35 eV (see Figure 1) and f, is the
oscillator strength of the a'”* state. A Gaussian laser pulse, f(t) = exp(—t2/2T?), with
T = 424.63 fs, corresponding to a FWHM (Full Width at Half Maximum) of 100 fs, was
used. A classical time step of At = 0.5 fs for nuclei propagation with a Langevin thermostat
with a friction constant of 2 ps™! have been used for both ground-state and excited-state
QM/MM simulations and a quantum time step of 6t=0.1fs to propagate the electronic
coefficients (eq. 1).”* Decoherence” and trivial unavoided crossings’® were treated as
described elsewhere.>*
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Figure 1. The calculated absorption of So and Sio states from the first excited state S1. The
laser shape and wavelength is indicated in black.

Internal conversion.

Nonadiabatic excited state molecular dynamics simulations were performed for
PPV3-NO; in vacuum and in methanol solvent after photoexcitation to the Sy, band. Figure
2 presents the evolution of the average electronic energy computed over all trajectories. It
shows that the presence of MM region representing solvent molecules, dissipates the initial
excitation energy slightly faster than vacuum, while the actual number of solvent molecules
being treated as MM or QM makes no real difference.
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Figure 2. Evolution in time of the average electronic potential energy during the
nonadiabatic excited state dynamics after photoexcitation to the Sm band.

Figure 3 shows the evolution in time of the average populations of different
electronic states obtained from the fraction of trajectories in each state after the initial
photoexcitation to the Sm band. Almost 85% of the initial excitation is localized on the So
state and the remaining fraction is on Sio. These initial populations experience ultrafast
decays during the first ~250 fs that it is only slightly accelerated by the solvent and changes
in the number of methanol molecules included in the QM region. The solvent effect is more
pronounced on S>. The latter represents the only intermediate state that transiently
accumulates a significant amount of population. The presence of solvent molecules
increases its transient population and slows down the relaxation to the Si state. This can be
partially explained by an increase of the energy gap between Si and S> due to the presence
of methanol with respect to that in vacuum (see Supplemental Figure S1), revealing
differential relative stabilization of these states by the solvent. The addition of more than 5
methanol molecules to the QM region has negligible effects.
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Figure 3. Comparison of the time-evolution of the average populations of different
electronic states after the initial photoexcitation to the Sm band for simulations in vacuum
and in methanol with varying number of solvent molecules included in the QM region.

The rise of the population on S; state was then fitted to a function
f(©) =1—(Ae™ ™ + (1 — A)e™t/72) (5)

The results in Table I, show that the rise to S1 slows down in the presence of methanol. As
before (Figure 2), the addition of more than 5 methanol molecules in the QM region does
not substantially change the rise rate.

Table 1. Fitting parameters, according to eq. 5, for the §i rise times for PPV3-NO; in
vacuum and methanol with different number of methanol solvents included in the QM
region (0 (vacuum), 5 and 10.

Vacuum MM MM/5 MM/10
A 0 0.193 0.198 0.176
T1 - 500.0 495.7 494 .4
(fs)
Ty 149.2 150.0 191.8 198.7
(fs)

Bond length alternation

10
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The fast structural response to the electronic relaxation can be inferred by analyzing
C-C bond stretching motions commonly characterized by the bond length alternation
(BLA) parameter, defined as

dy+dpg
2

—d¢ (6)

where da and dp are di and d3 (ds and ds), and d. is d> (ds) are shown in Figure 1, top
panel. BLA values reflect the inhomogeneity in the distribution of m-electrons along the
bonds in a conjugated molecule. Smaller values of BLA are associated with better n-
conjugation between neighboring phenyl rings and, therefore, an improved electronic
delocalization.

0.12 s | n | n | n | |
0.10
0.08

<
< 0.06

T
|
T
1

0.04

0.02

0-00 X T T T X T L T & T I T T T > T '
0 02 04 06 08 0 02 04 06 038 1
Time (ps)

# of QM Solvent Molecules
Vacuum 0 5 10
Figure 4. Evolution in time of the BLA of bonds d13 and ds¢ during nonadiabatic excited
state molecular dynamics simulation with varying number of solvent molecules included in
the QM region.

Figure 4 shows that the nuclear reorganization is concomitant to the electronic
relaxation, being more pronounced when PPV3-NO2 is embedded in methanol and the
further addition of methanol molecules to the QM region does not have a significant
impact. The reorganization is significantly larger, i.e. smaller values of BLA, in bonds di-3
(see Figure 1) with respect to ds.¢. This indicates a better m-conjugation and, therefore, an
additional spatial energy stabilization at the side of the molecule with the -NO; group with
respect to the opposite side. The slightly higher values with respect to simulations
performed in implicit solvent® indicate that explicit solvent moderately suppresses
electronic delocalization due to electrostatic screening coming from the surrounding solvent
molecules point charges. Nevertheless, the final values for S; state remain higher to the
average values of BLA ~0.11A during ground state molecular dynamics simulations®”.
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Bond Orders.

The nuclear reorganization during the non-adiabatic dynamics revealed by the decrease of
the values of BLAs should also be reflected in changes of Wiberg bond orders’”’® that
provides a reasonable analogy of the classical Lewis structure and can be calculated from
the elements of ground (pyo) and excited (p,,) state density matrix elements as

WAB = ZuEA ZveB'(paa)uv|2 (7)
where A and B are indexes of the two bonded atoms, ¢ and v are atomic orbitals in those
atoms, and (pqq ), are the density matrix elements. The method sums the electron density
shared by both atoms. Values ~1 and ~2 are associated with the single and double bonds,
respectively. Error! Reference source not found. displays the bond orders of bonds d; to ds
for PPV3-NO:> in vacuum and embedded in methanol with different number of methanol
molecules included in the QM region. During the excited-state dynamics, di, d3, ds, ds
bonds slowly increase their values of W,z and gain more double-bond character while d>
and ds bonds reduce their corresponding values and gain more single-bond character. This
confirms our observations of a more effective m-conjugation in the excited states with
respect to the ground state. The effect is more significant at the substituted side of the
molecule with (di-3) with respect to the side with (ds¢). In fact, the solvent amplifies the
changes observed during the photoinduced dynamics in vacuum. This parallels changes in
the nuclear reorganization evidenced by the BLA values in Figure 4. As stated before, the
further addition of methanol molecules to the QM regions does not have a significant effect
on these results.

d dy dg

1.8

1.6

1.4
S SO
121 | Sl N "

1.8 A o

Bond Order
=
-

1.6 ¢

1.4

1.2 |

0 02 04 06 08 0 02 04 06 08 0 02 04 06 08 1
Time (ps)

# of QM Solvent Molecules
(5}

Vacuum s 0

10 e—

Figure 5. Evolution in time of Wiberg bond orders for bonds d; to ds during nonadiabatic
excited state molecular dynamics simulation in vacuum and in methanol with varying
number of solvent molecules included in the QM region.
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Excited state planarization

Excited-state dynamics leads to nuclear reorganizations that tend to a more effective
m-conjugation, as it has been reflected by changes in BLA and W,z. Concomitant to these
changes, multiple experimental and theoretical studies in conjugated chromophores’- 8- 81
82.83, 84, 85, 86 reported excited state planarization during dynamics of n— m* electronic
excitations. Figure 6 displays the evolution in time of the average dihedral angles of
rotations around d, /d; and d,/d¢ bonds during the non-adiabatic relaxation of PPV3-NO>
in vacuum and in methanol with different number of methanol molecules included in the
QM region. The ground state structures equilibrated at ambient conditions in methanol
have in average ~5° smaller compared to the corresponding geometries obtained in vacuum.
After photoexcitation, changes in the dihedral angle indicate an ultrafast planarization
occurring both in vacuum and in methanol environment. As it has been shown for changes
in BLA and Wy, the solvent effects are larger at the side of the molecule substituted with -
NO:. Additionally, the impact of adding methanol molecules to the QM region is larger in
the former with respect to the latter. The final average values of ~12° and ~16°, compared
to the equilibrated values obtained in our previous adiabatic simulations on S1,> indicates
that after Ips of simulations after photoexcitation to the Sm band is close to its final
equilibrated state at Si.

12 T T T T T T T T
0 02 04 06 08 0 02 04 06 08 1
Time (ps)

# of QM Solvent Molecules
0 5 10—

Figure 6. Evolution in time of the dihedral angle around di/ds, i.e. at the side of the
molecule with the -NO» group, and around di/ds at the size without it during nonadiabatic
excited state molecular dynamics simulation in vacuum and in methanol with varying
number of solvent molecules included in the QM region.

Vacuum
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L. CONCLUSIONS

We report a NEXMD-SANDER QM/MM implementation as a useful and efficient
computational tool to simulate nonadiabatic excited-state molecular dynamics simulations
of molecular systems involving manifolds of coupled electronic excited states over
picoseconds timescales in the presence of explicit solvent. Our implementation allows the
analysis of nuclear reorganizations that take place concomitant to the internal conversion
processes. Following our previous implementations of implicit solvent?®® and adiabatic
excited-state molecular simulations>, the acceptor-substituted conjugated oligomer (PPV3-
NO3) has been considered as a test case. Values of bond-length alternation, bond order and
dihedral angles changes vary according to the internal conversion process from the S band
to the lowest S1 excited state. These changes are more pronounced at the side of the
molecule with the polar —NO> group, similar to what has been observed in adiabatic
excited-state dynamics. In this example, including more than 5 methanol molecules as QM
does not introduce significant additional solvent effects. The comparison of these
simulations with respect to the corresponding modeling that uses implicit solvents or/and
simulations performed using adiabatic excited-state molecular dynamics provides insights
on the effects of specific solute—solvent interactions and impact of initial excess of energy
added by laser excitation on the solute properties. Altogether, our NEXMD-SANDER
QM/MM implementation encourages future nonadiabatic excited-state simulation on
multichromophoric molecular systems in solution experiencing processes like electron
transfer, stabilization of charge separated excited states, and solvent induced reorganization
in the molecular optical properties observed in solution-based time-resolved spectroscopic
experiments.
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Figure S1. Energy gaps (AE) between states at the moment of Si—Si.1 hops.
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