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Multiscale modelling of mesoscopic phenomena triggered by quantum
events: light-driven azo-materials and beyond

Marcus Bockmann,” Dominik Marx,” Christine Peter,” Luigi Delle Site,”

Kurt Kremer® and Nikos L. Doltsinis*¢

The macroscopic functionality of soft (bio-)materials is often triggered by quantum-mechanical
events which are highly local in space and time. In order to arrive at the resulting macroscopically
observable phenomena, many orders of magnitude need to be bridged on both the time and the
length scale. In the present paper, we first introduce a range of simulation methods at different
scales as well as theoretical approaches to form bridges between them. We then outline a strategy
to develop an adaptive multiscale simulation approach which connects the quantum to the
mesoscopic level by bringing together ab initio molecular dynamics (QM), classical (force field)
molecular dynamics (MM), and coarse grained (CQG) simulation techniques. With a multitude of
photoactive materials in mind, we apply our methodology to a prototypical test case—light-induced
phase transitions in a liquid crystal containing the azobenzene photoswitch.

I. Introduction

Macroscopically observable phenomena typically involve a
number of interconnected processes on different length
and time scales, the triggering event often being a specific
quantum-mechanical process local in time and space. Simulation
of mesoscopic or even macroscopic phenomena therefore
requires the use of different hierarchical levels of theory.
Traditional simulation methods have specialized on specific
time and length scales without connecting to the levels above
or below.

A first principles—quantum-mechanical (QM)—dynamical
treatment of soft matter can be achieved by employing the
ab initio molecular dynamics (AIMD) method.' This
approach takes into account the system’s electronic structure
by solving the Schrédinger equation ““on the fly” in an
approximate fashion within the framework of density
functional theory. Applications, however, are limited to systems
containing a few hundred atoms and to trajectories of a few
tens of picoseconds, due to the computational cost involved.

The next level up from the QM description is the molecular
mechanics (MM) approach, i.e. classical molecular dynamics
using (empirical) force field potentials. This method can be
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applied to systems of a few thousand atoms on the nanosecond
time scale. However, the possibility of chemical reactions, i.e.
bond breaking and formation, is typically not accounted for.
Similarly, inherently quantum-mechanical events such as
photoinduced processes cannot be described. For this reason,
hybrid QM/MM techniques have been developed, which treat
the chemically active centre quantum-mechanically and the
chemically inert environment classically.*”

Going to larger time and length scales requires abandonment
of the atomistic resolution. The number of interactions in a
system can be significantly reduced if a number of atomic
centres are mapped onto an effective particle.'!" Such coarse
grained (CG) models have been used successfully to study
polymeric systems,'? such as BPA-PC!*!* or polystyrene,'> 2
as well as lipid systems,”'>* peptides,® * proteins®**? and
many more. A fairly extensive overview of recent research can
be found in the Faraday discussions FD144* on multiscale
simulation in soft matter.

Coarse grained interaction potentials are typically derived
from the atomistic model by reproducing thermodynamic and/
or structural properties.?>>**! To be able to switch back from
the CG to MM description whenever a higher resolution
is required, suitable back-mapping recipes have been
developed, 13:15:27-2942-45

Until recently, attempts to connect more than two hierarchical
levels had been very rare. The problem of interlinking the three
simulation levels QM, MM, and CG was first tackled, for
molecular systems, by this consortium.*® An additional level of
complexity arose from our ambition to go beyond the standard
QM description, i.e. a ground state Born—Oppenheimer treatment,
and use a nonadiabatic approach (na-QM) coupling multiple
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electronic states. This is necessary to model, for instance, light-
induced processes in biosystems or photoswitchable materials.
In the present paper, we describe our strategy for developing
a na-QM/MM/CG multiscale simulation approach applicable
to a wide range of mesoscopic phenomena triggered by the
absorption of a photon by a chromophore. As an application
prototypical of the vast area of light-controllable materials
based on the azobenzene (AB) photoswitch,*’ % we chose the
photoinduced phase transitions in the 8ABS liquid crystal.
We approached our target of developing a na-QM/MM/CG
multiscale method from two angles. Coming from the quantum-
mechanical level, we coupled a previously developed na-QM
approach™® to the MM level using a suitable QM/MM
interface.®' The new na-QM/MM simulation tool is applicable
to a wide range of (photoexcited) systems and has been used to
study the photoisomerisation of AB in the bulk liquid
phase.®>* As a prerequisite, a force field suitable for modelling
photoswitchable materials based on AB-containing organic
chains has been developed*® by mapping the results from QM
(AIMD) simulations. A CG model of the 8ABS liquid crystal
has also been derived based on the atomistic azo force field.**
The necessary tools are now in place to perform multiscale
simulations of photoactive azo-materials combining the
na-QM, MM, and CG hierarchical levels. Such simulations
can be carried out in two different ways. The first, sequential
approach involves separate simulations at the different levels.
The cross-linking will be achieved by passing on the information
obtained from the simulation at the next higher/lower level in
the shape of initial conditions (see Fig. 1a). This procedure has
the advantage that the overall timespan covered by the
simulation is long, as it is essentially determined by the CG
level. On the other hand, the effects of a larger CG environment
on the QM subsystem cannot be taken into account. In the
second approach, simultaneous na-QM/MM/CG simulations
are performed (Fig. 1b). This has not yet been achieved and
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Fig. 1 Schematic representations of the two different multiscale
simulation approaches: sequential (a) and simultaneous (b).

requires the development of a new computer code featuring
the two interfaces, QM/MM and MM/CG, discussed above.
This simultaneous method allows the simulation of larger
systems compared to the sequential approach. However, the
overall timescale is determined by the fast QM process.

Another important issue is the partitioning of the total
system into the QM, MM, and CG subsystems. In standard
QM/MM simulations, for instance, the partitioning is fixed,
i.e. atoms initially assigned to the QM and MM regions remain
in their respective partitions throughout the simulation.
Exchange of particles between the QM and MM subsystems,
caused either by a moving QM/MM boundary or by particle
diffusion through the QM/MM boundary, is typically not
taken into account. However, these are key issues, for
instance, in the simulation of crack propagation in materials
and solvated active sites in biomolecules. Very few adaptive
QM/MM resolution schemes have so far been proposed.®*7°
They generally suffer from an excessive computational
overhead, and, those explicitly treating electrons, lack
conceptual consistency (see Section II E), hence the number
of applications is small.

In addition to a changing QM subsystem, it is often of great
importance to study the interaction between two or more QM
centres at a given time. In photoactive materials, this situation
occurs when two chromophores in close proximity are excited
within a short time span. To what extent is the final state
(cis or trans) of one AB chromophore dependent on the
photoisomerisation dynamics of the other? There is no
QM/MM scheme at present that allows for two separate
QM regions. Furthermore, in a real system different molecular
centres may be activated at different times, e.g. different
azobenzene chromophores absorb photons and undergo
photoisomerisation. This scenario requires ‘‘switching off”
one QM subsystem (i.e. turning it into an MM system) and
simultaneously ““switching on”” another QM subsystem using a
suitable switching function.

At the mesoscopic level, in analogy to the QM/MM case,
certain physical problems call for a hybrid MM/CG approach
where the same partitioning problems persist. MM/CG dual
resolution methods have been developed recently in the field of
materials science. A novel adaptive resolution molecular
dynamics technique has been proposed as part of the current
project’’ 7 in which a molecule’s level of description (i.e. MM
or CQG) is dynamically adjusted according to its position
relative to the MM/CG boundary.

In Sections II A to II E we present a brief synopsis of the
different hierarchical molecular dynamics simulation methods
and the specific developments carried out by this consortium
including a nonadiabatic QM/MM method and adaptive
partitioning schemes. In Sections III A to III C we then
discuss applications of these techniques to various aspects
contributing to the ultimate goal of this study, namely
a multiscale simulation study of the light-induced phase
transition in the 8ABS liquid crystal. We start with QM
simulations of a single AB molecule in the gas phase. As a
reference for the subsequent condensed phase simulations, we
investigate the photoisomerisation of isolated AB using our
na-QM method. Based on the dynamical QM data a classical
atomistic force field is developed, which is then employed in
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na-QM/MM and MM simulations of liquid AB. Analogously, an
extended atomistic force field is derived for the AB derivative
8AB8 from QM simulations. MM simulations of 8ABS serve as a
reference for the parametrisation of a CG force field for 8ABS.

II. Methodological approach and developments
A. Ab initio molecular dynamics

1. Born—-Oppenheimer molecular dynamics. In the so-called
Born-Oppenheimer implementation of AIMD,? the nuclei are
propagated by integration of Newton’s equation,

~VE, = Mlﬁl (1)

where M;and R; are the mass and position of nucleus 7. The
exact energy Ey is replaced with the eigenvalue, Ej, of some
approximate electronic Hamiltonian, Ay, which is calculated
by iterative wavefunction optimization at each time step. For
the electronic ground state, i.e. K = 0, the use of Kohn—Sham
(KS) density functional theory’>’® has become increasingly
popular.

2. Car—Parrinello molecular dynamics. In order to further
increase computational efficiency, Car and Parrinello introduced
a technique to bypass the need for wavefunction optimization
at each molecular dynamics step.'”” Instead, the molecular
wavefunction, @y, is dynamically propagated along with the
atomic nuclei according to the equations of motion

MR, = =V (| H q| D) (2)

.. 5 - .

;= —W*@kl%d@k) +> i 3)
i J

where the KS one-electron orbitals ¢; are kept orthonormal by

the Lagrange multipliers Z;; the fictitious orbital mass p; is

chosen such as to separate adiabatically electronic and nuclear

degrees of freedom. These are the Euler—Lagrange equations

doy 0%

for the Car—Parrinello Lagrangian'

L = Z%MIR% + Z%ﬂz(d’zwt)
7 7
(5)
— @l + Y (91~ )
i

that is formulated here for an arbitrary electronic state @, an
arbitrary electronic Hamiltonian #;, and an arbitrary basis
(i.e. without invoking the Hellmann-Feynman theorem).

3. Ab initio molecular dynamics beyond the Born—-Openheimer
approximation. A detailed description of the nonadiabatic
AIMD surface hopping method has been published
elsewhere; %777 it shall only be summarized briefly here.
We have adopted a mixed quantum-classical picture treating
the atomic nuclei according to classical mechanics and the
electrons quantum-mechanically. In our two-state model, the
total electronic wavefunction, ¥, is represented as a linear
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combination of the S, and S, adiabatic state functions, @,
and @,

P(r, 1) = ag()@o(r, R) + ai(1)®1(r, R) (6)

where the time-dependent expansion coefficients ao(?) and
ay(t) are to be determined such that ¥ is a solution to the
time-dependent electronic Schrodinger equation,

0
A R P (e, 1) = il W (r, ) (7)
r being the electronic position vector, R(f) the nuclear
trajectory.
In the present case, our adiabatic basis functions are the S,
closed-shell Kohn—Sham ground state determinant,

By = ¢ -¢P) ®)
and the orthonormalized S, wavefunction
1 /
where
S = (d|@)) (10)

is the overlap between the ground state wavefunction and the
ROKS excited state wavefunction”®!

/

1 . _ _
%z;ﬁ@?d”~@%$o+w9ﬂ”~w%$m
(11)

n being half the (even) number of electrons. Separate
variational optimization of @, and 45/1 generally results in
nonorthogonality, the molecular orbitals ¢! and ¢{* are
different. Please note, however, that for small S, & ~ <D;.

Substitution of ansatz (6) into (7) and integration over
the electronic coordinates following multiplication by
@; (k=0,1) from the left yields the coupled equations of
motion for the wavefunction coefficients

(1) = T a(0E ~ Y a(®Di (5 1=0,1) (12
!

where Ej is the energy eigenvalue associated with the wave-
function @,. For the nonadiabatic coupling matrix elements

0
Dy = ( §|=|P 13
i < k|5 /> (13)
the relations Dy, = 0 and D;; = —Dy hold, as our @, are real

and orthonormal.

In the Car—Parrinello molecular dynamics (CP-MD)
formalism'? (see Section II A 2), computation of the
nonadiabatic coupling elements, Dy, is straightforward and
efficient, since the orbital velocities, (;5,, are available at no
additional cost due to the underlying dynamical propagation
scheme. If, instead of being dynamically propagated, the
wavefunctions are optimized at each point of the trajectory
(so-called Born—Oppenheimer mode, see Section II A 1), the
nonadiabatic coupling elements are calculated using a finite
difference scheme.



Numerical integration of eqn (12) yields the expansion
coefficients «;, whose square moduli, lag)? and |a;|%, can be
interpreted as the occupation numbers of ground and excited
states, respectively.

Following Tully’s fewest switches criterion®” recipe, the
nonadiabatic transition probability from state k to state / is

Iy = max(0, Py) (14)
with the transition parameter

4l
Py = —ot 5
||

(15)

where 07 is the MD time step.

A hop from surface k to surface / is carried out when a
uniform random number { < II;,; provided that the potential
energy E; is smaller than the total energy of the system.
The latter condition rules out any so-called classically
forbidden transitions. After each surface jump atomic
velocities are rescaled in order to conserve total energy.
In the case of a classically forbidden transition, we retain the
nuclear velocities, since this procedure has been demonstrated
to be more accurate than alternative suggestions.**

The two-state surface hopping formalism presented here can
be easily generalized to include multiple excited states.®
However, calculating a large number of electronic states
including nonadiabatic couplings between them from first
principles is often either not straightforward or too
computationally demanding in practice. Our two-state
approach can present a severe limitation in cases where at
least three electronic states are required to capture the system’s
chemistry or physics.

B. Non-Born-Oppenheimer QM /MM molecular dynamics

To overcome the size limitations of the nonadiabatic
AIMD approach presented in the previous section, the
method has been extended and implemented in a QM/MM
framework, in which the electrons in the QM subsystem
are described by a total wavefunction PMMM gatisfying
the time-dependent Schrodinger equation (TDSE), whereas
the photochemically inert environment is described by an
analytical force field. The QM/MM coupling is established
via a Hamiltonian® #™MM which is a function of
all the nuclear coordinates, i.e. both of the QM and the
MM subsystems. Likewise, the total wavefunction, PMMM
depends on the entire set of nuclear coordinates and is
expanded

1

MMM R ) = a(ne™ ™, R)  (16)
i
in terms of known electronic state functions, @2M™MM(;. R).
The time-dependent expansion coefficients, (), are determined

by inserting this ansatz into the TDSE, resulting in a system of
coupled differential equations,

i) = =2 a(EMM = S a (e (1)

Y
J

where ERMMM g the energy of electronic state i, and

J q)QM/MM>

a7

ot

_ j{ gM/MM 0
! OR

CQM/MM _ <¢QM/MM
ij i

J

@QM/MM> (18)

are the nonadiabatic couplings between states i/ and ;.

The present two-state implementation couples non-
adiabatically the closed-shell Kohn-Sham ground state,
PEMMM (4 the re-orthonormalized restricted open-shell
Kohn-Sham (ROKS) representation’®%* of the S, first singlet
excited state, MMM, following the successful single-scale
na-QM technique.’>%° As a two-determinant representation
(for reviews see ref. 2,3,60), the ROKS S, state provides an
improved reference to compute nonadiabatic couplings,’’ and
yields reliable S| nonradiative lifetimes and decay mechanisms
when nonadiabatically coupled to the KS ground state;**%°°
the level of accuracy obtained by this efficient approach for the
system of interest to this study, i.e. AB photoisomerisation,
will be demonstrated in detail in Section III A 2a.

In addition to this QM component, a force field parameter-
ization suitable for condensed phase simulations*® must be
used to define the MM part of # MMM Importantly, the
consistent electron density in the excited state, which deviates
from that of the ground state, has to be used to include the
QM — MM electrostatic coupling within MMM,

C. Classical atomistic molecular dynamics

Generally, an empirical force-field consists of terms that model
the non-bonded interactions (E,onbond)s Which include both
the van der Waals and Coulombic interactions, the bond
interactions (Epona), the angle bending interactions (Ejngie)
and the dihedral (bond rotations) interactions (Egihedral):

E(R) = Enonbond + Ebond + Eangle + Edihedral~ (19)

From the large number of force field flavours we chose the
Gromos force field in which covalent bonds are described by

o 1 2 2 2
Ebond = Z Zkbj (Rl‘ - R()j) (20)
No 1 2

Eungle = Zik&,—(cos 0; — cos 0;) (21)
Edihedral = Edih,improp + Edih,prop (22)

where

Ne 1
Edih,improp = Ziki,i(éi - 6011‘)2 (23)
and
No

Eginprop = Z kg,i[1 + cos(d;) cos(m;¢;)] (24)

The nonbonded interactions are given by

Enonbond = EvdW + Eel (25)
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where

Cp,;  Cs;
EvdW = Z R12 - R6 (26)
and Pt !
N,
0;
Eq = 27
e Z47‘(€0R,‘ ( )

Q; being the product of the two atomic charges involved in
pair i.

D. Coarse grained classical molecular dynamics

Many different approaches have been followed to system-
atically build up CG models in such a way that they can be
used in a multiscale simulation framework where one wants to
switch back and forth between different levels of resolution.
The main objective of this type of coarse graining efforts is to
reproduce structural as well as thermodynamic properties of a
higher resolution model. That means the CG model should
sample phase space consistently with the atomistic system
(projected onto coarse degrees of freedom). There are various
routes to approach this problem: on the one hand there are
coarse graining methods where the derivation of interaction
potentials between CG particles is targeted at thermodynamic
properties such as energies or free energies, for example
partitioning data.’>?” While this approach is particularly
well suited to reproduce processes where for example
hydrophilicity/hydrophobicity arguments play a decisive role
it does not per se guarantee reproduction of the structure of
the system.”® On the other hand there are so-called structure-
based methods, where the CG interactions are chosen such
that the model reproduces certain structure properties—often
described by a set of radial distribution functions obtained
from all-atom molecular simulations.***>*** While these
structure-based methods by construction reproduce local
structures and are thus well suited to reinsert atomistic
coordinates, it is not a priori clear to which extent these models
reproduce thermodynamic properties of the system. It is also
not a priori clear how well they reproduce higher-order
(e.g. three-body) structural correlations if those had not been
included in the parameterization process.”® In CG models
derived by the so-called force matching (or a related)
method®>®” the CG force field is determined such that the
difference between the (instantaneous) CG forces and the
forces in the underlying atomistic system is minimized. It
can be shown that this corresponds to an optimization
of the CG interactions to reproduce a many-body multi-
dimensional potential of mean force of the underlying atomistic
system. Thus the method is related to the above structure-
based CG methods, with the difference that those usually rely
on pair distribution functions, i.e. pair potentials of mean
force.??-38-949% Note that there is currently intensive research
being carried out to investigate the limitations of the
different approaches and whether—and if yes how—it is
possible to derive coarse grained potentials that are both
thermodynamically as well as structurally consistent with an
atomistic description,*®*” transferable to different state points
or system compositions,*?%1% ez¢.
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In the following we will describe the structure-based method
used to parameterize the CG model for the liquid crystalline
8ABS system:** in many CG approaches the total set of CG
interaction functions is separated into bonded/covalent and
nonbonded potentials which are developed separately. This
approach relies on the assumption that the total potential
energy US“ can be separated into the respective contributions

US = S USS + S URS. (28)

Bonded interactions are derived such that the conformational
statistics of the molecules is represented correctly in the CG
model. These conformational distributions P<C are usually
characterized by specific bond lengths R, angles 0, and torsions
¢ between any pair, triple and quadruple of CG beads
respectively, ie. PSS(R, 0, ¢, T). The target distributions
are determined by sampling the conformational degrees of
freedom at atomistic resolution (the different sampling
methods will be discussed in more detail below). If one
assumes that the different CG internal degrees of freedom
are uncorrelated, PCG(R, 0, ¢, T) factorizes into independent
probability distributions of bond, angle and torsional degrees
of freedom

PS(R, 0, ¢, T) = PSY(R, T) P<9(0, T) P<%(¢, T). (29)

The individual probability distributions PSS(R, 1),
PCS@0, T), and PS(¢, T) are then Boltzmann inverted to
obtain the corresponding potentials:

USSR, T) = —kgTIn(PCS(R, T)/R?) + Cg (30)
UCS0, T) = —kgTIn(PCC(0, T)/sin(0)) + C,  (31)
USS(¢, T) = —kgTIn P<S(p, T) + Cy, (32)

with Cg, Cy, and C, being irrelevant constants used to set the
minima of the respective potentials to zero. In many cases
however this factorization leads to artifacts in the CG model.
Partially this can be improved by a better choice of coarse
units (mapping points). In addition intramolecular potentials
can be introduced to take care of this problem.?”

In structure-based approaches to derive nonbonded
interaction functions for coarse grained models, the inverse
Monte Carlo or the iterative Boltzmann inversion method®*!%!
can be used to numerically generate a tabulated potential that
precisely reproduces a given radial distribution function g(R).
These methods rely on an initial guess for a nonbonded
potential NGB,O. Often the Boltzmann inverse of the target
g(R), i.e. the potential of mean force,

G
U(I\:IB,O =

is used, with which one then performs a coarse grained
simulation of the liquid. The resulting structure of this first
step will not match the target structure as the potential of
mean force is—due to multibody interactions—only in the
limit of very high dilution a good estimate for the potential
energy. The iterative Boltzmann method uses the following
iteration scheme

—kgTIn g(R), (33)

, gi(R
Ugg‘m = Ugg,i + kT ln(g((R))), (34)



with which the original guess can be self-consistently refined
until the desired structure is obtained. The other option would
be to stick to the more complex coupled potentials. The
recently developed VOTCA package® offers an automated
way to determine USC once the mapping is defined.

E. Adaptive resolution molecular dynamics

In the previous section we have discussed how atomistic-based
coarse-graining strategies allow us to reduce the number of
degrees of freedom of a problem in order to study properties
which are typical of mesoscopic (macroscopic) scales where
atomistic resolution does not play a direct role. However in
many situations occurring in soft matter there is not a real
separation of scales, rather there is a delicate interconnection
between them and this then defines the properties of the
system. This means, for example, that given a system there
may exist regions of space where something of particular
interest happens at the atomistic level while in the rest of the
system a coarse-grained resolution is sufficient to describe its
equilibrium thermodynamic properties. In such cases one must
be able to properly couple the detailed description of the
atomistic scale in the interesting region with the larger scale
coarse-grained description of the rest of the system. For
liquids and soft matter, which often are characterized by large
fluctuations, the coupling must occur in a way that there is free
exchange of particles between the two regions. A molecule that
crosses the boundary of the atomistic region slowly loses the
atomistic degrees of freedom and becomes a coarse-grained
molecule, and vice versa from the atomistic to the coarse-
grained region. This adaptive resolution process should be
such that the overall thermodynamic equilibrium of the system
is not perturbed. Recently, several approaches which go in this
direction have been proposed,®®!9271%4 they differ mainly in
the way the thermodynamic equilibrium is ensured. Here we
describe the AdResS”"7* method, whose basic ingredients
are: (i) the introduction of a transition region, between the
atomistic and coarse grained, characterized by a switching
function w(x) that is zero in the coarse-grained region and one
in the atomistic region and continuous and monotonic in
between (see also Fig. 2) and (ii) the interpolation via w(x)
of the atomistic and coarse-grained forces:

Fop = wx)wxp)Fg™ + [1 — wle)wxp)lFsg’  (35)

w(x)

Coarse—Grained Atomistic

A

Fig. 2 Schematic picture of the AdResS box. Atomistic region on the
right, coarse-grained left, and transition region A in between. w(x) is
the switching function for the transition from a coarse grained to an
atomistic resolution and vice versa. An example of a tetrahedral
molecule (test system) that changes according to w(x) is shown in
Fig. 3. This representation is taken from ref. 71.

rather than the potentials. o and B indicate two distinct
molecules, a‘ﬁ"m is obtained from the atomistic potential
where atoms of molecule o interact with those of B, and
F;B’ is obtained from the coarse-grained pair potential
between the centre of mass of the o and that of B. In practice,
eqn (35) leads to a smooth transition from atomistic to
coarse-grained trajectories without a major perturbation of
the overall evolution of the system. A very important point of
eqn (35) is that, by construction, Newton’s Third Law is
obeyed. However, this adaptive force alone cannot ensure
thermodynamic equilibrium, because it is not conservative; a
potential energy cannot be written explicitly, thus one cannot
ensure conservation of energy and as a consequence cannot
have a clear control on the equilibrium of the system. The
problem is basically that one couples different molecular
resolutions (atomistic, coarse-grained and a continuous
sequence of hybrid resolutions in the transition region) each
being characterized by its own (intrinsic) chemical potential.
As a consequence, if one starts from a homogeneous density
(the stationary state of the full atomistic simulation), the
system will evolve towards a stationary state with non-
homogeneous density because the fugacity at the starting stage
is not uniform. This of course is not wanted since the AdResS
simulation should reproduce the uniform density of the full
atomistic system (target system). This problem has been solved
by the introduction of a thermodynamic force and the
coupling to a local thermostat. The role of the thermostat is
that of providing, locally, the amount of kinetic energy
required by the slowly introduced degrees of freedom to be
in equilibrium with the surrounding as the molecule crosses
the transition region. This slow process of acquiring degrees of
freedom and being at any instant in equilibrium with the
surrounding allows the molecule to enter into the atomistic
region without encountering kinetic barriers. The temperature
in the transition region is defined by the extension of the
equipartition theorem to fractional degrees of freedom.”**
The tools mentioned above are derived from basic principles
of thermodynamics and statistical mechanics and have been
proven to be rather robust in assuring the overall thermo-
dynamic equilibrium to the AdResS simulations even for the
delicate situation of binary mixtures.'® To overcome the
problem of lack of Hamiltonian, one may think of applying
the interpolation formula on Hamiltonians instead of forces,
however this has been shown to lead to the violation of
physical or mathematical principles.'°® The force interpolation
scheme of AdResS has been applied to several systems such as
polymers in solution,'®” liquid water'®!%? and extended to the
coupling with the continuum.''%!!"! Recently the solvation of a
series of bucky balls, Cgy—Cs149, in water has been studied
with AdResS.!'? Special attention deserves the extension to
quantum problems. In general an adaptive quantum-classical
approach would require not only the change of the number of
degrees of freedom but also of the physical principle involved.
In fact while classical mechanics is governed by a deterministic
evolution, quantum mechanics is characterized by the
probabilistic nature. For cases involving electrons, a proper
classical-quantum adaptive scheme based on the Schrédinger
equation must be able to deal with the problem of a variable
number of particles and thus a varying particle normalization
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Fig. 3 Adaptive resolution from path integral (ring polymer)
representation to coarse-grained through a continuous sequence of
intermediate resolution for the tetrahedral molecule. A liquid of such
molecules was studied with this adaptive resolution; results show that
the equilibrium structures in the quantum (path integral) region are
the same as in a full path integral simulation. This representation is
taken from ref. 70.

condition as the system evolves. So far, schemes that treat this
case are based on practical solutions without providing a
complete and consistent theoretical framework.®”® Instead,
if the quantum particles are the atoms without considering the
electrons explicitly, then the quantum problem can be mapped
on an effective classical one. Thus, as a matter of fact, the
adaptive coupling occurs between classical descriptions. The
idea is based on the path integral description of atoms in which
a quantum atom is represented as a classical polymer ring. In
this context, the beads of the polymer ring are fictitious
classical particles. This means that in one region one can have
an atomistic or coarse-grained resolution and in another a
path integral resolution where each atom is represented by a
polymer ring. In this situation the principles of AdResS apply
straightforwardly as to the case of two classical regions
characterized by different numbers of degrees of freedom.
The application to study the equilibrium statistical properties
of a liquid of tetrahedral molecules has shown that indeed this
idea is rather robust both conceptually and numerically’® (see
also Fig. 3).

III. Results and discussion

A. Azobenzene in the gas phase

1. Force field development. Using the GROMOS 45a3
force field (see Section II C) as a starting point to derive a
new force field suitable for AB, we adjusted only the bonded
parameters and the charges of the azo group while keeping
the original values for the remaining parameters. The
parametrization was carried out in such a way as to achieve
maximum agreement between the dynamical distributions
obtained from force field (MM) and ab initio molecular
dynamics (QM) simulations in the gas phase at 300 K
concerning the relevant bond lengths, bond angles and dihedral
angles. This ensures maximum compatibility between the QM
and MM descriptions—so that switching adaptively between
the two descriptions for a given AB unit is as smooth as
possible in future adaptive multiscale applications.

Table 1 summarizes our results for the non-standard
parameters. In all cases, the values for the force constants are
adapted to reproduce the widths of the distributions of bond
lengths, angle and dihedrals, starting out from the force field’s
standard values for chemically similar internal coordinates. In this
spirit, we also decided to use the same force constants and point
charges for the cis and frans isomers; only the equilibrium
reference values for the bonded potentials differ.
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Table 1 Non-standard force field parameters derived for azobenzene.
For the azobenzene structure and atomic numbering scheme see
Fig. 4a (X denotes any atom)

Entity Force constant Reference

Bonds: NN 1.40 x 10° kJ (mol A%)™" 12625 A
CN 0.72 x 10* kJ (mol A" 1.4325 A

Angles: CNN 650.0 kJ mol ! 116.5°
CCN 560.0 kJ mol ™! 120.0°

Dihedrals: CNNC 70.0 kJ mol ! 180.0°
CCNN 6.0 kJ mol~! 180.0°
XCCX 40.0 kJ mol ™! 180.0°

Point charges: N —0.20¢
c 0.20e
c®—c® —0.10e
H 0.10¢

The point charges for the atoms C" and N were adapted
from average RESP charges''® computed along the QM
reference trajectories. Since the values obtained for the
aromatic ring atoms C?-C® and the hydrogen atoms were
close to their standard force field values, we decided to use the
standard values and thus to take advantage of the resulting
small charge groups. Note that in contrast to the GROMOS
convention but in line with the AMBER convention''* and in
order to distribute the forces evenly over all contributing
atoms we define explicitly a// dihedral angles involving
the two CN bonds, i.e. the dihedral angles COCHNN,
COCONN’,  COCIN'N, and C*CUN'N,  which
consequently results in smaller force constants per dihedral
compared to standard force field values.

It was our aim to derive a single, unified force field for cis
and trans which can be easily applied to study, for instance, a
mixture of trans and cis AB molecules in the condensed phase.
In addition, such a force field does not need to be modified
during a simulation once a photoinduced cis <> trans isomer-
isation has occurred in a preceding nonadiabatic QM/MM
simulation. Therefore, in the applications described below, we
employ the average values determined for cis and trans
(see Table 1). This is a minor approximation, as the only
differences between the two isomers concern the NN and CN
bond lengths and the CNN bond angle, which are merely
0.015 A and 5°, respectively.

The most difficult parameter to adjust was the force
constant for the dihedral angle / CNNC. Here we settled
for the best compromise between sufficient dihedral flexibility
and a high enough barrier for the thermal trans <« cis
isomerization in the ground state. Our new force field
yields a barrier along the torsional reaction coordinate of
~ 140 kJ mol ™, in reasonable agreement with recent ab initio
calculations'' predicting ~160 kJ mol~'. Increasing the
barrier in the force field would yield to an even narrower
distribution function for the dihedral CNNC angles. On the
other hand, the presently parametrized barrier height is
sufficiently large to prevent thermally induced cis « trans
isomerizations in the simulations of bulk AB at 400 K
(corresponding to an energy of about 3.3 kJ mol ') (see
Section III B 1), which will not occur on the timescale
accessible to classical simulation.

The new force field also reproduces the energy difference
between the cis and trans isomers reasonably well. It predicts



Fig. 4 (a) Structure and atom numbering scheme of trans- and cis-azobenzene in the left and right panels, respectively. (b) Chemical structure of

4.4'-dioctyloxy-azobenzene (8ABS).

Table 2 Extension of azobenzene force field to include ether linkage C¥~O-C (see Fig. 4 for structure and atomic numbering scheme)

Entity Force constant Reference value
Bonds: oc? 8.18 x 10% kJ (mol A%~ 1.430 A

c®0 1.02x10% kJ (mol A*)~! 1.360 A
Angle: c®oc? 620.0 kJ mol ! 116.0°
Dihedral: CEICHoC? 6.0 kJ mol™! 180.0°
Point charges: O —0.332¢

c? 0.178e

c® 0.154¢

the cis structure to be higher in energy by 36 kJ mol™", which is
close to the value of 50 kJ mol~' obtained experimentally''®
and from CASPT2 ab initio calculations.'"

A detailed comparison of dynamical and optimised structural
data from QM and MM calculations can be found in ref. 46.
The data underline the good quality of our parameter set for
trans- and cis-AB, respectively.

Based on this force field for the AB chromophore we have
extended the set of force field parameters to be able to
study materials containing this photoswitch such as SABS,
introduced in Fig. 4, where aliphatic side chains are attached
to the phenyl rings of AB via ether bridges. We used methyl-
phenyl-ether (H;C-O—C¢Hs) as a model system to derive the
force field parameters necessary to describe the C*P-0-C?
link unit (see Fig. 4 for the atomic numbering scheme) whereas
the remainder of these side chains are treated using standard
force field parameters.

As for AB itself, a Car—Parrinello run at 300 K was
performed with H3C-O-C¢H;s as the QM reference with the
aim to parametrize those internal coordinates that involve the
oxygen atom of the ether group. In order to take into account
dynamical fluctuations of the COCPOC? dihedral angle,
RESP charges for C% 0, and C” were calculated for
different angles between 0° and 90° in steps of 10°. The
resulting charge of the methyl group is taken as the charge
of the alkyl carbon atom C'”’ (united atom approach), and the

resulting charge of the aryl carbon atom C® is adjusted so as
to yield a neutral C*"—O—C” unit. Force field point charges
were then obtained by Boltzmann averaging over the torsion-
angle dependent RESP charges. The resulting parameters for
the ether linkage are collected in Table 2.

2. Photoisomerisation of azobenzene. The photoisomerisation
of AB was studied using the nonadiabatic AIMD method
introduced in Section II A 3. Ten surface hopping trajectories
were calculated for both directions, trans — cis and cis — trans,
sampling the initial conditions randomly from ground state
AIMD runs at 300 K.

a. Potential energy landscapes. 1t is important for the
discussion below of the photoisomerisation dynamics and
mechanism to determine first the shape of the ground and
excited state potential landscapes, and to assess the quality of
the ROKS S; PES used in the na-AIMD and na-QM/MM
simulations. We have therefore calculated ROKS, CASSCF,
and CASPT2 energy profiles along the CNNC dihedral angle,
which is an important internal coordinate for photoisomerisation
in the S; state.®* On the left hand side of Fig. 5 we present
DFT, CASSCF, and CASPT2 S, and ROKS, CASSCF, and
CASPT?2 S, potential energy curves for the DFT ground state
minimum energy path (MEP) along the CNNC dihedral angle, 6.
Note that the ROKS energies have been corrected upwards
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Fig. 5 Sy and S| energy profiles along the CNNC dihedral angle
using structures optimized using DFT (PBE) for the S, ground state
(left) and ROKS (PBE) for the S first excited state (right). The ROKS
energies (A—A) are compared to the state-averaged CAS(14,12)
(A—A) and CASPT2 (0—) data. Sy ground state energies are shown
for DFT (@ —@®), state-averaged CAS(14,12) (O—0O) and CASPT2
(0—0). All energies are relative to the respective S energies of trans-
AB optimized with DFT in the S, state; 0.7 eV have been added to the
ROKS energies as explained in Section III A 2a.

by a constant shift of 0.7 eV which was originally determined
from the difference between ROKS and experimental vertical
excitation energies.®® All ground state curves in Fig. 5 have a
maximum at 90°, the DFT curve being very close to the
CASPT2 curve, while CASSCF is seen to overestimate by
about 0.2 eV compared to CASPT2 over a wide range of 0.
The agreement between the ROKS and CASPT2 excited state
curves throughout the entire range of the isomerization
coordinate 6 is remarkable, whereas the CASSCF S curve is
very similar in shape but shifted upwards by about 0.5 eV.

The right hand side of Fig. 5 shows ground and excited state
energy profiles along the ROKS optimised S excited state MEP
along the CNNC dihedral. It is seen that the ROKS curve has a
shallow .S} minimum around 6 & 120° which can be reached by a
barrierless path from both the cis and trans Franck—Condon (FC)
points at = 10° and 0 = 180°, respectively. As for the Sy MEP,
there is again striking agreement between the ROKS and
CASPT?2 excited state curves, while the CASSCF energies are
higher than the CASPT2 data by 0.3-0.5 eV. With regards to the
differences between the frans — cis and cis — trans photo-
isomerisation dynamics which we shall discuss below, it is
important to realise that there is a considerably larger potential
energy difference between the FC point and the S; global
minimum upon vertical excitation of the cis isomer as compared
to trans-AB.

At this stage it is concluded, based on the direct comparison
to CASPT?2 reference data in Fig. 5, that the aforementioned
constant blue-shift applied to the ROKS data indeed corrects
consistently the gap not only at 90° but along the entire MEPs
along the CNNC dihedral angle, which is a major component
of the reaction coordinate of AB photoisomerization, both in
the Sy and in the S in the full range between 0° and 180°.

b. Definition of internal coordinates. To analyze in detail the
isomerisation mechanism and possible differences between the
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gas and the liquid phase, we describe internal motion in terms
of the plane normal vectors n® and n® of the two aromatic
rings at their geometric centres, R and R’, together with the
normal vectors n™ and n of the C"NN’ and NN'C”
coordination planes at N and N’. To measure torsion of the
CONN’ and NN'C" coordination planes, we define an
intrinsic (right-handed) coordinate system whose origin is at
the geometric midpoint of the two nitrogen atoms, the x-axis is
parallel to the N=—N’ bond and the z-axis is parallel to the
arithmetic mean of 7™ and 7. The absolute torsion is then
monitored as the change in angle of the projection of the normal
vector n* onto the yz plane, 5., y*(t) = £ (n}.(t), n;.(0)), while
Py = L), nP@1)), with o, B e {N,N,R,R}, gives
relative changes, e.g. zﬁNN/ is the CVNN'C" dihedral angle
and YR captures rotation of the phenyl rings.

c. cis — trans. In this section, we analyze in detail the
mechanism of cis-AB to trans-AB photoisomerisation. In
Fig. 6a we present the time evolution of 1//NN’ (i.e. the CNNC
dihedral) for a typical cis — trans trajectory together with the
corresponding time evolution of %" and wN/. It is seen that
l//NN/ initially changes rapidly and after about 30 fs reaches a
value of ~90°. After the S; — S, transition to the ground
state, szN/ reaches a value of ~180°, thus indicating a
successful cis — trans isomerisation. Inspection of the order
parameters " and 1//N/ (¢f. Fig. 6a) reveals that the total
change in 1//NN/ is due to equal contributions from the two
coordination planes at N and N’ in opposite directions.
Photoisomerisation is dominated by a pedal motion of the
CNNC group and not by large amplitude rotation of the
phenyl rings. This is illustrated by the inset of Fig. 6a which
shows the rmsd’s of the N atoms and the phenyl ring centres
R. We can see that during the first 30 fs it is mainly the
translocation of the N atoms that is responsible for the change
in WNN/ by ~90°, while the phenyl rings remain largely fixed in
space. Fig. 7 shows the ensemble averaged changes of the
CNNC angle (i.e. 1//NN/) as a function of time after vertical

0 100 200 300 400 500
time / fs

Fig. 6 Time evolution of YN (—), yN (- -), and -y (@ —@) for
typical cis — trans trajectories in the gas phase (a) and the liquid (b).
Vertical lines indicate S; — Sy (- -) and Sy — S (—) hops. Grey bars
indicate the YN’ trans reference range. The insets show the rmsd’s of
N, N’ (solid) and R, R’ (dashed) relative to ¢ = 0.
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Fig. 7 Ensemble average of the CNNC dihedral angle, l/INN/([),
during time-evolution in the first excited state, S;, where the specific
value l//NN/ at time ¢ is reached for the first time after vertical
photoexcitation from S, at + = 0: gas phase trans-AB-C, (@—@),
gas phase trans-AB (O—O), gas phase cis-AB (A—A), liquid phase
trans-AB (@), liquid phase cis-AB (A— A). In the case of cis-AB,
180-1//NN/ is plotted. The perpendicular conformation, i.e. t//NN/ = 90°,
is marked by the horizontal dashed line. For liquid trans-AB, the
non-monotonicity arises from the fact that ensemble averages were
obtained with different numbers of trajectories. The inset shows the
optimised structure of rrans-AB-C,; normal vectors indicate the
orientation of the phenyl rings, n® and n® (cyan, orange), and of
the CNN coordination plane of the N atoms, »" and T (red, blue).

photoexcitation. The average time it takes for a molecule to
! . .
reach Y™™ = 90° is just 42 fs.

d. trans — cis. The time evolution of 1//NN/ in the trans — cis
case is displayed in Fig. 8a. It shows a more or less smooth
decrease from 180° at 1 = 0 to ~90° at r ~ 300 fs, where a
S| — Sy transition occurs. After the hop lPNN/ rapidly falls to a
value close to 0°, thus indicating a successful trans — cis
isomerisation. As observed for the cis — trans isomerisation,
the total change of ~180° in l,//NN/ is eventually accomplished
by equal contributions (~90°) from ¥ and le/ (dashed and
circled lines), in opposite directions. Interestingly, however,
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Fig. 8 Time evolution of l,//NNI (), N (- -), and -l//N’ (®—@) for
typical trans — cis trajectories in the gas phase (a) and in the liquid
(b). Grey bars indicate the Y™ ¢is reference range. See the caption of
Fig. 6.

initially both nitrogen coordination planes rotate in the same
direction, thus producing no net change of WNN, (e.g. at
t = 50 fs). This is a crucial difference from the cis — trans
photoisomerisation mechanism.

As for the cis — trans isomerisation, the change in leN, is
produced by the translocation of the N atoms, again indicating
a pedal motion-like mechanism (see the inset of Fig. 8a).
Interestingly, a similar translocation at fixed 1//NN/ has been
found in X-ray diffraction experiments of azobenzene
crystals.'”

Being the characteristic feature also of the trans — cis
photoisomerisation, the pedal motion of the two N atoms
accounts for the experimental finding of fast isomerisation
dynamics in rotation-restricted rrans-AB''® and clearly rules
out an inversion-type mechanism as deduced from resonance
Raman intensity analysis.!'” Note that there is no large-
amplitude rotation of the phenyl rings involved as has been
suggested for the interpretation of fluorescence anisotropy
data.'®

The trans — cis photoisomerisation is significantly slower
than cis — trans. This is illustrated by the ensemble averaged
changes of the CNNC angle shown in Fig. 7. The average time
it takes for a molecule to reach 1//NN/ = 90° is about 360 fs, one
order of magnitude longer than that for cis — trans. This
observation is in accord with the longer S; lifetimes measured
experimentally for trans-AB compared to cis-AB.'*!

3. Photoisomerisation of chemically bridged azobenzene.
Recently, a greatly enhanced frans — cis quantum yield

¢§J¢%<:is was reported'** for a bridged azobenzene (AB-C,
in Fig. 7) in the S| state as compared to the parent molecule
AB. This finding seemed surprising at first as the structural
changes involved in isomerisation should be expected to be
hindered by the restriction due to the presence of a bridge
interconnecting the phenyl rings. Subsequent na-AIMD
simulations'* then demonstrated that counterintuitively the
bridge does not hinder photoisomerization. On the contrary, it
suitably pre-orients the phenyl rings such that AB-C, can
more easily undergo trans — cis isomerization thus yielding
not only an enhanced quantum yield @;ﬁf,,;cjm but also ultra-short
S lifetimes.

Upon chemical modification of AB to form AB-C, (i.e.
addition of a -CH,—CH,— bridge in the ortho position of the
phenyl rings) the trans isomer becomes nonplanar, due to the
orientation of the phenyl rings, while only minor structural
changes arise for the cis isomer (Fig. 7). The mechanical strain
introduced into trans-AB-C, makes it less stable than
cis-AB-C, by 0.31 eV according to DFT (which again
compares favourably to the CASPT?2 value of 0.35 eV).

Performing nonadiabatic AIMD simulations after vertical
So— S1 photoexcitation of trans-AB-C, roughly half of them
are found to result in successful trans — cis isomerization, the
quantum yield being, more precisely, @22 = (47 +10)%
including the statistical error of the sample computed using the
blocking method.'** The computed number is consistent with
the experimental finding'?> of &322 — (50 +10)%. It is
noted in passing that the surface hopping method applied
here is known to overemphasize coherence,*>'*° which
is a potential source of error when extracting quantitative
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information such as quantum yields or excited state lifetimes.
However, it has been shown'?® to perform rather well when
compared to other approximate methods suitable to simulate
complex molecular systems and, moreover, it has been
demonstrated'?’ that surface hopping quantum yields are only
slightly underestimated for bare AB thus validating this
approach for the specific case. In stark contrast to trans-AB-C,,
the parent compound AB features a much lower experimental
value of @48 . = 24%.,'?2 which is again in harmony
with nonadiabatic AIMD where only roughly 20% of the
trajectories yielded isomerization.®® Thus, the computational
approach reproduces the observed'?? striking difference
between AB-C, versus AB in terms of quantum yields.
The calculations demonstrate that photoisomerisation of
trans-AB-C, is astonishingly fast according to Fig. 7, which
shows that trans-AB-C, reaches the decisive perpendicular
conformation, i.e. 1//NN' = 90°, in only ~40 fs which is one
order of magnitude faster than that for the corresponding
parent trans-AB and, in fact, comparable to plain cis-AB.
Moreover, in contrast to trans-AB, trans-AB-C, is found to
rapidly reach the region beyond the ground state barrier to
trans — cis isomerisation along the CNNC coordinate
characterized by lﬂNN’ « 90°, thus entering the cis-AB-C,
product potential well leading to successful photoisomerization
(the optimized value for the cis-AB-C, product being l//ONN/ =
6.6° in Sy). This behavior rationalizes the greatly enhanced
isomerization quantum yield found for trans-AB-C, compared
to trans-AB consistently both in experiment'*? and in these
simulations.

But why is photoisomerization promoted upon bridging?
First principles simulations of the photoiomerization of AB
in the bulk®® (see Section III B 2) and suspended
between gold electrodes'*®'?? reveal that spatial confinement
and mechanical constraints, respectively, only mildly affect
cis — trans isomerisation while a pronounced slowing down is
seen for trans — cis. The reason can be traced back to the
ultrafast pedal motion of the N atoms yielding a CNNC angle
of 1//NN’ ~ 90° in the S|, which competes with the need to
achieve co-planarity of the CNN planes with their adjacent
rings, Y& & 0°. In this sense, rrans-AB-C, is very similar to
cis — trans, since both have a very similar non-co-planar
phenyl ring orientation in the Sy, equilibrium structure
WY = lﬁRlN, ~ 58° for cis-AB and ~ 53° for trans-AB-C,,
see Fig. 7). The energetic reward associated with achieving
co-planarity turns out to be a driving force for ultrafast
photoisomerisation. The same reasoning can be applied to
explain the large difference between trans-AB-C, and its
unbridged parent trans-AB. While trans-AB-C, tries to
compensate the initial non-co-planarity of the phenyl rings
and the CNN planes, frans-AB is initially planar and therefore
completely lacks this incentive.

Hence, the ‘bridging’ of AB—commonly viewed as a severe
steric hindrance to photoisomerisation—counterintuitively
yields a drastically improved photoswitch which isomerizes
on a much shorter timescale with a significantly enhanced
quantum yield. Extending the same reasoning it is expected
that bridging cis-AB to yield cis-AB-C, will have only a minor
effect on the mechanism and, therefore, the cis — trans
photoisomerization of AB-C, should be as fast as for
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unbridged AB. This implies that both c¢is — trans and
trans — cis photoswitching of AB-C, should be similarly
effective. In fact, experiment predicts a cis — trans quantum
yield of 72 + 4%, even larger than that for trans — cis.'** A
recent semiempirical nonadiabatic dynamics study of AB-C,
has confirmed that nonadiabatic relaxation is ultrafast
(<100 fs) for both bridged isomers."*® According to those
simulations, however, the cis — trans quantum yield is only
23%. The authors attribute this underestimation to early
surface hops caused by subtle errors in the underlying
semiempirical potential energy surfaces.

B. Liquid azobenzene

1. Classical molecular dynamics in the ground state.
Parametrizations of the azo group had been carried out at
300 K having in mind future applications of the force field at
ambient conditions. The present applications to the study of
liquid AB (with a melting point of 341 K) and liquid crystalline
AB-containing compounds (with phase transition temperatures of
8ABS8 between 372 and 385 K) required testing the validity of
the classical force field at an increased temperature of 400 K.

We therefore applied the new force field to study liquid AB
at 400 K and analyze separately the influence of the liquid
environment on the structural properties of the cis and trans
conformers of AB by comparison with gas phase simulations
at 400 K. As a measure for the extension of the AB unit serves
the distribution of the distance between the geometric centres
of the two phenyl rings as shown in Fig. 9a and b. For
trans-AB the distributions of the single molecule and the liquid
phase are indistinguishable (solid line in Fig. 9a), whereas the
conformations of the cis isomer are slightly more affected by
the bulk environment (see Fig. 9b). In the liquid phase the
cis-AB unit is slightly stretched out compared to the vacuum
simulations. Similar observations can be made when analyzing
the out-of-plane motions of the phenyl rings by monitoring the
distribution functions of the dihedral angle between the
normal vectors of the two phenyl rings (data not shown) and
of the CCNN dihedral angle (see Fig. 9¢ and d). The
conformations in frans-AB are not affected by the liquid
environment (solid line in Fig. 9¢), whereas in the case of the
cis isomer the amplitude of the ring motion (compared to a
planar structure) is slightly larger in the isolated molecule than
in the bulk liquid at the same temperature (see Fig. 9d).
Additionally, it was found that the distribution functions of
the CNNC dihedral angle are not affected by the liquid
environment—neither in the case of the trans nor in the case
of the cis isomer (data not shown), and it was verified that the
system does not undergo thermal cis < trans isomerisation,
which is a rare event that indeed should not occur on the
timescale presently accessible by such classical molecular
dynamics simulations.

Fig. 9d shows that the distribution of the CCNN dihedral
angle in c¢is-AB has four chemically equivalent maxima around
+54° and +£126° and consequently two types of transitions
between these states. As indicated in the figure, there is one
“fast” type of transition where the phenyl ring is inter-
mediately standing perpendicular to the plane spanned by
the C (or the C“/)) carbon and the two N atoms, and one
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Fig. 9 Distributions of structural parameters of the AB unit under various conditions at 400 K. Panels a and b: distance of the geometrical centres
of the two phenyl rings. Panels ¢ and d: CCNN dihedral angle. Panel a: trans-AB in the liquid phase as well as in vacuum—solid line, trans-8ABS8 in
the liquid phase (both isotropic and smectic) and in vacuum-—dashed line; panel b: cis-AB in the liquid phase—solid line, cis-AB in
vacuum—dashed line; panel c¢: trans-AB in the liquid phase (equivalent to frans-AB in vacuum and trans 8ABS in vacuum)—solid line,
trans-8ABS in isotropic liquid—dashed line, trans-8ABS in the anisotropic (smectic) phase—dotted line; panel d: cis-AB in the liquid phase—solid

line, cis-AB in vacuum—dashed line.

“slow” type of transition, where the ring is intermediately
in-plane with the C" and the two N atoms (to avoid steric
hindrance in this planar conformation during the “‘slow”
transition, the second phenyl ring has to “make way” by
adopting a conformation perpendicular to the plane). These
transitions are observed in the classical simulations of cis-AB,

whereas the timescale of QM simulations of a few ps is too
short to sample these transitions systematically. Fig. 10 shows
one example of such a process by monitoring the dynamics of
the CCNN dihedral angles of one AB unit in a simulation of
liquid cis-AB at 400 K, where both types of transitions are
observed. In addition, snapshots of representative cis-AB
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Fig. 10 Time evolution of the CCNN dihedral angles of a cis-AB molecule in liquid environment at 400 K. The striped bars indicate the regions
(£14° around the maxima of the distributions at +£54° and +126°, see Fig. 9d) used to count the transitions between the states (see text). Snapshots
of typical conformations are included with the C® and C? carbon atoms that are used to define the CCNN dihedral angles marked in red.

7615



conformations are shown to illustrate the conformational
changes during the transitions. In order to get a rough
estimate for the timescale of these ring flips the transitions of
both types are counted for all CCNN dihedrals in a simulation
of 343 cis-AB molecules at 400 K. Since the separation
between the states, in particular between the states involved
in the “fast” transitions, is ambiguous, narrow regions (£14°)
around the maxima of the distributions at +54° and +126°
were defined (as marked in Fig. 10) and only transitions
between these regions were counted. This results in transition
times of approximately 20 ps for the “fast” and 200 ps for the
“slow” ring flips. By Boltzmann inverting the dihedral
distribution in Fig. 9d, one obtains an effective barrier for
the “fast” transition of the order of about 3 kJ mol™'
(~1 kgT, where kg is the Boltzmann constant) and for the
“slow” transition a barrier of about 12 kJ mol™' (~4 kyT),
which approximately reproduces the relative magnitude of the
two transition rates extracted from the dynamics.

2. QM/MM photoisomerisation simulations

a. cis — trans. The photoisomerisation of AB in the bulk
liquid has been studied using the nonadiabatic QM/MM
simulation method introduced in Section II B. Condensed
phase effects are investigated by comparing results for the
liquid with those for the gas phase (Section III A). Fig. 6b
shows the time evolution of WNNI (i.e. the CNNC dihedral) for
typical cis — trans trajectories in the liquid together with the
corresponding time evolution of ™ and 1//N,. Similar to the gas
phase (Fig. 6a) 1//NN/ changes rapidly, in about 30 fs, to a value
of ~90° upon photoexcitation at ¢ = 0; after the S| —» S,
transition to the ground state, 1//NN' reaches a value of ~180°,
thus indicating a successful cis — trans isomerisation in both
cases. Inspection of the order parameters ¥~ and le/
(¢f. Fig. 6) reveals that the total change in ¥ is due to
equal contributions from the two coordination planes at N
and N’ in opposite directions. Note that the analysis presented
in Fig. 6 shows no significant differences between the liquid
and the gas phase. The liquid environment obviously does not
impose any major constraints on the dynamics of the CNNC
moiety. As discussed above, this is due to the fact that
photoisomerisation proceeds through a pedal motion of the
CNNC group which does not involve large amplitude rotation
of the phenyl rings, as illustrated by the inset of Fig. 6b, which
shows the rmsd’s of the N atoms and the phenyl ring centres R.
Again, during the first 30 fs it is mainly the translocation of
the N atoms that is responsible for the change in WNN/ by
~90°, while the phenyl rings remain largely fixed in space.

While the “hula-twist” motion of the CNNC moiety during
cis — trans photoisomerisation is practically unaffected by the
bulk environment, we have observed a pronounced hindrance
of the rotation of the phenyl rings about the C-N bonds,
measured by the rotation angles y®N and IJ/R'N/.“ In the
liquid, relaxation of the molecular structure to the ground
state equilibrium following a cis — trans switch of the CNNC
group is seen to be much slower than in the gas phase.

b. trans — cis. Analogous to the above discussion, we now
analyze the trans — cis photoisomerisation mechanism in the

liquid as obtained from nonadiabatic QM/MM simulations.®
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The time evolution of II/NN/ in the trans — cis case is displayed
in the bottom panel of Fig. 8b. We observe a much slower
decrease in 1//NN/ compared to the gas phase (Fig. 8a). For the
trajectory shown, a value of ~120° is reached after 450 fs, still
far from the 90° value where the S; — Sy hop took place in the
gas phase. In fact none of the trajectories in the liquid reached
90°, and the average time to reach 120° is 672 fs, compared to
259 fs in the gas phase (see Fig. 7). In contrast to the gas phase,
there is no sustained sign-change in either ™ or le', explaining
the fact that changes in 1//NNI are smaller in the liquid.

It may seem surprising at first that zrans — cis photo-
isomerisation is strongly hindered in the bulk, while cis — trans is
essentially unaffected. This can be easily rationalised, however, in
terms of the S potential landscape (see Section III A 2a, Fig. 5).
Vertical excitation of the cis-AB isomer promotes the system to a
steep Franck—Condon region in the Sj, providing a large driving
force for isomerisation. The Franck—Condon region for trans-AB,
on the other hand, is comparatively flat and the resulting forces
are small, rendering trans — cis photoisomerisation much more
vulnerable to any environmental disturbances. A recent non-
adiabatic simulation study of the photoisomerisation of AB in
various organic solvents using a force field derived ab initio by
Tiberio et al.'*' has confirmed the pedal mechanism and the
strong impact of the solvent on decay times and quantum yields.

C. The 8ABS liquid crystal

1. Atomistic classical simulations. As described in Section
IIT A 1, we extended and partly reparameterized an existing
classical atomistic force field to be able to simulate the liquid
crystalline compound 8AB8 which consists of a central
azobenzene unit and two octodecane chains connected to the
oxygens. We studied the phase behaviour of this compound by
classical simulations using replica exchange techniques.*® Even
though it is possible to use these techniques to equilibrate
preset liquid crystalline structures and to draw some conclusions
about the stability of certain phases in the atomistic model, the
time and length scales required to properly cover liquid
crystalline phase transition processes and to extensively
investigate the phase behaviour of 8ABS can only be reached
with a coarse grained simulation approach. Atomistic simulation
then again becomes important after a backmapping procedure,
to “hand over” well equilibrated structures of the liquid
crystalline system obtained from CG simulations to the further
classical and QM/MM investigation of the photoisomerization
in dense, ordered systems.

2. Coarse grained classical simulations. In ref. 44 we
applied a coarse graining scheme that was originally developed
for amorphous polymers to liquid crystalline 8ABS. For
polymers it is known that the behaviour of the melt is very
much determined through chain connectivity and excluded
volume interactions of the polymeric beads. Consequently, it is
often not essential to introduce attractive (nonbonded/
intermolecular) interactions in order to correctly predict the
melt structure and dynamics on the mesoscale. For liquid
crystalline 8AB8 we find that specific (attractive) nonbonded
interactions between the different units are required to obtain
a CG model that is capable of reproducing the correct liquid
crystal behaviour and that is closely linked to the the atomistic



Fig. 11 (left) Chemical structure of (¢rans) 8AB8 and MM « CG mapping scheme (CG beads are denoted C = alkyl; P = phenyl; N = azo).
(right) Snapshot of 8AB8 molecules in a backmapped liquid-crystalline structure. Large spheres: CG beads (green: C; gray: P; blue: N); purple
small spheres: re-inserted atomistic coordinates after equilibration with restraining to the CG structure; Green, gray, blue (+ white and red) small
spheres: re-inserted atomistic coordinates after 5 ps free MD simulation without restraining potential.

level. Thus it is possible to switch between the levels of
resolution. Fig. 11 shows how the atomistic structure of
8AB8 was mapped onto the coarse grained beads. Intra-
molecular (bonded) CG potentials were obtained from
simulations of an all-atom single 8AB8 molecule while inter-
molecular potentials were developed based on all-atom
simulations of isotropic liquids of fragments of the SABS8
molecule. The isotropic liquids that were used in the para-
metrization process were liquid benzene, liquid azobenzene (in
its trans and in its cis form), liquid octadecane and various
mixtures of these compounds. Based on the structure of these
liquids (radial distribution functions), nonbonded interaction
potentials were determined, both using analytical potential
functions and the iterative Boltzmann inversion method.

An overview of all analytical and tabulated interaction
functions obtained with this procedure can be found in the
Supplementary Material of ref. 44. As an illustration of this
structure-based coarse graining method, Fig. 12 shows the
radial distribution functions characteristic for liquid trans- and
cis-azobenzene. The figure shows the corresponding structure
functions from atomistic simulations (mapped onto CG
degrees of freedom) together with the corresponding CG
simulations with (numerical) interaction functions obtained
from iterative Boltzmann inversion specifically for each
isomer. The figure also shows the result of CG simulations
with an averaged interaction function which serves as a
compromise to be able to use a single set of CG potentials
both for trans- and cis-azobenzene. The resulting interaction
functions obtained for isotropic liquids were then put together
to simulate liquid (zrans) 8ABS to study the liquid crystalline
phase behaviour. We found that the use of (soft) analytical
potentials which are purely repulsive (in the spirit of the
previous coarse graining examples of polymeric systems) did
not yield the correct mesophase behaviour of 8ABS, in fact no
long range ordering was observed for the model chosen, even
with a rather wide scan of temperatures and pressures. With
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Fig. 12 Radial distribution functions, g(r), for liquid zrans-AB (left
panels) and cis-AB (right panels). Top panels: phenyl-phenyl gpp(r).
Middle panels: phenyl-azo gpn(r). Lower panels: azo—azo gnn(r).
Black solid lines: g(r) from atomistic simulation. Red, fat dotted lines:
CG simulation with potentials through iterative Boltzmann inversion
specifically for the respective trans and cis compounds. Cyan dashed
lines: CG simulations with average potential as compromise for
trans/cis-AB.

potentials generated with the iterative Boltzmann inversion
method, i.e. numerical (tabulated) potentials which are also
partly attractive, it is however possible to observe liquid
crystalline structures. Thus, for the given molecule, i.e. the
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Fig. 13 Snapshots of slices through the liquid crystal system from simulations at 77 = 0.87, (7, = 400K) with the average-8AB8 FF. (a) 1323
8AB8 molecules, density = 1.44 molecules per nm®; (b) 1323 8AB8 molecules, density = 1.62 molecules per nm?; (c) 6125 8ABS molecules,

density = 1.52 molecules per nm?>.

0.25
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=
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0.05

z position [nm]

Fig. 14 Distribution of centres of 8AB8 molecules (N beads) along
the z-direction of the simulation box of the liquid crystal system at
T = 0.87, (T, = 400 K) and various densities (see legend, densities are
in molecules per nm®).

given size and shape of the mesogen and the given molecular
flexibility of the alkoxy tails, it seems to be important to
account for attractions between the different beads in the
CG model in order to reproduce liquid crystalline phases of
8ABS. By varying simulation temperature and density it was
possible to distinguish structures with smectic layers and more
disordered structures, which are however not truly nematic but
still exhibit a varying degree of positional order with partly
interdigitated smectic layers, as illustrated in Fig. 14 which
shows the z-positional order in the liquid crystal systems.
Several snapshots of the corresponding 8 AB8 liquid crystal
simulations at different densities and system sizes can be seen
in Fig. 13. At this point it should be noted that with this
approach of building a CG model on an atomistic force field
description of the molecule, possible weaknesses of the ato-
mistic model will be automatically transfered to the CG
model. With the given approach the mesoscale simulations
maintain an important link to the chemical structure, and
through the inverse mapping procedure it is possible to
obtain atomistic coordinates of the system as illustrated
in Fig. 11. This is important for passing down the CG
configuration and velocities to the MM level below, which,
in turn, serves as a starting point for a na-QM/MM simulation
during which one of the 8AB8 molecules is photoswitched
from trans to cis.
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IV. Summary and perspective

We have presented a multiscale simulation approach which
links nonadiabatic ab initio molecular dynamics, atomistic
classical molecular dynamics, and coarse grained classical
molecular dynamics, to make possible the simulation of
mesoscopic processes triggered by quantum-mechanical events
highly local in space and time. As a test bed for our combined
approach we chose the liquid crystalline system 8ABS,
consisting of an azobenzene chromophore embedded in a
hydrocarbon chain. By switching a fraction of AB units from
trans-AB to cis-AB using light of a suitable wavelength,
transitions between ordered and disordered phases can be
induced in the 8ABS liquid crystal.

First, an atomistic force field for AB and AB chain
derivatives was derived from AIMD data in the gas phase,
and was then shown to be suitable for bulk liquid AB and
liquid crystalline 8AB8 as well. The atomistic force field was
the prerequisite to be able to perform nonadiabatic QM/MM
simulations of the photoisomerisation of AB in the bulk, and it
formed the basis for the development of a coarse grained
representation of 8 AB8, which was required to study the phase
behaviour of the liquid crystal. We have indeed demonstrated
that the CG force field is capable of reproducing several
ordered phases of the 8ABS liquid crystal and phase transitions
between them.

We have gained unprecedented insights into the photo-
isomerisation mechanism of AB from na-QM simulations.
A clear relationship between the molecular structure of a
particular AB-based photoswitch and its relevant properties,
such as photoisomerisation efficiency, has been established.
This could pave the way for the rational design of improved
photoswitches for light-controllable nano-devices and materials.
Nonadiabatic QM/MM simulations of the photoisomerisation
in liquid AB have revealed that the cis — trans reaction is
largely unaffected by the environment, while frans — cis is
strongly hindered in the bulk. The respective behaviours of
cis-AB and trans-AB could be traced back to their photo-
isomerisation mechanisms and rationalised in terms of the
potential energy landscape.

All the necessary parts to perform a na-QM/MM/CG
multiscale simulation are now available and can be applied
to study photoisomerisation in 8AB8 and its effect on the



liquid crystalline order. The most straightforward way of
doing this is in a sequential fashion. Having built the
multiscale model from the bottom up, i.e. based on first
principles, the best way to tackle the liquid crystal is to
apply the individual tools at the different scales in a cyclic
manner, starting from the top. This means that first an
ordered liquid crystalline phase needs to be produced in a
CG simulation. The CG system then has to be back-mapped
onto the atomistic representation using the procedure
presented here and an MM simulation needs to be performed
to reequilibrate the system. To simulate a photoisomerisation
event, an na-QM/MM simulation has to be carried out
subsequently. From this bottom layer, the information is then
passed back to the MM and eventually to the CG level to
complete the cycle.

Since, to induce a phase transition in 8ABS, a significant
fraction of molecules need to be switched, it is desirable to
develop a purely analytical switching potential based on the
knowledge gained from na-QM/MM simulations about the
mechanism. Such a switching potential is currently being
designed and tested.

At present, the multiscale simulations involve different
codes for the different layers. However, we aim to implement
a simultaneous na-QM/MM/CG simulation method, which
would facilitate applications to very extended systems, albeit
at the expense of a limited timescale. This means that all
the methods outlined in this Perspective can be potentially
combined in a single software package. Therefore, parts of the
multiscale strategy reviewed here, such as the adaptive
resolution scheme, are currently being extended to be able to
treat concurrently in a robust way many scales, including the
quantum level, in a single code.

Other desirable extensions of the current method are, for
instance, an adaptive QM/MM partitioning, beyond the path
integral representation of atomic nuclei (without treating
electrons explicitly), allowing for particle exchange between
the QM and the MM regions, multiple QM regions, and a
theoretically sound method of switching “on” and “off”” a QM
region. These are issues that need to be solved not only in the
context of the current project, but also for hybrid simulation
schemes in general.

The multiscale strategy and methodology developed here
presents a powerful tool, first and foremost in the ever growing
field of light-addressable azo-materials, but at the same time it
is transferable to a plethora of other applications, including
(photo)biochemistry and -biophysics.
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