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ABSTRACT: Azobenzene-based molecular photoswitches are becom-
ing increasingly important for the development of photoresponsive,
functional soft-matter material systems. Upon illumination with light,
fast interconversion between a more stable trans and a metastable cis
configuration can be established resulting in pronounced changes in
conformation, dipole moment or hydrophobicity. A rational design of
functional photosensitive molecules with embedded azo moieties
requires a thorough understanding of isomerization mechanisms and
rates, especially the thermally activated relaxation. For small azo
derivatives considered in the gas phase or simple solvents, Eyring’s
classical transition state theory (TST) approach yields useful predictions for trends in activation energies or corresponding half-
life times of the cis isomer. However, TST or improved theories cannot easily be applied when the azo moiety is part of a larger
molecular complex or embedded into a heterogeneous environment, where a multitude of possible reaction pathways may exist.
In these cases, only the sampling of an ensemble of dynamic reactive trajectories (transition path sampling, TPS) with explicit
models of the environment may reveal the nature of the processes involved. In the present work we show how a TPS approach
can conveniently be implemented for the phenomenon of relaxation−isomerization of azobenzenes starting with the simple
examples of pure azobenzene and a push−pull derivative immersed in a polar (DMSO) and apolar (toluene) solvent. The latter
are represented explicitly at a molecular mechanical (MM) and the azo moiety at a quantum mechanical (QM) level. We
demonstrate for the push−pull azobenzene that path sampling in combination with the chosen QM/MM scheme produces the
expected change in isomerization pathway from inversion to rotation in going from a low to a high permittivity (explicit) solvent
model. We discuss the potential of the simulation procedure presented for comparative calculation of reaction rates and an
improved understanding of activated states.

1. INTRODUCTION

In recent years azobenzene-based derivatives have received
considerable attention as photoswitchable moieties in func-
tional biomolecules, such as photosensitive, shape-changing
agents for microgels1 and DNA2−4 or as a switch to control the
multivalent character of glycooligomers binding to lectins.5

There is great interest in tuning the properties of azo
derivatives such as to alter the optical wavelength they are
responsive to or to increase their thermal stability. For instance,
by applying various fluorinations of basic azobenzene, the back-
isomerization may be triggered in the visible spectrum, while at
the same time rather long lifetimes of the cis isomer can be
established.6

Tailoring functional molecules containing such photo-
sensitive moieties also requires a thorough understanding of
how these properties are influenced by the environment in
which they are embedded. There is a large body of
experimental work devoted to a comprehensive characterization

of reaction rates and their dependence on ring substituents or
external solvent type or pressure.7 Computational studies can
provide essential insights into the nature of the isomerization
mechanism, involving both, photoexcited pathways and thermal
cis−trans relaxation in the ground state,8,9 complementary to
experiments. As long as the discussion can be restricted to the
azo moiety itself, there usually are only a few distinct
isomerization pathways that might compete, depending on
substituents or solvent type. From the saddle point structure
one may infer, e.g., a rotation mechanism, which involves
mainly a torsion around the central C1′−N′N−C1 dihedral
and the inversion pathway through a transition state in which
the atomic sequence in one of the bending angles becomes
almost collinear;10,11 see, for example, N′N−C1 in the
schematics of Figure 1a,c. In a seminal paper on isomerization
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on ground- and excited-state Born−Oppenheimer (BO)
surfaces, the inversion mechanism was identified as the
preferred one for thermal relaxation in the ground state with
the phenyl rings perpendicular to each other, on excited state
surfaces inversion as well as rotation can be expected to
contribute;12 in addition, a yet more complicated pathway was
suggested in which the phenyl rings retain their relative
orientation during the rotation around the central N′N
bond. This maneuver requires simultaneous twisting around an
adjacent C−N bond, reminiscent of a “hula-twist”.13

In general, starting from a saddle point analysis one may
apply several techniques to characterize activation energies or
reaction rates, starting from Eyring’s classical transition state
theory (TST),14 which is usually applied to small-molecule
reactions in the gas phase. Environmental effects such as
solvent permittivity can be accounted for by implicit models;8

the impact of noise by introducing models for frequency
dependent friction.15 If a reaction coordinate can be found that
(approximately) defines a dividing surface at or in the vicinity
of the barrier top, the so-called reactive flux passing through it
can be measured by carrying out explicit molecular dynamics
simulations with “off-the-barrier” trajectories.16 This, however,
is numerically feasible only if a convenient and simple set of
order parameters can be found.17 Indeed there are many
occasions in which the influence of the environment becomes
nontrivial, precluding a simple description of the barrier region.
Ultimately we would like to consider azo moieties embedded in
large molecular complexes such as polymer matrices18 or
attached to a surface forming a dense monolayer.19 Reactive
pathways then might largely be dictated by external restraints or
reorganization dynamics. Even for a phenomenon as simple as
the dissociation of ion pairs in water, the solvent coordination
must be taken into account to understand the kinetics of
separation.20 The relevant information about reaction mecha-
nisms and rates must then be inferred from the ensemble of

MD trajectory segments connecting the stable states. When
high energetic barriers make the corresponding transitions rare
events, the transition path sampling (TPS) approach devised by
Chandler, Bolhuis, Dellago, and others can be employed.21,22

In the present work, we shall present a convenient
implementation of a TPS procedure for studying thermal cis−
trans relaxation of azo derivatives, starting with two simple
examples: pure azobenzene (AB) and a so-called push−pull
derivative (pp-AB) with electron-donating (NH2) and -with-
drawing (NO2) substituents; see Figure 1a,b. These species are
studied in explicit solvents, DMSO (polar) and toluene
(apolar), the latter two being treated at the molecular
mechanical (MM) level. pp-AB is expected to respond to a
change of solvent permittivity (apolar to polar solvent) with a
change in reaction pathway from inversion to rotation,
respectively,7,8 and represents a simple albeit nontrivial example
of environmental influence. Due to the complex conformation-
dependent mesomeric characteristics of the azo moieties, the
latter must be modeled at the quantum mechanical (QM) level.
As a compromise between numerical efficiency and accuracy,
we chose the recent variant of the semiempirical density
functional tight binding method (DFTB3) to set up a QM/
MM scheme to be outlined in the following section. Although
the concept of combining TPS and QM/MM has successfully
been employed by several groups before to study catalyzed
chemical reactions,23−25 it does not seem to be in widespread
use; we shall therefore also give a somewhat extended account
of how the TPS procedure is set up.

2. METHODS
2.1. QM/MM Scheme. All quantum-chemical (QM)

calculations were performed using the Gaussian 03 program
package.26 With the QM/MM scheme in this work we employ
electronic embedding as described by Fields,27 using a third-
order density functional tight binding Hamiltonian (DFTB3)
introduced by Elstner and co-workers.28−30 DFTB3 has been
integrated into the GROMACS molecular dynamics pack-
age31−34 for use with the particle-mesh Ewald (PME) method
to treat long-range electrostatic interactions.35 The Lennard-
Jones (LJ) interaction parameters of the MM solvents were
taken from the General Amber Force Field (GAFF).36 A
particular adaption (see, e.g., Freindorf et al.37) is not needed at
this stage, as we are mainly interested in the coarse differences
between vacuum and the presence of explicit solvent on the
one hand, and strongly varying permittivities (conveyed by
solvent polarity) on the other. Partial atomic charges were then
assigned to DMSO and toluene molecules by restrained
electrostatic potential (RESP)38 fitting to the molecular
electrostatic potential obtained from a calculation at the HF/
6-31G* level. All MM parameters derived in this work are
summarized in the Supporting Information, section 4. The van
der Waals interactions were treated with a cutoff of 1.4 nm.
PME was used with a grid spacing of 0.12 nm and an
interpolation order 4. The systems in vacuum were set up
starting from the optimized structure for the cis isomer followed
by a 100 ps long equilibration run with stochastic dynamics.
For the latter, a third order accurate stochastic integrator
introduced by van Gunsteren and Berendsen39 was employed
with a time step of 1 fs, and a friction constant of τ = 0.1 ps,
keeping an average temperature of 333 K.
The systems in solvent were set up by first solvating the

optimized structures by random insertion into a cubic box with
edge length of ∼4 nm, containing either toluene or DMSO.

Figure 1. Systems studied and their relevant structural variables: (a)
azobenzene (AB) and (b) the push−pull azobenzene (pp-AB)
derivative 4NO2-6′NH2-AB. The central torsion angle ω depicted in
(a) around the double bond N′N is defined by the atomic sequence
C1′−N′N−C1; the relevant bending angle α by N′N−C1. In (b)
the torsion angle ϕOR defined by the sequence C6′−C1′−C1−C2 is
used to measure the relative orientation of the phenyl rings. (c) Major
isomerization pathways on the ground-state BO surface: r, rotation
around the central N′N bond; i, inversion route, on which α
becomes nearly 180°. We shall refer to the unprimed N atom as the
inversion center.
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The solvated structures were then first relaxed in 500 steps with
a steepest descent algorithm where the whole system was still
described at the MM level (including the QM subsystem, with
parameters from Duchstein et al.40), followed by a 1 ns long
equilibration period in the NPT ensemble with the pressure
kept at 1 bar. Finally, only the representation of the azobenzene
derivatives was switched to the QM level and the whole system
equilibrated for another 100 ps. The QM part now consists of
24 or 28 atoms for the derivatives AB and pp-AB, respectively,
while the MM part of the system contained 308 and 458
solvent molecules for AB in toluene and DMSO, and 309 and
455 solvent molecules for pp-AB in toluene and DMSO,
respectively. To facilitate the sampling of reactive pathways for
cis−trans isomerization several different simulation techniques
have been used, such as metadynamics and umbrella sampling
for acquiring potential of mean force (PMF) maps, or steered
molecular dynamics for generating initial pathways. These are
all flavors of biased molecular dynamics, in our work facilitated
by the PLUMED plugin v.2.141 to GROMACS v.5.1. In what
follows we shall give an overview of how the TPS procedure is
implemented for our case, details are given in the Results
section.
2.2. Transition Path Sampling. In principle, transition

pathways could be obtained from an asymptotically long
equilibrium trajectory during which isomerization events are
observed many times. Such a trajectory contains all information
about reaction rates and mechanisms. If one is primarily
interested in the latter, one may concentrate on those (short)
segments of the trajectory that lead from a reactant state A (cis
for azobenzene) to a product state B (trans) once without
intermediate return to A, that is, the so-called ensemble of
transition paths. Transition path sampling (TPS) is a technique
by which these segments can be “harvested” very efficiently
from a Metropolis Monte Carlo procedure:21,22 trial trajectories
are generated from already harvested transition pathways and
added to the ensemble according to some acceptance criterion.
This is a rather general idea that can be realized in many flavors.
In the present work, we implement a stochastic “two-way
shooting”:42 the system dynamics is restarted from a molecular
configuration at an intermediate time ti along an old trajectory,
but with randomly perturbed momenta (e. g., by restarting the
stochastic integrator). The dynamics is then integrated forward
and backward in time. The new pathway is accepted if it starts
in A at t0 and ends in B at tN, and rejected otherwise; here the
number N of integration time steps is kept constant during a
path sampling procedure.
In Figure 2 we illustrate the key aspects of the TPS

implementation and introduce our notation. Ideally, reactant
(A) and product state (B) are defined as well-separated low-
energy regions in configuration (coordinate-) space (dark
shaded compact areas in Figure 2). In our case these would be
the set of molecular configurations visited during equilibrium in
a metastable state cis or trans, that is, excluding the rare
excursions to high-energy conformations. We first define a
single order parameter X providing a foliation of hypersurfaces
X({rj}) = const between cis and trans useful for both types of
transition pathways (see Figure 1c), {rj} denoting the set of
Cartesian coordinates of the system. By performing umbrella
sampling in X, its potential of mean force F(X) can be acquired,
yielding the location X* of the barrier top in this variable.
It is worth mentioning at this point that the definition of a

useful order parameter indicating the progress/completion of a
reaction depends on the method chosen, the problem type and

also the nature of the dynamics (classic, stochastic, quantal,
etc.). In the present case of TPS, strictly speaking, only a
definition of the two stable states A and B is needed. In the
reactive flux (RF)16 method an extension up to the barrier top
region is required in order to obtain a dividing hypersurface
between the two basins of attraction; in classical TST or its
extension variational TST43 a dividing plane in configuration or
phase space is sought running through the bottleneck of a
reaction (provided such a unique rate-limiting bottleneck
exists), and the corresponding order parameter need not
necessarily be extended toward either stable state. In the
conclusions section, we will further discuss the scope of the
coordinate X to be defined shortly.
To obtain an initial pathway from which the TPS procedure

can be started, we use steered molecular dynamics, dragging the
molecule by a moving harmonic potential in X as indicated in
Figure 2b. Path sampling is then conducted by generating
trajectory segments that bridge a high-energy region bracketing
X* (blank, concave area in Figure 2a bounded by hypersurfaces
X = X+ and X = X−). From within this interface, configurations
corresponding to intermediate times ti for trajectory restart are
selected. To enhance the numerical efficiency of the procedure,
we extend the definition cis and trans toward X+ and X−,
respectively, adjacent to the interface region (light gray areas).
Trajectories thus enter/leave the stable states when they leave/
enter interface region Ishoot = [X−,X+] according to X(t). This
reduces the computational cost related to the QM/MM setting
significantly as the number of time steps N can be kept quite
small; typically, a few thousand pathways must be sampled in
order to achieve sufficient diversity. The above restriction is
admissible, as we are mainly interested in the isomerization
mechanism, which is mostly characterized by conformational
changes close to the barrier top of the transition. We will
choose Ishoot in such a way that sufficient distinction between
the two stable states is provided, while obtaining a reasonable
acceptance rate for new trajectories. It should be re-
emphasized, however, that for now the actual estimation of

Figure 2. (a) Schematic view on the (free) energy landscape of the
azobenzene isomerization dynamics. Dashed line: dynamic pathway
connecting the basins A (cis) and B (trans) obtained from steered MD.
Red: transition path segment obtained from the steered path by
restarting the dynamics at an intermediate time ti, representing a
molecular configuration in the high energy interface region (blank
concave area). This interface is bounded by two hypersurfaces in the
reaction coordinate X = X− and X = X+ (the dashed line X = X*
represents the barrier top in F(X)), and the TPS procedure is carried
out by restarting trajectories within the interface. Black solid line:
transition path obtained from integrating the dynamics over a
sufficiently long time such that the trajectory begins to settle in either
state. (b) Schematic illustration of the steering process with a moving
harmonic potential in X.
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reaction rates is set aside; in order to determine rates in the
framework of TPS, additional, considerable computational
labor would be required involving the sampling of a series of
ensembles with increasing path lengths (durations).21

Note that the conception of a transition state as the lowest
first-order saddle point of the BO surface in TST turns into one
of a transition state ensemble (TSE) in TPS; for each transition
path, a transition state (TS) may be defined as a configuration
from which the reactant (product) state is reached with
probability pcis = 0.5 (ptrans = 0.5). This probability can be
estimated as the fraction of trajectories that reach either state
first, restarting from the same configuration and redrawing their
initial velocities from a Maxwell−Boltzmann distribution each
time. For estimating ptrans for a specific configuration, we used
100 restarted trajectories throughout.

3. RESULTS AND DISCUSSION

3.1. Structural Characterization. The choice of the QM
method within the QM/MM framework is not only a natural
compromise between accuracy and efficiency; the DFTB3
method employed in this work offers several advantages over
other, semiempirical or first-principles methods. From a
practical viewpoint, we can make use of a recent, very efficient
new QM/MM implementation of DFTB3 into the Gromacs
package.35 Such a combination allows us to perform the
necessary, extensive path sampling as outlined above.
Furthermore, DFTB3 rests on a third-order expansion of the
exchange-correlation functional around a reference density, and
is known to perform well for systems involving H-bonding. It
allows to treat (unlike other DFTB schemes) the attractive
dispersion interactions within the QM part itself by using
Grimme’s D3 scheme.44 These features will be useful for future
studies, in particular when the investigations are extended to
larger azo complexes, possibly involving strongly H-bonding
solvents.

To characterize the DFTB3 method to some extent, we
compare geometric parameters and single point (SP) energies
of optimized structures of AB and pp-AB in their cis and trans
conformations across various levels of theory. Several reference
calculations were performed with non-semiempirical methods,
namely HF and two flavours of DFT (B3LYP and PBE) all of
them employing the 6-31G* basis set. For some of these,
solvent effects were approximately included by a polarizable
continuum model (PCM).45 It has been shown elsewhere, that
the combination B3LYP/6-31G* is indeed a surprisingly
accurate reference for cis-to-trans isomerization of azobenzenes,
also in comparison to highly correlated wave function methods
with extended basis sets.46 The results for stable state structures
for B3LYP, PBE, DFTBA, and DFTB3 are rather close, and are
summarized in the Supporting Information, section 1, Table 1.
The energetics of the isomerization is reported here in Tables 1
and 2. For the energy difference of the optimized structures in
cis and trans (ΔEct) one finds that all semiempirical methods
(PM3, DFTBA and DFTB3) clearly underestimate this
quantity in comparison to B3LYP. However, as has been
pointed out in the previous section, for the present purpose the
beyond-barrier dynamics is of minor importance.
Except for DFTB3,47 the low-energy saddle points of the BO

surface were determined for each method, defining activation
energies ΔE⧧ and activation free energies ΔG⧧. The latter are
exploited in TST approaches to estimate reaction rates. The
ΔG⧧ are determined from a quasi-harmonic approximation of
the BO surface at either state (stable or saddle point) followed
by a corresponding evaluation of the partition sums of the
approximated vibrational Hamiltonian, duly accounting for
zero-point energies.48 A ΔG⧧ is thus determined from just two
points on the BO surface, and it will be interesting to compare
them with the barrier heights inferred from the potential of
mean force profiles F(X) to be acquired for DFTB3 with
umbrella sampling. HF and PM3 as its semiempirical
approximation lead to the highest activation (free) energies

Table 1. Energies and Transition Structure Geometry of AB in Various QM Descriptionsa

method ΔEct ΔE⧧ ΔG⧧ ω α α′
B3LYP 63.58 105.97 96.97 179.10 179.43 117.00
PCM DMSO 54.93 111.38 104.00 171.90 179.25 117.62
PCM toluene 59.54 108.34 99.85 172.07 179.36 117.27
PBE 56.75 96.97 90.65 −143.63 178.76 116.58
HF 72.33 135.47 128.68 179.87 179.86 117.36
DFTBA 18.52 103.17 94.57 −107.64 179.95 114.96
PM3 9.22 113.45 111.50 −177.12 176.66 121.38
DFTB3 8.23 (7.41) (95.95) (89.63) (−143.63) (178.76) (116.58)

aThe basis set used for HF and DFT levels of theory was 6-31G*. The PCM method was used with B3LYP/6-31G*. Numbers in parentheses for
DFTB3 refer to SP calculations on structures optimized with the PBE functional; in this case the value for ΔG⧧ was obtained by substituting in the
expression ΔG⧧ = ΔH⧧(T) − TΔS⧧, ΔH⧧(T) = ΔE⧧ + ΔEZPE + Δh(T), ΔE⧧ of the DFTB3 calculation for the PBE result. Δh(T) is the
temperature-dependent contribution to the enthalpy and ΔEZPE the difference in zero point energy (PBE). Energies are in kJ/mol, angles in degrees.

Table 2. Same as Table 1, but for pp-AB

method ΔEct ΔE⧧ ΔG⧧ ω α α′
B3LYP 59.29 80.22 74.51 −72.09 179.62 119.42
PCM DMSO 52.49 61.84 58.67 −89.24 134.43 121.10
PCM toluene 55.51 74.77 67.81 −52.27 179.13 119.99
PBE 51.75 70.91 63.85 102.56 179.42 119.34
HF 68.53 113.25 108.78 43.29 179.68 119.04
DFTBA 21.86 74.03 66.95 94.68 179.70 116.37
PM3 8.58 101.75 97.22 −91.57 177.56 119.37
DFTB3 11.91 (13.95) (54.50) (47.44) (102.56) (179.42) (119.34)
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ΔE⧧, ΔG⧧. For DFTB3 we tentatively report in Tables 1 and 2
SP calculations on PBE optimized structures (the DFTB3
Hamiltonian derives from the PBE exchange correlation
functional). Whereas for AB there appears to be only a small
difference between PBE and PBE/DFTB3, the results for pp-
AB indicates that the activation (free) energies are expected to
be somewhat smaller for DFTB3. Further, both DFTB3 and
PBE underestimate the B3LYP activation (free) energies
somewhat. In general we observe a reduced barrier height of
push−pull azobenzene (pp-AB) compared to pure azobenzene
(AB) for all levels of theory; the introduction of different PCM
solvents in the B3LYP case reduces the barrier for pp-AB even
further, with ΔG⧧(vacuum) > ΔG⧧(toluene) > ΔG⧧(DMSO),
compare Table 2. Note also that in DMSO the character of the
transition state (saddle point) structure has changed: from an
inversion-like geometry (inversion center N closer to the NO2-
carrying ring) to a rotation-like one in agreement with earlier
studies.8 In all other cases, each QM method (including the
semiempirical) predicts the inversion structure with N′N−
C1 close to 180°. With emphasis on the solvent effects just
outlined, the cis−trans isomerization relaxation will now be
explicitly modeled with our QM/MM sampling scheme.
3.2. Order Parameters for Cis-to-Trans Isomerization.

In general, the isomerization of azobenzene derivatives involves
changes in the torsion angle ω and the bending angle α
occurring simultaneously (recall Figure 1 for the definition of
variables). To obtain a single order parameter, we change
coordinates by setting

α ω α ω= =X Ysin( ) cos( ), sin( ) sin( ) (1)

To illustrate the effect of this transformation, we consider the
example of pp-AB in vacuum and acquire a PMF map in the
variable pair (ω,α) using well-tempered metadynamics during a
10 ns long ab initio simulation at 333 K, see Figure 3a. By
inspecting the PMF landscape, it is evident that the
isomerization should first proceed with an increase in α in
order to pass the barrier in the low energy region of the central
ridge at ω ≈ 90° (the second, equivalent pathway goes to trans
from 0° through −90°); the transition state for pp-AB is thus of
the (rotation assisted) inversion type. In Figure 3b the same
data set is shown but now as a function of (X,Y). In these
coordinates, the inversion pathway now runs parallel to the X
axis at small positive Y, crossing the lines (hypersurfaces) X =
const, which provide the desired foliation between cis and trans
including a well-defined barrier top at X ≃ 0. We now
determine the potential of mean force F(X) in order to obtain
some relation to trends in the (free) energy of activation
reported in Tables 1 and 2, but also to better motivate the
choice of the shooting interval Ishoot for the TPS procedure.
To acquire F(X) we employ umbrella sampling with

overlapping distributions in X from a set of 30, 5 ns long
restrained simulations. Applying weighted histogram analysis
(WHAM)49,50 we obtain the reconstructed curves displayed in
Figure 3c. To rationalize their appearance we have super-
imposed in Figure 3b ensembles of points corresponding to
snapshots of restrained simulations in selected umbrella
windows. When viewed in the original (α,ω) chart (Figure
3a), the ensemble at X = −0.06 spreads across a broad region
close to α = 180° where the transition state for pp-AB is
expected. The ensembles at X = 0.84 and X = −0.9 are well
situated in the low-energy basins of cis and trans, respectively.
With respect to X → ±1, these are the outermost reference
points for the umbrella potential to produce reasonable

distributions, because the modulus of X (or X2 + Y2) cannot
exceed unity. We find that the extent to which F(X) can reliably
be reconstructed is restricted to the interval [−0.9,0.9]; see also
Supporting Information, Figure 1. This also limits the extent to
which the cis and trans minima can be resolved in X. Consider
the circular boundary X2 + Y2 = 0.9 of the PMF map in Figure
3b representing the lower edge of the (α, ω) window in Figure
3a at α ≃ 115°. If we compare the locations of the two
ensembles at cis and trans, we find the one at X = 0.84 well
centered within the cis basin roughly half of it is recovered with
the profile of F(X) in Figure 3c, with the minimum at Xcis =
0.84. In the trans minimum α is somewhat smaller and the
ensemble at X = −0.9 can only partially cover the low energy
region. Consequently, the corresponding minimum at negative
X in Figure 3c is not fully resolved and we get only a rough
measure for the PMF difference ΔFct between cis and trans. The
latter then is represented by F(Xcis), because X = −0.9 is chosen
as the reference point for the WHAM procedure (F(−0.9) = 0

Figure 3. PMF map of pp-AB (a) from a metadynamics simulation in
(ω,α) and (b) transformed into (X,Y) coordinates according to eq 1.
The white arrows indicate the approximate course of an inversion-type
isomerization pathway, red arrows a rotation-like trajectory. The three
sets of scattered dots represent snapshots of MD runs with the
molecule restrained in selected umbrella windows for X = −0.9 (trans),
X = +0.84(cis), and the transition state region (X = −0.06). The green
set of dots in (b) corresponds to configurations taken when crossing
the barrier top at X ≈ −0.01. (c) Potential of mean force F(X) (in kJ/
mol) inferred from umbrella sampling for AB in the gas phase (black),
AB in DMSO (purple), pp-AB in the gas phase (red), and pp-AB in
DMSO (green). The solid vertical lines indicate the respective location
X* of the barrier top in this coordinate. (d) Committor distributions
P(ptrans) for pp-AB (red) and AB (black) in gas phase (solid line) and
in DMSO (dashed line) at T = 333 K.
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for all PMF curves). By contrast, the barrier height ΔF* =
F(X*) − F(Xcis) is somewhat better defined; Table 3
summarizes the values for the observables related to F(X).
The results appear to reflect the behavior inferred from Tables
1 and 2. In vacuum, the magnitude ΔFct compares well to
ΔEct(DFTB3), which is considerably smaller than that of the
full DFT methods. Also the behavior of the free energies of
activation pointed out above is reproduced: we observe a
lowering of ΔF* in going from AB to pp-AB in vacuum and the
further reduction in the case of pp-AB in going from apolar to
polar solvent.
Yet we should emphasize that ΔF* as a difference in

potential of mean force is conceptually different from ΔG⧧, as
the latter is determined by evaluating the partition sums with
respect to the local expansion of the BO surface at the cis state
and the (lowest energy) saddle point. Moreover, from restraint
simulations at X* it can be concluded that in the vicinity of the
barrier top many configurations are sampled that do not belong
to the transition state ensemble as defined above (i.e., the
distribution of commitment probabilities P(ptrans) shows a
narrow peak around ptrans = 0.5). In particular we can show that
the surface X = X* is not an iso-committor surface.51 We
consider system configurations located precisely at X* forming
the seam indicated in Figure 3b. It represents a total of 200
molecular geometries visited in simulations restrained at the
barrier top, X* = −0.01, and recorded at the times tc when the
trajectory X(tc) = X* crosses the surface. Each of these
configurations is obtained from an independent run to reduce
correlation effects. The corresponding distribution of commit-
tor probabilities P(ptrans) is shown in Figure 3d and appears to
be rather uniform; if the barrier top was representative of the
transition state ensemble or mainly captured molecular
configurations close to a saddle point, we would also expect a
sharp peak in P(ptrans) around ptrans = 0.5. Indeed, we remark
that the transition from inversion to rotation for pp-AB in
DMSO that was predicted from a saddle point analysis cannot
be reproduced by the restraint simulations at the barrier top,
compare the averages ⟨α⟩ in Table 3. We will now show that
the unbiased TPS procedure does exhibit this change in
isomerization pathway.
3.3. Results from TPS. The TPS, as explained in Methods,

was implemented by us with a shell script, based on a generic
algorithm (Scheme 3 in Bolhuis, Dellago, and Geissler52). We
choose the interface as Ishoot = [−0.5, 0.5]; in this way the
probability for new pathways to be accepted can be kept around
30%. Cis and trans are then still reasonably well defined as X >
0.5 and X < −0.5, respectively, compare the corresponding
limits in (ω,α) variables summarized in Table 4. Note that with
this choice of Ishoot both, inversion and also pure rotation type
routes can be tracked equally well, the schematic course of both
pathways is depicted in Figure 3a,b. We find that for Ishoot =
[−0.5, 0.5], 500 integration time steps (time step set to 0.5 fs)

in the gas phase and 1000 steps in solvent are sufficient for
most trajectories to leave the interface region and to commit to
either cis or trans. Initial trajectories were produced by steered
molecular dynamics starting from a randomly chosen snapshot
of an equilibrium trajectory in cis, until arriving in trans
(according to the definition in Table 4). The path statistics for
all TPS runs, such as the number of shooting points, the
number of accepted paths, and the acceptance ratio (the ratio
of the number of accepted paths and the number of TPS
shooting points), are summarized in Table 5.

We should reemphasize that the choice of the order
parameter does not bias the reactive trajectory, its purpose is
solely to distinguish between arrival/departure in/from the
reactant/product state. Nevertheless, convergence of the TPS
procedure can be an issue if there are multiple reaction
channels separated by high free energy barriers. Indeed, we find
empirically that during steering usually an inversion type
pathway is produced in both, vacuum and solvent as just
discussed along with the analysis of restraint simulations at the
barrier top. We have therefore tested explicitly the impact of
the initial choice on the convergence of TPS in the case of pp-
AB in vacuum. Figure 4 shows a path density plot in (ω,α)
space, compiled from a TPS run in which the initial pathway
was produced by steered MD in ω (white dashed line) that
exhibits only minor variations in α. For comparison, we show
an analogous initial trajectory for steering in X (black dashed
line). A path density plot emphasizes the occurrence of
pathways over pure densities (the frequency at which a certain
point is visited) by increasing the counts by +1 in each

Table 3. Locations X* and Xcis As Well As the Corresponding Barrier Heights ΔF* and Estimated Differences ΔFct between Cis
and Trans for AB and pp-AB in Vacuum and DMSO Corresponding to the PMF Curves in Figure 3a

compound X* Xcis ΔF* ΔFct ⟨ω⟩ ⟨α⟩

AB (vac) −0.06 0.84 92.5(1.6) 7.9(0.9) 126.1(28.6) 171.3(4.6)
AB (DMSO) −0.06 0.84 83.8(1.4) 17.0(0.9) 126.1(28.6) 170.7(5.2)
pp-AB (vac) −0.01 0.84 56.3(4.0) 14.1(2.5) 85.9(34.4) 169.6(6.9)
pp-AB (DMSO) 0.07 0.72 29.2(3.6) 19.3(2.2) 68.8(22.9) 166.7(9.2)

aThe average values ⟨ω⟩ for the torsion around N′N and ⟨α⟩ for the bending angle at the inversion center refer to the restraint simulations at the
respective barrier tops X*. Free energies are in kJ/mol, and angles are given in degrees.

Table 4. Definition of Cis and Trans Stable States for the
TPS Simulations in Terms of X and the Angles (ω,α)a

stable
state X α ω αmax ωmax

cis X ≥ 0.5 α < 150 ω < 30 αmax < 150 ωmax < 45
trans X≤−0.5 α < 150 ω > 140 αmax < 140 ωmax > 150

aωmax and αmax designate some upper/lower limit to the range in these
variables that is typically visited in equilibrium simulations of a few 100
ps duration (at 333 K).

Table 5. Path Statistics for All TPS Ensembles Acquired in
This Work: (a) Fraction of Accepted Pathways, (b) Total
Number of Accepted Pathways, and (c) Total Number of
Shooting Points from Which Attempts Were Made

AB pp-AB

vacuum toluene DMSO vacuum toluene DMSO

(a) 0.40 0.51 0.52 0.42 0.46 0.29
(b) 1196 1074 1540 2077 1100 865
(c) 3000 2093 2982 5000 2415 3000
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consecutive pair of bins visited along a trajectory (ω(t), α(t)).
In the course of the path sampling, three successive channels
develop along which reactive trajectories can be found with
high probability. The rotation-like channel lies close to the
steered trajectory in ω, and quickly branches off to an
intermediate channel at a very early stage in the TPS run.
The path ensemble then spreads out into the broad region
enclosing the steered path in X, thus indicating convergence to
the inversion route. Figure 5a shows the path density plot of a

corresponding production run for pp-AB in vacuum, started
with the initial trajectory steered in X as shown in Figure 4. The
inversion route is now clearly established: in (ω,α) space the
pathway appears almost rectangular with initial and final
variation of the most probable paths involving only α. In
toluene the character of the conversion of both systems remains
inversion-like, in accord with the results of the PCM model for
toluene applied to B3LYP, α ≃ 179°, see Tables 1 and 2.
However, in both cases the addition of small rotation-like

components upon explicit solvation can be observed broad-
ening the overall distribution of the pathways as compared to
the vacuum case (Figure 5a,d).
For AB, however, there is no further shift with respect to

DMSO whereas for pp-AB, a clear transition from inversion to
rotation can now be observed. This agrees with the TST
calculations employing implicit polarizable continuum model
(PCM).8

Note the slight squeezing in ω of the path density
distribution for pp-AB in going from vacuum/toluene to
DMSO, Figure 5a,b and Figure 5c, respectively. We recall that
in toluene and DMSO the number of integration time steps is
doubled (from 500 to 1000) in anticipation of the isomer-
ization to proceed under displacement and rearrangement of
solvent molecules, and Figure 5c appears to indicate that the
full transition to stable state values for ω and α is not yet
complete (for pp-AB, the equilibrium values corresponding to
Figure 5a−c for ω/α are all within 11 ± 6/123 ± 4 for cis, and
within 173 ± 5/115 ± 3 for trans, respectively; compare also
Table 1 in the Supporting Information). This does not,
however, imply a slow-down of the dynamics related to barrier
crossing: measuring the time spend to traverse the interface
region (according to the definition in Table 4) we find a value
of ∼100 fs quite independent of whether explicit solvent is
present or not; the remaining time is spend outside Ishoot in a
stationary fashion (represented primarily by the red regions of
high path density in Figure 5). Obvious candidates for
impacting molecular motion beyond the interface region are
the rather bulky phenyl rings, and we shall conclude this work
with a first look at their dynamics to be characterized by their
relative orientation depicted in Figure 1b.
In addition to ω and α, ϕOR is also notably governed by the

phenyl ring torsions ϕ and ϕ′. The saddle point analysis of AB
at the CASSCF level,12 for example, predicts ϕOR ≈ 90° as the
orientation for the low energy saddle point. The structure
resembles the invertomer shown in Figure 1c-i; but also the
“planar invertomer” with ϕOR = 180° exists at higher energies.
For our cases we find the perpendicular invertomer in vacuum
(ϕOR ≃ 106°(−85°)) for full DFT at the B3LYP(PBE) level in
the case of AB; a similar result is obtained for pp-AB (ϕOR ≃
−97°(−97°)). The path density plots for AB and pp-AB in
vacuum are shown in Figure 6a,b as a function of X and ϕOR.
The vast majority of pathways assumes a fixed characteristic
relative orientation of the phenyl rings, which varies only little
along the trajectory (see the sample trajectories highlighted
with dashed lines and also Supporting Information, Figure 2).
Surprisingly, pp-AB appears to represent the perpendicular
invertomer whereas AB settles on the planar geometry. Figure
6c shows the evolution of ϕOR during the progress of the TPS
procedure, for a selected subset of the transition state ensemble
(points with committor probability ptrans ≈ 0.5). The subset has
been chosen as follows: to determine the transition state for a
given reactive pathway, one usually has to trace out the
trajectory in short time intervals and calculate ptrans after each
step to successively locate the snapshot with ptrans = 0.5. To
bypass this computationally very expensive process, we
randomly picked 332 accepted trajectories for pp-AB and 217
for AB, and for each path a random snapshot within the interval
Ishoot, for which ptrans was determined and counted as a
transition state if 0.4 <ptrans < 0.6. The values ϕOR for these
points are plotted in Figure 6a,b as scattered dots, and in Figure
6c as a function of the number variable isel representing the
order by which they appear in the TPS iterations (not the

Figure 4. Path density plot of the convergence test of the TPS
sampling for pp-AB in vacuum. The data comprise 1473 accepted
pathways harvested from 5000 shooting points. The initial steered
trajectory in ω is indicated by the white dashed line. The black dashed
line corresponds to a trajectory steered in X, i.e., the initial steered
trajectory for the TPS run in Figure 5a. The density shown in the
heatmap represents the scaled number of counts within bins of size
1.8° × 1.8° (red; 1.0, maximum count; white, 0.0, 0 counts).

Figure 5. Path density plots projected onto (ω,α) for pp-AB (left
column) and AB (right), in varying solvent conditions: vacuum (a,d),
toluene (b,e), and DMSO (c,f). Bin size of histogram is 1.8° × 1.8°.
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absolute iteration number). The TPS runs for AB in vacuum
and for pp-AB in DMSO both started out with ϕOR ≈ 10° from
the initially steered path, yet they are seen to gradually
approach the levels of ϕOR for AB in DMSO and pp-AB in
vacuum, respectively. So, at the later stages of the TPS runs of
Figure 6 there is only little variation along the complete reactive
pathways. This can be thought to be conveyed by a small hula-
twist component (see Figure 3 in the Supporting Information).
Figure 6a,b indicates the extent of the TSE in the variable X.
This is complementary to Figure 3d, which shows that an
ensemble constrained at the barrier top X* does not only
contain transition states; now we observe that the TSE forms
bands that are smaller than the interface region defined by Ishoot,
which is in turn contained well within the range where ϕOR is
approximately constant. This could imply that a characteristic
value of ϕOR is not restricted to the transition state ensemble
but rather typical of high energy conformations, a conjecture
which is further supported by simulations restrained at X*
(comprising a majority of nontransition states; see Figure 4 in
the Supporting Information). In other words, for the rather
short transition path segments considered in this work the
variable ϕOR approximately assumes a constant value; for pp-AB
in the (equilibrium) trans state, the perpendicular arrangement
appears only as a second, elevated minimum (see Figure 5 in
the Supporting Information) indicating explicitly that the
system could not completely settle in its stable state.

4. SUMMARY, CONCLUSIONS, AND OUTLOOK
In this paper we investigated the thermal cis → trans
isomerization for azobenzene and a push−pull derivative in
the gas phase as well as in two types of explicit solvents,
employing a QM/MM description in combination with the
transition path sampling approach. The semiempirical self-
consistent density functional tight binding scheme DFTB3 as
the QM method (coded into GROMACS) makes the TPS
procedure quite efficient if the sampling of reactive trajectories
is restricted to high energy regions. We have demonstrated that

this was sufficient to obtain detailed insight into the nature of
the transition, the change in isomerization mechanism of pp-AB
in going from apolar to polar solvent, and the broadening of the
transition path ensemble upon explicit solvation for both
derivatives.
Although the strength of the approach and its future

developments should clearly be devoted to studying complex
environments, the TPS/QM/MM approach might also prove
useful as a supporting technique to TST in order to provide
additional insight when the latter scheme runs into conceptual
problems. For instance, one recurrent artifact of TST in the
case of azobenzenes6 is the large discrepancy between theory
and experiment with respect to the magnitude of the computed
prefactors in the Arrhenius expression k = A exp(ΔE⧧/kBT) for
the rate constant k; experimentalists use this expression to infer
A from the temperature dependence of k. In TST A is related to
the entropy of activation ΔS⧧, and thus to the density of states
contributing to the reaction, but only in the vicinity of the
saddle point. The inspection of the transition state ensemble on
an extended portion of the iso-committor surface could provide
a useful means to probe this approximation. In using X as an
order parameter for TPS sampling, we have seen that it does
not exhibit an iso-committor property but may be considered a
good first approximation, which can be improved by including
more variables. With our numerical setup in its present form a
systematic search process could straightforwardly be carried out
using the aimless-shooting approach of Peters and Trout53 with
a subsequent likelihood maximization for the best combination
of selected variables.25,54

Furthermore, in a preliminary investigation, we found that
using only X (or ω, in the case of a purely rotational pathway)
as order parameter, we obtain with a reactive-flux calculation
transmission factors that range between 0.2 and 0.4 for the
systems of this study, such that the actual estimation of
relaxation rates becomes feasible.16,55 Here, however, an
improved global definition of the order parameter/reaction
coordinate is desirable to provide more accurate accounts of
free energy differences between the barrier top and the stable
states. Yet also path sampling strategies could be employed for
rate calculations directly. In 2003, van Erp, Moroni, and Bolhuis
suggested a novel TPS scheme termed transition interface
sampling (TIS),56 by which the computational effort of
obtaining rate constants could be considerably reduced
compared to the original prescriptions.21 For carrying out
TIS, the order parameter should conveniently provide a
foliation between the two stable states as the coordinate X
does. In addition, TIS does not require fixed-length path
ensembles, and this would be advantageous in the present case
as the trajectories spend a lot of time in the complement of
Ishoot. The optimization of local (in the transition state region)
and global (for computing free energy differences) order
parameters as well as alternative path sampling schemes are the
subjects of our current investigations and will be published
elsewhere.
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Figure 6. (a) Path density plot of ϕOR (AB) for the TPS run in
vacuum projected onto (ϕOR,X) space; (b) same for pp-AB. Dashed
black lines: characteristic transition pathways; scattered dots: subset of
the TSE with configurations for which ptrans ≈ 0.5 (see text for
explanation). (c) Subsets of TSEs plotted according to the order of
iterations; black circles, TSE subset in (a), red circles correspond to
(b). In addition, the corresponding selections for AB in DMSO
(purple) and pp-AB in DMSO (green) are shown.
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