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ABSTRACT. Photo-responsive molecular switches enable spatial and temporal control of
molecular processes and are therefore crucial for the development of smart functional materials.
Since the light-induced dynamics of these switching units are at the core of the resulting
functionality, a detailed insight into their structural time evolution is fundamental for the molecular
embedding. Here, we performed a hybrid quantum mechanics (CASPT2 and TDDFT) /molecular
mechanics (QM/MM) study to elucidate the photo-dynamics of an azodicarboxamide-based

molecular switch, which is a promising candidate for implementation in highly dense
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environments such as polymers. In particular, we report a detailed picture of the molecular motion
at the atomic level based on a relevant number of excited state trajectories. We show that the
azodicarboxamide-based molecular switch undergoes both a forward and backward pedalo-type
motion upon excitation. Trans-cis photoisomerization on the other hand, which is well known to
occur for other azo-based chromophores, is shown to be a negligible pathway. By validating the
volume-conserving pedalo-type motion, we provide a rational basis for the design of novel types
of photo-responsive functional materials in which the active component must operate in a confined

space.

TOC GRAPHICS

Backward | /
“Pedalo” .

v

Forward Cis-Trans

“Pedalo” Isomerization

KEYWORDS Photo-responsive molecular switches, Excited-state Dynamics, Hybrid QM/MM

simulation, Multi-reference calculations, Density Functional Theory calculations.



Externally controllable molecular building units are fundamental for the development of
responsive functional materials.! Using external stimuli to change their properties at the atomic
level, such units enable their users to tailor molecular phenomena in a highly controlled manner,
and transmit these phenomena to the macroscopic world. The potential of these molecular
species is well illustrated by considering biological processes where molecular photoresponsive
units embedded in a protein environment enable nature to transform light into well-defined
functionalities.” Tremendous efforts are therefore being made to develop analogously artificial
responsive systems using integrated molecular switching units to precisely tune the chemical and
physical properties by external stimuli.> A number of different molecular switching units have
thus been synthesized and implemented in functional materials.!®!'? In all these cases, the
stimuli-induced structural evolution of the molecular switch is at the basis of the resulting
functionality, yet the actual motion at the atomic level is often still subject of extensive debate. '
This strongly impedes a rational development of responsive materials for targeted applications.
An atomic insight into the dynamics in real time is thus crucial both from a fundamental as well

as from an application-driven point of view.

Recently, we introduced a volume-conserving photo-induced motion in a new class of
azodicarboxamide-based switching units (Figure 1a).'*'® This type of motion allows to
implement molecular switching units into sterically hindered and highly constrained molecular
environments such as polymers.'® Based on vibrational fingerprints obtained by time-resolved
infrared spectroscopy in combination with static Density Functional Theory (DFT) calculations,
we concluded that photo-excitation of the azodicarboxamide-molecular switch induced a pedalo-
type of motion. However, more recently such a motion has been called into question in

theoretical studies of Liu and co-workers'” in which the excited-state dynamics of the bare



chromophore in the gas phase and of the chromophore with two water molecules were simulated
at the multi-configurational CASSCEF level. In contrast to the pedalo-type motion, they proposed
that N=N trans-cis isomerization, known from other azobenzene-based systems, 32" takes place.
These two types of motions are accompanied by significantly different steric demands, and are
thus expected to have a dramatic impact on the performance of this class of molecular switching
units, in particular when embedded in constrained environments. In order to resolve this
controversy, we have performed extended atomistic dynamical simulations to disentangle the

mechanism at work in azodicarboxamide-based molecular switches.

We employed a hybrid quantum mechanics /molecular mechanics (QM/MM) approach to
describe both the photoactive moiety and its molecular environment. To this purpose, we utilized
the COBRAMM code,?! which enables to couple state-of-the-art ab initio methods representing
the core unit, with an explicit classical atomistic model (Amber force field??) of the environment
(Figure 1b,c). In this framework, the dynamics of the azodicarboxamide core involved in the
electronic excitations are described at the QM level while four azodicarboxamide phenyl
substituents and the molecular embedding are represented at the MM level (Figure 1b). Notably,

and in contrast to previous studies, !*!’

we incorporated solvation effects by including an explicit
representation of the chloroform solvent molecules at the MM level (including electrostatic and
steric influence, Figure 1c). The importance of the embedding on the excited-state dynamics has
been proven previously for a wide range of different systems.?*>* The QM/MM set up involves
three different layers. The QM part (High Layer, HL) is described either at the Complete Active-
Space Second-Order Perturbation Theory (CASPT2(18e,120)/6-31G*), which allows to include

dynamical correlation effects, whose energy components are fundamental to define the relative

excited states energies (Table S1), or at the Time Dependent-Density Functional Theory (TD-



DFT) CAM-B3LYP/6-31G* level.*> The remaining part is represented by the AMBER force
field, where the azodicarboxamide-based molecular switch and the solvent molecules within 9 A
from the solute are movable (Medium Layer, ML) and the rest of the drop, up to a distance of 15
A is frozen at the QM/MM ground state optimized geometry (Low Layer, LL) (see Supporting

Information for further computational details).

(@) (b)

Figure 1. (a) Ball-and-stick model of the azodicarboxamide-based molecular switch. (b) QM and
MM region (green) within the molecule. For clarity, the linking bonds are highlighted in orange.
(c) Representation of the full hybrid QM/MM model including the explicit chloroform

molecules.



In order to efficiently perform extended Molecular Dynamic (MD) simulations that enable to
cover the full photo-dynamic process, we initially focused on benchmarking the DFT approach
with respect to the multi-reference method. Geometry optimization of the molecule in its
electronic ground-state (So) showed, in line with previous calculations,'¢"!” that the central
azodicarboxamide moiety of the molecular switch has a non-planar configuration. The optimized
structural parameters at the CAM-B3LYP and the MP2 level are in very good agreement (Table

1, Figure 2a).

(b)  CAM-B3LYP CASPT2
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Figure 2. (a) Lewis-structure formula of the azodicarboxamide unit together with the atom
numbering used to analyze the structures (see Table 1); (b) Calculated molecular orbitals (largest

contributions) involved in the vertical S — S (orange) and S — S, (green) transitions and the

corresponding excitation energies at the CAM-B3LYP (left) and CASPT2 (right) levels. Figure
S1 in the Supporting Information shows the full active space, involving m and n type orbitals; (c)

Overlay of the geometries optimized in the S state at the CAM-B3LYP and CASPT2 (ochre)

levels, respectively.




Table 1. Structural parameters of the azodicarboxamide switch in its electronic ground state (So)
and first excited singlet state (S1). Geometries have been optimized at QM/MM level, where the
QM part corresponds to CAM-B3LYP/6-31G* (So and S1), MP2/6-31G* (So) and

CASPT2(18e,120)/6-31G* (S1) calculations.

So Si
CAM-B3LYP MP2 CAM-B3LYP CASPT2
C2-N3-N4 112.3° 110.0° 128.3° 125.8°
N3-Ny4-Cs 111.5° 109.7° 124.8° 122.5°
Ni-C2-N3-Ng 107.0° 103.1° 178.9° 178.8°
N3-Ny4-Cs-Ng 121.0° 115.1° 178.3° 176.1°
C2-N3-Ny-Cs 176.1° 175.9° 179.8° 177.7°

Excited-state calculations lead to a similar conclusion as it was found that the excited-state
properties at the CAM-B3LYP and CASPT2 levels are quite comparable as is clear from
calculations of vertical excitation energies, oscillator strengths and character of the electronic
transitions (Table 2 and Figure 2b, Supporting Information Table S1 and Figure S1).
Importantly, geometry optimizations of the system in the first excited singlet state (S1) with
either of the two methods resulted in a planar configuration of the azodicarboxamide unit.
Comparison of the equilibrium structures obtained at the two levels showed again an excellent

agreement (Table 1, Figure 2c¢).

Table 2. Calculated vertical excitation energies (eV) at the optimized So geometry obtained at

the CAM-B3LYP/6-31G* and CASPT2(18e,120)/6-31G* levels.

CAM-B3LYP CASPT2

Si 2.76 2.61
Sz 4.63 4.42
S3 4.76 4.52
S4 5.01 4.44



Going beyond the stationary points, we calculated the energy profile on the So and S; states
along the coordinate describing the pedalo-type motion. This pathway consists mainly of a
concerted rotation around the two C-N bonds (Figure 3), where the dihedral angels ancnw (blue)
and Pnnen (red) (Figure 2a) are rotated in opposite directions. The profile has been obtained by
fixing these two dihedral angles and optimizing the rest of the other structural parameters
including those of the solvent. At the CAM-B3LYP level the So and Si energy profiles match
well the MP2 and CASPT?2 data, respectively (Figure 3). With both methods an out-of-plane
energy minimum is calculated in the ground state at about 110° anenn/Panen angle values, while
in the first excited singlet state the structure with both torsional angles at 180° represents the
energetically preferred geometry. For the further discussion it is important to realize that in the
electronic ground state this structure is associated with an energy maximum along the pedalo-

type of motion coordinate.
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Figure 3. Energy profile along the pedalo-type motion in the electronic ground state So (bottom)
and first excited singlet state S; (top) optimized at the CAM-B3LYP (open squares) and at the
MP2/CASPT?2 level (filled squares), respectively. CASPT2 approach includes numerical
gradients at the CASPT2 level. The QM energy is plotted and for clarity only the absolute angle
describing both torsions ancnn and Banen is given (see Supporting Information for the total

energy profile of the QM/MM system).

Based on these static calculations that validate the DFT and TD-DFT CAM-B3LYP based
QM/MM approach, we performed atomistic simulations to follow the structural behaviour and to
elucidate the photo-induced switching mechanism. In these simulations thermal effects were
incorporated by using a Wigner sampling to generate an ensemble of initial configurations (see
Supporting Information). To compare with the experimental studies in which the system was
excited at 355 nm,'® we ran in total 48 trajectories from the state with the highest oscillator
strength among S; to S4 at each configuration. These trajectories demonstrated that this initially
excited state shows a rapid electronic internal conversion roughly within few tens of femto-
seconds so that for all practical purposes the relevant structural evolution of the switch occurs on
the potential energy surface of the lowest excited singlet state (see Supporting Information
Figure S3). We analyzed the structural evolution along each trajectory to decipher the photo-
induced dynamics, focusing amongst others on distinguishing between the pedalo-type motion
and the double-bond trans-cis isomerization pathway. To this purpose, we studied the time
propagation of the torsion angles around the C-N bonds (a~cnn and Banen), which can act as
markers for the pedalo-type motion, and the torsional angle ycnne around the N-N bond, which is
representative for the trans-cis isomerization pathway. From the time evaluation of these

structural fingerprints (Figure 4), it is directly evident that the pedalo-type motion is by far the



dominating structural relaxation pathway. This clearly supports the operation mechanism
proposed on the basis of the time-resolved infrared measurements.'® Figure 4 shows that the two
angles o and B change in opposite direction. Initially, evolution takes places on the potential
energy surface of the S state, where in agreement with the static calculations a planarization in
the excitation-state is observed (a = 3 = 180°). Such a motion can be assigned to the first part of
the pedalo-type motion and brings the molecule to the planar S; minimum from which the So/Si
crossing region is easily accessible. Subsequent structural relaxation on the potential energy
surface of the ground state leads to a branching of the population. In about half of the
trajectories, the molecular switching unit continues the torsional motion around the C-N bond in
a forward step (o increasing and 3 decreasing, Figure 4a), leading to a ‘photoproduct’ formation.
The snapshots sequence taken from representative QM/MM trajectories (Figure 4a) provides an
atomistic picture of the photo-induced structural evolution of the azodicarboxamide

chromophore.

10
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Figure 4. Structural evolution of the torsion angles anenn, Pnnen and yenne extracted from the
QM/MM trajectories (top a) and b)) and snapshots extracted from a representative QM/MM

trajectory (bottom a) and b)) describing (a) the forward and (b) the backward pedalo-type

motion.
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Importantly, we find that for the other half of the population the rotation direction around the C-
N bonds is reversed upon relaxation to the ground state, leading effectively to a backward-

motion of the chromophore to the initial configuration (Figure 4b).

To validate the picture derived from the MD simulations and in particular to confirm the
relaxation funnel from the electronic excited state to the ground state we optimized the low-lying
conical intersections (Cls) between Si and So at the CASPT2/MM level (employing numerical
gradients at the CASPT2 level).?¢” Two different CIs for the S; — So transition could be
identified whose structural parameters are reported in the Supporting Information (Table S2).
The geometry of the first CI is close to the optimized planar S| geometry (yci=175.9°) and lies
about 4.85 kcal/mol above the S; minimum. In contrast to this, the second one (CI2) shows a
large distortion of the geometry from the planar configuration with a structure in which in
particular the C-N-N-C angle is significantly altered (yc12=125.2°) and is at a slightly higher
energy (5.16 kcal/mol above the S1 minimum). We compared these results with the data obtained
from the TD-DFT MD simulations, by analyzing for all trajectories the geometry at the S1 — So
hopping point. Although we used a rather simple criterion to describe the transition between the
electronic states in our MD simulations which only depends on the energy gap, a comparison of
the averaged angle (YcaM-B3LYP(average)=161.4°) with the geometry of the CASPT2 optimized CI1
shows an excellent agreement. We therefore conclude that the dominant relaxation pathway

pursued during the excited state dynamics involves primarily the CI1 funnel.

In addition, since the structural dynamics in S; predominantly involve planarization of the
azodicarboxamide chromophore, modes involving significant torsional motions around the N=N

bond are dynamically disadvantaged along this decay pathway. Therefore, CI2 is expected to be

12



both energetically and even more dynamically less accessible than CI1. Our MD simulations
show less cases (21 out of 48 trajectories) in which a transition to the ground-state occurs via a
region close to CI2 structure (yenne <145°). However, even in these cases they follow the
pedalo-type decay mechanism as the driving force in the S; state relaxation involves primarily
the rotation around the onenn/Brnen torsion and not the yenwc torsion. The presence of the
energy barriers on the potential energy surface of S indicates the possibility to randomize the
direction of the pedalo-type motion by modulating the momentum in the excited state before
relaxation to the ground state. A detailed analysis of the relevant dihedral angels onenn and
Bnnen along the trajectory indeed show an oscillation in the first excited state (Supporting
Information Figure S3) and thus support this hypothesis. Although the detailed topology of the
conical intersection might further influence the relaxation pathway, the branching of the
population with almost equal yield into forward and backward pedalo-type motion after
relaxation to the ground-state is in line with the randomization of the momentum in the excited
state. Finally, it should be emphasized that, although some structural deformation of ycnnce 18
observed along the trajectories, an isomerization pathway by torsion around the N=N bond can
be excluded. In fact, only in about 2% (1 out of 48) of our MD simulations a trans-cis
isomerization was observed. This conclusion appears to be at odds with the results reported by
Liu ef al. where it was concluded that trans-cis isomerization is the main relaxation

pathway.!” However, the discrepancy can be clarified by the fact that the previously employed
CASSCEF approach fails to accurately describe the potential energy landscape (see Supporting
Information Table S1) and consequently also the energetics of the Cls, and, in addition, the
explicit solvent bulk that could favor a pedalo-type volume-conserving mechanism with respect

to a space-demanding cis-trans isomerization process. Our CASPT2 and TDDEFT protocol

13



together with the QM/MM approach, which has been successfully employed to model a variety
of photoinduced phenomena in organic chromophores, 28-29 indicates that dynamic correlation
and an explicit representation of the solvent environment able to model solvent bulk effects -that
cover both electrostatic and steric contributions from the solvent surrounding- need to be
included for an accurate description of these systems (Table S1) and deliver an experimentally
consistent mechanistic scenario. At the same time, the employed TD-CAM-B3LYP functional,
although a single reference approach, accurately reproduces the CASPT2 energy landscape and,
consequently, provides an efficient tool to investigate extended azodicarboxamide-based systems

at a much cheaper cost.

In summary, using a hybrid QM/MM approach we have been able to come to a detailed
description of the structural dynamics occurring upon electronic excitation of azodicarboxamide-
based molecular switches under conditions in which they have actually been employed
experimentally, which involve an explicit solvent environment. In line with conclusions drawn
from time-resolved experimental studies we find that the dominant relaxation pathway involves a
pedalo-type of motion. Atomistic simulations in the framework of TD-DFT showed an accurate
description of the photo-induced dynamics compared to results calculated at the CASPT2 level.
For the presently investigated molecular switch we find that the pedalo-type motion can occur
both in a forward and backward direction with about the same yield. It will be interesting to
investigate how one could steer the branching ratio, for example, by a judicious choice of
substituents or by coherent control.**3! Our study provides a strong basis for further exploration
of these aspects. Most importantly, our results provide a strong incentive for implementing these
classes of azodicarboxamide switching units into confined molecular environments such as

polymeric structures.
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